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SUMMARY 

The body circadian system governs our physiology to anticipate daily changes in geophysical 

time. There is accumulating evidence attributing a critical role to the cell-autonomous 

oscillators operative in different metabolic organs in regulation of glucose homeostasis. This 

work proposes a functional link between the molecular clocks of the endocrine pancreas and 

the pancreatic islet gene transcription and hormone secretion under physiological conditions, 

and in the pathogenesis of type 2 diabetes (T2D) in humans and mouse models. We provide 

detailed characterisation of core-clock and clock-related genes in mouse and human glucagon-

producing α-cells and insulin-producing β-cells. Our experiments demonstrate that clock 

disruption in human islet α- and β-cells impairs the accumulation and exocytosis of insulin and 

glucagon granules. Furthermore, we observed that circadian oscillators operative in the islets 

from donors suffering from T2D bear reduced circadian amplitude and compromised 

synchronization capacity in vitro. Noteworthy, the clock modulator Nobiletin partly restores 

the amplitude of circadian oscillations concomitant with secretion of insulin by these T2D 

islets. Moreover, we provide evidence on circadian regulation of lipid metabolism and 

membrane fluidity in human pancreatic islets that are perturbed upon T2D, highlighting that 

circadian orchestration of sphingolipid metabolites in human pancreatic islets contributes to 

regulation of insulin secretion and membrane fluidity. Finally, we report that β-cell 

regeneration in diabetic mice exhibits daily rhythms, with the core-clock protein BMAL1 

playing essential role in this conjunction. 

Within the frame of circadian endocrinology, new perspectives are discussed aimed at studying 

of inter-organ circadian desynchrony following solid organ transplantation and its role in 

development of T2D, as well as at characterisation of human parathyroid cell clocks and its 

role in function and dysfunction of the parathyroid glands. 
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INTRODUCTION  

1. Circadian system as a molecular driver of rhythmic physiology 

The time-keeping system, dubbed “circadian” from Latin circa diem (about a day), has been 

developed by most organisms as a fundamental adaptation mechanism driving periodical 

oscillations of behaviour and physiology in anticipation of geophysical time changes. In 

mammals, this system represents a network of oscillators assembled in hierarchical manner, 

with a central pacemaker located in the paired suprachiasmatic nuclei (SCN) of the 

hypothalamus, and peripheral oscillators in the organs composed of myriads individual cellular 

clocks (Dibner et al. 2010; Cox and Takahashi 2021).  

In humans about 100’000 clock neurons are clustered in SCN (Hofman and Swaab 2006). 

Within the neuronal network, they generate circadian cycles of spontaneous firing rate virtually 

indefinitely in vivo and in vitro, with remarkable robustness, resilience, and precision (Colwell 

2011; Hastings et al. 2018). Beyond this autonomous capacity to maintain circadian 

rhythmicity, the SCN integrates internal and external signals allowing to adjust the whole-body 

oscillations to the environmental needs. The environmental cues (Zeitgebers) entrain the 

central clock daily, with light-dark cycles representing the predominant Zeitgeber. As a 

consequence, neural and hormonal rhythms emanating from SCN, along with feeding, 

temperature, oxygen, and metabolite levels synchronize peripheral clocks across the body 

(Damiola et al. 2000; Mohawk et al. 2012; Manella et al. 2021).  

Like SCN neurons, the peripheral circadian oscillators maintain their cell autonomy 

(Balsalobre et al. 1998). However, they seem to have weaker degree of coupling strength within 

the peripheral organs as compared to SCN, although it differs among the tissues (Finger et al. 

2020). Hence, the circadian phase-coherence relay on the integrative function of central clock.  

The molecular architecture of the core mechanism responsible for driving autonomous 

circadian oscillations in both SCN neurons and in the peripheral tissues relies on transcription-

translation (TTFL) feedback loop of core-clock genes (summarized in Fig. 1). The discovery 

of this fundamentally conserved mechanism in a fruit fly Drosophila melanogaster has been 

awarded by the 2017 Nobel Prize in Physiology or Medicine to Jeffrey C. Hall, Michael 

Rosbash and Michael W. Young. The two central components of the molecular clock are the 

transcription factors Circadian Locomoter Output Cycles Kaput Protein (CLOCK) and Brain 

and Muscle Aryl hydrocarbon receptor nuclear translocator-like 1 (BMAL1), which form a 

heterodimeric complex triggering the rhythmic expression of their inhibitors within two 
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principal feedback loops within clock machinery. In the primary feedback loop, they activate 

the transcription of the Period (Per) and Cryptochrome (Cry) genes, encoding for the 

corepressor proteins PER1, PER2, CRY1 and CRY2 (Lowrey and Takahashi 2000). Once in 

sufficient concentrations, the PER and CRY transcriptional factors heterodimerize and inhibit 

the CLOCK-BMAL1 complex activity (Schmalen et al. 2014; Aryal et al. 2017). The 

subsequent reduction of CLOCK-BMAL1 activators leads to decreased levels of PER and CRY 

proteins due to their constant proteasomal degradation in the cytoplasm, until they can no 

longer prevent their own transcription. This evokes the beginning of a new cycle of PER and 

CRY protein accumulation, lasting around 24 hours. In a secondary feedback loop, the 

CLOCK-BMAL1 complex controls the rhythmic expression of the genes encoding for the 

nuclear hormone receptors REV-ERBs (REV-ERBα and REV-ERBβ), RORα, RORγ, and 

RORβ in neurons (Preitner et al. 2002). In turn, REV-ERBα and RORα compete for the same 

ROR DNA-binding elements (RORE) within the Clock and Bmal1 promoter regions, resulting 

in the repression or activation respectively of the Clock and Bmal1 transcription (Fig. 1). 

Noteworthy, post-translational modifications of the core clock proteins, such as 

phosphorylation, acetylation, O-GlcNAcylation, chromatin modification, 

ubiquitination/degradation and more, provide an additional level of regulation of the molecular 

clockwork (Hirano et al. 2016). Indeed, PER and CRY stability is controlled by the casein 

kinase 1ε/δ (CK1ε/δ) that mediates phosphorylation of PER and CRY proteins, triggering 

polyubiquitination by E3 ubiquitin ligase complexes that promotes proteasomal degradation of 

the proteins. Importantly, activity of CLOCK-BMAL1 complex is a major driver the rhythmic 

expression of “clock-controlled genes” outside the clock machinery coupling autonomous 

circadian oscillations with cell functionality. 
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Figure 1. Molecular makeup of the mammalian circadian oscillator (adopted from 

(Petrenko et al. 2023)). The mammalian clock is composed of interconnected transcription-

translation feedback loops. CLOCK-BMAL1 complex binds to E-box domains on gene 

promoters, including the genes Per1/2/3 and Cry1/2. PERs and CRYs assemble and repress 

their own transcription. The main loop is stabilized by the auxiliary loop consisting of REV-

ERBα/β and RORα/β/γ. The ROR proteins compete with the REV-ERBs proteins for binding to 

RORE elements on the Bmal1 gene promoter, providing both positive (ROR) and negative 

(REV-ERB) regulation of Bmal1 and Clock transcription. At a post-transcriptional level, the 

stability of the PER and CRY proteins is regulated by kinases (casein kinase 1ε/δ (CK1ε/δ) and 

AMP kinase (AMPK)). The phosphorylation of the PER and CRY proteins promote 

polyubiquitination by E3 ubiquitin ligase complexes, which in turn tag the PER and CRY 

proteins for degradation by the proteasome. Additionally, core clock proteins regulate the 

expression of hundreds of genes outside of the circadian feedback loop (clock-controlled 

genes). These downstream targets are involved in a wide range of physiological processes.  
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2. Time dimension of body metabolism  

Discovery of circadian system introduced time as an additional important dimension for the 

studies of mammalian physiology. The major role of the circadian clock is to enable the 

temporal coordination of key metabolic processes with the geophysical time, in anticipation of 

rest–activity and feeding–fasting behaviour. Accumulating data highlight tight interactions 

between molecular clock and variety of metabolic pathways, comprising those involved in 

glucose, lipid and immunometabolism that play an important role in the pathogenesis of T2D. 

Besides, the large-scale metabolomic analyses in different tissues suggest that the metabolism 

of nucleotides and amino acids follows daily rhythmicity (Dyar et al. 2018a; Dyar et al. 2018b). 

Indeed, the metabolism of purines and pyrimidines bears circadian pattern in mouse liver, and 

is perturbed in livers of Bmal1-deficient mice (Fustin et al. 2012). Our recent study revealed a 

direct link between regulatory subunit Vsp15 of class 3 phosphotidylinositol-3-kinases (PI3K) 

and molecular clockwork in regulation of rhythmic de novo purine nucleotides synthesis in 

liver, suggesting a complex interplay between class 3 PI3K and purine metabolism (Alkhoury 

et al. 2023).  

This chapter summarizes the current knowledge on circadian regulation of glucose and lipid 

homeostasis, as well as its roles in immunometabolism. 

2.1. Circadian orchestration of glucose metabolism 

Maintaining blood glucose levels within a narrow range is a fundamental task of the organism, 

ensuring the constant cell accessibility to the principal energy source. The circadian feeding-

fasting behaviour imposes high variations in glucose availability across 24-h, representing a 

major challenge in the regulation of body metabolism. Accumulating data suggest that both 

central and peripheral circadian components of timekeeping system play an important role in 

orchestration of glucose homeostasis. Indeed, blood glucose levels exhibit circadian rhythm in 

rodents and in humans, not necessarily related to feeding rhythms (Carroll and Nestel 1973; 

Yamamoto et al. 1987; La Fleur et al. 1999). Moreover, stimulation of SCN causes 

hyperglycaemia via adrenergic mechanism (Nagai et al. 1988; Fujii et al. 1989), whilst SCN 

lesion results in enhancement of glucose tolerance due to reduced insulin sensitivity rather than 

to daily oscillations of insulin concentrations (Yamamoto et al. 1987; La Fleur et al. 1999; la 

Fleur et al. 2001a). This phenotype relays on humoral and neuronal signals emanating from 

SCN via sympathetic innervation of the liver (Kalsbeek et al. 2004), and the nocturnal hormone 
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melatonin, depletion of which following pinealectomy attenuates circadian rhythmicity of 

glucose concentration (la Fleur et al. 2001b). Interestingly, recent studies in mice evoke the 

existence of an additional SCN-independent pathway, which may participate in light 

entrainment of rhythmic clock gene expression and insulin sensitivity in skeletal muscle via 

SIRT1 in steroidogenic factor 1 neurons of the ventromedial hypothalamic nucleus (Aras et al. 

2019). The development of genetic models of clock-deficient mouse lines allowed for 

deciphering the roles of molecular clocks in glucose homeostasis. Indeed, most of the clock-

compromised models exhibit hyperglycemia, hyperinsulinemia, impaired insulin sensitivity, 

and enhanced glucose tolerance (Rudic et al. 2004; Turek et al. 2005; Le Martelot et al. 2009; 

Marcheva et al. 2010; Zhang et al. 2010). Noteworthy, this phenotype was even more 

pronounced when the clock has been specifically ablated in pancreatic islets of 

PdxCreBmal1flx/flx mice, suggesting an important role of islet-autonomous clock in regulation 

of glucose metabolism (Marcheva et al. 2010; Sadacca et al. 2011; Perelis et al. 2015). The 

discovery of autonomous functional molecular clocks operative in human islets by the Dibner 

group (Pulimeno et al. 2013) was the starting point for the presented here scientific publications 

aimed to dissect the role of molecular clock for insulin and glucagon secretion in human in 

physiological condition, as well as in T2D. 

While the endocrine pancreas is the principal peripheral glucose-sensor and regulator of 

constant glucose concentration via coordinated insulin and glucagon secretion, liver, skeletal 

muscle, and adipose tissues represent the major sites of glucose utilization in response to 

insulin. Strikingly, the skeletal-muscle specific Bmal1 KO mice develop hyperglycemia and 

glucose intolerance (Harfmann et al. 2016), while the liver-specific Bmal1 KO mice develop 

fasting hypoglycemia and enhanced glucose-tolerance (Lamia et al. 2008). Furthermore, the 

removal of functional Bmal1 specifically from adipocytes (Ad-Arntl-/- mouse model) results in 

daily variations of hyperglycemia in the absence of visible changes in insulin secretion and 

normal plasma glucose response, which was associated with obesity. Such tissue-specific effect 

of core-clock component BMAL1 disruption on glucose metabolism may stem from tissue 

specificity of BMAL1-CLOCK binding to different  regulatory sequences in these organs, as 

it was shown for the pancreatic islets and liver (Perelis et al. 2015).  

2.2. Lipids around-the-clock 

In addition to defects in glucose metabolism, majority of T2D patients develop dyslipidaemia, 

which is characterized by elevated triglycerides, low HDL cholesterol and increased LDL 
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particles in the blood (Mooradian 2009). From this perspective, the interplay between circadian 

system and lipid metabolism in physiological condition and under T2D pathology is of outmost 

interest. There is increasing evidence that molecular clocks coordinate temporal organization 

of different aspects of the lipid metabolism, including lipid digestion and absorption in the 

intestine, transportation, intracellular lipid metabolism, and accumulation. Data stemming from 

various whole-body clock mutant mouse models suggest that disruption of circadian 

rhythmicity is associated with dyslipidaemia, steatohepatitis, and obesity (Rudic et al. 2004; 

Turek et al. 2005; Shimba et al. 2011). At the same time, the whole-body deletion of the core 

clock component RORα or Cry1 protected against diet-induced obesity (Lau et al. 2008; 

Griebel et al. 2014). Recently, a regulatory link has been established between molecular clocks, 

hypoxia response, fatty acid uptake, and the development of non-alcoholic fatty liver disease 

(NAFLD) (Pan et al. 2020). In Clock mutant (ClkΔ19/Δ19) animals this phenotype is associated 

with increased fatty acid uptake via enhanced levels of hypoxia-inducible factor 1α (HIF1α) 

protein. Moreover, recent studies in CLOCK KO mice revealed altered temporal expression of 

adipogenesis and proliferation markers in white adipose tissue (Ribas-Latre et al. 2021). 

Concordantly, loss of function of nuclear receptors REV-ERBα and REV-ERBβ from auxiliary 

loop of clock machinery results in perturbation of lipid metabolism, including defects of 

lipogenesis in white adipose tissue, a marked accumulation of triacylglycerides in the liver, 

and development of severe hepatic steatosis (Bugge et al. 2012; Cho et al. 2012; Zhang et al. 

2015). During adipogenesis, two core-clock components, BMAL1 and PER3, were shown to 

play a crucial role in regulating of adipocytes development from precursor cells via direct 

control of the pro-adipogenic gene Kruppel-Like factor 15 (Klf15) (Aggarwal et al. 2017). 

Finally, studies in tissue-specific models of clock disruption further dissected the differential 

role of peripheral clocks on lipid metabolism in these tissues. Thus, mice lacking functional 

Bmal1 specifically in adipocytes exhibit increased adipose tissue mass and develop obesity, 

primarily because of greater food consumption during the rest phase (daytime for mice), as 

compared to wild-type counterparts (Paschos et al. 2012). In contrast, intestine-specific 

deletion of Bmal1 limited dietary fat absorption and protected mice from diet-induced obesity 

and hyperlipidemia developments (Yu et al. 2021). Surprisingly, adipocyte-specific deletion of 

Rev-erbα did not result in any detected perturbation of lipid synthesis and storage programs 

(Hunter et al. 2021).  

Lipids do not only represent important source of energy and signalling molecules, but also 

essential structural components of plasma and organelle membranes. Recent lipidomic studies 
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revealed that nuclear and mitochondrial lipids oscillate “around-the-clock” in mouse and 

humans (Aviram et al. 2016; Loizides-Mangold et al. 2017). However, the functional impact 

of these oscillations on membrane physiology of these subcellular structures stays largely 

unexplored. 

Taken together, these studies demonstrate that functional molecular circadian clocks are 

necessary for proper lipid metabolic function across tissues. The interplay between molecular 

clocks and different molecular processes related to the lipid metabolism is highlighted in detail 

in (Petrenko et al. 2023).  

 

2.3. Circadian regulation of immunometabolism 

The function of immune system is tightly coupled to the body metabolism, representing a 

subject of the emerging research field of immunometabolism. Molecular clocks have been 

characterized in different immune cell types and diurnal rhythms of multiple aspects of innate 

immunity have been recognized (Scheiermann et al. 2013; Cox et al. 2022). Growing body of 

evidence suggests that alterations of multiple components of immune system contribute to the 

pathogenesis of T2D (Donath and Shoelson 2011). Indeed, accumulation of islet-associated 

macrophages has been detected in human T2D islets, as well as in rodent models of diabetes 

(Ehses et al. 2007; Jourdan et al. 2013; Ying et al. 2019). However, the role of molecular 

oscillators in such accumulation stays obscure. Recent studies from the Scheierman’s group 

suggest that the draining of antigen-presenting cells from tissues (Holtkamp et al. 2021) and 

their homing into the lymph nodes (Ince et al. 2023) exhibit daily oscillations. Furthermore, 

molecular systemic and paracrine immune components may affect metabolism via molecular 

clock. We and others have recently shown that pro-inflammatory cytokines (specifically, IL-β 

and interferon-gamma), may contribute to pathogenesis and progression of T2D by affecting 

the pancreatic islet clockwork and function via complex modulation of nitric oxide synthesis, 

the lysine deacetylase HDAC3, and immunoproteasome activity (Andersen et al. 2020; Javeed 

et al. 2020). In addition, IL-1β stimulates postprandial insulin secretion via modulating vagal 

neuronal transmission upon cephalic stimulation (Wiedemann et al. 2022). Earlier clinical 

studies in humans showed that a elevation of IL-1β and IL6 independently increases the risk of 

T2D (Pradhan et al. 2001; Spranger et al. 2003). Moreover, the blockade of interleukin-1 with 

Anakinra improves glycemia and β-cell secretory function and reduces markers of systemic 
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inflammation in T2D patients (Larsen et al. 2007). Collectively, these data bring circadian 

regulation into the interplay between immune system and metabolism, and its perturbation upon 

T2D pathology. 

 

3. Circadian misalignment and metabolic disorders 

Modern 24/7 society evokes the risk of circadian misalignment, or desynchrony between 

intrinsic body clockwork and external cues. The most common types of circadian 

misalignments are the discordance between intrinsic sleep-wake cycle and the time of the day; 

misalignment between feeding rhythms and the intrinsic sleep-wake cycle; and internal 

desynchrony between central and peripheral clocks. The common causes of such desynchronies 

in modern society are shift-work schedules that require people work during biological night; 

travel across between different time-zones (jet lag); and social extension of the daily activities 

as well as access to the electric light that may delay the timing of central circadian clocks 

(social jet lag). Numerous epidemiological studies report correlation between circadian 

disruption and human pathologies comprising cardiometabolic diseases and cancer (Fig. 2) 

(Innominato et al. 2014; Chellappa et al. 2019; Mukherji et al. 2019; Dibner 2020). 

Observational studies suggest that individuals with late chronotype exhibit increased risk of 

developing T2D and metabolic disorders (Merikanto et al. 2013; Yu et al. 2015), with T2D 

late-chronotype patients  exhibiting poorer glycaemic control (Reutrakul et al. 2013; Osonoi et 

al. 2014; Vetter et al. 2015; Koopman et al. 2017). In line, shift workers exhibit higher risk of 

developing T2D, showing positive correlation with the number of night shifts per month (Gan 

et al. 2015; Vetter et al. 2018). 

Well-controlled laboratory human studies reinforced this link between circadian misalignment 

and glucose metabolism.  Thus, imposing of chronic sleep deprivation to healthy human 

individuals lowers glucose tolerance compared participants who slept 8h per night (Wilms et 

al. 2019), and  reduces insulin sensitivity (Buxton et al. 2010; Donga et al. 2010; van Leeuwen 

et al. 2010; Eckel et al. 2015; Cedernaes et al. 2016). Similarly, healthy volunteers subjected 

to experimental circadian misalignment develop impaired glucose tolerance (Scheer et al. 

2009; Leproult et al. 2014; Morris et al. 2015; Qian et al. 2018; Wefers et al. 2018). 
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Figure 2. Human pathologies associated with circadian disruption (adopted from (Sinturel 

et al. 2020b)) 

Persistent sleep deprivation, shift work, altered eating patterns, and social jetlag are the 

leading causes of misalignment of the internal circadian system from the external cues. 

Chronic circadian misalignment is associated with the development of cardiovascular, 

inflammatory, and metabolic disorders such as obesity, fatty liver disease, and type 2 diabetes, 

along with the increased risk of cancer. 

 

The connection between circadian misalignments and metabolic disorders may stem from the 

behaviour modifications. Indeed, about 95% of the circulating metabolites with a 24-h 

rhythmicity are driven by behavioural time rather than by the central clock (Depner et al. 2018; 

Skene et al. 2018). Moreover, meal timing not only modifies the plasma lipid profiles (Kessler 

and Pivovarova-Ramich 2019), but also impacts on the effectiveness of weight loss in obese 

volunteers (Garaulet et al. 2013). In line, night-shift workers consume 12-16% less calories 

when we sleep during daytime than when sleep occurs at night that could partially explain their 

weight gain (McHill et al. 2014). Interestingly, the metabolic dysregulation during the repeated 
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pattern of insufficient sleep cannot be compensated by ad libitum weekend recovery sleep 

(Depner et al. 2019). It was established that late eating behaviour leads to metabolic 

dysfunction while daytime eating protects subjects from glucose intolerance and abnormal 

energy expenditure (LeCheminant et al. 2013; Bandin et al. 2015; Wehrens et al. 2017). The 

fact that the same meal in the morning and in the evening has different postprandial 

consequences on the blood glucose levels and insulin secretion could be due to the direct effect 

of the feeding on the metabolic organ clocks (Sato et al. 2014), possibly through the nutrient-

derived metabolites. On the other hand, recent studies in mice established that misalignment of 

feeding time with intrinsic circadian cycles of creatine-mediated adipose thermogenesis 

contributes to metabolic syndrome in the setting of overnutrition, suggesting a primary role of 

adipocyte clock in diet-induced thermogenesis (Hepler et al. 2022).  

 

4.  Pathogenesis of type 2 diabetes on 24 h-scale 

According to World Health Organisation, diabetes mellitus is a chronic metabolic disorder 

characterized by elevated blood glucose levels which lead over the time to serious damages to 

the vital organs, including cardiovascular system, nervous system, eyes, kidneys.  It can be 

classified into the following general categories (American Diabetes 2020): 1) type 1 diabetes 

(T1D, due to autoimmune β-cell destruction, usually leading to absolute insulin deficiency); 2) 

T2D, due to a progressive loss of β-cell insulin secretion frequently on the background of 

insulin resistance; 3) gestational diabetes mellitus (diabetes diagnosed in the second or third 

trimester of pregnancy that was not clearly overt diabetes prior to gestation); and 4) specific 

types of diabetes (monogenic diabetes syndromes, diseases of exocrine pancreas, drug-induced 

diabetes and others). T2D exhibits an alarming epidemiological trend not only in adults but also 

in children and young adults, currently accounting for nearly 90% of the approximately 537 

million cases of diabetes worldwide (Ahmad et al. 2022). Although the exact etiology of T2D 

is not defined, a combination of multiple pathophysiological factors, comprising inflammation, 

islet cell dysfunction, increased insulin resistance in metabolic tissues, as well as kidney, and 

gastrointestinal tract dysfunctions, has been attributed to the progression of the disease (Skyler 

et al. 2017; Ahmad et al. 2022). In addition, the extensive research in humans (described in 

chapter 3) suggests that chronic circadian misalignment contributes to the development of 

metabolic diseases, including T2D (Maury et al. 2014; Kumar Jha et al. 2015; Saini et al. 2015; 

Bass 2017; Javeed and Matveyenko 2018; Wefers et al. 2018; Gao et al. 2020; Hemmer et al. 

2021), although the molecular mechanism underlying this conjunction stays largely unexplored. 
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Importantly, T2D may be not unique nosology, but comprise different entities with regards to 

etiology and pathogenesis. Indeed, recent clinical study in T2D patients distinguished 5 

subtypes of T2D in Scandinavian population by applying data-drive cluster analysis, attributing 

different disease progression and risk of diabetes complications to distinct subtypes (Ahlqvist 

et al. 2018).  

Combination of β-cell disfunction and insulin resistance in metabolic tissues are currently 

recognized as two major pathogenic factors contributing to the development of T2D. Both these 

processes show hyperbolic relationship over the T2D time course: when insulin sensitivity is 

high, large changes in insulin sensitivity produce relatively small changes in insulin levels and 

responses, whereas when insulin sensitivity is low, small changes in insulin sensitivity produce 

relatively large changes in insulin levels and responses (Kahn et al. 1993; Weir et al. 2020). 

 

        4.1. Insulin resistance 

Insulin resistance is defined as a defect in insulin-mediated regulation of glucose metabolism 

in metabolic tissues, mainly in muscle, fat, and liver. It leads to the significant reduction in 

postprandial glucose clearance primarily by skeletal muscles and adipose tissue, as well as 

altered insulin suppression of hepatic glucose output resulting in enhanced gluconeogenesis. 

The mechanism of insulin resistance is not fully understood (James et al. 2021). It comprises a 

combination of factors, including intracellular insulin signalling, defective intracellular GLUT 

4 trafficking, reduced glycogen accumulation, decreased oxidation of glucose, and altered 

activity of mitochondria (Muoio and Newgard 2008; James et al. 2021). In addition, recent 

studies evoke a role of impaired glucose-regulated microcirculation of skeletal muscle as a 

pathogenic mechanism involved in the development of the myocyte or whole-body insulin 

resistance in vivo (Carmichael et al. 2022). 

The core insulin signalling pathway may be divided on proximal components comprising the 

insulin receptor, insulin receptor substrate, phosphoinositide 3/kinase, AKT; and on its 

downstream components: Rab GTPase-regulating protein TBC1D4, glycogen synthase-3 

(GSK3) and phosphodiesterase 3 (PDE3B). Impaired AKT activation is the key element in 

metabolic perturbations involving insulin resistance and is modulated by deacetylase SIRT1 

(Liang et al. 2009; Zhou et al. 2018). Importantly, SIRT1 also regulates circadian clock gene 

expression via deacetylation of Per2 (Asher et al. 2008), providing a molecular link between 

insulin signalling and molecular clockwork. Indeed, recent studies directly show that insulin 

resets clock gene expression vin metabolic tissues via intracellular insulin signalling (Crosby 

et al. 2019; Tuvia et al. 2021). Hence, impaired insulin signalling in T2D may participate in 
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disruption of intracellular circadian oscillators. In turn, alteration of molecular clockwork in 

human myotubes by siRNA against CLOCK induces insulin resistance, negatively regulating 

genes involved in insulin signalling pathway and in GLUT4 trafficking (Perrin et al. 2018). 

Furthermore, defects in skeletal muscle glycogen accumulation also play a role in development 

of insulin resistance upon T2D (Shulman et al. 1990). Interestingly, the experiments on 

Neurospora Crassa suggest that glycogen synthase is under control of core-clock machinery 

(Baek et al. 2019). Concordantly, rodent studies shows that CLOCK regulates glycogen 

synthase 2 (Gys2), a rate-limiting enzyme in liver glycogen synthesis (Doi et al. 2010). Finally, 

mitochondrial dysfunction in T2D skeletal muscles, characterized by morphological and 

metabolic abnormalities, is recognized as a pivotal mechanism in progression of insulin 

resistance (Kelley et al. 2002; Finck et al. 2005; Koves et al. 2005; Koves et al. 2008). Recent 

studies revealed bidirectional communication between mitochondrial dysfunction and 

molecular clock perturbation in myotubes derived from T2D patients (Gabriel et al. 2021). 

However, the exact mechanism underlying this link stays unexplored.  

Together, these data highlight an intimate interplay between different elements involved in the 

development of insulin resistance and molecular clock suggesting molecular clock as an 

important element in the progression of T2D. 

           4.2. Beta-cell dysfunction 

Beta cell failure manifests as an impaired glucose-stimulated insulin secretion leading to the 

β-cell secretory dysfunction and loss of β-cell mass due to increased apoptosis and 

dedifferentiation (Butler et al. 2003; Talchai et al. 2012; Kahn et al. 2014). The mechanism of 

these changes is largely unexplored. It has been attributed to activation of oxidative and 

endoplasmic reticulum (ER) stress due to permanent exposure of β cells to toxic factors such 

as hyperglycemia, hyperlipidemia, and islet amyloid peptide oligomers (Haataja et al. 2008; 

Poitout and Robertson 2008; Scheuner and Kaufman 2008). Accumulating evidence suggest 

the role of molecular clocks in intracellular perturbations leading to β-cell loss. Indeed, it was 

recently proposed that loss of core clock component Bmal1 enhances the NADPH oxidase-

mediated generation of reactive oxygen species in β-cells (de Jesus et al. 2022). In line, the 

imposed disruption of circadian rhythms in rodent model accelerates development of diabetes 

through pancreatic β-cell dysfunction and apoptosis (Gale et al. 2011). The changes might be 

reciprocal, since it was shown that ER stress may modify the expression of core-clock genes 

in NIH3T3 cells via an ATF4-dependent mechanism (Gao et al. 2019).  
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Beyond β-cell dysfunction, the deregulation within diabetic islet involves an impaired 

glucagon secretion, although the mechanism of α-cell dysfunction is not well understood. It 

has been attributed to an increase in α-cell numbers and alterations of their function in diabetes 

(Meier et al. 2006; Schrader et al. 2009), supporting a bihormonal-abnormality hypothesis as a 

part of T2D pathogenesis (Unger and Orci 1975). 
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RESULTS AND PUBLICATIONS 

1. Time zones of pancreatic islet: studying the molecular clocks in α- and β-cells in 

genetic mouse models, in physiology and diabetes 

Pancreatic islets harbour endocrine cells with different physiological functions, among which 

α- and β-cells represent two predominant populations, secreting the counterregulatory 

hormones glucagon and insulin, respectively. While previous studies in the field were referring 

to pancreatic islet as a whole, we aimed to zoom into the α- and β- islet cell-specific molecular 

clocks, in order to dissect their interplay and functional roles in physiological context and in 

diabetic conditions. To study circadian properties of α- and β-cells in parallel, we generated a 

triple-reporter mouse line encompassing  proglucagon (Gcg)-Venus reporter (Reimann et al. 

2008) allowing for specific labelling of α cells, rat insulin2 promoter (RIP)-Cherry reporter 

labelling of β cells (Zhu et al. 2015), and the Period2::Luciferase (Per2::Luc) knock-in reporter 

(Yoo et al. 2004) allowing for continuous monitoring of molecular clockwork at population 

and single-cell levels. 

The following two publications focus on the molecular characterization of the α- and β-cellular 

clocks, their interactions, and impact on daily orchestration of gene transcription and islet 

hormone secretion under physiological conditions, and following massive β-cell loss, which 

represent a common element in the development of T1D and T2D.  

1.1. Pancreatic α- and β-cells bear the clocks that drive rhythmic secretion of 

glucagon and insulin in physiological context (PUBLICATION 1) 

This work reports the first analysis of the molecular properties of circadian clocks operative in 

α- and β-cells conducted in parallel in mouse primary islet cells. It provides novel insights into 

the complex regulation of the islet cell temporal physiology at the transcriptional and functional 

levels. Employing advanced reporter mouse model, we assessed the α-cell and β-cell-specific 

clock entrainment properties, along with daily landscape of the islet cell transcriptome and 

hormone secretion in vivo and in vitro, at the islet cell population and single-cell levels. Diurnal 

transcriptome analyses in separated α- and β-cells revealed thousands of functional genes 

playing the key roles in the islet physiology including regulators of glucose sensing and 

hormone secretion, follow diurnal rhythmicity in the islet cells. Interestingly, the phase of key 

core clock components was shifted between α-cell and β-cell clocks in vivo. Indeed, the 

expression pattern of Bmal1, Rev-erbα and Cry1, exhibited distinct rhythmic properties in α- 
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and β-cells, with the β-cell core-clock genes being phase- advanced compared to their α-cell 

counterparts. Population and single-cell analyses of isolated α- and β-cells synchronized in 

vitro by forskolin confirmed that islet cellular clocks bear circadian oscillators with distinct 

molecular properties. The observed phase shift between α- and β-cellular clocks may account 

for the temporal separation of insulin and glucagon secretion profiles, exhibiting oscillatory 

profiles in vivo in the blood and in vitro as recorded by cell perifusion.  

Altogether, our data indicate that differential entrainment characteristics of circadian α-cell and 

β-cell clocks are an important feature in the temporal coordination of endocrine function and 

gene expression. We propose that, along with feeding–fasting cycles, the described distinct 

properties of α-cellular and β-cellular clocks might contribute to orchestrating temporal 

secretion patterns of glucagon and insulin.  

 

PUBLICATION 1. Pancreatic α- and β-cellular clocks have distinct molecular 

properties and impact on islet hormone secretion and gene expression.    
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1.2. Roles of the islet cellular clocks in diabetes context and in β -cell regeneration 

(PUBLICATION 2) 

Rodent studies suggest that β-cells have a limited potential for regeneration. Core-clock 

components may play a role in regulating β-cell division. Unraveling mechanisms of circadian 

regulation of β-cell regeneration is of a fundamental clinical importance in the search of new 

therapeutic approaches for management of diabetes mellitus.  

In this study, we induced massive β-cell ablation to identify mechanisms participating in the 

regulation of islet cell regeneration and to characterize the transcriptional landscape in 

separated α- and residual β-cells. To this end, we utilized a well-established mouse model of 

doxycycline-induced expression of diphtheria toxin A (DTA) in Insulin-rtTA/TET-DTA mice 

(Nir et al. 2007). Since we crossed reporter genes expressing α- and β-cell- specific fluorescent 

proteins into these mice, we could follow the fate of α- and β cells separately. As expected, 

DTA induction resulted in an acute hyperglycemia, which was accompanied by dramatic 

changes in gene expression in residual β cells as assessed by RNA-sequencing. In contrast, 

only temporal alterations of gene expression were observed in α-cells. Our results provide 

evidence that proliferation of residual β-cells triggered by massive ablation follows a circadian 

pattern. Virtually no compensatory β-cell regeneration occurred in arrhythmic mice lacking 

Bmal1 (Bmal1st/st) that may suggest a role of the functional oscillators in coordinating β-cell 

division. Importantly, massive β-cell ablation led to a fatal non-compensated diabetes in the 

absence of the core clock transcription factor BMAL1.  

In summary, our data strongly suggest that regeneration of β cells is tightly coupled to diurnal 

rhythm. Moreover, loss of functional clocks aggravates the development of diabetic phenotype 

in mice. 

PUBLICATION 2. The core clock transcription factor BMAL1 drives circadian β-cell 

proliferation during compensatory regeneration of the endocrine pancreas. 
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2. Translating the clocks studies in diabetes from genetic mouse models to humans 

The existence of cell-autonomous, self-sustained circadian oscillators, operative in human 

pancreatic islets, has been first described in our laboratory (Pulimeno et al. 2013). Despite 

accumulating evidence on the role of the molecular clock in the regulation of insulin secretion 

and glucose homeostasis in rodents (as highlighted in introduction), the molecular link between 

the human islet clockwork and insulin secretion in physiological condition and upon T2D stays 

largly unexplored. In the serie of presented here publications we explored the role of circadian 

oscillator for regulation of insulin secretion by disrupting functionnal clock in non-diabetic 

islets from one hand and characterized specific changes in molecular clockwork of pancreatic 

islet cells derived from T2D donors – from another. Taken together, these works provide novel 

evidence on the role of islet-autonomous clocks in pathogenesis of T2D in humans. 

 

2.1.Functional clocks operative in human pancreatic islet cells are indispensable for 

proper insulin secretion (PUBLUCATION 3) 

 

In this study we aimed to explore the physiological relevance of islet-authonomous molecular 

clock for regulating insulin secretion and its impact on islet cell transcriptome.  We used small 

interfering RNA-mediated knockdown of CLOCK to efficiently disrupt circadian clockwork 

in non-diabetic human pancreatic islet cells. Human islet secretory function was assessed in 

the presence or absence of a functional circadian clock by stimulated insulin secretion assays, 

and by continuous around-the-clock monitoring of basal insulin secretion. We demonstrated 

time that basal insulin secretion by human islet cells synchronized in vitro exhibits a circadian 

rhythmic pattern, which was perturbed upon clock disruption. Moreover, circadian clock 

disruption results in significant attenuation of glucose-stimulated insulin secretion. Large-scale 

transcriptome analysis by RNA sequencing revealed alterations in 352 transcript levels upon 

circadian clock disruption. Among them, key regulators of the insulin secretion pathway 

(GNAQ, ATP1A1, ATP5G2, KCNJ11) and transcripts required for granule maturation and 

release (VAMP3, STX6, SLC30A8) were affected.  

These data show for the first time that a functional β-cell clock is required for proper basal and 

stimulated insulin secretion. Moreover, clock disruption has a profound impact on the human 
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islet transcriptome, in particular, on the genes involved in insulin secretion at the levels of 

granular maturation, membrane fusion and intracellular signal transduction in human islet cells. 

PUBLICATION 3. A functional circadian clock is required for proper insulin secretion 

by human pancreatic islet cells. 
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2.2.  Circadian clockwork is compromised in human pancreatic islet cells upon type 

2 diabetes (PUBLICATION 4)   

In this study, we examine whether compromised clocks play a role in the pathogenesis of T2D 

in humans. We assessed human islet clockwork by introducing two antiphasic circadian 

reporters, Bmal1-Luciferase or Per2-Luciferase, allowing for continuous bioluminescence 

monitoring in human primary cells following in vitro synchronization (Pulimeno et al. 2013). 

