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Abstract The decline in physical performance with

increasing age is a crucial problem in our aging

society. We examined the effects of resveratrol, a

natural polyphenolic compound present in grapes, in

combination with habitual exercise on the aging-

associated decline in physical performance in senes-

cence-accelerated prone mice (SAMP1). The

endurance capacity of SAMP1 mice undergoing an

exercise regimen (SAMP1-Ex) decreased over

12 weeks whereas that of SAMP1 mice fed 0.2%

(w/w) resveratrol along with exercise (SAMP1-Ex-

Res) remained significantly higher. In the SAMP1-

ExRes group, there was a significant increase in

oxygen consumption and skeletal muscle mRNA

levels of mitochondrial function-related enzymes.

These results suggest that the intake of resveratrol,

together with habitual exercise, is beneficial for

suppressing the aging-related decline in physical

performance and that these effects are attributable,

at least in part, to improved mitochondrial function in

skeletal muscle.
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Abbreviations

CYOX Cytochrome c oxidase

EDL Extensor digitorum longus

PGC-1 Peroxisome proliferator-activated receptor-c
coactivator-1

SAM Senescence-accelerated mice

Introduction

Physical function and body composition are influ-

enced by daily activity, eating habits, and aging (Nair

2005). With increasing age, decreased oxidative

capacity, reduced endurance, and decreased skeletal

muscle mass and strength are observed in a wide

range of mammals, accompanying impairment of

mitochondrial function. These alterations decrease

total energy expenditure in the elderly, resulting in an

increased prevalence of obesity and lifestyle-related

diseases, including type-2 diabetes, hyperlipidemia,

and cardiovascular disease. Moreover, loss of muscle

function directly results in a high incidence of

accidental falls and resultant injuries (Deschenes

2004); therefore, developing effective strategies to

prevent the aging-related decline in muscle and

physical function is a crucial theme as the population

ages.

Many attempts have been made to maintain or

improve physical function, such as endurance, muscle

power, and muscle mass, using nutritional, hormonal,

and physical approaches (Spriet and Gibala 2004). As
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nutritional approaches, the effects of caffeine, L-

carnitine, creatine, branched-chain amino acids, and

tea catechins on physical performance have been

investigated (Juhn 2003; Murase et al. 2005); how-

ever, the efficacy of dietary interventions is still

controversial, and the effect on aging-related changes

remains to be determined. Exercise is known to

increase mitochondrial biogenesis, basal fat oxida-

tion, and to improve physical performance by

activating AMP-activated protein kinase, increasing

PGC-1, and regulating some energy metabolism-

related molecules (Musi et al. 2001; Tunstall et al.

2002); therefore, habitual exercise is strongly encour-

aged, and is likely to be most effective in the

improvement of physical function when combined

with the intake of functional food components.

However, little is known about the combined effects

of exercise and food components not only on physical

function but also on aging-related alterations.

Resveratrol (3,5,40-trihydroxystilbene) (Baur and

Sinclair 2006), a natural polyphenol that is present in

grapes, wines, and the roots of Polygonum cuspida-

tum and Rhubarb (Rheum rhapontiicum), improves

mitochondrial biogenesis and function by activating

sirtuin, PGC-1a, and AMP-activated protein kinase

(Baur et al. 2006; Lagouge et al. 2006; Zang et al.

2006). In addition, resveratrol was reported to extend

the lifespan of Saccharomyces cerevisiae and Dro-

sophila melanogaster in a Sir2-dependent manner

(Howitz et al. 2003) and to increase survival in mice,

with accompanying improvement in insulin sensitiv-

ity and mitochondrial number (Baur et al. 2006).

In view of the ability of resveratrol to improve

mitochondrial function and anti-aging properties, we

hypothesized that it might counteract aging-associ-

ated changes in physical performance. To test this,

we examined the effects of resveratrol in combination

with habitual exercise on the aging-associated decline

of physical functions, such as endurance capacity,

muscle force, and whole body energy metabolism in

senescence-accelerated mice (SAM).

The senescence-accelerated mouse (SAM) is a

multifactorial accelerated aging model that is widely

used in aging research (Takeda et al. 1981). Two

strains of SAMs exist: senescence-accelerated prone

mice (SAMP) and senescence-accelerated resistant

mice (SAMR). The SAMR strain serves as the control

strain that ages normally. Compared with the SAMR

strain, the SAMP strain has an accelerated senescence

process, loss of behavioral activity, impaired physi-

ologic functions, higher oxidative stress, impaired

mitochondrial function, and a shorter lifespan (Tak-

eda et al. 1981; Sakakima et al. 2004; Rodriguez-

Calvo et al. 2006; Derave et al. 2005; Hosokawa

2002). These characteristics are similar to those

observed in humans, and therefore SAMs are con-

sidered an excellent model for human aging.

