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Background and Objective: Diabetes mellitus (DM) is reportedly a significant risk factor

for intervertebral disc degeneration (IDD). Incretin system and particularly glucagon-like

peptide 1 (GLP-1) because of its glucose-lowering effects has become an important

target in therapeutic strategies of type 2 diabetes (T2D). Liraglutide is a GLP-1 receptor

(GLP-1R) agonist with glucoregulatory and insulinotropic functions as well as regulatory

functions on cell proliferation, differentiation, and apoptosis. However, little is known on

the roles and signaling pathways of apoptosis protecting effects of liraglutide in IDD.

This study aimed to investigate the potential protective effects of liraglutide against high

glucose-induced apoptosis of nucleus pulposus cells (NPCs) and the possible involved

signaling pathways.

Methods: The human NPCs were incubated with 100 nM liraglutide alone or in

combination with LY294002 (PI3K inhibitor), rapamycin (mTOR inhibitor), and SB216763

(GSK3β inhibitor) in a high glucose culture for 48 h. The four groups were assessed

further for apoptosis and genes expressions. The apoptotic effect was evaluated by flow

cytometry and further confirmed by cell death detection enzyme-linked immunoassay

plus (ELISAPLUS). The gene and protein expression levels were assessed by quantitative

real-time polymerase chain reaction (qRT-PCR) and Western blotting techniques. The

results were comparatively assessed between the four groups.

Results: The results confirmed the presence of GLP-1R in the NPCs indicating

that liraglutide inhibited the high glucose-induced apoptosis, which was blocked by

silencing GLP-1R with siRNA. Moreover, liraglutide stimulated the phosphorylation of

Akt, mTOR and GSK3β. Treatment with LY294002 significantly increased the apoptosis

of NPCs and reduced the levels of their downstream substrates (p-AKT, p-mTOR,

and p-GSK3β). Further assessments revealed that activation of mTOR and GSK3β
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was almost completely inhibited by rapamycin and SB216763, respectively, which

significantly increased the caspase-3 levels.

Conclusion: Liraglutide could protect NPCs against high glucose-induced apoptosis

by activating the PI3K/AKT/mTOR/caspase-3 and PI3K/AKT/GSK3β/caspase-3

signaling pathways.

Keywords: apoptosis, liraglutide, nucleus pulposus cells, signaling pathway, diabetes mellitus

BACKGROUND

Intervertebral disc degeneration (IDD) is a common disease
worldwide with significant socioeconomic burden and adverse
effects on quality of life in patients. IDD has been reported
as a significant contributor to low back and leg pain (1).
Diabetes mellitus (DM) has been reportedly a significant risk
factor for several disorders including IDD (2–4). Incretin system
and particularly glucagon-like peptide 1 (GLP-1) because of
its glucose-lowering effects has become an important target in
therapeutic strategies of type 2 diabetes (T2D). The intervertebral
disc (IVD) is consisted of the three distinct regions including
nucleus pulposus, annulus fibrosis and cartilage endplate,
providing stability and flexibility to the spinal column (5), and
it is mainly caused by the decline in the quantity and activity
of nucleus pulposus cells (NPCs) (6). High glucose environment
has been previously reported to inhibit cellular proliferation
and induce cell apoptosis, which subsequently promote the
IDD progression (4, 7). Therefore, suppression of high glucose-
induced aberrant apoptosis might be helpful in preventing the
development of IDD in diabetic patients.

Incretin system has become an important therapeutic target
for T2D treatment, mainly because of “the incretin effect,” which
explains oral glucose ingestion results in greater insulin secretion,
compared to isoglycemic intravenous glucose infusion (8, 9).
Incretin hormones are gastrointestinal hormones produced
by the intestinal mucosa after oral nutrient intake and are
capable of promoting insulin secretory responses and lowering
blood glucose levels in a glucose-dependent manner during
hyperglycemic conditions (10–12). Incretins decrease insulin
release when glucose levels are approximately normal. Two
incretin hormones are identified so far including glucose-
dependent insulinotropic polypeptide and GLP-1 (13). GLP-
1 has drawn significant research interest mainly because of
its capacities in lowering glucose, slowing gastric emptying,
improving insulin sensitivity, and inhibiting glucagon secretion
(14–18).Moreover, GLP-1 is actively involved in regulation of cell
proliferation and apoptosis through multiple pathways (19–21).

Abbreviations: IDD, Intervertebral Disc Degeneration; NPCs, Nucleus Pulposus
Cells; qRT-PCR, Quantitative real-time Polymerase Chain Reaction; GLP-1R,
GLP-1 Receptor; IVD, Intervertebral Disc; GLP-1, Glucagon-like Peptide-1; p-
Akt, Phosphor-Akt; NPCM, Nucleus Pulposus Cell Medium; FBS, Fetal Bovine
Serum; Ct, Threshold Cycle; RIPA, Radioimmunoprecipitation Assay; SDS-
PAGE, Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis; PVDF,
Polyvinylidene Difluoride; TBST, Tris Buffered Saline/tween 20; ECL, Enhanced
Chemiluminescence; LSD, Least Significant Difference; MAPK, Mitogen-activated
Protein Kinase; PI3K, Phosphatidylinositol 3-kinase.

However, the therapeutic applications of native GLP-1 are limited
mainly due to its rapid degradation and short half-life. GLP-1
receptor (GLP-1R) agonists with long half-life that are resistant to
degradation can overcome this limitation (17, 22, 23). Liraglutide
is a human GLP-1R analog that shares a 97% homology with
endogenous GLP-1, with a significantly longer half-life of about
13 h. It is a powerful antidiabetic agent and has been reported
to inhibit oxidative stress and apoptosis in various cells (24, 25).
However, to our knowledge, there is no published study the role
and molecular mechanism underlying of liraglutide in IDD.

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(Akt) signaling pathway is an intracellular signal transduction
pathway involved in the regulation of multiple cellular and
molecular physiological processes and plays vital roles in
metabolism, proliferation, cell survival, growth, migration,
angiogenesis, and apoptosis in response to extracellular signals
(10, 26–29). The activation form of phosphor-Akt (p-Akt) can
promote cell proliferation and inhibit cell apoptosis by regulating
downstream proteins. It has been reported that GLP-1 protects
insulin-secreting cells from H2O2-induced apoptosis through
Cyclic adenosine monophosphate (cAMP) and PI3K dependent
signaling pathways (30). Moreover, studies on C3H10T1/2
mesenchymal stem cells and MC3T3-E1 cells have demonstrated
that the protective effects of GLP-1 are possibly mediated
by activation of Akt process and possibly its downstream of
mechanistic target of rapamycin kinase (mTOR) and Glycogen
synthase kinases-3β (GSK3β) (31, 32).

In the present study we aim to investigate the potential
protective effects of liraglutide, GLP-1R agonist, against high
glucose-induced apoptosis in the NPCs and the possible involved
signaling pathways that mediate the anti-apoptotic action
of liraglutide.

