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	 Background:	 PGC-1a can be activated by deacetylation reactions catalyzed by SIRT1. Resveratrol is currently known as a po-
tent activator of SIRT1. However, it is unknown whether the renal-protective effect of resveratrol is further re-
lated to activation of the podocyte SIRT1/PGC-1a pathway.

	 Material/Methods:	 High glucose was used to stimulate mouse podocytes. Resveratrol and PGC-1a siRNA transfection were used 
to perform co-intervention treatments. The protein and mRNA expression levels of SIRT1, PGC-1a, NRF1, and 
TFAM were detect by immunofluorescence, Western blot analysis, and qRT-PCR in the podocytes, respectively. 
DCHF-DA and MitoSOX™ staining were used to monitor the total ROS and mitochondrial ROS levels, respectively. 
The specific activities of complexes I and III were measured using Complex I and III Assay Kits. Mitochondrial 
membrane potential and cell apoptosis were measured using JC-1 staining and Annexin V-FITC/PI double-
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stimulation. In addition, it can also reduce the release of mitochondrial cytochrome C and DIABLO proteins to 
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Background

Diabetic nephropathy (DN) has high incidence, disability, mor-
tality rates and has become an important focus of research. 
Studies have demonstrated that podocytes are required to 
maintain integrity of the glomerular filtration barrier and for 
prevention of proteinuria [1]. Podocytes are a highly differ-
entiated terminal cell type with poor regeneration ability. In 
podocytes, the normal maintenance of multistage foot struc-
ture requires considerable energy consumption, and they are 
also relatively sensitive to oxidative stress. Enhancing oxida-
tive stress can cause podocyte injury. A study has reported 
that podocytes are the initial target of cellular damage, espe-
cially in DN, apoptosis, and shedding, which leads to increased 
proteinuria and glomerular sclerosis in the early stage of dis-
ease progression [2].

Many studies have confirmed that oxidative stress plays an im-
portant role in the pathogenesis of DN [3]. In 2001, Brownlee 
proposed the unified mechanism theory that postulates the 
excess reactive oxygen species (ROS) produced by the high-
glucose-induced mitochondrial respiratory chain is a triggering 
factor in the development of diabetic complications [4]. 
Mitochondria are considered a significant source of intracel-
lular ROS and are involved in endogenous apoptotic pathways. 
Mitochondria are important players in the pathogenesis of DN 
and have been proved to be susceptible to peroxisomes [5].

Mitochondrial biosynthesis is a physiological activity required 
to maintain and repair mitochondrial structures and is an im-
portant process in regulation of mitochondrial gene and pro-
tein expression [6]. The peroxisome proliferator-activated re-
ceptor gamma co-activator-1a(PGC-1a) is a central regulator 
of mitochondrial biosynthesis, and mitochondrial DNA is ac-
tivated and upregulated by the transcription factors nuclear 
respiratory factor (NRF)-1 and TFAM [7]. The downregulation 
of PGC-1a expression along with mitochondrial dysfunction 
were noted in a variety of diabetic complications, suggesting 
that PGC-1a-regulated mitochondrial biosynthesis can delay 
the development of diabetic complications. Further studies 
have shown that PGC-1a can be activated by deacetylation re-
actions catalyzed via the NAD+-dependent deacetylase silent 
mating-type information regulation 2 homolog 1 (SIRT1) [8,9]. 
Resveratrol is a potent activator of SIRT1, which exerts impor-
tant biological effects on modulation of inflammation, oxida-
tive stress, and cancer, as well as the regulation of glucose and 
lipid metabolism. Recently, it was found in a DN animal model 
that resveratrol exhibited renal protective effects by the reduc-
tion of proteinuria and extracellular matrix deposition [10,11]. 
In the present study, resveratrol was shown to regulate the 
SIRT1-downstream target genes PGC-1a and Forkhead box O 
(FOXO) by increasing mitochondrial function in myocardium and 
skeletal muscle tissues [12,13]. However, it remains unknown 

whether the renal-protective effect of resveratrol is further re-
lated to the activation of the podocyte SIRT1/PGC-1a pathway 
and improvement of mitochondrial function in DN.

In the present study, podocytes were cultured in vitro by high-
glucose stimulation. In addition, experiments were carried out 
using resveratrol and PGC-1a siRNA transfection techniques 
to investigate the possible mechanisms of mitochondrial dys-
function in diabetic podocyte lesions and their possible pro-
tective targets.

