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ABSTRACT 42 

Intrinsic β-cell circadian clocks are a prerequisite for the control of glucose homeostasis 43 

through regulation of β-cell function and turnover. However, little is known about the 44 

contributions of circadian clock disruption to the natural progression of β-cell failure in 45 

diabetes. To address this, we examined the effects of cytokine-mediated inflammation, 46 

common to the pathophysiology of Type 1 and Type 2 diabetes, on the physiological, 47 

molecular, and epigenetic regulation of circadian clocks in β-cells. Specifically, we 48 

provide evidence that the key diabetogenic cytokine IL-1β disrupts functionality of the β-49 

cell circadian clock and circadian regulation of insulin secretion through impaired 50 

expression of the key transcription factor Bmal1, evident at the level of promoter 51 

activation, mRNA, and protein expression. Additionally, IL-1β-mediated inflammation 52 

was shown to augment genome-wide DNA-binding patterns of Bmal1 (and its 53 

heterodimer, Clock) in β-cells towards binding sites in the proximity of genes annotated 54 

to pathways regulating β-cell apoptosis, inflammation, and dedifferentiation. Finally, we 55 

identified that the development of hyperglycemia in humans is associated with 56 

compromised β-cell BMAL1 expression suggestive of a causative link between circadian 57 

clock disruption and β-cell failure in diabetes.   58 

 59 
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 The circadian system is a critical component of homeostasis, permitting time-72 

dependent regulation of numerous essential cellular and physiological functions and 73 

processes. At the molecular level, circadian rhythms are generated by a molecular clock 74 

comprised of transcriptional activators BMAL1 (encoded by the gene Arntl) and its 75 

heterodimer CLOCK, and repressor genes that encode period (PER1, 2, 3) and 76 

cryptochrome (CRY1, 2) proteins1. Secondary regulatory loops involving nuclear 77 

receptors Rev-Erbα/β and RORα/β provide additional molecular control by acting as 78 

respective transcriptional repressors and activators of Bmal12,3. The BMAL1:CLOCK 79 

heterodimer is essential for the generation of transcriptional circadian rhythms through 80 

DNA binding to conserved motifs along with concurrent recruitment of cell-specific 81 

enhancers, transcriptional co-activators, and histone-modifying enzymes essential for 82 

the regulation of circadian-regulated target genes1,4,5.    83 

 Accumulating evidence suggests that a functional circadian system is a critical 84 

component of in vivo glycemic control6-8. Consequently, disruption of normal circadian 85 

rhythms results in glucose intolerance and associated β-cell dysfunction9-12. 86 

Consistently, genetic loss-of–function studies have demonstrated that β-cell circadian 87 

clocks are essential for proper regulation of insulin secretion, β-cell postnatal 88 

maturation, turnover, and response to diabetogenic stressors13-15. More recently, 89 

BMAL1:CLOCK-controlled genes in the β-cell have been shown to permit circadian 90 

control of insulin secretion through the epigenetic regulation of genes controlling key 91 

aspects of intracellular metabolic signaling and insulin exocytosis16,17. Despite an 92 

increased appreciation for the role of circadian clocks in β-cells, little is known about the 93 

contributions of clock disruption to β-cell failure in diabetes. 94 

 Progression of both Type 1 (T1DM) and Type 2 (T2DM) diabetes mellitus is 95 

associated with alterations in the islet microenvironment, a component of which is the 96 

exposure to a subset of key pro-inflammatory cytokines18,19. In T1DM diabetes, β-cells 97 

are primarily exposed to interleukin (IL-) 1β, tumor necrosis factor α (TNFα) and 98 

interferon–γ (IFNγ), as a result of the autoimmune assault and subsequent focal 99 

cytokine release mediated by monocytes, macrophages, and T cells19. In T2DM, islet 100 

cytokine exposure is a result of the complex interplay between 1) adipose-derived 101 

circulating cytokines (e.g. IL-1β and IL-6)20,21, 2) IL-1β release through islet-associated 102 
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macrophages22,23, and 3) islet cell-derived cytokine production mediated through the 103 

intracellular stress response24. Importantly, acute exposure of islets to pro-inflammatory 104 

cytokines recapitulates many aspects of β-cell dysfunction observed during the 105 

evolution of diabetes development (e.g. loss of first-phase insulin secretion) and leads 106 

to alterations in transcriptional networks spanning key pathways regulating β-cell 107 

metabolism, insulin biosynthesis, and secretion25,26. More importantly, recent studies 108 

suggest an important reciprocal relationship between inflammatory responses and the 109 

regulation of the core molecular circadian clock27. Particularly, evidence of inflammation 110 

(NF-κB)-mediated control of core circadian clock genes28 and the potential for 111 

transcriptional reprogramming29 suggests that islet inflammation may promote β-cell 112 

failure through its effects on the circadian clock.  113 

 In this report, we provide first evidence that pro-inflammatory cytokines disrupt 114 

the functionality of the β-cell circadian clock.  This process is mediated in part through 115 

impaired expression of the key circadian clock transcription factor BMAL1, which was 116 

evident at the level of Bmal1 promoter activation, mRNA, protein, as well as at the level 117 

of genome-wide BMAL1 DNA binding patterns. Moreover, we also identified that 118 

development of hyperglycemia in humans is associated with loss of β-cell BMAL1 119 

expression suggestive of causative link between inflammation, circadian clock 120 

disruption, and β-cell failure in diabetes.   121 

 122 

RESULTS 123 

In vitro exposure to IL-1β disrupts the β-cell circadian clock 124 

 Detailed tracking of cell bioluminescence with a clock gene luciferase fusion construct 125 

(e.g. Per2) permits longitudinal monitoring and assessment of the oscillatory function of 126 

peripheral circadian clocks30. Thus, to assess the effects of pro-inflammatory cytokines 127 

on β-cell circadian clock, we first used Per2:LUC30 reporter mice crossbred with mice 128 

expressing Enhanced Green Fluorescent Protein (GFP) under the control of the insulin 129 

promoter31 (Per2:LUC-MIP:GFP), which allows for examination of circadian activation of 130 

the Per2 promoter in β-cells using real-time bioluminescence tracking (Fig. 1a). 131 

