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Ezetimibe protects against spinal cord injury by
regulating autophagy and apoptosis through
inactivation of PISBK/AKT/mTOR signaling
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Abstract: Spinal cord injury (SCI) is a severe traumatic disease of the central nervous system characterized by high
incidence and disability rate. We aimed to investigate the therapeutic potential of Ezetimibe (Eze) in SCl and identify
the underlying mechanisms. Acute SCI rat model was established by using the modified weight-drop method. Follow-
ing administration with Eze, the neurological function was evaluated using the Basso, Beattie, and Bresnahan (BBB)
locomotor scale score, and the motor neurons were stained with Nissl staining. The pathological changes of spinal
cord tissues were tested using Hematoxylin and eosin staining. The presence of apoptotic cells was examined using
Terminal dexynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining. Moreover, the expression
of main autophagy markers LC3lI/I, Beclinl and p62 and apoptosis-related proteins was tested using western
blot analysis. The changes of PI3K/AKT/mTOR signaling-associated proteins were measured. Experimental results
showed that Eze treatment obviously improved functional recovery, the neuronal survival and morphological char-
acteristics of spinal cord. Additionally, Eze administration dramatically upregulated the expression of LC3Ill/I and
Beclinl whereas downregulated that of p62. Concurrently, significantly reduced apoptosis was observed following
Eze intervention, accompanied by increased expression of anti-apoptotic protein Bcl-2 and decreased expression of
pro-apoptotic proteins Bax, cleaved caspase-3 and cleaved caspase-9. Further results indicated that Eze treatment
remarkably suppressed the expression of phospho-PI3K (p-PI3K), p-AKT and p-mTOR. These findings demonstrated
that Eze could protect against SCI by activating autophagy and hindering apoptosis through regulating PI3K/AKT/
mTOR signaling, suggesting a potential candidate for SCI therapy.
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Introduction and develop a novel therapy for the effective
therapies.

Spinal cord injury (SCI) is a devastating central
nervous system disease which can result in

severe and irreversible neurological deficits,

Pathophysiologically, the progression of SCI is
subcategorized into primary and secondary

and even lifelong paralysis [1]. Its high morbid-
ity and disability rates are closely related to the
serious complications that not only bring great
pains to the patients, but also carry a heavy
burden to the society [2]. It has been well
reported that about 23 out of per million cases
occur every year worldwide [3]. Recently,
although a great deal of basic researches and
clinical therapy studies about SCI have been
carried out, no ideal curative effect has been
achieved [4]. Therefore, it is imperative to thor-
oughly elucidate the mechanism of this disease

injuries [5]. The primary injury is typically caused
by the initial mechanical change and occurs
immediately after injury, which is irreversible
physical injury. The secondary injury is revers-
ible and is considered to have a more signifi-
cant impact on neurofunctional recovery after
SCI, which often incorporates apoptosis, auto-
phagy, hypoxia and inflammation [6, 7]. It is
generally well known that apoptosis of neural
cells is one of the most important causes in spi-
nal cord dysfunction, and that apoptosis inhibi-
tion can notably improve the recovery of SCI [8].
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Autophagy is a cellular response that sustains
homeostasis of tissue structure and functions
during development and under stress condi-
tions [9]. Compelling evidence indicates that
autophagy contributes to the apoptosis inhibi-
tion and activation of autophagy accelerates
the recovery of neurological function through
suppressing apoptosis in SCI [10].

Ezetimibe (Eze), an anti-hyperlipidemia drug by
lowering cholesterol levels, is reported to
improve neurological function and relieve
inflammation in a rat SCI model by combination
with Simvastatin [11]. It is worthy of note that
Eze protects against steatohepatitis through
activating autophagy and suppressing NACHT,
LRR, and PYD domains-containing protein 3
(NLRP3) inflammasome [12]. However, whether
Eze functions in SCI through activating autoph-
agy and suppressing apoptosis has not be elu-
cidated. In this study, an acute SCI rat model
was established via applying the modified
weight-drop method. The therapeutic potential
of Eze in SCI and the underlying regulatory
mechanism were investigated.

Materials and methods
Experimental animals

A total of fifty SPF grade adult male Sprague-
Dawley (SD) rats (200-250 g) were purchased
from Shanghai SLAC Laboratory Animal Com-
pany Ltd (Shanghai, China). Rats were main-
tained in a suitable environment with a 12-h
light/dark cycle at 21+3°C (2 rats per IVC cage).
All animals had free access to water and stan-
dard rat chow. They were housed for at least
one week before the experimental perfor-
mance. All of the experiment protocols used
in this study were approved by the Ethics
Committee on Animal Experiments of Union
Hospital Affiliated to Fujian Medical University.

