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Renal Sirt1 Protects against Acute Kidney Injury

HK2 cells were determined with
the aid of the fluorescent dyes:
Organelle Lights Peroxi-GFP and
Organelle Lights Mito-OFP (Molec-
ular Probes, Eugene, OR), respec-
tively, following the manufacturer’s
instructions. For microscopic anal-
ysis, the HK2 cells were stained with
the fluorescent probes and observed
with a confocal microscope (LSM
510; Carl Zeiss, Oberkochen, Ger-
many). In apoptosis measurements,
annexin V-fluorescein isothiocya-
nate in combination with propiumio-
dine was used to quantitatively
determine the percentage of cells
undergoing apoptosis, as described
previously (7).

Statistics—The data were ex-
pressed as the means * S.E. The
data were analyzed using one-way
or two-way analysis of variance, as
appropriate, followed by a Bonfer-
roni’s multiple comparison post hoc
test. p values less than 0.05 were
considered statistically significant.
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RESULTS

Generation of Renal Epithelium-
specific Sirtl TG Mice—We gener-

TG

Saline Cisplatin

FIGURE 4. Effects of kidney-specific Sirt1 overexpression on peroxisome number and function and on
local ROS production in cisplatin-induced acute kidney injury. A-C, the expression levels of peroxisome
protein, PMP-70 (A), catalase (B), and ACOX1 (C) are analyzed by immunoblotting using kidney lysates from WT
and TG mice 3 days after saline or cisplatin injection. The bar graphs in the lower panels show the quantification
of the band intensity. D, local ROS production is assayed by 4-HNE immunostaining. The staining is mainly
observed in the proximal tubules in the kidney from WT mice with cisplatin treatment, but is attenuated in
those from TG mice. Scale bar, 50 um. *, p < 0.05 versus saline-infused WT mice; **, p < 0.01 versus saline-infused
WT mice; T, p < 0.05 versus saline-infused TG mice; tt, p < 0.01 versus saline-infused TG mice; §, p < 0.05 versus
cisplatin-infused WT mice; §§, p < 0.01 versus cisplatin-infused WT mice (n = 4).

Tissue Culture—HK2 cells were cultured as previously de-
scribed (7). The expression plasmid containing Sirtl cDNA
(pcDNA3.1-Sirtl) and the control plasmid (pcDNA3.1) were
transfected into HK-2 cells by using Lipofectamine 2000
(Invitrogen) as described previously (7). Forty-eight hours after
the transfection, the cells were used for the following experi-
ments. Sirtl-transfected HK-2 cells were treated with or with-
out cisplatin or I/R. Cisplatin was used at a dilution of 50 um for
24 h in Dulbecco’s modified Eagle’s medium. In in vitro I/R
experiments, HIK-2 cells (~80% confluent) were washed in glu-
cose-free buffer (154 mm NaCl, 5.6 mm KCl, 2.3 mm CaCl,, 1.0
mm MgCl,, 3.6 mm NaHCOj,, and 5 mm HEPES, pH 7.2) and
then incubated with 10 mM antimycin A plus 10 mm 2-de-
oxyglucose plus 1 um calcium ionophore (A23187) for 60
min (to induce ischemic injury in vitro). After this ischemic
period, in vitro reperfusion was achieved by incubating cells
in glucose-replete complete growth medium. Twelve hours
later, the cells were harvested and subjected to the following
study. The peroxisomal mass and the mitochondrial mass of
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ated TG mice with proximal tubule-
specific overexpression of human
Sirtl by using Npt2 promoter (Fig.
1A). Positive TG mice were identi-
fied with PCR and confirmed by
Southern blot (Fig. 1, B and C). We
obtained two lines of TG mice, line
001 and line 104. The expression
levels of Sirtl in the kidney were
similar between the two lines, and both lines developed nor-
mally and appeared to have the same phenotype. We used
line 001 for subsequent experiments and showed the data
below for the line 001. Immunoblotting showed that the
Sirtl band of TG mice was broad and composed of one band
for endogenous Sirtl (100 kDa) and one for FLAG-tagged
human Sirtl (101kD) (Fig. 1D). The protein expression levels
of Sirtl in TG mice were increased as compared with those in
WT mice (Fig. 1D). TG mice were phenotypically normal
and fertile. The overexpression of human Sirt1 in the kidney
and other tissues was confirmed by immunoblotting (Fig.
1E and supplemental Fig. SI). Immunohistochemistry showed
that exogenous transgene was overexpressed especially in the
nucleus of renal tubular cells. (Fig. 1F). Sirt1 was localized pref-
erentially in the cortical area, mostly likely in proximal S1 and
S2 segments. In contrast, immunohistochemistry for Sirtl
revealed only modest staining in the medullary segments, and
there was less overlap with the AQP4-expressing S3 segment
area (Fig. 1G).
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FIGURE 5. Effects of kidney-specific Sirt1 overexpression on mitochon-
dria number and function in cisplatin-induced acute kidney injury.
A, mitochondrial DNA copy number expressed as a percentage of control in
kidney following cisplatin treatment. The expression levels of PGC-1a (B), a
main activator of mitochondria biogenesis, and mitochodria protein MCAD
() were examined by immunoblotting. The upper panel shows representa-
tive blotting, and the lower panel shows the results of the density analysis of
each blot. ¥, p < 0.05 versus saline-infused WT mice; **, p < 0.01 versus saline-
infused WT mice; T, p < 0.05 versus saline-infused TG mice; t1, p <0.01 versus
saline-infused TG mice; §, p < 0.05 versus cisplatin-infused WT mice (n = 4).

