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The microbiome age (MA) reflect host aging trajectories
through dynamic alterations in microbial composition,
function, and host—-microbe interactions across multiple

body ecosystems;

Age-associated microbial remodeling exhibits both site-

specific characteristics and convergent systemic patterns;

MA represents a promising systems-level biomarker
bridging computational prediction, microbial ecology,
and aging biology, with broad implications for aging

assessment, risk stratification, and precision intervention.



Conceptual framework and computational approaches for microbiome age

Chronological aging trajectory

Physiological age
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» Traditional aging biomarkers are often constrained by
limited accessibility, high cost, poor dynamic

responsiveness, or restricted intervention relevance;

» MA, defined as a microbiome-derived indicator of
biological aging based on compositional and functional
microbial features, has emerged as a promising and
dynamically responsive biomarker reflecting host aging

trajectories;

» Computational strategies for MA prediction can be
broadly categorized into four major classes:

(1) traditional machine learning models;

(2) functional and metabolic models;

(3) multi-omics integration models;

(4) deep learning and artificial intelligence models.
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Dynamic trajectory of the microbiome age gap and its systemic health implications
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Dynamic changes in gut microbiome and function across the human lifespan

Key Transition Reshaping Dynamic Critical Significant
window period period equilibrium turning point heterogeneity
R ; 255 Sy
A ( . N,
\ ~ S —
N A %n . & C
Factors ’ o g - 4
Testosterone 1 J
<= !
. Bifi dobacterlum Staphylococcus Bacteroidetes Rosebur/a AkkermanSIa Bacteroidetes T I Y4 & %j | =9
Bacteria | QR \ > I %y
~ \ R \))‘)‘\ ’V \;t%/—(‘ QQQ \%;_'jv i V \,i,,;f/ ' @ 2 : bt
Ca N o e = Ve == SCFAs-producing  SCFAs-producing, SCFAs-producing
Bacteroides | Streptococcus Firmicutes Prevotella Firmicutes bacteria bacteria ! bacteria
maintaining ! decreasing
SCFAs l
Diversity : L
i ftailag QLU
Immunity ; |
\ Ag"slgA : QER GA d AR* Antl-mflammatlon Inflammation
. & o) -
Life stage
O O O O O O
Age Infancy Childhood Puberty Adulthood Middle age Elderly

(0-3) (3-12) (12-18) (18-45) (45-65) (>65)



The aging gut connects with multiple organs via the “gut-X” axis
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Lifespan dynamics of the gut microbiome and microbiome-targeted anti-aging interventions
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The full lifespan trajectory of the human gut microbiome with

a focus on aging-related remodeling

The gut microbiome-targeted anti-aging intervention strategies,
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Microbiota characteristics

Representative genera

Lifespan succession of the oral microbiome
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Infancy
(0-3)

Delivery mode: vaginal vs cesarean

Feeding mode: breast / formula

6-18 months window: F
nucleatum, nitrate-reducers
(Neisseria, Haemophilus)
emerge
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e Pioneer: Lactobacillus, Prevotella,
Staphylococcus, Corynebacterium
e Feeding-related: Lactobacillus, S.
salivarius, Actinomyces, Prevotella
e New in window: F. nucleatum,
Neisseria, Haemophilus

Lactate fermentation

Childhood / adolescence
(3-18)

Dentition shift; 1anaerobes

S. sanguinis associated with
caries-free status

Adolescent hormones increase
bacterial abundance and diversity

e Transition: Actinomyces /
Treponema

e Health-associated: T. forsythia,
S. sanguinis

e Adolescence: Abiotrophia,
Granulicatella

Adulthood
(18-60)

Site specificity: plaque: Actinomy-
ces; tongue: Prevotella

Persistent core microbiota

Fluctuating: P. gingivalis;
F. nucleatum

e Core: Rothia, Streptococcus,
Actinomyces, Veillonella,
Neisseria

e Plaque: Actinomyces;

e Tongue: Prevotella

e Fluctuating: P. gingivalis,

F. nucleatum

Stable SCFAs + nitrate reduction

Elderly
(>60)

Centenarian heterogeneity: variable
diversity

|Core commensals

1Opportunists

Long-lived: 1Enterobacteriaceae;
yeasts; E. gingivalis

e Reduced: P. endodontalis,

L. mirabilis, R. aeria, K. hominis,

S. parvulus

e Female reduced: S. sanguinis,

S. gordonii, C. durum

e Enriched: Dialister, V. atypica,

P. oralis/salivae, B. dentium,

M. micronuciformis

e Long-lived: Enterobacteriaceae,
Staphylococcus, yeasts, E. gingivalis

Proteolysis;
tAmmonia / polyamines




Oral microbiome aging links local craniofacial homeostasis to systemic health

Digestive disease

"5+ Oral dysbiosis associated
with IBD

e Severe periodontitis in IBD

Ectopic oral colonization

Neurodegeneration

o Periodontitis higher AD risk

Microbial brain entry, systemic inflammation
Cardiovascular disease

o Periodontitis higher CVD risk

e Therapy improves endothelium

Bacteria / toxins —immune activation;
endothelial injury

e Hematogenous pathogen spread

e Inflammatory cytokines enter circulation

Metabolic dysfunction

o Periodontal inflammation
higher type 1 and type 2
diabetes burden

e Therapy improves glycemic

control

Systemic inflammation

Autoimmune disease

o Periodontitis associated with
P‘ rheumatoid arthritis
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P. gingivalis — immune disorder and
osteoclastogenesis

