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Sirt1 activation protects the mouse renal
medulla from oxidative injury

Wenjuan He,! Yingying Wang,! Ming-Zhi Zhang,! Li You,'2 Linda S. Davis, Hong Fan,.2
Hai-Chun Yang,22 Agnes B. Fogo,!3 Roy Zent,’* Raymond C. Harris,4
Matthew D. Breyer,5> and Chuan-Ming Hao'2

"Nephrology Division, Vanderbilt University Medical Center School of Medicine, Nashville, Tennessee. 2Nephrology Division, Huashan Hospital,
Fudan University, Shanghai, China. 3Department of Pathology, Vanderbilt University Medical Center, Nashville, Tennessee. “Department of Medicine,
Veterans Affairs Hospital, Nashville, Tennessee. 5Biotechnology Discovery Research, Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, Indiana.

Sirtuin 1 (Sirtl) is a NAD*-dependent deacetylase that exerts many of the pleiotropic effects of oxidative
metabolism. Due to local hypoxia and hypertonicity, the renal medulla is subject to extreme oxidative stress.
Here, we set out to investigate the role of Sirtl in the kidney. Our initial analysis indicated that it was abun-
dantly expressed in mouse renal medullary interstitial cells in vivo. Knocking down Sirtl expression in pri-
mary mouse renal medullary interstitial cells substantially reduced cellular resistance to oxidative stress,
while pharmacologic Sirtl activation using either resveratrol or SRT2183 improved cell survival in response
to oxidative stress. The unilateral ureteral obstruction (UUO) model of kidney injury induced markedly more
renal apoptosis and fibrosis in Sirt1*/- mice than in wild-type controls, while pharmacologic Sirt1 activation
substantially attenuated apoptosis and fibrosis in wild-type mice. Moreover, Sirt1 deficiency attenuated oxida-
tive stress—induced COX2 expression in cultured mouse renal medullary interstitial cells, and Sirt1*~ mice dis-
played reduced UUO-induced COX2 expression in vivo. Conversely, Sirt1 activation increased renal medullary
interstitial cell COX2 expression both in vitro and in vivo. Furthermore, exogenous PGE; markedly reduced
apoptosis in Sirtl-deficient renal medullary interstitial cells following oxidative stress. Taken together, these
results identify Sirtl as an important protective factor for mouse renal medullary interstitial cells following
oxidative stress and suggest that the protective function of Sirtl is partly attributable to its regulation of COX2
induction. We therefore suggest that Sirt1 provides a potential therapeutic target to minimize renal medullary

cell damage following oxidative stress.

Introduction

The renal medulla, one of the harshest environments in the body,
is characterized by excessive oxidative stress that results from
rapidly changing interstitial tonicity as well as low blood flow
and oxygen tension (1-3). Aging and diseased conditions such
as the metabolic syndrome further increase oxidative stress in
the kidney and are associated with reduced renal function (4, 5).
Given that the renal medulla is critical for normal kidney func-
tion in regulating water and sodium balance as well as maintain-
ing normal blood pressure (6-10), the development of strategies
to maintain robust antioxidant mechanisms in the renal medulla
is of paramount importance.

Mammalian sirtuin 1 (Sirt1) belongs to a highly conserved fam-
ily of nicotinamide adenine dinucleotide-dependent (NAD*-depen-
dent) protein deacetylases and is widely expressed throughout
almost all the mammalian organs (11, 12). Because of its depen-
dency on cellular NAD" levels, Sirt1 actively responds to redox reac-
tions in cell metabolism (13). Intriguingly, activation of Sirt1 by the
naturally occurring compound resveratrol or newly developed spe-
cific activators increases lifespan of rodents, alleviates symptoms
of metabolic syndrome, and protects mice from neurodegenerative
diseases (14-17). The mechanisms underlying the beneficial effect
of Sirtl include an important antioxidant function (18-20).

In the present study, we characterized the histological distribu-
tion and the potential antioxidant role of Sirt1 in the kidney and
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found that Sirt1 is preferentially expressed in the inner medulla
of the kidney, where it plays a critical role in promoting resistance
of renal medullary interstitial cells to oxidative injury in vitro and
in vivo. Sirtl-dependent cyclooxygenase-2 (COX2) induction may
contribute to the protective function of Sirtl. Therefore, regulat-
ing Sirt1 activity in vivo might have major implications in protect-
ing the kidney from injury mediated by oxidative stress.

Results
Sirtl is abundantly expressed in the renal medullary interstitial cells.
Immunoblot analysis (Figure 1A) and quantitative real-time PCR
(qRT-PCR) (Figure 1B, P < 0.05) showed significantly higher levels
of Sirt1 expression in the renal medulla than in the renal cortex of
wild-type C57BL/6 mice. Immunohistochemistry confirmed abun-
dant nuclear Sirtl immunoreactivity in the renal inner medulla
(Figure 1C). Costaining for Sirtl (red) and the renal segmental
markers (green) showed abundant Sirt1-positive cells in the inner
medullary interstitium (Figure 1D); Some aquaporin-2-positive
(AQP2-positive) collecting duct cells also expressed Sirt1l. We con-
firmed Sirt1 expression in the renal medullary interstitial cells as
Sirt1 (red) colocalized with a COX2 reporter EGFP that is specifi-
cally expressed in these cells (Figure 1E) (9).

Sirt1 protects cultured renal medullary interstitial cells against oxidative
stress. To define the level of oxidative stress within the medulla,
we performed immunohistochemical studies for oxidative stress
markers on mouse kidneys. Levels of nitrosylated tyrosine and
4-hydroxynonenal were greater in the renal medulla than in the
renal cortex, with expression primarily in the renal medullary
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interstitium (Figure 2). Inner medullary interstitium appeared to
have the highest levels of both oxidative stress markers (Figure 2).

