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Abstract 

The global prevalence of type 2 diabetes continues to rise at an alarming pace, challenging existing 

strategies for disease prevention and management. Beyond traditional risk factors, increasing 

evidence indicates that glucose metabolism is temporally regulated by the body’s 24-hour biological 

clock and oscillates based on the time of day. Disturbances of the circadian clock function are linked 

to impairments in glucose homeostasis and increased risk of obesity and diabetes. This review 

explores the intricate relationship between the circadian system and glucose homeostatic control. We 

begin with an introduction to the hierarchical organization of the circadian system. Next, we examine 

the role of the circadian clock in regulating organs and tissues that are involved in glucose 

metabolism, i.e., the pancreas, skeletal muscles, the liver and adipose tissue. We next review evidence 

that supports the involvement of circadian disturbances in the pathogenesis of diabetes. Finally, we 

discuss chronotherapy and its potential application in clinical intervention of diabetes. As type 2 

diabetes becomes increasingly common worldwide, understanding how the body’s internal clock 

shapes this disease may open new and powerful opportunities for its prevention and treatment. 

Keywords: circadian rhythm; diabetes; glucose metabolism; glycemic control 

 

1. Introduction 

Diabetes mellitus is a disorder of carbohydrate, fat and protein metabolism and is characterized 

by persistent hyperglycemia. It is broadly classified into type 1 diabetes, type 2 diabetes, gestational 

diabetes, and other specific forms such as monogenic and secondary diabetes. Type 1 diabetes results 

from autoimmune destruction of pancreatic β-cells, leading to absolute insulin deficiency, whereas 

type 2 diabetes is characterized by insulin resistance combined with progressive β-cell dysfunction. 

Gestational diabetes occurs during pregnancy and is associated with both short- and long-term 

metabolic consequences for the mother and offspring. Clinically, patients are diagnosed with diabetes 

mellitus by fasting blood glucose (FBG) of ≥7.0 mmol/l (126 mg/dl); random blood glucose (RBG) 

≥11.1 mmol/l (200 mg/dl) or 2 hours after oral glucose tolerance test (OGTT) [1]. 

The increasing prevalence of diabetes mellitus is becoming a worldwide health problem. In 2017, 

it was reported that about 451 million people across the world had diabetes, with a projected increase 

to 693 million by 2045 [2]. As of 2021, the worldwide prevalence had increased to approximately 537 

million worldwide with projections of over 800 million cases by 2045. In the U.S., 1.2 million people 

are diagnosed with diabetes each year and 11.6 million people were reported to be living with 

diabetes as of 2023. Several risk factors have been a�ributed to the increasing prevalence of diabetes, 

which include excessive smoking, poor nutrition, sedentary lifestyle, and circadian disruption. 

Maintenance of normal circadian rhythms is crucial for sustaining a healthy life. Hence, aberrant light 
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exposure such as light at night, irregular work schedules or frequent travels across time zones may 

disrupt the circadian system leading to desynchronization of circadian rhythm and increase the risk 

for type 2 diabetes mellitus. In recent years, studies have revealed disruption of the circadian system 

as a predominant risk factor in the modern world. For instance, approximately 20% of the workforce 

is involved in shift work, while 33% of individuals report ge�ing less than 6 hours of sleep [3], and 

up to 69% of people suffer jetlag [4]. Notably, shiftwork alone was reported to increase the 

susceptibility of developing type 2 diabetes mellitus by 10 to 40-fold [5]. This review focuses on type 

2 diabetes, which accounts for over 90% of diabetes cases worldwide and is closely linked to 

modifiable factors such as obesity, lifestyle, and circadian disruption, making it a critical target for 

mechanistic investigation and therapeutic intervention. We discuss recent advances in the circadian 

regulation of glucose metabolism and their implications for understanding the pathogenesis and 

treatment of type 2 diabetes; accordingly, the term “diabetes” in this review refers specifically to type 

2 diabetes mellitus. 

2. The Overview of the Circadian System 

The circadian system is an endogenous time-keeping network that enables organisms to 

anticipate and adapt to predictable daily environmental changes, most notably the light–dark cycle. 

In mammals, circadian rhythms operate on an approximately 24-h cycle and regulate a wide range 

of physiological processes, including sleep–wake behavior, hormone secretion, energy metabolism, 

and glucose homeostasis [6–11]. These rhythms are generated at the cellular level by self-sustaining 

molecular clocks and are hierarchically organized to ensure temporal coordination across tissues. 

In mammals, there is a hierarchy of circadian oscillators that control effective circadian 

timekeeping throughout the body. The human “master clock” resides in the hypothalamic 

suprachiasmatic nuclei (SCN) [12,13]. SCN neurons are critical for the generation of robust circadian 

rhythms and orchestrates rhythms in vast majority of physiological and behavioral processes through 

neural and humoral output signals [14]. Light is the primary cue that entrains the SCN pacemaker to 

daily variations in the light/dark (LD) oscillations [15]. The SCN receives photic input from the retina 

and synchronizes internal circadian timing with the external environment. To synchronize the clock 

with the 24-h day, light travels to the SCN through retinohypothalamic tract [16]. Melanopsin-

sensitive retinal pathways transmit signals that enable the master clock to adjust to environmental 

light cycles [17]. Light-mediated circadian neural pathways are separate from the traditional image-

forming vision pathway mediated by rods and cones [18]. Although the central hypothalamic clock 

coordinates all the body’s circadian rhythms, majority of the body’s systems, organs and cells, 

including those vital for metabolic regulation like the adipose tissues, skeletal tissues and cells, renal 

tissues, hepatocytes, and some of islet cells in the pancreas, possess their own autonomous circadian 

oscillators [19]. Importantly, these peripheral clocks can also be influenced by non-photic cues, 

including feeding–fasting cycles, physical activity, and hormonal signals, allowing metabolic tissues 

to respond dynamically to nutrient availability. 

At the molecular level, circadian rhythms are driven by interlocking transcription–translation 

feedback loops [12,20]. The core clock components CLOCK and BMAL1 form a heterodimer that 

activates the transcription of target genes, including the Period (Per1–3) and Cryptochrome (Cry1–2) 

families. Accumulation of PER and CRY proteins subsequently inhibits CLOCK–BMAL1 activity, 

generating a rhythmic cycle of gene expression. Additional stabilizing loops involving nuclear 

receptors such as REV-ERBs and RORs fine-tune the amplitude and precision of the clock. This core 

clock complex regulates the rhythmic transcription of a broad array of clock-controlled genes, 

including those involved in metabolic regulation, through interconnected positive and negative 

transcriptional–translational feedback loops. In the primary negative feedback loop, BMAL1–

CLOCK–driven transcription of Period (PER) and Cryptochrome (CRY) genes ultimately results in PER 

and CRY proteins that repress BMAL1–CLOCK activity. In a secondary stabilizing loop, BMAL1 

transcription is rhythmically regulated by the nuclear receptors REV-ERBα and RORα, which act as 

transcriptional repressors and activators, respectively (Figure 1). Collectively, these molecular 
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oscillations regulate the rhythmic expression of thousands of clock-controlled genes, many of which 

are directly involved in glucose and lipid metabolism. The tight coupling between the circadian 

system and metabolic pathways is particularly evident in glucose regulation. Key processes such as 

insulin secretion, insulin sensitivity, hepatic gluconeogenesis, and glucose uptake exhibit robust 

circadian variation. Disruption of circadian alignment, through shift work, irregular sleep pa�erns, 

or mistimed feeding leads to desynchronization between central and peripheral clocks, resulting in 

impaired glucose tolerance and insulin resistance [21]. These observations highlight the circadian 

system as a critical regulator of metabolic health and provide a mechanistic framework linking 

circadian disruption to the pathogenesis of type 2 diabetes. Understanding the organization and 

function of the circadian system is therefore essential for elucidating how temporal misalignment 

contributes to metabolic disease. Moreover, it lays the foundation for chronotherapeutic strategies 

that align behavioral or pharmacological interventions with endogenous circadian rhythms to 

improve glycemic control in type 2 diabetes. 

 

Figure 1. Model of the mammalian circadian clock The SCN-central clock in the hypothalamus synchronizes 

peripheral clocks and regulates the body’s circadian system. The CLOCK/BMAL1 heterodimer complex 

influences target gene E-box elements, initiating the transcription of core clock genes. PER and CRY proteins 

build up in the cytoplasm, forming heterodimers that moves around the cytoplasm and nucleus. After 

phosphorylation by CK1δ and CK1ε, these complexes repress CLOCK/BMAL1-driven transcription, suppressing 

E-box gene expression. Additionally, REV-ERBα binds to the ROR response element (RRE) in the promoter 

region to repress Bmal1 expression, while RORα counteracts this effect by promoting its activation. 

