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Abstract

The current study tested the hypothesis that a single, moderate dose of RSV would activate the AMPK/SIRT1 axis in human
skeletal muscle and adipose tissue. Additionally, the effects of RSV on mitochondrial respiration in PmFBs were examined.
Eight sedentary men (23.8+2.4 yrs; BMI: 32.7*7.1) reported to the lab on two occasions where they were provided a meal
supplemented with 300 mg of RSV or a placebo. Blood samples, and a muscle biopsy were obtained in the fasted state and
again, with the addition of an adipose tissue biopsy, two hours post-prandial. The effect of RSV on mitochondrial respiration
was examined in PmFBs taken from muscle biopsies from an additional eight men (23.4£5.4 yrs; BMI: 24.4%2.8). No effect
of RSV was observed on nuclear SIRT1 activity, acetylation of p53, or phosphorylation of AMPK, ACC or PKA in either skeletal
muscle or adipose tissue. A decrease in post absorptive insulin levels was accompanied by elevated skeletal muscle
phosphorylation of p38 MAPK, but no change in either skeletal muscle or adipose tissue insulin signalling. Mitochondrial
respiration in PmFBs was rapidly inhibited by RSV at 100-300 uM depending on the substrate examined. These results
question the efficacy of a single dose of RSV at altering skeletal muscle and adipose tissue AMPK/SIRT1 activity in humans
and suggest that RSV mechanisms of action in humans may be associated with altered cellular energetics resulting from
impaired mitochondrial ATP production.
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subsequent to an effect of RSV on PDE/cAMP signalling [19].
Alternatively, there is evidence that RSV is capable of inhibiting
ATP synthase [20] and reducing ATP concentrations in a variety
of cell lines [21-23]. While there is evidence that this effect may be
dose dependent [18], and impaired ATP production has yet to be
demonstrated in vivo, the idea that RSV mediated activation of
AMPK results from a disturbance in energy status is compelling.

In contrast to animal studies, chronic RSV supplementation in
humans has yielded conflicting results for metabolic outcomes.
Specifically, several studies have reported improved insulin
sensitivity following chronic RSV supplementation [24-26], while
others have not [27,28]. Interestingly, positive effects of RSV have
been primarily observed in obese or insulin insensitive/resistant
individuals suggesting that an overweight/obese population may
be more sensitive to the effects of RSV than lean healthy
individuals. The activation of the AMPK/SIRT1 pathway
implicated in the mechanism of RSV action in animals has been

Introduction

Resveratrol (RSV), a plant derived polyphenol, has recently
garnered significant interest due to its purported beneficial effects
on glucose homeostasis and metabolic health [1]. In animal
models, in addition to the prevention of diet induced obesity and
improved metabolic health [2-5], chronic RSV treatment
improves insulin sensitivity [4,6-9], and increases mitochondrial
content in both adipose tissue and skeletal muscle [2]. While it is
widely accepted that RSV acts through the AMPK/SIRT1/PGC-
lopathway [2,10], an energy sensing network linking cellular
metabolic state to mitochondrial adaptation [11], the mechanisms
by which RSV activates this pathway remain controversial.

In animal and cell line models, while there are reports that RSV
interacts with and directly activates SIRT1 [12,13], the direct link
between SIRT1 and RSV has been questioned [14,15]. The
specific actions of RSV are further complicated by evidence that

RSV activates AMPK in muscle [16,17] and adipose tissue [17]
and findings that the activation of AMPK is required for the
beneficial effects of RSV to manifest [17]. These findings have led
to the speculation that RSV activates both SIRT1 and AMPK
with direct activation of SIRT1 stimulating AMPK activity via
LKBI [18] or indirect activation of SIRT occurring via AMPK
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observed in skeletal muscle and adipose tissue following some [24],
but not all [27,28] RSV trials in humans. Thus whether RSV is
able to activate AMPK and/or SIRT1 in humans is currently
controversial. Further complicating the interpretation of these
chronic supplementation studies is the sampling of AMPK/SIRT1
after the intervention, when chronic adaptations induced by RSV

July 2014 | Volume 9 | Issue 7 | 102406

CrossMark

click for updat


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0102406&domain=pdf

may be altering the impact of RSV on signalling pathways. While
it is clear that adaptation results from an accumulation of repeated
stimuli following repeated daily RSV supplementation, examining
the acute effects of RSV may provide new insight into the
mechanisms by which chronic adaptations occur. At present much
of the information regarding RSVs mechanism(s) of action have
been gleaned from chronic feeding studies, however, there is
evidence from various cell lines that a single exposure to RSV can
activate the AMPK/SIRT1 signalling pathway [17-19,21].
Should similar acute activation occur in human tissue, this would
provide an opportunity to observe the mechanisms of RSV action
without the confounding influence of chronic adaptations inherent
in prolonged feeding studies. Thus, the controversial results from
human trials, and the timing of AMPK/SIRT1 measures made in
humans to date, make it difficult to discern whether the
mechanisms of RSV action proposed from cellular and animal
models are conserved in human tissue.

