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ABSTRACT
TGF‐b signaling plays an important role in the pathogenesis and progression of chronic kidney disease (CKD). Smad3, a transcription factor, is a
critical fibrogenic mediator of TGF‐b. Sirt1 is a NADþ

‐dependent deacetylase that has been reported to modify a number of transcription factors
to exert certain beneficial health effects. This study examined the effect of Sirt1 on Smad3 and its role in CKD. Resveratrol attenuated the
expression of extracelluar matrix proteins in both the remnant kidney of 5/6th nephrectomized rats and cultured mesangial cells (MMCs)
exposed to TGF‐b1. The effect of resveratrol was substantially attenuated in cultured MMCs for which Sirt1 had been knocked down by an
shRNA lentivirus. Overexpression of Sirt1 attenuated TGF‐b1‐induced extracelluar matrix expression in cultured cells. Co‐immunoprecipitation
studies suggested that Sirt1 could bind with Smad3. Resveratrol treatment enhanced this binding and reduced acetylation levels of Smad3.
Resveratrol inhibited the transcription activity of Smad3. Knockdown of Sirt1 increased acetylated Smad3 and substantially enhanced the
transcriptional activity following TGF‐b1. Finally, Sirt1 deficiency aggravated renal function damage and markedly enhanced fibrosis in the
remnant kidney of 5/6 nephrectomized mice. Taken together, these results identify Sirt1 as an important protective factor for renal fibrosis in a
CKD rodent model, and the protective function of Sirt1 is attributable to its action on TGF‐b/Smad3 signaling. Therefore, we suggest that Sirt1
may be a potential therapeutic target for the treatment of CKD. J. Cell. Biochem. 115: 996–1005, 2014. � 2013 Wiley Periodicals, Inc.
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I t is well‐documented that fibrosis plays an important role in the
pathogenesis and progression of chronic kidney disease (CKD).

Accumulating evidence [Border and Noble, 1997; Schnaper
et al., 2002; Wang et al., 2005] indicates a central role for TGF‐
b and its downstream signaling cascades in activating cellular
pathomechanisms that underlie the progression of renal diseases.
TGF‐b has been shown to be a critical regulator of cell
proliferation, differentiation, apoptosis, immune response, and
extracellular matrix (ECM) production [Bottinger and Bitzer, 2002;
Schnaper et al., 2002; Liu, 2006]. The signaling mechanism by
which TGF‐b induces ECM production has been documented. TGF‐
b signals through the heteromeric complex of TGF‐b type I
receptor with TGF‐b type II receptor to activate Smad2 and Smad3
phosphorylation at their C termini and assemble into stable

heteromeric complexes with Smad4 [Roberts et al., 2003;
Flanders, 2004]. These complexes are the functional entities that
translocate into the nucleus, where they can interact with various
transcription factors and regulate the expression of TGF‐b target
genes [Shi and Massague, 2003; Roberts et al., 2006]. Recently,
Smad3 has also been shown to be acetylated at the Lys‐378 by the
p300/CBP in a TGF‐b‐dependent manner, regulating the DNA
binding and transcriptional activity of Smad3 [Simonsson
et al., 2006; Inoue et al., 2007; Li et al., 2010].

Sirt1 belongs to a highly conserved family of NADþ
‐dependent

deacetylase and has been reported to deacetylate the lysine residues of
a number of nuclear proteins, such as p53 [Yuan et al., 2011], NF‐kB
[Salminen and Kaarniranta, 2009], PGC‐1a [Amat et al., 2009], CBP/
p300 [Das et al., 2009], and forkhead family proteins [Brunet

Xinzhong Huang and Donghai Wen contributed equally to this work.
Disclosures: The authors declare no conflict of interest.

Grant sponsor: National Natural Science Fundation; Grant number: 81130075; Grant sponsor: Major State Basic
Research Development Program of China (973 program); Grant number: 2012CB517700; Grant sponsor: 985 Project
of China; Grant number: 985III‐YFX0302; Grant sponsor: Science and Technology Foundation of Nantong;
Grant number: BK2013006.