MATERIALS AND METHODS

Cell Culture and Experimental Design
All the experiments and assessments in this study were approved
by local ethics committee of the Third Hospital of Hebei
Medical University, Shijiazhuang, China which were in complete
accordance with the ethical standards and regulations of human
studies of the Helsinki declaration (2014). Human NPCs were
purchased from American Science Cell Research Laboratories
and cultured in Nucleus Pulposus Cell Medium (NPCM)
according to the manufacturer guidelines and the method
previously described (23). The cultivation process was performed
under NPCM with standard conditions (37C, 21% O2 and
5% CO2). The cultivation medium contained 500ml of basal
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medium, 10ml of Fetal Bovine Serum (FBS), 5ml of NPC growth
supplement, and 5ml of penicillin/streptomycin solution (P/S)
(Hyclone, Logan, UT, USA). The cells were washed with fresh
medium at the next day to remove unattached cells and residual
DMSO (Solarbio, Beijing, China), then were washed every 2–
3 days. Once the NPCs reached 70% confluency, the medium
was changed every other day until reaching approximate 80–90%
confluency. Finally, the NPCs were split 1:3 and then subcultured
using 0.25% (w/v) trypsin solution (Sigma, St.Louis, MO, USA).

The resultant third-generation of NPCs were randomly
divided into six groups as follows: control (CON) group:
cultured in NPCM; High-glucose (HG) group: cultured in
high glucose concentration (0.2M) medium; High-glucose
plus liraglutide (HG + LIR) group: cultured in high glucose
medium containing liraglutide (100 nM); High glucose plus
liraglutide plus LY294002 (HG + LIR + LY) group: cultured
in high glucose medium containing liraglutide (100 nM) and
a phosphatidylinositol 3-kinase inhibitor (LY294002, 20µM);
High glucose plus liraglutide plus rapamycin (HG + LIR +

RAPA) group: cultured in high glucose medium containing
liraglutide (100 nM) and rapamycin (inhibitor of mTOR); and
high glucose plus liraglutide plus SB216763 (HG + LIR
+ SB) group: cultured in high glucose medium containing
liraglutide (100 nM) and SB216763 (an inhibitor of GSK-3β).
The concentrations of agents like liraglutide and inhibitors
and cultivating conditions of the experimental groups were
determined according to the previously similar studies (23, 32).
In all the six groups, the cell vitality, apoptosis rate, and the
expression of proteins and genes were determined under the
same experimental conditions after 48-h incubation interval.

Measurement of Cell Viability
The cell viability in all the experimental groups was measured by
Cell Counting Kit-8 assay (CCK-8, Sigma Aldrich, USA).
The CCK-8 assay allows sensitive colorimetric assays
for the determination of the number of viable cells in
the proliferation and cytotoxicity assays. It uses WST-8
(2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt) that produces
a water-soluble formazan dye upon bioreduction in the presence
of an electron carrier, 1-Methoxy PMS. We performed the cell
viability assay as per the instructions of the manufacturer and the
established method described in the previous study (23). Briefly,
the NPCs were seeded in 96-well culture plates at a density of 1.0
× 105/ml (3 wells for each group and 100 µl in each well) in a
CO2 incubator. When reached a confluence of ∼90%, different
media were replaced according to our experimental design
corresponding to the different interventions and control groups.
After 48 h incubation, the CCK-8 assay reagent (10 µl) was
added directly to the culture medium for an additional 3 h. The
WST-8 was bioreduced by cellular dehydrogenases to an orange
formazan product that is soluble in the culture medium. The
amount of produced formazan was directly proportional to the
number of living cells. A microplate reader (Dynatech MR5000,
Eggenstein, Germany) was used to measure the absorbance of
each well at 450 nm.

Apoptosis Assessment by Flow Cytometric
Analysis
Cell apoptosis was quantitatively determined using an Annexin
V-FITC apoptosis detection kit (BD Pharmingen, USA) with
propidium iodide (PI) as the viability probe. The assay
determines the percentage of cells within a population that
are actively undergoing apoptosis. The PI probe was used to
determine early apoptotic cells (PI negative, FITC Annexin V
positive). The assay was performed as per the instructions of the
manufacturer. Briefly, the NPCs were collected by centrifugation
(1,000 rpm/min, 5min, 4◦C) after trypsinization with 0.25%
trypsin (Sigma, St. Louis, MO, USA) and washing twice with
phosphate buffer solution (PBS, Solarbio, China). In the next
step, the cells were resuspended in 200 µl of binding buffer
and then stained with 10 µl of FITC-Annexin V solution
under dark condition for 15min according to the manufacturer’s
instructions. Then, 300 µl of binding buffer and 10 µl of PI
were added for another 5min. Finally, NPCs were subjected to
a flow cytometry machine (BD Biosciences, San Jose, CA, USA)
to analyze the apoptotic cell ratio. The determination of cells
was based as follows. The cells with both FITC Annexin V and
PI negative were considered viable; cells with FITC-Annexin
V positive and PI negative were in early apoptosis; and cells
with both FITC-Annexin V and PI positive were counted as
late apoptosis or already dead populations. Each experiment was
repeated three times independently and the averaged values were
used for analyses. The data were expressed as a percentage of the
total cell count.

Apoptosis Determination by ELISA
The cell death detection enzyme-linked immunoassay (ELISA)
plus kit (Roche Molecular Biochemicals, Germany) was used
to determine cell apoptosis. This assay qualitatively and
quantitatively determined the cytoplasmic histone-associated-
DNA-fragments (mono- and oligonucleosomes) after induced
cell death. It was based on the quantitative sandwich-enzyme
immunoassay-principle using mouse monoclonal antibodies
directed against DNA and histones, respectively. The assessment
was performed as per the instructions of the manufacturer.
Briefly, the NPCs with different treatments were lysed for 30min
at room temperature (25◦C), following by centrifugation for
10min. The amount of the DNA fragments detected in the
supernatants showed the extent of apoptosis in the sample.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)
The qRT-PCR technique was used to detect and quantify the
expression level of mRNA encoding Bcl-2, Bax, and caspase-3,
respectively. The total RNA of NPCs was extracted using the
TRIzol reagent (Invitrogen, USA) and quantified fluorometrically
using a CyQuant-Cell Proliferation Assay Kit (Molecular
Probes, Eugene, OR, USA), and then reverse-transcribed into
cDNA using a ThermoScript RT KIT (Invitrogen, Shanghai,
China) according to the manufacturer’s instructions. The DNA
sequence alignments and primer design for each gene were
conducted using Primer Premier 5.0 software (Premier Biosoft
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TABLE 1 | Real-time PCR primers [Sequences of forward (F) and reverse (R)

primers] used in this study.

Gene Primer sequences

Caspase-3 F: 5
′
-TGTTTCCCTGAGGTTTGCTG-3

′

R: 5
′
-TGCTATTGTGAGGCGGTTGT-3

′

Bcl-2 F: 5
′
-TTCTTTGAGTTCGGTGGGGTC-3

′

R: 5
′
-TGCATATTTGTTTGGGGCAGG-3

′

Bax F: 5
′
-TCCACCAAGAAGCTGAGCGAG-3

′

R: 5
′
-GTCCAGCCCATGATGGTTCT-3

′

β-actin F: 5
′
-CAGGGCGTGATGGTGGGCA-3

′

R: 5
′
-CAAACATCATCTGGGTCATCTTCTC-3

′

FIGURE 1 | NPCs proliferation activity under different treatments. Cell

Counting Kit 8 (CCK-8) assay was used to assess cell proliferation activity.

