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Age-related sarcopenia: facts and figures

Sarcopenia is a systemic and progressive disorder of skeletal muscle characterized by
an age-related decline in muscle mass, strength, and/or function (Rosenberg 1989).

Its prevalence is alarmingly high, affecting 5 -13% of adults aged 60-70 and rising to
11-50% in those over 80 (Wang, 2025)

Sarcopenia increases vulnerability to adverse outcomes such as heightened risk of
falls and mortality, decline in physical function, and frailty, which significantly impacts
the quality of life for the elderly population (Wang, 2025).

MECHANISMS ?



Hallmarks of ageing

Criteria
(1) the time-dependent
manifestation of
alterations accompanying
the aging process, (2) the
possibility to accelerate
aging by experimentally
accentuating the
hallmark, and—most
decisively—(3) the
opportunity to
decelerate, halt, or
reverse aging by
therapeutic interventions
on the hallmark.

Lopez-Otin, Cell
2023;186:243-78




Differences between sarcopenia and cachexia
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The gut-muscle axis W

* The gut microbiota-muscle axis is now recognized as a bidirectional
system in which gut microbial composition and metabolites directly
influence skeletal muscle mass, strength, and function, particularly in

the context of aging and muscle wasting disorders such as sarcopenia
and cachexia.

* Key mechanisms include modulation of muscle protein turnover,
inflammation, mitochondrial function, neuromuscular junction
integrity, and insulin sensitivity.

* Microbial metabolites—especially short-chain fatty acids (SCFAs), bile
acids, and amino acid derivatives—play central roles in these

\ Processes.

N

Gao LL. Front Microbiol 2025;16:1638880



Gut-muscle axis
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Sarcopenia

L Intestinal inflammation

T Intestinal mucosal barrier function
T Antioxidants production

T SCFAs

T Immune regulatory performance

T Endocrine regulatory performance

T Intestinal inflammation

L Intestinal mucosal barrier function
T LPS production

| SCFAs

Ll Immune regulatory performance
1 Endocrine regulatory performance

Regulatory mechanism
of gut microbiota on
sarcopenia based on
gut—-muscle axis

Li W et al. Food Sci Nutr
2024;21:8779-8792



N

Gut microbiome
dysbiosis

r— i e oy
it / NS
.-I.,_ _.} s \m y ¥
-5
v

Age-related alterations in gut-muscle axis

—

l

l l l

1SCFA J Secondary BA  LPS 1 Bacterial
Production Production derived AA
Anabolic Mitochondrial o ':ﬁdawm?.ﬁon 4 Cell
Resistance RIC NS Proliferation

Dysfunction

Resistance

Impairments in muscle protein turnover

Sarcopenia -

Allen SL. Ageing Res Rev 2026;118:103065



The aged-type gut microbiota

AGED-TYPE MICROBIOTA

« LOWBIODIVERSITY

« [INCREASE IN PRO-INFLAMMATORY PATHOBIONTS:
Enterobacteriaceae, Staphylococcus, Streptococcus

« REDUCTION IN IMMUNOMODULATORY GROUPS:
Clostridium cluster IV

« REDUCTION IN SCFA PRODUCERS:
Clostridium cluster XIVa

* DETERIORATION IN NUTRIENT INTAKE } \ * PHYSICAL CHANGES TO THE

AND ABSORPTION (including dentition, INTESTINAL EPITHELIAL BARRIER (leaky
salivary function and intestinal transit time) gut)
« SENSORY CHANGES IN TASTE AND SMELL * INFLAMMAGING

* IMMUNOSENESCENCE

Slide courtesy of Turroni S. From: Candela M. Crit Rev Microbiol 2015;41:165-71



From a decline in SCFA concentrations to sarcopenia

Ageingis associated with a
decline in SCFAs. SCFAs
can be up taken by the
FFAR2/FFAR3 receptors in
skeletal muscle whichin
turn may alter cellular
proliferation, mitochondrial
function, decrease muscle
protein synthesis and
increase muscle protein
breakdown.
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x g . . TYPE Systernatic Review
Frontiers in MlCt‘Ob!OlOgy PUBLISHED 22 January 2025

pol 10.3389/fmicb.2025.1513253

Gut microbiota in patients with
sarcopenia: a systematic review
and meta-analysis

