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Abstract. Mitochondrial homeostasis is a highly regulated 
process that serves a critical role in the maintenance of renal 
structure and function. The growing interest in the field 
of mitochondrial homeostasis promises to provide more 
information regarding the mechanisms involved in diabetic 
renal fibrosis, and aid in the development of novel strate-
gies to combat the disease. In the present study, the effects 
of melatonin on renal damage in mice with diabetes were 
evaluated and the underlying mechanisms were investigated. 
Cellular apoptosis was determined using TUNEL assay 
and western blotting. Mitochondrial function was measured 
using fluorescence assay and western blotting. The results 
indicated that diabetic renal fibrosis was associated with 
5'adenosine monophosphate-activated protein kinase (AMPK) 
downregulation. However, melatonin administration rescued 
AMPK activity, reduced diabetic renal fibrosis, alleviated 
glomerular apoptosis and preserved kidney function. The 
functional experiments demonstrated that melatonin-induced 
AMPK activation enhanced peroxisome proliferator-activated 
receptor γ coactivator 1-α (PGC1α) expression, sustained 
mitochondrial function and blocked mitochondrial apoptosis, 
leading to protection of the glomerulus against glucotoxicity. 
However, loss of AMPK and PGC1α negated the protective 
effects of melatonin on mitochondrial homeostasis, glomerular 
survival and diabetic renal fibrosis. In summary, the present 
study revealed that melatonin rescued impaired mitochondrial 
function and reduced glomerular apoptosis in the context 

of diabetic renal fibrosis by activating the AMPK/PGC1α 
pathway.

Introduction

Diet-induced diabetes is one of the leading causes of mortality 
worldwide. The global prevalence of diabetes is estimated 
to affect 439 million adults (aged 20-79 years) by 2030 (1). 
Between 2010 and 2030, it has been predicted that there will 
be a 69% increase in the number of patients with diabetes in 
developing countries (2). Notably, it has been proposed that 
40% of patients with type 2 diabetes mellitus may develop 
renal fibrosis, which is a major cause of end‑stage renal disease. 
However, current treatment strategies for renal fibrosis are the 
same in diabetic patients as in non-diabetic patients, and they 
do not address the underlying causes of renal dysfunction.

Mitochondria are the energy centers of the cell and have 
been reported to serve a critical role in regulating kidney func-
tion (3). Increasing evidence suggests that kidney complications 
associated with diabetes converge on mitochondria as an 
epicenter for diabetes‑induced renal fibrosis (4). The hallmarks 
of renal fibrosis include glomerular cell apoptosis due to high 
glucose‑induced stress, and renal interstitial fibrosis caused 
by accumulation of the extracellular matrix, which contrib-
utes to the irreversible decline in renal function. Notably, 
mitochondrial injury is observed under all of these situations. 
Mitochondria are particularly susceptible to diabetic insults 
and, at the molecular level, damaged mitochondria produce 
excessive reactive oxygen species (ROS), release pro-apoptotic 
factors into the cytoplasm, impair cellular energy metabolism 
and activate caspase-9-dependent apoptotic signaling (5-8), 
thus augmenting renal injury and promoting kidney fibrosis. 
Therefore, protecting mitochondrial function and preventing 
mitochondria-initiated glomerular apoptosis may delay the 
development of diabetes‑associated renal fibrosis.

Recently, several studies have documented the involvement 
of melatonin in kidney protection (9). Melatonin presumably 
enters mitochondria through melatonin receptor-dependent 
and -independent manners (10,11). Measurement of the 
sub-cellular distribution of melatonin revealed that the 
concentration of melatonin in mitochondria greatly 
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exceeds that in blood (12), thus suggesting that melatonin 
may specifically target mitochondria. In addition, there 
is accumulating evidence demonstrating the protective 
role of melatonin in diabetes-associated renal fibrosis and 
glomerular apoptosis (13,14). Melatonin can inhibit nicotin-
amide-adenine dinucleotide oxidase activity (15), reduce 
Raf-1 proto-oncogene, serine/threonine kinase/extracellular 
signal-regulated kinases signaling (16), activate the cyclic 
guanosine 3',5'-monophosphate-protein kinase G axis (17) and 
suppress the nuclear receptor subfamily 4 group A member 
1/DNA-dependent protein kinase, catalytic subunit/tumor 
protein p53 (p53) cascade (18), thus favoring the survival of 
glomeruli and inhibiting the progression of diabetes-induced 
renal fibrosis. Melatonin has also been reported to protect 
mitochondrial function and structure in the context of high 
glucose stimulus (19,20). However, it remains unclear as to 
whether melatonin has the ability to preserve mitochondrial 
homeostasis during the development of diabetic renal fibrosis 
and, if so, what molecular mechanisms link melatonin to 
mitochondrial protection under high glucose attack.

It has previously been suggested that 5'adenosine 
monophosphate-activated protein kinase (AMPK) signaling is 
closely associated with diabetic renal dysfunction (20). AMPK, 
a sensor of cellular energy production, is capable of regulating 
mitochondrial dynamics and controlling mitophagy (21-24). 
Furthermore, several studies have identified melatonin as 
the upstream trigger of AMPK activation (19,25). However, 
whether AMPK is required for the protective role of mela-
tonin in mitochondrial damage upon hyperglycemia exposure 
remains unclear. The aim of the present study was to investi-
gate the effects of melatonin on mitochondrial homeostasis and 
kidney fibrosis under diabetic stress, as well as to understand 
the underlying mechanisms.

