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Abstract
Astragaloside IV (AS-IV) is a major active ingredient from Radix astragali, which has been considered as a renoprotective agent;

however, its molecular mechanisms are unclear. Thus, we designed to investigate the renoprotective effects and mechanisms of

AS-IV in rat model of renal fibrosis induced by unilateral ureteral obstruction (UUO) in vivo and TGF-b1-stimulated rat renal

fibroblasts (NRK-49F) in vitro. Sprague-Dawley rats were randomly divided into six groups: sham operation, UUO, UUO/AS-IV

(3.3, 10, 33 mg�kg�1
�d�1), and UUO/enalapril (4 mg�kg�1

�d�1). Renal function, tubulointerstitial damage index score, extracellular

matrix (ECM) deposition, and the expressions of TGF-b1, connective tissue growth factor (CTGF), a-SMA, fibronectin, collagen I,

III, Smad2/3, phosphorylated-Smad2/3, and Smad7 were measured. In addition, the expressions of CTGF, a-SMA, fibronectin,

collagen I, III, Smad2/3, phosphorylated-Smad2/3, and Smad7 were measured in TGF-b1-stiumlated NRK-49F cell line. AS-IV

significantly decreased UUO-induced renal fibrosis and functional impairment, which are associated with inhibition of TGF-b1,

CTGF, a-SMA, and collagen matrix expression, and a decrease in serum creatinine and urea nitrogen. The renoprotective effects

of AS-IV on fibrosis were associated with up-regulation of Smad7, thereby blocking up-regulations of TGF-b1, CTGF, and a-SMA,

and activation of phosphorylated-Smad2/3. These effects were further conformed in NRK-49F cell line stimulated by TGF-b1.

Moreover, knockdown of Smad7 gene in NRK-49F cells was able to prevent AS-IV-induced inhibition to Smad2/3 signaling

activation, expression of CTGF, a-SMA, and ECM proteins in response to TGF-b1. Renal tubulointerstitial fibrosis was attenuated

by treatment with AS-IV, which was closely related to induction of Smad7, thereby inhibiting TGF-b/Smad signaling.
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Introduction

Renal fibrosis is characterized by the accumulation of fibro-
blasts and the excessive extracellular matrix (ECM) that
replaces normal kidney structure irrespective of the initiat-
ing pathology.1 Tubulointerstitial fibrosis is considered as
the final common pathway for all chronic kidney diseases
(CKDs).2 Recent studies have demonstrated that a key step
in tubulointerstitial fibrosis is epithelial-mesenchymal tran-
sition (EMT), a process whereby fully differentiated epithe-
lial cells undergo transition to mesenchymal phenotype.3,4

EMT causes a substantial increase in the number of myofi-
broblasts that contributes to the development of progressive

renal fibrosis.5 Thus, inhibiting myofibroblast accumulation
is critical in preventing tubulointerstitial fibrosis and
preserving renal function.

Injury to the kidney is associated with the release of cyto-
kines/growth factors such as TGF-b, epithelial growth
factor (EGF), and platelet-derived growth factor (PDGF)
by damaged or infiltrating cells. An increase in production
of TGF-b is one of the most important mechanisms in
the pathogenesis of renal fibrogenesis.6 It is now clear that
TGF-b evoked diverse cellular responses by binding to and
activating specific cell-surface receptors that have intrinsic
serine/threonine kinase activity. The activated TGF-b
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receptors stimulate the phosphorylation of receptor-regu-
lated Smad2 and Smad3 proteins (R-smads), which in
turn form complexes with Smad4. This complex translo-
cates from cytoplasm into nucleus, where the Smads regu-
late the transcription of target genes, including Smad7.7,8

Smad7 is an inhibitory Smad that negatively regulates
Smad2 and Smad3 activation and functions by targeting
the TGF-b1 receptor and Smads for degradation via the ubi-
quitin proteasome degradation mechanisms.9–11 It has been
found that the disruption of Smad7 gene promotes renal
fibrosis in mouse models of UUO and ANG II-induced
hypertension,12,13 but, overexpression of Smad7 inhibits
both renal fibrosis in rat model of unilateral ureteral
obstruction (UUO) and EMT by blocking Smad2 activation
in renal tubular epithelial cells.14,15 However, it is also
known that TGF-b1 is an anti-inflammatory cytokine, thus
therapies with general blockade of TGF-b1 may risk in
enhancing inflammatory response, which largely limited
the development of anti-TGF-b therapy clinically. Thus,
understanding deeply the mechanisms of TGF-b/Smad sig-
naling in diseases associated with fibrosis and developing
agents that antagonize TGF-b post-receptor signaling are
critical for nephropathology research.16,17

