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Abstract

The objective was to investigate whether resveratrol (RSV) can improve

exercise capacity in patients with fatty acid oxidation (FAO) disorders. The

study was a randomized, double-blind, cross-over trial. Nine patients with very

long-chain acyl-CoA dehydrogenase (VLCAD) deficiency or carnitine

palmitoyl transferase (CPT) II deficiency were randomized to receive either

8 weeks of 1000 mg day�1 RSV or placebo (P) followed by a 4-weeks wash-out

period and subsequently 8 weeks of the opposite treatment. Primary outcome

measures were heart rate and FAO as measured via stable isotope technique

during constant workload exercise. Secondary outcome measures included fat

and glucose metabolism; perceived exertion; as well as subjective measures of

energy expenditure, fatigue, and daily function. Eight participants completed

the trial. Heart rate did not differ at the end of exercise after treatment with

RSV vs placebo (P = .063). Rate of oxidation of palmitate at end of exercise was

not different with 1.5 ± 0.8 (RSV) vs 1.3 ± 0.6 (P) μmol kg�1 min�1 (P = .109).

Secondary outcomes did not change except for increased plasma glycerol and

decreased plasma glucose levels at the end of exercise after treatment with RSV vs
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placebo. A daily dose of 1000 mg resveratrol does not improve exercise capacity or

FAO during exercise in patients with CPTII or VLCAD deficiencies.

KEYWORD S

CPTII, fatty acid oxidation disorders, metabolic myopathy, resveratrol, VLCAD

1 | INTRODUCTION

Very long-chain acyl-CoA dehydrogenase (VLCAD) defi-
ciency (# 201475) and carnitine palmitoyl transferase II
(CPTII) deficiency (# 255110) are two of the most com-
mon fatty acid oxidation (FAO) disorders. The disorders
are caused by mutations in the ACADVL gene and CPT2
gene, respectively. This leads to impaired energy produc-
tion that manifests in a range of tissues, of which the
energy-demanding tissues, such as skeletal muscles, are
the most severely affected. The phenotypic spectrum is
wide (related to the residual enzyme activity), but the
majority of patients present with adolescent or adult-
onset with repetitive episodes of rhabdomyolysis
provoked by catabolic states, for example, prolonged
exercise, fasting, fever or exposure to cold.1,2 We have
previously shown that patients with VLCAD and CPTII
deficiencies have normal FAO at rest, but due to low
residual enzyme activity, patients are unable to increase
their FAO and thereby unable to meet the high energy
demand during prolonged exercise.3,4

There is no cure for long-chain fatty acid oxidations
disorders. Traditionally, the mainstay of treatment has
been a low fat/high carbohydrate diet with frequent feed-
ings to prevent metabolic decompensation.1,2,5,6 Tri-
heptanoin has recently been approved for treatment of
these disorders and provides significant benefit with
reduction of major clinical events.7,8 However, clinical
symptoms remain, especially recurrent rhabdomyolysis.
Thus, a need for alternative therapies remains. In 2014,
we investigated whether preclinical evidence of
bezafibrate stimulation of FAO could be replicated in a
clinical study but found no effect in treated patients. This
was most likely due to a lowering of the amount of free
fatty acids (FFA) available for oxidation.9

Similar to bezafibrate, studies of resveratrol (RSV)
(3,5,40-trihydroxy-trans-stilbene), which is a naturally
occurring compound found in plants, have shown
upregulation of FAO in cells from patients with VLCAD
and CPTII deficiencies.10,11 RSV has also been found to
modulate the expression of microRNA in cells from
patients with CPTII deficiency.12 In addition to this, anti-
inflammatory and anti-oxidative effects of RSV have been
shown.13 Seminotti et al., however, did not find an effect
of RSV on superoxide production in cells from patients

with VLCAD.14 Based on the promising preclinical evi-
dence, RSV has been studied in a broad range of diseases
including cancer and cardiovascular disease,15,16 but not
in patients with FAO disorders.