Pancreatic islets were isolated from adult (8-12 weeks) Per2:LUC-MIP:GFP mice and 132 
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treated in vitro for 72 hours to physiological ranges of key diabetogenic pro-133 

inflammatory cytokines (e.g. IL-1β, TNFα, IL-6, and IFNγ)18,19. These studies revealed 134 

that exposure to IL-1β (0.2-5 ng/ml) led to a significant dampening (∼80%, p<.05) of the 135 

amplitude and alterations in the phase (peak, 18.6 ± 0.4 vs. 13.8 ± 0.5 hours for IL-1β 136 

vs. vehicle, p<.05) of Per2-driven luciferase oscillations in β-cells (Fig. 1c-e and 137 

Supplementary Fig. 1). Importantly, this effect was evident at physiological 138 

concentrations previously shown to selectively reduce β-cell function26 without a 139 

significant decrement in islet cell viability (~93%, Supplementary Fig. 2). This effect was 140 

also IL-1 receptor mediated, as pretreatment with a specific IL-1 receptor antagonist (IL-141 

1ra) rescued alterations in Per2-driven bioluminescence in islets (Supplementary Fig. 142 

3). Interestingly, the suppressive effect of IL-1β on the β-cell clock was in contrast to 143 

TNFα, IL-6, and IFNγ, all of which showed no significant effect on circadian activation of 144 

Per2-driven bioluminescence (Fig. 1c-e).  145 

 146 

Exposure to inflammation in vivo disrupts β-cell circadian clock  147 

To extend the validity of our findings to more physiological conditions, we next 148 

investigated β-cell circadian clock function under diabetogenic pro-inflammatory stress 149 

in vivo. We assessed the β-cell circadian clock in islets isolated from Per2:LUC-150 

MIP:GFP mice treated with multiple low dose streptozotocin (MLD-STZ), a mouse 151 

model which recapitulates IL-1β–mediated pro-inflammatory β-cell failure in diabetes32 152 

(Fig. 2a). To recapitulate aspects of β-cell failure in evolving T2DM in humans, all 153 

experiments involving MLD-STZ islets were preformed 14 days post final STZ injection 154 

at which point islets displayed preserved islet integrity, but attenuated (~50%) insulin 155 

expression, insulin content, and function (Supplementary Fig. 4, 5). Consistent with the 156 

in vitro observations, induction of MLD-STZ resulted in disrupted circadian clock 157 

function characterized by significant alterations in the amplitude, phase, and the period 158 

of Per2-driven luciferase oscillations in β-cells (p<.05 for all parameters, Fig. 2c-f). 159 

Consistently, quantitative RT-PCR performed on islets isolated at multiple time points 160 

during the day/night cycle demonstrated impaired expression of key circadian clock 161 

genes (Bmal1, Rev-Erbα, and Per2) in MLD-STZ compared to control mice (p<.05 vs. 162 

vehicle, Fig. 2g-i). Finally, to confirm whether IL-1β and MLD-STZ disrupts circadian 163 
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regulation of β-cell function, we assessed self-autonomous circadian rhythms in 164 

glucose-stimulated insulin secretion (GSIS) in isolated islets, which was recently shown 165 

to be regulated by the β-cell circadian clock16. Consistent with previous studies16, we 166 

observed robust time-dependent rhythms in GSIS following forskolin synchronization of 167 

control islets (Supplementary Fig. 5). Importantly, acute treatment with IL-1β (2 ng/ml, 168 

24 h) or in vivo exposure to MLD-STZ, abrogated rhythmic regulation of GSIS 169 

consistent with the inhibitory effects of IL-1β and MLD-STZ on the β-cell circadian clock 170 

(Supplementary Fig. 5).    171 

 172 

IL-1β impairs Bmal1 expression and promoter activation in β-cells 173 

In β-cells, BMAL1:CLOCK heterodimer is required for the generation of circadian 174 

rhythms of insulin secretion through transcriptional regulation of genes regulating insulin 175 

exocytosis and various aspects of β-cell metabolism and functionality16. Indeed, β-cell-176 

specific deletion of Bmal1 leads to abrogation of circadian rhythms of insulin secretion, 177 

glucose intolerance, and recapitulation of numerous aspects of β-cell failure in 178 

diabetes14-16. Therefore, we next examined the impact of IL-1β exposure (and other pro-179 

inflammatory cytokines) on the mRNA expression of Bmal1 and Clock in the INS-1 180 

832/13 β-cell line in addition to isolated mouse and human islets. Consistent with our 181 

previous results, exposure to IL-1β suppressed Bmal1 mRNA in β-cells (~60%, p<.05, 182 

Fig. 3a), but had no suppressive effect on Clock expression (Fig. 3b). Interestingly, 183 

other diabetogenic cytokines, namely IL-6 and TNFα also showed modest repression of 184 

Bmal1 mRNA in β-cells (p<.05, Fig. 3a), whereas exposure to IL-6 and IFNγ led to 185 

suppression of Clock (p<.05, Fig. 3b). Importantly, the suppressive effect of IL-1β on 186 

Bmal1 mRNA was reproduced in primary mouse and human islets (p<.05, Fig. 3c) 187 

suggesting that the deleterious effects of pro-inflammatory cytokines on the β-cell 188 

circadian clock are mediated in part through IL-1β effects on Bmal1 transcription.  189 

 To confirm this we next assessed Bmal1 promoter activity using a stably-190 

transfected Bmal1:luciferase (Bmal1:LUC) reporter INS-1 832/13 cell line. Consistent 191 

with mRNA expression studies, IL-1β (0.1-5 ng/ml) showed robust dose-dependent 192 

suppression of Bmal1 promoter activation (up to 80%, Fig. 4b) which corresponded with 193 

decreased BMAL1 protein levels (Fig. 4c). Bmal1 expression is regulated by opposing 194 
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activities of the orphan nuclear receptors RORα and Rev-Erbα which respectively play a 195 

role as activators and repressors of Bmal1 transcription through binding to RORE 196 

elements on the Bmal1 promoter2,3 (Fig. 4a). Exposure to IL-1β resulted in a substantial 197 

decline of RORα levels (~80%, Fig. 4d) and an induction of REV-ERBα expression 198 

