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Abstract. Diabetic nephropathy (DN) is a severe renal 
disorder characterized by podocyte damage and accumulation 
of extracellular matrix leading to further glomerulosclerosis, 
possibly via the activation of inflammatory signaling and the 
generation of oxidative stress. Melatonin has been considered 
a robust anti‑oxidant, and is able to attenuate DN in several 
animal models. In the present study, cell viability was 
examined by CCK-8 assay. Cell apoptosis, intracellular reac-
tive oxygen species and mitochondrial membrane potential 
(MMP) levels were measured by flow cytometry. Western blot 
analysis was performed to detect the expression of Nephrin, 
B cell lymphoma‑2 (Bcl‑2)‑associated X protein (Bax), Bcl-2, 
Caspase-3, Janus kinase (JAK)2 and Signal transducer and 
activator of transcription (STAT)3 in podocytes. Based on 
an in vitro podocyte injury model, the present study found 
that the application of melatonin significantly reduced 
AngII‑induced apoptosis and increased the proliferative 
rate of cells, as evidenced by decreased expression levels of 
apoptotic proteins, including Caspase‑3 and Bax, and a change 
in the ratio of Bax/Bcl‑2. Further investigation demonstrated 
that a reduction in oxidative stress and the recovery of mito-
chondrial function were involved in this protective effect. 
In addition, the Jak/STAT signaling pathway was inhibited, 
indicating that cytokine‑mediated inflammation was also 
targeted by melatonin. The present study demonstrated for the 
first time, to the best our knowledge, that melatonin exerted an 
anti‑apoptotic effect in AngII‑mediated podocyte injury, and 
indicates a possible mechanism to explain the protective effect 
of melatonin in DN.

Introduction

Diabetic nephropathy (DN) is the leading cause of end‑stage 
renal disease in the US, which is characterized by damage 
to podocytes and increased extracellular matrix accu-
mulation  (1,2), which leads to the progression of nodular 
glomerulosclerosis, micro‑albuminuria and eventual renal 
failure. The molecular and cellular mechanisms responsible 
for this disease remain to be fully elucidated. Previous 
clinical and experimental studies have demonstrated that the 
local growth factor, angiotensin II (AngII) requires consid-
eration as a vital mediator in the pathogenesis in DN (3). 
The inhibition of the renin‑angiotensin system by angio-
tensin‑converting enzyme inhibitors ameliorates proteinuria 
and the progression of nephropathy, which suggest that this 
inhibition may have beneficial effects on various types of 
renal cell (4‑6).

Podocyte injury is the hallmark characteristic of DN (7). 
The local production of AngII in podocytes contributes to 
the development of kidney disease through the generation of 
reactive oxygen species (ROS) and oxidative stress, resulting 
in podocyte apoptosis, matrix accumulation and aberrant 
proliferation (8‑10). Several studies have reported that, during 
the progression of DN, the suppression of superoxide genera-
tion in response to AngII attenuates renal function, although 
results following the application of antioxidants remain 
inconsistent (11,12). Several potentially beneficial actions of 
antioxidant administration on DN have been reported in human 
and experimental diabetes (12). The present study aimed to 
examine whether the antioxidant melatonin can ameliorate 
pathophysiological injury in podocytes, including severe 
oxidative stress and apoptosis, in an in vitro AngII‑induced 
DN model.

Melatonin is the predominant hormone secreted by the 
pineal gland and is involved in sustaining circadian rhythms 
in various biological processes. Several biological effects 
of melatonin are mediated through the activation of mela-
tonin receptors, whereas others are a result of its powerful 
anti‑oxidative function. Several studies have found that mela-
tonin prevents renal damage in Type I and Type II diabetes via 
reducing free radical attack (13‑16), however, the cell‑specific 
mechanism remains to be fully elucidated.

The present study demonstrated for the first time to the best 
our knowledge, that melatonin exerts an anti-apoptotic effect 
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in AngII-mediated podocyte injury, and indicates a possible 
mechanism to explain the protective effect of melatonin in DN.