We quantified parameters of molecular clocks operative in human T2D islets at population, 

single islet, and single islet cell levels. Strikingly, our experiments reveal that islets from T2D 

patients contain clocks with diminished circadian amplitudes and reduced in vitro 

synchronization capacity compared to their nondiabetic counterparts. 

Complementary to our previous study (Saini et al. 2016), here we uncover the temporal 

coordination of insulin, proinsulin, and glucagon secretion profiles by the circadian oscillators, 

operative in human pancreatic islet cells. We establish that such temporal coordination is 

exerted via an exocytosis process, since our experiments reveal that functional islet clocks are 

indispensable for proper secretory granule docking and exocytosis of insulin and glucagon. 

Moreover, temporal coordination of the islet hormone secretion was perturbed in human T2D 

islets, concomitant with the islet molecular clock alterations, implying a role for the islet cell-

autonomous clocks in T2D progression. Treating the T2D islets with the clock modulator 

Nobiletin, an agonist of the core-clock proteins RORα/γ, boosted circadian amplitude and 

insulin secretion by these islets. 

This study uncovers a link between human molecular clockwork and T2D, thus considering 

clock modulators as putative pharmacological intervention to combat this disorder.  

 

PUBLICATION 4. In pancreatic islets from type 2 diabetes patients, the dampened 

circadian oscillators lead to reduced insulin and glucagon exocytosis. 
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2.3. Circadian timing of human pancreatic islet lipid metabolism in physiology and 

type 2 diabetes (PUBLICATION 5) 

Dysregulation of lipid metabolism plays a key role in pathophysiology of metabolic diseases 

(as highlighted in the introduction section). Although the roles of lipid metabolites in β-cell 

function and dysfunction upon T2D development have been raised in several studies (Boslem 

et al. 2011; MacDonald et al. 2015; Sanchez-Archidona et al. 2021), no data on human islet 

lipidomics and its regulation by the circadian system have been provided so far.  

In this study  we assessed circadian regulation of lipid homeostasis in human pancreatic islets 

under physiological conditions and in T2D by employing large-scale mass spectrometry–based 

shotgun lipidomics that allows for quantification of 

over 1’000 phospholipids, sphingolipids, and triacylglycerides with high accuracy (Loizides-

Mangold et al. 2021). Among 329 detected lipid species across 8 major lipid classes, 5% 

exhibited circadian rhythmicity in non-diabetic human islets synchronized in vitro. Two-time 

point-based lipidomic analyses in T2D human islets revealed global and temporal alterations 

in phospho- and sphingolipids. Concomitant with the oscillating patterns of lipid species, we 

describe rhythmic expression of the genes encoding for the key enzymes regulating turnover 

of sphingolipids in non-diabetic islets. This rhythmicity was perturbed in the islets bearing si-

Clock mediated clock disruption, and in those derived from T2D donors. Strikingly, T2D 

human islet cells exhibit reduced cellular membrane fluidity, as measured by a Nile Red 

derivative NR12S. This phenotype was reproduced in ND donors' islets with disrupted 

circadian clockwork or those treated with sphingolipid pathway modulators. Moreover, 

inhibiting the glycosphingolipid biosynthesis led to strong reduction of insulin secretion 

triggered by glucose or KCl, whereas inhibiting earlier steps of de novo ceramide synthesis 

resulted in milder inhibitory effect on insulin secretion by ND islets. Finally, our data suggest 

a reciprocal connection between the islet circadian clocks and ceramide metabolism, since the 

treatment of in vitro synchronized non-diabetic human islets with ceramide turnover inhibitors 

myriocin and PDMP alter circadian oscillations of Per2-lucioferase reporter.  

Altogether, in this work we provide a novel link between disruption of circadian clock, 

temporal coordination of lipid metabolism in human pancreatic islet, and islet dysfunction upon 

T2D in humans, highlighting both molecular oscillator and sphingolipid metabolites as 

important regulators of insulin secretion and membrane fluidity. 
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PUBLICATION 5. Circadian orchestration of lipid metabolism and membrane fluidity 

in human pancreatic islets are disrupted upon type 2 diabetes.   
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CONCLUSIONS AND PERSPECTIVES 

 

1. Circadian clocks take a part in the pathogenesis of type 2 diabetes 

In humans, studies on peripheral clocks in organs and isolated cells still represent the only way 

to dissect the role of molecular clocks in physiological and pathophysiological conditions. This 

is particularly the case for studying the pancreatic islets because of the difficult access to these 

structures in human. We report that the islets derived from T2D patients contain compromised 

molecular clocks with diminished circadian amplitudes and reduced in vitro synchronization 

capacity compared to their nondiabetic counterparts. These observations in combination with 

our experimental data suggest the role of islet-autonomous circadian oscillator in β-cell 

dysfunction upon T2D via deregulation of islet hormone exocytosis, perturbation of islet lipid 

metabolism and membrane fluidity, circadian uncoupling between endocrine cells within 

pancreatic islets, defective synchronization response of islet cells to the physiologically 

relevant signals, and disruption of compensatory β-cells regeneration.  

 

1.1.  Disruption of circadian clocks in the pancreatic islets of type 2 diabetic patients 

 

In order to study whether modifications of the clock participate in the pathogenesis of T2D in 

humans, we assessed key parameters of molecular clockwork in the pancreatic islets derived 

from donors with T2D at different scales - from islet population, to isolated islets, and isolated 

cells (Petrenko et al. 2020). Surprisingly, our experiments show that islets from T2D patients 

have clocks whose circadian amplitude is reduced and whose in vitro synchronization capacity 

is weakened compared to clocks present in islets from healthy donors. Time lapse microscopy 

analysis of pancreatic islets suggests that the reduction in amplitude is associated with a 

reduced synchronization capacity between T2D islets, but also between different endocrine 

cells within the same islet. In line with previous transcriptomic screening data (Stamenkovic 

et al. 2012), we observed an alteration in the expression of clock genes in non-synchronized 

pancreatic islets from diabetic individuals. Furthermore, our data suggest that circadian profiles 

of insulin and glucagon secretion are disrupted in diabetic donors, highlighting the role of 

cellular clocks in the progression of T2D. These results, obtained in vitro, are consistent with 

data obtained in vivo, demonstrating that the rhythmic profile of insulin secretion in the blood, 
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measured in healthy volunteers (Boden et al. 1996), disappears in individuals first degree 

relatives of patients with T2D (Boden et al. 1999).  

 

1.2.  Functional clocks in human islets are required for proper absolute and temporal 

secretion of insulin and glucagon. 

 

Using RNA interference to target the key clock gene Clock (siCLOCK), allowed us to alter the 

circadian oscillator in human islet cells in vitro (Saini et al. 2016). Decreasing CLOCK 

expression to 80% causes increased transcription of other clock genes such as BMAL1 and 

CRY1 and decreased expression of REV-ERBα, PER3 and DBP, measured by quantitative 

PCR (qPCR). Moreover, such disruption of core clock gene expression flattened the circadian 

amplitude of the Bmal1-luciferase reporter gene oscillations in forskolin-synchronized islet 

cells. These results are in agreement with recent observations observed in human skeletal 

myotubes transfected with siCLOCK (Perrin et al. 2015), and with data from transgenic mice 

lacking Clock (Marcheva et al. 2010). Above all, this technique allowed us to establish the 

important role of functional clocks in insulin secretion, since islet cells transfected with 

siCLOCK secrete less insulin compared to control cells, not only in basal conditions, but also 

after stimulation with glucose, KCL, carbachol and theophylline. Our continuous perifusion 

experiments for 48 hours demonstrated that isolated islet cells secrete insulin in a circadian 

manner in vitro, a phenomenon which is also disrupted in cells whose expression of CLOCK 

was attenuated. These results are in agreement with data previously obtained from transgenic 

rodent models in which circadian clocks are essential for insulin secretion (Marcheva et al. 

2010; Gale et al. 2011), suggesting that disruption of this mechanism may be involved in the 

development of T2D (Marcheva et al. 2010; Qian et al. 2013; Qian et al. 2015). This discovery 

was then supported by whole transcriptome analysis assessed by RNA sequencing, which 

identified alterations in several groups of genes whose function is associated with insulin 

secretion. Indeed, according to Gene Ontology analysis, treatment with siCLOCK disrupts the 

expression of transcripts involved in protein synthesis and in the formation and exocytosis of 

granules. For example, the expression of the zinc transporter SLC30A8, necessary for the 

formation and secretion of insulin granules (Davidson et al. 2014), is attenuated by siCLOCK. 

In mice, deletion of this gene modifies insulin secretion in vivo (Nicolson et al. 2009), thus 

supporting our results. Appropriate secretion of insulin by exocytosis requires the functionality 

of the SNAP25/VAMP/STX complex (Regazzi et al. 1995; Kuliawat et al. 2004). We reported 

that the expression of components of this complex in human β cells, the VAMP3 and STX6 
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genes, is attenuated following siCLOCK treatment. Noteworthy, the expression of the same 

genes is also modified in arrhythmic mice following the mutation of the Clock gene (Marcheva 

et al. 2010). Interestingly, the expression of genes participating in insulin secretion following 

stimulation by glucose is similarly affected, in particular those for the ATP5G2, ATP1A1 and 

KCNJ11 genes. While the expression of ATP5G2, ATP1A1 is decreased, the level of KCNJ11 

mRNA is increased. Mutation of the KCNJ11 gene (component of the voltage-gated potassium 

ion channel) reduces insulin secretion in humans (Gloyn et al. 2006). Likewise, activation of 

the specific expression of Kcnj11 in β cells triggers, in diabetic mice, hyperpolarization, 

disrupting not only basal insulin secretion, but also the stimulated one (Girard et al. 2009). Our 

data, associated with other recent work obtained in transgenic mice, support the hypothesis that 

the circadian clock controls exocytosis (Dibner and Schibler 2015). Using total internal 

reflection fluorescence (TIRF) microscopy, we were able to provide for the first time direct 

evidence of a disruption in the exocytosis of insulin and glucagon granules in siCLOCK-treated 

β- and α-cells (Petrenko et al. 2020). Interestingly, a similar disruption of the exocytosis of 

these insulin granules was recently described in β-cells from T2DM patients (Gandasi et al. 

2018), suggesting a potential role for molecular clocks in the pathogenesis of this disease. 

Moreover, due to altered circadian lipid metabolism in the pancreatic islets upon T2D, the islet 

cell membranes are more rigid than the those of their ND counterparts (Petrenko et al. 2022). 

This phenotype is reproduced by clock disruption. Changes in membrane fluidity impacts on 

cell communication with the environment by affecting the receptor function, signal 

transduction, endo-, and exocytosis. This might additionally contribute to the reduced capacity 

for insulin and glucagon secretion of islet cells of patients with T2D. 

 

1.3.  Cell-specific entrainment signals in pancreatic islets from healthy and diabetic 

donors 

 

At the organismal level, the circadian synchronization of the islet cellular clocks represents a 

complex integration of different extrinsic triggers such as feeding-fasting cycles, and is 

controlled by neuronal, endocrine and paracrine stimuli (Perelis et al. 2016; Gachon et al. 2017; 

Petrenko and Dibner 2018; Sinturel et al. 2020a). Numerous systemic signals couple the 

function of the endocrine pancreas to metabolic needs, in part via modulation of circadian 

rhythmicity of α- and β-cells. In mice, physiologically relevant stimuli including  adrenaline, 

insulin, glucagon, somatostatin and GLP-1 analogues (liraglutide and exenatide) synchronize 

efficiently circadian rhythmicity of α- and β-cells in vitro, in a cell-specific manner (Petrenko 
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et al. 2017; Petrenko and Dibner 2018). Forskolin, dexamethasone, and temperature cycles are 

also effective synchronizers of human islet cells in vitro (Pulimeno et al. 2013; Perelis et al. 

2015). In the islets isolated from normoglycemic human donors, adrenaline, octreotide and 

liraglutide demonstrated prominent synchronizing effects. Strikingly, a pulse of adrenaline and 

octreotide failed to synchronize the T2D islets, while liraglutide remained efficient 

synchronizer, indicating that its therapeutic effect may rely, at least in part, on adjustment of 

the molecular clocks. Furthermore, the chronic application of high concentration of glucose, 

primary regulator of the islet hormone secretion, for several days lengthens the circadian period 

of non-diabetic islets, but not of the islets derived from T2D donors. The synchronizing effect 

of glucose pulse on the cellular clocks of non-diabetic pancreatic islets might be mediated by 

the attenuation of the expression of the immediate early clock genes Per1 and Per2, as has been 

shown for cultured rat fibroblasts (Hirota et al. 2002). This mechanism could be altered in 

diabetic islets. Physiological hormonal or blood sugar changes, such as increased adrenaline 

levels under stress or postprandial increase in glucose levels, could contribute to the regulation 

of islet cell oscillators, suggesting that disruption of this mechanism contributes to the 

development of T2D. 

 

1.4.  Interplay between β cell regeneration and circadian clocks 

 

The mechanism of β-cell regeneration remains poorly understood, despite decades of extensive 

research in this direction. The multiplication of differentiated β cells, rather than the 

differentiation of stem cells, represents a major source of newly generated β cells after birth, 

under physiological conditions, but also during regeneration following injury (Dor et al. 2004; 

Brennand et al. 2007; Nir et al. 2007; Teta et al. 2007; Klochendler et al. 2016). Furthermore, 

in the absence of residual β cells during near-total ablation, the conversion of α or d cells into 

insulin-producing cells has also been described (Thorel et al. 2010; Chera et al. 2014). We were 

able to demonstrate that the regeneration of β cells following a significant ablation (~80%) is 

organized rhythmically and that it depends on the clock gene Bmal1. Indeed, the proliferation 

rate is greater during the activity phase in the middle of the night, concomitantly with the peak 

expression of genes involved in the cell cycle. Moreover, mice lacking the essential component 

of molecular clocks BMAL1 are incapable of regenerating lost β cells. Furthermore, it has been 

shown that the absence of a single allele of the Bmal1 gene in the β cells of mice fed a high-

fat diet is sufficient to prevent the expansion of these cells (Rakshit et al. 2016). However, cell 
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regeneration and expansion are two different mechanisms. Unlike the expansion of β cells in 

obese mice, we show that regeneration requires a functional clock and that it is maintained in 

control rhythmic mice heterozygous for the Bmal1 allele. In the regenerating liver, the entry 

into mitosis of hepatocytes also follows a rhythm of 24 hours (Matsuo et al. 2003). Unlike β 

cells which regenerate slowly, the entry of hepatocytes into the S phase of the cell cycle is not 

under the control of cellular clocks. Additionally, in arrhythmic Cry1/Cry2 mice liver 

regeneration is delayed, but still exist. In contrast, β-cell regeneration is virtually abolished in 

the absence of functional BMAL1 causing severe and fatal diabetes in mice. By searching for 

the molecular mechanism linking circadian clock and the regeneration of β cells, we analysed 

by RNAseq the circadian rhythmic genes in β cells undergoing regeneration and identified the 

transcription factor FOXM1, which expression is altered in the absence of BMAL1. Indeed, at 

birth, this gene is essential for the proliferation of β cells in physiological conditions (Zhang et 

al. 2006; Ackermann Misfeldt et al. 2008). Furthermore, its expression is increased in different 

experimental models that allow the study of β-cell expansion (Ackermann Misfeldt et al. 2008; 

Davis et al. 2010; Yamamoto et al. 2017). Together, these data propose the FOXM1 as a 

candidate molecule coupling the cell cycle and the molecular clock. Additional studies are 

required to test this hypothesis. 

 

2. Modulation of molecular clocks holds promise as a therapeutic or preventive 

approach for the management of metabolic diseases 

 

Modern lifestyle, including social jet lag and shift work, is associated with the development of 

metabolic syndrome and T2D (Marcheva et al. 2013; Bass 2017; Sinturel et al. 2020a). As T2D 

reaches epidemic scope in our society, the novel link between functional molecular clocks in 

human pancreatic islets and endocrine pancreas function, but also the pathogenesis of T2D, 

could represent an important target for future clinical investigations. Our experimental data on 

transgenic mice suggest that disruption of molecular clocks worsens diabetes and increases 

mortality. We found that Nobiletin, an agonist of the RORα/γ clock proteins, stimulates the 

amplitude of islet clocks derived from donors with T2D as well as the secretion of insulin by 

these islets. At the same time, the nuclear receptor agonist REVERBα/β, SR9001, attenuates 

insulin secretion by diabetic islets, suggesting that ROR element controls secretion of this 

hormone. In rodents, Nobiletin showed beneficial protective effects against atherosclerosis, 

obesity, metabolic syndrome and insulin resistance (Mulvihill et al. 2011; Lee et al. 2013; He 

et al. 2016). Notably, no significant toxicity has yet been detected for this molecule in our in 
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vitro study, but also when it is applied in vivo in rodents (He et al. 2016). These data allow us 

to imagine that clock modulators could be considered as potential therapeutic substances 

against diabetes. Loss of β cells represents the main cause of T1D and is part of the 

pathogenesis of advanced T2D. In humans, the potential of β cells to regenerate is limited, 

without the reasons being known (Zhou and Melton 2018; Zhong and Jiang 2019). By studying 

diabetic mice, we established that their β-cell regeneration mechanisms are under the influence 

of cellular clocks and in particular the BMAL1. Deciphering this phenomenon and, above all, 

finding how to stimulate β-cell regeneration could be a game-changer in the therapeutic 

approach for diabetes. Understanding these mechanisms will perhaps make it possible to 

trigger the regeneration of β cells in humans, a current hope cure of diabetes.  

In summary, this series of studies proposes a functional link between the molecular clocks of 

the endocrine pancreas, its function in physiological conditions and the pathogenesis of T2D 

in humans. Moreover, it paves the way for development of new therapeutic approaches for 

T2D by modulating the perturbed clocks via life-style adaptations (timely scheduled light, 

meals, physical exercise) and small molecules dubbed clock modulators.  

 

3. Post-transplant type 2 diabetes 

 

There is accumulating evidence attributing a critical role to the local oscillators operative in 

different metabolic organs in regulation of glucose homeostasis (Sinturel et al. 2020a). Thus, 

liver-specific Bmal1KO mice exhibit hypoglycemia during fasting period due to increased 

glucose clearance, while a liver-specific depletion of Cry1 and Cry2 stimulates gluconeogenesis 

(Lamia et al. 2008; Zhang et al. 2010). Removal of core-clock component Bmal1 exclusively 

from skeletal muscles leads to impaired insulin-stimulated glucose uptake and perturbations in 

fatty acid, triglyceride, and phospholipid metabolism (Dyar et al. 2014; Dyar et al. 2018a). 

Withdrawal of Bmal1 from nephrons decreased oxidative phosphorylation-to-glycolysis ratio 

in kidney and induced systemic perturbation of protein and lipid metabolism (Nikolaeva et al. 

2016). Islet-specific Bmal1KO mice developed more pronounced hypoinsulinemia and features 

of T2D at younger age as compared to the whole-body Bmal1KO mice or Clock mutants 

(Marcheva et al. 2010; Sadacca et al. 2011; Perelis et al. 2015). Concordantly, siRNA-mediated 

clock disruption in non-diabetic human islet cells attenuated insulin secretion by these cells 

(Saini et al. 2016). In turn, human pancreatic islets from T2D donors displayed compromised 
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molecular oscillators in vitro (Petrenko et al. 2020). Collectively, these studies strongly suggest 

that circadian desynchrony between the orangs may have greater impact on glucose metabolism 

than whole body arrhythmicity.  

Mouse models of organ-specific clock ablation were instrumental in exploring the function of 

individual peripheral clocks. Yet, they have not allowed to assess the degree of autonomy of 

the organ clocks from each other, and from the SCN pacemaker. It has been recently shown 

that liver bearing restored clocks in otherwise arrhythmic mice maintains certain level of 

circadian functionality (Sinturel et al. 2021), specifically for NAD+ salvage pathway and 

glycogen turnover (Koronowski et al. 2019). How such circadian autonomy from rest of the 

body clocks affects glucose homeostasis, and whether it is specific to liver, has not yet been 

addressed.  

Transplantation of metabolic organs carrying functional clocks to the hosts with dysfunctional 

oscillators (associated with aging and/or metabolic disease) may represent a clinically relevant 

example of inter-organ circadian misalignment due to circadian autonomy of the graft. Indeed, 

engraftment of solid metabolic organs, such as liver and kidney, is associated with development 

of post-transplant diabetes mellitus (PTDM) in up to 74% of transplantations (Hecking et al. 

2013; Han et al. 2016; Alnasrallah et al. 2019; Chowdhury 2019). In addition to established 

risk factors of T2D, the immunosuppressive therapy and graft-related inflammation are thought 

to play a role in the pathogenesis of PTDM (Shivaswamy et al. 2016), although the mechanism 

is still obscure.  

As the perspective of this research line, I would like to investigate the link between inter-organ 

circadian desynchrony following solid organ transplantation and development of T2D. 

 

4. Defining the role of molecular clocks in human parathyroid gland physiology and 

physiopathology. 

 

Among other tissues, the molecular circadian clock was also described in rodent parathyroid 

gland (PG) (Egstrand et al. 2020). Moreover, downregulation of Bmal1 in mice lead to 

perturbed proliferation of parathyroid cells in response to uremia (Egstrand et al. 2022). In 

humans, the variation of parathyroid hormone (PTH) levels in blood exhibit circadian rhythm, 

with the highest level  in the early morning (Jubiz et al. 1972). However, the characterization 

of molecular oscillators in human PGs is still lacking. Hyperparathyroidism is a common 

surgical pathology of PG associated with unadapted PTH secretion to calcium levels (Walker 
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and Silverberg 2018). While circadian rhythm of serum PTH level seems to be disrupted in 

patients with primary hypoparathyroidism (HPT1) as compared to healthy volunteers (Logue 

et al. 1990), the removal of the parathyroid gland adenoma restores the serum PTH rhythmicity 

in patients (Lobaugh et al. 1989). Our previous study revealed that the differential expression 

analysis of selected mRNA targets in post-operative biopsies of parathyroid tissues assessed 

by Nanostring and qPCR revealed clock genes NFIL3 and PER1 among transcripts 

significantly altered in HPT1 adenoma compared with normal PG (Sadowski et al. 2018), 

evoking a hypothesis on the role of core-clock machinery in the development of the PG 

adenoma. However, the role of molecular clocks in human parathyroid function and 

tumorigenesis has not been unraveled. It is therefore of scientific and clinical importance to 

provide insight into the potential application of the circadian clock alterations upon the 

parathyroid cell transformation, its potential impact on altered hormone secretion, and on how 

this knowledge may be translated into diagnostics or therapeutic applications.  

This research line aims at characterizing molecular makeup of circadian clocks in human 

primary parathyroid cell culture, its role in PG function and at establishing differential 

transcriptional patterns of normal and pathological PGs. To evaluate dynamic alterations in 

molecular patterns as a function of the type of parathyroid gland pathology, a comparative 

transcript and miRNA analysis shell be conducted in subgroups of healthy samples, sporadic 

HPT1 adenoma and hyperplasia. This analysis will also allow us to identify molecular signature 

of parathyroid neoplasms. Furthermore, we will assess the role of molecular clock in PG cell 

physiology. The efficient circadian clock disruption will achieved primary parathyroid cell 

cultures by small interfering RNA-mediated knockdown of CLOCK. The functionality of 

circadian clock machinery will be assessed by continuous recording of circadian 

bioluminescence introduced via lentivectors and paralleled with around-the-clock 

measurement of PTH secretion using perifusion system. 

Importantly, parathyroid tissue exhibit a near-infrared autofluorescence (NIRAF) pattern 

which allowed to develop new reliable imaging methods for intraoperative localization of these 

glands (Paras et al. 2011; McWade et al. 2013; McWade et al. 2014; McWade et al. 2019). 

However, the biochemical mechanisms and the fluorophores responsible for the 

autofluorescence of the parathyroid involved in NIRAF remain poorly understood. 

Noteworthy, the PG adenoma exhibits heterogeneous near-infrared autofluorescence pattern, 

with adenoma tissue documented being significantly less autofluorescent than the rim of 

normal parathyroid tissue (Demarchi et al. 2021). Understanding the molecular difference 

between healthy and adenoma tissues with different autofluorescence intensity may help in 
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identifying the fluorophore responsible for NIRAF fluorescence in parathyroid tissue, in 

addition to the above-mentioned goals.  
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Pancreatic α- and β-cellular clocks have
distinct molecular properties and impact
on islet hormone secretion and gene
expression
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A critical role of circadian oscillators in orchestrating insulin secretion and islet gene transcription has been dem-
onstrated recently. However, these studies focused on whole islets and did not explore the interplay between α-cell
and β-cell clocks. We performed a parallel analysis of the molecular properties of α-cell and β-cell oscillators using a
mouse model expressing three reporter genes: one labeling α cells, one specific for β cells, and a third monitoring
circadian gene expression. Thus, phase entrainment properties, gene expression, and functional outputs of the α-cell
and β-cell clockworks could be assessed in vivo and in vitro at the population and single-cell level. These experi-
ments showed that α-cellular and β-cellular clocks are oscillating with distinct phases in vivo and in vitro. Diurnal
transcriptome analysis in separated α and β cells revealed that a high number of genes with key roles in islet phys-
iology, including regulators of glucose sensing and hormone secretion, are differentially expressed in these cell types.
Moreover, temporal insulin and glucagon secretion exhibited distinct oscillatory profiles both in vivo and in vitro.
Altogether, our data indicate that differential entrainment characteristics of circadian α-cell and β-cell clocks are an
important feature in the temporal coordination of endocrine function and gene expression.

[Keywords: mouse α cells and β cells; circadian clock; insulin/glucagon secretion; RNA sequencing; single-cell
bioluminescence–fluorescence time-lapse microscopy]
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The circadian timing system is amechanism developed in
virtually all organisms from bacteria to humans that al-
lows one to anticipate the changes of geophysical time
(Partch et al. 2014). Themammalian circadian clock is or-
ganized in a hierarchical structure, with a master pace-
maker residing in the suprachiasmatic nuclei (SCNs) of
the hypothalamus that establishes phase coherence in
the body by synchronizing every day the slave oscillators
residing in the periphery, encompassing billions of indi-
vidual cellular clocks (Partch et al. 2014). While light in-

put represents the dominant timing cue (Zeitgeber) for
the oscillators of SCN neurons, feeding cycles driven by
rest–activity rhythms have amajor impact on the entrain-
ment of peripheral clocks (Dibner and Schibler 2015a).
Metabolism and circadian rhythms are therefore tightly
linked through complex behavioral and molecular path-
ways (Perelis et al. 2015b). Moreover, cell-autonomous
self-sustained peripheral clocks operative in nearly every
cell in the body are connected to the metabolic state of
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the cell (Asher and Schibler 2011; Asher and Sassone-
Corsi 2015; Perrin et al. 2015).

Circadian oscillators in the endocrine pancreas have
been demonstrated recently to play an essential role in
driving transcription and function of the pancreatic islet
in mice and humans (Marcheva et al. 2010; Sadacca
et al. 2011; Pulimeno et al. 2013; Qian et al. 2013; Perelis
et al. 2015a; Saini et al. 2016).Moreover, ablation of the is-
let clock in mouse models, including islet clock perturba-
tion induced at an adult age, directly triggers the onset of
type 2 diabetes (T2D) (Marcheva et al. 2010; Sadacca et al.
2011; Perelis et al. 2015a). These findings provide a direct
functional link between the molecular clock operative in
pancreatic islets, its function under physiological condi-
tions, and the etiology of T2D.

Pancreatic islets represent an intricate model compris-
ing α and β cells as main endocrine cell types, secreting
the counterregulatory hormones glucagon and insulin, re-
spectively. Beyond the primordial role of β-cell dysfunc-
tion in T2D development, alterations in α-cell function
and resulting hyperglucagonemia are important compo-
nents of the metabolic aberrations associated with T2D
(Unger andOrci 1975). Therefore, studies of α-cell physiol-
ogy and regulation of glucagon secretion have caught
more attention, particularly with respect to potential
T2D treatment (Gromada et al. 2007; Thorel et al. 2010;
Zaret and White 2010).

In the pancreas, circadian regulation of its endocrine
functionhasbeenstudiedat the level ofwhole islets, there-
fore mostly unravelling clock regulations occurring in β
cells, representing >80% of the mouse islet cell content.
Consequently, the circadian physiology of α cells, repre-
senting∼10%–15%of islet cells inmice, stayed largelyun-
explored. We therefore focused on the physiological
importance of the α-cell clock and its impact on transcrip-
tion and glucagon secretion. Furthermore, we assessed α-
cell andβ-cell circadianproperties inparallel bydeveloping
experimental settings that allowed us to simultaneously
monitor the molecular makeup of the clock and the circa-
dian physiology of separated α and β cells. Diurnal tran-
scriptome analysis in separated populations of α and β
cells, assessed through next-generation RNA sequencing
(RNA-seq), revealed that a high number of key functional
genes in both islet cell types exhibited rhythmic expres-
sion patterns with either common or distinct properties.
Interestingly, the phase of key core clock components
was shifted between α-cell and β-cell clocks in vivo. Fur-
thermore, a similar effect was observed by in vitro popula-
tion analysis of separated α and β cells synchronized with
physiologically relevant cues and by high-resolution sin-
gle-cell bioluminescence–fluorescence time-lapsemicros-
copy (Pulimeno et al. 2013). The distinct coordination
between α-cellular and β-cellular clocks may account for
the regulation of insulin and glucagon secretion profiles,
exhibitingoscillatoryprofiles in vivo in thebloodand invi-
tro as recorded by cell perifusion (Saini et al. 2016). This
work is the first integrative analysis on themolecularprop-
erties of circadian clocks operative in α and β cells that
brings new insights into the complex regulation of islet
cell physiology at the transcriptional and functional level.

Results

RNA-seq analysis reveals distinct expression patterns in
α and β cells

To analyze the α-cell and β-cell transcriptome and func-
tion in parallel, we combined the proglucagon (Gcg)-Ve-
nus reporter mouse (Reimann et al. 2008) with the β-
cell-specific rat insulin2 promoter (RIP)-Cherry reporter
mouse for specific labeling of α cells (Zhu et al. 2015)
and with the Period2::Luciferase (Per2::Luc) knock-in
mouse (Yoo et al. 2004) for assessment of circadian clock
properties (Supplemental Fig. S1). To identify the tran-
scripts expressed in a rhythmic manner in α and β cells,
separated populations of these two cell typeswere isolated
from triple reporter islets at six time points over 24 h and
subjected to genome-wide transcriptome analysis by
RNA-seq (data available at Gene Expression Omnibus
[http://www.ncbi.nlm.nih.gov/geo] through accession
number GSE95156) (Materials and Methods; Supplemen-
tal Figs. S1, S2). A total of 12,452 transcripts expressed
with log2 reads per kilobase per million mapped reads
(RPKM) > 0 in at least one cell type were identified (Sup-
plemental Data Set 1). Two types of analyses were applied
to each identified transcript: (1) differential expression
level analysis between α and β cells and (2) assessment
of 24-h period rhythmicity of the transcript (Fig. 1A).
Based on the average expression of six time points, we con-
sidered genes exhibiting an expression difference of >16
(absolute log2 fold change >4, false discovery rate [FDR]-
adjusted P-value < 0.05) between the two cell types as dif-
ferentially expressed. Such differential expression analy-
sis, illustrated in Figure 1B, identified 284 transcripts
that were highly enriched in α or β cells and detected in ei-
ther both cell types (40 genes; group A) (Supplemental
Data Set 1) or one cell type only (244 genes; group B). An
additional group of 997 genes demonstrated a lower cell-
specific differential expression (absolute log2 fold change
<4; group D). These transcripts were expressed in one
cell type only at a globally lower level (maximum log2
RPKM< 4) (Supplemental Fig. S3A). Finally, the remain-
ing ∼90% of all identified transcripts were expressed in
both cell types with nondifferential (<16-fold difference)
absolute levels (11,171 genes; group C).

The temporal patterns of all analyzed transcripts were
divided into 18 models according to their rhythmic prop-
erties in one or both cell types and with respect to their
differential expression (Fig. 1A and legend). Importantly,
along with the high number of key functional transcripts
exhibiting a similar rhythmic pattern in both cell types
(models 4 and 13) (Fig. 1A), numerous transcripts har-
boured distinct temporal profiles in α and β cells.

Temporal patterns of functional genes differentially
expressed in α and β cells

Most of the classical α-cell- and β-cell-specific transcripts
were differentially expressed (group A and B) (Supplemen-
tal Data Set 1), confirming the accuracy of our cell separa-
tion approach. As expected, hormone transcripts Ins1 and
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Ins2 and β-cell-specific transcription factors (Mafa,Ucn3,
Nkx6-1, Mnx1, and Pdx1) were expressed in β cells
with highest significance, while Gcg and α-cell-specific
transcription factors (Mafb, Irx1, Irx2, and Arx) were sig-
nificantly differentially expressed in α cells, validating
the specificity of the cell populations in our experimental

conditions. Most of the above-mentioned cell-specific
transcription factors as well as genes encoding for insulin
and glucagon were nonrhythmic (Fig. 1C), except for
Mafa, which was oscillating (Fig. 1E). The low-level ex-
pression of classical α-cell- and β-cell-specific transcripts
in the opposite cell type might be attributed to the actual

Figure 1. Temporal pattern of transcripts
differentially expressed in α and β cells.
(A) Groups and models assigned to tran-
scripts with respect to their differential ex-
pression and rhythmic pattern. Transcripts
with expression levels of log2 RPKM> 0 in
at least one of the cell types were consid-
ered as expressed in this cell type and non-
expressed (NE) in the other cell type. Genes
with expression differences >16-fold (abso-
lute log2 fold change >4; FDR-adjusted P-
value < 0.05) between two cell types were
considered as differentially expressed
(groups A and B; solid-colored squares),
while thosewith expression level differenc-
es <16-fold were considered as nondifferen-
tially expressed (groups C and D; squares
with white dots). We therefore obtained
four independent groups of genes: group A
(differentially expressed α-cell- and β-cell-
specific transcripts detectable in both cell
types), group B (differentially expressed α-
cell- and β-cell-specific transcripts ex-
pressed in one single cell type), group C
(genes expressed in α and β cells with lower
fold change), and group D (genes in one sin-
gle cell type with lower fold change). Based
on harmonic regression with a period of 24
h, model selection to assess rhythmicity
was applied to these four groups. An arbi-
trary threshold of 0.4 was set on BICweight
(BICW). Genes were assigned to one of the
nine pairs of models: groups A and C: genes
defined as nonrhythmic (models 1 and 10),
genes defined as rhythmic in α cells (mod-
els 2 and 11), genes defined as rhythmic in
β cells (models 3 and 12), genes defined as
rhythmic in both cell typeswith similar pa-
rameters (models 4 and 13), and genes de-
fined as rhythmic in both cell types with
different parameters (models 5 and 14);
and groups B and D: genes expressed in β
cells only and defined as nonrhythmic
(models 6 and 15), genes expressed in α cells
only and defined as nonrhythmic (models 7
and 16), genes expressed in β cells only and
defined as rhythmic (models 8 and 17), and
genes expressed in α cells only and defined
as rhythmic (models 9 and 18). (NE) Gene

is not expressed. Genes with lower BICWswere considered as undefined (model 0) and are represented as a gray bar inD and F. (B) Volcano
plot presenting the transcripts differentially expressed in α cells (log2 fold change less than−4) or β cells (log2 fold change >4). Differentially
expressed genes are identified by colored dots corresponding to their respectivemodel. (C,E) Temporal expression profiles for selected non-
rhythmic (C ) and rhythmic (E) transcripts differentially expressed in β cells (left) and α cells (right). Only the profile on the higher-expres-
sion cell type is shown. Data represent the mean of two biological replicates per time point (each replicate is a mix of cells from six mice).
Error bars express the SD of two independent experiments. (D,F ) Rhythmic expression heat maps for transcripts of groups B and D. The
number of genes distributed by models (described in A) is depicted in the left panel. (Right panels) Corresponding heat maps showing rel-
ative expression indicated in green (low) and red (high). Phase distribution of rhythmic genes is presented in the adjacent polar histograms.
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expression in this cell type or minor cross-contamination
between two cell populations during the fluorescence-ac-
tivated cell sorting (FACS) procedure.

With respect to the assessment of rhythmic expression
patterns (groups A and B), 34 transcripts (seven in group A
and 27 in group B; models 3 and 8, respectively) were qual-
ified as rhythmic in β cells, and 51 (five in group A and 46
in group B; models 2 and 9, respectively) were qualified as
rhythmic in α cells (Fig. 1D,E; Supplemental Fig. S3B; Sup-
plemental Data Set 1). According to gene ontology (GO)
term analysis, the rhythmic β-cell-specific genes were
enriched in biological processes such as cell adhesion, pro-
tein and hormone transport and secretion, and neuroac-
tive ligand–receptor interaction. Rhythmic genes in α
cells were enriched in processes such as cell signalling, de-
velopment, and synaptic transmission and for pathways of
the complement and coagulation cascade (Supplemental
Data Sets 2, 3; Supplemental Table 1). Of note, the peak
phase for the expression of α-cell-specific transcripts was
mainly during the day, whereas the peak phase for β-cell
genes occurred mainly during the end of the night (Fig.
1D; Supplemental Fig. S3B; Supplemental Data Set 1).

Among the genes defined as group D (Fig. 1A), 245 tran-
scripts exhibited rhythmic expression in β cells (model
17), whereas 177 transcripts exhibited rhythmic expres-
sion in α cells (model 18) (Fig. 1F; Supplemental Data Set
1). The oscillatory profile of these transcripts showed
two principal peaks at Zeitgeber time 8 (ZT8) and ZT20
in both cell types (Fig. 1F). β-Cell-specific transcripts
from this group of genes were involved mainly in ion
transport, while α-cell-specific transcripts were associated
with intracellular component movement and morpholo-
gy, cell signalling, and developmental processes (Supple-
mental Data Set 5).

