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Abstract: Sarcopenia, the age-related loss of muscle mass and function increasing the risk of disability
and adverse outcomes in older people, is substantially influenced by dietary habits. Several studies
from animal models of aging and muscle wasting indicate that the intake of specific polyphenol
compounds can be associated with myoprotective effects, and improvements in muscle strength and
performance. Such findings have also been confirmed in a smaller number of human studies. How-
ever, in the gut lumen, dietary polyphenols undergo extensive biotransformation by gut microbiota
into a wide range of bioactive compounds, which substantially contribute to bioactivity on skeletal
muscle. Thus, the beneficial effects of polyphenols may consistently vary across individuals, depend-
ing on the composition and metabolic functionality of gut bacterial communities. The understanding
of such variability has recently been improved. For example, resveratrol and urolithin interaction
with the microbiota can produce different biological effects according to the microbiota metabotype.
In older individuals, the gut microbiota is frequently characterized by dysbiosis, overrepresentation
of opportunistic pathogens, and increased inter-individual variability, which may contribute to in-
creasing the variability of biological actions of phenolic compounds at the skeletal muscle level. These
interactions should be taken into great consideration for designing effective nutritional strategies to
counteract sarcopenia.

Keywords: sarcopenia; physical frailty; curcumin; isoflavones; anthocyanins; flavonoids

1. Introduction

Sarcopenia is a geriatric syndrome with high prevalence in the older population,
characterized by a loss of muscle mass and function secondary to a chronic illness or in
absence of any identifiable underlying cause [1,2]. This condition is frequently overlapped
with frailty and multimorbidity [3], and is associated with a relevant risk of adverse
outcomes, including disability, institutionalization, hospitalization and mortality [4].

The pathogenesis of sarcopenia is multifactorial and involves multiple mechanisms,
including malnutrition with reduced amino acid availability, insulin resistance, anabolic
resistance and chronic inflammation [5,6]. All these pathways lead to myocellular mitochon-
drial dysfunction and reduced muscle protein synthesis with enhanced catabolism [7,8].

The gut microbiota, i.e., the ensemble of microorganisms symbiotically living with
the host in the gut lumen, is potentially able to influence all these mechanisms leading
to muscle wasting and loss of function [9–11]. Therefore, several researchers have hy-
pothesized the existence of a “gut-muscle axis” influences the onset of sarcopenia in older
individuals [9–11], especially following the age-related changes in gut microbiota com-
position and function [12]. In the extreme ages of life, in fact, an imbalance between the
representation of symbiotic microorganisms and opportunistic pathogens generally occurs,
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with potentially negative consequences for the host [13]. A recent systematic review of
the studies comparing the gut microbiota composition of sarcopenic vs. non-sarcopenic
older subjects has confirmed that the presence of sarcopenia is associated with a distinct
microbiota composition characterized by an overrepresentation of pathogenic bacteria [14].

One of the main therapeutical strategies proposed to counteract sarcopenia in older
people is promotion of a healthy diet with balanced intake of proteins with a high biological
value [15,16]. The paradigm of such a healthy diet is represented by the Mediterranean-
style diet [17], which, in aging, is inversely associated with loss of muscle function, and
probably, also with muscle wasting, although this association is still debated [18–21].

Mediterranean diet is rich of foods of vegetal origin with a high polyphenol content.
Polyphenols are non-nutrient bioactive compounds that exert pleiotropic physiological
functions after absorption and biotransformation by phase-I and phase-II enzymes [22,23].
Namely, several in vitro and preclinical studies have shown that polyphenolic metabolites
have also beneficial effects for skeletal muscle cells, and thus a protective action against
muscle wasting [24]. Diets rich in fruit, vegetables and other foods of vegetal origin with
high polyphenol content are thus increasingly regarded as a promising non-pharmacologic
therapeutical strategy against sarcopenia [25,26].

However, recent studies have contributed to elucidate that gut microbial metabolism
is also deeply involved in the biotransformation of dietary polyphenols into bioactive
compounds [27]. Therefore, the myoprotective action of dietary polyphenols could, at
least partly, rely on gut microbiota composition and functionality [27]. In older age, the
intestinal microbiota is characterized by a tendency towards dysbiosis and an increased
inter-individual variability [28], whose impact on the metabolism of dietary bioactives is
still poorly investigated.

The aim of this narrative review is to disentanzgle the complex relationship linking
diet, microbiota and skeletal muscle in the older age, discuss the relevance of gut microbiota
as mediator of the myoprotective effects of the main polyphenolic compounds, and identify
possible lines of future research with relevance for geriatric medicine.

A literature search was conducted on PubMed as of 31 March 2023, following a strategy
that comprises multiple queries which identified articles containing the name of specific
phenolic subclasses (for example, “flavonoids”, “flavones”, or “anthocyanins”) or the name
of single compounds (for example, “urolithin”, “genistein”, or “resveratrol”) as keywords,
in association with “microbiome” or “gut microbiota” and at least one of the following:
“sarcopenia”, “physical frailty”, “muscle wasting”, “muscle mass”, “muscle function”,
“dynapenia”, and “fatigue”. Articles were then screened for their relevance with the
primary aim of the present narrative review, and only those reporting research conducted
in older human subjects or research contributing to explain the relevant mechanisms of the
complex interaction between (poly)phenols, microbiota and sarcopenia in older patients,
were included for discussion.

2. Overview of Polyphenolic Compounds with Potential Myoprotective Action

Experimental studies, conducted in vitro or in animal models, have shown that several
phenolic compounds contained in foods of vegetal origin can exert protective effects for
skeletal muscle cells through multiple mechanisms. An overview of these effects, recently
reviewed in an extended way by Nikawa and colleagues [24], is provided in Table 1, in
accordance with the current taxonomical classification of (poly)phenolic compounds [29].

All the phenolic compounds listed in Table 1 have pleiotropic actions, and may thus
exert significant physiological actions not limited just to skeletal muscle or myotubules, but
also to other organs and systems, including the gastrointestinal and central nervous sys-
tem [29]. Phenolic compounds, in fact, share health-promoting claims that do not depend
only on their antioxidant properties, but also on their capacity of regulating mitochondrial
biogenesis and function, balancing protein synthesis and degradation, and modulating
cellular pathways involved in cell differentiation or apoptosis [30–47]. These effects have
been studied more in depth for a few phenolic compounds, including favanols (epicate-
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chins and derivatives) [35,36], soy isoflavones (genistein and daidzein) [40], quercetin [42],
resveratrol [44] and curcumin [47], while for other compounds, the comprehension of
physiological functions is still at the beginning.

Table 1. Overview of the main phenolic compounds that exhibit potential myoprotective action
in vitro or in experimental models of sarcopenia/muscle damage. The main dietary sources of
relevance for human nutrition are also indicated for each compound. Information provided in Table
are summarized from the review article by Nikawa and colleagues [24] and other manuscripts focused
on dietary sources of phenolic compounds and mechanisms of interaction with the host [30–47].

Polyphenol
Class

Polyphenol
Subclass Compound Main Dietary Sources Action in Experimental Models

Phenolic Acid

Hydroxybenzoic
Acid

Gallic Acid Berries, plums, grapes, mango,
tea, wine

Increased mitochondrial
function and biogenesis

Ellagic Acid Berries, grapes,
pomegranates, walnuts

Induction of antioxidant enzymes, protection
against mitochondrial dysfunction

Urolithin A Berries, grapes,
pom-egranates, walnuts

Increased muscle angiogenesis, energetic
capacity and contractile function

Urolithin B Berries, grapes,
pom-egranates, walnuts

Increased protein synthesis, myotube
differentiation and muscular fiber hypertrophy

Hydroxycinnamic
Acid

Ferulic Acid Rice, wheat, oats, beans, coffee,
artichoke, nuts

Regulation of muscle fiber differentiation and
stimulation of myogenic transcriptional factors

Chlorogenic Acid
Apples, artichoke, coffee,

grapes, pears, kiwi, plums,
potatoes

Improvement of mitochondrial function and
energy metabolism

Caffeic Acid Coffee, olives, carrots,
potatoes, fruits

Stimulation of myocellular differentiation
and hypertrophy

Flavonoids

Flavanols

Epicatechin Berries, grapes, wine, cocoa,
plums, tea

Induction of mitochondrial biogenesis and
myogenic differentiation; decreased follistatin

and myostatin

Epigallocatechin Berries, grapes, wine, cocoa,
plums, tea

Upregulation of myogenic transcriptional
factors, antioxidant

Epigallocatechin
Gallate

Berries, grapes, wine, cocoa,
plums, tea

Reduction of protein degradation, reduction of
proapoptotic signaling, inhibition of NF-κB

Flavanones

Hesperidin Citrus fruits Increased mitochondrial function, reduced
oxidative stress

Naringenin Citrus fruits Increased glucose uptake, regulation of skeletal
muscle cell differentiation

Flavones

Apigenin Herbs, tea, wine, citrus fruits,
spinach, broccoli, peas

Inhibition of mitophagy and autophagy,
enhanced myogenic differentiation,

downregulation of TNFα

Luteolin Herbs, tea, wine, citrus fruits,
spinach, broccoli, peas

Downregulation of pro-inflammatory
cytokines, antioxidant

Isoflavones

Genistein Soybeans, fava beans, lupin,
kudzu, psoralea, coffee

Inhibition of apoptosis, increased myocellular
differentiation, antioxidant

Daidzein Soybeans, tofu, kudzu Inhibition of protein degradation, promotion of
myocellular differentiation

Glabridin Licorice Inhibition of protein degradation

Flavonols

Quercetin
Capers, herbs, coriander,

radish, fennel, onion,
radicchio, berries

Reduction of myostatin, antioxidation,
increased mitochondrial biogenesis, reduction

of protein degradation

Morin Osage orange, guava Antioxidation, reduction of
protein degradation

Anthocyanins
Delphinidin Berries, pomegranates, grapes Antioxidation, reduced atrogin-1 expression

and protein degradation

Cyanidin Grapes, berries, cherry,
apple, plum Reduced inflammation and fibrosis
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Table 1. Cont.

Polyphenol
Class

Polyphenol
Subclass Compound Main Dietary Sources Action in Experimental Models

Polyphenol

Stilbene Resveratrol Grapes, berries, peanuts

Reduction of atrogin-1, reduction of oxidative
stress, improvement of mitochondrial function,

inc5reased protein synthesis, regulation of
mTOR signaling, induction of

myotube hypertrophy

Lignan

Schisandrin A Shengmainsan (Chinese
traditional herb)

Suppression of protein degradation and
stimulation of protein synthesis

Magnolol Magnolia bark Stimulation of IGF-1 mediated
protein synthesis

Sesamin Sesame Reduced oxidative stress, increased
mitochondrial function

Other Curcumin Curcumin Turmeric, ginger, food
additives

Inhibition of atrogin-1, reduction of oxidative
stress, promotion of myofibrillar differentiation,

reduction of proteasome expression and
protein degradation

The precise biochemical mechanisms by which (poly)phenolic compounds may exert
protective actions on skeletal muscle cells are not fully understood and are the object
of ongoing research. Many phenolic compounds exert their protective functions at the
intracellular level, through direct or indirect interaction with transcriptional (such as
PGC-1α, Nrf1, TFAM) or regulatory factors (such as myogenin, Myf5, MyoD) [24]. The
capacity of activating SIRT-1 seems central in these complex pathways [24]. Furthermore,
polyphenolic compounds downregulate factors involved in promoting inflammation such
as NF-κB, TNF-α and cyclooxygenase-2 (COX-2), as well as factors involved in protein
degradation such as ubiquitin ligases, atrogin-1, and myostatin [24]. Downregulation of
the TGF-β/myostatin-Akt-mTORC pathway and upregulation of enzymes with pivotal
antioxidant functions, such as superoxide dismutase and catalase, which are also important
mechanisms [24]. There are also phenolic compounds interacting with endocrine receptors,
such as isoflavones that mimic estrogenic functions by activating the estrogen receptors
Erα and ERβ [24].

However, experimental studies hardly ever consider the complex biotransformation
pathways that each polyphenolic compound undergo within the human body, partly
dependent on intestinal and liver metabolism, and partly dependent on gut microbiota
metabolism [27]. Most biological functions of the compounds listed in Table 1, in fact,
depend on their metabolites produced by liver and gut bacterial metabolism [27]. Interest-
ingly, patients suffering from cirrhosis exhibit an increased risk of sarcopenia with a high
probability of an extreme loss of muscle mass and function [48,49]. Severe impairment of
the capacity of transforming dietary (poly)phenols in bioactive compounds with myopro-
tective actions, due to reduced liver function and associated gut microbiota dysbiosis, may
therefore be involved in the pathophysiology not only of cirrhosis-associated sarcopenia,
but also of age-related sarcopenia. Gut microbiota dysbiosis and reduced liver function are
in fact commonplace in frail older patients at risk for sarcopenia, and the reduced capacity
of transforming dietary (poly)phenols into bioactive compounds has been postulated as one
of the central mechanisms of the gut-muscle axis leading to muscle wasting and sarcopenia
in the older age [50,51].

3. Interaction between Phenolic Compounds and Microbiota: Possible Relevance
for Sarcopenia
3.1. Ellagitannins and Derivatives

Ellagitannins are hydrolysable tannins that release ellagic acid or its derivative, gallic
acid, which is frequently found in nuts, pomegranates and berries. The hydrolyzation
process can occur spontaneously in acid pH during digestion, but may also be triggered
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by gut microbial species, including Akkermansia muciniphila [27,52,53]. Ellagic acid has a
very low bioavailability in the intestinal lumen, due to its idrophobic nature, and can be
metabolized into urolithin-M5: the precursor of the compounds belonging to the urolitin
family by specific gut microbiota functionalities [53]. The first bacterial species identi-
fied as able to carry on this metabolic step were Gordonibacter pamelae and Gordonibacter
urolilithinfaciens [54]. More recently, other bacterial taxa, more commonly found in the
human gut microbiota, have been identified as able to synthetize urolithin-M5, including
Eggerthellaceae members, Lactobacillus, Leuconostoc and Pedicococcus [55]. The further steps
of the metabolic pathway, leading to the synthesis of the metabolically active compounds
urolithin A and urolithin B, are still poorly known [27].

However, after a trial of administration of foods with high ellagitannin content, at least
three different metabotypes can be identified in human beings, so that the final metabolites
of the pathway can be produced only in the presence of specific gut microbiota functionali-
ties [56]. Ellagic acid metabolizers can produce urolithin-A or urolithin-B (Uro-A or Uro-B
metabotypes, respectively) [57], two compounds with myoprotective functions [58–60].
Urolithin A, in particular, has been recently proven effective in improving muscle strength
and exercise endurance in human beings [59,60]. Subjects with Uro-0 metabotype, instead,
do not produce bioactive urolithins after ingestion of foods rich in ellagitannins and ellagic
acid [57]. Therefore, the beneficial properties of ellagitannins for host health in general,
and muscle health in particular, substantially depend on gut microbiota composition and
functionality [61].

Therefore, to benefit from dietary intake of foods rich in ellagitannins at the skeletal
muscle level, older subjects should have a good representation in their gut microbiome of
Akkermansia muciniphila and Lactobacillus spp., among others. Interestingly, Akkermansia
muciniphila has been identified as one of the main bacterial taxa whose representation
in the gut microbiota was associated with longevity in centenarians and subjects with a
successful aging pattern [12,62], and was identified as a key species promoting healthy
aging in animal models [63]. The abundance of Akkermansia was also associated with
muscle mass in a study evaluating the microbiota composition of subjects with active or
sedentary lifestyle [64]. Conversely, its underrepresentation was identified as a marker of
sarcopenia in patients with cirrhosis [65]. However, in patients with chronic kidney disease
(CKD)-associated sarcopenia, Akkermansia abundance was increased in comparison with
patients with normal muscle mass [66]. Similarly, in a study investigating the associations
of gut microbiota with frailty, Akkermansia had an increased representation in subjects with
poorer physical performance [67].

