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ABSTRACT

Therapeutics used to treat central nervous system (CNS) injury are designed to
promote axonal regeneration and inhibit cell death. Previous studies have shown that
liraglutide exerts potent neuroprotective effects after brain injury. However, little is
known if liraglutide treatment has neuroprotective effects after spinal cord injury
(SCI). This study explores the neuroprotective effects of liraglutide and associated
underlying mechanisms. Our results showed that liraglutide could improve recovery
after injury by decreasing apoptosis as well as increasing microtubulin acetylation,
and autophagy. Autophagy inhibition with 3-methyladenine (3-MA) partially reversed
the preservation of spinal cord tissue and decreased microtubule acetylation and
polymerization. Additionally, siRNA knockdown of GLP-1R suppressed autophagy
and reversed mTOR inhibition induced by liraglutide in vitro, indicating that GLP-
1R regulates autophagic flux. GLP-1R knockdown ameliorated the mTOR inhibition
and autophagy induction seen with liraglutide treatment in PC12 cells under H,0,
stimulation. Taken together, our study demonstrated that liraglutide could reduce
apoptosis, improve functional recovery, and increase microtubule acetylation via
autophagy stimulation after SCI. GLP-1R was associated with both the induction of
autophagy and suppression of apoptosis in neuronal cultures.

hemorrhage, excitotoxicity, and axonal disruption [1, 2].
The neurotoxicity incited by the secondary phase of injury
leads to neuronal death and destruction of neurocircuitry,
which is one of the major reasons for the physical and
functional deficits seen after SCI [3]. Thus, therapies to

INTRODUCTION

Acute traumatic spinal cord injury (SCI) is a
devastating disease that causes severe neurological
deficits. The pathological process of SCI can be divided

into two distinct stages: the primary injury, caused by a
direct, local, and segmental damage at the spinal cord;
and the secondary injury, which includes a complex
cascade of molecular events including inflammatory
responses, local edema, posttraumatic ischemia,

treat SCI or CNS injury are targeted at inhibiting apoptosis
and maintaining functional neural circuitry [3, 4].

Axon regeneration plays a critical role in the
treatment of CNS injury [5, 6]. Neurons have highly
polarized structures including one hair-like extension
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that transmits signal (the axon) and several tapered,
shorter extensions that receive signal (the dendrites)
[7]. Cytoskeletal remodeling, such as the assembly of
microtubules, is demonstrated to be pivotal for growth cone
initiation and subsequent repair of injured axons [8, 9].
Previous studies have reported that microtubule dynamics
are increased by nascent microtubule nucleation through
JNK signaling. Upregulating microtubule dynamics
attenuate acute injury-induced axonal degeneration,
counteract progressive longer-term degeneration seen in
poly-Q proteins. Thus, acute axonal injury and chronic
neuronal stress induce a cytoskeleton-based stabilization
process [10]. In recent years, pharmacological treatment
to stabilize microtubulin was capable of promoting axon
regeneration after SCI [11]. Additionally, it was reported
that epothilone B could reactivate polarization of neuronal
structure via coordinated microtubule polymerization at
the distal end of the axon, propelling axonal regeneration
in an inhibitory environment [12].

Axon regeneration involves extensive remodeling of
cytoplasmic compartments and axonal structures through
the synthesis and degradation of local proteins [13].
Autophagy, derived from the Greek phrase meaning “self-
eating”, is an intracellular catabolic process of cytoplasmic
compositions in the autophagosomal pathway [14]. In the
nervous system, autophagosomes have been observed in
cultured neurons and in vivo [15]. Crush lesion on the optic
nerve triggers a rapid calcium influx into neurons followed
by autophagy induction, which leads to axon degradation
[16]. Interestingly, administration of Tat-beclinl stabilized
microtubules and promoted axon regeneration after SCI
[8]. These results indicate that modulation of autophagy
activity may play a critical role in axon regeneration after
CNS injury.

Glucagon-like peptide 1 (GLP-1) is a gut-derived
incretin hormone, which is secreted into the blood stream
and binds to the GLP-1 receptor (GLP-1R). It is best
characterized by its role in blood glucose homeostasis
[17]. However, GLP-1 and its longer-lasting analog, Ex4,
may have multiple synergistic effects on neural plasticity
by protecting against the pyridoxine induced-sensory
peripheral neuropathy [18]. Moreover, the distribution
of GLP-1R in the brain indicates that they protect brain
tissue and neuronal activity. Increasing evidences of
cellular and animal neurodegeneration models support
the neuroprotective effects of GLP-1R [19, 20]. And the
GLP-1 analogs liraglutide, exendin-4, and lixisenatide are
approved for treatment of type 2 diabetes mellitus [21, 22].
Liraglutide avoids proteolytic degradation by dipeptidyl
peptidase-4 (DDP-4) via combination with serum albumin,
extending its half-life compared with other GLP-1 analogs
[23]. Liraglutide has also been reported to pass through
the blood—brain barrier (BBB), physiologically affecting
neurogenesis in rat brains [24]. And ligraglutide had
therapeutic effects on metabolic regulation, synaptic
plasticity, hippocampal neurogenesis, and cell survival,

and promote cognitive function in mice model of obesity
with insulin resistance [25]. Exendin-4 could significantly
promote locomotion recovery in rats after SCI through the
induction of autophagy and inhibition of apoptosis [26].

However, the molecular mechanisms of liraglutide
in the nervous system are poorly understood. In present
study, we aimed to demonstrate the therapeutic effects of
liraglutide on acute SCI both in vivo and in vitro as well
as the relationship between autophagy and microtubule
stabilization. We also explored whether mechanism
by which liraglutide utilizes the GLP-1R to regulate
autophagy, mammalian target of rapamycin (mTOR)
signaling, and apoptosis. Liraglutide may prove to be a
novel therapeutic intervention to treat SCI as well as other
traumatic CNS diseases.

RESULTS

Liraglutide ameliorates the damage of spinal
cord injury, motor neuron loss and locomotor
deficit after SCI in vivo

To evaluate the therapeutic effect of liraglutide
on acute traumatic SCI, BBB scores and inclined plane
test scores were used to assess locomotor recovery was
for 4 weeks by. As shown in Figure 1A, BBB scores
after SCI were significantly below the normal score
with no significant difference during the first week after
surgery. However, compared with the SCI group, BBB
scores markedly increased in the liraglutide group at 14,
21, and 28 days after surgery, indicating that locomotor
function was significantly improved with the treatment
of liraglutde. Similarly, inclined plane test scores were
consistent with the BBB scores (Figure 1B). These
results indicate that liraglutide may promote functional
recovery after SCI. On the HE-stained sections, the cavity
of necrotic tissue was delineated with a dashed line. SCI
group displayed significant destruction of central gray
matter and peripheral white matter. In comparison, the
liraglutide-treated group had a decreased cavity of necrotic
tissue at the injury site, showing liraglutide protected
against more severe damage after SCI (Figure 1C and 1D).
The effect of liralutide on surviving motor neurons in the
anterior horn was measured by Nissl staining at 28 days
after surgery. The SCI group showed remarkable motor
neuron loss in the anterior horn, which greatly decreased
with liraglutide treatment (Figure 1E and 1F). Thus,
liraglutide had a neuroprotective effect on SCI in vivo.

