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rates podocyte injury via
inhibition of oxidative stress and the TGF-b1/Smad
pathway in DN rats
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Lei Chen,*a Hongli Jiang*a and Yali Zhang*b

An increasing number of investigations have revealed that podocytes play a crucial role in the development

and progression of diabetic nephropathy (DN). Quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-

chromen-4-one) is the most common flavonol in the diet and is one of the most prominent dietary

antioxidants, which might have a protective effect on DN. The present study was designed to investigate

the protective effect of quercetin on podocyte impairment in a rat model of DN, as well as underlying

molecular mechanisms. All diabetic rats were induced by a single intraperitoneal injection of

streptozotocin, and quercetin was administered daily at a dose of 50 mg kg�1 or 100 mg kg�1 for 12

weeks. In the present study, quercetin markedly decreased blood glucose levels, kidney-to-body weight

ratio, albuminuria, creatinine clearance rate, blood urea nitrogen, and triglycerides and significantly

attenuated oxidative stress. Moreover, quercetin was observed to inhibit podocyte effacement and

decrease the thickness of glomerular basement membranes. Mechanistically, quercetin significantly

increased the expression of podocyte-specific markers nephrin and podocin and decreased expression

of the podocyte injury marker desmin in DN rats. Quercetin also inhibited activation of the TGF-b1/Smad

signaling pathway in DN rats by decreasing expression of TGF-b1, p-Smad2, and p-Smad3, and

increasing Smad7 expression. These findings suggest that quercetin administration ameliorated podocyte

injury in DN rats, possibly by inhibiting oxidative stress and the TGF-b1/Smad signaling pathway. Thus,

quercetin may be manipulated to act as a potential drug for prevention of early diabetic nephropathy.
1. Introduction

Diabetic nephropathy (DN), the most common microvascular
complication of diabetes mellitus (DM), is the major cause of
chronic kidney disease and end-stage renal disease in the
world.1 It is now widely acknowledged that proteinuria, specif-
ically microalbuminuria, is an early clinical marker of diabetic
kidney disease, which is characterized by glomerular hyper-
trophy, mesangial matrix expansion, and glomerular basement
membrane (GBM) thickening.2 Previous studies of diabetic
patients and animal models revealed that the onset of albu-
minuria is most closely correlated with podocytopathies, such
as podocyte hypertrophy, detachment, apoptosis, foot process
effacement, and epithelial-to-mesenchymal transition.3 Podo-
cyte foot processes are linked by slit diaphragm proteins,
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including nephrin and podocin, which play a central role in the
maintenance of podocyte integrity. Various studies have sug-
gested that damage to podocytes and slit diaphragm proteins
can induce proteinuria.4 However, factors related to this injury
have not been completely claried, especially in DN. Hence,
further study may yield better understanding and provide
promising therapeutic options for future treatment of DN.

TGF-b1 upregulation occurs in nearly all kidney diseases and
is a central mediator of podocyte injury via Smad-dependent
and Smad-independent pathways.5 Smad proteins are tran-
scription factors that mediate TGF-b signaling by forming
complexes with each other. It is now clear that aer binding to
its receptors, TGF-b signaling exerts biological activities
through phosphorylation of two critical downstreammediators,
Smad2 and Smad3. In addition, Smad7 may serve as an inhib-
itory Smad protein to negatively regulate the phosphorylation of
Smad2 and Smad3, thus counterbalancing TGF-b signaling.6,7

An abundance of evidence suggests that the production of
reactive oxygen species (ROS) is signicantly increased in the
kidney of DM, whereby oxidative stress plays a pivotal role in the
initiation and progression of DN.8–10 Moreover, many lines of
evidence have shown increased ROS production in podocytes,11

which can promote podocyte injury in DN.12 Furthermore, ROS
RSC Adv., 2018, 8, 35413–35421 | 35413
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Fig. 1 Molecular structure of quercetin.
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generation has been shown to activate the TGF-b1/Smad
signaling pathway and induce podocyte injury.13,14 Thus, inhi-
bition of oxidative stress and TGF-b1/Smad pathway-induced
podocyte injury may be a potential target for future DN therapy.

Quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-
chromen-4-one) is present in plants in many different kinds of
glycosidic forms, with quercetin-3-rutinoside, also called
quercetin-3-rhamnoglucoside or rutin, being one of the most
widespread forms.15 The molecular structure of quercetin is
given in Fig. 1. Studies have shown that quercetin, a potent
bioavonoid with strong antioxidant properties found in
various vegetables and fruits,16 can directly scavenge free radi-
cals,17 inhibit lipid peroxidation, and alter antioxidant defense
pathways both in vivo and in vitro.18,19 Furthermore,
Yamaguchi M. et al. reported that quercetin treatment antago-
nized TGF-b-induced Smad activation in osteoblast precur-
sors.20 However, to date, it is unknown whether oxidative stress
and/or the TGF-b1/Smad signaling pathway are associated with
quercetin-induced prevention of podocyte injury in rats with
DN. Thus, in the present study, we aimed to determine if
quercetin ameliorates podocyte injury in rats with
streptozotocin-induced DN by inhibiting oxidative stress and
the TGF-b1/Smad signaling pathway.
2. Materials and methods
2.1 Drug reagent preparation

Quercetin (with a purity of $95% as examined by HPLC),
streptozotocin, and dimethyl sulfoxide (vehicle) were purchased
from Sigma-Aldrich Corporation (St. Louis, MO). Quercetin was
suspended in dimethyl sulfoxide solution and used at a nal
concentration of 100 g L�1. Streptozotocin was freshly dissolved
in 0.01 M citrate buffer (pH 4.4) and maintained on ice before
use.
2.2 Animals

A total of 20 adult male Sprague-Dawley rats (180–220 g) were
obtained and kept at the Animal Center of the School of
Medicine, Xi'an Jiaotong University (Xi'an, Shaanxi, China).
Rats were maintained under standard laboratory conditions
with regular 12 h photoperiods and free access to food and
water. All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals of
35414 | RSC Adv., 2018, 8, 35413–35421
Xi'an Jiaotong University and approved by the Animal Ethics
Committee of Xi'an Jiaotong University.

2.3 Induction of diabetes mellitus (DM) in rats

Aer 1 week of acclimatization, rats were randomly divided into
two groups: normal control (NC, n ¼ 5) and diabetic nephrop-
athy (DN, n¼ 15). Diabetic nephropathy was induced by a single
intraperitoneal injection of streptozotocin at concentration
60 mg kg�1, while NC rats received an equivalent amount of
citrate buffer. Seventy-two hours later, rats with blood glucose
levels of 16.7 mmol L�1 or higher were considered to be diabetic
and, therefore, suitable for use in this study.

2.4 Experimental design

DN rats were randomly divided into three groups: diabetic
nephropathy (DN, n ¼ 5), DN treated with low-dose quercetin
(DN + LQ, n¼ 5), and DN treated with high-dose quercetin (DN +
HQ, n ¼ 5). Quercetin was administered daily with an oral dose
of 50 mg kg�1 (DN + LQ) or 100 mg kg�1 (DN + HQ) 1 week aer
streptozotocin injection; NC and DN rats were administered
vehicle only. Blood glucose was assessed every 2 weeks using
a blood glucose monitoring system (Bayer, Leverkusen, Ger-
many) and one drop of tail blood. Body weights were assessed
every 2 weeks, and 24 h urine samples were collected in meta-
bolic cages every 4 weeks starting 1 week aer streptozotocin
injection. All animals were sacriced at the end of 12 weeks.
Blood samples were drawn from the abdominal aorta and
serum samples were prepared for assessing renal function by
measuring levels of serum creatinine, blood urea nitrogen
(BUN), and triglycerides (TG). Kidneys were removed and
weighed, and then several fresh renal cortices were xed in 10%
formaldehyde solution and embedded in paraffin for immu-
nohistochemical and histological assays. Small samples of renal
cortex were xed in 2.5% glutaraldehyde for electron micro-
scopic measurements. The remainder of kidneys were snap-
frozen and stored at �80 �C for further analysis.