Materials and methods

Reagents and cell line. Angiotensin II (A9290‑10) was 
purchased from Solarbio Bioscience & Technology, Inc. 
(Shanghai, China). The chemical reagents used for detecting 
cell proliferation and apoptosis comprised a Cell Counting kit‑8 
(CCK‑8; cat. no. CK04; Dojindo Molecular Technologies, Inc. 
Kumamoto, Japan) and an Annexin V‑Fluorescein isothio-
cyanate (FITC) apoptosis detection kit (BD Pharmingen, San 
Diego, CA, USA; cat. no. 556547). A reactive oxygen species 
(ROS) assay kit (Vigorous Biotech, Beijing, China) and 
MitoPT™ JC‑1 assay kit (ImmunoChemistry Technologies, 
LLC, Bloomington, MN, USA; cat. no. 924) were used to 
investigate mitochondrial function.

Cell culture and treatment. Mouse podocytes (5x104 cells/ml) 
were acquired from JRDun Biotechnology Co., Ltd. (Shanghai, 
China) and propagated at 33˚C in RPMI‑1640 culture media 
supplemented with 10% fetal bovine serum (FBS; GE Healthcare 
Life Sciences HyClone Laboratories, Logan, UT, USE) and 
1,000 U/ml recombinant interferon (BioVision, Inc., Milpitas, 
CA, USA) to enhance the expression of a thermo‑sensitive 
T antigen, as previously described (17). To establish an injury 
model, the podocytes were seeded at 80% confluence in complete 
medium containing 10% FBS. After 24 h, the cell culture 
medium was replaced with serum‑free medium containing 
5 µmol Ang II for 24 h at 37˚C. Subsequently, different concen-
trations of melatonin (Shanghai Amquar Biological Technology 
Co., Ltd., Shanghai, China) were added for various periods of 
time, as indicated. The cells were collected at different time 
points for further characterization.

Apoptosis assay. The cells were washed, trypsinized and 
suspended in binding buffer, and the density was adjusted 
to 5‑10x105/ml. Apoptosis was measured by staining with 
Annexin V‑ FITC and propidium iodide (PI). The podocytes 
in suspension (195 µl) was added to 5 µl Annexin V‑FITC and 
10 µl PI. The stained cells were analyzed by fluorescence‑acti-
vated cell‑sorting (FACS; FACScalibur; Becton Dickinson, 
Mountain View, CA, USA). The apoptotic cells were calcu-
lated as the percentage of IV‑gated cells.

Cell viability assay. The podocytes (1x103 per well) were plated 
in 96‑well plates. Following treatment with Ang II for 24 h, a 
series of melatonin concentrations (0.1, 0.5 and 1.0 mmol) were 
added for different durations (48 and 72 h). Subsequently, 10% 
CCK‑8 diluted in serum‑free RPMI-1640 (Invitrogen, Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) was added to 
each well for 1 h at 37˚C. The absorption of each sample was 
measured at a wavelength of 450 nm using a Labsystems MK3 
microplate reader (Thermo Fisher Scientific, Inc.) to detect 
cell viability, according to the manufacturer's protocol. Cells 
without Ang II treatment served as a control group. Triplicate 
experiments were performed throughout all the procedures.

Measurement of intracellular ROS levels. The levels of intra-
cellular ROS were measured using a ROS assay kit, according 

to the manufacturer's protocol. Briefly, the treated podocytes 
were washed three times with pre‑warmed phosphate‑buff-
ered saline (PBS) and then harvested for further staining. 
Dihydroethidium (DHE; 50 µM) was added to the cells for 
incubation at room temperature for 30 min, following which 
the cells were analyzed using FACS. The fluorescence inten-
sity was monitored at an excitation wavelength of 488 nm and 
an emission wavelength of 605 nm.

