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Abstract

The multiple beneficial effects of calorie restriction (CR) on several organs, including the heart,

are widely known. Recently, the plant polyphenol resveratrol has been shown to possess beneficial

effects similar to that of CR. Among the host of effects on cardiac muscle, a cellular self-eating

process called autophagy has been shown to be induced by both CR and resveratrol. Autophagy is

vital in removing dysfunctional organelles and damaged proteins from the cell, thereby

maintaining cellular quality control. In this study, we explored whether short-term moderate CR

(20%), either alone or in combination with resveratrol, can induce autophagy in the hearts of 26-

month old Fischer 344 × Brown Norway (FBN) rats. Autophagy stimulation was investigated by

measuring protein expression levels of autophagy proteins Beclin-1, Atg5, p62, and LC3-II/LC3-I

ratio. We found that 20% CR or resveratrol alone for 6 weeks could not induce autophagy, but

20% CR in combination with 50 mg/kg/day resveratrol resulted in an induction of autophagy in

the hearts of 26 month old rats. Although oxidative stress has been proposed to be an inducer of

autophagy, treatment with the chemotherapeutic drug doxorubicin was unable to stimulate

autophagy. The enhanced autophagy due to CR + resveratrol was associated with protection from

doxorubicin-induced damage, as measured by cardiac apoptotic levels, serum creatine kinase (CK)

and lactate dehydrogenase (LDH) activity. We propose that a combinatorial approach of low-dose

CR and resveratrol has the potential to be used therapeutically to induce autophagy and provides

protection against doxorubicin-mediated toxicity.
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Introduction

Autophagy is a cellular self-digestion process whereby cells degrade dysfunctional proteins

and organelles, thereby playing a major role in mediating cellular quality control. This vital

housekeeping process has been shown to protect against several pathological conditions

such as infections, neurodegenerative disorders, inflammatory diseases, and cancer [1].

Cardiac-specific loss of autophagy, by the conditional deletion of AuTophaGy protein 5

(Atg5), has confirmed that this housekeeping process is essential for optimal cardiac

functioning and survival [2, 3]. Abrogation of the autophagic pathway in the adult heart by

conditional inactivation of autophagy proteins Atg5 or Atg7, causes rapid onset of cardiac

abnormalities characterized by cardiac hypertrophy, left ventricular dilatation, and decreased

cardiac output [2, 3]. In addition, an age-related decline in the efficiency of the autophagic

process can lead to the accumulation of damaged cellular components, which can further

lead to cardiac functional deterioration [4]. Although several inducers of autophagy in cell

culture conditions have been discovered, few studies have investigated interventions to

induce autophagy in vivo, especially starting at an older age. Kanamori et al. reported that

starving transgenic mice expressing GFP fused to microtubule associated light chain 3

(GFP-LC3) for 12 hours led to an increase in fluorescent autophagic puncta, which was

further confirmed by electron microscopic visualization of autophagic vacuoles [5].

Starvation periods longer than 12 hours led to a more robust autophagic stimulation and

enhanced the expression of downstream lysosomal enzymes, such as cathepsin D,

suggesting an overall enhancement of autophagic flux [5]. Consistent with Kanamori et al.'s

study, our group has previously shown that lifelong 40% calorie restriction (CR) can

increase the appearance of autophagic vacuoles in the hearts of Fischer 344 rats and enhance

the expression of autophagy proteins Atg7 and Atg9 and lysosomal enzyme procathepsin D

[6]. Similar effects also have been observed in the skeletal muscle of 40% CR animals [7].

However, in spite of the autophagy-enhancing capability of lifelong 40% CR, a severe and

prolonged dietary restriction is not practical in humans. In addition to infeasibility, it can

lead to undesirable and potentially harmful changes if started at a vulnerable stage of life

cycle such as during adolescence, at a very old age, or during pregnancy. Hence, in the

current study, we investigated whether a moderate CR (20%) regimen, beginning in late

middle age, could have a similar effect of inducing autophagy in Fischer 344 × Brown

Norway (FBN) rat hearts.

In addition to a mild CR regimen, we investigated the natural polyphenol resveratrol as a

potential inducer of autophagy. Resveratrol is produced by a wide variety of plants, such as

grapes, berries, and peanuts, in response to environmental stress and has been extensively

investigated in numerous clinical studies [8]. Resveratrol has been implicated in the French

paradox, an observation that French people, in spite of their high consumption of saturated

fats, have low incidence of age-associated cardiovascular disorders. It is believed that this

protective effect is due to their moderately high consumption of red wine, which contains

resveratrol. In animals, resveratrol was shown to have numerous beneficial effects, such as

promoting vasodilation in models of coronary heart disease and enhancing the expression of

antioxidant enzymes [9]. Additionally, resveratrol can protect the heart against ischemia-

reperfusion injury [10], improve endothelial function [11], and prevent platelet aggregation
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[12]. Notably, resveratrol has been shown to be a potent inducer of autophagy in several cell

culture models, including cardiomyocytes [13-16]. Studies investigating whether resveratrol

can induce autophagy in animals, however, are limited. In this study, we investigated

whether CR or resveratrol alone, or a combination of the two, can stimulate autophagy in the

hearts of 26-month-old FBN rats.

