© March 2025 | IJIRT | Volume 11 Issue 10 | ISSN: 2349-6002

The Role of Circadian Rhythms in Healthy Aging and
Lifespan Regulation

Ms Anushwini Devanand Thingale,! Ms Sanjna Gopal Ghate?, Mr Banjara jitesh gotu®
Ms Sima K Tadvi*
L23student, NTVS'S Institute of Pharmacy Nandurbar. Dist Nandurbar
*Professor, NTVS’S Institute of Pharmacy Nandurbar. Dist Nandurbar

Abstract—Aging is associated with  numerous
physiological and behavioral changes, including
significant alterations in sleep timing, duration, and
quality. These changes are closely tied to the intricate
interaction between the circadian timing system and the
sleep-wake homeostatic system, which collectively
regulate sleep's timing, structure, and restorative
functions. The circadian timing system, primarily
governed by the hypothalamus's suprachiasmatic
nucleus (SCN), is highly sensitive to external
environmental cues such as light. However, with aging,
this system undergoes several modifications, including
reduced amplitude of circadian rhythms, phase advances
(earlier timing of biological rhythms), and diminished
responsiveness to zeitgebers, particularly light. These
changes contribute to common sleep disturbances in
older adults, such as insomnia, fragmented sleep,
reduced slow-wave sleep, and early morning awakenings.
Additionally, age-related circadian dysregulation is
associated with an increased risk of chronic conditions,
including metabolic disorders, cardiovascular disease,
immune dysfunction, and neurodegenerative conditions
such as Alzheimer's and Parkinson’s disease.
Disruptions in circadian regulation also influence mood
disorders, cognitive decline, and overall well-being. In
this review, we explore the key features of the human
circadian timing system, the mechanisms underlying
age-related circadian changes, and their broader
implications for sleep health, cognitive function, and
disease risk. A deeper understanding of these
interactions may pave the way for novel therapeutic
strategies, such as chronotherapy, light therapy,
melatonin supplementation, and lifestyle interventions,
to mitigate age-related sleep and circadian disruptions.
These approaches could ultimately enhance health span,
improve sleep quality, and promote overall well-being in
aging populations.
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I. INTRODUCTION

The circadian timing system is a fundamental
biological mechanism that regulates physiological,
behavioral, and molecular processes across a 24-hour
cycle. Governed by the central clock located in the
suprachiasmatic nucleus (SCN) of the hypothalamus
and synchronized by environmental cues such as light
and temperature, the circadian system ensures
temporal coordination of essential functions, including
the sleep-wake cycle, metabolism, hormone secretion,
and cellular repair. As humans age, this finely tuned
system undergoes profound changes, leading to
disruptions in circadian rhythms and their associated
processes.

One of the most prominent manifestations of age-
related circadian disruption is altered sleep patterns,
characterized by earlier sleep-wake timing (phase
advance), reduced sleep quality, increased sleep
fragmentation, and difficulty maintaining consolidated
sleep. These disruptions not only affect quality of life
but also exacerbate age-related health challenges,
including  metabolic  disorders, cardiovascular
diseases, and neurodegenerative conditions. Age-
related decline in the amplitude of circadian signals
reduced sensitivity to light as a zeitgeber, and altered
molecular clock gene expression have been implicated
in these changes

Understanding the interaction between circadian
rhythms and aging is critical for identifying
interventions to mitigate the adverse effects of
circadian disruption. This review explores the
fundamental features of the circadian timing system,
the specific changes observed with aging, and the
implications of these changes on sleep and overall
health, focusing on advancing therapeutic strategies to
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improve healthspan and well-being in aging
populations.

Definition

Biological processes that follow a 24-hour cycle.

Primary Function

Regulate sleep-wake cycles, feeding, hormone release, and body temperature.

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

Key Genes Clock, Bmall, Per, Cry, Rev-erh, 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 Health

Impacts sleep disorders, metabolic diseases, cancer, and mental health.

