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Abstract
Background: Orexin-A (OXA) is a neuropeptide with neuroprotective effect by reducing cerebral
ischemia/reperfusion injury (CIRI). In�ammation and apoptosis mediated by astrocyte activation are the
key pathological mechanisms for CIRI. We thus attempted to con�rm neuroprotective effects of OXA on
astrocytic in�ammation and apoptosis in CIRI and clarify the relative mechanisms.

Methods: A middle cerebral artery occlusion and reperfusion (MCAO/R) rat model and U251 glioma cells
model subjected to oxygen glucose deprivation and reperfusion (OGD/R) were established, with or
without OXA treatment. Neurological de�cit score was determined, and cerebral infarct volume was
evaluated by 2,3,5-triphenyltetrazolium chloride (TTC) staining. Western Blot was used to detect the
expressions of NF-κB p65, p-ERK, p-p38, GFAP, OX1R, IL-1β, TNF-α, IL-6, iNOS, Bcl-2, Bax, CytC, cleaved
caspase-9 and cleaved caspase-3 in vivo and vitro. Pro-in�ammatory cytokines in cell supernatant IL-1β,
TNF-α and IL-6 were determined by ELISA. Hoechst 33342 staining was used to detect the apoptosis of
astrocyte. Immuno�uorescent staining was performed to assess the nuclear translocation of p65 and the
expression of GFAP.

Results: The results showed that OXA signi�cantly improved neurological de�cit score and decreased the
volume of infarct area in brain. OXA decreased in�ammatory mediators, inhibited astrocyte activation
and nuclear translocation of NF-κB and phosphorylation of MAPK/ERK and MAPK/p38. Besides, OXA
suppressed apoptosis via upregulating the ratio of Bcl-2/Bax and downregulating cytochrome C, cleaved-
caspase-9 and cleaved caspase-3.

Conclusions: Overall, it was concluded that OXA exerts neuroprotective effect during CIRI through
attenuating astrocytes apoptosis, astrocytes activation and pro-in�ammatory cytokines production, by
Inhibiting OX1R-mediated NF-κB, MAPK/ERK and MAPK/p38 signaling pathways. The progress in our
study are helpful to elucidate the molecular mechanisms of OXA neuroprotection, which could lead to the
development of new treatment strategies for ischemic stroke.

1. Background
Acute ischemic stroke (AIS) is the main cause of disability and is one of the leading causes of adult
death worldwide [1]. At present, mechanical thrombectomy and thrombolysis with recombinant tissue
plasminogen activator (rtPA) are the preferred treatments for patients without contraindications to
systemic thrombolysis within the 4.5 h time-window. So timely successful reperfusion is the most
effective treatment for patients with AIS [2]. However, restoration of blood supply can further aggravate
brain tissue damage due to ischemia/reperfusion (I/R) injury [3]. Cerebral I/R injury involves a series of
pathophysiological injury mechanisms, including excitotoxicity, oxidative stress, in�ammation and
apoptosis. The in�ammatory response is an essential step in the occurrence and development of
ischemic brain injury [4, 5].
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Astrocytes are the most abundant glial cell types in the brain and make up about 50% of human brain
volume [6]. They provide metabolic and trophic support to neurons and modulate synaptic activity under
normal physiological conditions. Moreover, the considerable evidences prove that astrocytes play a
neuroprotective role through the antioxidant defense, metabolic support, the secretion of neuroprotective
substances, and astrocyte-neuron interaction. In general, astrocytes lead to the neuroprotection and
survival of neurons: any astrocyte dysfunction will seriously affect the survival of neurons [7].
Accordingly, considering the existence of astrocyte apoptosis in the ischemic damaged brain [8], it is
particularly important to study the anti-apoptotic drugs in astrocytes and the precise molecular
mechanism of the drugs.

Astrocyte-mediated in�ammatory response in stroke is worthy of attention [9]. Various cytokines, such as
interleukin IL-6 and IL-1β, are released from necrotic neurons due to immune response after stroke [10].
These cytokines cause the activation and aggregation of astrocytes [11] and activated astrocytes will
produce more pro-in�ammatory factors, including IL-1β and tumor necrosis factor-α (TNF-α), which
further aggravate the ischemic damage [12]. Accumulating evidence suggests that astrocyte-mediated
in�ammatory response can cause secondary damage after cerebral I/R [12, 13]. Therefore, targeting
astrocytic in�ammation may provide novel therapeutic strategies for neuroprotection after stroke.

Research reports that the Nuclear factor kappa light-chain enhancer of activated B cells (NF-κB) signaling
pathway [14] and mitogen-activated protein kinase (MAPK) signaling pathway are the main pathways of
in�ammation regulation [15]. NF-κB plays an important role in the pathological process of ischemic
stroke, which can be activated by hypoxia, reactive oxygen species (ROS), and increased in�ammatory
mediators during reperfusion [16]. The p65/p50 subunit is the most common heterodimer of NF-κB
complex, and p65 is the most important due to its multifunctional domain [17]. The activated p65
translocates to the nucleus, leading to the expression of downstream pro-in�ammatory genes, including
cyclooxygenase (COX)-2, inducible nitric oxide synthase (iNOS), IL-1β, IL-6, and so on [18, 19]. The MAPKs
in mammals include c-Jun N-terminal kinases (JNKs), p38 MAPK, and extracellular signal-regulated
kinase (ERK) [20]. It is reported that the MAPK signaling pathway is involved in various cellular activities
including proliferation, differentiation, apoptosis or survival, in�ammation, and innate immunity.
Moreover, the p38 MAPK pathway leads to in�ammation mediated by astrocytes and microglia [21].
Therefore, regulating in�ammation-related pathways MAPK pathway and NF-κB pathway may be
bene�cial to neuroprotection after stroke.