*Correspondence to: Prof. Chuan‐Ming Hao, Division of Nephrology, Huashan Hospital, Fudan University, Shanghai,
200040, China. E‐mail: chuanminghao@fudan.edu.cn

Manuscript Received: 6 October 2013; Manuscript Accepted: 6 December 2013

Accepted manuscript online in Wiley Online Library (wileyonlinelibrary.com): 19 December 2013

DOI 10.1002/jcb.24748 � � 2013 Wiley Periodicals, Inc.
996

Journal of Cellular
Biochemistry

ARTICLE
Journal of Cellular Biochemistry 115:996–1005 (2014)



et al., 2004]. Sirt1 is widely expressed throughout almost all
mammalian organs, regulating stress resistance, DNA repair, and
longevity [Hao and Haase, 2010]. A recent study demonstrated that
Sirt1 could interact with TGF‐b signaling and reduce apoptosis in
TGF‐b‐treated measangial cells [Kume et al., 2007]. In addition, Sirt1
activation attenuates renalfibrosis in a unilateral ureteral obstruction
model [He et al., 2010].

Resveratrol (RSV) is a polyphenol with antifibrotic and anti‐
inflammatory properties, which can be available in grape skins and in
wines [Aubin et al., 2008; Hashem et al., 2008; Inanaga et al., 2009]. It
has also been shown to activate Sirt1 which has health beneficial
effect, including metabolic diseases [Park et al., 2012], neurological
disorders [Rasouri et al., 2007], cardiac hypertrophy [Planavila
et al., 2011], and aging [Queen and Tollefsbol, 2010].

The aim of the present study is to examine whether Sirt1 activation
ameliorates TGF‐b signaling through deacetylation of Smad3 and
attenuates renalfibrosis in vivo in a chronic renal failuremodel and in
vitro in murine mesangial cells (MMCs). The present study provides
important experimental evidence supporting Sirt1 as a potential
therapeutic target for CKD.

MATERIALS AND METHODS

ANIMAL MODELS
All animal studies were approved by the Institutional Animal Care
and Use Committees of Fudan University. Rats and mice were
maintained in the animal facility of Fudan University Medical
Animal Center, where they were housed in a constant‐temperature
room with a 12‐h dark/12‐h light circle and allowed free access to
standard rodent chow andwater. Sprague‐Dawley rats and wild‐type
C57BL/6J mice at 8 weeks of age were obtained from Fudan
University Medical Animal Center. Male Sprague‐Dawley rats
weighing 200 to 220 g (8 weeks old) were anesthetized with
350mg/kg body weight chloral hydrate via intraperitoneal injection.
Forty rats underwent a 5/6‐nephrectomy in which two thirds of the
right kidney was first removed followed by the ablation of the left
kidney 1 week later [Badid et al., 2000]. Sham‐operated rats (Sham,
n¼ 10) underwent the same procedure without surgical reduction of
the kidney. Forty rats with 5/6Nx were later administered either RSV
(20mg/kg, Copalyton Chemical Materials Co., Ltd, Shanghai, China)
(NxþRSV, n¼ 20) or vehicle (Nx, n¼ 20) via daily oral gavage
starting 1 week after surgery and continuing for a period of 12 weeks.
Vehicle‐treated groups received an equal volume of normal saline. At
4‐week intervals, daily urinary protein excretion was determined by
the biuret method after urine collection from rats individually
housed in metabolic cages for 24 h. At the end of the study, the rats
were anesthetized, their blood was collected by cardiac puncture, and
their kidney tissue samples were collected for immunohistochemis-
try, Western blot, and real‐time PCR as described previously [Zhang
et al., 2011].

GENERATION OF SIRT1 CONDITIONAL KO MICE
Mice with 1 allele of Sirt1 gene deletion were obtained by crossing a
Sirt1fl/þmouse (C57BL/6 J) with a universal Cre mouse (C57BL/6 J). This
mouse was further bred with a C57BL/6J mouse to generate
heterozygous Sirt1‐knockout mice (Sirt1þ/�) and their wild‐type

littermates (Sirt1þ/þ). The generation and characterization of the Sirt1
flox mouse and the universal Cre transgenic mouse were described
previously [Cheng et al., 2003; He et al., 2010]. Malemice between 8 and
10weeks of agewere used in the present study. Under anesthesia (chloral
hydrate), Sirt1þ/þ and Sirt1þ/� mice were subjected to 5/6Nx (surgical
resection of the lower and upper thirds of the left kidney with right Nx)
(Nx, n¼ 12). Sham‐operated Sirt1þ/þ and Sirt1þ/� mice (Sham, n¼ 8)
underwent the same procedure without surgical reduction of the kidney.
At 4‐week intervals, daily urinary protein excretion was determined by
biuret method after urine collection from mice individually housed in
metabolic cages for 24h. Mice were sacrificed at 12 weeks after the
operation. At the end of the study, the mice were anesthetized, their
blood was collected by cardiac puncture, and their kidney tissue samples
were collected for Western blot and real‐time PCR.

