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From geroscience to precision geromedicine:
Understanding and managing aging
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Unravelling the enigma of the human microbiome:
Evolution and selection of sequencing technologies
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SELECTION OF SEQUENCING TECHNOLOGIES 3 of13
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FIGURE 1 Schematic Diagram of the Fundamental Procedures in the Sequencing Process Across Five Distinct Microbial Sequencing
Technologies. The diagram is segmented into three phases: sample acquisition, sample processing and library construction, and high-
throughput sequencing. After acquiring biological samples, one can either extract nucleic acids directly or process the microbial specimens.
Subsequently, various sequencing methods undertake library construction based on their specific protocols. Finally, sequencers are
selected for online sequencing. ranging from second to third generation technologies.
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Gut microbiome pattern reflects healthy aging and predicts
survival in humans

Tomasz Wilmanski', Christian Diener!, Noa Rappaport!, Sushmita Patwardhan?, Jack

Wiedrick?, Jodi Lapidus?, John C. Earls'®, Anat Zimmer!, Gustavo Glusman', Max

Robinson®, James T. Yurkovich!, Deborah M. Kado?, Jane A. Cauley?, Joseph Zmuda?,

Nancy E. Lane®, Andrew T. Magis', Jennifer C. Lovejoy':, Leroy Hood', Sean M.

Gibbons"'7:8 Eric S. Orwoll’2, Nathan Price"1®
The gut microbiome has important effects on human health, yet its importance in human aging
remains unclear. Here we demonstrate that. starting 1n mid-to-late adulthood. gut microbiomes
become increasingly unique to individuals with age. We leverage three independent cohorts
comprising over 9000 individuals and find that compositional uniqueness 1s strongly associated
with microbially produced amino acid denvatives circulating in the bloodstream. In older age
(over ~80 vears). healthy individuals show continued microbial drift toward a u;nique
compositional state, whereas this drift 1s absent 1n less healthy individuals. The identified
microbiome pattern of healthy aging 1s characterized by a depletion of core genera found across
most humans. primarily Bacteroides. Retaining a high Bacrerordes dominance into older age. or

having a low gut microbiome uniqueness measure, predicts decreased survival in a four-vear

follow-up. Our analysis identifies increasing compositional uniqueness of the gut microbiome as a
component of heﬂthwim, which 15 charactenized h}' distinct microbial metabolic outputs in the
blood.
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Il microbiota umano: il buono, il brutto e il cattivo

lolanda Veneruso'?, Rossella Tomaiuolo®, Federica Cariati®, Valeria D"Argenio**

'CEINGE-Biotecnologie Avanzate scarl, Via G. Salvatore 486, Napoli

“Dipartimento di Medicina Molecolare e Biotecnologie Mediche, Universita degli Studi di Napoli Federico Il

3Universita Vita - Salute, San Raffaele, Milano

“Dipartimente di Neuroscienze, Scienze Riproduttive e Odontostomatologiche, Universita degli Studi di Napoli Federico I
“Dipartimente di Promozicne delle Scienze Umane e della Qualita della Vita, Universita Telematica San Raffaele, Roma

Principall caratteristiche del microbiota umano nel vari distretli corporel e principall patologle associate ad uno stato di disbiosi.

Distrette  Biodiversita Funzioni Taxa dominanti Patologie associate
corporeo
Apparato Alta - Estrazione di energia dagli alimenti - Firmicutes (60-80%) - Obesita (26,32)
Digerente - Modulazione dello stimolo - Bacteroidetes - Diabete (26)
dell'appetito (20-30%) - Celiachia (33)
- sintesi di vitamine (folati, vitamina K, - Acfinobacteria (=10%) - Malattie infiammatorie croniche
hiofina, riboflaving, cobalamina e - Proteobactera (=1%) intestinali (Crohn e rettocolite
altre vitamine del gruppo B) - Yermucomicrobia ulcerosa) (53.54)
- Sintesl di amminoacidi (=1%) - Malattia da reflusso
- Biotrasformazione degli acidi biliari gastroesofageo (55)
- Aumento della biodisponibilita dei - Disturbi dello spettro autistico (26,
minerali il
- Metaholismo di specifiche molecole - Schizofrenia (56)
{inclusi gli xenobiotici) - Disturbo depressivo maggiore
- Regolazione dello sviluppo (26)
dell'epitelio intestinale - Sclerosi multipla (57)
- Modulazione del fenotipo metabolico - Alzheimer (3,27)
- Stimolazione dellimmunita innata - Morho di Parkinson (58)
- Protezione dai patogeni estemi - Tumore gastrico (29)