Because Sirtl is abundantly expressed in renal medullary inter-
stitial cells and there are high levels of oxidative stress markers
in the renal medullary interstitium, we tested the role of Sirtl
in promoting cellular resistance to oxidative stress using pri-
mary cultured mouse renal medullary interstitial cells (RMICs).
Downregulation of Sirtl was achieved using a lentivirus carrying
a Sirtl-selective shRNA. Sirtl shRNA reduced endogenous Sirtl
protein expression by 85% (Figure 3A, P < 0.0001). RT-PCR also
showed that Sirt1 shRNA decreased Sirt] mRNA expression, while
Sirt2 and Sirt3 mRINA expression remained unaltered (Figure 3B).
Exposure of RMICs to oxidative stress (250 uM H,O,, 12 hours)
significantly reduced cell viability, and this effect was accentuated
by knockdown of Sirtl (Figure 3C, 22% + 4% versus 51% + 5%,
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* Figure 1
Sirt1 expression in mouse kidney. (A) Sirt1 protein
expression in the C57BL/6J mouse renal medulla
(including outer and inner medulla) and the renal
cortical region was examined by immunoblot. Each
lane represents a lysate from a single mouse. (B)
Sirt1 mRNA expression in the renal medulla and
the cortex was examined by qRT-PCR (n = 4,
*P < 0.05). (C) Immunohistochemistry for Sirt1
expression in the mouse kidney. (D) Immunofluo-
rescence costaining for Sirt1 (red) and renal seg-
mental markers (green): AQP1 (proximal tubule),
THP (thick ascending limb), AQP2 (collecting duct).
B G, glomerulus. (E) Immunofluorescence stained
NG Sirt1 (red) in the EGFP-positive RMICs of COX2
a5 promoter—driven EGFP reporter transgenic mice.
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P <0.0001). TUNEL-positive apoptosis also increased after H,O,
treatment (500 uM, 6 hours) and was further increased by knock-
down of Sirtl (Figure 3E, P < 0.05). H,O, treatment-induced
apoptosis that was further increased by knockdown of Sirt1 was
also confirmed by immunoblotting for cleaved caspase-3 expres-
sion (Figure 3G, P < 0.001).

We next examined whether the Sirtl activator resveratrol
enhanced RMIC resistance to oxidative stress. Resveratrol (5 uM)
significantly enhanced the ability of RMICs to tolerate oxida-
tive stress (500 uM H,O,, 12 hours) (Figure 3D, 54% + 8% versus
35% + 3%, P < 0.001). Knockdown of Sirtl using shRNA abol-
ished this protective effect (Figure 3D). Treatment of RMICs with
SRT2183 (S uM), another specific and potent Sirtl activator,
also significantly reduced TUNEL-positive apoptosis after H,O,
treatment (Figure 3F, P < 0.001). This was further confirmed by
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Figure 2

Markers of oxidative stress in mouse kidney. Immunohistochemistry
using oxidative stress markers anti—nitrosylated tyrosine antibody (left
panels) and anti—4-hydroxynonenal antibody (right panels). Panels at
the bottom show high-magnification images of the renal inner medulla.

reduced H,O,-induced cleaved caspase-3 level in RMICs treated
with SRT2183 (Figure 3H, P < 0.05). These observations are con-
sistent with an antioxidant role of Sirt1 in RMICs.

Sirt1 deficiency increases unilateral ureteral obstruction injury—induced
apoptosis and fibrosis. To investigate the potential protective role of
Sirtl in kidney injury, we used the unilateral ureteral obstruction
(UUO) model, which has been associated with increased oxidative
stress (21,22). Although homozygous Sirt1-knockout mice exhibit
severe developmental defects (23), heterozygous Sirt1-knockout
mice developed normally, and their kidneys were histologically
normal (Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI41563DS1). qRT-PCR (Fig-
ure 4A, P < 0.01) and immunoblot analysis (Figure 4B, P < 0.05)
confirmed significantly decreased Sirt] mRNA and protein expres-
sion in the kidney of heterozygous Sirt1-knockout (Sirt1*/") mice.
A significant increase in Sirtl protein expression was observed on
day 3 in the obstructed kidney of both Sirt1** mice (Figure 4C,
P <0.0001) and Sirt1*¥~ mice (P < 0.0001) (Figure 4C). In addition,
Sirt1 was induced to a significantly lesser degree in the Sivt1*/~ than
in the Sirt1** mouse kidney (Figure 4C, P < 0.001).

Renal cell apoptosis was seen predominantly in the renal medul-
la of mice after UUO (3 days) as assessed by TUNEL assay. TUNEL-
positive apoptosis was significantly greater in the renal medulla
of Sirtl*/~ mice than that of Sirt1”* mice (Figure SA, P < 0.05).
Increased apoptosis in the obstructed kidney of Sirt1”/~ mice was
further confirmed by higher levels of cleaved caspase-3 expression
when compared with Sirt1*/* mice (Figure 5B, P < 0.01). Seven days
after UUOQ, Sirius red staining, a marker of collagen, was greater
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in the obstructed kidney of Sirt1”~ versus Sirt1”/* mice (Figure 5C,
P <0.05). This result was confirmed by higher levels of type I col-
lagen (Coll) expression in the obstructed kidney of Sirt1*/~ mice
(Figure 5D, P < 0.05). Thus Sirt1 deficiency increases renal apop-
tosis and fibrosis after UUO injury.

Sirt1 activation reduces UUO injury—induced apoptosis and fibrosis.
In contrast to Sirtl deficiency, treatment of wild-type mice with
the Sirt1 activator SRT1720 (100 mg/kg/d) significantly reduced
TUNEL-positive apoptosis in the medulla of the obstructed kid-
ney after UUO (3 days) (Figure 6A, P < 0.05). Reduced apoptosis
was further confirmed by reduced cleaved caspase-3 expression in
the obstructed kidney of SRT1720-treated versus vehicle-treated
mice (Figure 6B, P < 0.0001). Furthermore, SRT1720 treatment
significantly reduced Sirius red staining (Figure 6C, P < 0.05) and
Coll expression in the obstructed kidney after UUO (7 days) (Fig-
ure 6D, P < 0.05). Thus, increasing Sirtl activity decreases renal
apoptosis and fibrosis after UUO injury, suggesting a protective
role of Sirtl in the obstructed kidney.

