
David Sinclair’s information theory of ageing
and Yamanaka-factor rejuvenation in mammals

Executive summary

David Sinclair’s Information Theory of Aging — usually abbreviated by Sinclair’s group as ITOA, though
your prompt uses ITOT — proposes that ageing is driven substantially by the progressive loss of
youthful epigenetic information, rather than primarily by irreversible DNA-sequence damage. In this
framework, DNA damage and repair events perturb chromatin organisation, DNA methylation and gene
regulation; cells then increasingly “misread” the genome, lose stable identity, and function as if old. The
theory is strongest where it links three observations: age-associated epigenetic drift is real and
measurable; DNA damage can remodel chromatin and transcription; and some forms of partial
reprogramming can push cells and tissues towards more youthful molecular states. The most important
primary papers in support are Oberdoerffer et al. on SIRT1 relocalisation after DNA damage, Lu et al. on
OSK-mediated restoration of retinal function, and Yang et al. on the ICE mouse model, which was
explicitly presented as a causal test of epigenetic information loss. 

The case for ITOT is therefore not trivial. There is now good evidence that: DNA methylation clocks and
related epigenetic signatures track biological age with high fidelity; reprogramming can reset those
signatures in vitro and in some tissues in vivo; and tissue-specific OSK or OSKM protocols can improve
function in mammalian models, especially in the eye, progeroid mice, wound healing, some
regenerative contexts, and selected molecular readouts in old wild-type mice. The best-functionally-
anchored data are in retinal ganglion cells, where OSK improved axon regeneration, pattern
electroretinogram outcomes and visual acuity, while requiring TET1/TET2-dependent demethylation. 

The case against ITOT is also substantial. The sharpest criticism is that the main “causality” experiment
— the ICE mouse — may not cleanly distinguish epigenetic information loss from damage-response
toxicity, p53 activation, or cell loss caused by the I‑PpoI endonuclease system itself. Timmons and Brenner
argued in Cell that the theory “has not been tested” because known cytotoxicity and cell elimination
confound interpretation; Yang and colleagues replied that the phenotype cannot be reduced to simple
genotoxic injury and that obvious induction-period toxicity was not observed. More broadly, the modern
hallmarks framework treats epigenetic alterations as one hallmark among many interacting causes, not
as a settled master cause of ageing, and critical reviews of ageing clocks warn that clocks are powerful
biomarkers but not automatically mechanisms. 

On Yamanaka factors, the field’s central practical insight is that full reprogramming is too dangerous
in vivo, whereas partial reprogramming might deliver some rejuvenation before cells cross the “point
of no return” into dedifferentiation or tumorigenesis. That is why many modern in vivo studies use OSK
rather than OSKM, omitting c‑MYC because it is the factor most closely linked to proliferative and
oncogenic risk. Still, partial reprogramming is not a solved technology: the line between rejuvenation
and loss of cell identity remains mechanistically blurry, whole-body delivery remains difficult, and strong
safety signals remain a defining issue. Continuous or poorly controlled OSKM expression can produce
teratomas, Wilms-like tumours, and rapid hepatic and intestinal failure in mice. 
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My overall judgement is this. ITOT is an important and productive hypothesis, but not an
established general theory of mammalian ageing. The evidence is strong enough to justify serious
work, but not strong enough to demote other ageing mechanisms to secondary status. Yamanaka-
based rejuvenation is biologically real in the limited sense that partial reprogramming can
reverse some ageing-associated molecular and functional phenotypes in mammals, yet broad,
safe, systemic reversal of biological age in mammals has not been demonstrated. The near-term
clinical opportunity is not “whole-body age reversal”; it is highly localised, tightly dosed, cell-type-
aware therapies in tissues where delivery is tractable and function is measurable — above all the eye.
As of June 2026, that is exactly where the first human study is being attempted, with Life Biosciences’
ER‑100 entering a first-in-human Phase I study for open-angle glaucoma and NAION, and the first
patient reportedly dosed on 9 June 2026. 