In addition to exploring interventions to induce autophagy in rodent hearts, we examined

whether such autophagy interventions can protect against cardiac damages induced by the

oxidative stressor doxorubicin. While doxorubicin is a highly effective chemotherapeutic

agent used in the treatment of solid tumors and hematologic malignancies [17], its

cardiotoxic effects severely limit its dosage and hence, the chemotherapeutic efficacy [17,

18]. Although a complete understanding of the mechanisms involved in doxorubicin's

toxicity remains elusive, the generation of reactive oxygen species (ROS) in cells has been

proposed to be a major player [19, 20]. The generation of ROS by doxorubicin can lead to

cellular oxidative damage, resulting in cytotoxic effects [21] and the housecleaning process

of autophagy can be hypothesized to be beneficial under such circumstances.

Our study showed that 50 mg/kg/day of resveratrol combined with 20% CR for 6 weeks can

enhance autophagic flux in the hearts of 26-month-old FBN rats. Interestingly, CR or

resveratrol alone was found to have no effect on autophagy. Induction of autophagy using

the combinatorial approach helps protect rat hearts against doxorubicin-mediated toxicity.

We therefore propose that induction of autophagy in late middle-aged rat hearts could

potentially be developed as a therapeutic target for mitigating oxidative stress-induced

damage.

Materials and methods

Animals and dietary intervention

Male FBN rats at 25 months of age were purchased from the National Institute on Aging

(NIA) and were singly housed at the University of Florida animal facility in a temperature-

(20 ± 2.5 °C) and light-controlled (12:12 hour light-dark cycle) environment with

unrestricted access to water. After arrival, animals were acclimated for a period of 3 weeks

and were then randomly assigned into one of six experimental groups: 1) Ad libitum (AL),

2) 20% CR (CR), 3) 5 mg/kg/day resveratrol (Resv-5), 4) 50 mg/kg/day resveratrol

(Resv-50), 5) CR with 5 mg/kg/day resveratrol (CR + Resv-5) and 6) CR with 50 mg/kg/day

resveratrol (CR + Resv-50). Animals were maintained on the interventions for 6 weeks.

Animals on the CR, CR + Resv-5, and CR + Resv-50 groups received 20% less food from a

125% fortified diet to ensure that all groups received equal amounts of proteins, vitamins

and minerals. Both AL and CR diets were based on the AIN-93M chow, formulated for the

maintenance of mature rodents, with lower levels of proteins and fats to reduce the incidence

of kidney stones in older rodents [22]. Table S1 summarizes the composition of AL and CR

diets. Resveratrol (Sigma, St. Louis, MO) was given as highly palatable supplementation

pellets. Control supplementation tablets (without resveratrol) were given to AL rats. The

supplementation pellets were similarly formulated with the AL or CR diet as the base chow,

with or without resveratrol, and were prepared by Custom Animal Diets (Bangor, PA) using

an effective bacon-flavor masking capability. The pellets were made as 1 g tablets
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containing either 0.5 mg or 5 mg resveratrol. To ensure that every rat received the proper

dose of resveratrol, the number of pellets given on each day was calculated based on the

body weight of individual animals. The consumption of tablets was visually inspected daily.

Throughout the entire study, the amount of food given to the CR rats was adjusted weekly

based on the food consumed by the AL rats. Body weights of rats were recorded at least

once per week.

Induction of oxidative stress by doxorubicin

At the end of the intervention period, animals received a single intraperitoneal (IP) injection

of 10 mg/kg doxorubicin (Sigma, St. Louis, MO) or saline control. The dose was chosen

based on our previous observation that 10 mg/kg/day of doxorubicin can activate caspase-3

and induce apoptosis in the hearts of Fischer 344 rats [23]. Twenty-four hours after

injection, animals were sacrificed by rapid-decapitation. Serum and plasma were collected

by trunk blood processing and stored at -80 °C until further analysis. Hearts were dissected

out, separated into individual compartments, weighed and saved at -80 °C. All experiments

and procedures were approved by the Institute on Animal Care and Use Committee at the

University of Florida.

Body composition analysis

Fat and lean mass percentages of rats were determined at baseline levels (before the start of

interventions) and after 6 weeks of CR and resveratrol interventions using time-domain

nuclear magnetic resonance (TD-NMR) analyzer (Minispec, Bruker Optics, The Woodlands,

TX). TD-NMR provides an accurate, fast, and easy-to-use method for determining fat and

lean tissue in rodents without the need for anesthesia. The validation of the TD-NMR

methodology has been provided elsewhere [24].

Plasma resveratrol and resveratrol conjugate(s) concentration analysis

Resveratrol and resveratrol conjugate(s) were quantified in plasma using LC/MS/MS assay

at the Biomedical Mass Spectrometry Core at the University of Florida. Rat serum samples

(30 μL) were loaded onto an Accela Open Autosampler (Thermo Fisher Scientific, San Jose,

CA) connected to an Accela 600 UPLC and LTQ Velos mass spectrometer (Thermo Fisher

Scientific, San Jose, CA). Separation was achieved on a BetaBasic C18 HPLC column (150

× 2.1 mm, 5 um, Thermo Fisher Scientific, San Jose, CA).