3. Circadian Regulation of Glucose Homeostasis in Different Tissues 

The central circadian clock, acting in synchrony with peripheral clocks, plays a critical role in 

regulating glucose metabolism. Figure 2 provides a schematic overview of how the suprachiasmatic 

nucleus coordinates tissue-specific peripheral clocks to control glucose production, uptake, storage, 

and utilization across metabolic organs. The circadian timing system plays a fundamental role in the 

regulation of glucose homeostasis, coordinating metabolic processes with predictable daily cycles of 

feeding, fasting, activity, and rest [22,23]. In humans, circulating glucose levels exhibit a robust 

circadian rhythm, characterized by a rise in the early morning hours upon awakening, a phenomenon 
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commonly referred to as the dawn phenomenon [24]. This rhythmic increase in blood glucose is 

thought to arise, at least in part, from circadian variations in counter-regulatory hormones that 

antagonize insulin action. Growth hormone secretion peaks during the night, followed by an early-

morning surge in cortisol, both of which promote hepatic glucose production and transiently reduce 

insulin sensitivity [25–27]. 

 

Figure 2. Central and peripheral clock regulation of glucose metabolism The suprachiasmatic nucleus (SCN) 

functions as the central circadian pacemaker, but peripheral clocks in metabolic tissues such as the muscle, 

pancreas, liver, and adipose tissue can regulate glucose metabolism independently. These clocks autonomously 

control key processes, including gluconeogenesis, glycogen storage, and glucose release in the liver; insulin 

secretion in pancreatic β-cells; glucose uptake and insulin sensitivity in skeletal muscle; and lipolysis, glucose 

uptake, and adipokine secretion in adipose tissue. While the SCN synchronizes these clocks with external light-

dark cycles, peripheral clocks are essential for maintaining rhythmic metabolic activity. However, misalignment 

between the SCN and peripheral clocks or disruptions within these autonomous clocks can contribute to insulin 

resistance, obesity, and diabetes, highlighting the vital role of circadian regulation in glucose homeostasis. 

In metabolically healthy individuals, functional pancreatic β-cells respond appropriately to this 

early-morning rise in glucose by increasing insulin secretion, thereby restoring normoglycemia. In 

contrast, in individuals with diabetes, where insulin secretion is impaired or insulin sensitivity is 

reduced, the dawn phenomenon becomes exaggerated and prolonged, contributing to sustained 

hyperglycemia and increased risk of long-term metabolic complications. While nutrient intake is a 

primary stimulus for insulin release, accumulating evidence indicates that insulin secretion and 

action are also strongly modulated by time of day, independent of food availability, as demonstrated 

in both human and animal studies [28–31]. 

Rodent models further support a circadian regulation of glucose metabolism, as fasting blood 

glucose levels display intrinsic daily oscillations even when feeding behavior is tightly controlled 

[32]. For instance, C57BL/6J mice maintained under standard light–dark conditions exhibit elevated 

fasting glucose levels at the onset of the active (early dark) phase and lower levels at the beginning 

of the rest (light) phase, a pa�ern analogous to the human dawn phenomenon [33]. These 
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observations underscore the importance of circadian rhythms in aligning glucose production, 

utilization, and storage with behavioral and environmental cycles. Collectively, these findings 

highlight the necessity of an intact circadian system for normal glucose regulation and metabolic 

flexibility. Proper coordination between the central clock and peripheral clocks within metabolic 

tissues including the pancreas, liver, skeletal muscle, adipose tissue, and gut is essential for 

maintaining daily glucose balance. Disruption of circadian organization, as increasingly observed in 

modern lifestyles characterized by shift work, jet lag, irregular sleep pa�erns, and excessive exposure 

to artificial light, can profoundly interfere with this coordination and predispose individuals to 

metabolic disorders such as obesity and type 2 diabetes mellitus. 

Recent research has increasingly focused on elucidating the molecular architecture of the 

circadian clock at both central and peripheral levels [12,20]. At the core of this system are the 

transcription factors BMAL1 and CLOCK, which heterodimerize to form the primary drivers of 

circadian gene expression. The functional roles of these core clock components have been extensively 

investigated across multiple metabolic organs and tissues, where they have been shown to exert 

critical control over glucose metabolism. Key findings from these studies are summarized in Table 1. 

The following sections examine in detail how circadian regulation of glucose homeostasis is 

implemented within individual metabolic tissues and how its disruption contributes to metabolic 

disease. 

Table 1. Experimental studies on the impact of clock gene mutations on glucose homeostasis in mice. 

Model  
Clock 

genes 

Body 

Weight 

White 

Adipose 

Tissue 

Blood 

Glucose 

Glucose 

tolerance 
Insulin 

Insulin 

sensitivit

y 

Lipids Ref. 

Bmal1 −/−  Bmal1 
Increase

d  
 

Varies 

based on 

time of 

day 

 Normal 
Increase

d  

Increase

d  
[152] 

PdxCre Bmal1fl

x/flx  
Bmal1 Normal  Elevated Impaired 

Decrease

d 
  [153] 

Mlc1f–Cre 

Bmal1 flx/flx 
Bmal1 

Increase

d  
  

Normal 

global 

glucose 

tolerance 

 

Increase

d muscle 

insulin 

resistanc

e 

 [50] 

iMSBmal1 −/− Bmal1 
Decrease

d   

Decrease

d   

Increase

d  

Decrease

d  

Increase

d  
  [154] 

Bmal1 null Bmal1 Reduced 
Increase

d 
Normal Normal 

Decrease

d 
Normal Normal [155] 

Clockmut Clock 
Increase

d 
Normal 

Decrease

d 
  

Increase

d 
 [152] 

ClockΔ19/Δ19 Clock   Elevated Impaired 
Decrease

d 
Normal  [153] 

Clock−/−  Clock 
Increase

d 
 Elevated  Normal  Increase [156] 

Clock−/− Clock Reduced  Normal  Normal  Decrease [157] 

Clock−/− Clock   Normal  Normal   [158] 

Cry1−/−; Cry2−/− 
Cry1/Cry

2 
  

Increase

d 

Decrease

d 
Normal Normal  [159] 

Cry1/2−/−  
Cry1/Cry

2 

Decrease

d 
 

Increase

d  
 

Increase

d  

Decrease

d  
 [160] 

Per2Brdm1 Per2    
Decrease

d  
    [161] 
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Per2−/− Per2 
Decrease

d  

Decrease

d  
    

Decrease

d  
[162] 

mPer2-null Per2    Normal 
Increase

d 

Increase

d  

Increase

d  
 [163] 

Per2Brdm1 Per2  Normal  
Decrease

d 
Normal  Normal 

Decrease

d 
[164] 

Per2Brdm1 Per2  Normal      Normal [10] 

Per2Brd Per2 Normal  Normal 
Increase

d  
   [165] 

Per1Brd Per1 
Decrease

d  
 

Decrease

d  

Increase

d  
   [165] 

Rev-erb-α−/− 

Rev-erb-β−/− 

Rev-

erbα/β 
  

Increase

d  
   

Decrease

d  
[166] 

Rev-erb-α−/−  
Rever-

bα/β 
Normal 

Increase

d 

Increase

d 
Normal  Normal 

Decrease

d 
[167] 

Rev-erb-α−/−  
Rever-

bα/β 
Normal  Normal 

Decrease

d  
Normal 

Decrease

d  
 [168] 

3.1. Pancreatic Islets 

Pancreatic islets play a central role in circadian regulation of glucose homeostasis by 

coordinating insulin and glucagon secretion with daily rhythms in feeding and activity. Early 

physiological studies demonstrated that glucose tolerance and insulin secretory responses exhibit 

pronounced diurnal variation, with enhanced insulin responsiveness occurring during the early 

active phase, coinciding with peak food intake [29,34]. Subsequent investigations in metabolically 

healthy humans revealed robust circadian rhythms in insulin secretion that persist independently of 

feeding behavior and circulating glucose levels, indicating intrinsic time-of-day regulation of β-cell 

function [35]. These observations are supported by in vitro studies showing circadian rhythmicity in 

glucose-stimulated insulin secretion in isolated pancreatic β-cells, highlighting the importance of a 

cell-autonomous circadian clock in regulating islet hormone output [36,37]. Collectively, these 

findings establish circadian control of pancreatic hormone secretion as a fundamental determinant of 

daily glucose homeostasis. 

Circadian regulation within the pancreas is mediated by intrinsic molecular clocks that operate 

autonomously within islet cells. Although the circadian modulation of α-cell–derived glucagon 

secretion remains less well characterized, available in vivo and in vitro evidence demonstrates 

rhythmic oscillations in glucagon production, suggesting coordinated temporal regulation of both 

insulin and glucagon release [37,38]. These findings prompted the development of in vitro reporter 

models using clock gene–driven luciferase to monitor circadian oscillations in pancreatic islets. Using 

these approaches, multiple studies have demonstrated the presence of a self-sustained circadian clock 

within β-cells, characterized by rhythmic expression of core clock genes with defined amplitudes and 

approximately 24-h periodicity [39–44]. Importantly, these data confirm that pancreatic islets possess 

an intrinsic circadian timing system capable of regulating endocrine function independently of 

external cues. 

