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Summary. Sarcopenia is a progressive and generalized
loss of skeletal muscle and functions associated with
ageing with currently no definitive treatment. Alterations
in gut microbial composition have emerged as a
significant contributor to the pathophysiology of
multiple diseases. Recently, its association with muscle
health has pointed to its potential role in mediating
sarcopenia. The current review focuses on the
association of gut microbiota and mediators of muscle
health, connecting the dots between the influence of gut
microbiota and their metabolites on biomarkers of
sarcopenia. It further delineates the mechanism by which
the gut microbiota affects muscle health with
progressing age, aiding the formulation of a multi-modal
treatment plan involving nutritional supplements and
pharmacological interventions along with lifestyle
changes compiled in the review. Nutritional supplements
containing proteins, vitamin D, omega-3 fatty acids,
creatine, curcumin, kefir, and ursolic acid positively
impact the gut microbiome. Dietary fibres foster a
conducive environment for the growth of beneficial
microbes such as Bifidobacterium, Faecalibacterium,
Ruminococcus, and Lactobacillus. Probiotics and
prebiotics act by protecting against reactive oxygen
species (ROS) and inflammatory cytokines. They also
increase the production of gut microbiota metabolites
like short-chain fatty acids (SCFAs), which aid in
improving muscle health. Foods rich in polyphenols are
anti-inflammatory and have an antioxidant effect,
contributing to a healthier gut. Pharmacological
interventions like faecal microbiota transplantation
(FMT), non-steroidal anti-inflammatory drugs
(NSAIDs), ghrelin mimetics, angiotensin-converting
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enzyme inhibitors (ACEIs), and butyrate precursors lead
to the production of anti-inflammatory fatty acids and
regulate appetite, gut motility, and microbial impact on
gut health. Further research is warranted to deepen our
understanding of the interaction between gut microbiota
and muscle health for developing therapeutic strategies
for ameliorating sarcopenic muscle loss.

Key words: Gut microbiota, Sarcopenia, Gut-muscle
axis, Biomarkers, Dietary interventions

Introduction

Ageing exposes people to various chronic diseases
and disorders, the most common of which are
cardiovascular diseases, cancer, neurological disorders,
and diabetes mellitus. In addition to contributing to early
mortality, they also decrease the patient’s quality of life
by generating numerous adverse complications
associated with the disease (Cesari et al., 2016). A
significant health concern in the older population is the
gradual loss of skeletal muscle mass and the associated
decline in its strength and function, called sarcopenia,
which contributes to higher morbidity, disability, and
mortality (Landi et al., 2018). This disease was given an
“International Classification of Diseases (ICD)-10 code
M62.84” in 2016 (Anker et al., 2016). According to the
European Working Group on Sarcopenia in Older People
(EWGSOP), 2018 the updated definition of sarcopenia is
“Sarcopenia is a progressive and generalised skeletal
muscle disorder that is associated with increased
likelihood of adverse outcomes including falls, fractures,
physical disability, and mortality”. The modification
emphasised that deterioration in muscle strength is a
major determining factor of sarcopenia (Swan et al.,
2021). Sarcopenia affects 9.9 to 40.4% of community-
dwelling older persons, 2 to 34% of geriatric outpatients,
and up to 56% of hospitalised older patients (Xu et al.,
2022). Due to the rapidly growing prevalence of
sarcopenia in the older population, new insights into the
mechanisms driving muscle loss are constantly being
investigated.

The human gut microbiota constitutes 10-100 trillion
microorganisms that populate the mammalian
gastrointestinal tract (Picca et al., 2018; Liu et al., 2021).
This diverse microbiota produces various nutrients and
metabolites that directly impact skeletal muscle
physiology (Qi et al., 2021). The microbiome influences
muscle mass and function by regulating systemic
inflammation and immunity, hormonal and insulin
sensitivity, and metabolism, thus directing towards a
“gut-muscle axis” and its possible connection with
sarcopenia (Zhao et al., 2021). Recent investigations
have shown that modulating muscle physiology via the
gut-microbiota axis can ameliorate the progression of
sarcopenia (Picca et al., 2018). Muscle mass and
strength were significantly enhanced, along with a
decrease in oxidative stress in aged mice treated with

Lactobacillus and Bifidobacterium supplements (Ni et
al., 2019b). In addition, some clinical evidence suggests
that therapies involving the gut microbiota-muscle axis
can help older people by decreasing sarcopenia-related
morbidity and mortality (Buigues et al., 2016).
Therefore, understanding the underlying mechanisms
that link the gut microbial population to muscle wasting
and dysfunction can help to identify novel targets as
treatment strategies to prevent or delay age-related
sarcopenia.

Gut-Muscle Axis: Interplay between gut microbiota
and muscles

The human gut is host to a complex ecology of
microorganisms, a dynamic collection of bacteria,
archaea, eukaryotes, fungi, and viruses, referred to as the
gut microbiota (Thursby and Juge, 2017; Mangiola et al.,
2018). The four major bacterial phyla, “Firmicutes,
Bacteroidetes, Proteobacteria, and Actinobacteria”,
represent 98% of this diverse microbial population
involved in a mutually beneficial relationship
(symbiosis) with the host (Ragonnaud and Biragyn,
2021). Their functions include facilitating digestion and
absorption of food, strengthening gut integrity via
building an intestinal barrier by metabolising dietary
fibres into bioactive short-chain fatty acids (SCFAs)
(Jones, 2016), providing essential nourishment by
generating vitamins and nutrients, and modulation of the
host’s local (intestinal) and systemic immunity
(Mangiola et al., 2018; Ragonnaud and Biragyn, 2021).
The gut microbiota, however, changes with the normal
ageing process, and the resulting alteration significantly
influences human health and disease (Zhao et al., 2021).
A significant implication of this imbalance is the impact
on muscle mass and muscle function, leading to
sarcopenia in older adults (Zhang et al., 2022). Several
in vitro and preclinical experiments have been conducted
to prove the association between gut microbiota and
muscle (Liao et al., 2020), thus establishing this axis as
an interventional target to eliminate or manage age-
related sarcopenia.

Bacteroidetes and Firmicutes comprise the
microbiota of the large intestine and are essential for
maintaining normal intestinal homeostasis. Lactobacilli,
Diptheriods, and Candida are the most common
microbes in the small intestine. A healthy individual's
primary composition of microorganisms is covered by a
relatively low number of species, i.e., Bacteroides,
Prevotella, Eubacterium, and Alistipes. Many species
cover the rest with low relative abundance (including
Clostridium, Anaerotruncus, Butyrivibrio, Faeca-
libacterium, and Akkermansia), having significant
metabolic activity (Huttenhower et al., 2012). This
microbiota aids in essential functions for the host, the
most prominent among these being amino acid synthesis
and nutrient absorption (Portune et al., 2016; Gizard et
al., 2020).

The gut microbiota metabolises organic substrates
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obtained either from food or those that remain
undigested, like complex carbohydrates from dietary
fibres, branched-chain amino acids (BCAAs), dietary
phenolics, polyunsaturated essential fatty acids (PUFAs),
etc., to various metabolites, like SCFAs (acetate,
propionate, butyrate), and trimethylamine (TMA)
(Gizard et al., 2020; Tomasova et al., 2021). Gut
microbiota also synthesises neurotransmitters (like
histamine, y-aminobutyric acid (GABA), serotonin, and
catecholamines) and gases (like hydrogen sulphide and
nitrogen oxide) as well as regulates their synthesis
(Strandwitz, 2018). These neurotransmitters and other
by-products enhance glucose homeostasis, energy
consumption, and protein synthesis in skeletal muscle,
thereby improving physical performance by controlling
intestinal permeability, inter-organ (endocrine, enteric,
and central nervous system (CNS)) cross-talks, and
direct targeting of skeletal muscle (Chen et al., 2021; Li
et al., 2022). The microbiota's synthesis of these
compounds impacts bacterial interactions and host
intestinal immunity. Different signalling mechanisms
could be implicated, such as neuroendocrine circuits
involving gastrointestinal neurons and vagus nerves and
modification of systemic metabolites and inflammatory
hallmarks (Wang et al., 2020). SCFAs, the prominent
regulators of the crosstalk between the gut microbiota
and skeletal muscle, are derived from the metabolism of
nutrients by bacteria and enhance mitochondrial
biogenesis in skeletal muscle (Ticinesi et al., 2017). The
primary SCFA metabolites of gut microbiota include
butyrate, acetate, and propionate. They regulate blood
glucose and insulin levels with a positive impact on
skeletal muscle functioning (He et al., 2020). A study
showed that feeding a combination of SCFAs to germ-
free mice partially rescued skeletal muscle function,
which was impaired by gut microbiota deficiency. There
was a remarkable improvement in muscle strength as
measured by increased skeletal muscle mass, reduced
expression of muscle atrophy markers, increased
expression of neuromuscular assembly genes, and an
improved oxidative metabolic capacity of muscles
(Lahiri et al., 2019). In another study, continuous
subcutaneous infusion of acetate in antibiotic-treated
mice restored their exercise capacity, stressing the
importance of SCFAs produced by the intestinal
microbiome (Okamoto et al., 2019). Therefore, skeletal
muscle, intestine, and adipose tissues are essential
targets that influence muscle metabolism (Canfora et al.,
2015). These SCFAs modulate the release of gut
hormones, influencing insulin production and appetite
(Tolhurst et al., 2012). In enteroendocrine L-cells
(located in the ileum and colon), SCFAs bind to Free
Fatty Acid Receptor (FFAR)1 and FFAR3, which are G-
protein coupled receptors (GPRs) responsible for
enhancing the release of glucagon-like peptide-1 (GLP-
1) and anorexigenic peptide YY (PYY). GLP-1 is an
anti-diabetic hormone that has an incretin action and acts
as an insulin sensitiser, i.e., it enhances after-meal
insulin production (Heppner and Perez-Tilve, 2015).

This ability to enhance GLP-1 release is also shared by
tryptophan, indole derivatives, secondary bile acids,
deoxycholic acid, and lithocholic acid (Gérard and
Vidal, 2019; Rastelli et al., 2019). Butyrate, propionate,
and its precursor, succinate, are also known to activate
gluconeogenesis in intestinal lining cells via
complementary mechanisms that improve insulin
sensitivity and metabolism through activation of
gastrointestinal nerves (De Vadder et al., 2014, 2016).
Gut bacteria Faecalibacterium, Butyricimonas, and
Succinivibrio produce SCFAs, which enter the
bloodstream and are taken up by the myocytes (Fig. 1).
There they serve as ligands binding to FFAR2 and
FFAR3, regulating glucose uptake and its metabolism
(Ticinesi et al., 2017).

Butyrate has proven to be the most crucial mediator
among SCFAs from the perspective of skeletal muscle
(Yan and Ajuwon, 2017; van der Hee and Wells, 2021;
Han et al., 2022; Tang et al., 2022; Guan et al., 2023). Its
anti-inflammatory functions have already been
elaborated in inflammatory bowel diseases (Chen and
Vitetta, 2020). Butyrate improves gut barrier function as
it is taken up by colonial epithelial cells to be used as an
energy source (Yan and Ajuwon, 2017). It also decreases
intestinal permeability by enhancing the synthesis of
tight junction proteins viz. claudins, occludin and zona
occludens, and mucins, which prevents endotoxemia
(Canfora et al., 2015). SCFAs, propionate, and butyrate
in small quantities and acetate in higher amounts enter
the circulation and directly impact the function of
peripheral cells and tissues (van der Hee and Wells,
2021). Butyrate has also been reported to prevent low-
grade inflammation generated by the interaction between
adipocytes and macrophages, reduce lipid breakdown,
and inhibit inflammatory signalling (Ohira et al., 2013).
It impacts skeletal muscle by increasing the count of
anti-inflammatory regulatory T cells and decreasing
proinflammatory cytokine and chemokine levels (Yoo et
al., 2020). In addition, SCFAs mediate the relationship
between gut microbiota and skeletal muscle by
potentiating fatty acid oxidation via its receptors on
skeletal muscle tissue, GPR41 (FFAR3) and GPR43
(FFAR?2), proving their worth as potential regulators of
skeletal muscle metabolism and function (Frampton et
al., 2020).

In addition to the role of secondary bile acids,
tertiary bile acids (e.g., ursodeoxycholic acid) increase
energy expenditure by activating G-protein-coupled bile
acid receptor (GPBAR)-1 (TGRS), which is expressed in
skeletal muscle, thus, inducing the thyroid hormone
deiodinase 2 (DIO2). DIO2 activates thyroxine (T4) by
converting it to the Triiodothyronine (T3) thyroid
hormone, which plays a significant role in metabolism,
energy homeostasis, myogenesis, and regeneration of
skeletal muscle (Di Ciaula et al., 2017; Bloise et al.,
2018). Phenolic metabolites of the microbiome, such as
isovanillic acid 3-o-sulphate, have also exhibited a dose-
dependent boosting effect on glucose uptake in muscles
via glucose transporter type 4 (GLUT4) and phospho-
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inositide 3-kinase (PI3K)-dependent processes,
demonstrating their role in muscle cell glucose uptake
and metabolism (Houghton et al., 2019). Conjugated
linoleic acid (CLA) is another metabolite produced from
the conversion of linoleic acid to stearic acid by rumen
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modulation of intracellular signalling pathways linked to
muscle metabolism (Kim et al., 2016).

Gut microbiota metabolises choline, a trimethyl-
amine-containing compound, which produces TMA
(Romano et al., 2015). Apart from choline, its other
precursors are L-carnitine, y-butyrobetaine, betaine, and
choline-containing compounds from the diet (Zeisel and
Warrier, 2017). The concentration of TMA was found to
be lower in patients suffering from Duchenne Muscular
Dystrophy (DMD), emphasising its importance to
muscle function (Hsieh et al., 2009). BCAAs are among
the other gut microbiota-derived compounds that have
the potential to impact on host metabolism. Previously,
increased circulating levels of BCAAs have been
associated with insulin resistance and diabetes.
Persistent high levels of BCAAs were responsible for the
induction of mTOR signalling in skeletal muscle, which
led to reduced uptake of glucose and insulin resistance
(Lynch and Adams, 2014; Yin et al., 2020). However,
BCAAs have also been shown to activate insulin
synthesis via mTOR (Wang et al., 2018) and stimulate
incretin secretion (Gojda et al., 2017), suggesting its
insulinotropic effects. They also have been shown to
prevent skeletal muscle proteolysis and enhance muscle
protein synthesis and myogenesis. Studies have shown
that nutraceuticals containing leucine and its derivatives
can revert sarcopenia in patients with chronic liver
disease and Type 2 diabetes mellitus (Gojda and Cahova,
2021; Hey et al., 2021). Gut microbiota utilises histidine
to produce another metabolite imidazole propionate,
which has been associated with insulin resistance. It
affects the insulin signalling pathway via mTORC1 (Koh
et al., 2018), and its levels were found to be enhanced in
type 2 diabetes mellitus. Some correlation between its
levels and markers of low-grade inflammation also
suggested its impact on host inflammation (Agus et al.,
2021). All this evidence is directed toward a gut-muscle
axis that regulates normal muscle physiology and
warrants deeper molecular investigations into the impact
of each of these metabolites at the individual level.

Mechanisms of dysbiotic gut and sarcopenia in old
age

Dysbiosis, which exhibits lesser variability in
microbial populations, compromises the intactness of the
gut barrier, allowing the entry of toxic microbial
products into circulation (Fig. 1) (Gizard et al., 2020).
Once in circulation, these products can induce low-grade
systemic inflammation by triggering innate immunity
and result in metabolic alterations leading to muscle
disorders. Gut dysbiosis plays a key role in various
metabolic disorders affecting skeletal muscle
degradation, like type II diabetes mellitus and obesity
(Bleau et al., 2015), cancer (Panebianco et al., 2023),
cardiovascular (Zhou et al., 2020), liver (Ponziani et al.,
2021), and kidney (Margiotta et al., 2021) disorders.
Sarcopenia is a geriatric disorder that exhibits an altered
gut microbial population (Marzetti et al., 2017). It has

been reviewed that microbial products like indoxyl
sulphate and endotoxins like lipopolysaccharide promote
inflammatory signalling by stimulating the expression of
tumour necrosis factor a (TNFa) and interleukin 6 (IL-6)
in immune tissues and skeletal muscle cells (Grosicki et
al., 2018). An increase in Lactobacillus species and a
lower abundance of Fusicantenibacter, Lachno-
clostridium, Eubacterium, Roseburia, and Lachnospira
genera was observed in patients with sarcopenia as
compared with healthy subjects (Kang et al., 2021). A
similar trend was observed when a reduced abundance of
Faecalibacterium prausnitzii, Alistipes shahii, and
Roseburia inulinivorans species was found in sarcopenic
patients, suggesting the association of altered microbial
diversity with sarcopenia (Ticinesi et al., 2019b). Past
preclinical evaluations concluded an association between
muscle degradation and altered microbial diversity in the
intestine (Picca et al., 2018). Oral administration of
Lactobacillus species in acute leukaemia mouse model
ameliorated skeletal muscle loss by reducing
inflammation (Bindels et al., 2012). Lactobacillus
species were shown to have an inverse association with
markers of muscle atrophy like MuRF1 and Atroginl as
well as inflammatory cytokines (Picca et al., 2018). The
mechanisms involved in the crosstalk leading to muscle
wasting are hereby discussed in detail.

Alteration in muscle protein synthesis

Gut dysbiosis or alteration in microbiota
composition increases the demand for proteins required
for muscle synthesis. This phenomenon is an anabolic
resistance characteristic of aged muscle cells (Vaiserman
et al., 2017). The consequences are a reduction in muscle
protein synthesis leading to subsequent degradation of
muscle, marking the initiation of sarcopenia (Mitchell et
al., 2017; Picca et al., 2018). There is a marked decrease
in gene expression of proteins involved in myogenesis,
decreased absorption and digestion of proteins, altered
flow of nutrition to skeletal muscle cells, enhanced
protein catabolism in myocytes, and accelerated loss of
skeletal muscle stem cells (Casati et al., 2019). Gut
dysbiosis-induced reduction in the production of SCFAs
also impacts the modulation of systemic anabolic or
catabolic balance via altered ATP production and
glucose uptake in skeletal muscle cells (Casati et al.,
2019; Ticinesi et al., 2019a). This further hinders the
process of muscle protein anabolism and marks the onset
of muscle wasting and, ultimately, sarcopenia. The pro-
anabolic effects of vitamins like folate, vitamin B12, and
riboflavin are also reduced with a decrease in the
microbial population involved in synthesising these
vitamins (LeBlanc et al., 2013).

Protein metabolism
Skeletal muscle mass is mainly regulated by protein

metabolism in muscles, which is maintained by a
dynamic balance of protein synthesis mediated by
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anabolic stimuli and protein degradation mediated by
catabolic stimuli. One of the impacts of alterations in gut
microbiota is on the bioavailability of dietary amino
acids like tryptophan, leucine, isoleucine, valine, and
lysine (Puiman et al., 2013), and dietary proteins
(Siddharth et al., 2017). The availability of dietary
amino acids and their kinetics inside the body
significantly influence the process of myogenesis
(Martone et al., 2017). Enzymes like proteases and
peptidases derived from the host or microbiome convert
proteins from the diet into peptides and amino acids
along the length of the alimentary canal (Ma and Ma,
2019). These peptides are essential for enriching
microbial diversity in the gastrointestinal tract and
maintaining their energy and protein homeostasis (Lach
et al., 2018; Covasa et al., 2019). Moreover, amino acids
regulate the synthesis of SCFAs (propionate, butyrate,
and acetate) by bacteria (Louis and Flint, 2017), which
improve muscle health in significant ways (Morrison
and Preston, 2016). They positively modulate muscle
biology by reducing gut permeability (van Krimpen et
al., 2021). The population of beneficial microbes
maintains high levels of SCFAs, which regulate the
translocation of harmful substances, like pro-
inflammatory cytokines, across the lumen into the
circulation (Parada Venegas et al., 2019).

Moreover, beneficial microbes reduce the levels of
systemic inflammation and have a positive impact on
insulin sensitivity in muscles (de Marco Castro et al.,
2021). However, gut dysbiosis reverses the situation as
the unhealthy microbiota fails to prevent the harmful
translocation of substances from the lumen into the
bloodstream, resulting in poor-grade chronic systemic
and local inflammation contributing to insulin and
anabolic resistance in muscle. A reduction in the levels
of SCFAs triggers the secretion of mucins by epithelial
cells of the intestine, which facilitates the entry of
pathogens into the intestinal mucosa (Biagi et al., 2010;
Parada Venegas et al., 2019). Among the SCFAs,
alteration in the level of butyrate is of primary concern
as it maintains intestinal homeostasis via the
development of regulatory T cells from CD4" T cells.
These regulatory T-cells induce epithelial transforming
growth factor B (TGF-B) secretion and secretion of IL-10
and retinoic acid by dendritic cells and macrophages
(Shapiro et al., 2014). A decrease in butyrate levels
increases intestinal inflammation (Gasaly et al., 2021)
and results in the entry of bacteria and inflammatory by-
products into the circulation (Amabebe and Anumba,
2020).

Intramuscular fat infiltration

Among the cascade of metabolic disturbances
caused by the reduced microbiota population,
intramuscular lipid accumulation also alters skeletal
muscle fibre composition (Klan¢i¢ and Reimer, 2020).
The accumulation of these intramyocellular lipids (like
ceramides and diacylglycerols) and fat lead to insulin

resistance in muscle cells and mitochondrial
dysfunction, resulting in metabolic breakdowns in
skeletal muscle, increase in oxidative stress, and chronic
inflammation (Capel et al., 2019; Ebadi et al., 2019). It
results in an inability to activate protein synthesis and
anabolic resistance, which ultimately marks the onset of
skeletal muscle atrophy (Rivas et al., 2016).