Preparation of tissue extracts

For the preparation of tissue extracts, approximately 100 mg of the left ventricle was

pulverized in liquid nitrogen. The powder was subsequently resuspended in 1 mL ice-cold

buffer containing 20 mM HEPES, pH 7.4, 2 mM EGTA, 50 mM β-glycerophosphate, 1 mM

dithiothreitol, 1 mM Na3VO4, 10% glycerol, 1% Triton X-100 and Halts Protease Inhibitor

(Thermo Scientific, Fair Lawn, NJ). Resuspended tissue was further homogenized using a

mechanically driven Potter-Elvehjem glass-glass homogenizer with approximately 14 up

and down strokes. The homogenates were subsequently rotated for 1 hour at 4 °C for

efficient cell lysis. Finally, the homogenates were centrifuged at 10,000 g for 10 minutes at

4 °C and the supernatant was transferred to clean tubes. Protein concentrations were
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determined using Bradford Assay [25], and aliquots were stored at −80 °C until further

analysis.

Western blotting

Protein samples were prepared in Laemmli buffer (62.5 mM Tris-HCl, 2% SDS, 25%

Glycerol, 0.01% Bromophenol Blue, pH 6.8; Bio-Rad, Hercules, CA) with 5% β-

mercaptoethanol and were boiled at 95 °C for 5 minutes prior to loading in gels. Equal

amounts of proteins were loaded in pre-cast Tris-HCl polyacrylamide gels (Criterion system,

Bio-Rad, Hercules, CA). After electrophoretic separation, proteins were transferred to

polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, CA) and subsequently

blocked for 1 hour in Starting Block (Thermo Scientific, Fair Lawn, NJ), followed by

overnight incubation with primary antibodies at 4 °C. Membranes were subsequently

washed with Tris-buffered saline with 0.1% Tween 20 (TBST) and incubated with the

appropriate secondary antibodies in Starting Block for 1 hour. Membranes were washed

again with TBST, chemiluminescent signals developed using ECL Plus reagent (Amersham

Biosciences, Buckinghamshire, UK), and captured using ChemiDoc XRS System (Bio-Rad,

Hercules, CA). Digital images were analyzed for densitometry using ImageLab software

(Bio-Rad, Hercules, CA). A complete list of primary antibodies and their catalog numbers is

provided in Table S2.

Quantitative real-time PCR

Quantitative real time PCR was performed according to protocol described before [26].

Briefly, 20-40 mg of tissue was homogenized in 1 mL of TriReagent (Sigma-Aldrich, St.

Louise, MO) using a glass on glass mortar and pestle. The homogenate was cleared by

centrifugation and the RNA was isolated from the supernatant according to manufacturer's

instructions. Total RNA was subsequently dissolved in nuclease-free water and any

contaminating DNA was removed via DNase digestion. RNA quality was evaluated using

the 2100 Nano Labchip Kit on an Agilent 2100 Bioanalyzer (Agilent Technologies Inc.,

Santa Clara, CA). cDNA was synthesized from 2 μg of RNA using the high capacity cDNA

reverse transcription kit (ABI, Foster City, CA), according to manufacturer's instructions.

Samples were incubated at 25°C for 10 minutes, 37°C for 120 minutes and finally, enzyme

activity was terminated by heating to 85°C for 5 minutes. Q-PCR analysis was performed

using Taqman Master Mix, 0.2 nM primers and nuclease-free water in a 25 μL reaction.

Relative expression was determined using the ABI 7500 real-time PCR system (ABI, Foster

City, CA) with universal cycling conditions. All samples were examined in triplicate.

Analysis of data was performed using the 2-ΔΔCt method, using 18s RNA as the internal

control, as described before [26]. Rat primer and probe sequence for p62 was commercially

available from Applied Biosystems (Assays-on-Demand).

Apoptotic analysis

Apoptotic analysis on left ventricular homogenates was performed using Cell Death

Detection Plus ELISA kit (Roche Diagnostics, Indianapolis, IN) following manufacturer's

instructions. The kit is designed to detect mono- and oligonucleosomes in the cytoplasmic

fraction of heart lysates and is based on a sandwich-enzyme immunoassay principle using

mouse monoclonal antibodies directed against DNA and histones. Absorbance was read at
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405 nm with a Biotek Synergy plate reader (Biotek, Winooski, VT), and the values were

normalized to protein concentrations.

Creatine kinase (CK) assay

CK levels in serum were determined using Enzychrom Creatine Kinase Assay kit (Bioassay

Systems, Hayward, CA) following manufacturer's instructions. The kit uses an enzyme-

coupled reaction in which creatine phosphate and adenosine diphosphate (ADP) are

converted to creatine and adenosine triphosphate (ATP) by CK. The ATP generated in the

process is used by hexokinase in phosphorylating glucose to glucose-6-phosphate. The latter

is subsequently oxidized by nicotinamide adenine dinucleotide phosphate (NADP), in the

presence of glucose-6-phosphate dehydrogenase and produces reduced NADP (NADPH).

The produced NADPH is proportional to the CK activity in the samples and was quantified

by measuring the absorbance at 340 nm using Biotek Synergy plate reader (Biotek,

Winooski, VT).

