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Abstract: Resveratrol is a natural polyphenol utilized in Chinese traditional medicine and thought
to be one of the determinants of the “French Paradox”. More recently, some groups evidenced its
properties as a calorie-restriction mimetic, suggesting that its action passes through the modulation
of skeletal muscle metabolism. Accordingly, the number of studies reporting the beneficial effects
of resveratrol on skeletal muscle form and function, in both experimental models and humans, is
steadily increasing. Although studies on animal models confer to resveratrol a good potential to
ameliorate skeletal muscle structure, function and performance, clinical trials still do not provide
clear-cut information. Here, we first summarize the effects of resveratrol on the distinct components
of the skeletal muscle, such as myofibers, the neuromuscular junction, tendons, connective sheaths
and the capillary bed. Second, we review clinical trials focused on the analysis of skeletal muscle
parameters. We suggest that the heterogeneity in the response to resveratrol in humans could depend
on sample characteristics, treatment modalities and parameters analyzed; as well, this heterogeneity
could possibly reside in the complexity of skeletal muscle physiology. A systematic programming
of treatment protocols and analyses could be helpful to obtain consistent results in clinical trials

involving resveratrol administration.

Keywords: resveratrol; skeletal muscle; clinical trials
check for
updates

Citation: Toniolo, L.; Concato, M.;

Giacomello, E. Resveratrol, a

Multitasking Molecule That 1. Introduction

Improves Skeletal Muscle Health. Resveratrol (RES) is a natural polyphenol found in grapes, berries and peanuts
Nutrients 2023, 15, 3413. https:// (Figure 1). Utilized in Chinese traditional medicine, in more recent times, RES is thought to
doi.org/10.3390/nu15153413 be one of the determinants of the so-called “French Paradox” [1]. This is an epidemiological

observation that evidences a low mortality rate from cardiovascular diseases among people
in France despite their diet rich in saturated fats [2]. At the beginning of this century, after
the demonstration that RES can prolong the lifespan in several organisms by interacting
with the Silent Mating Type Information Regulator 1 (SIRT-1) pathway [3-5], some groups
evidenced its properties as an exercise and calorie-restriction mimetic [6]. After extensive
research, it is now suggested that RES’s action is the result of the modulation of skeletal

® muscle cell metabolism and the improvement of mitochondrial quantity and quality, insulin
sensitivity and motor function [7,8].

RES has been demonstrated to perform multiple functions at the level of the skeletal
muscle, such as the modulation of cell metabolism, inhibition of protein catabolism and
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40/). Successively, RES has been shown to regulate cyclooxygenases [11], to directly or indirectly
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scavenge reactive oxygen species (ROS) and nitrogen reactive species (RNS) [10] and to act
as a phytoestrogen [12-14].

cis-resveratrol

trans-resveratrol

Figure 1. Structures of trans-resveratrol and cis-resveratrol.

Although studies exploiting experimental models ascribe to RES a good potential to
ameliorate skeletal muscle structure, function and performance [15,16], trials on humans
still do not provide clear-cut information. Actually, in addition to the heterogeneity of
protocols (sample number, dose and length of treatment, age, sex and health conditions), it
should be considered that skeletal muscle function is achieved thanks to the orchestration
of its distinct components, such as the neuromuscular junction (NMJ), muscle fibers,
connective sheaths, tendons and vessels, which could be differently influenced by RES
administration [17].

The present manuscript will provide an overview of the experimental evidence sup-
porting RES action in the distinct components of the skeletal muscle and will summarize
and discuss the recent literature on human trials that investigate the effects of RES on
skeletal muscle form and function.

