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ABSTRACT

Aging is an inevitable biological process characterized by progressive physiological
decline and increased susceptibility to diseases. With rising life expectancy and
aging populations, understanding the molecular and cellular mechanisms of aging,
and identifying strategies to delay or reverse its effects have become vital. This
review provides a deep analysis of aging, the cellular and molecular mechanisms
of senescence, the role of geroprotective agents including synthetic drugs, natural
compounds, and polysaccharides, and the therapeutic potential of stem cells.
Certain key signaling pathways such as AMPK, sirtuins, PI3K/Akt, mTOR, and
NAD+ metabolism, along with compounds like metformin, rapamycin, curcumin,
resveratrol, and polysaccharides. This review evaluates the potency of stem cell
therapies in rejuvenation and highlighting future directions in anti-aging research.
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INTRODUCTION

The concept of aging and longevity has
fascinated humanity since ancient times.
Traditional texts like Laozi and Zhuangzi
highlights serenity and physical balance as
goal to longevity. Advancement in science
has led to a clear understanding of the
insights of natural ageing process in body
including the effect of both intrinsic genetic
factors and external environment factors. Age
related diseases such as Alzheimer’s disease,
cardiovascular disorders, and osteoporosis
not only reduce lifespan but significantly
impact the quality of life. Thus, the goal of
anti-aging research is not merely to extend life
but to promote healthy aging or “health span.”
Modern gerontology has identified that while
aging cannot be entirely prevented, the rate and
quality of aging can be modulated. The advent
of genomics, metabolomics, and proteomics
has allowed scientists to identify molecular
markers and pathways responsible for aging.
Additionally, public health advances have
enabled the differentiation between lifespan
(total years lived) and health span (years lived
in good health), directing attention toward
quality of life rather than mere longevity.

DEFINITIONS AND CLASSIFICATIONS OF
AGING

1. Traditional Chinese Medicine Perspective

In Traditional Chinese Medicine (TCM),
aging is seen not as a disease but as a gradual
weakening of the body’s essential energies.
The concept revolves around the depletion of
kidney essence (Jing), which governs growth,
development, reproduction, and aging. The
balance between Yin and Yang, along with
the circulation of Qi (life energy) and blood,
is essential for vitality. As this harmony
deteriorates with time, symptoms of aging
such as memory loss, weak bones, and fatigue
manifest. TCM strategies for delaying aging
include herbal remedies (e.g., Ginseng, Goji
berries), acupuncture, Qi Gong, and dietary
regulation.!

2.Modern Medical Perspective Contemporary
biomedical science

Modern Medical Perspective Contemporary
biomedical science categorizes aging into two

types:

Physiological aging: The natural decline in
cellular and organ function over time, marked
by reduced regenerative capacity, hormone
production, and immune response.

Pathological aging: Accelerated by chronic
diseases, poor lifestyle habits (smoking, poor
diet), environmental toxins, and psychological
stress.

In both types, the aging process is driven
by cumulative molecular damage, decreased
resilience, and increased vulnerability to
diseases. Biomarkers such as pl6INK4a
expression, DNA methylation patterns, and
senescence-associated [-galactosidase activity
are used to quantify biological age.

3. Mechanisms of Aging

Aging results from a combination of
programmed genetic factors and stochastic
environmental damage. Numerous theories
have been proposed to explain the biology
of aging, ranging from classical concepts to
molecular-level mechanisms supported by
contemporary research.’

CLASSICAL THEORIES

* Free Radical Theory of Aging: Proposed
by Denham Harman in the 1950s, this
theory posits that reactive oxygen
species (ROS) generated during normal
metabolism accumulate and damage
cellular components, including DNA,
proteins, and lipids. Over time, this
oxidative damage leads to cellular
dysfunction and aging. Antioxidant
defenses like superoxide dismutase
(SOD) and catalase decline with age,
exacerbating oxidative stress.

* Telomere Shortening Theory: Telomeres
are repetitive nucleotide sequences at
the ends of chromosomes that protect
genetic data during cell division. With
each division, telomeres shorten, and
when they reach a critically short length,
they trigger cell cycle arrest or apoptosis.
Telomerase, an enzyme that elongates
telomeres, is active in germ cells and some
stem cells but not in most somatic cells.
Telomere shortening is thus a biological
clock limiting cellular longevity.