Prevention and therapy
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rheumatoid arthritis, colorectal lesions

Inflammaging
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Pathogens: P. gingivalis,

T. forsythia, T. denticola

recession

Systemic inflammation -SASP—
age-related disease

Attachment loss; bone loss;

* Periodontal therapy, antimicrobial
agents, probiotics

Barrier dysfunction, reduced saliva,
poor self-cleaning

Oral dysbiosis

Oral diseases

Caries, Fulpitis, periapical diseases, oral
mucosal candidiasis, oral squamous cell
carcinoma, periodontitis




Mechanistic landscape of skin microbiome age dynamics across the host lifespan.
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Bidirectional regulation between skin-MA and the barrier-immune-appearance aging axis

Skin microbiome age features
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Combined effects on skin structure and function
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Barrier-immune-appearance aging axis
Skin barrier function

Integrity
Lipid homeostasis

Immune homeostasis

Regulate inflammation
Immune response
SASP, Treg cells

Barrier dysfunction/immune abnormality
(e.g., atopic dermatitis)
S. aureus overcolonization
Inflammation-damage cycle

Appearance aging
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| Collagen
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(< > >
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Young / healthy skin manifestations
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» In young, healthy skin with high abundance of specific
Streptococcus, microbial metabolites maintain skin barrier
integrity, immune homeostasis, and a youthful appearance
by modulating the expression of genes governing skin
structure and barrier function, thereby promoting collagen

and lipid synthesis.

In aged or prematurely aged skin, impaired barrier function,
oxidative stress, and immunosenescence drive skin-MA
dysbiosis, which in turn exacerbates barrier damage and
inflammatory responses to establish a pathogenic vicious

cycle.



4z Skin microbiome metabolites regulate barrier homeostas

Microbial metabolites support barrier integrity

Microbiota—lipid crosstalk
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2. SASP activation
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Skin microbiota dysregulation
(e.g., alterations in
Cutibacterium acnes and

Specific strains —* ANR-IL-22 |_, SASP

abnormalities in (e.g. Bacillus Ll iiton
cobalamin / heme biosynthesis) ~ Release of systemic velezensis DS2)
inflammatory factors AhR
(TNF-a, IL-1B) Baao antagonists
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BRR e SN Micthiota SASP SASP
recognition | ettt prematurely phenotype release

Immune _
surveillance Barrier integrity

Innate immune imbalance

aged individuals
(e.g. Acinetobacter)

Excessive SASP

Accelerated immune senescence _—1

3. T-cell homeostasis
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Gut Senescent T-cell
microbiota-derived cytokines |
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Improvement
— S — inimmune
.(-' ” and behavioral
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Gut microbiota Reduced abnormal
depletion T-cells accumulation
H:NTY NH2
Skin dysbiosis —— \/: —_—
Spermidine | Treg

maintenance

Antibiotic exposure
Microbe—immune interaction Immune
Risk of atopic dermatitis tolerance loss

T-cell imbalance

Microbial metabolites activate aryl hydrocarbon receptor and

PPARa to upregulate tight junction proteins;

In aging, gut dysbiosis and reduced SPT1 cause ceramide

deficiency; Bifidobacterium longum 6BS intervention restores

homeostasis and barrier function.

Mechanistic network links skin dysbiosis to immune senescence

via three pathways:
(1) metabolic reprogramming;
(2) SASP induction;

(3) T cell modulation.

s and contribute to immune senescence
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Age-dependent evolution and partner-shared microecosystem aging mechanisms
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In females, estrogen depletion triggers an ‘“‘estrogen-glycogen-
inflammation” cycle that activates TLR/NF-kB signaling to
accelerate ovarian senescence;

In males, Testosterone disrupts the blood-testis barrier, with LPS

inducing ROS to impair spermatogenesis;

Female microbiota exhibits a puberty-related steep rise,

reproductive-age  Lactobacillus-dominated  plateau,  and

perimenopausal cliff-like decline into persistent post-menopausal
dysbiosis.;

Male microbiota shows a gradual puberty-related rise,

reproductive-age stability, and middle-age slow drift toward pro-

inflammatory dysbiosis with E. coli and Enterococcus enrichment
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X-MA as a multidimensional readout of inflammagin
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» A positive MAG (MAG < 0) signifies younger biological
age, while a negative MAG (MAG > 0) indicates

accelerated aging and elevated health risks.

» Four convergent pathways to inflammaging-barrier

destruction, local inflammation spillover, immune

dysregulation, and metabolite dysregulation-collectively

driving chronic elevation of IL-6, TNF-a, CRP, and SASP



Translational applications and future implementation of microbiome age

(1) Sampling and testing
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Summary

[VIMicrobiome age is established as a computational biosignature unifying multi-organ
aging trajectories;

VIConvergent aging trajectories are identified across gut, oral, skin, and reproductive
microbiomes;

[IDirectional microbiome shifts mirror systemic declines in immunity, metabolism, and
barrier function;

[IMicrobiome age serves as a dual biomarker predicting systemic risks and local

vulnerabilities, enabling precision health assessment.

Zhexin N1, Jiaojiao Xie, Zhichun Zhang, Keming Zhang, Jie Ding, Mingyang Chang, Ying Su, et al. 2026. Microbiome
and aging: Trajectories of microbiome age across human ecosystems and their systemic effects. iMeta 5: €70148.
https://doi.org/10.1002/imt2.70148
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