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Abstract

Sarcopenia, loss of muscle mass and function, is a common feature of aging. Oxidative damage and
apoptosis are likely underlying factors. Autophagy, a process for the degradation of cellular
constituents, may be a mechanism to combat cell damage and death. We investigated the effect of
age on autophagy and apoptosis in plantaris muscle of male Fischer344 rats that were either fed ad
libitum, or mild, life-long calorie restricted (CR) alone or combined with life-long voluntary exercise.
Upstream autophagy regulatory proteins were either upregulated with age (Beclin-1) or unchanged
(Atg7 and 9). LC3 gene and protein expression pattern as well as LAMP-2 gene expression, both
downstream regulators of autophagy, however, suggested an age-related decline in autophagic
degradation. Atg protein expression and LC3 and LAMP-2 gene expression were improved in CR
rats with or without exercise. The age-related increase in oxidative damage and apoptosis were
attenuated by the treatments. Both, oxidative damage and apoptosis correlated negatively with
autophagy. We conclude that mild CR attenuates the age-related impairment of autophagy in rodent
skeletal muscle, which might be one of the mechanisms by which CR attenuates age-related cellular
damage and cell death in skeletal muscle in vivo.
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Introduction

Sarcopenia encompasses the loss of muscle mass and function with age, and occurs in a variety
of species (Marzetti and Leeuwenburgh, 2006). The loss of muscle mass at older age has
significant ramifications for the individual’s health, and impaired muscle strength has been
implicated in increased incidence of falls, disability and all-cause mortality in humans (Metter
et al., 2002; Rantanen et al., 1999; Szulc et al., 2005). The etiology of sarcopenia is complex
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and characterized by the contribution of multiple factors (Marzetti and Leeuwenburgh,
2006), and there is growing evidence for a prominent role of accelerated apoptosis in sarcopenia
(Dirks and Leeuwenburgh, 2002; Marzetti et al., 2008a; Marzetti and Leeuwenburgh, 2006;
Marzetti et al., 2008b; Pistilli et al., 2006).

Another important factor in the development of muscle loss is the imbalance between protein
synthesis and protein degradation (Combaret et al., 2009). Skeletal muscle contains four
proteolytic systems: 1) the lysosomal system, 2) the caspase system, 3) the calpain system, and
4) the proteasome. Although evidence suggests that calcium-dependent proteolysis, caspases,
and lysosomal degradation contribute to accelerated muscle proteolysis, such as in muscle
disuse and denervation, the major pathway responsible for the degradation of contractile
proteins in skeletal muscle is orchestrated through the ubiquitin-proteasome system (UPS)
(Combaret et al., 2009; Lecker et al., 1999; Mitch and Goldberg, 1996; Sandri, 2008). Lowell
et al presented evidence that non-lysosomal proteolysis is responsible for myofibrillar
degradation (Lowell et al., 1986), and Wing et al subsequently reported that the ubiquitin-
proteasomal pathway is upregulated during atrophy in denervation and starvation regimens
(Wing et al., 1995).There are contradictory data and varying interpretations in the literature on
the effect of aging on proteasome-mediated protein degradation in skeletal muscle. Attaix,
Combaret and colleagues concluded in their reviews of the literature that it currently remains
unclear whether proteasome activity and proteasome function (activity relative to amount of
proteasome components) are increased or decreased in aged skeletal muscle (Attaix et al.,
2005; Combaret et al., 2009). However, there seems to be evidence that the activation and
regulation of the UPS may be altered with aging (Combaret et al., 2005) Hepple et al. found
no support for an effect of age or calorie restriction (CR) on proteasome function (Hepple et
al., 2008). However, CR as an anti-aging intervention protected muscle performance (Hepple
etal., 2005), and the authors suggested that CR may act through the optimization of proteasome
activation (Hepple et al., 2008).

While the UPS is considered the major protein degradation pathway in skeletal muscle, the
lysosomal-autophagy system, on the other hand, has been suggested responsible for the
degradation of surface membrane proteins and endocytosed, extracellular proteins (reviewed
in (Lecker et al., 1999)). That the UPS and the lysosomal-autophagy system in skeletal muscle
are interconnected was suggested by two recent reports by Mammucari et al and Zhao et al
(Mammucari et al., 2007; Zhao et al., 2007). Both studies identified FoxO3 as a regulator of
both lysosomal and proteasomal pathways in muscle wasting. FoxO3 is a transcriptional
regulator of the ubiquitin ligases MuRF1 and MAfbx, both involved in proteasome-dependent
muscle atrophy (Lecker, 2003). It has now been linked to expression of autophagy-related
genes in skeletal muscle in vivo and in C2C12 myotubes (Mammucari et al., 2007; Zhao et al.,
2007).

Autophagy literally means “self-eating” and is a vital cellular process by which intracellular
components are degraded within lysosomes (Meijer and Codogno, 2004; Xie and Klionsky,
2007). Three major mechanisms of autophagy have been described: (a) microautophagy, in
which lysosomes directly take up cytosol, inclusions and organelles for degradation; (b)
chaperone-mediated autophagy, in which soluble proteins with a particular pentapeptide motif
are recognized and transported across the lysosomal membrane for degradation; and (c)
macroautophagy, in which a portion of cytoplasm including subcellular organelles is
sequestered within a double membrane-bound vacuole that ultimately fuses with a lysosome
(Wang and Klionsky, 2003). A decline in autophagy during normal aging has been described
for invertebrates and higher organisms (Cuervo et al., 2005; Cuervo and Dice, 2000; Donati et
al., 2001; Terman, 1995). Inefficient autophagy has been attributed a major role in the apparent
age-related accumulation of damaged cellular components, such as undegradable lysosome-
bound lipofuscin, protein aggregates, and damaged mitochondria (Terman and Brunk, 2006).
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Interestingly, the degree of age-related changes in autophagy appears to be organ-specific.
While the autophagic activity in liver declines with age (Cuervo and Dice, 2000; Donati et al.,
2001), data from our laboratory suggest that autophagy is maintained in the heart of aged rats
(Wohlgemuth et al., 2007). However, the mere maintenance of autophagy in the rodent heart
might not be sufficient to cope with the magnitude of age-related cellular damage. Importantly,
and to the best of our knowledge, changes of autophagy with age and the effect of anti-aging
interventions on autophagy in skeletal muscle have not yet been examined.

