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Background/Aims: Renal aging-related changes are characterized by oxidative stress. SIRT1 regulates cellular conditions by acti-
vating Nrf2. The present study investigated the processes of renal changes by antioxidant enzymes and the relationship between
SIRT1 and Nrf2.

Methods: We used male 2-, 12-, and 24-month-old C57BL/6 mice. We measured renal function, histological changes, oxidative
stress, and expression of SIRT1-Nrf2 signaling in the kidneys.

Results: 24-month-old mice exhibited increased albuminuria and serum creatinine. Creatinine clearance was decreased in
24-month-old mice compared with 12-month-old mice. There were increases in mesangial volume and tubulointerstitial fibrosis in
24-month-old mice. Moreover, oxidative stress marker, 3-Nitrotyrosine, expression and apoptosis were increased in 24-month-old
mice. The 24 h urinary 8-isoprostane and 8-hydroxy-deoxyguanosine excretion increased with aging. The levels of expression of
SIRT1 and nuclear Nrf2 were decreased in 24-month-old mice. The antioxidant enzymes HO-1 and NQO-1 were down-regulated in
24-month-old mice. Another antioxidant enzyme, SOD2, was decreased in 24-month-old mice.

Conclusions: Our results demonstrated that SIRT1 was down-regulated with aging, and this may be related to changes in the ex-
pression of target molecules including Nrf2. As a result, oxidative stress was induced. The pharmacological targeting of these sig-
naling molecules may reduce the pathological changes associated with aging in the kidney. (Korean J Med 2017;92:53-61)
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INTRODUCTION

Aging involves accumulation of changes in most species over
time [1]; it refers to a multidimensional process of physiologic
functions and metabolic processes [2]. Exposure to various cel-
lular conditions or stresses increases damage to homeostatic
mechanisms, leading to increased susceptibility to environmental
stresses, with increasing rates of morbidity and mortality by dis-
eases [2,3].

Many theories regarding primarily disease-independent renal
aging, categorized as evolutionary, molecular, cellular, and sys-
temic changes, have been proposed previously as a result of re-
cent studies [3]. Renal aging-related changes are characterized
by oxidative stress, inflammation, glomerular basement mem-
brane thickening and wrinkling, associated with the loss of capil-
lary loops, as well as mesangial matrix expansion, tubulointer-
stitial fibrosis, renal cell death, and renal dysfunction [4-7].

The aging process is associated with the inactivation of the
‘Sirtuinl (SIRT1)’ protein and the activation of oxidative stress
[8]. The SIRT1-activated transcription factor ‘NF-E2-related fac-
tor 2 (Nrf2)’ regulates inflammation, senescence, and reactive
oxygen species (ROS) [9]. Nrf2 regulates the intracellular redox
balance and the cellular anti-oxidant and antiinflammatory
machineries. These play important roles in the defense against
oxidative stress [10-12]. Nrf2 binds to ‘kelch-like ECH-asso-
ciated protein 1 (Keapl)’ in the cytoplasm [8]. Under normal
conditions, Keapl degrades Nrf2 via proteasome. However,
upon exposure of cells to oxidative stress, Nrf2 dissociates from
Keapl and translocates to the nucleus, to bind to anti-oxidant-re-
sponsive elements in genes encoding anti-oxidant enzymes, such
as nicotinamide adenine dinucleotide phosphate (NADPH) qui-
none oxidoreductase (NQOI1), heme oxygenase-1 (HO-1), super-
oxide dismutase (SOD) 1, and SOD2 [8,9,13]. This activation
of Nrf2-dependent anti-oxidants promotes anti-oxidative stress
and anti-inflammatory functions [13]. Diabetes and metabolic
syndrome are considered to contribute to the same types of or-
gan damage as those caused by the aging process, especially in
the kidneys.

In the present study, we investigated the processes of renal

changes by assessing the relationship between SIRT1 and Nrf2

during the aging process in mice. We focused on the Nrf2-me-
diated regulation of the anti-oxidant enzymes HO-1, NQO-1,
SOD1, and SOD2.

MATERIALS AND METHODS

Animal model

Old C57BL/6 mice were purchased from the Korea Research
Institute of Bioscience and Biotechnology (Chungcheongbuk-do,
Korea). The Animal Care Committee of The Catholic University
approved the experimental protocol, and the experiments were
performed in accordance with our institution’s animal care
guidelines.

