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Abstract: Background: Podocyte dysfunction is associated with the progression of diabetic nephropathy (DN). 
Huangqi decoction (HQD), a traditional Chinese medical formula, has been used to improve diabetes-related syn-
drome in China. The present study was to investigate the protective effect of HQD on podocyte apoptosis and the 
underlying molecular mechanism. Methods: Podocyte was used to measure the efficacy of HQD on cell apoptosis, 
activities of NADPH oxidases, ROS generation and mitochondrial membrane potential (MMP), and the activation of 
Nox4/p53/Bax signaling pathway with HQD treatment were also investigated in vitro. Renal pathological morphol-
ogy, renal function, podocyte apoptosis and Nox4/p53/Bax signaling pathway were investigated with STZ-induced 
diabetic mice in vivo. Results: HQD increased the cell proliferation and MMP level, while the ROS production and 
activities of NADPH oxidases were decreased. Meanwhile, Nox4/p53/Bax signaling was down-regulated. Contrarily, 
overexpression of Nox4 or p53 significantly abolished those efficacies of HQD. Accordingly, in vivo study showed 
that the progressive albuminuria, glomerulosclerosis and loss of podocytes were significantly alleviated with HQD 
treatment in diabetic mice, which paralleled by the marked inhibition of Nox4/p53/Bax signaling. Conclusion: 
Collectively, we provide further evidence that HQD had a renoprotective effect in preventing podocyte apoptosis, 
which was mediated at least in part by down-regulation of Nox4/p53/Bax signaling.

Keywords: Huangqi decoction, podocytes apoptosis, diabetic nephropathy, oxidative stress, mitochondrial dys-
function, Nox4/p53/Bax signaling

Introduction

Diabetic nephropathy (DN) is one of the most 
severe diabetes-induced microvascular compli-
cations, which leads to end-stage renal disease 
(ESRD) [1, 2]. As a highly specialized cell type, 
podocytes are particularly imperative for glo-
merular filtration barrier, and several recent 
studies revealed that podocyte depletion may 
play a crucial role in the progression of DN [3, 
4]. Although most evidences have identified th- 
at podocyte number and morphology are good 
predictors for DN development, the potential 
mechanism remains unclear. 

Oxidative stress, characterized by the overgen-
eration of reactive oxygen species (ROS), which 
is one of the most risk factors to podocyte 
apoptosis in DN progression [5, 6]. As the main 

source of ROS, NADPH oxidase and several NA- 
DPH oxidase catalytic subunits such as Nox2, 
Nox1 and Nox4 are abundantly expressed in 
kidney [7, 8]. And accumulating evidence have 
taken Nox4 as the essential target to podocyte 
injury under high glucose (HG)-induced circum-
stance [9, 10]. Impairment of Nox4 significantly 
inhibited NADPH oxidase activity, dramatically 
reduced caspase-3 activity and HG-induced 
podocyte apoptosis [11]. Exposed to HG can 
up-regulate Nox4 and tumor suppressor tran-
scription factor p53 (p53) expression [11]. Then 
p53 plays a compelling role in apoptotic intrin-
sic pathway by integrating the action of pro-
apoptotic Bax and the action is associated with 
mitochondrial dysfunction [12, 13]. The mito-
chondrial apoptotic pathway is initiated by acti-
vation of Bax transferring to the outer mito-
chondrial membrane from cytoplasm, where it 
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oligomerizes and penetrates the inner mito-
chondrial membrane [14, 15]. Thus, inhibiting 
Nox4/p53/Bax signaling may be the reason-
able pathway to rescue cell death.

Huangqi decoction (HQD), a classic traditional 
Chinese medical formula, is composed of seven 
herbs including Astragalus (Huang Qi), Poria 
(Fu Ling), Trichosanthes (Gua Lou), Ophiopogon 
(Mai Dong), Schisandra (Wu Wei Zi), Licorice 
(Gan Cao) and Rehmannia (Di Huang). Our pre-
vious studies have revealed that HQD and its 
active ingredient possessed activities in renal 
protection, such as inhibiting renal tubulointer-
stitial fibrosis through TGF-β/Smad and Wnt/β-
Catenin signaling pathway [16, 17], ameliorat-
ing streptozotocin (STZ)-induced DN through 
antioxidant mechanism [18] and attenuating 
endoplasmic reticulum stress-induced podo-
cyte apoptosis [19, 20]. So HQD is considered 
as a good candidate in preventing DN develop-
ment, however the underlying mechanism war-
rants further investigated. In the present study, 
HG-treated podocyte and STZ-induced diabetic 
mice was employed to investigate the role of 
HQD in regulating Nox4/p53/Bax signaling, th- 
us indicting the underlying molecular mecha-
nism to podocytes apoptosis. 

