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Abstract
Background/Aims: Previously we have shown that activation of the nuclear factor (erythroid-
derived 2)-like 2 (Nrf2)-antioxidant response element (ARE) attenuated hyperglycemia-
induced damage in podocytes, but the molecular mechanism remains unknown. Methods: 
Tert-butylhydroquinone (t-BHQ) and small interfering RNAs (siRNAs) were used to regulate 
Nrf2 expression, while nicotinamide and siRNAs were used to regulate sirtuin 1 (Sirt1) activity 
and expression, respectively. Mitochondrial superoxide, membrane potential and ATP levels 
were measured to assess changes in mitochondrial function. Nephrin and synaptopodin 
expression were measured by western blot analysis. Human podocytes and db/db diabetic 
mice were used in this study. Results: t-BHQ pretreatment of human podocytes exposed 
to high glucose (HG) alleviated mitochondrial dysfunction, enhanced the expression of 
Sirt1, nephrin and synaptopodin and lowered BSA permeability compared with podocytes 
exposed to HG without t-BHQ pretreatment (p<0.05). Human podocytes exposed to HG 
had more severe mitochondrial dysfunction, lower expression of Sirt1, synaptopodin and 
nephrin and higher BSA permeability than podocytes exposed to HG when Nrf2 expression 
was downregulated by siRNAs (p<0.05). The protection provided by activation of the Nrf-
ARE pathway in podocytes exposed to HG was partially diminished when Sirt1 expression 
or activity was decreased by siRNAs or inhibitor compared with podocytes exposed to HG 
and pretreated with t-BHQ (p<0.05). When nicotinamide and t-BHQ were both administered 
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to db/db mice, we observed higher levels of urinary albumin/creatinine, lower nephrin and 
synaptopodin expression, more severe mesangial matrix deposition, collagen deposition on 
pathological slides and mitochondrial structural damage in podocytes compared to db/db 
mice treated only with t-BHQ. Conclusions: Our findings suggest that crosstalk between Sirt1 
and the Nrf2-ARE anti-oxidative pathway forms a positive feedback loop and that protection 
provided by t-BHQ activation of the Nrf2-ARE pathway in db/db mice is partly dependent on 
Sirt1.

Introduction

Diabetic Kidney Disease (DKD) is the main cause of end-stage renal disease [1-2]. It has 
been established that hyperglycemia plays a crucial role in the pathogenesis of DKD. High 
glucose (HG) levels induce metabolic abnormalities in several glucose metabolic pathways 
and induce mitochondrial dysfunction, with subsequent overproduction of reactive oxygen 
species (ROS) which may in turn contribute to the development of the various microvascular 
and macrovascular pathologies observed in diabetes [3-5].

Podocytes are highly differentiated epithelial cells located in the glomerular basement 
membrane which form the outermost layers of glomerular filtration, and injuries to these cells 
play an important role in the progression of diabetic nephropathy [6, 7]. DKD rat models have 
shown that early glomerular changes involve podocyte injury without mesangial expansion 
[8], and a correlation between the rate of albumin excretion and a drop in podocyte numbers 
has been found in patients with DKD [9, 10]. The progression of diabetic nephropathy in 
both type-1 and type-2 diabetes has been associated with podocyte loss [11, 12].

Mitochondria are complex intracellular organelles that are responsible for various 
metabolic functions, including energy production via oxidative phosphorylation. Mitochondria 
are also a major source of ROS, and the overproduction of ROS damages mitochondrial DNA 
and the oxidation respiratory chain, which ultimately causes mitochondrial dysfunction: 
increased ROS production, the accumulation of impaired mitochondrial DNA and progressive 
respiratory chain dysfunction [13-15]. Mitochondrial dysfunction is an early event in 
aldosterone-induced podocyte injury [16], and maintaining normal mitochondrial function 
by genetic methods protects against podocyte depletion and phenotypic changes [17, 18].

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) plays an important role in defense 
against oxidative stresses [19]. It induces the expression of antioxidant genes that protect 
many cell types from oxidative stress caused by tissue damage resulting from inflammation 
and injury. Previously, we have showed that activation of the Nrf2-antioxidant response 
element (ARE) pathway protect against mouse podocyte damage induced by HG [20], but 
the underlying mechanism remains unknown.

