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ABSTRACT

Our recent studies revealed that blocking class I/Il histone
deacetylases (HDACSs) inhibits renal interstitial fibroblast activa-
tion and proliferation and alleviates development of renal fibrosis.
However, the effect of class Il HDAC, particularly sirtuin 1 and 2
(SIRT1 and SIRT2), inhibition on renal fibrogenesis remains
elusive. Here, we demonstrate that both SIRT1 and SIRT2 were
expressed in cultured renal interstitial fibroblasts (NRK-49F).
Exposure of NRK-49F to sirtinol, a selective inhibitor of SIRT1/2,
or EX527 (6-chloro-2,3,4,9-tetrahydro-1H-carbazole-1-carboxamide),
an inhibitor for SIRT1, resulted in reduced expression of fi-
broblast activation markers (a-smooth muscle actin, fibronectin,
and collagen I) as well as proliferation markers (proliferating cell
nuclear antigen, cyclin D1, cyclin E) in dose- and time-
dependent manners. Treatment with a SIRT2 inhibitor, AGK2
(2-cyano-3-[5-(2,5-dichlorophenyl)-2-furanyl]-N-5-quinolinyl-2-
propenamide), also dose- and time-dependently inhibited renal

fibroblast activation and, to a lesser extent, cell proliferation.
Furthermore, silencing of either SIRT1 or SIRT2 by small
interfering RNA exhibited similar inhibitory effects. In a mouse
model of obstructive nephropathy, administration of sirtinol
attenuated deposition of collagen fibrils as well as reduced
expression of a-smooth muscle actin, collagen |, and fibro-
nectin in the injured kidney. SIRT1/2 inhibition-mediated
antifibrotic effects are associated with dephosphorylation of
epidermal growth factor receptor (EGFR), platelet-derived
growth factor receptor-g (PDGFRB), and signal transducer
and activator of transcription 3. Thus, SIRT1/2 activity may
contribute to renal fibroblast activation and proliferation as
well as renal fibrogenesis through activation of at least EGFR
and PDGFRgB signaling. Blocking SIRT1/2 activation may
have therapeutic potential for the treatment of chronic kidney
disease.

Introduction

Chronic kidney disease (CKD) can progress to end-stage
renal failure through aberrant activation and growth of renal
interstitial fibroblasts. Differentiation of fibroblasts into myo-
fibroblasts is characterized by expression of a high level of
a-smooth muscle actin and fibronectin (Liu, 2004; Neilson,
2006; Wynn, 2008; Meran and Steadman, 2011). Accumulation
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of myofibroblasts results in production of excessive amounts of
extracellular matrix proteins including collagen I and subse-
quent progression of renal fibrosis. The mechanism of myo-
fibroblast activation under various pathologic conditions is not
completely understood, but multiple cytokines/growth factor re-
ceptors, including epidermal growth factor receptor (EGFR) and
platelet-derived growth factor receptor-3 (PDGFRpB), have been
shown to be involved in this process (Ludewig et al., 2000; Pang
et al., 2009, 2010; Liu et al., 2011, 2012). Activation of these
tyrosine kinase receptors leads to activation of multiple intracel-
lular signaling pathways, including signal transducer and acti-
vator of transcription 3 (STAT3). STATS has also been implicated
in the activation of renal interstitial fibroblasts and development
of renal fibrosis (Pang et al., 2010).

ABBREVIATIONS: acetyl-H3K9, acetylation of histone H3 at lysine 9; AGK2, 2-cyano-3-[5-(2,5-dichlorophenyl)-2-furanyl]-N-5-quinolinyl-2-
propenamide; AKT, protein kinase B; CKD, chronic kidney disease; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; ERK,
extracellular signal-regulated kinase; EX527, 6-chloro-2,3,4,9-tetrahydro-1H-carbazole-1-carboxamide; HDAC, histone deacetylase; MS-275,
pyridin-3-ylmethyl 4-((2-aminophenyl)carbamoyl)benzylcarbamate; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PCNA,
proliferating cell nuclear antigen; PDGFR, platelet-derived growth factor receptor-8; PDK1, phosphoinositide-dependent protein kinase 1; PIPj,
phosphatidylinositol 3,4,5-trisphosphate; siRNA, small interfering RNA; SIRT, sirtuin; a-SMA, a-smooth muscle actin; SOCS, suppressor of
cytokine signaling; SRT1720, N-(2-(3-(piperazin-1-ylmethyl)imidazo|[2,1-b]thiazol-6-yl)phenyl)quinoxaline-2-carboxamide hydrochloride; STATS3,
signal transducer and activator of transcription 3; TSA, trichostatin A; UUO, unilateral ureteral obstruction.
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Emerging evidence indicates that post-translational mod-
ification such as acetylation/deacetylation also plays an im-
portant role in the regulation of gene expression and functional
proteins associated with cell proliferation and differentiation in
a variety of cell types. This modification is regulated by histone
acetyltransferases and histone deacetylases (HDACs). HDACs
are a group of enzymes that catalyze the removal of acetyl
groups from lysine residues in histone and nonhistone proteins.
They are classified into four groups: class I (HDAC1, 2, 3, and
8), class II (HDAC4, 5, 6, 7, 9, and 10), class III (SIRT1-7, also
known as sirtuins), and class IV (HDAC11) (Pang and Zhuang,
2010). Among them, class I and class II HDACs have been
extensively studied for their role in the activation of fibroblasts
and the pathogenesis of several chronic diseases, including
fibrosis (Kook et al., 2003; Lee et al., 2007; Marchion and
Munster, 2007; Liu et al., 2008). It was reported that inhibition
of class I and II HDACs with trichostatin A (TSA) reduced
platelet-derived growth factor—induced proliferation of NIH
3T3 fibroblasts (Catania et al., 2006) and prevented transform-
ing growth factor-B—induced a-smooth muscle actin («-SMA)
expression and morphologic changes in cultured human skin
fibroblasts (Rombouts et al., 2002). Treatment with TSA or MS-
275 [pyridin-3-ylmethyl 4-((2-aminophenyl)carbamoyl)benzyl-
carbamate], a specific inhibitor of class I HDAC, also blocked
activation and proliferation of renal interstitial fibroblasts and
attenuated progression of renal interstitial fibrosis in an
animal model of obstructive kidney injury (Pang et al., 2009;
Liu et al., 2013). Furthermore, TSA administration can re-
verse atrial fibrosis and arrhythmia vulnerability in animal
models (Liu et al., 2008). These studies indicate that class
I/II HDACs play an essential role in mediating activation of
fibroblasts and tissue fibrosis, and suggest that targeting
class I/Il HDACs would be a therapeutic approach for treat-
ment of CKD.

