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RESVERATROL ATTENUATES EXERCISE-INDUCED ADAPTIVE RESPONSES IN
RATS SELECTIVELY BRED FOR LOW RUNNING PERFORMANCE

Nikolett Hart1, Linda Sarga1, Zsolt Csende1, Lauren G. Koch2, Steven L. Britton2,
Kelvin J.A. Davies3, Zsolt Radak1

�
1Research Institute of Sport Science,

Semmelweis University, Budapest, Hungary, 2Department of Anesthesiology,
University of Michigan Medical School, Ann Arbor, Michigan, USA, 3Ethel Percy
Andrus Gerontology Center of the Davis School of Gerontology; and Division of
Molecular & Computational Biology, Department of Biological Sciences of the
College of Letters, Arts & Sciences: the University of Southern California, Los
Angeles, USA

� Low capacity runner (LCR) rats have been developed by divergent artificial selection
for treadmill endurance capacity to explore an aerobic biology-disease connection. The
beneficial effects of resveratrol supplementation have been demonstrated in endurance
running. In this study it was examined whether 12 weeks of treadmill exercise training
and/or resveratrol can retrieve the low running performance of the LCR and impact mito-
chondrial biogenesis and quality control. Resveratrol regressed running performance in
trained LCR (p<0.05). Surprisingly, exercise and resveratrol treatments significantly
decreased pAMPK/AMPK, SIRT1, SIRT4, forkhead transcription factor 1 (FOXO1) and
mitochondrial transcription factor A (TFAM) levels in these animals (p<0.05).
Mitochondrial fusion protein, HSP78 and polynucleotide phosphorylase were significant-
ly induced in LCR-trained, LCR-resveratrol treated, LCR-trained and resveratol treated
groups compared to LCR-controls. The data indicate that the AMPK-SIRT1-NAMPT-
FOXO1 axis could be important to the limited aerobic endurance capacity of low running
capacity rats. Resveratrol supplementation was not beneficial in terms of aerobic
endurance performance, mitochondrial biogenesis, or quality control.

Key words: Resveratrol, Exercise, Sirtuins, Adaptation, Free Radicals

INTRODUCTION

Large-scale epidemiologic studies demonstrate a strong statistical
association between low capacity for aerobic exercise and increased risk
for development of complex diseases (DeMarco et al. 2012). Although an
underlying mechanistic relationship has been hypothesized (aerobic
hypothesis), the complexity of both aerobic metabolism and the putative
disease conditions in humans makes the unraveling of cause and effect a
challenge (Kivela et al. 2010). In 1996 Koch and Britton (Koch and
Britton 2001) initiated a prospective test of the linkage between aerobic
capacity and disease risk by applying large-scale artificial selective breed-
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ing in rats with widely varying genetic backgrounds to produce low and
high strains that differ for intrinsic (i.e., untrained) aerobic endurance
treadmill running capacity (Koch and Britton 2001). The hypothesis was
that rats selectively bred as Low Capacity Runners (LCR) would display
disease risks and rats bred as High Capacity Runners (HCR) would have
positive health effects. Several studies report that the LCR present with
negative health features including metabolic syndrome, reduced heart
function, hepatic steatosis, disordered sleep, and diminished oxidative
capacity in skeletal muscle (Wisloff et al. 2005; Thyfault et al. 2009; Kivela
et al. 2010). In contrast, HCR demonstrate greater maximal oxygen con-
sumption, insulin sensitivity and improved metabolic health. In accor-
dance with the aerobic hypothesis, aged rats with low intrinsic aerobic
capacity have diminished longevity and display a reduced ability for mito-
chondrial regeneration, decreased metabolic control in the heart, and
reduced antioxidant status (Koch and Britton 2001). Therefore, this
model is excellent to study how life-style interventions, such as exercise
training or nutritional manipulation, could overcome or exacerbate the
effects of genetics on physiological and biochemical processes that lead
to health promotion (Kamei et al. 2004; Wisloff et al. 2005; Bowman et al.
2010).

Exercise training and resveratrol have been suggested for therapeutic
potential in treatment of metabolic disorders. Both interventions
increase oxidative metabolism in skeletal muscle by induction of a highly
integrated molecular network which results in increased insulin sensitivi-
ty (Nunn et al. 2010), activity of AMP-activated protein kinase, (AMPK)
peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α),
and mitochondrial content (Baur et al. 2006; Li et al. 2011). Recent find-
ings reveal that knockdown of a mitochondrial located sirtuin, SIRT4,
results in increased fatty acid oxidation, enhanced mitochondrial func-
tion, and higher AMPK levels in skeletal muscle (Nasrin et al. 2010), sug-
gesting a primary role of this sirtuin in aerobic metabolism. Moreover,
another member of the sirtuin family, the NAD+ dependent SIRT1, is also
an important regulator of oxidative mitochondrial metabolism (Rodgers
et al. 2008) by deacetylation of the peroxisome proliferator-activated
receptor gamma co-activator 1 alpha (PGC-1α) (Nemoto et al. 2005).
PGC-1α activates gene transcription factors important for mitochondrial
biogenesis including nuclear respiratory factor 1 (NRF1) and mitochon-
drial transcription factor A (TFAM), which encode nuclear and mito-
chondrial DNA imprinted genes required for the production of mito-
chondrial proteins. Mitochondrial fusion and fission are important mech-
anisms for maintenance of the mitochondrial network and for quality
control (Westermann 2010), and thus impact mitochondrial function
(Otera and Mihara 2011). The quality control of mitochondrial proteins
is supervised by Lon protease and HSP78, which prevent the accumula-
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tion of oxidized and dysfunctional proteins in mitochondria (Bota and
Davies 2002; Rottgers et al. 2002; Ngo and Davies 2009). Recent studies
have revealed that polynucleotide phosphorylase (PNPase) is involved in
the stability of mitochondria (Chen et al. 2006) and is crucial for the
import of nuclear coded RNAs into the mitochondrial matrix (Wang et al.
2010).

