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ABSTRACT: This narrative review examines how the metabolic output of the intestinal microbiota, rather than 
its taxonomic composition alone, relates to immune aging and to clinically meaningful geroscience outcomes. We 
organise the evidence around four questions: which microbial features are reproducibly associated with older 
age, which host pathways plausibly mediate their effects, how strong the evidence is for each mechanistic step, 
and what this implies for intervention. Three points structure the synthesis. First, the microbiota of older adults 
is not a single "dysbiotic" state: much of the reported difference between younger and older cohorts is 
attributable to frailty, multimorbidity, polypharmacy, residential setting, diet, physical activity, bowel transit 
and geography rather than to chronological age, and healthy-longevity phenotypes frequently diverge from the 
frail-elderly phenotype. Second, the dominant mediators—short-chain fatty acids (SCFAs), bile acids, 
tryptophan and polyphenol derivatives, polyamines and trimethylamine N-oxide (TMAO)—are context-
dependent rather than uniformly protective or harmful, their host effects varying with local versus systemic 
concentration, receptor distribution, immune state, hepatic and renal clearance, and measurement platform. 
Third, most human data are cross-sectional; causal inference rests largely on rodent transfer experiments whose 
translational relevance to human healthspan is unresolved. We therefore label the evidence type supporting each 
major claim, compare cardiometabolic, neurodegenerative, hepatic, musculoskeletal and oncological domains, 
and appraise microbiota-targeted interventions with attention to strain, dose and formulation specificity, 
replication failure, endpoint heterogeneity, and safety in frail or immunocompromised older adults. We 
conclude by proposing an evidence-graded framework mapping defined microbial functions onto discrete 
features of immune aging and onto validated geroscience endpoints, and by identifying the designs required to 
move from association to intervention. The causal and clinical evidence base remains limited, and changes in 
microbiome composition should not be equated with gains in healthspan. 

 
Keywords: gut microbiota; healthy aging, healthspan, short-chain fatty acids, immunosenescence, inflammaging, 
evidence grading 
 
1. Introduction 
 
Aging is accompanied by reproducible remodelling of the 
intestinal microbial ecosystem, and this observation has 
generated a large literature proposing the microbiota as 

both a biomarker and a modifiable determinant of 
healthspan [1,2]. The attraction is obvious: unlike most 
hallmarks of aging, the microbiota is accessible, 
measurable in a stool sample, and in principle 
manipulable by diet, live biotherapeutics or faecal 
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transfer. The corresponding risk is equally clear. Because 
microbial composition covaries with almost every 
exposure that also changes with age—diet, drugs, 
mobility, comorbidity, care setting—cross-sectional 
differences between young and old cohorts are unusually 
vulnerable to confounding, and the step from an observed 
association to a claim that microbial change contributes to 
aging biology is frequently taken without the intervening 
evidence [3]. 

Several recent reviews have summarised age-
associated microbial taxa, microbial metabolites, 
inflammaging and age-related disease [1,2,4]. Our aim is 
not to repeat that inventory. Instead we attempt three 
things that are, in our reading, underdeveloped in the 
existing literature. We separate chronological aging from 
biological aging, frailty and disease-associated dysbiosis, 
and treat the non-age determinants of the older-adult 
microbiome as part of the interpretive framework rather 
than as a list of caveats. We attach an explicit evidence 
descriptor to each major mechanistic claim, 
distinguishing cross-sectional human association, 
longitudinal human cohort, human intervention trial, 
animal transfer or gnotobiotic experiment, and in-vitro or 
cell-based work. And we align specific microbial 
functions—fibre fermentation to butyrate, bile-salt 
hydrolase activity, tryptophan indole production, TMA 
generation, mucin turnover—with discrete, separately 
measurable features of immune aging, rather than with 
"inflammation" as an undifferentiated whole. 

 Scope and literature identification.  This is a 
narrative review, not a systematic review, and no protocol 
was registered. We searched PubMed, Web of Science 
Core Collection and Scopus from January 2000 to March 
2026 using combinations of the terms "gut microbiota" 
OR "gut microbiome" OR "intestinal microbiota" AND 
"aging" OR "ageing" OR "healthy aging" OR 
"healthspan" OR "longevity" OR "frailty" OR 
"centenarian" AND, for mechanism- and disease-specific 
sections, "short-chain fatty acid", "butyrate", "bile acid", 
"tryptophan", "indole", "trimethylamine N-oxide", 
"polyamine", "intestinal permeability", "inflammaging", 
"immunosenescence", "probiotic", "prebiotic", 
"postbiotic", "faecal microbiota transplantation", together 
with disease terms. English-language original research, 
systematic reviews and meta-analyses were eligible; 
conference abstracts, preprints and non-English reports 
were generally excluded. Reference lists of retrieved 
reviews were screened for additional sources. Where 
several reports supported the same claim, we 
preferentially cited human studies in older adults, 
longitudinal cohorts and randomised trials, and cited 
animal or in-vitro work only when it supplied mechanistic 
evidence unavailable in humans. Because selection was 
not systematic, the possibility of citation bias towards 

positive findings cannot be excluded, and this review 
should be read as an interpretive synthesis rather than an 
exhaustive account. 

 Structure.  Section 2 sets out terminology, the 
evidence-grading scheme and the confounding 
framework; Section 3 asks which microbial features of 
older age are reproducible; Section 4 examines 
mechanistic pathways from microbial function to immune 
phenotype; Section 5 separates shared from disease-
specific mechanisms; Section 6 appraises interventions 
and safety; Section 7 states the field's limitations and a 
research agenda. 
 
2. Definitions, Evidence Grading, and the 
Confounding Framework 
 
2.1 Terminology of aging 
 
Inconsistent terminology is a substantive obstacle in this 
literature, because studies that use "aging" to mean 
chronological age, biological age, frailty or the presence 
of age-related disease are frequently pooled as if they 
addressed the same question. We use the following 
definitions throughout. 

 Chronological age is time since birth.  Biological 
aging denotes the progressive, multi-system accumulation 
of molecular and cellular damage that increases 
vulnerability to disease and death; it is estimated, 
imperfectly, by composite biomarker or epigenetic clocks 
and is only partly predicted by chronological age [5].  
Healthy aging, following the World Health Organization's 
framing, is the process of developing and maintaining the 
functional ability that enables wellbeing in older age, 
encompassing mobility, cognition, psychological 
wellbeing, sensory function, continence and the capacity 
to meet basic needs and maintain relationships; it is 
defined by preserved function rather than by absence of 
disease.  Healthspan is the period of life spent free of 
clinically significant chronic disease and of disability and 
is operationalised in cohort studies as time to first major 
age-related morbidity or to incident disability.  Frailty is 
a state of reduced physiological reserve and diminished 
resistance to stressors, quantified either as a phenotype 
(weight loss, exhaustion, weakness, slow gait, low 
activity) or as a deficit-accumulation index.  Healthy 
longevity refers to survival to extreme age with preserved 
function; the phenotype studied in centenarian cohorts.  
Disease-associated dysbiosis denotes microbial 
configurations that accompany a defined pathological 
state and that may be consequence rather than cause. 

These distinctions matter empirically. Cohorts of 
frail, institutionalised older adults and cohorts of 
community-dwelling centenarians differ from young 
controls in opposite directions on several microbial 
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indices: the former show contraction of fibre-fermenting 
taxa and expansion of Enterobacteriaceae, whereas the 
latter show enrichment of Akkermansia, 
Christensenellaceae and Bifidobacterium and increased 
inter-individual uniqueness [6, 8]. Treating both as "the 
aging microbiome" produces a composite phenotype that 
describes neither. 

2.2 Terminology of immune aging 
 
The manuscript literature often uses "inflammaging" as a 
synonym for immune aging. We distinguish four related 
but separately measurable constructs, summarised in 
Table 1. 

 
Table 1. Terminology and the evidence-grading scheme used in this review. Definitions are given because studies 
that use “aging” to mean chronological age, biological age, frailty or age-related disease are frequently pooled as 
though they addressed the same question. 
 

Term or code Definition as used here Why the distinction matters 
Chronological 
age 

Time since birth. The exposure is most often reported, and the least 
mechanistically informative. 

Biological aging Progressive multi-system accumulation of molecular 
and cellular damage increasing vulnerability to 
disease and death; estimated by composite or 
epigenetic clocks. 

Two people of the same chronological age may 
differ markedly; microbial correlates of 
biological age are largely unstudied. 

Healthy aging Development and maintenance of the functional 
ability that enables wellbeing in older age (mobility, 
cognition, mood, sensory function, continence, 
ability to meet basic needs and maintain 
relationships). 

Defined by preserved function, not by absence of 
disease; requires functional rather than 
compositional endpoints. 

Healthspan Period of life free of clinically significant chronic 
disease and of disability; operationalised as time to 
first major age-related morbidity or to incident 
disability. 

The outcome that microbiota-targeted 
interventions are claimed to extend, and that no 
trial has yet measured. 

Frailty Reduced physiological reserve and diminished 
resistance to stressors; measured as a phenotype or 
as a deficit-accumulation index. 

Correlates with microbial composition more 
strongly than chronological age; a composite 
exposure, not a nuisance covariate. 

Healthy 
longevity 

Survival to extreme age with preserved function; the 
phenotype of centenarian cohorts. 

Microbial features diverge from, and sometimes 
oppose, those of frail elderly cohorts. 

Disease-
associated 
dysbiosis 

Microbial configuration accompanying a defined 
pathological state. 

May be consequence rather than cause; 
conflation with age-associated change is the 
field’s commonest inferential error. 

Immunosenesce
nce 

Age-associated remodelling of adaptive and innate 
immunity: thymic involution and naive T-cell 
contraction, memory and CD28-null accumulation, 
restricted B-cell repertoire, myeloid skewing, 
impaired antigen presentation, altered mucosal IgA, 
reduced vaccine responsiveness. 

Not equivalent to inflammation; an intervention 
lowering IL-6 has not been shown to restore 
thymic output or vaccine response. 

Inflammaging Chronic, low-grade, sterile elevation of circulating 
inflammatory mediators (IL-6, TNF, CRP, soluble 
TNF receptors) predictive of disability and 
mortality. 

The most frequently measured outcome, and 
only one component of immune aging. 

Immune 
exhaustion 

Antigen-driven, potentially reversible T-cell 
hypofunction with sustained inhibitory receptor 
expression (PD-1, TIM-3, LAG-3) and distinct 
transcriptional and epigenetic programmes. 

Mechanistically distinct from senescence 
although co-occurring; evidence in aging outside 
tumour models is minimal. 

Cellular 
senescence and 
SASP 

Stable cell-cycle arrest with apoptosis resistance; the 
senescence-associated secretory phenotype is the 
accompanying secretion of cytokines, chemokines, 
proteases and growth factors. 

Whether microbiota-targeted intervention alters 
senescent-cell burden in humans is unknown. 

H-CS Human cross-sectional or case–control association. Cannot establish direction; vulnerable to the 
confounders in Section 2.4. 

H-LONG Human longitudinal or prospective cohort. Establishes temporality but not causation. 
H-RCT Randomised controlled trial in humans. The design required for intervention claims; rare 

with functional endpoints in older adults. 
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H-MR Mendelian randomisation or other genetic 
instrumental-variable analysis in humans. 

Addresses causality observationally; instrument 
strength for microbial traits is limited. 

A-TRANSFER Microbiota transfer, gnotobiotic colonisation or 
germ-free comparison in animals. 

The principal basis for causal claims in this field; 
translational relevance to human healthspan 
unresolved. 

A-OBS Observational or interventional animal study 
without transfer. 

Mechanistically useful; does not establish that 
the microbiota is the operative variable. 

IV In-vitro, ex-vivo, organoid or cell-based work. Concentration and context frequently non-
physiological; see Section 4.2. 

Confidence: high Consistent findings from more than one human 
interventional or longitudinal study in an age-
relevant population, with supporting mechanism. 

In our appraisal, no claim linking a microbial 
feature causally to human healthspan currently 
reaches this grade. 