We hypothesized that a daily intake of RSV over an
extended period would increase FAO and exercise capac-
ity in patients with VLCAD or CPTII deficiencies. As fat
metabolism is maximally challenged during prolonged
exercise at low work intensities, we measured FAO dur-
ing a constant load cycling exercise test using stable iso-
tope technique and indirect calorimetry measures.
Exercise capacity was evaluated with heart rate
(HR) measurement and rates of perceived exertion (PE).

2 | MATERIALS AND METHODS

2.1 | Trial design

The study was a randomized, placebo-controlled, double-
blind, cross-over trial. The study was registered at
ClinicalTrials.gov (NCT03728777).

2.2 | Informed consent

All procedures followed were in accordance with the eth-
ical standards of the responsible committee on human
experimentation (institutional and national) and with the
Helsinki Declaration of 1975, as revised in 2000 (5).
Informed consent was obtained from all patients for
being included in the study. The study was approved by
the ethics committee of Copenhagen (H-17039503).

2.3 | Animal rights

This article does not contain any studies with animal
subjects performed by any of the authors.

2.4 | Setting

The study was conducted at Copenhagen Neuromuscular
Center, Rigshospitalet, Copenhagen, Denmark.
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2.5 | Participants

Inclusion criteria: Patients with genetically verified CPTII
or VLCAD deficiencies, aged 18 to 80 years, ambulatory
and with a clinical presentation and signs or symptoms sug-
gestive of a metabolic myopathy (eg, exercise intolerance,
muscle pain). Participants were recruited from our Neuro-
muscular Clinic, Rigshospitalet, Denmark as well as
through our collaborating sites in France and the
Netherlands.

Exclusion criteria: Competing disorders, inability to
participate due to cognitive capacity or medical condi-
tions, pregnancy or breastfeeding.

2.6 | Randomization and blinding

The capsules containing either RSV (Veri-Te, trans-res-
veratrol, purity >98%) or placebo were identical in
appearance and provided by Evolva (Reinach,
Switzerland). The regional pharmacy Regions Apoteket
handled the randomization, labeling, and blinding. The
participants were assigned with balanced randomization
to receive either 500 mg RSV or placebo twice daily in
the first treatment period and the opposite in the second
treatment period. The investigators received the capsules
in containers with treatment and participant number
along with letters in sealed envelopes stating the result of
each participant's randomization. Both the investigators
and participants remained blinded until the completion
of the study.

2.7 | Study protocol

The study protocol consisted of two treatment periods of
each 8 weeks separated by a 4-week wash-out period.
A cross-over study design was chosen due to the recruit-
ment difficulties that the rarity of the disease imposes.
A cross-over design also has the advantage that partici-
pants are their own controls. At screening visit subjects
performed an incremental maximal exercise test to
exhaustion to assess maximal oxygen uptake (VO2max).
Preceding and at the end of each treatment period, a
constant workload cycle test was performed. The study
flow is illustrated in Figure 1.

At every visit, blood samples were drawn for mea-
surements of safety parameters (myoglobin, creatine
kinase, sodium, potassium, creatinine, urate, triglycer-
ides, high-density lipoproteins [HDL], low-density lipo-
proteins [LDL], cholesterol, amylase, alanine
transaminase, bilirubin, alkaline phosphatase, hemoglo-
bin A1C [HbA1c]) to monitor the safety of the trial.

