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O

Resveratrol as Add-on Therapy

in Subjects With Well-Controlled
Type 2 Diabetes: A Randomized
Controlled Trial

Diabetes Care 2016;39:2211-2217 | DOI: 10.2337/dc16-0499

OBJECTIVE

To determine whether resveratrol supplementation can improve insulin sensitiv-
ity and promote overall metabolic health on top of standard diabetes care.

RESEARCH DESIGN AND METHODS

Seventeen subjects with well-controlled type 2 diabetes (T2D) were treated with
placebo and 150 mg/day resveratrol (resVida) in a randomized double-blind cross-
over study for 30 days. The main outcome measure was insulin sensitivity by the
hyperinsulinemic-euglycemic clamp technique.

RESULTS

Hepatic and peripheral insulin sensitivity were not affected by resveratrol treat-
ment. Intrahepatic lipid content also remained unaffected by resveratrol; how-
ever, the change in intrahepatic lipid content correlated negatively with plasma
resveratrol levels (R = —0.68, P = 0.03). Intramyocellular lipid content increased in
type 2 muscle fibers (P = 0.03), and systolic blood pressure tended to decrease
(P = 0.09) upon resveratrol treatment. In addition, resveratrol significantly im-
proved ex vivo mitochondrial function (state 3 and state U respiration upon
malate with octanoyl-carnitine, P < 0.005). Intriguingly, a correlation was found
between plasma levels of a metabolite of resveratrol (dihydroresveratrol) and the
metformin dose used by the patients (R = 0.66, P = 0.005), suggesting an interac-
tion between metformin and resveratrol. It could be speculated that the lack of a
resveratrol-induced insulin-sensitizing effect is caused by this interaction.

CONCLUSIONS

Resveratrol supplementation does not improve hepatic or peripheral insulin
sensitivity. Our results question the generalized value of resveratrol as an add-on
therapy in the treatment of T2D and emphasize the need to perform studies in
drug-naive patients with T2D or subjects with prediabetes.

Exercise and calorie restriction (1) are the primary treatment options for type 2
diabetes (T2D). Both target the cellular energy-sensing route, with activation of
AMPK and the sirtuin (SIRT) family of transcription factors, resulting in stimulation
of mitochondrial biogenesis and function (2). Nutraceutical compounds, such as
resveratrol, can also target these pathways (3). Interest in resveratrol peaked
when Howitz et al. (4) identified this polyphenolic compound as a potent SIRT1
activator. Since then, resveratrol has been postulated to alleviate metabolic
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consequences of consumption of
energy-dense foods and physical inactiv-
ity, including T2D (5,6). Indeed, animal
studies suggest that resveratrol may blunt
metabolic complications induced by a
high-fat diet (3,7-9). These encouraging
findings have stimulated the application
of resveratrol in clinical trials to investi-
gate its potency in humans with chronic
metabolic diseases. Some (10,11), but not
all, studies (12-14) in obese humans have
reported positive effects of resveratrol on
measures of insulin sensitivity. In contrast
to studies in obese humans, studies in
subjects with T2D have been more con-
sistent in reporting a beneficial effect of
resveratrol on blood glucose levels
(15-17), insulin levels (16,17), markers
of insulin resistance, such as the HOMA
insulin-resistance index (15,17), and
HbA;. (17,18). None of these studies,
however, examined the effect of resvera-
trol on peripheral and hepatic insulin
sensitivity by the gold standard hyper-
insulinemic-euglycemic clamp technique.
Hence, we performed a randomized,
double-blinded, placebo-controlled cross-
over study to examine if 30 days of resver-
atrol (resVida) supplementation leads to
an improvement in peripheral and he-
patic insulin sensitivity in subjects
with well-controlled T2D.

RESEARCH DESIGN AND METHODS

The study protocol was approved by the
Medical Review Ethics Committee of
Maastricht University and Medical Cen-
tre. All study participants were informed
about the nature and risks of the exper-
imental procedures before their written
informed consent was obtained.