(p<.05, Fig. 4d). Previous studies have identified an NAD+ dependent deacetylase, 199 

Sirt1, as a critical regulator of Bmal1 transcription mediated in part through cooperative 200 

binding with RORα and PPARγ co-activator 1α (PGC1α)33-35. In addition, Sirt1 201 

expression has been suggested to be negatively regulated by inflammation in 202 

pancreatic β-cells in vitro36 and repressed under condition of pro-inflammatory β-cell 203 

failure in vivo37. Consistent with these observations, SIRT1 levels were also significantly 204 

repressed upon acute exposure to IL-1β in β-cells (p<.05, Fig. 4d), whereas the 205 

deleterious effects of IL-1β on Bmal1 promoter activity in β-cells were reversed upon 206 

pre-treatment with the Sirt1 activator, resveratrol (Supplementary Fig. 6). Taken 207 

together these data suggest that IL-1β suppresses Bmal1 transcription and protein 208 

levels by promoting the inhibition of BMAL1 transcriptional activators RORα and SIRT1 209 

and enhancing expression of the transcriptional repressor REV-ERBα. 210 

 211 

Diabetes in humans is associated with impaired β-cell expression of key 212 

circadian transcriptional regulators   213 

To address whether the development of diabetes in humans is associated with impaired 214 

β-cell expression of key circadian transcriptional regulators, we first performed detailed 215 

immunofluorescence analysis of Mayo Clinic autopsy-derived human pancreatic tissue 216 

collected from subjects with T2DM vs. age/BMI-matched non-diabetic controls (Fig. 5, 217 

Supplementary Table 2). Consistent with our previous observations, nuclear expression 218 

of both BMAL1 and RORα was decreased specifically in β-cells of patients with T2DM 219 

(p<.05 vs. non-diabetics, Fig. 5a-c and Supplementary Fig. 7). Furthermore, β-cell 220 

BMAL1 (and RORα) expression demonstrated a robust negative correlation with T2DM 221 

patient fasting plasma glucose levels indicative of a plausible relationship between β-222 

cell circadian clock and glycemic control in humans (Fig. 5a-c). In addition, we also 223 

performed islet transcriptome bioinformatics reanalysis of an independent dataset 224 

(GEO: GSE38642) containing human islet genome-wide mRNA expression from non-225 
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diabetic, pre-diabetic, and T2DM individuals38,39. Interestingly, Bmal1 mRNA expression 226 

in human islets across the non-diabetic to prediabetic/T2DM range demonstrated a 227 

positive correlation with the expression of transcripts functionally annotated to KEGG 228 

pathways controlling circadian rhythms and β-cell function (e.g. circadian entrainment, 229 

insulin secretion, metabolic pathways, etc., Fig. 5d-f). In contrast, Bmal1 mRNA 230 

expression in human islets was negatively correlated with KEGG pathways involved in 231 

the regulation of β-cell failure, inflammation, and dedifferentiation (e.g. MAPK signaling, 232 

NF-κB signaling, pathways in cancer etc., Fig. 5d-f). This data provides first evidence of 233 

impaired BMAL1 (and RORα) expression in human β-cells in diabetes which correlates 234 

with the expression of signaling pathways involved in the regulation of β-cell function 235 

and failure.     236 

 237 

IL-1β augments DNA binding patterns of BMAL1 and CLOCK in β-cells 238 

Recent reports demonstrate that the effects of cellular inflammatory stress may extend 239 

to reprogramming of BMAL1:CLOCK genomic binding toward a distinct circadian 240 

transcriptional program29,40,41. Therefore, we next set out to determine whether 241 

exposure to IL-1β also alters genome-wide DNA binding patterns of BMAL1 and 242 

CLOCK in β-cells. Chromatin immunoprecipitation followed by sequencing (ChIP-seq) of 243 

INS-1 832/13 β-cells revealed a subset of BMAL1 and CLOCK binding sites which were 244 

unique (or common) for vehicle or IL-1β-stimulated conditions (Fig. 6a-b).    245 

Interestingly, IL-1β treatment resulted in an overall increase in total binding sites for 246 

BMAL1 (~18% increase), CLOCK (27%) and BMAL1:CLOCK cobound (27%), indicative 247 

of a wider distribution of BMAL1 and CLOCK binding in β-cells during IL-1β-mediated 248 

inflammation (Fig. 6c and Supplementary Fig. 8). First, to test whether IL-1β leads to 249 

relocalization of BMAL1/CLOCK binding from sites annotated to genes regulating 250 

circadian rhythms, we performed gene-set enrichment analysis (GSEA) of annotated 251 

target genes in vehicle and IL1-β conditions (unique plus common) using GO biological 252 

process “Regulation of Circadian Rhythm” gene set [GO term: 0042752]. GSEA 253 

analysis revealed a significant enrichment for circadian-regulated genes under both 254 

vehicle and IL-1β conditions (Fig. 6d, [FDR] q = 0.00), implying that IL-1β doesn’t alter 255 

BMAL1/CLOCK genome-wide binding to core circadian clock genes in β-cells. 256 
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Secondly, we performed functional pathway analysis (GO and KEGG) on a unique 257 

subset of 301 (BMAL1), 1323 (CLOCK), and 282 (BMAL1:CLOCK cobound) binding 258 

sites exclusive to the IL-1β treatment conditions (Fig. 6e). Importantly, this analysis 259 

revealed that exposure to IL-1β results in the enrichment of BMAL1 and CLOCK binding 260 

sites in the proximity of genes functionally annotated to pathways regulating β-cell 261 

apoptosis, inflammation, and dedifferentiation (e.g. mitophagy, FOXO signaling, MAPK 262 

signaling etc.) (Fig. 6e). This data suggests that under pro-inflammatory conditions 263 

brought on by exposure to IL1-β, the core components of the β-cell circadian clock is, in 264 

part, reorganized towards transcriptional regulation of pro-inflammatory and pro-265 

apoptotic pathways, consistent with recent observations of circadian reprogramming in 266 