2.8 | Experimental protocol

The two stable isotope tracers, [6,6-2H2]-glucose (99%
enriched, Cambridge Isotope Laboratories, Andover, Mas-
sachusetts) and [U-13C]-palmitate solutions (98% enriched,
Cambridge Isotope Laboratories), were passed through a
0.2 μm bacterial filter and dissolved under sterile conditions
in saline water and human albumin 5%, respectively. The
participant arrived at the laboratory in the morning and
received a standardized breakfast meal. Two intravenous
catheters were inserted in veins in the arms. After blood
and expired air sampling, infusions of [6,6-2H2]-glucose
(0.0728 mg kg�1 minute�1, primed with 2.44 mg kg�1) and
[U-13C]-palmitate (0.0026 mg kg�1 minute�1, primed with
0.085 mg kg�1 of NaH13CO3) were initiated with a Gemini
PC2 Pump (IMED, San Diego, California). After infusion
for 2 hours, the rate was doubled, and the participant per-
formed a low-intensity (50%-60% of VO2max) constant
workload exercise test of 60 minutes or until exhaustion on
a cycle ergometer (Excalibur, Lode, Groningen, The
Netherlands). HR and PE (Borg score) were monitored
every second minute.17

2.8.1 | Samples

Samples of blood and expired air for tracer analysis, as well
as blood samples for measurements of plasma glucose and
lactate were collected 120, 30, 20, and 10 minutes before
test-start as well as every 10 minutes during the exercise
and at the end of exercise. At the same timepoints
pretesting, measurements of gas exchanges were performed
with a Cosmed Quark CPET (Cosmed, Milan, Italy) as well
as continuously during exercise only interrupted by air sam-
pling. Blood samples for the analyses of catecholamines,
insulin and FFA were drawn 10 minutes before exercise,
after 30 minutes of exercise and at the end of exercise.

To ensure arterialization of the sampled blood, a heating
pad wrapped around the arm was used prior to blood sam-
pling.18 Blood for measurements of lactate and glucose were
sampled in heparinized syringes and analyzed on an ABL90
flex (Radiometer, Brønshøj, Denmark). Plasma levels of
insulin and safety measurements were analyzed at the
Department of Clinical Biochemistry at Rigshospitalet,
Copenhagen. The remaining blood samples were filled into
vials with EDTA and spun at 4�C for 10 minutes. Plasma
samples were stored in a �80�C freezer until analysis. FFA
and catecholamines were analyzed with Wako NEFA-HR
(2) (Fujifilm Wako Chemicals Europe GmbH, Germany)
and 2-CAT (A-N) Research ELISA (Labor Diagnostika Nord
Gmbh, Nordhorn, Germany), respectively.

A nondiffusible 15 L Douglas bag (Hans Rudolph
Inc., Kansas) was used to collect the air samples which
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afterward were transferred to evacuated Exetainer Breath
Vials (Labco Limited, Ceredigion, United Kingdom).
Clinical Metabolomics Core Facility, Rigshospitalet,
Copenhagen measured glucose levels (only used for
calculation of glucose metabolism) in plasma and infusates
and glycerol levels in plasma with LC-MS/MS, palmitate
levels in plasma and infusates with GC-MS/MS as well as
the enrichment of the breath samples with GC-IRMS.

2.9 | Outcomes

Primary outcome measures were rate of oxidation of pal-
mitate and HR during constant workload cycling exercise.
We expected a lowering of HR and an increase in rate of
palmitate oxidation as a result of treatment with RSV.

Secondary outcome measures were fat and glucose
utilization and production measured by stable isotope
technique; total FAO and total carbohydrate oxidation
(CHO) measured by indirect calorimetry; changes in

plasma concentrations of palmitate, lactate, insulin,
glucose, and FFA; a reduction in PE (Borg score); a
decrease in myoglobinuria episodes; change in self-
reported energy expenditure using the Bouchard diary;19

change in self-rated daily function scores on a modified
Short-form Health Survey (SF-36);20 change in Fatigue
Severity Scale (FSS) score.21 Bouchard diary evaluates
energy expenditure in metabolic equivalents (METs). Par-
ticipants were instructed to fill out the diary for three
consecutive days in the week prior to the test days and
encouraged to maintain the same activity level through-
out the study period. SF-36 includes eight parameters:
(a) physical functioning, (b) role limitations due to physi-
cal problems, (c) role limitations due to emotional prob-
lems, (d) vitality, (e) general mental health, (f) social
functioning, (g) bodily pain, (h) general health. In FSS,
the participants score their level of agreement (from 1 to
7) with nine statements relating to symptoms of fatigue
in the preceding week and a high average score indicates
a high-level of fatigue symptoms.

