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Exercise training, but not resveratrol, improves metabolic
and inflammatory status in skeletal muscle of aged men
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Key points

e Ageing is associated with lifestyle-related metabolic diseases, and exercise training has been
suggested to counteract such metabolic deteriorations.

® The natural antioxidant resveratrol has been reported to exert ‘exercise-like’ health beneficial
metabolic and anti-inflammatory effects in rodents, but little is known about the metabolic
effects of resveratrol supplementation alone and in combination with exercise training in
humans.

e The present findings showed that exercise training markedly improved muscle endurance,
increased content and activity of oxidative proteins in skeletal muscle and reduced markers of
oxidative stress and inflammation in skeletal muscle of aged men.

e Resveratrol alone did not elicit metabolic effects in healthy aged subjects, but even impaired
the exercise training-induced improvements in markers of oxidative stress and inflammation
in skeletal muscle.

Abstract The aim was to investigate the metabolic and anti-inflammatory effects of resveratrol
alone and when combined with exercise training in skeletal muscle of aged human sub-
jects. Healthy, physically inactive men (60-72 years old) were randomized to either 8 weeks
of daily intake of 250 mg resveratrol or placebo or to 8 weeks of high-intensity exercise
training with 250 mg resveratrol or placebo. Before and after the interventions, resting
blood samples and muscle biopsies were obtained and a one-legged knee-extensor end-
urance exercise test was performed. Exercise training increased skeletal muscle peroxisome
proliferator-activated receptor-y co-activator-la mRNA ~1.5-fold, cytochrome ¢ protein
~1.3-fold, cytochrome ¢ oxidase I protein ~1.5-fold, citrate synthase activity ~1.3-fold,
3-hydroxyacyl-CoA dehydrogenase activity ~1.3-fold, inhibitor of kB-« and inhibitor of kB-f
protein content ~1.3-fold and time to exhaustion in the one-legged knee-extensor endurance
exercise test by ~1.2-fold, with no significant additive or adverse effects of resveratrol on these
parameters. Despite an overall ~25% reduction in total acetylation level in skeletal muscle with
resveratrol, no exclusive resveratrol-mediated metabolic effects were observed on the investigated
parameters. Notably, however, resveratrol blunted an exercise training-induced decrease (~20%)
in protein carbonylation and decrease (~40%) in tumour necrosis factor « mRNA content in
skeletal muscle. In conclusion, resveratrol did not elicit metabolic improvements in healthy aged
subjects; in fact, resveratrol even impaired the observed exercise training-induced improvements
in markers of oxidative stress and inflammation in skeletal muscle. Collectively, this highlights
the metabolic efficacy of exercise training in aged subjects and does not support the contention
that resveratrol is a potential exercise mimetic in healthy aged subjects.
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Introduction

Ageing is directly linked to lifestyle-related metabolic
diseases (Masoro, 2001; Woods et al. 2012). Although
many tissues and organs are affected by ageing, loss of
muscle mass in concert with decreased oxidative and anti-
oxidant capacity of skeletal muscle (Conley et al. 2000;
Hollmann et al. 2007; Chabi et al. 2008) are hallmarks
in the ageing process and may have a negative impact
on whole-body metabolism. It is well established that
exercise training elicits numerous health-beneficial effects
(Pedersen & Saltin, 2006). Specifically, in aged subjects,
exercise training has been reported to counteract loss of
muscle mass and strength (Frontera et al. 1988; Hollmann
etal.2007) and to increase the oxidative capacity of skeletal
muscle (Suominen ef al. 1977; Iversen et al. 2011), thereby
postponing age-related muscle deteriorations. In addition,
exercise training is believed to exert anti-inflammatory
effects (Handschin & Spiegelman, 2008; Gleeson et al.
2011; Woods et al. 2012), which may contribute to the
beneficial effects of exercise. However, not all individuals
have the ability or desire to perform regular physical
activity.

The natural polyphenol resveratrol, present in dark
grapes and nuts, has in rodents been reported to induce
metabolic effects similar to those observed with exercise
training (Baur et al. 2006; Lagouge et al. 2006). Specifically,
resveratrol has been reported to extent lifespan of
C. elegans and Drosophila (Howitz et al. 2003; Wood
et al. 2004), to have anti-inflammatory effects (Pearson
et al. 2008; Olholm et al. 2010) and to increase exercise
endurance and skeletal muscle oxidative capacity in mice
(Lagouge etal. 2006). However, only few resveratrol studies
have been conducted in humans, and these reports have
been inconsistent (Brasnyé et al. 2011; Timmers et al.
2011; Crandall et al. 2012; Poulsen et al. 2012; Yoshino
et al. 2012) and modest compared with numerous rodent
studies (Baur et al. 2006; Lagouge et al. 2006; Um et al.
2010; Dolinsky et al. 2012; Park et al. 2012). Moreover,
only one study has, until now, examined the metabolic
effects of resveratrol in healthy aged individuals (Yoshino
et al. 2012), and no previous studies have examined the
combined effects of resveratrol and exercise training. The
previous studies primarily have focused on individuals
with pre-existing metabolic disorders, such as type 2

diabetes, insulin resistance and obesity (Brasny6 et al.
2011; Timmers et al. 2011; Crandall et al. 2012; Poulsen
etal 2012).