Astragaloside IV (AS-IV) is a pure saponin isolated from
Astragalus membranaceus (Fisch) Bge. Many studies have
reported that AS-IV possesses a variety of pharmacological
actions, such as anti-hypertension, positive inotropic action,
anti-inflammation,18 and anti-myocardial injury.19 In par-
ticular, AS-IV has been considered as a renal protective
agent. A number of studies demonstrated that AS-IV
could inhibit kidney injury via anti-inflammation, inhibit-
ing oxidative stress, and NF-kB-mediated inflammatory
genes expression,20–22 attenuate podocyte injury via regula-
tion of MAPK pathway,23 and ameliorate potocyte apop-
tosis by attenuating ROS production.24 Recent report
showed that AS-IV has an inhibitory action on EMT
in vitro,25 and AS-IV synergized with ferulic acid has a dra-
matic efficacy in inhibiting renal tubulointerstitial fibrosis
in vivo and in vitro.26 However, the role and mechanisms by
which AS-IV inhibits renal fibrosis remain largely unknown
until now. Therefore, in the present study, we investigated
the in vivo and in vitro efficacy of AS-IV on UUO-induced
and TGF-b-induced expression of pro-fibrotic genes and
proteins, deposition of ECM proteins, and TGF-b/Smad
signaling. Our findings provide the clear evidence that
AS-IV has the potential to be developed as a therapeutic
agent to prevent renal fibrosis.

Materials and methods
Materials

Antibodies including anti-TGF-b1, anti-connective tissue
growth factor (anti-CTGF), anti-collagen I, anti-collagen
III, and anti-Smad7 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-fibronectin, anti-
phosphorylated Smad2, anti-Smad2, anti-phosphorylated
Smad3, anti-Smad3, anti-GAPDH, and horseradish perox-
idase (HRP)-labeled goat anti-rabbit or -mouse IgG were
purchased from Cell Signaling Technology (Danvers, MA).
Anti-a-SMA was purchased from Sigma-Aldrich (St. Louis,

MO, USA). Recombinant TGF-b1 was purchased from
Peprotech (Hamburg, Germany). Primers were synthesized
from Sangon (Shanghai Co. Ltd., China). AS-IV was pur-
chased from the National Institutes for Food and Drug
Control, Shanghai, China, and purity was 98% with deter-
mination of high performance liquid chromatography
(HPLC) analysis. The compound was prepared as a suspen-
sion in the medium of 0.5% carboxymethyl cellulose (CMC)
for animal study and was dissolved in 1% dimethyl sulfox-
ide (DMSO; Sigma-Aldrich) at a concentration of
100mmol/L as a stock solution for the cellular experiments.

Animal and experimental protocol

Male Sprague-Dawley rats (200–250 g) were obtained from
Shanghai Slac Laboratory Animal Co., Ltd. (Shanghai,
China). All experimental procedures were conducted in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved
by the ethics committee of Putuo Hospital, Shanghai
University of Traditional Chinese Medicine. The animals
were given free access to water and fed a standard rat chow
and were housed in an air-conditioned room at 25�C under
12 h light–dark cycles. Ninety rats were divided randomly
into six groups (n¼ 15 for each group): (1) sham group, (2)
UUO group, (3) UUO þ enalapril group (4 mg�kg�1

�d�1,
diluted in 0.5% CMC) as a positive control, and (4) UUO þ
AS-IV groups at doses of 3.33, 10, and 33 mg�kg�1

�d�1 (diluted
in 0.5% CMC). For UUO groups, rats were anesthetized with
sodium pentobarbital (50 mg�kg�1 intraperitoneally), then a
midline incision of the abdomen was made, and the left ureter
was ligated with 4-0 silk at three points and cut between the
distal ligatures. The sham-operated rats underwent a similar
procedure, but without ureteral ligation. The test compounds
were given to rats by oral gavage daily for 14-day period on
the day of the operation. At 14 days after UUO, the animals
were sacrificed and the left kidneys were carefully removed
and sagittally sliced into two parts. The first part was snap
frozen in liquid nitrogen and kept at �80�C for protein and
RNA extraction, and second part was immersed into 10%
neutral-buffered formalin for histopathological and immuno-
histochemical examinations.

Renal function test

At 14 days after UUO operation, rat serum was collected
from the abdominal aorta blood after centrifugation to
detect serum creatinine (Scr) and blood urea nitrogen
(BUN), which were used to estimate renal function. Scr
and BUN were determined by the creatinine colorimetric
assay kit (BioVision, USA) and BUN colorimetric detection
kit (Arbor, USA) following the manufacturer’s protocol,
respectively.