Studies have also been conducted to elucidate the role of
class ITII HDACsS, in particular, SIRT1, in tissue fibrosis, but
results are controversial. Wang et al. (2008) reported that
most of the class III HDAC activities, including those of
SIRT1, were increased in patients with primary myelofibro-
sis. However, resveratrol, a naturally occurring compound
believed to be an activator of SIRT1, prevents fibrosis in
a bleomycin-induced lung injury model (Akgedik et al., 2012).
Similarly, activation of SIRT1 by resveratrol, or SRT1720
[N-(2-(3-(piperazin-1-ylmethyl)imidazo([2,1-b]thiazol-6-yl)phenyl)
quinoxaline-2-carboxamide hydrochloride], also inhibits renal
fibrosis (Li et al., 2010). In contrast, treatment with SRT1720
exacerbates lung fibrosis in mice (Imanishi et al., 2012). The
mechanism behind these diverse effects of SIRT1 activators
on tissue fibrosis is not clear, but may be associated with their
nonspecific properties. Emerging evidence indicated that
resveratrol and SRT1720 are not directly targeting SIRT1
and exhibit multiple off-target activities (Pacholec et al.,
2010). In particular, resveratrol has also been reported to
function as a pan-inhibitor of class I/Il and IV HDACs
(Venturelli et al., 2013). Given the multiple targets of these
SIRT1 activators, it is necessary to further elucidate the
functional role of SIRT1 in tissue fibrosis by using its more
specific inhibitors.

Recently, several SIRT inhibitors have been developed, and
their efficacy has been tested in treating tumors and other
diseases. Sirtinol is a potent inhibitor of SIRT1/2 that can
induce senescence-like growth arrest in human breast cancer

MCF-7 and lung cancer H1299 cells (Ota et al., 2006) and
enhanced chemosensitivity to camptothecin and cisplatin in
PC3, DU145, and HeLa cells (Kojima et al., 2008; Jin et al.,
2010; Peck et al., 2010). EX527 (6-chloro-2,3,4,9-tetrahydro-
1H-carbazole-1-carboxamide) is a selective SIRT1 inhibitor
(200- to 500-fold selective) which can induce a cell cycle arrest
in MCF-7 cells (Peck et al., 2010). Moreover, a study with
AGK2 (2-cyano-3-[5-(2,5-dichlorophenyl)-2-furanyl]-N-5-
quinolinyl-2-propenamide), a selective inhibitor of SIRT2
(15-fold more selective to SIRT2 than SIRT1), reported that
SIRT2 can protect neurons from death (He et al., 2012). As
renal fibrogenesis is involved in fibroblast survival, prolifera-
tion, and differentiation, similar to the processes in tumori-
genesis, this raises the possibility that SIRT1/2 inhibitors
might be able to suppress activation and proliferation of renal
fibroblasts as well as development of renal fibrosis.

To test this hypothesis, we investigated the effects of
sirtinol, EX527, and AGK2 on renal interstitial fibroblast
proliferation and activation in vitro, and confirmed the role of
SIRT1 and SIRT2 in those processes using small interfering
RNA. Further, we assessed the therapeutic effect of sirtinol on
renal fibrosis in a murine model of renal interstitial fibrosis
induced by unilateral ureteral obstruction.

Materials and Methods

Chemicals and Antibodies. Antibodies to fibronectin, collagen I
(A2), EGFR, glyceraldehyde-3-phosphate dehydrogenase, proliferat-
ing cell nuclear antigen (PCNA), SIRT1, and SIRT2 were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). a-SMA,
a-tubulin, sirtinol, EX527, AGK2, and all other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO). All other antibodies
used in this study were purchased from Cell Signaling Technology
(Danvers, MA). Small interfering RNA (siRNA) specific for rat SIRT1
was obtained from Santa Cruz Biotechnology, Inc., and siRNA specific
for rat SIRT2 was obtained from Life Technologies (Grand Island,
NY). SIRT1 and SIRT2 activity assay kits were obtained from Abcam
(Cambridge, MA).

Cell Culture and Treatment. Rat renal interstitial fibroblasts
(NRK-49F) were cultured in Dulbecco’s modified Eagle’s medium with
F12 containing 5% fetal bovine serum, 0.5% penicillin and strepto-
mycin in an atmosphere of 5% CO3, and 95% air at 37°C. To determine
the effects of sirtinol, EX527, and AGK2 on fibroblast activation, these
inhibitors were directly added to subconfluent NRK-49F cells and
then incubated for the indicated time as described in the figure
legends.