Although the exact molecular mechanism is debated
(Baur etal. 2006; Um et al. 2010; Park et al. 2012; Price et al.
2012), resveratrol is mainly believed to exert its metabolic
effects via an AMP-activated protein kinase (AMPK)
and/or sirtuin 1 (SIRT1)-mediated activation of the trans-
criptional co-activator peroxisome proliferator activated
receptor-y co-activator-lae (PGC-1a; Baur et al. 2006;
Lagouge et al. 2006). In addition, based on its antioxidant
properties (Stojanovi¢ et al. 2001; Olas & Wachowicz,
2005), resveratrol may not only mediate adaptations in
various organs through an AMPK-SIRT1-PGC-1« axis,
but may additionally scavenge excessive reactive oxygen
species, which may be particularly relevant during exercise
in aged individuals.

The aim of the present study was to investigate the
effects of 8 weeks of daily resveratrol intake either
alone or in combination with high-intensity exercise
training in healthy aged men. The study tested the hypo-
theses that daily intake of resveratrol elicits metabolic
adaptations and anti-inflammatory effects in skeletal
muscle of healthy aged subjects similar to exercise training,
and that resveratrol intake combined with exercise training
potentiates such metabolic and anti-inflammatory effects.

Methods
Ethical statement and subjects

The study was approved by the ethics Committee of
Copenhagen and Frederiksberg communities (H-2-2011-
079) and was conducted in accordance with the guidelines
of the Declaration of Helsinki. All subjects provided written
informed consent before the initiation of the study.

The present study was part of a larger study, and data
covering cardiovascular adaptations to exercise training
with or without resveratrol supplementation have already
been published (Gliemann et al. 2013).

Forty-three 60- to 72-year-old, physically inactive but
otherwise healthy, male subjects participated (Supporting
information Table S1 and Gliemann et al. 2013).
All subjects were non-smokers and underwent a
medical examination. None had been diagnosed with
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cardiovascular disease, hypertension, renal dysfunction,
insulin resistance or type 2 diabetes, and all subjects
had normal ECG. Two subjects (one in the training +
resveratrol group and one in the training + placebo group)
were diagnosed with hypercholesterolaemia regulated by
their own physician (medication was maintained during
the experimental period). The other participants had
normal cholesterol levels.

Experimental set-up

Study design. The study was divided into two parts,
which were both 8 week randomized, double-blinded,
placebo-controlled trials. Subjects from the first part were
assigned to either a combination of exercise training
with placebo (n = 13) or exercise training with 250 mg
resveratrol day~! (Fluxome Inc., Stenlose, Denmark;
n = 14). Subjects from the second part were assigned
to either placebo (n = 7) or 250 mg resveratrol day™!
(n =9). The allocation was based on body mass index,
fasting blood glucose, cholesterol and maximal oxygen
consumption (Table S1 and Gliemann ef al. 2013). All
participants were instructed to take one tablet each
morning. For each tablet, subjects noted the time of
consumption and any discomfort that might appear
throughout the intervention period. Furthermore, the
subjects were instructed to continue their habitual life-
style throughout the intervention period.

Exercise training protocol. The exercise training inter-
vention consisted of supervised high-intensity interval
spinning training (cycle ergometer) twice per week and
full-body circuit training once per week. In addition, the
subjects were instructed to walk 5 km once per week.
The intensity of the exercise was controlled by TEAM2
WearLink+ heart rate monitors (Polar, Kempele, Finland).

Endurance test. On the first experimental day, a dual-
energy X-ray absorptiometry scan was performed in
addition to an incremental time-to-exhaustion dynamic
one-legged knee-extensor exercise test. After acclimating
and a short warm-up, the test started at 6 W and gradually
increased by 6 W every 5 min until exhaustion. The total
energy output (in kilojoules) was calculated based on
duration (in seconds) and workload (in watts).

Muscle biopsies and blood samples. On the second
experimental day (~48 h after the first experimental day),
the subjects arrived after an overnight fast. Resting blood
samples were taken from an arm vein, and a vastus lateralis
muscle biopsy was obtained under local anaesthesia
(lidocaine; AstraZeneca, Sodertdlje, Sweden) using the
percutaneous needle biopsy technique (Bergstrom, 1975)
with suction. Muscle biopsies were quick-frozen in liquid
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nitrogen and stored (—80°C) until analysis. After the inter-
vention period, the two experimental days were repeated
in the same order, with blood samples and muscle biopsies
obtained ~1 h after consumption of either the placebo or
the resveratrol tablet.