Temporal patterns of genes nondifferentially expressed
in α and β cells

Most transcripts with nondifferential levels of expression
in the two cell types, classified as group C, were distribu-
ted between fivemodels (models 10–14) according to their
temporal expression pattern (Figs. 1A, 2A). Genes com-
prising this groupwere involved in a high number of differ-
ent basal metabolic processes (Supplemental Data Set 4).
Interestingly, most of the genes involved in hormone
secretion were rhythmic, with similar circadian parame-
ters in both cell types (Supplemental Data Set 4, model
13). While no significant GO term enrichment could be
identified for this group due to the large number of genes
with a wide range of different functions (Supplemental
Data Set 1, 4), many key genes involved in intracellular
signalling, granule trafficking and exocytosis, mitochon-
drial ATP production, and ion channels were present in
this group (Fig. 2,model 13; SupplementalData Set 1; Sup-
plemental Table 1). Of note, a group of 751 genes exhibited
a rhythmic pattern in α cells only (model 11), comprising
Pcsk2,Vegfa, andCcnd3 (Fig. 2B). On the other hand, 1126
genes were rhythmic in β cells only (model 12), compris-
ing those involved in endoplasmic reticulum-associated
functions and glucose metabolism (Fig. 2A,B; Supplemen-

tal Data Set 1, 4; Supplemental Table 1). Finally, 352 genes
were rhythmic in both cell types, with distinct oscillatory
parameters in α and β cells (Fig. 2A,B, model 14; Supple-
mental Data Set 1, 4).

RNA-seq reveals distinct rhythmic phases for the
expression profiles of core clock transcripts
in α and β cells

Surprisingly, the most enriched biological function in the
above-mentioned group of genes with distinct oscillatory
parameters (groupCmodel14)wastheGOterm“circadian
rhythm” (Fig. 3A,B; Supplemental Fig. S4; Supplemental
Data Set 4). Indeed, several core clock transcripts, includ-
ing Bmal1 (Arntl), Reverbα (Nr1d1), and Cry1, exhibited
distinct rhythmic patterns of expression in α and β cells,
with the β-cell core clock genes being phase-advanced ∼4
h comparedwith their α-cell counterparts (Fig. 3C; Supple-
mental Fig. S4). The phase coherence between the rhyth-
mic profiles of these transcripts expressed in α and β cells
was further confirmed by quantitative RT–PCR (qRT–
PCR) (Fig.3C).Collectively, thesedatasuggestthatα-cellu-
lar and β-cellular clocks exhibit comparable rhythmic am-
plitudes but distinct phases in vivo, with β-cell clocks
being phase-advanced compared with α-cell clocks.

α-Cellular and β-cellular clocks synchronized in vitro by
forskolin exhibit distinct circadian profiles at the
population and single-cell levels

Since different rhythmic phases observed for core clock
transcripts in vivo might be attributed to distinct entrain-
ment properties of α and β cells, analysis of circadian prop-
erties of α-cell and β-cell populations was further
undertaken in vitro. PER2::Luc profiles were recorded in
intact islets and for dispersed islet cells synchronized
with forskolin, which has been shown previously to be
an efficient synchronizer for intact mouse and human is-
lets (Perelis et al. 2015a; Saini et al. 2016). No difference
was observed between the circadian profiles of whole is-
lets and a mixed islet cell population (Supplemental Fig.
S5A). Next, we conducted population analysis of separat-
ed pure α and β cells synchronized with forskolin (Fig. 4A).
Forskolin induced high-amplitude oscillations in both cell
types compared with the respective controls stimulated
with medium change only (Supplemental Fig. S5B). Of
note, separated α cells exhibited significantly earlier circa-
dian phase in comparison with β cells, with no significant
change in the circadian period length (Fig. 4A; Supplemen-
tal Table 2).

To explore individual cellular rhythms, we performed
single-cell analysis of mouse α and β cells using a high-res-
olution combined bioluminescence–fluorescence time-
lapse microscopy approach (Pulimeno et al. 2013). Dis-
persed triple transgenic islet cells synchronized with for-
skolin were subjected to time-lapse microscopy (Fig. 4B,
C; Supplemental Movies S1, S2). The PER2::Luc biolumi-
nescence profiles of α cells (Venus-positive) and β cells
(Cherry-positive) were analyzed (Fig. 4D). Based on the
analysis of 49 α cells and 55 β cells in eight time-lapse
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microscopyexperiments, the circadianphaseof PER2::Luc
bioluminescence profile was significantly advanced in α
cells when compared with β cells (Fig. 4E), in agreement
with the population analysis (cf. Fig. 4A). Of note, we ob-
served an opposite tendency for the phase shift between
α-cellular and β-cellular clocks in vivo (Fig. 3B,C) com-
pared with in vitro following forskolin synchronization
(Fig. 4A,E).

Adrenaline, but not insulin, exerts differential
synchronizing effects on α-cellular and β-cellular
clocks in vitro

To decipher potential differences in the α-cellular and β-
cellular clock entrainment properties in vitro, the physio-
logically relevant synchronizers insulin and adrenaline
were applied to the islet cells. In vitro synchronization

Figure 2. Comparative analysis of tempo-
ral expression patterns of the transcripts ex-
pressed in α and β cells (group C in Fig. 1A).
A total of 11,171 transcripts expressed in
both α and β cells (log2 RPKM> 0) and ex-
hibiting the expression level differences ab-
solute log2 fold change <4 between the two
cell types were assigned to one of the five
models (models 10–14 in Fig. 1A). (A) The
number of genes assigned in models and
corresponding heat maps showing relative
expression indicated in green (low) and red
(high). The gray bar represents genes not
classified in anymodels. Phase distribution
of rhythmic genes is presented on the adja-
cent polar histograms for rhythmic genes in
(1) one cell type (models 11 and 12), (2) both
cell types with the same parameters (model
13), or (3) both cell types with different pa-
rameters (model 14). (B) Temporal profiles
for selected transcripts expressed in both
cell types delineated to one of the rhyth-
micity models. Data are expressed as mean
± SD of two independent experiments.
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with insulin and adrenaline pulses proved to be efficient
for intact pancreatic islets (Supplemental Fig. S5C).
When applied to isolated α and β cells, insulin induced
similar profiles of circadian bioluminescence in both
cell types (Fig. 5A; Supplemental Table 2). In contrast, sep-
arated α cells synchronized by adrenaline exhibited dis-
tinct oscillation properties when compared with β cells,
with α cells being phase-delayed behind their β-cell coun-
terparts (Fig. 5B; Supplemental Table 2). Thus, the phase
shift between α and β cells induced by adrenaline (Fig.
5B) was in the opposite direction when compared with
the one observed for forskolin synchronization in vitro

(Fig. 4A,E) and coherentwith the phases of core clock tran-
scripts expressed in α and β cells in vivo (Fig. 3C).

To gain mechanistic insights into the observed differ-
ences, we compared expression profiles of the adrenaline
hormone receptors in α and β cells. Importantly, while
Insr exhibited similar levels and temporal expression pro-
files in both cell types (Fig. 5A), adrenergic receptors were
differentially expressed in α and β cells (Adrb1 in α cells
andAdra2a in β cells) (Fig. 5B). Therefore, the observed dif-
ferences in the circadian properties of α-cellular and β-cel-
lular clocks might be attributed to the distinct repertoire
of these hormone receptors expressed on α and β cells and

Figure 3. Core clock transcripts expressed
in α and β cells exhibit distinct rhythmic
phases in vivo. (A) Mapping of identified
α-cell and β-cell molecular clock and
clock-controlled transcripts into modified
“circadian rhythm”KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) pathways.
Transcripts exhibiting distinct rhythmic
phases in α and β cells are marked in red,
and those with similar phases are marked
in gray. (B) Rhythmic phases of core clock
and clock-controlled transcripts in α and β
cells. (C ) Temporal profiles of selected
core clock transcripts with distinct rhyth-
mic phases in α and β cells assessed by
RNA-seq data (top panels) and qRT–PCR
analysis (bottom panels). Data represent
the mean of two biological replicates per
time point (each replicate is a mix of cells
from six mice). Error bars express the SD
of two independent experiments.
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possibly due to their distinct temporal profiles, as demon-
strated by RNA-seq analysis (Fig. 5B; Supplemental Data
Set 1). To further explore this hypothesis, α2 adrenergic re-
ceptor (ADRA2) antagonist yohimbine was applied to β
cells prior to adrenaline synchronization, resulting in a
perturbed cellular circadian rhythm compared with
adrenaline synchronization alone (Fig. 5C, left panel; Sup-
plemental Table 3). Moreover, application of the selective
β1 adrenergic receptor antagonist atenolol to α cells prior
to adrenaline synchronization led to a significant attenu-
ation of the circadian profile (Fig. 5C right panel; Supple-
mental Table 3).

Blood levels of the islet hormones are oscillating over 24 h

To unravel the impact of the islet cellular clocks on phys-
iology, the temporal pattern of islet hormones was as-
sessed around the clock. Blood levels of glucose, insulin,

and glucagon were measured in night-fed animals every
4 h during 24 h (Fig. 6A) following the same design devel-
oped for islet cell transcript analysis (Supplemental Fig.
S1). In agreement with previous publications, insulin lev-
els exhibited a rhythmic profile with a peak in the middle
ofnight (ZT16; Fig. 6A).On theotherhand, glucagon levels
were not considered circadian according to CosinorJ anal-
ysis, whereas a clear peak atZT20–ZT0 following the peak
of insulin was observed (Fig. 6A). Glucose levels did not
show a clear rhythmic pattern in the same serum samples.
To distinguish between the clock-driven and food-driv-

en origins of the observed rhythms, islet hormone blood
levels were assessed in fasted animals (Fig. 6B). The rhyth-
mic profiles of glucagon and insulin persisted in the ab-
sence of feeding, although the secretion peak for both
hormones was advanced ∼8 h in fasted animals as com-
pared with night-fed mice. Thus, the phase coherence be-
tween the peaks of insulin and glucagon levels was

Figure 4. α-Cell and β-cell clocks synchronized in vitro by forskolin exhibit distinct circadian phases at the population (A) and single-cell
(B–E) levels. (A) Average PER::Luc oscillation profiles of forskolin-synchronized FACS separated α-cell and β-cell populations (50,000 cells
perwell) in n = 4 and n = 5 experiments (with an average of five animals used per experiment), respectively. Data are presented as detrended
values (Pulimeno et al. 2013). Significant phase shift between the two cell types (see Supplemental Table 2) is presented schematically in
the polar diagram. (B) Representative full bioluminescence–fluorescence image (512 × 512 pixels) of proGcg-Venus/RIP-Cherry/PER2::
Luc-dissociatedmouse islet cells subjected to time-lapse bioluminescence–fluorescencemicroscopy (SupplementalMovies S1–2). αCells
areVenus-positive (green labeling), and β cells areCherry-positive (red labeling). Bioluminescence signal (blue in the image)was quantified
for each cell over the nucleuswithin the circled area. Representative trajectories are overplayed in white over the image. (Right panel) The
cropped image presents two traced cells. Bar, 40 µm. (C ) Time-lapse microscopy of circadian PER2::Luc bioluminescence of a represen-
tative β cell (top row) and α cell (bottom row). Images were taken every 2 h during 64 h. (D) Analyzed bioluminescence tracks (detrended)
for three representative α cells (green) and three β cells (red) with corresponding fitted cosine curves (gray) obtained using the circadian
gene expression (CGE) plug-in (Sage et al. 2010). (E) Average PER2::Luc bioluminescence expression profiles (detrended) of n = 49 Ve-
nus-positive α cells and n = 55 Cherry-positive β cells after forskolin shock recorded in n = 8 independent time-lapse movies. Note the sig-
nificant phase shift between two cell types (23.98 h ± 0.65 h in α cells and 26.71 h ± 0.58 h in β cells). P = 0.0023, two-tailed paired t-test.
Data are expressed as mean ± SEM.
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maintained in the night-fed and fastedmice (Fig. 6A,B). As
expected, the blood glucose levels were strongly dimin-
ished in fasted animals without any clear diurnal rhyth-
micity pattern (Fig. 6A,B, cf. right panels).

To assess the impact of a functional clock on insulin
and glucagon blood levels, the islet hormone measure-
mentswere performed in clock-deficientBmal1 knockout
mouse serum samples. During the light phase, both insu-
lin and glucagon secretion levelswere significantly dimin-
ished in Bmal1 knockout mice compared with the Bmal1
wild-type littermates (Fig. 6C). During the dark phase,
only insulin exhibited a tendency for dampened secretion
levels in Bmal1 knockout mice, which did not reach stat-
istical significance (P = 0.06, paired t-test), while glucagon
levels remained unchanged (Fig. 6C).

Rhythmic basal secretion of glucagon and insulin
by isolated α and β cells synchronized in vitro

Tounderstandwhether the oscillatory profiles of islet hor-
mones observed in the blood might be regulated to some

extent by cell-autonomous clocks, we used an in-house-
developed perifusion system connected to a LumiCycle
chamber (Saini et al. 2016). Basal insulin and glucagon
secretion was monitored around the clock under a cons-
tant flow of culture medium in a dispersed mixed islet
cell population (Fig. 6E) and FACS-sorted α and β cells
(Fig. 6G) synchronized in vitro by a forskolin pulse. In par-
allel, PER::Luc bioluminescence was recorded from the
same cells (Fig. 6D,F). These perifusion experiments sug-
gested that both basal insulin secretion by synchronized
β cells andbasal glucagon secretionby synchronized α cells
are circadian. Of note, the peak of glucagon secretion was
delayed comparedwith that of insulin secretion by∼2 h in
themixed cell population and∼4 h in FACS-sorted α and β
cells (Fig. 6E,G, cf. right panels).

Discussion

This study represents the first parallel molecular analysis
of α-cell and β-cell oscillators and their impact on the gene

Figure 5. α-Cell and β-cell clocks synchronized in vi-
tro by adrenaline, but not by insulin, exhibit distinct
circadian phases. (Left panels) Average detrended
PER2::Luc bioluminescence profiles for separated α-
cell and β-cell populations synchronized in vitro
with a 1-h pulse of 100 nM insulin (A) or 5 µM adren-
aline (B). Circadian phases of the PER2::Luc biolumi-
nescence profiles recorded from α-cell and β-cell
populations, presented in the polar diagrams, were
similar (A) or delayed for α-cell population (B). Mean
circadian parameters for these experiments are in
Supplemental Table 2. (Right panels) In vivo temporal
expression transcript profiles over 24 h obtained by
RNA-seq (Supplemental Data Set 1) for insulin recep-
tor (Insr) and adrenergic receptors (Adra2a andAdrb1)
in α and β cells. Data are expressed as mean ± SEM for
the left panels. (A) n = 5 experiments for α cells; n = 6
experiments for β cells. (B) n = 6 experiments for α
cells; n = 3 experiments for β cells. An average of
five mice was used per experiment. Mean ± SD for
the right panels. n = 2 independent experiments. (C )
Average detrended PER2::Luc bioluminescence pro-
files for separated α-cell and β-cell populations syn-
chronized with adrenaline alone or in the presence
of adrenergic receptor antagonists. n = 6 experiments
for α cells with adrenaline alone; n = 3 experiments
for β cells with adrenaline alone; n = 3 independent
experiments with antagonists for each cell type. An
average of five mice was used per experiment. Coin-
cubation of α and β cells with antagonists of β1 adren-
ergic receptor (100 µM atenolol) and α2 adrenergic
receptor (100 µM yohimbine), respectively, attenuat-
ed the synchronizing effect of adrenaline.Mean circa-
dian parameters for these experiments are in
Supplemental Table 3.
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expression and functional regulation of islet cells. We
demonstrate that α-cell and β-cell clocks harbor different
circadian properties in vivo and in vitro in response to
physiologically relevant stimuli such as adrenaline (Fig.
7). Parallel large-scale in vivo transcriptome analysis in

separated α and β cells showed oscillatory profiles for a
high number of key islet genes in either one or both cell
types (Figs. 1–3; Supplemental Data Set 1). Rhythmically
expressed transcripts with similar or distinct characteris-
tics in α and β cells comprised those encoding for glucose

Figure 6. Secretion of insulin and glucagon
in vivo and in vitro exhibits rhythmic profiles
altered in circadianmutantmice. In vivo insu-
lin, glucagon, and glucose levels were assessed
in the sera collected from night-fed animals
(A) or animals fasted for 12 h prior to the exper-
iment and during the entire period of serum
collection (B). Obtained profileswere analyzed
by CosinorJ and qualified as 24-h rhythmic for
χ2 < 0.5 within the period length range of 18–
30 h and nonrhythmic if χ2≥ 0.5 or outside
this period length range. (A) Mouse sera were
collected around the clock every 4 h (see Sup-
plemental Fig. S1 for the design). n = 6–15 ani-
mals for each time point. Average serum
insulin levels were χ2 = 0.0069 for period
22.05 h ± 2.2 h and phase 18.83 h ± 6.45 h
(rhythmic), χ2 = 3.39 (nonrhythmic) for gluca-
gon, and χ2 = 0.73 (nonrhythmic) for glucose.
(B) Mouse sera were collected as described in
A from n = 3–5 mice per time point. CosinorJ
analysis results for average serum insulin lev-
els were χ2 = 0.055 for period 20.1 h ± 6.04 h
(rhythmic), χ2 = 0.21 for glucagon for period
24.0 h ± 1.59 h (rhythmic), and χ2 = 0.16 for glu-
cose for period 10.5 h ± 2.17 h (nonrhythmic).
(C ) In vivo insulin and glucagon levelswere as-
sessed in mouse serum samples collected dur-
ing the light phase (ZT0–ZT12; white square)
and dark phase (ZT12–ZT24; black square) in
night-fed Bmal1 knockout animals and their
Bmal1 wild-type littermates. Light-phase in-
sulin was assessed in n = 27 paired samples
from Bmal1 knockout and Bmal1 wild-type
mice (total of 54 animals). Dark phase insulin
was assessed in 12 paired animal samples.
Light-phase glucagon was measured in the
blood samples from n = 16 pairs of animals
(n = 12 pairs for the dark phase). Data are ex-
pressed as mean ± SEM. (∗∗∗) P = 0.0006 for
light-phase insulin; (∗) P = 0.034 for light-phase
glucagon, two-tailed paired t-test. (D,E) Circa-
dian bioluminescence recording (D) with par-
allel assessment of hormone secretion (E) in

perifused mixed islet cell populations after forskolin synchronization. n = 4 independent experiments with an average of four mice
used per experiment. The perifusionmediumcontained 5.5mMglucose andwas collected every 4 h during 48 h. Hormone concentrations
in the outflowmediumwere normalized to the total hormone content in the cell lysate at the end of each experiment and are expressed as
the percentage of total content (mean ± SEM) (left and middle panels) or as superimposed detrended values (mean ± SEM) (right panel).
CosinorJ analysis results for insulin levels were χ2 = 0.22 for period 19.49 h ± 1.17 h and phase 5.13 h ± 0.37 h (rhythmic) and χ2 = 0.064
for glucagon level for period 25.79 h ± 2.19 h and phase 7.05 h ± 0.75 h (rhythmic). (F,G) Circadian bioluminescence recording (F ) with par-
allel assessment of insulin secretion in a separated β-cell population (G, left panel) and glucagon secretion in a separated α-cell population
(G,middle panel). n = 3 independent experiments for α and for β cells, with and average of five mice used per experiment. α-Cell and β-cell
populations were separated by FACS, plated, synchronized with forskolin pulse, and continuously perifused with culture medium con-
taining 5.5 mM glucose for 48 h following synchronization. The outflow medium was collected every 4 h. Hormone concentrations in
the outflow medium samples were normalized to the total hormone content in the cell lysate at the end of each experiment and are ex-
pressed as the percentage of total content (mean ± SEM) (left andmiddle panels) or as superimposed detrended values (mean ± SEM) (right
panel). CosinorJ analysis results were χ2 = 0.19 for insulin level for period 23.17 h ± 0.56 h and phase 4.94 h ± 0.88 h (rhythmic) and χ2 = 0.04
for glucagon level for period 23.03 ± 1.14 h and phase 8.4 h ± 0.93 h (rhythmic).
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transporters, glucose metabolism enzymes, and regula-
tors of granule trafficking and exocytosis (Fig. 7; Supple-
mental Data Set 1; Supplemental Table 1). We propose
that, along with feeding–fasting cycles, the described dis-
tinct properties of α-cellular and β-cellular clocks (Figs. 3–
5) might contribute to orchestrating temporal secretion
patterns of glucagon and insulin (Fig. 6), possibly due to
differential circadian expression of functional genes in α
and β cells (Figs. 1, 2, 7).

Pancreatic α-cellular and β-cellular clocks exhibit
distinct molecular properties in vivo and in vitro

Parallel RNA-seq analysis of the temporal pattern of tran-
scripts expressed in separated α and β cells suggested im-
portant phase differences between the two cell types
(Fig. 3). Opposite phase relationships were found in isolat-
ed α and β cells synchronized by forskolin in vitro (Fig. 4A;
Supplemental Table 2). These data were supported by sin-
gle-cell analysis of α and β cells in mixed populations (Fig.
4B–E), raising the question of which endocrine and para-
crine regulators might be relevant for islet cell clock syn-
chronization in vivo. Synchronization of islet cellular
clocks is a highly complex and dynamic process compris-
ing feeding–fasting cycles, neural regulation, and endo-
crine and paracrine stimuli (Dibner and Schibler 2015b;
Perelis et al. 2015a,b). Since insulin and catecholamines
are key regulators of islet physiology during feeding and
fasting, respectively, their synchronization properties on
islet cell clocks were assessed. Indeed, these hormones
had pronounced synchronizing capacity on α-cell and β-
cell clocks (Fig. 5; Supplemental Fig. S5C). Insulin, which
has been suggested to have aweak synchronizing effect on
cultured rat fibroblasts through the transcriptional induc-
tion of core clock genes Per1 and Per2 (Balsalobre et al.
2000), is acting via its specific receptors. Insulin receptor
exhibited similar expression levels and temporal patterns
in both cell types according to our data (Fig. 5; Supplemen-
tal Data Set 1) and previously published data sets (Benner
et al. 2014; Adriaenssens et al. 2016; DiGruccio et al.
2016). In response to a high dose of insulin, α-cellular
and β-cellular clocks exhibit a similar circadian phase
(Fig. 5; Supplemental Table 2).

In contrast, the adrenaline pulse generates a significant
phase shift between α and β cells, similar to the phase shift
observed in vivo (cf. Figs. 5B and 3C). Responses of the α-
cell and β-cell clocks to adrenaline synchronization are
likely to bemediated through adrenergic receptors, which
are expressed differentially in α and β cells according to
our RNA-seq data set (Fig. 5B, right panels). Importantly,
inhibition of the β-cell-specific ADRA2A receptor with
the α2 adrenergic antagonist yohimbine or of the α-cell-en-
riched ADRB1 receptor with the selective β1 adrenergic
antagonist atenolol altered the synchronizing effect of
adrenaline in these cells, respectively (Fig. 5C), further
supporting a receptor-specific effect of adrenaline on islet
cells. The intracellular effect of ADRB1 is mediated via
activation of adenylyl cyclase (Vieira et al. 2004), while
ADRA2A inhibits this enzyme (Rosengren et al. 2010).
According to our RNA-seq analysis, different isoforms of

adenylyl cyclase (Adcy3,Adcy1, andAdcy9) are rhythmic
only in α cells and are either nonrhythmic or nonex-
pressed in β cells (Supplemental Data Set 1). Additionally,
distinct isoforms of protein kinase C (Prkcb and Prkce)
and phospholipase C (Plcb1, Plcb4, and Plcg1), second
messengers of the GNAQ-activated pathway downstream
from ADRA2A, exhibited differential expression levels
and temporal patterns in α and β cells (Supplemental
Data Set 1). Collectively, the data presented in Figure 5C
together with the RNA-seq analysis imply that the dis-
tinct circadian response of α-cell and β-cell clocks to
adrenaline might be mediated by the cell-specific expres-
sion of adrenergic receptors and their second messengers
in these cells. This islet cell-specific synchronizing effect
of adrenaline observed in vitro may also account for the
phase difference of α-cellular and β-cellular clocks demon-
strated in vivo (Fig. 3) due to the essential role of the sym-
pathetic innervation for islet function (Thorens 2014).

Additionally, oscillatory patterns of blood insulin (Fig.
6A) and adrenaline (De Boer and Van der Gugten 1987)
may feed back on islet clocks by influencing their circadi-
an phase. Transient changes of these hormones levels—
for instance, increase of adrenaline concentration upon
stress or increase of insulin after food ingestion—may con-
tribute to the regulation of islet cell oscillators. In sum-
mary, our experiments suggest that adrenaline and
insulin may coordinate the cell-specific resetting of α-cel-
lular and β-cellular clocks, resulting in their phase differ-
ence in vivo (Figs. 3, 5, 7).

Of note, Per2 expression exhibited a similar rhythmic
expression profile in α and β cells in vivo but not in vitro,
as reflected by the circadian PER2::Luc reporter (see Figs.
3B, 4, 5B). It has been demonstrated that, unlike other core
clock genes, Per2 expressionmight be uncoupled from the
core clock and driven by systemic cues independently of
the local oscillator (Kornmann et al. 2007). Therefore,
the observed discrepancy might be explained by the dom-
inant effect of food entrainment onPer2, overriding the in-
put of local oscillators in vivo and its absence in vitro
under constant medium conditions.

Differential rhythmic expression pattern of the α-cell and
β-cell transcriptome

Computational analysis of large-scale temporal gene ex-
pression profiles with high resolution in separated α-cell
and β-cell populations resulted in establishing a unique
database (Supplemental Data Set 1) comprising α-cell-
and β-cell-specific genes and those expressed in both cell
types and the assessment of their rhythmicity. In total,
∼60% of all detected transcripts exhibited rhythmicity
in one or both cell types (Figs. 1D,F, 2A; Supplemental
Fig. S3), which is higher in comparison with the recently
reported fraction in whole islets (Perelis et al. 2015a).
This difference might be explained by transcripts exhibit-
ing distinct phases in two cell types (models 5 and 14),
which may not be detectable as rhythmic in the whole is-
lets. Previous studies suggested that the ratio of cycling
and noncycling genes is tissue-specific, with metabolical-
ly active tissues exhibiting a greater number of rhythmic
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transcripts (Zhang et al. 2014). Playing a key role in glu-
cose metabolism, α and β cells represent populations
with high metabolic activities closely associated with
feeding behavior. Most of the observed rhythmic tran-
scripts exhibited peak expression levels in the middle
of the light or dark phase (Figs. 1, 2), which might be at-
tributed to the strong synchronizing effect exerted by
rhythmic feeding on α-cell and β-cell clocks, as was dem-
onstrated for other metabolically active tissues (Damiola
et al. 2000; Atger et al. 2015). Among the rhythmically ex-
pressed transcripts, we found genes required for granule
biogenesis, trafficking, and exocytosis (Fig. 7; Supplemen-
tal Data Set 1; Supplemental Table 1).

Rhythmic transcriptional regulation of islet hormone
biogenesis

Biogenesis of insulin and glucagon shares similarities at
principal steps, including hormone production, matura-

tion, and secretory granule formation, trafficking, and
exocytosis. The expression levels of insulin and glucagon
were constant throughout the day (Fig. 1C), in line with
previous reports on mouse and human insulin gene ex-
pression (Marcheva et al. 2010; Pulimeno et al. 2013).
While the profile of the β-cell-specific proprotein conver-
tase Pcsk1 (determining the first step of insulin matura-
tion) (Orci et al. 1987) was nonrhythmic, expression of
Pcsk2 (which regulates proinsulin processing in β cells)
and the first steps of Gcg maturation in α cells (Furuta
et al. 2001) were rhythmic only in α cells. Its expression
was in opposite phase to the maximum of glucagon secre-
tion, possibly to allow refilling of glucagon stores (Fig. 2B).
Genes encoding for COPII proteins as well as members of
common vesicle trafficking pathways and SNARE pro-
teins—regulating immediate and delayed granule exocy-
tosis (Regazzi et al. 1995) and their accessory factors—
were rhythmically expressed, peaking in the middle of
the night (Fig. 7; Supplemental Table 1; Supplemental

Figure 7. Inputs and outputs of α-cellular and β-cellular clocks. α-Cellular and β-cellular oscillators exhibit different circadian phases in
vivo and in vitro in response to physiologically relevant stimuli, such as adrenaline, possibly due to a distinct repertoire of surface recep-
tors and signal transduction molecules specific for each cell type. Key functional genes exhibit similar or distinct temporal patterns in α
and β cells, comprising those encoding for glucose transporters, enzymes catalyzing glucose metabolism reactions (glycolysis, pyruvate
metabolism, and Krebs cycle), KATP channels, voltage-dependent calcium channels (VDCCs), genes involved in glucagonmaturation (but
not insulinmaturation), and genes responsible for granule trafficking and exocytosis. Clusters of rhythmic genes in β cells are highlighted
in red, and those rhythmic in α cells are highlighted in green.We hypothesize that the distinct properties of α-cellular and β-cellular clocks,
along with feeding–fasting cycles, might contribute to orchestrating different oscillating secretory patterns of glucagon and insulin stem-
ming from the differential temporal orchestration of the functional gene transcription in α and β cells.
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Data Set 1). In linewith our data, previous studies suggest-
ed circadian profiles for granule assembly and exocytosis
regulators in in vitro synchronized islets, which were af-
fected by clock disruption in transgenic mice (Perelis
et al. 2015a) and human islet cells (Saini et al. 2016).

Rhythmic regulation of stimulus–secretion-coupling
pathways in α and β cells

Furthermore, differential rhythmic control was exerted
over transcripts encoding for proteins involved in basal
and stimulated insulin and glucagon secretion (Fig. 7). In-
deed, high glucose uptake in β cells is mediated by the
nonrhythmic expression of the Glut2 transporter (Slc2a2
transcript) (Orci et al. 1989), while, in α cells, the principal
glucose transporters Glut1 and Glut5 (Slc2a1 and Slc2a5
transcripts) were rhythmic. Glucokinase (Gck transcript)
exhibited a rhythmic expression pattern in both cell types,
simultaneously peaking at night. Genes responsible for
the initial steps in glucose metabolism (pyruvate metabo-
lism [Pdha1 and Pcx] and Krebs cycle [Aco2]) were rhyth-
mic in α cells but not β cells. In contrast, the expression of
respiratory chain components (complex V transcripts) was
similarly rhythmic in both cell types, peaking at daytime
(Supplemental Data Set 1; Supplemental Table 1). These
data suggest a rhythmic transcriptional regulation of ener-
gy metabolism processes in mouse islet cells (in line with
previous findings in clock-disruptedmice) (Lee et al. 2011)
and human islet cells (Saini et al. 2016). In the liver, most
of these rate-limiting mitochondrial enzymes are oscillat-
ing at the protein level (Neufeld-Cohen et al. 2016). Mito-
chondrial glucose metabolism differentially raises the
ATP/ADP ratio in α and β cells, regulating the function
of ion channels responsible for triggering insulin secretion
and inhibiting glucagon release (Gromada et al. 2007). El-
evated levels of ATP lead to the closure of ATP-sensitive
K+ (KATP) channels (complex of KCNJ11 and sulfonylurea
receptor SUR-1 encoded byAbcc8), resulting in cell depo-
larization and opposite regulation of glucose-induced in-
sulin and glucagon secretion (Gromada et al. 2004).
Here, we report that the rhythmic expression peaks for
Kcnj11 and Abcc8 in α and β cells are temporally separat-
ed: ZT6 for Kcnj11 and ZT20 for Abcc8. Interestingly, in
human islet cells, theKCNJ11 transcriptwas up-regulated
upon siRNA-mediated CLOCK disruption (Saini et al.
2016), suggesting an inhibitory effect of the BMAL1/
CLOCK complex on KCNJ11 expression. Activation of
KATP upon high glucose concentration opens voltage-de-
pendent calcium channels (VDCCs) in β cells, resulting
in calcium influx, SNARE-mediated insulin granule re-
lease, and closure of these channels in α cells, inhibiting
glucagon secretion (Gromada et al. 2004; Gustavsson
et al. 2009). Low glucose concentrations result in low
ATP levels in α cells and moderately activate KATP chan-
nels, allowing the opening of VDCCs (Fig. 7, dotted ar-
row), leading to Ca2+ influx in α cells and SNARE-
mediated release of glucagon granules. Interestingly, mul-
tiple genes encoding for VDCC members (Supplemental
Table 1) exhibited rhythmic expression, in line with the
previously reported circadian regulation of VDCC expres-

sion in the SCNs (Nahm et al. 2005). Hence, the fact that
the activity of VDCCs in islet cells is regulated by glucose
makes them good candidates for coupling feeding regimen
to intracellular molecular clocks.

Rhythmic profiles of insulin and glucagon are not aligned
in vivo and in vitro

Turning to the functional output of α and β cells, plasma
insulin levels exhibited significant circadian oscillation,
peaking in the middle of the dark phase in night-fed
mice (Fig. 6A), in agreement with previous studies report-
ing higher plasma insulin levels during the activity (night)
phase (Marcheva et al. 2010; Perelis et al. 2015a). Parallel
assessment of plasma glucagon content in the same sam-
ples suggested the oscillatory fluctuation over 24 h with
the peak of secretion in the morning hours (ZT0), lagging
∼8 h after the insulin peak (Figs. 6A, 7). These data are
consistent with previous work detecting weak daily
rhythms in plasma glucagon levels, peaking at the end
of the night in ad libitum fed rats (Ruiter et al. 2003). It
is noteworthy that rhythmic profiles of both insulin and
glucagon secretion were preserved in fasted animals,
with peaks strongly and similarly advanced for both hor-
mones as compared with night-fed animals (Fig. 6A,B),
suggesting that the circadian clock impacts on islet hor-
mone secretion also in the absence of rhythmic feeding.
In linewith a previous report (Ruiter et al. 2003), introduc-
ing a fasting period prior to the blood collection influenced
the daily glucagon secretion pattern by significantly en-
hancing its amplitude and advancing the phase (Fig. 6A,
B, cf. left panels). Interestingly, the opposite tendency
has been observed for the circadian amplitude of insulin
secretion, which was lower in fasted animals compared
with their night-fed counterparts (Fig. 6A,B, cf. middle
panels). This finding is in line with human data indicating
that the circadian amplitude of blood insulin is positively
correlated with blood glucose levels (Boden et al. 1996). Of
note, previous experiments with SCN lesioned animals
(Yamamoto et al. 1987) demonstrated a role of the central
clock in generating daily rhythms of glucagon secretion.
Moreover, the studies by Bass and colleagues (Marcheva
et al. 2010; Perelis et al. 2015a) provided compelling evi-
dence that insulin secretion is strongly compromised in
clock-deficient mice and that this effect is cell-autono-
mous. Similarly, in human islets, clock disruption re-
duced the amount of insulin at both basal and high-
glucose conditions (Saini et al. 2016). In strong agreement
with these studies, our data imply that the presence of a
functional clock is essential for proper islet hormone
secretion, as clock-disrupted Bmal1 knockout mice had
significantly altered blood levels of both insulin and gluca-
gon (Fig. 6C), further strengthening the importance of a
functional clock in regulating glucose homeostasis.

In line with in vivo data, our perifusion experiments
demonstrate that mixed islet cells and pure α cells syn-
chronized in vitro by forskolin secrete basal glucagon in
a circadian manner (Fig. 6E,G, middle panels). The sug-
gested role of the α-cell clock in regulating glucagon secre-
tion is supported by a previous study demonstrating an
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inhibitory effect of the core clock component Reverba on
glucagon secretion in αTC1–9 cells (Vieira et al. 2013).
A rhythmic pattern of basal insulin secretion was ob-

tained frommixed cells and pure β cells exhibiting similar
circadian phases in this case (Fig. 6E,G), consistent with
earlier in vitro studies in rodent and human islet cells,
suggesting a circadian profile of insulin secretion by iso-
lated islets or islet cells in rodents and humans (Peschke
and Peschke 1998; Perelis et al. 2015a; Saini et al. 2016).
Remarkably, this temporal separation of glucagon and in-
sulin secretion observed in vivo persists also in vitro, with
the glucagon profile being phase-delayed compared with
insulin (Fig. 6E,G, right panels). This phase shift was
particularly pronounced in separated α-cell and β-cell pop-
ulations, suggesting differential autonomous circadian
regulation of hormone secretion in α and β cells (Fig. 7).
While the dietary glucose intake has an acute effect on

regulating insulin and glucagon secretion, cell-autono-
mous islet cellular clocks are likely to modulate this pro-
cess in a temporal manner through the diurnal regulation
of genes involved in secretion (Dibner and Schibler
2015b). Similar to rodents, endocrine body rhythms in hu-
mans, including those of insulin, are tightly regulated by
the circadian system (Philippe and Dibner 2014). Such os-
cillatory profiles of metabolically active hormones may
represent an important anticipatorymechanism, allowing
for the optimal metabolic orchestration at the organism
level.
The incidence of metabolic diseases, including T2D, is

growing exponentially in modern societies (Krug 2016).
This tendency might be attributed to sleep perturbations
related to the increasing rate of acute and social jet lag
and the rise of shifted work schedules (Maury et al.
2014; Saini et al. 2015). Accumulating data suggest a key
role of α-cell dysfunction in the development of T2D
(D’Alessio 2011; Lee et al. 2016). Our data will help to dis-
sect the contribution of the circadian clock in α-cell and β-
cell physiology and pave theway for future studies aiming
at deciphering α-cell and β-cell dysfunction in the etiology
of metabolic diseases.

