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Resveratrol Improves Oxidative Stress and Protects
Against Diabetic Nephropathy Through Normalization
of Mn-SOD Dysfunction in AMPK/SIRT-1-Independent

Pathway

Munehiro Kitada,! Shinji Kume,? Noriko Imaizumi,!

OBJECTIVE—Despite the beneficial effects of resveratrol (RSV)
on cardiovascular disease and life span, its effects on type 2
diabetic nephropathy remain unknown. This study examined the
renoprotective effects of RSV in db/db mice, a model of type 2
diabetes.

RESEARCH DESIGN AND METHODS-—Db/db mice were
treated with RSV (0.3% mixed in chow) for 8 weeks. We
measured urinary albumin excretion (UAE), histological changes
(including mesangial expansion, fibronectin accumulation, and
macrophage infiltration), oxidative stress markers (urinary excre-
tion and mitochondrial content of 8-hydroxy-2’-deoxyguanosine
[8-OHAG], nitrotyrosine expression), and manganese-superoxide
dismutase (Mn-SOD) activity together with its tyrosine-nitrated
modification and mitochondrial biogenesis in the kidney. Blood
glucose, glycated hemoglobin, and plasma lipid profiles were also
measured. The phosphorylation of 5-AMP activated kinase
(AMPK) and expression of silent information regulator 1 (SIRT1)
in the kidney were assessed by immunoblotting.

RESULTS—RSYV significantly reduced UAE and attenuated renal
pathological changes in db/db mice. Mitochondrial oxidative
stress and biogenesis were enhanced in db/db mice; however,
Mn-SOD activity was reduced through increased tyrosine-nitrated
modification. RSV ameliorated such alterations and partially
improved blood glucose, glycated hemoglobin, and abnormal
lipid profile in db/db mice. Activation of AMPK was decreased in
the kidney of db/db mice compared with db/m mice. RSV neither
modified AMPK activation nor SIRT1 expression in the kidney.

CONCLUSIONS—RSV ameliorates renal injury and enhanced
mitochondrial biogenesis with Mn-SOD dysfunction in the kidney
of db/db mice, through improvement of oxidative stress via
normalization of Mn-SOD function and glucose-lipid metabolism.
RSV has antioxidative activities via AMPK/SIRT1 independent
pathway. Diabetes 60:1-10, 2011
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esveratrol (RSV; 3,5,4-trihydroxystilbene) is re-

ported to be beneficial in cardiovascular dis-

eases (1) and renal diseases (2—4), including

ischemic/reperfusion injury (5). The beneficial
effects are thought to be due to its antioxidative properties
because it is known as a robust scavenger of superoxide
(02"), hydroxyl radicals, and peroxynitrite (6,7). Oxidative
stress has been implicated in the pathogenesis of diabetic
vascular complications, including nephropathy (8). The
mitochondria are recognized as one of the major sources
of reactive oxygen species (ROS) in diabetes (9), and they
can also be damaged by ROS. Manganese-superoxide dis-
mutase (Mn-SOD), which is an important antioxidative
enzyme and mainly regulates ROS metabolism in the mi-
tochondria, is one of the mitochondrial targets of ROS
such as peroxynitrite, and thus its activity might become
reduced with ROS exposure (10). Therefore, conditions
that lead to Mn-SOD dysfunction could increase ROS
production and hence induce tissue damage associated
with diabetic nephropathy. However, it remains unclear
whether mitochondrial oxidative stress associated with
Mn-SOD dysfunction contributes to diabetes-induced renal
injury, and whether RSV has any beneficial effects on mi-
tochondrial status including oxidative stress and bio-
genesis in the kidney of type 2 diabetes.

Reduced mitochondrial biogenesis and function are
found in insulin-resistant metabolic tissues including
skeletal muscle, liver, and fat in association with the
pathogenesis of type 2 diabetes (11). In addition to the
scavenging of ROS, RSV enhances mitochondrial biogenesis
through the 5-AMP activated kinase (AMPK)/silent infor-
mation regulator 1 (SIRT1) pathway in the muscle and liver,
resulting in life span extension or improvement of high-fat
diet-induced metabolic impairment such as obesity and
insulin resistance (12-14). On the other hand, mitochondrial
biogenesis can be induced in tissues not only by increased
energy demands due to cold, exercise, and metabolic
changes such as those induced by caloric restriction (15),
but also by damage to mitochondria caused by oxidative
stress (16-18) and hereditary disorders (19). Oxidative
stress-induced mitochondrial biogenesis has also been
reported in various tissues and cells (16-18), including
the myocardium of an animal model of type 1 diabetes
(20). There is little information on whether mitochondrial
status including mitochondrial biogenesis is changed in
the kidney of type 2 diabetes, and if so, how it is regulated
and whether it is related to the pathogenesis of diabetic
nephropathy.
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TABLE 1

Effects of RSV treatment on body weight, kidney weight, blood pressure, blood glucose, glycated hemoglobin, and lipid profiles in the
four groups of mice. Glycated hemoglobin was measured using an ADAMS-HA8106 analyzer (ARKRAY, Kyoto, Japan). Serum insulin
levels and urinary albumin excretion were measured with ELISA kits. Triglycerides, total cholesterol, and nonesterified fatty acid
(NEFA) were measured using an L-type triglyceride H kit, cholesterol E-test kit, and NEFA C-test kit, respectively

db/m db/m+RSV db/db db/db+RSV
n 19 17 19 18
Body weight (g) 29.0 + 2.31 28.6 = 1.32 493 = 2.70% 487 + 1.92%
Right kidney weight (g) 0.196 = 0.021 0.187 = 0.012 0.233 = 0.012+ 0.217 * 0.012%$
Mean blood pressure (mmHg) 94.7 + 5.30 94.9 * 4.97 102.8 + 6.56F 100.5 + 5.18]
Fasting blood glucose (mg/dL) 92.75 * 4.18 90.63 * 5.76 314.63 = 50.72F 264.75 = 44.17 19
Fasting serum insulin (ng/mL) 2.81 + 1.54 2.88 *+ 0.65 8.21 * 3.50t 440 * 144 1, #
*Random-fed blood glucose (mg/dL) 121.4 =+ 28.50 117.6 + 29.36 503.4 * 64.80+ 426.9 = 90.52 §, **
Glycated hemoglobin (%) 3.66 + 0.36 3.73 + 0.31 8.7 + 1.08% 7.78 = 046 1, 11
Total cholesterol (mg/dL) 60.9 = 8.12 62.2 = 7.29 122.2 = 22.84% 124.0 + 22.03%
Triglyceride (mg/dL) 71.9 + 20.9 65.4 + 22.0 205.3 * 52.1011 126.6 = 58.07i%
Free fatty acids (mEq/L) 0.48 + 0.128 0.48 * 0.114 1.165 = 0.2751+ 0.954 = 0.196+1
Urinary albumin excretion (ug/day) 4456 + 21.62 34.74 + 20.37 382.99 = 159.02+1 189.00 + 67.87t%

Data are means = SD. *Random-fed blood glucose levels were measured at 9-10 a.m. +P < 0.001 vs. db/m, db/m+RSV. P < 0.05 vs. db/m, db/
db. §P < 0.001 vs. db/m+RSV. "P < 0.05 vs. db/m, db/m+RSV. YP < 0.05 vs. db/db. #P < 0.01 vs. db/db. **P < 0.001 vs. db/db. 1P < 0.001 vs.

others, db/db. ${P < 0.01 vs. db/m, db/m+RSV.

