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Diabetes mellitus- (DM-) associated hyperglycemia promotes apoptosis of disc nucleus pulposus (NP) cells, which is a contributor
to intervertebral disc degeneration (IDD). Melatonin is able to protect against cell apoptosis. However, its effects on apoptosis of
NP cell in a high-glucose culture remain unclear. The purpose of the present study was to investigate the effects and molecular
mechanism of melatonin on NP cell apoptosis in a high-glucose culture. NP cells were cultured in the baseline medium
supplemented with a high-glucose concentration (0.2M) for 3 days. The control cells were only cultured in the baseline
medium. Additionally, the pharmaceutical inhibitor LY294002 was added along with the culture medium to investigate the
possible role of the PI3K/Akt pathway. Apoptosis, autophagy, and activity of the PI3K/Akt pathway of NP cells among these
groups were evaluated. Compared with the control NP cells, high glucose significantly increased cell apoptosis ratio and
caspase-3/caspase-9 activity and decreased mRNA expression of Bcl-2, whereas it increased mRNA or protein expression of
Bax, caspase-3, cleaved caspase-3, cleaved PARP, and autophagy-related molecules (Atg3, Atg5, Beclin-1, and LC3-II) and
decreased protein expression of p-Akt compared with the control cells. Additionally, melatonin partly inhibited the effects of
high glucose on those parameters of cell apoptosis, autophagy, and activation of PI3K/Akt. In conclusion, melatonin attenuates
apoptosis of NP cells through inhibiting the excessive autophagy via the PI3K/Akt pathway in a high-glucose culture. This
study provides new theoretical basis of the protective effects of melatonin against disc degeneration in a DM patient.

1. Introduction

Intervertebral disc degeneration- (IDD-) caused low back
pain is a painful dilemma around world. It is a main contrib-
utor of physical disability and work absence [1]. Recently,
several studies demonstrated that diabetes mellitus (DM) is
a risk factor of IDD in a DM patient, and DM patients have
a higher incidence and a faster progress of IDD than non-
DM patients [2–5]. Furthermore, several basic researches
reported that DM-associated hyperglycemia is harmful to
the health biology of disc cells [6–14]. Currently, many

researchers have managed to investigate the pathogenesis
of IDD in DM patients.

The individual intervertebral disc (IVD) includes the
annulus fibrosus (AF) tissue, nucleus pulposus (NP) tissue,
and cartilaginous endplate tissue [15]. With aging and
degeneration of IVD, the NP region first exhibits alterations
in extracellular matrix biosynthesis and matrix denaturation
[16]. In the NP tissue, NP cells are the primary cells which
are responsible for matrix biosynthesis and degeneration
[17]. Previous studies have reached a consensus that disc
NP cell apoptosis plays an implicate role in initiating and
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accelerating the disc degeneration process [18–25]. Addi-
tionally, several studies found that a high-glucose culture
facilitates disc cell apoptosis [6, 11, 14, 26]. Hence, attenua-
tion of disc cell apoptosis in the high-glucose environment
might be a potential approach to slow down disc degenera-
tion progress in DM patients.

Melatonin is a pineal gland released molecule with low
toxicity, high solubility, and important effects on mitochon-
drial homeostasis [27, 28]. Based on previous studies, mela-
tonin is able to resist oxidative stress reaction, inflammation
response, and cellular apoptosis in animal models of
cartilage degeneration [29–31]. Cartilage degeneration is a
similar pathological progression compared with disc degen-
eration, and there are few studies that reported the role of
melatonin in disc degeneration [32–34]. Previously, several
researchers have demonstrated that high glucose promotes
cellular apoptosis [7, 11, 14, 35, 36] and accelerates cellular
autophagy in disc cells [8, 12]. In light of the excessive
autophagy being detrimental to health cellular biology, we
deduced that inhibition of excessive autophagy may be able
to suppress high glucose-caused apoptosis of NP cells. There-
fore, this study was aimed at investigating whether melatonin
has protective effects against high-glucose culture-mediated
NP cell apoptosis, and the relationship between melatonin,
NP cell apoptosis, and autophagy in a high-glucose culture,
as well as the potential signaling pathways.

2. Materials and Methods

2.1. Ethical Statement. The animal experiments of this study
are approved by the Ethics Committee at the Third Affiliated
Hospital of Shandong First Medical University.