Materials and methods

Animal care and reporter mouse strain

Animal studies were performed according to the regulations of
the veterinary office of the State of Geneva. The triple reporter
mouse strain was established by crossing Gcg-Venus reporter
(Reimann et al. 2008), RIP-Cherry (Zhu et al. 2015), and Per2::
Luc (Yoo et al. 2004) mice (Supplemental Fig. S1). ProGcg-Venus
and RIP-Cherry reporters exhibited very high specificity and ex-
pression levels in α and β cells, respectively (Supplemental Fig.
S1; Zhu et al. 2015; Dusaulcy et al. 2016). Bmal1 knockout
mice have been described previously by Jouffe et al. (2013). All ex-
periments were done in mice between 7 and 16 wk of age under
standard animal housing conditions with free access to food and
water and in 12-h light/12-h dark cycles (LD). For the in vivo sam-
ple collection, animals were subjected to night-restricted feeding
(Supplemental Fig. S1) 2 wk prior to the experiments and during
the entire period of sample collection, allowing us to reduce the
effect of individual feeding rhythms (Atger et al. 2015). For sample

collection covering the 24-h period, half of the animals were en-
trained by inverted LD and feeding cycles during the 3 wk preced-
ing the experiments. Fasted blood collection around the clock
was performed in the absence of feeding and following 12 h of fast-
ing prior to the first time point. For Bmal1 knockout mice and
their control littermates, serum samples were collected during
the light phase (ZT0–ZT12) and dark phase (ZT12–ZT24).

Pancreatic islet isolation and separation of α and β cells

Islets of Langerhanswere isolated by standard procedure based on
collagenase (type XI; Sigma) digestion of the pancreas followed by
Ficoll purification (Wojtusciszyn et al. 2009). Islet cells were gent-
ly dissociated by trypsin (GIBCO) resuspended in KRB solution
(pH 7.4) supplementedwith 0.3% free fatty acid bovine serum al-
bumin (BSA) (Sigma), 1.4mMglucose, and 0.5mMEDTA). α-Cell
and β-cell populations were separated by flow cytometry FACS
(Astrios sorter, Beckman Coulter) based on fluorescence wave-
length and intensity and cell singlet nature, size, and viability
(Supplemental Fig. S2).

In vitro islets/islet cell culture, synchronization, and
bioluminescence monitoring

For in vitro culture, the intact islets or dissociated or sorted cells
were recovered in RPMI 1640 complete medium (11.2 mM glu-
cose, 110 µg/mL sodium pyruvate) supplemented with 10% fetal
calf serum, 110U/mLpenicillin, 110 µg/mL streptomycin, and 50
µg/mL gentamycin and attached to 35-mm dishes or multiwell
plates precoated with a laminin-5-rich extracellular matrix
(Parnaud et al. 2008). Adherent islets/cells were synchronized
by a 1-h pulse of 10 µM forskolin (Sigma), 100 nM insulin
(NovoRapid), or 5 µM adrenaline (Geneva Hospital Pharmacy)
prior to continuous bioluminescence recording in RPMI supple-
mented with 100 µM luciferin (NanoLight Technology) (Saini
et al. 2016). For detrended time series, raw luminescence signals
were processed by a moving average with a window of 24 h (Saini
et al. 2016). β1 adrenergic receptor antagonist atenolol (100 µM),
and 100 µM α2 adrenergic receptor antagonist yohimbine were
applied to α and β cells, respectively, 15min prior to adding adren-
aline for the synchronization, and cells were kept in the medium
during a 1-h synchronization period.

Combined bioluminescence–fluorescence time-lapse
microscopy and data analysis

Dispersed islet cells attached to glass-bottomed dishes (WillCo
Wells BV) were synchronized by forskolin and subjected to com-
bined bioluminescence–fluorescence imaging (Pulimeno et al.
2013). An Olympus LV200 workstation equipped with a 63×
UPLSAPO objective and EM CCD camera (Image EM C9100-
13, Hamamatsu) was used. The recorded time-lapsed images
were analyzed on ImageJ 1.50 (Schneider et al. 2012), with indi-
vidual cells tracked in the bioluminescence and fluorescence
channels using a modified version of ImageJ plug-in CGE (Sage
et al. 2010). Measuring of expression levels was performed on
the labeled and tracked cells in the bioluminescence images
over time. To assess the circadian characteristics of single-cell
profiles, a Cosine fitting method (CosinorJ) was applied (Mannic
et al. 2013).

RNA-seq

Total RNAwas prepared fromFACS-sorted α and β cells collected
every 4 h around the clock in duplicates (total of 24 samples
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representing an RNA pool of six to 12 mice each) using RNeasy
PlusMicro Kit (Qiagen). RNA-seq was performed on the Institute
of Genetics andGenomics inGeneva genomics platform (Univer-
sity of Geneva, Switzerland). The TruSeq stranded total RNA
with Ribo-Zero Gold kit (Illumina) was used for library prepara-
tionwith 100 ng of total RNA as input. Librarymolarity and qual-
ity were assessed with Qubit (Life Technologies) and Tapestation
using a DNA high-sensitivity chip (Agilent Technologies).
Paired-end reads of 50 bases were generated using TruSeq SBS
HS version 3 chemistry on an Illumina HiSeq 2500 sequencer.
RNA-seq mapping and quantification and model selection and
rhythmicity assessment are described in the Supplemental
Material.

Measurements of insulin, glucagon, and glucose levels in the
blood serum

Mice were sacrificed by decapitation at ZT0, ZT4, ZT8, ZT12,
ZT16, and ZT20 with subsequent blood collection and serum
preparation by immediate centrifugation at 3000 rpm for 15
min at 4°C (Supplemental Fig. S1) and storage at −80°C. Protease
inhibitors PMSF (Axon), aprotinin (Sigma), and DPP4 (Millipore)
were added to the samples to preserve the hormones from degra-
dation. Insulin and glucagon concentrations were assessed by ul-
trasensitive mouse insulin and glucagon ELISA kits (Mercodia),
and serum glucose was assessed by Accu-Chek glucometer
(Roche).

Islet cell continuous perifusion

Dispersed islet cells or FACS-separated α and β cells were at-
tached and forskolin-synchronized as described above, placed
into an in-house-developed two-well horizontal perifusion cham-
ber connected to a LumiCycle, and continuously perifused with
RPMI (without sodium pyruvate) containing 5.5 mM glucose
and 100 µM luciferin as described (Saini et al. 2016). Biolumines-
cence recordingswere performed in parallel to the 4-h interval au-
tomated collection of the outflow medium. Basal insulin and
glucagon levels were quantified in the outflowmediumbymouse
insulin and glucagon ELISAkits (Mercodia) and normalized to the
total cellular content with subsequent moving average transfor-
mation. Circadian parameters of the secreted profiles were evalu-
ated by the CosinorJ algorithm (Mannic et al. 2013).
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The core clock transcription factor BMAL1
drives circadian β-cell proliferation during
compensatory regeneration of the
endocrine pancreas
Volodymyr Petrenko,1,2,3,4 Miri Stolovich-Rain,5 Bart Vandereycken,6 Laurianne Giovannoni,1,2,3,4
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Circadian clocks in pancreatic islets participate in the regulation of glucose homeostasis. Herewe examined the role
of these timekeepers in β-cell regeneration after themassive ablation of β cells by doxycycline-induced expression of
diphtheria toxin A (DTA) in Insulin-rtTA/TET-DTAmice. Since we crossed reporter genes expressing α- and β-cell-
specific fluorescent proteins into these mice, we could follow the fate of α- and β cells separately. As expected, DTA
induction resulted in an acute hyperglycemia, which was accompanied by dramatic changes in gene expression in
residual β cells. In contrast, only temporal alterations of gene expression were observed in α cells. Interestingly,
β cells entered S phase preferentially during the nocturnal activity phase, indicating that the diurnal rhythm also
plays a role in the orchestration of β-cell regeneration. Indeed, in arrhythmic Bmal1-deficient mice, which lack
circadian clocks, no compensatory β-cell proliferation was observed, and the β-cell ablation led to aggravated
hyperglycemia, hyperglucagonemia, and fatal diabetes.

[Keywords: circadian clockwork; pancreatic α and β cells; Insulin-rtTA/TET-DTA mouse model; diabetes;
glucose metabolism; β-cell proliferation; β-cell regeneration]

Supplemental material is available for this article.
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The circadian system allows organisms to synchronize
physiology and behavior to the changes of geophysical
time repeatable every 24 h. In mammals, the clock net-
work is organized in a hierarchical manner. It comprises
a master pacemaker, located in the paired suprachiasmat-
ic nuclei (SCN) of the hypothalamus, that orchestrates the
timing of peripheral oscillators situated in all organs on a
daily basis (Dibner 2020). The molecular clocks rely on
two coupled auto-regulatory transcriptional–translational
negative feedback loops (TTFLs). In the primaryTTFL, the
transcriptional activators BMAL1 and CLOCK form a het-
erodimer that activates transcription of the genes encod-
ing the negative limb members PER1–3 and CRY1–2
(Cox and Takahashi 2019; Sinturel et al. 2020). CRY and
PER proteins form complexes that translocate to the nu-

cleus and inhibit the action of BMAL1 and CLOCK on
their own transcription (Aryal et al. 2017). In the second-
ary TTFL, members of the nuclear orphan receptor fami-
lies ROR and REV-ERB drive the circadian transcription
of the positive limb members BMAL1 and CLOCK (Dib-
ner et al. 2010).
A coupling between the circadian oscillator and the cell

division cycle has been observed in cultured fibroblasts
(Nagoshi et al. 2004) and in tissues with high proliferative
activity, such as oral mucosa, skin (Bjarnason et al. 2001),
and intestinal epithelium (Karpowicz et al. 2013; Stokes
et al. 2017). Indeed, core clock components were demon-
strated to directly drive the expression of key cell cycle
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genes comprisingWee1, Cyclins, andMyc1 (Matsuo et al.
2003), and to gate cytokinesis to a specific timewithin the
circadian cycle (Nagoshi et al. 2004; Bieler et al. 2014).
Both the cell division cycle and the circadian clock under-
go significant changes uponmalignant transformation, al-
though no clear causal links between the two processes
are known (Mannic et al. 2013; Gaucher et al. 2018).

The importance of temporal coordination of cell prolif-
eration has emerged in the context of reparative regenera-
tion in tissues that bear intrinsic regenerative capacity,
such as liver, intestine, and skeletal muscle (Matsuo
et al. 2003; Karpowicz et al. 2013; Chatterjee et al. 2015;
Bellet et al. 2016; Stokes et al. 2017). Rodent studies sug-
gest that β cells have a limited potential for regeneration
via replication of existing β cells (Dor et al. 2004; Nir
et al. 2007; Stolovich-Rain et al. 2012; Klochendler et al.
2016) or trans-differentiation from adjacent ductal epithe-
lial cells (Xu et al. 2008), α cells (Thorel et al. 2010; Chak-
ravarthy et al. 2017), and δ cells (Chera et al. 2014).
Unlike fast regenerating tissues including liver, the regen-
eration of β cells is a long-lasting process that takes a few
weeks and even months in mice (Nir et al. 2007; Cheng
et al. 2017). Core clock componentsmay play a role in reg-
ulating β-cell division. Indeed,mice lacking at least one al-
lele of Bmal1 in β cells fail to increase β-cell mass in
response to diet-induced obesity (Rakshit et al. 2016),
and siRNA-mediated down-regulation of RORγ attenuat-
ed glucose-driven induction of cell cycle-related genes
and the proliferation rate in INS-1E cell line (Schmidt
et al. 2016). Unraveling mechanisms of regulation of β-
cell regeneration is of a fundamental clinical importance
in the search of new therapeutic approaches for manage-
ment of diabetes mellitus.

Molecularclocksoperative inpancreatic islets (Pulimeno
et al. 2013) play a critical role in islet cell physiology and in
regulating glucose homeostasis (Marcheva et al. 2010; Pet-
renkoet al. 2017b;Sinturel et al. 2020). Indeed,miceharbor-
ing whole-body or tissue-specific null alleles for essential
coreclockcomponentsdevelophyperglycemia,hypoinsuli-
nemia and glucose intolerance (Marcheva et al. 2010; Dyar
et al. 2014; Perelis et al. 2015;Rakshit et al. 2016).Although
perturbation of the islet clocks emerges as a part of type 2
diabetes (T2D) pathogenesis in humans (Petrenko et al.
2020), it remains unclear whether alterations of the mo-
lecular clockwork precede development of T2D or stem
from the disease progression. Thus, understanding the
functional link between changes of the molecular clock-
work, islet dysfunction and β-cell regeneration potential
is an important challenge. In this work we studied the di-
urnal regulation of β-cell proliferation and profiled the cir-
cadian transcriptomes of α and β cells following massive
β-cell ablation in the Insulin-rtTA/TET-DTA mouse mod-
el in the presence or absence of functional clocks.

Results

β-Cell regeneration follows a diurnal pattern

In order to study the impact of the circadian system on
β-cell dysfunction and regeneration, we used Insulin-

rtTA/TET-DTA transgenic mice, in which the ablation
of ∼80% of β cells can be induced in a controlled manner
(Nir et al. 2007). This mouse strain was crossed with tri-
ple-reporter mice (Petrenko et al. 2017b) that expressed
fluorescent protein reporters specific for α cells (ProGluca-
gon [Gcg]-Venus) and β cells (rat Insulin2 promoter [RIP]-
Cherry), along with the ubiquitously expressed circadian
bioluminescence reporter Period2::Luciferase (Per2::Luc)
(Supplemental Fig. S1A). The resulting mouse model en-
compassing five transgenes permitted to conduct parallel
analyses of the transcriptional landscape separately in re-
sidual β cells and neighboring α cells following massive β-
cell ablation. Administration of doxycycline (DOX) to the
drinking water during 7–10 d induced amassive β-cell loss
in Insulin-rtTA/TET-DTA mice (Supplemental Fig. S1B),
resulting in acute hyperglycaemia sustained for at least
14 d (Supplemental Fig. S1C), consistent with previous
publications (Nir et al. 2007).

We first assessed whether entry into the S phase of the
cell cycle of remnant β cells exhibited a diurnal profile.
This was done by injecting 5-bromo-2′-deoxyuridine
(BrdU), a marker of DNA replication during S phase, 2 h
prior to sacrificing the animals at 6 time points with 4-h
intervals across 24 h. In accordance to previously pub-
lished data (Nir et al. 2007), we observed overall increased
BrdU incorporation in the nuclei of insulin-labeled cells
following massive β-cell loss when averaging the results
across all time points (Supplemental Fig. S1D). Most im-
portantly, the incorporation of BrdU by residual β cells
was not only augmented overall, but it also exhibited a cir-
cadian rhythmicity (adjusted P-value = 0.032; BH.Q=
0.065) when examined using the JTK_Cycle paradigm
(Fig. 1A,B; Supplemental Fig. S2; Hughes et al. 2010).
These data suggest that the proliferative response in resid-
ual β cells after ablation gains a circadian pattern, with a
peak observed in the middle of activity phase.

The acute loss of β-cell mass affects gene expression
in residual β cells, but not in adjacent α cells

In an attempt to explore the mechanism of β-cell prolifer-
ation followingmassive ablation,we profiled the temporal
transcriptome of FACS sorted α- and β-cell populations.
Temporal analyses were conducted 7–10 d following
DOX administration in Insulin-rtTA/TET-DTA-triple-re-
porter transgenicmice.Remnant isletswere isolated every
4 h at six time points across 24h (Supplemental Fig. S1A,B;
Petrenko et al. 2017a; Petrenko and Dibner 2018). α-Cell
and β-cell fractions fromDOXgroup and untreated control
counterparts were subjected to genome-wide transcrip-
tome analysis by RNA sequencing (RNA-seq). We identi-
fied 12,912 transcripts after filtering for genes with at
least 1 count per million (CPM) in at least half of all mea-
surements (cell type, condition, and time points). Amulti-
dimensional scaling with a distance measure for
microarrays (plotMDS from limma [Ritchie et al. 2015])
run on all samples showed clear separation between α
and β cells (Fig. 2A, dimension 1) andmajor differences be-
tween β cells in intact islets and residual β cells following
ablation (Fig. 2A, dimension 2). In contrast, almost no
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differences among α-cell samples were detected between
control and DOX groups (Fig. 2A, dimension 2).
Differential transcript expression analysis that com-

pared average values across all six time points per cell
type and per condition identified 924 differentially ex-
pressed genes between residual β cells fromtheDOXgroup
and the untreated control counterparts (733 up-regulated
and 268 down-regulated) (Fig. 2B; Supplemental Data Set
S1). In contrast, only one gene (B2m) was differentially ex-
pressed in neighboring α cells after ablation as compared
with controls (Supplemental Data Set S1). We next vali-
dated the changes of selected transcripts differentially ex-
pressed in β cells from the DOX group in an independent
set of experimental animals by qRT-PCR analyses. Con-
cordant with the RNA-seq results, miKi67, AurkB, and
Pappa2 were up-regulated, whereas Mafawas down-regu-
lated (Fig. 2C). Ingenuity pathway analysis (IPA) identified
in the top canonical pathways characterizing the tran-
scriptional landscape of the residual β cells the signaling
pathways involved in cell cycle regulation. Based on the
observed regulation of their molecular components, these
were predicted as activated (Fig. 2D). Moreover, Foxm1
was predicted as a top upstream transcriptional regulator
for the observed regulatory landscape (Fig. 2E).
When the analysis was conducted separately per time

point, the number of differentially expressed transcripts
(Supplemental Fig. S3A) was similarly distributed in β
cells compared with α cells in the control condition (Sup-
plemental Fig. S3B). Small differences across the time
points were observed between α and residual β cells in
the DOX group (Supplemental Fig. S3C–E). In contrast,
the number of differentially regulated transcripts in β cells
between DOX-treated and control mice varied greatly
among the time points (Fig. 2F). There was a higher num-
ber of differentially expressed transcripts observed during
the inactivity phase (between ZT0 and ZT8), and a mini-
mal number of differentially expressed transcripts at the
time point of light to dark transition (ZT12) (Fig. 2F). All
in all, our findings suggest that transcripts whose expres-
sion levels change after β-cell ablation exhibit daily
variability.

The temporal expression of transcripts is differentially
affected in residual β- and neighboring α cells following
massive β-cell loss

To study temporal regulation of α- and β-cell transcrip-
tional landscapes we analyzed RNA-seq data sets collect-
ed at six time points every 4 h across 24 h from DOX
Insulin-rtTA/TET-DTA-triple-reporter mice following
β-cell ablation and the untreated CTR counterparts (Sup-
plemental Fig. S1A; Supplemental Data Sets S2–S5). The
rhythmicity of each gene was determined based on the
best circadian profile with a 20- to 28-h period and a clas-
sification by logistic regression (Materials and Methods).
Temporal gene expression profiles were grouped into a
number of models, which are summarized in Figure 3, E
and F.Heatmaps for five selectedmodels for the alteration
of temporal gene expression between α and β cells in
control and DOX groups are presented in Figure 3, A and
B, respectively. The five groups of profile changes encom-
passed the genes expressed in both cell types that exhibit-
ed a flat (nonrhythmic) profile across 24 h in one cell type,
but a circadian profile in the other cell type (NC and CN,
where N stands for “nonrhythmic” and C stands for “cir-
cadian”). The CC group comprised genes that were rhyth-
mically expressed in both cell types, with similar or
distinct circadian properties. The last two categories re-
ferred to the genes that were not expressed (Ne) in one
cell type but expressed in a circadian fashion in the other
(CNe andNeC). A genewas considered to be expressed if it
had an average RPKM across all time points of >1. Consis-
tent with our previous study (Petrenko et al. 2017b), close
to half of the detected transcripts (45.15%) exhibited a
rhythmic expression in at least one cell type (Fig. 3A; Sup-
plemental Data Set S2). Following massive β-cell loss, the
overall proportion of genes defined as rhythmic in at least
one cell type slightly increased to 48.5%. The number of
rhythmic genes common to both cell types increased
from 1505 to 1645, and the number of transcripts exclu-
sively rhythmic in residual β cells increased from 1668
to 2128 in the DOX group (Fig. 3B; Supplemental Data
Set S3). We next conducted a similar comparison of

BA

Figure 1. Circadian regulation of β-cell regeneration following massive ablation. (A,B) Around-the-clock assessment of β-cell prolifera-
tion conducted 12 d after beginning ofDOXadministration. BrdUwas injected intraperitoneally 2 h prior to sacrificing the animals every 4
h across 24 h. (A) Representative confocal images of pancreatic islets show localization of proliferation marker BrdU (red staining) in the
nucleus of insulin-producing β cells (green) at the indicated time points (see also Supplemental Fig. S2). Scale bar, 50 µm. (B) Daily profile of
β-cell proliferation. Data are expressed as mean±SEM for n =3 mice per time point. Two-way ANOVA test with Bonferroni post-test was
used to assess the difference between control and DOX groups. (∗∗) P< 0.01, (∗∗∗) P<0.001. JTK_Cycle was used to assess circadian rhyth-
micity of the averaged profiles.
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Figure 2. Differential analysis of gene expression in α and β cells following massive β-cell ablation. A total of 12,912 transcripts were
identified by RNA-seq analyses, following the experimental settings presented in Supplemental Figure S1A. (A) Multidimensional scaling
across all the samples (α and β cells from mice treated or not with DOX in six time points, two experimental repetition each, total of 24
samples). (Dimension 1) Cell type, (dimension 2) treatment (DOX vsCTR). “C.A” and “C. B” (experimental repetition 1 and 2) correspond
to α and β cells, respectively, from the CTR group; D.A and D. B (repetition 1 and 2) correspond to the DOX group counterparts. Note the
clear separation between the transcripts specific for α and β cells, and between CTR and DOX β cells. (B) Volcano plot presents transcripts
that were differentially expressed between CTR β cells and residual β cells in DOX group. For differential analysis, the average across six
time points per each of four conditions (α and β cells, treated or not with DOX) was considered. Up-regulated genes (924 genes) are labeled
in green; down-regulated (190 genes) are labeled in red (log2FC>0.5 and log2FC<−0.5, respectively). Sizes of dots correspond to the log10 P-
value. Volcano plots that compare α and β cells in control andDOX groups are presented in Supplemental Figure S3, A andC, respectively.
(C ) Examples of differentially expressed genes in β cells following ablation identified by RNA-seq (shown in B) and assessed by qRT-PCR
analysis in an independent set of mice. Data are expressed as mean±SEM for n=4–9 mice. (∗) P <0.05, (∗∗) P <0.01, (∗∗∗) P<0.001. (D,E)
Results of the Ingenuity PathwayAnalysis (IPA) of differentially expressed transcripts (shown in B), indicating the top canonical pathways
predicted regulated (z≥1.8) as well as the overlapping canonical pathways map with at least five common molecules (D) and the top ac-
tivated predicted upstream transcription regulators (z≥ 2) (E). (F ) Histograms presenting differential expression (number of up- and down-
regulated genes) in residual β cells (DB) comparedwith control condition (CB) at each of six time points. See Supplemental Figure S1 for the
experimental design and related Supplemental Figure S3.
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Figure 3. Temporal analysis of gene expression in α and residual β cells following partial β-cell ablation. (A–D) Heat maps comparing
temporal profiles of transcripts between α and β cells in control condition (A) or following β-cell ablation (DOX condition; B), between
α cells in control and DOX groups (C ), and between β cells (D) in control and DOX groups for the temporal transcript profile changes
from nonrhythmic to circadian (NC), circadian to nonrhythmic (CN), circadian rhythmic in both conditions (CC), nonexpressed in one
condition and circadian rhythmic in the other (NeC and CNe), nonexpressed in one condition and nonrhythmic in the other (NeN and
NNe), and nonexpressed in both conditions (NeNe). (E,F ) IPA of different models of rhythmic transcripts expressed in β cells (E) and in
α cells (F ), in control versus DOX-treated conditions. Three predicted upstream regulators (blue) and threemost enriched functional path-
ways are listed next to themodel drawings. For data sets too small to allow pathway analysis, a selection of genes belonging to the respec-
tive model is indicated (green). (G) IPA of sub-groups of rhythmic transcripts (Fig. 3C, models CC, NC, CN, NeC, and CNe) that were
differentially expressed in β cells between control and DOX-treated conditions. Predicted upstream regulators (blue) are listed next to
the schematic drawing of the temporal profile change. For data sets too small to allow pathway analysis, a selection of DEGs (green) is
indicated. Top canonical pathways, disease, and molecular/cellular function are listed below the drawing. (H) Leading IPA-generated or-
ganic network of up-regulated and down-regulated transcripts that acquired rhythmicity following DOX treatment in the model NC in
presented in G displaying the regulation of cell cycle related genes.
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temporal gene expression in each cell type between con-
trol and DOX conditions (Fig. 3C,D). In the β-cell fraction,
1635 genes that were circadianly expressed in the control
lost their rhythmic expression in the DOX group (Fig.
3C; Supplemental Data Set S4, model CN). Remarkably,
2208 transcripts that were nonrhythmic in the control
group acquired rhythmicity after ablation (Fig. 3C; Supple-
mental Data Set S4, model NC). Noteworthy, despite the
lack of differential changes in the average values of the
transcript expression across all the time points in α cells
following DOX treatment, the ablation of neighboring β
cells strongly affected the temporal landscape of the α-
cell transcriptome. Indeed, 2266 transcripts that were
rhythmic in the control group became flat in the DOX
group (Fig. 3D,model CN), and asmany as 2225 nonrhyth-
mic transcripts in the control α cells acquired a rhythmi-
city in DOX-treated mice (Fig. 3D, model NC;
Supplemental Data Set S5).

We next performed pathway analysis by applying IPA to
each of the five groups of transcripts that presented tem-
poral profile changes in β and α cells between the control
and DOX groups (Fig. 3E,F, respectively, referring to the
temporal heatmaps in Fig. 3C,D). Interestingly, nonrhyth-
mic transcripts that acquired rhythmicity in residual β
cells were involved into Sirtuin signaling, tRNA charging,
and estrogen receptor (ESR) signaling (Fig. 3E). Those in
neighboring α cells were related to ESR and PTEN signal-
ing, and to molecular mechanisms related to cancer (Fig.
3F). In turn, rhythmic transcripts that lost rhythmicity
in residual β cells were related to mitochondrial dysfunc-
tions, oxidative phosphorylation, and xenobiotic metabo-
lism. Those in neighboring α- cells were related to mTOR
signaling, to EIF2 signaling, and to the regulation of eIF4
and the ribosomal protein p70S6k, which are involved in
the tuning of protein synthesis.

Two additional groups of genes were identified in each
cell type: (1) genes that were defined as nonexpressed in
control condition, and that were up-regulated and ac-
quired rhythmic profiles following DOX treatment (mod-
el NeC in Fig. 3E,F); and (2) rhythmically expressed genes
in the control condition that became silent following
DOX treatment (model CNe in Fig. 3E,F). Interestingly,
newly expressed rhythmic genes in residual β cells were
related to mitosis, with the mitotic role of Polo-like ki-
nase, cell cycle control of chromosome replication, and es-
trogen-mediated S-phase reentry signaling being
identified as the top three canonical pathways (Fig. 3E).

Finally, we applied IPA to the genes that were both dif-
ferentially expressed according to the analyses of mean
values (Fig. 2B) and exhibited distinct temporal rhythmic
profiles in β cells following the β-cell ablation compared
with the control group (Fig. 3C). Strikingly, a high number
of genes coding for the key regulators of the cell cyclewere
comprised in this group. The transcripts of cell cycle reg-
ulators exhibited higher expression in residual β cells (Fig.
2B) and became rhythmic after ablation (models NC and
NeC in Fig. 3G,H). This further supports the possibility
that compensatory β-cell proliferation is controlled in a
circadian fashion. Accordingly, the top-rated network of
differentially expressed genes within the NC model con-

sisted of genes involved in cell cycle regulation (Fig. 3H),
further substantiating the role of circadian regulation in
the proliferation of β cells during regeneration.

The temporal expression of core clock and cell cycle-
controlling genes in residual β cells and adjacent α cells
following β-cell ablation

Remarkably, a comparison of the circadian phases be-
tween the transcripts that exhibited rhythmic expression
profiles in control and DOX groups in β cells (Fig. 3C) re-
vealed that most of the transcripts rhythmic in the DOX
group had a phase delay of ∼2.5 h when compared with
the corresponding transcripts of the control group (Fig.
4A, red bars; Supplemental Data Set S6). In contrast, no
significant phase shifts were found for the transcripts
that were rhythmically expressed in α cells between con-
trol and DOX conditions (Fig. 4A, green bars; Supplemen-
tal Data Set S6).

To address the question of whether the core clock ma-
chinery operative in the islet cells had been altered by
massive β-cell ablation, we compared profiles of the core
clock components in DOX and control groups in α and β
cells. Rorc, Bmal1 (Arntl), and Cry1 oscillatory profiles
were phase-advanced in β cells compared with α cells in
untreated control mice, concordant with our previous
findings (Petrenko et al. 2017b). Noteworthy, these tran-
script profiles were phase-delayed in β cells following
DOX treatment when compared with β cells of untreated
mice. However, these phase differences could not be ob-
served in the neighboring α cells (Fig. 4B). This finding
was further supported by a KEGG pathway enrichment
analysis of RNA-seq database (Supplemental Data Set
S6), with circadian clock pathway appearing among the
most altered ones (Supplemental Fig. S4A). We next as-
sessed themolecular clockwork in isolated remnant islets
after massive β-cell ablation and in separated α and β cells
synchronized by a forskolin pulse in vitro (Supplemental
Fig. S4B,C). These experiments suggest that cell-autono-
mous molecular clocks are fully operative in isolated α
and β cells of remnant pancreatic islets following massive
β-cell ablation.

An additional prominent group of transcripts whose ac-
cumulation appeared altered following DOX treatment by
IPA analysis was related to the regulation of the cell cycle.
Noteworthy, most of the up-regulated cell cycle-related
transcripts exhibited a circadian expression profile (see
Fig. 3G). These transcripts include mRNAs encoding the
proliferation regulatorsmKi67, Foxm1, Pbk, E2f2, cyclins
(Ccna2 and Ccnb2), aurora kinases (Aurkb and Aurka),
Cdk1, Cdc20, and other regulators of cellular cycle pro-
gression (Fig. 4C; Supplemental Data Set S3).

The essential core clock transcription factor BMAL1
is required for β-cell proliferation following massive
β-cell ablation

To scrutinize the role of themolecular clocks in the devel-
opment of diabetic phenotypes and in the regulation of
compensatory β-cell regeneration, β-cell ablation was
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triggered in arrhythmic Bmal1 deficient mice. To this
end, we crossed mice in which BMAL1 expression was
blocked by a transcriptional-translational stop cassette
knock-in into the Bmal1 locus (Bmal1st/st mice) (Supple-
mental Fig. S5A) with Insulin-rtTA/TET-DTA-triple-re-
porter mice. As expected, the absence of functional
clocks in isolated islets from these transgenic animals re-
sulted in a flat Per2-luc bioluminescence profile following
forskolin synchronization (Supplemental Fig. S5B). Clock-
compromised Bmal1st/stDTA mice and their heterozy-
gous Bmal1+/stDTA counterparts were treated with
DOX according to the design depicted in Supplemental
Figure S1A. Of note, nontreated Bmal1+/st mice and their
Bmal1+/+ counterparts exhibited comparable levels of glu-
cose, insulin, and glucagon (Supplemental Fig. S6A–C).
Induction of β-cell loss in Bmal1st/st mice led to a sig-
nificantly more severe hyperglycemia as compared with
DOX-treated heterozygous mice (Fig. 5A, cf. Bmal1+/

stDOX and Bmal1st/stDOX). Thus, in DOX-treated

Bmal1st/stDTA animals, peripheral blood glycemia was
∼10 mmol/L higher than in heterozygotes control mice
in the middle of the activity phase (ZT16). This difference
was slightly smaller, but still significant, at ZT4 (Fig. 5A).
Bmal1st/stDTA and heterozygotes mice exhibited similar
levels of hypoinsulinemia after DOX treatment at ZT16
as compared with nontreated Bmal1st/stDTA and control
mice, with no significant changes in blood insulin ob-
served at ZT4 (Fig. 5A). Bmal1st/stDTA mice not treated
with DOX exhibited higher levels of blood glucagon as
compared with the clock proficient controls. Strikingly,
β-cell ablation resulted in a significantly more dramatic
hyperglucagonemia in Bmal1+/stDTA mice at ZT16.
This phenotype was even more pronounced in Bmal1st/

stDTA mice. A trend for hyperglucagonemia was also ob-
served forBmal1+/stDTA andBmal1st/stDTAmice treated
with DOX at ZT4; however this tendency did not reach
statistical significance (Fig. 5A, Bmal1+/st DOX,
Bmal1st/stDOX).
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Figure 4. Temporal profiles of core clock and proliferation regulating genes in residual β cells and adjacent α cells following massive ab-
lation. (A) Phase shift between rhythmically expressed transcripts in CTR and DOX conditions (model CC) identified in α cells (in green)
and β cells (in red) according to the temporal analysis of RNA-seq presented in Figure 3. Phase differences were calculated for each rhyth-
mic transcript and plotted on the graph. 0 corresponds to identical phase between the transcript expression in CTR and DOX conditions.
(B) Temporal profiles of selected core clock transcripts (RorC,Arntl [Bmal1], andCry1) in control α and β cells (in green and in red, respec-
tively; left panels), in control β cells versus residual counterparts (middle panels), and in control and DOX-treated α cells (right panels)
assessed by RNA-seq. (C ) Temporal profiles of selected transcripts encoding for the proliferation regulating proteins (see also Fig. 3G)
in sorted β cells. Data are expressed as mean±SD for two experimental repetitions per each time point with at least three mice in each
plicate.
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Figure 5. Bmal1 is required for functional recovery and compensatory β-cell proliferation followingmassive β-cell loss. (A) Assessment of
blood glucose, insulin and glucagon levels 12 d after beginning ofDOXadministration atZT16 andZT4.Data are expressed asmean±SEM
for n= 8–16 mice per group. One-way ANOVA was applied to test the difference between groups, followed by t-test comparisons. (∗) P <
0.05, (∗∗) P<0.01, (∗∗∗) P <0.001, (∗∗∗∗) P <0.0001. (B,C ) β-Cell proliferation 12 d following DOX administration, assessed by 2-h BrdU pulse
prior to sacrificing at ZT0. Representative confocal images of pancreatic islets (B) showing the colocalization of proliferationmarker BrdU
(red staining) with nuclei of insulin-producing β cells (green) (see also Supplemental Fig. S7); and corresponding histogram (C ) showing
quantification of double-positive cells within insulin-labeled populations. Data are expressed as mean±SEM for n =4–6 mice per pheno-
type. One-way ANOVAwas applied to test the difference between groups, followed by t-test comparisons. (∗) P<0.05, (∗∗) P< 0.01. (D) As-
sessment of blood glucose, insulin and glucagon at ZT4, onemonth after withdrawing DOX. Data are expressed asmean±SEM for n= 4–9
mice per phenotype. One-way ANOVA was applied to test the difference between groups, followed by t-test comparisons. (∗) P<0.05,
(∗∗) P <0.01, (∗∗∗) P<0.001, (∗∗∗∗) P<0.0001. (E,F ) Representative confocal images of islets on pancreatic sections (E) showing α- and β-
cell composition (stained for glucagon in red and for insulin in green, respectively) of the islets from Bmal1st/st and Bmal1+/st mice one
month after DOX withdrawal (Bmal1st/stDOX and Bmal1+/stDOX, respectively). Control (Bmal1+/st) and Bmal1st/st mice did not receive
DOX treatment. Percentage of insulin-labeled β-cell out of total number of α and β cells is presented in adjacent histogram (F ). Data are
expressed as mean±SEM for n=2–7 mice per phenotype. A one-way ANOVAwas applied to test the difference between groups, followed
by t-test comparisons (except for Bmal1+/st). (∗∗) P <0.01, (∗∗∗) P <0.001. Scale bars in B and E, 50 µm.

Petrenko et al.

8 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on November 12, 2020 - Published by genesdev.cshlp.orgDownloaded from 



Next, we assessed the proliferation rate of remnant β
cells by injecting the thymidine analog BrdU intraperito-
neally 2 h before sacrificing the animals at ZT0. In agree-
ment with our previous data (Fig. 1A,B), the number of
BrdU/Insulin double-positive β cells was significantly in-
creased in DOX-treated Bmal1+/stDTA mice following β-
cell ablation as compared with both Bmal1+/stDTA and
Bmal1st/stDTA control mice without DOX treatment
(Fig. 5B,C). In striking contrast, β-cell loss failed to en-
hance the number of BrdU/Insulin double-positive cells
in DOX-treated Bmal1st/stDTA (Bmal1st/stDOX) (Fig. 5B,
C; Supplemental Fig. S7).
Finally, we followed the regeneration and functional re-

covery of β cells during a longer period after massive abla-
tion. Four weeks after DOX withdrawal the blood glucose
levels measured at ZT4 in Bmal1st/stDTA animals stayed
consistently high when compared with Bmal1+/stDTA
counterparts (Fig. 5D, left panel, cf. Bmal1st/stDOX and
Bmal1+/stDOX). The level of serum insulin was compara-
ble between DOX-treated Bmal1+/stDTA and Bmal1st/st

DTA animals, with a tendency to be lower in Bmal1st/st

group that did not reach statistical significance (Fig. 5D,
middle panel). Furthermore, untreated Bmal1st/stDTA
mice exhibited a significantlymore pronounced hyperglu-
cagonemia as compared with heterozygous controls. Ob-
served hyperglucagonemia was further elevated in DOX
treated Bmal1st/stDTA animals compared with their
Bmal1st/st counterparts without such a treatment (Fig.
5D, right panel).
Strikingly, 6wk followingDOXwithdrawal the survival

rate for Bmal1st/stDTA animals was ∼33% only (three out
of ninemice), whereas all of the Bmal1+/stDTA animals (n
= 8) survived at this point.Consistentwith theblood glyce-
mia and hormone status, histological examination of the
pancreas from the animals following 6wkof recovery after
DOXadministration revealed a significantly lower propor-
tion of insulin-positive β cells in Bmal1st/stDTA mice
among overall insulin- and glucagon-labeled cells as com-
pared with their Bmal1+/st counterparts (Fig. 5E,F, cf.
Bmal1st/stDOX and Bmal1+/stDOX). Hence, in contrast
to the β-cell regeneration and recovery from diabetes ob-
served in rhythmicmice, β-cell regeneration did not occur
inBmal1st/st arrhythmicmice. Consequently, this led to a
life-threatening diabetes,with pronouncedhyperglycemia
and hyperglucagonemia.