Mice were housed in an environment with controlled temper-
ature and light (12/12-h light/dark cycle). Mice were divided in-
to three groups: a 2-month-old group (2 M group, n = 6), a
12month-old group (12 M group, n = 6), and a 24-month-old
group (24 M group, n = 6).

Renal function

Mice were placed in individual mouse metabolic cages
(Tecniplast, Gazzada, Italy) with access to water and food for
24 hours (h), to collect urine. Albuminuria (Albuwell M,
Exocell; Philadelphia, PA, USA) and urine creatinine (Creatinine
Companion, Exocell) were measured using ELISA kits. Serum
creatinine concentrations were measured using i-STAT system
cartridges (CHEMS8+, Abbott Point of Care, IL, USA).
Creatinine clearance was calculated using a standard formula:
urine creatinine (mg/dL) X urine volume (mL/24 h) / serum cre-
atinine (mg/dL) x 1,440 (min/24 h).

Histology

Kidney samples were fixed in 10% formalin. The tissues were
embedded in low-temperature melting paraffin wax, and 4 um
sections were processed and stained with hematoxylin and eosin,
periodic acid-Schiff (PAS), and Masson’s trichrome staining.
The glomerular volume and mesangial area were determined by
examining PAS-stained sections. The relative mesangial area
was expressed as the mesangial/glomerular surface area. Finding

of tubulointerstitial fibrosis was defined as matrix-rich ex-
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pansion of the interstitium of the tubular basement membrane.
To assess oxidative stress, we performed immunohistochemistry
(3-nitrotyrosine, Santa Cruz Biotechnology Inc., Dallas, TX,
USA). Sections were treated with an antigen-unmasking solution
consisting of 10 mM sodium citrate, pH 6.0, and were then
washed with phosphate-buffered saline. Sections were incubated
with 3% H,O, in methanol to block endogenous peroxidase
activity. Non-specific binding was blocked with 10% normal
horse serum. After incubation with the primary antibody
(3-nitrotyrosine 1:200) at 4°C overnight, antibodies were vi-
sualized with a peroxidase-conjugated secondary antibody using
the Vector Impress kit (Vector Laboratories, Burlingame, CA,
USA). Apoptosis was quantified using an in situ detection termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay kit (Chemicon-Millipore, Billerica, MA, USA).
All of the sections were examined in a blinded manner using
a color-image analyzer (TDI Scope Eye, ver. 3.5 for Windows;
Olympus, Tokyo, Japan) and results were quantified using
Image] (Wayne Rasband, National Institutes of Health,
Bethesda, MD, USA).

Western blot analysis

Total proteins from renal cortical tissues were prepared using
a Pro-Prep Protein Extraction Solution (Intron Biotechnology,
Gyeonggi, Korea) according to the manufacturer’s protocol.
Nuclear proteins were extracted using the NE-PER nuclear and
cytoplasmic extraction kit (Thermo Fisher Scientific, Rockford,
IL, USA). Western blot analysis was performed using the fol-
lowing antibodies: SIRT1 (1:2,000; Cell Signaling Technology
Inc., Danvers, MA, USA), Nrf2 (1:1,000; Santa Cruz
Biotechnology Inc., Dallas, TX, USA), Keapl (1:1,000; Santa
Cruz Biotechnology Inc.), Lamin Bl (1:1,000; Cell Signaling
Technology Inc.), HO-1 (1:1,000: Cell Signaling Technology
Inc.), NQO-1 (1:500; Santa Cruz Biotechnology Inc.), SODI
(1:10,000; Enzo Life Sciences, New York, NY, USA), SOD2
(1:20,000; Abcam, Cambridge, UK), cytochrome ¢ oxidase I
(1:400; Santa Cruz Biotechnology) and IV (1:2,500; Santa Cruz
Biotechnology), and B-actin (1:10,000; Sigma, St. Louis, MO,
USA) antibodies.

Assessment of renal oxidative stress

To evaluate oxidative stress, we measured 24-h urinary
8-epi-prostaglandin F2o (isoprostane; OXIS Health Products,
Portland, OR, USA) and 24 h urinary 8-hydroxy-deoxyguanosine
(8-OH-dG; OXIS Health Products) concentrations.

Statistical analyses

Data were expressed as means + standard error. The statistical
significance of differences between the groups was examined us-
ing ANOVA with the Bonferroni correction (SPSS ver. 19.0;
IBM Inc., Armonk, NY, USA). A p-value < 0.05 was considered

to indicate statistical significance.