Orexin-A (OXA) and Orexin-B (OXB) are hypothalamic neuropeptides [22], which are involved in a variety
of pathophysiological processes, including the regulation of the sleep/wakefulnessstate, energy
homeostasis, reward seeking, and drug addiction [23, 24]. Furthermore OXA and OXB exert their effects by
binding two G-protein–coupled receptors (GPCRs), orexin receptor type 1 (OX1R) and orexin receptor type
2 (OX2R) [25]. In particular, there is evidence that the binding a�nity of OXA to OXIR is 5-100 times that of
OX2R, while the binding a�nity of OXA and OXB to OX2R is similar [26]. OXA has been reported to have
neuroprotective effects [27], and our laboratory con�rmed that OXA can reduce cerebral ischemia-
reperfusion injury in rats [28]. Numerous evidences strongly suggest that OXA can orchestrate its anti-
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in�ammatory functions not only in central nervous system (CNS), but also in periphery [27, 29, 30].
However, the anti-in�ammatory effects and molecular mechanisms of OXA in cerebral I/R have not been
fully studied.

Since in�ammation is the most important mechanism involved in cerebral I/R injury, in this study we
explored the anti-in�ammatory effects of OXA in vitro and in vivo and the corresponding molecular
mechanisms. On the other hand, OXA reduces cerebral I/R injury by inhibiting neuronal apoptosis, which
has been con�rmed in our previous studies [31]. However, whether OXA can reduce cerebral I/R injury by
inhibiting astrocyte apoptosis has not yet been elucidated, so we also explored the effect of OXA on
astrocyte apoptosis. In short, the progress in the neuroprotective mechanism of OXA may provide new
therapeutic strategies and molecular targets for ischemic stroke.

2. Materials And Methods

2.1 Animals
Male Sprague–Dawley (SD) rats, aged 8–9 weeks (weighing 250 ± 10 g), were purchased from Pengyue
Experimental Animal Co., Ltd. (Jinan, China). All rats were acclimated for 1 week in a temperature of 24–
26°C for 12 h light/dark cycles with su�cient food and water prior to the experiment. All animal
experiments were conducted following the National Experimental Animal Feeding Guidelines and were
approved by the Animal Ethics Committee of Jining Medical University.

2.2 Middle cerebral artery occlusion (MCAO) model
First, the rats were fasted for 12 h before the operation. After that, the rats were anesthetized by
intraperitoneal injection of 10 % chloral hydrate (300 mg/kg). Then, the rat was �xed in the supine
position, and the right common carotid artery, external carotid artery (ECA), and internal carotid artery
(ICA) were exposed and separated by median jugular incision. A 2.5 nylon mono-�lament was inserted
through the common carotid artery into the lumen of the ICA until it blocked the origin of the right middle
cerebral artery. The �lament was subsequently removed to allow reperfusion for 24 h after occlusion for 2
h. The sham group was treated the same as the model group except for the occlusion of the middle
cerebral arteries.

The rats were randomly allocated to the four groups: sham treatment with vehicle (Sham group), sham
treatment with OXA (OXA group), MCAO-reperfusion with vehicle (MCAO/R group), and MCAO/R with
intracerebroventricular injection of OXA (MCAO/R + OXA group). A �ow chart of the in vivo study design is
shown in Fig. 1.

2.3 Intracerebroventricular (ICV) injection
At the beginning of reperfusion, the rats were anesthetized using 10 % chloral hydrate (300 mg/kg) via
intraperitoneal injection. A burr hole was carefully made in the skull at 0.8 mm dorsal and 1.6 mm lateral



Page 5/30

to the right from bregma using a Dremel drill. Then, 10 µL OXA (30 µg/kg; Phoenix Pharmaceuticals, St.
Joseph, MO, USA) [32] or 10 µL vehicle (0.9 % NaCl) were injected at 2 µl/min for 5 min.

2.4 Neurological score
After reperfusion for 24 h, neurological score was measured by an observer who was unaware of the
group allocation according to the Zea Longa �ve-point scale [33]: 0, no neurological de�cit; 1, failed to
fully extend their left forepaw; 2, circling to the left; 3, falling to the left; 4, failure to walk spontaneously or
stroke-related death. Only rats with scores 1, 2, and 3 were used in the following experiments.

2.5 2, 3, 5-Triphenyl-2H-tetrazolium chloride (TTC) staining
Rats were anesthetized with 10 % chloral hydrate (300 mg/kg), and brains were collected and putted on
ice for 30 min after reperfusion. Next, the frozen brain tissue was sliced into 2-mm coronal sections and
stained with 1 % TTC (Sigma, St. Louis, MO, USA) at 37°C for 15–20 min in the dark. The TTC-stained
brain was then �xed with 4 % formaldehyde for 24 h at room temperature and photographed with a
digital camera. The infarct volume was analyzed with ImageJ 2 software (Media Cybernetics, Bethesda,
MD, USA) and followed the double-blind principle.

2.6 Slice preparation
After reperfusion, the thoracic cavity of the anesthetized rat was �rst opened, and 4 % paraformaldehyde
was used for perfusion from the apex of the heart. Next, the perfused brain was �xed in 4 %
paraformaldehyde at 4°C for 2 days, and then immersed in a 30 % sucrose solution. Finally, 30 µm slices
are cut out with a microtome (Thermo Scienti�c, Inc., New York, NY, USA).

