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Abstract. Age reprogramming and cellular rejuvenation thera‑
pies are revolutionizing the approach to aging and age‑related 
diseases. These ground‑breaking interventions target fundamental 
biological processes, including genomic instability, telomere 
attrition, and mitochondrial dysfunction, to restore cellular func‑
tion and delay the onset of degenerative conditions. Emerging 
strategies such as epigenetic reprogramming, gene editing, 
stem cell therapy, and senolytic drugs show immense promise 
in extending health spans and potentially reversing aspects 
of aging. Despite marked progress in preclinical studies and 
early‑stage clinical trials, translating these therapies into practical 
healthcare solutions presents significant challenges. Key issues 
include ensuring safety, optimizing delivery mechanisms, over‑
coming regulatory barriers, and addressing high costs. Moreover, 
ethical and economic considerations, such as equitable access 
and societal impacts, must be carefully addressed to prevent 
widening health disparities. The present review examines the 
current state of cellular rejuvenation research, highlighting both 
scientific advancements and the complex challenges associated 
with these therapies. With interdisciplinary collaboration, robust 
ethical frameworks, and scalable technological innovations, these 
therapies have the potential to transform healthcare. By shifting 
the focus from disease management to proactive health preserva‑
tion, they offer a future where aging becomes a manageable and 
equitable process.
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1. Introduction

Aging is a fundamental biological process, yet it remains 
one of the most complex and pressing challenges for modern 
healthcare and society. The global aging population is 
increasing at an unprecedented rate. According to the United 
Nations, by 2050, 1 in 6 people will be over the age of 65, 
compared to just 1 in 11 in 2019 (1,2). This demographic shift 
is accompanied by a surge in age‑related diseases, including 
cardiovascular disorders, cancer, neurodegenerative diseases, 
and diabetes, which collectively account for >70% of global 
mortality. The economic impact is equally staggering, with 
healthcare costs for elderly populations expected to markedly 
escalate, placing immense strain on public health systems, 
social security frameworks, and family resources (3). These 
statistics underscore the urgent need for innovative strategies 
to address the biological drivers of aging and its associated 
diseases.

Age reprogramming represents a transformative frontier in 
modern medicine, offering ground‑breaking solutions to the 
multifaceted challenges posed by aging. As the aging process 
drives a cascade of cellular and molecular changes that underlie 
numerous chronic and degenerative diseases, targeting these 
fundamental mechanisms has become a critical focus for 
advancing healthcare (4). Age reprogramming therapies aim to 
address the biological hallmarks of aging, including genomic 
instability, epigenetic alterations, mitochondrial dysfunction, 
cellular senescence, and telomere attrition  (5,6). By inter‑
vening in these core processes, these therapies aspire to restore 
cellular health, enhance function, and build resilience against 
age‑related decline (7).

Recent scientific breakthroughs have advanced the field of 
age reprogramming from conceptual exploration to actionable 
innovation. Techniques such as epigenetic reprogramming, 
which modifies gene expression patterns without altering the 
underlying DNA sequence, have shown the potential to reverse 
cellular aging markers (8,9). The use of Yamanaka factors 
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[octamer‑binding protein 4 (Oct4), SRY‑box transcription 
factor 2 (Sox2), Kruppel‑like factor 4 (Klf4), and c‑Myc] to 
reprogram somatic cells has been particularly ground‑breaking, 
enabling cells to regain a youthful phenotype while preserving 
their specialized identity (6,10). This discovery paves the way 
for novel therapeutic strategies to address conditions such as 
neurodegenerative diseases, cardiovascular disorders, and 
cancer (11,12).

Gene editing is another powerful tool in the age repro‑
gramming arsenal. Technologies such as CRISPR‑Cas9 offer 
unparalleled precision in modifying genes associated with 
aging, allowing scientists to enhance DNA repair mechanisms, 
deactivate genes driving cellular senescence, or correct muta‑
tions that accelerate degeneration (13,14).

These advancements are not only transforming the scien‑
tific understanding of aging but also challenging societal norms 
and expectations. By moving beyond traditional approaches 
that focus on managing symptoms of age‑related diseases, age 
reprogramming offers a proactive pathway to extend health 
span, the period of life spent in good health (3).

Despite its transformative potential, the journey to realizing 
age reprogramming therapies faces significant challenges. 
Scientific hurdles include ensuring the safety and efficacy 
of these interventions, particularly given the complexity of 
cellular and molecular mechanisms involved in aging. Current 
delivery systems, such as viral vectors and nanoparticles (15), 
require substantial refinement to achieve precision targeting of 
aging cells without affecting healthy tissues (16). Furthermore, 
the translation of preclinical successes to human applications 
is fraught with regulatory and logistical barriers. Rigorous 
clinical trials, ethical frameworks, and comprehensive safety 
evaluations are essential to build public trust and ensure the 
responsible deployment of these therapies (17).

The societal and ethical implications of age reprogram‑
ming are profound, particularly regarding the risk of unequal 
access, which could exacerbate health disparities both within 
and between nations. The high costs associated with developing 
and implementing these therapies may limit their availability 
to affluent populations, further widening socio‑economic 
divides. Additionally, extended health spans will necessitate 
coordinated adjustments to workforce dynamics, retirement 
policies, and social services to ensure sustainable and equitable 
integration (18,19).

The present review analyzes the scientific innovations 
underpinning age reprogramming and cellular rejuvena‑
tion, exploring their potential to revolutionize medicine and 
redefine human aging. It also examines the multifaceted chal‑
lenges (scientific, economic, ethical, and societal) that must be 
addressed to ensure these therapies benefit humanity equitably 
and sustainably.

2. Current status of cell regeneration research

Cell regeneration research, particularly in the context of age 
reprogramming, has made significant strides in recent years. 
This field involves innovative strategies to reverse or halt 
the biological processes that lead to aging and age‑related 
diseases. The current status of this research includes several 
key areas of focus: Epigenetic reprogramming, gene editing, 
stem cell therapy, and senolytic drugs.

Epigenetic reprogramming refers to the process of modi‑
fying gene expression patterns without altering the underlying 
DNA sequence. This ground‑breaking approach leverages 
the inherent plasticity of the cell to reset its biological state, 
effectively reversing markers of cellular aging and restoring a 
youthful gene expression profile. Unlike genetic modification, 
which directly edits DNA, epigenetic reprogramming operates 
through mechanisms such as DNA methylation, histone modi‑
fications, and chromatin remodelling. These changes influence 
how genes are turned on or off, offering a non‑invasive way to 
rejuvenate cells and enhance their functional capacity (20,21).