CELL CULTURE
SV40‐transformed murine mesangial cell (MMC) line cells (MES‐13
cells) were purchased from the American Type Culture Collection
(Manassas, VA) and cultured at 37°C in a 5% CO2 atmosphere in
Dulbecco0s modified Eagle0s medium (GIBCO) supplemented with
10% fetal calf serum, penicillin (100 U/ml), streptomycin (100mg/
ml), L‐glutamine (2mM), and glucose (100mg/dl). A recombinant
human TGF‐b1 (R&D Systems, Minneapolis, MN) at concentrations
of 2 ng/ml was added to the cell culture for periods of 0, 6, 12, and
24 h with or without RSV for detection of TGF‐b/Smad3 signaling
and fibrosis response. In addition, TGF‐b1 at dosages of 1.0, 2.0, and
5.0 ng/ml was applied for 48 h for a dosage‐dependent assay. At least
three independent experiments were performed throughout the
study.

DETERMINATION OF RENAL FUNCTION
Rats0 serum creatinine and blood urea nitrogen levels were measured
using an automated analyzer according to the manufacturer0s
instructions. Mice blood urea nitrogen wasmeasured using InfinityTM

Urea (Nitrogen) Liquid Stable Reagent (Thermo Fisher Scientific, Inc.)
according to the manufacturer0s instructions.

HISTOLOGICAL EXAMINATION
Tissues fixed in 4% paraformaldehyde/PBS were embedded in
paraffin using routine protocols. Paraffin‐embedded materials
were sectioned at 4mm for routine staining with PAS and Masson
trichrome. Glomerulosclerosis was assessed in 50 glomeruli on
PAS‐stained sections under �400 magnification using a semi-
quantitative score from 0 to 4 (0, no sclerosis; 1, sclerosis up to 25%
of glomeruli; 2, sclerosis from 25% to 50% of glomeruli; 3, sclerosis
from 50% to 75% of glomeruli; 4, sclerosis >75% of glomeruli),
and the results were averaged. For evaluating tubulointerstitial
damage, 15 fields for each section (Masson trichrome stain) were
evaluated at �200 magnification using Image‐Pro Plus 6.0
processing software (Media Cybernetics). The extent of tubuloin-
terstitial damage was evaluated by counting the percentage of
areas with tubular dilation, interstitial infiltration, and fibrosis per
field of cortex. Scores from 0 to 4 were used (0, normal interstitium;
1,<25% of areas injured; 2, 26% to 50% of areas injured; 3, 51% to
75% of areas injured; 4, >75% of areas injured), and the results
were averaged. All histological analyses were performed by two
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investigators without knowledge of the origin of the slides, and the
mean values were calculated.

SIRT1 KNOCKDOWN BY LENTIVIRUS CARRYING SIRT1‐SELECTIVE
SHRNA
Lentivirus infection was performed as previously described
[He et al., 2010]. HEK293T cells were cotransfected with lentiviral
pLKO.1 plasmid‐carrying scrambled shRNA or Sirt1‐selective shRNA,
psPAX2 packaging plasmid, and pMD2.G envelope plasmid
using Lipofectamine reagent. Twelve hours later, the medium
containing the transfection reagent was removed and replaced
with fresh complete DMEM plus 10% FBS and penicillin/streptomy-
cin. Twenty‐four hours later, the culture medium containing
lentiviral particles was harvested from HEK293T cells and transferred
to a polypropylene storage tube. Virus was stored in aliquots at –80°C.
MMCs were later infected with appropriate amounts of lentiviral
particles containing medium. Twenty‐four hours later, virus‐
containing medium was removed and replaced with fresh medium.
Infected MMCs were cultured for 3 days, and Western blotting
was subsequently performed to examine the efficiency of protein
knockdown.