Sirtuin 1 (Sirt1), an NAD+-dependent protein deacetylase, plays multiple roles in cells 
involving stress resistance, DNA repair, cell senescence, inflammation and mitochondrial 
regulation [21]. As a pivotal protein in cellular metabolism, the regulatory effect of Sirt1 
on mitochondrial dynamics has been established [22]. Huang et al. have demonstrated that 
crosstalk between Sirt1 and the Keap1/Nrf2/ARE anti-oxidative pathway forms a positive 
feedback loop to inhibit protein expression of fibronectin and transforming growth factor-β1 
in advanced glycation-end products-treated in rat glomerular mesangial cells treated with 
advanced glycation end products [23]. However, it remains to be determined if Sirt1 plays 
a role in activation of the Nrf2-ARE pathway. Hence, we hypothesized that Sirt1 is involved 
in activation of this pathway and ameliorates hyperglycemia-mediated mitochondrial 
dysfunction in podocytes.

Materials and Methods

Chemicals and Reagents
Tert-Butylhydroquinone (t-BHQ) (112941) and Nicotinamide (72340) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). The specific Nrf2 and SIRT1 small-interfering RNA (SiRNA), negative control of 
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SiRNA were purchased from Ribobio company(Guangzhou,China), LipofectamineTM 3000 Reagent, MitoSOXTM 
red mitochondrial superoxide indicator and JC-1 were purchased from Invitrogen (Carlsbad,CA,USA).

Cell culture
Human podocytes were kindly provided by Prof. Saleem and maintained in RPMI 1640 medium 

supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich), Insulin-Transferrin-Selenium supplement 
(ITS; Sigma-Aldrich), 2 mM L-glutamine and antibiotic mixture, as previously reported [24]. To stimulate 
cell proliferation, podocytes were cultivated at 33 °C in 5% CO2 (permissive conditions). To induce 
differentiation, they were maintained at 37 °C in 5% CO2 (non-permissive conditions) for at least 2 weeks.

Growth-arrested podocytes were incubated with normal glucose (Control, 5mmol/l) and high 
glucose (HG,30mmol/l) medium for 72 hours, respectly. The widely used Nrf2 activator, t-BHQ(Tert-
Butylhydroquinone,20umol/l) was pretreated for 4 hours to investigate the potential role of Nrf2-ARE 
pathway. The classical SIRT1 antagonist, nicotinamide (20 mmol/l) was pretreated for 2 hours to study the 
potential role of SIRT1 in human podocyte incubated with HG. All doses and time of these treatments were 
determined in our pilot studies.

SiRNA transfection
Transient transfection of siRNA was carried out according to Santa Cruz’s protocol as described 

previously [19]. The special sequences of Sirt1-siRNA were: sense:5’-CCAGUAGCACUAAUUCCAATT-3’, 
antisense: 5’-UUGGAAUUAGUGCCACUGGTT-3’. The special sequences of Nrf2-siRNA were: sense: 
5’-GAGGAUGGGAAACCUUACUTT3’, antisense: 5’-AGUAAGGUUUCCCAUCCUCTT-3’.  For each transfection, 
100ul transfection medium containing 4ul SiRNA stock solution was gently mixed with 100ul transfecition 
medium contaning 5ul transfection reagent. After 25 minutes incubation at 37°C，complexes were added 
to the cells in 2 ml transfection medium，and cells were incubated with this mixture for 6 h at 37°C. The 
transfection medium was then replaced with normal medium, and cells were cultured for 48 hours.

BSA permeability assay
BSA permeability assay was used to evaluate the filtration barrier function of podocyte monolayers. 

Briefly, podocytes(5*103) were seeded onto collagen-coated trans-well filters( pore size, 3um; Corning,New 
York,NY,USA) and cultured under differentiation conditions. Cells were washed twice with PBS. Then, the 
top chamber was refilled with 0.2ml of RPMI 1640 medium and the bottom chamber with 1ml of RPMI 1640 
medium containing 10ug/ml FITC-BSA, and incubated at 37°C. After 4 hours of incubation, a small amount 
of medium from the top chamber was collected and the fluorescence of FITC-BSA determined.

Living cell imaging
Mitochondrial superoxide is generated as a byproduct of oxidative phosphorylation. MitoSOX Red 

mitochondrial superoxide indicator(M36008, Invitrogen,USA) is a novel fluorogenic dye for highly selective 
detection of superoxide, indicated by a fluorescence emission at 520~580nm. Dissolve the contents (50 
μg) of one vial of MitoSOX mitochondrial superoxide indicator in 13 μL of dimethylsulfoxide (DMSO) to 
make a 5 mM MitoSOX™ reagent stock solution.Dilute the 5 mM MitoSOX reagent stock solution in HBSS 
buffer(GIBCO,USA) to make a 5 μM MitoSOX reagent working solution. Apply 1.5 mL of 5 μM MitoSOX 
reagent working solution to cover cells adhering to coverslips, then incubate cells for 10 minutes at 37°C in 
dark place, finally wash cells gently three times with warm buffer.