Materials and methods

Animal and cellular experiments. Male wild-type (WT) mice 
(n=60, weight, 250±10 g) and AMPK knockout (AMPK-/-) 
mice (n=60, weight, 250±10 g) were obtained from Jackson 
Laboratory (Bar Harbor, ME, USA). All mice were housed 
under standard laboratory conditions (27˚C, 40‑60% humidity, 
12-h light/dark cycle) with free access to water and on a 
standard laboratory diet. Eight-week-old WT and AMPK-/- 
mice were injected with streptozotocin (STZ; 50 mg/kg/day) 
for 5 days (20). Subsequently, melatonin (20 mg/kg/day; 
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was 
administered intraperitoneally into WT and AMPK-/- mice 
over the course of 12 weeks. The animal experiments were 
performed for a 12‑week period (n=6/group). WT mice injected 
with PBS were termed the control group; WT mice injected 
with STZ were termed the STZ+WT group; WT mice treated 
with STZ and melatonin were termed the Mel+STZ+WT 
group; and, AMPK-/- mice treated with STZ and melatonin 
were termed the Mel+STZ+AMPK-/- group. At the end of 
the experiment, blood pressure was measured in conscious, 
acclimated mice using the tail-cuff method. Kidney tissues 
were harvested following the sacrifice of the mice. A part of 
the kidney was snap‑frozen in liquid nitrogen and the other 
part was fixed with 10% PBS‑buffered formalin, processed 
and embedded in paraffin. All experimental protocols were 

approved by the Ethics Committee of Chinese PLA General 
Hospital (Beijing, China).

The rat glomerular mesangial cell line, HBZY-1, was 
purchased from the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China). Cells were cultured according 
to the supplier's protocols in RPMI medium (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 
10% fetal bovine serum (HyClone; GE Healthcare Life 
Sciences, Logan, UT, USA) at 37˚C in 5% CO2. To mimic 
high glucose damage, cells were cultured in high glucose 
medium (25 mmol/l), as opposed to normal glucose medium 
(5.5 mmol/l), for ~12 h according to a previous study (26). The 
cells were incubated with 5 µM melatonin for ~12 h before 
high-glucose stress (18). 

Sample preparation and histological analysis. The kidneys 
were harvested, fixed for 1 h in 4% (w/v) paraformaldehyde 
at room temperature, and rapidly frozen in Optimal Cutting 
Temperature Compound (Agar Scientific, Ltd., Stansted, 
UK) for the preparation of cryosections (size, 4 µm) (27). 
Hematoxylin and eosin (H&E), Masson's tr ichrome 
(cat. no. KGMST‑8004; Nanjing KeyGen Biotech Co., Ltd., 
Nanjing, China) and periodic acid Schiff‑methenamine 
(PASM; cat. no. 395B; Sigma-Aldrich; Merck KGaA) staining 
were performed at room temperature, following which, samples 
were observed under an inverted microscope (magnification, 
x40; BX51; Olympus Corporation, Tokyo, Japan). 

ELISA. Blood samples from tail vein were collected before 
the mice were sacrificed. Then, laminin (Mouse Laminin 
ELISA kit; cat. no. ab119572; Abcam, Cambridge, UK) 
and pre-collagen III (Mouse Collagen Type III ELISA kit; 
cat. no. MBS727234; MyBiosource, San Diego, CA, USA) in 
blood samples were measured via ELISA analysis, according 
to a previous study (28). Blood urea nitrogen (BUN; Mouse 
Blood Urea Nitrogen ELISA kit; cat. no. MBS751125; 
MyBiosource) and serum creatinine levels (Creatinine Assay 
kit; cat. no. ab65340; Abcam) were determined via ELISA 
based on the manufacturers' protocols.

Measurement of glucose levels and urinary albumin. After 
12 h of fasting, the glucose levels in venous blood samples 
drawn from the tail vein were measured using a glucometer 
(Roche Diagnostics GmbH, Mannheim, Germany). Urine 
samples were collected prior to the sacrifice of the mice (29). 
To collect morning spot urine samples, animals were placed in 
metabolic cages at the beginning of the light cycle and were 
kept for 2 h with access to water, but not food. To obtain 24-h 
urine samples, animals were placed in metabolic cages at 
the beginning of the light cycle and were kept for 24 h with 
free access to water and on a standard laboratory diet (30). 
Urinary albumin content (Mouse Albumin ELISA kit; 
cat. no. ab108792; Abcam,) was determined according to the 
manufacturer's protocols.

Immunofluorescence staining. The cells were first washed in 
cold PBS, permeabilized with 0.1% Triton‑X‑100 for 10 min 
at 4˚C and blocked with 10% goat serum albumin (Invitrogen; 
Thermo Fisher Scientific, Inc.) for 1 h at room temperature. 
Subsequently, samples were incubated with cytochrome 
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c(cyt-c) antibody (1:1,000; cat. no. ab133504; Abcam) and 
cleaved caspase-3 antibody (1:1,000; cat. no. 9664; Cell 
Signaling Technology, Inc. Danvers, MA, USA), overnight 
at 4˚C (31). Following three washes in PBS, Alexa‑Fluor 
116 488 donkey anti-rabbit secondary antibody (1:1,000; 
cat. no. A‑21206; Invitrogen; Thermo Fisher Scientific, Inc.) was 
added to the samples for 1 h at room temperature (32). Images 
were observed with an inverted fluorescence microscope 
(magnification, x40; BX51; Olympus Corporation).

