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Abstract

Gut microbiome plays an important role in several metabolic, immune, and inflammatory pathways; however, there is limited
evidence for its role in body composition and musculoskeletal health. Sarcopenia, defined as a loss of skeletal muscle mass
and function, and obesity, can co-exist in a condition known as sarcopenic obesity. This condition is highly prevalent among
older adults, hence increasing the risk of negative health implications such as metabolic dysfunction, chronic inflammation,
reduced physical performance, and poor quality of life. These age-related conditions are closely associated with alterations
to the gut microbiome, including microbial profiles and a reduction in beneficial metabolites such as short-chain fatty acids
(SCFAs). Probiotic, prebiotic, and synbiotic interventions are therefore emerging as promising strategies to improve the gut
microbiome by enhancing microbial diversity and restoring microbial communities. This review utilizes current evidence on
the impact of these interventions on gut microbiota composition, inflammatory and metabolic biomarkers, body composi-
tion, and functional outcomes in older adults with sarcopenia, obesity, and sarcopenic obesity. Probiotics, containing live
beneficial microorganisms, have shown potential in enhancing SCFA production, reducing inflammation, and improving
insulin sensitivity. Prebiotics are non-digestible fibers that selectively activate the growth of beneficial gut bacteria, further
supporting gut health by proliferating the growth of SCFA-producing bacteria. Synbiotics, a combination of probiotics and
prebiotics, provide a synergistic approach to gut health, accounting for the microbial composition and functional capabil-
ity. Recent studies have demonstrated that probiotics, prebiotics, and synbiotics may reduce inflammation and improve
muscle mass and strength among older adults with sarcopenia, obesity, and sarcopenic obesity. These interventions have
the potential in mitigating obesity-related metabolic dysfunction and inflammation, particularly in individuals with sarco-
penic obesity. Although, preclinical studies in mice exhibit beneficial effects, clinical studies in older adults remain limited,
with heterogeneity of study design, intervention types, and outcome measures. This review highlights the need for robust,
well-designed clinical trials to understand the mechanistic and molecular pathways through which probiotic, prebiotic, and
synbiotic supplementation may modulate the gut microbiome and improve musculoskeletal health among older adults. These
interventions may provide innovative, non-invasive therapeutic strategies for managing sarcopenia, obesity, and sarcopenic
obesity, ultimately contributing to healthier aging and improved quality of life of older adults. This review also underscores
the potential of microbiome-targeted interventions for aging populations, highlighting the need for further research.
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Introduction

Older adults are at increased risk of chronic health condi-
tions including sarcopenia (defined as a loss of skeletal
muscle mass and function), obesity, and sarcopenic obe-
sity (defined as the comorbid presence of sarcopenia and
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obesity) [1-3]. Age-associated declines in muscle mass
and increases in fat mass may contribute to an increased
risk of metabolic dysfunction [4—6]. Sarcopenia affects
approximately 10% of adults aged 50 years and older,
with its prevalence increasing to over 50% in individuals
aged 60 years and older [7—11]. Obesity is another condi-
tion that is highly prevalent in aging populations, affect-
ing over 40% of older adults globally [12]. Sarcopenic
obesity is associated with a two- to threefold increased
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risk of disability, reduced quality of life, and premature
mortality [13—15]. These conditions are influenced by sev-
eral multifactorial processes, such as increased inflamma-
tion, metabolic abnormalities, and age-related hormonal
changes [16, 17].

Recent evidence suggests that the gut microbiome is a
dynamic community comprised of approximately 100 tril-
lion microorganisms residing in the gastrointestinal tract,
playing a pivotal role in the human body [18-20]. In older
adults, age-related shifts in gut microbiota are commonly
observed and are characterized by reduced alpha diver-
sity, decline in beneficial taxa, and an increased presence
of pathogenic microbes. These changes are associated with
increased risk of chronic low-grade inflammation, impaired
insulin sensitivity, and anabolic resistance [21, 22] contrib-
uting to muscle loss and fat accumulation, increasing the risk
of sarcopenic obesity. Emerging studies in older adults with
sarcopenic obesity have demonstrated distinct differences
in gut microbiota diversity and composition compared to
healthy counterparts [23-25].

Moreover, aging is associated with a decline in gut micro-
biota abundance and diversity, particularly an observed
reduction in short-chain fatty acid (SCFA)-producing bac-
terial strains such as butyrate, acetate, and propionate, which
are crucial for the maintenance of muscle function and over-
all metabolic health [18, 26]. This reduction in these SCFAs
which is likely driven by a loss of beneficial microbial spe-
cies, negatively impacts gut barrier integrity, inflammation
regulation, and energy metabolism, thereby contributing to
increased risk of developing sarcopenia, obesity, sarcopenic
obesity, and metabolic dysfunction in older adults [27].

Given the gut microbiome’s critical role in overall health,
research and clinical interventions aimed at its modulation are
increasing [28, 29]. Probiotics, prebiotics, and synbiotics are
among the most commonly investigated approaches shown to
regulate gut microbiota composition and function, improving
metabolic health, such as insulin sensitivity and lipid metabo-
lism, and musculoskeletal health outcomes, including bone
mineral density and muscle mass and strength [30]. Probiotics
are live microorganisms that are associated with several health
benefits including enhanced gut barrier function, reduced
inflammation, and increased production of SCFAs that pro-
mote muscle health [31]. Prebiotics are indigestible dietary
fibers that selectively promote the growth of beneficial gut
bacteria, improving microbial diversity and metabolic function
[32]. Synbiotics are a combination of probiotics and prebiot-
ics, creating a synergistic effect as they are simultaneously
providing live microorganisms and the substrates needed to
thrive [33]. Additionally, emerging evidence supports postbi-
otics, which are non-viable microbial cells conferring several
health benefits to the host. However, since there is currently
limited availability of studies specifically targeting postbiotics
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among older adults with sarcopenia and sarcopenic obesity,
this review does not discuss postbiotics in detail.

