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A B S T R A C T

Objective: Diabetic neuropathy (DN) is the most common complication of diabetes mellitus. It is thought that
neuronal cell death which is mainly due to reactive oxygen species (ROS) overproduction in the cells is re-
sponsible for most symptoms of this disorder. Nesfatin-1 has identified recently as a novel endogenous neuro-
peptide which recent studies have shown that it may have a protective effect. Therefore, we postulated that
Nesfatin-1 might adequately prevent from high glucose-induced cell injury via inhibition of apoptotic, autop-
hagy, and ROS responses.
Methods: In this study, PC12 cells were pretreated with different concentrations of Nesfatin-1 (1–100 ng/ml) and
then co-treated with Nesfatin-1 and glucose (125mM) for 48 h, and downstream pathways then were evaluated
to investigate ROS, apoptosis, and autophagy.
Results: Results of this study showed that Nesfatin-1 can not only inhibit from intracellular ROS overproduction-
induced by high glucose in PC12 cells (p < 0.0001) but also reduce the apoptotic cell death in PC12 cells
following high glucose exposure by increasing cell viability and reducing apoptotic rates (p < 0.05).
Furthermore, Nesfatin-1 decreased the LC3-II levels by western blotting (p < 0.0001), which showed a re-
duction in autophagy.
Conclusion: These results support the idea that Nasfatin-1can protect PC12 cells against high glucose-induced
cell injury by inhibition of apoptosis, autophagy and ROS production and can be considered as a potential drug
for treatment of diabetic neuropathy.

1. Introduction

Diabetes mellitus is a prevalent disease around the world, which
includes 1–2% of the population and causes high mortality and mor-
bidity (Gray et al., 2000). Islet cell transplantation for insulin-depen-
dent diabetes mellitus: perspectives from the present and prospects for
the future (Singh et al., 2014), affecting more than 50% of diabetic
individuals and causes problems in the sensory, motor, and autonomic
nerves that ultimately lead to amputation (Zimmet et al., 2001;
Dewanjee et al., 2018; Brock et al., 2014). Although hyperglycemia, as
the main symptom of diabetes, plays a pivotal role in the progression of
DN, the precise mechanisms involved are still not well-known.

The potential pathways involved in the development of DN include
the activation of the polyol pathway (Gabbay, 2004), hexose amine

(Kolm-Litty et al., 1998), advanced glycation end products (AGEs)
(Brownlee et al., 1988), diacylglycerol/ protein kinase C (PKC) (Greene
et al., 1985), oxidative stress (Johansen et al., 2005), autophagy
(Osman et al., 2015), and inflammation (Bishnoi et al., 2011). Evidence
suggest that oxidative stress is involved in all of these pathways
(Brownlee, 2005; Edwards et al., 2008). An increase in glucose levels
results in damage to the mitochondrial membrane and the respiratory
chain, and consequently, it leads to production of high amounts of re-
active oxygen species (ROS) (Allen et al., 2005; Vincent et al., 2002).
Excessive amounts of ROS accelerate the damage of lipids, proteins and
nucleic acids, which ultimately end up in the neural apoptosis (Shakeel,
2015; Lee, 2012). The damaged mitochondria membrane leaks mi-
tochondrial cytochrome C into the cytoplasm, which activates the
caspase-3 protein and nucleus fragmentation as well as Caspase-3-
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dependent apoptosis (i.e., the internal pathway of apoptosis) in neurons
(Shen et al., 2017). In addition, pathways involved in diabetic neuro-
pathy can directly or indirectly stimulate inflammatory mediators such
as TNF-α that can exacerbate diabetic neuropathy along with oxidative
stress (Sandireddy et al., 2014).