The administration of probiotics with bacteria of the Lactobacillus genus is associated
with increased muscle mass and strength, according to a recent systematic review and
meta-analysis [68]. However, in a study comparing the gut microbiota composition of
27 patients with established or possible sarcopenia and 60 non-sarcopenic controls, the
abundance of Lactobacillus spp. was increased, and not decreased [69].

These findings suggest that the microbiota urolithin metabotype cannot be estab-
lished a priori, even in older subjects suffering from sarcopenia and with gut microbiota
alterations typical of dysbiosis. The beneficial effects of ellagitannin ingestion on skeletal
muscle health may thus show consistent inter-individual variability in older subjects. The
administration of nutritional supplements containing ellagitannins may therefore provide
clinically relevant benefits for muscle health only in subjects with favorable metabotypes,
and do not provide any physiological effects at all in other individuals. Furthermore, older
subjects with marked gut microbiota dysbiosis and reduced representation of Lactobacillus
or Akkermansia may show limited benefits from ellagitannin administration as well. The
co-administration of probiotics with blends containing Lactobacilli and ellagitannins could
contribute to counteract the effects of dysbiosis on urolithin formation, but no studies have
assessed this hypothesis to date.
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3.2. Hydroxycinnamic Acid Derivatives

Chlorogenic acid is the phenolic compound of this category most frequently found
in foods, including several fruits, coffee, potatoes and artichokes [32–34]. Ferulic acid and
caffeic acid can be either less frequently found in foods of vegetal origin, or produced by
the gut microbiota biotransformation of chlorogenic acid through two distinct metabolic
pathways [70,71]. The bacterial species involved and the associated gut microbiota metabo-
types are far less known than what happens for ellagitannins. The existing studies, in fact,
were focused on metabolic transformations and not on microbiota [70,71]. However, there
is substantial agreement that Bifidobacterium spp. strains are strongly involved in these
pathways [70,71].

Chlorogenic acid and its derivatives can modulate skeletal muscle physiology, exerting
myoprotective actions in multiple ways: regulating muscle fiber type formation [72], sus-
taining capillarization of muscle tissue [73], promoting myocellular glucose uptake [74,75],
reducing oxidative stress [74,76], modulating protein synthesis, and preventing mitochon-
drial dysfunction [77]. Hippuric acid, another metabolite resulting from chlorogenic acid
biotransformation by gut microbiota and host metabolism, may also exert myoprotective
functions [78,79]. Its role as possible biomarker of frailty and sarcopenia in older subjects
has been recently reviewed by our research group [26].

Although no specific studies have assessed this issue, it seems plausible that the
positive effects against muscle wasting of hydroxycinnamic acid derivatives are empha-
sized only in presence of an adequate representation of Bifidobacterium spp. in the gut
microbiota. The maintenance of a core population of Bifidobacteria has been associated
with longevity and successful aging, being one of the hallmarks of gut microbiota in cen-
tenarians [62]. Interestingly, a recent study conducted in 50 older Chinese patients with
sarcopenia and 50 controls has identified the depletion of Bifidobacterium longum as one
of the main microbial biomarkers associated with sarcopenia [80]. The administration of
probiotics containing bifidobacterial strains has also been recently identified as effective
in improving muscle mass and strength in human beings of different ages, either with
or without sarcopenia, according to a recent systematic review and meta-analysis [68].
Bifidobacterium longum probiotic strains, in particular, are characterized by an extensive
capacity of establishing cooperative interactions with other members of gut bacterial com-
munity, and for promoting integrity of the gut mucosa [81], a fundamental mechanism
for limiting inflammatory pathways leading to sarcopenia. However, in another study
conducted in 35 older community-dwellers from Italy, either with physical frailty and
sarcopenia or with normal muscle mass and function, the abundance of Bifidobacterium spp.
was associated with reduced muscle performance [82]. Therefore, the role of Bifidobacteria
in the gut-muscle axis is still far from understood, and the response to dietary intake of
hydroxycinnamic acid derivatives may substantially vary across older individuals even
with similar muscle mass and function.

The current state of knowledge, however, supports the hypothesis that the myopro-
tective actions of hydroxycinnamic acid derivatives are less pronounced in older subjects
with a reduced representation of Bifidobacteria in their microbiota. The co-administration
of nutritional supplements containing chlorogenic acid or its derivatives with bifidobac-
terial species as probiotics could contribute to improve the anti-sarcopenic effects of this
phenolic subclass.

3.3. Proanthocyanidins and Flavan-3-ols (Flavanols)

Flavan-3-ols (flavanols) are phenolic compounds derived from flavans, and frequently
found in berries, grapes, cocoa, plums and tea [24,27]. The most known compounds include
epicatechin, epigallocatechin and epigallocatechin gallate. Proanthocyanidins are oligomers
of epicatechin, epigallocatechin and their gallic acid esters, frequently found in several
fruits and particularly in berries and grapes [24,27].

The flavanols contained in foods in the monomeric form and oligomeric proantho-
cyanidins are generally subject to host metabolism in enterocytes and epatocytes, undergo-
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ing glucuronidation or sulfonation independently of gut microbiota [83,84]. The formed
metabolites of epicatechin, epigallocatechin or epigallocatechin gallate may exert protective
effects on skeletal muscle cells. Epicatechin, in particular, can represent a powerful modu-
lator of AMPK and Akt/mTOR pathways leading to increased protein synthesis [85,86].
Epicatechin is also able to inhibit the TLR/NF-κB pathway of inflammatory response,
counteract reactive oxygen species (ROS) formation, and promote mitochondrial biogenesis
in experimental models [85–87]. Finally, there is also evidence of an activation of muscle
stem cells mediated by epicatechin, promoting muscle regeneration [88]. Interestingly, a
combined intervention consisting of epicatechin supplementation, plus regular resistance
training, resulted in improvements in muscle strength in a group of sarcopenic older in-
dividuals [89]. The beneficial effects of epigallocatechin and epigallocatechin gallate for
skeletal muscle cells are less established, but experimental and in vitro research indicate
that they may be protective against the onset of muscle wasting related to disuse [90–93].

Unlike monomeric flavanols and oligomeric proanthocyanidins, polymeric proan-
thocyanidins, accounting for >90% of the dietary compounds belonging to this phenolic
subclass, undergo relevant metabolism at the gut microbiota level [83,84]. Specific gut
microbiota functionalities, in fact, may promote degradation of polymeric proanthocyani-
dins into flavanols or oligomeric compounds absorbable by the intestinal mucosa [94,95].
Alternatively, they can transform proanthocyanidins into phenyl-valerolactones and deriva-
tives [94,95]. These compounds have antioxidant and antihypertensive properties, but
their specific action on skeletal muscle cells has not been comprehensively investigated to
date [27]. One study conducted in mice, however, suggests that phenyl-γ-valerolactones
may promote glucose uptake through GLUT4 transporter and favor protein synthesis in
skeletal muscle cells [96].

The bacterial taxa involved in proanthocyanidins metabolism in the gut microenviron-
ment are also uncertain. Clostridium coccoides, Bifidobacterium infantis, Eggerthella lenta and
Adlercreutzia equolifaciens are among the most probable candidates [97–99]. Among these
taxa, Eggerthella lenta has been recognized as one of the main microbial biomarkers of frailty.
Its abundance was in fact positively associated with the Frailty Index in a large group of
older female twins from the TwinsUK cohort [100] and in a smaller study conducted in
community-dwellers from the US [101]. Eggerthella lenta was also positively associated
with sarcopenia and altered body composition in patients with cirrhosis [35,102]. Finally,
Adlercreutzia spp. Abundance in fecal samples of 373 older community-dwelling men from
the US was inversely associated with the level of habitual physical activity, suggesting that
this bacterial taxon may represent a marker of unhealthy lifestyle in aging [103]. Overall,
these results support the hypothesis that older subjects with physical frailty, sarcopenia,
and a predominantly sedentary lifestyle, may have a higher efficiency in metabolizing
proanthocyanidins into bioactive compounds with myoprotective action than subjects
without frailty and sarcopenia. Thus, proanthocyanidins may represent very promising
candidates as nutritional supplements tailored at preserving muscle health in the older
aged. Unfortunately, no study has specifically addressed this issue to date. However, in a
randomized controlled trial conducted in post-menopausal women, the administration of
grape seed proanthocyanidins was associated with significant improvements in physical
performance and muscle mass after eight weeks [104].

3.4. Flavanones

Flavanones are a class of phenolic compounds mainly contained in citrus fruits. Hes-
peritin, its glycosylated derivative hesperidin and naringenin, are the most studied com-
pounds [37]. Hesperidin has shown several myoprotective actions in experimental models,
modulating mitochondrial biogenesis and function, reducing ROS formation and local in-
flammation [105]. In a randomized controlled trial conducted in 40 amateur cyclists, dietary
hesperidin supplementation was associated with increased muscle mass [106]. Naringenin
can also increase glucose uptake in skeletal muscle, reduce myocellular diacylglycerol accu-
mulation and promote myocellular differentiation by interaction with estrogen receptors α
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and β [107–109]. Furthermore, a derivative of naringenin, 8-prenylnaringenin, frequently
found in hops and beer, has also shown myoprotective actions in experimental models [38].

Hesperidin has low intestinal bioavailability. To be absorbed by the gut mucosa, it must
be converted in hesperitin and its derivative hesperitin 7-O-glucoside by specific gut micro-
biota functionalities that are harbored in Bifidobacteria, and particularly in Bifidobacterium
pseudocatenulatum, which is a species producing the key enzyme for the biotransformation
α-rhamnosidase [110,111]. Different metabotypes of hesperidin biotransformation can be
identified in human beings, according to the presence of this enzyme by the gut microbiota
and its representation [112].

The microbial pathways of naringenin biotransformation are even less understood, but
the presence of Bifidobacteria with α-rhamnosidase functionalities seems to be pivotal for
the synthesis of bioactive metabolites that can be absorbed by the gut mucosa [113,114]. The
administration of a probiotic strain of Bifidobacterium longum producing α-rhamnosidase
was in fact associated with an increased urinary excretion of naringenin metabolites after
orange juice consumption [115]. Finally, intestinal biotransformation of 8-prenylnaringenin
into absorbable and physiologically active compounds seems to depend on specific enzy-
matic functionalities harbored in Eubacterium limosum and Eubacterium ramulus [116,117].

In this context, an adequate representation of Bifidobacteria in gut microbial com-
munities seems to be of paramount importance for mediating the myoprotective effects
of flavanones. Therefore, as discussed in Section 3.2, older subjects with a healthy active
aging pattern and good gut microbiota representation of Bifidobacteria are those who may
benefit the most of the beneficial effects of flavanones on skeletal muscle mass. Conversely,
older, frail subjects with a tendency towards gut microbiota dysbiosis and a reduced repre-
sentation of Bifidobacterium may show reduced benefits from flavanone supplementation,
although no specific study has assessed this issue to date. Probiotic interventions aimed at
restoring an adequate population of Bifidobacteria in the gut microbiota may therefore be
necessary before the effects of dietary flavanone supplementation against muscle wasting
becomes evident in older individuals.

Regarding the myoprotective effects of 8-prenylnaringenin, a recent study has shown
a reduced representation of Eubacterium spp. in older individuals with sarcopenia [69].
Eubacterium limosum abundance was also identified as a marker of the gut microbiota of
centenarians [118]. Therefore, the beneficial effects of 8-prenylnaringenin derived from
hops may be enhanced only in those individuals with a favorable aging pattern, and
reduced in patients with physical frailty and sarcopenia.

3.5. Flavones

Flavones represent a subclass of phenolic compounds mainly contained in herbs, tea,
citrus fruits, peas and spinach. The most studied compounds of this subclass include
apigenin and luteolin [39]. Apigenin has shown the capacity of inhibiting age-related
muscle atrophy in mouse models by reducing oxidative stress and preventing apoptosis
of skeletal muscle cells [119]. It can also promote protein synthesis and modulate local
inflammation through TNFα downregulation [120,121]. Luteolin, instead, is mainly known
for its anti-atherosclerotic properties, inhibiting proliferation and migration of vascular
smooth cells in vascular plaques [122]. However, recent evidence suggests that it can
suppress inflammation and protein degradation also in skeletal muscle cells, making it a
potential therapeutic agent in age-related sarcopenia [123]. Interestingly, the administration
of a nutritional supplement consisting in luteolin and the xanthonoid compound mangiferin
was associated with improved physical performance and increased oxygen extraction by
skeletal muscle cells in a group of young physically trained men [124].

Dietary flavones are subject to gut microbial metabolism. However, the specific path-
ways are less known than for other phenolic subclasses. The bioavailability of these com-
pounds is largely dependent on the microbial hydrolyzation of glycoside conjugates and
C-ring breakdown, leading to the formation of a large number of absorbable compounds
exerting physiological functions [98,125]. These steps mainly depend on bacterial function-
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alities harbored in a limited number of taxa, including Enterococcus avium, Parabacteroides
distasonis, Eubacterium ramulus and, most of all, Flavonifractor plautii (formerly known as
Clostridium orbiscindens) [126,127].

The specific role of these gut bacterial species in the gut-muscle axis of older indi-
viduals is still unknown. However, Parabacteroides distasonis was found as a marker of
gut microbiota flexibility in older individuals [128] and was associated with improve-
ments in muscle mass after a sodium–glucose co-transporter-2 inhibitor treatment in obese
mice [129]. It is also considered an emerging probiotic for its significant anti-inflammatory
properties [130,131]. Eubacterium ramulus is known for its capacity of synthetizing butyrate,
which is the main SCFA with myoprotective actions, and for its antinflammatory proper-
ties [132,133]. Flavonifractor plautii abundance has been recently identified as a marker of a
healthy diet style, correlating with the dietary intake of legumes, fruit and vegetables [134]
and providing protection against arterial stiffiness in aging [135]. It is also characteristically
less abundant in the microbiota of older individuals in comparison with adults, according
to a study conducted on a sample of 64 healthy subjects from Singapore [136].

Overall, these findings support the hypothesis that older individuals at risk for physi-
cal frailty and sarcopenia may have a reduced representation of bacterial functionalities able
to perform biotransformation of flavones into active compounds with putative myoprotec-
tive action, but no studies have specifically addressed this issue to date. Further studies
on the pathways involved in flavone metabolism at the gut microbiota level should be
available before this phenolic subclass may be considered as a clinically reliable nutritional
supplement against sarcopenia.

3.6. Isoflavones

Isoflavones are a class of phenolic compounds with a molecular structure resembling
human steroid estrogens and exerting estrogenic or antiestrogenic effects by interaction
with the estrogenic receptors Erα and Erβ [40,137]. The most studied isoflavones include
daidzein and genistein, mainly contained in soy, and glabridin, which is mainly contained
in licorice [40,41].

Daidzein can promote oxidative phosphorylation and fatty acid oxidation in skele-
tal muscle cells through the activation of ERα, reducing lipid accumulation in muscle
tissue [138]. The interaction between daidzein and ERβ can also result in the down-
regulation of ubiquitin proteases and inhibition of Glut4/AMPK/FoxO pathway and
atrogin-1 expression, resulting in reduced protein degradation and protection against
muscle atrophy [139,140]. Finally, daidzein has also a role in promoting mitochondrial
biogenesis [141]. On the other side, genistein has demonstrated the capacity of alleviating
denervation-induced muscle atrophy through interaction with ERα [142]. Interestingly, in
skeletal muscle cells, genistein downregulates the expression of the micro-RNA miR-222,
which is characteristically increased in muscle atrophy [143]. This mechanism can lead to
muscle regeneration and regulation of muscle fiber type [144,145]. Finally, the isoflavone
derived from licorice, glabridin, is able to reduce protein degradation and promote glucose
uptake in skeletal muscle cells [146,147].

