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Abstract. diabetic kidney disease (dKd) is a severe form of 
microangiopathy among diabetic patients, of which podocyte 
injury is one of the more predominant features. There is 
increasing evidence to suggest that mitochondrial dysfunc-
tion is associated with podocyte injury, thus contributing to 
the progression of DKD. Initially identified as a p53 target 
protein, the endogenous antioxidant protein, sestrin-2 (sesn2), 
has recently attracted attention due to its potential function 
in various inflammatory diseases. However, the association 
between sesn2 and podocytes in dKd remains unclear. In the 
present study, to elucidate the role of sesn2 in podocyte mito-
chondrial dysfunction, the effects of sesn2 on the regulation 
of AMP-activated protein kinase (AMPK) were examined 
in vitro and in vivo. Abnormal mitochondria were found in 
rats with streptozotocin-induced diabetes, and hyperglycemia 
downregulated the expression of sesn2. The upregulation of 
sesn2 increased the level of AMPK phosphorylation, and thus 
ameliorated mitochondrial dysfunction under high glucose 
conditions (HG). On the whole, these results suggest that sesn2 
is associated with mitochondrial dysfunction in podocytes 
under HG conditions. In addition, the decreased expression of 
sesn2 may be a therapeutic target for dKd.

Introduction

As one of the most common and severe microvascular compli-
cations among patients with diabetes mellitus, diabetic kidney 
disease (dKd) impairs renal function and leads to end-stage 
renal disease (ESRd) (1). Associated with higher mortality 
and morbidity, the disease poses a substantial financial and 
healthcare burden worldwide. The primary pathological 
changes associated with dKd include glomerular cell 

hypertrophy, podocyte depletion and the thickening of the 
glomerular basement membrane, which results in increased 
urinary protein levels (2). By synthesizing extracellular matrix 
and cytoskeletal proteins, podocytes play an indispensable role 
in glomerular filtration, and as a result, are rich in mitochon-
dria (3). Over the years, an increasing numbers of studies have 
indicated that perturbed mitochondrial function contributes 
to the pathogenesis of dKd (4-6), as the mitochondria are 
involved in various cellular functions, including oxidative 
damage and apoptosis. Hence, it has been hypothesized that 
the identification of key molecules involved in podocyte mito-
chondrial dysfunction may be a promising therapeutic strategy 
for patients with dKd.

As members of the highly-conserved family of 
stress-responsive proteins with antioxidant properties, sestrins 
exist in three mammalian isoforms, sestrin-1 (sesn1), sesn2 
and sesn3, while invertebrates have only one form (7,8). Two 
important functions of sestrins are to suppress the forma-
tion of reactive oxygen species (ROS) (9) and to inhibit 
the activity of mammalian target of rapamycin complex 1 
(mTORc1) (10). The ROS-suppressive function of sesn2 
is partly dependent on the inhibition of mTORc1, which 
increases the degradation of damaged mitochondria or on the 
nuclear factor erythroid 2-related factor 2 (Nrf2)-inhibitor, 
Keap1 (11-13). When exposed to environmental and metabolic 
stress (such as dNA damage, oxidative stress, endoplasmic 
reticulum stress, hypoxia, energy deprivation and amino acid 
starvation), sesn2 begins to accumulate, thus protecting cells 
from damage (8,9,14). Considering these important findings, 
sesn2 has been hypothesized to protect podocytes by main-
taining mitochondrial homeostasis under high glucose (HG) 
conditions.

Interactions between sesn2 and the AMP-activated 
protein kinase (AMPK) pathway have been reported to play 
an important role in the regulation of energy homeostasis, 
cellular proliferation and apoptosis (15,16). As a member of 
the serine-threonine protein kinase family, AMPK is an essen-
tial energy sensor which maintains cellular and whole-body 
energy homeostasis. There is also increasing evidence to indi-
cate the potential antioxidant properties of AMPK, and its role 
in the preservation of mitochondrial function (2). Experiments 
conducted with streptozotocin (STZ)-induced diabetic mice 
have revealed that renal damage is alleviated by improving 
mitochondrial function with an AMPK agonist (17). In the 
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present study, it was hypothesized that sesn2 may ameliorate 
mitochondrial dysfunction via the activation of the AMPK 
pathway.

Therefore, the aim of the present study was to determine 
whether the antioxidant effects of sesn2 were active against 
HG conditions, which was achieved by analyzing the expres-
sion levels of sesn2 in human podocytes following treatment 
with HG (to mimic diabetic conditions) and in diabetic rats, 
respectively. The molecular role of sesn2 in mitochondria and 
AMPK signaling was also investigated.