It is well known that similar exercise programs can result in different
training responses for different subjects (Radak et al. 2013). However, the
possible different responses to nutritional and pharmacological inter-
ventions, including resveratrol treatment, remain to be well character-
ized. Resveratrol has been shown to reduce plasma triglyceride concen-
trations, oxidative stress, and inflammation in humans (Zern et al. 2005),
as well as to improve insulin sensitivity in rats (Zheng et al. 2012).

Therefore, in the present study, the LCR contrasting rat model system
was utilized to test the influence of exercise training, and resveratrol sin-
gularly, and the combined effects of training and resveratrol, upon
indices of health, including running performance, VO2max, and forearm
gripping strength. We were particularly interested to further understand
retrieval of the negative LCR clinical phenotype. Positive effects of exer-
cise training and resveratrol treatment on the LCR group would mean
that life-style interventions could compensate, in some degree, for the
health treating effects of a poor genetic setup. Both physical exercise and
resveratrol can modulate the generation and activity of reactive oxygen
species (ROS), which are implicated in a variety of diseases, and signal-
ing, and mitochondrial biogenesis (Radak et al. 2013). Therefore, as an
additional aim, the relative density of mtDNA and activities of a number
of factors that regulate mitochondrial biogenesis, quantity and quality
control and differentiation from gastrocnemius muscle, were investigated
for possible explanations.

METHODS

Animals

Artificial selective breeding, starting with a founder population of 186
genetically heterogeneous rats (N:NIH stock), was used to develop rat
strains differing in inherent aerobic capacity. The procedure has been
described in detail previously (Koch and Britton 2001). Briefly,
endurance running capacity was assessed on a treadmill and the total dis-
tance run during a speed-ramped exercise test was used as a measure of
maximal aerobic capacity. Rats with the lowest capacity were bred to pro-
duce the LCR strain. A subgroup of 24 male rats from generation 22 was
phenotyped for intrinsic treadmill running capacity when 11 weeks old,
at the University of Michigan (Ann Arbor, USA), and then shipped via air
freight to Semmelweis University (Budapest, Hungary) for further study.
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Investigations were carried out according to the requirements of The
Guiding Principles for Care and Use of Animals, EU, and approved by the
ethics committee of Semmelweis University.

Exercise protocol and resveratrol treatment

Twenty four LCR male rats, aged 13 months, were equally assigned to
control (LCR-C), trained (LCR-Tr), resveratrol treated control (LCR-
Rsv), and trained resveratrol treated (LCR-TrRsv), groups. Control rats
had access to a treadmill with an electrical stimulator, three times a week,
for ten min. Trained rats were introduced to treadmill running for three
days, then for the next two weeks the running speed was set to 10 m/min,
on a 5% incline for 30 min. The treadmill was equipped with a high pres-
sure air pipe and electric grid to stimulate running.

In the following week, maximal oxygen uptake (VO2max) was meas-
ured on a motor driven treadmill (Columbus Inst. Columbus, Ohio) with
a gradually increasing intensity. VO2max was measured for each animal,
using three criteria: (i) no change in VO2 when speed was increased, (ii)
rats no longer kept their position on the treadmill, and (iii) respiratory
quotient (RQ = VCO2/VO2) > 1. Based on the level of VO2max, a tread-
mill speed corresponding to 60% VO2max was determined and used for
daily training for one hour, five times per week. VO2max was measured
every second week and running speed was adjusted accordingly. The total
training period lasted 12 weeks. In addition, the forelimb strength of the
animals was assessed weekly by using a gripping test as described by
Marton et al. (Marton et al. 2010). This test measures the length of time
the animals are able to hang on a pole.

Resveratrol supplementation (100 mg/kg, oral dose) (Smith et al.
2009) was started two weeks before habitual treadmill running was intro-
duced to the animals, and four weeks before the actual training started,
thereby lasting 16 weeks. The animals were sacrificed two days after the
last exercise session to avoid the acute metabolic effects of the final run.
The gastrocnemius muscle was dissected and homogenized in buffer
(HB) containing 137 mM NaCl, 20mM Tris-HCl (pH 8.0), 2% NP 40,
10% glycerol and protease inhibitors.

ROS, and protein carbonyl content and antioxidant enzyme activities

Intracellular oxidant and redox-active iron levels (Kalyanaraman et al.
2012) were estimated using modifications of the dichlorodihydrofluores-
cein diacetate (H2DCFDA) staining method (Radak et al. 2004). The
oxidative conversion of stable, nonfluorometric DCF-DA to highly fluo-
rescent 2’7’-dichlorofluoorescein (DCF) was measured in the presence of
esterases, as previously reported (Radak et al. 2004). This assay approxi-
mates levels of reactive species, such as superoxide radical, hydroxyl rad-
ical, and hydrogen peroxide. The method has been widely used in the lit-
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erature but does have the problem of not being particularly specific, and
results can be strongly affected by release of labile iron or copper
(Kalyanaraman et al. 2012). Briefly, the H2DCFDA (Invitrogen-Molecular
Probes #D399) was dissolved to a concentration of 12.5 mM in ethanol
and kept at -80 OC in the dark. The solution was freshly diluted with potas-
sium phosphate buffer to 125 μM before use. For fluorescence reactions,
96-well, black microplates were loaded with potassium phosphate buffer
(pH 7.4) to a final concentration of 152 μM/well. Then eight μl diluted
tissue homogenates and 40 μl 125 μM dye were added to achieve a final
dye concentration of 25 μM. The change in fluorescence intensity was
monitored every five minutes for 30 minutes with excitation and emission
wavelengths set at 485 nm and 538 nm (Fluoroskan Ascent FL) respec-
tively. Data obtained after 15 min were used. The fluorescence intensity
unit was normalized with the protein content and expressed in relative
unit production per minute. The protein carbonyl measurement was
assessed as described earlier (Koltai et al. 2012).