In an attempt to address the mechanisms of RSV action in
human tissue we conducted 2 studies with the following purposes:
1) to determine if the mechanisms of RSV action previously
described in cellular and animal models [18,19], specifically the
AMPKY/SIRT1 pathway, are activated in human skeletal muscle
and adipose tissue following a single dose of RSV, and 2) to
examine the effects of a wide range of RSV concentrations on
skeletal muscle mitochondrial oxidative metabolism ex wvivo
utilizing permeabilized muscle fibre bundles (PmIBs). We
hypothesize that an acute dose of RSV would activate AMPK
and SIRTT signalling in both skeletal muscle and adipose tissue in
vivo, and, consistent with observations in rat brain, liver [20] and
muscle cells [21], RSV would inhibit mitochondrial oxidative
metabolism in human PmlBs, but only at supra-physiological
concentrations.

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 explanation of the experimental
protocol and associated risks was provided to all participants prior
to obtaining written informed consent.

Experimental Design

The current study involved the completion of two distinct
experiments. The first experiment examined the effects of RSV on
skeletal muscle and adipose tissue intracellular signaling and whole
body fatty acid oxidation in overweight/obese males. This
experiment consisted of the administration of a single dose of
RSV (300 mg) or placebo supplement on two separate occasions
using a randomized cross over, double-blind design. A 300 mg
dose was chosen for the current study as it represents a moderate
dose, falling between the lowest (10 mg/day; [25]) and highest (1—
2 g/day; [26]) doses reported in the human literature. Each
condition was separated by a seven day wash out period. For the
second experiment, PmFBs were isolated from muscle biopsies
obtained from lean males and the effects of RSV on ADP
stimulated respiration were examined.

Participants

In total, 16 men volunteered to participate in this study
(participant characteristics are presented in Table 1). Participants
in experiment one reported less than one hour per week of
structured exercise at enrollment (aerobic training, resistance
training, etc.) and were overweight (waist circumference of greater
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than 94 cm) [29]. Participants were instructed to maintain exercise
and nutritional habits, and to avoid the use of nutritional
supplements and foods high in naturally occurring resveratrol
(grapes, some teas, and peanuts) for the duration of the study.
Participants in experiment two were recreationally active and were
not involved in a specific training program at the time of
recruitment. All participants were instructed to avoid exercise,
caffeine, drugs, and alcohol for a minimum of 24 hours prior to
each visit.

Experiment 1

Baseline Testing. Participants (n=8; see Table 1 for
detailed characteristics) reported for the first laboratory visit a
minimum of 72 hours prior to any intervention day. During this
visit anthropometric measures were obtained and VOgpeak was
assessed on a friction-braked cycle ergometer (Monark, Ergomedic
874E, Vansbro, Sweden) using an incremental ramp protocol. The
VOgypeak ramp protocol consisted of a five minute loadless warm-
up followed by a step increase to 80 W for one minute and
subsequent increases in work rate of 24 W-min~' to volitional
exhaustion (determined by the inability of the participant to
maintain a cadence of 60 RPM). Gas exchange was measured
continuously using a metabolic cart (Moxus AEI Technologies,
Pittsburgh, PA). Relative VOgypeak, absolute VOgpeak, and peak
hear rate were calculated as the average of their respective values
measured in the final 30 seconds of the protocol.

Supplement Intervention Protocol. Participants reported
to the laboratory on two subsequent occasions to participate in a
placebo and a RSV supplement intervention in random order. On
the evening prior to each experimental visit, participants were
provided a standardized dinner which included a Stouffer’s Sauté
Sensations Country Beef Pot Roast (540 kcal; 56 g carbohydrate
(CHO), 20 g fat, 14 g protein), 500 mL of 2% milk (260 kcal; 12 g
CHO, 5 g fat, 9 g protein) and a Dole Apple Cinnamon Fruit
Crisp (160 kcal; 30 g CHO, 3.5 g fat, 2 g protein) before reporting
to the lab having fasted overnight (=12 hours). Participants were
asked to drive or walk slowly to the lab, and take the elevator in
order to limit their physical activity. Participants then rested for 10
minutes before gas exchange measures were collected for 15
minutes (Moxus AEI Technologies, Pittsburgh, PA) while partic-
ipants rested in a seated position. Immediately following gas
exchange collection, a blood sample and muscle biopsy were
obtained while participants rested in a supine position (for details
please see Physiological Measurements). Subsequently, participants
were fed a standardized breakfast consisting of a plain bagel
(190 kcal; 36 g CHO, 1 g fat, 7 g protein), 15 g of cream cheese
(45 kecal; 1 g CHO, 4 g fat, 1 g protein), and 200 mL of orange
juice (100 kcal; 23 g CHO, 0 g fat, 1 g protein), which they were
given 10 minutes to eat. This meal was similar to that typically
ingested by the participants and reflects a traditional North
American diet. Ingestion of breakfast was immediately followed by
the ingestion of unlabeled identical capsules containing either
300 mg of RSV supplement (resVida, DSM, Heerlen, Nether-
lands) or microcrystalline cellulose placebo supplement (PCCA
Canada, London, ON) with 200 mL of water. Following ingestion
of the supplement, participants rested in bed for 105 minutes and
were provided water ad libitum, after which post-prandial gas
exchange values were recorded for 15 minutes. A post-prandial
blood sample, muscle biopsy, and adipose tissue biopsy were then
obtained (120 minutes following supplement ingestion) in the same
order as the fasted samples described above. The supplement
order was randomized and given in a double-blind fashion on
consecutive visits, a minimum of seven days apart.
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Table 1. Subject characteristic summary.

