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Abstract: Spinal cord injury (SCI) is a devastating problem of health. Glucagon-like peptide-1 (GLP-1) is glucose-
dependent insulinotropic hormone. Exendin-4 is the longacting GLP-1 receptor agonist that used as an anti-diabetic 
drug. Recent studies demonstrated exendin-4 has a series of beneficial neuroprotective properties. This study was 
designed to assess the neuroprotective effects of exendin-4 against spinal cord injury. 72 rats were randomly di-
vided into three groups as follows: sham operation group, SCI group, and exendin-4 group (intraperitoneal injection 
of exendin-4 at 10 µg/rat immediately after SCI). First, a decrease of malodialdehyde (MDA) levels and an increase 
of glutathione (GSH) levels in the exendin-4 group demonstrated the anti-oxidation effect of exendin-4. Further, the 
preservation of mitochondrial membrane potential (∆Ψm) and the reduction of cytochrome c release suggested the 
protection for mitochondria. Moreover, a decline of the expression level of Bax, Bcl-2 and caspase-3 and the results 
of TUNEL staining indicated its anti-apoptosis role. Finally, behavioral assessment with Basso Beattle Bresnahan 
locomotor rating scale (BBB) showed that animals in exendin-4 group achieved a significant increase in BBB scores. 
Our results suggest that exendin-4 prevents against SCI-induced mitochondrial apoptotic pathway and contributes 
to functional improvement after SCI.
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Introduction

Spinal cord injury induces extensive tissue 
damage and permanent neurological deficits 
resulting from the primary injury and the sec-
ondary neurodegeneration [1]. The secondary 
damage is caused by a complex array of patho-
physiological processes including ischemia, 
oxidative stress and tissue necrosis [2]. These 
processes in spinal cord result in apoptosis of 
neurons and oligodendrocytes and neurologi-
cal dysfunction. In spite of many present exper-
imental studies, there is no effective treatment 
dramatically eliminating the secondary damage 
after SCI so far. Over the past few years, the 
pivotal role of mitochondria has been being 
studied in the secondary injury cascades in SCI 
models [3, 4]. In addition to their energy pro-
duction essential for cell survival, mitochondria 
are involved in apoptosis via many pathophysi-
ological processes [5, 6]. So pharmacological 

targeting of mitochondria provides critical neu-
roprotection in SCI models.

GLP-1 is a glucose-dependent insulinotropic 
hormone secreted from L cells of the small 
intestine in response to food ingestion [7]. 
Exendin-4, one of the long-acting glucagon-like 
peptide-1 receptor (GLP-1R) agonists, is a good 
candidate approved by FDA for T2DM. Admi- 
nistration of exendin-4 subcutaneously is safe 
for nondiabetic subjects, because it can effec-
tively lower blood glucose levels in the condition 
of hyperglycemia, but not euglycemia [7]. The 
previous study demonstrated that GLP-1Rs 
were not only present on pancreatic beta cells, 
but also widely distributed in the central and 
peripheral nervous system [8]. In addition  
to the regulation of blood glucose levels, recent 
studies demonstrate that exendin-4 has a 
series of beneficial neuroprotective properties 
in models of Parkinson disease, Hunting- 
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ton’s disease, amyotrophic lateral sclerosis, 
Alzheimer’s disease and crush injury of the rat 
sciatic nerve [9-13]. Meanwhile exendin-4 also 
protected pancreatic beta cells and cardiomyo-
cytes from apoptosis by improving mitochon-
drial function [14, 15]. To our knowledge, no 
research has reported the action of exendin-4 
in SCI. In the present study, we hypothesize 
that treatment with exendin-4 post-injury inhib-
its mitochondrial apoptotic pathway and con-
tributes to functional improvement after SCI. 

Experimental procedures

Animals and groups

We used adult Female Sprague-Dawley rats (n 
= 72) weighting 220-250 g. All animals were 
obtained from Experiment Animal Center of 
Liao Ning Medical University. Rats were ran-
domly divided into three groups (n = 24): (1) 
sham operation group, achieved operation of 
opening laminectomy and received normal 
saline, (2) SCI group, achieved SCI process and 
received normal saline, (3) exendin-4 group, 
achieved intraperitoneal injection of 10 µg/rat 
exendin-4 (Sigma-Aldrich, St Louis, MO, USA) in 
saline immediately after SCI process. Each 
group was divided into 4 subgroups (n = 6): (A) 
for biochemical analysis and JC-1, (B) for 
Western blot, (C) for TUNEL staining, (D) for 
behavioral assessment. All experiment proce-
dures are consistent with the Institutional 
Animal Care.

