When we talk about aging,
what are we afraid of?
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The global population is aging at an unprecedented rate

AZEN H Department of
United | 20 Table 1.

Economic and

% Nations | social Affairs )
Number of persons aged 65 years or over by geographic region, 2019 and 2050

World

Number of persons ~ Number of persons  Percentage change

aged 65 oroverin aged 65 or over in 2050 between 2019 and

P | ti 2019 (millions) {millions) 2050
opulation

Ageing World 702.9 1548.9 120

2019 Sub-Saharan Africa 31.9 101.4 218

Y Northern Africa and Western Asia 294 95.8 226

Highlights rC@tflf_ﬂd_Stﬂ.ttieTPf_ia_________’~_—__1_19;0____’3281_ 176

s Eastern and South-Eastern Asia 260.6 5725 | 120

Latin America and the Ca:i-bbean -554 144.6 156

Australia and New Zealand 4.8 8.8 84

Oceania, excluding Australia and New Zealand 0.5 15 190

Europe and Northern America 200.4 296.2 48

Source: United Nations, Department of Economic and Social Affairs, Population Division (2019). World Population Prospects 2019.

*Excluding Australia and New Zealand.




It scared people to realize we are getting old.

Ricky Gervais
[ Humanity |

oh everything was better when |
was a kid
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Aging 1s characterized by a gradual decline in physiological function,

resulting in increased susceptibility to diseases and eventual mortality.
C. Lopez-Otin, et al., Cell, 2023
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Anti-aging: A trillion-yuan investment "gold mine"
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Understanding senescence at microscopic view
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When we talk about aging, what are we afraid of?

1. The underlying logic of aging fii fi2
2. The connection between aging and diseases EAN-
3. Strategies for delaying aging ZZ 48
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Why do humans desire to Never Age ?

Accelerating population aging
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The Underlying Logic of Aging

* |dentification of fourteen hallmarks of aging.

* The theoretical foundations of aging.



Diverse Interpretations of Aging
The Hallmarks of Aging

Physiology e
Progressive loss of physiological e

iIntegrity
Impaired function
Increased risk of death

Pathology

Stress and strain
Injury and infection
Decline in Immune response

Socliology

Loss of interest
Detachment from reality
Nostalgia

Carlos Lopez-Otin,et al.,Cel/,2013



Research on hallmarks of aging: from 9 to 14

4 s
NTAGONrsnc HALLMARYS

Disabled macroautophagy Extracellular matrix
Chronic inflammation chanaes
Dysbiosis J

Psychosocial isolation

Three Criteria

* Time-dependent &
age-related

* Experimental
accelerability via
hallmark
accentuation

* Therapeutic
modifiability

Carlos Lopez-Otin,et al.,Cell,2022
Guido Kroemer, et al.,Cell,2025



01 Genomic instability

'Exogenous" "-Endogenous-" ' DNA repair"'
DNA damage DNA damage | pathways |
X i Vo
HR
Nucl_ear mtDNA NHEJ
lamina SAC NER
TERT
Telomeres nDNA
Transposons BER TLS

Hutchin-son-Gilford progeria

syndrome (HGPS,or progeria)

P I 1 LMNA
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Mutation h

Loss of protein homeostasis defects (,J
. | Chromatin disorganization \ -l
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ci824T
Aberrant pre-mRNA splicing

PROGERIN Lemina | |
Nuclear defects
Elevated DNA damage r?

Epigenetic alterations Lamina

Cell and tissue defects Symptoms

Chronic p53 signaling Growth impairment
Inflammatory response Cardiovascular disease
Metabolic alterations Skeletal dysplasia
Autophagy deregulation Lipodystrophy
Stem cell dysfunction Alopecia

Skin and nail defects
Joint contractures

Carlos Lopez-Otin,et al.,Cell,2022
Gordon, L.B.,et al,Ce/l,2008



(02 Telomere attrition

Telomere
Length

Elderly Adult

100—

2
=
18 = Lung
L p=0,03
@ 10- ' p= 0,003
16 o [ i —
e s.. l"l=3 n=3
-1.4 E
S 6
-1.2 x108 a8
X £ 4
1.0
g2
=
0.8 & o
{ G AAV9. AAVS. AAVY. AAV9.
AAV9-eGFP AAV9-mTERT 06 % eGFP mTERT, eGFP mTERT,
w ~1vr ~2
piseclcm*2/sr y L4
~1 yr old group V.I. = Viral injection
Vi W AAV9-eGFP n=12
l B AAVI-mTERT n=21
B Control n=43
24%