Participants

Seventeen men (age 40-70 years, BMI 27—
35 kg/m?, body fat percentage >25%)
with well-controlled T2D (HbA,. < 8.0%
[<64 mmol/mL]) participated in the study.
Sixteen participants were treated with
the oral glucose-lowering medication met-
formin, six of whom were treated in com-
bination with sulfonylurea derivatives
(SUDs) (Supplementary Table 1). Most of
the participants received additional
medications to lower cholesterol
(n = 11) and/or blood pressure
(n = 12). Exclusion criteria were unstable
body weight (weight gain or loss >3 kg in
the previous 3 months), engagement in
programmed exercise >2 h per week,
impaired renal and/or kidney function,

intake of dietary supplements (except vi-
tamins and minerals), alcohol consump-
tion >20 g/day, diabetes comorbidities,
and insulin treatment.

Outcomes

The primary outcome measure was the
effect of resveratrol treatment on insu-
lin sensitivity compared with placebo.
Secondary outcome measures were in-
trahepatic lipid content (IHL), intramyo-
cellular lipids (IMCL), mitochondrial
function (in vivo and ex vivo), blood
pressure, and cardiac function.

Clinical Study Design
The study was conducted at Maastricht
University Medical Center, the Nether-
lands, between June 2012 and June
2014. In randomized order, participants
underwent two experimental trials: a
placebo and a resVida (150 mg/day
trans-resveratrol [99.9%]; provided by
DSM Nutritional Products Ltd.) condi-
tion, with a washout period of at least
30 days. The resveratrol dosage was
based on our previous study in healthy
obese subjects in which we found acti-
vation of the energy-sensing pathway
AMPK-SIRT1-peroxisome proliferator—
activated receptor y coactivator 1-a
(PGC1-at) in combination with meta-
bolic improvements (10). Randomization
was performed according to standard
procedures as described in Statistical
Methods by Snedecor and Cochran (19).

Participants were instructed to take
the first supplement on the day of the
baseline measurements (day 0) the last
supplement in the evening of day 29,
and to abstain from food and beverages
containing substantial amounts of resvera-
trol (e.g., wine, grapes, peanuts, and ber-
ries) and from food supplements. In
addition, instructions to maintain their nor-
mal living, activity, and sleeping patterns
were given. At the start (day 0) and end
(day 30) of both intervention periods, blood
samples were analyzed for general safety
parameters (creatinine, aspartate amino-
transferase, alanine aminotransferase,
v-glutamyl transferase, bilirubin), blood
pressure was measured after an overnight
fast, as previously described (10), and a
12-lead electrocardiogram was performed.
Body fat percentage was determined by
DXA on day 0 of the first intervention period
for patient characterization.

Each experimental trial lasted 30 days,
and the participants came to the university
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weekly (days 0, 7, 14, 21, and 29). The
weekly checkup took place in the morning
in overnight fasted state and included body
weight measurement and drawing of a
blood sample for analysis of resveratrol (pa-
rental and metabolites) to confirm compli-
ance to the protocol. On day 29 at 4 pm,,
subjects came to the university for cardiac
function measurements by M-mode, two-
dimensional and Doppler echocardiogra-
phy, using a Vivid 7 ultrasound system (GE
Healthcare, Milwaukee, WI) with 3.5-MHz
cardiac transducer. Results were inter-
preted according to the criteria of the
American Societies of Echocardiography.
Subsequently, by proton magnetic spec-
troscopy (*H-MRS) IHL content was quanti-
fied, as described earlier (20), on a 3T
whole-body scanner (Achieva Tx; Philips
Healthcare, Best, the Netherlands) using
an echo time of 32.5 ms. Spectra were fit-
ted with a home-written script (21) in MAT-
LAB R2014b (MathWorks, Natick, MA).
Values are given as T2-corrected ratios
(22) of the CH, peak, relative to the unsup-
pressed water resonance (as percentage).
Postexercise phosphocreatine (PCr) recov-
ery was assessed by 3'P-MRS to estimate
in vivo mitochondrial function in vastus lat-
eralis muscle on a 3T whole-body scanner,
described elsewhere (21). To standardize
food intake before these measure-
ments, subjects consumed a standard-
ized lunch at a fixed time and afterward
stayed fasted until the measurements
were completed.

