doi: 10.1111/fep.12411

Leptin attenuates oxidative stress and

ORIGINAL
ARTICLE . . .
neuronal apoptosis in hyperglycemic
condition
Ayat Kaeidi®* @, Zahra Hajializadeh®* (®, Farank Jahandari¢,
Iman Fatemi®®
APhysiology-Pharmacology Research Center, Research Institute of Basic Medical Sciences, Rafsanjan University of
Medical Sciences, Rafsanjan, Iran
*Department of Physiology and Pharmacology. School of Medicine, Rafsanjan University of Medical Sciences,
Rafsanjan, Iran
“Physiology Research Center, Institute of Basic and Clinical Physiology Sciences, Kerman University of Medical
Sciences, Ebn-e Sina Avenue, Kerman 7619813159, Iran
Keywords ABSTRACT
apoptosis,
diabetes, One of the main pathological mechanisms of neurotoxicity in diabetic situation is
hyperglycemia, oxidative stress promoted by hyperglycemia. It has been shown that leptin has
leptin, neuroprotective effects and may provide neuronal survival signals. This study was
oxidative stress, designed to reveal the possible neuroprotective effects of leptin in hyperglycemic
PC12 cells

Received 26 July 2017;
revised 3 September 2018;
accepted 6 September 2018

*Correspondence and reprints:
zahra.hajalizadeh@gmail.com

conditions. Pheochromocytoma (PC12) cell viability was assessed via the MTT test.
Cellular reactive oxygen species (ROS) generation was determined by DCFH-DA
analysis. The malondialdehyde (MDA) and glutathione (GSH) levels were measured
in high-glucose-treated PC12 cells with and without leptin cotreatment. Western
blotting was performed to measure apoptosis markers (Cleaved caspase-3 and Bax/
Bcl2 ratio). Elevation of glucose levels (100 mmol/L) consecutively increased intra-
cellular ROS and MDA level, and apoptosis in PC12 cells after 24 h leptin adminis-
tration (12 and 24 nmol/L) decreased the high-glucose-induced cell toxicity,
caspase-3 activation, and Bax/Bcl-2 ratio. Also, cotreatment with leptin (12 and
24 nmol/L) significantly reduced oxidative damage to PC12 cells in high-glucose
condition, as reflected by the diminution in MDA and ROS levels and the increase
in GSH content. Our finding demonstrates that leptin has protective effects against
hyperglycemia-induced neural damage. This could be related to the attenuation of
oxidative stress and neural apoptosis.

INTRODUCTION

which promotes the generation of free radicals and
diminishes free radical scavenging [2]. ROS production

Diabetes is one of the general metabolic complaints
that leads to several central and peripheral nervous
system disorders, such as neuropathy [1,2]. Nonethe-
less, the exact pathogenesis mechanisms of glucose-
induced neurotoxicity have not been fully clarified. It
has been considered that hyperglycemia is a main key
pathogenic factor of diabetes-induced neuropathy and
tissue damage |[3,4].

One of the main pathological mechanisms of neuro-
toxicity in hyperglycemic situation is oxidative stress,
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can lead to protein-, lipid membrane- and nucleic acid
damage and result in oxidative injury to cells [5].
Oxidative metabolism elevation of glucose constructs
hydrogen peroxide in the mitochondria generated by
the superoxide dismutase activity on superoxide [6].
Cellular oxidative stress that is generated in hyper-
glycemic condition stimulates some metabolic path-
ways of glucose such as sorbitol and fructose elevation,
protein kinase C (PKC) activation, NADPH redox imbal-
ances, poly (ADP-ribose) polymerase activation,
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promotes hexosamine pathway activity and superoxide
generation and diminishes levels of essential anti-oxida-
tive enzymes [2,7].

There are several studies documenting that hyper-
glycemia condition causes neuronal cell oxidative
injury through NADPH oxidase-dependent production
of reactive oxygen species (ROS) [8,9]. Furthermore,
ROS generation through hyperglycemia promotes apop-
tosis, a probable mechanism of glucose neurotoxicity
[10,11]. High-glucose situation (such as diabetes condi-
tion) not only increases ROS production but, through
the glycation of antioxidant enzymes, decreases antioxi-
dant protective mechanisms [5,8]. One of the potential
mechanisms for hyperglycemia-induced neural cell
death is apoptosis that was assessed by both in vitro
and in vivo investigations [12,13]. Apoptotic cell death
can be stimulated by some chemical and physiological
forms of oxidative stress inducers. For instance, in
many cell types, hydrogen peroxide can induce apopto-
sis, and this effect can be prohibited by the enhance-
ment of cellular antioxidant mechanisms [14]. It is
now approved that an effective approach to treatment
and prevention of hyperglycemia-induced complica-
tions such as neuropathy should focus on both glyce-
mic control
factors [15].

Leptin is a 16kD protein produced and secreted by
adipocytes whose plasma concentration is related to
body fat. Leptin has a significant effect on the nervous
system and various peripheral tissues. This hormone
passes through the blood-brain barrier via its satura-
tion receptors and enters the brain or cerebrospinal
fluid [16]. Evidence has shown that defect in the leptin
system is closely related to neurodegenerative diseases
(Alzheimer’s and Parkinson’s) that are associated with
oxidative stress [17]. Previous investigations have
shown that the level of leptin hormone in diabetic
patients is lower than in healthy people [18]. In addi-
tion, it was found that leptin hormone increased the
level of natural antioxidant enzymes and reduced the
expression of inflammatory factors in cells, and thereby
inhibiting cell damage caused by oxidative stress [19].
Furthermore, leptin can protect cultured dopaminer-
gic cells from 6-hydroxydopamine (6-OHDA) -induced
apoptosis in an in vitro model of Parkinson's dis-
ease [20].