Percent Survival

50 eGFP vs mTERT

p= 0,02 (Log Rank)
Control vs mTERT
p= 0,008 (Log Rank)

eGFP vs Control 3%
p= 0,51 (Log Rank)

— | T T

0 55 80 120 160

Weeks

Bruno Bernardes de Jesus,et al., EMBO Molecular Medicine,2012



(3 Epigenetic alterations

expression
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(05 Disabled macroautophagy 06 Mitochondrial dysfunction

Atg5 Tg mice
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Jong-Ok Pyo ,et al.,Nature Communications,2013
Carlos Lopez-Otin,et al.,Cell,2022




(07 Deregulated nutrient-sensing (08 Cellular senescence

Senescence Elimination Repair

[ GH
—
IGF-1
) Context 1+t STEP 2 STEP Outcome
[ PTEN ]‘l PI3K Physiological oK oK Repair
l ' Pathogenic | OK Failure I Aging/disease
Akt AMPK Sirtl | Oncogenic . Failure . Failure | Cancer

RN
a B HERXQDER KB F(EGF FGFs,BMPs)
S — (SASP) FWBEF(IL1,1L6)

BiEFIs o)

Carlos L(')peZ-Otin,et al. . C€ll,2022 Foronectin P2 )



09 Stem cell exhaustion
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12 Dysbiosis

- Aging -
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14 Psychosocial isolation

Extracellular matrix

changes

Key Components in the ECM: Potential Targets for
Regeneration
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Integration of hallmarks

Strata of organismal Hallmarks of aging Eroding hallmarks
organization of health
Meta-organism .—S\'Dysbiosis Spatjal ey

compartmentalization
Systemic Wi Altered cellular Integrity of barriers
circuitries : 8 communication Containment of

Deregulated perturbations

rgamsystamns \\\j nutrient-sensing

-
—
—
Organs - g},é}’ﬂ@ : ﬂChroniS Maintenance of
inflammation Vi S homeostasis
Supraqellular th) Stem cgll Recycling and turnover
uRis exhaustion Integration of circuitries
Cells — </ Senescence \ Rhythmic oscillations
Organelles Disabled Mftochonc_inal
autophagy dysfunction Responses to siress
J, Telomere %@wf. Genomic Homeostatic resilience
attrition ~iy instability : :
Nicicedies . . o Hormetic regulation
41’ Epigenetic 2, Loss of Repair and regeneration
alterations  proteostasis

Carlos Lopez-Otin,et al.,Cell,2022



v" When aging is regarded as a Kkind of diseases.
v" When aging becomes a factor that contributes diseases.

v" When aging is a normal physiological phenomenon.



v" When aging is regarded as a disease.



Hutchinson-Gilford Progeria Syndrome(HGPS, MS$iix-=
A premature aging disease

Symptom: Onset by 12-18 months old, sclerotic skin, lipodystrophy, altered skin pigmentation, alopecia, bone and growth
defects, cardiovascular complications, death in mid-teens.

Causes: A mutation in LMNA gene exon 11 activates a cryptic splice site leading to deletion of 50 amino acid residues

from the precursor protein.

Normal

Normal Splicing

AN

(Exont1)— (Exoniz)

REEEGAE):

B HGPS

Mutant Splicing

=N,

(Exon11 ) —(Exon2)

150 Nucleotides

a deleted . .
50 amino acids Site of 50 amino acids
deletion in HGPS deletion in HGPS
Prelamin A | Pre-progerin |
[ _—CSIM I - Csim
BLE 661
FTase FTase
L - CSIM I - CSiV
Impste2d - - Zmpste24
ICMT Iicmr
[ - C-OCH, [ B - C-OCH,
606 656
Final
Zmpste24 Cleavege Site
Deleted
[ __-\‘" - C-OCH,
Mature Lamin A Progerin

Foo MXR, Ong PF, Dreesen O., J Dermatol Sci. 2019
Gonzalo S, Kreienkamp R, Askjaer P., Ageing Res Rev., 2017



Hutchinson-Gilford Progeria Syndrome(HGPS, MS$iix-=

J\?Ellas .:.T)

A premature aging disease
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Gonzalo S, Kreienkamp R, Askjaer P., Ageing Res Rev., 2017



v" When aging becomes a factor that contributes diseases.
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ECM composition diversity across organs

Hard tiss@

Elastic

. , L. : Stiffer structures
Looser’ connective tissue environment

Skin
Bone

Brain
Breast
Lung



The structural and functional differences of young and aged skin.

