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ABSTRACT

The circadian rhythm governs essential physiological processes, including glucose metabolism, insulin
secretion, and energy homeostasis. Emerging research reveals that disruptions in circadian rhythms, whether
due to shift work, sleep disturbances, or irregular eating patterns, contribute to impaired glycemic control and
heightened risk of type 2 diabetes mellitus (T2DM). Chrononutrition, a field exploring the timing, frequency,
and regularity of food intake—has gained recognition for its role in modulating glycemic responses. Aligning
eating patterns with endogenous circadian clocks appears to enhance insulin sensitivity, optimize pancreatic [3-
cell function, and reduce postprandial glycemic excursions. This review discusses the molecular and
physiological links between circadian biology and glucose regulation, highlights the implications of
chrononutrition strategies in preventing and managing T2DM, and provides insights into therapeutic
applications. Ultimately, integrating circadian biology into dietary recommendations represents a promising
frontier for precision nutrition in metabolic health.
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INTRODUCTION
The regulation of blood glucose is one of the most tightly controlled physiological processes, requiring the
synchronized action of pancreatic hormones, hepatic metabolism, and peripheral tissue glucose uptake.
Traditionally, research in glucose homeostasis has emphasized the roles of insulin secretion, insulin sensitivity,
and dietary composition[17]. However, increasing evidence suggests that when we eat is equally important as
what and how much we eat. This recognition stems from the discovery that glucose metabolism is under circadian
regulation, orchestrated by endogenous molecular clocks that coordinate physiological functions across multiple
tissues[27].
The circadian rhythm is a near-24-hour cycle generated by a transcriptional-translational feedback loop
involving core clock genes, including CLOCK, BMALTI, PER, and CRY. These genes drive rhythmic oscillations
in cellular functions that align with the external light-dark cycle. While the central pacemaker located in the
suprachiasmatic nucleus (SCN) of the hypothalamus synchronizes with environmental light cues, peripheral
clocks in metabolic tissues such as the pancreas, liver, skeletal muscle, and adipose tissue exhibit autonomous
rhythmicity[8, 47]. Importantly, these peripheral clocks are entrained not only by light but also by feeding-
fasting cycles. Thus, the circadian system is an intricate network that integrates environmental signals to
regulate energy balance and glucose handling.
Disruptions in circadian alignment, commonly observed in modern societies due to night-shift work, jet lag, or
irregular eating schedules, lead to misalignment between central and peripheral clocks. Such misalignment
exerts deleterious effects on glucose regulation, contributing to insulin resistance, impaired -cell function, and
increased glycemic variability[5, 67. Clinical studies demonstrate that shift workers are at significantly greater
risk of developing T2DM and obesity, underscoring the translational relevance of circadian biology.
Chrononutrition has emerged as an innovative discipline focusing on the temporal aspects of eating. Unlike
traditional nutritional science that prioritizes caloric content and macronutrient composition, chrononutrition
investigates how meal timing, frequency, and distribution across the day affect metabolism[7, 87. Early evidence
suggests that consuming the majority of daily energy intake earlier in the day, when insulin sensitivity is
naturally higher, results in improved glycemic control compared to late-night eating. This aligns with
evolutionary principles, as human physiology is adapted for diurnal activity and nocturnal rest, with food intake
optimally processed during daylight hours[8, 97.

33


http://www.idosr.org/
https://doi.org/10.59298/IDOSRJAS/2025/102.3338

www.ldosr.org Atukunda, 2025
Molecular studies reinforce this concept by demonstrating time-of-day differences in glucose tolerance. Insulin
secretion follows circadian oscillations, with peak responsiveness in the morning and diminished activity in the
evening. Similarly, hepatic glucose production is higher at night, preparing the body for fasting during sleep,
while muscle insulin sensitivity declines in the evening[ 107. These oscillations collectively explain why identical
meals elicit greater postprandial hyperglycemia when consumed at night compared to the morning. Beyond
daily rhythms, prolonged eating across extended windows has also been implicated in metabolic dysfunction.
Time-restricted feeding (TRF), an intervention that confines food intake to specific daily windows without
necessarily reducing calories, has been shown in both animal and human studies to improve insulin sensitivity,
lower fasting glucose, and promote weight loss[117]. TRF restores synchronization between feeding rhythms
and circadian clocks, thereby mitigating metabolic disturbances.