Nesfatin-1, an 82 amino acid peptide, was first identified in 2006 by
Jiang et al. (Jiang et al., 2015) which is composed as a result of post-
translational modifications from the NUCB2 molecule in the presence of
prohormone convertase 1/3 (PC) (Szlachcic et al., 2013). Nesfatin-1 is a
multifunctional EF-hand motif containing Ca2+-binding protein that
was initially identified as a satiety molecule in the hypothalamus (Su
et al., 2010). Nesfatin-1 has different effects on the nervous system and
has recently been reported to have anti-oxidant (Jiang et al., 2015),
anti-inflammatory (Özsavcí et al., 2011), and anti-apoptotic (Tan et al.,
2015) properties which could ameliorate the symptoms of diabetic
neuropathy. Although its receptor has not identified yet, it is supposed
to be a G-protein coupled receptor (GPCR) (Shen et al., 2017). It was
also reported that nesfatin-1 peptide can penetrate the blood-brain
barrier by a non-saturable mechanism, which provides the possible
therapeutic permission for nesfatin-1 as a pharmacological transfer
agent to the central nervous system(Pan et al., 2007).The PC12 or
pheochromocytoma cell line originates from neural crest in rats and has
been found to have neural properties. Hence, it is widely used to study a
variety of neurological models, including diabetic neuropathy (Chen
et al., 2016). These cells mimic from hyperglycemia effects for diabetic
neuropathy induction and are widely used as an in vitro model for DN
(Shahveisi et al., 2014; Zhao et al., 2013).

Since oxidative stress, apoptosis, and inflammation are the major
pathways which lead to the progression of DN, and currently, there is
no effective treatment for this disorder, it is essential to search a pro-
mising treatment that can suppress symptoms and complications asso-
ciated with the pathogenesis of the disease.

2. Materials and methods

2.1. Materials

RPMI-1640 medium and fetal bovine serum (FBS) were purchased
from Gibco (Paisley, UK). Penicillin/streptomycin and phosphate-buf-
fered saline (PBS) were obtained from DNA biotech. 3-(4,5-
Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT),
Nesfatin-1, Fluorometric Intracellular ROS Kit (Catalog Number
MAK143), and autophagy assay kit (Catalog Number MAK138) were all
purchased from Sigma-Aldrich (USA). Primary antibodies against LC3-Ⅱ
(microtubule-associated protein 1A/1B-light chain) and β-actin and
horseradish peroxidase-conjugated (m-IgGκ BP-HRP) secondary anti-
body were purchased from Santa Cruz Biotechnology (Santa Cruz, UK,
USA). Apoptosis detection kit was obtained from Invitrogen (USA).

2.2. Cell culture

The PC12 cell line was purchased from Bou’ali institute of Mashhad
(Mashhad, Iran). Cells were maintained in RPMI-1640 medium con-
taining 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(as complete media) at 37 °C and 5% CO2 incubator. The medium was
changed every 2 days and cells were subcultured when they were about
70–75% confluent.

2.3. Nesfatin-1 treatment

PC12 cells were prepared with different concentrations of Nesfatin-
1 including 1, 5, 10, 50, and 100 ng/ml. We found that 5 ng/ml was the
most protective concentration. PC12 cells were pretreated with 5 ng/ml
Nesfatin-1 in culture medium for about 1 h, and then complete media
containing high glucose (125mM) was added to the desired groups as
indicated in Fig. 1.

2.4. MTT assay

Cell viability and the most cytoprotective concentration of Nesfatin-
1 was determined by MTT assay. In brief, PC12 cells were plated in 96-
well culture plates at a density of 104 cells/well. After 24 h, the cells
were incubated with different concentrations of glucose (25mM as
normal glucose (Shahveisi et al., 2014; Chen et al., 2016) and 50, 75,
100, 125, and 150mM as high glucose concentrations) for different
time points (24, 48, 72, and 96 h). To exclude the role of osmotic
toxicity for the HG condition, we refer to Koshimura (Koshimura et al.,
2002) et al. and Tie et al. (Tie et al., 2008) who showed that neuro-
toxicity of glucose is not related to osmolarity in PC12 cells. After de-
sired time of incubation with Nesfatin-1 and high glucose, 10 μl/well
MTT (final concentration of 0.5mg/ml of MTT in medium) was added
and cells were incubated for 3 h at 37 °C incubator. After that, the
medium was removed carefully. The cells and dye crystals then were
solubilized by adding 100 μl DMSO. The absorbance of each well was
detected at 570 nm and 690 nm using a microplate reader and cell
viability was determined based on the control group (Fig. 1A).

