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Abstract—As people age, their sleep patterns shift in all
sorts of ways: bedtimes creep earlier, nights get shorter,
and sleep quality can dip. These shifts happen because
the body’s internal clock the circadian timing system
works hand in hand with the system that builds up sleep
pressure over the day. Together, they set when we sleep
and how good that sleep is. The circadian system, mainly
run by the suprachiasmatic nucleus (or SCN), takes cues
from the environment, especially light. But as we get
older, this system loses some of its sharpness and
regularity. You’ll often see weaker circadian signals,
body clocks that run ahead of schedule, and a blunted
response to light. All of that messes with sleep, making
insomnia, restless nights, and those too-early wake-up
calls much more common for older folks. It doesn’t stop
at bad sleep, either. When the circadian rhythm falls out
of step, the risk of developing chronic problems like
metabolic issues, heart disease, or neurodegenerative
disorders jumps, adding more challenges as people age.
This review takes a closer look at how our inner clocks
work, how aging changes them, and what that means for
sleep and overall health. The more we learn about these
connections, the better our chances for new treatments
that actually help people sleep better and stay healthier
as they age.

Index Terms—Circadian clock, Aging, Biological clock,
Clock genes, BMAL1, CLOCK, PER, CRY, Cellular
senescence, Oxidative stress, Mitochondrial dysfunction,
DNA repair, Epigenetics, Inflammaging, Immune aging,
Autophagy, Sleep—wake cycle, Chronotherapy, Healthy
aging, Healthy longevity, Health span, Time-restricted
feeding, Melatonin, Circadian rhythm, Age-related
diseases.
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[. INTRODUCTION

Our bodies run on an internal clock the circadian
timing system that keeps everything in sync over each
24-hour day. Tucked deep in the brain, the
suprachiasmatic nucleus (or SCN) acts as the main
timekeeper. It takes its cues from things like daylight
and temperature to keep basic functions on schedule:
when we sleep and wake up, how fast our metabolism
fires, when hormones get released, even when our cells
repair themselves.

But as we get older, this tightly tuned system starts to
slip. The clock’s signals get weaker. We don’t respond
as strongly to light, which is the key signal that keeps
everything aligned, and the molecular gears of the
clock get noisier and less precise. The result? Sleep
goes haywire. People might fall asleep and wake up
earlier than they want, toss and turn in fragmented
sleep, and struggle to get a solid stretch of rest. It’s not
just annoying poor sleep can trigger a cascade of other
problems: blood sugar swings, higher risk of heart
disease, and speeding up neurodegeneration. !
Scientists have pinned several of these aging changes
on the lower strength of circadian signals, a fading
response to environmental cues, and changes in the
very genes that drive the molecular thythm. Knowing
how circadian rhythms and aging interact is key if we
want to come up with real fixes. That means digging
into how the clock works, how it shifts with age, and
what that means for sleep and health overall. Finding
better ways to protect or even reset our body clocks as
we age could make a huge difference not just in
longevity, but in keeping us sharp and healthy for
longer.
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When the circadian rhythm drifts off course, it does
more than just disrupt sleep. It can actually push the
whole body toward faster aging, dragging physical and
mental health down with it. But keeping the internal
clock steady helps stave off that decline, boosting
everything from cognitive sharpness to metabolic
health. Here’s what happens when the rhythm goes
off-beat and what that means as we get older.?

e Circadian rhythms shift as we age, and those
changes can speed up the aging process in pretty
dramatic ways.

First, look at sleep. Our internal clock keeps our sleep-
wake cycles on track, but as people get older, that
clock often falls out of sync. The result? Shorter,
fragmented sleep. And that’s a big deal because poor
sleep doesn’t just leave you groggy the next day it
really messes with your body’s ability to recover. Over
time, bad sleep chips away at memory and focus. It
drives up inflammation and can throw your entire
metabolism off-balance. Add it all up and aging
happens faster.
On a cellular level, the genes that drive our body’s
clocks (like Clock, Bmall, Per, and Cry) don’t work
as well when we get older. When these genes quiet
down, your metabolism slows, your immune system
weakens, and your body struggles to fix itself.
That’s not all throw off your body clock and you open
the door to oxidative stress. Basically, your cells get
bombarded by free radicals while your defenses are
down, so damage piles up. Proteins and DNA take the
hit, which feeds straight into aging and the risk of
diseases like Alzheimer’s, heart trouble, and diabetes.
There’s also the problem of metabolism. The circadian
system helps control how your body processes sugar,
stores fat, and responds to insulin. Break the rhythm
maybe because you work night shifts or you’re always
traveling and suddenly it’s much easier to gain weight,
develop diabetes, or struggle with high cholesterol.3

And finally, there’s cellular senescence. As you age,

more cells stop dividing and can’t pull their weight. If

the circadian rhythm falters, this process speeds up
too, meaning tissues break down and health problems
multiply.