Cell culture and treatment

The NRK-49F cells (rat renal fibroblasts) obtained from
American Type Culture Collection (ATCC, Manassas, VA)
were used between passages 4 and 18. They were cultured
in complete RPMI 1640 (Gibco, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS, Gibco, USA),
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100 U�mL�1 penicillin and 100 mg�mL�1 streptomycin in an
atmosphere of 5% carbon dioxide and 95% air at 37�C.
The NRK-49F cells were trypsinized using 0.25% tryp-
sin-EDTA (Sigma-Aldrich) and seeded on six-well plates
with complete medium that contained 10% FBS till sub-
confluence. In order to determine the optimal dose of
TGF-b1 to stimulate a-SMA and fibronectin expression,
first, the NRK-49F cells were treated with TGF-b1 at dos-
ages of 0, 0.1. 0.5. 1.0, 2.0, and 5.0 ng�mL�1 and at various
times of 0, 2, 4, 6, 12, and 24 h. Next, 3-(4, 5-dimethylthia-
zol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay
and lactate dehydrogenase (LDH) assay were performed
to evaluate cytotoxicity to the NRK-49F cells. Briefly, cells
were cultured at a density of 4� 104 cells�mL�1 in 100mL
1640 containing 1.0% FBS in 96-well microplates. Then
AS-IV at dosages of 0, 5, 10, 20, 30, 40, 60, 80, and
100 mmol/L was added individually to the medium. In
control cultures, the cells were exposed to equal amount
of DMSO at the same cell density. After 24 h of incuba-
tion, the supernatants were collected and centrifuged at
250 g for 10 min, and the extents of cytotoxicity of AS-IV
were measured by MTT assay kit (Sigma-Aldrich) and
LDH release kit (BioVision) using a microplate reader
(Bio-Rad Laboratories, CA). All measurements were per-
formed in duplicate. Eventually, to evaluate the inhibitory
effect of AS-IV on TGF-b1-induced profibrogenic
responses, the NRK-49F cells were pre-treated with AS-
IV at dosages of 0, 2, 5, 10, 20, and 40 mmol/L for 30 min,
TGF-b1 was then added. After treatment with AS-IV for
6 h, the NRK-49F cells were harvested to determine RNA
levels and after treatment with AS-IV for 24 h, protein
expression was measured.

Histology and immunohistochemistry

For histological analysis, renal tissues fixed with 10% neu-
tral-buffered formalin were embedded in paraffin. Paraffin
sections (3 mm thick) were stained with hematoxylin-eosin,
and tubulointerstitial injury was according to the published
criteria.27 In order to further analyze the degree of intersti-
tial collagen deposition, Masson’s-modified trichrome-
staining sections were graded.28

For immunohistochemistry analysis, paraffin-embedded
sections were deparaffinized, washed with phosphate-buf-
fered saline (PBS), and treated with 3% H2O2 for 5 min. An
antigen retrieval protocol in which sections were heated in
10 mmol/L citrate buffer (pH 6.0) for 10 min. Sections were
then incubated with antibodies for anti-CTGF (1:50 dilu-
tion), anti-a-SMA (1:500 dilution), anti-collagen 1 (1:50 dilu-
tion), anti-collagen 3 (1:50 dilution), anti-fibronectin (1:1000
dilution), anti-phosphorylated-Smad2 (1:250 dilution), and
anti-phosphorylated-Smad3 (1:250 dilution) at 4�C over-
night. After washing, sections were incubated with appro-
priate biotin-conjugated goat anti-rabbit or-mouse IgG
antibodies, and then treated with reagents from a Vecta-
Elite streptavidin-peroxidase kit (Vector Laboratories,
Burlingame, CA) with a benzidine substrate for color devel-
opment. The stained sections were developed with diami-
nobenzidine to produce brown products and
counterstained with hematoxylin.

Western blot analysis

Renal tissues or cultured NRK-49F cells were lysed in a
buffer (50 mmol/L Tris at pH of 7.5, 1 mmol/L EDTA,
150 mmol/L NaCl, 20 mmol/L NaF, 0.5% NP-40, 10% gly-
cerol, 1% protease inhibitor cocktail and 1% phosphatase
inhibitor cocktail) by sonication on ice. The lysates were
cleared by centrifugation at 13,000 g at 4�C for 20 min and
the supernatant was collected. Then the protein concentra-
tion was determined by bicinchoninic acid (BCA) protein
assay kit (Pierce, Rockford, IL).

Equal amounts of protein (40 mg) were separated by 10%
SDS polyacrylamide gel electrophoresis and transferred to
PVDF (Millipore, USA) membrane. Following blocked with
5% bovine serum albumin (BSA) in TBS-Tween-20 for 2 h,
the membrane was incubated with primary antibodies indi-
vidually with anti-TGF-b1 (1:1000 dilution), anti-CTGF
(1:500 dilution), anti-a-SMA (1:1000 dilution), anti-collagen
1 (1:200 dilution), anti-collagen 3 (1:200 dilution), anti-fibro-
nectin (1:10,000 dilution), anti-phosphorylated-Smad2
(1:1000 dilution), anti-Smad2 (1:1000 dilution), anti-phos-
phorylated-Smad3 (1:1000 dilution), anti-Smad3 (1:1000
dilution), anti-Smad7 (1:200 dilution), and anti-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH, 1:1000 dilu-
tion) at 4�C overnight. After three washes in TBS-Tween-
20, the membranes were incubated with HRP-labeled goat
anti-rabbit or -mouse IgG for 1 h at room temperature.
Protein bands were visualized using enhanced ECL
(Millipore) and X-ray film. The ratio of the protein inter-
ested was subjected to GAPDH and was densitometrically
analyzed by Multi-Analyst software program (Version 1.01;
Bio-Rad).