Inflammation

The imbalance in the composition of the intestinal
microbiota also disturbs the balance between pro- and
anti-inflammatory pathways in the host (Cristofori et al.,
2021), a phenomenon known as “inflammaging” as it is
a characteristic of advanced age (Casati et al., 2019).
The pro-inflammatory cells include T-helper cells (Th
cells), and Th17 cells, while anti-inflammatory cells
include Foxp3+ receptor T cells or regulatory T cells. A
healthy microbiota population potentiates the host
immune system and helps in immune cell maturation.
Inflammation can be both a reason or a result of gut
dysbiosis. The intestinal epithelial barrier isolates
bacteria from host immune cells, serving as a defence
mechanism. Disruption of this epithelial membrane
enhances the delivery of gut microbiota metabolites to
the host, resulting from decreased stability of the
mucosal barrier. It also increases susceptibility to
infection by disrupting the host's immune system,
inducing chronic inflammation and oxidative stress
(Cristofori et al., 2021). A decrease in SCFA production,
an aftermath of gut dysbiosis, also leads to the
potentiation of inflammation by enhanced secretion of
pro-inflammatory cytokines and chemokines (Casati et
al., 2019). Bacterial endotoxin lipopolysaccharide (LPS),
a component of the cell wall of gram-negative bacteria,
is abundant in the gastrointestinal tract and mediates
systemic inflammation and septic shock (Ghosh et al.,
2020). LPS and other bacterial endotoxins have a pro-
inflammatory role regulated by the gut microbiome
through healthy gut barrier dynamics (Ticinesi et al.,
2017). Therefore, increased permeability of LPS in the
gut creates a mechanistic link between gut dysbiosis and
an increase in inflammation, leading to insulin resistance
in skeletal muscles. Evidence supports that LPS leakage
from the gut into the bloodstream reduces glucose
tolerance and enhances the levels of inflammation
markers (Picca et al., 2018). It also stresses the central
role that chronic inflammation plays in the crosstalk
between microbial dysbiosis and initiation of muscle
degradation in old age. Preclinical evaluations have
proven the impact of geriatric alterations in gut
microbiota on intestinal permeability (Grosicki et al.,
2018; Picca et al., 2018). Gut dysbiosis enhances the
production of mucins from epithelial cells of the
intestine, facilitating the entrance of pathogens into
intestinal mucosa (Lobionda et al., 2019). SCFAs,
butyrate in particular, mediate their anti-inflammatory
role by reinforcing the tight epithelial junctions of the
intestinal barrier, which checks the translocation of
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endotoxins through it (Liu et al., 2018). All these altered
immune responses mediated by gut dysbiosis potentiate
sarcopenia by inducing catabolism in the skeletal muscle
cells.

Mitochondrial dysfunction and related mechanisms

An imbalance in gut microbiota composition also
alters their antioxidant activity, leading to impaired
mitochondrial function in host myocytes. This
mitochondrial damage releases mitochondrial damage-
associated molecular patterns (DAMPs), which initiate
potent inflammatory responses by activating the innate
immune system (Gong et al., 2020). Inflammatory
mediators like TNF-a, IL-6, IL-1B, etc., induce a circle
of damage in myocytes by altered quality control
signalling, leading to progression in mitochondrial
impairment and increased oxidative stress. The products
of mitochondrial damage induce mitochondrial DNA-
related inflammation, which ultimately releases pro-
inflammatory cytokines, chemokines, ROS, and nitric
oxide, inducing a cycle of persistent chronic
inflammation. Overall, it leads to a degrading impact on
muscle homeostasis (Picca et al., 2018). Oxidative stress
impairs the composition and function of the intestinal
microbial population and intestinal barrier permeability,
interfering with the chances of xenobiotic molecules
reaching the bloodstream (Reese et al., 2018).
Mitochondrial dysfunction is one of the hallmarks of
ageing myocytes. Alterations in mitochondrial quality
control and decreased expression of autophagy markers
lead to failed clearance of damaged mitochondria and
other dysfunctional organelles. This induces the
degradation of muscle fibres and leads to muscle atrophy
(Romanello and Sandri, 2016; Cant6-Santos et al.,
2020). Studies in animal models have shown that SCFAs
like butyrate increase mitochondrial biogenesis markers
and decrease oxidative stress markers in skeletal
muscles, further proving the role of gut microbiota in
strengthening muscle mass (Walsh et al., 2015). Insulin-
like growth factor 1 (IGF-1) links gut microbiota and the
mitochondrial level in skeletal muscle (Qi et al., 2021).
In a study by Lahiri et al., muscle atrophy was suggested
to be linked to reduced expression of IGF-1 and skeletal
muscle growth and mitochondrial function markers
(Lahiri et al., 2019).

Insulin resistance

The reduced production of gut metabolites and
increased levels of LPS and BCAAs in circulation are a
result of altered microbiota composition. Both of these
consequences of gut dysbiosis impact muscle health by
contributing to insulin resistance (Saad et al., 2016). LPS
contributes to insulin resistance by binding to toll-like
receptor 4, inducing adiposity and inflammation. SCFAs
reduce insulin resistance by promoting insulin
sensitivity, modulating glucose uptake and metabolism,
and increasing energy expenditure to enhance glucose

tolerance. The role of secondary bile acids against
insulin resistance was also established earlier by their
ability to activate GLP-1 secretion (Casati et al., 2019).
Insulin mediates its muscle-protective role by inducing a
cascade of phosphorylation events, which stimulate
mitochondrial protein synthesis and inhibit protein
breakdown in muscle cells. Insulin and IGF-1 act as
potent anabolic mediators, facilitating muscle growth by
the insulin/IGF1-Akt-mTOR pathway (Sartori et al.,
2021). This forms the mechanistic link between insulin
resistance and sarcopenia. Resistance to the anabolic
function of insulin in ageing myocytes precedes the
clinical manifestations of sarcopenia (Cleasby et al.,
2016). Insulin resistance contributes to sarcopenia by
impaired lipid oxidation in mitochondria, increased lipid
accumulation, inflammation, endoplasmic reticulum
(ER) stress by enhanced ROS production, and,
consequently, increased mitochondrial dysfunction
(Hong and Choi, 2020). There is evidence of decreased
secretion of growth hormone and IGF-1 in sarcopenia,
causing impaired muscle growth (Sakuma and
Yamaguchi, 2012a). SCFAs contribute to IGF-1 release,
strengthening their impact on the maintenance of muscle
health (Yan et al., 2016b).

The correlation between sarcopenia biomarkers and
gut microbiota

A plethora of factors are involved in mediating gut
dysbiosis-related pro-sarcopenia mechanisms. Due to its
multifactorial pathogenesis, a panel of biomarkers has
been identified that mediate the multitude of pathways in
sarcopenia (Fig. 2). The possible association of these
markers with simultaneous modulation of gut microbiota
hints at a probable correlation between gut dysbiosis and
the occurrence of sarcopenia, which warrants further
investigation. Identifying the biomarkers involved makes
it easy to characterise the cause of the disease at a
molecular level and predict its progression. It also helps
to decide the treatment strategy needed.

Myostatin

There is evidence of a correlation between myostatin
and gut microbiota composition, which can be linked to
muscle degradation. Recently, a study showed that
myostatin mutation impacts host metabolism through
regulation of the gut bacteria, Ruminococcaceae UCG-
013, Clostridium sensu stricto 1, and Ruminococcaceae
UCG-010 (Wen et al., 2022). Another study performed
an integrated microbiome and metabolome analysis,
showing that myostatin gene editing altered the
composition of microbes and their metabolites in the
jejunum and cecum, suggesting the influence of
myostatin on gut microbiota (Pei et al., 2021). It is well
established that myostatin acts as an autocrine,
paracrine, and endocrine negative regulator of muscle
mass by influencing molecular mediators of muscle
atrophy (Ryan et al., 2017). It belongs to the TGF-B
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family, predominantly expressed in myocytes. It is
synthesised from its precursors, pre-pro-myostatin and
pro-myostatin, and activates the ubiquitin-proteasome
system in mature muscle cells (Bataille et al., 2021).
Myostatin acts through its receptor, activin type 11 B
receptor (ActRIIB), at the surface of myocytes,
activating Smad2 and Smad3, which are primary signal
transducers to the TGF-B superfamily. These
transcription factors then translocate to the nucleus,
where they mediate the expression of E3 ubiquitin
ligases, atrogin-1 or muscle atrophy F-box protein
(MAFbx) and muscle ring finger protein 1 (MuRF1),
which facilitate muscle protein degradation via the
ubiquitin-proteasome system (UPS) machinery (Conte et
al., 2020a). Insulin and IGF-1 stimulation activates Akt,
leading to the inhibition of dephosphorylation of

Bone

Forkhead Box protein O 1 (FOXO1), which results in its
inactivation and, ultimately, inhibition of muscle protein
atrophy by the UPS pathway (Hay, 2011). Smad2 and
Smad3 also inhibit the activation of Akt, aiding in
muscle wasting (Verzola et al., 2019), which was proved
when a decrease in the expression of phosphorylated Akt
was observed following incubation of myotubes with
myostatin (Elkina et al., 2011). Myostatin also mediates
the activation of MAPKs using the Ras/Raf/MEKI1 or
TAK-1/MAPKK pathway (Drysch et al., 2021). This
results in inhibition of genes responsible for myogenesis.
Thus, signal transduction of myostatin leads to a cascade
of events modulating several molecular signalling
pathways, which ultimately downregulate the expression
of myogenic factors. In addition to this, the possible
association of myostatin with gut microbiota modulation
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may also be a factor in mediating the negative regulation
of muscle health, which can be proved through further
research.

Insulin-like growth factor-1 (IGF-1)

Gut microbiota has an essential role in maintaining
muscle health via IGF-1, since most studies pointed out
that microbiota-derived metabolites like SCFAs are potent
inducers of IGF-1 in the host as an anabolic hormone for
skeletal muscle synthesis and reduction of inflammation
(Daily and Park, 2022). Microbiota-induced IGF-1 has
previously been evidenced to ameliorate muscle wasting
in mice, strongly suggesting that IGF-1/insulin signalling
directly bridges the gap between sarcopenia and the gut
microbiota composition (Yan and Charles, 2018). IGF-1,
also called “somatomedin C”, is a polypeptide hormone in
the blood that stimulates muscle growth by mediating
skeletal myogenesis and has been proven to increase
muscle mass entity, strength, and proliferation of muscle
satellite cells. IGF-1 mediates its function by binding to its
receptor, IGF-1R, which activates the PI3K/Akt signalling
pathway and has tyrosine kinase-like activity. The
activation of this pathway results in increased protein
synthesis in muscle fibres, myoblast proliferation, and
differentiation, leading to overall muscle mass
maintenance (Ahmad et al., 2020). Increased synthesis of
IGF-1 has been observed in muscle satellite cells of
injured muscles, aiding their healing by stimulating
proliferation and myogenic differentiation (Chen et al.,
2020a). Poor handgrip strength and deterioration in
physical performance have also been associated with
decreased levels of IGF-1 in the aged population (van
Nieuwpoort et al., 2018). Because of its role in
myogenesis and muscle growth, IGF-1 is utilised in the
management of DMD, muscle atrophy, and other muscle-
wasting conditions (Ahmad et al., 2020).

Irisin

There is limited data unravelling the association
between irisin and intestinal microbiota; however,
studies have shown that SCFA producers can contribute
to an increase in irisin levels as SCFAs are potent
inducers of GLP-1 secretion (Valder and Brinkmann,
2022). Irisin and GLP-1 show similar effects and act
through related signalling mechanisms involving the gut,
muscle and endocrine pancreas (Marrano et al., 2021).
Irisin is produced from fibronectin type III domain-
containing protein 5 (FNDCS5) and is a sensitive
molecular marker of reduced muscle strength and
atrophy (Planella-Farrugia et al., 2019). Irisin levels
have been evidenced to correlate positively with muscle
mass. Skeletal muscle cells uptake most glucose under
the action of insulin and are considered one of the
primary sites of insulin resistance. Previously conducted
experiments have proven that irisin influences glucose
homeostasis in skeletal muscle in an autocrine fashion
(Kurdiova et al., 2014). Peroxisome proliferator-

activated receptor (PPAR)-y coactivator-1a (PGCla) is
an upstream regulator of irisin. The deficiency of
myostatin leads to activation and induction of irisin
secretion in muscle cells (Huh et al., 2014). Irisin
treatment has been shown to potentiate muscle growth
through the ERK pathway and by decreasing negative
regulators of muscle mass, like myostatin, while
increasing IGF-1, a stimulator of myogenesis (Huh et al.,
2014).

Brain-derived neurotrophic factor (BDNF)

SCFAs, particularly butyrates, have been evidenced
to positively regulate the expression of trophic factors
such as neurotrophins, including pro-BDNF and BDNF
(Ziemka-Nalecz et al., 2017; Ojeda et al., 2021). Many
studies have shown that germ-free and antibiotic-treated
mice exhibit decreased expression of BDNF in the
hippocampus compared to the mice with standard gut
microbiota composition. Treatment with prebiotics
fructooligosaccharides (FOS) and galactooligo-
saccharides (GOS), which increase the amount of
intestinal Bifidobacterium spp. and Lactobacillus spp.,
upregulates hippocampal gene and protein expression of
BDNF (Yu and Hsiao, 2021). The maintenance of
healthy muscle mass and function is mediated by the
equilibrium between the positive and negative factors of
muscle development. BDNF, belonging to the
neurotrophin family, is one of the positive regulators
(Kalinkovich and Livshits, 2015). Its role in skeletal
muscle involves stimulating myogenesis by
differentiating myoblasts into myocytes, developing
muscle fibres, maintaining motoneuron survival and the
postsynaptic region in muscle fibres, and aiding in the
presynaptic release of neurotransmitters (Raschke and
Eckel, 2013; Sakuma et al., 2015). The link between
BDNF levels and susceptibility to sarcopenia was
proved when a reduction in the high-affinity
tropomyosin-related kinase-B receptor (TrkBR) was
observed following a loss of endogenous BDNF in
diaphragm muscle of old mice (Greising et al., 2015).
The BDNF/TrkBR signalling pathway mediates anti-
inflammatory effects and immune regulation in
myofibers through the p75 neurotrophin receptor
(p75NTR) (Kalinkovich and Livshits, 2015). As a result
of its role in muscle repair, regeneration, and
differentiation, as well as its link to immunology,
inflammation, and muscular pathology, BDNF might be
regarded as an important marker of sarcopenia.

Follistatin (FST)

Studies have shown that altered diet, and
subsequently altered gut microbiota composition, lower
the levels of follistatin (FST), which also negatively
impacts skeletal muscle mass (Li et al., 2019). Increased
dietary protein intake has been shown to stimulate
follistatin secretion (Bojsen-Moller et al., 2021). These
dietary proteins are broken down into amino acids,
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which impact the gut microbiota composition and
microbial metabolites, thus affecting muscle health in
the host (Zhao et al., 2019a). FST is a positive mediator
of muscle mass, which strongly inhibits myostatin-
mediated muscle atrophy. It is expressed in several
tissues, like the brain, muscles, bone marrow, ovary,
liver, and blood vessels, and antagonises the action of
proteins from the TGF-B superfamily, myostatin, activin
A, and bone morphogenetic protein (BMP) (Skrzypczak
et al., 2021). FST proteins are thought to potentiate the
myogenic ability of muscle progenitor cells by binding
to myostatin and rendering it undetectable (Kalinkovich
and Livshits, 2015). FST overexpression is also related
to increased Akt phosphorylation and its activation,
mTOR signalling, and translation of muscle proteins by
inhibiting Smad3 activity (Winbanks et al., 2012).
Signalling networks between the Wnt/B-catenin system,
FST, and TGF-B signalling pathways have been
discovered (Han et al., 2014). Given the crucial role of
the Wnt/pB-catenin pathway in myofibroblast
proliferation and myofiber growth regulation, this
crosstalk further strengthens the function of FST in
muscle mass maintenance (Xu et al., 2017). FST-based
therapies, like recombinant adeno-associated viral
vectors expressing FST (Sepulveda et al., 2015), FST-
like 3-Fc-fusion protein (Ozawa et al., 2021), and other
gene-based treatments are being extensively evaluated
because of their therapeutic potential to curb the harmful
effects of muscle atrophy.

Growth/Differentiation Factor-15 (GDF-15)

The correlation of GDF-15 with gut dysbiosis-
induced sarcopenia can be traced to a study in which a
greater abundance of the Enterobacteriaceae family was
found in the faecal microbiota of patients with high
serum GDF-15 concentrations (Bilson et al., 2021).
Another observational study showed that a prominent
feature of gut microbiota dysbiosis was an increase in
the amount of Enterobacteriaceae found in elderly
patients with sarcopenia (Liu et al., 2021). GDF-15
negatively affects muscle health and is involved in the
enhancement of muscle growth suppressors. It is also
known as serum macrophage inhibitory cytokine 1
(MIC-1) and is a significant member of the TGF-B
superfamily (Wischhusen et al., 2020). Circulating levels
of GDF-15 increase with age and have an inverse
relationship with muscle mass and muscle endurance,
making it a potential biomarker of sarcopenia (Kim et
al., 2020). In Taurin transporter knockout mice, GDF-15
is shown to induce muscle fibre apoptosis and increase
inflammation. Also, increased levels of GDF-15 have
been associated with cachexia and muscle atrophic
conditions in human subjects (Ito et al., 2018; Conte et
al., 2020b). Both serum and mRNA concentrations of
GDF-15 were elevated in subjects who had developed
atrophy in the quadriceps muscle following heart surgery
(Bloch et al., 2013). All this evidence of a consistent
correlation of GDF-15 with reduced muscle mass

suggests its involvement in potentiating sarcopenia.
However, the signalling pathways by which it mediates
the muscle wasting function are not clear. Thus, it
warrants further investigation into its role as a biomarker
of sarcopenia.

Decorin

Gut microbiota is known to positively regulate the
function of this myokine by increasing the production of
SCFAs, BCAAs, secondary bile acids, and endo-
cannabinoids, and inhibiting inflammatory cytokines
(Suriano et al., 2020; Daily and Park, 2022). Decorin is a
small leucine-rich myokine secreted by cells in adipose
tissue in response to physical exercise. It is involved in
skeletal muscle differentiation and repair (Bahl et al.,
2018). Decorin mediates its muscle-protective function
by inhibiting the responsiveness of myogenic satellite
cells to TGF-B1 during differentiation, which induces
their proliferation (Kelc et al., 2015). Studies on
myogenic cells have shown that decorin overexpression
boosts muscle cell proliferation and differentiation by
suppressing myostatin activity, which negatively affects
muscle growth (Kishioka et al., 2008; Bahl et al., 2018).
The contribution of decorin to muscle hypertrophy by
increased expression of promyogenic genes and
inhibition of muscle atrophy genes has also been well
established (Kanzleiter et al., 2014). Also, it has a role in
regulating connective tissue formation in skeletal
muscles by stimulating collagen synthesis in connective
tissue (Bahl et al., 2018). Decorin has been identified as
a potential therapeutic target in sarcopenia as well as
sarcopenic obesity (Bilski et al., 2022).

Apelin

A potential relationship between gut bacteria and the
apelinergic system was observed in a study where LPS
from gram-negative bacteria stimulated apelin
expression (Geurts et al., 2011). This study was
conducted to associate gut flora and apelin. Apelin is an
adipokine and myokine, which is an endogenous ligand
of the G-protein coupled receptor APJ (Wysocka et al.,
2018). Ageing decreases Apelin release, which can be
partially recovered from exercise. Apelin restoration
leads to enhanced muscle strength by anti-inflammatory
function, targeting satellite cells and muscle stem cells
and stimulating mitochondriogenesis, which increases
the regenerative abilities of muscle cells. Apelin
supplementation promoted protein synthesis in
sarcopenic muscle fibres via AMPK, Akt, and P70S6K
activation (Vinel et al., 2018; Bilski et al., 2022). Thus,
apelin and its receptor can serve as markers and
therapeutic targets to ameliorate age-related sarcopenia.

Activin A and B

Blocking of activin receptor ligands has previously
resulted in a decrease in bacterial diversity, which was
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proved by the reduced bacterial richness in the
respective stool samples of C26 cachectic mice (Pekkala
et al., 2019). Activins A and B belong to the TGF-$
family and are categorised as inhibitors of muscle
growth. Activins are synthesised as precursor molecules
and are cleaved by ActRITA/II receptors, resulting in the
activation of Activin receptor type-1B (ACVRI1B) or
ALK4. Activated ALK4 phosphorylates Smad2/3, which
binds with Smad4 (Kalinkovich and Livshits, 2015).
This ActRII/ALK/Smad2/3 signalling pathway starts a
protein degradation program via autophagy and UPS,
which accelerates muscle atrophy (Lodberg, 2021). It
has been shown that activin A inhibition leads to the
induction of muscle hypertrophy in mice and primates
(Latres et al., 2017). It has been well established that
activins, along with myostatin and GDF-11, activate
Smad2/3 signalling to induce muscle atrophy, eventually
contributing to muscle-wasting disorders (Rodgers and
Ward, 2022). Thus, myostatin/activin pathway
antagonism also holds significant promise as a
therapeutic target in the management of sarcopenia.

Fibroblast Growth Factor 21 (FGF21)

Previous reports provide evidence that dietary
proteins induce elevated levels of FGF21 in plasma and
that normal gut microbiota composition is required for
this increased FGF21 response to a protein-rich diet
(Martin et al., 2021). Administration of Lactobacillus
rhamnosus GG also increases hepatic FGF21 expression
(Zhao et al., 2019b). Consistent with these findings, a
research study by Kundu et al. reported that young germ-
free mice receiving faecal microbiota transplantation
(FMT) showed an increase in FGF21 levels due to high
concentrations of microbiota-derived butyrate (Kundu et
al., 2019). FGF21, a member of the FGF superfamily,
regulates metabolic activities rather than cell division
and differentiation (Tezze et al., 2019). Apart from the
liver, adipocytes and myocytes are also prominent
sources of FGF21; it has anti-obesity action and reverses
insulin resistance. It also increases thermogenesis in fat
tissue and skeletal muscle through increased expression
of the peroxisome proliferator-activated (PGC)-1-alpha
gamma receptor (Cuevas-Ramos et al., 2019). It was
observed that deficiency of FGF21 increased the
expression of muscle atrophy factors (MuRF1 and
Atrogin-1), and also increased TNF-a-mediated
inflammation in skeletal muscles (Kim et al., 2019). The
literature emphasises the role of FGF21 in aerobic
muscle fibre formation via the FGF21-SIRT1-AMPK-
PGCla axis (Liu et al., 2017). A study conducted on
pigs showed that it can suppress adipogenesis in
intramuscular fat cells (Wang et al., 2016). Thus, FGF21
levels can be significant in studies related to sarcopenia
and sarcopenic obesity.

