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Abstract
Background: Damage to podocytes caused by excessive reactive oxygen species (ROS) 
contributes to onset and progression of diabetic kidney disease (DKD). Nuclear factor 
(erythroid-derived 2)-like 2 (Nrf2) is a redox-sensing transcription factor that can induce the 
expression of antioxidant enzymes. We explored whether activation of Nrf2 pathway attenuated 
hyperglycemia-induced injuries in mouse podocytes. Methods: Tert-Butylhydroquinone 

of the Nrf2 antioxidant pathway was measured by an antioxidant response element (ARE)-

western blot analyses. Results: 
higher intracellular superoxide anion and hydrogen peroxide production, higher apoptosis 
rate, higher bovine serum albumin (BSA) permeability and lower synaptopodin expression 
compared with podocytes exposed normal glucose (NG) (p
of the Nrf2 antioxidant pathway and enhanced nuclear Nrf2 expression, reduced intracellular 
superoxide anion and hydrogen peroxide production, apoptosis rate and BSA permeability, 

p
Nrf2 siRNAs showed higher intracellular superoxide anion and hydrogen peroxide production, 
apoptosis and BSA permeability as well as lower synaptopodin expression compared with 

p<0.05). Conclusions: 
activation of the Nrf2–ARE pathway in podocytes exposed to hyperglycemia. Thus, regulation 
of of the Nrf2–ARE pathway could be a therapeutic option to combat oxidative stress and 
inhibit the development of DKD.
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Introduction

The role of hyperglycemia in long-term complications has been established by large-
scale prospective studies for type-1 and type-2 diabetes mellitus (DM) [1]. Hyperglycemia 
engenders not only excessive free-radical factors but also attenuates anti-oxidative factors 
[2]. Hence, oxidative damage from free-radical and non-radical oxygen species contributes to 
the pathogenesis of diabetic complications, including the onset and progression of diabetic 
kidney disease (DKD) [3]. Experimental and clinical studies have documented a link between 
hyperglycemia, oxidative stress and DKD [4].

Podocytes are terminally differentiated and play a key part in preserving glomerular 

podocytes trying to cover a larger surface area of the glomerular basement membrane. 
Subsequently, the podocyte “foot” widens, which is followed by proteinuria and progressive 
glomerulosclerosis [7]. Early glomerular changes in animal models of DM are characterized 

experience a loss of podocyte number. A correlation between the rate of albumin excretion 
and the drop in podocyte number has been demonstrated [9]. Taken together, these data 

and binds to the antioxidant response element (ARE), which mediates the induction of a 
spectrum of cytoprotective proteins: the reduced form of nicotinamide adenine dinucleotide 

has been observed in retinal endothelial cells, H9c2 cells, mesangial cells and coronary 
arterial endothelial cells induced by hyperglycemia, and glucose-induced impairments are 

induced by high glucose.

Materials and Methods

Chemicals and reagents

(St. Louis, MO, USA). Dihydroethidium (DHE) was used as sensitive proble for superoxide anion (Molecular 

buffer and nucleoprotein extraction kits. 

obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-heme oxygenase-1 (HO-1) and 
anti-lamin B1 antibodies were obtained from Cell Signaling Technology (Beverley, MA, USA). Rabbit anti-

 was 
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Cell cultures

were determined in our pilot studies. 

siRNA transfection

instructions. 

Measurement of intracellular superoxide anion production with DHE

 in the dark. Then, 

 
10 000 cells were acquired for each sample.

Measurement of Hydrogen Peroxide (H2O2) with amplex Red

was used for a standard curve.

podocyte apoptosis was “early” and “advanced” [20].

ARE luciferase reporter gene assays

Reagent. These transfected cells were then exposed to their respective treatment. Luciferase activities were 

to those of the internal control 

RNA extraction, cDNA synthesis and real-time polymerase chain reaction (RT-PCR)
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[20, 21]

Western blot analyses 
Total cell proteins were extracted from cultured podocytes by the addition of lysis buffer. Cytoplasmic 

was immersed in blocking buffer for 1 h before incubation with primary antibodies overnight at 4°C. 

membrane was developed using ECL Reagent, and densitometric analyses conducted using Quantity One 
software (Bio-Rad, Hercules, CA, USA).

Measurement of cellular levels of MDA, SOD, CAT and GSH
Commercially available kits were used to measure the cellular levels of MDA, SOD, CAT and GSH in 

podocytes. Measurements were made according to manufacturer instructions. Data were normalized with 
the protein concentration of podocyte lysates.