Quantitative real-time PCR

Total RNA was extracted from frozen renal samples or cul-
tured cells using the RNeasy Mini Kit (QIAGEN, Valencia,
CA) following the manufacturer’s protocol. Briefly, 1mg of
total RNA was reverse transcribed using the AMV First
Strand cDNA Synthesis kit (QIAGEN) and synthesized
complementary DNA was amplified by a standard PCR
protocol using SYBR green PCR master mix (QIAGEN).
Primers were synthesized from Sangon Biotech Co. Ltd.
(Shanghai, China). The sequences of rat-specific primers
for TGF-b1, CTGF, a-SMA, fibronectin, collagen I, collagen
III, Smad7, and GAPDH used in the study were enlisted in
Table 1. Cycling conditions were: 15 min preincubation at
95�C, 10 s denaturation at 95�C, 31 s annealing at 58�C for 40
cycles using ABI PRISM 7300 sequence detection system
(Applied Biosystems). Each reaction was amplified in trip-
licate and the threshold cycles (Ct) were calculated using
the ��Ct method. Relative gene expression was normal-
ized with GAPDH as an internal reference.

RNA interference and plasmid transfection

The Smad7-specific siRNA were synthesized and pur-
chased from GenePharma (Shanghai Co. Ltd.). An adopted
non-silencing scrambled siRNA that was not complemen-
tary to any rat gene was used as control. For siRNA trans-
fection, cells were plated in six-well culture plates at
density of 4� 105 and transfected with siRNA by using
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Lipofectamine 2000 (Invitrogen, Calsbad, CA) according to
the manufacturer’s instructions. After 48 h transfection,
cells were harvested for protein analysis using Western blot.

Statistical analyses

Statistical analysis was performed using GraphPad Prism
software version 5.0 (GraphPad Prism software Inc., San
Diego, CA). Results were presented as mean� standard
error of mean (SEM). The differences among multiple
groups were evaluated by a one-way analysis of variances
(ANOVA). The differences between two groups were deter-
mined by t test. Probability (P) value of less than 0.05 was
considered to indicate statistical significance.

Results
Effect of AS-IV on renal histology and renal function in
rat UUO model

As shown in Figure 1A, the paraffin-embedded sections
stained with H&E exhibited significant tubulointerstitial
damage, including tubular atrophy, inflammatory cells
infiltration, and interstitial fibrosis in UUO kidneys com-
pared with those in sham-operative kidneys (sham
group). In contrast, tubulointerstitial damage and inflam-
matory response were reduced in dose-dependent manner
(P< 0.01 or 0.001) in UUO kidneys taken from AS-IV-trea-
ted rats compared with vehicle-treated UUO kidneys,
which were demonstrated by semiquantitative histomor-
phometry analysis (Figure 1B). UUO also induced an
increase of collagen on the Masson’s trichrome-stained
kidney sections compared with sham-operative kidneys
(Figure 1C). However, treatment with AS-IV in UUO kid-
neys led to less collagen deposition compared with vehicle-
treated UUO kidneys. This was also confirmed by semi-
quantitative assessment of the fibrotic area on the
Masson’s trichrome-stained kidney sections (Figure 1D).
Determination of functional changes showed that serum
creatinine (Scr) and blood urea nitrogen (BUN) levels sig-
nificantly enhanced in UUO animals compared with sham-
operative animals, and attenuated in UUO animals treated
with AS-IV (Figure 2A, B). The similar improvements on
pathological and functional injuries were obtained by
UUO animals treated with enalapril.

Effect of AS-IV on expression of pro-fibrotic and a-SMA
genes in rat UUO model

UUO-induced tubulointerstitial fibrosis is due to activation
of resident renal tubular cells and interstiblasts that were
elicited by pro-fibrotic protein expression and accumula-
tion of ECM pomponents. As shown in Figures 4 and 5,
UUO increased the major pro-fibrotic factors TGF-b1 and
CTGF levels compared with those in sham-operative kid-
neys, but prevented by treatment with AS-IV determined
by RT-PCR and Western blot. Immunohistochemistry ana-
lysis further revealed that the expression level of CTGF was
significantly increased in the UUO kidneys compared with
sham-operative kidneys (P< 0.001) and was decreased after
treatment with AS-IV and enalapril compared with the
vehicle-treated UUO kidneys (P< 0.01, Figure 3B).
Furthermore, a-smooth muscle actin (a-SMA), a marker of
myofibroblasts, was barely detectable in sham-operated
kidneys (Figure 3C, D). UUO led to the significant up-reg-
ulation of a-SMA expression in the obstructed kidneys, as
shown by Western blot, RT-PCR, and immunostaining. In
contrast, treatment with AS-IV could attenuate a-SMA
expression in dose-dependent manner. The similar results
were obtained from UUO animals treated with enalapril. As
above mentioned, AS-IV could reduce the gene up-streams
of ECM and modulates ECM accumulation. Thus, we next
determined the effects of AS-IV treatment on accumulation
of ECM proteins in UUO kidneys. The induction of UUO in
rats led to the accumulation of fibronectin, collagen I and III
shown by Western blot, RT-PCR, and immunostaining.
Treatment with AS-IV or enalapril in UUO induced the
obstructed kidneys and diminished the augmented expres-
sion of ECM proteins (Figures 3–5).