SIRT1 OVEREXPRESSION
To force overexpression of Sirt1 in MMCs, a pCruzHA‐Sirt1 plasmid
or control pCruzHA‐empty vector were transfected into MMC using
Lipofectamine 2000 (Invitrogen) as previously described. Characteri-
zation of Sirt1‐overexpressing MMCwas determined byWestern blot
with anti‐Sirt1 antibody (Sigma–Aldrich mouse monoclonal, 1:500).
After 48 h, cells were treated with or without TGF‐b1 for 24 h. The
levels of fibronectin and collagen I expression were determined by
Western blot analysis.

REAL‐TIME PCR
Total RNA was extracted from renal tissues or cultured MMCs using
TRIzol1 reagent (Invitrogen). Reverse transcriptionwas performed using
a first strand cDNA reverse transcription kit (Fermentas Life Sciences).
Real‐time PCR was performed using a SYBR Green/ROX qPCR Master
Mix kit according to the manufacturer0s instructions (Fermentas Life
Sciences). The primers used were as follows: rat fibronectin forward 50‐
TCGCTTTGACTTCACCACCAG and reverse 50‐CCTCGCTCAGTTCG-
TACTCCAC; collagen I forward 50‐ATCCTGCCTATGTCGCTAT and
reverse 50‐CCACAAGCGTGCTGTAGGT; b‐actin forward 50‐GAGG-
GAAATCGTGCGTGAC and reverse 50‐CTGGAAGGTGGACAGTGAG;
mouse fibronectin forward 50‐CCAGGTTGATGATACTTCCATTGTT and
reverse 50‐GCTCTGTGCTACTGCCTTCTACTG; collagen I forward 50‐
ATCCTGCCTATGTCGCTAT and reverse 50‐CCACAAGCGTGCTG-
TAGGT; Sirt1 forward 50‐GCAACAGCATCTTGCCTGAT and reverse
50‐GTGCTACTGGTCTCACTT; and b‐actin forward 50‐CTGTCCCTG-
TATGCCTCTG and reverse 50‐ATGTCACGCACGATTTCC. The ratio for
the mRNA of interest was normalized with b‐actin and expressed as the
mean� SE

IMMUNOPRECIPITATION
Immunoprecipitation analysis was performed as described previously
[Chen et al., 2005]. Kidney tissues and cultured cells were
homogenized and lysed on ice for 15min in hypotonic lysis buffer

(10mM HEPES, pH 7.9, 1mM EDTA, 15mM KCl, 2mM MgCl2, 1mM
Dithiothreitol, and 0.8% Nonidet P‐40) containing protease inhibitor
mixture (Roche Applied Science). The cell lysates were centrifuged at
4°C at 3,000g for 10min. The pellets were resuspended in high salt
buffer (hypotonic buffer with 420mM NaCl and 25% glycerol),
rotated for 30min at 4°C, and centrifuged at 13,000g for 30min. The
supernatants were used as nuclear extracts. Immunoprecipitations
were carried out by adding the appropriate antibodies plus protein A/
G‐Agarose beads followed by incubation at 4°C for 4 h. Nonspecific
IgG (Santa Cruz Biotechnology) was used as control. The immuno-
precipitates were washed extensively in IP buffer (Tris 20mM, pH 7.5,
NaCl 150mM, EDTA 1mM, EGTA, 1mM, Triton‐100 1%) and were
resuspended in 30ml of 2� sample buffer. The samples were boiled for
2min, and 20ml of precipitated proteins were added to each lane of an
SDS‐PAGE gel.

WESTERN BLOTTING
Protein from kidney tissues and cultured cells was extracted
with RIPA lysis buffer, and Western blot analysis was performed
as described previously [Chen et al., 2006]. After blocking
nonspecific binding with 5% Carnation nonfat dry milk for 1 h at
room temperature, membranes were later incubated with primary
antibody overnight at 4°C. The primary antibodies used were
anti‐Sirt1 antibody (Millipore rabbit polyclonal, 1:1,000;
Sigma–Aldrich mouse monoclonal, 1:500), anti‐collagen I anti-
body (Abcam rabbit polyclonal, 1:500), anti‐fibronectin antibody
(Sigma–Aldrich chicken polyclonal, 1:500), anti‐Smad3 antibody
(Cell Signaling Technology rabbit polyclonal, 1:1,000), anti‐
Phospho‐Smad3 antibody (Ser423/425) (Cell Signaling Technology
rabbit monoclonal, 1:1,000), anti‐Acetylated‐Lysine antibody (Ac‐
K‐103) (Cell Signaling Technology mouse monoclonal, 1:1,000)and
anti‐b‐actin antibody (Sigma–Aldrich mouse monoclonal,
1:2,000). After three washes, the membrane was incubated with
horseradish peroxidase–conjugated secondary antibody (Jackson
Immuno Research Laboratories, 1:5,000) for 1 h at room tempera-
ture followed by three washes with TBST. Antibody labeling
was visualized by the addition of chemiluminescence reagent
(Amersham Biosciences), and the membrane was exposed to Kodak
XAR‐5 film.