One of the most promising strategies in epigenetic repro‑
gramming involves the use of Yamanaka factors, Oct4, Sox2, 
Klf4, and c‑Myc (6,22). Initially discovered as a method to induce 
somatic cells into pluripotent stem cells [induced pluripotent 
stem cells (iPSCs)], this technique has since evolved to allow 
partial reprogramming. In this process, cells regain numerous 
youthful characteristics without losing their specialized iden‑
tity (23). This balance is critical for therapeutic applications, as 
it ensures that rejuvenated cells can still perform their original 
functions. The ability to restore cellular health without erasing 
its identity holds immense potential for treating a variety of 
age‑related conditions, including neurodegenerative diseases, 
cardiovascular disorders, and certain types of cancer.

The work of Bruno  et  al  (24) on the Oct4 regulatory 
network highlights the role of chromatin modifiers, ten‑eleven 
translocation 1 and Jumonji domain‑containing protein 2A, in 
enhancing reprogramming efficiency and reducing variability. 
Their mechanistic model emphasizes that targeted recruitment 
of these epigenetic factors significantly impacts the success 
of cellular reprogramming. This study not only confirms 
the importance of epigenetic regulators but also provides a 
computational framework for optimizing reprogramming 
protocols, paving the way for more precise and predictable 
stem cell generation strategies.

The research by Kaemena et al (25) identifies KRAB zinc 
finger protein 266 (ZFP266) as a major inhibitor of iPSC 
generation (25). Through CRISPR/Cas9 knockout screening, 
they revealed how ZFP266 impedes chromatin opening 
by binding to short interspersed nuclear elements (SINEs), 
suppressing reprogramming factors such as Oct4, Sox2, and 
Klf4. This research underscores the significance of chromatin 
accessibility in reprogramming and offers a novel avenue for 
enhancing iPSC efficiency by targeting reprogramming road‑
blocks. Their innovative approach of converting ZFP266 from 
an inhibitor to a facilitator by modifying its co‑suppressor 
domains highlights the potential for reprogramming‑specific 
protein engineering.

The study by Wang et al (26) on the nucleosome remodeling 
deacetylase (NuRD) complex and spalt like transcription factor 4 
(Sall4) further enriches our understanding of chromatin remod‑
eling during early reprogramming (26). Their findings suggest 
that Sall4, in collaboration with the NuRD complex, plays a 
crucial role in closing open chromatin regions that encode genes 
resistant to reprogramming. This chromatin closing is essential 
for successful somatic reprogramming. Importantly, their 
identification of the Sall4‑NuRD axis as a critical component of 
reprogramming adds a layer of complexity to our knowledge of 
cell fate control, demonstrating the intricate interplay between 
transcription factors and chromatin‑modifying complexes.
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The investigation of Xie et al  (27) into the role of ring 
finger protein 40 (RNF40) highlights how this histone H2B 
ubiquitin‑protein ligase facilitates early stages of iPSC repro‑
gramming by promoting epigenetic modifications such as 
H2B monoubiquitination (27). The findings of the study which 
revealed that RNF40 indirectly regulates enhancer of zeste 2 
polycomb repressive complex 2 subunit, a polycomb repressive 
complex component, provide a deeper understanding of how 
bivalent chromatin marks are resolved during reprogramming. 
This research establishes RNF40 as a central mediator of 
the epigenetic transitions required for pluripotency, offering 
insights into manipulating histone modifications for improved 
reprogramming outcomes (27).

A study by Müller et al (28) investigated M‑phase phoshop‑
rotein 8 (MPP8), an epigenetic protein crucial for maintaining 
the ground‑state pluripotency of mouse embryonic stem cells. 
The findings demonstrated that MPP8 operates independently 
of detectable H3K9me3 levels to repress long interspesed 
nuclear element‑1 and protect the hypomethylated pluripotent 
state (28). This highlights the versatility and complexity of 
epigenetic regulators in sustaining pluripotency and provides 
new insights into non‑canonical pathways of chromatin regu‑
lation in stem cell biology.

Finally, a study by Srinivasan et al (29) on striatin inter‑
acting protein 2 (Strip2) identified this protein as a regulator 
of pluripotency and differentiation by interacting with the 
NuRD/TRIM28/HDACs/SETDB1 histone methyltransferase 
complex (29). Their discovery that Strip2 binds to DNA motifs 
akin to KRAB‑ZFPs and modulates DNA methylation adds a 
new dimension to our understanding of how pluripotency and 
differentiation are controlled. By linking Strip2 to both pluri‑
potency maintenance and differentiation processes, the study 
provides a potential target for fine‑tuning stem cell behavior in 
regenerative medicine (29).

In addition to epigenetic reprogramming using Yamanaka 
factors for rejuvenation therapy, CRISPR technology intro‑
duces a revolutionary approach to enhance both the efficiency 
and safety of this process (30,31). While Yamanaka factors 
have shown immense promise in resetting cellular aging 
markers and restoring youthful gene expression profiles, chal‑
lenges such as incomplete reprogramming, tumorigenic risks, 
and off‑target effects remain significant barriers to clinical 
application. CRISPR, with its precise genome‑editing capabili‑
ties, offers an innovative solution to address these limitations 
by enabling highly targeted modifications at the genetic and 
epigenetic levels (32).

CRISPR can be also used to fine‑tune the expression of 
Yamanaka factors, ensuring that their activation occurs in 
a controlled and transient manner. This reduces the risk of 
over‑activation, which can lead to tumorigenesis or loss of 
cellular identity. Additionally, CRISPR‑based tools such as 
CRISPR‑dead Cas9 (dCas9) fused with epigenetic modifiers 
provide the ability to activate or suppress specific genes without 
introducing permanent changes to the DNA sequence (33,34). 
This allows researchers to induce rejuvenation effects by 
selectively targeting aging‑related pathways while minimizing 
unintended consequences.

Stem cell therapy involves using stem cells to repair or 
replace damaged tissues  (35,36). This approach is being 
explored for its potential to rejuvenate tissues and organs 

affected by aging. By leveraging the regenerative capacity of 
stem cells, researchers aim to restore tissue function and delay 
the onset of degenerative conditions (37,38). Previous studies 
have shown promising results with stem cell therapy in animal 
models (49‑41).

