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Abstract  
The anti-inflammatory and antioxidant effects of exendin-4 (Ex-4) have been reported previously. However, whether (Ex-4) has anti-in-
flammatory and antioxidant effects on high-altitude cerebral edema (HACE) remains poorly understood. In this study, two rat models of 
HACE were established by placing rats in a hypoxic environment with a simulated altitude of either 6000- or 7000-m above sea level (MASL) 
for 72 hours. An altitude of 7000 MASL with 72-hours of hypoxia was found to be the optimized experimental paradigm for establishing 
HACE models. Then, in rats where a model of HACE was established by introducing them to a 7000 MASL environment with 72-hours 
of hypoxia treatment, 2, 10 and, 100 μg of Ex-4 was intraperitoneally administrated. The open field test and tail suspension test were used 
to test animal behavior. Routine methods were used to detect change in inflammatory cells. Hematoxylin-eosin staining was performed 
to determine pathological changes to brain tissue. Wet/dry weight ratios were used to measure brain water content. Evans blue leakage 
was used to determine blood-brain barrier integrity. Enzyme-linked immunosorbent assay (ELISA) was performed to measure markers 
of inflammation and oxidative stress including superoxide dismutase, glutathione, and malonaldehyde values, as well as interleukin-6, 
tumor necrosis factor-alpha, cyclic adenosine monophosphate levels in the brain tissue. Western blot analysis was performed to determine 
the levels of occludin, ZO-1, SOCS-3, vascular endothelial growth factor, EPAC1, nuclear factor-kappa B, and aquaporin-4. Our results 
demonstrate that Ex-4 preconditioning decreased brain water content, inhibited inflammation and oxidative stress, alleviated brain tissue 
injury, maintain blood-brain barrier integrity, and effectively improved motor function in rat models of HACE. These findings suggest 
that Ex-4 exhibits therapeutic potential in the treatment of HACE.

Key Words: high-altitude cerebral edema; exendin-4; cyclic adenosine monophosphate; EPAC1; suppressor of cytokine signaling 3; vascular 
endothelial growth factor; hypoxia; inflammation; oxidative stress

Graphical Abstract   

Exendin-4 (Ex-4) can inhibit oxidative stress and inflammation, protect blood-brain integrity (BBB), and 
improve the motor function in a rat model of high-altitude cerebral edema
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Introduction 
Each year, millions of people travel from places close to sea 
level to destinations greater than 2500 m above sea level 
(MASL) (Plant and Aref-Adib, 2008) and millions more 
permanently live at altitudes of 2500 to 5100 MASL (West, 
2002). As such, plateau-related disease, and particularly 
high-altitude cerebral edema (HACE), is a significant epide-
miological problem; although the incidence of HACE is very 
low, its high mortality makes it worthy of study. 

Hypoxia-induced inflammation increases brain water con-
tent and blood-brain barrier permeability, which are two pri-
mary causes of cerebral edema and lead to both brain tissue 
and vascular endothelial damage (Patir et al., 2012; Rodrigues 
and Granger, 2015). Fukuhara et al. (2005) reported that sec-
ond messenger cyclic adenosine monophosphate (cAMP)-me-
diated inflammatory protective mechanisms function through 
activation of exchange protein directly activated by cAMP 1 
(EPAC1) in vascular endothelial cells (VECs). Activation of 
EPAC1 leads to suppression of cytokine signaling-3 (SOCS-
3) gene expression (Sands et al., 2006), which can effectively 
inhibit interleukin-6 (IL-6) and nuclear factor-kappa B (NF-
κB) signaling pathways (Bode et al., 2001; Hovsepian et al., 
2013; Mahony et al., 2016). The aquaporin family of proteins 
also plays a key role in controlling cellular water content, with 
aquaporin-4 (AQP4) playing a key role in brain conditions 
such as cerebral edema, blunt force trauma, and Alzheimer’s 
disease (Benga and Huber, 2012; Badaut et al., 2014).

The glucagon-like peptide-1 (GLP-1) receptor agonist 
exenatide is synthetic analogue of exendin-4 (Ex-4), a pep-
tide originally isolated from the salivary secretions of the 
Heloderma suspectum (Gila monster) lizard. Ex-4 has been 
shown to pass the blood-brain barrier (BBB) (Sandoval and 
Sisley, 2015) and increase cAMP expression (Li et al., 2015). 
GLP-1 analogues have demonstrated protective effects on 
the central nervous system, including effects on synapses, 
cell repair, and reduction of chronic inflammatory respons-
es (Holscher, 2014). The receptor for GLP-1 is present on 
pancreatic beta cells and also widely distributed on neurons 
throughout the brain and peripheral nervous system (Li et 
al., 2015). Ex-4 elicits protective effects against atheroscle-
rosis (Zhao et al., 2014) and reperfusion injury (Kang et 
al., 2015) by increasing vascular endothelial growth factor 
(VEGF) expression to promote the proliferation of vascular 
endothelial cells (VECs). Ex-4 can also inhibit VEC apop-
tosis (Erdogdu et al., 2013), thus serving to maintain the 
integrity of vascular endothelium. Ex-4 has exhibited neuro-
protective effects within the CNS in studies of geriatric dis-
orders (Holscher, 2014) and spinal cord injury (Chien et al., 
2015; Li et al., 2016). However, whether Ex-4 inhibits HACE 
remains poorly understood. To investigate the effects of Ex-
4, we performed biochemical, pathological, and animal be-
havioral tests in rat models of HACE.