NPCs were treated in four groups as presented in the figure. CON, control;

HG, high glucose; LIR, liraglutide; LY, LY294002. Data are expressed as Mean

± SD (n = 3). *P < 0.05.

International, Palo Alto, California, USA). The sequences of
forward/ reverse primers used in this study are presented
in Table 1.

The cDNA synthesis and amplification approach was
employed to determine the expression level of mRNA as per
the instructions of the manufacture. A GoScriptTM Reverse
Transcription System (Promega, USA) was used in a standard
volume of 20 µl consisting 10 µl Master Mix, 0.2 µl forward
primer, 0.2µl reverse primer, 2µl cDNA, and 7.6µl nuclease-free
water. The PCR amplification was performed with the following
protocols: 95◦C for 3min, then 40 cycles of 95◦C for 10 s, and
finally 60◦C for 30 s. Standard curves were run in each assay,
which produced a linear plot of threshold cycle (Ct) against log
(dilution). The expressions of the target gene were quantified
based on the concentration of the standard curve and then were
presented as relative Ct values. The transcription levels of β-actin
were served as a loading control and the transcription levels for
all six experimental groups were compared.

Small Interfering RNA (siRNA) Silencing
Small interfering RNA (siRNA) was used to silence the GLP-1R in
the NPCs. Transfection of human NPCs with siRNA of the GLP-
1R was performed according to the previously described method
(33, 34). Briefly, the siRNA was specific and negative siRNAs
were purchased from GenePharma Biotechnology, Shanghai,
China. After isolation of the NPCs, cells were incubated for
1 h in NPCM medium. The Entranster TM-R4000 (Engreen
Biosystem Co, Ltd., New Zealand) was used according to
the protocol of the manufacturer employing 200 nM GLP-
1R siRNA. Cells were treated with negative control siRNA
(SiCON) or GLP-1R siRNA (SiGLP-1R) before liraglutide (LIR)
treatment in a high-glucose culture. After transfection, cells
were incubated in 12-well plates with NPCM medium for 48 h.
Untreated cells as well as the cells treated with negative siRNA
were used as negative controls. The siRNA silencing efficiency
was determined 48 h post transfection by protein analysis for
further experiments.

Western Blotting Analysis
In this study, the protein levels were detected by Western
blotting technique, with β-actin as internal reference protein.
For Western blotting assay, following appropriate treatment
where applicable, the NPCs were homogenized using a
radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime,
China) on the ice for 20min. A Protein BCA Kit (Beyotime,
China) was employed to quantify the protein concentration.
Then, equal amounts of protein samples were separated by
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to the polyvinylidene
difluoride (PVDF) membranes (Merck Millipore, Billerica,
MA, USA). In the final step, the transferred PVDF membranes
were blocked against tissue digestion using 5% non-fat milk
in Tris Buffered Saline with Tween R© 20 (TBST) solution
(50 mmol/l Tris, pH: 7.6, 150 mmol/l NaCl, 0.1%) for
1 h at the room temperature (25◦C) and then incubated
with the appropriate concentration of primary antibodies
(Proteintech, Wuhan, China) at 4◦C overnight. On the second
day, PVDF membranes were washed out three times in
the TBST solution and then incubated with the secondary
antibodies (Proteintech, Wuhan, China) for 2 h at 37◦C. The
immunoreactivity bands were interacted with an enhanced
chemiluminescence (ECL) kit (Thermo, USA), and the gray
values were analyzed using ImageJ software (National Institutes
of Health, USA).

Statistical Analysis
Statistical analyses were conducted by Statistical Package for the
Social Sciences (SPSS) (Windows, version 22.0). All data were
presented asMean± Standard Deviation (SD) from the results of
at least three independent experiments. Statistical analysis among
multiple groups was analyzed by the one way analysis of variance
(ANOVA), and the post-hoc test was performed using the SNK-
q test or the least significant difference (LSD) test. P < 0.05 was
considered statistically significant.
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RESULTS

Liraglutide Inhibits High-Glucose Induced
Apoptosis in NPCs
The cell proliferation activities in all experimental groups
were measured using the CCK-8 assay. The results showed
that the cell proliferation activity in the high-glucose group
significantly decreased, compared to the control group (P <

0.05). The addition of liraglutide increased the proliferation
activity, which was then reversed by adding the inhibitor
LY294002 (Figure 1) (P < 0.05).

The apoptotic effect on the NPCs was evaluated and
confirmed by FITC-Annexin V-PI staining and Cell Death
ELISAPLUS assessments, respectively. The results showed
that high-glucose treatment (0.2M) significantly increased the
percentage of apoptosis, compared with the control group (P
< 0.05). Moreover, addition of liraglutide suppressed the NPC
apoptosis, whereas inhibition of the PI3K/Akt pathway by
LY294002 counteracted the inhibiting effects of liraglutide in the
high-glucose group (P < 0.05) (Figure 2).

Liraglutide Regulates the Apoptosis
Related Gene Expressions in NPCs
Our results showed that the high-glucose treatment significantly
upregulated the expression of pro-apoptotic molecules (Bax and
caspase-3), whereas down-regulated the anti-apoptotic molecule
(Bcl-2) (P < 0.05). Liraglutide partly decreased expression of the
pro-apoptotic molecules (Bax and caspase-3), whereas increased
expression of the anti-apoptotic molecule (Bcl-2) in a high
glucose medium, and the LY294002, a PI3K inhibitor, partly
reversed the liraglutide-induced effects of in the high glucose
group (P < 0.05) (Figure 3).

PI3K/Akt/mTOR/Caspase-3 and
PI3K/Akt/GSK3β/Caspase-3 Pathways
Mediate Liraglutide Anti-apoptosis Effects
in NPCs
The activation status and the triggering factors of the
intracellular signaling pathways were investigated to determine
the molecular mechanisms involved in exerting the anti-
apoptosis effects of liraglutide in NPCs. Our results showed
that high-glucose treatment of NPCs significantly reduced the
expression of anti-apoptotic proteins p-Akt, p-mTOR, and p-
GSK3β in the cell apoptosis. Contrary, the liraglutide treatment
significantly promoted the phosphorylation of Akt, mTOR
and GSK3β, compared with the high-glucose group (P <

0.05) (Figures 4A–D). The high-glucose treatment significantly
upregulated the level of pro-apoptotic caspase-3 protein, whereas
liraglutide addition to the medium markedly reduced the
expression level of this protein (Figures 3A,D). As it was
expected, the inhibitor LY294002 significantly decreased the
levels of p-Akt, p-mTOR, and p-GSK3β expressions, which
liraglutide addition significantly increased the levels of caspase-3
in a high glucose culture (P < 0.05) (Figures 4A–D).