Transfection of siRNA into Cells. siRNA oligonucleotides
targeted specifically to rat SIRT1 or SIRT2 were used in this study.
In a six-well plate, NRK-49F cells were seeded to 50-60% confluence
in antibiotic-free medium and grown for 24 hours. Then cells in each
well were transfected with siRNA (200 pmol) specific for SIRT1 or
SIRT2 using BioT (Bioland Scientific, Paramount, CA) according to
the manufacturer’s instructions. In parallel, scrambled siRNA (200
pmol) was used as control for off-target changes in NRK-49F. Twenty-
four hours after transfection, the medium was changed and cells were
incubated for an additional 24 hours before being harvested for
analysis.

Animals and Experimental Design. The unilateral ureteral
obstruction (UUO) model was established in male C57 black mice that
weighed 20-25 g (The Jackson Laboratory, Bar Harbor, ME) as
described in our previous studies (Pang et al., 2009, 2010). In brief, the
abdominal cavity was exposed via a midline incision, and the left
ureter was isolated and ligated. The contralateral kidney was used as
a control to examine the effects of inhibition of SIRT1 and SIRT2 on
renal fibrosis after UUO injury. Sirtinol, an inhibitor that can inhibit



both SIRT1 (ICso 131 uM) and SIRT2 (ICsy 38 uM) at 50 mg/kg
(prepared in 50 ul of dimethylsulfoxide), was immediately adminis-
tered i.p. after ureteral ligation and then given daily for 6 days.
Selection of this dose of sirtinol was according to a previous re-
port (Legutko et al., 2011). Control mice were injected with an
equal volume of dimethylsulfoxide. The animals were sacrificed and
the kidneys were collected at day 7 after UUO for protein analysis
and histologic examination. All experimental procedures were per-
formed according to the US Guidelines to the Care and Use of Lab-
oratory Animals and approved by the Lifespan Animal Welfare
Committee.

Masson Trichrome Staining. For assessment of renal fibrosis,
Masson trichrome staining was performed according to the protocol
provided by the manufacturer (Sigma-Aldrich). The collagen tissue
area (blue color) was quantitatively measured using Imaged software
developed at the National Institutes of Health. The positive staining
area from each microscopic field (200x) was calculated and graphed.

Immunoblot Analysis. After various treatments, cells were
washed once with ice-cold phosphate-buffered saline and harvested
in a cell lysis buffer. Proteins (25 ug) were separated by SDS-PAGE
and transferred to nitrocellulose membranes. After incubation with
5% nonfat milk for 1 hour at room temperature, membranes were
incubated with a primary antibody overnight at 4°C and then
incubated with appropriate horseradish peroxidase—conjugated sec-
ondary antibody for 1 hour at room temperature. Bound antibodies
were visualized by chemiluminescence detection.

SIRT1 and SIRT2 Activity Assay. SIRT1 and SIRT2 activities
from cells and kidney tissue were measured using fluorometric assay
kits (Abcam) according to the manufacturer’s instructions. The Assay
Kit (Fluorometric) measures the activity of SIRT by the basic
principle of changing a reaction of SIRT1 or SIRT2 into the activity
of the protease. The samples were mixed well and incubated for 10
minutes at room temperature, and the fluorescence intensity was
measured every 30 seconds for a total of 60 minutes immediately after
the addition of fluorosubstrate peptide (20 uM final concentration).
SIRT1 activity was measured by excitation at 360 nm and emission at
460 nm, and SIRT?2 activity was measured by excitation at 485 nm
and emission at 535 nm. The enzymatic activity was expressed in
relative fluorescence units.

Densitometry Analysis. The semiquantitative analysis of differ-
ent proteins was carried out using Imaged software developed at the
National Institutes of Health. The quantification is based on the
intensity (density) of the band, which is calculated by the area and
pixel value of the band. The quantification data are given as a ratio
between target protein and loading control (house-keeping protein).

Statistical Analysis. Data are presented as means = S.D. and
were subjected to one-way analysis of variance. Multiple means were
compared using Tukey’s test, and differences between two groups
were determined by Student’s ¢ test. P < 0.01 was considered
statistically significant.

Results

Sirtinol Inhibits Activation and Proliferation of
Renal Interstitial Fibroblasts. Activation of renal fibro-
blasts is the predominate mechanism for development and
progression of renal fibrosis. To examine whether the two
major members of class III HDACs, namely, SIRT1 and
SIRT2, would be involved in renal fibroblast activation, rat
renal interstitial fibroblast cells (NRK-49F) were exposed to
various concentrations of sirtinol, a selective inhibitor for both
SIRT1 and SIRTZ2, and then their activation and proliferation
were examined. As shown in Fig. 1, sirtinol dose-dependently
inhibited the expression of fibroblast activation markers:
a-SMA, fibronectin, and collagen I, a major extracellular matrix
(ECM) protein. Densitometry analysis of the immunoblot
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results demonstrated that sirtinol reduced expression of
a-SMA, fibronectin, and collagen 1 by approximately 50, 50,
and 70%, respectively, at a dose of 50 uM (Fig. 1, A and B). To
ensure that this reduction is due to the inhibition of SIRT
deacetylase activity, we also examined the effect of sirtinol
on acetylation of histone H3 at lysine 9 (acetyl-H3K9) by
Western blot analysis, and measured SIRT1 and SIRT2
activity using fluorometric assay kits with fluoro-substrate
peptide as substrate. Consistent with the effect of sirtinol on
renal fibroblast activation, sirtinol treatment also increased
the level of acetyl-H3K9 (Fig. 1A) and decreased SIRT1 and
SIRT2 activity in a dose-dependent manner (5-50 uM) (Fig. 1,
E and F).

