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ARTICLE

Resveratrol supplementation does not augment performance
adaptations or “bre-type…speci“c responses to high-intensity
interval training in humans
Trisha D. Scribbans, Jasmin K. Ma, Brittany A. Edgett, Kira A. Vorobej, Andrew S. Mitchell,
Jason G.E. Zelt, Craig A. Simpson, Joe Quadrilatero, and Brendon J. Gurd

Abstract: The present study examined the effect of concurrent exercise training and daily resveratrol (RSV) supplementa-
tion (150 mg) on training-induced adaptations following low-dose high-intensity interval training (HIIT). Sixteen recreation-
ally active ( � 22 years, � 51 mL·kgŠ1·min Š1) men were randomly assigned in a double-blind fashion to either the RSV or
placebo group with both groups performing 4 weeks of HIIT 3 days per week. Before and after training, participants had a
resting muscle biopsy taken, completed a peak oxygen uptake test, a Wingate test, and a submaximal exercise test. A main
effect of training ( p < 0.05) and interaction effect ( p < 0.05) on peak aerobic power was observed; post hoc pairwise
comparisons revealed that a signi“cant ( p < 0.05) increase occurred in the placebo group only. Main effects of training
(p < 0.05) were observed for both peak oxygen uptake (placebo … pretraining: 51.3 ± 1.8, post-training: 54.5 ± 1.5 mL·kgŠ1·min Š1,
effect size (ES) = 0.93; RSV … pretraining: 49.6 ± 2.2, post-training: 52.3 ± 2.5 mL·kgŠ1·min Š1, ES = 0.50) and Wingate peak
power (placebo: pretraining: 747 ± 39, post-training: 809 ± 31 W, ES = 0.84; RSV … pretraining: 679 ± 39, post-training: 691 ±
43 W, ES = 0.12). Fibre-type distribution was unchanged, while a main effect of training ( p < 0.05) was observed for succinate
dehydrogenase activity and glycogen content, but not � -glycerophosphate dehydrogenase activity or intramuscular lipids
in type I and IIA “bres. The fold change in PGC-1� , SIRT1, and SOD2gene expression following training was signi“cantly
(p < 0.05) lower in the RSV group than placebo. These results suggest that concurrent exercise training and RSV supple-
mentation may alter the normal training response induced by low-volume HIIT.

Key words:resveratrol, high-intensity interval training (HIIT), PGC-1 � , skeletal muscle, antioxidant, oxidative/glycolytic capacity,
anaerobic exercise capacity.

Résumé : Cette étude analyse l•effet combiné de l•exercice physique et de la supplémentation journalière en resvératrol
(« RSV » : 150 mg) sur les adaptations consécutives a` une séance d•une faible dose d•entraînement par intervalles a` haute
intensité (« HIIT »). On répartit aléatoirement a ` double insu seize hommes actifs par loisir ( � 22 ans,� 51 mL·kgŠ1·min Š1) dans
deux groupes (RSV et placebo) soumis pareillement à 4 semaines de HIIT à raison de 3 jours par semaine. Avant et après une
séance d•entraînement, on pratique une biopsie musculaire au repos et les sujets participent a ` un test de la consommation
maximale d•oxygène de pointe, un test de Wingate et un test d•effort sous-maximal. La puissance aérobie de pointe présente
un effet principal de l•entraînement ( p < 0,05) et une interaction ( p < 0,05); l•analyse post-hoc de la comparaison par paire
révèle une augmentation signi“cative ( p < 0,05) seulement dans le groupe placebo. L•analyse révèle un effet principal de
l•entraînement ( p < 0,05) sur de la consommation maximale d•oxygène de pointe (placebo … formation avant : 51,3 ± 1,8,
après la formation : 54,5 ± 1,5 mL·kg Š1·min Š1, ampleur de l•effet (AE) = 0,93; RSV … formation avant : 49,6 ± 2,2, après la
formation : 52,3 ± 2,5 mL·kg Š1·min Š1, AE = 0,50) et la puissance de pointe au test de Wingate (placebo: formation avant : 747 ±
39, après la formation : 809 ± 31 W, AE = 0,84; RSV … formation avant : 679 ± 39, après la formation : 691 ± 43W, AE = 0,12).
La proportion des types de “bre musculaire ne varie pas; le programme d•entraînement révèle un effet principal de
l•entraînement ( p < 0,05) sur l•activité de la déshydrogénase succinique et le contenu en glycogène, mais pas sur l•activité
de la GPD et le contenu de lipides des “bres musculaires de type I et IIA. Les variations des valeurs de PGC-1� , de SIRT1et de
l•expression du gène SOD2suscitées par l•entraînement sont signi“cativement plus faibles ( p < 0,05) dans le groupe RSV
comparativement au groupe placebo. D•après ces observations, la combinaison de l•entraînement physique et de la
supplémentation en RSV semble modi“er l•adaptation normale a ` l•entraînement suscitée par un HIIT de faible volume.
[Traduit par la Rédaction]