Two important functions suggest an essential role for macroautophagy (subsequently referred
to as autophagy) in skeletal muscle: 1) its activation when the proteasomal system fails to
degrade protein aggregates (Pandey et al., 2007); and 2) its unique role as the only mechanisms
so far attributed to the degradation of mitochondria (Lemasters, 2005). The autophagic removal
of mitochondria becomes crucial in conditions when mitochondria are damaged and
dysfunctional. It is widely accepted that mitochondria play a central role in the regulation of
skeletal muscle apoptosis and regarded as key players in the pathogenesis of myocyte loss
during aging and other atrophying conditions (Jeong and Seol, 2008; Marzetti et al., 2009).
Oxidative damage to mitochondrial constituents (as well as extramitochondrial cellular
components), impaired respiration and energy production, and altered mitochondrial turnover
have been proposed as potential triggering events for mitochondrial apoptotic signaling.
Consequently, a deficiency in autophagic housekeeping may lead to an accumulation of
damaged mitochondria, which in turn might induce oxidative damage and trigger apoptotic
events. Previous data from our lab suggest that in rat skeletal muscle the mitochondrial,
caspase-independent apoptotic pathway may play a more prominent role in skeletal muscle
loss than caspase-mediated apoptosis (Marzetti et al., 2008b). We therefore hypothesized that
the autophagic removal of damaged mitochondria represents one strategy in a healthy cell to
prevent or attenuate mitochondria-induced apoptosis and subsequent loss of muscle quality
and mass.

Therefore, the aim of this study was to evaluate whether autophagy in skeletal muscle changes
with age. We furthermore investigated whether interventions like calorie restriction (CR) and
exercise, known to attenuate apoptosis and to successfully mitigate sarcopenia (Dirks and
Leeuwenburgh, 2004; Phillips and Leeuwenburgh, 2005; Siu et al., 2004; Song et al., 2006;
Xuetal., 2008), exert an effect on autophagy at old age. We chose to investigate the fast-twitch
plantaris muscle, predominantly comprised of type Il fibers, which are especially prone to
sarcopenia (Larsson et al., 1978). We determined changes in the expression of autophagy-
regulatory proteins, oxidative damage and apoptosis markers with normal aging, and the anti-
aging interventions mild calorie restriction (i.e., 8% calorie intake reduction, CR) and lifelong
voluntary exercise combined with 8% CR (CREX). We hypothesized that autophagy in type Il
muscle of old, ad libitum fed rats would be impaired, and insufficient to remove cellular damage
atold age, accompanied by increased apoptosis. We further hypothesized that CR and exercise
would ameliorate the autophagic response in old rats, thereby counteracting cell damage and
death.

Materials and Methods

Animals

Male Fischer 344 rats were purchased from Harlan (Indianapolis, IN) at 10-11 wk of age and
were housed at the University of Florida (Gainesville, FL) until sacrifice at 6 (young) and 24
(old) months of age, respectively. One week after arriving at our facility, rats were randomly
assigned to one of four groups: (1) young sedentary ad libitum fed (Y-AL; n = 12), (2) old

sedentary ad libitum fed (O-AL; n =19), (3.) old lifelong 8% calorie restricted (O-CR; n = 20)
and (4) old lifelong 8% calorie restricted with lifelong daily voluntary wheel running (O-CREX;
n = 20). Mild calorie restriction of 8% was necessary to stimulate voluntary wheel running
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activity. Rats fed an ad libitum diet tend to decrease their running activity abruptly, but slight
food restriction (8-10%) has been shown to prevent this decline (Holloszy and Schechtman,
1991; Holloszy et al., 1985). Food intake for the O-CR and O-CREX groups was therefore
restricted by 8% below the ad libitum food intake of a separate group of sedentary, age-
matched, male Fischer 344 rats, which were housed in the same facility. Throughout the
duration of the study, food intake of these two groups was adjusted each week based on ad
libitum food intake from the previous week. All animals were singly housed in a temperature
(20° = 2.5°C) and light-controlled (12:12 h light-dark cycle) environment with unrestricted
access to water. All sedentary rats were housed in standard rodent cages supplied by the
University of Florida’s Animal Care Services. Wheel running animals had free access to
Nalgene Activity Wheels (1.081 meters circumference) obtained from Fisher Scientific
(Pittsburgh, PA) (Judge et al., 2005). Each wheel was equipped with a magnetic switch and a
counter with liquid crystal display (LCD) to record the daily number of wheel revolutions for
eachanimal (Judge etal., 2005; Seo et al., 2006). Body weights of all rats were recorded weekly.
Animals were anesthetized with isoflurane (administered via inhalation using a precision
vaporizer at 5%) and sacrificed by heart puncture. All experimental procedures were approved
by the University of Florida’s Institute on Animal Care and Use Committee.

Preparation of tissue extracts and subcellular fractions

Upon sacrifice, the plantaris muscle was removed, trimmed of adipose tissue and tendons,
rinsed in phosphate-buffered saline solution, blotted dry, weighed and then frozen in liquid
nitrogen. For the preparation of tissue extracts, a small piece of frozen tissue was pulverized
in liquid nitrogen. The powder was resuspended in ice-cold buffer (pH 8) containing 250 mM
sucrose, 1 mM ethylenediaminetetraacetic acid (EDTA), 2% sodium dodecyl sulfate (SDS), 1
mM dithiothreitol (DTT), 10 mM Tris-HCI, and 0.01% protease inhibitor cocktail (Pierce
Biotechnology, Inc., Rockford, IL), then vortexed briefly and heated 3 times for 3 minutes at
85°C. After centrifugation at 12,000xg for 10 minutes at room temperature, the supernatant
was transferred into a new microcentrifuge tube and kept at 45°C on a heating block. Protein
quantification was then performed using a modified Lowry assay, following the manufacturer’s
instructions (D¢ protein assay, BioRad, Hercules, CA). Tissue extracts were aliquoted and
stored at —80°C until further analysis.