The synchronization and integrity of the pancreatic islet circadian clock are influenced by central 

circadian signals and environmental lighting conditions. Evidence indicates that the suprachiasmatic 

nucleus (SCN) indirectly modulates islet rhythmicity through its regulation of feeding behavior, 

thereby contributing to the entrainment of peripheral clocks within the pancreas. Experimental 

disruption of normal light–dark cycles, particularly prolonged light exposure, has been shown to 

impair islet circadian function in rodent models, resulting in β-cell apoptosis, disrupted insulin 

rhythmicity, and hyperglycemia, effects that are further exacerbated under high-fat diet conditions 

[41,42]. These findings underscore the vulnerability of pancreatic islet clocks to circadian 

misalignment and highlight their contribution to metabolic dysfunction under conditions of 

environmental circadian disruption. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 May 2026 doi:10.20944/preprints202605.1867.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.1867.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 28 

 

At the molecular level, circadian clocks directly regulate genes critical for β-cell metabolism, 

insulin secretion, and survival [43,44]. Transcriptomic analyses have revealed robust circadian 

oscillations in genes involved in β-cell function, with distinct temporal peaks and troughs across the 

day [45,46]. Notably, the aryl hydrocarbon receptor nuclear translocator (Arnt), a key regulator of β-

cell metabolic capacity, is rhythmically upregulated by the clock-controlled transcription factor D-

box binding protein (Dbp), reaching peak expression at Zeitgeber time 4 in mouse models [46]. In 

parallel, circadian modulation of β-cell potassium ion conductance closely aligns with rhythmic 

insulin secretion, reflecting clock-dependent control of membrane excitability. Core clock 

components, including CLOCK and REV-ERBα, further regulate insulin exocytosis by controlling the 

expression of syntaxin-1 and SNAP25, while also influencing β-cell development, survival, and 

proliferation through key regulatory pathways involving InsR and Pdx1 [45]. Together, these 

molecular mechanisms position the pancreatic islet circadian clock as a critical regulator of β-cell 

function and glucose homeostasis. 

3.2. Skeletal Muscles 

Skeletal muscle possesses a robust and autonomous circadian clock that plays a central role in 

the regulation of glucose metabolism. Circadian oscillators have been identified in myocytes both in 

vitro and in vivo [47–49], and nearly all skeletal muscle processes essential for glucose homeostasis 

display marked diurnal rhythmicity. These include glucose uptake and oxidation via the GLUT4 

transporter [50], glycogen synthesis and storage [51,52], mitochondrial oxidative metabolism [53], 

and protein and lipid turnover [54,55]. Consistent with these rhythms, studies in both rodents and 

humans demonstrate that glucose uptake by skeletal muscle peaks at the onset of the active phase, 

aligning energy utilization with behavioral demands. Notably, isolated myocytes retain rhythmic 

pa�erns of glucose uptake ex vivo, indicating that these processes are governed by a self-sustained 

peripheral clock independent of systemic cues [47]. Together, these findings establish skeletal muscle 

as a clock-regulated metabolic tissue optimized for temporal coordination of glucose utilization. 

Disruption of the skeletal muscle circadian clock has been strongly implicated in the development of 

metabolic dysfunction and diabetes. Early investigations focused on the core clock gene Bmal1 (also 

known as MOP3), which is indispensable for circadian rhythmicity [56]. Global deletion of Bmal1 in 

mice results in rapid loss of circadian rhythms under constant darkness and reduced physical activity 

even under normal light–dark cycles, underscoring its fundamental role in clock function. 

Subsequent studies confirmed that Bmal1 is essential for maintaining biological rhythms and 

demonstrated that skeletal muscle physiological deficits observed in global Bmal1 knockout mice 

could be rescued by restoring Bmal1 expression specifically in muscle tissue [57,58]. These 

observations highlight the importance of an intact muscle clock in sustaining normal metabolic 

physiology. 

Muscle-specific deletion of Bmal1 has provided direct insight into how the skeletal muscle clock 

controls glucose metabolism. Mice lacking Bmal1 selectively in skeletal muscle, whether during 

development or adulthood, exhibit pronounced glucose intolerance and insulin resistance driven 

primarily by impaired insulin-stimulated glucose uptake [59,60]. This phenotype closely resembles 

the reduced insulin sensitivity characteristic of type 2 diabetes. Mechanistically, Bmal1 deficiency 

leads to reduced expression of TBC1D1, a Rab-GTPase critical for GLUT4 translocation, as well as 

decreased protein levels of GLUT4 itself, resulting in blunted glucose transport into myocytes [59]. 

These findings demonstrate that the skeletal muscle clock is essential for maintaining insulin 

responsiveness and efficient glucose disposal. In addition to regulating glucose transport, the skeletal 

muscle clock orchestrates intracellular glucose oxidation and metabolic flexibility. Muscle-specific 

Bmal1 knockout mice display altered expression of clock-controlled genes such as Pdk4 and Pdp1, 

which encode pyruvate dehydrogenase (PDH) kinase and phosphatase, respectively, leading to 

reduced PDH activity and impaired glucose oxidation. Furthermore, enzymes critical for glucose 

utilization, including hexokinase and PDH, are reduced in Bmal1-deficient muscle, promoting a 

metabolic shift toward increased lipid utilization and storage. Importantly, skeletal muscle from 
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individuals with diabetes exhibits similar defects in glucose transport and metabolism [61], 

reinforcing the translational relevance of these findings. Collectively, these data demonstrate that the 

intrinsic skeletal muscle clock is indispensable for coordinating glucose uptake, oxidation, and 

storage across the rest–activity cycle, and that its disruption contributes directly to the pathogenesis 

of insulin resistance and diabetes. 

3.3. Hepatocytes 

The liver serves as a central metabolic organ that integrates circadian timing cues to maintain 

daily glucose homeostasis. As the primary organ responsible for endogenous glucose production, the 

liver determines fasting and post-absorptive blood glucose levels through tightly regulated circadian 

oscillations in hepatic glucose output [19]. During fasting, temporal variations in circulating glucose 

are largely driven by rhythmic changes in gluconeogenesis and glycogenolysis, processes that are 

coordinated by both the central circadian pacemaker and the intrinsic hepatic clock. 

Disruption of either the master clock in the suprachiasmatic nucleus or the liver-specific 

circadian clock leads to loss of diurnal glucose rhythms and impaired glycemic control, underscoring 

the liver’s indispensable role in circadian regulation of systemic glucose metabolism [13,52,62]. 

Circadian control of hepatic glucose production is closely linked to temporal variation in insulin 

sensitivity and postprandial glucose handling. Rhythmic gluconeogenesis not only shapes fasting 

glucose levels but also influences time-of-day–dependent insulin responsiveness, thereby 

modulating postprandial glucose excursions [35,38]. Both human and rodent studies have 

demonstrated that major physiological drivers of hepatic glucose production, including hormonal 

signaling, substrate availability, and enzymatic activity, are under circadian regulation [52,63,64]. 

Consequently, misalignment between circadian timing and nutrient intake, as observed in shift work 

or irregular feeding schedules, disrupts hepatic glucose regulation and promotes metabolic 

dysfunction. Thus, circadian regulation of hepatocyte function is critical for synchronizing hepatic 

glucose output with systemic insulin action across the daily cycle. 

In addition to canonical gluconeogenic pathways, circadian regulation of hepatic glucose 

metabolism involves lipid–glucose crosstalk mediated by clock-controlled metabolic sensors. Fa�y 

acid translocase CD36, a scavenger receptor abundantly expressed in hepatocytes, has emerged as a 

key integrator of lipid handling and glucose homeostasis [65]. Clinical studies reveal that individuals 

with inherited CD36 deficiency exhibit increased susceptibility to insulin resistance and glucose 

intolerance [66–68], highlighting its metabolic relevance. More recent work using liver-specific CD36 

knockout models demonstrates that CD36 expression itself is rhythmic and that its absence disrupts 

hepatic clock function and destabilizes daily glucose rhythms [69]. These findings identify CD36 as a 

critical clock-regulated mediator linking hepatic lipid flux to circadian glucose regulation. Beyond 

metabolic flux, hepatocytes exhibit intrinsic circadian rhythms at the transcriptional, translational, 

and structural levels. Genome-wide analyses have revealed robust oscillations in hepatic gene 

expression and protein abundance, accompanied by rhythmic changes in hepatocyte size, volume, 

and cellular architecture [70–72]. These structural and molecular rhythms reflect coordinated 

temporal regulation of liver function, optimizing metabolic capacity according to the energetic 

demands of the rest–activity cycle. Importantly, these intrinsic rhythms persist even in isolated 

hepatocytes, supporting the presence of a self-sustained peripheral clock within liver cells. Together, 

these observations demonstrate that circadian regulation of hepatocyte function extends beyond 

metabolism to encompass fundamental aspects of cellular organization and physiology. 