RESULTS

Renal function

Our results showed that albuminuria in the 24 M group was
higher than in the 2 M and 12 M groups (13.4 £ 0.5 vs. 31.8
+ 1.01 vs. 67.1 £ 3.9, respectively; Fig. 1A). Moreover, the 24
M group had a higher serum creatinine level than the other
groups (0.2 £+ 0.007 vs. 0.28 + 0.01 vs. 0.72 + 0.04, respectively;
Fig. 1B), and creatinine clearance was decreased in the 24 M
group versus the 12 M group (0.12 + 0.003 vs. 0.35 + 0.03 vs.
0.18 + 0.01, respectively; Fig. 1C).

Histology

Histological examinations showed that the mesangial area
was increased in the 24 M group compared with the 2 M and
12 M groups (10.7 + 2.1% vs. 16.8 + 2.2% vs. 45.7 + 2.73%,
respectively; Fig. 1D). There was also a significant increase in
tubulointerstitial fibrosis in the 24 M group versus the other
groups (1.02 £ 0.17% vs. 1.13 £ 0.14% vs. 17.4 £ 2.1%, re-
spectively; Fig. 1E).

Immunochemistry for 3—nitrotyrosine and TUNEL assay

Oxidative stress in the 24 M group, as indicated by the pres-
ence of 3-nitrotyrosine-positive signals, was compared with that
in the 2 M and 12 M groups. Oxidative stress was increased
in the 24 M group (0.04 + 0.02% vs. 0.26 + 0.1% vs. 1.05 +
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0.49% respectively; Fig. 2A). We observed a difference in the
number of TUNEL-positive cells in the kidneys of animals in
the 2 M, 12 M, and 24 M groups; the number of TUNEL-pos-
itive cells in the glomeruli (0.27 £+ 0.07% vs. 0.53 + 0.1% vs.
2.7 £ 0.3%, respectively; Fig. 2B) and cortical tubular areas
(0.27 + 0.07% vs. 0.53 + 0.1% vs. 2.8 £+ 0.33%, respectively;
Fig. 2C) were increased significantly in the 24 M group versus
the other groups. These results demonstrated that aging was as-
sociated with increased mesangial expansion and tubulointer-

stitial fibrosis, which could be related to inflammation and

apoptosis.
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Figure 1. Changes in renal function and histology in aged mice.
The 24 M group showed higher 24 h albuminuria than the other
groups (A). Serum creatinine was increased in the 24 M group
versus the 2 M and 12 M groups (B). Creatinine clearance was
increased in the 12 M group compared with the other groups, and
was decreased in the 24 M group compared with the 12M group
(C). Representative images of PAS (D, x1000) and trichrome (E,
x200) staining of renal tissues, as indicated. There was an in-
crease in the fractional mesangial area in the 24 M group com-
pared with other groups and a significant increase in the tubu-
lointerstitial fibrosis area in the 24 M group compared with the
other groups. Values are reported as means + standard error. “p <
0.0001 vs. 2 M. bp <0.01 vs. 12 M. °p <0.001 vs.2 M. dp <0.05
vs. 12 M. M, months.

24h urinary levels of 8—-Epi—PGF2a and 8—Hydr—
oxy—deoxyguanosine

The 24 h urinary concentration of 8-isoprostane, a product of
lipid peroxidation and albuminuria, increased with aging (7.8 +
0.29% vs. 17.3 £ 0.59% vs. 22 + 0.91%, respectively; Fig. 3A).
Moreover, we determined the levels of 8-hydroxy-deoxy-
guanosine, to assess oxidative damage to DNA in the three
groups. 8-Hydroxy-deoxyguanosine levels were increased mark-
edly in the 24 M group compared with the 2 M group (36.9
+2.91% vs. 63.1 + 6.58% vs. 86.5 + 9.27%, respectively). They
were also increased versus the 12 M group, although this was
not statistically significant (Fig. 3B). These findings indicate that