Sirt1 regulates RMIC COX2 expression. Sirt] colocalizes with COX2
in RMICs, and COX2 activity is an important survival factor in
RMICs (24-26). To further explore the mechanism by which Sirtl
activation protects RMICs from injury, we examined whether Sirt1
activity promoted expression of COX2 in RMICs. RMIC COX2
protein and mRNA expression was markedly increased by H,O,
(500 uM, 6 hours) (Figure 7, A and B). H,O,-induced COX2 pro-
tein expression was nearly completely abolished by Sirt1 shRNA
(Figure 7A). Sirt1 shRNA also dramatically reduced H,O,-induced
COX2 mRNA expression (Figure 7B, P < 0.0001). Moreover, treat-
ment of RMICs with the Sirt1 activator SRT2183 increased COX2
expression in a dose-dependent manner (Figure 7C). In contrast,
neither H,O; nor downregulation of Sirt1 altered COX1 expres-
sion (Figure 7A), and Sirt1 activator did not induce COX1 expres-
sion (data not shown), supporting a specific effect of Sirtl on
COX2 expression. Furthermore, induction of COX2 by hypertonic
stress was not affected by downregulation of Sirt1 (Supplemental
Figure 2), suggesting that Sirt1 is specifically involved in the COX2
response after oxidative stress.

Since Sirtl activity regulates COX2 expression in vitro, we
further investigated the role of Sirtl in regulating renal COX2
expression in vivo. Abundant COX2 induction (red) was observed
primarily in the renal medulla of the obstructed kidney but not
the contralateral kidney (Figure 8A). Costaining confirmed COX2
expression (red) in RMICs between AQP2-stained (green) collect-
ing ducts (Figure 8A, right). Deletion of 1 allele of SirtI gene sig-
nificantly reduced COX2 induction in the obstructed kidney after
UUO (3 days) (Figure 8B, P < 0.05). Furthermore, treatment of
wild-type mice with the Sirtl activator SRT1720 (100 mg/kg/d)
markedly induced COX2 expression (red) predominantly in the
RMICs between AQP2-stained (green) collecting ducts (Figure
8C). This result was further confirmed by increased renal COX2
expression in SRT1720-treated versus vehicle-treated mice as
assessed by immunoblot (Figure 8D, P < 0.05). Taken together,
these in vivo observations are consistent with the in vitro results
and support an important role for Sirtl in increasing COX2
expression in RMICs.

The mechanism linking Sirt1 and COX2 was further examined.
Sirt1 activity appears to regulate cultured RMIC COX2 expression
at the transcriptional level, since Sirt1 shRNA significantly blunted
H,0,-induced (250 uM, 12 hours) COX2 luciferase reporter activa-
tion (Figure 7D, P < 0.0001). To determine whether Sirt1 physi-
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Figure 3

Sirt1 protects cultured RMICs from oxidative stress. (A and B) Primary mouse RMICs were infected with lentivirus carrying Sirt1-selective shRNA
or control virus. Expression of Sirt1, Sirt2, and Sirt3 was examined by immunoblot (A, densitometry, n =4, *P < 0.0001) and RT-PCR (B). (C and
D) Control or Sirt1 shRNA—treated RMICs were pretreated with or without Sirt1 activator resveratrol (5 uM) and challenged with H,O, (250 uM)
for 12 hours. Cell viability was examined by crystal violet staining (n = 6, *P < 0.0001 versus control virus—treated cells with H,O,; TP < 0.001
versus control virus—treated cells with H,O, without resveratrol). (E and F) Control or Sirt1 shRNA—-treated RMICs were pretreated with or with-
out the Sirt1 activator SRT2183 (5 uM) and challenged with H.O, (500 uM) for 6 hours. Cell apoptosis was examined by TUNEL assay (n = 15;
*P < 0.05 versus control virus—treated cells with HO,; TP < 0.001 versus cells with H,O, without SRT2183). (G and H) Control or Sirt1 shRNA—
treated RMICs were pretreated with or without the Sirt1 activator SRT2183 (5 uM) and challenged with H,O, (500 uM) for 6 hours. Expression of
cleaved caspase-3, a marker of cellular apoptosis, was examined by immunoblot (n = 4, densitometry; *P < 0.001 versus control virus—treated
cells with H,O,; tP < 0.05 versus cells with H,O, without SRT2183).

cally associates with the COX2 promoter, we performed a ChIP  PCR (Figure 7E). Sirt1l-associated COX2 promoter sequence was
assay on H,O,-treated RMICs. The presence of sequence from the  detected in both nontreated cells and H,O,-treated cells, suggest-
mouse COX2 promoter region (5’ sequence -712 to -396) in the ing that Sirtl may be associated in a transcriptional complex on
DNAs immunoprecipitated with Sirtl antibody was confirmed by ~ the COX2 promoter region.
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COX2-derived PGE, protects cultured RMICs from oxidative stress. The
ability of RMICs to tolerate H,O, is dependent on COX2 activity,
since COX2 inhibition with SC58236 (2.5 uM) reduced cell viabil-
ity from 60% + 9% to 30% + 6% (Figure 9A, P < 0.0001). Reduced
cell resistance to oxidative stress by COX2 inhibition was further
confirmed, as increased H,O,-induced TUNEL-positive apoptosis
was observed in RMICs treated with SC58236 (2.5 uM) (Figure 9C,
P < 0.001). Conversely, preincubation of RMICs with PGE, (100
nM or 1 uM) dose-dependently restored viability of Sirt1-deficient
RMICs exposed to H,O, (Figure 9B, 69% + 6%, 82% + 9% versus
43% + 5%, P < 0.05). TUNEL assay (Figure 9D, P < 0.05) and immu-
noblotting for cleaved caspase-3 expression (Figure 9E, P < 0.05)
further showed reduced H,O,-induced apoptosis in Sirt1-deficient
RMICs treated with PGE, (100 nM). Taken together, these obser-
vations support Sirt1-dependent COX2 induction as an important
antioxidant mechanism in the RMICs.