What the information theory of ageing claims

Sinclair’s review defines ITOA as the proposition that ageing is driven by the progressive loss of
youthful epigenetic information. The core distinction is between relatively stable, digital genetic
information in DNA sequence and more labile, partly analogue epigenetic information in DNA
methylation, chromatin state, histone marks and higher-order genome organisation. In this view,
accumulated stress — especially DNA damage and the chromatin remodelling that accompanies repair
— gradually corrupts the instructions that tell cells which genes to express, so cells drift away from their
correct differentiated state and behave as though old. 

That claim is not identical to saying that DNA sequence damage is irrelevant. Rather, Sinclair’s
framework usually treats DNA damage as a driver of epigenetic disorganisation, not simply as a
source of mutations. A key antecedent is the “relocalisation of chromatin modifiers” idea: in the
Oberdoerffer et al. study, SIRT1 moved from its usual chromatin sites to DNA breaks, promoted repair,
and left behind transcriptional changes that paralleled ageing-associated changes in mouse brain;
SIRT1 overexpression also improved survival in a genomic-instability model. This is one of the strongest
mechanistic bridges Sinclair cites between DNA damage, chromatin drift and age-like gene-expression
change. 

A second pillar is the rise of DNA methylation clocks. Horvath and Raj reviewed how methylation-
based age estimators predict age across tissues and track disease risk and biological ageing better than
crude chronological age. ITOT uses clocks in a stronger way than most of geroscience does: not only as
biomarkers, but as read-outs of a partly causal, rewritable layer of biological organisation. That stronger
claim is attractive, but it is exactly where the theory becomes controversial, because a biomarker can be
highly informative without being the main driver of the underlying process. 

A concise way to frame ITOT is this: the genome is mostly intact, but the cell increasingly loses the
ability to read it correctly. Sinclair’s group further argues that if youthful epigenetic information can
be recovered by reprogramming, age reversal should be possible at least in some contexts. That is the
conceptual bridge linking ITOT to partial reprogramming with OSK or OSKM. 
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The best way to read this diagram is not as a settled mechanism, but as the live dispute in the field:
Sinclair’s side argues that chromatin drift is a major upstream cause; critics argue that drift may often
be downstream, correlative, or confounded with other damage pathways. 

Evidence advanced in support of the theory

The primary evidence Sinclair and collaborators cite falls into four buckets: damage-linked chromatin
change, epigenetic clocks, direct reversal by reprogramming, and explicit causality testing in the
ICE system. Together, these are coherent enough to make ITOT harder to dismiss than a mere
metaphor. 

The first bucket is mechanistic precedent. Oberdoerffer et al. showed that SIRT1 relocalises from
silenced loci to DNA breaks, promoting genomic stability but also altering transcription in ways that
resemble ageing-associated patterns. More recent reviews on “DNA damage and the aging epigenome”
similarly argue that persistent lesions can reshape the epigenome broadly, threatening cell
homeostasis with age. These do not prove ITOT, but they provide a plausible route by which ageing-
related damage could act through chromatin information rather than mutations alone. 

The second bucket is measurement. DNA methylation clocks made “biological age” experimentally
tractable. Horvath and Raj’s review made clear that methylation-based biomarkers provide unusually
accurate age estimates across the life course. Sinclair’s group uses this body of work as both
measurement infrastructure and part of the theory’s substance: if a biomarker can move backwards
under reprogramming in parallel with functional improvement, that supports the idea that the aged
state is at least partly informationally reversible. 