Materials and methods

Human renal biopsy samples. Six renal biopsy samples 
(3 from males and 3 from females; age, 40-66 years; mean 
age, 53.5±8.71 years) from patients diagnosed with dKd were 
obtained from the Division of Nephrology, Renmin Hospital 
of Wuhan University (Wuhan, china). Six control samples 
(3 from males and 3 from females; age, 37-67 years; mean age, 
51.0±9.59 years) were para-carcinoma tissues from patients 
without diabetes who underwent tumor nephrectomies, and 
were obtained from the division of Pathology (Renmin 
Hospital of Wuhan University); biochemical analysis (urine 
albumin-to-creatinine ratio <30 mg/g) and histological exami-
nation revealed no features of dKd apart from solitary renal 
cell carcinoma. Investigations were based on the principles of 
the Declaration of Helsinki (18). Experiments were performed 
according to the approved guidelines of Wuhan University and 
were approved by the Research Ethics committee of Renmin 
Hospital of Wuhan University after written informed consent 
was received from the patients.

Animals. All animal experiments conformed to the Regulations 
of Animal Experiments in Wuhan University, and were 
approved by the Ethical committee for the Experimental Use 
of Animals at Renmin Hospital of Wuhan University. Both 
the diabetic and control rats were maintained as previously 
described (19). A total of 12 8-week-old male Sd rats were 
housed in cages and raised in an environment with a tempera-
ture of 21-23˚C (55±10% humidity). The rats were randomly 
allocated to the control (6 rats) and diabetic groups (6 rats) and 
they were provided with free access to food and sterile water 
throughout the experiment. diatetes was induced by an intra-
peritoneal injection of STZ (80 mg/kg; Sigma-Aldrich; Merck 
KGaA) dissolved in 0.1 M citrate buffer (pH 4.5) 5 times 
daily. The control rats received citrate buffer alone. Urine 
and blood glucose were measured regularly; the rats were 
considered diabetic when glycemic levels exceeded 200 mg/dl 
1 week after the final STZ (80 mg/kg; Sigma-Aldrich; Merck 
KGaA) intraperitoneal injection, and when glycosuria was 
detectable (Uristix; Ames dVN) within 36 h. Blood was 
obtained from the tail vein and assayed using a blood glucose 
analyzer (contour® TS; Bayer). After 12 weeks of diabetes, 
urine at 24 h was collected in metabolic cages, and urinary 
albumin concentrations were determined. Kidney samples 
were collected under anesthesia by an intraperitoneal injec-
tion using 10% chloral hydrate at a dose of 300 mg/kg. depth 
of anesthesia was assessed (heart rate, respiration frequency, 
temperature, righting reflex, corneal reflex and pupillary 
light reflex) and peritonitis or other adverse reactions were 

not observed throughout the experiments. The kidneys were 
fixed in 10% formaldehyde and then embedded in paraffin (for 
histological evaluation) or OcT compound (Sakura Finetek 
Europe B.V.), and stored at -80˚C.

Isolation of glomeruli. The renal glomeruli were isolated by 
a sieving method. The rats were sacrificed by cervical dislo-
cation under anesthesia by an intraperitoneal injection using 
10% chloral hydrate at a dose of 300 mg/kg and the kidneys 
were harvested. Kidneys from rats were minced into 1 mm³ 
sections on ice and digested in Glomeruli Digest solution 
which consists of Worthington collagenase II, Pronase E and 
DNase at 37˚C. The digest was filtered using a cell strainer 
(100-70-40 µm mesh openings) on the 50 ml tube subse-
quently, which was washed by the complete Hanks' buffered 
salt solution at the same time. A new 50 ml Falcon was used to 
harvest glomeruli from the inner layer of the strainer (40 µm) 
with complete HBSS. The glomeruli-containing solution was 
centrifuged at 1,500 x g at 4˚C for 5 min and the supernatant 
was discarded.

Cells and cell culture. conditionally immortalized human 
podocytes were kindly provided by dr Moin A. Saleem 
(Academic Renal Unit, Southmead Hospital, Bristol, UK) 
and cultured at 33˚C in RPMI-1640 medium (HyClone; 
GE Healthcare Life Sciences) with 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.), 100 ml streptomycin, 
100 U/ml penicillin G and 1X insulin-transferrin-selenium 
(ITS; both Thermo Fisher Scientific, Inc.) for prolifera-
tion. For differentiation, the podocytes were transferred to 
an incubator at 37˚C and cultured in ITS-free medium for 
7-14 days. For synchronization, the podocytes were starved 
in serum-free medium for 12 h. For HG stimulation, the cells 
were cultured in normal glucose (5 mM), HG (35 mM) or 
hypertonic solution (5 mM glucose combined with 30 mM 
mannitol). The d-glucose and mannitol were purchased 
from Sigma-Aldrich (Merck KGaA). The AMPK activator, 
aminoimidazole carboxamide ribonucleotide (AIcAR, 2 mM, 
12 h), was purchased from Sigma-Aldrich (Merck KGaA), and 
the AMPK inhibitor, compound c (c.c, 0.1 mM, 2 h), was 
purchased from MedchemExpress. All results were performed 
using ≥3 independent podocyte cultures.

