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Abstract

Mitochondrial dysfunction and decreased mitochondrial content are hallmarks of aging that leads to decreased physical
endurance. Our aim was to explore the anti-aging effect of resveratrol (RSVT) supplementation, a polyphenol, and/or exercise
training, started at an older age, on improving physical activity, therefore, help in frailty avoidance and promotion of healthy
aging in elderly. Eighteen-month-old aged mice received RSVT (15 mg/kg/day) and/or exercise trained for 4 weeks showed
significant longer time to exhaustion with decreased blood lactate and free fatty acids levels associated with improved oxida-
tive stress evidenced by decreased gastrocnemius muscle lipid peroxidation and increased antioxidant enzymes activities,
catalase and superoxide dismutase, when compared to aged mice control group. These changes were accompanied by over-
expression of skeletal muscle peroxisome proliferator-activated receptor gamma coactivator-1a (PGC-1a) mRNA, the master
regulator of mitochondrial biogenesis, and increased muscle citrate synthase activity, a marker for mitochondrial function.
These findings may provide evidence for improved physical endurance by RSVT supplementation or exercise training with
better results of their combination, even at an older age, through increasing mitochondrial biogenesis and function. Increased
muscle PGC-1a mRNA expression and citrate synthase enzyme activity in addition to improved aging-associated oxidative
damage were among the mechanisms involved in this protection.
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Abbreviations Introduction
RSVT Resveratrol
EX Exercise Aging is an inevitable part of life that is characterized by
PGC-1la Peroxisome proliferator-activated receptor a general decrease in cellular function that eventually will
gamma coactivator-1o affect body homeostasis and reduce health-span [1]. The
CS Citrate synthase majority of sub-cellular structures, including mitochon-
FFA Free fatty acids dria, necessitate continuous recycling and regeneration
AMPK  Adenosine monophosphate-activated protein throughout the lifespan. Mitochondria are exposed to high
kinase risk of damage throughout life, being they are the major
ROS Reactive oxygen species bioenergetics machinery and a major source of reactive oxy-
CAT Catalase gen species (ROS) in cells during electron transport chain.
SOD Superoxide dismutase Consequently, efficient control of mitochondrial biogenesis
MDA Malondialdehyde and turnover becomes vital for the preservation of energy

production, the prevention of endogenous oxidative stress,
and the promotion of healthy aging [2].
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mass, strength, and subsequently physical endurance [4].
The decreased physical endurance appears to be one of the
hallmarks of aging, an important health dilemma among
the elderly, and an unavoidable consequence of aging [5].
So, maintenance of skeletal muscle function is important to
improve the life quality during aging [6].

Peroxisome proliferator-activated receptor gamma
coactivator-loa (PGC-1a) is a transcriptional co-activator
that is known to be the master regulator of mitochondrial
biogenesis and oxidative metabolism [7, 8]. Many natural
agents of biological activity affecting skeletal muscle per-
formance act through affecting PGC-1a [6]. The best-known
of these is resveratrol (RSVT). It is a polyphenol abundant
in berries, grapes, walnuts, and peanuts. RSVT has been
verified as a modulator of osteopenia in the postmenopausal
period [9], a helpful agent in motor behavior, and neuronal
function during aging [10], in addition to cardio-protective
effect against hypertrophy progression [11] among many
other different health effects.

Many epidemiologic and experimental studies have
highlighted the importance of physical activity and exercise
training in fighting aging-associated health problems [12].
Indeed, the World Health Organization stated that physical
inactivity as the fourth leading risk factor for worldwide
mortality [13]. Exercise is an excellent therapeutic interven-
tion for many conditions such as obesity, type 2 diabetes,
neuro-degeneration, and osteoporosis [14]. So, an exercise
training protocol that begins in older age may have an effect
on the aging-associated decline in mitochondrial function
and skeletal muscle performance.

Consequently, healthy aging promotion and prolonged
health span in elderly became an essential issue. So, this
study aimed to explore the anti-aging effect of RSVT sup-
plementation and/or exercise training on improving physical
endurance by targeting mitochondrial biogenesis and func-
tion in skeletal muscles through PGC-1a expression and
citrate synthase activity.