Furthermore, genetic variations in circadian clock genes influence glycemic regulation. Polymorphisms in
CLOCK and BMALI1 genes are associated with altered insulin resistance, obesity, and T2DM susceptibility[[127].
These findings suggest that personalized dietary interventions considering genetic and chronobiological factors
may optimize metabolic outcomes. Despite accumulating evidence, challenges remain in translating
chrononutrition principles into public health recommendations. Human lifestyles are increasingly constrained
by work schedules, social obligations, and cultural practices that may hinder strict adherence to circadian-
friendly eating patterns[127]. Additionally, long-term randomized clinical trials investigating the impact of
chrononutrition on T2DM prevention are limited. Nevertheless, the integration of circadian science into
nutrition represents a paradigm shift with far-reaching implications for diabetes management and metabolic
health[[187. This review aims to synthesize current evidence linking circadian rhythm and chrononutrition with
glycemic regulation. It explores the molecular mechanisms underlying circadian control of glucose metabolism,
evaluates clinical evidence supporting the metabolic benefits of aligned eating, and discusses therapeutic
implications for individuals with or at risk of T2DM. By doing so, it underscores the necessity of incorporating
time as a critical dimension in nutritional strategies for metabolic disease prevention and treatment.
Molecular Basis of Circadian Control in Glucose Metabolism

Circadian rhythms are fundamental regulators of glucose metabolism, acting through an intricate interplay
between central and peripheral clocks. The central pacemaker, located in the suprachiasmatic nucleus (SCN) of
the hypothalamus, receives light cues from the retina and generates rhythmic signals that synchronize
peripheral clocks distributed across metabolic tissues[147]. These signals are transmitted via the autonomic
nervous system, hormonal release, and body temperature oscillations. Peripheral oscillators, in turn, align local
cellular processes to optimize energy balance and nutrient handling. Together, this hierarchical system ensures
that glucose production, storage, and utilization occur at times most advantageous to the organism’s daily
activity-rest cycle[157].

In the pancreas, circadian clocks are essential for regulating insulin secretion. Core clock components such as
BMAL1 and CLOCK drive rhythmic expression of genes involved in insulin synthesis and vesicular trafficking.
Experimental models demonstrate the importance of these rhythms: mice lacking Bmal1 in pancreatic B-cells
exhibit impaired insulin release and develop severe glucose intolerance. Similarly, disruption of Rev-erba,
another circadian transcription factor, alters insulin exocytosis[167]. These findings highlight that B-cell clocks
not only regulate basal insulin secretion but also fine-tune responses to postprandial glucose surges, thereby
maintaining glucose homeostasis. The liver, a central hub for glucose production and storage, also relies heavily
on circadian clocks. Hepatic glucose output through gluconeogenesis and glycogenolysis displays robust daily
oscillations[177]. Enzymes such as phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase
are rhythmically expressed, peaking during the rest phase to sustain fasting blood glucose levels. When feeding
occurs at inappropriate times, such as during the nocturnal phase in humans, hepatic clocks become misaligned,
resulting in excessive glucose output and fasting hyperglycemia. Animal studies confirm that restricted feeding
schedules can reset hepatic rhythms, underscoring the entrainment of liver metabolism to feeding-fasting
cycles[187].

Skeletal muscle, a primary site of insulin-stimulated glucose disposal, exhibits circadian regulation of glucose
uptake. Muscle clocks modulate expression of the glucose transporter GLUT4 and genes involved in oxidative
phosphorylation. Peak insulin sensitivity in muscle typically occurs during the active phase, aligning with higher
physical activity levels. Disruption of muscle-specific clock genes impairs GLUT4 translocation and reduces
insulin responsiveness, contributing to systemic insulin resistance[197]. These findings underscore that
circadian timing influences not only insulin secretion but also peripheral tissue glucose uptake. Adipose tissue
adds another critical dimension to circadian regulation of glucose metabolism. Adipocytes secrete hormones
such as leptin and adiponectin in a rhythmic fashion. Leptin, which signals satiety and regulates energy intake,
peaks during the night, while adiponectin, which enhances insulin sensitivity, shows diurnal fluctuations that
correlate with insulin action[207]. Misalignment of adipose tissue clocks leads to altered lipid mobilization,
ectopic fat deposition, and subsequent impairment of insulin sensitivity in peripheral tissues. Moreover, adipose
clocks regulate inflammatory pathways that indirectly influence glycemic control, linking circadian disruption
to obesity-induced insulin resistance[207].