In clinical settings, these therapies are being tested for 
their safety and efficacy. Early‑stage clinical trials have 
shown promising results, but significant challenges remain, 
including refining delivery mechanisms and overcoming 
regulatory hurdles  (42). For instance, viral vectors and 
nanoparticles are being developed to ensure precise targeting 
of aging cells without affecting healthy tissues (43). Recent 
studies have emphasized the importance of developing safe 
and effective delivery systems for gene editing and stem cell 
therapies (44,45).

The regeneration research holds significant promise for 
transforming our approach to aging and age‑related diseases. 
By targeting the fundamental biological processes that drive 
aging, these therapies have the potential to extend health span 
and improve quality of life. However, addressing the scientific, 
economic, and ethical challenges associated with these inno‑
vations will be crucial for their successful implementation in 
both clinical and experimental settings.

3. Healthcare cost implications

Age reprogramming and longevity therapies could lead to 
both increased and decreased healthcare costs, depending 
on their efficacy, accessibility, and implementation (46,47). 
If successful, longevity therapies could lead to substantial 
long‑term savings by reducing the financial burden of 
age‑related diseases. Chronic conditions such as heart disease, 
dementia, diabetes, and arthritis are among the leading contrib‑
utors to healthcare expenses globally (5,48). By targeting the 
underlying mechanisms that drive these conditions, longevity 
therapies have the potential to mitigate or even eliminate the 
need for costly interventions, surgeries, and long‑term care 
typically associated with aging populations.

For instance, senolytic drugs designed to selectively 
eliminate senescent cells may significantly decrease the 
inflammatory environment that underpins multiple age‑related 
diseases (5,49). By investing in preventative measures, health‑
care systems could shift from a reactive approach, where 
resources are spent on treating diseases, to a proactive strategy 
focused on maintaining health and wellness, ultimately leading 
to a more sustainable financial model.

Conversely, the development and implementation of age 
reprogramming therapies are burdened by significant upfront 
costs, posing a substantial challenge to their widespread 
adoption (46). Advanced technologies such as CRISPR gene 
editing, sophisticated stem cell‑based treatments, mitochon‑
drial rejuvenation techniques, and senolytic interventions are 
at the cutting edge of biotechnology (50‑54). However, these 
innovations come with inherent complexities that drive up 
costs at every stage of development and deployment.

The research and refinement of such therapies require 
access to specialized laboratory facilities equipped with 
state‑of‑the‑art technologies. These include high‑throughput 
sequencing platforms, precision gene‑editing tools, and 
cell culture systems capable of handling complex biological 
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manipulations. Moreover, their operation demands a highly 
skilled workforce, including molecular biologists, bioengi‑
neers, clinical researchers, and regulatory specialists, whose 
expertise comes at a premium (53). The recruitment, training, 
and retention of such personnel further add to the financial 
burden.

In addition to technological and human resource demands, 
the regulatory oversight required to ensure safety and efficacy 
significantly escalates costs. These therapies often involve 
manipulating fundamental biological mechanisms, neces‑
sitating rigorous preclinical testing, comprehensive clinical 
trials (7), and extensive safety evaluations to meet regulatory 
standards (17). Compliance with these regulations requires 
long timelines, substantial financial investment, and meticu‑
lous documentation, further straining budgets (54).

Another major contributor to high costs is the manufac‑
turing and delivery process. Producing personalized therapies, 
such as gene‑edited cells or tailored stem cell treatments, 
often involves intricate and time‑consuming protocols that 
are challenging to scale. Technologies such as viral vectors 
or nanoparticles for precise delivery of therapeutic agents 
also require optimization to ensure specificity, stability, and 
minimal off‑target effects (53). These production challenges 
lead to high per‑unit costs, particularly in the early stages 
when economies of scale have not been achieved.

All these factors create financial barriers that make these 
therapies initially accessible only to affluent individuals 
or well‑resourced healthcare systems (3). Without targeted 
efforts to reduce costs such as investing in scalable manu‑
facturing technologies, developing universal treatment 
platforms, or fostering public‑private partnerships, the bene‑
fits of age reprogramming risk being confined to a privileged 
minority. Addressing these economic hurdles will be critical 
to ensuring that these ground‑breaking innovations achieve 
their full potential to improve health and extend longevity 
for all.

As a result, healthcare systems may face increased 
economic strain, particularly if these therapies are initially 
available only to a select segment of the population or if 
they require significant out‑of‑pocket expenses for patients. 
Governments and healthcare providers will need to carefully 
weigh the potential long‑term savings from reduced disease 
burden against the immediate financial implications of imple‑
menting these new therapies (55). This could lead to difficult 
decisions about resource allocation, possibly diverting funds 
from other critical healthcare areas. A detailed picture of the 
healthcare cost implications associated with age reprogram‑
ming therapies, linking each aspect to its financial impact on 
healthcare systems is provided in Table I.

The introduction of longevity therapies will also create 
new pressures on insurance providers and publicly funded 
healthcare systems (56). Key questions will arise regarding the 
coverage of these treatments: Should longevity therapies be 
classified as essential healthcare services, warranting funding 
through public health insurance, or should they be considered 
elective procedures, requiring individuals to cover costs 
out‑of‑pocket?

The resolution of these questions will necessitate a careful 
examination of the balance between personal and collective 
responsibility in healthcare financing. As these therapies 

become more widely available, the ethical implications of 
access and equity in healthcare will come to the forefront. 
Policymakers will need to consider the potential for exac‑
erbating health disparities if only wealthier individuals can 
afford these advanced treatments, while also addressing the 
need for inclusive frameworks that ensure equitable access to 
innovative healthcare solutions (57).

While age reprogramming and longevity therapies hold the 
promise of reducing long‑term healthcare costs by preventing 
age‑related diseases, their development and implementation 
come with significant upfront expenses and potential chal‑
lenges for insurance coverage and equity (58). A balanced 
approach that considers both immediate costs and long‑term 
savings will be essential for navigating this evolving landscape 
in healthcare.