At the molecular level, the hepatic circadian clock orchestrates daily rhythms in genes governing 

glucose production, uptake, storage, and lipid metabolism. Key gluconeogenic and glycogenolytic 

genes, including Fbp1, Pcx, G6Pase, Pepck, Pyg, and the transcription factor FoxO1, exhibit pronounced 

circadian oscillations that regulate glucose output [73–76]. Similarly, genes involved in hepatic 

glucose uptake and storage—such as Slc2a2 (GLUT2), Gck, Hk2, Pklr, and G6pdx—are rhythmically 

expressed, ensuring efficient glucose clearance during feeding periods. In parallel, clock-controlled 

lipid metabolism genes (Slc27a1, Acaca, Cpt1a, Lipin1, Pparα, and Dgat1) coordinate lipid oxidation 
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and storage, thereby influencing hepatic insulin sensitivity and substrate selection. This integrated 

transcriptional program highlights how the hepatic clock synchronizes glucose and lipid metabolism 

to maintain metabolic flexibility. 

Importantly, hepatic circadian rhythms are shaped by both intrinsic clock mechanisms and 

extrinsic cues, particularly feeding–fasting cycles. While the hepatocyte clock drives cell-autonomous 

rhythmicity, feeding time acts as a dominant zeitgeber that can reinforce or override endogenous 

oscillations [72]. As a result, some hepatic rhythms are strictly clock-dependent, whereas others are 

primarily driven by nutrient availability and hormonal signaling. Disentangling these clock-

dependent and clock-independent components is essential for accurately interpreting circadian 

regulation in the liver, especially in experimental models involving restricted feeding or circadian 

disruption. Therefore, hepatic glucose rhythms arise from a dynamic interplay between intrinsic 

molecular clocks and behavioral timing cues. In general, the hepatic circadian clock plays a pivotal 

role in regulating daily glucose metabolism by coordinating glucose production, uptake, storage, and 

substrate utilization in alignment with systemic physiological rhythms. Through tight temporal 

control of gluconeogenesis, glycogen metabolism, and lipid–glucose integration, hepatocytes ensure 

metabolic homeostasis across fasting and feeding states. Disruption of hepatic circadian timing, 

whether through genetic manipulation, altered feeding pa�erns, or environmental circadian 

misalignment, leads to impaired glycemic control and increased susceptibility to metabolic disease. 

These findings underscore the liver as a critical circadian metabolic organ and highlight circadian 

regulation as a fundamental determinant of glucose homeostasis and metabolic health. 

3.4. Adipocytes 

Adipose tissue is a metabolically active organ that plays a central role in the circadian regulation 

of systemic glucose homeostasis. The intrinsic circadian clock within adipocytes governs key 

metabolic processes, including insulin sensitivity, glucose uptake, lipid storage, and adipokine 

secretion, all of which are essential for maintaining metabolic balance. Disruption of adipocyte 

circadian rhythms has been strongly associated with obesity, insulin resistance, and the development 

of type 2 diabetes. White adipose tissue (WAT), in particular, functions not only as the body’s primary 

energy reservoir but also as a critical endocrine organ that modulates whole-body glucose 

metabolism through dynamic lipid handling and hormone secretion. Thus, circadian regulation of 

adipocyte function is fundamental to systemic metabolic homeostasis. Circadian control of lipid 

storage and mobilization in adipose tissue is essential for maintaining glucose homeostasis. WAT 

stores excess energy in the form of triglycerides, while regulated lipolysis ensures appropriate release 

of free fa�y acids (FFAs) during fasting or increased energy demand. Dysregulated lipolysis results 

in elevated circulating FFAs, which impair insulin signaling in peripheral tissues and promote insulin 

resistance, a hallmark of diabetes [77]. Plasma FFA levels exhibit robust circadian rhythmicity, 

reflecting time-of-day–dependent regulation of adipose tissue insulin signaling and lipid metabolic 

pathways [78]. Consequently, precise circadian coordination of lipogenesis and lipolysis in 

adipocytes is required to prevent lipotoxicity and preserve insulin sensitivity. Mounting evidence 

demonstrates that key adipose tissue functions are under strong circadian regulation in both humans 

and rodent models. Physiological processes such as lipolysis, adipogenesis, insulin responsiveness, 

and adipose tissue inflammation display pronounced daily oscillations driven by the adipocyte clock 

[79–81]. 

Genetic disruption of core clock components further underscores this relationship, as Clock and 

Bmal1 mutant mice consistently develop obesity, hyperlipidemia, and elevated circulating FFAs and 

triglycerides [82,83]. These phenotypes highlight the importance of intact circadian timing in adipose 

tissue for maintaining lipid and glucose balance. Collectively, these findings establish adipocyte 

circadian rhythms as critical determinants of metabolic health. 

At the molecular level, adipocytes exhibit rhythmic expression of numerous clock-controlled 

genes that regulate lipid and glucose metabolism. Genome-wide analyses in both human and mouse 

adipose tissue have revealed robust circadian oscillations in genes involved in lipid synthesis, 
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breakdown, and energy expenditure [79,84,85]. Core clock components such as Bmal1 and Clock 

directly regulate lipolytic activity and lipid energy dissipation, particularly during the light (rest) 

phase [86]. Disruption of Bmal1 in adipocytes leads to impaired synthesis of polyunsaturated fa�y 

acids, driven by reduced expression of Scd1 and Elovl6, enzymes critical for lipid desaturation and 

elongation. These molecular defects further link adipocyte clock dysfunction to altered lipid 

composition and metabolic imbalance. Beyond its role in energy storage, adipose tissue functions as 

one of the largest endocrine organs, secreting adipokines that influence systemic insulin sensitivity 

and glucose metabolism. Hormones such as leptin, adiponectin, and pro-inflammatory cytokines 

exhibit circadian pa�erns of expression and release, contributing to daily fluctuations in glucose 

tolerance and insulin action [87]. Circadian disruption in adipose tissue alters adipokine profiles, 

promoting chronic low-grade inflammation and insulin resistance—key drivers of metabolic disease. 

Therefore, circadian regulation of adipokine secretion represents a critical mechanism by which 

adipose tissue communicates temporal metabolic information to other organs. In summary, the 

adipocyte circadian clock plays an essential role in regulating glucose metabolism by coordinating 

lipid storage, mobilization, insulin sensitivity, and endocrine signaling in a time-of-day–dependent 

manner. Synchronization of the adipose clock with other peripheral metabolic clocks ensures 

balanced energy distribution and metabolic flexibility across feeding–fasting cycles. Conversely, 

disruption of adipocyte circadian rhythms contributes to obesity, insulin resistance, and diabetes, 

highlighting adipose tissue as a key circadian regulator of metabolic health. Together, these findings 

underscore the importance of circadian timing in adipose tissue as a fundamental determinant of 

systemic glucose homeostasis. 

4. Circadian Rhythm and Diabetes Mellitus 

The circadian timing system plays an essential role in maintaining metabolic homeostasis, 

particularly in the regulation of glucose metabolism and insulin signaling. Under normal 

physiological conditions, several metabolic processes exhibit clear circadian pa�erns, including 

glucose tolerance, insulin sensitivity, and pancreatic insulin secretion. These temporal variations 

allow the body to efficiently manage nutrient intake and energy utilization during active and resting 

phases. Disruption of these rhythmic processes can impair metabolic regulation and contribute to the 

development of metabolic disorders. Diabetes mellitus is a chronic metabolic disease characterized 

by persistent hyperglycemia resulting from impaired insulin secretion, insulin resistance, or both. 

Increasing evidence suggests that disturbances in circadian rhythms are closely associated with the 

onset and progression of diabetes. Under normal physiological conditions, increased insulin 

production and secretion by pancreatic β-cells promotes the absorption of blood glucose into 

peripheral tissues and suppresses gluconeogenesis in the liver. To maintain blood glucose balance, 

insulin binds to receptors in various cells in the muscles, hepatocytes, and adipocytes, thereby 

enhancing glucose uptake into these tissues [88]. Once absorbed, glucose is either converted into 

energy, stored as triglycerides in adipose tissue, muscle, and liver, or stored as glycogen, which acts 

as a reserve to stabilize blood glucose levels [89]. Diabetes is driven by two main pathophysiological 

factors, namely, insulin resistance in insulin-sensitive tissues and impaired pancreatic β-cell function. 

Persistent hyperglycemia exacerbates insulin resistance in peripheral tissues, diminishing their 

sensitivity to insulin. Pancreatic β-cells secrete more insulin during the prediabetic stage to counteract 

insulin resistance and maintain normoglycemia. Chronically high insulin secretion, on the other 

hand, causes an eventual insulin shortage due to impaired pancreatic β-cell functions, which in turn 

re-develops hyperglycemia and eventually diabetes [90]. Importantly, emerging evidence indicates 

that disturbances in circadian regulation and cellular redox balance play critical roles in the initiation 

and progression of these pathophysiological processes. Circadian misalignment alters insulin 

sensitivity, β-cell function, and hepatic glucose production, while oxidative stress exacerbates insulin 

resistance and promotes β-cell dysfunction. These mechanisms act both independently and 

synergistically to accelerate metabolic deterioration and disease progression. Accordingly, 

understanding how circadian rhythm disruption and oxidative stress contribute to diabetes 
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pathogenesis is essential for identifying novel therapeutic strategies and will be discussed in detail 

in the following sections. 