2.7 Immuno�uorescent staining
The brain slices were laid �at on an adhesive glass slide. Then the slices were permeabilized with 0.3 %
Triton X-100 for 30 min, and blocked with goat serum for 1 h. For immuno�uorescence of cells, after the
cell slices were �xed with 4 % paraformaldehyde for 15 minutes, the cell slices were treated with 0.3 %
Triton X-100 for 5 min and 5 % BSA for 1 h. Brain slices and cell slices were incubated at 4°C overnight
with following primary antibodies: mouse anti-GFAP (1:300; Cell Signaling Technology, Danvers, MA,
USA), and rabbit anti-p65 (1:400; Cell Signaling Technology, Danvers, MA, USA). The secondary
antibodies were as follows: Cy3 anti-rabbit IgG (1:100; Boster Biological Technology, Wuhan, China), FITC
anti-mouse IgG (1:50; Boster Biological Technology, Wuhan, China). The immuno�uorescence pictures
were collected with SP8 microscope (Leica Microsystems, Germany), and the immuno�uorescence
density was analyzed with ImageJ software.

2.8 Cell culture
The human Glioma cell line U251 was provided by the Cell Resource Center Chinese Academy of
Sciences (Shanghai, China) and cultured in Dulbecco's modi�ed Eagle's Medium (DMEM) (Hyclone,
China) with 10 % fetal bovine serum (FBS) (Gibco, Invitrogen, USA) and 100 U/ml penicillin/streptomycin
under a humidi�ed atmosphere containing 5 % CO2 at 37 ℃.
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2.9 Oxygen-glucose deprivation/reperfusion (OGD/R) and
Orexin-A (OXA) treatment
For the OGD/R, the medium is replaced with glucose-free DMEM medium when U251 cells grow to a
density of 70 %-80 %, and the cells are transferred to a tri-gas incubator (Thermo Fisher Scienti�c) with 95
% N2 and 5 % CO2. After 4 h of OGD treatment, the cells were followed by quick reintroduction of oxygen

and glucose. In addition, cells were treated with OXA (1 × 10− 7M) for 4 h at the onset of reperfusion.

Cells were also treated with the inhibitors of the OX1R, SB-334867 free base (1.5 µM; MedChemExpress,
Monmouth Junction, NJ, USA), 30 minutes before OXA treatment. A �ow chart of the in vitro study design
is shown in Fig. 1.

2.10 Hoechst 33342 staining
After OGD/R and OXA treatment, U251 cells grown in a 12-well plate were incubated with 1 mL Hoechst
33342 (Solarbio, Beijing, China) at 4°C for 30 min in the dark. The picture was taken and collected using
an inverted �uorescence microscope (Olympus IX 71) and ImageJ software was used to calculate the
apoptosis rate.

2.11 Cytokine Enzyme-Linked Immunosorbent Assay
(ELISA)
Culture supernatants were collected and saved at -80°C until used. ELISA for IL-1β, IL-6, TNF-𝛼, and IL-18
were used to measure the anti-in�ammation effect of OXA.

All operations were according to the manufacturer’s instructions (Beijing 4A Biotech Co., Ltd, Beijing,
China).

2.12 Western blot assay
The protein of U251 cells and brain cortex tissue on the ischemic side were lysed and extracted using
lysis buffers containing protease and phosphatase inhibitors (Cell Signaling Technology, Danvers, MA,
USA). Nuclear and cytoplasmic proteins were extracted using nuclear and cytoplasmic extraction kits
(Beyotime Biotechnology, Shanghai, China). Proteins were separated by 10–12 % SDS-PAGE and
transferred to PVDF membranes. After blocking with 5 % non-fat dry milk in TBST at room temperature
for 1.5 h, the membranes were incubated overnight at 4°C with the following primary antibodies: anti-p-
ERK, anti-T-ERK, anti-p-P38, anti-P38, anti-p65, anti-iNOS, anti-TBP, anti-Bax, anti-cleaved caspase-9, anti-
cleaved caspase-3, anti-cytc (1:1,000; Cell Signaling Technology, Danvers, MA, USA), anti-OX1R, anti-IL-1β
(1:1000; Abcam, Cambridge, MA, USA), anti-IL-6 (1:1000; Novusbio, Colorado, USA), anti-TNF-α (1:500;
Novusbio, Colorado, USA), anti-Bcl-2(1:1000; Wanleibio Co., Ltd., Shenyang, China), and anti-β-actin
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(1:1,000; Zhongshan Golden Bridge Biotechnology, Beijing, China). Then, the membranes were incubated
with goat anti-rabbit secondary antibodies or goat anti-mouse secondary antibodies (1:5,000, Zhongshan
Golden Bridge Biotechnology, Beijing, China) at room temperature for 1 h. The bands were visualized
using enhanced chemiluminescence system (ECL, Liankebio Biotechnology, Hangzhou, China). The
grayscale intensities of protein bands were measured using the ImageJ software.

2.13 Statistical analysis
GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used to analyze data, and data are
expressed as means ± SEM. One-way ANOVA followed by Tukey’s test was performed. Non-normally
distributed data (the neurological scores) were analyzed using the non-parametric Mann-Whitney U test.
All data are representative of at least three independent experiments. p < 0.05 was considered statistically
signi�cant.

3. Results

3.1 OXA reduces cerebral infarction volume and improves
neurological de�cit score.
To evaluate the neuroprotective effects of OXA, neurological de�cit score and 2,3,5-Triphe-
nyltetrazoliumchloride (TTC) staining were performed on rats. As shown in Fig. 2A, TTC staining showed
that neither the sham group nor the OXA group had cerebral infarction (normal cerebral tissues were
stained red and infarcted areas were stained white), while the MCAO/R group had obvious cerebral
infarction (34 ± 12 %). However, infarction volume was signi�cantly reduced by the intracerebroventricular
administration of OXA (the infarct volume in MCAO/R + OXA group was 14.34 ± 0.22 %, p < 0.001).