Transfection. sesn2-siRNA was purchased from Shanghai 
GenePharma Co., Ltd., and transfection was performed using 
the HiPerFect Transfection Reagent according to the manu-
facturer's protocol (Qiagen GmbH). A total of 2x105 cells 
were seeded into six6well plates and transfected with 
sesn2-siRNA or a negative control scramble siRNA (Shanghai 
GenePharma Co., Ltd.). The siRNA sequence was as follows: 
SESN2-homo-1650, 5'-GCG GAA CCU CAA GGU CUA UTT-3'.

To upregulate the expression of sesn2, a sesn2 overexpres-
sion plasmid was purchased from Shanghai Genechem Co., 
Ltd. and transfected into the cells using X-tremeGENETM 
Transfection Reagent (Roche diagnostics) according to the 
instructions provided by the manufacturer.

Western blot analysis. Podocytes and glomeruli were 
lysed on ice in radio immunoprecipitation assay buffer 
(Beyotime Institute of Biotechnology) supplemented with 
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protease/phosphatase inhibitor cocktail (Sigma-Aldrich; Merck 
KGaA) and PMSF (Beyotime Institute of Biotechnology). The 
lysates were centrifuged at 12,000 x g at 4˚C for 10 min, and 
the supernatants were subsequently mixed with 5X loading 
buffer before being boiled at 100˚C for 5 min. The total 
protein concentrations were determined using a BcA protein 
assay (Thermo Fisher Scientific, Inc.). Equal amounts of 10 µl 
protein were separated by 10% SDS-PAGE and then electro-
transferred onto PVdF membranes (EMd Millipore). After 
blocking with 5% skimmed milk for 1-2 h at room tempera-
ture, the membranes were incubated with primary antibodies 
[sesn2 rabbit monoclonal antibody, 1:1,000, ab178518, Abcam; 
p-AMPKα1/2 (Thr172) rabbit polyclonal antibody, 1:100, 
#2535, cell Signaling Technology; AMPKα1/2 (H-300) 
rabbit polyclonal antibody, 1:100, sc-74461, Santa cruz 
Biotechnology, Inc.; and GAPDH mouse monoclonal anti-
body, 1: 1,000, ANT011, Antgene] overnight at 4˚C. Alexa 
Fluor 680/790-labeled goat anti-rabbit/goat anti-mouse IgG 
(1:10,000, P/N 926-65020, LI-cOR Biosciences) was used as 
the secondary antibody at 37˚C for 1 h and the blots were visu-
alized using an Odyssey Infrared Imaging System (LI-cOR 
Biotechnology). For quantification, the protein bands were 
analyzed with ImageJ software V1.8.0 (National Institutes of 
Health).

Immunof luorescence assay. Following fixation with 
4% paraformaldehyde for 30 min and permeabilization in 
0.2% Triton X-100 (PBS) at 4˚C, the frozen kidney sections 
were blocked with 5% bovine serum albumin (Antgene) at 
room temperature for 1 h. The sections were then incubated 
with a mixture of primary antibodies against sesn2 rabbit 
monoclonal antibody (1:100; ab178518, Abcam) and mouse 
anti-snaptopodin (1:200; sc-515842, Santa cruz Biotechnology, 
Inc.) overnight at 4˚C. The sections were subsequently stained 
with a mixture of Alexa Fluor 488, donkey anti-rabbit IgG 
(HL) (1:200; ANT024s, Antgene) and Alexa Fluor 594, donkey 
anti-Mouse IgG (HL) (1:200; ANT029s, Antgene) secondary 
antibodies at 37˚C for 60 min in the dark. The nuclei were 
counterstained with DAPI (Antgene) at 37˚C for 5 min.

The cell climbing films were fixed in 4% paraformalde-
hyde for 20 min at 4˚C, and blocked with 5% bovine serum 
albumin (Antgene) at room temperature for 1 h. The films were 
then stained with the following antibodies at 4˚C overnight: 
Sesn2 rabbit monoclonal antibody (1:100; ab178518, Abcam). 
The films were then incubated with Alex Fluor 488, donkey 
anti-rabbit IgG (HL) (1:200; ANT024s, Antgene) at 37˚C for 
60 min in the dark. The nuclei were counterstained with dAPI 
37˚C for 5 min. All microscopic images were visualized with 
a fluorescence microscope (Olympus Corp.).

Apoptosis assay. Flow cytometry was performed to assess 
the degree of podocyte apoptosis in vitro; double staining 
was conducted using the Annexin V-PE-7AAd Apoptosis 
detection kit I (Bd Biosciences) according to the manufac-
turer's instructions. Samples were analyzed on a BD Accuri C6 
flow cytometer (BD Biosciences) and cells in the upper- and 
lower-right quadrants were classified as apoptotic.

Assessment of mitochondrial membrane potential (MMP). 
To evaluate MMP, Jc-1 staining was conducted using the 

Mitochondrial membrane potential assay kit with Jc-1 
(Beyotime Institute of Biotechnology) as per the manufac-
turer's instructions. Images were captured with a fluorescence 
microscope (Olympus corp.), where green fluorescence 
indicated the J-monomer and red fluorescence indicated 
the J-aggregate. The images were analyzed using ImageJ 
software V1.8.0 (National Institutes of Health).

