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behavior through a multi-level regulatory network to maintain health and homeostasis. Aging is typically accompanied by
progressive deterioration of this circadian system, characterized by functional decline of the suprachiasmatic nucleus (SCN)
and disrupted clock synchrony across tissues. A key insight is the bidirectional nature of this relationship—circadian
disruption not only results from aging but also actively accelerates it while promoting the development of multiple age-related
diseases, including neurodegenerative, cardiovascular, metabolic, and respiratory disorders. This review examines the
molecular regulatory mechanisms of circadian rhythms, their characteristic alterations during aging, and their functional links
to age-related pathologies. The circadian system operates hierarchically: the SCN serves as the master pacemaker, integrating
environmental light signals and synchronizing peripheral oscillators primarily through neural and humoral pathways. At the
cellular level, oscillations arise from transcriptional/translational feedback loops (TTFLs) involving core clock genes
(BMALI1, CLOCK, PER, CRY) and auxiliary loops (REV-ERBs, RORs), with post-translational modifications ensuring precise
24-hour timing. Aging significantly compromises this architecture: the SCN undergoes neuronal loss, reduced firing
amplitude, impaired intercellular coupling, and diminished light sensitivity. These changes collectively weaken behavioral
rhythms while disrupting signaling to peripheral tissues, with disruption of behavioral rhythms and autonomic function further
exacerbating central-peripheral desynchronization. Circadian disruption accelerates aging through interconnected
mechanisms, including hormonal imbalances, chronic inflammation, metabolic disturbances, and oxidative stress. These
processes collectively drive cellular senescence and DNA damage, forming a vicious cycle that progressively erodes tissue
homeostasis. Accumulating evidence links these mechanisms to major age-related diseases. In neurodegenerative disorders,
clock dysfunction exacerbates protein aggregation, neuroinflammation, and impaired waste clearance. In cardiovascular and
metabolic diseases, circadian misalignment disrupts blood pressure rhythms, platelet aggregation, ion channel expression, and
hepatic metabolism. Respiratory conditions similarly exhibit circadian vulnerability due to clock-controlled inflammation and
tissue remodeling. Understanding these interactions provides a rationale for chronotherapeutic interventions—including timed
light exposure, consistent sleep-wake schedules, time-restricted eating, and optimized drug timing—which may mitigate age-
related decline. Future research should elucidate the spatiotemporal progression of clock disruption during aging and its
interplay with key aging pathways, while leveraging artificial intelligence and wearable technologies to advance personalized
chronotherapy and extend healthspan.

Research advances on the mechanisms of circadian rhythms

in aging and age-related diseases
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Figure 1 Multi-level regulatory network of the circadian system

This figure outlines the core regulatory architecture of the circadian system. The SCN, as the central pacemaker, receives
environmental signals and synchronizes peripheral clocks primarily through two direct pathways: neural and humoral. Additionally,
circadian rhythms are calibrated by body temperature cycles, rest-activity cycles, and feeding-fasting cycles. Cells rely on
transcriptional/translational feedback loops (TTFLs) to generate molecular oscillations, with the core mechanism involving the
BMALI1/CLOCK heterodimer activating the transcription of PER and CRY. The PER/CRY complex then translocates to the nucleus
to inhibit BMAL1/CLOCK activity, forming a negative feedback loop. Auxiliary loops involving REV-ERBs and RORs further
stabilize the oscillation. Thus, the circadian system is a precisely regulated network, orchestrated by a central pacemaker,
synchronized through multi-system entrainment pathways, and executed at the cellular level via molecular oscillators. This integrated
network ensures the dynamic alignment of physiological activities with the environmental cycle.
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Table 1 Summary of key studies on the effects of aging on the circadian system
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Figure 2 Impact of aging on the circadian system

The circadian system relies on the retina to perceive light signals and transmit them to the SCN in the hypothalamus. As the master
clock, the SCN coordinates peripheral clocks and is regulated by zeitgebers such as feeding, exercise, and sleep, maintaining the
synchronization between endogenous rhythms and the external environment. Its molecular basis consists of transcriptional/
translational feedback loops formed by clock genes such as BMALI, CLOCK, PER, and CRY and their protein products. However,
during aging, the structure and function of the SCN degenerate, and its ability to coordinate peripheral clocks through neural and
humoral signals declines. Coupled with the disruption of behavioral rhythms such as feeding and sleep, the desynchronization
between central and peripheral clocks is exacerbated. At the molecular level, SIRT1 and AMPK are activated during energy
deficiency and interfere with the core clock feedback loop, leading to metabolic disorders. Overall, aging systematically weakens the
overall function of the circadian clock, resulting in circadian rhythm disruption in the organism.
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Table 2 Summary of key studies on circadian disruption accelerating aging
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Figure 3 Circadian disruption accelerates aging

This figure systematically illustrates how circadian disruption accelerates the aging process through five core mechanisms and reveals
the intrinsic connections among these mechanisms. As shown in the figure, circadian disruption, as the initiating factor,
simultaneously triggers hormonal imbalances and metabolic disorders; these two further activate oxidative stress and inflammatory
responses through complex signaling pathways. Oxidative stress and inflammatory responses in turn form a mutually reinforcing
vicious cycle. Ultimately, these pathophysiological changes collectively act at the cellular level, converging on the terminal step of
cellular senescence, and synergistically drive the acceleration of organismal aging and the occurrence of related diseases.
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Table 3 Summary of studies linking circadian disruption to aging-related diseases and their underlying

mechanisms
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Figure 4 Pathophysiological links between circadian rhythm disruption and aging-related diseases

The disruption of the circadian system (represented by the central clock) drives or exacerbates the onset and progression of various
aging-related diseases by affecting common pathophysiological pathways, including neurovascular function, inflammatory responses,
metabolic regulation, and oxidative stress. As illustrated in the figure, it exhibits established pathological associations with six major
categories of diseases: neuropsychiatric diseases (e.g., Alzheimer's disease), cardiovascular diseases (e.g., ischemic heart disease),
metabolic diseases (e.g., type 2 diabetes), respiratory diseases (e.g., chronic obstructive pulmonary disease), liver diseases (e.g.,
metabolic dysfunction-associated steatotic liver disease), and systemic inflammation. This schematic diagram synthesizes key
evidence from recent relevant studies and aims to illustrate the important role of circadian stability in delaying aging and related
diseases, as well as to highlight its clinical value as a potential intervention target.
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