Despite encouraging results from pre-clinical studies, the
specific effects of these interventions on the gut microbi-
ome and their roles on muscle health, body composition,
and metabolic outcomes in older adults remain poorly estab-
lished [30]. With an aging population, there is a greater need
to have an understanding of these relationships, particularly
in the context of sarcopenia, obesity, and sarcopenic obesity
[34]. A recent meta-analysis provided an important founda-
tion on the effects of probiotic supplementation on overall
muscle outcomes including muscle mass, strength and lean
body mass across randomized controlled trials [35]. Interac-
tions between the gut microbiota and skeletal muscle, along
with gut-mediated metabolic regulation, may therefore have
therapeutic potential for mitigating these conditions. How-
ever, this meta-analysis was primarily focused on overall
probiotic effects without distinguishing underlying health
conditions, microbiota profiles, or the combined metabolic
and muscular impairments [35].

This narrative review critically evaluates existing evi-
dence on the effects of probiotic, prebiotic, and synbiotic
supplementation on the gut microbiome in older adults with
sarcopenia, obesity, and sarcopenic obesity. Through the
synthesis of existing literature, this review aims to provide
a foundation for future research and inform targeted thera-
peutic strategies to address these important health challenges
in aging populations.

Methodology

This narrative review was based on a literature search of
PubMed and Scopus databases up to October 2025. The
search included combinations of the terms “probiotic,”
“prebiotic,” “synbiotic,” “gut microbiome,” “sarcopenia,”
“obesity,” “sarcopenic obesity,” and “older adults.” Only
human studies published in English were considered, with a
focus on trials or observational studies evaluating the effects
of these interventions on the gut microbiota in older adults
with sarcopenia, obesity, or sarcopenic obesity. In addition
to database searches, we examined the reference lists of rel-
evant published articles to identify further studies. Relevant
articles were selected based on their relevance to the topic,
and the findings were summarized narratively to identify key
mechanisms and trends.

99 < 99 <

Sarcopenia, obesity, and sarcopenic obesity
in older adults

The global prevalence of obesity, sarcopenia, and sarcopenic
obesity among older adults (aged > 65 years) is rising sig-
nificantly, challenging healthcare systems worldwide [36,
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37]. In 2021, the global prevalence of sarcopenic obesity
was 11% and is expected to increase with the aging of the
population [37]. The individual and combined impacts of
obesity and sarcopenia on health outcomes are particularly
important in relation to musculoskeletal health as they have
a significant economic burden [38].

Obesity

Obesity is a chronic condition characterized by excessive
adiposity increasing the risk of compromised physical
health, metabolic function, and overall quality of life [39].
Obesity is commonly defined as a body mass index (BMI >
30 kg/m?) according to the World Health Organization clas-
sification [40]. Additionally, obesity can also be defined in
terms of body fat percentage, assessed through dual-energy
X-ray absorptiometry (DXA) or bioimpedance [41, 42].

Obesity is a major public health concern, with pro-
jected steady increase in prevalence, particularly among
older adults [43-45]. Older adults with obesity are at an
increased risk of developing severe musculoskeletal and
metabolic health issues which may lead to an increased
risk of falls and subsequent fractures, osteoarthritis, sarco-
penia, functional impairment, cardiovascular disease, can-
cer, and type 2 diabetes mellitus [12, 46]. This underscores
the increased healthcare needs of older adults with obesity,
therefore emphasizing the importance of implementing tar-
geted interventions to improve health outcomes and reduce
overall healthcare costs.

Sarcopenia

Sarcopenia is defined as an age-associated progressive
loss of skeletal muscle mass, strength, and function [47].
Recently, a global consensus conceptual definition has been
established through the Global Leadership Initiative on
Sarcopenia (GLIS), but there is currently no universally-
accepted operational definition [4]. The three most widely
accepted operational definitions of sarcopenia are the revised
European Working Group on Sarcopenia in Older People
(EWGSOP2), the Sarcopenia Definition and Outcomes Con-
sortium (SDOC), and the Asian Working Group for Sarcope-
nia (AWGS) [48-50]. These definitions of sarcopenia reflect
differing priorities on the diagnosis and characterization of
sarcopenia. The lack of consensus for an operational defini-
tion of sarcopenia heightens the complexity of its diagno-
sis. Regardless of the definition, sarcopenia remains highly
prevalent (up to 10-30%) in community-dwelling older
adults contributing significantly to physical disability, falls
and subsequent fractures, and diminished quality of life [4,
51, 52]. Several studies have shown that different sarcopenia
definitions lead to varying prevalence estimates and have dif-
ferent abilities to predict adverse outcomes [53-55]. Recent

studies in older women have demonstrated that sarcopenia
definitions vary in their ability to predict fractures and inju-
rious falls [56, 57]. These findings suggest that definitions
incorporating physical function are more clinically relevant
for identifying individuals at greater risk and guiding tar-
geted interventions [56, 57].

Sarcopenic obesity

Sarcopenic obesity is projected to increase in prevalence as
both obesity and sarcopenia rates are growing substantially
in aging populations [2]. However, due to the lack of a uni-
versally accepted operational definition for sarcopenia, there
is conflicting evidence surrounding the prevalence and etiol-
ogy of sarcopenic obesity [58]. The European Society for
Clinical Nutrition and Metabolism (ESPEN) and the Euro-
pean Association for the Study of Obesity (EASO) definition
of sarcopenic obesity combines low muscle mass and mus-
cle strength with high fat mass, but its application remains
inconsistent across studies [59, 60]. The pathophysiology
of sarcopenic obesity is thought to involve a combination
of poor lifestyle behaviors, chronic inflammation, hormo-
nal dysregulation, and metabolic factors, which creates a
“vicious cycle” of deteriorating body composition and func-
tion [47]. Targeted interventions are therefore required to
address both muscle loss and increased adiposity in older
adults with sarcopenic obesity. Recent evidence supports
lifestyle interventions focussing on resistance training and
diet for the management and reduction of sarcopenic obesity
[61, 62].