At the molecular level, the circadian clock operates through transcriptional-translational feedback loops. The
CLOCK-BMALI complex activates transcription of PER and CRY genes, whose protein products inhibit
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CLOCK-BMALL activity, forming a negative feedback loop. Additional regulators, including Rev-erba/f3 and
RORa/y, control oscillations in metabolic gene expression[217]. These loops interact with nutrient-sensing
pathways such as AMP-activated protein kinase (AMPK), sirtuins, and mTOR, integrating energy status with
circadian timing. This ensures that nutrient metabolism is tightly coordinated with environmental cues.
Collectively, circadian rhythms in the pancreas, liver, muscle, and adipose tissue form a synchronized network
that maintains glycemic control. Disruption at any level whether by genetic alterations, irregular sleep, or
misaligned feeding leads to systemic metabolic dysfunction[227]. Understanding these molecular underpinnings
provides the foundation for chrononutrition strategies that seek to realign eating behaviors with biological time
to optimize glucose homeostasis.

Chrononutrition and Glycemic Control: Clinical Evidence

The concept of chrononutrition has gained momentum as evidence accumulates that the timing of food intake
significantly affects glycemic outcomes. Clinical studies reveal that identical meals can produce markedly
different glycemic responses depending on when they are consumed, highlighting the importance of aligning
eating patterns with circadian rhythms[237. This section reviews the growing body of human evidence
demonstrating how meal timing, frequency, and distribution influence glucose metabolism.

One of the most consistent findings is the advantage of consuming a larger proportion of daily calories earlier
in the day. In randomized controlled trials, participants who consumed a high-calorie breakfast followed by
progressively smaller meals achieved improved fasting glucose, reduced insulin resistance, and enhanced weight
loss compared to individuals with the reverse meal distribution[247]. Morning energy intake is associated with
greater insulin sensitivity and more efficient glucose disposal, whereas late-evening meals coincide with reduced
B-cell responsiveness and diminished insulin action, leading to exaggerated postprandial glycemic excursions.
The detrimental effects of late-night eating have been extensively documented. Observational studies
consistently show associations between nocturnal food intake and increased risk of obesity, insulin resistance,
and T2DM. Experimental studies support these observations: healthy individuals consuming identical meals at
night exhibit higher postprandial glucose and insulin levels compared to morning intake[257]. This phenomenon
is attributable to both reduced pancreatic insulin secretion and impaired peripheral glucose uptake in the
evening, consistent with circadian patterns of metabolic function.

Time-restricted feeding (TRF) provides additional evidence for the role of chrononutrition in glycemic
regulation. TRF involves limiting food intake to specific daily windows, typically 8—10 hours, while maintaining
overnight fasting. Importantly, TRF can improve glycemic outcomes without necessarily reducing total caloric
intake[267]. Early TRF, where meals are confined to morning and early afternoon, has been particularly effective
in lowering fasting glucose, improving insulin sensitivity, and reducing blood pressure. Studies in individuals
with prediabetes demonstrate that early TRF improves P-cell responsiveness and lowers oxidative stress
markers, even in the absence of weight loss[267. In contrast, late TRF, where food intake is shifted to afternoon
and evening hours, provides limited benefits and may even exacerbate glycemic variability. This distinction
underscores the necessity of aligning eating windows with endogenous circadian rhythms rather than simply
reducing eating duration. Furthermore, TRF interventions appear to be sustainable in free-living populations,
although adherence varies depending on occupational and social constraints[27 .

Patients with T2DM represent a particularly relevant group for chrononutrition interventions. Clinical trials
demonstrate that shifting caloric intake to earlier in the day or implementing early TRF significantly improves
HbA1c, reduces glycemic variability, and enhances insulin sensitivity in diabetic individuals[ 287. These effects
are observed independently of weight loss, indicating that meal timing exerts metabolic effects beyond energy
balance. Moreover, aligning medication timing with meal schedules may further enhance therapeutic outcomes,
suggesting potential synergy between chrononutrition and pharmacological treatment[[287.

Despite encouraging results, barriers to adoption remain. Social norms, late work hours, and cultural practices
often promote evening eating, limiting the feasibility of chrononutrition strategies. Additionally, long-term
adherence has not been fully assessed, and most studies are of relatively short duration. Larger, long-term
randomized controlled trials are needed to confirm benefits across diverse populations and to evaluate potential
risks of restrictive eating schedules[297. Nevertheless, the current evidence strongly supports the idea that
glycemic control is optimized when meals are consumed earlier in the day and within restricted time windows
aligned with circadian rhythms. Chrononutrition therefore represents a promising adjunct to conventional
dietary and pharmacological interventions in the prevention and management of T2DM.