The PC12 cell line has been widely used as an
in vitro model for glucose neurotoxicity investigation
[10,11,21-23]. Several studies in literature have indi-
cated the cytotoxicity of hyperglycemia condition in

and decrease oxidative stress-related
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PC12 cells [10,11,21,22,24,25]. We designed this
study to examine the possible neuroprotective effect of
leptin on PC12 cells cultured under high-glucose
conditions.

MATERIAL AND METHODS

Main material and reagents

Cell culture substances, fetal bovine serum (FBS), high-
glucose Dulbecco’s modified Eagle’s medium (DMEM),
horse serum (HS), trypsin-EDTA and penicillin-strepto-
mycin solution were bought from Biosera Co. (UK).
Culture dishes and flasks were got from SPL Life
Sciences (South Korea). Dichlorofluorescein diacetate
(DCFH-DA), 3-[4,5-Dimethyl-2-thiazolyl]-2,5-diphenyl-
2-tetrazolium bromide (MTT),
Dimethyl (DMSO), leupeptin, aprotinin,
phenylmethylsulfonyl fluoride (PMSF) and leptin were
obtained from Sigma (USA). D-(+)-glucose, trichloroace-
tic acid, sodium dodecyl sulfate were obtained from
Merck Chemicals (Germany). Anticaspase 3 and anti-3-
actin antibodies were acquired from Cell Signaling
Technology (USA). Anti-Bax and anti-Bcl-2 antibodies
were obtained from Santa Cruz Biotechnology (USA).
Polyvinylidene difluoride (PVDF)
obtained from Roche (Germany).

thiobarbituric acid,
sulfoxide

membrane was

Cell culture

PC12 (Pheochromocytoma) cells were acquired from
National Cell Bank of Iran (NCBI) — Pasteur Institute of
Iran (Tehran, Iran). PC12 cells were cultured with
high-glucose Dulbecco’s modified Eagle’s medium
(DMEM, with 25 mmol/L glucose) combined with peni-
cillim (100 U/mL), streptomycin (100 pg/mL), 5%
horse serum and 10% fetal bovine serum that was kept
at 37 °C under a humidified atmosphere (90%) includ-
ing 5% CO2. For MTT assay, PC12 cells were plated at
a density of 5 000 per well in a 96 micro-well plate.
Control group were grown in normal media suitable
for culturing the PC12 cells (with 25 mmol/L glucose),
and high-glucose-treated cells were grown in media
with 100 mmol/L (20 g/L) glucose. After that, PC12
cells were incubated in media including 100 mmol/L
glucose and different concentration of leptin at 3, 6,
12, and 24 nmol/L doses (or 48.6, 97.2, and 194.4
nanogram/liter respectively) for 24 h.

MTT assay
To determine cellular viability, MTT assay was used
[22,26,27]. Chemical reaction of this method is based
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on reduction of 2- (4,5- dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to formazan. MTT
at 0.5 mg/mL working concentration was added to the
96-well plates and the cells were incubated for 2 h at
37 °C. Then, following media removal, 100 pL
dimethyl sulfoxide (DMSO) was added per well. The
optical density values were assessed at 570 nm by
microplate reader (Eliza MAT 2000, DRG Instruments,
GmbH). Results were represented as percentages of
control.

Intracellular ROS generation assay
Oxidative-sensitive fluorescent probe DCFH-DA was
used for measuring the intracellular ROS generation.
PC12 attached cells were treated with high-glucose
media and leptin. Then, the cells were loaded with
10 pmol DCFH-DA in culture medium and incubated
at 37 °C for 30 min. Additional DCFH-DA was
deprived by washing with phosphate buffered saline
(PBS) three times, and 100 pL of phosphate buffered
saline was added per well. Fluorescence was assessed
at 485 nm for excitation and at 530 nm for emission
with a microplate reader (Perkin Elmer Victor 2) [22].

MDA and GSH assay

The PC12 cells were washed and homogenized after
treatment with different doses of leptin. The homoge-
nate was centrifuged and the supernatant of protein
content was evaluated by Bradford method (Bio-Rad
Laboratories, Germany). The GSH level was evaluated
according to the method of Gulati et al. [28]. In sum-
mary, 100 pL of the cellular homogenized supernatant
was combinated with 200 pL of trichloroacetic acid
(TCA) and centrifuged. The resulting supernatant was
blended with phosphate buffer and its absorbance eval-
uated at 412 nm. For evaluation of malondialdehyde
(MDA) content, 100 pL of the supernatant was mixed
with 1.5 mL of acetic acid (20%), 200 pL of sodium
dodecyl sulfate (SDS) (8%), and 1.5 mL of thiobarbi-
turic acid (0.8%). Each reaction mixture was heated
for 60 min at 95 °C and cooled at room temperature.
Thence, 5 mL of n-butanol was added. The organic
layer was collected after mixing and centrifugation at
3 000 g for 10 min, and the absorbance was evalu-
ated at 532 nm [23].