To further evaluate the apoptosis-inhibiting effect of
liraglutide and the role of mTOR and GSK3β as the

downstream substrates of Akt process in the NPCs under
high-glucose medium, additional Western blot assessments
were performed. The cells were incubated with rapamycin
(inhibitor of mTOR) and SB216763 (inhibitor of GSK3β) in
the high glucose medium combined with liraglutide group.
The rapamycin and SB216763 completely prevented the
activation of mTOR and GSK3β, respectively (P < 0.05).
Moreover, rapamycin and SB216763 treatments significantly
increased the caspase-3 expression levels in the NPCs (P
< 0.05) (Figures 4E–J). These findings demonstrated that
liraglutide could stimulate the PI3K/Akt/mTOR/caspase-3 and
PI3K/Akt/GSK3β/caspase-3 signal transduction pathways in the
NPCs under high-glucose environment.

Role of GLP-1R in Liraglutide Induced
NPCs Apoptosis
The Western blot assessments demonstrated the presence of
GLP-1R protein in the NPCs (Figure 5A). Cell death ELISAPLUS
was performed to determine the apoptosis of NPCs. Our data
revealed that silencing GLP-1R with siRNA partly blocked the
anti-apoptotic effect of liraglutide (Figure 5B), demonstrating
that liraglutide prevented apoptosis of NPCs via GLP-1R.

DISCUSSION

This study investigated the anti-apoptotic effects of liraglutide
and possible underlying molecular mechanisms in NPCs in high
glucose environment. Our findings showed that the inhibition
of apoptosis by liraglutide is mediated, at least in part, through
PI3K/Akt/mTOR/caspase-3 and PI3K/Akt/GSK3β/caspase-3
signaling pathways. The results also revealed that GLP-1R is
involved in NPCs apoptosis and liraglutide mediated inhibition
of apoptosis is GLP-1R dependent.

IDD is reportedly a major risk factor for low back pain
as well as chronic pain in lower extremities (1). Research is
ongoing to understand the pathogenesis of disc degeneration and
develop effective therapies for this disorder (35–37). In the recent
years, some basic and epidemiological studies have demonstrated
that DM is a potential etiological factor of IDD (38, 39). High
glucose environment can significantly affect disc biology from
disc cell viability to disc matrix metabolism, resulting disc
NPCs apoptosis (7, 40). Therefore, inhibiting high glucose-
induced NPCs apoptosis has important significance in retarding
disc degeneration.

Apoptosis or programmed death is a complicated process
that contributes to the structural and functional development
of various multicellular organisms. This process contributes to
the pathogenesis of several diseases including neurodegenerative
diseases, cancer, and immune system dysfunctions. Many
factors, majority of them proteins, are actively involved in the
apoptosis, the most important of them are caspases, amyloid-
B peptide, Bcl-2 family of proteins, p53 gene, and the heat
shock proteins (41–44). Apoptotic mechanism consists of three
main parts of initiation, execution, and termination. Apoptosis
could be triggered by several factors such as alkylating agents,
chemotherapeutic agents, oxidative stress, and ionizing radiation
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FIGURE 2 | NPCs apoptosis ratio for different treatments. Apoptotic NPCs were detected and confirmed by FITC-Annexin V-PI staining (A,B) and Cell Death

ELISAPLUS (C), respectively. CON, control; HG, high glucose; LIR, liraglutide; LY, LY294002. Data are expressed as Mean ± SD (n = 3). *P < 0.05.

or by external factors such as tumor necrosis factor (TNF),
cytokines, Fas ligand (FasL) and the TNF-related apoptosis
inducing ligand (TRAIL) (45).

Apoptosis is activated by two distinct pathways including
intrinsic and external signaling pathways. The intrinsic pathway
is activated by internal signals such as DNA damage or growth
factor deprivation and is regulated by protein Bcl-2. The external
signal of apoptosis induction such as death activators usually bind
to receptors at the cell surface.

Liraglutide, a GLP-1 agonist with long half-life, is currently
employed as an interesting therapeutic agent for DM. Liraglutide,
through binding to GLP-1R, exerts glucoregulatory and
insulinotropic functions as well as regulatory functions on cell
proliferation, differentiation, and apoptosis (46, 47). However,
little is known on the functions of liraglutide in NPCs apoptosis
and involved signaling pathways.

A considerable research attention has been devoted on the
use of GLP-1 for treatment of T2D (8, 12, 15, 23, 48, 49). This gut
incretin hormone has been reported to exert various beneficial
effects on different cells including neuronal cells, pancreatic
β-cells, gut and hypothalamus. These effects include lowering
glucose, slowing gastric emptying, improving insulin sensitivity,
enhancing glucose-dependent insulin secretory response,
inhibiting glucagon secretion, inhibiting β-cell apoptosis and
promoting β-cell proliferation (9, 30, 50–53). Liraglutide is

a human incretin-GLP-1 agonist with 97% sequence identity
identical to the native human GLP-1 but with a very longer
half-life. Recent studies have reported that liraglutide could
significantly prevent (by 50%) both the cytokine- and free
fatty acid-induced apoptosis in primary rat islet cells in a
dose-dependent manner (54).

Ming-yan et al. investigated the effects and possible
mechanism of liraglutide on apoptosis of human NPCs
(23). They observed that NPCs contained GLP-1R indicating
that liraglutide inhibited the high glucose-induced apoptosis of
NPCs. Moreover, liraglutide reduced the expression of caspase-3
activity and inhibited reactive oxygen species (ROS) generation
and triggered the phosphorylation of Akt under high glucose
condition. They showed that pretreatment of NPCs with a PI3K
inhibitor (LY294002) prevented the anti-apoptotic effect of
liraglutide on NPCs. They concluded that GLP-1R prevented
the liraglutide-induced activation of Akt (23). Their findings
demonstrated that liraglutide could directly protect NPCs against
high glucose-induced apoptosis through impeding oxidative
stress and activating the PI3K/Akt/caspase-3 signaling pathway
by GLP-1R (23). In light of these findings, we designed this
study to investigate the downstream substrates of Akt process
in inducing protective effects against high glucose induced
apoptosis deaths in NPCs through assessing the roles of mTOR
and GSK3β deaths.
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FIGURE 3 | The expressions of pro- and anti-apoptosis molecules in the different treatment groups using Western blot and RT-PCR techniques. The expressions of

Bcl-2, Bax, and caspase-3 by Western blot (A–D) and RT-PCR (E–G). Liraglutide partly decreased the expressions of Bax and caspase-3, whereas increased the

Bcl-2 expression in a high glucose culture and the inhibitor LY294002 partly reversed the liraglutide-induced effects. CON, control; HG, high glucose; LIR, liraglutide;

LY, LY294002. Data are presented as Mean ± SD (n = 3). *P < 0.05.

In our study, we chose the concentration of liraglutide at
100 nM as an optimum concentration (35, 46). Results showed
that high glucose markedly increased the percentage of apoptosis
and regulated the gene and protein expression related to
apoptosis that down-regulated levels of anti-apoptosis molecules
(Bcl-2) and up-regulated levels of pro-apoptosis molecules (Bax,
caspase-3). The addition of liraglutide significantly decreased
the cell apoptosis ratio, up-regulated expression of Bcl-2, and
down-regulated Bax and caspase-3 in a high glucose culture.