As shown in Fig. 2B, the average neurological de�cit score of the sham group and the OXA group was 0,
indicating no neurological de�cit, however, the MCAO/R group increased signi�cantly (p < 0.001). OXA
could signi�cantly decrease the neurological de�cit score in MCAO/R + OXA group (p < 0.01). Therefore,
OXA showed a de�nite neuroprotective effect on infarct volume and neurological de�cit score in cerebral
I/R injury.

3.2 OGD/R increased the expression of in�ammation,
apoptosis-related proteins and OX1R in U251 astrocytoma
cells.
To investigate the changes in the expression of in�ammation-related proteins and apoptosis-related
proteins in astrocytes after cerebral I/R, we established OGD/R model in U251 astroglioma cells in vitro.
Western blot was used to detect the target protein levels at different reperfusion points after 4 h of
oxygen glucose deprivation. As shown in Fig. 3A, The expression levels of p-ERK and p-P38 sharply
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increased after OGD/R, peaking at 4 h and 2 h, respectively, and maintained at high levels at 2–8 h (p < 
0.05, p < 0.01, p < 0.001), and then gradually decreased to the base level at 12 h. NF-κB p65, the central
regulator of in�ammatory response [34], its expression level signi�cantly increased at OGD/R 2 h (p < 
0.05), and reached a peak at OGD/R 4 h (p < 0.01). INOS is a pro-in�ammatory target gene of NF-κB p65
[35], and its expression level only increased signi�cantly at OGD/R 4 h (p < 0.001), which corresponds to
the highest expression level of NF-κB p65 at OGD/R 4 h. These results indicate that the MAPK signaling
pathway and the NF-κB p65 signaling pathway were involved in the OGD/R process, and both maintain
high activity at OGD/R 4 h.

As shown in Fig. 3B, the ratio of Bcl-2/Bax was signi�cantly lower at 2 h, 4 h, 6 h and 8 h in OGD/R model
compared with the control group (p < 0.01, p < 0.001), which indicated that the balance between anti-
apoptosis and pro-apoptosis was broken and turned to apoptosis in the U251 astroglioma cells treated
with OGD/R.

OX1R, the receptor for the neuropeptide OXA, is low expressed in U251 astroglioma cells without any
treatment. Interestingly, the expression of OX1R was signi�cantly enhanced at OGD/R 2 h, 4 h, 6 h, and 8
h (p < 0.01, p < 0.001; Fig. 3C), which is consistent with the above-mentioned changes in the expression
levels of p-ERK, p-P38 and Bcl-2/Bax. Therefore, these results indicate that OXA may reduce cerebral I/R
injury by regulating the in�ammatory response mediated by MAPK and NF-KB p65 signaling pathways in
conjunction with OX1R, and OGD/R 4 h was chosen to verify this hypothesis in the following experiments.

3.3 OXA inhibited the production of pro-in�ammatory
factors in OGD/R U251 astrocytoma cells and MCAO/R rats.
To verify the anti-in�ammatory effects of OXA, we collected the cultured supernatants from OGD/R-
treated U251 astroglioma cells treated with OXA or not for ELISA analysis to detect the levels of pro-
in�ammatory cytokines. Compared with the control group, the concentration of IL-1β, TNF-α, IL-6 and IL-
18 released into the supernatant in the OGD/R group sharply increased (p < 0.01, p < 0.001; Fig. 4A), and
the concentration of IL-6 increased by 78.95 times. However, the levels of these proin�ammatory
cytokines were dramatically decreased in the OGD/R + OXA group (p < 0.05, p < 0.01, p < 0.001; Fig. 4A).
Then western blot was executed to evaluate the expression levels of IL-1β, TNF-α, IL-6 and iNOS in vivo
and in vitro. The levels of IL-1β, TNF-α, IL-6 and iNOS were increased after OGD/R (p < 0.05, p < 0.001;
Fig. 4B), but we found that OXA signi�cantly reversed the increased pro-in�ammatory factors expression
(p < 0.05, p < 0.01; Fig. 4B). Similarly, in the MCAO/R rat, the levels of IL-1β, TNF-α, IL-6 and iNOS were
signi�cantly decreased with OXA treatment compared with MCAO/R group (p < 0.05, p < 0.01; Fig. 4C).
These results indicate that OXA decreased the production and release of proin�ammatory factors in vivo
and in vitro.

3.4 OXA inhibited the excessive activation of astrocytes in
MCAO/R rats.
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Glial �brillary acidic protein (GFAP) is the hallmark intermediate �lament protein in astrocytes and its up-
regulation is characteristic of astrocyte activation [36]. Both immuno�uorescence and WB results showed
that the expression level of GFAP increased signi�cantly in the ischemic cerebral cortex of rats (p < 0.01,
p < 0.001; Fig. 5), which indirectly indicated that cerebral I/R injury caused the activation and proliferation
of astrocytes. However, OXA down-regulated the expression of GFAP (p < 0.05; Fig. 5) and relieved
excessive activation of astrocytes.