Western blotting. The proteins isolated from kidney tissues 
with the help of RIPA buffer (Thermo Fisher Scientific, Inc.) 
were from three mice in each group. Proteins were also isolated 
from cells using RIPA buffer (Thermo Fisher Scientific, Inc.). 
The protein concentration was analyzed using the bicincho-
ninic acid protein assay (Thermo Fisher Scientific, Inc.). In the 
present study, a total of 40 µg cell proteins and 60 µg tissue 
proteins were separated by 12-15% SDS-PAGE. Following 
electrophoresis, the proteins were transferred onto a polyvi-
nylidene fluoride membrane (Roche Applied Science, Penzberg, 
Germany). The membranes were subsequently blocked with 5% 
non-fat milk for 1 h at room temperature prior to incubation 
with the primary antibodies. The primary antibodies used were: 
Pro-caspase-3 (1:1,000; cat. no. 9662; Cell Signaling Technology, 
Inc.), cleaved caspase-3 (1:1,000; cat. no. 9664; Cell Signaling 
Technology, Inc.), cellular inhibitor of apoptosis protein 1 
(c-IAP; 1:1,000; cat. no. 4952; Cell Signaling Technology, Inc.), 
B-cell lymphoma 2 (Bcl2; 1:1,000, cat. no. 3498; Cell Signaling 
Technology, Inc.), caspase-9 (1:1,000; cat. no. ab32539; Abcam), 
transforming growth factor (TGF)β (1:1,000; cat. no. 3711; 
Cell Signaling Technology, Inc.), matrix metalloproteinase 9 
(MMP9; 1:1,000; cat. no. 13667; Cell Signaling Technology, 
Inc.), cyclophilin D (1:1,000; cat. no. ab181983; Abcam), 
p-cyclophilin D antibody (1:1,000, bioss, cat. no. bs-9878R), 
collagen I (1:1,000; cat. no. ab34710; Abcam), collagen III 
(1:1,000; cat. no. ab7778; Abcam), Bcl-2-associated X protein 
(Bax; 1:1,000; cat. no. ab32503; Abcam), AMPK (1:1,000; 
cat. no. ab131512; Abcam), phosphorylated (p)-AMPK (1:1,000, 
cat. no. ab23875; Abcam) and peroxisome proliferator-activated 
receptor γ coactivator 1-α (PGC1α; 1:1,000; cat. no. 2178; Cell 
Signaling Technology, Inc.) The secondary antibodies used in 
the present study were: Horseradish peroxidase (HRP)-coupled 
secondary antibodies (1:2,000; cat. nos. 7074 and 7076; Cell 
Signaling Technology, Inc.). Band intensities were normalized to 
the respective β-actin (1:2,000; cat. no. ab8224; Abcam) and/or 
GAPDH (1:1,000, cat. no. 5174; Cell Signaling Technology, Inc.) 
internal control signal intensity with the help of Quantity 
One Software (version 4.6.2; Bio-Rad Laboratories, Inc., 
Hercules, CA, USA) (29). Bands were detected using an enhanced 
chemiluminescence substrate (Applygen Technologies, Inc., 
Beijing, China). The experiment was repeated three times (33). 

RNA isolation and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) was used to isolate total RNA 
from tissues (34). Subsequently, the Reverse Transcription kit 
(Kaneka Eurogentec S.A., Seraing, Belgium) was applied to 
transcribe RNA (1 µg/group) into cDNA according to the manu-
facturer's protocol. RT-qPCR was performed with primers 
and matched probes from the Universal Fluorescence-labeled 

Probe Library (Roche Diagnostics, Basel, Switzerland) using 
SYBR™ Green PCR Master Mix (Thermo Fisher Scientific, 
Inc.) (35). The primers used in the present study were: Bax 
forward, 5'-GTC CTA TTC TGA TGG ATC CC-3' and reverse, 
5'-GCT ACG GTA CCA TGG CCT ACG-3'; Bad, 5'-CCT AGA 
TTC AGT GAC TGA G-3' and reverse, 5'-ACC TAA CCG ATG 
GCG GTC GAG TGC-3'; Survivin, 5'-ATC CGT TGT CCA 
GTC TTA GTC TA-3' and reverse, 5'-GGT CGG TAG ATT CAT 
TAA TGA T-3' and GAPDH forward, 5'-GCG GAT GAA CGT 
GGA CGT GAC -3' and reverse, 5'-AAC GTG GTC CAG ACC 
AAT GCG‑3'). The cycling conditions were: 95˚C for 8 min, 
followed by 35 cycles of 95˚C for 10 sec and 72˚C for 12 sec, 
for telomere PCR. The mRNA ratio of the target genes to 
GAPDH was calculated using the 2-ΔΔCq method (36).

Electron transport chain complex (ETC) activity detec‑
tion. Electron transport chain complex I activity (Electron 
transport chain Complex I Assay kit; cat.no. MBS2540528; 
MyBiosource), Electron transport chain complex II activity 
(Complex II Enzyme Activity Microplate Assay kit; 
cat. no. ab109908; Abcam,) and Electron transport chain 
complex V activities (MitoTox™ Complex V OXPHOS 
Activity Assay kit; cat. no. ab109907; Abcam) were determined 
according to the manufacturers' protocols.