Establishment of SCI rat model

Following 8 h of fasting, rats were anesthetized
by injecting pentobarbital sodium (50 mg/kg)
into the peritoneum. The rat model of SCI was
established by using the modified weight-drop
method as previously described [13]. Briefly,
the rats were placed in a prone position and a
mid-line incision (about three centimeters in
length) was made in the back to expose the
T6-10 vertebra. Laminectomy was performed
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at the T8 level. After the spine was immobilized,
25 g cm (10 gx2.5 cm) to spinal cord was set as
the injury gravity which could induce a moder-
ate injury. The spinal cord hemorrhage, delayed
extension of hind limbs and tail swing indicated
the successful establishment of the SCI model.
Subsequently, the incision was sutured layer by
layer. Signs of successful modeling included
spinal cord hemorrhage, convulsions in hind
limbs and tail swing. Until spontaneous urina-
tion was resolved, the bladder of rats was evac-
uated manually. Seven days after the SCI, all
animals were subjected to intraperitoneal
anesthesia with 50 mg/kg pentobarbital sodi-
um. The spinal cord specimens and blood sam-
ples were obtained for the follow-up experi-
ments.

Drug administration

All animals were divided into five groups arbi-
trary: sham group, SCI group, SCI+ dimethyl-
sulfoxide (DMSO) group, SCI+5 mg/kg Eze
group and SCI+10 mg/kg Eze group. Eze was
supplied by Merck Sharp and Dohme Corp.
(Rahway, NJ, USA). At 1, 24, and 72 h after inju-
ry, the corresponding doses of drugs were
administered by oral gavage. Rats in the
SCI+DMSO group received an identical volume
of DMSO solution. Rats with laminectomy only
were used as the sham group. Rats in the sham
(control) group underwent the same operation
as the model group, but they did not receive
spinal cord compression.

Neurological score

The neuronal function recovery after injury was
scored in accordance with 21-point Basso-
Beattie-Bresnahan (BBB) locomotor scale,
which was divided into O to 21 representing
complete paralysis to normal locomotion
respectively [14]. All the following neurological
tests were performed before injury and at 24 h,
48 h, 72 h, 96 h and 7 days after the operation.
All of the rats were evaluated by three trained
examiners in a double-blind manner.

Histological assessment

The spinal cord samples were first immobilized
with 4% paraformaldehyde over night at 4°C.
Subsequently, these tissues were dehydrated
under different concentrations of ethyl alcohol
solutions. Then spinal cords were embedded

Am J Transl Res 2020;12(6):2685-2694



Effects of Ezetimibe in spinal cord injury of rat

into paraffin, which were further cut into 5
um-thick section slices by a rotary microtome.
These slices were subsequently stained with
hematoxylin & eosin (H&E) dye for conventional
morphological evaluation. The pictures were
obtained from an optic microscope (DP73;
Olympus, Tokyo, Japan).

Nissl staining

Nissl staining was conducted to assess the
neuronal survival of spinal cord. In brief, the tis-
sue sections were cleared using xylene, rehy-
drated in graded concentrations of ethanol,
treated with Nissl staining solution (Boster,
China). Only cells with visible nuclei and typical
neuronal morphology were counted. For each
rat, every other continuous section was select-
ed and a total of three sections were counted.
The imagines were observed and photographed
under an optical microscope (DP73; Olympus,
Tokyo, Japan). The number of surviving neurons
was counted for the quantitative statistics anal-
ysis by Image J software.

Terminal dexynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) staining

Apoptotic cells in spinal cord tissues were
examined using a TUNEL apoptosis detection
kit (Vazyme, Nanjing, China) following standard
protocols. Spinal cord tissues were washed
and permeabilized with Triton-X 100, and then
washed with PBS. Spinal cord tissue sections
were immersed in TUNEL assay reaction mix-
ture and incubated at room temperature. The
localized green fluorescence of apoptotic cells
was observed under an optic microscope
(DP73; Olympus, Tokyo, Japan).

