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Abstract

Circadian regulation of glucose homeostasis and insulin secretion has long been appreciated as an 

important feature of metabolic control in humans. Circadian disruption is becoming increasingly 

prevalent in today’s society and is likely responsible in part for the considerable rise in Type 2 

diabetes (T2DM) and metabolic syndrome worldwide. Thus, understanding molecular 

mechanisms driving the inter-relationship between circadian disruption and T2DM is important in 

context of disease prevention and therapeutics. In this regard, the goal of this manuscript is to 

highlight the role of the circadian system, and islet circadian clocks in particular, as potential 

regulators of β-cell function and survival. To date, studies have shown that islet clocks respond to 

changes in feeding patterns, and regulate a multitude of critical cellular processes in insulin 

secreting β-cells (e.g. insulin exocytosis, mitochondrial function and response to oxidative stress). 

Subsequently, either genetic or environmental disruption of normal islet clock performance 

compromises β-cell function and leads to loss of glycemic control. Future work is warranted to 

further unravel the role of circadian clocks in human islet function in health and contributions to 

pathogenesis of T2DM.
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Introduction

The incidence of type 2 diabetes (T2DM) has demonstrated a consistent rise, reaching 

epidemic proportions worldwide [1]. This debilitating disease greatly increases population 

morbidity and mortality, and places substantial burden on the health care systems globally 

[1]. For this reason, understanding the molecular and physiological mechanisms underlying 
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induction of T2DM is essential for development of novel therapeutic and preventative 

approaches. Initiation of fasting and postprandial hyperglycaemia in T2DM is due to the 

complex interplay between diminished insulin action (primarily in the liver and skeletal 

muscle), and pancreatic islet failure characterized by inappropriate stimulation of insulin 

secretory response and impaired suppression of glucagon release [2]. Islet failure is a 

hallmark abnormality in T2DM that often precedes diabetes diagnosis and is already present 

in non-diabetic individuals who are at increased risk for development of the disease [3, 4]. 

Impaired insulin secretion is a key feature of islet failure in T2DM and is attributed to β-cell 

secretory dysfunction and loss of β-cell mass [5, 6]. β-cell secretory dysfunction in T2DM is 

multifaceted and manifests as defects in 1) glucose–stimulated insulin secretion [5], 2) meal-

stimulated insulin secretion [7], 3) pulsatile mode of insulin release [8] and 4) incretin-

stimulated amplification of insulin response [9]. β-cell loss in T2DM patients has been 

attributed to increased β-cell apoptosis [6], although recent studies suggest that β-cell 

dedifferentiation may also play a contributory role [10].

T2DM is a complex polygenic disease, pathophysiology of which involves interactions 

between an array of genetic predispositions and environmental triggers. Although genetic 

susceptibilities clearly play a role in predisposition to T2DM, environmental factors appear 

to be significantly greater predictors of diabetes onset and progression in human populations 

[11]. Environmental triggers such as increased caloric intake and physical inactivity has long 

been known to increase susceptibility to T2DM [12]. More recently, circadian disruption has 

gained greater appreciation as a novel environmental factor contributing to T2DM 

development with multiple strands of evidence supporting the correlative relationship 

between circadian disruption and T2DM susceptibility [13–24].

Firstly, individuals performing rotational shift work or people engaged in work conditions 

characterized by circadian misalignment exhibit significantly higher prevalence of diabetes, 

impaired glucose tolerance, and metabolic syndrome compared to their counterparts exposed 

to standard work schedules [13–15]. Also, the quantity and quality of sleep serves as an 

independent risk factor for development of T2DM [16–18]; however it is important to note 

that sleep loss may have circadian-independent effects on glucose metabolism. In addition, 

clinical studies performed in controlled laboratory settings also show that acute exposure to 

circadian misalignment and/or sleep loss results in dysregulation of glucose metabolism 

characterized by impaired insulin action and insulin secretory response [19–25]. Moreover, 

circadian disruption appears to worsen glycemic control in those patients already diagnosed 

with T2DM [26]. Taken together, accrual of evidence suggests that circadian disruption/

misalignment is a risk factor for development of T2DM. This highlights the necessity to 

understand molecular and physiological underpinnings responsible for this phenomenon. 

Subsequently, the goal of this manuscript is to overview the role of the circadian system in 

regulating pancreatic islet function, placing a particular emphasis on the regulation of insulin 

secretion and β-cell survival in context of diabetes development.

The circadian system and regulation of insulin secretion

The circadian system is a distinctive feature of nearly all living organisms. It permits an 

adaptive advantage to organisms by allowing them to anticipate and adjust their intracellular 
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biological processes in response to environmental changes created by the earth’s rotation 

(i.e. changes in light/dark (LD) cycle). In mammals, numerous behavioral (i.e. sleep/wake 

cycles), physiological (i.e. glucose homeostasis) and cellular (i.e. cell cycle progression) 

processes are under direct circadian control [27]. Regulation of glucose homeostasis 

provides an excellent example of how the circadian system exerts control over essential 

physiological functions and coordinates metabolic control in response to changing sleep/

wake and feeding/fasting circadian cycles [28]. Thus, plasma glucose levels are tightly 

controlled throughout the 24-h period in healthy individuals, since hypoglycaemia 

compromises neuronal function whereas prolonged hyperglycaemia episodes can impart 

oxidative tissue damage. Subsequently, circadian regulation of β-cell insulin production, 

secretion, and growth provides an important balancing mechanism between allowing 

sufficient cellular metabolic fuel and control of diurnal glycaemia.