- Epat i (29)
Rassegna SIBI@C22021 _ Adenocarcinoma pancreaiico (29)

- Cancro del colonretto (29)
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Article Table 3. Main characteristics of study participants according to the presence of physical frailty &
Gut Microbial, Inflammatory and Metabolic sarcopenia (PF&S).
Signatures in Older People with Physical Frailty and PF&S (1 = 18) NonPF&S (1 = 17) p
Sarcopenia: Results from the BIOSPHERE Study Age, years (mean + SD) 755 +3.9 739 32 0.2204
Gender (female), n (%) 10 (56) 5(29) 0.2223
Anna Picca 2@, Francesca Romana Ponziani 2(2, Riccardo Calvani %*{, Federico Marini 3, BMI, kg/m2 (mean + SD) 3214 £ 6.02 2627 £2.55 0.0008
Alessandra Biancolillo **, Hélio José Coelho-Jtnior *, Jacopo Gervasoni 2, SPPB (mean + SD) 7.19+1.22 11.24 +0.97 <0.0001
Aniello Primiano %2, Lorenza Putignani ®, Federica Del Chierico 7, Sofia Reddel 7, alLM, kg (mean + SD) 17.75 £3.17 22.50 £2.93 <0.0001
Antonio Gasbarrini 12, Francesco Landi 12, Roberto Bernabei *>* and Emanuele Marzetti 120 aLMgpp (mean + SD) 0.55+0.11 0.87 £ 0.15 <0.0001
Number of disease conditions * (mean + SD) 32417 3.0+£21 0.8046

\ Number of medications ** (mean + SD) 34412 29416 0.1034 j

( Findings from the present study highlight the possibility that changes in gut microbiota\
composition may be associated with PF&S. Although no differences in microbial alpha diversity
were found between PF&S and nonPF&S groups, results from the analysis of the differential abundance
of gut microbial taxa showed increased Peptostreptococcaceae and Bifidobacteriaceae at the family
level and Dialister, Pyramidobacter, and Eggerthella at the genus level, and depletion of Slackia and
Eubacterium in participants with PF&S. The taxa involved in the association between gut microbiota

and PF&S identified in the present study are in-keeping with those previously associated with frailty
and biological aging [36-42].

\_ J

( )

Finally, the relationship observed between the abundance of specific intestinal bacteria, metabolic

markers, and serum levels of distinct inflammatory biomolecules suggests the existence of an additional
pathway through which changes in gut microbiota may impinge on PF&S pathophysiology. A

\. J

Nutrients 2020, 12, 65; d01:10.3390/nu12010065




REVIEW

rioy Intestinal microbiome in normal ageing, frailty and

cognition decline

Barbara Strasser® and Andrea Ticinesi®®®

Age-related gut microbiota dysbiosis may be
involved in defining the trajectory of ageing, being
associated with sarcopenia, frailty and cognitive
decline. Dietarv interventions and exercise pro-
rams have the potential to_prevent age-related
microbiota dysbiosis, and thus influence the agein
phenotype. The potentially synergistic interaction
between dietary interventions and exercise pro-
grams on geriatric outcomes is still insufficiently
understood, especially from a clinical point of
view. Future trials should investigate combined
approaches on physical and cognitive function
and should consider gut microbiota composition
and function as both exposure and outcome variable
to better understand the complex mechanisms of
the gut-muscle and gut-brain axes.