Discussion

The present study demonstrates that the stress-responsive protein
Sirtl is preferentially expressed in the renal inner medulla includ-
ing medullary interstitial cells. Sirt1 deficiency accentuates renal
medullary cell apoptosis and renal fibrosis, and conversely, Sirt1
activation promotes the resistance of renal medullary cells to oxi-
dative stress both in vitro and in vivo. One of the principal mecha-
nisms by which Sirt1 mediates its protective effects in RMICs is
through increasing COX2 expression. These results therefore sug-
gest that targeting Sirtl with pharmacological activators might
improve renal function in conditions that induce oxidative stress
in renal medulla including ureteral obstruction. It remains to be
determined whether Sirt1 activation also protects renal cell viabil-
ity in other types of kidney diseases, including diabetic nephropa-
thy and/or hypertensive nephropathy.

The antioxidant function of Sirt1 has previously been reported
in other organs such as the heart, neurons, and pancreatic f cells
(18-20). In the kidney, we found that Sirt1 is abundantly expressed
in the interstitial cells of renal inner medulla, where it plays a criti-
cal role against excessive oxidative stress. This result is consistent
with the observation that there are high levels of oxidative stress
markers under physiological conditions in the renal inner med-
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Figure 4
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ullary interstitium. Multiple unique features of renal medullary
interstitium are known to contribute to excessive oxidative stress,
including low blood flow and oxygen tension as well as high
osmotic stress due to high concentrations of sodium chloride and
urea (2,27). Besides oxidative stress, high concentrations of ammo-
nia and pH changes in the renal medullary interstitium may also
compromise cell viability (28). Whether the cytoprotective effect of
Sirt1 activity in the RMICs is limited to oxidative stress remains to
be investigated. The present study also shows Sirt1 expression in
some renal inner medullary collecting duct cells in vivo. Whether
Sirtl exerts antioxidant function in these cells was not determined
in the present study. Nonetheless, a physiological role for Sirtl in
regulating the epithelial Na* channel a-subunit (a-ENaC) expres-
sion has been reported in cultured renal inner medullary collect-
ing duct cells (29). However, its relevance to the in vivo condition
remains to be investigated. Furthermore, increased oxidative stress
and phenotypic changes have been reported in aging kidneys
(4,30, 31). Given the reported anti-stress and anti-aging nature of
Sirt1 function (17, 19, 32, 33), targeting of Sirt1 by Sirt1 activators
may have therapeutic potential to protect the kidney from devel-
oping aging-related renal diseases.

The reported mechanisms by which Sirtl regulates cellular
response to oxidative stress include modulation of the expression
and/or activity of the cell cycle control protein FOXO; the DNA
damage repair protein Ku70; and proteins involved in apopto-
sis, pS3 and E2F1 (34). Here, we show that Sirt1-mediated COX2
induction and PGE; production contribute to the protective func-
tion of Sirtl against oxidative stress in RMICs. Protective effects
of COX2-derived PGE; have been reported in several other stud-
ies in multiple organs and tissues such as the liver, kidney, retina,
and neurons against injury of diverse causes (35-39). COX2 has
been shown to protect the renal medulla from osmotic stress, and
increased COX2 expression is a prerequisite for renal medullary
cell survival from hypertonic stress (1, 24, 25, 40). However, a pre-
vious study failed to identify a beneficial effect of PGE; on RMIC
survival from hypertonic stress (40). Furthermore, by showing that
Sirtl regulates COX2 induction in the setting of oxidative stress
and that PGE; rescues oxidative stress-induced apoptosis in Sirt1-
deficient cells, our study places COX2 induction and PGE; produc-
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Figure 5

Sirt1 deficiency is associated with increased apop-
tosis and fibrosis in kidney subjected to ureteral
obstruction. (A) Representative pictures (original
magnification, x200) and quantification of TUNEL-
positive apoptosis in the renal medulla of Sirt7++
mice and Sirt7+- mice 3 days after UUO (*P < 0.05).
(B) Immunoblot for expression of the apoptosis
marker cleaved caspase-3 in the entire kidney of
Sirt1++ and Sirt1+- mice 3 days after UUO (n = 4,
densitometry, *P < 0.01 versus Sirt71++ mice). (C)
Representative pictures (original magnification,
x200) and quantification of Sirius red staining on
kidney sections of Sirt7++ and Sirt1+- mice 7 days
after UUO (*P < 0.05 versus obstructed kidney of
Sirt1++ mice). (D) Levels of Col1 protein expres-
sion in the entire kidney of Sirt7++ and Sirt1+- mice
7 days after UUO were assessed by immunoblot
(n =5, densitometry, *P < 0.05 versus obstructed
kidney of Sirt1++ mice).
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tion downstream of Sirtl in the setting of oxidative stress in the
RMICs. Because PGE; is reported to exert its antiapoptotic effect
through cAMP/PKA or PI3K/Akt signaling pathways (39, 41-43),
these kinases may be responsible for the protective effect observed
in our study. Given the fact that neither UUO injury nor the Sirtl
activator induces COX2 expression in renal medullary collecting
duct cells in vivo, the Sirt1-dependent COX2 induction and PGE,
production may be a RMIC-specific protective mechanism. Since
prostaglandins can act through both autocrine and paracrine
mechanisms, it is possible that Sirt1 in RMICs may protect adja-
cent renal tubules and vessels through locally diffused PGE,.

The present findings are supportive of a regulatory role of Sirt1
on COX2 expression at the transcriptional level. Since Sirt] is a
protein deacetylase, one possibility is that Sirt1 deacetylates and
activates DNA-binding proteins in a transcriptional complex on
COX2 gene promoter, thus leading to activation of COX2 gene
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Obstructed