Confidence: 
moderate 

Consistent human observational evidence with 
supporting animal-transfer data but no adequate trial. 

Applies to most metabolite–disease associations 
reviewed here. 

Confidence: low Limited or discordant human evidence, or 
mechanism established only in animals or in vitro. 

Applies to most immune-aging-specific claims. 

Confidence: very 
low 

Single studies, non-age-relevant models, or evidence 
confined to disease or toxicological models. 

Applies to claims derived from acute-injury and 
toxicology models. 

 

 Immunosenescence is the remodelling of adaptive 
and innate immunity with age. Its principal components 
are thymic involution with contraction of the naïve T-cell 
pool; accumulation of differentiated effector-memory and 
CD28-null T cells with oligoclonal expansion; restriction 
of the B-cell repertoire with reduced class-switch 
recombination and lower-affinity antibody; myeloid 
skewing of haematopoiesis; impaired dendritic-cell 
antigen presentation and reduced co-stimulatory capacity; 
diminished mucosal secretory IgA quantity and 
specificity; and reduced responsiveness to vaccination, 
which is the most clinically consequential functional read-
out [2,9].  Inflammaging is the chronic, low-grade, sterile 
elevation of circulating inflammatory mediators—most 
consistently IL-6, TNF, CRP and soluble TNF 
receptors—observed in older populations and predictive 
of disability and mortality [3,10,11].  Immune exhaustion 
is an antigen-driven, reversible hypofunctional T-cell 
state characterised by sustained inhibitory receptor 
expression (PD-1, TIM-3, LAG-3) and defined 
transcriptional and epigenetic programmes; it is 
mechanistically distinct from senescence, although the 
two co-occur.  Cellular senescence is stable cell-cycle 
arrest with resistance to apoptosis; the senescence-
associated secretory phenotype (SASP) is the 
accompanying secretion of cytokines, chemokines, 
proteases and growth factors that propagate inflammation 
locally and, in part, systemically [12,13]. 

Conflating these constructs has practical 
consequences. An intervention that lowers circulating IL-
6 has not necessarily improved naïve T-cell output or 
vaccine responsiveness; an intervention that increases 
faecal butyrate has not necessarily reduced senescent-cell 
burden. Wherever possible we therefore state which 
feature of immune aging a given microbial exposure has 
been shown to affect and note where the link is assumed 
rather than measured. 

2.3 An evidence-grading scheme 
 
We assign each major claim in this review a design 
descriptor and a confidence grade (Table 1). Design 
descriptors are:  H-CS, human cross-sectional or case–
control association; H-LONG, human longitudinal or 
prospective cohort; H-RCT, randomised controlled trial in 
humans; H-MR, Mendelian randomisation or other 
genetic instrumental-variable analysis; A-TRANSFER, 
microbiota transfer, gnotobiotic colonisation or germ-free 
comparison in animals; A-OBS, observational or 
interventional animal study without transfer; IV, in-vitro, 
ex-vivo or organoid work. Confidence grades are:  high , 
consistent findings from more than one human 
interventional or longitudinal study in an age-relevant 
population, supported by mechanistic evidence;  
moderate , consistent human observational evidence with 
supporting animal-transfer data but no adequate trial;  low 
, limited or discordant human evidence, or mechanism 
established only in animals or in vitro;  very low , single 
studies, non-age-relevant models, or evidence confined to 
disease or toxicological models. Applying this scheme to 
the field yields a sobering distribution: the great majority 
of mechanistic claims linking specific microbial features 
to human healthspan currently attract low or moderate 
confidence, and we consider none to reach high 
confidence for a causal effect on human healthspan 
endpoints. 

We have applied two additional rules. General 
toxicology and acute disease models—heavy-metal 
exposure, perfluorinated compounds, cardiopulmonary 
bypass, heat stroke, sleep deprivation, chemically induced 
colitis—are cited only where they establish a molecular 
mechanism that is otherwise inaccessible and are 
explicitly not treated as evidence about healthy aging, 
because the magnitude, kinetics and context of barrier 
injury in these models differ qualitatively from age-
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associated change. And because bidirectionality is the 
norm rather than the exception, we describe relationships 
as bidirectional unless directionality has been established 
experimentally: disease, drug exposure, altered dietary 
intake, reduced mobility and systemic inflammation each 
reshape the microbiota, so an association observed in 
patients cannot be read as microbial causation of their 
disease. 
 
2.4 Determinants of the older-adult microbiome: an 
interpretive framework 
 
Any statement of the form "aging is associated with X" 
should be read as shorthand for "cohorts of older adults 
differ from cohorts of younger adults in X, for reasons that 
include but are not limited to age". The principal 
alternative and mediating explanations are as follows, and 
we return to them throughout. 

 Frailty and functional status.  In older-adult cohorts, 
frailty indices correlate with microbial composition more 
strongly than chronological age does, and several taxa 
initially reported as age-associated track frailty instead 
[14,15] (H-CS, moderate). Because frailty is also 
associated with reduced dietary variety, lower fibre 
intake, reduced mobility and higher drug burden, it should 
be treated as a composite exposure rather than a covariate 
to be adjusted away. 

 Residential setting.  Long-term residential care is 
accompanied by markedly less diverse diets and by 
microbial profiles distinguishable from those of 
community-dwelling older adults of the same age, with 
intermediate profiles in rehabilitation and day-hospital 
settings [16]. Studies that recruit from institutions and 
compare with community-dwelling young controls 
confound age with residence. 

 Medication.  Older adults are exposed to proton-
pump inhibitors, metformin, antibiotics, laxatives, 
opioids, antidepressants, statins and antipsychotics, 
several of which have effect sizes on microbial 
composition comparable to or larger than that of age; 
antibiotic courses in hospitalised older adults produce 
measurable and sometimes persistent compositional 
change [17] (H-LONG, moderate). Polypharmacy count 
is itself associated with compositional variation and 
should be reported. 

 Habitual diet and dietary variety.  Fibre quantity and 
diversity, protein source, polyphenol intake and overall 
dietary variety are strong and modifiable determinants of 
both composition and fermentation output; dietary 
diversity is associated with microbial evenness and with 
SCFA-producer abundance in older adults, although the 
association attenuates in the oldest groups [18] (H-CS, 
moderate). 

 Physical activity and body composition.  Habitual 
activity and cardiorespiratory fitness are associated with 
SCFA-producer abundance in older adults, with the 
clearest signals in those with excess adiposity [19,20] (H-
CS/H-RCT, low to moderate). 

 Bowel transit and stool consistency.  Transit time is 
among the strongest single correlates of faecal microbial 
composition and of the faecal metabolome; constipation 
is common in older adults, and slower transit shifts 
fermentation from saccharolytic towards proteolytic 
pathways, raising faecal branched-chain fatty acids, 
ammonia and phenolic compounds while lowering 
butyrate. Failure to record stool form or transit is a 
recurrent limitation of aging-microbiome studies. 

 Geography, urbanisation and socioeconomic 
position.  In large population studies, geography explains 
more compositional variance than diet or ethnicity, 
urbanisation is associated with reduced intra-individual 
and increased inter-individual diversity, and 
socioeconomic position is independently associated with 
composition [21-26] (H-CS, moderate). Comparisons 
across cohorts recruited on different continents are 
therefore poorly interpretable as evidence about age. 

 Comorbidity and organ function.  Renal impairment, 
heart failure, hepatic dysfunction, diabetes and 
malignancy alter both microbial composition and the 
circulating concentrations of microbial metabolites 
through changes in substrate delivery and, critically, in 
clearance. This is the dominant confounder in the TMAO 
literature (Section 4.5). 

Two conclusions follow. First, studies of the aging 
microbiome should report frailty status, residence, 
medication list, dietary intake, physical activity, stool 
form and renal function as a minimum, and analyses that 
omit them should be interpreted accordingly. Second, the 
appropriate contrast for geroscience questions is usually 
not young versus old but, within older adults, robust 
versus frail, or high versus low functional trajectory, 
ideally longitudinally. 

 
3. Microbial Features of Older Age: What Is 
Reproducible 
 
3.1 Diversity, composition and heterogeneity 
 
Alpha diversity.  Reduced faecal alpha diversity in older 
adults is the most frequently reported finding, and it is less 
robust than its ubiquity suggests. Many cohorts report 
lower Shannon or Chao1 indices in older than younger 
participants [27-29] (H-CS, moderate), but the effect is 
inconsistent across cohorts, is attenuated or abolished by 
adjustment for frailty, medication and diet, and is reversed 
in some healthy-longevity cohorts, in which evenness is 
preserved or increased [6, 8]. Longitudinal and cross-
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sectional data in non-human primates and other mammals 
similarly show that diversity does not decline uniformly 
with age; the more consistent age signal is increased inter-
individual divergence and reduced temporal stability 
[30,31] (A-OBS, moderate). The most defensible 
summary is that older age is associated with increased 
heterogeneity and reduced within-person stability, and 
only variably with lower diversity. 

 Composition.  Recurrent, though not universal, 
compositional differences include a lower relative 
abundance of Bifidobacterium and of Faecalibacterium, 
contraction of butyrate-producing Lachnospiraceae and 

Ruminococcaceae including Roseburia and Coprococcus, 
and expansion of facultative anaerobes of the 
Enterobacteriaceae, including Escherichia and Klebsiella 
[28,29,32-34] (H-CS, moderate). Two qualifications are 
important. Enterobacteriaceae expansion is a non-specific 
consequence of increased luminal oxygen and nitrate 
availability during mucosal inflammation and occurs in 
many acute and chronic conditions unrelated to age; its 
presence in older cohorts is therefore weak evidence for 
an age-specific process. And relative-abundance data 
cannot distinguish a true increase in one taxon from a 
decrease in others, an issue we return to in Section 3.2. 

 

 
Figure 1. Heterogeneous trajectories of the intestinal microbiota in older age, and their principal determinants. The 
microbiota of older adults does not converge on a single dysbiotic configuration. At least three distinguishable trajectories are 
described in the literature: a robust, community-dwelling phenotype in which fibre-fermenting taxa and fermentation capacity 
are largely preserved; a healthy-longevity phenotype (centenarian and long-lived cohorts) characterised by increased 
compositional uniqueness and enrichment of Akkermansia, Christensenellaceae and bile-acid-transforming taxa; and a frailty-
associated phenotype with contraction of Lachnospiraceae and Ruminococcaceae and expansion of facultative anaerobes 
including Enterobacteriaceae. The lower panel lists the determinants that covary with chronological age and that account for a 
substantial and often unquantified fraction of reported age differences: frailty and functional status, residential setting, 
polypharmacy, habitual dietary variety and fibre intake, physical activity, bowel transit time and stool form, geography and 
urbanisation, socioeconomic position, and comorbidity with its effects on metabolite clearance. Arrow convention: solid arrows 
denote relationships supported by human interventional or animal transfer experiments; dashed arrows denote associations for 
which directionality has not been established. Figure drawn to scale of evidence, not of effect size. 

Healthy longevity as a distinct phenotype.  
Centenarian and long-lived cohorts show enrichment of 
Akkermansia muciniphila, Christensenellaceae, 
Bifidobacterium and bile-acid-transforming taxa, and 
increased compositional uniqueness relative to younger 
adults [6, 8] (H-CS, moderate). Whether these features 
contribute to longevity, are consequences of the 

physiology that permits it, or reflect selection of the fittest 
survivors cannot be resolved cross-sectionally. Their 
existence nonetheless refutes any model in which a single 
dysbiotic configuration is the necessary correlate of 
advanced age (Fig. 1). 

 Regional heterogeneity within the gut.  Faecal 
samples represent the distal colonic lumen and are a poor 
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proxy for mucosa-adherent communities and for the small 
intestine, where age-associated changes in the duodenal 
and jejunal microbiota have been described that are not 
detectable in stool [32] (H-CS, low). Because barrier 
interactions, immune sampling and much of the 
physiologically relevant metabolite exposure occur at the 
mucosal surface and in the proximal gut, inference from 
faecal composition to mucosal immunology is indirect. 