For subcellular fractionation, the plantaris muscle was homogenized in 1:5 w/v ice-cold
isolation buffer (210 mM mannitol, 70 mM sucrose, 5 mM HEPES, 1 mM EDTA, and 0.2%
fatty acid-free bovine serum albumin, pH 7.4) on ice in a glass-glass Duall homogenizer.
Subsequently, the homogenate was centrifuged for 10 min at 1,000xg at 4°C to pellet cellular
debris and nuclei. The supernatant was collected and further centrifuged for 15 min at
14,000xg at 4°C. The resulting supernatant, representing the mitochondria-free cytosolic
fraction, was collected, aliquoted and stored at —80°C. The mitochondrial pellet was
resuspended in 1.5 mL ice-cold wash buffer (210 mM mannitol, 70 mM sucrose, 5 mM HEPES,
1 mM EDTA, pH 7.4) and centrifuged for 15 min at 14,000xg at 4°C. The supernatant was
decanted and the mitochondrial pellet resuspended in 50 pL storage buffer (250 mM sucrose,
1 mM EDTA, pH 7.4) and stored at —80°C.

Western blot analysis

Prior to loading, tissue extracts were boiled at 95°C for 5 minutes in Laemmli buffer (62.5 mM
Tris HCI, 2% SDS, 25% Glycerol, 0.01% Bromophenol Blue, pH 6.8; BioRad) with 5% f-
mercaptoethanol. Equal protein amounts of tissue extracts were applied to pre-cast Tris-HCI
gels (Criterion system, BioRad, Hercules, CA) formulated to 7.5% (Atg9), 10% (Beclin-1,
Atg7), or 15% (LC3) acrylamide. After electrophoretic separation, the proteins were
transferred to polyvinylidene difluoride (PVVDF) membrane (Immobilon P, 0.45 um, Millipore,
Billerica, MA) using a semidry blotter (BioRad). Transfer efficiency was verified by staining
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the gels with GelCode Blue Stain Reagent (Pierce) and the membranes with Ponceau S (Sigma-
Aldrich, St. Louis, MO). Ponceau S staining was also used as a loading control. After transfer,
the membranes were blocked in StartingBlock Blocking Buffer in Tris-buffered saline (TBS;
pH 7.5) with 0.05% Tween 20 (Pierce) for 1 h at room temperature, washed in TBS, and
incubated overnight in the corresponding primary antibody at 4°C. Subsequently, membranes
were washed in TBS with 0.05% Tween 20 (TBS-t) and incubated with alkaline phosphatase-
conjugated secondary antibody (Sigma-Aldrich), 1:30,000, at room temperature for 1 h.
Membranes were then washed in TBS-t, rinsed in TBS, and washed once in Tris HCI (100
mM, pH 9.5). Finally, the DuoLux chemiluminescent/fluorescent substrate for alkaline
phosphatase (Vector Laboratories, Burlingame, CA) was applied, and the chemiluminescent
signal captured with an Alpha Innotech Fluorchem SP imager (Alpha Innotech, San Leandro,
CA). The digital images were analyzed using AlphaEase FC software (Alpha Innotech).
Density of the target band was normalized to the most prominent band previously stained with
Ponceau S, and expressed in arbitrary optical density units.

Tissues were assayed for expression of macroautophagy-related proteins using the following
antibodies and dilutions as described earlier (Wohlgemuth et al., 2007): mouse anti-Beclin
(Atg6; BD Biosciences, San Jose, CA; 1:300), rabbit anti-LC3B (microtubule-associated
protein 1B light chain 3, Atg8; Cell Signaling; 1:1000), rabbit anti-human Atg7 (courtesy of
Dr. W.A. Dunn; 1:2500), and rabbit anti-human Atg9 antibody (courtesy of Dr. W.A. Dunn,
prepared against the N-terminal sequence of human Atg9, MAQFDTEYQERLEASYSDSP;
1:200).

Dot blot analysis for 4-HNE modified mitochondrial proteins

For the determination of 4-HNE-adducts, 4 pL mitochondrial fraction was loaded onto a
nitrocellulose membrane (BioRad). Membranes were air-dried for 20 min and blocked in 2%
casein with 0.05% Tween 20 for 1 h at room temperature. Membranes were subsequently
incubated in primary antibody for 30 min at room temperature and washed in TBS-t. A mouse
monoclonal anti-4-HNE primary antibody was used (Oxis International, Foster City, CA;
1:500). Secondary antibody incubation was carried out for 30 min at room temperature, using
anti-mouse horseradish peroxidase-conjugated secondary antibody (Affinity BioReagents,
Golden, Co; 1:8000). Membranes were washed in TBS-t, rinsed in TBS, and washed once in
Tris HCI (100 mM, pH 9.5). Generation of the chemiluminescent signal, digital acquisition
and densitometry analysis were performed as described above. Spot density of the target band
was normalized to total protein concentration as determined by the DC assay and expressed as
% of total protein.

Apoptotic markers

Caspase-3 and -9 activities were determined by monitoring fluorescence of cleaved substrate.
The substrates Ac-DEVD-AMC, and Ac-LEHD-AFC are cleaved proteolytically by caspase-3
and -9, respectively. Fluorescence was determined using a Spectra Max Fluorescent Microplate
Reader (Molecular Devices, Sunnyvale, CA) at excitation, 400 nm and emission, 505 nm, for
AFC and at excitation, 380 nm and emission, 460 nm, for AMC.