JC-1(5’,6, 6’-tetrachloro-1, 1’,3, 3’-tetraethylbenzimidazolylcarbocyanineiodide), exhibits potential-
dependent accumulation in mitochondria, indicated by a fluorescence emission shift from green (~529 nm) 
to red (~590 nm). Consequently, mitochondrial depolarization is indicated by a decrease in the red/green 
fluorescence intensity ratio. The potential-sensitive color shift is due to concentration-dependent formation 
of red fluorescent J-aggregates. The ratio of green to red fluorescence is dependent only on the membrane 
potential.  Apply 1.5 mL of 2 μM JC-1 reagent working solution to cover cells adhering to coverslips. Incubate 
cells for 15-20 minutes at 37°C, protected from light. Wash cells gently three times with warm buffer.

The nuclei were counterstained with 4′, 6-diamidino-2-phenylindole (DAPI) (Antgene, China) for 
5min. All microscopy images were recorded using a confocal microscope (Olympus, Japan).

ARE luciferase reporter gene assay
 The activity of the Nrf2 antioxidant pathway was measured with ARE reporter kit according to 

manufacturer instructions. Briefly, podocytes were plated in 96-well culture plates 1 day before transfection.
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Cells were then co-transfected with reporter and negative control reporter using Lipofectamine 3000 
reagent. These transfected cells were then exposed to their respective treatment. Luciferase activities were 
measured with the Dual-Glo Luciferase Assay system. The luciferase activities of the firefly were normalized 
to those of the internal control.

SIRT1 activity assay
SIRT1 activity was measured using an SIRT1 activity assay kit (ab156065, Abcam,USA). After extracting 

the nuclear fraction, fluorescence intensity was detected at 340 nm excitation and 460 nm emission using a 
microplate fluorescence reader (Thermo Scientific, USA). Total podocytes proteins were determined using 
a BCA protein assay kit (P0010, Beyotime Tech, Shanghai, China). SIRT1 activity was normalized to their 
respective protein concentrations and expressed as the fold change relative to the Control group.

ATP assay
ATP Assay Kit (S0026, Beyotime Tech, Shanghai, China) that can be used to detect the level of 

ATP(adenosine 5 ‘adenosine 5’ -triphosphate) in podocytes. Total cultured podocytes were cracked 
by the addition of lysis buffer at 4 °C. The suspension was centrifuged at 14, 000×g for 10 minutes, and 
further detect the concentration of ATP in suspension. For ATP assay, all samples were evaluated using 
luminometer(Tenon, China).

Animal studies
Male db/db and db/m mice (12 weeks old, Nanjing University, Nanjing, China) were maintained on 

standard chow, housed at 25°C and 50–60% relative humidity, in a 12h/12h light/dark cycle, and allowed free 
access to tap water. All animal procedures conformed to the Guide for Care and Use of Laboratory Animals 
by the National Institute of Health for Laboratory Animal Research and were approved by the Sun Yat-sen 
University Animal Care and Use Committee. Db/db and db/m mice were randomly divided into groups and 
received the following treatments at 12 weeks: the normal saline group with saline gavage treatment (NS, n 
= 6), t-BHQ group (t-BHQ, 10‰ t-BHQ drinking water) (n = 6), Nicotinamide-gavaged group (NICO, 50mg/
kg/day Nicotinamide by gavage) (n = 6), t-BHQ and Nicotinamide-gavaged group (t-BHQ+NICO, 50mg/kg/
day Nicotinamide by gavage and 10‰ t-BHQ drinking water) (n = 6). These mice were sacrificed ethically 
after 12 weeks. Blood samples and kidney cortex tissue were collected and stored − 80 °C.

Western blot analysis
Total proteins that from podocytes and renal tissues were extracted by the addition of radio 

immunoprecipitation assay(RIPA) lysis buffer (Beyotime Tech, Shanghai, China) containing 1mM PMSF at 4 
°C. And tissues were further sonicated using ultrasound. The suspension was centrifuged at 14, 000×g and 
the medium containing the proteins was collected. For Western blot analysis, a 10% sodium dodecyl sulfate-
polyacrylamide gel was run under standard conditions by loading 50ug total proteins in each lane. The gel 
was transfered to a polyvinylidene fluoride membrane at 100v for 1 hour 30minutes. The membrane was 
rinsed in Tris-buffered saline followed by rinsing in blocking buffer (5% milk powder) for 5 minutes. The 
membrane was immersed in blocking buffer for 1 hour before incubation with primary antibodies overnight 
at 4℃. The primary antibodies are: Rabbit monoclonal anti-NQO1(ab80588, abCAM,1:1000 dilution); anti-
SIRT1(9475S, cell signaling tech,1:1000); Rabbit polyclonal anti-Nephrin(ab58968, abCAM,1:250); anti-
Synaptopodin(ab117702, abCAM,1:250); anti-Nrf2(sc13032,Santa Cruz,1:100); anti-β-Actin(4970S,cell 
signaling tech,1:5000). After rinsing in wash buffer, horseradish peroxidase-conjugated secondary antibody 
was used for 1 hour at room temperature. After the final wash, the membrane was developed using ECL 
Reagent, and densitometric analyses conducted using ImageJ Software.