2. Resveratrol Can Affect Distinct Skeletal Muscle Components

Skeletal muscle contraction is initiated by the nervous system with the generation of a
signal that travels through motor neurons to the NM]J, inducing the release of acetylcholine,
which binds to receptors on the sarcolemma of the muscle fiber. This action starts a pro-
cess, the excitation—contraction coupling, that leads to the filaments sliding and muscle
contracting. Skeletal muscles are attached to bones and other structures via tendons, al-
lowing movement and respiration. Although the main component of the skeletal muscle is
represented by myofibers, an optimal physical performance depends on the integration
of several histological and anatomical structures with different roles in skeletal muscle
contraction. Attesting to the need for efficient coordination between myofibers and asso-
ciated tissues to achieve optimal skeletal muscle function, studies on aging and muscle
unloading demonstrate that the loss of muscle strength is considerably greater compared
to the associated alteration to the muscle mass [18-20]. This divergence could be ascribable
to modifications to the NM]J, connective sheets, tendons and blood vessels, which work
together to guarantee optimal contraction performance [17]. Consequently, the efficient
improvement of skeletal muscle function in different physio-pathological conditions re-
quires a strategy capable of targeting multiple muscle structures [17]. In this context, RES,
initially reported to modulate the form and function of the skeletal muscle cell [9], has been
demonstrated to be a pleiotropic molecule able to interact with different muscle structures,
as summarized below.

2.1. Resveratrol and Skeletal Muscle Fiber

RES has been reported to act on myofibers by modulating metabolism, catabolism
and oxidative stress. As largely reported, RES interacts with the AMPK-SIRT-1 pathway to
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trigger several signaling pathways, which induces a general myofiber remodeling similar
to that seen by exercise training and calorie restriction.

RES induces the expression of genes involved in mitochondrial biogenesis and ox-
idative phosphorylation through the peroxisome proliferator-activated receptor gamma
coactivator-alpha (PGC-1-alpha) [7]. As a result, muscle fibers from treated animals have
better oxidative profiles and/or present more oxidative type I fibers, which are resis-
tant to fatigue [7,21]. In turn, mitochondprial activity and PGC-1-alpha modulation have
been demonstrated to be strictly associated with better fatty acid oxidation and lipid
metabolism [7].

RES has been shown to modulate glucose metabolism by improving glucose up-
take in several experimental models. As a result, mice on a high-fat diet supplemented
with RES have lower circulating levels of insulin and improved glucose tolerance com-
pared to the control group [7,8], diabetic rats display a better glucose tolerance upon RES
treatment [22,23] and, more interestingly, preliminary studies confer to RES potential as an
antidiabetic molecule in humans [24].

Despite the presence in the literature of conflicting data, it is suggested that RES may
prevent muscle wasting in different conditions. Actually, RES has been shown to inhibit
protein degradation in several in vitro models [9] by interfering with nuclear factor kappa
beta (NF-kB) activation and nuclear translocation, inhibiting the signaling pathway that
contributes to muscle mass loss [25]. Accordingly, RES supplementation has been shown to
attenuate age-dependent fiber area decrease [26]. Interestingly, the administration of RES
in rats undergoing hindlimb suspension did not prevent fiber atrophy during the period of
disuse, but it increased the cross-sectional area of type II fibers in response to reloading,
most probably by reducing pro-apoptotic signals [27].

2.2. Resveratrol and the NM]

The NM]J is the point of communication between the motor neuron and the skeletal
muscle cell, and it is the site for the transmission of action potential to activate contraction.
The integrity of the NM]J is perturbed in neuromuscular disorders and in skeletal muscle
aging and disuse [20,28-30], with a consequent loss of its organization, fragmentation and
degeneration, contributing to reduced muscle performance. Already in 2006, Lagouge
and collaborators [7], based on the evidence that RES improved the motor coordination
and traction force in mice fed on a high-fat diet, suggested that RES could modulate
neuromuscular communication. Later, analogously to the reported evidence that calorie
restriction and exercise can attenuate age-dependent NMJ modifications [31], RES was
reported to slow aging of the NMJ by reducing its fragmentation and denervation [32].

Although the molecular pathways regulating the NM]J-specific domain targeted by
RES remain quite unexplored (the research in PubMed with the words “resveratrol neuro-
muscular junction” issued only five results), several research articles exploring RES effects
on nervous tissue reveal significant neuroprotective action. Actually, in various experimen-
tal models, RES administration has been shown to reduce nerve cell senescence [33] and to
ameliorate oxidative stress [34], endoplasmic reticulum stress [35] and inflammation [36],
thereby improving locomotor function. This evidence suggests that RES has the potential
to target the presynaptic component of the NM]J. Further work is needed to understand if
and how RES can target the postsynaptic domain of the skeletal muscle cell.

