The Key Hallmarks of Aging: Why Is It That We Age?
by Simon Hannus, PhD, ASPE
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The concept of “the hallmarks of aging” was understanding of age-related cellular and systemic
first introduced in a landmark 2013 paper in decline.?

Cell, which outlined nine fundamental biological

processes that drive aging.! In 2023, the same lead =~ This white paper provides a concise and accessible
researchers updated and expanded the framework  overview of these hallmarks and expands further
to include 12 hallmarks, reflecting advances in our  to include the underlying biological mechanisms
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of aging. The hallmarks represent the core
intervention targets for advanced nutraceutical
formulations. Many scientists believe these
mechanisms can be modulated gently yet
effectively to support healthier aging. Lifestyle
factors are equally crucial, working alongside
nutraceuticals and pharmaceuticals to provide the
foundation for effective intervention strategies.

Each hallmark is addressed through a multifaceted
intervention strategy targeting key cellular
mechanisms. For instance, mitochondrial
dysfunction can be addressed by enhancing
mitochondrial function, promoting mitophagy (the
selective recycling of damaged mitochondria),
stimulating mitochondrial biogenesis, and
reducing excessive reactive oxygen species (ROS)
with targeted antioxidants.

The sections that follow break down each hallmark
and highlight the most relevant intervention
strategies supported by emerging research.

1: Cellular Senescence

Cellular senescence is a state in which cells

stop dividing in response to various forms of
stress, including aging-related damage. While
this mechanism serves as a natural defense
against the propagation of damaged or oncogenic
cells—thereby helping to prevent cancer—

the accumulation of senescent cells over time
becomes detrimental. These “zombie cells”
secrete pro-inflammatory cytokines, proteases,
and other bioactive factors collectively known as
the senescence-associated secretory phenotype
(SASP), which contributes to tissue dysfunction
and chronic inflammation.

Cells become senescent for several reasons. One
reason is telomere shortening. Telomeres are the
protective caps at the ends of chromosomes, which
shorten with each cell division. When they become
critically short, the cell interprets this as DNA
damage and initiates a DNA damage response
(DDR) that leads to permanent growth arrest.

Other reasons for telomere shortening include the
following:

e DNA damage from endogenous sources (e.g.,
replication errors, reactive oxygen species) and
exogenous sources (e.g., UV radiation, X-rays/
ionizing radiation, toxins).

e Ogxidative stress.

e Oncogene activation (i.e., the process
through which a gene involved in cell growth
or division by, for example, mutation or
overexpression, becomes oncogenic). Once
activated, it may drive uncontrolled cell
proliferation and contribute to the development
of cancer.

o Epigenetic dysregulation.

e Mitochondrial dysfunction.

Targeting cellular senescence through senolytics
(agents that selectively clear senescent cells) and
senomorphics (agents that modulate the SASP
without killing the cells) is a rapidly growing area
of interest in the field of longevity science.

2: Mitochondrial Dysfunction

Mitochondria are the organelles responsible for
cellular respiration and the generation of adenosine
triphosphate (ATP), the primary energy source of
our cells. Most human cells contain hundreds to
thousands of mitochondria, depending on their
energy demands. Notably, mitochondria possess
their own DNA, called mitochondrial DNA
(mtDNA), which is distinct from “human” nuclear
DNA and is more vulnerable to damage due to
limited protective mechanisms and proximity

to the site of reactive-oxygen-species (ROS)
generation.

Mitochondrial dysfunction arises through several
mechanisms:

e Genetic mutations in mtDNA and nuclear
genes encoding mitochondrial proteins.
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o Environmental insults, such as air pollution,
tobacco smoke, industrial chemicals, and
adverse effects from certain pharmaceuticals.

e Cellular-level impairments, including reduced
mitochondrial membrane potential, impaired
electron-transport-chain (ETC) efficiency, and
disrupted import of key metabolites.

With age, the overall mitochondrial quality

and quantity decline across tissues. One
contributing factor to this decline is a reduction
in mitochondrial biogenesis, leading to fewer
new mitochondria being formed. In parallel,
dysfunctional mitochondria accumulate due

to impaired mitophagy, which is the selective
autophagic removal of damaged mitochondria.
These dysfunctional mitochondria are not merely
passive byproducts of aging—they actively
contribute to chronic inflammation by releasing
excess ROS, mitochondrial DNA fragments, and
pro-inflammatory cytokines, thereby exacerbating
cellular stress and senescence.

Targeted interventions to support mitochondrial
health include enhancing mitochondrial
biogenesis, stimulating mitophagy, supporting the
electron-transport-chain function, and reducing
oxidative damage with targeted antioxidants.
Together, these strategies aim to restore
mitochondrial efficiency and reduce the systemic
inflammatory burden associated with aging.