Liraglutide treatment decrease apoptosis in
acute SCI

To determine whether liraglutide could decrease
apoptosis caused by acute SCI, TUNEL staining was
performed to estimate the number of apoptotic cells.
Compared with the sham group, SCI group displayed
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increasing number of apoptotic cells. However, liraglutide
treatment greatly reduced apoptotic activity (Figure 2A
and 2B). Moreover, Western blot analysis of Bax and
cleaved caspase3. Acute SCI increased Bax and cleaved
caspase 3 levels, which were significantly reversed with
liraglutide treatment. And liraglutide upregulated the
anti-apoptotic protein Bcl-2 (Figure 2C-2F). Similarly,
immunofluorescent staining showed that caspase3 positive
green dots were increased in the SCI group, but reduced
with liraglutide treatment (Figure 2G). These results
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showed that liraglutide could inhibit apoptosis after acute
SCI.

Liraglutide increases microtubule acetylation in
acute SCI

Acetylation of alpha-tubulin is associated with
stable microtubular structures such as axonemes as well
as increased axonal transport and reduced locomotor
deficits [27, 28]. Acetyl-a-tubulin expression was
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Figure 1: Liraglutide decreases the cavity of necrotic tissue as well as the loss of motor neurons and improves functional
recovery after SCI. (A) The BBB scores of each group, “P < 0.05 versus the SCI group, “P<0.01, n=5. (B) The inclined plane test scores
of each group, "P<0.05 versus the SCI group, ““P<0.01, n=5. (C-D) HE staining at 28 days of each group. (E) Nissl staining to assess the
loss of neurons at 28 days. (F) Counting analysis of VMN in each group. Graphic presentation of the percent of cavity of necrotic tissue at
each interval; columns represent mean + SD, "P<0.05 versus the SCI group, n=5.
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decreased in the SCI rats compared with the sham. Activation of autophagy is related to liraglutide

However, liraglutide treatment increased Acetyl-o- in the acute SCI

tubulin expression after SCI (Figure 3), suggesting that

liraglutide may help stabilize microtubules after acute While it is known that SCI triggers autophagy
SCI. activation, the reasoning for this is poorly understood.

Using transmission electron microscopy (TEM), we
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Figure 2: Liragutide reduces apoptosis caused by SCI in rats. (A) TUNEL staining to assess the apoptosis at 7 days after surgery.
(B) Quantitative estimation of apoptotic and TUNEL cells. (C-F) Representative western blots and quantification data of cleaved caspase 3,
Bax and Bcl-2 in each group rats at 3 days after surgery; columns represent mean + SD, Significant differences between the treatment and
sham groups are indicated as "P<0.05, “"P<0.01, n=5.
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found that increased neuronal autophagosomal vacuoles
after SCI and with liraglutide treatment, indicating
autophagy activation (Figure 4A). To quantitatively
analyze the extent of autophagy induction, we examined
known markers of autophagy such as the LC3-1I/LC3-1
ratio, Beclin-1 and SQSTM1/P62 levels as well as the
ratio of p-mTOR/mTOR. As shown in Figure 4B-4E, we
found higher ratio of LC3-1I/LC3-I and increasing level
of beclin-1 in the SCI group compared with the sham
group. The ratio of p-mTOR/mTOR and level of p62
decreased, which further supported autophagy activation.
However, liraglutide treatment further increased the
LC3-II/LC3-I ratio and beclin-1 levels compared with
the SCI group. p-mTOR/mTOR ratio and p62 were
decreased with liraglutide treatment as well. Similarly,
immunofluorescent staining results increased LC3-II

A

Sham

positive green dots in the SCI group compared to control
sham group, which was exacerbated with liraglutide
treatment (Figure 4F).

Autophagy inhibition abolishes the therapeutic
effect of liraglutide treatment on acute SCI

To elucidate whether autophagy was related
to SCI recovery improvement seen with liraglutide,
we used 3-MA, a classical autophagy inhibitor in
conjunction with liraglutide treatment in our SCI model.
3-MA is commonly used to inhibit autophagy in vivo.
BBB scores and inclined plane test demonstrated that
liraglutide’s beneficial effects on locomotor recovery
were attenuated by 3-MA (Figure 5A and 5B). 3-MA
significantly increased the damage caused by SCI,
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Figure 3: Liraglutide increase microtubule acetylation in acute SCI. (A-B) Representative western blots and quantification data
of acetyl-a-tubulin in each group rats at 28 days after sugery.; columns represent mean + SD, Significant differences between the treatment

and sham groups are indicated as *P<0.05, "P<0.01, n=5.
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aggravating the cavity of necrotic tissue compared to
liraglutide treatment alone (Figure 5C and 5D). Nissl
staining revealed that 3-MA decreased the motor
neuron survival in the anterior horn compared to the
liraglutide group (Figure SE and S5F). Taken together,
the behavioral tests and histological examination
demonstrated that functional autophagy was important
for liraglutide’s neuroprotective effect in vivo.
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Autophagy inhibition abolished microtubule
acetylation and polymerization in acute SCI

To elucidate the role of autophagy in stabilizing
neuronal microtubules, we tested acetyl-a-tubulin levels
with 3-MA treatment in the liraglutide-treated SCI rats.
Western blotting revealed that autophagy inhibition
decreased acetyl-a-tubulin compared to liraglutide treatment

Sham SCI SCIHLIRA

Figure 4: Liraglutide treatment promotes autophagy in rats of SCI. (A) Transmission electron microscopy showed the
autophagosomes (Black arrow: autophagosome) at 3 days after surgery. (B-E) Representative western blots and quantification data of
LC3, P62 and Benclin-1 protein in each group at 3 days after surgery; columns represent mean + SD, Significant differences between the
treatment and control groups are indicated as ““P<0.01, "P<0.05, n=5. (F) Double immunofluorescence of NeuN (red) and LC3-II (green)
in sections from the injured spinal cord tissue of each group at 3 days after surgery.
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alone (Figure 6A and 6B). By immunofluorescence, However, 3-MA reversed the liraglutide’s ability to stabilize

liraglutide treatment promoted microtubule polymerization microtubules (Figure 6C). Thus, liraglutide induced-
toward the SCI area and elongation into the distal regions autophagy increases microtubule stabilization in neurons,
of the SCI area compared to the untreated SCI group. indicating that autophagy helps to stabilize microtubules.
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Figure 5: Inhibition of autophagy reversed functional recovery and tissue preservation of liraglutide treatment. (A) The
BBB scores of each group, P < 0.05 versus the SCI group, “P<0.01, n=5. (B) The inclined plane test scores of each group, ‘P<0.05 versus
the SCI group. (C-D) HE staining at 28 days of each group. (E) Nissl staining to assess the loss of neurons at 28 days after surgery. (F)
Counting analysis of VMN in each group. Graphic presentation of the percent of cavity of necrotic tissue at each interval; columns represent
mean + SD, Significant differences between the treatment and control groups are indicated as "P<0.05, n=5.

www.impactjournals.com/oncotarget 85955 Oncotarget



GLP-1R is mainly expressed in spinal cord
neurons and significantly increases after acute
SCI

Few articles have reported the expression of
GLP-1R in the spinal cord. As shown in Figure 7A,
Double immunofluorescence staining for GLP-1R as
well as cellular markers for neurons (NEUN), astrocytes
(GFAP), and microcytes (Iba-1) showed that GLP-1R is
more highly expressed in neurons than astrocytes and
microcytes. The SCI group had increased GLP-1R positive
puncta in neurons compared with sham group (Figure 7B).