Detection of ROS. The dichlorof luorescein diacetate 
(DCFH-DA; Beyotime Institute of Biotechnology) fluorescent 
probe was used to measure intracellular ROS levels. cells were 
incubated with 10 µM DCFH-DA at 37˚C for 1 h, and then 
washed 3 times with PBS. Images were subsequently captured 
using a fluorescence microscope (Olympus Corp.).

Co‑immunoprecipitation. The experiments were performed 
using a kit (Beyotime Institute of Biotechnology) according 
to the manufacturer's instructions. Total protein was extracted 
from the cultured podocytes using lysis buffer (20 mM Tris, 
150 mM NaCl, 1.0% Triton X-100, 5 mM EDTA and 1 mM 
phenylmethylsulfonyl fluoride, pH 7.5). A sesn2 mouse mono-
clonal antibody (1:100; sc-393195, Santa cruz Biotechnology) 
or IgG (1:100, #2729, Cell Signaling Technology) was added 
to the protein samples, which were then rotated overnight 
at 4˚C. Subsequently, the samples were mixed with 40 µl of 
protein A+G agarose and incubated for 3 h at 4˚C. The beads 
were mixed with 1X Lane Marker Sample Buffer. After being 
boiled at 100˚C for 5 min, the samples were processed for 
western blot analysis.

Transmission electron microscopy. To observe mitochondrial 
morphology, the rat kidneys were imaged by transmission 
electron microscopy. Kidney tissues were fixed in 2.5% glutar-
aldehyde (340855, Sigma-Aldrich). The dissected tissues were 
washed with PBS and post-fixed in 2% osmium tetroxide for 
2 h at room temperature. The fixed tissues were dehydrated 
in a graded alcohol series and embedded in Epon. Following 
the polymerization of Epon, the blocks were sectioned to 
generate 70-nm-thick sections using a microtome (Leica). 
The sections were double-stained with uranyl acetate and lead 
citrate at room temperature for 2 h and finally examined and 
imaged with a 100cX JEOL transmission electron microscope 
(Hitachi).

Histopathological staining. Hematoxylin and eosin (H&E) 
staining and Periodic Acid-Schiff (PAS) staining were 
conducted to observe the histopathological changes. The 
samples from kidney were fixed with 4% paraformaldehyde, 
embedded in paraffin and sectioned at 2.5 µm. Briefly, 
following deparaffinization and rehydration, the sections were 
stained with hematoxylin solution for 5 min followed by 5 dips 
in 1% acid ethanol (1% HCl in 70% ethanol) and then rinsed 
in distilled water. The sections were then stained with eosin 
solution for 3 min and followed by dehydration with graded 
alcohol and clearing in xylene at room temperature. All 
chemical reagents were purchased from Beijing Sinopharm 
chemical Reagents co. Ltd.

Statistical analysis. All experiments were performed in dupli-
cate and independently repeated at least 3 times. All data are 
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presented as the means ± SD, and analyzed using GraphPad 
Prism 8 (GraphPad Software, Inc.). Differences in the mean 
values were determined using the Student's t-test or one-way 
ANOVA followed by the LSd multiple comparison test. 
SPSS, version 22.0 (SPSS, Inc.), and P<0.05 was considered to 
indicate a statistically significant difference.

Results

sesn2 expression in podocytes from patients with DKD. HE 
and PAS staining were conducted for the initial diagnosis 
of patients with dKd, and the glomeruli of these patients 
exhibited pathological changes, including extracellular matrix 
deposition (Fig. 1A). According to the Human Protein Atlas 
(http://www.proteinatlas.org/) database, sesn2 is widely 
expressed in human renal glomeruli. In the present study, 
the triple immunofluorescent staining of sesn2, the podocyte 
marker synaptopodin and dAPI was performed to evaluate 
sesn2 expression in glomerular podocytes (Fig. 1B). sesn2 was 
predominantly localized in the cytoplasm of the podocytes. 
The results also revealed a decreased sesn2 expression in 
glomerular podocytes from subjects diagnosed with dKd, 
compared to those from healthy individuals, suggesting that 
this decrease may be associated with HG.

Histopathological features of glomeruli and podocyte injury 
from rats with STZ‑induced diabetes. To verify the successful 
induction of diabetes, blood glucose levels, final body weight, 
albumin creatinine ratio (AcR) and urine total proteins (UTP) 
at 24 h were monitored (Table I). compared with the control 

group, the diabetic rats exhibited higher blood glucose levels 
and a lower body weight; elevated levels of AcR and UTP 
in the diabetic rats also suggested an impaired renal func-
tion. The histological observations revealed typical features 
of dKd, including mesangial expansion from 12 weeks after 
modeling (Fig. 2A). Furthermore, transmission electron 
microscopy revealed obvious diffuse foot process fusion, 
indicating podocyte damage in diabetic rats (Fig. 2B).

