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Figure 1 Circadian changes in cellular structure (created with Biorender.com)
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Figure 2 Circadian changes at the tissue level in mammals (created with Biorender.com)
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Figure 3 Rhythmic adaptive changes in the movement of retinal photoreceptor cells (created using Biorender.com)
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The Earth’s rotation imposes a predictable cycle of light and darkness, driving the evolution of endogenous circadian
clocks that temporally align internal biological processes with environmental fluctuations. This intrinsic timekeeping
system is remarkably conserved across taxa—from unicellular microorganisms to complex vertebrates—and governs a
broad array of physiological and behavioral functions. Circadian rhythms represent a fundamental evolutionary adaptation,
enabling organisms to anticipate periodic environmental changes and optimize their biological responses accordingly.
These rhythms are expressed across multiple organizational scales, from gene expression and subcellular architecture to
tissue-level coordination and organismal behavior, reflecting the sophisticated temporal regulation inherent in living
systems.

At the tissue level, circadian organization is hierarchical. The central pacemaker, located in the suprachiasmatic nucleus
(SCN) of the hypothalamus, is entrained by photic signals from the retina, aligning the internal clock with the external
light-dark cycle. The SCN synchronizes peripheral clocks found in nearly all tissues via neural and endocrine pathways,
peripheral clocks further integrate local cues—including nutrient availability and physical activity—to fine-tune tissue-
specific timing.

Within individual cells, circadian rhythms govern a range of subcellular processes. Membranous organelles such as
mitochondria exhibit rhythmic modulation of energy production, while the endoplasmic reticulum undergoes circadian
changes in protein folding and trafficking. Moreover, membrane-less organelles—like nucleoli, stress granules, and
processing bodies—undergo rhythmic assembly and disassembly, implicating phase separation in the temporal regulation
of RNA metabolism and protein homeostasis.

At the molecular level, circadian rhythms are generated by a transcription-translation feedback loop (TTFL) involving
core clock genes such as Clock, Bmall, Per, and Cry. This molecular circuitry not only establishes cellular thythmicity but
also interfaces with signaling pathways and metabolic networks to orchestrate temporal regulation at higher organizational
levels.

Circadian disruption—caused by genetic mutations or modern lifestyle factors such as sleep deprivation, irregular eating
schedules, shift work, or chronic jet lag—can lead to extensive physiological dysregulation. Misalignment between internal
clocks and environmental cues is associated with a broad spectrum of health conditions, including metabolic disorders,
cardiovascular disease, neurodegenerative disorders, cancer, and immune dysfunction. These pathologies often stem from
disturbances in circadian regulation of critical cellular processes such as DNA repair, oxidative stress response, cell cycle
control, and inflammatory signaling.

This review provides a comprehensive synthesis of circadian rhythm biology, emphasizing the critical importance of
cross-scale integration—from molecular mechanisms to systemic physiology. We begin by examining the structural and
functional organization of the core molecular clock and its regulatory dynamics. Next, we explore circadian regulation at
the cellular level, focusing on how intracellular processes and organelle functions are temporally controlled. We then
evaluate tissue-level coordination, highlighting the interplay between clocks across different organs and their collective
contribution to systemic homeostasis. Further, we discuss the role of circadian misalignment in disease pathogenesis.
Finally, we highlight emerging therapeutic strategies that leverage circadian principles, including chronotherapy, lifestyle
modifications, and the targeted timing of molecular interventions. By integrating insights across biological scales, this
review aims to foster a deeper understanding of how temporal regulation influences health and disease.

circadian clock, rhythm of cell, rhythm of tissue, circadian disorder
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