Detection of mitochondrial membrane potential (MMP). The 
treated podocytes were washed with pre‑warmed PBS, tryp-
sinized, centrifuged (400 x g at room temperature) for 10 min 
and adjusted to 1x106 cell/ml. Tetramethylrhodamine, methyl 
ester (TMRM) was used as a trans‑membrane dye to indicate 
the function of the mitochondria. The cells were incubated 
with 100 nM TMRM medium at 37˚C for 15‑20 min in the 
dark, and washed again with PBS to remove any unbound 
probe. Analysis was performed using FACS at an excitation 
wavelength of 543 nm and an emission wavelength of 589 nm.

Western blot analysis. The podocytes were washed with 
PBS several times and then added to lysis buffer premixed 
with proteinase and phosphatase inhibitors. The concentra-
tion of protein was quantified using a bicinchoninic acid 
assay method (Thermo Fisher Scientific, Inc.). Subsequently, 
35  µg protein for each sample was loaded onto 12% 
SDS‑PAGE gels for separation, and further transferred onto 
a polyvinylidene fluoride membrane. The blots were blocked 
with 5% non‑fat milk and incubated overnight with the 
following primary antibodies: Rabbit anti‑nephrine (Abcam, 
Cambridge, UK; cat. no. Ab58968; 1:1,000 dilution); rabbit 
anti‑B cell lymphoma‑2 (Bcl‑2; Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA, USA; cat. no. SC‑492; 1:150 dilution); 
rabbit anti‑Bcl‑2‑associated X protein (Bax; Santa Cruz 
Biotechnology, Inc.; cat. no. sc-493; 1:100 dilution); rabbit 
anti‑caspase‑3 (Abcam; cat. no. Ab32351; 1:2,000 dilution); 
rabbit anti‑phosphorylated (phospho)‑Janus kinase (JAK)2 (Cell 
Signaling Technology, Inc., Danvers, MA, USA; cat. no. 3776; 
1:800 dilution); rabbit anti‑JAK2 (Cell Signaling Technology, 
Inc.; cat. no. 3230; 1:1,000 dilution); rabbit anti‑phospho‑Signal 
transducer and activator of transcription 3 (STAT3; Abcam; 
cat. no. Ab76315; 1:800 dilution); mouse anti‑STAT3 (Abcam; 
cat. no. Ab119352; 1:1,000 dilution); rabbit anti‑GAPDH (Cell 
Signaling Technology, Inc.; cat. no. 5174; 1:1,500 dilution). 
GAPDH was used for the normalization of each protein to 
ensure the loading of equal quantities of protein. Following 
washing three times with Tris‑buffered saline‑tween buffer, 
the blots were incubated for 1 h at room temperature with goat 
anti‑rabbit and goat anti‑mouse horseradish peroxidase‑conju-
gated secondary antibodies (cat. nos. A0208 and A0216, 
respectively; 1:1,000; Beyotime Institute of Biotechnology, 
Haimen, China). Following another round of washing, the 
signals were revealed using enhanced chemiluminescence 
(EMD Millipore, Billerica, MA, USA).

Statistical analysis. Statistical analyses were performed 
using GraphPad Prism 5 software (GraphPad Software, Inc., 
La Jolla, CA, USA). Statistical analysis was performed using 
one‑way analysis of variance tests. P<0.05 was considered 
to indicate a statistically significant difference. Data are 
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expressed as the mean ±  standard deviation of triplicate 
samples. All results were confirmed in at least three indepen-
dent experiments.

Results

Melatonin protects podocytes from Ang II‑induced apoptosis. 
In order to investigate the function of melatonin in DN, the 
present study established an in vitro model, in which Ang II 
was administered to podocytes. Following treatment with 
Ang II for 24 h, the podocytes were stained with Annexin V 
for further analysis. The FACS results showed the injured 
podocytes exhibited high levels of apoptosis (45.800±0.929%), 
compared with the control group (0.103±0.003%; Fig.  1). 
Following exposure to different dosages of melatonin for 
another 48 h, the apoptotic rates of the podocytes were signifi-
cantly decreased, between 36.87% (0.1 mM melatonin) and 
17.70% (1 mM melatonin). These results indicated that mela-
tonin protected the podocytes from Ang II‑induced apoptosis 
in a dose‑dependent manner.