Western blot analysis

To detect caspase-3 activation and Bax/Bcl-2 ratio in
PC12 cells, western blot analysis was exploited. Briefly,
attached cells were collected by trypsin-EDTA (0.5%),
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following two washes with cold phosphate buffered sal-
ine (PBS) and lysed in lysis buffer [10 mM Tris—HCI
(pH 7.4), 0.1% Na deoxycholate, 1 mmol EDTA, 0.1%
SDS, 1% NP-40; 2 pg each of the protease inhibitors
leupeptin, aprotinin and pepstatin A; and 0.5 pmol/L
PMSF] and incubated on ice for 30 min. The samples
were centrifuged twice at 14 000 rpm at 4 °C for
20 min. Protein concentrations were evaluated with
Bradford procedure (Bio-Rad Laboratories, Germany).
The protein samples were separated by 10% SDS-polya-
crylamide gel electrophoresis (SDS/PAGE) and subse-
quently transferred onto PVDF membrane which was
incubated with antibodies including cleaved caspase-3
(1:1 000 overnight at 4 °C), Bax, Bcl-2 (1:1 000 for
3 h at room temperature) and secondary antibody
(1:15 000) at room temperature for 60 min. Antigen-
antibody complexes were visualized by ECL system.
Beta-actin antibody (1:1 000) was utilized as loading
control.

Statistical analyses

The results are presented as the mean + SEM. The dif-
ference in cellular viability (mean MTT assay), ROS
production, MDA and GSH levels between different
groups was determined via one-way ANOVA followed
by Tukey’s post hoc test. The values of cleaved cas-
pase-3, Bax, Bcl-2 and Beta-actin band density were
expressed as tested protein/Beta-actin ratio for each
sample. A probability criterion for significance level
was P-value < 0.05.

RESULTS

Analysis of cell viability

At first, the effects of various concentrations of glucose
on cellular viability were assessed by MTT assay.
Hyperglycemia was induced by increasing the medium
glucose level at 50, 75, 100, 125, and 150 mmol/L
concentrations for 24 h. As shown in Figure 1, glucose
could reduce the cellular viability in a concentration-
dependent way. The glucose on 100 mmol/L concen-
tration had 50% decreasing effect (IC50) on relative
cell viability (P < 0.001). The effect of glucose toxicity
at concentrations of 125 and 150 mmol/L was similar
to 100 mmol/L concentration. So, for inducing -cell
damage and assessing the protective effects of leptin,
100 mM glucose was added to media culture. It is
notable that this concentration for induction of cell via-
bility IC50 is much higher than the value range seen
in real diabetic patients. Furthermore, we took into
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Figure 1 Effects of enhanced glucose levels for 24 h on PC12
cells viability. Data are expressed as mean + SEM; n = 5-6 wells
for each group; * P < 0.05 and *** P < 0.001 versus control
cells.

account the same concentration of mannitol for check-
ing the osmotic effect of 100 mmol/L (20 g/L) glucose
on the viability of PC12 cells. The mannitol treatment
at 100 mmol/L concentration had no significant effects
on PC12 cells viability versus control cells. As shown
in Figure 2, leptin at 12 and 24 nmol/L doses, signifi-
cantly inhibited high-glucose-induced toxicity after
24 h (P < 0.05 and P < 0.01, respectively), but could
not prevent cell damage in other concentrations (3 and
6 nmol/L). It is notable that we examined the
12 nmol/L leptin effects (as a minimum effective dose
in the hyperglycemic situation) on nonglucose-treated
(control) PC12 cells (Figure 2).

Analysis of ROS generation assay

To examine the intracellular ROS in the hyperglycemic
situation, DCFH-DA fluorescent procedure was used. As
shown in Figure 3, in PC12 cells treated with high-glu-
cose medium for 24 h, DCFH-DA fluorescence levels
were elevated compared to control cells. Moreover,
treatment of PC12 cells with high glucose and leptin
(12 and 24 nmol/L; the effective doses in cell viability
test) significantly reduced production of reactive oxy-
gen species (ROS)(P < 0.05 and P < 0.01, respectively
for 12 and 24 nmol/L leptin) (Figure 3).

Effects of leptin on MDA and GSH

24 h exposure of PC12 cells to high glucose showed a
significant increase in MDA versus control cells
(P <0.001, Figure 4) and reduction in GSH level
(P < 0.01, Figure 5). After leptin treatment (12 and
24 nmol/L), the MDA level significantly decreased
(P<0.05 and P<0.05 for 12 and 24 nmol/L,
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Figure 2 Effects of various doses of leptin on high-glucose-treated
PC12 cell viability for 24 h. High-glucose media (100 mmol/L
glucose) decreased cell viability and leptin (12 and 24 nmol/L)
protected the PC12 cells from high-glucose induced cell injury.
Data are expressed as mean + SEM; n = 5-6 wells for

each group; ** P < 0.01 and *** P < 0.001 versus control

cells. # P < 0.05 and ## P < 0.01 compared to
high-glucose-treated cells.
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Figure 3 Effects of leptin on glucose-induced ROS formation in
high glucose (100 mmol/L) treated PC12 cells for 24 h. ROS
formation was assessed by fluorescent probe DCFH-DA assay.
Leptin at doses of 12 and 24 noml/L reduced the glucose-induced
ROS production. Data are expressed as mean + SEM; n = 5-6
wells for each group; * P < 0.05 and *** P < 0.001 compared to
control cells. # P < 0.05 and ## P < 0.01 versus glucose-treated
cells.

respectively), whereas the GSH level significantly
increased (*P < 0.05 and **P <0.05 for 12 and
24 nmol/L, respectively) compared with high-glucose-
treated PC12 cells.