But there’s good news: when you take care of your

circadian rhythm, aging slows down. When your

rhythm is strong and steady, you actually sleep more
deeply and wake up refreshed. That alone can sharpen
your mind, lift your mood, and help your body repair
damage overnight huge for feeling and staying young.
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You’ll notice your metabolism works better as well.
Your hormones cortisol, insulin, melatonin run on a
tight schedule, so if you stick to a good rhythm, you
have more energy, find it easier to keep a healthy
weight, and your body manages sugar efficiently.

The benefits go deeper too. Healthy circadian rhythms
mean your body handles cellular repair and immune
defense more effectively. Damage gets fixed, tissues
regenerate faster, and you’re less likely to fall into
those patterns of aging and disease.*

On a molecular level, the rhythm tunes up systems that
matter for longevity things like sirtuins, AMPK, and
mTOR. These pathways control cell stress, energy use,
and even how your mitochondria run. Keep them
humming and your odds of a longer, healthier life go
way up. Hormones get a lift as well. For example,
growth hormone spikes at night, driving repair and
regeneration. If your sleep is off, you miss that boost.
Stay in rhythm, though, and your body handles aging
much better.’

So, how do you keep your circadian rhythm in sync as
you get older?

Start with light. Get outside and soak up some natural
light in the morning it helps set your internal clock and
balances hormones like melatonin and cortisol. Try to
steer clear of bright screens or artificial light in the
evenings, since that can throw everything off. Think
about chronotherapy, which basically means timing
treatments (like medications) to match your body’s
rhythm. This technique can make meds more effective
for things like high blood pressure or insomnia.®

Stick to a regular sleep schedule. Going to bed and
waking up at the same time, even on weekends, keeps
your rhythm steady and your sleep quality high. Watch
your meal timing too. Eating on a regular schedule that
matches your internal clock helps your metabolism
stays on track. Even intermittent fasting works best
when it’s in sync with circadian patterns it can ramp
up mitochondrial health and maybe even help you live
longer.

In short, listening to your circadian rhythms and
keeping them tuned pays off at every age.

Definition

Biological processes that follow a 24-

hour cycle.
Primary Regulate sleep-wake cycles, feeding,
Function hormone release, and body
temperature.

Components SCN  (Suprachiasmatic ~ Nucleus),
peripheral clocks, clock genes.
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Location SCN in the hypothalamus, various
peripheral tissues (liver, heart, lungs).

Key Genes Clock, Bmall, Per, Cry, Reverb, and
others.

Regulation Light, temperature, feeding, and social
cues influence the circadian rhythm.

Disruptions Jet lag, shift work, and certain medical
conditions can disturb circadian
rhythms.

Relevance in | Impacts sleep disorders, metabolic

Health diseases, cancer, and mental health.

Circadian Rhythms: Mechanism And Function
Circadian rhythms are natural cycles that keep our
bodies running on a 24-hour schedule. They control
everything from how we feel and act to what’s
happening deep inside our cells. The brain’s
suprachiasmatic nucleus, or SCN, sits at the heart of
this system, keeping all the other clocks in our bodies
from the liver to the lungs ticking in sync. Light is the
main signal that keeps the SCN on track. When light
enters our eyes, it sends messages straight to the SCN
through a pathway called the Retin hypothalamic tract.
Here, light changes how certain clock genes like
Clock, Bmall, Per, and Cry turn on and off. These
genes use feedback loops to control when other genes
wake up or quiet down, keeping our biological systems
in thythm.”

On a molecular level, these clocks manage some of our
most critical functions: when we sleep, how our
metabolism works, when hormones release, and how
our immune system responds. That alignment isn’t
random it helps our bodies get the most out of
environmental cues, especially the cycle of light and
dark. So, in the morning, our cortisol levels spike to
help us wake up, and at night, melatonin rises to
prepare us for sleep. But when these rhythms get
knocked out of sync by aging, working night shifts, or
struggling with chronic illness our health takes a hit.
Problems like metabolic syndrome, heart disease, and
neurodegenerative disorders become more common
when our body clocks can’t do their job.®

Lately, scientists are finding more proof that circadian
rhythms shape how we age and how long we live. As
we get older, these rhythms lose their strength: clock
genes don’t work as robustly, the SCN’s signals get
weaker, and our brains don’t respond to light as well
as they used to. This decline doesn’t just make us feel
older it actually contributes to diseases that hit us as
we age. That’s why protecting and keeping our

1JIRT 206320

circadian rhythms stable isn’t just good advice; it’s a
key piece of staying healthy and living longer.