The administration of soy isoflavones to mouse models of muscle atrophy and mice
at risk for cancer-related cachexia resulted in the prevention of muscle wasting [148,149].
Randomized controlled trials testing the effects of soy isoflavone supplementation on body
composition of postmenopausal women have provided conflicting results, with one study
showing increased muscle mass [150], and another study showing no significant effect on
phase-angle bioimpedance analysis [151]. However, the administration of soy isoflavones
in combination with whey and soy protein extracts to older individuals resulted in an
improvement of inflammation with reduced interleukin-6 levels [152]. Short-term supple-
mentation with soy derivatives was also associated with improved physical performance
in endurance athletes [153].

In foods, isoflavones are mainly present in a glycosylated form, which is not ab-
sorbable by the intestinal mucosa [27]. Thus, to exert their biological actions, isoflavones
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must undergo deglycosylation by intestinal brush border β-glucosidase [154]. Bacterial
β-glucosidases also contribute to the process in a significant way, increasing the dietary
bioavailability of isoflavones [154]. Lactococcus, Enterococcus, Lactobacillus and, to a lower
extent, Bifidobacterium, are the main bacterial taxa contributing to this process [155]. Gut mi-
crobial communities, with a high representation of these species, should promote genistein
and daidzein bioavailability and enhance their biological actions after soy ingestion [156].

Few data are currently available regarding the gut-muscle axis of the most efficient of
these bacterial taxa, Lactococcus spp., in converting soy isoflavones into absorbable aglycone
forms. However, the administration of Lactococcus cremoris fermented milk to middle aged
mice promoted muscle protein synthesis and contributed to improve muscle mass [157].
Furthermore, the prescription of a high-protein diet targeted against sarcopenia to a group
of older women was associated with an increased representation of Lactococcus spp. in the
gut microbiota [158]. Conversely, as discussed in Section 3.1, Lactobacillus is considered as
one of the most promising probiotics against sarcopenia with its supplementation being
associated with improvements in muscle mass and physical function in both mouse models
and human beings [68,159,160]. In particular, the administration of Lactobacillus paracasei,
leucine and omega-3 fatty acids was particularly effective in improving muscle mass and
function in a group of older frail individuals with an average age of 79.7 years old [161]. Ob-
servational studies suggest that the microbiota composition of subjects with sarcopenia and
physical frailty may be characterized by increased representation of Lactobacillus spp. and
Eubacterium spp. [65,69,82]. This circumstance enables the hypothesis that older sarcopenic
individuals may be particularly prone to the myoprotective effects of soy isoflavones, but
no specific studies have addressed this issue to date. Therefore, nutritional supplements
containing soy isoflavones represent very promising candidates as non-pharmacological
treatment against sarcopenia, especially in association with probiotics containing Lacto-
bacilli or Bifidobacteria.

After deglycosylation, isoflavones can either be absorbed into circulation and undergo
liver metabolism, or be further transformed by the gut microbiota. Daidzein, in particular,
can undergo several biotransformations to equol: a biologically active phytoestrogen with
several physiological functions. Several bacterial species are involved in these pathways,
including Lactobacillus, Bifidobacterium, Clostridium, Eggerthella and Adlercreutzia, so that
two distinct metabotypes (equol producers and non-producers) can be identified [162].
Conversely, genistein can be transformed into hydroxyphenylpropionic acid through mul-
tiple steps involving Lactococcus, Eubacterium ramulus and, probably, Butyricimonas [27,163].
The physiological functions of both equol and hydroxyphenylpropionic acid on skeletal
muscle, however, are still unknown. Thus, no hypotheses can be made on the relevance
of these biotransformations and the corresponding metabotypes for the pathophysiology
of sarcopenia.

3.7. Flavonols

The phenolic subclass of flavonols mainly includes rutin, quercetin and morin. The
major source of rutin is buckwheat, but it is also present in apples, citrus fruits, asparagus,
onions and tea [164]. Experimental mouse studies have shown that rutin is associated with
increased protein synthesis and mitochondrial biogenesis, and reduced apoptosis, in skele-
tal muscle cells [165,166]. Rutin has also shown antinflammatory properties in vitro [167],
confirming its potential beneficial effect against muscle wasting.

Quercetin is a rutin derivative that is naturally found in capers, herbs, radish, fennel,
onions and berries, or can originate from rutin de-glycosylation carried out by intestinal
mucosa enzymes [27,42]. Quercetin is well known for exerting pleiotropic myoprotective
actions, being able to stimulate protein synthesis, inhibit apoptosis [168], reduce oxidative
stress [169], promote mitochondrial biogenesis [170], regulate fiber type switching [171],
promote the myogenic differentiation of stem cells [172], attenuate adipogenesis and fibro-
sis [173], and regulate motor unit firing patterns [174] in skeletal muscle cells. For these
reasons, quercetin supplementation can help to limit muscle damage and promote recovery
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after strenuous eccentric exercise in adult subjects [175–177]. However, the administration
of quercetin supplements in combination with resistance low-intensity exercise did not
result in improvements in muscle muss, but only in muscle stiffness, in an older group of
Japanese community-dwellers [178].

Morin, a less common flavonoid found in osage orange and guava, can also exert
myoprotective actions by reducing oxidative stress and inhibiting pro-apoptotic pathways
in skeletal muscle cells [179–181].

Dietary flavonols undergo relevant biotransformations in the gut lumen through
interaction with the gut microbiota [27]. Rutin, in particular, can be transformed into
quercetin with substantial contribution of gut microbiome functionalities. According to
a recent experimental model, in gut microbial communities, the rate of conversion of
rutin into quercetin is positively associated with the abundance of Enterobacteriaceae
and Lachnospiraceae, and particularly Lachnoclostridium spp. [182]. Interestingly, reduced
abundance of Lachnoclostridium was recognized as a marker of sarcopenia and physical
frailty in the human study by Kang and colleagues [69]. However, other studies reported
an increased representation of Enterobacteriaceae in sarcopenic subjects [65,66,82], and the
abundance of this family is generally considered a hallmark of age-related dysbiosis, being
particularly represented in older frail subjects residing in nursing homes [183,184]. Thus, it
is unclear whether the gut microbiota of sarcopenic older individuals exhibits a capacity of
biotransforming rutin into quercetin significantly different than that of healthy individuals.

Quercetin, either derived from diet or the biotransformation of rutin, can also un-
dergo further bacterial biotransformations in the gut lumen, resulting in a wide range of
compounds, such as homovanillic acid, dihydroxyphenylacetic acid, isorhamnetin and sul-
fonilated or glucuronated conjugates of quercetin [27]. All these compounds exert biological
effects similar to quercetin. The bacteria more frequently involved in such biotransforma-
tion pathways include Eubacterium ramulus, Eubacterium oxidoreducens, Flavonifractor plautii,
and Butyrivibrio spp. [185]. A microbiome rich in these taxa should therefore be associated
with enhanced myoprotective effects of quercetin. The putative role of Eubacterium ramu-
lus and Flavonifractor plautii in the microbiome of older individuals has been discussed in
Section 3.5. Butyrivibrio depletion, instead, has been recently recognized as a marker of deep
dysbiosis in the extreme ages of life, particularly in individuals approaching death [186],
and in older patients with Parkinson’s disease [187]. Its abundance was associated with
modulation of Th1 and Th2 immune responses and their related inflammation in a group
of 688 healthy adults [188]. These findings, albeit very preliminary, suggest that older
patients at risk of physical frailty and sarcopenia may have a reduced representation of
bacterial functionalities that are able to biotransform quercetin into physiological effectors,
but specific studies should assess this hypothesis before recommendations on quercetin
supplementation can be made.

Although experimental data suggest that morin has a physiological action similar to
quercetin with regard of skeletal muscle, no studies have specifically assessed its interac-
tions with gut microbiota to date.

3.8. Anthocyanins

Anthocyanins are a phenolic subclass with a basic flavylium aglycone structure, fre-
quently found in berries, grapes, plums and other vegetals with red or violet pigmenta-
tion [43]. Delphinidin and cyanidin are the most studied compounds of this subclass that
also includes malvidin, peonidin, petunidin and pelargonidin. These substances exhibit
positive physiological effects for humans, especially on arteries and sensory organs [43].
The effects of anthocyanins on skeletal muscle cells have been demonstrated clearly only
for delphinidin, which prevents muscle atrophy, promotes protein synthesis, inhibits apop-
totic pathways and exerts antioxidant actions [189–191]. Anthocyanins extracted from
pigmented fruits, however, are well known dietary supplements able to improve the physi-
ological responses to intense exercise, especially by increasing oxygen delivery to myocells,
and positively influence the muscular performance in athletes [192–194]. Furthermore,
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a nutritional intervention rich in foods containing cyanidin was also associated with a
reduced progression of muscular dystrophy in a recent pilot study [195].

Anthocyanins have a low bioavailability in the human intestinal tract with only
small fractions of total dietary intake that can be digested and absorbed in the small
intestine [196]. Bioavailability is, instead, consistently increased by interaction with the gut
microbiota [196]. In the colon, anthocyanins undergo hydrolysis of their sugar moieties
by bacterial enzymes. The aglycone forms are then transformed into a wide variety of
compounds, including protocatechuic acid, vanillic acid and gallic acid [197]. Cyanidin, in
particular, is consistently transformed into protocatechuic acid, which, according to a recent
experimental study, exhibits several myoprotective actions, including the reduction of
oxidative stress, promotion of mitochondrial biogenesis and conversion of skeletal muscle
fibers from type II to type I [198]. The delphinidin derivative, gallic acid, has instead shown
anti-sarcopenic properties in in vitro studies, where muscle tissues were incubated with
vegetal extracts [199–201].

The precise bacterial taxa involved in transformation of anthocyanins into protocate-
chuic or gallic acid are still unknown. The enzymatic functionalities needed for these
pathways may be harbored in several taxa of the genera Bacteroides, Clostridium and
Eubacterium [196,202]. Other in vitro studies suggest that different microbiota compo-
sition may be associated with different pathways of biotransformation of anthocyanins,
in some cases with beneficial physiological activities, and in other cases with unknown
effects for the host [203,204]. For example, the incubation of an anthocyanin-rich elderberry
extract with three different bacteria commonly found in the human microbiota (Enterobacter
cancerogenous, Bifidobacterium dentium and Dorea longicatena) was associated with extreme
variety of final metabolic products [204], suggesting that the anthocyanin–microbiota in-
teraction could be extremely variable across individuals and not classifiable in a limited
number of metabotypes. However, extreme levels of dysbiosis, which are frequently found
in older individuals with sarcopenia [14], may be associated with an impaired capacity
of producing gallic and protocatechuic acids, the main effectors of beneficial actions of
anthocyanins on skeletal muscle. Therefore, the putative anti-sarcopenic effects of dietary
anthocyanins could suffer from an extreme inter-individual variability of physiological
responses depending on gut microbiota composition and functionality. Since aging is
characterized by a significant increase in the inter-individual variability of gut microbiota
composition and functionality, anthocyanin supplementation does not represent, at the
current state of knowledge, a good candidate for developing novel nutraceuticals against
sarcopenia, because the responses to treatment have a high risk of being extremely variable
and unpredictable.

3.9. Resveratrol

Resveratrol is the most common and known compound belonging to the phenolic
subclass of stilbenes [27]. It is synthetized by plants as an answer to stressful conditions, and
this circumstance makes its concentration in foods extremely variable [27]. Grapes, berries
and peanuts are the foods with the average higher content of resveratrol, but it can be found
also in other fruits or vegetables, such as banana, pineapple, peach, apple, pear, potato
and cucumber [44]. The trans- isomer of resveratrol is responsible for most of its biological
actions, which has been extensively studied in vitro and in experimental models [205].
Basically, it exerts powerful anti-oxidant, anti-inflammatory and cytoprotective actions
through the activation of SIRT1, and the promotion of mitochondrial functions in target
cells [206,207].

The activation of sirtuins (SIRT1) and their related signaling pathways are deemed
to be of pivotal importance for the prevention of age-related sarcopenia, because they
promote mitochondrial biogenesis and function, and ultimately, favor protein synthesis
and delay apoptosis in skeletal muscle cells [208]. Sirtuins are considered an emerging
therapeutical target in sarcopenia, and the circumstance that resveratrol is a strong activator
of SIRT1 has boosted research on the putative anti-sarcopenic action of resveratrol [207].
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The incubation of murine myoblasts with resveratrol was in fact associated with a resis-
tance to apoptosis even after the exposure to oxidative stress [209]. In murine models of
sarcopenia and sarcopenic obesity, the administration of resveratrol was associated with
improvements in muscle mass and function, and, at the cellular level, with increased mito-
chondrial biogenesis and reduced apoptosis [210–212]. These effects may be particularly
emphasized for glycolytic white muscular fibers, and only of moderate extent for red
fibers [213]. Resveratrol treatment was also associated with reduced markers of skeletal
muscle inflammation in mice [214]. Interestingly, a randomized controlled trial conducted
in middle-aged men with metabolic syndrome showed that resveratrol treatment was also
associated with the increased levels of markers of muscle turnover [215]. These effects may
be synergistically enhanced when resveratrol supplementation is associated with exercise
treatment programs, causing significant improvements in muscle strength in both animal
models and human beings [212,216,217].

Despite this evidence, other reports put into question the beneficial anti-sarcopenic
effects of resveratrol in both mouse models and human beings. Three studies failed to detect
significant improvements in muscle mass and function after the administration of this com-
pound to aged rats, even if the oxidative stress burden was reduced [218–220]. Resveratrol
was also unable to induce a significant hypertrophic response with the activation of muscle
satellite cells in older mice [221]. In human beings, the administration of resveratrol as a
nutritional supplement was associated with only minor improvements in muscle mass and
function [222], and with negligible effects on chronic low-grade inflammation [223].

As for other phenolic compounds, the bioavailability and biological activity of resvera-
trol are deeply influenced by the gut microbiota [27]. Dietary resveratrol can be absorbed in
the small intestine without undergoing biotransformation, and is then subject to hepatic glu-
curonidation or sulfation to form active metabolites [224]. A significant portion of dietary
resveratrol, however, reaches the colon and is subject to bacterial metabolism. Two major
pathways have been identified. First, resveratrol can be hydroxylated to the bioactive form
dihydroresveratrol by bacterial taxa harboring specific enzymatic functionalities, including
Adlercreutzia equolifaciens and Slackia equolifaciens [224,225]. As discussed in Section 3.3,
Adlercreutzia equolifaciens is particularly abundant in the fecal microbiota of subjects with
a sedentary lifestyle [103], suggesting that individuals with these characteristics could be
particularly prone to the beneficial effects of resveratrol. Slackia equolifaciens, instead, was
associated with the body fat content in a group of patients with cirrhosis [102] and was
significantly enriched in the fecal microbiota composition of patients without sarcopenia
suffering from heart failure [226].

Another microbial metabolic pathway involves the transformation of resveratrol into
3,4′-dihydroxy-trans-stilbene and 3,4′-dihydroxybibenzyl (lunularin) [227]. According
to a recent study conducted in mice, these microbiome-derived metabolites of resvera-
trol account for a significant part of its biological effects, exhibiting even stronger anti-
inflammatory effects than its progenitor [228]. Interestingly, Iglesias–Aguirre and col-
leagues have recently shown that two distinct microbiome metabotypes, with regard to
lunularin production, exist in human beings with just 74% of a group of 195 healthy
volunteers able to produce lunularin after resveratrol ingestion, due to specific gut micro-
biome functionalities [229]. In another study, Jarosova and colleagues identified elevated
inter-individual variability in the resveratrol microbial metabolism after the incubation of
resveratrol extracts with fecal cultures of different human donors [230]. The taxa harboring
these functionalities, however, were not identified in any of these studies.