4.1. Circadian Disruption and Pathogenesis of Diabetes Mellitus 

Circadian disruption, arising from a variety of environmental and behavioral factors, exerts 

deleterious effects on blood glucose regulation and accelerates the onset and progression of diabetes. 

One of the most important mechanisms controlling glucose metabolism is the circadian clock. 

Physiologically, the SCN in synchrony with other clocks found in the metabolic tissues ensures 

adequate 24-h glucose control. This is achieved by coordinating physiological and biochemical events 

that are associated with glucose metabolism such as hormonal secretion, insulin sensitivity, 

absorption of glucose and metabolic enzymes peak and trough. The diurnal oscillations of the 

enzymes responsible for glycolysis, gluconeogenesis, and glycogen synthesis guarantee that glucose 

production and use correspond optimally with energy demands. In individuals who are exposed to 

shift work, insulin sensitivity is greatly altered, resembling impairments seen in type 2 diabetes 

mellitus. In a similar manner, these subjects were shown to express higher inflammatory markers 

that are associated with insulin resistance [91]. Moreso, circadian misalignment among shift workers 

presented with impaired glucose tolerance [92]. More compelling evidence came from a recent study 

in a large cohort of subjects (670,000), where individuals who were exposed to brighter night light 

and light pa�erns that can interfere with circadian rhythms had a greater chance of developing 

diabetes [93]. Furthermore, compared to those who get the recommended 7–8 hours of sleep per 

night, people with both short and extended sleep durations are more likely to experience the 

advancement of diabetes [94]. Irregular or uncontrolled exposure to natural light over a prolonged 

period has been shown to contribute to the advancement of key metabolic malfunctions, particularly 

diabetes. 

To further understand this concept, the effect of circadian disruption using aberrant light 

exposure in C57/BL/6J mice was recently studied by exposing mice to 8h/8h light/dark cycle from the 

start of gestation and continuing through adulthood. Findings show that circadian disruption during 

developmental stages increases predisposition to adult metabolic disorders [95]. It was shown that 

adult mice displayed impaired glucose and insulin sensitivity in a manner similar to type 2 diabetes. 

Mechanistically, these metabolic abnormalities were associated with defective insulin signaling in 

both hepatic and skeletal muscle tissues, highlighting peripheral insulin resistance as a major 

contributor to the observed phenotype. Collectively, these findings provide compelling experimental 

evidence that developmental circadian disruption induced by aberrant light exposure programs 

long-term metabolic dysfunction and establishes a direct causal link between circadian misalignment 

and impaired glucose metabolism [95]. The circadian system of the body is instrumental in the 

occurrence and regulation of various bodily functions in tandem and within a 24-h period. However, 

exposure to irregular light pa�erns at abnormal hours exposes an individual to altered circadian 

rhythms leading to impairment of glucose metabolism and insulin action. Furthermore, 

misalignment in diurnal activities alters the normal functioning of β-cells, hence, insulin production 

and secretion is decreased while insulin sensitivity is also compromised and all these leads to the 

development of diabetes. Additionally, disturbances in light-dark pa�erns alter metabolic pathways 

related to lipid and glucose metabolism increasing glucose intolerance along with susceptibility to 

diabetes. These findings emphasize the role of circadian rhythm in metabolism and suggest that 

regulating abnormal exposure to environmental light may be considered as curative measures or 

preventive interventions for diabetes mellitus. 

Further evidence linking circadian disruption to diabetes etiology comes from studies using 

animal models with targeted mutations in core circadian clock genes, which consistently demonstrate 

profound impairments in glucose homeostasis and insulin sensitivity. Mice carrying mutations in 

core clock genes, including Bmal1 or Clock, have increased insulin resistance, poor glucose tolerance, 

high insulin levels, and a higher risk of obesity and diabetes. Furthermore, these mutant mice show 

reduced expression of genes related to islet growth and maturation, glucose tolerance, and insulin 
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signaling [39]. Human studies support the connection between diabetes and gene variations 

associated with the circadian clock. Yamaguchi and colleagues found a significant correlation 

between variations in the BMAL2 gene and the prevalence of diabetes in the Japanese population 

through genome-wide association studies [96]. Similarly, earlier research reported a strong link 

between specific BMAL1 haplotypes and an increased risk of diabetes in the British population [97], 

while variations in the CLOCK gene also elevate the risk of developing diabetes [98]. These findings 

underscore the essential role of circadian rhythms in regulating metabolism and maintaining glucose 

balance. Consequently, disturbances in the circadian clock significantly influence the molecular 

mechanisms that drive the etiology and progression of diabetes. 

4.2. Circadian Regulation of Molecular Pathways Associated with Pathogenesis of Diabetes 

The onset and progression of diabetes is caused by complex biological pathways that disturb 

glucose homeostasis as part of the disease’s etiology. These molecular pathways are greatly 

influenced by the circadian clock and include insulin signaling, oxidative stress, endoplasmic 

reticulum (ER) stress, mitochondrial malfunction, among other pathways. Here, we highlight some 

important circadian-associated molecular pathways involved in the pathogenesis and 

pathophysiology of type 2 diabetes mellitus. 

4.2.1. Role of mTOR in Glucose Homeostasis 

The mammalian/mechanistic target of rapamycin (mTOR), is an essential serine/threonine 

(Ser/Thr) kinase that regulates vast physiological and biochemical processes some of which include 

cell growth, development, proliferation and survival, autophagy and neuroendocrine metabolism 

[99] . There are two distinct functional complexes of mTOR characterized by their unique components 

and the biological processes they mediate. mTOR complex1 (mTORC1) is characterized by the 

presence of regulatory-associated protein of mammalian target of rapamycin (RAPTOR), while 

mTOR complex2 (mTORC2) comprises of rapamycin-insensitive companion of mTOR (RICTOR) 

which regulate their respective substrate binding abilities. Circadian clocks play a major role in 

regulating the daily rhythms of the mTOR pathway to modulate the rate of protein synthesis to match 

the body’s metabolic state and energy needs (Figure 3). Disturbances in the circadian regulation of 

mTOR signaling in diabetes may intensify metabolic dysregulation, culminating in β-cell malfunction 

and reduced insulin response [100]. This suggests that the pathophysiology of diabetes mellitus is 

heavily dependent on mTOR. Overactivation of mTORC1 exacerbates the metabolic abnormalities 

associated with diabetes by impairing insulin signaling and encouraging fat buildup, inflammation, 

and oxidative stress. This can be explained in part by its role in phosphorylating downstream targets 

like S6 kinase and 4E-BP1. The desynchronization of glucose metabolism, fat buildup, and 

inflammatory responses can be caused by aberrant mTOR activity, namely mTORC1. This 

underscores the critical role that mTOR activity plays in the interplay between circadian rhythms and 

the pathophysiology of diabetes. 
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Figure 3. Circadian clock regulates mTOR activity in glucose homeostasis Clock genes regulate mTOR activity 

by modulating the cellular energy state in synchrony with the circadian cycle, primarily through the glucose-

ATP/AMP pathway. During the active phase, when glucose levels and ATP are high, genes like BMAL1 and 

CLOCK promote mTOR activation by inhibiting AMP-activated protein kinase (AMPK), which normally 

suppresses mTOR when ATP is low, and AMP is elevated. This high ATP/AMP ratio, driven by clock-controlled 

metabolic processes, supports protein synthesis, cell growth, and metabolism by favoring mTOR activation. 

Conversely, during the rest phase, when glucose is low and AMP is high, clock genes promote AMPK activation, 

inhibiting mTOR and conserving energy while suppressing anabolic processes. The mTOR signaling pathway 

is critical for the growth and differentiation of many cells and serves to regulate the state of energy balance 

within the organism. Two important complexes, mTORC1 and mTORC2, are responsible for maintaining 

glucose balances, lipid levels, and insulin action on the AKT pathway respectively with an aim to maintain blood 

glucose. In response to nutrients, such as glucose and amino acids, the insulin signaling pathway gets triggered 

and causes AKT (Protein Kinase B) activation. This is followed by a series of other steps where AKT initiates the 

inhibition of TSC1/2 complex to enhance Rheb, a GTPase whose function is direct stimulation of mTORC1, 

resulting in its activation. The Rag GTPase also helps in the translocation of mTORC1 where it is triggered by 

Rheb and leucine on the lysosomal surface. Once the mTORC1 is activated, it activates proteins such as the S6K1 

and 4E-BP1 and is also involved in control of fat metabolism and autophagy. mTORC2 in this way is important 

to the overall balance of signals as it modulates the activity of AKT and cell survival pathways. Such pathways 

and particularly, chronic overload of nutrition could lead to constant activation of mTORC1 and development 

of complications such as insulin resistance, impaired glucose uptake, hence exposing the beta cells to oxidative 

stress, a key player that worsens diabetes. 

4.2.2. Role of Integrated Stress Response in Glucose Homeostasis 

Integrated stress response (ISR) is primarily a defense mechanism tightly controlled by circadian 

rhythms with crucial role in the modification of protein synthesis in response to cellular stimuli. 