Western blots

Ten to 50 micrograms of protein were electrophoresed on 8-12% v/v
polyacrylamide SDS-PAGE gels. Proteins were electrotransfered onto
PVDF membranes. The membranes were subsequently blocked and incu-
bated at room temperature with antibodies (1:500 #sc-13067 Santa Cruz
PGC-1 (H-300), 1:1400 #2532 Cell Signaling AMPKα, 1:500 #2535 Cell
Signaling p-AMPKα (Thr172) (40H9), 1:1000 #sc-33771 Santa Cruz NRF-
1 (H-300), 1:500 #sc-30963 Santa Cruz mtTFA (E-16) /TFAM/, 1:500 #sc-
98900 Santa Cruz Fis1 (Fl-152), 1:10000 #sc-50330 Santa Cruz Mfn1 (H-
65), 1:1000 #sc-99006 Santa Cruz PNPase (H-124), 1:200 #U7757 Sigma-
Aldrich UCP3, 1:5000 #ab87253 Abcam CLPB /HSP78/, 1: 15000,
#T6199 Sigma alpha-tubulin). The antibody for Lon protease was gener-
ated in our laboratory, as described previously (Merrill et al. 1997). After
incubation with primary antibodies, membranes were washed in TBS-
Tween-20 and incubated with HRP-conjugated secondary antibodies.
After incubation with the secondary antibody, membranes were repeat-
edly washed. Membranes were incubated with an ECL Plus reagent (RPN
2132, Amersham) and protein bands were visualized on X-ray films. The
bands were quantified by ImageJ software, and normalized to tubulin,
which served as an internal control.

Assessment of SIRT1 activity

To measure SIRT1 deacetylase activity, a Cyclex SIRT1/Sir2
Deacetylsase Fluorometric Assay Kit (Cyclex, CY-1151) was used accord-
ing to the established protocol including the separation of nuclear
extract (Koltai et al. 2012). The purity of nuclear extract was checked by
organelle specific antibodies as reported earlier (Radak et al. 2009).
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To prepare nuclear fractions, the homogenate was centrifuged at
1000 × g for 10 min at 4 °C, and the pellet was suspended in HB and re-
centrifuged. The pellet was then re-suspended in HB with 0.5% NP40 and
again centrifuged. Next, the pellet was washed twice in HB. After cen-
trifugation, the final nuclear pellet was rocked for 30 min after the addi-
tion of a 1/10 (vol/vol) of 2.5 M KCl and centrifuged at 14,000 rpm for
30 min. For the measurement of SIRT1, five microliters of nuclear
extracts of rat gastrocnemius muscle were mixed with a reaction mixture
(40 μl) containing 50 mMTris-HCl pH 8.8, 4 mM MgCl2, 0.5 mM DTT,
0.25 mAU/ml Lysyl endpeptidase, 1 μM Trichostatin A, 20 μM Fluoro-
Substrate Peptide, and 200 μM NAD+ on a microplate. The samples were
mixed and incubated for ten min at room temperature and the fluores-
cence intensity (ex. 355nm, em. 460 nm) was read every ten min for two
hours and normalized by the protein content (Koltai et al. 2010).

Measurement of mtDNA by PCR

The mtDNA content was quantified as the mtDNA to nuclear DNA
(nDNA) ratio (mtDNA/nDNA). Total DNA was extracted (Fast DNA kit
#6540-400 BIO 101 Systems Qbiogene) and quantified spectrophotomet-
rically. The mtDNA content was measured by PCR (Rotor-Gene 6000,
Corbett Research, Australia) using the following conditions: 94 °C for two
min (initialdenaturation), 94 °C for 30 s, 60 °C for 30 s, 72 °C for 45 s (25
cycles), 72 °C for ten min (finalextension), and corrected by the simulta-
neous measurement of a single copy nuclear BDNF gene. Primers used
for the analysis of mtDNA were R-CYTB-F (5′-CCC CAG AGG ATT AAA
CTC CAA CGC A-3′), and R-CYTB-R (5′-GGG TGG GGT CAG GGG GT-
3′). Primers used for the analysis of nDNA were R-BDNF-genom-exon-IV-
F (5′- TTG GGA TGG GAA AGA TGG G -3′), and R-BDNF-genom-exon-
IV-R (5′-CAG AGT AGG AGG GAA CAA GTG TGA C -3′).The mtDNA
content was normalised to nDNA. Data are expressed as the mean of
three measurements.

Statistical analyses

Because of the limited sample size and for the purpose of finding the
appropriate statistical procedure, normality was tested on all dependent
variables (Shapiro Wilk’s W-test). It was found that few of the dependent
variables demonstrated a normal distribution, namely: NRF1, Fis1,
NAMPT, LonP, Mfn1, and VO2max. Therefore, non-parametric Kruskal-
Wallis ANOVA analysis was used to test for differences among the depend-
ent variables. The Mann-Whitney U-test was applied for post-hoc analyses.
Significance level was set at p < 0.05.
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RESULTS

Exercise performance

The body mass of the LCR-Tr group was significantly lower (p<0.001)
(470±47g) than LCR-C (609±38g).

Exercise training significantly increased the level of running distance
of LCR-Tr (p<0.01) compared to control and resveratrol treated rats
(p<0.05) (Fig. 1A) and similar results were present for the levels of
VO2max (Fig. 1B).The gripping strength of the upper limbs did not show
significant differences between groups (Fig. 1C).