Effect of AS-IV on TGF-b1-induced profibrogenic
factors and ECM accumulation in cultured
NRK-49F cells

TGF-b1, as a potent fibrogenic cytokine inducer, has been
reported to stimulate fibrogenesis in renal fibroblasts in the
concentration range between 1.0 and 5 ng�mL�1.2,26,29,30 As
shown in Figure 6, in this study, we determined an appro-
priate dosage of TGF-b1 to stimulate fibrotic response in the
NRK-49F cells. The results showed that TGF-b1 stimulation
enhanced a-SMA and fibronectin mRNA and protein
expression in the NRK-49F cells in a time- and concentra-
tion-dependent manner with an appropriate dosage of

Table 1 Primers used for quantitative real-time PCR

Genes Forward primer Reverse primer

TGF-�1 50-GTCAACTGTGGAGCAACACG-30 50-GTCTCCTTGGTTCAGCCACT-30

CTGF 50-CGAGCTAAATTCTGTGGAGT-30 50-CCGGTAGGTCTTCACACTGGT-30

�-SMA 50-TTCGTGACTACTGCTGAGCG-30 50-AAGCGTTCATTCCCGATGGT-30

Fibronectin 50-TTATGACGACGGGAAGACCT-30 50-GCTGGATGGAAAGATTACTC-30

Collagen I 50-TGGTGAGACGTGGAAACCTG-30 50-CTTTGCATAGCACGCCATCG-30

Collagen III 50-CTGGACCAAAAGGTGATGCTG-30 50-TGCCAGGGAATCCTCGATGTC-30

Smad7 50-GCTGGTACAGAAAGTGAGGAG-30 50-GTCCGGGTTGTCCAGTGTG-30

GAPDH 50-TGCACCACCAACTGCTTAGC-30 50-GGCATGGACTGTGGTCATGAG-30
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TGF-b1 at 1.0 ng�mL�1. To clarify cytotoxicity of AS-IV on
the NRK-49F cells for in vitro experiment, MTT and LDH
arrays were performed (Figure 7A, B). We found that AS-IV
at concentration range among 2, 5, 10, 20, and 40mmol/L
does not influence the viability of cultured fibroblasts.
Thus, AS-IV at and below 40mmol/L does not exert its
action by inhibiting cell growth or by inducing cell death.
Subsequently, we determined the inhibitory effect of AS-IV
on TGF-b1-induced overexpression of a-SMA, CTGF, and
ECM proteins in the NRK-49F cells. The expression level of
a-SMA was increased by TGF-b1 stimulation of the NRK-
49F cells. This increase in expression of a-SMA protein was
attenuated by AS-IV, dose-dependently. The activation of
resident renal tubular cells and interstiblasts was con-
sidered as the main source of ECM proteins. We therefore
observed whether AS-IV could suppress TGF-b1 induced
expression of ECM proteins in the NRK-49F cells. As shown
in Figure 7C–J, fibronectin, collagen I and III proteins,
which are the major ECM components in interstitial fibro-
sis, were enhanced to 1.9� 0.1, 2.2� 0.2, and 2.5� 0.4 fold
compared with control level in the NRK-49F cells. Treated
cells with AS-IV could concentration-dependently inhibit
this up-regulation of ECM protein. The further experiment
was carried out to elucidate the influence of AS-IV on up-
streams of ECM such as CTGF, a profibrogenic factor, in
cells stimulated by TGF-b1. The results showed that TGF-
b1 increased the expression of CFGF proteins by 3.4� 0.3

Figure 1 AS-IV treatment attenuates renal damage in a dosage-dependent manner in UUO kidneys. (A) Representative hematoxylin–eosin (HE)-stained kidney

sections from Sham (a), UUO (b), enalapril (c), AS-IV 3.33, 10, and 33 mg�kg�1 (d–f) groups. (B) Histopathological scores and inflammatory cells count within the

tubulointerstitium from sections similar to those shown in (A). (C) Representative Masson’s modified trichrome stained kidney sections from sham (a), UUO (b), enalapril

(c), AS-IV 3.33, 10, and 33 mg�kg�1 (d–f) groups. (D) Quantitative analysis of the extent of renal interstitial expansion (area %) from sections similar to those shown in.

Data represent mean�SEM for at least 10 independent experiments. ***P< 0.001, compared with sham group; ##P<0.01, ###P<0.001 compared with UUO group.

Magnification:�200

Figure 2 AS-IV treatment improves renal function in a dosage-dependent

manner in UUO kidneys. BUN (A) and serum creatinine (B) in the Sham, UUO,

enalapril, AS-IV (3.33, 10 and 33 mg�kg�1) groups. Data represent mean�SEM

for at least 10 independent experiments. **P<0.01, compared with the sham

group; #P<0.05, ##P<0.01 compared with the UUO group
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Figure 3 Treatment with AS-IV decreases CTGF, a-SMA, fibronectin, collagen I and III expression by immunohistochemistry in UUO kidneys. (A, C, E, G, I)

Representative photomicrographs of CTGF, a-SMA, fibronectin, collagen I and III immunohistochemistry on kidney sections from the Sham (a), UUO (b), enalapril (c),

AS-IV 3.33, 10, and 33 mg�kg�1 (d–f) groups. (B, D, F, H, J) Quantitative analysis of CTGF, a-SMA, fibronectin, collagen I and III expression from sections similar to those

shown in A, C, E, G, I. Data represent mean�SEM for at least 10 independent experiments. **P<0.01, ***P< 0.001, compared with the sham group; #P<0.05,
##P< 0.01, ###P< 0.001 compared with the UUO group. Magnification: �200
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fold, and treatment with AS-IV reduced this CTGF expres-
sion in concentration-dependent manner in the NRK-49F
cells, suggesting that a possible mechanism underlying
attenuation of ECM accumulation.

