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Type 2 diabetes mellitus (T2DM) is characterized by
b-cell dysfunction as a result of impaired glucose-
stimulated insulin secretion (GSIS). Studies show that
b-cell circadian clocks are important regulators of
GSIS and glucose homeostasis. These observations
raise the question about whether enhancement of the
circadian clock in b-cells will confer protection against
b-cell dysfunction under diabetogenic conditions. To
test this, we used an approach by first generating mice
with b-cell–specific inducible overexpression ofBmal1
(core circadian transcription factor; b-Bmal1OV). We
subsequently examined the effects of b-Bmal1OV on the
circadian clock, GSIS, islet transcriptome, and glucose
metabolism in the context of diet-induced obesity. We also
tested the effects of circadian clock–enhancing small-
molecule nobiletin on GSIS in mouse and human control
and T2DM islets. We report that b-Bmal1OV mice display
enhanced islet circadian clock amplitude and aug-
mented in vivo and in vitro GSIS and are protected
against obesity-induced glucose intolerance. These
effects were associated with increased expression of
purported BMAL1-target genes mediating insulin se-
cretion, processing, and lipid metabolism. Furthermore,
exposure of isolated islets to nobiletin enhanced b-cell
secretory function in a Bmal1-dependent manner. This
work suggests therapeutic targeting of the circadian
system as a potential strategy to counteract b-cell
failure under diabetogenic conditions.

The circadian system is a critical component of mammalian
homeostasis, permitting organismal fitness in response to
24-h environmental cycles (1). A key aspect of circadian
physiology is its intrinsic nature, that is, the presence of

internal circadian oscillators (or clocks) that exert control
over diverse physiological, genetic, and metabolic cellular
functions (2). Intrinsic b-cell circadian clocks are impor-
tant regulators of glucose-stimulated insulin secretion
(GSIS), b-cell maturation, turnover, and response to di-
abetogenic stressors (3–8). Therefore, evidence links cir-
cadian disruption with development of type 2 diabetes
mellitus (T2DM) (9–11), and recent studies show pertur-
bations of intrinsic b-cell clocks in human islets of patients
with T2DM (12).

At the molecular level, circadian clocks are governed by
a genetic feedback loop comprising transcriptional activa-
tors brain and muscle ARNT-like 1 (BMAL1) (Arntl/Bmal1)
and its heterodimeric partner CLOCK and repressor genes
that encode period (PER) and cryptochrome (CRY) pro-
teins (2). BMAL1 is a key circadian transcriptional regulator
since it is a nonredundant clock gene indispensable for the
generation of circadian rhythms (13). BMAL1 predomi-
nantly regulates transcription of genes in a tissue-specific
manner; however, transcripts commonly regulated by
BMAL1 are enriched for pathways regulating glucose
homeostasis (14). In b-cells, purported BMAL1 targets
mediate critical aspects of insulin secretion, exocytosis,
and metabolism (6). Consistently, b-cell–specific Bmal1
deletion in mice (or BMAL1 genetic variance in humans)
is associated with b-cell failure, glucose intolerance, and
T2DM (3,15–17).

These observations raise the question of whether en-
hancement of the circadian clock (and specifically BMAL1
expression) selectively in b-cells will confer protection
against b-cell dysfunction in response to diabetogenic
stressors common to T2DM. In support of this premise,
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recent studies have shown that treatment of rodents with
pharmacological enhancers of circadian rhythms improves
glucose homeostasis in the context of obesity, diabetes,
and circadian disruption (18,19). Although these studies
support the premise that enhancement of the circadian
clock may be effective in the treatment of T2DM, whether
clock-enhancing strategies can be effective in counteract-
ing b-cell failure in vivo requires further investigation.