II. CIRCADIAN CLOCKS: FUNDAMENTAL
MECHANISMS

1. Introduction to Circadian Clocks

Circadian clocks are endogenous, self-sustained
biological timing systems that generate approximately
24-hour rhythms in physiological, biochemical, and
behavioral processes. The term circadian is derived
from the Latin words circa (about) and diem (day),
reflecting their near-24-hour periodicity. These clocks
enable organisms to anticipate predictable daily
environmental changes rather than merely responding
to them. Circadian rhythms regulate numerous
biological functions, including sleep—wake cycles,
hormone secretion, metabolism, body temperature,
immune responses, and cellular repair. The
synchronization of internal biological rhythms with
external environmental cues, particularly the light—
dark cycle, is essential for maintaining physiological
homeostasis and overall health.’

2. Molecular Basis of Circadian Clocks

The molecular circadian clock is governed by a
network of highly conserved clock genes and proteins
that operate through interconnected transcriptional—
translational feedback loops (TTFLs). The primary
positive regulators are CLOCK (Circadian Locomotor
Output Cycles Kaput) and BMALI (Brain and Muscle
ARNT-Like 1), which form a heterodimer and bind to
E-box elements in DNA to activate the transcription of
circadian genes.

The major target genes include the Period (PERI,
PER2, PER3) and Cryptochrome (CRY1 and CRY2)
genes. After synthesis in the cytoplasm, PER and CRY
proteins accumulate, form complexes, and translocate
into the nucleus, where they inhibit CLOCK-BMAL1
activity, thereby suppressing their own transcription.
This autoregulatory mechanism generates oscillations
with a period of approximately 24 hours.!?

In addition to the primary loop, secondary regulatory
loops involving REV-ERBo/f and RORa/B/y stabilize
circadian oscillations by regulating BMALI
transcription. These interconnected loops enhance the
robustness and precision of circadian rhythms while
integrating metabolic and physiological signals.
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3. Transcription Translation Feedback Loops (TTFLs)
The circadian clock functions through a series of
interconnected transcription translation feedback
loops that generate rhythmic gene expression.
Positive Feedback Loop: The CLOCK-BMALLI
heterodimer binds to E-box promoter elements and
activates the transcription of PER, CRY, and
numerous clock-controlled genes (CCGs) involved in
metabolism, cell cycle regulation, immune function,
and DNA repair.

Negative Feedback Loop: Newly synthesized PER and
CRY proteins accumulate in the cytoplasm, undergo
dimerization, and subsequently enter the nucleus,
where they inhibit CLOCK-BMALI-mediated
transcription. As PER and CRY proteins are
progressively degraded, inhibition is relieved,
allowing a new cycle of transcription to begin.
Post-Translational Modifications: The timing and
stability of clock proteins are tightly regulated by post-
translational modifications, including
phosphorylation, ubiquitination, acetylation, and
SUMOylation. For example, Casein Kinase 138/
(CK18/e) phosphorylates PER proteins, promoting
their degradation and thereby influencing circadian
period length. These modifications ensure precise
timing and adaptability of the circadian oscillator.

4. Cellular and Systemic Coordination

In mammals, the suprachiasmatic nucleus (SCN),
located in the anterior hypothalamus, serves as the
master circadian pacemaker. The SCN receives photic
information directly from intrinsically photosensitive
retinal ganglion cells through the Retin hypothalamic
tract, allowing environmental light to synchronize the
internal clock.

While the SCN coordinates systemic circadian
rhythms, nearly every peripheral tissue including the
liver, heart, skeletal muscle, kidneys, pancreas,
adipose tissue, and immune cells possesses
autonomous circadian clocks. These peripheral clocks
regulate tissue-specific physiological functions but
remain synchronized by signals originating from the
SCN.

Communication between the central and peripheral
clocks occurs through neural pathways, hormonal
signals (such as cortisol and melatonin), autonomic
nervous system activity, body temperature
fluctuations, and feeding-fasting cycles. This
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hierarchical organization  ensures  temporal
coordination across multiple organ systems.!!

5. Environmental and Internal Inputs

Circadian clocks are synchronized by external
environmental signals known as zeitgebers (German
for "time-givers"), which align endogenous rhythms
with the external day—night cycle.

Light is the most potent zeitgeber. Specialized
melanopsin-containing retinal ganglion cells detect
ambient light and transmit signals to the SCN, where
they regulate clock gene expression. Morning light
advances the circadian phase, whereas evening light
delays it.

Other important zeitgebers include:

e Feeding schedules, which strongly influence
peripheral metabolic clocks.

e Ambient temperature, which modulates cellular
circadian rhythms.

e Physical activity, which can shift circadian timing.

e Social interactions and behavioral routines, which
contribute to circadian entrainment.

The continuous adjustment of internal biological

rhythms to environmental cues is known as

entrainment, enabling organisms to maintain

synchrony with changing environmental conditions.'?

6. Physiological Roles of Circadian Clocks

Circadian clocks regulate numerous physiological
processes essential for health and survival.