Analyses

Plasma cytokines. Plasma cytokines were analysed
using an ultrasensitive MSD multi-spot 96-well assay
system precoated with antibodies (MesoScaleDiscovery,
Gaithersburg, MD, USA) according to the manufacturer’s
protocol. The MSD plates were measured on a MSD
Sector Imager 2400 plate reader. Raw data were measured
as electrochemiluminescence signal (light) detected
by photodetectors and analysed using the Discovery
Workbench 3.0 software (MSD). A standard curve was
generated for each analyte and used to determine the
concentration of analytes in each sample.

Isolation of RNA, reverse transcription and real-time PCR.
Total RNA was isolated from 15-20 mg muscle tissue by
a modified guanidinium thiocyanate—phenol—chloroform
extraction method (Chomczynski & Sacchi, 1987) as
described previously (Pilegaard et al. 2000), except that
the tissue was homogenized for 2 min at 30 revolutions
s~! in a TissueLyserlI (Qiagen, Hilden, Germany).

The  final  pellets were resuspended in
Diethylpyrocarbonate-treated H,O containing 0.1 mMm
EDTA. The RNA was quantified based on the absorbance
at 260 nm (Nanodrop 1000; Thermo Scientific, Rockford,
IL, USA). Purity of the RNA samples was evaluated from
the 260 nm/280 nm ratio, and all samples were above 1.8.

The Superscript II RNase H™ system and Oligo dT
(Invitrogen, Carlsbad, CA, USA) were used to reverse
transcribe the mRNA to cDNA as described previously
(Pilegaard et al. 2000). The amount of single-stranded
DNA (ssDNA) was determined in each cDNA sample by
use of OliGreen reagent (Molecular Probes, Leiden, The
Netherlands) as described previously (Lundby et al. 2005).

Real-time PCR was performed using an ABI 7900
sequence-detection system (Applied Biosystems, Foster
City, CA, USA). Primers and TaqMan probes for
amplifying gene-specific mRNA fragments were designed
using the human-specific database from ensemble
(http://www.ensembl.org/Homo_sapiens/Info/Index)
and Primer Express (Applied Biosystems). All TagMan
probes were 5'-FAM and 3’-TAMRA labelled, and primers
and Tagman probes were obtained from TAG Copenhagen
(Copenhagen, Denmark; Table 1). Real-time PCR was
performed in triplicate in a total reaction volume of 10 ul
using Universal Mastermix (Applied Biosystems). Cycle
threshold (C;) was converted to a relative amount by use
of a standard curve constructed from a serial dilution of a
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Table 1. Primer and TagMan probe sequences

J. Olesen and others

J Physiol 592.8

Forward primer

Reverse primer

Probe

PGC-1«  5'-CAAGCCAAACCAACAACTTTATCTCT-3'
TNFo 5-TCTGGCCCAGGCAGTCAGAT-3’
iNOS 5'-AGCGGGATGACTTTCCAAGA-3'

5'-CACACTTAAGGTGCGTTCAATAGTC-3’
5'-AGCTGCCCCTCAGCTTGA-3’
5'-TAATGGACCCCAGGCAAGATT-3'

5'-AGTCACCAAATGACCCCAAGGGTTCC-3'
5'-CAAGCCTGTAGCCCATGTTGTAGCAAACC-3’
5'-CCTGCAAGTTAAAATCCCTTTGGCCTTATG-3’

Peroxisome proliferator-activated receptor-y co-activator-1a (PGC-1a), tumour necrosis factor o (TNFa) and inducible nitric oxide synthase

(iNOS) primer and TagMan probe sequences used for real-time PCR.

pooled RT sample analysed together with the samples. For
each sample, target gene mRNA content was normalized
to ssDNA content.

Lysate generation and protein determination. Freeze-
dried muscle biopsies were dissected free of visible fat,
blood and connective tissue under a stereo microscope in a
temperature- (~18°C) and humidity (<30%)-controlled
room. Muscle lysate was produced from ~5-10 mg dry
weight as previously described (Birk & Wojtaszewski,
2006), except that the tissue was homogenized for 3 min
at 30 revolutions s~! in a TissueLyser (TissueLyser II;
Qiagen). Homogenates were centrifuged for 20 min,
at 16,000g, 4°C and lysates (supernatant) collected.
The protein content in lysates was measured by the
bicinchoninic acid method (Thermo Scientific).