Overall, the current, state-of-the-art literature suggests that the resveratrol-microbiome
interaction may be much more complex that what initially supposed, and that the micro-
biome may contribute to explain a substantial part of the inter-individual variability of
responses after resveratrol administration, especially in the context of older individuals.
Therefore, despite resveratrol being among the most studied phenolic compounds, the state
of knowledge on its biotransformation at the gut microbiome level in older individuals
suggests caution in considering it as a promising treatment against sarcopenia.
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3.10. Lignans

Lignans are a subclass of polyphenols with a steroid-analogous chemical structure,
found in herbs typically used in a Chinese traditional diet [45,46]. Schisandrin A, magnolol
and sesamin are the most known compounds of this class, which includes a large number
of molecules [45,46]. Lignans exert anti-inflammatory and antioxidant actions, and can also
mimic estrogenic effects due to their particular chemical structure [231]. Both schisandrin
A [232] and magnolol [233] prevent muscle wasting in mouse models of drug-induced
sarcopenia. The highest myoprotective actions, however, have been observed for sesamin,
which is able to extend lifespan in Caernohabditis elegans [234], reduce aging phenotypes in
Drosophila muscles [235], maintain exercise capacity and mitochondrial function in mice fed
a high-fat diet [236], and promote myocellular vitality by activating the sirtuin pathway and
inhibiting irisin synthesis [237]. To date, no study has tested the effects of these compounds
on the skeletal muscle mass and function of human beings.

As for other polyphenol subclasses, the biological effects of dietary lignans are consis-
tently mediated by the gut microbiota [238]. Enterodiol and enterolactone, the so-called
enterolignans, have been identified as the major products of complex biotransformative
pathways when lignans are incubated with the fecal microbiota from human donors [239].
The synthesis of these compounds, however, suffers from a significant inter-individual
variability in vivo [240], so that three different metabotypes could be identified (low, middle
and high producers) [241]. Age is significantly associated with the low producer phenotype,
according to the results of three different studies [242–244], probably as a result of gut
microbiota alterations associated with ageing.

Multiple microbial species may be involved in the synthesis of enterolignans because
different functionalities may act at different metabolic steps. Bacteroides and Clostridium spp.
can promote lignan de-glycosylation [245]; these taxa are frequently well-represented in
the gut microbiota, so that this does not appear to be the limiting step of the biotransforma-
tion pathway. Eubacterium limosum, Blautia producta, Eggerthella lenta and Acetobacterium
dehalogenans could instead be the key taxa involved in the further steps [246]. Interestingly,
as discussed in Section 3.3, Eggerthella lenta has been recognized as a marker of frailty in
several studies, being positively associated with sarcopenia [35,101–103]. Eubacterium spp.
is another marker of physical frailty and sarcopenia [65,69,82], while the abundance of
Blautia spp. was positively associated with appendicular lean mass and the presence of
malnutrition [67,247,248]. Therefore, the capacity of transforming lignans to bioactive
enterolignans in older individuals may particularly rely on the interaction between these
bacterial taxa and their relative abundance.

3.11. Curcumin

Curcumin is a phenolic compound derived from the rhizome of turmeric and ginger,
exhibiting pleiotropic physiological effects, including antioxidant, anti-inflammatory, anti-
cancer, antimicrobial and hypoglycemic actions [47]. The antioxidant and anti-inflammatory
properties of curcumin have been exploited in skeletal muscle medicine as a means of
facilitating recovery after strenuous physical exercise [249], and for improving performance
in physically active individuals [250–252]. In a randomized controlled trial, curcumin
administration was associated with reduced circulating cytokine and creatine kinase levels
in healthy adults with a lower perception of muscle soreness [253]. These effects depend
on a direct effect of curcumin on skeletal muscle cells, improving post-exercise lactate
accumulation [254], reducing protein breakdown [255], and stimulating protein synthe-
sis through the sirtuin-3 pathway [256]. Furthermore, in older subjects, curcumin may
promote the optimal microvascular perfusion of skeletal muscles [257]. Multiple studies
conducted in animal models of sarcopenia have shown that oral administration of cur-
cumin is associated with the reduction of muscle wasting and improvements in markers
of inflammation and oxidative stress [258,259]. Similar effects were also obtained with
parenteral administration [260]. The beneficial effects, however, were less pronounced for
long-term supplementation because curcumin also caused reduced food intake [261]. In a
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randomized controlled trial conducted on thirty older healthy subjects, the administration
of a curcumin supplement was associated with significant increases in muscle performance
of both lower and upper limbs [262].

Curcumin is scarcely bioavailable after an oral load [27]. The absorbed fraction
undergoes extensive phase I and phase II metabolism in the intestine and liver, forming
hydroxylated or glucuronated metabolites that are responsible for the biological actions
of curcumin [27]. Recent studies, however, have contributed to elucidate that, like many
other phenolic compounds, curcumin is extensively metabolized by the gut microbiota,
forming hydroxylated and methylated derivatives that exert the same biological functions
of their progenitor [263–265]. Escherichia coli and Blautia spp. seem to be the key bacterial
taxa involved in these metabolic pathways, contributing to significantly enhancing the
bioavailability of curcumin after an oral administration [263,264]. However, no specific
metabotypes of curcumin metabolization by the microbiota have been investigated to
date, and the relevance of microbiota composition for curcumin bioavailability remains
speculative in clinical terms.

It is noteworthy, however, that both of the bacterial taxa involved have a known
association with skeletal muscle mass in older individuals, according to the current, state-
of-the-art literature. As discussed in Section 3.10, the fecal microbiota abundance of Blautia
was associated with appendicular lean mass in two studies [67,247]. The abundance
of Escherichia coli was positively associated with the lumbar skeletal muscle index in a
group of patients suffering from cirrhosis [266]. These circumstances suggest that the
myoprotective effects of curcumin may be particularly emphasized in those subjects with
sufficient microbiota representation of these two taxa.

4. Discussion and Perspectives

All the phenolic subclasses listed in Table 1 and extensively discussed in Section 3
exhibit protective effects on skeletal muscle cells and tissues, which may potentially be
effective as part of a therapeutical strategy for counteracting sarcopenia in the older age.
However, the effects of these compounds in vivo are much less clear, and rigorous ran-
domized controlled trials testing the effect of supplementation with one or more phenolic
compounds on clinical endpoints related to skeletal muscle mass and function are available
only for a very small number of substances. Furthermore, virtually no human study was
conducted in an oldest old population, the one with the highest risk of physical frailty and
sarcopenia. Such circumstance suggests caution in transferring data collected in vitro or in
mouse models to clinical practice.

The interaction between polyphenols and intestinal microbiota could consistently in-
crease the variability of physiological responses to dietary polyphenol supplementation, espe-
cially in older individuals who are particularly prone to gut microbiota dysbiosis [50,51,267].
As summarized in Figure 1, all phenolic subclasses seem to exert several of their myoprotec-
tive actions even without the contribution of gut microbiota [27]. In fact, a certain degree of
intestinal absorption and biotranformation by intestinal and liver phase I and II enzymes can
be detected for all compounds [27]. However, the individual microbiota composition, and
the related metabolic functionalities of bacteria, may consistently modify the bioavailability
and bioactivity of dietary phenolic compounds, leading to extremely variable physiological
responses across individuals (Figure 1) [268,269]. The presence of specific bacterial functional-
ities may in fact favor the synthesis of bioavailable and bioactive mediators in an individual
manner [268,269]. Distinct “metabotypes” can be identified for some phenolic subclasses,
such as ellagitannins and curcumin, but, in most cases, the interaction between phenolic com-
pounds and gut microbiota is so complex that no standardized responses could be identified
in the existing studies. In any case, the comprehension of this interaction has consistently
improved in the last decade [270,271], and the biochemical pathways are being increasingly
understood [272]. The key taxa involved in the biotransformation of each phenolic subclass,
according to the current state of knowledge, are listed in Table 2.
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In this scenario, studies assessing the effect of polyphenol supplementation as a possi-
ble treatment strategy against sarcopenia should mandatorily account for the mediatory
effect of the gut microbiota, as recently recognized in the field of dementia [273]. Further-
more, a deep knowledge of biochemical pathways involved in gut microbial biotransfor-
mation of phenolic compounds could lead to the development of personalized nutritional
intervention approaches against physical frailty and sarcopenia. In fact, the hallmark of the
aging gut microbiota is the increase of inter-individual variability within each population,
with enhanced differences in the overall architecture of microbial communities, even in the
presence of a similar phenotype and pattern of aging [12,13,28]. This is particularly true
for the oldest old patients with a high burden of multimorbidity and polypharmacy, who
generally exhibit disruption of gut microbial communities with an overrepresentation of
opportunistic pathogens [274,275]. Thus, a polyphenol-based nutritional intervention that
exhibits beneficial effects against physical frailty and sarcopenia in one individual may
not be necessarily effective in another individual, due to different interactions with the
microbiota. Furthermore, the use of combined interventions, comprising the administration
of probiotics and phenolic supplements, should be investigated in the future, and the
knowledge of the interaction between the microbiota and each phenolic subclass should be
paramount for designing such interventions [276].
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Figure 1. Model of interaction between dietary polyphenols and intestinal gut microbiota, and its
consequences for the bioactive effects counteracting muscle wasting. The healthy gut microbiota
can improve the bioavailability of phenolic compounds, and contribute to enhancing the protective
actions for skeletal muscles. Conversely, the effects of the interaction between dietary polyphenols
and dysbiotic microbiota in older individuals are still unknown.
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Table 2. Overview of bacterial taxa involved in microbial metabolism for each phenolic subclass.

Phenolic Subclass
Bacterial Taxa Involved in Gut
Microbiota Biotransformation

Pathways
Metabotypes Identified

Ellagitannins

Akkermansia muciniphila

Yes (UroA, UroB, Uro0)

Gordonibacter spp.
Eggerthellaceae

Lactobacillus spp.
Leuconostoc spp.
Pediococcus spp.

Chlorogenic acid and derivatives Bifidobacterium spp. No

Flavanols/Proanthocyanidins

Clostridium coccoides

No
Bifidobacterium infantis

Eggerthella lenta
Adlercreutzia equolifaciens

Flavanones
Bifidobacterium spp.

Yes (hesperidin producers or not)Eubacterium limosum
Eubacterium ramulus

Flavones

Enterococcus avium

No
Parabacteroides distasonis

Eubacterium ramulus
Flavonifractor plautii

Isoflavones

Lactococcus spp.

Yes (equol producers/non producers)

Enterococcus spp.
Bifidobacterium spp.

Clostridium spp.
Eggerthella spp.

Adlercreutzia spp.
Butyricimonas spp.

Eubacterium ramulus

Flavonols

Lachnoclostridium spp.

No
Eubacterium ramulus

Eubacterium oxidoreducens
Flavonifractor plautii

Butyrivibrio spp.

Anthocyanins
Bacteroides spp.

NoClostridium spp.
Eubacterium spp.

Resveratrol
Adlercreutzia equilifaciens Yes (lunularin producers/non producers)

Slackia equolifaciens

Lignans

Bacteroides spp.

Yes (low, middle or high metabolizers)
Clostridium spp.

Eubacterium limosum
Blautia producta
Eggerthella lenta

Curcumin
Escherichia coli

NoBlautia spp.

Dietary interventions increasing the intake of polyphenols and the administration of
polyphenol-based nutritional supplements also have favorable effects on the gut microbiota
structure [268,269]. A beneficial modulation of the gut microbiota has been described
for almost all phenolic subclasses. Although a comprehensive discussion of this aspect
surpasses the purposes of the present review, it should be carefully considered in all studies
assessing the beneficial muscular effects of dietary polyphenols as well. However, no
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studies have specifically assessed the clinical effects of polyphenol supplementation in
older human beings to date.

We acknowledge that this narrative review has several limitations because it is mainly
based on the analysis and discussion of evidence not obtained from studies conducted in
patients with sarcopenia, but from in vitro investigations, animal studies or from popula-
tions of healthy human beings. Thus, the concepts discussed mainly represent hypotheses
that need further investigation and validation. Furthermore, the role of gender-specific
differences in gut microbiota and phenolic compound metabolism has not been considered.
Phenolic compounds could also have different physiological effects on skeletal muscle
cells at different concentrations. Thus, when investigating each (poly)phenol subclass as
a potential nutraceutical treatment strategy against sarcopenia, pharmacokinetic issues
should be considered. Unfortunately, the state of knowledge on this topic did not allow us
to include pharmacokinetic issues in our discussion. Finally, the framework of this review
was tailored to age-related or chronic disease-related sarcopenia, and did not consider
alternative causes of muscle wasting, such as prolonged immobilization, severe stroke, and
primary myopathies such as muscle dystrophy.

Despite these limitations, the current state of knowledge indicates clear lines of future
research for improving the understanding of the complex interaction between dietary
intake of polyphenols, gut microbiota and muscle health in aging individuals.

5. Conclusions

Phenolic compounds with putative beneficial actions against age-related sarcope-
nia exhibit a substantial interaction with gut microbial communities that modifies their
bioavailability and bioactivity. This effect may be particularly emphasized in older indi-
viduals who frequently exhibit an age-related dysbiosis of gut microbiota and increased
inter-individual variability of bacterial community structure and functions. The interaction
between polyphenols and the gut microbiota should be carefully considered in the design
of studies and therapeutical interventions aimed at counteracting the burden of sarcopenia.
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40. Křížova, L.; Dadáková, K.; Kašparovská, J.; Kašparovský, T. Isoflavones. Molecules 2019, 24, 1076. [CrossRef]
41. Wang, Z.-F.; Liu, J.; Yang, Y.-A.; Zhu, H.-L. A Review: The Anti-inflammatory, Anticancer and Antibacterial Properties of Four

Kinds of Licorice Flavonoids Isolated from Licorice. Curr. Med. Chem. 2020, 27, 1997–2011. [CrossRef] [PubMed]
42. Dabeek, W.M.; Marra, M.V. Dietary Quercetin and Kaempferol: Bioavailability and Potential Cardiovascular-Related Bioactivity

in Humans. Nutrients 2019, 11, 2288. [CrossRef] [PubMed]
43. Mattioli, R.; Francioso, A.; Mosca, L.; Silva, P. Anthocyanins: A Comprehensive Review of Their Chemical Properties and Health

Effects on Cardiovascular and Neurodegenerative Diseases. Molecules 2020, 25, 3809. [CrossRef] [PubMed]
44. Tian, B.; Liu, J. Resveratrol: A review of plant sources, synthesis, stability, modification and food application. J. Sci. Food Agric.

2020, 100, 1392–1404. [CrossRef] [PubMed]
45. Sun, H.; Wu, F.; Zhang, A.; Wei, W.; Han, Y.; Wang, X. Pharmacokinetic study of schisandrin, schisandrol B, schisantherin A,

deoxyschisandrin, and schisandrin B in rat plasma after oral administration of Shengmaisan formula by UPLC-MS. J. Sep. Sci.
2013, 36, 485–491. [CrossRef]

46. Abu-Lafi, S.; Makhamra, S.; Rayan, I.; Barriah, W.; Nasser, A.; Abu Farkh, B.; Rayan, A. Sesamin from Cuscuta palaestina natural
plant extracts: Directions for new prospective applications. PLoS ONE 2018, 13, e0195707. [CrossRef]

47. Hewlings, S.J.; Kalman, D.S. Curcumin: A Review of Its Effects on Human Health. Foods 2017, 6, 92. [CrossRef]
48. Nishikawa, H.; Enomoto, H.; Nishiguchi, S.; Iijima, H. Liver Cirrhosis and Sarcopenia from the Viewpoint of Dysbiosis.

Int. J. Mol. Sci. 2020, 21, 5254. [CrossRef] [PubMed]
49. Hsu, C.-S.; Kao, J.-H. Sarcopenia and chronic liver diseases. Expert Rev. Gastroenterol. Hepatol. 2018, 12, 1229–1244. [CrossRef]
50. Ticinesi, A.; Tana, C.; Nouvenne, A. The intestinal microbiome and its relevance for functionality in older persons. Curr. Opin.