Gut microbiome and its role in health

The gut microbiome, a dynamic and complex ecosystem of
trillions of microorganisms, plays a vital role in maintain-
ing overall health [63]. This microbial community regulates
various vital physiological processes, including nutrient
absorption, energy metabolism, immune function, and the
synthesis of bioactive compounds [64]. However, aging is
also accompanied by series of changes in the gut microbi-
ome, that can have crucial negative impacts on health out-
comes [64]. Within the scope of this study, unhealthy aging,
defined as chronic low-grade inflammation, anabolic resist-
ance, reduced mobility, and functional decline is associated
with gut microbiota alterations, including an expansion of
potentially pathogenic taxa (Table 1) [77, 78]. Conversely,
healthy aging is associated with the maintenance of healthy
bacteria (Table 1) [63, 72, 79]. These changes are a result
of age-associated dietary shifts, reduced physical activity,
increased medication use, and a weakened immune system
[63]. These gut microbiota alterations may contribute to
several age-related conditions, including chronic low-grade
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inflammation, also known as inflammaging, which is a key
contributor to sarcopenia, obesity, and metabolic dysfunc-
tion [63].

In older adults, the gut microbiome exerts its effects pre-
dominantly through the production of microbial metabolites
[63]. SCFAs, such as butyrate, acetate, and propionate have
a key role in supporting gut barrier integrity, maintain-
ing immune balance, and providing energy to host tissues
[63, 64]. Aging is nevertheless associated with a signifi-
cant reduction in SCFA production that increases intestinal
permeability and systemic inflammation and impairs mus-
cle anabolism [31, 64]. Additionally, alterations in the gut
microbiota can disrupt bile acid metabolism by impairing
the conversion of primary to secondary bile acids, affecting
digestion and metabolic regulation [80]. This imbalance fur-
ther reduces the production of neurotransmitters such as ser-
otonin, which plays a key role in metabolic function and
musculoskeletal health [80]. These disruptions contribute to

overall metabolic dysfunction and compromised bone and
muscle health [80].

The gut microbiome also plays a key role in regulating
muscle health through the gut-muscle interaction [64]. It
is a bidirectional communication system involving multiple
signaling pathways mediated by bacteria, SCFAs, cytokines,
and other microbial metabolites, which could affect muscle
protein synthesis, mitochondrial function, and muscle repair
[64, 81]. These pathways are disrupted by alterations in the
gut microbiota, contributing to anabolic resistance, muscle
atrophy, and physical decline, which is commonly observed
in individuals with sarcopenia [81].

In obesity, alterations in the gut microbiota exacerbate
energy imbalance and adiposity through increased energy
extraction from food, promotion of lipogenesis, and acti-
vation of pro-inflammatory pathways [82]. Some of the
bacterial taxa that have been implicated in obesity include
Firmicutes (e.g., Lactobacillus, Clostridium coccoides,

Table 1 Gut microbiota changes associated with unhealthy and healthy aging and their roles in gut health

Bacterial taxa Association Role in gut health

with aging
Unhealthy aging
Proteobacteria [65] Increased Potentially harmful, associated with inflammation and gut dysbiosis
Eggerthella [66] Increased Involved in metabolism of amino acids, but overgrowth may contribute to harmful effects
Bacteroides fragilis [67] Increased Associated with gut inflammation and disruption of intestinal barrier function
Clostridium hathewayi [68] Increased Linked with gut dysbiosis and inflammation
Clostridium bolteae [68] Increased May promote inflammatory responses in the gut
Clostridium clostridioforme [68]  Increased Potential to induce inflammation and disrupt gut microbiome balance
Clostridium cindens [68] Increased Implicated in gut dysbiosis and gut-related diseases
Ruminococcus torques [69] Increased Associated with gut inflammation
Ruminococcus gnavus [69] Increased Potentially harmful in high amounts, may contribute to intestinal inflammation
Coprobacillus [66] Increased Linked to dysbiosis and gut-related diseases
Streptococcus [70] Increased Associated with an imbalance in the gut microbiome and inflammation
Clostridioides difficile [T1] Increased Harmful pathogen causing gut infections and inflammation
Bilophila [72] Increased Associated with inflammatory diseases and metabolic disturbances
Actinomyces [73] Increased Associated with gum disease and may be involved in gut inflammation
Desulfovibrio Increased Contributes to gut inflammation and may affect gut integrity
Campylobacter [74] Increased Known to cause gastrointestinal infections and disrupt gut homeostasis
Atopobiaceae [75] Increased May influence immune responses and gut dysbiosis
Veillonella [76] Increased Linked with gut inflammation and metabolic disorders
Enterococcus [24] Increased Contributes to gut inflammation and dysbiosis
Enterobacteriaceae [24] Increased Associated with gut dysbiosis and inflammation
Healthy aging
Bifidobacterium [68] Preserved Contributes to gut homeostasis and digestion, beneficial for immune function
Faecalibacterium prausnitzii [18]  Preserved Anti-inflammatory, produces butyrate and promotes gut health and metabolic balance
Roseburia [72] Preserved Beneficial for gut health, produces butyrate and propionate (an anti-inflammatory SCFA)
Coprococcus [72] Preserved Produces SCFAs (butyrate) and acetate, important for maintaining gut health and homeostasis
Prevotella [66] Preserved Beneficial for gut health, involved in fiber metabolism and anti-inflammatory effects
Akkermansia [66] Preserved Supports gut barrier function, promotes gut health, and prevents inflammation

SCFA, short-chain fatty acids
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Eubacterium rectale), Proteobacteria (e.g., Enterobacte-
riaceae), and Bacteroides spp., which have been associated
with increased caloric uptake and metabolic inflammation
[68, 83]. Conversely, decreased abundance of beneficial bac-
teria such as Akkermansia muciniphila and Bifidobacterium
have been associated with dysregulated gut barrier function
and increased systemic inflammation, further contributing
to obesity-related metabolic dysfunction [84, 85]. These
effects, coupled with the decline in microbial diversity and
beneficial taxa, increase the risk of developing sarcopenic
obesity in older adults [86]. Targeted interventions that mod-
ulate the gut microbiota therefore hold significant promise
in reversing the adverse effects of aging on the gut-muscle
interactions and metabolic health.