A

SCI B

Similarly, we observed higher expression of GLP-1R after
acute SCI by Western blotting (Figure 7C and 7D).

GLP-1R knockdown significantly reduced
liraglutide-induced autophagy flux and mTOR
inhibition in PC12 cells

To determine whether GLP-1R regulated liraglutide-
induced autophagy flux, we used GLP-1R siRNA to
knockdown GLP-1R in PC12 cell prior to liraglutide
treatment. GLP-1R siRNA knockdown efficiency
is shown in Figure 8A, and further corroborated by
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Figure 6: Inhibition of autophagy decreased liraglutide induced microtubule acetylation and microtubule
polymerization in acute SCI. (A-B) Representative western blots and quantification data of acetyl-a-tubulin in each group rats at 28
days after surgery; columns represent mean + SD, Significant differences between the treatment and sham groups are indicated as "P<0.05,
"P<0.01, n=5. (C) Immunofluorescence of acetyl-a-tubulin (green) in sections from the injured spinal cord tissue in each group at 28

days after surgery.
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Figure 7: GLP-1R is mainly expressed in neuron in spinal cord tissue and significantly increases after acute SCI. (A)
Double immunofluorescence of GLP-1R (red) and NeuN (neuronal marker, green), GFAP (astrocyte marker, green), Iba-1 (microglia
marker, green) in sections from the normal spinal cord tissue. (B) Double immunofluorescence of GLP-1R and NeuN in sections from
tissue at 1 days after SCI. (C-D) Representative western blots and quantification data of GLP-1R in each group rats; columns represent

mean + SD, Significant differences between the SCI and sham groups are indicated as “"P<0.01, n=5.
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immunofluorescence (Figure 8B). GLP-1R-siRNA
markedly lowered the ratio of LC3-1I/LC3-I level after
liraglutide treatment, when compared with both the control
group and the negative control siRNA group (Figure 8A
and 8E). This indicated that GLP1-R reduced liraglutide
associated autophagy induction. GLP1-R knockdown also
increased ratio of p-mTOR/mTOR compared to liraglutide
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control (Figure 8A and 8C), showing that reduced GLP-
IR increased mTOR activity after liraglutide treatment. To
further demonstrate that liraglutide enhanced autophagy
flux, we used the liraglutide in PC12 cells with another
autphagy inhibitor, bafilomycin A1 (Baf Al), which
blocked the fusion of autophagosomes with lysosomes)
[29]. Immunofluorescence results of LC3 showed
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Figure 8: Inhibition of GLP-1R by siRNA markly attenuated liraglutide-induced autophagy in PC12 cells, and reversed
the inhibition of mTOR pathway. PC12 Cells were transfected with negative control siRNA (con-siRNA) or GLP-1R-siRNA before
receiving liraglutide (1 pmol). (A and C-D) Representative western blots and quantification data of p-mTOR, mTOR and LC3 in the PC12
cells as treated above. Columns represent mean + SD, significant differences between the treatment and control groups are indicated as
"P<0.01, "P<0.05, n=5. (B) The GLP-1R (red) was detected by immunofluorescence staining combined with DAPI staining for nuclei.
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up-regulated expression of autophagic LC3 in liraglutide
and bafilomycin Algroup, compared to liraglutide and
bafilomycin

Al-treated alone group. However,
knockdown reversed this effect (Figure 8D).

GLP-1R

GLP-1R activation is required for liraglutide-
induced autophagy and mTOR inhibition under
H, O, stimulation

In order to better understand if autophagy flux
was dependent on liraglutide binding to the GLP-1R, we
knocked down GLP-1R in PC12 cells as discussed above.
H,0, induced autophagy as shown by increased the LC3-
II/LC3-I ratio, and this was further exacerbated with
liraglutide treatment. p-mTOR/mTOR ratio and p62 levels
were decreased in the liraglutide treated H,O, group. GLP-
IR siRNA blocked liraglutide induced autophagic flux as
shown by lowered LC3-II/LC3-I ratio and upregulated
p62 compared to liraglutide H,0O, control. The radio of
p-mTOR/mTOR was greatly increased in the GLP-1R
knockdown group as well (Figure 9A-9E). We next used
immunofluorescence to look at LC3-positive puncta, an
indicator of active autophagy. Increased LC3-positive
puncta were observed in the liraglutide treated H,O, group
but reduced with GLP-1R knockdown (Figure 9F). These
results indicated that GLP-1R siRNA could suppress
autophagy activation and activate mTOR signaling.

GLP-1R mediates the beneficial effect of
liraglutide against H,O,-induced apoptosis

Using CCK-8 assays, liraglutide improved
cell viability after H,O, treatment (Figure 10A). We
investigated if the GLP-1R is mechanistically important
for the increased cell viability. Cells were pretreated
with GLP-1R-siRNA. Liraglutide markedly reduced
levels of pro-apoptotic cleaved caspase3 and Bax, and
increased the level of anti-apoptotic Bel-2 under H,O,
stimulation. However, GLP-1R knockdown reversed
liraglutide’s anti-apoptotic effect (Figure 10B-10E).
Similarly, immunofluorescent staining result showed that
GLP-1R knockdown increased cleaved-caspase3-positive
puncta compared to the liraglutide treated H,O, group
(Figure 10F). Together, these results show that GLP-1R is
necessary for the increased survival seen with liraglutide
treatment.

DISCUSSION

Trauma-induced SCI is a major cause of death and
lifelong disability in the world. After crush injury, the initial
injury period is followed by a longer secondary injury
period including oxidative stress, inflammation, edema
and apoptosis [30]. The main obstacle to recovery from the
secondary injury phase is neuronal cell death. Several studies

in vivo have demonstrated the presence of neuronal cell
death and axonal interruption in acute CNS injury [31-33].
Studies including our work show that pathogenic factors
such as reactive oxidative stress (ROS) can trigger apoptosis
and delayed death of cells in the ischemic penumbral region
due to a buildup of oxidative damage to macromolecules,
such as protein and DNA oxidation [34-36]. Moreover,
excess oxidative stress compromises the function of
axon via accelerating the degradation of microtubules
[37]. Microtubules and microfilaments are susceptible to
oxidation, which inhibit the polarization of microtubules and
cause the destruction of microfilaments in neurons [38]. So,
the equilibrium of ROS shifts to favor ROS production after
cerebral ischemia, leading to cell injury [39, 40]. Moreover,
ROS contributes not only to macromolecular damage
but also as signaling molecules that activate certain signal
transduction pathways, including pro-apoptotic neuronal
cell death signaling [41]. Bel-2 family proteins including
cytochrome ¢, AIF, endonuclease G, are activated and interact
with each other to release the pro-apoptotic proteins, which
accumulated in the mitochondrial intermembrane space.
This sequence of events activates neuronal apoptosis [42—
44] and is regarded as the ‘intrinsic pathway’. Other signal
transduction pathways activated by ROS include the PI3K,
p53, and MAPK pathways, which can all modulate intrinsic
apoptosis [45-47]. Liraglutide had been mentioned to
attenuate oxidative stress in various studies. GLP-1 receptor
activation by liraglutidegreatly reduced nitro-oxidative
stress in endotoxaemic mice [48]. And liraglutidedecreased
oxidized LDL-inducedoxidative stressand fatty degeneration
via regulation of AMPK signaling [49].

