
Age-related changes in the function of autophagy
in rat kidneys

Jing Cui & Xue-Yuan Bai & Suozhu Shi &
Shaoyuan Cui & Quan Hong & Guangyan Cai &
Xiangmei Chen

Received: 12 September 2010 /Accepted: 10 March 2011 /Published online: 1 April 2011
# American Aging Association 2011

Abstract Autophagy is a highly regulated intracellular
process for the degradation of cytoplasmic components,
especially protein aggregates and damaged organelles. It
is essential for maintaining healthy cells. Impaired or
deficient autophagy is believed to cause or contribute to
aging and age-related disease. In this study, we
investigated the effects of age on autophagy in the
kidneys of 3-, 12-, and 24-month-old Fischer 344 rats.
The results revealed that autophagy-related gene (Atg)7
was significantly downregulated in kidneys of increas-
ing age. The protein expression level of the autophagy
marker light chain 3/Atg8 exhibited a marked decline in
aged kidneys. The levels of p62/SQSTM1 and poly-
ubiquitin aggregates, representing the function of
autophagy and proteasomal degradation, increased in
older kidneys. The level of 8-hydroxydeoxyguanosine,
a marker of mitochondrial DNA oxidative damage, was

also increased in older kidneys. Analysis by transmission
electron microscope demonstrated swelling and disinte-
gration of cristae in the mitochondria of aged kidneys.
These results suggest that autophagic function decreases
with age in the kidneys of Fischer 344 rats, and
autophagy may mediate the process of kidney aging,
leading to the accumulation of damaged mitochondria.
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Introduction

Autophagy is an evolutionarily conserved process
present in a number of eukaryotic organisms, from
yeast to nematodes to humans, by which cytoplasmic
constituents are sequestered into double-membrane
structures forming autophagosomes. These fuse with
lysosomes, forming single-membrane structures
called autolysosomes. Finally, the cytoplasmic com-
ponents are degraded by acid hydrolases, and the
degraded products are released into the cytosol and
recycled into biological structures or to supply energy
during periods of starvation (Levine and Klionsky
2004; Xie and Klionsky 2007; Mizushima et al.
2008). Autophagy is important in the normal turnover
of cellular components as well as in response to such
stresses as nutrient starvation or growth factor
deprivation. A key function of autophagy is to remove
damaged organelles, including mitochondria and
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aberrant macromolecules, to prevent further injury
and cellular dysfunction. This may be of particular
importance in the aging process.

Aging is characterized by the progressive accumula-
tion of damaged and defective cellular components,
progressive structural disorganization, diminishing
functional capacity, decreasing adaptability, and increas-
ing likelihood of disease and death (Rajawat et al. 2009;
Terman and Brunk 2005). Many studies have demon-
strated that age-related changes result from the accumu-
lation of damaged macromolecules by physiologically
produced reactive oxygen species (ROS; Harman 1956;
Sohal and Weindruch 1996; Beckman and Ames 1998).
The increase of ROS in the cytoplasm is a causative
event of aging (Bergamini et al. 2004; Brunk and
Terman 2002; Honda and Honda 2002; Sohal 2002;
Blagosklonny 2008), and mitochondria are a key source
of ROS. A popular hypothesis postulates that macro-
molecule oxidative damage caused by ROS progres-
sively accumulates and is the possible cause of
senescence-associated deleterious alterations (Rattan
2008). Therefore, cellular self-degradative systems,
especially lysosome-mediated autophagy, may play a
pivotal role in the control of aging (Ciechanover 2005;
Ward 2002; Martinez-Vicente et al. 2005; Ravikumar
and Rubinsztein 2006). Renal cells consume oxygen at
a high rate and are highly dependent on aerobic
metabolism for ATP production. Thus, they may be
especially susceptible to aging because they generate
more ROS and accumulate more damage during the
oxidative phosphorylation process (Hengartner 2000).
The mechanism of renal aging is not clear, and it is
unknown whether autophagy changes with aging in the
kidneys. In the present study, we investigated the effect
of age on the expression of autophagy-related genes
(Atg) in the kidneys of 3-, 12-, and 24-month-old male
Fischer 344 rats.