4. Accessibility and inequality in longevity therapies

The accessibility of longevity therapies presents a significant 
challenge, with the potential to exacerbate existing social and 
economic inequalities. If these treatments remain available 
only to a privileged segment of the population, they could 
deepen disparities in healthcare access, economic opportuni‑
ties, and overall quality of life. The high cost of developing 
and administering age‑reprogramming therapies is likely to 
restrict their initial availability to wealthier individuals and 
nations, creating a scenario where only the affluent benefit 
from extended health spans and prolonged productivity. 
This raises ethical concerns about the equitable distribution 
of healthcare resources and the societal consequences of a 
growing gap between those who can afford longevity interven‑
tions and those who cannot.

On a global scale, disparities in access to longevity thera‑
pies may widen the health divide between high‑income and 
low‑income countries. Numerous developing nations already 
face significant healthcare challenges, including limited 
resources, inadequate infrastructure, and competing priorities 
such as infectious disease management and maternal health. 
Integrating advanced longevity treatments into these healthcare 
systems may prove financially and logistically overwhelming, 
further marginalizing populations that already struggle with 
basic medical care. Without targeted efforts to address these 
disparities, a ‘longevity divide’ could emerge, where wealthier 
nations reap the benefits of life‑extending therapies while less 
affluent regions remain burdened by preventable age‑related 
diseases.

The equitable distribution of healthcare resources is a 
fundamental ethical principle that could come under scrutiny 
with the introduction of longevity therapies (55). The ethical 
debate surrounding longevity therapies extends beyond 
affordability to the broader issue of healthcare prioritization. 
Policymakers must navigate difficult decisions about resource 
allocation, balancing investments in extending lifespan with 
the pressing need to improve primary healthcare services. In 
low‑ and middle‑income countries, where healthcare funding 
is already constrained, prioritizing longevity treatments over 
fundamental health needs could widen inequities in care. A 
thoughtful approach is required to ensure that advancements 
in aging research complement, rather than overshadow, essen‑
tial healthcare initiatives (Fig. 1).



BIOMEDICAL REPORTS  22:  96,  2025 5
Ta

bl
e 

I. 
H

ea
lth

ca
re

 c
os

t i
m

pl
ic

at
io

ns
 a

ss
oc

ia
te

d 
w

ith
 a

ge
 re

pr
og

ra
m

m
in

g 
th

er
ap

ie
s.

A
sp

ec
t	

D
es

cr
ip

tio
n	

Im
pl

ic
at

io
ns

	
H

ea
lth

ca
re

 c
os

t i
m

pl
ic

at
io

ns
	

(R
ef

s.)

Po
te

nt
ia

l f
or

 c
os

t s
av

in
gs

	
Ta

rg
et

in
g 

un
de

rly
in

g 
m

ec
ha

ni
sm

s	
Sh

ift
s h

ea
lth

ca
re

 fo
cu

s f
ro

m
 re

ac
tiv

e	
Lo

ng
‑te

rm
 re

du
ct

io
ns

 in
 h

ea
lth

ca
re

 e
xp

en
se

s a
ss

oc
ia

te
d	

(3
,5

)
	

of
 a

ge
‑r

el
at

ed
 d

is
ea

se
s (

su
ch

 a
s 	

tre
at

m
en

t t
o 

pr
ev

en
ta

tiv
e 

w
el

ln
es

s	
w

ith
 m

an
ag

in
g 

ch
ro

ni
c 

an
d 

ag
e‑

re
la

te
d 

di
se

as
es

.
	

he
ar

t d
is

ea
se

, d
em

en
tia

, d
ia

be
te

s)
 	

st
ra

te
gi

es
, p

ot
en

tia
lly

 sa
vi

ng
 b

ill
io

ns
	

to
 re

du
ce

 re
lia

nc
e 

on
 in

te
rv

en
tio

ns
, 	

gl
ob

al
ly

.
	

su
rg

er
ie

s, 
an

d 
lo

ng
‑te

rm
 c

ar
e.

Se
no

ly
tic

 d
ru

gs
	

D
es

ig
ne

d 
to

 c
le

ar
 se

ne
sc

en
t c

el
ls

, 	
Pr

om
ot

es
 h

ea
lth

ie
r a

gi
ng

 p
op

ul
at

io
ns

, 	
C

os
t s

av
in

gs
 fr

om
 re

du
ce

d 
tre

at
m

en
t r

eq
ui

re
m

en
ts

 fo
r	

(5
,4

9)
	

re
du

ci
ng

 sy
st

em
ic

 in
fla

m
m

at
io

n	
lo

w
er

in
g 

he
al

th
ca

re
 c

os
ts

 ti
ed

 to
 tr

ea
tin

g	
in

fla
m

m
at

io
n‑

re
la

te
d 

co
nd

iti
on

s a
nd

 im
pr

ov
ed

 p
at

ie
nt

	
an

d 
sl

ow
in

g 
th

e 
pr

og
re

ss
io

n 
of

 	
in

fla
m

m
at

io
n‑

dr
iv

en
 d

is
ea

se
s s

uc
h 

as
	

ou
tc

om
es

.
	

m
ul

tip
le

 a
ge

‑r
el

at
ed

 c
on

di
tio

ns
.	

ar
th

rit
is

 a
nd

 c
ar

di
ov

as
cu

la
r d

is
or

de
rs

.
H

ig
h 

up
fr

on
t c

os
ts

	
A

dv
an

ce
d 

te
ch

no
lo

gi
es

 (s
uc

h 
as

	
Li

m
its

 e
ar

ly
 a

do
pt

io
n 

to
 a

ffl
ue

nt
	

Si
gn

ifi
ca

nt
 in

iti
al

 in
ve

st
m

en
ts

 fo
r r

es
ea

rc
h,

 d
ev

el
op

m
en

t, 
	

(4
6)

	
C

R
IS

PR
, s

te
m

 c
el

l t
he

ra
pi

es
, 	

in
di

vi
du

al
s o

r n
at

io
ns

, c
re

at
in

g 
ba

rr
ie

rs
	

an
d 

in
fr

as
tru

ct
ur

e 
se

tu
p,

 d
el

ay
in

g 
co

st
‑e

ffi
ci

en
cy

 b
en

efi
ts

.
	

m
ito

ch
on

dr
ia

l r
ej

uv
en

at
io

n)
 	

to
 w

id
es

pr
ea

d 
ac

ce
ss

.
	

re
qu

ire
 sp

ec
ia

liz
ed

 e
qu

ip
m

en
t, 

	
ex

pe
rt 

pe
rs

on
ne

l, 
an

d 
rig

or
ou

s 
	

re
se

ar
ch

 p
ro

ce
ss

es
.