h Old skin

Young skin
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Senescent skin cells have been reported in various age-related skin pathologies based on biomarkers.
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Skin chronological aging drives age-related bone loss via secretion of cystatin-A
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Changes associated with skin aging and possible mechanisms linking them with
systemic age-related disease.

a Impaired barrier
Young

T T T T

+Tight junctions
dLipids
+ Cytokines

| | |

h Decreased AMP
Young

T T T T

+Fat AMP

€ Increased interstitial Na®
Young

T T T T

T cell activation t1L-17

d CSTA causation demonstrated
Young

T T T T

Aged
{CSTA
tBone loss
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+CSTA
t{Bone loss

Troy, T. C., Arabzadeh, A., Lariviere, N. M., Enikanolaiye, A. & Turksen, K. PLoS ONE, 2009
Choi, E. H. et al. J. Invest. Dermatol., 2007

Elias, P. M. & Ghadially, R. Clin. Geriatr. Med., 2002

Zhang, L. J. et al. Immunity., 2019

Maifeld, A. et al. J. Invest. Dermatol.,2022

Liang, W. et al., Nat. Aging, 2022

Theodora Mauro and Daniel Bikle, Nat. Aging., 2022



Induction of Pluripotent Stem Cells
from Mouse Embryonic and Adult
Fibroblast Cultures by Defined Factors

Kazutoshi Takahashi' and Shinya Yamanaka'”*

! Department of Stem Cell Biology, Institute for Frontier Medical Sciences, Kyoto University, Kyoto 606-8507, Japan
2CREST. Japan Science and Technology Agency, Kawaguchi 332-0012, Japan
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Myofibroblasts
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= inflammatory
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(e.g. epithelial,
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Mesenchymal drift is a bridge connected aging and diseases.

Mesenchymal drift

Activated fibroblasts /

Rejuvenation (Yamanaka f-acfj

Eye:
Age-related macular degeneration (AMD)

Lungs:

|diopathic pulmonary fibrosis (IPF)
Interstitial lung disease (ILD)

Chronic lung allograft dysfunction (CLAD)

Kidney:

Diabetic nephropathy (DN)
Glomerulonephritis (GN)

Focal segmental glomerulosclerosis (FSGS)
Focal global glomerulosclerosis (FGGS)

Skin:
Keloid

Mesenchymal drift in human diseases

Brain:
Alzheimer's disease
Brain blood barrier (BBB) disruption

Cancer

Blood vessel
Arterial atherosclerosis

Heart:

Dilated cardiomyopathy (DCM)
Hypertrophic cardiomyopathy (HCM)
Peripartum cardiomyopathy (PPCM)

Liver:

Metabolic dysfunction-assaociated steatohepatitis (MASH)
Alcoholic steatohepatitis

Acute-on-chronic liver failure (ACLF)

Early chronic liver disease (eCLD)

Colon and enteric system:

Ulcerative colitis
Crohn's disease

Lu, et al., Cell, 2025



Age-induced contextual changes in extracellular matrix structure and function

Young microenvironment Aged microenvironment
Hard tissue (skin and bone) Hard tissue (skin and bone)
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Fane M, Weeraratna AT., Nat Rev Cancer. 2020




Stromal (B BTAY) deregulation in the aged microenvironment drives tumorigenesis and progression.

Aged healthy microenvironment

Young healthy microenvironment
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Fane M, Weeraratna AT., Nat Rev Cancer. 2020



During physiology aging, the repressor element-1 silencing transcription factor(REST)/
neuron-restrictive silencer factor (NRSF) preserves neuron function

60 70 80 90 100 110
Age (yr)
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Memory& Cognitive

Tao Lu, et al., Nature, 2014



REST is essential to promote stress resistance and autophagy.

Oxidative stress & AP toxicity
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REST is depleted in neurodegenerative disorders.
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Inflammaging is an age-related driver of cancer progression

Inflammaging: an increase in systemic
low-grade chronic inflammation.

Young microenvironment . Aged microenvironment
Inflammaging

*Il-1  *GM-CSF *miR-21

6  <IFNy  *miR-126
*ll-1a < TNF * miR-146a
B IL-1G AN CRESS -

¢I-33 e miR-19b

Immunosenescence

‘Reduced effector
‘immune cell function

Age-induced immune subtype switching

Aged microenvironment

Increased infiltration of immuno-

suppressive immune cell populations
enabling tumour cell protection from
effector immune cell populations
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Fane M, Weeraratna AT., Nat Rev Cancer. 2020



The recruitment of myeloid-derived suppressor cells (MDSCs) is one of the key elements
that appear to link inflammaging to many types of cancer

Aged microenvironment IL-4. IL-10
and ECM
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v" When aging is a normal physiological phenomenon.