The expression of cell cycle-regulating genes is strongly
inhibited in residual β cells of Bmal1st/stDTA mice
following β-cell ablation

In an attempt to dissect the molecular mechanism under-
lying the failure of β-cell regeneration in the absence of the
core clock transcription factor BMAL1, we performed
RNA-seq on FACS-purified residual β cells from
Bmal1st/stDTA mice 10 d following DOX administration
(Fig. 6A; Supplemental Data Set S7). First, we compared
DOX-treated Bmal1st/stDTA with untreated controls
(Supplemental Data Set S8). We identified only three dif-
ferentially expressed genes between these two conditions:
transcripts related to fructose metabolism Aldob and

Pfkfb3were up-regulated, whileH2-Ea-pswas down-regu-
lated. We failed to observe activation of cell cycle related
pathways. When compared DOX-treated Bmal1st/stDTA
and Bmal1+/stDTA mice, an impaired expression of func-
tional Bmal1 pre-mRNA in Bmal1st/stDTAmicewas con-
firmed by a decreased RNA sequence read coverage of the
Bmal1 gene region downstream from the stop cassette (be-
tween exon 5 and 6) as compared with heterozygotesmice
(Supplemental Fig. S5A,C). An up-regulation of incom-
plete Bmal1 transcript was observed in Bmal1st/st mice
(Supplemental Fig. S5E,F; Supplemental Data Set S7), sup-
posedly because the expression levels of REV-ERBα/β, that
act as repressors of Bmal1 transcription (Preitner et al.
2002), were diminished in these animals (Supplemental
Data Set S7).
Within all of the detected 14,649 expressed genes, a sub-

set of 319 differentially expressed genes (DEGs) defined by
FC≥ 2 with P < 0.05 was identified between homozygous
Bmal1st/stDTA and heterozygous Bmal1+/stDTA counter-
parts (Fig. 6B,C). The IPA of this DEG subset revealed reg-
ulators involved in cell cycle regulation and circadian
rhythm in the top 5 canonical pathways (Fig. 6D, green is-
land; Supplemenal Fig. S5D). KEGG pathway enrichment
analysis revealed a differential expression of modulators
of the neuroactive ligand-receptor interaction pathway,
comprising key hormonal regulators of β-cell function
Gcgr and Ptger3 up-regulation and Glp1r, Oxtr, Ucn3,
and Lpar6 down-regulation (Supplemental Fig. S5G; Sup-
plemental Data Set S7). Functional networks directly
linked to impairedBmal1 expression are presented in Sup-
plemental Figure S5, E andF.
Furthermore, based on the observed changes, the path-

ways involved in cell cycle regulation were predicted as
inhibited (Supplemental Fig. S5D), suggesting a decreased
β-cell proliferation in the Bmal1st/st mice. Supporting this
observation, key cell cycle regulators such as senescence
markers Cdkn2a (p16) and Cdkn1a (p21, P-value of over-
lap 6.82E-28, activation z-score 2.701) and tumor suppres-
sor genes p53 and p73, were inferred in the top predicted
upstream transcription regulators with expected activa-
tion (Fig. 6E). Furthermore, CcnD1 (cyclin D1) (Fig. 6E)
and Foxm1 (Fig. 6E,F) were included in the top predicted
upstream regulators inferred as inhibited. Accordingly,
cell cycle progression was identified as a top molecular
and cellular function of the analyzed DEG set, while can-
cer was suggested to be the leading predicted associated
pathology (Fig. 6E). Strikingly, all three top hits revealed
by the network analysis were connected to cell cycle reg-
ulation (Fig. 6F). Taken together, these findings may ex-
plain the low proliferative potential of Bmal1 deficient β
cells after β-cell ablation (Fig. 5B,C, E,F).

Discussion

In this study, we induced massive β-cell ablation to iden-
tify mechanisms participating in the regulation of islet
cell regeneration and to characterize the transcriptional
landscape in separated α cells and residual β cells. Our re-
sults provide evidence that proliferation of residual β cells
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triggered by massive ablation follows a circadian pattern
(Fig. 1). Virtually no compensatory β-cell regeneration oc-
curred in arrhythmic Bmal1st/st mice that may suggest a
role of the functional oscillators in coordinating β-cell
division. Importantly, massive β-cell ablation led to a fatal
noncompensated diabetes in the absence of the core clock
transcription factor BMAL1 (Fig. 5).

Coupling between the circadian clock and β-cell
proliferation

Replication of terminally differentiated β cells, rather
than differentiation of stem cells, represents a major
source of newly generated β cells after birth. This holds
true not only under physiological conditions, but also dur-
ing regeneration following lesions (Dor et al. 2004; Bren-

nand et al. 2007; Nir et al. 2007; Teta et al. 2007;
Klochendler et al. 2016). Noteworthy, in the absence of re-
sidual β-cell upon near-total ablation the conversion of α
or δ cells into insulin-producing cells was also described
(Thorel et al. 2010; Chera et al. 2014). Our data indicate
that β-cell reparative proliferation follows a daily rhythm
and that it requires functional core clock protein Bmal1
(Figs. 1, 5). We now show that the highest proliferation
rate occurs during the activity phase in themiddle of night
(Fig. 1), and that it coincides with the peaks of rhythmic
expression of the genes encoding key regulators of the
cell cycle (Fig. 4B). Importantly, whole-body knockout of
the core clock component BMAL1 strongly disrupts β
cells regeneration following massive ablation in transgen-
ic mice (Fig. 5). A β-cell-specific disruption of the Bmal1
gene was previously reported to prevent a high-fat diet-

E F

BA C

D

Figure 6. RNA-seq analysis of residual β cells in Bmal1st/st mice followingmassive β-cell loss. (A) Schematic drawing of RNA-seq differ-
ential analysis of FACS-separated β cells from Bmal1st/st and Bmal1+/st mice treated with DOX. Data represent two biological replicates
collected at ZT0 (each replicate is a mix of cells from three mice). (B) Volcano plot presenting 319 differentially expressed transcripts
(showing significance [−log10 {P-valuewith FDR}] versus fold change [logFC]). Vertical lines highlight log2 fold changes of −2 and +2, while
a horizontal line represents a P-value with FDR of 0.05. (C ) Dendrogram with heat maps highlighting clusters of up-regulated and down-
regulated genes between Bmal1st/st and Bmal1+/st mice treated with DOX in two biological replicates (a and b). (D–F ) The IPA of differ-
entially expressed genes, revealing the overlapping canonical pathways map (minimum number of common molecules: four;D); top pre-
dicted upstream transcription regulators (activated or inhibited), topmolecular and cellular function, and top disease and disorders (E); and
the top 1 network (F ) of the analyzed differential transcriptional landscape, all suggesting the modulation of cell cycle regulation in
Bmal1st/st mice.
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induced expansion of β-cell mass (Rakshit et al. 2016).
These previously published data suggest that the lack of
β-cell mass expansion following diet-induced obesity
takes place in the absence of at least one allele of Bmal1
in β cells, and it is likely attributed to the increased cell
death, rather than to decreased proliferation per se. More-
over, it is important to highlight that expansion of β-cell
mass upon obesity and β-cell regeneration have a different
nature. In contrast to the expansion of β cells upon obesi-
ty, we show that regeneration requires functional clock
and it is still present in rhythmic mice heterozygotes for
Bmal1.
We found that a number of the up-regulated cell cycle-

related transcripts exhibited a circadian rhythmicity in re-
sidual β cells following ablation (Fig. 4C) and were likely
under the positive control of the transcription factor
FOXM1 (Fig. 2E). The transcription of Foxm1 itself was
circadian and peaked in themiddle of the active phase, co-
inciding with the peak of proliferation (Fig. 4C–E). Strik-
ingly, unlike heterozygous animals, no up-regulation of
Foxm1 mRNA and transcripts specifying other cell cycle
regulators was observed in Bmal1st/st mice followingmas-
sive β-cell ablation, as compared with their nontreated
counterparts (used as controls) (Fig. 6F; Supplemental
Data Set S8). This provides a mechanistic basis for the
lack of β-cell regeneration (Fig. 5E,F) and further suggests
a key role of circadian clocks in the expression of cell cycle
genes. FOXM1 is one of the key transcription factors re-
quired for postnatal β-cell proliferation, but not for neo-
genesis of β cells from progenitors (Zhang et al. 2006;
Ackermann Misfeldt et al. 2008). Its expression is en-
hanced in different models of β-cell expansion associated
with obesity (Davis et al. 2010; Yamamoto et al. 2017),
pregnancy (Zhang et al. 2010) and regeneration following
partial pancreatectomy (Ackermann Misfeldt et al.
2008). Moreover, induction of the activated form of
FOXM1 restored the replicative potential of β cells in
aged animals (Golson et al. 2015). Finally, stimulation of
cell proliferation in juvenile human islets by activation
of GLP-1r signaling triggered the expression of Foxm1.
This makes FOXM1 a molecular candidate for coupling
the cell cycle to molecular clocks. The precise mechanis-
tic details of these interactions need to be elucidated in fu-
ture work.

Proliferating β cells bear functional clocks

In adulthood, both α and β cells possess cell-autonomous
and self-sustained circadian oscillators in mice and hu-
mans (Pulimeno et al. 2013; Petrenko et al. 2017b; Pet-
renko and Dibner 2018). Here we report that in adult
mice the residual β cells maintain a circadian rhythmicity
both in vivo and in vitro following ablation (Fig. 4B; Sup-
plemental Fig. S4B,C). The characteristics of rhythmic ex-
pression patterns of selected core clock genes (Arntl,
RorC, and Cry1) in residual β cells of DOX-treated mice
were, however, altered when compared with nontreated
mice (Fig. 4B; Supplemental Fig. S4A). These differences
may stem from β-cell proliferation, similar to what has
previously been reported for dividing and nondividing

NIH3T3 fibroblasts (Nagoshi et al. 2004). Alternatively,
altered paracrine or systemic signals along with the ob-
served changes in the molecular landscape of residual β
cells may lead to differences in the resetting of the molec-
ular oscillator in residual β cells. For example, the loss of β
cells leads to an enhanced proportion of neighboring α
cells and an augmented secretion of glucagon (Fig. 5A), a
potential synchronizer of molecular clocks in β cells (Pet-
renko and Dibner 2018).
Interestingly, residual β cells exhibited decreased levels

of the mRNA encoding the important differentiation reg-
ulator MafA (Fig. 2B,C). This may be the consequence of
dedifferentiation and dysfunction of these cells (Wang
et al. 2007; Aguayo-Mazzucato et al. 2011; Swisa et al.
2017). Moreover, the circadian amplitude and magnitude
of MafA mRNA accumulation were attenuated (Supple-
mental Fig. S4D) in DOX-treated mice. Besides core clock
transcripts and MafA mRNA, numerous groups of tran-
scripts changed their temporal expression profiles in resid-
ual β cells and neighboring α cells (Fig. 3), suggesting a
modified temporal transcription landscape within regen-
erating islets upon diabetes.

Activation of β-cell regeneration following ablation

Themassive β-cell loss induced the transcription of genes
involved in cell cycle progression and replication in the re-
sidual β cells (Fig. 2D; SupplementalData Set S3; Dor et al.
2004), but not in neighboring α cells (Fig. 2A). Likewise,
the activation of GLP-1 signaling by exendine-4 exclusive-
ly induced proliferation in β-cell, and not in α or δ cells
(Dai et al. 2017). This raises the question of which
β-cell-specific mitogenic signals become important after
β-cell ablation. The function of pancreatic islet is regulat-
ed by systemic and paracrine stimuli mediating distinct
cell type-specific effects (Koh et al. 2012; Petrenko et al.
2018). Such differences in receptor repertoire and signal-
ing molecules between α and β cells also define the cell-
specific entrainment of circadian oscillators by physiolog-
ically relevant inputs that may regulate coupling between
cell cycle and circadian oscillators (Petrenko et al. 2017b;
Petrenko and Dibner 2018). In addition, the difference in
glucose sensing and metabolism in α and β cells (Olsen
et al. 2005) may account for the cell type-specific activa-
tion of β-cell proliferation. Indeed, high glucose plays a
role in triggering β-cell proliferation capacity via the glu-
cose sensor glucokinase (Porat et al. 2011). This conjunc-
tion may involve the molecular clocks machinery, as the
core clock component RORγwas reported to regulate glu-
cose-stimulated proliferation in INS-1E cells in vitro
(Schmidt et al. 2016). Concordantly, our data indicate
that the enhanced proliferation rate following β-cell abla-
tion parallels a hyperglycemia. Nonetheless, no signifi-
cant proliferation of residual β cells was induced
following ablation in absence of BMAL1, although the lev-
els of glycemia were even higher in Bmal1st/st animals.
These data suggest that high glucose alone is insufficient
to trigger proliferation of β cells, and that functional oscil-
lators are required to induce β-cell proliferation. We wish
to emphasize, however, that we do not knowwhether the
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effects on glucose metabolism and β-cell proliferation ob-
served in Bmal1st/st mice (Figs. 5, 6) were attributed to the
elimination of the transcriptional factor BMAL1 per se, or
to its function as a key core clock regulator. The discrim-
ination between circadian and noncircadian activities
of core clock transcription factors has been a notoriously
difficult problem in the field. So-called “resonance exper-
iments,” in which phenotypes are compared in organisms
whose oscillators do or do not resonate with environmen-
tal cycles (T cycles), are probably the only approaches re-
vealing the importance of rhythmic functions (Ma et al.
2013). Unfortunately, such endeavors are not feasible in
the system described here.

Elegant work by Okamura and colleagues (Matsuo et al.
2003) reported that the initiation of mitotic division in re-
generating mouse livers follows a robust circadian
rhythm. These investigators provided compelling evi-
dence that rhythmic cell cycle progression in regenerating
livers is governed by the circadian expression of Wee1, a
key regulator of mitosis. Interestingly, the kinetics of S-
phase hepatocytes was not controlled bymolecular clock.
In our study, the kinetics of S-phase regenerating β cells
was circadian, and the temporal expression levels of
Wee1 transcript were rhythmic in β cells in both control
and DOX conditions, with absolute levels being un-
changed (Supplemental Fig. S4E). Wee1 expression exhib-
ited a tendency for down-regulation in Bmal1st/st mice as
compared with Bmal1+/st controls (FC=−1.45) (Supple-
mental Data Set S7) that did not reach statistical signifi-
cance. Moreover, liver regeneration was delayed, but not
arrested, in arrhythmicCry1/Cry2 knockoutmice. In con-
trast, the regeneration of pancreatic β cells did not proceed
in the absence of the essential core clock component
BMAL1, leading to fatal diabetes in a high proportion of
animals (Fig. 5).

Systemic loss of BMAL1 aggravates diabetes

Disruption of the core clock components impairs insulin
secretion by mouse and human β cells (Perelis et al. 2015;
Petrenko et al. 2020) and results in a diabetic phenotype in
mice (Marcheva et al. 2010). We now demonstrate that in
the absence of a functional clockmice develop severe fatal
diabetes following massive β-cell loss, contrary to their
rhythmic counterparts that partially recover from thus-in-
duced diabetes (Fig. 5D–F; Nir et al. 2007).While we failed
to demonstrate a difference in blood insulin levels be-
tween Bmal1st/st mice and heterozygotes counterparts at
the examined time points, arrhythmic animals developed
strong hyperglucagonemia (Fig. 5D). Since glucagon stim-
ulates gluconeogenesis in the liver (Perry et al. 2020), this
may contribute to the strongly elevated blood glucose lev-
els followingmassive β-cell ablation in Bmal1st/stmice. In
addition, loss of functional clocks evoked insulin resis-
tance in skeletal muscles (Dyar et al. 2014; Harfmann
et al. 2016) and impaired cell-autonomous adoptative
changes to increased insulin needs upon diet-induced obe-
sity (Rakshit et al. 2016). Taken together, these data sug-
gest that complex interaction between different
pathogenetic pathways in pancreatic islets and metabolic

tissuesmay account for the deterioration of diabetes upon
dysfunctional clocks.

In summary, our data strongly suggest that regeneration
of β cells is tightly coupled to diurnal rhythm. Moreover,
loss of functional clocks aggravates the development of di-
abetic phenotype inmice. Indeed, human pancreatic islets
from T2D individuals bear dysfunctional clocks associat-
ed with perturbed temporal regulation of insulin and glu-
cagon secretion (Petrenko et al. 2020). These findings have
important translational potential and should be consid-
ered in patients with T1D and T2D, as reboosting circadi-
an rhythms by lifestyle adaptations may help preventing
the aggravation of the disease.

Materials and methods

Animals

Animal studies were performed according to the regulations of
the veterinary office of the State of Geneva (authorization num-
ber GE/47/19). Experimental mouse strain proGcg-Venus/RIP-
Cherry/PER2::Luc/Insulin-rtTA/TET-DTA was established by
crossing triple reporter mouse line proGcg-Venus/RIP-Cherry/
PER2::Luc (Petrenko et al. 2017b) to Insulin-rtTA/TET-DTA
mice (Supplemental Fig. S1; Nir et al. 2007). ProGcg-Venus and
RIP-Cherry reporters exhibited very high specificity and expres-
sion levels in α and β cells, respectively (Dusaulcy et al. 2016; Pet-
renko et al. 2017a). Bmal1st/st mice were developed by
introducing (knock-in) a transcriptional-translational stop cas-
sette between exons 5 and 6 of the Bmal1 locus, containing a
splice acceptor and a triple repeat of a polyadenylation signal se-
quence, flanked by LoxP sites. Bmal1st/st mice were crossed
to proGcg-Venus/RIP-Cherry/PER2::Luc/Insulin-rtTA/TET-DTA.
The obtained proGcg-Venus/RIP-Cherry/PER2::Luc/Insulin-
rtTA/TET-DTA/Bmal1st/st mice allowed to genetically induce
massive β-cell ablation in the absence of functional clocks by ad-
ministering 300 mg of doxycycline (DOX) in the drinking water
supplemented with 2% sucrose. The control group received
only water supplemented with 2% sucrose. All the experiments
were done in mice aged 6–8 wk, under standard animal housing
conditions with ad libitum access to food and water and under
12-h light/12-h dark cycles (LD; lights on at 7:00 a.m., lights off
at 7:00 p.m.). For the islet isolation and BrdU experiments, male
micewere fed exclusively during the night 10 d prior to the exper-
iment and during the experiment (Supplemental Fig. S1A), allow-
ing to reduce the effect of individual feeding rhythm (Atger et al.
2015). For the islet isolation across the 24-h period, half of the an-
imals were entrained by inverted LD and feeding cycles for 2 wk
preceding the experiments.

Pancreatic islet isolation and separation of α and β cells

Islets of Langerhans were isolated by standard procedure based on
collagenase (type XI; Sigma) digestion of pancreas followed by
Ficoll purification (Petrenko et al. 2017a). Islet cells were gently
dissociated by 0.05% trypsin (GIBCO) treatment, resuspended
in KRB solution (pH 7.4, supplemented with 0.3% free fatty
acid bovine serum albumin [BSA; Sigma], 1.4 mM glucose, 0.5
mM EDTA). α-Cell and β-cell populations were separated by
flow cytometry fluorescence activated cell sorting (FACS; Astrios
sorter [Beckman Coulter]) based on fluorescence wavelength and
intensity, cell singlet nature, size, and viability as described pre-
viously (Petrenko et al. 2017b).
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RNA sequencing (RNA-seq)

For around-the-clock RNA-seq experiments underlying Figures 2
and 3, total RNAwas prepared fromFACS-sorted α and β cells col-
lected from male proGcg-Venus/RIP-Cherry/PER2::Luc/Insulin-
rtTA/TET-DTA control and DOX-treated mice every 4 h around
the clock in biological duplicates, using RNeasy Plus microkit
(Qiagen). A total of 48 samples, representing RNA pool of three
to six mice each, was prepared. RNA-seq was performed by the
iGE3 Genomics Platform (University of Geneva, Switzerland).
The Illumina TruSeq RNA sample preparation kits were used
for the library preparation with 25–50 ng of total RNA as input.
Library molarity and quality was assessed with Qubit (Life
Technologies) and Tapestation using a DNA high sensitivity
chip (Agilent Technologies). Paired-end reads of 50 bases were
generated using SMART-Seq v4 chemistry on an Illumina HiSeq
2000 (first replicate) and Illumina HiSeq 4000 (second replicate)
sequencers.
ForRNA-seq experiments inBmal1st/st mice (Fig. 6), total RNA

was prepared from FACS-sorted β cells collected from males and
females of proGcg-Venus/RIP-Cherry/PER2::Luc/Insulin-rtTA/
TET-DTA/Bmal1st/st mice and their proGcg-Venus/RIP-Cherry/
PER2::Luc/Insulin-rtTA/TET-DTA/Bmal1+/st littermates follow-
ing 10 d of DOX administration at ZT0 in biological duplicates,
using RNeasy Plusmicrokit (Qiagen) (a total of four samples, rep-
resenting RNA pool of ∼7000 cells from three mice each). RNA-
seqwas performed by the iGE3Genomics Platform (University of
Geneva, Switzerland). The Clontech SMARTer ultralow input
RNA was used to generate cDNA followed by Nextera XT kit
for library preparation on samples with low RNA input. Library
molarity and quality was assessed with Qubit (Life Technologies)
andTapestation using aDNAhigh sensitivity chip (Agilent Tech-
nologies). Single-end reads of 50 bases were generated using on an
Illumina HiSeq 4000 sequencer.

RNA-seq data processing and analysis

For around-the-clock gene expression assessments, paired end
reads were aligned to the mouse genome (assembly GRCm38/
mm10) using STAR v2.5.3ausing Gencode vM16 annotation.
The quantification was performed with QTLtools quan (https
://qtltools.github.io/qtltools/). The mapping quality threshold
was set at 255, and the number of mismatches allowed in both
reads together was set at five (reads below these thresholds
were not considered for the quantification) (Dobin et al. 2013).
The genome index was built using Ensembl annotation to im-
prove splice junction’s accuracy. For each Ensembl gene, all of
the exons of the respective annotated protein-coding transcripts
were considered. Using custom Perl script, reads up to one mis-
match were counted considering only reads in the right gene ori-
entation. Both uniquely mapping and multimapping reads were
reported. Normalization and differential expression analysis
were performed with the R/Bioconductor packages edgeR v.3.28
(Robinson et al. 2010) and limma 3.42.2 (Ritchie et al. 2015).
Log2 expression levels were calculated.
For the assessment of differential gene expression in β cells be-

tween Bmal1st/st and Bmal1st/stDOX; and between Bmal1st/
stDOX and Bmal1+/stDOX, a quality control was performed
with FastQCv.0.11.5. Single-end readsweremapped tomouse ge-
nome (assembly GRCm38/mm10) using STAR v.7.0f (Dobin
et al. 2013). The biological quality control was done with Picard-
Tools v.2.21.6. Raw counts were obtained using HTSeq v.0.9.1.
Normalization and differential expression analysis were per-
formed with the R/Bioconductor package edgeR v.3.26.8 (Robin-
son et al. 2010). The overall workflow of RNA-seq analysis is
presented in Supplemental Figure S8.

Differential and temporal analysis

For around-the-clock gene expression assessment, geneswith less
than one CPM in half of the all measurements were discarded.
Differential expression analysis between α and β cells was as-
sessed using the EdgeR and limma packages, following the proto-
col of (Chen et al. 2016). A gene was defined as differentially
expressedwhen the absolute value of the log2 fold change (log2FC)
was >0.5 (same cell type) or 1 (otherwise), and the FDR-corrected
P-value was <0.05 from the resulting differential expression anal-
ysis. Genes were considered as “nonexpressed” (Ne in Fig. 3) if
their respective expression value was below an arbitrary thresh-
old of 1 RPKM averaged over time. Rhythmicity of the transcript
profiles was determined in two steps: First, 17 sin/cos models
with intercept were regressed on each of two independent exper-
iments corresponding to different periods in 20–28 h. The model
with the lowestP-value from the F testwas kept. Second, the gene
was deemed rhythmically expressed based on a logistic regression
model with the previous P-value for the two samples used as the
input. The logistic regression was trained on a gold standard of 31
manually labeled genes (see Supplemental Data Set S9). All fitted
coefficients were significant (P-value < 0.008). Based on a ROC
curve, a cutoff of 0.6 was decided leading to a 95% accuracy on
the golden standard between 0.849 and 0.988. Rhythmic parame-
ters (i.e., phase, period length, and amplitude) can be shared be-
tween the two different cell types and between two conditions
(CTR and DOX).
Differential gene expression analysis for β cells between

Bmal1st/st and Bmal1st/stDOX, and between Bmal1st/stDOX and
Bmal1+/stDOX was assessed using a generalized linear model
with quasi-likelihood F-test of the EdgeR package (v 3.26.8). A
gene was defined as differentially expressed when the absolute
value of the log2 fold change (log2FC)was >1 and the FDR-correct-
ed P-value was <0.05 (Benjamini and Hochberg correction).

Ingenuity pathway analysis (IPA) and KEGG pathway enrichment
analysis

The pathway analyses were generated by Qiagen’s IPA program
(IPA; Qiagen, http://www.qiagen.com/ingenuity). Briefly, the
analyses were performed with the following settings: expression
value type (exp fold change), reference set (ingenuity knowledge
base [genes only]), relationships to consider (direct and indirect re-
lationships), interaction networks (35 molecules/network; 25
networks/analysis), node types (all), data sources (all), confidence
(experimentally observed), species (human, mouse, rat), tissue
and cell lines (all), and mutations (all).
The KEGG pathway enrichment analysis was generated by Da-

tabase for Annotation, Visualization and Integrated Discovery
(DAVID) v6.8 based on the gene lists (Supplemental Data Set
S6) comprising rhythmic genes with phase difference >2 h (Sup-
plemental Fig. S4A), and on the gene list (Supplemental Data
Set S7) comprising differentially expressed genes between
Bmal1st/stDOX and Bmal1+/stDOX phenotypes.

Quantitative polymerase chain reaction (qPCR)

Total RNA was prepared from FACS separated islet cells using
RNeasy Plus microkit (Qiagen). The RNA concentration was
measured by Qubit RNA SH kit (Invitrogen). Next, 0.1 μg of total
RNA was reverse-transcribed using TAKARA (Roche) and ran-
dom hexamers and was PCR-amplified on a LightCycler 480
(RocheDiagnosticsAG).Mean values for each samplewere calcu-
lated from technical duplicates of each quantitative RT-PCR
(qRT-PCR) analysis and normalized to the mean of housekeeping
genes hypoxanthine–guanine phosphoribosyltransferase (Hprt)
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and S9. Primers used for this study are listed in Supplemental
Table S1.

Assessment of blood glucose, insulin, and glucagon levels

Blood glucose (Fig. 5) was measured by the Accu-Chek glucome-
ter (Roche). For insulin and glucagon assessment, blood was col-
lected from the tail vein at ZT4 (11:00), or at ZT16 (23:00) with
subsequent serum preparation by immediate centrifugation at
94,000 rcf for 15 min at 4°C and stored at −80°C. Protease inhib-
itors aprotinin (Sigma) and DPP4 (Millipore) were added to the
samples to preserve the hormones from degradation. Insulin
and glucagon concentrations were assessed by ultrasensitive
mouse insulin and glucagon 100μL ELISA kits (Mercodia).

Assessment of cell proliferation

5-bromo-2′-deoxyuridine (BrdU; Sigma-Aldrich) was injected in-
traperitoneally (100 mg/kg) 2 h prior to sacrifice at the indicated
time points.

Immunostaining

Paraffin sections (5 μm thick) were rehydrated, and antigen re-
trieval was performed using a Biocare pressure cooker and citrate
(pH 6) buffer. The following primary antibodies were used: guinea
pig anti-insulin (1:200; Dako), mouse anti-glucagon (1:800;
Abcam), rabbit anti-glucagon (1:8000; Abcam), and mouse anti-
BrdU (1:300; GE healthcare). For DNA counterstaining we used
DAPI (Sigma). Secondary antibodies from Jackson ImmunoRe-
search were as follows: anti-guinea pig Alexa Fluor 488 (1:200),
anti-mouse Cy3 (1:500), and anti-mouse Alexa Fluor 647
(1:500). Immunofluorescence images were captured using a
Nikon confocal microscope. To assess β cell replication, at least
2000 β cells were counted per animal, and at least two slides at
a distance of >200 µm were analyzed.

Image analysis

All immunofluorescence images were captured on a Nikon C1
confocal microscope at a magnification of 40× randomly from at
least two different slices. The islets were identified by insulin la-
beling and captured throughout the entire slide. The number of
labeled cells was quantified using Fiji software. The numbers of
insulin-labeled cells bearing BrdU-labeled nuclei was normalized
to the total number of insulin-positive cells in islet, and expressed
in percentage. The numbers of insulin- and glucagon-labeled cells
were quantified on slices immunostained for these two hor-
mones. The proportion of β cells was expressed as the ratio be-
tween number of insulin-positive cells among overall insulin-
and glucagon-labeled cells.

Quantification and statistical analysis

The results are expressed asmeans± SEM (standard error ofmean)
for the indicated number of donors (as given in the figure legends)
or illustrated as mean value of all experiments (for biolumines-
cence profiles). The statistical differencewas tested by a Student’s
t-test to compare the two groups. A nonpaired Student’s t-test
was used to compare group donors. A one-way ANOVA test fol-
lowed by a nonpaired Student’s t-test comparisons was used to
comparemultiple conditions. All statistical tests were conducted
with GraphPad Prism 8 software. Statistical significance was de-
fined at P <0.05 (∗), P< 0.01 (∗∗), P<0.001 (∗∗∗), and P < 0.0001
(∗∗∗∗). To assess the circadian characteristics of proliferation a

JTK_Cycle fittingmethodwas used (Hughes et al. 2010). The pro-
file was considered as circadian if adjusted P-value were <0.05.

Data availability

The accession numbers for the deposited data in GEO are
GSE151338 and GSE152751.
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A functional circadian clock is required for proper insulin
secretion by human pancreatic islet cells
C. Saini1,2,†, V. Petrenko1,2,†, P. Pulimeno1,3,†, L. Giovannoni1, T. Berney4, M. Hebrok3, C. Howald2,5,6,
E. T. Dermitzakis2,5,6 & C. Dibner1,2

1Endocrinology, Diabetes, Hypertension and Nutrition, Diabetes Centre, Faculty of Medicine, University of Geneva, Geneva, Switzerland
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Aim: To determine the impact of a functional human islet clock on insulin secretion and gene transcription.
Methods: Efficient circadian clock disruption was achieved in human pancreatic islet cells by small interfering RNA-mediated knockdown of CLOCK .
Human islet secretory function was assessed in the presence or absence of a functional circadian clock by stimulated insulin secretion assays, and by
continuous around-the-clock monitoring of basal insulin secretion. Large-scale transcription analysis was accomplished by RNA sequencing, followed
by quantitative RT-PCR analysis of selected targets.
Results: Circadian clock disruption resulted in a significant decrease in both acute and chronic glucose-stimulated insulin secretion. Moreover, basal
insulin secretion by human islet cells synchronized in vitro exhibited a circadian pattern, which was perturbed upon clock disruption. RNA sequencing
analysis suggested alterations in 352 transcript levels upon circadian clock disruption. Among them, key regulators of the insulin secretion pathway
(GNAQ, ATP1A1, ATP5G2, KCNJ11) and transcripts required for granule maturation and release (VAMP3, STX6 , SLC30A8) were affected.
Conclusions: Using our newly developed experimental approach for efficient clock disruption in human pancreatic islet cells, we show for the first
time that a functional !-cell clock is required for proper basal and stimulated insulin secretion. Moreover, clock disruption has a profound impact on the
human islet transcriptome, in particular, on the genes involved in insulin secretion.
Keywords: circadian bioluminescence, circadian clock, human pancreatic islet, insulin secretion, RNA sequencing
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Introduction
The circadian system drives intrinsic biological clocks with
near 24-h oscillation periods, regulating physiology and
behaviour in most living beings, including humans. This net-
work of timekeepers is organized in a hierarchical manner, with
a master pacemaker located in the suprachiasmatic nucleus of
the hypothalamus [1]. The central clock is synchronized every
day to the photoperiod and readjusts the phases of the periph-
eral oscillators. In mammals, Circadian Locomotor Output
Cycles Kaput (CLOCK) and Brain and Muscle ARNT-like Pro-
tein 1 (BMAL1) transcription factors activate the expression
of Per and Cry genes. Period (PER) and Cryptochrome (CRY)
proteins attenuate the CLOCK/BMAL1-mediated activation
of their own synthesis in a negative feedback loop. Nuclear
receptors reverse-erb alpha (Rev-erb") and retinoid-related
orphan receptor alpha (ROR"), as well as post-translational
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protein modifications, play a critical role in this molecular
circuitry [2].

Accumulating data from rodent studies suggest an essen-
tial role of the circadian system in the coordination of body
metabolism [3]. Genome-wide transcriptome profiling studies,
as well as a dominant role of feeding–fasting cycles for the syn-
chronization of peripheral oscillators, indicate that the tempo-
ral orchestration of metabolism and xenobiotic detoxification
is the major purpose of circadian clocks in peripheral tissues
[3,4]. This conjecture is further supported by metabolomic and
lipidomic approaches, indicating that large numbers of metabo-
lites exhibit circadian profiles in tissues, plasma and saliva [5,6].
Mutations in the essential clock genes Bmal1 and Clock [7]
cause various metabolic disorders. Conversely, perturbations
of metabolic pathways in mice fed a high-fat diet dampen
the amplitude of circadian oscillations and lengthen their
period [8].

Several studies have shown the presence of circadian oscil-
lators in rodent pancreatic islets, pointing out their impact
on islet gene expression [9] and function [10]. Importantly,
Marcheva et al. [7] provided a direct link between a functional
circadian islet clock in rodents, insulin secretion and the aetiol-
ogy of type 2 diabetes (T2D). Their pioneering study highlights
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the key role of the endocrine pancreas clock for proper islet
function, in particular for insulin secretion.

The prevalence of T2D in modern society is taking on enor-
mous proportions. It is therefore of major importance to fur-
ther identify the molecular basis of circadian rhythmicity in
human islets under physiological conditions and its effect on
T2D. Despite accumulating evidence on the role of the cir-
cadian system in the regulation of glucose homeostasis in
humans [2,3], very few studies are available so far that pro-
vide a molecular link between the human islet clockwork and
insulin secretion. Gene expression analysis in pancreatic islets,
isolated from human T2D donors, suggested that mRNA lev-
els of core clock components are deregulated in people with
T2D [11]. Our recent work has demonstrated the existence of
cell-autonomous, self-sustained circadian oscillators, operative
in human pancreatic islets at the population level and at single
islet level, that were synchronized between ! and non-! cells
[12]. In the present study, we aimed to assess the physiological
relevance of the circadian oscillator in human pancreatic islets
for regulating insulin secretion and for its impact on the islet
cell transcriptome.

Materials and Methods
Human Islet Preparation and Cell Culture

Human islets were isolated from pancreases of brain-dead
multi-organ donors, obtained either from the Islet Transplan-
tation Centre at the University Hospital of Geneva (Switzer-
land) as described by us in a previous study [12] or by Prodo
Laboratories (Irvine, CA, USA). The use of human islets for
research was approved by the local ethics committee. Details
of the islet donors are summarized in Table S1 in Appendix S1.
After purification, islets were cultured in Connaught Medical
Research Laboratories medium (CMRL; 1066 CR1136, SAFC
Biosciences) with subsequent gentle dissociation by Accutase
(Innovative Cell Technologies, San Diego, CA, USA). Disso-
ciated islet cells were attached to 35-mm dishes or multi-well
plates, pre-coated with a laminin-5-rich extracellular matrix
derived from 804G cells [13].

Small Interfering RNA Transfection and Lentiviral
Transduction

Dissociated adherent human islet cells were transfected
twice with 50 nM small interfering RNA (siRNA) targeting
CLOCK (siClock) or with non-targeting siControl (Dharmacon,
GE Healthcare, Little Chalfont, UK), using Lipofectamine®
RNAiMAX reagent (Invitrogen, Carlsbad, CA, USA), with sub-
sequent experiments performed 4–7 days post-transfection.
To produce lentiviral particles, Bmal1-luciferase reporter
(Bmal1-luc) [14] lentivectors were transfected into 293T cells
using the polyethylenimine method (for details see Puli-
meno et al. [12]). Human islet cells were transduced with a
multiplicity of infection= 3.

In vitro Islet Cell Synchronization and Bioluminescence
Monitoring

Adherent transfected and transduced islet cells were synchro-
nized by a 1-h forskolin pulse (10#M; Sigma, Saint-Louis, MO,

USA), and subjected to continuous bioluminescence record-
ing in CMRL medium containing 100#M luciferin (D-luciferin
306-250, NanoLight Technology) as described in detail pre-
viously [12], with the following modifications: biolumines-
cence pattern was monitored by a home-made robotic device
equipped with photomultiplier tube detector assemblies, allow-
ing the recording of 24-well plates. Photon counts of each well
were integrated during 1 min, over 24-min intervals. In order
to analyse the amplitude of time series without the variability
of magnitudes, raw data were processed in parallel graphs by
moving average with a window of 24 h as described previously
[15]. Briefly, the ratio of each data point was calculated on the
average of data points in an interval of 24 h (12 h before and
12 h after the analysed data point).

