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Data sources

; £ 16S / shotgun
metagenomics

E Metabolomics

proteomics

Clinical &
—— |lifestyle data

s Transcriptomics /|

Machine learning
Traditional ML models

" Ne - B
o e
%R ==

e Random forest e SVM
o XGBoost o LightGBM

Feature engineering
s2=_ 0 1
=5=."
 Diversity indices
o Pathway features

qut microbiome

'>kin microbiome

Deep learning
Advanced DL architectures

Graph neural

Autoencoder  Transformer
network

Learning paradigms

L -0 a

- B8 e e A o0
T e g

Self-supervised Multi-task Transfer
learning learning learning

Multi-omics integration
& longitudinal modeling

Integration strategies

4

Longitudinal modeling

L v>

Oral microbiome\

Chronic low-grade
inflammation
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Barrier dysfunction

Metabolic dysregulation
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Neuroendocrine
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Oxidative stress
& cellular senescence

> “BUEMASRS” Al TR 2 4R
B IR DL O HEAE S

> B IR RIS R, ORI
H 7 [F] 1) 2R 43 v A R AR

> WA Z BT B IR RIE. bR
Rebshg . AU R N3
LIRNER AR OB HRMEZ
LR G T RE IR B AHIE

-

AT,



WAEMHFRPIBESER ST R T %

Chronological aging trajectory Traditional aging indicators Microbiome age

(Microbiome-derived biological age)

Physiological age Epigenetic age

Microbiome Maturity Age gap

SEARR ~—r I oo > CEREERELMELRT IR, Rk
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T y : health risk
Limitations: high cost, irreversibility,

limited intervention potential

Multi-omics
integration models

Functional and
metabolic models

Traditional machine
learning models

Deep learning /
Al models
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GV =YY

A Species abundance A KEGG / MetaCyc A Metagenomics A Microbiome / metabolome

A Clinical indicators / lifestyle
factors

A Network structure

A o/ B diversity A SCFAs / polyamines A Metabolomics

A Aromatic metabolites A Immunomics

> MA TR RIS 3 0] 49 N DY R 2R .

\ High interpretability \ Mechanism-linked \ Robust ' High accuracy

\ Fast training
x Low functional resolution

x Poor generalizability

\",

X

X

Diet / drug sensitive
High cost of metabolomics

Incomplete annotation

\ Host-microbe interaction
x Data intensive

x Complex pipelines

Generalizability

\ Heterogeneous data fusion
x Low interpretability

x Large datasets

—e— Random forest

(1) LEH A4 A,
(2) Dhae SRR,

Y4 P = IJ

XGBoost ) z E ;ﬁ — 1; }F .

o RF « GSMM v , <3 Q élil jE%:l:,

« XGBoost « MetaGEM / LightGBM

o LightGBM e MCMMs Cross-cohort « ¢/ \ o Interpretability —°© GSMM YR BE ALY %D }FU

e ' - e (4) RS> 5 N TR e,

MCMMs

o MND-VAE o DNN + MND-VAE

« MOSA « GNN Accuracy Data needs
MOSA

e OmicsGAN o MOGONET
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X-MA pathways in host aging

(1) Metabolic inflammation
o Chronic low-grade
o |LPS / endotoxemia inflammation
o {Microbial translocation © Insulin resistance
e {Pro-inflammatory mediators ® Metabolic syndrome
o Frailty & sarcopenia

(2) Barrier dysfunction

Antigen ent
4  Dysbiosis + barrier decline Sty

: o * Immune activation
. e Y  Barrier permeability | o Infoction risk

(3) Neuroinflammation / cognition

« Neuroinflammation
e Cognitive decline
* Mood disorders

* Dysbiosis + metabolic
imbalance

(4) Endocrine regulation

e Hormonal decline
o Reproductive dysfunction

* Dysbiosis + metabolic
imbalance

Cancer risk
Pro-tumor niche

Inflammation,
immune evasion

Microbial association

Oncogenic microbiota

Key pathogens

1F. nucleatum

Neurodegeneration
Core symptoms

Increased
neuroinflammation

Cognitive
decline
Physiological basis
—> o

°
& 3

Dysregulation of gut-brain
axis communication

Key microbes

Altered neurons

Healthy aging

Negative association

Mobility, cognition, |inflammation

Positive association
Youthful microbiota

Key pathogens

0y #8 O
i\ch "’:’_J ve®
Bifidobacterium Akkermansia SCFAs
7 Microbiome age gap
(MAG)
MAG <0 MAG >0