Bone Morphogenetic Proteins (BMPs)

Previous studies have shown that BMP treatment

increased the proportion of Verrucomicrobia, Blautia,
and Allobaculum genera, known producers of SCFAs,
especially butyrates, which exert a protective effect on
muscle atrophy (Bai et al., 2018). BMPs play an
essential role in both bone and muscle homeostasis.
They are molecules of the TGF-B family that mediate
various pathways linked to cell homeostasis and
proliferation, differentiation, morphogenesis, and
regeneration (Scimeca et al., 2017). They potentiate
muscle mass by negatively regulating the activity of
Smad proteins 6 and 7, which inhibit Smad1/5/8
activation. The stimulation of Smadl/5/8 activates
mTOR, which enhances protein synthesis. This BMP-
Smadl1/5/8 axis counters the myostatin/activin-Smad2/3
axis, inhibiting muscle wasting (Winbanks et al., 2013).
Thus, increased signalling via activation of the BMP-
Smad1/5/8 axis offers treatment by promoting myofiber
hypertrophy and preventing pathology-associated muscle
wasting.

Meteorin-like Protein (Metrnl)

Metrnl is an adipo-myokine having pleiotropic
functions in adipose tissue. It induces the browning of
white adipose tissue and reduces insulin resistance
(Bilski et al., 2022). It is expressed in high levels in
intestinal epithelial cells (Li et al., 2016) and skeletal
muscle post-exercise. It promotes the regeneration of
injured muscle via Stat3/IGF-1 signalling (Schmid et al.,
2021). Baht et al. proved that Metrnl induces
macrophage-dependent IGF-1 production, which directly
affects muscle satellite cell proliferation (Baht et al.,
2020). This caused an anti-inflammatory response and
aided in the muscle regeneration process.

Interleukins (IL-6/7/15/17)

IL-15, IL-17A, IL-7, and IL-6 can also serve as
biomarkers of sarcopenia. Positive associations have
been observed between the severity of sarcopenia and
IL-17A levels in the older population (Ying et al.,
2022b). IL-17A contributes to skeletal muscle atrophy
by activating JAK2/STAT3 signalling, which results in
myosin heavy chain loss and myotube atrophy (Ying et
al., 2022a). Gut microbiota-derived SCFAs have been
shown to repress IL-17 production (Dupraz et al., 2021).
IL-6 released during exercise regulates muscles’ glucose
and lipid metabolism (Bilski et al., 2022). It was
previously proved that increased levels of IL-6 induce
geriatric poor-grade inflammation, resulting in
sarcopenia (Bano et al., 2017; Dalle et al., 2017). It was
also found that denervation-activated STAT-3-1L-6
signalling in fibro-adipogenic progenitors (FAPs)
reduced skeletal muscle mass (Madaro et al., 2018).
Since denervation associated with ageing can be
causative of sarcopenia, this mechanism could be of
significance in the process (Bilski et al., 2022). Also, IL-
6 activates glycogen and lipid breakdown in muscle via
AMPK signalling. Exercise increases IL-6 levels, which
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leads to upregulation of GLUT4 and insulin sensitivity
in skeletal muscles (Ikeda et al., 2016). Studies have
reported that bacterial metabolites, like SCFAs, promote
the secretion of IL-7 in the intestinal epithelium (Paturi
et al., 2020). IL-7 is produced by stromal cells in the
thymus and bone marrow (West, 2019); it is also
considered a myokine due to its expression and secretion
from myocytes (Haugen et al., 2010). IL-7 is critical for
muscle tissue development and helps in the
differentiation of satellite cells into mature skeletal
muscle cells (Severinsen and Pedersen, 2020; Bilski et
al., 2022). Gut-microbiota depletion has been shown to
lower the expression of IL-15 (Jiang et al., 2013). IL-15,
which lies within the IL-2 superfamily, has been linked
to adipose tissue-skeletal muscle crosstalk (Nielsen et
al., 2007; Quinn et al., 2009; Bilski et al., 2022). IL-15
was also found to facilitate muscle fibre regeneration
and inhibit intramuscular fat infiltration through
modulation of FAPs (Kang et al., 2018). Studies have
proven that decreased levels of IL-15 are associated with
sarcopenia (Bilski et al., 2022). Evidence of its declined
levels with age further strengthens these findings. Thus,
the levels of these interleukin myokines can be
significant markers of muscle health.

Association between the gut microbiome and muscle
histology

Interventions targeting the gut-muscle axis have
improved age-related degradation of muscle health
(Picca et al., 2018). Moreover, histological changes in
skeletal muscle provide crucial insights into muscle
disorder pathology, aiding diagnosis and treatment
strategies (Lau et al., 2018). Mean myofiber diameter,
myofiber cross-sectional area, and myofiber size
distribution are pivotal histological parameters enabling
precise evaluation of age-related muscle loss (Lau et al.,
2018; Laghi et al., 2022). Faecal microbiota
transplantation (FMT) from young donor rats (12 weeks)
improved the cross-sectional area of myofibers in
gastrocnemius and soleus muscles, which was
significantly decreased in old rats (88 weeks) (Mo et al.,
2023). This improvement was attributed to the
preservation of gut barrier integrity, characterized by
enhanced levels of beneficial bacteria such as
Lactobacillus, Akkermansia, and Lactococcus, along
with increased production of metabolites like
methoxyacetic acid, 3R-hydroxy-butanoic acid, and y-
glutamyltyrosine. Histological analysis using Masson’s
and Sirius red staining further revealed a reduction in
interstitial fibrosis in both gastrocnemius and soleus
muscles following FMT treatment in aged rats (Mo et
al., 2023). Another study reported that ghrelin
antagonization decreased protein deposition in pig
muscles by reducing the abundance of acetate-producing
bacteria and depleting the levels of serum amino acids
like arginine, methionine, tyrosine, and isoleucine (Yan
et al., 2022).

These findings correspond with muscle morpho-

logical changes that exhibit a significant decrease in the
cross-sectional area of the longissimus dorsi and
gastrocnemius muscle fibers. Furthermore, supplemen-
tation with animal protein hydrolysate (APH) induced
positive alterations in gut microbiota and increased
SCFA levels like isovaleric, acetic, and propionic acid,
improving the sarcopenia phenotype by enhancing
muscle protein synthesis (Lee et al., 2023). Also,
hematoxylin and eosin (H&E) and Sirius Red staining
results demonstrated a significant increase in muscle
fiber size and reduced collagen accumulation,
respectively. These findings were further confirmed by
the reduction in the expression of the muscle atrophy
marker, myostatin, in the muscle tissues of aged mice
following supplementation with APH.

A recent study on C57BL/6 mice subjected to four
weeks of antibiotic treatment revealed suppressed gut
microbiota activity, suggesting its significant influence
on skeletal muscles (Qiu et al., 2021). This was evident
through results from H&E and immunofluorescence
staining, which showed smaller myofiber size in the
gastrocnemius muscles of treated mice compared to
controls. Quantitative morphometric analysis further
confirmed these effects, highlighting a higher proportion
of myofibers with decreased mean fiber area in the
antibiotic-treated group. Collins et al. conducted
histological assessments of vastus lateralis muscles by
Oil Red O and Picrosirius Red staining to assess
alterations in muscle integrity and intramuscular lipid
infiltration in high-fat high-sucrose diet-fed rats (Collins
et al., 2016). They concluded that muscle fibrosis
marked by compromised muscle integrity and increased
intramuscular fat deposition was linked to fluctuations in
gut microbiota composition, particularly exhibited by
decreased abundance of Bacteroides/Prevotella species
and systemic inflammation. Also, silk peptide
administration in aged rats could protect against age-
related decline in lean muscle mass and muscle strength
through gut microbiota modulation (Park et al., 2021).
Intestinal histology results show improved gut barrier
integrity and alterations in gut microbiota. Additionally,
Alcian Blue-Periodic acid (AB-PAS) staining indicates
increased mucin content in intestinal tissues and
preservation of the mucus barrier in silk peptide-treated
groups compared to the aged group. The muscle
protective mechanisms were associated with high serum
concentrations of amino acids and SCFAs, post silk
peptide intake, in addition to decreased insulin resistance
and inflammation. Qi et al. demonstrated the effects of
intestinal microbiota colonization by FMT on germ-free
(GF) piglets (Qi et al., 2021). The absence of microbiota
led to decreased muscle function and a reduction in
myogenic transcription factors, MyoG and MyoD. The
H&E staining of longissimus dorsi muscle sections
revealed thinner muscle fibers in the GF piglets as
compared to FMT and normal piglets. Immuno-
histochemical analysis exhibited a reduced proportion of
slow-twitch muscle fibers in GF piglets promoted by a
significant decrease in SCFA levels. Their results, along
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with histological assessments, confirmed the
contribution of gut bacteria in the maintenance of growth
and development of host muscle tissues. These findings
emphasize the correlation between the gut microbiome
and muscle histology, highlighting the potential of
interventions or mechanisms targeting the gut-muscle
axis to alleviate age-related muscle decline. Moreover,
they demonstrate that muscle histology could serve as a
gold standard in studying the correlation between gut
microbiota and muscle health.

Future directions and possible intervention
strategies

Dietary intervention

Food intake declines with progressing age due to
various geriatric factors like physiological anorexia,
drug interactions, impairment in masticatory function,
and changes in food preferences from energy and
protein-rich foods to energy-dilute foods like fruits,
grains, and vegetables (Liguori et al., 2018). Dietary
insufficiencies are the main reason for metabolic
diseases related to gut dysbiosis. Amino acids like
leucine, casein and whey proteins (from milk), creatine
monohydrate, and vitamin D have been most commonly
studied for their role in muscle protein generation
through the mTOR signalling pathway by regulation of
myogenic regulatory factors (Snijders et al., 2018; Liao
et al., 2022). Nutrient supplementation, a significant
modulator of intestinal microbiota composition, has been
a helpful intervention strategy to increase muscle protein
synthesis (Picca et al., 2018; Liao et al., 2022). Dietary
interventions for sarcopenia patients can be planned to
meet essential requirements. It should consider adequate
calorie consumption, metabolic profile and health status
of the patient, physical activity level, provision of
nutrients quality- and quantity-wise concerning
physiological needs, and concomitant therapies. This
should be extended for sufficient time to impact muscle
health (Calvani et al., 2013). Research has evidenced the
beneficial effects of the following nutritional
supplements on ageing muscle physiology.

Proteins

The complex interplay of a wide range of factors
maintains skeletal muscle health; however, it is mainly
governed by the equilibrium between protein synthesis
and breakdown. Proteins and amino acids derived from
dietary sources play a pivotal role in maintaining optimal
muscle protein metabolism. In the fasting state, such as
the postabsorptive, skeletal muscle proteins are
catabolised to release free amino acids, which can serve
as energy substrates, be utilised in the synthesis of
immune system, enzymes, peptide hormones and plasma
proteins, and can also aid in gluconeogenesis (Carbone
and Pasiakos, 2019). Also, the postprandial increase in
amino acid levels after dietary protein ingestion

stimulates muscle protein synthesis (Kouw et al., 2019).
Increased protein consumption above 0.8 g/kg/day (the
recommended dietary allowance) can effectively counter
skeletal muscle loss. It can result in an increased appetite
for food in the older population (Muscariello et al.,
2016). With increased protein consumption, more
proteins reach the intestine, increasing the production of
bacterial metabolites like BCAAs and SCFAs, both of
which are essential mediators of muscle protein
anabolism (Prokopidis et al., 2020). Recent studies stress
the quality of proteins is a significant factor in
promoting muscle health. Proteins rich in essential
amino acids (EAAs) induce muscle protein anabolism in
older subjects. Leucine, a crucial BCAA, induces
molecular mechanisms promoting muscle hypertrophy
(Perna et al., 2020). It is considered the principal dietary
modulator of muscle protein anabolism as it can inhibit
proteasomes by activating the mTOR pathway (Landi et
al., 2016). Therefore, dietary sources rich in EAAs like
lean meat, dairy-based products, lentils, peanuts,
soybeans, and cowpeas are advised for older individuals
suffering from sarcopenia (Landi et al., 2016). B-
hydroxy B-methyl butyrate (HMB) is an active amino
acid metabolite of leucine, responsible for activating the
mTOR signalling pathway in muscle (Oktaviana et al.,
2019). However, following absorption, only 5% of
dietary leucine is metabolised to HMB, implying the
need for direct administration of HMB to reach
pharmacological levels to mediate its efficacy against
sarcopenia. Recent evidence also proves that milk-
derived proteins, whey and casein, are effective proteins
against sarcopenia as they stimulate myogenesis, and
their combination prolongs muscle protein synthesis
(Kanda et al., 2016). Clinical studies link high dietary
protein consumption and progressive resistance training
to improved muscle function in older populations. These
findings support the need for a personalised diet plan
with proteins rich in EAAs to be consumed in adequate
amounts to boost muscle health and function in gut
dysbiosis-induced sarcopenia.

Vitamin D

Decreased levels of vitamin D are linked to disease
conditions like osteomalacia, osteoporosis, and
osteopenia since it is an important mediator of bone
homeostasis (Perna et al., 2020). Apart from bone-
related pathologies, several studies have linked vitamin
D status with sarcopenia and musculoskeletal pain; also,
there are reports of a positive correlation of vitamin D
levels with muscle mass and strength in the older
population (Yang et al., 2020). Vitamin D
supplementation for eight weeks combined with BCAAs
improved muscle strength in sarcopenia patients (Gkekas
et al., 2021). Gut microbiota is known to stimulate
calcium and vitamin D absorption. Vitamin D aids in the
translocation of microbial metabolites to the host by
maintaining intestinal epithelial barrier integrity (Li et
al., 2021). This regulation of gut microbiota homeostasis
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by vitamin D also modulates immune responses at
multiple levels and minimises inflammation (Farré et al.,
2020). This immunoregulatory role also makes vitamin
D a nutrient of significance in reducing muscle damage.
Vitamin D is known to regulate muscle cell proliferation
and differentiation, potentiate muscle protein synthesis,
and transport calcium and phosphorus inside the cells via
the Vitamin D receptor (Caballero-Garcia et al., 2021).
Vitamin D promotes skeletal muscle regeneration by
reducing apoptosis in muscle cells, balancing the
production of pro-inflammatory cytokines, like IFN-y
and IL-1, and anti-inflammatory cytokines, like IL-10
and IL-13. It also increases calcium transport into the
sarcoplasmic reticulum to facilitate muscle contraction.
Based on growing evidence of the muscle-protective role
of vitamin D, it is recommended that the concentration
of 25-hydroxy vitamin D be measured in all patients
suffering from sarcopenia, and vitamin D supplements
(800 IU [20 pgl/day) be prescribed to all patients with
serum concentrations below 100 nmol/L (40 ng/mL)
(Liguori et al., 2018). Vitamin D supplementation also
elevates the gene expression of vitamin D receptors in
muscle tissues (Pojednic et al., 2015), which ultimately
improves muscle fibre size in the older population
(Cruz-Jentoft et al., 2020). A vitamin D-rich diet can
also be consumed by sarcopenic patients. Dietary
sources of vitamin D3 (cholecalciferol) include liver oils
from cod, shark, and tuna, and oily fish like herring,
sardines, and salmon, egg yolk, and meat; whereas
dietary sources of vitamin D2 (ergocalciferol) include,
wild mushrooms and UV-exposed fungi and yeast
(Ljubic et al., 2020). However, in the absence of
exposure to the appropriate amount of sunlight, vitamin
D supplementation serves as a suitable alternative to
recover impaired muscle health in sarcopenia.

Fatty acids

Omega-3 fatty acids, like eicosapentaenoic acid
(EPA), docosahexaenoic acid (DHA), and a-linoleic acid
(ALA), are recognised as possible dietary counter-
measures for sarcopenia, mainly owing to their anti-
inflammatory properties (Calvani et al., 2013; Dupont et
al., 2019). The primary sources of omega-3 long-chain
fatty acids, EPA, and DHA, are seafood, fish oils, krill
oil, and algal oils; they can also be bio-synthesised from
ALA (Bird et al., 2021). Since increased inflammatory
responses are a hallmark of sarcopenia (Liguori et al.,
2018), oral nutrient supplementation of EPA and DHA
could contribute to immunoregulation and affect the gut
microbiota. An increase in the content of SCFAs
mediates the muscle-protective action by affecting gut
microbiota, as indicated by increased SCFAs in omega-
3, PUFA-treated Salmonella-infected mice due to an
increase in Bacteroidetes and Bifidobacterium spp.
(Machate et al., 2020). Another study reported that
consuming an omega-3 PUFA-rich diet (4g of EPA and
DHA in combination daily) led to a significant increase
in SCFAs, particularly butyrate-producing species like

Blautia, Coprococcus, Bacteroides, and Roseburia
(Ochoa-Reparaz and Kasper, 2016). Butyrate has been
evidenced to induce protection against muscle atrophy
and elevate muscle mass in sarcopenia patients (Kang et
al., 2021). Omega-3 PUFAs can also be effective in gut
dysbiosis-induced sarcopenia by mitigating the effect of
LPS-induced pro-inflammatory cytokines and increasing
the levels of anti-inflammatory cytokines (Liu et al.,
2015). They inhibit nuclear factor kappa (NF-kB)
signalling pathways induced by LPS and decrease the
expression of pro-inflammatory cytokines like TNF-a.
They also increase the production of anti-inflammatory
factors like IL-10, decrease 1L-17 production, which is a
pro-inflammatory mediator, and increase Treg
differentiation, thus, mediating an overall anti-
inflammatory response that contributes to its protective
role in sarcopenia (Fu et al., 2021).

CLAs are a group of 18-carbon PUFA isomers
derived from linoleic acid, which can be obtained from
meat and dairy products from ruminant animals like
lamb and beef (Polidori et al., 2019). The exact
mechanism of its muscle-protective action through
modulation of gut microbiota is unknown to date,
however, there is enough evidence demonstrating its
positive role in skeletal muscle metabolism. Dietary
supplementation of 1.2-2.0% CLA in pigs significantly
elevated the expression of oxidative slow-twitch type I
myofiber (Huang et al., 2014). CLA is associated with
enhanced muscle endurance in mice and the
upregulation of molecular biomarkers in skeletal muscle,
which potentiate muscle growth (Kim et al., 2016).

Antioxidants

Increased oxidative stress from the reduction in
enzymatic antioxidant protection and a surge in reactive
oxygen species is one of the pathophysiological
mechanisms contributing to sarcopenia-associated
muscle loss (Bellanti et al., 2020). Chronic exposure to
ROS can lead to microbial dysbiosis, which leads to
inflammation and muscle atrophy. The administration of
antioxidative agents through dietary modification can
thus be a possible strategy to protect muscle tissue from
oxidative damage in sarcopenia patients. Recent studies
have proven that food-derived antioxidant compounds
increase the composition of beneficial microbes like
Bacteroidetes in the gut, which in turn protects the
muscle cells of the host against oxidative stress (Rajoka
et al., 2021). Consumption of natural antioxidants from
fruit, vegetables, and medicinal plants increased the
Bacteroidetes to Firmicutes ratio, which decreased
inflammation, oxidative stress, and intestinal barrier
dysfunction (Ni et al., 2019a). Dietary polyphenols
obtained from food sources like cocoa, tea, coffee,
spices, wine, fruit, and vegetables like berries, broccoli,
carrots, spinach, beetroot, potato peel, etc., are also well-
known antioxidants, and their interaction with gut
microbiota is being widely investigated (Aravind et al.,
2021; Rajoka et al., 2021). Polyphenols exert their
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beneficial effect by increasing the abundance of
beneficial bacteria, Lactobacillaceae and Bifido-
bacteriaceae, and lowering the count of pathogenic
bacteria, like Escherichia coli, Helicobacter pylori, and
Clostridium perfringens (Plamada and Vodnar, 2022).
Thus, their antioxidant properties can be traced to their
ability to improve the gut structure and balance through
increased production of SCFAs. An antioxidant can also
protect against oxidative damage in muscle cells by
inhibiting free radical production and scavenging
existing free radicals, thereby protecting against the
oxidative chain reaction, which leads to muscle cell
death (Eke et al., 2017; Rajoka et al., 2021). Both fat-
soluble vitamins (vitamin E) and water-soluble vitamins
(vitamin C) inhibit oxidation. Dietary carotenoids are
also important lipid-soluble sources of antioxidants,
which act by scavenging free radicals, inhibiting lipid
peroxidation, regulating transcription factors like NF-
kB, and quenching singlet oxygen (Cerullo et al., 2012).
The primary sources of dietary carotenoids are eggs,
salmon, fish, fruit, and vegetables like bell peppers,
carrots, mangoes, oranges, etc. (Toh et al., 2021). Many
studies have proven the beneficial effect of antioxidant
supplementation in sarcopenia (Liu et al., 2021). Chronic
antioxidant intake increases locomotor activity, elevates
the expression of antioxidant enzyme-related genes, and
improves the metabolic profile of muscles in mice with
age-related muscle atrophy (Nonaka et al., 2019;
Tsukamoto-Sen et al., 2021).