Materials and methods

Animals and diets

Male SAMP1 and SAMR1 mice obtained from SLC

Japan (Hamamatsu, Japan) at 13 weeks of age were

maintained at 23 ± 2�C under a 12-h light-dark cycle

(lights on from 07:00 to 19:00). The mice were fed

laboratory chow (CE-2, CLEA Japan, Inc., Tokyo,

Japan) and had free access to drinking water for

5 weeks to stabilize their metabolic condition. At

18 weeks of age, SAMP1 mice were familiarized

with treadmill running according to a 5 days running

program, and their initial endurance capacity was

measured, as described below. Afterwards, SAMP1

mice were divided into three groups (n = 10), all of

which were allowed unlimited access to water and

given a purified diet containing 10% (w/w) fat, 20%

casein, 55.5% potato starch, 8.1% cellulose, 2.2%

vitamins, 0.2% methionine, and 4% minerals. The

diet of the resveratrol group was supplemented with

0.2% (w/w) resveratrol (Organic Herb Inc., Hunan,

China). Animals were maintained on their respective

diets for 13 weeks, and housed individually in plastic

cages with nest boxes (Shepherd Specialty Papers,

Watertown, TN) to reduce stress. During the exper-

iments, animals were cared for in accordance with the

American Physiological Society Guiding Principles

in the Care and Use of Animals. This study was

approved by the Animal Care Committee of Kao

Tochigi Institute.

Food intake and feed efficiency

Food intake was measured individually every

2–3 days throughout the study. The feed efficiency

was calculated as follows: body weight gain (g)/

weight (kg) of food consumed.
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Body, muscle, fat, and liver weight

Body weight was measured weekly throughout the

study. On the last day of the experiment, the mice

were sacrificed and the muscle weight (gastrocne-

mius, plantaris, soleus, extensor digitorum longus

[EDL], quadriceps, and tibialis posterior [TIBIA]),

fat pad weight (epididymal, perirenal, retroperitoneal,

inguinal, interscapular fat), and liver weight were

determined.

Running exercise and evaluation of endurance

capacity

A motorized rodent treadmill (Muromachi Kikai Co.

Ltd., Tokyo, Japan) was used to determine the

endurance capacity for running (Murase et al. 2006).

At 18 weeks of age, in the preliminary training

sessions, the mice were made to run on a treadmill at

an inclination of 7� for 5 days as follows:

1st day: 10 m/min for 15 min, and 15 m/min for

15 min.

2nd day: 10 m/min for 5 min, and 15 m/min for

25 min.

3rd day: 10 m/min for 5 min, 15 m/min for

15 min, and 20 m/min for 10 min.

4th day: 10 m/min for 5 min, 15 m/min for

10 min, and 20 m/min for 15 min.

5th day: 10 m/min for 5 min, 15 m/min for 5 min,

and 20 m/min for 20 min.

At the age of 19 weeks, initial running times to

exhaustion were determined according to the follow-

ing program for measurement of endurance capacity:

10 m/min for 5 min, 15 m/min for 5 min, 20 m/min

for 60 min, 22 m/min for 60 min, 24 m/min for

60 min, 26 m/min for 60 min.

To reduce the inherent variation in running

capacity, mice whose running time was 25% longer

or shorter than the average were eliminated from the

study. Average running time and body weight were

matched among groups. At 20 weeks of age, the mice

were divided into each group and the feeding and

exercise programs begun. During the experimental

period, mice were exercised on a treadmill three

times a week at a speed of 15 m/min for 30 min, with

the exception of the control (SAMP1-Cont) mice. At

4, 8, and 12 weeks after the start of the experiment,

the endurance capacity for running was measured as

described above. A mouse was deemed to be fatigued

when it was no longer able to continue to run on the

treadmill. On the final day of the experiment, mice

were dissected for subsequent analyses.

Electrical muscle stimulation

Muscle force measurements were performed as

reported previously with minor modifications (Can-

non et al. 2005; Leone et al. 2005). In brief, mice

were anesthetized with sevoflurane (Maruishi Phar-

maceutical Co., Ltd., Osaka, Japan), and the soleus

and EDL muscles were excised. Muscles were placed

in a water bath maintained at 37�C that was perfused

with a Krebs solution containing 2.5 mM CaCl2
aerated with 95% O2 and 5% CO2. The muscle was

anchored horizontally between two hooks, one fixer

and one attached to an isometric force transducer

(FORT100, World Precision Instruments, Inc., Sara-

sota, FL). Each muscle was adjusted to its optimal

length at which the resting tension was 2 g. Muscles

were stimulated using a constant current isolation

stimulator (SEN-3301, NIHON KODEN, Tokyo,

Japan) through platinum plate electrodes. Tetanus

responses were induced with a 0.2-ms pulse (140 Hz)

for 330 ms once every 2 s and were digitally

recorded for 2 min using a bridge amplifier and data

acquisition system (Quad-16I: World Precision

Instruments, Inc.). The maximal tetanic force was

normalized for the weight of each muscle.