Accelerated
aging state

Healthy aging

.

o
OH 1 oy Butyrate - Neurotoxic
NH,O"’ salts metabolic products
A .
Accelerated aging 7
UL
) S -
Age gap _’ j ’
g Healthy aging b : -
£ |
2 : Diet Pro- / prebiotics FMT
<} Rejuvenation
o
§ .
Mechanisms
Risk of disease & frailty X ¥
. Microbiome Metabolic Immune
S shifts reprogramming modulation

30 50 70
Chronological age / time

Age acceleration

Exercise / lifestyle

Immunosenescence

Core symptoms

‘\o‘/‘ &~/ o

—_—

Imbalance in the ratio
of Th17 / Treg cells

Systemic impact
Increased levels of systemic inflammation

Macrophages shift
towards M1 phenotype

Core mechanism

Aging microbiota accelerates aging
and drives the immune system to age

Metabolic health

Associated disease risks

Obesity Insulin
. resistance

@ \;/ Non-alcoholic @ Type 2
\ fatty liver disease diabetes

Key metabolic changes

SCFAs
Polyphenols
Metabolites of aromatic amino acids

=
ST

h 4
Host-microbiome
crosstalk
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Factors

Bacteria

SCFAs
Diversity

Immunity

Life stage

Age

Key
window

Bifidobacterium Staphylococcus Bacteroidetes Rosebur/a

I
o < oy
(s ,“ ! q,L Q V‘
I

BacterOIdes Streptococcus

%
3 J) slgA
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O
Infancy
(0-3)

Transition
period

Firmicutes

&

O
Childhood
(3-12)

Reshaping
period

<o

Estrogen? ]k‘:"""‘
Testosterone 1

L i
Akkermansia

SN
V Q@
Prevotella

QER a)\ o"ARA

O
Puberty
(12-18)

Dynamic
equilibrium

Critical

turning point

) (4
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| 24
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4
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C
Bacteroidetes

Firmicutes

SCFAs- producmg

bacteria

Adlpose tlssue {"”slgAi

-

O
Adulthood
(18-45)

O
Middle age
(45-65)

Anti;inflammation '

Significant
heterogeneity

ST
SCFAs-producing
bacteria
maintaining

SCFAs-producing
bacteria
decreasing

faflay flaleg Rl
‘ QJ OJ

Inflammation

O
Elderly
(>65)
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Gut-skin axis Gut-brain axis - : Gut-heart axis
Neuroinflammation

/ cognitive decline

Microglia AB
BBB
Collagen loss / wrinkles CVD / HF
Collagen fragmentation Cardiomyocytes BEVs
-

: scrns /| m, . > WKL TESOW A B4 iE i s se Bk

Gut microbiota

MMPs activity  Skin elasticity metabolites i TMAO Ferroptosis Foam cells
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Gut-bone axis a = Aging T BEVS  Gutlung axis
»~ gutecosystem
y SCFAs 2.
Pathobionts F tics |

BAs ‘ il | \ Gut microbiota - ‘/’”‘/‘ NN \ N
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Leaky barrier |
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Bone erosion = N N )
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Gut microbiota Uremic —
metabolites toxins SCFAs ; Q - /E
| & y le)

Gut-kidney axis

Sarcopenia, frailty CKD / glomerulosclerosis NAFLD / fibrosis
Car __ Glomerular TLR4 activation
injury
p —> )—
I //,x -/
f i 3 o® LPS >
Ubiquitin- Basement  \ L Y J 3 >
proteasome membrane e

Atrophied fibers salliation thickening Uremic toxins Steatosis Stellate activation
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(A)Early life establishment (B) Adulthood stability (C)  Aging transition (D) Divergent outcomes
.- « Weaning / High resilience Aorotiome siaft -+ Retained resilience
solid foods . ¥ *+ |Symbionts { + Maintained
+ Adult-ike o 2 Is'ab'e functions + 1Pathobionts ‘ \\ diversity
F /B ratio . * Immune " « | Systemic
modulation * |SCFAs / BAs metabolism inflammation
0-2 years + 1SCFAs * 1Pro-inflammatory
[ r v cytokines
- Extended
\ A 12-18 years 18-60 years >75 years Bosthapan
.
Breast v LAttt tag At ity
milk/HMOs ~Vaginal birth e @ v 1 [ g i -
A4 awemarss. /] @ | @) @) @] @
> Akkermansia -
B2 X = o= « Frailty /
I S & { J inflammaging
HOE = X = = = " \ « Loss of
< = - keystone taxa
= ] & Enterobacteriaceae  Clostridium difficile = & Ervdo(oxemia
- o Drivers of microbiota aging 7 A * Disbetss
A T | N =, e w Y .
] - 7 s S oa 2 Age-related
Bifidobacterium =g Foscalbacierium  SCFAS Aging Antib-  Low Vaccin- Heart >75 years disease
gut iotics fiber ation disease
( ntervention strategies Gut microbiota remodeling (F) systemic anti-aging e
Diet Dysbiotic gut (before) Less inflammation
% « |IL-6 / TNF-a
> [ Pathobionts 3
j\% ~x ™ ~ ) E s « |LPS / endotoxemia
® NN )
« Prebiotic fiber  « Caloric restriction e 3 & = &
+ Polyphenols mimetics \’
« Mediterranean diet S Leakygut '*/ 3