Creatine

Creatine is obtained endogenously by a reaction
involving the amino acids methionine, glycine, and
arginine (Dinesh et al., 2020) and exogenously from
food sources like salmon, tuna, and lean red meat.
Recently, the International Society of Sports Nutrition
(ISSN) concluded that, with regards to muscle uptake
and the capability to boost high-intensity exercise
capacity, creatine monohydrate is the form of creatine
that has been the most thoroughly investigated and
clinically proven to be useful in dietary supplements
(Kreider et al., 2022). Approximately 95% of creatine is
stored in muscles, where two-thirds of it gets converted
into its high-energy metabolite - phosphocreatine, and
one-third is available as free creatine (Kreider et al.,
2017). There is plenty of evidence of the effectiveness of
creatine supplementation on ageing muscle and bone. A
recently conducted meta-analysis showed a significant
increase in fat-free muscle mass and strength in ageing
subjects supplemented with creatine (Chilibeck et al.,
2017). These results were consistent with another meta-
analysis study conducted by Devries and Philips
(Devries and Phillips, 2014), concluding that creatine
supplementation increased physical performance, lean
tissue mass, and strength in 357 older subjects aged
between 55-71 years when compared with placebo. The
increase in lower body strength mediated by creatine in
these studies is of particular importance as the muscle
tissues of the lower body are more prone to wasting

during the ageing process (Candow et al., 2019).
Multiple cellular mechanisms can be involved to
enhance muscle mass and function in response to
creatine supplementation. An increase in the expression
of genes related to myogenesis, like Myogenin and
MRF-4 and other downstream protein kinases of the
IGF-1/mTOR pathway (muscle protein synthesis
pathway), protection against mitochondrial oxidative
stress, increase in intracellular osmolarity, and potential
anti-inflammatory action can be the possible
mechanisms of the muscle-protective action of creatine
(Candow et al., 2019). Gut microbiota is known to
produce specific enzymes like creatinine deaminase and
creatine amidinohydrolase, which breakdown creatine.
Thus, gut microbiota potentiates the metabolism of
creatine, which is essential for its action of supporting
intestinal barrier function and shaping host immunity
and metabolism. These findings have been correlated
with the positive impact of creatine supplementation on
muscle mass and health. The positive influence of gut
microbiota on creatine metabolism may be a reason
behind the protective action of creatine against age-
related muscle wasting and its positive role in promoting
muscle strength and hypertrophy (Kitzenberg et al.,
2016). Creatine supplementation can also compensate
for the intestinal barrier. The compromised integrity of
the intestinal barrier due to gut dysbiosis can also be
recovered by creatine supplementation, thus mediating
its anti-inflammatory action, and putting a check on the
altered immune responses that ultimately lead to
sarcopenia.

Other nutritional supplements

Nutrients and nutritional supplements have ancillary
effects on gut microbiome status to enhance muscle
mass and strength in sarcopenia patients, thus proving to
be a multimodal strategy for treating sarcopenia-induced
muscle wasting (Banerjee et al., 2021). A high
microbiome-accessible carbohydrate diet can promote
gut microbiota diversity, diminish harmful bacteria,
increase SCFA production (Xu et al., 2021a), and
enhance muscle mass and function (Okamoto et al.,
2019; Liu et al., 2021). Curcumin enhances muscle mass
and function in addition to sharing a symbiotic
relationship with gut microbiota. It increases the number
of beneficial gut microbial bacteria like Bifidobacteria,
Lactobacilli, and butyrate-producing bacteria and
decreases the number of pathogenic bacteria like
Prevotellaceae, Enterobacteria, Coriobacterales, and
Rikenellaceae. Also, relevant gut microbial strains like
Bifidobacteria, Lactobacilli, and Enterococcus mediate
the biotransformation of curcumin by various metabolic
pathways like reduction, acetylation, demethylation,
hydroxylation, and demethoxylation. The resulting
metabolites mediate curcumin's antioxidant, anti-
inflammatory and muscle-protective action (Scazzocchio
et al., 2020; Liu et al., 2021). Depleting magnesium
stores with ageing also leads to sarcopenia, suggesting
its significant role in muscle contraction and its
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interactions with calcium to promote muscle health
(Cruz-Jentoft et al., 2020). Its mechanisms of muscle-
protective action include enhanced muscle protein
synthesis, increased ATP generation, maintaining
electrolyte balance, increased oxygen uptake in muscle
cells (Perna et al., 2020), and positive modulation of the
intestinal microbiota (Bielik and Kolisek, 2021).
Supplementation with kefir, which is acidic fermented
milk with a trace amount of alcohol and lactic acid
bacteria, changed the gut microbial composition and
shifted it towards Bacteroidetes (beneficial bacteria) and
reduced the proportion of harmful bacteria, Firmicutes
and Clostridia (Hsu et al., 2018). Subsequently, the
study also reported increased muscle strength and
physical performance following kefir supplementation.
Ursolic acid also has similar beneficial effects on gut
microbiota as it decreases the Firmicutes to
Bacteroidetes ratio and promotes the growth of SCFA-
producing bacteria in the gut (Hao et al., 2020). Several
studies report the suppression of skeletal muscle
wasting, stimulation of skeletal muscle synthesis, and
increase in muscle strength following ursolic acid
treatment through downregulation of skeletal muscle
atrophy markers, MuRF 1 and Atrogin 1, or through
upregulation of muscle protein synthesis stimulation via
the Akt/mTOR pathway (Sakuma and Yamaguchi,
2012b; Yu et al., 2017; Seo et al., 2018). The primary
dietary sources of ursolic acid include apple peel,
peppermint, basil, thyme, rosemary, plum, oregano,
cranberries, and bilberries (Aprotosoaie et al., 2019).
Oyster polypeptides have also shown muscle-protective
properties by attenuating muscle atrophy. They regulate
muscle protein turnover by reducing the expression of
markers associated with protein degradation and
mediating mitochondria biogenesis (Jeon and Choung,
2021). They have prominent anti-fatigue effects
attributed to their ability to regulate the abundance of gut
microbiota and maintain a balance between the harmful
and beneficial taxa (Xiao et al., 2020).

Pharmacological intervention
Non-steroidal anti-inflammatory drugs (NSAIDs)

The chronic low-grade inflammation mediated by
the alteration in gut microbial composition can be
attenuated by NSAIDs, which can be therapeutic in
preventing muscle strength loss and subsequent
progression of sarcopenia. In a study conducted on aged
rats, treatment with ibuprofen, an NSAID, increased
muscle protein synthesis and decreased proteolysis (Xu
et al., 2021b). Chronic inflammation generally has
detrimental effects on the regeneration process mediated
by satellite cells of skeletal muscle and can potentiate
cell death pathways in myocytes (Walston, 2015;
Howard et al., 2020). NSAIDs can also protect against
inflammation either by their direct effect on the
intestinal microbiome, i.e., by increasing the abundance
of beneficial bacteria like Bacteroidetes and Entero-
bacteriaceae, or by recovering intestinal barrier integrity

(Maseda and Ricciotti, 2020).
Ghrelin and ghrelin mimetics

Ghrelin is an orexigenic hormone that causes the
secretion of growth hormone (GH) and increases
appetite (Devesa, 2021). A study showed that ghrelin-
null mice exhibited a reduction in butyrate-producing
bacteria, with an upregulation of muscle atrophy marker
MuRFI1 and a decrease in expression of the myogenic
gene MyoD (Wu et al., 2020). At therapeutic doses,
ghrelin has actions resembling GH, which is known to
positively regulate the growth and differentiation of
muscle cells via the GH/IGF axis. Therefore, ghrelin and
ghrelin mimetics are potential therapies against
sarcopenia and related muscle atrophy (Ali and Garcia,
2014). Phase III clinical trials of anamorelin, a ghrelin
receptor agonist, have shown significant improvement in
the muscle mass of sarcopenia patients (Liguori et al.,
2018).

Angiotensin-converting enzyme inhibitors (ACElIs)

Studies have shown that the gavage of ACEIs
reverses intestinal microbiota dysbiosis and increases the
abundance of SCFA-producing bacteria, which
positively influence muscle growth by favouring skeletal
muscle mass retention (Xie et al., 2022). ACEIs have
also proven effective in countering sarcopenia by
promoting muscle blood flow, inhibiting endothelial
apoptosis, and antioxidant activity (Ekiz et al., 2020).
The muscle-protective mechanisms of ACElIs, along
with their positive influence on gut microbiota, make
this drug class an intriguing therapeutic option in gut
dysbiosis-induced sarcopenia.

Monoclonal antibodies (MABs)

MABSs like bimagrumab, infliximab, and tocili-
zumab have also appeared as promising candidates
against sarcopenia by reversing skeletal muscle loss
(Molfino et al., 2016). They positively influence gut
microbiota as they improve intestinal microbiota
dysbiosis and have a potent anti-inflammatory action
(Garito et al., 2017; Seong et al., 2020; Zaragoza-Garcia
et al., 2020). Bimagrumab is an antibody against
ActRIIB, a mediator in the muscle degradation pathway.
This antibody has been shown to check the binding of
myostatin and increase lean mass in animal models
(Garito et al., 2017). Therefore, the efficacy of these
monoclonal antibodies against gut dysbiosis-induced
sarcopenia warrants further investigation as they could
prove to be potential therapeutic candidates owing to
their mechanistic role against muscle atrophy and
enhancement of gut microbiota composition.

Regenerative medicine strategies

Another emerging therapeutic option being
investigated in treating sarcopenia is regenerative
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medicine strategies. Stem/progenitor cells, e.g., satellite
cells, perivascular, muscle-derived, embryonic, and
induced pluripotent stem cells, are delivered
exogenously to compensate for the loss of contractile
myofibrillar units by stimulating myogenesis (Naranjo et
al., 2017; Neves et al., 2017; Liguori et al., 2018; Bengal
et al., 2017). This strategy has already progressed to
preclinical studies in mediating skeletal muscle repair;
however, it still needs to be investigated in the clinical
setting (Naranjo et al., 2017). Chronic inflammation is
the major contributor to the reduced regenerative
capacity of ageing tissues. In light of this, regenerative
cell therapies are also being studied as possible
modulators of inflammaging (inflammation progressing
with age) caused by altered gut microbiota composition
in sarcopenia (Chhetri et al., 2018).

Probiotic and prebiotic therapies

Preclinical and clinical studies have emphasised the
administration of prebiotics and probiotics as
supplements to recover age-related gut microbiota
dysbiosis (Bischoff, 2016). Probiotics are defined as
“live microorganisms, when administered in adequate
amounts, show a health benefit on the host” and act by
improving intestinal barrier integrity, anti-inflammatory
action, and promoting microbiota homeostasis (Picca et
al., 2018). On the other hand, prebiotics are “selectively
fermented ingredients which allow specific changes
both in the composition and/or activity in the
gastrointestinal microbiota which benefits upon host
well-being and health” (Picca et al., 2018). Their effect
on gut microbiota includes an increase in butyrate-
producing bacteria, thus positively impacting skeletal
muscle health in aged people (Liao et al., 2020). Many
studies have shown that oral supplementation of
probiotics modulates gut microbiota, induces protection
against ROS and inflammatory cytokines, and, most
importantly, increases the production of SCFAs.
Supplementation with multiple Lactobacilli probiotics
decreased muscle atrophy markers and inflammatory
cytokines (Bindels et al., 2012). Lactobacillus casei
Shirota, a unique probiotic bacterium, was recently
proven to induce healthy gut microbiota composition,
increased SCFA production, and improved muscle
health, in addition to their well-established anti-ROS
and anti-inflammatory effects (Joseph et al., 2019;
Cervantes-Tolentino et al., 2020). A recently conducted
study also evaluated the efficacy of this strain in
reversing muscle impairment caused by gut microbiota
dysbiosis in aged mice (Chen et al., 2022). The results
proved that it successfully attenuated the onset and
progression of sarcopenia via the gut-muscle axis.
Administration of prebiotic formulations containing
Faecalibacterium prausnitzii, a prominent producer of
SCFAs, reduced systemic inflammation in mice
(Munukka et al., 2017). Comparatively, there is little
evidence of links between prebiotics and muscle health.
One of the studies involved the supplementation of

prebiotic curcumin as a nano-bubble showed an
increase in grip strength and physical performance in
test subjects via changes in gut microbiota composition
(Chen et al., 2020b). Another study proved that
prebiotic consumption (galactooligosaccharides and
inulin combination) led to an increase in lean body
mass, demonstrating their positive impact on muscle
mass (Desbuards et al., 2012). Apart from these animal
studies, a prominent example of prebiotic supplemen-
tation was Darmocare Pre®, consisting of inulin and
fructooligosaccharides, which positively influenced
parameters of muscle strength like endurance capacity
and grip strength in frail aged people (Buigues et al.,
2016). The efficacy of prebiotics has also been
evaluated in combination with other strategies like
faecal microbiota transplantation and dietary
intervention (Okamoto et al., 2019). Such studies have
also proven their positive role in improving muscle
function via gut microbiota.

Faecal Microbiota Transplantation (FMT):
Restoration of intestinal microbiota

The findings of Picca et al. have shown that there is
an increase in Bifidobacteriaceae, Eggerthella,
Pyramidobacter, and Dialister and a decrease in Slackia
and Eubacterium in the faecal microbiota of older
individuals, supporting the gut-muscle axis hypothesis
and stressing the importance of restoration of faecal
microbiota composition to improve muscle health (Picca
et al., 2019). FMT mainly involves the administration of
donor faeces to patients to improve their skeletal muscle
mass and function (Qi et al., 2021). Increased grip
strength and muscle mass were seen upon FMT from
healthy human subjects to mice, proving the significance
of the gut-muscle axis in sarcopenia and the efficacy of
this strategy in countering it (Fielding et al., 2019). The
importance of faecal microbial composition was further
proved by shotgun metagenomics sequencing study
performed between two groups of people belonging to
the older community and varying in muscle mass and
limb performance (Ticinesi et al., 2020). Microbiome
depletion downregulates ubiquitin- mediated proteolysis
in skeletal muscle cells in sarcopenic patients. In another
exciting study along similar lines, the FMT from obese
pigs to germ-free mice resulted in the replication of the
fibre type and metabolic profile of the skeletal muscle of
the recipients, further implying the positive impact of
FMT on muscle health (Yan et al., 2016a). FMT has
been considered a more radical option than supplemen-
tation with prebiotics/probiotics (Steves et al., 2016;
Liao et al., 2020).

Lifestyle and environmental interventions
Exercise

There is a lack of effective pharmacological agents
to treat sarcopenia induced by alterations in gut
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microbiota. To date, there has not been a single
therapeutic approach that has shown satisfactory results.
The most effective treatment option suggested in
numerous studies is physical therapy or exercise to
strengthen muscles. Exercise positively influences gut
microbiota via an increase in beneficial microbial
metabolites through increased biodiversity of the
intestinal microbiome (Bressa et al., 2017; Ticinesi et al.,
2019a). Physical activity and targeted nutritional
supplementation together hold a promising therapeutic
approach to sarcopenia in older patients. The Sarcopenia
and Physical fRailty IN older people: multi-componenT
Treatment strategies (SPRINTT) project was a
multicentre evaluator-blinded randomised controlled
trial (NCT02582138) to evaluate the beneficial role of
physical activity and nutritional support in older adults
with sarcopenia (Bernabei et al., 2022). The results of
this multicomponent intervention showed a marked
reduction in the incidence of mobility disability in older
patients, proving the therapeutic efficacy of this
combination in sarcopenia-induced muscle wasting.
Also, there are reports from many animal studies that
exercise training improves intestinal microbiota
composition and functional capacity, independent of diet
(Allen et al., 2015; Mika et al., 2015; Campbell et al.,
2016; Denou et al., 2016; Mailing et al., 2019). It has
been proven to increase the abundance of SCFAs, like
butyrate-producing bacteria, which improve gut barrier
integrity and modulate the host’s immune system
(Mailing et al., 2019). Exercise training also reduces the
ratio of Firmicutes to Bacteroidetes, which is otherwise
harmful to muscle health (Mika et al., 2015; Denou et
al., 2016). Human cross-sectional and longitudinal
studies have also made similar observations. Recently, a
survey conducted by Bressa et al. (Bressa et al., 2017),
proved that three hours of weekly exercise increased the
number of Faecalibacterium prausnitzii, Roseburia
hominis, and Akkermansia muciniphila, which improves
metabolic health and lean body mass index (Dao et al.,
2016). Similar results were obtained by Munukka et al.
(Munukka et al., 2018), which showed that six to eight
weeks of endurance exercise increased the levels of A.
muciniphila and decreased the abundance of harmful
Proteobacteria. Exercise and physical activity can prove
to be a possible strategy in sarcopenia as it improves the
homeostatic equilibrium in skeletal muscle through
modulation of gut microbial diversity, along with
multiple other mechanisms, including increased
production of antioxidant enzymes, protein synthesis,
anti-inflammatory functions, and levels of anabolic
hormones (Gizard et al., 2020).

Lifestyle changes

Lifestyle habits, like reduced physical activity and
exercise, impaired nutrition, tobacco smoking, and
alcohol consumption, could have detrimental effects on
skeletal muscle and accelerate the progression of
sarcopenia (Rom et al., 2012). An inactive and sedentary

lifestyle, which becomes more prominent with
progressing age, leads to increased muscle atrophy and
lowered muscle function and quality. A similar adverse
impact is caused by dietary insufficiencies like excess
calorie intake, and insufficient (< 20 pg/day) intake of
vitamin D and protein. Older people are more likely to
experience reduced appetite, leading to decreased food
intake, which leads to reduced muscle protein synthesis
and increased loss of skeletal muscle mass, aiding
muscle wasting in sarcopenia. The role of nutrition and
physical activity in modulating gut microbiota
composition and subsequently contributing to improved
muscle health has already been discussed in previous
sections. Recently, a study evaluated the impact of daily
lifestyle behaviours like food selection, time spent
sitting, physical activity, and sleep duration in
sarcopenic and non-sarcopenic subjects (Tzeng et al.,
2020). This study found all these lifestyle parameters
linked to a higher risk of sarcopenia, stressing the
importance of a balanced dietary intake, increased
physical activity, and reduced sitting time in sarcopenia
patients. There is direct evidence of the detrimental
effects of alcohol consumption on the intestinal barrier
and gut microbiota (Bajaj, 2019). Alcoholism promotes
gut microbiota dysbiosis, increasing the taxa involved in
compromising gut barrier integrity and promoting the
release of inflammatory mediators (Day and Kumamoto,
2022), which warrants the progress of sarcopenia-
induced muscle wasting. Alcohol and its metabolites
also disturb protein homeostasis in skeletal muscle,
which leads to sarcopenia (Dasarathy et al., 2017).
Tobacco or cigarette smoking has manifested similar
effects on gut microbial status. Cigarette smoking is
known to increase the permeability of intestinal mucosa,
which increases inflammation and insulin resistance in
skeletal muscle (Gui et al., 2021). Cigarette smoking is
associated with an increased chronic obstructive
pulmonary disease (COPD) incidence. Enhanced
cytochrome oxidase (CytOx) activity in peripheral
lymphocytes, in turn, increases CytOx activity in
skeletal muscles in COPD patients, leading to muscle
atrophy (Polverino et al., 2009). It has also been stated
that each cigarette consumed daily increases the risk of
developing sarcopenia (Locquet et al., 2021), as smoking
elevates the expression of genes related to impaired
muscle protein syntheses, like myostatin and MAFbx
(Petersen et al., 2007).

Water intake

Inadequate dietary water consumption in old age
subjects leads to dehydration and its associated
complications, which include sarcopenia-induced muscle
wasting (Yoo et al., 2018). Water is considered a
quintessential nutrient linked to sarcopenia, comprising
approximately 76% of muscle mass (Lorenzo et al.,
2019). Drinking an adequate amount of water also has a
significant role in shaping the human intestinal
microbiome and is regarded as a potential source of
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abundant and beneficial microbial diversity (Vanhaecke
et al., 2022). However, no studies have been conducted
to date deciphering the exact mechanism by which
increased water intake can reverse sarcopenia and
related muscle degradation via alterations to gut

host's availability of a hospitable environment and
nutrients. This shapes a favourable gut microbiota
composition, which boosts the host's metabolic health by
strengthening the gut barrier and potentiating the host’s

immune system and function (Cani, 2012; Hooper et al.,
microbiota. 2012; Karl et al., 2018). Environmental stressor factors
disturb this relationship, causing an imbalance between

Environmental factors

harmful and beneficial taxa of intestinal microbiota.
Exposure to high altitudes (> 2500 m) causes hypobaric
hypoxia, which induces alterations in the gut microbiota
population, oxidative stress, and inflammation (Adak et
al., 2014; Xu et al., 2014). Exposure to cold has also
been evidenced to induce alterations in murine gut
microbiota. Chevalier et al. (2015) reported an increased
abundance of multiple taxa associated with muscle loss,
as well as an increased ratio of Firmicutes to
Bacteroidetes (Chevalier et al., 2015). They reduced the

Environment-related factors can also accelerate the
progression of sarcopenia by alterations to the gut
microbial community. These factors include
environmental extremes like heat waves, cold or high
altitude, ecological toxicants and pathogens, dust and
pollutants, noise, and stress induced by external factors
(Karl et al., 2018). The bi-directional relationship
between the host and gut microbiota is mediated by the
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count of Akkermansia muciniphila, which positively
influences muscle health. Heat stress is also detrimental
to the gut microbiome (Dokladny et al., 2016) by
decreasing microbial diversity and impairment of the
intestinal epithelium barrier (Pearce et al., 2014; Sohail
et al., 2015), all of which have harmful effects on
skeletal muscle cells. Long-term exposure to
environmental toxicants and pollutants common to urban
environments (soil, air, or water) has been shown to
impact adversely on human health. Apart from causing
respiratory illness (Sly and Bush, 2019) and cognitive
impairments (Sullivan et al., 2018), increasing evidence
suggests that these harmful chemicals also have an
impact on the gut microbiota of the host (Karl et al.,
2018). These effects include increased serum levels of
LPS and altered gut microbiota composition. Over eight
weeks, exposure to cadmium and lead decreased the
abundance of butyrate-producing bacteria (Breton et al.,
2013). Mice orally exposed to Benzo[a]pyrene for 28
days resulted in a shift in the microbial community in
mice by reducing the count of Lactobacillus and
Akkermansia, potentially anti-inflammatory taxa that
promote muscle health, and by decreasing the quantity
of the pro-inflammatory bacteria Turicibacter (Ribiére et
al., 2016). Exposure to high levels of particulate matter,
a component of air pollution, resulted in increased
production of pro-inflammatory cytokines, reduced
butyrate production, and increased the ratio of
Firmicutes to Bacteroidetes (Karl et al., 2018). The
detrimental effect of toxic environmental factors on gut
microbiota promotes sarcopenia-induced muscle
wasting. Efforts to minimise exposure of older
individuals to these toxins are required to prevent muscle
degradation.