Materials and methods

Animals

Male Fischer 344 rats (n=30) were kept under a specific
pathogen-free condition: 22±1°C, 40% humidity,
12:12-h light/dark cycle, five males per cage, and free
access to diet. All experiments involving animals were
approved by the Institutional Animal Care and Use
Committee at the Chinese PLA General Hospital and

Military Medical Postgraduate College. Rats were
anesthetized via intraperitoneal injection of sodium
pentobarbital (40 mg/kg). There were three groups of
rats: those that were 3 months (n=10), 12 months
(n=10), and 24 months old (n=10), corresponding to
young, adult, and old, respectively. At 3, 12, and
24 months of age, the kidney tissues from each group of
rats were removed and perfused with ice-cold, isotonic
phosphate-buffered saline (PBS; pH 7.4) to remove any
remaining blood. A portion of the tissue was placed into
10% neutral buffered formalin for immunohistochemis-
try staining. Another portion was immersed into OCT
compound (Tissue-Tek; Sakura Finetek, Torrance, CA,
USA) for immunofluorescence staining. The remaining
tissue was immediately frozen in liquid nitrogen and
stored at −80°C until further processing.

Senescence-associated β-galactosidase staining

Cryostat sections (4 μm)were mounted onto glass slides
and fixed in 0.2% glutaraldehyde and 2% formaldehyde
at room temperature for 15 min. Sections were washed
in PBS and incubated in freshly prepared senescence-
associated β-galactosidase (SA-β-gal) staining solution
(1 mg/mL X-gal, 40 mM citric acid/sodium phosphate
(pH 6.0), 5 mM potassium ferrocyanide, 5 mM potas-
sium ferricyanide, 150 mM NaCl, and 2 mM MgCl2)
overnight at 37°C without CO2. Tissue sections were
counterstained with eosin and examined under a
microscope.

Western blot

Tissues were lysed in radioimmunoprecipitation
assay buffer (50 mM Tris–Cl (pH 7.6), 150 mM
NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate
(SDS), 0.5% deoxycholic acid, 1 μg/mL leupeptin,
1 μg/mL aprotinin, and 0.5 mM phenylmethylsulfonyl
fluoride) for 30 min on ice prior to centrifugation at
12,000 rpm for 30 min at 4°C. Protein concentration
was determined with the Pierce BCA assay kit (Lot
#JK126465; Thermo Fisher Scientific, Rockford, IL,
USA). A total of 60–100 μg protein was separated by
10–16% SDS–polyacrylamide gel electrophoresis,
transferred to an nitrocellulose membrane, blocked with
5% skim milk for 1 h at room temperature, and probed
with the following primary antibodies at 4°C overnight:
rabbit polyclonal anti-light chain 3 (LC3) antibody
(Sigma, St. Louis, MO, USA) at 1:2,000, mouse
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monoclonal anti-p16 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at 1:200, goat polyclonal anti-beclin-1
(Santa Cruz Biotechnology) at 1:1,000, mouse mono-
clonal anti-ubiquitin (Mabtech, Nacka Strand, Sweden)
at 1:1,000, and mouse monoclonal anti-p62 (Santa Cruz
Biotechnology) at 1:200. Blots were subsequently
probed with horseradish peroxidase-conjugated anti-
mouse, anti-goat, or anti-rabbit IgG (Santa Cruz
Biotechnology) at 1:1,000–5,000. Immunoreactive
bands were visualized by enhanced chemiluminescence,
and densitometry was performed using Quantity One
software (Bio-Rad Laboratories, Hercules, CA, USA).

Immunofluorescence staining

Renal tissues were embedded in OCT compound.
Cryostat sections (4 μm) were stained with rabbit
polyclonal anti-LC3 antibody (Sigma) at 1:100 and
mouse monoclonal anti-8-hydroxydeoxyguanosine
(OHdG) antibody (Santa Cruz Biotechnology) at 1:50.
Sections were incubated sequentially with rhodamine-
conjugated AffiniPure goat anti-rabbit IgG followed by
fluorescein-conjugated AffiniPure goat anti-mouse IgG
(Jackson ImmunoResearch Laboratories, West Grove,
PA, USA). The results were analyzed under an Olympus
laser scanning confocal microscope.