Microbiome alterations in sarcopenia, obesity,
and sarcopenia obesity

The gut microbiome plays a critical role in regulating several
metabolic processes, and the associated age-related micro-
biome alterations are significant determinants of the patho-
physiology of sarcopenia, obesity, and sarcopenic obesity
in older adults (Table 4) [25, 88, 90-93]. Recent systematic
reviews have demonstrated evidence linking gut micro-
biota with sarcopenia and sarcopenic obesity, highlighting
microbial alterations, inflammation, and altered metabolite
profiles [91, 92]. This review contributes novel insights by
integrating mechanistic relationships, focusing on SCFAs,
and host-microbe relationships from both preclinical and
human studies. Additionally, this review highlights under-
explored areas such as the implications for precision-based
interventions in older adults.

In disrupted gut environments, pathobionts, such as those
belonging to the Enterobacteriaceae family, proliferate at
the expense of beneficial bacteria [94]. This overgrowth
increases gut permeability, allowing endotoxins, including
lipopolysaccharides (LPS), to enter the circulation [94]. The
resultant elevated LPS levels contribute to a state of chronic
low-grade inflammation, or metabolic endotoxemia, a hall-
mark of obesity, sarcopenic obesity, and age-related muscle
decline [18, 95]. This inflammatory state is characterized by
the release of pro-inflammatory cytokines, including tumor
necrosis factor-alpha (TNF-alpha), interleukin-6 (IL-6), and
C-reactive protein (CRP), which aggravate muscle catabo-
lism, impair anabolic signaling, and augment the progres-
sion of sarcopenia and metabolic dysfunction [96, 97].

An altered Firmicutes-to-Bacteroidetes ratio may be a
prominent feature of gut microbiota compositional shifts asso-
ciated with obesity and related metabolic disorders. However,
its use as a biomarker of microbial imbalance remains contro-
versial due to inconsistent findings across recent studies [98].
The Firmicutes species, particularly those with enhanced
energy-harvesting capacity, contribute to the overproduction

of SCFAs, such as acetate and butyrate [99]. Although SCFAs
are critical for gut health well-being and energy metabolism,
their excessive production in an obesogenic environment can
lead to increased caloric absorption and fat deposition [100].
This “calorie harvesting” effect exacerbates the positive energy
balance, contributing to weight gain and further exacerbat-
ing metabolic challenges in sarcopenic obesity [100]. Besides
energy harvesting, SCFAs also regulate satiety through the
modulation of gut hormones such as peptide YY (PYY) and
glucagon-like peptide-1 (GLP-1) [101]. Additionally, insuffi-
cient butyrate production can impair PYY and GLP-1 sign-
aling, leading to appetite dysregulation, overeating, and fur-
ther energy imbalance [102]. This disruption is particularly
concerning among older adults with obesity and sarcopenic
obesity, potentially exacerbating both adiposity and muscle
decline [102]. Furthermore, the gut microbiome also influ-
ences adipogenesis by regulating lipogenesis and fat stor-
age pathways [102]. Microbial-derived metabolites, includ-
ing SCFAs, secondary bile acids, and LPS, also have direct
impacts on adipocyte differentiation and function [102]. This
metabolic dysregulation is further affected by chronic inflam-
mation that creates a vicious cycle supporting both adipogen-
esis and metabolic dysfunction in sarcopenic obesity.

Taxonomic alterations in the gut microbiome of older
adults with sarcopenia, obesity, and sarcopenic obesity are
characterized by a reduction in beneficial microbes, such
as Bifidobacterium spp., Faecalibacterium prausnitzii, and
Akkermansia muciniphila [18]. These bacteria are vital for
maintaining gut barrier integrity, producing anti-inflamma-
tory metabolites, and regulating metabolic homeostasis [18].
Conversely, there is an increased abundance of opportunistic
pathogens and pro-inflammatory taxa, such as Enterobac-
teriaceae, Clostridium spp., and Proteobacteria [69, 103,
104]. This shift towards a pro-inflammatory microbial pro-
file exacerbates gut permeability, metabolic endotoxemia,
and systemic inflammation, further promoting sarcopenia
and metabolic dysfunction.

In addition to taxonomic alterations, there are also func-
tional changes in the gut microbiome playing a significant
role in these conditions. Disruptions to the gut microbiota
can lead to a reduction in SCFA production, depriving the
host of essential metabolites such as butyrate, propionate,
and acetate [92, 105]. These metabolites are crucial for
gut health, energy metabolism, and inflammation regula-
tion [105]. Altered microbial communities may also exhibit
upregulation of genes involved in LPS biosynthesis, leading
to increased systemic endotoxemia and inflammation [106].

Metabolomic profile in sarcopenia, obesity,
and sarcopenic obesity

In sarcopenia, metabolomic studies have highlighted
reductions in metabolites that are favorable for muscle
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health, including amino acids like branched-chain amino
acids (BCAAs) and glutamine, as well as lipids involved in
energy metabolism [51]. Similarly, obesity and sarcopenic
obesity both are linked to elevated levels of lipid metabo-
lites indicative of dysregulated fat metabolism, such as
ceramides and long-chain fatty acids, alongside increased
pro-inflammatory mediators and decreased SCFAs [51].
The metabolomic profiles of sarcopenic obesity are par-
ticularly complex, reflecting the compounded effects of
adiposity-induced inflammation and muscle catabolism.

The gut microbiome plays a pivotal role in determining
circulating metabolomic profiles through the production
of metabolites such as SCFAs, secondary bile acids, and
microbial-derived amino acids [107]. In sarcopenia, obe-
sity, and sarcopenic obesity, alterations in the gut microbi-
ota disrupt the production of these beneficial metabolites,
while promoting the generation of harmful metabolites
like LPS, which trigger systemic inflammation [107].
This interplay illustrates the potential of targeting the gut
microbiome to modulate metabolomic pathways and miti-
gate the progression of these conditions.

In sarcopenia, plasma metabolomic profiles often show
reduced levels of SCFAs, particularly butyrate and pro-
pionate, which are crucial for anti-inflammatory effects,
energy metabolism, and muscle protein synthesis [27].
Reduced gut microbiota diversity and the depletion of
beneficial SCFA-producing microbes such as Faecali-
bacterium prausnitzii and Roseburia are associated with
lower SCFA levels [108]. Additionally, reduced circulat-
ing levels of essential amino acids, particularly BCAAs,
may impair muscle protein synthesis, further exacerbating
muscle loss in sarcopenia [109].