 Beyond bacteria.  The fungal, viral and archaeal 
components of the ecosystem, and bacterial strain-level 
and functional-gene variation, are addressed by few aging 
studies. Because functionally decisive traits—bile-salt 
hydrolase activity, butyryl-CoA:acetate CoA-transferase, 
TMA lyase (cutC/D), mucin-degrading glycoside 
hydrolases—are strain- rather than genus-level properties, 
taxonomic summaries at genus level may misrepresent 
functional capacity in either direction. 
 
3.2 Methodological determinants of reported 
microbial signatures 
 
A substantial fraction of the inconsistency in this literature 
is technical, and any proposed "aging microbial signature" 
should be evaluated against the following sources of 
variation before biological interpretation. 

 Sampling.  Stool versus mucosal biopsy, luminal 
versus mucus-associated fractions, single versus repeated 
sampling, and time since last defecation all affect 
measured composition; within-person day-to-day 
variation can approach between-person variation for some 
taxa [35,36] (H-LONG, moderate). Storage temperature, 
freeze–thaw cycles, use of preservative buffers and transit 
time to the laboratory introduce further systematic 
differences. 

 Nucleic-acid extraction and amplification.  
Extraction chemistry and the efficiency of lysis of Gram-
positive cell walls are among the largest single 
contributors to inter-laboratory disagreement, 
systematically biasing Firmicutes-to-Bacteroidetes ratios. 
In amplicon sequencing, primer choice and the 
hypervariable region targeted (V1–V2, V3–V4, V4) alter 
apparent abundances and, in particular, systematically 
under-detect Bifidobacterium with commonly used V3–
V4 primer sets—directly relevant to the widely reported 
age-associated decline in this genus. Copy-number 
variation of the 16S rRNA gene further distorts relative 
abundance. 

 Sequencing approach and annotation.  16S rRNA 
amplicon sequencing provides genus-level resolution and 
no direct functional information; functional profiles 
inferred by predictive tools are not equivalent to measured 
gene content. Shotgun metagenomics provides species- 
and gene-level resolution but depends on read depth, host-
DNA depletion and reference-database completeness; 

taxonomic assignments change with database version, so 
studies using different releases are not strictly 
comparable. Metatranscriptomics, metaproteomics and 
enzyme-activity assays address expression rather than 
potential, and are rarely applied in aging cohorts. 

 Relative versus absolute abundance.  Sequencing 
yields compositional data constrained to a constant sum. 
Analysis with methods that ignore this constraint 
generates spurious negative correlations and inflated 
false-positive rates; appropriate approaches use log-ratio 
transformations or explicit compositional models. 
Quantitative approaches using flow cytometry or spike-in 
standards show that changes in total microbial load can 
invert the direction of apparent taxon-level change, and 
absolute quantification is almost never reported in aging 
studies. 

 Metabolite measurement.  Targeted and untargeted 
platforms differ in coverage, sensitivity and quantitative 
accuracy; SCFAs are volatile and require appropriate 
derivatisation, acidification and headspace handling, and 
faecal SCFA concentration reflects the difference 
between production and colonic absorption rather than 
production rate. Absorption exceeds 90–95% of produced 
SCFAs, so faecal concentrations may correlate poorly or 
even inversely with fermentation rate. Stable-isotope 
infusion or arteriovenous sampling is required to estimate 
flux, and has been applied in only a handful of human 
studies. Circulating metabolite concentrations 
additionally reflect hepatic first-pass extraction and renal 
clearance. 

 Analysis and reporting.  High-dimensional 
microbiome data with modest sample sizes invite 
multiplicity and overfitting. Studies frequently report 
nominally significant taxa without adequate false-
discovery control, and machine-learning classifiers are 
often reported without external validation, so apparent 
diagnostic performance is optimistically biased. Batch 
effects arising from sequencing run, extraction batch or 
recruitment site are commonly unmodelled and can align 
with the exposure of interest when cases and controls are 
recruited at different times or sites. Heterogeneity in 
protocols and incomplete metadata reporting have been 
documented as barriers to meta-analysis [37] (moderate). 

Two implications follow for the interpretation of 
Sections 4 and 5. Compositional "signatures" of aging 
reported without absolute quantification, transit-time 
data, external validation and compositional-aware 
statistics should be regarded as hypothesis-generating. 
And because the same technical factors affect metabolite 
quantification, inferences that move from faecal 
metabolite concentration to systemic host exposure 
require independent measurement of circulating or tissue 
concentrations. 
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4. Mechanistic Pathways from Microbial Function to 
Immune Aging 
 
This section is organised by microbial function rather than 
by taxon, because function is what the host senses. For 
each pathway we state the proposed mechanism, the 
evidence types available, and the principal uncertainties. 
 
4.1 Barrier function and microbial translocation 
 
The proposed pathway is straightforward: reduced 
fermentative substrate delivery to colonocytes, thinning 
of the mucus layer and altered tight-junction protein 
expression increase paracellular permeability, permitting 
translocation of lipopolysaccharide (LPS), flagellin, 
peptidoglycan and bacterial DNA to the portal and 
systemic circulation, where they engage TLR4–MyD88–
NF-κB and inflammasome signalling and sustain low-
grade cytokine production [38,39] (IV/A-OBS, moderate 
for the molecular steps). 

In humans, the evidence that this pathway operates as 
an age-related process is weaker than usually presented. 
Circulating markers used as proxies for permeability—
LPS-binding protein, soluble CD14, zonulin, intestinal 
fatty-acid-binding protein—are indirect, and zonulin 
assays in particular have documented specificity 
problems, with commercial kits detecting proteins other 
than pre-haptoglobin-2. Direct permeability measurement 
by differential sugar absorption is rarely performed in 
aging cohorts. Studies reporting higher permeability 
markers and higher IL-6 or CRP in older adults are cross-
sectional [40-42] (H-CS, low to moderate), and because 
systemic inflammation itself increases permeability, the 
direction of the association is not established. A sex 
difference in epithelial permeability and associated 
inflammation has been reported in mice [40] (A-OBS, 
very low as a basis for human sex-specific claims). 

Mechanistic support for the pathway comes largely 
from injury models—cadmium and perfluoro-
octanesulfonic acid exposure, cardiopulmonary bypass, 
heat stroke, sleep deprivation, chemically induced colitis 
[43-50] (A-OBS/IV). These establish that barrier 
disruption can drive systemic inflammation, but they 
involve acute, high-magnitude injury and are not models 
of healthy aging; we cite them for molecular mechanism 
only. Age-relevant support is provided by studies in aged 
mice showing reduced barrier integrity that is modifiable 
by monocyte-directed intervention [40,42] (A-OBS, low), 
and by small human studies of intestinal alkaline 
phosphatase and fibre supplementation reporting reduced 
endotoxaemia markers [51,52] (H-RCT small/IV, low). 

Terminology: we use "increased intestinal 
permeability" as the primary term and retain "leaky gut" 
only once, as an explanatory gloss, because the popular 

term implies a discrete pathological entity that has not 
been defined clinically. 
 
4.2 Short-chain fatty acids: a context-dependent signal 
 
SCFAs are saturated aliphatic organic acids with fewer 
than six carbon atoms produced by anaerobic 
fermentation of non-digestible carbohydrate; acetate (C2), 
propionate (C3) and butyrate (C4) account for the large 
majority, with valerate (C5) and the branched-chain 
isomers isobutyrate and isovalerate—products of amino-
acid rather than carbohydrate fermentation—present at 
lower concentrations [53-55]. We note that definitions in 
the literature vary between "fewer than six" and "two to 
six" carbons, and that formate (C1) is sometimes 
included; we use the fewer-than-six-carbon definition and 
specify chain length where it matters. Fermentation 
occurs predominantly in the proximal colon, where 
substrate availability is highest, with the caecum and 
ascending colon the principal sites and progressively 
lower concentrations distally; the small distal intestine 
contributes minimally in health. Acetate is produced by 
many taxa via the acetyl-CoA and Wood–Ljungdahl 
pathways, propionate via the succinate, acrylate and 
propanediol pathways in distinct lineages, and butyrate 
mainly via butyryl-CoA:acetate CoA-transferase and, less 
commonly, butyrate kinase, in Lachnospiraceae and 
Ruminococcaceae [56] (IV/genomic, high for pathway 
assignment). 

 Local versus systemic exposure.  Luminal colonic 
SCFA concentrations are in the 10–100 mmol/L range; 
portal concentrations are two to three orders of magnitude 
lower, and peripheral venous concentrations lower again, 
typically low micromolar for butyrate because of 
colonocyte oxidation and hepatic extraction. This gradient 
is decisive for interpretation, because most in-vitro 
immunological studies apply 0.5–5 mmol/L SCFA to 
immune cells—concentrations attainable in the colonic 
lumen and in mucosal tissue but not in the systemic 
circulation. Effects demonstrated at millimolar 
concentrations should therefore be attributed to the gut 
mucosa and gut-draining lymphoid tissue, not to systemic 
immunity, unless systemic concentrations have been 
measured. 

 Receptor- and concentration-dependence.  SCFAs 
signal through FFAR2 (GPR43), FFAR3 (GPR41) and 
HCAR2 (GPR109A), which differ in ligand preference, 
potency and cellular distribution: FFAR2 responds to 
acetate and propionate at low micromolar to millimolar 
concentrations, FFAR3 to propionate and butyrate, and 
HCAR2 to butyrate at higher concentrations [57] (IV, 
high). Because receptor expression differs across 
neutrophils, macrophages, dendritic cells, T-cell subsets, 
enteroendocrine cells and enteric neurons, and because 
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HDAC inhibition by butyrate requires concentrations that 
are physiological in the lumen but not systemically, the 
same metabolite can be pro- or anti-inflammatory 
depending on cell type, concentration and receptor 
availability. 

 Immunological effects are not uniformly beneficial.  
Butyrate and propionate promote peripheral regulatory T-
cell generation and enhance FOXP3 expression through 
HDAC inhibition in mice and in human in-vitro systems 
[57-59] (A-TRANSFER/IV, moderate). But SCFAs also 
impair neutrophil antimicrobial and antiviral function in 
an age-dependent manner [60,61] (A-OBS/IV, low), can 
suppress protective effector responses in the context of 
infection, and in specific settings promote rather than 
restrain inflammatory signalling. Butyrate is a preferred 
energy substrate for normal colonocytes yet inhibits 
proliferation of transformed colonocytes that have shifted 
to glycolysis—the "butyrate paradox"—so its net effect 
depends on host cell metabolic state. In germ-free and 
antibiotic-treated animals, SCFA supplementation can 
worsen as well as improve outcomes depending on model 
and timing. The claim that higher SCFA is uniformly 
better is therefore not supportable. 

 Abundance, activity and concentration are not 
interchangeable.  The abundance of taxa carrying 
butyrate-synthesis genes predicts neither expression nor 
flux; faecal butyrate concentration reflects production 
minus absorption; and because absorption is near-
complete, low faecal butyrate may indicate either low 
production or efficient uptake. Studies that infer "reduced 
butyrate production in aging" from lower relative 
abundance of Roseburia constitute weak evidence. 

 Barrier and metabolic effects.  Butyrate supports 
tight-junction assembly, mucin expression and hypoxia-
inducible-factor-dependent epithelial barrier 
maintenance, and SCFAs influence appetite, incretin 
secretion and hepatic gluconeogenesis [62-64] (IV/A-
OBS, moderate; H-RCT, low). Human trials of fibre or 
SCFA supplementation in older adults with functional 
endpoints remain few and small. 
 
4.3 Bile acids, tryptophan derivatives and polyamines 
 
Bile acids.  Microbial bile-salt hydrolases deconjugate 
primary bile acids, and 7α-dehydroxylating taxa generate 
deoxycholic and lithocholic acid; further microbial 
epimerisation yields isoallolithocholic and 3-
oxolithocholic acid, which modulate the Treg–Th17 
balance through distinct receptor-independent and 
RORγt-dependent mechanisms, while FXR and TGR5 
mediate broader metabolic and immune effects [65,66] 
(A-TRANSFER/IV, moderate). Human data in older 
adults are sparse, and secondary bile acids have both 
immunoregulatory and, at higher colonic concentrations, 

genotoxic potential, so directionality is context-
dependent. 