DNA damage and other
stressors

Chromatin remodelling
during repair

Epigenetic drift and loss of
youthful gene regulation

Clock acceleration and
altered transcription

Functional decline,
impaired regeneration,

senescence-like features

Partial reprogramming
with OSK or OSKM

TET-dependent
demethylation and
chromatin resetting

More youthful
transcriptional state

Improved function in
some tissues and models

Main critique

Damage-response toxicity,
cell loss, and other

hallmarks may explain
part of the phenotype
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The third bucket is partial reprogramming. In the 2020 Nature paper by Lu et al., AAV2-delivered OSK in
mouse retinal ganglion cells restored youthful DNA methylation patterns and transcriptomes, promoted
axon regeneration after optic-nerve crush, and reversed vision loss in a glaucoma model and in aged
mice. Crucially, the effect required TET1/TET2, strongly linking functional recovery to active DNA
demethylation rather than only to generic stress signalling. Extended-data lines from that paper show
substantial sample sizes for the ocular assays, including pattern electroretinogram measurements in
multiple age groups and visual-acuity testing in 18‑month-old mice. 

The fourth and most ambitious bucket is the ICE mouse paper from 2023, which was designed as a
causality test. Yang et al. used inducible I‑PpoI-mediated double-strand breaks at selected non-coding
loci to create “inducible changes to the epigenome” without a large mutational burden. They reported
that faithful DNA repair under this regime advanced ageing-like phenotypes at physiological, cognitive
and molecular levels, including erosion of the epigenetic landscape, exdifferentiation-like changes,
senescence signatures and advancement of the DNA methylation clock; after five weeks of systemic
AAV-delivered OSK, kidney, muscle and brain ageing markers reportedly moved back towards youth. On
its face, this is the boldest direct support for ITOT in mammals. 

The table below summarises the main pro-ITOT evidentiary chain.

Evidence
type

Primary
source

What it showed
Why Sinclair treats
it as support for
ITOT

Limits

Damage-
linked
chromatin
remodelling

Oberdoerffer
et al., Cell
2008

SIRT1 relocated from
chromatin to DNA
breaks, promoting
repair and producing
transcriptional changes
paralleling ageing;
SIRT1 overexpression
improved survival in a
genomic-instability
model. 

Suggests that DNA
repair can trade
off against stable
youthful
chromatin
organisation.

Shows
plausibility, not
organism-wide
causality.

Epigenetic-
clock
framework

Horvath &
Raj, Nat Rev
Genet 2018

DNA methylation-
based biomarkers
estimate age accurately
across tissues. 

Supplies a
quantitative read-
out for biological
age and its
reversal.

Biomarker
validity does
not, by itself,
establish
mechanism.

Functional
tissue
rejuvenation

Lu et al., 
Nature 2020

OSK restored youthful
methylation/
transcriptomes in
retinal ganglion cells,
improved axon
regeneration, PERG
and visual acuity; TET1/
TET2 were required. 

Shows that age-
associated
epigenetic state
and tissue
function can move
backwards
together.

Robustly
tissue-specific;
the retina may
be unusually
permissive.
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Evidence
type

Primary
source

What it showed
Why Sinclair treats
it as support for
ITOT

Limits

Explicit
causality test

Yang et al., 
Cell 2023

ICE mice developed
age-like physiological,
cognitive and
molecular phenotypes
after inducible DSB/
repair, which authors
linked to epigenetic
information loss; some
markers reversed with
OSK. 

Most direct
attempt to show
that non-
mutational
epigenetic
disruption can
drive ageing in
mammals.

Confounded by
questions
about I‑PpoI
toxicity and cell
loss.

Long-term
wild-type
molecular
effects

Browder et
al., Nature
Aging 2022

Long-term partial
reprogramming in
physiologically ageing
wild-type mice reduced
epigenetic age
acceleration in skin and
kidney and shifted
transcriptomic,
metabolomic and
wound-healing
phenotypes in a
youthful direction. 

Suggests partial
reprogramming
can alter ageing
trajectories
beyond progeroid
models.

No lifespan
extension data
in that paper;
effect sizes are
tissue- and
programme-
dependent.

One important nuance is that the supporting evidence is strongest for local reversibility of age-
associated state, not for a universal single-cause theory. In other words, the data are good enough to
say that epigenetic state is causally important and partly rewritable; they are not yet good enough to say
that almost all mammalian ageing is primarily epigenetic-information loss. 