Te
ch

no
lo

gi
ca

l d
em

an
ds

	
R

el
ia

nc
e 

on
 c

ut
tin

g‑
ed

ge
 to

ol
s	

In
cr

ea
se

s o
pe

ra
tio

na
l e

xp
en

se
s f

or
	

H
ig

h 
op

er
at

io
na

l c
os

ts
 d

riv
e 

up
 th

er
ap

y 
pr

ic
es

, a
ffe

ct
in

g	
(5

3)
	

(s
uc

h 
as

 g
en

e‑
ed

iti
ng

 p
la

tfo
rm

s, 
	

re
se

ar
ch

 a
nd

 d
ev

el
op

m
en

t, 
de

la
yi

ng
	

af
fo

rd
ab

ili
ty

 a
nd

 sc
al

ab
ili

ty
.

	
ce

ll 
cu

ltu
re

 sy
st

em
s)

 a
nd

 h
ig

hl
y 

	
w

id
es

pr
ea

d 
av

ai
la

bi
lit

y.
	

sk
ill

ed
 p

ro
fe

ss
io

na
ls

 (m
ol

ec
ul

ar
 

	
bi

ol
og

is
ts

, b
io

en
gi

ne
er

s, 
cl

in
ic

ia
ns

).
R

eg
ul

at
or

y 
co

m
pl

ia
nc

e	
Ex

te
ns

iv
e 

cl
in

ic
al

 tr
ia

ls
, s

af
et

y	
A

dd
s fi

na
nc

ia
l a

nd
 ti

m
e 

bu
rd

en
s, 

	
R

ai
se

s t
he

 o
ve

ra
ll 

co
st

 o
f b

rin
gi

ng
 th

er
ap

ie
s t

o 
m

ar
ke

t, 
	

(7
,1

7)
	

ev
al

ua
tio

ns
, a

nd
 a

dh
er

en
ce

 to
 st

ric
t 	

re
qu

iri
ng

 lo
ng

‑te
rm

 in
ve

st
m

en
ts

 to
	

im
pa

ct
in

g 
in

iti
al

 a
cc

es
si

bi
lit

y 
an

d 
af

fo
rd

ab
ili

ty
.

	
re

gu
la

to
ry

 fr
am

ew
or

ks
 to

 e
ns

ur
e 

	
na

vi
ga

te
 c

om
pl

ex
 a

pp
ro

va
l p

ro
ce

ss
es

.
	

ef
fic

ac
y 

an
d 

pu
bl

ic
 tr

us
t.

M
an

uf
ac

tu
rin

g 
ch

al
le

ng
es

	
Pe

rs
on

al
iz

ed
 th

er
ap

ie
s i

nc
lu

di
ng

 	
Sc

al
in

g 
pr

od
uc

tio
n 

w
hi

le
 m

ai
nt

ai
ni

ng
	

In
cr

ea
se

s p
er

‑u
ni

t c
os

ts
, p

ar
tic

ul
ar

ly
 in

 e
ar

ly
 p

ha
se

s, 
un

til
	

(5
3)

	
ge

ne
‑e

di
te

d 
ce

lls
 a

nd
 st

em
 c

el
l 	

af
fo

rd
ab

ili
ty

 is
 d

iffi
cu

lt,
 le

ad
in

g 
to

	
sc

al
ab

le
 a

nd
 c

os
t‑e

ffi
ci

en
t p

ro
du

ct
io

n 
m

et
ho

ds
 a

re
	

tre
at

m
en

ts
 in

vo
lv

e 
in

tri
ca

te
, 	

hi
gh

 p
er

‑u
ni

t c
os

ts
 a

nd
 li

m
ite

d	
de

ve
lo

pe
d.

	
tim

e‑
co

ns
um

in
g 

pr
ot

oc
ol

s a
nd

 	
ac

ce
ss

ib
ili

ty
 in

 e
ar

ly
 st

ag
es

.
	

co
st

ly
 d

el
iv

er
y 

sy
st

em
s 

	
(f

or
 e

xa
m

pl
e,

 v
ira

l v
ec

to
rs

).
H

ea
lth

ca
re

 sy
st

em
 st

ra
in

	
H

ig
h 

in
iti

al
 c

os
ts

 fo
r i

m
pl

em
en

tin
g	

R
is

ks
 o

ve
rb

ur
de

ni
ng

 p
ub

lic
ly

 fu
nd

ed
	

Sh
or

t‑t
er

m
 b

ud
ge

ta
ry

 st
ra

in
 o

n 
he

al
th

ca
re

 sy
st

em
s, 

	
(5

5)
	

th
er

ap
ie

s c
ou

ld
 d

iv
er

t r
es

ou
rc

es
 	

sy
st

em
s a

nd
 c

re
at

in
g 

in
eq

ui
tie

s u
nl

es
s	

re
qu

iri
ng

 c
ar

ef
ul

 a
llo

ca
tio

n 
of

 re
so

ur
ce

s.
	

fr
om

 o
th

er
 c

rit
ic

al
 h

ea
lth

ca
re

 	
of

fs
et

 b
y 

fu
tu

re
 sa

vi
ng

s f
ro

m
 re

du
ce

d
	

ar
ea

s o
r r

eq
ui

re
 si

gn
ifi

ca
nt

 	
di

se
as

e 
pr

ev
al

en
ce

.
	

ou
t‑o

f‑
po

ck
et

 e
xp

en
se

s f
or

 p
at

ie
nt

s.

https://www.spandidos-publications.com/10.3892/br.2025.1974


SALIEV  and  SINGH:  AGE REPOGRAMMING: INNOVATIONS AND ETHICS6

Ta
bl

e 
I. 

C
on

tin
ue

d.

A
sp

ec
t	

D
es

cr
ip

tio
n	

Im
pl

ic
at

io
ns

	
H

ea
lth

ca
re

 c
os

t i
m

pl
ic

at
io

ns
	

(R
ef

s.)