Western blot analysis of cleaved caspase-3 level,
Bax:Bcl-2 ratio in the hyperglycemic situation in
PC12 cells

Potential mediators of high-glucose-induced apoptosis
were assessed by analysis of the cleaved caspase-3
expression and Bax:Bcl-2 protein ratio. The PC12 cells
were divided into control, high-glucose (100 mmol/L)
medium, and high-glucose medium plus 12 and
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Figure 4 Effects of different doses of leptin on the level of TBARS
under hyperglycemic situation (100 mmol/L glucose) in PC12
cells for 24 h. Leptin can reduce TBARS level in glucose-treated
cells. Data are expressed as means + SEM, n = 5-6 wells for each
group. ** P < 0.01 and *** P < 0.001 vs. control. # P < 0.05
and ## P < 0.01 vs. glucose-treated PC12 cells.
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Figure 5 Effects of different doses of leptin on the level of GSH
under hyperglycemic situation (100 mmol/L glucose) in PC12
cells for 24 h. Leptin can elevate GSH level in glucose-treated
cells. Data are expressed as means + SEM, n = 5-6 wells for each
group. ***P < 0.001 vs. control. # P < 0.05 and ##P < 0.01 vs.
glucose-treated PC12 cells.

24 nmol/L concentrations of leptin for 24 h. In high
glucose (and vehicle group) exposed PC12 cells, the
amount of cleaved caspase-3 expression was enhanced
compared to control cells (P < 0.01). Leptin-treated
cells (12 and 24 nmol/L) significantly (P < 0.05 and
P < 0.01, respectively) opposed high-glucose-induced
upregulation of cleaved caspase-3 (Figure 6). In the
high-glucose situation, a significant enhancement in
the Bax:Bcl-2 proteins ratio was seen (P < 0.01). More-
over, leptin (12 and 24 nmol/L) had a significant
reducing effect on the increased Bax:Bcl-2 ratio
(P < 0.05) (Figure 7).

DISCUSSION

Growing literature reveals several biological effects of
leptin hormone. The aim of this study was to provide
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Figure 6 Effects of leptin (12 and 24 nmol/L) on cleaved caspase-
3 expression in PC12 cells exposed to high-glucose media

(100 mmol/L) for 24 h which was considered by Western blot.
Each value in the graph is the mean 4+ SEM band density ratio
for each group. Beta-actin was used as an internal control.
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Figure 7 Effects of leptin (12 and 24 nmol/L) on Bax/Bcl-2
protein expression ratio in PC12 cells exposed to high-glucose
media for 24 h which was considered by Western blot. Each
value in the graph is the mean + SEM band density ratio for
each group. Beta-actin was used as an internal control.

* P < 0.05 compared to control cells. # P < 0.05 vs.
high-glucose-treated cells.

some cellular evidence about the beneficial effects of
leptin on hyperglycemia-induced neuronal damage in
an in vitro investigation.

These study findings showed that leptin can exert a
protective effect against reactive oxygen species-
mediated oxidative stress and apoptosis induced by the
hyperglycemic condition in PC12 cells. Our results
showed that induction of high-glucose toxicity in PC12
cells is mediated via ROS production and apoptosis. In
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this investigation, caspase-3 expression and Bax/Bcl-2
index, hallmarks of apoptosis, were used for evaluation
of apoptotic cell death. Leptin (12 and 24 nmol/L)
inhibited high-glucose-induced cellular toxicity, ele-
vated cleaved caspase-3 expression, and reduced the
ratio of Bax/Bcl-2 in PC12 cells.

To reduce oxidative stress, cells generally scavenge
ROS by using antioxidant defense systems [5]. In this
regard, our investigation showed that PC12 cells trea-
ted with high glucose demonstrated an increase in
oxidative stress by excessive ROS and MDA generation
and depletion of GSH contents. But, cotreatment with
leptin (12 and 24 nmol/L) significantly reduced oxida-
tive damage to PC12 cells in high-glucose situation, as
reflected by the reduction of MDA and ROS levels and
the increment in GSH content.

It has been shown that; high-glucose-induced oxida-
tive stress and cellular dysfunction in PC12 and other
cell types [22,23,26,29]. However, the generation of
superoxide in high-glucose condition is a well-defined
occurrence that arises through the mitochondrial elec-
tron transport chain which can cause additional free-
radical production and oxidative stress [30].

In fact, the imbalance between production of radical
species and organism’s antioxidant potential leads to
oxidative stress. The free radical-induced peroxidation
of membrane lipids enhances membrane fluidity and
permeability with loss of its integrity [31,32]. MDA is a
highly reactive compound that is a biochemical marker
for cellular lipid peroxidation. To evaluate lipid peroxi-
dation, MDA secondary products, such as thiobarbi-
turic acid reactive substance (TBARS), are commonly
used [33,34]. Glutathione (GSH) is the major cellular
thiol protein, consisting of three amino acids: glu-
tamine, cysteine, and glycine. It is a nonenzymatic
antioxidant cellular factor that plays an important role
in the ROS scavenging and reactive species quenching
[35,36]. Various studies have shown that hyper-
glycemia is associated with elevation of oxidative stress
and reduction of antioxidant potential [37,38]. A num-
ber of antioxidant types have important roles in ROS
homeostasis, containing endogenous antioxidant
enzymes (e.g., catalase, superoxide dismutase, glu-
tathione reductase, and glutathione peroxidase), dietary
natural antioxidants (e.g., vitamins E, C, and A), and
antioxidant molecules (e.g., glutathione, bilirubin, and
coenzyme Q) [39].