Materials and methods

HQD preparation, cell culture and treatment

Astragalus, Poria, Trichosanthes, Ophiopogon, 
Schisandra, Licorice, and Rehmannia were pur- 
chased from Shanghai Huayu Chinese Herbs 
Co. Ltd. (Shanghai, China). HQD was extracted 
and the composition of the complete HQD was 
analyzed by LC-MS as previously reported [21]. 
Conditionally immortalized mouse podocytes 
were bountifully provided by Prof. Niansong 
Wang (Shanghai Sixth People Hospital, China) 
and cultured in RMPI-1640 supplemented with 
10% fetal bovine serum (FBS), 100 U/ml peni-
cillin and 100 mg/ml streptomycin for prolifera-
tion. Differentiated podocytes were cultured in 
RMPI 1640 with 1% FBS for 24 hours before 
being treated the various experimental condi-
tions. HQD was prepared as previously descri- 
bed [17] and the final concentration in medium 
was measured by CCK8. Podocytes were seed-
ed at a concentration of 1×104 cells/100 µl into 
96-well plates for 24 hours. Culture medium 
was aspirated before HQD in concentration gra-
dient of 0, 10, 30, 100, 300, 1000, 3000, 

10000 and 30000 µg/ml were added. After 24 
hours, the drug solution was discarded before 
CCK8 was added and the cultures incubated 
for 1 hour at 37°C. Absorbance was quantified 
at 450 nm using a microplate reader. The dif-
ferentiated podocytes were pretreated with or 
without HQD and apocynin (100 µM) respec-
tively for 2 hours followed by incubation low 
D-glucose (5 mM, LG), mannitol (25 mM man-
nitol + 5 mM D-glucose, M) or high glucose (30 
mM, HG) for 72 hours. To confirm whether Nox4 
or p53 was involved in the effect of HQD on 
podocyte apoptosis and regulation of Nox4/
p53/Bax signaling, Nox4 or p53 overexpres-
sion plasmid for mouse and control vector were 
transient transfected with Lipofectamine R3000 
Reagent (Invitrogen, Carlsbad, CA, USA) for 24 
hours before being incubated with 30 mM HG 
medium with or without HQD and apocynin tr- 
eatment. Mouse Nox4 and p53 cDNA (GenBank 
accession NM_015760 and NM_011640) 
were synthesized respectively and cloned into 
GV141 vector to create overexpression plas-
mid, which were synthesized by Genechem Co., 
Ltd (Shanghai, China). Western blot was per-
formed to confirm the overexpression of Nox4 
or p53. 

Apoptosis assay by flow cytometry

Podocytes were plated in 6-well plates at the 
density of 1×105 cells per well and cultured 
under the indicated conditions. Cell apoptosis 
was performed by FITC Annexin V Apoptosis 
Detection Kit I (BD Biosciences, Franklin Lakes, 
NJ, USA) as follows. The mouse podocytes were 
dissociated using trypsin, washed thrice with 
PBS and suspended in annexin V binding buf-
fer. Then podocytes were incubated with prop-
idium iodide (PI) in the dark and were analyzed 
by flow cytometry. Apoptotic podocytes were 
defined as annexin V-positive/PI-negative (early 
apoptotic) and annexin V-positive/PI-positive 
(late apoptotic) cells.

Immunofluorescence staining

Podocytes cultured on coverslips were fixed 
with 4% paraformaldehyde for 15 minutes, wa- 
shed thrice with PBS and permeabilized with 
0.1% Triton X-100 for 10 minutes. Then cells we- 
re blocked with 5% bovine serum albumin (BSA) 
and 0.1% Triton X-100 for 1 hour at room tem-
perature. Specific primary antibodies including 
against Nephrin (ab58968, Abcam, MA, USA) and 
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Nox4 (ab133303, Abcam, MA, USA) were appli- 
ed overnight at 4°C. After three washes, cells 
were stained with CyTM 2 or CyTM 3-conjugated 
secondary antibodies (Jackson ImmunoResea- 
rch, West Grove, PA, USA) for 1 hour at room 
temperature. The nuclei were visualized by 4’,6- 
diamidino-2-phenylindole (DAPI) staining. Imag- 
es were observed with a confocal microscope 
(LAM880, Zeiss, Germany) or fluorescence mi- 
croscope (TE2000, Nikon, Japan).

Activity of NADPH oxidases in podocytes

Cultured podocytes were collected after corre-
sponding treatment and podocytes NADPH oxi-
dase activity was evaluated by a lucigenin-en- 
hanced chemiluminescence assay (Nanjing Ji- 
ancheng Bioengineering Institute, Nanjing, Chi- 
na) as previously described [7]. Superoxide pro-
duction was expressed as relative light units/
min/mg of protein.

Measurement of ROS generation

The intracellular ROS generation was evaluated 
using the dihydroethidium (DHE, D-7008, Sig- 
ma, USA) fluorescent probe according to the 
protocol. Pretreated cells were washed with 
PBS and then continually incubated with DHE 
probe (10 μM) at 37.0°C for 20 minutes. Cells 
were washed with PBS to remove free DHE mol-
ecules and fixed with 4% paraformaldehyde. 
Cell images were monitored with a fluorescence 
microscope (TE2000, Nikon, Japan) and the 
fluorescence intensity was analyzed at an exci-
tation/emission wavelength of 370/420 nm.