2.2. NP Cell Separation and Culture. In total, there are
twenty-eight rats (220-250 g weight and 8-9 weeks old) were
used for NP cell isolation in the present study. Briefly, after
intraperitoneal injection of chloride hydrate with a ratio of
300mg/kg (dosage/weight), the lumbar spine (L1-L5) was
obtained under sterile conditions. Then, the attached soft
tissues were removed to obtain intact IVDs, followed by
the central NP tissue digestion with 0.25 type II collagenase
(Gibco, USA) for 20 minutes in the cell thermostatic incuba-
tor. Thereafter, NP cells were resuspended in DMEM/F12
medium supplemented with 15% fetal bovine serum (FBS;
Invitrogen, USA) and subcultured when reaching to the
80%-90% confluence. The passage-3 cells were subjected to
each assays designed in this study. Here, the control NP cells
were just cultured in basic medium whereas the experimen-
tal NP cells were cultured in a basic medium supplemented
with a high-glucose concentration (0.2M) for 3 days. Mela-
tonin (1.0mM, this concentration was referred to a previous
study [37]) was used to study its role in regulating apoptosis
of NP cells. The pharmaceutical inhibitor LY294002 with a
concentration of 10μM was used to observe the potential
effects of the PI3K/Akt pathway.

2.3. Flow Cytometry Assay. Briefly, after the collected NP
cells floated in the culture medium and attached in the cul-
ture plate were rinsed with phosphate buffer solution (PBS)

for 3 times, 20 × 104 cells per group were incubated with
Annexin V-FITC binding buffer (195μL), followed by incu-
bation with Annexin V-FITC solution (5μL) and propidium
iodide (PI, 10μL) solution according to the operation steps
(Beyotime, China). Finally, a flow cytometry machine was
used to analyze apoptotic cell ratio. Here, both the early
and late apoptotic cells were calculated.

2.4. Caspase Activity Measurement. In this study, we used
specific commercial kit (Beyotime, China) to detect activity
of caspase-3 and caspase-9. Briefly, after culture under
different conditions, NP cells were collected and treated with
lysis buffer provided in the chemical kit. Then, the protein
supernatant was used to prepare the reaction system,
followed by the measurement of the absorbance value at a
wavelength of 405nm. Based on the prepared standard curve
and the absorbance value, activity of caspase-3 and caspase-9
was calculated.

2.5. Real-Time Polymerase Chain Reaction (PCR) Analysis.
After NP cells were cultured under different conditions, total
RNA was extracted from them using TRIzol reagent (Beyo-
time, China) and 1μg of RNA was synthesized into cDNA.
Then, a Real-Time PCR System (Thermo, USA) was used
to perform the real-time PCR with SYBR Green Mix (Qia-
gen, Germany) for a total of 40 cycles. GAPDH was designed
as an internal normalization. Primers of our target genes
were showed in Table 1. The relative mRNA expression
was calculated according to the method of 2−△△Ct.

2.6. Western Blot Analysis. After NP cells were cultured
under different conditions, they were incubated with RIPA
lysis buffer (TIANGEN, Bejing, China) to extract the total
protein sample. Thereafter, protein samples (50μg per
group) were separated by 12% sodium salt- (SDS-) poly-
acrylamide gel electrophoresis (PAGE) gels and transferred
to the polyvinylidene fluoride (PVDF) membrane (Milli-
pore, USA). After the PVDF membranes were incubated
using 5% bovine serum albumin (BSA, Beyotime, China)
to block nonspecific staining sites, they were probed by the
specific primary antibodies (GAPDH: Abcam, ab181602;
Cleaved caspase-3: Abcam, ab49822; Cleaved PARP: Cell
Signaling Technology, #94885; Akt: Cell Signaling Technol-
ogy, #4685S; Phospho-Akt: Cell Signaling Technology,
#4060S; Beclin-1: Abcam, ab207612; and LC3: Cell Signaling
Technology, #3868) and the corresponding horse radish
peroxidase- (HRP-) conjugated secondary antibodies.
Finally, after the protein bands on the PVDF membrane
were developed by the enhanced chemiluminescence (ECL)
solution, the gray value of target proteins was measured
using the Quantity One software (Bio-Rad, USA) and nor-
malized to GAPDH.

2.7. Statistical Analysis. All experiment data were represented
asmeans ± standard deviation. The data were analyzed using
the SPSS software (version 16.0). Student’s t-test was per-
formed to measure the statistical difference between two
designed groups, whereas the one-way analysis of variance
and the following post-LSD test were performed to measure

2 BioMed Research International



statistical difference among the three designed groups. A
statistical difference was suggested when p < 0:05.