Circadian rhythms in glucose tolerance have been consistently observed in human studies, 

demonstrating enhanced glucose/meal tolerance during the morning over the night-time 

hours [29–31]. Although regulation of glucose/meal tolerance is complex and requires 

coordinated interaction between insulin/glucagon secretion and insulin sensitivity, insulin 

secretory response demonstrates robust circadian variation even when changes in insulin 

sensitivity and other hormonal parameters are taken into the account [29–31]. Furthermore, 

robust circadian rhythms in human insulin secretion are also present following 

administration of glucose-independent insulin secretagogues such as tolbutamide (KATP 

channel blocker), emphasizing circadian regulation of β-cell secretory capacity [29]. Classic 

studies by Boden and colleagues [32] provided comprehensive assessment of circadian 

insulin response in humans studied under glucose clamp conditions over a 3 day period. 

These studies confirmed robust 24-h circadian rhythms in insulin secretory response which 

interestingly became more pronounced under hyperglycemic clamp conditions [32]. Finally, 

it is important to note that circadian rhythms in insulin secretion are disrupted in states 

associated with metabolic disease such as obesity and T2DM [30, 33], implying an 

intriguing possibility that loss of circadian rhythmicity in insulin secretion may serve as an 

early biomarker of β-cell dysfunction in T2DM [34].

Pre-clinical studies in rodents provide further support for circadian control of insulin release. 

Rodent islets exhibit circadian rhythms in insulin secretion studied in in vitro islet perifusion 

setting [35]. Interestingly, the phase of circadian insulin secretion in vitro can be modulated 

by administration of melatonin, and regulated by changes in β-cell KATP channel activity 

[35, 36]. In addition, disrupting the central or pancreas-specific circadian clock function 

leads to loss of circadian rhythms in insulin secretion and glucose tolerance [37–39]. Thus, 

accumulating evidence from human as well as preclinical animal studies indicates that 

insulin secretory capacity and function is under circadian control and appears to be disrupted 

in T2DM. In this context, understanding the molecular and physiological underpinnings of 

circadian regulation of insulin secretion becomes increasingly important.

Islet circadian clock function and entrainment mechanisms

The “master clock” of the circadian system in mammals is contained in the suprachiasmatic 

nucleus (SCN) of the hypothalamus. The SCN is comprised of molecular oscillators 
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(clocks), set by distinct transcriptional-translational molecular feedback loops [40]. 

However, more recently autonomous molecular clocks have been shown to be present in 

numerous tissues outside of the SCN [41], including pancreatic islets [39, 42, 43]. Thus the 

SCN integrates and synchronizes peripheral oscillators by employing a combination of 

neuronal, behavioral, and endocrine outputs (44). The molecular clock mechanism is highly 

conserved among various cell types and is driven by a set of core “clock genes” that form 

inter-related transcriptional-translational complex (for detailed reviewed see [27]). In short, 

the positive limb of the clock gene feedback circuit includes genes Circadian locomotor 

output cycles kaput (Clock) and Brain and muscle ARNT-like1 (Bmal1), which encode basic 

helix-loop-helix Per-Arnt-Single-minded (bHLH-PAS) proteins that initiate transcription by 

binding to promoter regions of target genes [45]. Period (Per1/2/3) and Cryptochrome 

(Cry1/2) genes comprise the negative limb of the clock gene feedback loop where PER and 

CRY translocate to the nucleus upon translation and where they function as negative 

regulators of their own transcription by interacting with CLOCK/BMAL1 complexes. [46]. 

This complex oscillatory network sustains 24-h transcriptional oscillations and synchronizes 

the transcription of clock effector genes to changes in LD cycles. Importantly, accumulating 

evidence suggests that molecular underpinnings of the islet circadian clock are essential for 

proper regulation of β-cell function, survival and glucose control [47].

Presence of robust circadian clock gene expression in pancreatic islets has been previously 

shown by rtPCR analysis in islets isolated by either the collagenase method or laser 

microdissection from pancreatic tissues collected at multiple time points throughout the 24-h 

cycle [39, 42, 43]. In addition, tracking of real-time islet cell bioluminescence with a clock 

gene luciferase fusion construct has been used for longitudinal monitoring and assessment of 

the islet clock function in vitro [39, 42, 43]. Seminal studies by Marcheva and colleagues 

used bioluminescent imaging of islets isolated from Per2:Luc mice to first demonstrate 

autonomous clock expression in pancreatic islets [42]. Consistent with these observations, 

our studies utilizing Per1:Luc transgenic rats (in which mouse Per1 promoter is linked to a 

luciferase reporter) reported well defined in phase high amplitude circadian cycles of Per1-

driven luciferase expression in individual rat islets with ~24-h period and the phase 

reflecting temporal in vivo profile of Per1 mRNA expression [39] (Fig. 1A,B). Interestingly, 

islet clocks demonstrated robust glucose sensitivity particularly with islets cultured at low 

glucose concentrations (<5 mM), displaying substantial reduction in the amplitude, 

lengthening of the oscillatory period, and altered phase of Per1 bioluminescence oscillations 

[39] suggesting potentially important inter-relationships between cellular, metabolic, and 

circadian cycles in pancreatic islets [48].