Insulin Secretion Measurements

Insulin secretion assays were performed on ∼100 000 attached
islet cells in three drops of 50 μl per dish, transfected with
either siClock or siControl. For standard glucose-stimulated
insulin secretion (GSIS) assays, cells were washed in KRB
solution (Krebs-Ringer bicarbonate, pH 7.4, supplemented
with 0.3% free fatty acid bovine serum albumin (BSA; Sigma,
St Louis, MO, USA) containing 2.8 mM glucose for 2 h. Cells
were subsequently incubated in KRB solution containing
2.8 mM glucose for 1 h at 37 ∘C (basal condition), followed by
1 h stimulation with 16.7 mM glucose, with or without 5 mM
theophylline (Sigma; stimulated conditions; modified from
Paget et al. [16]). After additional 1 h incubation in KRB solu-
tion containing 2.8 mM glucose (re-basal condition), cells were
lysed in acid-ethanol solution (1.5% HCl and 75% ethanol)
for 1 h at room temperature. For the prolonged insulin release
assay, cells were briefly washed in serum-free CMRL medium,
supplemented with 0.5% BSA, and statically incubated in
the same medium, containing either 5.6 mM glucose (basal
condition) or 20 mM glucose (stimulated condition) for 7 h at
37 ∘C. To assess the total insulin content, cells were lysed in
acid-ethanol buffer overnight at −20 ∘C. All collected samples
were supplemented with the protease inhibitors PMSF (Axon-
lab, Reichenbach an der Fils, Germany), aprotinin (Sigma)
and dipeptidyl peptidase-4 (Millipore, Billerica, MA, USA).
Insulin was quantified in supernatants and cell lysates using
a human insulin ELISA kit (Mercodia, Uppsala, Sweden).
Insulin secretion values were obtained by normalization of
the supernatant content to the cellular total insulin content.
Additional secretion assays are described in Appendix S1.

Circadian Analysis of Basal Insulin Secretion
by Continuously Perifused Human Islet Cells

Human islet cells, transduced with the Bmal1-luc reporter and
synchronized in vitro with a 1-h forskolin pulse, were placed
into an in-house developed two-well horizontal perifusion
chamber connected to the LumiCycle [17]. Cells were continu-
ously perifused for 48 h with CMRL (with supplements, in the
absence of sodium pyruvate) containing 5.6 mM glucose and
100#M luciferin. Bioluminescence recordings were performed
in parallel to the 4 h interval-automated collection of the out-
flow medium. Basal insulin levels were quantified in the outflow
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medium using the human insulin ELISA kit, and were normal-
ized to the total intracellular insulin content measured from
cells lysed in acid-ethanol buffer overnight at −20 ∘C. The cir-
cadian character of insulin secretion was evaluated using the
JTK_CYCLE algorithm [18].

RNA Analysis by Quantitative RT-PCR

Total RNA was prepared from homogenized (QIAshred-
der, Qiagen, Hombrechtikon, Switzerland) islet cells using
RNeasy® Plus Micro Kit (Qiagen). Then 0.2 μg of total RNA
was reverse-transcribed using Superscript III (Invitrogen)
and random hexamers and was PCR-amplified on a LightCy-
cler 480 (Roche Diagnostics AG, Basel, Switzerland). Mean
values for each sample were calculated from technical dupli-
cates of each quantitative RT-PCR (qRT-PCR) analysis and
normalized to the housekeeping gene S9, or to the mean
of hypoxanthine-guanine phosphoribosyltransferase (HPRT)
and S9. Primers used for this study are listed in Table S2 in
Appendix S1.

RNA Sequencing

Human islet cells from eight human islet preparations, trans-
fected with siControl or siClock (total of 16 samples), were
sequenced according to a previously described procedure
[19,20]. Total RNA libraries were prepared from 150 ng of
RNA, following customary Illumina TruSeq protocols for
next-generation sequencing. PolyA-selected mRNAs were
purified, size-fractioned, and subsequently converted to
single-stranded cDNA by random hexamer priming. Follow-
ing second-strand synthesis, double-stranded cDNAs were
blunt-end fragmented and indexed using adapter ligation,
after which they were amplified and sequenced according to
protocol. RNA libraries were 49 bp paired-end sequenced in
one lane on the Illumina HiSeq 2000. Standard quality checks
for material degradation (Bioanalyzer, Agilent Technologies,
Santa Clara, CA, USA) and concentration (Qubit, Life Tech-
nologies, Carlsbad, CA, USA) were carried out before and after
library construction, ensuring that samples were suitable for
sequencing. Data analysis was performed as described in detail
in Appendix S1.

Statistics

Data are presented as mean± (standard error of mean) and
analysed using a paired Student’s t-test. Statistical significance
was defined at p< 0.05 (*), p< 0.01 (**) or p< 0.001 (***). The
statistical analysis for RNA sequencing (RNAseq) is described
in Appendix S1.

Results
CLOCK Knockdown Disrupts the Circadian Oscillator
in Human Pancreatic Islet Cells

We have previously characterized self-sustained, cell-
autonomous circadian clocks in human pancreatic islets
[12]. To unravel the potential impact of this molecular cir-
cuitry on the gene expression and physiological function of

islet cells, we set up an efficient siClock transfection protocol,
resulting in >80% knockdown of CLOCK transcript levels
(Figure 1A). Concomitantly with CLOCK transcript depletion,
levels of endogenous REV-ERB", D-albumin binding protein
(DBP) and PER3 transcripts were downregulated by 52, 57
and 51%, respectively, in siClock-transfected cells, as compared
with siControl counterparts (Figure 1B). By contrast, BMAL1
and CRY1 levels were upregulated by 50 and 140% (Figure 1B).
To further assess the impact of CLOCK knockdown on the
functional circadian oscillator in cultured human islet cells,
continuous recording of the bioluminescent circadian reporter
Bmal1-luc was performed. Consistent with our recent findings
[12], human islet cells transfected with siControl exhibited pro-
nounced self-sustained circadian oscillations of the Bmal1-luc
reporter following forskolin-induced in vitro synchronization
with a period length of 25.81± 0.3 h; however, these oscil-
lations were strongly dampened in synchronized islet cells
transfected with siClock (Figure 1C, D).

Insulin Secretion is Altered Upon Human Islet Clock
Disruption

Functional peripheral clocks are required for sustaining the
physiological functions of their corresponding tissues. We
therefore aimed to evaluate the impact of a disrupted molec-
ular clock on the endocrine function of human pancreatic islet.
Since the majority of cells in islet preparations are ! cells (∼65%,
Figure S1 in Appendix S1), we focused on insulin secretion for
our functional studies.

The efficiency of insulin secretion by human islet cells
was first assessed by GSIS. In the presence of high glucose
(16.7 mM), a significant (30%) decrease in insulin secretion was
recorded in siClock-transfected cells (Figure 2A). By adding
theophylline, previously reported to allow for enhanced stim-
ulated secretory capacity by human islet cells [16], we achieved
an even clearer discrimination in the insulin secretion lev-
els between control situation and disrupted clock condition.
Indeed, higher fold induction was observed under these set-
tings, with insulin secretion being significantly reduced in the
presence of both low (2.8 mM) and high (16.7 mM) glucose
levels upon clock disruption (Figure 2B). We next evaluated
the long-term release of insulin by ! cells under physiological
glucose concentration (5.6 mM), and in the presence of high
glucose levels (20 mM) in the medium. In concordance with
the acute GSIS test, the long-term (7 h) release of insulin in
the presence of physiological glucose concentration was ∼50%
reduced in islet cells bearing siClock, as compared with matched
siControl samples (Figure 2C). A similar trend was observed for
the long-term insulin release upon high glucose concentration
(Figure 2C).

Furthermore, reduction in stimulated insulin secretion was
observed in siClock transfected cells in comparison with their
siControl counterparts on stimulation with the non-glucose
secretagogues cholinomimetic carbachol, and the depolarizing
agent KCl (Figure S2A and B in Appendix S1). Notably, the
insulin content was not affected by clock disruption in all cases,
and relative fold increase stayed unchanged between siControl
and siClock conditions (not shown).
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(A) (B)

(C) (D)

Figure 1. CLOCK knockdown efficiently disrupts the molecular clocks present in human islet cells. Human islet cells were attached to a laminin-coated
surface and transfected with scrambled siRNA (siControl) or siRNA targeting CLOCK (siClock). Cells were harvested 7 days later for quantitative
RT-PCR analysis of CLOCK (A), REV-ERB", DBP, PER3, BMAL1 and CRY1 transcript levels (B), and normalized to the housekeeping gene S9. Data
are presented as mean± standard error or the mean of 13 experiments, each using islets from one donor each. (C) Representative oscillatory profiles of
forskolin-synchronized human islet cells transduced with Bmal1-luc lentiviruses, and transfected with siControl or siClock. Bmal1-luc oscillation profiles
were recorded for two parallel dishes for each of the three donors. (D) To compare bioluminescence values with regard to amplitude, we eliminated variations
in the magnitude of the signals by detrending the data presented in (C) as described in Materials and Methods. The y-axis shows detrended bioluminescence.

To further unravel the temporal profile of insulin secre-
tion by isolated human pancreatic islets, we monitored insulin
secretion upon constant physiological glucose concentration
(5.6 mM glucose) by forskolin-synchronized human islet cells
over 48 h. To this end, our recently developed in-house per-
ifusion system, connected to the LumiCycle chamber which
allows parallel cell perifusion and bioluminescence profile
recordings, was used [17]. The perifusion experiments, paral-
leled by circadian bioluminescence recording, suggested that
forskolin-synchronized human islet cells exhibited a circadian
profile of insulin secretion over 48 h (Figure 2D, siControl).
Application of JTK_CYCLE algorithm [18] confirmed that
the average profile of secreted insulin was circadian within
48 h, with a period length of 24.19± 0.89 h (**p= 0.009; n= 7
donors). This circadian pattern of insulin secretion was strongly
disrupted upon siClock transfection (Figure 2D).

Taken together, these data indicate that operative circadian
oscillators in human pancreatic islets are required for proper
insulin secretion by ! cells.

Impact of CLOCK Knockdown on the Human Pancreatic Islet
Cell Transcriptome

To obtain an insight into possible mechanisms of the observed
effect of clock disruption on insulin secretion, a transcriptome

analysis was performed in human pancreatic islet cells. To
this end, siClock and siControl-transfected islet cells from eight
donors were subjected to RNAseq. Out of 21451 expressed
coding transcripts, 352 (1.6%) were significantly modified by
clock disruption, with 145 being upregulated and 207 being
downregulated (Figure 3A; Tables S3 and S4 in Appendix S1).
For initial validation, expression levels obtained by RNAseq
for CLOCK, REV-ERBa, DBP and BMAL1 levels were also
assessed by qRT-PCR in the same samples, with comparable
levels observed by both methods (Figure S3 in Appendix S1).

Significantly up- or downregulated genes were manually
curated and analysed as described in the Supplementary
Appendix. Differentially expressed genes were clustered into
common functional groups (Figure 3B). Consistent with the
qRT-PCR results (Figure 1A, B; Figure S3 in Appendix S1),
RNAseq confirmed disruption of the molecular circadian
clock. Moreover, pathway analysis based on the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database suggested
that among the five principal pathways that were significantly
altered by siClock (Figure 3C), circadian rhythm was ranked
number one. CLOCK knockdown resulted in the overexpres-
sion of its molecular partner BMAL1 (ARNTL) and also led
to an increase in CRY1 (Table 1). The expression levels of
all PER genes exhibited a tendency for downregulation, with
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Figure 2. CLOCK knockdown alters basal and glucose-induced insulin secretion in human islet cells. (A) Dissociated human islet cells were transfected
with siControl or siClock and were subjected to 1 h incubation with 2.8 mM glucose, followed by 1 h incubation with 16.7 mM glucose (glucose-stimulated
insulin secretion) or by 16.7 mM glucose and 5 mM theophylline ‘T’ (B). (C) Release of insulin by siControl or siClock-transfected cells was assessed after
7 h incubation in the presence of 5.6, or 20 mM glucose. (D) Human islet cells transfected either with siControl or siClock and transduced with Bmal1-luc
reporter were constantly perifused with culture medium containing 5.6 mM glucose. Insulin levels were assessed by ELISA (Mercodia) in the outflow
samples collected every 4 h during 48 h (bottom panel) upon monitoring of circadian bioluminescence profile (top panel). Data are presented as % of
secreted hormone from the total hormone content (mean± standard error of the mean) for nine donors (at least two technical replicates each) (A), eight
donors (at least two technical replicates each) (B), four donors (at least two technical replicates each) (C) and seven donors (one replicate for each donor)
(D). Paired Student’s t-test analysis was used to compare differences between groups (A–C). **p< 0.01, *p< 0.05.

PER3 being significantly repressed down to almost 50% of
its initial level. The clock output genes DBP and BHLHE41
were also significantly downregulated. Finally, the expres-
sion of components of the clock auxiliary loop was increased
for ROR$ (RORC) and decreased for REV-ERB" (NR1D1).
Interestingly, glucocorticoid receptor NR3C1 was downreg-
ulated upon siClock transfection, which was confirmed by
qRT-PCR analysis in independent human islet preparations
(Figure 4).

In agreement with the observed deficit in insulin secretion,
a number of genes related to insulin production/secretion
were differentially expressed in human islet cells according to
the RNAseq results (Table 1, Figure 3D, schema is adopted
from KEGG pathway map, Figure 4, Tables S3 and S4 in
Appendix S1). While insulin (INS) expression itself was not

affected, genes involved in insulin granule formation and
secretion (SLC30A8, VAMP3, STX6) were downregulated.
Although downregulation of STX6 levels upon siClock did not
reach significance according to RNAseq, further analysis by
qRT-PCR performed on cells from 10 independent donors,
confirmed significant downregulation (Figure 4A, B). At the
same time, levels of the !-cell-specific transcription factors
MAFA, NEUROD1 and NKX6-1 were upregulated (Table 1 and
Figure 4).

An additional group of transcripts, affected by siClock,
included genes involved in the execution of stimulatory sig-
nals for insulin secretion. We found that transcription of the
guanine nucleotide-binding protein G (q-subunit; GNAQ),
the subunit of mitochondrial ATP synthase (ATP5G2) and
the principal subunit of the Na+/K+-ATPase (ATP1A1) were
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Figure 3. Effect of CLOCK knockdown on human islet cell transcriptome. (A) Number of differentially expressed genes according to the Fisher’s exact test
with Benjamini Hochberg correction (p< 0.05; gene expression was changed significantly in one direction in at least six out of eight islet preparations and no
significant change was observed in the opposite direction). (B) Principal functional categories of the transcripts modified by siClock. Gene ontology analysis
was carried out using the WebGestalt and Database for Annotation, Visualization and Integrated Discovery (DAVID) software, with functional groups of genes
appearing in both analyses expressed on the diagrams (p< 0.05). (C) Pathways, which include genes that were significantly altered by CLOCK knockdown
have been tested in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database with the WebGestalt software and double-checked with the DAVID
software (adjusted by Benjamini-Hochberg correction p< 0.05). (D) Schematic presentation of insulin synthesis/secretion KEGG pathways including genes,
whose expression was altered by siClock (http://www.genome.jp/kegg-bin/show_pathway?map=hsa04911&show_description=show).
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Table 1. Fold changes for selected transcript expression obtained by RNA sequencing analysis upon the CLOCK knockdown.

Gene
Log2 fold
change

Ensemble ID
and full name Source

Circadian clock CLOCK −2.7 ↓ ENSG00000134852.10 KEGG database
Circadian Locomotor Output Cycles Kaput

NR1D1 −1.6 ↓ ENSG00000126368.5 KEGG database
Nuclear receptor subfamily 1, group D, member 1

CRY1 0.87 ↑ ENSG00000008405.7 KEGG database
Cryptochrome circadian clock 1

NR1D2 −0.87 ↓ ENSG00000174738.8 [21]
Nuclear receptor subfamily 1, group D, member 2

ARNTL 0.72 ↑ ENSG00000133794.13 KEGG database
Aryl hydrocarbon receptor nuclear translocator-like

PER3 −0.9 ↓ ENSG00000049246.10 KEGG database
Period circadian clock 3

RORC 0.63 ↑ ENSG00000143365.12 [22]
RAR-related orphan receptor gamma

BHLHE41 −0.25 ↓ ENSG00000123095.5 [23]
Basic helix-loop-helix family, member E41

DBP −0.95 ↓ ENSG00000105516.6 [24]
D site of albumin promoter binding protein

Insulin production and secretion SLC30A8 −0.31 ↓ ENSG00000164756.8 GOTERM database
Solute carrier family 30 (zinc transporter), member 8

VAMP3 −0.67 ↓ ENSG00000049245.8 [25]
Vesicle-associated membrane protein 3

MAFA 0.45 ↑ ENSG00000182759.3 [26]
V-Maf avian musculoaponeurotic fibrosarcoma

oncogene homologue A
ATP1A1 −0.21 ↓ ENSG00000163399.11 KEGG database

ATPase, Na+/K+ transporting, alpha 1 polypeptide
GNAQ −0.46 ↓ ENSG00000156052.6 KEGG database

Guanine nucleotide binding protein (G protein), q
polypeptide

KCNJ11 0.2 ↑ ENSG00000187486.5 KEGG database
Potassium channel, inwardly rectifying subfamily J,

member 11
NKX6-1 0.34 ↑ ENSG00000163623.5 [26]

NK6 homeobox 1
STX6 −0.33 ↓ ENSG00000135823.9 [27]

Syntaxin 6
NEUROD1 0.2 ↑ ENSG00000162992.3 GOTERM database

Neuronal differentiation 1
ATP5G2 −0.25 ↓ ENSG00000135390.13 KEGG database

ATP synthase, H+ transporting, mitochondrial F0
complex, subunit C2 (subunit 9)

Glucocorticoid receptor NR3C1 −0.38 ↓ ENSG00000113580.10 [28]
Nuclear receptor subfamily 3, group C, member 1

KEGG, Kyoto Encyclopedia of Genes and Genomes.

repressed, while expression of the ATP-sensitive inward rec-
tifier potassium ion channel (KCNJ11) was upregulated. The
RNAseq results for these transcripts were also confirmed
by qRT-PCR analysis in independent human islets prepara-
tions. High similarity in the level of transcript alterations was
obtained between the RNAseq findings and qRT-PCR analysis
in all cases (Figure 4A, B).

Taken together, these data suggest that CLOCK depletion
leads to the disruption of insulin synthesis/secretion at the level
of granular maturation, membrane fusion and intracellular
signal transduction in human islet cells.

Discussion
Studies on peripheral clocks in isolated organ explants/primary
cells hold promise for gaining information on the human
circadian timing system. Indeed, robust circadian oscilla-
tions have been recently characterized by us and others in
human primary fibroblasts [29], thyrocytes [30], skeletal
myotubes [17] and pancreatic islets [12] kept in organotypic
cultures and synchronized in vitro. In the present study, we
provide new insights into the role of the human circadian
clock in the transcriptional and functional regulation of the
islet.
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(A) (B)

Figure 4. CLOCK disruption affects insulin secretion-related transcripts
and glucocorticoid receptor levels. (A) reads per kilobase of transcript
per million (RPKM) values for each donor (left panels) and average
(mean± standard error of the mean) obtained by RNA sequencing (eight
donors; Fisher’s test, p< 0.05 for each donor, gene expression was changed
significantly in one direction in at least six of eight islet preparations and no
significant change in the opposite direction). (B) Quantitative RT-PCR of
the same transcripts performed in 9 (for NR3C1, MAFA, VAMP3, GNAQ)
or 10 (for STX6, SLC30A8, ATP1A1) independent human islets prepara-
tions (data are expressed as relative expression of the target gene to the
average of two housekeeping genes S9 and HPRT), paired Student’s t-test.
***p< 0.001, **p< 0.01, *p< 0.05.

The circadian oscillator was perturbed in human islet cells
by a highly reproducible siRNA-mediated CLOCK transcript
knockdown of >80% (Figure 1A and Figure S3 in Appendix
S1). Upon such CLOCK silencing, significant upregulation
of endogenous BMAL1 and CRY1, as well as downregula-
tion of REV-ERB", PER3 and DBP transcripts was observed
by qRT-PCR and RNAseq analyses (Figure 1B and Figure S3
in Appendix S1). Moreover, the circadian amplitude of the
Bmal1-luc reporter, assessed in synchronized human islet cells
in vitro, was strongly flattened (Figure 1C, D), further validat-
ing siClock-mediated core clock disruption in this experimental
system. These results are consistent with our recent observa-
tions in human skeletal muscle [17], and with data published for
the Clock-mutant mouse model [7]. In view of the correlation
between in vitro assessed oscillator properties and the in vivo
human circadian phenotype, it might be feasible to employ this
informative methodology to study peripheral clock alterations,
which are considered a hallmark of multiple diseases (reviewed
in Saini et al. [31]). Beyond potential diagnostic implications,
this approach would allow significant insights to be gained
into the impact of the core clock, or its components, on the
transcriptional regulation and the physiological function of the
respective organ. By disrupting human skeletal muscle clock,
we have recently shown that a functional myotube oscillator is
required for the basal secretion of IL6, MCP1 and additional
myokines [17]. Using a similar experimental system, we now
show for the first time that basal insulin secretion exhibits a
circadian pattern in in vitro synchronized human pancreatic
islet cells monitored during 48 h, which is altered upon clock
disruption (Figure 2D). This finding shows that diurnal insulin
secretion is modulated by !-cell-autonomous clocks. Such daily
regulation gates time windows of insulin secretion, which pre-
disposes the cell to respond to feeding/fasting episodes. With
regard to the phase relationship between clock gene expres-
sion (reflected by the Bmal1-luc profile) and insulin secre-
tion, we found that the maximum level of secreted insulin pre-
cedes the zenith of BMAL1 expression by ∼4–6 h (Figure 2D).
Importantly, although few studies are available, and taking into
account the variability inherent to human studies, such cor-
relation seems to closely recapitulate the phase relationship
observed in vivo in patients on a controlled equicaloric diet
[32,33], highlighting the potency of our in vitro system for fur-
ther dissecting the interplay between the human pancreatic islet
circadian clock and its physiological function.

Importantly, the present work shows that functional circa-
dian oscillators are necessary for chronic and acute insulin
secretion by human pancreatic islet cells in response to glucose
and non-glucose (KCl, carbachol and theophylline) stimulators
(Figure 2A–C and Figure S2A, B in Appendix S1), indicating
that islet cellular clocks are required for the proper ability of
the tissue to respond to daily insulin needs. Our experimental
results are corroborating well with findings from genetic rodent
models [7,34], suggesting that the circadian clock is essential
for proper insulin secretion, and that disruption of the islet
clock may be a direct cause of T2D development [7,10,35].
In humans, there is accumulating evidence that the circadian
oscillator regulates insulin secretion and glucose metabolism
[36,37]. Furthermore, misalignment between the endogenous
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circadian clock and behavioural rhythms, for example as a
result of sleep disturbance or shift work, might be linked to an
increased risk of metabolic syndrome and diabetes [3,38]. Con-
sistent with the outcome of these epidemiological and genetic
studies, our experiments in cultured human pancreatic islets
provide the link between disruption of the islet oscillator and
impaired basal and stimulated insulin secretion.

Consistent with the effect of siClock on insulin secretion,
the whole transcriptome analysis by RNAseq identified alter-
ations in several functional groups of genes related to impaired
insulin secretion (Figure 3B, D, Table 1 and Tables S3 and S4 in
Appendix S1). According to the gene ontology analysis, a num-
ber of transcripts involved in protein synthesis, granule for-
mation and traffic were affected by siClock. These results were
further confirmed by qRT-PCR (Figure 4). For instance, expres-
sion of the Zinc-transporter SLC30A8, which is required for
normal insulin synthesis, storage and secretion [39], was signif-
icantly inhibited by siClock (Figure 4). In rodents, the deletion
of Slc30A8 was accompanied by impairment of insulin secre-
tion in vivo [40], consistent with the phenotype observed in
the present study (Figure 2; and Figure S2 in Appendix S1).
Once insulin is packed into granules, its release requires gran-
ule fusion with the plasma membrane. The final step of gran-
ule fusion is dependent on the functional SNAP25/VAMP/STX
complex, with VAMP3 and STX6 being part of this complex
in ! cells [41,42]. In the present study, we report downregu-
lation of VAMP3 and STX6 transcripts upon clock disruption
(Figures 3 and 4). Importantly, these genes were also differen-
tially expressed in Clock mutant mice [7]; thus, our data are in
a good agreement with the assumption that these genes could
be responsible for disrupted insulin exocytosis upon clock dys-
function [27].

In addition to mechanisms of granule formation and traf-
ficking, probably responsible for the observed deficit in basal
insulin secretion (Figure 2 and Figure S2 in Appendix S1), we
found significant changes in genes regulating insulin secretion
on-demand. Among them ATP5G2 [ATP synthase, mitochon-
drial F0 complex, H+ transporting, subunit C2 (subunit 9)],
ATP1A1 (Na+/K+-transporting ATPase, subunit "-1) and
KCNJ11 (potassium channel, inwardly rectifying subfamily J
member 11) are components of the principal ATP-mediated
pathway of stimulated insulin secretion in response to high
glucose. The expression of ATP5G2 was repressed upon
CLOCK knockdown (Table 1). This mitochondrial enzyme
is required for ATP synthesis by utilizing an electrochemi-
cal gradient of protons across the inner membrane during
oxidative phosphorylation; thus, its downregulation might
decrease glucose-stimulated ATP production in mitochondria.
Notably, studies in Bmal1KO mice suggested that the defect in
GSIS occurs as a result of increased mitochondrial uncoupling
because of upregulation of Ucp2 (uncoupling protein 2), with
consequent impairment of glucose-induced mitochondrial
potential generation and decrease in ATP production [25]. In
our experiments, CLOCK knockdown resulted in the down-
regulation of ATP1A1 expression, required for membrane
depolarization preceding the insulin granule release (Figure 4
and Table 1 [43]). Moreover the transcription of KCNJ11
encoding an ATP-sensitive inward rectifier potassium ion

channel was upregulated (Table 1). Indeed, an activating muta-
tion of KCNJ11 was shown to inhibit insulin secretion and to
cause neonatal diabetes [44]. Furthermore, in a mouse model
of neonatal diabetes, a !-cell-specific activating mutation of
KCNJ11 induced membrane hyperpolarization altering both
basal and glucose-induced insulin secretion [45].

Additionally, insulin secretion is regulated by numerous sig-
nalling pathways that use G proteins as second messengers. We
found that transcription of GNAQ, a component of the stim-
ulatory G protein " subunit that is required for phospholi-
pase C activation [46] was downregulated by siClock, in a good
agreement with a recent work identifying GNAQ as a clock
controlled gene in synchronized human islets [37]. Using the
cholinomimetic carbachol, a specific activator of the Gq/G11
pathway, we show that this pathway is also altered upon clock
disruption in human islet cells (Figure S2C in Appendix S1).

Taken together, our findings suggest that the mechanism
underlying reduced insulin release upon islet clock disruption
is related to a perturbed insulin secretion pathway at the steps of
granular maturation, membrane fusion, and intracellular signal
transduction (Figure 3D).

Unexpectedly, we found that CLOCK knockdown upreg-
ulated the expression of the key !-cell transcription factors
MAFA, NEUROD1 and NKX6-1 (Figure 4 and Table 1 [26]).
We speculate that this might reflect a compensatory adaptation
to the acute clock disruption induced in human adult islets, in
contrast to the mouse Clock-mutant model where transcription
of NeuroD1 was repressed [7], possibly as a result of chronic
perturbation of the circadian clock.

Interestingly, the expression of glucocorticoid receptor
NR3C1 was significantly reduced by clock disruption (Figure 4
and Table 1), which might have an impact on islet cell syn-
chronization, in view of the essential role of glucocorticoid
signalling as synchronizer for peripheral oscillators [47]; thus,
NR3C1 downregulation might reduce the sensitivity of human
islets to glucocorticoids, further exacerbating the dysfunction
of the peripheral clock system. From a clinical perspective, this
conjunction should be taken into account with respect to the
widely used glucocorticoid therapy. In addition, insulin itself
represents a powerful systemic regulator of molecular clocks in
insulin-sensitive tissues [28,48]. Thereby, a decrease in insulin
levels and reduced sensitivity to glucocorticoids due to clock
disruption and/or T2D might have a systemic impact in a
feed-forward loop mechanism, leading to further disruption of
peripheral oscillators in this tissue.

Dysfunction and death of pancreatic ! cells represent a
key factor in the pathogenesis of diabetes mellitus [49]. For
instance, the observed overexpression of pro-apoptotic genes
(PSEN2, SQSTM1, ACVR1B, GCH1, HTT, ARHGEF3) and
downregulation of anti-apoptotic genes (FURIN, PRDX3,
PPP2CB, BTG) by siClock could trigger !-cell death, which
might contribute to the development of T2D. Our analysis of
the global transcription response of islet cells to a disrupted
circadian clock also revealed significant changes in pathways
involved in autoimmunity, such as type 1 diabetes mellitus
(Figure 3B, C; Table 1). Although some isoforms of HLA-C
and HLA-E were shown to be a prediction factor for type 1
diabetes, it is unclear to what extent the overexpression of both
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HLA genes and of the autoantigen PTPRN observed in the
present study (Figure 3C [50]) could induce an autoimmune
response.

Modern lifestyles, including social jet lag and shift work, are
associated with the development of metabolic syndrome and
T2D [3]. Given that T2D is reaching epidemic proportions in
our society, this first demonstration of a link between a func-
tional molecular clock in human pancreatic islets and insulin
secretion may represent an important target for future clinical
investigations.
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Circadian clocks operative in pancreatic islets participate in the
regulation of insulin secretion in humans and, if compromised, in
the development of type 2 diabetes (T2D) in rodents. Here we
demonstrate that human islet α- and β-cells that bear attenuated
clocks exhibit strongly disrupted insulin and glucagon granule
docking and exocytosis. To examine whether compromised clocks
play a role in the pathogenesis of T2D in humans, we quantified
parameters of molecular clocks operative in human T2D islets at
population, single islet, and single islet cell levels. Strikingly, our
experiments reveal that islets from T2D patients contain clocks
with diminished circadian amplitudes and reduced in vitro syn-
chronization capacity compared to their nondiabetic counterparts.
Moreover, our data suggest that islet clocks orchestrate temporal
profiles of insulin and glucagon secretion in a physiological con-
text. This regulation was disrupted in T2D subjects, implying a role
for the islet cell-autonomous clocks in T2D progression. Finally,
Nobiletin, an agonist of the core-clock proteins RORα/γ, boosted
both circadian amplitude of T2D islet clocks and insulin secretion
by these islets. Our study emphasizes a link between the circadian
clockwork and T2D and proposes that clock modulators hold prom-
ise as putative therapeutic agents for this frequent disorder.

circadian clock | exocytosis | human pancreatic islet | type 2 diabetes |
real-time bioluminescence

The circadian clocks allow most of the organisms to anticipate
periodical changes of geophysical time. In mammals, this

time-keeping system governs most aspects of physiology and
behavior. It comprises a master pacemaker, located in the paired
suprachiasmatic nuclei (SCN) of the hypothalamus, that on a
daily basis synchronizes peripheral oscillators situated in the
organs (1). The circadian system orchestrates body metabolism
via diverse neural and humoral pathways, thus ensuring the fine-
tuning of the metabolic processes to the rest–activity and feed-
ing–fasting cycles. In turn, the metabolites are feeding back on
the circadian oscillators at the cellular and whole-body levels (2–
6). Mouse strains lacking a functional clock due to the disruption
of essential core-clock genes in the whole body, or in a tissue-
specific manner, develop hyperglycemia, hypoinsulinemia, and
glucose intolerance (7–10). Emerging works in humans suggest
that a considerable portion of the transcripts in metabolic organs
exhibit rhythmic expression (7, 11, 12). Human metabolomics
and lipidomics studies have demonstrated diurnal profiles for a
wide panel of metabolites in different peripheral tissues and in
the blood (13–15). Moreover, epidemiological studies in humans
strongly suggest that circadian misalignment may lead to the
development of metabolic diseases, such as obesity and type 2
diabetes (T2D) (16, 17).

Several articles have provided a detailed characterization of
molecular clocks operative in rodent pancreatic islets, high-
lighting primordial importance of functional islet clocks for in-
sulin secretion and maintenance of glucose homeostasis (7, 8,
18). Such clock-mediated regulation of insulin secretion has been
suggested to be exerted on insulin granule exocytosis, rather than
on hormone synthesis, although direct evidence is still missing (7,
19, 20). Genetic mouse models with the pancreas-specific clock
perturbation exhibit a phenotype of strongly disrupted insulin
secretion, severe glucose intolerance, and all of the features of
T2D from an early age, strongly suggesting implication of the
islet clocks in T2D development (7, 8). Furthermore, the roles of
the α-cellular clocks in regulating glucagon secretion in rodents
have been highlighted, underscoring the importance of the in-
teractions between the oscillators operative in α- and β-cells for
islet function (20, 21). In line with these findings in rodents,
studies in human islets unraveled the molecular makeup of the
cell-autonomous local oscillators, and their primordial role in
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functional regulation of the endocrine pancreas, notably in reg-
ulating insulin secretion (7, 12, 22). Experiments with human
islets cultured in vitro revealed that upon clock disruption by
RNA interference-mediated CLOCK knockdown human islet
cells secreted less insulin. Furthermore, clock perturbation dis-
rupted the rhythmicity of basal insulin secretion observed in is-
lets of healthy human subjects (22). These data suggest a
functional link between the pancreatic islet clock and insulin
secretion and highlight the importance of islet oscillators in the
development of T2D in rodents and possibly in humans.
In this study, we uncover the temporal coordination of insulin,

proinsulin, and glucagon secretion profiles by the circadian oscil-
lators operative in human islet cells. Such temporal coordination is
likely exerted via an exocytosis process, since our experiments
reveal that functional islet clocks are indispensable for proper
secretory granule docking and exocytosis of insulin and glucagon.
Strikingly, our study reveals that the circadian clockwork is com-
promised in human α- and β-cells in T2D, evidenced by the altered
temporal profiles of insulin, proinsulin, and glucagon secreted by
T2D human islets. Finally, the clock modulator Nobiletin shows a
significant capacity to boost both the amplitude of circadian gene
expression in human T2D islets and their insulin secretion, hold-
ing promise in terms of therapeutic implications.

Results
Circadian Oscillators Operative in Human Pancreatic Islet Cells
Isolated from T2D Donors Exhibit a Dampened Amplitude and

Altered Synchronization Properties. We have previously identified
molecular makeup of cell-autonomous circadian clocks operative
in human islets at population, individual islet, and islet cell levels
(12). In order to assess whether alterations may occur in the islet
circadian clockwork concomitant with the development of T2D
in humans, we first measured the expression levels of core-clock
genes in nonsynchronized human islet cells derived from T2D
donors, and compared those to nondiabetic (ND) counterparts
(SI Appendix, Table S1). Expression levels of PERIOD 1 to 3
(PER1-3), CRY2, REV-ERBα, CLOCK, and DBP were signifi-
cantly diminished in T2D compared to ND islet cells (SI Ap-
pendix, Fig. S1A). NFIL3 levels were slightly up-regulated, and
BMAL1 and CRY1 did not change (SI Appendix, Fig. S1A).
Since expression levels of the key core-clock genes were

strongly altered in T2D islets, we next assessed human islet
clockwork by introducing two antiphasic circadian reporters,
Bmal1-Luciferase (Bmal1-luc) or Per2-Luciferase (Per2-luc),
allowing for continuous bioluminescence monitoring in human
primary cells (23). In an agreement with previous clock charac-
terization in human islets, primary skeletal myotubes, and skin
fibroblasts (22, 24, 25), synchronization in vitro by forskolin pulse
induced high-amplitude oscillations of both Bmal1-luc and Per2-luc
reporters that were antiphasic in ND islets (compare ND lines in
Fig. 1 A and B, Left). While both reporters were rhythmically
oscillating in T2D islets following forskolin synchronization,
the amplitude of these oscillations was significantly attenuated
(Fig. 1 A and B). Absolute levels of Bmal1-luc expression were
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Fig. 1. Pancreatic islets derived from T2D human donors bear disrupted circadian clocks. (A and B) Average detrended oscillatory profiles of forskolin-
synchronized human islet cells transduced with Bmal1-luc (A, n = 19 ND; n = 15 T2D donors) or with Per2-luc lentivectors (B, n = 15 ND; n = 12 T2D donors).
Comparisons of average period length and amplitude are shown in adjacent histograms. *P < 0.05, **P < 0.01. (C–E) Average detrended Bmal1-luc bio-
luminescence profiles for pancreatic islets derived from ND and T2D donors synchronized in vitro with 1-h pulse of GLP-1 receptor agonist Liraglutide
(C), adrenaline (D), or synthetic somatostatin analog Octreotide (E). See also SI Appendix, Fig. S1 and Table S2.
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comparable and even slightly elevated in T2D islets (SI Appen-
dix, Fig. S1C), whereas those of Per2-luc were strongly decreased
in T2D islets compared to ND controls (SI Appendix, Fig. S1D).
While no significant alterations in circadian period length and
phase of Per2-luc oscillations have been observed overall be-
tween ND and T2D groups (Fig. 1 B, Right), nonsignificant
tendencies of weak to moderate negative correlations between
the circadian oscillation parameters and the blood levels of
HbA1c measured in the same subjects have been observed within
the T2D group (SI Appendix, Fig. S1 F–H).
Furthermore, we characterized Bmal1-luc reporter oscillatory

profiles of ND control islets following synchronization by the
pulses of Liraglutide, an analog of GLP-1, adrenaline, and
Octreotide, an analog of somatostatin. Continuous recording of
Bmal1-luc bioluminescence following Liraglutide, adrenaline, or
Octreotide synchronization in ND islets (Fig. 1 C–E and SI
Appendix, Table S2) revealed significant circadian oscillations as
compared to the medium change alone (SI Appendix, Fig. S1E).
Circadian amplitude of the oscillations induced by all three
synchronizers was inferior to the one resulting from forskolin
pulse (Fig. 1A). Period length was shorter for adrenaline-induced
oscillations as compared to the other synchronizers, and phase
was slightly advanced for adrenaline- and Octreotide-induced
oscillations (compare Fig. 1 A and D–E; see also SI Appendix,
Table S2). Importantly, when applied to T2D human islets,
Octreotide failed to synchronize their clocks (Fig. 1E), whereas
adrenaline pulse resulted in Bmal1-luc oscillations with a delayed
circadian phase and tendency for dampened amplitude com-
pared to ND controls (Fig. 1D and SI Appendix, Table S2).
Reduced expression of SSTR2 and ADRA2A receptor transcripts
measured in T2D islets (SI Appendix, Fig. S1B) corroborated
compromised synchronizing efficiency of adrenaline and so-
matostatin in T2D islets. Circadian oscillations resulting from
Liraglutide pulse were comparable between ND and T2D islets
(Fig. 1C and SI Appendix, Table S2), with significantly faster
drop in amplitude by T2D islets as measured by the slope
of peaks fading (−0.015 ± 0.0023 versus −0.007 ± 0.0018,
P = 0.024).