Material and Methods

Reagents and antibodies

All culture media was purchased from Gibco-BRL (Grand Island, 
NY, USA). Resveratrol, D-glucose, and mannitol were obtained 
from Sigma (St. Louis, MO, USA). Recombinant murine IFN-g was 
purchased from Peprotech Company (NJ, USA). Antibodies for 
TFAM and DIABLO were obtained from Proteintech (Chicago, IL). 
Antibodies for SIRT1, NRF1, and nephrin were purchased from 
Abcam (Cambridge, UK). PGC-1a antibody was purchased from 
Novus Biologicals (Littleton, CO, USA). Cytochrom C antibody 
was purchased from Signalway Antibody Company (College 
Park, MD, USA). Cleaved caspase-3 antibody was purchased 
from Cell Signaling Technology (Beverly, MA, USA). The b-actin 
antibody was purchased from Biosynthesis Biotechnology Co. 
(Beijing, China). The FITC Annexin V Apoptosis Detection Kit I 
was purchased from BD Pharmingen (San Diego, CA, USA). The 
polyvinylidene difluoride (PVDF) membrane was purchased from 
Millipore (Billerica, MA, USA). TRIzol, Lipofectamine 2000 reagent, 
and MitoSOX™ Red mitochondrial superoxide indicator were 
obtained from Invitrogen Life Technologies (Carlsbad, CA, USA).

Podocyte culture and experimental groups

Conditionally immortalized mouse podocytes were purchased 
from the Basic Medical Cell Center in the Basic College of 
Peking Union Medical College. The undifferentiated podocytes 
were initially cultured in a 33°C incubator containing 5% CO2. 
Following culture and passage of the podocytes with PRMI1640 
medium that contained 10U/ml mouse recombinant IFN-g, 10% 
fetal bovine serum, 100U/ml penicillin, and 100 μg/ml strep-
tomycin, the cells were transferred to a 37℃ incubator con-
taining 5% CO2. The cells were diluted to 1: 4 and/or 1: 6 and 
were incubated for 10 to 14 days using RPMI1640 complete 
medium in the absence of IFN-g. Following the maturation of 
cell differentiation, normal glucose (5.6 mmol/L glucose, NG), 
hyperosmotic control (24.5 mmol/L mannitol, MG), high glu-
cose (30 mmol/L glucose, HG), and high glucose + resveratrol 
(30 mmol/L glucose + 10 μmol/L Rel, HG + Res) were used as 
intervention treatments for different time periods [14].
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Transfection of podocytes using PGC-1a siRNA

Conditionally immortalized mouse podocytes were grown in 
6-well plates for 24 h in the presence of RPMI 1640 medium with 
10% FBS and were transfected with siRNA against PGC1a using 
Lipofectamine RNAi MAX according to the instructions provided 
by the manufacturer. siRNAs were synthesized by SBS Genetech 
Co. (Beijing, China). After 24 h transfection, the cells were treated 
with high glucose in the presence and/or absence of resveratrol.

Real-time fluorescence quantitative PCR

Total RNA and cDNA were prepared from cultured cells using 
TRIzol reagent and a TaKaRa RNA PCR kit (AMV) (TaKaRa Bio, 
Inc.), respectively. The cDNA was amplified using PCR with 
specific primers for SIRT1, PGC-1a, NRF1, TFAM, and b-Actin 
rRNA (Table 1), which were obtained from Sangon Biotech Co. 
(Shanghai, China). qRT-PCR was conducted using SYBR Premix 
Ex TaqTMII (TaKaRa Bio, Inc., Shiga, Japan) and the Agilent 
Mx3000P QPCR system (Agilent, CA, USA). The relative changes 
in gene expression were calculated using the 2–DDCT method, 
and all experiments were repeated at least 3 times.