Thus, the aim of this study was to investigate the po-
tential effects of RSV on mitochondrial oxidative stress
associated with Mn-SOD dysfunction and mitochondrial
biogenesis in the kidney of db/db mice. The results of the
current study indicate that the enhanced mitochondrial
biogenesis with Mn-SOD dysfunction induced by tyrosine
nitration was observed in the diabetic kidney. Treatment
with RSV resulted in the amelioration of these functional
and histological abnormalities and mitochondrial biogenesis
in the diabetic kidney, possibly by the attenuation of oxi-
dative stress through scavenging of ROS, normalization
of Mn-SOD dysfunction in an AMPK/SIRTI-independent
mechanism, and partial improvement of glucose-lipid
metabolism.

RESEARCH DESIGN AND METHODS

Materials and antibodies. Details of the materials and antibodies used in the
current study are available in the Supplementary Data.

Animals. Male db/db mice and age-matched db/m mice were purchased from
Clea Japan (Tokyo, Japan). At 9 weeks of age, mice were divided into four
groups: db/m mice, db/db mice, db/m mice treated with RSV, and db/db mice
treated with RSV. RSV was mixed (0.3%) with chow and administered orally.
Body weight, blood glucose level, food consumption, and blood pressure were
measured every 2 weeks in all animals. The blood pressure of conscious mice
Wwas measured at steady state by a programmable tail-cuff sphygmomanometer
(BP98-A; Softron, Tokyo, Japan). At 17 weeks of age, individual mice were
placed in metabolic cages for 24-h urine collection. The urine samples were
stored at —80°C until analysis. Mice were anesthetized by intraperitoneal in-
Jjection of pentobarbital sodium, and then the right kidneys were removed and
stored at -80°C for experiments as described below. After collection of blood
samples from the left cardiac ventricle, the left kidney was perfused with ice-
cold phosphate-buffered saline (PBS) and 10% neutral buffered formalin and
then removed. The Research Center for Animal Life Science of Kanazawa
Medical University approved all experiments.

Morphological analysis and immunohistochemistry. To assess the
mesangial expansion, thirty glomeruli, cut at the vascular pole, randomly se-
lected from each mouse were measured the periodic acid/Schiff (PAS)-positive
material in the mesangial area and glomerular tuft area by computer-assisted
color image analysis (Micro Analyzer; Japan Poladigital, Tokyo, Japan) as
previously described (21).

For semiquantitative evaluation of the fibronectin, F4/80 and nitrotyrosine
scores, 20 randomly selected glomerulus or tubulointerstitial areas per mouse
were graded in a double-blind manner, as reported previously (21-23), with
minor modifications.
8-OHdG levels in mitochondrial DNA and quantification of
mitochondrial DNA deletion mutation. The mitochondrial DNA (mtDNA)
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was extracted from the kidney using the mtDNA Extractor CT kit. The 8-OHdG
levels in DNase I-digested mtDNA were determined by ELISA using a kit (8
OHAG Check, Institute for the Control of Aging, Shizuoka, Japan) (24). We
assessed the deletion mutation, D-17, as reported previously (23). The
sequences of primers are listed in Supplementary Table 1.

Detection of 0>~ formation in renal isolated mitochondria. The mito-
chondria were isolated from the renal cortex of all groups of mice using the
mitochondria isolation kit, according to the manufacturer’s instructions. 0%~
production from the mitochondriz was measured by L-012 chemilurninescence
(CL) dye (25). Mitochondrial suspensions were diluted to a final protein
concentration of 0.1 mg/mL in 0.2 mL of PBS buffer containing 100 pmol/L
L-012. 0*~ from mitochondria was detected after stimulation with 4 mmol/L
succinate and 20 pg/mL antimycin A by L-012. The CL registered at intervals of
30 s over 5 min with a chemiluminometer, and the signal was expressed as
counts of CL/min/100 wg protein at 5 min. In ex vivo study, similar experi-
ments were performed in isolated mitochondria from the renal cortex of db/db
mice at various concentrations (10~ >-100 umol/L) of RSV or 100 U/l SOD. In
addition, O*~ from the reaction of hypoxanthine and xanthine oxidase was
also measured. L-012 (100 uM) was incubated for 5 min in PBS buffer con-
taining 100 pmoVl/L diethylenetriamine pentaacetic acid (DTPA) and 1 mmol/L
hypoxanthine at room temperature, and then the basal (background) signal
was determined in a chemiluminometer at intervals of 30 s for 5 min. The CL
was counted after the addition of 10 mU/mL xanthine oxidase at various
concentrations of RSV (10™*-100 umol/L) or 100 U/mL SOD at intervals of 30 s
over 5 min.

Mn-SOD activity. The whole kidney was homogenized in 2 mL of 50 mmol/L
Tris HCI buffer containing 0.1 mmoV/L ethylenediaminetetraacetic acid (EDTA)
at pH 7.0. After centrifugation at 15,000¢ for 15 min, the supernatant was re-
moved and total protein concentration was measured using a protein assay Kit.
The Mn-SOD activity was measured by inhibiting extracellular and cytosolic
Cu/Zn SOD activity with KCN (1 mmol/L) using an SOD assay kit (WST-1) (26).
One unit of SOD activity was defined as the amount causing 50% inhibition of
the initial rate of reduction of WST-1 (2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,
4-disulfophenyl)-2H-tetrazolium, monosodium salt), a highly water-soluble
tetrazolium salt. Mn-SOD activity was calculated in terms of protein content
(U/ng) and expressed as a fold increase relative to that found in db/m mice.
Immunoprecipitation and Western blot analysis. The whole kidney was
homogenized in ice-cold radioimmunoprecipitation assay buffer. Solubilized
protein (1 mg) was used for immunoprecipitation with rabbit polyclonal anti-
Mn-SOD antibody (10 ug/mL) using protein A Sepharose, and then Westem
blot analysis was performed with mouse monoclonal antinitrotyrosine anti-
body (1:1000) or rabbit polyclonal anti-Mn-SOD antibody (1:1000). Samples of
protein solutions from the kidney were used for Western blotting with anti-
phospho-AMPKa (Thr172) antibody, anti-AMPKa (23A3) antibody (1:1000), or
anti-SIRT1 antibody (1:1000).

Quantitative real-time PCR. Isolation of total RNA from kidney, and de-
termination of complementary DNA synthesis by reverse transcription and
quantitative real-time PCR were performed as described previously (23). PCR
primer sets are listed (Supplementary Table 1).
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Cell culture. Murine proximal tubular cells (mProx) (derivative, patent
'W09927363, Japan, U.S., European Union), kindly provided by CMIC Co., were
cultured as described previously (27).

Retroviral infection. The pSUPERretro and pSUP’ERretxoSIi?l‘l RNA m-

before exposure to HpOp (10 pmolL). After mcuhanan, the levels of in-

cracel]u.lar ROS were with the

The i ROS was as the
intensity (an 488 nm, an ngth 525 nm)
of dichl i bylxﬁmteMZOOnuﬂoplalemader(‘l‘emJapanCo,

terference vectors were kind gifts from Dr. L.
stitute of Technology, Cambridge, MA). Human embryomc kidney 293T cel]s
were transfected with pSUPERretro or pSUPERretro-SIRT1 RNAi by using
Lipofectamine reagent. At 48 h nfter the media the
retroviruses were col and to mProx treated by
polybrene (1 g/mL). The infected cells were selected by treatment with pu-
romycin (2.5 pg/mL) for several days as described previously (28).

of negative-AMPK. Adenoviruses con-
taining green fluorescent protein (Ad-GFP) or dommanb-negmve AMPK (DN-
AMPK) were added to mProx at ion of 50 multi-
plicity of infection for 1 h at 37°C in serum-free Dulbeccos modified Eagle’s
medium (29).
Detection of ROS in mProx. To determine the effect of RSV on oxidative
stress in mProx, cells were incubated with RSV (10 pmol/L) for 180 min at 37°C
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Kanagawa, Japan). The results of intracellular ROS are expressed in arbitrary
units.