Fig. 1. (A) Effect of HG administration for 24, 48, 72, and 96 h on neuronal
PC12 cell viability. (B) Effect of NES (Nesfatin-1) on HG-induced cell toxicity in
PC12 cells for 48 h. Control, cells were incubated with control medium; HG,
cells were treated with HG (125mM) medium; 100 ng/ml NES, cells were
treated with Nesfatin-1 (100 ng/ml) in control medium; HG+NES, cells were
pretreated with different concentrations of Nesfatin-1 (1, 5, 10, 50, and 100 ng/
ml) for 1 h and then treated with HG (125mM) medium. Cell viability was
determined by MTT assay. HG administration decreased cell viability to 50%.
Nesfatin-1 could increase cell viability. (*) p < 0.05 compared with control
and (#) p < 0.05 compared with HG, (**) p < 0.01 compared with control
and (##) p < 0.01 compared with HG, (###) p < 0.001 compared with HG,
and (****) p < 0.0001 compared with control and (####) p < 0.0001
compared with HG.
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2.5. Measurement of ROS

To investigate oxidative stress in high glucose-induced toxicity in
PC12 cells, we used a Fluorometric Intracellular ROS kit (Sigma-
Aldrich, USA) according to the manufacturer’s instrument. In brief, cells
at the density of 104 cells/well were seeded in 96-well black plates with
clear bottom. After 24 h, cells were pretreated with Nesfatin-1 and
master reaction mix and incubated in 37 °C for 1 h. Then, 20 μl/well of
11x high glucose (125mM) was added and incubated for 48 h at 37 °C.
Finally, the fluorescence intensity at λex= 490 nm and λem=520 nm
was measured by a microplate reader.

2.6. Annexin V and propidium iodide staining

Apoptosis was detected using an Annexin V fluorescein iso-
thiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit ac-
cording to the manufacturer’s instruction. Briefly, the cells were seeded
in 6-well culture plates at the density of ×1.5 105 cells/well. After
treatment, cells were harvested and washed twice with phosphate
buffer saline (PBS) and then resuspended in binding buffer followed by
addition of Annexin Ⅴ-FITC to microtubes and incubated for
10–15minutes in the dark. Cells were washed by binding buffer and PI
was added to microtubes. Then, cells were analyzed using flow cyto-
metry. Ultimately, percentage of apoptotic [Annexin Ⅴ-FITC (+)/PI
(+)] and necrotic [Annexin Ⅴ (−)/PI(+)] cells were determined based
on the control cells [Annexin Ⅴ(−)/PI(−)].

2.7. Determination of autophagy

Autophagy was measured using an Autophagy Assay Kit (Sigma-
Aldrich, USA) according to the manufacturer’s instrument. In brief,
PC12 cells were seeded in 96-well black plates with clear bottom and
pretreated with Nesfatin-1 followed by incubation in high glucose
medium for 48 h in 37 °C. After that, the autophagosome detection re-
agent was added to each well and incubated at 37 °C for 15min. The
cells then were washed by the wash buffer for four times, and the
fluorescence intensity was measured at λex= 360 nm and
λem= 520 nm.

2.8. Western blotting

PC12 cells were harvested and lysed using a cocktail of lysis buffer
and a protease inhibitor. The concentration of total protein was quan-
tified using the BCA assay. Eventually, 25 μg of the protein of each
group was separated using SDS-PAGE and electrotransferred onto PVDF
membrane. After blocking with 3% BSA, membranes were incubated
overnight with primary antibodies LC3-Ⅱ (1:500) and β-actin (1:1000)
at 4 °C. After washing, membranes were incubated with an HRP-con-
jugated secondary antibody (1:5000) for 2 h at room temperature. The
blots then were detected using the ECL detection kit (Santa Cruz, UK).
The intensities of the bands were normalized to the actin band using
Image J software (National Institutes of Health, Bethesda, MD).

2.9. Statistical analysis

All the data were presented as mean ± standard error of the mean
and statistical evaluation of the data was performed by one-way ana-
lysis of variance (ANOVA). A value of p < 0.05 was considered to
indicate a statistically significant difference. For statistical analysis,
GraphPad Prism™ 6.07 was used (GraphPad Software; San Diego, CA).
Asterisks indicate statistical differences between the treatment and
control condition (****p < 0.0001, ***p < 0.001, **p < 0.01, and
*p < 0.05), # shows statistical differences between the treatment and
HG condition (####p < 0.0001, ###p < 0.001, ##p < 0.01, and
#p < 0.05).