Disruption in circadian rhythm in diabetic state causes activation of the ISR, thereby resulting in 

prolonged activation of eukaryotic initiation factor 2 alpha (eIF2α) [101]. This chronic reaction alters 

the temporal control of protein synthesis and worsens endogenous stress to the endoplasmic 

reticulum and ultimately disrupts insulin synthesis and release. Some of the cellular stressors 

implicated in activating ISR in diabetes include diurnal timing in calorie intake and oxidative damage 
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which has also been shown to have a profound effect on the circadian clock [101,102]. Hence, 

understanding the circadian control of ISR in the pancreas and its corresponding effects on insulin 

sensitivity explains the need for maintaining adequate internal clock system with the goal of 

ameliorating stress and producing optimal metabolic balance, especially in patients with type 2 

diabetes mellitus. 

4.2.3. Role of MAPK, MNK and elF4E in Glucose Homeostasis 

For proper synchronization of cellular responses with environmental cues, the mitogen-

activated protein kinases (MAPKs) play crucial roles as transducers of extracellular signals. These 

crucial roles which are mediated by the circadian clock include regulation of insulin signaling and 

metabolism via the ERK, JNK and p38 cascades [103]. Circadian disturbance in diabetes can result in 

impaired MAPK activity, which impacts significantly on metabolic gene expressions, leading to 

apoptosis, and insulin resistance [104]. It has been shown that normal endogenous rhythmicity of 

insulin receptor substrate-1 (IRS-1) is affected because of JNK activation impairment. In a similar 

manner, desynchronization of p38 MAPK oscillations is implicated in the exacerbation of 

inflammatory responses and β-cell death. These may in part explain the involvement of circadian 

rhythm via the MAPK pathway in the pathogenesis of diabetes. Moreso, other important modulators 

of mRNA translation such as MAPK-interacting kinases (MNKs) and eukaryotic initiation factor 4E 

(eIF4E) have been found useful in understanding the pathogenesis of diabetes. Interestingly also, 

these regulators are shown to be under the influence of the circadian clock. Phosphorylation of eIF4E 

through the actions of MNKs increases its potential for mRNAs translation, protein synthesis, cell 

development and survival with crucial roles in insulin signaling [105]. Circadian disruption that 

occurs in diabetes results in misalignment of MNK oscillations and in turn disrupt circadian 

rhythmicity of elF4E. This results in rapid translation of stress-associated proteins and 

proinflammatory cytokines, consequently, reducing insulin sensitivity and enhancing β-cell 

dysfunction. Targeting the circadian regulation of MNK and eIF4E activities as a treatment method 

has the potential to address their key involvement in the etiology of diabetes, as evidenced by the 

disruption of their control over these activities. 

4.3. Circadian Rhythm of Oxidative Stress and Diabetes 

The pathophysiology and pathogenesis of several disease conditions, including diabetes, 

involve oxidative stress. At low concentrations, reactive oxygen species (ROS) function as signaling 

molecules that support normal insulin signaling. However, when ROS levels become excessive, they 

induce oxidative stress, which interferes with insulin receptor activity and downstream signaling 

pathways, potentially contributing to insulin resistance, thus, demonstrating a nuanced, context-

dependent interaction between ROS and insulin signaling (Figure 4). Oxidative stress is an 

endogenous biochemical process which is strongly influenced by the biological clocks and occurs due 

to an imbalance between ROS and endogenous antioxidants production. This is seen in disease 

conditions where the body’s ability to detoxify these reactive intermediates is impaired. Circadian 

regulation of oxidative stress and its impact on diabetes varies in various organs and systems, hence 

affecting disease progression. For instance, the insulin producing pancreatic β-cells are susceptible to 

oxidative damage because of their low expression of protective antioxidants. Majority of protective 

antioxidant enzymes are regulated by Nrf2. This gene is shown to be rhythmically expressed under 

the influence of Bmal1 in the pancreatic clock [106] as well as other tissues [107]. This may in part 

explain the circadian rhythm of oxidative stress in the pancreas which typically peak during the 

active phase. Exacerbation of oxidative stress through circadian disruption in the pancreatic β-cells 

predisposes to impaired insulin production and β-cells death as seen in diabetic patients. In the liver, 

the rhythmic expression of oxidative stress is closely linked to feeding cycles. During the activity 

period, ROS levels peak due to increased metabolic activities, especially during high nutrient 

consumption. The circadian clock regulates the peak and trough of endogenous antioxidant enzymes. 

For instance, antioxidants such as catalase (CAT) and superoxide dismutase (SOD) are expressed in 
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a diurnal fashion in mouse liver [108]. This indicates that there is variation in how the body responds 

to oxidative stress within a day. Moreso, with disruption of the circadian system or during high fat 

diet, the ability of the liver to mitigate oxidative stress is reduced. Consequently, lipid peroxidation 

occurs and is characterized by high malondialdehyde (MDA) levels. This is followed by inflammation 

and impaired insulin response, all of which are reminiscent of non-alcoholic fa�y liver disease 

(NAFLD) and type 2 diabetes. 

 

Figure 4. BMAL1-mediated regulation of keap1/Nrf2/ARE pathway in oxidative stress control and insulin 

signaling Under normal conditions, cells continuously produce Nrf2, but it remains inactive in the cytoplasm 

due to its interaction with the inhibitory protein Keap1. Keap1 facilitates Nrf2 degradation by promoting its 

ubiquitination through its connection with the Cul3-Rbx1 E3 ubiquitin ligase complex. When cellular stress 

occurs, reactive cysteine residues in Keap1 undergo modifications, triggering structural changes that prevent 

Nrf2 degradation and allow its stabilization. In this process, BMAL1 binds to the antioxidant response element 

(ARE) via the E-box sequence on the Nrf2 promoter, leading to increased transcription and stabilization of Nrf2. 

Upon activation, Nrf2 is translocated to the nucleus, where it pairs with small Maf proteins to form a heterodimer 

and regulate the expression of antioxidant genes. The NRF2-sMaf complex binds to genes in the nucleus that 

contain antioxidant response elements (ARE) and are responsible for regulating metabolism, detoxification, 

antioxidant defense, and anti-inflammatory processes. Disruption of the circadian rhythm due to BMAL1 loss 

impairs the Nrf2 pathway, leading to cellular damage. Reactive oxygen species (ROS) relieve the inhibition of 

insulin receptors by phosphatases like PTP1B, allowing cells to respond to insulin signaling. For example, 

increased mitochondrial respiration elevates ROS production, shifting the cellular environment to a more 

oxidative state. This oxidative shift activates stress-sensitive kinases by inhibiting redox-sensitive phosphatases. 

These kinases, in turn, phosphorylate IRS proteins in an inhibitory manner, disrupting signal amplification. 

Mitochondrial antioxidants such as SS31 and MitoQ, along with the PGC-1α-dependent detoxification system 

involving Sirt3, SOD, and GPx, help regulate mitochondrial ROS levels. Elevated levels of ROS can contribute 

to insulin resistance by disrupting key insulin signaling pathways, including Akt, PI3K, and JNK. Additionally, 

ROS can impair the function of cellular organelles, leading to reduced energy production and the activation of 

apoptotic processes. 

The skeletal muscle plays a central role in glucose metabolism and is particularly susceptible to 

oxidative stress during periods of physical activity. During high activity periods and energy 

expenditure, there is increased levels of circulating ROS. These activities are also controlled by the 

circadian clock within the skeletal muscles. To control oxidative stress, the circadian clock in muscle 

tissues synchronizes the expression of genes related to antioxidant defense and mitochondrial 

function [109]. Disruption of circadian rhythm, however, can also cause excessive oxidative stress in 

skeletal muscle, thereby altering insulin signaling and increases susceptibility of insulin resistance. 

Another area where circadian modulation of oxidative stress is crucial is in adipose tissue, especially 
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visceral fat. The balance between the processes that produce ROS, lipogenesis and lipolysis, is 

influenced by the circadian cycle in adipose tissue. Higher ROS production during the active phase 

is caused by increased lipolysis, which is usually annulled by antioxidant systems that are controlled 

by circadian rhythm [80]. Moreso, the circadian regulation of oxidative stress is frequently disturbed 

by obesity and metabolic syndrome, which results in chronic inflammation and insulin resistance in 

adipose tissue, both of which are important factors in the development of diabetes. 

In general, the maintenance of metabolic balance in different organs and tissues depends 

critically on the circadian regulation of oxidative stress. These rhythms are important in several 

pathways in the pathogenesis and pathophysiology of diabetes. Circadian misalignment increases 

oxidative stress and in turn causes chronic inflammation, insulin resistance, and dysfunction of 

insulin producing β-cells. Potential therapeutic targets for the prevention or management of diabetes 

are provided by an understanding of the circadian dynamics of oxidative stress in various organs, 

especially through lifestyle measures that preserve or restore circadian integrity. 