Obesity and sarcopenic obesity are also characterized
by elevated levels of circulating LPS, secondary bile acids,
and metabolites associated with insulin resistance, such as
BCAAs and aromatic amino acids (e.g., phenylalanine and
tyrosine) [18, 110]. Elevated LPS, derived from the outer
membrane of gram-negative bacteria, is a crucial driver
of metabolic endotoxemia and systemic inflammation
[105, 110]. Secondary bile acids, produced by altered gut
microbiota, can enhance inflammation and disrupt glucose
metabolism, resulting in adiposity and insulin resistance
[111].

Moreover, the accumulation of lipid-derived metabo-
lites, including ceramides and acylcarnitines, are com-
monly observed in obesity and sarcopenic obesity [112].
These metabolites are associated with mitochondrial
dysfunction, impaired fatty acid oxidation, and inflam-
mation, which have negative impacts on both muscle and
overall metabolic health. Reduced levels of plasma anti-
oxidants and increased oxidative stress markers further
indicate heightened metabolic stress in these populations.
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Impact of probiotics, prebiotics,
and synbiotics in sarcopenia, obesity,
and sarcopenic obesity

Evidence from animal studies

The association between the gut microbiota and compo-
nents of sarcopenia is an emerging field of research, in
which, causative results have been derived primarily from
preliminary studies in mice, supporting a gut-muscle axis
[30, 113, 114]. For instance, faecal samples from older
adults with high and low physical function transferred into
germ-free mice to assess the microbiome’s causative role
demonstrated increased grip strength (by 6.4%) in high
functioning-colonized mice compared to low functioning-
colonized mice at 1-month follow-up [113]. However, lean
mass and endurance capacity did not differ between the
two groups of mice, despite variations in microbiota com-
position from different human donors [113]. Regarding
gut bacteria, Prevotellaceae, Prevotella, Barnesiella, and
Barnesiella intestinihominis were consistently higher in
high functioning adults and mice compared to low func-
tioning counterparts [113]. These taxa may influence mus-
cle function through their role in fermenting dietary fiber
into SCFAs, such as propionate and butyrate, which have
been associated with anti-inflammatory effects, improving
energy metabolism, and muscle protein synthesis.
Furthermore, faecal sample transplantation from indi-
viduals with sarcopenia undergoing hemodialysis into
antibiotic-treated mice for 3 weeks exhibited reduced
muscle function, muscle mass, and intestinal Akkermansia
abundance compared to colonized mice with microbiota
from individuals without sarcopenia with haemodialysis
[113]. Additionally, metabolomic analysis further revealed
that Lachnoclostridium was inversely correlated with mus-
cle endurance, while increased Coprobacillus was nega-
tively correlated with physical performance [113]. More
recently, another study investigated whether the phenotype
of reduced bone and lean mass in old mice (21 months
old) could be transferred to young (5 months old), healthy
mice via gut microbiota transplantation [115]. Germ-free
mice were colonized with gut microbiota from the older or
young adult donors and although microbial species from
old mice did not significantly affect bone mass or muscle
strength, a reduction of lean mass was observed after 5
weeks of colonization [115]. These findings demonstrate
that not all studies consistently report improvements in
muscle function, therefore suggesting that specific micro-
bial strains may have differing effects. Reduced cecal pro-
pionate production and the absence of Bacteroides ovatus,
a bacterium enriched in young donor germ-free mice that
is associated with higher lean mass in mice and humans,
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were observed [115]. Moreover, an 8-week faecal micro-
biota transplantation (FMT) from young donor mice (12
weeks old) to aged mice (88 weeks old) significantly miti-
gated age-related muscle mass loss, reduced grip strength,
and functional decline [116]. These improvements were
assessed using magnetic resonance imaging (MRI) for
muscle mass, grip strength tests, rotarod performance, and
exhaustive running tests [115, 116]. Specifically, after 8
weeks, regeneration in both fast- and slow-twitch muscles,
increased myofiber cross-sectional area, and satellite cells
were also observed in conjunction with increases (e.g.,
Akkermansia, Lactobacillus) and reductions (e.g., Col-
linsella, indoxyl sulfate) in bacteria or metabolites [116].
In addition, transplanting microbiota from young mice
(5 weeks old) into 12- and 25-month-old mice improved
muscle fiber thickness and grip strength after 8 weeks
[117]. Gut bacteria enriched in the recipient older mice
from the young counterparts correlated with improved
fitness, for which, Muribaculaceae, Bacteroidaceae, and
Prevotellaceae were the most distinct species that changed
over time [117]. These findings highlight the potential of
young-derived microbiota to rejuvenate sarcopenia-related
decline in older rodent models by modulating microbial
composition [117].

Although, animal studies provide important insights into
the relationship between the gut microbiome and sarcopenia-
and obesity-related outcomes, these findings should be inter-
preted with caution when extrapolating to humans. Differ-
ences in microbiota composition, physiology, environmental
exposures, and complexities of human lifestyle may limit
direct translation from animal models to human settings.
Therefore, further evidence in humans is essential to validate
these underlying pathways and their therapeutic potential.

Evidence from human studies

In humans, several observational studies have demonstrated
a strong association between gut microbial composition and
reductions in physical function and inflammation in clinical
populations [118, 119]. In a recent study involving 1,821
older adults aged between 62 and 96 years, 18 microbial
species and 17 circulating metabolites were identified which
varied along a frailty index continuum [120]. Notably,
species such as Faecalibacterium prausnitzii and various
Clostridium species were inversely associated with frailty
severity, and a composite microbial signature significantly
predicted 2-year mortality (adjusted Hazard Ratio (HR) =
2.86; 95% CI 1.38-5.93) [120]. These findings underscore
the potential of gut microbiota as a biomarker and modifi-
able target in aging and frailty risk stratification. Addition-
ally, ongoing research is exploring whether microbial com-
munities may play a role in mediating the effects of exercise
in frail populations; however, most interventional studies

include the incorporation of dietary modification, particu-
larly via probiotics, prebiotics, and/or synbiotics [121].