Criticisms and counter-evidence

The sharpest direct challenge came from Timmons and Brenner’s 2024 Cell “Matters Arising”, whose
title is deliberately blunt: “The information theory of aging has not been tested.” Their argument is
methodological rather than merely ideological. They point out that I‑PpoI has a decades-long literature
documenting cytotoxicity, and that Sinclair’s own earlier work did not fully integrate that problem into
the ICE paper’s interpretation. In their view, the progeroid phenotype could arise from genotoxic
stress, p53 responses and cell elimination, rather than from cleanly isolated “epigenetic information
loss”. 

Yang, Hayano, Rajman and Sinclair replied that the ICE phenotype cannot be reduced to a generic DNA-
damage toxicity artefact. Their response argued that if cell elimination were the main driver, major
induction-period abnormalities should have been visible, and they defended the interpretation that the
observed ageing-like phenotype was distinct from straightforward genotoxic collapse. That reply
matters, but it did not end the debate; it mainly clarified that the field still lacks an orthogonal causality
test that manipulates epigenetic information without invoking a potentially toxic endonuclease system. 
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A second criticism is conceptual. The hallmarks-of-ageing framework, updated in 2023, lists twelve
interacting hallmarks, including genomic instability, telomere attrition, epigenetic alterations, loss of
proteostasis, disabled macroautophagy, mitochondrial dysfunction, senescence, stem-cell exhaustion,
chronic inflammation and dysbiosis. Within that framework, epigenetic alterations are important, but
not self-evidently the master causal layer. Any theory that elevates one hallmark above the rest
therefore bears a higher burden of proof than Sinclair’s current evidence base meets. 

A third criticism concerns ageing clocks. Critical reviews note that clocks are heterogeneous,
sometimes abstractly defined, variably clinically validated and prone to over-interpretation. Gladyshev’s
2024 review even lays out the possibility that “there is no functional rejuvenation, and epigenetic clocks
measure something other than rejuvenation,” although the authors consider that possibility unlikely.
This is an important caution: clock reversal is evidence, but not the same thing as global rejuvenation
of tissues, organs or organisms. 

A fourth criticism is that some of the most impressive outcomes are in progeroid models or restricted
tissues. Ocampo’s 2016 study extended lifespan in LAKI progeria mice, but these are not normal low-
damage ageing mice. Browder’s 2022 study in normal ageing mice reported molecular and tissue-level
improvements but no lifespan result. Lu’s and Karg’s strongest data are in the eye. Macip’s very-old-wild-
type AAV study is intriguing, but it is still one brief-communication lineage rather than a mature multi-
laboratory body of evidence. The field therefore has a translation gradient problem: the closer one
gets to systemic, normal mammalian ageing, the thinner and less replicated the evidence becomes. 

A fifth criticism is mechanistic. Partial reprogramming studies themselves show that rejuvenation and
dedifferentiation are difficult to disentangle. Roux et al. reported that diverse factor subsets could
restore youthful gene expression while also transiently suppressing somatic identity programmes.
Gladyshev’s 2024 review explicitly states that there is still no established causal relation showing
whether dedifferentiation is required for rejuvenation, partially separable from it, or merely a side-
effect. That uncertainty is not a footnote; it is central to both theory and safety. 

NIH-authored perspective commentary on the ICE paper lands in a balanced middle position. It
describes the findings as provocative and supportive of the idea that epigenetic changes can drive
ageing, but also notes significant limitations: the reversal data were strongest at neural RNA and
methylation levels, whereas broader phenotypic reversal of life expectancy, cognition or muscle
function was not shown in the same study design. That is close to my own reading of the literature. 

Yamanaka factors and mammalian rejuvenation evidence

The classical Yamanaka factors are Oct4, Sox2, Klf4 and c‑Myc — OSKM. They were originally identified
as a combination that can drive somatic cells into induced pluripotency. In rejuvenation work,
investigators often use only OSK, omitting c‑Myc because it most strongly amplifies proliferation and
oncogenic risk. Review literature on rejuvenation through epigenetic reprogramming now treats the
distinction between OSKM and OSK as central to in vivo safety design. 