Blockade of Smad2/3 activation by up-regulation of
Smad7 is a key mechanism by which AS-IV prevents
renal fibrosis in vivo and in vitro

TGF-b-mediated fibrosis is positively regulated by P-
Smad2/3 but negatively regulated by Smad7, thus we stu-
died the mechanisms by which AS-IV represses profibrotic
genes and ECM protein expression in UUO kidneys by
determining TGF-b-mediated Smad signaling pathway.
Immunohistochemistry analysis indicated that UUO
induced the nuclear translocation of P-Smad2/P-Smad3,
which was inhibited by AS-IV in dose-dependent fashion
(Figure 8). Consistent with this observation, Western blot
analysis showed that UUO induced the up-regulation of
Smad2/Smad3 phosphorylation level but not ‘total’
Smad2/Samd3. By contrast, treatment with AS-IV in UUO
kidneys led to the decrease of Smad2/Smad3 phosphoryl-
ation level in dose-dependent fashion (Figure 9). Recent

studies have demonstrated that the disruption of Smad7
gene could induce up-regulation of Smad2/Smad3 phos-
phorylation level, and overexpression of Smad7 could over-
come Smad2/Smad3 phosphorylation in obstructive
nephropathy.12,14 In the present study, we found that
UUO induced a down-regulation of Smad7 protein expres-
sion, and which was restored by treatment of AS-IV in UUO
kidneys in dose-dependent fashion, suggesting that block-
ade of TGF-b/Smad signaling by enhancing the expression
level of Smad7 is a possible mechanism for inhibition of
UUO-induced renal fibrosis by AS-IV.

The mechanism of blockade of TGF-b/Smad signaling
by up-regulation of Smad7 to prevent UUO-induced renal
fibrosis was further carried out in the NRK-49F cells. The
results obtained from Western blot analysis showed that
treatment of cells with AS-IV could inhibit TGF-b1-stimu-
lated Smad2 or Smad3 phosphorylation level but increased
Smad7 expression in a concentration-dependent manner
(Figure 10), and also attenuate TGF-b1-induced CTGF, a-
SMA, fibronectin, and collagen I and III expression
(Figure 11). The above results indicate that the inhibitory
effect of AS-IV on TGF-b/Smad-mediated renal fibrosis is

Figure 4 Treatment with AS-IV decreases TGF-b1, CTGF, a-SMA, fibronectin, collagen I and III gene expression in UUO kidneys. (A–F) Real-time PCR shows the

relative mRNA levels of TGF-b1, CTGF, a-SMA, fibronectin, collagen I and III expression in kidneys. Data represent mean�SEM for at least three independent

experiments. **P<0.01, ***P<0.001, compared with the sham group; #P<0.05, ##P<0.01 compared with the UUO group
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associated with overexpression of Smad7. In order to dem-
onstrate this mechanism, Smad7 gene was knocked down
from the NRK-49F cells using siRNA technique. Western
blot analysis shows that AS-IV does not exert its inhibitory
action on TGF-b1-stimulated Smad2 or Smad3 phosphoryl-
ation, and CTGF, a-SMA, fibronectin, and collagen I and III
expression after knockdown of Smad7 from the NRK-49F
cells in vitro, suggesting that up-regulation of Smad7 is key
mechanism for attenuation of renal fibrosis by treatment
with AS-IV in the obstructed nephropathies.

Discussion

In the present study, we demonstrated that AS-IV dose-
dependently inhibited UUO-induced renal fibrosis and
function injury, which are associated with TGF-b-stimu-
lated Smad 2/3 phosphorylation, profibrotic genes TGF-
b1 and CTGT, myofibroblast marker a-SMA, and ECM
accumulation in rat renal injury model. In addition, AS-IV
also effectively inhibited TGF-b1-stimulated Smad 2/3
phosphorylation, profibrogenic genes, a-SMA, and ECM

Figure 5 Treatment with AS-IV decreases TGF-b1, CTGF, a-SMA, fibronectin, collagen I and III protein expression in UUO kidneys. (A) Representative Western blot

photographs showing levels of TGF-b1, CTGF, a-SMA, fibronectin, collagen I and III protein expressions in kidneys. (B–G) Quantitative analysis of the relative ratios of

TGF-b1, CTGF, a-SMA, fibronectin, collagen I and III protein normalized with GAPDH. Data represent mean�SEM for at least three independent experiments.

**P< 0.01, ***P<0.001, compared with the sham group; #P< 0.05, ##P< 0.01, ###P< 0.001 compared with the UUO group

Wang et al. Astragaloside IV inhibits renal fibrosis 1317
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



protein expression in a rat NRK-49F cell line. Furthermore,
blockade of TGF-b/Smad signaling via induction of renal
Smad7 could be the underlying mechanism by which AS-IV
attenuated UUO-induced renal fibrosis in vivo and TGF-b1-
stimualted profibrogenic factors and ECM production
in vitro.