www.co-clinicalnutrition.com
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Table 1. Overview of the main studies investigating the relationship between faecal microbiome and sarcopenia published between 2021 and 2022, with a summary of

the findings

Author, year

Sample size and

[ref] Couniry characteristics Age Key findings

Lvetal, China 482 postmenopausal 53 (IGR 41-65) Microbial metabolic pathways involved in butyrate and other SCFA synthesis
2021 women living in correlate with measures of muscle mass on DXA
(147 the community Faecalibacterium prausnitzii and Butyricimonas virosa seem the most depleted

taxa in gut microbiome of sarcopenic participants

Han et al., Taiwan 88 older community 7145 Subjects with low muscle mass on BIA show distinct faecal microbiome
2022 dwellers composition and reduced diversity
[15%%] The abundance of Faecalibacterium prausnitzii and Akkermansia correlate with

muscle mass

The microbiome shows poorer correlations with muscle strength than with muscle
mass

Faecal levels of butyrate positively correlate with muscle mass

Kang et al., China 60 healthy controls 68+ 6 (controls) Subjects with possible sarcopenia and sarcopenia have reduced biodiversity and
2021 [14] 16 patients with possible 74 +7 (possible sarcopenial) distinct microbiome composition on PCoA than controls

sarcopenia 76+ 9 (sarcopenia) Few taxa, including Lachnospira and Roseburia, correlated with the presence of
11 patients with sarcopenia sarcopenia and muscle strength

Cox etal., UK 102 cases with reduced 68+ 5 (controls matched Individuals with poor appetite had reduced biodiversity and different microbiome

2021 [17] appetite and 102 controls by age and sex) composition, with depletion of Lachnospira as biomarker
from TwinsUK Cohort Individuals with poor appetite had more frequently reduced muscle strength, but
this feature was unrelated to the microbiome

Ponziani Italy 50 patients with cirrhosis, A. 70 (IQR 63-74) Patients with cirthosis and sarcopenia (A) had lower biodiversity, reduced
etal, 2021 sarcopenic [A) or not (B) B. 66 (IGR 58.5-76.5) representation of Prevotella and Akkermansia and increased representation of
[18] 50 older controls, C. 755 (IQR 72-77) Eggerthella than group B

sarcopenic (C) or not (D) D. 72.5 IGR 58-75) Increased representation of pathobionts in group A in comparison with group C
The presence of sarcopenia is associated with upregulation of gut microbiome
mefabolic pathways involved in amino acid metabolism

Ren etal., China 30 patients with cirrhosis and A 45413 Trend of increased faecal microbiome biodiversity from group A to group C
2021 [19] sarcopenia (A) B. 42412 Escherichia cali, Peptostreptococcus stomatis and Bacteroides uniformis

30 patients with cirrhosis and C. 4411 abundance significantly correlated with skeletal muscle mass
no sarcopenia (B)
30 healthy confrols (C)

Yamamoto Japan 69 patients with chronic liver 67 (IQR 58-72) Reduced muscle mass was associated with low microbiota biodiversity, increased
etal, 2022 disease, categorized by representation of Bacteroidetes and low expression of bacterial genes involved
[20] CT-derived SMI in amino acid metabolism

Margiotta Italy 64 older patients with end-stage 80+6 Greater abundance of Veillonella, Akkermansia and Rothia and reduced
etal, 2021 renal disease not on dialysis abundance of Acidaminococcus and Gemella in sarcopenic patients
[21] Multiple associations between gut microbiota and uremic foxins

Zhou et dl., China 30 sarcopenic and 30 nonsarcopenic 50+ 12 (sarcopenic) Different clusters of gut microbiota composition according fo sarcopenia
2021 [22] patients under maintenance dialysis 46+ 12 [nonsarcopenic) No relevent differences in the abundance of the main microbial taxa

BlA, bioimpedance analysis; CT, computed tomography; DXA, dual X-ray absorptiometry; IGR, interquartile range; PCoA, principal coordinate analysis; SCFA, short<hain fatty acid; SMI, skeletal muscle mass index.

Volume 26 o Number 1 e January 2023

uoyiynu pun ABojoiq :Bueby




? frontiers | Frontiers in Microbiology

(M) Check for updates

‘OPEN ACCESS

EDITED BY

Lorenzo Nissen,
University of Bologna, Italy

REVIEWED BY
Tao Li,

Shanghai University of Sport. China

Yiwen He,

Hunan Normal University, China

“*CORRESPONDENCE
Benxiang He
B4 benxianghe2024@126 com

RECEIVED 29 August 2025
ACCEPTED 03 October 2025
PUBLISHED 30 October 2025

CITATION

TABLE 3 Impact of exercise on microbiome.