Mots-clés :resvératrol, entraînement par intervalle d•intensité élevée (HIIT), PGC-1 � , muscle squelettique, antioxydant, capacité
oxydative/glycolytique, capacité d•effort anaérobie.
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Introduction
Exercise training results in improvements in exercise perfor-

mance that are mediated, at least partially, by increases in mito-
chondrial content maximal aerobic and anaerobic power, and an
improved capacity to oxidize fatty acids during submaximal exer-
tion ( Burgomaster et al. 2008; Shepherd et al. 2013; Terada et al.
2004). Resveratrol (RSV), a naturally occurring polyphenol, has
recently been proposed to function as an •exercise mimeticŽ
because of its antioxidant properties ( Baur and Sinclair 2006) and
its ability to stimulate mitochondrial biogenesis through activation
of the AMPK/SIRT1/PGC-1� axis (Cantó and Auwerx 2009 ; Lagouge
et al. 2006). More speci“cally, in rodent models, chronic RSV feed-
ing improves metabolic and cardiovascular function ( Baur and
Sinclair 2006 ; Lagouge et al. 2006; Pearson et al. 2008), exercise
performance, and maximal oxygen uptake ( Lagouge et al. 2006;
Murase et al. 2008).

Findings from these murine studies ( Baur and Sinclair 2006 ;
Lagouge et al. 2006; Murase et al. 2008; Pearson et al. 2008) provide
compelling evidence that suggests RSV supplementation, in com-
bination with exercise training, may augment training-induced
adaptations in skeletal muscle metabolic function and perfor-
mance. Also in rodent models, concurrent RSV feeding and exer-
cise training has been demonstrated to induce greater increases in
cardiac function ( Dolinsky et al. 2012), aerobic capacity (Dolinsky
et al. 2012; Hart et al. 2013), and skeletal muscle oxidative capacity
(Dolinsky et al. 2012; Hart et al. 2013; Menzies et al. 2013) than
exercise training alone. These results position RSV as a potentially
potent ergogenic aid for individuals seeking improved exercise
performance.

Unfortunately, although perhaps not surprisingly ( Joyner 2013),
the ef“cacy of RSV at improving metabolic and cardiovascular func-
tion in humans has proven to be much less profound. For example,
while several early reports demonstrated a bene“cial effect of RSV on
metabolic health ( Crandall et al. 2012; Timmers et al. 2011), these
results have proven dif“cult to reproduce in different populations
(Poulsen et al. 2013; Yoshino et al. 2012). Furthermore, in stark
contrast to the synergistic effects of RSV feeding during exercise
training observed in rodents, a recent report examining the
combined effects of exercise and RSV in older (aged 60…72 years)
men demonstrated that RSV supplementation reduced training-
induced improvements in cardiovascular function and exercise
performance ( Gliemann et al. 2013). Given the controversy gen-
erated by these apparent RSV-mediated reductions in training-
induced adaptations ( Smoliga and Blanchard 2013), and the
equivocality of studies examining RSV-induced metabolic effects
in humans ( Crandall et al. 2012; Poulsen et al. 2013; Timmers et al.
2011; Yoshino et al. 2012), it is of considerable interest if the ap-
parent negative effects of concurrent exercise training and RSV
supplementation are limited to older men, and (or) if exercise-
mediated increases in variables known to contribute to improved
exercise performance, in addition to maximal oxygen uptake, are
similarly affected by RSV supplementation.