Effects of exercise and resveratrol on mitochondrial metabolic factors

AMPK activity is a known modulator of PGC-1α. Surprisingly, exercise
and resveratrol treatments significantly decreased pAMPK/AMPK levels
in LCR rats compared to control animals (p<0.05) (Fig. 2A).
Interestingly, the changes in SIRT1 levels were very similar in pattern to
AMPK activity although to a lesser degree (Fig. 2B). Nicotinamide phos-

Impaired metabolism is cause of low running capacity

63

FIG. 1. Running distance (A), VO2max (B), and gripping time (C) of LCR rats. Running distance
(m) (A), maximal oxygen uptake (VO2max; ml/kg/min) (B) and gripping time (s) (C) for low
capacity runner (LCR) rats were measured every second week across a 12 week exercise training peri-
od and during the two weeks of treadmill habituation. Control LCR (LCR-C), trained LCR (LCR-Tr),
resveratrol treated control LCR (LCR-Rsv), trained resveratrol treated LCR (LCR-TrRsv) groups.
Values are means ± SD for six animals per group *Significantly different from control group, +
Significantly different from trained group, # Significantly different from resveratrol treated group, p
< 0.05. 
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phoribosyltransferase (NAMPT) was measured because it is involved in
the biosynthesis of NAD+ and SIRT1 is dependent on the availability of
NAD+. The NAMPT levels were decreased in both exercising groups
(p<0.05) (Fig. 2C). Despite the decreasing activity of SIRT1, PGC-1α lev-
els increased with exercise training (Fig. 2D). FOXO1 is an important
transcription factor for regulation of gluconeogenesis and adipogenesis
and in this model resveratrol alone and with training decreased FOXO1
levels (Fig 2E). Mitochondrial sirtuin, SIRT4, is related to fat metabolism
and the data revealed that exercise training and resveratrol treatment
decreased SIRT4 content (Fig 2F). mtDNA levels increased significantly
with exercise and resveratrol (Fig 2G).

The effects of exercise and resveratrol on mitochondrial quantity and qual-
ity control

TFAM protein levels decreased in LCR-Tr and LCR-TrRsv rats com-
pared to controls (p<0.05) (Fig. 3A). The concentration of NRF-1 was not
affected by exercise training or resveratrol treatments (Fig. 3B). Mfn1 is

N. Hart and others
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FIG. 2. The effect of exercise and resveratrol on metabolic factors in skeletal muscle of LCR rats. The
activity of AMPK, assessed by the pAMPK/AMPK ratio (A), which decreased with training and resver-
atrol treatment. The activity of SIRT1 was not changed by exercise or resveratrol (B). The protein lev-
els of NAMPT (C), PGC-1a (D), FOXO1 (E) and SIRT4 (F) were determined by Western blot and
densitometry in gastrocnemius muscle. G panel shows the mtDNA content. Control LCR (LCR-C),
trained LCR (LCR-Tr), resveratrol treated control LCR (LCR-Rsv), trained resveratrol treated LCR
(LCR-TrRsv) groups. Values are means ± SD for six animals per group *Significantly different from
control group, + Significantly different from trained group, # Significantly different from resveratrol
treated group, p < 0.05. 
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a mediator of mitochondrial fusion and was significantly induced in LCR-
Tr, LCR-Rsv, and LCR-TrRsv groups compared to LCR-C (Fig. 3C). The
mitochondrial fission controlling protein, Fis1, was not affected by exer-
cise training in any of the LCR groups (Fig 3D). Lon protease was meas-
ured to assess the level of protein degradation in mitochondria, which
could be important for quality control. However, significant differences
were not noted in all groups (Fig. 3E). HSP78 and PNPase were induced
by both training and resveratrol (Fig. 3F, Fig. 3G).

Oxidative stress markers

The levels of ROS, as measured by the fluorescent activity of
H2DCFDA, increased with exercise training (Fig. 4A).The levels of car-
bonyl groups were assessed as potential markers of oxidative protein dam-
age and the data clearly indicate decreased levels in LCR-TrRsv rats com-
pared to controls (p<0.05) (Fig. 4B).

DISCUSSION

Low running capacity rats have shown a wide range of physiological
disorders (Wisloff et al. 2005; Thyfault et al. 2009; Kivela et al. 2010), which

Impaired metabolism is cause of low running capacity
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FIG. 3. Markers of quantity and quality control of mitochondria. Exercise and resveratrol altered the
levels of TFAM (A) while the NRF1 concentration was unchanged (B). We evaluated mitochondrial
fusion, Mfn1(C), and fission Fis1 (D) and quality control was assessed by Lon protease (E), HSP78
(F) and PNPase (G) levels. Control LCR (LCR-C), trained LCR (LCR-Tr), resveratrol treated control
LCR (LCR-Rsv), trained resveratrol treated LCR (LCR-TrRsv) groups. Values are means ± SD for six
animals per group *Significantly different from control group, + Significantly different from trained
group, # Significantly different from resveratrol treated group, p < 0.05. 
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suggests that the increases in aerobic performance could be important to
overcome some of these disorders.We have demonstrated in this study,
that exercise training alone can increase VO2max of LCR rats. Since high-
er VO2max is associated with longer life-spans of LCR and HCR rats
(Koch and Britton 2001) it can be suggested that the enhanced
endurance ability would result in an increased life-span for LCR rats and
reduce the metabolic disorders associated with the low endurance capac-
ity of LCR rats.

In the present model resveratrol supplementation was not beneficial,
although according to the general view, resveratrol supplementation pro-
motes health. However, it must be noted that in some models resveratrol
supplementation has been reported to act differently on obese prone and
obese resistant rats (Louis et al. 2012). Therefore, the response to resver-
atrol treatment could be highly selective and could be based on metabol-
ic status.