RNA isolation and real-time quantitative PCR

Total RNAwas isolated from renal tissues using TRIzol
(Invitrogen, Carlsbad, CA, USA) following the manu-
facturer’s instructions. Reverse transcription was per-
formed using a TIANScript RT kit (Tiangen Biotech,
Beijing, China). Amplification was performed in a Rotor-
Gene 3000 (Corbett Research Pty Ltd, Sydney, Aus-
tralia). Reaction contained 50 ng total DNA, 0.2 μM
primers, and 12.5 μL 2× SYBR green buffer (TransGen,
Beijing, China) in a final volume of 25 μL. Atg5 and
Atg7 were used as markers for autophagy (McMullen et
al. 2009). Primers were designed using the software
package Primer Express 2.0 (Applied Biosystems,
Carlsbad, CA, USA) based on GenBank nucleotide
sequences as follows: Atg5 (accession no. AM087012):
forward 5′-AGG CTC AGT GGA GGC AAC AG-3′,
reverse 5′-CCC TAT CTC CCATGG AAT CTT CT-3′;
Atg7 (accession no. NM_001012097): forward 5′-GAC
CTG GGC TCC TCA CTT TTT G-3′, reverse 5′-CCC
TGG GCG GCT CAC TG-3′; and β-actin: forward 5′-
GCG CTT TTG ACT CAA GGA TTT AA-3′, reverse

5′-GGGATGTTTGCTCCAACCAA-3′. Atg5, Atg7,
and β-actin PCR was performed using the following
cycling conditions: 95°C for 4 min, 40 cycles of
denaturation at 95°C for 30 s, and extension at 72°C
for 30 s. The annealing temperatures were 60°C for
Atg7 and 55°C for Atg5 and β-actin. All samples were
run in triplicate. The relative abundance of target
mRNA was determined with the comparative cycle
threshold method (Giulietti et al. 2001).

Immunohistochemistry staining

Kidneys were fixed in 10% formaldehyde at 4°C
overnight and then processed for paraffin-embedding
following standard procedures. Sections were prepared at
3 μm. For immunohistochemical analysis, tissue sections
were subjected to antigen retrieval by microwaving or
autoclaving for 10 or 15 min in 10 mM sodium citrate
buffer (pH 6.0). Endogenous peroxidase was blocked by
incubation with 3% hydrogen peroxide for 10 min.
Sections were washed in PBS and incubated with 1.5%
normal goat serum for 20 min, followed by incubation
with a 1:50 dilution of mouse monoclonal anti-8-OHdG
antibody (Santa Cruz Biotechnology) overnight at 4°C.
Sections were washed three times with PBS and
incubated with biotin-conjugated goat anti-mouse IgG
(Invitrogen) for 30 min at room temperature. Sections
were again washed with PBS and incubated with
streptavidin-conjugated peroxidase (Invitrogen) for
30 min at room temperature. Sections were washed for
a final time in PBS and incubated with DAB (Invitrogen)
followed by examination under a microscope.

Transmission electron microscopy

Kidneys were cut into small tissue blocks (1 mm3) and
fixed in 2.5% glutaraldehyde with 0.01 mol/L phos-
phate buffer at 4°C, followed by 2% osmium tetroxide.
They were then dehydrated in a series of graded
ethanol solutions. Ethanol was substituted with pro-
pylene oxide and then embedded in epoxy resin.
Ultrathin sections were double-stained with uranyl
acetate and lead and examined under a JEM1200EX
transmission electron microscope (JEOL) at 80 kV.

Statistical analysis

All data analyses were performed using SPSS 13.0
(SPSS, Chicago, IL, USA) software; data are
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expressed as mean±SD. Comparisons among groups
were made using analysis of variance. p<0.05 was
considered statistically significant.

Results

Analysis of kidney functions in aged rats

We observed changes in metabolic parameters and
renal functions in the three groups of rats. Body
weight, body length, abdominal perimeter, and kidney
weight in the 12- and 24-month-old rats increased
significantly compared with those in the 3-month-old
rats. The level of serum urea nitrogen and the urine
protein/creatinine ratio increased markedly in the
older rats. The level of serum glucose was unchanged
among the three groups. The levels of triglycerides
increased significantly in the aged rats (Table 1).