1. Circadian Rhythms: Mechanism and Function
Circadian rhythms are intrinsic, endogenously driven
cycles that regulate physiological, behavioral, and
molecular processes over 24 hours. These rhythms are
orchestrated by a central pacemaker located in the
suprachiasmatic nucleus (SCN) of the hypothalamus,
which synchronizes peripheral clocks present in nearly
all tissues and organs. The SCN is entrained by
external cues known as zeitgebers, with light being the
most potent. Light signals are transmitted via the
retinohypothalamic tract to the SCN, where they
regulate the expression of core clock genes, such as
Clock, Bmall, Per, and Cry. These genes form
transcription-translation feedback loops that drive
rhythmic expression of downstream target genes,
enabling the circadian system to regulate a wide array
of biological processes

At the molecular level, the circadian clock influences
critical functions, including sleep-wake cycles,
metabolism, hormone secretion, and immune
responses. This regulation ensures that physiological
processes are optimized to align with environmental
cycles, such as the light-dark cycle. For instance,
cortisol levels peak in the early morning to prepare the
body for wakefulness, while melatonin secretion rises
in the evening to facilitate sleep. Disruption of these
rhythms, whether due to aging, shift work, or chronic
diseases, can lead to adverse health outcomes,
including metabolic  syndrome, cardiovascular
diseases, and neurodegenerative disorders

Recent research highlights the circadian clock's role in
aging and longevity, with studies showing that the
robustness of circadian rhythms declines with age.
This decline is associated with reduced amplitude of
clock gene expression, weakened SCN signaling, and
decreased responsiveness to zeitgebers. These changes
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contribute to age-related disorders and underscore the

importance of maintaining circadian rhythm integrity

for healthspan and longevity.

% Circadian Clocks: Fundamental Mechanisms

1. Introduction to Circadian Clocks

e Definition: Circadian clocks are intrinsic
timekeeping systems that regulate physiological
and behavioral rhythms over a ~24-hour cycle.

* Importance: These clocks synchronize internal

processes with external environmental cues, such

as light and temperature.

Tips to maintain a healthy
sleep/wake cycle
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Il. MOLECULAR BASIS OF CIRCADIAN
CLOCKS

Core Clock Components:

v" CLOCK and BMALZ: Transcription factors that
form a heterodimer, initiating the circadian
transcriptional feedback loop.

v" PER (Period) and CRY (Cryptochrome):
Negative regulators that inhibit CLOCK-BMAL1
activity, completing the feedback loop.

e Secondary Loops:
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Regulation of metabolic and secondary processes
by REV-ERBs and RORs.

Coordination between primary and secondary
loops ensures robust circadian rhythms.

3. Transcription-Translation Feedback Loops (TTFLSs)

4.

[op)
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v
7.
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Positive Feedback Loop: CLOCK-BMAL1
activates the transcription of PER, CRY, and other
clock-controlled genes (CCGs).
Negative Feedback Loop: PER and CRY proteins
accumulate, dimerize, and translocate to the
nucleus to inhibit CLOCK-BMAL1 activity.
Post-Translational Modifications:
Phosphorylation, ubiquitination, and acetylation
regulate the stability and activity of clock proteins
(e.g., casein kinase 1 affects PER degradation).
Cellular and Systemic Coordination
Master Clock: The suprachiasmatic nucleus
(SCN) in the hypothalamus acts as the central
circadian pacemaker, receiving light input from
the retina.
Peripheral Clocks: Found in tissues and organs,
these maintain local rhythms in sync with the
master clock.
Communication:  Hormonal (e.g., cortisol,
melatonin) and neural signals coordinate systemic
circadian regulation.

. Environmental and Internal Inputs

Zeitgebers (Time Cues):

Light: The primary environmental cue, detected
by melanopsin-containing retinal ganglion cells.
Feeding, temperature, and social interactions also
act as secondary zeitgebers.

Entrainment: Adjustments to circadian rhythms
based on environmental cues to maintain
synchronization.

. Physiological Roles of Circadian Clocks

Regulation of:

Sleep-wake cycles.

Hormonal secretion (e.g., cortisol, melatonin).

Metabolic processes (e.g., glucose metabolism,

lipid synthesis).

Immune function and cellular repair.
Evolutionary Perspective

Circadian clocks are conserved across species,

from cyanobacteria to humans.

Adaptive  advantage:  Aligning  biological

functions with predictable environmental changes

enhances survival and efficiency.