Acute Effects of Resveratrol in Human Tissue

Experiment 1 (n=8)

Experiment 2 (n=8)

Age (yrs) 23.8+24
Height (cm) 182.5+10.2
Weight (kg) 111.3£37.5
BMI 32.7+7.1
Waist Circumference (cm) 106.4+21.2
VO, peak (ml min~" kg™") 34.0+73

234*54
183.6+6.1
83.2+12.7*
24.4+2.8%
84.1%6.3*
50.0+8.7*

*Significantly different (p<0.05) than participants from experiment 1.
doi:10.1371/journal.pone.0102406.t001

Physiological Measurements. Resting blood samples were
collected by venipuncture from an antecubital vein in sterile tubes
(BD Vaccutainer, Franklin Lakes, NJ) coated with ethylenediami-
netetra acetic acid (EDTA) as an anticoagulant. Plasma was
separated by centrifugation at 1300 rcf for 10 minutes at 4°C.
Samples were stored at —80°C until analysis. Muscle biopsy
samples were obtained using the Bergstrom needle biopsy
technique [30] with the addition of manual suction from the
vastus lateralis following local anaesthetization (2% lidocaine). For
each experimental visit both muscle biopsies (fasted and post-
prandial) were obtained from the same leg from separate incisions
approximately 2-3 cm apart. Repeated biopsies from separate
incisions have been shown to be unaffected by previous biopsies to
the same leg [31,32]. Adipose tissue biopsies were also obtained
using a Bergstrom needle with the addition of manual suction
following local anaesthetization (2% lidocaine). Adipose tissue
biopsies were obtained from the abdomen with the incision made
approximately 5 cm lateral to the umbilicus and the needle being
directed laterally once through this incision. Both muscle and
adipose tissue were immediately blotted, snap-frozen in liquid
nitrogen, and stored at —80°C until analysis.

Plasma Glucose, Insulin, Glycerol, and Respiratory
Exchange Ratio. Plasma glucose was analyzed via a hexokinase
reaction assay performed at Kingston General Hospital (Kingston,
Ontario). Plasma insulin was determined with a commercially
available enzyme-linked immunoabsorbent assay (ELISA) kit
(Alpco Diagnositics, Salem, NH). Plasma glycerol was analyzed
using the commercially available Free Glycerol Reagent (Sigma,
Oakville, ON). All samples were run in duplicate with the
coefficient of variation being <10% for all values. Respiratory
exchange ratio (RER) was determined from recorded gas
exchange values at fasted and post-prandial time points. A 10
minute average was taken from 3-13 minutes of recorded gas
exchange values to minimize the impact of any adjustment period
following putting on the mask and/or participant anticipation of
the mask being removed. RER was used to estimate relative
substrate contribution to total substrate oxidation assuming a
linear relationship between an RER of 0.7 (100% fat, 0% CHO),
and 1.0 (0% fat, 100% CHO) at rest. Specifically, the fat derived
component for energy expenditure at each time point was
calculated according to the following formula [33]: fat (g'min-1)
=1.695 - Oy production (I'min-1) —1.701 - COy production
(I'min-1). To convert fatty acid oxidation rates to kcal-min-1
resulting values were multiplied by 9 kcal-g-1.

Nuclear SIRT1 Activity. Nuclei were isolated from muscle
(~50 mg frozen tissue) using a commercially available kit (Pierce
Biotechnology, Rockford, IL) as we, and others have done
previously [34-37]. Nuclear extract purity was confirmed via the
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Values are mean = SD. yrs, years; cm, centimeters; kg, kilograms; BMI, body mass index.

absence of cytosolic contamination (lactate dehydrogenase) by
western blotting as we have done previously [34,35]. A represen-
tative blot demonstrating the purity of our nuclear samples is
presented in Figure 1A. Nuclear SIRT1 activity was measured
with a commercially available SIRT1 fluorometric assay kit
(BIOMOL, Plymouth Meetings, PA), as described previously [34].
Briefly, 25 uL of nuclear extract was incubated with 15 pL of
Fluor de Lys-SIRT1 substrate (100 uM) and NAD* (100 uM) for
30 minutes at 37°C. The reaction was stopped with the addition of
50 puLL of developer and nicotinamide (2 mM). The change in
fluorescence (Arbitrary Fluorescence Units (AFU)) per minute was
normalized to the amount of total muscle (mg wet weight) used for
the nuclear extraction procedure.