Mechanistically, partial reprogramming tries to capture some of the epigenetic resetting that happens
during full reprogramming without crossing into stable pluripotency. This can be attempted by brief
pulses, cyclic induction, tissue-specific delivery, using fewer factors, or targeting only stressed/
senescent-like cell states. Multiple reviews emphasise that this is more than “turning back the clock” in
the popular sense: it involves simultaneous pressure on pluripotency genes, proliferation, metabolic
state and cell identity, which is why the safety and mechanism problem is so difficult. 
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A useful operational distinction is between full reprogramming, partial reprogramming, and 
rejuvenation. Full reprogramming clearly resets age-related signatures but erases somatic identity and
creates tumour risk. Partial reprogramming aims to preserve or rapidly recover identity. Rejuvenation,
however, is the desired outcome — and it may or may not perfectly overlap with either process. Reviews
in 2024 stress that the field still lacks a fully agreed molecular definition of rejuvenation that is
independent of any single clock, transcriptomic score or phenotypic assay. 

The mammalian evidence can be split into three categories: proof of feasibility with major toxicity, 
benefit in progeroid or tissue-specific models, and early evidence in naturally aged wild-type
mammals. The table below focuses on the most relevant in vivo mammalian studies.

Study
Species and
model

Factors and
method

Read-outs and
biomarkers

Main outcome
Safety and
limitations

Abad et al.
2013

Mouse, systemic
in vivo
reprogramming

OSKM,
inducible
whole-body
reprogramming

Teratoma
formation; in
vivo iPS-like
states

Demonstrated
that in vivo
reprogramming
is possible, but
transient OSKM
produced
teratomas from
multiple
organs. 

Foundational
proof-of-
concept and
foundational
warning. Not a
rejuvenation
therapy paper.

Ohnishi et al.
2014

Mouse,
interrupted in
vivo
reprogramming

OSKM,
premature
termination of
reprogramming

Tumour
phenotype
and altered
epigenetic
regulation

Premature
termination
caused cancer
development
resembling
Wilms tumour. 

Shows that
incomplete in
vivo
reprogramming
can be
oncogenic, not
merely
ineffective.

30

31

32

7

https://www.nature.com/articles/s41467-024-46020-5
https://pubmed.ncbi.nlm.nih.gov/24025773/
https://pubmed.ncbi.nlm.nih.gov/24529372/


Study
Species and
model

Factors and
method

Read-outs and
biomarkers

Main outcome
Safety and
limitations

Ocampo et al.
2016

Mouse, LAKI
progeria model;
old wild-type
regeneration
assays

Cyclic OSKM,
short-term
pulses

Progeroid
lifespan,
cellular
hallmarks,
tissue injury
recovery

In progeria
mice, cyclic
partial
reprogramming
ameliorated
age-associated
hallmarks and
extended
lifespan by
about 33%,
with journal
summary
reporting
average
lifespan rising
from about 18
to 24 weeks; in
older wild-type
mice it
improved
pancreatic and
muscle injury
responses. 

Important first
demonstration,
but effect
shown mainly
in a progeroid
background for
lifespan.
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Study
Species and
model

Factors and
method

Read-outs and
biomarkers

Main outcome
Safety and
limitations

Lu et al. 2020

Mouse retina,
glaucoma
model, optic-
nerve crush,
aged mice;
supportive
human-neuron
in vitro work

AAV2-delivered 
OSK, local
ocular delivery

PERG, visual
acuity, axon
regeneration,
RGC survival,
RNA-seq,
rDNA
methylation
age, TET
dependence

Restored
youthful
methylation
and
transcriptomes,
promoted axon
regeneration
after injury,
reversed vision
loss in
glaucoma and
aged mice, and
required TET1/
TET2.
Extended-data
sample sizes
for key ocular
assays included
PERG analyses
with up to 20
treated eyes
versus 16
controls
depending on
age group, and
visual-acuity
testing in
18‑month-old
mice with n=14
treated versus 
n=11 controls. 