2.3. Resveratrol, Connective Sheaths and Tendons

Connective sheaths and tendons are formed by an insoluble scaffold of the extracellular
matrix (ECM), rich in collagen and elastic fibers, proteoglycans, glycoproteins and laminins,
which is synthesized by fibroblasts. Connective sheaths serve as structural support for
muscle fibers; participate in lateral and longitudinal force transmission; host immune
system cells, satellite cells, nerves and capillaries; and form a strict connection with bones
to displace the different parts of the skeleton [37].
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In general, ECM homeostasis is maintained by the fine regulation of the production of
its components and the activation of degrading enzymes [18]. In the context of a muscle, the
presence of continuous excitation-contraction cycles requires an appropriate remodeling of
the ECM, which can be highly impacted by exercise, age and pathological conditions [37].
For example, in aging individuals, the ECM undergoes fibrotic changes that lead to an
increase in skeletal muscle stiffness, strength loss and injury predisposition [19,38]. More-
over, attesting to the crucial role of connective sheaths, muscle contraction can be impaired
in ECM-specific disorders but also in apparently unrelated pathologies that result in con-
nective tissue impairment [39]. For instance, patients affected by Ehlers—Danlos syndrome
often display neuromuscular involvement [40]. Although these subjects experience skeletal
muscle symptoms such as pain, fatigue and cramps, they have normal skeletal muscles,
suggesting that muscle symptoms depend on the associated connective tissue [41]. Inter-
estingly, patients affected by chronic kidney disease present reduced muscle performance
accompanied by fibrosis, capillary rarefaction and weakness, which can be partially re-
verted by dialysis [39,42].

The effects of RES on the ECM are quite conflicting, which may be due to the different
biochemical properties of the ECM in different tissues and the experimental models tested.
It has been suggested that RES may modulate both the deposition and the degradation of the
ECM components. RES has been shown to increase collagen deposition, improving wound
healing and neovascularization after laparotomy in rats [43] but also to reduce cardiac
fibrosis in several experimental models via the diminution of ECM component deposition
and the regulation of metalloproteinase (MMP) activity [44]. In the context of skeletal
muscle, there are few observations. Gliemann and collaborators reported that RES inhibits
the training-induced expression of the metallopeptidase inhibitor-1 (TIMP-1) and reduces
the levels of thrombospondin-1 (TSP-1), and they interpreted these data as an inhibition of
the proangiogenic response and capillarization [45]. Considering the metalloproteinase-
inhibiting function of TIMP-1 and the role of TSP-1 in promoting fibrosis [46], it could be
hypothesized that RES plays an antifibrotic role also in the skeletal muscle.

Interestingly, because RES is a pleiotropic molecule and ECM is a highly elaborate and
plastic tissue structure, modifications to connective sheaths could also depend on indirect
RES actions, such as the scavenging of ROS, inhibition of the production of advanced
glycation end products (AGEs), improvement of the inflammatory response and regulation
of hormones [47].

2.4. Resveratrol and Skeletal Muscle Vascularization

In the skeletal muscle, microcirculation is responsible for the delivery of oxygen, nu-
trition and hormone molecules to and from muscle fibers and for the removal of heat
and waste products [48]. To these aims, within the skeletal muscle, fiber type, fiber
size, oxidative capacity and capillarization are strictly regulated to adapt to physiological
needs [48-50]. Attesting to its crucial role, reduced capillarization impacts oxygen supply
to muscles, contributing to exercise intolerance. Accordingly, poor capillarization levels
are observed in hypertensive conditions, concurrent with metabolic dysregulation [51] and
associated with lower muscle performance in older adults [52].

Based on the idea of the capillary bed as a target to improve skeletal muscle health,
there is a growing interest in RES’s potential to modulate capillarization, because studies in
humans and animal models have provided promising results regarding both the skeletal
muscle [53,54] and the cardiovascular system [55].