2.5 Plasma and urine measurements

Serum creatinine, BUN, and TG were determined with an
automatic biochemistry analyzer (Hitachi, Tokyo, Japan). The
concentration of 24 h urinary albumin was measured with an
ELISA kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer's method. Creatinine
clearance rate (Ccr) was calculated and expressed as mL min�1

kg�1 body weight.

2.6 Assessment of oxidative stress in kidney and blood

Kidney tissue was minced, and a homogenate was prepared
with 10% phosphate-buffered saline (0.1 mol L�1, pH 7.4) using
a homogenizer. Kidney homogenates and blood were centri-
fuged for 15 min at 4 �C. Respective supernatants were
collected, and the content of protein was determined using
a bicinchoninic acid (BCA) protein assay kit purchased from
Beyotime Institute of Biotechnology (Shanghai, China). Levels
of malondialdehyde (MDA) were determined by a Lipid
This journal is © The Royal Society of Chemistry 2018
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Table 1 Influence of quercetin on general parameters in experimental animalsa

Group Glu (mmol L�1) KW/BW (mg g�1) BUN (mmol L�1) Ccr (mL min�1 kg�1) TG (mmol L�1)

NC 5.74 � 0.67 6.68 � 0.58 10.06 � 1.77 4.32 � 1.05 0.32 � 0.07
DN 33.05 � 3.23* 12.38 � 1.34* 23.82 � 6.69* 6.36 � 1.00* 0.90 � 0.34*
DN + LQ 26.53 � 4.94*# 10.40 � 0.99*# 15.51 � 2.80# 5.00 � 0.36# 0.50 � 0.10#

DN + HQ 16.83 � 2.74*# 9.96 � 0.42*# 14.53 � 2.38# 4.27 � 1.11# 0.56 � 0.25#

a Values represented mean � SD (n ¼ 5 per group). NC, normal control; DN, diabetic nephropathy; LQ, low dose quercetin (50 mg kg�1 d�1); HQ,
high dose quercetin (100 mg kg�1 d�1); Glu, glucose; BW, body weight; KW/BW, kidney-to-body weight ratio; Ccr, creatinine clearance rate; BUN,
blood urea nitrogen. *P < 0.05 vs. NC, #P < 0.05 vs. DN.

Fig. 2 Effects of quercetin on body weight in each group of rats at
different weeks. Values represented as mean � SD (n ¼ 5 per group).
*P < 0.05 vs. NC group, #P < 0.05 vs. DN group.
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Peroxidation MDA Assay Kit (Beyotime). Levels of superoxide
dismutase (SOD) were determined with a Total SOD Assay Kit
with WST-8 (Beyotime). Glutathione (GSH) levels were deter-
mined with a Reduced GSH Assay Kit (Nanjing Jiancheng).
2.7 Histopathological analysis

Kidney sections were stained with hematoxylin and eosin (H&E)
and periodic acid-Schiff (PAS) reagent, and then examined
under a light microscope in a blinded manner. The degree of
renal injury was estimated by morphometric assessment of the
enlargement of glomeruli and mesangial matrix expansion. We
used a point-counting method to quantify mesangial matrix
deposition and analyzed 20 randomly selected non-overlapping
PAS-stained glomeruli from each rat.21
2.8 Immunohistochemical analysis

Immunohistochemistry was performed on paraffin sections
using a high pressure-based antigen retrieval technique.
Hydrogen peroxide (3%) and normal goat serum was used to
block endogenous peroxidase activity and nonspecic binding.
Primary antibodies used included rabbit anti-nephrin (Abnova,
Taipei, Taiwan), podocin (Proteintech, Wuhan, China), and
desmin (Abcam, Cambridge, UK). Aer incubation with primary
antibodies at 4 �C overnight, renal sections were reacted with
a biotinylated secondary antibody and horseradish peroxidase-
streptavidin working buffer (SV-0002 Histostain Plus Kits, Bos-
ter Bioengineering, Wuhan, China) at room temperature for
45 min, respectively. A Vecta-stain DAB Kit (Vector Labs, Bur-
lingame, CA) was then used to visualize peroxidase activity.
This journal is © The Royal Society of Chemistry 2018
Finally, each slide was counterstained with hematoxylin. The
results were scored by semiquantitative immunohistochemical
analysis as follows: no staining (�), weak staining (+), moderate
staining (++) and strong staining (+++).22 We evaluated staining
of 20 randomly selected glomeruli using a 40� objective. Scores
for each rat are expressed as the mean value of all scores ob-
tained for that animal.
2.9 Western blotting analysis