Clin. Nutr. Metab. Care 2019, 22, 4–12. [CrossRef]
51. Strasser, B.; Wolters, M.; Weyh, C.; Krüger, K.; Ticinesi, A. The Effects of Lifestyle and Diet on Gut Microbiota Composition,

Inflammation and Muscle Performance in Our Aging Society. Nutrients 2021, 13, 2045. [CrossRef] [PubMed]
52. Li, Z.; Henning, S.M.; Lee, R.-P.; Lu, Q.-Y.; Summanen, P.H.; Thames, G.; Corbett, K.; Downes, J.; Tseng, C.-H.; Finegold, S.M.;

et al. Pomegranate extract induces ellagitannin metabolite formation and changes stool microbiota in healthy volunteers. Food
Funct. 2015, 6, 2487–2495. [CrossRef] [PubMed]

53. Espín, J.C.; González-Sarrías, A.; Tomás-Barberán, F.A. The gut microbiota: A key factor in the therapeutic effects of (poly)phenols.
Biochem. Pharmacol. 2017, 139, 82–93. [CrossRef] [PubMed]

54. Selma, M.V.; Beltrán, D.; García-Villalba, R.; Espín, J.C.; Tomás-Barberán, F.A. Description of urolithin production capacity from
ellagic acid of two human intestinal Gordonibacter species. Food Funct. 2014, 5, 1779–1784. [CrossRef]

55. Selma, M.V.; Beltrán, D.; Luna, M.C.; Romo-Vaquero, M.; García-Villalba, R.; Mira, A.; Espín, J.C.; Tomás-Barberán, F.A. Iso-lation
of Human Intestinal Bacteria Capable of Producing the Bioactive Metabolite Isourolithin A from Ellagic Acid. Front. Microbiol.
2017, 8, 1521. [CrossRef]

56. González-Sarrías, A.; Villalba, R.G.; Vaquero, M.R.; Alasalvar, C.; Örem, A.; Zafrilla, P.; Tomas-Barberan, F.A.; Selma, M.V.; Espín,
J.C. Clustering according to urolithin metabotype explains the interindividual variability in the improvement of cardiovascular
risk biomarkers in overweight-obese individuals consuming pomegranate: A randomized clinical trial. Mol. Nutr. Food Res. 2017,
61, 1600830. [CrossRef]

57. García-Villalba, R.; Giménez-Bastida, J.A.; Cortés-Martín, A.; Ávila-Gálvez, M.; Tomás-Barberán, F.A.; Selma, M.V.; Espín, J.C.;
González-Sarrías, A. Urolithins: A Comprehensive Update on their Metabolism, Bioactivity, and Associated Gut Microbiota. Mol.
Nutr. Food Res. 2022, 66, 2101019. [CrossRef]

58. Rodriguez, J.; Pierre, N.; Naslain, D.; Bontemps, F.; Ferreira, D.; Priem, F.; Deldicque, L.; Francaux, M. Urolithin B, a newly
identified regulator of skeletal muscle mass. J. Cachexia Sarcopenia Muscle 2017, 8, 583–597. [CrossRef]

https://doi.org/10.1155/2022/3848084
https://www.ncbi.nlm.nih.gov/pubmed/35237379
https://doi.org/10.1016/j.btre.2014.09.002
https://www.ncbi.nlm.nih.gov/pubmed/28626667
https://doi.org/10.3390/molecules22030358
https://doi.org/10.1517/13543776.2014.959492
https://www.ncbi.nlm.nih.gov/pubmed/25284760
https://doi.org/10.3390/molecules25010063
https://doi.org/10.2174/0929867327666191230104958
https://doi.org/10.1002/biof.1363
https://doi.org/10.3390/molecules23030660
https://doi.org/10.3945/an.116.012948
https://doi.org/10.3390/molecules24061076
https://doi.org/10.2174/0929867325666181001104550
https://www.ncbi.nlm.nih.gov/pubmed/30277142
https://doi.org/10.3390/nu11102288
https://www.ncbi.nlm.nih.gov/pubmed/31557798
https://doi.org/10.3390/molecules25173809
https://www.ncbi.nlm.nih.gov/pubmed/32825684
https://doi.org/10.1002/jsfa.10152
https://www.ncbi.nlm.nih.gov/pubmed/31756276
https://doi.org/10.1002/jssc.201200887
https://doi.org/10.1371/journal.pone.0195707
https://doi.org/10.3390/foods6100092
https://doi.org/10.3390/ijms21155254
https://www.ncbi.nlm.nih.gov/pubmed/32722100
https://doi.org/10.1080/17474124.2018.1534586
https://doi.org/10.1097/MCO.0000000000000521
https://doi.org/10.3390/nu13062045
https://www.ncbi.nlm.nih.gov/pubmed/34203776
https://doi.org/10.1039/C5FO00669D
https://www.ncbi.nlm.nih.gov/pubmed/26189645
https://doi.org/10.1016/j.bcp.2017.04.033
https://www.ncbi.nlm.nih.gov/pubmed/28483461
https://doi.org/10.1039/C4FO00092G
https://doi.org/10.3389/fmicb.2017.01521
https://doi.org/10.1002/mnfr.201600830
https://doi.org/10.1002/mnfr.202101019
https://doi.org/10.1002/jcsm.12190


Nutrients 2023, 15, 2367 21 of 30

59. Liu, S.; D’Amico, D.; Shankland, E.; Bhayana, S.; Garcia, J.M.; Aebischer, P.; Rinsch, C.; Singh, A.; Marcinek, D.J. Effect of Urolithin
A Supplementation on Muscle Endurance and Mitochondrial Health in Older Adults: A Randomized Clinical Trial. JAMA Netw.
Open 2022, 5, e2144279. [CrossRef]

60. Singh, A.; D’amico, D.; Andreux, P.A.; Fouassier, A.M.; Blanco-Bose, W.; Evans, M.; Aebischer, P.; Auwerx, J.; Rinsch, C. Urolithin
A improves muscle strength, exercise performance, and biomarkers of mitochondrial health in a randomized trial in middle-aged
adults. Cell Rep. Med. 2022, 3, 100633. [CrossRef]

61. Meroño, T.; Peron, G.; Gargari, G.; González-Domínguez, R.; Miñarro, A.; Vegas-Lozano, E.; Hidalgo-Liberona, N.; Del Bò, C.;
Bernardi, S.; Kroon, P.A.; et al. The relevance of uro-lithins-based metabotyping for assessing the effects of a polyphenol-rich
dietary intervention on intestinal permeability: A post-hoc analysis of the MaPLE trial. Food Res. Int. 2022, 159, 111632. [CrossRef]
[PubMed]

62. Biagi, E.; Franceschi, C.; Rampelli, S.; Severgnini, M.; Ostan, R.; Turroni, S.; Consolandi, C.; Quercia, S.; Scurti, M.; Monti, D.; et al.
Gut Microbiota and Extreme Longevity. Curr. Biol. 2016, 26, 1480–1485. [CrossRef] [PubMed]

63. Shin, J.; Noh, J.-R.; Choe, D.; Lee, N.; Song, Y.; Cho, S.; Kang, E.-J.; Go, M.-J.; Ha, S.K.; Chang, D.-H.; et al. Ageing and rejuvenation
models reveal changes in key microbial communities associated with healthy ageing. Microbiome 2021, 9, 240. [CrossRef]
[PubMed]

64. Bressa, C.; Bailén-Andrino, M.; Pérez-Santiago, J.; González-Soltero, R.; Pérez, M.; Montalvo-Lominchar, M.G.; Maté-Muñoz, J.L.;
Domínguez, R.; Moreno, D.; Larrosa, M. Differences in gut microbiota profile between women with active lifestyle and sedentary
women. PLoS ONE 2017, 12, e0171352. [CrossRef] [PubMed]

65. Ponziani, F.R.; Picca, A.; Marzetti, E.; Calvani, R.; Conta, G.; Del Chierico, F.; Capuani, G.; Faccia, M.; Fianchi, F.; Funaro, B.; et al.
Characterization of the gut-liver-muscle axis in cirrhotic patients with sarcopenia. Liver Int. 2021, 41, 1320–1334. [CrossRef]

66. Margiotta, E.; Caldiroli, L.; Callegari, M.L.; Miragoli, F.; Zanoni, F.; Armelloni, S.; Rizzo, V.; Messa, P.; Vettoretti, S. Association
of Sarcopenia and Gut Microbiota Composition in Older Patients with Advanced Chronic Kidney Disease, Investigation of the
Interactions with Uremic Toxins, Inflammation and Oxidative Stress. Toxins 2021, 13, 472. [CrossRef]

67. Xu, Y.; Wang, Y.; Li, H.; Dai, Y.; Chen, D.; Wang, M.; Jiang, X.; Huang, Z.; Yu, H.; Huang, J.; et al. Altered Fecal Microbiota
Composition in Older Adults with Frailty. Front. Cell. Infect. Microbiol. 2021, 11, 696186. [CrossRef]

68. Prokopidis, K.; Giannos, P.; Kirwan, R.; Ispoglou, T.; Galli, F.; Witard, O.C.; Triantafyllidis, K.K.; Kechagias, K.S.; Morwa-ni-
Mangnani, J.; Ticinesi, A.; et al. Impact of probiotics on muscle mass, muscle strength and lean mass: A systematic review and
meta-analysis of randomized controlled trials. J. Cachexia Sarcopenia Muscle 2023, 14, 30–44. [CrossRef]

69. Kang, L.; Li, P.; Wang, D.; Wang, T.; Hao, D.; Qu, X. Alterations in intestinal microbiota diversity, composition, and function in
patients with sarcopenia. Sci. Rep. 2021, 11, 4628. [CrossRef]

70. Tomas-Barberan, F.; García-Villalba, R.; Quartieri, A.; Raimondi, S.; Amaretti, A.; Leonardi, A.; Rossi, M. In vitro transformation
of chlorogenic acid by human gut microbiota. Mol. Nutr. Food Res. 2014, 58, 1122–1131. [CrossRef]

71. Mortelé, O.; Xavier, B.B.; Lammens, C.; Malhotra-Kumar, S.; Jorens, P.G.; Dirinck, E.; van Nuijs, A.L.; Hermans, N. Obesity
influences the microbiotic biotransformation of chlorogenic acid. J. Pharm. Biomed. Anal. 2022, 211, 114550. [CrossRef]

72. Chen, X.; Guo, Y.; Jia, G.; Zhao, H.; Liu, G.; Huang, Z. Ferulic acid regulates muscle fiber type formation through the Sirt1/AMPK
signaling pathway. Food Funct. 2019, 10, 259–265. [CrossRef] [PubMed]

73. Xing, J.; Pan, H.; Lin, H.; Nakanishi, R.; Hirabayashi, T.; Nakayama, E.; Ma, X.; Maeshige, N.; Kondo, H.; Fujino, H. Protective
effects of chlorogenic acid on capillary regression caused by disuse muscle atrophy. Biomed. Res. 2021, 42, 257–264. [CrossRef]
[PubMed]

74. Salau, V.F.; Erukainure, O.L.; Koorbanally, N.A.; Islam, S. Ferulic acid promotes muscle glucose uptake and modulate dysregulated
redox balance and metabolic pathways in ferric-induced pancreatic oxidative injury. J. Food Biochem. 2021, 46, e13641. [CrossRef]
[PubMed]

75. Ong, K.W.; Hsu, A.; Tan, B.K.H. Chlorogenic Acid Stimulates Glucose Transport in Skeletal Muscle via AMPK Activation: A
Contributor to the Beneficial Effects of Coffee on Diabetes. PLoS ONE 2012, 7, e32718. [CrossRef]

76. Wang, W.; Li, F.; Duan, Y.; Guo, Q.; Zhang, L.; Yang, Y.; Yin, Y.; Han, M.; Gong, S.; Li, J.; et al. Effects of Dietary Chlorogenic Acid
Supplementation Derived from Lonicera macranthoides Hand-Mazz on Growth Performance, Free Amino Acid Profile, and
Muscle Protein Synthesis in a Finishing Pig Model. Oxid. Med. Cell. Longev. 2022, 2022, 6316611. [CrossRef]

77. Tsai, K.-L.; Hung, C.-H.; Chan, S.-H.; Hsieh, P.-L.; Ou, H.-C.; Cheng, Y.-H.; Chu, P.-M. Chlorogenic Acid Protects Against
oxLDL-Induced Oxidative Damage and Mitochondrial Dysfunction by Modulating SIRT1 in Endothelial Cells. Mol. Nutr. Food
Res. 2018, 62, e1700928. [CrossRef]

78. Edwards, S.J.; Carter, S.; Nicholson, T.; Allen, S.L.; Morgan, P.T.; Jones, S.W.; Rendeiro, C.; Breen, L. (−)-Epicatechin and its
colonic metabolite hippuric acid protect against dexamethasone-induced atrophy in skeletal muscle cells. J. Nutr. Biochem. 2022,
110, 109150. [CrossRef]

79. Bitner, B.F.; Ray, J.D.; Kener, K.B.; Herring, J.A.; Tueller, J.A.; Johnson, D.K.; Freitas, C.M.T.; Fausnacht, D.W.; Allen, M.E.; Thomson,
A.H.; et al. Common gut microbial metabolites of dietary flavonoids exert potent protective activities in β-cells and skeletal
muscle cells. J. Nutr. Biochem. 2018, 62, 95–107. [CrossRef]

80. Wang, Z.; Xu, X.; Deji, Y.; Gao, S.; Wu, C.; Song, Q.; Shi, Z.; Xiang, X.; Zang, J.; Su, J. Bifidobacterium as a Potential Biomarker of
Sarcopenia in Elderly Women. Nutrients 2023, 15, 1266. [CrossRef]

https://doi.org/10.1001/jamanetworkopen.2021.44279
https://doi.org/10.1016/j.xcrm.2022.100633
https://doi.org/10.1016/j.foodres.2022.111632
https://www.ncbi.nlm.nih.gov/pubmed/35940768
https://doi.org/10.1016/j.cub.2016.04.016
https://www.ncbi.nlm.nih.gov/pubmed/27185560
https://doi.org/10.1186/s40168-021-01189-5
https://www.ncbi.nlm.nih.gov/pubmed/34906228
https://doi.org/10.1371/journal.pone.0171352
https://www.ncbi.nlm.nih.gov/pubmed/28187199
https://doi.org/10.1111/liv.14876
https://doi.org/10.3390/toxins13070472
https://doi.org/10.3389/fcimb.2021.696186
https://doi.org/10.1002/jcsm.13132
https://doi.org/10.1038/s41598-021-84031-0
https://doi.org/10.1002/mnfr.201300441
https://doi.org/10.1016/j.jpba.2021.114550
https://doi.org/10.1039/C8FO01902A
https://www.ncbi.nlm.nih.gov/pubmed/30560247
https://doi.org/10.2220/biomedres.42.257
https://www.ncbi.nlm.nih.gov/pubmed/34937825
https://doi.org/10.1111/jfbc.13641
https://www.ncbi.nlm.nih.gov/pubmed/33555086
https://doi.org/10.1371/journal.pone.0032718
https://doi.org/10.1155/2022/6316611
https://doi.org/10.1002/mnfr.201700928
https://doi.org/10.1016/j.jnutbio.2022.109150
https://doi.org/10.1016/j.jnutbio.2018.09.004
https://doi.org/10.3390/nu15051266


Nutrients 2023, 15, 2367 22 of 30

81. Alessandri, G.; Fontana, F.; Tarracchini, C.; Rizzo, S.M.; Bianchi, M.G.; Taurino, G.; Chiu, M.; Lugli, G.A.; Mancabelli, L.;
Ar-gentini, C.; et al. Identification of a prototype human gut Bifidobacterium longum subsp. longum strain based on comparative
and functional genomic approaches. Front. Microbiol. 2023, 14, 1130592. [CrossRef]

82. Picca, A.; Ponziani, F.R.; Calvani, R.; Marini, F.; Biancolillo, A.; Coelho-Júnior, H.J.; Gervasoni, J.; Primiano, A.; Putignani, L.; Del
Chierico, F.; et al. Gut Microbial, Inflammatory and Metabolic Signatures in Older People with Physical Frailty and Sarcopenia:
Results from the BIOSPHERE Study. Nutrients 2019, 12, 65. [CrossRef]