Mitochondrial dysfunction and reduced sesn2 expression in 
podocytes from rats with STZ‑induced diabetes. Even though 
mitochondrial dysfunction has been recognized as a crucial 
mediator of dKd, in vivo studies on podocyte mitochondria 
under HG conditions are limited, at least to the best of our 
knowledge. Given that the intact structure of the mitochondria 

Figure 1. sesn2 expression in podocytes from patients with dKd. Patients 
were divided into 2 groups: i) the control (cTL), including patients without 
diabetes; and ii) the dKd group, including patients with diabetic kidney 
disease. (A) Representative micrographs of H&E-stained kidney sections and 
Periodic acid-Schiff-stained kidney sections of individuals from each group. 
(B) Representative images of immunofluorescent staining of synaptopodin, 
sesn2 and dAPI in the kidney sections of individuals from each group. sesn2, 
sestrin-2; dKd, diabetic kidney disease.

Figure 2. Histopathological features of glomeruli and podocyte injury from 
streptozotocin-induced diabetic rats. Rats were divided into 2 groups: i) the 
control (cTL), in which rats received citrate buffer alone; and ii) the STZ 
group, in which rats received an intraperitoneal injection of streptozotocin; 
(A) Representative micrographs of H&E-stained kidney sections and Periodic 
acid-Schiff-stained kidney sections from different groups. (B) Representative 
images of ultrastructure of glomeruli by transmission electron microscopy 
from different groups. Foot process is indicated by arrows.

Table I. comparison of blood glucose, body weight, albumin 
creatinine ratio and urine total protein at 24 h between the 
controls (cTL) and rats with STZ-induced diabetes.

Parameters cTL STZ

Blood glucose (mmol/l) 7.14±0.16 32.36±1.33a

Final body weight (g) 579±33.25 368.47±22.95a

AcR (mg/g) 5.88±2.34 44.28±14.17a

UTP (mg) 9.12±2.66 51.36±6.35a

Rats were divided into 2 groups: i) the control (cTL), where rats 
received citrate buffer alone; and ii) STZ group, where rats received 
an intraperitoneal injection of streptozotocin; aP<0.05 vs. cTL (n=6 
in each group).
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represents a healthy organelle, the morphological changes 
in the mitochondria were the focus in the present study. 
Transmission electron microscopy revealed mitochondrial 
abnormalities, such as swelling and disorganization of the 
cristae in the rats with diabetes (Fig. 3A), which indirectly 
indicate impaired mitochondrial function.

To clarify the underlying mechanism of perturbed 
mitochondrial function, the expression of sesn2 was further 
evaluated, and was found to be decreased in the glomeruli 
of diabetic rats (Fig. 3B and d); this indicated that the 
HG-induced downregulation of sesn2 is associated with 
mitochondrial dysfunction.

AMPK is highly expressed in renal cells, such as 
podocytes, and plays a crucial role in maintaining glucose 
homeostasis (20). Previous studies have proposed a protective 
role for AMPK signaling in mitochondrial function (17,21,22). 
Notably, a decrease in the p-AMPK/AMPK protein ratio was 
witnessed in the diabetic rats, which prompted the investiga-
tion into the underlying role of sesn2 in AMPK regulation 
(Fig. 3B).

Changes in sesn2 and AMPK expression in cultured podo‑
cytes under HG conditions. To examine the effect of HG on 
sesn2 in vitro, human podocytes were treated with various 
concentrations of d-glucose (5, 15, 25 and 35 mM) for 24 h, 
and at different time points (0, 6, 12, 18 and 24 h) under HG 
conditions (35 mM). HG (35 mM) significantly decreased 
the sesn2 expression levels following 24 h of stimula-
tion (Fig. 4A-d). Moreover, immunofluorescence assays 
revealed decreased sesn2 fluorescence in the cytoplasm of 
the HG-treated podocytes (Fig. 4H). To exclude the effects 
of d-mannitol on sesn2 expression in human podocytes, 
the results were compared with those of cells under normal 
culture conditions (Fig. 4E). consistent with the results of the 
in vivo experiments, the HG-treated podocytes presented a 
decrease in the p-AMPK/AMPK protein ratio. collectively, 
these results suggest that HG alters the expression of sesn2 
and the phosphorylation of AMPK (Thr172) in podocytes.