After the MRS measurements, partic-
ipants entered the respiration chamber
for 12 h starting at 7 p.m. to allow mea-
surement of sleeping metabolic rate
(23). Before the respiration chamber
measurement started, a standardized
evening meal (pasta Bolognese and fruit
yogurt) was provided. The energy pro-
vided was based on individual daily en-
ergy requirements, calculated with the
Harris and Benedict equation. In the
morning of day 30, participants left
the respiration chamber at 7 am. in the
overnight fasted state and a biopsy
specimen was taken from the vastus lat-
eralis muscle under local anesthesia (2%
lidocaine), as previously described (24). A
portion of the muscle tissue was directly
frozen in melting isopentane for immuno-
histochemistry and stored at —80°C until
assayed. Another portion (~30 mg) was
immediately placed in ice-cold preserva-
tion medium for determination of ex vivo
mitochondrial respiration. From the
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muscle tissue in the preservation me-
dium, permeabilized muscle fibers
were immediately prepared (24). The
permeabilized muscle fibers (~2.5 g
wet weight) were analyzed for mito-
chondrial function using an oxygraph
(OROBOROS Instruments, Innsbruck,
Austria) (10). Fresh cryosections (5 pwm)
were stained for IMCL by Oil Red O stain-
ing combined with fiber typing and im-
munolabeling of the basal membrane
marker laminin to allow quantification
of IMCL (25). Mitochondrial DNA copy
number and protein expression of oxida-
tive phosphorylation (OXPHOS) and
PGCl-a by Western blot were per-
formed according to standard proce-
dures as described previously (10).

After the muscle biopsy was taken, a
two-step hyperinsulinemic-euglycemic
clamp was performed to assess periph-
eral and hepatic insulin sensitivity.
Three days before the clamp, subjects
were instructed to refrain from strenu-
ous activities and to continue their anti-
diabetic medication, with the last dose
on the morning of the test. The clamp
started by giving the subjects a primed
continuous infusion of b-[6,6-2H,]glucose
(0.04 mg/kg/min) to determine rates
of endogenous glucose production
(EGP), glucose appearance (R,), and glu-
cose disposal (Ry) (26). After 120 min,
a low insulin infusion was started
(10 mU/m?/min) for 3 h, after which
a high insulin infusion was started
(40 mU/m?/min) for 2 h. During the
last 30 min of each insulin infusion step
(0, 10, and 40 mU/m?/min), blood sam-
ples were collected, and substrate
utilization was measured by indirect cal-
orimetry. Steele’s single pool nonsteady-
state equations were used to calculate
glucose R, and Ry (27). Volume of distri-
bution was assumed to be 0.160 L/kg for
glucose.

Compliance

To check compliance, resveratrol me-
tabolites were measured by mass spec-
troscopy in plasma on days 0, 7, 14, 21,
and 30 (10). In addition, unused cap-
sules were counted.

Sample Size

The sample size was determined based
on demonstrating the statistical superior-
ity of resveratrol on insulin-stimulated
glucose disposal in muscle compared
with placebo treatment. We estimated

14 subjects were required to achieve
80% power, with an assumed treatment
difference of 1.4 mg/kg fat-free mass/min
after 30 days and an assumed SD of
1.7 mg/kg fat-free mass/min for a
hyperinsulinemic clamp. A dropout of
20% was taken into account, so 17 sub-
jects were recruited. The expected
effect size and SD of a hyperinsulinemic-
euglycemic clamp was based on a previ-
ous study in our research group with
a pre- and postintervention clamp in sub-
jects with T2D (28).

Statistical Analysis

Results are presented as means = SEM
when normally distributed and as me-
dian (95% Cl) when this was not the
case (using Shapiro-Wilk normality
test). The Student paired t test was
used to compare placebo and resvera-
trol supplementation in normally dis-
tributed data; otherwise, the Wilcoxon
signed-rank test was used. Treatment
comparisons of plasma parameters
measured at the beginning and end in-
tervention were assessed by two-way
repeated-measures ANOVA. Linear re-
gression analyses were conducted to
identify correlations between vari-
ables. On normally distributed data
Pearson correlation was used, other-
wise Spearman correlation was used.
Potential carryover effect between
treatment and period was examined
by unpaired t test analyses according
to Pocock (29). A P value of <0.05
was considered statistically significant.
Analyses were performed using SPSS
22.0 software.