3.5 OXA inhibited the nuclear translocation of NF-κB p65 in
OGD/R U251 astrocytoma cells and MCAO/R rats.
To explore and verify the cellular mechanism of OXA anti-in�ammation, immuno�uorescence staining
and western blot were performed to clarify the potential effect of OXA on the NF-κB p65 in the MCAO/R
rat and U251 astroglioma cells subjected to OGD/R. NF-κB signaling is a key pathway in the
in�ammatory response [14], and NF-κB p65 is transferred from the cytoplasm to the nucleus to regulate
the transcription of in�ammatory factors when NF-κB signaling is activated [18, 19]. As shown in Fig. 6A,
immuno�uorescence staining of p65 and GFAP showed that OXA remarkably decreased the nuclear
translocation of p65 that was induced by OGD/R in U251 astroglioma cells (p < 0.05; Fig. 6A). Further, we
detected the expression of NF-κB p65 in cytosolic and nuclear extracts by Western blot. The results
showed that the nuclear translocation levels of p65 were signi�cantly declined in OXA treated groups (p < 
0.001; Fig. 6B). This result was also con�rmed in MCAO/R + OXA group (p < 0.001; Fig. 6C). These
observations demonstrated that OXA inhibited the nuclear translocation of NF-κB p65 and downregulated
NF-κB signaling in cerebral I/R injury.

3.6 OXA inhibited MAPK signaling pathway in OGD/R U251
astrocytoma cells and MCAO/R rats.
p-ERK and p-p38 play crucial roles in the MAPK signaling pathway by sending in�ammatory signals [15].
So, western blot was used to con�rm the effect of OXA on the MAPK pathway. As shown in Fig. 7A, the
levels of p-ERK/ERK and p-p38/p38 were signi�cantly increased in OGD/R group (p < 0.001; Fig. 7A),
while OXA markedly suppressed these OGD/R-induced changes (p < 0.01; Fig. 7A). Moreover, in the
MCAO/R rat, treatment with OXA markedly down-regulated the levels of p-ERK/ERK and p-p38/p38
compared with those treated with vehicle (p < 0.01; Fig. 7B). These results indicate that OXA down-
regulated the p-ERK and p-p38 signaling in the MAPK signaling pathway.

3.7 OX1R mediated the effect of OXA on inhibiting MAPK
and NF-κB p65 signaling pathway.
Next, we proceed to verify whether OXA down-regulates the MAPK and NF-KB p65 signaling pathways are
dependent on OX1R, for which we added antagonist of OX1R SB-334867 and OXA co-treatment groups.
Western blot was used to detect changes in the expression of MAPK and the nuclear translocation of NF-
κB p65 after SB-334867 intervention. As shown in Fig. 8A, the expression of p-ERK and p-p38 in the
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OGD/R + OXA + SB group increased compared with the OGD/R + OXA group (p < 0.05, p < 0.001; Fig. 8A).
Moreover, the intervention of the antagonist SB-334867 increased the nuclear translocation of NF-κB p65
than in the OGD/R + OXA group (p < 0.05; Fig. 8B). It is indicated that OX1R mediated the regulation of
OXA on MAPK and p65 signaling pathways.

3.8 OXA inhibited apoptosis in OGD/R U251 astrocytoma
cells and MCAO/R rats.
To observe the effect of anti-apoptosis of OXA in cerebral I/R injury, apoptosis-related proteins were
detected by western blot, and the apoptosis rate was measured by Hoechst 33342 staining in U251
astrocytoma cells. The Hoechst 33342 staining show that the percentage of apoptotic cells was
signi�cantly increased in U251 astrocytoma cells after OGD/R (p < 0.001; Fig. 9A), and OXA effectively
inhibited this process (p < 0.01; Fig. 9A), showing an obvious anti-apoptosis effect.

Western blot analysis revealed that the Bcl‐2/Bax ratio was signi�cantly reduced in the OGD/R group
compared with the control group (p < 0.001; Fig. 9B). However, treatment with OXA signi�cantly enhanced
the Bcl‐2/Bax ratio compared with the OGD/R group (p < 0.05; Fig. 9B). Furthermore, the same change
trend of Bcl-2/Bax was observed in MCAO/R rats. The Bcl‐2/Bax ratio was also signi�cantly increased
following treatment with OXA compared with the I/R group (p < 0.05; Fig. 9C).

12Western blot analysis revealed that the expression of cytochrome C, cleaved caspase‐9 and cleaved
caspase-3 in the OGD/R group was signi�cantly higher than in the control group (p < 0.05, p < 0.001;
Fig. 9B). Treatment with OXA reversed the effect of OGD/R on cytochrome C, cleaved caspase‐9 and
cleaved caspase-3 induction (p < 0.05, p < 0.001; Fig. 9B). Similarly, the intracerebroventricular
administration of OXA was able to reverse the effect of MCAO/R on cytochrome C, cleaved caspase‐9
and cleaved caspase-3 induction (p < 0.05, p < 0.01 and p < 0.001; Fig. 9C). Therefore, the above results
indicate that OXA possessed anti-apoptotic effect in cerebral I/R injury.

4. Discussion
The present study showed that OXA protected the brain against I/R injury by reducing cerebral infarction
volume and improving neurological function score, which is consistent with previous reports [27, 28].
However, the highlight is that we found that OXA exerted anti-in�ammatory effects by reducing the
expression of in�ammatory factors, and inhibited the excessive activation of astrocytes in the cortex of
rats after cerebral I/R injury. As an important neuroprotective agent, OXA has a signi�cant effect of anti-
apoptosis consistent with our prior research [31]. Here, we found that OXA could effectively reduce
apoptosis expression and in�ammation caused by OGD/R in U251 astrocytoma cells. To the best of our
knowledge, this is the �rst research focusing on the mechanisms of the effects of OXA on astrocytes.