Best
functionally
compelling
mammalian
partial-
reprogramming
dataset so far,
but restricted
to the eye/CNS
context.
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Study
Species and
model

Factors and
method

Read-outs and
biomarkers

Main outcome
Safety and
limitations

Browder et al.
2022

Wild-type ageing
mice

Long-term
cyclic OSKM
regimens in
transgenic 4F
mice

Elastic-net and
LUC
methylation
clocks, RNA-
seq,
metabolomics,
lipidomics,
wound
healing,
regeneration

Long-term, but
not short-term,
protocols
reduced
epigenetic age
acceleration in
skin and
kidney,
restored
metabolic and
transcriptional
features,
reduced
inflammation/
senescence
signatures, and
improved skin
wound-healing
outcomes.
Openly
accessible
extended-data
lines show
sizeable tissue-
level
methylation
datasets, for
example skin
clock analyses
with n=20
controls and 
n=16 treated,
and long-term
clock tests with 
n=7 controls
and n=5
treated in one
regimen. 

Strong wild-
type molecular
evidence; no
lifespan
extension
result in this
paper.
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Study
Species and
model

Factors and
method

Read-outs and
biomarkers

Main outcome
Safety and
limitations

Karg et al.
2023

Mouse
glaucoma model

OSK gene
therapy,
prolonged
ocular
expression

Visual
function
durability,
glaucoma
progression

Follow-up study
reported that
two months of
OSK fully
restored
impaired vision
and that the
benefit
persisted for 11
months, with
no adverse
effects
reported even
after 21
months of
continuous
ocular
expression in
this context. 

Excellent
durability signal
for the eye, but
again tissue-
local and from
the same
general
programme as
Lu et al.

Parras et al.
2023

Mouse, systemic
reprogrammable
strains

Continuous
OSKM

Survival, body
weight, liver
and intestine
pathology,
biological age

Continuous in
vivo OSKM
caused hepatic
and intestinal
dysfunction,
weight loss and
premature
death within 
one week; an
organ-sparing
strain avoiding
liver and
intestine
reduced
lethality and
lowered
organismal
biological age. 

Among the
clearest
demonstrations
that whole-
body OSKM
safety is a core
translational
barrier.
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Study
Species and
model

Factors and
method

Read-outs and
biomarkers

Main outcome
Safety and
limitations

Macip et al.
2024

Very old wild-
type male mice,
124 weeks

Systemic AAV9-
based inducible
OSK gene
therapy

Survival, frailty
index, LUC
methylation
age in liver
and heart

Median
remaining
lifespan
increased by 
109%; directly
reported
medians were
about 133
weeks in
controls versus 
142.5 weeks in
treated mice,
with frailty
score
improving from
7.5 to 6 and
methylation-
age
acceleration
reduced in liver
and heart. 

The “109%”
figure refers to 
remaining life
at extreme old
age; total
median
lifespan gain is
therefore much
smaller, roughly
7% by simple
calculation
from the
reported
medians. This is
promising, but
easy to
overstate.
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Study
Species and
model

Factors and
method

Read-outs and
biomarkers

Main outcome
Safety and
limitations

Sahu et al.
2024

LAKI/HGPS and
naturally aged
wild-type mice

AAV-delivered 
OSK under the 
Cdkn2a
promoter,
targeted to
stressed/aged-
cell states

Lifespan,
inflammatory
cytokines,
bone marrow/
spleen gene
expression,
HSC
composition,
wound
healing,
tumour
incidence

In the
accessible
abstract,
targeted aged-
cell-specific
OSK reduced
inflammatory
signalling,
improved HSC
composition
towards a
younger
pattern,
improved
wound healing,
and extended
lifespan in both
progeroid and
naturally aged
mouse settings;
a search-result
summary
reports about 
40% median
and 32%
maximal
lifespan
extension in
LAKI mice.
Tumour
incidence was
not increased
in naturally
aged wild-type
mice. 