Pro- / synbiotics

(0
&

1

@ =

« Lactobacillus + Synbiotics
« NGPs / Akkermansia

Postbiotics / metabolites

o / o]

/\H/ o { o ,/j\ on

+ SCFAs + Secondary BAs
* Urolithin

FMT / emerging therapies

Dysbiotic )
community
* Young / healthy donor FMT
ngineered microbes / phages

) el J ' T

Modulation / restoration
—rp
Eubiotic gut (after)
Beneficial microbes re
: ICN; < ¢ J/ /
\ ' RNe= °
S %
= o
<@
<
< Q o

Metabolic health

+ 1Insulin sensitivity
* Improved lipid metabolism
+ |Adiposity

Gut-brain axis

* Neuroprotection
— < \ P

\ « 1Cognition

+ [Neuroinflammation

Cellular protection

« |Oxidative stress
* Mitochondrial function
« tAutophagy

— ¥4

+/ Extended healthspan

+ Delayed age-related diseases

+/ Increased lifespan
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Microbiota characteristics

Representative genera
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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

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; tanaerobes

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)

fC

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

1Proteolysis;
tAmmonia / polyamines
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Digestive disease

AT .~ e Oral dysbiosis associated
with IBD

e Severe periodontitis in IBD

Ectopic oral colonization

Neurodegeneration

o Periodontitis higher AD risk

y 4

Microbial brain entry, systemic inflammation
Cardiovascular disease

e 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
F.‘ rheumatoid arthritis

e Oral mucosal breaks
—innate / adaptive immunity

P. gingivalis — immune disorder and
osteoclastogenesis

Prevention and therapy

¢ Oral microbiome as biomarker, caries,
rheumatoid arthritis, colorectal lesions

Inflammaging
Periodontitis
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
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Adolescence / young adulthood

Adulthood

Elderly

e Sebaceous atrophy

Skin 1Sebum secretion » Stable sebaceous /|sebum
physiological o Elasticity preserved * Gland secretion » Wrinkles / enlarged
state e Intact barrier e Barrier maintained pores
®* 'NMF / AMPs
Adolescent window F | tterm:
. restructuring €MAIC patem: ¢
a-diversity ! e tCutibacterium 7 eta-diversity High a-diversity
: -diversit i f / back / f
e |a-diversity |- (forearm / back / face)
Core 1 Streptococcus Clggggifﬁggﬁa?::)es \ || Lactobacillus || Cutibacterium 1Acinetobacter
microbiota g \J v
: M lites: orpnyrin tCobalamin i
& metabolic etaboiites: metabolism |Lactobacillus | Cutibacterium / heme » . acnes metabolites:
function collagen / lipid synthesis wrinkles / pores / sebum
synthesis
Local inflammation
Exogenous Endogenous Exogenous Endogenous Exogenous
4 % < O\ & r 1
Regulatory ¥ QL) '
factors | :
Sex : : : Host  Barrier UV  Over-cleansing
hormone ,, Ccnetic Delivery  Diet Flgst blei Y — age changes | radiation  /irritants
lenvols background |/ antibiotics / sleep physiology / smoking
Ferulic acid skincare

Host age progression
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Skin microbiome age features