mtDNA content. Well-conserved nuclear and other mitochondrial genes were
selected to quantify mtDNA copy number per nuclear genome. Cytochrome ¢
oxidase subunit 2 was used asa. formtDNA and ing protein 2 for
nuclear DNA. Renal DNA was extracted from frozen kidney tissues of all
animals using the DNeasy tissue kit. Total DNA concentration was determined
using a PicoGreen DNA quantitation kit. Specific mouse primer sequences are
provided in the Supplementary Table 1. mtDNA per nuclear genome was
calculated as the ratio of cytochrome ¢ oxidase subunit 2 DNA to uncoupling
protein 2 DNA (30) and expressed as the fold increase relative to that found in
db/m mice.
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FIG. 2. RSV suppresses oxidative damage in db/db mice, and RSV scavenges O®~ production from mitochondria. A: Urinary 8-OHdG excretion for 24 h
was measured. Data are means = SD (n = 9-11, #P < 0.05 vs. other groups). B: 8-OHdG contents in mtDNA of the kidney samples were measured.
Data are means + 8D (n = 3-4, #P < 0.05 vs. db/m mice group). C: Frequencies of deletion mutation of mtDNA in the kidney were determined by
quantitative PCR method. Data are means = SD (n = 3—4, #P < 0.05 vs. other groups). D: 0" production from renal isolated mitochondria by
stimulation with succinate and antimycin A was determined in all groups. O~ production was expressed as counts of CL per 100 ug protein. Data
are means = SD (n = 8, #P < 0.05 vs. db/m mice group). E: 0~ production in mitochondria isolated from the kidneys of db/db mice by stimulation
with succinate and antimycin A was measured in RSV at various concentrations (107°-100 pmol/L) or SOD (100 Uiml). 0>~ production was
expressed as counts of CL per 100 pg protein. Data are means = SD (n = 8, #P < 0.01 vs. control [0]). F: O*>” production from the reaction of
hypoxanthine/xanthine oxidase was measured in RSV at various concentrations (10™3-100 pmol/L) or SOD (100 U/mL). The inhibitory effect of
RSV against O°~ on this reaction was expressed as % counts of CL. Data are means + SD (n =4, #P < 0.01 vs. control [0]).

Citrate synthase activity. Citrate synthase activity in the kidney was de-
termined using the citrate synthase activity measurement kit, according to the
manufacturer’s instructions.

Electron microscopy. The mitochondria in proximal tubular cells were ob-
served by electron microscopy as previously described (23). Mitochondrial
area and number were estimated in 15-18 micrographs, which were taken for
renal proximal tubular cells of three animals of each group (20). The mito-
chondrial area was measured using the Image J software, and the number of
mitochondria per cell was counted manually by a blind observer.

Statistical analysis. Data are expressed as means * SD. The Tukey multiple-
comparison test was used to determine the significance of pairwise differ-
ences among three or more groups. P < 0.05 was considered significant.
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RESULTS

Characteristics of experimental mice. Table 1 details
the characteristics of four groups of mice at the end of the
experimental period. The whole body and right kidney
weights were significantly higher in db/db mice compared
with db/m mice. The mean blood pressure (MBP) was
significantly higher in db/db mice than in db/m mice. RSV
did not affect changes in MBP. Db/db mice exhibited
markedly elevated blood glucose levels compared with db/m
mice throughout the entire experiment. In db/db mice,
treatment with RSV induced a partial improvement in
blood glucose levels and glycated hemoglobin by the end

diabetes.diabetesjournals.org
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of the experiments. Serum lipid profiles including total
cholesterol, triglyceride, and free fatty acid levels were
also significantly elevated in db/db mice compared with
db/m mice; the increases in triglycerides and free fatty
acids were partially rescued by RSV (Table 1). In addition,
an impairment of glucose and insulin tolerance was evi-
dent in db/db mice relative to db/m mice (Supplementary
Fig. 1), and high levels of fasting glucose and insulin
(Table 1) indicating insulin resistance were also observed
in db/db mice. Such alteration of insulin resistance in db/db
mice was partially improved by treatment with RSV. There
were no differences in body weight and food consumption
between untreated and RSV-treated db/db mice. The 24-h
urine volume was significantly larger in db/db mice com-
pared with db/m mice, and this was partially reduced by
treatment with RSV (data not shown).

Changes in urinary albumin excretion. To evaluate the
effects of RSV on functional abnormalities in db/db mice,
we measured the urinary albumin excretion. Values were
markedly higher in db/db mice and RSV treatment signifi-
cantly reduced urinary albumin excretion (Table 1), in-
dicating that RSV ameliorates the functional abnormality
of diabetic nephropathy in db/db mice.

Changes in kidney morphology. Figure 1A a-d shows
representative photomicrographs of mesangial matrix ac-
C lation in the PAS-stained kidneys of the four groups.
The mesangial matrix was more extensive in the glomeruli
of db/db mice than in db/m mice, and treatment with RSV
reduced such expansion. Figure 1B shows the results of
quantitative analysis of ial matrix exy ion in all
groups. Although the ratio of mesangial matrix/glomerular
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area was markedly larger in db/db mice than in db/m mice,
treatment with RSV significantly reduced this expansion.

Immunohistochemistry for fibronectin (Fig. 14 e-h and
i-1) also showed a significantly higher score for renal glo-
merular and tubulointerstitial expression in db/db mice
than in db/m mice (Fig. 1C and D). Treatment with RSV
reduced the score for fibronectin in db/db mice but had no
effect on db/m (Fig. 1C and D).

The number of cells positive for F4/80 (a macrophage
marker) in the renal interstitial lesion was significantly
higher in db/db mice than in db/m mice (Fig. 14 m—p), but
this pattern was not found in the glomeruli (data not
shown). Treatrnent with RSV reduced the number of F4/80-
positive cells in the renal interstitial lesions of db/db mice
(Fig. 1E). These results indicate that RSV might improve
glomerular and interstitial histological abnormalities in-
cluding mesangial expansion, fibronectin accumulation
and increased interstitial macrophage infiltration in the
kidney of db/db mice.

Changes in urinary 8-OHdG excretion and mitochon-
drial oxidative damage in the kidney. Urinary 8-OHdG
excretion was markedly higher in db/db mice compared
with db/m mice but diminished after treatment with RSV
(Fig. 24). The 8-OHdG content (Fig. 2B) and subsequent
deletion mutation (Fig. 2C) in the mtDNA isolated from the
kidneys of db/db mice were significantly higher than in db/
m mice. These mitochondrial alterations in mtDNA were
not observed i in the kidney of db/db mice treated with RSV.
In addition, 0%~ production from the isolated renal mito-
chondria after stimulation with succinate and antimycin A
was significantly increased in db/db mice, but treatment
with RSV restored it to normal in db/db mice. In ex vivo

DIABETES, VOL. 60, FEBRUARY 2011 5

—395—



>E 2 DIABETIC NEPHROPATHY

experiments, t.he addition of RSV exogenously attenuated
the levels of O* from the renal mitochondria of db/db
mice in a dose-dependent manner (Fig. 2D). Moreover,
RSV could also scavenge 0%~ production from reaction of
hypoxanthine and xanthine oxidase in a dose-dependent
manner. These results suggest that the enhancement of
both systemic oxidative damage and renal mitochondrial
oxidative damage was observed in db/db mice and that
RSV has antioxidative activity.

Changes in nitrotyrosine expression in the kidney.
Figure 3A a~h show representative immunohistochemical
staining for nitrotyrosine in the kidney. The semiquan-
titative scores for nitrotyrosine in both the glomerular and
the tubulointerstitial lesions of the renal cortex were in-
creased in db/db mice compared with those of db/m mice
(Fig. 3B and C). Treatment with RSV reduced the scores in
the glomeruli and tubulointerstitium of db/db mice but had
no effect on the lesions of db/m mice (Fig. 3B and O).
These results indicate that tyrosine nitration of proteins is
enhanced in the kidney of db/db mice and that RSV seems
to attenuate the effect.