As suggested by Diaz and collaborators [56], the impact of RES on blood vessels is
ascribable to a multilevel action, which starts from molecular regulation, passes through
a biochemical response and converges to bring better blood supply to the tissue. RES
has been shown to positively regulate vasculature through several mechanisms. It has
been suggested that RES promotes angiogenesis via thioredoxin-1, heme oxygenase-1 and
vascular endothelial growth factor (VEGF) [57] and regulates vasodilation by scavenging
ROS and modulating nitric oxide synthesis. RES inhibits NFkB activation, leading to the
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reduction of inflammation markers and cytokines [53,58,59]. Ultimately, the improvement
of capillarization in the skeletal muscle can also be credited with secondary effects, such as
a decrease in fibrosis of the associated connective tissue [39,42] or an improvement in the
cardiac hemodynamic properties, as shown in RES-treated diabetic rats [60].

3. Resveratrol and Skeletal Muscle in Clinical Trials
3.1. Search Strategy

We performed a systematic search from March 2023 to April 2023 following the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist
guidelines. We searched the terms “resveratrol” and “skeletal muscle” in PubMed’s clinical
trials section, which returned 21 results. We searched the terms “resveratrol”, “skeletal mus-
cle” and “clinical trial” in Scopus, which returned 22 articles. We also searched the terms
“resveratrol” and “skeletal muscle” in the Cochrane Library, and we obtained 53 results. We
then selected only research articles that reported the analyses of skeletal muscle biopsies
and/or physical performance. The cross-selection among libraries, together with a further
analysis of the literature, returned 24 articles, which are reported in Table 1 [45,54,61-82].
Research articles from Gliemann et al. [45,78] and Olesen et al. [75], and research articles
from Kjaer et al. [69] and Korsholm et al. [70], respectively, issued from a single clinical trial.

Table 1. List of the selected clinical trials reporting subjects’ number, sex and age (reported between
parentheses as mean age + standard deviation), health condition, treatment conditions, analyses
performed and results. Abbreviations: f, female; m, male; RES, resveratrol; PL, placebo; EGCG,
epigallocatechine-3; T2DM, type 2 diabetes mellitus; COPD, chronic obstructive pulmonary disease;
and PAD, peripheral arterial disease.

Groups
Subjects C(I)-Ine:ilttil:)n Dose Treatment Tlf:;ni;nt I;\j[reaaT::zle Effect
No./Sex/Age &
SCOTTO DI 10(;; 31‘2 IZ)ES Nutrition Positiv
PALUMBO, ¢ ) - Sedentary 150 mg/day supplement 6 months Performance Ofo €
2022 [61] 8f+8mPL drink effect
(74.8 + 3.9)
13 f + 7 m RES
500 mg (72 + 5.1) Metabolism
HARPER, 18f+2 m RES Functional 500 mg, Resveratrol inflammation Positive
1000 mg s . 12 weeks
2021 [62] (70.3 + 5.8) limitations 1000 mg/day + exercise markers, effect
14f+6m PL performance
(73.3 £ 7.8)
18 m RES (21.09 Trans-
HUANG, + 1.33) 500 mg, Muscle damage Positive
2021 [63] 18 m PL T2DM 1000 mg/day res:/(f;‘atiol 7 days markers effect
(21.09 + 1.33) extrac
4f+7mRES .
Metabolism
BEIJERS, (67.8 £ 9.0) ) . m
2020 [64] 5f+5mPL COPD 150 mg/day resVidaTM 4 weeks mfii;rlrl?;tslon No effect
(65.3 £9.1)
HUANG (53 e gi) Resveratrol Metabolism
2020 [65] 18 m PL Healthy 480 mg/day . extraC.t 4 days markers No effect
(202 4 0.4) exercise
VAN 18 m RES Obese Trans- Metabolism, Positive
POLANEN, (61 £8) Normosglycemic 150 mg/day resveratrol 30 days histological effect
2020 [66] 18 m PL (61 £ 8) gLy markers
Overweight . .
DE LIGT, 13 m RES (66) (T2DM 150 ma/d Trans- 03t d Mr’fltarblflfm Partilguy
2018 [67] 13 m PL (66) first-degree §/day resveratrol ays res;iraii(s),n szfec‘;e

relatives)
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Table 1. Cont.