Cisplatin-induced AKI—After cisplatin injection, AKI devel-
oped with elevations in both BUN (166 %22 mg/dl, versus 21 =
6 mg/dl, p < 0.01) and serum creatinine levels (2.7 * 0.2 mg/dl
versus 0.3 = 0.1 mg/dl, p- < 0.01) with renal tubular damage
(Fig.2A). Furthermore, TUNEL staining showed marked tubu-
lar cell apoptosis, particularly in cortical segments (Fig. 2B, left
panel), which were adjacent to the AQP4-stained S3 segmernt of
proximal tubules (Fig: 2B, right panel) (22). These data indi-
cated that the areas affected by cisplatin in our experiment were
predominantly localized in the S1+ 52 segments.

Protective. Effects of Sirtl- Overexpression on Cisplatin-in-
duced AKI—The renal protective role of Sirtl in cisplatin-in-
duced AKI was examined in TG mice. Theinjectionof cisplatin
provoked AKI in WT mice, but AKI was partially ameliorated in
TG mice (BUN, 83 * 10 mg/dl; creatinine; 1.6 = 0.4 mg/dl; Fig.
3,.A and B, respectively). Concordantly, the renal histological
changes induced by cisplatin were rescued in TG mice as eval-
uated by the pathological scores: (Fig. 3C). To determine the
effects of Sirtl overexpression on renal cell apoptosis, we per-
formed  TUNEL staining. No: TUNEL-positive -cells were
detected in both WT mice and TG mice with saline injection
(Fig. 3D). In WT mice, cisplatin treatment resulted in an
increase in TUNEL-positive cells (Fig. 3D, arrows), which was
ameliorated in TG mice (TUNEL-positive cells, 35 = 3/mm?>
versus 18 + 3/mm? for WT and TG mice, respectively).

Effects of Sirtl Overexpression on Peroxisome Function in Cis-
platin-induced AKI—Cisplatin has been reported to decrease
peroxisome number and impair its function (11), which con-
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FIGURE 6. Peroxisomal and mitochondrial numbers as evaluated in
immuno-EM in cisplatin-induced acute kidney injury. A, kidney tissue sec-
tions were prepared for ultrastructural analysis by immuno-EM using anti-
PMP70 antibody. Representative kidney histopathology from WT and TG
mice with saline or cisplatin are shown. WT and TG mice with saline showed
sirnitar numbers of peroxisomes (P} and mitochondria (M). WT mice with cis-
platin showed decreased numbers of peroxisome, which were alleviated in
TG mice with cisplatin. Scale bar, 1 um. B, peroxisomal and mitochondrial
number in the micrograph at the magnification of X 12,800 were calculated
as described under "Experimental Procedures.” ¥, p < 0.05 versus saline-in-
fused WT mice; 11, p < 0.01 versus saline-infused TG mice; §, p < 0.05 versus
cisplatin-infused WT mice (n = 8).

tributes to the renal damage: To. elucidate the role of Sirtl in
these changes, we ‘examined the protein expression levels of
PMP70, a marker for the number of peroxisome, as well as the
levels: of catalase and:ACOX1, markers for peroxisomal func-
tion. As shown: in Fig.'44; cisplatin-treated mice exhibited
~70% reduction in PMP70 protein, which were restored in TG
mice: Similar results were obtained with the expression levels of
catalase (Fig: 4B) and ACOX1 (Fig. 4C). Consistently, the for-
mation: of 4-HNE was enhanced in proximal tubules in WT
mice after cisplatin treatment (Fig. 4D). These changes were
attenuated in TG: mice with cisplatin: insults. These staining
patterns were compatible with the results of pathological find-
ings and TUNEL assay (Fig. 3, C'and D; respectively).