the lung29, macrophages42 and hepatocytes23.       267 

 268 

DISCUSSION 269 

 Development of hyperglycemia in both T1DM and T2DM is preceded by β-cell 270 

secretory dysfunction progressing toward induction of β-cell apoptosis and/or 271 

dedifferentiation43-45. Although there are many notable differences in the 272 

pathophysiology of β-cell failure between the two forms of diabetes, exposure to pro-273 

inflammatory cytokines plays a prominent role in the pathophysiology of both 274 

diseases46.  Indeed, acute in vitro exposure of isolated islets to key pro-inflammatory 275 

cytokines (e.g. IL-1β, TNFα, IL-6, and IFNγ) recapitulates many aspects of β-cell 276 

dysfunction observed during the evolution of diabetes development such as loss 277 

glucose-stimulated insulin secretion, induction of oxidative and ER stress response, 278 

increased autophagy, and loss of transcriptional identity26. Consistently, cytokine 279 

exposure of primary β-cells leads to alterations in diverse transcriptional networks 280 

spanning hundreds of genes belonging to key pathways regulating β-cell metabolism, 281 

insulin biosynthesis and secretion25. However, despite an increased understanding into 282 

the biological effects of β-cell cytokine exposure, the molecular basis underlying the 283 

deleterious effects of pro-inflammatory cytokines on β-cell transcriptional networks are 284 

not fully understood. 285 

 The current study examined effects of key diabetogenic pro-inflammatory 286 

cytokines on the β-cell circadian clock. In particular, among the tested cytokines IL-1β 287 
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was demonstrated to have the most profound disruptive effect on the expression of core 288 

clock transcription factors (e.g. Bmal1 and Clock) and clock-mediated circadian 289 

transcriptional and physiological oscillations. Indeed, ample evidence describes the 290 

involvement of IL-1β in Type 1 diabetes and more recently, Type 2 diabetes18,19. In Type 291 

1 diabetes, IL-1β is produced primarily by monocytes and macrophages and exerts a 292 

direct effect on β-cell function and survival, often in concert with other pro-inflammatory 293 

cytokines19.  In Type 2 diabetes, the origin of IL-1β exposure to the β-cells is more 294 

complex and controversial; however is likely to include a combination of systemic 295 

adipose-derived and “local” islet inflammasome/macrophage–derived IL-1β secretion20-
296 

23. Most notably, IL-1β exposure at submaximal concentrations (and duration) used in 297 

our study has been shown to preferentially induce defects in β-cell secretory function by 298 

altering key mediators of insulin exocytosis and granular machinery (e.g. Snap25), an 299 

effect shown to be unique to IL-1β among other pro-inflammatory cytokines26. 300 

Interestingly, recent studies have shown that self-autonomous circadian rhythms in 301 

glucose-stimulated insulin secretion are driven by BMAL1:CLOCK mediated regulation 302 

of transcriptional enhancers encoding expression of genes involved in the assembly and 303 

translocation of insulin secretory granules16. It is thus plausible to hypothesize that the 304 

deleterious effects of IL-1β on the β-cell are mediated in part through repression of 305 

circadian clock machinery and circadian control of insulin secretion.       306 

 Our study shows that IL-1β disrupts β-cell circadian clock in part through 307 

interfering with the expression of key circadian transcription factor Bmal1. Indeed, 308 

Bmal1 is the only non-redundant clock gene indispensable for the regulation of 309 

circadian rhythms47. In β-cells, Bmal1 is required for the regulation of functional 310 

maturation48, insulin secretion16, β-cell turnover15 and mitochondrial function14. Thus, 311 

attenuated Bmal1 expression recapitulates many features of β-cell failure in diabetes49. 312 

IL-1β appears to regulate β-cell Bmal1 expression by promoting inhibition of Bmal1 313 

transcriptional activators RORα and SIRT1 and enhancing expression of the 314 

transcriptional repressor REV-ERBα. This is consistent with work that has identified an 315 

NAD+ dependent deacetylase Sirt1 as a key regulator of Bmal1 transcription mediated 316 

in part through cooperative binding with RORα and PPARγ co-activator 1α (PGC1α)33-
317 

35. Notably, Sirt1 expression in β-cells is attenuated in response to IL-1β in NF-kB-318 
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dependent manner and Sirt1 expression is also dysregulated in β-cells of animal models 319 

of T1DM and T2DM36,37. Finally, our work also suggests that IL-1β may control β-cell 320 

Bmal1 expression by regulating expression of its transcriptional repressor, REV-ERBα. 321 

Although the specific mechanisms underlying induction of REV-ERBα in IL-1β-treated β-322 

cells was not delineated, recent reports show that dysregulated expression of a known 323 

downstream target of IL-1β (c-Myc) disrupts the circadian clock by inducing REV-ERBα 324 

to repress expression of BMAL150.  325 

 Current data also suggests that the effects of inflammation on the β-cell circadian 326 

clock may extend beyond suppression of core circadian clock genes, but also 327 

encompass epigenetic reprogramming toward a distinct circadian transcriptional 328 

program as recently demonstrated in lung and liver cells exposed to pro-inflammatory 329 

conditions such as endotoxemia, LPS, and high fat diet29,40,41. For example, lung 330 

endotoxemia led to an emergence of circadian rhythms in genes enriched for key pro-331 

inflammatory signaling pathways29. Moreover, in hepatocytes, activation of pro-332 

inflammatory NF-κB signaling resulted in relocalization of BMAL1 genomic sites during 333 

LPS-induced inflammation towards genes involved in immune, apoptotic, and metabolic 334 

programs40. This effect was shown to be dependent on p65 expression and enhanced 335 

chromatin accessibility, providing a plausible explanation for the emergence of 336 

BMAL1:CLOCK novel binding sites in response to inflammation40. Additionally, 337 

BMAL1:CLOCK has been recently shown to function as a pioneer transcription factor 338 

thereby regulating DNA accessibility of numerous tissue-specific and ubiquitous 339 

transcription factors through nucleosome removal and chromatin modification4. This 340 

model therefore suggests that the activation of BMAL1:CLOCK target genes requires 341 

complex chromatin remodeling and recruitment of various transcription factors which 342 

may be influenced by changes in cellular environment due to pro-inflammatory stress5.  343 