3. Results

3.1. Protective effect of Nesfatin-1 on high glucose-induced neuropathy in
PC12 cells

To investigate the impact of high glucose on cell viability, PC12
cells were incubated with 25mM glucose as normal glucose, and 50, 75,
100, 125, and 150mM glucose as high glucose for 24, 48, 72, and 96 h
as mentioned above. The results of the MTT assay showed a reduction
in cell viability up to 50% after 48 h incubation with 125mM glucose
(p < 0.05) compared with control (25mM) cells (Fig. 1A). Hence,
125mM glucose was chosen for the following experiments.

To investigate whether Nesfatin-1 could antagonize HG-induced
cytotoxicity, PC12 cells were pretreated with a corresponding con-
centration of Nesfatin-1 (1–100 ng/ml) for 1 h, followed by exposure to
125mM glucose (as high glucose) for 48 h. As shown in Fig. 1B, cell
viability increased significantly with 5 ng/ml Nesfatin-1 pretreatment
(p < 0.0001). Besides, 100 ng/ml Nesfatin-1 did not show any cyto-
toxicity to PC12 cells (Fig. 1B). These results implied that 5 ng/ml
Nesfatin-1 could protect PC12 cells from high glucose-induced cyto-
toxicity (Fig. 1B). Thus, 5 ng/ml Nesfatin-1 was chosen for further ex-
periments.

3.2. Antioxidant effect of Nesfatin-1 on high glucose-induced ROS
generation

After 48 h incubation of PC12 cells with 125mM glucose (as high
glucose), the fluorescence intensity increased significantly
(p < 0.001). As shown in Fig. 2, pretreatment of the cells with Nes-
fatin-1 markedly reduced the oxidative stress generated by high glucose
(p < 0.0001).

3.3. Anti-apoptotic and anti-necrotic effects of Nesfatin-1 against high
glucose-induced apoptosis

The results of the MTT assay revealed that pretreatment with 5 ng/
ml Nesfatin-1 increased cell viability. So, we chose and examined the
anti-apoptotic effect of 5 ng/ml Nesfatin-1 on high glucose-induced
apoptosis in PC12 cells. We found that pretreatment with 5 ng/ml
Nesfatin-1 prevented from high glucose-induced cytotoxicity and in-
creased cell viability. As shown in Fig. 3, apoptotic cells generation by
high glucose incubation was also attenuated after pretreatment with

Fig. 2. Effect of Nesfatin-1 on HG-induced oxidative stress in neuronal PC12
cells. PC12 cells were pretreated with 5 ng/ml Nesfatin-1 and fluorescent ROS
reagent for 1 h, followed by exposure to HG for 48 h. Fluorescence intensity is
expressed according to control percentage. (**) p < 0.01 compared with
control, (***) p < 0.001 compared with control, and (###) p < 0.001
compared with HG.

S. Nazarnezhad, et al. Neurotoxicology 74 (2019) 196–202

198



5 ng/ml Nesfatin-1 (p < 0.05).

3.4. Effect of Nesfatin-1 on autophagy in high glucose-induced cytotoxic
PC12 cells

As autophagy is mentioned to be increased in diabetic neuropathy
(Dewanjee et al., 2018), we measured the protein level of LC3-Ⅱ, an
autophagy marker protein (Barth et al., 2010; Hansen and Johansen,
2011). The protein levels of LC3-Ⅱ were increased in high glucose-
treated cells (125mM glucose) compared with control cells (25mM
glucose) (p < 0.0001), and this was reversed by Nesfatin-1 treatment
(p < 0.0001). To confirm this claim, we used an autophagy assay kit.

As indicated in Fig. 4, autophagosome formation increased in high
glucose-treated PC12 cells (p < 0.05) compared with control cells,
while pretreatment of these cells with Nesfatin-1 diminished the
fluorescent intensity of autophagosomes (p < 0.05).

4. Discussion

In the present study, we demonstrated that Nesfatin-1 protects PC12
cells against high glucose-induced cell injury, and further elucidated
that the cytoprotective effects of Nesfatin-1 was mediated through at-
tenuation of ROS overproduction, which then inhibited apoptosis in-
duced by mitochondrial dysfunction.