Increasing evidences showed that inhibiting neuronal
apoptosis is an effective approach to facilitate functional
and pathological recovery after CNS injury [50, 51]. Several
studies have demonstrated the critical effect of GLP-1R
on reducing oxidative stress and inhibiting apoptosis.
Activating GLP-1R stimulates the adenylyl cyclase
signaling, causing an increase of cAMP levels, which
activate PKA and subsequently phosphorylate CREB. Then
activation of CREB by GLP-1R regulates the transcription
of the bcl-2 family protein, which plays an important
role in cell growth and survival [52]. The GLP-1 analog,
exendin-4, protects against ischemia-induced neuronal
apoptosis by inducing GLP-1R expression in a model for
transient cerebral ischemia [53]. A 2-months prospective
pilot study showed that liraglutide decrease oxidative
stress induced by T2DM [54]. Additionally, liraglutide
promotes neuron survival and attenuates oxidative stress
induced-apoptosis in the brain [55]. GLP-1R antagonist
exendin-(9-39) was shown to reverse the protective effects
of geniposide via upregulating the level of cleaved caspase
3 and activation of apoptosis [56]. In our study, we used
Bcl-2, Bax, and cleaved caspase 3 as markers to measure
apoptotic activation after SCI. Bcl-2 inhibits apoptosis, Bax
is released upon initiation of apoptotic process, and cleaved
caspase 3 mediates cleavage of cellular components [57,
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immunofluorescence staining combined with DAPI staining for nuclei in PC12 cells.
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58]. Our results showed that liraglutide treatment markedly
reduced expression of pro-apoptotic Bax and cleaved
caspase3, and the decreased anti-apoptotic Bel-2 in rats
after SCI. We also demonstrated that the GLP-1R is mainly
expressed in neurons rather than nervous system cell types
in spinal cord tissue. GLP-1R expression increases after
acute SCI, indicating that it may affect neuronal survival.
To explore whether GLP-1R is neuroprotective, we knocked
down GLP-1R in neuronal cells in vitro. GLP-1R siRNA
reversed liraglutide’s anti-apoptotic effect with H,O,
stimulation, indicating that the GLP-1R was necessary to
reduce apoptosis with liraglutide treatment after SCI.

cleav ed-
caspase3

Several articles have reported an interaction between
autophagy and microtubule stability [8, 16]. However,
the mechanisms and reasoning for this remain poorly
understood. Autophagy maintains cellular homeostasis by
degrading cytoplasmic components including organelles
or protein aggregates [59]. Increased autophagy has been
reported after SCI as a self-protective mechanism in
response to various injury-associated pathological factors
such as energy deficiency and oxidative stress [60, 61].
In addition, many retraction bulbs, which are associated
with disorganized microtubule structure, have been found
in injured CNS axons [62].
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Figure 11: During the secondary injury of SCI, ROS mainly results in accumulation of hazardous substance which
eventually brings about apoptosis. On the other hand, liraglutde treatment promotes autophagy flux and decrease apoptosis via GLP-
1R. And autophagy stabilized microtubules by degrading a microtubule destabilizing protein.
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Stable microtubular structures such as axonemes
have been shown to contain acetylated alpha-tubulin with
acetylation occuring after microtubule assembly [28].
Increasing microtubule acetylation repairs locomotor
deficits and axonal transport caused by LRRK2 Roc-
COR domain mutations [27]. Additionally, resveratrol
inhibits axonal degeneration in Wallerian degeneration
mice by activating SIRT2 (NAD-dependent tubulin
deacetylase) [63]. Exendin-4 induces extracellular
superoxide dismutase to combat oxidative stress through
acetylation of histone H3 [64]. Interestingly, it was
reported that autophagy is activated in both the early and
duration of degenerating axons after SCI [65], indicating
that autophagy could potentially represent a therapeutic
target to reduce axonal degeneration in CNS injury.
Autophagy induction was shown to stabilize microtubules
by degradading microtubule destabilizing protein in
cultured CNS neurons as well as promoting axon growth.
Furthermore, activation of autophagy by a specific
autophagy-inducing peptide, Tat-beclinl, could promote
microtubule polymerization, axon regeneration, and
locomotor functional recovery in mice after SCI [8]. In
this study, we found that liraglutide increased autophagic
flux and microtubule acetylation in rats after SCI.
Furthermore, we blocked the downstream of autophagy
by bafilomycin Al in PC12 cells, and the expression of
LC3 was further up-regulated in liraglutide-treated cells
[66]. However, siGLP-1R abolished this effect, which
further indicated that liraglutide enhanced autophagy
flux via activating GLP-1R. Moreover, autophagy
inhibition with 3-MA (type III PI3 kinase inhibitor, which
inhibits autophagosome formation) reduced microtubule
acetylation in vivo, indicating autophagy was important
for microtubule stability.

GLP-1 analogs have been reported in the literature
several times to exert neuroprotective effects via activation
of autophagy [26]. However, it remains unclear whether
liraglutide activates autophagy by binding to the GLP-1R.
Beta-glycerophosphate -induced increase of p-mTORSe48,
and p-S6K 1™3% were attenuated by liraglutide treatment
of human vascular smooth muscle cells [67]. Inhibition of
mTOR signaling is a classic autophagy activation pathway
[68]. mTOR inhibition initiates autophagy through
activation of type III PI3 kinase, which is necessary for
autophagosome biogenesis. In addition, mTOR inhibition
can activates transcription of lysosomal genes, which
stimulate lysosomal biogenesis [69]. Previous reports
have suggested that inhibiting the mTOR pathway could
be neuroprotective by enhancing autophagy after CNS
injury [70, 71].

In this study, we found that GLP-1R knockdown in
neuronal cells in vitro significantly reduced liraglutide-
induced autophagy. Liraglutide treatment inhibited
mTOR activation, which was also reversed by GLP-
IR knockdown. Moreover, GLP-1R siRNA prevented
increased autophagic flux associated with liraglutide

treatment. The ratio of p-mTOR/mTOR was increased
in neuronal cultures under H,O, stimulation as well,
indicated that GLP-1R knockdown could activate mTOR
signaling and suppress autophagy activation (Figure 11).
In summary, this is the first study demonstrating
that liragutide facilitates better functional recovery
and increased microtubule acetylation/polymerization
concurrently in rats after SCI. Liraglutide’s beneficial
effects in the recovery process are mediated by autophagy
induction and mTOR suppression. Importantly, the GLP-
1R is essential for activation of autophagy with liraglutide
treatment.. Liraglutide prevents SCI induced apoptosis in
rats, but GLP-1R knockdown with liraglutide treatment
abolished this anti-apoptotic effect in neuronal cultures.
Thus, GLP-1R may play a key role in physiological
recovery after CNS injury. Mechanistically, GLP-1R
activation can subsequently activate autophagy flux, which
is involved in both axon regeneration and microtubule
stabilization preventing further damage after injury.

MATERIALS AND METHODS

Reagents and antibodies

Clinical-grade liraglutide was obtained from
Novo Nordisk (Princeton, NJ, USA). Antibodies against
GLP-1R, Bax and Bcl-2 were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies against
LC3, LC3-II and acetyl-a-tubulin were acquired from Cell
Signaling Technologies (Danvers, MA, USA). Antibodies
against P62, beclin-1, p-mTOR, mTOR, and caspase3
were purchased from Abcam (Cambridge, MA, USA).
All other reagents were obtained from Sigma-Aldrich (St.
Louis, MO, USA) unless specified otherwise.