Rat model of SCI

The animal model of SCI was induced as 
described previously [16]. Rats accepted chlo-
ral hydrate by intraperitoneal injection (300 
mg/kg). We did surgery at T10 region to expose 
the spinal cord. Then a 10 g weight rod (2.0 mm 
in diameter) dropped from 20 mm on the sur-
face of the exposed spinal cord. After the hit, 
the wound was sealed with suture. Spinal cord 
samples were taken 24 hours after injury.

Biochemical analysis

Biochemical kits (Jiancheng Institute of Biology, 
Nanjing, China) were used to measure GSH and 
MDA, all procedures were performed in accor-
dance with the protocol instruction.

Mitochondrial membrane potential

Mitochondria and mitochondria isolation cyto-
sol proteins from spinal cord were prepared 
using differential centrifugation by Mitochondria 

Isolation Kit (Applygen Technologies Inc. 
Beijing, China). The loss of mitochondrial mem-
brane potential was determined using mito-
chondrial membrane potential assay kit with 
JC-1 (Beyotime Institute of Biotechnology, 
Jiangsu, China). JC-1 is a membrane potential-
sensitive probe that accumulates in ener- 
gized mitochondria and subsequently forms 
J-aggregates from monomers. The depolariza-
tion of the mitochondrial membrane is associ-
ated with an increase in monomer fluorescence 
at 530 nm, as well as a decrease in the fluores-
cence of J-aggregates at 590 nm. The ratio 
between 530 nm and 590 nm emission can be 
used as an indicator of the mitochondrial inner 
membrane potential.

Western blot assay 

Protein concentration was determined with 
BCA protein assay kit (Beyotime Institute of 
Biotechnology, Jiangsu, China). After separa-
tion by polyacrylamide electrophoresis, protein 
was transferred to polyvinylidene difluoride 
membrane (Millipore, Bedford, MA, USA). Then, 
the membrane was incubated it with specific 
primary antibodies: rat anti-cytochrome c 
(1:1000), rabbit anti-Bcl-2 (1:400), rabbit anti-
Bax (1:400), rabbit anti-caspase-3 (1:400) and 
rabbit anti-actin (1:400, Santa Cruz, USA). The 
membrane was incubated with goat-anti rabbit 
secondary antibody (Santa Cruz, USA) for 2 
hours at room temperature. Protein bands were 
visualized with ECL and images were acquired 
with FR-200 system (Shanghai FURI technolo-
gy). Protein expression level was normalized 
with internal marker.

TUNEL

We prepared several 5-µm-thick transverse fro-
zen sections of spinal cord tissue and detected 
apoptotic cells using TUNEL Apoptosis Assay 
Kit (Roche Diagnostics, Germany). Quantitation 
was performed by counting the number of posi-
tive cells in ten randomly chosen fields within 
each slide at 400× with an Leica CM 1850 
optic microscope. The index of apoptosis was 
calculated as the ratio of apoptotic cells and 
the total cells.

Behavior assessment

The hind limb function, the degree of fine con-
trol of coordinated stepping, trunk stability and 
stepping ability was assessed in an open field 
using the Basso Beattle Bresnahan (BBB) loco-
motor rating scale [17].
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Statistics

All of the experimental data were analyzed 
using SPSS 16.0, a statistical software. The 
data were performed as mean ± standard devi-
ation (SD). We also used One-way ANOVA and 
Tukey’s post-hoc multiple comparison tests for 
the statistical analysis. P < 0.05 was regarded 
as statistically significance.

Results

Biochemistry analysis

Anti-oxidation of exendin-4: As shown in Figure 
1, compared with the Sham group, SCI promote 
a significant increase in MDA and decrease in 
GSH activity. But in exendin-4 group, exendin-4 
treatment dramatically decreased MDA level (P 

Figure 1. Two histograms show levels of GSH and MDA in three groups. Versus sham group: aP < 0.01, versus SCI 
group: bP < 0.05.