Melatonin restores cell viability in an Ang II‑induced 
podocytes injury model. The results of the CCK‑8 assay 
demonstrated that, following 12  h Ang II treatment, the 
viability of the podocytes was reduced between 0.334±0.005 
and 0.285±0.005, and continued to decrease significantly, 
between 0.832±0.005 and 0.476±0.006, until 72 h (Fig. 2). 
However, melatonin ameliorated this damage and restored 
cell viability in a concentration‑dependent manner (Fig. 2). 
Following incubation for 12 h, the high concentration of mela-
tonin (1 mmol) rescued almost all the podocytes from injury 
(1 mmol melatonin, 0.319±0.002; control group, 0.334±0.005). 
As the duration of incubation increased, this protective 
effect was reduced, with >50% of injured podocytes rescued 
post‑injury following 72 h in high‑concentration melatonin 
(1 mmol melatonin, 0.622±0.006; control group, 0.832±0.005).

Effect of melatonin on mitochondrial function and intracel‑
lular ROS in injured podocytes. Melatonin has been confirmed 
as a powerful anti‑oxidant. In order to address the underlying 
mechanism in the present study, the mitochondrial function and 
production of ROS in the injured podocytes were measured. The 
use of fluorescent dye for the assessment of MMP has become a 
useful tool for monitoring changes in physiological parameters, 
as it associated with the capacity of the cell to generate ATP and 
maintain normal mitochondria function. Treatment with Ang II 
for 24 h markedly decreased MMP, compared with the control 
group (0.38% of the control group (Fig. 3) and reduced mito-
chondrial function. Incubation for 48 h with a low concentration 
of melatonin (0.1 mmol) was able to partially repair MMP, 
and a high concentration melatonin restored almost 40% of 
the mitochondrial function, compared withe the control group 
(Fig. 3). Concomitantly, intracellular ROS was produced due 
to the damage of MMP, which further reduced mitochondrial 
function. As shown in Fig. 4, the results confirmed that Ang 
II induced the production of ROS, with an increase of up to 
360‑fold, compared with the normal podocytes. Treatment with 
melatonin exhibited its potent anti‑oxidant effect and eliminated 
ROS in a dose‑dependent manner. In the cells incubated with a 
high concentration of melatonin, ROS were cleared to almost 

the same level as in the normal group. Taken together, these 
results confirmed melatonin as a potent anti‑oxidative reagent, 
and demonstrated that melatonin attenuated damage to the 
podocytes via the clearance of ROS.

Effects of melatonin on apoptosis and the JAK/STAT signaling 
pathway. As described above, melatonin exerted a protective 
effect on the podocytes against apoptosis and increased cell 
viability. In addition, certain molecules associated with apop-
tosis and cell proliferation signaling pathways were detected. 
Nephrin is a major cell membrane component connecting the 
cytoskeleton in podocytes and is lost during podocyte injury. 
As shown in Fig. 5, Ang II decreased the expression of Nephrin 
(lane B) and melatonin restored its expression, which increased in 
a concentration‑dependent manner (Lanes C‑E). The Bax/Bcl‑2 
families are known to be important in the regulation of apop-
tosis, and the increased ratio of Bax/Bcl‑2 can trigger Caspase 
activation and downstream apoptosis. In the present study, Ang 
II increased the expression of Bax and repressed the expression 
of Bcl‑2 level, this change in the Bax/Bcl‑2 ratio was corrected 
by melatonin. Dose‑dependent changes in the expression levels 
of Bax and Bcl‑2 were observed in the melatonin‑treated podo-
cytes. Caspase‑3 activation was also suppressed by melatonin.