The extent of apoptotic DNA fragmentation (apoptotic index) was quantified by measuring the
amount of cytosolic mono- and oligonucleosomes (180 base pair nucleotides or multiples)
using an enzyme-linked immunosorbent assay (ELISA) kit (Cell Death Detection ELISA;
Roche Diagnostics, Mannheim, Germany), following the manufacturer’s instructions, as
described previously (Marzetti et al., 2008b).
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Relative quantification of LC3 and LAMP-2 gene expression in skeletal muscle by
guantitative PCR

To determine the relative gene expression of LC3 and LAMP-2 in plantaris muscles,
quantitative PCR (Q-PCR) analysis was performed. Total RNA was isolated with TriReagent
(Sigma-Aldrich). Briefly, ~50 mg of tissue were homogenized in 1 ml of TriReagent using a
motorized mortar and pestle. The homogenate was cleared by centrifugation, and RNA was
isolated from the supernatant according to the manufacturer’s instructions. Total RNA was
then dissolved in Nuclease-free water and quantified spectrophotometrically. To remove
possible contaminating DNA, DNase digestion was performed using the TURBO DNA-free
kit from Ambion (Foster City, CA). All steps were performed as per the manufacturer’s
directions. After DNase treatment, RNA concentrations and purity were determined
spectrophotometrically (i.e., 260 nm-to-280 nm ratio). Synthesis of cDNA was achieved from
2 ug of RNA using the High capacity cDNA reverse transcription kit (ABI, Foster City, CA).
Briefly, 2 pL of 10X Buffer, 0.8 uL of 100 mM dNTP’s, 2 uL of 10X random hexamers, 1
uL of 100 mM dNTP mix, 1 uL of 50 units/uL reverse transcriptase, 1 uL of 20 units/uL of
RNase inhibitor, and nuclease-free water were mixed and added to total RNA. The resulting
mixture was incubated at 25°C for 10 min, followed by 37°C for 120 min. Enzyme activity
was terminated by heating to 85°C for 5 min. Q-PCR was performed using the ABI 7500 real-
time PCR system (ABI, Foster City, CA). TagMan Universal PCR Master Mix (2x) (Roche,
Branchburg, NJ), as well as 0.2 uM primers and TagMan probe mix (ABI) were used for each
25-uL reaction. Amplification of LC3 (NM_022867), LAMP-2 (NM_017068), and a-actin
(endogenous control, NM_031144) was achieved with the following PCR cycling conditions:
enzyme activation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 15 s, and anneal/
extend at 60°C for 1 min. All samples were examined in triplicate, with the Y-AL group used
as a calibrator. For both genes, negative controls (i.e., no template and no reverse transcriptase)
were also included and run in triplicate.

Statistical analysis

Results

All data are reported as mean + SEM. Statistical analysis was performed using GraphPrism
4.0.3 software (GraphPad Software, Inc., San Diego, CA). Student’s t test was used to compare
Y-AL and O-AL. A one-way ANOVA was employed to detect differences among O-AL, O-
CR and O-CREX. Pearson’s test was used to explore correlations between variables. For all
tests the significance level was set at p<0.05.

In this study we tested whether age and life-long mild calorie restriction (8% CR) or life-long
voluntary exercise (with 8% CR) had independent or additive effects on the expression of
autophagy and lysosome-related proteins. The moderate use of caloric restriction in the design
is essential to stimulate running activity. With this amount of CR animals habituated into active
runners throughout their lifespan. The activity levels of the exercised animals have been
published previously (Judge etal., 2005). In summary, although peak running activity occurred
at 6 months of age (~2500 meters/day), running activity was maintained at an average of 1145
+ 248 meters/day for the remainder of the study. This is in contrast to previous studies that
show a continual decline after approximately midlife in the average distance run per day as the
animal’s age. In addition, at 10 months of age, daily energy expenditure (DEE) was estimated
in the two groups of rats. Runners exhibited a significant higher DEE (202 + 31 kJ/day for
runners vs. 121422 kJ/day for pair-fed sedentary controls, p < 0.05), expending approximately
70% more energy per day than the sedentary rats.
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Body and muscle weight

Autophagy

Mean body weight did not change with age when old ad libitum fed control rats (O-AL) were
compared to young ad libitum fed rats (O-AL versus Y-AL, p=0.6; Table 1). Body weight of
old calorie restricted rats (O-CR) and old exercised and calorie restricted rats (O-CREXx) were
not different from old controls (O-AL versus O-CR, p=0.5; O-AL versus O-CREX, p=0.4).
However, O-CREX rats weighed less than O-CR rats (p=0.0004). Total plantaris mass (left and
right plantaris combined, Table 1) did not change with age, CR or exercise. Similarly, relative
plantaris weight (g/kg body weight) did not change with age. However, it was significantly
higher in O-CREx compared to O-CR (p=0.0008), and tended to be higher than O-AL
(p=0.057).

We analyzed the expression levels of key proteins that are involved in the formation of
autophagsosomes (Beclin-1, Atg7 and Atg9, LC3) in plantaris tissue extracts. Furthermore,
we measured gene expression of LC3, involved in autophagosome formation, and LAMP-2,
essential for fusion of the autophagosome with the lysosome.

Atg6/beclin-1—The mammalian homologue of yeast Atg6, Beclin-1, associates with a
multimeric complex of macroautophagy regulatory proteins (Atgl14, Vps34/class 3 PI3kinase,
and Vps15) that is important for induction and formation of a preautophagosome structure
(Kihara et al., 2001a; Kihara et al., 2001b; Liang et al., 1998). We found that Beclin-1
expression increased significantly with age (Y-AL versus O-AL; p<0.05; Figure 1A). CR and
CR/exercise treatment did not affect protein expression levels compared to the old controls
(p=0.8, 0.7, 0.8 for O-AL vs. O-CR and O-CREX, and O-CR vs. O-CREX, respectively).

Atg7—The protein Atg7 is required for the formation and expansion of the autophagosome
by initiating the conjugation of Atg12 to Atg5 and LC3 to phosphatidylethanolamine (Komatsu
et al., 2005; Mizushima et al., 1998). We found that Atg7 expression did not change with age
(Y-AL versus O-AL, p=0.8; Figure 1B), while its expression was significantly elevated in O-
CR and O-CREx compared to O-AL (p=0.02 and 0.05, respectively). Protein expressions in
O-CR and O-CREx were not significantly different from each other (p=0.8).