Figure 2. A. Mitochondrial membrane potential was measured using JC-1 (Fluorescence Microscope 200×). B. The 
fluorescence ratio of red to green was quantitated by flow cytometry. Versus sham group: aP < 0.01, versus SCI 
group: bP < 0.05.
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4A). Furthermore, the number of TUNEL-positive 
cells was significantly lower in the exendin-4 
treated rat compared with the vehicle-treated 
rat (P < 0.01, Figure 4B).

Behavioral assessment

Evaluation of neural function showed that BBB 
scores in the sham operation group were 18.61 
± 0.21, 19.10 ± 0.22, 19.57 ± 0.19 at 1 d, 3 d, 
and 7 d post-surgery respectively, which were 
similar to the normal values. Rats in the SCI 
group showed dramatically decreased BBB 
scores (2.20 ± 0.14, 2.87 ± 0.15, 3.13 ± 0.15, 
P < 0.01, Figure 5). Compared with the SCI 
group, the exendin-4 group showed a signifi-
cant increase in BBB scores (3.83 ± 0.14, 5.23 
± 0.30, 6.45 ±0.14, P < 0.05, Figure 5).

Discussion

Exendin-4 can cross the blood-brain barrier 
and enter the brain and spinal cord via intra-
peritoneal administration [9, 10]. Based on the 
previous study [5, 9, 10], we administered 10 
µg/rat/day exendin-4. In addition, the schedule 
of exendin-4 treatment is based on the previ-
ous documentation of the process of mitochon-
drial dysfunction following SCI [3].

The nervous system consists largely of lipids 
and can be damaged easily by free radical-

< 0.01) and raised the GSH activity compared 
with SCI group (P < 0.01).This change revealed 
anti-oxidation function of exendin-4 in spinal 
cord injury.

Exendin-4 inhibits the mitochondrial apoptotic 
pathway

Mitochondrial membrane potential: The JC-1 
probe was detected in both polarized (red) and 
depolarized (green) mitochondria in confocal 
imaging (Figure 2A). Compared with Sham 
group, SCI group showed a decrease in polar-
ized mitochondria and an increase in depolar-
ized mitochondria, however, exendin-4 treat-
ment reversed the changes in fluorescence 
signal. As shown in Figure 2B: the measure-
ment of mitochondrial membrane potential was 
significantly decreased at 24 hours post-SCI 
injury (P < 0.01) and were increased by exen-
din-4 treatment compared with SCI group (P < 
0.01).

Western blot assay: According to the Western 
blot results, compared with the Sham group, 
the SCI group showed a significant increase of 
pro-apoptosis factor Bax, caspase-3 and cyto-
chrome c, but decrease of Bcl-2 compared with 
the sham group (P < 0.01, Figure 3). However, 
the expression level of pro-apoptosis factor 
Bax, caspase-3 and cytochrome c was lower in 

exendin-4 group compared 
with SCI group (P < 0.01, 
Figure 3). And anti-apoptosis 
factor Bcl-2 revealed an 
adverse result: Bcl-2 has a low 
level in both sham group and 
control group, while exendin-4 
treatment increased Bcl-2 
expression after SCI as com-
pared with the SCI group (P < 
0.01, Figure 3).

The number of TUNEL-positive 
cells: In the sections of TUNEL 
staining, nearly no TUNEL-
positive cells could be detect-
ed in sham group (Figure 4A), 
whereas many cells were 
stained in the tissues obtained 
from SCI group (P < 0.01). In 
contrast, the TUNEL-positive 
cells decreased in the exen-
din-4 group compared with 
the SCI group (P < 0.01, Figure 

Figure 3. A. Expression level of Bax, Bcl-2, caspase-3 and cytochrome c in 
three groups. B. Versus sham group: aP < 0.01, versus SCI group: bP < 0.01.
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SCI group, while exendin-4 treatment signifi-
cantly decreased MDA levels and increased 
GSH levels. According to the results and the 
previous study [14, 15], exendin-4 treatment 

induced oxidative stress. Mitochondrial mal-
function can reduce the adenosine triphos-
phate synthesis (ATP) and induce the produc-
tion of oxidative stress [3]. We chose the intra-

cellular levels of MDA and 
GSH as parameters to deter-
mine the antioxidative action 
of exendin-4 on SCI. MDA is 
an important indication of tis-
sue damage. It is the end 
product of lipid peroxidation 
and the content of MDA 
directly reflects free radical 
levels [18]. GSH is a major 
intracellular antioxidant that 
evades free radicals and cata-
lyzes the dismutation of 
superoxide anions. The level 
of GSH reflects the ability of 
scavenging the toxicities of 
free radicals. We demonstrat-
ed that MDA levels increased 
and GSH levels decreased in 

Figure 4. (A) TUNEL staining identified apoptosis. Compared with the SCI group, TUNEL-positive cells were signifi-
cantly increased in exendin-4 group. Statistical results were shown in (B), versus sham group: aP < 0.01, versus SCI 
group: bP < 0.01.