FIGURE 1 Diagram of study flow. RSV, resveratrol; n, number of participants
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2.10 | Statistical methods

Values are presented as mean ± SD. Data obtained at the
end of exercise (at 60 minutes or exhaustion) were ana-
lyzed, except for parameters only measured pre-exercise
testing. Differences between values obtained at the end of
each treatment period were assessed with Wilcoxon
signed-rank test. An exact P-value <.05 was considered
significant. Differences between values obtained at rest
and at the end of exercise at the same test day were
assessed likewise. IBM SPSS Statistics version 25 was
used to perform the statistical analysis. A sample size of
eight subjects was determined by a power calculation.
A normal variation in HR during constant workload exer-
cise of 5.0 bpm was assumed and the minimum relevant
difference was set at 5.0 bpm. The accepted risk of type
1 error was 5% and accepted risk of type 2 error was 80%.

Calculations of indirect calorimetry and palmitate
oxidation were done as previously described, although
with adjusted acetate correction factor (rest = 30;
exercise = 80).4,22

Rate of appearance (Ra) and disappearance (Rd) were
calculated as:23

Ra¼F�V C1þC2ð Þ=2½ � � E2�E1ð Þ= t2� t1ð Þ½ �
E1þE2ð Þ=2

Rd¼Ra�V �C2�C1

t2� t1

where F is the infusion rate, V is the distribution volume
for the tracer (glucose: V = 0.145; palmitate: V = 0.04).
C1 and C2 are the concentrations at times 1 (t1) and 2 (t2).
E1 and E2 are palmitate enrichments at t1 and t2,
respectively.

Due to technical failures, gas exchange rates from
participant no. 2's visit at end of treatment with placebo
were not obtained, and as a consequence, results of

indirect calorimetry and palmitate oxidation from that
specific test could not be included.

3 | RESULTS

3.1 | Participants

Ten participants, five patients with CPTII deficiency and
five patients with VLCAD deficiency, were included
between 6 November 2018 and 21 February 2019
(Figure 1). One participant was excluded after the screen-
ing visit due to an unrelated accident rendering the par-
ticipant unable to participate and one participant was
excluded due to lack of compliance. Thus, the results are
based on eight participants. For baseline characteristics
please see Table 1. Two participants were Danish, three
were French, and three were Dutch. All female partici-
pants were treated with oral contraceptives throughout
the study period. Two participants used medium chain
length (MCT) products on a daily basis but paused this
treatment during the trial. One participant took
Levocarnitine up until 2 weeks before trial start. All par-
ticipants showed symptoms suggestive of a metabolic
myopathy (eg, exercise-induced muscle pain, exercise
intolerance). At inclusion, participants had low to normal
VO2max (34 ± 10 mL min�1 kg�1) and a maximal work-
load capacity (Wmax) of 225 ± 68 W.

3.2 | Primary outcome measures

Treatment with RSV did not affect palmitate oxidation at
the end of exercise (Figure 2). Palmitate oxidation was
low on both treatments at the end of exercise,
corresponding to previous results,3,4,24 (Figure 2). Like-
wise, HR at the end of exercise did not differ between
treatments (Figure 3).