Materials and Methods
Animals
All experimental procedures and protocols were approved 

by the Institutional Animal Care and Use Committee of the 
Affiliated Hospital of Logistics, College of Chinese People’s 
Armed Police Forces, China (approved No. 2017-0004.2). 
All efforts were made to minimize the number and suffer-
ing of animals and all experimental procedures described 
here were performed in accordance with the National In-
stitutes of Health (NIH) guidelines for the Care and Use of 
Laboratory Animals. Two-hundred and eighty-eight male 
Sprague-Dawley rats (SPF level), aged 8 weeks and weigh-
ing 190–220 g, were provided by the Experimental Animal 
Center of the Academy of Military Medical Sciences [license 
No. SCXK (Army) 2012-0004)]. Rats were kept at a constant 
temperature of 22 ± 1°C under a 12-hour dark/light cycles 
with ad libitum access to food and water. 

Model exploration of HACE
We assessed the presence and severity of HACE in our mod-
els via the Chinese diagnosis standards of acute mountain 
sickness (AMS) and the international standard diagnosis of 
Lake Louise for AMS, which we have described previously 
(Savourey et al., 1995; West, 2010). However, there is no 
precise method for modeling HACE in animals (Botao et al., 
2013; Huang et al., 2015). As such, we sought to verify our 
own models. To investigate the effects of drugs on HACE, 
we exposed rats to a simulated elevation of 6000 or 7000 
MASL. We evaluated brain water content and vascular leak-
age, two key indicators of cerebral edema occurrence (Patir 
et al., 2012), to determine the optimal altitude and hypoxia 
treatment duration to achieve a robust and valid HACE 
model. 

Rats were randomly divided into three groups: control (sea 
level; n = 8), simulated 6000 MASL (n = 40; low pressure 
47.2 kPa and hypoxia (O2 47.46%), and simulated 7000 MASL 
(n = 40; low pressure 41.3 kPa and hypoxia 123.16 g/m3). 
Animals in the simulated 6000 and 7000 MASL groups were 
placed in an experimental chamber to simulate a high-al-
titude, low-pressure and oxygen environment. Humidity 
was maintained at 50 ± 2% and fresh air-flow was 5 L/h in 
the experimental chamber. Rats in each group were further 
divided into six subgroups based on the time that they re-
mained in the experimental chamber: 12, 24, 48, 72, and 96 
hours. Animals in the hypoxia groups (12, 24, 48, 72, and 96 
hours) were exposed to simulated 6000 or 7000 MASL (n = 
8 per subgroup). At the end of all experiments, rats were eu-
thanized by chloral hydrate overdose. Brains were weighed 
to measure wet/dry ratios and assess for Evans blue leakage. 
Severity of cerebral edema was evaluated at each time point 
to determine optimal experimental conditions. Finally, ani-
mals exposed to high altitude environments were evaluated 
by measurements of glutathione (GSH), malondialdehyde 
(MDA), and superoxide dismutase (SOD) values.

Animal grouping and Ex-4 intervention
To investigate the effects of Ex-4 on animal models of HACE 
(7000-m altitude), five groups were used: control, HACE, HACE 
+ 2 μg Ex-4, HACE + 10 μg Ex-4, and HACE + 100 μg Ex-4. 
Within each group, five subgroups (A–E; n = 8/subgroup) 
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were used for the following analyses: A, wet/dry weight ra-
tio; B, Evans blue leakage; C, behavioral evaluation; D, west-
ern blot and ELISA; E, pathological examination of brain 
tissue. 

Ex-4 was administered in advance of experiments as the 
experimental chamber was a closed environment. Rats in the 
HACE + 2 μg Ex-4, HACE + 10 μg Ex-4, and HACE + 100 
μg Ex-4 groups were administered Ex-4 (Cayman Chemical 
Company, Michigan, USA) intraperitoneally once daily for 3 
days prior to experimentation to maintain blood drug con-
centration. Rats in the control and HACE groups received 
equal amounts of physiological saline. Following this, rat 
behavioral and then biochemical analyses were performed. 

Behavioral evaluation 
The open field test is used to evaluate animal locomotion and 
anxiety-like behavior (Desikan et al., 2014). The open-field 
test chamber used here was a custom-built black, wooden box 
(100 cm × 100 cm × 50 cm), with a generalized central area (30 
cm × 30 cm). Each animal was tested for 6 minutes. The ap-
paratus was cleaned with ethanol between animals. This assay 
is based on the premise that rats will naturally tend towards 
the periphery of the open field where they are less exposed 
and thus less vulnerable to potential dangers (e.g. predation) 
than they would be in the center of the field. Total distance 
traveled, time spent in the center of the open field, and the 
number of animal rearings, defined as times that the rat sup-
ported itself on its hind legs alone, were assessed. 