SMAD3‐DEPENDENT PROMOTER ASSAY
MMC was transiently transfected with the Smad3/4‐responsive
promoter p(CAGA)12‐Luc and the internal control pRL‐TK vector
(Promega) as described previously [Dennler et al., 1998; Meng
et al., 2010] with or without lentivirus carrying Sirt1‐selective
shRNA. The transfection procedure was performed using Lipofect-
amine 2000 (Invitrogen) according to the manufacturer0s instruc-
tions. After transfection and serum starving for 24 h, TGF‐b1
(2 ng/ml) and RSV (25mM) were added to the cells for 24 h. A Dual
Luciferase assay kit (Promega) was used to measure both Firefly
and Renilla luciferase activity in the transfected MMC. Relative
luciferase activity was defined as Smad3 reporter Firefly luciferase
activity adjusted by Renilla luciferase activity expressed from pRL‐
TK. Data are presented as fold induction compared with control
group. Three independent experiments were performed throughout
the study.
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STATISTICAL ANALYSIS
All data examined are expressed asmeans� SEM. Statistical analyses
of the data were performed using SPSS version 12.0 Software (IBM).
Comparisons between groups were made using one‐way ANOVA or
Student0s t‐test. P< 0.05 was considered to be statistically
significant.

RESULTS

RSV ATTENUATES KIDNEY DAMAGE IN 5/6NX RATS
Figure 1 presents the renal function including blood urea nitrogen
and serum creatinine, and proteinuria of 5/6Nx rats treated with or
without RSV. 5/6Nx significantly increased urinary protein excretion
compared with a sham operation. RSV treatment significantly

blunted the increase of urinary protein excretion in the 5/6Nx rats
(Fig. 1A). BUN and serum creatinine levels were significantly
increased following 5/6Nx at the 12th week. RSV treatment
significantly reduced the increase in BUN and serum creatinine in
5/6Nx rats (Fig. 1B,C).

Figure 2 represents the periodic acid‐Schiff (PAS) and Masson
trichrome stainings of the kidneys. The kidneys of the 5/6Nx rats were
characterized by glomerular sclerosis and tubulointerstitial fibrosis.
Semi‐quantitative analysis shows that the glomerular sclerosis index
(1.56� 0.34 vs. 0.35� 0.08) and tubulointerstitial fibrosis
(1.47� 0.29 vs. 0.18� 0.04) were significantly increased in 5/6Nx
rats compared with sham rats (P< 0.01). RSV substantially reversed
these changes (Fig. 2A,B).

Fibronectin and type I collagen expression in the kidney were
higher in the 5/6Nx rats than sham rats, as assessed by real‐time PCR

Fig. 1. RSV preserves renal function in 5/6‐nephrectomized rats. Changes in (A) proteinuria, (B) BUN, and (C) serum creatinine of sham‐operated rats (Sham) and 5/6‐
nephrectomized rats treated with vehicle (Nx) or RSV (Nxþ RSV) are shown. Data are means� SE, �P< 0.05, ��P< 0.01 versus Sham; #P< 0.05, ##P< 0.01 versus Nx.

Fig. 2. Effects of RSV on renal histology in 5/6‐nephrectomized rats. Lightmicroscopicfindings and quantitative analysis in the study groups. Representative pictures stainedwith (A)
PAS and (B) Masson trichrome in sham‐operated rats, 5/6Nx rats, and 5/6Nxþ RSV rats. ��P< 0.01 versus Sham; ##P< 0.01 versus 5/6Nx. Magnifications:�400 in A;�200 in B.
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and Western blot. RSV treatment significantly reduced fibronectin
and type I collagen expression in these rats (Fig. 3A–C).