TABLE 1 Baseline characteristics at screening

FAOD Sex, F: M Mutation Age (years) BMI (kg m�2) VO2max (mL min�1 kg�1) CK (U L�1)

VLCAD F c.589G > A, c.822-2A > C 22 21 42 184

CPTII M c.338C > T, c.338C > T 48 35 29 130

VLCAD M c.848T > C, c.1322G > A 50 30 27 497

CPTII M c.338C > T, c. 638A > G 34 21 51 354

CPTII M c.338C > T, c.149C > A 46 34 30 246

VLCAD M c.848T > C, c.1605 + 1G > T 39 22 35 136

VLCAD F c.779C/T, c.1497_1499del 52 40 20 217

CPTII F c.149C > A, c.338C > T 26 28 36 303

Abbreviations: BMI, body mass index; CK, creatine kinase; CPTII, carnitine palmitoyl transferase II deficiency; F, female; FAOD, fatty acid oxidation disorder;
M, male; VLCAD, very long-chain acyl-CoA dehydrogenase deficiency; VO2max, maximal oxygen consumption.
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FIGURE 2 (A) Rate of appearance of palmitate, (B) Plasma palmitate concentration, (C) Rate of disappearance of palmitate,

(D) Palmitate oxidation, (E) Free fatty acid concentration and (F) Total fatty acid oxidation at rest (gray) and the end of exercise (black) after

treatment with either placebo or resveratrol. Values are presented as means + SD. *P < .05 rest vs exercise. #n = 7. The dotted line in

(D) and (F) indicates mean fatty acid oxidation/palmitate oxidation at the 40th minute of exercise in six healthy controls exercising at 50% to

60% of VO2max, and the shaded area is ± SD (unpublished data). FAO, fatty acid oxidation; Ra, rate of appearance; Rd, rate of disappearance
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3.3 | Secondary outcome measures

3.3.1 | Perceived exertion

In line with no change in HR, the rate of PE (Borg score)
did not improve with RSV treatment compared to pla-
cebo (Figure 3).

3.3.2 | Substrate turnover and
concentrations

Palmitate production (rate of appearance) and palmitate
utilization (rate of disappearance) increased to the same
extent during exercise on both treatments (Figure 2). In
line with this, total FAO did not differ after treatment
with RSV compared to placebo (Figure 2). The respira-
tory exchange rate increased during exercise indicating
increased use of carbohydrate oxidation but did not differ
significantly between treatments (Table 2). Plasma palmi-
tate levels, glucose production (rate of appearance) and
utilization (rate of disappearance) and total CHO did not

differ significantly between treatments (Figure 2 and
Table 2).

Plasma glycerol was significantly higher after RSV
treatment at the end of exercise, whereas plasma glucose
at the end of exercise was significantly lower after treat-
ment with RSV compared to placebo (Table 2).

3.3.3 | Metabolites and hormones

RSV treatment did not change plasma FFA or lactate
concentrations (Table 2 and Figure 2). Levels of insulin
could not be compared due to laboratory failure of
analysis.

3.3.4 | Questionnaires

Bouchard diary (P = .469) and FSS (P = .117) showed no
difference between treatments nor did any of the eight
subcategories of SF-36 (Figure 4).

3.3.5 | Myoglobinuria

One participant had an episode of discolored urine in
relation to a flu infection at the end of the placebo treat-
ment period, and thus was deemed unrelated to the study
treatment.

3.4 | Exercise duration and load

There was no significant difference (P = .844) in exercise
duration after treatment with RSV (45 ± 13 minutes) vs
placebo (45 ± 15 minutes). Participants exercised at a
constant workload throughout the exercise test
(83 ± 35 W).

3.5 | Adherence to treatment and
adverse events

Based on the number of returned unused capsules col-
lected at the end of each treatment period, 94% ± 6% of
the intended treatment was taken during the placebo
treatment period and 92% ± 8% during the RSV treat-
ment period. Information on the adherence to treatment
and occurrence of adverse events were obtained from dia-
ries filled out by the participants during each treatment
period. There were no serious adverse events. No impor-
tant changes were observed on the measured safety
parameters. During treatment with RSV, two participants