* Genetic Theory of Aging: This theory
suggests that aging is governed by
certain genes that regulate longevity. For
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example, studies in model organisms
such as C. elegans have shown that
mutations in genes like daf-2 (insulin
receptor homolog) can double the
lifespan. Similarly, longevity genes such
as FOXO3A in humans are associated
with extended lifespan and resistance to
age-related diseases.

e Immunological Theory of Aging: With
age, the immune system undergoes
remodeling, termed immunosenescence.
This includes reduced proliferation of
T-cells, diminished antibody production,
and chronic low-grade inflammation
(inflammaging). These changes contribute
to increased susceptibility to infections,
cancer, and autoimmune diseases.*

* Mitochondrial Theory of Aging:
Mitochondria are essential for ATP
production and are also a major source of
ROS. Over time, mutations accumulate
in mitochondrial DNA (mtDNA),
impairing function and leading to further
ROS production and cellular damage.
Mitochondrial dysfunction is a central
feature of age-related decline in tissues
with high energy demands, such as the
brain and heart.”

2 Hallmarks of Aging

Modern biology has identified 12 hallmarks
that collectively represent the multifaceted
nature of aging:

1. Genomic Instability: Accumulation of
DNA damage due to faulty repair mechanisms,
radiation, and oxidative stress. Results in
mutations and chromosomal rearrangements.'

2. Telomere Attrition: Shortening of
telomeres contributes to replicative senescence
and genomic instability.

3. Epigenetic Alterations: Changes in
DNA methylation, histone modifications, and
chromatin remodeling disrupt gene expression
patterns.

4. Loss of Proteostasis: Impaired protein
folding and degradation systems (e.g.,
autophagy, ubiquitin-proteasome) lead to
accumulation of damaged proteins.

5. Deregulated Nutrient Sensing: Aging is
associated with altered signaling in pathways
like insulin/IGF-1, mTOR, AMPK, and sirtuins
that regulate metabolism and longevity.

6. Mitochondrial Dysfunction: Decline
in mitochondrial quality and function,
accompanied by increased ROS production
and altered metabolic efficiency.

7. Cellular Senescence: Irreversible cell
cycle arrest with a pro-inflammatory secretory
phenotype (SASP), contributing to tissue
dysfunction.

8. Stem Cell Exhaustion: Decline in
regenerative capacity due to impaired self-
renewal and differentiation potential of stem
cells.

9. Altered Intercellular Communication:
Dysregulated signaling between cells and
organs, often leading to chronic inflammation
and hormonal imbalance.

10. Chronic Inflammation: Persistent low-
grade inflammation driven by senescent
cells, microbial translocation, and damaged
molecules.

11. Dysbiosis: Age-associated changes in
the gut microbiota composition that affect
immune function and nutrient absorption.

12. Disabled Macroautophagy: Decreased
autophagic flux reduces the cell’s ability to
remove damaged organelles and proteins,
promoting cellular aging.

Together, these hallmarks create a framework
for understanding the molecular and cellular
events that drive aging and its associated
diseases. Targeting these hallmarks offers
opportunities for therapeutic intervention.®

MOLECULAR PATHWAYS IN AGING

Aging is intricately governed by several
molecular signaling pathways that influence
cell growth, repair, metabolism, and stress
response. These pathways act as central
regulators and are often interconnected.
Understanding these cascades provides a
mechanistic framework for developing anti-
aging interventions.

1. AMPK Pathway AMP-activated protein
kinase (AMPK)

AMPK is a cellular energy sensor activated
under low ATP conditions. It promotes
catabolic processes that generate ATP, such
as fatty acid oxidation and autophagy, and
inhibits anabolic processes like lipid and
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protein synthesis. Activation of AMPK
mimics caloric restriction, a known longevity
enhancer, and reduces oxidative stress by
promoting the expression of antioxidant
genes like thioredoxin and heme oxygenase-1.
AMPK also negatively regulates mTORCI,
a key growth-promoting kinase complex,
thereby indirectly stimulating autophagy and
longevity.”

2. Sirtuin Family (SIRT1-SIRT?)

Sirtuins are NAD+-dependent deacetylases
that regulate gene expression, DNA repair,
metabolism, and stress responses. SIRT1
deacetylates p53 and FOXO transcription
factors, enhancing cell survival under stress.
SIRT3, located in the mitochondria, promotes
mitochondrial biogenesis and reduces ROS.
SIRT6 maintains genomic stability through
histone deacetylation, while SIRT7 is involved in
rRNA transcription and chromatin organization.
The dependence of sirtuins on NAD+ links
them to energy metabolism and highlights the
therapeutic potential of NAD+ boosters like
nicotinamide riboside (NR) and NMN.?