Extraction of mitochondrial cytoplasmic protein and the 
total cell protein

Cells treated with glucose were routinely digested and collected. 
Each sample contained 2×107 cells mixed with 1 ml mitochon-
drial separation reagent (Sangon Biotech Co., Shanghai) to gen-
tly suspend the cells. The samples were placed on ice for 10 
to 15 min, and the cell suspension was homogenized approx-
imately 30 times. The cell homogenate was collected and cen-
trifuged at 1000 g at 4°C for 10 min, and the supernatant was 
transferred to a new centrifuge tube and then centrifuged at 
1100 g at 4°C for 10 min. The supernatant was collected and 
centrifuged at 1200 g at 4°C for 10 min. Samples of cytoplas-
mic proteins without mitochondria were obtained. A total of 
150~200 μl of mitochondrial solution was added and the mi-
tochondrial pellet was redissolved for mitochondrial enzyme 
activity assay. The cytoplasmic protein concentration was mea-
sured by the BCA method and the protein was stored at –80°C 
after dispensing.

Western blot detection

A pre-cooled PBS solution was added to wash the cells 3 
times, and the cells were lysed by addition of 300 μl of lysis 
solution on ice for 30 min. The samples were centrifuged, the 
supernatant was collected, and the BCA method was used 
to determine the protein concentration. Following denatur-
ation of the protein, 10% polyacrylamide gel electrophore-
sis was carried out and the proteins were transferred from 
the gels to the polyvinylidene fluoride membrane. The mem-
brane was incubated with 5% skimmed milk powder at 37°C 
for 2 h, then it was washed with TBST (Tris-buffered saline 
+ Tween 20). The proteins were incubated with rabbit anti-
SIRT1, anti-nephrin, and anti-cleaved caspase 3 monoclonal 
antibodies at a dilution of 1: 1000; rabbit anti-PGC-1a, NRF1, 
and TFAM polyclonal antibodies at a dilution of 1: 1000; and 
rabbit anti-Cyto C and DIABLO polyclonal antibodies at a di-
lution of 1: 500. Anti-b-actin polyclonal antibody was used at 
1: 2000. The membrane was incubated with the primary an-
tibodies overnight at 4°C. The next morning, the membranes 
were washed with TBST 3 times, and horseradish peroxidase-
labeled goat anti-rabbit and/or anti-mouse secondary anti-
bodies (1: 5,000) were added. The membranes were incu-
bated with the antibodies at 3°C for 1 h. The detection was 
conducted using enhanced chemiluminescence (ECL) reaction 
reagents, and proteins were detected in 10% SDS-PAGE. The 
gray value of the strips was measured using the Gel-Pro im-
age analysis system, and the ratio of the absorbance value 
of the target band to the b-actin bands represented the rel-
ative content of the target protein.

Immunofluorescence assay

The cells were fixed with 4°C acetone for 10 min and permea-
bilized with 0.2% Triton X-100 at room temperature for 10 min 
to expose the antigen. The histology slices containing the cells 
were incubated with 10% normal goat serum at 37°C for 30 
min, and then mixed with mouse anti-SIRT1 monoclonal anti-
body (1: 200), rabbit anti-PGC-1a, NRF1, and TFAM polyclonal 
antibodies (1: 100) at 4°C overnight. After washing with PBS, 
FITC-labeled anti-mouse and rabbit secondary antibody (1: 100) 
were added and incubated for 1 h at 37°C. The histology slices 

Gene symbol Forward primer Reverse primer

SIRT1 GCTGACGACTTCGACGACG TCGGTCAACAGGAGGTTGTCT

PGC-1a TATGGAGTGACATAGAGTGTGCT GTCGCTACACCACTTCAATCC

NRF1 CGGAAACGGCCTCATGTGT CGCGTCGTGTACTCATCCAA

TFAM ATTCCGAAGTGTTTTTCCAGCA TCTGAAAGTTTTGCATCTGGGT

b-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

Table 1. Primer sequences for real-time RT-PCR.
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were further washed with PBS, sealed with mounting agent, 
and observed under a fluorescence microscope.

Detection of intracellular total ROS

DCHF-DA (Sigma, MO, USA) was diluted to serum-free DMEM 
to a final concentration of 10 μmol/L. The original medium 
was then removed, and the cells were washed 2 times with 
PBS. The diluted DCHF-DA medium was added to the cells (in-
cubated at 37°C for 30 min). After the cells were washed 2 
times with PBS and routine digestion, collection was carried 
out. At last, the cells were re-suspended in PBS, and the fluo-
rescence value was measured by flow cytometry. The parame-
ter settings included an excitation wavelength of 488 nm and 
an emission wavelength of 525 nm.