I1l. AGING AND CIRCADIAN CLOCK
DYSREGULATION

Age-Associated Changes in Circadian Rhythms

Altered Sleep-Wake Cycles: As individuals age,
circadian rhythms often shift, leading to earlier
sleep onset and wake times. This advancement
can result in reduced total sleep duration and
fragmented sleep patterns, contributing to sleep
disturbances commonly observed in older adults.
Reduced Amplitude of Clock Gene Expression:
With aging, there is a decline in the amplitude of
circadian gene expression, leading to diminished
rhythmicity in various physiological processes.
This attenuation can disrupt the synchronization
of internal biological clocks with external
environmental cues, affecting overall health and
well-being.

Mechanisms Linking Circadian Clock Disruption to
Aging Processes

Oxidative Stress: Disruption of circadian rhythms
can lead to increased oxidative stress,
characterized by an imbalance between free
radicals and antioxidants. This imbalance results
in cellular damage, including lipid peroxidation,
protein oxidation, and DNA damage, all of which
accelerate the aging process and contribute to age-
related diseases.

DNA Damage: Circadian misalignment has been
associated  with  impaired DNA  repair
mechanisms. The resulting accumulation of DNA
damage can lead to cellular senescence, apoptosis,
or malignant transformation, all of which are
hallmarks of aging.

Cellular Senescence: Alterations in circadian
rhythms can induce cellular senescence, a state
where cells lose the ability to divide. Senescent
cells secrete pro-inflammatory cytokines and
other factors that contribute to tissue dysfunction
and the aging process.

IV. CIRCADIAN CLOCKS AND CELLULAR
PATHWAYS IN AGING

Impact on Key Aging-Related Pathways

Sirtuins (SIRT1): Regulation of Metabolic and
Stress Responses
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Sirtuins, particularly SIRT1, are NAD+-dependent
deacetylases that play a crucial role in regulating
metabolic processes and stress responses. Circadian
rhythms influence SIRT1 activity, which in turn
affects various metabolic pathways. Disruption of
circadian rhythms can lead to altered SIRT1 function,
contributing to metabolic dysregulation and aging.
e mTOR Pathway: Interaction with Circadian
Rhythms in Aging and Autophagy
The mechanistic target of rapamycin (mTOR) pathway
is a central regulator of cell growth and metabolism.
Circadian rhythms modulate mMTOR activity,
influencing processes such as autophagy, which is
essential for cellular maintenance and longevity.
Disruption of circadian rhythms can lead to
dysregulated mTOR signaling, impairing autophagic
processes and promoting aging.
e AMPK: Energy Regulation and Circadian Clock
Interplay
AMP-activated protein kinase (AMPK) serves as an
energy sensor, maintaining cellular energy balance.
Circadian rhythms influence AMPK activity, which in
turn affects metabolic pathways. Disruption of
circadian rhythms can lead to altered AMPK function,
contributing to metabolic disorders and aging.
e Role in Mitochondrial Function and Metabolic
Health
Circadian rhythms play a significant role in regulating
mitochondrial ~function and metabolic health.
Disruption of circadian rhythms can lead to
mitochondrial dysfunction, characterized by decreased
ATP production, increased reactive oxygen species
(ROS) generation, and impaired cellular metabolism.
This mitochondrial dysfunction contributes to aging
and age-related diseases.
e Epigenetic Regulation and Circadian Aging
Epigenetic modifications, such as DNA methylation
and histone modification, are influenced by circadian
rhythms and play a role in aging. Disruption of
circadian rhythms can lead to altered epigenetic
regulation, affecting gene expression patterns
associated with aging and age-related diseases.
Circadian rhythms, our body's internal 24-hour clocks,
play a pivotal role in regulating various physiological
processes. Disruptions to these rhythms have been
linked to aging and age-related diseases.
Understanding and leveraging circadian biology can
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offer novel approaches to promote healthy aging and
longevity.