Evidences from the results obtained by this study, we
consider that AS-IV inhibited TGF-b-induced renal patho-
logical progressions in experimental tubulointerstitial fibro-
sis by multiple mechanisms. Pro-apoptotic effectors and/or

profibrotic activation of tubular were initiated in response
to TGF-b that led to tubular degeneration and atrophy.
Moreover, induction of TGF-b1 may convert tubular epithe-
lial cells and fibroblasts into activated myofibroblasts,
which could be responsible for enhanced deposition of
interstitial matrix by TGF-b/Smad signaling. The majority
of activated fibroblasts called myofibroblasts in the
damaged kidney could originate from tubular epithelium
through the process of EMT.31 a-SMA-positive myofibro-
blasts were identified as the primary cells type responsible

Figure 6 TGF-b1 induces a-SMA and fibronectin expression in a time- and dose-dependent manners in NRK-49 F cells. (A–D) Real-time PCR shows the time (TGF-

b1 1 ng�mL�1) and dose (24 h)-dependent effects of TGF-b1 on a-SMA and fibronectin mRNA expression in NRK-49F cells. (E–J) Western blot demonstrated that TGF-

b1-treated cell exhibited a-SMA and fibronectin protein expression in a time- and dose-dependent manners. Data represent mean�SEM for at least three independent

experiments. *P< 0.05, **P<0.01, ***P< 0.001, compared with the non-treated control
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for interstitial matrix accumulation and were considered
specific for EMT in renal fibrotic diseases.32 Moreover, in
response to TGF-b1 resident fibroblasts can be activated,
and tubular epithelial cells can transdifferentiate into

myofibroblasts.33,34 In the present study, the enhanced
a-SMA expression in kidney of UUO rats and the TGF-b1-
stimulaed a-SMA expression were significantly reduced by
AS-IV. These observations indicated that TGF-b1 induced

Figure 7 AS-IV decreases TGF-b-induced CTGF, a-SMA, fibronectin, collagen I and III expression dose-dependently in NRK-49F cells. (A, B) MTT and LDH release

assays show the dose-dependent effects of AS-IV on cytotoxicity of NRK-49 F cells. (C, D) Real-time PCR shows the dose-dependent inhibitory effect of AS-IV on

a-SMA and fibronectin mRNA expression. (E) Representative Western blot photographs showing levels of CTGF, a-SMA, fibronectin, collagen I and III protein

expressions in TGF-b1 (1 ng�mL�1)-treated cells. (F–J) Summary histograms showing the ratio of CTGF, a-SMA, fibronectin, collagen I and III expressions relative to

GAPDH from experiments similar to those shown in E. Data represent mean�SEM for at least three independent experiments. **P<0.01, ***P<0.001, compared with

non-treated control; #P<0.05, ##P<0.01, ###P<0.001 compared with TGF-b1 (1 ng�mL�1)-treated cells
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Figure 8 Treatment with AS-IV blocks activation of p-Smad2 and p-Smad3 in UUO kidneys. (A, C) Representative photomicrographs of p-Smad2 and p-Smad3

immunohistochemistry on kidney sections from the Sham (a), UUO (b), enalapril (c), AS-IV 3.33, 10 and 33 mg�kg�1 (d–f) groups. (B, D) Integrated optical density analysis

of p-Smad2 and p-Smad3 expression from sections similar to those shown in (A, C). Data represent mean�SEM for at least 10 independent experiments. ***P< 0.001,

compared with the sham group; #P<0.05, ##P<0.01, ###P< 0.001 compared with the UUO group. Magnification: �200

Figure 9 Treatment with AS-IV up-regulates Smad7, but decreases p-Smad2 and p-Smad3 expression in UUO kidneys. (A) Representative Western blot photograph

showing expression levels of Smad2, p-Smad2, Smad3, p-Smad3, and Smad7 proteins in rat kidneys. (B–D) Quantitative analysis of the relative ratio of p-Smad2,

p-Smad3, and Smad7 proteins normalized with GAPDH. Data represent mean�SEM for at least three independent experiments. *P<0.05, **P<0.01, compared with

the sham group; #P< 0.05, ##P< 0.01, ###P< 0.001 compared with the UUO group
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transdifferentiation in NRK-49F and tubular cells of rat
kidney into myofibroblasts could be effectively prevented
by treatment with AS-IV.

CTGF may function as a chaperone to modify the con-
formation or solubility of TGF-b1 and thus facilitate TGF-b
binding to type II TGF-b receptor.35 Recent evidences indi-
cate that CTGF expressed in the tubular epithelium plays a
pivotal role in TGF-b-dependent renal fibrogenesis,36

because CTGF is a downstream mediator of TGF-b signal-
ing.37 This supported by the findings that blockade of CTGF
by antisense strategy or application fluorofenidone is able
to attenuate renal fibrosis in obstructive nephropathy,38,39

and mediated tubular EMT induced by TGF-b, and
advanced glycation end products.40,41 Our study demon-
strated that AS-IV reduced enhancement of CTGF expres-
sion in UUO-induced renal fibrosis and decreased TGF-b1
caused CTGF expression in dose-dependent manners, sug-
gesting that AS-IV may attenuate renal fibrosis via reducing
CTGT expression.