The time course study demonstrated that the expression
level of a-SMA was significantly decreased within 12 hours
after 50 uM sirtinol treatment and was further decreased
more than 2-fold at 36 hours. Similarly, sirtinol largely
suppressed expression of fibronectin and collagen I at 36
hours (Fig. 1, C and D).

Next, we assessed the effect of sirtinol on the proliferation of
cultured renal fibroblasts. Figure 2A shows that treatment of
fibroblasts with sirtinol reduced the number of cells without
altering cellular morphology. This effect of sirtinol occurred in
a dose-dependent manner with the maximum inhibition at
50 uM, as indicated by cell counting and the MTT assay [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
Fig. 2, B and C]. However, treatment with sirtinol up to 48
hours at doses from 5 to 50 uM did not cause cell death, as
shown by the absence of cleaved caspase-3. As a positive control,
cleaved caspase-3 was clearly detected in cells exposed to HyOq
(Fig. 2D). In addition, we observed a dose-dependent reduction
in the expression of proliferation markers, PCNA, cyclin D1,
and cyclin E at 36 hours after NRK-49F exposed to sirtinol
(Fig. 2, E and F).

Collectively, our data indicate that class III HDACS,
especially SIRT1 and/or SIRT2, are required for renal fibro-
blast activation and proliferation.

EX527 and AGK2 Inhibit Activation and Prolifera-
tion of Renal Interstitial Fibroblasts. To further un-
derstand the role of SIRT1 and/or SIRT2 in regulating
activation and proliferation of renal interstitial fibroblasts,
we first examined expression of SIRT1 and SIRT2 in cultured
NRK-49F cells. As shown in Fig. 3A, both SIRT1 and SIRT2
were expressed normally in cultured NRK-49F. Incubation of
NRK-49F with different concentrations (25—-100 uM) of EX527
(a selective inhibitor of SIRT1) or AGK2 (specific inhibitor of
SIRT2) inhibited their deacetylase activity as shown by the
dose-dependent increase in the expression of acetyl-H3K9
(Fig. 3, B and D) and decrease in the enzymatic activity of
SIRT1 and SIRTZ2, respectively (Fig. 3, F and G). At 50 uM,
EX527 was effective in reducing the expression level of
a-SMA, collagen I, and fibronectin, and treatment with 100
uM of EX527 further decreased (more than 3-fold) expression
of these molecules (Fig. 3, B and C). Similarly, exposure of
cells to AGK2 dose-dependently reduced expression of a-SMA,
collagen I, and fibronectin. AGK2 at a concentration of 25 uM
significantly reduced the expression of @-SMA, but did not
affect the levels of collagen I and fibronectin. A significant
reduction in the level of all of these molecules was observed
at a concentration of 50 uM, and a 3-fold reduction was seen in
their expression when treated with 100 uM of AGK2 (Fig. 3, D
and E).
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To evaluate the role of SIRT1 or SIRT2 in the proliferation
of activated fibroblasts, NRK-49F cells were exposed to EX527
and AGK2 at 25-100 uM as indicated earlier. As shown in
Fig. 4 (A and C), inhibition of SIRT1 with EX527 reduced
expression of PCNA, cyclin D1, and cyclin E in a dose-
dependent manner, with the maximum effect at a concentra-
tion of 100 uM. In contrast, blocking SIRT2 with AGK2 did
not affect the expression level of cyclin D1 and cyclin E,
although a slight reduction in the expression of PCNA was
observed in cells exposed to 100 uM (Fig. 4, B and D). Further,
MTT assay and counting of the number of cells confirmed
a differential effect of EX527 and AGK2 on cell proliferation
(Fig. 4, E and F). It is notable that treatment with EX527 or
AGK2 at concentrations of 25—-100 uM did not cause death of
renal fibroblasts as indicated by absence of cleaved caspase-3
fragments in NRK-49F cells treated with either inhibitor,
whereas exposure of the cells to 1 mM Hy0; resulted in
caspase-3 cleavage (Fig. 4, G and H). This suggests that
reduction in the number of NRK-49F by these two inhibitors
was due to inhibition of their proliferation rather than in-
duction of cell death. Collectively, SIRT1 inhibitor can sig-
nificantly block expression of proteins involved in cell cycle
progression, but SIRT2 inhibitor has less influence on the
expression of those proteins. Although SIRT1 and SIRT2 both

contribute to renal fibroblast activation, they play a distinct
role in regulating cell proliferation.