RESULTS

Study Design and Plasma
Biochemistry

The study participants were 17 male
subjects with well-controlled T2D (base-
line characteristics, Supplementary Table
1). To check compliance with the study
protocol and to confirm systemic conver-
sion of resveratrol to dihydroresveratrol
(DHR), parental resveratrol and DHR
(aglycone + glucuronide conjugates) lev-
els were determined weekly in the
plasma. Although no resveratrol or DHR
could be detected during the placebo
treatment, both compounds were pre-
sent in the plasma of all resveratrol-
supplemented subjects. Plasma levels
were 378.59 * 40.65 ng/mL for parental
resveratrol and 444.69 = 101.81 ng/mL

Timmers and Associates

for DHR at day 30 of the resveratrol treat-
ment. These levels are representative
for the entire study period. In addition,
no carryover effect was found between
treatment and period for the primary
study outcome, confirming the washout
period was sufficient.

Insulin Sensitivity and Substrate
Kinetics Assessed by
Hyperinsulinemic-Euglycemic Clamp
Plasma glucose profiles during the
hyperinsulinemic-euglycemic clamp
procedure were similar for the placebo
and the resveratrol conditions (Fig. 1A).
Both during the low- and high-insulin
state, glucose levels were clamped
~5 mmol/L (Fig. 1A). Insulin-stimulated
glucose disposal, expressed as the
change in Ry from basal to the low- or
high-insulin state, was not significantly
changed by resveratrol supplementa-
tion (Ppasai = 0.65, Piow insutin = 0-89,
and Phigh insulin = 066) (Flg 1B) Basal
EGP, reflecting hepatic glucose output,
and EGP under low insulin—stimulated
conditions were also similar between
both conditions, suggesting that hepatic
insulin sensitivity was unchanged
(Ppasal = 0.22) (Fig. 1C). In fact, EGP was
similarly suppressed during the low-
insulin state of the hyperinsulinemic-
euglycemic clamp (Piow insutin = 0.84,
Phigh insutin = 0.74) (Fig. 1C), and EGP sup-
pression was nearly complete upon
high-insulin infusion in both condi-
tions (Plow insulin = 064: Phigh insulin =
0.73) (Fig. 1D). In line with the absence
of resveratrol-induced changes in Ry
and EGP, nonoxidative glucose disposal
also remained unaffected by 30 days of
resveratrol supplementation (Supple-
mentary Table 2). In addition, resveratrol
did not exert an effect on circulating in-
sulin levels (Supplementary Table 2),
thereby excluding an effect of resveratrol
on insulin clearance.

As expected, carbohydrate oxidation
increased during the clamp at the ex-
pense of free fatty acid (FFA) oxidation
(Supplementary Table 2). No statistically
significant changes in carbohydrate or
FFA oxidation rates were observed
when basal and insulin-stimulated oxi-
dation rates were compared between
placebo and resveratrol (Supplementary
Table 2). At the end of the hyperinsulinemic-
euglycemic clamp, suppression of FFA
was similar between both conditions
(P=0.36).
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In accordance with the lack of effect
of resveratrol on insulin sensitivity, no
improvement in fasting glucose, insulin,
or HbA,. levels were found compared with
placebo (Supplementary Table 3). We did
observe a time effect for HbA,.; however,
this was found in both treatment condi-
tions. Similarly, no resveratrol effect on
other markers of metabolic health was
found (Supplementary Table 3).

Sleeping Metabolism

Sleeping metabolic rate, measured in a
whole-body respiratory chamber during
the last night of the intervention, de-
creased upon resveratrol supplementa-
tion in 82% of subjects. However, the
difference failed to reach statistical sig-
nificance (7.81 = 0.20 MJ/day for pla-
cebo vs. 7.55 * 0.16 MJ/day for
resveratrol, P = 0.14). During the night,
substrate utilization (reflected by the re-
spiratory quotient) was similar for both
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Figure 1—Effect of resveratrol on peripheral and hepatic insulin sensitivity. After 30 days of
resveratrol and placebo, peripheral and hepatic insulin sensitivity was assessed with a two-step
hyperinsulinemic-euglycemic clamp (t = 0-120 min: b-[6,6-2H,]glucose tracer infusion; t = 120—
300 min: low-insulin infusion; t = 300—420 min: high-insulin infusion). As a result of technical
problems, data are only available for 14 subjects (in 1 subject the equipment malfunctioned, in
another subject the catheter with the D—[6,6—2H2]glucose tracer leaked, and in the last subject
aspiration of the venous catheter was no longer possible in the late phase of the clamp,
which is necessary for regular blood sampling). A: Plasma glucose levels during the last
30 min of the basal and low- and high-insulin state of the clamp. Glucose levels were clamped
~5 mmol/L. Insulin-stimulated glucose disposal, expressed as the Ry (B), and EGP were
calculated for the last 30 min of the basal and low- and high-insulin state (C). D: EGP sup-
pression upon low- and high-insulin infusion. Data are presented as mean = SEM. Ry, rate of

treatments, at 0.81 (95% ClI 0.81-0.88)
for placebo vs. 0.82 (95% Cl 0.80-0.85)
for resveratrol (P = 0.45).