Indeed, in β-cells our study shows that exposure to IL-1β leads to the addition of 344 

BMAL1 (and CLOCK) genomic binding sites in the proximity of genes annotated to 345 

pathways regulating β-cell failure such as apoptosis, inflammation, and dedifferentiation. 346 

 Little is known regarding the regulation of circadian clocks in human β-cells in 347 

health and during progression to both forms of diabetes. Classic studies by Boden and 348 

colleagues have demonstrated in vivo circadian oscillations in insulin secretion and 349 
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glucose tolerance in humans51. These early observations are supported by the 350 

presence of a robust circadian transcriptional program in isolated human islets that is 351 

dependent on core circadian clock gene expression16,52. Stamenkovic and colleagues 352 

previously reported that isolated human islets from T2DM patients exhibit a significant 353 

decrease in the expression of core circadian clock genes PER1, PER2, and CRY2, but 354 

failed to observe reduction in BMAL1 expression compared to non-diabetic controls53.  355 

One potential reason for the discrepancy between the findings by Stamenkovic et al. 356 

and our observations of reduced BMAL1 protein in T2DM may stem from different 357 

T2DM tissues sources in the two studies (e.g. cultured isolated islets vs. autopsy-358 

derived pancreas). Islet inflammation and cytokine exposure in T2DM is a result of the 359 

complex interplay between exposure to systemic circulating cytokines20,21 and induction 360 

of islet pro-inflammatory microenvironment22,23. Thus it is plausible that typical islet 361 

isolation process and consequent prolonged culture of human T2DM islets may not fully 362 

recapitulate islet pro-inflammatory microenvironment commonly observed in vivo.  363 

 Our data provides the evidence that the development of hyperglycemia in 364 

humans is associated with compromised expression of BMAL1 and RORα in human β-365 

cells suggestive of a potential link between circadian clock disruption and β-cell failure 366 

in diabetes. Indeed, studies in humans have reported loss of circadian regulation of 367 

insulin secretion in diabetes-prone populations54,55. Importantly, these effects are likely 368 

due to increased islet exposure to pro-inflammatory cytokines, rather than exposure to 369 

hyperglycemia per se, since culture of islets in hyperglycemic conditions alone fails to 370 

alter circadian clock function9. Moreover, potential IL-1β-mediated addition of novel 371 

BMAL1 (and CLOCK) genomic binding sites in β-cells suggests that inflammation-372 

mediated circadian reprogramming may play a contributory role during evolution of β-373 

cell failure in humans. Future studies will be required to address the role of the β-cell 374 

circadian clock in humans during the transition to T1DM and T2DM. In this regard, 375 

therapeutic modulation of the circadian system may provide a promising novel approach 376 

to treat metabolic disorders such as diabetes mellitus.   377 

 378 

 379 

 380 
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MATERIALS AND METHODS 381 

Animal models: A total of 34 C57B6 and 35 Per2:LUC-MIP:GFP (on C57B6 382 

background) mice at age 8-12 weeks (equal proportions of male/female) were used in 383 

the current study. Per2:LUC-MIP:GFP mice were generated through breeding of 384 

Per2:LUC30 reporter mice with mice expressing Enhanced Green Fluorescent Protein 385 

(GFP) under the control of the insulin promoter31. All animals were housed under 386 

standard 12 h light, 12 h dark (LD) cycle and provided with ad libitum chow diet (14% 387 

fat, 32% protein, and 54% carbohydrates; Harlan Laboratories, Indianapolis, IN). By 388 

convention, the time of lights on (0600 h) is denoted as Zeitgeber Time (ZT) 0 and time 389 

of lights off (1800 h) as ZT12. A subset of mice received intraperitoneal injections of 390 

streptozotocin (STZ; 40 mg/kg/day in citrate buffer, pH 4.5) or vehicle (citrate buffer) on 391 

five consecutive days to induce pro-inflammatory β-cell failure and diabetes32. All 392 

experimental procedures involving animals described were approved by Mayo Clinic 393 

Institutional Animal Care Committee. 394 

Cell models: INS-1 832/13 cells were generously provided by Dr. Christopher Newgard 395 

(Duke University, Durham, NC). INS-1 832/13 cells were cultured in RPMI media with L-396 

glutamine, 10% fetal bovine serum (FBS), 1 mM sodium pyruvate, 10 mM HEPES, and 397 

50 µM β-mercaptoethanol. HEK 293T cells were cultured in Dulbecco’s Modified Eagle 398 

Medium (DMEM) supplemented with 10% FBS, 50 U/ml penicillin, and 50 µg/ml 399 

streptomycin. All cytokines, IL-1β (201-LB-005/CF), IL-6 (206-IL-010/CF), TNFα (210-400 

TA-020/CF), and IFNγ (585-IF-100/CF) were from R&D Systems (Minneapolis, MN). 401 

Bmal1 reporter INS-1 832/13 cell line (Bmal1:LUC) was generated by transducing INS-1 402 

832/13 cells with lentiviral vectors expressing firefly luciferase under the Bmal1 403 

promoter. Transduced cells were purified by puromycin selection. Lentiviral production 404 

has been previously described56. In brief, vector plasmid pABpuro-BluF (a gift from 405 

Steven Brown, Addgene plasmid #46824), and packaging plasmids PEx-QV and pMD-406 

G were co-transfected into HEK 293T cells using Fugene 6 (Roche). After 4 days, 407 

supernatants were filtered, and subjected to ultracentrifugation to concentrate the 408 

lentiviral vectors.  409 

Mouse islet isolation, synchronization and measurements of glucose-stimulated 410 

insulin secretion:  Pancreatic mouse islets were isolated using collagenase method as 411 
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previously described57 and allowed to recover overnight incubated in standard RPMI 412 

1640 medium (11 mM glucose) supplemented with 10% fetal bovine serum at 37°C. To 413 

measure circadian rhythms in glucose-stimulated insulin secretion isolated islets were 414 

synchronized through 1 hour exposure to 10 μM forskolin16. Glucose-stimulated insulin 415 

secretion was assessed by static incubation at basal (4 mM glucose per 30 minutes) 416 

and hyperglycemic conditions (16 mM glucose per 30 minutes) with insulin measured by 417 