RSV REDUCES EXTRACELLULAR MATRIX PRODUCTION THROUGH
SIRT1 IN CULTURED MESANGIAL CELLS
In cultured MMCs, TGF‐b1 (2 ng/ml, 24 h) significantly increased
fibronectin and collagen I expression (Fig. 4A,B and Fig. S1A,
B). RSV dose‐dependently down‐regulated TGF‐b1‐induced fibro-
nectin and collagen I expression in cultured cells (Fig. 4C and
Fig. S1C).

To examine whether the effect of RSV on ECM protein production
depends on Sirt1, Sirt1 was downregulated using a lentivirus carrying
a Sirt1‐selective shRNA in MMCs (Fig. 5A). Knocking down Sirt1
markedly attenuated the protective effect of RSV, supporting that
Sirt1 mediates the effect of RSV (Fig. 5B).

To examine further the role of Sirt1 in ECM production, we
overexpressed Sirt1 in MMCs. As shown in Figure 5C, Western
blot shows that MMCs overexpressing Sirt1 significantly attenuat-
ed TGF‐b1‐induced extracelluar matrix expression at 24 h,
resulting in a 53.2% and 43.6% decrease in fibronectin and

collagen I expression, respectively, compared with the control
group (Fig. 5D), supporting the protective effect of Sirt1 on renal
fibrosis.

Sirt1 REDUCES SMAD3 ACETYLATION IN 5/6NX RATS AND IN
CULTURED MMCS TREATED WITH TGF‐b1
To assess the acetylation levels of Smad3, first, Smad3 was
immunoprecipitated, and the acetyl group was determined by an
anti‐acetyl antibody. As shown in Figure 3D, the acetylated‐Smad3
levels increased in the remnant kidney and were reduced in the rats
treated with RSV. Further studies showed that Sirt1 was co‐
immunoprecipitated with Smad3. This binding of Sirt1 to Smad3
was reduced in the remnant kidney, which was associated with
increased acetylation levels of Smad3. RSV increased the binding of
Sirt1 and Smad3 and reduced acetylated Smad3. Smad3 phosphory-
lation levels were increased in the remnant kidney, as reported
(Fig. S2A). RSV treatment did not alter the phosphorylated Smad3 in
this model. These results suggest that the renal protective effect of
RSV was independent of the phosphorylation of Smad3 but may be
associated with Smad3 acetylation.

Fig. 3. Effects of RSV on renal fibrotic gene expression levels and Smad3 acetylation levels in the kidney of 5/6 nephrectomized rats. A: Fibronectin expression byWestern blot. B:
Type I collagen expression by Western blot. C: Fibronectin and type I collagen expression by real‐time PCR. Data are means� SE; The values were normalized to the b‐actin values
and then expressed as relative quantification. �P< 0.05, ��P< 0.01, ���P< 0.001 versus Sham; #P< 0.05, ##P< 0.01, ###P< 0.001 versus Nx. D: Immunoprecipitation/Western
blot of Sirt1 and Smad3 acetylation in each group.
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In cultured MMCs, as shown in Figure 6A, TGF‐b1 increased
acetylation levels of Smad3, and RSV dosage‐dependently reduced
the acetylation of Smad3. Co‐immunoprecipitation showed a binding
of Smad3with Sirt1. TGF‐b1 reduced this binding and was associated
with increased acetylation of Smad3. RSV treatment reversed this
process. Knocking down Sirt1 increased TGF‐b1‐induced acetylation
of Smad3 (Fig. 6B). Phospho‐Smad3 levels were increased following
TGF‐b1 in MMCs, as expected (Fig. S2B). RSV treatment did not alter
the phosphorylation of Smad3.

SIRT1 INHIBITED SMAD3 TRANSCRIPTION ACTIVITY

To examine the effect of Sirt1 activity and Smad3 acetylation on
Smad3 transcriptional activity, a Smad3‐responsive promoter assay
was used. As shown in Figure 6C, knocking down Sirt1 substantially
enhanced TGF‐b1‐induced Smad3‐dependent promoter activity.
RSV treatment significantly reduced TGF‐b1‐induced Smad3‐
dependent promoter activity. Knocking down Sirt1 significantly
attenuated the effects of RSV.