While the primary environmental cue (i.e. zeitgeber) modulating SCN clock is light, 

peripheral clocks are believed to be responsive to a variety of signals including autonomic 

nervous system control by the SCN, neuroendocrine hormonal signals, as well as indirect 

signals such alterations in body temperature and timing of food intake [49–51]. To 

investigate potential mechanisms mediating entrainment of islet circadian clocks, we first 

examined whether sudden changes in LD cycle can modulate and reset the phase of 

transcriptional oscillations in islet clocks. Subsequently, inversion of the phase of the LD 

cycle in Per1:Luc transgenic rats by 12 h from LD (lights on at 6:00 h, lights off 18:00 h) to 
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DL (lights on at 18:00 h, lights off 6:00 h) resulted in near 12-h phase reversal of the islet 

Per1:Luc bioluminescence signal with no change in oscillatory period or the amplitude [39] 

(Fig. 1C, D). Feeding has been previously shown to entrain peripheral clocks and uncouple 

peripheral oscillators from the SCN pacemaker, an observation particularly evident in 

organs responsive to nutritional load, such as the liver [52, 53]. Thus Per1:Luc transgenic 

rats were used to assess the ability of feeding to entrain islet clocks. Restricting food 

availability for 6 h during the light phase of standard LD cycle entrained the islet clocks as 

evident by a rapid 6-h shift in phase of islet Per1:Luc bioluminescence rhythm (Fig. 1C, D). 

Similar to sudden changes in LD cycle, restricting feeding time appears to reset the phase of 

islet clocks, suggesting that peripheral oscillators in the islet may be coupled to the SCN via 

modulation of feeding rhythmicity. In fact, feeding patterns have been previously shown to 

directly entrain peripheral clocks in a variety of organs independent of the SCN, although 

the degree and timing of feeding-induced clock phase shifts vary among different organs 

[52].

Mechanisms driving feeding-induced entrainment of islet clocks remain unclear; however, 

some clues can be gleaned from previous studies that examined feeding entrainment of 

various other peripheral oscillators. A number of potential candidates mediating feeding-

induced entrainment have been considered which include, but are not limited to 1) feeding-

generated metabolites, 2) feeding-induced hormonal factors, and 3) feeding-induced 

regulation of body temperature. Changes in glucose availability and subsequent changes in 

intracellular metabolic milieu may constitute a logical candidate given that the former has 

been shown to alter clock gene expression in cultured cells, including pancreatic islets [39, 

54]. Also, the oscillation of the intracellular redox state due to metabolic changes, can affect 

CLOCK and BMAL1 dimerization and their binding to DNA elements in vitro, thus 

contributing to another entrainment mechanism [55]. Furthermore, AMP-dependent kinase 

(AMPK)-mediated phosphorylation and degradation of clock proteins in peripheral tissues 

may be yet another mechanism that could potentially play a role in feeding-induced 

entrainment of islet clocks [56]. Finally, the availability of other food-generated metabolites 

(e.g. lipids, amino acids, ketones, etc.) which are capable of altering intracellular metabolic 

environment may also potentially contribute to resetting the islet circadian oscillators.

Circadian release of feeding-induced hormonal factors may also play a role in entrainment 

of islet oscillators. Gut incretin peptides such as Glucagon-like Peptide (GLP-1) and Gastric 

inhibitory polypeptide (GIP) constitute plausible candidates given the recent demonstration 

of their secretion under clock control [57], high expression of incretin receptors in islets, and 

the fact that incretins activate cAMP-pCREB intracellular signaling cascade known to be 

important for clock entrainment [58]. In addition, autocrine effects of insulin release may 

also contribute to islet clock entrainment, since insulin has been recently shown to entrain 

circadian oscillators in the liver [59]. Finally, feeding cycles have been previously shown to 

impact body temperature regulation, thus providing yet another potential mechanism 

responsible for feeding-induced islet clock entrainment [52]. Indeed, temperature can 

sufficiently entrain clocks both in vitro and in vivo [60]. Clearly, additional work is needed 

to dissect and unravel exact mechanisms driving the entrainment of islet clocks and how 
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disruption of islet clock entrainment contributes to increased susceptibility for metabolic 

disease and T2DM.

Circadian disruption, islet clock function and contribution to islet failure in 

T2DM

A functional circadian system and resultant synchronous inter-relationships between 

peripheral and central oscillators are essential for maintaining appropriate homeostatic 

function. However, in instances when environmental factors (e.g. rotational shift work) 

induce misalignment between internal circadian oscillators and the external environment, 

functional regulation of multiple physiological systems is compromised, including glucose 

homeostasis and β-cell function [28, 61, 62]. One plausible mechanism underpinning this 

phenomenon is the impairment in autonomous islet clock function. Indeed, circadian 

disruption due to continuous exposure to constant light (LL) and resultant loss of circadian 

rhythms in locomotor activity, feeding and hormonal secretion appears to significantly 

compromise islet clock integrity [63] (Fig. 2). Specifically, circadian misalignment induced 

by LL results in impaired amplitude, phase and inter-islet synchrony of clock gene 

oscillations [63] (Fig. 2). The functional significance of uncoupling and dampening of 

autonomous circadian oscillators in islets remains to be further explored; however, islets 

isolated from LL-exposed animals display significant loss of β-cell function (Fig. 2) [63]. 