The tail suspension test was carried out as previously de-
scribed (Skolnick et al., 2015). Briefly, rats were suspended 
from a metal rod mounted at a distance of 40 cm above 
the ground by the tail, which was secured to the rod with 
adhesive tape. The duration of this test was 6 minutes. The 
absence of limb or body actions, except those caused by 
breathing, was defined as resting. Resting time data were 
collected by the Xmaze video analysis system. 

Arterial blood oxygen saturation
On the day of testing, blood samples (approximately 200 μL) 
were collected via arterial cannulae. After sample collection, 
the catheter was flushed with heparin saline. Samples were 
analyzed with an ABL Flex 800 blood gas analyzer (Radiom-
eter Medical ApS, Åkandevej, Denmark). 

Body weight
Rat body weight was measured before and after all experi-
mentation.

White blood cell (neutrophil) counts
On the day of testing, approximately 200 μL of rat caudal 
venous blood was collected and samples were analyzed by 
routine blood tests (Affiliated Hospital of Logistics, College 
of Chinese People’s Armed Police Forces). 

Tissue preparation and hematoxylin-eosin staining
Rats were intraperitoneally injected with chloral hydrate (100 
mg/kg) and perfused with physiological saline and 4% para-

formaldehyde (dissolved in 1 M phosphate-buffered saline, 
pH 7.4) via cardiac puncture. Brains were harvested, fixed 
with 4% formaldehyde, embedded in paraffin, sliced into 
5-μm-thick coronal sections, and stained with hematoxy-
lin-eosin (Sigma Aldrich, St. Louis, MO, USA) (Alawa et al., 
2015). Areas of interest were photographed with a digital 
camera (Nikon, Tokyo, Japan) coupled to a light microscope 
(Olympus, Tokyo, Japan).

Brain water content
Wet/dry weight ratios were used to measure brain water 
content (Park et al., 2009). All rats in the experimental 
groups were intraperitoneally administered an appropriate 
dosage of Ex-4 30 minutes prior to hypoxia. Rats in the con-
trol and HACE groups were intraperitoneally administered 
equal amounts of physiological saline. At the end of the ex-
periment, rats in each group were anesthetized by intraperi-
toneal injection of chloral hydrate (300 mg/kg body weight) 
and brains stripped of their meninges at the brain stem level 
were taken for wet weight measurement. Samples were then 
dried at 110°C for 24 hours and the dry weight was mea-
sured by analytical balance (Sartorius, Germany). Water 
content of brain tissue was calculated as the ratio of wet/dry 
weight (W/D).

Evans blue extravasation
Evans blue dye-bound albumin in the blood can enter the 
parenchyma through a damaged BBB, ultimately being 
detectable in brain tissue (Cangalaya et al., 2016). Thirty 
minutes before the end of hypoxia exposure, rats were re-
moved from the hypobaric chamber, injected with 2% Evans 
blue (Sigma-Aldrich, St. Louis, MO, USA; 4 mL/kg body 
weight) via the tail vein, and then replaced into the hypobaric 
chamber until the end of hypoxia. Rats were anesthetized by 
intraperitoneal chloral hydrate (Sigma-Aldrich; 300 mg/kg 
body weight) before brains were removed. Left and right 
hemispheres were separated along the sagittal suture. After 
weighing, both hemispheres were soaked in formamide (1 
mL/100 mg) at 60°C for 24 hours. The content of dye ex-
tracted from each brain was determined spectrophotomet-
rically (at 620 nm). Quantitative calculation of dye content 
was based on an external standard dissolved in the same 
solvent (Liu et al., 2013).

ELISA
MDA, GSH, and SOD contents, as well as interleukin-6 (IL-
6), tumor necrosis factor-α (TNFα), and cyclic adenosine 
monophosphate (cAMP) levels in brain homogenates were 
measured by ELISA according to kit instructions (R&D Sys-
tems, Minneapolis, MN, USA) (Wyatt et al., 2010).