Guangning Wang®, Yujie Li*", Huisong Liu® and Xinjuan Yu**

Results: Ten studies, including 421 cases of sarcopenia and 1,642 cases of
controls, were included in the meta-analysis. Patients with sarcopenia showed
significantly reduced gut microbiota in a diversity, and p diversity was significantly
different in 8/9 of included studies. We also found more abundance of phylum
Protecbacteria and genus Escherichia-Shigella, and less abundance of phylum
Firmicutes and genus Faecalibacterium, Prevotella 9, Blautia in the sarcopenia
group.

Conclusion: The gut microbiota composition in patients with sarcopenia
has undergone alterations, serving as a fundamental reference for further
investigation into the potential pathogenic mechanisms and treatment strategies
for sarcopenia.

Wang G. Front Microbiol 2025; 16:1513253.



Alpha diversity in sarcopenia vs non sarcopenia

A Sarcopenia Non-sarcopenia Std. Mean Difference Std. Mean Difference
aan apn . -

3 3 5 5 Random, 95%; m‘_mﬂ—
Han et al. 2022 17977 4941 36 24791 13935 52 16.1%  -0.60[-1.04,-0.17]
Lee et al. 2022 362.34 1531 27 34621 18398 33 14.5% 0.09 [-0.42, 0.60] =
Lin et al. 2021 2695 25016 11 64673 1,257.33 60 11.8% -0.32 [-0.96, 0.33] —
Lou et al. 2023 485.08 B87.79 108 72861 336.07 a8 19.4% -1.01 [-1.30, -0.72) .
Yan et al. 2023 21126 10179 17 267.12 80.7 29 124%  -0.62[-1.23,-0.00] =
Zhang et al. 2023 1,103.03 176,96 14 1,12882 11852 21 11.3% -0.17 [-0.85, 0.50] —
Zhou et al. 2023 17433 57.97 30 20454 5797 30 14.4% -0.51 [-1.03, 0.00] r——1
Total (95% Ci) 243 323 100.0%  -0.49 [-0.81, -0.17] .
Heterogeneity: Tau? = 0.11: Chi# = 17.07, df = 6 (P = 0.009): |2 = 65% t t t t

-2 -1 1] 1 2

Test for overall effect: Z = 3.01 (P = 0.003) Non-sarcopenia Sarcopenia

Wang G. Front Microbiol 2025; 16:1513253.



Beta diversity in sarcopenic patients among different

Study
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Findings Statistic value

Mo significant diflerence in gut microbial composition among 5 and N§ | p = (L360

A significant difference in gut microbial composition among 5 and XS P = 0037
A significant difference in gut microbial composition among 5 and XS P = 0050
Asignificant difference in gut microbial composition among 8 and N5 p= 009

No significant difference in gut microbial composition among S and N5 | p= 0.200

A significant difference in gut microbial composition among 5 and WS = 00001
A significant difference in gut microbial composition among 5 and WS MR

Mo significant difference i gut microbial composition among Sand N5 | p = (LO8GO

A significant difference in gut microbial composition among 5 and N5° FERIREIE
A significant difference in gut microbial composition among § and NS | p = 0,020
Asignificant difference in gut microbial composition among § dand NS P D050
- Asignificant difference in gui microbial composition among § dand NS =i
A significant difference in gut microbial composition among 5 and XS =004

Wang G. Front Microbiol 2025; 16:1513253.