Western Blot Analysis. Irozen skeletal muscle samples (30—
50 mg) were homogenized in 2 mL of lysis buffer (210 mM
sucrose, 2 mM EGTA, 40 mM NaCl, 30 mM Hepes, 20 mM
EDTA) supplemented with both protease inhibitor (cOmplete
ULTRA tables, Roche, Mannheim, Germany) and phosphatase
inhibitor (PhosSTOP, Roche, Mannheim, Germany) cocktails.
40-50 mg of frozen adipose tissue were homogenized in 275 pL of
lysis buffer also supplemented with inhibitor cocktails. Both types
of tissue were added to tubes filled with the appropriate amount of
pre-chilled (4°C) lysis buffer. Samples were subsequently homog-
enized for three seconds at 20 000 RPM (muscle) or 15 000 RPM
(adipose) (Polytron PT10/35 GT Benchtop Homogenizer, Kine-
matic, Luzern, Switzerland). Protein concentrations were deter-
mined for all homogenates using a commercially available protein
assay kit (Pierce, Rockford, IL). Samples were diluted to equivalent
concentrations with a mixture of 4 x Laemmli sample buffer and
H,0 and then denatured by heating to 95°C for five minutes.
Proteins were separated by SDS-PAGE using 8% (phospho-ACC,
ACCQC), 10% (phospho-AMPK, AMPKa, phospho-Akt Ser473 and
Thr308, pan-Akt, phospho-AS160 Thr642, phospho-(Ser/Thr)
PKA Substrate, acetyl-p53 Lys379, GAPDH), and 15% (phospho-
p38 MAPK, p38 MAPK) polyacrylamide gels and were subse-
quently transferred to a polyvinylidene difluride membrane. For
the detection of proteins, commercially available antibodies were
used for GAPDH (Millipore, Billerica, MA) and phospho-p38
MAPK Thr180/Tyr182, p-38 MAPK, phospho-AMPKa Thr172,
AMPKa, phospho-ACC Ser79, ACC, acetyl-p53 Lys379, phos-
pho-Akt Ser473, phospho-Akt Thr308, pan-Akt, phospho-AS160
Thr642, and phospho-(Ser/Thr) PKA Substrate (Cell Signaling
Technologies, Danvers, MA). Membranes were blocked with 5%
BSA in TBS-T (0.1%) and immunoblotted with primary antibody.
Proteins were visualized by chemiluminescence detection accord-
ing to the manufacturer’s instructions (Millipore, Billerica, MA).
Blots were imaged using the FluorChem Cell Biosciences imaging
system (ProteinSimple, Santa Clara, CA) and quantified using
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Figure 1. Both the activation of proteins implicated in SIRT1 activation and nuclear SIRT1 activity are unaltered following an acute
dose of resveratrol in human skeletal muscle. Skeletal muscle nuclear SIRT1 activity (A) in the fasted (light bars) and post-prandial state (dark
bars) in both conditions; and cytosolic contamination (LDH protein content) of nuclear extracts is also shown. The change in phosphorylated and
acetylated protein content (B) in the post-prandial (post) state (expressed relative to fasting) in the placebo (PL; open bars) and resveratrol (RSV;
shaded bars) conditions. Representative blots for all proteins are shown (C). £ Significant effect (P<<0.05) of time on phosphorylated protein content.

doi:10.1371/journal.pone.0102406.g001

AlphaView technology (ProteinSimple, Santa Clara, CA). Equal
protein loading for all western blots was confirmed using ponceau
staining for total protein. Equal protein loading for all skeletal
muscle western blots was additionally confirmed using GAPDH as
a loading control. Due to the limited size of the adipose tissue
samples and low protein yield, western blot analysis of adipose
tissue protein was limited to the proteins reported in the results
section below.

Experiment 2

Participants (n=8; see Table 1 for detailed characteristics)
reported for the first laboratory visit a minimum of 72 hours prior
to any intervention day. During this visit anthropometric measures
were obtained and VOgpeak was assessed on a friction-braked
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cycle ergometer as described above. Subsequently, participants
reported to the laboratory at 9am having already consumed
breakfast (participants were instructed to consume a breakfast that
was high in CHO and low in fat similar to what they would eat on
a normal morning). Upon arrival at the lab, participants rested for
10 minutes after which a muscle biopsy was obtained from the
vastus lateralis while participants rested in the supine position (for
details please see Physiological Measurements above). A portion of
this biopsy was immediately placed into ice-cold BIOPS (described
below) and used to prepare permeabilized fibre bundles (PmFBs).