Western blot analysis

The sample tissues were lysed using RIPA
buffer and quantified using a Bio-Rad protein
assay Kit (Bio-Rad, USA). A total of 40 pg pro-
teins in each group were separated by sodium
dodecyl sulfate polyacrylamide (SDS-PAGE)
using a 10% gel, and transferred to a polyvinyli-
dene fluoride membranes (Merck Millipore,
Billerica, USA). After soaking with 5% skim milk,
these membranes were incubated with primary
antibodies. Following incubation with second-
ary antibodies (Stanta Cruz Biotechnology, CA,
USA), the bands were visualized using an
Odyssey Infrared Imaging Scanner (LI-COR
Biosciences). Band intensities were quantified
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using Image J software. B-actin or GAPDH was
used as an endogenic control in all samples.
Anti-NeuN (cat. no. 24307T), anti-Beclinl (cat.
no. 3495T), anti-p62 (cat. no. 23214S), anti-
LC3Il/I (cat. no. 12741T), anti-Bax (cat. no. 14-
796S), anti-cleaved caspase-3 (cat. no. 9661T),
anti-cleaved caspase-9 (cat. no. 20750S), anti-
phospho-AKT (p-AKT; cat. no. 4060T), anti-p-
mTOR (cat. no. 5536T), anti-GAPDH (cat. no.
5174T) and anti-B-actin (cat. no. 4970T) was
purchased from Cell Signaling Technology
(Boston, MA, USA). Anti-Bcl-2 (cat. no. ab19-
6495) and anti-p-PI3K (cat. no. ab182651)
were the products of Abcam (Cambridge, USA).

Statistical analysis

All results were obtained from at least three
independent experiments. Statistical analysis
was performed using SPSS software (version
21.0, Chicago, IL, USA). All numerical data were
presented as the mean * standard deviation.
Student’s t-test was used to compare the sig-
nificant differences between the two groups.
One way analysis of variance (ANOVA) followed
by Tukey’s test was employed to compare mul-
tiple groups. The level of significance was set at
P < 0.05.

Results
Eze improved functional recovery in SCI rats

To investigate the effect of Eze on the recovery
of function, BBB locomotor scale score, a valid
and predictive measure of locomotor recovery,
was performed in the course of the experiment.
We found that rats in the SCI and SCI+DMSO
groups walked abnormally with bilateral hind
limb paralysis, and the BBB score (Figure 1A)
was significantly lower than that in the sham
group. After treatment with 5 mg/kg Eze or 10
mg/kg Eze, SCl-induced descent of BBB scores
was recovered with time in a dose-dependent
manner. These observations indicated that Eze
could concentration-dependently improve the
behavioral performance of SCI rats.

Eze reduced neuronal damage in spinal cord
tissue of SCI rats

To study the function of Eze on the loss of motor
neurons after SCI in rats, the number of motor
neurons was stained with Nissl staining at day
7 after contusion. As displayed in Figure 1B
and 1C, neurons in the sham group exhibited
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Figure 1. Eze improved functional recovery and neuronal damage in SCl rats. A. The recovery of function was deter-
mined using BBB locomotor scale score. B. The function of Eze on the loss of motor neurons was measured by Nissl
staining. (magnification, 200x%). C. The number of motor neurons was qualified. D. The expression of neuron-specific
protein NeuN was evaluated using western blot analysis. All results were obtained from at least three independent
experiments. All numerical data were presented as the mean * standard deviation. P < 0.001 vs. sham; P <
0.05, ##P < 0.001 vs. SCI+DMSO. Eze, Ezetimibe; SCI, spinal cord injury; BBB, Basso-Beattie-Bresnahan; DMSO,
dimethylsulfoxide.

an integrative and granular-like morphology. rons in the anterior horns of rats. Moreover, the
Rats in the SCl and SCI+DMSO groups shown a expression of the neuron-specific marker NeuN
great loss of large anterior horn cells compared was remarkably upregulated in the Eze-treated
with the sham group, whereas Eze intervention groups as compared to the SCI group (Figure
obviously enhanced the number of motor neu- 1D). These results implicated that Eze attenu-
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Figure 2. Eze promoted tissue recovery after SCI. The pathological changes after SCI were examined using H&E
staining. (maghnification, 200x). Eze, Ezetimibe; SCI, spinal cord injury; H&E, hematoxylin & eosin.
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Figure 3. Eze enhanced autophagy in rats’ neurons after SCI. The expression of autophagy key proteins LC3ll/I,
Beclinl and p62 was measured by western blot analysis. All results were obtained from at least three independent
experiments. All numerical data were presented as the mean + standard deviation. ***P < 0.001 vs. sham; #*#p <

0.001 vs. SCI+DMSO. Eze, Ezetimibe; SCI, spinal cord injury; DMSO, dimethylsulfoxide.

ated neuronal damage in spinal cord tissue of
SCl rats.