3: Deregulated Nutrient Sensing

Deregulated nutrient sensing refers to the
breakdown or dysregulation of cellular pathways
that detect and respond to nutrient availability.
This dysfunction disrupts metabolic balance,
promotes inefficient energy utilization, and
increases the risk of age-related diseases, such
as type 2 diabetes, cardiovascular disease, and
metabolic syndrome.

Several conserved nutrient-sensing pathways
become dysregulated with age. Key among these
are the insulin/IGF-1 signaling pathway, mTOR,
sirtuins, AMPK, and FOXO transcription factors.

These systems are tightly interconnected and

are central regulators of metabolism, autophagy,
inflammation, and cellular maintenance.
Together, these pathways form a tightly regulated
network that links nutrient availability to cellular
maintenance and survival. Dysregulation of this
network with age is a key contributor to metabolic
dysfunction and systemic aging. Longevity-
promoting interventions often target multiple
nodes within this system to restore homeostasis
and delay age-related decline.

3.1: Sirtuin Pathway

Sirtuins are a family of NAD+—dependent
enzymes encoded by the SIRT1-SIRT7 genes in
mammals. They regulate critical processes, such
as DNA repair, mitochondrial function, autophagy,
and inflammation. Sirtuins are widely regarded as
“longevity genes” due to their protective roles in
aging and age-related diseases. Overexpression

of certain sirtuins has been shown to extend
lifespan in various model organisms, from yeast to
mammals.

Key functions of sirtuins include mitochondrial
biogenesis (SIRT1, SIRT3), autophagy activation
(SIRT1, SIRT®6), anti-inflammatory effects (SIRT1,
SIRT3, SIRT6), DNA repair (SIRT1, SIRT6,
SIRT7), apoptosis regulation (context-dependent),
and metabolic and neuroprotective roles (emerging
evidence on SIRT1, SIRT2).

Mitochondrial biogenesis refers to the formation of
new mitochondria, which helps to maintain energy
production and cellular function. Autophagy
activation promotes the recycling of damaged
components, such as dysfunctional mitochondria
or senescent cell debris, especially under stress or
nutrient deprivation.

By inhibiting inflammatory pathways, sirtuins
help counteract chronic low-grade inflammation,
or “inflammaging.” One of the most vital roles of
sirtuins is in DNA repair, where they contribute to
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the correction of both single-strand and double-
strand breaks, preserving genomic stability.

Sirtuins also help regulate apoptosis, the controlled
death of damaged cells. This selective removal
process is essential for maintaining tissue health
and preventing the buildup of dysfunctional cells.

In addition, sirtuins facilitate inter-organelle and
systemic communication, including signaling
between the nucleus and mitochondria and
signaling between the hypothalamus and adipose
tissue, which helps regulate metabolism and
energy balance at the whole-body level.

Sirtuins require NAD+ to function, and it has
long been believed that NAD+ levels decline
significantly with age: by 40-50% between ages
25 and 50 and considerably more by age 80. This
decline impairs sirtuin activity and contributes to
aging phenotypes.

Recent data from human studies, including studies
by the testing company NADMED,? suggest that
the decline may be more modest and vary across
tissues, with some compartments maintaining
stable levels into old age. Tissues (e.g., liver,
muscle, and brain) show more significant decline.

3.2: AMPK Pathway

AMP-activated protein kinase (AMPK) is a central
energy sensor that becomes activated when the
cell’s energy levels drop; i.e., when the AMP/ATP
ratio rises. Specifically, AMPK is activated by
rising levels of AMP (adenosine monophosphate)
or ADP (adenosine diphosphate) relative to ATP
(adenosine triphosphate).

Once activated, AMPK initiates a broad response
to restore energy balance (energy homeostasis) and
promote cellular survival.

Key functions of AMPK include the following:

o Enhance glucose uptake and fatty acid
oxidation (“burning” sugars and fats).

o Inhibit lipid synthesis and, indirectly,
gluconeogenesis.

o Stimulate autophagy to generate energy during
nutrient deprivation.

e Restore mitochondrial biogenesis, which
increases cellular energy production.

e Suppress anabolic processes (“building
muscle”) when energy is low.

AMPK activation is associated with improved
metabolic health and longevity across multiple
species. It plays a complementary role to sirtuins,
especially under conditions of caloric restriction or
fasting.

3.3: The mTOR Pathway

The mechanistic target of rapamycin (mTOR) is a
master regulator of cell growth, protein synthesis,
and anabolic metabolism, which senses amino acid
availability and becomes most active in nutrient-
rich conditions. The two complexes in which
mTOR exists are mMTORC1 and mTORC2, with
mTORCI1 being particularly responsive to growth
factors (such as IGF-1), amino acids, and cellular
energy status.