Changes in Mn-SOD expression and activity in the
kidney. The mRNA and protein expression of Mn-SOD
was higher in db/db mice than in db/m mice (Fig. 4A-C).
The Mn-SOD activity was significantly lower in the kidney

of db/db mice compared with that of db/m mice (Fig. 4D).
Nitrotyrosine immunoreactivity was significantly higher in
Mn-SOD immunoprecipitates from the kidney of db/db
mice than in that from db/m mice, and the increase in
immunoreactivity was attenuated by treatment with RSV in
db/db but not db/m mice (Fig. 4E and F). These findings
suggest that Mn-SOD activity could be reduced by modi-
fying tyrosine nitration in the kidneys of db/db mice.
mRNA levels of mitochondrial biogenesis-related
genes and the enzyme activity of citrate synthase.
To evaluate mitochondrial biogenesis, we assessed per-
oxisome proliferator-activated receptor <y coactivator
(PGC)-10, nuclear respiratory factor (NRF)-1, and cyto-
chrome c oxidoreductase mRNA expression levels and
mtDNA contents in the kidney. The citrate synthase ac-
tivity was also measured in the kidney. All these were
significantly higher in the kidneys of db/db mice than in
that of db/m mice (Fig. 5A-F). These changes improved
following treatment with RSV, consistent with the ob-
served normalization of Mn-SOD activity and oxidative
stress.

Electron microscopy. To confirm the beneficial effects of
RSV on mitochondrial biogenesis, we examined the renal
morphology in more detail by electron microscopy. The
number and area of the mitochondria were significantly
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larger in renal proximal tubular cells of db/db mice com-
pared with db/m mice, but treatment with RSV rescued
these differences in db/db mice (Fig. 6A-C).

Changes in AMPK activation and SIRT 1 expression
in the kidney. We assessed whether RSV activates AMPK
in the kidney using immunoblotting for phosphorylation of
AMPK. Activation of AMPK was significantly reduced in
the kidney of db/db mice compared with db/m mice, and
RSV did not alter AMPK activation in the kidney (Fig. 7A
and B). In addition, SIRT1 expression was no different
among the groups (Fig. 7A and C).

RSV exerts antioxidative effects in AMPK/SIRT1-
independent mechanism in cultured renal proximal
tubular cells. RSV attenuated intracellular ROS in both
the SIRT1-knocked-down and DN-AMPK-overexpressing
renal proximal tubular cells as well as in control cells.
These results indicate that RSV exerts antioxidative effects
independent of the AMPK/SIRT1 pathway (Fig. 7D and F).

DISCUSSION

In this study, we showed the potential benefits of RSV in
ameliorating the renal injury and the enhanced mito-
chondrial biogenesis with Mn-SOD dysfunction observed
in the diabetic kidney. We also demonstrated that RSV
seems to exert these effects by improving the oxidative
stress status in the kidney via the scavenging of ROS,
normalization of Mn-SOD dysfunction, and partial rescue
of glucose-lipid metabolism. Also, such antioxidative

diabetes.diabetesjournals.org

effects of RSV could be exerted in an AMPK/SIRT1-in-
dependent mechanism.

First, we showed that RSV improved renal functional
and histological abnormalities such as albuminuria,
mesangial expansion, glomerular and interstitial fibronec-
tin accumulation, and interstitial macrophage infiltration in
the kidney of db/db mice, a type 2 diabetes animal model.
Oxidative stress has been implicated in the pathogenesis
of diabetic nephropathy, and high glucose-induced ROS
in renal mesangial or tubular cells contribute to over-
production of extracellular matrix proteins and inflam-
mation (31,32). Because it has been reported that RSV is
a robust scavenger of ROS (6,7), we assessed whether RSV
has beneficial effects against diabetes-induced systemic
and renal oxidative stress by measuring urinary 8-OHdG
excretion and renal immunostaining for nitrotyrosine.
Moreover, not only are mitochondria an important source
of ROS, but also they themselves can be damaged by ROS.
Therefore, we also assessed renal mitochondrial oxidative
stress by measuring accumulation of mitochondrial 8-
OHdG and D-17 deletion of mtDNA, which have been ob-
served in diabetic nephropathy (33) and aging (24). In the
current study, renal nitrotyrosine expression and mito-
chondrial oxidative damage indicated systemic, renal and
particularly mitochondrial enhanced oxidative stress in the
kidney of db/db mice, and there was clear attenuation of
these markers following treatment with RSV. In addition,
we showed that isolated mitochondrial 0>~ production by
stimulation with succinate and antimycin A was increased
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in db/db mice, and the RSV could scavenge ROS from the
mitochondria.

The mitochondria are an important source of ROS in
diabetes (9), and ROS metabolism in the mitochondria is
mainly regulated by Mn-SOD, which is an important anti-
oxidative enzyme in the mitochondria. In the diabetic
state, high glucose- or FFA-induced overproduction of
ROS from the mitochondria is inhibited by overexpression
of Mn-SOD in vascular cells and tissues (9,34-37). More-
over, heterozygous Mn-SOD deficient mouse, which only
have 50% of the Mn-SOD activity seen in wild-type mice,
showed O -induced mitochondrial oxidative damage
(38), together with massive glomerulosclerosis, tubu-
lointerstitial damage and inflammation including macro-
phage infiltration in the kidney (39). Therefore, regulation
of ROS metabolism in the mitochondria via Mn-SOD
function is an important protective factor in managing di-
abetic vascular complications including nephropathy. It is
also known that tyrosine nitration at the active site of Mn-
SOD is associated with reduction in enzymatic activity in
the kidneys of several disease models (26,40—42). In the
current study, we showed reduced Mn-SOD activity even
when the expression of Mn-SOD was increased, and the
former was probably caused by increased tyrosine nitra-
tion in the kidney of db/db mice. RSV might reduce

8 DIABETES, VOL. 60, FEBRUARY 2011

tyrosine nitration of Mn-SOD and rescue the activation,
resulting in improvement of mitochondrial oxidative stress
and renal injury in diabetic kidney. Thus, RSV might
ameliorate systemic, renal, and particularly mitochondrial
oxidative stress in diabetes via the direct scavenging of
ROS and normalization of the Mn-SOD function.

It has been reported recently that reduced mitochon-
drial biogenesis in insulin resistant tissues such as skeletal
muscle, liver, or fat is associated with the pathogenesis of
type 2 diabetes (11). In addition to its function as a ROS
scavenger, several reports have implicated RSV in acti-
vating the AMPK/SIRT1 pathway to induce mitochondrial
biogenesis (14), leading to life span prolongation and im-
provement of high-fat diet-induced metabolic impairment
such as obesity and insulin resistance (12,13). We there-
fore examined mitochondrial biogenesis in the kidney
based on mtDNA contents, mitochondria area and number,
citrate synthase activity and overexpression of PGC-1q,
NRF-1, cytochrome ¢ oxidoreductase, and Mn-SOD. In-
terestingly, these factors were all enhanced in the kidney
of db/db mice compared with db/m mice, and were res-
cued by RSV treatment, consistent with attenuation of
systemic and renal mitochondrial oxidative stress in-
cluding tyrosine nitration of Mn-SOD. Moreover, RSV did
not alter AMPK activation or induction of Mn-SOD
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expression in the kidney. We also showed that RSV at-
tenuated intracellular ROS in both the SIRT1 knocked-
down and the DN-AMPK—overexpressing renal proximal
tubular cells. These results suggest that systemic and/or
renal mitochondrial oxidative stress contributes to the
enhanced mitochondrial biogenesis in the kidney of the
db/db mice and that RSV might improve mitochondrial
biogenesis through the attenuation of oxidative stress,
rather than through the activation of the AMPK/SIRT1
pathway. In this regard, Shen et al. (20) demonstrated that
oxidative stress-induced mitochondrial biogenesis was
increased in the myocardium of OVE26 diabetic mice as
a possible compensatory reaction against oxidative stress—
induced mitochondrial damage. Moreover, they showed
that the myocardium-specific Mn-SOD transgenic mice
crossed with OVE26 diabetic mice showed improvement
of oxidantrinduced mitochondrial biogenesis and dys-
function (37). Therefore, we suggest that the enhanced
mitochondrial biogenesis in the kidney of db/db mice
might also be a compensatory response to oxidative
stress-induced mitochondrial damage; however further
study is needed to elucidate the role of enhanced mito-
chondrial biogenesis associated with Mn-SOD dysfunction.