Knockdown of SIRT1 and SIRT2 Reduces Activation
and Proliferation of Renal Fibroblasts. To confirm the
role of SIRT1 and SIRT2 in renal fibroblast activation and
proliferation, NRK-49F cells were transfected with specific
siRNA for SIRT1 and SIRT2. As shown in Fig. 5 (A and C), the
knockdown efficiency of SIRT1 and SIRT2 was more than 70%
when compared with control siRNA-transfected cells, and
silencing of SIRT1 or SIRT2 did not affect expression of each
other. The knockdown of both SIRT1 and SIRT2 significantly
increased the level of acetyl-H3K9 and reduced the expression
of @-SMA, collagen I, and fibronectin by 3- to 4-fold compared
with cells transfected with control siRNA. Both SIRT1 and
SIRT2 have a similar inhibitory effect on the expression of
these fibroblast activation markers (Fig. 5, B and D). In
contrast, the level of PCNA was decreased more than 90% in
cells treated with SIRT1 siRNA, whereas PCNA was only
decreased about 40% in SIRT2 siRNA-transfected cells (Fig. 5,
B and E). These results are consistent with the inhibitory effect
of SIRT1 and SIRT2 inhibitors on renal interstitial fibroblasts,
and further suggest that both SIRT1 and SIRT2 are involved in
the regulation of fibroblast activation, but SIRT1 contributes
more to regulation of renal fibroblast cell proliferation.
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Inhibition of SIRT1 and SIRT2 Blocks the Phosphor-
ylation of EGFR and PDGFRB. EGFR and PDGFRS are
two major cell surface receptors involved in renal fibroblast
activation and proliferation (Ludewig et al., 2000; Terzi et al.,
2000; Bonner, 2004). To demonstrate whether SIRT1/2 inhibi-
tion suppresses EGFR and PDGFRB activation, we examined
the effect of SIRT1 and SIRT2 inhibitors on phosphorylation
(activation) of these two receptors. As shown in Fig. 6, A and
B, and Supplemental Fig. 1, inhibition of both SIRT1 and
SIRT2 with sirtinol significantly reduced the phosphorylation
level of EGFR at Tyr1068 and Tyr845 as well as PDGFRB at
Tyr751 and Tyr579 in a dose-dependent fashion, with the
maximum effect observed when cells were treated with 50
uM. In addition, cells exposed to EX527 also showed a sig-
nificant decrease in the expression levels of phospho-EGFR at
Tyr1068 and phospho-PDGFRB at Tyr751 with a more than
3-fold reduction at 100 uM (Fig. 6, C and D). In contrast, the
lower dose of AGK2 significantly reduced the level of phospho-
EGFR at Tyr1068 and phospho-PDGFRg at Tyr751, and this
effect remained the same in cells treated with higher con-
centrations of AGK2 (Fig. 6, E and F). Of note, none of these
inhibitors affected expression of total EGFR and PDGFR.

These data indicate that blocking SIRT1 and SIRT2 can
inhibit EGFR and PDGFRB phosphorylation without affect-
ing their expression.

To confirm the effect of SIRT1 or SIRT2 inhibitors on EGFR
and PDGFRB phosphorylation, we also examined the effect
of SIRT1 and SIRT2 knockdown on EGFR and PDGFRg
phosphorylation. In NRK-49F cells transfected with SIRT1
and SIRT2 siRNA, the phosphorylation level of EGFR was
decreased by more than 80%, and both siRNAs had similar
effects. In contrast, SIRT1 siRNA was superior to SIRT2
siRNA in suppressing expression of phospho-PDGFRB. The
expression level of total PDGFRB was not affected by SIRT1
or SIRT2 siRNA (Fig. 6, G and H). These results together with
data from SIRT1- and SIRT2-specific inhibitors suggest that
both SIRT1 and SIRT?2 are involved in regulating activation of
EGFR and PDGFRB, with SIRT1 playing a greater role in
control of PDGFRp activation.

SIRT Inhibitors Block Phosphorylation of STAT3 in
Cultured Renal Interstitial Fibroblasts. STATS is one of
the central effector molecules that mediate fibrogenic signal-
ing (Pang et al., 2009, 2010). An acetylation/deacetylation
cascade of STAT3 has been recently identified, which is
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essential for its enhanced transcriptional competence. As
such, we examined the phosphorylation status of STAT3 at
Tyr705 in NRK-49F cells treated with sirtinol, EX527, and
AGK2. The phosphorylation level of STAT3 was remarkably
reduced in a dose-dependent manner in NRK-49F cells ex-
posed to all three inhibitors (Fig. 7, A-E and G). The highest
concentrations of sirtinol (50 uM), EX527 (100 uM), and
AGK2 (100 uM) reduced the level of phospho-STATS3 by
approximately 90, 75, and 50%, respectively (Fig. 7, C, D, and
G). In addition, these inhibitors did not alter the expression
level of total STAT3. Consistent with these observations,
knockdown of either SIRT1 or SIRT2 also reduced STAT3
phosphorylation without altering expression of total STAT3
(Fig. 7, F and H). Together, these data suggest that SIRT1 and

SIRT2 contribute to regulation of STAT3 activation in renal
fibroblasts.

SIRT Inhibitors Reduce Extracellular Signal-
Regulated Kinase 1/2 and Protein Kinase B Phosphor-
ylation in Cultured Renal Interstitial Fibroblasts. To
demonstrate whether SIRT1/2 activation is also involved in
the activation of other signaling pathways, we examined the
effect of SIRT1/2 inhibition on extracellular signal-regulated
kinase 1/2 (ERK1/2) and protein kinase B (AKT) phosphory-
lation. As shown in Supplemental Fig. 2, treatment with
sirtinol, EX527, or AGK2 also dose-dependently reduced
phosphorylation of ERK1/2 and AKT. In addition, silencing
of SIRT1 or SIRT2 resulted in similar inhibitory effects on
these two kinases. Expression levels of total ERK1/2 or AKT
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Fig. 4. Effects of SIRT1 and SIRT2 inhibitors on renal fibroblast proliferation. NRK-49F cells were cultured in medium with 5% fetal bovine serum and
treated with EX527 (0-100 uM) and AGK2 (0-100 uM) for 36 hours (A-F). Then, cell lysates were prepared and subjected to immunoblot analysis with
antibodies for PCNA, cyclin D1, cyclin E, or glyceraldehyde-3-phosphate dehydrogenase (GAPDH; A and B). Representative immunoblots from three
experiments are shown. The levels of PCNA, cyclin D1, and cyclin E were quantified by densitometry and normalized with GAPDH (C and D). NRK-49F
cells were treated with the indicated concentration of EX527 and AGK2 for 36 hours, cells were randomly photographed in bright field (200x), and cell
proliferation was measured by cell counting (E) or the MTT assay (F). To measure cell death, cultured NRK-49F cells were exposed to the same
concentrations (0-100 uM) of EX527 or AGK2 for 48 hours or treated with 1 mM HyO, for 3 hours as positive control. Cell lysates were subjected to
immunoblot analysis for cleaved caspase-3 and GAPDH (G and H). Values are the means = S.D. of three independent experiments. Bars with different