Therefore, the purpose of this study was 3-fold: ( i) to examine
the effects of RSV supplementation on exercise-mediated increases
in aerobic capacity in young healthy men; ( ii ) to examine if RSV
supplementation impacts exercise-induced adaption in anaerobic
capacity and submaximal substrate utilization; and ( iii ) to deter-
mine if RSV supplementation impacts skeletal muscle gene
expression or adaptations in oxidative/glycolytic capacity in a
“bre-speci“c manner. We hypothesized that exercise capacity
would increase in both groups following training, but as a result
of RSV•s reported ability to counteract training-induced improve-
ments in exercise performance ( Gliemann et al. 2013), the magni-
tude of increase would be reduced in the RSV group.

Materials and methods
All experimental procedures performed on human participants

were approved by the Health Sciences Human Research Ethics
Board at Queen•s University and conformed to the Declaration of
Helsinki. Verbal and written explanations of the experimental
protocol and associated risks were provided to all participants
prior to obtaining written informed consent.

Experimental design
Muscle biopsies were taken, and aerobic and anaerobic exercise

capacity and submaximal exercise substrate utilization were de-
termined before and after the 4-week training intervention ( Fig. 1A).
The training intervention consisted of 4 weeks of extremely low-
volume cycle high-intensity interval training (HIIT) ( Ma et al. 2013;
McRae et al. 2012; Tabata et al. 1996) performed 3 times per week
(Fig. 1B). During the intervention participants were administered
daily doses of either RSV (150 mg) or placebo using a randomized
double-blind design.

Participants
Sixteen participants, who engaged in less tha n 3 h of structured

aerobic exercise per week at enrollment, volunteered for the
study (participant characteristics are presented in Table 1). Partic-
ipants were randomly assigned to either the RSV ( n = 8) or placebo
(n = 8) supplemented group. Participants were instructed to main-
tain exercise and nutritional habits and to avoid the ingestion of
nutritional supplements and foods high in naturally occurring
RSV (grapes, some teas, and peanuts) for the duration of the study.
All participants completed all 12 training sessions over the 4-week
period.

Physiological testing
During baseline testing (pretraining), participants reported

to the lab following an overnight fast (�12 h). A muscle biopsy was
obtained 30 min after participants consumed a standardized
breakfast (plain bagel (190 kcal ; 1 g fat, 36 g carbohydrate, 7 g protein)
with 15 g of peanut butter (90 kcal ; 8 g fat, 4 g carbohydrate, 3 g
protein) and 200 mL of apple juice (90 kcal ; 0 g fat, 22 g carbohy-
drate, 0 g protein)). The biopsy was taken from the vastus lateralis
under super“cial local anaesthesia (2% lidocaine, with epineph-
rine) using the Bergstrom needle biopsy technique ( Bergstrom
1975) adapted with suction.

Forty-eight hours following the muscle biopsy, participants
completed an incremental ramp protocol to exhaustion to
determine peak oxygen uptake ( V� O2peak) as described previously
(Edgett et al. 2013). Following completion of the V� O2peak test, par-
ticipants rested for 30 min before completing a Wingate test con-
sisting of 2 min of load-less cycling followed by 30 s of •all-outŽ
effort (5% body weight). RPM was collected continuously and peak
(“rst 5-s average) and mean power (average for total 30 s) were
determined. Twenty-four hours after the V� O2peak and Wingate
tests, participants returned to the lab following an overnight fast
(�12 h) and completed a steady-state cycle test 30 min after con-
sumption of a standardized breakfast (see above for meal details).
The test consisted of 15 min of sitting on the cycle ergometer
(rest) followed by 30 min of cycling at 150 W. Gas exchange was
collected continuously throughout both rest and exercise using a
metabolic cart (Moxus AEI Technologies, Pittsburgh, Pa., USA).
Average oxygen uptake, carbon dioxide output, and respiratory
exchange ratio (RER) were calculated during the last 10 min of rest
and for the entire 30 min of exercise. See Fig. 1 for a schematic
timeline of the pre- and post-training physiological testing.