Western blot analyses 
Occludin and ZO-1 are classic proteins for use in the as-
sessment of blood-brain barrier integrity (Liu et al., 2014). 
SOCS-3, a key protein parameter in this experiment, plays 
an important role in the anti-inflammatory response (Hov-
sepian et al., 2013). AQP4 is an important marker of cere-
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bral edema (Iacovetta et al., 2012). NF-κB is a prominent 
indicator of inflammation (Himadri et al., 2010; Benga and 
Huber, 2012). VEGF levels have recently been used to indi-
cate vascular permeability (Dewhirst and Ashcraft, 2016). 
Rats subjected to hypoxia were anesthetized by an intraperi-
toneal injection of chloral hydrate (300 mg/kg body weight) 
before collecting brains, which were homogenized on ice. 
Homogenate protein levels were determined via bicin-
choninic acid (BCA) assay (Li et al., 2016). Protein samples 
(30 μg) were mixed with sample buffer [0.0625 M Tris-HCl, 
pH 6.8, 2% (w/v) sodium dodecyl sulfate (SDS), 5% (w/v) 
β-mercaptoethanol, 10% (v/v) glycerin, and 0.002% (w/v) 
bromophenol blue] for 10% SDS-polyacrylamide gel elec-
trophoresis (Zanotto et al., 2013). After separation, protein 
samples were transferred onto polyvinylidene difluoride 
membranes for incubation at room temperature for 1 hour 
with rabbit anti-rat occludin polyclonal antibody (Abcam), 
rabbit anti-rat ZO-1 polyclonal antibody (Abcam), rabbit 
anti-rat SOCS-3 polyclonal antibody (Abcam), rabbit an-
ti-rat VEGF polyclonal antibody (Abcam), rabbit anti-rat 
EPAC1 polyclonal antibody (Abcam), rabbit anti-rat NF-
κB polyclonal antibody (Abcam), and rabbit anti-rat AQP4 
polyclonal antibody (Abcam) (all diluted to 1:5000). After 
three saline washes, protein samples were incubated with 
anti-rabbit or anti-mouse peroxidase-conjugated immu-
noglobulin (IgG, diluted at 1:10,000) at room temperature 
for 1 hour (Desoubeaux et al., 2017). Chemiluminescence 
signal was detected using an ECL Kit (Beyotime Institute of 
Biotechnology, Nanjing, Jiangsu, China) and analyzed using 
ScionImage software (ScionImage, Chicago, IL, USA). Rab-
bit anti-rat GAPDH polyclonal antibody (1:5000; Abcam) 
was used as an internal reference. 

Statistical analyses
All data are presented as the mean ± standard deviation 
(SD) and were analyzed using one-way analysis of variance 
(ANOVA) and Tukey’s post hoc multiple comparison tests 
with SPSS 16.0 software (SPSS, Chicago, IL, USA). A P-value 
< 0.05 was considered statistically significant. 

Results
Verification of HACE animal models 
In the simulated 6000 MASL environment for 72 hours 
condition, water content and Evans blue leakage levels in 
the brain tissue of rats were significantly different compared 
control animals (water content: P < 0.05; Evans blue leakage: 
P < 0.05). There were no significant differences between the 
other experimental groups (Figure 1A & B). There were sig-
nificant differences in water content and Evans blue leakage 
level in the brain tissue of rats subjected to the simulated 
7000 MASL with hypoxia environment, especially after 72 
hours, compared with controls (water content: P < 0.001; 
Evans blue leakage: P < 0.001; Figure 1C & D). SOD, GSH, 
and MDA values in the brain tissue of rats subjected to a 
simulated 7000 MASL environment were also significantly 
different from controls, especially in the 72 hours of hypoxia 
group (SOD: P < 0.01; GSH: P < 0.01; MDA: P < 0.001; Fig-

ure 1E–G).

Ex-4 improved behavioral deficits in rats with HACE 
Results of the open field test showed that rat behaviors sig-
nificantly improved in the HACE + 2 μg Ex-4, HACE + 10 
μg Ex-4, and HACE + 100 μg Ex-4 groups compared with 
the untreated HACE group. Distance traveled by rats in-
creased with increasing dose of Ex-4 (2 μg Ex-4: P < 0.05; 10 
μg Ex-4: P < 0.01), but was decreased in the HACE + 100 μg 
Ex-4 group compared with the HACE + 10 μg Ex-4 group (P 
< 0.05; Figure 2A). Time spent in the center of the open field 
also increased with increasing dosage of Ex-4 (2 μg Ex-4: P 
< 0.05; 10 μg Ex-4: P < 0.01; Figure 2B). Similarly, distance 
traveled was reduced in the HACE + 100 μg group compared 
with the HACE + 10 μg Ex-4 group (P < 0.05). While rearing 
count increased with increasing dosage of Ex-4 (2 μg Ex-4: P 
< 0.05; 10 μg Ex-4: P < 0.01), it was also reduced in the HACE 
+ 100 μg Ex-4 group compared with the HACE + 10 μg Ex-4 
group (P < 0.05; Figure 2C). The tail suspension test indi-
cated that Ex-4 pretreatment effectively reduced immobility 
time. The amount of time that animals spent immobile was 
gradually reduced with an increasing dosage of Ex-4 (2 μg 
Ex-4: P < 0.05; 10 μg Ex-4: P < 0.01), but was not shorter in 
the HACE + 100 μg Ex-4 group than it was in the HACE + 
10 μg Ex-4 group (P < 0.05; Figure 2D). 

Ex-4 inhibited BBB injury in HACE rats 
Cerebral edema was more significantly inhibited in the 
Ex-4-pretreated groups than in the HACE group (Figure 
3A). 10 μg Ex-4 pretreatment in particular effectively re-
duced brain water content (P < 0.01). Ex-4 pretreatment 
effectively inhibited HACE-associated vascular leakage (Fig-
ure 3B). While the inhibitory effect of Ex-4 increased from 2 
to 10 μg, 10 μg Ex-4 pretreatment most effectively alleviated 
cerebral vascular leakage (P < 0.001). Collectively, these re-
sults suggest that a moderate dosage of Ex-4 can effectively 
alleviate high altitude hypoxia-mediated BBB injury and 
reduce cerebral edema. 