BSA permeability assay

3

Statistical analyses
Data are the mean ± standard error of the mean unless stated otherwise. Statistical differences 

P-values quoted are two-tailed, and 
p

Results

HG induced excessive ROS and damages in mouse podocytes
Podocytes incubated in HG medium had a higher level of intracellular superoxide anion 

p

apoptosis rate, lower synaptopodin expression and higher BSA permeability in these 
p

NAC protected mouse podocytes from excessive ROS and damages induced by HG

lower the levels of intracellular superoxide anion and hydrogen peroxide production than 
in podocytes exposed to HG (p
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rate of apoptosis, increased synaptopodin expression and lower BSA permeability in these 

tBHQ protected mouse podocytes from excessive ROS and damages induced by HG
Pretreatment of tBHQ in podocytes incubated with HG can lower intracellular superoxide 

anion and hydrogen peroxide production (p
p

pretreatment with tBHQ in these podocytes also lowered the extent of apoptosis, increased 
synaptopodin expression and lower BSA permeability in these podocytes compared with 

tBHQ activated the Nrf2–ARE pathway in mouse podocytes incubated with HG

Fig. 1. Comparison 
of the generation of 
ROS, apoptosis rate, 
synaptopodin expres-
sion and BSA perme-
ability in podocytes 
exposed to different 
treatments. A: Com-
parison of superoxide 
anion generation in 
podocyte from diffe-
rent groups. B: Com-
parison of hydrogen 
peroxide production 
in podocytes from 
different groups. C: 
Comparison of apop-
tosis rate in podocyte 
from different groups. 
D: Comparison of sy-

-
pression in podocyte 
from different groups. 
E: Comparison of syn-
aptopodin expression 
in podocyte from diffe-
rent groups. F: Compa-
rison of BSA permea-
bility in podocyte from 

Mouse podocytes in-
cubated with normal 
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podocytes pretreated with tBHQ were also higher than in podocytes incubated with HG 

tBHQ decreased levels of MDA, but increased levels of SOD, GSH and CAT, in mouse 
podocytes incubated with HG
MDA levels in podocytes pretreated with tBHQ and then exposed to HG were lower than 

Fig. 2. Compari-
son of the expres-

ARE pathway in 
podocytes expo-
sed to different 
treatments. A: 
Comparison of 

-
tional activity in 
podocyte from 
different groups. 
B: Comparison 

expression in 
podocyte from 
different groups. 
C: Comparison of 

in podocyte from 
different groups. 
D: Comparison of 

-
tein expression 
in podocyte from 
different groups. 
E: Comparison 
of cytoplasmic 

-
pression in podo-
cyte from diffe-

Mouse podocytes 
incubated with 

mM) for 24 h. MA: 
-
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Downregulation of Nrf2 by siRNA induced more excessive ROS and damages in mouse 
podocytes HG than those podocytes exposed to HG
The level of intracellular superoxide anion and hydrogen peroxide production in 

higher apoptosis rate, lower synaptopodin expression and higher BSA permeability in these 

Downregulation of Nrf2 by siRNAs inhibited the Nrf2–ARE pathway in mouse podocytes 
incubated with HG

p

Fig. 3. Comparison of levels of malondialdehyde, superoxide dismutase, glutathione and catalase in po-
docytes exposed to different treatments. A: Comparison of levels of malondialdehyde in mouse podocytes 
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(p

Downregulation of Nrf2 expression by siRNAs increased MDA levels to a greater extent, 
but decreased levels of SOD, GSH and CAT in mouse podocytes incubated with HG

were then incubated with HG were higher than in podocytes incubated with HG (p

Fig. 4. The generati-
on of ROS, apoptosis 
rate, synaptopodin 
expression and BSA 
permeability in podo-
cytes down-regulated 

The generation of su-
peroxide anion gene-
ration in podocytes 

-
neration of hydrogen 
peroxide production 
in podocytes down-

-
-

sis rate in podocytes 

-

expression in podo-
cytes down-regulated 

The synaptopodin ex-
pression in podocytes 

permeability in podo-
cytes down-regulated 

Mouse podocytes in-
cubated with normal 

were knock-downed 

these podocytes were 
incubated with nor-
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Levels of SOD, GSH and CAT in these podocytes were lower than in podocytes exposed to HG 
(p

Fig. 5. The 
expression of 

pathway in po-
docytes down-

-
tional activity 
in podocytes 
d o w n - r e g u -

-
sion in podocy-
tes down-regu-

-
pression in po-
docytes down-

The nuclear 
-

in expression 
in podocytes 
d o w n - r e g u -

c y t o p l a s m i c 
-

in expression 
in podocytes 
d o w n - r e g u -

Mouse podocy-
tes incubated 
with normal 
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Discussion

expression, and increase BSA permeability. Simultaneously, ROS were increased in podocytes 
exposed to HG (i.e. intracellular superoxide anion and hydrogen peroxide production) as 

in podocytes were decreased by HG. Taken together, these data suggested that hyperglycemia 
not only engendered excessive free radicals but also attenuated anti-oxidative factors [4], 

peroxynitrite and served as a precursor of cysteine for GSH synthesis [22], was used to 

regulator of endogenous antioxidant pathways. Transgenic studies have established that the 
 animals are more susceptible to streptozotocin-induced DM, whereas 

Fig. 6. The levels of malondialdehyde, superoxide dismutase, glutathione and catalase in podocytes down-
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to overcome the deleterious effects of hyperglycemia on podocytes because anti-oxidative 
factors such as SOD, GSH and CAT were inhibited under these conditions. Hence, we used 

CAT to lower oxidative stress and alleviate the podocyte damage induced by hyperglycemia. 

However, there are some limitations should be considered when assessed the paper. 

oxidative stress and inhibit the development of DKD.
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