Preparation of PmFBs. This technique is partially adapted
from previous methods [38,39] and has been described in detail by
us previously [40,41]. Briefly, small portions (~25 mg) of muscle
were dissected from each biopsy and placed in ice-cold BIOPS.

July 2014 | Volume 9 | Issue 7 | 102406



The muscle was trimmed of connective tissue and fat and divided
into several small muscle bundles (~2-7 mm, 1.0-2.5 mg wet
weight). Each bundle was gently separated along their longitudinal
axis with a pair of anti-magnetic needle-tipped forceps under
magnification (Zeiss Stemi). Bundles were then treated with
30 pg'ml~!' saponin [42] in BIOPS and incubated on a rotor for
30 minutes at 4°C. Following permeabilization, PmFBs were
washed at 4°C (<30 min) in MiR05 (see below) until respiratory
measurements were initiated.

Mitochondrial Respiration and RSV  Titration
Experiments. High-resolution respirometry were conducted
m 2ml of respiration medium (MiR05) using the Oroboros
Oxygraph-2k (Oroboros Instruments, Corp., Innsbruck, Austria)
with stirring at 750 rpm. The composition of MiRO5 has been
described previously [43]. All experiments were conducted in the
Oxygraph chamber with an initial [Og] of 300 uM and completed
before the oxygraph chamber [Og] reached 150 pM. 25 uM
Blebbistatin (BLEB), dissolved in DMSO (5 mM stock), was used
to prevent PmFB spontaneous contraction and ensure respiratory
kinetics were assessed in a relaxed state [40]. We determined the
effect of resveratrol on mitochondrial respiratory responses to a
variety of substrates that generate NADH for complex I-supported
respiration (A, 10 mM glutamate; C, 10 mM pyruvate), FADH,
for complex II-supported respiration (B, 10 mM succinate) or both
(D, 40 pM palmitoyl carnitine) in the presence of 5 mM malate as
required for the above reactions. Each protocol began with the
induction of state 3 respiration (5 mM ADP) supported by one of
the above substrates in the presence of 5 mM malate as required
for the reactions to proceed. The respiratory responses to
resveratrol were monitored beginning with an initial dose of
1 uM up to 1500 uM, a titration protocol that began at or below
plasma concentrations of RSV reported in humans following RSV
supplementation [44]. Polarographic oxygen measurements were
acquired in two second intervals, with the rate of respiration
derived from 40 data points. Cytochrome ¢ was added to test for
mitochondrial membrane integrity, with all experiments demon-
strating <10% increase in respiration.

Statistical Analysis

For experiment one, a two-way, repeated measures analysis of
variance (ANOVA) was used to compare the effect of condition
(RSV and placebo) and time (fasted and post-prandial) for blood
measures, gas exchange analysis, and all muscle biopsy derived
data. A Bonferonni correction was used for post-hoc pairwise
comparison of means for main effects and significant interactions.
As adipose tissue biopsies were obtained at a single time point,
paired t-tests were used to compare the effect of placebo or RSV
on protein content and phosphorylation or acetylation status. For
experiment two, due to missing data, complete data sets were not
available for several participants for either the RSV or vehicle
conditions (please see results for details). As a result, a two-way
ANOVA with repeated measures for concentration only was
utilized to compare the effects of condition (RSV and vehicle) with
concentration. A bonferonni correction for post-hoc comparisons
of main effects and interactions. Data analysis was completed with
GraphPad Prism v 5.01 (GraphPad Software Inc., La Jolla, CA).
Statistical significance was accepted at p<<0.05.

Results

RSV and Skeletal Muscle Signalling

No effect of time (fasted vs. post-prandial) or RSV was observed
for nuclear SIRT1 activity (Fig. 1A). Further, while there was a
significant effect of time (P<<0.05) observed for p-PKA substrates
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between 50 and 250 kDa (but not 25-50 kDa), no effects of time
or RSV were observed for the acetylation status of p53 (SIRT1
substrate), p-AMPK or p-ACC (Fig. 1B). No effects of time or
RSV were observed for total AMPK, total ACC or GAPDH.
Representative blots for all protein measured are presented in
Fig. 1C.

RSV and Adipose Tissue Signaling

There was no effect of RSV on the acetylation status of p53 or
the phosphorylation status of p38 MAPK, AMPK, ACC, Akt
(Ser473 and Thr308) (Fig. 2A). Representative blots for all protein
measure in adipose tissue are presented in Fig. 2B.