We further explored the signaling transduction pathway in
the protective effects of liraglutide against high glucose-induced

NPCs apoptosis. GLP-1 has been reported to be involved in
inhibition apoptosis in various cells. GLP-1 binding to GLP-1R
leads to the activation of specific signaling pathways including
mitogen-activated protein kinase (MAPK, phospholipase C,
cAMP/PKA, and PI3K)/Akt (55). Among them, PI3K/Akt
pathway plays an important role in regulating the biology
of disc cells, and has been reported to interfere with the
process for NPCs apoptosis (56–58). The mTOR and GSK3β
are downstream effectors of the PI3K/Akt signaling, which can
be activated via PI3K/Akt signaling and has been reported
to inhibit apoptosis (58–61). To our knowledge, as a GLP-1
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FIGURE 4 | The Western blot assessments of the activations of PI3K/Akt/mTOR/caspase-3 and PI3K/Akt/GSK3β/caspase-3 signaling pathways in anti-apoptotic

effects of liraglutide. Cells were exposed to liraglutide (100 nM) and LY294002 (20µM), respectively. The outcomes of Western blotting on the expressions of Akt

(A,B), mTOR (A,C), and GSK3β (A,D). In further assessments, cells were incubated with 100 nM liraglutide and rapamycin or SB216763, respectively. Results of

Western blot assessments on expressions of mTOR (E,F), GSK3β (H,I), and caspase-3 (G,J). CON, control; HG, high glucose; LIR, liraglutide; LY, LY294002. Data

are expressed as Mean ± SD (n = 3). *P < 0.05.

agonist, liraglutide exerts its physiological functions through
binding to GLP-1R and can activate PI3K/Akt signaling
cascade (35, 62). Our data show that liraglutide (100 nM)

largely rescued the phosphorylation of Akt, mTOR, and
GSK3β (which was inhibited by high glucose) and decreased
caspase-3 levels. The LY294002, a PI3K inhibitor, blocks
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FIGURE 5 | Role of GLP-1R in NPCs apoptosis under high-glucose treatment. (A) Western blot analysis showed GLP-1R protein was expressed in the NPCs. (B)

Silencing GLP-1R with siRNA transfection lead to the liraglutide anti-apoptotic effect inhibition. Before liraglutide (LIR) treatment, cells were treated with GLP-1R siRNA

(SiGLP-1R) or negative control siRNA (SiCON), then assessed for apoptosis using cell death detection ELISAPLUS assay. Data are presented as Mean ± SD (n = 3).

*P < 0.05.

PI3K/Akt signaling pathway in mammalian cells. Treatment
with LY294002 significantly increased the apoptosis of NPCs
and reduced the levels of their downstream substrates (p-
AKT, p-mTOR, and p-GSK3β). To further investigate this
issue, rapamycin and SB216763 were used to inhibit activation
of mTOR and GSK3β, respectively. Treatment of NPCs with
rapamycin and SB216763 induced a significantly increase
in caspase-3 levels, which is a critical enzyme for cell
survival and apoptosis (63). Therefore, we speculated that
the PI3K/Akt/mTOR/caspase-3 and PI3K/Akt/GSK3β/ caspase-
3 signaling pathways are involved in the protective effects
of liraglutide against high glucose-induced NPCs apoptosis.
Furthermore, we ascertained that GLP-1R was expressed in the
NPCs. The anti-apoptosis effect of liraglutide was blocked by the
inhibition of GLP-1R with siRNA, indicating that the protective
effect against high glucose-induced NPCs apoptosis is mediated
by GLP-1R.

CONCLUSION

This study investigated the protective effects of liraglutide against
high glucose-induced apoptosis in NPCs and also the involved
molecular signaling pathways. In conclusion, the present study
suggested that liraglutide could attenuate high glucose induced
NPCs apoptosis and the activation of PI3K/Akt/mTOR/caspase-
3 and PI3K/Akt/GSK3β/caspase-3 signaling pathways may be
responsible for its protective effects by binding to GLR-1R. This
study provides some theoretical basis for the application of
liraglutide in retarding disc degeneration, which still requires
further clarification. Future studies should be conducted to
determine the precise mechanisms underlying the differential
effects of liraglutide on apoptosis and the related processes such
as autophagy to optimize the anti-apoptotic and cytoprotective
effects of liraglutide.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories
and accession number(s) can be found in the
article/supplementary material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by local ethics committee of the Third Hospital of
Hebei Medical University, Shijiazhuang, China (2018-015-1).
Written informed consent for participation was not required for
this study in accordance with the national legislation and the
institutional requirements.

AUTHOR CONTRIBUTIONS

YL and MY: conceptualization. XB: methodology. JZ: software
and data curation. ZL and MY: validation, writing—original
draft preparation, and supervision. JM: formal analysis and
resources. ZL: investigation and visualization. YL: writing—
review and editing, project administration, and funding
acquisition. All authors contributed to the article and approved
the submitted version.

ACKNOWLEDGMENTS

Authors gratefully express their gratitude to all those who have
helped authors during the experiments. Moreover, authors thank
the staffs of the Hebei Medical University who have assisted the
conducting of this study.

Frontiers in Medicine | www.frontiersin.org 9 February 2021 | Volume 8 | Article 630962

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Yao et al. Liraglutide Inhibits Apoptosis of NPCs

REFERENCES

1. Steffens D, Maher CG, Pereira LSM, Stevens ML, Oliveira VC, Chapple M,
et al. Prevention of lowback pain a systematic review andmeta-analysis. JAMA

Intern Med. (2016) 176:199–208. doi: 10.1001/jamainternmed.2015.7431
2. Jiang Z, Lu W, Zeng Q, Li D, Ding L, Wu J. High glucose-induced

excessive reactive oxygen species promote apoptosis through mitochondrial
damage in rat cartilage endplate cells. J Orthop Res. (2018) 36:2476–
83. doi: 10.1002/jor.24016

3. Park JS, Park JB, Park IJ, Park EY. Accelerated premature stress-
induced senescence of young annulus fibrosus cells of rats
by high glucose-induced oxidative stress. Int Orthop. (2014)
38:1311–20. doi: 10.1007/s00264-014-2296-z

4. Kong CG, Park JB, Kim MS, Park EY. High glucose accelerates autophagy
in adult rat intervertebral disc cells. Asian Spine J. (2014) 8:543–
8. doi: 10.4184/asj.2014.8.5.543

5. Oh CD, Im HJ, Suh J, Chee A, An H, Chen D. Rho-associated kinase inhibitor
immortalizes rat nucleus pulposus and annulus fibrosus cells. Spine. (2016)
41:E255–61. doi: 10.1097/BRS.0000000000001235

6. Gu T, Shi Z, Wang C, Chen C, Wu J, Wang D, et al. Human bone
morphogenetic protein 7 transfected nucleus pulposus cells delay the
degeneration of intervertebral disc in dogs. J Orthop Res. (2017) 35:1311–
22. doi: 10.1002/jor.22995

7. Cheng X, Ni B, Zhang F, Hu Y, Zhao J. High glucose-induced oxidative stress
mediates apoptosis and extracellular matrix metabolic imbalances possibly via
p38 MAPK activation in rat nucleus pulposus cells. J Diabetes Res. (2016)
2016:3765173. doi: 10.1155/2016/3765173