transcription. As Sirt]l knockdown suppressed the activation of
the COX2 promoter-driven luciferase reporter in an exogenous
plasmid (Figure 7D), Sirtl-regulated COX2 induction may be
mediated through modification of transcription factors or cofac-
tors. Several transcription factors and cofactors have been dem-
onstrated to be deacetylase substrates of Sirtl in diverse tissues
and cell types, suggesting a tissue and cell-specific manner of Sirt1
function. These transcription factors or cofactors include NF-xB,
p53, FOXO, and PGC-10. (44-47). Notably, NF-kB is implicated in
the regulation of COX2 gene transcription (1, 48). Unfortunately,
our preliminary studies were unable to detect direct modifica-
tion of NF-kB by Sirtl in the RMICs. Further experiments will be
required to determine which molecule or molecules mediate the
interaction between Sirt1l and the COX2 promoter in the RMICs.
Sirtl responds to UUO injury as Sirtl protein expression is
induced in the kidney after ureteral obstruction (Figure 4C). Higher
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shifted bands recognized by anti-Sirtl antibody were present in
the obstructed kidney, which is consistent with the possibility of
protein modification of Sirt1 (49, 50). Distribution of Sirtl in the
obstructed kidneys remained similar to that in normal kidneys,
with preferential expression in renal inner medulla (Supplemen-
tal Figure 3). Abundant Sirtl expression was still present in the
interstitial cells of the inner medulla. In addition, elevated Sirt1
immunoreactivity appeared in both renal cortical and medullary
cells. Whether this reflects potential stress-responsive functions of
Sirt1 in other renal cell types besides RMICs remains uncertain.
The present findings show a beneficial role for Sirtl in protect-
ing the kidney from fibrosis, which supports previous studies
showing an antifibrotic effect of resveratrol (51-53). Although the
detailed mechanisms of renal fibrosis after ureteral obstruction are
still incompletely understood, fibrosis appears to be a maladaptive
response to injury. If apoptosis and loss of resident renal medul-
lary cells are considered as primary injury after UUO, reduced
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apoptosis and loss of resident renal medullary cells by Sirt1 activ-
ity may consequently result in a reduced fibrotic response. In addi-
tion, the present observations that activation of Sirtl promotes
RMIC viability and that Sirt1 activity reduces renal fibrosis after
UUO injury further imply that RMICs actively protected by Sirtl
are probably not the cells contributing to fibrosis. Other cell popu-
lations such as cortical fibroblasts or circulating cells may migrate
in and transform into fibroblasts.

In summary, the renal medullary environment is characterized
by high oxidative stress. As the renal medulla is critical for the
renal regulation of water and sodium balance as well as mainte-
nance of normal blood pressure, maintaining robust antioxidant
mechanisms in the renal medulla is of great importance. Our find-
ings support an important role of Sirtl activity, which is tightly
modulated by oxidative metabolism, in protecting RMICs in the
setting of oxidative stress. Recently, specific and potent small mol-
ecule Sirt1 activators have shown therapeutic efficacy in alleviating
Volume 120

Number4  April 2010



research article

A B 551
Control Sirt1 shRNA < 07
M ®02) on _3n 6h_o0h 3h 6h 500uMHO, B 957
100- " ——— <« Sirt1 % 40
75- _ - ~«Ccox2 i 357
E 30+
[ERP PR —— §0) §| >O< 25
B —— B-Actin O 20
37- Q 151
T 101
[0)
o 54
0
500 M H,0, (6h)  —
Control Sirt1 shRNA
Cc SRT2183 259
Vehice  5uM _ 10uM 20 uM S 20
1
O 154
o
3
& 101
S
S
0-
Vehicle SMM 10uM 20 uM
~ SRT2183
35+
D - E [-712, -396] [—4166 —-3946]
> 301 Nontreated H,0,treated Nontreated
= 0
O ® 25 4
S 3 IP: Sirt1
B S 204 e
28
c O 15
o= Input
S 2101 P
w s
(]
® 5 -
0
250 M H,0, (12h) - + - +
Control Sirt1 shRNA

Figure 7

Sirt1 regulates COX2 expression in cultured RMICs. (A) Wild-type or Sirt1-knockdown cultured RMICs were challenged with H,O, (500 uM) for
0, 3, or 6 hours. Expression of Sirt1, COX2, and COX1 was examined by immunoblot. (B) Wild-type or Sirt1-knockdown RMICs were challenged
with HoO2 (500 uM) for 0 or 6 hours. COX2 mRNA expression was assessed by qRT-PCR (n =4, *P < 0.0001 versus wild-type cells with H>O,). (C)
RMICs were treated with the Sirt1 activator SRT2183 (0, 5, 10, 20 uM) for 8 hours, and COX2 expression was examined by immunoblot (n = 4).
(D) COX2 luciferase reporter activity was measured in wild-type or Sirt1-knockdown RMICs with H>0, (250 uM) for 0 or 12 hours by using the Dual
Luciferase assay kit (n =12, *P < 0.0001 versus wild-type cells with H>O,). (E) ChIP assay was performed on nontreated or H,O»-treated (500 uM,
3 hours) RMICs using anti-Sirt1 antibody and PCR primers recognizing mouse COX2 5' sequences upstream of the transcription start site [-712,
—396] or [-4,166, —3,946]. C, control: immunoprecipitation with normal rabbit IgG. Data are representative of 3 independent experiments.

symptoms in metabolic syndrome and neurodegenerative diseases.
Our study suggests that targeting Sirt1 with Sirt] activators may
also be a potential therapeutic strategy for minimizing or prevent-
ing renal damage resulting from increased oxidative stress. Such
conditions include metabolic syndrome and aging.

Methods

Animals. Mice were maintained in the animal facility of Vanderbilt Univer-
sity Medical Center, where they were housed in a constant-temperature
room with a 12-hour dark/12-hour light circle and allowed free access
to standard rodent chow and water. Wild-type C57BL/6J male mice at
8 weeks of age were obtained from The Jackson Laboratory. The floxed
Sirtl mouse was generated by Yansong Gu et al. (Harvard University Medi-
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cal School, Boston, Massachusetts) (23) and deposited at The Jackson
Laboratory (strain name: B6;129-Sirt11%¢/]). Mice with 1 allele of Sirt1
gene deletion were obtained by crossing a Sirt1/* mouse with a universal
Cre mouse (EIIA-Cre mice on a C57BL/6] background; provided by Rich-
ard M. Breyer, Vanderbilt University). This mouse was further bred with
C57BL/6] to generate heterozygous Sirt1-knockout mice (Sirt1*~) and their

/.
+/4

wild-type littermates (Sirt1*/*). Male mice between 8 and 10 weeks of age
were used in the present study. All animal studies were approved by the
Institutional Animal Care and Use Committees of Vanderbilt University.
Kidney specimens were collected for immunoblot, qPT-PCR, and immuno-
histochemistry (n = 3 in each group).