To identify changes in BBB-related protein in rats with 
HACE, we assessed expression of occludin, ZO-1, and AQP4 
proteins using western blot analysis. Occludin and ZO-1 
protein expression decreased, but was significantly high-
er in the 10 μg Ex-4-pretreated groups than in the HACE 
group (occludin: P < 0.01; ZO-1: P < 0.01; Figure 3C–E). At 
the same time, the 10 μg Ex-4-pretreated group evidenced 
significantly decreased AQP4 protein expression compared 
with the HACE group (P < 0.01; Figure 3F).

Ex-4 inhibited oxidative stress and inflammatory 
responses in rats with HACE
GSH, MDA, and SOD expression detected by ELISA indi-
cated decreased GSH expression in the HACE group com-
pared with the control group, and significantly increased 
GSH in the 10 μg Ex-4-pretreated group compared with the 
HACE group (P < 0.01; Figure 4A). In contrast, MDA ex-
pression was increased in the HACE group compared with 
the control group, and decreased significantly in the 10 μg 
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Figure 2 Exendin-4 effectively improved 
behaviors of rats with cerebral edema 
exposed to a simulated 7000-m altitude 
environment and 72 hours of hypoxia. 
Exendin-4 pretreatment improved rat 
mobility and increased distance traveled 
(A), increased center time (B), and ef-
fectively improved the ability for active 
exploration and increased rearing count 
(C) in the open field task. Exendin-4 also 
significantly reduced the amount of time 
spent immobile in the tail suspension test 
(D). Values are expressed as the mean 
± SD (n = 6), and were analyzed using 
one-way analysis of variance followed by 
Tukey’s post hoc multiple comparison 
tests. *P < 0.05, **P < 0.01, vs. N; #P < 
0.05, ##P < 0.01, vs. H. N: Normoxia; H: 
hypoxia.
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Ex-4-pretreated group compared with the HACE group (P 
< 0.01; Figure 4B). SOD expression was decreased in the 
HACE group compared with the control group, and signifi-
cantly increased in the 10 μg Ex-4-pretreated group com-
pared with the HACE group (P < 0.01; Figure 4C). 

IL-6, TNF-α, and NF-κB expression was also detected. 
IL-6 and TNF-α expression was increased in the HACE 
group compared with the control group and decreased 
in the 10 μg Ex-4-pretreated groups compared with the 
HACE group (IL-6: P < 0.01; TNF-α: P < 0.01; Figure 4D 
& E). Western blot analysis showed that NF-κB expression 
increased in the HACE group, but were decreased signifi-
cantly in the 10 μg Ex-4-pretreated group compared with 
the HACE group (P < 0.01; Figure 4G & H). Finally, using 
GAPDH as a reference, we performed western blot analy-
ses to detect SOCS-3 and EPAC1 protein expression levels. 
While SOCS-3 expression was decreased in the HACE 
group, it was increased significantly in the 10 μg Ex-4-pre-
treated group compared with the HACE group (P < 0.01; 
Figure 4G & I). Additionally, EPAC1 expression was sig-
nificantly decreased in the HACE group compared with the 
control group and was significantly increased in the 10 μg 
Ex-4-pretreated group compared with the HACE group (P < 
0.01; Figure 4G & J). ELISA results indicated that exposure 
to high-altitude hypoxia inhibited cAMP expression, which 
could be significantly alleviated by 10 μg Ex-4 pretreatment 
(P < 0.01; Figure 4F). 

Ex-4 alleviated cerebral edema and reduced perivascular 
space in HACE rats 
Hematoxylin-eosin staining was performed to confirm the 
inhibitory effects of Ex-4 on cerebral edema. Under 400× 
magnification, cells and vascular morphology were com-
pared between groups. When compared with control group 
(Figure 5B), HACE group animals exhibited increased pe-
ripheral vessel space and widening, obvious cell swelling, ir-
regular nuclei, expanded intercellular space, and disordered 
stromal cells (Figure 5C). Cerebral edema was inhibited to 
different degrees in the Ex-4 pretreated groups. In particu-
lar, the HACE + 10 μg Ex-4 group showed the most obvious 
inhibitory effects, as manifested by slightly dilated perivas-
cular space. These results suggest that Ex-4 exerts protec-
tive effects on cerebral edema (Figure 5D–F). Our results 
demonstrate that the 10 μg Ex-4 pretreated group evidenced 
decreased perivascular space dosage-dependently when 
compared with the HACE group (P < 0.01; Figure 5G).

Ex-4 improved additional parameters in HACE rats
The body weight of rats with HACE was significantly low-
er than that of control rats of the same age. Furthermore, 
Ex-4-pretreatment resulted in a significantly increased body 
weight, especially in the 10 μg Ex-4 dose group (P < 0.01; 
Figure 6A). Partial pressure of O2 in arterial blood (PaO2) 
was significantly lower in the HACE group compared with 
the control group (P < 0.01). PaO2 was also lower in the 