Effects of HG on mitochondrial dysfunction in cultured 
podocytes. To further explore the potential mechanisms 

Figure 3. Mitochondrial dysfunction and reduced sesn2 expression in podocytes from streptozotocin-induced diabetic rats. Rats were divided into two groups: 
i) the control (cTL), where the rats received citrate buffer alone; and ii) the STZ group, where rats received an intraperitoneal injection of streptozotocin; 
(A) Representative images of ultrastructure of podocyte mitochondria (indicated by arrows) by transmission electron microscopy from different groups. 
(B and C) Representative western blots of glomerular sesn2, p-AMPK and AMPK expression and quantification in the different groups (*P<0.05 vs. cTL, n=6); 
(D) Representative images of immunofluorescent staining of synaptopodin, sesn2 and DAPI in the kidney sections from different groups. sesn2, sestrin-2; 
STZ, streptozotocin; AMPK, AMP-activated protein kinase.
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of podocyte apoptosis and mitochondrial dysfunction, 
the effects of HG were investigated in vitro. As shown in 
Fig. 5A and B, podocyte apoptosis was markedly increased 
under HG conditions. Subsequently, mitochondrial dysfunc-
tion was evaluated from several aspects. Firstly, transmission 
electron microscopy photomicrographs indicated severe 
mitochondrial swelling, cristae loss and a decreased matrix 
density in podocytes treated with HG (Fig. 5C), which 
were similar to the alterations observed in diabetic rats. 

considering that the mitochondria are the primary producers 
of ROS (23), DCFH-DA (a fluorescent probe) was used to 
detect cellular oxidative stress, and it was revealed that 
intracellular ROS production was markedly increased in 
the podocytes under HG conditions (Fig. 5D). To a certain 
extent, MMP is an indicator of mitochondrial function; thus, 
JC-1 staining was used to reveal that HG exposure reduced 
MMP (Fig. 5F). Collectively, these results suggest that HG 
stimulation negatively affects the mitochondria and reduces 

Figure 4. Changes in sesn2 and AMPK expression in cultured podocytes under HG conditions. (A and B) Representative western blots of sesn2 expression in 
cultured podocytes stimulated with various concentrations of glucose for 24 h and quantification of the results (*P<0.05 vs. 5 mM, n=3). (c and d) Representative 
western blots of sesn2 expression in cultured podocytes in 35 mM HG-treated podocytes at various time points and quantitation of the results (*P<0.05 vs. 0 h, 
n=3). (E-G) Representative western blots of sesn2, p-AMPK and AMPK expression and quantification of the results in podocytes cultured with different medium 
(*P<0.05 vs. CTL, n=3). (H) Immunofluorescence results of sesn2 in cultured podocytes in each group. Cells in the boxed area were magnified to show further 
details (show in ‘Detailed’ image on the right). CTL, 5 mM glucose for 24 h; MA, 5 mM glucose + 30 mM mannitol for 24 h; HG, 35 mM glucose for 24 h. sesn2, 
sestrin-2; AMPK, AMP-activated protein kinase; HG, high glucose; ns, not significant.
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the sesn2 and p-AMPK levels, providing direct evidence 
that sesn2/AMPK signaling may play a significant role 
in the regulatory mechanism of mitochondrial dysfunction 
in podocytes.

Role of sesn2 in apoptosis and mitochondrial dysfunction 
in podocytes under HG conditions, via AMPK. To further 

examine the mechanisms through which sesn2 is involved 
in the regulation of AMPK and mitochondrial dysfunction, 
pc-dNA3.1-sesn2 plasmid and siRNA sesn2 were transfected 
into cultured podocytes. The transfection of pc-dNA3.1-sesn2 
plasmid reversed the downregulation of sesn2 and the dephos-
phorylation of AMPK under HG conditions, while siRNA 
sesn2 decreased the phosphorylation of AMPK under normal 

Figure 5. Effects of HG on mitochondrial dysfunction in cultured podocytes. Cells were divided into 3 groups: i) the control (CTL), where cells were cultured in 
5 mM glucose for 24 h; ii) the MA group, where cells were cultured in 5 mM glucose and 30 mM mannitol for 24 h; iii) the HG group, where cells were cultured 
in 35 mM glucose for 24 h. (A and B) Flow cytometric analysis of apoptosis in cultured podocytes in different groups and quantification of the results (*P<0.05 vs. 
cTL, n=3). (c) Representative images of ultrastructure of cultured podocyte mitochondria (indicated by arrows) by transmission electron microscopy in different 
groups. (D and E) Representative images of ROS production in cultured podocytes in different groups. ROS production was assessed by the detection of DCFH-DA 
fluorescence (green) (*P<0.05 vs. CTL, n=3). (F and G) Representative images of mitochondrial membrane potential in podocytes by JC-1 staining in different groups 
and quantification of the results (*P<0.05 vs. CTL, n=3). sesn2, sestrin-2; AMPK, AMP-activated protein kinase; HG, high glucose; ns, not significant.
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conditions (Fig. 6A and B), indicating that sesn2 positively 
regulates p-AMPK. concurrently, sesn2 overexpression 
suppressed HG-induced apoptosis and mitochondrial defects 
in podocytes; by contrast, these phenomena were exacerbated 
by sesn2 knockdown (Fig. 6C-G). The results of immunopre-
cipitation indicated that sesn2 interacts with and regulates 
AMPK (Fig. 7I). Thus, these data confirm that the protective 
role of sesn2 in mitochondria and podocytes is the result of 
AMPK regulation (Fig. 8).