oxidative damage increased in renal cells of aged mice.
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Figure 2. Immunohistochemistry for 3-Nitrotyrosine and TUNEL
assay of apoptotic cells. Results of immunohistochemical staining
for 3-nitrotyrosine and quantitative analyses in the three groups
(A, x400). There was a significant increase in the 3-nitro-
tyrosine-positive area in the 24 M group compared with the other
groups. Representative images of TUNEL-positive mesangial
cells in the glomeruli (B, x1000) and cortical tubular (C, x400)
areas of animals from all groups. Values are reported as means +
standard error. “p < 0.0001 vs. 2 M, 12 M. M, months; TUNEL,
terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Figure 3. Increase in the intrarenal 24h urinary 8-epi-prosta-
glandin F2o (isoprostane) and 24h urinary 8-hydroxy-deoxy-
guanosine with aging. Quantitative analyses of 24-h urinary iso-
prostane showed that it increased in the 24 M group with aging
(A). Moreover, the 24 h concentration of urinary 8-hydroxy-de-
oxyguanosine increased in the 24 M group versus the 2 M and 12
M groups (B). Values are reported as means + standard error. ‘p
<0.0001 vs. 2 M. "p<0.05 vs. 2 M. p <0.05 vs. 2 M. M, months.

A B a
15 1

)
£

SIRT1 | S — ——— 120KDa % 10:
?
B-actin [ 42KDa =
-

s7kDa I 0%
Nu-Nrf2 o B s 0 &
D 6D @

Lamin Bl| qumess s sses @0 s e | 63KDa

Total-

nio | e e | sTHoa b

Ty 1
Bactin |y —— — — —— | 22KD2 S
=
o
Keap1 — e e - -~ G G 69KDa £ 1
£
s
B-actin | e e—— e o= e e | 42KDa é
2M 12M 24M z
©
@
]
S
Z w
2m 2m 24M
D P E . F
15 15 .

10 10 £ 1
"HHI uﬂﬂ'u
YTOM 2w 2em "ow zm oam
Figure 4. Levels of SIRT1 and Nrf2 signaling. Protein lysates (30
ng) from whole kidneys were separated by SDS-PAGE and ana-
lyzed by Western blotting. Representative blots from the kidney
are shown (A). SIRT1 levels (B) and Nrf2 expression in nuclear
(C) and total protein (D) were decreased in the 24M group com-
pared with the other groups. Consequently, the nucleus:total pro-
tein ratio of Nrf2 (E) was decreased in the 24M group versus the
2M and 12M groups. Keapl protein expression among the three
groups. Quantitative analyses of the results are shown. “p < 0.05
vs. 2 M. % <0.0001 vs. 2 M. p<0.001 vs. 12 M. 9p<0.01 vs. 2 M.
p <0.01 vs. 2 M, 12 M. SIRT], silent information regulator T1;
Nrf2, NFE2-related factor 2; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; M, months.

Total Nrf2 / B-actin (fold)
Nuclear/Total Nrf2 (fold)
Keap1/ B-actin (fold)

Expression of SIRT and Nrf2 signaling

SIRT1 activation can be influenced by several cellular con-
ditions, such as oxidative stress. Western blot analysis showed
that SIRT1 protein levels were decreased markedly in the 24 M
group compared with the 2 M group (Fig. 4A and 4B). The acti-
vation of Nrf2 expression can be influenced by the expression
of anti-oxidant proteins in the nucleus. The relative content of
the Nrf2 protein was measured in the nucleus and in total pro-
teins by Western blot analyses. Nrf2 protein levels in the nu-
cleus were decreased markedly in the 24 M group compared
with the 2M and 12M groups (Fig. 4A and 4C). Total Nrf2 pro-
tein expression was decreased in the 24 M group compared with
the 2 M group (Fig. 4A and 4D). Thus, the Nrf2 nuclear: total
protein ratio was decreased in the 24 M group, compared with
the 2 M and 12 M groups, by the aging process (Fig. 4A and
4E). There was no difference in total Keapl protein levels

among the three groups (Fig. 4A and 4F).

Levels of anti—oxidant proteins

We used Western blot analysis to examine changes in the lev-
els of the anti-oxidant proteins HO-1, NQO-1, SODI, and
SOD2. The level of HO-1 was decreased in the 24 M group
compared with the 2 M and 12 M groups (Fig. SA and 5B).
Moreover, NQO-1 expression was decreased in the 24 M group
versus the 2 M and 12M groups (Fig. SA and 5C). The level
of SOD1 was decreased in the 24 M group, although this was
not statistically significant (Fig. SA and 5D). SOD2 protein lev-
els were decreased in the 24 M group compared with the 2M
and 12M groups (Fig. 5A and 5E).