 Tryptophan derivatives.  Microbial tryptophan 
metabolism generates indole, indole-3-aldehyde, indole-
3-propionate and indole-3-acetate, which activate the aryl 
hydrocarbon receptor on intestinal epithelial cells, group 
3 innate lymphoid cells, T cells and dendritic cells, 
supporting IL-22-dependent barrier maintenance and 
antimicrobial peptide production [67-70] (A-
TRANSFER/IV, moderate). Competing host pathways 
matter: with age and inflammation, IDO1-dependent 
kynurenine production increases and the circulating 
kynurenine-to-tryptophan ratio rises, which is associated 
with frailty and mortality; because IDO1 and microbial 
indole pathways compete for the same substrate, 
tryptophan metabolite profiles reflect host as well as 
microbial activity, and cannot be attributed to the 
microbiota without isotope tracing or germ-free 
comparison. 

 Polyamines.  Spermidine and spermine, produced by 
both host and microbiota, induce autophagy and have 
been associated with reduced mortality in observational 
cohorts and with lifespan extension in model organisms 
[71] (H-CS/A-OBS, low). The proportion of circulating 
polyamine derived from microbial rather than host or 
dietary sources in humans is unquantified, and human 
interventional data with functional endpoints are limited 
to small trials. 

 Polyphenol-derived metabolites.  Because most 
dietary polyphenols are poorly absorbed intact, their 
biological activity is largely attributable to microbial 
catabolites—phenolic acids, urolithins from ellagitannins, 
equol from daidzein, valerolactones from flavan-3-ols—
whose formation depends on possession of specific 
microbial pathways [72-76]. This generates discrete 
metabotypes: only a minority of individuals produce 
equol, and urolithin-producing capacity is similarly 
stratified, so identical intake yields markedly different 
systemic exposure. This is a mechanistic argument for 
stratified rather than population-level dietary 
recommendations, and it also means that trials of 
polyphenol supplementation that do not stratify by 
metabotype are likely to be underpowered for true effects 
[77-81] (H-RCT, low; IV/A-OBS, moderate). 
 
4.4 Interfaces between microbial function and discrete 
features of immune aging 
 
Aligning microbial functions with specific immune-aging 
features, rather than with inflammation generally, exposes 
where the evidence is thin (Table 2). 

Mucosal IgA.  Commensal-driven IgA induction is 
well established in mice, and both IgA quantity and 
antigen-specificity change with age, with reduced coating 
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of specific taxa reported in aged animals (A-OBS, 
moderate). Human data on mucosal IgA in older adults, 

and on whether microbial intervention modifies it, are 
limited (H-CS, low). 

 
Table 2. Evidence appraisal for the principal microbial functions and metabolites proposed to affect immune aging. 
Design codes and confidence grades are defined in Table 1. Sample sizes are reported for representative human 
studies where a single study is cited; for multi-experiment animal and in-vitro evidence, n varies by experiment and 
is reported in the cited primary articles. 
 

Microbial 
function / 
metabolite 

Population or 
model (n) 

Design Exposure 
measured 

Immune-
aging 
feature or 
outcome 

Principal 
finding 

Major limitation Confiden
ce 

Saccharolytic 
fermentation to 
butyrate 
(Lachnospirace
ae, 
Ruminococcace
ae; but-CoA 
transferase) 

ELDERMET 
cohort: 178 
older adults 
across 
community, 
day-hospital, 
rehabilitation 
and long-term 
residential 
settings; 
younger 
comparison 
participants 
were analysed 
separately 

H-CS Relative 
abundance 
of butyrate-
synthesis 
taxa or 
genes; 
faecal 
SCFA 
concentrati
on 

Circulating 
IL-6, TNF, 
CRP; 
permeability 
markers 

Lower 
abundance 
of butyrate 
producers 
and lower 
faecal 
butyrate 
reported in 
older, 
particularly 
frail, cohorts 

Relative abundance 
does not measure 
flux; faecal 
concentration 
reflects production 
minus near-
complete 
absorption; frailty, 
diet and transit 
unadjusted in most 
studies 

Moderate 
for 
associatio
n; low for 
causation 

Butyrate: 
regulatory T-
cell induction 

Murine 
colonic Treg 
experiments 
and human 
naive CD4 T-
cell cultures 
from healthy 
donors; n 
varied by 
experiment in 
the cited 
primary 
studies 

A-
TRANSFE
R; IV 

0.5–5 
mmol/L 
butyrate or 
propionate 

FOXP3 
induction, 
histone 
acetylation, 
suppressive 
function 

HDAC-
dependent 
enhancemen
t of 
peripheral 
Treg 
generation 

Concentrations 
physiological in 
colonic lumen but 
not systemically; no 
demonstration in 
older humans 

Moderate 
(mechani
sm); very 
low 
(systemic 
relevance 
in older 
adults) 

SCFAs: innate 
effector 
function 

Aged versus 
young mice 
and 
neutrophils 
from younger 
and older 
adult donors; 
n varied by 
assay in the 
cited primary 
studies 

A-OBS; IV Millimolar 
SCFA 
exposure 

Neutrophil 
migration, 
antimicrobia
l peptide 
release, 
antiviral 
capacity 

Age-
dependent 
impairment 
of neutrophil 
antimicrobia
l and 
antiviral 
function 

Direction of effect 
opposite to the 
“SCFA is 
beneficial” framing; 
small studies, 
model-dependent 

Low 

Secondary and 
microbially 
epimerised bile 
acids (BSH, 
7alpha-
dehydroxylatio
n) 

Gnotobiotic 
and antibiotic-
treated mouse 
experiments; 
limited human 
cohorts; n 
varied across 
the cited 
studies 

A-
TRANSFE
R; IV 

Deoxychol
ate, 
lithocholate
, 3-
oxoLCA, 
isoalloLCA 

Treg/Th17 
balance; 
FXR- and 
TGR5-
dependent 
signalling 

Distinct 
bile-acid 
species shift 
Treg–Th17 
balance in 
opposite 
directions 

Almost no data in 
older adults; higher 
colonic 
concentrations are 
genotoxic, so 
directionality is 
dose-dependent 

Moderate 
(mechani
sm); very 
low 
(human 
aging) 

Tryptophan-to-
indole 
conversion 
(AhR ligands) 

Murine ILC3 
and epithelial 
experiments 
plus human 
association 
studies; n 
varied across 

A-
TRANSFE
R; IV; H-
CS 

Indole-3-
aldehyde, 
indole-3-
propionate, 
indole-3-
acetate 

AhR-
dependent 
IL-22, 
antimicrobia
l peptides, 
barrier 
integrity 

Microbial 
indoles 
support 
barrier and 
mucosal 
immunity; 
kynurenine:t
ryptophan 

Host IDO1 
competes for the 
same substrate, so 
metabolite profiles 
are not microbe-
specific without 
tracing or germ-free 
comparison 

Moderate 
(mechani
sm); low 
(attributio
n to 
microbiot
a in 
humans) 
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the cited 
studies 

ratio rises 
with age and 
frailty 

Polyamines 
(spermidine, 
spermine) 

Bruneck 
prospective 
cohort (n = 
829) plus 
model-
organism 
experiments 
with study-
specific n 

H-CS; A-
OBS 

Dietary 
and 
circulating 
polyamine 

Autophagy 
induction; 
mortality 
association 

Higher 
intake 
associated 
with lower 
mortality; 
lifespan 
extension in 
models 

Microbial versus 
host and dietary 
contribution 
unquantified in 
humans; no 
adequately 
powered trial 

Low 

Polyphenol 
catabolites 
(urolithins, 
equol, 
valerolactones) 

Representativ
e older-adult 
urolithin A 
intervention 
(n = 60) plus 
smaller 
metabotype-
stratified 
studies 

H-RCT; 
IV 

Ellagitanni
n, 
isoflavone 
and flavan-
3-ol intake 
with 
metabolite 
measurem
ent 

Inflammator
y markers; 
mitophagy; 
muscle 
endpoints in 
early trials 

Systemic 
exposure 
depends on 
possession of 
specific 
microbial 
pathways, 
generating 
discrete 
producer and 
non-producer 
metabotypes 

Unstratified trials 
dilute true effects; 
older-adult data 
limited to small 
trials 

Low to 
moderate 

cutC/D-
dependent 
TMA 
generation and 
hepatic FMO3 
oxidation to 
TMAO 

Prospective 
cardiovascula
r cohort (n = 
4,007) plus 
atherosclerosi
s-prone 
mouse 
experiments 
with study-
specific n 

H-LONG; 
A-
TRANSF
ER; H-
MR 

Plasma 
TMAO; 
dietary 
choline 
and 
carnitine 

Incident 
major 
adverse 
cardiovascu
lar events; 
platelet 
reactivity; 
NLRP3 
activation 

Higher 
plasma 
TMAO 
associated 
with 
cardiovascu
lar events; 
TMA-lyase 
inhibition 
reduces 
atherosclero
sis in mice 

Renal clearance 
dominates plasma 
concentration and 
is rarely measured 
directly; FMO3 
varies by genotype 
and sex; fish 
contributes 
preformed TMAO; 
Mendelian 
randomisation 
inconsistent; no 
outcome trial 

Moderat
e for 
associati
on; low 
for 
causatio
n in 
humans 

Microbial 
products and 
barrier 
permeability 
(LPS, flagellin, 
peptidoglycan) 

Multiple 
small human 
aging cohorts 
plus aged-
mouse and 
acute-injury 
experiments; 
n varied 
across studies 

H-CS; A-
OBS; IV 

LPS-
binding 
protein, 
soluble 
CD14, 
zonulin, I-
FABP; 
rarely 
direct 
sugar-
permeabili
ty testing 

Monocyte 
activation; 
IL-6, TNF, 
CRP 

Higher 
permeability 
markers and 
inflammatory 
markers in 
older, 
especially 
frail, cohorts 

Surrogate markers 
are indirect and 
zonulin assays 
have specificity 
problems; 
inflammation itself 
increases 
permeability, so 
direction is 
unresolved; 
mechanistic 
support comes 
largely from acute 
toxicological 
models 

Low to 
moderate 

Commensal-
driven mucosal 
IgA 

Germ-free 
and colonised 
mouse 
experiments 
plus limited 
human 
cohorts; n 
varied across 
studies 

A-
TRANSF
ER; H-CS 

Colonisati
on status; 
IgA 
coating of 
taxa 

Secretory 
IgA 
quantity and 
antigen 
specificity 

Commensal
s induce 
IgA; 
coating 
specificity 
changes 
with age in 
animals 

Human mucosal 
IgA data in older 
adults sparse; no 
intervention data 

Moderat
e 
(animals
); low 
(humans
) 

Microbiota and 
thymic output / 
naive T-cell 
pool 

Germ-free 
and 
antibiotic-
treated 
animal 
experiments; 
n varied by 
experiment 

A-
TRANSF
ER 

Colonisati
on or 
depletion 

Thymic and 
peripheral 
T-cell 
developmen
t 

Altered T-
cell 
developmen
t in the 
absence of a 
microbiota 

No human 
evidence that 
microbiota-
targeted 
intervention alters 
thymic output or 
naive T-cell 
frequency in older 
adults 

Very low 
(human 
aging) 
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Microbiota and 
vaccine 
responsiveness 

Antibiotic-
perturbation 
influenza-
vaccine trial 
(n = 22) plus 
probiotic and 
prebiotic 
trials in older 
adults 
(typically n = 
20-80) 

H-RCT Antibiotic 
depletion; 
defined 
strains or 
prebiotic 
substrates 

Vaccine-
specific 
antibody 
titre and 
cellular 
response 

Microbiota 
depletion 
reduces 
influenza 
vaccine 
responses in 
those with 
low pre-
existing 
immunity; 
some trials 
in older 
adults 
report 
modest titre 
increases 

Inconsistent 
replication, 
heterogeneous 
strains and 
endpoints, small 
samples; the most 
tractable endpoint 
and the one most 
in need of 
adequately 
powered trials 

Low to 
moderate 

Dysbiosis, 
cGAS–STING 
signalling and 
senescence 

Murine bone-
loss and 
senescent-cell 
experiments; 
n varied by 
experiment 

A-OBS; 
IV 

Microbial 
perturbatio
n; DNA 
sensing 

Osteoclastog
enesis; SASP 
amplification 

Microbial 
perturbation 
linked to 
macrophage 
cGAS–
STING 
activation 
and bone 
loss 

No human 
evidence that 
microbiota 
modulation 
reduces senescent-
cell burden in any 
tissue 

Low 

 

Naïve T-cell pool and thymic output.  Germ-free and 
antibiotic-treated animals show altered thymic and 
peripheral T-cell development (A-TRANSFER, 
moderate), but no human evidence indicates that 
microbiota-targeted intervention alters thymic output or 
naïve T-cell frequency in older adults (very low). 
Statements linking dysbiosis to immunosenescence 
should be read as referring to the effector and 
inflammatory compartments, not to thymic involution. 