One of the striking observations of this study was that exercise train-
ing decreased AMPK activity in this rat model. AMPK acts as an energy
sensor to cope with metabolic challenges and can interfere with fuel pref-
erence and availability (Kurth-Kraczek et al. 1999). Therefore, the exer-
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FIG. 4. Oxidative stress markers. Rat gastrocnemius muscle was stained with dichlorodihydrofluores-
cein diacetate (H2DCFDA) to measure relative steady-state oxidant levels and redox-active iron
release levels (both increase DCF fluorescence) as an estimate of levels of reactive oxygen species
(ROS) (A). The oxidative damage of proteins was evaluated by protein carbonyl groups (B). Control
LCR (LCR-C), trained LCR (LCR-Tr), resveratrol treated control LCR (LCR-Rsv), trained resveratrol
treated LCR (LCR-TrRsv) groups. Values are means ± SD for six animals per group *Significantly dif-
ferent from control group, + Significantly different from trained group, # Significantly different from
resveratrol treated group, p < 0.05. 
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cise related decreased activity of AMPK could, at least in part, explain the
limited running capacity of LCR rats.

It has been shown that exercise training increases NAMPT levels in
skeletal muscle of wild rats (Koltai et al. 2010) and humans (Costford et
al. 2010). NAMPT is important to NAD production which serves as a co-
factor for sirtuins. Indeed, the activity of SIRT1 tends to decrease in a sim-
ilar pattern to NAMPT and AMPK. AMPK has been shown to be linked to
the activity of SIRT1, since AMPK can activate SIRT1 by increasing the lev-
els of NAD+ (Canto et al. 2009) which, as a metabolic sensor, can control
the expression of a number of genes involved in the metabolism of skele-
tal muscle (Canto et al. 2009). The AMPK associated decreased activity of
SIRT1 could lead to increased acetylation of FOXO1, which is a target for
SIRT1 deacetylase (Canto et al. 2009). Increased acetylation of FOXO1
attenuates the activity of this transcription factor (Nakae et al. 2012). The
present data show decreased activity of AMPK and SIRT1 and decreased
content of NAMPT and FOXO1 with exercise training. We strongly
believe that this “unusual” response to exercise causes the limitation of
aerobic capacity which limits the endurance capacity of low running
capacity rats. This suggestion is based on the fact that wild rats respond to
exercise training with increased AMPK-SIRT1-NAMPT (Costford et al.
2010; Koltai et al. 2010) and FOXO1 levels (Canto et al. 2009). In addi-
tion, other data from our laboratories on HCR rats suggests up-regulation
of the AMPK-SIRT1-NAMPT-FOXO1 system (Hart et al. 2013).

The exact function of mitochondrial located SIRT4 is still in debate,
but a recent study revealed that knockdown of SIRT4 by shRNA signifi-
cantly increased fat metabolism in myotubes (Nasrin et al. 2010). This is
an important finding and could indicate that lower levels of SIRT4 result
in increased free fatty acid utilization, a key element for increased
endurance capacity (Holloszy and Coyle 1984; Spina et al. 1996). Our
present observations in trained and resveratrol supplemented rats sug-
gests that the high body mass observed in control LCR rats could be due
to impaired utilization of fat, which is enhanced by exercise training and
resveratrol supplementation. Moreover, it is also known that SIRT4 is
involved in the development of insulin resistance (Chen et al. 2010).
Therefore, the down-regulating effects of exercise could be meaningful,
especially in LCR rats, which suffer from this problem.

TFAM levels and the activity of SIRT1 changed in similar patterns
with resveratrol and exercise intervention, suggesting a functional rela-
tionship between these proteins. TFAM is reported to increase the half
life of and stabilize mtDNA, and thus increased levels of TFAM could have
beneficial effects (Ikeuchi et al. 2005). However, the decreased levels of
TFAM and mtDNA content with training, indicate an increased vulnera-
bility of mtDNA.
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Mitochondrial fission and fusion interact with each other. Fusion
enables mitochondria to mix their contents within interconnected mito-
chondrial reticulum in order to minimize abnormalities. Fusion pathways
have been shown to have beneficial roles in muscular atrophy
(Romanello et al. 2010), endurance (Garnier et al. 2005), lifespan
(Scheckhuber et al. 2007) and ROS production (Yu et al. 2006). In the
present study, we have found that both exercise training and resveratrol
enhance the levels of the main fusion protein, indicating beneficial
affects of these interventions on the mitochondrial network.

Lon protease plays an important role in the quality control of mito-
chondrial proteins by degrading oxidatively modified proteins, and
HSP78, an important mitochondria chaperone involved in LonP- associ-
ated degradation and quality control (Rottgers et al. 2002), and appears
to be very well induced by exercise and resveratrol treatment in these
LCR rats. Indeed, it has been suggested that long-term health conditions
is accomplished by a complex network called vitagenes, a group of genes
involved in preserving cellular homeostasis during stressful conditions
(Calabrese et al. 2011; Calabrese et al. 2012). Vitagenes encode for heat
shock proteins, sirtuins and Lon protease as well (Calabrese et al. 2006;
Cornelius et al. 2013), and our currenet foundings suggest an improved
level of quality control in the mitochondria with resveratrol and exercise
training.

PNPase content was evaluated because it is important for the home-
ostasis of mitochondria (Chen et al. 2006) and can induce cellular senes-
cence (Sarkar et al. 2005). Ablation of PNPase leads to a significant drop
in enzymatic activities of respiratory complexes and decreases ATP pro-
duction, leading to activation of AMPK phosphorylation (Chen et al.
2006). PNPase knockdown results in impaired mitochondrial membrane
potential, which can readily affect fusion and fission (Chen et al. 2006).
In the present study it was observed that exercise training increased
PNPase content, suggesting that exercise played a role in the improve-
ment of mitochondrial respiration.