Sleep Wake Regulation: Circadian rhythms coordinate
sleep timing, alertness, and cognitive performance
through interactions with homeostatic  sleep
mechanisms.

Hormonal Secretion: Hormones exhibit robust
circadian oscillations. Cortisol peaks during the early
morning to promote wakefulness and energy
metabolism, whereas melatonin secretion increases
during darkness to facilitate sleep initiation.
Metabolic Regulation: Circadian clocks control
glucose homeostasis, insulin sensitivity, lipid
metabolism, appetite regulation, mitochondrial
function, and energy expenditure.  Proper
synchronization optimizes nutrient utilization and
metabolic efficiency.

Immune Function: Circadian rhythms regulate
immune cell trafficking, cytokine production,
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inflammatory  responses, and host defense
mechanisms. Immune responses vary according to the
time of day, influencing susceptibility to infection and
vaccine efficacy.

Cellular Maintenance: Circadian clocks regulate DNA
repair, autophagy, oxidative stress responses, protein
homeostasis, mitochondrial quality control, and cell
cycle progression, thereby contributing to tissue
maintenance and healthy aging.'?

Disruption of circadian rhythms has been associated
with obesity, diabetes mellitus, cardiovascular disease,
cancer, neurodegenerative disorders, depression, and
accelerated aging.

7. Evolutionary Perspective

Circadian clocks are evolutionarily conserved
biological systems found across nearly all forms of
life, including cyanobacteria, fungi, plants, insects,
and mammals. Despite differences in molecular
components among species, the fundamental principle
of generating approximately 24-hour biological
rhythms remains remarkably conserved.

The evolution of circadian clocks has provided
organisms with a significant adaptive advantage by
enabling them to anticipate predictable environmental
changes rather than react after they occur. This
temporal organization improves energy efficiency,
optimizes metabolism, enhances reproductive success,
increases survival, and promotes physiological
resilience.

In humans, proper circadian synchronization supports
optimal health, while chronic circadian disruption
contributes to aging and the development of numerous
chronic diseases. Consequently, maintaining circadian
rhythm integrity has emerged as an important strategy
for promoting healthy aging and extending
healthspan.'*

III. AGING AND CIRCADIAN CLOCK
DYSREGULATION

3.1 Age-Associated Changes in Circadian Rhythms

Aging is accompanied by progressive deterioration of
circadian rhythm organization, resulting in reduced
synchronization between internal biological clocks
and environmental cues. Both central and peripheral
circadian clocks exhibit functional decline with
advancing age, leading to impaired physiological
homeostasis. These alterations contribute significantly
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to the development of age-related diseases and
reduced healthspan.'®

Altered Sleep Wake Cycles

One of the earliest manifestations of circadian aging is
disruption of the sleep—wake cycle. Older adults
commonly experience advanced sleep phase
syndrome, characterized by earlier sleep onset and
awakening, reduced total sleep duration, frequent
nocturnal awakenings, and decreased slow-wave
sleep. Degeneration of neurons within the
suprachiasmatic nucleus (SCN), reduced melatonin
secretion, and decreased responsiveness  to
environmental light contribute to these sleep
disturbances. Poor sleep quality is associated with
cognitive decline, impaired immune function,
metabolic abnormalities, and increased cardiovascular
risk.

Reduced Amplitude of Clock Gene Expression

The expression of core circadian clock genes,
including CLOCK, BMALI1, PER, and CRY, declines
with age. This reduction decreases the amplitude and
stability of circadian oscillations, weakening
synchronization among peripheral tissues.
Consequently, rhythmic regulation of metabolism,
hormone secretion, DNA repair, and immune
responses becomes impaired, increasing susceptibility
to chronic diseases.'

Reduced Responsiveness to Zeitgebers

Aging decreases sensitivity to external time cues such
as light, feeding schedules, physical activity, and
temperature. Reduced retinal light perception and
impaired SCN  function diminish circadian
entrainment, resulting in internal desynchronization
between central and peripheral clocks.

3.2 Mechanisms Linking Circadian Clock Disruption
to Aging

Circadian  dysregulation  accelerates  multiple
molecular mechanisms responsible for biological

aging.

Oxidative Stress

Circadian disruption increases the production of
reactive oxygen species (ROS) while simultaneously
reducing antioxidant defense systems. Excessive
oxidative stress causes lipid peroxidation, protein
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oxidation, mitochondrial damage, and DNA
mutations, accelerating tissue degeneration and aging.

DNA Damage and Impaired DNA Repair

Several DNA repair enzymes exhibit circadian
regulation. Circadian disruption impairs nucleotide
excision repair, homologous recombination, and DNA
damage checkpoint activation. Consequently, DNA
lesions accumulate, promoting genomic instability,
apoptosis, cellular dysfunction, and carcinogenesis.!”