Spinal cord injury

All the adult female SD rats (220-250 g) were
obtained from the Animal Center of the Chinese Academy
of Sciences in Shanghai, China. All surgical interventions,
treatments, and postoperative animal care procedures were
performed in strict accordance with the Animal Care and
Use Committee of Wenzhou Medical University. All rats
were housed in the SPF Laboratory Animal Room. After
anesthesia by chloralic hydras (3.6 ml/kg, i.p.), rats were
positioned on an operating table. After an incision on the
midline of the back at the T9 vertebrae, a laminectomy was
performed. The spinal cord was compressed by vascular
clamp (30 g force; Oscar, China) for 1 min to moderate
crushing injury. And sham group only received a T9
laminectomy. After operation, we emptied urinary bladder
every 12 hrs until the recovery of normal bladder function
and cefazolin sodium (50 mg/kg) was intraperitoneally
administrated in the first three days. Liraglutide was
dissolved in saline and administered at 50 ug/kg
subcutaneously (s.c.) near the back wound until the rats
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were killed [55]. After surgery, another group of rats was
injected with liraglutide (50 ug/kg/day) and an autophagy
inhibitor 3-methyladenine (3-MA, 200 nmol/kg, i.p.) [72].
Equal saline were administrated for the sham group.

Cell culture and drug treatment

PC12 cells were purchased from the Cell Bank of
Type Culture Collection of Chinese Academy of Sciences,
Shanghai Institute of Cell Biology, Chinese Academy of
Sciences. They were cultured in RPMI 1640 medium with
10 % FBS, 100U/ml penicillin, and 100U/ml streptomycin
in a cell incubator containing 5 % CO2. Cells were
pretreated with concurrent concentration-dependent
treatment of liraglutide for 1 h before the addition of
H202 (100 uM) for 24 h for cell viability experiments.
All experiments were performed at least three times.

Locomotion recovery assessment

The Basso, Beattie, and Bresnahan (BBB) scoring
system was used to assess the locomotion recovery in
rats with SCI [70], which range from 21 points (normal
locomotion) to 0 points (complete paralysis). In this study,
two blinded independent researchers measured the BBB
scores at 1, 3,7, 14, 21, and 28 days after surgery.

Hematoxylin—eosin (HE) staining and nissl
staining

To measure the cavity area of spinal cord tissue in
each group after SCI, rats in all groups were sacrificed 4
weeks after surgery. Spinal cord tissue was cut into serial
longitudinal sections of 5 um thickness for HE staining.
To measure the surviving neurons in the spinal cord tissue
of each group, tissue segments (1 cm on each side of the
lesion) were embedded in paraffin and transverse paraffin
sections incubated in 1 % cresyl violet acetate solution for
Nissl staining. We counted the number of ventral motor
neuron (VMN) as shown in previous study [73].

Transmission electron microscopy

Rats were killed at 3 days after surgery. Following
fixation in 2.5% glutaraldehyde and 2% osmium tetroxide,
spinal cord tissues (4—5Smm caudal and rostral) were
blocked with 2% uranyl acetate. Dehydrated by acetone
washes, tissues were embedded in Araldite for Semi-thin
sectioning to determine the location. At last, ultra-thin
sections of each sample were cut for observation. All
images were captured using a Hitachi TEM.

The terminal deoxynucleotidyl transferase (TdT)
dUTP nick end labeling (TUNEL) method

To measure apoptotic level, sections (4—5Smm
caudal and rostral) were obtained and TUNEL staining

was performed at 7 days after SCI. Deparaffinized in
xylene and rehydrated by ethanol washing, sections
were incubated with 0.1% Triton X-100 for 30 min. The
apoptotic cells of spinal cord were stained with In Situ
Cell Death Detection Kit (Roche Molecular Biochemicals)
and 40, 6-diamidino-2-phenylindole (DAPI). All images
were captured using a Nikon ECLIPSE Ti microscope
(Nikon, Japan). And TUNEL-positive cells were counted
from 20-30 random sections to get an average number in
each group, with three rats measured in each group.

Western blot analysis

T7 to T10 level of spinal cord tissue were obtained
at 3 days and 28 days after surgery. Briefly, spinal
cord tissues and cells were isolated using RIPA buffer
containing phosphatase and protease inhibitors. Protein
concentration was measured using bicinchoninic acid
reagents (Thermo, Rockford, IL, USA). Total proteins were
separated with 8—12% SDS-PAGE gels and transferred
onto polyvinylidene fluoride membranes (Bio-Rad, CA,
USA). The membranes were blocked with 5% skim milk,
incubated with primary antibodies, and then respective
secondary antibodies. Signals were measured and
quantified by the ChemiDicTM XRS + Imaging System
(Bio-Rad). Experiments were repeated three times.

Immunofluorescence staining

At 3 days and 4 weeks after surgery, spinal cord tissue
was embedded in paraffin. Transverse and longitudinal
sections (5 um thick) were cut, deparaffinized in xylene, and
rehydrated by ethanol washing. And cells cultured on 18 % 18
mm microscopic glasses and fixed in 4 % paraformaldehyde.
Then tissues and cells were incubated by 5% BSA for 1 hr,
the following primary antibodies were incubated: anti-LC3B
(1:500), anti- acetyl-a-tubulin (1:1000 Technology), GLP-1R
(1:200) caspase3 (1:500), anti-NeuN (1:1000), anti-GFAP
(1:1000), and anti-Iba-1 (1:500), followed by incubation
with respective secondary antibodies for 1 h and DAPI for
7 min. All images were captured using a Nikon ECLIPSE Ti
microscope (Nikon, Japan).

Small interfering RNA (siRNA)

GLP-1R siRNA were used to knockdown the
expression of GLP-1R. PC12 cells were transfected with
100 pmol of GLP-1R siRNA (GeneChem, Shanghai,
China) with lipofectamine 2000 (Life Technologies,
Carlsbad, CA, USA) according to the instructions of
manufacturer. Six hours after transfection, medium was
switched to medium with 5% FBS for 24 hours.

Statistical analysis

The results are presented as the mean + SD from
three independent experiments. Statistical analyses were
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performed using Graphpad Prism (USA) ( one-way
analysis of variance (ANOVA) followed by Tukey’s test).
P <0.05 was considered statistically significant.

ACKNOWLEDGMENTS

This study was partially supported by a research
grant from the National Natural Science Funding of China
(81371988, 81372112), Zhejiang Provincial Program for
the Cultivation of High-level Innovative Health Talents
(to J.X.). The Science and technology project of Zhejiang
Province (LY 17H090017 to Z.W.).

CONFLICTS OF INTEREST

The authors confirm that the content of this article
has no conflicts of interest.

REFERENCES

1. Amar AP, Levy ML. Pathogenesis and pharmacological
strategies for mitigating secondary damage in acute spinal
cord injury. Neurosurgery. 1999; 44: 1027-39; discussion
39-40.

2. Tator CH, Fehlings MG. Review of the secondary injury
theory of acute spinal cord trauma with emphasis on
vascular mechanisms. J Neurosurg. 1991; 75: 15-26. https://
doi.org/10.3171/jns.1991.75.1.0015.

3. Crowe MJ, Bresnahan JC, Shuman SL, Masters JN, Beattie
MS. Apoptosis and delayed degeneration after spinal cord
injury in rats and monkeys. Nat Med. 1997; 3: 73-6.