V. CHRONOBIOLOGY-BASED
INTERVENTIONS FOR HEALTHY AGING

e Caloric Restriction: Timing of Feeding and
Fasting
Caloric restriction (CR) has been associated with
increased lifespan and improved healthspan. Aligning
feeding and fasting periods with circadian rhythms—
such as consuming food during the day and fasting at
night—can enhance metabolic health and activate
longevity pathways. This alignment may optimize the
body's natural processes, leading to better health
outcomes.
o Exercise:  Synchronization with  Circadian
Rhythms
Engaging in physical activity at times when the body
is naturally more alert and capable of exertion can
maximize benefits. Morning or early afternoon
workouts, for instance, may improve performance and
recovery, thereby supporting overall health and
potentially extending lifespan.
e Pharmacological Interventions: Melatonin and
Clock-Modulating Drugs
Melatonin, a hormone that regulates sleep-wake
cycles, has been studied for its potential anti-aging
effects. Supplementing with melatonin at appropriate
times can help synchronize circadian rhythms,
improve sleep quality, and may have antioxidant
properties that combat age-related cellular damage.
Additionally, research into other clock-modulating
drugs is ongoing, aiming to target circadian pathways
to promote longevity.
¢ Role of Light Exposure and Sleep Hygiene
e Light Exposure
Exposure to natural light during the day, especially in
the morning, helps regulate circadian rhythms,
enhancing alertness and mood. Conversely,
minimizing exposure to artificial light, particularly
blue light from screens, in the evening can improve
sleep quality and support the body's natural circadian
processes.
e Sleep Hygiene
Maintaining a consistent sleep schedule, creating a
restful sleep environment, and avoiding stimulants
before bedtime are essential for good sleep hygiene.
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These practices support circadian rhythms, leading to
better sleep quality, which is crucial for cellular repair
and overall health.
e Genetic and Epigenetic Manipulation of Clock
Genes
e  Genetic Manipulation
Advancements in gene editing technologies, such as
CRISPR, have opened possibilities for directly
modifying clock genes. By enhancing or correcting
circadian gene function, it may be possible to mitigate
age-related declines and promote longevity. However,
this area requires further research to understand the
long-term effects and safety.
e  Epigenetic Modulation
Epigenetic changes, which affect gene expression
without altering the DNA sequence, can influence
circadian rhythms. Lifestyle factors like diet and
exercise can induce epigenetic modifications that
enhance circadian function, potentially delaying aging
and improving healthspan.
Integrating these chronobiology-based interventions
into daily life offers promising avenues for promoting
healthy aging and extending lifespan. Ongoing
research continues to uncover the complex interactions
between circadian rhythms and aging, paving the way
for innovative strategies to enhance health and
longevity.

VI. STRATEGIES FOR RESTORING CIRCADIAN
RHYTHMS IN AGED INDIVIDUALS

e Light Exposure

Strategic light exposure can help realign circadian
rhythms. Morning sunlight exposure can advance the
sleep-wake cycle, while minimizing evening light,
especially blue light from screens, can prevent delays.
This approach has been effective in treating circadian
rhythm sleep disorders.

e Consistent Sleep Schedule

Maintaining regular sleep and wake times, even on
weekends, helps stabilize circadian rhythms. This
consistency supports better sleep quality and overall
health.

e Exercise Timing

Engaging in physical activity at times when the body
is naturally more alert and capable of exertion can
maximize benefits. Morning or early afternoon
workouts, for instance, may improve performance and
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recovery, thereby supporting overall health and
potentially extending lifespan.
e Meal Timing
Aligning meal times with circadian rhythms—such as
consuming food during the day and fasting at night—
can enhance metabolic health and activate longevity
pathways. This alignment may optimize the body's
natural processes, leading to better health outcomes.
Challenges in Clinical Translation
e Variability in Circadian Phases Among
Individuals
Circadian rhythms vary among individuals due to
genetic, environmental, and lifestyle factors.
Personalized approaches are necessary to account for
these differences when implementing interventions.
o  Adverse Effects of Clock-Modulating Therapies
Interventions like melatonin supplementation or light
therapy can have side effects, including headaches,
dizziness, or sleep disturbances. Careful consideration
and monitoring are essential to minimize risks.
Emerging Technologies
e Wearable Devices for Circadian Monitoring
Advancements in wearable technology allow for
continuous monitoring of circadian rhythms,
providing real-time data to tailor interventions
effectively. These devices can track sleep patterns,
light exposure, and activity levels, offering insights
into individual circadian profiles.*®
e  Al-Driven Personalized Chronotherapy
Artificial intelligence can analyze data from wearable
devices and other sources to develop personalized
chronotherapy plans. These Al-driven approaches can
optimize treatment timing and modalities based on
individual circadian rhythms, enhancing therapeutic
outcomes.
Integrating these strategies and technologies offers
promising avenues for promoting healthy aging and
extending lifespan. Ongoing research continues to
uncover the complex interactions between circadian
rhythms and aging, paving the way for innovative
strategies to enhance health and longevity.
Advancements in circadian biology have opened new
avenues for understanding aging and developing
interventions to promote longevity. Integrating
circadian rhythms into aging research holds significant
promise for enhancing healthspan and lifespan.
Integration of Circadian Biology with Aging Research
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Circadian rhythms influence various physiological
processes, including metabolism, sleep, and cellular
repair mechanisms. Disruptions in these rhythms have
been linked to age-related diseases and accelerated
aging. Integrating circadian biology into aging
research can provide insights into how maintaining
circadian harmony may delay aging and improve
health outcomes. 2