Materials and methods
Animals used

Male mice 6 and 12 months of age were purchased from
Animal House, Faculty of Veterinary Medicine, Benha
University (Egypt), and then they were raised at our ani-
mal center for 6 months until 12 and 18 months of age.
They were housed in metallic cages (three per cage) and
maintained on prevailing atmospheric conditions and room
temperature. They were fed with standard pellet diets and
drinking water ad libitum. The experimental procedures,
animal handling, sampling, and scarification were done
according to the Guide for the Care and Use of Laboratory
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Animals, Eighth Edition (2011) [15]. The protocol was
revised and approved by the Ethical Committee of Ani-
mal Experiments, Faculty of Medicine, Benha University,

Egypt.

Drugs and chemicals

Resveratrol, NC9382296, was purchased from (Cayman
Chemicals, MI, USA). It was supplied as a crystalline solid
and dissolved in ethanol.

Experimental groups and design

Thirty mice were used in this experiment divided into five
groups of mice (n = 6), as follows: Group I (Mature control);
12 months old, were administrated ethanol by oral gavage
as a vehicle and served as mature control. Group II (Aged
control); 18 months old aged mice received ethanol by oral
gavage as a vehicle. Group III (RSVT group); 18 months old
mice were administrated resveratrol at a dose of (15 mg/kg/
day) by oral gavage. Group IV (Exercise group); 18 months
old aged mice + exercise training; exercise training pro-
tocol consisted of swimming for 30 min daily in a tank
(30 x 30 x 40 cm) filled with warm water and to a depth
of 25 cm, so that mice could not support themselves by
touching the bottom with their tails, for 4 weeks. Group V
(RSVT + Exercise group); 18 months old aged mice with
both same swimming exercise protocol and resveratrol treat-
ment (15 mg/kg/day) for 4 weeks [16].

At the end of the 4 weeks, swimming-until-exhaustion
exercise test was carried out for all groups to evaluate the
anti-fatigue effects. The mice were made to swim to exhaus-
tion with a load corresponding to 5% of their body weight in
the form of steel rings attached to the tail root. Each mouse
was considered to reach exhaustion when it failed to raise
its face to the water surface within 5 s. The time to exhaus-
tion was recorded by stopwatch immediately. The endurance
performance for each mouse was measured as the swimming
times recorded from the beginning to exhaustion [17]. Blood
lactate level was measured just after exercise using Lactate
Pro 2 (Arkray, Japan) in a blood sample from the tail vein.
The mice were then subjected to overnight fasting. After
that, they were sacrificed under general anesthesia using an
intra-peritoneal injection of pentobarbital sodium (50 mg/
kg). Blood samples were collected by cardiac puncture in
dry clean test tubes and left at room temperature to be clot-
ted. Serum was separated by centrifugation at 3000 rpm for
15 min and was stored at — 80 °C to be analyzed. The gas-
trocnemius muscle was quickly removed, washed with PBS,
immediately frozen in liquid N2 and stored at — 80 °C until
processing and analysis.
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Tissue homogenate preparation

For real-time PCR analysis, citrate synthase and antioxi-
dants enzymatic activity; frozen gastrocnemius muscles
were homogenized in nine volumes of ice-cold, tissue-lysis
buffer with protease inhibitors (Roche, Spain). Homogen-
ates were centrifuged at 1000xg for 10 min at 4 °C. Pellets
containing unlysed cells and cellular debris were discarded.

Real-time polymerase chain reaction for PGC-1a
mRNA

To study the alterations in the PGC-1a gene expression,
real-time reverse transcription polymerase chain reac-
tion (RT-PCR) analysis was performed. Total RNA was
extracted using Trizol reagent (Invitrogen Life Technolo-
gies, Carlsbad, CA, USA) according to the manufacturer’s
protocol. A two-step RT-PCR method was used to synthe-
size single-stranded complementary DNA (Prime Script RT
Reagent Kit; Perfect Real Time; TaKaRa Code RR037A,
Otsu, Japan). PGC-1a gene was analyzed by real-time PCR
using Applied Biosystems (Foster City, CA, USA) 7500 Fast
Real-Time PCR System with SYBR Green I dye (catalog
no. 4309155). Temperature cycles were as follows: 95 °C
for 30 s followed by 42 cycles of 95 °C for 5 s and 60 °C
for 30 s. The SYBR Green fluorescence was detected at the
end of each cycle to monitor the amount of PCR product
formed during that cycle. Because the relative quantities of
the PGC-1a gene are normalized against the relative quanti-
ties of the endogenous control p-actin gene fold expression
changes are calculated using the equation 2744 [18]. Oli-
gonucleotide sequences of the sense and antisense primers
as follow:

PGC-1a F: GAGAACAAGACTATTGAGCGAAC and
R: GTGGAGTGGCTGCCTTGGGT.