4. Zhu SP, Wang ZG, Zhao YZ, Wu J, Shi HX, Ye LB, Wu
FZ, Cheng Y, Zhang HY, He S, Wei X, Fu XB, Li XK, et
al. Gelatin Nanostructured Lipid Carriers Incorporating
Nerve Growth Factor Inhibit Endoplasmic Reticulum
Stress-Induced Apoptosis and Improve Recovery in Spinal
Cord Injury. Mol Neurobiol. 2016; 53: 4375-86. https://doi.
org/10.1007/s12035-015-9372-2.

5. Cartoni R, Norsworthy MW, Bei F, Wang C, Li S, Zhang
Y, Gabel CV, Schwarz TL, He Z. The Mammalian-Specific
Protein Armex1 Regulates Mitochondrial Transport during
Axon Regeneration. Neuron. 2016; 92: 1294-307. https://
doi.org/10.1016/j.neuron.2016.10.060.

6. JoshiY, Soria MG, Quadrato G, Inak G, Zhou L, Hervera
A, Rathore KI, Elnaggar M, Cucchiarini M, Marine JC,
Puttagunta R, Di Giovanni S. The MDM4/MDM2-p53-
IGF1 axis controls axonal regeneration, sprouting and
functional recovery after CNS injury. Brain. 2015; 138:
1843-62. https://doi.org/10.1093/brain/awv125.

7. Craig AM, Banker G. Neuronal polarity. Annu Rev
Neurosci. 1994; 17: 267-310. https://doi.org/10.1146/
annurev.ne.17.030194.001411.

8. He M, Ding Y, Chu C, Tang J, Xiao Q, Luo ZG. Autophagy
induction stabilizes microtubules and promotes axon

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

regeneration after spinal cord injury. Proc Natl Acad
Sci USA. 2016; 113: 11324-9. https://doi.org/10.1073/
pnas.1611282113.

Hur EM, Saijjilafu, Zhou FQ. Growing the growth
cone: remodeling the cytoskeleton to promote axon
regeneration. Trends Neurosci. 2012; 35: 164-74. https://
doi.org/10.1016/j.tins.2011.11.002.

Chen L, Stone MC, Tao J, Rolls MM. Axon injury and
stress trigger a microtubule-based neuroprotective pathway.
Proc Natl Acad Sci USA. 2012; 109: 11842-7. https://doi.
org/10.1073/pnas.1121180109.

Hellal F, Hurtado A, Ruschel J, Flynn KC, Laskowski CJ,
Umlauf M, Kapitein LC, Strikis D, Lemmon V, Bixby
J, Hoogenraad CC, Bradke F. Microtubule stabilization
reduces scarring and causes axon regeneration after
spinal cord injury. Science. 2011; 331: 928-31. https://doi.
org/10.1126/science.1201148.

Ruschel J, Hellal F, Flynn KC, Dupraz S, Elliott DA,
Tedeschi A, Bates M, Sliwinski C, Brook G, Dobrindt
K, Peitz M, Brustle O, Norenberg MD, et al. Axonal
regeneration. Systemic administration of epothilone
B promotes axon regeneration after spinal cord injury.
Science. 2015; 348: 347-52. https://doi.org/10.1126/science.
2aa2958.

Gumy LF, Tan CL, Fawcett JW. The role of local protein
synthesis and degradation in axon regeneration. Exp
Neurol. 2010; 223: 28-37. https://doi.org/10.1016/j.
expneurol.2009.06.004.

Yang Z, Klionsky DJ. Eaten alive: a history of
macroautophagy. Nat Cell Biol. 2010; 12: 814-22. https://
doi.org/10.1038/ncb0910-814.

Yang Y, Coleman M, Zhang L, Zheng X, Yue Z.
Autophagy in axonal and dendritic degeneration. Trends
Neurosci. 2013; 36: 418-28. https://doi.org/10.1016/j.
tins.2013.04.001.

Koch JC, Knoferle J, Tonges L, Ostendorf T, Bahr M,
Lingor P. Acute axonal degeneration in vivo is attenuated
by inhibition of autophagy in a calcium-dependent manner.
Autophagy. 2010; 6: 658-9. https://doi.org/10.4161/
auto.6.5.12188.

Bell GI, Sanchez-Pescador R, Laybourn PJ, Najarian
RC. Exon duplication and divergence in the human
preproglucagon gene. Nature. 1983; 304: 368-71.

Perry T, Holloway HW, Weerasuriya A, Mouton PR, Duffy
K, Mattison JA, Greig NH. Evidence of GLP-1-mediated
neuroprotection in an animal model of pyridoxine-induced
peripheral sensory neuropathy. Exp Neurol. 2007; 203: 293-
301. https://doi.org/10.1016/j.expneurol.2006.09.028.
Hamilton A, Holscher C. Receptors for the incretin
glucagon-like peptide-1 are expressed on neurons in the
central nervous system. Neuroreport. 2009; 20: 1161-6.
https://doi.org/10.1097/WNR.0b013e32832{bf14.

Salcedo I, Tweedie D, Li Y, Greig NH. Neuroprotective
and neurotrophic actions of glucagon-like peptide-1: an

www.impactjournals.com/oncotarget

85965

Oncotarget



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

emerging opportunity to treat neurodegenerative and
cerebrovascular disorders. Br J Pharmacol. 2012; 166:
1586-99. https://doi.org/10.1111/j.1476-5381.2012.01971 x.

Wohlfart P, Linz W, Hubschle T, Linz D, Huber J, Hess S,
Crowther D, Werner U, Ruetten H. Cardioprotective effects
of lixisenatide in rat myocardial ischemia-reperfusion
injury studies. J Transl Med. 2013; 11: 84. https://doi.
org/10.1186/1479-5876-11-84.

Lovshin JA, Drucker DJ. Incretin-based therapies for type
2 diabetes mellitus. Nat Rev Endocrinol. 2009; 5: 262-9.
https://doi.org/10.1038/nrendo0.2009.48.

Holst JJ. The physiology of glucagon-like peptide 1.
Physiol Rev. 2007; 87: 1409-39. https://doi.org/10.1152/
physrev.00034.2006.

Hunter K, Holscher C. Drugs developed to treat diabetes,
liraglutide and lixisenatide, cross the blood brain barrier and
enhance neurogenesis. BMC Neurosci. 2012; 13: 33. https:/
doi.org/10.1186/1471-2202-13-33.

Porter WD, Flatt PR, Holscher C, Gault VA. Liraglutide
improves hippocampal synaptic plasticity associated with
increased expression of Mashl in ob/ob mice. Int J Obes
(Lond). 2013; 37: 678-84. https://doi.org/10.1038/ij0.2012.91.
Li HT, Zhao XZ, Zhang XR, Li G, Jia ZQ, Sun P, Wang
JQ, Fan ZK, Lv G. Exendin-4 Enhances Motor Function
Recovery via Promotion of Autophagy and Inhibition of
Neuronal Apoptosis After Spinal Cord Injury in Rats. Mol
Neurobiol. 2016; 53: 4073-82. https://doi.org/10.1007/
$12035-015-9327-7.

Godena VK, Brookes-Hocking N, Moller A, Shaw G,
Oswald M, Sancho RM, Miller CC, Whitworth AJ, De
Vos KJ. Increasing microtubule acetylation rescues axonal
transport and locomotor deficits caused by LRRK2 Roc-
COR domain mutations. Nat Commun. 2014; 5: 5245.
https://doi.org/10.1038/ncomms6245.