Bacterial taxonomy of altered gut microbiota composition in

age-related sarcopenia among human studies

Dhgden| | [Phyium Ciassy| [GEen Family | [cenmEl | [Spedes
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The principal alteration in age-
related sarcopeniawas a
reduction in short-chain fatty
acids (SCFAs)-producing
bacteria, in particular of
Lachnospiraceae family.

Also decreased were some
bacterial species, such as
Alistipes shahi and
Faecalibacterium prausnitzii,
which are butyrate-producers

Nikkah A.JAppl Microbiol
2022;134:1-11



Changes in the relative abundance of the microbiota in
patients with sarcopenia compared with those of non-
sarcopenia controls

Philum level Genus level
A Hanzo022 Increased B Leez022 Increased
Lee 2022 Decreased Lin 2021 Decreased
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Wang G. Front Microbiol 2025; 16:15132583.



From dysbiosis to sarcopenia

Yuan C. Oncol Letters 2025;29:104



Potential mechanisms of the gut dysbiosis leading to
sarcopenia
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Modulation of sarcopenia pathways by microbial
metabolites: the case of SCFA

Microbial Physiclogical function Modulation of sarcopenia.  Trends in References
metabolites pathways sarcopenia
SCFAs Inhibiting the NF-x1 signaling Protection from inflammaging il Hu et al, 2074; Qu et al, 2025 Tang et al,, 2022 .
pathway Wang et al., 2012; Wua et al, 2020; Ye et al,, 2024
Activating PGC-1a Enhancement of mitochondrial 1
function
Increasing expression of IR5-1 gene  Improvement of insulin sensitivity }
Upregulating Occludin and £0-1 Enhancement of intestinal barrier I
integrity
Actrvating AMPE signaling pathway | Improvement of protein synthesis }

Gao LL. Front Microbiol 2025;16:1638880



Overview of emerging pathways and potential therapeutic
approaches for age-related sarcopenia

Myosatellite cells and
regeneration pathways

& |GF-1/PI3K/AkT pathway promotes
muscle growth.

* Myostatin/Smad pathway inhibits
muscle growth.

Potential therapeutic approaches:
Myostatin inhibitors, IGF-1 enhancers.

Neuromuscular junction (NM))
maintenance

. Role of Agrin, MuSK, and ACh
receptors in maintaining NMJ
Integrity.
. Aging effects: reduced motor
neuron input, NM| fragmentation.

Potential therapeutic approaches:
AchE inhibitors,
NM]J-targeted therapies.

B Aguaporins and ion channels regulate

Mitochondrial dysfunction
‘and energy enhancement

. Role of PGC-1a and Sirtuins on
mitochondrial biogenesis
. ATP generation.

Muscle-microbiome
interaction

Potential therapeutic approaches:
Sirtuin activators, NAD+ precursors,
creatine supplementation. ® Microbiome compaosition
* Role of SCFA-producing microbes.
. Impact of inflammation

on muscle health.

Potential therapeutic approaches:
Probiotics, dietary modifications.

Anabolic resistance

» mTOR Pathway has a central role in
muscle protein synthesis.
+ |nsulin resistance and Inflammatio
contribute to anabaolic resistance.

Hydration and
muscle-water balance

Potential therapeutic approaches:
Protein supplementation,
resistance training.

s Intracellular vs. extracellular water
balance and muscle strength.

water transport.

Potential therapeutic approaches:
Proper hydration,
creatine supplementation.

Cacciatore S. Nutrients 2024;16: 327



Potential methods to alleviate sarcopenia by modulating gut
microbiota
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Evidence-based interventions against sarcopenia

Intervention Strategies Evidence-Based OQutcomes References
: ; - Resistance training; - T Muscle mass; PLCUST oY,
Thy c . . i A —1 I‘--'
Fleysical exervise - Moderate aerobic exercise. - 1 Strength. gty
. . - 1.2-1.5 g /kg /day protein; ..
3 / - , 280
Protein Supplementation  Liecine-rich sovkces (whisy) 1 Gait speed [280]
Vitamin D - Supplementation (800 [U). - T Appendicular muscle mass. [281]
MMediterranean diet - Omega-3, MUFA, and fiber. - | Systemic nflammiation; [282,283]

Gut Microbiota Modulation

- Probiotics (e.g., Lactobacillus);

= Prebiotics.