 Vaccine responsiveness.  This is the most tractable 
functional endpoint. Antibiotic-induced microbiota 
depletion reduces influenza vaccine antibody responses in 
humans with low pre-existing immunity, and some 
probiotic and prebiotic trials in older adults report modest 
increases in vaccine-specific antibody titres, with 
inconsistent replication and heterogeneous endpoints (H-
RCT, low to moderate). We regard vaccine response as 
the priority endpoint for near-term trials because it is 
standardised, clinically meaningful and mechanistically 
informative. 

 Myeloid compartment and trained immunity.  
Microbial products and metabolites influence 
haematopoietic output and monocyte functional 
programming (A-TRANSFER/IV, moderate); age-
relevant human evidence is largely limited to associations 
between permeability markers and monocyte activation 
phenotypes [40] (H-CS, low). 

 Cellular senescence and SASP.  Dysbiosis-
associated activation of macrophage cGAS–STING 
signalling has been linked to osteoclastogenesis and bone 
loss, and senescent cells amplify inflammatory signalling 
[13,82] (A-OBS/IV, low to moderate). Whether 
microbiota-targeted intervention reduces senescent-cell 
burden in any human tissue is unknown (very low). 

 Immune exhaustion.  Microbial metabolites 
influence T-cell exhaustion programmes and ferroptosis 
susceptibility in tumour models [83,84] (A-OBS/IV, low). 
Extrapolation from tumour microenvironments to 
immune aging in non-malignant tissue is not currently 
justified. 

 
4.5 TMAO: a case study in confounding 
 
TMAO illustrates why metabolite-level causal claims 
require caution. Dietary choline, phosphatidylcholine, 
betaine and L-carnitine are converted by microbial cutC/D 
and cntA/B enzymes to trimethylamine, which is 
absorbed and oxidised by hepatic flavin-containing 
monooxygenase 3 (FMO3) to TMAO [85,86]. Higher 
circulating TMAO is associated with incident major 
adverse cardiovascular events in multiple cohorts [87,88] 
(H-LONG, moderate), and mechanistic work in mice 
shows impaired reverse cholesterol transport, enhanced 
platelet reactivity via altered calcium signalling, and 
NLRP3 inflammasome activation, with reduction of 
atherosclerosis by dietary modification or TMA-lyase 
inhibition [89-93] (A-TRANSFER, moderate). 

Four considerations limit the inference to older 
humans. First, renal clearance dominates plasma TMAO: 
concentrations rise several-fold with declining glomerular 
filtration rate, and chronic kidney disease is highly 
prevalent in older adults. Much of the association between 
TMAO and cardiovascular outcomes may therefore be 
confounded by, or mediated through, renal function, and 
studies that do not adjust for measured GFR—or that 
adjust only for creatinine—cannot separate these. Second, 
hepatic FMO3 activity varies with genotype, sex and 
hormonal status, so the same TMA production yields 
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different TMAO exposure between individuals. Third, 
dietary sources of TMAO precursors include fish, which 
contributes preformed TMAO directly and is associated 
with favourable rather than adverse cardiovascular 
outcomes; single measurements therefore conflate distinct 
exposures. Fourth, Mendelian randomisation analyses 
have not consistently supported a causal effect of 
circulating TMAO on cardiovascular disease (H-MR, 
low), and no trial has shown that lowering TMAO 
improves clinical outcomes in humans. We accordingly 
describe TMAO as a metabolite associated with 
cardiovascular risk whose causal contribution in humans 
is unresolved (Fig. 2). 

The symmetrical point applies to SCFAs: neither 
metabolite class should be labelled beneficial or harmful 
without specifying concentration, site, host clearance and 

measurement method. Table 2 records these qualifications 
for each metabolite class. 
 
5. Age-Related Disease: Shared Versus Disease-
Specific Mechanisms 
 
Rather than summarise each disease separately, this 
section first identifies what is common across domains 
and then states what is specific to each. Table 3 provides 
the comparative appraisal, including the most consistently 
reported microbial features, key metabolites, strength of 
human evidence, evidence bearing on causality, 
intervention data, principal confounders and the 
outstanding question for each domain. 
 
 

 

 
 
Figure 2. Microbial function, barrier integrity and discrete features of immune aging. Left, microbial functions rather than taxa: 
saccharolytic fermentation to acetate, propionate and butyrate; bile-salt hydrolase activity and 7alpha-dehydroxylation to secondary bile 
acids; tryptophan conversion to indole derivatives; cutC/D-dependent trimethylamine generation; and proteolytic fermentation, which 
predominates when transit is slow and fermentable carbohydrate is scarce. Centre, the epithelial interface: butyrate oxidation by 
colonocytes, mucin and tight-junction protein expression, antimicrobial peptide and secretory IgA output, and the consequences of 
increased permeability for translocation of lipopolysaccharide and other microbial-associated molecular patterns with TLR4-MyD88-
NF-kappaB and inflammasome signalling. Right, discrete and separately measurable features of immune aging: mucosal IgA quantity 
and specificity, naive-to-memory T-cell ratio, regulatory T-cell frequency, monocyte activation phenotype, inhibitory-receptor 
expression denoting exhaustion, senescent-cell burden with its secretory phenotype, circulating IL-6, TNF and CRP, and vaccine 
responsiveness as the integrative functional read-out. A concentration scale is shown for short-chain fatty acids (colonic lumen, 10-100 
mmol/L; portal blood, low micromolar to submillimolar; peripheral blood, low micromolar) to indicate which effects are attributable to 
mucosal and which to systemic exposure. Solid arrows, relationships supported by human interventional or animal transfer evidence; 
dashed arrows, proposed or association-level relationships; grey arrows, bidirectional relationships in which host inflammation also 
modifies the microbiota. 
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5.1 Three shared mechanisms 
 
 Reduced saccharolytic fermentation capacity.  
Contraction of fibre-fermenting, butyrate-producing taxa 
is the single most frequently reported microbial correlate 
across cardiometabolic, neurodegenerative, hepatic, 
musculoskeletal and oncological outcomes [28,29,94,95]. 
Its very ubiquity limits its specificity: a feature common 
to most chronic disease states, and shared with reduced 
fibre intake, immobility and slowed transit, functions 
poorly as a disease-specific mechanism and may be a 
marker of general physiological decline. 

 Increased translocation of microbial products with 
innate immune activation.  The barrier–endotoxaemia–
TLR4–NF-κB sequence recurs in metabolic disease, 
hepatic disease, neuroinflammation and vascular disease 
[39,96-99]. It is best supported in metabolic and hepatic 
disease, where portal delivery of microbial products to the 
liver is anatomically direct, and weakest for the central 
nervous system, where an additional barrier must be 
crossed. 

 Shifted metabolite signalling at host receptors.  A 
limited set of receptors—FFAR2/3, HCAR2, AhR, FXR, 
TGR5, PXR—transduces microbial metabolite signals in 
all these tissues, which explains why interventions 
altering fermentation produce pleiotropic effects and why 
disease-specific targeting is difficult. 

Against these commonalities, the disease-specific 
elements are as follows. 
 
5.2 Cardiovascular disease 
 
Two metabolite pathways are specific to this domain. 
TMAO generation is a discrete microbial enzymatic 
function with a defined mechanistic account and 
prospective human associations, subject to the 
confounding discussed in Section 4.5 [85-90,92,93]. 
SCFA-dependent blood-pressure regulation operates 
partly through FFAR3 and olfactory receptor 78 in the 
renal vasculature and through sympathetic modulation, 
and is supported by animal work and by associations 
between fibre intake, SCFA production and blood 
pressure [100-104] (A-TRANSFER, moderate; H-RCT, 
low). Fibre and Mediterranean-pattern intervention trials 
show improvements in blood pressure and lipid profile, 
but attribution of these effects to the microbiota 
specifically, rather than to the diets themselves, requires 
mediation analysis that has rarely been performed 
[103,104]. Butyrate reduces monocyte–endothelial 
adhesion in vitro and in animal models [105] (IV/A-OBS, 
moderate). Key confounders are renal function, diuretic 
and statin exposure, and dietary fish intake. 

 
Table 3. Comparative appraisal across age-related disease domains. Design codes and confidence grades are 
defined in Table 1. The final column states the question whose answer would most change interpretation in that 
domain. 
 

Domain Most 
consistently 
reported 
microbial 
features 

Key 
metabolit
es 

Strength of 
human 
evidence 

Evidence 
bearing on 
causality 

Intervention 
data in 
humans 

Principal 
confounders 

Unresolved 
question 

Cardiovascular Higher TMA-
producing 
capacity 
(cutC/D); lower 
abundance of 
butyrate 
producers 

TMAO; 
acetate, 
propionate
, butyrate 

H-LONG: 
multiple 
prospective 
cohorts link 
plasma 
TMAO to 
major 
adverse 
cardiovascula
r events 
(moderate) 

A-
TRANSFER: 
TMA-lyase 
inhibition 
and dietary 
modification 
reduce 
atherosclerosi
s in mice; H-
MR 
inconsistent 
(low for 
human 
causality) 

Fibre and 
Mediterranea
n-pattern 
trials improve 
blood 
pressure and 
lipids without 
microbiota-
specific 
mediation 
analysis; no 
TMAO-
lowering 
outcome trial 

Renal 
function 
(dominant), 
dietary fish, 
statins and 
diuretics, 
FMO3 
genotype and 
sex 

Does 
lowering 
TMAO by a 
microbiota-
specific 
mechanism 
reduce events 
independently 
of renal 
function? 

Metabolic 
(insulin 
resistance, type 
2 diabetes) 

Lower 
Faecalibacterium 
and 
Akkermansia; 
reduced 
fermentation 
capacity; higher 
permeability 
markers 

SCFAs; 
secondary 
bile acids; 
branched-
chain 
amino 
acids; LPS 

H-CS and H-
LONG 
associations 
with insulin 
resistance 
(moderate) 

H-RCT: lean-
donor faecal 
transfer 
transiently 
improves 
peripheral 
insulin 
sensitivity, 
dependent on 
baseline 

Prebiotic and 
fibre trials: 
small, 
inconsistent 
improvement
s in insulin 
sensitivity 
and 
inflammatory 
markers; no 

Metformin 
(substantial 
microbiome 
effect, partly 
microbiota-
dependent 
action), 
adiposity, 
energy intake 

Is the 
transient 
effect of 
transfer 
extendable 
and clinically 
meaningful in 
older adults? 
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microbiota; 
A-
TRANSFER 
supportive 
(moderate — 
the strongest 
causal 
evidence in 
the field) 

data on 
incident 
diabetes or 
disability 

Hepatic 
(MASLD, 
alcohol-related 
liver disease, 
encephalopathy
) 

Reduced 
diversity; 
expansion of 
Enterobacteriace
ae; altered bile-
acid-
transforming 
taxa; ethanol-
producing taxa 

LPS via 
portal 
circulation
; primary 
and 
secondary 
bile acids; 
microbial 
ethanol 

H-CS with 
strong 
anatomical 
rationale 
(moderate) 

A-
TRANSFER 
supportive; 
small H-RCT 
of faecal 
transfer in 
encephalopat
hy and 
alcohol-
related liver 
disease (low 
to moderate) 

Small 
randomised 
transfer trials 
with 
favourable 
safety and 
surrogate 
outcomes; no 
hard-outcome 
data 

Portal 
hypertension, 
cholestasis, 
alcohol 
intake, 
lactulose and 
rifaximin 
exposure 

Do transfer-
based 
approaches 
change 
decompensati
on or survival 
rather than 
surrogates? 