Post-training testing began 72 h following the “nal training
session and was conducted in an identical manner as baseline
testing procedures. Please see above for details.
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Training protocol
The training protocol has been described in detail previously

(Ma et al. 2013; Tabata et al. 1996). Brie”y, participants completed
eight 20-s intervals at � 170% of peak aerobic work rate (WRpeak)
separated by 10 s of rest (Fig. 1B). During rest periods participants
cycled against no load at a cadence of their choice. Three training
sessions were completed per week over the 4-week intervention
period.

Supplementation
Participants consumed either a placebo or RSV supplement daily

for 4 weeks (28 days) during the training portion of the study. The
“rst dose was administered � 24 h prior to each participants “rst
training session and the last dose after the last training session
(� 72 prior to the commencement of post-testing). Daily RSV dos-
ages contained 150 mg of 99%trans-RSV (resVida). Placebo pills
were identical to the RSV supplements but contained inert micro-

crystalline cellulose. Both participants and investigators were
blinded to the contents of the pills. On training days, participants
consumed the supplement � 15 min after the completion of exer-
cise under supervision of an investigator. On nonexercise days,
subjects consumed their supplements with breakfast with con“r-
mation being obtained by an investigator via text message.

Immuno”uorescent and histochemical analysis
Immuno”uorescent analysis of myosin heavy chain (MHC)

isoforms was performed, as previously described ( Bloemberg
and Quadrilatero 2012 ), using primary antibodies against MHCI
(BA-F8), MHCIIa (SC-71), andMHCIIx (6H1) (Developmental Studies
Hybridoma Bank), followed by isotype-speci“c ”uorescent sec-
ondary antibodies. This allowed for the identi“cation of type I
(blue), type IIA (green), type IIX (red), as well as hybrid “bre types
(IIAX). For all analyses type IIX and type IIAX “bres were analyzed
together (type IIAX/IIX). Fibre-type composition was determined
by counting all “bres within a muscle cross-section.

For all immuno”uorescent procedures, sections were mounted
with Prolong Gold Antifade Reagent (Life Technologies) and im-
aged the following day. All sections were visualized with an Axio
Observer Z1 microscope (Carl Zeiss). Individual images were taken
across the entire muscle cross-section and assembled into a com-
posite panoramic image using AxioVision software (Carl Zeiss).

As a general indicator of oxidative and glycolytic poten-
tial, histochemical staining for succinate dehydrogenase (SDH)
(Blanco et al. 1988) and � -glycerophosphate dehydrogenase
(GPD) (Halkjaer-Kristensen and Ingemann-Hansen 1979 ) activity
was performed ( Bloemberg and Quadrilatero 2012 ). Intramuscular
lipid content was determined with Oil Red O staining ( Koopman
et al. 2001), whereas glycogen content was determined using the
Periodic Acid…Schiff reaction (Quadrilatero et al. 2010 ). Images
were acquired with a bright “eld Nikon microscope linked to a
PixelLink digital camera. Individual images were taken across

Fig. 1. Schematic diagram of the timeline for pre- and post-training physiological testing and training protocols. Participants performed
physiological testing (A) prior to beginning training and daily supplementation of either 150 mg placebo or resveratrol (RSV), and 72 h
following the last training bout. Participants performed 3 weekly bouts of low-volume high-intensity interval cycle training (HIIT) while
taking daily placebo or RSV (B). RER, respiratory exchange ratio; V� O2peak, peak oxygen uptake; WR, work rate.

Table 1. Participant characteristics ( N = 16).