The STAT family of transcription factors can control the 
activation of several signaling pathways, including inflamma-
tion, proliferation and apoptosis. STAT transcription factors 
are activated by tyrosine phosphorylation, predominantly JAK. 
In the present study, activation of JAK2/STAT3 phosphoryla-
tion was observed in response to AngII‑mediated oxidative 
stress and inflammatory disorder. Again, melatonin exerted its 
anti‑oxidative and anti‑inflammatory effects, and the activa-
tion of the JAK/STAT pathway was reduced by melatonin in a 
dose‑dependent manner.

Discussion

DN is one of the predominant causes of end‑stage renal 
disease. It affects ~30% of patients with Type I diabetes, and 
20% of patients with diabetes <40 years of age succumb to 
DN‑associated mortality  (18). The glomerulus is the most 
commonly affected structure in DN, and is characterized by 
disordered synthesis of the mesangial matrix (19), loss of func-
tional cytoskeleton connections (20) and enhanced apoptotic rate 
in podocytes during the progression of diabetes (21,22), which 
is partly mediated by Ang II. Earlier studies have indicated that, 
as a potent anti‑oxidant, chronic administration of melatonin 
showed potent beneficial effects in ameliorating DN in the rat 
renal tubule and glomerulus (13,23), and this may have been 
via a reduction in oxidative stress. However, few investigations 
have focused on elucidating the intracellular mechanisms of the 
protective function of melatonin on specific cell types in the 
kidney. In the present study, experiments aimed to elucidate the 
possible mechanism in podocytes by which melatonin protects 
the kidney from oxidative stress and renal damage.

Ang II is considered to be a vital mediator in the progression 
of DN (24), as demonstrated in the results of the present study, 
in which 24 h incubation with Ang IIl led to marked podocyte 
damage. As shown in Fig. 1, the podocytes were sensitive to 
Ang II‑induced apoptosis. A study by Gumustekin et al (25) 
demonstrated the presence of TUNEL‑positive cells in the 
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glomerular mesangium and tubular epithelial cells in diabetic 
rat, and observed that treatment with melatonin effectively 
reduced its expression. Similarly, melatonin‑treated podocytes 
were protected from Ang II‑induced apoptosis in the present 
study, as shown in Fig. 1. In addition to offering protection 
from apoptosis, melatonin increased the number of living cells 
and rescued the cells from Ang II‑induced cell death (Fig. 2). 
At a high concentration, almost 50% of the podocytes were 
rescued. Taken together, these results confirmed the beneficial 
effect of melatonin in podocytes.

MMP is an important physiological parameter as it is associ-
ated with the capacity of the cell to generate ATP and control 
energy homeostasis (26,27). During cellular stress, MMP may 
be adversely altered by the dysfunction of intracellular ionic 
charges, consequently leading to the failure of ATP production 
and the generation of ROS (27). Therefore, MMP is a key indi-
cator of cell death and injury. As demonstrated in the present 
study, Ang II caused a marked decrease in the MMP of the 
podocytes (Fig. 3), indicating the possibility of mitochondrial 
injury. Several previous studies have reported that, during the 
progression of DN in patients and animal models, oxidative 
stress is considered a crucial risk factor contributing to the 
pathogenesis of renal disease (28‑30). The occurrence of high 
glucose levels (31) and exposure to mechanical stress (22) in 
DN may induce the local expression of Ang II, acting through 

Angiotensin II receptors, which aggravate podocyte injury. As 
shown in Fig. 4, Ang II not only damaged MMP, it also produced 
life‑threatening levels of ROS simultaneously. Melatonin has 

Figure 1. Percentages of apoptotic podocytes, measured using Annexin V‑fluorescein isothiocyanate and PI staining. IV gated cells were indicative of apop-
tosis. Melatonin significantly decreased the percentage of apoptotic podocytes induced by Ang II. Data are expressed as the mean ± standard deviation. 
***P<0.001, injury group, vs. control group; ###P<0.001, melatonin group, vs. injury group. Ang II, angiotensin II; PI, propidium iodide.