83. Monagas, M.; Urpi-Sarda, M.; Sánchez-Patán, F.; Llorach, R.; Garrido, I.; Gómez-Cordovés, C.; Andres-Lacueva, C.; Bartolomé, B.
Insights into the metabolism and microbial biotransformation of dietary flavan-3-ols and the bioactivity of their metabolites. Food
Funct. 2010, 1, 233–253. [CrossRef] [PubMed]

84. Bladé, C.; Aragonès, G.; Arola-Arnal, A.; Muguerza, B.; Bravo, F.I.; Salvadó, M.J.; Arola, L.; Suárez, M. Proanthocyanidins in
health and disease. BioFactors 2016, 42, 5–12. [CrossRef]

85. Zbinden-Foncea, H.; Castro-Sepulveda, M.; Fuentes, J.; Speisky, H. Effect of epicatechin on skeletal muscle. Curr. Med. Chem.
2022, 29, 1110–1123. [CrossRef]

86. Li, P.; Liu, A.; Xiong, W.; Lin, H.; Xiao, W.; Huang, J.; Zhang, S.; Liu, Z. Catechins enhance skeletal muscle performance. Crit. Rev.
Food Sci. Nutr. 2020, 60, 515–528. [CrossRef] [PubMed]

87. McDonald, C.M.; Ramirez-Sanchez, I.; Oskarsson, B.; Joyce, N.; Aguilar, C.; Nicorici, A.; Dayan, J.; Goude, E.; Abresch, R.T.;
Villarreal, F.R.; et al. (−)-Epicatechin induces mitochondrial bio-genesis and markers of muscle regeneration in adults with Becker
muscular dystrophy. Muscle Nerve 2021, 63, 239–249. [CrossRef] [PubMed]

88. Kim, A.R.; Kim, K.M.; Byun, M.R.; Hwang, J.-H.; Park, J.I.; Oh, H.T.; Kim, H.K.; Jeong, M.G.; Hwang, E.S.; Hong, J.-H. Catechins
activate muscle stem cells by Myf5 induction and stimulate muscle regeneration. Biochem. Biophys. Res. Commun. 2017,
489, 142–148. [CrossRef]

89. Mafi, F.; Biglari, S.; Afousi, A.G.; Gaeini, A.A. Improvement in Skeletal Muscle Strength and Plasma Levels of Follistatin and
Myostatin Induced by an 8-Week Resistance Training and Epicatechin Supplementation in Sarcopenic Older Adults. J. Aging
Phys. Act. 2019, 27, 384–391. [CrossRef]

90. Meador, B.M.; Mirza, K.A.; Tian, M.; Skelding, M.B.; Reaves, L.A.; Edens, N.K.; Tisdale, M.J.; Pereira, S.J. The Green Tea
Pol-yphenol Epigallocatechin-3-Gallate (EGCg) Attenuates Skeletal Muscle Atrophy in a Rat Model of Sarcopenia. J. Frailty Aging
2015, 4, 209–215.

91. Alway, S.E.; Bennett, B.T.; Wilson, J.C.; Edens, N.K.; Pereira, S.L. Epigallocatechin-3-gallate improves plantaris muscle recovery
after disuse in aged rats. Exp. Gerontol. 2014, 50, 82–94. [CrossRef]

92. Pence, B.D.; Gibbons, T.E.; Bhattacharya, T.K.; Mach, H.; Ossyra, J.M.; Petr, G.; Martin, S.A.; Wang, L.; Rubakhin, S.S.; Sweedler,
J.W.; et al. Effects of exercise and dietary epigal-locatechin gallate and β-alanine on skeletal muscle in aged mice. Appl. Physiol.
Nutr. Metab. 2016, 41, 181–190. [CrossRef]

93. Mirza, K.A.; Pereira, S.L.; Edens, M.K.; Tisdale, M.J. Attenuation of muscle wasting in murine C2C 12 myotubes by epigallo-
catechin-3-gallate. J. Cachexia Sarcopenia Muscle 2014, 5, 339–345. [CrossRef]

94. Ou, K.; Gu, L. Absorption and metabolism of proanthocyanidins. J. Funct. Foods 2014, 7, 43–53. [CrossRef]
95. Sánchez-Patán, F.; Chioua, M.; Garrido, I.; Cueva, C.; Samadi, A.; Marco-Contelles, J.; Moreno-Arribas, M.V.; Bartolomé, B.;

Monagas, M. Synthesis, Analytical Features, and Biological Relevance of 5-(3′,4′-Dihydroxyphenyl)-γ-valerolactone, a Microbial
Metabolite Derived from the Catabolism of Dietary Flavan-3-ols. J. Agric. Food Chem. 2011, 59, 7083–7091. [CrossRef]

96. Takagaki, A.; Yoshioka, Y.; Yamashita, Y.; Nagano, T.; Ikeda, M.; Hara-Terawaki, A.; Seto, R.; Ashida, H. Effects of Microbial
Metabolites of (−)-Epigallocatechin Gallate on Glucose Uptake in L6 Skeletal Muscle Cell and Glucose Tolerance in ICR Mice.
Biol. Pharm. Bull. 2019, 42, 212–221. [CrossRef]

97. Lee, C.C.; Kim, J.H.; Kim, J.S.; Oh, Y.S.; Han, S.M.; Park, J.H.Y.; Lee, K.W.; Lee, C.Y. 5-(3′,4′-Dihydroxyphenyl-γ-valerolactone), a
major microbial metabolite of proanthocyanidin, attenuates THP-1 monocyte-endothelial adhesion. Int. J. Mol. Sci. 2017, 18, 1363.
[CrossRef]

98. Marin, L.; Miguélez, E.M.; Villar, C.J.; Lombó, F. Bioavailability of dietary polyphenols and gut microbiota metabolism: Anti-
microbial properties. BioMed Res. Int. 2015, 2015, 905215. [CrossRef]

99. Takagaki, A.; Kato, Y.; Nanjo, F. Isolation and characterization of rat intestinal bacteria involved in biotransformation of
(−)-epigallocatechin. Arch. Microbiol. 2014, 196, 681–695. [CrossRef]

100. Jackson, M.A.; Jeffery, I.B.; Beaumont, M.; Bell, J.T.; Clark, A.G.; Ley, R.E.; O’toole, P.W.; Spector, T.D.; Steves, C.J. Signatures of
early frailty in the gut microbiota. Genome Med. 2016, 8, 8. [CrossRef]

101. Maffei, V.J.; Kim, S.; Blanchard, E.; Luo, M.; Jazwinski, S.M.; Taylor, C.M.; A Welsh, D. Biological Aging and the Human Gut
Microbiota. J. Gerontol. Ser. A 2017, 72, 1474–1482. [CrossRef] [PubMed]

102. Maslennikov, R.; Ivashkin, V.; Alieva, A.; Poluektova, E.; Kudryavtseva, A.; Krasnov, G.; Zharkova, M.; Zharikov, Y. Gut dysbiosis
and body composition in cirrhosis. World J. Hepatol. 2022, 14, 1210–1225. [CrossRef] [PubMed]

103. Langsetmo, L.; MROS Research Group; Johnson, A.; Demmer, R.T.; Fino, N.; Orwoll, E.S.; Ensrud, K.E.; Hoffman, A.R.; Cauley,
J.A.; Shmagel, A.; et al. The Association between Objectively Measured Physical Activity and the Gut Microbiome among Older
Community Dwelling Men. J. Nutr. Health Aging 2019, 23, 538–546. [CrossRef] [PubMed]

https://doi.org/10.3389/fmicb.2023.1130592
https://doi.org/10.3390/nu12010065
https://doi.org/10.1039/c0fo00132e
https://www.ncbi.nlm.nih.gov/pubmed/21776473
https://doi.org/10.1002/biof.1249
https://doi.org/10.2174/0929867329666211217100020
https://doi.org/10.1080/10408398.2018.1549534
https://www.ncbi.nlm.nih.gov/pubmed/30633538
https://doi.org/10.1002/mus.27108
https://www.ncbi.nlm.nih.gov/pubmed/33125736
https://doi.org/10.1016/j.bbrc.2017.05.114
https://doi.org/10.1123/japa.2017-0389
https://doi.org/10.1016/j.exger.2013.11.011
https://doi.org/10.1139/apnm-2015-0372
https://doi.org/10.1007/s13539-014-0139-9
https://doi.org/10.1016/j.jff.2013.08.004
https://doi.org/10.1021/jf2020182
https://doi.org/10.1248/bpb.b18-00612
https://doi.org/10.3390/ijms18071363
https://doi.org/10.1155/2015/905215
https://doi.org/10.1007/s00203-014-1006-y
https://doi.org/10.1186/s13073-016-0262-7
https://doi.org/10.1093/gerona/glx042
https://www.ncbi.nlm.nih.gov/pubmed/28444190
https://doi.org/10.4254/wjh.v14.i6.1210
https://www.ncbi.nlm.nih.gov/pubmed/35978666
https://doi.org/10.1007/s12603-019-1194-x
https://www.ncbi.nlm.nih.gov/pubmed/31233075


Nutrients 2023, 15, 2367 23 of 30

104. Terauchi, M.; Horiguchi, N.; Kajiyama, A.; Akiyoshi, M.; Owa, Y.; Kato, K.; Kubota, T. Effects of grape seed proanthocyanidin
extract on menopausal symptoms, body composition, and cardiovascular parameters in middle-aged women. Menopause 2014,
21, 990–996. [CrossRef] [PubMed]

105. Imperatrice, M.; Cuijpers, I.; Troost, F.J.; Sthijns, M.M.J.P.E. Hesperidin Functions as an Ergogenic Aid by Increasing Endothelial
Function and Decreasing Exercise-Induced Oxidative Stress and Inflammation, Thereby Contributing to Improved Exercise
Performance. Nutrients 2022, 14, 2955. [CrossRef]

106. Noguera, F.J.M.; Alcaraz, P.E.; Vivas, J.C.; Chung, L.H.; Cascales, E.M.; Pagán, C.M. 8 weeks of 2S-Hesperidin supplementa-
tion improves muscle mass and reduces fat in amateur competitive cyclists: Randomized controlled trial. Food Funct. 2021,
12, 3872–3882. [CrossRef]

107. Zygmunt, K.; Faubert, B.; MacNeil, J.; Tsiani, E. Naringenin, a citrus flavonoid, increases muscle cell glucose uptake via AMPK.
Biochem. Biophys. Res. Commun. 2010, 398, 178–183. [CrossRef]

108. Pellegrini, M.; Bulzomi, P.; Galluzzo, P.; Lecis, M.; Leone, S.; Pallottini, V.; Marino, M. Naringenin modulates skeletal muscle
differentiation via estrogen receptor α and β signal pathway regulation. Genes Nutr. 2014, 9, 425. [CrossRef]

109. Ke, J.-Y.; Cole, R.M.; Hamad, E.M.; Hsiao, Y.-H.; Cotten, B.M.; Powell, K.A.; Belury, M.A. Citrus flavonoid, naringenin, increases
locomotor activity and reduces diacylglycerol accumulation in skeletal muscle of obese ovariectomized mice. Mol. Nutr. Food Res.
2016, 60, 313–324. [CrossRef]

110. Mas-Capdevila, A.; Teichenne, J.; Domenech-Coca, C.; Caimari, A.; Del Bas, J.M.; Escoté, X.; Crescenti, A. Effect of Hesperidin on
Cardiovascular Disease Risk Factors: The Role of Intestinal Microbiota on Hesperidin Bioavailability. Nutrients 2020, 12, 1488.
[CrossRef]

111. Amaretti, A.; Raimondi, S.; Leonardi, A.; Quartieri, A.; Rossi, M. Hydrolysis of the Rutinose-Conjugates Flavonoids Rutin and
Hesperidin by the Gut Microbiota and Bifidobacteria. Nutrients 2015, 7, 2788–2800. [CrossRef] [PubMed]

112. Aschoff, J.K.; Riedl, K.M.; Cooperstone, J.L.; Högel, J.; Bosy-Westphal, A.; Schwartz, S.J.; Carle, R.; Schweiggert, R.M. Urinary
excretion of Citrus flavanones and their major catabolites after consumption of fresh oranges and pasteurized orange juice: A
randomized cross-over study. Mol. Nutr. Food Res. 2016, 60, 2602–2610. [CrossRef] [PubMed]

113. Stevens, Y.; Van Rymenant, E.; Grootaert, C.; Van Camp, J.; Possemiers, S.; Masclee, A.; Jonkers, D. The Intestinal Fate of Citrus
Flavanones and Their Effects on Gastrointestinal Health. Nutrients 2019, 11, 1464. [CrossRef]

114. Kay, C.D.; Pereira-Caro, G.; Ludwig, I.A.; Clifford, M.N.; Crozier, A. Anthocyanins and Flavanones Are More Bioavailable than
Previously Perceived: A Review of Recent Evidence. Annu. Rev. Food Sci. Technol. 2017, 8, 155–180. [CrossRef] [PubMed]

115. Pereira-Caro, G.; Borges, G.; Van Der Hooft, J.; Clifford, M.N.; Del Rio, D.; Lean, M.E.; Roberts, S.A.; Kellerhals, M.B.; Crozier, A.
Orange juice (poly)phenols are highly bioavailable in humans. Am. J. Clin. Nutr. 2014, 100, 1378–1384. [CrossRef]

116. Paraiso, I.L.; Plagmann, L.S.; Yang, L.; Zielke, R.; Gombart, A.F.; Maier, C.S.; Sikora, A.E.; Blakemore, P.R.; Stevens, J.F. Re-ductive
Metabolism of Xanthohumol and 8-Prenylnaringenin by the Intestinal Bacterium Eubacterium ramulus. Mol. Nutr. Food Res.
2019, 63, e1800923. [CrossRef] [PubMed]

117. Possemiers, S.; Rabot, S.; Espín, J.C.; Bruneau, A.; Philippe, C.; González-Sarrías, A.; Heyerick, A.; Tomás-Barberán, F.A.; De
Keukeleire, D.; Verstraete, W. Eubacterium limosum activates isoxanthohumol from hops (Humulus lupulus L.) into the potent
phytoestrogen 8-prenylnaringenin in vitro and in rat intestine. J. Nutr. 2008, 138, 1310–1316. [CrossRef] [PubMed]

118. Biagi, E.; Nylund, L.; Candela, M.; Ostan, R.; Bucci, L.; Pini, E.; Nikkïla, J.; Monti, D.; Saatokari, R.; Franceschi, C.; et al. Through
ageing, and beyond: Gut microbiota and inflammatory status in seniors and centenarians. PLoS ONE 2010, 5, e10667. [CrossRef]

119. Wang, D.; Yang, Y.; Zou, X.; Zhang, J.; Zheng, Z.; Wang, Z. Antioxidant Apigenin Relieves Age-Related Muscle Atrophy by
Inhibiting Oxidative Stress and Hyperactive Mitophagy and Apoptosis in Skeletal Muscle of Mice. J. Gerontol. A Biol. Sci. Med.
Sci. 2020, 75, 2081–2088. [CrossRef]

120. Jang, Y.J.; Son, H.J.; Choi, Y.M.; Ahn, J.; Jung, C.H.; Ha, T.Y. Apigenin enhances skeletal muscle hypertrophy and myoblast
differentiation by regulating Prmt7. Oncotarget 2017, 8, 78300–78311. [CrossRef]

121. Arango, D.; Diosa-Toro, M.; Rojas-Hernandez, L.S.; Cooperstone, J.; Schwartz, S.; Mo, X.; Jiang, J.; Schmittgen, T.D.; Doseff, A.I.
Dietary apigenin reduces LPS-induced expression of miR-155 restoring immune balance during inflammation. Mol. Nutr. Food
Res. 2015, 59, 763–772. [CrossRef] [PubMed]

122. Jiang, D.; Li, D.; Wu, W. Inhibitory Effects and Mechanisms of Luteolin on Proliferation and Migration of Vascular Smooth Muscle
Cells. Nutrients 2013, 5, 1648–1659. [CrossRef] [PubMed]