‘Young / healthy state

Streptococcus species

higher abundance Secretions

1Barrier /| ECM genes
1Elasticity / hydration

1Collagen / lipids

Aging / premature aging state

Dysbiosis -
tAcinetobacter,
fragile network

_Barrier function
Oxidative stress

Immunosenescence

Collagen metabolism & ECM integrity

ECM degradation / wrinkles

TMMP1 /
MMP9 /

Dysbiosis KNG1
MME

o

o
-

o ©° >
e ©

Gut-derived L-

arginine / L-
ornithine

Collagen synthesis / elasticity

ol H
> !
e s \
Y
Young-
associated Szfm:e
S. thermophilus p Y
4
; ROS-MAPK /
Silkfibroln AP-1-MMP axis
Yeast/ rice -+ TGF-B / Smad
fermentation
+ sialic acid
FMT / young
microbiota =

Aging skin manifestations:
wrinkles, laxity, dryness, damage

Anti-aging strategies

Maintain barrier
Immune tuning
Collagen / hydration

v

Barrier  Inflammatory Immune
response

impairment factors
Feedback influence

Dysbiosis
network disruption

Potential anti-aging strategies
Pro- / prebiotics

Microbiota transplantation
Personalized intervention

Oxidative stress balance

Oxidative injury

‘ Gene Metabolic
Secretions  expression pathways

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
l Inflammation-damage cycle

Appearance aging

Elasticity
Hydration
|Collagen
TWrinkles / pores

Hydration & barrier function

Hydration / barrier support

. " &
4 - > L
)
e  Mitochondrial Host-microbe N
o5 4 > =ROS dysfunction interaction Young- 'PEPS TYoung gut TNC peptide,
ECM ol { i i
2 “ ) associated peptide, microbiota  improved
imbalance Microbiota {ROS ANXA1 and APOE S. infantis moisturizing transplantation,  lipid
dysbiosis generation Cell gene expression factor Cldn1, structure,
damage synthesis thydration-related keratin
{ genes binding
\:
Aging Accelerated
phenotype aging l
Laxity
{
I wrinkles Antioxidant protection i
& . Epidermal th|ckne§s: Hydrated,
> 'Antioxidant> ~ROS water retention; strong barrier
activity improved desquamation
Microbiota ~ (SOD, GSH)  |ROS
modulation seevengns Intervention shifts microbiota :
. IROS toward “delayed aging’ profile > 'MProved hydration
iCollagen generation
Se-gel > 1SOD activity
synthesis Barrier function impairment and dehydration

PI3K/AKT/  |ROS,
4 NF-kB —>tantioxidant >

“Improved skin Ginsenoside ~ Pathway  enzymes ol
ne ellular -
- elasticlly homeouslasis - -
Nrf2 Maintained =
|Collagenases > pathway energy t T Aging microbiota: Abnormal barrier Barrier
Mitochondrial  MnSOD  metabolism, Acinetobacter;  components dysfunction
iCollagen H2S donors inhibited |Lactobacillus
synthesis (AP39 / AP123) photoaging
-~ IMMP PGC-1a & - -
activity > > » Improved
) . 4 oxidative
| UV-induced Oligomannuronic Colonic  Enhanced stress Dbn1 deficiency Dehydration Skin dryness
collagen loss acid (MAOS) butyrate- mitophagy Barrier impairment Desquamation
HIF-1a axis

Combined effects on skin structure and function

YYoung / healthy skin manifestations:
elasticity, firmness, hydration, defense
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Microbiota-lipid crosstalk

Microbial metabolites support barrier integrity

OH
9, oH TJst HO™~ "
NHi s =i HN--O /
R HO
/ 14 5 Ceramides  Cholesterol
Tryptophan . e —— =
AhR Enhanced
= ) o~ F
= oy detlvative barrier formation v ree fatty Bcids
‘* - @ Tds Commensals Spermidine Lipid genes Stratum corneum
Y A lipid matrix
Skin microbiota n® ¢ T [
o ® - Bidirectional regulation ° iy /EE AN N N 5y ;& ) Z = |: j: N
=y )
SCFAs PPARa Enhanced Changes in stratum corneum lipid composition (ceramides) 1}1’ -[/ ‘{ ; j I é'—ﬂ‘k E
barrier formation regulate microbial community balance
- ) - ‘\ —4: \Y3 N I M'—‘\—;‘ A} SN KE
Barrier impairment—dysbiosis cycle { pvd o ) -[/ Al 3R 10 1 EE[
AD model Aging model
3 g Gut dysbiosis
FLG variants 2 3 Barrier ' SPT11
/TJ disruption impairment '
E = g / H Gut-skin axis Barier
) Vicious cycle ! impairment N =l ‘ N
Barrier impairment  Staphylococcus aureus Immune : ' Ceramide synthesis® ) N I QQ /\ 1 { l\
overcolonization activation;, [MammatCIREEDysicsis ¢ j\_ + ’ _[’ Q ':' &
A B. longum 68S —— Microbiota rebalancing and
barrier repair
Core axis