In
su

ra
nc

e 
an

d 
fu

nd
in

g	
U

nc
er

ta
in

ty
 o

ve
r w

he
th

er
 lo

ng
ev

ity
	

R
ai

se
s e

th
ic

al
 a

nd
 e

co
no

m
ic

 q
ue

st
io

ns
	

Po
te

nt
ia

l i
nc

re
as

es
 in

 in
su

ra
nc

e 
pr

em
iu

m
s a

nd
	

(5
6)

di
le

m
m

as
	

th
er

ap
ie

s s
ho

ul
d 

be
 c

ov
er

ed
 b

y 
	

ab
ou

t e
qu

ita
bl

e 
ac

ce
ss

 a
nd

 th
e	

ou
t‑o

f‑
po

ck
et

 c
os

ts
 fo

r p
at

ie
nt

s, 
af

fe
ct

in
g 

af
fo

rd
ab

ili
ty

	
pu

bl
ic

 h
ea

lth
 in

su
ra

nc
e 

or
 	

pr
io

rit
iz

at
io

n 
of

 h
ea

lth
ca

re
 fu

nd
in

g 
fo

r	
an

d 
co

ve
ra

ge
 sc

op
e.

	
co

ns
id

er
ed

 e
le

ct
iv

e 
tre

at
m

en
ts

 	
in

no
va

tiv
e 

th
er

ap
ie

s.
	

re
qu

iri
ng

 p
riv

at
e 

fu
nd

in
g.

Eq
ui

ty
 a

nd
 a

cc
es

si
bi

lit
y	

W
ith

ou
t i

nt
er

ve
nt

io
ns

 su
ch

 a
s	

Ex
ac

er
ba

te
s h

ea
lth

 d
is

pa
rit

ie
s g

lo
ba

lly
, 	

Li
m

its
 th

e 
br

oa
de

r e
co

no
m

ic
 b

en
efi

ts
 o

f h
ea

lth
ie

r	
(5

7)
	

pu
bl

ic
‑p

riv
at

e 
pa

rtn
er

sh
ip

s, 
	

cr
ea

tin
g 

a 
‘lo

ng
ev

ity
 d

iv
id

e’
 th

at
 le

av
es

	
po

pu
la

tio
ns

 if
 a

cc
es

s r
em

ai
ns

 e
xc

lu
si

ve
 to

 c
er

ta
in

	
un

iv
er

sa
l p

la
tfo

rm
s, 

an
d 

sc
al

ab
le

 	
un

de
rp

riv
ile

ge
d 

gr
ou

ps
 w

ith
ou

t a
cc

es
s	

so
ci

o‑
ec

on
om

ic
 g

ro
up

s.
	

pr
od

uc
tio

n,
 a

cc
es

s m
ay

 re
m

ai
n 

	
to

 tr
an

sf
or

m
at

iv
e 

th
er

ap
ie

s.
	

re
st

ric
te

d 
to

 a
ffl

ue
nt

 p
op

ul
at

io
ns

 o
r 

	
na

tio
ns

.
Et

hi
ca

l a
nd

 p
ol

ic
y	

Po
lic

ym
ak

er
s m

us
t a

dd
re

ss
	

Eq
ui

ta
bl

e 
di

st
rib

ut
io

n 
fr

am
ew

or
ks

 a
re

	
In

ve
st

m
en

t i
n 

in
cl

us
iv

e 
po

lic
ie

s c
ou

ld
 b

al
an

ce
 sh

or
t‑t

er
m

	
(1

7)
fr

am
ew

or
ks

	
qu

es
tio

ns
 c

on
ce

rn
in

g 
ac

ce
ss

, 	
es

se
nt

ia
l t

o 
en

su
re

 th
at

 th
es

e 
th

er
ap

ie
s	

co
st

s w
ith

 lo
ng

‑te
rm

 so
ci

et
al

 a
nd

 e
co

no
m

ic
 b

en
efi

ts
 o

f
	

af
fo

rd
ab

ili
ty

, a
nd

 b
al

an
ci

ng
 	

be
ne

fit
 a

ll 
so

ci
o‑

ec
on

om
ic

 g
ro

up
s a

nd
	

he
al

th
ie

r a
gi

ng
 p

op
ul

at
io

ns
.

	
re

so
ur

ce
s b

et
w

ee
n 

in
no

va
tiv

e 
	

re
du

ce
 so

ci
et

al
 d

iv
id

es
.

	
th

er
ap

ie
s a

nd
 e

ss
en

tia
l h

ea
lth

ca
re

 
	

ne
ed

s.
Lo

ng
‑te

rm
 im

pa
ct

	
Po

te
nt

ia
l t

o 
lo

w
er

 c
os

ts
 b

y	
A

 su
st

ai
na

bl
e 

ba
la

nc
e 

is
 n

ee
de

d 
to

	
Si

gn
ifi

ca
nt

 p
ot

en
tia

l f
or

 lo
ng

‑te
rm

 h
ea

lth
ca

re
 sa

vi
ng

s b
y	

(1
9)

	
pr

ev
en

tin
g 

ag
e‑

re
la

te
d 

di
se

as
es

 v
s. 

	
of

fs
et

 sh
or

t‑t
er

m
 fi

na
nc

ia
l s

tra
in

 w
ith

	
re

du
ci

ng
 tr

ea
tm

en
t n

ee
ds

 fo
r c

hr
on

ic
 d

is
ea

se
s a

nd
	

hi
gh

 in
iti

al
 in

ve
st

m
en

ts
 fo

r 	
lo

ng
‑te

rm
 sa

vi
ng

s, 
cr

ea
tin

g 
a 

he
al

th
ie

r	
im

pr
ov

in
g 

w
or

kf
or

ce
 p

ro
du

ct
iv

ity
.

	
re

se
ar

ch
, p

ro
du

ct
io

n,
 a

nd
 	

ag
in

g 
po

pu
la

tio
n 

an
d 

re
du

ci
ng

	
in

fr
as

tru
ct

ur
e.

	
ec

on
om

ic
 b

ur
de

ns
.



BIOMEDICAL REPORTS  22:  96,  2025 7

Economic disparities also shape access within individual 
nations. Even in wealthier countries with strong healthcare 
systems, longevity therapies may initially be restricted to those 
who can afford them, creating a tiered healthcare landscape 
where extended health and vitality become privileges of the 
wealthy. This could reinforce social stratification, as those 
with access to these therapies gain prolonged economic and 
social advantages, further entrenching inequalities in wealth, 
employment, and quality of life. Middle‑income nations face a 
unique challenge, possessing some capacity to adopt longevity 
therapies but often at the cost of diverting resources from 
other critical healthcare areas. The long‑term consequences 
of such trade‑offs require careful consideration to prevent the 
deepening of existing health inequities (55,59).