ELISA (ALPCO).  418 

Per2:LUC islet bioluminescence studies:  After euthanasia, pancreatic islets were 419 

isolated from Per2:LUC-MIP:GFP mice using standard collagenase method57. Per2-420 

driven bioluminescence emanating from individual GFP+ islet cells were imaged by 421 

cooled intensified charge-coupled device (ICCD) camera outfitted with a temperature 422 

and gas controlled incubation chamber (LV-200, Olympus, MN, USA). Batches of 25 423 

islets were placed in individual wells of a Nunc™ Lab-Tek™ Chambered coverglass 424 

(155383; ThermoFisher Scientific, Waltham, MA), each containing standard RPMI 1640 425 

medium with 10% fetal bovine serum and 0.1 mM D-luciferin (L-8220, Biosynth, Itaska, 426 

IL). The islets were placed in the Luminoview LV200 Bioluminescence Imaging System 427 

and bioluminescence was measured for 1 min at intervals of 10 min and continuously 428 

recorded for at least 3 days. Bioluminescence signal was quantified from the acquired 429 

images using cellSens software (Olympus, Center Valley, PA). Raw data were 430 

normalized by subtraction of the 24 h running average from raw data and then 431 

smoothed with a 2 h running average. Analysis of circadian rhythm parameters (i.e. 432 

circadian period, phase angle, and relative and absolute amplitude) was performed 433 

using JTK_CYCLE58.  434 

Bmal1 Luciferase Assay: Bmal1:LUC cells were seeded in 12 well plates (1 x 106 / 435 

well). Cells were incubated with serial dilutions of the cytokines IL-1β, TNFα, IL-6, and 436 

IFNγ for 24 hours. Cells were washed in 1X PBS and 1X cell lysis buffer was added. 437 

Plates were put on an orbital shaker for 20 minutes, and cells lysates were collected, 438 

centrifuged, and the resulting supernatants were assayed. Cell lysates were added to 439 

96 well opaque plates (Costar) in duplicate and ran on a Promega GloMax-Multi+ 440 

Detection System. Values were normalized to total protein content measured by 441 

bicinchoninic acid (BCA) assay. 442 
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Quantitative real-time PCR analysis: INS-1 832/13 cells were plated in either 6- or 12-443 

well plates at 1-1.5 x 106 cells/well. Cells were treated with different cytokines at the 444 

concentrations noted. After treatment for 24 hours, total RNA was isolated using the 445 

RNeasy Mini kit (Qiagen). Complement DNA (cDNA) was transcribed from 300-400 ng 446 

of RNA with the iScript cDNA Synthesis kit (BioRad) and the resulting cDNA was mixed 447 

with SYBR Green Master Mix (ABI) with gene-specific primers (Supplementary Table 1) 448 

for a total reaction volume of 25 µl. qRT-PCR analysis was performed using the ABI 449 

StepOnePlus Real-Time PCR System and the results were normalized to β-actin 450 

expression. 451 

Western blot analysis: INS-1 832/13 cells were seeded in 6 well plates (1.5 x 106 452 

/well). Upon treatment with cytokines for 24 hours, total protein lysates was isolated 453 

using NP-40 buffer (Amresco, J619) supplemented with protease/phosphatase inhibitor 454 

cocktail (Cell Signaling Technology, #5872). Protein lysates were ran on Mini-Protean 455 

TGX 4-20% gradient SDS-PAGE gels (BioRad) and transferred to 0.2 µm PVDF Trans-456 

blot Turbo membranes (BioRad) using the Trans-blot Turbo System (BioRad). 457 

Membranes were blocked in 5% milk (BioRad) and incubated with antibodies for BMAL-458 

1 (Abcam, ab3350), CLOCK (Millipore, AB2203), RORα (Abcam, ab60134), Rev-Erbα 459 

(Cell Signaling Technology, #13418), Sirt1 (Abcam, ab12193) or β-actin (Millipore, 460 

MAB1501). The corresponding IRDyes (LiCor) were used for the secondary antibodies 461 

and images were obtained with a LiCor Odyssey Fc. 462 

Chromatin Immunoprecipitation sequencing: INS-1 832/13 cells were cross-linked 463 

with 1% formaldehyde for 10 min, followed by quenching with 125 mM glycine for 5 min 464 

at room temperature. Fixed cells were washed with TBS and the cell pellets were frozen 465 

at -80°C. ChIP-seq was performed as previously described59. Briefly, cells were 466 

resuspended in cell lysis buffer (10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 0.5% NP-40) 467 

and incubated on ice for 10 min. The lysates were washed with MNase digestion buffer 468 

(20 mM Tris-HCl, pH 7.5, 15 mM NaCl, 60 mM KCl, 1 mM CaCl2) and incubated for 20 469 

minutes at 37 °C in the presence of MNase. After adding the same volume of sonication 470 

buffer (100 mM Tris-HCl, pH 8.1, 20 mM EDTA, 200 mM NaCl, 2% Triton X-100, 0.2% 471 

Sodium deoxycholate), the lysate was sonicated for 5 min (30 sec-on / 30 sec-off) in 472 

Diagenode bioruptor and centrifuged at 15,000 rpm for 10 min. The cleared supernatant 473 
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equivalent to about 40 x 106 cells was incubated with 5 μg of anti-BMAL1 (Abcam, 474 

ab3350) or anti-CLOCK (Abcam, ab3517) antibodies overnight. After adding 30 μl of 475 

prewashed protein G-agarose beads, the reactions were further incubated for 3 hours. 476 

The beads were extensively washed with ChIP buffer, high salt buffer, LiCl2 buffer, and 477 

TE buffer. Bound chromatins were eluted and reverse-crosslinked at 65°C overnight. 478 

DNAs were purified using Min-Elute PCR purification kit (Qiagen) after treatment of 479 

RNase A and proteinase K. The enrichment was analyzed by targeted real-time PCR in 480 

Per2 and negative genomic loci. For the next-generation sequencing, ChIP-seq libraries 481 

were prepared from 5-10 ng of ChIP and input DNAs with the ThruPLEX® DNA-seq Kit 482 