Whole Body VO, and Fatty Acid Oxidation

VO, increased in both conditions (Table 2) with no effect of
RSV observed. Respiratory exchange ratio (RER) was unchanged
post-prandial in both placebo and RSV (Table 2) with no effect of
RSV observed. Estimated rates of fatty acid oxidation increased in
a time-dependent fashion approaching significance (main effect of
time, P =0.08; Table 2). No effect of group and no interaction
effects were observed for fatty acid oxidation rates. Plasma

glycerol, a marker of systemic lipolysis, demonstrated a significant
effect of time (P<<0.05; Table 2) with no effect of RSV observed.

Blood insulin and Intracellular Insulin Signalling

A significant interaction effect (P<<0.05) and main effect of time
(P<<0.05) were observed for plasma insulin concentration with a
lower plasma insulin concentration observed in the post-prandial
state in RSV compared to placebo (Table 2; Fig. 3A). There was
no effect of time (fasted vs. post-prandial) or condition (placebo vs.
RSV) on plasma glucose concentrations (Table 2; Fig. 3B). A
significant interaction effect (P<<0.05) was observed for p38
MAPK with a reduction in phosphorylation observed following
placebo (—27£11%), and an increase following RSV (+36£19%).
p-AKT (Ser473) increased in a time dependent fashion (P<<0.05)
following both RSV (+73£21%) and placebo (+82+22%), with no
interaction or group effect. Similarly, p-AS160 increased in a time
dependent fashion (P<<0.05) with no independent effect of RSV
observed. There were no significant changes with time (fasted vs.
post-prandial) or condition (placebo vs. RSV) on p-Akt (Thr308)
(Fig. 3C). Representative blots for all protein measured are
presented in Fig. 3D.

RSV and Mitochondrial Respiration

As a result of tissue limitations full data sets were not available
for all participants (i.e. some participants were missing either a
vehicle or a RSV sample). When a participant was missing a
sample for a given substrate, their data for that substrate were
excluded from the analysis resulting in an final n of 7, 5, 6, and 6
for glutamate, succinate, pyruvate and palmitoyl CoA respectively.
RSV resulted in a significant reduction in mitochondrial
respiration with significant (P<<0.05) effects of time, group and
group by time interactions observed for glutamate (Fig. 4A),
succinate (Fig. 4B), pyruvate (Fig. 4C), and palmitoyl carnitine
(Fig. 4D). Post-hoc analysis revealed that the RSV concentration
required to impair respiration was 300 uM, 100 pM, 200 pM,
and 300 puM for glutamate, succinate, pyruvate and palmitoyl
carnitine, respectively.

Discussion

The present study examined both the effect of a single dose of
RSV (300 mg) on skeletal muscle and adipose tissue intracellular
signalling, and whole body fatty acid oxidation i vivo in
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Figure 2. Adipose tissue signaling is unaltered by resveratrol. Phosphorylated protein content (A) in the post-prandial (post) state following
resveratrol (RSV) expressed relative to placebo (PL). Representative blots for all proteins are also shown (B).

doi:10.1371/journal.pone.0102406.g002

overweight young men, as well as the effects of RSV on
mitochondrial respiration in skeletal muscle mitochondria ob-
tained from lean adult men ex vivo. Our in vivo results indicate
that a single oral dose of RSV appears to have no effect on the
activation of the intracellular signalling pathways (specifically
AMPK and SIRTI) through which RSV is proposed to alter
cellular function in either skeletal muscle (Fig. 1) or adipose tissue
(Fig. 2). Interestingly, RSV reduced post-prandial blood insulin
concentrations; however, this response was not explained by
altered insulin signalling in either skeletal muscle or adipose tissue.
Finally, we present novel data demonstrating that higher
concentrations of RSV inhibit mitochondrial respiration in PmFBs
from human skeletal muscle obtained from lean adults. These
results suggest that either a single dose of resveratrol is not
adequate to activate intracellular signalling pathways, or that
relatively low orally administered doses of RSV are unable to
acutely impact skeletal muscle and adipose tissue function in

conditions.

overweight humans in vivo. Further, the inhibition of mitochon-
drial respiration by RSV suggests that caution is warranted should
future studies attempt to increase the bioavailability of RSV in
humans in vivo.

RSV Mechanism of Action in Skeletal Muscle and Adipose
Tissue In Vivo

In both muscle cells, and in rodent skeletal muscle, RSV
exposure induces the activation of SIRT1 which translates into
positive effects on mitochondrial biogenesis through the deacetyla-
tion of PGC-la [2,4,10,18,19]. Based on these results several
models have been proposed regarding RSV’s mechanism of action
in skeletal muscle including both indirect activation of SIRT1
through cAMP dependent activation of AMPK and increased
availability of SIRT1 substrate [10,19], and direct activation of
SIRT1 by RSV and the subsequent activation of AMPK via

Table 2. Changes in metabolic and plasma measures from fasting to the post-prandial state in both the Placebo and RSV