Indirect calorimetry

Indirect calorimetry was conducted to determine the

whole body energy metabolism at 10 weeks using

individual open-circuit indirect calorimeters (Oxy-

max, Columbus Instruments, Columbus, OH).

Briefly, after 6 h acclimation of mice in the chamber,

oxygen consumption and carbon dioxide production

were measured under feeding conditions (allowed

free access to control diet) for 18 h. During this time,

data from each chamber were collected every 5 min

with a settling time of 45 s, a measurement time of

15 s and the reference as room air. The respiratory

quotient (RQ) was calculated from the measured

values of oxygen consumption (VO2) and carbon

dioxide exhalation (VCO2). Lipid and carbohydrate

oxidation were calculated using the equations of

Peronnet (Peronnet and Massicotte 1991).
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Blood analysis

On the last day of the experiment, blood was collected

from mice under sevoflurane anesthesia in a non-

fasting condition via the post-caval vein. Plasma

glucose, triglyceride, non-esterified fatty acid, glu-

tamic oxaloacetic transminase (GOT), and glutamic

pyruvic transaminase (GPT) concentrations were

measured using the Glucose CII test, Triglyceride E-

test, non-esterified fatty acid-C test, GOT, and GPT

assay kits (WAKO, Osaka, Japan). The number of

erythrocytes and hemoglobin concentration were

measured using an automatic hematocytometer (Cell-

tac MEK-5258, NIHON KODEN). Plasma insulin

was measured using a mouse insulin enzyme immu-

noassay kit, and leptin levels were measured using a

mouse leptin enzyme immunoassay kit (Morinaga,

Yokohama, Japan). Adiponectin levels were analyzed

using a mouse adiponectin enzyme-linked immuno-

sorbent assay kit (Otsuka, Tokyo, Japan).

Thiobarbituric reactive substances

Soleus and EDL muscles were homogenized on ice

with a physcotron homogenizer (Microtech, Chiba,

Japan) in 20 mM Tris buffer (pH 7.5) containing

500 mM NaCl and then centrifuged at 600g for

15 min at 4�C. The resulting supernatants were used

in the assays. Supernatant and plasma thiobarbituric

reactive substances (TBARS) levels were measured

using an OXI-TEK TBARS assay kit (ALEXIS,

Lausen, Switzerland) according to the manufacturer’s

instructions. Protein concentration was determined

using a BCA protein assay kit (Pierce Biotechnology,

Rockford, IL).

RNA extraction and reverse transcription-

polymerase chain reaction

On the last day of the experiment, skeletal muscles

(gastrocnemius and soleus) were dissected from each

animal and frozen in liquid nitrogen for subsequent

RNA isolation. Total RNA was isolated using Isogen

(Wako) according to the manufacturer’s instructions.

Reverse transcription was performed with oligo d(T)18.

The mRNA expression level in the muscle was

investigated by real-time polymerase chain reaction

(PCR) with SYBR Green PCR Master Mix (Applied

Biosystems, Foster City, CA). Real-time PCR was

performed in an ABI PRISM model 7000 sequence

detector (Applied Biosystems) under the following

conditions: 50�C for 2 min, 95�C for 10 min, followed

by 40 cycles at 95�C for 15 s and 60�C for 1 min. The

mRNA levels were calculated relative to 36B4 mRNA

levels. Normalized values were expressed as percent-

ages, using the value of SAMP1-Cont as 100%. The

primers used were: cytochrome c oxidase (CYOX)-III

(GenBank: NC_005089, nt 9196-9217 and 9308-

9327), CYOX-IV (NM_053091, nt 276-295 and 396-

415), GLUT-4 (AB008453, nt 658-677, 806-825),

medium-chain acyl-CoA dehydrogenase (MCAD)

(NM_007382, nt 1064-1083 and 1164-1184), peroxi-

some proliferator-activated receptor-c coactivator

(PGC)-1a (NM_008904, nt 642-661 and 751-770),

and PGC-1b (NM_133249, nt 2865-2885 and 2945-

2965).

Statistical analysis

All values are presented as the means ± SEM.