Exercise

modality

Study
population

TYPE Review
PUBLISHED 30 October 2025

pol 10.3389/fmicb 20251695448

The gut-muscle axis: a
comprehensive review of the
interplay between physical
activity and gut microbiota in the
prevention and treatment of
muscle wasting disorders

Yan Xu and Benxiang He*

College of Sports and Health, Chengdu Sport University, Chengdu, China

Key microbiota changes

Changes in SCFA
production

Further description

3.3 Bidirectional sighaling via hormones,
cytokines, and extracellular vesicles

Continuous Training
(C-MICT)

with Type 2 Diabetes

Bifidobacterium, A. municiphila, and
butyrate-producers like Lachnospira
eligens and Clostridium Cluster [V
(Torquati et al., 2023).

SCFAs compared to HIIT group
(Torquati et al., 2023)

Endurance Lean, previously Increased overall microbial diversity Akkermansia and a decrease in Increased fecal SCFAs in lean
sedentary {Allen et al., 2018). Increased relative Proteobacteria (Erlandson et al., participants, but not in obese
abundance of 2021). participants (Allen et al.,
2018).
Maoderate- Intensity Low active people Higher post-exercise abundance of No significant change in fecal

High-Intensity Interval
Training (C-HIIT)

Low active people
with Type 2 Diabetes

Higher post-exercise abundance of
other butyrate-producers from
Eryspelothrichales and Oscillospirales
(Torquati et al., 2023).

No significant change in fecal
SCFAs compared to MICT group
(Torquati et al., 2023).

Resistance and Aerobic
(Combined)

Younger and older

individuals

Significant modifications of fecal
microbiota composition (Burtscher

et al., 2022). Increased representation of

Bifidobacteria and
Faecalibacterium prausnitzii
(Burtscher et al., 2022).

SCFA changes were noted in
master athletes compared to
sedentary controls (Burtscher
et al., 2022).

/ The gut-muscle axis is maintained by a complex, hidi:ectiurm
flow of information mediated by hormones, cytokines, and

extracellular vesicles (EVs). Gut microbes stimulate intestinal
enteroendocrine cells to secrete hormones such as glucagon-
like peptide-1 (GLP-1) and ghrelin, which enter circulation and
influence muscle glucose uptake and anabolism. In the reverse
direction, exercising muscle releases signaling molecules known
as myokines (e.g., IL-6, IGF-1), which can travel back to the gut
and modulate microbial composition and intestinal function (He
et al., 2025; Leeuwendaal et al., 2021; Everard and Cani, 2014).
This bidirectional hormonal and cytokine crosstalk ensures that
the metabolic state of the muscle is communicated to the gut

More recently, extracellular vesicles (EVs) derived from gut
microbes have been identified as novel mediators in this axis. These
lipid-bilayer vesicles can transport a wide array of bioactive cargo—
including nucleic acids, proteins, and metabolites—from the gut

lumen into systemic circulation, eventually reaching peripheral
tissues like skeletal muscle. It has been demonstrated that microbial
EVs can directly influence insulin signaling and glucose uptake
in muscle cells (He et al., 2025; Sun et al., 2023; Kumar et al.,
2024; Wu et al, 2024). EVs thus represent a direct transport
mechanism, allowing microbial components to exert functional
effects on muscle physiology far from the gut itself.
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Myokines and Microbiota: New Perspectives in the Endocrine
Muscle-Gut Axis

Federica Saponaro *#(3), Andrea Bertolini 2, Riccardo Baragatti, Leonardo Galfo, Grazia Chiellini, Alessandro Saba ®

and Giuseppina D'Urso *
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Department of Surgical, Medical and Molecular Pathology and Critical Care Medicine, University of Pisa,
Via Roma 56, 56126 Pisa, Italy; andrea bertolini@med.unipi.it (A.B.); r.baragattil @studenti.unipi.it (R.B.);
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* Correspondence: federica.saponaro@unipi.it (ES.); giuseppina. durso@unipi.it (G.D.)