Cellular ROS detection. To observe cellular ROS levels, the 
dihydroethidium ROS probe (Molecular Probes; Thermo 
Fisher Scientific, Inc.) was incubated with the cells (1x105) 
for ~30 min at 37˚C in the dark. Subsequently, the cells were 
washed with PBS to remove the ROS probe. The cells were 
immediately analyzed under a fluorescence microscope (37). 
Image-Pro Plus version 6.0 (Media Cybernetics, Rockville, 
MD, USA) was used to obtain the fluorescence densities, 
which were normalized to that of the control group. 

Mitochondrial permeability transition pore (mPTP) opening 
assay, JC‑1 staining and ATP production. mPTP opening is 
an early event in mitochondrial apoptosis. In the present study, 
mPTP opening was measured via tetramethylrhodamine 
ethyl ester (TMRE) fluorescence. Samples were washed three 
times with PBS and were then stained with TMRE dye (38). 
The baseline fluorescence of TMRE was recorded and, after 
30 min, TMRE fluorescence was recorded again. Image‑Pro 
Plus version 6.0 (Media Cybernetics) was used to obtain the 
fluorescence densities of TRME fluorescence. According to a 
previous study (39), the mPTP opening rate was determined as 
the time for the fluorescence intensity to decrease by half of 
the baseline fluorescence intensity.

Mitochondrial potential was assessed using a JC-1 probe, 
a sensitive fluorescent dye used to detect alterations in 
mitochondrial potential (34). Following treatment, cells (1x105) 
were incubated with 10 mg/ml JC‑1 for 10 min at 37˚C in the 
dark and monitored with a fluorescence microscope (magnifi-
cation, x100; BX51; Olympus Corporation). Red fluorescence 
was attributable to potential-dependent dye aggregation in the 
mitochondria. Green fluorescence, reflecting the monomeric 
form of JC-1, appeared in the cytosol following mitochondrial 
membrane depolarization.

ATP production was detected to monitor mitochondrial 
function. Firstly, the samples were washed three times with cold 
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PBS. The samples were then lysed using the RIPA Lysis Buffer 
(Beyotime, China, cat. No:P0013E) and the Luciferase-based 
ATP Assay kit (Beyotime Institute of Biotechnology, Haimen, 
China) was used according to a previous study (25). ATP 
production was measured using a microplate reader (40).

Lactate dehydrogenase (LDH) assay and caspase‑3/9 activity 
detection. LDH is released into the cell culture supernatant 
when cell membranes rupture (36,41). To evaluate LDH 
levels (cells density 1x105), an LDH Release Detection kit 
(Beyotime Institute of Biotechnology) was used according to 
the manufacturer's protocol.

To analyze changes in caspase‑3/9, caspase‑3/9 activity kits 
(Beyotime Institute of Biotechnology) were used, according 
to the manufacturer's protocols (42). To analyze caspase‑3 
activity, 5 µl 4 mM DEVD‑pNA substrate (final concentration, 
200 µM) was added to the cells (1x105) for 2 h at 37˚C. To 
measure caspase-9 activity, 5 µl 4 mM LEHD-p-NA substrate 
(final concentration, 200 µM) was added to the samples for 
1 h at 37˚C. Subsequently, caspase activity was quantified by 
spectrophotometric detection at 400 nm using a microplate 
reader (43). 

MTT and terminal deoxynucleotidyl‑transferase‑mediated 
dUTP nick end labeling (TUNEL) assays. MTT experiments 
were performed in 96‑well plates to analyze cellular viability. 
Samples (1x105) were washed three times with PBS and 50 µl 
MTT reagent was added to each well. The samples were incu-
bated for 4 h at 37˚C in a humidified atmosphere containing 
5% CO2. Subsequently, the MTT solution was removed, 
200 µl dimethyl sulfoxide was added and the samples were 
incubated for 10 min at room temperature. Following the 
addition of Sorensen's buffer, the absorbance at 570 nm was 
measured (44).

To detect cell death, a TUNEL assay was performed 
using an In Situ Cell Death Detection kit (Roche Diagnostics 
GmbH), according to the manufacturer's protocol. DAPI was 
used to label the nuclei at room temperature for ~30 min and 
the cells were observed under an inverted fluorescence micro-
scope (magnification, x40; BX51; Olympus Corporation) (45). 

RNA silencing assay. To inhibit the expression of AMPK 
and PGC1α, small interfering (si)RNAs against AMPK and 
PGC1α were used to knockdown their expression. The siRNA 
against AMPK and PGC1α as well as the negative control 
siRNA were purchased from Yangzhou Ruibo Biotech Co., 
Ltd (Yangzhou, China) (46). The siRNA sequences were 
as follows: AMPK siRNA sense strand, 5'-GCT TAC UGA 
CTG ACG T-3' and antisense strand, 3'-AUG UUA CCG UAT 
TC-5'; PGC1α siRNA sense strand, 5'-GUA GGU ACT ACC 
TA-3' and antisense strand, 3'-TUA UUT AGT TAA CTG AT-5'; 
negative control siRNA sense strand, 5'-UUA CCU TUC CAT 
GAT GCT' and antisense strand, 3'-AUG TUG AAG UTC 
CGT-5'. To transfect siRNA into HBZY-1 cells, Opti-Minimal 
Essential Medium (Invitrogen; Thermo Fisher Scientific, Inc.) 
without serum or antibiotics was used to incubate cells for 
24 h. Lipofectamine® 2000 transfection reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) was added into the medium 
according to the manufacturer's protocol (47). Subsequently, 
siRNAs (70 nM/well of siRNA) were added into serum-free 

medium and incubated with cells for 72 h. Cells were collected 
and proteins were extracted (48). 