Ectopic Lipid Storage

Lipid area fraction, measured ex vivo in
muscle biopsy specimens by Oil Red O
staining, increased significantly in type 2
muscle fibers (P = 0.03) (Fig. 2A), and a
similar tendency was observed for total
lipid content (P = 0.08) (Fig. 2A).

IHL content, determined by 1H-MRS,
remained unaffected by 30 days of re-
sveratrol supplementation (Fig. 2B). In-
terestingly, linear regression analysis
showed that the difference in IHL con-
tent between resveratrol and placebo
negatively correlated with the parental
plasma resveratrol concentration
(R=—0.68, P=0.03) (Fig. 2C), indicating
that a decrease in IHL may depend on the
plasma resveratrol concentrations
achieved.
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Mitochondrial Function

Mitochondrial state 3 respiration on a
lipid-derived substrate (malate +
octanoyl-carnitine) and upon parallel
electron input to both complex | and Il
(malate + octanoyl-carnitine + glutamate +
succinate) (Fig. 3A), and maximal FCCP-
induced uncoupled respiration (P =
0.001) (Fig. 3B) were significantly higher
after resveratrol supplementation. How-
ever, in the absence of a lipid-derived
substrate, no resveratrol effect was ob-
served in state 3 respiration upon complex
I- and lI-linked substrates (Supplementary
Fig. 1A). In addition, state 4o respiration
upon addition of oligomycin (reflecting mi-
tochondrial proton leak) was similar be-
tween the resveratrol and the placebo
condition (Supplementary Fig. 1B). Mito-
chondrial DNA copy number (2,251 *=
162 arbitrary units vs. 2,234 £ 152 arbi-
trary units, respectively, P = 0.91), mean
protein content of the OXPHOS com-
plexes, PGC1l-a protein content, and
phosphorylated AMPK/AMPK ratio re-
mained unaffected by resveratrol supple-
mentation (Supplementary Fig. 1C-E).
Mean PCr recovery half-time, a measure
of in vivo mitochondrial function, was
unchanged by resveratrol compared
with placebo (Supplementary Fig. 1F). In
line, VOymax, @ measure of cardiorespi-
ratory fitness, was not affected by re-
sveratrol supplementation (23.88 *=
1.10 mL - kg~ ! - min~? for placebo vs.
23.40 + 1.34 mL- kg™ * - min~* for re-
sveratrol, P = 0.29).

Cardiac Function

Systolic blood pressure, measured in
overnight fasted state on day 30,
tended to decrease by resveratrol
supplementation (P =0.09), whereas di-
astolic blood pressure remained un-
changed (Supplementary Table 4).
Echocardiography revealed a marginal
reduction in left ventricular end systolic
diameter upon resveratrol supplemen-
tation (P = 0.04) (Supplementary Table
4). Because the values remain well
within the normal range, they are not
interpreted as clinically significant. No
change in stroke volume, cardiac out-
put, or left ventricular ejection fraction
was found. Parameters of diastolic func-
tion of the heart remained unaffected
by resveratrol. Furthermore, no struc-
tural changes were observed in the
heart by resveratrol (Supplementary
Table 4).
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Figure 2—Effect of resveratrol (RSV) on ectopic lipid storage. A: Muscle biopsy sections from a
representative study participant, stained for IMCL with Oil Red O staining (in red), muscle
laminin (in blue), and type 1 muscle fibers (in green). IMCL content is quantified as the percent-
age area of a muscle fiber that is covered by lipids (n = 17). B: IHL content quantified by *H-MRS
after 29 days of resveratrol and placebo supplementation (n = 10). C: AIHL in relation to total
plasma resveratrol concentration (n = 10). Data are presented as means * SEM. Box plot
represents minimum, first quartile, median, third quartile, and maximum. *P < 0.05.