Statistical analysis was conducted using analysis of

variance and subsequently applying Dunnett’s test

(StatView: SAS Institute Inc., Cary, NC). The

significance of differences in endurance was deter-

mined by the paired t-test. A value of \0.05 was

considered statistically significant.

Results

Running endurance capacity

Among five experimental groups, we measured the

endurance capacity of mice performing habitual

running exercise (i.e., SAMP1-Ex and SAMP1-

ExRes groups) because mice that have not received

training differ in condition and cannot evaluate

endurance capacity well. Running time to exhaustion

of SAMP1 mice during the 12-weeks experiment is

shown in Fig. 1. Initial running times were 123 min

in SAMP1 mice taking exercise (SAMP1-Ex) and

122 min in SAMP1 mice given resveratrol in com-

bination with exercise (SAMP1-ExRes). Running

time in the SAMP1-Ex group gradually decreased

over 12 weeks, whereas that of the SAMP1-ExRes

remained significantly higher (35%), indicating that

intake of resveratrol in combination with habitual
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exercise is effective in suppressing the aging-associ-

ated decline in endurance capacity.

Muscle strength

To further clarify the effects of resveratrol on

physical function, the force response to tetanic

stimulation of isolated soleus and EDL muscles was

determined. Maximal muscle force of the EDL was

significantly lower (-27%) in the SAMP1-Cont

group than in the SAMR1 group. Exercise tended to

increase muscle force, and exercise in combination

with resveratrol significantly increased muscle force

(53%) (SAMP1-ExRes group; Table 1). A similar

tendency was observed in the soleus muscle;

however, the difference between SAMP1-Cont mice

and SAMP1-ExRes mice was not significant.

Body and tissue weights

Body weight in the SAMP1-Cont group was signif-

icantly higher than in the SAMR1 group, indicating

that SAMP1 mice are obesity-prone (Table 2). There

was no significant difference between the SAMP1-

Cont and SAMP1-Ex groups; however, the average

body weight of the SAMP1-ExRes mice was signif-

icantly lower (-8.5%) than that of the SAMP1-Cont

mice. The amount of subcutaneous (inguinal ? inter-

scapular) fat was greater in the SAMP1-Cont group

than in the SAMR1 group and was significantly

decreased in the SAMP1-ExRes group. In contrast,

there was no difference in epididymal fat and

perirenal ? retroperitoneal fat mass. The weights of

the gastrocnemius, quadriceps, plantaris, EDL, and

TIBIA muscles in the SAMP1-Cont group were

significantly lower than in the SAMR group; how-

ever, there was no difference among SAMP1 groups.

On the other hand, there were significant differences

in body composition. The relative ratio of all muscle

was lower in the SAMP1 groups than in the SAMR1

group. In the SAMP1-ExRes group, the relative ratios

of the quadriceps, TIBIA, and total muscle were

higher than in the SAMP1-Cont group.

Blood analysis

Adiponectin levels were significantly higher in the

SAMP1-ExRes group (24%) than in the SAMP1-

Cont group (Table 3). There were also significant

differences in plasma insulin and leptin levels.

Plasma insulin was 162% higher and plasma leptin
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Fig. 1 Effect of resveratrol on endurance capacity. The

running time to exhaustion was measured at each time point.

Values represent the means ± SEM of 8 mice. ** P \ 0.01

versus the SAMP1-Ex group at 12 weeks (t-test). � P \ 0.05,
��� P \ 0.001 versus the initial time (t-test)

Table 1 Tetanic contraction force in soleus and EDL muscles

SAMR1 SAMP1

Cont Cont Ex ExRes

Soleus

Tetanic contraction force (Pt) (g) 21.4 ± 2.4* 13.6 ± 1.7 14.5 ± 1.3 16.5 ± 1.1

Pt/muscle weight (g/mg) 2.29 ± 0.17* 1.72 ± 0.15 2.06 ± 0.21 2.23 ± 0.07

EDL

Tetanic contraction force (Pt) (g) 13.5 ± 1.1* 9.8 ± 0.3 12.3 ± 1.8 15.0 ± 1.8*

Pt/muscle weight (g/mg) 1.53 ± 0.30* 0.83 ± 0.05 1.15 ± 0.19 1.41 ± 0.12*

Values are the means ± SEM of 8 mice; * P \ 0.05 versus the SAMP1-Cont group using Dunnett’s test
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was 23% higher in the SAMP1-Cont group than in the

SAMR1 group, which suggests the aging-associated

development of insulin and leptin resistance. Plasma

insulin concentration was significantly reduced by

23% in the SAMP1-ExRes group. There was no

difference, however, in plasma leptin levels between

SAMP1 groups. The plasma triglyceride concentra-

tion was also higher in the SAMP1-Cont group than in

the SAMR1 group and was decreased significantly in

the SAMP1-ExRes group. The senescence-associated

increase in plasma glucose levels was significantly

reduced in the SAMP1-ExRes group. There were no

significant differences in GOT, GPT, HDL-choles-

terol, total cholesterol, and non-esterified fatty acid

between SAMP1 groups. Hemoglobin levels were

significantly higher in the SAMP1-ExRes group than

in the SAMP1-Cont group.