RSV has also been shown to reduce elevated blood
glucose levels and metabolic impairment in diabetes, to be
associated with mitochondrial biogenesis through the
AMPK/SIRT1 activation pathway, as discussed above
(12,13,43). In the current study, the elevated levels of
glucose, glycated hemoglobin, triglycerides, and free fatty
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acids and impairment of glucose/insulin tolerance in db/db
mice improved to some extent by treatment with RSV. It is
therefore possible that RSV acts as an enhancer of mito-
chondrial biogenesis through AMPK/SIRT1 activation in
liver and skeletal muscle, resulting in demonstrated im-
provements in abnormal glucose-lipid metabolism in db/db
mice. In fact, we found that the phosphorylation of AMPK
was reduced in the liver of db/db mice, and RSV could re-
store its alteration (data not shown). Therefore, RSV is likely
exerting some of its effects via improvement of glucose
homeostasis, and the systemic improvement of metabolism
might at least in part contribute to the amelioration of renal
oxidative stress and renal injury.

In conclusion, our study indicated that the enhanced
mitochondrial biogenesis with Mn-SOD dysfunction by
tyrosine nitration was observed in the diabetic kidney. RSV
seems to improve these functional and histological ab-
normalities and ameliorate the enhanced mitochondrial
biogenesis in diabetic kidney, possibly by attenuating the
oxidative stress through scavenging of the ROS, by the
normalization of the Mn-SOD dysfunction in an AMPK/
SIRT1-independent mechanism, and by the partial im-
provement of the glucose and lipid metabolism.
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Calorie restriction enhances cell adaptation
to hypoxia through Sirt1-dependent
mitochondrial autophagy

IN mouse aged kidney
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"Department of Medicine and 2Department of Biochemistry and Molecular Biology, Shiga University of Medical Science, Japan. *Department of Medicine,
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Mitochondrial oxidative damage is a basic mechanism of aging, and multiple studies demonstrate that this pro-
cess is attenuated by calorie restriction (CR). However, the molecular mechanism that underlies the beneficial
effect of CR on mitochondrial dysfunction is unclear. Here, we investigated in mice the mechanisms underlying
CR-mediated protection against hypoxia in aged kidney, with a special focus on the role of the NAD-dependent
deacetylase sirtuin 1 (Sirtl1), which is linked to CR-related longevity in model organisms, on mitochondrial
autophagy. Adult-onset and long-term CR in mice promoted increased Sirtl expression in aged kidney and
attenuated hypoxia-associated mitochondrial and renal damage by enhancing BCL2/adenovirus E1B 19-kDa
interacting protein 3-dependent (Bnip3-dependent) autophagy. Culture of primary renal proximal tubular cells
(PTCs) in serum from CR mice promoted Sirtl-mediated forkhead box O3 (Foxo3) deacetylation. This activ-
ity was essential for expression of Bnip3 and p27Kip1 and for subsequent autophagy and cell survival of PTCs
under hypoxia. Furthermore, the kidneys of aged Sirt1*/~ mice were resistant to CR-mediated improvement in
the accumulation of damaged mitochondria under hypoxia. These data highlight the role of the Sirt1-Foxo3 axis
in cellular adaptation to hypoxia, delineate a molecular mechanism of the CR-mediated antiaging effect, and
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could potentially direct the design of new therapies for age- and hypoxia-related tissue damage.

Introduction

Increasing age causes progressive postmaturational deterioration
of tissues and organs, leading to impairment of tissue function-
ing, increased vulnerability to challenges, and death. The kidney
is a typical target organ of age-associated tissue damage, and the
increased incidence of chronic kidney disease (CKD) in the elderly
is a health problem worldwide (1-3). However, there is little or no
information on the mechanisms underlying age-associated kid-
ney damage. Thus, studies designed ro derermine such molecular
mechanisms could help formulate interventions that delay the
onset and/or progression of CKD in elderly patients.

Among the several proposed theories on the pathogenesis of age-
associated tissue damage, the mitochondrial ROS theory provides
the basic mechanism of age-associated tissue dysfunction (4, 5): that
age-dependent alteration in mitochondrial DNA (mtDNA) plays a
fundamental role in the age-associated increase in ROS and subse-
quent tissue damage (6, 7). Further evidence linking alterations in
mtDNA with progressive age-dependent tissue dysfunction can be
found in individuals with mitochondrial genetic diseases and mice
with deletion mutation of mtDNA, which display a phenotype that
resembles premature aging, including kidney dysfunction (8, 9).
Hypoxia is the cause of age-associated mitochondrial dysfunc-
tion (10) and is involved in age-dependent tissue damage affecting
the brain (11), heart (12), and kidney (13). Furthermore, hypoxia
modulates various cellular processes, such as apoptosis, cell cycle,
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autophagy, and glucose metabolism (14, 15). Elderly individuals
suffer impairment of adaptation to systemic hypoxemia (16, 17);
however, the molecular changes involved in age-associated cellular
maladaptation to hypoxia are poorly undersrood.

Calorie restriction (CR) has various beneficial effects on health,
including lifespan prolongation (18, 19). One mechanism of the
beneficial effects of CR is attenuation of mitochondrial dysfunc-
tion in various pathological conditions (20, 21). Moreover, CR 1s
suggested to affect cell adapration to hypoxia (22), although the
molecular mechanism of chis effect remains elusive. In this con-
text, uncovering the mechanism underlying CR-mediared attenu-
ation of age-associated cellular and mitochondrial damage under
hypoxia should contribute to the development of new therapies
for age-associated tissue damage.

Studies on the mechanisms of CR-related longevity have identi-
fied the silent information regulator 2 (Sir2) as a survival factor that
prolongs lifespan (23, 24). Sirtl, a mammalian homolog of Sir2, was
originally identified as an NAD-dependent histone deacetylase (25).
Recent studies have shown that Sirtl is involved in the regulation of
awide variety of cellular processes, ranging from stress response, cell
cycle, metabolism, and apoptosis in response to the cellular energy
and redox status, through its deacetylase activity for more than
2 dozen known substrates (26). Thus, alchough Sirtl is linked to
CR-related longevity in model organisms (23, 24), the mechanism by
which itextends lifespan in mammals and its role in age- or hypoxia-
associated tissue damage remains unclear.

In the present study, we examined the mechanism of CR-related
mitochondrial and cellular protection against hypoxia in aged mouse
Volume 120 1043
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Effect of CR on mitochondrial oxidative damage in aged kidney. Experiments were performed on young mice or on aged mice subjected to AL or
12 months of CR. (A and B) Serum cystatin C levels (A) and 24-hour urinary albumin excretion levels (B) at the end of the experimental period.
(C) Azan-stained and 8-OHdG-immunostained kidney sections. Original magnification, x200 (Azan, bottom); x400 (Azan, top, and 8-OHdG).
(D) Quantitative analyses of Azan and 8-OHdG staining of glomerular and tubulointerstitial lesions. (E) Urinary 8-OHdG excretion levels during

the observation period. Data are mean + SEM. *P < 0.05 vs. young, P

< 0.05 vs. CR at the same time point. (F-H) 8-OHdG content (F), relative

proportion of D-17 deletions (as percentage of WT; G), and frequencies of point mutations in cytochrome b gene (H) in mtDNA isolated from the
kidney. Data are mean + SEM. **P < 0.05. Each group includes 7-9 mice. (I) Correlation between D-17 prevalence and serum cystatin C level.

kidney, with a special focus on the role of Sirt1 on mitochondrial
autophagy. The study identified a role for Sirt1 on cell adaptation to
hypoxia, which provides what we believe to be a new molecular find-
ing in CR-mediated antiaging effects, and shed light on the design of
new therapies for age-related tissue damage including aged kidney.