5. Maternal Circadian Health and Generational Reprogramming 

With the ongoing global pandemic of diabetes, there is an urgent need to expand the 

investigation of its etiological risk factors. The developmental origins of health and disease (DOHaD) 

concept posits that predisposition to disease in adulthood is in part determined by factors acting 

during prenatal development [110]. While much research into DOHaD looks at factors such as 

maternal smoking, psychosocial stressors, chemicals, and pollutants[111], or maternal obesity and 

metabolic diseases increasing predisposal to offspring obesity and metabolic disease, one emerging 

avenue as maternal circadian health [95,112], which means keeping the body’s internal 24-hour clock, 

or circadian rhythm, aligned with the external light-dark cycle for optimal function, influencing sleep, 

hormones, metabolism, and immunity As modern lifestyles are characterized by overexposure to 

artificial light, jet lag, shift work, and insomnia. 

Accumulating evidence supports that when pregnant mothers are exposed to such 

environments, lifestyles, and circumstances, the detrimental health consequences can be 

transgenerational [95,110–112]. 

The health and habits of a mother before and during gestation can have significant implications 

on the health outcomes of the offspring not only during the gestational period, but also throughout 

the offspring’s lifespan. One of the most comprehensive analyses of maternal health factors resulting 

in offspring health outcomes is from the Dutch Famine of 1944-1945, where mothers who experienced 

malnutrition throughout the famine gave birth to offspring who not only expressed disturbance in 

cardiovascular, metabolic, and mental health throughout their lifetime, but their offspring 

experienced many of the same health problems as well [113]. While the downstream effects of 

nutritional malnourishment in pregnant mothers have been thoroughly researched, circadian 

malnourishment is less documented. Circadian disruption in humans can be caused by a variety of 

events, namely shift work, poor sleep health, jet lag, and excessive light at night[114]. In pregnant 

mothers, the effects of circadian disruption may not stop at the mother herself but be passed onto her 

offspring as well. Virtually all physiological processes, including those involved in materno-fetal 

communications, are regulated by the circadian clock. Circadian disruption in the mother will lead 

to desynchronization and malfunction of many of these processes, leading to either malnutrition or 

overnutrition of the fetus and epigenetic reprogramming via mechanisms requiring further 

investigation. 

5.1. Maternal Circadian Health and Gestation 

The mother communicates with the fetus via hormones, and in the scope of the circadian rhythm 

the two that set the stage are melatonin and glucocorticoids [115,116]. Melatonin is responsible for 

the transmission of the circadian rhythm from the mother to the offspring, establishing fetal circadian 

rhythmicity. Prior to the fetal SCN development, maternal melatonin freely crosses into the placenta 

and acts on melatonin receptors on peripheral tissues and the offsprings developing SCN to set the 
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pace for the offspring [115–117]. When melatonin crosses into the placenta, it binds to melatonin 

receptors MT1 and MT2, G protein coupled receptors (GPCRs) that inhibit adenylate cyclase to 

decrease cyclic adenosine monophosphate (cAMP) levels [118]. This drop in cAMP serves as a 

molecular signal influences the phosphorylation of cAMP response element-binding protein 

(CREBP), which then binds to a cAMP response element (CRE) on Per1’s gene promoter, thus 

rese�ing the cellular clocks in the absence of a fully developed SCN [118–120]. While melatonin 

signals when it’s time for fetal organs to assume roles played during sleep, in the absence of a 

developed SCN, maternal glucocorticoids serve as an activating signal for peripheral oscillators. Once 

glucocorticoids from the mother cross into fetal tissues, they bind to glucocorticoid response elements 

(GREs) that bind to Per1 and Per2 promoters for a rapid spike, as well as Bmal1 promoters that 

maintain a more enduring transcription of Bmal1 [121]. 

One key difference between melatonin and glucocorticoids is the role that 11-beta 

hydroxysteroid dehydrogenase type-2 (11β-HSD2) plays in transmission. Melatonin can pass freely 

from the mother to the fetus through the placenta [122]. Once in the placenta, melatonin can increase 

activity of 11β-HSD2 to shield the placenta from either receiving too much maternal cortisol or 

cortisol at a circadian misaligned time [123]. This primarily occurs during the first two trimesters as 

glucocorticoids play a greater role in development of the liver in the third trimester [124]. In ex vivo 

human placentas, maternal glucocorticoids, however, are impeded access to the fetus by 11β-HSD2, 

up to as much as 80-90% [125], with the fetal HPA axis producing de novo cortisol after the 28th week 

of pregnancy [126]. 

5.2. Offspring Metabolic Reprogramming 

When a pregnant mother is subject to circadian disruption, the physiological effects can extend 

to her offspring. By means of a mistimed light environment, jet lag, or any of the other modalities of 

circadian disruption previously discussed, a mother’s natural pulses of melatonin and 

glucocorticoids can be disturbed [127]. By proxy, these extend to the fetus, and manifest on a 

molecular, epigenetic, cellular, organ, and systemic level (Figure 5). On a molecular level, there would 

be less melatonin circulating to be picked up by the fetus. Because there is less binding of MT1/MT2, 

there would be less significant binding of cAMP to transcribe Per1 in the fetus [118–120]. Alone, this 

causes circadian disruption in a fetus that doesn’t have its own SCN developed yet, but the other 

effect this has is that reduced melatonin would result in decreased 11β-HSD2 activation [128]. When 

maternal glucocorticoids are already elevated, and 11β-HSD2 is less active, there has been shown to 

be an oversaturation of glucocorticoids that enter fetal circulation [129,130]. With an overabundance 

of glucocorticoids, the first indications of metabolic disfunction emerge in the fetus. It has been found 

that the GRE binds to a Pck1 promoter, transcribing phosphoenolpyruvate carboxylase 1 in the liver 

[131]. Pck1 promotes gluconeogenesis, thus predisposing the fetus to elevated glucose 

production[131]. The GREs will also bind to the Lpin1 promoter, encoding lipin-1, which promotes 

increased fa�y acid synthesis, predisposing to further obesity, insulin resistance, and metabolic 

disease [132,133]. 
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Figure 5. Maternal circadian disruption drives offspring metabolic reprogramming via placental signaling 

(Left)Circadian disruption in pregnant mothers from artificial light at night, shift work, jet lag, or poor sleep 

alters endogenous rhythms of melatonin and glucocorticoids. (Center) Maternal melatonin freely crosses the 

placenta and binds fetal MT1/MT2 receptors, reducing cAMP and driving CREBP-mediated Per1 transcription, 

while placental 11β-HSD2 normally inactivates most maternal glucocorticoids before they reach the fetus. Under 

circadian disruption, diminished melatonin reduces 11β-HSD2 activity, allowing excess glucocorticoids to enter 

fetal circulation and bind GREs that upregulate Per1, Per2, and Bmal1. (Right) This glucocorticoid oversaturation 

reprograms offspring metabolism: in the liver, increased Pck1, Lpin1, and PPAR-γ expression promotes 

gluconeogenesis, fa�y acid synthesis, and adipogenesis. In the pancreas, impaired Bmal1 reduces insulin 

secretion and glucose tolerance. In adipose tissue, lipid accumulation increases. 

In the liver, these genetic alterations manifest as metabolic reprogramming. It was found that 

after the offspring were born, into adulthood they experienced challenges adapting to a high-fat diet 

and out of phase eating habits [112,134]. Additionally, genes that were found to play part in fa�y acid 

elongation, synthesis, and oxidation, such as Lipn1 and PPAR-γ all became rhythmically 

dysregulated, further adding predisposition to lipid accumulation. Altogether, this resulted in an 

increase in body weight, increase in liver weight, and an increase in accumulation of lipids [112,133–

135]. An interesting note regarding the liver is that not all DNA methylation enzymes were activated. 

Some key methylators, such as Mat1a and Dnmt were decreased in the fetal liver. However, in one 

study looking at the effects of exogenous melatonin administration on pregnant rodents, 60% of the 

genes affected by circadian disruptions were restored to original function [136]. This study sought to 

find the connection between maternal circadian disruption and the downstream epigenetics effects 

on the offspring in rodents, as well as the effects of administration of exogenous melatonin to the 

pregnant mother on the offspring [136]. The study revealed that female offspring born under 

conditions of circadian disrupted mothers suffered from hormone imbalances, chronic inflammation, 

and heart and kidney issues stemming from genetic alterations made in utero. Upon exogenous 

melatonin administration to the mother, however, many of these issues in the offspring were 

prevented, and nearly 60% of the genes altered by circadian disruption were “rescued” in utero, 

leading to be�er health outcomes as an adult [136]. These findings highlight the consequence of 

decreased endogenous production of melatonin by mothers because of circadian disruption, as well 

as exogenous melatonin possibly serving as a therapeutic intervention for circadian disrupted 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 May 2026 doi:10.20944/preprints202605.1867.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.1867.v1
http://creativecommons.org/licenses/by/4.0/


 19 of 28 

 

mothers. However, more research is required, as imbalances of other maternal hormones may play a 

role in the genes not rescued by melatonin. 