SDS-PAGE and Western blotting. Protein content and
phosphorylation levels were measured in muscle lysates
by SDS-PAGE and Western blotting. Equal amounts
of total protein were loaded for each sample. Band
intensity was quantified using Carestream IS 4000 MM
(Fisher Scientific, Thermo Fisher Scientific, Waltham,
MA, USA) and Carestream Health Molecular Imaging
software. Commercially available antibodies were used
to detect AMPK™172 (#2535), SIRT1 (#2493), acetyl-
ated lysine residues (#9441), tumour necrosis factor «
(TNFw; #3707), inducible nitric oxide synthase (iNOS;
#2977), inhibitor of k B-a (IkB-a; #9242), inhibitor of k B-8
(IxB-B; #9248), transcription factor RelA (p65; #4764),
p65%1% (#3033), inhibitor of xB kinase (IKK; #2678),
IKKer176180 (#2697), c-Jun N-terminal kinases (JNK;
#9252), JNKThrI83TrI85 (49751), p38 mitogen-activated
protein kinases (p38; #9212), p38Thrs0Tyrls2 (445771
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
#2118), all from Cell Signaling (Danvers, MA, USA);
cytochrome ¢ (cyt ¢ #556433; BD Pharmigen, Franklin
Lakes, NJ, USA), cytochrome ¢ oxidase I (COXI; #459600;
Invitrogen), acetyl-CoA carboxylase ACC*"® (#07-303,
Millipore, Billirica, MA, USA) and AMPKa2 (a kind gift
from Professor Grahame Hardie, University of Dundee,
Dundee, UK). Protein content as well as phosphorylation
levels were expressed as arbitrary units relative to control
samples loaded on each site of each gel and normalized to
GAPDH protein.

Enzyme activities. A portion of the freeze-dried
muscle biopsies, free of connective tissue, blood
and visible fat was homogenized (1:400) in 0.3 M
phosphate buffer (pH 7.7) containing 0.05% bovine
serum albumin by use of a TissueLyser (3 min,
30 revolutions s~!). Maximal citrate synthase (CS)
activity was determined according to the manufacturer’s
protocol (Sigma-Aldrich, St Louis, MO, USA), with
absorbance kinetically measured at 405 nm (Multiscan;
Thermo Scientific) at baseline and after addition
of oxaloacetate (Sigma-Aldrich). 3-Hydroxyacyl-CoA
dehydrogenase (HAD) activity was kinetically determined
at 355 nm/460 nm (excitation/emission; Fluoroscan;
Thermo Scientific) as previously described (Lowry et al.
1978). After addition of acetoacetyl-CoA (Sigma-Aldrich),
the change in emission was converted to activity. The CS
and HAD activities were normalized to protein content
measured in the respective samples by the bicinchoninic
acid method.

Protein carbonylation. Protein carbonylation was deter-
mined in homogenates made in a 0.3 M phosphate
buffer (described in the ‘Enzyme activities subsection
above) using an OxiSelect™ ELISA-kit (Cell Biolabs,
San Diego, CA, USA) according to the manufacturer’s
protocol, with absorbance measured at 450 nm
(Multiscan; Thermo Scientific). Based on a serially
diluted oxidized/reduced bovine serum albumin standard,
the absorbance was converted to protein carbonyl
concentration and normalized to protein content in the
samples as determined by the bicinchoninic acid method.

Statistical analysis

Two-way repeated-measures ANOVA was applied to
test the effect of resveratrol vs. placebo and the
combined resveratrol + exercise training vs. combined
placebo + exercise training. If normality or variance of
the data set was skewed, the data were logarithmically
transformed before applying the ANOVA. If a main
effect was observed, pairwise differences were located by
Student—Newman—Keul’s multiple comparison post hoc
test. In addition, within-group comparisons were analysed
by Student’s paired ¢ test. A value of P < 0.05 was
considered significant, and all values are presented as
means = SEM.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Results
Compliance

Based on self-reports, all subjects took their provided
daily tablet and none of them reported any significant
side-effects throughout the intervention.

The subjects enrolled in the exercise training protocol
had a similar high compliance and completed 1.9 £ 0.1
(spinning) and 1.0 £ 0.09 (CrossFit) sessions per week.
The intensity during the supervised training was equal
between the two groups and was on average above 70% of
maximal heart rate during 67% of each training session
and above 90% of maximal heart rate during 14% of each
training session (Gliemann et al. 2013).

Subject characteristics

Baseline characteristics as well as results obtained after the
exercise training intervention with or without resveratrol
supplementation have already been published (Gliemann
et al. 2013). Detailed baseline characteristics as well as
the results after the intervention of the subjects enrolled
in the placebo and resveratrol intervention without
exercise training are given in the Supporting information
(Table S1). Briefly, for the groups without exercise
training, general blood profile (fasting glucose, total
cholesterol, high-density lipoprotein, low-density lipopro-
tein, high-density lipoprotein/low-density lipoprotein
ratio and triglycerides), body mass index, body fat
percentage and mean arterial blood pressure were similar
in the placebo and the resveratrol groups before the inter-
vention (Table S1) and did not change with either placebo
or resveratrol supplementation (Table S1).