Figure 3 Exendin-4 (Ex-4) alleviated BBB injury effects mediated by high-altitude cerebral edema in rats.
Ex-4 pretreatment effectively reduced brain water content (A) and cerebral leakage (B) and increased expression (optical density ratio to GAPDH) 
of occludin (C & D), ZO-1 (C & E), and aquaporin-4 AQP4 (C & F). Occludin and ZO-1 are classic proteins involved in blood-brain barrier integ-
rity (Liu et al., 2014). AQP4 is an important indicator of cerebral edema (Iacovetta et al., 2012). Values are expressed as the mean ± SD (n = 6) and 
were analyzed using one-way analysis of variance followed by Tukey’s post hoc multiple comparison tests. **P < 0.01, ***P < 0.001, vs. N; #P < 0.05, 
##P < 0.01, ###P < 0.001, vs. H. N: Normoxia; H: hypoxia. 
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Ex-4-pretreated groups than in the control group, but was 
significantly higher than that in the HACE group, especially 
at the 10 μg Ex-4 dose level (P < 0.01; Figure 6B). Exposure 
to high-altitude hypoxia led to an increase in white blood 
cells that could effectively be reduced by in particular 10 μg 
Ex-4 pretreatment (P < 0.01; Figure 6C). 

Peak expression of VEGF is earlier than the peak 
permeability of BBB in HACE rats pre-treated with Ex-4
Western blot analysis performed to detect VEGF expression 
demonstrated increased expression in HACE and Ex-4-pre-

treated groups. Increased protein expression occurred in 
a dose-dependent manner and was higher in the 100 μg 
Ex-4-pretreated group compared with the HACE group (P 
< 0.001; Figure 7A). However, peak expression of VEGF, 
which occurred at 48 hours, precedes peak BBB permeabili-
ty, which occurs at 72 hours (Figures 1D, 7B & C). 

Discussion
As the most fatal component of altitude sickness, HACE is a 
medical problem requiring emergent treatment. Therefore, 
understanding its underlying mechanisms and develop-
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Figure 4 Exendin-4 pretreatment inhibited oxidative stress and inflammatory response 
in rats with high-altitude cerebral edema.
Exendin-4 pretreatment increased GSH (A) and SOD (C) and decreased MDA (B). Exen-
din-4 pretreatment reduced animal inflammatory response by decreasing expression of 
IL-6 (D), TNF-α (E), and NF-κB (G & H), and increasing expression (optical density ratio 
to GAPDH) of SOCS-3 (G & I), EPAC1 (G & J), and cAMP (F). Values are expressed as 
the mean ± SD (n = 6) and were analyzed using one-way analysis of variance followed by 
Tukey’s post hoc multiple comparison tests. *P < 0.05, **P < 0.01, ***P < 0.001, vs. N; #P 
< 0.05, ##P < 0.01, ###P < 0.001, vs. H. N: Normoxia; H: hypoxia. GSH: Glutathione; SOD: 
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Figure 5 Exendin-4 (Ex-4) alleviated cerebral edema and reduced perivascular space in rats with high-altitude cerebral edema (HACE).
(A) The red box in A is the sampling site. (B) Control group tissues exhibited cells and nuclei arranged in an orderly fashion and with uniform 
cell stroma. (C)HACE group tissues exhibited widened gaps between capillary vessels, clearly swollen cells with irregular nuclei, widened gaps be-
tween cells, and nucleolar shrinkage compared with the control group. (D) HACE + 2 μg Ex-4 group tissues exhibited slightly swollen cells with a 
uniform cytoplasm and widened perivascular spaces. (E) HACE +10 μg Ex-4 group tissues exhibited slightly widened perivascular spaces and cells 
with a uniform cytoplasm, and regularly arranged nuclei. (F) HACE + 100 μg Ex-4 group tissues exhibited enlarged perivascular spaces and cells 
with a uniform cytoplasm and regularly arranged nuclei. Red arrows: Perivascular space; black arrows: cellular edema. Scale bar: 0.5 mm in A; 25 
μm in B–F, 400× magnification. Compared with the HACE group, the interstitial space of the Ex-4 treatment group was significantly reduced (G). 
Values are expressed as the mean ± SD (n = 6), and were analyzed using one-way analysis of variance followed by Tukey’s post hoc multiple com-
parison tests. ***P < 0.001, vs. N; #P < 0.05, ##P < 0.01, vs. H. N: normoxia; H: hypoxia.

Figure 6 Physio-biochemical parameters in rats with high-altitude cerebral edema after Exendin-4 pretreatment. 
Exendin-4 pretreatment increased rat body weight (A) and blood oxygen saturation (B) and reduced white blood cell counts (C). Values are ex-
pressed as the mean ± SD (n = 6) and were analyzed using a one-way analysis of variance followed by Tukey’s post hoc multiple comparison tests. 
**P < 0.01, vs. N; #P < 0.05, ##P < 0.01, vs. H. before: the weight of the rats before they entered the experimental cabin; after: the weight of the rats 
when they came out of the experimental cabin; N: normoxia; H: hypoxia.