Results

CR attenuates mitochondrial oxidative damage in aged kidney. First, we
investigated whether adult-onset, long-term CR attenuates kidney
damage and oxidative stress in aged mice. (Hereafter, unless oth-
erwise indicated, young refers to mice 3 months of age and aged
to mice 24 months of age.) During the 12-month experimental
period, 3 aged mice of the ad libitum-fed (AL) group died as a
result of malignancy and liver cirrhosis, whereas a single mouse
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of the CR group died as a result of malignancy (Supplemental
Table 1; supplemental material available online with this article;
doi:10.1172/JC141376DS1). Significant differences were noted in
various systemic metabolic parameters between the CR and AL
mice (Supplemental Table 1). CR significantly inhibited age-asso-
ciated increases in the renal dysfunction marker serum cystatin C,
24-hour urinary albumin excretion, and fibrotic changes in glo-
merular and interstitial lesions, with significantly reduced urinary
excretion of the oxidative stress marker 8-OHdG (Figure 1, A-E).
Significant accumulation of 8-OHdG was observed especially in
the cytoplasm of the proximal tubular cells (PTCs) of AL mice,
which was significantly attenuated by CR (Figure 1, C and D). In
the kidneys of AL mice, accumulation of 8-OHdG in glomeruli
was less than that in PTCs (Figure 1, C and D). Age-dependent
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CR enhances autophagy in aged kidney. EM analysis showed accu-
mulation of senescent mitochondria in PTCs of AL mice, which
exhibited swelling and disintegration of cristae (Figure 2A). Under
normal circumstances, damaged mitochondria are degraded by
autophagy, an intracellular process that allows the degradation of
damaged proteins and organelles (29). In contrast to PTCs of AL
mice, those of CR mice showed normal mitochondrial morphology
with numerous auto(lyso)phagosomes (Figure 2A). Moreover, kid-
neys of AL mice contained higher levels of sequestosome 1 (Sqstm1;
Figure 2B), a marker for in vivo impaired autophagy (30, 31). Lipi-
dation of microtubule-associated protein 1 light chain 3 alpha
(LC3), as assessed by the ratio of LC3I to LC3II conversion, as well
as LC3 dots, which are known markers of enhanced autophagy (32,
33), were lower in AL mice than in CR mice (Figure 2, B-D). Thus,
impaired autophagy might cause age-dependent mitochondrial
oxidative damage in the kidney, and enhancement of autophagy
could explain the CR-mediated mitochondrial protection.

CR enhances hypoxia-induced expression of BCL2/adenovirus E1B 19-kDa
interacting protein 3 in aged kidney. We next analyzed the mRNA expres-
sion levels of various molecules involved in auto(lyso)phagosome
formation (Figure 2E). Overexpression of BCL2/adenovirus E1B
19-kDa interacting protein 3 (Bnip3) mRNA was detected in CR mice
(Figure 2E), and this was confirmed by IB (Figure 2B). Because Bnip3
is an initiator of hypoxia-induced autophagy (15, 34, 35), we exam-
ined the state of hypoxia and Bnip3 expression in the kidney. Pimoni-
dazole hypoxic cells were observed in PTCs of both AL and CR mice
(Figure 2, F and G). Bnip3 expression was significantly enhanced in
hypoxia-positive PTCs of CR mice, but it was less noted in AL mice
(Figure 2, F and G). Bnip3 expression is positively regulated by cer-
tain transcriptional factors, including hypoxia-inducible factor 1
alpha (Hifla) and forkhead box O3 (Foxo3) (15, 36). Chromatin IP
(ChIP) indicated that Hifla bound to Bnip3 promoter in the kidneys
of both AL and CR mice, but Foxo3 bound to Bnip3 promoter only
in CR mice (Figure 2H). These results suggest that Foxo3-mediated
Bnip3 overexpression should be a molecular target for CR-mediated
enhancement of hypoxia-induced autophagy in the aged kidney.

CR enhances Sirt1 activity in aged kidney. Because Foxo3 transcrip-
tional activity is regulated by Sirt1 under certain conditions (37),
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we checked Sirtl activity and its interaction with Foxo3. The
mRNA and protein expression levels of Sirtl were significantly
decreased in the kidneys of AL mice and enhanced by long-term
CR (Figure 3, A and B). NAD content in AL mice significantly
decreased compared with that of young mice, but this decrease
was attenuated by CR (Figure 3C). IP analysis revealed that Sirt1
interacted with and deacetylated Foxo3 in the kidney of CR mice,
but not in AL mice (Figure 3D). Thus, Sirt1 activity was decreased
in the aged kidney and enhanced by long-term CR. Furthermore,
Sirtl mRNA expression levels correlated negatively with serum
cystatin C levels and prevalence of D-17 (Figure 3, E and F), which
suggests that Sirtl is associated with age-associated kidney dys-
function and mitochondrial damage.

Foxo3 is essential for CR-mediated enbancement of hypoxia-induced
Bnip3 expression and autophagy. To investigate whether CR-dependent
enhancement of hypoxia-induced Bnip3 expression and autophagy
is reproducible in vitro, PTCs were incubated with serum from CR
or AL rodents (20, 38, 39), and then exposed to hypoxia (1% O,) for
24 hours. We reproduced a clear enhancement of hypoxia-induced
Bnip3 expression as well as autophagy, as determined by LC31I for-
mation and LC3 dots, in CR serum compared with AL serum (Fig-
ure 4, A-C). We confirmed that hypoxia failed to induce autophagy
in Bnip3-knockdown cells (Supplemental Figure 1), which suggests
that Bnip3 is essential for hypoxia-induced autophagy in PTCs. The
siRNA for Foxo3 significantly inhibited CR-mediated enhancement
of hypoxia-induced Bnip3 expression and autophagy (Figure 4,
A-C). However, Foxo3 deficiency failed to inhibit hypoxia-induced
autophagy in Bnip3-overexpressing PTCs under CR serum (Fig-
ure 4, D-F), which suggests that Foxo3 regulates hypoxia-induced
autophagy through Bnip3 overexpression in CR serum.