Conclusion and Outlook

Sarcopenia, owing to its multifactorial pathogenesis,
has significant adverse implications on the quality of life
of the older population, which extends to the social and
economic front. Many studies have been conducted to
date to find an ultimate treatment strategy to recover
muscle wasting and improve the physical status of
patients. However, the wide array of mechanisms
involved in its pathogenesis makes it difficult to target a
specific marker and achieve therapeutic efficacy. The gut
microbiota has a significant role in mediating multiple
mechanisms of sarcopenia like anabolic resistance and
chronic inflammation. The association between intestinal
microbiota composition and muscle health highlights
many novel possible mediators, which may be targeted
to reverse the metabolic implications of sarcopenia.
Further extensive research is required to understand the
significance of the gut-muscle axis in the patho-
physiology of age-related sarcopenia. Large sample-size
studies need to be conducted to decipher the therapeutic
potential of microbiota-based treatment strategies.
Combinatorial strategies can be effective in improving
muscle health via a multimodal approach by addressing

gut-muscle crosstalk rather than individual treatment
options, such as dietary supplementation, pharmaco-
logical intervention, or exercise alone. The use of novel
pharmacological interventions, such as FMT, can be
implemented in patients with sarcopenia, along with
regular exercise, dietary supplements, and pre/probiotics.
Furthermore, patients with sarcopenia can accelerate
their recovery process with a comprehensive
understanding of lifestyle and environmental factors.
Fig. 3 summarises the clinical studies previously
conducted to study the correlation between gut
microbiota composition, physical fitness, and muscle
health. A significant amount of research is necessary to
understand how these other factors can modulate gut
microbiota, which will enable physicians to make a well-
informed decision when treating age-related sarcopenia
patients.

Acknowledgements. This study was supported by the Birla Institute of
Technology and Sciences (BITS), Pilani campus, Pilani, India.

Thanks to BioRender.com for providing the drawing platform.

Conflict of Interests. The authors declare that there is no conflict of
interest.

Author contributions. Richa Shrivastava and Sapana Kushwaha
conceived the idea, designed the table of contents, and reviewed, and
edited the manuscript. Shreya Das performed the literature search and
wrote the manuscript. B. Preethi performed the literature search.
Funding information. This work did not receive any specific grant from
funding agencies in the public, commercial, or not-for-profit sectors.

References

Adak A., Maity C., Ghosh K. and Mondal K. (2014). Alteration of
predominant gastrointestinal flora and oxidative damage of large
intestine under simulated hypobaric hypoxia. Z. Gastroenterol. 52,
180-186.

Agus A., Clément K. and Sokol H. (2021). Gut microbiota-derived
metabolites as central regulators in metabolic disorders. Gut 70,
1174-1182.

Ahmad S.S., Ahmad K., Lee E. J., Lee Y. and Choi I. (2020).
Implications of insulin-like growth factor-1 in skeletal muscle and
various diseases. Cells 9, 1773.

Ali S. and Garcia J.M.P. (2014). Sarcopenia, Cachexia and aging:
Diagnosis, mechanisms and Therapeutic Options - A Mini-Review.
Gerontology 60, 294-305.

Allen J., Miller M.E.B., Pence B.D., Whitlock K., Nehra V., Gaskins H.R.,
White B.A., Fryer J.D. and Woods J.A. (2015). Voluntary and forced
exercise differentially alters the gut microbiome in C57BL/6J mice. J.
Appl. Physiol. 118, 1059-1066.

Amabebe E. and Anumba D. (2020). Female gut and genital tract
Microbiota-Induced crosstalk and differential effects of Short-Chain
fatty acids on immune sequelae. Front. Immunol. 11, 2184

Anker S.D., Morley J.E. and Von Haehling S. (2016). Welcome to the
ICD-10 code for sarcopenia. J. Cachexia Sarcopenia Muscle 7, 512-
514.

Aprotosoaie A.C., Luca V.S., Trifan A. and Miron A. (2019).
Antigenotoxic potential of some dietary non-phenolic phyto-
chemicals. In: Studies in natural products chemistry. Chapter 7. Vol



1415

Gut microbiota and sarcopenia

60. pp 223-297.

Aravind S.M., Wichienchot S., Tsao R., Ramakrishnan S. and
Chakkaravarthi S. (2021). Role of dietary polyphenols on gut
microbiota, their metabolites and health benefits. Food Res. Int. 142,
110189.

Bahl N., Stone G.N., McLean M., Ho K.K.Y. and Birzniece V. (2018).
Decorin, a growth hormone-regulated protein in humans. Eur. J.
Endocrinol. 178, 145-152.

Baht G.S., Bareja A., Lee D.E., Rao R.R., Ron H., Huebner J.L., Bartlett
D.B., Hart C.R., Gibson J., Lanza I.R., Kraus V.B., Gregory S.,
Spiegelman B.M. and White J.P. (2020). Meteorin-like facilitates
skeletal muscle repair through a Stat3/IGF-1 mechanism. Nat.
Metab. 2, 278-289.

Bai J., Zhu Y. and Dong Y. (2018). Modulation of gut microbiota and
gut-generated metabolites by bitter melon results in improvement in
the metabolic status in high fat diet-induced obese rats. J. Funct.
Foods 41, 127-134.

Bajaj J.S. (2019). Alcohol, liver disease and the gut microbiota. Nat.
Rev. Gastroenterol. Hepatol. 16, 235-246.

Banerjee A., Marotta F., Chabria Y., Hari S., Cangemi R., Barbagallo
M., Balakrishnan B., He F., Pathak S., Nr R.K. and Sriramulu S.
(2021). Beyond physical exercise: The role of nutrition, gut
microbiota and nutraceutical supplementation in reducing Age-
Related Sarcopenia. Curr. Aging Sci. 14, 94-104.

Bano G., Trevisan C., Carraro S., Solmi M., Luchini C., Stubbs B.,
Manzato E., Sergi G. and Veronese N. (2017). Inflammation and
sarcopenia: A systematic review and meta-analysis. Maturitas 96,
10-15.

Bataille S., Chauveau P., Fouque D., Aparicio M. and Koppe L. (2021).
Myostatin and muscle atrophy during chronic kidney disease.
Nephrol. Dial. Transplant. 36, 1986-1993.

Bellanti F., Lo Buglio A. and Vendemiale G. (2020). Oxidative stress and
sarcopenia. In: Aging. Chapter 9. pp 95103.

Bengal E., Perdiguero E., Serrano A.L. and Mufioz-Céanoves P. (2017).
Rejuvenating stem cells to restore muscle regeneration in aging.
F1000Research, 6, 76.

Bernabei R., Landi F., Calvani R., Cesari M., Del Signore S., Anker
S.D., Bejuit R., Bordes P., Cherubini A., Cruz-Jentoft A., Di Bari M.,
Friede T., Ayestaran C.G., Goyeau H., Jénsson P.V., Kashiwa M.,
Lattanzio F., Maggio M., Mariotti L. and Marzetti E. (2022).
Multicomponent intervention to prevent mobility disability in frail
older adults: randomised controlled trial (SPRINTT project). Br. Med.
J. 377, e068788.

Biagi E., Nylund L., Candela M., Ostan R., Bucci L., Pini E., Nikkila J.,
Monti D., Satokari R., Franceschi C., Brigidi P. and De Vos W.M.
(2010). Through ageing and beyond: gut microbiota and
inflammatory status in seniors and centenarians. PLoS One 5,
e10667.

Bielik V. and Kolisek M. (2021). Bioaccessibility and bioavailability of
minerals in relation to a healthy gut microbiome. Int. J. Mol. Sci. 22,
6803.

Bilski J., Pierzchalski P., Szczepanik M., Bonior J. and Zoladz J.A.
(2022). Multifactorial mechanism of sarcopenia and sarcopenic
obesity. role of physical exercise, microbiota and myokines. Cells
11, 160.

Bilson J., Scorletti E., Bindels L.B., Afolabi P.R., Targher G., Calder
P.C., Sethi J. and Byrne C.D. (2021). Growth differentiation factor-
15 and the association between type 2 diabetes and liver fibrosis in
NAFLD. Nutr. Diabetes 11, 32.

Bindels L.B., Beck R., Schakman O., Martin J. C., De Backer F., Sohet
F., Dewulf E., Pachikian B.D., Neyrinck A.M., Thissen J., Verrax J.,
Calderon P.B., Pot B., Grangette C., Cani P.D. and Scott K.P.
(2012). Restoring specific lactobacilli levels decreases inflammation
and muscle atrophy markers in an acute leukemia mouse model.
PLoS One 7, e37971.

Bird J. K., Troesch B., Warnke |. and Calder P. C. (2021). The effect of
long chain omega-3 polyunsaturated fatty acids on muscle mass
and function in sarcopenia: A scoping systematic review and meta-
analysis. Clin. Nutr. ESPEN 46, 73-86.

Bischoff S.C. (2016). Microbiota and aging. Curr. Opin. Clin. Nutr.
Metab. Care 19, 26-30.

Bleau C., Karelis A.D., St-Pierre D.H. and Lamontagne L. (2015).
Crosstalk between intestinal microbiota, adipose tissue and skeletal
muscle as an early event in systemic low-grade inflammation and
the development of obesity and diabetes. Diabetes Metab. Res.
Rev. 31, 545-561.

Bloch S., Lee J., Wort S., Polkey M.l., Kemp P.R. and Giriffiths M.
(2013). Sustained elevation of circulating growth and differentiation
factor-15 and a dynamic imbalance in mediators of muscle
homeostasis are associated with the development of acute muscle
wasting following cardiac surgery. Crit. Care Med. 41, 982-989.

Bloise F.F., Oliveira T.S., Cordeiro A. and Ortiga-Carvalho T.M. (2018).
Thyroid hormones play role in sarcopenia and myopathies. Front.
Physiol. 9, 560.

Bojsen-Mgller K.N., Svane M.S., Jensen C.Z., Kjeldsen S.A.S., Holst
J.J., Albrechtsen N.J.W. and Madsbad S. (2021). Follistatin
secretion is enhanced by protein, but not glucose or fat ingestion, in
obese persons independently of previous gastric bypass surgery.
Am. J. Physiol. Gastrointest. Liver Physiol. 320, G753-G758.

Bressa C., Bailén-Andrino M., Pérez-Santiago J., Gonzalez-Soltero R.,
Pérez M., Montalvo-Lominchar M.G., Maté-Mufoz J.L., Dominguez
R., Moreno D.A. and Larrosa M. (2017). Differences in gut
microbiota profile between women with active lifestyle and sedentary
women. PLoS One 12, e0171352.

Breton J., Massart S., Vandamme P., De Brandt E., Pot B. and Foligné
B. (2013). Ecotoxicology inside the gut: impact of heavy metals on
the mouse microbiome. BMC Pharmacol. Toxicology 14, 62.

Buigues C., Fernandez-Garrido J., Pruimboom L., Hoogland A.J.,
Navarro-Martinez R., Martinez-Martinez M., Verdejo Y., Mascaros
M.C., Peris C. and Cauli O. (2016). Effect of a prebiotic formulation
on frailty Syndrome: a Randomized, Double-Blind clinical trial. Int. J.
Mol. Sci. 17, 932.

Caballero-Garcia A., Coérdova-Martinez A., Vicente-Salar N., Roche E.
and Pérez-Valdecantos D. (2021). Vitamin D, its role in recovery
after muscular damage following exercise. Nutrients 13, 2336.

Calvani R., Miccheli A., Landi F., Bossola M., Cesari M., Leeuwenburgh
C., Sieber C.C., Bernabei R. and Marzetti E. (2013). Current
nutritional recommendations and novel dietary strategies to manage
sarcopenia. J. Frailty Aging 2, 38-53.

Campbell S.C., Wisniewski P., Noji M., McGuinness L.R., Haggblom
M.M., Lightfoot S., Joseph L.B. and Kerkhof L.J. (2016). The effect
of diet and exercise on intestinal integrity and microbial diversity in
mice. PLoS One 11, e0150502.

Candow D.G., Forbes S.C., Chilibeck P.D., Cornish S.M., Anténio J. and
Kreider R.B. (2019). Effectiveness of creatine supplementation on
aging muscle and bone: Focus on falls prevention and inflammation.
J. Clin. Med. 8, 488.

Canfora E.E., Jocken J.W.E. and Blaak E.E. (2015). Short-chain fatty



1416

Gut microbiota and sarcopenia

acids in control of body weight and insulin sensitivity. Nat. Rev.
Endocrinol. 11, 577-591.

Cani P.D. (2012). Crosstalk between the gut microbiota and the
endocannabinoid system: impact on the gut barrier function and the
adipose tissue. Clin. Microbiol. Infect. 18, 50-53.

Cant6-Santos J., Grau-Junyent J.M. and Garrabou G. (2020). The
impact of mitochondrial deficiencies in neuromuscular diseases.
Antioxidants 9, 964.

Capel F., Pinel A. and Walrand S. (2019). Accumulation of
intramuscular toxic lipids, a link between fat mass accumulation and
sarcopenia. OCL. 26, 24.

Carbone J.W. and Pasiakos S.M. (2019). Dietary protein and muscle
mass: Translating science to application and health benefit.
Nutrients 11, 1136.

Casati M., Ferri E., Azzolino D. and Cesari M. (2019). Gut microbiota
and physical frailty through the mediation of sarcopenia. Exp.
Gerontol. 124, 110639.

Cerullo F., Gambassi G. and Cesari M. (2012). Rationale for antioxidant
supplementation in Sarcopenia. J. Aging Res. 2012, 1-8.

Cervantes-Tolentino M., Beltran-Campos V. and Padilla-Raygoza N.
(2020). Influence of Lactobacillus casei Shirota strain on body
composition: A Review. Biomed. Pharmacol. J. 13, 89-99.

Cesari M., Marzetti E., Thiem U., Pérez-Zepeda M.U., Van Kan G.A.,
Landi F., Petrovic M., Cherubini A. and Bernabei R. (2016). The
geriatric management of frailty as paradigm of “The end of the
disease era.” Eur. J. Intern. Med. 31, 11-14.

Chen J. and Vitetta L. (2020). Butyrate in inflammatory bowel disease
therapy. Gastroenterology 158, 1511.

Chen W., Datzkiw D. and Rudnicki M.A. (2020a). Satellite cells in
ageing: use it or lose it. Open Biol. 10, 200048.

Chen Y.M., Chiu W., Chiu Y.S,, Li T., Sung H.C. and Hsiao C. (2020b).
Supplementation of nano-bubble curcumin extract improves gut
microbiota composition and exercise performance in mice. Food
Funct. 11, 3574-3584.

Chen Y., Xu J. and Chen Y. (2021). Regulation of neurotransmitters by
the gut microbiota and effects on cognition in neurological disorders.
Nutrients 13, 2099.

Chen L.H., Chang S.S., Chang H., Wu C.H., Pan C., Chang C.C., Chan
C.H. and Huang H. Y. (2022). Probiotic supplementation attenuates
age-related sarcopenia via the gut-muscle axis in SAMP8 mice. J.
Cachexia Sarcopenia and Muscle 13, 515-531

Chevalier C., Stojanovi¢ O., Colin D., Suarez-Zamorano N., Tarallo V.,
Veyrat-Durebex C., Rigo D., Fabbiano S., Stevanovi¢ A., Hagemann
S., Montet X., Seimbille Y., Zamboni N., Hapfelmeier S. and
Trajkovski M. (2015). Gut microbiota orchestrates energy
homeostasis during cold. Cell 163, 1360-1374.

Chhetri J. K., De Souto Barreto P., Fougere B., Rolland Y., Vellas B.
and Cesari M. (2018). Chronic inflammation and sarcopenia: A
regenerative cell therapy perspective. Exp. Gerontol. 103, 115-123.

Chilibeck P.D., Kaviani M., Candow D.G. and Zello G.A. (2017). Effect
of creatine supplementation during resistance training on lean tissue
mass and muscular strength in older adults: a meta-analysis. Open
Access J. Sports Med. 8, 213-226.

Cleasby M.E., Jamieson P. and Atherton P.J. (2016). Insulin resistance
and sarcopenia: mechanistic links between common co-morbidities.
J. Endocrinol. 229, R67-R81.

Collins K.H., Paul H.A., Hart D.A., Reimer R.A., Smith I.D., Rios J.L.,
Seerattan R. and Herzog W. (2016). A High-Fat High-Sucrose diet
rapidly alters muscle integrity, inflammation and gut microbiota in

male rats. Sci. Rep. 6, 37278.

Conte E., Bresciani E., Rizzi L., Cappellari O., De Luca A., Torsello A.
and Liantonio A. (2020a). Cisplatin-Induced skeletal Muscle
dysfunction: Mechanisms and counteracting therapeutic strategies.
Int. J. Mol. Sci. 21, 1242.

Conte M., Martucci M., Mosconi G., Chiariello A., Cappuccilli M., Totti
V., Santoro A., Franceschi C. and Salvioli S. (2020b). GDF15
plasma level is inversely associated with level of physical activity
and correlates with markers of inflammation and muscle weakness.
Front. Immunol. 11, 915.

Covasa M., Stephens R.W., Toderean R. and Cobuz C. (2019).
Intestinal sensing by gut microbiota: targeting gut peptides. Front.
Endocrinol. 10, 82.

Cristofori F., Dargenio V.N., Dargenio C., Miniello V.L., Barone M. and
Francavilla R. (2021). Anti-Inflammatory and immunomodulatory
effects of probiotics in gut inflammation: a door to the body. Front.
Immunol. 12, 578386.

Cruz-Jentoft A.J., Hughes B.D., Scott D., Sanders K. and Rizzoli R.
(2020). Nutritional strategies for maintaining muscle mass and
strength from middle age to later life: A narrative review. Maturitas
132, 57-64.

Cuevas-Ramos D., Mehta R. and Aguilar-Salinas C.A. (2019).
Fibroblast growth factor 21 and browning of white adipose tissue.
Front. Physiol. 10, 37.

Daily J.W. and Park S. (2022). Sarcopenia is a cause and consequence
of metabolic dysregulation in aging humans: effects of gut dysbiosis,
glucose dysregulation, diet and lifestyle. Cells 11, 338.

Dalle S., Rossmeislova L. and Koppo K. (2017). The role of
inflammation in Age-Related Sarcopenia. Front. Physiol. 8, 1045.
Dao M.C., Everard A., Aron-Wisnewsky J., Sokolovska N., Prifti E.,
Verger E.O., Kayser B.D., Levenez F., Chilloux J., Hoyles L., Dumas
M., Rizkalla S.W., Doré J., Cani P.D. and Clément K. (2016).
Akkermansia muciniphilaand improved metabolic health during a
dietary intervention in obesity: relationship with gut microbiome

richness and ecology. Gut 65, 426-436.

Dasarathy J., McCullough A.J. and Dasarathy S. (2017). Sarcopenia in
Alcoholic liver Disease: Clinical and molecular advances. Alcohol
Clin. Exp. Res. 41, 1419-1431.

Day A.W. and Kumamoto C.A. (2022). Gut microbiome dysbiosis in
alcoholism: Consequences for health and recovery. Front. Cell
Infect. Microbiol. 12, 840164.

De Marco Castro E., Murphy C. and Roche H.M. (2021). Targeting the
gut microbiota to improve dietary protein efficacy to mitigate
sarcopenia. Front. Nutr. 8, 656730.

De Vadder F., Kovatcheva-Datchary P., Goncalves D., Vinera J., Zitoun
C., Duchampt A., Backhed F. and Mithieux G. (2014). Microbiota-
Generated metabolites promote metabolic benefits via Gut-Brain
neural circuits. Cell 156, 84-96.

De Vadder F., Kovatcheva-Datchary P., Zitoun C., Duchampt A.,
Backhed F. and Mithieux G. (2016). Microbiota-Produced succinate
improves glucose homeostasis via intestinal gluconeogenesis. Cell
Metab. 24, 151-157.

Denou E., Marcinko K., Surette M.G., Steinberg G.R. and Schertzer J.D.
(2016). High-intensity exercise training increases the diversity and
metabolic capacity of the mouse distal gut microbiota during diet-
induced obesity. Am. J. Physiol. Endocrinol. Metab. 310, E982E993.

Desbuards N., Gourbeyre P., HaureMirande, J., Darmaun D., Champ M.
and Bodinier, M. (2012). Impact of perinatal prebiotic consumption
on gestating mice and their offspring: a preliminary report. Br. J.



1417

Gut microbiota and sarcopenia

Nutr. 107, 1245-1248.

Devesa J. (2021). The complex world of regulation of pituitary growth
hormone secretion: the role of ghrelin, Klotho and nesfatins in it.
Front. Endocrinol. 12, 636403.

Devries M.C. and Phillips S.M. (2014). Creatine supplementation during
resistance training in older adults-a meta-analysis. Med. Sci. Sports
Exerc. 46, 1194-1203.

Di Ciaula A., Garruti G., Baccetto R., Molina-Molina E., Bonfrate L.,
Wang D.Q. and Portincasa P. (2017). Bile acid physiology. Ann.
Hepatol. 16, S4-S14.

Dinesh O.C., Brunton J.A. and Bertolo R.F. (2020). The kidneys are
quantitatively more important than pancreas and gut as a source of
guanidinoacetic acid for hepatic creatine synthesis in Sow-Reared
Yucatan Miniature Piglets. J. Nutr. 150, 443-449.

Doktadny K., Zuhl M. and Moseley P.L. (2016). Intestinal epithelial
barrier function and tight junction proteins with heat and exercise. J.
Appl. Physiol. 120, 692-701.

Drysch M., Schmidt S., Becerikli M., Reinkemeier F., Dittfeld S., Wagner
J.M., Dadras M., Sogorski A., Gliriski M., Lehnhardt M., Behr B. and
Wallner C. (2021). Myostatin deficiency protects C2C12 cells from
oxidative stress by inhibiting intrinsic activation of apoptosis. Cells
10, 1680.

Dupont J., Dedeyne L., Dalle S., Koppo K. and Gielen E. (2019). The
role of omega-3 in the prevention and treatment of sarcopenia.
Aging Clin. Exp. Res. 31, 825-836.

Dupraz L., Magniez A., Rolhion N., Richard M.L., Da Costa G., Touch
S., Mayeur C., Planchais J., Agus A., Danne C., Michaudel C.,
Spatz M., Trottein F., Langella P., Sokol H. and Michel M. (2021).
Gut microbiota-derived short-chain fatty acids regulate IL-17
production by mouse and human intestinal yo T cells. Cell Rep. 36,
109332.

