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Abstract

This perspective discusses emerging regenerative interventions that target
biological aging. Over recent decades, scientific advances have expanded
understanding of aging as a potentially modifiable biological process.
Technologies under investigation include partial cellular reprogramming,
senescent cell clearance, artificial-intelligence-driven drug discovery, organ
regeneration, and modulation of epigenetic aging clocks.

Preclinical studies indicate that aged cells may regain more youthful func-
tional characteristics under specific experimental conditions. For example,
inhibition of interleukin-11 signaling initiated in late life extended median
lifespan by approximately 20–25% in mice and partial reprogramming has
improved tissue function and survival in aged mouse model. Developments
in DNA-methylation-based biomarkers now permit estimation of biological
age, allowing more efficient assessment of candidate interventions. All repro-
gramming data to date are preclinical, and human senolytic and IL-11 data are
early-phase.
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Although many findings remain experimental or early translational, they
represent a convergence of approaches that may influence future biomedical
research. This paper summarizes selected topics related to biological age
modulation and highlights ongoing areas of investigation.

Keywords: Biological aging, cellular reprogramming, senolytics, epigenetic
clock, regenerative medicine, longevity.

Abbreviations
OSK: Oct4, Sox2, Klf4

OSKM: Oct4, Sox2, Klf4, c-Myc (Yamanaka factors)
LNP: lipid nanoparticles
PNP: polymer nanoparticle

pDNA: plasmid DNA
AI: artificial intelligence

IL-11: interleukin-11

Key Findings

1. Research into partial cellular reprogramming involves introducing genes
associated with improved cellular function into aged cells, which may
enable a shift toward a more youthful biological state in preclinical
models.

2. Senolytic strategies aim to selectively eliminate senescent cells and have
demonstrated potential to improve physical function and extend lifespan
in experimental settings.

3. Aging involves multiple interconnected biological processes, suggesting
that effective interventions may require combined approaches targeting
gene regulation, inflammation, fibrosis, and cellular dysfunction.

Introduction

Advances in regenerative medicine and molecular biology have led to
increasing interest in the possibility that biological aging may be modifi-
able. Earlier discussions of age reversal were often met with skepticism,
particularly due to limited experimental evidence.

In recent decades, scientific progress has enabled further investiga-
tion into mechanisms that may influence biological aging. These include
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partial cellular reprogramming [1, 2], senescent cell clearance [3], artificial-
intelligence-driven drug discovery [4, 5], organ regeneration [6], and
interventions targeting epigenetic aging markers [7, 8].

While timelines for clinical application remain uncertain, current labora-
tory developments represent significant changes in the study of aging biology.
This paper summarizes selected topics related to biological age modulation
based on recent presentations and associated research.

Scope Statement. This is a narrative perspective. Topics were selected to
reflect the author’s assessment of the most active areas of regenerative aging
research; cited references were identified from PubMed and the author’s
working knowledge of the field through 2026 and are illustrative rather than
the product of a systematic search.

Cellular Reprogramming

Research into cellular reprogramming includes efforts to introduce genes
associated with improved cellular function into aged cells and animal models.
Findings suggest that aged cells may be driven toward a more youthful
biological state [1] through the use of reprogramming factors identified by
Yamanaka [9] (Figures 1 and 2).

These factors, commonly referred to as OSKM or OSK, demonstrate
that differentiated cells can revert toward a more youthful condition under
controlled experimental conditions [9]. Preclinical studies have reported
improvements in tissue function, regenerative capacity, and survival in aged
animal models following partial reprogramming [1, 2, 10]. A central goal of
this field is the controlled rejuvenation of aged cells toward a more youthful,
functional state without loss of cellular identity.

Tumorigenicity is the principal safety barrier to reprogramming-based
rejuvenation, driven especially by c-Myc and by loss of cell-type iden-
tity during dedifferentiation. Cell-state-targeted strategies mitigate this: a
Cdkn2a-promoter-driven OSK construct restricts reprogramming to aged and
stressed cells and extended lifespan in naturally aged mice without altering
tumor incidence [2].