SIRT1 DEFICIENCY ENHANCES RENAL DAMAGE IN
5/6 NEPHRECTOMIZED MICE

Finally, we examined the importance of Sirt1 in renal fibrosis in vivo
using a mouse line deficient for Sirt1. Because homozygous Sirt1
knockout (Sirt1�/�) mice exhibit severe developmental defects and
early postnatal lethality [Cheng et al., 2003], heterozygous Sirt1
knockout (Sirt1þ/�) mice were used for the present study. Heterozy-
gous Sirt1 knockout mice developed normally, and their kidneys were
histologically normal (Fig. S3). Reduced Sirt1 expression in the
kidney of the Sirt1þ/� mice has been demonstrated at mRNA level by
real‐time PCR (Fig. 7A) and protein level by Western blot analysis
(Fig. 7B).

As shown in Figure 8A–C, urinary protein excretion, serum
creatinine (SCr) and BUN levels significantly increased in Sirt1þ/þ

mice at 12 weeks after 5/6 nephrectomy. Loss of one allele of Sirt1
significantly enhanced renal damage following 5/6 nephrectomy,
exhibiting higher urinary protein excretion, SCr, and BUN compared
with Sirt1 intact mice. Western blot analysis also indicated that

Fig. 4. Effect of RSV on TGF‐b1‐induced fibronectin and collagen I protein expression. A: Western blot analysis shows that TGF‐b1 induces fibronectin and collagen I protein
expression at 48 h in a dosage‐dependent manner. B: Western blot analysis shows that TGF‐b1 (2 ng/ml) induces fibronectin and collagen I protein expression in a time‐dependent
manner. C: Western blot analysis shows that RSV down‐regulates TGF‐b1 (2 ng/ml) induced fibronectin and collagen I protein expression at 24 h in a dosage‐dependent manner.
Data are means� SE for three independent experiments. �P< 0.05, ��P< 0.01, ���P< 0.001 versus dosage or time 0, or RSV 0.
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fibronectin and type I collagen expression in the 5/6Nx kidney of the
Sirt1þ/� mice was higher than in Sirt1þ/þ mice (Fig. 8D).

DISCUSSION

The present study demonstrates that RSV protects the remnant kidney
of the 5/6 nephrectomized rat. RSV treatment significantly attenuates
the decline of GFR in the 5/6 nephrectomized rats. In cultured MMCs,
RSV reduces ECM protein expression induced by TGF‐b1, and its
effect depends on Sirt1. Sirt1 inhibits TGF‐b1 signaling by
deacetylating Smad3, and the loss of one allele of Sirt1 aggravates
the kidney damage in 5/6 nephrectomized mice. These results suggest

that renal Sirt1 is an antifibrotic factor and a potential therapeutic
target for CKD.

The antifibrotic function of Sirt1 has been reported in heart failure
[Tanno et al., 2010], cardiac fibrosis [Alcendor et al., 2007], hepatic
steatosis [Costa Cdos et al., 2010], diabetic nephropathy [Kitada
et al., 2011], and unilateral ureteral obstruction (UUO) [He
et al., 2010]. This study provides strong evidence that Sirt1 can
inhibit TGF‐b1 signaling by deacetylating Smad3 and reducing
kidney fibrosis, thereby protecting the kidney of a rodent model of
CKD. We first found that RSV reduced urinary protein excretion and
attenuated the decline of GFR in the 5/6 nephrectomized rats. To test
whether the effect of RSV on the remnant kidney is associated with

Fig. 5. Effects of Sirt1 knock‐down or over‐expression on fibronectin and collagen I protein expression induced by TGF‐b1. A: MMCs were infected with lentivirus carrying Sirt1‐
selective shRNA or control virus. Expression of Sirt1 was examined byWestern blot. ���P< 0.001 versus Control. B: Control or Sirt1 shRNAtreatedMMCswere stimulated with TGF‐
b1 (2 ng/ml) and treated with or without Sirt1 activator RSV (25mM) for 24 h. Expression of fibronectin and collagen was examined by Western blot. ��P< 0.01, ���P< 0.001
versus TGF‐b1. C: MMCs were transfected with Sirt1 overexpression plasmid or control plasmid. Expression of Sirt1 was examined by Western blot. ���P< 0.01 versus Control. D:
Control or Sirt1 overexpression plasmid‐transfected MMCs were treated with or without TGF‐b1 (2 ng/ml) for 24 h. Expression of fibronectin and collagen I was examined by
Western blot. ���P< 0.001 versus Controlþ TGF‐b1.
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Sirt1, we cultured renal MMCs. RSV treatment substantially reduced
TGF‐b1‐induced ECM protein production. Knocking down Sirt1 not
only enhanced TGF‐b10s effect on ECM but also markedly blunted the
protective effect of RSV. This finding supports that the effect of RSV
is, at least partially, associated with its action on Sirt1. The protective
effect of Sirt1 on CKD is further supported by a study using Sirt1‐
deficient mice. Loss of one allele of Sirt1 significantly aggravated the
kidney damage following 5/6 nephrectomy, indicating higher SCr
and BUN levels and more severe kidney histology compared with
Sirt1‐intact mice.