Endurance

Eight weeks of resveratrol or placebo intake did not affect
endurance in a one-legged knee-extensor exercise test

Resveratrol and exercise training in aged human subjects
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(presented as the percentage change in energy output
in kilojoules). However, endurance increased (P < 0.05)
~1.2-fold (from 25.8 £ 1.7 to 31.6 = 2.1 kJ) with
exercise training and ~1.5-fold (from 22.9 £ 2.4 to
32.2 £ 2.6 kJ) with exercise training combined with
resveratrol supplementation, with no significant additive
effects of resveratrol supplementation (Fig. 1A). The
individual changes in endurance are given in Fig. 1B.

AMPK and ACC phosphorylation, SIRT1 protein
and total acetylation in skeletal muscle

Two suggested mediators of the metabolic effects of
resveratrol in skeletal muscle, AMPK and SIRT1, were
examined. While resveratrol alone did not affect AMPK
(Fig. 2A) and ACC phosphorylation (data not shown)
or the SIRT1 protein content (Supporting information
Fig. S1) in skeletal muscle, the overall acetylation level
decreased (P < 0.05) on average by 27% with resveratrol
in skeletal muscle (Fig. 2B). Sirtuin 1 protein data from
the exercise training study have already been published
(Gliemann et al. 2013).

Messenger RNA content of PGC-1a
in skeletal muscle

The mRNA level of PGC-1«, the downstream target of
AMPK and SIRT1, was determined in skeletal muscle.
While resveratrol alone did not affect PGC-1laa mRNA
content in skeletal muscle, exercise training increased
(P < 0.05) the PGC-1la mRNA content ~1.5-fold, with
no additional effect of resveratrol (Fig. 3).

Enzyme activities and oxidative protein content in
skeletal muscle

Resveratrol supplementation alone had no effect on
the CS and HAD activity or the cyt ¢ and COXI
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Figure 1. Percentage change in endurance (A) and individual changes in endurance (B) from before
(Pre) to after (Post) 8 weeks of intervention in placebo (n = 7), resveratrol (RSV; n = 9; 250 mg day~'),
exercise-trained and placebo (n = 13) and exercise-trained and RSV-supplemented subjects (n = 14;

250 mg day~")

Abbreviations: T, trained; and UT, untrained. Values in A are presented as means £ SEM. *Significantly different

from Pre within treatment, P < 0.05.
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protein content in skeletal muscle. In contrast, exercise
training increased (P < 0.05) CS and HAD activity
~1.3-fold, cyt ¢ protein ~1.2-fold and COXI protein
content ~1.5-fold, with no significant additional effects of
resveratrol supplementation when combined with exercise
training (Fig. 4).

Protein carbonylation in skeletal muscle

The protein carbonylation level in skeletal muscle was
evaluated as a marker of oxidative stress. While resveratrol
intake alone did not affect protein carbonylation in skeletal
muscle, exercise training decreased (P < 0.05) protein
carbonyl levels by ~20%. Resveratrol combined with
exercise training blunted the exercise training-induced
reduction in protein carbonylation in skeletal muscle
(Fig. 5).

Inflammatory signalling in skeletal muscle

Nuclear factor-«B, JNK and p38 activation were analysed
in order to examine the inflammatory status of the skeletal
muscle.

AMPK phosphorylation
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Resveratrol alone did not affect the abundance of
the I«kB-a and IkB-g (Fig. 6) or the JNK, p65, p38
and IKK phosphorylation (Supporting information Fig.
S2). Exercise training increased (P < 0.05) the protein
abundance of IxkB-a and IkB-8 1.2- to 1.3-fold, with
no additive effects when combined with resveratrol
supplementation, whereas p65, JNK, p38 and IKK
phosphorylation was unaffected by exercise training
(Fig. S2).

Inflammatory markers in skeletal muscle

Resveratrol did not affect TNFo¢ mRNA (Fig. 7) and
TNFw protein or iNOS mRNA and iNOS protein content
in skeletal muscle (Supporting information Fig. S3).
However, exercise training decreased (P < 0.05) TNF«
mRNA content by ~40%, and resveratrol combined with
exercise training blunted this effect (Fig. 7). Muscle TNF«
protein and iNOS protein were not affected by exercise
training, with or without resveratrol (Fig. S3).

Total acetylation

B Placebo RSV T- Placebo  T-RSV
Pre Post Pre Post Pre Post Pre Post
—— e g —|<=—— 50kDa
- —
- -— e —— —
i 37kDa
Acetylation I . "é
 — D c— — — — —
—
— - T — 25kDa
1.4 ~CAPDHIS e s s o — — — éﬁs? kDa

12 I T
1.0 | I

0.8 -
0.6 -
04

0.2 -

Acetylated lysine residues/GAPDH protein (a.u.)