letters (a—e) are significantly different from one another (P < 0.01).

were not affected by all of those treatments (Supplemental
Fig. 2). Therefore, SIRT1 and SIRT2 activation is also crit-
ically involved in the regulation of ERK and AKT signaling
pathways.

Sirtinol Attenuates Renal Fibroblast Activation and
Deposition of ECM in a Mouse Model of Renal Fibrosis.
The major feature of renal fibrosis is activation of renal
interstitial fibroblasts and excessive deposition of ECM
components, such as fibronectin and collagen I, in the kidney.

To assess the role of SIRT in the development of renal fibrosis,
we further examined the effect of sirtinol on renal fibrogenesis
in a murine model of renal fibrosis induced by UUO. As shown
in Fig. 8, A and B, collagen fibrils are extensively deposited as
a consequence of myofibroblast activation after UUO injury as
evidenced by an increase in positive areas of ECM within the
interstitial space under Masson trichrome staining. Admin-
istration of sirtinol dramatically reduced collagen deposition.
Semiquantitative analysis of Masson trichrome—positive areas
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revealed that about a 30-fold increase of ECM component
deposition in the obstructive kidney compared with control
kidneys and sirtinol treatment reduced ECM deposition by
more than 70% (Fig. 8B).

Immunoblot analysis of whole-kidney tissue lysate in-
dicated that there was a dramatic increase in the expression
of a-SMA, collagen I, and fibronectin in the obstructed kidney
after 7 days. Administration of sirtinol remarkably decreased
the level of a-SMA (~60%), fibronectin (~60%), and collagen 1
(~50%) (Fig. 8, C-F). An increase in the level of SIRT1 and
SIRT2 activities was also detected in the kidney after UUO
injury. Administration of sirtinol significantly reduced their
activation (Fig. 8, G and H). Collectively, these data suggest
that SIRT1 and SIRTZ2 inhibition attenuates the accumula-
tion of myofibroblasts and deposition of ECM in the kidney
after UUO injury.

Sirtinol Inhibits Phosphorylation of EGFR and
PDGFRp in the Obstructive Kidney. To determine the
effect of sirtinol on EGFR and PDGFRg activation in the
obstructed kidney, we also examined phosphorylation levels
of EGFR and PDGFRB by immunoblot analysis. EGFR and
PDGFRpB phosphorylation was induced in the kidney after
UUO injury, but administration of sirtinol blocked their
phosphorylation without affecting their expression, although
UUO injury also increased the expression of total EGFR and
PDGFRg (Fig. 9, A, B, and D). In addition, EGFR and PDGFRB
expression was significantly increased in the obstructed kidney,
and sirtinol did not affect their expression (Fig. 9, A, C, and E).
These data are consistent with our observations in cultured
renal fibroblasts, and suggest the importance of SIRT1/2 in
regulating activation of these two tyrosine kinase receptors.

Sirtinol Inhibits Phosphorylation and Expression of
STATS3 in the Obstructive Kidney. We also examined the
effect of sirtinol on the phosphorylation status of STATS3 in the
kidney of mice with UUO injury. UUO injury induced an
increase in the expression of phospho-STAT3 (Tyr705) and
total STAT3 in the kidney, whereas treatment with sirtinol

decreased the phosphorylation level and expression of STAT3
(Fig. 10, A-C). Sirtinol treatment also reduced the basal
level of phospho-STAT3 and total STAT3 in sham-operated
kidney. Notably, the ratio of phospho-STATS to total STAT3
was still decreased in the injured kidney treated with sirtinol,
compared with injured kidneys without sirtinol treatment
(Fig. 10B). Together, our data suggest that SIRT1 and SIRT2
positively regulate STATS3 not only by promoting its phos-
phorylation, but also by modulating its expression and/or
stability.

Discussion

SIRTs have been reported to be involved in renal protection,
antiaging, and neuron survival (He et al., 2010; Villalba and
Alcain, 2012; Fan et al., 2013). However, the role of SIRTS,
particularly individual isoforms, in renal interstitial fibro-
blast activation and renal fibrosis development is not well
defined. In this study, we examined the effect of SIRT1/2
inhibition on renal fibroblast activation and proliferation and
renal fibrogenesis. Our results showed that blocking SIRT1
and SIRT2 with a pan-inhibitor (sirtinol), isoform-selective
inhibitors (EX527, AGK2), or siRNA inhibited activation and
proliferation of cultured renal interstitial fibroblasts. Fur-
ther, administration of sirtinol prevented development of
renal fibrosis in a murine model of renal fibrosis induced by
UUO injury. These results indicate that SIRT1/2 mediate
activation and proliferation of renal interstitial fibroblasts
and development of renal fibrogenesis, and suggest that
SIRT1/2 inhibitors might be useful for the treatment of CKD.