B-actin F: CACCCGCGAGTACAACCTT and R: CCC
ATACCCACCATCACACC.

Citrate synthase (CS) activity assessment

CS activity was determined spectrophotometrically accord-
ing to the method of Srere [19], using Citrate Synthase
Enzyme Activity Assay kits (BioVision Inc, CA, USA)
and the obtained results reported in as nmoles/minute/mg
protein.

Antioxidant enzyme activities assessment

Gastrocnemius muscle tissue homogenate was used for col-
orimetric enzymatic activity assessment for catalase (CAT)
[20] and superoxide dismutase (SOD) [21]. Assay kits were
provided from (Cayman Chemical Co., Ann Arbor, MI,
USA).

Lipid peroxidation assay

Lipid peroxidation assay kits (BML-AK171, Enzo Life Sci-
ence, NY, USA) were used for determination of malondial-
dehyde (MDA) in frozen muscular tissue homogenate. Per-
oxidized lipids were expressed as pmol MDA equivalents/

mg protein. The assay was as mentioned by Gérard-Monnier
et al. [22].

Measurement of biochemical parameters

Estimation of free fatty acids (FFA) was by enzymatic color-
imetric methods using commercially available kits obtained
from Diamond Diagnostics Company (Egypt). The proce-
dure was as described by Foster and Dunn [23].

Statistical analysis

All data were analyzed using the program Statistical Pack-
age for Social Sciences (SPSS) version 19 (SPSS Inc., Chi-
cago, IL, USA). They are presented as the mean + standard
deviation (SD). Comparisons of all parameters among the
study groups were analyzed by using one-way analysis of
variance (ANOVA) test and post hoc multiple comparisons
(LSD test). The probability of chance (P value) < 0.05 was
considered statistically significant.

Results

Effect of RSVT and/or exercise training on endurance
performance in experimental groups (Fig. 1)

Time to exhaustion, as a measure of physical endurance,
was significantly decreased in the aged control group versus
mature control mice (P < 0.05). When we considered the
effect of RSVT and/or EX in the aged groups, there was
a significant increase in time to exhaustion among these
groups, with RSVT + EX group showed the longest time
to exhaustion and exhibited non-significant change when
compared with mature control group (P > 0.05) (Fig. 1).

Effect of RSVT and/or exercise training on skeletal
muscle PGC-1a mRNA expression in experimental
groups (Fig. 2)

Skeletal muscle PGC-1ao mRNA expression in aged mice
control group was greatly suppressed when compared to
mature control group (P < 0.05). With respect to the aged
control group, RSVT, EX, and RSVT + EX groups exhibited
significant increases in the expression of PGC-1ao mRNA
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Fig. 1 Effect of resveratrol 900 -+
administration and/or exercise
training on time to exhaustion
(seconds) in aged mice. Data
are expressed as mean + stand-
ard deviation SD; n = 6; P
value = probability of chance,
*P < 0.05 significant difference
compared with aged control
group while, P < 0.05 signifi-
cant difference compared with
mature control group. RSVT
resveratrol, EX exercise
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Fig. 2 Effect of resveratrol
administration and/or exercise
training on the muscular expres-
sion of mMRNA PGC-1a in aged
mice. Data are expressed as
mean =+ standard deviation SD;
n = 6; P value = probability of
chance, *P < 0.05 significant
difference compared with aged
control group while, *P < 0.05
significant difference compared
with mature control group.
RSVT resveratrol, EX exercise
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level with the highest expression in RSVT + EX group
(P < 0.05). Additionally, we found non-significant changes
among RSVT and exercise groups (P > 0.05) (Fig. 2).