Placebo RSV

Fasted Post-prandial Fasted Post-prandial
VO, (ml/min) * 307*=108 340*97 373111 387*x124
RER 0.82£0.05 0.81£0.05 0.81£0.06 0.82+0.07
Fatty Acid Oxidation (kcal/min) 0.87+0.15 1.04£0.22 0.97+0.19 1.11£0.18
Plasma Glycerol (mmol/L) * 0.08+0.02 0.070.03 0.10%0.03 0.080.04
Plasma Insulin (ulU/L) ™+ 7.2+35 27.6+5.7 7.8+33 19.0+25
Plasma Glucose (mmol/L) 5.1+0.2 5.2%+0.2 53+0.3 5.0%+0.3

*Significant effect (P<0.05) of time.
TSignificant interaction (P<0.05).
doi:10.1371/journal.pone.0102406.t002

PLOS ONE | www.plosone.org

Values are means + SD. VO,, Oxygen uptake; RER, Respiratory Exchange Ratio; ml, millimeters; kcal, kilocalories; mmol, millimole; mIU, micro international units.
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Figure 3. Impact of an acute dose of resveratrol on 2 hour blood insulin and glucose concentrations and insulin signaling in
muscle. Plasma insulin (A) and plasma glucose (B) concentrations in the fasted (light bars) and post-prandial (dark bars) state. The change in
phosphorylated protein content (C) in the post-prandial (post) state (expressed relative to fasting) in the placebo (PL; open bars) and resveratrol (RSV;
shaded bars) conditions. Representative blots for all proteins are shown (D). * Significantly different (P<<0.05) from fasted within same condition. T

Significant interaction (P<0.05) between RSV and placebo.
doi:10.1371/journal.pone.0102406.9003

LKBI [13,18]. In these models, while the position of AMPK,
either upstream [19] or downstream [18] of SIRT1 is controver-
sial, its activation remains an essential component of both
proposed RSV-SIRT1 pathways [17]. In the current study, a
single dose of RSV in overweight adults had no effect on markers
of either AMPK (p-AMPK and p-ACC) or SIRT1 (nuclear SIRT1
[muscle only] and acetyl-p53) activity in either skeletal muscle
(Fig. 1) or adipose tissue (Fig. 3). Further, there was no effect of
RSV on p-PKA substrates in skeletal muscle (Fig. 1), a result that is
consistent with unaltered cAMP and PDE activity, a proposed
target of RSV in animal tissue [18]. In contrast to evidence from
cellular models where a single dose of RSV can activate AMPK
and SIRT1 [17-19,21], these results suggest that a single 300 mg
dose of RSV administered to overweight adults does not activate
SIRT1 in human skeletal muscle or adipose tissue in vivo.

The lack of an acute effect of RSV on intracellular signalling in
either skeletal muscle or adipose tissue in the current study likely
reflects poor bioavailability of RSV following a single intraoral
dose [45]. This potential bioavailability limitation of RSV in
humans may help explain several recent reports that chronic
administration of RSV has no effect on skeletal muscle or adipose
tissue [27,28]. Alternatively, the lack of an effect of RSV observed
in the current study, and in previous reports [27,28] may be
attributed to the healthy populations studied (current study,

PLOS ONE | www.plosone.org 7

overweight men; [27], non-obese women; [28], obese men).
However, this is difficult to reconcile with the positive effects
observed by Timmers et al. [24] in otherwise healthy obese men.
The results from Timmers et al. [24] are also in contrast to the
potential bioavailability limitation to RSV action in humans as
they reported elevated AMPK phosphorylation, increased protein
content of both SIRT! and its downstream targets following
chronic RSV administration. These results raise the possibility that
an additive effect of repeated RSV ingestion may increase
bioavailability within skeletal muscle and other peripheral tissues,
although accumulation of RSV in plasma samples have not been
observed following repeated RSV dosages at a similar dose to that
used by Timmers et al. [24] or in the current study [46]. It remains
difficult to reconcile the positive effects of RSV observed by
Timmers et al. [24] with recent studies demonstrating no effects
[27,28] of chronic RSV and the current data demonstrating no
effect of an acute dose of RSV. It should be mentioned that several
RSV metabolites have also been shown to have biological effects
[47], however, if these metabolites were elevated following a single
RSV dose in the current study, they appear not to have impacted
skeletal muscle or adipose tissue. This suggests that either 1) a
single 300 mg dose does not produce enough active metabolites to
activate musculoskeletal pathways, and/or 2) that these metabo-
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Figure 4. Resveratrol inhibits mitochondrial respiration in permeabilized muscle fibre bundles. The effect of resveratrol or vehicle
(DMSO) on substrate-specific respiration was determined by titrating resveratrol following the induction of state 3 respiration with either 10 mM
glutamate (A), 10 mM succinate (B), 10 mM pyruvate (C) or 40 uM palmitoyl carnitine (D) with 5 mM malate in all protocols. Changes in mitochondrial
respiration are expressed relative to maximal state 3 respiration determined immediately prior to the resveratrol titration. * Significantly different (P<

0.05) from vehicle treatment.
doi:10.1371/journal.pone.0102406.9g004

lites are not responsible for the proposed effects on skeletal muscle
energetic pathways.