Eze promoted tissue recovery after SCI

The pathological changes after SCI were exam-
ined using H&E staining. As observed in Figure
2, SCI led to the disordered tissue structure,
prominent edema, hemorrhage and neutrophil
infiltration. Consistently, the pathologic fea-
tures of tissues in the SCI+DMSO group were
similar to those in the SCI group. As expected,
the 5 mg/kg Eze and 10 mg/kg Eze groups dis-
played better histologic characteristics relative
to the SCI group. These data provided evidence
that Eze promoted the recovery of spinal cord
tissue after SCI.

2689

Eze enhanced autophagy in rats’ neurons after
SCI

To explore whether Eze treatment affected
autophagy in rats’ neurons after SCI, the
expression of autophagy key markers LC3II/I,
Beclinl and p62 was tested using western blot
analysis. As displayed in Figure 3, SCI and
SCI+DMSO groups exhibited dramatic down-
regulation of LC3Il/I and Beclinl expression
accompanied by marked upregulation of p62
expression. In contrast, Eze intervention signifi-
cantly promoted the levels of LC3ll/I and
Beclinl but decreased that of p62, especially
in 10 mg/kg Eze treatment group. Through the
above findings we proved that Eze could acti-
vate autophagy in neurons of SCI model rats.
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Figure 4. Eze reduced the apoptosis in rats’ neurons after SCI. Apoptosis of rats’ neurons after SCI was detected
using TUNEL assay. (magnification, 200x%). Eze, Ezetimibe; SCI, spinal cord injury; TUNEL, Terminal dexynucleotidyl

transferase-mediated dUTP nick end labeling.

Eze reduced the apoptosis in rats’ neurons
after SCI

The effect of Eze on apoptosis of neurons after
SCI induction was examined in the following
experiments. The results of TUNEL staining
indicated that the number of TUNEL-positive
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neurons was markedly elevated in SCI and
SCI+DMSO groups as compared to the sham
surgery group (Figure 4). Following treatment
with Eze, apoptosis of cells was notably reduced
and the results shown a certain level of dose-
dependent efficacy. Subsequently, the expres-
sion of apoptosis-related proteins was detect-
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Figure 5. Eze affected the expression of apoptosis-associated proteins in spinal cord after SCI. The expression of
Bcl-2, Bax, cleaved caspase-3 and cleaved caspase-9 was assessed by western blot analysis. All results were ob-
tained from at least three independent experiments. All numerical data were presented as the mean + standard
deviation. ""P < 0.001 vs. sham; #P < 0.01, ##P < 0.001 vs. SCI+DMSO. Eze, Ezetimibe; SCI, spinal cord injury;

DMSO, dimethylsulfoxide.

ed using western blot analysis. As presented in
Figure 5, the expression of Bax, activated cas-
pase-3 and caspase-9 was notably enhanced
whereas the level of Bcl-2 was decreased in
both SCI and SCI+DMSO groups, in comparison
to the sham group. Following administration
with Eze, the expression levels of above-men-
tioned apoptosis-related proteins were mark-
edly reversed. Collectively, these findings pro-
vided a clue that Eze reduced the apoptosis in
rats’ neurons after SCI.

Eze activated autophagy through inactivating
PI3K/AKT/mTOR signaling in SCI rat model

In order to further probe the underlying mecha-
nism of Eze in SCI, the expression of proteins in
PIBK/AKT/mTOR signaling, a crucial pathway
regulating autophagy, was evaluated using
western blot analysis. Results of Figure 6
suggested that SCI induction significantly en-
hanced the expression of p-PI3K, p-AKT and
p-mTOR compared with the sham group.
Obviously reduced expression of above-men-
tioned PI3K/AKT/MTOR signaling proteins was
observed after intervention with Eze. Higher
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dose of Eze presented a better inhibitory effect
on these proteins. The above data revealed
that Eze activated autophagy through restrain-
ing PIBK/AKT/mTOR signaling in SCI rat model.