Effect of RSVT and/or exercise training on skeletal
muscle citrate synthase activity in experimental
groups (Table 1)

Citrate synthase enzyme activity (CS) was significantly
decreased in the aged mice control group versus the
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*
% *
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RSVT group EX group RSVT+EX group

mature control group (P < 0.05). While in RSVT or EX
or RSVT + EX groups, there was a significant increase in
CS activity among these groups when compared to aged
control group. There was a non-significant change in CS
activity between RSVT and EX groups and more increase
in the RSVT + EX group (P < 0.05) Table 1.
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Table 1 Enzyme activities and biochemical parameters in experimental groups

Mature control Aged control RSVT group Exercise group RSVT + EX group
Citrate synthase (nmol/min/mg) 375 £33 231 + 18* 462 + 20%* 454 + 15% 523 + 13%
Blood lactate (mmol/l) 9.01 +0.55 7.6 +0.35% 6.2 +0.52* 6.3 +0.37* 5.3+0.38%
Serum FFA (mEq/1) 0.92 +0.06 2.24 +0.04* 1.69 + 0.05* 1.68 + 0.06* 1.41 + 0.05*
Muscle MDA (umol/mg protein) 0.38 +0.05 131 +0.07* 0.69 + 0.03* 1.49 + 0.06* 0.8 + 0.23%*
Muscle CAT 40.8 + 3.6 399+25 55.1 +3.7*% 59.1 + 4.5% 57.1+2.1%
(nmol/mg)
Muscle SOD 21.5+3.1 172 +23% 30.1 £ 3% 28.1 £ 3.1* 38.2 £2.6%
(nmol/mg)

RSVT resveratrol, EX exercise, FFA free fatty acids, MDA malondialdehyde, CAT catalase, SOD superoxide dismutase

Data are expressed as mean + standard deviation SD; n = 6; P value = probability of chance, *P < 0.05 significant difference compared with
aged control group while, *P < 0.05 significant difference compared with mature control group

Effect of RSVT and/or exercise training on blood
lactate and free fatty acids levels in experimental
groups (Table 1)

Blood lactate level in the aged control group was signifi-
cantly decreased when compared to the mature control
group (P < 0.05). By administration of RSVT or exercise
training, the blood lactate level was decreased when com-
pared to the aged control group with a non-significant
change between the two groups. Furthermore, the com-
bination of both RSVT and exercise produced the more
significant decrease in blood lactate level when compared
to the aged control group (P < 0.05) (Table 1).

Free fatty acid (FFA) levels were significantly
increased in the aged control group when compared to the
mature control group (P < 0.05). By RSVT supplemen-
tation or EX-training or combination of both, there was
a significant decrease in their levels in the correspond-
ing groups when compared to the aged control group
(P < 0.05). FFA lowering effect of either RSVT or EX
was more or less similar due to non-significant changes
between the corresponding groups (P > 0.05).

Effect of RSVT and exercise training
on gastrocnemius muscle lipid peroxidation
in experimental groups (Table 1)

In the aged mice group, there was a significant increase
in muscle MDA levels when compared to mature control
group (P < 0.05). Furthermore, exercise training tended
to increase lipid peroxidation levels while RSVT group
exhibited the lowest peroxidation levels in the aged mice
compared to aged control (P < 0.05).

Effect of RSVT and exercise training on antioxidant
enzyme activities in experimental groups (Table 1)

Interestingly, in aged mice, ROS scavenging antioxidants
CAT and SOD showed a dissimilar pattern; CAT activity
was non-significantly changed (P > 0.05) while, SOD activ-
ity was significantly decreased (P < 0.05) when compared
to mature control group.

RSVT administration and/or exercise training cause a
significant increase (P < 0.05) in CAT activity when com-
pared to the aged control group but a non-significant change
among RSVT group and RSVT + EX group (P > 0.05)
was present. The SOD activity was significantly higher
(P < 0.05) in RSVT + EX group when compared to other
groups. There was a non-significant change between RSVT
group and EX group (P > 0.05).