3. NAD+/NAMPT Axis

NAD+ levels decline with age, impairing
the activity of sirtuins and other NAD+-
dependent enzymes. Nicotinamide
phosphoribosyltransferase (NAMPT) is a
rate-limiting enzyme in the NAD+ salvage
pathway. Enhancing NAD+ biosynthesis via
supplementation with NR or NMN has shown
to improve mitochondrial function, reduce
inflammation, and restore youthful gene
expression in aged tissues. NAD+ boosters are
a promising class of anti-aging agents under
active investigation.

4. PI3K/Akt Pathway

The phosphatidylinositol 3-kinase (PI3K)/
Akt pathway plays a critical role in cell growth,
survival, and metabolism. Overactivation of
this pathway contributes to aging by promoting
cellular senescence and tumorigenesis.
Inhibition of PI3K/Akt signaling has been
associated with increased lifespan in model
organisms. Natural compounds like quercetin
and metformin suppress this pathway,
promoting stress resistance and autophagy.’

5. mTOR Signaling

The mechanistic target of rapamycin (mTOR)
integrates signals from nutrients, growth

factors, and cellular energy status to regulate
protein synthesis, autophagy, and metabolism.
mTOR exists in two complexes: mTORC1 and
mTORC2. Inhibition of mTORC1 by rapamycin
extends lifespan in mice and delays the onset
of age-related diseases. mTORC1 inhibition
enhances autophagy, reduces inflammation,
and promotes cellular homeostasis. Targeting
mTOR is a validated anti-aging strategy.'

6. PKA and FOXO Pathways

Protein kinase A (PKA) negatively regulates
longevity pathways by inhibiting AMPK and
FOXO transcription factors. FOXO proteins
(e.g., FOXO3) regulate genes involved in
stress resistance, apoptosis, and stem cell
maintenance. Enhanced FOXO  activity
is linked to increased lifespan in various
organisms, and genetic polymorphisms in
FOXO3 are associated with human longevity.
Compounds like resveratrol and curcumin
activate FOXO pathways, offering protective
effects against age-related degeneration.!

7. IGF/Insulin Signaling

The insulin-like growth factor (IGF)
and insulin pathways influence growth,
metabolism, and longevity. Reduced IGEF-
1 signaling extends lifespan in worms, flies,
and mice, partly through activation of FOXO
transcription  factors. Caloric  restriction
and pharmacological agents like metformin
and acarbose downregulate this pathway,
improving metabolic health and delaying
aging. In humans, centenarians often display
lower IGF-1 levels, supporting the role of this
pathway in healthy aging.

These interconnected pathways orchestrate
cellular responses to energy status, oxidative
stress, and damage, and represent key targets
for therapeutic intervention. Modulating
them through genetic, nutritional, and
pharmacological means can profoundly
influence aging and age-related diseases.

GEROPROTECTORS AND ANTI-AGING
AGENTS

Geroprotectors are pharmacological agents,
dietary supplements, or natural compounds
that delay aging and reduce the incidence of
age-associated diseases. Their development is
grounded in our expanding knowledge of the
molecular mechanisms of aging, and many
have demonstrated life-extending effects in
model organisms.'?

JPMC/Volume 11 Number 1/January-June 2025



Anupallavi Sarmah, Arjun Kafle, Jadav Sarm et. al, Comprehensive Scientific Review on 31
the Natural Process of Aging, Anti-Aging Mechanisms and Emerging Therapies

1. Criteria for Geroprotectors

* To qualify as geroprotective, a compound
must fulfill the following criteria:

e Prolong lifespan in at least one model
organism

e Delay functional decline and the
appearance of aging biomarkers

* Reduce the incidence of age-associated
diseases

* Improve overall healthspan
* Exhibit minimal toxicity or side effects

2. Metformin

Metformin, a biguanide widely used to treat
type 2 diabetes, has emerged as a promising
geroprotector. It activates AMPK, inhibits
mTOR, and improves insulin sensitivity.
Metformin reduces systemic inflammation,
oxidative stress, and DNA damage. In multiple
epidemiological studies, metformin users
demonstrated reduced mortality and a lower
incidence of age-related diseases, including
cancer and cardiovascular disorders. The
Targeting Aging with Metformin (TAME) trial
is currently evaluating its efficacy in delaying
the onset of multiple chronic diseases in elderly
individuals.

3. Rapamycin

Rapamycin is an mTORC1 inhibitor derived
from Streptomyces hygroscopicus. It has
consistently extended lifespan in mice, even
when administered late in life. Rapamycin
enhances autophagy, reduces age-related
inflammation (inflammaging), and improves
cognitive function and cardiac health.
However, it can impair immune function
at higher doses, necessitating careful dose
modulation in clinical applications.