Neurodegenerati
ve (Alzheimer’s, 
Parkinson’s) 

Lower 
Prevotellaceae 
and butyrate 
producers; 
higher 
Akkermansia in 
Parkinson’s 
disease 
(direction 
disputed) 

SCFAs; 
indoles; 
bile acids; 
microbial 
extracellul
ar vesicles 

H-CS 
associations, 
frequently 
discordant 
between 
cohorts (low) 

A-
TRANSFER: 
patient-
derived 
microbiota 
exacerbates 
motor 
deficits in 
alpha-
synuclein-
overexpressin
g mice; 
observational 
human 
support from 
prodromal 
constipation 
and 
vagotomy 
registry data 
(moderate in 
animals, low 
in humans) 

Small, short, 
heterogeneou
s probiotic 
and prebiotic 
trials with 
effects 
mainly on 
constipation; 
faecal 
transfer 
limited to 
case series 

Reverse 
causation via 
prodromal 
constipation, 
reduced 
intake and 
mobility; 
dopaminergic 
and 
anticholinergi
c drugs 

Does 
intervening 
before motor 
or cognitive 
onset alter 
progression, 
or is the 
association a 
consequence 
of prodromal 
disease? 

Musculoskeletal 
(sarcopenia, 
osteoporosis) 

Lower 
fermentation 
capacity; 
associations with 
grip strength and 
gait speed 

SCFAs; 
amino 
acids; 
secondary 
bile acids 

H-CS 
associations 
with muscle 
mass and 
function 
(low) 

A-
TRANSFER: 
germ-free 
and 
antibiotic-
treated 
animals show 
reduced 
muscle mass, 
partly 
reversible by 
colonisation 
or SCFA; 
Th17–IL-17 
and cGAS–
STING 
pathways in 
bone loss 
(moderate in 
animals) 

One 
postbiotic 
preparation 
with 
preclinical 
and small 
clinical 
sarcopenia 
data; no 
fracture or 
incident-
sarcopenia 
trial 

Protein and 
energy intake, 
vitamin D, 
physical 
activity, 
glucocorticoi
ds, sex 
steroids 

Does any 
microbiota-
targeted 
intervention 
alter muscle 
function or 
fracture rate 
in older 
adults? 

Cancer and 
cancer therapy 

Fusobacterium 
nucleatum, 
colibactin-
producing E. 
coli, 
enterotoxigenic 
Bacteroides 

Secondary 
bile acids; 
genotoxins
; SCFAs 

H-CS for 
carcinogenesi
s and for 
immunothera
py response 
(moderate) 

A-
TRANSFER 
for 
carcinogenesi
s; phase I 
human 
transfer 

Phase I faecal 
transfer in 
melanoma; 
antibiotic 
avoidance 
around 

Antibiotic 
exposure, 
tumour stage, 
prior therapy; 
trial 
populations 
frequently 

Does 
modulation 
improve 
outcomes in 
older, frailer 
patients, in 
whom 
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fragilis; 
responder-
associated taxa 
in 
immunotherapy 

restores 
checkpoint-
inhibitor 
responsivene
ss (moderate 
— best-
evidenced 
clinical 
application) 

immunothera
py 

younger than 
geroscience 
target 
populations 

immunothera
py tolerance 
differs? 

 

5.3 Metabolic disease and insulin resistance 
 
This is the domain with the strongest causal evidence, 
because transfer experiments have been performed in 
humans as well as animals. Faecal transfer from lean 
donors transiently improves peripheral insulin sensitivity 
in men with metabolic syndrome, with effects that wane 
by 18 weeks and depend on recipient baseline microbiota 
(H-RCT, moderate) [106,107]. Mechanisms include 
metabolic endotoxaemia and TLR4-dependent 
inflammation, SCFA effects on incretin secretion and 
hepatic gluconeogenesis, microbial modification of bile-
acid signalling through FXR and TGR5, and microbial 
branched-chain amino-acid metabolism [108-114] (A-
TRANSFER/IV, moderate). Metformin is a major 
confounder: it alters microbial composition substantially, 
and part of its glucose-lowering effect appears 
microbiota-dependent, so studies of type 2 diabetes that 
do not stratify by metformin exposure are difficult to 
interpret. Prebiotic and SCFA-directed interventions 
improve insulin sensitivity and inflammatory markers 
inconsistently and with small effect sizes; effects on 
incident diabetes or on disability are untested 
[108,109,111,115-117] (H-RCT, low). 
 
5.4 Neurodegenerative disease and the gut–brain axis 
 
The domain-specific elements are the enteric nervous 
system and vagal route, and the blood–brain barrier. In 
Parkinson's disease, α-synuclein pathology can be 
detected in enteric neurons before motor onset, 
constipation frequently precedes diagnosis by years, and 
truncal vagotomy has been associated with reduced 
subsequent risk in registry analyses—the strongest 
available human support for gut-origin propagation, 
though it remains observational [118-120]. Rodent work 
shows that microbiota from patients with Parkinson's 
disease exacerbates motor deficits in α-synuclein-
overexpressing mice, and that SCFAs modulate 
microglial maturation and function [121-123] (A-
TRANSFER, moderate). In Alzheimer's disease, 
associations between microbial composition, amyloid 
burden and cognition are reported, and rodent transfer 
experiments show effects on amyloid and tau pathology 
[99,124-127] (H-CS, low; A-TRANSFER, moderate). 

Two cautions are specific to this domain. Reverse 
causation is particularly plausible: prodromal 
neurodegeneration causes constipation, reduced appetite, 
dietary change and reduced mobility, each of which alters 
the microbiota, and dopaminergic and anticholinergic 
drugs further modify it. And the human intervention 
evidence is weak: probiotic and prebiotic trials in 
Alzheimer's and Parkinson's disease are small, short and 
heterogeneous in endpoint, with the more consistent 
effects on constipation rather than on cognition or motor 
progression, and faecal transplantation data are limited to 
small series and case reports [128-134] (H-RCT, low; case 
series, very low). 
 
5.5 Hepatic disease 
 
The gut–liver axis is anatomically privileged: portal blood 
delivers microbial products directly to Kupffer cells and 
hepatocytes, and hepatic first-pass extraction determines 
systemic exposure to most microbial metabolites. In 
metabolic dysfunction-associated steatotic liver disease 
and in alcohol-related liver disease, increased 
permeability, endotoxaemia and altered bile-acid 
signalling through hepatic and intestinal FXR are 
documented, and microbial ethanol production by specific 
taxa has been proposed as a mechanism in steatohepatitis 
(H-CS, moderate; A-TRANSFER, moderate) [135-137]. 
Faecal transplantation has been evaluated in hepatic 
encephalopathy and in alcohol-related liver disease in 
small randomised trials with encouraging safety and 
surrogate outcomes [138,139] (H-RCT small, low). 
Because liver disease itself alters bile-acid pools, transit 
and portal pressure, bidirectionality is strong, and this 
domain illustrates why hepatic clearance must be 
considered when interpreting circulating metabolite 
concentrations in any other domain. 
 
5.6 Musculoskeletal aging: sarcopenia and bone loss 
 
The proposed "gut–muscle" and "gut–bone" axes rest on 
amino-acid and SCFA availability, insulin sensitivity, and 
inflammatory tone. Cross-sectional studies report 
associations between microbial composition and muscle 
mass, grip strength or gait speed in older adults [140] (H-
CS, low), and germ-free and antibiotic-treated animals 
show reduced muscle mass and altered neuromuscular 
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junction gene expression that is partly reversible by 
colonisation or SCFA supplementation (A-TRANSFER, 
moderate). For bone, microbiota influences 
osteoclastogenesis through Th17/IL-17 signalling, sex-
steroid-dependent pathways and macrophage cGAS–
STING activation [82,141,142] (A-OBS/IV, low to 
moderate). A postbiotic preparation has been reported to 
affect sarcopenia-related outcomes in preclinical and 
small clinical work [143] (low). Confounding by protein 
and energy intake, vitamin D status, physical activity and 
glucocorticoid exposure is severe, and no trial has shown 
that a microbiota-targeted intervention prevents fracture 
or incident sarcopenia. 
 
5.7 Cancer and cancer therapy in older adults 
 
Two distinct questions should be separated. Regarding 
carcinogenesis, specific microbial functions have defined 
mechanistic roles—colibactin-producing Escherichia 

coli, Bacteroides fragilis toxin, Fusobacterium nucleatum 
adhesion and immune evasion in colorectal cancer, and 
secondary bile acids in hepatobiliary and gastrointestinal 
malignancy—with human association data and animal 
support [144-147] (H-CS, moderate; A-TRANSFER, 
moderate). Regarding therapy, microbial composition is 
associated with response to immune checkpoint blockade, 
and faecal transplantation from responders has restored 
responsiveness in small phase I trials in melanoma (H-
RCT/phase I, moderate) [148-150]. This is currently the 
best-evidenced clinical application of microbiota 
modulation, but it concerns treatment response in cancer 
rather than healthspan in the general older population, and 
the ages of participants in these trials are frequently below 
those of the populations to which geroscience conclusions 
are extended. Antibiotic exposure around the time of 
immunotherapy is associated with worse outcomes (H-
CS, moderate), which is mechanistically informative and 
clinically actionable (Fig. 3). 

 

 
Figure 3. Convergent and divergent mechanisms across age-related disease domains. The central column shows the three 
mechanisms shared across domains: reduced saccharolytic fermentation capacity, increased translocation of microbial products with 
innate immune activation, and altered metabolite signalling at a limited set of host receptors (FFAR2/FFAR3, HCAR2, AhR, FXR, 
TGR5). Radiating panels show the elements specific to each domain, with the highest available level of human evidence indicated: 
cardiovascular disease (TMAO generation; SCFA-dependent blood-pressure regulation; prospective cohort associations); metabolic 
disease (metabolic endotoxaemia, incretin and bile-acid signalling; human faecal-transfer trials); hepatic disease (portal delivery and 
hepatic first-pass extraction; small randomised transfer trials); neurodegenerative disease (enteric nervous system and vagal route, 
blood-brain barrier; animal transfer with confounded human data); musculoskeletal aging (amino-acid and SCFA availability, Th17-
IL-17 and cGAS-STING-dependent osteoclastogenesis; cross-sectional human data); and cancer (colibactin, Bacteroides fragilis toxin, 
Fusobacterium nucleatum, secondary bile acids; phase I transfer trials in checkpoint-inhibitor response). Arrow weight is proportional 
to the strength of human evidence, not to presumed effect size. Solid arrows established causal relationships; dashed arrows, proposed 
associations. Endpoint badges: C, compositional; B, biomarker; F, functional. 
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5.8 Synthesis 
 
Across domains, the ranking of causal evidence is: 
metabolic disease and cancer immunotherapy response 
(human transfer or human intervention data available) > 
cardiovascular and hepatic disease (prospective human 
associations with animal transfer support) > 
neurodegenerative disease (animal transfer with weak and 
confounded human data) > musculoskeletal aging 
(predominantly animal and cross-sectional). No domain 
has evidence that a microbiota-targeted intervention alters 
a hard geroscience endpoint—incident multimorbidity, 
incident disability, or mortality—in older adults. 
 
6. Microbiota-Targeted Interventions: Evidence, 
Specificity and Safety 
 
We preface this section with the interpretive rule we apply 
throughout: a demonstrated change in microbiome 
composition or in a faecal metabolite is a 
pharmacodynamic response, not a health outcome. 
Composition-only endpoints establish that an intervention 
engages its target; they do not establish benefit. Because 
most trials in older adults report composition, faecal 
SCFA or circulating inflammatory markers rather than 
function, the evidence base speaks mainly to target 
engagement. Table 4 summarises intervention type, 
evidence level, reported effects, replication status and 
safety considerations. 
 