While mTOR activity supports growth and
regeneration, chronic overactivation of mTOR is
implicated in accelerated aging and age-related
diseases. An overactive mTOR suppresses
autophagy, disrupts proteostasis, and contributes
to inflammation, mitochondrial dysfunction, and
stem-cell exhaustion.

Cyclic suppression of mTOR through caloric
restriction, intermittent fasting, or compounds like
rapamycin has been shown to extend lifespan in
model organisms.

3.4: FOXO Pathway

FOXO transcription factors (FOXO1, FOXO3,
FOX04, FOXO6) orchestrate a wide range of
protective cellular functions, including autophagy
and proteostasis regulation, upregulation of
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antioxidant enzymes (e.g., catalase, superoxide
dismutase), cell-cycle arrest and apoptosis in
damaged cells (preventing the propagation

of mutations), and suppression of chronic
inflammation.

FOXO activity is modulated by upstream nutrient-
sensing pathways, such as insulin/IGF-1 and
AMPK. When active, FOXO factors enhance
cellular resilience, reduce oxidative damage, and
promote longevity.

Variants in FOXO3 have been strongly associated
with human longevity in multiple population
studies. In model systems, enhanced FOXO
activity improves metabolic health, protects
against cancer, and reduces neurodegenerative
pathology. Interventions that mildly enhance
FOXO are linked to extended health span and
longevity.

4: Genomic Instability

Genomic instability refers to the increased
frequency of DNA damage and mutations that
occur as organisms age. This instability arises
through multiple mechanisms and is a fundamental
driver of aging and age-related diseases, including
cancer.

DNA damage occurs in two primary forms:

e Physical damage, such as single-strand breaks
(SSBs) and double-strand breaks (DSBs),
which can be recognized and repaired by
dedicated DNA repair enzymes.

o Base-sequence mutations, which alter the
genetic code. Some of these are recognized and
corrected by DNA repair pathways (e.g., base
excision repair and mismatch repair), while
others may evade detection and persist in the
genome.*

Endogenous repair depends on enzymes, such as
PARPs—vpoly (ADP-ribose) polymerases—and
various sirtuins. PARPs, especially PARP1

and PARP2, are primarily responsible for
repairing single-strand breaks via a process
called PARylation. Sirtuins contribute to genomic
stability by promoting DNA repair, chromatin
remodeling, and regulating oxidative stress
responses.

DNA damage contributes to aging in a couple

of ways. First, during single-strand breaks,

PARP enzymes are activated which use NAD+

as a cofactor. While the response is essential for
maintaining genomic integrity, chronic PARP
activation can lead to significant NAD+ depletion.
Since sirtuins also require NAD+ to function, the
depletion can impair sirtuin activity, reducing the
cell’s capacity to manage inflammation, support
mitochondrial health, and promote longevity.

Second, corrupted DNA or mutations can

lead to the accumulation of senescent or
malfunctioning cells, which both contribute to
aging. Accumulation of senescent or dysfunctional
cells leads to chronic inflammation and impaired
tissue regeneration. Interestingly, damage to the
non-coding regions of DNA—formerly labeled
“junk DNA”—has also been shown to impact
genomic function and cellular health. Emerging
research in animal models suggests that such
damage can interfere with regulatory sequences,
chromatin structure, and gene expression, thereby
contributing to the aging process even when
coding sequences are intact.

5: Telomere Attrition

Telomeres are repetitive nucleotide sequences that
cap the ends of chromosomes, acting as protective
buffers that prevent the loss of genetic information
during cell division. They also shield chromosome
ends from being mistaken for DNA damage,
thereby maintaining genomic stability.

With each cell division, telomeres naturally
shorten due to the end-replication problem in DNA
synthesis. Once they reach a critically short length,
they trigger a DNA damage response that induces
cellular senescence or apoptosis. This phenomenon
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is known as the Hayflick limit and defines the
finite number of divisions (typically 40—60) that
most human somatic cells can undergo.

In tissues with high cellular turnover—such as

the intestinal lining, skin, and bone marrow—
stem cells help maintain tissue integrity. These
cells express telomerase, an enzyme that extends
telomeres by adding telomeric repeats. Telomerase
activity counteracts telomere attrition and supports
long-term regenerative capacity. However, in
most adult somatic cells, telomerase is repressed,
contributing to the gradual decline in regenerative
function with age.

Telomere shortening has been associated

with multiple age-related diseases, including
cardiovascular disease, immune dysfunction, and
certain cancers. While telomere attrition can act
as a tumor-suppressive mechanism by limiting
uncontrolled cell proliferation, it also contributes
to tissue degeneration and chronic inflammation
when senescent cells accumulate.

Scientific Milestone: For their groundbreaking
discoveries on telomeres and telomerase,
Elizabeth Blackburn, Carol Greider,
and Jack Szostak were awarded the 2009
Nobel Prize in Physiology or Medicine.