Discussion

Acute SCI derives from direct or indirect dam-
age to the spinal cord, with high morbidity and
disability rate, bringing a great burden to fami-
lies and society. The pathogenesis during SCl is
complicated and has not been precisely illumi-
nated. It has been well reported that a series of
molecular and cellular events occur, including
apoptosis, autophagy and inflammation, in the
SCI development [15, 16]. In the present study,
a rat SCI model was established to explore the
effects of Eze and the potential mechanism in
SCI. We confirmed that Eze could protect
against SCI by activating autophagy and re-
pressing apoptosis through inhibition of PI3K/
AKT/mTOR signaling pathway.

A growing body of literature has shown that
apoptosis of neural cells is a main factor in neu-
ronal loss and a primary difficulty in SCI treat-
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ment attributing to its critical role in physical
and functional deficits [17]. Apoptosis is princi-
pally mediated by the caspase and Bcl-2 fami-
lies. Autophagy is indispensable for normal
neuronal homeostasis and its dysfunction in
death of neuron [18]. Reports have demon-
strated previously that neuronal autophagy
exerts a neuroprotective effect in rats with SCI
[19]. Moreover, it has been well reported that
autophagy could attenuate neuronal damage
and accelerate locomotor recovery via inhibit-
ing apoptosis after SCI in rats [20]. LC3, is the
most important and reliable indicator of auto-
phagy induction in mammals. When autophagy
is induced, LC3 can translocate to autophago-
somal membranes from cytosol and convert
from LC3I to LC3II [21]. Therefore, the ratio of
LC3Il/l is considered to be one symbol of
autophagic induction. Beclin-1, a key regulator
of autophagy, has been reported to induce
autophagy by regulating PI3K signaling [22].
p62 can interact with LC3Il and the accumula-
tion of p62 is indicative of the autophagy inac-
tivation [23]. Eze, an FDA-approved lipid-lower-
ing agent, exhibits neuroprotective effects in
rats with middle cerebral artery occlusion by
attenuating neuronal apoptosis through auto-
phagy activation [24]. Additionally, emerging
evidence supports that Eze protects against
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Figure 6. Eze inactivated the PI3K/
AKT/mTOR signaling in SCI rat mod-
el. The expression of p-PI3K, p-AKT
and p-mTOR was examined using
western blot analysis. All results were
obtained from at least three inde-
pendent experiments. All numerical
data were presented as the mean
+ standard deviation. P < 0.001
vs. sham; #P < 0.01, **P < 0.001
vs. SCI+DMSO. Eze, Ezetimibe; SCI,
spinal cord injury; p-PI3K, phosphp-
PI3K; DMSO, dimethylsulfoxide.
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steatohepatitis through activating autophagy
and suppressing NLRP3 inflammasome [12].
Importantly, Eze has also been proved to
restore neurological function and alleviate
inflammatory responses in a rat SCI model by
combination with Simvastatin [11]. Therefore,
this study focused on the effects of Eze on
autophagy and apoptosis following acute SCI.
We demonstrated that Eze dramatically pro-
moted autophagy and suppressed apoptosis
coupled with expression changes of autophagy-
and apoptosis-related proteins after SCl in rats.

It is generally well known that the PI3K/Akt/
mTOR signaling participates in the monitor of
autophagy, and activation of PI3K/Akt/mTOR
signaling suppresses autophagy [25, 26].
Studies have proven that melatonin promotes
locomotor recovery in SCI model by activating
autophagy and decreasing apoptosis via the
PIBK/AKT/mTOR signaling pathway [27]. In
addition, autophagy attenuates PI3K/Akt/
mTOR-mediated apoptosis of spinal cord neu-
rons after mechanical injury [28]. In the present
study, the expression of p-PI3K, p-AKT and
p-mTOR was markedly downregulated after Eze
innervation, in accordance with the previous
study [29]. To sum up, above findings proved
that Eze protected against SCI of rat by enhanc-
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ing autophagy and decreasing apoptosis
through inactivation of PI3BK/AKT/mTOR signal-

ing.

Taken together, from these results we conclude
that Eze can improve functional and tissue
recovery as well as neuronal damage in rats
with SCI. Mechanically, Eze promotes autopha-
gy and inhibits apoptosis through inactivation
of PIBK/AKT/mTOR signaling. Our findings offer
the theoretical basis of therapeutic effect of
Eze in patients with SCI. The lack of studies of
Eze in clinical patients with SCI are limitations
of the present research and therefore, a com-
prehensive analysis is required in the future.
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