Effects of Sirtl Overexpression on Mitochondrial Number
and Function in Cisplatin-induced AKI—As shown in Fig.
54, cisplatin caused only a modest, albeit significant, de-
crease in: mtDNA amounts. (i.e. 13% reduction). Further-
more,.the reduced mtDNA number was not restored in TG
mice: The expression levels of PGC-1a,a key molecule for
mitochondria proliferation, were markedly decreased in cis-
platin-treated mice and were not ameliorated in TG mice
(Fig. 5B). Cisplatin has also been reported to reduce the pro-

A VN

VOLUME 285+NUMBER 17+<APRIL 23,2010

010Z 'Z aunp uo “Jajual) eIpajy IUDBWOUBUIUS ANSIBAIUN O18Y 18 B10 0g[ mmm WOy papeojumod



Supplemental Material can be found at:
http:/Avww.jbc.org/content/suppl/2010/02/18/M109.067728.DC1.html

Fold-induction Over
the expression levels of NC  tm

=

Tubular injury score

C.

Saline

E. 4HNE stain

Saline Cisplatin

FIGURE 7. Calorie restriction induced Sirt1 in the renal proximal tubules. A, immunostaining with an anti-
Sirt1 antibody shows increased Sirt1 staining in proximal tubules in mice on CR as compared with those in mice
on NC. Scale bar, 50 um. B, immunoblotting showed that Sirt1 protein expression was increased in kidneys of
mice under CR for three months. *, p < 0.05 versus mice with NC (n = 4). Cand D, effects of calorie restriction on
cisplatin-induced acute kidney injury were examined as described under “Experimental Procedures.” In mice
on CR diet, the cisplatin-induced acute kidney injury was partially prevented, compared with that in mice on
NC. Scale bar, 100 wm. The arrowheads indicate the areas of cisplatin-induced tissue damages. £ and F, immu-
nostaining against 4-HNE, a toxic lipid peroxidation product generated by the local H,0,, was prominent in

mice on NC, but was diminished in mice on CR. Scale bar, 50 um.

tein expression of MCAD, a rate-limiting enzyme in FAO in
mitochondria. Similarly, a 52% decrease in MCAD expres-
sion was observed in WT mice compared with that in saline-
injected mice (Fig. 5C). However, this alteration was partially
reversed in TG mice.

Effects of Sirtl Overexpression on the Activation of Down-
stream Transcription Factors—Sirtl regulates the activities
of various transcription factors involved in mitochondrial
and peroxisomal function, including PPARa, PPARY, and
PGC-1la. The mRNA expressions of target genes of these
molecules were examined by quantitative reverse transcrip-
tion-PCR (supplemental Fig. SII). The mRNA levels of
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PPARa target genes, fatty acid
transport proteins, and CYP4al0
were not affected by cisplatin
treatment, which were not altered
in TG mice, either. However, the
mRNA levels of other PPAR« tar-
get molecules, such as CPTla,
CPT1B, and (supplemental Fig.
VA) were down-regulated by cis-
platin, which were partially res-
cued in TG mice similarly with
MCAD. The mRNA levels of PPARYy
target genes, glycerol kinase, and
glycerol-3-phosphate acetyltrans-
ferase were not altered by cisplatin
treatment or by overexpression
of Sirtl, which indicated that
cisplatin-induced renal damages
had no effect on PPARY activity
(supplemental Fig. SII). Consis-
tent with the results of protein
expression of PGC-la (Fig. 5B),
the mRNA levels of PGC-1a target
genes (Atp5gl and Cox5a) were
decreased in WT mice treated
with cisplatin and were not res-
cued in TG mice (supplemental
Fig. SII).

Quantification of Peroxisome and
Mitochondria on Immuno-EM in
Cisplatin-induced AKI—To identify
the peroxisomal or mitochondrial
number in proximal tubular cells,
immuno-EM was performed in the
kidneys of WT and TG mice. The
peroxisome membranes were posi-
tively stained with anti-PMP70 anti-
body, which allowed us to distin-
guish them from mitochondria. As
shown in Fig. 6, both the number
and the morphology of peroxisomes
were not different between WT
mice and TG mice with saline infu-
sion. The insults with cisplatin
reduced the number of peroxisomes
in the kidney of WT mice and were
restored in TG mice (WT versus TG; 9 * 3 versus 22 * 2
counts/micrograph; Fig. 6B). These results were comparable
with the results of the expression levels of PMP70. The size and
shape of peroxisomes in WT mice treated with cisplatin also
changed; they were small with a serrated or indented contour.
These morphological deformities were not observed in TG
mice (Fig. 6A4). Both the number and the morphology of mito-
chondria were not different between WT mice and TG mice
with saline infusion. The insults with cisplatin slightly
decreased the number of mitochondria in WT mice and were
not reversed in TG mice (WT versus TG; 26 * 3 versus 27 *+ 2
counts/micrograph; Fig. 6B).
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chow (NC) (Fig. 7B). The renal
protective role of CR in cisplatin-
induced AKI was examined. In
mice on NC, cisplatin aggravated
renal function (BUN; 168 * 21
versus 22 = 4 mg/dl, p <0.01, cre-
atinine; 2.8 = 0.3 versus 0.3 = 0.1
mg/dl, p < 0.01) and produced
marked renal histological changes.