Lipid peroxidation products

To investigate the effect of exercise and resveratrol

on the peroxidation product levels, TBARS were

measured in soleus and EDL muscles, as well as in

serum. Levels of TBARS in the SAMP1-Cont group

Table 2 Energy intake, body weight, tissue weight, and relative tissue weight

SAMR1 SAMP1

Cont Cont Ex ExRes

Body weight (g) 40.5 ± 1.0* 49.3 ± 0.6 46.7 ± 1.5 45.1 ± 1.5*

Food intake (g) 331.2 ± 2.3* 361.1 ± 5.2 359.0 ± 7.0 362.3 ± 4.2

Feed efficiency (g/kg) 28.1 ± 3.7* 48.3 ± 2.1 43.6 ± 3.7 37.2 ± 4.8*

Gastrocnemius (mg) 308.4 ± 9.6* 244.8 ± 8.0 245.3 ± 6.4 252.7 ± 8.4

Quadriceps (mg) 337.8 ± 10.9* 286.8 ± 11.6 307.9 ± 13.6 318.0 ± 10.8

Soleus (mg) 19.6 ± 0.8 14.2 ± 1.0 14.5 ± 1.0 15.2 ± 1.0

Plantaris (mg) 35.6 ± 1.1* 28.8 ± 1.0 27.8 ± 0.6 30.2 ± 1.6

EDL (mg) 25.1 ± 1.6* 23.6 ± 1.4 21.2 ± 1.0 21.4 ± 0.9

TIBIA (mg) 122.7 ± 2.8* 127.8 ± 3.1 132.5 ± 4.1 130.5 ± 2.7

Total musclea (mg) 849.2 ± 17.2* 726.0 ± 20.7 749.1 ± 22.6 768.1 ± 21.3

Liver (g) 1.81 ± 0.07* 2.58 ± 0.17 2.36 ± 0.14 2.14 ± 0.12

Epididymal fat (g) 1.98 ± 0.17 1.82 ± 0.10 1.87 ± 0.15 1.93 ± 0.12

Perirenal ? retroperitoneal fat (g) 0.78 ± 0.07 0.84 ± 0.05 0.79 ± 0.06 0.72 ± 0.06

Inguinal ? interscapular fat (g) 1.29 ± 0.11* 2.41 ± 0.13 1.93 ± 0.21 1.84 ± 0.17*

Relative tissue ratio (% Body weight)

Gastrocnemius (%) 0.767 ± 0.032* 0.497 ± 0.016 0.528 ± 0.015 0.563 ± 0.015

Quadriceps (%) 0.839 ± 0.032* 0.583 ± 0.025 0.663 ± 0.030 0.713 ± 0.034*

Soleus (%) 0.049 ± 0.002* 0.029 ± 0.002 0.031 ± 0.002 0.034 ± 0.002

Plantaris (%) 0.088 ± 0.004* 0.059 ± 0.002 0.060 ± 0.002 0.067 ± 0.003

EDL (%) 0.063 ± 0.005* 0.048 ± 0.003 0.046 ± 0.003 0.048 ± 0.002

TIBIA (%) 0.305 ± 0.011* 0.260 ± 0.007 0.286 ± 0.011 0.291 ± 0.007*

Total musclea (%) 2.110 ± 0.068* 1.475 ± 0.043 1.614 ± 0.057 1.715 ± 0.056*

Liver (%) 4.47 ± 0.06* 5.21 ± 0.28 5.04 ± 0.19 4.73 ± 0.17

Epididymal fat (%) 4.83 ± 0.31* 3.72 ± 0.26 4.02 ± 0.31 4.28 ± 0.22

Perirenal ? retroperitoneal fat (%) 1.91 ± 0.14 1.71 ± 0.09 1.68 ± 0.10 1.59 ± 0.10

Inguinal ? interscapular fat (%) 3.17 ± 0.22 4.91 ± 0.27 4.07 ± 0.37 4.02 ± 0.27

a Sum of gastrocnemius, soleus, and plantaris muscle

Feed efficiency was calculated as follows: body weight gain (g)/weight (kg) of food consumed

EDL, extensor digitorum longus; TIBIA, tibialis posterior

Values are the means ± SEM of 8 mice; * P \ 0.05 versus the SAMP1-Cont group using Dunnett’s test
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were significantly higher in each muscle and in serum

than in the SAMR1 group (Table 4). In the SAMP1-

ExRes group, TBARS content was significantly lower

in serum and EDL.