4. Acarbose

Acarbose, an alpha-glucosidase inhibitor,
slows carbohydrate digestion and blunts
postprandial glucose spikes. It mimics caloric
restriction effects and has extended lifespan in
male mice in the Interventions Testing Program.
Acarbose improves metabolic parameters
and may indirectly influence gut microbiota,
contributing to its anti-aging effects.

5. Aspirin

Low-dose aspirin, long used for its anti-
thrombotic and anti-inflammatory properties,

may offer geroprotective benefits. It modulates
AMPK and NF-xB signaling pathways,
reducing chronic inflammation. Observational
studies suggest potential reductions in cancer
risk and delayed cognitive decline, although
randomized trials have produced mixed
results.

6. Natural Polyphenols

e Curcumin: Derived from turmeric,
curcumin exhibits anti-inflammatory,
antioxidant, and anti-amyloid properties.
It modulates pathways including Nrf2,
NF-xB, and mTOR. Curcumin enhances
autophagy, improves cognitive function,
and supports cardiovascular health.

* Resveratrol: Found in grapes and red
wine, resveratrol activates SIRT1 and
mimics caloric restriction. It enhances
mitochondrial  function, suppresses
inflammatory responses, and extends
lifespan in several model organisms.
Bioavailability challenges have limited its
translation to clinical use.

* Quercetin: A flavonoid found in many
fruits and vegetables, quercetin acts as a
senolytic when combined with dasatinib,
selectively clearing senescent cells.

7. Polysaccharides

Natural polysaccharides from sources
like Astragalus membranaceus and Lycium
barbarum (goji berries) exert immune-
modulatory, antioxidant, and anti-
inflammatory effects. They enhance telomerase
activity, support DNA repair mechanisms,
and improve stem cell function. In traditional
medicine, these compounds are considered
tonics for vitality and longevity.

8 NAD+ Precursors

Nicotinamide riboside (NR) and
nicotinamide mononucleotide (NMN) are
precursors in the NAD+ salvage pathway.
Supplementation restores NAD+ levels,
improving mitochondrial function and
activating sirtuins. Animal studies show
improved muscle function, insulin sensitivity,
and cognitive performance. Human trials are
ongoing, with early results suggesting safety
and potential benefits.

9 Senolytics

Senolytics are compounds that selectively
eliminate senescent cells, thereby reducing
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SASP and its pro-aging effects. Key agents
include:

* Dasatinib + Quercetin: Demonstrated
improvements in physical function and
reduced senescent cell burden in mice
and pilot human studies.

e Fisetin: A natural flavonoid with
senolytic activity, improving lifespan and
reducing inflammation in mice.

* Navitoclax: A Bcl-2 family inhibitor that
induces apoptosis in senescent cells.
While still experimental, senolytics are
one of the most exciting areas in aging
research.

These geroprotective agents act through
diverse but often overlapping mechanisms,
including  enhancement of autophagy,
reduction of inflammation, improvement
in mitochondrial function, and clearance of
senescent cells. As these compounds advance
through clinical trials, they offer hope for
increasing human healthspan and potentially
delaying the onset of age-related diseases13.

STEM CELLS IN ANTI-AGING

Stem cells are undifferentiated cells capable
of self-renewal and differentiation into
specialized cell types. They play a crucial role
in tissue maintenance and repair. With aging,
stem cell function declines due to accumulated
DNA damage, oxidative stress, and changes in
the stem cell niche. This decline is associated
with impaired tissue regeneration, frailty, and
increased susceptibility to age-related diseases.

1. Types of Stem Cells Relevant to Aging

* Hematopoietic Stem Cells (HSCs):
Found in bone marrow, these stem cells
give rise to all blood cell types. Aging
reduces their regenerative capacity and
skews differentiation toward myeloid
lineage, impairing immune responses.

* Mesenchymal Stem Cells (MSCs):
Multipotent stromal cells found in
adipose tissue, bone marrow, and

umbilical cord. MSCs possess anti-
inflammatory and immunomodulatory
properties. They secrete exosomes and
cytokines that promote tissue repair and
modulate immune responses.

* Neural Stem Cells (NSCs): Responsible
for neurogenesis in the brain. Aging
reduces  NSC  proliferation  and

contributes to cognitive decline and
neurodegenerative diseases.

* Epithelial and Satellite Cells: Epithelial
stem cells regenerate skin and mucosal
linings, while satellite cells aid in muscle
repair. Both types show diminished
activity in aged individuals.