Cellular Senescence

Persistent circadian disruption promotes cellular
senescence through activation of DNA damage
responses,  oxidative  stress  pathways, and
inflammatory Signalling. Senescent cells permanently
exit the cell cycle and develop a senescence-associated
secretory  phenotype (SASP), releasing pro-
inflammatory cytokines, chemokines, growth factors,
and proteases that impair tissue function and
accelerate organismal aging.

Chronic Inflammation (Inflammaging)

Circadian clocks regulate immune cell trafficking and
cytokine production. Circadian misalignment results
in chronic low-grade inflammation known as
inflammaging, characterized by elevated levels of IL-
6, TNF-a, and C-reactive protein. Persistent
inflammation contributes to cardiovascular disease,
neurodegeneration, insulin resistance, and frailty.

Stem Cell Dysfunction

Adult stem cells rely on circadian regulation for tissue
repair and regeneration. Circadian disruption impairs
stem cell proliferation, differentiation, and
regenerative capacity, leading to delayed tissue
healing and accelerated functional decline.

IV. CIRCADIAN CLOCKS AND CELLULAR
PATHWAYS IN AGING

Circadian clocks regulate numerous intracellular
Signalling pathways that influence metabolism, stress
resistance, mitochondrial function, autophagy, and
longevity.

4.1 Sirtuins (SIRT1): Regulation of Metabolism and
Stress Responses

Sirtuin-1 (SIRT1) is an NAD*-dependent deacetylase
that acts as a major regulator of cellular metabolism,
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stress resistance, mitochondrial biogenesis, and
longevity. SIRT1 directly interacts with CLOCK-
BMALI by deacetylating BMAL1 and PER2 proteins,
thereby maintaining circadian rhythm stability.
Age-related decline in NAD* levels reduce SIRTI
activity, weakening circadian oscillations and
promoting metabolic dysfunction, oxidative stress,
inflammation, and cellular senescence. Restoration of
SIRT1 activity has been proposed as a therapeutic
strategy for healthy aging.

4.2 mTOR Signalling Pathway

The mechanistic target of rapamycin (mTOR) pathway
regulates protein synthesis, cell growth, nutrient
sensing, and autophagy. Circadian clocks regulate
rhythmic activation of mTOR Signalling according to
feeding fasting cycles.

Circadian disruption causes persistent mTOR
activation, suppressing autophagy and allowing
accumulation of damaged proteins and dysfunctional
organelles. Chronic mTOR activation has been
strongly associated with aging, neurodegenerative
disorders, cardiovascular disease, and cancer.!®

4.3 AMP-Activated Protein Kinase (AMPK)

AMPK functions as the primary cellular energy sensor
by responding to changes in ATP/AMP ratios. AMPK
directly phosphorylates CRY proteins and interacts
with multiple clock components to regulate circadian
timing.

Activation of AMPK promotes glucose uptake, fatty
acid oxidation, mitochondrial biogenesis, and
autophagy while inhibiting mTOR Signalling. Age-
related circadian disruption reduces AMPK activity,
contributing to insulin resistance, obesity, and
metabolic syndrome.

4.4 Mitochondrial Function and Metabolic Health
Mitochondria exhibit circadian oscillations in ATP
production,  oxidative  phosphorylation, ROS
generation, and mitochondrial dynamics. Circadian
clocks regulate mitochondrial quality control through
mitophagy and biogenesis.

Disrupted circadian rhythms impair mitochondrial
function, resulting in decreased ATP synthesis,
increased ROS production, impaired oxidative
metabolism, and defective mitochondrial turnover.
These alterations contribute to muscle weakness,
neurodegeneration, cardiovascular disease, and
accelerated aging.'
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4.5 Epigenetic Regulation of Circadian Aging
Epigenetic mechanisms regulate circadian gene
expression through DNA methylation, histone
acetylation, histone methylation, and chromatin
remodelling.

CIRCADIAN RHYTHM

BMa CRY

Suprachia-
smatic
nucleus

(SCN)

Light
® Diet
® Exercise
Peripheral
Clocks Skeletal
Muscle

. Zeitgebers

+ Diet

During aging, epigenetic alterations disrupt rhythmic
gene expression, leading to abnormal metabolic
regulation, chronic inflammation, impaired DNA
repair, and mitochondrial dysfunction. Conversely,
circadian clocks also regulate epigenetic enzymes,
creating a bidirectional relationship between circadian
timing and aging.

Emerging evidence suggests that lifestyle
interventions such as exercise, dietary restriction, and
sleep optimization may reverse age-related epigenetic
changes and improve circadian function.

V. CHRONOBIOLOGY-BASED
INTERVENTIONS FOR HEALTHY AGING

Chronobiology-based therapeutic strategies aim to
restore  circadian rhythm integrity, improve
physiological function, delay aging, and extend health
span.