Animal biochemical parameter analysis
The mice were housed in metabolic cages (Nalgene Nunc International, Rochester, NY, USA). Urine was 

collected over 24 hours and placed into tubes containing antibiotics. Microalbumin was determined with 
Albuwell M (Exocell, Philadelphia, PA, USA). The values were normalized to creatinine, which was measured 
using the Creatinine Companion (Exocell, Philadelphia, PA, USA). Fasting blood glucose was measured using 
the OneTouch UltraSmart Blood Glucose Meter (Lifescan, Milpitas,CA, USA) every 4 weeks. Blood urine 
nitrogen levels were measured using a blood urea nitrogen enzymatic kit (Bio Scientific, Austin, TX, USA).
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Pathological staining
For the morphometric studies, the kidneys were fixed in 10% neutral buffered formalin and 

subsequently embedded in paraffin. Four-micrometer paraffin sections of kidney cortex tissue were 
dewaxed. hematoxylin was used to stain the nuclei and eosin was used to dye the cytoplasm. The sections 
were then dehydrated and sealed with neutral balsam. The 4-μ m sections of the paraffin-embedded tissues 
were stained with periodic acid-Schiff (PAS) and Masson. Digital images of the glomeruli were obtained 
using light microscopy (200x). The area of the glomeruli and the mesangial matrix was quantified in a 
blinded fashion using an image analysis system. The mesangial matrix index was calculated and graded as 
follows: 0 represents no lesion, 1+ represents sclerosis of <25% of the glomerulus, whereas 2+, 3+, and 4+ 
represent sclerosis of >25–50, >50–75, and >75% of the glomerulus [25, 26].

Statistical analyses
Data are expressed as mean ± standard deviation unless stated otherwise. Statistical differences 

were assessed using two-tailed multivariate ANOVA for repeated measures. And p<0.05 was considered 
statistically significant.

Results

HG-induced mitochondrial dysfunction and injuries in human podocytes
Human podocytes incubated in HG showed mitochondrial dysfunction: lower ATP levels, 

higher superoxide levels detected by mitoSOX and decreased mitochondrial depolarization. 
Simultaneously, these podocytes showed lower expression of synaptopodin and nephrin and 
higher BSA permeability compared with podocytes exposed to normal glucose (p<0.05; Fig. 
1 and 4).

Role of the Nrf2-ARE pathway in protection against mitochondrial dysfunction and injuries 
to human podocytes induced by HG
T-BHQ pretreatment of human podocytes exposed to HG increased Nrf2 transcriptional 

activity and enhanced total Nrf2 and NAD(P)H quinone dehydrogenase 1 (NQO1) protein, 
which suggested that t-BHQ activated the Nrf2-ARE pathway. In addition, t-BHQ pretreatment 
also improved mitochondrial dysfunction and podocyte injuries after HG exposure, including 
increased ATP levels, decreased mitoSOX, improved mitochondrial depolarization, enhanced 
expression of nephrin and synaptopodin, and decreased BSA-mediated permeability 
compared to those podocytes which not pretreated with t-BHQ. However, when Nrf2 
expression was downregulated by siRNAs, human podocytes exposed to HG had more 
severe mitochondrial dysfunction and injuries, including lower ATP levels, higher mitoSOX 
and decreased mitochondrial depolarization, lower expression of synaptopodin and nephrin 
and higher BSA permeability than podocytes exposed to HG without siRNA treatment 
(p<0.05). These data all indicated that activation of the Nrf2-ARE pathway could attenuate 
mitochondrial dysfunction and injuries to human podocytes induced by HG (Fig. 1, 2 and 4).

The effect of the Nrf2-ARE pathway on Sirt1 expression and activity in human podocytes 
exposed to HG
The activity and expression of Sirt1 in human podocytes exposed to HG were 

decreased when compared with podocytes exposed to normal glucose (p<0.05), but after 
pretreatment with t-BHQ, the activity and expression of Sirt1 in human podocytes exposed 
to HG were increased compared with podocytes incubated with HG medium without t-BHQ 
pretreatment (p<0.05). We also downregulated the Nrf2-ARE pathway by siRNAs to explore 
changes in expression and activity of Sirt1. We found that activity and expression of Sirt1 in 
Nrf2-silenced human podocytes exposed to HG were decreased compared with podocytes 
incubated with HG medium without Nrf2 silencing (p<0.05). The data suggested that the 
Nrf2-ARE pathway may regulate the expression and activity of Sirt1 in human podocytes 
exposed to HG (Fig. 2).
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The role of Sirt1 in mitochondrial dysfunction and injuries to human podocytes induced 
by HG
To test the role of Sirt1 in mitochondrial dysfunction and injuries to human podocytes 