Statistical analysis. All data are expressed as the means ± stan-
dard deviation and experiments were repeated ≥3 times in 
the present study. Statistical analyses were performed with 
SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA). 
Statistical analysis was performed using one-way analysis 
of variance followed by Tukey's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Melatonin reduces diabetic renal fibrosis by activating 
AMPK. To verify the role of AMPK in diabetic renal fibrosis, 
western blotting was used to analyze AMPK expression. 
Compared with the control WT mice, STZ treatment signifi-
cantly impaired AMPK activation; however, this effect was 
reversed by melatonin treatment (Fig. 1A and B). Furthermore, 
to confirm whether AMPK is necessary for melatonin‑induced 
kidney protection under diabetic stress, AMPK-/- mice were 
used. As shown in Fig. 1C, renal fibrosis was observed using 
Masson's trichrome staining. Compared with the control WT 
mice, STZ‑treated mice presented with severe kidney fibrosis 
and this change was partially reversed by melatonin treatment. 
However, AMPK deletion inhibited the protective effects of 
melatonin on renal fibrosis. In addition, the expression levels 
of collagen I and collagen III were assessed in kidney samples. 
Chronic hyperglycemia significantly enhanced collagen I and 
collagen III expression (Fig. 1D-F). Notably, this effect was 
inhibited by melatonin, whereas absence of AMPK completely 
abrogated the inhibitory effects of melatonin on collagen 
accumulation.

Furthermore, signaling factors associated with fibrosis, 
including TGFβ and MMP9, were more abundant in the 
kidney tissues of STZ-treated mice compared with the control 
WT mice (Fig. 1D, G and H). Treatment with melatonin 
significantly reduced TGFβ and MMP9 expression levels; 
however, the effects of melatonin were abolished by AMPK 
deletion. Furthermore, the serum concentrations of laminin 
and pre-collagen III were notably higher in STZ-treated mice 
compared with in control WT mice (Fig 1I and J). As expected, 
the high serum concentrations of laminin and pre-collagen III 
were significantly reduced by melatonin supplementation, 
whereas the effects of melatonin were reversed by AMPK 
deletion. Taken together, these results indicated that melatonin 
regulated diabetic renal interstitial fibrosis by activating 
AMPK. 

Melatonin promotes glomerular survival  in an 
AMPK‑dependent manner. Glomerular apoptosis is the 
primary factor associated with the development of diabetic 
renal fibrosis; therefore, the role of melatonin and AMPK in 
glomerular apoptosis was assessed. Firstly, caspase-3 staining 
demonstrated that the renal tissue in STZ-treated mice 
exhibited increased cleaved caspase-3 expression compared 
with WT mice (Fig. 2A and B). However, melatonin admin-
istration reduced caspase-3 expression, whereas the effects of 
melatonin were suppressed in response to AMPK deficiency. 
Similar results were obtained for the caspase-3 activity assay 
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(Fig. 2C). Additionally, to investigate the protective role 
of melatonin and AMPK in glomerular apoptosis, western 
blotting was performed. Melatonin reduced the expression 
levels of pro-apoptotic proteins (caspase-3, -9 and Bax), but 
increased the expression of an anti-apoptotic factor (c-IAP), 
in an AMPK-dependent manner (Fig. 2D-H). Alterations 
in the expression levels of apoptosis-associated genes were 
also measured (Fig. 2I-L). The results demonstrated that the 
mRNA expression levels of Bcl2 and survivin were signifi-
cantly reduced in the kidney tissues of STZ-treated mice 
compared with in the control WT mice. Conversely, Bax and 
Bcl2-associated agonist of cell death (Bad) mRNA expression 
levels were increased in STZ-treated mice compared with 
in control WT mice. Treatment with melatonin significantly 
reduced Bad and p53 mRNA expression, and increased Bcl2 

and survivin mRNA expression in STZ-treated mice in an 
AMPK-dependent manner.

Melatonin ameliorates structural and functional renal 
damage in diabetes by upregulating AMPK. Diabetic kidney 
fibrosis is associated with renal hypertrophy. To evaluate 
renal hypertrophy, the mice were sacrificed and kidneys were 
weighed. Compared with the control WT mice, the kidneys 
of STZ-treated mice weighed more; however, this altera-
tion was reversed by melatonin treatment (Fig. 3A). Loss of 
AMPK abolished the protective role of melatonin in kidney 
hypertrophy. These findings were further supported by the 
histopathological examination of H&E- and PASM-stained 
kidney tissues. The results revealed that STZ-treated mice 
exhibited moderate glomeruli atrophy and fragmentation, 

Figure 1. Melatonin reduces diabetic renal fibrosis via AMPK. (A and B) Western blot analysis of AMPK expression in the kidney tissues of STZ‑treated 
mice in the presence or absence of melatonin. (C) Histological evaluation of kidney fibrosis (blue) using Masson's trichrome stain. (D‑H) Western blot 
analysis of renal fibrosis‑associated proteins. (I and J) Serum concentrations of laminin and pre‑collagen III were determined by ELISA. #P<0.05. AMPK, 
5'adenosine monophosphate‑activated protein kinase; Mel, melatonin; MMP9, matrix metalloproteinase 9; p, phosphorylated; STZ, streptozotocin; t, total; 
TGFβ, transforming growth factor β; WT, wild-type.