Plasma Resveratrol Levels and
Metformin Dose

A strong correlation was found between
plasma DHR concentration and metformin
dose after resveratrol treatment at day
30 (R=0.66, P=0.005) (Fig. 4A) suggesting
an interaction between metformin and
the metabolism of resveratrol. Post hoc
analysis revealed that total plasma DHR
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levels were higher during 30 days of re-
sveratrol supplementation in subjects
taking a relatively high daily dose of met-
formin (>1,000 mg/day [n = 9]; average
metformin dose, 2,188 mg/day) compared
with patients treated with a lower dose
(=1,000 mg/day [n = 8]; average metfor-
min dose, 639 mg/day) (Fig. 4B), whereas
the daily dose of metformin did not seem
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Figure 3—Effect of resveratrol (RSV) on ex vivo mitochondrial function. After 30 days of resver-
atrol and placebo, a muscle biopsy specimen was obtained from the vastus lateralis muscle. Part
of the specimen was used for evaluation of ex vivo mitochondrial function (n = 17). A: ADP-
stimulated respiration (state 3) upon a lipid-like substrate and upon parallel electron input into
complex | and Il. B: Maximally uncoupled respiration upon FCCP. Data are presented as means *+
SEM. Box plot represents minimum, first quartile, median, third quartile, and maximum. *P <
0.05. G, glutamate; M, malate; O, octanoyl-carnitine; S, succinate.
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to influence plasma levels of parental re-
sveratrol (Fig. 4C).

Adverse Events

Resveratrol was well tolerated by the
participants, and no adverse events oc-
curred. Measurement of parameters for
kidney and liver function (creatinine, as-
partate aminotransferase, alanine ami-
notransferase, y-glutamyl transferase
and bilirubin) indicated that resveratrol
was well tolerated (Supplementary
Table 3). Creatinine showed a signifi-
cant, albeit very modest, decline from
day O to day 30 in both treatment
conditions, but no treatment effect
over time was found (Supplementary
Table 3).

CONCLUSIONS

Preclinical research has suggested that
resveratrol could be used to prevent the
metabolic consequences of high-fat
feeding, including insulin resistance, by
improving mitochondrial function. We
previously observed in obese, normo-
glycemic subjects that resveratrol
supplementation exerted beneficial
metabolic effects accompanied by an
improvement in mitochondrial function.
The current study did not find a stimula-
tory effect of resveratrol on peripheral
or hepatic insulin sensitivity in subjects
with well-controlled T2D on top of stan-
dard diabetes care. Other markers of
metabolic health also largely remained
unaffected by resveratrol, although
improvements in ex vivo muscle oxida-
tive capacity were detected. Overall, our
results suggest that resveratrol may not
be of added value as adjunct therapy for
subjects with T2D receiving the oral glu-
cose-lowering medication metformin.
The metabolic actions of resveratrol
are mainly ascribed to activation of the
energy-sensing pathway AMPK-SIRT1-
PGC1-« (1). Several downstream targets
of this pathway (e.g., mitochondrial bio-
genesis and glucose and lipid homeosta-
sis) are interesting targets for treatment
of T2D. No positive effect of 30 days of
resveratrol supplementation on hepatic
EGP, (non)oxidative skeletal muscle glu-
cose disposal, circulating insulin levels,
and substrate utilization was detected.
Also, fasting glucose, insulin, and HbA .
values remained unaffected by resvera-
trol. It should be noted that we used
an add-on approach, in which resvera-
trol was supplemented on top of the
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Figure 4—Possible interaction of resveratrol (RSV) with metformin. Post hoc analysis revealed a possible interaction of metformin with the metabolism of
resveratrol. A: Correlation of the daily metformin dose used by the patients with T2D and plasma DHR levels. A subsequent subanalysis was performed in
which patients with T2D were separated in a group using high daily doses of metformin (>1,000 mg/day [n = 9]; average metformin dose, 2,188 mg/day)
vs. a group using low daily doses of metformin (=1,000 mg/day [n = 8]; average metformin dose, 639 mg/day). Total plasma DHR levels (B) and total
resveratrol levels (C) for the high- vs. low-dose metformin groups. Data are presented as mean * SEM.

patients’ normal blood glucose—lower-
ing treatment, mainly metformin. It is
well known that treatment with the
oral glucose-lowering medication met-
formin leads to phosphorylation of the
threonine residue 172 in the a-subunit
of AMPK (30). Accordingly, measure-
ment of phosphorylated AMPK by
Western blot revealed no significant dif-
ferences between the resveratrol and
placebo condition. Potentially, a daily
dose of 150 mg of resveratrol may not
have been able to further activate AMPK
in subjects with T2D receiving metfor-
min, thereby explaining the lack of
effect of resveratrol on insulin sensitiv-
ity. In addition to this explanation, our
data indicate that metformin may inter-
act with the metabolism of resveratrol.
This potential interaction could have
influenced the efficacy of the active com-
ponent, thereby accounting for the lack
of a resveratrol-induced improvement
of insulin sensitivity.