Attenuated Individual Cell Oscillations and Perturbed Synchronization
Capacity between the Endocrine Cellular Clocks Lead to the Impaired
Islet Clockwork upon T2D. The perturbation of the islet oscillatory
capacity observed in human T2D islets at the islet population
level may stem from compromised islet cellular clockwork, or
from disrupted synchronization capacity among the individual
islets and individual islet cells upon T2D. To distinguish between
these scenarios, we visualized Per2-luc oscillations of individual
islets from T2D and ND donors synchronized by forskolin pulse
employing bioluminescence time-lapse microscopy (Fig. 2 A and
B and Movies S1 and S2). In line with our recordings at the islet
population level (Fig. 1B), average profiles of Per2-luc oscilla-
tions in single T2D islets exhibited significantly lower circadian
amplitude (Fig. 2 C, Center). Importantly, whereas oscillatory
profiles of the individual ND islet clocks were in synchrony
among the islets, the phase distribution of T2D islets was wider,
indicating disrupted synchronization capacity among the T2D
islets (Fig. 2 C, Right, and Movies S1 and S2). Overall, our single-
islet recording experiments strongly suggest that T2D islets bear
oscillators with lower circadian amplitude, and that synchroni-
zation among the individual T2D islet clocks by the most potent
synchronizing agent forskolin is less efficient compared to ND
counterparts.
In order to dissect the synchronization and individual oscilla-

tor properties in human α- and β-cells, Pppg-mCherry (26) and
RIP-GFP (12) viruses were introduced, allowing for efficient and
specific cell labeling. Combined bioluminescence-fluorescence
time-lapse microscopy of human islet cells transduced with Pppg-
mCherry, RIP-GFP, and Per2-luc viruses has been conducted (Fig. 2

A and B and Movies S1 and S2). Per2-luc profiles in the individual
α- and β-cells from ND and T2D donors were traced using
modification of a CGE algorithm (12, 27), and analyzed by
JTK_Cycle (significance threshold of adjusted P value for
JTK_Cycle analyses was set at 0.1). Most of the traced endocrine
cells from ND (86 of 87 islet cells) and T2D donors (76 of 79 islet
cells) were rhythmic. Importantly, circadian amplitude was
strongly reduced in both α- and β-cellular clocks in the T2D
group (Fig. 2 D–F), suggesting clockwork perturbation at the
single-cell level. Moreover, both T2D α- and β-cells exhibited
significant phase delay and wider phase distribution (Fig. 2G),
indicative of less efficient synchronization capacity among the
endocrine cells within T2D islets. Thus, both diminished circa-
dian amplitude of individual islet cell clocks and wider phase
distribution among the cells contribute to the compromised islet
clockwork in T2D donors.

Human α- and β-Cells Synchronized In Vitro Secrete Glucagon, Insulin,
and Proinsulin in a Circadian Rhythmic Manner. We recently revealed
that human pancreatic islet cells synchronized in vitro exhibited a
rhythmic profile of insulin secretion that was compromised in the
absence of functional islet clocks (22). We now measured basal
insulin secretion by isolated human β-cells. To this end, RIP-
GFP–labeled human β-cells were separated by FACS, synchro-
nized in vitro with forskolin pulse, and perifused during 48 h with
a culture medium containing 5.5 mM of glucose (Fig. 3 A and B).
Basal concentration of insulin secreted by human β-cells exhibited
tendency for oscillations that did not reach statistical significance
to qualify as circadian according to JTK_Cycle when applied to
the time window 0 to 48 h (Fig. 3B). However, the oscillation
pattern did qualify as circadian rhythmic in the time window be-
tween 4 and 48 h, evaluated to avoid a potential bias from imme-
diate early response. Non-β (GFP−)-cells from the same preparations
secreted trace amounts of insulin, further validating the quality of
β-cell population separation (Fig. 3A).
Next, we measured a temporal profile of glucagon secretion by

a mixed human islet cell population (Fig. 3 C and D). Of note,
glucagon was secreted in a significantly circadian rhythmic
manner by human α-cells (Fig. 3 C and D). The insulin secretion
profile by the same mixed islet cell population measured in
parallel was rhythmic as well, with the phase of glucagon secre-
tion peak being 2 h behind the peak of insulin secretion (Fig. 3
C and D).
In addition to mature insulin, β-cells secrete its nonprocessed

precursor proinsulin. Our parallel measurements of proinsulin
and insulin profiles by the same mixed islet cells revealed that
also proinsulin secretion was circadian rhythmic (Fig. 3 E and F).
The phase of proinsulin secretion profile was delayed about 2 h
as compared to insulin in the same samples. Thus, our data
provide evidence for circadian patterns of insulin, proinsulin, and
glucagon secretion by human islet cells in physiological situation.

Circadian Profiles of Insulin, Proinsulin, and Glucagon Secretion Are
Altered in T2D Islets. Next, temporal secretion profiles of insulin,
glucagon, and proinsulin by T2D islet cells were assessed utiliz-
ing a perifusion system (Fig. 4 and SI Appendix, Fig. S2).
Whereas a temporal pattern of insulin secretion by T2D islet
cells still qualified as circadian by JTK_Cycle, the magnitude and
overall amount of insulin secretion over 48 h were significantly
diminished compared to ND controls. This difference was most
prominent during the peak of insulin secretion (8 to 12 h and 32
to 36 h) (Fig. 4 A and B and SI Appendix, Fig. S2D). In line with
compromised insulin secretion profiles, reduced expression of
β-cell–specific genes INS, MAFA, and SLC30A8, and exocytosis-
related genes STX1, SNAP25, and VAMP2 was observed in
nonsynchronized T2D islet cells (SI Appendix, Fig. S1B). While
we did not detect a significant difference either in absolute val-
ues of glucagon secretion by T2D islet cells or in total glucagon
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Fig. 2. The α- and β-cells constituting the islets from T2D human donors bear disrupted circadian oscillators. (A and B) Representative combined
bioluminescence-fluorescence images of human islets from ND (A) and T2D (B) donors, subjected to time-lapse microscopy following forskolin synchronization
(Movies S1 and S2). (Scale bars, 40 μm.) (C) Average Per2-luc bioluminescence expression profiles of single human islets in n = 6 ND and n = 5 T2D donors
(Movies S1 and S2). (C, Left) Individual islet profiles (n = 17 for ND donors, n = 11 for T2D donors); (Center) the average profiles for islets from all ND and T2D
donors and histograms comparing their average amplitudes and phases. Phase distribution of individual islets from ND and T2D donors is presented on the
adjacent polar histograms (Right). (D and E) Average (Left) and individual Per2-luc bioluminescence profiles for β-cells (Center) and α-cells (Right) from ND (D)
and T2D donor islets (E). Average circadian amplitude (F), and phase (G) for all analyzed single α-cells and β-cells from ND and T2D donors. Phase distribution
of individual islet cells (α- and β-) from ND and T2D donors is presented on the polar histograms adjacent to G. *P < 0.05, ***P < 0.001.

Petrenko et al. PNAS | February 4, 2020 | vol. 117 | no. 5 | 2487

CE
LL

BI
O
LO

G
Y

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

A
ug

us
t 1

7,
 2

02
0 

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1916539117/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1916539117/video-2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1916539117/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1916539117/video-2


content in T2D islet cells, the temporal profile of glucagon se-
cretion was altered (Fig. 4 C and D and SI Appendix, Fig. S2 C
and E). Indeed, the circadian rhythmicity of glucagon secretion
by T2D islet cells was lost (Fig. 4D). Finally, the proinsulin se-
cretion profile by T2D islet cells was not qualified as circadian
rhythmic according to the JTK_Cycle (Fig. 4 E and F and SI
Appendix, Fig. S2F).

Functional Clock Is Required for Insulin and Glucagon Granule Docking
and Exocytosis in Pancreatic α- and β-Cells.Down-regulation of the
CLOCK gene has been recently shown to affect expression of
genes coding for components of the insulin granule exocytosis
machinery (22). We therefore quantified granule docking and
exocytosis by total internal reflection fluorescence (TIRF) mi-
croscopy in ND human β-cells, in which CLOCK was knocked
down using small-interfering RNA (siRNA). The granules were
labeled by transducing the cells with the adenoviral granule
marker NPY-mCherry (28), and α- or β-cells were identified by
using cell specific promoters driving the expression of fluores-
cent proteins (Materials and Methods). β-Cells showed a pro-
nounced decrease in the density of plasma membrane-docked
granules under CLOCK knockdown (by 34%, P < 0.0005) (Fig.
5 A and B). The trend was similar in α-cells that also showed
a slight decrease in the density of plasma membrane-docked

granules in CLOCK knockdown condition (P < 0.05) (Fig. 5
F and G).
We then stimulated exocytosis by elevating extracellular K+ to

75 mM for 40 s. Single exocytosis events were observed as a
sudden disappearance of granule fluorescence (example in Fig. 5
C and E) (29, 30). As reported previously (28), in control β-cells
the rate of exocytosis was initially high but slowed toward the end
of the stimulation (Fig. 5D). On average, 0.13 (±0.016) exo-
cytosis events were recorded during the stimulation in control
cells (Fig. 5E). In siCLOCK-transfected cells, both the rapid and
the slow phases were still present, but exocytosis was strongly
reduced (85% to 0.02 ± 0.004 g/μm2, P < 0.0005). In α-cells, we
observed a similarly strong reduction in K+-stimulated exocytosis
after knockdown of CLOCK (82% to 0.014 ± 0.003 g/μm2, P <
0.0005) (Fig. 5 H and I).
Exocytosis and granule docking were also quantified in islets

from mice in which Bmal1 was deleted (Bmal1KO). In β-cells,
docked granules were reduced by 34% (SI Appendix, Fig. S3 A
and B), and K+-stimulated exocytosis was reduced by 46% (SI
Appendix, Fig. S3C). In α-cells of Bmal1KO mice we observed a
similar tendency with reduction of both docked granules (by
20%) (SI Appendix, Fig. S3 D and E) and K+-stimulated exo-
cytosis (by 82%) (SI Appendix, Fig. S3F). Collectively, these re-
sults further indicate that CLOCK and BMAL1, the two members
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Fig. 3. Glucagon, insulin, and proinsulin are rhythmically secreted by human islet cells synchronized in vitro. (A) Temporal insulin secretion profile by FACS-
separated human β-cells (∼25,000 cells per dish) assessed by perifusion. (B) Insulin secretion values presented in A were normalized to the total hormone
content in the cell lysate at the end of the experiment (at 48 h). When JTK_Cycle was applied to the time window 4 to 44 h, to exclude a possible bias due to
immediate-early response to synchronization, the resulting profile of insulin secretion qualified as circadian rhythmic (P = 0.084), with the average period
length 24.04 ± 0.98 h, and phase 10.4 ± 4.62 h. (C) Insulin and glucagon secretion by ∼50,000 mixed ND islet cells from n = 6 donors subjected to perifusion
and normalized to residual respective hormone content at 48 h (C). Note the delayed phase of glucagon secretion as compared to insulin (P = 0.0019, paired
Student’s t test). (E) Insulin and proinsulin secretion by ND islet cells from n = 4 donors. Note the delayed phase of proinsulin secretion as compared to insulin
(P = 0.02, paired Student’s t test). (D and F) Detrended values from C and E. JTK_Cycle qualified as circadian rhythmic the average profile of insulin (D, P =
0.057; period length 22.96 ± 0.75 h); of glucagon (D, P = 0.009, period length 24.3 ± 0.22 h); and of proinsulin (F, P = 0.097, period length 21.5 ± 0.96 h).
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of the positive limb of the molecular oscillator, are required for
proper functioning of the insulin and glucagon granule exocytosis
machinery.

High Glucose Levels Alter Molecular Clocks in the Islets from ND, but
Not from T2D Donors. To assess the effect of high glucose on the
islet clockwork, we recorded Bmal1-luc or Per2-luc oscillations
from ND islets in the presence of 20 mM glucose. Adding high
glucose to recording medium resulted in 1 h longer circadian
period length for both reporter profiles compared to the physi-
ological concentration of 5.5 mM (Fig. 6A and SI Appendix, Fig.
S4A). In contrast, the oscillatory profiles of T2D islets in the
presence of 5.5 mM (low) and 20 mM (high) glucose in the re-
cording medium were comparable, suggesting that high glucose
levels do not induce significant changes in the clockwork (Fig. 6B
and SI Appendix, Fig. S4B).
When perifused with high glucose, ND islet cells secreted

significantly higher insulin levels comparatively to their coun-
terparts perifused with low glucose. This difference was partic-
ularly striking during the insulin secretion peaks between 8 to 12
h and 28 to 32 h (Fig. 6C). Interestingly, insulin secretion
reached its maximum 2 to 4 h prior to the peak of Per2-luc ex-
pression recorded in parallel from the same cells (SI Appendix,
Fig. S4C). In contrast, T2D islet cells perifused with high glucose
secreted only slightly more insulin than their counterparts peri-
fused with low glucose (Fig. 6C and SI Appendix, Fig. S4D). In an
agreement with the outcome of perifusion experiments, static

insulin secretion by nonsynchronized T2D islet cells was slightly
elevated in the presence of low glucose, whereas it was decreased
at high glucose. This led to a 2.5-fold lower stimulation index for
T2D islets (Fig. 6D and SI Appendix, Fig. S4F). Impaired glucose
sensitivity of the T2D islet cells might be partly attributed to
altered expression levels of insulin-independent glucose trans-
porters GLUT1 and GLUT2 in T2D islet cells (SI Appendix, Fig.
S1B) observed in our samples, consistently with the previous
reports (31). No significant difference in the islet cell apoptosis
has been observed following incubation with high glucose (SI
Appendix, Fig. S4E). Collectively, these data indicate that high
glucose interferes with the pancreatic islet cell clockwork in ND
by lengthening the period, but has little effects on either oscil-
lation of clock gene expression or on temporal insulin secretion
in T2D islets.

In Human T2D Islets the Receptor-Related Orphan Receptor Agonist
Nobiletin Boosts the Amplitude of Circadian Gene Expression and
Increases Basal and Stimulated Insulin Secretion. To examine
whether boosting the T2D islet clockwork may have a beneficial
effect on insulin secretion, we attempted to restore the damp-
ened circadian amplitude in T2D islets pharmacologically. To
this end, we employed Nobiletin, a drug that has been shown to
enhance circadian amplitude in clock-deficient mouse fibroblasts
via receptor-related orphan receptor (ROR) nuclear receptors
(32). Assessment of the expression levels of RORα transcripts
revealed no change between ND and T2D islets (SI Appendix,
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Fig. 4. Circadian rhythmic profiles of insulin, proinsulin, and glucagon secretion are disrupted in T2D. Secretion profiles of insulin (A and B, n = 6 ND; n = 10
T2D donors), glucagon (C and D, n = 6 ND; T2D donors), and proinsulin (E and F, n = 4 ND; n = 5 T2D donors) were measured in the outflow perifusion medium
from ∼50,000 synchronized mixed human islet cells. (B, D, and F) Respective raw data from A, C, and E were normalized to the total hormone content in the
cell lysate at the end of each experiment. JTK_Cycle analysis qualified insulin secretion profile in ND islets as circadian rhythmic (P = 0.097), with the amplitude
of 0.006 ± 0.0015 relative units, period length 23.68 ± 0.96 h, and phase 8.41 ± 1.05 h. Whereas the insulin secretion profile was still qualified as circadian
rhythmic in T2D donors (P = 0.097), the amplitude of these oscillations was strongly diminished to 0.0038 ± 0.0012 relative units; period length of 23.67 ±
0.63 h and phase 9.76 ± 0.8 h. Glucagon secretion profile qualified as circadian rhythmic in ND donors (P = 0.009), with amplitude 0.0045 ± 0.0014, period
length 24.3 ± 0.22 h, and phase 10.94 ± 1.23 h, whereas it was nonrhythmic in T2D donors (P = 0.81). Proinsulin secretion profile in ND donors was qualified as
circadian (P = 0.097) with amplitude of 0.014 ± 0.0048; period length 21.5 ± 0.96 h, and phase 10.5 ± 1.5 h, while in T2D donors it was considered noncircadian
(P = 1). See also SI Appendix, Fig. S2. *P < 0.05, **P < 0.01.
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Fig. S1A). When applied to synchronized T2D human islets,
Nobiletin doubled the magnitude and significantly enhanced the
amplitude of Bmal1-luc oscillations at least during the first two
cycles (Fig. 7 A and B). Similar trend for magnitude was ob-
served for the islets from both ND and T2D donors transduced
with Per2-luc reporter; however, the effect on circadian ampli-
tude did not reach statistical significance in this case (SI Ap-
pendix, Fig. S5 A and B). Noteworthy, Nobiletin acutely boosted
Bmal1-luc expression when applied to forskolin-synchronized
T2D islets (SI Appendix, Fig. S5C). Long-term application of
Nobiletin to ND and T2D islets did not result in any detectable
increase in the islet cell apoptosis (SI Appendix, Fig. S5D).
Next, we investigated the effect of Nobiletin on insulin se-

cretion by human islets. Adding Nobiletin to the medium con-
taining 5.5 mM glucose led to 3.5-fold increase in insulin
secretion by ND islets (Fig. 7C). In concordance with static in-
sulin release, a glucose-stimulated insulin secretion (GSIS) test
showed significant rise in insulin secretion in basal (fivefold)
and glucose-stimulated (twofold) conditions (Fig. 7D). Increased

insulin secretion did not stem from the effect on insulin pro-
duction de novo since the total amount of produced insulin
during both tests in the presence of Nobiletin was comparable to
the control condition (SI Appendix, Fig. S5 E and F). Sub-
sequently, we tested the capacity of Nobiletin to boost insulin
secretion in siCLOCK expressing islet cells that exhibited re-
duced basal and stimulated insulin secretion (22). GSIS tests
conducted in siCLOCK-transfected ND islet cells in the presence
of Nobiletin resulted in a marked enhancement of basal and
stimulated insulin secretion (Fig. 7E). Remarkably, Nobiletin
ameliorated the compromised capacity by T2D islets to release
insulin at basal glucose conditions and in the GSIS test (Fig. 7 F
and G and SI Appendix, Fig. S5 E and F). Overall, Nobiletin
partly restored compromised basal and GSIS by human T2D
islets and ND islets bearing disrupted clocks and further en-
hanced insulin secretion by human ND islets. Noteworthy,
Nobiletin also induced glucagon secretion in ND and T2D islets
during glucagon release test in the presence of 5.5 mM glucose
(SI Appendix, Fig. S5G). Furthermore, we utilized SR9011, a
synthetic agonist of REV-ERB receptors (33). Contrary to Nobi-
letin, SR9011 diminished the magnitude of Per2-luc reporter
expression by ND islets, without notable dampening of the cir-
cadian amplitude (SI Appendix, Fig. S5H). Of note, application of
SR9011 to T2D islet cells throughout all of the stages of GSIS
assay significantly reduced the insulin secretion capacity of these
cells (Fig. 7H).

Discussion
Rodent studies reported a critical role of the islet circadian
clocks in maintaining glucose homeostasis, concomitant with the
link between disruption of the islet oscillators and the develop-
ment of T2D (1, 5, 34). Here we provide a convincing evidence
that pancreatic islets isolated from human T2D donors exhibit
strongly diminished amplitude of circadian oscillations, as com-
pared to ND counterparts. Furthermore, synchronization ca-
pacity of T2D islets by physiologically relevant compounds was
reduced. Along with the observed disruption of circadian oscil-
lators, temporal profiles of insulin, proinsulin, and glucagon se-
cretion, that are rhythmic in the case of ND islets, were
perturbed in T2D islets. Pancreatic islet oscillators are likely
regulating the hormone secretion via the exocytosis process.
Indeed, in the model of the islet clock disruption, insulin and
glucagon granule docking and exocytosis were strongly de-
creased, similar to the phenotype observed in T2D islets. Strik-
ingly, the clock modulator Nobiletin enhanced the amplitude of
Bmal1-luc circadian oscillations in T2D islets, and partly restored
insulin secretory capacity of these islets.

Cell-Autonomous Clocks in Pancreatic Islets Isolated from T2D Donors
Exhibit Diminished Circadian Amplitude and Reduced Synchronization
Capacity. Pancreatic islets receive numerous systemic and para-
crine physiological signals that couple the function of the en-
docrine pancreas to the metabolic needs on a daily basis, possibly
via modulating circadian rhythmicity of α- and β-cells. Indeed,
physiologically relevant stimuli such as adrenaline, insulin, glu-
cagon, somatostatin, and GLP-1 analogs (Liraglutide and
Exenatide) differentially reset mouse α- and β-cell molecular clocks
(20, 21). Forskolin, dexamethasone, and temperature cycles have
been shown to efficiently synchronize human pancreatic islet
clocks in vitro (7, 12). Here we demonstrate that adrenaline,
Octreotide, and Liraglutide are potent synchronizers of circadian
clocks in ND human islets. Our data also indicate that chronic
application of high glucose levels on ND islets lengthens the
circadian period of human islet clocks. The effect of glucose on
the islet clocks might be mediated via down-regulation of Per1
and Per2 transcripts, as was reported for cultured fibroblasts
(35). In mice, islet cellular clocks in FACS-separated α- and
β-cell populations exhibit distinct circadian properties and
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Fig. 5. Molecular clock affects granule docking and exocytosis in human α-
and β-cells. (A) β-Cells from nondiabetic donors transfected with siRNA tar-
geting CLOCK gene (siClock), or scrambled control siRNA (siCtrl). (B) Density
of docked granules in cells as in A. (C) Image sequence (0.1 s per frame)
showing an individual insulin granule undergoing K+-stimulated exocytosis
(exo). (D) Time course of exocytosis constructed from events as in C, in re-
sponse to elevation of K+ to 75 mM for 40 s, 10 s after the experiment was
initiated. (E) Average granule fluorescence from all of the exocytosis events
seen in siCtrl in D. Note the disappearance of fluorescence signal at time 0.
(F) α-Cells of ND donors identified by expression of Pppg-GFP (Left) and
coexpressing the granule marker NPY-mCherry (Right) and either trans-
fected with scrambled control (siCtrl, Upper), or siRNA targeting CLOCK
(siClock, Lower). (G) Density of docked granules. (H) Time course of exo-
cytosis in α-cells as in F. (I) Average granule fluorescence from all of the
exocytosis events seen in siCtrl in (H). Note the disappearance of fluores-
cence signal at time 0. *P < 0.05, ***P < 0.001. See also SI Appendix, Fig. S3.

2490 | www.pnas.org/cgi/doi/10.1073/pnas.1916539117 Petrenko et al.

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

A
ug

us
t 1

7,
 2

02
0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916539117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916539117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916539117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916539117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916539117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916539117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916539117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916539117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916539117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916539117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1916539117


differential responses to physiologically relevant synchronizers
(20, 21). Utilizing time-lapse microscopy, we now report that
within intact human islets, α- and β-cells possess oscillators with
comparable circadian properties, implying the role of the islet
cytoarchitecture and paracrine interactions among different en-
docrine cells for the circadian coupling, similar to those observed
in SCN neurons. Although the exact mechanism of coupling
among cellular clocks in SCN is not entirely understood, it in-
volves Na+-dependent action potentials relying on the activity of
voltage-dependent calcium channels in response to chemical
stimuli and transmission of the electrical signaling via gap-junctions
(36). Similarly, the coordinated secretory response by the islet to
glucose stimulation requires intraislet cell coupling via gap-junctions
(37). Furthermore, paracrine glucagon and GLP-1 signaling ema-
nating from α-cells is indispensable for efficient regulation of
glucose homeostasis by neighboring β-cells (38). Given that glu-
cose, insulin, adrenaline, glucagon, somatostatin, and GLP-1 mi-
metics efficiently reset pancreatic islet clocks in mouse and human
islets (20, 21), the signaling pathways induced by these molecules
might be good candidates for mediators of both circadian and
functional coupling among the islet cells.
Pancreatic islets derived from T2D donors exhibited attenu-

ated circadian rhythms as compared to ND counterparts (Figs. 1
and 2 and SI Appendix, Fig. S1). In line with previous transcriptomic
screening (39), we also show that expression of core-clock
components is strongly altered in nonsynchronized cultured

human T2D islets (SI Appendix, Fig. S1A). Observed suppression
of one or several components in the principal core-clock loop
(CLOCK, PER1-2) may account for dampening the circadian
reporter amplitude observed in synchronized T2D islets, as has
been previously demonstrated in the skin fibroblasts derived
from respective mouse KO models (40, 41). Beyond observed
perturbation in the clockwork per se, T2D islet clock oscillators
failed responding to physiologically relevant molecules, such as
adrenalin, Octreotide, and glucose, further compromising their
ability to anticipate and adequately react to feeding–fasting
cycles. Loss of the adrenergic resetting effect on the T2D islet
clocks might be associated with reduction of ADRA2A expres-
sion (SI Appendix, Fig. S1B) (42), or with genetic variant of
ADRA2A found in a subset of T2D patients characterized by
enhanced adenylate cyclase inhibitory activity in β-cells (43).
Similarly, alteration of somatostatin resetting effect on islet
clocks might be attributed to reduction of SSTR2 expression
levels in T2D islet cells (SI Appendix, Fig. S1B) (42). Further-
more, changes of GLUT2 and GLUT1 transporter expression in
T2D islets (SI Appendix, Fig. S1B) (44) may account for the lack
of response by the islet cellular oscillators to the high glucose in
the medium that was observed in T2D islets, contrary to the ND
counterparts (Fig. 6). Of note, while glucose, adrenaline, and
somatostatin fail to efficiently synchronize human T2D islet
clocks, the GLP-1R mimetic Liraglutide maintained its resetting
capacity on T2D oscillators, extending its therapeutic action to the
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Fig. 6. High glucose levels impact on the molecular clocks in the islets from ND, but not from T2D donors. Average detrended oscillatory profiles of forskolin-
synchronized human islet cells from ND (A) and T2D donors (B) transduced with Bmal1-luc (Upper, n = 15 for ND and n = 10 for T2D) or Per2-luc lentivectors
(Lower, n = 9 for ND and n = 8 for T2D). Adjacent histograms show changes in the period length of islet oscillations recorded in the presence of 20 mM glucose
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with the medium containing either 5.5 mM or 20 mM glucose across 48 h (n = 3 of ND and n = 5 T2D donors). Two-way ANOVA test with Bonferroni posttest
was used to assess the difference between experimental conditions. (D) Static release (Left) of insulin by dispersed islet cells from ND or T2D donors was
measured after 7-h incubation in the presence of 5.5 or 20 mM glucose, and expressed as percent of total residual insulin content in the end of the experiment
(mean ± SEM) for n = 10 ND and n = 10 T2D preparations. Respective stimulation index is expressed (Right). *P < 0.05, **P < 0.01, and ***P < 0.001. ns, not
significant. See also SI Appendix, Fig. S4.
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islet clock modulating function. Interestingly, the oscillation pe-
riod length within the T2D group showed a tendency for inverse
correlation with the T2D severity measured by blood HbA1c levels
in the same donors (SI Appendix, Fig. S1G) that did not reach
statistical significance. A similar negative correlation was observed
between period length of cultured skin fibroblasts and blood
HbA1c in a different cohort of T2D donors (24).

Perturbed Circadian Oscillators in Human T2D Islets May Affect
Temporal Hormone Secretion via Regulating the Islet Hormone
Exocytosis. Blood levels of insulin exhibit pronounced daily
rhythmic profiles in rodents and in healthy human volunteers (8,
20, 45). These oscillatory profiles are stemming, at least in part,
from rhythmic insulin secretion, as was shown by in vitro ex-
periments with isolated mouse and human islets. The latter are
compromised in the absence of functional islet clocks (8, 22),
suggesting a primordial role of the cell-autonomous circadian
oscillators for islet function. Here we show that concordantly
with rhythmic secretion of insulin by mixed human islet cells and
by pure mouse β-cells, also pure human β-cells synchronized
in vitro secrete insulin in a circadian fashion. Additionally, cir-
cadian profile of proinsulin secretion was ∼2-h phase-delayed
compared to insulin secreted by the same islets. Oral glucose
tolerance test in humans revealed that release of unprocessed

proinsulin follows the one of mature insulin (46), likely reflecting
an additional recruitment of proinsulin-containing immature
granules upon increased insulin needs. Finally, we show that
human islet cells secret glucagon in a circadian fashion. The peak
of the rhythmic secretory profile of glucagon was delayed in com-
parison to that of insulin secreted by the same islets, in agreement
with the data in rodents (20, 47). Importantly, rhythmic temporal
profiles of proinsulin, insulin, and glucagon secretion by synchro-
nized ND islets were strongly compromised in the T2D islets. In
agreement with the data in first-degree relatives of T2D patients,
pointing to the absence of the ascending phase of circadian rhythm
and the attenuation of the circadian amplitude of insulin secretion
rate (48), we found decreased magnitude and amplitude of insulin
secretion in T2D islets synchronized in vitro. Strikingly, the
circadian rhythmic profile of basal insulin secretion by ND islets
was compromised following induced attenuation of molecular
clocks (22), providing a parallel between the islet hormone se-
cretion phenotype associated with T2D and with siRNA-mediated
islet clock disruption.
Furthermore, our experiments suggest that functional islet

clocks are indispensable for a proper docking and exocytosis of
insulin and glucagon granules in humans and in mice. Indeed,
siCLOCK-mediated clock disruption in human islets and Bmal1
knockout in mice resulted in a similar phenotype comprising
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strong decrease in the secretory granule docking and of exo-
cytosis events (Fig. 5 and SI Appendix, Fig. S3). The docking
defect in β-cells was more pronounced than in α-cells. In line
with these findings, transcriptomic analyses revealed that a large
portion of key regulators of the secretory granule trafficking,
docking, and exocytosis is under clock regulation in mouse and
human islets (6, 7, 20, 22). In concordance with our data (SI
Appendix, Fig. S1B), the impaired expression of similar groups of
genes involved in exocytosis was shown in T2D islets (49) and
upon islet clock disruption (22). Thus, the phenotype observed
by us in ND human islets bearing disrupted clocks (Fig. 5) re-
capitulates changes described in human islet cells derived from
T2D donors, where reduced granule docking limited sustained
insulin secretion (28). The intriguing parallel between the islet
transcriptional and functional alterations in human T2D and in
human islets bearing compromised clocks supports a potential
role of the cell-autonomous islet oscillators in the islet function,
glucose homeostasis, and pathogenesis of T2D.
Human studies in controlled laboratory conditions highlighted

that even short-term circadian misalignment leads to glucose
intolerance and development of metabolic diseases (50). More-
over, disruption of the human islet molecular clocks in vitro at-
tenuates basal and stimulated insulin secretion (22). This work
provides evidence linking circadian clock disruption to compro-
mised temporal and absolute levels of islet hormone secretion in
the pathogenesis of T2D in humans.

Restoring T2D Islet Oscillators and Insulin Secretion with the Clock
Modulator Nobiletin. The ROR nuclear receptor agonist Nobiletin
exhibited multiple beneficial effects in rodent models, protecting
against development of atherosclerosis, obesity, metabolic syn-
drome, and insulin resistance in rodents (32, 51, 52). Here we
show that the clock modulator Nobiletin efficiently restores flat-
tened amplitude of circadian oscillations in human T2D islets.
Strikingly, Nobiletin also enhanced basal and glucose-stimulated
insulin secretion in the same T2D islets, and in the islets obtained
from ND donors following siCLOCK-mediated clock disruption.
In line with original report on metabolic effects of Nobiletin on
db/db Clock mutant mice (32), these data suggest that effects of
Nobiletin on insulin secretion might be at least partly attributed to
the core-clock unrelated action of ROR nuclear receptors. This
hypothesis is further supported by the observation that REV-ERB
agonist SR9011 exerted inhibitory effect on insulin secretion as
opposed to Nobiletin, which was not paralleled by any significant
changes in Per2-luc oscillation amplitude. Additionally, recently
published RNA-sequencing analyses revealed up-regulation of
ROR target genes in skeletal muscle following Nobiletin treat-
ment, comprising the genes encoding for the core-clock compo-
nents, mitochondrial electron transport chain, and reactive oxygen
species scavenging (53). Activation of mitochondrial electron
transport chain may potentially represent the clock-unrelated
mechanism of Nobiletin action in the islet cells upon clock per-
turbation. Our in vitro data in human islets, and in vivo treatment
of rodents with Nobiletin showed no notable toxicity for this
compound (32). Of note, continuous stimulation of insulin se-
cretion exerted by Nobiletin may exhaust the dysfunctional β-cells
in T2D and accelerate their failure. Thus, imposing temporal
regulation of insulin secretion mirroring the rest-activity cycles by
alternated administration of ROR activator to ensure the insulin
requirement during the day and ROR inhibitor during the resting
state might represent a therapeutic strategy for improving insulin
secretion in human T2D.

Materials and Methods
Human Islet Preparations. Human pancreatic islets were obtained from four
different sources: 1) Prodo Laboratories LTD company (ND and T2D islets), 2)
Alberta Diabetes Institute islet core center (ND and T2D islets), 3) Islet
Transplantation Center of Geneva University Hospital (ND islets), and 4)

Pancreatic Tissue Bank of Hospital Universitari de Bellvitge (ND islets). T2D
donors had a history of T2D and HbA1c greater than 6.5%. Details of the islet
donors are summarized in SI Appendix, Table S1. All procedures using human
islets were approved by the ethical committee of Geneva University Hospital
CCER 2017-00147.

Pancreatic Islet and Islet Cell Culture. Human pancreatic islets were cultured in
Connaught Medical Research Laboratories (CMRL) 1066 medium, containing
5.5 mM or 20 mM glucose (where indicated) and supplemented with 10% FBS
(Gibco), 110 U/mL penicillin (Gibco), 110 μg/mL streptomycin (Gibco), 50 μg/mL
gentamicin (Gibco), 2 mM L-glutamine (GlutaMax, Gibco), and 1 mM sodium
pyruvate (Gibco). Islet cell gentle dissociation was done using 0.05% Trypsin
(Gibco) treatment. For bioluminescence recordings, 100 islets were plated to
multiwell plates (LifeSystemDesign). For video time-lapse microscopy experi-
ments, ∼20 human islets were plated to a 3.5-cm glass-bottom willco dish
(WillCo Wells). For perifusion experiments on purified β-cells (Fig. 3A), ∼25,000
FACS-sorted β-cells were attached to 35-mm dishes (Falcon). For the rest of the
experiments, ∼50,000 dissociated islet cells were attached to 35-mm dishes
(Falcon). All dishes were precoated with a homemade laminin-5–rich extra-
cellular matrix derived from 804G cells, as described in ref. 54.

Insulin Secretion Tests. Insulin secretion assays were performed on ∼50,000
attached islet cells. For GSIS assays, cells were washed in KRB solution (Krebs–
Ringer bicarbonate) pH 7.4 supplemented with 0.3% free fatty acid BSA
(Sigma) containing 2.8 mM glucose during 2 h, subsequently incubated for
1 h at 37 °C (basal condition), followed by 1-h stimulation with 16.7 mM
glucose (stimulated condition), and additional 1-h incubation in KRB solu-
tion containing 2.8 mM glucose (rebasal condition). Next, 2.5 μM SR9011
(Sigma-Aldrich), or 20 μM Nobiletin (Sigma-Aldrich) were added where in-
dicated. In the end of the experiments, cells were lysed in acid-ethanol so-
lution (1.5% HCl and 75% ethanol) for 1 h at room temperature. For insulin
release assay, cells were washed in serum-free CMRL medium supplemented
with 0.5% fatty acidfree BSA (Sigma-Aldrich), and incubated in the same
medium containing either 5.5 mM glucose or with 20 mM glucose (glucose-
stimulated condition) for 7 h at 37 °C. Insulin was quantified in supernatants
and cell lysates using a human insulin ELISA kit (Mercodia).

Viral Transduction and siRNA Transfection. Human islet cells were transduced
with Bmal1-luc, Per2-luc, and RIP-GFP lentivectors, as described in ref. 12 and
in SI Appendix, Supplementary Methods. Pppg-mCherry adenovirus was
added at 105 fluorescence forming units (FFU)/islet (26) (see SI Appendix,
Supplementary Methods for further details). Dissociated adherent human
islet cells were transfected twice with 50 nM siCLOCK or with the same
amount of nontargeting siControl (Dharmacon, GE Healthcare) (22, 23).