Whole body energy metabolism

To examine the differences in whole body energy

metabolism between SAMP1 and SAMR1 mice and

the effect of exercise and resveratrol intake on energy

metabolism, we measured oxygen consumption and

the RQ by indirect calorimetry. Oxygen consumption

in the SAMP1-Cont group was significantly lower

than in SAMR1 mice (Fig. 2). Oxygen consumption

tended to be greater in the SAMP1-Ex group, but the

difference was not significant. Oxygen consumption

was significantly higher in the SAMP1-ExRes group

than in the SAMP1-Cont group. Although RQ values

were not different between groups, calculated lipid

oxidation in the SAMP1-ExRes group was signifi-

cantly higher than in the SAMP1-Cont group. In

contrast, there was no significant difference in carbo-

hydrate oxidation among the experimental groups.

mRNA expression levels in skeletal muscle

To gain insight into the mechanism of resveratrol’s

effect on the aging-associated decline in physical

performance and energy metabolism, we analyzed

mRNA levels in skeletal muscle by real-time reverse

transcription-PCR (Fig. 3). The mRNA levels of

PGC-1a and -1b, which are important in mitochon-

drial biogenesis and energy metabolism, were 25%

(PGC-1a) and 37% (PGC-1b) lower in the SAMP1-

Cont group than in the SAMR1 group. The senes-

cence-associated decline of PGC-1a mRNA

Table 3 Serum and blood components

SAMR1 SAMP1

Cont Cont Ex ExRes

Glucose (mg/dl) 120.0 ± 10.7* 306.4 ± 31.3 254.3 ± 25.0 204.9 ± 26.4*

NEFA (mEq/l) 2.20 ± 0.09 1.71 ± 0.10 1.64 ± 0.11 1.48 ± 0.08

Triglyceride (mg/dl) 158.9 ± 15.1* 242.6 ± 24.0 198.9 ± 25.2 144.1 ± 18.9*

Total cholesterol (mg/dl) 231.6 ± 9.1 208.7 ± 10.2 202.0 ± 11.7 205.5 ± 14.4

HDL-cholesterol (mg/dl) 183.2 ± 6.7* 144.5 ± 6.0 144.5 ± 9.3 148.4 ± 10.1

GOT (IU/ml) 44.7 ± 4.4* 92.0 ± 11.5 82.8 ± 12.9 67.6 ± 8.4

GPT (IU/ml) 22.3 ± 2.2* 60.8 ± 7.3 48.1 ± 6.2 46.7 ± 7.2

Adiponectin (lg/ml) 14.28 ± 0.88* 7.72 ± 0.41 8.61 ± 0.37 9.58 ± 0.42*

Insulin (ng/dl) 5.15 ± 0.72* 13.49 ± 0.27 11.31 ± 1.15 10.40 ± 0.97*

Leptin (ng/ml) 16.25 ± 0.58* 19.93 ± 0.46 19.60 ± 0.71 19.24 ± 0.51

Red blood cell (104 count/ll) 854.5 ± 8.9* 733.5 ± 19.2 768.1 ± 13.4 784.1 ± 17.0

Hematocrit (%) 46.3 ± 0.6 43.2 ± 0.8 43.9 ± 1.6 45.3 ± 1.0

Hemoglobin (g/dl) 14.6 ± 0.1* 12.8 ± 0.4 13.3 ± 0.3 13.7 ± 0.3*

Values are the means ± SEM of 8 mice; * P \ 0.05 versus the SAMP1-Cont group using Dunnett’s test

Table 4 Serum, soleus, and EDL TBARS

SAMR1 SAMP1

Cont Cont Ex ExRes

Serum TBARS (nmol/ml) 0.69 ± 0.04* 1.19 ± 0.08 1.02 ± 0.07 0.80 ± 0.05*

Soleus TBARS (nmol/mg protein) 0.29 ± 0.01 0.39 ± 0.03 0.34 ± 0.03 0.33 ± 0.02

EDL TBARS (nmol/mg protein) 0.11 ± 0.01* 0.16 ± 0.02 0.12 ± 0.02 0.10 ± 0.01*

Values are the means ± SEM of 8 mice; * P \ 0.05 versus the SAMP1-Cont group using Dunnett’s test

TBARS of soleus and EDL were measured after electrical muscle stimulation experiment
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expression was suppressed in the SAMP1-Ex and

SAMP1-ExRes groups, and the decline in PGC-1b
mRNA was suppressed in the SAMP1-ExRes group.