5.1 Caloric Restriction and Time-Restricted Feeding
Caloric restriction (CR) without malnutrition remains
one of the most effective interventions for extending
lifespan in experimental models. Time-restricted
feeding (TRF), which aligns food intake with circadian
rhythms, enhances metabolic flexibility, insulin
sensitivity, mitochondrial function, autophagy, and
circadian gene expression.
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Both CR and TRF activate longevity-associated
pathways including SIRT1, AMPK, and FOXO, while
suppressing mTOR Signalling.?

5.2 Exercise Synchronization with Circadian Rhythms
Physical exercise functions as a powerful non-photic
zeitgeber capable of resetting peripheral circadian
clocks.

Morning and early afternoon exercise improves
glucose metabolism, mitochondrial biogenesis,
cardiovascular health, and muscle performance.
Regular physical activity also enhances sleep quality,
reduces inflammation, and strengthens circadian
synchronization.

5.3 Pharmacological Interventions

Melatonin

Melatonin regulates sleep—wake cycles and exhibits
antioxidant, anti-inflammatory, mitochondrial
protective, and neuroprotective effects.
Supplementation in older adults improves sleep
quality, enhances circadian synchronization, reduces
oxidative stress, and may slow age-related cognitive
decline.

Clock-Modulating Drugs

Novel pharmacological agents targeting REV-ERBs,
RORs, CKl16é/e, CRY stabilizers, and BMALI
regulators are under investigation. These compounds
aim to restore circadian function and improve
metabolic health, neuroprotection, and healthy
longevity.

5.4 Light Therapy and Sleep Hygiene

Light Exposure

Morning exposure to natural sunlight strengthens SCN
entrainment, improves alertness, enhances mood, and
stabilizes circadian rhythms. Avoiding excessive blue-
light exposure during evening hours promotes
endogenous melatonin secretion and improves sleep
quality.

Sleep Hygiene

Maintaining regular sleep schedules, optimizing
bedroom environment, limiting caffeine and electronic
device use before bedtime, and ensuring adequate
sleep duration support circadian rhythm integrity and
promote healthy aging.?!
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5.5 Genetic and Epigenetic Manipulation of Clock
Genes

Genetic Approaches

Emerging gene-editing technologies such as
CRISPR/Cas9 offer opportunities to modify
dysfunctional circadian clock genes. Targeted
correction of CLOCK, BMALL, PER, and CRY genes
may restore circadian function and delay aging-related
decline.

Epigenetic Modulation

Diet, exercise, fasting, and pharmacological epigenetic
modifiers can alter DNA methylation and histone
modifications affecting circadian genes. These
interventions may improve circadian robustness,
reduce inflammation, enhance metabolic health, and
increase health span.

VI. STRATEGIES FOR RESTORING CIRCADIAN
RHYTHMS IN AGED INDIVIDUALS

Age-associated circadian dysfunction is increasingly
recognized as a modifiable contributor to
physiological decline and age-related diseases.
Restoring circadian rhythm integrity through
behavioral, environmental, pharmacological, and
technological interventions represents a promising
strategy for improving healthspan and promoting
healthy longevity.

6.1 Light Therapy

Light is the most potent environmental zeitgeber for
synchronizing the circadian system. Exposure to
bright natural light during the early morning enhances
activation of the suprachiasmatic nucleus (SCN),
suppresses melatonin secretion, advances circadian
phase, and promotes daytime alertness. Conversely,
minimizing exposure to artificial light particularly
blue light emitted from electronic devices during
evening hours prevents circadian delay and facilitates
normal melatonin secretion.?

Clinical studies have demonstrated that appropriately
timed light therapy improves sleep quality, cognitive
performance, mood, metabolic regulation, and
circadian alignment in older adults. It has become an
effective non-pharmacological intervention for
circadian rhythm sleep disorders and age-related
insomnia.
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6.2 Maintaining a Consistent Sleep Schedule

Regular sleep timing strengthens circadian
entrainment by reinforcing synchronization between
the biological clock and environmental light-dark
cycles. Maintaining consistent bedtime and wake-up
times, including weekends, stabilizes circadian
oscillations and improves sleep efficiency.

Adequate sleep supports memory consolidation,
hormonal regulation, immune function, tissue repair,
and metabolic homeostasis. In contrast, irregular sleep
schedules contribute to circadian misalignment,
increased inflammation, insulin resistance,
cardiovascular dysfunction, and accelerated biological

aging.

6.3 Exercise Timing (Chrono-Exercise)

Physical activity functions as an important non-photic
zeitgeber capable of resetting peripheral circadian
clocks. Exercise performed during the morning or
early afternoon enhances circadian synchronization,
mitochondrial ~ function, glucose  metabolism,
cardiovascular fitness, muscle strength, and cognitive
performance.