Placebo (n = 8) RSV (n = 8)

Pre Post Pre Post

Age (y) 22±1 — 21±1 —
Height (cm) 182±2 — 183±2 —
Body mass (kg) 80±2.9 80±2.5 76±2.6 76±3.0
BMI (kg·mŠ2) 24±0.8 24±0.6 22±0.6 22±0.7
Absolute V� O2peak (mL·min Š2)* 4116±224 4352±187 3834±254 4084±271
Peak aerobic power (W)*,• 314±37 341±41‚ 340±23 347±23

Note: Data are means ± SE unless otherwise indicated. BMI, body mass index;
V� O2peak, peak oxygen uptake.

*Main effect of training, p < 0.05.
• Signi“cant group by time interaction effect, p < 0.05.
‚ Signi“cant ( p < 0.05) within-group effect of training (determined using a post

hoc, pairwise comparison), p < 0.05.
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the entire muscle cross-section and assembled into a compo-
site panoramic image using Microsoft Image Composite Editor
(Microsoft). Image analysis was performed in ImageJ (National
Institutes of Health) by converting color images to 8-bit, and cal-
culated by subtracting background staining of individual “bres.
Compiled images were matched to “bre-type images and � 30 of
each “bre type were randomly selected and analyzed with data
being expressed relative to the values obtained in type I “bres,
which were assigned a reference value of 1.0, and reported as
mean optical density in arbitrary units (AU).

Quantitative real-time polymerase chain reaction (PCR)
RNA was extracted using a modi“ed version of the single-step

method by guanidinium thiocyanate-phenol-chloroform extrac-
tion ( Chomczynski and Sacchi 2006). The puri“ed RNA pellet was
dissolved in RNase and DNase-free ultrapure water then quanti-
“ed spectrophotometrically at 260 nm. Protein contamination
was assessed by measuring absorbance at 280 nm. Samples had an
average 260:280 ratio of 1.99 ± 0.02 (mean ± SD). One microgram of
resulting RNA was reverse transcribed using the QuantiTect
Reverse Transcription Kit (Qiagen, Mississauga, Ont., Canada).
Transcript levels were determined on an ABI 7500 Real Time PCR
System (Foster City, Calif., USA) using the following protocol:
1 cycle at 95 °C for 15 min, 40 cycles of 95 °C for 15 s, 30 s at the
primer set speci“c annealing temperature ( Table 2), and 72 °C for
36 s, followed by a dissociation curve to assess speci“city of the
reaction. Primer set ef“ciencies were determined using real- time
PCR with an appropriate cDNA dilution series prior to sample
analysis. Average primer set-speci“c ef“ciencies ( Rasmussen 2001)
were E = 2.06 ± 0.06 (mean ± SD). All samples were run in duplicate
25-� L reactions that contained 50 ng cDNA, 0.58 mmol·L Š1prim-
ers, and GoTaq PCR Master Mix (Promega, Madison, Wis., USA).
No-template controls were run with water in place of cDNA to
ensure the absence of contamination. Results were analyzed ac-
cording to the �� Ct method using TATA-binding protein as a
housekeeping gene (Livak and Schmittgen 2001 ). Primer sets are
listed in Table 2.

Statistical analysis
A 2-way, mixed ANOVA was used to compare the effect of group

(RSV and placebo) and time (pre- and post-training) for all muscle
derived data (SDH, GPD, intramuscular glycogen, and lipid) and
pre- to post-training physiological testing data. A Bonferroni cor-
rection was used for post hoc pairwise comparison of means for
main effects and signi“cant interactions. To evaluate the practical
signi“cance of the training effect, standardized mean effect sizes
(ESs) (Cohen•sd) were calculated as described by Cohen (1988)with
a large effect corresponding to >0.8, a moderate effect >0.5, and a
small effect >0.2 ( Cohen 1988). All “bre-type…speci“c analyses
were performed within a particular “bre type. All statistical anal-

ysis was performed using GraphPad Prism version 5.01 (GraphPad
Software Inc., La Jolla, Calif., USA). Post hoc power calculations
were performed using G*Power software ( Faul et al. 2007). Statis-
tical signi“cance was accepted at p < 0.05 and all data are pre-
sented as means ± SE.