A previous meta-analysis, including ten studies, demon-
strated significant improvements in muscle mass (standard-
ized mean difference (SMD) 0.42, p < 0.01) and overall
muscle strength (six studies: SMD 0.69, p < 0.01) following
probiotics compared to placebo [35]. However, caution is
warranted when interpreting these findings due to variabil-
ity in results, particularly in subgroup analyses. For exam-
ple in a subgroup analysis of adults with a mean age of 50
years, the effect on muscle mass did not reach statistical sig-
nificance (p = 0.09), despite demonstrating a modest clini-
cally meaningful improvement (SMD 0.41), which may be
explained by the high degree of variability [35]. In contrast,
handgrip strength showed a significant improvement (SMD
0.96, p < 0.01) based on data from only three studies [35].

Prebiotic supplementation, specifically 13 weeks of inulin
(3,375 mg) and fructooligosaccharides (FOS) (3,488 mg),
in adults over 65 years of age with frailty, resulted in sig-
nificant improvements in grip strength (right hand only) (p
= 0.04) and reduced feelings of exhaustion [32]. Although
this finding may indicate potential clinical relevance, it may
be explained due to statistical variation, and therefore should
be interpreted with caution. However, gait speed and the
Barthel Index, a surrogate measure of activities of daily liv-
ing, remained unchanged [32]. In a 12-week study involv-
ing community-dwelling Japanese individuals over 65 years,
inulin supplementation (5 g/day) resulted in no significant
changes in the upper- or lower-limb muscle strength or body
composition compared to placebo [122].

Moreover, synbiotic supplementation (probiotics and
6-g fructooligosaccharides) in older adults with dynapenia
(defined as an age-associated loss of muscle strength) did
not exhibit any effects on grip strength compared to pla-
cebo after 12 weeks of intervention, although there was
an observed reduction in body fat and fat-free mass [123].
These changes in body composition were reflective of a sig-
nificant change between groups pertinent to body weight,
suggesting that synbiotics may reduce body weight along-
side fat-free mass, without affecting upper body strength
[123]. In older adults with dynapenia, these results may lead
to unfavorable outcomes, as reductions in body weight and
fat-free mass are often associated with decreased physical
function, increased dependence, and higher mortality [123].
This suggests that such interventions may be more suitable
for individuals with obesity or metabolic syndrome [123].
Therefore, there is a need for caution when considering
synbiotic supplementation in this population, as it under-
scores the importance of preserving lean mass in interven-
tions aimed at improving musculoskeletal health in older
adults. In addition, synbiotic supplementation with calorie
restriction has also led to weight and body fat losses in older
adults with metabolic syndrome compared to placebo after

@ Springer
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12 weeks of intervention, without affecting lean mass [124].
These studies support the hypothesis of synbiotic supple-
mentation as a nutritional therapy that may be effective in
older adults with sarcopenic obesity rather than those with
sarcopenia or dynapenia alone.

Recent trials investigating these nutritional interventions
have demonstrated benefits for muscle health. Among older
individuals with osteoarthritis, 12 weeks of probiotics sup-
plementation (strains included Streptococcus thermophilus,
Bifidobacterium longum, Bifidobacterium breve, Lactobacil-
lus strains, and Lactobacillus delbrueckii) compared to pla-
cebo improved balance, grip strength, and gait speed [125,
126]. In older adults, 16 weeks of supplementation resulted
in positive changes in grip strength, skeletal muscle index,
and sarcopenia-related quality of life (SarQoL), while also
decreasing plasma zonulin, a marker of intestinal perme-
ability [126].

In addition, adults with knee osteoarthritis and obesity
on 6 months of prebiotic supplementation (oligofructose-
enriched inulin; 16 g/day) compared to placebo have resulted
in several positive changes, including a significant difference
in serum metabolites between groups [127]. Specifically,
there was an upregulation of phenylalanine and tyrosine
metabolism [127]. Additionally, reductions in trunk fat mass,
improvements in grip strength, 6-minute walking distance
(6MWD), and the timed-up-and-go test were also observed
[127]. Moreover, Bifidobacterium abundance was positively
correlated with both 6 MWD and grip strength [127]. Similar
benefits in gait speed and grip strength were observed in frail
older adults supplemented with inulin and oligofructose (15
g/day) compared to placebo for 12 weeks [128]. In the frail
group, Bifidobacterium and Blautia were negatively asso-
ciated with exhaustion and frailty scores, while Prevotella
showed positive correlations with both frailty and exhaus-
tion, suggesting a possible link to poorer physical function
[128]. In contrast, when a lower dosage of prebiotics (inulin
plus fructooligosaccharides; 7.5g/day) was supplemented in
older community-dwelling twins for 12 weeks, no effects
were observed on chair rising time, grip strength, or the
short physical performance battery (SPPB) test, despite an
increase in relative Bifidobacterium abundance [129]. These
findings suggest that a higher tolerated dosage may have
favorable effects on sarcopenia outcomes, while protecting
against fat-free mass and lean mass losses in individuals
with obesity. However, there is limited research on prebi-
otic supplements in individuals with sarcopenic obesity. To
effectively investigate the gut-muscle axis, studies should
include assessments of microbial taxa at baseline and mid/
post-intervention. Most studies lack these methods and
fail to control dietary intake, limiting the strength of the
current evidence in literature. A summary of a literature
search of studies on probiotic, prebiotic, and synbiotic sup-
plementation versus placebo and their effects on measures

@ Springer

of sarcopenia in adults aged 50 and above is presented in
Table 2, and the results from these studies are presented in
Table 3.

Clinical implications and potential
therapeutic approaches

The interplay between the gut microbiome, metabolic func-
tion, and musculoskeletal health in older adults presents a
novel therapeutic potential targeting sarcopenia, obesity, and
sarcopenic obesity. Probiotics, prebiotics, and synbiotics are
proposed to be promising interventions to modulate the gut
microbiota, reduce inflammation, and support muscle and
metabolic health (Figure 1).