Levels of mRNA for the mitochondrial electron

transport chain component CYOX-III were 25%

lower in the SAMP1-Cont group than in the SAMR1

group. CYOX-IV mRNA levels were 24% lower.

Both components were higher in the SAMP1-ExRes

group. Glucose transporter-4 (GLUT-4) levels were

significantly increased by exercise. The levels of

MCAD, a key molecule in mitochondrial fatty acid

b-oxidation, were 24% higher in the SAMP1-ExRes

group than in the SAMP1-Cont group.

Discussion

SAMP1 mice exhibit many characteristics of aging

compared with age-matched SAMR1 mice. In the

present study, compared with SAMR1 mice, SAMP1

mice had lower oxygen consumption (energy expen-

diture) and decreased expression of mitochondrial

electron transport chain molecules and lipid and

glucose metabolism-related molecules. In addition,

SAMP1 mice had significantly lower expression

levels of PGC-1, a key molecule for mitochondrial

biogenesis and function (Finck and Kelly 2006;

Garnier et al. 2005). These findings suggest that the

differences in mitochondrial function between

SAMP1 and SAMR1 mice influence whole body

energy metabolism and muscle function, and lead to

differences in physical performance, including endur-

ance capacity and muscle force.

Endurance capacity is thought to be influenced by

energy metabolic capacity. In SAMP1 mice given

exercise (SAMP1-Ex), the endurance capacity

decreased markedly over the 12-weeks experimental

period, whereas in SAMP1 mice given both resveratrol

and exercise (SAMP1-ExRes) the endurance capacity

remained higher at the end of the 12-weeks period,

suggesting that resveratrol effectively suppressed the

aging-associated decline in endurance capacity. In

addition, the SAMP1-ExRes mice had significantly

attenuated senescence-related declines in whole body

oxygen consumption and fat oxidation, and hemoglo-

bin levels were increased, which might lead to an

improvement in aerobic exercise capacity. Based on

previous observations that resveratrol stimulates
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Fig. 2 Effects of

resveratrol and exercise

on whole body energy

metabolism. Oxygen

consumption (a) and

respiratory quotient (b)

were determined by indirect

calorimetry after 9 weeks.

Fat oxidation (c) and

carbohydrate oxidation (d)

were calculated as

described. Values represent

the means ± SEM of 8

mice. * P \ 0.05 versus

the SAMP1-Cont group

(Dunnett’s test)
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energy metabolism (Baur et al. 2006; Lagouge et al.

2006), these effects of resveratrol on endurance

capacity might be linked to preservation of metabolic

capacity.

The resveratrol-induced improvement in energy

metabolism is at least partly mediated by specific

signal transduction pathways. Muscles of SAMP1-

ExRes mice had higher expression levels of PGC-1a,
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versus the SAMP1-Cont group (Dunnett’s test)
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PGC-1b, and molecules that mediate mitochondrial

energy transport, as well as increased mRNA levels

of MCAD, a key molecule for fatty acid b-oxidation,

and GLUT-4, which is responsible for glucose

uptake. Further, the changes in PGC-1 expression

were paralleled by changes in the CYOX and MCAD

mRNA levels and oxygen consumption, suggesting

that PGC-1 is involved in regulating whole body

energy metabolism and contributes to the resveratrol

and exercise-induced increase in the endurance

capacity. PGC-1a deficiency markedly reduces the

capacity for running exercise, and increased PGC-1a
or PGC-1b expression in muscle results in an

enhanced ability to exercise (Arany et al. 2007;

Calvo et al. 2008; Leone et al. 2005).

Both exercise and resveratrol are thought to trigger

biochemical cascades leading to improved mitochon-

drial function and energy metabolism. The induction

of PGC-1 and activation of adenosine 50 mono-

phosphate-activated protein kinase (AMPK) are

commonly observed following both exercise and

resveratrol administration (Baur et al. 2006; Joseph

et al. 2006; Lagouge et al. 2006; Ruderman and

Prentki 2004; Zang et al. 2006). Consistent with a

previous report (Baar et al. 2002), in the present study

exercise upregulated PGC-1 levels and tended to

upregulate CYOX and MCAD mRNA in the muscle,

which may contribute to the higher energy metabo-

lism observed in the SAMP1-Ex mice. Moreover,

AMPK activation by Thr172 phosphorylation pro-

motes fatty acid oxidation via a reduction in malonyl-

CoA and enhances glucose uptake via GLUT-4.