Quantitative RT-PCR (qRT-PCR) 

Total RNA and DNA from cultured podocytes 
were extracted using Trizol reagent (Invitrogen, 
Carlsbad, CA, USA) and Moloney murine leuke-
mia virus reverse transcriptase (New England 
Biolabs, Ipswich, MA, USA) according to the in- 
structions of manufacturers. The sequences of 
the primers were used as previously described 
[22] and as follows: Nox4, 5’-GAAGGGGTTAAA- 
CACCTCTGC-3’ (forward primer) and 5’-ATGCT- 
CTGCTTAAACACAATCCT-3’ (reverse primer). gp- 
91phox, 5’-TTAGTGGGAGCAGGGATTGG-3’ (forw- 
ard primer) and 5’-CCGGCA TTGTTCCTTTCCT-3’ 
(reverse primer). p22phox, 5’-GCCATTGCCAGTG- 
TGATCT A-3’ (forward primer) and 5’-TGGTAGGT- 
GGTTGCTTGATG-3’ (reverse primer). p47phox, 
5’-GTCCCTGCATCCTATCTGGA-3’ (forward prim-

er) and 5’-ATGACCT CAATGGCTTCACC-3’ (rever- 
se primer). rac-1, 5’-GCCAATGTTATGGTAGATGGA 
AA-3’ (forward primer) and 5’-TTTCAAATGATGC- 
AGGACTCA-3’ (reverse primer). β-actin, 5’-GCGT- 
GACATCAAAGAGAAGC-3’ (forward primer) and 
5’-CTCGTT GCCAATAGTGATGA-3’ (reverse prim-
er). All primers were synthesized by Sangon 
Biotech Co., Ltd. (Shanghai, China). qRT-PCR 
was performed in a standard PCR protocol 
using SuperReal PreMix Plus (SYBR Green) Kit 
(TIANGEN BIOTECH (BEIJING) CO., LTD; Beijing, 
China). Cycling conditions were as follows: 10 
sec denaturation at 95°C, 31 sec annealing at 
58°C for 40 cycles using ViiA7 Standard 96 
sequence detection system (Applied biosys-
tems, USA). The relative mRNA amount was 
determined by relative to the control sample 
after normalizing to β-actin gene control values 
and calculated by the comparative cycle thresh-
old (DDCt) method.

Western blot analysis

Podocytes and tissues were collected and lys- 
ed in RIPA lysis buffer complemented with pro-
tease inhibitor cocktail (Sigma-Aldrich, St Louis, 
MO, USA) for 30 minutes on ice to acquire total 
protein. Nuclear proteins were extracted acc- 
ording to the instructions by Cayman (Michigan, 
MO, USA), and cytosolic and mitochondrial me- 
mbrane cell fractions were prepared using Cell 
Mitochondria Isolation Kit (Thermos Fisher sci-
entific, Carlsbad, CA, USA) according to the ins- 
tructions of manufacturers. The protein con-
centration was measured by the bicinchoninic 
acid (BCA) protein assay (Boster Biotechnology, 
Wuhan, China). Specific primary antibodies us- 
ed for detection of gp91phox (sc-5827), p47- 
phox (sc-14015), p22phox (sc-20781) and rac-1 
(sc-95) were purchased from Santa Cruz Bio- 
technology (Santa Cruz, CA, USA); for Nephrin 
(ab58968), Nox4 (ab133303), p53 (ab131442), 
p-p53 (ab33889), Histone H1 (ab71580), WT1 
(ab89901) and Bcl-xl (ab32370) from Abcam 
(Cambridge, MA, USA); for β-actin (#4970S), 
Bcl-2 (#2870), RARP-1 (#9532), caspase 3 
(#9665), caspase 9 (#9504s), Bax (#2772), 
Cytc (#12963S) and β-tubulin (#2146) from 
Cell Signaling Technology (Danvers, MA, USA). 
Horseradish peroxidase-conjugated secondary 
antibodies were purchased from BOSTER (Wu- 
han, China). Bands were detected by Image Qu- 
ant LAS 500 imaging system and densitometric 
quantitation of target proteins were determined 
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by ImageJ software using β-actin, Histone H1 or 
β-tubulin as the internal control.

Determination of MMP

The integrity of the mitochondrial membrane 
potential (MMP) in podocytes was measured by 
flow cytometry using the JC-1 (Thermos Fisher 
Scientific, Carlsbad, CA, USA). Briefly, treated ce- 
lls were harvested, washed in ice-cold PBS th- 
ree times, stained with 2 μM JC-1 at 37°C for 
30 min and analyzed by flow cytometry as pre-
vious reported [23].