It is well‐documented that Smad3 phosphorylation is a key
signaling mechanism underlying fibrogenesis in response to
fibrogenic mediators, such as TGF‐b, angiotensin II, and advanced
glycation end products [Roberts et al., 2006;Wang et al., 2006; Chung
et al., 2010]. Several pieces of evidence from our study suggest that
Smad3 acetylation is also an important signaling pathway causing
ECMproduction: (1) 5/6 nephrectomy in rodents or TGF‐b1 treatment
in cultured cells significantly increases Smad3 acetylation levels; and
(2) RSV significantly reduced the Smad3 acetylation levels in the
remnant kidney of 5/6 nephrectomized rodents or in cultured cells
following TGF‐b1 treatment. Knocking down Sirt1 in cultured cells
increased acetylation levels of Smad3 and attenuated the effect of
RSV on acetylation of Smad3. Our study also showed increased levels
of Smad3 phosphorylation in the remnant kidney following 5/6

nephrectomy and in cultured cells following TGF‐b1 treatment,
consistent with previous findings in the literature [Vindevoghel
et al., 1998; Chen et al., 1999]. RSV treatment did not alter the
phosphorylation of Smad3.

The acetylation/deacetylation of lysine residues on nuclear
proteins has been demonstrated to regulate multiple functions,
such as transcriptional activity, DNA binding, protein binding,
protein stability, and translocation [Thevenet et al., 2004; Wilson
et al., 2010]. Recently, Sirt1‐mediated deacetylation of some
nuclear proteins, such as p53 [Vaziri et al., 2001; Kume et al., 2006;
Yuan et al., 2011], FOXO [Brunet et al., 2004; Hariharan
et al., 2010], Smad7 [Kume et al., 2007], and Ku70 [Anekonda
and Adamus, 2008], has been reported to regulate cell survival.
This study demonstrated the binding of Sirt1 with Samd3 in kidney
tissues, as well as in cultured MMCs, and this binding was
associated with reduced acetylation levels of Smad3. These results
suggest that Sirt1 directly interacts with Smad3, resulting in the
deacetylation of Smad3. This study suggests that Smad3 is another
transcription factor that can be regulated by Sirt1. The site(s) of
acetylation that is regulated by Sirt1 and the detailed mechanism
by which acetylation modifies the transcription activity of Smad
remain to be explored.

In summary, our findings support that RSV treatment significantly
attenuates renal damage in subtotal nephrectomized rats. The renal

Fig. 6. Effect of RSV on TGF‐b1‐induced Smad3 acetylation levels in cultured measangial cells. A: Immunoprecipitation/Western blot of Sirt1 and Smad3 acetylation. B:
Knocking down Sirt1 increased TGF‐b1‐induced the acetylation of Smad3. C: Smad3 promoter activity assay. �P< 0.05, ��P< 0.01, ���P< 0.001 versus Controlþ TGF‐b1.

Fig. 7. Reduced Sirt1 expression in the kidney of heterozygous Sirt1‐knockout mice. A: Relative Sirt1 mRNA expression level in the entire kidney of wild‐type (Sirt1þ/þ) mice and
heterozygous Sirt1‐knockout (Sirt1þ/�) mice was examined by real‐time PCR. B: Sirt1 protein expression level in the entire kidney of Sirt1þ/þ and Sirt1þ/�mice was examined by
Western blot. Data are means� SE for three independent experiments. �P< 0.01 versus the kidney of Sirt1þ/þ mice.
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protective effect is associated with Sirt1 activation and reduced
Smad3 acetylation and TGF‐b signaling. These findings indicate that
Sirt1 may be a potential therapeutic target for CKD through its effect
on renal fibrosis.
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