WT__ TG In contrast, in mice fed a CR diet,

Sham I'R Sham

WT TG

I'R the changes in renal function were
partially ameliorated (BUN, 115 *
24 versus 19 = 4 mg/dl, p < 0.01;
creatinine, 2.1 * 0.3 versus 0.3 =
0.1 mg/dl, p < 0.01). Consistently,
the renal histological changes in-
duced by cisplatin were rescued
significantly as compared with those
in mice on NC (Fig. 7, C and D).
Fig. 7E illustrates the effects of

Sham

@]

TUNEL-positive Cells;s HPF

WT TG
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cisplatin on the production of 4-
HNE in mice on NC and CR diets.
Cisplatin markedly increased renal
4-HNE production in mice fed
NC, which was partially restored
in mice on a CR diet (Fig. 7, E and
F). We further examined the
effects of CR on the activation of
downstream transcription factors
of Sirtl by quantitative reverse
transcription-PCR. The mRNA
expression of PPAR«, PPARY, and
PGC-la target genes, including
MCAD and ACOX-1 was ana-
lyzed. These results were similar
to those obtained in cisplatin-in-

TG

Sham

Effects of Calorie Restriction on Sirtl Expression and Cispla-
tin-induced AKI—Because Sirtl is an important factor that
mediates the beneficial effects of calorie restriction (CR), we
examined Sirtl expression in the kidneys of mice on a 3-month
CR diet. Immunohistochemistry in the kidneys in WT mice
showed that there is clear nuclear staining in glomeruli and
both nuclear and cytoplasmic staining in proximal tubules in
WT mice. On the other hand, only faint expression of Sirtl
was detected in the distal tubules. As shown in the immuno-
histochemistry of the kidneys after CR (Fig. 7A4), CR
increases the Sirtl expression in proximal tubules, whereas
the Sirtl expressions in glomeruli were not altered. Immu-
noblotting showed that renal Sirtl expression was doubled
in mice on CR as compared with that in mice fed normal
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FIGURE 8. Effects of kidney-specific Sirt1 overexpression on I/R-induced acute kidney injury. WT or TG
mice was assaulted by renal I/R as described under “Experimental Procedures.” A, serum levels of BUN and
creatinine were measured 24 h after I/R. B, pathological findings reveal extensive tubular damage with cast
formation and many apoptotic bodies both in TG and WT mice. The arrows indicate the site of apoptotic bodies.
Scale bar, 500 um. C, representative images of TUNEL assay show I/R-induced renal tubular cell apoptosis in WT
mice. The arrows indicate TUNEL-positive cells in high power field (X400, HPF) with condensed or fragmented
nuclei. Similar levels of apoptotic cells are observed in kidneys from TG mice after I/R. Scale bar, 500 um. **,p <
0.01 versus sham-operated WT mice; t1, p < 0.01 versus sham-operated TG mice (n = 4).

duced renal damages in TG mice
(supplemental Figs. SIII and SIV).