Measurement of mitochondrial superoxide 
generation

Superoxide production of mitochondria were 
detected using MitoSOX Red (Thermos Fisher 
Scientific, Carlsbad, CA, USA) as described pre-

viously [24]. Pretreated cells were washed with 
warm PBS and then continually incubated with 
the MitoSOX (5 μM) at 37.0°C for 10 minutes 
avoiding light. Cells were washed gently with 
PBS to remove free MitoSOX molecules, fixed 
with 4% paraformaldehyde. Cell images were 
monitored with a confocal microscope (LAM 880, 
Zeiss, Germany).

Animal treatment 

Male C57BL/6J mice, aged 6 weeks and weight-
ing 16-20 g, were purchased from Shanghai 
laboratory animal center (Shanghai, China) and 
raised for 2 weeks of acclimation in a clean 
conventional environment with a temperature-
controlled room under a regular 12/12 hours 
light/dark cycle and had free access to food 
and water. All experiments were carried out in 
accordance with the approved guidelines for 

Figure 1. Effect of HQD on HG-induced podocyte apoptosis. (A) Cells were treated with BSA and 0-30000 µg/ml HQD 
for 24 hours and then cell death was determined by CCK8 assay. &&P < 0.01, compared with BSA-treated group; (B-E) 
Podocytes were pretreated with HQD (30, 100, 300, 1000 μg/ml) and apocynin (Apo, 100 μM) for 2 hours followed 
by high glucose (30 mM, HG) exposure for 72 hours and then subjected to analyses by flow cytometry, western blot 
and immunofluorescence staining. low D-glucose (5 mM, LG) and mannitol (25 mM mannitol + 5 mM D-glucose, 
M) were used as controls. (B) Representative flow cytometry pictures and (C) quantitative analysis of apoptotic 
podocytes under different cultural conditions. (D) Western blot analyses and densitometric quantification of Nephrin 
expression under different cultural conditions. (E) Immunofluorescence staining for Nephrin under different cultural 
conditions. Scale bars, 10 μm. One-way ANOVA and Newman-Keuls multiple comparisons test (A, C, D). **P < 0.01, 
compared with LG group; #P < 0.05, ##P < 0.01, compared with HG group.
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the use and care of experimental animals in 
Putuo Hospital, Shanghai University of Traditi- 
onal Chinese Medicine. The animals were in- 
duced to diabetes model by intraperitoneal 
injection of freshly prepared STZ (Sigma-Aldri- 
ch, St Louis, MO, USA, dissolved in 0.01 M 
citrate buffer, pH 4.45) at 100 mg/kg/day for 2 
consecutive days. Fasting blood glucose was 
measured to verify the development of diabe-
tes model 2 weeks after STZ injection. Mice 
with blood glucose ≥ 16.7 mmol/L were ran-
domly separated into 3 groups (n=8 for each 
group) and treated respectively with vehicle 
(0.5% carboxymethyl cellulose), HQD (1.08 g/
kg) and apocynin (40 mg/kg) by daily gavage 
for 8 weeks. Normal control (NC) mice without 
STZ treatment were randomly divided into 2 

groups and administered respectively with ve- 
hicle and HQD at 1.08 g/kg as control. The 
dose of HQD was chosen according to the body 
surface area normalization method.

Measurement of biochemical parameters

From the 2 weeks after STZ injection, animals 
were placed into individual metabolic cages 
every 4 weeks for 24 hours urine collection. At 
10 weeks after the start of STZ treatment, 
blood samples were obtained from the eyeball 
for serum BUN and creatinine detection, then 
all mice were killed and kidneys were immedi-
ately harvested for protein or for histological 
analysis. Urinary albumin, BUN and creatinine 
were tested with commercial ELISA kits (Nanjing 

Figure 2. Effect of HQD on NADPH oxidase activity and intracellular ROS generation. Podocytes were pretreated with 
HQD (30, 100, 300, 1000 μg/ml) for 2 hours followed by HG exposure for 72 hours, then NADPH oxidase activity 
was analyzed by lucigenin-enhanced chemiluminescence assay (A) and intracellular ROS generation was examined 
by DHE staining (B). Scale bars, 40 μm. (C) Relative fluorescence intensity of intracellular ROS. One-way ANOVA 
and Newman-Keuls multiple comparisons test (A, C). **P < 0.01, compared with LG group; #P < 0.05, ##P < 0.01, 
compared with HG group.
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Jiancheng Bioengineering Institute, Nanjing, Ch- 
ina) and determined according to the instruc-
tions of manufacturer.

Renal histology and immunohistochemistry 

Renal tissues were fixed in 4% paraformalde-
hyde (PFA) for 24 hours, dehydrated in gradient, 
cleared, embedded in paraffin, cut into 4 μm- 
thick sections and renal sections were stained 
with periodic acid-Schiff (PAS). Semiquantitative 
scoring of glomerular sclerosis was performed 
using a five-grade method. At least 50 glomeru-
li per section were evaluated by an examiner 
masked to the experimental conditions. For im- 
munohistochemistry, paraffin-embedded sec-
tions were stained with primary antibodies 
against Nox4 (Abcam, MA, USA) at 4°C over-

nights for another an hour incubation at 37°C. 
After incubation with biotinylated secondary 
antibody (Vector Laboratories, Burlingame, CA, 
USA), the sections were incubated with VECTA- 
STAIN ABC reagent (Vector Laboratories, Burli- 
ngame, CA, USA) and color development was 
performed using 3, 3’ diaminobenzidine (Vector 
Laboratories, Burlingame, CA, USA).