3. Results

3.1. Cell Apoptosis Ratio. After NP cells were cultured in the
medium supplemented with a high-glucose concentration,
the NP cell apoptosis ratio was significantly increased com-
pared with the control NP cells. However, addition of mela-
tonin into the high-glucose culture medium partly declined
cellular apoptosis ratio (Figure 1).

3.2. Caspase-3/Caspase-9 Activity. Results showed that both
caspase-3 activity and caspase-9 activity were increased after
being cultured in the medium supplemented with a high-
glucose concentration. However, melatonin decreased activ-
ity of them in a high-glucose environment (Figure 2).

3.3. Expression of Apoptosis-Related Molecules. In this study,
the mRNA expression of several common proapoptosis
genes (Bax and caspase-3) and antiapoptosis gene (Bcl-2)
was measured. NP cells cultured in the medium supple-
mented with a high-glucose concentration showed an
increase in the mRNA expression of Bax and caspase-3
and a decrease in the mRNA expression of Bcl-2 compared
with the control NP cells. Results also showed that addition
of melatonin in the high-glucose group partly decreased
mRNA expression of Bax and caspase-3 and increased
mRNA expression of Bcl-2 (Figure 3(a)). To further investi-
gate cell apoptosis, the protein expression of two classical
apoptosis proteins (cleaved caspase-3 and cleaved PARP)
was also evaluated in this study. Results showed that NP
cells cultured in the medium supplemented with a high-
glucose concentration exhibited an increased protein expres-
sion of both of these two apoptosis markers compared with
the control NP cells, whereas addition of melatonin down-
regulated their expression level in NP cells cultured in the
medium supplemented with a high-glucose concentration
(Figure 3(b)).

3.4. Expression of Autophagy-Related Molecules. In this
study, mRNA expression of several autophagy-related genes
(Beclin-1, Atg3, and Atg5) was detected. Results demon-
strated that a high-glucose culture obviously increased
mRNA expression of Beclin-1, Atg3, and Atg5 compared
with the control cells. On the contrary, addition of melato-
nin partly decreased mRNA expression of them in NP cells

cultured in the medium supplemented with a high-glucose
concentration (Figure 4(a)). Additionally, the protein
expression of autophagy molecules (Beclin-1 and LC3) was
also evaluated here. The result demonstrated that a high-
glucose culture significantly elevated protein expression of
Beclin-1 and LC3-II compared with the control cells. How-
ever, melatonin partly decreased the protein expression of
Beclin-1 and LC3-II in NP cells cultured in the medium sup-
plemented with a high-glucose concentration (Figure 4(b)).

3.5. Activity of the PI3K/Akt Signaling Pathway. In order to
investigate whether the PI3K/Akt signaling pathway func-
tioned in this regulatory process, we detected protein expres-
sion of p-Akt to reflect the activity of the PI3K/Akt signaling
pathway. Results demonstrated that a high-glucose culture
obviously decreased the protein expression of p-Akt com-
pared with the control NP cells, but addition of melatonin
partly promoted protein expression of p-Akt in NP cells cul-
tured in the medium supplemented with a high-glucose con-
centration (Figure 5).

3.6. Effects of PI3K/Akt Pathway Inhibition on NP Cell
Apoptosis. To verify the role of the PI3K/Akt signaling path-
way in this regulatory process, the inhibitor LY294002 was
used to inhibit activation of this signaling pathway in mela-
tonin (1.0mM)-treated NP cells in the high-glucose culture.
Results revealed that when the inhibitor LY294002 inhibited
activation of the PI3K/Akt pathway in melatonin (1.0mM)-

Table 1: Primers of target genes.

Gene Forward (5′-3′) Reverse (5′-3′)
GAPDH CCGCGAGTACAACCTTCTTG TGACCCATACCCACCATCAC