Atg9—The integral membrane protein Atg9 is essential for autophagosome formation (Noda
et al., 2000; Reggiori et al., 2005; Yamada et al., 2005) and may function at the
preautophagosome structure or at the membrane source of the autophagosome (Reggiori et al.,
2004). Atg9 expression did not change with age or CR treatment(Y-AL vs. O-AL, p=0.3; O-
AL vs O-CR, p= 0.2; Figure 1C), but was significantly increased in O-CREx compared to O-
AL (p=0.022).

LC3 protein expression—The rat microtubule-associated protein light chain, LC3, a
mammalian homologue of yeast Atg8, is essential for the expansion of the early autophagosome
(Abeliovich et al 2000). Pre-LC3 is processed to its cytosolic form, LC3-1, which is then
activated by Atg7, transferred to Atg3 and lipidated to its membrane bound form, LC3-II,
localized to the preautophagosome structure and autophagosomes. Protein expression levels
of LC3-I and LC3-Il were significantly higher in O-AL compared to Y-AL (p=0.04 and 0.0003,
respectively; Figure 2B and C). However, in the old rats no significant treatment effect was
detected (LC3-I: p= 0.4 for O-AL vs. O-CR, p= 0.3 for O-AL vs. O-CREX, and p=0.8 for O-
CRvs. O-CREX; LC3-11: p=0.4 for O-AL vs. O-CR, p= 0.5 for O-AL vs. O-CREX, and p=0.5
for O-CR vs. O-CREX). Although an increase in cellular level of LC3-I1 is consistent with
activation of autophagy, an increase in the ratio of LC3-11 to LC3-I has been suggested as a
better biochemical marker to assess ongoing autophagy (Mizushima et al., 2004; Yan et al.,
2005). Here we detected no significant effect of age on the LC3-11/I ratio (p=0.1; Figure 2D),
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although it appeared to be 30% lower in old rats. No effect of CR with or without exercise was
detected on old rats (p= 0.4 for O-AL vs. O-CR, p= 0.6 for O-AL vs. O-CREX, and p=0.5 for
O-CR vs. O-CREX).

LC3 gene expression—To evaluate whether increased LC3-1and Il protein expression seen
in the plantaris from O-AL rats was indicative of an induction of autophagy, we analyzed LC3
gene expression (Figure 2A). We found that the mRNA level of LC3 in plantaris muscle was
not changed in O-AL rats compared to young rats, with a tendency to be lower (p=0.086).
Compared to O-AL rats LC3 gene expression was 70% and 90% higher in O-CR and O-CREX,
respectively, although the difference did not reach significance (p=0.3 for O-AL vs. O-CR and
0.2 for O-AL vs. O-CREX).

LAMP-2 gene expression—LAMP-2 (lysosomal-associated membrane protein 2), a
receptor at the lysosomal membrane, is essential for the uptake of the chaperone-substrate
complex into the lysosome for degradation during chaperone-mediated autophagy (Cuervo and
Dice, 1996). It is furthermore needed for efficient fusion of autophagosomes and lysosomes
(Gonzalez-Polo et al., 2005), and thereby crucial for completion of the lysosomal-autophagic
degradation process. In plantaris muscle from O-AL rats LAMP-2 mRNA levels were
significantly lower compared to Y-AL rats (p=0.0084). In contrast, nRNA levels were 1.8 and
2.3-fold higher in O-CR and O-CREX rats, respectively, compared to O-AL (p=0.014 for O-
AL vs. O-CR, p=0.001 for O-AL vs. O-CREX).

Oxidative damage and apoptosis

Oxidative damage—Impaired autophagic homeostasis can possibly result in accumulation
of oxidative damage with age, and ultimately leads to apoptotic or necrotic cell death in aged
post-mitotic tissue. Therefore, oxidative damage and levels of apoptosis in plantaris muscle
were determined by measuring mitochondrial 4-HNE-modified proteins, and cytosolic
caspase3 and -9 activities together with DNA fragmentation (apoptotic index). We found that
4-HNE modified mitochondrial proteins increased significantly in O-AL rats compared to Y-
AL (p=0.003; Figure 4). Mild life-long CR with and without life-long exercise attenuated this
increase (p=0.007 and <0.001 for O-AL vs. O-CR and O-CREX, respectively). Furthermore,
exercise had an additional beneficial effect compared to CR alone (p=0.02, OCR vs. O-CREX).

Apoptosis—Apoptotic DNA fragmentation was increased in plantaris muscle from old
control rats (p=0.01, O-AL vs. Y-AL,; Figure 5A). This age effect tended to be mitigated by
life-long CR with and without life-long exercise (p=0.07 for both O-AL vs. O-CR and O-AL
vs. O-CREX). We further evaluated caspase-3 and caspase-9 activities and found that both
caspase activities were significantly increased in aged plantaris (p=0.04 for both caspases;
Figure 5B and C). However, CR and/or exercise could not mitigate the increased caspase
activities in aged muscle (caspase-3: p= 0.4 for O-AL vs. O-CR, p=0.7 for O-AL vs. O-CREX,
and p=0.5 for O-CR vs. O-CREX; caspase-9: p= 0.5 for O-AL vs. O-CR, p= 0.4 for O-AL vs.
O-CREX, and p=0.3 for O-CR vs. O-CREX).

Linear regression analyses

Regression analyses were performed to test the hypothesis that an increase in autophagy is
negatively correlated with oxidative stress and apoptosis. For the analysis we included only
the data from old animals to evaluate the correlation of autophagy and oxidative damage and
apoptosis, respectively, at old age with or without treatment. We found that LAMP-2 gene
expression in plantaris muscle was negatively correlated with the level of 4-HNE-modified
mitochondrial proteins (Pearson’s r2 = —0.664; p=0.0041; Figure 6A), and with the apoptotic
index (Pearson’s r2 = —0.2745; p=0.031; Figure 6B).
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Discussion