If these are found on your physical examination report, don't be worried.

Nodules Carotid atherosclerosis
] KR
* The smaller the nodule, the more likely it is to be benign. The prevalence of increased carotid intima-media thickness,
* 80% of benign nodules: <2 cm in diameter. carotid plaque, and carotid stenosis increased consistently

with age and was higher in men than in women.

Feragalli B, et al., Radiol Med. 2005 Song P, et al., Lancet Glob Health. 2020



If these are found on your physical examination report, don't be worried.

Osteoporosis Benign prostatic hyperplasia
B RIEGHAE (BPH)
RIERIFIBRIEE

 Postmenopausal (#8%8f5) osteoporosis is a frequent Age-related changes associated with metabolic disturbances,
clinical condition which affects nearly 1 in 3 women. changes in hormone balance, and chronic inflammation may
* Osteoporosis is a chronic disease that cannot be cured. cause BPH development.

Gosset A, Pouilles JM, Trémollieres F. Best Pract Res Clin Endocrinol Metab. 2021 Kim EH, Larson JA, Andriole GL. Annu Rev Med. 2016



Take home message

v" When aging is regarded as a disease.

Hutchinson-Gilford Progeria Syndrome
A mutation in LMNA leading to deletion of 50 amino acid

residues from the precursor protein caused premature aging.

v" When aging becomes a factor that contributes diseases.

« Stromal(EEHY) deregulation and inflammaging in the aged microenvironment drives diseases progression.

* Repressor element 1-silencing transcription factor (REST) preserves function and protects against

neurodegeneration during ageing.
v" 'When aging is a normal physiological phenomenon.

Nodules, Carotid atherosclerosis, Osteoporosis, Benign prostatic hyperplasia



Strategies for delaying aging

Partl: Classic strategies
Part2: For reference only
Part3: New theoretical framework of aging
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Caloric/Dietary Restriction(CR/DR) is the most classic way to

delay aging

Dietary Mutations/

i, ==

restriction drugs
10-fold
3-fold ' (yith starvation/
DR)

2-to 3-fold 10-fold

THESE TYPICAL RATS ARE BOTH 900 DAYS OLD
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Fontana, L. et al. Science 328, 321-326 (2010)



Insulin-like signaling pathway

LETTERS TO NATURE

A C. elegans mutant that lives
twice as long as wild type

Cynthila Kenyon, Jean Chang, Erin Gensch, 100
Adam Rudner & Ramon Tabtiang :
Department of Biochemistry and Biophysics, University of California at 80 ¢
San Francisco, San Francisco, California 94143-0554, USA

WE have found that mutations in the gene daf-2 can cause fertile, g 60
active, adult Caenorhabditis elegans hermaphrodites to live more

than twice as long as wild type. This lifespan extension, the largest 2 49
vet reported in any organism', requires the activity of a second

gene, daf~-16. Both genes also regulate formation of the dauver

larva, a developmentally arrested larval form that is induced by 20 ¢
crowding and starvation and is very long-lived”™. Our findings

raise the possibility that the longevity of the dauer is not simply 0!

a consequence of its arrested growth, but instead results from a
regulated lifespan extemsion mechanism that can be uncoupled
from other aspects of dauer formation. daf-2 and daf-I6 provide
entry points into understanding how lifespan can be extended.

A Mutant Drosophila Insulin
Receptor Homolog That Extends
Life-Span and Impairs
Neuroendocrine Function

M. Tatar,’* A. Kopelman," D. Epstein,’ M.-P. Tu,"? C.-M. Yin,?
R. S. Garofalo?®

The Drosophila melanogaster gene insulin-like receptor (InR) is homologous to
mammalian insulin receptors as well as to Caenorhabditis elegans daf-2, a signal
transducer regulating worm dauer formation and adult longevity. We describe

Kinase activity (fmol
PGT/mg protein)

|

daf: dauer larvae formation

wild type
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® daf-16(m26)

'
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o +/E19

s +/p5545

o E18/E19
% p5545/E19

Basal

Insulin-
stimulated

Regulation of Longevity and
Stress Resistance by Sch9 in
Yeast

Paola Fabrizio," Fabiola Pozza,' Scott D. Pletcher,?
Christi M. Gendron,? Valter D. Longo*

The protein kinase Akt/protein kinase B (PKB) is implicated in insulin signaling
in mammals and functions in a pathway that regulates longevity and stress
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Fabrizio, P. et al. Science 292, 288-290 (2001)
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Tatar, M. et al. Science 292, 107-110 (2001)