Bcl-2 GGGGCTACGAGTGGGATACT GACGGTAGCGACGAGAGAAG

Bax CCAGGACGCATCCACCAAGAAG GCTGCCACACGGAAGAAGACC

Caspase-3 GTACAGAGCTGGACTGCGGTATTG AGTCGGCCTCCACTGGTATCTTC

Beclin-1 AGGAGTTGCCGTTGTACTGTTCTG TGCCTCCAGTGTCTTCAATCTTGC

Atg3 TGGAAGTGGCCGAGTACCTGAC GCCATGTTGGACAGTGGTGGAC

Atg5 CTCAGCTCTGCCTTGGAACATCAC AAGTGAGCCTCAACTGCATCCTTG
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Figure 1: Analysis of nucleus pulposus (NP) cell apoptosis. NP cell
apoptosis ratio was detected by flow cytometry. Data are exhibited
as mean ± SD, n = 3. ∗A statistical difference (p < 0:05). Con:
control; HG: high glucose; HG+MLT(1.0): high glucose+1.0mM
melatonin.
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treated NP cells under a high-glucose culture, they exhibited
a significant decrease in the cell apoptosis ratio (Figure 6(a))
and caspase-3/caspase-9 activity (Figure 6(b)), an obvious
increase in mRNA expression of proapoptosis genes (Bax
and caspase-3) but a decrease in mRNA expression of the
antiapoptosis gene (Bcl-2) (Figure 6(c)), and a significant
upregulation in the mRNA expression of autophagy-
associated genes (Beclin-1, Atg3, and Atg5) (Figure 6(d)).

4. Discussion

IDD is a topic in the field of spine research. It has been well
established that disc degeneration-related disease is a main

reason for low back pain [1]. Recent studies have demon-
strated that DM-associated hyperglycemia is a contributor
to disc degeneration in DM patients [2–4]. High glucose is
proved to promote disc cell apoptosis which is an important
classical process during disc degeneration [7, 11, 14]. Mela-
tonin is effective in resisting oxidative stress reaction,
inflammation response, and cellular apoptosis in animal
models of cartilage degeneration [29–31]. The present study
was mainly aimed at investigating the role and the molecular
mechanism of melatonin in regulating high glucose-induced
NP cell apoptosis.

Hyperglycemia is an implicate microenvironment in DM
patients. Several previous studies have well studied the role
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Figure 2: Analysis of caspase-3 and caspase-9 activities in nucleus pulposus (NP) cells. (a, b) Caspase-3 activity and caspase-9 activity,
respectively. Data are exhibited as mean ± SD, n = 3. ∗A statistical difference (p < 0:05). Con: control; HG: high glucose; HG+MLT(1.0):
high glucose+1.0mM melatonin.
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Figure 3: Analysis of mRNA or protein expression of apoptosis-related molecules in nucleus pulposus (NP) cells. (a, b) The mRNA
expression results and protein expression results, respectively. Data are exhibited as mean ± SD, n = 3. ∗A statistical difference (p < 0:05).
Con: control; HG: high glucose; HG+MLT(1.0): high glucose+1.0mM melatonin.
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of high glucose in mediating disc cell biology and found that
a high-glucose culture obviously promoted apoptosis of disc
NP cells [7, 11, 14]. In our study, we found that a high-
glucose culture obviously elevated NP cell apoptosis ratio
and caspase-3/caspase-9 activity, decreased the mRNA
expression of Bcl-2, and increased the mRNA or protein
expression of some proapoptosis molecules (Bax, caspase
3, cleaved caspase-3, and cleaved PARP) compared with
the control cells, indicating that a high-glucose microenvi-

ronment aggravates disc NP cell apoptosis in this study.
Our results confirm and are in line with previous studies
[7, 11, 14].

Autophagy is a physiological event and participates in
many cell biological behaviors [38]. Appropriate cellular
autophagy is helpful to maintain the cellular homeostasis but
excessive autophagy has detrimental effects on cell biology
[39, 40]. Several previous studies have indicated that a high-
glucose environment promotes cellular autophagy of NP cells
[8] and mediates oxidative stress injury through enhancing
autophagy in disc notochordal cells [12]. In this study, we
found that a high-glucose culture significantly increased the
mRNA expression of Beclin-1, Atg3, and Atg5 and protein
expression of Beclin-1 and LC3-II compared with the control
cells, indicating that a high-glucose culture exacerbates cellu-
lar autophagy in disc NP cells. These results are consistent
with aforementioned previous studies.