One of the
most
intellectually
interesting
studies
because it
targets “bad”
cell states
rather than all
cells; sample-
size details
were not
available in the
accessible
abstract/
snippet.

Berdugo‑Vega
et al. 2026

Aged mice,
memory-related
neuronal
populations

Short
controlled OSK
pulses in
engram or
brain-
associated cells

Cognitive
restoration in
aged mouse
settings

Newer abstract-
level evidence
indicates that
cell-type-
specific partial
reprogramming
in the brain can
restore
memory-
related function
in aged mice. 

Latest evidence
is interesting
but still too
recent and
incompletely
accessible here
for a hard
mechanistic
judgement.
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Two analytical points matter here. First, the eye is the standout success case. The Lu and Karg studies
are not merely clock papers; they connect methylation/transcriptional resetting to real function. Second,
whole-body age reversal is much less mature. Even the strongest wild-type lifespan paper, Macip
2024, is better described as an encouraging late-life survival signal than as definitive evidence of
organism-wide rejuvenation. The “109%” number is real, but it is a remaining-life statistic in extremely
old mice, not a doubling of full lifespan. 

The field also uses a relatively standard toolbox of biomarkers, but the evidentiary weight is uneven.

Biomarker class
Typical use in this
literature

Strength Limitation

DNA methylation
clocks and rDNA
methylation age

Used in Lu 2020, Browder
2022, Macip 2024 and
many reviews as the main
molecular “biological age”
read-out. 

Quantitative,
sensitive, and cross-
study comparable.

Can move without
proving whole-
organism
rejuvenation. 

Transcriptomics

Used to test whether old
tissues shift towards
youthful expression
programmes. 

Captures pathway-
level change,
including
inflammation and
sensory/growth
programmes.

A youthful
transcriptome can still
coexist with
unresolved damage or
altered identity. 

Physiological
function

PERG, visual acuity, frailty
index, injury repair,
wound healing, exercise
or cognition. 

Strongest evidence
because it matters
biologically and
clinically.

Usually tissue-specific
and often measured
in relatively small
cohorts.

Histology and cell-
state markers

RGC counts, axon density,
fibrosis, SASP/
inflammation markers,
stem-cell compartment
composition. 

Anchors molecular
change in tissue
structure.

Can reflect selection
of healthier cells
rather than true
rejuvenation of each
cell. 

Metabolomics and
lipidomics

Used especially in
Browder 2022. 

Broad systems-level
read-out of
metabolic age.

Less directly
interpretable
mechanistically than
functional endpoints.

Telomere length
and proteomics

Much less central in the
mammalian partial-
reprogramming literature
than methylation clocks
and transcriptomics. 

Could add
orthogonal evidence
if integrated.

Underused as primary
endpoints in this
specific field.

The deepest unresolved biological question is whether partial reprogramming is truly rejuvenating old
cells in place, or whether it is partly selecting, remodelling or replacing the cells that can best
tolerate the treatment. Some reviews and commentaries explicitly flag this as unsolved. Until that is
answered with lineage tracing and single-cell longitudinal designs, any theory claiming that OSK or
OSKM straightforwardly “resets age” should be treated with caution. 
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Translation, feasibility and decisive experiments

The practical barrier is not whether partial reprogramming can do anything useful in mammals. It
clearly can. The barrier is whether it can be made predictable, tissue-specific, durable, and safe
enough for humans. Reviews from 2024 emphasise three recurrent problems: delivery systems still
have low efficiency and poor organ specificity; rejuvenation remains difficult to disentangle from
dedifferentiation; and even a very small number of fully reprogrammed cells could be too many from an
oncogenic perspective. Continuous OSKM can activate pluripotency and proliferation programmes
strongly enough to generate teratomas or organ failure. 