Effects of Renal I/R Injury in
Sirt1-TG Mice—W e next examined
the role of Sirtl in renal I/R injury.
Extensive tubular injuries were ob-
served in WT kidneys 24 h after I/R.
Overexpression of Sirtl, however,
failed to protect against I/R injury. Neither renal function, as
assessed by BUN and serum creatinine (Fig. 84), nor renal histo-
logical findings were alleviated in Sirtl-TG mice, as compared
with WT mice (Fig. 8B). Fig. 8C shows the effects of Sirtl on the
apoptotic process induced by I/R-induced AKI. Thus, I/R-induced
TUNEL-positive cells were observed predominantly in the
medulla rather than in the renal cortex, i.e. pereferentially in S3
segmental proximal tubules rather than in cortical proximal S1 or
S2 segments. Kidneys in TG mice after I/R had nearly the same
amount of TUNEL-positive cells as in WT mice (14.3 % 3.2 ver-
sus13.7 * 3.8 nuclei/high power field). In the immuno-EM, the
number of peroxisomes was not affected by I/R, which were also
unaltered in TG mice. On the other hand, the number of mito-
chondria was reduced by I/R, which was not ameliorated in TG
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FIGURE 9. Effects of kidney-specific Sirt1 overexpression on peroxisomal
and mitochondrial in I/R-induced acute kidney injury. A; kidney tissue
sections were prepared for ultrastructural analysis by immuno-EM using anti:
PMP70 antibody. Representative kidney histopathology from WT and TG
mice with saline or cisplatin are shown. WT and TG mice with saline showed
similar numbers of peroxisomes (P) and mitochondria (M). WT mice with cis-
platin showed decreased numbers of peroxisome, which were alleviated in
TG mice with cisplatin. Scale bar, 1 um. B, peroxisomal and mitochondrial
number in the micrograph at the magnification of X 12,800 were calculated
as described under."Experimental Procedures.” ¥, p < 0.05 versus saline-in-
fused WT mice; 11, p. < 0.01 versus saline-infused TG mice; §, p < 0.05 versus
cisplatin-infused WT mice (n = 8). C and D, the expression levels of peroxi-
some protein, ACOX1 (C), and mitochondria protein MCAD (D) were analyzed
by immunobilotting using kidney lysates from WT and TG mice after I/R-in-
duced acute kidney injury. *, p < 0.05 versus sham-operated WT mice; 1,p <
0.05 versus sham-operated TG mice (n'=4),

mice (Fig. 9, A and B). Western blotting using an anti-ACOX-1
antibody and. an anti-MCAD. antibody in I/R-induced AKI
models showed that the protein levels of ACOX-1 were not
affected by I/R, which were also unaltered by TG mice (Fig.
9C). The protein levels of MCAD were decreased by I/R and
were not ameliorated by TG mice (Fig. 9D). These data indi-
cated that I/R mainly damaged mitochondria, which was
resistant to the effects by Sirtl overexpression.

The Effects of Sirtl Overexpression on Cisplatin or I/R-in-
duced Cellular Damages in HK-2 Cells—We examined the
direct effects of cisplatin or I/R on peroxisomal or mitochon-
drial number in proximal tubular cells. We first confirmed that
both 50 uM cisplatin treatment for 24 and 12 h after I/R models
caused cellular apoptosis to a similar extent, showing a similar
percentage of the population of cells stained with annexin V, a
marker of apoptotic changes (Fig. 104). In the assay for perox-
isomal number by Peroxi-GFP fluorescence, the expression of
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Sirtl prevented the decrease in peroxisome number induced by
cisplatin treatment (Fig. 10B). However, in the assay for mito-
chondria number by Mito-OFP fluorescence, Sirtl did not alter
the reduction in mitochodria number induced by I/R (Fig. 10C).
These results are consistent with the results in cisplatin-in-
duced AKI as well as in I/R-induced AKL The present results
also suggest that Sirtl overexpression results in cisplatin-in-
duced peroxisomal number reduction directly.

DISCUSSION

Although cisplatin is clinically used as an anti-cancer ther-
apy, nephrotoxicity remains a critical problem. Pathologically,
cisplatin is demonstrated to elicit predominantly proximal
tubular injury. Previous investigations demonstrated that res-
veratrol up-regulated Sirtl expression (23) and attenuated the
cisplatin-induced AKI (24). In concert; these observations lend
support to the hypothesis that the modulation of Sirt1 expres-
sion constitutes a molecular tool for the prevention of cisplatin-
induced AKIL
The mechanism for the protective action of Sirt1 on cispla-
tin-induced AKI has not been assessed hitherto. It has been
reported that cisplatin affects the peroxisome system, including
the suppression of peroxisome number and function in kidney
tissues of mice (11). The peroxisome is an organelle bound by a
single membrane and is involved in metabolic processes,
including peroxide-based respiration and oxidative degrada-
tion of fatty acids and purines (25). Furthermore, peroxisome
eliminates excessive ROS and promotes FAO that is closely
linked to the key system for ATP generation. The present study
demonstrates that cisplatin causes a decrease in peroxisome
number (i.e. PMP70; Fig. 44) whose function as evaluated by
a reduction in catalase expression (Fig. 4B) as well as the
expression of ACOXI1, a member of FAO systems (Fig. 4C)
and the subsequent accumulation of 4-HNE (Fig. 4D). All of
these parameters are well preserved in kidneys from TG
mice. Indeed, we have recently demonstrated that Sirt1 pre-
vents apoptosis through the induction of catalase in HK-2 cells
(7). Catalase is located in peroxisome fraction, which has been
shown to promote peroxisome proliferation (26); the supple-
mentation of peroxisome activator nafenopin results in a sus-
tained increase in the number of peroxisomes with concomi-
tant increases in catalase activity (27). Increased catalase
therefore may eliminate H,O, within peroxisome, which pos-
sibly leads to the mitigation of the damages to peroxisome.
Therefore, it appears that the protective effects of Sirtl on the
peroxisome enzyme are partially secondary to the induction of
catalase and/or its resultant peroxisome proliferation. In con-
cert, our study reveals that peroxisome is an important intra-
cellular target organelle for Sirt1.