Detection of the synthesis of mitochondrial ROS using 
MitoSOX staining

A total of 50 μg of MitoSOX™ powder was dissolved in 13 μl 
DMSO-prepared 5 mmol/L MitoSOX™ solution and diluted with 
HBSS/Ca/Mg buffer to prepare 5 μmol/L MitoSOX™ working 
solution. D-Hank’s solution was used to wash the cells twice, 
and 1 ml of 5 μmol/L MitoSOXTM working solution was added 
to the cells. The samples were incubated at 37°C for 10 min 
in the dark and washed gently with D-Hank’s solution thrice. 
The samples were observed and photographed under an in-
verted fluorescence microscope. Semi-quantitative analysis of 
the image was performed using Image-J software. The aver-
age fluorescence intensity of MitoSOX per unit cell area was 
calculated following correction of the background of the im-
age. A total of 3 samples were used from the cultured cells 
under various conditions, and 5 high-power field views were 
randomly selected from each sample.

Detection of the activities of mitochondrial complexes I 
and III

The mitochondria were freshly isolated from podocytes as de-
scribed previously. The specific activities of complexes I and III 
were measured using Complex I and III Assay Kits (GENMED 
Scientific, Shanghai, China) according to the manual provided 
by the manufacturer. The activity of complex I was detected 
at 340 nm based on the reduction of the ubiquinone analogue 
decylubiquinone, whereas the activity of complex III was de-
tected by monitoring the reduction of cytochrome at 550 nm. 
The activity of the 2 complexes is expressed in milligrams of 
protein per milligram of sample, and the biological activity is 
characterized by nanomoles per milligram of protein per minute.

Detection of mitochondrial membrane potential using JC-1 
staining

A total of 100 μl incubation buffer was added with 900 μl ster-
ilized deionized water to prepare a dyed buffer solution, which 
was preheated to 37°C. A total of 10 μl JC-1 (SAB, MD, USA) 
was added to each 1 ml of dying buffer working solution to 
prepare the JC-1 working solution. Then, the cells were washed 
twice with PBS buffer solution, and the number of cells per 
dish was estimated to approximately 5×105. A total of 500 μl 
of JC-1 working solution was added and the samples were in-
cubated at 37°C in the presence of 5% CO2 for 15 min. The 
cells were washed twice with the buffer that contained the 
dye working solution. Finally, 500 μl of the working solution 
was added to each petri dish, and the cells were observed and 
photographed under a confocal microscope.

Detection of cell apoptosis using Annexin V-FITC/PI 
double-staining

Each group of cells was collected and washed twice with pre-
cooled PBS. A total of 500 μl of 1×binding buffer was added 
to suspend 1×106/ml of cells, whereas 5 μl of FITC-labeled 
Annexin V reagent mix was added along with 10 μl PI. The cells 
were incubated at room temperature in the dark for 15 min. 
The apoptotic rate was measured by flow cytometry for 1 h.

Statistical analysis

SPSS17.0 statistical software was used for statistical analysis. 
Continuous data are expressed as mean ± standard devia-
tion (c

_
±S), and one-way ANOVA was used for comparison of 

2 groups. Statistical significance was set at p<0.05.

Results

High-glucose treatment reduced the expression levels of 
SIRT1, PGC-1a, NRF1, and TFAM in podocytes

To investigate the effect of high glucose on the expression lev-
els of protein and mRNA for SIRT1, PGC-1a, NRF1, and TFAM 
in the podocytes, immunofluorescence, Western blot, and real-
time quantitative PCR assays, respectively, were used. The re-
sults indicated that SIRT1 and NRF1 were mainly expressed 
in the nucleus, while a lesser amount of protein was detected 
in the cytoplasm. Positive expression of PGC-1a was detected 
in the cytoplasmic and nuclear fractions. TFAM was mainly 
expressed in the cytoplasm. The protein expression levels of 
SIRT1, PGC-1a, NRF1, and TFAM in HG group was lower than 
those in the NG group (Figure 1A). Western blot analysis indi-
cated that the expression of SIRT1 was decreased from 0 h to 
72 h after high-glucose treatment. The expression of PGC-1a 
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was upregulated at 12 h after hyperglycemia, whereas the 
expression of PGC-1a decreased after 24 h. The changes in 
the expression levels of NFR1 and TFAM were not statistically 
significant at 12 h of high-glucose treatment compared with 
those at 0 h, and the expression levels decreased after 24 h 
(Figure 1B). The results of qRT-PCR were similar to that of pro-
tein expression (Figure 1C).