Lactate dehydrogenase (LDH) assay

LDH levels in serum were measured using Quantichrom Lactate Dehydrogenase Assay kit

(BioAssay Systems, Hayward, CA) according to manufacturer's instructions. The assay is

based on LDH-dependent and NADH-catalyzed reduction of the tetrazolium salt (3-(4,5

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to a reduced form.

Absorbance was measured at 565 nm using a Biotek plate reader (Biotek, Winooski, VT),

and the values were directly proportional to the enzyme activity.

Statistical analysis

Statistical analyses were performed using GraphPad Prism Version 4.0 (GraphPad Software,

San Diego, CA). Student's t-test and one-way analysis of variance (ANOVA) were

performed, wherever applicable. Whenever required, post-hoc analysis was performed using

Bonferroni multiple comparison test. Statistical significance was set to p < 0.05. Results are

expressed as mean ± SE.

Results

CR diet was associated with lower body weights

Six weeks of 20% CR, with or without resveratrol, resulted in significantly lower body

weights in comparison to AL (p < 0.001 vs. AL) (Table 1). Heart weights of rats in CR +

Resv-5 and CR + Resv-50 groups were significantly lower in comparison to that of AL rats

(p < 0.001 vs. AL). There was no statistical difference between groups when heart weight

was normalized to body weight (Table 1).

CR diet alone or in combination with resveratrol attenuates body composition changes
over time

Paired t-test analysis showed that fat mass % and fat/lean ratio significantly increased (p <

0.01) and lean mass % decreased (p < 0.05) in animals on an AL diet over a 6-week period
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(Fig. S1). However, fat mass %, lean mass % and fat/lean ratio remained unchanged in the

CR, CR + Resv-5 and CR + Resv-50 groups pre- and post-intervention.

Plasma resveratrol conjugate(s) concentrations increase in a dose-dependent manner in
resveratrol-fed rats

LC/MS/MS analysis showed a dose-dependent increase in resveratrol conjugate(s)

concentration in resveratrol-fed animals, with the parent resveratrol molecule not being

detected. The mean plasma concentration of resveratrol conjugate(s) in the CR + Resv-5 and

CR + Resv-50 groups were 7.4 ± 3.7 and 41 ± 19 ng/mL, respectively (Table 2). Resveratrol

conjugate(s) could not be detected in the plasma of AL rats.

CR in combination with 50 mg/kg/day resveratrol increases autophagic flux in the left
ventricle

We analyzed the expression levels of key autophagy proteins (LC3B, p62, Beclin-1 and

Atg5-Atg12 conjugate) in the left ventricle of saline-treated rats, to determine whether any

of the interventions tested can induce cardiac autophagy in 26-month-old FBN rats.

Interestingly, we observed no changes in the levels of the abovementioned autophagy

proteins with 5 mg/kg/day or 50 mg/kg/day resveratrol alone, compared to saline-treated AL

rats. These results are summarized in the supplemental information (Fig. S2). Autophagy

protein expression analysis in the intervention groups AL, CR, CR+Resv-5 and CR

+Resv-50 are summarized as follows:

LC3B—Autophagy induction converts cytosolic LC3-I to autophagosomal membrane-

associated and PE-conjugated LC3-II. The LC3-II/LC3-I ratio is therefore a widely used

indicator of steady- state autophagic levels. We could not detect an increase in the LC3-II/

LC3-I ratio in any of the intervention groups (Fig. 1 A). However, although the LC3-II/LC3-

I ratio remained unchanged with the interventions, we cannot rule out the possibility that an

increase in the rate of their degradation in the lysosomes, i.e., an enhancement in autophagic

flux, contributed to their unaltered levels.

p62/sequestosome 1 (SQSTM1)—To determine autophagic flux, we measured the

abundance of p62/SQSTM1 in left ventricular homogenates. p62 binds to ubiquitinated

proteins through its UBA domain and can interact with LC3 through its LC3 binding motif,

thereby directing the degradation of ubiquitinated proteins through the autophagic pathway

[27]. In the process, p62 is degraded through autophagy; therefore, a decrease in the

abundance of p62 is considered indicative of enhanced autophagic flux [27, 28]. We

observed a decrease in p62 abundance in the left ventricle of CR + Resv-50 rats (p < 0.05 vs.

AL) (Fig. 1B), indicating an increased autophagic flux. No significant changes were

observed in the CR or CR + Resv-5 groups in comparison to AL. To rule out the possibility

that a decline in p62 levels is due to a decrease in the level of its transcription (and

eventually protein expression), we performed RT-PCR on left ventricular homogenates. Our

results indicate no difference in the p62 mRNA levels between the AL and CR + Resv-50

groups (Fig. S3).

Dutta et al. Page 7

Free Radic Biol Med. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Beclin-1—Beclin-1 (mammalian homolog of yeast Atg6) is required for the induction

phase of autophagy [29]. Specifically, Beclin-1 associates with a pre-autophagosomal

complex comprising of Atg14, Class III PI3K/Vps34 and Vps15 and this complex is

required for the localization of autophagic proteins to the pre-autophagosomal structure

[29-31]. Autophagic triggers have been shown to upregulate Beclin-1 [32]. We observed

that the expression of Beclin-1 was increased in left ventricular homogenates of CR +

Resv-50 rats in comparison to AL (p < 0.05) (Fig. 1C).