Statistical analysis

Data are expressed as the means ± SEM. All 
experiments were repeated a minimum of three 
times and representative experiments are sh- 
own. All statistical analyses were conducted 
with GraphPad Prism 6.01 (GraphPad Software, 
La Jolla, CA). Unpaired two-tailed t test or one-
way ANOVA followed by the Newman-Keuls mul-

Figure 3. Effects of HQD on NADPH oxidase expression. (A-D) Podocytes were pretreated with HQD (300 μg/ml) for 2 
hours followed by HG exposure for 72 hours, then subjected to analyses by qRT-PCR, western blot and immunofluo-
rescence staining. (A) qRT-PCR analysis of NADPH oxidase subunits, including Nox4, gp91phox, p47phox, p22phox 
and rac-1 mRNA expression. (B) Representative western blot and (C) densitometric quantification of NADPH oxidase 
subunits expression. (D) Immunofluorescence staining for Nox4 expression. Scale bars, 100 μm. One-way ANOVA 
and Newman-Keuls multiple comparisons test (A). Unpaired two-tailed t test and Newman-Keuls multiple compari-
sons test (C). *P < 0.05, **P < 0.01, compared with LG group; #P < 0.05, ##P < 0.01, compared with HG group. 
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Figure 4. Effect of HQD on Nox4/p53/Bax signaling and mitochondrial-mediated apoptotic pathway in HG-induced 
podocyte. (A) Representative western blot and (B) densitometric quantification of nuclear p53 and p-p53 expres-
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tiple comparisons test was used for statistical 
comparisons among experimental groups. Sta- 
tistical significance was considered with a val- 
ue of P < 0.05.

Results

HQD mitigates HG-induced injury in mouse 
podocytes

As shown in Figure 1A, we determined HQD 
between 10 to 1000 μg/ml as an appropriate 
concentration range to have no cytotoxicity on 
podocyte proliferation. Apocynin, an NADPH ox- 
idase inhibitor, was introduced as positive con-
trol. Flow cytometry analysis showed that HG 
induced significant podocyte apoptosis, while 
HQD or apocynin protected against HG-induced 
podocyte apoptosis in a dose-dependent man-
ner (Figure 1B, 1C). The parallel results also 
concluded from western blot and immunofluo-
rescence staining for Nephrin, a representative 
marker for podocyte foot process, which fur-
ther demonstrated that HQD could exert benefi-
cial effect in inhibiting HG-induced podocyte 
apoptosis (Figure 1D, 1E).

HQD inhibited HG-induced ROS production and 
oxidative stress in podocytes

Previous studies confirmed that oxidative str- 
ess is associated with podocyte apoptosis [25]. 
Thus, NADPH oxidase activity and ROS produc-
tion were analyzed. As expected in Figure 2, HG 
significantly enhanced the NADPH oxidase ac- 
tivity and ROS production, and the effect was 
eliminated by HQD treatment in a dose-depen-
dent manner. Especially, HQD at 300 μg/ml 
and 1000 μg/ml exerted significant protective 
effect on HG-triggered apoptosis in podocytes.

As shown in Figure 3A, qRT-PCR was used to 
monitor the expression levels of NADPH oxi-
dase subunits including Nox4, gp91phox, p47p- 
hox, p22phox and rac-1. And the results dem-
onstrated Nox4, gp91phox and rac-1 mRNA 
increased in HG-incubated podocytes, while 
HQD treatment restored the expression (Figure 
3A). Additionally, western blot analysis revealed 

the high expression of Nox4, gp91phox and 
rac-1 in HG-treated podocytes and the adverse 
effect of HQD treatment (Figure 3B, 3C). Same 
trend was observed in immunofluorescence 
staining which presented the Nox4 expression 
(Figure 3D).

HQD suppressed Nox4/p53/Bax signaling and 
mitochondria-mediated apoptotic pathway in 
HG-treated podocytes

Previous trials showed that HG inactivated 
AMPK, up-regulated Nox4-dependent activa-
tion of p53, and induced podocyte apoptosis 
[11]. Here we revealed that HQD significantly 
down-regulated HG triggered nuclear expres-
sion of p53 and p-p53 (Figure 4A, 4B). The 
mitochondrial apoptotic pathway is initiated by 
activation of Bax to the outer mitochondrial 
membrane, where it accumulates and pene-
trates the inner mitochondrial membrane and 
results in Cytc efflux into the cytosol and cas-
pase activation [26, 27]. Consistently, western 
blot analysis showed that HQD can significant 
decrease HG-induced Bax expression in mito-
chondria and Cytc expression in cytosol (Figure 
4C, 4D). And HG treatment elevated Bcl-2, Bcl-
xl, cleaved RAPR-1, cleaved caspase 9 and cas-
pase 3 expression while HQD dampened the 
tendency significantly (Figure 4C, 4D). We also 
found that mitochondrial dysfunction charac-
terized by MMP collapse and ROS production 
were inhibited with HQD treatment (Figure 
4E-G). 