Sirtl is essential for CR-mediated enhancement of hypoxia-induced Bnip3
expression and autophagy. Retrovirally mediated Sirt1 knockdown
significantly inhibited CR-mediated enhancement of hypoxia-
induced Bnip3 expression and autophagy (Figure S, A-C). Domi-
nant-negative Sirt1 (H355A) lacking deacetylase activity inhibited
hypoxia-induced autophagy under CR serum, whereas it failed to
inhibit autophagy in Bnip3-overexpressing PTCs (Figure S, D-F).
Furchermore, Sirtl overexpression did not affect Bnip3 knock-
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Figure 4

Involvement of Foxo3 on CR-mediated enhancement of autophagy under hypoxia. (A) Expression of Foxo3, autophagy-associated molecules,
and nuclear Hif1a under hypoxia (1% O, 24 hours) in cells transfected with siRNA control or siRNA for Foxo3 under AL or CR serum. To detect

LC3I and LC3II bands, cells were preincubated with lysosomal inhibit
to LC3I (n = 4). (C) Hypoxia-induced autophagy in cells transfected wi
detected as dot spot of GFP-LC3 protein. Original magnification, x400.
(D) Expression of Foxo3 and autophagy-associated molecules under

or (E64d and pepstatin A). (B) Quantitative analysis of the ratio of LC3II
th siRNA control or siRNA for Foxo3 in AL or CR serum. Autophagy was
Bottom: Percentage of GFP+ cells with punctate GFP-LC3 fluorescence.
hypoxia in retrovirally mediated Bnip3-overexpressing cells transfected

with siRNA control or siRNA for Foxo3 in CR serum. To detect LC3I and LC3lII bands, cells were preincubated as in A. (E) Quantitative analysis

of the ratio of LC3II to LC3I (n = 4). (F) Hypoxia-induced autophagy i

n Bnip3-overexpressing cultured cells transfected with siRNA control or

siRNA for Foxo3 in CR serum. Original magnification, x400. Right: Percentage of GFP+ cells with punctate GFP-LC3 fluorescence. Data are

mean + SEM. *P < 0.05.

down-mediated inhibition of autophagy (Supplemental Figure 1),
which suggests that Sirtl positively regulates CR-mediared
enhancement of hypoxia-induced autophagy upstream of Bnip3.
PI3K and Sirt1 regulate Foxo3 activity in the Bnip3 promoter. Since
nuclear translocation of Foxo3 and its subsequent transcriptional
activity are negatively regulated by PI3K-Akt-mediated phosphory-
lation (40), we next examined the role of PI3K and Sirt1 on Foxo3-
mediated enhancement of hypoxia-induced Bnip3 expression in
AL and CR serum. At the early stage of hypoxia (6 hours), Bnip3
expression was not detected in AL serum, whereas it was enhanced
in CR serum (Figure 6A). At this stage, phosphorylated Foxo3 in
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AL serum showed cytoplasmic localization, and dephosphorylated
Foxo3 in CR serum exhibited nuclear distribution (Figure 6, B and
C). The PI3K inhibitor LY294002 in AL serum reversed phosphory-
lation of Foxo3 and enhanced its nuclear translocation (Figure 6,
B and C). Because Sirt1l was localized in the nucleus in CR and
AL serum (Figure 6B), we next investigated whether nuclear-trans-
located Foxo3 interacts with Sirtl. In AL serum, Foxo3 failed to
interact with Sirtl and was markedly acetylated even when it was
translocated into the nucleus by LY294002 (Figure 6D). In con-
trast, under CR serum, nuclear Foxo3 interacted with Sirtl and
was deacetylated (Figure 6D). ChIP and IB revealed that acetylated
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Involvement of Sirt1 in CR-mediated enhancement of autophagy under hypoxia. (A) Bnip3 and Sirt1 expression and LC3II formation in retrovirally
mediated Sirt1-knockdown cells under hypoxia (1% Oz, 24 hours) in AL and CR serum conditions. To detect LC3I and LC3II bands, cells were
preincubated with lysosomal inhibitor (E64d and pepstatin A). (B) Quantitative analysis of the ratio of LC3II to LC3I (n = 4). (C) Hypoxia-induced
autophagy in Sirt1-knockdown cells under AL and CR serum conditions. Original magnification, x400. Right: Percentage of GFP+ cells with
punctate GFP-LC3 fluorescence. (D) Expression of Bnip3 and LCII formation under hypoxia in retrovirally mediated Bnip3-overexpressing cells
infected with either adenoviral mutated Sirt1 (H355A) or LacZ in CR serum. To detect LC3I and LC3II bands, cells were preincubated as in A.
(E) Quantitative analysis of the ratio of LC3II to LC3I (n = 4). (F) Hypoxia-induced autophagy in retrovirally mediated Bnip3-overexpressing cells
infected with either adenoviral mutated Sirt1 (H355A) or LacZ in CR serum. Original magnification, x400. Right: Percentage of GFP~ cells with

punctate GFP-LC3 fluorescence. Data are mean + SEM. *P < 0.05.

Foxo3 in AL serum failed to bind to Bnip3 promoter or enhance
Bnip3 expression, whereas deacetylated Foxo3 in CR serum bound
to Bnip3 promoter and subsequently enhanced Bnip3 expression
under hypoxia (Figure 6, C and E). These conditions did not affect
hypoxia-mediated Hif1a expression (Figure 6C).

PI3K and Sirt1 regulate Foxo3-mediated cell adaptation to hypoxia.
Foxo3 is also recognized as a cell cycle regulator (G, arrest) through
p27Kip1 expression (41) and as a proapoptotic factor through
Bim expression (37, 42) in response to certain stress conditions.
At the late phase (12-24 hours), hypoxia caused apoptosis in AL
serum, as determined by cleavage of both poly(ADP-ribose) poly-
merase (PARP) and caspase 3 (Figure 6A). In contrast, hypoxia
in CR serum enhanced p27Kip1 expression as well as autophagy
with Bnip3 overexpression (Figure 6A). Thus, we next examined
the role of interaction among PI3K, Sirtl, and Foxo3 on p27Kip1
expression, autophagy, and apoptosis in the late phase (24 hours)
1048
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of hypoxia. Prolonged hypoxia in AL serum partially translocated
Foxo3 to the nucleus, and this effect was blocked by N-acetyl-cyste-
ine (NAC), an antioxidant molecule (Figure 7, A and B). NAC also
inhibited hypoxia-mediated apoptosis in AL serum (Figure 7B).
In contrast, LY294002 increased Foxo3 nuclear translocation and
apoptosis (Figure 7, A and B). These results suggest that oxidative
stress-mediated nuclear translocation of Foxo3 causes apoptosis
under hypoxia in AL serum, which is inhibited by PI3K. In CR
serum, Foxo3 was localized in the nucleus under both normoxia
and hypoxia (Figure 7, A and B), and Bnip3-mediated autophagy
was enhanced under hypoxia (Figure 7, B and C).

Similar to the results of early phase, nuclear Foxo3 failed to inter-
act with Sirt1 and was markedly acetylated in AL serum, whereas
it interacted with Sirt] and was deacetylated in CR serum (Figure
7D). ChIP and IB showed that acetylated Foxo3 in AL serum failed
to bind to both Bnip3 and p27Kip1 promoters, and bound to Bim
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Involvement of PI3K and Sirt1 in Foxo3-mediated Bnip3 expression at early phase of hypoxia. (A) IB for Bnip3, p27Kip1, cleaved PARP, and
cleaved caspase 3 expression and LC3I| formation at the indicated time points under hypoxia (1% O) in AL and CR serum. To detect LC3l and
LC3II bands, cells were preincubated with lysosomal inhibitor (E64d and pepstatin A). (B) Immunostaining showing localization of Foxo3 and
Sirt1 at early phase of hypoxia (1% O, 6 hours) under the indicated conditions. Original magnification, x400. (C) Phosphorylation and expression
levels of Foxo3, expression levels of Bnip3 and Sirt1, and nuclear expression levels of Foxo3 and Hif1a at early phase of hypoxia. (D) Acetylation
of Foxo3 and interaction between Sirt1 and Foxo3 at early phase of hypoxia. (E) ChIP analysis to determine Foxo3 binding to Bnip3 promoters

at early phase of hypoxia. LY294002 was used as PI3K inhibitor at 20 uM.

promoter, in hypoxic PTCs (Figure 7E), which suppressed autoph-
agy and p27Kip1 expression and increased apoptosis (Figure 7,
B and C). LY294002 enhanced Foxo3 binding to Bim promoter
under AL serum (Figure 7E). In contrast, deacetylated Foxo3 in
CR serum bound to Bnip3 and p27Kip1 promoters, but not Bim
promoters (Figure 7E), which mediated autophagy and p27Kip1
expression and suppressed apoptosis (Figure 7, B and C).
Retrovirally mediated Sirtl knockdown in CR serum enhanced
hypoxia-induced apoptosis and inhibited p27Kip1 expression and
Bnip3-mediated autophagy (Figure 8, A and B). We next examined
the mechanisms of these actions. Sirt1 deficiency in CR serum
enhanced acetylation of Foxo3 (Figure 8C). Acetylated Foxo3
failed to bind to both Bnip3 and p27Kip1 promoter and bound to
Bim promoter (Figure 8D). In contrast, Sirt1 overexpression in AL
serum with LY294002 augmented Bnip3-mediated autophagy and
p27Kip1 expression, decreased apoptosis (Figure 8, E and F), and
increased Foxo3 binding to Bnip3 and p27Kip1 promoter (Fig-
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ure 8G). Under the same conditions, siRNA for Foxo3 suppressed
Sirt1-mediated enhancement of Bnip3-mediated autophagy and
p27Kip1 expression (Figure 8, E and F), which suggests that Sircl
promotes cellular adaptation to hypoxia through the regulation of
transcriptional activity of Foxo3 to Bnip3, p27Kip1, and Bim.