6.1 Dietary patterns, fibre and polyphenols 
 
Whole-diet intervention has the strongest rationale and 
the least specificity. Mediterranean-pattern diets are 
associated with higher alpha diversity, greater abundance 
of fibre-degrading taxa, higher faecal SCFA and lower 
frailty and inflammatory markers in older adults, and 
dietary intervention over 12 months has been reported to 
shift composition in older Europeans with parallel 
improvements in frailty and cognition markers [151-154] 
(H-RCT, moderate for composition and inflammatory 

markers; low for functional endpoints) [155]. Fibre type 
matters: inulin-type fructans, resistant starches, β-glucan 
and arabinoxylan differ in fermentation site, kinetics and 
metabolite profile, and are not interchangeable. Fibre and 
polyphenols interact, with fibre affecting colonic delivery 
of polyphenols and polyphenols modifying fermentation 
dynamics [80,156-160] (IV/H-RCT, low to moderate). 
Practical limits in older adults include reduced appetite, 
dentition, dysphagia, cost, food access and 
gastrointestinal tolerance—flatulence and bloating are 
common with rapid fibre escalation and are a frequent 
cause of non-adherence. Because effects are mediated by 
many non-microbial routes, mediation analysis is required 
before attributing dietary benefit to microbiota. 
 
6.2 Prebiotics 
 
Prebiotics are substrates selectively utilised by host 
microorganisms conferring a health benefit; the definition 
requires demonstrated benefit, not merely a bifidogenic 
effect. Structure determines selectivity: degree of 
polymerisation, monomer composition and linkage type 
determine which taxa can utilise a given substrate, and β-
galacto-oligosaccharides of different chain length differ in 
bifidogenic activity and physiological effect [161-166] 
(IV/H-RCT, moderate for compositional effects). In older 
adults, prebiotic supplementation has been reported to 
increase Bifidobacterium abundance and to modify 
inflammatory and immune markers, with small trials also 
reporting improvements in aspects of immune function 
and, in some cohorts, in frailty-associated inflammation 
[167-174] (H-RCT, low to moderate). Reported effects on 
metabolic and cognitive endpoints are inconsistent, trials 
are typically 4–12 weeks with 20–80 participants, 
endpoints are unstandardised, and there is little evidence 
of maintained benefit after cessation [175-182] (H-RCT, 
low). Dose is the main determinant of gastrointestinal 
tolerance, and doses above roughly 10 g/day of inulin-
type fructans are frequently symptomatic.  
 

 
Table 4. Microbiota-targeted interventions in older adults: evidence, specificity and safety. A demonstrated change 
in composition or in a faecal metabolite indicates target engagement, not health benefit. Design codes and confidence 
grades are defined in Table 1. 
 

Intervention Best available 
evidence in 
older adults 

Endpoints 
reported 

Replication Specificity 
determinants 

Safety in frail, 
immunocompromise
d or catheterised 
older adults 

Confidence 

Dietary pattern 
(Mediterranea
n-type) and 
dietary fibre 

H-RCT of 12-
month dietary 
intervention in 
older adults 
with 
compositional, 

Composition, 
faecal SCFA, 
inflammatory 
markers, frailty 
and cognitive 
markers 

Composition
al effects 
reproducible; 
functional 
effects less 
so 

Fibre type 
(inulin-type 
fructans, resistant 
starch, beta-
glucan, 
arabinoxylan 

Generally safe; limits 
are appetite, 
dentition, dysphagia, 
cost and food access; 
rapid fibre escalation 

Moderate 
for 
composition 
and 
inflammator
y markers; 
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inflammatory 
and frailty 
outcomes 

differ in 
fermentation site 
and kinetics); 
baseline intake; 
polyphenol co-
exposure 

causes bloating and 
non-adherence 

low for 
function 

Prebiotics 
(inulin-type 
fructans, GOS, 
resistant 
starch) 

Multiple small 
H-RCTs, 
typically 4–12 
weeks, 20–80 
participants 

Bifidobacteriu
m abundance, 
faecal SCFA, 
inflammatory 
and some 
immune 
markers 

Bifidogenic 
effect 
replicable; 
metabolic 
and cognitive 
effects 
inconsistent 

Degree of 
polymerisation, 
monomer 
composition and 
linkage determine 
which taxa can 
utilise the 
substrate; dose 

Dose-limiting 
flatulence and 
bloating above 
roughly 10 g/day of 
fructans; no serious 
safety signal 

Low to 
moderate 

Probiotics 
(defined 
strains) 

Numerous 
small H-RCTs; 
effects on 
respiratory and 
gastrointestinal 
infection, 
glycaemic and 
inflammatory 
markers, 
periodontal 
indices, mood 

Mainly 
biomarker and 
symptom 
endpoints; few 
functional 
endpoints 

Limited 
independent 
replication; 
several well-
conducted 
null trials 

Strain, not 
species or genus; 
dose (commonly 
10^8–10^11 
CFU/day, dose–
response rarely 
characterised); 
viability through 
shelf life and 
gastric transit; 
formulation and 
matrix; single 
versus multi-
strain; duration; 
recipient baseline 
microbiota and 
medication; 
documented 
label–content 
discrepancies in 
commercial 
products 

Case reports of 
Lactobacillus and 
Bifidobacterium 
bacteraemia, 
Saccharomyces 
fungaemia with 
central venous 
catheters, and 
endocarditis, 
predominantly with 
immunosuppression, 
indwelling catheters, 
mucosal barrier 
injury or critical 
illness; excess 
mortality in a 
randomised trial in 
predicted severe 
acute pancreatitis; 
transferable 
antimicrobial-
resistance 
determinants, with 
particular caution for 
Enterococcus 
preparations; D-
lactate production; 
environmental 
contamination with 
fungal preparations 

Low to 
moderate, 
strain-
dependent 

Postbiotics 
(ISAPP 
definition: 
preparation of 
inanimate 
microorganism
s and/or their 
components 
conferring a 
health benefit) 

Few H-RCTs 
in older adults; 
one 
preparation 
with 
sarcopenia-
related 
outcomes 

Mainly 
biomarker and 
preclinical 
endpoints 

Insufficient 
for appraisal 

Inactivation 
method (heat, 
high pressure, 
ultraviolet, 
sonication) 
determines which 
structures and 
effects are 
retained; active 
component 
(peptidoglycan, 
lipoteichoic acid, 
exopolysaccharid
e, extracellular 
vesicles) often 
uncharacterised; 
quantification not 
standardised 

No translocation or 
bacteraemia risk, 
which makes this 
class mechanistically 
attractive for frail and 
immunosuppressed 
populations; long-
term data absent 

Low 

Fermented 
foods 

H-RCT in 
healthy 
younger adults 
showing 

Composition, 
diversity, 
inflammatory 
proteins 

Single well-
conducted 
trial, not yet 

Live organism 
content varies by 
orders of 
magnitude 

Sodium content of 
traditional 
preparations; 
tyramine with 

Moderate in 
younger 
adults; low 
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increased 
diversity and 
reduced 
inflammatory 
proteins; small 
studies in older 
adults 

replicated in 
older adults 

between 
products; many 
commercial 
products are 
pasteurised after 
fermentation and 
contain no live 
organisms 

monoamine oxidase 
inhibitors; histamine; 
listeriosis risk from 
unpasteurised dairy 
in immunosenescent 
individuals; rare 
adverse events 
reported with 
kombucha 

in older 
adults 

Faecal 
microbiota 
transplantation 

Established 
efficacy only 
in recurrent C. 
difficile 
infection; 
small trials and 
case series in 
metabolic 
syndrome, 
hepatic 
encephalopath
y, alcohol-
related liver 
disease and 
checkpoint-
inhibitor 
response 

Surrogate and, 
in C. difficile, 
clinical cure 

Reproducible 
for C. 
difficile; not 
for aging-
relevant 
indications 

Donor selection 
remains empirical 
and “super-
donor” effects are 
inconsistently 
replicated; 
preparation, dose, 
route and 
pretreatment 
unstandardised 

Donor screening 
must exclude 
transmissible 
infection, and 
protocols have been 
revised after adverse 
events: transmission 
of extended-spectrum 
beta-lactamase-
producing E. coli 
caused bacteraemia 
and one death in 
immunocompromised 
recipients, with other 
reports of 
enteropathogenic and 
Shiga-toxin-
producing E. coli, 
prompting regulatory 
alerts and addition of 
multidrug-resistant 
organism and SARS-
CoV-2 screening; 
procedural risk of 
aspiration (upper 
route) or perforation 
and sedation events 
(colonoscopic route), 
of higher 
consequence in frail 
patients; unquantified 
long-term risk of 
transmitting 
metabolic, immune 
or neoplastic traits 
not detected by 
infectious screening; 
engraftment 
persistence and 
delayed effects 
uncharacterised 
beyond a few years 

Low for 
aging-
relevant 
indications 

Defined 
consortia and 
single-strain 
live 
biotherapeutic 
products 

Phase III data 
for recurrent 
C. difficile 
infection; none 
for aging 
endpoints 

Clinical 
recurrence 

Reproducible 
in the 
licensed 
indication 

Defined 
composition and 
dose, which is the 
principal 
advantage over 
donor material 

Preferable to 
undefined donor 
material on both 
safety and 
reproducibility 
grounds; long-term 
data still limited 

Moderate in 
the licensed 
indication; 
very low for 
aging 

Personalised 
nutrition 
informed by 
microbiome 
features 

Cohort and 
small H-RCT 
evidence for 
prediction of 
postprandial 
glycaemic 
response and 
dietary 
tailoring 

Glycaemic 
response; 
composition 

Partially 
replicated; 
not in older 
adults 

Model 
transportability 
across 
populations; 
feature 
availability; 
adherence 

Low physical risk; 
equity and cost 
concerns are the 
principal issue 

Low to 
moderate 
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Engineered 
microorganism
s, biosensors, 
synthetic 
consortia 

Preclinical 
only 

Preclinical Not 
applicable 

Biocontainment, 
genetic stability 
in vivo, durable 
colonisation 

Not evaluable; 
regulatory pathway 
for live genetically 
modified therapeutics 
undefined 

Very low 

 

6.3 Probiotics 
 
Probiotic effects are strain-specific, and evidence for one 
strain does not transfer to another strain of the same 
species, let alone to the genus. This is not a caveat but the 
central interpretive fact of the field, and it is frequently 
violated in both the literature and in product marketing. 
Commonly studied genera include Lactobacillus and its 
reclassified descendants, Bifidobacterium, Bacillus and 
Saccharomyces [188-190]. In older adults, specific strains 
have been reported to reduce respiratory and 
gastrointestinal infection incidence or duration, to 
modestly improve glycaemic and inflammatory markers 
in type 2 diabetes, to influence periodontal indices, and in 
a few small trials to affect mood and cognitive measures 
[191-205] (H-RCT, low to moderate; heterogeneous). 
Effects are typically small, replication across independent 
groups is limited, and several well-conducted trials have 
been null. 

Beyond strain identity, outcomes depend on dose 
(commonly 10⁸–10¹¹ CFU/day, with dose–response rarely 
characterised), viability and stability through shelf life 
and gastric transit, formulation and matrix, single versus 
multi-strain composition, duration of administration, and 
recipient characteristics including baseline microbiota, 
diet and medication. Product variability is a documented 
problem: independent analyses have found discrepancies 
between labelled and actual strain content and viable 
counts in commercial products, which limits 
reproducibility across trials using nominally identical 
preparations. 