HQD attenuated HG-induced podocyte apopto-
sis by regulating Nox4 and p53 expression

To further confirm the role of Nox4 and p53 in 
mediating the effect of HQD on podocyte apop-
tosis, exogenous Nox4 and p53 overexpression 
plasmids were transfected respectively. West- 
ern blot analysis showed that Nox4 expression 
was increased nearly double after Nox4 overex-
pression plasmid transfection in LG condition 
(Figure 5A, 5B). As shown in Figure 5C, 5D, the 
inhibitory effect of HQD on HG-induced podo-
cyte apoptosis was counteracted in Nox4 over-
expression podocyte. And the down-regulated 

sion. (C) Representative western blot and (D) densitometric quantification of Bcl-xl, Bcl-2, cleaved RAPR-1, cleaved 
caspase 3, cleaved caspase 9, Bax and Cytc expression in cytosolic and mitochondria. (E) Representative flow 
cytometry pictures and (F) quantitative analysis of MMP collapse loading with 2.5 mM JC-1. (G) Representative con-
focal microscopic images of mitochondrial ROS expression. Scale bars, 10 μm. One-way ANOVA and Newman-Keuls 
multiple comparisons test (B, D, F). *P < 0.05, **P < 0.01, compared with LG group; #P < 0.05, ##P < 0.01, compared 
with HG group. 
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effect of HQD on the nuclear expression of p53 
and p-p53, Nox4/p53/Bax signaling, mitochon-
dria-mediated apoptotic pathway, MMP and 
ROS production were also abolished in Nox4 
overexpression cell (Figure 5E-K). 

Similarly, western blot analysis presented p53 
and p-p53 expression were significantly increa- 
sed after p53 overexpression plasmid transfec-
tion in LG condition (Figure 6A, 6B). p53 over-
expression blocked the beneficial effect of HQD 
on podocyte apoptosis. And the changes which 
HQD exerted on Nox4/p53/Bax signaling, mito-
chondria-mediated apoptotic pathway, MMP 
and ROS production were eliminated as same 
as Nox4 overexpression (Figure 6C-I). Intrigu- 
ingly, p53 overexpression did not alter the 
expression of Nox4, which suggest that Nox4 is 
the upstream signaling of p53 (Figure 6E, 6F).

HQD prevented the development of DN and 
podocyte apoptosis in STZ-induced diabetic 
mice

As expected, compared with the NC-vehicle, uri-
nary albumin to creatinine ratio (ACR) was ma- 

rkedly increased in DN-vehicle mice at 2nd 
week after a two-dose STZ injection. Addition of 
HQD significant prevented the development of 
albuminuria at 10th week (Figure 7A). Consis- 
tently, blood urea nitrogen (BUN) levels were 
significant reduced with HQD treatment while 
without altering the serum creatinine level 
(Figure 7B, 7C).

PAS staining showed that DN mice exhibited 
increased glomerular surface area, expanded 
mesangial matrix and severe glomerulosclero-
sis compared with NC-vehicle group. In contr- 
ast, HQD treatment markedly attenuated those 
abnormal changes (Figure 7D, 7E). 

Western blot analyses revealed that podocyte 
foot process markers Nephrin and podocyte 
nucleus marker Wilms tumor 1 (WT1) were sig-
nificant downregulated in DN-vehicle mice, whi- 
ch indicate the glomerular filtration barrier was 
injured. However, HQD restored the expression 
of Nephrin and WT1 in diabetic kidney, which 
similar with the efficacy of apocynin (Figure 7F, 
7G).

Figure 5. Effect of Nox4 in mediating HQD efficacy on podocyte apoptosis and Nox4/p53/Bax signaling pathway. 
(A-K) Podocytes were transfected with empty vector (vehicle) or Nox4 overexpression (ov.) plasmid for 24 hours, then 
treated with HG in the presence or absence of HQD (300 μg/ml) for 72 hours. (A) Western blot and (B) densitometric 
quantification of Nox4 expression in podocytes transfected with vehicle or Nox4 ov. plasmid. (C) Representative flow 
cytometry images and (D) quantitative analysis of apoptotic cells. (E) Representative western blot and (F) densito-
metric quantification of p53 and p-p53 expression. (G) Western blot and (H) densitometric quantification of Bcl-xl, 
Bcl-2, cleaved RAPR-1, cleaved caspase 3, cleaved caspase 9, Bax and Cytc expression in cytosolic and mitochon-
dria. (I) Representative flow cytometry pictures and (J) quantitative analysis of MMP collapse loading with JC-1. (K) 
Representative confocal microscopic images of mitochondrial ROS expression. Scale bars, 10 μm. One-way ANOVA 
and Newman-Keuls multiple comparisons test (B, D, H, J). Unpaired two-tailed t test and Newman-Keuls multiple 
comparisons test (F). **P < 0.01, compared with LG-vehicle group; ##P < 0.01, compared with HG-vehicle group; &P 
< 0.05, &&P < 0.01, compared with LG-Nox4 ov. group. 
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Discussion