An Alternative Mechanism Explaining the Activation of
AMPK and SIRT1 in Skeletal Muscle

While there is evidence that RSV can interact directly with
signalling molecules such as SIRT1 in skeletal muscle
[13,18,19,48] it is also possible that RSV mediated activation of
pathways associated with AMPK may result from an acute
impairment in the ability of mitochondria to produce ATP [18,21—
23]. Consistent with the latter mechanism, we have demonstrated,
for the first time in intact human skeletal muscle fibres (obtained
from lean adult men), that RSV impairs mitochondrial oxidation
of multiple substrates, including fatty acids and pyruvate (Fig. 4).
While the mechanism underlying the observed inhibition is
unclear, two potential mechanisms exist. First, RSV-meditated
inhibition of ATP synthase [20] would directly inhibit mitochon-
drial respiration regardless of which substrate is oxidized.
Conceivably, this may impair energy homeostasis leading to
activation of AMPK. Second, SIRT3 inhibition by RSV [49] may
indirectly inhibit respiration via acetylation-based regulation of
substrate catabolism though altered substrate provision to the

PLOS ONE | www.plosone.org

electron transport chain [50]. Regardless of the mechanism(s), our
results support the possibility that activation of AMPK/SIRT1 in
vivo may result from RSV-mediated inhibition of ATP produc-
tion/mitochondrial respiration.

This possibility positions RSV as a potential hormetic agent, a
topic that has received recent attention in several other fields [51],
but to date has been generally dismissed in skeletal muscle and
metabolic health research [1]. While toxic effects of RSV have
been demonstrated in muscle cells [21], this effect was observed at
concentrations (20-50 uM) above those generally observed in
human plasma in vivo (<5 uM) [45]. Our results also demon-
strated impaired mitochondrial respiration at seemingly supra-
physiological levels (~100-300 uM depending on the substrate
examined) a result that is consistent with the lack of an effect of
RSV on whole body VO, observed in experiment #1. While this
logic has been used in the past to dismiss a possible toxic effect of
RSV in vivo [1], our results suggest that attempts to increase RSV
bioavailability using high oral dosages [28] or alternative methods
of delivery [52] be approached with caution such that [RSV] be
controlled within a hormetic zone far below toxic levels.

The current results contribute to a rapidly growing number of
chronic RSV supplementation trials and the significant contro-
versy regarding RSVs mechanism(s) of action in animals. The
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findings of acute inhibition of mitochondrial respiration in intact
skeletal muscle from lean adult men provide a potential alternative
mechanisms of RSV action and underscore the dearth of
information regarding how and/or if RSV alters cellular function
in humans, highlighting the need for future work to reconcile the
divergent acute and chronic effects of RSV.

RSV and Control of Blood Insulin

Interestingly, we observed that an acute dose of RSV decreased
blood insulin (compared to placebo) 2 hours post meal challenge
in overweight men (Fig. 3). The similar post-prandial phosphor-
ylation of Akt and AS160, two of the critical intermediates in the
insulin-signaling pathway, observed in skeletal muscle (Fig. 2C)
and adipose tissue (Akt only; Fig. 2A), despite a lower plasma
insulin concentration with RSV, suggests that RSV may improve
insulin sensitivity and glucose clearance in peripheral tissue. While
this effect may have been related to the elevated p38 MAPK
phosphorylation observed in the RSV condition (Fig. 3), p38
MAPK is implicated as both a contributor to insulin sensitivity
[53,54] and an activator of GLUT4 mediated glucose transport
[55], this is speculative at this juncture and it is difficult to draw
any solid conclusions regarding the mechanisms underlying the
lower post-prandial insulin levels from the current data set.
Further, it is unclear whether lower insulin 2 hours post meal
would have been reflected in different glucose/insulin kinetics
during the immediate post meal period (l.e. <2 hours) and this
represents an interesting question worthy of future study.
Alternatively, RSV-mediated decreases in plasma insulin may
have resulted from other tissues not examined in the current study.
For example, RSV is known to impact liver function [4] and can
inhibit pancreatic insulin production in isolated pancreatic islets
[56].

Regardless of mechanism, the observed change in blood insulin
2 hours post meal with RSV contributes to previous data
demonstrating an insulin sensitizing effect of chronic RSV
supplementation [24-26]. While not all studies in humans have
observed improved insulin sensitivity [27,28], our findings suggest
a potentially novel clinical outcome. Specifically, that RSV may
acutely boost endogenous insulin action, possibly in addition to the
therapeutic/preventative benefit associated with the chronic
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