High-glucose treatment increased the synthesis of total 
ROS in podocytes and mitochondria

DCHF-DA and MitoSOX™ staining were used to monitor the to-
tal ROS and mitochondrial ROS levels, respectively. DCHF-DA 
was gradually increased following incubation with high glucose 
(Figure 2A). The results of the flow cytometry assays indicated 
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Figure 1. �Effects of high glucose on the expression of SIRT1, PGC-1a, NRF1, and TFAM in podocytes. Podocytes were incubated with 
5.6 mM glucose (NG group), 5.6 mM glucose plus 24.4 mM mannitol (M group), or 30 mM glucose (HG group) for 72 h. 
(A) SIRT1, PGC-1a, NRF1, and TFAM expression were detected using immunocytochemical staining at different time points 
(0, 12, 24, 48, and 72 h). (×200). (B) The expression levels of SIRT1, PGC-1a, NRF1, and TFAM were detected by Western blot 
analysis, and the relative intensities were normalized against b-actin. (C) The expression levels of SIRT1, PGC-1a, NRF1, and 
TFAM mRNA were analyzed by real-time PCR. The values are expressed as mean ±SD (n=6). * P<0.05, ** P<0.01 vs. control 
group.
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that the total ROS was gradually increased following incubation 
with high glucose in a time-dependent manner (Figure 2B). The 
content of mitochondrial ROS was gradually increased in in-
tensity following treatment with high glucose (Figure 2C). The 
results of fluorescence semi-quantitative analysis were con-
sistent with the total ROS levels measured by flow cytometry.

High-glucose treatment induced cytochrome C and DIABLO 
release, increased cell apoptosis, and induced nephrin 
decrease in podocyte

Cytochrome C and DIABLO proteins in the cytoplasm were up-
regulated in a time-dependent manner with high-glucose treat-
ment, suggesting that the mitochondrial apoptotic pathway 
was activated (Figure 3A). High-glucose treatment reduced the 
expression of nephrin and increase cleaved caspase 3 protein 
expression in a time-dependent manner (Figure 3B). Flow cy-
tometry analysis results indicated that the apoptotic rate of 
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Figure 2. �Effects of high glucose on the intracellular and mitochondrial ROS production in podocytes. Podocytes were incubated with 
5.6 mM glucose (NG group), 5.6 mM glucose plus 24.4 mM mannitol (M group), and/or 30 mM glucose (HG group) for 72 h. 
(A) The intracellular ROS production in podocytes was detected by DCHF-DA staining (×400). (B, B1) The intracellular ROS 
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the cells was also increased in a time-dependent manner by 
high-glucose treatment at 72 h (Figure 3C).

Effects of resveratrol and PGC1 siRNA on the expression 
levels of SIRT1, PGC-1a, NRF1, and TFAM in podocytes 
under high-glucose treatment conditions

To investigate the protective effect of resveratrol (SIRT1 ag-
onist) on high-glucose-induced podocyte injury, we knocked 
down PGC1 by siRNA. Transfection was conducted in optimal 

condition of 6.25 μl siRNA and 5 μl transfection reagent, and 
the efficiency of PGC-1a knockdown was higher than 60%. 
Conversely, there were no significant effects on the expres-
sion of PGC-1a in control siRNA.

The protein expression levels of SIRT1, PGC-1a, NRF1, and 
TFAM in the HG group were significantly lower than those in 
the NG group after 48 h of high-glucose treatment. The ex-
pression levels of the 4 proteins in the HG+Res group were 
significantly higher than those in the HG group. The expression 
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levels of the 4 proteins in the HG+PGC1 siRNA group were sig-
nificantly lower than those in the HG group. The expression 
levels of the 4 protein in the HG+PGC1 siRNA+Res group were 
significantly lower than those in the HG group, but they were 
significantly higher than those in the HG+PGC1 siRNA group 
(Figure 4). These data suggest that resveratrol can increase 
the expression levels of SIRT1 and PGC-1a, and that PGC1 k/o 
by siRNA blocked the effects of SIRT1 on PGC-1a via NRF1 and 
TFAM. It may be concluded that SIRT1 acts upstream of PGC-1a.