Figure 2. Assessment of podocyte viability using a Cell Counting kit‑8 
assay. Dose‑dependent effects of melatonin were observed on the viability 
of podocytes injured by Ang II treatment for 24 h. At the late stage of 
injury, melatonin significantly ameliorated Ang II‑induced cell loss. 
***P<0.001, injury group, vs. control group; #P<0.05, ##P<0.01 and ###P<0.001, 
melatonin group, vs. injury group at different time points. Ang II, angio-
tensin II; OD, optical density.
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been confirmed as a potent anti‑oxidant. As early as 1999, 
Ha et al demonstrated that water supplemented with melatonin 
reduced the accumulation of plasma lipid peroxides in strepto-
zotocin‑induced DN in rats (13). In subsequent investigations, 
it was suggested that melatonin may exert its renal protective 
effects in several aspects, for example the clearance of super-
oxide species in plasma or urine, including lipid peroxides (13); 
and increasing the activities of superoxide dismutase, xanthine 
oxidase, glutathione peroxidase and ceruloplasmin (14,16,23). 
Although several studies have shown discrepancy in the function 
of melatonin in the activity of catalase and superoxide dismutase, 
there is substantial evidence supporting the anti‑oxidative 
protection offered by melatonin and in podocytes, the results of 
the present study demonstrated that different concentrations of 

melatonin cleared the Ang II‑induced production of ROS and 
rescued damaged MMP. Taken together, the present study found 
that melatonin provided protection in DN through preventing 
podocyte exposure to oxidative stress‑induced damage.

Podocytes form slit pores, through which the glomerular 
filtrate passes, and alterations in this structure are responsible 
for the leakage of proteins and blood cells observed in DN (32). 
Nephrin is the predominant component in the family of podo-
cyte membrane proteins, and is present with other members 
connected to the actin cytoskeleton to maintain the normal 
structure of the glomerulus (33). In the present study, although 
Ang II decreased the expression of nephrin, the application 
of melatonin prevented its suppression in a dose‑dependent 
manner, indicating recovery of the glomerular cytoskeleton and 
general structure.

Mitochondrial outer membrane permeabilization is 
associated with mitochondrial dysfunction or MMP, and is 
responsible for the release of soluble proteins, which are closely 
associated with cell death (34). Once homeostasis is impaired, 
a mitochondrial‑associated cell death pathway is immediately 
activated. The release of cytochrome  c into the cytoplasm 
mediates the binding of apoptotic protease activating factor‑1 to 
pro‑caspase‑9 (34), resulting in the activation of caspase‑9 and 
initiation of the caspase cascade, including caspase 3, and DNA 
damage. The immediate cellular response to DNA damage 
includes cleavage of poly ADP ribose polymerase by caspase‑3. 
However, the release of cytochrome c is tightly controlled by 
members of the Bcl‑2 family, known to be associated with the 
regulation of apoptosis (34,35). An increase in the level of Bax 
or decrease in the level of Bcl‑2 can shift the ratio and trigger the 
apoptotic signal. In the podocytes examined in the present study, 
incubation with AngII activated the expression of caspase‑3 and 
altered the ratio of Bax/Bcl‑2 (lane B, vs. A; Fig. 5), which led 
to apoptosis in the Ang II group (Fig. 1). However, in the present 
study, dose‑dependent downregulation in the expression of 
caspase 3 and changes in the Bax/Bcl‑2 ratio were observed in 
the melatonin‑treated podocytes, confirming its protective role 
as an anti‑oxidant.