Hyperglycemia produces reactive oxygen species
(ROS) that lead to membrane damage and lipid peroxi-
dation through auto-oxidation of glucose [40]. High

A. Kaeidi et al.

glucose via glycation of the enzymatic and nonenzy-
matic antioxidant (such as glutathione) cellular factors
reduces antioxidant protective mechanisms [5,8,41].

In addition, ROS can destroy proteins, nucleic acids,
lipid membranes and lead to oxidative damage in cells
[5]. Also, excessive generation of ROS by high-glucose
neurotoxicity enhances apoptotic cell death [10,22,23].

Previous studies have shown that ROS leads to cas-
pase-3 activation and has a specialized role in the pro-
motion of hyperglycemia-induced neuronal damage
[7,23]. Furthermore, caspase activation (including cas-
pase-3 and -9) is enhanced in high-glucose situations
[10,24,25,42].

Over the past few years, the anti-oxidative and neu-
roprotective effects of hormones have drawn consider-
able attention [17,43,44]. It is notable that some
hormones can prevent neuronal cell death and apopto-
sis in various neurodegenerative diseases [44,45].

Leptin is an adipostatic protein hormone that ele-
vates loss of body weight by reduction of food intake
and promotes the activation of nervous system [46].
There is evidence demonstrating that leptin has differ-
ent physiological roles such as immunological function
[47], anti-aging [48] and neuroprotective effects
[49,50]. There are some in vitro studies that show lep-
tin can reduce cell death [20,46]. Also, some evidence
indicated that leptin has a decreasing effect on oxida-
tive stress. For example, in HepG2 ethanol-treated cells,
leptin reduced oxidative stress and decreased apoptosis
in these cells [51]. It has been shown that leptin
changes the activity of various antioxidant enzymes
such as superoxide dismutase (SOD) and glutathione
peroxidase (GPx) [52].

It has been reported that leptin may have an in vitro
neuroprotective effect by stimulation of Mn-SOD (a
mitochondrial antioxidant enzyme) upregulation [49].
In addition, leptin prevents apoptosis in some periph-
eral cell types such as pancreatic beta-cells [53], hep-
atic stellate cells [54] and lymphocytes [55,56].
Moreover it has been shown that leptin activates some
anti-apoptotic pathways in neural cells [17].

It is notable that leptin, via some intracellular signal-
ing pathways, increases cell proliferation and decreases
apoptosis in SK-N-SH-SY5Y cell line. This anti-apopto-
tic reaction involves downregulation of two key genes
of the death cascade such as caspase-10 and caspase-3
profusion [46]. Furthermore, in murine dopaminergic
cell line (MN9D), leptin can reduce 6-OHDA-induced
apoptotic markers (caspase-3 and caspase-9) activity
and increase cell viability [20].
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It has been shown that leptin can reduce apoptosis
induced by serum depletion through the Bcl-2:Bax
ratio in clonal rodent pancreatic beta-cells [53]. Also,
Zhang and colleagues have previously shown that
peripheral administration of leptin, after brain injury,
enhanced Bcl-2 and reduced caspase-3 expression by
decreasing oxidative stress and neuronal apoptosis
[57]. Finally, several studies revealed that leptin can
exert anti-apoptotic properties through the reduction of
caspase-3 activity and elevation of the anti-apoptotic to
pro-apoptotic factors (Bcl-2 and Bax proteins)
[56,58,59].

On the other hand, it has been shown that leptin
deficiency leads to insulin resistance which is fre-
quently related to hyperglycemia [60]. Human and
animal studies revealed that leptin replacement therapy
could reverse the diabetic phenotype [61-63]. In addi-
tion, various investigations studied the metreleptin (a
synthetic analog of the leptin hormone) on type 2 dia-
betes mellitus patients [64,65]. For instance, in a study
of leptin in type 2 diabetes mellitus, patients just
decreased glycated hemoglobin (hemoglobin Alc) mar-
ginally, with no circulating markers of inflammation or
change in body weight [65]. In other investigations,
14-day administration of leptin in obese people with
type 2 diabetes mellitus did not produce any significant
effects on insulin sensitivity or body weight [64].
Therefore, in accordance with these studies, leptin has
weak antidiabetic potential when administrated in
hyperleptinemic obese people with type 2 diabetes mel-
litus. In contrast to the minor effects produced in type
2 diabetes mellitus, administration of leptin in nonob-
ese type 1 diabetic animals regulated circulation of glu-
cose, hemoglobin Alc, free fatty acids, as well as an
extensive range of liver intermediate metabolites
levels [66].

It is notable that this study was focused on oxidative
stress induced by hyperglycemia but high-glucose con-
centration by itself can exert detrimental activities
though nonenzymatic glycation of cellular proteins.
Further studies can be designed to address this
question.

In conclusion, this study was carried out to assess
the inhibitory effect of leptin on high-glucose-induced
neurotoxicity through the oxidative stress in PC12
cells. To our knowledge, this is the first report on the
effects of leptin protection on ROS-mediated glucose
toxicity in PC12. Our results emphasized that leptin
can increase PC12 cells viability, at least in part,
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through the attenuation of hyperglycemia-induced
oxidative stress and apoptosis.