6: Epigenetic Alterations

As we age, the regulation of our gene expression
becomes progressively dysregulated, not because
our DNA sequence changes but due to alterations
in the epigenome: the system of molecular
markers that sits on top of our DNA and governs
how genes are turned on or off. This epigenetic
“programming” determines when, where, and to
what extent genes are expressed, and its disruption
is a key driver of aging.

The main epigenetic mechanisms include the
following:

e DNA methylation—the addition of methyl
groups to DNA, typically repressing gene
expression.

o Histone modifications—chemical changes
(e.g., acetylation, methylation) to histone
proteins, which alter how tightly DNA is
wound around them, thereby regulating gene
accessibility.

e Non-coding RNAs—small RNA molecules
that modulate gene expression by influencing
chromatin structure or silencing specific
transcripts.

Throughout life, the epigenome is shaped by

both intrinsic and extrinsic factors, including
aging, environmental exposures (e.g., pollution,
radiation), lifestyle (e.g., diet, physical activity,
smoking), mental stress, and even early-life
experiences. These changes accumulate and lead to
aberrant gene expression, which contributes to loss
of cellular identity, increased inflammation, and
functional decline.

One of the most compelling applications of
epigenetics is in biological age measurement.
Changes in DNA methylation patterns form the
basis of epigenetic clocks, such as the Horvath
Clock developed in 2013 by Steve Horvath at
UCLA.’ These clocks can estimate an individual’s
biological age with remarkable accuracy, offering
insight into the pace of aging and the effectiveness
of anti-aging interventions.

A promising scientific frontier is epigenetic
reprogramming—i.e., the process of resetting the
epigenome to a more youthful state. In animal
models, partial reprogramming using a set of
transcription factors known as the Yamanaka
factors (OCT4, SOX2, KLF4—collectively
abbreviated as OSK) has been shown to reverse
cellular aging without erasing cell identity.® This
breakthrough suggests that epigenetic aging is
malleable and, in theory, reversible.

In contrast, full reprogramming of adult somatic
cells (e.g., skin cells) with the Yamanaka factors
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can generate induced pluripotent stem cells
(iPSCs), which are cells functionally equivalent
to embryonic stem cells, capable of differentiating
into any adult tissue.

Despite accumulating epigenetic “noise,”

the underlying DNA sequence in our cells

remains largely intact, even in old age. This is
demonstrated by the fact that animals cloned from
aged individuals (such as Dolly the sheep) are born
young and healthy, which is a powerful illustration
that aging exceedingly resides in the epigenome,
not the genome itself.

Scientific Milestone: In recognition
of the central role of epigenetic regulation, the
2024 Nobel Prize in Physiology or Medicine
was awarded to Victor Ambros and Gary
Ruvkun for their pioneering work on small
non-coding RNAs (microRNAs), which play a
crucial role in modulating gene expression and
maintaining cellular function.

7: Loss of Proteostasis

Proteostasis (protein homeostasis) refers to the
dynamic balance of protein synthesis, folding,
trafficking, and degradation within the cell.
Proteins must fold into precise three-dimensional
structures to function correctly. When proteins
misfold or remain unfolded, they may become
dysfunctional, form aggregates, or trigger toxic
cellular responses.

Under normal conditions, cells maintain
proteostasis through a tightly regulated network
involving molecular chaperones, the ubiquitin—
proteasome system (UPS), autophagy—lysosomal
pathways, and the unfolded protein response
(UPR). These systems work together to ensure
that newly synthesized proteins fold correctly and
that damaged or misfolded proteins are efficiently
detected and removed.

With age, this protective network deteriorates.
Protein synthesis becomes less accurate and
less efficient, molecular chaperones become
overwhelmed by irreparably damaged proteins,
proteasome and autophagic activity decline, and
the unfolded protein response becomes
dysregulated.

As a result, misfolded and aggregated proteins
accumulate within cells, disrupting cellular
homeostasis and triggering cell death. This
dysfunction is particularly pronounced in
age-related neurodegenerative diseases, such

as Alzheimer’s disease (beta-amyloid plaques
and tau tangles), Parkinson’s disease (alpha-
synuclein aggregates), and Huntington’s disease
(polyglutamine inclusions).

In these conditions, the collapse of proteostasis is
not just a symptom but a core pathological driver.
In such conditions, the unfolded protein response
becomes maladaptive, contributing to further

accumulation of misfolded proteins, apoptosis of
neurons, and amplification of neuroinflammation.

Beyond neurodegeneration, glycation—the
irreversible binding of sugars to proteins—
contributes further to proteostatic failure.
Glycation leads to the formation of cross-linked,
degradation-resistant, advanced glycation
end-products (AGEs), which are implicated in
diabetes complications, cardiovascular disease,
and visible aging (e.g., skin wrinkling).