LI et al:  MELATONIN CONTROLS DIABETIC RENAL FIBROSIS 1323

epithelial desquamation, renal tubule degeneration and kidney 
glomerular basement membrane thickening (Fig. 3B-F). 
However, these renal histopathological alterations were dimin-
ished by melatonin treatment in an AMPK-dependent manner.

Notably, the preservation of renal structural integrity was 
closely associated with an improvement in kidney function. 
Renal function was assessed by determining blood urea nitrogen 
(BUN) and serum creatinine levels at the end of the experiment. 
Compared with the control WT mice, STZ increased the levels 
of BUN (Fig. 3G) and serum creatinine (Fig. 3H). However, 
melatonin application reduced the BUN and serum creatinine 
levels, potentially by restoring AMPK activity. Additionally, 
urinary albumin content and the albumin-to-creatinine ratio 
(ACR) were measured to determine the severity of diabetic 
nephropathy. As shown in Fig. 3I-J, compared with the control 
WT mice, STZ‑treated mice exhibited significantly increased 

urinary albumin content level and ACR. However, melatonin 
administration significantly reduced the urinary albumin and 
ACR in the STZ-treated mice, whereas the protective effect of 
melatonin was inhibited by AMPK deletion. 

Melatonin sustains glomerular survival by activating the 
AMPK/PGCα1 pathway in vitro. Diabetic renal fibrosis 
is involved in glomerular apoptosis; therefore, it was of 
interest to investigate whether melatonin may suppress 
hyperglycemia-induced glomerular damage via AMPK. 
Firstly, cellular viability and apoptosis were analyzed by 
MTT assay and TUNEL staining, respectively. Compared 
with the normal group, high glucose treatment significantly 
reduced cellular viability (Fig. 4A) and significantly increased 
apoptosis of HBZY-1 cells (Fig. 4B and C). However, mela-
tonin treatment sustained cellular viability and suppressed 

Figure 2. Melatonin activates AMPK and alleviates high glucose-induced glomerular apoptosis. (A and B) Caspase-3 expression in the kidney tissues of 
STZ-treated mice, in the presence or absence of melatonin. (C) Measurement of caspase-3 activity. (D-H) Western blot analysis of apoptosis-associated proteins. 
(I-L) Reverse transcription-quantitative polymerase chain reaction analysis of apoptosis-associated genes. #P<0.05. AMPK, 5'adenosine monophosphate- 
activated protein kinase; Bad, Bcl2-associated agonist of cell death; Bax, Bcl-2-associated X protein; Bcl2, B-cell lymphoma 2; c-IAP, cellular inhibitor of 
apoptosis protein 1; cle, cleaved; Mel, melatonin; STZ, streptozotocin; WT, wild‑type.
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hyperglycemia-induced apoptosis, whereas silencing AMPK 
resulted in a loss of these effects.

It has previously been suggested that PGCα1 is the down-
stream mediator of AMPK, and activated PGCα1 favors 
cellular survival via inhibition of the mitochondrial apoptosis 
pathway (49). Therefore, PGCα1 activation may be required 
for the kidney protection exerted by melatonin/AMPK path-
ways. The present results demonstrated that PGCα1 expression 
was reduced by high glucose-induced stress and was reversed 
back to normal levels with melatonin treatment (Fig. 4D-F). 
However, silencing AMPK abolished PGCα1 expression, thus 
suggesting that PGCα1 was activated by melatonin/AMPK. To 
understand the role of PGCα1 in glomerular survival, PGCα1 
expression was knocked down in melatonin-treated HBZY-1 
cells (Fig. 4D-F). Following inhibition of PGCα1 expression, 
the protective role of melatonin on cellular apoptosis was 
inhibited, as indicated by the LDH release assay (Fig. 4G), 
which was similar to the results obtained in AMPK-silenced 
cells. In addition, these findings were further supported by 

the caspase-3 activity assay (Fig. 4H). Therefore, these data 
indicated that the AMPK/PGCα1 pathway was necessary for 
melatonin-induced glomerular survival under high glucose 
treatment.

Melatonin suppresses mitochondrial apoptosis via the 
AMPK/PGCα1 pathway in vitro. Considering the well-estab-
lished role of mitochondrial damage in glomerular apoptosis and 
diabetic renal fibrosis, the role of the melatonin/AMPK/PGCα1 
pathway in mitochondrial homeostasis was investigated. 
Mitochondrial apoptosis is activated by ROS overproduction, 
membrane potential collapse, pro-apoptotic factor release 
and caspase family activation (4,37). Compared with the 
normal group, high glucose evoked excessive ROS produc-
tion (Fig. 5A and B), which was accompanied by a decline in 
mitochondrial potential (Fig. 5C and D). In addition, the mito-
chondrial pro-apoptotic protein cyt-c was rapidly released into 
the nucleus (Fig. 5E and F), in turn leading to an upregulation of 
other pro-apoptotic proteins, including caspase-3, caspase-9 and 