2.Mechanisms by Which Stem Cells Influence
Aging
e Tissue Regeneration: Stem cells replenish
damaged or aged cells, maintaining
tissue integrity.

e Paracrine Effects: Stem cells secrete

growth factors and cytokines that
stimulate  repair and  modulate
inflammation.

* Immune Modulation: MSCs can suppress
pro-inflammatory cytokines and promote
anti-inflammatory responses, reversing
chronic inflammation.

* Exosome Signaling: Stem cell-derived
exosomes carry miRNAs and proteins
that rejuvenate aged cells and modulate
senescence-associated pathways.

e Enhancing Autophagy: Stem cell therapy
has been shown to activate autophagy
in damaged tissues, facilitating cellular
repair.

3. Stem Cell-Based Anti-Aging Therapies

* Autologous Stem Cell Transplants: Use
of a patient’s own stem cells to repair
damaged tissues. Shown to improve
cardiac function, osteoarthritis, and skin
regeneration.

* Allogeneic MSC Therapy: Allogeneic
MSCs derived from donors have been
tested in clinical trials for immune
modulation, chronic inflammation, and
age-related frailty.

* Induced Pluripotent Stem Cells
(iPSCs): Somatic cells reprogrammed
to an embryonic-like state. iPSCs offer
potential for personalized regenerative
medicine but carry risks of tumorigenesis
and ethical concerns.

* Exosome Therapy: MSC-derived
exosomes are being developed as cell-
free therapeutics for anti-aging and tissue
repair due to their stability and safety
profile.
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4. Challenges and Future Directions

Despite their promise, stem cell therapies
face challenges such as:

* Risk of immune rejection (for allogeneic
sources)

e Tumorigenic potential, especially with
iPSCs

* Ethical and regulatory barriers

e Standardization of cell isolation,
expansion, and administration protocols

Future research is focused on optimizing
stem cell sources, improving delivery
mechanisms, and identifying biomarkers to
predict therapeutic outcomes. Combining
stem cell therapy with pharmacological agents
(e.g., senolytics, NAD+ boosters) may further
enhance regenerative capacity and slow the
aging process.

CONCLUSIONAND FUTURE DIRECTIONS

Aging is a multifactorial biological process
marked by complex molecular, cellular,
and physiological changes. It is influenced
by both intrinsic genetic programming and
extrinsic environmental stressors. When a
body age, various processess occur in the
cell like accumulation of DNA, proteostatic
dysfunction, metabolic shifts, finally leading
to senescence. These changes demonstrate
in reduced regenerative potential of cells,
increased vulnerability to chronic diseases,
eventually result in death. Over the past
two decades, scientific advancements have
remarkably deepened our perception of
aging. The detection of conserved signaling
pathways such as mTOR, AMPK, sirtuins, IGF,
and PI3K/ Akt has aided valuable therapeutic
targets. Hallmarks of aging is the core for
evaluating the aging process influenced
through  pharmacological and cellular
interventions. Geroprotectors like metformin,
rapamycin, NAD+ precursors, and senolytics,
delay the process of aging and extend health-
span. While most of the evidence derives from
animal studies, but promising results have
been seen in early-stage human trials. These
agents, especially when used in combination,
provide - a multi-targeted approach to
allevating cellular senescence, promoting
autophagy, decreased chronic inflammation,
and preserving mitochondrial function. From
traditional medicine, natural compounds like

curcumin, resveratrol, and polysaccharides
have also demonstrated beneficial effects on
longevity-related pathways. Combination of
natural agents with modern pharmaceutical
approaches represents an emerging model of
complementary anti-aging strategies. Stem
cell-based therapies, where mesenchymal
stem cells and exosomes are used, turns up to
a powerful modality in regenerative medicine
and results in restoring tissue integrity,
modulating immune responses, and reversing
senescence-associated changes provided safety
concerns, regulatory challenges, and scalability
issues in clinical translation. The future of
anti-aging research depends on personalized
medicine, biomarker discovery, and
integrative therapeutic approaches. Molecular
identification of individual aging trajectories,
allowing for tailored interventions can be
achieved through Multi-omics technologies.
Artificial intelligence and machine learning
will assure to accelerate drug discovery and
predict therapeutic outcomes. Moreover,
cross-disciplinary  collaborations will be
essential for translating bench-side discoveries
into bedside applications. In conclusion, while
aging is a natural and unavoidable process,
scientific innovations offer the promise of
extending not just the lifespan but more
importantly, the healthspan of individuals. A
concerted effort in research, policy, and public
health education will be required to harness
these discoveries and make healthy aging a
universally attainable goal.
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