induced by HG, we examined the effect of Sirt1 siRNA and Sirt1 activity inhibitor nicotinamide 
in the following experiments. When we decreased the deacetylase activity and expression of 
Sirt1 in these podocytes, exposure to HG produced more severe mitochondrial dysfunction 
and damage: lower ATP levels, higher mitoSOX and decreased mitochondrial depolarization, 
lower expression of synaptopodin and nephrin and higher BSA permeability compared with 
podocytes incubated with HG without Sirt1 inhibition (p<0.05). These results indicated that 
Sirt1 plays a role in protecting against mitochondrial dysfunction and injuries to human 
podocytes induced by HG (Fig. 3 and 4).

The role of Sirt1 in the Nrf2-ARE pathway of human podocytes induced by HG
Compared with podocytes exposed to HG alone, the expression and transcriptional 

activity of Nrf2 and NQO1 were decreased in podocytes exposed to HG when Sirt1 was 
downregulated by siRNAs and inhibitor (p<0.05), which indicated that Sirt1 and the Nrf2-
ARE pathway may undergo potential interactions in human podocytes exposed to HG (Fig. 
3).

The role of Sirt1 in the Nrf2-ARE pathway protecting against mitochondrial dysfunction 
and injuries to human podocytes induced by HG
The protection provided by activation of the Nrf2-ARE pathway in podocytes exposed 

to HG was partially diminished when Sirt1 expression or activity was decreased by siRNAs 
or inhibitor. Sirt1 inhibition produced lower ATP levels, higher mitoSOX and decreased 
mitochondrial depolarization, lower expression of synaptopodin and nephrin and higher BSA 
permeability in podocytes exposed to HG and pretreated with t-BHQ (p<0.05). These data 
suggested that the protection provided by activation of the Nrf2-ARE pathway in podocytes 
exposed to HG was partly dependent on Sirt1(Fig. 3 and 4).

Sirt1 and Nrf2 expression in db/db mice
Obvious symptoms of diabetes, such as weight gain and increased appetite, water intake, 

urine and lethargy were observed in db/db mice at approximately 8–10 weeks of age. As 
expected, the mean blood glucose levels in 8-week old db/db mice were notably high which 

Fig. 1. Regulation of NRF2 can affect HG-induced human podocyte injury. A and B:Comparison of the 
expression of synaptopodin and nephrin in human podocytes from different groups. C: The BSA Permeability 
in podocytes from different groups. T-BHQ(20umol/l) were pretreated with for 4 hours, and then incubated 
with normal glucose(5mmol/l) or high glucose(30mmol/l) for 72 hours, respectly. Nrf2 were knock-
downed by SiRNAs(SI RNA-Nrf2) and then these podocytes were exposed to normal glucose(5mmol/l) or 
high glucose(30mmol/l) for 72 hours, respectly. A disordered sequence SiRNAs(SI RNA-NC) was transfected 
into human podocytes and then these podocytes were exposed to normal glucose(5mmol/l) or high 
glucose(30mmol/l) for 72 hours, respectly. *p<0.05 vs Control group, #p<0.05 vs HG group, £p<0.05 vs 
Control+Si RNA-Nrf2 group, ¥p<0.05 vs Control+Si RNA-NC group, n=3.
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Figure2 

 

 

Fig. 2. Comparison of the activity of Nrf2-ARE pathway and SIRT1 in human podocytes from different 
groups. A and D: Comparison of the expression of SIRT1, Nrf2 and NQO1 proteins in podocytes from 
different groups. B and E: Comparison of the SIRT1 activity in human podocytes from different groups. 
C and F: Comparison of the Nrf2 transcriptional activity in human podocytes from different groups. 
T-BHQ(20umol/l) were pretreated with for 4 hours, and then incubated with normal glucose(5mmol/l) 
or high glucose(30mmol/l) for 72 hours, respectly. Nrf2 were knock-downed by SiRNAs(SI RNA-Nrf2) 
and then these podocytes were exposed to normal glucose(5mmol/l) or high glucose(30mmol/l) for 72 
hours, respectly. A disordered sequence SiRNAs(SI RNA-NC) was transfected into human podocytes and 
then these podocytes were exposed to normal glucose(5mmol/l) or high glucose(30mmol/l) for 72 hours, 
respectly. *p<0.05 vs Control group, #p<0.05 vs HG group, £p<0.05 vs Control+Si RNA-Nrf2 group, ¥p<0.05 
vs Control+Si RNA-NC group, n=3.