123. Kim, J.; Shin, S.; Kwon, E. Luteolin Protects Against Obese Sarcopenia in Mice with High-Fat Diet-Induced Obesity by Ameliorat-
ing Inflammation and Protein Degradation in Muscles. Mol. Nutr. Food Res. 2023, 67, e2200729. [CrossRef]

124. Gelabert-Rebato, M.; Wiebe, J.C.; Martin-Rincon, M.; Galvan-Alvarez, V.; Curtelin, D.; Perez-Valera, M.; Habib, J.J.; Pérez- López,
A.; Vega, T.; Morales-Alamo, D.; et al. Enhancement of Exercise Performance by 48 Hours, and 15-Day Sup-plementation with
Mangiferin and Luteolin in Men. Nutrients 2019, 11, 344. [CrossRef] [PubMed]

125. Wang, M.; Firrman, J.; Liu, L.; Yam, K. A Review on Flavonoid Apigenin: Dietary Intake, ADME, Antimicrobial Effects, and
Interactions with Human Gut Microbiota. BioMed Res. Int. 2019, 2019, 7010467. [CrossRef] [PubMed]

126. Hanske, L.; Loh, G.; Sczesny, S.; Blaut, M.; Braune, A. The bioavailability of apigenin-7-glucoside is influenced by human
in-testinal microbiota in rats. J. Nutr. 2009, 139, 1095–1102. [CrossRef]

127. Schoefer, L.; Mohan, R.; Schwiertz, A.; Braune, A.; Blaut, M. Anaerobic Degradation of Flavonoids by Clostridium orbiscindens.
Appl. Environ. Microbiol. 2003, 69, 5849–5854. [CrossRef]

https://doi.org/10.1097/GME.0000000000000200
https://www.ncbi.nlm.nih.gov/pubmed/24518152
https://doi.org/10.3390/nu14142955
https://doi.org/10.1039/D0FO03456H
https://doi.org/10.1016/j.bbrc.2010.06.048
https://doi.org/10.1007/s12263-014-0425-3
https://doi.org/10.1002/mnfr.201500379
https://doi.org/10.3390/nu12051488
https://doi.org/10.3390/nu7042788
https://www.ncbi.nlm.nih.gov/pubmed/25875120
https://doi.org/10.1002/mnfr.201600315
https://www.ncbi.nlm.nih.gov/pubmed/27488098
https://doi.org/10.3390/nu11071464
https://doi.org/10.1146/annurev-food-030216-025636
https://www.ncbi.nlm.nih.gov/pubmed/28125348
https://doi.org/10.3945/ajcn.114.090282
https://doi.org/10.1002/mnfr.201800923
https://www.ncbi.nlm.nih.gov/pubmed/30471194
https://doi.org/10.1093/jn/138.7.1310
https://www.ncbi.nlm.nih.gov/pubmed/18567753
https://doi.org/10.1371/annotation/df45912f-d15c-44ab-8312-e7ec0607604d
https://doi.org/10.1093/gerona/glaa214
https://doi.org/10.18632/oncotarget.20962
https://doi.org/10.1002/mnfr.201400705
https://www.ncbi.nlm.nih.gov/pubmed/25641956
https://doi.org/10.3390/nu5051648
https://www.ncbi.nlm.nih.gov/pubmed/23686014
https://doi.org/10.1002/mnfr.202200729
https://doi.org/10.3390/nu11020344
https://www.ncbi.nlm.nih.gov/pubmed/30736383
https://doi.org/10.1155/2019/7010467
https://www.ncbi.nlm.nih.gov/pubmed/31737673
https://doi.org/10.3945/jn.108.102814
https://doi.org/10.1128/AEM.69.10.5849-5854.2003


Nutrients 2023, 15, 2367 24 of 30

128. Kiewiet, M.B.G.; Elderman, M.E.; El Aidy, S.; Burgerhof, J.G.M.; Visser, H.; Vaughan, E.E.; Faas, M.M.; de Vos, P. Flexibility of
Gut Microbiota in Ageing Individuals during Dietary Fiber Long-Chain Inulin Intake. Mol. Nutr. Food Res. 2021, 65, e2000390.
[CrossRef]

129. Hata, S.; Okamura, T.; Kobayashi, A.; Bamba, R.; Miyoshi, T.; Nakajima, H.; Kitagawa, N.; Hashimoto, Y.; Majima, S.; Senmaru,
T.; et al. Gut Microbiota Changes by an SGLT2 Inhibitor, Luseogliflozin, Alters Metabolites Compared with Those in a Low
Carbohydrate Diet in db/db Mice. Nutrients 2022, 14, 3531. [CrossRef]

130. Chamarande, J.; Cunat, L.; Pavlov, N.; Alauzet, C.; Cailliez-Grimal, C. Parabacteroides distasonis Properties Linked to the Selection
of New Biotherapeutics. Nutrients 2022, 14, 4176. [CrossRef]

131. Sun, H.; Guo, Y.; Wang, H.; Yin, A.; Hu, J.; Yuan, T.; Zhou, S.; Xu, W.; Wei, P.; Yin, S.; et al. Gut commensal Parabacteroides
distasonis alleviates inflammatory arthritis. Gut, 2023; online ahead of print.

132. Rodriguez-Castaño, G.P.; Dorris, M.R.; Liu, X.; Bolling, B.; Acosta-Gonzalez, A.; Rey, F.E. Bacteroides thetaiotaomicron Starch
Utilization Promotes Quercetin Degradation and Butyrate Production by Eubacterium ramulus. Front. Microbiol. 2019, 10, 1145.
[CrossRef] [PubMed]

133. Zhou, Y.; Shi, X.; Fu, W.; Xiang, F.; He, X.; Yang, B.; Wang, X.; Ma, W.-L. Gut Microbiota Dysbiosis Correlates with Abnormal
Immune Response in Moderate COVID-19 Patients with Fever. J. Inflamm. Res. 2021, 14, 2619–2631. [CrossRef] [PubMed]

134. Rosés, C.; Cuevas-Sierra, A.; Quintana, S.; Riezu-Boj, J.I.; Martínez, J.A.; Milagro, F.I.; Barceló, A. Gut Microbiota Bacterial Species
Associated with Mediterranean Diet-Related Food Groups in a Northern Spanish Population. Nutrients 2021, 13, 636. [CrossRef]
[PubMed]

135. Luo, S.; Zhao, Y.; Zhu, S.; Liu, L.; Cheng, K.; Ye, B.; Han, Y.; Fan, J.; Xia, M. Flavonifractor plautii Protects Against Elevated Arterial
Stiffness. Circ. Res. 2023, 132, 167–181. [CrossRef] [PubMed]

136. Chen, L.; Zheng, T.; Yang, Y.; Chaudhary, P.P.; Teh, J.P.Y.; Cheon, B.K.; Moses, D.; Schuster, S.C.; Schlundt, J.; Li, J.; et al. Integrative
multiomics analysis reveals host-microbe-metabolite interplays associated with the aging process in Singaporeans. Gut Microbes
2022, 14, 2070392. [CrossRef]

137. Kim, I.-S. Current Perspectives on the Beneficial Effects of Soybean Isoflavones and Their Metabolites for Humans. Antioxidants
2021, 10, 1064. [CrossRef]

138. Kitamura, K.; Erlangga, J.S.; Tsukamoto, S.; Sakamoto, Y.; Mabashi-Asazuma, H.; Iida, K. Daidzein promotes the expression of
oxidative phosphorylation- and fatty acid oxidation-related genes via an estrogen-related receptor α pathway to decrease lipid
accumulation in muscle cells. J. Nutr. Biochem. 2020, 77, 108315. [CrossRef]

139. Ogawa, M.; Kitano, T.; Kawata, N.; Sugihira, T.; Kitakaze, T.; Harada, N.; Yamaji, R. Daidzein down-regulates ubiqui-tin-specific
protease 19 expression through estrogen receptor β and increases skeletal muscle mass in young female mice. J. Nutr. Biochem.
2017, 49, 63–70. [CrossRef]

140. Zhang, H.; Chi, M.; Chen, L.; Sun, X.; Wan, L.; Yang, Q.; Guo, C. Daidzein alleviates cisplatin-induced muscle atrophy by
regulating Glut4/AMPK/FoxO pathway. Phytother. Res. 2021, 35, 4363–4376. [CrossRef]

141. Yoshino, M.; Naka, A.; Sakamoto, Y.; Shibasaki, A.; Toh, M.; Tsukamoto, S.; Kondo, K.; Iida, K. Dietary isoflavone daidzein
promotes Tfam expression that increases mitochondrial biogenesis in C2C12 muscle cells. J. Nutr. Biochem. 2015, 26, 1193–1199.
[CrossRef]

142. Aoyama, S.; Jia, H.; Nakazawa, K.; Yamamura, J.; Saito, K.; Kato, H. Dietary Genistein Prevents Denervation-Induced Muscle
Atrophy in Male Rodents via Effects on Estrogen Receptor-α. J. Nutr. 2016, 146, 1147–1154. [CrossRef] [PubMed]

143. Gan, M.; Ma, J.; Chen, J.; Chen, L.; Zhang, S.; Zhao, Y.; Niu, L.; Li, X.; Zhu, L.; Shen, L. miR-222 Is Involved in the Amelioration
Effect of Genistein on Dexamethasone-Induced Skeletal Muscle Atrophy. Nutrients 2022, 14, 1861. [CrossRef] [PubMed]

144. Gan, M.; Shen, L.; Liu, L.; Guo, Z.; Wang, S.; Chen, L.; Zheng, T.; Fan, Y.; Tan, Y.; Jiang, D.; et al. miR-222 is involved in the
regulation of genistein on skeletal muscle fiber type. J. Nutr. Biochem. 2020, 80, 108320. [CrossRef] [PubMed]

145. Shen, L.; Liao, T.; Chen, J.; Ma, J.; Wang, J.; Chen, L.; Zhang, S.; Zhao, Y.; Niu, L.; Zeng, C.; et al. Genistein Promotes Skeletal
Muscle Regeneration by Regulating miR-221/222. Int. J. Mol. Sci. 2022, 23, 13482. [CrossRef] [PubMed]

146. Sawada, K.; Yamashita, Y.; Zhang, T.; Nakagawa, K.; Ashida, H. Glabridin induces glucose uptake via the AMP-activated protein
kinase pathway in muscle cells. Mol. Cell. Endocrinol. 2014, 393, 99–108. [CrossRef]

147. Yoshioka, Y.; Kubota, Y.; Samukawa, Y.; Yamashita, Y.; Ashida, H. Glabridin inhibits dexamethasone-induced muscle atrophy.
Arch. Biochem. Biophys. 2019, 664, 157–166. [CrossRef]

148. Hirasaka, K.; Saito, S.; Yamaguchi, S.; Miyazaki, R.; Wang, Y.; Haruna, M.; Taniyama, S.; Higashitani, A.; Terao, J.; Nikawa, T.;
et al. Dietary Supplementation with Isoflavones Prevents Muscle Wasting in Tumor-Bearing Mice. J. Nutr. Sci. Vitaminol. 2016,
62, 178–184. [CrossRef]

149. Tabata, S.; Aizawa, M.; Kinoshita, M.; Ito, Y.; Kawamura, Y.; Takebe, M.; Pan, W.; Sakuma, K. The influence of isoflavone for
denervation-induced muscle atrophy. Eur. J. Nutr. 2019, 58, 291–300. [CrossRef]

150. Aubertinleheudre, M.; Lord, C.; Khalil, A.; Dionne, I.J. Six months of isoflavone supplement increases fat-free mass in obese–
sarcopenic postmenopausal women: A randomized double-blind controlled trial. Eur. J. Clin. Nutr. 2007, 61, 1442–1444.
[CrossRef]

151. Barbosa, C.D.; Costa, J.G.; Giolo, J.S.; Rossato, L.T.; Nahas, P.C.; Mariano, I.M.; Batista, J.P.; Puga, G.M.; de Oliveira, E.P. Isoflavone
supplementation plus combined aerobic and resistance exercise do not change phase angle values in postmenopausal women: A
randomized placebo-controlled clinical trial. Exp. Gerontol. 2019, 117, 31–37. [CrossRef]

https://doi.org/10.1002/mnfr.202000390
https://doi.org/10.3390/nu14173531
https://doi.org/10.3390/nu14194176
https://doi.org/10.3389/fmicb.2019.01145
https://www.ncbi.nlm.nih.gov/pubmed/31191482
https://doi.org/10.2147/JIR.S311518
https://www.ncbi.nlm.nih.gov/pubmed/34168484
https://doi.org/10.3390/nu13020636
https://www.ncbi.nlm.nih.gov/pubmed/33669303
https://doi.org/10.1161/CIRCRESAHA.122.321975
https://www.ncbi.nlm.nih.gov/pubmed/36575982
https://doi.org/10.1080/19490976.2022.2070392
https://doi.org/10.3390/antiox10071064
https://doi.org/10.1016/j.jnutbio.2019.108315
https://doi.org/10.1016/j.jnutbio.2017.07.017
https://doi.org/10.1002/ptr.7132
https://doi.org/10.1016/j.jnutbio.2015.05.010
https://doi.org/10.3945/jn.115.226316
https://www.ncbi.nlm.nih.gov/pubmed/27146914
https://doi.org/10.3390/nu14091861
https://www.ncbi.nlm.nih.gov/pubmed/35565830
https://doi.org/10.1016/j.jnutbio.2019.108320
https://www.ncbi.nlm.nih.gov/pubmed/32361609
https://doi.org/10.3390/ijms232113482
https://www.ncbi.nlm.nih.gov/pubmed/36362267
https://doi.org/10.1016/j.mce.2014.06.009
https://doi.org/10.1016/j.abb.2019.02.006
https://doi.org/10.3177/jnsv.62.178
https://doi.org/10.1007/s00394-017-1593-x
https://doi.org/10.1038/sj.ejcn.1602695
https://doi.org/10.1016/j.exger.2018.08.007


Nutrients 2023, 15, 2367 25 of 30

152. Prokopidis, K.; Mazidi, M.; Sankaranarayanan, R.; Tajik, B.; McArdle, A.; Isanejad, M. Effects of whey and soy protein sup-
plementation on inflammatory cytokines in older adults: A systematic review and meta-analysis. Br. J. Nutr. 2023, 129, 759–770.
[PubMed]

153. Seeley, A.D.; Jacobs, K.A.; Signorile, J.F. Acute Soy Supplementation Improves 20-km Time Trial Performance, Power, and Speed.
Med. Sci. Sport. Exerc. 2019, 52, 170–177. [CrossRef] [PubMed]

154. Setchell, K.D.R.; Brown, N.M.; Lydeking-Olsen, E. The Clinical Importance of the Metabolite Equol—A Clue to the Effectiveness
of Soy and Its Isoflavones. J. Nutr. 2002, 132, 3577–3584. [CrossRef] [PubMed]

155. Gaya, P.A.; Peirotén, A.; Landete, J.M. Transformation of plant isoflavones into bioactive isoflavones by lactic acid bacteria and
bifidobacteria. J. Funct. Foods 2017, 39, 198–205. [CrossRef]

156. Benvenuti, C.; Setnikar, I. Effect of Lactobacillus sporogenes on oral isoflavones bioavailability: Single dose pharmacokinetic
study in menopausal women. Arzneimittelforschung 2011, 61, 605–609. [CrossRef]

157. Aoi, W.; Iwasa, M.; Aiso, C.; Tabata, Y.; Gotoh, Y.; Kosaka, H.; Suzuki, T. Lactococcus cremoris subsp. cremoris FC-fermented
milk activates protein synthesis and increases skeletal muscle mass in middle-aged mice. Biochem. Biophys. Res. Commun. 2022,
612, 176–180. [CrossRef]