In Vitro Cell Synchronization and Circadian Bioluminescence Recording. Ad-
herent islets were synchronized by a 1-h pulse of forskolin (10 μM; Sigma),
5 μM adrenaline (Geneva Hospital Pharmacy), 98 nmol/L Octreotide (Labatec
Pharma), or 1.6 μM Liraglutide (Victoza), with a subsequent medium change.
The islets were subjected to continuous bioluminescence recording in CMRL
medium containing 100 μM luciferin (D-luciferin 306-250, NanoLight Tech-
nology) during several days (the experiment duration in hours is indicated in
each graph). For the experiments with REV-ERB and ROR agonists, 2.5 μM
SR9011 (Sigma-Aldrich) or 20 μM Nobiletin (Sigma-Aldrich), respectively,
were applied together with forskolin synchronization pulse, and added to
the recording medium for the entire experiment duration. For the experi-
ments with high glucose, the CMRL medium was supplemented with 20 mM
D-glucose (Sigma-Aldrich) from the synchronization step and during the
entire recording. Bioluminescence pattern was monitored by a home-made
robotic device equipped with photomultiplier tube detector assemblies,
allowing the recording of 24-well plates (55). In order to analyze the am-
plitude of time series without the variability of magnitudes, raw data were
processed in parallel graphs by moving average with a window of 24 h (22).
Cell apoptosis was assessed where indicated with Cell Death Detection ELISA
kit (Roche), according to manufacturer instructions.

Continuous Perifusion of Human Islet Cells. Human islet cells were transduced
with the Per2-luc lentivectors, synchronized in vitro with a 1-h forskolin
pulse, and placed into an in-house developed two-well horizontal perifusion
chamber connected to the LumiCycle (23, 25). Cells were continuously peri-
fused with sodium pyruvate-free CMRL supplemented with 10% FBS, 2 mM
L-glutamine, 50 μg/mL gentamycin, 110 U/mL penicillin, 110 μg/mL strepto-
mycin, 100 μM luciferin, and 5.5 mM glucose or 20 mM glucose. Bio-
luminescence recordings were performed in parallel to the 4-h interval
automated collection of the outflow medium over 48 h. In the end of the
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experiments, cells were lysed in acid-ethanol solution (1.5% HCl and 75%
ethanol) for 1 h at room temperature. Insulin, glucagon, and proinsulin
levels were quantified in the outflow medium using Human Insulin, Gluca-
gon or Human Proinsulin Mercodia ELISA kits (Mercodia). The values were
then normalized either to the residual intracellular content at the end of the
experiment (48 h) (Figs. 3, 4, and 6C) or to the total RNA extracted from the
nonperifused cells plated in parallel dishes (SI Appendix, Fig. S2 D–F).

Bioluminescence-Fluorescence Video Time-Lapse Microscopy. Human islets at-
tached to glass-bottomed dishes (Willco Wells BV) were transduced with
Pppg-mCherry adenovirus to label α-cells, RIP-GFP lentiviruses to label β-cells
and with Per2-luc bioluminescence reporter. Islets synchronized by forskolin
pulse were subjected to combined bioluminescence-fluorescence time-lapse
microscopy (12) using Olympus LV200 workstation equipped with a 63×
UPLSAPO objective and EM CCD camera (Image EM C9100-13, Hamamatsu).
The recorded time-lapse images were analyzed on Fiji application (ImageJ),
with individual cells tracked in the bioluminescence and fluorescence channels
using a modified version of ImageJ plug-in CGE (27). Bioluminescence signal
was measured over α- and β-cells within the encircled cell area (Fig. 2 A and B
and Movies S1 and S2). Measuring of expression levels was performed on the
labeled and tracked cells in the bioluminescence images over time. To assess
the circadian characteristics of single-cell profiles, a JTK_Cycle fitting method
was utilized (56).

TIRF Microscopy. Cells were imaged using a custom-built lens-type TIRF mi-
croscope based on an AxioObserver Z1 with a 100×/1.45 objective (Carl Zeiss).
Excitation was from two DPSS lasers at 491 and 561 nm (Cobolt) passed
through a clean-up filter (zet405/488/561/640x, Chroma) and controlled with
an acousto-optical tunable filter (AA-Opto, France). Excitation and emission
light were separated using a beamsplitter (ZT405/488/561/640rpc, Chroma).
The emission light was chromatically separated onto separate areas of an
EMCCD camera (Roper QuantEM 512SC) using an image splitter (Optical In-
sights) with a cutoff at 565 nm (565dcxr, Chroma) and emission filters (ET525/
50m and 600/50m, Chroma). Scaling was 160 nm per pixel. Adenovirus-infected
cells were imaged for 50 s at 100-ms exposure with 561 (0.2 to 0.5 mW) for
exocytosis experiments in β-cells. Similarly, for α-cells the exposure was 561
(0.5 mW) and 491 (0.5 mW). Single images of cells were acquired to measure
the number of docked granules at 100-ms exposure and 561 (0.2 mW) for
β-cells and 561 (0.5 mW) and 491 (0.5 mW) for α-cells. Further details on the
TIRF data analyses are presented in SI Appendix, Supplementary Methods.

Statistics. The results are expressed as means ± SEM for the indicated number
of donors detailed in the figure legends, or illustrated as mean value of all
experiments (average bioluminescence profiles). Statistical difference was
tested by Student’s t test to compare two groups. Paired Student’s t test was
applied when comparing different treatment for the same donor prepara-
tions, and nonpaired Student’s t test to compare the values obtained with
the islets from ND and T2D donors. Two-way ANOVA test with Bonferroni
posttest was used to compare two dependent groups of continuous mea-
surements, where indicated. All statistical tests were realized with GraphPad
Prism 5 Software. Statistical significance was defined at *P < 0.05, **P < 0.01,
and ***P < 0.001. Correlation was quantified by Pearson coefficient r. To
assess the circadian characteristics of hormone secretion or single-cell bio-
luminescence profiles, a JTK_Cycle fitting method was utilized (56). The
profile was considered as circadian if adjusted P value was inferior to 0.1.
The parameters of rhythmicity for bioluminescence recording experi-
ments were evaluated based on the detrended values utilizing CosinorJ
application.
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Table 1. Human donor characteristics.

Characteristics of non-T2D (ND) islet donors

Donor no. Sex Age (years) BMI (kg/m2) HbA1c Islet purity (%) Biopsy source

ND 1a M 51 <6.0 63 BCN
ND 2a M 54 28.5 <6.0 85 HUG
ND 3a F 59 23.7 <6.0 70 HUG
ND 4a F 51 44.1 <6.0 60 HUG

ND 5a,c F 47 33.4 <6.0 60 HUG
ND 6a M 49 26.2 <6.0 95 HUG
ND 7b M 20 23.5 <6.0 84 HUG
ND 8b M 47 23.4 <6.0 80 HUG

ND 9b,d F 59 25.9 <6.0 88 HUG
ND 10b F 76 19.3 <6.0 80 UAL
ND 11c,e M 23 24 5 90 UAL
ND 12c,e F 46 19 5.8 85–90 Prodo
ND 13c,e M 47 31 5.1 85 UAL
ND 14c M 45 29.7 5.5 90 UAL
ND 15c M 46 27.2 <6.0 75 HUG

ND 16c,e F 53 22.7 4.8 90 Prodo
ND 17c M 59 25.6 <6.0 75 HUG
ND 18c F 55 21.9 <6.0 60 HUG
ND 19d M 49 18.6 <6.0 62 HUG
ND 20d M 60 24.2 <6.0 83 HUG
ND 21d M 29 23 5.1 85 Prodo
ND 22d F 24 25.2 <6.0 90–95 Prodo
ND 23e M 48 19 5.3 85–90 Prodo
ND 24e F 35 26.7 3.8 95 UAL
ND 25e M 31 34.9 5.7 80 UAL

M = 15, F = 10 46.52 ± 13.21 25.87 ± 5.78 <6.0

Characteristics of T2D islet donors

T2D 1b M 51 35.6 7.1 90 Prodo
T2D 2b M 59 27.7 6.5 85 Prodo

T2D 3b,c M 51 35.3 8.6 NA UAL
T2D 4b,c M 65 21.8 9.9 NA UAL
T2D 5b,c F 48 30.4 7.5 70 UAL
T2D 6b M 61 27.4 7.1 90 Prodo
T2D 7c M 59 27.7 6.5 85 Prodo

T2D 8c,e M 63 22.0 7.3 80–85 Prodo
T2D 9c,e F 43 35.8 85 UAL

T2D 10c,e M 42 43.7 6.6 95 Prodo
T2D 11c M 53 30.1 7.8 80 Prodo
T2D 12c F 37 33 13.1 85 Prodo

M = 9, F = 3 52.67 ± 8.99 30.88 ± 6.25 8.0 ± 1.98

aDonors used for whole human islet studies synchronized by forskolin and collected around the clock.
bDonors used for whole human islet studies collected 12 h and 24 h after forskolin synchronization.
cDonors used for gene expression analysis by qPCR.
dDonors used for siClock/siControl experiments.
eDonors used for membrane fluidity assessment experiments.

Data in bold represent the mean values per group ± standard deviation.

BMI, body mass index; ND, nondiabetic; T2D, type 2 diabetes; M, male; F, female.

https://doi.org/10.1371/journal.pbio.3001725.t001
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(Fig 2A). Overall, we observed a concomitant trend of decreased PE lipid levels and increased
PC levels in the T2D islet group, resulting in a trend toward an increase PC/PE ratio that did
not reach statistical significance (Fig 2C and 2D). Cer and HexCer exhibited a tendency
toward increase in the T2D group, whereas several PI lipids were down-regulated (Fig 2A and
2B and 2E–2G). Because various phospholipid species (PE, PI, PC) were either up- or down-
regulated in T2D islets (Fig 2A–2G), no significant change in overall amount per lipid class
was observed between T2D and ND islets (Fig 2C).

Assuming that differences between the T2D and ND islets could be masked due to the aver-
age analysis across 2 time points, we next analyzed the islet lipids level at 12 h and 24 h sepa-
rately. In this case, the hierarchical clustering showed a clear separation of the samples
according to the donor group (T2D and ND) at both time points (Fig 3A and 3B), with a
higher number of significant differentially abundant lipids (DALs) observed at 24 h (5 differ-
ent lipids at 12 h versus 12 at 24 h, with fold change > 1.5 and p< 0.05) (Fig 3C and 3D).
None of the lipids differentially abundant between the groups was common across the 2 time
points (Fig 3E and 3F), further highlighting the importance of temporal analysis, even if con-
ducted in 2 time points only. Strikingly, several HexCer, representing approximately 40% of all
lipids of this class (Fig 2H and 2I), were significantly differentially regulated between the T2D
and ND groups (Fig 3F). Consistently, looking at the levels of all major lipid classes (Fig 3G
and 3H), we noticed a higher level of total HexCer in the T2D group compared to the ND
group at both time points with marked difference at 24 h (Figs 2J–2L and 3I). Several C16,
C22, and C24 containing HexCer species were particularly increased 24 h after synchroniza-
tion in the islets from the T2D donors compared to ND counterparts (Fig 3J). Whereas the cer-
amide levels were only slightly increased in T2D islets, abundant DHCer species were
increased in the T2D groups at 12 h after synchronization (Fig 2H and 2J and 2K).

Among the phospholipids, few metabolites were down-regulated in the T2D group that
mostly belonged to the PE and PI lipid classes (Figs 2M and 3E), in agreement with the previ-
ously observed global differences (Fig 2A and 2B). At 24 h, the concomitant increase of PC

Fig 2. Lipidomic analyses of human islets derived from T2D versus ND donors cultured and synchronized in vitro. (A) Hierarchical
clustering analysis (Distance Measure: Euclidian; Clustering algorithm: Ward) of top 30 islet lipids with most contrasting patterns
between T2D and control ND counterpart. For each donor, islet lipids levels measured at 12 h and 24 h after forskolin synchronization
were averaged (n = 5 for the islets from T2D donors and n = 4 for the islets from ND donors). (B) Volcano plots of differentially
abundant islet lipids (fold change� 1.5 and p< 0.05, Welch’s corrected) between T2D (n = 5) and ND donors (n = 4). Colored dots
highlight significant up- or down-regulated individual lipid species. (C) Lipid class repartition (PC, PE, PI, PS, CL, HexCer, Cer, and SM)
in human islets from ND and T2D donors (in mol%), synchronized in vitro and collected at 12 h and 24 h after in vitro synchronization.
The data represent the average of the 2 time points (n = 5 for the islets from T2D donors and n = 4 for the islets from ND donors,
mean ± SEM). (D) Comparison of the PC/PE ratio in islets from ND (n = 4) versus islets from T2D donors (n = 5). The data represent
the average of the 2 time points (12 h and 24 h) ± SEM. (E, F) Representative examples of individual lipids (PI44:1 and HexCer34:1
(-H2O)) down- (E) and up- (F) regulated in the islets from T2D donors compared to islets from ND donors. The data represent the log2
fold change. (G) DHCer42:0(-H2O) levels in T2D versus ND islets synchronized in vitro and collected after 12 h. (H, I) Abundance of
significantly differentially regulated lipids between the control and the T2D groups at 12 h (H) and 24 h (I). Each bar represents the sum
of the significantly differentially regulated individual lipids shown in Fig 3E and 3F, as percentage of the total lipids detected from the
same class at the same time point. Data are represented as mean ± SEM. (J, K) Relative level changes (mol%) of DHCer, Cer, HexDHCer,
and HexCer in islets from T2D (n = 5) and ND (n = 4) donors collected 12 h (J) and 24 h (K) after synchronization, mean ± SEM. (L, M)
Representative examples of individual lipids (HexCer34:1(-H2O) and PI44:1) up- (L) and down- (M) regulated in T2D versus ND islets
synchronized in vitro and collected after 24 h. The data represent the log2 fold change. (N, O) Relative PC (N) and PE (O) level changes
(mol%) in islets from T2D and ND donors collected 24 h after synchronization. Lipids are clustered according to the nature of the fatty
acid linkage (diacyl versus alkyl-acyl (ether) or monoacyl (lyso)). T2D donors (n = 5) and ND donors (n = 4), mean ± SEM. (P, Q)
Relative PE level changes (in pmol/nmol of phosphate with lipid concentrations corrected for class II isotopic overlaps) in islets from
T2D and ND donors collected 12 h (P) and 24 h (Q) after synchronization represented according to the degree of saturation. T2D donors
(n = 5) and ND donors (n = 4), mean ± SEM. Statistical analyses for (C, D, H–K, and N–Q) are unpaired t test with Welch’s correction.
⇤p< 0.05, ⇤⇤p< 0.01. See also S3 Data. Cer, ceramide; CL, cardiolipin; DHCer, dihydroceramide; HexCer, hexosylceramide; HexDHCer,
hexosyldihydroceramide; ND, nondiabetic; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS,
phosphatidylserine; SM, sphingomyelin; T2D, type 2 diabetes.

https://doi.org/10.1371/journal.pbio.3001725.g002
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and decrease of diacyl PE levels (Fig 2N and 2O) resulted in a significant increase of the PC/PE
ratio, known to influence cellular calcium homeostasis and ER function [45] (Fig 3K). A simi-
lar change has been observed at 12 h; however, it did not reach statistical significance (Fig 3L).
Whereas all unsaturated PE subspecies, regardless of their degree of saturation, exhibited the
trend toward the decrease in the T2D group, this difference did not reach significance for
PUFA 4 (at both time points) and PUFA 5 to 6 (at 24 h) (Fig 3M and 3N). In contrast, this dif-
ference was highly significant for PUFA 3, even after deisotoping correction of the lipid signals
(Fig 2P and 2Q). Since increase in PUFAs within the membrane enhances membrane fluidity
[46], the decrease in the PUFA-PE content might be indicative of defects in plasma membrane
physical properties in the islets derived from T2D patients. Collectively, these experiments
reveal major alterations in the pancreatic islet lipid homeostasis in T2D patients, potentially
indicative of an increased inflammation and ER stress and reduced membrane plasticity.

Diurnal ceramide levels correlate with transcript profiles encoding key
enzymes involved in their turnover

Our data reveal that HexCer display both a rhythmic accumulation pattern around the clock
in islets from ND patients synchronized in vitro and higher levels in islets from T2D patients.
To explore the molecular determinants, we investigated the temporal gene expression profile
of UDP-glucose ceramide glucosyltransferase (UGCG), a key enzyme involved in glucosylcera-
mide biosynthesis that catalyzes the transfer of glucose from UDP-glucose to ceramide. Strik-
ingly, the UGCG mRNA expression measured around the clock in the islets from ND donors
exhibited a rhythmic profile (p = 0.05 as assessed by JTK_Cycle) with the trough around 20 to
24 h following in vitro synchronization, corroborating the temporal profile of BMAL1 tran-
script (S1 Fig), and recapitulating the diurnal accumulation profile of HexCer (Fig 4A).
Remarkably, we observe a concordance between the higher level of HexCer in the T2D group
at 24 h and the UGCG transcript up-regulation in the same group compared to the ND group
(Fig 4B).

We next assessed whether a correlation exists between the levels of Cer and DHCer lipid
classes and the temporal mRNA profiles of ceramide synthases, involved in N-acylation of
sphinganine and sphingosine bases to form DHCer and Cer. Ceramide synthase 2 (CerS2), the
most abundant and ubiquitously expressed ceramide synthase [16,47–49] displays temporal
variation in its mRNA expression that correlates with the ceramide and DHCer accumulation
profiles (Fig 4C). In addition, the tendency for a higher amount of Cer and DHCer in islets
from the T2D donors compared to their counterparts that was especially pronounced for
DHCer at 12 h after synchronization, concordantly with the significant increase of CerS2 tran-
script in T2D islets (Fig 4D).

Fig 3. Comparison of human islet lipidome from T2D and ND donors at 12 and 24 h after in vitro synchronization. (A, B) Hierarchical clustering
analysis (Distance Measure: Euclidian; Clustering algorithm: Ward) of top 50 islet lipids with most contrasting patterns between T2D and control
patients at 12 h (A) and 24 h (B) after forskolin synchronization. (C, D) Volcano plots of differentially abundant islet lipids (fold change� 1.5 and
p< 0.05, Welch’s corrected) at 12 h (C) and 24 h (D), between T2D and ND donors. Colored dots highlight significant up- or down-regulated
individual lipid species. (E, F) Venn diagrams assessing the down-regulated (E) and up-regulated (F) lipid species shared by the 2 indicated time
points in islets collected from T2D donors. (G, H) Lipid class repartition (PC, PE, PI, PS, CL, HexCer, Cer, and SM) in human islets from ND and
T2D donors (in mol%), synchronized in vitro and collected at 12 h (G) and 24 h (H). (I) Comparison of the relative HexCer level changes (mol%) in
ND versus T2D islets collected at 12 h and 24 h after synchronization. (J) Comparison of the relative HexCer level changes, sorted by number of
carbons, over the total of islet lipids (mol%) measured in ND and T2D islets collected at 24 h after synchronization. (K, L) Ratio between PC and PE at
12 h (L) and 24 h (K) after synchronization. (M, N) Relative PE level changes (mol%) in islets from T2D and ND donors collected 12 h (M) and 24 h
(N) after synchronization represented according to the degree of saturation. Statistics for (G–N) are unpaired 2-tailed t test with Welch’s correction.
T2D donors (n = 5) and ND donors (n = 4), data are represented as mean ± SEM. ⇤ p< 0.05. ⇤⇤ p< 0.01. See also S3 Data. Cer, ceramide; CL,
cardiolipin; HexCer, hexosylceramide; ND, nondiabetic; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS,
phosphatidylserine; SM, sphingomyelin; T2D, type 2 diabetes.

https://doi.org/10.1371/journal.pbio.3001725.g003
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Beyond the enzymes involved in lipid metabolism that exhibited oscillatory patterns, we
also analyzed the relationship between the enzymes that were significantly differentially
expressed in islets from T2D compared to ND donors and the corresponding lipid class abun-
dance in each group. CEPT1 and CHKA genes code for choline/ethanolamine

Fig 4. Diurnal ceramide levels correlate with transcript profiles encoding for key enzymes involved in their
biosynthesis. (A) Average temporal profiles of HexCer species (left, n = 6) and RT-qPCR temporal gene expression
profile of UGCG (right, n = 3). See also S1 and S4 Data. (B) Comparison of the relative HexCer level changes (mol%) in
ND versus T2D islets collected at 24 h after in vitro synchronization (left, n = 6) with the UGCG expression measured
in ND and T2D islets (right, n = 9). See also S3 and S4 Data. (C) Average temporal profiles of ceramide species (left,
n = 6), DHCer (middle, n = 6), and RT-qPCR temporal gene expression profile of CERS2 (right, n = 3). See also S1 and
S4 Data. (D) Comparison of the relative ceramide (left) and DHCer (middle) level changes (mol%) in ND versus T2D
islets collected 12 h and 24 h after synchronization (n = 6) with the CERS2 expression measured in ND and T2D islets
(right, n = 9). See also S3 and S4 Data. (E) Comparison of the relative levels of PC (mol%) in ND versus T2D islets
collected 12 h and 24 h after synchronization (left, n = 6) with the CEPT1 (middle) and CHKA (right) expression
measured in ND and T2D islets (n = 9). See also S3 and S4 Data. The R numerical value indicates the corresponding
Pearson correlation coefficient and its associated p-value. Transcript levels were normalized to HPRT and 9S
expression. Data are represented as mean ± SEM, unpaired 2-tailed t test; p ⇤ < 0.05, p ⇤⇤ < 0.01. DHCer,
dihydroceramide; HexCer; hexosylceramide; HPRT, hypoxanthine-guanine phosphoribosyltransferase; ND,
nondiabetic; PC, phosphatidylcholine; T2D, type 2 diabetes.

https://doi.org/10.1371/journal.pbio.3001725.g004
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phosphotransferase and choline kinase alpha enzymes, respectively, that are involved in PC
biosynthesis via the CDP-choline pathway. Interestingly, the slight increase in PC levels in the
T2D group, more pronounced at 24 h and contributing to a significant increase in the PC/PE
ratio at this time point (Fig 3K), was associated with an up-regulation of both CEPT1 and
CHKA mRNA expression in the T2D group compared to the ND counterpart (Fig 4E).

Lipid membrane fluidity of the human pancreatic islet cells is diminished
in T2D islets and in ND islets upon circadian clock disruption

Collectively, the alterations in lipid metabolites that we observed in human pancreatic islets
derived from T2D donors pointed toward a possibility of perturbed membrane organization
and fluidity in T2D islet cells, which could impact their secretory function. We therefore mea-
sured membrane fluidity in human islet cells from T2D donors compared to ND counterpart
(Fig 5A) by bioimaging using a Nile red derivative NR12S that is thought to penetrate only the
outer leaflet of the plasma membrane [50]. Fluorescence emission of NR12S is sensitive to the
membrane environment in a way that in more ordered membranes fluorescence emission is
blue shifted, while in disordered membranes the fluorescence emission spectra is red shifted
[50]. This shift in emission profile between liquid-disordered and liquid-ordered phases allows
a quantitative assessment of membrane order by calculating the ratio of the fluorescence inten-
sity recorded in 2 spectral channels, known as the generalized polarization (GP) value [51]. GP
quantification of NR12S fluorescence emission from ND and T2D islet cell images revealed
significant increase in membrane rigidity in T2D islet cells as compared to ND counterparts
(Fig 5A).

We have recently demonstrated that functional perturbation of insulin secretion by human
pancreatic islets derived from T2D islets was recapitulated in ND human islet cells upon cell-
autonomous clock disruption, both in terms of diminished absolute secretion and perturbed
rhythmic profile, indicating that islet cellular clock disruption may take part in pathophysiol-
ogy of T2D in humans [13,15]. Whether such a parallel holds true for the changes in lipid
homeostasis remains unexplored. Disruption of circadian oscillators in ND islet cells by trans-
fection of siRNA targeting CLOCK following our previously validated protocols [13,52] led to
significantly increased expression of UGCG (S3A Fig), similarly to the observed increase in
this enzyme in T2D islets (Fig 4B). Moreover, KEGG pathway enrichment analysis of all signif-
icantly up-regulated transcripts in clock-compromised islets revealed activation of sphingoli-
pid metabolism pathway (p = 0.0575; S3B Fig). To uncover changes in membrane fluidity in
siClock-transfected ND islet cells bearing disrupted oscillators, NR12S fluorescence has been
compared between clock-compromised cells and control counterparts transfected with scram-
bled siControl RNA (Fig 5B, left). Strikingly, membrane fluidity was significantly reduced (Fig
5B, right), pinpointing that disruption of circadian oscillators in islet cells derived from ND
donors leads to increased membrane rigidity, thus recapitulating the phenotype observed in
T2D islets (compare Fig 5B to 5A).

Perturbation of ceramide metabolism affects insulin secretion by human
pancreatic islets and decreases lipid membrane fluidity

Given that major changes that we observed in lipid homeostasis in the islets from T2D donors
were related to altered sphingolipid levels, we next assessed the impact of inhibiting ceramide
de novo synthesis by myriocin on the islet function. Application of myriocin to ND islet cells
resulted in greater GP values of NR12S emission as compared to nontreated control (Fig 5C),
suggesting increase in membrane rigidity of these cells. To assess the effect of myriocin on
induced insulin secretion by human pancreatic islets, we performed glucose-stimulated insulin
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secretion (GSIS) and KCL-stimulated insulin secretion (KSIS) tests. Application of myriocin
to ND as well as to T2D islet cells led to compromised insulin secretion under low glucose con-
ditions and a tendency to inhibiting both GSIS and KSIS that did not reach statistical signifi-
cance (Fig 6A–6C). We next studied lipid membrane fluidity, GSIS and KSIS in the presence
of PDMP that inhibits UCGC, the key enzyme of glycosphingolipid biosynthesis. Similar to
myriocin, application of PDMP to ND islet cells significantly increased GP values of NR12S
emission (Fig 5C). Strikingly, insulin secretion by ND islets was strongly compromised in the

Fig 5. Lipid membrane fluidity of the human pancreatic islet cells is attenuated in T2D islets, in ND islets upon siClock-mediated
clock disruption, and in ND islets following perturbation of ceramide metabolism by PDMP or myriocin. Live cell imaging of human
islet cells stained with NR12S dye. (A) Representative ND (left) and T2D (right) human islet cells. The graph on the right summarizes the
quantification of fluorescence GP ratio for n = 4 ND and n = 3 T2D donors. (B) Representative images of ND islet cells transfected with
scrambled siRNA (siControl, left) bearing functional clocks and siClock targeting CLOCK protein that bear perturbed oscillators (right). The
graph on the right summarizes the quantification of fluorescence GP ratio for n = 3 donors. (C) Representative images of nontreated control
ND islet cells (left), cells following 1-h treatment with PDMP (middle) or myriocin (right). The graph summarizes the quantification of
fluorescence GP ratio for n = 3 human donors. Note the significant up-regulation of membrane rigidity for T2D islet cells (A), ND cells with
compromised clocks (B, siClock), and ND cells with impaired sphingolipid metabolism (C, PDMP and myriocin). Graph data are
represented as mean ± SEM; unpaired 2-tailed t test as compared to control, p ⇤ < 0.05, p ⇤⇤ < 0.01. See also S3 Fig and S4 Data. GP,
generalized polarization; ND, nondiabetic; siRNA, small interfering RNA; T2D, type 2 diabetes.

https://doi.org/10.1371/journal.pbio.3001725.g005
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Fig 6. Inhibitors of sphingolipid synthesis, PDMP and myriocin, perturb insulin secretion and circadian
oscillations by human pancreatic islets. Inhibitory effects of myriocin (A–C) and ceramide analog PDMP (D, E) on
basal (1 h at 2.8 mmol glucose), glucose-induced (1 h at 16.7 mmol), and KCL-induced (1 h at 30 mmol KCL) insulin
secretion in human islet cells in vitro. Data represent values normalized (Ins/residual Ins) to the total residual insulin
content (total residual Ins (mU/L) presented on adjacent graphs) and are expressed as mean ± SEM for n = 7 ND
donors (A), n = 3 T2D donors (B), n = 3 ND donors (C), n = 5 ND donors (D), and n = 3 ND donors (E). The
difference is tested by paired 2-tailed t test; p⇤ < 0.05, p⇤⇤ < 0.01. See also S4 Fig. (F) Representative raw (left) and
detrended (right) Per2-luc bioluminescence profiles of human islets in the presence of myriocin or PDMP during the
entire bioluminescence recording. (G) Effect of myriocin and PDMP on principal circadian parameters (phase, period
length, and amplitude) of Per2-luc oscillations. Data are represented as mean ± SEM, n = 4 ND donors. The difference
is tested by 2-way ANOVA test with Bonferroni posttest; p ⇤ < 0.05 (as compared to the control counterpart
synchronized with forskolin in the absence of these compounds). See also S5 Fig and S4 Data. ND, nondiabetic; T2D,
type 2 diabetes.

https://doi.org/10.1371/journal.pbio.3001725.g006
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Viral transduction and small interfering RNA transfection

Human islet cells were transduced with Per2-luc lentivectors as described in [14]. Dissociated
adherent human islet cells were transfected twice with 50 nM siClock or with the same amount
of nontargeting siControl (Dharmacon, GE Healthcare, Little Chalfont, United Kingdom)
[13,52].

In vitro cell synchronization and circadian bioluminescence recording

Adherent islets were synchronized by a 1-h pulse of forskolin (10 μM; Sigma, Saint-Louis, Mis-
souri, United States of America) with a subsequent medium change. The islets were subjected
to continuous bioluminescence recording in CMRL medium containing 100 μM luciferin (D-
luciferin 306–250, NanoLight Technology) during at least 5 consecutive days. For the experi-
ments with ceramide and hexosylceramide biosynthesis inhibitors, 100 nM N-[2-hydroxy-1-
(4-morpholinylmethyl)-2-phenylethyl]-decanamide, monohydrochloride (PDMP, Cayman
Chemical) or 100 nM myriocin (Sigma-Aldrich), respectively, were applied together with for-
skolin synchronization pulse and added to the recording medium for the entire experiment
duration. Bioluminescence pattern was monitored by a homemade robotic device equipped
with photomultiplier tube detector assemblies, allowing the recording of 24-well plates [93] or
by LumiCycle 96 (Actimetrics). In order to analyze the amplitude, period length, and phase of
time series without the variability of magnitudes, raw data were processed in parallel graphs by
moving average with a window of 24 h [13]. Cell apoptosis was assessed where indicated with
Cell Death Detection ELISA kit (Roche) in the end of bioluminescence recording experiments,
according to manufacturer instructions.

Lipid extraction procedures

The lipidomic extractions were performed as described in [35]. A total of 600 human islets
were harvested (approximately 6 × 105 cells) at the indicated time points after 1-h pulse of for-
skolin synchronization (Fig 1A) or as indicated otherwise (Figs 2 and 3) and resuspended in
100 μL H2O. Lipid extracts were prepared using a modified MTBE (methyl-tert-butyl ether)
extraction protocol with addition of internal lipid standards [94]. Briefly, 360 μL methanol and
a mix of internal standards were added (400 pmol PC 12:0/12:0, 1,000 pmol PE 17:0/14:1,
1,000 pmol PI 17:0/14:1, 3,300 pmol PS 17:0/14:1, 2,500 pmol SM d18:1/12:0, 500 pmol Cer
d18:1/17:0, and 100 pmol GlcCer d18:1/8:0). After addition of 1.2 mL of MTBE, samples were
placed for 10 min on a multitube vortexer at 4˚C followed by incubation for 1 h at room tem-
perature (RT) on a shaker. Phase separation was induced by addition of 200 μL MS-grade
water. After 10 min at RT, samples were centrifuged at 1,000g for 10 min. The upper (organic)
phase was transferred into a 13-mm glass tube, and the lower phase was re-extracted with
400 μL artificial upper phase [MTBE/methanol/H2O (10:3:1.5, v/v/v)]. The combined organic
phases were separated into 2 aliquots and dried in a vacuum concentrator (CentriVap, Lab-
conco). Phospholipids were eluted with methanol (3 × 500 μL) and divided into 2 aliquots.
One aliquot was used for glycerophospholipid and phosphorus assay, respectively, while the
other aliquot was treated by mild alkaline hydrolysis to enrich for sphingolipids, according to
the method by Clarke [95]. Briefly, 1 mL freshly prepared monomethylamine reagent [methyl-
amine/H2O/n-butanol/methanol (5:3:1:4, (v/v/v/v)] was added to the dried lipid extract and
then incubated at 53˚C for 1 h in a water bath. Lipids were cooled to RT and then dried. For
desalting, the dried lipid extract was resuspended in 300 μL water-saturated n-butanol and
then extracted with 150 μL H2O. The organic phase was collected, and the aqueous phase was
re-extracted twice with 300 μL water-saturated n-butanol. The organic phases were pooled and
dried in a vacuum concentrator.
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Determination of total phosphorus

Total phosphorus was determined as described in [35]. Briefly, 100 μL of the total lipid extract,
resuspended in chloroform/methanol (1:1), were placed into 13-mm disposable pyrex tubes
and dried in a vacuum concentrator, and 0, 2, 5, 10, 20 μL of a 3 mmol/L KH2PO4 standard
solution were placed into separate tubes. To each tube, distilled water was added to reach
20 μL of aqueous solution. After addition of 140 μL 70% perchloric acid, samples were heated
at 180˚C for 1 h in a chemical hood. Then, 800 μL of a freshly prepared solution of water,
ammonium molybdate (100 mg/8 mL H2O), and ascorbic acid (100 mg/6 mL H2O) in a ratio
of 5:2:1 (v/v/v) were added. Tubes were heated at 100˚C for 5 min and cooled at RT for 5 min.
Approximately 100 μL of each sample was then transferred into a 96-well microplate, and the
absorbance at 820 nm was measured.

Phospho- and sphingolipid analysis by mass spectrometry

Mass spectrometry analysis was performed using multiple reaction monitoring on a TSQ Van-
tage Extended Mass Range Mass Spectrometer (Thermo Fisher Scientific), equipped with a
robotic nanoflow ion source (Triversa Nanomate, Advion Biosciences) as previously described
[35]. Optimized fragmentation was generated using appropriate collision energies and s-lens
values for each lipid class. Mass spectrometry data were acquired with TSQ Tune 2.6 SP1 and
treated with Xcalibur 4.0 QF2 software (Thermo Fisher Scientific). Lipid quantification was
carried out using an analysis platform for lipidomics data hosted at EPFL Lausanne Switzer-
land (http://lipidomes.epfl.ch/). Quantification procedure was described in [96]. Dried lipid
extracts were resuspended in 250 μL MS-grade chloroform/methanol (1:1) and further diluted
in either chloroform/methanol (1:2) plus 5 mmol/L ammonium acetate (negative ion mode)
or in chloroform/methanol/H2O (2:7:1) plus 5 mmol/L ammonium acetate (positive ion
mode).

RNA extraction and qPCR

Total RNA was prepared from cultured islet cells using RNeasy Plus Micro Kit (Qiagen). The
RNA concentration was measured by Qubit RNA SH kit (Invitrogen). Then, 0.2 μg of total
RNA was reverse-transcribed using Superscript II (Invitrogen) and random hexamers and was
PCR-amplified on a LightCycler 480 (Roche Diagnostics AG, Basel, Switzerland). Mean values
for each sample were calculated from technical duplicates of each quantitative RT-PCR
(qRT-PCR) analysis and normalized to the mean of housekeeping genes hypoxanthine-gua-
nine phosphoribosyltransferase (HPRT) and S9. Primers used for this study are listed in S1
Table.

Membrane fluidity experiments

For assessment of membrane fluidity, the islets cells were seeded onto a glass-bottom dishes
(Willco) at a density of 30,000 cells/dish. For microscopy imaging, the attached cells were
washed once with warm CMRL 1066 medium with no phenol red (Gibco-Invitrogen), supple-
mented with 2 mM L-glutamine (GlutaMax, Gibco), 1 mM sodium pyruvate (Gibco), and 15
mM HEPES to maintain pH. After that, 200 μL of a 2 μM NS12R dye solution (Klymchenko
Laboratory [50]) diluted in the same medium was added, and the cells were incubated for 5
min at RT. Cells were washed 3 times with the warm medium and immediately subjected to
fluorescence microscopy using a Nikon A1r microscope, equipped with CFI Plan Apo ×60 oil
(NA = 1.4) objective. The excitation in confocal mode was provided by a 488-nm laser, while
the fluorescence was detected at 2 spectral ranges: 550 to 600 (I550-600) and 600 to 650 (I600-650)
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S4 Fig. PDMP inhibits basal (1 h at 2.8 mmol glucose) and glucose-induced (1 h at 16.7
mmol) insulin secretion in human islet cells from T2D donor in vitro (n = 1).
(DOCX)

S5 Fig. Assessment of apoptosis in pancreatic islets treated with myriocin or PDMP during
continuous bioluminescence recordings for 5 days.
(DOCX)

S1 Table. Sequences of quantitative RT-PCR primers.
(DOCX)

S1 Data. Lipidomic data regarding the human pancreatic islets from ND donors synchro-
nized in vitro.
(XLSX)

S2 Data. Rhythmic islet lipids according to METACYCLE algorithm (p< 0.05).
(XLSX)

S3 Data. Lipidomic data regarding the human pancreatic islets from ND and T2D donors
collected 12 h and 24 h after synchronization.
(XLSX)

S4 Data. Raw data for Figs 4–6. Naming of sheets corresponds to the relevant figures. Data
for assigned figure panels on sheet is introduced with corresponding legend.
(XLSX)

S5 Data. Raw data for S1 and S3–S5 Figs. Naming of sheets corresponds to the relevant sup-
plemental figures. Data for assigned figure panels on sheet is introduced with corresponding
legend.
(XLSX)
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