was consistently increased throughout the study period, compared with the db/m mice. At 
the 24th week, the mice were euthanatized and the renal cortex was collected for western 
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blot analysis. The 8-week old db/db diabetic mice also exhibited significantly higher blood 
glucose levels, normal control animalsSirt1 expression was lower, while Nrf2 and NQO1 
expression were higher in db/db mice compared to db/m mice. At the same time, nephrin 

 

Figure3 

 

 

 

Fig. 3. Comparison of the effects of downregulated SIRT1 on damages in human podocytes induced by 
HG and Nrf2-ARE pathway. A and B: Comparison of the expression of Nephrin, Synaptopodin, SIRT1, Nrf2 
and NQO1 proteins in podocytes from different groups. C: Comparison of the SIRT1 activity in human 
podocytes from different groups. D: Comparison of the Nrf2 transcriptional activity in human podocytes 
from different groups. E: Comparison of the BSA permeability in human podocytes from different groups. 
T-BHQ(20umol/l) were pretreated with for 4 hours, and then incubated with normal glucose(5mmol/l) 
or high glucose(30mmol/l) for 72 hours, respectly. Nicotinamide (NICO, 20nmol/l) were pretreated for 2 
hours(+/- 20umol/l t-BHQ for 4 hours), and then incubated with high glucose(30mmol/l) for 72 hours. 
With the pretreatment of t-BHQ(20umol/l) for hours, SIRT1 were knock-downed by SiRNAs(SI RNA-SIRT1) 
and then these podocytes were exposed to high glucose(30mmol/l) for 72 hours. *p<0.05 vs Control group, 
#p<0.05 vs HG group, &p<0.05 vs HG+t-BHQ group, %p<0.05 vs HG+SiRNA-SIRT1 group, $p<0.05 vs 
HG+Nicotinamide group, n=3.
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Figure4 

 

 

Fig. 4. Comparison of the levle of ATP, mitochondrial superoxide and membrane potential from different 
groups. A: Comparison of the levle of ATP from different groups. B: Comparison of mitochondrial superoxide 
and membrane potential from different groups. T-BHQ(20umol/l) were pretreated with for 4 hours, 
and then incubated with normal glucose(5mmol/l) or high glucose(30mmol/l) for 72 hours, respectly. 
Nicotinamide (NICO, 20nmol/l) were pretreated for 2 hours(+/- 20umol/l t-BHQ for 4 hours), and then 
incubated with high glucose(30mmol/l) for 72 hours. Nrf2 were knock-downed by SiRNAs(SI RNA-Nrf2) 
and then these podocytes were exposed to normal glucose(5mmol/l) or high glucose(30mmol/l) for 72 
hours, respectly. A disordered sequence SiRNAs(SI RNA-NC) was transfected into human podocytes and 
then these podocytes were exposed to normal glucose(5mmol/l) or high glucose(30mmol/l) for 72 hours, 
respectly. With the pretreatment of t-BHQ(20umol/l) for hours, SIRT1 were knock-downed by SiRNAs(SI 
RNA-SIRT1) and then these podocytes were exposed to high glucose(30mmol/l) for 72 hours.*p<0.05 vs 
Control group, #p<0.05 vs HG group, &p<0.05 vs HG+t-BHQ group, %p<0.05 vs HG+SiRNA-SIRT1 group, 
$p<0.05 vs HG+Nicotinamide group, n=3.

and synaptopodin expression in the renal cortex was lower in db/db mice than in db/m 
mice, and more severe mesangial matrix deposition, collagen deposition and mitochondrial 
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structural damage was found in podocytes from db/db compared to db/m mice (Fig. 5, 6 
and 7).

Changes in pathology, physiology and mitochondrial injuries in db/db mice induced by 
t-BHQ
To explore the effect of Nrf2-ARE pathway activation on pathology, physiology and 

mitochondrial injuries in db/db mice, t-BHQ was dissolved in the double-distilled drinking 
water of db/db and db/m mice. Nrf2 and NQO1 expression in the renal cortex was increased 
in both db/db and db/m mice drinking t-BHQ-laced water, which indicated that the Nrf2-ARE 
pathway was activated by t-BHQ in these mice. Furthermore, urinary albumin/creatinine was 
decreased and nephrin and synaptopodin expression was increased in the renal cortex of db/
db mice drinking t-BHQ water compared with db/db mice drinking double-distilled water 
alone. At the same time, the more severe mesangial matrix deposition, collagen deposition 
and mitochondrial structural damage in podocytes from db/db mice were alleviated when 
the mice drank t-BHQ-laced water (Fig. 5, 6 and 7).