The effect of resveratrol and PGC1 siRNA on the total ROS 
and mitochondrial ROS synthesis in podocytes under high-
glucose treatment conditions

The results of flow cytometry analysis indicated that the to-
tal content of ROS in the HG + Res group was significantly 
lower than in the HG group, and these levels were significantly 
higher than in the HG + PGC1 siRNA group (Figure 5A). The 
mitochondrial ROS change exhibited a similar trend in each 
group compared to that noted previously (Figure 5B), sug-
gesting that the protective effect of resveratrol on the high-
glucose-induced podocyte ROS synthesis was associated with 
the SIRT1/PGC-1a axis.

The effects of resveratrol and PGC1 k/o by siRNA on the 
activities of the mitochondrial respiratory chain complexes 
I and III and on the membrane potential in podocytes 
under high-glucose treatment conditions

To further clarify the relationship between SIRT1/PGC-1a 
axis and mitochondrial dysfunction, colorimetric method was 

used to detect the activity of mitochondrial respiratory chain 
complexes I and III among the different groups. The activity 
of the complexes I and III in the HG + Res group was higher 
than in the HG group, and it was higher than in the HG+PGC1 
siRNA+Res group (Figure 5C). The mitochondrial membrane po-
tential changes were monitored using the JC-1 probe, in which 
red fluorescence indicates high potential and green fluores-
cence indicates low potential (Figure 5D).

The mitochondrial membrane potential results were consistent 
with the activity of mitochondrial respiratory chain complexes 
I and III among the different groups. This indicates that mi-
tochondrial dysfunction of the podocytes in the high-glucose 
environment was aggravated following inhibition of PGC-1a. 
However, this effect was reduced by PGC1 siRNA interference. 
Furthermore, resveratrol improved mitochondrial function via 
the SIRT1/PGC-1a axis.

The effect of resveratrol and PGC1 siRNA on podocyte 
injury and apoptosis induction under high-glucose 
treatment conditions

Western blot analysis indicated that the expression of nephrin 
in the HG + PGC1 siRNA + Res group was significantly lower 
than in the HG + Res group, and was significantly higher than 
in the HG + PGC1 siRNA group. However, the expression of 
cleaved caspase 3 was the opposite of the expression of neph-
rin (Figure 6A). The podocyte apoptotic rate in the HG + PGC1 
siRNA + Res group was significantly lower than in the HG + 
Res group, and was significantly higher than in the HG + PGC1 
siRNA group (Figure 6B), suggesting that resveratrol reduces 
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the high-glucose-induced podocyte injury and apoptosis in-
duction via the SIRT1/PGC-1a axis.

Discussion

Glomerular podocytes are the main component involved in 
maintenance of glomerular normal filtration barrier struc-
ture and function. The normal physiological function of podo-
cytes, including the maintenance of cytoskeletal stability, and 
the normal secretion of cytokines and basement membrane 
related proteins all require a large amount of energy to support. 
Podocytes are highly differentiated terminal cells that are partic-
ularly sensitive and susceptible to oxidative stress [15]. Recent 
studies have shown that the onset of diabetic nephropathy is 
related to the mechanism of podocyte injury, and excessive 

ROS synthesis and mitochondrial dysfunction are the main 
causes of the development of diabetic nephropathy [16,17].

Studies have confirmed that the amount of ROS produced by 
mitochondria increases under high-glucose conditions and in-
duces diabetic complications. Although mitochondria are the 
only subcellular organelles in the extranuclear genome, the 
repair system is not perfect due to the lack of mitochondrial 
DNA introns. With the protection of the lack of proteolysis, it 
can easily cause intracellular damage, resulting in mitochon-
drial dysfunction [18].

In addition, the ability of mitochondria to synthesize proteins 
is very limited because most mitochondrial structural pro-
teins, including respiratory chain complex subunits and mito-
chondrial transcription factors, are encoded by nuclear genes. 
Mitochondrial biosynthesis plays a key role in the maintenance 
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and repair of mitochondrial functions, as well as in informa-
tion transfer between the nuclear and mitochondrial genes.

The most important regulatory factors mediating this process 
are the co-activator PGC-1a and its downstream transcription 
factors NRF1 and TFAM, of which PGC-1a plays an important role 
in the regulation of mitochondrial biogenesis and oxidation [6,7].