Furthermore, continuous exposure to LL (as well as chronic jetlag-like conditions) 

significantly accelerates the development of fasting hyperglycaemia and islet failure in 

diabetes-prone human islet amyloid transgenic (HIP) rats [64] (Fig. 3). Interestingly, the 

timing and extent of diabetes phenotype acceleration induced by circadian disruption in 

diabetes-prone HIP rats is comparable to that achieved by exposure to 60% high fat diet 

[65]. Importantly, induction of islet failure in circadian-disrupted HIP rats was due to loss of 

insulin secretory function and β-cell mass, the latter attributed to increased β-cell apoptosis 

[64] (Fig. 3). Similar results were also observed in mice where continuous exposure to shift-

work conditions resulted in development of fasting hyperglycaemia and loss of glucose-

stimulated insulin secretion [66].

Over the past few years, a number of pancreas and β-cell specific clock gene mutants have 

been established to investigate molecular mechanisms underlying the inter-relationship 

between autonomous β-cell clocks and regulation of β-cell health [42, 66–68]. These studies 

have clearly shown that embryonic deletion of key components of the β-cell circadian clock 

compromise the regulation of glucose homeostasis via impaired β-cell function, associated 

with defective insulin vesicular exocytosis and/or diminished mitochondrial function [42, 

66–68]. Clock-controlled regulation of cellular mitochondrial function is particularly 

noteworthy given the critical importance of mitochondrial respiration for stimulation of 

glucose-mediated insulin secretion and well characterized mitochondrial dysfunction in 

diabetic β-cells [69, 70]. In addition, β-cell circadian clock appears to be also involved in 

regulation of key transcription factors regulating β-cell growth, proliferation as well as 

maturation [42]. Finally, recent work in β-cell specific Bmal1 knockout mice shows that β-

cell clock is also involved in orchestrating cellular response to oxidative stress via regulation 

of nuclear factor erythroid 2-related factor 2 (Nrf2) [66]. This would suggest that an 
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autonomous islet clock regulates β-cell homeostasis by coordinating its response to 

oxidative stress. This is particularly relevant in context of T2DM metabolic environment 

where β-cells are exposed to an array of pro-oxidative stressors such as glucotoxicity, 

lipotoxicity and proteotoxicity [71, 72]. This postulate is supported by the recent observation 

of improved response to oxidative stress and consequent restoration of β-cell function and 

survival in diabetic β-cells subsequent to activation of melatonin receptor signaling [73], a 

signaling pathway recently shown to enhance the circadian clock function in β-cells [74].

Conclusion

Circadian regulation of β-cell insulin secretory capacity and secretion in humans are well 

characterized. Furthermore, loss of circadian rhythmicity of insulin secretion appears to 

serve as an early biomarker of β-cell dysfunction in obesity and T2DM. Circadian 

misalignment per se is associated with increased susceptibility for development of T2DM, 

mediated partly through decline in β-cell function, and plausibly, compromised β-cell 

survival. It is currently unknown whether islet clock function in humans is compromised as 

consequences of circadian disruption and/or T2DM. However, preclinical rodent work 

suggests that islet clocks regulate a multitude of critical cellular processes including insulin 

exocytosis, mitochondrial function, and response to oxidative stress. Consequently, the loss 

of islet clock function in rodents leads to loss of glucose control mediated by a decline in β-

cell function and survival. Clearly, the interworking of the circadian control of β-cell 

function is highly complex and likely entails a coordinate regulation of multiple cellular and 

physiological systems. That being said, understanding the molecular targets of islet clocks 

and translating this work to human disease will be an important step toward development of 

novel chronotheraputic approaches to treat metabolic diseases.

Acknowledgments

We acknowledge funding support from the National Institutes of Health (DK098468 to AVM), the O’Keefe 
Foundation (CSC and AVM) and the Center for Regenerative Medicine (Mayo Clinic, Rochester, MN).

References

1. Whiting DR, Guariguata L, Weil C, et al. IDF Diabetes Atlas: Global estimates of the prevalence of 
diabetes for 2011 and 2030. Diabetes Res Clin Pract. 2011; 94:311–321. [PubMed: 22079683] 

2. Rizza RA. Pathogenesis of fasting and postprandial hyperglycaemia in type 2 diabetes: implications 
for therapy. Diabetes. 2010; 59:2697–2707. [PubMed: 20705776] 

3. DeFronzo RA, Abdul-Ghani MA. Preservation of beta-cell function: the key to diabetes prevention. 
J Clin Endocrinol Metab. 2011; 96:2354–2366. [PubMed: 21697254] 

4. Pimenta W, Korytkowski M, Mitrakou A, et al. Pancreatic beta-cell dysfunction as the primary 
genetic lesion in NIDDM. Evidence from studies in normal glucose-tolerant individuals with a first-
degree NIDDM relative. JAMA. 1995; 273:1855–1861. [PubMed: 7776502] 

5. Brunzell JD, Robertson RP, Lerner RL, et al. Relationships between fasting plasma glucose levels 
and insulin secretion during intravenous glucose tolerance tests. J Clin Endocrinol Metab. 1976; 
42:222–229. [PubMed: 1262429] 

6. Butler AE, Janson J, Bonner-Weir S, et al. Beta-cell deficit and increased beta-cell apoptosis in 
humans with type 2 diabetes. Diabetes. 2003; 52:102–110. [PubMed: 12502499] 