Compounds. Sirtl activators SRT1720 and SRT2183 were provided by
Christoph Westphal and Jill Milne (Sirtris, a GSK company, Cambridge,
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Massachusetts). For 1 ml of 50 mg/ml stock dosing solution used for
in vivo studies, 50 mg of SRT1720 was added into 400 ul PEG400 and
vortexed to form a homogenous suspension. Tween-80 (5 ul) was added
into 595 ul water and vortexed. Then Tween-80/water was added into
SRT1720/PEG400 and vortexed until homogeneous. In about 5-10 min-
utes, the suspension became translucent-opaque. The final vehicle compo-
sition was 40% PEG400, 0.5% Tween-80, and 59.5% water. SRT1720 (100
mg/kg body weight) was given to mice by oral gavage once a day according
to the company’s recommendation. For in vitro studies, SRT compounds
were dissolved in DMSO. A final concentration of 0.5-10 uM SRT1720 and
a final concentration of 1-20 uM SRT2183 were used.

COX2 selective inhibitor SC58236 was provided by Karen Siebert and
Peter Isakson (Pfizer/Searle, New York, New York). For in vitro studies,
compounds were dissolved in DMSO. A final concentration of 0.5 uM or
2.5 uM was used.

UUO. Mice (male, 8 weeks old) were anesthetized with 50 mg/kg body
weight ketamine and 100 mg/kg body weight xylazine. The left ureter was
exposed via a lateral incision and ligated by 2 sutures at the level of the
lower renal pole. Mice were sacrificed at day 3 or 7 after the operation. Both
contralateral and obstructed kidneys were collected and assessed for gene
expression, apoptosis, and fibrosis.

Immunoblot. Protein concentration was determined using the bicincho-
ninic acid protein assay (Sigma-Aldrich). Fifty micrograms of proteins
were loaded in each lane of a 10% SDS-PAGE minigel and run at 100 V.
Proteins were transferred to a PVDF membrane at 100 V for 1 hour on ice.
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The membrane was washed 3 times with TBST (50 mM Tris, pH 7.5, 150
mM NaCl, 0.05% Tween-20), incubated in blocking buffer (150 mM NaCl,
50 mM Tris, 0.05% Tween-20, and 5% Carnation nonfat dry milk, pH 7.5)
for 1 hour at room temperature, and then incubated with primary anti-
body in blocking buffer overnight at 4°C. The primary antibodies used
were: anti-Sirtl antibody (Millipore rabbit polyclonal, 1:1,000; Sigma-
Aldrich mouse monoclonal, 1:2,000), anti-cleaved caspase-3 antibody (Cell
Signaling rabbit monoclonal, 1:200), anti-COX2 antibody (Cayman rab-
bit polyclonal, 1:1,000), anti-COX1 antibody (Cayman rabbit polyclonal,
1:1,000), anti-Col1 antibody (MD Biosciences rabbit polyclonal, 1:10,000),
anti-P-actin antibody (Jackson ImmunoResearch Laboratories mouse
monoclonal, 1:5,000), and anti-a-tubulin antibody (Sigma-Aldrich mouse
monoclonal, 1:2,000). After 3 washes, the membrane was incubated with
horseradish peroxidase-conjugated secondary antibody (Jackson Immuno-
Research Laboratories, 1:5,000) for 1 hour at room temperature, followed
by 3 washes with TBST. Antibody labeling was visualized by the addition
of chemiluminescence reagent (PerkinElmer Life Sciences), and the mem-
brane was exposed to Kodak XAR-S5 film. Due to heterogeneous expression
of Sirtl in the kidney as well as distorted morphology of the obstructed
kidney, tissue sampling (dissecting cortex from medulla) could easily have
introduced artifacts into the data. For this reason, the entire kidney was
homogenized, and whole kidney lysates were used for all the immunoblot
studies in Figures 4-6 and 8.

Immunobistochemistry. Deparaffinized 5-um sections were briefly incubated
with 3% H,O; and then with primary antibody for 60 minutes, rinsed with
Volume 120
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COX2 activity and its derived PGE: protect cultured RMICs from oxidative stress. (A and B) Wild-type or Sirt1-knockdown cultured RMICs were
pretreated with the COX2 selective inhibitor SC58236 (0.5 uM, 2.5 uM) or PGE, (100 nM, 1 uM) and challenged with H,O, (250 uM) for 12 hours.
Cell viability was examined by crystal violet staining (n = 6; *P < 0.0001 versus cells with H,O, alone; TP < 0.0001 versus Sirt1-knockdown cells
with H,O, without PGEy; *P < 0.05 versus Sirt1-knockdown cells with H,O, and 100 nM PGE,). (C and D) Wild-type or Sirt1-knockdown RMICs
were pretreated with SC58236 (2.5 uM) or PGE, (100 nM) and challenged with H>O. (500 uM) for 6 hours. Cell apoptosis was examined by TUNEL
assay (n = 15; *P < 0.001 versus cells with H.O. alone; TP < 0.05 versus Sirt1-knockdown cells with H>O, without PGE,). (E) Wild-type or Sirt1-
knockdown RMICs were pretreated with 100 nM PGE; and challenged with H>O. (500 uM) for 6 hours. Expression of the cellular apoptosis marker
cleaved caspase-3 was examined by immunoblot (n = 4, densitometry, *P < 0.05 versus Sirt1-knockdown cells with H,O, without PGE»).