The main objective of this study was to determine the effect of age on autophagy in rat type Il
skeletal muscle, and to investigate whether mild, life-long CR (8 %) alone or in combination
with life-long voluntary exercise would change the autophagic response in aged rats. We
hypothesized that there would be an age-related impairment of autophagy that would be
attenuated by those treatments. We further predicted to find a correlation between autophagy
and oxidative damage and apoptotic index, based on the fundamental role of autophagic
housekeeping. We found that the results are in support of our hypothesis. Although upstream
regulators of autophagy were upregulated (Beclin-1) or unchanged (Atg7 and 9) in O-AL
compared to Y-AL rats, expression of genes (LAMP-2; LC3) and proteins (LC3-1 and 11),
which regulate the autophagic process further downstream, suggested an impairment of
autophagic degradation. Our results show that the mild, 8 % CR treatment increased the
expression of upstream as well as downstream regulators of autophagy. However, we did not
detect an additive effect of life-long voluntary wheel running when combined with mild CR.
Importantly, we found a significant overall negative correlation between autophagy and
oxidative damage and apoptosis, respectively (Figure 6, see below). These results indicate for
the first time that autophagy in plantaris muscle from Fischer 344 rats declines with age, and
that mild CR can attenuate the age-related impairment of autophagic degradation in vivo.

Muscle weight with age

Aging is associated with a progressive decline of muscle mass, strength, and quality, a condition
overall known as sarcopenia of aging. Our lab and others have previously reported the
occurrence of age-related muscle loss in rats (Hepple et al., 2008; Lushaj et al., 2008; Marzetti
et al., 2009; Marzetti et al., 2008b; McKiernan et al., 2004; Pistilli et al., 2006) and its
attenuation by CR (Hepple et al., 2008; Marzetti et al., 2009; McKiernan et al., 2004). In the
present study we did not detect a decrease in total or relative (g/kg body weight) plantaris
weight with age (Table 1), or a significant effect of mild CR and exercise treatment in the old
rats. However, Kim and colleagues recently reported a significant decline in fiber cross-
sectional area and an increase in extramyocyte space and connective tissue with age in plantaris
muscle from the same rats utilized in the present study (Kim et al., 2008). The authors further
found that these morphological changes were prevented by mild CR alone or in combination
with exercise. We suggest, therefore, that despite an apparent loss of overall plantaris mass in
old rats the quality of the muscle tissue has deteriorated, correlating with the impairment of
autophagy, and the increase of oxidative damage and apoptosis.

Autophagic markers in aging skeletal muscle and the effect of mild CR and exercise

Autophagy is a highly regulated process for the bulk degradation of cytoplasmic components
including protein aggregates and organelles. The involvement of autophagy in life/death
decisions of a cell has recently gained growing attention. Autophagy has been implicated in
cell death simultaneously or independently of apoptosis (reviewed in (Eisenberg-Lerner et al.,
2009; Maiuri et al., 2007)). On the other hand, autophagy as a housekeeping mechanism is
essential for the cell’s survival. Regulation of (macro-) autophagy by mTor, PI13K-class I,
and other signaling pathways occurs at nucleation and expansion of the membranes that form
the early autophagosome. Nucleation from the endoplasmic reticulum is controlled by Beclin-1
(mammalian Atg6) and other proteins, while expansion events modulated by Atg7, Atg8 (LC3),
Atg9, and Atg12 control the size of the autophagosome and therefore the amplitude of
autophagy. Furthermore, the adjustment of autophagosome size by LC3-mediated tethering
and fusion of these membranes is critical to allow sequestration of large mitochondria and
protein aggregates. Once the early autophagosome is formed it matures into a late
autophagosome by acquiring endosomal components. The final fusion with the lysosome
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requires, amongst others, LAMP-2, resulting in the formation of the autolysosome, where the
contents are degraded and products recycled.

The effect of aging on autophagy has been widely studied in liver cells (Bergamini et al.,
2004; Cuervo and Dice, 2000; Del Roso et al., 2003). Recent studies have reported a decline
in autophagy with age in postmitotic tissues such as the brain (Keller et al., 2004) and the
peripheral nervous system (Rangaraju et al., 2009). However, we are only beginning to
understand the importance of autophagy in the development of age-related functional
impairment of postmitotic tissues. CR is a potent inducer of autophagy in most species
(Bergamini etal., 2003; Del Roso et al., 2003; Mizushima et al., 2004), and we have previously
demonstrated that CR stimulates autophagy in heart muscle of young and old rats that were
life-long 40 % calorie restricted (Wohlgemuth et al., 2007). The mechanisms by which nutrient
availability impacts autophagy likely involves multiple pathways, such as insulin signaling
and mTOR pathways (Jia et al., 2006; Yamamoto et al., 2006; Young et al., 2009), or the
activation of autophagy proteins through Sirt1 (Lee etal., 2008). On the contrary, little is known
regarding the effect of exercise on autophagy. In a recently published study, MacKenzie et al.
determined that acute high resistance exercise, resulting in increased protein synthesis and
muscle mass, concomitantly caused a proportional increase in protein degradation (Mackenzie
et al., 2009). Interestingly, the authors found that the increased degradation was mediated
through activated mVps34 (Mackenzie et al., 2009), a PI3 kinase class 11, which regulates
autophagy by forming a complex with Beclin-1 (Kihara et al., 2001a). However, it is unknown
whether chronic exercise would affect autophagy the same way to serve protein turnover and
muscle hypertrophy.

Upstream autophagy-regulatory proteins—We report here that protein expression of
Beclin-1 (mammalian Atg6) was increased in the aged animals, independent of CR and
exercise, which is in agreement with a previous study conducted in rat heart (Wohlgemuth et
al., 2007)The role of Beclin-1 is manifold (reviewed in (Cao and Klionsky, 2007; Pattingre et
al., 2008)), and it has first been described as a tumor suppressor (Liang et al., 1999). Its specific
role in autophagy is defined by direct interactions with proteins that can either promote or
inhibit autophagy. For example, binding of the anti-apoptotic protein Bcl-2 inactivates its
autophagy-inducing capability, while upon dissociation of Bcl-2 it can interact with PI3K-class
I11 to promote autophagosome formation (reviewed in (Levine et al., 2008). The fact that
Beclin-1 can interact with the anti-apoptotic Bcl-2 suggests a role in apoptosis. However, the
involvement of Beclin-1 in apoptotic cell death is not clear. Our finding that Beclin-1 increases
with age, independent of treatment, is in line with its various functions in the complex and
interdependent regulation of autophagy, tumorigenesis and apoptosis (which is discussed
below), all of which undergo age-related changes.