Importantly, the loss of proteostasis interacts with
other hallmarks of aging, such as mitochondrial
dysfunction, inflammation, and senescence,
forming a self-reinforcing cycle of cellular decline.
Emerging research suggests that interventions
aimed at restoring proteostasis, including
enhancing chaperone expression, stimulating
autophagy, boosting proteasome activity, or
applying dietary strategies like caloric restriction,
may mitigate age-related damage and extend
healthy lifespan.
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7.1: Advanced Glycation End-Products (AGEs)

Advanced glycation end-products (AGEs) are a
class of heterogeneous compounds formed through
non-enzymatic glycation, which is a chemical
reaction between reducing sugars and free-amine
groups on proteins, lipids, or nucleic acids. These
reactions can occur endogenously within the

body, especially under conditions of high glucose
levels, and exogenously through dietary sources,
particularly from high-heat cooking methods such
as grilling, frying, or roasting.

The accumulation of AGEs contributes to
molecular and cellular dysfunction across multiple
tissues. Their effects include cross-linking of
structural proteins like collagen and elastin,
leading to tissue stiffening; induction of oxidative
stress and inflammation via activation of the
receptor for AGEs (RAGE); and impairment of
proteostasis through the formation of degradation-
resistant aggregates.

AGEs have been implicated in the progression of
several age-related diseases:

e Type 2 diabetes and its vascular complications.

e Cardiovascular disease, through endothelial
dysfunction and arterial stiffening.

e Neurodegenerative disorders, such as
Alzheimer’s disease, where AGEs are found in
amyloid plaques and neurofibrillary tangles.

o Certain cancers, by promoting a
pro-inflammatory microenvironment.

In the skin, AGEs accumulate in long-lived
extracellular matrix proteins, like collagen, leading
to reduced elasticity, increased wrinkling, and
visible signs of aging. AGEs can also potentiate
UVA-induced damage, further accelerating
photoaging.

Due to their role in tissue degeneration and chronic
inflammation, AGEs are increasingly recognized
as both biomarkers and drivers of aging. Strategies
aimed at limiting their formation or enhancing

their clearance are under investigation as potential
anti-aging interventions.

7.2: Ketones

Ketone bodies, primarily beta-hydroxybutyrate
(BHB) and acetoacetate, are produced in the liver
during states of low glucose availability, such

as fasting, prolonged exercise, or adherence to

a ketogenic diet. While traditionally viewed as
alternative energy substrates, ketones are now
recognized as bioactive signaling molecules with
wide-ranging effects on cellular function and
longevity.

Recent research suggests that ketones play a
significant role in maintaining proteostasis,
particularly in aging cells and tissues. For
example, beta-hydroxybutyrate has been shown to
enhance autophagy (the process by which cells
clear damaged or misfolded proteins), reduce

the accumulation of toxic protein aggregates
(especially in the brain), and suppress oxidative
stress and inflammation (which otherwise
exacerbate proteostatic collapse).

In neurodegenerative disease models, ketones have
been observed to modulate the accumulation of
misfolded proteins (such as beta-amyloid and tau),
suggesting a neuroprotective mechanism linked
directly to proteostasis.

Beyond protein homeostasis, ketone bodies
intersect with other hallmarks of aging:

e In deregulated nutrient sensing, ketones
reflect a metabolic shift that downregulates
insulin/IGF-1 and mTOR signaling while
activating AMPK and sirtuins.

e In altered intercellular communication,
ketone signaling can modulate inflammation
and endocrine responses, particularly during
metabolic stress.

These pleiotropic effects position ketones as a
compelling focus for aging research that links
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metabolism, proteostasis, and cellular resilience.
Pleiotropic refers to a single gene or genetic
variant that influences multiple seemingly
unrelated traits or phenotypes.

7.3: Heat Shock Proteins (HSP)

Heat shock proteins (HSPs) are a highly conserved
family of molecular chaperones that play a central
role in maintaining proteostasis. Their primary
function is to assist in the correct folding of newly
synthesized proteins, refolding of misfolded
proteins, and targeting irreparably damaged
proteins for degradation.

HSPs were first identified in the 1960s when
researchers observed that cells exposed to
elevated temperatures produced a specific set of
proteins to protect against thermal stress. Since
then, they have been recognized as a universal
stress response system activated by a variety of
cellular insults, including thermal stress (heat
shock, cold exposure), oxidative stress (elevated
ROS, hypoxia), nutrient stress (caloric restriction,
fasting), physical stress (exercise), and
pharmacological or nutraceutical compounds that
mimic stress signals.

By preventing protein misfolding and aggregation,
HSPs act as first responders in the cellular defense
system. Their protective functions are particularly
important in aging, where the capacity of the
proteostasis network declines. In age-related
neurodegenerative diseases, such as Alzheimer’s
and Parkinson’s, HSPs have been shown to reduce
the burden of toxic protein aggregates.