Fig. 3. Effect of Nesfatin-1 on HG-induced apoptosis in PC12 cells. Cells were pretreated with 5 ng/ml Nesfatin-1 for 1 h, followed by exposure to 125mM glucose for
48 h. (A) The cells were stained with FITC-Annexin Ⅴ/PI and analyzed by flow cytometry to determine the population of cells in early and late apoptosis. (B)
Quantitative data for the percentage of apoptotic and necrotic cells. (*) p < 0.05 compared with control and (#) p < 0.01 compared with HG.
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It is well-known that hyperglycemia plays a critical role in the
progression and development of diabetic neuropathy and causes da-
mages to neurons (Shahveisi et al., 2014; Katagi et al., 2014). Although

the numerous studies have been done in this field, the precise under-
lying mechanism(s) of diabetic neuropathy have not been clarified.

Although the precise neuroprotective signaling pathways of
Nesfatin-1 on dopaminergic neurons have not been clarified, several
studies have shown its anti-oxidant (Jiang et al., 2015; Kolgazi et al.,
2015), anti-inflammatory (Solmaz et al., 2016), and anti-apoptotic
(Shen et al., 2017; Özsavcí et al., 2011) effects in different cell lines and
animal models. Using MTT assay, our data showed that Nesfatin-1 ef-
fectively protected PC12 cells from high glucose-induced cell death.
The results of our study suggest that Nesfatin-1 could protect choli-
nergic cells against hyperglycemia-induced diabetic neuropathy. Ac-
cording to available evidence, elevated levels of glucose result in re-
active oxygen species (ROS) and free radicals generation (Kumar et al.,
2017). Hyperglycemia-induced oxidative-nitrosative stress induces in-
flammation and neurodegeneration via augmented tuberous sclerosis
complex-2 (TSC-2) activation in neuronal cells (Sharifi et al., 2007). It is
well documented that the induction of oxidative stress is one of the
primary mechanisms for the development of diabetic neuropathy and
other neurodegenerative disorders. It is also clearly apparent that oxi-
dative stress leads to apoptosis initiation in many cell lines (Bournival
et al., 2012). Therefore, a substance that can suppress oxidative stress
caused by high levels of glucose and consequently prevent the cell
death, can act as a potential drug to reduce the symptoms and under-
lying mechanism(s) of these disorders.

Hong Jiang et al. (2015) reported that Nesfatin-1 attenuated ROS
generation and accumulation via regulating mitochondrial dysfunction
by restoring the mitochondrial respiratory chain complex I activity as
well as the mitochondrial transmembrane potential. They also de-
monstrated that Nesfatin-1 could protect against rotenone neurotoxicity
by inhibiting the activation of caspase-3 (Tan et al., 2015). Another
study showed that Nesfatin-1 protects dopaminergic neurons against
MPP+/MPTP-induced neurotoxicity through the C-Raf–ERK1/2-de-
pendent anti-apoptotic pathway (Shen et al., 2017). Nesfatin-1 has been
reported to inhibit active caspase-3 expression and it has decreased the
Bax/Bcl-2 ratio against renal ischemia/reperfusion injury in rats which
are involved in the intrinsic pathway of apoptosis (Jiang et al., 2015).
Consistent with our findings, Nesfatin-1 could rescue PC12 cells from
high glucose-induced cell toxicity.

Based on in vivo studies on the diabetic mouse, intravenous ad-
ministration of Nesfatin-1 had anti-hyperglycemic effects that its
function was dose-, time-, and insulin-dependent (Su et al., 2010). In-
deed, Nesfatin-1 interact with signaling pathways of insulin so that
Nesfatin-1 administration led to increased insulin secretion from pan-
creatic β-cells (Anık et al., 2014). Nesfatin-1 is an insulinotropic peptide
that effects on pancreatic β-cells and increases insulin secretion and
function. Therefore, it plays a critical role in glucose metabolism
(Gonzalez et al., 2011b).