Tris-buffered saline containing 0.1% Tween-20, and incubated with a bioti-
nylated secondary antibody for 30 minutes. After washing in PBS, sections
were incubated with horseradish peroxidase-conjugated anti-biotin labeling
solution (ABC Elite Kit, Vector) for 30 minutes at 22°C, followed by wash-
ing and incubation with 3,3-diaminobenzidine solution (DAB). Counter-
staining was then performed before examination under a light microscope.
The primary antibodies used were as follows: anti-Sirt1 antibody (Millipore
rabbit polyclonal, 1:500), anti-nitrosylated tyrosine antibody, and anti-
4-hydroxynonenal antibody (R&D Biosystems mouse monoclonal, 1:500).
Immunofluorescence staining. Kidney tissues were fixed in 4% paraform-
aldehyde and then incubated in 30% sucrose overnight. Cryostat sections
(5 um) were blocked with 3% normal donkey serum for 20 minutes and
then incubated with primary antibody for 60 minutes at room tempera-
ture. After washing in PBS, the sections were incubated in Cy2- or Cy3-

conjugated anti-IgG secondary antibody (Jackson ImmunoResearch Labo-

The Journal of Clinical Investigation

http://www.jci.org

ratories, 1:200) for 30 minutes and washed in PBS 5 times, and microscopy
was performed with a Zeiss Axioskop and spot-cam digital camera (Diag-
nostic Instruments) or confocal microscope (Zeiss LSM510). The primary
antibodies used for immunofluorescence studies were: anti-Sirt1 antibody
(Millipore rabbit polyclonal, 1:500), anti-AQP1 antibody (Santa Cruz Bio-
technology Inc. mouse monoclonal, 1:100), anti-Tamm Horsfall protein
(THP) antibody (MP Biomedical goat polyclonal, 1:1,000), anti-AQP2
antibody (Santa Cruz Biotechnology Inc. goat polyclonal, 1:400), and anti-
COX2 antibody (Cayman rabbit polyclonal, 1:500).

Culture of RMICs. Mouse RMICs were prepared as described previously
(9, 54). Briefly, 8 kidneys were harvested from donor C57BL6/J mice under
sterile conditions, and medullary regions were excised, minced, and sus-
pended in DMEM (Invitrogen) containing 10% (v/v) fetal bovine serum and
penicillin/streptomycin. The pooled suspension containing renal medul-
lary tissues from the donor mice was then injected intracutaneously at 3 or
Volume 120  Number 4
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4 different locations in the ventral abdominal wall of an isogeneric recipi-
ent mouse. Four days later, the recipient mouse was sacrificed, and the
firm yellow nodules were removed and minced under and cells trypsinized
in 0.05% trypsin-EDTA at 37°C for 15 minutes, washed, and pelleted at
230 g. The pellet was resuspended and cultured in DMEM supplemented
with 10% fetal bovine serum and penicillin/streptomycin at 37°C in a 95%
air/5% CO, incubator. The cultured mouse RMICs contained oil red O
staining-positive lipid-rich droplets, which is a characteristic feature of
type 1 medullary interstitial cells (55).

Sirt1 knockdown by lentivirus carrying selective Sirt1 shRNA. HEK293T cells
were cotransfected with lentiviral pLKO.1 plasmid carrying Sirt1-selective
shRNA (Sigma-Aldrich MISSION shRNA library, SHCLNG-NM_019812),
psPAX2 packaging plasmid, and pMD2.G envelop plasmid using FuGENE
(Roche). Twelve hours later, the medium containing the transfection
reagent was removed and replaced with fresh complete DMEM plus 10%
FBS and penicillin/streptomycin. 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. Primary cultured mouse RMICs were then infected with
appropriate amounts of lentiviral particles containing medium. Twenty-
four hours later, virus-containing medium was removed and replaced
with fresh medium. Infected mouse RMICs were cultured for 3 days, and
then RT-PCR or immunoblot was performed to examine the efficiency of
mRNA or protein knockdown. Controls included empty pLKO.1 plasmid
or pLKO.1 plasmid containing scrambled shRNA. In addition, 2 different
Sirtl-selective sShRNAs from Sigma-Aldrich were used side by side in all the
knockdown experiments, and they resulted in similar phenotypes.

RT-PCR. Total RNA was extracted from cultured mouse RMICs by using
TRIzol reagent (Invitrogen) and reverse transcribed using high-capacity
cDNA reverse transcription kit (Applied Biosystems). The primers used
for PCR were Sirtl: sense 5'-GCAACAGCATCTTGCCTGAT-3', antisense
S5'-GTGCTACTGGTCTCACTT-3'; SIRT2: sense 5'-CTTCCTGGGCAT-
GATGAT-3', antisense 5'-ACCCTGACTGGGCATCTAT-3'; SIRT3: sense
5'-CAGCAACCTTCAGCAGTA-3', antisense 5'-CCGTGCATGTAGCT-
GTTA-3". The PCR program used 30 cycles (94°C, 30 seconds; 58°C, 30
seconds; 72°C, 45 seconds).

gRT-PCR. Total RNA was extracted from renal tissues or cultured RMICs
using TRIzol reagent (Invitrogen). Reverse transcription was performed
using a high-capacity cDNA reverse transcription kit (Applied Biosystems).
qRT-PCR was performed using the Taqman gene expression assay system
(Applied biosystems). The probes used were Mm01168521_m1 (mouse
Sirt1), Mm00478374_m1 (mouse COX2), Mm00477214_m1 (mouse COX1),
Mm00801666_g1 (mouse Collal), Mm00802372_m1 (mouse Col4al).
Probes for eukaryotic 18S rRNA (4319413E) were used as endogenous con-
trol. Gene expression values were calculated based on the comparative thresh-
old cycle (Ct) method detailed in ref. 56, normalized to the expression values
of 18S rRNA, and displayed as fold induction relative to control.

Crystal violet staining. Cell viability was assessed using crystal violet stain-
ing (57-59). Culture medium was first removed, and culture plates were
washed with PBS. The remaining viable attached cells were stained with
0.5% crystal violet in 50% methanol for 15 minutes at room tempera-
ture and gently rinsed with water and dried. Crystal violet in each well of
12-well plate was then re-dissolved by S00 ul of 0.1 M citrate sodium in 20%
methanol, pH 5.4. Thirty minutes later, the absorbance at 570 nm was read
using a spectrophotometer. For controls, cells were left untreated. Survival
in the control wells with no treatment was then arbitrarily set as 100%, and
the crystal violet absorbance in treated wells was compared with that in
control wells to obtain the relative cell survival percentage.