158. Ford, A.L.; Nagulesapillai, V.; Piano, A.; Auger, J.; Girard, S.-A.; Christman, M.; Tompkins, T.A.; Dahl, W.J. Microbiota Stability
and Gastrointestinal Tolerance in Response to a High-Protein Diet with and without a Prebiotic, Probiotic, and Synbiotic: A
Randomized, Double-Blind, Placebo-Controlled Trial in Older Women. J. Acad. Nutr. Diet. 2020, 120, 500–516.e10. [CrossRef]

159. Liu, C.; Cheung, W.H.; Li, J.; Chow, S.K.H.; Yu, J.; Wong, S.H.; Ip, M.; Sung, J.J.Y.; Wong, R.M.Y. Understanding the gut mi-crobiota
and sarcopenia: A systematic review. J. Cachexia Sarcopenia Muscle 2021, 12, 1393–1407. [CrossRef]

160. Almeida, H.M.; Sardeli, A.V.; Conway, J.; Duggal, N.A.; Cavaglieri, C.R. Comparison between frail and non-frail older adults’ gut
microbiota: A systematic review and meta-analysis. Ageing Res. Rev. 2022, 82, 101773. [CrossRef]

161. Rondanelli, M.; Gasparri, C.; Barrile, G.C.; Battaglia, S.; Cavioni, A.; Giusti, R.; Mansueto, F.; Moroni, A.; Nannipieri, F.; Patelli, Z.;
et al. Effectiveness of a Novel Food Composed of Leucine, Omega-3 Fatty Acids and Probiotic Lactobacillus paracasei PS23 for
the Treatment of Sarcopenia in Elderly Subjects: A 2-Month Randomized Double-Blind Pla-cebo-Controlled Trial. Nutrients 2022,
14, 4566. [CrossRef]

162. Mayo, B.; Vázquez, L.; Flórez, A.B. Equol: A Bacterial Metabolite from The Daidzein Isoflavone and Its Presumed Beneficial
Health Effects. Nutrients 2019, 11, 2231. [CrossRef] [PubMed]

163. Peron, G.; Gargari, G.; Meroño, T.; Miñarro, A.; Vegas Lozano, E.; Castellano Escuder, P.; González-Domínguez, R.; Hidal-go-
Liberona, N.; Del Bò, C.; Bernardi, S.; et al. Crosstalk among intestinal barrier, gut microbiota and serum metabolome after a
polyphenol-rich diet in older subjects with “leaky gut”: The MaPLE trial. Clin. Nutr. 2021, 40, 5288–5297. [CrossRef] [PubMed]

164. Farha, A.K.; Gan, R.-Y.; Li, H.-B.; Wu, D.-T.; Atanasov, A.G.; Gul, K.; Zhang, J.-R.; Yang, Q.-Q.; Corke, H. The anticancer potential
of the dietary polyphenol rutin: Current status, challenges, and perspectives. Crit. Rev. Food Sci. Nutr. 2022, 62, 832–859.
[CrossRef] [PubMed]

165. Seo, S.; Lee, M.-S.; Chang, E.; Shin, Y.; Oh, S.; Kim, I.-H.; Kim, Y. Rutin Increases Muscle Mitochondrial Biogenesis with AMPK
Activation in High-Fat Diet-Induced Obese Rats. Nutrients 2015, 7, 8152–8169. [CrossRef]

166. Hah, Y.S.; Lee, W.K.; Lee, S.J.; Lee, S.Y.; Seo, J.H.; Kim, E.J.; Choe, Y.I.; Kim, S.G.; Yoo, J.I. Rutin Prevents Dexame-thasone-Induced
Muscle Loss in C2C12 Myotube and Mouse Model by Controlling FOXO3-Dependent Signaling. Antioxidants 2023, 12, 639.
[CrossRef]

167. Liu, S.; Adewole, D.; Yu, L.; Sid, V.; Wang, V.; Karmin, O.; Yang, C. Rutin attenuates inflammatory responses induced by
lipopoly-saccharide in an in vitro mouse muscle cell (C2C12) model. Poult. Sci. 2019, 98, 2756–2764. [CrossRef]

168. Chen, C.; Yang, J.S.; Lu, C.C.; Chiu, Y.J.; Chen, H.C.; Chung, M.I.; Wu, Y.T.; Chen, F.A. Effect of Quercetin on Dexame-thasone-
Induced C2C12 Skeletal Muscle Cell Injury. Molecules 2020, 25, 3267. [CrossRef]

169. Chen, X.; Liang, D.; Huang, Z.; Jia, G.; Zhao, H.; Liu, G. Anti-fatigue effect of quercetin on enhancing muscle function and
antioxidant capacity. J. Food Biochem. 2021, 45, e13968. [CrossRef]

170. Nieman, D.C.; Williams, A.S.; Shanely, R.A.; Jin, F.; McAnulty, S.R.; Triplett, N.T.; Austin, M.D.; Henson, D.A. Quercetin’s
influence on exercise performance and muscle mitochondrial biogenesis. Med. Sci. Sport. Exerc. 2010, 42, 338–345. [CrossRef]

171. Chen, X.; Liang, D.; Huang, Z.; Jia, G.; Zhao, H.; Liu, G. Quercetin regulates skeletal muscle fiber type switching via adiponectin
signaling. Food Funct. 2021, 12, 2693–2702. [CrossRef]

172. Hour, T.-C.; Vo, T.C.T.; Chuu, C.-P.; Chang, H.-W.; Su, Y.-F.; Chen, C.-H.; Chen, Y.-K. The Promotion of Migration and Myogenic
Differentiation in Skeletal Muscle Cells by Quercetin and Underlying Mechanisms. Nutrients 2022, 14, 4106. [CrossRef] [PubMed]

173. Ohmae, S.; Akazawa, S.; Takahashi, T.; Izumo, T.; Rogi, T.; Nakai, M. Quercetin attenuates adipogenesis and fibrosis in human
skeletal muscle. Biochem. Biophys. Res. Commun. 2022, 615, 24–30. [CrossRef] [PubMed]

174. Watanabe, K.; Holobar, A. Quercetin ingestion modifies human motor unit firing patterns and muscle contractile properties.
Exp. Brain Res. 2021, 239, 1567–1579. [CrossRef]

175. Bazzucchi, I.; Patrizio, F.; Ceci, R.; Duranti, G.; Sabatini, S.; Sgrò, P.; Di Luigi, L.; Sacchetti, M. Quercetin Supplementation
Improves Neuromuscular Function Recovery from Muscle Damage. Nutrients 2020, 12, 2850. [CrossRef] [PubMed]

176. Bazzucchi, I.; Patrizio, F.; Ceci, R.; Duranti, G.; Sgrò, P.; Sabatini, S.; Di Luigi, L.; Sacchetti, M.; Felici, F. The Effects of Quercetin
Supplementation on Eccentric Exercise-Induced Muscle Damage. Nutrients 2019, 11, 205. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/35706399
https://doi.org/10.1249/MSS.0000000000002102
https://www.ncbi.nlm.nih.gov/pubmed/31343517
https://doi.org/10.1093/jn/132.12.3577
https://www.ncbi.nlm.nih.gov/pubmed/12468591
https://doi.org/10.1016/j.jff.2017.10.029
https://doi.org/10.1055/s-0031-1300562
https://doi.org/10.1016/j.bbrc.2022.04.097
https://doi.org/10.1016/j.jand.2019.12.009
https://doi.org/10.1002/jcsm.12784
https://doi.org/10.1016/j.arr.2022.101773
https://doi.org/10.3390/nu14214566
https://doi.org/10.3390/nu11092231
https://www.ncbi.nlm.nih.gov/pubmed/31527435
https://doi.org/10.1016/j.clnu.2021.08.027
https://www.ncbi.nlm.nih.gov/pubmed/34534897
https://doi.org/10.1080/10408398.2020.1829541
https://www.ncbi.nlm.nih.gov/pubmed/33054344
https://doi.org/10.3390/nu7095385
https://doi.org/10.3390/antiox12030639
https://doi.org/10.3382/ps/pez037
https://doi.org/10.3390/molecules25143267
https://doi.org/10.1111/jfbc.13968
https://doi.org/10.1249/MSS.0b013e3181b18fa3
https://doi.org/10.1039/D1FO00031D
https://doi.org/10.3390/nu14194106
https://www.ncbi.nlm.nih.gov/pubmed/36235757
https://doi.org/10.1016/j.bbrc.2022.05.033
https://www.ncbi.nlm.nih.gov/pubmed/35605401
https://doi.org/10.1007/s00221-021-06085-w
https://doi.org/10.3390/nu12092850
https://www.ncbi.nlm.nih.gov/pubmed/32957571
https://doi.org/10.3390/nu11010205


Nutrients 2023, 15, 2367 26 of 30

177. Martin-Rincon, M.; Gelabert-Rebato, M.; Galvan-Alvarez, V.; Gallego-Selles, A.; Martinez-Canton, M.; Lopez-Rios, L.; Wiebe,
J.C.; Martin-Rodriguez, S.; Arteaga-Ortiz, R.; Dorado, C.; et al. Supplementation with a Mango Leaf Extract (Zynamite®) in
Combination with Quercetin Attenuates Muscle Damage and Pain and Accelerates Recovery after Strenuous Damaging Exercise.
Nutrients 2020, 12, 614. [CrossRef]

178. Otsuka, Y.; Miyamoto, N.; Nagai, A.; Izumo, T.; Nakai, M.; Fukuda, M.; Arimitsu, T.; Yamada, Y.; Hashimoto, T. Effects of
Quercetin Glycoside Supplementation Combined With Low-Intensity Resistance Training on Muscle Quantity and Stiffness: A
Randomized, Controlled Trial. Front. Nutr. 2022, 9, 912217. [CrossRef]

179. Ulla, A.; Ozaki, K.; Rahman, M.; Nakao, R.; Uchida, T.; Maru, I.; Mawatari, K.; Fukawa, T.; Kanayama, H.-O.; Sakakibara, I.; et al.
Morin improves dexamethasone-induced muscle atrophy by modulating atrophy-related genes and oxidative stress in female
mice. Biosci. Biotechnol. Biochem. 2022, 86, 1448–1458. [CrossRef]

180. Yoshimura, T.; Saitoh, K.; Sun, L.; Wang, Y.; Taniyama, S.; Yamaguchi, K.; Uchida, T.; Ohkubo, T.; Higashitani, A.; Nikawa, T.; et al.
Morin suppresses cachexia-induced muscle wasting by binding to ribosomal protein S10 in carcinoma cells. Biochem. Biophys. Res.
Commun. 2018, 506, 773–779. [CrossRef]

181. Issac, P.K.; Karan, R.; Guru, A.; Pachaiappan, R.; Arasu, M.V.; Al-Dhabi, N.A.; Choi, K.C.; Harikrishnan, R.; Raj, J.A. Insulin
signaling pathway assessment by enhancing antioxidant activity due to morin using in vitro rat skeletal muscle L6 myotubes
cells. Mol. Biol. Rep. 2021, 48, 5857–5872. [CrossRef]

182. Riva, A.; Kolimár, D.; Spittler, A.; Wisgrill, L.; Herbold, C.W.; Abrankó, L.; Berry, D. Conversion of Rutin, a Prevalent Dietary
Flavonol, by the Human Gut Microbiota. Front. Microbiol. 2020, 11, 585428. [CrossRef] [PubMed]

183. Haran, J.P.; Bucci, V.; Dutta, P.; Ward, D.; McCormick, B. The nursing home elder microbiome stability and associations with age,
frailty, nutrition and physical location. J. Med Microbiol. 2018, 67, 40–51. [CrossRef] [PubMed]

184. Haran, J.P.; Zeamer, A.; Ward, D.V.; Dutta, P.; Bucci, V.; A McCormick, B. The Nursing Home Older Adult Gut Microbiome
Composition Shows Time-dependent Dysbiosis and Is Influenced by Medication Exposures, Age, Environment, and Frailty.
J. Gerontol. Ser. A 2021, 76, 1930–1938. [CrossRef] [PubMed]

185. Chiou, Y.-S.; Wu, J.-C.; Huang, Q.; Shahidi, F.; Wang, Y.-J.; Ho, C.-T.; Pan, M.-H. Metabolic and colonic microbiota transformation
may enhance the bioactivities of dietary polyphenols. J. Funct. Foods 2014, 7, 3–25. [CrossRef]

186. Luan, Z.; Sun, G.; Huang, Y.; Yang, Y.; Yang, R.; Li, C.; Wang, T.; Tan, D.; Qi, S.; Jun, C.; et al. Metagenomics Study Reveals
Changes in Gut Microbiota in Centenarians: A Cohort Study of Hainan Centenarians. Front. Microbiol. 2020, 11, 1474. [CrossRef]

187. Li, Z.; Liang, H.; Hu, Y.; Lu, L.; Zheng, C.; Fan, Y.; Wu, B.; Zou, T.; Luo, X.; Zhang, X.; et al. Gut bacterial profiles in Parkinson’s
disease: A systematic review. CNS Neurosci. Ther. 2023, 29, 140–157. [CrossRef]

188. Renson, A.; Harris, K.M.; Dowd, J.B.; Gaydosh, L.; McQueen, M.B.; Krauter, K.S.; Shannahan, M.; E Aiello, A. Early Signs
of Gut Microbiome Aging: Biomarkers of Inflammation, Metabolism, and Macromolecular Damage in Young Adulthood.
J. Gerontol. Ser. A 2020, 75, 1258–1266. [CrossRef]

189. Murata, M.; Nonaka, H.; Komatsu, S.; Goto, M.; Morozumi, M.; Yamada, S.; Lin, I.-C.; Yamashita, S.; Tachibana, H. Delphinidin
Prevents Muscle Atrophy and Upregulates miR-23a Expression. J. Agric. Food Chem. 2017, 65, 45–50. [CrossRef]

190. Murata, M.; Kosaka, R.; Kurihara, K.; Yamashita, S.; Tachibana, H. Delphinidin prevents disuse muscle atrophy and reduces
stress-related gene expression. Biosci. Biotechnol. Biochem. 2016, 80, 1636–1640. [CrossRef]

191. Chen, B.; Ma, Y.; Li, H.; Chen, X.; Zhang, C.; Wang, H.; Deng, Z. The antioxidant activity and active sites of delphinidin and
petunidin measured by DFT, in vitro chemical-based and cell-based assays. J. Food Biochem. 2019, 43, e12968. [CrossRef]

192. Cook, M.D.; Willems, M.E.T. Dietary Anthocyanins: A Review of the Exercise Performance Effects and Related Physiological
Responses. Int. J. Sport Nutr. Exerc. Metab. 2019, 29, 322–330. [CrossRef] [PubMed]

193. Copetti, C.L.K.; Diefenthaeler, F.; Hansen, F.; Vieira, F.G.K.; Di Pietro, P.F. Fruit-Derived Anthocyanins: Effects on Cy-cling-Induced
Responses and Cycling Performance. Antioxidants 2022, 11, 387. [CrossRef]

194. Pekas, E.J.; Shin, J.; Headid, R.J.; Son, W.M.; Layec, G.; Yadav, S.K.; Scott, S.D.; Park, S.Y. Combined anthocyanins and bro-melain
supplement improves endothelial function and skeletal muscle oxygenation status in adults: A double-blind place-bo-controlled
randomised crossover clinical trial. Br. J. Nutr. 2021, 125, 161–171. [CrossRef] [PubMed]

195. Saclier, M.; Bonfanti, C.; Antonini, S.; Angelini, G.; Mura, G.; Zanaglio, F.; Taglietti, V.; Romanello, V.; Sandri, M.; Tonelli, C.; et al.
Nutritional intervention with cyanidin hinders the progression of muscular dystrophy. Cell Death Dis. 2020, 11, 127. [CrossRef]
[PubMed]

196. Liang, A.; Leonard, W.; Beasley, J.T.; Fang, Z.; Zhang, P.; Ranadheera, C.S. Anthocyanins-gut microbiota-health axis: A review.
Crit. Rev. Food Sci. Nutr. 2023, 1–26, online first. [CrossRef]
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