Sasse R, Gull K. Tubulin post-translational modifications
and the construction of microtubular organelles in
Trypanosoma brucei. J Cell Sci. 1988; 90: 577-89.
Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ,
Abeliovich H, Arozena AA, Adachi H, Adams CM,
Adams PD, Adeli K, Adhihetty PJ, Adler SG, Agam G, et
al. Guidelines for the use and interpretation of assays for
monitoring autophagy (3rd edition). Autophagy. 2016; 12:
1-222. https://doi.org/10.1080/15548627.2015.1100356.

Moon YJ, Lee JY, Oh MS, Pak YK, Park KS, Oh TH,
Yune TY. Inhibition of inflammation and oxidative stress
by Angelica dahuricae radix extract decreases apoptotic
cell death and improves functional recovery after spinal
cord injury. J Neurosci Res. 2012; 90: 243-56. https://doi.
org/10.1002/jnr.22734.

Hu J, Zhang G, Rodemer W, Jin LQ, Shifman M, Selzer
ME. The role of RhoA in retrograde neuronal death and

axon regeneration after spinal cord injury. Neurobiol Dis.
2017; 98: 25-35. https://doi.org/10.1016/j.nbd.2016.11.006.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Koch JC, Tonges L, Barski E, Michel U, Bahr M, Lingor
P. ROCK2 is a major regulator of axonal degeneration,
neuronal death and axonal regeneration in the CNS.
Cell Death Dis. 2014; 5: ¢1225. https://doi.org/10.1038/
cddis.2014.191.

Li G, Shen F, Fan Z, Wang Y, Kong X, Yu D, Zhi X,
Lv G, Cao Y. Dynasore Improves Motor Function
Recovery via Inhibition of Neuronal Apoptosis and
Astrocytic Proliferation after Spinal Cord Injury in
Rats. Mol Neurobiol. 2016. https://doi.org/10.1007/
$12035-016-0252-1.

Niizuma K, Endo H, Chan PH. Oxidative stress and
mitochondrial dysfunction as determinants of ischemic
neuronal death and survival. J Neurochem. 2009; 109: 133-
8. https://doi.org/10.1111/1.1471-4159.2009.05897 x.

Chan PH. Reactive oxygen radicals in signaling and damage
in the ischemic brain. J Cereb Blood Flow Metab. 2001; 21:
2-14. https://doi.org/10.1097/00004647-200101000-00002.

Chan PH. Oxygen radicals in focal cerebral ischemia. Brain
Pathol. 1994; 4: 59-65.

Counterman AE, D’Onofrio TG, Andrews AM, Weiss PS.
A physical model of axonal damage due to oxidative stress.
Proc Natl Acad Sci USA. 2006; 103: 5262-6. https://doi.
org/10.1073/pnas.0504134103.

Wilson C, Gonzalez-Billault C. Regulation of cytoskeletal
dynamics by redox signaling and oxidative stress:
implications for neuronal development and trafficking.
Front Cell Neurosci. 2015; 9: 381. https://doi.org/10.3389/
fncel.2015.00381.

Julio-Amilpas A, Montiel T, Soto-Tinoco E, Geronimo-
Olvera C, Massieu L. Protection of hypoglycemia-induced
neuronal death by beta-hydroxybutyrate involves the
preservation of energy levels and decreased production of
reactive oxygen species. J Cereb Blood Flow Metab. 2015;
35: 851-60. https://doi.org/10.1038/jcbfm.2015.1.

Ten VS, Yao J, Ratner V, Sosunov S, Fraser DA, Botto M,
Sivasankar B, Morgan BP, Silverstein S, Stark R, Polin R,
Vannucci SJ, Pinsky D, et al. Complement component c1q
mediates mitochondria-driven oxidative stress in neonatal
hypoxic-ischemic brain injury. J Neurosci. 2010; 30: 2077-
87. https://doi.org/10.1523/INEUROSCI.5249-09.2010.
Niizuma K, Yoshioka H, Chen H, Kim GS, Jung JE, Katsu
M, Okami N, Chan PH. Mitochondrial and apoptotic
neuronal death signaling pathways in cerebral ischemia.
Biochim Biophys Acta. 2010; 1802: 92-9. https://doi.
org/10.1016/j.bbadis.2009.09.002.

Grunenfelder J, Miniati DN, Murata S, Falk V, Hoyt EG,
Kown M, Koransky ML, Robbins RC. Upregulation of
Bcl-2 through caspase-3 inhibition ameliorates ischemia/
reperfusion injury in rat cardiac allografts. Circulation.
2001; 104: 1202-6.

Sugawara T, Fujimura M, Morita-Fujimura Y, Kawase
M, Chan PH. Mitochondrial release of cytochrome c

WWw

.impactjournals.com/oncotarget

85966

Oncotarget



44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

corresponds to the selective vulnerability of hippocampal
CA1 neurons in rats after transient global cerebral ischemia.
J Neurosci. 1999; 19: RC39.

Lee BI, Lee DJ, Cho KJ, Kim GW. Early nuclear
translocation of endonuclease G and subsequent DNA
fragmentation after transient focal cerebral ischemia
in mice. Neurosci Lett. 2005; 386: 23-7. https://doi.
org/10.1016/j.neulet.2005.05.058.

Noshita N, Sugawara T, Lewen A, Hayashi T, Chan
PH. Copper-zinc superoxide dismutase affects Akt
activation after transient focal cerebral ischemia in mice.
Stroke. 2003; 34: 1513-8. https://doi.org/10.1161/01.

STR.0000072986.46924.F4.

Endo H, Kamada H, Nito C, Nishi T, Chan PH.
Mitochondrial translocation of p53 mediates release
of cytochrome c¢ and hippocampal CA1l neuronal
death after transient global cerebral ischemia in rats. J
Neurosci. 2006; 26: 7974-83. https://doi.org/10.1523/
JNEUROSCI.0897-06.2006.

Jian KL, Zhang C, Shang ZC, Yang L, Kong LY.
Eucalrobusone C suppresses cell
induces ROS-dependent mitochondrial apoptosis via the

proliferation and

p38 MAPK pathway in hepatocellular carcinoma cells.
Phytomedicine. 2017; 25: 71-82. https://doi.org/10.1016/j.
phymed.2016.12.014.

Steven S, Jurk K, Kopp M, Kroller-Schon S, Mikhed Y,
Schwierczek K, Roohani S, Kashani F, Oelze M, Klein
T, Tokalov S, Danckwardt S, Strand S, et al. Glucagon-
like peptide-1 receptor signalling reduces microvascular
thrombosis, nitro-oxidative stress and platelet activation in
endotoxaemic mice. Br J Pharmacol. 2017; 174: 1620-32.
https://doi.org/10.1111/bph.13549.

Wang YG, Yang TL. Liraglutide reduces oxidized LDL-
induced oxidative stress and fatty degeneration in Raw
264.7 cells involving the AMPK/SREBP1 pathway. J
Geriatr Cardiol. 2015; 12: 410-6. https://doi.org/10.11909/j.
issn.1671-5411.2015.04.013.

Cavallucci V, D’Amelio M. Matter of life and death: the
pharmacological approaches targeting apoptosis in brain
diseases. Curr Pharm Des. 2011; 17: 215-29.