Renal cortex tissues were collected and frozen at �80 �C for
western blotting analysis. Total proteins were extracted from
renal cortex and the protein concentrations were determined
using a BCA Protein Assay Kit (Thermo Fisher Scientic, Wal-
tham, MA). Thirty micrograms of total protein per sample was
separated by SDS-PAGE and then transferred onto a nitrocellu-
lose membrane. Aer blocking with 3% bovine serum albumin
(Invitrogen, Carlsbad, CA), membranes were incubated with
primary antibodies against nephrin, podocin, desmin (sources
previously described), p-Smad2, p-Smad3 (Cell Signaling Tech-
nology, Danvers, MA), TGF-b1, Smad2, Smad3, Smad7, and b-
actin (Proteintech) at 4 �C overnight. Aer removing unbound
primary antibody, sections were rinsed in Tris-buffered saline
containing Tween and then incubated with secondary anti-
bodies for 1 h at room temperature. Enhanced chem-
iluminescence followed by exposure to X-ray lm was used to
detect bound antibodies. Image J soware was used for quan-
titative analysis. Intensities of protein bands are presented as
ratios to that of b-actin, and data from the NC group were
arbitrarily set at 1.0.
2.10 Statistical analysis

Statistical analyses were performed using the SPSS 20.0 statis-
tical soware package (IBM Corp., Armonk, NY). All results are
expressed as mean � standard deviation (SD) for each group.
One-way analysis of variance (ANOVA) was used to determine
levels of signicance among different groups, and P < 0.05 was
considered statistically signicant.
3. Results
3.1 Effects of quercetin on the general condition of animals

During the experiment, rats in the NC group were vibrant,
vigorous, clean, and glossy with normal feeding, drinking, and
weight gain; whereas, rats in the DN group had hypopraxia,
dirty and damp fur, polyuria, polydipsia, retarded weight gain,
RSC Adv., 2018, 8, 35413–35421 | 35415
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Table 3 Influence of quercetin on oxidative stress parameters in experi

Group

Blood

GSH (nmol mg�1) SOD (units per mg) MDA (mmol L

NC 20.92 � 5.99 61.44 � 7.47 1.69 � 0.67
DN 7.56 � 1.79* 41.50 � 4.81* 2.67 � 0.69*
DN + LQ 14.27 � 0.94*# 51.36 � 7.12*# 1.67 � 0.29#

DN + HQ 19.12 � 0.36# 55.40 � 3.75# 1.52 � 0.42#

a Values represented mean � SD (n ¼ 5 per group). NC, normal control; D
high dose quercetin (100 mg kg�1 d�1); GSH, glutathione; SOD, superoxid

Fig. 3 Influence of quercetin on renal histopathological changes in NC,
tissues (400�). (B) Glomerular surface area and mesangial matrix index
group). *P < 0.05 vs. NC group, #P < 0.05 vs. DN group.

Table 2 Influence of quercetin on albuminuria in experimental
animalsa

Group 4 week (mg/24 h) 8 week (mg/24 h) 12 week (mg/24 h)

NC 9.87 � 2.95 10.22 � 3.39 9.5 � 2.86
DN 39.83 � 5.41* 45.45 � 5.62* 58.64 � 7.21*
DN + LQ 25.65 � 3.36*# 31.20 � 3.52*# 40.77 � 2.19*#

DN + HQ 15.84 � 3.93*# 22.45 � 3.79*# 26.59 � 3.44*#

a Values represented mean � SD (n ¼ 5 per group). NC, normal control;
DN, diabetic nephropathy; LQ, low dose quercetin (50mg kg�1 d�1); HQ,
high dose quercetin (100 mg kg�1 d�1). *P < 0.05 vs.NC, #P < 0.05 vs. DN.