Atg5–Atg12

In addition to the Atg8-PE (LC3-PE) conjugation system, a second ubiquitin-like

conjugation system (comprising Atg7, Atg12 and Atg10) links the carboxy-terminal glycine

residue of Atg12 to a lysine of Atg5 [33]. The Atg5–Atg12 conjugate further complexes

with Atg16, which is associated with the growing phagophore [34]. We observed no

differences in Atg12–Atg5 levels in left ventricular homogenates between AL rats and the

intervention groups (Fig. 1D).

Treatment with doxorubicin does not induce autophagy in the left ventricle

We have previously shown that treatment with doxorubicin leads to an induction of

oxidative stress in the myocardium [18]. Since recent studies have reported a potential role

of oxidative stress as an inducer of autophagy [35, 36], we investigated whether treatment

with doxorubicin can also induce autophagy. The results from autophagy protein expression

analysis in the intervention groups are summarized as follows:

LC3B—Treatment with doxorubicin-enhanced LC3-II/LC3-I ratio, in comparison to saline-

treated AL rats (p < 0.005) (Fig. 2A), indicating either an enhanced generation of autophagic

vacuoles or a decrease in their clearance.

p62/sequestosome 1 (SQSTM1)—We observed an increase in p62 accumulation in the

doxorubicin-treated hearts (Fig. 2B). This suggests an impairment of autophagic flux with

doxorubicin treatment (p < 0.01 vs. saline-treated AL rats).

Beclin-1—There were no changes in Beclin-1 protein levels between saline and

doxorubicin treatment groups (Fig. 2C).

CR in combination with 50 mg/kg/day resveratrol attenuates doxorubicin-mediated
increases in cardiac apoptotic levels

Apoptotic levels were determined by measuring mono- and oligo-nucleosomes released in

the cell cytoplasm. Doxorubicin increased apoptotic index in the left ventricle of AL rats (p

< 0.05 vs. saline) (Fig. 5A) and CR + Resv-50 attenuated the apoptotic induction (p < 0.05

vs. AL + doxorubicin). No significant changes in cardiac apoptotic levels were observed

between AL and CR or CR + Resv-5 groups (Fig. 3A).
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CR in combination with 50 mg/kg/day resveratrol attenuates doxorubicin-mediated
increases in serum CK levels

CK, an enzyme predominantly expressed in muscles, is involved in the conversion of

creatine to phosphocreatine with the consumption of ATP [37]. An elevated CK level in

blood is a widely used indicator of muscle damage. We observed that treatment with

doxorubicin-increased serum CK levels (p < 0.01 vs. saline) and that CR + Resv-50

significantly ameliorated the increase (p < 0.05 vs. AL + doxorubicin) (Fig. 3B).

CR in combination with 5 or 50 mg/kg/day resveratrol attenuates doxorubicin-mediated
increases in serum LDH activity

LDH is an oxidoreductase enzyme that catalyzes the inter-conversion of lactate and

pyruvate. Since it is usually sequestered within cells and is released into the bloodstream

under conditions of tissue injury, serum LDH activity represents a marker of general tissue

damage [38]. We observed that treatment with doxorubicin significantly increased serum

LDH levels (p < 0.01) and that both CR + Resv-5 and CR + Resv-50 significantly

ameliorated the increase (p < 0.05 vs. AL + doxorubicin) (Fig. 4A). No differences were

observed in serum LDH activity among AL and any of the intervention groups in saline-

treated rats (Fig. 4B). Importantly, resveratrol alone (5 mg/kg/day or 50 mg/kg/day) did not

attenuate the increase in serum LDH levels associated with doxorubicin injection (Fig. S4).

Proposed mechanisms of autophagy activation by the combinatorial approach of CR and
resveratrol

Resveratrol is a known CR mimetic and is proposed to have a mechanism of action similar

to that of CR [39, 40]. It is possible that when present together, CR and resveratrol reinforce

and activate certain signal transduction pathways, which can lead to an induction of

autophagy. For example, both CR and resveratrol can inhibit the mTOR pathway, which has

inhibitory effects on autophagic induction (Fig. 5) [41-43]. Both interventions can activate

the 5′ AMP-activated protein kinase (AMPK) pathway [44], which has been shown to

enhance autophagic induction by phosphorylating ULK1 and activating the ULK1-Atg13-

Atg17 complex (Fig. 5) [45]. Finally, the NAD+-dependent deacetylase sirtuin 1 (SIRT1)

can deacetylate essential autophagy proteins Atg5, Atg7 and Atg8 and activate autophagy

[46] and both CR and resveratrol have been shown to activate Sir2 (homolog of mammalian

SIRT1) in lower organisms [47, 48] and SIRT1 in mammals (Fig. 5) [49, 50].