Rakshit et al. Page 7

Diabetes Obes Metab. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Basu A, Dalla Man C, Basu R, et al. Effects of type 2 diabetes on insulin secretion, insulin action, 
glucose effectiveness, and postprandial glucose metabolism. Diabetes Care. 2009; 32:866–872. 
[PubMed: 19196896] 

8. Porksen N, Hollingdal M, Juhl C, et al. Pulsatile insulin secretion: detection, regulation, and role in 
diabetes. Diabetes. 2002; 51(Suppl 1):S245–S254. [PubMed: 11815487] 

9. Hojberg PV, Vilsboll T, Rabol R, et al. Four weeks of near-normalisation of blood glucose improves 
the insulin response to glucagon-like peptide-1 and glucose-dependent insulinotropic polypeptide in 
patients with type 2 diabetes. Diabetologia. 2009; 52:199–207. [PubMed: 19037628] 

10. Talchai C, Xuan S, Lin HV, et al. Pancreatic beta cell dedifferentiation as a mechanism of diabetic 
beta cell failure. Cell. 2012; 150:1223–1234. [PubMed: 22980982] 

11. Smushkin G, Vella A. Genetics of type 2 diabetes. Curr Opin Clin Nutr Metab Care. 2010; 13:471–
477. [PubMed: 20473152] 

12. Yki-Jarvinen H. Role of insulin resistance in the pathogenesis of NIDDM. Diabetologia. 1995; 
38:1378–1388. [PubMed: 8786010] 

13. Lin YC, Hsiao TJ, Chen PC. Persistent rotating shift-work exposure accelerates development of 
metabolic syndrome among middle-aged female employees: a five-year follow-up. Chronobiol Int. 
2009; 26:740–755. [PubMed: 19444753] 

14. Pan A, Schernhammer ES, Sun Q, et al. Rotating night shift work and risk of type 2 diabetes: two 
prospective cohort studies in women. PLoS Med. 2011; 8:e1001141. [PubMed: 22162955] 

15. Suwazono Y, Dochi M, Oishi M, et al. Shiftwork and impaired glucose metabolism: a 14-year 
cohort study on 7104 male workers. Chronobiol Int. 2009; 26:926–941. [PubMed: 19637051] 

16. Knutson KL, Ryden AM, Mander BA, et al. Role of sleep duration and quality in the risk and 
severity of type 2 diabetes mellitus. Arch Intern Med. 2006; 166:1768–1774. [PubMed: 16983057] 

17. Meisinger C, Heier M, Loewel H. Sleep disturbance as a predictor of type 2 diabetes mellitus in 
men and women from the general population. Diabetologia. 2005; 48:235–241. [PubMed: 
15645205] 

18. Yaggi HK, Araujo AB, McKinlay JB. Sleep duration as a risk factor for the development of type 2 
diabetes. Diabetes Care. 2006; 29:657–661. [PubMed: 16505522] 

19. Buxton OM, Cain SW, O'Connor SP, et al. Adverse metabolic consequences in humans of 
prolonged sleep restriction combined with circadian disruption. Sci Transl Med. 2012; 4 129ra43. 

20. Leproult R, Holmback U, Van Cauter E. Circadian misalignment augments markers of insulin 
resistance and inflammation, independently of sleep loss. Diabetes. 2014; 63:1860–1869. 
[PubMed: 24458353] 

21. Qin LQ, Li J, Wang Y, et al. The effects of nocturnal life on endocrine circadian patterns in healthy 
adults. Life Sci. 2003; 73:2467–2475. [PubMed: 12954455] 

22. Scheer FA, Hilton MF, Mantzoros CS, et al. Adverse metabolic and cardiovascular consequences 
of circadian misalignment. Proc Natl Acad Sci U S A. 2009; 106:4453–4458. [PubMed: 
19255424] 

23. Spiegel K, Leproult R, Van Cauter E. Impact of sleep debt on metabolic and endocrine function. 
Lancet. 1999; 354:1435–1439. [PubMed: 10543671] 

24. Spiegel K, Tasali E, Leproult R, et al. Effects of poor and short sleep on glucose metabolism and 
obesity risk. Nat Rev Endocrinol. 2009; 5:253–261. [PubMed: 19444258] 

25. Bach AG, Muhlbauer E, Peschke E. Adrenoceptor expression and diurnal rhythms of melatonin 
and its precursors in the pineal gland of type 2 diabetic Goto-Kakizaki rats. Endocrinology. 2010; 
151:2483–2493. [PubMed: 20371702] 

26. Reutrakul S, Hood MM, Crowley SJ, et al. Chronotype is independently associated with glycemic 
control in type 2 diabetes. Diabetes Care. 2013; 36:2523–2529. [PubMed: 23637357] 

27. Takahashi JS, Hong HK, Ko CH, et al. The genetics of mammalian circadian order and disorder: 
implications for physiology and disease. Nat Rev Genet. 2008; 9:764–775. [PubMed: 18802415] 

28. Bass J, Takahashi JS. Circadian integration of metabolism and energetics. Science. 2010; 
330:1349–1354. [PubMed: 21127246] 

29. Carroll KF, Nestel PJ. Diurnal variation in glucose tolerance and in insulin secretion in man. 
Diabetes. 1973; 22:333–348. [PubMed: 4700047] 