Mitochondria are important organelles for the maintenance
of vital function. It has been reported that mitochondria are
altered in both number and function in cisplatin-induced
AKI (12). In AKI, the elevated ROS level within mitochondria
is deleterious to the cell because of their ability to induce lipid
peroxidation, protein  oxidation, and DNA damage. The
increased  ROS - also damages mitochondria, which subse-
quently produces excessive ROS (28). In the present study, cis-
platin injection reduces both mitochondrial DNA copy number
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cisplatin, whereas mtDNA copy
number was slightly changed, and
PCG1a was remarkably reduced with
cisplatin. This may suggest that the
early biochemical changes such as
PGC-1a, which preceded the mor-
phological alterations (i.e. mtDNA
copy number and mitochondria
number observed on EM) were
detected earlier in this model.
Moreover, neither mtDNA copy

I'R
+Sirtl transfected

FIGURE 10. Effects of Sirt1 overexpression on peroxisome and mitochondria mass in HK-2 cells. A, apo-
ptosis was determined by FACS. Each graph for FACS represents the population of the cells stained with
annexinV (x axis) and propiumiodine (y axis) (upper panel). A bar graph summarizing the FACS results are shown
in the lower panel. The data are the means = S.E.*, p < 0.05 versus control. All of experiments were conducted
three times using different cultures. 8 and C, representative confocal laser scanning microscopic images of
Peroxi-GFP, for the assessment of peroxisome number (8) and Mito-OFP, for the assessment of mitochondrial
number (0), in HK2 cells with or without cisplatin treatment or I/R model. The bar graph under each microscopic
image represents the quantification of the average pixel intensity of Peroxi-GFP (B) or Mito-OFP (C). ¥, p < 0.05

number nor PCGla were affected
by Sirtl overexpression.

Renal I/R injury is also a serious
problem among AKI. Previous stud-
ies documented that peroxisome
number and/or function were dam-

versus untreated control cells (n = 4). Scale bars, 50 um.

and PGC-1gq, a principle regulator for mitochondria biogenesis
(Fig. 5, A and B). Nevertheless, TG mice did not exhibit the
reversal of mitochondrial DNA copy number or PGC-la
expression. Alternatively, whereas cisplatin down-regulated
the expression of mitochondria enzyme, MCAD, Sirtl overex-
pression restored the MCAD expression, thus suggesting that
mitochondria function was partially recovered by Sirtl overex-
pression (Fig. 5C). Furthermore, as shown in 4-HNE staining
(Fig. 4D), overexpression of catalase is capable of reducing
H,0, in peroxisome, which would diminish the cellular ROS

13054 JOURNAL OF BIOLOGICAL CHEMISTRY

aged in the kidneys of mice under-

going I/R injury (13). In the present
study, however, we failed to demonstrate a beneficial effect of
Sirtl on the development of AKI when induced by I/R injury
(Fig. 8, A and B). The reason for this observation is most likely
explained by the difference in the affected cellular organellae
between by the cisplatin insults and by I/R injury. Cisplatin
mainly damaged peroxisomes as evident in immuno-EM (Fig.
6), whereas I/R did not affect peroxisomes much but damaged
mitochondria predominantly (Fig. 9). Because Sirtl rescues
renal tubular damages mainly through the restoration of per-
oxisome number and function, Sirtl may not be able to rescue
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FIGURE 11. Schematic diagram illustrating the effects of cisplatin on per-
oxisome and mitochondria function and the protective role of Sirt1. Cis-
platin decreased the number of peroxisomes resulting in a decrease in FAO
activity and catalase expression. Sirt1 overexpression maintained peroxi-
some and alleviates the cisplatin-induced acute kidney injury. I/R caused
mitochondrial insult, which lead to decreasing the number of mitochondria
and a concomitant decrease in the expression levels of mitochondrial
enzymes. Sirtl overexpression could not rescue I/R-induced damages
because Sirt1 had no effects on mitochondria number and function.