Ebadi M., Bhanji R.A., Mazurak V.C. and Montano-Loza A.J. (2019).
Sarcopenia in cirrhosis: from pathogenesis to interventions. J.
Gastroenterol. 54, 845-859.

Eke B.C., Jibiri N.N., Bede E.N., Anusionwu B.C., Orji C.E. and Alisi
C.S. (2017). Effect of ingestion of microwaved foods on serum anti-
oxidant enzymes and vitamins of albino rats. J. Rad. Res. Appl. Sci.
10, 148-151.

Ekiz T., Kara M., Ozcan F., Ricci V. and Ozcakar L. (2020). Sarcopenia
and COVID-19: A manifold insight on hypertension and the renin
angiotensin system. Am. J. Phys. Med. Rehabil. 99, 880-882.

Elkina Y., Von Haehling S., Anker S.D. and Springer J. (2011). The role
of myostatin in muscle wasting: an overview. J. Cachexia
Sarcopenia Muscle 2, 143-151.

Farré R., Fiorani M., Rahiman S.A. and Matteoli G. (2020). Intestinal
permeability, inflammation and the role of nutrients. Nutrients 12,
1185.

Fielding R.A., Reeves A.R., Jasuja R., Liu C., Barrett B.B. and
Lustgarten M.S. (2019). Muscle strength is increased in mice that
are colonized with microbiota from high-functioning older adults.
Exp. Gerontol. 127, 110722.

Frampton J.E., Murphy K.G., Frost G. and Chambers E.S. (2020).
Short-chain fatty acids as potential regulators of skeletal muscle
metabolism and function. Nat. Metab. 2, 840-848.

FuY.,Wang Y., Hu G, Li D., Jiang R., Ge L., Tong C. and Xu K. (2021).
Associations among dietary Omega-3 polyunsaturated fatty acids,
the gut microbiota and intestinal immunity. Mediators Inflamm. 2021,
1-11.

Garito T., Roubenoff R., Hompesch M., Morrow L., Gbmez K., Rooks D.,

Meyers C.D., Buchsbaum M. S., Neelakantham S., Swan T., Filosa
L. A., Laurent D., Pétricoul O. and Zakaria M. (2017). Bimagrumab
improves body composition and insulin sensitivity in insulin-resistant
individuals. Diabetes Obes. Metabol. 20, 94-102.

Gasaly N., Hermoso M.A. and Gotteland M. (2021). Butyrate and the
fine-tuning of colonic homeostasis: Implication for inflammatory
bowel diseases. Int. J. Mol. Sci. 22, 3061.

Gérard C. and Vidal H. (2019). Impact of gut microbiota on host
glycemic control. Front. Endocrinol. 10, 29.

Geurts L., Lazarevi¢ V., Derrien M., Everard A., Van Roye M., Knauf C.,
Valet P., Girard M., Muccioli G.G., Francois P., De Vos W.M.,
Schrenzel J., Delzenne N.M. and Cani P. D. (2011). Altered gut
microbiota and endocannabinoid system tone in obese and diabetic
Leptin-Resistant mice: Impact on apelin regulation in adipose tissue.
Front. Microbiol. 2, 129.

Ghosh S.S., Wang J., Yannie P.J. and Ghosh S. (2020). Intestinal
barrier dysfunction, LPS translocation anddisease development. J.
Endocr. Soc. 4, bvz039.

Gizard F., Fernandez A. and De Vadder F. (2020). Interactions between
gut microbiota and skeletal muscle. Nutr. Metab. Insights 13,
117863882098049.

Gkekas N.K., Anagnostis P., Paraschou V., Stamiris D., Dellis S.,
Kenanidis E., Potoupnis M., Tsiridis E. and Goulis D.G. (2021). The
effect of vitamin D plus protein supplementation on sarcopenia: A
systematic review and meta-analysis of randomized controlled trials.
Maturitas 145, 56-63.

Gojda J. and Cahova M. (2021). Gut Microbiota as the Link between
Elevated BCAA Serum Levels and Insulin Resistance. Biomolecules
11, 1414.

Gojda J., Strakova R., Plihalova A., Tima P., Poto¢kova J., Polak J.
and Andél M. (2017). Increased incretin But not insulin response
after oral versus intravenous branched chain amino acids. Ann.
Nutr. Metab. 70, 293-302.

Gong T., Liu L., Jiang W. and Zhou R. (2020). DAMP-sensing receptors
in sterile inflammation and inflammatory diseases. Nat. Rev.
Immunol. 20, 95-112.

Greising S.M., Ermilov L.G., Sieck G.C. and Mantilla C.B. (2015).
Ageing and neurotrophic signalling effects on diaphragm
neuromuscular function. J. Physiol. 593, 431-440.

Grosicki G.J., Fielding R.A. and Lustgarten M.S. (2018). Gut microbiota
contribute to Age-Related changes in skeletal muscle size,
composition and function: biological basis for a Gut-Muscle axis.
Calcif. Tissue Int. 102, 433-442.

Guan L., Cao Z., Pan Z., Zhao C., Xue M., Yang F. and Chen J.Y.
(2023). Butyrate promotes C2C12 myoblast proliferation by
activating ERK/MAPK pathway. Mol. Omics 19, 552-559.

Gui X., Yang Z. and Li M. D. (2021). Effect of cigarette smoke on gut
Microbiota: State of knowledge. Front. Physiol. 12, 673341.

Han X., Jin Y., Tan L., Kosciuk T., Lee J. and Yoon J. (2014).
Regulation of the follistatin gene by RSPO-LGR4 signaling via
activation of the WNT/B-Catenin pathway in skeletal myogenesis.
Mol. Cell Biol. 34, 752-764.

Han D., Wu W., Liu P, Yang Y., Hsu H., Kuo C., Wu M. and Wang T.
(2022). Differences in the gut microbiome and reduced fecal
butyrate in elders with low skeletal muscle mass. Clin. Nutr. 41,
1491-1500.

Hao W., Kwek E., He Z., Zhu H., Liu J., Zhao Y., Ying K., He W. and
Chen Z. (2020). Ursolic acid alleviates hypercholesterolemia and
modulates the gut microbiota in hamsters. Food Funct. 11, 6091-



1418

Gut microbiota and sarcopenia

6103.

Haugen F., Norheim F., Lian H., Wensaas A. J., Dueland S., Berg O.,
Funderud A., Skalhegg B. S., Raastad T. and Drevon C. A. (2010).
IL-7 is expressed and secreted by human skeletal muscle cells. Am.
J. Physiol. Cell Physiol. 298, C807-C816.

Hay N. (2011). Interplay between FOXO, TOR and Akt. Biochim.
Biophys. Acta 1813, 1965-1970.

He J., Zhang P., Shen L., Niu L., Tan Y., Chen L., Zhao Y., Bai L., Hao
X., Li X., Zhang S. and Zhu L. (2020). Short-Chain fatty acids and
their association with signalling pathways in inflammation, glucose
and lipid metabolism. Int. J. Mol. Sci. 21, 6356.

Heppner K.M. and Pérez-Tilve D. (2015). GLP-1 based therapeutics:
simultaneously combating T2DM and obesity. Front. Neurosci. 9, 92.

Hey P., Gow P.J., Testro A., Apostolov R., Chapman B. and Sinclair M.
(2021). Nutraceuticals for the treatment of sarcopenia in chronic liver
disease. Clin. Nutr. ESPEN 41, 13-22.

Hong S.H. and Choi K.M. (2020). Sarcopenic obesity, insulin resistance
and their implications in cardiovascular and metabolic
consequences. Int. J. Mol. Sci. 21, 494.

Hooper L.V, Littman D.R. and Macpherson A.J. (2012). Interactions
between the microbiota and the immune system. Science 336,
1268-1273.

Houghton M.J., Kerimi A., Mouly V., Tumova S. and Williamson G.
(2019). Gut microbiome catabolites as novel modulators of muscle
cell glucose metabolism. FASEB J. 33, 1887-1898.

Howard E.E., Pasiakos S.M., Blesso C.N., Fussell M.A. and Rodriguez
N.R. (2020). Divergent roles of inflammation in skeletal muscle
recovery from injury. Front. Physiol. 11, 87.

Hsieh T., Jaw T., Chuang H., Jong Y., Liu G. and Li C. (2009). Muscle
metabolism in Duchenne muscular dystrophy assessed by in vivo
proton magnetic resonance spectroscopy. J. Comput. Assist.
Tomogr. 33, 150-154.

Hsu Y.J., Huang W.C., Lin J.S., Chen Y.M., Ho S.T., Huang C. and
Tung Y.T. (2018). Kefir supplementation modifies gut microbiota
composition, reduces physical fatigue and improves exercise
performance in mice. Nutrients 10, 862.

Huang J., Qi R., Chen X.L., You X., Liu X.Q., Yang F. and Liu Z.H.
(2014). Improvement in the carcass traits and meat quality of
growing-finishing Rongchang pigs by conjugated linoleic acid
through altered gene expression of muscle fiber types. Genet. Mol.
Res. 13, 7061-7069.

Huh J.Y., Dincer F., Mesfum E.T. and Mantzoros C.S. (2014). Irisin
stimulates muscle growth-related genes and regulates adipocyte
differentiation and metabolism in humans. Int. J. Obes. 38, 1538-
1544.

Huttenhower C., Gevers D., Knight R., Abubucker S., Badger J.H.,
Chinwalla A.T., Creasy H.H., Earl A.M., FitzGerald M.G., Fulton
R.S., Giglio M.G., Hallsworth-Pepin K., Lobos E.A., Madupu R.,
Magrini V., Martin J.C., Mitreva M., Muzny D.M., Sodergren E.J.,
Versalovic J., Wollam A.M., Worley K.C., Wortman J.R., Young S.K.,
Zeng Q., Aagaard K.M., Abolude O.0O., Allen-Vercoe E., Aim E.J.,
Alvarado L., Andersen G.L., Anderson S., Appelbaum E., Arachchi
H.M., Armitage G., Arze C.A., Ayvaz T., Baker C.C., Begg L.,
Belachew T., Bhonagiri V., Bihan M., Blaser M.J., Bloom T., Bonazzi
V., Paul Brooks J., Buck G.A., Buhay C.J., Busam D.A., Campbell
J.L., Canon S.R., Cantarel B.L., Chain P.S.G., Chen |.-M.A., Chen
L., Chhibba S., Chu K., Ciulla D.M., Clemente J.C., Clifton S.W.,
Conlan S., Crabtree J., Cutting M.A., Davidovics N.J., Davis C.C.,
DeSantis T.Z., Deal C., Delehaunty K.D., Dewhirst F.E., Deych E.,

Ding Y., Dooling D.J., Dugan S.P., Michael Dunne W., Scott Durkin
A., Edgar R.C., Erlich R.L., Farmer C.N., Farrell R.M., Faust K.,
Feldgarden M., Felix V.M., Fisher S., Fodor A.A., Forney L.J., Foster
L., Di Francesco V., Friedman J., Friedrich D.C., Fronick C.C.,
Fulton L.L., Gao H., Garcia N., Giannoukos G., Giblin C., Giovanni
M.Y., Goldberg J.M., Goll J., Gonzalez A., Griggs A., Gujja S.,
Kinder Haake S., Haas B.J., Hamilton H.A., Harris E.L., Hepburn
T.A., Herter B., Hoffmann D.E., Holder M.E., Howarth C., Huang
K.H., Huse S.M., Izard J., Jansson J.K., Jiang H., Jordan C., Joshi
V., Katancik J.A., Keitel W.A., Kelley S.T., Kells C., King N.B.,
Knights D., Kong H.H., Koren O., Koren S., Kota K.C., Kovar C.L.,
Kyrpides N.C., La Rosa P.S., Lee S.L., Lemon K.P., Lennon N.,
Lewis C.M., Lewis L., Ley R.E., Li K., Liolios K., Liu B., Liu Y., Lo C.-
C., Lozupone C.A., Dwayne Lunsford R., Madden T., Mahurkar A.A.,
Mannon P.J., Mardis E.R., Markowitz V.M., Mavromatis K.,
McCorrison J.M., McDonald D., McEwen J., McGuire A.L., Mclnnes
P., Mehta T., Mihindukulasuriya K.A., Miller J.R., Minx P.J.,
Newsham |., Nusbaum C., O’Laughlin M., Orvis J., Pagani I.,
Palaniappan K., Patel S.M., Pearson M., Peterson J., Podar M.,
Pohl C., Pollard K.S., Pop M., Priest M.E., Proctor L.M., Qin X,
Raes J., Ravel J., Reid J.G., Rho M., Rhodes R., Riehle K.P., Rivera
M.C., Rodriguez-Mueller B., Rogers Y.-H., Ross M.C., Russ C.,
Sanka R.K., Sankar P., Fah Sathirapongsasuti J., Schloss J.A.,
Schloss P.D., Schmidt T.M., Scholz M., Schriml L., Schubert A.M.,
Segata N., Segre J.A., Shannon W.D., Sharp R.R., Sharpton T.J.,
Shenoy N., Sheth N.U., Simone G.A., Singh |., Smillie C.S., Sobel
J.D., Sommer D.D., Spicer P., Sutton G.G., Sykes S.M., Tabbaa
D.G., Thiagarajan M., Tomlinson C.M., Torralba M., Treangen T.J.,
Truty R.M., Vishnivetskaya T.A., Walker J., Wang L., Wang Z., Ward
D. V, Warren W., Watson M.A., Wellington C., Wetterstrand K.A.,
White J.R., Wilczek-Boney K., Wu Y., Wylie K.M., Wylie T., Yandava
C.,, Ye L, Ye Y., Yooseph S., Youmans B.P., Zhang L., Zhou Y.,
Zhu Y., Zoloth L., Zucker J.D., Birren B.W., Gibbs R.A., Highlander
S.K., Methé B.A., Nelson K.E., Petrosino J.F., Weinstock G.M.,
Wilson R.K., White O. and Consortium T.H.M.P. (2012). Structure,
function and diversity of the healthy human microbiome. Nature 486,
207-214.

lkeda S., Tamura Y., Kakehi S., Sanada H., Kawamori R. and Watada
H. (2016). Exercise-induced increase in IL-6 level enhances GLUT4
expression and insulin sensitivity in mouse skeletal muscle.
Biochem. Biophys. Res. Commun. 473, 947-952.

Ito T., Nakanishi Y., Yamaji N., Murakami S. and Schaffer S.W. (2018).
Induction of growth differentiation factor 15 in skeletal muscle of old
taurine transporter knockout mouse. Biol. Pharm. Bull. 41, 435-439.

Jeon S. and Choung S. (2021). Oyster hydrolysates attenuate muscle
atrophy via regulating protein turnover and mitochondria biogenesis
in C2C12 cell and immobilized mice. Nutrients 13, 4385.

Jiang W., Wang X., Zeng B., Liu L., Tardivel A., Wei H., Han J.,
MacDonald H.R., Tschopp J., Tian Z. and Zhou R. (2013).
Recognition of gut microbiota by NOD2 is essential for the
homeostasis of intestinal intraepithelial lymphocytes. J. Exp. Med.
210, 2465-2476.

Jones R.M. (2016). The influence of the gut microbiota on host
physiology: In pursuit of mechanisms. Yale J. Biol. Med. 89, 285-
297.

Joseph N., Vasodavan K., Saipudin N.A., Yusof B.N.M., Kumar S. and
Nordin S.A. (2019). Gut microbiota and short-chain fatty acids
(SCFAs) profiles of normal and overweight school children in
Selangor after probiotics administration. J. Funct. Foods 57, 103-



1419

Gut microbiota and sarcopenia

111.

Kalinkovich A. and Livshits G. (2015). Sarcopenia - The search for
emerging biomarkers. Ageing Res. Rev. 22, 58-71.

Kanda A., Nakayama K., Sanbongi C., Nagata M., lkegami S. and ltoh
H. (2016). Effects of whey, caseinate, or milk protein ingestion on
muscle protein synthesis after exercise. Nutrients 8, 339.

Kang X., Yang M., Shi Y., Xie M., Zhu M., Zheng X., Zhang C., Ge Z.,
Bian X., Lv J., Wang Y., Zhou B. and Tang K. (2018). Interleukin-15
facilitates muscle regeneration through modulation of fibro/adipo-
genic progenitors. Cell Commun. Signal.16, 42.

Kang L., Li P., Wang D., Wang T., Dong H. and Qu X. (2021).
Alterations in intestinal microbiota diversity, composition and
function in patients with sarcopenia. Sci. Rep. 11, 4628.

Kanzleiter T., Rath M., Goérgens S.W., Jensen J., Tangen D.S., Kolnes
A.J., Kolnes K.J., Lee S., Eckel J., Schirmann A. and Eckardt K.
(2014). The myokine decorin is regulated by contraction and
involved in muscle hypertrophy. Biochem. Biophys. Res. Commun.
450, 1089-1094.

Karl J.P., Hatch A.M., Arcidiacono S., Pearce S., Pantoja-Feliciano 1.G.,
Doherty L.A. and Soares J.W. (2018). Effects of psychological,
environmental and physical stressors on the gut microbiota. Front.
Microbiol. 9, 2013.

Kelc R., Trapecar M., Gradi$nik L., Rupnik M.S. and Vogrin M. (2015).
Platelet-Rich plasma, especially when combined with a TGF-
inhibitor promotes proliferation, viability and myogenic differentiation
of myoblasts in vitro. PLoS One 10, e0117302.

Kim Y., Kim J., Whang K.Y. and Park Y. (2016). Impact of conjugated
linoleic acid (CLA) on skeletal muscle metabolism. Lipids 51, 159-
178.

Kim C., Joe Y., Choi H., Back S.H., Park J.W., Chung H.T., Roh E.Y.,
Kim M., Ha T.Y. and Yu R. (2019). Deficiency of fibroblast growth
factor 21 aggravates obesity-induced atrophic responses in skeletal
muscle. J. Inflamm. 16, 17.

Kim H., Kim K.M., Kang M.J. and Lim S. (2020). Growth differentiation
factor-15 as a biomarker for sarcopenia in aging humans and mice.
Exp. Gerontol. 142, 111115.

Kishioka Y., Thomas M., Wakamatsu J., Hattori A., Sharma M.,
Kambadur R. and Nishimura T. (2008). Decorin enhances the
proliferation and differentiation of myogenic cells through
suppressing myostatin activity. J. Cell. Physiol. 215, 856-867.

Kitzenberg D., Colgan S. P. and Glover L. (2016). Creatine kinase in
ischemic and inflammatory disorders. Clin. Transl. Med. 5, 31.

Klanéi¢ T. and Reimer R.A. (2020). Gut microbiota and obesity: Impact
of antibiotics and prebiotics and potential for musculoskeletal health.
J. Sport Health Sci. 9, 110-118.

Koh A., Molinaro A., Stahlman M., Khan M.l., Schmidt C., Manneras-
Holm L., Wu H., Carreras A., Jeong H., Olofsson L.E., Bergh P.,
Gerdes V.E.A., Hartstra A.V., De Brauw M., Perkins R., Nieuwdorp
M., Bergstrom G. and Backhed F. (2018). Microbially produced
imidazole propionate impairs insulin signaling through mTORCH1.
Cell 175, 947-961.e17.

Kouw |. W.K., Van Dijk J., Horstman A.M., Krdmer I., Goessens J.P.B.,
Van Dielen F.M. H. and Verdijk L.B. (2019). Basal and postprandial
myofibrillar protein synthesis rates do not differ between lean and
obese middle-aged men. J. Nutr. 149, 1533-1542.

Kreider R.B., Kalman D., Anténio J., Ziegenfuss T.N., Wildman R.,
Collins R., Candow D. G., Kleiner S.M., Almada A.L. and Lopez H.L.
(2017). International Society of Sports Nutrition position stand:
safety and efficacy of creatine supplementation in exercise, sport

and medicine. J. Int. Soc. Sports Nutr. 14, 18.

Kreider R.B., Jager R. and Purpura M. (2022). Bioavailability, efficacy,
safety and regulatory status of creatine and related compounds: A
critical review. Nutrients 14, 1035.

Kundu P., Lee H.U., Garcia-Pérez I., Tay E. X.Y., Kim H., Faylon L.E.,
Martin K.A., Purbojati R.W., Drautz-Moses D.l., Ghosh S., Nicholson
J.K., Schuster S.C., Holmes E. and Pettersson S. (2019).
Neurogenesis and prolongevity signaling in young germ-free mice
transplanted withthe gut microbiota of old mice. Sci. Transl. Med. 11,
eaau4760.

Kurdiova T., Balaz M., Mayer A., Maderovéa D., Benan B.H., Wolfrum C.,
Ukropec J. and Ukropcova B. (2014). Exercise-mimicking treatment
fails to increase Fndc5 mRNA and irisin secretion in primary human
myotubes. Peptides. 56, 1-7.

Lach G., Schellekens H., Dinan T.G. and Cryan J.F. (2018). Anxiety,
depression and the microbiome: a role for gut peptides.
Neurotherapeutics 15, 36-59.

Laghi V., Ricci V., De Santa F. and Torcinaro A. (2022). A User-Friendly
approach for routine histopathological and morphometric analysis of
skeletal muscle using CellProfiler software. Diagnostics 12, 561.

Lahiri S., Kim H., Garcia-Pérez |., Reza M.M., Martin K.A., Kundu P.,
Cox L.M., Selkrig J., Posma J.M., Zhang H., Parameswaran P.,
Moret C., Gulyas B., Blaser M.J., Auwerx J., Holmes E., Nicholson
J.K., Wahli W. and Pettersson S. (2019). The gut microbiota
influences skeletal muscle mass and function in mice. Sci. Transl.
Med. 11, eaan5662.

Landi F., Calvani R., Cesari M., Tosato M., Martone A.M., Ortolani E.,
Savera G., Salini S., Sisto A., Picca A. and Marzetti E. (2018).
Sarcopenia: An Overview on current definitions, diagnosis and
treatment. Curr. Protein Pept. Sci. 19, 633-638.

Landi F., Calvani R., Tosato M., Martone A.M., Ortolani E., Savera G.,
D’Angelo E., Sisto A. and Marzetti E. (2016). Protein intake and
muscle health in old Age: From biological plausibility to clinical
evidence. Nutrients 8, 295.