8. Jalewa J, Sharma MK, Hölscher C. Novel incretin analogues improve
autophagy and protect from mitochondrial stress induced by rotenone in
SH-SY5Y cells. J Neurochem. (2016) 139:55–67. doi: 10.1111/jnc.13736

9. Korbut AI, Klimontov VV. Incretin-based therapy: renal effects. Diabetes
Mellit. (2016) 19:53–63. doi: 10.14341/DM7727

10. Chen J, Xie JJ, Shi KS, Gu YT, Wu CC, Xuan J, et al. Glucagon-
like peptide-1 receptor regulates endoplasmic reticulum stress-induced
apoptosis and the associated inflammatory response in chondrocytes
and the progression of osteoarthritis in rat. Cell Death Dis. (2018)
9:212. doi: 10.1038/s41419-017-0217-y

11. Marlet IR, Ölmestig JNE, Vilsbøll T, Rungby J, Kruuse C. Neuroprotective
mechanisms of glucagon-like peptide-1-based therapies in ischaemic stroke: a
systematic review based on pre-clinical studies. Basic Clin Pharmacol Toxicol.

(2018) 122:559–69. doi: 10.1111/bcpt.12974
12. Nauck MA, Quast DR, Wefers J, Meier JJ. GLP-1 receptor agonists in the

treatment of type 2 diabetes – state-of-the-art. Mol Metab. (2020) 14:101102-
28. doi: 10.1016/j.molmet.2020.101102

13. Suzuki S, Kawai K, Ohashi S, Mukai H, Murayama Y, Yamashita K. Reduced
insulinotropic effects of glucagonlike peptide I-(7-36)-amide and gastric
inhibitory polypeptide in isolated perfused diabetic rat pancreas. Diabetes.
(1990) 39:1320–5. doi: 10.2337/diabetes.39.11.1320

14. Hayes MR, Kanoski SE, Alhadeff AL, Grill HJ. Comparative effects of
the long-acting GLP-1 receptor ligands, liraglutide and exendin-4, on food
intake and body weight suppression in rats. Obesity. (2011) 19:1342–
9. doi: 10.1038/oby.2011.50

15. Hinnen D. Glucagon-like peptide 1 receptor agonists for type 2 diabetes.
Diabetes Spectr. (2017) 30:202–10. doi: 10.2337/ds16-0026

16. Guo XH. The value of short- and long-acting glucagon-like peptide-1 agonists
in themanagement of type 2 diabetesmellitus: experience with exenatide.Curr
Med Res Opin. (2016) 32:61–76. doi: 10.1185/03007995.2015.1103214

17. Gupta V. Glucagon-like peptide-1 analogues: an overview. Indian J Endocrinol
Metab. (2013) 17:413. doi: 10.4103/2230-8210.111625

18. Htike ZZ, Zaccardi F, Papamargaritis D, Webb DR, Khunti K, Davies MJ.
Efficacy and safety of glucagon-like peptide-1 receptor agonists in type
2 diabetes: a systematic review and mixed-treatment comparison analysis.
Diabetes Obes Metab. (2017) 19:524–36. doi: 10.1111/dom.12849

19. Ying Y, Zhu H, Liang Z, Ma X, Li S. GLP1 protects cardiomyocytes
from palmitate-induced apoptosis via Akt/GSK3b/b-catenin pathway. J Mol

Endocrinol. (2015) 55:245–62. doi: 10.1530/JME-15-0155
20. De Nigris VD, Prattichizzo F, Mancuso E, Spiga R, Pujadas G, Ceriello

A. Teneligliptin enhances the beneficial effects of GLP-1 in endothelial

cells exposed to hyperglycemic conditions. Oncotarget. (2018) 9:8898–
910. doi: 10.18632/oncotarget.22849

21. Tudurí E, LópezM, Diéguez C, Nadal A, Nogueiras R. Glucagon-like peptide 1
analogs and their effects on pancreatic islets. Trends Endocrinol Metab. (2016)
27:304–18. doi: 10.1016/j.tem.2016.03.004

22. Madsbad S, Kielgast U, Asmar M, Deacon CF, Torekov SS, Holst JJ.
An overview of once-weekly glucagon-like peptide-1 receptor agonists-
available efficacy and safety data and perspectives for the future.
Diabetes Obes Metab. (2011) 27:394–407. doi: 10.1111/j.1463-1326.2011.
01357.x

23. Yao MY, Jing Z, Guo SQ, Bai XL, Li ZH, Xue Z. Liraglutide inhibits
the apoptosis of human nucleus pulposus cells induced by high glucose
through PI3K/Akt/caspase-3 signaling pathway. Biosci Rep. (2019) 39:1–
11. doi: 10.1042/BSR20190109

24. Kapodistria K, Tsilibary EP, Kotsopoulou E, Moustardas P, Kitsiou P.
Liraglutide, a human glucagon-like peptide-1 analogue, stimulates AKT-
dependent survival signalling and inhibits pancreatic β-cell apoptosis. J Cell
Mol Med. (2018) 22:2970–80. doi: 10.1111/jcmm.13259

25. Hendarto H, Inoguchi T, Maeda Y, Ikeda N, Zheng J, Takei R, et al.
GLP-1 analog liraglutide protects against oxidative stress and albuminuria
in streptozotocin-induced diabetic rats via protein kinase A-mediated
inhibition of renal NAD(P)H oxidases. Metabolism. (2012) 61:1422–
34. doi: 10.1016/j.metabol.2012.03.002

26. Cheng S, Zhang X, Xu Y, Dai X, Li J, Zhang T, et al. Krüppel-like factor 8
regulates VEGFA expression and angiogenesis in hepatocellular carcinoma.
Sci Rep. (2018) 8:17415. doi: 10.1038/s41598-018-35786-6

27. Li D, Qu X, Hou K, Zhang Y, Dong Q, Teng Y, et al. PI3K/Akt is involved
in bufalin-induced apoptosis in gastric cancer cells. Anticancer Drugs. (2009)
20:59–64. doi: 10.1097/CAD.0b013e3283160fd6

28. Zhou, Muxiang, Lubing Gu, Harry W. Findley, Rong Jiang WGW. PTEN
reverses MDM2-mediated Chemotherapy resistance by interacting with
p53 in acute lymphoblastic leukemia cells | cancer research. Cancer Res.