7.4: HSPs, Mitochondria, and Fat Metabolism

Recent research has linked HSP activity to
metabolic health and longevity, particularly
through the influence on adipose tissue biology
and mitochondrial function. There are two primary
types of fat in the human body:

e White adipose tissue (WAT) stores energy in
the form of large lipid droplets and is relatively
metabolically inactive.

e Brown adipose tissue (BAT), in contrast,
contains a high density of mitochondria, which
gives it its brown color and enables it to burn
energy as heat (thermogenesis), especially in
response to cold.

HSPs, particularly HSP72 and HSP90, have been
shown to promote the browning of white fat, a
process by which white adipocytes begin to exhibit
characteristics of brown fat, including increased
mitochondrial biogenesis and thermogenic
capacity.

This browning effect enhances metabolic
flexibility, improves insulin sensitivity, and
reduces inflammatory markers, factors that

are strongly associated with healthy aging and
longevity. HSPs help maintain mitochondrial-
protein quality control, supporting mitochondrial
function and turnover. This is especially important
in brown fat, where the high metabolic rate
demands robust proteostatic and oxidative stress
defenses.

Through their interaction with PGC-1-Alpha and
UCP1, HSPs contribute to energy homeostasis
and protection against metabolic disorders such as
obesity and type 2 diabetes. Upregulating HSPs
through mild stressors or targeted interventions
may affect longevity through several mechanisms:

o Enhancing cellular resilience.

e Improving mitochondrial efficiency and energy
metabolism.

e Supporting adipose-tissue remodeling toward a
more metabolically favorable profile.

e Reducing systemic inflammation.

e Delaying the onset of proteotoxic and
metabolic damage.

o Ultimately extending health span and
functional longevity.
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Taken together, HSPs represent a critical molecular
bridge between protein homeostasis, metabolic
health, and adaptive stress responses that are all
central to the biology of aging.

8: Disabled Macroautophagy

Autophagy—TIiterally “self-eating”—is a cellular
quality-control and renewal system essential

for maintaining homeostasis. Among its forms,
macroautophagy and microautophagy are the
most studied, both involved in the clearance and
recycling of intracellular components. These
processes play a central role in the removal of
damaged proteins, dysfunctional organelles, and
other cellular debris, especially under conditions
of stress or nutrient deprivation.

Macroautophagy involves the formation of double-
membraned vesicles (autophagosomes) that engulf
damaged organelles or aggregated proteins and
deliver them to lysosomes for degradation and
recycling. Microautophagy enables the direct
engulfment of smaller components and membrane
segments by lysosomes, supporting basal cellular
turnover.

With aging, the efficiency and regulation of both
macroautophagy and microautophagy decline.
This impairment leads to the accumulation of
cellular waste, including misfolded proteins and
dysfunctional mitochondria, particularly in long-
lived, post-mitotic cells, such as neurons and
cardiomyocytes. The resulting build-up contributes
to increased oxidative and metabolic stress,
chronic inflammation, and impaired-tissue repair
and regeneration.

These outcomes are closely linked to the
progression of neurodegenerative diseases,
cardiovascular disorders, and metabolic
syndromes, which are all major contributors to
aging-related decline.

Autophagy is functionally related to apoptosis—or
programmed cell death. While apoptosis removes
irreparably damaged cells, autophagy serves

as a preemptive maintenance system, delaying
or preventing cell death by recycling damaged
components. With age, both processes become
dysregulated, contributing to the accumulation of
senescent cells and a decline in tissue function.

Scientific Milestone: The importance
of autophagy in aging and disease was
recognized in 2016, when Yoshinori Ohsumi
was awarded the Nobel Prize in Physiology or
Medicine for his discoveries
on the mechanisms of autophagy.

9: Chronic Inflammation

While acute inflammation is an essential

immune response for fighting infections and
promoting wound healing, the chronic, low-grade
inflammation commonly termed “inflammaging”
is a persistent, systemic process that drives tissue
damage and accelerates biological aging.

This pro-inflammatory state becomes more
prevalent with age, even in the absence of
infection or injury, and is linked to numerous
age-related conditions, including cardiovascular
disease, neurodegeneration, metabolic syndrome,
cancer, and depression. The key mechanisms
include the following:

e Increased release of pro-inflammatory
mediators, such as cytokines (e.g., TNF-alpha,
IL-6, IL-1-beta) and reactive oxygen species
(ROS), which contribute to oxidative damage,
disrupt mitochondrial function, and impair
tissue regeneration.

o Emerging evidence highlights the role of
Interleukin-11 (IL-11), a cytokine implicated
in both fibrotic processes and systemic
inflammation. Recent research from the UK
links IL-11 to age-related fibrosis in organs
such as the liver, lungs, and heart, suggesting
it may be a central mediator in the overlap
between inflammation, tissue remodeling, and
organ decline.
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e Immunosenescence, the gradual deterioration
of the immune system, weakens the body’s
ability to fight infections, clear senescent cells,
and regulate inflammation. Immunosenescence
includes diminished production and function
of T-cells, a shift from naive T-cell to
memory T-cell dominance, reduced antigen
presentation by dendritic cells, and increased
production of pro-inflammatory monocytes and
macrophages.

e The thymus, a gland critical for T-cell
maturation, undergoes age-related involution,
whereby functional tissue is replaced with
adipose (fat) tissue. This decline impairs
adaptive immunity and contributes to the
dysregulated inflammatory environment seen
in older adults.