35416 | RSC Adv., 2018, 8, 35413–35421
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and cataracts of varying degrees. At the beginning of the study,
both body weight and blood glucose did not differ among the
four groups. Three days aer streptozotocin injection, diabetic
rats showed elevated blood glucose levels ($16.7 mmol L�1)
compared with the NC group. At the end of the experiment,
blood glucose levels in DN group were signicantly higher than
those in NC group, while high- and low-dose quercetin treat-
ment markedly decreased these levels (P < 0.05), as shown in
Table 1. All diabetic rats gained less weight than NC rats from
the second week aer streptozotocin injection onward, while
high-dose quercetin treatment increased the body weight of
diabetic rats from 6 weeks until the end of the experiment (P <
mental animalsa

Renal cortex

�1) GSH (nmol mg�1) SOD (units per mg) MDA (mmol L�1)

67.27 � 18.31 9.75 � 1.60 0.31 � 0.58
40.16 � 5.02* 6.52 � 0.55* 0.45 � 0.09*
58.62 � 18.40# 8.11 � 0.56*# 0.29 � 0.13#

59.54 � 11.69# 9.67 � 1.08# 0.27 � 0.07#

N, diabetic nephropathy; LQ, low dose quercetin (50 mg kg�1 d�1); HQ,
e dismutase; MDA, malondialdehyde. *P < 0.05 vs. NC, #P < 0.05 vs. DN.

DN, DN + LQ, and DN + HQ rats. (A) H&E and PAS staining of indicated
of the four groups (a and b). Values represent mean � SD (n ¼ 5 per

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Effects of quercetin on the ultrastructural changes in kidneys using transmission electronmicroscopy. Arrowhead indicates the increased
thickness of the glomerular basement membrane and podocytes effacement.
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0.05). However, low-dose quercetin treatment did not increase
body weight effectively (P > 0.05), as shown in Fig. 2. Similarly,
the kidney-to-body weight ratio increased signicantly in DN,
DN + LQ, and DN + HQ rats compared with the NC group, but
high- and low-dose quercetin signicantly reduced the kidney-
to-body weight ratio of DN rats (P < 0.05), as shown in Table 1.
3.2 Effects of quercetin on blood and urine parameters

As shown in Table 1, levels of BUN, Ccr, and TG of the DN group
were signicantly higher than values observed in the NC group.
While treatment with high- or low-dose quercetin signicantly
improved this condition (P < 0.05), these levels remained higher
than NC group rats (P > 0.05). Albuminuria was increased four-
to six-fold from 4 to 12 weeks aer onset of diabetes compared
with nondiabetic rats (P < 0.05). High- and low-dose quercetin
treatment effectively attenuated these increases beginning from
the fourth week (P < 0.05), but this level was still higher than
non-diabetic groups (P < 0.05), as shown in Table 2. During the
period of the study, quercetin effectively prevented the
progression of albuminuria. Collectively, these results suggest
that treatment with quercetin signicantly protected podocytes
and improved kidney function of experimental diabetic rats.
This journal is © The Royal Society of Chemistry 2018
3.3 Effects of quercetin on oxidative stress in blood and
renal cortex

As listed in Table 3, compared with the NC group, SOD, and
GSH levels in the DN group were markedly decreased (P < 0.05),
while the content of MDA was signicantly increased, suggest-
ing that DN group rats exhibited oxidative stress damage.
Compared with rats in the DN group, high- and low-dose
quercetin signicantly increased SOD and GSH levels, and
decreased MDA (P < 0.05). These results indicated that quer-
cetin could ameliorate the oxidative stress state of DN rats.
3.4 Quercetin ameliorated renal histopathological changes

Using light microscopy, we evaluated the efficacy of quercetin in
treating diabetic nephropathy in STZ rats, as shown in Fig. 3.
The results showed that the glomerular surface area signi-
cantly increased and the glomerular mesangial matrix was
markedly expanded in the DN group compared with the NC
group (P < 0.05). Low- and high-dose quercetin effectively
decreased these levels (P < 0.05) (Fig. 3A and B). Ultrastructural
changes in podocyte foot processes were observed by electron
microscopy, as shown in Fig. 4. Electron micrographs showed
GBM thickening and podocyte effacement in the DN group
compared with the NC group. However, changes in the DN + LQ
RSC Adv., 2018, 8, 35413–35421 | 35417
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Fig. 5 Influence of quercetin on nephrin, podocin, and desmin expression. (A) Immunohistochemical staining of nephrin, podocin, and desmin in
NC, DN, DN + LQ, and DN + HQ groups (400�). (B) Semi-quantitative immunohistochemical analysis of nephrin, podocin, and desmin
expression in the four groups (a–c). Values represent mean � SD (n ¼ 5 per group). *P < 0.05 vs. NC group, #P < 0.05 vs. DN group.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/1
3/