That is why the first human attempt is in optic neuropathies, not in “ageing” broadly. The eye offers
relatively contained local delivery, direct imaging, and clear functional endpoints. Life Biosciences’
ER‑100 programme — described by the company as AAV2‑OSK — received FDA authorisation to
proceed on 15 January 2026, entered a Phase I first-in-human study in open-angle glaucoma and
NAION, and the company announced the first patient dosed on 9 June 2026. ClinicalTrials.gov describes
the study as a single-dose Phase I aimed primarily at safety and tolerability in adults with optic nerve
conditions, and company materials indicate a Phase I data readout target in the fourth quarter of 2026. 

Under a generous, well-funded scenario, my feasibility assessment is as follows. A localised ocular
proof-of-concept is plausible in the near term because the biology is already relatively mature and the
first trial is underway. A realistic best-case path would be early safety read-out in 2026, efficacy-oriented
ophthalmic studies through the later 2020s, and — if the signal is both real and clean — possible
regulatory-grade ophthalmic development in the early 2030s. By contrast, broad systemic
rejuvenation remains much further away. Unlimited funding can accelerate manufacturing, toxicology,
and platform engineering, but it cannot remove the biological need to prove long-term tumour safety,
tissue specificity, and durable benefit across diverse organs. On present evidence, systemic whole-body
partial reprogramming for ordinary human ageing looks more like a mid-2030s to 2040s question at
the earliest, and it may never prove clinically acceptable in that form. That timeline is an inference from
current trial status, the narrowness of the first indication, and the safety concerns emphasised in the
review literature. 

Several decisive experiments would sharply strengthen or weaken ITOT and the broader Yamanaka-
based rejuvenation hypothesis. The most important would be an orthogonal causality test for ITOT:
induce age-like epigenetic drift without a potentially cytotoxic endonuclease, or conversely isolate DNA
damage responses while preventing the alleged chromatin-information loss, and see which side carries
the phenotype. A second decisive experiment would be single-cell lineage tracing with long-term
follow-up during OSK treatment in normal ageing mammals, to determine whether old cells are
actually rejuvenated in place or whether the system works partly by selection and replacement. Third,
multi-organ wild-type studies need to combine clocks with hard functional endpoints — frailty, organ
performance, cognition, pathology burden, survival and tumour surveillance — across both sexes and
more than one laboratory. Fourth, non-human primate work needs to move from conference and
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company communication to peer-reviewed, fully disclosed datasets. These priorities are straightforward
inferences from the main criticisms and review literature. 

The ethical picture is comparatively clear. Germline engineering for organism-wide rejuvenation is
off the table, both legally and ethically, and reviews explicitly note that direct germline editing is
currently prohibited for safety and ethical reasons. Somatic therapies still raise serious questions about
long-term surveillance, informed consent for interventions with delayed oncogenic risk, trial design in
older adults, enhancement versus therapy, and likely cost and access inequality if successful gene
therapies remain expensive. These are not speculative side issues; they will shape whether any clinical
translation is socially acceptable even if the biology works. 

The bottom-line feasibility assessment is therefore differentiated rather than binary:

Clinical target Current status
Biological
feasibility

Main barrier My judgement

Local ocular
disease with
objective visual
endpoints

Phase I
underway in
glaucoma/
NAION. 

Relatively high
compared with
other organs,
because local
delivery and
functional read-
outs are tractable.

Need clean safety
and efficacy in
humans.

Most
plausible first
clinical
success area.

Other local
tissues with
measurable
regeneration

Preclinical only. 
Moderate.

Delivery specificity
and
dedifferentiation
risk.

Possible in
the 2030s if
ocular proof-
of-concept
succeeds.

Whole-body
age-reversal
therapy in
ordinary older
adults

No human
efficacy data;
safety concerns
remain
fundamental. 

Unproven and
currently low.

Tumour risk, organ
toxicity, dose
control, durability,
regulation.

Not credible
as a near-
term therapy.

ITOT as a
general master
theory of
mammalian
ageing

Still debated. 

Plausible as a
major
component,
unproven as the
dominant cause.

Need better causal
isolation and
broader
replication.

Promising
hypothesis,
not settled
theory.
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