Changes in pathology, physiology and mitochondrial injuries in db/db mice induced by 
nicotinamide
Sirt1 expression in the renal cortex was decreased in db/db mice compared to db/m 

mice. When we gave nicotinamide by gavage to inhibit Sirt1 activity in these mice, we found 
that urinary albumin/creatinine was increased and nephrin and synaptopodin expression 
was decreased, while more severe mesangial matrix deposition, collagen deposition and 
mitochondrial structural damage occurred in podocytes from db/db mice treated with 
nicotinamide than in mice without nicotinamide treatment (Fig. 5, 6 and 7).

Changes in pathology, physiology and mitochondrial injuries induced by t-BHQ in db/db 
mice with and without nicotinamide treatment
When we gave nicotinamide and t-BHQ to db/db mice, we found higher urinary albumin/

creatinine and lower nephrin and synaptopodin expression, with more severe mesangial 
matrix deposition and collagen deposition on pathological slides, and greater mitochondrial 
structural damage in podocytes compared to db/db mice treated only with t-BHQ. Moreover, 
there was lower urinary albumin/creatinine, higher nephrin and synaptopodin expression, 
diminished mesangial matrix and collagen deposition and less mitochondrial structural 
damage in podocytes from db/db mice treated with both t-BHQ and nicotinamide than in 
untreated db/db mice, which suggested that the protection provided by tBHQ activation of 
the Nrf2-ARE pathway in db/db mice was partly dependent on Sirt1 (Fig. 5, 6 and 7).

Fig. 5. Physical and metabolic 
parameters of the animals. A. Urinary 
albumin to creatinine ratio. B. Blood 
glucose. C. Serum urea nitrogen. D. 
Left kidney weight to body weight 
ratio. *P<0.05 vs. db/m mice, #P<0.05 
vs. db/db mice, &p<0.05 vs db/db  
mice +t-BHQ group, $p<0.05 vs db/db 
mice+Nicotinamide group, n = 6.
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Discussion

The present study has demonstrated a protective effect of the Nrf2-ARE pathway and 
exposed its molecular mechanism in podocytes under hyperglycemic condition and also in 
db/db diabetic mice. Human podocyte damage induced by hyperglycemia was attenuated by 
t-BHQ (an activator of the Nrf2-ARE pathway), while the protection afforded by t-BHQ and 
Nrf2-ARE pathway expression was partially attenuated when Sirt1 expression or activity 
was inhibited. At the same time, when Sirt1 expression was decreased, Nrf2 expression 
was also inhibited, while Sirt1 expression was increased by the activation of Nrf2-ARE 

Fig. 6. Nicotinamde and t-BHQ affected pathology in db/db mice. A: Score calculation of HE, Masson staining 
and calculation of thickness of glomerular basement membrane. B: Mitochondrial structure image. PAS and 
Masson staining: bar=100um, electron microscopy to image the mitochondrial structure: bar=1um, electron 
microscopy to assess glomerular basement membrane: bar=0.5um. *P<0.05 vs. db/m mice, #P<0.05 vs. db/
db mice, &p<0.05 vs db/db  mice +t-BHQ group, $p<0.05 vs db/db mice+Nicotinamide group, n = 6.

 

Figure6 
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pathway. When we gave nicotinamide and t-BHQ to db/db mice, we observed higher urinary 
albumin/creatinine and lower nephrin and synaptopodin expression, along with more 
severe mesangial matrix deposition, collagen deposition on pathological slides and greater 
mitochondrial structural damage in podocytes compared to db/db mice treated with tBHQ 
alone. Taken together, these data suggest that some potential relationship between Sirt1 and 
the Nrf2-ARE anti-oxidative pathway that may provide positive effects on hyperglycemia 
induced podocyte injuries and kidney injuries, besides, the protection provided by tBHQ-
induced activation of the Nrf2-ARE pathway in db/db mice is partly dependent on Sirt1.

Previously, we have shown that the Nrf-ARE pathway protects mice podocytes exposed 
to HG [20], but the underlying molecular mechanism remains unknown. Here, we found that 
mitochondrial dysfunction and podocyte damage were induced by HG. However, when these 
podocytes were treated by t-BHQ, the Nrf2-ARE pathway was activated and mitochondrial 
dysfunction and podocyte damage were attenuated, whereas more severe mitochondrial 
dysfunction and podocyte damage were induced by HG when the podocytes were transfected 
by Nrf2 siRNAs, which establishes a role for the Nrf2-ARE pathway in protecting against 
mitochondrial damage in human podocytes. The next step was to explore the underlying 
mechanism. We discovered some potential relationship between Sirt1 and the Nrf2-ARE 
pathway in podocytes, and the protection provided by Nrf2-ARE pathway activation was 
attenuated in human podocytes and in db/db mice when Sirt1 expression or activity was 
inhibited. All of these data suggest that the protection provided by Nrf2-ARE activation in 
podocytes occurred partly through the Sirt1 pathway, which may be a promising strategy for 
the prevention of podocyte loss in the treatment glomerular diseases.