Regular exercise also stimulates the expression of
circadian clock genes, improves sleep quality, reduces
oxidative stress, suppresses chronic inflammation, and
activates longevity-associated Signalling pathways
including AMPK and SIRT1.%

6.4 Meal Timing and Time-Restricted Feeding

The timing of food intake significantly influences
peripheral  circadian  clocks, particularly in
metabolically active tissues such as the liver, pancreas,
adipose tissue, and skeletal muscle.

Time-restricted feeding (TRF), in which meals are
consumed during the active phase and fasting occurs
during the resting phase, enhances insulin sensitivity,
glucose metabolism, lipid utilization, mitochondrial
function, and autophagy. Aligning feeding behavior
with endogenous circadian rhythms activates
longevity pathways while reducing metabolic
dysfunction associated with aging.

6.5 Pharmacological Approaches

Pharmacological modulation of circadian rhythms
represents an emerging therapeutic strategy for healthy
aging.

Melatonin supplementation is widely used to improve
circadian synchronization, reduce sleep latency,
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increase sleep quality, and provide antioxidant and
neuroprotective effects. In addition, novel circadian-
targeting compounds including REV-ERB agonists,
ROR modulators, CRY stabilizers, and CK1 inhibitors
are being investigated for their potential to restore
circadian homeostasis and delay age-related
diseases.?*

Challenges in Clinical Translation

Despite encouraging findings, several challenges limit
the widespread clinical implementation of circadian-
based interventions.

Individual Variability in Circadian Phenotypes
Circadian timing differs considerably among
individuals due to genetic polymorphisms, chronotype
(morningness-eveningness preference), age,
environmental exposure, occupation, and lifestyle
factors. Consequently, standardized interventions may
not produce uniform therapeutic responses.

Future chronotherapy should therefore adopt
personalized treatment strategies based on individual
circadian profiles.

Safety of Clock-Modulating Therapies

Although light therapy and melatonin are generally
considered safe, inappropriate timing or excessive
dosing may cause headaches, dizziness, daytime
sleepiness, circadian misalignment, or sleep
disturbances.?

Long-term safety data regarding newer circadian
pharmacological agents remain limited, necessitating
carefully designed clinical trials before routine clinical
application.

Emerging Technologies

Technological innovations are transforming circadian
medicine by enabling continuous monitoring and
individualized interventions.

Wearable Technologies for Circadian Monitoring
Modern  wearable  devices equipped  with
accelerometers, heart rate sensors, temperature
monitors, and light sensors allow continuous
assessment of sleep quality, physical activity, heart
rate variability, skin temperature, and light exposure.
These devices facilitate accurate characterization of
individual circadian rhythms and provide objective
biomarkers for personalized chronotherapy.
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Artificial Intelligence (Al)-Driven Personalized
Chronotherapy

Artificial intelligence and machine learning
algorithms can integrate physiological, behavioral,
environmental, genomic, and wearable-device data to
predict individual circadian phase and optimize
treatment timing.2°

Al-based chronotherapy enables personalized
scheduling of medications, exercise, meal timing, and
light exposure, thereby maximizing therapeutic
efficacy while minimizing adverse effects. Such
precision chrono medicine represents a major future
direction in healthy aging research.

Integration of Circadian Biology with Aging Research
Circadian biology has emerged as a central component
of modern geroscience. Circadian clocks regulate
numerous  aging-related  processes  including
metabolism, mitochondrial function, DNA repair,
immune responses, autophagy, and stem cell
maintenance.

Integrating circadian biology with aging research
facilitates identification of novel biomarkers of
biological aging and therapeutic targets for age-
associated diseases. Understanding the interaction
between circadian rhythms and longevity pathways
will accelerate the development of precision
interventions that extend health span while delaying
chronic disease progression.

VII. FUTURE DIRECTIONS

Longitudinal Studies of Circadian Rhythms and
Healthy Lifespan

Long-term prospective studies are required to
determine how age-related circadian alterations
influence lifespan, health span, disease progression,
and mortality.

Such studies may identify early circadian biomarkers
capable of predicting biological aging and evaluating
the long-term effectiveness of circadian-based
interventions.?’

Advances in Circadian Pharmacology

Rapid progress in chrono pharmacology has led to the
development of drugs targeting circadian clock
components, including BMALI, CLOCK, REV-
ERBs, RORs, CRY proteins, and casein kinase 1
(CK1).
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Future circadian therapeutics may improve metabolic
disorders, neurodegenerative diseases, cardiovascular
diseases, cancer, and age-related immune dysfunction
through restoration of normal circadian oscillations.
Gene Editing and Precision Medicine

Emerging genome-editing technologies such as
CRISPR/Cas9 provide opportunities to correct
mutations affecting circadian clock genes.

Gene editing may restore circadian homeostasis,
improve metabolic regulation, reduce chronic
inflammation, and delay biological aging. Combined
with precision medicine approaches, circadian gene
therapy may become an important component of
future anti-aging interventions.