Groups
Subjects Hea.I t.h Dose Treatment Treatment Parameters Effect
No./Sex/Age Condition Length Measured
9f+6mRES Metabolism,
ALWAY, (679 +1.1) Resveratrol histological Positive
2017 [68] 9f+6mPL Healthy 500 mg/day + exercise 12 weeks markers, effect
679 £ 1.1) performance
21 m RES 150 mg
(49.1 £ 1.46)
KJAER, 21 m RES 1000 Metabolic 150 mg Metabolism
2017 [69] mg (51.9 £+ 1.28) syndrome 1000 mg/day Resveratrol 16 weeks markers No effect
24 m PL
(47.8 £1.3)
21 m RES
KORSHOLM, (47.8 £1.3) Metabolic . Metabolomic Positive
2017 [70] 24 mPL syndrome 1000 mg/day resVidaTM 4 months analyses effect
(47.8 £1.3)
8f+13mRES
125 mg
(73.6 £ 6.6) .
Partially
MCZ%E%]? L of Eég ::gRES PAD 125, 500 mg/day Resveratrol 6 months Performance positive
(75.6 £7.3) ffect
21f+45mPL
(744 £ 6.1)
POLLACK, 19f(67 +7) Glucose 2000-3000 Resveratrol 6 woeks Metabolism Positive
2017 [54] 11m (67 £7) intolerant mg/day markers effect
Trans-
resveratrol .
MOST, 18 EGCG + RES Overweight extract Metabolism Positive
2016 [72] (36.1 £2.2) Obese 80 mg/day N 12 weeks markers, offects
20 PL (38.7 £ 2.2) . . respiration
epigallocatechine-
4£(19.7 £ 0.6) + Trans-
4m (21.07 + 2.4) rans .
POLLEY, RES resveratrol Metabolism Positive
2016 [73] 3£(19.0 £ 0.8) + Healthy 500 mg/day + 1ng/day 4 weeks ma'rkel.'s, effects
5m (200 + 0.8) piperine respiration
P.L ’ + exercise
9 m RES (60-72)
14 m RES + Trans-
GLIEMANN, exercise (60-72) Angiogenic
2014 [45] 7 m PL (60-72) Healthy 250 mg/day resverafrol 8 weeks markers No effect
13 m PL + + exercise
exercise (60-72)
5m RES . .
Metabolisms Partially
GOHf (558 £73) T2DM 500 mg/day Trans- 12 weeks markers, positive
2014 [74] 5mPL resveratrol
(56.8 + 5.3) performance effect
9 m RES (60-72)
14 m RES + .
OLESEN, exercise (60-72) Health 4 Trans- | . .Nf[]etabOhSm’ .
2014 [75] 7 m PL (60-72) ealthy 250 mg/day resveratro 8 weeks inflammation No effect
13 mPL + + exercise markers
exercise (60-72)
Metabolism, Partiall
SCRIBBANS, 8 mRES (21 + 1) Health 150 mg/da resVidaTM 4 weeks histological ositivz
2014 [76] 8mPL (22 £ 1) y g/ day + exercise markers, p oot
performance ettec
8 m RES .
Metabolism
WZI&]:LLSI;/]IS’ (232‘3?11:‘:1’%4) Sedentary 300 mg resVidaTM Single dose markers, No effect
respiration

(234 £ 6.1)
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Table 1. Cont.