Levels of cytochrome C oxidase | and cytochrome C
oxidase IV

Cytochrome C oxidase, also known as complex IV, is an en-
zyme in the electron transport chain of the mitochondria. Levels
of cytochrome ¢ oxidase I were decreased in the 24 M group
compared with the other groups. The cytochrome ¢ oxidase IV
protein level showed no significant difference (Fig. 6A). Thus,
the cytochrome ¢ oxidase I / cytochrome ¢ oxidase IV ratio de-
creased significantly in the 24 M group versus the 2 M and 12
M groups (Fig. 6B).
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Figure 5. Levels of Anti-oxidant proteins. Protein lysates (30 pg)
from whole kidneys were separated by SDS-PAGE and analyzed
by Western blotting. Representative Western blot analyses of the
levels of HO-1, NQO-1, SOD1, and SOD?2 in total protein ex-
tracts (A). Our results showed that HO-1 (B) and NQO-1 (C) pro-
tein levels were decreased in the 24 M group compared with the
other groups. The level of SOD1 was decreased in the 24 M
group, although this was not statistically significant (D). The
SOD?2 protein level was decreased in the 24 M group compared
with the other groups (F). Quantitative analyses of the results are
shown. “p <0.0001 vs. 2 M, 12 M. "p < 0.01 vs. 24 M. °p < 0.05
vs. 2 M. dp <0.01 vs. 12 M. SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; HO-1, heme oxygenase-1;
NQO-1, NADPH quinone oxidoreductase; SOD, superoxide dis-
mutase; M, months.

DISCUSSION

Aging is a multifactorial process, characterized by progressive
decline in physiological function. In this study, we investigated
aging-related physiologic and pathologic changes in the kidney.
Creatinine clearance decreased and albuminuria increased with
aging. There were also increases in mesangial volume, tubu-
lointerstitial fibrosis, oxidative stress (3-nitrotyrosine-positive
area), and apoptosis. The rate of pathological changes with aging

may vary depending on the levels of angiotensin II, nitric oxide
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Figure 6. Expression of cytochrome C oxidase I and cytochrome
C oxidase IV. Protein lysates (30 pg) from whole kidney were
separated by SDS-PAGE and analyzed by Western blotting.
Representative Western blot analysis of cytochrome C oxidase [
and cytochrome C oxidase IV levels (A). The cytochrome C oxi-
dase I / cytochrome C oxidase IV ratio was significantly de-
creased in the 24 M group compared with the 2 M and 12 M
groups (B). Quantitative analyses of the results are shown. °p <
0.001 vs. 2 M. bp <0.01 vs. 12 M. SDS-PAGE, sodium dodecyl
sulfate polyacrylamide gel electrophoresis; M, months.

(NO), transforming growth factor-p, advanced glycosylation end
product, oxidative stress, and lipid levels [14]. In this study, the
aging process in the kidney occurred via oxidative stress, medi-
ated via the SIRT1/Nrf2 signaling system.

Aging is associated with progressive functional deterioration
of, and structural changes in, the kidney. The glomerular filtra-
tion rate declines by about 1 mL/min per year; moreover, the
percentage of glomerulosclerosis and tubulointerstitial fibrosis
increases and hyalinization of afferent arterioles may develop
with aging. Changes in the activity or responsiveness of hormo-
nal systems also occur with aging, leading to alterations in ho-
meostatic mechanisms in the elderly [15-17]. In this study, we
demonstrated the presence of decreased renal function and in-
creased proteinuria and tubulointerstitial fibrosis with aging.
Tissue injury in aging can be caused by free radical production
and/or anti-oxidant enzyme deficiency, with subsequent lipid
peroxidation and oxidative stress. We demonstrated that the in-
activation of Nrf2 decreased its translocation into the nucleus,
where it binds to anti-oxidant-responsive elements in genes en-
coding anti-oxidant enzymes, such as NQO1, HO-1, SODI1, and
SOD2.

We showed previously, and in this study, that the aging-in-
duced suppression of SIRTI signaling may increase oxidative
stress in cooperation with adenosine monophosphate-activated

protein kinase (AMPK) [6]. This signaling may also affect ca-
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tabolism, mitochondrial function, angiogenesis, inflammation,
and insulin resistance [18]. The hypothetical Sirtl and AMPK
cycles regulate each other and share many common target mole-
cules, such as peroxisome proliferator-activated receptor gamma
coactivator (PGC)-1a, PPARs, forkhead box proteins, and NF-kB
[18]. It has been suggested that the activation of AMPK and
SIRTI allows the concurrent deacetylation and phosphorylation
of their target molecules and decreases susceptibility to aging.
Among the seven mammalian sirtuins, sirtuin 1 (Sirtl) and sir-
tuin 3 (Sirt3) are considered anti-aging molecules that are ex-
pressed in the kidney [19]. It has been shown that Sirt] activa-
tion protects the mouse renal medulla from oxidative injury and
has anti-apoptotic and anti-fibrotic effects in obstructed mouse
kidneys [20].