Therapeutic Implications and Future Perspectives

The integration of circadian science into clinical nutrition represents a transformative opportunity for the
management of glycemic disorders. As the prevalence of T2DM continues to rise globally, identifying cost-
effective and sustainable interventions is an urgent priority. Chrononutrition focusing on the timing, frequency,
and regularity of meals—offers a promising avenue to complement existing therapeutic strategies and
potentially prevent disease onset in at-risk individuals[30-327. One of the most compelling implications of
chrononutrition lies in its ability to augment pharmacological therapies. For patients with T2DM, timing of
food intake can influence the efficacy of oral hypoglycemics and insulin therapy. For example, aligning meal
timing with peak insulin sensitivity periods may reduce the required dose of medications and minimize side
effects such as hypoglycemia. Moreover, interventions like early time-restricted feeding (TRI) can improve
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glycemic control independent of calorie restriction, providing a non-pharmacological approach that is accessible
and scalable[ 33, 347].
Personalization is critical for successful translation of chrononutrition into clinical practice. Individual
differences in chronotype whether a person is a “morning” or “evening” type—modulate responses to meal
timing. Evening chronotypes, for instance, are more likely to engage in late-night eating and exhibit higher risk
of metabolic disease. Identifying individual circadian preferences through questionnaires, actigraphy, or
molecular biomarkers may allow for tailored nutritional interventions. Furthermore, genetic polymorphisms in
clock genes such as CLOCK, BMALI, and PERS influence susceptibility to insulin resistance and obesity,
suggesting that precision chrononutrition may one day be guided by genetic profiling[357.
Technology will play a pivotal role in advancing this field. Continuous glucose monitoring (CGM) devices can
provide real-time feedback on glycemic responses to different meal timing strategies, while wearable devices can
track sleep, activity, and circadian rhythms. Integrating these data streams with artificial intelligence could yield
personalized recommendations that dynamically adjust to individual needs and lifestyles[867. Such digital
health platforms may facilitate adherence and long-term engagement with chrononutrition interventions.
From a public health perspective, chrononutrition has potential to reduce disease burden at the population level.
Shift workers, who experience chronic circadian misalignment due to irregular work schedules, are particularly
vulnerable to T2DM and obesity. Implementing workplace interventions, such as structured meal timing
aligned with circadian principles, could mitigate these risks[377]. Educational campaigns promoting earlier
eating and reducing nighttime snacking may also foster cultural shifts toward circadian-friendly dietary
practices. Despite its promise, chrononutrition research is still in its infancy. Key gaps include the need for large-
scale, long-term randomized controlled trials to establish efficacy across diverse populations, including children,
older adults, and individuals with comorbidities. Additionally, more mechanistic studies are required to
understand how chrononutrition interacts with gut microbiota, which itself exhibits circadian oscillations and
plays a role in glucose metabolism[ 387. Exploring how diet timing influences microbial diversity and metabolite
production could uncover novel therapeutic targets.
Future perspectives also include integrating chrononutrition with other lifestyle interventions such as exercise
and sleep optimization. Physical activity has circadian-dependent effects on insulin sensitivity, and
synchronizing exercise and eating schedules may maximize metabolic benefits. Likewise, ensuring adequate and
regular sleep reinforces circadian alignment, amplifying the positive effects of meal timing[897. Ultimately,
chrononutrition represents a paradigm shift in the management of glycemic disorders. By acknowledging time
as a critical dimension of nutrition, healthcare providers can deliver more holistic and effective interventions.
Collaboration among nutritionists, endocrinologists, chronobiologists, and behavioral scientists will be essential
for translating these insights into practice. If effectively implemented, chrononutrition has the potential not only
to improve glycemic regulation but also to redefine preventive strategies for metabolic health worldwide[ 397
CONCLUSION
Circadian rhythms profoundly influence glycemic regulation through coordinated control of pancreatic, hepatic,
muscular, and adipose functions. Disruptions in circadian alignment, driven by modern lifestyle factors such as
irregular eating and shift work, are strongly linked to insulin resistance and T2DM. Chrononutrition offers a
promising approach to mitigate these risks by synchronizing food intake with circadian biology. Evidence
supports strategies such as early time-restricted feeding and front-loaded caloric distribution for optimizing
glycemic outcomes. While challenges remain in terms of adherence and personalization, ongoing research
continues to strengthen the case for incorporating circadian considerations into dietary guidelines. As the global
prevalence of T2DM rises, circadian-informed nutrition provides an innovative and accessible tool for improving
metabolic health and preventing disease progression.
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