PGC-1a is a co-activator of the nuclear receptor PPARg, and 
it is highly expressed when energy requirements are high. 
PGC-1a is not expressed in tissues such as myocardium, skel-
etal muscle, nervous system, liver, kidney, and adipose tissue, 
and mainly regulates the synthesis of mitochondrial proteins 
(including respiratory chain complex subunits) by activating 
the nuclear transcription factor NRF1 [19].

NRF1 regulates mitochondrial DNA replication and transcrip-
tion by binding to the TFAM promoter [20]. Recent studies have 

identified PGC-1a as an important target for improving mito-
chondrial function. Decreased PGC-1a expression, which is as-
sociated with mitochondrial dysfunction and oxidative damage, 
was observed in diabetic neurodegenerative lesions, diabetic 
skeletal muscle cells, ob/ob mouse cardiomyocytes, and diabetic 
microenvironment adipose-derived stem cells [21–24]. Silent 
mating-type information regulation 2 homolog 2 1 (SIRT1) is a 
NAD+ (nicotinine adenine dinucleotide)-dependent histone/non-
histone deacetylase, which has been found to activate coact-
ivators, transcription factors, nuclear receptors, and DNA re-
pair enzymes, specifically P300/CBP, PARP-1, Ku70, FOXOs [25], 
p53 [26], and NF-kB [27]. The transcription factor PPAR and its 
co-activator PGC1 are also substrates of SIRT1 [8]. SIRT1 acti-
vates a multitude of downstream factors involved in the reg-
ulation of cell proliferation, differentiation, aging, apoptosis, 
and metabolism, according to each tissue type. The majority 
of relevant studies have confirmed that SIRT1 gene exerts a 
potential protective effect on the kidneys. The abnormalities 

Figure 6. �Effects of resveratrol and PGC1a siRNA on HG-induced apoptosis and nephrin expression of podocytes. (A, A1) The 
expression of cleaved caspase-3 and nephrin were analyzed by Western blotting. The relative intensities were normalized to 
the b-actin. (B, B1) Apoptosis was detected by flow cytometry. The values are expressed as mean ±SD. aa P<0.01 vs. normal 
glucose group; ** P<0.01 vs. high glucose group; ## P<0.01 vs. high-glucose + resveratrol group.
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of SIRT1 expression and activity levels are noted in acute re-
nal injury induced by lipopolysaccharide, in ischemia-reperfu-
sion [28,29], and/or in chronic interstitial fibrosis and diabetic 
nephropathy [30,31]. The upregulation of SIRT1 expression by 
energy limitation, agonist-mediated induction, and transgene 
overexpression can ameliorate the pathological changes caused 
by oxidative stress. In addition, SIRT1 upregulation can improve 
the induction of apoptosis and fibrosis in nephropathy. The 
mechanism of action may be related to the de-acetylation of 
downstream genes and the activation of signaling pathways. 
The relationship between podocyte injury, SIRT1, PGC-1a and 
mitochondrial dysfunction under high glucose treatment con-
ditions remains unclear.

PPAR and PGC1 are also substrates for SIRT1 [8]. According to 
different tissue types, SIRT1 activation is involved in the regula-
tion of cell proliferation, differentiation, senescence, apoptosis, 
metabolism, and many other downstream factors. Most studies 
confirmed that the SIRT1 has a potential protective effect on the 
kidneys. It has been reported to show abnormal expression and 
activity levels of SIRT1In ischemia-reperfusion [28,29], chronic 
interstitial fibrosis and diabetic nephropathy [30], and acute 
renal injury induced by lipopolysaccharide [31]. Upregulation of 
SIRT1 expression can ameliorate pathological changes caused 
by oxidative stress via energy limitation, agonist-mediated in-
duction, and transgene overexpression. Moreover, upregulation 
of SIRT1 can improve the induction of apoptosis and fibrosis 
in nephropathy, which may be related to the deacetylation of 
downstream genes and the activation of signaling pathways. 
However, the relationships between podocyte injury and SIRT1, 
PGC-1a, and mitochondrial dysfunction under high-glucose 
treatment conditions remain unclear.