Figure 3. Melatonin attenuates diabetic renal injury in an AMPK‑dependent manner. (A) Kidney weights of STZ‑treated mice in the presence or absence 
of melatonin. (B) H&E staining of kidney sections. Surface area of the (C) Bowman's capsule, (D) Bowman's space and (E) glomerular tuft. (F) PASM 
staining of kidney tissues. (G) BUN, (H) serum creatinine, (I) urinary albumin and (J) ACR levels were measured. #P<0.05. ACR, albumin-to-creatinine ratio; 
AMPK, 5'adenosine monophosphate-activated protein kinase; BUN, blood urea nitrogen; H&E, hematoxylin and eosin; Mel, melatonin; PASM, periodic acid 
Schiff‑methenamine; STZ, streptozotocin; WT, wild‑type.
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Bax (Fig. 5G-J). Conversely, the mitochondrial anti-apoptotic 
factor Bcl2 was downregulated under high glucose-induced 
stress (Fig. 5G and K). These results indicated that mitochondrial 
apoptosis was activated by hyperglycemia. Conversely, melatonin 
treatment neutralized ROS generation (Fig. 5A and B), main-
tained mitochondrial potential (Fig. 5C and D), suppressed cyt-c 
release (Fig. 5E and F), and corrected the imbalance between 
mitochondrial anti- and pro-apoptotic proteins (Fig. 5G and K). 
Notably, silencing of AMPK or PGCα1 attenuated the benefi-
cial effects of melatonin on mitochondrial damage. Therefore, 
these data indicated that melatonin sustained mitochondrial 
homeostasis by activating the AMPK/PGCα1 pathway, thereby 
protecting the glomerulus against glucotoxicity.

Melatonin activates the AMPK/PGCα1 pathway to preserve 
mitochondrial function and structure in vitro. Besides mito-
chondrial apoptosis, mitochondrial function and structure are 
essential for cellular viability (10,50). The primary function of 
mitochondria is to supply sufficient energy for cellular metabo-
lism. The ATP content was reduced by high glucose treatment 

(Fig. 6A) and was reversed to normal levels in response to 
melatonin administration via activation of the AMPK/PGCα1 
pathway. Mechanistically, mitochondria produce ATP via the 
respiratory electron-transport chain (ETC) (38,51). The activity 
of ETC was decreased by high glucose treatment (Fig. 6B-D) 
and was reversed to normal levels with melatonin application. 
However, inhibition of the AMPK/PGCα1 pathway abolished 
the protective effects of melatonin on ETC activity.

Renal functional impairment is closely associated with 
structural damage. Compared with the normal group, high 
glucose medium promoted the opening of mPTP, an early indi-
cator of mitochondrial damage. Notably, melatonin was able to 
activate the AMPK/PGCα1 pathway and thereby modify the 
mPTP opening rate (Fig. 6E). At the molecular level, mPTP 
opening is regulated by cyclophilin D, whereby p-cyclophilin 
D enhances mPTP opening (52,53). Based on this, the present 
study investigated whether melatonin and the AMPK/PGCα1 
pathway controls mPTP opening via cyclophilin D. As shown 
in Fig. 6F and G, cyclophilin D phosphorylation was increased 
in response to high glucose treatment and was decreased 

Figure 4. Melatonin sustains glomerular survival by activating the AMPK/PGC1α pathway. siRNAs were used to suppress melatonin-activated AMPK and 
PGC1α in the context of high glucose stress. (A) Viability of HBZY‑1 cells was measured by MTT assay. (B and C) Quantification of apoptotic cells was 
conducted using the TUNEL assay. (D-F) Western blot analysis of AMPK and PGC1α expression. (G) Measurement of cellular death using the LDH release 
assay. (H) Measurement of caspase-3 activity to evaluate cellular apoptosis. #P<0.05. AMPK, 5'adenosine monophosphate-activated protein kinase; Ctrl, 
control; LDH, lactate dehydrogenase; Mel, melatonin; p, phosphorylated; PGC1α, peroxisome proliferator-activated receptor γ coactivator 1-α; si, small 
interfering; t, total; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling.
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with melatonin supplementation. Knockdown of AMPK and 
PGCα1 upregulated p‑cyclophilin D expression, confirming 
that melatonin may maintain mitochondrial structure and 
function via the AMPK/PGCα1 pathway.

Discussion

The prevalence of diabetes continues to rise and is a global 
health burden. Diabetic renal fibrosis affects a significant 
percentage of patients with diabetes and contributes greatly 

to mortality. Previous studies have demonstrated that 
mitochondrial injury serves a primary role in the development 
of diabetic renal fibrosis (54,55), which is line with the find-
ings of the present study. In addition, the present study further 
explored the mechanism by which hyperglycemia evoked 
mitochondrial damage. Based on the findings, it may be hypoth-
esized that AMPK downregulation and PGCα1 inactivation 
are responsible for the hyperglycemia-induced mitochondrial 
dysfunction and cellular apoptosis. Mechanistically, suppres-
sion of the AMPK/PGCα1 pathway promoted mitochondrial 