ﬁ Skin microbiota dysbiosis

1. Microbiota dysbiosis
o

/QKOH ROS -~ Mitochondrial
ROS]

Gut-derived butyrate

\
X1y DNA damage
mTOR / NF-kB Aberrant activation
pathway activity of the cGAS-STING pathway
®_ 9
— O —
®q g )
Microbial AhR L-22 ILC3|
metabolite
ILA l

Skin microbiota dysregulation
(e.g., alterations in
Cutibacterium acnes and
abnormalities in

cobalamin / heme biosynthesis) ~ Release of systemic

inflammatory factors

v (TNF-a, IL-1B)
PRR _,/\ N

recognition | PRI
U Immune

surveillance;  Barrier integrity

Innate immune imbalance

2. SASP activation

Dysbiosis 4+————

Accumulation of serum
ﬁanched-cham amino acids

T O:.._..

p53/p16 SASP factors*

senescence

L4 3
o9 O Direct ’
»  stimulation Secretion  Tissue
AlUCIELT

3 s inflammation
Fibroblasts drive

Granzyme K

Specific strains = s SASP

(e.g. Bacillus inhibition
velezensis DS2)
AhR
antagonists
Microbiota in SASP
prematurely ——> sk

aged individuals
(e.g. Acinetobactert)

Excessive SASP

Accelerated immune senescence ﬁ

3. T-cell homeostasis

i —Ce)— @
OH

Gut Senescent T-cell
microbiota-derived cytokines |
butyrate
> Improvement
— — inimmune
T and behavioral
) deficits

Gut microbiota  Reduced abnormal
ion T-cells 1

P

HaN NH:
Skin dysbiosis —— /I/ J

Spermidine | Treg
maintenance

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

T-cell imbalance
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/ Female mechanism: \
E2-glycogen-Lactobacillus axis \
Vaginal \\
epithelium ‘\\
\\

elejoe \|
L)

Glycogen | ‘ |

/|

2 %% @ ‘\Gardnerella /c";"‘

ovaciis, Qe AIY/
"'I

TLR signaling

|
R 7’,'NF-|7(B

NF-kB signaling

|

° )
° °

TNF-q, IL-6, IL-1B

lafoataley Aasfiedy

Follicular atresia / ovarian aging

g Hon Female trajectory

pes the “cliff-like” drift
& health ( )
e % E2
3
o
©
&
= ( \
S .8 =
25
S ®
L
o
Q< 2
~ - Q¢
= arp rise
£ * &
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s O v
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©
-}
©
g
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Low 7
dysbiosis Corynebacterium

Puberty

7/

[

\

Reproductive peak

Healthy organs

-~

Reproductive age
(High plateau)

Lactobacillus

Male trajectory

(the “slope-like” drift)

Core
commensal
bacteria

< X

Stable commensal
community

Reproductive age

Male mechanism:

7 y 5 ”
Post-reproductive aging / BTB leakage and inflammation
// Leaky BTB & Tesf“s
/// bacterial seminiferous
tubule

translocatnon g
Hormone decline | : 7 B
drives microbiota \ \

[
| v
dysbiosis \ l\ )

T E2 \
o = \
\ / ¢ \ > Pseudomonas
) ¥ \ 71 5 \ * oS
I\ N ]
: / 1o \ P
(| 1 NP
7A - ‘ [ A\ < \ = .
‘Lactoblacﬂlus Partner-shared| Gardnerella |\ \ «= | | Prevotella +"* .
-dominant | Prevotella | | \¢ | e
mlcro—ecosystem B l
|| profile \QULJ Pathogens | @ D N
‘ | . / )) Pseudomonas ROS/LPS
X | \ - \;\ \ /
/ o N B _

y = Q\ / B
Y /,/
s
Inflammation & | ‘J‘ -
ROS accelerate | | )
aging \
Inflammation & ROS 1) )
:; (Reactive oxygen §Fecnes) Mitochondrial
g dysfunction

)
N o6 .
W b £ ] Sperm DNA

& fragmentation
Atrophy / fibrosis
Perimenopause Postmenopause
(the cliff / turning point) (Low valley)
Prevotella
o E2 ®Elevaled pH
— Pre 45 / e> \
4 3 Y
®\ - |
&
Gardnerella > /
L Prevotella o
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