The expression levels of Atg7 and Atg9, both involved in the formation and expansion of the
autophagosome, did not change with age, but were significantly elevated in O-CR and O-CREXx
(Atg7) or O-CREXx rats only (Atg9). Our results are consistent with our previous study, in which
we reported a decrease of Atg7 and Atg9 expression in hearts from old ad libitum fed rats, and
an increase when the rats were life-long calorie restricted.

Taken together the expression patterns of those upstream regulatory proteins suggest that the
induction, formation and elongation of the autophagic vacuole may not have been significantly
impaired at old age and that CR with or without exercise aided improving the availability of

those proteins to meet a likely increased, age-related need for cellular housekeeping.

Downstream autophagy-regulatory proteins—In the present study we detected

significantly increased levels of both LC3-1 and LC3-11 in plantaris muscle from O-AL rats.
However, the average LC3-11/I ratio was slightly but not significantly lower in this group
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compared to the young animals. The interpretation of LC3 protein expression is complicated
by the fact that LC3 undergoes posttranslational modifications and final autophagic
degradation. LC3-1 is the cytosolic precursor of the lipidated, autophagosome-membrane-
bound LC3-11, which eventually becomes degraded within the autolysosome. The ratio of LC3-
I1to LC3-I has traditionally been used to evaluate the extent of autophagy, with decreased ratio
being interpreted as indicative of diminished autophagy. However, a decreased ratio could be
caused by elevated LC3-I levels due to a lack of conversion to LC3-I1, or by accelerated
autophagic degradation resulting in increased LC3-11 turnover. We, therefore, quantified LC3
gene expression. We argued that a reduction of autophagic degradation would cause LC3-1 and
Il accumulation, and, as a feed back, reduce transcriptional activation of LC3 gene. On the
contrary, if there was an induction of autophagic flux and an increased need for LC3 protein,
then transcription would be stimulated. We found that in old ad libitum fed animals LC3 gene
expression was unchanged compared to young animals, suggesting that LC3-1and Il processing
and final degradation was impaired. On the other hand, O-CR and O-CREX rats had similar
LC3 protein levels compared to O-AL rats, but the LC3 mRNA levels were 1.8 and 2.3-fold
increased, respectively, although the increase did not reach significance. We concluded that
the treatments improved autophagic degradation, indicated by stimulated LC3 transcription.

To support this interpretation, we analyzed gene expression of LAMP-2, which has been
demonstrated essential for the fusion event of autophagosome and lysosome. Plantaris muscle
from O-AL rats displayed a significantly reduced LAMP-2 mRNA level. CR with and without
exercise resulted in markedly increased LAMP-2 mRNA levels in support of our hypothesis
that the impairment of autophagic degradation seen in the O-AL rats was alleviated. Our results
are consistent with findings reported by Zhang and Cuervo (Zhang and Cuervo, 2008), who
showed that induction of LAMP-2 expression in aged transgenic mice carrying an inducible
LAMP-2 gene restored macroautophagic pathways. What is more, LAMP-2 expression in these
old mice resulted in the improvement of mitochondrial morphology and function, and in
reduced levels of oxidized and polyubiquitinated proteins.

Oxidative damage, apoptosis and autophagy in aging skeletal muscle

Oxidative damage to lipids, proteins and DNA, especially in post-mitotic tissue of an aged
organism, may be severe and ultimately lead to apoptotic or necrotic cell death. Indeed, we
found that the amount of 4-HNE-modified proteins, a marker of lipid peroxidation, was
increased in mitochondria from plantaris muscle of aged AL rats. We also observed an age-
related increase in apoptotic DNA fragmentation and caspase-3 and -9 activities in the plantaris
muscle from O-AL rats compared to young controls. These results are in agreement with data
published by our group and others, showing that oxidative damage and apoptosis markers are
elevated in skeletal muscle from old rats (Chung and Ng, 2006; Dirks and Leeuwenburgh,
2002; Hepple et al., 2008; Hofer et al., 2008; Leeuwenburgh et al., 1997; Marzetti et al.,
2008b; Pistilli et al., 2006; Seo et al., 2008). Consistent with previous reports applying a
moderate CR diet (Bevilacqua et al., 2005; Zainal et al., 2000), we observed a decrease in 4-
HNE-modified mitochondrial proteins and a trend toward a reduction in the apoptotic index
in plantaris muscle from old mildly calorie restricted rats. However, the activity of caspases
was not affected by the treatments.

We hypothesized that autophagic housekeeping plays an essential role in skeletal muscle
health, and that, consequentially, an impairment of autophagy is associated with an
accumulation of cellular damage and cell death. In support of our hypothesis we found a
negative correlation between LAMP-2 gene expression and 4-HNE-modified mitochondrial
proteins (Figure 6A) and apoptotic index (Figure 6B). These results suggest that autophagic
clearance in plantaris muscle (indicated by increased LAMP-2 gene expression) might mitigate
the age-related increase in mitochondrial oxidative damage and apoptotic cell death. Further
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studies will have to investigate whether mitochondrial function and bioenergetics are similarly
protected.

Several observations merit further discussion. The correlation between LAMP-2 gene
expression and apoptotic index appeared not quite as strong as the correlation with
mitochondrial oxidative damage. Mitochondrial damage and, as a consequence, mitochondria-
induced apoptosis might have been successfully attenuated by elevated autophagy. However,
other apoptotic pathways might not be entirely prevented by increased autophagy. The increase
of pro-apoptotic caspase-3 and -9 activities seen with age and the lack of improvement through
the treatments applied indicates that activation of alternative, non-mitochondrial pro-apoptotic
pathways had occurred. Furthermore, other cellular quality control mechanism in skeletal
muscle, such as alternative autophagic pathways, the ubiquitin-proteasome system, or
chaperones, have been shown to be impaired with age. Although Hepple and colleagues
recently reported that a 40 % reduction in caloric intake optimized the activation of the
proteasome in rat plantaris muscle from old rats (Hepple et al., 2008), these pathways may not
be similarly affected by the mild CR or exercise regimen employed in this study. Given that
these pathways might be quantitatively prevailing compared to autophagy, this would result
in the accumulation of cellular damage such as polyubiquitinated proteins, protein aggregates,
misfolded proteins even in the presence of a CR regimen.