 Safety in older and vulnerable adults requires 
explicit statement rather than a closing sentence. Case 
reports and series document Lactobacillus and 
Bifidobacterium bacteraemia, Saccharomyces fungaemia 
associated with central venous catheters, and endocarditis 
attributable to probiotic strains, predominantly in patients 
with immunosuppression, indwelling catheters, mucosal 
barrier injury, short bowel or critical illness [206]. A 
randomised trial of a probiotic–prebiotic preparation in 
predicted severe acute pancreatitis reported excess 
mortality in the intervention arm, which remains the 
strongest available signal that live biotherapeutics are not 
risk-free in acutely ill patients. Additional considerations 
are transferable antimicrobial-resistance determinants in 
probiotic strains— Enterococcus preparations warrant 
particular caution, and resistance-gene screening should 
be a condition of use—D-lactate production and, in the 
case of fungal preparations, environmental contamination 

of hospital surfaces. Probiotics should therefore not be 
recommended indiscriminately to frail, 
immunocompromised, catheterised or critically ill older 
adults, and trials in these populations require independent 
safety monitoring. 
 
6.4 Postbiotics 
 
We adopt the ISAPP consensus definition: a postbiotic is 
a preparation of inanimate microorganisms and/or their 
components that confers a health benefit on the host. Two 
consequences follow, and both are frequently ignored. 
The definition requires the presence of inactivated 
microbial cells or cell components, so purified single 
metabolites—butyrate salts, urolithin A, isolated 
exopolysaccharides—are not postbiotics but microbial 
metabolites or microbial-derived compounds and should 
be described as such; and the definition requires 
demonstrated benefit, so an inactivated preparation 
without efficacy data is not a postbiotic. We follow this 
distinction throughout [207-210]. 

Postbiotics offer practical advantages relevant to 
older adults—stability without cold chain, absence of 
translocation and bacteraemia risk, compatibility with 
immunosuppression—which makes them mechanistically 
attractive for frail populations. Evidence is nonetheless 
earlier-stage than for probiotics: inactivation method 
(heat, high pressure, ultraviolet, sonication) alters which 
molecular structures are preserved and therefore which 
effects are retained [211,212], the active component—
peptidoglycan, lipoteichoic acid, exopolysaccharide, 
extracellular vesicles or metabolites—is often 
uncharacterised [213,214], quantification and batch 
consistency are poorly standardised [215], and few 
randomised trials in older adults with functional endpoints 
exist [143,216-218] (H-RCT small, low). 
 
6.5 Fermented foods 
 
Fermented foods including yoghurt, kefir, kimchi and 
kombucha increase the intake of live microorganisms and 
of fermentation metabolites, and a randomised 
comparison of high-fermented-food versus high-fibre 
diets in healthy adults reported increased diversity and 
decreased inflammatory proteins with fermented foods 
(H-RCT, moderate, in younger adults) [219]. Data in older 
adults are limited to small studies with compositional 
endpoints [220,221] (H-RCT small, low). Product-level 
microbial content varies by orders of magnitude and many 
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commercial products are pasteurised after fermentation 
and contain no live organisms. Specific cautions in older 
adults include high sodium content in several traditional 
preparations, tyramine content with monoamine oxidase 
inhibitors, histamine, and, for unpasteurised dairy, 

listeriosis risk in immunosenescent individuals. 
Kombucha in particular has been associated with rare 
adverse events and lacks controlled data in older 
populations (Fig. 4). 

 

Figure 4. Microbiota-targeted interventions, level of evidence, and the translational agenda. Upper panel, interventions ordered by 
the level of human evidence currently available in older adults rather than by mechanistic appeal: dietary pattern and fibre; prebiotics; 
probiotics (strain-specific); postbiotics as defined by ISAPP consensus; fermented foods; faecal microbiota transplantation and defined 
live biotherapeutic products; personalised nutrition; and engineered consortia, which remain preclinical. For each, the reported endpoints 
are marked as compositional (target engagement), biomarker, or functional, to make explicit that most evidence is compositional. Safety 
considerations specific to frail, immunocompromised or catheterised older adults are shown alongside: bacteraemia and fungaemia with 
live organisms, transferable antimicrobial-resistance determinants, pathogen transmission and unquantified long-term risk with donor-
derived material, and procedural risk by delivery route. Lower panel, the proposed evidence-graded framework: defined microbial 
function, to discrete feature of immune aging, to validated geroscience outcome, with an evidence grade attached to each link and empty 
cells indicating the studies the field still requires. The three columns represent candidate, evidence-graded mappings and should not be 
interpreted as one-to-one or established causal relationships. 

6.6 Faecal microbiota transplantation and defined live 
biotherapeutics 
 
FMT has established efficacy in recurrent  Clostridioides 
difficile  infection and this indication accounts for nearly 
all of its favourable safety record. Outside it, evidence in 
aging-relevant indications is limited to small trials and 
case series: transient improvement in insulin
sensitivity in metabolic syndrome [106,107], surrogate 
and cognitive outcomes in hepatic encephalopathy [138], 
alcohol craving in alcohol-related liver disease [139], and 
restoration of checkpoint-inhibitor responsiveness in 

melanoma [148-150] (H-RCT small/phase I, low to 
moderate). 

Safety requires proportionate emphasis. Donor 
screening must exclude transmissible infection, and 
screening protocols have been repeatedly revised after 
adverse events: transmission of extended-spectrum β-
lactamase-producing  Escherichia coli  caused 
bacteraemia and one death in immunocompromised 
recipients, and enteropathogenic  E. coli  and Shiga-toxin-
producing organisms have been transmitted in other 
instances, prompting regulatory safety alerts and the 
addition of multidrug-resistant organism and, 
subsequently, SARS-CoV-2 screening. Procedural risks 
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depend on delivery route and include aspiration with 
upper-gastrointestinal administration and perforation or 
sedation-related events with colonoscopic delivery, both 
of higher consequence in frail older adults. Longer-term 
uncertainties are substantive and unresolved: donor 
microbiota may transmit traits related to adiposity, 
metabolic or immune phenotype, or cancer risk that would 
not be detected by infectious screening; engraftment 
persistence and the possibility of delayed adverse effects 
are not characterised beyond a few years; and no 
framework exists for long-term follow-up of recipients. 
Donor selection criteria remain empirical, "super-donor" 
effects are inconsistently replicated, and preparation, 
dose, route and pretreatment are not standardised [223]. 
Defined consortia and single-strain live biotherapeutic 
products, some of which have completed phase III 
evaluation for recurrent C. difficile infection, are 
preferable to undefined donor material on both safety and 
reproducibility grounds, and we regard them as the 
appropriate direction for aging-related indications. 
 
6.7 Personalised nutrition and engineered approaches 
 
Prediction of individual postprandial glycaemic responses 
from microbiome and clinical features, with subsequent 
dietary tailoring, remains among the more convincing 
applications of microbiome-informed intervention [224] 
(H-RCT, low to moderate), but independent replication in 
older adults and evidence that tailored diets outperform 
standard advice on functional endpoints are lacking. 
Gene-edited and engineered microorganisms, biosensor 
consortia and synthetic ecosystems remain preclinical, the 
obstacles being biocontainment, in-vivo genetic stability, 
durable colonisation and the regulatory pathway for live 
genetically modified therapeutics; we describe them as 
prospects rather than near-term options [225-227]. 
 
6.8 Access, equity and ethics 
 
Socioeconomic position is associated with both microbial 
composition and access to microbiota-targeted 
interventions, so a field that advances mainly through 
commercial supplements and personalised services risks 
widening rather than narrowing health inequity in older 
populations [25,26,228]. Cost-effectiveness analyses are 
essentially absent. Ethical requirements specific to older 
participants include capacity-sensitive consent for FMT 
and other invasive procedures, protection of microbiome 
data, which is individually identifying and health-
informative, and equitable recruitment across 
socioeconomic, geographic and ethnic groups so that 
findings generalise to the populations that carry most of 
the disease burden [229-231]. 
 

7. Limitations of the Field and a Research Agenda 
 
Limitations of this review.  Search and selection were not 
systematic; no risk-of-bias tool was applied; we did not 
quantify effect sizes or perform meta-analysis; and our 
confidence grades are consensus judgements of the 
authors rather than the output of a validated instrument. 
Positive-result citation bias is likely. Coverage of fungal, 
viral and archaeal components, and of strain-level 
variation, is limited by the primary literature. Non-
English studies were generally excluded, which is a 
particular limitation given the strong geographic 
structuring of the microbiome. 

 What the field lacks.  Longitudinal human data of 
adequate duration, since almost all inference about "the 
aging microbiome" derives from age-stratified cross-
sectional comparison rather than within-person change; 
quantitative rather than compositional measurement, with 
flux estimation in place of faecal metabolite 
concentration; trials with functional endpoints; standard 
reporting of frailty, medication, transit, renal function and 
residence; causal-inference designs suited to 
observational data, including Mendelian randomisation 
with microbial instruments, target-trial emulation and 
mediation analysis within existing dietary trials; and an 
explicit account of which feature of immune aging a given 
intervention is expected to change. 

 A proposed framework.  We suggest that progress 
requires replacing the taxon-to-disease association with a 
three-layer mapping in which each link carries an 
evidence grade: a defined  microbial function  (fibre 
fermentation to butyrate; bile-salt hydrolase and 7α-
dehydroxylation; tryptophan-to-indole conversion; 
cutC/D-dependent TMA generation; mucin turnover; 
proteolytic fermentation) → a  discrete, separately 
measurable feature of immune aging  (mucosal IgA 
quantity and specificity; naïve-to-memory T-cell ratio; 
vaccine-specific antibody and cellular response; 
monocyte activation phenotype; inhibitory-receptor 
expression; senescent-cell burden; circulating IL-
6/TNF/CRP) → a  validated geroscience outcome  (gait 
speed, grip strength, frailty index trajectory, cognitive 
decline slope, incident multimorbidity, incident disability, 
mortality). Populating this matrix reveals that the great 
majority of cells are currently empty or occupied by 
animal-only evidence, and it identifies the specific studies 
that would fill them. Table 2 is a first attempt at the middle 
layer, and Table 3 at the third. 

 Priority studies.  In our view the highest-yield near-
term designs are: randomised fibre or defined-consortium 
intervention in community-dwelling older adults with 
vaccine response as the primary endpoint and quantitative 
microbial and flux measurements as mediators; 
longitudinal cohorts of older adults sampled at least 
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annually with concurrent frailty, medication, transit and 
renal phenotyping, powered for within-person trajectory 
analysis; mediation analysis within completed dietary 
trials that retained biospecimens; and stratified trials in 
polyphenol metabotypes. Each is feasible with existing 
methods and would produce evidence of the kind the field 
currently lacks. 
 
8. Conclusion 
 
The intestinal microbiota is a plausible and attractive 
modifiable contributor to healthy aging, and the 
mechanistic pathways connecting microbial fermentation, 
barrier function and innate immune activation are well 
described at a molecular level. The human evidence, 
however, remains predominantly associative, and the 
field's central claims are more provisional than their 
frequent restatement implies. The microbiota of older 
adults is heterogeneous rather than uniformly dysbiotic, 
and much of the difference between older and younger 
cohorts is attributable to frailty, medication, diet, 
mobility, transit and geography; the principal microbial 
metabolites are context-dependent rather than 
categorically beneficial or harmful, with SCFA effects 
varying by concentration and site and TMAO associations 
substantially confounded by renal function; and a large 
fraction of reported microbial signatures of aging is 
sensitive to sampling, extraction, sequencing and 
analytical choices. Interventions engage their target 
reliably and improve clinical function inconsistently: 
effects are strain-, dose- and formulation-specific, 
replication is limited, follow-up is short, and safety in frail 
and immunocompromised older adults—bacteraemia 
with live organisms, pathogen transmission and 
unquantified long-term risk with faecal transplantation—
requires more emphasis than it usually receives. 

We therefore conclude not that the microbiota is 
unimportant in aging, but that establishing its importance 
requires a different kind of evidence than the field has so 
far generated. The framework we propose—defined 
microbial functions mapped to discrete features of 
immune aging and then to validated geroscience 
outcomes, with an explicit evidence grade on each link—
is intended to make the gaps visible and the priorities 
concrete. Until studies of that design are available, 
changes in microbiome composition should be reported as 
what they are: evidence that an intervention has engaged 
its target, and not evidence that healthspan has been 
extended. 
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