Rakshit et al. Page 8

Diabetes Obes Metab. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



30. Lee A, Ader M, Bray GA, et al. Diurnal variation in glucose tolerance. Cyclic suppression of 
insulin action and insulin secretion in normal-weight, but not obese, subjects. Diabetes. 1992; 
41:750–759. [PubMed: 1587401] 

31. Saad A, Dalla Man C, Nandy DK, et al. Diurnal pattern to insulin secretion and insulin action in 
healthy individuals. Diabetes. 2012; 61:2691–2700. [PubMed: 22751690] 

32. Boden G, Ruiz J, Urbain JL, et al. Evidence for a circadian rhythm of insulin secretion. Am J 
Physiol. 1996; 271:E246–E252. [PubMed: 8770017] 

33. Boden G, Chen X, Urbain JL. Evidence for a circadian rhythm of insulin sensitivity in patients 
with NIDDM caused by cyclic changes in hepatic glucose production. Diabetes. 1996; 45:1044–
1050. [PubMed: 8690150] 

34. Boden G, Chen X, Polansky M. Disruption of circadian insulin secretion is associated with reduced 
glucose uptake in first-degree relatives of patients with type 2 diabetes. Diabetes. 1999; 48:2182–
2188. [PubMed: 10535452] 

35. Peschke E, Peschke D. Evidence for a circadian rhythm of insulin release from perifused rat 
pancreatic islets. Diabetologia. 1998; 41:1085–1092. [PubMed: 9754828] 

36. Delattre E, Cipolla-Neto J, Boschero AC. Diurnal variations in insulin secretion and K+ 
permeability in isolated rat islets. Clin Exp Pharmacol Physiol. 1999; 26:505–510. [PubMed: 
10405774] 

37. Kalsbeek A, Strubbe JH. Circadian control of insulin secretion is independent of the temporal 
distribution of feeding. Physiol Behav. 1998; 63:553–558. [PubMed: 9523898] 

38. la Fleur SE, Kalsbeek A, Wortel, et al. A daily rhythm in glucose tolerance: a role for the 
suprachiasmatic nucleus. Diabetes. 2001; 50:1237–1243. [PubMed: 11375322] 

39. Qian J, Block GD, Colwell CS, et al. Consequences of exposure to light at night on the pancreatic 
islet circadian clock and function in rats. Diabetes. 2013; 62:3469–3478. [PubMed: 23775768] 

40. Reppert SM, Weaver DR. Coordination of circadian timing in mammals. Nature. 2002; 418:935–
941. [PubMed: 12198538] 

41. Yoo SH, Yamazaki S, Lowrey PL, et al. PERIOD2::LUCIFERASE real-time reporting of circadian 
dynamics reveals persistent circadian oscillations in mouse peripheral tissues. Proc Natl Acad Sci 
U S A. 2004; 101:5339–5346. [PubMed: 14963227] 

42. Marcheva B, Ramsey KM, Buhr ED, et al. Disruption of the clock components CLOCK and 
BMAL1 leads to hypoinsulinaemia and diabetes. Nature. 2010; 466:627–631. [PubMed: 
20562852] 

43. Pulimeno P, Mannic T, Sage D, et al. Autonomous and self-sustained circadian oscillators 
displayed in human islet cells. Diabetologia. 2013; 56:497–507. [PubMed: 23242133] 

44. Buijs RM, Kalsbeek A. Hypothalamic integration of central and peripheral clocks. Nat Rev 
Neurosci. 2001; 2:521–526. [PubMed: 11433377] 

45. Gekakis N, Staknis D, Nguyen HB, et al. Role of the CLOCK protein in the mammalian circadian 
mechanism. Science. 1998; 280:1564–1569. [PubMed: 9616112] 

46. Lee C, Etchegaray JP, Cagampang FR, et al. Posttranslational mechanisms regulate the mammalian 
circadian clock. Cell. 2001; 107:855–867. [PubMed: 11779462] 

47. Rakshit K, Thomas AP, Matveyenko AV. Does disruption of circadian rhythms contribute to beta-
cell failure in type 2 diabetes? Curr Diab Rep. 2014; 14:474. [PubMed: 24532160] 

48. Asher G, Schibler U. Crosstalk between components of circadian and metabolic cycles in 
mammals. Cell Metab. 2011; 13:125–137. [PubMed: 21284980] 

49. Kalsbeek A, Palm IF, La Fleur SE, et al. SCN outputs and the hypothalamic balance of life. J Biol 
Rhythms. 2006; 21:458–469. [PubMed: 17107936] 

50. Okamura H. Suprachiasmatic nucleus clock time in the mammalian circadian system. Cold Spring 
Harb Symp Quant Biol. 2007; 72:551–556. [PubMed: 18419314] 

51. Saini C, Suter DM, Liani A, et al. The mammalian circadian timing system: synchronization of 
peripheral clocks. Cold Spring Harb Symp Quant Biol. 2011; 76:39–47. [PubMed: 22179985] 

52. Damiola F, Le Minh N, Preitner N, et al. Restricted feeding uncouples circadian oscillators in 
peripheral tissues from the central pacemaker in the suprachiasmatic nucleus. Genes Dev. 2000; 
14:2950–2961. [PubMed: 11114885] 

Rakshit et al. Page 9

Diabetes Obes Metab. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



53. Stokkan KA, Yamazaki S, Tei H, et al. Entrainment of the circadian clock in the liver by feeding. 
Science. 2001; 291:490–493. [PubMed: 11161204] 