Clearly, our results are in contrast to previous observations
that activation of SIRT1 with resveratrol or SRT1720, which
are believed to be SIRT1 activators, attenuated renal fibrosis
(He et al., 2010; Li et al., 2010). The underlying mechanisms
behind those opposing effects are not clear. A possible expla-
nation is that resveratrol and SRT1720 exert their antifibrotic
effect by acting on off-targets. In this context, studies have
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shown that both resveratrol and SRT1720 do not directly
interact with SIRT1 and do not activate SIRT1 with native
p53 peptide substrate in vitro (Beher et al., 2009; Huber et al.,
2010; Pacholec et al., 2010). The broad selectivity assessment
against over 100 targets also indicates that SRT1720 and
resveratrol are highly promiscuous and would not serve as
useful pharmacological tools for studying SIRT1 pathways
(Beher et al., 2009; Huber et al., 2010; Pacholec et al., 2010).
More astonishingly, resveratrol was reported to function as
a pan-HDAC inhibitor of all 11 human HDACsS of class I, II,
and IV in tumor cells (Venturelli et al., 2013). Since class I
and II HDACs have been shown to be involved in renal

SIRT1
siRNA

SIRT2
siRNA

Con

siRNA

fibroblast activation and renal fibrogenesis (Pang et al., 2009;
Liu et al., 2013), the resveratrol-mediated antifibrotic activity
may be attached to the modulation of these two classes of
HDACSs.

Development of renal fibrosis is involved in the activation of
multiple signaling pathways, including EGFR and PDGFRB
signaling. It has been documented that the phosphorylation
level of PDGFRB and EGFR is increased during the pro-
gression of interstitial fibrosis, and blocking each of them
reduced the activation of renal fibroblasts in vitro and
attenuated development of renal fibrosis in animal models
(Ludewig et al., 2000; Pang et al., 2009; Liu et al., 2011). As
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such, the antifibrotic effect of SIRT1/2 inhibitors may occur
through interfering with these profibrotic growth factor re-
ceptors. In the current study, we observed increased phos-
phorylation of PDGFRB and EGFR in both cultured renal
fibroblasts and obstructed kidney, and inhibition of either
SIRT1 or SIRT2 resulted in their dephosphorylation, corre-
sponding to the inhibitory effect of SIRT1/2 inhibitor, sirtinol,
on activation/proliferation of renal fibroblasts and develop-
ment of renal fibrosis. Along with this observation, we also
demonstrated that blocking class I HDAC activity with MS-
275 resulted in decreased EGFR phosphorylation in vitro
and in vivo (Pang et al., 2009, 2011; Liu et al., 2013). How-
ever, in contrast to the ineffectiveness of SIRT inhibition on
the expression of total EGFR, treatment with MS-275 was able
to reduce expression levels of total EGFR. Currently, the molec-
ular insight for class I and class III HDAC-elicited different
regulations on growth factor receptors is not clear. Recent
reports reveal that SIRT1 can suppress the activity/expression
of a dephosphorylating machinery, protein tyrosine phospha-
tase 1B, which regulates various signaling including EGFR,
PDGFRB, and STAT3 (Sun et al., 2007; Gagarina et al.,
2010). On this background, it is possible that inhibition of
SIRT(s) by chemical inhibitor may increase the activity of

protein tyrosine phosphatase 1B, and subsequently reduce
phosphorylation of signaling molecules associated with
fibrogenesis. However, how SIRT inhibition reduces EGFR
and PDGFR phosphorylation needs further investigation.

SIRT1/2 may also regulate renal fibrosis through targeting
intracellular signaling components downstream of cellular
membrane receptors. Our earlier studies have shown that
inhibition of class I/Il HDACs with TSA induced STAT3
acetylation, which is accompanied by dephosphorylation of
STAT3 at Tyr705. In this study, we found that blocking
SIRT1/2 also inhibits STAT3 phosphorylation in both cul-
tured renal fibroblasts and obstructed kidney. Additionally,
we observed that SIRT1/2 inhibitors not only inhibited UUO-
induced STAT3 phosphorylation in the kidney, but also
reduced its phosphorylation in the sham-operated kidney.
This suggests that the HDAC activity is required for
regulating activation of STAT3 under both physiologic and
pathologic conditions. Currently, it is unclear how SIRT1/2 is
coupled to cellular machinery leading to STAT3 phosphory-
lation and expression. Given that inactivation of SIRT1/2
or other HDACs can induce or enhance protein acetylation,
and that STAT3 acetylation was also observed in renal fibro-
blasts exposed to the class I/II inhibitor, it is possible that
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acetylation of STAT3 may counteract its phosphorylation. In
this context, Kramer et al. (2009) reported that STAT1
acetylation can induce its binding to T-cell protein tyrosine
phosphatase, which catalyzes STAT1 dephosphorylation (Kramer
et al., 2009). Whether this functional acetyl-phospho switch,
regulated by an acetylation/deacetylation balance, also mod-
ulates STATS phosphorylation requires further investigation.
On the other hand, STAT3 acetylation may induce its de-
phosphorylation through upregulation of its negative regu-
lators, the suppressor of cytokine signaling (SOCS) family
members. In this regard, Xiong et al. (2012) reported that
inhibition of HDACs with TSA leads to the hyperacetylation
of histones associated with the SOCS1 and SOCSS3 promoters
and subsequently upregulates SOCS1 and SOCS3 expression.
As SOCS1 and SOCS3 are the inhibitors of STAT3, their
upregulation would suppress STAT3 phosphorylation (Xiong
et al., 2012).