Nrf2 is a transcription factor that regulates coordinated key antioxidant responses 
in cells, and its activation can exert protective effects in a wide variety of animal models 

Fig. 7. Nicotinamde inhibits Nrf2-ARE pathway in mice with diabetic nephropathy. A: Comparision of 
expression of Nephrin and Synaptopodin proteins in podocytes from different groups. B: Comparision of 
protein expression of SIRT1, Nrf2 and NQO1 in podocytes from different groups. *P<0.05 vs. db/m mice 
#P<0.05 vs. db/db mice, &p<0.05 vs db/db  mice +t-BHQ group, $p<0.05 vs db/db mice+Nicotinamide 
group, n = 6.
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of oxidative stress-related injury and inflammatory disease [27]. Nrf2 activation with 
sulforaphane suppressed nephropathy and significantly improved metabolic indices 
associated with type 2 diabetes mellitus in a streptozocin-induced mouse diabetes model 
[28]. Similar findings with other known activators such as resveratrol support the therapeutic 
targeting of this system to ameliorate the oxidative damage and glucose-induced mesangial 
cell proliferation, inflammation, and fibrosis which underlies diabetic nephropathy [29, 3 0]. 
Lower levels of Nrf2 in the peripheral blood of patients with chronic DKD further support 
the contribution of an impaired Nrf2 antioxidant signaling pathway to systemic oxidative 
overload and inflammation in diabetic nephropathy [31]. Few studies have focused on 
podocytes, particularly podocyte mitochondrial function, and to the best of our knowledge, 
we are the first to report the protection provided by Nrf2-ARE pathway activation against 
mitochondrial dysfunction in podocytes induced by HG.

Sirt1 is a member of a family of proteins with homology to the Silence Information Regulator 
2 (SIR2) gene of yeast S. cerevisiae and plays an important role in the regulation of cell death/
survival and stress responses in mammals [32.] Although primarily a nuclear protein, the 
deacetylation of Sirt1 by peroxisome proliferator-activated receptor gamma Coactivator-
1α, has been extensively implicated in metabolic control and mitochondrial biogenesis and 
was proposed to partially underlie Sirt1’s role in caloric restriction and its impacts on cell 
senescence [33]. Other experiments studied in advanced glycation-end products  (AGEs) 
treated glomerular mesangial cells (GMCs), crosstalk between Sirt1 and Keap1/Nrf2/ARE 
anti-oxidative pathway forms a positive feedback loop to inhibit the protein expressions of 
FN and TGF-β1 [23]. In our experiments, we found that Sirt1 expression and activity were 
inhibited by HG, and mitochondrial dysfunction and podocyte damage were more severe when 
we lowered Sirt1 in podocytes exposed to HG. Interestingly, Nrf2 also positively regulated 
Sirt1 at the protein expression and deacetylase activity levels as evidenced by t-BHQ and 
specific siRNA targeting Nrf2, while the protective effects of t-BHQ against mitochondrial 
dysfunction and podocyte damage exposed to HG was partly attenuated when we inhibited 
Sirt1 with siRNA. These results suggest that the protection provided by activation of the 
Nrf2-ARE pathway by tBHQ in db/db mice is partially dependent on Sirt1.

There are some limitations that may affect the conclusions that can be drawn from this 
study. First, we used the db/db type 2 diabetic mouse model and t-BHQ as an activator of 
Nrf2 to explore the role of the Nrf2-ARE pathway in mitochondrial damage in podocytes, and 
thus could not rule out non-specific effects of t-BHQ. Future studies should use podocytes 
drawn from specific Nrf2 knockout mice to avoid non-specific effects. Second, mice were 
given t-BHQ in their drinking water, so the final concentration of the drug may have varied 
in mice depending of the volume of water consumed. Third, nicotinamide and t-BHQ were 
given to the same mice and we could not rule out chemical cross-reactions in these mice 
although no obvious side effects were observed. Besides, the potential connection between 
Sirt1 and Nrf2-ARE pathway are not fully understood, further research is needed to study 
the internal relation and mechanism and.

In conclusion, our results indicate that crosstalk between Sirt1 and the Nrf2-ARE anti-
oxidative pathway may forms a positive feedback loop and that the protection provided 
by the tBHQ-activated Nrf2-ARE pathway in all these data illustrates db/db mice is partly 
dependent on Sirt1.
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