- Bone-muscular protection.

- | Muscle atrophy.

[265,266]

Multimodal Combination

- Exercise + protein + vitamin D.

- Synergistic effects (T muscle mass).

[263]

T: Increase; |: Decrease; MUFA: Monounsaturated fatty acid.

Araujo LP. IntJ Mol Sci 2025;26:12147



Harnessing the gut-muscle axis: multimodal approaches to
combat sarcopenia

Intervention

Muscle effects

Microbiome effects

Evidence

Aerobic exercise

Besistance exercise

Combination of resistance

and aerobic exercise

Probiotics

RE + Probiotic

Increased Aerobic capacity
and Muscle endurance

Imcreased muscle mass
and function

Increased muscle mass
and function

Increased Muscle mass and function and mitochondria
biogenesis. Reduced Catabolic markers Goadative
slress

Increased muscle mass, strength and function

Increase in lean body mass

Increased abundance of Gscillospiro
Bocteroides
and reduced abundance of Clostridium

difficile

Mo changes in gut microbiota
composition and alpha diversity
reported

Increased abundance of Actinobacterio
and reduced abundance of Firmicutes
and Bocteroideres

Mot reported

12-week supplementation with
Lactobacillus and

Bifidobacterium genera containing
probiotics

RE and Bifidobacterium
supplementation

Human RCTs ranging from 5 to 12 weeks
duration

in healthy aged participants

[Taniguchi et al. (2018);

Mottt et al, (2019)]

Human RCT of 8 weeks duraton in healthy
young participants

[Bycura et al, (2021)]

Human BECT of 8 weeks duraton in healthy
sedentary aged participants

[Zhong etal, (2021F]

Supplementation with Lactobacillis in mice

[Chen et al, (2032} Lee et al, (2021 )]

Systematic review of 17 human RCTs
[Mashhadi et al. 2023]

Human RCT of 12 weeks duration in
healthy individuals
[Inoue et al. (2018]]

Allen SL. Ageing Res Rev 2026;118:103065



Exercise-mediated modulation of gut microbiota
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The mechanism of exercise-induced increase in SCFAs for the
prevention and treatment of sarcopenia
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Mechanisms of action of probiotics in sarcopenia
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Metaanalysis of effect of probiotic supplementation on
global muscle strength

Intervention Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ibrahim 2018 (Knee extension & flexion) 0.5 19.23 10 -3.75 1.74 10  10.7% 0.30 [-0.58, 1.18]
Toohey 2020 (Squat, Deadlift, Bench press) 9.17 10.07 12 10.97 3.09 11 11.7% -0.23 [-1.05, 0.59]
Lee 2021c (Handgrip strength) 23 535 13 -03 1.08 17 13.1% 0.70 [-0.04, 1.45] -
Tarik 2022 (Deadlift, Leg & Bench press) 1748 9.78 28 1172 7.57 28 17.8% 0.65[0.11, 1.19] - =
Karim 2022 (Handgrip strength) 267 304 44 -036 0.72 48 20.0% 1.39[0.93, 1.85] —_—
Lei 2016 (Handgrip strength) 16.7 1.3 189 157 1.3 192 26.6% 0.77 [0.586, 0.98] —a—
Total (95% CI) 296 306 100.0% 0.69 [0.33, 1.06] i
Heterogeneity: Tau? = 0.12; Chi? = 14.00, df = 5 (P = 0.02); I = 64% 1 0*5 3 El?/i
Test for overall effect: Z = 3.74 (P = 0.0002) A e