Figure 7 Peak expression of VEGF precedes peak permeability of the BBB.
Exendin-4 (Ex-4) pretreatment increased expression (optical density ratio to GAPDH) of VEGF (A). At an altitude of 7000 m, the expression (optical 
density ratio to GAPDH) of VEGF increased first and then decreased (B, 10 μg Ex-4 pretreatment), with peak VEGF expression appearing to be 
inconsistent with peak levels of Evans blue leakage (C). Values are expressed as the mean ± SD (n = 6), and were analyzed using a one-way analysis 
of variance followed by Tukey’s post hoc multiple comparison tests. *P < 0.05, **P < 0.01, ***P < 0.001, vs. N; #P < 0.05, ##P < 0.01, ###P < 0.01, vs. 
H. N: normoxia; H: hypoxia; VEGF: vascular endothelial growth factor; BBB: blood-brain barrier.
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ing new treatment methods is of the utmost importance. 
However, uniform standard parameters for creating HACE 
animal models do not exist. Altitude selection (6000, 7000, 
7500, 8000 or 10,000 m) and duration of hypoxia (12, 24, 48 
or 72 hours) vary between studies (Botao et al., 2013; Huang 
et al., 2015). To determine optimal experimental conditions 
for rat models of HACE, the current study examined ex-
posure to a simulated altitude of 6000 MASL and various 
durations of hypoxia. Resulting brain water content and 
vascular leakage were measured to evaluate cerebral edema 
and demonstrated that HACE was not successfully induced 
at 6000 MASL. We next selected an altitude of 7000 MASL 
with 72-hours of hypoxia and found that HACE was suc-
cessfully induced, as confirmed by brain water content and 
vascular leakage, as well as levels of oxidative stress markers 
(GSH, SOD, and MDA). 

We selected Ex-4 to further examine the effects of drug 
treatment on HACE as it has been shown previously to 
protect pancreatic β cells from pro-inflammatory and 
pro-oxidant insults (Carlessi et al., 2015). A previous study 
demonstrated that a double-hit model of plateau hypoxia 
and oxidative stress caused the accumulation of oxygen free 
radicals, resulting in unstable membrane lipid peroxida-
tion, inflammatory system activation, and BBB dysfunction 
(Lafuente et al., 2016). Our results demonstrated that Ex-4 
pretreatment effectively reduced HACE oxidative stress 
by increasing expression of GSH and SOD and decreasing 
expression of MDA. Inflammation and neurodegenerative 
diseases increase vascular permeability and organ dysfunc-
tion, leading to severe pathological consequences (Kumar et 
al., 2009). The endothelial inflammatory cytokines IL-6 and 
NF-κB play an important role in the development of HACE 
(Himadri et al., 2010; Benga and Huber, 2012). Our results 
show that Ex-4 pretreatment effectively reduced the inflam-
matory response with HACE by decreasing IL-6, TNF-α, 
and NF-κB expression levels. 

As a negative regulator of inflammatory signaling, SOCS-
3 has been shown to inhibit acute and chronic inflammation 
of VECs in vivo by exerting a negative feedback mechanism 
on the expression of signal transduction receptors on var-
ious cell surfaces (Dalpke et al., 2008; White et al., 2011). 
In addition, upon activation by EPAC1, SOCS-3 reduced 
inflammatory responses by inhibiting both NF-κB (Dhar 
et al., 2013) and IL-6 (Yarwood et al., 2008) inflammatory 
pathways and TNF-α expression. Activation of SOCS-3 can 
be mediated by at least three signaling pathways: cAMP/
EPAC1 (Li et al., 2015), cAMP/protein kinase A (PKA)/
c-Jun N-terminal kinase (JNK) (Gorentla et al., 2009), and 
the cAMP/PKA/extracellular signal-related kinase (ERK) 
(Woolson et al., 2009). In this study, we analyzed the cAMP/
EPAC1 signaling pathway. MacDonald et al. (2003) reported 
that the GLP analogue Ex-4 can activate the cAMP/EPAC1 
signaling pathway. In alignment with this, our results 
showed that Ex-4 pretreatment increased cAMP, EPAC1, 
and SOCS-3 expression. We propose that Ex-4 pretreatment 
inhibited the occurrence of HACE in our model by increas-
ing SOCS-3 expression, inhibiting endothelial inflammatory 

responses, and maintaining BBB integrity via the cAMP/
EPAC1 signaling pathway. cAMP signaling pathway effects 
on endothelial permeability are based on two factors: (i) 
inactivation of contractile machinery and relaxation of en-
dothelial cells, which release the centripetal force provided 
by tension in endothelial contractile machinery, mainly via 
PKA activation (Goeckeler and Wysolmerski, 2005), and 
(ii) strengthening of cell–cell adhesion by the stabilization 
of adherens junctions via the Epac pathway (Birukova et al., 
2007; Aslam et al., 2010). Collectively, these findings suggest 
that Ex-4 prevents inflammation by inhibiting oxidative 
stress and protecting BBB integrity.