Moreover, the disparities also influence the global adop‑
tion of longevity therapies in healthcare systems, economic 
resources, regulatory frameworks, and cultural norms across 
different countries (Table II). Cultural and societal factors 
further influence the acceptance and implementation of 
longevity therapies. In some societies, aging is viewed as a 
natural process, and efforts to extend lifespan may be met 
with skepticism or resistance. Conversely, cultures that priori‑
tize youthfulness and productivity may be more receptive to 
these treatments, influencing policy decisions and funding 

allocations. These differences highlight the need for culturally 
sensitive approaches to longevity research and implementa‑
tion, ensuring that interventions align with societal values and 
ethical considerations.

Addressing these problems requires a multifaceted 
approach. Public‑private partnerships, tiered pricing models, 
and subsidized healthcare programs could help make longevity 
therapies more widely accessible. Additionally, fostering 
research and innovation within middle‑ and low‑income 
countries could reduce dependence on external providers and 
ensure that treatments are tailored to local healthcare needs. 
International collaboration and policy frameworks promoting 
equitable distribution will be essential in preventing longevity 
therapies from becoming tools of exclusivity.

Ultimately, ensuring fair access to longevity therapies is 
not just a matter of medical innovation but of ethical and 
social responsibility. Without proactive measures to bridge 
the gap, these treatments could reinforce existing inequalities 
rather than serving as tools for global health improvement. 
A comprehensive strategy that integrates affordability, 
infrastructure development, and ethical healthcare policies 
is necessary to ensure that longevity advancements benefit 
all segments of society, regardless of economic status or 
geographic location.

Figure 1. Problems of accessibility and inequality in anti‑aging and longevity therapies.

https://www.spandidos-publications.com/10.3892/br.2025.1974
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5. Ethical considerations in genetic interventions for 
longevity

The prospect of employing genetic interventions to enhance 
longevity brings forth a complex landscape of ethical ques‑
tions that must be carefully navigated. These questions 
encompass the scope of genetic modifications, their safety, 
and the broader social implications that may arise from their 
implementation (60). As we stand on the brink of revolutionary 
advancements in genetic therapies, it is imperative to consider 
the ethical ramifications that accompany these technologies.

One of the most ethically contentious aspects of longevity 
therapy is the potential for germline editing, altering genes 
in such a way that these changes can be inherited by future 
generations. Unlike somatic cell editing, which affects only 
the individual receiving the treatment, germline editing would 
pass genetic modifications to offspring, raising profound 
ethical concerns regarding consent, unintended consequences, 
and the long‑term impact on human evolution (61).

While germline editing could theoretically shield future 
generations from age‑related diseases, it carries significant risks 
of unforeseen genetic complications, which may not manifest 
until many years later (62). The inability to obtain consent from 
future generations introduces a moral dilemma: Are we justified 
in making irreversible changes to the human genome without 
the approval of those who will be affected? Furthermore, the 
potential for germline editing to create a form of genetic deter‑
minism raises additional ethical concerns, as the implications of 
modifying traits related to health, longevity, and possibly even 
intelligence or physical ability must be considered.

Longevity therapies challenge societal notions of natural 
aging and what it means to grow old. Some ethicists contend 
that interfering with the biological aging process represents a 
fundamental shift in healthcare thus transforming it from a tool 
for treating diseases into an enhancement technology aimed at 
extending life beyond natural limits (62). This distinction is 
crucial, as it provokes questions about the ethical implications 
of prioritizing treatments that extend life in ways that deviate 
from biological norms. The summary on the ethical consider‑
ations and solutions in genetic interventions for longevity and 
rejuvenation therapy are provided in Table III.

The potential for creating a biologically privileged class 
raises concerns about social fragmentation. If only certain 
segments of the population can afford or access longevity 
therapies, a divide may emerge between those who undergo 
age reprogramming and those who do not. This disparity could 
lead to a society where health and longevity become markers 
of privilege, further entrenching existing social inequalities. 
The ethical implications of creating enhanced individuals 
must be critically examined, particularly in terms of fairness 
and justice within society.

A critical ethical consideration in the realm of longevity 
therapies is the issue of informed consent and individual 
autonomy. Individuals must retain the right to decide whether 
or not to undergo these treatments, particularly given the 
associated risks and unknowns, especially during the early 
stages of these therapies. Upholding ethical standards requires 
ensuring that patients are fully informed about potential risks, 
including side effects and long‑term consequences that may 
not yet be understood (58).

Moreover, as longevity therapies become more common‑
place, society must respect the rights of individuals to decline 
these treatments without facing societal pressure, stigma, or 
discrimination (Fig. 2). Ensuring that personal autonomy is 
preserved in the face of potential societal norms promoting 
longevity as a desirable goal is essential for maintaining ethical 
integrity in healthcare. The ethical framework surrounding 
informed consent must adapt to address the nuances of these 
therapies, ensuring that individuals make choices based on 
comprehensive information and without coercion (62).

The extension of human health span and potential lifespan 
raises crucial questions regarding the environmental and 
societal impacts of a growing population of healthy, long‑lived 
individuals (63). While a healthier elderly population could 
alleviate some economic burdens on healthcare systems, it 
may simultaneously exert increased pressures on essential 
resources such as housing, employment, and social services.

Moreover, longer lifespans could have significant envi‑
ronmental implications. Extended consumption patterns 
could contribute to resource depletion and environmental 
degradation, necessitating thoughtful planning to mitigate 
these effects. As we consider the societal changes that accom‑
pany a population with an extended health span, it is vital to 
ensure that longevity therapies do not inadvertently create new 
challenges. Integrating sustainability into the discussion of 
longevity therapies will be essential to fostering an equitable 
and healthy future for all individuals (60,64).

The genetic interventions introduce a host of ethical 
considerations that must be meticulously examined (65,66). 
Addressing the complexities of germline editing, the redefi‑
nition of natural aging, informed consent, and the broader 
societal impacts will be critical to navigating the ethical 
landscape of these emerging technologies (58). The complex 
ethical dimensions of gene intervention for aging and cellular 
rejuvenation therapies, emphasizing the need for careful 
regulation, informed consent, and equitable access to these 
ground‑breaking but potentially controversial treatments is 
illustrated in Table IV.