Figure 5. Motor function was slightly impaired in sham rat and the rats in 
the SCI group had significant deficits in hindlimb movement (versus sham 
group: bP < 0.05). Exendin-4 significantly ameliorated the hindlimb motor dis-
turbances (versus SCI group: aP < 0.01).
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inhibited oxidative stress and protected mito-
chondrial after SCI.

Opening of the mitochondrial permeability tran-
sition pore (mPTP) has been linked to several 
pivotal mechanisms of cell death following SCI, 
including necrosis, apoptosis, autophagy, and 
necroptosis [19]. Furthermore, opening of the 
mPTP leads to the dissipation of the electro-
chemical gradient as the protons rush into the 
matrix, the collapse of ∆Ψm and eventually 
causing a cessation of ATP synthesis. Moreover, 
it can lead to the release of the accumulated 
Ca2+ and ROS, as well as proapoptotic mole-
cules including cytochrome c, apoptosis-induc-
ing factor (AIF) and SMAC/Diablo [6]. The 
release of cytochrome c into the cytosol subse-
quently activates the downstream apoptotic 
factors such as caspase-3 and Bax to initiate 
apoptosis [6]. Our study demonstrated that 
∆Ψm depolarization was significantly attenuat-
ed. The release of cytochrome-c from mito-
chondrial was effectively inhibited. These 
results are consistent with the previous studies 
on the effect of exendin-4 in pancreatic beta 
cells [14] and H9C2 cells [15]. Our data demon-
strated exendin-4 preserves the mitochondrial 
function and inhibits the mitochondria-depen-
dent apoptotic pathway. 

Apoptosis is the process of programmed cell 
death and is critical for maintaining normal  
cell stabilization during the development. Be- 
sides, apoptosis occurs over a long time after 
brain and spinal cord injury [20]. Numerous 
studies have suggested that a variety of genes 
participate in the apoptosis. Especially, Bax, 
Bcl-2 and caspase-3 are essentially involved in 
apoptosis [20, 21]. Bcl-2 and Bax are two highly 
intimate factors. Bcl-2 is an antiapoptotic gene 
and inhibits apoptosis in multiple pathways. 
Bax interacts with mitochondrial outer mem-
brane permeabilization (MOMP) by destabiliz-
ing the lipid bilayer or creating pores [21], which 
releases cytochrome c and activates cas-
pase-3, thus initiating apoptosis [20]. In the 
present study, the expression of caspase-3, 
Bax and Bcl-2 were suppressed in exendin-4 
group compared with the SCI group. And TUNEL 
staining also showed that exendin-4 remark-
ably reduced apoptosis after SCI. These results 
suggest that exendin-4 has an anti-apoptosis 
effect via modulating the expression of apop-
totic factors. 

Our behavioral evaluation results support that 
exendin-4 improves the locomotor function 
after SCI. Exendin-4 treated rats showed statis-
tically significant improvement starting during 
the 7 days post-traumatic. This neuroprotective 
effect is consistent with the studies in models 
of ALS and sciatic nerve injury [9, 10]. 

The precise biochemical activities and the 
exact molecular mechanisms of exendin-4 
remain to be fully resolved. The previous study 
suggested that GLP-1R stimulation could pro-
tect hippocampal neurons from kainic acid neu-
rotoxicity [22]. Furthermore, Jolivalt et al. [23] 
noted that exendin-4 could protect peripheral 
nerves via ERK signaling independent of glyce-
mic control. Accordingly, it is suggested that the 
beneficial effects of exendin-4 in SCI could be 
mediated at many levels and more intensive 
studies are required.

In conclusion, our study demonstrated that 
treatment with exendin-4 post-injury inhibited 
SCI-induced apoptosis by improving mitochon-
drial function and contributed to functional 
recovery after traumatic SCI. Of course, more 
studies are required for the accurate mecha-
nism and clinical application.
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