 To determine whether Ex-4 can inhibit the development 
of HACE, we further analyzed related parameters in rats 
with HACE. Our results demonstrate that Ex-4 reduced 
brain water content and BBB leakage, supporting the notion 
that Ex-4 inhibits both the occurrence and development 
of HACE. Next, we assessed tight junction proteins that 
regulate BBB permeability. These results demonstrated that 
Ex-4 effectively increased expression of the tight junction 
proteins occludin and ZO-1. Subsequent detection of AQP4 
expression on the BBB surface showed that Ex-4 increased 
AQP4 expression. Other affected parameters included blood 
oxygen content, white blood cell (neutrophil) counts, and 
animal body weight. Changes in these parameters sug-
gests that Ex-4 inhibits the occurrence and development of 
HACE. Finally, we performed hematoxylin-eosin staining to 
analyze the neuropathological effects of Ex-4 and found that 
Ex-4 reduced void areas in brain tissues. Our results also 
showed that a 10 μg dose of Ex-4 elicited better inhibitory 
effects than did 2 μg or 100 μg Ex-4 doses. Previous reports 
demonstrating that Ex-4 exhibits protective effects on spinal 
cord injury in a linear, dose-dependent manner (Li et al., 
2016) are not applicable for HACE. 

HACE is associated with a number of behavioral changes, 
such as reduced mobility, unresponsiveness, drowsiness, 
and coma (Okiyama et al., 1997; Quigley and Zafren, 2016). 
As behavioral changes in our rat model of HACE were also 
found in the open field test, we considered using further 
behavioral evaluation methods to indirectly measure the 
degree of rat cerebral edema. Although few studies have 
explored animal behavioral in HACE models, rats with 
HACE  have previously been shown to exhibit decreased 
autonomous activity and reduced autonomous exploratory 
consciousness (Christakis et al., 2012). Based on these find-
ings,  we selected the classic open field and tail suspension 
tests to evaluate behavioral changes in our model. We found 
that exposure to high altitude and hypoxia elicited an ob-
vious alteration in these behaviors, which were rescued by 
Ex-4 pretreatment. This provides a novel method for further 
evaluating HACE models and the prevention of deleterious 
HACE-associated phenotypes.

Our results indicate that obvious increases in VEGF ex-
pression in the plateau environment are further increased 
after Ex-4 pretreatment. Previous studies have demonstrat-
ed that Ex-4 affects reperfusion injury, ischemic encepha-
lopathy, and cardiovascular sclerosis by increasing VEGF 



662

Sun ZL, Jiang XF, Cheng YC, Liu YF, Yang K, Zhu SL, Kong XB, Tu Y, Bian KF, Liu ZL, Chen XY (2018) Exendin-4 inhibits high-altitude 
cerebral edema by protecting against neurobiological dysfunction. Neural Regen Res 13(4):653-663. doi:10.4103/1673-5374.230291

expression and promoting angiogenesis (Zhao et al., 2014; 
Li et al., 2016). However, an increase in VEGF expression 
increases vascular permeability throughout the whole body 
in a dose-dependent manner (Dobrogowska et al., 1998). 
Therefore, VEGF is often used as a standard to evaluate vas-
cular permeability. 

These results suggest that, although increased VEGF ex-
pression does not support protection of BBB integrity by Ex-
4, it does not alter the effective, therapeutic action of Ex-4 in 
the occurrence and development of HACE. While increased 
VEGF expression can increase vascular endothelial cell ac-
tivity, inhibit endothelial cell apoptosis, promote angiogen-
esis, and behave in a neuroprotective way, its effect on vas-
cular permeability leads to both favorable and unfavorable 
consequences (Reischl et al., 2014). An increase in VEGF 
expression in vivo is often accompanied by an inflammatory 
response, which can harm the BBB (Song et al., 2016). As 
the role of increased endogenous VEGF in vivo is unknown, 
we hypothesized here that modest increases in endogenous 
VEGF could promote protective mechanism (i.e. VEGF at 
the levels observed here is not sufficient to impact BBB in-
tegrity). Future studies may seek to determine this relation-
ship more definitively. 

Although the outcomes presented here are promising, 
several limitations exist which must be addressed. First, 
higher doses of Ex-4 were not protective against the neuro-
biological effects of HACE. Instead, moderate doses were 
found to be more effective. This is not consistent with previ-
ous findings in spinal cord injury (Li et al., 2016). This may 
be related to the optimum concentration range for drug 
effectiveness. Thus, the most effective dose of Ex-4 should be 
further explored. Second, we examined Ex-4 as a preventive 
drug, not a therapeutic drug, meaning that it was treated 
prior to insult rather than after the insult had occurred. 
Thus, whether Ex-4 exhibits similar utility in the prevention 
of HACE effects as a therapeutic agent should be investigat-
ed in future studies. Third, we only performed the open field 
and tail suspension tests to evaluate for CNS dysfunction, 
leaving some uncertainty with regard to other behavioral 
phenotypes implicated in our HACE model. Additional 
behavioral results of CNS dysfunction in HACE need to be 
further quantified. Fourth, our finding that a modest in-
crease in simple endogenous VEGF does not destroy BBB 
integrity should be validated further. 

This paper is the first to demonstrate that Ex-4 exhibits 
inhibitory effects on HACE by increasing SOCS3 expres-
sion and inhibiting inflammatory responses, at least in part 
through the cAMP/EPAC1 signaling pathway. At the same 
time, we report that the time course of HACE and peak 
time for VEGF levels, as well as the permeability of the BBB 
in this model, are not consistent. Collectively, our findings 
suggest that Ex-4 may serve as a relevant target for the pre-
vention of acute HACE.
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