FIGURE 3 (A) Heart rate and (B) perceived exertion (Borg

score) during constant load cycling exercise. Open circle = Placebo

end-visit. Closed circle = resveratrol end-visit. Values are presented

as mean ± SD. Exh, exhaustion. #n = 7; †n = 6; ‡n = 5; ¤n = 4;
§n = 3; ◊n = 2
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experienced headaches (1-2 days). Four participants
reported stomachache or diarrhea, which was also the
cause of the low adherence by the one participant that
was excluded. One participant experienced an episodic
sleeping sensation in the legs whenever he got up from a
chair as well as a possible appearance of varicose veins.
In addition to this, the participant reported bilateral
eczema on dorsal side of the hand which disappeared a
few days after end of treatment. During treatment with
placebo, one participant reported headache (1 day).
Another reported less appetite and 2 days of diarrhea. A
third experienced unusual tiredness.

One participant was hospitalized on two occasions—
one in each treatment period—due to muscle attacks pro-
voked by upper airway infections but did not have dis-
colored urine.

4 | DISCUSSION

In the present study, we investigated whether treatment
with RSV could enhance exercise capacity and FAO in
patients with VLCAD or CPTII deficiencies. The main
findings of the study are that (a) RSV did not improve
FAO during exercise in patients with VLCAD or CPTII
deficiencies, (b) exercise capacity, as indicated by HR and
rates of PE, did not improve with RSV treatment, (c) the

activity levels of the patients, based on the Bouchard
diary did not increase during RSV treatment.

These results are unexpected as in vitro studies of the
effect of RSV on FAO in fibroblasts deficient of VLCAD
or CPTII presented evidence of upregulation of the defi-
cient enzyme and thus increased level of FAO. In the
study by Bastin et al., fibroblasts from 13 VLCAD defi-
cient patients were treated with 75 μM RSV for
48 hours.10 Cell lines from two patients with a severe
deficiency showed no effect on FAO. Restoration of pal-
mitate oxidation to a normal state was observed in 10 out
of the remaining 11 cell lines.10 The same pattern was
found when fibroblasts from patients with CPTII defi-
ciency were treated as it resulted in normal FAO in cell
lines from mildly affected patients and no change in the
single severely affected patient's cell line. Aires et al.
treated fibroblasts from two CPTII deficient and three
VLCAD deficient patients with 75 μM RSV for 48 hours
and confirmed the restoration to normal FAO rates.11

Clinical studies on the effects of RSV, with muscle
strength or exercise capacity as part of the main out-
comes, have yielded ambiguous results.25-30 Kawamura
et al.25 investigated the effect of 24 weeks of treatment
with RSV in 11 patients with muscular dystrophies. The
patients received 500 mg day�1 RSV for 8 weeks,
followed by 8 weeks with 1000 mg day�1 and finally
8 weeks with 1500 mg day�1. The quantitative muscle

TABLE 2 Substrate kinetics, indirect calorimetry, and plasma metabolites results

Placebo Resveratrol P-values

Rest End of exercise Rest End of exercise Rest End of exercise

Glucose Rd, μmol kg�1 minute�1 21.5 ± 5.3 27.6 ± 6.0* 25.4 ± 7.4 28.7 ± 8.5 - 0.547

Glucose Ra, μmol kg�1 minute�1 21.5 ± 5.3 27.6 ± 6.0* 25.4 ± 7.4 28.7 ± 8.5 - 0.547

CHO, μmol kg�1 minute�1 17.9 ± 6.6a 111.1 ± 38.8a* 15.4 ± 6.7 107.2 ± 52.3* - 0.578