S(i l;)jl;}c):s Health Dose Treatment Treatment Parameters Effect
No./Sex/Age Condition Length Measured
9 m RES (60-72)
14 m RES + .
. Trans- Metabolism
GLIEMANN, exercise (60-72) . .
2013 [78] 7 m PL (60-72) Healthy 250 mg/day Tset(zl;izzl 8 weeks 1nﬂ;2}rlzztslon No effect
13mPL +
exercise (60-72)
9f+11 m RES Muscle
O’CONNOR, (199 +£22) Grape powder
2013 [79] 12f410 mPL Healthy drink 45 days perfigflrlr;ance, No effect
(19.8 £ 1.7) jury
12 m RES
POULSEN, (44.7 £ 3.5) Trans- Metabolism
2013 [80] 12mPL Obese 1500 mg/day resveratrol 4 weeks markers No effect
(31.1+3.9)
15 f RES
YOSHINO, (58.2.5 + 4.0) Healthy, Metabolism
2012 [81] 14 £ PL postmenopausal 75 mg/day Resveratrol 12 weeks markers No effect
(59.85 £ 4.3)
11 m RES
TIMMERS, (52.5+2.1) . Metabolism Positive
2011 [82] 11 mPL Obese 150 mg/day resVidaTM 30 days markers effect
(525 +£2.1)

3.2. Effects of Resveratrol on Human Skeletal Muscle

Table 1 reports the 24 research articles issuing from 21 clinical trials that were selected
from the literature. Interestingly, 14 articles reported positive or partially positive effects
upon RES treatment, while 10 articles reported no beneficial action.

At the first evaluation, the analysis of the selected papers brings to light the wide
heterogeneity of the clinical trials in the design, settings, participants, interventions and
main outcomes.

The number of subjects ranged from less than 10 to around 20. The mean age of the sub-
jects, although being quite homogeneous in the distinct trials, varied from around 20 years
to a maximum of 75 years (see Table 1). The reported clinical trials prevalently enrolled male
subjects, with one protocol involving only women [81] and seven protocols involving both
female and male subjects [61,62,64,68,71,73,79]. Enrolled subjects were healthy active and
healthy sedentary [45,61,65,68,73,75-79,81]; aged persons with functional limitations [62];
and subjects affected by obesity and/or metabolic syndrome [66,67,69,70,72,80,82], pe-
ripheral arterial disease (PAD) [71], type 2 diabetes mellitus (T2DM) [74,83] and chronic
obstructive pulmonary disease (COPD) [64]. In most of the protocols, RES was supple-
mented orally, alone in pills, in combination with epigallocatechine-3 (EGCG) [72] or
piperine [73], as a drink [61,79] and associated with training protocols [62,65,68,73,75,76,78].
The daily dose ranged from a minimum of 75 to a maximum of 2000-3000 mg/day [54,81]
in a single treatment or for periods of 4 days to 6 months [61,77] (see Table 1).

Although we selected only research articles that reported the analyses of skeletal
muscle biopsies and /or physical performance, there are significant differences also in the
parameters and methodologies exploited to evaluate RES effectiveness. These include
protein and gene expression of muscle proteins and the specific variations in known RES
targets such as SIRT-1, PGC1-alpha, mitochondrial metabolism, glucose-related metabolism,
inflammation markers, systemic parameters, histological properties and physical function.

There is also a good degree of variability concerning the components of skeletal
muscle investigated and relative outcomes. In brief, most of the articles focused on the
characteristics of muscle fibers, investigating morphology, mitochondrial function, lipid or
glycogen content, metabolic properties and inflammatory conditions. Some works reported
a RES-dependent modulation of the signaling pathways involving AMPK, SIRT-1 and
PGC-1-alpha [62,65,74], while others did not [64,75,76].
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Some articles explored the effectiveness of RES on the modification of vascularization.
Pollack and collaborators showed that RES improves vascular function [54], while Gliemann
and collaborators reported that RES does not improve angiogenic response and capillary
growth [45]. Gliemann and collaborators quantified also some markers of connective tissue
integrity, finding that RES inhibits the training-induced expression of TIMP-1 and reduces
the levels of TSP-1 [45]. The histological properties of the NMJ were not evaluated in the
reported clinical trials. The analysis of physical performance was monitored in six clinical
trials, which reported either a positive or partially positive effect or no effect.

4. Discussion

Collectively, the reported clinical trials do not provide a clear-cut picture of the effec-
tiveness of RES in improving skeletal muscle health. RES action on skeletal muscle can be
modulated by several factors, which can be summarized as the age, sex, physical activity
and health conditions of the subjects; the dose and length of the treatment; and, not last, the
influence of the complexity of the histological and physiological components of this organ.