The activation state of mTOR was investigated in the AL, CR + Resv-5 and CR + Resv-50

groups, by measuring the phosphorylation levels of ribosomal protein S6 (rpS6), one of the

downstream effectors of mTOR activation [51]. Western blot analysis revealed that both the

CR + Resv groups tended to have lower levels of phosphorylated rpS6, normalized to that of

total rpS6 (Fig. S5A). Although the data was not statistically significant, there was a strong

trend for a decrease in phospho-rpS6, and hence for an inhibition of mTOR activity in the

CR + Resv groups (p=0.07). SIRT1 protein levels, on the other hand, were unchanged in the

AL, CR + Resv-5 and CR + Resv-50 groups (Fig. S5B).
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Discussion

The self-cleanup process of autophagy recycles damaged and dysfunctional cellular

components, thereby contributing to organelle and protein quality control. Upregulation of

this process could therefore be hypothesized to be beneficial against oxidative stress-induced

damage. However, despite its beneficial effects, few studies have focused on its stimulation

in vivo. Although lifelong 40% CR has been reported to enhance autophagy in different

tissues [6, 7], severe CR is also associated with slower wound healing, osteoporosis, cold

sensitivity, and psychological challenges, such as food obsession, depression, and irritability

[52]. Furthermore, adolescents practicing chronic severe CR may experience several adverse

events, such as loss of strength and stamina, menstrual irregularities, infertility and loss of

libido [52]. Hence a moderate CR starting late in life could offset some of the limitations

associated with life-long CR. Additionally, combining a mild CR regimen with a so-called

CR mimetic can potentially reinforce the beneficial effects of CR, without the potential

harmful effects of a drastic food reduction. Resveratrol is a known CR mimetic that has

shown to produce CR-like extension of lifespan in lower organisms and has a proposed

mechanism of action very similar to that of CR [40, 47, 53].

In the present study, we have shown that 20% CR in combination with 50 mg/kg/day

resveratrol can enhance autophagic flux in the hearts of late-middle-aged (26-month-old)

FBN rats. It is important to note that FBN rats are excellent models for gerontology research

because they have fewer incidences of age-associated pathological lesions and a longer

disease-free life span than other rat strains [54, 55]. In the FBN rats, changes in

cardiomyocyte volume density occur as early as 24 months of age, and percentage fractional

shortening (as a measure of cardiac function) shows significant differences starting at 27

months of age [56, 57]. These observations suggest that for the FBN rat strain, 26 month

may represent an optimum life stage to start late-life interventions, i.e. a time when

structural changes begin to appear in the heart, without drastic functional consequences.

Additionally, 26 months of age in FBN rats correspond to roughly 60 years in humans, a

stage in life when moderate dietary restriction can be assumed to have little or no deleterious

effects [58].

Rodent models using resveratrol as an intervention have used broad concentrations, ranging

from 0.1 mg/kg to 1000 mg/kg with numerous beneficial effects in several organs [59].

Cardioprotection with the plant polyphenol has been observed with doses as low as 2.5

mg/kg/day or 5 mg/kg/day [60], the latter being the lower dose used in our study. However,

most of the reported studies have been done in a younger cohort of animals and the dosage

required to see similar effects in aged animals remains largely unknown. This is the first

time to our knowledge that resveratrol have been tested in older animals. With the

assumption that doxorubicin may cause more damage in an age-stressed heart, the current

study uses an additional dose of resveratrol, 10 times higher (50 mg/kg/day) than the low

dose used in the study.

Although showing numerous CR-like effects, a major drawback of resveratrol is its poor

bioavailability, since resveratrol undergoes rapid metabolism to glucoronide and sulphate

conjugates in the liver [61]. However it has recently been shown that resveratrol is delivered
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to target tissues in a sulfate-conjugated form, where the sulphate conjugates can regenerate

the parent compound [62]. Importantly, such conjugates induced autophagy in human cells

[62].

Autophagy assessments in the present study were conducted by measuring protein

expression levels of LC3B, p62, Beclin-1 and Atg5-Atg12 conjugate. We observed no

changes in the LC3-II/LC3-I ratio in the left ventricle of AL or any of the interventions,

which could either mean: 1) no autophagic stimulation by the treatments or 2) an enhanced

autophagic flux, such that an increased amount of LC3-II is rapidly degraded in the

lysosomes, resulting in unaltered LC3-II /LC3-I ratios. The ubiquitin-binding protein p62/

SQSTM1 targets cytosolic cargo for autophagic degradation, being selectively incorporated

into autophagosomes and efficiently degraded in the autolysosomes [63]. Therefore, the

cellular abundance of p62 inversely correlates with autophagic flux [64]. In our study, CR +

Resv-50 rats showed a decrease in the abundance of p62 in the left ventricle, suggesting an

increase in autophagic flux. We further confirmed that the decrease in p62 protein levels was

not due to a decrease in its transcription. In addition, we observed an increase in Beclin-1

levels in the same group, pointing to an enhanced induction of autophagy. Finally, there

were no differences in Atg5-Atg12 conjugate levels between AL and any of the intervention

groups. Although the conjugation of Atg5 to Atg12 is essential for autophagy, Atg5– Atg12

dissociates from the autophagosome after it completely engulfs the cargo [34]. Hence, the

observation that the Atg5-Atg12 levels remain unaltered is consistent with LC3-II/LC3-I

ratios observed in the study.