Changes in senescence markers in aged rat renal
tissues

p16 is a robust biomarker and a possible effector
of mammalian aging (Krishnamurthy et al. 2004).
The expression of p16 was measured in 3-, 12-, and
24-month-old rat kidneys. The results showed that
the expression of p16 increased significantly in the
12- and 24-month-old tissues (Fig. 1) compared
with the 3-month-old tissue. We also determined the
expression of another well-defined in vivo marker of
senescence, SA-β-gal, which has a high pH galac-
tosidase activity detectable in senescent cells and
tissues (Dimri et al. 1995; Flores and Blasco 2009).

As shown in Fig. 2, the positive rate of SA-β-gal
staining was markedly elevated in the kidneys of 24-
month-old rats compared with 3-month-old rats.

Changes in autophagy-related proteins/genes during
the renal aging process

Autophagic function is usually measured by quanti-
fying autophagy-related genes/proteins. Among the
31 Atg proteins identified, Atg1–10 are involved in
autophagosome formation and are markers for the
formation of the isolation membrane. In this study, we

Parameter 3-month-old rats 12-month-old rats 24-month-old rats

Body weight (g) 236.3±12.28 466.86±32.62* 617.8±57.34*

Body length (cm) 20.67±0.58 24.5±0.58* 28±0.71*

Abdominal perimeter (cm) 14.67±0.58 22.25±0.96* 25.2±1.92*

Kidney weight (g) 1.67±0.58 3.250±0.5* 5.01±1.01*

Serum urea nitrogen (mmol/L) 5.73±0.47 6.51±0.40 6.86±1.10*

Serum creatinine (mol/L) 27.15±2.60 25.62±1.94 25.8±2.04

Serum glucose (mmol/L) 7.09±1.02 5.745±0.29 6.09±1.31

Triglycerides (mmol/L) 1.20±0.32 2.32±0.46* 3.22±0.82*

Cholesterol (mmol/L) 1.55±0.16 2.73±0.28 3.11±0.36

Urine protein/urine creatinine ratio
(mg/mmol)

146.01±22.72 164.81±38.31* 256±49.39*

Table 1 Effects of age on
metabolic parameters and
renal functions in three
groups of rats

Data are presented as means
±SD (n=10)

*p<0.05 vs 3-month-old
group

Fig. 1 Expression of senescent biomarker p16 in the kidneys
of 3-, 12-, and 24-month-old Fischer 344 rats. a Western blot
results for p16 protein. b Quantitative analysis of band density
for p16. Protein expression data are presented as mean±SD
(n=10). *p<0.05 vs young; #p<0.05 vs adult
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evaluated the changes in the expression of autophagy
proteins/genes (beclin-1/Atg6, LC3/Atg8, Atg5, and
Atg7) during the renal aging process.

LC3/Atg8

The microtubule-associated protein 1 LC3, a mam-
malian homolog of yeast Atg8, is required for the
formation of autophagosomes, especially the expan-
sion of early autophagosomes (Eskelinen 2005).
Pre-LC3 is cleaved into its cytosolic form LC3-I by
Atg4. LC3-I is then activated by Atg7 and converted
into its membrane-bound form, LC3-II, localized in
pre-autophagosomes and autophagosomes (Maiuri et
al. 2007). LC3-I and LC3-II are general markers of
autophagic membranes. The LC3-II/LC3-I ratio is
correlated with autophagic flux (Kadowaki and
Karim 2009). We first observed the expression of
LC3 by immunofluorescence staining. The results
showed that the expression of LC3 (including LC3
dots) was decreased in 24-month-old kidneys com-
pared with 3-month-old kidneys (Fig. 3). In the
photos of kidneys from young rats, the expression of
LC3 (red) is the most prominent, and the expression
of 8-OHdG (green) is the least among the three

groups. In the adult ones, the expression of LC3
(red) is decreased and 8-OHdG (green) is increased
significantly compared with the young ones, and
their colocalization is shown as yellow. In the photos
of kidneys from old rats, the expression of LC3 (red)
is the least and the expression of 8-OHdG (green) is
the most prominent among the three groups. Western
blot analysis revealed that the expression of LC3-I
was significantly decreased in 24-month-old kidneys
and that there was no marked change in LC3-II
expression among the three groups (Fig. 4), leading
to a significantly increased LC3-II/LC3-I ratio in the
24-month-old kidneys. These results indicate that
autophagy declines in the kidneys of aged rats.