Some research initiatives supported by longevity-focused organizations,
including those affiliated with the Life Extension® group, are exploring
delivery systems such as lipid and polymer nanoparticles to facilitate gene
expression in vivo. These approaches remain at the preclinical or early
translational stage (Figure 3).
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Figure 1 OSK RNA is encased in a lipid nanoparticle to enable it to cross the cell membrane.
Once inside, the nanoparticle releases the OSK blueprint, which is translated into OSK
proteins by ribosomes. These proteins pass through nuclear pores, bind nuclear DNA, and
induce a reprogramming effect that improves markers of youthful structure and function in
old cells [2].

Figure 2 Reprogramming old cells into young cells.

The epigenome – responsible for regulating gene expression – plays a
central role in these processes [11]. Related work has also examined endothe-
lial KLF4 depletion as a driver of age-related neurovascular dysfunction [12]
(Figure 4).
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Figure 3 Flow chart describing the testing of LNP-OSK (lipid-nanoparticle-encased OSK),
PNP-OSK (polymernanoparticle-encased OSK), and pDNA-OSK (plasmid-DNA-encased
OSK) constructs first in vitro to validate efficacy, then in mice to validate systemic biodis-
tribution, and with planned evaluation of the two most effective constructs (LNP-OSK and
PNP-OSK) in aged nonhuman primates (see Table 1).

Figure 4 Endothelial KLF4 depletion and age-related neurovascular dysfunction, as
reported in the Proceedings of the National Academy of Sciences [12].

Conceptually, these approaches aim to shift aged cells from a state of
accumulated damage back toward youthful function (Figure 5).

Measurement of Biological Age

Efforts to quantify biological aging date back several decades. Early attempts
were limited by available technology. However, advances since 2011 have
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Figure 5 From damage to vitality – reversing time at the cellular level.

enabled the development of DNA-methylation-based biomarkers capable of
estimating biological age [13].

These epigenetic clocks allow researchers to evaluate changes in biolog-
ical aging over shorter periods, rather than waiting for long-term lifespan
outcomes. Such tools provide a practical method for assessing the impact of
potential interventions.

Despite these advances, variability across individuals and uncertainty
regarding clinical application remain important limitations.

Senescent Cells and Senolytics

Senescent cells are known to secrete inflammatory and tissue-altering factors
that contribute to age-related dysfunction [14]. Their accumulation has been
associated with conditions such as fibrosis, vascular disease, and frailty [15].

Senolytic strategies aim to selectively eliminate these cells. Compounds
including fisetin, quercetin, and related agents have demonstrated beneficial
effects in animal models, including improved physical function and lifespan
extension [16, 17].

While early human investigations are ongoing, these interventions remain
under evaluation for safety and effectiveness. These benefits are predomi-
nantly preclinical; human efficacy has not yet been established, and some
human senolytic endpoints have been null.
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Artificial Intelligence in Drug Discovery

Artificial intelligence is increasingly being applied to accelerate drug dis-
covery processes [18]. Computational systems can identify potential thera-
peutic compounds and optimize molecular structures more efficiently than
traditional methods [4, 5].

Organizations supported in part by early-stage longevity-focused funding
have contributed to this area, with AI-driven drug development collaborations
advancing candidate therapies toward the clinic [4, 5]. These approaches may
be particularly relevant to aging research given the complexity of interacting
biological pathways.

Anti-Fibrotic Strategies and IL-11

Fibrosis contributes to organ dysfunction across multiple age-related con-
ditions [19–21]. Interleukin-11 has been identified as a mediator in fibrotic
signaling pathways [22, 23].

Animal studies have reported that inhibition of IL-11 can improve
healthspan and survival when administered in later life stages [24]. These
findings have attracted research and development interest, including invest-
ment and early clinical evaluation [25, 26] (Table 2).