A significant increase in global muscle strength

Prokopidis K. J Cachexia Sarcopenia Muscle 2023; 4:30-44



Effect of probiotic supplementation on muscle mass

intervention Conirol Std. Mean Difference Sid. Mean Difference
Study or Subgroup Mean 5D Total Mean 35D Total Welght IV, Random, 95% Cl IV, Random, 93% Cl
Lee 2021b 033 0.75 B 026 079 B B7% 0.09 [-0.88, 1.07]
Huang 20196 0a3 723 8 061 069 8 T.a% 0,05 [-0.98, 0,87
Hrig 2021 08 359 13 21 07 8  7.9% 0.41 [-1.27, 0.45] e
Pan 2020 T4 704 15 164 224 16 B1% 1.72 [0L88, 2.56] —_—
Sharafedtinoy 2013 {09 665 25 1.1 0.88 11 9.7% 0.03 [-0.67, 0.74] S T
Huang 2019a 055 053 18 013 07 18 0.8% 1.07 [0.37, 1.77) —_—
Minami 2015 08 8¥v 19 03 133 25 11.2% 0.20 [-0.40, 0.80] I
Chalyasat 2022 08 54 24 393 498 24 11.4% 0.75 [0.16, 1.33) T
Minamd 2018 023 048 40 014 076 40 13.7% 0.47 (0,03, 0.81) e
Karim 2022 03 308 44 021 0.26 43 142% 0.24 [-0.17, 0.65] T
Total (95% C1) 215 208 100.0% 0.42 [0.10, 0.74) (;-)
Heterogensity: Tau® = 0.14; Chi* = 21.11, df =9 (P = 0.01); P = 57% 2 ‘ : e 1 :_
Test for ovorall offoct: Z = 2.60 (P = 0,009) Coniol - Wksreason

Muscle mass was improved following probiotic supplementation

Prokopidis K. J Cachexia Sarcopenia Muscle 2023; 4:30-44



Meta-analysis of RCTs with pre-probiotics in sarcopenia
(effect on muscle strength)

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight [V, Fixed, 95% Cl IV, Fixed, 95% CI
Karim A, etal., 2022b 267 477 44 -0.36 36 48 451% 3.03([1.29,4.77] ——
Karim Aetal, 2022a 273 44 47 046 452 53 445% 2.27[052,4.02 ——
Lee MC et al,, 2021# 01 B.77 12 -03 7.95 17 47% 0.20[5.18,5.58]
Lee MC et al,, 2021== 23 842 13 -03 7.95 17 39% 260[-3.34,8.54)] >
Roman E etal, 2019 -0.14 12.61 17 -0.74 13.01 18 1.9% O060[-7.89,9.09] + >
Total (95% CI) 133 153 100.0% 2.50[1.33, 3.66] @

Heterogeneity: Chi*=1.32, df= 4 (P=0.86), F=0%
Test for overall effect. Z=4.19 (P < 0.0001)

1 1

4 2 0 3
Favours [placebo] Favours [intervention]

A significant increase in global muscle strength

Besora-Moreno M. Nutr Rev 2024;83:1693-e1708



Meta-analysis of RCTs with pre-probiotics in sarcopenia
(effect on physical performance and function)

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight (%) IV, Fixed, 95% ClI IV, Fixed, 95% CI
Karim et al, 2022b 0.15 0.24 44 0.08 0.19 48 513 0.07 (-0.02 to 0.16) T—i—
Karim et al, 2022a 0.12 0.25 47 -0.0013 0.24 53  43.7 0.12 (0.02-0.22) — &
Roman et al, 2019 0.22 045 16 0.07 0.39 18 5.0 0.15 (-0.13 to 0.43)

Total (95% Cl) 107 119 100.0 0.10 (0.03-0.16) @
1 L

Heterogeneity: y*= 0.73, df = 2 (P = .69); I*= 0%

g N 02 -01 0 01 02
Test for overall effect: Z=2.97 (P = .003) Favors [placebo]  Favors [intervention]

A significant increase in physical performance and function

Besora-Moreno M. Nutr Rev 2024;83:1693-e1708



Meta-analysis of probiotics effect on muscle strength in patients
with sarcopenia