Furthermore, the reduction of STAT3 phosphorylation
in response to SIRT1/2 inhibition may also be the consequence
of STAT3 degradation. However, STAT3 degradation only
occurs in the kidney treated with sirtinol, but not in cultured
renal interstitial fibroblasts. Comparison of the ratio of phospho-
STAT3/STAT3 in the kidney with or without SIRT1/2 in-
hibitors still shows a decrease in STAT3 phosphorylation.
This finding suggests that STAT3 degradation may only in
part contribute to STAT3 dephosphorylation. The mechanism
by which STAT3 is degraded in the kidney after SIRT1/2
inhibition is poorly understood, but may be associated with
its acetylation. In this context, it has been reported that
the acetylation of a specific lysine creates a binding site for
the recruitment of an E3-containing complex, which then
ubiquitinates the target protein, leading to its degradation
(Jeong et al., 2002; Lee et al., 2004). On this basis, it is pos-
sible that sirtinol-induced inhibition of deacetylation leads
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to hyperacetylation of STAT3, which in turn reduces the
stability of STAT3. This hypothesis deserves to be examined
in the future.

Our data showed that blocking SIRT1 and SIRT2 also
suppresses ERK1/2 and AKT phosphorylation, suggesting
that SIRT activation is involved in the activation of multiple
intracellular signaling pathways. AKT is activated through
a process that requires binding of AKT to phosphatidylinositol
3,4,5-trisphosphate [PIP3], which promotes phosphorylation of

AKT by the upstream kinase phosphoinositide-dependent pro-
tein kinase 1 (PDK1). A recent study indicated that deacety-
lation by SIRT1 enhances binding of AKT and PDK1 to PIP;
and promotes their activation, whereas SIRT1 inhibitor-mediated
acetylation of AKT and PDK1 reduces binding of AKT and
PDK1 to PIPg, resulting in prevention of AKT phosphorylation
(Sundaresan et al., 2011). Similarly, a recent study showed that
SIRT2 directly interacts with AKT and is required for optimal
activation of AKT (Ramakrishnan et al., 2014). Together with
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these reports, our study reveals that SIRT1 and 2 can regulate
AKT signaling. But in the case of ERK1/2 signaling, it currently
remains unclear how SIRT1 and SIRT2 regulate activation of
ERK1/2 in renal fibroblasts. Since activation of ERK1/2 mostly
occurs at the downstream of growth factor receptors, it is pos-
sible that dephosphorylation of ERK1/2 is secondary to in-
activation of EGFR and PDGFRB by SIRT1/2 inhibition. However,
we cannot exclude the possibility that STRT1/2 inhibition—mediated
acetylation would also directly regulate ERK1/2 activation.
Recent studies in different types of fibroblasts support
this notion. A study in human diploid fibroblasts found that
SIRT1 promoted cell proliferation and antagonized cellular
senescence by partly activating ERK signaling (Huang et al.,
2008). SIRT2 was also reported to promote myoblast cell
(C2C12) proliferation by activation of the ERK1/2 pathway (Wu
et al., 2014).

Increasing evidence has demonstrated that epigenetic
modifications play a crucial role in the pathogenesis of tissue
fibrosis. As such, the inhibition of HDAC enzymes may be-
come an important therapeutic approach for chronic fibrotic
kidney diseases. Clinical trials with HDAC inhibitors have
shown promising results in cancer therapy. To date, two class
I/IT HDAC inhibitors are approved by the Food and Drug
Administration for clinical use to treat tumors (Kelly et al.,
2002; Marks and Xu, 2009). As the process of renal fibro-
genesis is similar to tumorigenesis, it is possible that HDAC
inhibitors including SIRT inhibitors may be an effective
therapeutic treatment. Currently, more potent and highly
specific inhibitors for SIRT1 and SIRT2 are being developed
and have been tested for their efficacy in different disorders in
animal models. Thus, it will be interesting to further assess
the value of whether more specific inhibition of SIRT1 and -2
might be useful as a therapeutic intervention in renal diseases
associated with fibroblast activation, especially CKD.

In contrast to the role of SIRTs in mediating renal
fibrogenesis, activation of SIRTSs, in particular SIRT1, has
been reported to protect against acute kidney injury induced
by ischemia/reperfusion (Fan et al., 2013). The protective
effect of SIRT1 is associated with maintaining peroxisome
function, promoting mitochondrial biogenesis (Funk and
Schnellmann, 2013) and deacetylation of p53 (Kim et al.,
2011). Thus, it appears that SIRTs play a role in both renal
protection and fibrogenesis. As severe acute kidney injury
would often cause renal fibrosis due to incomplete repair, it is
suggested that activation of SIRT1 at the early stage and
inhibition of SIRT1 at the late stage would promote renal
structural and functional recovery and reduce fibrosis.

In summary, our study is the first to demonstrate that
blockade of SIRT1 and SIRT2 with their highly selective
inhibitors can inhibit the activation of renal interstitial
fibroblasts in vitro, and that sirtinol treatment attenuates
UUO-induced fibrosis in an animal model. These antifibrotic
actions of SIRT1/2 inhibitors are associated with inhibition of
EGFR and PDGFR as well as multiple intracellular signaling
pathways. Additional studies are needed to address the mech-
anism by which SIRT1/2 inhibition leads to suppression of growth
factor receptors and signaling associated with activation and
proliferation of renal fibroblasts and renal fibrogenesis.
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