54. Hirota T, Okano T, Kokame K, et al. Glucose down-regulates Per1 and Per2 mRNA levels and 
induces circadian gene expression in cultured Rat-1 fibroblasts. J Biol Chem. 2002; 277:44244–
44251. [PubMed: 12213820] 

55. Rutter J, Reick M, McKnight SL. Metabolism and the control of circadian rhythms. Annu Rev 
Biochem. 2002; 71:307–331. [PubMed: 12045099] 

56. Jordan SD, Lamia KA. AMPK at the crossroads of circadian clocks and metabolism. Mol Cell 
Endocrinol. 2013; 366:163–169. [PubMed: 22750052] 

57. Gil-Lozano M, Mingomataj EL, Wu WK, et al. Circadian secretion of the intestinal hormone 
GLP-1 by the rodent L cell. Diabetes. 2014; 63:3674–3685. [PubMed: 24789917] 

58. O'Neill JS, Maywood ES, Chesham JE, et al. cAMP-dependent signaling as a core component of 
the mammalian circadian pacemaker. Science. 2008; 320:949–953. [PubMed: 18487196] 

59. Chaves I, van der Horst GT, Schellevis R, et al. Insulin-FOXO3 signaling modulates circadian 
rhythms via regulation of clock transcription. Current Biol. 2014; 24:1248–1255.

60. Buhr ED, Yoo SH, Takahashi JS. Temperature as a universal resetting cue for mammalian 
circadian oscillators. Science. 2010; 330:379–385. [PubMed: 20947768] 

61. Reddy AB, O'Neill JS. Healthy clocks, healthy body, healthy mind. Trends Cell Biol. 2010; 20:36–
44. [PubMed: 19926479] 

62. Silva CM, Sato S, Margolis RN. No time to lose: workshop on circadian rhythms and metabolic 
disease. Genes Dev. 2010; 24:1456–1464. [PubMed: 20634312] 

63. Qian J, Block GD, Colwell CS, et al. Consequences of exposure to light at night on the pancreatic 
islet circadian clock and function in rats. Diabetes. 2013; 62:3469–3478. [PubMed: 23775768] 

64. Gale JE, Cox HI, Qian J, et al. Disruption of circadian rhythms accelerates development of 
diabetes through pancreatic beta-cell loss and dysfunction. J Biol Rhythms. 2011; 26:423–433. 
[PubMed: 21921296] 

65. Matveyenko AV, Gurlo T, Daval M, et al. Successful versus failed adaptation to high-fat diet-
induced insulin resistance: the role of IAPP-induced beta-cell endoplasmic reticulum stress. 
Diabetes. 2009; 58:906–916. [PubMed: 19151199] 

66. Lee J, Moulik M, Fang Z, et al. Bmal1 and beta-cell clock are required for adaptation to circadian 
disruption, and their loss of function leads to oxidative stress-induced beta-cell failure in mice. 
Mol Cell Biol. 2013; 33:2327–2338. [PubMed: 23547261] 

67. Ma X, Idle JR, Krausz KW, et al. Metabolism of melatonin by human cytochromes p450. Drug 
Metab Dispos. 2005; 33:489–494. [PubMed: 15616152] 

68. Sadacca LA, Lamia KA, deLemos AS, et al. An intrinsic circadian clock of the pancreas is 
required for normal insulin release and glucose homeostasis in mice. Diabetologia. 2011; 54:120–
124. [PubMed: 20890745] 

69. Maechler P, Wollheim CB. Mitochondrial function in normal and diabetic beta-cells. Nature. 2001; 
414:807–812. [PubMed: 11742413] 

70. Peek CB, Affinati AH, Ramsey KM, et al. Circadian clock NAD+ cycle drives mitochondrial 
oxidative metabolism in mice. Science. 2013; 342:1243417. [PubMed: 24051248] 

71. Rivera JF, Costes S, Gurlo T, et al. Autophagy defends pancreatic beta cells from human islet 
amyloid polypeptide-induced toxicity. J Clin Invest. 2014; 124:3489–3500. [PubMed: 25036708] 

72. Robertson RP, Harmon J, Tran PO, et al. Beta-cell glucose toxicity, lipotoxicity, and chronic 
oxidative stress in type 2 diabetes. Diabetes. 2004; 53(Suppl 1):S119–S124. [PubMed: 14749276] 

73. Costes S, Boss M, Thomas AP, et al. Activation of melatonin signaling promotes beta-cell survival 
and function. Mol Endocrinol. 2015; 29:682–692. [PubMed: 25695910] 

74. Nishiyama K, Hirai K. The melatonin agonist Ramelteon induces duration-dependent clock gene 
expression through cAMP signaling in pancreatic INS-1 beta-Cells. PLoS One. 2014; 9:e102073. 
[PubMed: 25013953] 

Rakshit et al. Page 10

Diabetes Obes Metab. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Callout 1 (relates to the text described in pages 4–6)

Insulin secretory capacity and function is under circadian control and disrupted in obesity 

and T2DM, implying an intriguing possibility that loss of circadian rhythmicity in insulin 

secretion may serve as an early biomarker of β-cell dysfunction in T2DM.