It needs to be pointed out that the study design did not allow for a direct assessment of
autophagic flux and actual protein degradation. The autophagy measures analyzed in this study
are therefore indirect measures of autophagy. However, we believe that the results suggest an
impairment of autophagy and autophagic degradation with age and at least a partial restoration
in animals that underwent the interventions.

Another observation is worth mentioning: we did not observe an additive effect of exercise on
improvement of autophagy in plantaris muscle from old rats. However, the necessity to
combine exercise with mild CR represents a limitation of our study. Based on our findings and
the current literature, we cannot draw definite conclusions on a potential effect of exercise on
autophagic cellular quality control that could mediate the anti-apoptotic and muscle
morphology preserving benefits of chronic life-long exercise.

The role of autophagosomal degradation in skeletal muscle homeostasis and atrophy is not
fully understood. The primary cause for muscle wasting, including proteolysis of major
contractile proteins (Clarke et al., 2007), has mainly been attributed to the activity of the
ubiquitin-proteasome dependent pathway (Lecker et al., 1999), while the lysosomal pathways
have been considered a minor avenue for protein degradation. Two recent studies revealed a
mechanistic link between skeletal muscle atrophy and increased autophagy through the
activation of the transcription factor FoxO3 and its downstream targets (Mammucari et al.,
2007; Zhao et al., 2007). The results of our study suggest that autophagy plays a protective
role in aging skeletal muscle from rats that were mildly calorie restricted. Future research needs
to investigate whether this effect of autophagy stems from improved mitochondrial function
in vivo. What is more, the mild (8 %) CR regimen tested in this study and its positive effect on
muscle composition, oxidative stress, cell death and autophagy has the potential to be a more
applicable intervention to attenuate sarcopenia of aging in humans.
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Protein expression of autophagy regulatory proteins Beclin-1 (A.); Atg7 (B.); Atg9 (C.) in
tissue extracts (in % of O-AL) of plantaris muscle from young (6 mon), old ad libitum fed rats
(24 mon), old, mildly calorie restricted rats (8% CR 24 mon) and old mildly restricted and
exercised rats (8% CR+Ex 24 mon). Representative blots are shown below. Data are presented
as mean * standard error of the mean (SEM) and displayed as percent of O-AL. Identical indices

indicate significant difference between groups, with significance level set at p<0.05.
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Figure 2.

Gene (A) and Protein (B, C, D, E) expression of LC3 in tissue extracts of plantaris muscle from
young (6 mon), old ad libitum fed rats (24 mon), old, mildly calorie restricted rats (8% CR 24
mon) and old mildly restricted and exercised rats (8% CR+Ex 24 mon). A. LC3 gene expression
(fold-change as fraction of O-AL; see Methods), B. LC3-I; C. LC3-II; D. Ratio of LC3-1I and
LC3-1 protein expression. Representative blots for protein expression are shown below. Data
are presented as mean * standard error of the mean (SEM) and protein expression data displayed
as percent of O-AL. Identical indices indicate significant difference between groups, with
significance level set at p<0.05.
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Gene expression of LAMP-2 (fold-change as fraction of O-AL; see Methods) in tissue extracts
of plantaris muscle from young (6 mon), old ad libitum fed rats (24 mon), old, mildly calorie
restricted rats (8% CR 24 mon) and old mildly restricted and exercised rats (8% CR+Ex 24

mon). Data are presented as mean + standard error of the mean (SEM). Identical indices indicate
significant difference between groups, with significance level set at p<0.05.
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Figure 4.

Levels of 4-HNE-modified mitochondrial proteins in the mitochondrial fraction of plantaris
muscle from young (6 mon), old ad libitum fed rats (24 mon), old mildly calorie restricted rats
(8% CR 24 mon), and old mildly restricted and exercised rats (8% CR+Ex 24 mon) as measured
by dot blot analysis. Data are presented as mean + standard error of the mean (SEM) and
displayed as percent of O-AL. Identical indices indicate significant difference between groups,
with significance level set at p<0.05.
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Figure 5.

Apoptotic index as determined by quantification of cytosolic mono- and oligonucleosomes
(A), and activity of caspase-3 (B) and caspase-9 (C) in tissue extracts of plantaris muscle from
young (6 mon), old ad libitum fed rats (24 mon), old mildly calorie restricted rats (8% CR 24
mon), and old mildly restricted and exercised rats (8% CR+Ex 24 mon). Data are presented as
mean + standard error of the mean (SEM) and displayed as percent of O-AL. Identical indices
indicate significant difference between groups, with significance level set at p<0.05.
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Linear regression analyses between LAMP-2 gene expression (fold-change as fraction of O-

AL) and 4-HNE-modified mitochondrial proteins (A), and the apoptotic index (B),

respectively. Only data obtained from old animals were included in the regression analysis.

Pearson’s r2 and p-values are displayed in the graphs.
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Table 1

Body weight (BW; g), plantaris weight (g) and relative plantaris weight (g/kg BW) in young (Y-AL), old (O-
AL), old calorie restricted (O-CR) and old calorie restricted and exercised (O-CREX) Fischer 344 rats. Data
presented as mean £ SEM; same indices represent significant difference at p<0.05

Y-AL (n=12) O-AL (n=9) O-CR (n=11) O-CREx (n=11)
Body weight 374.3+9.9 362.2 +23.3 375.9+5.62 3420+5.82
Plantaris weight 0.653 £ 0.012 0.626 + 0.030 0.603 £ 0.0177 0.612 + 0.014
Rel. plantaris weight 1.748 +0.029 1.683 +0.030 1.604 +0.027 b 1.790 + 0.039 P
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