Latres E., Mastaitis J., Fury W., Miloscio L., Trejos J., Pangilinan J.,
Okamoto H., Cavino K., Na E., Papatheodorou A., Willer T., Bai Y.,
Kim J.H., Rafique A., Jaspers S.R., Stitt T.N., Murphy A.,
Yancopoulo§ G.D. and Gromada J. (2017). Activin A more
prominently regulates muscle mass in primates than does GDFS8.
Nat. Commun. 8, 15153.

Lau Y.S., Xu L., Gao Y. and Han R. (2018). Automated muscle
histopathology analysis using CellProfiler. Skelet. Muscle 8, 32.

LeBlanc J.G., Milani C., De Giori G.S., Sesma F., Van Sinderen D. and
Ventura M. (2013). Bacteria as vitamin suppliers to their host: a gut
microbiota perspective. Curr. Opin. Biotechnol. 24, 160-168.

Lee J., Shin S., Bae H., Ji Y., Park H. and Kwon E. (2023). The animal
protein hydrolysate attenuates sarcopenia via the muscle-gut axis in
aged mice. Biomed. Pharmacother. 167, 115604.

Li Z., Fan M., Zhang S., Qu Y., Zheng S., Song J. and Miao C. (2016).
Intestinal Metrnl released into the gut lumen acts as a local regulator
for gut antimicrobial peptides. Acta Pharmacol. Sin. 37, 1458-1466.

Li Z., Rasmussen T.S., Rasmussen M.K,, Li J., Henriquez-Olguin C.,
Kot W., Nielsen D.S. and Jensen T.E. (2019). The gut microbiome
on a periodized Low-Protein diet is associated with improved
metabolic health. Front. Microbiol. 10, 709.

Li R., Boer C.G., Oei L. and Medina-Gomez C. (2021). The gut
microbiome: a new frontier in musculoskeletal research. Curr.
Osteoporos. Rep. 19, 347-357.

Li G., Jin B. and Fan Z. (2022). Mechanisms involved in gut microbiota



1420

Gut microbiota and sarcopenia

regulation of skeletal muscle. Oxid. Med. Cell Longev. 2022, 1-15.

Liao X., Wu M., Hao Y. and Deng H. (2020). Exploring the preventive
effect and mechanism of senile sarcopenia based on “Gut-Muscle
Axis.” Front. Bioeng. Biotechnol. 8, 590869.

Liao Y., Zhou X., Zhao P., Li D., Meng Z., Xu S., Yang X, Liu L. and
Yang W. (2022). Muscle aging amelioration by yeast protein
supplementation was associated with gut microbiota. J. Funct.
Foods. 89, 104948.

Liguori I., Russo G., Aran L., Bulli G., Curcio F., Della-Morte D.,
Gargiulo G., Testa G., Cacciatore F., Bonaduce D. and Abete P.
(2018). Sarcopenia: assessment of disease burden and strategies to
improve outcomes. Clin. Interv. Aging. 13, 913-927.

Liu Y., Li X., Chen C., Zhang H. and Kang J. (2015). Omega-3 fatty acid
intervention suppresses Lipopolysaccharide-Induced inflammation
and weight loss in mice. Mar. Drugs 13, 1026-1036.

Liu X., Wang Y. L., Hou L., Xiong Y. and Zhao S. (2017). Fibroblast
growth factor 21 (FGF21) promotes formation of aerobic myofibers
via the FGF21-SIRT1-AMPK-PGC1A pathway. J. Cell. Physiol. 232,
1893-1906.

Liu H., Wang J., He T., Becker S., Zhang G., Li D. and Ma X. (2018).
Butyrate: a Double-Edged sword for health? Adv. Nutr. 9, 21-29.

Liu C., Cheung W., Li J., Chow S., Yu J., Wong S. H., Ip M., Sung J.J.
and Wong R.M.Y. (2021). Understanding the gut microbiota and
sarcopenia: a systematic review. J. Cachexia Sarcopenia Muscle.
12, 1393-1407.

Ljubi¢ A., Jacobsen C., Holdt S.L. and Jakobsen J. (2020). Microalgae
Nannochloropsis oceanica as a future new natural source of vitamin
D3. Food Chem. 320, 126627.

Lobionda S., Sittipo P., Kwon H.Y. and Lee Y.K. (2019). The role of gut
microbiota in intestinal inflammation with respect to diet and extrinsic
stressors. Microorganisms 7, 271.

Locquet M., Bruyére O., Lengelé L., Reginster J. and Beaudart C.
(2021). Relationship between smoking and the incidence of
sarcopenia: The SarcoPhAge cohort. Public Health. 193, 101-108.

Lodberg A. (2021). Principles of the activin receptor signaling pathway
and its inhibition. Cytokine Growth Factor Rev. 60, 1-17.

Lorenzo I., Serra-Prat M. and Yébenes J.C. (2019). The role of water
homeostasis in muscle Function and frailty: a review. Nutrients 11,
1857.

Louis P. and Flint H.J. (2017). Formation of propionate and butyrate by
the human colonic microbiota. Environ. Microbiol. 19, 29-41.

Lynch C.J. and Adams S.H. (2014). Branched-chain amino acids in
metabolic signalling and insulin resistance. Nat. Rev. Endocrinol. 10,
723-736.

Ma N. and Ma X. (2019). Dietary amino acids and the
Gut-Microbiome-Immune axis: Physiological metabolism and
therapeutic prospects. Compr. Rev. Food Sci. Food Saf. 18, 221-
242.

Machate D.J., Figueiredo P.G., Marcelino G., De Cassia Avellaneda
Guimarées R., Hiane P. A., Bogo D., Zorgetto-Pinheiro V.A., De
Oliveira L.C.S. and Pott A. (2020). Fatty acid diets: regulation of gut
microbiota composition and obesity and its related metabolic
dysbiosis. Int. J. Mol. Sci. 21, 4093.

Madaro L., Passafaro M., Sala D., Etxaniz U., Lugarini F., Proietti D.,
Alfonsi M.V., Nicoletti C., Gatto S., De Bardi M., RojasGarcia R.,
Giordani L., Marinelli S., Pagliarini V., Sette C., Sacco A. and Puri
P.L. (2018). Denervation-activated STAT3-IL-6 signalling in fibro-
adipogenic progenitors promotes myofibres atrophy and fibrosis.
Nat. Cell Biol. 20, 917-927.

Mailing L.J., Allen J., Buford T.W., Fields C.J. and Woods J.A. (2019).
Exercise and the Gut Microbiome: A review of the evidence,
potential mechanisms andimplications for human health. Exerc.
Sport Sci. Rev. 47, 75-85.

Mangiola F., Nicoletti A., Gasbarrini A. and Ponziani F.R. (2018). Gut
microbiota and aging. Eur. Rev. Med. Pharmacol. Sci. 22, 7404-
7413.

Margiotta E., Caldiroli L., Callegari M. L., Miragoli F., Zanoni F.,
Armelloni S., Rizzo V., Messa P. and Vettoretti S. (2021).
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 13, 472.

Marrano N., Biondi G., Borrelli A., Cignarelli A., Perrini S., Laviola L. and
Natalicchio A. (2021). Irisin and incretin hormones: similarities,
differences and implications in Type 2 diabetes and obesity.
Biomolecules 11, 286.

Martin A., Ecklu-Mensah G., Ha C., Hendrick G., Layman D.K., Gilbert
J.A. and Devkota S. (2021). Gut microbiota mediate the FGF21
adaptive stress response to chronic dietary protein-restriction in
mice. Nat. Commun. 12, 3838.

Martone A.M., Marzetti E., Calvani R., Picca A., Tosato M., Santoro L.,
Di Giorgio A., Nesci A., Sisto A., Santoliquido A. and Landi F.
(2017). Exercise and Protein Intake: A Synergistic Approach against
Sarcopenia. Biomed Res. Int. 2017, 1-7.

Marzetti E., Calvani R., Tosato M., Cesari M., Di Bari M., Cherubini A.,
Collamati A., D’Angelo E., Pahor M., Bernabei R. and Landi F.
(2017). Sarcopenia: an overview. Aging Clin. Exp. Res. 29, 11-17.

Maseda D. and Ricciotti E. (2020). NSAID-Gut microbiota interactions.
Front. Pharmacol. 11, 1153.

Mika A., Van Treuren W., Gonzalez A., Herrera J.J., Knight R. and
Fleshner M. (2015). Exercise is more effective at altering gut
microbial composition and producing stable changes in lean mass in
juvenile versus adult Male F344 rats. PLoS One 10, e0125889.

Mitchell C.J., Milan A.M., Mitchell S.M., Zeng N., Ramzan F., Sharma
P., Knowles S.0., Roy N.C., Sjédin A., Wagner K. and
Cameron-Smith D. (2017). The effects of dietary protein intake on
appendicular lean mass and muscle function in elderly men: a 10-wk
randomized controlled trial. Am. J. Clin. Nutr. 106, 1375-1383.

Mo X., Shen L., Cheng R., Wang P., Wen L., Sun Y., Wang Q., Chen J.,
Lin S., Liao Y., Yang W., Hong Y. and Liu L. (2023). Faecal
microbiota transplantation from young rats attenuates age-related
sarcopenia revealed by multiomics analysis. J. Cachexia Sarcopenia
Muscle 14, 2168-2183.

Molfino A., Amabile M.l., Fanelli F.R. and Muscaritoli M. (2016). Novel
therapeutic options for cachexia and sarcopenia. Expert Opin. Biol.
Ther. 16, 1239-1244.

Morrison D. J. and Preston T. (2016). Formation of short chain fatty
acids by the gut microbiota and their impact on human metabolism.
Gut Microbes 7, 189-200.

Munukka E., Rintala A., Toivonen R., Nylund M., Yang B., Takanen A.,
Hanninen A., Vuopio J., Huovinen P., Jalkanen S. and Pekkala S.
(2017). Faecalibacterium prausnitzii treatment improves hepatic
health and reduces adipose tissue inflammation in high-fat fed mice.
ISME J. 11, 1667-1679.

Munukka E., Ahtiainen J.P., Puigho P., Jalkanen S., Pahkala K.,
Keskitalo A., Kujala U.M., Pietila S., Hollmén M., Elo L.L., Huovinen
P., D’Auria G. and Pekkala S. (2018). Six-Week endurance exercise
alters gut metagenome that is not reflected in systemic metabolism



1421

Gut microbiota and sarcopenia

in over-weight women. Front. Microbiol. 9, 23283.

Muscariello E., Nasti G., Siervo M., Di Maro M., Lapi D., D’Addio G. and
Colantuoni A. (2016). Dietary protein intake in sarcopenic obese
older women. Clin. Interv. Aging. 133-140.

Naranjo J.D., Dziki J.L. and Badylak S.F. (2017). Regenerative medicine
approaches for age-related muscle loss and sarcopenia: A mini-
review. Gerontology 63, 580-589.

Neves J., Sousa-Victor P. and Jasper H. (2017). Rejuvenating
strategies for stem cell-based therapies in aging. Cell Stem Cell 20,
161-175.

Ni Y., Wang Z., Ma L., Yang L. and Wu T. (2019a). Pilose antler
polypeptides ameliorate inflammation and oxidative stress and
improves gut microbiota in hypoxic-ischemic injured rats. Nutr. Res.
64, 93-108.

Ni Y., Yang X., Zheng L., Wang Z., Wu L., Jiang J., Yang T. and Ma L.
(2019b). Lactobacillus and Bifidobacterium improves physiological
function and cognitive ability in aged mice by the regulation of gut
microbiota. Mol. Nutr. Food Res. 63, €1900603.

Nielsen A.R., Mounier R., Plomgaard P., Mortensen O.H., Penkowa M.,
Speerschneider T., Pilegaard H. and Pedersen B.K. (2007).
Expression of interleukin-15 in human skeletal muscle effect of
exercise and muscle fibre type composition. J. Physiol. 584, 305-
312.

Nonaka S., Kawakami S., Maruki-Uchida H., Mori S. and Morita M.
(2019). Piceatannol markedly upregulates heme oxygenase-1
expression and alleviates oxidative stress in skeletal muscle cells.
Biochem. Biophys. Rep. 18, 100643.

Ochoa-Repéraz J. and Kasper L.H. (2016). The second brain: Is the gut
microbiota a link between obesity and central nervous system
disorders? Curr. Obes. Rep. 5, 51-64.

Ohira H., Fujioka Y., Katagiri C., Mamoto R., Ishikawa M., Amako K.,
Izumi Y., Nishiumi S., Yoshida M., Usami M. and Ikeda M. (2013).
Butyrate attenuates inflammation and lipolysis generated by the
interaction of adipocytes and macrophages. J. Atheroscler. Thromb.
20, 425-442.

Ojeda J., Avila A. and Vidal P.M. (2021). Gut microbiota interaction with
the central nervous system throughout life. J. Clin. Med. 10, 1299.
Okamoto T., Morino K., Ugi S., Nakagawa F., Lemecha M., Ida S.,
Ohashi N., Sato D., Fujita Y. and Maegawa H. (2019). Microbiome
potentiates endurance exercise through intestinal acetate

production. Am. J. Physiol. Endocrinol. Metabol. 316, E956-E966.

Oktaviana J., Zanker J., Vogrin S. and Duque G. (2019). The effect of
B-Hydroxy-B-Methylbutyrate (HMB) on sarcopenia and functional
frailty in older persons: a systematic review. J. Nutr. Health Aging
23, 145-150.

Ozawa T., Morikawa M., Morishita Y., Ogikubo K., Itoh F., Koinuma D.,
Nygren P. and Miyazono K. (2021). Systemic administration of
monovalent follistatin-like 3-Fc-fusion protein increases muscle
mass in mice. IScience 24, 102488.

Panebianco C., Villani A., Potenza A., Favaro E., Finocchiaro C., Perri
F. and Pazienza V. (2023). Targeting gut microbiota in cancer
Cachexia: Towards new treatment options. Int. J. Mol. Sci. 24, 1849.

Parada Venegas D.P., De La Fuente M.K., Landskron G., Gonzélez
M.J., Quera R., Dijkstra G., Harmsen H.J.M., Faber K.N. and
Hermoso M.A. (2019). Short chain fatty acids (SCFAs)-Mediated gut
epithelial and immune regulation and its relevance for inflammatory
bowel diseases. Front. Immunol. 10, 277.

Park S., Hu Y., Zhang T., Wu X., Huang S.K. and Cho S.M. (2021).
Long-term silk peptide intake promotes skeletal muscle mass,

reduces inflammation and modulates gut microbiota in middle-aged
female rats. Biomed. Pharmacother. 137, 111415,

Paturi G., Hurst S.M., Parkar S.G., Roberts J.M., Herath T.D. and
Pernthaner A. (2020). Kiwifruit drives human microbiota-derived
DNA to stimulate IL-7 secretion in intestinal epithelial cells. J. Funct.
Foods 67, 103882.

Pearce S., Sanz-Fernandez M.V., Hollis J., Baumgard L.H. and Gabler
N.K. (2014). Short-term exposure to heat stress attenuates appetite
and intestinal integrity in growing pigs. J. Anim. Sci. 92, 5444-5454.

Pei Y., Chen C., Mu Y., Yang Y., Zheng F., Li B, Li H. and Li K. (2021).
Integrated microbiome and metabolome analysis reveals a positive
change in the intestinal environment of myostatin edited large white
pigs. Front. Microbiol. 12, 628685.

Pekkala S., Keskitalo A., Kettunen E., Lensu S., Nykanen N., Kuopio T.,
Ritvos O., Hentila J., Nissinen T.A. and Hulmi J.J. (2019). Blocking
activin receptor ligands is not sufficient to rescue Cancer-Associated
gut Microbiota-A role for gut microbial flagellin in colorectal cancer
and cachexia? Cancers 11, 1799.

Perna S., Alalwan T.A., Al-Thawadi S., Negro M., Parimbelli M., Cerullo
G., Gasparri C., Guerriero F., Infantino V., Diana M., D’Antona G.
and Rondanelli M. (2020). Evidence-Based role of nutrients and
antioxidants for chronic pain management in musculoskeletal frailty
and sarcopenia in aging. Geriatrics 5, 16.

Petersen A.H., Magkos F., Atherton P.J., Selby A., Smith K., Rennie
M.J., Pedersen B.K. and Mittendorfer B. (2007). Smoking impairs
muscle protein synthesis and increases the expression of myostatin
and MAFbx in muscle. Am. J. Physiol. Endocrinol. Metab. 293,
E843-E848.

Picca A., Fanelli F., Calvani R., Mulé G., Pesce V., Sisto A., Pantanelli
C., Bernabei R., Landi F. and Marzetti E. (2018). Gut dysbiosis and
muscle aging: Searching for novel targets against sarcopenia.
Mediators Inflamm. 2018, 1-15.

Picca A., Ponziani F.R., Calvani R., Marini F., Biancolillo A., Coelho-
Junior H.J., Gervasoni J., Primiano A., Putignani L., Del Chierico F.,
Reddel S., Gasbarrini A., Landi F., Bernabei R. and Marzetti E.
(2019). Gut microbial, inflammatory and metabolic signatures in
older people with physical frailty and sarcopenia: Results from the
BIOSPHERE Study. Nutrients 12, 65.

Plamada D. and Vodnar D.C. (2022). Polyphenols-gut microbiota
Interrelationship: A transition to a new generation of prebiotics.
Nutrients 14, 137.

Planella-Farrugia C., Comas F., Sabater-Masdeu M., Moreno M.,
Moreno-Navarrete J.M., Rovira O., Ricart W. and Fernandez-Real
J.M. (2019). Circulating irisin and myostatin as markers of muscle
strength and physical condition in elderly subjects. Front. Physiol.
10, 871.

Pojednic R., Ceglia L., Olsson K., Gustafsson T., Lichtenstein A.H.,
Dawson-Hughes B. and Fielding R.A. (2015). Effects of 1,25-
Dihydroxyvitamin D3 and vitamin D3 on the expression of the
vitamin D receptor in human skeletal muscle cells. Calcif. Tissue Int.
96, 256-263.

Polverino F., D’Agostino B., Santoriello C. and Polverino M. (2009).
Cytochrome oxidase activity and skeletal muscle dysfunction in
COPD. In: C29. Skeletal muscle function and dysfunction. Am.
Thorac. Soc. p. A4205.

Polidori P., Vincenzetti S., Pucciarelli S. and Polzonetti V. (2019). CLAs
in Animal source Foods: Healthy Benefits for Consumers. In:
Reference series in phytochemistry. pp 1-33.

Ponziani F.R., Picca A., Marzetti E., Calvani R., Conta G., Del Chierico



1422

Gut microbiota and sarcopenia

F., Capuani G., Faccia M., Fianchi F., Funaro B., Coelho-Junior
H.J., Petito V., Rinninella E., Sterbini F. P., Reddel S., Vernocchi P.,
Mele M.C., Miccheli A., Putignani L., Sanguinetti M., Pompili M.,
Gasbarrini A. and the GuLiver study group (2021). Characterization
of the gut-liver-muscle axis in cirrhotic patients with sarcopenia.
Liver Int. 41, 1320-1334.

Portune K.J., Beaumont M., Davila A., Tomé D., Blachier F. and Sanz Y.
(2016). Gut microbiota role in dietary protein metabolism and health-
related outcomes: The two sides of the coin. Trends Food Sci. 57,
213-232.

Prokopidis K., Cervo M.M., Gandham A. and Scott D. (2020). Impact of
protein intake in older adults with sarcopenia and obesity: A gut
microbiota perspective. Nutrients 12, 2285.

Puiman P., Stoll B.J., Mglbak L., De Bruijn A.C.J.M., Schierbeek H.,
Boye M., Boehm G., Renes |.B., Van Goudoever J.B. and Burrin
D.G. (2013). Modulation of the gut microbiota with antibiotic
treatment suppresses whole body urea production in neonatal pigs.
Am. J. Physiol. Gastrointest. Liver Physiol. 304, G300-G310.

Qi R, Sun J,, Qiu X., Zhang Y., Wang J., Wang Q., Huang J., Ge L. and
Liu Z. (2021). The intestinal microbiota contributes to the growth and
physiological state of muscle tissue in piglets. Sci. Rep. 11, 11237.

Qiu Y, Yu d, Li Y, Yang F., Yu H., Xue M., Zhang F., Jiang X., Ji X.
and Bao Z. (2021). Depletion of gut microbiota induces skeletal
muscle atrophy by FXR-FGF15/19 signalling. Ann. Med. 53, 508-
522.

Quinn L.S., Anderson B., Strait-Bodey L., Stroud A.M. and Argilés J.M.
(2009). Oversecretion of interleukin-15 from skeletal muscle reduces
adiposity. Am. J. Physiol. Endocrinol. Metab. 296, E191-E202.

Ragonnaud E. and Biragyn A. (2021). Gut microbiota as the key
controllers of “healthy” aging of elderly people. Immun. Ageing 18, 2.

Rajoka M.S.R., Thirumdas R., Mehwish H.M., Umair M., Khurshid M.,
Hayat H.F., Phimolsiripol Y., Pallarés N., Marti-Quijal F.J. and Barba
F.J. (2021). Role of food antioxidants in modulating gut microbial
communities: Novel understandings in intestinal oxidative stress
damage and their impact on host health. Antioxidants 10, 1563.

Raschke S. and Eckel J. (2013). Adipo-Myokines: two sides of the same
Coin--Mediators of inflammation and mediators of exercise.
Mediators Inflamm. 2013, 1-16.

Rastelli M., Cani P.D. and Knauf C. (2019). The gut microbiome
influences host endocrine functions. Endocr. Rev. 40, 1271-1284.
Reese A.T., Cho E.H., Klitzman B., Nichols S.P., Wisniewski N.A., Villa
M.M., Durand H. K., Jiang S., Midani F.S., Nimmagadda S.N.,
O’Connell T.M., Wright J.P., Deshusses M. A. and David L.A.
(2018). Antibiotic-induced changes in the microbiota disrupt redox

dynamics in the gut. ELife 7, 1-22.

Ribiére C., Peyret P., Parisot N., Darcha C., Déchelotte P., Barnich N.,
Peyretaillade E. and Boucher D. (2016). Oral exposure to
environmental pollutant benzo[a]pyrene impacts the intestinal
epithelium and induces gut microbial shifts in murine model. Sci.
Rep. 6, 31027.