Interestingly, Movahed et al. (17) re-
cently reported that subjects with T2D
treated with metformin only did not
show an improvement in circulating in-
sulin or HbA1. levels upon resveratrol
administration, whereas patients re-
ceiving SUDs only or metformin in com-
bination with SUDs demonstrated a
resveratrol-induced improvement in
both plasma makers of insulin sensitiv-
ity. Together with our study results,
these findings reinforce the importance
of investigating the relationship be-
tween resveratrol and metformin in fu-
ture research.

A potential mechanism that may partly
explain the interaction of metformin with

resveratrol can be sought in the recently
appreciated influence of metformin on
gut microbiota composition (31,32). The
gut microbiota is one of the major sites of
metabolism of trans-resveratrol to the
metabolite DHR (33). Although beyond
the scope of this research, alterations in
gut microbiota composition by metfor-
min could have affected the metabolism
of our trans-resveratrol. It would there-
fore be worthwhile to examine if resver-
atrol could improve insulin sensitivity in
drug-naive subjects with T2D or subjects
with prediabetes.

Despite the lack of effect of resvera-
trol on AMPK activity and insulin sensi-
tivity, we did observe an improvement
of ex vivo mitochondrial function. These
results are in line with Price et al. (34),
who recently demonstrated that the ef-
fects of resveratrol on mitochondrial
metabolism are not always paralleled
by an effect on AMPK. Furthermore,
we found that resveratrol increased
IMCL content, consistent with our pre-
vious findings in healthy, obese subjects
(10). These findings may suggest that
the beneficial effects of resveratrol on
insulin sensitivity, as found by others,
do not depend entirely on the effects
on skeletal muscle mitochondrial func-
tion. Alternatively, these results may
suggest that the beneficial effects of
resveratrol on muscle mitochondrial
function may be too small to affect in-
sulin sensitivity or that the duration of
the treatment may have been too short
to affect glycemic control. In that re-
spect, recent work of Thazhath et al.
(35) in subjects with T2D controlled
by diet only also failed to improve

glycemic control when treated with
500 mg of resveratrol twice daily for
2 weeks.

IHL content also remained unaffected
by resveratrol in subjects with T2D,
which was in contrast to our previous
study in which we noted a significant
decrease in healthy, obese subjects
(10). However, we did observe a corre-
lation between plasma parental resver-
atrol levels and changes in IHL content,
suggesting that higher doses of resvera-
trol may be able to reduce IHL content
also in subjects with T2D. Further
clinical studies are needed to test this
hypothesis.

Resveratrol supplementation did not
affect systolic and diastolic function of
the heart but tended to decrease sys-
tolic blood pressure. A decrease in sys-
tolic blood pressure has previously been
observed with resveratrol. For example,
a recent meta-analysis of six random-
ized controlled trials investigated the
effect of resveratrol on blood pressure
and reported that high doses of resver-
atrol (=150 mg/day) significantly re-
duced systolic blood pressure but that
lower doses had no effect on blood
pressure (36).

In conclusion, 30 days of resveratrol
supplementation did not improve he-
patic or peripheral insulin sensitivity in
subjects with T2D treated with oral glu-
cose-lowering medication. Intriguingly,
levels of a metabolite of resveratrol
were affected by the dose of metformin
used, suggesting that the lack of effect
of resveratrol on insulin sensitivity may
have been affected by metformin use in
these patients. These results question
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the generalized value of resveratrol as
an add-on therapy for treatment of
T2D and emphasize the need to explore
the possible interaction between re-
sveratrol and metformin. Studies in sub-
jects with prediabetes are needed to
examine whether resveratrol can im-
prove insulin sensitivity when not com-
bined with oral glucose-lowering drug
therapy.
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