RER 0.86 ± 0.05a 0.93 ± 0.03a* 0.83 ± 0.07 0.91 ± 0.05* - 0.250

Glycerol, μmol L�1 57 ± 28 157 ± 95* 53 ± 22 195 ± 104* - 0.023b

Glucose, mmol L�1 5.6 ± 0.5 4.6 ± 0.3a* 5.7 ± 0.7 4.1 ± 0.5* - 0.031b

Lactate, mmol L�1 1.2 ± 0.3 1.8 ± 0.5a* 1.2 ± 0.3 1.9 ± 0.7* - 0.438

Adrenaline, pg mL�1 52 ± 31 192 ± 209* 30 ± 5 210 ± 213* - 0.195

HDL, mmol L�1 1.2 ± 0.3 - 1.2 ± 0.3 - 0.398 -

LDL, mmol L�1 3.3 ± 1.1 - 3.6 ± 0.8 - 0.161 -

Total cholesterol, mmol L�1 4.9 ± 1.2 - 5.2 ± 1.0 - 0.400 -

Triglycerides, mmol L�1 1.4 ± 0.8 - 1.5 ± 1.1 - 1.000 -

HbA1c, mmol mol�1 33 ± 2 - 35 ± 2 - 0.112 -

Note: Values are shown as mean ± SD.
Abbreviations: CHO, carbohydrate oxidation; HbA1c, hemoglobin A1C; HDL, High density lipoprotein; LDL, Low density lipoprotein; Ra, rate of appearance;
Rd, rate of disappearance; RER, respiratory exchange rate.
an = 7.
bP-value <.05 RSV vs placebo.
*P-value <.05 rest vs exercise.
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testing (QMT) score of scapula elevation (n = 10) and
shoulder abduction (n = 5) increased significantly,
whereas QMT scores of elbow extension and flexion, hip
flexion, knee extension, and ankle dorsiflexion did not.
However, as the authors pointed out, a limitation of the
study is the lack of an untreated group to compare with
as well as the heterogeneity of the study group that
included both patients with Duchenne, Becker, and
Fukuyama muscular dystrophies. Alway et al.26 exam-
ined the effect of 12 weeks of exercise combined with
500 mg day�1 RSV. The study cohort was 30 older per-
sons split into a treatment and a placebo group. The

authors reported increased maximal oxygen uptake and
improved knee extension strength in the RSV-treated
group but not in the placebo-treated group. Gliemann
et al.27 detected conflicting results when measuring the
effects of 8 weeks treatment with either 250 mg day�1

RSV or placebo both combined with exercise in 27 healthy
physically inactive aged men. The results showed a bigger
increase in maximal oxygen uptake in the placebo group
compared with the RSV group. In line with this, Voduc
et al.28 found no significant effect on exercise capacity in
13 healthy, sedentary adults receiving 1000 mg day�1

RSV for 1 week followed by 2000 mg day�1 RSV for

FIGURE 4 (A) Boxplot of Fatigue

Severity Scale, (B) Boxplot of Bouchard

dairy and (C) Bar chart of modified

Short-Form Health Survey (with +SD).

All after treatment with resveratrol

(gray) or placebo (white). MET,

metabolic equivalent. #n = 7
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3 weeks. Olesen et al.29 found no effect of 8 weeks of
250 mg day�1 RSV on muscle endurance and Scribbans
et al.30 showed no additional effect on aerobic exercise
performance of 150 mg day�1 RSV combined with train-
ing for 4 weeks.

The question is why the preclinical evidence is so
inconsistently reproduced in a clinical setting. One rea-
son could be poor RSV bioavailability in the skeletal mus-
cle cells. Measurements of availability in skeletal muscle
were not presented in any of the six studies mentioned
above.25-30 Neither did we measure bioavailability, but
RSV is known to undergo rapid metabolism and to have
a low bioavailability in plasma, although when metabo-
lites are included the availability is somewhat higher.31-33