Rivas D.A., McDonald D., Rice N., Haran P.H., Dolnikowski G.G. and
Fielding R.A. (2016). Diminished anabolic signaling response to
insulin induced by intramuscular lipid accumulation is associated
with inflammation in aging but not obesity. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 310, R561-R569.

Rodgers B.D. and Ward C.W. (2022). Myostatin/Activin receptor ligands
in muscle and the development status of attenuating drugs. Endocr.
Rev. 43, 329-365.

Rom O., Kaisari S., Aizenbud D. and Reznick A.Z. (2012). Lifestyle and

sarcopenia-etiology, prevention and treatment. Rambam
Maimonides Med. J. 3, e0024.

Romanello V. and Sandri M. (2016). Mitochondrial quality control and
muscle mass maintenance. Front. Physiol. 6, 422.

Romano K.A., Vivas E.l., Amador-Noguez D. and Rey F.E. (2015).
Intestinal microbiota composition modulates choline bioavailability
from diet and accumulation of the proatherogenic metabolite
trimethylamine- N -oxide. mBio. 6, €02481.

Ryan A.S., Serra M.C. and Addison O. (2017). The role of skeletal
muscle myostatin in sarcopenia in older adults. Innov. Aging 1
(Suppl. 1), 361.

Saad M.J.A., Santos A.D. and Prada P.O. (2016). Linking gut microbiota
and inflammation to obesity and insulin resistance. Physiology 31,
283-293.

Sakuma K., Aoi W. and Yamaguchi A. (2015). Current understanding of
sarcopenia: possible candidates modulating muscle mass. Pfllgers
Arc. 467, 213-229.

Sakuma K. and Yamaguchi A. (2012a). Novel intriguing strategies
attenuating to sarcopenia. J. Aging Res. 2012, 1-11.

Sakuma K. and Yamaguchi A. (2012b). Sarcopenia and age-related
endocrine function. Int. J. Endocrinol. 2012, 1-10.

Sartori R., Romanello V. and Sandri M. (2021). Mechanisms of muscle
atrophy and hypertrophy: implications in health and disease. Nat.
Commun. 12, 330.

Scazzocchio B., Minghetti L. and D’Archivio M. (2020). Interaction
between gut microbiota and curcumin: A new key of understanding
for the health effects of curcumin. Nutrients 12, 2499.

Schmid A., Karrasch T. and Schéffler A. (2021). Meteorin-like protein
(Metrnl) in obesity, during weight loss and in adipocyte
differentiation. J. Clin. Med. 10, 4338.

Scimeca M., Piccirilli E., Mastrangeli F., Rao C., Feola M., Orlandi A.,
Gasbarra E., Bonanno E. and Tarantino U. (2017). Bone
morphogenetic proteins and myostatin pathways: key mediator of
human sarcopenia. J. Transl. Med. 15, 34.

Seo D.Y., Lee S.R., Heo J., No M., Rhee B.D., Ko K.S., Kwak H. and
Han J. (2018). Ursolic acid in health and disease. Korean J. Physiol.
Pharmacol. 22, 235-248.

Seong G., Kim N., Joung J., Kim E.R., Chang D.K., Chun J., Hong S.N.
and Kim Y. (2020). Changes in the intestinal microbiota of patients
with inflammatory bowel disease with clinical remission during an 8-
Week infliximab infusion cycle. Microorganisms 8, 874.

Sepulveda P.V., Lamon S., Hagg A., Thomson R., Winbanks C.E., Qian
H., Bruce C.R., Russell A.P. and Gregorevic P. (2015). Evaluation of
follistatin as a therapeutic in models of skeletal muscle atrophy
associated with denervation and tenotomy. Sci. Rep. 5, 17535.

Severinsen M.C.K. and Pedersen B.K. (2020). Muscle-organ crosstalk:
The emerging roles of myokines. Endocr. Rev. 41, 594-609.

Shapiro H., Thaiss C.A., Levy M. and Elinav E. (2014). The cross talk
between microbiota and the immune system: metabolites take
center stage. Curr. Opin. Immunol. 30, 54-62.

Siddharth J., Chakrabarti A., Pannérec A., Karaz S., Morin-Rivron D.,
Masoodi M., Feige J. N. and Parkinson S.J. (2017). Aging and
sarcopenia associate with specific interactions between gut
microbes, serum biomarkers and host physiology in rats. Aging 9,
1698-1720.

Skrzypczak D., Skrzypczak-Zielinska M., Ratajczak A. E., Szymczak-
Tomczak A., Eder P., Stomski R., Dobrowolska A. and Krela-
Kazmierczak |. (2021). Myostatin and follistatin-new kids on the
block in the diagnosis of sarcopenia in IBD and possible therapeutic



1423

Gut microbiota and sarcopenia

implications. Biomedicines 9, 1301.

Sly P.D. and Bush A. (2019). Environmental contributions to respiratory
disease in children. In: Environmental contributions to respiratory
tract in children. Chapter 4. 9t edn. pp. 49-56.e3.

Snijders T., Bell K.E., Nederveen J.P., Saddler N.I., Mazara N.,
Kumbhare D., Phillips S.M. and Parise G. (2018). Ingestion of a
Multi-Ingredient supplement does not alter exercise-induced satellite
cell responses in older men. J. Nutr. 148, 891-899.

Sohail M.U., Hume M.E., Byrd J.A., Nisbet D.J., Shabbir M. Z., Ahmad I.
and Rehman H. (2015). Molecular analysis of the caecal and
tracheal microbiome of heat-stressed broilers supplemented with
prebiotic and probiotic. Avian Pathol. 44, 67-74.

Steves C.J., Bird S., Williams F. and Spector T.D. (2016). The
microbiome and musculoskeletal conditions of aging: A review of
evidence for impact and potential therapeutics. J. Bone Miner. Res.
31, 261-269.

Strandwitz P. (2018). Neurotransmitter modulation by the gut
microbiota. Brain Res. 1693, 128-133.

Sullivan K., Krengel M., Bradford W.L., Stone C., Thompson T.A.,
Heeren T. and White R. F. (2018). Neuropsychological functioning in
military pesticide applicators from the Gulf War: Effects on
information processing speed, attention and visual memory.
Neurotoxicol. Teratol. 65, 1-13.

Suriano F., Van Hul M. and Cani P.D. (2020). Gut microbiota and
regulation of myokine-adipokine function. Curr. Opin. Pharmacol. 52,
9-17.

Swan L., Warters A. and O’Sullivan M. (2021). Socioeconomic inequality
and risk of sarcopenia in Community-Dwelling older adults. Clin.
Interv. Aging 16, 1119-1129.

Tang G., Du Y., Guan H., Jia J., Zhu N., Shi Y., Shu R. and Wang Y.
(2022). Butyrate ameliorates skeletal muscle atrophy in diabetic
nephropathy by enhancing gut barrier function and FFA2-mediated
PISK/Akt/mTOR signals. Br. J. Pharmacol. 179, 159-178.

Tezze C., Romanello V. and Sandri M. (2019). FGF21 as modulator of
metabolism in health and disease. Front. Physiol. 10, 419.

Thursby E. and Juge N. (2017). Introduction to the human gut
microbiota. Biochem. J. 474, 1823-1836.

Ticinesi A., Lauretani F., Milani C., Nouvenne A., Tana C., Del Rio D.,
Maggio M., Ventura M. and Meschi T. (2017). Aging gut microbiota
at the cross-road between nutrition, physical frailty and sarcopenia:
Is there a gut-muscle axis? Nutrients 9, 1303.

Ticinesi A., Lauretani F., Tana C., Nouvenne A., Ridolo E. and Meschi
T. (2019a). Exercise and immune system as modulators of intestinal
microbiome: implications for the gut-muscle axis hypothesis. Exerc.
Immunol. Rev. 25, 84-95.

Ticinesi A., Nouvenne A., Cerundolo N., Catania P., Prati B., Tana C.
and Meschi T. (2019b). Gut microbiota, muscle mass and function in
aging: A focus on physical frailty and sarcopenia. Nutrients. 11,
1633.

Ticinesi A., Mancabelli L., Tagliaferri S., Nouvenne A., Milani C., Del Rio
D., Lauretani F., Maggio M., Ventura M. and Meschi T. (2020). The
gut-muscle axis in older subjects with low muscle mass and
performance: A proof of concept study exploring fecal microbiota
composition and function with shotgun metagenomics sequencing.
Int. J. Mol. Sci. 21, 8946.

Toh D.W.K., Loh W.W., Sutanto C.N., Yao Y. and Kim J.E. (2021). Skin
carotenoid status and plasma carotenoids: biomarkers of dietary
carotenoids, fruits and vegetables for middle-aged and older
Singaporean adults. Br. J. Nutr. 126, 1398-1407.

Tolhurst G., Heffron H., Lam Y.S., Parker H., Habib A.M., Diakogiannaki
E., Cameron J., Grosse J., Reimann F. and Gribble F.M. (2012).
Short-chain fatty acids stimulate glucagon-like peptide-1 secretion
via the G-protein-coupled receptor FFAR2. Diabetes 61, 364-371.

Tomasova L., Grman M., Ondria$ K. and Ufnal M. (2021). The impact of
gut microbiota metabolites on cellular bioenergetics and
cardiometabolic health. Nutr. Metab. 18, 72.

Tsukamoto-Sen S., Kawakami S., Maruki-Uchida H., Ito R., Matsui N.,
Komiya Y., Mita Y., Morisasa M., Goto-Inoue N., Furuichi Y.,
Manabe Y., Morita M. and Fujii N. (2021). Effect of antioxidant
supplementation on skeletal muscle and metabolic profile in aging
mice. Food Funct. 12, 825-833.

Tzeng P.L., Lin C.Y., Lai T.F., Huang W., Pien E., Hsueh M.C., Lin K.P.,
Park J.H. and Liao Y. (2020). Daily lifestyle behaviors and risks of
sarcopenia among older adults. Arch. Public Health 78, 113.

Vaiserman A., Koliada A. and Marotta F. (2017). Gut microbiota: A
player in aging and a target for anti-aging intervention. Ageing Res.
Rev. 35, 36-45.

Valder S. and Brinkmann C. (2022). Exercise for the Diabetic Gut-
Potential health effects and underlying mechanisms. Nutrients 14,
813.

Van Der Hee B. and Wells J. M. (2021). Microbial regulation of host
physiology by short-chain fatty acids. Trends Microbiol. 29, 700-712.

Van Krimpen S.J., Jansen F.A.C., Ottenheim V.L., Belzer C., Van Der
Ende M. and Van Norren K. (2021). The Effects of pro-, Pre- and
synbiotics on muscle wasting, a systematic review-gut permeability
as potential treatment target. Nutrients 13, 1115.

Van Nieuwpoort I.C., Vlot M.C., Schaap L.A., Lips P. and Drent M.L.
(2018). The relationship between serum IGF-1, handgrip strength,
physical performance and falls in elderly men and women. Eur. J.
Endocrinol. 179, 73-84.

Vanhaecke T., Bretin O., Poirel M. and Tap J. (2022). Drinking water
source and intake are associated with distinct gut microbiota
signatures in US and UK Populations. J. Nutr. 152, 171-182.

Verzola D., Barisione C., Picciotto D., Garibotto G. and Koppe L. (2019).
Emerging role of myostatin and its inhibition in the setting of chronic
kidney disease. Kidney Int. 95, 506-517.

Vinel C., Lukjanenko L., Batut A., Deleruyelle S., Pradére J., Gonidec
S.L., Dortignac A., Geoffre N., Péreira O., Karaz S., Lee U., Camus
M., Chaoui K., Mouisel E., Bigot A., Mouly V., Vigneau M., Pagano
A., Chopard A, Pillard F., Guyonnet S., Cesari M., Burlet-Schiltz O.,
Pahor M., Feige J.N., Vellas B., Valet P. and Dray C. (2018). The
exerkine apelin reverses age-associated sarcopenia. Nat. Med. 24,
1360-1371.

Walsh M., Bhattacharya A., Sataranatarajan K., Qaisar R., Sloane L.,
Rahman M., Kinter M. and Van Remmen H. (2015). The histone
deacetylase inhibitor butyrate improves metabolism and reduces
muscle atrophy during aging. Aging Cell. 14, 957-970.

Walston J.D. (2015). Connecting age-related biological decline to frailty
and late-life vulnerability. In: Nestlé Nutrition Institute Workshop
series. pp 1-10.

Wang Y., Liu X., Hou L., Wu W., Zhao S. and Xiong Y. (2016).
Fibroblast growth factor 21 suppresses adipogenesis in pig
intramuscular fat cells. Int. J. Mol. Sci. 17, 11.

Wang T., Yao W., He Q., Shao Y., Zheng R. and Huang F. (2018). L-
leucine stimulates glutamate dehydrogenase activity and glutamate
synthesis by regulating mTORC1/SIRT4 pathway in pig liver. Anim.
Nutr. 4, 329-338.

Wang S., Yu Y. and Adeli K. (2020). Role of gut microbiota in



1424

Gut microbiota and sarcopenia

neuroendocrine regulation of carbohydrate and lipid metabolism via
the microbiota-gut-brain-liver axis. Microorganisms 8, 527.

Wen T., Mao C. and Gao L. (2022). Analysis of the gut microbiota
composition of myostatin mutant cattle prepared using
CRISPR/Cas9. PLoS One 17, €0264849.

West N. (2019). Coordination of immune-stroma crosstalk by IL-6 family
cytokines. Front. Immunol. 10, 1093.

Winbanks C.E., Weeks K.L., Thomson R., Sepulveda P.V., Beyer C.,
Qian H., Chen J.L., Allen J.M., Lancaster G.l., Febbraio M.A.,
Harrison C.A., McMullen J.R., Chamberlain J.S. and Gregorevic P.
(2012). Follistatin-mediated skeletal muscle hypertrophy is regulated
by Smad3 and mTOR independently of myostatin. J. Cell Biol. 197,
997-1008.

Winbanks C.E., Chen J., Qian H., Liu Y., Bernardo B.C., Beyer C., Watt
K.l.,, Thomson R., Connor T., Turner B.J., McMullen J.R., Larsson
L., McGee S.L., Harrison C.A. and Gregorevic P. (2013). The bone
morphogenetic protein axis is a positive regulator of skeletal muscle
mass. J. Cell Biol. 203, 345-357.

Wischhusen J., Melero I. and Fridman W. (2020). Growth/differentiation
factor-15 (GDF-15): From biomarker to novel targetable immune
checkpoint. Front. Immunol. 11, 951.

Wu C., Wei Q., Wang H., Kim D.M., Balderas M., Wu G., Lawler J.M.,
Safe S., Guo S., Devaraj S., Chen Z. and Sun Y. (2020). Protective
effects of ghrelin on fasting-induced muscle atrophy in aging mice.
Gerontol. A. Biol. Sci. Med. Sci. 75, 621-630.

Wysocka M., Pietraszek-Gremplewicz K. and Nowak D. (2018). The role
of Apelin in cardiovascular diseases, obesity and cancer. Front.
Physiol. 9, 557.

Xiao M., Lin L., Chen H., Ge X., Huang Y., Zheng Z., Li S., Pan Y., Liu
B. and Zeng F. (2020). Anti-fatigue property of the oyster
polypeptide fraction and its effect on gut microbiota in mice. Food
Funct. 11, 8659-8669.

Xie D., Shen Y.L., Su E., Du L., Xie J. and Wei D. (2022). The effects of
angiotensin I-converting enzyme inhibitory peptide VGINYW and the
hydrolysate of a-lactalbumin on blood pressure, oxidative stress and
gut microbiota of spontaneously hypertensive rats. Food Funct. 13,
2743-2755.

Xu C.-L., Sun R., Qiao X.-J., Xu C.-C., Shang X.-Y., Niu and W.-N.
(2014). Protective effect of glutamine on intestinal injury and
bacterial community in rats exposed to hypobaric hypoxia
environment. World J. Gastroenterol. 20, 4662-4674.

Xu L., Cui W., Zhou W,, Li D., Li L., Zhao P., Mo X., Zhang Z. and Gao
J. (2017). Activation of Wnt/B-catenin signalling is required for TGF-
B/Smad?2/3 signalling during myofibroblast proliferation. J. Cell. Mol.
Med. 21, 1545-1554.

Xu B., Fu J., Qiao Y., Cao J., Deehan E.C., Zhi L., Jin M., Wang X. and
Wang Y. (2021a). Higher intake of microbiota-accessible
carbohydrates and improved cardiometabolic risk factors: a meta-
analysis and umbrella review of dietary management in patients with
type 2 diabetes. Am. J. Clin. Nutr. 113, 1515-1530.

Xu Y., Liu X., Liu X., Chen D., Wang M., Jiang X. and Xiong Z. (2021b).
The roles of the gut microbiota and chronic Low-Grade inflammation
in older adults with frailty. Front. Cell. Infect. Microbiol. 11, 675414.

Xu J., Wan C.S., Ktoris K., Reijnierse E.M. and Maier A.B. (2022).
Sarcopenia is associated with mortality in adults: A systematic
review and meta-analysis. Gerontology 68, 361-376.

Yan H. and Ajuwon K.M. (2017). Butyrate modifies intestinal barrier
function in IPEC-J2 cells through a selective upregulation of tight
junction proteins and activation of the Akt signaling pathway. PLoS

One 12, e0179586.

Yan J. and Charles J.F. (2018). Gut microbiota and IGF-1. Calcif. Tissue
Int. 102, 406-414.

Yan H., Diao H., Xiao Y., Li W., Yu B., He J., Yu J., Zheng P., Mao X.,
Luo Y., Zeng B., Wei H. and Chen S. (2016a). Gut microbiota can
transfer fiber characteristics and lipid metabolic profiles of skeletal
muscle from pigs to germ-free mice. Sci. Rep. 6, 31786.

Yan J., Herzog J., Tsang K., Brennan C.A., Bower M.A., Garrett W.S.,
Sartor B.R., Aliprantis A.O. and Charles J.F. (2016b). Gut microbiota
induce IGF-1 and promote bone formation and growth. Proc. Natl.
Acad. Sci. USA 113, E7554-E7563.

Yan X., Zhang H., Lin A. and Su Y. (2022). Antagonization of ghrelin
suppresses muscle protein deposition by altering gut microbiota and
serum amino acid composition in a pig model. Biology 11,
840.

Yang A., Lv Q., Chen F., Wang Y., Liu Y., Shi W, Liu Y. and Wang D.
(2020). The effect of vitamin D on sarcopenia depends on the level
of physical activity in older adults. J. Cachexia Sarcopenia Muscle
11, 678-689.

Ying L., Yao Y., Lv H.,, Lu G., Zhang Q., Yang Y. and Zhou J. (2022a).
IL-17A contributes to skeletal muscle atrophy in lung cancer-induced
cachexia via JAK2/STAT3 pathway. Am. J. Physiol. Cell Physiol.
322, C814-C824.

Ying L., Zhang Q., Yang Y.M. and Zhou J.Y. (2022b). A Combination of
Serum Biomarkers in Elderly Patients with Sarcopenia: A Cross-
Sectional Observational Study. Int. J. Endocrinol. 2022, 4026940.

Yin Q., Brameld J.M., Parr T. and Murton A.J. (2020). Leucine and
mTORc1 act independently to regulate 2-deoxyglucose uptake in L6
myotubes. Amino Acids 52, 477-486.

Yoo J., Choi H., Song S., Park K., Lee D. and Ha Y. (2018).
Relationship between water intake and skeletal muscle mass in
elderly Koreans: A nationwide population-based study. Nutrition 53,
38-42.

Yoo J.Y., Groér M., Dutra S.V.O., Sarkar A. and McSkimming D. (2020).
Gut microbiota and immune system interactions. Microorganisms 8,
1587.

Yu K. and Hsiao E.Y. (2021). Roles for the gut microbiota in regulating
neuronal feeding circuits. J. Clin. Invest. 131, e143772.

Yu R., Chen J., Xu J., Cao J., Wang Y., Thomas S.S. and Hu Z. (2017).
Suppression of muscle wasting by the plant-derived compound
ursolic acid in a model of chronic kidney disease. J. Cachexia
Sarcopenia Muscle. 8, 327-341.

Zaragoza-Garcia O., Castro-Alarcon N., Pérez-Rubio G. and Guzman-
Guzméan 1.P. (2020). DMARDs-Gut microbiota feedback:
implications in the response to therapy. Biomolecules 10, 1479.

Zeisel S.H. and Warrier M. (2017). Trimethylamine N-oxide, the
microbiome and heart and kidney disease. Annu. Rev. Nutr. 37,
157-181.

Zhang T., Cheng J. and Hu Y. (2022). Gut microbiota as a promising
therapeutic target for age-related sarcopenia. Ageing Res. Rev. 81,
101739.

Zhao J., Zhang X., Liu H., Brown M.A. and Qiao S. (2019a). Dietary
protein and gut microbiota composition and function. Curr. Protein
Pept. Sci. 20, 145-154.

Zhao C., Li L., Liu Q., Li F., Zhang L., Zhu F., Shao T., Barve S., Chen
Y., Li X., McClain C. J. and Feng W. (2019b). Fibroblast growth
factor 21 is required for the therapeutic effects of Lactobacillus
rhamnosus GG against fructose-induced fatty liver in mice. Mol.
Metab. 29, 145-157.



1425

Gut microbiota and sarcopenia

Zhao J., Huang Y. and Yu X. (2021). A narrative review of gut-muscle
axis and sarcopenia: The potential role of gut microbiota. Int. J. Gen.
Med. 14, 1263-1273.

Zhou W., Cheng Y., Zhu P., Nasser M.I., Zhang X. and Zhao M. (2020).
Implication of gut microbiota in cardiovascular diseases. Oxid. Med.
Cell. Longev. 2020, 1-14.

Ziemka-Natecz M., Jaworska J., Sypecka J., Polowy R., Filipkowski R.K.
and Zalewska T. (2017). Sodium butyrate, a histone deacetylase
inhibitor, exhibits neuroprotective/neurogenic effects in a rat model
of neonatal hypoxia-ischemia. Mol. Neurobiol. 54, 5300-5318.

Accepted March 6, 2024