In summary, the present data show that exercise intervention is an
excellent tool to overcome genetic weaknesses by increasing endurance
capacity. Exercise was able to overcome some of the weaknesses of mito-
chondrial systems through the activation of mitochondrial biogenesis.
However, our data revealed that the AMPK-SIRT1-NAMPT-FOXO1 axis
could be important for the limited aerobic endurance capacity of low
running capacity rats. Resveratrol supplementation was not beneficial, in
terms of aerobic endurance performance, mitochondrial biogenesis, or
quality control.

N. Hart and others

68
12

Dose-Response: An International Journal, Vol. 12 [2014], Iss. 1, Art. 4

https://scholarworks.umass.edu/dose_response/vol12/iss1/4



ACKNOWLEDGEMENT

This work was supported by Hungarian grants from ETT 38388,
OTKA (K75702) TAMOP-4.2.2/B-10/1-2010-0013 awarded to Z. Radák.
The LCR rat model system was supported by grant R24 RR017718 from
the National Center for Research Resources of the National Institutes of
Health (to L.G.K. and S.L.B.), and National Institutes of Health grant RO1
DK077200 (to S.L.B.). The LCR model can be made available for collab-
orative study (contact: brittons@umich.edu or lgkoch@umich.edu).

REFERENCES

Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, Prabhu VV, Allard JS, Lopez-Lluch G,
Lewis K, Pistell PJ, Poosala S, Becker KG, Boss O, Gwinn D, Wang M, Ramaswamy S, Fishbein
KW, Spencer RG, Lakatta EG, Le Couteur D, Shaw RJ, Navas P, Puigserver P, Ingram DK, de
Cabo R and Sinclair DA. 2006. Resveratrol improves health and survival of mice on a high-calo-
rie diet. Nature 444: 337-342

Bota DA and Davies KJ. 2002. Lon protease preferentially degrades oxidized mitochondrial aconitase
by an ATP-stimulated mechanism. Nat Cell Biol 4: 674-680

Bowman TA, Ramakrishnan SK, Kaw M, Lee SJ, Patel PR, Golla VK, Bourey RE, Haram PM, Koch LG,
Britton SL, Wisloff U, Lee AD and Najjar SM. 2010. Caloric restriction reverses hepatic insulin
resistance and steatosis in rats with low aerobic capacity. Endocrinology 151: 5157-5164

Calabrese V, Butterfield DA, Scapagnini G, Stella AM and Maines MD. 2006. Redox regulation of heat
shock protein expression by signaling involving nitric oxide and carbon monoxide: relevance to
brain aging, neurodegenerative disorders, and longevity. Antioxid Redox Signal 8: 444-477

Calabrese V, Cornelius C, Cuzzocrea S, Iavicoli I, Rizzarelli E and Calabrese EJ. 2011. Hormesis, cel-
lular stress response and vitagenes as critical determinants in aging and longevity. Mol Aspects
Med 32: 279-304

Calabrese V, Cornelius C, Dinkova-Kostova AT, Iavicoli I, Di Paola R, Koverech A, Cuzzocrea S,
Rizzarelli E and Calabrese EJ. 2012. Cellular stress responses, hormetic phytochemicals and vita-
genes in aging and longevity. Biochim Biophys Acta 1822: 753-783

Canto C, Gerhart-Hines Z, Feige JN, Lagouge M, Noriega L, Milne JC, Elliott PJ, Puigserver P and
Auwerx J. 2009. AMPK regulates energy expenditure by modulating NAD+ metabolism and
SIRT1 activity. Nature 458: 1056-1060

Chen HW, Rainey RN, Balatoni CE, Dawson DW, Troke JJ, Wasiak S, Hong JS, McBride HM, Koehler
CM, Teitell MA and French SW. 2006. Mammalian polynucleotide phosphorylase is an inter-
membrane space RNase that maintains mitochondrial homeostasis. Mol Cell Biol 26: 8475-8487

Chen YR, Fang SR, Fu YC, Zhou XH, Xu MY and Xu WC. 2010. Calorie restriction on insulin resist-
ance and expression of SIRT1 and SIRT4 in rats. Biochem Cell Biol 88: 715-722

Cornelius C, Crupi R, Calabrese V, Graziano A, Milone P, Pennisi G, Radak Z, Calabrese EJ and
Cuzzocrea S. 2013. TRAUMATIC BRAIN INJURY (TBI): OXIDATIVE STRESS AND NEURO-
PROTECTION. Antioxid Redox Signal

Costford SR, Bajpeyi S, Pasarica M, Albarado DC, Thomas SC, Xie H, Church TS, Jubrias SA, Conley
KE and Smith SR. 2010. Skeletal muscle NAMPT is induced by exercise in humans. Am J Physiol
Endocrinol Metab 298: E117-126

DeMarco VG, Johnson MS, Ma L, Pulakat L, Mugerfeld I, Hayden MR, Garro M, Knight W, Britton
SL, Koch LG and Sowers JR. 2012. Overweight female rats selectively breed for low aerobic
capacity exhibit increased myocardial fibrosis and diastolic dysfunction. Am J Physiol Heart Circ
Physiol 302: H1667-1682

Garnier A, Fortin D, Zoll J, N’Guessan B, Mettauer B, Lampert E, Veksler V and Ventura-Clapier R.
2005. Coordinated changes in mitochondrial function and biogenesis in healthy and diseased
human skeletal muscle. FASEB J 19: 43-52