Recent evidence showed the anti-inflammatory properties of
Nesfatin-1 by downregulation of different inflammatory cytokines, in-
cluding nuclear factor kappa-B (NF-κB), tumor necrosis factor-α (TNF-
α), interleukin-1β (IL-1β), and interleukin-6 (IL-6) after traumatic brain
injury in rats (Tang et al., 2012). However, it has been mentioned that

Fig. 4. Effect of Nesfatin-1 on HG-induced autophagy in PC12 cells. (A)
Fluorescence microphotographs. Control, cells were treated with control
medium; HG, cells were treated with high glucose (125mM) medium; NES,
cells were treated with Nesfatin-1 (5 ng/ml); and HG+NES; cells were pre-
treated with Nesfatin-1 followed by exposure to high glucose medium. The
fluorescence intensity was increased in the HG group. (B) The fluorescent in-
tensity of autophagosomes of different groups. Relative fluorescent unit (RFU).
(C) Protein levels of LC3-Ⅱ were determined by western blot. HG administration
enhanced autophagy by increasing the LC3-Ⅱ expression, while pretreatment
with Nesfatin-1 reversed this effect. β-actin was used as a positive control. The
bands were quantified by Image J software. (*) p < 0.05 compared with
control, (#) p < 0.05 compared with HG, (****) p < 0.0001 compared with
control, and (####) p < 0.0001 compared with HG.
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Nesfatin-1 has apoptotic effects in adrenocortical cells (Ramanjaneya
et al., 2015). In this study, we investigated the anti-oxidant and anti-
apoptotic effects of Nesfatin-1 on cells with high glucose-induced cy-
totoxicity for the first time. We indicated that HG promoted ROS gen-
eration markedly, while it was reversed by pretreatment with Nesfatin-
1.

Autophagy is a cellular process that destroys old and damaged
proteins and organelles to recycle their products for further use. It also
degrades apoptotic cells. So, it protects cells against stressors. On the
other hand, if the damage to the cell is too high, autophagy stimulates
another kind of cell death which is called type 2 programmed cell
death. Hence, autophagy is a cellular process that can cause both cell
survival and death, depending on cellular condition and environment.
Microtubule-associated protein1 light chain3 (MAP-LC3) is a commonly
used marker for autophagy. LC3-Ⅱ is the leading product resulting from
post-translational modifications of pro-LC3 protein which becomes la-
pidated and tightly bound to autophagosomal membranes (Katagi et al.,
2014). There is contradictory evidence to determine the role of au-
tophagy in diabetic neuropathy. For example, in a study using human
SH-SY5Y cells and serum of patients with diabetic neuropathy, the
expression of LC3-Ⅱ increased significantly (Gonzalez et al., 2011a),
while Another study reported decreased autophagosome formation by
reduced LC3-Ⅱ and Beclin-1 expression in hyperglycemic condition
(Yerra and Kumar, 2017). We found that pretreatment of PC12 cells
with Nesfatin-1 prevented from increased autophagy by high glucose.

Our results revealed that high glucose increased the formation of
autophagosomes through the immunofluorescence reaction, as well as
increased expression of LC3-Ⅱ in PC12 cells, while their pretreatment
with Nesfatin-1 prevented from this increase. We also found that pre-
treatment of PC12 cells with 5 ng/ml Nesfatin-1 for one hour, followed
by exposure to HG (125mM glucose) for 48 h prevented from the in-
creased oxidative stress and apoptosis.

Since the receptor of Nesfatin-1 has not been identified yet, the
precise underlying mechanisms of its neuroprotective effects on dopa-
minergic cells have not been determined. However, based on previous
studies it is evident that Nesfatin-1 prevented increased apoptosis in
neurotoxic cells by inhibiting the ROS generation (Shen et al., 2017).
Our results showed that elevated levels of glucose led to increased ROS
generation in PC12 cells while pretreatment of these cells with 5 ng/ml
Nesfatin-1 for one hour reduced ROS generation.

5. Conclusion

In conclusion, we demonstrated a protective effect of Nesfatin-1 on
high glucose-induced cell injury in PC12 cells. Pretreatment with
Nesfatin-1 prevented from oxidative stress, apoptosis, and autophagy in
high glucose-treated PC12 cells. These results suggest a therapeutic
potential of Nesfatin-1 against high glucose-induced cell death.
However, further studies are required to investigate the precise me-
chanisms and functions of Nesfatin-1 on the nervous system.
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