There are some elementary considerations that can influence the outcome of a clinical
protocol, such as the probability of dealing with subjects with different genetic back-
ground [84,85], the possibility of sex-dependent action [14] and the evidence that although
in the same chronological age window, individuals age differently. This intrinsic variance
in the sample can play an important role in the effectiveness of RES supplementation, as
demonstrated in aging rats, where RES effects on vascular functions and biomarkers are
age- and gender-dependent [86]. Moreover, the population heterogeneity may imply dis-
parities in the baseline skeletal muscle characteristics, which, in turn, can produce widely
distributed outcomes. Therefore, contrary to experimental models that provide quite ho-
mogeneous samples, well-suited for both cross-sectional and longitudinal investigations,
we should keep in mind that the intrinsic heterogeneity of human samples could lead to
important variability in the results, requiring prudence in the evaluation of the potentiality
of RES.

Similarly, health and nutritional conditions of the enrolled subjects could be crucial to
note when observing an effect of RES treatment. It has been proposed that discrepancies
in PGC-1alpha and UPCS3 regulation during RES supplementation in aging mice could
be ascribable to feeding conditions: only mice fed on a high-fat diet [7,87] experienced a
significant change in these two pathways. This evidence, together with the hypothesis
that RES exerts measurable beneficial effects only when cell metabolism properties are
compromised, could explain the lack of RES effect in human trials involving young healthy
adults [76,79], and on the other side, why obese, overweight and T2DM young subjects
benefited from RES supplementation even with short periods of treatment [65].

The length and the time window of the treatment seems to be crucial for a positive
effect. Again, experimental models are very useful in interpreting data. In our previous
work, we showed that while long-term treatment with RES was able to ameliorate skeletal
muscle tissue inflammation and improve capillarization in aging mice [21,53], short-term
treatment only improved the inflammatory conditions with no effect on the capillaries [59].
In this context, some clinical trials reported partially positive effects, showing improve-
ment in a few crucial parameters or resulting in a high variability in the response to RES
treatment [69,71,72]. We cannot exclude the possibility that longer treatments could be
more beneficial.

The daily doses chosen in the distinct trials, which ranged from a minimum of 75 to a
maximum of 2000-3000 mg/day, might be a source of diverging outcomes. Although it is
possible that the observations are the results of a J-shaped dose-response effect, evidence
from several studies suggests a complex dose-dependent action, where RES can selectively
interact with diverse signaling pathways at different dose levels, leading to different phys-
iological outcomes [88,89]. Moreover, variations in RES bioavailability, which depends
on several factors such as the administration modalities and variability of the examined
subjects, can be a crucial variable in the response to RES. Interestingly, recent research
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demonstrating that molecular modifications to RES can increase its bioactivity opens up the
possibility of investigating different RES-derived compounds also in humans [90,91]. How-
ever, to date, the heterogeneity of the clinical trials reported makes it difficult to advance
hypotheses on the optimal dosage and the use of strategies that can promote absorption.

Among its multiple effects, RES has been reported to act as an exercise-mimetic
molecule. Accordingly, six clinical trials (see Table 1) investigated the effects of RES
administered together with a training protocol. Three clinical trials reported positive ef-
fects [62,68,73], while three reported either no beneficial effects or unfavorable effects of
RES treatment [45,65,75,76,78]. These clinical trials are quite heterogeneous with regard to
the subjects involved, the dose, the treatment length, the training protocol applied, the pa-
rameters measured and the outcome (Table 1). However, in this case, the quality of exercise
seems to be a discriminating factor for RES effectiveness. RES supplementation together
with walking and whole-body resistance training [62], resistance training combined with
aerobic training [68] and low-intensity submaximal training [73] resulted in positive effects,
which include fiber hypertrophy [68], attenuation of the proinflammatory state [62] and
mitochondrial capacity [73]. On the contrary, high-intensity interval training (HIIT) did not
show beneficial outcomes [45,65,75,76,78]. Work from Gliemann, Olesen and collaborators
showed that HIIT, but not RES, improves the metabolic parameters, inflammatory state and
capillary growth in the skeletal muscle and ameliorates cardiovascular health [45,75,78].
Analogously, Scribbans and collaborators showed that 4 weeks of RES supplementation
together with HIIT does not improve the maximal oxygen uptake and anaerobic exercise
capacity and abolishes the exercise-dependent increase in the skeletal muscle expression
of PGC-1, SIRT1 and super oxide dismutase 2 (SOD2). These data suggest that RES may
somewhat impair the adaptive response to HIIT in humans [76].