Societal and Public Health Implications

Circadian health extends beyond individual clinical
care and has important public health implications.
Educational campaigns promoting sleep hygiene,
healthy meal timing, physical activity, and appropriate
light exposure can improve population health.
Workplace policies minimizing chronic night-shift
work, flexible scheduling based on chronotype, and
urban planning that maximizes access to natural
daylight may collectively reduce circadian disruption
and improve healthy aging at the societal level.?®

VIII. CONCLUSION

The circadian clock is a fundamental regulator of
physiological homeostasis, coordinating sleep,
metabolism, endocrine function, immune responses,
mitochondrial activity, and cellular repair through
highly conserved molecular mechanisms. Growing
evidence demonstrates that aging is associated with
progressive deterioration of circadian rhythm
integrity, characterized by weakened clock gene
oscillations, impaired SCN function, disrupted
hormonal rhythms, and reduced responsiveness to
environmental zeitgebers.

Circadian dysregulation accelerates oxidative stress,
genomic instability, mitochondrial dysfunction,
chronic inflammation, impaired autophagy, and
cellular senescence, thereby contributing to numerous
age-related  diseases including cardiovascular
disorders, metabolic syndrome, neurodegeneration,
and cancer. Furthermore, circadian clocks interact
closely with key longevity pathways such as SIRTI,
AMPK, mTOR, FOXO, and mitochondrial Signalling,
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highlighting their central role in regulating both
lifespan and healthspan.?

Lifestyle interventions including optimized light
exposure, regular sleep schedules, time-restricted
feeding, caloric restriction, appropriately timed
physical exercise, and melatonin supplementation
have demonstrated considerable potential for restoring
circadian homeostasis and delaying biological aging.
In addition, advances in wearable biosensors, artificial
intelligence, chrono pharmacology, and gene-editing
technologies are opening new opportunities for
personalized circadian medicine and precision
healthy-aging strategies.

Future interdisciplinary  collaboration = among
researchers in  chronobiology,
pharmacology, genomics, artificial intelligence, and
public health will be essential for translating circadian
research into effective clinical applications. A
comprehensive understanding of circadian biology
will facilitate the development of innovative
therapeutic approaches that preserve physiological
function, prevent age-related diseases, extend health
span, and ultimately promote healthy longevity.3’

geroscience,

REFERENCES

[1] Balsalobre, A., C. D. Brown, J. E. Weitz, and S.
P. Shubina, "The role of the circadian clock in
aging and age-related diseases," Current
Biology, vol. 28, no. 3, pp. R116-R124, 2018.
doi: 10.1016/j.cub.2017.12.022.

[2] "Critical review of aging clocks and factors that
may influence their predictions," Frontiers in
Aging, 2024. [Online]. Available:
https://www.frontiersin.org/journals/aging/articl
es/10.3389/fragi.2024.1487260/full

[3] "The aging clock: Circadian rhythms and later
life," 2017.

[4] "Aging and circadian clock," 2023. [Online].
Available:
https://www.researchgate.net/publication/37672
7828 AGING_AND CIRCADIAN_ CLOCK

[5] "Circadian clock and aging," 2024.

[6] "Circadian rhythms and lung cancer in the
context of aging: A review of -current
knowledge," 2024.

[71 Circadian Rhythms in Ageing and Longevity.
Cham, Switzerland: Springer, 2024. [Online].
Available:

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 1610



© July 2026 | IJIRT | Volume 13 Issue 2 | ISSN: 2349-6002

https://link.springer.com/book/10.1007/978-3-
319-64543-8

[8] Froy, O., "The role of circadian rhythms in aging
and age-related diseases," Frontiers in Aging
Neuroscience, 2015. doi:
10.3389/fhagi.2015.00015.

[9] Laskar, A., and S. P. Chaudhary, "Role of
circadian clocks in aging and longevity,"
Biology, vol. 9, no. 1, Art. no. 5, 2020. doi:
10.3390/biology9010005.

[10] "Rebuildable biochronometer: Inferences and
hypothesis on eukaryotic timing system," arXiv
preprint, 2024. [Online]. Available:
https://arxiv.org/abs/2402.16271

[11] "Researchers compare artificial intelligence
'aging clocks' to predict health and lifespan,”
2024.

[12] Sleep and Clocks in Aging and Longevity. 2023.

[13] "The best time to drink coffee for longevity and
heart health, according to a new study," 2025.

[14] "The role of omega-3 in slowing the ageing
process," The Guardian, Feb. 3, 2025. [Online].
Available:
https://www.theguardian.com/science/2025/feb/
03/an-omega-3-dose-a-day-could-slow-ageing-
process-healthspan-trial-finds

[15] "Three simple longevity hacks found to slow
down ageing—and two are completely free,"
2025.

[16] "Un reloj epigenético muestra los beneficios del
omega 3 y el ejercicio para ralentizar el
envejecimiento," 2025.

LJIRT 206320 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 1611