Results

V�O2peak

A main effect of training ( p < 0.05) on V� O2peak (Table 1; Fig. 2) was
observed following training (placebo: ES = 0.93; RSV: ES = 0.50). A
main effect of training ( p < 0.05) and interaction effect ( p < 0.05)
on peak aerobic power ( Table 1) was observed with post hoc anal-
ysis, revealing a signi“cant ( p < 0.05) increase in the placebo group
only.

Wingate peak power and training session performance
A main effect of training ( p < 0.05) on Wingate peak power

(Fig. 3A; placebo: ES = 0.84, RSV: ES = 0.12) and average interval
power generated during training session 1 compared with train-
ing session 11 (Fig. 3B; placebo: ES = 0.87, RSV: ES = 0.45) was
observed.

Exercise substrate utilization
No effect of signi“cant main effect of training was observed for

either resting ( Fig. 3C; placebo: ES = Š0.04, RSV: ES = 0.83) or
exercise (Fig. 3D; placebo: ES = 0.02, RSV: ES = 0.79) RER.

Fibre-type distribution and enzyme activities
No effect of training was demonstrated for “bre-type distribu-

tion following training in either group ( Fig. 4B). A main effect of
training ( p < 0.05) was observed for SDH activity in type I (placebo:

Table 2. List of primer sequences used for real-time polymerase chain reaction and their speci“c annealing temper-
atures (T).

Gene Forward primer (5 =¡ 3=) Reverse primer (5=¡ 3=) T (°C) NCBI RefSeq

PGC-1� CACTTACAAGCCAAACCAACAACT CAATAGTCTTGTTCTCAAATGGGGA 59 NM_013261.3
PDK4 CGGCTGGTGGGAAGACTTGA TGCCGCGGAGTGAAGAGTCT 59 NM_002612.3
SIRT1 AGAACATAGACACGCTGGAACA CAAGATGCTGTTGCAAAGGAACC 59 NM_012238.4
GCN5 AAGGACCCCGACCAGCTCTA GGGAAGCGGATGACCTCGTA 59 NM_021078.2
RIP140 GTTCCACTCAGCCCAGCAGT AGACCCTGCACAGCCCAAGT 59 NM_003489.3
EGR1 AGCAGCCCTACGAGCACCT CGAGTGGTTTGGCTGGGGTA 59 NM_001964.2
p53 CCAACAACACCAGCTCCTCT CCTCATTCAGCTCTCGGAAC 61 NM_000546.5
GPx1 GAGAACGCCAAGAACGAAGA TCTCGAAGAGCATGAAGTTGG 59 NM_201397.1
SOD2 GACAAACCTCAGCCCTAACG CGTCAGCTTCTCCTTAAACTTG 59 NM_000636.2
TBP AGACGAGTTCCAGCGCAAGG GCGTAAGGTGGCAGGCTGTT 59 NM_003194.4

Note: EGR1, early growth response protein 1; GCN5, general control nonderepressible 5; GPx1, glutathione peroxidase 1; PDK4,
pyruvate dehydrogenase kinase 4; PGC-1� , peroxisome proliferator-activated receptor gamma coactivator 1 alpha; RIP140, receptor-
interacting protein 140; SIRT1, silent mating type information regulation 2 homolog 1; SOD2, superoxide dismutase 2: TBP, TATA-
binding protein.

Fig. 2. Effects of exercise training supplemented with resveratrol
(RSV) or placebo on maximal oxygen uptake ( V� O2peak). Relative
V� O2peak (mL·kgŠ1·min Š1) before (Pre) and after (Post) 4 weeks of
low-volume high-intensity interval training supplemented with
daily RSV or placebo. *, Main effect of training ( p < 0.05).
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ES = 1.12, RSV: ES = 0.94) and IIA (placebo: ES = 1.54, RSV: ES = 1.13)
“bres following training in both groups ( Fig. 4C), while no effect
of training was observed in any “bre type for GPD activity in
either group ( Fig. 4D; type I … placebo: ES = 0.02, RSV: ES = 0.18;
type IIA … placebo: ES = Š0.18, RSV: ES = 0.07). Representative slides
are shown in Fig. 4A.