The fibronectin and collagen I and III are major ECM
proteins that serve as a scaffold for deposition of other pro-
teins. Furthermore, fibronectin functions as a fibroblast
chemoattractant and promotes their differentiation, which
may be a crucial phenomenon in the pathogenesis of tubu-
lointerstitial fibrosis.42 As shown in Figures 4 and 6, treat-
ment with AS-IV significantly reduced the expression of
fibronectin and type I, III collagen in UUO-induced renal
fibrosis and TGF-b1-stimulated fibronectin and type I, III
collagen expression in dose-dependent manners. These
findings suggest that blocking of TGF-b signaling pathway

by AS-IV is sufficient to prevent the generation of ECM
components.

Recent studies indicate that specific targeting the down-
stream TGF-b/Smad3 signaling pathway by overexpres-
sion of Smad7, rather than blocking the general effect of
TGF-b1, may represent a specific and effective therapeutic
strategy for kidney diseases.43 Now, it is clear that overex-
pression of Smad7 in the nucleus could export Smad7 to the
cytoplasm,44 and transported to the plasma membrane,
leading to inhibition of TGF-b signaling by degradation of
the type I TGF-b receptor where it inhibits Smad2/3 activa-
tion.9,45 In the present study, we found that UUO-induced
renal fibrosis was associated with a significant activation of
Smad2/3 but loss of Smad7, and consistent to the observa-
tion in cultured NRK-49F cells stimulated by TGF-b1.
Furthermore, knockdown of Smad7 in cultured NRK-49F
cells increased a TGF-b1-stimulated Smad2/3 phosphoryl-
ation, and subsequently induced EMT and the expression of
ECM proteins. Those observations suggest that disruption
of negative feedback loop between Smad7 and Smad 2/3
signaling could be important in the pathogenesis of renal
fibrosis. This is confirmed by recent studies that the disrup-
tion of Smad7 gene or down-regulation of Smad7 expression
contributes to renal fibrosis in obstructive nephropathy.7,12

Notably, previous research showed that Smad2 may func-
tion to inhibit Smad3-mediated ECM production and fibro-
sis by competitively inhibiting Smad3 phosphorylation,
nuclear translocation, transcriptional activity, and the bind-
ing to the target genes.46 In contrast, the present study
demonstrated that treatment with AS-IV can

Figure 10 Treatment with AS-IV up-regulates Smad7, but decreases p-Smad2 and p-Smad3 expression in NRK-49 F cells. (A) Representative Western blot

photograph showing expression levels of Smad2, p-Smad2, Smad3, p-Smad3, and Smad7 proteins in NRK-49 F cells. (B–D) Quantitative analysis of the relative ratio of

p-Smad2, p-Smad3, and Smad7 proteins normalized with GAPDH. Data represent mean�SEM for at least three independent experiments. *P<0.05, **P<0.01,

compared with the non-treated control; #P<0.05, ##P<0.01, ###P<0.001 compared with TGF-b1 (1 ng�mL�1)-treated cells
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dose-dependently inhibit the TGF-b/Smad signaling path-
ways via suppressing TGF-b1 expression, down-regulate
Smad2/3 phosphorylation, and induce Smad7 expression
in UUO-induced renal fibrosis, and AS-IV can suppress
TGF-b1 stimulated Smad2/3 phosphorylation and

up-regulate Smad7 expression in cultured NRK-49F cells.
These results suggest that induction of Smad7, but not
Smad2, thereby restoring the imbalance between TGF-b/
Smad signaling, may be a key mechanism by which AS-
IV attenuated UUO-induced renal fibrosis in vivo and

Figure 11 Knockdown of Smad7 in NRK-49 F cells prevents the inhibitory effect of AS-IV on TGF-b-induced renal fibrosis. (A) Real-time PCR shows reduction of

Smad7 mRNA by siRNA technique. (B) Western blot shows that knockdown of Smad7 in NRK-49 F results in a loss of AS-IV (40mM)-induced inhibition of TGF-b1

(1 ng�mL�1)-mediated CTGF, a-SMA, fibronectin, collagen I, III, p-Smad2, and p-Smad3 expression at 24 h. (C–I) Summary histogram showing the relative protein

expression ratio from experiments similar to those shown in B. Data represent mean�SEM for at least three independent experiments. *P<0.05, ***P<0.001,

compared with non-treated control; #P< 0.05, ##P< 0.01, ###P< 0.001 compared with TGF-b1 (1 ng�mL 1)-treated cells
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TGF-b1-stimualted EMT and ECM deposition in vitro. This
concern was further extended by finding that knockdown
of Smad7 gene in NRK-49F cells was able to prevent AS-IV-
induced inhibition of Smad2/3 signaling activation, EMT,
and the expression of ECM proteins in response to TGF-b1.

In conclusion, the current study found that treatment
with AS-IV has mild renoprotective efficacy in renal inter-
stitial fibrosis, which is sometimes close to the effect of ena-
lapril. The understanding mechanism by which AS-IV-
treated chronic renal disease associated fibrosis is closely
related to induction of Smad7, thereby inhibiting TGF-b/
Smad signaling.
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