Beclin-1/Atg6

Beclin-1, the mammalian homolog of yeast Atg6,
plays an important role in the induction and formation
of the pre-autophagosome structure by associating
with a multimeric complex of autophagy regulatory
proteins (Atg14, Vps34/class 3 PI3 kinase, and Vps15;
He and Klionsky 2009). We found that beclin-1
expression increased slightly but not significantly in
24-month-old kidneys (data not shown).

Fig. 2 Senescence-associated
β-galactosidase staining results
for renal tissues from 3-, 12-,
and 24-month-old Fischer 344
rats.Magnification, ×400.Blue
precipitation in the cytoplasm
was observed in the senescent
cells

Fig. 3 Dual immunofluorescence staining results for LC3
proteins (red), 8-OHdG (green), and the colocalization (yellow)
of LC3 and 8-OHdG in the kidneys of 3-, 12-, and 24-month-old

Fischer 344 rats were scanned by a laser confocal microscope.
Magnification, ×600. Central glomeruli are indicated by an
arrow. Peripheral tubules are indicated by an arrowhead
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Atg7 and Atg5

Atg7 is required for the formation and expansion of
autophagosomes by initiating the conjugation of
Atg12 to Atg5 and LC3 to phosphatidylethanolamine.
We examined the mRNA level of Atg7 at 3, 12, and
24 months in rat kidneys. The results demonstrated

that the mRNA level of Atg7 was significantly
decreased in the kidneys of 24-month-old rats
(Fig. 5a). Atg5 is necessary for the formation of the
autophagosome membrane through interaction with
Atg12. We found that the mRNA level of Atg5 was
not affected by age (Fig. 5b).

p62/SQSTM1 and polyubiquitin aggregates

p62/SQSTM1, a ubiquitin-binding protein, inter-
acts with LC3 (Pankiv et al. 2007) in the
autophagic degradation of ubiquitinated protein
aggregates in mammalian cells. Polyubiquitin, an
intracellular protein aggregate, is a signal for
degradation by the ubiquitin–proteasome system
(Bjørkøy et al. 2006). Experiments have demon-
strated that p62/SQSTM1 plays a major role in the
degradation of ubiquitin substrates. It may act as a
critical ubiquitin chain-targeting factor that shuttles
substrates for proteasomal degradation (Seibenhener
et al. 2004). p62/SQSTM1 may be involved via LC3
in linking polyubiquitinated protein aggregates to
the autophagy machinery, which would have a
protective effect on cell survival (Bjørkøy et al.
2005). Therefore, p62 is considered another marker
in monitoring autophagy flux in certain settings
(Mizushima and Yoshimori 2007). Our results
showed that the expression of p62/SQSTM1 and
polyubiquitin aggregates was significantly increased
in 24-month-old rat kidneys (Fig. 6).

Fig. 4 a Expression of
LC3-I and LC3-II proteins
in the renal tissues of 3-,
12-, and 24-month-old
Fischer 344 rats was
quantified by Western blot
analysis. b Ratio of LC3-II
band and LC3-I band was
analyzed. c, d Quantitative
analysis of band density for
LC3-I and LC3-II. Protein
expression data are pre-
sented as mean±SD (n=10).
*p<0.05 vs young; #p<0.05
vs adult

Fig. 5 Expression of Atg7 (a) and Atg5 (b) mRNA in tissue
extracts of kidneys of 3-, 12-, and 24-month-old Fischer 344
rats was measured by quantitative PCR. Data are presented as
mean±SD (n=10). *p<0.05 vs young
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Analysis of mitochondrial oxidative damage in older
rat kidneys

Impaired autophagic homeostasis may result in the
accumulation of oxidative damage with age, ulti-
mately leading to aging. Therefore, in this study,
oxidative damage for mitochondria in renal tissues
was evaluated by analyzing the expression of 8-
OHdG, a sensitive biomarker for mitochondrial
DNA (mtDNA) oxidative damage (Shigenaga et
al. 1989; Richter et al. 1988; Fraga et al. 1990). We
found that the level of 8-OHdG was elevated in the
kidneys of 24-month-old rats compared with the 3-
month-old rats, indicating that oxidative damage in
mtDNA increased significantly during the renal
aging process (Figs. 3 and 7). A significant accumu-
lation of 8-OHdG was observed in the cytoplasm of
the tubular cells of the aged kidneys. We further
observed the changes in the mitochondrial structures
using transmission electron microscopy. The results

showed that the renal cells of 12-month-old rats
showed little mitochondrial oxidative damage,
whereas the mitochondria in the renal cells of the
24-month-old rats exhibited swelling and disintegra-
tion or disruption of mitochondrial cristae (Fig. 8).