CR fails to enhance cell adaptation to hypoxia in aged kidney of Sirt1*
mice. We provided in vivo evidence for the involvement of Sirt1 in
CR-mediated cellular adaptation to hypoxia by using 12-month-
old Sirt1*~ mice on SV129 background under AL and CR for
6 months. The PTCs of 12-month-old WT mice showed normal
mitochondrial morphology and lictle mitochondrial oxidative
damage, together with substantial increases in autophagy and
hypoxia-associated Bnip3 expression (Figure 9, A-G). In contrast,
Sirt1*/~ AL mice showed damaged mitochondria, higher levels of
urinary 8-OHdG excretion, and higher prevalence of point muta-
tion of mtDNA in the kidney; additionally, autophagy and Bnip3
expression in the hypoxic PTCs of Sirt]*/~ AL mice were significantly
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Involvement of PI3K and Sirt1 in Foxo3-mediated cell adaptation to hypoxia. (A) Immunostaining showing localization of Foxo3 and Sirt1 at late
phase of hypoxia (1% O, 24 hours) under the indicated conditions. Original magnification, x400. (B) Phosphorylation and expression level of
Foxo3; expression of Bnip3, p27Kip1, cleaved PARP, cleaved caspase 3, and Sirt1; formation of LC3II; and nuclear expression levels of Foxo3
and Hif1a at late phase of hypoxia. To detect LC3I and LC3II bands, cells were preincubated with lysosomal inhibitor (E64d and pepstatin A).
(C) Quantitative analysis of the ratio of LC3II to LC3I (n = 4). (D) Acetylation of Foxo3 and interaction between Sirt1 and Foxo3 at late phase of
hypoxia. (E) ChIP analysis to determine Foxo3 binding to the promoters of Bnip3, p27Kip1, and Bim at late phase of hypoxia. LY294002 was
used as a PI3K inhibitor at 20 uM. NAC was used as an antioxidant at 20 mM. Data are mean + SEM. *P < 0.05.

decreased. CR failed to enhance hypoxia-induced Bnip3 expres-
sion and autophagy (Figure 9, D-G), which caused mitochondrial
oxidative damage in the kidneys of Sirt1*/~ mice (Figure 9, A-C),
although they showed the systemic phenotype of CR mice (Supple-
mental Table 2). These results suggest that Sirt1 in the kidney is
essential for the CR-mediated enhancement of hypoxia-associated
mitochondria oxidative damage in vivo. We also confirmed that
the phenotypes of aged kidneys of 12-month-old WT, Sirt1*/~ AL,
and Sirt1/~ CR mice of C57BL/6 background were similar (Supple-
mental Figure 2, A and B) to those of mice of SV129 background
(Figure 9, A and D), which suggests that the difference in genetic
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background does not affect the role of Sirt1 in hypoxia-associated
mitochondrial damage and cellular adaptation in the kidney.

In the kidneys of WT mice, Foxo3 interacted with Sircl and was
deacetylated, whereas its acetylation was enhanced in Sirtl* mice
with both AL and CR (Figure 9H). In agreement with the results of
the in vitro study, deacetylated Foxo3 bound to Bnip3 and p27Kip1
promoters (Figure 91), resulting in increased expression levels of
these proteins in WT mice (Figure 9D). In contrast, acetylated Foxo3
in the kidneys of Sirt1*~ AL and CR mice failed to bind Bnip3 and
p27Kip1 promoters (Figure 91), and their expressions subsequently
decreased (Figure 9D). Furthermore, Foxo3 binding to Bim pro-
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Role of Sirt1 in cell adaptation to hypoxia. (A) Expression levels of Bnip3, p27Kip1, cleaved caspase 3, and Sirt1 and formation of LC3II in ret-
rovirally mediated Sirt1-knockdown cells under hypoxia (1% O, 24 hours) in CR serum condition. To detect LC3I and LC3II bands, cells were
preincubated with lysosomal inhibitor (E64d and pepstatin A). (B) Quantitative analysis of the ratio of LC3II to LC3I (n = 4). (C) Acetylation of
Foxo3 in Sirt1-knockdown cells under hypoxia in CR serum. (D) ChiP analysis to determine Foxo3 binding to promoters of Bnip3, p27Kip1, and
Bim in Sirt1-knockdown cells under hypoxia in CR serum. (E) Expression levels of Bnip3, p27Kip1, cleaved caspase 3, and Sirt1 and formation
of LC3II in retrovirally mediated Sirt1-overexpressing cells transfected with siRNA control or siRNA for Foxo3 under hypoxia in AL serum. To
detect LC3I and LC3II bands, cells were preincubated as in A. (F) Quantitative analysis of the ratio of LC3II to LC3I (n = 4). (G) ChlP analysis
to determine Foxo3 binding to promoters of Bnip3, p27Kip1, and Bim in Sirt1-overexpressing cells transfected with siRNA control or siRNA for
Foxo3 under hypoxia in AL serum. LY294002 was used as a PI3K inhibitor at 20 uM. Data are mean + SEM. *P < 0.05.

moter (Figure 91) and subsequent cleavage of caspase 3 (Figure 9D)
were enhanced in the kidneys of Sirt1”~ AL and CR mice. Finally,
serum cystatin C levels were significantly higher in Sirt1*~ AL mice,
and were not attenuated by 6 months of CR (Figure 9J).

Discussion

Our results provided the first evidence to our knowledge that long-
term CR enhances autophagy with overexpression of Sirt1 in aged
tissue of mammals and is a therapeutic target for age- and hypoxia-
associated tissue damage including aged kidney. In this study, we
focused on Sirtl, a survival molecule under CR (23, 24, 43, 44).
Recent reports suggest that Sirt1 transgenic mice show a phenotype
that resembles mice under CR (45), and Sirt1 deficiency in mice
failed to show lifespan prolongation under CR (46). However, few
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studies have provided direct evidence for the involvement of Sirt1
in the pathogenesis of age-associated mitochondrial damage or in
the mechanism underlying long-term CR-mediated mitochondrial
protection. In the present study, Sirt1 expression was significantly
decreased in aged kidney and was enhanced by long-term CR. Fur-
thermore, the results showing acetylation state of Foxo3 emphasized
the suppression of Sirt1 deacetylase activity in aged kidney and its
enhancement by long-term CR. We believe we are the first to show
that long-term CR can cause Sirt1 activation even in aged tissues.
The in vitro model of CR has been used to determine the effects
of CR serum on cell proliferation (39), apoptosis (38), and mito-
chondria biogenesis (20). Using this model, we showed that aging
AL and CR serum affected hypoxia-induced autophagy through
modification of the Sirt1-PI3K-Foxo3 axis. Sirtl deficiency and
Number 4 1051

Volume 120 April 2010

—409 -