0.0

Placebo RSV T-Placebo T-RSV

Figure 2. AMP-activated protein kinase (AMPK)™"82 phosphorylation (A) and total acetylation of lysine
residues (B) in muscle lysates from placebo (n = 7), RSV (n = 9), exercise-trained (T) and placebo (n = 13)
and exercise-trained and RSV-supplemented subjects (n = 14) before (Pre) and after (Post) 8 weeks of

intervention

AMPK phosphorylation is normalized to AMPKa2 and acetylation levels are normalized to glyceraldehyde

3-phosphate dehydrogenase (GAPDH) protein content.

Protein content and acetylation are given in arbitrary

units (a.u.). Representative blots are shown in each panel, with samples loaded in the same order as depicted in
the graph. Values are presented as means + SEM. *Significantly different from Pre within treatment, P < 0.05.
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Plasma levels of inflammatory markers

No differences were observed in systemic levels of TNF«,
interleukin-6 or C-reactive protein in any of the inter-
ventions (Supporting information Table S2).

Discussion

The main findings of the present study are that while
exercise training markedly increased muscle endurance
and the content and activity of oxidative proteins as
well as decreased the TNFoo mRNA content and protein
carbonylation level in skeletal muscle, resveratrol did not
affect these parameters. In fact, resveratrol even impaired
the exercise training-induced reductions in TNFo mRNA
content and the protein carbonylation level in skeletal
muscle. These latter findings challenge our hypotheses and
previous resveratrol studies in rodents.

The observation that resveratrol supplementation did
not affect oxidative proteins, inflammatory markers and
protein carbonylation in skeletal muscle or blood lipid
profile, body fat percentage and mean arterial blood
pressure (Table S1) is in contrast to previous reports
in rodents (Baur et al. 2006; Lagouge et al. 2006; Um
et al. 2010; Dolinsky et al. 2012; Park et al. 2012) and
a study in obese human subjects (Timmers et al. 2011).
However, recent studies in humans (Poulsen et al. 2012;
Yoshino et al. 2012) and rodents (Higashida et al. 2013;
Olesen et al. 2013) have, in agreement with the present
study, not observed any metabolic effects of resveratrol.
More strikingly, resveratrol has even been reported to

PGC-10 mRNA expression

2.0r
. pre
1.8} [ post *

16} I I

141
1.2+ I
1.0
0.8f
0.6+
0.4f

0.2
0.0

PGC-10. mMRNA/ssDNA

Placebo RSV T-Placebo T-RSV
Figure 3. Peroxisome proliferator-activated receptor-y
co-activator-1a (PGC-1e¢) mRNA normalized to single-stranded
DNA (ssDNA) content in skeletal muscle from placebo (n = 7),
RSV (n = 9), exercise-trained (T) and placebo (n = 13) and
exercise-trained and RSV-supplemented subjects (n = 14)
before (Pre) and after (Post) 8 weeks of intervention

Values are presented as means + SEM. *Significantly different from

Pre within treatment, P < 0.05.
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impair AMPK-mediated metabolic signalling in human
primary myotubes (Skrobuk et al 2012). The lack of
resveratrol-induced effects on AMPK signallingand SIRT1
protein content in skeletal muscle in the present study is
in accordance with two previous studies (Poulsen et al.
2012; Yoshino et al. 2012) and may underlie the absence
of effects on PGC-1lo and its downstream targets, cyt ¢
and COXI. However, resveratrol did seem to affect the
overall acetylation level in skeletal muscle, potentially
reflecting increased SIRT1 activity (Baur er al. 2006;
Lagouge et al. 2006), although seemingly insufficient to
induce any downstream metabolic effects in the present
settings.