% survival

Target of Rapamycin (TOR)
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Kaeberlein, M. et al. Science 310, 1193-1196 (2005)

In Drosophila:

Inhibition of dTOR pathway led to a mean
lifespan increase

In yeast:

Deletion of TOR1 and RPL31A or RPL6B,
ribosomal proteins transcriptionally regulated
by TOR, increases life span



TOR acts as a major hub that integrates
signals and regulate several outputs

: 1
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Nutrient availgbility

Kapahi, P. et al. Cell Metabolism 11,
453-465 (2010)
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Conserved Nutrient Signaling Pathways Regulating Longevity

1€dS1 WOriInsS

Dietary restriction Dietary restriction

TOR Iz a protein kinase
that is part of the TOR
signaling pathway.

¥ "’ ] In yeast and
: mice, mutations
Scho that cause AC or
(SEK I | PKA deficiency
o ¥ ¢ exlend longevity,
i % In mice, such
I L ietan

Glycogen accumulation (except flies and mammals),

antioxidant enzyme S0D, catalase [except flies), HSPs (except mammals), autophagy, translation, ER stress, other?

| 56K deficiency
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Lo
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glycerol accumulation (only yeast), fat accumulation (except yeast),

DAF-16 activate proteclive
systems and are required
for longevity extension in
worms, flies. and mica.
Similar iranscription factors
extend life span in yeast.
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Fontana, L. et al. Science 328, 321-326 (2010)



Finding “CR mimetics”

Gut lumen
Non-starch
polysaccharides

............................ A o o o
" F ]

v v L4
Reduced nutrient Modulation of Maintenance of gut
absorption gut microbiota barrier integrity

Inside the body
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> Electron :
Insulin/IGF-1 transport l Metformin
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Martel, J. et al. Ageing Research Reviews 66,
101240 (2021)
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Finding “CR mimetics”

Survival (%)

Serum from CR-treated mice

Heat-inactivation

(56 °C for 30 min)
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Determine AMPK activation
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Lithocholic acid (LCA) is one of the metabolites that alone can
recapitulate the effects of CR in mice
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Finding “CR mimetics”—— Fool the brain

Perceived value of dietary protein is a critical determinant of its effect on lifespan
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Neural states that encode the motivation to seek food are sufficient to slow aging
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Antiaging diets

Time-Restricted
Feeding (TRF)

* Improves several metabolic
parameters

* Promote and maintain intrinsic
circadian rhythms in mice

* Effect on life span and age-related
health outcomes in was limited to
male mice

* the effects of reduced caloric
intake VS protein itself ?

* the cyclic KDs increased life
span, memory function and
metabolic parameters

* KDs VS ketone itself effect?

Ketogenic diets Protein
(KDs) Restriction(PR)

Lee, M. B. et al. Science 374, eabe 7365 (2021)



Part2: For reference only

> A cliché

» Food for thought
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Senolytic vaccines
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Therapeutic plasma exchange (TPE)
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Part3: New theoretical framework of aging
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But what causes these changes to
happen in the first place?

Is there an upstream process that
drives them?



The mutation theory of aging (TOTA)

Molecular consequences
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Aging has a nongenetic origin ?

* ‘digital’ information
» Encoded by RNA or DNA
> Faithfully replicated and
delicately repaired

-+ ‘digital-analog’ information
» Encoded by the epigenome
> Inherently susceptible to noise




The information theory of aging

Development
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(exdifferentiation)

Lost identity

Waddington landscape metaphor
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‘Relocalization of chromatin modifiers (RCM) hypothesis’
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‘Relocalization of chromatin modifiers (RCM) hypothesis’

SIRT1 silences transcription and
stabilizes repetitive DNA

transcriptional

A
changes \ \
I,,

relocalizes to DNA dissociates from these
breaks loci




“ICE” Mice (Inducible changes to the epigenome)
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Erosion of the epigenetic landscape
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Epigenetic reprogramming restores a youthful epigenome in ICE mice
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Take home messages:

1. Caloric/Dietary Restriction(CR/DR) is the most classic way to delay aging and the genetics of ageing
research has revealed a complex network of interacting intracellular signaling pathways and higher-
order processes

2. Conventional CR mimetics such as metformin, rapamycin and spermidine have effect on life-span by
targeting nutrient-sensing pathways

3. Evolutionarily conserved neuromodulatory systems sufficient to control aging and physiology
independent of food consumption

4. A loss of epigenetic information is a reversible cause of aging
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