Dietary and lifestyle considerations

The efficacy of probiotics, prebiotics, and synbiotics can
be significantly enhanced when combined with dietary and
lifestyle interventions. Diets rich in fiber, polyphenols, and
anti-inflammatory nutrients create a favorable environment
for modulating gut microbiota [130]. These nutrients have
been shown to promote the growth of beneficial gut bacteria,
enhancing microbial diversity. In particular, fiber-rich diets
support the production of SCFAs, which promote gut barrier
integrity [130].

In addition to dietary factors, regular physical activity
plays a pivotal role in overall gut health [131]. Exercise has
been linked to improvements in microbial diversity, with
evidence showing that physically active individuals tend to
have a more balanced gut microbiome compared to seden-
tary individuals [131]. Moreover, physical activity enhances
the communication pathway between the gut and skeletal
muscle, which can amplify the benefits of microbiome-
targeted therapies. Exercise has been shown to positively
influence muscle mass, strength, and metabolic health, and
when combined with probiotics, prebiotics, or synbiotics,
the effects on muscle health and glucose metabolism can
be further enhanced [131]. A study involving 48 healthy
sedentary young men found that 12 weeks of circuit train-
ing combined with multi-strain probiotic supplementation
led to significant improvements in muscular performance
and strength [132]. These findings highlight the potential
synergistic effects of exercise and gut microbiota-targeted
interventions in promoting musculoskeletal and metabolic
health.

Future directions and challenges
Although evidence supports the therapeutic effective-

ness of probiotics, prebiotics, and synbiotics, challenges
remain in translating these findings into clinical practice.
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Table 3 Studies including probiotic, prebiotic, and synbiotic supplementation compared to placebo on gut microbial changes

Study Baseline microbiome  Post-interventional gut bacterial
status assessed (yes/ changes
no)

Probiotics

Bartos 2023 No -

Chaiyasut 2022 No -

Hevilla 2023 No -

Higashikawa 2016  No -

Inoue 2018 No -

Jaff 2024 No -

Karim 2022 No -

Karim 2022a No -

Karim 2024 No -

Lee 2021 No -

Lei 2016 No -

Minami 2015 No -

Moludi 2019 No -

Nilsson 2018 No -

Qaisar 2024 No -

Roman 2019 No Authors declare that they did not observe significant changes at the end of the treatment in com-

parison with baseline data in either group at a phylum, genus, or species level
Skrypnik 2019 No -

Tay 2020 No -

Prebiotics

Buigues 2016 No -

Fortuna 2024 Yes No overall structural difference found between placebo and prebiotic regarding alpha and beta
diversity

There were significantly different between placebo and prebiotic at 3 months, including 16 ASVs
that were decreased (6 ASVs classified as Bacteroides, 4 ASVs classified as Blautia, and ASVs
classified as Oscillospiraceae, Catenibacterium, Holdemanella, and Akkermansia) and 21 ASVs
that were increased (3 Faecalibacterium, 3 Bacteroides, 2 Ruminococcus, and ASVs classified
as Roseburia, Lachnospiraceae, Bifidobacterium) by prebiotic

At 6 months, significant differences were found for 15 ASVs, chiefly Ruminococcaceae, Bacte-
roides, Blautia, and Roseburia

Murata 2023 No -

Ni Lochlainn 2024 Yes Sixty microbiome features changed between baseline and end of the study for the prebiotic group,
while only three were changed in placebo. These features included alpha diversity and relative
abundance of bacterial taxa. A reduction in alpha diversity was observed in the prebiotic arm

The prebiotic group had a significant increase in the relative abundance of Actinobacteria, particu-
larly Bifidobacterium, compared to placebo. Notably, no increase in Lactobacillus or Faceali-
bacterium was seen

Pan 2020 No -

Yang 2024 Yes There was no significant change in a-diversity among the groups after the intervention. There was
significant p-diversity between the subgroup in the prefrailty group that received maltodextrin
placebo after placebo and the subgroup in the prefrailty group that received prebiotic interven-
tion

In the prefrail group, B. adolescentis was predominant in the prebiotic mixture group, and Fae-
calibacterium was predominant in the placebo group. In the prebiotic group, Bifidobacterium
pseudocatenulatum and E. coli, Veillonellaceae, Enterobacteriales, and Negativicutes were the
dominant bacteria

Synbiotics

Neto 2013 No -

Rabiei 2015 No -

ASVs, amplicon sequence variants
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Current studies lack control for dietary intake, which can
significantly influence gut microbiota composition and
outcomes. Additionally, individual variability, dosage for
optimal effect, and strain-specific effects require further
investigation. Also, long-term studies are needed to con-
firm the sustained benefits of these interventions and their
safety in older populations. Evidence in the context of sar-
copenic obesity remains sparse, as there are currently only
limited studies available in this population [3, 59, 60, 133].
Among these studies, there is often inconsistent diagnos-
tic criteria limiting the ability to draw any definitive con-
clusions about the efficacy of such nutritional interven-
tions [59, 133]. Future studies should therefore prioritize
clearly defining sarcopenic obesity and evaluating such
interventions with appropriately stratified musculoskeletal
and metabolic outcomes including muscle mass, strength,
physical performance, adiposity, and inflammatory and
microbiome markers.

Probiotic, prebiotic, and synbiotic interventions offer
promising strategies to counteract these microbiome-driven
alterations. Probiotics, particularly Lactobacillus and Bifido-
bacterium species, can suppress the growth of pathobionts,
reduce gut permeability, and mitigate systemic inflammation
by enhancing intestinal barrier function [134]. Prebiotics,
such as inulin and GOS, selectively promote the growth of
beneficial microbes, helping to restore a healthy Firmicutes-
to-Bacteroidetes ratio and optimize SCFA production [135].
Synbiotics offer combined benefits by supporting microbial
diversity and promoting beneficial metabolite production,

@ Springer

such as SCFAs, which may contribute to improved gut and
systemic health among older adults [136] (Table 4).