The mechanism by which the combined regimen of 20% CR and 50 mg/kg/day resveratrol

(but not either intervention alone) can induce autophagy in rodent hearts will need further

investigation. Our results suggest a possible role of mTOR, but additional analysis is

required to confirm this hypothesis. Although our results revealed no changes in SIRT1

protein levels in any of the intervention groups, it is possible that the deacetylate activity of

SIRT1 is controlled at the post-translational level, such as by phosphorylation at Thr522

(thereby activating the monomeric, active state [65]) or by influencing its binding to other

protein partners for deacetylation [66]. Experiments investigating such pathways might

better answer the question as to whether SIRT1 also plays a role in the autophagy-inducing

properties of CR + Resv.

Finally, whether autophagy induction occurs through the AMPK pathway will also need

further investigation.

Our results suggest that doxorubicin per se increases the LC3-II/LC3-I ratio. An increase in

this ratio by doxorubicin treatment has previously been reported [67-69]. Autophagic flux

analysis, however, was not conducted in these studies. We observed that doxorubicin

increased p62 abundance in the left ventricle, suggesting that the increase in LC3-II/LC3-I

levels is due to an impairment of autophagic flux. Consistent with this hypothesis, a

decrease in the activity of lysosomal enzyme cathepsin D has been reported in the hearts of

doxorubicin-treated animals [70]. It is also possible that the autophagic flux impairment is a

characteristic of the relatively older population of rats used in the study, as all previous

studies with doxorubicin were conducted in a younger cohort [67]. For instance, it is

Dutta et al. Page 11

Free Radic Biol Med. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



possible that doxorubicin induces autophagy as a protective mechanism in all age groups,

but that complete degradation of autophagic cargo is affected or attenuated only in older

rats.

In the clinical setting, a significant proportion of patients given doxorubicin for long periods

go on to develop cardiac pathologies. However, as of yet, there is no specific treatment for

preventing such chemotherapy-derived cardiomyopathy [71]. The development of

cardioprotective agents that can intervene against doxorubicin-mediated toxicity is therefore

highly desirable. Notably, in the present study, we observed that induction of autophagy

protects the myocardium from doxorubicin-mediated injury, which is confirmed by the

attenuation of drug-mediated increases in myocardial apoptotic index and serum CK levels

(Fig. 5). While skeletal muscle injury cannot be ruled out, it is likely that the increases in

CK levels in doxorubicin-treated rats is primarily due to cardiac damage, since the heart is

especially vulnerable to anthracycline-mediated toxicity [72]. Additionally, CR in

combination with 50 mg/kg/day resveratrol also attenuated doxorubicin-mediated increases

in serum LDH levels, which is considered a general marker of tissue damage. Importantly, a

previous study has shown that a 35% CR for 10 weeks can be protective against

doxorubicin-mediated cardiotoxicity in male Sprague-Dawley rats [73], which is in contrast

to our current finding that no protective effect could be observed by 20% CR for 6 weeks.

The difference could be attributed to the relatively mild CR regimen and the shorter duration

of interventions used in our study.

Importantly, it is possible that the cardioprotective effects of CR + Resv-50 are caused by

additional effects on the cardiomyocyte, in addition to autophagy. For example, the

vasodilatory, anti-inflammatory and anti-oxidative properties of both CR and resveratrol

cannot be ruled out in the current study. However, we propose that autophagy plays a vital

role. Several observations led to such a hypothesis: first, autophagy induction and maximum

cardioprotection was both observed in the same intervention group; second, our experiments

in cultured cardiomyocytes have shown that an induction of autophagy can protect cells

from oxidative stress-induced injury, selectively remove damaged mitochondria, improve

mitochondrial respiration and inhibit apoptosis [74]. Importantly, our preliminary analysis in

permeabilized cardiac muscle fibers showed increased State 3 (ADP-stimulated) respiration

in CR + Resv-50 group, in comparison to AL (data not shown).

It is worth noting that our moderate, late-age-onset CR is similar to most clinical trials of

dietary restriction in humans [75, 76], where a high-severity CR can be challenging and

potentially deleterious. For example, a 36-year follow-up study showed that mortality rate in

healthy non-smoking Japanese-American men was increased when 50% CR was practiced

and that a moderate 15% CR showed a trend for lower mortality [75]. In another study, a 12-

month 20% CR has been shown to improve glucose tolerance [77] and reduce DNA and

RNA oxidation in the white blood cells of healthy normal and overweight persons aged 50

to 60 years [78]. Studies have shown that such low-intensity dietary restriction can also

result in significant improvements in traditional cardiovascular risk factors, such as blood

pressure, blood glucose, circulating lipids and body composition, in both overweight [76, 79,

80] and lean individuals [81, 82]. With respect to resveratrol, although animal studies are

plenty, clinical trials investigating the cardiovascular effects of resveratrol have been
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comparatively limited. Most of trials have investigated the pharmacodynamics and safety

issues associated with the drug [83]. However, at least one clinical trial in obese men has

shown that short-term (30 day) supplementation with 150 mg/kg/day resveratrol increased

AMPK and SIRT1 levels in muscles and led to metabolic changes in blood similar to that of