Abstract: This review explores the dual role of skeletal muscle as both a mechanical and endocrine
organ, highlighting its contributions to overall health and its adaptability to various inputs such
as nutrition, hormones, exercise, and injuries. In addition to its role in metabolism and energy
conversion, skeletal muscle secretes signalling molecules called myokines (at rest) and exerkines
(during/after physical exercise), which communicate with other organs like the brain, the cardiovas-
cular system, and the immune system. Key molecules such as interleukins, irisin, and myostatin are
discussed for their roles in mediating muscle health and inter-organ communication. This work also
focuses on the muscle-gut axis, emphasising the bidirectional interaction between skeletal muscle and
the gut microbiota, a complex ecosystemn influencing immune defence, digestion, and metabolism.
Muscle activity, particularly exercise, alters the gut microbial composition, promoting beneficial
species, while gut-derived metabolites like short-chain fatty acids (SCFAs) impact muscle metabolism,
mitachondrial function, and insulin sensitivity. Dysbiosis, or an imbalanced microbiota, can lead
to muscle atrophy, inflammation, and metabolic dysfunction. This evidence highlights emerging
research into myokines and exerkines as potential therapeutic targets for managing conditions like
muscle decline, ageing, and metabolic diseases through muscle-gut interactions.
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1. Introduction

Skeletal muscle constitutes 40% of the total body weight and is a unique organ due to
its biochemical and metabolic functions [1]. It receives inputs from various sources, such as
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Figure 2. Summary of the major components involved in the muscle—gut axis.
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microbiome. Thousands of peer-reviewed publications link micro- D ' v P & < 4 ® o / y (?(.h, dﬁpo ‘(g ﬁ%c.
biome composition and function to health from the moment of c w v ® o ‘. o , (_)f YR & F H’]‘ QD
birth, right through to centenarians, generating a tantalizing df‘;y %, ( ' A ® PS 4 ,' 4 - V4 . 4 o 4 0
glimpse of what might be possible if we could intervene rationally. & O"—VCW”’&:@(\ \ = — = ° 0' i [ i o i & X X
Nevertheless, there remain relatively few real-world examples Lumen 2 ‘.
where successful microbiome engineering leads to beneficial health ‘ | | |
effects. Here we aim to provide a framework for the progress ®© 0 0 © 6000 00 000 006600 000060 00660 00 00500 060 oo oo 00
needed to turn gut microbiome engineering from a trial-and-error Lamina propria
approach to a rational medical intervention. The workflow starts ) - y
with truly understanding and accurately diagnosing the problems Mg;%?;%%?g:d:ggle Microbiota-available
that we are trying to fix, before moving on to developing technol- Microbiota-available 3 ‘ macromolecules
ogies that can achieve the desired changes. & Miciobictaavailable \ o ‘ o3 macromolecules oo Miciobial o ; Microbial ' '

% macromolecules 'Y Probiotic strains A% metabolitas 4 etaboliss o mhglt(;rggllietﬂes
Keywords Microbiota Engineering; Gut; Bacteriophage; Probiotic; a -‘ Probiotic strains n ,“ . Bacteriophages .
Vaccination i A
;Sutbjeaztt_Catagories Immunology; Microbiology, Virology & Host Pathogen ‘/\ R a—— .,‘/‘ , Bacteriophages
nteraction

https://doi.org/10.1038/544321-024-00149-4
Received 22 May 2024; Revised 18 September 2024;
Accepted 19 September 2024

! - Figure 2. Existing strategies to manipulate microbiome composition and function.
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(A) Prebiotics are typically indigestible carbohydrate polymers that are known to feed specific classes of beneficial microbes. (B) Probiotics are live bacteria typically
delivered orally with the aim of improving microbiota function. (C) Synbiotics are matched combinations of pre- and probiotics, such that the prebiotic should promote
probiotic growth and engraftment in the gut. (D) Postbiotics are microbial metabolites that can be delivered orally to mimic the beneficial effects of microbes without live
organisms. (E) Fecal Microbiota Transplantation (FMT) is the transfer of total fecal matter from a healthy donor into the gastrointestinal tract of a recipient. (F) Fecal
Filtrate Transfer (FFT) is the transfer of filtered fecal supernatant (containing metabolites, bacteriophages, other small macromolecules) to the gastrointestinal tract of a
recipient. Graphics were created with BioRender.com.
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