In this study, we report that HQD exhibited a 
prominent renoprotection in HG or hyperglyce-
mia-induced podocyte apoptosis, as evidenced 
by increased the expression of podocyte mark-
ers in vitro and in vivo. And the protective effect 
of HQD was mediated at least partly by down-
regulating Nox4/p53/Bax signaling, which was 
associated with oxidative stress and mitochon-
drial dysfunction. These results may highlight 
HQD as an antiproteinuric drug targeting podo-
cyte for DN therapy.

DN is a long-term complication of diabetes that 
develops in about 30% of patients with type 1 
diabetes, with pathological hallmarks of pro-
teinuria and glomerulosclerosis [28]. Podocytes 
cover the exterior basement membrane sur-
face of the glomerular capillary and maintain 
the structural integrity of glomerular capillary 
loops and podocytes apoptosis plays a key role 
in the pathogenesis of DN [29]. Here, we 
obtained similar result that HQD exhibited 
inhibitory efficacy on podocyte apoptosis both 

HQD inhibited oxidative stress and Nox4/p53/
Bax signaling pathway in the kidney of STZ-
induced diabetic mice

Next, the effect of HQD on oxidative stress and 
Nox4/p53/Bax signaling pathway in the kidney 
of STZ-induced diabetic mice were investigat-
ed. Western blot analyses showed that the ex- 
pression levels of Nox4, gp91phox and rac-1 
was dramatically up-regulated in DN-vehicle 
group compared with NC-vehicle group, while 
HQD treatment rescued the tendency (Figure 
8A-D). Immunohistochemistry staining for Nox4 
further confirmed the repression of HQD on 
diabetes-induced oxidative stress (Figure 8E).

As shown in Figure 9A, 9B, compared with 
NC-vehicle mice, the protein levels of p53 and 
p-p53 in DN-vehicle mice increased significant-
ly and HQD decreased the expression. Likewise, 
diabetes-induced activation of Nox4/p53/Bax 
signaling pathway transducers, including Bcl-2, 
Bcl-xl, Bax, cleaved RAPR-1, cleaved caspase 9 
and caspase 3 were significantly attenuated 
with HQD treatment (Figure 9C, 9D). 

Figure 6. Effect of p53 in mediating HQD efficacy on podocyte apoptosis and Nox4/p53/Bax signaling pathway. (A-I) 
Podocytes were transfected with vehicle and p53 ov. plasmid for 24 hours, then treated with HG in the presence or 
absence of HQD (300 μg/ml) for 72 hours. (A) Western blot and (B) densitometric quantification of the nuclear p53 
and p-p53 expression in podocytes transfected with vehicle or p53 ov. plasmid. (C) Representative flow cytometry 
images and (D) quantitative analysis of apoptotic cells. (E) Western blot and (F) densitometric quantification of 
Nox4, Bcl-xl, Bcl-2, cleaved RAPR-1, cleaved caspase 3, cleaved caspase 9, Bax and Cytc expression in cytosolic and 
mitochondria. (G) Representative flow cytometry pictures and (H) quantitative analysis of MMP collapse loading with 
JC-1. (I) Representative confocal microscopic images of mitochondrial ROS expression. Scale bars, 10 μm. One-way 
ANOVA and Newman-Keuls multiple comparisons test (B, D, F, H). *P < 0.05, **P < 0.01, compared with LG-vehicle 
group; ##P < 0.01, compared with HG-vehicle group; &P < 0.05, &&P < 0.01, compared with LG-p53 ov. group; ζζP < 
0.01, compared with HG-p53 ov. group. 
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dative stress and promoting podocyte injury in 
diabetes [31]. Previous studies found that HG 
incubation increased NADPH oxidase isoforms 
Nox4 and Nox1 mRNA and protein expression 
[6]. Nox4 deficiency reduced podocyte apopto-
sis significantly in diabetic milieu [10]. And in 
diabetic Nox1-/-ApoE-/-mice, albuminuria level 
is unaffected but significantly decreased in dia-
betic Nox4-/-ApoE-/-mice when compared to 
diabetic wild-type control [32]. Consistent with 
those investigations, our present results proved 
Nox4 is indeed up-regulated in hyperglycemia. 
Nox4 overexpression dramatically triggered oxi-
dative stress and inhibited the protective effect 
of HQD on HG-induced apoptosis, indicating 
that Nox4 mediated the inhibitory effect of HQD 

in HG-induced podocyte and in STZ-treated 
mice, which indicate the protective effect of 
HQD on podocytes. Besides, HQD treatment 
markedly attenuated albuminuria, reduced 
serum BUN and ameliorated glomerular histo-
pathology in STZ-induced diabetic mice, sug-
gesting HQD can effectively prevent the pro-
gression of DN. Consistent with our previous 
investigation, it is worth noting that there was 
no significant difference in serum creatinine 
between the NC group and the DN group, which 
indicate serum creatinine may not be a sensi-
tive indicator for renal dysfunction [30]. 