Figure 5. Melatonin suppresses high glucose-induced mitochondrial apoptosis by upregulating the AMPK/PGC1α signaling pathway. (A and B) Dihydroethidium 
staining of cellular ROS. (C and D) JC‑1 staining was used to detect changes in mitochondrial membrane potential. Green fluorescence indicates low mitochon-
drial membrane potential and red fluorescence represents high mitochondrial membrane potential. (E and F) Immunofluorescence staining of cyt‑c and analysis 
of nuclear translocation. (G-K) Western blot analysis of apoptosis-associated proteins in HBZY-1 cells. #P<0.05. AMPK, 5'adenosine monophosphate-activated 
protein kinase; Bax, Bcl-2-associated X protein; Bcl2, B-cell lymphoma 2; cle, cleaved; Ctrl, control; Cyt-c, cytochrome c; Mel, melatonin; PGC1α, peroxi-
some proliferator-activated receptor γ coactivator 1-α; ROS, reactive oxygen species; si, small interfering.
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oxidative stress, triggered mitochondrial potential collapse, 
enhanced pro-apoptotic cyt-c leakage into the nucleus and 
finally initiated caspase‑9‑induced mitochondrial apoptosis 
in the glomerulus. In addition, the inactive AMPK/PGCα1 
pathway was instrumental to renal dysfunction and kidney 
fibrosis. Therefore, these findings comprehensively describe 
the causal relationship between the AMPK/PGCα1 pathway 
and diabetic renal fibrosis, which may provide a potential 
target to retard and/or reverse the progression of renal fibrosis 
induced by glucotoxicity.

Based on the present findings, mitochondrial damage was 
the initial upstream signal for glomerular injury and subse-
quent renal fibrosis. This conclusion was in agreement with 
previous studies (56,57). Hyperglycemia has been reported 
to induce mitochondrial damage via numerous mechanisms. 
Hyperglycemia causes mitochondrial fragmentation and 
reduces mitochondrial ATP production. Additionally, high 
glucose stimulation evokes an excessive NLR family pyrin 
domain containing 3-associated inflammatory response, 
leading to mitochondrial dysfunction and oxidative stress (58). 
Pierelli et al (59) demonstrated that hyperglycemia-induced 
downregulation of uncoupling protein 2 expression impairs 
mitochondrial membrane potential and induces energy 
metabolism disorder. Besides, suppression of the mitochon-
drial tricarboxylic acid cycle due to chronic high glucose 
injury causes energy undersupply (60) and results in abnormal 
lipid metabolism. Similar to these reports, the present study 
demonstrated that high glucose induced excessive ROS 
production and impaired the glomerular anti-oxidative 
system, resulting in opening of the mPTP. Subsequently, 
hydrogen can be liberated, which accounts for the reduction 
in mitochondrial potential and disruption of ATP produc-
tion (61,62). The mPTP opening can also facilitate leakage of 

the pro-apoptotic factor cyt-c into the cytoplasm or nucleus, 
where it activates the caspase-9-associated mitochondrial 
apoptotic pathway (63,64). Based on these data, the poten-
tial processes underlying mitochondrial injury induced by 
glucotoxicity were determined and these findings may further 
extend our understanding of hyperglycemia-mediated mito-
chondrial damage.

Additionally, melatonin was demonstrated to be an effec-
tive approach to protect mitochondria against glucotoxicity. 
Notably, melatonin may directly reduce diabetic renal damage 
by sustaining mitochondrial homeostasis. This notion has 
been supported by ample evidence, which has documented 
the role of melatonin in mitochondrial protection (27,64,65). 
Melatonin suppresses excessive mitochondria fission (19), 
reverses protective mitophagy (24), scavenges mitochondrial 
ROS (66), alleviates mitochondrial calcium overload (18,67), 
sustains mitochondrial energy metabolism (68), modifies 
mitochondrial sirtuin protein (69) and blocks the caspase-9 
apoptosis pathway (61,70). These findings are in line with the 
results in the present study. However, the key finding in the 
present study is that the AMPK/PGC1α pathway was required 
for melatonin-mediated mitochondrial protection, glomerular 
survival and renal fibrosis inhibition. Similarly, recent studies 
have reported that melatonin can activate AMPK and protect 
cardiac endothelial cells against reperfusion injury (25,26). 
In addition, it has been demonstrated that genetic ablation of 
AMPK negated the protective role of AMPK on endothelial 
survival and mitochondrial protection. Other studies have also 
revealed that AMPK activation by drugs, including liraglutide 
and empagliflozin, inhibits the progression of diabetes (6,71). 
Therefore, these findings suggested that influencing the 
stability of AMPK may be a potential therapeutic tool to limit 
diabetes development and progression.

Figure 6. Melatonin activates the AMPK/PGC1α signaling pathway to sustain mitochondrial homeostasis. (A) ATP production was detected using a 
Luciferase-based ATP Assay. (B-D) Analysis of the mitochondrial respiratory complex activity. (E) mPTP opening rate was detected using tetramethylrho-
damine ethyl ester fluorescence. (F and G) Western blot analysis of Cyp D phosphorylation. #P<0.05. AMPK, 5' adenosine monophosphate-activated protein 
kinase; ATP, adenosine 5'-triphosphate; Ctrl, control; Cyp D, cyclophilin D; Mel, melatonin; mptp, mitochondrial permeability transition pore; PGC1α, 
peroxisome proliferator-activated receptor γ coactivator 1-α; p, phosphorylated; si, small interfering.
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In conclusion, through loss-of-function assays in vivo and 
in vitro, the present study confirmed that diabetic renal fibrosis 
was associated with mitochondrial damage via a decline in 
AMPK/PGC1α activity. In addition, melatonin administra-
tion was capable of rescuing the AMPK/PGC1α pathway, 
preserving mitochondrial homeostasis and reducing diabetic 
renal fibrosis.
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