Experimental Control Mean Difference Mean Difference
Karim 2022 267 304 44 -036 0.72 48 86.1% 3.03[2.11, 3.95]
Lea 2021¢c 23 535 13 03 1.09 17 8.4% 2.60[-0.35, 5.55) .
Tarik 2022 1748 978 28 1172 757 28 35% 5.76[1.18, 10.34] s
Toohey 2020 917 1007 12 1097 309 11 20% -1.80[7.78,4.18] *
Total (95% C1) 97 104 100.0% 2.99 [2.14, 3.85) @
Helerogeneily: Chi® = 3.94, dl =3 (P = 0.27); F = 24% 4 '2 0 E 4
Test for overall effect: Z = 6.86 (P < 0.00001) Favours [experimental] Favours [control]

A significant increase in global muscle strength

Wang Y. PLoS ONE 2025;20: e0317699



Effect of probiotics on muscle mass in patients with sarcopenia

Experimental Control Mean Difference Mean Difference

Chaiyasut202 08 54 24 31 5 24 06% 3.90(0.96 6.84] ®
Hric2021 09 36 13 21 07 9 1.4% -1.20[-3.21, 0.81] T =

Huang2019a 06 05 18 -01 07 18 353% 0.70[0.30, 1.10) -

Huang2019b 03 7.2 9 06 07 9 0.2% -0.30[-5.03,4.43]

Karim2022 03 31 44 0203 48 66% 050[-042 1.42] T

Lee 2021b 03 08 8 0308 8  9.1% 0.00[-0.78,0.78] S

Minami2015 09 88 19 -03 13 25  03% 1.20[-2.79, 5.19]

Minami2018 02 08 40 -01 08 40 453% 0.30(-0.05, 0.65] el

Pan2020 74 7 15 16 22 16 04% 9.00(5.30, 12.70) 4
Sharafedtinov2013 09 67 25 -11 09 11 08% 020[-248, 288

Total (95% CI) 215 208 100.0% 0.47 [0.23, 0.70] L )

Heterogeneity: Chi* = 32.09, df = 9 (P = 0.0002); I = 72% j_i 2 5 2 ;

Testfor overall effect: Z = 3.67 (P = 0.0001) Favours [expenmental] Favours [control]

A non significantincrease in global muscle strength

Wang Y. PLoS ONE 2025;20: e0317699



Summary of Probiotics and Prebiotics Results on Sarcopenia
Parameters

Interventions Sarcopenia parameters
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Prebiotics . Sy W + “*  Muscle mass
+ SN
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Besora-Moreno M. Nutr Rev 2024;83:1693-e1708



Probiotics and Quality of life in sarcopenia
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Probiotics improved the SarQol scores for locomotion, functionality, and activities of daily
living and prevented a decline in cumulative SarQolL observed in the placebo group (all p <0.05)

Qaisar R. Calcified Tissue Intern 2024;114:583-591



Conclusions (1)

* Age-related sarcopenia status is associated with a marked change
iIn composition and function of gut microbiota

* |ts feature are: decreased alpha and beta-diversity, increased
inflammation, increased gut permeability, decrease in protein
digestion and de novo synthesis, reduction of SCFA production,
all leading to a reduction of muscle growth, mass and strength.

* This process may be mitigated by increasing dietary fibers,
physical activity and by probiotics administration



Conclusions (2)

* Probiotic supplementation may improve muscle strength and
physical function in older adults with sarcopenia, but its
effects on muscle mass are less consistent

 Mechanistically, probiotics are thought to modulate the gut-
muscle axis by enhancing short-chain fatty acid production,
iImproving mitochondrial function, and reducing systemic
inflammation, which may contribute to better muscle
performance

* Lacticaseibacillus rhamnosus and multi-strain formulations
have demonstrated the most promising results for improving
muscle strength and function in sarcopenia