The plasma concentration has been shown to be biphasic
with peaks approximately 60 minutes and 6 hours after
ingestion.32 The dosage of 1000 mg RSV in our study was
chosen due to reports of beneficial effects on that dosage
in terms of increased bone mineral density and reduced
levels of circulating androgen precursors.34,35 To reach a
more steady level of concentration RSV was adminis-
trated twice daily (morning and evening). We refrained
from a higher dosage due to the findings of Brown et al.
They investigated the effects of RSV in four different
doses (500, 1000, 2500, and 5000 mg) on circulating levels
of insulin growth factor (IGF) and IGF-binding protein-3
in 40 healthy subjects and reported increasing adverse
effects at dosages of 2500 mg or more.36 Despite its low
bioavailability, in vivo effects of RSV have been shown
and it has been suggested that the mechanism underlying
this is conversion of RSV metabolites back to RSV in tar-
get organs.31,33 In a study by la Porte et al. study subjects
received 2000 mg RSV twice daily resulting in plasma
concentration of 5.58 μmol.37 It could thus be hypothe-
sized that the plasma levels reached in the present study
is even lower and thereby only a fraction of the concen-
tration applied by Bastin et al. and Aires et al.10,11 As we
did not measure the concentration in skeletal muscle
cells we cannot exclude that the lack of in vivo effect of
RSV is due to too low concentration. However, we believe
our study design was successful in testing RSV in a via-
ble, clinical setting taking into account the risk of adverse
effects. Even at the chosen dosage adverse effects were
the cause of the low adherence by the later excluded par-
ticipant. Methods for enhancing bioavailability might
overcome the current challenge of reaching sufficient
RSV concentrations.31

Both bezafibrate and RSV have shown promising
results in in vitro studies and did not improve FAO in
patients with VLCAD and CPTII deficiencies. Low drug
bioavailability was not the cause in the bezafibrate study
as indicated by the significantly lowered cholesterol
parameters and the decrease in fatty acids concentration.9

Thus, low availability of FFA might actually be one of
the reasons why bezafibrate did not improve FAO in
patients with VLCAD or CPTII deficiencies. In the pre-
sent study, plasma levels of glycerol at the end of exercise
were significantly higher after treatment with RSV com-
pared with placebo. One should bear in mind the risk of
type 1 errors, as we did not adjust for multiple testing.
Should the difference on the other hand be true, then the
increased plasma levels of glycerol could be the effect of
increased lipolysis. Plasma FFA and rate of appearance
and disappearance of palmitate were also nominally
higher after RSV treatment, but the difference was not
significant, thus undermining the notion of increased
lipolysis. Total FAO and palmitate oxidation were also
not improved. Yet, lack of substrates for FAO does not
seem to be the limiting factor in this study.

4.1 | Limitations

A direct consequence of the rareness of the diseases is the
small number of participants included, and even though
we recruited from three different countries the total num-
ber of participants was only eight. Secondly, despite hav-
ing calculated a workload corresponding to 50% to 60% of
VO2max the values achieved ranged from 48% to 65%
and two of the participants exercised on both tests for
only 30 minutes or less resulting in fewer data-points.
Thirdly, we had a break of protocol as one participant the
morning before the test after treatment with RSV ate a
nonstandardized breakfast meal at the hotel before arriv-
ing at the laboratory. He did not receive a breakfast meal
at the lab, and his resting plasma glucose level was a bit
lower than compared with the placebo test day (5.7 vs
6.6 mM). Fourthly, not all participants received a dosage
of RSV on the morning of the test day. We believe this to
be of no significance as we studied the long-term effects
of RSV treatment but considering the discussion on bio-
availability it is worth noting. Lastly, we did not include
a measurement of cardiac function. Gillingham et al.
studied triheptanoin in patients with long-chain FAO dis-
orders and found an effect on cardiac structure and func-
tion as well as cardiorespiratory fitness but without
concomitant short-term effect on skeletal muscle energy
metabolism.38 Although no improvement of cardiorespi-
ratory fitness was found in the present study we cannot
exclude an effect of RSV on cardiac function or structure.

4.2 | Perspectives

This study does not provide a definitive answer to the
effectiveness of RSV in treatment of VLCAD and CPTII
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deficiencies but does provide objective evidence that it
has no useful effect on FAO and exercise capacity. The
lack of effect might be due to insufficient concentration
of RSV in skeletal muscles and future research should
focus on testing RSV under conditions of enhanced
bioavailability.
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