NADPH oxidases, the major sources of ROS 
generation, play essential role in mediating oxi-

Figure 7. HQD prevented the development of DN in STZ-induced diabetic mice. (A) ACR was measured at 4-week in-
tervals. (B) Serum BUN and (C) serum creatinine were detected at the end of the study. (D) PAS staining. Scale bars, 
10 μm. (E) Glomerulosclerotic index based on PAS staining. (F) Representative western blot and (G) densitometric 
quantification of WT-1 and Nephrin expression in total lysates of kidney cortex from each group. One-way ANOVA 
and Newman-Keuls multiple comparisons test (A-C, E). Unpaired two-tailed t test and Newman-Keuls multiple com-
parisons test (G). **P < 0.01, compared with normal control (NC) group; #P < 0.05, ##P < 0.01, compared with the 
diabetic nephropathy (DN) group (n=8).
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on HG-induced oxidative stress. Collectively, 
these data strongly suggest that HQD can pro-
tect diabetes/HG-inflicted podocyte apoptosis 
at least in part via inhibiting oxidative stress 
involving down-regulation of Nox4 expression. 

Nox4 induces podocyte injure by activating its 
downstream signaling pathway, in which p53 
are included [11, 33]. p53 is a well-known 
tumor suppressor and is also involved in pro-

cesses of apoptosis [34]. Coincidentally, our 
research suggested that p53 overexpression 
had no obvious impact on Nox4 expression, 
indicating p53 indeed acted as the downstream 
of Nox4. Furthermore, our data showed that 
both p53 and p-p53 expression were signifi-
cantly increased in HG-incubated mouse podo-
cytes and renal cortex of DN mice, while were 
significantly reduced by HQD. Accordingly, p53 
overexpression prevented the protective effect 

Figure 8. Effect of HQD on Nox4, gp91phox and rac-1 protein expression in the kidney of STZ-induced diabetic mice. 
(A) Western blot and (B-D) densitometric quantification of Nox4, gp91phox and rac-1 expression. (E) Representative 
immunohistochemistry staining for Nox4 expression. Scale bars, 10 μm. One-way ANOVA and Newman-Keuls mul-
tiple comparisons test (B-D). **P < 0.01, compared with NC group; #P < 0.05, ##P < 0.01, compared with DN group 
(n=8).
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of HQD on HG-induced podocyte apoptosis, 
indicating p53 involved in mediating the inhibi-
tory effect of HQD to HG-induced damage.

Previous study reported that p53 can directly 
activate the pro-apoptotic protein Bax in initiat-
ing apoptosis through mitochondrial pathway 
[35, 36], which largely contribute to the devel-
opment of DN [37, 38]. The mitochondrial cell 
death pathway results from dysfunctional mito-
chondria, which exhibit fragmentation and me- 
mbrane depolarization, massive amounts of 
ROS generation and apoptogenic proteins (e.g., 
caspase-3) release in response to stressors. As 
expected, our study revealed an enhanced ac- 
tivity of mitochondria-mediated apoptotic path-
way in HG-treated podocytes and DN mice, 

which were significantly reversed by HQD treat-
ment. Nox4 and p53 overexpression can acti-
vate the pathway while the inhibitory efficacy of 
HQD on the pathway were negative regulated, 
which suggest up-regulation of Nox4 and p53 
involved in activating the mitochondria-mediat-
ed apoptotic pathway and HQD may exhibit effi-
cacy through this pathway. In other words, Nox4 
and p53 may be the intervention target of HQD 
to ameliorate podocyte apoptosis and more 
details need to be studied in the future.

Conclusion

In summary, this study reveals that HQD pos-
sesses efficacy to impede HG/hyperglycemia-
induced podocyte apoptosis, and the mecha-

Figure 9. Effect of HQD on mitochondrial-mediated apoptotic pathway in the kidney of STZ-induced diabetic mice. 
(A) Western blot and (B) densitometric quantification of p53 and p-p53 expression. (C) Western blot and (D) densi-
tometric quantification of Bcl-xl, Bcl-2, Bax, cleaved RAPR-1, cleaved caspase 3 and cleaved caspase 9 expression. 
One-way ANOVA and Newman-Keuls multiple comparisons test (B, D). **P < 0.01, compared with NC group; #P < 
0.05, ##P < 0.01, compared with DN group (n=8).
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nism may correlate with inhibiting oxidative str- 
ess which mediated by Nox4/p53/Bax signal-
ing. Considering the improvement of HQD on 
restoring renal functional and histological inju-
ry, we propose that HQD may be a beneficial 
therapeutic strategy for DN.
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