Hart N, Sarga L, Csende Z, Koltai E, Koch LG, Britton SL, Davies KJ, Kouretas D, Wessner B and
Radak Z. 2013. Resveratrol enhances exercise training responses in rats selectively bred for high
running performance. Food Chem Toxicol

Impaired metabolism is cause of low running capacity

69
13

Hart et al.: Impaired metabolism is cause of low running capacity

Published by ScholarWorks@UMass Amherst, 2014



Holloszy JO and Coyle EF. 1984. Adaptations of skeletal muscle to endurance exercise and their meta-
bolic consequences. J Appl Physiol 56: 831-838

Ikeuchi M, Matsusaka H, Kang D, Matsushima S, Ide T, Kubota T, Fujiwara T, Hamasaki N, Takeshita
A, Sunagawa K and Tsutsui H. 2005. Overexpression of mitochondrial transcription factor a
ameliorates mitochondrial deficiencies and cardiac failure after myocardial infarction.
Circulation 112: 683-690

Kalyanaraman B, Darley-Usmar V, Davies KJ, Dennery PA, Forman HJ, Grisham MB, Mann GE,
Moore K, Roberts LJ, 2nd and Ischiropoulos H. 2012. Measuring reactive oxygen and nitrogen
species with fluorescent probes: challenges and limitations. Free Radic Biol Med 52: 1-6

Kamei Y, Miura S, Suzuki M, Kai Y, Mizukami J, Taniguchi T, Mochida K, Hata T, Matsuda J, Aburatani
H, Nishino I and Ezaki O. 2004. Skeletal muscle FOXO1 (FKHR) transgenic mice have less
skeletal muscle mass, down-regulated Type I (slow twitch/red muscle) fiber genes, and impaired
glycemic control. J Biol Chem 279: 41114-41123

Kivela R, Silvennoinen M, Lehti M, Rinnankoski-Tuikka R, Purhonen T, Ketola T, Pullinen K, Vuento
M, Mutanen N, Sartor MA, Reunanen H, Koch LG, Britton SL and Kainulainen H. 2010. Gene
expression centroids that link with low intrinsic aerobic exercise capacity and complex disease
risk. FASEB J 24: 4565-4574

Koch LG and Britton SL. 2001. Artificial selection for intrinsic aerobic endurance running capacity
in rats. Physiol Genomics 5: 45-52

Koltai E, Hart N, Taylor AW, Goto S, Ngo JK, Davies KJ and Radak Z. 2012. Age-associated declines in
mitochondrial biogenesis and protein quality control factors are minimized by exercise training.
Am J Physiol Regul Integr Comp Physiol 303: R127-134

Koltai E, Szabo Z, Atalay M, Boldogh I, Naito H, Goto S, Nyakas C and Radak Z. 2010. Exercise alters
SIRT1, SIRT6, NAD and NAMPT levels in skeletal muscle of aged rats. Mech Ageing Dev 131:
21-28

Kurth-Kraczek EJ, Hirshman MF, Goodyear LJ and Winder WW. 1999. 5’ AMP-activated protein
kinase activation causes GLUT4 translocation in skeletal muscle. Diabetes 48: 1667-1671

Li L, Pan R, Li R, Niemann B, Aurich AC, Chen Y and Rohrbach S. 2011. Mitochondrial biogenesis
and peroxisome proliferator-activated receptor-gamma coactivator-1alpha (PGC-1alpha)
deacetylation by physical activity: intact adipocytokine signaling is required. Diabetes 60: 157-
167

Louis XL, Thandapilly SJ, MohanKumar SK, Yu L, Taylor CG, Zahradka P and Netticadan T. 2012.
Treatment with low-dose resveratrol reverses cardiac impairment in obese prone but not in
obese resistant rats. J Nutr Biochem 23: 1163-1169

Marton O, Koltai E, Nyakas C, Bakonyi T, Zenteno-Savin T, Kumagai S, Goto S and Radak Z. 2010.
Aging and exercise affect the level of protein acetylation and SIRT1 activity in cerebellum of
male rats. Biogerontology 11: 679-686

Merrill GF, Kurth EJ, Hardie DG and Winder WW. 1997. AICA riboside increases AMP-activated pro-
tein kinase, fatty acid oxidation, and glucose uptake in rat muscle. Am J Physiol 273: E1107-1112

Nakae J, Cao Y, Hakuno F, Takemori H, Kawano Y, Sekioka R, Abe T, Kiyonari H, Tanaka T, Sakai J,
Takahashi S and Itoh H. 2012. Novel repressor regulates insulin sensitivity through interaction
with Foxo1. EMBO J 31: 2275-2295

Nasrin N, Wu X, Fortier E, Feng Y, Bare OC, Chen S, Ren X, Wu Z, Streeper RS and Bordone L. 2010.
SIRT4 regulates fatty acid oxidation and mitochondrial gene expression in liver and muscle
cells. J Biol Chem 285: 31995-32002

Nemoto S, Fergusson MM and Finkel T. 2005. SIRT1 functionally interacts with the metabolic regu-
lator and transcriptional coactivator PGC-1{alpha}. J Biol Chem 280: 16456-16460

Ngo JK and Davies KJ. 2009. Mitochondrial Lon protease is a human stress protein. Free Radic Biol
Med 46: 1042-1048

Nunn AV, Guy GW and Bell JD. 2010. Endocannabinoids, FOXO and the metabolic syndrome: redox,
function and tipping point—the view from two systems. Immunobiology 215: 617-628

Otera H and Mihara K. 2011. Molecular mechanisms and physiologic functions of mitochondrial
dynamics. J Biochem 149: 241-251

Radak Z, Atalay M, Jakus J, Boldogh I, Davies K and Goto S. 2009. Exercise improves import of 8-
oxoguanine DNA glycosylase into the mitochondrial matrix of skeletal muscle and enhances the
relative activity. Free Radic Biol Med 46: 238-243

N. Hart and others

70
14

Dose-Response: An International Journal, Vol. 12 [2014], Iss. 1, Art. 4

https://scholarworks.umass.edu/dose_response/vol12/iss1/4



Radak Z, Chung HY, Naito H, Takahashi R, Jung KJ, Kim HJ and Goto S. 2004. Age-associated
increase in oxidative stress and nuclear factor kappaB activation are attenuated in rat liver by
regular exercise. FASEB J 18: 749-750

Radak Z, Zhao Z, Koltai E, Ohno H and Atalay M. 2013. Oxygen Consumption and Usage During
Physical Exercise: The Balance Between Oxidative Stress and ROS-Dependent Adaptive
Signaling. Antioxid Redox Signal 18: 1208-1246.