FUNDING

This study was financially supported by Physiology
Research Center of Kerman University of Medical
Sciences to Zahra Hajializadeh (Grant Number
91.392).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1 Holder M., Holl R.W., Bartz J., Hecker W. et al. Influence of
long-term glycemic control on the development of cardiac
autonomic neuropathy in pediatric patients with type I
diabetes. Diabetes Care. (1997) 20 1042.

2 Edwards J.L., Vincent A.M., Cheng H.T., Feldman E.L. Diabetic
neuropathy: mechanisms to management. Pharmacol. Ther.
(2008) 120 1-34.

3 Skapare E., Konrade I., Liepinsh E., Strele 1., Makrecka M.,
Bierhaus A., et al. Association of reduced glyoxalase 1 activity
and painful peripheral diabetic neuropathy in type 1 and 2
diabetes mellitus patients. J. Diabetes Complications (2013) 27
262-267.

4 Tomlinson D.R., Gardiner N.]J. Glucose neurotoxicity. Nat.

Rev. Neurosci. (2008) 9 36-45.

Negi G., Kumar A., Joshi R.P., Sharma S.S. Oxidative stress

and Nrf2 in the pathophysiology of diabetic neuropathy: old

perspective with a new angle. Biochem. Biophys. Res.

Commun. (2011) 408 1-5.

6 Brownlee M. Biochemistry and molecular cell biology of

diabetic complications. Nature (2001) 414 813-820.

Kamboj S.S., Vasishta R.K., Sandhir R. N-acetylcysteine

inhibits hyperglycemia-induced oxidative stress and apoptosis

markers in diabetic neuropathy. J. Neurochem. (2010) 112

77-91.

8 Hosseini A., Abdollahi M. Diabetic neuropathy and oxidative
stress: therapeutic perspectives. Oxid. Med. Cell Longev.
(2013) 2013 168039

9 Jiang F., Zhang Y., Dusting G.J. NADPH oxidase-mediated
redox signaling: roles in cellular stress response, stress
tolerance, and tissue repair. Pharmacol. Rev. (2011) 63 218—
242.

10 Sharifi A.M., Eslami H., Larijani B., Davoodi ]J. Involvement of
caspase-8,-9, and-3 in high glucose-induced apoptosis in
PC12 cells. Neurosci. Lett. (2009) 459 47-51.

11 Sharifi A.M., Mousavi S.H., Farhadi M., Larijani B. Study of
high glucose-induced apoptosis in PC12 cells: role of bax
protein. J. Pharmacol. Sci. (2007) 104 258-262.

1

~1



82

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Russell J.W., Sullivan K.A., Windebank A.]., Herrmann D.N.,
Feldman E.L. Neurons undergo apoptosis in animal and cell
culture models of diabetes. Neurobiol. Dis. (1999) 6 347-
363.

Mattson M.P., Camandola S. NF-kB in neuronal plasticity and
neurodegenerative disorders. J. Clin. Invest. (2001) 107 247—
254.

Redza-Dutordoir M., Averill-Bates D.A. Activation of apoptosis
signalling pathways by reactive oxygen species. Biochim.
Biophys. Acta (2016) 1863 2977-2992.

Chilelli N.C., Burlina S., Lapolla A. AGEs, rather than
hyperglycemia, are responsible for microvascular
complications in diabetes: a “glycoxidation-centric” point of
view. Nutr. Metab. Cardiovasc. Dis. (2013) 23 913-919.
Wauters M., Considine R.V., Van Gaal L.F. Human leptin:
from an adipocyte hormone to an endocrine mediator. Eur. J.
Endocrinol. (2000) 143 293-311.

Signore A.P., Zhang F., Weng Z., Gao Y., Chen J. Leptin
neuroprotection in the CNS: mechanisms and therapeutic
potentials. J. Neurochem. (2008) 106 1977-1990.

Maffei M., Halaas J., Ravussin E., Pratley R.E., Lee G.H.,
Zhang Y., et al. Leptin levels in human and rodent:
measurement of plasma leptin and ob RNA in obese and
weight-reduced subjects. Nat. Med. (1995) 1 1155-1161.
Zwirska-Korczala K., Adamczyk-Sowa M., Sowa P., Pilc K.,
Suchanek R., Pierzchala K., et al. Role of leptin, ghrelin,
angiotensin II and orexins. J. Physiol. Pharmacol. (2007) 58
53-64.

Weng Z., Signore A.P., Gao Y., Wang S., Zhang F., Hastings
T., et al. Leptin protects against 6-hydroxydopamine-induced
dopaminergic cell death via mitogen-activated protein kinase
signaling. J. Biol. Chem. (2007) 282 34479-34491.
Hajializadeh Z., Nasri S., Kaeidi A., Sheibani V., Rasoulian B.,
Esmaeili-Mahani S. Inhibitory effect of Thymus caramanicus
Jalas on hyperglycemia-induced apoptosis in in vitro and

in vivo models of diabetic neuropathic pain. J.
Ethnopharmacol. (2014) 153 596-603.

Kaeidi A., Taati M., Hajializadeh Z., Jahandari F., Rashidipour
M.. Aqueous extract of Zizyphus jujuba fruit attenuates
glucose induced neurotoxicity in an in vitro model of diabetic
neuropathy. Iran J. Basic Med. Sci. (2015) 18 301.

Eslami H., Sharifi A.M., Rahimi H., Rahati M. Protective effect
of telmisartan against oxidative damage induced by high
glucose in neuronal PC12 cell. Neurosci. Lett. (2014) 558
31-36.