20
25

 7
:4

3:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and DN + HQ groups detected by electron microscopy were
ameliorated compared with rats in the DN group.
3.5 Quercetin increased nephrin and podocin expression,
while decreased desmin expression in DN rats

Nephrin and podocin, two important slit diaphragm proteins in
podocytes, have been identied as critical for the maintenance
of podocyte integrity. We quantied expression levels of podo-
cin and nephrin by immunohistochemistry and western blot-
ting analysis, as shown in Fig. 5 and 6. Expression of nephrin
and podocin were signicantly reduced in DN group rats.
However, high- and low-dose quercetin treatment signicantly
prevented reduction of these two proteins (P < 0.05). In addi-
tion, expression of desmin, a marker of podocyte injury, was
hardly observed in the podocytes of NC rats, but was signi-
cantly higher in DN rats (P < 0.05). High- and low-dose quercetin
35418 | RSC Adv., 2018, 8, 35413–35421
treatment markedly decreased desmin expression compared
with DN group rats (P < 0.05). These results indicated that
quercetin protects against podocyte injury by increasing
expression levels of nephrin and podocin and decreasing des-
min expression in DN rats.
3.6 Quercetin inhibited the TGF-b1/Smad signaling pathway
in DN rats

We investigated whether the TGF-b1/Smad signaling pathway
can be activated in the kidney of STZ rats, and if quercetin could
inhibit this change. The results, shown in Fig. 7, indicated that
expression of Smad2 and Smad3 were not signicant different
between groups (P > 0.05). However, expression of TGF-b1, p-
Smad2, and p-Smad3 were upregulated in the kidney of STZ
rats, while expression of Smad7 was down-regulated (P < 0.05).
Thus, administration of low- and high-dose quercetin decreased
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Renal protein expression of podocyte biomarkers and injury markers in NC, DN, DN + LQ, and DN + HQ groups, as detected by western
blot analysis. Podocin (a), nephrin (b), and desmin (c) are shown. Data representmean� SD (n¼ 5 per group). *P < 0.05 vs.NC group, #P < 0.05 vs.
DN group.
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expression of TGF-b1, p-Smad2, and p-Smad3, but increased
expression of Smad7 compared with DN rats, as demonstrated
by western blotting analysis (P < 0.05). Furthermore, treatment
with high-dose quercetin is much more effective than low-dose
quercetin. These results indicate that in the STZ model of
podocyte injury, the TGF-b1/Smad signaling pathway is acti-
vated. Quercetin protected podocytes and improved albumin-
uria, at least partially by inhibiting the TGF-b1/Smad signaling
pathway.
4. Discussion

The avonoid quercetin has proven to be an excellent antiox-
idant with many benecial effects for human health, such as
anticancer, anti-inammatory, anti-ulcer effects, anti-allergic
activity, cataract prevention, and anti-viral activities and
antidiabetic activities.16,23 Recently, several studies showed
that treatment with quercetin signicantly attenuated renal
dysfunction and glomerulosclerosis in diabetic rats.24 Quer-
cetin was also observed to inhibit renal tubular epithelial–
mesenchymal transition and renal brosis in DN rats.25

Additionally, oral low-dose quercetin has an anti-apoptotic
effect in the C57BL/6J model of diabetic nephropathy.26

However, no previous study has investigated whether quer-
cetin has a protective effect on podocyte injury in DN rats. In
the present study, quercetin treatment effectively improved
kidney function and decreased the levels of blood glucose and
albuminuria in DN rats (Tables 1 and 2), consistent with
previous studies. It was also observed that quercetin treatment
This journal is © The Royal Society of Chemistry 2018
markedly decreased GBM thickness and inhibited podocyte
foot process effacement (Fig. 4). These results manifest that
quercetin indeed attenuated albuminuria and protected
podocytes during diabetic nephropathy, although the mecha-
nism remains to be elucidated.