Fibre-type…speci“c substrate storage
A main effect of training ( p < 0.05) was observed for glycogen

content in type I ( Fig. 5B; placebo: ES = 0.24, RSV: ES = 1.46) and
type IIA “bres ( Fig. 5C; placebo: ES = 0.62, RSV: ES = 1.60). No effect
of training was observed for intramuscular lipid content in type I
or IIA “bres following training ( Fig. 5D; type I … placebo: ES = 0.00,
RSV: ES = 0.80; type IIA … placebo: ES = …0.24, RSV: ES = 0.41).

Gene expression
The fold change in PGC-1� (Fig. 6A), SIRT1(Fig. 6B), and SOD2

(Fig. 6C) gene expression was signi“cantly ( p < 0.05) different
between placebo and RSV. No differences were observed between
groups for GPx1(Fig. 6D), EGR1, GCN5, p53, PDK4, or RIP140gene
expression (Table 3).

Discussion
The present study examined the impact of 4 weeks of LV-HIIT,

supplemented with either 150 mg of RSV or placebo daily, on
aerobic and anaerobic exercise performance, exercise substrate
utilization, skeletal muscle gene expression, and “bre-type…
speci“c adaptations. LV-HIIT, both in the presence and absence of
RSV supplementation, signi“cantly increased ( p < 0.05) maximal
oxygen uptake, Wingate peak power, and training performance
(average training session power), while resting and exercise RER
remained unchanged following training. These differences in ex-
ercise capacity and substrate utilization were accompanied by the
following adaptations within skeletal muscle: ( i) comparable in-
creases in SDH activity in both type I and type IIA “bres; ( ii ) com-
parable increases in glycogen content of type I and IIA “bres; and
(iii ) reductions in the fold change of PGC-1� , SIRT1, and SOD2gene
expression following training with RSV.

RSV does not augment, but may impair training
adaptations

The current data set clearly demonstrates that RSV supplemen-
tation (150 mg·dayŠ1) does not augment increases in aerobic or
anaerobic capacity, exercise substrate utilization, or muscle-“bre…

speci“c adaptations following HIIT, “ndings that contradict
observations made in animal models ( Dolinsky et al. 2012; Hart
et al. 2013; Menzies et al. 2013). Further, the signi“cant interaction
effect observed for peak aerobic power ( Table 1), combined with
large ESs (Cohen•sd) observed in placebo and small to moderate
effect sizes observed with RSV for our measures of exercise per-
formance (V� O2peak, Wingate peak/average power, training session
performance), suggest that RSV may actually be impairing/alter-
ing the adaptive response to training. This suggestion is consis-
tent with recent observations made in older adults ( Gliemann
et al. 2013). Thus, while the differences between groups from the
current study should be interpreted with caution given the non-
signi“cant interaction effects observed, they do raise the possi-
bility that RSV may impair the adaptive response to HIIT and
highlight the importance of future, large-scale, randomized con-
trol trails seeking to clarify the impact of RSV on the adaptive
response to exercise in humans.

RSV and training-induced increases in maximal oxygen
uptake

Evidence from animal models suggests that RSV may act as an
exercise mimetic and (or) ergogenic aid augmenting improve-
ments in exercise capacity and skeletal muscle metabolism in-
duced by endurance training ( Dolinsky et al. 2012; Hart et al. 2013;
Menzies et al. 2013). Contrary to these animal studies, a recent
study evaluating the impact of RSV supplementation on training-
induced health outcomes, including V� O2peak, suggested that RSV
may actually oppose the effects of exercise training in humans
(Gliemann et al. 2013). Consistent with the failure of RSV to aug-
ment the training response in humans, V� O2peak increased follow-
ing training in both groups with no statistically signi“cant group
by time interaction effect observed.