Kaeidi A., Esmaeili-Mahani S., Sheibani V., Abbasnejad M.,
Rasoulian B., Hajializadeh Z., et al. Olive (Olea europaea L.)
leaf extract attenuates early diabetic neuropathic pain
through prevention of high glucose-induced apoptosis:

in vitro and in vivo studies. J. Ethnopharmacol. (2011) 136
188-196.

Kaeidi A., Esmaeili-Mahani S., Abbasnejad M., Sheibani V.,
Rasoulian B., Hajializadeh Z., et al. Satureja khuzestanica
attenuates apoptosis in hyperglycemic PC12 cells and spinal
cord of diabetic rats. J. Nat. Med. (2013) 67 61-69.

26

27

28

29

30

31

32

33

34

36

37

38

39

40

41

A. Kaeidi et al.

Mousavi S.H., Tayarani N.Z., Parsaee H. Protective effect of
saffron extract and crocin on reactive oxygen species-
mediated high glucose-induced toxicity in PC12 cells. Cell.
Mol. Neurobiol. (2010) 30 185-191.

Rasoulian B., Kaeidi A., Rezaei M., Hajializadeh Z.. Cellular
preoxygenation partially attenuates the antitumoral effect of
cisplatin despite highly protective effects on renal epithelial
cells. Oxid. Med. Cell Longev. (2017) 2017 5337362.
Gulati K., Chakraborti A., Ray A. Modulation of stress-
induced neurobehavioral changes and brain oxidative injury
by nitric oxide (NO) mimetics in rats. Behav. Brain Res.
(2007) 183 226-230.

Quagliaro L., Piconi L., Assaloni R., Martinelli L., Motz E.,
Ceriello A. Intermittent high glucose enhances apoptosis
related to oxidative stress in human umbilical vein
endothelial cells. Diabetes (2003) 52 2795-2804.

Allen D.A., Yaqoob M.M., Harwood S.M. Mechanisms of
high glucose-induced apoptosis and its relationship to
diabetic complications. J. Nutr. Biochem. (2005) 16 705—
713.

Niki E., Yoshida Y., Saito Y., Noguchi N. Lipid peroxidation:
mechanisms, inhibition, and biological effects. Biochem.
Biophys. Res. Commun. (2005) 338 668-676.

Stark G. Functional consequences of oxidative membrane
damage. J. Membr. Biol. (2005) 205 1-16.

Nielsen F., Mikkelsen B.B., Nielsen J.B., Andersen H.R.,
Grandjean P. Plasma malondialdehyde as biomarker for
oxidative stress: reference interval and effects of life-style
factors. Clin. Chem. (1997) 43 1209-1214.

Del Rio D., Stewart A.]., Pellegrini N. A review of recent
studies on malondialdehyde as toxic molecule and biological
marker of oxidative stress. Nutr. Metab. Cardiovasc. Dis.
(2005) 15 316-328.

Masella R., Di Benedetto R., Vari R., Filesi C., Giovannini C.
Novel mechanisms of natural antioxidant compounds in
biological systems: involvement of glutathione and
glutathione-related enzymes. J. Nutr. Biochem. (2005) 16
577-586.

Atmaca G. Antioxidant effects of sulfur-containing amino
acids. Yonsei Med. J. (2004) 45 776-788.

Ceriello P.A. Oxidative stress and diabetes-associated
complications. Endocr. Pract. (2006) 12(Suppl. 1) 60-62.
Singh R., Barden A., Mori T., Beilin L. Advanced glycation
end-products: a review. Diabetologia (2002) 44 129-146.
Pisoschi A.M., Pop A. The role of antioxidants in the
chemistry of oxidative stress: a review. Eur. J. Med. Chem.
(2015) 97 55-74.

Hunt J.V., Dean R.T., Wolff S.P. Hydroxyl radical production
and autoxidative glycosylation. Glucose autoxidation as the
cause of protein damage in the experimental glycation model
of diabetes mellitus and ageing. Biochem. J. (1988) 256 205—
212.

Younus H., Anwar S.. Prevention of non-enzymatic
glycosylation (glycation): implication in the treatment of
diabetic complication. Int. J. Health Sci. (2016) 10 261.

© 2018 Société Francaise de Pharmacologie et de Thérapeutique
Fundamental & Clinical Pharmacology 33 (2019) 75-83



Leptin protect against glucose-induced neuronal injury

42

43

44

45

46

47

48

49

52

Vincent A.M., McLean L.L., Backus C., Feldman E.L. Short-
term hyperglycemia produces oxidative damage and apoptosis
in neurons. FASEB J. (2005) 19 638-640.

Shahrokhi N., Haddad M.K., Joukar S., Shabani M.,
Keshavarzi Z., Shahozehi B. Neuroprotective antioxidant effect
of sex steroid hormones in traumatic brain injury. Pak. J.
Pharm. Sci. (2012) 25 219-225.

Zhao L., Wu T., Brinton R.D. Estrogen receptor subtypes
alpha and beta contribute to neuroprotection and increased
Bcl-2 expression in primary hippocampal neurons. Brain Res.
(2004) 1010 22-34.

Jover T., Tanaka H., Calderone A., Oguro K., Bennett M.V.,
Etgen A.M., et al. Estrogen protects against global ischemia-
induced neuronal death and prevents activation of apoptotic
signaling cascades in the hippocampal CA1. J. Neurosci.
(2002) 22 2115-2124.

Russo V.C., Metaxas S., Kobayashi K., Harris M., Werther
G.A. Antiapoptotic effects of leptin in human neuroblastoma
cells. Endocrinology (2004) 145 4103-4112.