Table 1 Summary of aging interventions and representative references
Approach Mechanism Evidence Stage References

OSK reprogramming Epigenetic reset Animal studies Preclinical [1, 2, 10]

Senolytics Cell clearance Animal + early human Early clinical [16, 17]

AI drug discovery Target identification Ongoing Translational [4, 5]

IL-11 inhibition Anti-fibrotic Animal Early clinical [24]

Table 2 Interleukin-11 (IL-11) as a longevity and anti-fibrotic target

Aspect Finding Reference

Biological role IL-11 is a mediator of fibrotic signaling and contributes
to age-related tissue dysfunction

[22, 23]

Preclinical effect Inhibition of IL-11 signaling extends mammalian
healthspan and lifespan, including when initiated in later
life

[24]

Translational status IL-11 inhibition is under early clinical evaluation;
human efficacy remains to be established

[24–26]
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While these results are promising, IL-11 inhibition remains in early
clinical evaluation, and efficacy in humans has not yet been established
(Table 2).

Research Funding and Scientific Expansion

In recent years, there has been increased investment in longevity and regener-
ative medicine research. This includes funding from private organizations,
biotechnology firms, and institutional research groups. Substantial capital
from the technology and venture-investment sectors has been directed toward
longevity research, and several longevity-focused startups have experienced
rapid increases in valuation, underscoring the intensifying commercial inter-
est in this field.

Many of these efforts distinguish between extending lifespan and improv-
ing healthspan, emphasizing preservation of function and independence.
Rather than treating cancer, dementia, heart disease, and frailty as separate
phenomena, an increasing number of researchers and institutions recognize
that most age-related chronic diseases are downstream consequences of
shared aging biology [27]. This shift reflects a broader focus on addressing
underlying aging mechanisms rather than isolated diseases.

Research initiatives affiliated with organizations such as Life Exten-
sion® have contributed to this evolving landscape alongside academic and
commercial efforts.

Systemic Interventions

Aging involves multiple interconnected biological processes, suggesting
that effective interventions may require combined or systemic approaches.
Current research is exploring strategies that simultaneously address gene
regulation, inflammation, fibrosis, and cellular dysfunction.

Advances in delivery technologies and biological understanding are
expanding the range of potential interventions. However, challenges related
to safety, scalability, and long-term outcomes remain.

Limitations

These findings carry important limitations. Partial reprogramming risks
tumorigenesis and loss of cell identity; human senolytic and IL-11 trials
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remain early-phase with efficacy unestablished, and some human senolytic
endpoints have been null; and epigenetic aging clocks show inter-individual
variability and unresolved questions of causal validity. Much of the cited
evidence derives from animal models, and translation to human healthspan
is not assured. Life Extension® will be funding murine xenograft studies of
four common human cancer cell lines to assess if robust in vivo enhancement
of OSK transfection to nuclear DNA results in tumor expansion, tumor
shrinkage, or no change compared to control animals. If there are no changes
in tumor mass in this study, it will corroborate two previous published studies
showing no increased cancer risk in OSKM and OSK treated mice. Both of
these previous studies demonstrated age reversal effects.

Conclusion

Advances in regenerative biology, molecular science, and computational
technologies are contributing to a growing body of research focused on
biological aging.

While preclinical findings suggest that aspects of aging may be modifi-
able, substantial uncertainties remain regarding clinical translation. Contin-
ued investigation will determine whether these approaches can be safely and
effectively applied to improve human healthspan.

Ongoing Unpublished Work (Context Only)

An internal program is testing LNP-OSK (lipid-nanoparticle-encased OSK),
PNP-OSK (polymer-nanoparticle-encased OSK), and pDNA-OSK (plasmid-
DNA-encased OSK) constructs in vitro to validate efficacy, then in mice
to validate systemic biodistribution, with the two most effective constructs
planned for infusion into aged nonhuman primates. No results are yet
available; this design is presented for context only and does not constitute
evidence.
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