Role of AMPK in apoptosis and mitochondrial dysfunction 
in podocytes under HG conditions. To clarify the function of 
AMPK in podocytes, the AMPK activator, AIcAR, and the 
inhibitor, c.c, were applied. The results revealed that treat-
ment with AICAR under HG conditions restored AMPK 
phosphorylation, while C.C exacerbated the HG-induced 
decrease in AMPK phosphorylation (Fig. 7A and B). 
Additionally, AICAR decreased HG-induced apoptosis and 
mitochondrial dysfunction. On the contrary, c.c exacerbated 

Figure 6. Role of sesn2 in apoptosis and mitochondrial dysfunction in podocytes under HG conditions through AMPK. Cells were divided into 6 groups: 
i) the control (CTL), where cells were cultured in 5 mM glucose for 24 h; ii) scramble, where cells were transfected with scramble siRNA and HiPerFect 
transfection reagent under normal conditions for 24 h; iii) siRNA sesn2, where cells were transfected with 6 nM sesn2 siRNA and HiPerFect transfection 
reagent under normal conditions for 24 h; iv) HG, where cells were cultured in 35 mM glucose for 24 h; v) HG + pcDNA3.1, where cells were transfected with 
negative control with pcDNA3.1 and the X-tremeGENETM Transfection Reagent under the 35 mM glucose condition for 24 h; vi) HG + pcDNA3.1 sesn2, 
cells were transfected with sesn2 plasmid and the X-tremeGENETM Transfection Reagent under the 35 mM glucose condition for 24 h. (A and B) Western 
blots to measure the protein levels of sesn2, p-AMPK and AMPK in cultured podocytes transfected with siRNA sesn2, siRNA-scrambles, pcdNA3.1-sesn2 or 
pcdNA3.1 (*P<0.05 vs. cTL, #P<0.05 vs. HG, n=3). (C and D) Flow cytometric analysis of apoptosis in cultured podocytes in different groups and quantifica-
tion of the results (*P<0.05 vs. cTL, #P<0.05 vs. HG, n=3).
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podocyte apoptosis and mitochondrial dysfunction compared 
with the HG-only group (Fig. 7C-H). Taken together, these 
results demonstrated that AMPK exerts a protective effect on 
podocytes and mitochondria under HG conditions.

Discussion

Mitochondrial dysfunction has been implicated in podocyte 
injury and in the subsequent development of dKd (4,5); 
however, the key molecules involved in this mechanism have 
yet to be elucidated. The current study revealed that the expres-
sion of the stress-inducible protein, sesn2, was decreased in 
HG-stimulated podocytes, as well as those in diabetic rats 
and patients with dKd. Sesn2 also ameliorated the apoptosis 
and function of mitochondria in podocytes through AMPK 
signaling.

As a component of the glomerular filtration barrier, podo-
cyte apoptosis contributes to the pathogenesis of dKd (24,25). 
Consistent with previous findings (26), the level of podocyte 
apoptosis was elevated under HG conditions in the present 
study (Fig. 5A and B). There are three primary mechanisms 
that regulate apoptosis, namely the mitochondrial, death 
receptor and endoplasmic reticulum pathways (27). Since mito-
chondrial dysfunction has been implicated in the pathogenesis 
of dKd (28), mitochondrial morphology was observed in 
diabetic rats. The results indicated mitochondrial abnormalities, 
including swelling, disorganization of the cristae or a loss of the 
cristae membrane (Fig. 3A), which resembles the phenotype of 
podocytes under HG (Fig. 5C). While swelling under HG stimu-
lation, the mitochondrial permeability transition pore complex 
opens into the inner mitochondrial membrane, which enables 
free transit of molecules <1.5 Kda (including protons) into the 