Tang P, Hou H, Zhang L, Lan X, Mao Z, Liu D, He C,
Du H, Zhang L. Autophagy reduces neuronal damage and
promotes locomotor recovery via inhibition of apoptosis
after spinal cord injury in rats. Mol Neurobiol. 2014; 49:
276-87. https://doi.org/10.1007/s12035-013-8518-3.

Li YZ, Bader M, Tamargo I, Rubovitch V, Tweedie D,
Pick CG, Greig NH. Liraglutide is neurotrophic and
neuroprotective in neuronal cultures and mitigates mild
traumatic brain injury in mice. J Neurochem. 2015; 135:
1203-17. https://doi.org/10.1111/jnc.13169.

Lee CH, Yan B, Yoo KY, Choi JH, Kwon SH, Her S, Sohn
Y, Hwang IK, Cho JH, Kim YM, Won MH. Ischemia-
induced changes in glucagon-like peptide-1 receptor
and neuroprotective effect of its agonist, exendin-4, in

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

experimental transient cerebral ischemia. J Neurosci Res.
2011; 89: 1103-13. https://doi.org/10.1002/jnr.22596.
Rizzo M, Abate N, Chandalia M, Rizvi AA, Giglio RV,
Nikolic D, Marino Gammazza A, Barbagallo I, Isenovic
ER, Banach M, Montalto G, Li Volti G. Liraglutide reduces
oxidative stress and restores heme oxygenase-1 and ghrelin
levels in patients with type 2 diabetes: a prospective pilot
study. J Clin Endocrinol Metab. 2015; 100: 603-6. https://
doi.org/10.1210/jc.2014-2291.

Briyal S, Shah S, Gulati A. Neuroprotective and anti-
apoptotic effects of liraglutide in the rat brain following
focal cerebral ischemia. Neuroscience. 2014; 281: 269-81.
https://doi.org/10.1016/j.neuroscience.2014.09.064.

Jiang YQ, Chang GL, Wang Y, Zhang DY, Cao L, Liu J.
Geniposide Prevents Hypoxia/Reoxygenation-Induced
Apoptosis in H9¢2 Cells: Improvement of Mitochondrial
Dysfunction and Activation of GLP-1R and the PI3K/AKT
Signaling Pathway. Cell Physiol Biochem. 2016; 39: 407-
21. https://doi.org/10.1159/000445634.

Snigdha S, Smith ED, Prieto GA, Cotman CW. Caspase-3
activation as a bifurcation point between plasticity and
cell death. Neurosci Bull. 2012; 28: 14-24. https://doi.
org/10.1007/s12264-012-1057-5.

Adams JM, Cory S. The Bcl-2 protein family: arbiters of
cell survival. Science. 1998; 281: 1322-6.

Nixon RA. The role of autophagy in neurodegenerative
disease. Nat Med. 2013; 19: 983-97. https://doi.org/10.1038/
nm.3232.

Fang B, Li XQ, Bao NR, Tan WF, Chen FS, Pi XL,
Zhang Y, Ma H. Role of autophagy in the bimodal stage
after spinal cord ischemia reperfusion injury in rats.
Neuroscience. 2016; 328: 107-16. https://doi.org/10.1016/j.
neuroscience.2016.04.019.

Kanno H, Ozawa H, Sekiguchi A, Itoi E. The role of
autophagy in spinal cord injury. Autophagy. 2009; 5: 390-2.
Erturk A, Hellal F, Enes J, Bradke F. Disorganized
microtubules
bulbs and the failure of axonal regeneration. J
Neurosci. 2007; 27: 9169-80. https://doi.org/10.1523/
JNEUROSCI.0612-07.2007.

Suzuki K, Koike T. Resveratrol abolishes resistance to

underlie the formation of retraction

axonal degeneration in slow Wallerian degeneration (W1dS)
mice: activation of SIRT2, an NAD-dependent tubulin
deacetylase. Biochem Biophys Res Commun. 2007; 359:
665-71. https://doi.org/10.1016/j.bbrc.2007.05.164.
Yasuda H, Ohashi A, Nishida S, Kamiya T, Suwa T, Hara H,
Takeda J, Itoh Y, Adachi T. Exendin-4 induces extracellular-
superoxide dismutase through histone H3 acetylation in
human retinal endothelial cells. J Clin Biochem Nutr. 2016;
59: 174-81. https://doi.org/10.3164/jcbn.16-26.

Ribas VT, Schnepf B, Challagundla M, Koch JC, Bahr M,
Lingor P. Early and sustained activation of autophagy in
degenerating axons after spinal cord injury. Brain Pathol.
2015; 25: 157-70. https://doi.org/10.1111/bpa.12170.

WWw

.impactjournals.com/oncotarget

85967

Oncotarget



66.

67.

68.

69.

70.

Kliosnky D. Guidelines for the Use and Interpretation of
Assays for Monitoring Autophagy (3rd edition) (vol 12, pg
1, 2015). Autophagy. 2016; 12: 443. https://doi.org/10.108
0/15548627.2016.1147886.

Zhan JK, Wang YJ, Wang Y, Tang ZY, Tan P, Huang W,
Liu YS. The protective effect of GLP-1 analogue in arterial
calcification through attenuating osteoblastic differentiation
of human VSMCs. Int J Cardiol. 2015; 189: 188-93. https://
doi.org/10.1016/j.ijcard.2015.04.086.

Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT,
Acevedo-Arozena A, Adeli K, Agholme L, Agnello M,
Agostinis P, Aguirre-Ghiso JA, Ahn HJ, Ait-Mohamed O,
Ait-Si-Ali S, et al. Guidelines for the use and interpretation
of assays for monitoring autophagy. Autophagy. 2012; 8:
445-544.

Lipinski MM, Wu J, Faden Al, Sarkar C. Function and
Mechanisms of Autophagy in Brain and Spinal Cord
Trauma. Antioxid Redox Signal. 2015; 23: 565-77. https://
doi.org/10.1089/ars.2015.6306.

Zhang D, Xuan J, Zheng BB, Zhou YL, Lin Y, Wu YS,
Zhou YF, Huang YX, Wang Q, Shen LY, Mao C, Wu

71.

72.

73.

Y, Wang XY, et al. Metformin Improves Functional
Recovery After Spinal Cord Injury via Autophagy Flux
Stimulation. Mol Neurobiol. 2016. https://doi.org/10.1007/
$12035-016-9895-1.

Shi X, Xu L, Doycheva DM, Tang J, Yan M, Zhang
JH. Sestrin2, as a negative feedback regulator of
mTOR, provides neuroprotection by activation
AMPK phosphorylation in neonatal hypoxic-ischemic
encephalopathy in rat pups. J Cereb Blood Flow Metab.
2016. https://doi.org/10.1177/0271678X16656201.

Sheng R, Zhang LS, Han R, Liu XQ, Gao B, Qin ZH.
Autophagy activation is associated with neuroprotection
in a rat model of focal cerebral ischemic preconditioning.
Autophagy. 2010; 6: 482-94. https://doi.org/10.4161/
auto.6.4.11737.

Sugawara T, Lewen A, Gasche Y, Yu F, Chan PH.
Overexpression of SOD1 protects vulnerable motor neurons
after spinal cord injury by attenuating mitochondrial
cytochrome c release. FASEB J. 2002; 16: 1997-9. https://
doi.org/10.1096/1j.02-0251fje.

www.impactjournals.com/oncotarget

85968

Oncotarget