Carbone F., La Rocca C., Matarese G. Immunological
functions of leptin and adiponectin. Biochimie (2012) 94
2082-2088.

Folch J., Pedrés 1., Patraca I., Sureda F., Junyent F., Beas-
Zarate C., et al. Neuroprotective and anti-ageing role of
leptin. J. Mol. Endocrinol. (2012) 49 R149-R156.

Dicou E., Attoub S., Gressens P. Neuroprotective effects of leptin
in vivo and in vitro. NeuroReport (2001) 12 3947-3951.

Lu J., Park C.-S., Lee S.-K., Shin D.W., Kang J.-H. Leptin
inhibits 1-methyl-4-phenylpyridinium-induced cell death in
SH-SY5Y cells. Neurosci. Lett. (2006) 407 240-243.
Balasubramaniyan V., Shukla R., Murugaiyan G., Bhonde
R.R., Nalini N. Mouse recombinant leptin protects human
hepatoma HepG2 against apoptosis, TNF-a response and
oxidative stress induced by the hepatotoxin—ethanol. Biochim.
Biophys. Acta BBA-Gen Subj. (2007) 1770 1136-1144.
Ozata M., Uckaya G., Aydin A., Isimer A., Ozdemir I.C.
Defective antioxidant defense system in patients with a
human leptin gene mutation. Horm. Metab. Res. (2000) 32
269-272.

Brown ].E., Dunmore S.]J. Leptin decreases apoptosis and
alters BCL-2: bax ratio in clonal rodent pancreatic beta-cells.
Diabetes Metab. Res. Rev. (2007) 23 497-502.

Saxena N.K., Titus M.A., Ding X., Floyd J., Srinivasan S.,
Sitaraman S.V., et al. Leptin as a novel profibrogenic cytokine
in hepatic stellate cells: mitogenesis and inhibition of
apoptosis mediated by extracellular regulated kinase (Erk) and
Akt phosphorylation. FASEB J. (2004) 18 1612-1614.

© 2018 Société Francaise de Pharmacologie et de Thérapeutique
Fundamental & Clinical Pharmacology 33 (2019) 75-83

56

57

58

59

60

61

62

63

64

66

83

Howard J.K., Lord G.M., Matarese G., Vendetti S., Ghatei
M.A., Ritter M.A., et al. Leptin protects mice from starvation-
induced lymphoid atrophy and increases thymic cellularity in
ob/ob mice. J. Clin. Invest. (1999) 104 1051-1059.

Fujita Y., Murakami M., Ogawa Y., Masuzaki H., Tanaka M.,
Ozaki S., et al. Leptin inhibits stress-induced apoptosis of T
lymphocytes. Clin. Exp. Immunol. (2002) 128 21-26.

Zhang Jr J.-Y., Si Y.-L., Liao J., Yan G.-T., Deng Z.-H., Xue H.,
et al. Leptin administration alleviates ischemic brain injury in
mice by reducing oxidative stress and subsequent neuronal
apoptosis. J. Trauma Acute Care Surg. (2012) 72 982-991.
Pérez-Pérez A., Maymo J., Duenas J.L., Goberna R., Calvo J.C.,
Varone C., et al. Leptin prevents apoptosis of trophoblastic
cells by activation of MAPK pathway. Arch. Biochem.
Biophys. (2008) 477 390-395.

Rakatzi I., Mueller H., Ritzeler O., Tennagels N., Eckel J.
Adiponectin counteracts cytokine-and fatty acid-induced
apoptosis in the pancreatic beta-cell line INS-1. Diabetologia
(2004) 47 249-258.

Ramos-Lobo A.M., Donato J. The role of leptin in health and
disease. Temp. Austin Tex. (2017) 4 258-291.

Farooqi I.S., Matarese G., Lord G.M., Keogh ]J.M., Lawrence E.,
Agwu C., et al. Beneficial effects of leptin on obesity, T cell
hyporesponsiveness, and neuroendocrine/metabolic
dysfunction of human congenital leptin deficiency. J. Clin.
Invest. (2002) 110 1093-1103.

Pelleymounter M.A., Cullen M.]., Baker M.B., Hecht R.,
Winters D., Boone T., et al. Effects of the obese gene product
on body weight regulation in ob/ob mice. Science (1995) 269
540-543.

Licinio J., Caglayan S., Ozata M., Yildiz B.O., De Miranda P.B.,
O’Kirwan F.. et al. Phenotypic effects of leptin replacement on
morbid obesity, diabetes mellitus, hypogonadism, and behavior
in leptin-deficient adults. Proc. Natl Acad. Sci. U S A. (2004)
101 4531-4536.

Mittendorfer B., Horowitz J.F., DePaoli A.M., McCamish M.A.,
Patterson B.W., Klein S. Recombinant human leptin
treatment does not improve insulin action in obese subjects
with type 2 diabetes. Diabetes (2011) 60 1474-1477.

Moon H.-S., Matarese G., Brennan A.M., Chamberland J.P.,
Liu X., Fiorenza C.G., et al. Efficacy of metreleptin in obese
patients with type 2 diabetes: cellular and molecular
pathways underlying leptin tolerance. Diabetes (2011) 60
1647-1656.

Wang M., Chen L., Clark G.O., Lee Y., Stevens R.D., Ilkayeva
O.R., et al. Leptin therapy in insulin-deficient type I diabetes.
Proc. Natl Acad. Sci. (2010) 107 4813-4819.