In this study, we also showed that Sirtl may influence the
activation of Nrf2. A previous study showed that SIRT1 can de-
acetylate Nrf2, which is a master regulator of the cellular redox
state, thereby decreasing Nrf2 transcriptional activity and nucle-
ocytoplasmic localization in a human cancer cell line [21]. The
oxidative stress theory of aging postulates that oxidative dam-
age to biological macromolecules is a key driver of aging and
that, conversely, mechanisms that delay the accumulation of ox-
idation products in the cells and tissues of an organism can pro-
mote longevity [22]. Consistent with this and the established
role of Nrf2 and of its invertebrate homologs as master regu-
lators of anti-oxidant gene expression, the results of several
studies support a function for the Nrf2 pathway in the regu-
lation of life-span [9]. A role for Nrf2 in renoprotection has al-
so been suggested by various studies. In a model of ische-
mia-reperfusion injury, renal function, vascular permeability,
and survival of Nrf2-knockout mice were significantly worse
than those of wild-type mice [23]. Renal damage and interstitial
fibrosis by cyclosporin A treatment were also higher in
Nrf2-knockout mice [24]. The streptozotocin-induced diabetic
nephropathy model showed that Nrf2-null mice developed se-
vere renal injury, with greater oxidative DNA damage, than
wild-type mice [25]. Accordingly, several studies showed favor-
able effects of Nrf2 inducers. Pharmacological intervention us-
ing Nrf2 activators showed protective effects against injuries

from oxidative stress and inflammation in various in vifro and

in vivo experimental models [26]. Treatment with resveratrol
(Nrf2 activator) also induced Sirtl overexpression and sup-
pressed AT1 receptor expression in cultured smooth muscle
cells; moreover, resveratrol improved angiotensin II-induced hy-
pertension in mice [27]. Thus, it seems likely that the activation
of the SIRT1/Nrf2 signaling system ameliorates the changes ob-
served in aging kidneys via downregulating oxidative-stress-medi-
ated cellular senescence [8].

The aging process in the kidney is a complex process, caused
by various molecular pathways and biochemical events. Of
them, angiotensin II plays a key role in the aging process.
Angiotensin II promotes inflammation, cell growth, and ROS
generation at cellular and mitochondrial levels and promotes the
progression of cell senescence [17]. Systemic and intrarenal acti-
vation of the renin-angiotensin system (RAS) induces increasing
tissue and mitochondrial oxidative stress and, furthermore,
end-stage organ injury associated with aging [28]. Changes in
RAS predispose the elderly to various fluid and electrolyte im-
balances, as well as to acute kidney injury and chronic kidney
disease. Among the multiple pathways that are involved in renal
aging, RAS plays a key role in this process [17]. In the liver
of enalapril- and losartan-treated rats, the expression of the Nrf2
gene remained similar to that detected in the young-age group,
and was lower than that observed in the old-age group. This
suggests that the upregulation of Nrf2 detected in old rats may
correspond to an unsuccessful effort to compensate for both the
failure to attain adequate Nrfl and PGC-1a transcription levels
and for the negative effects of angiotensin II on mitochondrial
function [29]. We also demonstrated that Nrf2 expression was
decreased with aging in the kidney, and that RAS may be re-
lated to the preservation of renal mitochondria via the Nrf2 sig-
naling system.

In conclusion, our results demonstrated that the aging process
is associated with deterioration of renal function and increased
mesangial expansion and tubulointerstitial fibrosis, which may
be accompanied by inflammation, apoptosis, and oxidative
stress. SIRT1 is downregulated with aging and may regulate tar-
gets of the Nrf2 signaling system. Recently, studies have estab-
lished the role of NRF2 signaling in renal protection against oxi-

dative damage, and in the modulation of the inflammatory
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response. The pharmacological targeting of Nrf2 signaling mole-
cules that share antioxidant and anti-inflammatory efficacy may

reduce the pathological changes of aging observed in the kidney.
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