An abundance of evidence indicates that the protein
nephrin is important in podocytes both for the slit
membrane structure of interpodocytes and the integrity of
the ltration barrier.27 Moreover, regulation of nephrin
expression has been conrmed to be associated with the
extent of albuminuria in DN.28 For example, inactivation of
the nephrin gene in mice resulted in severe proteinuria and
partial foot process effacement.29 Previous studies demon-
strated that podocin, a member of the stomatin family con-
sisting of integral membrane proteins with a hairpin-like
structure,30 is expressed in glomerular podocytes, whereby
it serves as a slit diaphragm component and modulates
ltration function.30,31 Thus, destruction of slit diaphragm
proteins such as nephrin and podocin plays a critical role in
the development and progression of DN. In the present study,
we observed signicantly decreased expression of nephrin
and podocin in DN rats, indicating disruption of slit dia-
phragm proteins. However, quercetin treatment markedly
increased the expression of nephrin and podocin, supporting
the notion that quercetin protects against podocyte damage
by inuencing the expression of nephrin and podocin.
Additionally, Zou et al. demonstrated that upregulation of
desmin, an intermediate lament protein and marker of
podocyte injury, may increase the mechanical stability of
RSC Adv., 2018, 8, 35413–35421 | 35419
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Fig. 7 Renal protein expression of TGF-b1/Smad signaling pathway elements in NC, DN, DN + LQ and DN + HQ groups, as detected by western
blot analysis. Smad7 (a), TGF-b1 (b), p-Smad2 (c), and p-Smad3 (d) are shown. Values represent mean � SD (n ¼ 5 per group). *P < 0.05 vs. NC
group, #P < 0.05 vs. DN group.
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cells, thus enabling podocytes to undergo morphological
changes on the tensile glomerular capillary wall.32 Our results
showed that a marked increase of desmin expression in DN
rats was signicantly decreased by quercetin treatment.
These results indicate that quercetin protects podocytes from
injury by affecting slit diaphragm protein expression in DN
rats.

Oxidative stress has been proven to play a central role in the
development and progression of DN,33–35 which induces ROS
production that can be toxic to cells, particularly if these radi-
cals interact with the lipid bilayer in the cell membrane and
increase production of lipid peroxides.36 Indeed, evidence
suggests that increased expression of lipid peroxidation prod-
ucts, such as MDA, constitutes an oxidative stress state in
experimental diabetes.37 The antioxidants SOD and GSH are
responsible for removal of ROS to inhibit oxidative stress.38

Furthermore, high glucose-induced ROS generation can
increase TGF-b1 expression,39 which can increase the expres-
sion of p-Smad2 and p-Smad3 to induce podocyte injury.14,40.
Thus, inhibition of oxidative stress and the TGF-b1/Smad
signaling pathway may be a cardinal mechanism by which
quercetin protects podocytes in DN. As expected, our results
showed that quercetin increased levels of SOD and GSH, and
decreased MDA levels. Moreover, quercetin signicantly
inhibited TGF-b1-induced phosphorylation of Smad2 and
Smad3 in the kidney of DN rats. Interestingly, quercetin treat-
ment also markedly increased expression of Smad7, a negative
regulator of TGF-b1 signaling. Collectively, these results indi-
cate that quercetin protects podocytes by inhibiting oxidative
stress and the TGF-b1/Smad signaling pathway in DN rats.

In summary, the present study clearly demonstrated that
quercetin ameliorates podocyte injury of DN rats by inuencing
35420 | RSC Adv., 2018, 8, 35413–35421
the expression of slit diaphragm proteins, which may be asso-
ciated with inhibition of oxidative stress and the TGF-b1/Smad
signaling pathway. These results provide promising new
evidence for further applications of quercetin in maintaining
podocyte integrity and preventing albuminuria. However,
further in vitro studies are still required to dene the molecular
mechanisms responsible for protective effects mediated by
quercetin in podocytes.
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