V2 (Rubicon Genomics, Ann Arbor, MI). The ChIP-seq libraries were sequenced to 51 483 

base pairs from both ends using the Illumina HiSeq 4000 in the Mayo Clinic Center for 484 

Individualized Medicine Medical Genomics Facility. Raw sequencing reads were 485 

processed and analyzed using the HiChIP pipeline60 to obtain visualization files and a 486 

list of peaks. Briefly, paired-end reads were mapped to the rat reference genome 487 

(release rn6) by BWA61 with default settings, and only uniquely mapped reads remained 488 

for further analysis. Peaks were called using the MACS2 algorithm62 for CLOCK and 489 

BMAL1 both at FDR <=1%. Venn-diagram and correlation analysis were performed by 490 

our in-house python scripts. Functional enrichment analysis was performed using 491 

DAVID to determine enrichment of Biological Process terms and KEGG (Kyoto 492 

Encyclopedia of Genes and Genomes) pathways of identified gene targets.  493 

Human pancreas and islet studies: Human pancreas was procured from the Mayo 494 

Clinic autopsy archives with approval from the Institutional Research Biosafety Board. 495 

Paraffin-embedded pancreatic sections were immunostained for Insulin (ab7842; 496 

Abcam), Bmal1 (ab93806; Abcam), Rorα (ab60134; Abcam) with Vectashield-DAPI 497 

mounting medium (Vector Laboratories). Blinded slides were viewed, imaged, and 498 

analyzed using a Zeiss Axio Observer Z1 microscope (Carl Zeiss Microscopy, LLC, NY, 499 

USA) and ZenPro software (Carl Zeiss Microscopy, LLC.). ImageJ (National Institutes of 500 

Health, Bethesda, MD) was used to quantify BMAL1 and RORα expression by 501 

measuring average pixel intensity within insulin-positive β-cells, following background 502 

subtraction63. Isolated human islets were obtained from Prodo Laboratories (Irvine, CA).   503 
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Statistical analysis and calculations: Statistical analysis was performed using 504 

ANOVA with post hoc tests wherever appropriate (GraphPad Prism v.6.0, San Diego, 505 

CA, USA). Rayleigh vector histograms representing the amplitude and timing of the 506 

peak Per2:LUC bioluminescence was visualized using Oriana 4.0 (Kovach Computing 507 

Services, Anglesey, UK). All data was presented as means ± SEM and assumed 508 

statistically significant at p<.05. 509 

 510 
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 705 

FIGURE LEGENDS 706 

Figure 1. Effects of pro-inflammatory cytokines on β-cell circadian clock 707 

elucidated through bioluminescence recordings of islets isolated from Per2:LUC-708 

MIP:GFP mice. (a) Diagrammatic representation of the study design indicating that 709 

pancreatic islets were isolated from Per2:LUC-MIP:GFP mice to assess Per2-driven 710 
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bioluminescence in response to increasing concentrations of IL-1β, TNFα, IL-6, and 711 

IFNγ. (b) Representative examples of circadian Per2-driven bioluminescence rhythms in 712 

batches of 10-15 islets isolated from Per2:LUC-MIP:GFP male and female mice 713 

exposed for 72 hours to either IL-1β (0.2-5 ng/ml), TNFα (10-50 ng/ml), IL-6 (25-150 714 

ng/ml), IFNγ (0.1-10 ng/ml) vs. vehicle. (c) Rayleigh vector histograms were visualized 715 

using Oriana 4.0 (Kovach Computing Services, Anglesey, UK) to assess the 716 

significance of the amplitude as well as the phase clustering of peak Per2:LUC 717 

expression relative to circadian time in response to IL-1β (2 ng/ml), TNFα (25 ng/ml), IL-718 

6 (75 ng/ml), IFNγ (3 ng/ml) or vehicle. The length of each filled vector represents the 719 

amplitude of Per2-driven bioluminescence, while direction (time) denotes the phase of 720 

peak Per2-driven bioluminescence in islets cultured with vehicle or the given cytokine 721 

condition (n=4-7 independent experiments). The direction of the arrow represents the 722 

mean phase vector and the width of the arrowhead represents the variance (standard 723 

error) of the mean phase vector. (d) Representative heatmaps displaying 724 

bioluminescence traces for islets isolated from Per2:LUC-MIP:GFP mice exposed for 72 725 

hours to either IL-1β (0.2-5 ng/ml), TNFα (10-50 ng/ml), IL-6 (25-150 ng/ml), IFNγ (0.1-726 

10 ng/ml) versus vehicle. (e) Bar graphs represent mean amplitude (left) and phase 727 

(right) of Per2-driven bioluminescence in β-cells exposed to IL-1β (2 ng/ml), TNFα (25 728 

ng/ml), IL-6 (75 ng/ml), IFNγ (3 ng/ml) or vehicle. Values are mean ± SEM (n=4-7 729 

independent experiments) and *p <.05 denotes statistical significance vs. vehicle. 730 

 731 

Figure 2. Effects of multiple low dose streptozotocin (MLD-STZ) induced β-cell 732 

failure and diabetes on the β-cell circadian clock. (a) Diagrammatic representation 733 

of the study design indicating that a subset of Per2:LUC-MIP:GFP and C57B6 mice 734 

received intraperitoneal injections of streptozotocin (STZ; 40 mg/kg/day) vs. vehicle on 735 

five consecutive days to induce pro-inflammatory β-cell failure and diabetes which was 736 

confirmed (b) by measurements of blood glucose concentrations post STZ injections. (c) 737 

Representative examples of circadian Per2-driven bioluminescence rhythms in batches 738 

of 10-15 islets isolated from Per2:LUC-MIP:GFP mice exposed in vivo to MLD-STZ 739 

(red) versus vehicle (black). (d) Representative heatmaps displaying bioluminescence 740 

traces for islets isolated from Per2:LUC-MIP:GFP mice exposed in vivo to MLD-STZ 741 
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(red) versus vehicle (black). Each column represents an independent experiment. (e) 742 