Discussion

Autophagy plays an important role in degrading
excess long-lived proteins and damaged organelles,
especially mitochondria, in the cytoplasm of eukaryotic
cells (Levine and Klionsky 2004). Growing evidence
indicates that autophagy is essential for maintaining
cellular homeostasis and physiological function in
tissues and organs (Rajawat et al. 2009). For example,
Atg5 and Atg7 knockout mice are unable to form
autophagosomes, have abnormal heart function, and
die shortly after birth (Komatsu et al. 2007a; Kuma et
al. 2004). Recent studies have demonstrated an

Fig. 6 a, c Expression of
p62/SQSTM1 and
polyubiquitin aggregates in
tissue extracts of kidneys of
3-, 12-, and 24-month-old
Fischer 344 rats was
quantified by Western blot.
b Quantitative analysis of
band density for
p62/SQSTM1. Protein
expression data are pre-
sented as mean±SD (n=10).
*p<0.05 vs young; #p<0.05
vs adult

Fig. 7 Detection of
8-OHdG level by
immunohistochemistry
staining
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intimate relationship between autophagy and the aging
process (Hara et al. 2006; Komatsu et al. 2005; Nakai
et al. 2007). Although it is known that autophagy
decreases with age in the liver (Wohlgemuth et al.
2007), the effects of aging on autophagy in the
mammalian kidneys have not yet been elucidated.

In the present study, we examined the changes in
expression of autophagy-related proteins/genes Atg5,
beclin-1/Atg6, Atg7, LC3/Atg8, and p62/SQSTM1
and polyubiquitin aggregates in aging kidneys. The
expansion of the membrane to form early autophago-
somes is modulated by Atg7, LC3/Atg8, and Atg9,
which control the size of the autophagosomes and the
amplitude of autophagy. LC3/Atg8 is crucial in the

sequestration of large mitochondria and protein
aggregates. In this study, we found that expression
of Atg7 and LC3/Atg8 was significantly decreased in
aged rat kidneys, whereas there was no marked
change in the expression of Atg5. These results are
consistent with a previous study that reported a
decrease in Atg7 expression in older rat hearts
(Wohlgemuth et al. 2007). Isolated mitochondria
obtained from Atg7−/− skeletal muscle cells exhibit a
significant defect in mitochondrial respiration, indi-
cating that there is a close relationship between
autophagy, oxidative stress, and aging (Wu et al.
2009a). Similarly, gene expression of Atg5 and Atg7
and protein abundance of LC3 decrease in the
extraocular muscle of aged rats (McMullen et al.
2009). In addition, we also indicated that protein
expression of beclin-1/Atg6 was slightly but not
significantly increased in the aged rat kidneys, which
is in line with the earlier report (Kume et al. 2010).
Previous studies have found that beclin-1 has a
significant increase in the aged rat heart (Wohlgemuth
et al. 2007) and skeletal muscle (Wohlgemuth et al.
2010). Changes in beclin-1 are tissue and cell context
dependent. The roles of beclin-1/Atg6 are many; for
example, it suppresses tumors and is involved in
apoptosis. Its specific role in autophagy is defined by
direct interactions with proteins that can either
promote or inhibit autophagy (Cao and Klionsky
2007; Pattingre et al. 2008). The LC3-II/LC3-I ratio
has been used to evaluate the extent of autophagy. We
have shown that this ratio is significantly increased in
older rat kidneys. Although this increased ratio could
be interpreted as indicative of elevated autophagy, it
may also be caused by a decreased LC3-I level due to
a lack of conversion from proLC3 to LC3-I, or by
decreased LC3-II degradation by Atg4 after fusion of
autophagosomes and lysosomes.