(2003) 63:6357–62. Available online at: https://cancerres.aacrjournals.org/
content/canres/63/19/6357.full.pdf

29. MartiniM, De SantisMC, Braccini L, Gulluni F, Hirsch E. PI3K/AKT signaling
pathway and cancer: an updated review. Ann Med. Inform Healthc. (2014)
46:372–83. doi: 10.3109/07853890.2014.912836

30. Hui H, Nourparvar A, Zhao X, Perfetti R. Glucagon-like peptide-1 inhibits
apoptosis of insulin-secreting cells via a cyclic 5

′
-adenosine monophosphate-

dependent protein kinase A- and a phosphatidylinositol 3-kinase-dependent
pathway. Endocrinology. (2003) 44:1444–55. doi: 10.1210/en.2002-220897

31. Wang X, Chen J, Rong C, Pan F, Zhao X, Hu Y. GLP-1RA promotes brown
adipogenesis of C3H10T1/2 mesenchymal stem cells via the PI3K-AKT-
mTOR signaling pathway. Biochem Biophys Res Commun. (2018) 506(4):976–
82. doi: 10.1016/j.bbrc.2018.10.197

32. Wu X, Li S, Xue P, Li Y. Liraglutide inhibits the apoptosis of MC3T3-
E1 cells induced by serum deprivation through cAMP/PKA/β-catenin
and PI3K/AKT/GSK3β signaling pathways. Mol Cells. (2018) 41:234–43.
doi: 10.14348/molcells.2018.2340

33. Suzuki T, Nishida K, Kakutani K, Maeno K, Yurube T, Takada T, et al.
Sustained long-term RNA interference in nucleus pulposus cells in vivo

mediated by unmodified small interfering RNA. Eur Spine J. (2009) 18:263–
70. doi: 10.1007/s00586-008-0873-9

34. Kakutani K, Nishida K, Uno K, Takada T, Shimomura T, Maeno K, et al.
Prolonged down regulation of specific gene expression in nucleus pulposus
cell mediated by RNA interference in vitro. J Orthop Res. (2006) 24:1271–
8. doi: 10.1002/jor.20171

35. Huang YC, Hu Y, Li Z, Luk KDK. Biomaterials for intervertebral disc
regeneration: current status and looming challenges. J Tissue Eng Regen Med.
(2018) 12:2188–202. doi: 10.1002/term.2750

36. Park TSW, Kuo A, Smith MT. Chronic low back pain: a mini-review
on pharmacological management and pathophysiological insights from
clinical and pre-clinical data. Inflammopharmacology. (2018) 26:881–
98. doi: 10.1007/s10787-018-0493-x

37. Yang Y, Wang X, Liu Z, Xiao X, Hu W, Sun Z. Osteogenic protein-
1 attenuates nucleus pulposus cell apoptosis through activating the
PI3K/Akt/mTOR pathway in a hyperosmotic culture. Biosci Rep. (2018)
38:BSR20181708. doi: 10.1042/BSR20181708

Frontiers in Medicine | www.frontiersin.org 10 February 2021 | Volume 8 | Article 630962

https://doi.org/10.1001/jamainternmed.2015.7431
https://doi.org/10.1002/jor.24016
https://doi.org/10.1007/s00264-014-2296-z
https://doi.org/10.4184/asj.2014.8.5.543
https://doi.org/10.1097/BRS.0000000000001235
https://doi.org/10.1002/jor.22995
https://doi.org/10.1155/2016/3765173
https://doi.org/10.1111/jnc.13736
https://doi.org/10.14341/DM7727
https://doi.org/10.1038/s41419-017-0217-y
https://doi.org/10.1111/bcpt.12974
https://doi.org/10.1016/j.molmet.2020.101102
https://doi.org/10.2337/diabetes.39.11.1320
https://doi.org/10.1038/oby.2011.50
https://doi.org/10.2337/ds16-0026
https://doi.org/10.1185/03007995.2015.1103214
https://doi.org/10.4103/2230-8210.111625
https://doi.org/10.1111/dom.12849
https://doi.org/10.1530/JME-15-0155
https://doi.org/10.18632/oncotarget.22849
https://doi.org/10.1016/j.tem.2016.03.004
https://doi.org/10.1111/j.1463-1326.2011.01357.x
https://doi.org/10.1042/BSR20190109
https://doi.org/10.1111/jcmm.13259
https://doi.org/10.1016/j.metabol.2012.03.002
https://doi.org/10.1038/s41598-018-35786-6
https://doi.org/10.1097/CAD.0b013e3283160fd6
https://cancerres.aacrjournals.org/content/canres/63/19/6357.full.pdf
https://cancerres.aacrjournals.org/content/canres/63/19/6357.full.pdf
https://doi.org/10.3109/07853890.2014.912836
https://doi.org/10.1210/en.2002-220897
https://doi.org/10.1016/j.bbrc.2018.10.197
https://doi.org/10.14348/molcells.2018.2340
https://doi.org/10.1007/s00586-008-0873-9
https://doi.org/10.1002/jor.20171
https://doi.org/10.1002/term.2750
https://doi.org/10.1007/s10787-018-0493-x
https://doi.org/10.1042/BSR20181708
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Yao et al. Liraglutide Inhibits Apoptosis of NPCs

38. Mobbs RJ, Newcombe RL, Chandran KN. Lumbar discectomy and the
diabetic patient: incidence and outcome. J Clin Neurosci. (2001) 8:10–
3. doi: 10.1054/jocn.2000.0682

39. Park EY, Park JB. Dose- and time-dependent effect of high glucose
concentration on viability of notochordal cells and expression
of matrix degrading and fibrotic enzymes. Int Orthop. (2013)
37:1179–86. doi: 10.1007/s00264-013-1836-2

40. Hou G, Zhao H, Teng H, Li P, Xu W, Zhang J, et al. N-cadherin
attenuates high glucose-induced nucleus pulposus cell senescence through
regulation of the ROS/NF-κB pathway. Cell Physiol Biochem. (2018) 47:257–
65. doi: 10.1159/000489804

41. Papaliagkas V, Anogianaki A, Anogianakis G, Ilonidis G. The proteins and
the mechanisms of apoptosis: a mini-review of the fundamentals.Hippokratia.
(2007) 11:108–13.

42. Mihara M, Erster S, Zaika A, Petrenko O, Chittenden T, Pancoska P, et al.
p53 has a direct apoptogenic role at the mitochondria results p53 rapidly
accumulates at mitochondria of primary thymocytes undergoing γIR-. Mol

Cell. (2003) 11:577–90. doi: 10.1016/S1097-2765(03)00050-9
43. Ghavami S, Shojaei S, Yeganeh B, Ande SR, Jangamreddy JR, Mehrpour M,

et al. Autophagy and apoptosis dysfunction in neurodegenerative disorders.
Prog Neurobiol. (2014) 112:24–49. doi: 10.1016/j.pneurobio.2013.10.004

44. Rybak LP, Ramkumar V. Ototoxicity. Kidney Int. (2007) 72:931–
5. doi: 10.1038/sj.ki.5002434

45. Hock JM, Krishnan V, Onyia JE, Bidwell JP, Milas J, Stanislaus D, et al.
Osteoblast apoptosis and bone turnover. J Bone Miner Res. (2001) 16:975–
84. doi: 10.1359/jbmr.2001.16.6.975

46. Miao XY, Gu ZY, Liu P, Hu Y, Li L, Gong YP, et al. The human glucagon-like
peptide-1 analogue liraglutide regulates pancreatic beta-cell proliferation and
apoptosis via an AMPK/mTOR/P70S6K signaling pathway. Peptides. (2013)
39:71–9. doi: 10.1016/j.peptides.2012.10.006

47. Wu X, Li S, Xue P, Li Y. Liraglutide, a glucagon-like peptide-1 receptor
agonist, facilitates osteogenic proliferation and differentiation in MC3T3-
E1 cells through phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT),
extracellular signal-related kinase (ERK)1/2, and cAMP/pro. Exp Cell Res.
(2017) 360:281–91. doi: 10.1016/j.yexcr.2017.09.018