Figure 6. continued. (E and F) Representative images of ROS production in cultured podocytes in different groups. ROS production was assessed by the 
detection of DCFH-DA fluorescence (green) (*P<0.05 vs. cTL, #P<0.05 vs. HG, n=3). (G and H) Representative images of mitochondrial membrane poten-
tial in podocytes by JC-1 staining in different groups and quantification of the results (*P<0.05 vs. cTL, #P<0.05 vs. HG, n=3). sesn2, sestrin-2; AMPK, 
AMP-activated protein kinase; HG, high glucose; ns, not significant.
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Figure 7. Role of AMPK in apoptosis and mitochondrial dysfunction in podocytes under HG. Cells were divided into 4 groups: i) the control (CTL), where 
cells were cultured in 5 mM glucose for 24 h; ii) HG, where cells were cultured in 35 mM glucose for 24 h; iii) HG + AICAR, where cells were cultured in 
35 mM glucose in the presence of 1 mM AICAR for 24 h; iv) HG + compound C, where cells were cultured in 35 mM glucose for 24 h in the presence of 5 µM 
compound C for 2 h. (A and B) Western blots to measure the protein levels of p-AMPK and AMPK in cultured podocytes in different groups and quantification 
of the results (*P<0.05 vs. cTL, #P<0.05 vs. HG, n=3). (C and D) Flow cytometric analysis of apoptosis in cultured podocytes in different groups and quanti-
fication of the results (*P<0.05 vs. cTL, #P<0.05 vs. HG, n=3). (E and F) Representative images of ROS production in cultured podocytes in different groups. 
ROS production was assessed by detection of DCFH-DA fluorescence (green) (*P<0.05 vs. cTL, #P<0.05 vs. HG, n=3). (G and H) Representative images of 
mitochondrial membrane potential in podocytes by JC-1 staining in different groups and quantification of the results (*P<0.05 vs. cTL, #P<0.05 vs. HG, n=3). 
(I) Reciprocal immunoprecipitation of sesn2 and AMPK. Podocytes lysates were subject to immunoprecipitation with sesn2 antibody. The immunoprecipitates 
were then blotted with anti-AMPKα antibody. sesn2, sestrin-2; AMPK, AMP-activated protein kinase; HG, high glucose; ns, not significant.
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mitochondria. As a result, oxidative phosphorylation is disrupted 
and ATP is depleted (29). Subsequently, pro-apoptotic proteins, 
such as cytochrome c and apoptosis-inducing factor are released 
into the cytosol as a result of increased outer mitochondrial 
membrane permeabilization (MOMP) (30). Ultimately, these 
changes induce cell death via caspase-dependent and -indepen-
dent pathways. Additionally, MMP was found to be decreased 
under HG stimulation in this study (Fig. 5F and G). As MMP 
plays a pivotal role in ATP generation, this decrease aligns with 
the disruption of mitochondrial homeostasis and the subsequent 
release of ROS into the cytosol (31). Therefore, in the present 
study, the levels of ROS were found to be elevated in podocytes 
under HG conditions (Fig. 5D and E), accounting for the upregu-
lation of mitochondrial ROS production. Ultimately, the present 
study demonstrated that apoptosis was elevated in podocytes in 
a HG environment (Fig. 5A and B), which was at least partly due 
to the morphological disorder and malfunction of mitochondria 
(such as ROS accumulation and a decrease in MMP).

As a stress-inducible metabolic regulator, sesn2 has been 
proven to protect the mitochondria from oxidative damage both 
in vivo and in vitro (32,33). To clarify the potential association 
between sesn2 and AMPK, the expression of these two mole-
cules was determined in diabetic rats (Fig. 3B-d), as well as 
in HG-cultured podocytes (Fig. 4A-H), revealing a decrease in 
both cases. Moreover, the decrease in sesn2 and p-AMPK was 
accompanied by reduced mitochondrial function (Fig. 5B-d); 
thus, sesn2/AMPK was postulated to preserve mitochondrial 
performance in podocytes. In order to verify this hypothesis, 
podocytes were transfected with a sesn2 expression plasmid 
prior to treatment with HG. The results suggested that sesn2 
overexpression ameliorated podocyte apoptosis and increased 
AMPK phosphorylation (Fig. 6A-d). cellular ROS production 
was also reduced when sesn2 was upregulated (Fig. 6E and F), 
which revealed that sesn2 reduced oxidative stress. At the same 
time, the decrease in MMP was alleviated by sesn2 overex-
pression (Fig. 6G and H), illustrating that sesn2 may stabilize 
the mitochondrial membrane. By contrast, sesn2 downregula-
tion may be detrimental to both podocytes and mitochondria 
(Fig. 6C-G). The results also revealed that the activation of 
AMPK (using AIcAR) was beneficial to podocytes under 

HG conditions, while AMPK inhibition (with C.C) was detri-
mental (Fig. 7C-H).

Sesn2 has been verified to directly bind and function 
upstream of AMPK (7,10,34,35), which was also confirmed in 
the present study (Fig. 7I). As a highly-conserved master regu-
lator of metabolism, AMPK maintains metabolic homeostasis 
under metabolic stress conditions, both at the cellular and the 
physiological level. AMPK can sense cellular energy potential 
by directly binding to adenine nucleotides. Following alterations 
in available energy and subsequent changes in the AdP/ATP 
ratio, activated AMPK redirects metabolism towards increased 
catabolic processes, as well as decreased anabolism, via the 
phosphorylation of key proteins involved in mitochondrial 
homeostasis (36-39), including receptor γ coactivator-1α (40,41).

In conclusion, the findings of the present study demon-
strates that sesn2 may alleviate podocyte apoptosis under 
HG conditions, which may be attributed to the protection of 
the mitochondria via AMPK activation, including reduced 
ROS production, MMP stabilization and maintaining mito-
chondrial morphology (Fig. 8). Further studies are required 
to determine whether other mechanisms are involved in this 
process through which sesn2 regulates AMPK, and whether 
other downstream molecules are involved in the protection of 
podocyte mitochondria.
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