VII. FUTURE DIRECTIONS

e Longitudinal Studies on Circadian Rhythms and
Lifespan
Long-term studies are essential to understand the
impact of circadian rhythms on aging and lifespan.
Research has shown that age-related changes in
circadian rhythms, such as shifts in sleep patterns and
hormonal fluctuations, can influence aging processes.
Longitudinal studies can help identify early
biomarkers of aging and assess the effectiveness of
interventions aimed at restoring circadian rhythms.
e Advances in Circadian Pharmacology and Gene
Editing
Recent developments in pharmacology and gene
editing offer potential therapeutic strategies for aging.
Pharmacological interventions targeting circadian
pathways, such as melatonin supplementation, have
shown promise in improving sleep and metabolic
health. Gene editing technologies, like CRISPR, may
enable the correction of circadian gene mutations,
potentially delaying aging and preventing age-related
diseases.
e Societal and Policy Implications for Circadian
Health
Promoting circadian health has broader societal and
policy implications. Public health initiatives can focus
on educating communities about the importance of
circadian rhythms in aging and health. Workplace
policies that consider circadian principles, such as
flexible work hours and minimizing night shifts, can
enhance employee well-being and productivity.
Additionally, urban planning that incorporates natural
light exposure and green spaces can support circadian
health at the community level.
In summary, integrating circadian biology into aging
research, conducting longitudinal studies, advancing
pharmacological and genetic interventions, and
considering societal impacts are crucial steps toward
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harnessing circadian rhythms to promote healthy aging
and longevity.

VIII. CONCLUSION

The role of circadian clocks in aging is becoming

increasingly evident as research continues to uncover

the intricate links between disrupted circadian rhythms
and age-related diseases. Key findings suggest that:

e Circadian Rhythms and Aging: Age-related
changes in circadian rhythms, including disrupted
sleep patterns and diminished clock gene
expression, contribute significantly to aging and
associated health decline.

e Mechanisms Linking Circadian Disruption to
Aging: Disruptions in circadian clocks lead to
oxidative stress, DNA damage, and cellular
senescence, all of which accelerate aging
processes.

e Impact on Cellular and Metabolic Pathways:
Circadian clocks influence vital aging-related
pathways, such as sirtuins, mTOR, and AMPK,
which regulate metabolism, stress responses, and
mitochondrial function.

Potential Pathways to Enhance Longevity through

Circadian Regulation

e Chronobiology-Based Interventions:  Caloric
restriction, exercise, and pharmacological
interventions like melatonin can optimize
circadian rhythms, promoting healthy aging.

e Light Exposure and Sleep Hygiene: Proper light
exposure and consistent sleep schedules can
synchronize circadian rhythms and improve
overall health, potentially delaying aging.

e Emerging Technologies: Wearable devices for
circadian monitoring and Al-driven personalized
chronotherapy offer innovative solutions for
individualized interventions to maintain circadian
health and enhance longevity.

> Call for Interdisciplinary Research and Innovation
To fully harness the potential of circadian biology in
aging research, interdisciplinary collaboration is
essential. Researchers from fields such as genetics,
pharmacology, technology, and public health must
work together to refine circadian-based therapies and
strategies. Moreover, continuous advancements in
gene editing, pharmacology, and wearable technology
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hold immense potential for revolutionizing aging

interventions.

Ultimately, a comprehensive understanding of

circadian regulation, along with innovative strategies

for its optimization, could pave the way for

groundbreaking therapies that promote healthier aging

and extended lifespans.

e Summary of key findings on the role of circadian
clocks in aging.

e Potential pathways to enhance longevity through
circadian regulation.

e  Call for interdisciplinary research and innovation.
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