48. Zhou Y, He X, Chen Y, Huang Y, Wu L, He J. Exendin-4 attenuates cardiac
hypertrophy via AMPK/mTOR signaling pathway activation. Biochem Biophys

Res Commun. (2015) 468:394–9. doi: 10.1016/j.bbrc.2015.09.179
49. Kim W, Egan JM. The role of incretins in glucose homeostasis and diabetes

treatment. Pharmacol Rev. (2008). 60:470–512. doi: 10.1124/pr.108.000604
50. Arden C. A role for Glucagon-Like Peptide-1 in the regulation of β-cell

autophagy. Peptides. (2018) 100:85–93. doi: 10.1016/j.peptides.2017.12.002
51. Freeman JS. Role of the incretin pathway in the pathogenesis of

type 2 diabetes mellitus. Cleve Clin J Med. (2009) 76(Suppl. 5):S12–
9. doi: 10.3949/ccjm.76.s5.03

52. Farilla L, Hongxiang H, Bertolotto C, Kang E, Bulotta A, Mario
UDI, et al. Glucagon-like peptide-1 promotes islet cell growth and
inhibits apoptosis in Zucker diabetic rats. Endocrinology. (2002) 143:4397–
408. doi: 10.1210/en.2002-220405

53. Baggio LL, Drucker DJ. Biology of incretins: GLP-1 andGIP.Gastroenterology.
(2007) 132:2131–57. doi: 10.1053/j.gastro.2007.03.054

54. Wajcberg E, Amarah A. Liraglutide in the management of type 2
diabetes. Drug Design Dev Ther. (2010) 4:279–90. doi: 10.2147/DDDT.
S10180

55. Liu Z, Habener JF. Glucagon-like peptide-1 activation of TCF7L2-dependent
Wnt signaling enhances pancreatic beta cell proliferation. J Biol Chem. (2008)
283:8723–35. doi: 10.1074/jbc.M706105200

56. Gao J, Zhang Q, Song L. Resveratrol enhances matrix biosynthesis of nucleus
pulposus cells through activating autophagy via the PI3K/Akt pathway
under oxidative damage. Biosci Rep. (2018) 38:20180544. doi: 10.1042/
BSR20180544

57. Wang T, Yang SD, Liu S, Wang H, Liu H, Ding WY. 17β-estradiol
inhibites tumor necrosis factor-α induced apoptosis of human nucleus
pulposus cells via the PI3K/Akt pathway. Med Sci Monit. (2016) 22:4312–
22. doi: 10.12659/MSM.900310

58. Li P, Liang Z, Hou G, Song L, Zhang R, Gan Y, et al. N-cadherin-mediated
activation of PI3K/Akt-GSK-3β signaling attenuates nucleus pulposus cell
apoptosis under high-magnitude compression. Cell Physiol Biochem. (2017)
44:229–39. doi: 10.1159/000484649

59. Liu Z, Wang F, Zhou ZW, Xia HC, Wang XY, Yang YX, et al. Alisertib
induces G2/M arrest, apoptosis, and autophagy via PI3K/Akt/mTOR-and p38
MAPK-mediated pathways in human glioblastoma cells. Am J Transl Res.

(2017) 9:845–73.
60. Liu F, Gao S, Yang Y, Zhao X, Fan Y, Ma W, et al. Antitumor activity of

curcumin by modulation of apoptosis and autophagy in human lung cancer
A549 cells through inhibiting PI3K/Akt/mTOR pathway. Oncol Rep. (2018)
39:1523–31. doi: 10.3892/or.2018.6188

61. Kim DE, Kim B, Shin HS, Kwon HJ, Park ES. The protective effect of hispidin
against hydrogen peroxide-induced apoptosis in H9c2 cardiomyoblast cells
through Akt/GSK-3β and ERK1/2 signaling pathway. Exp Cell Res. (2014)
327:264–75. doi: 10.1016/j.yexcr.2014.07.037

62. Kimura R, Okouchi M, Fujioka H, Ichiyanagi A, Ryuge F,
Mizuno T, et al. Glucagon-like peptide-1 (GLP-1) protects
against methylglyoxal-induced PC12 cell apoptosis through the
PI3K/Akt/mTOR/GCLc/redox signaling pathway. Neuroscience. (2009)
162:1212–9. doi: 10.1016/j.neuroscience.2009.05.025

63. Miura M, Chen XD, Allen MR, Bi Y, Gronthos S, Seo BM, et al. A
crucial role of caspase-3 in osteogenic differentiation of bone marrow
stromal stem cells. J Clin Invest. (2004) 114:1704–13. doi: 10.1172/
JCI20427

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Yao, Zhang, Li, Bai, Ma and Li. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medicine | www.frontiersin.org 11 February 2021 | Volume 8 | Article 630962

https://doi.org/10.1054/jocn.2000.0682
https://doi.org/10.1007/s00264-013-1836-2
https://doi.org/10.1159/000489804
https://doi.org/10.1016/S1097-2765(03)00050-9
https://doi.org/10.1016/j.pneurobio.2013.10.004
https://doi.org/10.1038/sj.ki.5002434
https://doi.org/10.1359/jbmr.2001.16.6.975
https://doi.org/10.1016/j.peptides.2012.10.006
https://doi.org/10.1016/j.yexcr.2017.09.018
https://doi.org/10.1016/j.bbrc.2015.09.179
https://doi.org/10.1124/pr.108.000604
https://doi.org/10.1016/j.peptides.2017.12.002
https://doi.org/10.3949/ccjm.76.s5.03
https://doi.org/10.1210/en.2002-220405
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.2147/DDDT.S10180
https://doi.org/10.1074/jbc.M706105200
https://doi.org/10.1042/BSR20180544
https://doi.org/10.12659/MSM.900310
https://doi.org/10.1159/000484649
https://doi.org/10.3892/or.2018.6188
https://doi.org/10.1016/j.yexcr.2014.07.037
https://doi.org/10.1016/j.neuroscience.2009.05.025
https://doi.org/10.1172/JCI20427~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Liraglutide Protects Nucleus Pulposus Cells Against High-Glucose Induced Apoptosis by Activating PI3K/Akt/ mTOR/Caspase-3 and PI3K/Akt/GSK3β/Caspase-3 Signaling Pathways
	Background
	Materials and Methods
	Cell Culture and Experimental Design
	Measurement of Cell Viability
	Apoptosis Assessment by Flow Cytometric Analysis
	Apoptosis Determination by ELISA
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
	Small Interfering RNA (siRNA) Silencing
	Western Blotting Analysis
	Statistical Analysis

	Results
	Liraglutide Inhibits High-Glucose Induced Apoptosis in NPCs
	Liraglutide Regulates the Apoptosis Related Gene Expressions in NPCs
	PI3K/Akt/mTOR/Caspase-3 and PI3K/Akt/GSK3β/Caspase-3 Pathways Mediate Liraglutide Anti-apoptosis Effects in NPCs
	Role of GLP-1R in Liraglutide Induced NPCs Apoptosis

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