Callout 2 (relates to the text described in pages 7–10)

Restricting feeding time resets the phase of islet clocks suggesting that peripheral 

oscillators in the islet may be coupled to the SCN via modulation of daily feeding cycles.

Callout 3 (relates to the text described in pages 10–12)

Temporal profile and the extent of diabetes phenotype acceleration induced by circadian 

disruption in diabetes-prone HIP rats are comparable to that achieved by exposure to 

60% high fat diet.
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Figure 1. Examination of the islet clock entrainment by longitudinal monitoring of islets isolated 
from Per-1:Luc transgenic rats
(A) Whole-field image (10×) of islets isolated from Per-1:Luc transgenic rats under standard 

LD condition obtained by intensified charge-coupled device (ICCD) camera. Individual islet 

images collected over 24 h from the islet shown in orange square insert in the figure. (B) 

Representative examples of corresponding Per-driven bioluminescence rhythms obtained 

from 4 individual islets isolated from Per1:Luc rats housed under standard LD cycle 

conditions. Note the robust in phase oscillations among individual islets. (C) Representative 

examples of Per-driven diurnal bioluminescence rhythms in batches of 50 islets isolated 

from Per1:Luc rats housed under 1) standard LD (lights on at 6:00 h, lights off 18:00 h) 

cycle and given ad-libitum food intake (black lines), 2) 12 h advance in the light cycle DL 

(lights on at 18:00 h, lights off 6:00 h) ) and given ad-libitum food intake (red lines), and 3) 

standard LD (lights on at 6:00 h, lights off 18:00 h) cycle with food intake restricted to 6 h 

period (12:00 h to 18:00 h) during the light phase of the LD cycle for 7 days (green lines). 
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(D) Peak phase (mean ± S.E.M) of Per-driven bioluminescence rhythms in (n=6–8) 

independent batches of 50 islets isolated from Per1:Luc rats housed under 1) standard LD 

cycle and given ad-libitum food intake (black circles), 2) 12 h advance in the light cycle DL 

and given ad-libitum food intake (red circles), and 3) standard LD cycle with food intake 

restricted to 6 h period (12:00 h to 18:00 h) during the light phase of the LD cycle (green 

circles). For clarity, data are plotted against the x-axis showing circadian time (0–24 h) with 

dark and light phases of LD cycle indicated by white vs. grey area shading. *P<0.05 denotes 

statistical significance vs. LD. Reprinted with permission from American Diabetes 

Association from Ref [63]
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Figure 2. Continuous exposure to constant light disrupts islet clock and β-cell function
Actogram recordings of gross motor (left) and feeding (right) activity in representative rats 

exposed to 10 weeks (last 14 days is shown) of either (A) standard LD cycle (shown in 

black) or (B) constant light (LL) (shown in red). Note the complete behavioral arhythmicity 

in LL rats. (C) Representative examples of Per-driven diurnal bioluminescence rhythms 

imaged by ICCD camera at the level of individual islets (n=13) from Per1:Luc rats exposed 

to either 10 weeks of LD (black lines) or aberrant LL (red lines) cycles. Each black or red 

line represents Per-driven bioluminescence signal from an individual islet. Note the 

apparent loss of amplitude and synchrony in Per1:Luc expression among individual islets in 

LL rats. (D) Peak phase (mean ± S.E.M) of Per-driven bioluminescence rhythms in 

individual islets isolated from Per1:Luc rats exposed to either 10 weeks of LD (black 

circles) or LL (red circles) cycles. For clarity, data are plotted against the x-axis showing 

circadian time (0–24 h) with dark and light phases of LD cycle indicated by white vs. grey 

area shading. *P<0.05 denotes statistical significance vs. LD. (E) Mean insulin 

concentration profiles obtained during isolated islet perifusion at low 4 mM (0–40 min) and 

high 16 mM glucose (40–80 min) concentrations in isolated islets from rats exposed to 10 

weeks of either standard LD (black lines) or LL (red lines) cycle (n=5 per condition). Note 

the apparent loss of glucose-stimulated insulin response in LL islets. Reprinted with 

permission from American Diabetes Association from Ref [63]
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Figure 3. Circadian disruption accelerates development of diabetes in diabetes-prone HIP rats 
due to loss of β-cell function and mass
Representative double-plotted actograms of rats exposed to either standard LD cycle (A) or 

experimental changes in the LD cycle (B) produced by either 6 h advance of the light cycle 

every 3 days (chronic jetlag) or by constant light (LL). (C) Changes in plasma fasting 

glucose concentrations in diabetes-prone HIP rats exposed to 10 weeks of either standard 

LD (white circles), LL (black circles) or 6 h advances (grey circles) light regiments. Data are 

expressed as mean ± SEM, *P<0.05 statistical significance for changes in plasma glucose in 

LD vs. 6 h advance and LL. (D) Mean insulin response to glucose challenge during the 

hyperglycemic clamp in diabetes-prone HIP rats following 10 week exposure to LD (open 

bars), LL (black bars) or 6 h advance (grey bars). Data are expressed as mean ± SEM, 

*P<0.05 statistical significance vs. LD. (E) Mean β-cell fractional area in diabetes-prone 

HIP rats following 10 week exposure to LD (open bars), LL (black bars) and 6 h advance 

(gray bars). Data are expressed as mean ± SEM, *P<0.05 statistical significance vs. LD. 

Reprinted with permission from Society for Research on Biological Rhythms from Ref [64
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