the damage caused by I/R because I/R may not affect peroxi-
somes much. These selective effects by Sirtl were also con-
firmed by our in vitro experiments (Fig. 10). We next examined
the molecular mechanisms for the preservation of the number
and function of peroxisome. We previously demonstrated that,
in HK-2 cells, overexpression of Sirt1 protects against oxidative
stress-induced cellular apoptosis by FoxO3a-mediated up-reg-
ulation of catalase (7). This was effective in cisplatin-induced
renal ROS increase but might not be efficient in the renal
survival in I/R-induced ROS production. In I/R-induced
AKI, the expressions of catalase were not altered, nor were
they altered in TG mice (data not shown). These data
implied that other ROS scavengers such as glutathione per-
oxidase and superoxide dismutase, but not catalase, might
play an important role in eliminating excessive ROS produced
by I/R-induced AKL In fact, the renal protective effects of these
two ROS scavengers against I/R-induced renal damages have
already been reported in the previous paper (29, 30). To explore
the molecular mechanism for the renal protective effects by
Sirtl, we next investigated the effects on PPARa and PPARYy
activity. Although several target genes of PPARY, including
glycerol kinase and glycerol-3-phosphate acetyltransferase,
were not altered (supplemental Fig. SII), several PPAR« target
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genes, including ACOX1, MCAD (both Figs. 4 and 5), CPTl1q,
and CPT1B (supplemental Fig. SVA), were restored by Sirtl
overexpression. However, these changes were not observed in
I/R-induced renal damages (supplemental Fig. SVB). These
results implied that the renal protective effects by Sirtl might
not conferred mainly by the activation of PPARc.

Although the current study shows the role of Sirtl in AKI
induced by cisplatin and/or I/R injury in Sirtl-TG mice, the
ability to manipulate this factor and modify the course of AKI is
undetermined. CR is applied as a widespread useful tool for
Sirtl up-regulation (31). In the present study, we have demon-
strated that CR elevates Sirtl protein expression in proximal
tubules, particularly in cortical segments (1.8-fold increase; Fig.
7B). In this setting, renal pathological changes as well as lipid
peroxidation products were significantly suppressed, com-
pared with those observed in mice on NC (Fig. 7, D and F).
However, further investigations are required to establish the
clinical relevance of CR in the prevention of AKL

The whole body Sirt1 knock-out mice showed early postnatal
lethality and exhibited heart and retinal developmental defects
(32). TG mice overexpressing Sirt1 in the whole body exhibited
similar phenotypes as calorie-restricted mice, including lower
body weight, reduction of fat mass, lower level of total blood
cholesterol, and improved glucose tolerance (33). As for condi-
tional knock-out mice for Sirtl, liver-specific knock-out mice
showed improved glucose tolerance (34). As for conditional TG
mice, the results of pancreatic-specific (34), endothelial cell-
specific (35), and cardiac muscle-specific (6) mice have shown
that Sirtl overexpression in each tissue exerted organ-protec-
tive effects. Despite these studies, the phenotypes of knock-out
or TG mice specifically targeted in the kidney have not been
reported thus far. The present study is the first investigation
that elucidated the function of Sirtl in kidney in vivo.

In conclusion, we have demonstrated that renal Sirtl exerts
protective action on AKI, possibly because of the preservation
of peroxisome functions. These effects contributed substan-
tially to the elimination of excessive ROS and to the recovery
from mitochondria dysfunction. Our results provide firm evi-
dence that the modalities modulating Sirtl activity constitute
attractive candidates for the treatment of peroxisome dysfunc-
tion-related AKL
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“Metabolic domino” and cardiorenal syndrome— significance of “renal insulin resistance syndrome (RIRs)”
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E%ﬁ?-ﬁ?b&wwmﬁtﬁ%
—FELRY A M4 Y EVBEREF

MSH 5 CVDNORNTHBAYKRKY w7 FI/,
CKD %5 CVD~D2 %A ) 2R LEEBICBWT,
FREMATHSTEEF AT 4 I —FRESIN
Twa. MSTRIEEBE W SWENDET 74 K
L H4 v THY, CKDTEREARAEKRIWVELLRE
FEICHE 5 EF, Uremia-related risk factor T&
%. Uremia-related risk factor it-0EREMETF & b2
1oNn. BETTELORFHTTFAEIA bAA
VBICODEEBRETFE LTHRESNLTYS (R2,
#&3) 9.

bhbIMS & CKDICHBDO AT 4 T—F —& L
THEEO—-BILEEAREE (NOS) HEWH
ADMA (asymmetric dimethylarginine) {Z#EH LT
Wb, ADMA EBIRBBHCTAFVLENs V87
EONBOBICERSNIYET, TVEZVDAF