Accumulating data show that in eukaryotic cells,
short-lived proteins are degraded by the ubiquitin–
proteasome system, whereas long-lived proteins and
damaged organelles are degraded by lysosome-
mediated autophagy. The latter plays a pivotal role
in controlling aging (Ciechanover 2005; Ward 2002;
Martinez-Vicente et al. 2005; Ravikumar and
Rubinsztein 2006). Oxidative stress and other con-
ditions lead to misfolding and aggregation of proteins
such as polyglutamine and polyalanine expansions,
which are degraded by autophagy (Ravikumar et al.
2002, 2004). Autophagy is generally thought of as a

Fig. 8 Analysis of mitochondrial structures by transmission
electron microscopy in the renal tissues of 3-, 12-, and 24-
month-old Fischer 344 rats. Arrowheads indicate regular
mitochondria; arrows indicate damaged mitochondria. a
Three-, b 12-, and c 24-month-old Fischer 344 rats
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nonspecific bulk degradation mechanism. However, a
recent study suggested that p62/SQSTM1 may link the
recognition of polyubiquitinated protein aggregates to
the autophagy machinery (Bjørkøy et al. 2006). A
previous study found that when autophagy function is
impaired, the expression of p62 is increased (Komatsu
et al. 2007b). Therefore, p62/SQSTM1 may be seen as
a further marker of the function of autophagy. In this
study, we observed an increased level of p62/SQSTM1
and polyubiquitin aggregates in the older rat kidneys
(Fig. 6), which is consistent with a previous report
(Komatsu et al. 2007b). It has been demonstrated that
chaperone-mediated autophagy was decreased in acute
diabetes mellitus (Sooparb et al. 2004). Therefore, it is
possible that factors other than aging (e.g., diabetes)
could lead to the development of renal pathology, and
autophagy plays a role in diabetic nephropathy
independent of age. However, in our study, the level
of serum glucose was unchanged among the three
groups, which rules out diabetes as a factor (Table 1).

Many studies suggest that age-related damage is
associated with the formation of mitochondrial ROS.
Mitochondria are the primary sites of ROS genera-
tion, which may be one reason why they are more
affected by age than other organelles. mtDNA is more
vulnerable than nuclear DNA because it is not
protected by histones, it contains a much larger
proportion of expressed genes, and it is marked by
less efficient repair, at least for some types of lesions
(Brunk and Terman 2002). Under normal circum-
stances, the damaged mitochondria are degraded by
autophagy. If the impaired mitochondria are not
removed, they can generate more ROS, which further
aggravates the oxidative damage, forming a vicious
cycle (Cadenas and Davies 2000; Brunk and Terman
2002). Therefore, mitochondria play a central role in
tissue damage and the regulation of aging.

Autophagy is the only intracellular degradative
mechanism for the removal of damaged mitochondria
(referred to as mitophagy). Recent studies have found
that when autophagy is suppressed, abnormally large
mitochondria accumulate in cultured cardiomyocytes,
indicating that dysfunctional, senescent mitochondria
accumulate in aging postmitotic cells because they are
insufficiently removed for degradation. It has been
postulated that those dysfunctional mitochondria may
undergo further oxidative damage, resulting in increased
ROS production and decreased energy production
(Terman et al. 2003). These results suggest that

deficiency in autophagy leads to an accumulation of
damaged mitochondria (Wohlgemuth et al. 2007; Kume
et al. 2010; Tong et al. 2010). There is growing
evidence that the efficiency of the degradative system
involved in mitochondrial turnover declines with age.
The decreased effectiveness of autophagy with increas-
ing age might lead to further mitochondrial damage by
ROS and a decrease in ATP production, accelerating the
aging process. In this study, we found that the
expression of 8-OHdG, a sensitive biomarker for
mtDNA oxidative damage, is significantly increased, a
finding that is in accordance with a previous report
(Miyazawa et al. 2009). Our results also reveal swelling
mitochondria in aging rat renal tissues, consistent with
these data. Deficiency and dysfunction in autophagy are
implicated in the pathogenesis and progression of some
renal diseases, for example, glomerulosclerosis, renal
ischemia/reperfusion injury, cyclosporine nephrotoxicity,
and cisplatin nephrotoxicity (Suzuki et al. 2008; Cheng
et al. 2008; Wu et al. 2009b; Yang et al. 2008;
Hartleben et al. 2010). Our results are helpful in
understanding the role of autophagy in the onset and
development of kidney aging and kidney disease and in
exploring new therapies that could delay age-related
renal disease.
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