Although the bioavailability of resveratrol has been
reported as relatively low in humans (Walle, 2011), the
discrepancies between the various human studies do not
seem to be dose related. Hence, the study by Timmers
et al. (2011) reporting metabolic improvements used an
intermediate resveratrol dose of 150 mg day ™! for 30 days,
reaching a plasma resveratrol concentration of 0.8 uM,
whereas the present study (250 mg day~! for 8 weeks)
and the studies by Youshino et al. (2012) and Poulsen et al.
(2012), using 75 mg day ! for 12 weeks and 1500 mg day !
for 4 weeks, respectively, did not find similar metabolic
effects. [t may be argued that the pharmacological window
of resveratrol-mediated metabolic effects is narrow, and
it is likely that an optimal dose exists, at least in vitro
(Higashida et al. 2013). However, evidence from rodents
does not support this, because resveratrol doses ranging
from ~20 mg (kg body weight)™! day™! to ~1 g (kg
body weight)~! day™! all have been reported to elicit
metabolic effects (Baur et al. 2006; Lagouge et al. 2006;
Dolinsky et al. 2012; Price et al. 2012). In addition, a
pilot study performed by Poulsen et al. (2012), using
the same supplier of resveratrol as in the present study,
reported that the plasma levels after an acute intake of
500 mg of resveratrol resulted in a plasma resveratrol
concentration of ~1.5 uM. Hence, it may be expected
that the present dose (250 mg) has resulted in a plasma
resveratrol concentration of ~0.75 uM, which is similar to
the plasma resveratrol concentration observed in the study
by Timmers et al. (2011). In contrast, it may be speculated
that the subjects in the present study as well as in the pre-
vious study with aged, non-obese women (Yoshino et al.
2012) were too ‘metabolically healthy’ to experience any
improvements with resveratrol. Accordingly, resveratrol
does not improve plasma lipid profile, glucose tolerance,
insulin sensitivity or lifespan in ‘metabolically healthy’
rodents (Turrens et al. 1997; Juan et al. 2002; Miller
et al. 2011; Higashida et al. 2013; Strong et al. 2013).
Collectively, these observations may indicate that a certain
degree of metabolic dysfunction is a prerequisite to obtain
favourable effects of resveratrol. However, future human
studies are needed to verify this and to elucidate the
apparent species-related discrepancies.
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The present observations that exercise training led
to a co-ordinated increase in muscle endurance,
mitochondrial oxidative proteins and CS and HAD
enzyme activity in skeletal muscle are in accordance with
previous studies in young (Holloszy, 1967; Gollnick et al.
1973; Henriksson & Reitman, 1977) and aged subjects
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(Suominen et al. 1977; Iversen et al. 2011) and emphasize
the high plasticity of skeletal muscle even with increasing
age (Short efal. 2003; Ghosh et al. 2011). In addition, these
data collectively support that exercise training improves
muscle function in aged individuals through several intra-
cellular metabolic adaptations.

B HAD activity
14 %
I *
— 12+ I
=
5
[s]
& 10} T
T
D
‘TE 81 I
£
E
S 6
1S
=
2 L
= 4
©
©
[a) =
e 2
T
0

Placebo RSV T-Placebo T-RSV

D COXI protein
Placebo RSV T-Placebo T-RSV

Pre Post Pre Post Pre Post Pre Post

cox | N - - - e

~=——37kDa

20 [GAPDH ———— Ny — —— <——37kDa

1.8 o

1.6 I

1.4

*

1.2

10 - I

08

—

06 |-
04

COXI protein/GAPDH protein

0.2

0.0

Placebo RSV T-Placebo T-RSV

Figure 4. Citrate synthase (CS) activity (A), 3-hydroxyacyl-CoA dehydrogenase (HAD) activity (B), cyto-
chrome c(cyt c) protein (C) and cytochrome c oxidase | (COXI) protein (D) in skeletal muscle from placebo
(n=17),RSV (n =9), exercise-trained (T) and placebo (n = 13) and exercise-trained and RSV-supplemented
subjects (n = 14) before (Pre) and after (Post) 8 weeks of intervention

Protein content is normalized to GAPDH and given in arbitrary units (a.u.). Representative blots are shown in each
panel, with samples loaded in the same order as depicted in the graph. Values are presented as means + SEM.
*Significantly different from Pre within treatment, P < 0.05.
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The observed increase in PGC-1ae mRNA with exercise
training is in accordance with some previous studies
(Russell et al. 2003; Short et al. 2003), but in contrast
to others (Pilegaard et al. 2003; Nordsborg et al. 2010).
Previous reports have shown that PGC-1ee mRNA content
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Figure 5. Protein carbonylation levels in skeletal muscle from
placebo (n = 7), RSV (n = 9), exercise-trained (T) and placebo
(n = 13) and exercise-trained and RSV-supplemented subjects
(n = 14) before (Pre) and after (Post) 8 weeks of intervention
Values are presented as means + SEM. *Significantly different from
Pre within treatment, P < 0.05.
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increases transiently during recovery from a single exercise
bout (Baar ef al. 2002; Pilegaard et al. 2003), returning to
baseline within 24 h of recovery. The present increase in
PGC-la ~48 h after the last exercise training session is
therefore surprising, but may be due to a combination of
the age of the subjects and the intense exercise training
protocol, which may have led to an accumulation of
PGC-la mRNA in these aged subjects. Hence, PGC-1a
mRNA has previously been reported to be lower in elderly
subjects (Ling et al. 2004), and the exercise training may
therefore have elicited a more marked increase in basal
PGC-1la mRNA level in the aged subjects than in young
subjects. Although PGC-1la has been shown not to be
mandatory for exercise training-induced adaptations in
oxidative proteins in skeletal muscle of young mice (Leick
etal.2008; Geng et al. 2010), other studies have emphasized
a role of PGC-1l« in basal mitochondrial function (Lin
etal. 2002, 2004; Handschin et al. 2007; Wende et al. 2007)
and exercise training-induced mitochondrial adaptations
(Geng et al. 20105 Leick et al. 2010). Taken together, these
data may suggest that an increased PGC-1la expression
underlies the co-ordinated exercise training-induced
metabolic adaptations in skeletal muscle in the present
study.