Melatonin is a pineal gland released molecule with low
toxicity, high solubility, and important effects on mitochon-
drial homeostasis [27, 28]. Several research teams have
reported the effects of melatonin on biological behaviors in
disc cells. Chen et al. have reported that melatonin amelio-
rates disc degeneration through inhibition cell apoptosis
[32]; Zhang et al. have found that melatonin protects carti-
lage endplate cell apoptosis via the SIRT1-autophagy path-
way [34]; He et al. have showed that melatonin resists
oxidative stress-induced disc NP cell apoptosis [33]. These
studies showed that there is a close relationship among mel-
atonin, autophagy, and cell apoptosis. Here, our results
showed that melatonin decreased the apoptosis ratio and
caspase-3/caspase-9 activity and increased the mRNA

Re
lat

iv
e g

en
e e

xp
re

ss
io

n
(B

ec
lin

-1
 m

RN
A

)

Control HG HG+MLT
0

10
⁎

⁎

8

6

4

2

Re
lat

iv
e g

en
e e

xp
re

ss
io

n
(A

tg
3 

m
RN

A
)

Control HG HG+MLT
0

10
⁎

⁎

8

6

4

2

Re
lat

iv
e g

en
e e

xp
re

ss
io

n
(A

tg
5 

m
RN

A
)

Control HG HG+MLT
0

14

10
12

⁎
⁎

8
6
4
2

(a)

Fo
ld

 ch
an

ge
s o

f p
ro

te
in

ex
pr

es
sio

n

Control HG HG+MLT (1.0)
0.0

2.1
⁎

⁎

1.8
1.5
1.2
0.9
0.6
0.3

Beclin-1

Fo
ld

 ch
an

ge
s o

f p
ro

te
in

ex
pr

es
sio

n

Control HG HG+MLT (1.0)
0.0

1.0

LC3-II

⁎

⁎

0.8

0.6

0.4

0.2

Con HG HG+MLT (1.0)

LC3-II

Beclin-1

GAPDH

(b)

Figure 4: Analysis of mRNA or protein expression of autophagy-related molecules in nucleus pulposus (NP) cells. (a, b) The mRNA
expression results and protein expression results, respectively. Data are exhibited as mean ± SD, n = 3. ∗A statistical difference (p < 0:05).
Con: control; HG: high glucose; HG+MLT(1.0): high glucose+1.0mM melatonin.
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expression of Bcl-2, whereas it decreased themRNA or protein
expression of Bax, caspase 3, cleaved caspase-3, and cleaved
PARP in high glucose-cultured disc NP cells, indicating that
melatonin can attenuate high glucose-induced apoptosis of
disc NP cells. On another hand, the results demonstrated that
melatonin decreased the mRNA expression of Beclin-1, Atg3,
and Atg5 and protein expression of Beclin-1 and LC3-II in
high glucose-cultured disc NP cells, indicating that melato-
nin suppresses high glucose-induced excessive cellular
autophagy. Because excessive autophagy has detrimental
effects on cell biology [39, 40], we can deduce that melatonin
may suppress high glucose-caused NP cell apoptosis via
suppressing the excessive cell autophagy.

The PI3K/Akt signaling pathway is a common pathway
that is involved in many cellular biological behaviors of disc
cells, such as proliferation, senescence, apoptosis and cellular
biosynthesis [14, 24, 41–45]. Furthermore, melatonin can
activate the PI3K/Akt pathway to meditate its protective
effects in other cell types [46–48]. In the present study, we
showed that high glucose obviously decreased the protein
expression of p-Akt whereas melatonin partly increased the
protein expression of p-Akt in the high glucose-cultured
NP cells, indicating that melatonin can resist high-glucose
culture-induced inhibition of the PI3K/Akt pathway. Based
on the results of cell apoptosis and cellular autophagy
described above, we further speculate that melatonin
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Figure 6: Inhibition of the PI3K/Akt pathway attenuated nucleus pulposus (NP) cell apoptosis in a high-glucose culture. (a–d) Results of
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suppresses high glucose-caused NP cell apoptosis through
inhibiting excessive autophagy via the PI3K/Akt pathway.

This study has several shortcomings. First, because the
rat NP tissue contains some notochordal cells, the separated
NP cell pellets may contain some notochordal cells. Here, we
are not sure that the existence of them may cause how much
influence on our results. Second, the present study is an
absolute in vitro study. If an additional in vivo study was
performed, our conclusion may even be more persuasive.

5. Conclusion

Together, this study investigated the role and the potential
molecular mechanism of melatonin in regulating NP cell
apoptosis in a high-glucose culture. Our results demon-
strated that melatonin can inhibit disc NP cell apoptosis
through suppressing the excessive autophagy in a high-
glucose culture, and the PI3K/Akt signaling pathway may
be responsible for the protective effects of melatonin against
high-glucose culture-caused NP cell apoptosis. This study
proves the theoretical basis of the protective effects of mela-
tonin against disc degeneration in DM patients and is help-
ful to further understand the potential molecular mechanism
behind this regulation.
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