Inflammaging is not isolated but interacts with
many other hallmarks of aging by promoting
cellular senescence via reinforcing the senescence-
associated secretory phenotype (SASP); impairing
proteostasis, autophagy, and stem-cell function;
and fueling metabolic dysregulation and
endothelial dysfunction. Together, these effects
make chronic inflammation a central node in the
aging network and a major target for interventions
aiming to slow or reverse biological aging.

10: Altered Intracellular Communication

The body’s health depends on an intricate network
of cellular signaling pathways, not only within
individual cells (intracellular) but also between
cells and across organ systems (intercellular).
These signaling networks coordinate essential
biological processes, such as immune responses,
tissue repair, growth, metabolism, and
homeostasis.

In youth, this system operates with high fidelity.
Cells communicate through chemical messengers,
such as hormones, cytokines, growth factors,

and extracellular vesicles, ensuring precise
coordination. However, with age, these signaling
mechanisms become increasingly disrupted, a

phenomenon referred to as altered intercellular
communication.

This breakdown is driven by several interrelated
factors:

e Chronic inflammation alters the cellular
environment and overwhelms signaling
homeostasis.

e Senescent cells, which accumulate with age,
secrete inflammatory cytokines, chemokines,
and matrix-degrading enzymes, collectively
known as the senescence-associated secretory
phenotype (SASP). These signals propagate
dysfunction by inducing senescence in nearby
cells, disrupting tissue structure and repair, and
impairing immune surveillance.

e Declining levels of signaling molecules, such
as NAD+, impair communication between the
nucleus and mitochondria, between tissues,
and along energy-sensing pathways.

e Non-coding RNAs, particularly microRNAs
and long non-coding RNAs, become
dysregulated, further contributing to aberrant
gene expression and intercellular signaling
errors.

e Loss or dysfunction of cell-surface receptors
reduces the responsiveness of cells to
incoming signals, blunting normal repair and
regeneration processes.

The consequences of these shifts are widespread.
Altered signaling environments contribute

to the development of neurodegeneration,
atherosclerosis, sarcopenia (age-related muscle
loss), osteoarthritis, and immunosenescence.

Importantly, altered communication does not
occur in isolation. It amplifies other hallmarks of
aging, particularly chronic inflammation, cellular
senescence, and stem-cell exhaustion, creating a
vicious cycle of systemic dysfunction.
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10.1: NF-kB Pathway

The NF-kB pathway (nuclear factor kappa-
light-chain enhancer of activated B cells) is a
key regulatory signaling system that controls
inflammation, immune responses, cell survival,
and cellular stress adaptation. It functions as a
transcription factor complex that, when activated,
translocates to the nucleus and turns on genes
involved in inflammation and defense.

NF-«B is activated by a wide range of stimuli,
including cytokines (e.g., TNF-alpha, IL-1-beta),
oxidative stress (e.g., ROS), pathogen-associated
molecules (e.g., bacterial lipopolysaccharides),
and cellular damage signals. In youth, NF-xB
activation is tightly regulated and contributes to
acute immune responses. However, with aging,
chronic and persistent activation of NF-xB

leads to the overproduction of pro-inflammatory
cytokines, which fuels inflammaging and
disrupts tissue homeostasis. This effect has

been linked to multiple age-related diseases,
including autoimmune conditions, cancer, and
neurodegenerative disorders.

NF-«B also plays a direct role in several other
hallmarks of aging:

e Cellular senescence: This drives senescence-
associated secretory phenotype (SASP), a
pro-inflammatory state where senescent cells
secrete cytokines, chemokines, and proteases.
This secretion disrupts the local environment,
induces senescence in neighboring cells, and
accelerates tissue degeneration.

e Genomic instability and telomere attrition:
Chronic NF-«B activation is associated with
increased DNA damage, impaired DNA repair,
and telomere shortening, which all contribute
to accelerated cellular aging.

Due to its central role in connecting inflammation
with other aging mechanisms, NF-«B is widely
studied as a therapeutic target for both

anti-aging interventions and the treatment of
chronic inflammatory diseases.