Discussion

In our research to evaluate age-associated decline in physi-
cal performance, swimming-until-exhaustion exercise test
was used to the measure anti-fatigue effects. A longer time
to exhaustion is interpreted as a reduced susceptibility to
fatigue and improved physical activity. In the aged control
group, time to exhaustion was significantly lower than in
mature control group. This denotes aging-associated easy
fatigability and decreased physical endurance in aged mice.
Fortunately, either intervention by RSVT supplementation
and/or exercise training, time to exhaustion was significantly
increased when compared to aged control group. Moreo-
ver, RSVT + EX group achieved longer time to exhaustion
among aged groups and was non-significantly when com-
pared to the mature control group. This revealed the better
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anti-aging effect of combined RSVT administration during
exercise training on physical performance.

The mitochondrial theory of aging has anticipated mito-
chondrial dysfunction as an important participant in the
aging process [24]. Among the three different species,
human, mice, and flies, the expression level of mitochondrial
electron transport chain genes was lower in aging [25]. Nota-
bly, existing anti-aging strategies suggest an important role
of the key regulator of mitochondrial biogenesis, PGC-1a, in
the delay or even inhibition of aging process, onset and pro-
gression of aging-associated diseases [26]. Hence, to explore
resveratrol and/or exercise effects on the aging-associated
mitochondrial dysfunction and decline in physical perfor-
mance, we analyzed expression of PGC-1ao mRNA levels
and citrate enzyme activity in aged gastrocnemius skeletal
muscle. CS is a mitochondria matrix enzyme. It acts as a
rate-limiting enzyme in the first step of the Krebs cycle. It
has been extensively used as a metabolic marker for evaluat-
ing mitochondrial oxidative capacity [27].

Our data revealed that aged mice exhibited significant
lower gastrocnemius muscle expression of PGC-1aa mRNA
and decreased CS activity when compared to mature con-
trol group. These findings coincide with that of muscle-
specific PGC-1a knockout mice studies [28] and were in
agreement with the mitochondrial theory of aging [24]. This
gives thoughtfulness to the worth of PGC-1a as a regulator
of physical endurance and exercises adaptation during the
aging process.

Conversely, RSVT supplementation or exercise training
significantly increased PGC-1a mRNA expression and CS
activity in skeletal muscle when compared to the aged con-
trol group. Furthermore, RSVT + EX group exhibited the
higher PGC1-a expression thus indicating the better effect
of RSVT supplementation during exercise training of aged
mice. This is in agreement with data observed by Murase
et al. in senescence-accelerated prone mice those given res-
veratrol with exercise training had increased PGC-1a and
improved physical activity when compared to senescence-
accelerated resistant mice, the control strain that ages nor-
mally [29].

As regards molecular mechanisms; RSVT activates
PGC-1a through Sirt-1 of sirtuin family or might be through
the energy sensor adenosine monophosphate-activated pro-
tein kinase (AMPK). Meanwhile, exercise modulates the
PGC-1a activity through the energy sensor AMPK that is
linked to muscle contraction [30].

For the sequel of up-regulated skeletal muscle PGC-1a
mRNA and increased CS activity on fuel handling during
aging, we investigated blood lactate and free fatty acids
levels. Blood lactate is an anaerobic metabolite produced
by skeletal muscles during exercise when carbohydrates
are used as a source of energy [31]. It reflects the ratio
between lactate formation and clearance [32]. It is taken
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as a biochemical parameter related to fatigue because it
produces H™ ions that inhibit enzymes involved in muscle
contraction, leading to fatigue [33].

In our study after swimming-until-exhaustion exer-
cise test, RSVT and/or EX-treated groups exhibited
lower blood lactate level versus the aged control group.
Increased skeletal muscle PGC-1a expression regulates
blood lactate level through different mechanisms in addi-
tion to increased mitochondrial biogenesis and function.
It increases expression of lactate dehydrogenase B that
catalyzes lactate to pyruvate reaction. Furthermore, it up-
regulates mono-carboxylate transporter-1 that enhances
lactate uptake by the muscle [31]. Moreover, the increased
PGC-1a expression is a mechanism for promoting angio-
genesis, thus improving oxygen supply to the muscle [34].
So, we can believe that RSVT and/or EX supporting a
switch from glycolytic to oxidative metabolism.