EEREH Vol 27 No. 11 (7 A%) 2009



R2 TTARYA bH1

Ve Hge

LPL : lipoprotein lipase FeEACH
HSL : hormone-sensitive lipase REAH
Perilipin SEAH
aP2 : adipocyte lipid binding protein FaEACH
CETP : Cholesterylester-transfer protein IREALH
RBP : retinol-binding protein PREACH

IL~6 : interleukine-6

TNF-a : tumor necrosis factor-a
ASP : acylation stimulating protein

Metallothionein
Angiotensinogen

PAI-1 : plasminogen activator inhibitor-1

Adiponectin
CRP : C-reactive protein

IGF-1 ! insulin-like growth factor
TGF- § : transforming growth factor-beta

Monobutyrin
Uncoupling proteins

MmIE, BIRTE L, 1 v Ry rikbE
MRIE, BIRWIL, 4 AU ik
RIEZ ML RTHTBKIS

FIEA P L AIHT ARG

mEER, SmE

mE/ER, BERS

RIEFR, BRWL, 1 >2) Uk
BRdE, IRIEAL, 4 v A CIEE
BEACH, A R SHEEE
Mo, MladE Mo, Wia{t
W IE LR

IR N —RE, BEE

Leptin BRI, S, EHE REREE A R VEEE
Resistin PRIE, 4 VA Vi
Apelin ME/ER, 1 20 VikE%E
Visfatin 4 v R IR
3 LEEBETF
HihE UZIT7I8~-bLET—H—
e IL-6, IL-18, S-albumin, WBC (white blood cell count), fibrinogen, hyaluronan,
MPO (myeloperoxidase), CRP, PTX3 (pentraxin-3)
[ 5 S N e MPO, plasmalogens; oxidized-LDL., AOPP (advanced oxidation protein products)
MRS PTX3, ADMA (asymmetric dimethylarginine), tHcys (homocystine),

FUNRIE  TEANE-FEBE
R REE A

BRE - RERE

4 YA rEEHE

U-alb (urinary albumin excretion), VCAM (vascular cell adhesion molecule)
S-albumin, S-creatinine, prealbumin,

Norepinephrine

Fibrinogen

HOMA (homestasis model assessment)

mELRRKRIE PO4, Ca, PTH, fetuin-A, OPG (osteoprotegerin), OPN (osteopontin)
REER S-creatinine, P-cresol

HHGEBF NT-pro-BNP (N-terminal pro-brain natriuretic peptide), troponin-T
B FRBR SR TIE T3 (free triiodothyronine), T3

TTF4RFAL bAHA > Leptin, visfatin,: adiponectin

#iln Hemoglobin
NER 15 KDE

WAL+ TH5 (H5). ADMAR7TVF= v k) —
BitEE (NO) 2 AR TABETH A NOGHER
(NOS) DHEWE L LT <. CKD, #RMA i
JEE Vo REBICBWTADMA QI LAVA LR
L, 2OmMEREICHETHZEPRESIN TS,

ADMA 134/4&WTDDAH (dimethylarginine dim-
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ethylaminohydrolase) 1 3 X U°'DDAH2Z X Y44,
SEmIhs. bhbhdBARET T VEWIZBY T
D REARBIAR I BT B N ARFFME O IME RS
TLTWwWAZE, ZLTEOETICIMHP ADMA LN
VOERHIMHET L LEIHALLY. ZLTADMA
ORI CKD ORETOME ICB1T % DDAH2 D%
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arginine N-methyltransferase, DDAH : dimethylarginine dimethylaminohydrolase, ADMA! asymmetric
dimethylarginine (REHNOSEEYE) (A~E3378 16 KDE. F 328k 16 KD ERE)
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JF 5 vy 1Tk A OMEREAIIH S hi .
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BERBT LT - b REShTwAE. AV ARY ViR
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o LRWELLY. F-DDAHZBRIERT T AL
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CKD CADMA M LR T HH#F & LTADMA DE
B b 5EETHHPRMT (protein arginine
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DIV L RTAL I ABRENEZOND. ¥ H
547 ZIXDNAREA b ¥ Y RIADATF VAL, T
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C L0 BRETFRRS LIRS V87 BRI R TS
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2B OLIBIV T RT 42 AR E)LEER
HEFOELSATRY YT FI/, LEEEOIRED
BRICBWCAHREERT —RICk5b LEZLND.

| soRE

MS & CKD % LT CVD 03B Fa L LTLIE
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