In older adults with sarcopenia, obesity, and sarcopenic
obesity, such interventions have the potential to reduce
inflammation, improve energy metabolism, and support
muscle health. Through the restoration of the gut micro-
biome and regulating key metabolic pathways, probiotics,
prebiotics, and synbiotics could serve as adjunctive thera-
pies to improve clinical outcomes in these populations [136].
Future research must address how to tailor these interven-
tions to target individual-specific microbial and metabolic
alterations associated with these conditions to maximize
their efficacy and long-term impact. Furthermore, personal-
ized supplementation strategies maybe equipped, and future
research should identify microbial strains or profiles that
predict responses to specific probiotic, prebiotic, or synbi-
otic supplementation. These methods may support precision
nutritional intake allowing for interventions to be tailored
individually for benefits.

Probiotic, prebiotic, and synbiotic interventions can help
reverse these taxonomic and functional shifts by modulating
microbial composition and restoring metabolic functions.
Probiotics such as Bifidobacterium and Lactobacillus spe-
cies can repopulate depleted beneficial taxa, reduce gut per-
meability, and suppress pro-inflammatory microbes [136].
Prebiotics, such as FOS and inulin, selectively promote the
growth of SCFA-producing bacteria, enhancing their func-
tional capacity [136]. Synbiotics combine these effects by
offering live beneficial microbes along with substrates for
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Table 4 Reported gut microbiota alterations in sarcopenia and sarcopenic obesity, and their possible functional implications

Condition Reported microbiota alterations

Possible functional implications

Sarcopenia e | a-diversity (richness and evenness) [87]

o 1 phylum Proteobacteria, 1 genus Escherichia-Shigella

[88]

o | phylum Firmicutes, | genera Faecalibacterium, Prevo-

tella, Blautia [88]

e Higher Prevotella/Bacteroides (P/B) ratio, | Coprococcus

and Lachnospiraceae in one study [89]

Sarcopenic obesity e Distinct signature compared with sarcopenia alone: e.g.,
1 family Enterobacteriaceae identified as biomarker for

SO [25]

o Although fewer studies, evidence of combined effect of

o | Beneficial SCFA-producers — reduced anti-inflammatory
and energy-yielding capacity

o 1 Pathobionts — enhanced intestinal and systemic inflam-
mation

e — Anabolic resistance, muscle mass and strength decline
via gut-muscle axis

o Combined metabolic and muscle impairments

e Worsened gut barrier/permeability — endotoxae-
mia— inflammation — muscle catabolism and fat accumu-
lation

obesity +low muscle on gut dysbiosis (e.g., worse diver-

sity, altered taxa) [25]

their colonization and activity [136]. Synbiotic combinations
may offer synergistic effects, simultaneously replenishing
beneficial microbes and providing substrates to enhance
their metabolic activity [33]. Synbiotic supplementation has
been linked to reduced levels of pro-inflammatory metabo-
lites and increased SCFA concentrations, with subsequent
improvements in insulin sensitivity and muscle function
[136]. Additionally, synbiotics may help modulate bile acid
profiles, reducing the harmful effects of secondary bile acids
while promoting the production of primary bile acids, which
support lipid metabolism and energy balance [33]. These
interventions have shown promise in reducing inflammation,
improving gut barrier function, and restoring SCFA produc-
tion in older adults with sarcopenia and obesity [33]. They
also hold potential to enhance muscle health and metabolic
outcomes by modulating pathways related to amino acid
metabolism, vitamin synthesis, and bile acid regulation [123,
137]. Nevertheless, further research is required to determine
if synbiotics offer greater benefits compared to probiotics or
prebiotics alone, or whether these combinations need to be
tailored on an individual basis for best outcomes.

Future studies should focus on well-designed randomized
controlled trials (RCTs) with larger sample sizes, longer fol-
low-up periods, and diverse populations. These RCTs should
incorporate objective measures of sarcopenia such as mus-
cle mass (MRI or computed tomography), muscle strength
(e.g., grip strength), physical performance (e.g., gait speed,
sit-to-stand test), and metabolic assessments (e.g., insulin
sensitivity). Additionally, studies should include gut micro-
biota assessments via stool samples to characterize microbial
diversity and identify specific compositional changes. To
optimize interventions, RCTs should explore different bacte-
rial strains and their specific effects on microbial pathways
related to muscle health and metabolism, guiding personal-
ized supplementation strategies. Additionally, future studies
among older adults with sarcopenic obesity should include
subgroup analyses to identify whether individuals with

the comorbid impairment of muscle and fat have a varied
response to the different probiotic, prebiotic, or synbiotic
combinations. Furthermore, these studies should also inves-
tigate if microbial shifts correlate with changes in strength,
body composition, and metabolic markers. In addition, inter-
national multi-center studies would further enhance the gen-
eralizability and real-world applicability of these findings by
allowing for the understanding of region-specific associa-
tions between gut microbiome and sarcopenia, obesity, and
sarcopenic obesity. Given the differences in dietary patterns
and cultural variations influencing these associations, con-
ducting studies across diverse population would provide a
more comprehensive evaluation of the underlying mecha-
nisms contributing to gut microbiota variations and their
impact on these age-associated conditions.

Conclusion

In summary, the supplementation of probiotics, prebiotics,
and synbiotics has shown potential in modulating the gut
microbiome and improving muscle health in older adults,
particularly those with sarcopenia, obesity, and sarcopenic
obesity. Although, evidence from recent studies demon-
strates beneficial effects on muscle strength, function, and
body composition, the overall findings remain inconsistent,
largely due to variations in study design, sample size, and
intervention duration. Despite these discrepancies, specific
bacterial species, such as Bifidobacterium and Blautia, have
emerged as potential biomarkers for improvements in physi-
cal function, suggesting a link between the gut microbiota
and musculoskeletal health.

Future research should focus on more robust RCTs that
include comprehensive dietary assessments and longitudinal
interventions to better understand the mechanisms through
which gut microbiota influence sarcopenia and related con-
ditions. Additionally, more investigation into optimal dosing,
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prebiotic and probiotic combinations, and their long-term
impact on older adults is needed to establish clear guide-
lines for clinical use. Ultimately, gut-targeted therapies may
provide a novel and non-invasive approach to managing sar-
copenia, obesity, and sarcopenic obesity and improving the
overall health and quality of life of older adults.
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