CR [84]. In conclusion, both late-age-onset mild CR regimen and the plant polyphenol

resveratrol have shown numerous cardioprotective effects in experimental animal models

and in controlled clinical trials. Therefore, combining these two interventions might provide

additional cardioprotective effects. Although their exact mechanism is still a matter of

debate, our results suggest that an induction of myocardial autophagy is at least partially

responsible for the beneficial effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AL Ad libitum

AMPK 5′ AMP-activated protein kinase

Atg AuTophaGy

CK creatine kinase

CR calorie restriction

FBN Fischer 344 × Brown Norway

LC3 microtubule-associated light chain 3

LDH lactate dehydrogenase

ROS reactive oxygen species

rpS6 ribosomal protein S6

SIRT1 sirtuin 1

SQSTM1 sequestosome 1

TD-NMR time-domain nuclear magnetic resonance
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Highlights

• Autophagy is a self-cleanup process whereby damaged cellular components are

recycled

• 20% CR combined with 50 mg/kg/day resveratrol induce autophagy in the

hearts of 26-month-old Fischer 344 × Brown Norway rats

• Induction of autophagy by a combination of CR and resveratrol protects against

doxorubicin-induced toxicity in the heart

• A combinatorial approach of low dose CR and resveratrol can be potentially

exploited therapeutically for protection against doxorubicin-mediated cardiac

damage in the aged heart.
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Fig. 1. Effect of interventions on autophagy markers in the left ventricle
(A–D) Protein expression levels of autophagy markers LC3B (A), p62 (B), Beclin-1 (C) and

Atg5–Atg12 conjugate (D) were measured by immunoblotting in the left ventricular

homogenates of saline-treated AL, CR, CR + Resv-5 and CR + Resv-50 animals. GAPDH

was used as a loading control. *p < 0.05 vs. AL. n = 4 to 12.
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Fig. 2. Effect of doxorubicin on LC3-II/LC3-I ratio and p62 accumulation in the left ventricle
(A–C) Protein expression levels of autophagy markers LC3B (a), p62 (B), and Beclin-1 (C)

were measured by immunoblotting in the left ventricular homogenates of saline or

doxorubicin-treated animals. GAPDH was used as a loading control. **p < 0.01 vs. saline. n

= 5 to 12.
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Fig. 3. Effect of interventions on doxorubicin-mediated cardiac damage
(A) Apoptotic induction in left ventricular homogenates of saline-treated AL rats and

doxorubicin-treated AL, CR, CR + Resv-5 and CR + Resv-50 groups was determined by

measuring the release of mono- and oligo-nucleosomes in the cytosolic fraction. Values for

the assay have been normalized to the total amount of protein. *p < 0.05 vs. AL + saline; #p

< 0.05 vs. AL + doxorubicin; (B) Serum CK levels were measured in the same groups as in

(A). **p < 0.01 vs. AL + saline, #p < 0.05 vs. AL + doxorubicin. n = 5 to 12.
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Fig. 4. Serum LDH activity in saline- and doxorubicin-treated AL, CR, CR + Resv-5 and CR +
Resv-50 FBN rats
(A) Serum LDH activity was determined in saline-treated AL and in doxorubicin-treated

AL, CR, CR + Resv-5 and CR + Resv-50 animals. **p < 0.01 vs. AL + saline; #p < 0.05 vs.

AL + doxorubicin. n = 5 to 12; (B) Serum LDH activity was determined in saline-treated

AL, CR, CR + Resv-5 and CR + Resv-50 animals. n = 4 to 12.
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Fig. 5. Proposed pathways through which CR and resveratrol induces autophagy
Both CR and resveratrol can activate autophagy by inhibiting the mTOR pathway and/or by

activating of the AMPK and SIRT1 pathways. AMPK induces activating phosphorylation on

the ULK1 – Atg13 – FIP200 complex, thereby stimulating autophagy. SIRT1 can decetylate

and activate key autophagy genes Atg5, Atg7 and LC3, thereby inducing autophagy.
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Table 1
Body weight (BW) and heart weight (HW) analysis

AL CR CR + Resv-5 CR + Resv-50

BW (g) 581 ± 39 529 ± 45** 519 ± 31*** 521 ± 35***

HW (g) 1.36 ± 0.08 1.33 ± 0.13 1.25 ± 0.06*** 1.24 ± 0.09***

HW/BW 2.34 ± 0.17 2.52 ± 0.18 2.43 ± 0.22 2.38 ± 0.16

RA (g) 0.041 ± 0.011 0.060 ± 0.028 0.050 ± 0.060 0.036 ± 0.009

RV (g) 0.205 ± 0.029 0.216 ± 0.029 0.187 ± 0.026 0.187 ± 0.034

LA (g) 0.040 ± 0.009 0.044 ± 0.019 0.034 ± 0.007 0.035 ± 0.007

LV (g) 0.523 ± 0.068 0.555 ± 0.053 0.505 ± 0.079 0.477 ± 0.058

RA, right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle.

**
p < 0.01,

***
p <0.001 vs. AL. n = 9 to 23.
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Table 2

Plasma concentrations of resveratrol conjugate(s).

Intervention groups Resveratrol conjugate(s) concentration (ng/mL)

AL ND

20% CR + Resv-5 7.4 ± 3.7

20% CR + Resv-50 41 ± 19

ND, not detected. n = 5.
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