Unexpectedly, the aged control group exhibited lower
blood lactate levels with respect to the mature control
group. This is in agreement with Kan et al. [35]. It may
unveil another contributing factor that associate mitochon-
drial dysfunction as oxidative damage, to the decline in
physical endurance.

Concerning free fatty acids, in the aged control group,
the FFA levels were significantly increased with respect
to the mature control group while intervention by RSVT
and/or exercise, produced a significant decrease. PGC-1a
affects FFA oxidative capacity of skeletal muscle cells
by increasing the expression of carnitine palmitoyl-
transferase-1p present in the outer membrane of mitochon-
dria. This enzyme is concerned with increased fatty acid
uptake by the mitochondria to be metabolized through
oxidation [36]. Also, PGC-1a activates the expression of
vascular endothelial growth factor-B. It enhances endothe-
lial uptake of fatty acids in addition to angiogenesis that
might contribute to increased fatty acid oxidation through
increased substrate delivery into the skeletal muscle [37].
Therefore, the improved fatty acid oxidative capacity buff-
ered against the decline in oxidative phosphorylation that
associates the aging process and thereby maintained ATP
supply to muscles [38].

Oxidative stress is believed to be a primary mechanism
potentiating many aging-related disorders. During aging, a
greater number of generated electrons can escape from the
mitochondria, creating a long trail of ROS that peroxides
mitochondrial membranes, leading to further mitochondrial
dysfunction and a vicious cycle of oxidative damage [39].
Also, the antioxidant capacity to buffer oxidants is over-
whelmed by ROS, resulting in oxidative damage and reduc-
tions in muscle function [40]. This goes ahead with our find-
ings regards increased muscle MDA content and decreased
antioxidant enzymes activities CAT and SOD in the aged
control group in comparison with mature control group.
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In our study, RSVT increased the activity of CAT and
SOD and decreased MDA content in gastrocnemius muscle.
This is in agreement with Rodriguez-Bies et al. [41]. RSVT
can directly scavenge superoxide anion, hydrogen peroxide,
and hydroxyl radical. Thus, it inhibits lipid peroxidation and
damage within the mitochondrial membrane preserving its
integrity and preventing “leaky” mitochondria. It also may
act as an indirect antioxidant; by increasing PGC-1a expres-
sion, promoting mitochondrial biogenesis and thus, potenti-
ating the possibility to replace the damaged mitochondria in
aged animals [42, 43].

Exercise and regular physical activity could counteract
the deleterious effects of aging not only by combating the
mitochondrial dysfunction, the major trigger of oxidative
stress in aging, but also by exerting additional antioxidant
effect [39]. Herein, exercise training causes a significant
increase in CAT and SOD activity when compared to the
aged control group. The improved antioxidant activities in
skeletal muscles were in agreement with Hammeren et al.
[44] and Radék et al. [45] findings.

Surprisingly, we found that exercise was associated with
increased muscular MDA content. There is growing evi-
dence that exercise increases the whole body and tissue oxy-
gen consumption with enhancement of mitochondrial activ-
ity [46] that was already malfunctioning with aging thus,
promoting a free radical generation. As a result, accumulated
ROS leads to lipid peroxidation. However, the concomitant
increase in antioxidant enzymes activities, PGC-1a expres-
sion, and CS activity let exercise partially prevent oxidative
muscular damage that reflected by significant longer time to
exhaustion with respect to the aged mice.

Ongoing studies required to elucidate the contribution
of downstream mediators of PGC-1a and its target genes as
cytochrome C and myostatin, regards to the aging-associ-
ated decline of physical endurance. Additional mechanisms
involved in the improved FFA in aging by RSVT and EX
need to be further elucidated.

Conclusions

The data obtained from this study suggest that the anti-
aging effect of RSVT and exercise training was obtained
even at an older age. Increased PGC-1a mRNA expression,
CS activity, and antioxidant enzymes were partly among
the mechanisms. The improved age-related decline in mito-
chondrial biogenesis and its dysfunction with the associated
oxidative damage were about the protective effects offered
by RSVT. Exercise can ameliorate aging-related decline in
physical performance in spite of associated-increase in lipid
peroxidation. RSVT supplementation during exercise train-
ing offered better anti-aging effect beyond each one alone.
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