In the evaluation of RES effectiveness, it is worth taking into consideration that the
heterogeneity of the results could also depend on the analyses performed to evaluate
RES action. As reported in Table 1, protocols envisaged the analysis of physical activity,
metabolism, inflammation or other markers. The choice of which parameters to analyze
could be a key factor in establishing RES effectiveness in a clinical trial. In our hands, the
treatment of aging mice with RES improved the resistance to fatigue of isolated muscles
but did not induce a significant improvement in performance in a treadmill test, which
displayed a high variability among the tested animals [21]. Most probably, the lack of im-
provement in the treadmill test is ascribable to other physiological factors and components
that participate in physical activity. This could apply to data obtained by Mc Dermott and
collaborators [71], who reported that 125 mg/day of RES induces a statistically significant
but not a clinically meaningful improvement in a 6 min walk test in subjects affected by
PAD. It would be interesting to know whether other parameters (metabolism, signaling
pathways, etc.) changed in subjects enrolled in the protocol.

Of note, we observed heterogeneity also in the methods of quantification of cho-
sen parameters. The mitochondrial activity has been measured with near infrared spec-
troscopy (NIRS), ex vivo or via mitochondrial markers. Protein expression has been inves-
tigated by capillary nano-immunoassays [62], Western blot analysis [74] and/or mRNA
levels [65,75,76]. We cannot exclude the possibility that the different methodologies could
be a further source of discrepancy in studies that demonstrate differing results in protein
expression levels (i.e., mitochondrial markers). In this context, the work performed by
Kjaer, Korsholm and collaborators is of interest, which indicated that metabolomic analyses
of tissues could evidence differences not perceivable by analyzing standard biochemical
parameters [69,70]. In addition, the investigation of humans limits the possibility of detect-
ing time-dependent or transitory changes, which could explain some of the divergences
observed. In fact, contrary to cross-sectional protocols in animal models that allow one to
study the progression of modifications, human subjects cannot undergo multiple muscle
biopsies, and cross-sectional studies are prone to high variability and have an important
impact on the outcome.
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In the evaluation of the global effectiveness of RES on skeletal muscle contraction and
physical performance, it should be taken into account that muscle contraction and physical
performance depend on the coordination of distinct components of muscles, which possibly
have different levels of susceptibility to RES. It can be suggested that the complexity of
skeletal muscle physiology, together with individual, health and age-related variability,
could profoundly impact the outcome of physical performance tests, despite the positive
effect of RES on specific signaling pathways and/or histological and metabolic parameters.
It is of note that in the clinical trials reported here, some crucial components of the skeletal
muscles, such as the connective sheaths and the NMJ, were not investigated or were poorly
investigated, demonstrating the need for further studies.

As a final thought, we cannot exclude the possibility that RES could induce differential
effects in metabolic organs and systemic parameters [92] that do not result in a dramatic
change in skeletal muscle characteristics but that can anyway contribute to the health of
this tissue.

5. Conclusions

The present review reveals a broad heterogeneity in the protocols of RES admin-
istration and the analysis of its effects, which induces caution in the evaluation of its
effectiveness. In order to reach a consensus, it would be beneficial to apply systematic
programming of human clinical trials and consequent evaluative work. Moreover, given
the broad spectrum of RES targets that are in strict correlation with the skeletal muscles,
such as the cardiovascular system, endocrine system and digestive apparatus, it would be
advantageous to perform multitargeted trials involving collaborative groups with distinct
interests, know-how and expertise. The association of systematic planning and analy-
sis together with collaboration among groups with distinct expertise could contribute to
obtaining reliable results.
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