Steps toward international ethical alignment could include 
creating a globally recognized body, akin to the World 
Health Organization (WHO), to oversee genetic interventions 
and longevity therapies. This body could develop universal 
guidelines defining permissible applications of germline 
editing, enforce strict regulatory standards, and foster coop‑
eration between countries. Agreements such as the UNESCO 
Universal Declaration on Bioethics and Human Rights could 
serve as a foundation for establishing these principles (67,68). 
Additionally, such a framework should emphasize equitable 
access to these therapies, ensuring that advancements benefit 
global populations rather than a privileged few.

6. Future directions in age reprogramming research

Future research in age reprogramming holds the promise 
of addressing critical challenges in aging and advancing 
healthcare into a new era. One of the most promising areas of 
investigation is targeted mitochondrial editing. Mitochondrial 
dysfunction, a hallmark of aging, contributes to reduced energy 
production, oxidative stress, and the progression of age‑related 
diseases. Precise editing of mitochondrial DNA using advanced 

https://www.spandidos-publications.com/10.3892/br.2025.1974
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CRISPR‑based tools, such as mitoCRISPR, could correct muta‑
tions, restore energy metabolism, and reduce oxidative damage 
in aging tissues (69). Combining mitochondrial editing with 
therapies that promote mitochondrial biogenesis and balanced 
fission‑fusion cycles could offer a comprehensive approach to 
improving cellular health and longevity (70,71).

Another critical avenue of research is stem cell rejuvena‑
tion for neurodegenerative conditions, which pose significant 
challenges in aging populations. Neurodegenerative diseases 
including Alzheimer's and Parkinson's could be addressed by 
leveraging reprogrammed neural stem cells derived through 
techniques such as partial reprogramming or iPSCs (72,73). 
These cells have the potential to restore neural plasticity and 
replenish lost or damaged neurons, offering hope for regenera‑
tion in affected brain regions. Pairing these approaches with 
extracellular vesicle‑based delivery systems may enhance 
therapeutic outcomes by improving the integration of stem 
cells and reducing inflammation in neural tissues.

To optimize these therapies, the development of reliable 
and minimally invasive biomarkers is essential. Biomarkers 
that reflect biological age and therapeutic efficacy, such 
as circulating DNA methylation patterns, telomere length, 
or mitochondrial health indicators, could enable precise 
monitoring of therapeutic progress. Artificial intelligence 

(AI)‑driven analyses of multi‑omics datasets, encompassing 
genomics, proteomics, and metabolomics, could accelerate the 
discovery and validation of such biomarkers, ensuring their 
effective application in clinical settings.

Epigenetic reprogramming tools also remain a corner‑
stone of age‑reprogramming research. Yamanaka factors 
have shown great potential for reversing cellular aging, but 
future efforts should focus on refining these tools to achieve 
controlled and reversible reprogramming without inducing 
tumorigenicity or loss of cell identity  (74,75). Transient 
delivery of reprogramming factors through advanced tech‑
niques, such as nanoparticles or gene‑editing technologies, 
could improve safety and precision, paving the way for broader 
clinical applications (6).

Another promising direction involves gene therapies 
targeting immune senescence. The aging immune system, 
which becomes less effective at fighting infections and more 
prone to chronic inflammation, could benefit from interven‑
tions aimed at rejuvenating immune function. For example, 
modifying pathways involved in T‑cell regeneration or 
reducing pro‑inflammatory cytokines could enhance immune 
resilience in older adults (76). Combining such strategies with 
senolytics or senomorphics could further improve outcomes 
by reducing systemic inflammation (77,78).

Figure 2. Main aspects of age reprogramming therapies in context of the ethical and socio‑economic impacts.

https://www.spandidos-publications.com/10.3892/br.2025.1974
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The integration of these advances into healthcare systems 
represents a paradigm shift from reactive disease management 
to proactive health preservation. Age‑reprogramming thera‑
pies could form the backbone of preventive medicine, focusing 
on mitigating age‑related decline before clinical symptoms 
emerge. Early intervention programs that screen for biological 
aging markers during routine health check‑ups could enable 
timely therapeutic applications, such as senolytics or epigenetic 
reprogramming, to delay the onset of age‑related diseases (79). 
Personalized medicine, driven by genetic, epigenetic, and life‑
style data, could ensure that therapies are tailored to individual 
patients for maximum efficacy (80). Additionally, longitudinal 
care models, incorporating periodic interventions to maintain 
cellular and tissue health over decades, could become standard 
practice.

AI will play a pivotal role in this transformation by 
customizing therapies, predicting patient responses, and 
managing treatment schedules. AI integration could make 
age‑reprogramming therapies more accessible and efficient, 
streamlining their adoption into mainstream healthcare. 
By bridging these innovative approaches with preventive 
and personalized care, age‑reprogramming therapies have 
the potential to redefine healthcare, shifting aging from an 
inevitable decline to a manageable and reversible process. 
With interdisciplinary collaboration and continued tech‑
nological advancements, these therapies could become 
a cornerstone of 21st‑century medicine, enhancing both 
lifespan and health span while fundamentally reshaping our 
approach to aging.

7. Conclusions

Age reprogramming and cellular rejuvenation therapies 
represent a transformative frontier in medicine, aiming 
to extend health spans by addressing the biological roots 
of aging. These therapies promise to reduce age‑related 
diseases and redefine societal views on aging, enabling 
longer, healthier lives. However, realizing their potential 
requires overcoming key challenges. International collabo‑
ration is essential to harmonize regulatory frameworks, 
streamline clinical trials, and establish universal safety 
standards to build public trust. High costs remain a barrier, 
necessitating investments in scalable manufacturing, stan‑
dardized gene‑editing platforms, and cost‑effective delivery 
systems to ensure affordability.

Equity must be prioritized to prevent widening global 
health disparities. Public‑private partnerships, tiered pricing, 
and subsidized funding can improve accessibility, particularly 
in low‑ and middle‑income countries. At the same time, inter‑
disciplinary research is crucial to enhance the safety, efficacy, 
and precision of these therapies, focusing on advancements in 
targeted delivery, biomarkers, and personalized treatments. 
By combining scientific innovation, ethical governance, and 
equitable access, age reprogramming therapies can redefine 
healthcare, transforming aging from an inevitable decline into 
a manageable and reversible process.
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