Increasing evidences have suggests that the in�ammatory response leads to secondary brain damage
following cerebral I/R [37]. Immune effector cells from the cerebral cortex will produce and release a large
number of pro-in�ammatory factors, such as IL-1β and TNF-α. These pro-in�ammatory factors will
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initiate and aggravate the in�ammatory response and further aggravate brain damage [38]. Therefore,
reducing the production and release of pro-in�ammatory factors is an effective means to alleviate
cerebral I/R injury. In�ammation is also considered to be one of the main targets for the development of
new stroke treatments [39]. Previous reports have shown that treatment with exogenous IL-1β can
aggravate brain damage [40]. TNF-α is one of the most widely studied cytokines. Administration of TNF-α
during ischemic brain injury could exacerbate the damage, and administration of TNF-neutralizing
antibodies can reduce this damage [41]. The up-regulation of iNOS expression can lead to excessive
production of NO after cerebral ischemia, and the massive production of NO causes irreversible damage
to cells by inhibiting the mitochondrial respiratory chain and forming peroxynitrite with superoxide anions
[42–44]. Moreover, a growing amount of evidence demonstrates that neurotoxicity caused by ischemia
could be alleviated by iNOS inhibitors [45, 46]. In this study we found that OXA treatment signi�cantly
decreased expression levels of TNF-α, IL-1β, IL-6 and iNOS induced by MCAO/R. These results show that
OXA has neuroprotective effects against I/R injury by preventing pro-in�ammatory cytokines.

Astrocytes are the most ubiquitous type of nerve cells in the brain, which are implicated in pathological
process of ischemic stroke. Cerebral ischemia activates astrocytes. However, reactive astrocytes are
considered to be detrimental to the neurological outcome after stroke [9]. The activated astrocytes release
many pro-in�ammatory factors, and then a large number of pro-in�ammatory factors trigger and amplify
the in�ammatory response, and further activate astrocytes to form a cycle [12]. It is generally believed
that reactive astrocytes in the early stage of central nervous system damage are bene�cial to neurons.
They support neurons by participating in a variety of biological processes such as regulating
in�ammation and neurotransmitter nutrition. However, over-activated astrocytes can accelerate the
process of neuronal death and infarction [9, 47]. Astrocyte activation is manifested by astrocyte
proliferation, morphological changes and enhanced expression of GFAP. In this study, we observed the
proliferation of astrocytes in the infarcted cortex, and the expression of astrocyte marker GFAP also
increased signi�cantly, which was abolished by the OXA treatment. This indicates that the activation of
astrocytes plays an important role in cerebral I/R injury, and OXA inhibits the excessive activation of
astrocytes to exert neuroprotective effects. Accumulating evidence strongly suggests that astrocyte-
mediated in�ammation can cause secondary damage to the brain after stroke [12, 13]. Therefore,
inhibiting the in�ammatory response mediated by astrocytes can treat neuroin�ammation after stroke.
Moreover, recent studies have shown that inhibiting astrocyte-mediated in�ammation can reduce cerebral
I/R injury [48, 49]. Consistent with the results of these studies, the level of pro-in�ammatory factors was
up-regulated in our study when induced by OGD/R and MCAO/R, but their expressed were showed at
lower levels after OXA treatment. These results indicate that OXA inhibits neuroin�ammation by down-
regulating the levels of pro-in�ammatory factors, which is mediated by astrocytes.

Increasing evidences have reported that NF-κB signaling pathway is implicated in ischemic stroke [16, 50,
51]. As a pivot regulator of in�ammation, NF-κB plays a key role in the in�ammatory cascade [16]. It
regulates the transcription of downstream target genes, including TNF-α, IL-1β, IL-6 and iNOS, which
promotes the expression and release of pro-in�ammatory factors [18, 19], �nally contributing to neuronal
death, and exacerbating cerebral I/R injury [52, 53]. Therefore, the downregulation of NF-κB signaling
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pathway alleviates brain damage induced by I/R [16, 54]. The nuclear translocation of NF-κB subunit p65
is one of the indicators that can directly and accurately show that the NF-κB signaling pathway is
activated [55]. In this experiment, through the p65 and GFAP immuno�uorescence images with U251
astroglioma cells subjected to OGD/R, we can clearly observe that the red �uorescence of p65 was
signi�cantly increased in the nucleus, while the �uorescence intensity of the cytoplasm was greatly
reduced. The nucleoplasmic protein extraction and western blot analysis in U251 astroglioma cells after
OGD/R and rat ischemic cortex were also consistent with it. These �ndings can fully explain that p65 was
activated. However, treatment with OXA decreased nuclear translocation of p65 in U251 astrocytoma
cells following OGD/R, indicating that OXA exerts anti-in�ammatory effects by inhibiting NF-κB. In vivo
experiments in MCAO/R rats also supported this, but it must be emphasized that the anti-in�ammatory
effect of OXA in vivo not only have affected astrocytes, but may have include microglia and neurons.
Further work is necessary to illustrate this point. The anti-in�ammatory effect of OXA can increase
neuronal tolerance to ischemia and reduce neuronal damage in cerebral I/R injury.

MAPK signaling pathway is involved in in�ammatory processes of cerebral I/R injury [56], and is the main
signaling mechanism that regulates neuroin�ammation [57]. The activated MAPK causes the
overproduction of pro-in�ammatory factors [58]. In contrast with ERK, which is responsible for cell
survival and proliferation, the p38 is more closely related to the production of pro-in�ammatory factors
[59]. In our study, the phosphorylation of ERK and p38 obviously increased at different reperfusion times
in U251 astrocytoma cells after OGD/R. This indicates that the p-ERK and p38 signaling pathways are
activated, and it can be inferred that the MAPK pathway in astrocytes is also involved in cerebral I/R
injury. A similar phenomenon was observed in the MCAO/R rat. However, OXA inhibited the activation of
p-ERK and p-p38. So, we have reason to infer that OXA reduces the production and release of pro-
in�ammatory factors by down-regulating the p-ERK and p-p38 signaling pathways.