STAT proteins belong to a superfamily controlling 
transcription‑regulating signaling and the response of cells 
to environmental stimuli in the absence of protein synthesis 
through the STAT pathway (36). In mammals, there are seven 
STAT genes, and STAT3 has been widely investigated due to 
its numerous functions, including animal cell growth regulation 
and inflammation. STATs are activated by tyrosine phosphory-
lation, predominantly JAK, leading to their phosphorylation on 
activating tyrosine residues, dimerization and nuclear transloca-
tion. JAKs bind specifically to intracellular domains of cytokine 
receptor signaling chains and catalyze the ligand‑induced phos-
phorylation of themselves for activation (36). DN is possibly the 
most well‑described renal disorder in which JAK/STAT acti-
vation is important. Ang II‑mediated activation of JAK/STAT 
pathway in glomerular mesangial cells has been shown to 
enhance the production of transforming growth factor (TGF)α, 
collagen IV and fibronectin, which is considered to contribute to 
the accumulation of extracellular matrix and glomerulosclerosis 
in DN (37). It has been reported that melatonin reduces renal 
inflammation and the accumulation of extracellular matrix 
(collagen, α‑smooth muscle actin and TGFα) in chronic renal 
disease  (38). The present study also demonstrated that, in 

Figure 4. Detection of intracellular ROS using the DHE probe. The treated 
podocytes were stained with DHE for analysis using a fluorescence‑activated 
cell‑sorting machine. Angiotensin II induced the production of ROS, and this 
was inhibited by melatonin in a dose‑dependent manner. Data are expressed 
as the mean ± standard deviation. ***P<0.001, injury group vs. control group; 
###P<0.001, melatonin group vs. injury group. ROS, reactive oxygen species; 
DHE, dihydroethidium.

Figure 3. Measurement of MMP in podocytes. The fluorescent dye, tetra-
methylrhodamine, methyl ester was used to examine the mitochondria. 
Melatonin treatment rescued the Ang II‑mediated decrease in MMP in 
a dose‑dependent manner. Data are expressed as the mean  ±  standard 
deviation. ***P<0.001, injury group, vs. Control group; ###P<0.001, melatonin 
group, vs. injury group. Ang II, angiotensin II; MMP, mitochondrial mem-
brane potential.

https://www.spandidos-publications.com/10.3892/mmr.2016.5313


JI and XU:  MELATONIN EXERTS ANTI-APOPTOTIC EFFECTS 925

Figure 5. Western blot analysis of the relative protein levels of Nephrin, Bax, Bcl‑2, Caspase‑3, p‑STAT3/STAT3 and p‑JAK2/JAK2. Podocytes were injured 
by treatment with angiotensin II for 24 h, and treated with melatonin at different concentrations. GAPDH was detected as a loading control. The molecular 
weight for each protein is labeled respectively. Data are expressed as the mean ± standard deviation. ***P<0.001, injury group, vs. control group; ###P<0.001, 
melatonin group, vs. injury group. Bcl‑2, B cell lymphoma‑2; Bax, Bcl‑2‑associated X protein; STAT3, signal transducer and activator of transcription 3; JAK2, 
Janus kinase 2; p‑, phosphorylated.
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podocytes, the long‑term administration of Ang II activated the 
JAK/STAT pathway through promoting the secretion of certain 
unknown cytokines, as reported by Abkhezr and Dryer (39). This 
activation of the JAK/STAT signaling pathway was inhibited by 
different concentrations of melatonin, possibly via interference 
with pro‑inflammatory cytokines induced by Ang II, however, 
the underlying mechanism requires further investigation.

In conclusion, as a multi‑functional hormone secreted by 
the pineal gland, the ability of melatonin to ameliorate the 
progression of DN was demonstrated in an Ang II‑mediated 
podocyte‑injury model in vitro. Melatonin provided protec-
tion from oxidative stress due to mitochondrial dysfunction, 
and inhibited apoptosis and pro‑inflammatory signaling in the 
podocytes via repression of caspase/Bax/Bcl‑2 signaling and 
inactivation of the JAK/STAT pathway. However, the mecha-
nism by which melatonin is involved in this process remains to 
be fully elucidated, and investigations concerning the biostruc-
ture of melatonin or specific signaling pathways are required 
for further clinical application in DN and other renal disorders.
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