TUNEL. TUNEL assay for cultured RMICs was performed according to
the manufacturer’s protocols (In Situ Cell Death Detection Kit, Fluores-
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cein, catalog 11684795910, Roche). Vectashield mounting medium for
fluorescence with DAPI (Vector) was used. Immunofluorescence micros-
copy was performed with a Zeiss Axioskop and spot-cam digital camera
(Diagnostic Instruments). Apoptotic cell percentage was quantified by cal-
culating the ratio of TUNEL-positive cells to DAPI-stained total nuclei on
at least 15 random high-power fields (HPFs, x400 at final magnification).

For TUNEL assay on kidney sections, 5-um-thick sections of paraffin-
embedded tissue were dewaxed and hydrated, quenched in 3% H,O, for
15 minutes to remove endogenous hydroxyl peroxidase activity, and then
subjected to microwave antigen retrieval and proteinase K treatment to
expose DNA. Slides were incubated in a humidified chamber for 1 hour
at room temperature in a reaction solution containing TdT terminal
transferase (Fisher), Bio-14-dATP (Gibco, Invitrogen), and One-Phor-All
buffer (supplied with TdT terminal transferase; Fisher). The reaction was
terminated by two 3-minute washes in PBS, followed by 2% BSA in water
for 10 minutes at room temperature, and incubated in horseradish per-
oxidase-conjugated anti-biotin labeling solution (ABC Elite kit, Vector)
and stained with DAB. Quantification of apoptotic cells was performed
by counting TUNEL-positive cells in at least 6 random HPFs in the renal
medulla (including outer and inner medulla) of one kidney section.

Sirius red staining. Collagen accumulation in kidney sections was deter-
mined by staining for Sirius red (60) and quantified by image analysis.
Analysis was made without knowledge of the treatment protocol. In brief,
paraffin-embedded sections were cut into 5-um-thick sections and deparaf-
finized. The slides were incubated in picrosirius red solution (0.5 g Sirius
red F3B [C.I. 35782, Sigma-Aldrich] in 500 ml saturated aqueous solution of
picricacid) for 1 hour, and then washed in 2 changes of acidified water (5 ml
aceticacid in 11 water). After physical removal of most of the water from the
slides by vigorous shaking or blotting with dam filter paper, the slides were
dehydrated in 3 changes of 100% ethanol, cleared in xylene, and mounted
in a resinous medium. A Zeiss Axioskop and spot-cam digital camera (Diag-
nostic Instruments) were used to capture 15-25 non-overlapping fields per
one kidney section at a final magnification of x200. Image analysis was per-
formed using Image] with modifications of techniques described previously
(61). Data are presented as the mean tubulointerstitial area occupied by
collagen fibrils reactive with Sirius red compared with total area (%).

Dual luciferase reporter assay. The 891-bp human COX2 promoter—driv-
en Firefly luciferase reporter construct was provided by Lee-Ho Wang
(Department of Hematology, University of Texas Health Science Center
at Houston) (62). The COX2 reporter Firefly luciferase plasmid and a plas-
mid containing Renilla luciferase driven by the TK promoter (Promega)
were cotransfected into primary cultured mouse RMICs using FuGENE
(Roche). Dual Luciferase assay kit (Promega) was used to measure both
Firefly and Renilla luciferase activity in the transfected RMICs with or with-
out treatment. Relative luciferase activity was defined as COX2 reporter
Firefly luciferase activity adjusted by Renilla luciferase activity. Data are
presented as fold induction compared with control group.

ChIP assay. ChIP assay was performed according to the manufacturer’s
protocol (Millipore, ChIP Assay kit, catalog 17-295). Cultured mouse
RMICs were cross-linked by 1% formaldehyde and incubated for 10 min-
utes at 37°C. After washing twice using ice cold PBS containing protease
inhibitors, cells were scraped into conical tubes and spun down for 4 min-
utes at 640 g at 4°C. The cell pellet was resuspended in SDS lysis buffer
and incubated for 10 minutes on ice. The lysates were sonicated on ice to
shear DNA to lengths between 200 and 1,000 base pairs and then diluted
10-fold in ChIP dilution buffer with protease inhibitors. The immunopre-
cipitating antibody (Millipore rabbit anti-Sirt1, working concentration
S ug/ml) was added to the supernatant fraction for overnight incubation
at 4°C with rotation (for a negative control, preimmune IgG was added
for immunoprecipitation). Then salmon sperm DNA/protein A agarose
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slurry (50 ul into 2 ml supernatant) was added for 1-hour incubation at
4°C with rotation. The agarose was pelleted by gentle centrifugation (100 g
at 4°C, ~1 minute). The supernatant containing unbound, nonspecific
DNA was removed. The protein A agarose complex was washed for 3-5
minutes on a rotating platform with the washing buffers supplied with
the kit. The precipitated complex was eluted from the antibody by add-
ing freshly prepared elution buffer (1% SDS, 0.1 M NaHCOj3), vortexed
briefly, and incubated at room temperature for 15 minutes. The agarose
was then spun down, and the supernatant fraction (eluate) was transferred
to another tube and elution repeated. Eluates were combined and protein-
DNA crosslinks were reversed by adding 5 M NaCl (20 ul into 500 ul) and
heating at 65°C for 4 hours. The reverse-crosslinked eluates were further
treated with proteinase K, and DNA was recovered by phenol/chloroform
extraction and ethanol precipitation. Pellets were washed with 70% ethanol
and air dried. Pellets were then resuspended in an appropriate buffer for
PCR. The primers used were as follows: [-712, -396] region, sense 5'-CAG-
CAGGGGGAAAATACCTT-3', antisense 5'-CGGGATCTAAGGTCCTA-
ACT-3';[-4,166,-3,946] region, sense 5'-GGACTGGCTAGAGACATTGA-3,
antisense 5'-AGCAGGGAACACATGGATGA-3'. The PCR program used 30
cycles (94°C, 30 seconds; 60°C, 1 minute; 72°C, 1 minute).

research article

Statistics. Data are shown as mean + SEM. Statistical analysis was per-
formed by using GraphPad Prism (GraphPad Software). An unpaired
2-tailed Student’s ¢ test was used to determine the significant differences.
A Pvalue less than 0.05 was considered significant.
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