AMPK is also associated with increased expression

of a number of transcription factors (including

PGC-1) that are involved in mitochondrial biogenesis

and enzyme content (Winder et al. 2000; Zong et al.

2002). Therefore, the effects of exercise and resve-

ratrol on the AMPK and PGC-1 pathway might

account for some of the biologic alterations observed

in both groups of mice.

The findings of enhanced endurance capacity in

SAMP1-ExRes mice clearly indicate that a significant

physical effect is induced by resveratrol intake. On the

other hand, although the overall metabolic capacity

tended to be higher in SAMP1-ExRes mice than in

SAMP1-Ex mice, the differences were not significant,

suggesting that an additional mechanism is involved

in the improved endurance. Further, the amount of

resveratrol administered might have influenced the

response of various parameters, and this would

account for the difference between the findings of

the present study and those of a previous study

(Lagouge et al. 2006). The average intake of resve-

ratrol in our study was *1/2 that of Lagouge’s study,

in which PGC-1a and -1b were significantly increased

in the gastrocnemius muscle. In addition, because

exercise and resveratrol seem to at least partly share a

similar signal transduction pathway, the additive

effect of resveratrol to exercise might be difficult to

observe under our experimental conditions. Thus, it is

not possible to determine how resveratrol alone

affects metabolic capacity based on the results of

the present study, and further investigation is required

to elucidate the contribution of resveratrol intake

alone to the observed effects as well as to address the

underlying mechanisms of the energy metabolism-

stimulating effect and resultant endurance-maintain-

ing effect of combined resveratrol and exercise.

The energy metabolism-activating effect of com-

bined resveratrol intake and habitual exercise might

contribute not only to improving endurance capacity

but also to suppressing obesity. The average body

weight of the SAMP1-ExRes mice was lower than

that of the SAMP1 controls, and inversely correlated

with oxygen consumption. Changes in body fat mass

accompany various metabolic changes. Adipocyto-

kines, which are adipocyte-derived hormones,

contribute to energy homeostasis and the pathogen-

esis of lifestyle-related diseases (Matsuzawa 2006a,

b; Kadowaki et al. 2006). Adiponectin stimulates

energy metabolism, improves insulin resistance,

enhances glucose and fatty acid metabolism, and

prevents atherosclerosis by activating AMPK and p38

mitogen-activated protein kinase (Yamauchi et al.

2003). Plasma adiponectin levels are lower in

SAMP1 mice than in SAMR1 mice, suggesting that

they decrease with aging and might affect whole

body energy expenditure. Plasma adiponectin levels

were significantly higher in the SAMP1-ExRes mice

than in the SAMP1 controls, which might have

contributed to their greater energy expenditure and

lower plasma glucose and triglyceride levels. More-

over, the fact that the SAMP1-ExRes mice had higher

sustained adiponectin levels suggests that the combi-

nation of resveratrol and exercise may contribute to

prevent and improve lifestyle-related diseases,

including diabetes, hyperlipidemia, and atherosclero-

sis. Plasma adiponectin levels, however, inversely
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correlate with body weight and body fat mass

(Matsuzawa 2006a, b). Therefore, it is difficult to

determine whether the changes in plasma adiponectin

observed in the present study are a primary cause or a

secondary consequence of reduced body fat

accumulation.

In the SAMP1-ExRes mice, the aging-related

decrease in muscle force was attenuated. The max-

imal muscle force of the EDL was higher in these

mice than in the SAMP1 controls. Qualitative muscle

changes might relate to the observed difference in

muscle performance. Muscle contraction is influ-

enced by a variety of factors, including muscle fiber

type, pH, sarcoplasmic reticulum function, and

energy supply, and the functions of proteins involved

in these processes is affected by oxidative stress

(Smith and Reid 2006; Vollaard et al. 2005). The

higher oxidative stress observed in SAMP1 controls

is considered to be a cause of their accelerated

senescence and aging-related alterations in cell

function (Hosokawa 2002). The levels of lipid

peroxidation products in muscles and serum, mea-

sured as TBARS, were lower in the SAMP1-ExRes

mice than in the SAMP1 controls. Thus, the antiox-

idant activity of resveratrol (Baur and Sinclair 2006;

Miller and Rice-Evans 1995; Frankel et al. 1993)

might contribute, at least in part, to their higher

muscle contractile properties.

In summary, the findings of the present study

indicate that intake of resveratrol combined with

habitual exercise is beneficial for suppressing the

aging-related decline in physical performance, and

these effects might be due, at least in part, to improved

energy metabolism in skeletal muscle. These results

indicate that resveratrol might be useful for attenuat-

ing the decline in physical function during aging.
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