To a certain extent, SB334867, an antagonist of OX1R, abolished the effect of OXA down-regulating the
ERK and p38 pathways and inhibiting p65 nuclear translocation in OGD/R U251 astrocytoma cells. Our
�ndings indicate that this anti-in�ammatory effect of OXA is dependent on OX1R. However, it also needs
to be veri�ed in vivo. Therefore, there is an additional strong experimental evidence supporting OXA to
function through OX1R [25].

Recent reports indicate that astrocyte apoptosis is involved in the pathological process of cerebral
ischemia [8]. In fact, astrocytes were the �rst to suffer an ischemic blow because their end feet directly
surround the capillaries. Astrocytes play an important role in neuroprotection and survival of neurons, and
its dysfunction seriously affects the survival ability of neurons. There is considerable evidence that
neuron and astrocyte apoptosis coexist in cerebral ischemia and neurodegenerative diseases [7].
Therefore, the study of regulating astrocyte apoptosis is particularly important. The excessive production
of ROS in ischemic stroke causes the release of cytochrome C from the mitochondrial membrane into the
cytoplasm [60], which activate caspase‐9 and consequently activate caspase‐3, DNA‐breaking enzymes
and repair enzymes, leading to cell death [61–63]. The opening of mitochondrial permeability transition
pores (PTP) is the key to the release of cytochrome C into the cytoplasm. PTP, which are channels across
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the inner and outer mitochondrial membranes, are also channels for the release of pro-apoptotic proteins
including cytochrome C [64]. Various factors, such as Ca2+, reactive oxygen species, adenine nucleotides,
inorganic phosphate, etc., can induce the formation of PTP, which is enhanced by Bax and inhibited by
Bcl-2 [65]. Studies have reported that the ratio of Bcl‐2/Bax is reduced in the rat brain following cerebral
I/R [66, 67]. In the cortical tissue of MCAO/R rats, the expression level of Bcl-2 was signi�cantly
decreased and the level of Bax was signi�cantly increased, so that the ratio of Bcl-2/Bax decreased,
which is consistent with the results of previous studies. Similarly, the ratio of Bcl-2/Bax was also reduced
in OGD/R U251 glioma cells. However, after OXA treatment, the expression level of Bcl-2 increased while
the expression level of Bax decreased, and the ratio of Bcl-2/Bax increased accordingly. Moreover, OXA
inhibited the expression of cytochrome C, cleaved caspase-9 and cleaved caspase-3 induced by OGD/R in
U251 glioma cells and MCAO/R in rat. In addition, Hoechst 33342 staining showed that OXA did reduced
the rate of apoptosis caused by OGD/R. Therefore, from the above results, we infer that OXA alleviates
astrocyte apoptosis by regulating the ratio of Bcl-2/Bax and inhibiting the expression of cytochrome C,
cleaved caspase-9 and cleaved caspase-3. It still needs to be pointed out that the anti-apoptotic effects of
OXA in vivo are multifaceted, which may include neurons, astrocytes, microglia and other nerve cells.

5. Conclusions
In conclusion, OXA has a neuroprotective effect against cerebral I/R injury. As shown in Fig. 10, our
�ndings indicate that OXA attenuated astrocytes apoptosis, astrocytes activation and pro-in�ammatory
cytokines production after OGD/R and I/R injury. This effect depends on OX1R and may be due to the
inhibition of nuclear translocation of NF-κB and the inhibition of phosphorylation of MAPK/ERK and
MAPK/p38. Our results enrich the molecular mechanisms of OXA underlying the neuroprotective effect on
cerebral I/R injury, which will provide promising drug targets for the treatment of stroke.
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Figure 1

Flow chart of the study design. SB334867 is an inhibitor of orexin receptor type 1 (OX1R). OXA: Orexin-A;
MCAO: middle cerebral artery occlusion; TTC: 2,3,5-triphenyl-2H-tetrazolium chloride; OGD: oxygen
glucose deprivation; ELISA: Cytokine Enzyme-Linked Immunosorbent Assay; SD: Sprague-Dawley.
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Figure 2

Neuroprotective effects of OXA on cerebral infarct volume and neurological score. (A) Representative
TTC-stained coronal brain sections. The red area is normal tissue, and the white area is infarcted tissue.
Treatment with OXA (30μg/kg) signi�cantly reduced infarct volume compared with MCAO/R group. (B)
Neurological de�cit score. ***p<0.001 vs. sham group; ##p<0.01 and ###p<0.001 vs. MCAO/R group.
Data are represented as means ± SEM (n=3-10). MCAO/R: middle cerebral artery occlusion and
reperfusion.
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Figure 3

Levels of in�ammation, apoptosis-related proteins and OX1R induced by OGD/R in U251 astrocytoma
cells. Representative western blots and quantitative evaluations of the p-ERK, t-ERK, p-P38, P38, p65,
iNOS (A) Bcl-2, Bax (B) and OX1R (C). *p<0.05, **p<0.01, and ***p<0.001 vs. sham group. Data are
represented as means ± SEM (n=3). OGD/R: oxygen glucose deprivation and reperfusion.
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Figure 4

Effect of OXA on levels of pro-in�ammatory factors in OGD/R U251 astrocytoma cells and in ischemic
cortex of MCAO/R rats. (A) The concentration of pro-in�ammatory factors in the supernatant of U251
astrocytoma cells and OXA signi�cantly reduced the concentration of IL-1β, TNF-α, IL-6 and IL-18 in the
supernatant compared with the OGD/R group. Representative western blots and quantitative evaluations
of the IL-1β, TNF-α, IL-6 and iNOS in OGD/R U251 astrocytoma cells (B) and in ischemic cortex of
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MCAO/R rats (C). Treatment with OXA signi�cantly reduced levels of IL-1β, TNF-α, IL-6 and iNOS in vivo
and in vitro. *p<0.05, **p<0.01, and ***p<0.001 vs. control group or sham group; #p<0.05, ##p<0.01, and
###p<0.001 vs. OGD/R group or MCAO/R group. Data are represented as means ± SEM (n=3).