11: Gut Dysbiosis

Gut dysbiosis refers to an imbalance or loss of
diversity in the gut microbiota; i.e., the trillions

of microorganisms residing in the gastrointestinal
(GI) tract. A healthy and diverse microbiome

plays a vital role in digestion, nutrient absorption,
immune regulation, and even neurological function
through the gut/brain axis.

Dysbiosis occurs when beneficial microbes
decrease, harmful or opportunistic species
proliferate, or overall microbial diversity
declines. This imbalance can be triggered by
poor dietary habits (e.g., high sugar, low fiber),
antibiotics and chronic medication use, infections
and inflammation, chronic stress and disrupted
circadian rhythms, environmental exposures (e.g.,
pollution, pesticides, microplastics, and food
additives), and aging itself.

As we age, gut dysbiosis becomes more prevalent.
Typical age-related microbial shifts include the
following:

e Decreased levels of beneficial bacteria, such as
Bifidobacterium and Faecalibacterium.

e Increased abundance of potentially harmful
species, such as Proteobacteria (e.g.,
Helicobacter pylori).

e Reduced overall microbial diversity, a key
marker of gut resilience.

In parallel, aging leads to the following structural
and functional changes in the gut:

e Decreased intestinal barrier integrity,
increasing intestinal permeability (“leaky
gut”).

e Altered immune surveillance, reducing
microbial tolerance.

o Slowed motility and reduced mucus secretion,
creating conditions for microbial imbalance.

Together, these changes compromise gut health
and allow bacterial metabolites, endotoxins,
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and inflammatory compounds to enter systemic
circulation. This change contributes to chronic
inflammation, impaired immune function, and
elevated risk for age-related diseases.

Gut dysbiosis has been associated with

metabolic disorders (e.g., insulin resistance),
cardiovascular disease, frailty and sarcopenia, and
cognitive decline and neurodegenerative diseases
(e.g., Alzheimer’s, Parkinson’s).

Scientific Milestone: A landmark in gut
microbiota research came in 2005, when Barry
J. Marshall and J. Robin Warren were awarded
the Nobel Prize in Physiology or Medicine for

discovering the role of Helicobacter pylori in
gastritis and peptic ulcer disease. It remains one
of the most studied examples of pathogenic
bacterial overgrowth and gut dysbiosis.

12: Stem-Cell Exhaustion

Stem cells are undifferentiated cells capable of
self-renewal and differentiation into specialized
cell types. They are essential for tissue
maintenance, repair, and regeneration, particularly
in organs with high cellular turnover, such as the
skin, intestines, and blood.

Stem cells are broadly divided into two categories:

e Pluripotent stem cells, including embryonic
stem cells and induced pluripotent stem cells
(1PSCs), can give rise to almost any cell type in
the body.

e Adult (tissue-specific) stem cells, found in
niches throughout the body, are restricted to
generating the cell types of their resident tissue
(e.g., hematopoietic stem cells in bone marrow
or neural stem cells in the brain).

Over time, these adult stem cells experience a
gradual loss of function through a process known
as stem-cell exhaustion. This hallmark of aging is
driven by multiple factors, including

accumulation of DNA damage and mutations;
telomere shortening (limiting replicative capacity);
epigenetic drift and chromatin remodeling;
mitochondrial dysfunction and oxidative stress;
and chronic inflammation and altered signaling in
the stem-cell niche.

As a result, stem cells lose their ability to divide,
differentiate, or respond appropriately to tissue
injury. This impairs regeneration and contributes
to age-related tissue degeneration, frailty, and
delayed wound-healing.

Therapies that are iPSC-based offer the potential
to restore youthful regenerative capacity by
generating patient-specific pluripotent cells that
can be directed to form new, healthy tissues.
Biotech startups, such as Altos Labs and clock.bio,
are actively exploring iPSC technologies to treat
degenerative diseases and reverse aging-related
decline.’

Another intervention path relies on nutraceutical
approaches to support stem cell function. These
approaches include enhancing telomerase

activity to extend replicative capacity, restoring
cellular energy balance and NAD* metabolism,
promoting autophagy to maintain stem cell quality,
reinforcing the extracellular matrix (ECM) to
preserve niche integrity, and supporting stem cell
mobilization alongside immune system resilience.

Although clinical application is still in the early
stages, stem-cell exhaustion remains a critical
bottleneck in healthy aging, and its modulation
may be key to unlocking true regenerative
longevity.

Scientific Milestone: A major breakthrough
in regenerative medicine came in 2006, when
Shinya Yamanaka and Sir John B. Gurdon
demonstrated that mature somatic cells can be
reprogrammed into induced pluripotent stem
cells (1IPSCs) using a set of transcription factors
(now known as the Yamanaka factors). For this
discovery, they were awarded the 2012 Nobel
Prize in Physiology or Medicine.
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