Rayleigh vector histograms visualized to assess the significance of the amplitude and 743 

the phase clustering of peak Per2:LUC expression relative to circadian time in response 744 

to MLD-STZ versus vehicle (n=6 independent experiments). (f) Bar graphs represent 745 

mean amplitude (top) and circadian period (bottom) of Per2-driven bioluminescence in 746 

β-cells exposed to MLD-STZ (red) or vehicle (black) (n=6 independent experiments). (g-747 

i) Normalized Bmal1, Rev-Erbα, and Per2 mRNA expression obtained from islet lysates 748 

of MLD-STZ (red) and vehicle (black) mice collected during ZT 4, 8, 16 and 20 time 749 

points in the 24 h circadian cycle. Values are mean ± SEM (n=3-4) fold change with 750 

vehicle at ZT 4 set as 1. All values are mean ± SEM and *p<.05 denotes statistical 751 

significance vs. vehicle. 752 

 753 

Figure 3. Effects of pro-inflammatory cytokines on Bmal1 and Clock mRNA 754 

expression in β-cells and isolated human and mouse islets. (a-b) Normalized 755 

Bmal1 and Clock mRNA expression in INS-1 832/13 β-cells exposed for 24 h to either 756 

IL-1β (0.2-5 ng/ml), TNFα (10-50 ng/ml), IL-6 (25-150 ng/ml), and IFNγ (0.1-10 ng/ml). 757 

Values are mean ± SEM (n=4-7 independent experiments per given concentration) and 758 

*p<.05 denotes statistical significance vs. untreated (UT). (c) Normalized Bmal1 and 759 

Clock mRNA expression in isolated human and mouse (C57B6: 8-12 weeks old) islets 760 

exposed for 24 h to IL-1β (2 ng/ml) versus untreated (UT). Human islet data represents 761 

n=5 independent non-diabetic human islet shipments. Mouse islet data represents n=3 762 

independent experiments. Values are mean ± SEM and *p<.05 denotes statistical 763 

significance vs. untreated (UT). 764 

 765 

Figure 4. Effects of IL-1β on activators and repressors of Bmal1 transcription in β-766 

cells.   (a) A schematic representation of Bmal1 promoter regulation. Bmal1 expression 767 

is regulated by opposing activities of the orphan nuclear receptors Rorα and Rev-erbα. 768 

SIRT1 is a regulator of Bmal1 transcription mediated in part through cooperative binding 769 

with RORα and PGC1α. (b) Bmal1 promoter activity was assessed using stably-770 

transfected Bmal1:LUC reporter expressing INS-1 832/13 β-cells exposed for 24 h to IL-771 

1β (0.1-5 ng/ml). Values are mean ± SEM (n=3-6 independent experiments per given 772 
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concentration) and *p<.05 denotes statistical significance vs. untreated (UT). (c-d) 773 

BMAL1, RORα, REV-ERBα and SIRT1 protein expression in INS-1 832/13 β-cells 774 

exposed for 24 h to IL-1β (0.2-5 ng/ml). Values are mean ± SEM (n=3-6 independent 775 

experiments per given concentration) and *p<.05 denotes statistical significance vs. 776 

untreated (UT).  777 

 778 

Figure 5. BMAL1 and RORα expression is decreased in human diabetic β-cells.      779 

(a) BMAL1 and RORα protein levels assessed by immunofluorescence in human 780 

pancreatic tissue obtained at autopsy from nondiabetic subjects and subjects with type 781 

2 diabetes. (b-c) Mean staining intensity for BMAL1 (top) and RORα (bottom) of β-cells 782 

from nondiabetic subjects (ND) and subjects with type 2 diabetes mellitus (T2DM). Data 783 

are expressed as mean ± SEM (n=7-8 per group) and *p<.05 denotes statistical 784 

significance vs. non-diabetic (ND). The expression levels of BMAL1 and RORα are 785 

negatively correlated with fasting glucose concentrations in individual human subjects 786 

(Pearson’s correlation with fasting glucose taken within 1 year of autopsy). (d) 787 

Correlation analysis with gene expression data from human pancreatic islets (data set 788 

GEO: GSE38642) was performed using Pearson’s correlation analysis. Genes whose 789 

expression significantly correlated (r = 0.5 to 1; FDR<0.05) with the expression of Bmal1 790 

were subjected to KEGG enrichment analysis relevant significantly enriched KEGG 791 

pathways shown. (e-f) Pearson’s correlation of Bmal1 to genes regulating insulin 792 

secretion (hsa04911; e) and cytokine receptor interaction (hsa04060; f) is represented 793 

by a correlation matrix. Positive and statistically significant Pearson’s correlation 794 

coefficients are represented by a red square, while negative coefficients are 795 

represented by a blue square. Correlations that were not statistically significant are 796 

represented by a white square. 797 

 798 

Figure 6. Effects of IL-1β on genome-wide DNA binding patterns of BMAL1 and 799 

CLOCK in β-cells.  (a) Examples of genome browser view of BMAL1 ChIP-seq binding 800 

peaks at Ucp2 (unique to vehicle conditions), Per1 (common for vehicle and IL-1β 801 

conditions) and Fkbp11 (unique to IL-1β conditions) gene loci. (b) Scatter plots 802 

represent ChIP-seq tag density distribution for BMAL1 and CLOCK in INS-1 832/13 β-803 
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cells exposed to either IL-1β (2 ng/ml) or vehicle control. Grey dots indicate binding 804 

peaks shared between vehicle and IL-1β conditions, whereas black and red dots 805 

indicate tag density distribution unique to vehicle or IL-1β respectively. (c) Venn 806 

diagrams indicate an overlap and unique binding peaks for BMAL1, CLOCK and 807 

BMAL1:CLOCK cobound for vehicle and/or IL-1β conditions. (d) Gene-set enrichment 808 

analysis (GSEA) performed using pre-ranked analysis of target peak size of annotated 809 

binding sites in vehicle and IL1-β conditions (unique plus common) using GO biological 810 

process “Regulation of Circadian Rhythm” gene set [GO term: 0042752]. FDR q = 0.00. 811 

(f) Functional gene ontology (GO) and pathway (KEGG) enrichment analysis of the 812 

genomic sites co-occupied by BMAL1:CLOCK exclusive to the IL-1β treatment 813 

conditions, p<.05. 814 
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