In animal models, RSV augments the training response via the
activation of the AMPK/SIRT1/PGC-1� pathway and the induction
of mitochondrial biogenesis in skeletal muscle ( Menzies et al.
2013). This effect appears to contribute to improved aerobic exer-
cise capacity (Dolinsky et al. 2012; Lagouge et al. 2006). In the
current study, we observed comparable increases in SDH activity
between groups (Fig. 3C), suggesting similar increases in mito-
chondrial content ( Larsen et al. 2012). However, while the lack of a
signi“cant interaction between groups makes this “nding dif“-
cult to interpret with con“dence, no effect of training on RER was
present in the placebo group (rest: ES = Š0.04, exercise: ES = 0.02),

Fig. 3. Effects of 4 weeks of low-volume high-intensity interval training supplemented with daily resveratrol (RSV) or placebo on anaerobic
exercise capacity, training power, and exercise respiratory exchange ratio (RER). (A) Wingate peak power before (Pre) and after (Post) training.
(B) Average power of all intervals, not including rest periods, during the “rst and eleventh training sessions. Submaximal exercise RER
Pre- and Post-training with placebo (C) and RSV (D) supplementation. *, Main effect of training ( p < 0.05).
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while RSV supplementation resulted in a large effect both at rest
(ES = 0.83) and during exercise (ES = 0.79) following training
(Fig. 2D). This result is similar to observations made previously
(Gliemann et al. 2013) and is consistent with reduced mitochon-
drial volume ( Yeo et al. 2010) and oxidative capacity ( Perry et al.
2008; Phillips et al. 1996) following RSV supplementation. Further,
PGC-1� gene expression was lower in the RSV group ( Fig. 5A),
suggesting that RSV supplementation may be somehow limiting
and (or) preventing the activation of PGC-1 � , which is typically
associated with exercise training. These results are inconsistent
with RSV•s reported ability to activate the AMPK/SIRT1/PCG-1� axis
in animal and cellular models ( Cantó and Auwerx 2009 ; Hart et al.
2013; Lagouge et al. 2006) but adds to a growing body of evidence
demonstrating that AMPK/SIRT1 are not activated ( Poulsen et al.
2013; Yoshino et al. 2012), and may in fact be inhibited ( Skrobuk
et al. 2012), by RSV in human skeletal muscle.

While differential effects of RSV in animals and humans have
been attributed to potential interspecies differences in the effects
of RSV, they may also be related to the signi“cantly reduced dos-
age typically administered to humans compared with animals
(Smoliga and Blanchard 2013). For example, in the present study
participants received an � 50-fold lower dose than those adminis-
tered in animal studies ( Dolinsky et al. 2012; Hart et al. 2013;
Menzies et al. 2013), potentially resulting in low bioavailability of
RSV (Brown et al. 2010). In addition to potentially limiting the
ability of RSV to activate AMPK/SIRT1/PGC-1� , low bioavailability
of RSV in humans may cause it to act primarily as an antioxidant
(Baur and Sinclair 2006 ). Consistent with RSV having anti-oxidant
effects within skeletal muscle, we observed a signi“cant ( p < 0.05)
difference in the fold change of PGC-1� , SIRT1, and SOD2 gene
expression, and a trend for a reduction ( p = 0.18) in GPx1gene
expression with RSV (Fig. 5). These results are similar to those

Fig. 4. Effects of 4 weeks of low-volume high-intensity interval training supplemented with daily resveratrol (RSV) or placebo on “bre-type
distribution and “bre-type…speci“c enzyme capacities. (A) Representative slides of immuno”uorescent “bre-type analysis (blue “bres are type I,
green are type IIA, red/green are type IIX/IIAX) with serial sections of succinate dehydrogenase (SDH) and � -glycerophosphate dehydrogenase
(GPD) activity before (Pre) and after (Post) training. (B) Percentage of total “bre distribution of type I, IIA and IIX/IIAX “bres Pre- and Post-train ing.
Fibre-type…speci“c change in SDH (C) and GPD (D) activity Pre- and Post-training in type I, and IIA “bres. Bars represent 100 � m. AU, arbitrary
units. *, Main effect of training ( p < 0.05).
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