In this study, mouse podocytes were treated with high glu-
cose at different time points, and the expression levels of 
PGC-1a, NRF1, and TFAM were reduced. High glucose induced 
the downregulation of SIRT1 expression in podocytes, which 
was later than that of PGC-1a. In addition, high glucose can 
induce an increase in mitochondrial and intracellular ROS lev-
els in a time-dependent manner, and these 2 changes show a 
consistent trend. After mitochondrial release of cytochrome C 
and DIABLO was detected, caspase-3 was induced the expres-
sion of apoptosis-related markers was also increased. Previous 
studies have shown that SIRT1 can be activated by deacet-
ylation of PGC-1a, and it further regulates the expression of 
the kinase LKB, which acts upstream of AMPK [32]. Studies 
have shown that SIRT1 can increase the expression of PGC-1a 
at the transcriptional level [33,34]. Despite these findings, the 
role of SIRT1 in the downregulation of high-glucose-induced 
PGC-1a in podocytes remains unclear.

Previous studies have not shown whether mitochondrial bio-
synthesis can play a protective role in oxidative stress and 

podocyte apoptosis induction through high-glucose treatment. 
To explore these hypotheses, SIRT1 resveratrol was selected 
as an agonist in the podocyte in vitro model. The role of res-
veratrol in the metabolism of glycolipids has previously been 
studied and it has been demonstrated to have antioxidant, 
anti-apoptotic, and anti-aging effects. In diabetic nephropathy, 
resveratrol shows hypoglycemic and anti-inflammatory effects. 
Studies have shown that resveratrol inhibits both glomerular 
filtration and interstitial fibrosis in STZ-induced type 1 diabetic 
rats and db/db mice [11]. Most studies have shown that resve-
ratrol is mediated through SIRT1/FOXO3a and/or through non-
SIRT1-dependent regulatory mechanisms, and AMPK/NOX4/
ROS plays an antioxidant role [35]. Xu et al. reported that the 
activation of SIRT1 by resveratrol improved the oxidative dam-
age induced by high-glucose treatment in the mitochondria of 
mesangial cells [14]. In contrast to the study by Xu et al., our 
study indicated that resveratrol increases the expression of 
SIRT1, improves the synthesis of intracellular ROS in a high-
glucose environment, and reduces the induction of apoptosis. 
The analysis of mitochondrial function showed that when mi-
tochondrial ROS synthesis was reduced, the activity of respi-
ratory chain complexes I and III and mitochondrial membrane 
potential increased accordingly. This result suggests that mito-
chondrial function is improved and the mitochondrial apoptotic 
pathway is inhibited. When resveratrol was added, it upregu-
lated the expression of PGC-1a, NRF1, and TFAM, suggesting 
that reduction of oxidative stress and apoptosis in podocytes 
under high-glucose treatment conditions is related to regu-
lation of mitochondrial biosynthesis by PGC-1a/NRF1/TFAM. 
Additionally, SIRT1 plays a regulatory role in the upstream 
of PGC-1a. To confirm this hypothesis, PGC-1a was knocked 
down by siRNA interference in the presence of resveratrol. The 
data indicated that oxidative damage and apoptosis were fur-
ther aggravated in the HG + PGC-1a siRNA intervention group 
compared to the high-glucose group, whereas the protective 
effect of resveratrol on high-glucose-induced podocyte injury 
was further inhibited by knockdown of PGC-1a. In contrast to 
these observations, the upregulation of SIRT1 was not blocked, 
which further suggests that SIRT1 acts upstream of PGC-1a, 
and resveratrol improves mitochondrial dysfunction caused in 
high-glucose action by activating the SIRT1/PGC-1a axis, in-
hibiting oxidative stress and inducing apoptosis. These data 
provide an experimental basis for elucidating the mechanism 
underlying the renal-protective effects of resveratrol, and also 
show that SIRT1 has potential as a target in early prevention 
and treatment of diabetic nephropathy.

Conclusions

In this study, the downregulation of SIRT1 and PGC-1a was de-
tected in mouse podocytes cultured under high-glucose condi-
tions. The downregulation of SIRT1 and PGC-1a expression led 
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to increased oxidative stress, mitochondrial apoptosis pathway 
activation, and impaired mitochondrial function. Resveratrol 
can upregulate the expression of mitochondrial biosynthesis-
related proteins through the SIRT1/PGC-1a axis, improving mi-
tochondrial function, reducing podocyte oxidative stress, and 
inhibiting the induction of apoptosis.
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