Rodgers JT, Lerin C, Gerhart-Hines Z and Puigserver P. 2008. Metabolic adaptations through the
PGC-1 alpha and SIRT1 pathways. FEBS Lett 582: 46-53

Romanello V, Guadagnin E, Gomes L, Roder I, Sandri C, Petersen Y, Milan G, Masiero E, Del Piccolo
P, Foretz M, Scorrano L, Rudolf R and Sandri M. 2010. Mitochondrial fission and remodelling
contributes to muscle atrophy. EMBO J 29: 1774-1785

Rottgers K, Zufall N, Guiard B and Voos W. 2002. The ClpB homolog Hsp78 is required for the effi-
cient degradation of proteins in the mitochondrial matrix. J Biol Chem 277: 45829-45837

Sarkar D, Park ES, Emdad L, Randolph A, Valerie K and Fisher PB. 2005. Defining the domains of
human polynucleotide phosphorylase (hPNPaseOLD-35) mediating cellular senescence. Mol
Cell Biol 25: 7333-7343

Scheckhuber CQ, Erjavec N, Tinazli A, Hamann A, Nystrom T and Osiewacz HD. 2007. Reducing
mitochondrial fission results in increased life span and fitness of two fungal ageing models. Nat
Cell Biol 9: 99-105

Smith JJ, Kenney RD, Gagne DJ, Frushour BP, Ladd W, Galonek HL, Israelian K, Song J,
Razvadauskaite G, Lynch AV, Carney DP, Johnson RJ, Lavu S, Iffland A, Elliott PJ, Lambert PD,
Elliston KO, Jirousek MR, Milne JC and Boss O. 2009. Small molecule activators of SIRT1 repli-
cate signaling pathways triggered by calorie restriction in vivo. BMC Syst Biol 3: 31

Spina RJ, Chi MM, Hopkins MG, Nemeth PM, Lowry OH and Holloszy JO. 1996. Mitochondrial
enzymes increase in muscle in response to 7-10 days of cycle exercise. J Appl Physiol 80: 2250-
2254

Thyfault JP, Rector RS, Uptergrove GM, Borengasser SJ, Morris EM, Wei Y, Laye MJ, Burant CF, Qi
NR, Ridenhour SE, Koch LG, Britton SL and Ibdah JA. 2009. Rats selectively bred for low aero-
bic capacity have reduced hepatic mitochondrial oxidative capacity and susceptibility to hepat-
ic steatosis and injury. J Physiol 587: 1805-1816

Wang G, Chen HW, Oktay Y, Zhang J, Allen EL, Smith GM, Fan KC, Hong JS, French SW, McCaffery
JM, Lightowlers RN, Morse HC, 3rd, Koehler CM and Teitell MA. 2010. PNPASE regulates RNA
import into mitochondria. Cell 142: 456-467

Westermann B. 2010. Mitochondrial fusion and fission in cell life and death. Nat Rev Mol Cell Biol
11: 872-884

Wisloff U, Najjar SM, Ellingsen O, Haram PM, Swoap S, Al-Share Q, Fernstrom M, Rezaei K, Lee SJ,
Koch LG and Britton SL. 2005. Cardiovascular risk factors emerge after artificial selection for
low aerobic capacity. Science 307: 418-420

Yu T, Robotham JL and Yoon Y. 2006. Increased production of reactive oxygen species in hyper-
glycemic conditions requires dynamic change of mitochondrial morphology. Proc Natl Acad Sci
U S A 103: 2653-2658

Zern TL, Wood RJ, Greene C, West KL, Liu Y, Aggarwal D, Shachter NS and Fernandez ML. 2005.
Grape polyphenols exert a cardioprotective effect in pre- and postmenopausal women by low-
ering plasma lipids and reducing oxidative stress. J Nutr 135: 1911-1917

Zheng J, Chen LL, Zhang HH, Hu X, Kong W and Hu D. 2012. Resveratrol improves insulin resist-
ance of catch-up growth by increasing mitochondrial complexes and antioxidant function in
skeletal muscle. Metabolism 61: 954-965

Impaired metabolism is cause of low running capacity

71
15

Hart et al.: Impaired metabolism is cause of low running capacity

Published by ScholarWorks@UMass Amherst, 2014


	Dose-Response: An International Journal
	3-31-2014

	RESVERATROL ATTENUATES EXERCISE-INDUCED ADAPTIVE RESPONSES IN RATS SELECTIVELY BRED FOR LOW RUNNING PERFORMANCE
	Nikolett Hart
	Linda Sarga
	Zsolt Csende
	Lauren G. Koch
	Steven L. Britton
	See next page for additional authors
	Recommended Citation

	RESVERATROL ATTENUATES EXERCISE-INDUCED ADAPTIVE RESPONSES IN RATS SELECTIVELY BRED FOR LOW RUNNING PERFORMANCE
	Authors


	057-071.13-010.Radak