The present findings that combined exercise training
and resveratrol supplementation did not elicit additive
effects on oxidative proteins in skeletal muscle are in
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Protein content is normalized to GAPDH and given in arbitrary units (a.u.). Representative blots are shown in each
panel, with samples loaded in the same order as depicted in the graph. Values are presented as means + SEM.
*Significantly different from Pre within treatment, P < 0.05.
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contrast to a previous study in mice (Menzies et al. 2013),
but in accordance with a mouse study from our laboratory
(Ringholm et al. 2013). The discrepancies between these
studies are difficult to explain, but the present similar
increase in skeletal muscle oxidative capacity in the two
exercise training groups may be explained by the observed
similar increase in PGC-1oe mRNA in the two groups.
The exercise training-induced reduction in protein
carbonylation indicates that the subjects had a reduced
level of oxidative stress after the training period, which may
be explained by the concomitant exercise training-induced
increase in superoxide dismutase 2, as previously pub-
lished (Gliemann et al. 2013). The novel observation
that resveratrol impaired the exercise training-induced
reduction in protein carbonylation is surprising. Although
some previous studies have reported no impact of anti-
oxidant treatment on exercise training-induced effects,
other studies have reported that supplementation with
various antioxidants in combination with exercise
training blunts exercise training-induced adaptations
(Gomez-Cabrera et al. 2008; Ristow et al. 2009). Pre-
vious studies have shown that reactive oxygen species
are important inducers of antioxidant enzymes (Jackson
et al. 2002) and important for insulin action (Loh et al.
2009). Given the previously reported direct antioxidant
properties of resveratrol (Stojanovic et al. 2001; Olas &
Wachowicz, 2005), it may be speculated that resveratrol
has scavenged reactive oxygen species and blunted the
exercise training-induced reduction in oxidative stress.
However, the previously published similar protein levels
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of catalase, glutathione peroxidase 1 and superoxide
dismutase 2 in the two exercise training groups (Gliemann
etal. 2013) do not support this, underlining that additional
studies are needed to elucidate the effects of resveratrol on
the handling of reactive oxygen species during exercise.

The increased abundance of I«kB-« and I«B-f protein
content with exercise training is in accordance with pre-
vious studies (Sriwijitkamol ef al. 2006; Schenk et al. 2009)
and indicates that exercise training led to reduced nuclear
factor-«B signalling. These findings are intriguing and
may explain the reduced TNFoe mRNA level and support
the finding that exercise training has anti-inflammatory
effects (Pedersen & Saltin, 2006; Gleeson et al. 2011;
Woods et al. 2012). The novel finding that resveratrol
blunted the exercise training-induced reduction in TNF«
mRNA content is interesting and may, to some extent,
be explained by the impaired exercise training-induced
increase in IkB-B protein content. As nuclear factor-«B
is a redox-sensitive transcription factor, the parallel
impaired exercise training-induced reduction in oxidative
stress in skeletal muscle of these subjects may indirectly
underlie these observations. However, the similar p65
phosphorylation level and I«B-« protein content between
the two exercise training groups does not fully support
this. It should also be noted that the decreased TNF«
mRNA level with exercise training was not reflected at the
protein level in skeletal muscle or in plasma, which again
suggests that the subjects were too ‘metabolically healthy’
for systemic anti-inflammatory effects to be detected.

In conclusion, the present findings indicate that
resveratrol supplementation did not elicit metabolic
improvements in healthy aged subjects. In contrast,
resveratrol even impaired the observed exercise
training-induced reduction in TNFo mRNA and protein
carbonylation in skeletal muscle. These findings contra-
dict our hypotheses and earlier studies in rodents (Baur
et al. 2006; Kim et al. 2007; Jackson et al. 2011). The
observed improvements in muscle endurance, oxidative
proteins and markers of oxidative stress and inflammation
in skeletal muscle after the exercise training period
underline the efficacy of exercise training and highlight
the remarkable plasticity of skeletal muscle even with
increasing age. Taken together, the present data support
the notion that exercise training may have numerous
health-beneficial effects in aged individuals, potentially
postponing age-related metabolic deterioration, while use
of resveratrol as a daily supplement in conjunction with
exercise training may be questioned in healthy aged people.
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