In the pancreas, namely the insulin producing β-cells, appear to show long-term impairment to 

maternal circadian disruption. In an offspring that does not have a properly functioning SCN through 

maternal entrainment, Bmal1 transcription may be impaired as a result. In looking at Bmal1 knockout 

mice, glucose-stimulated insulin secretions are diminished, point to β-cell function as downstream 

target of such maternal disruption [137]. The prenatal period in rodents was found to be remarkably 

important, as mothers who experienced circadian disruption for the first 18 days of pregnancy gave 

birth to offspring who experienced poor glucose tolerance for the rest of their lives [138]. 

5.3. Sexual and Dietary Differences in Offspring Responses 

Differences have been found between male and female offspring, as well as differences between 

standard diets and high-fat diets. When comparing males and females of circadian disrupted mothers 

on normal diets, both showed normal weight, however the females developed insulin resistance and 

glucose intolerance while the male mice did not. However, switching over to a high-fat diet the male 

mice showed increased body weight gain while the females did not [95]. A separate study shared 

similar results on high fat diets, with males developing fa�y liver and adipocyte hypertrophy, while 

females did so as well but to a lesser extent [112]. It is worth noting that the maternal diet may play 

a role as well. In rodent mothers who ate a high fat diet, male offspring showed modulation in genes 

relating to hunger, namely decreased expression of appetite suppressant POMC, as well as increased 

expression of appetite stimulant ApRG [139]. This study examined male offspring, as estrogen in 

females is known to influence food intake [140,141]. 

Another possible explanation for the sexual dimorphism may involve sex-specific epigenetic 

mechanisms. Females tend to maintain higher levels of O-GlcNAc transferase (OGT), which 

maintains higher levels of a repressive epigenetic modification H3K27me3, thus protecting them 

more from prenatal insults [142]. OGT translated from the X-linked gene Ogt that plays a role in the 

utilization of cellular nutrients such as glucose, glutamine, ATP by modifying the proteins that utilize 

those nutrients [142]. Another action of OGT is the stabilization of H3K27me3, a repressive histone 

methyltransferase. This increased production of H3K27me3 serves as a buffer between maternal 

stress signals and the fetal epigenetic profile [142]. Females produce higher levels of OGT because 

they have two X chromosomes, and while X-inactivation usually silences the inactive X chromosome, 

certain genes, such as Ogt escape this silencing [143]. While the presence of estrogen as well as 

elevated OGT in females offer possible explanations to the sexual dimorphism between males and 

females, further research is required to observe the multitude of confounding variables, such as a 

closer look at hormonal and epigenetic differences that affect development of offspring. 

6. Chronotherapy of Diabetes 

The goal of managing diabetes mellitus is to maintain blood glucose levels as close to normal as 

possible. This approach aims to delay the onset and progression of diabetic complications and 

improve overall prognosis, thereby enhancing quality of life and general well-being. In recent 

decades, chronotherapy has gained a�ention as a strategy for diabetes management. This approach 

involves timing drug treatments to align with the body’s natural rhythms that play a role in the 

pathophysiology of diabetes. In this case, efficacy of therapeutic agents is improved while minimizing 

known and potential side effects. The importance of chronotherapy was demonstrated in a time-

dependent insulin administration where administration at ZT14 and ZT16 restored the compromised 

peripheral clock functions and ameliorated diabetes symptoms in streptozotocin treated diabetic 

mouse model [144]. This may also suggest that timing of insulin administration within the peak of 

insulin sensitivity will provide a be�er prognosis for diabetes. Similarly, it has been shown also that 

evening administration of metformin within the peak of hepatic gluconeogenesis improves glycemic 

control in contrast to morning dosing. This treatment must also consider the circadian variation in 

the pharmacokinetics of metformin which has been established [145]. 
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The hypothalamic SCN circadian clock, together with peripheral clocks in key metabolic tissues, 

plays a crucial role in maintaining proper blood glucose regulation. Disrupting these clocks by 

inhibiting core clock genes has been implicated in the development, progression, and long-term 

consequences of diabetes. One potential strategy for managing diabetes is to synchronize the central 

and peripheral clocks by manipulating biological timing. Maintaining glycemic status requires both 

exogenous medication and improved melatonin rhythm. Patients with diabetes may benefit from 

melatonin therapy in addition to other benefits since it may enhance β-cell activity, adiposity, syncing 

the circadian rhythm with external cues, improve insulin response, and decrease the rate at which 

the disease progresses [146]. Medications that target ROR, Crys, and Rev-erbs are viable options for 

the treatment of metabolic disorders [147–149]. 

To prevent gluconeogenesis, synthetic Cry1/2 agonists are employed [144,147]. Studies have 

shown that deploying drugs or phytochemicals such as biochennin and nobiletin in a 

chronopharmacological manner may offer chronotherapeutic benefits in the management of diabetes 

(Table 2). These agents are suggested to display circadian dependent therapeutic outcomes by 

modulating the circadian oscillation of the core clock gene Bmal1, enhancing its amplitude and 

maintaining energy balance as well as synchronizing peripheral clocks/target tissues by sending 

circadian signals [150,151]. Although the difficulties of contemporary life may persist, they can be 

effectively controlled to be�er synchronize with our circadian rhythms. Lifestyle interventions and 

circadian alignment can be a strategy to promote health. For example, consumption of carbohydrate 

rich meals during the day may have less deleterious effects on glycemic levels when compared to 

nigh�ime consumption. Light therapy and melatonin administration may also provide desired 

therapeutic outcome for shift workers and individuals who do not get the recommended 7–8 hours 

of sleep per night. It is also important to align their circadian rhythm with their diet and lifestyle 

choices. Moreso, research is ongoing to determine optimal feeding schedules, even among 

individuals who work regular day shifts. Hence, aside from conventional chronotherapy with 

antidiabetic agents, circadian rhythm-mediated lifestyle modification is an important therapeutic 

option for diabetes management. Glycemic control can be improved by maintaining a healthy 

sleeping pa�ern, adequate feeding schedule (chrono-nutrition) and proper timing of exercise 

(chrono-exercise). Furthermore, maintaining a healthy circadian rhythm can be aided by limiting 

light exposure at night and maximizing natural light exposure during the day, which may lower the 

risk of diabetes. 

Table 2. Experimental studies on regulation of glucose metabolism by targeting the circadian clock. 

Phytochemical 

agent 
Model 

Circadian 

target/tissues 

Metabolic 

processes 
Mechanism Ref. 

TW68  
HepG2 

C57BL/6J mice 
Cry1 and Cry2 

Stabilizes Crys, 

and reduces 

gluconeogenesis 

Decrease PCK1 and 

G6PC 
[169] 

Nobiletin 

db/db obese 

mice 

 

Hepatocytes  

Clock 
Energy regulation 

enhancing 

amplitude and 

energy balance 

[150] 

Nobiletin C57BL/6J mice 
Adipocytes  

Bmal1 
Lipolysis 

Increases ATGL 

levels via RORα/γ 

activity 

[151] 

Nobiletin HepG2 cells Liver  

Increased insulin 

sensitivity/Lipid 

metabolism 

Circadian clock 

reprogramming 
[170] 

(-)-

Epigallocatechin-

3-gallate 

HepG2 cells Hepatic Bmal1 Gluconeogenesis 

Enhances insulin 

signaling pathways 

for AMPK and 

IRS/AKT/GLUT2 

 

[171] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 May 2026 doi:10.20944/preprints202605.1867.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.1867.v1
http://creativecommons.org/licenses/by/4.0/


 21 of 28 

 

 KL001 C57BL/6J Liver/Cry1/2 Gluconeogenesis 
Inhibition of basal 

production 
[147] 

Hesperidin 
Drosophila 

melanogaster 

Global Cryb 

mutants 
Oxidative stress 

Restores 

antioxidant 

rhythms 

[172] 

Genistein C57BL/6J mice Hypothalamus 
Glucose 

metabolism 

Circadian 

entrainment via 

Per1, c-Fos, and 

Grin1 

[173] 

Resveratrol C57BL/6 mice Liver 
Hepatic glucose 

metabolism 

Circadian 

entrainment of 

BMAL1 via SIRT1 

[174] 

7. Conclusions 

The circadian system regulates 24-h physiological cycles that are necessary to preserve general 

health. Among the vital functions controlled by this system is the homeostasis of glucose. 

Disturbances from typical circadian rhythms, which can cause these processes to become misaligned, 

are increasingly associated with negative health outcomes, such as the initiation and development of 

type 2 diabetes mellitus. In this review, we examined the relationship between the circadian system 

and glucose metabolism. We defined the hierarchy of the circadian system and showed evidence of 

circadian involvement in glucose homeostasis. By showing the functions of peripheral clocks and the 

core clock genes in glucose control, it can be further appreciated that drugs targeting these molecular 

pathways may provide beneficial in the management of type 2 diabetes. Moreso, further research is 

needed to elucidate and maximize to full potential the exact molecular mechanisms of the circadian 

clock dysfunction and its involvement in diabetes. This will further identify potential points for 

therapeutic intervention for management of type 2 diabetes mellitus. 
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