Figure 5

Effect of OXA on astrocytes activation in ischemic cortex of MCAO/R rats. (A) Immuno�uorescence and
quantitative analysis of GFAP. Scale bar = 50µm. (B) Western blots and quantitative analyses of GFAP.
OXA signi�cantly reduced the expression of GFAP and inhibited the activation of astrocytes. **p<0.01 and
***p<0.001 vs. sham group; #p<0.05 vs. MCAO/R group. Data are represented as means ± SEM (n=3).
GFAP: Glial �brillary acidic protein; DAPI: 4',6-Diamidino-2-phenylindole.
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Figure 6

Effect of OXA on expression of nucleus and cytoplasm NF-κB p65 in OGD/R U251 astrocytoma cells and
in ischemic cortex of MCAO/R rats. (A) Double immuno�uorescence staining of p65 (red) and GFAP
(green) under the intervention of OXA in OGD/R U251 astrocytoma cells. Nuclei were stained with DAPI
(blue). Scale bars = 50µm or 10µm. Western blot for expression of nucleus NF-κB p65 and cytoplasm NF-
κB p65 in OGD/R U251 astrocytoma cells (B) and ischemic cortex of MCAO/R rats (C). OXA signi�cantly
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decreased the nuclear translocation of NF-κB p65 in vivo and in vitro. **p<0.01 and ***p<0.001 vs. control
group or sham group; #p<0.05 and ###p<0.001 vs. OGD/R group or MCAO/R group. Data are represented
as means ± SEM (n=3).

Figure 7

Effects of OXA on the expression of ERK and p38 MAPK in OGD/R U251 astrocytoma cells and in
ischemic cortex of MCAO/R rats. Representative western blots and quantitative evaluations of the p-ERK,
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t-ERK, p-P38 and P38 in OGD/R U251 astrocytoma cells (A) and ischemic cortex of MCAO/R rats (B). OXA
signi�cantly inhibited the activation of ERK and p38 MAPK in vivo and in vitro. **p<0.01 and ***p<0.001
vs. control group or sham group; ##p<0.01 vs. OGD/R group or MCAO/R group. Data are represented as
means ± SEM (n=3).

Figure 8
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Effect of OXA on NF-κB p65 and MAPK pathways under the joint intervention of OXA and SB334867,
OXIR antagonist. Representative western blots and quantitative evaluations of the p-ERK, t-ERK, p-P38,
P38 (A) and p65 in the nucleus (B). SB334867 reversed the inhibitory effect of OXA on NF-κB p65, ERK
and p38 MAPK. **p<0.01 and ***p<0.001 vs. control group; #p<0.05, ##p<0.01, and ###p<0.001 vs.
OGD/R group; $p<0.05 and $$$p<0.001 vs. OGD/R+OXA group. Data are represented as means ± SEM
(n=3). SB: SB334867.

Figure 9
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Effect of OXA on apoptosis in OGD/R U251 astrocytoma cells and in the ischemic cortex of MCAO/R rats.
(A) Apoptosis of U251 astrocytoma cells detected by Hoechst 33342 staining (blue). The apoptotic cell
ratio was signi�cantly reduced by OXA treatment. Scale bars = 200µm. Representative western blots and
quantitative evaluations of the Bcl-2, Bax, Cyt C, cleaved caspase-9 and cleaved caspase-3 in OGD/R
U251 astrocytoma cells (B) and in the ischemic cortex of MCAO/R rats (C). *p<0.05, **p<0.01, and
***p<0.001 vs. control group or sham group; #p<0.05, ##p<0.01, and ###p<0.001 vs. OGD/R group or
MCAO/R group. Data are represented as means ± SEM (n=3).
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Figure 10

Schematic diagram of the mechanism of OXA inhibiting in�ammation and apoptosis. The activation and
apoptosis of astrocytes and in�ammation are involved in CIRI. OXA inhibits these processes to reduce
CIRI. OXA inhibits the phosphorylation of ERK and p38 in the MAPK pathway, thereby preventing the
downstream protein AP-1 from being transported to the nucleus. OXA also inhibits the nuclear
translocation of NF-κB p65. Finally, the reduction of pro-in�ammatory factors reduces neuronal damage
due to the anti-in�ammatory effects of OXA. The opening of PTP results in the release of Cyt C from the
mitochondria into the cytoplasm, while the opening of PTP by Bcl-2 and Bax is weakened and enhanced,
respectively. Then, Cyt C activates caspase-9, which in turn activates caspase-3, and ultimately leads to
cell apoptosis. However, OXA can attenuate the activation of this apoptotic pathway and reduce the
apoptosis of astrocytes and other nerve cells. OXA: Orexin-A; OGD/R: oxygen glucose deprivation and
reperfusion; MCAO/R: middle cerebral artery occlusion and reperfusion; OX1R: orexin receptor type 1; NF-
κB: Nuclear factor kappa light-chain enhancer of activated B cells; MAPK: mitogen-activated protein
kinase; ERK: extracellular signal-regulated kinase; PTP: permeability transition pores.