In this study, we provide evidence that enhancement of
b-cell circadian clock in vivo (through conditional b-cell–
specific overexpression of Bmal1) augments GSIS and
glucose tolerance in context of diet-induced obesity and
insulin resistance. Importantly, beneficial effects of b-cell
Bmal1 induction were associated with increased expression
of genes mediating insulin secretion, lipid metabolism, and
endoplasmic reticulum (ER) function. Moreover, pharma-
cological enhancement of circadian clocks (with small-
molecule nobiletin) was shown to improve GSIS in isolated
mouse and human islets, implicating therapeutic targeting
of circadian clocks for treatment of diabetes.

RESEARCH DESIGN AND METHODS

Animals
All animal procedures were approved by the Mayo Clinic
institutional animal care and use committee. In total,
120 male mice were used for all studies. Mice expressing
a hemagglutinin-tagged (HA) copy of Bmal1 under the
control of tetracycline-responsive (tetO) promoter
(B6.Cg-Tg[tetO-Arntl]1Jt/J, #007618; The Jackson Labo-
ratory) (20), were crossed to mice that express the reverse
tetracycline-controlled transactivator protein (rtTA) under
the control of rat insulin 2 promoter (Tg[Ins2-rtTA]2Efr/J,
#008250; The Jackson Laboratory) (21). Resulting offspring
were genotyped to identify mice containing both tetO pro-
moter and rtTA transactivator Bmal1-HAtetO/1Ins2rtTA/1 (re-
ferred to as b-Bmal1OV) or littermate controls containing the
rtTA transactivator 1/1Ins2rtTA/1 (referred to as control) alone.
For assessment of circadian clock function in b-Bmal1OV mice,
additional mice were generated by crossing Bmal1tetO/1Ins2rtTA/1

mice tohomozygousmPer2lucknockinmice,which expressmouse
Per2:luciferase (Per2:LUC) reporter (B6.129S6-Per2tm1Jt/J,
#006852; The Jackson Laboratory). Offspring were geno-
typed to identify 1/1Ins2rtTA/1Per2luc/1 and Bmal1tetO/1

Ins2rtTA/1Per2luc/1 mice (referred to as control-LUC and
b-Bmal1OV-LUC, respectively). To assess the effect of
nobiletin on b-cell circadian clock, Per2:LUC reporter
mice were bred with mice expressing green fluorescent
protein (GFP) under the control of the insulin 1 promoter
(B6.Cg-Tg[Ins1-EGFP], #006864; The Jackson Laboratory)
(22). Resulting offspring were subsequently referred to as
Per2luc/1Ins1GFP/1. Mice with b-cell–specific deletion of
Bmal1 (referred to as b-Bmal12/2) were generated by
breeding mice homozygous for the floxed Bmal1 gene
(B6.129S4 [Cg]-Arntl tm1Weit/J; The Jackson Laboratory)
(23) withmice transgenic for tamoxifen-inducible Cre driven
by the rat Insulin2 promoter (Tg [Ins2-cre/ERT]; The Jackson
Laboratory) (24). To activate deletion of Bmal1, b-Bmal12/2

mice received three i.p. injections of 4 mg tamoxifen (Sigma-
Aldrich) as previously described (16).

Experimental Design for In Vivo Studies
All mice were housed under a standard 12-h light, 12-h
dark (LD) cycle. By convention, the time of lights on
(0600 h) is denoted as Zeitgeber time (ZT) 0 and time
of lights off (1800 h) as ZT 12. Mice were fed chow (Harlan
Laboratories, Indianapolis, IN) until the age of 2 months,
following which time they were switched to doxycycline
(DOX) diets to achieve Bmal1 overexpression in b-cells. On
the basis of the experimental design, mice were fed either
chow (9% fat, 20% protein, 54% carbohydrates, 200 mg $
kg21 DOX, S3888; Bio-Serv, Flemington, NJ) or 60% high-
fat diet (HFD) (60% fat, 20% protein, 20% carbohydrates,
280 mg $ kg21 DOX, F7160; Bio-Serv).

Monitoring of Circadian Activity and Metabolic Rate
Mice were housed in cages fitted with an optical beam
sensor system (Respironics, Murrysville, PA) and moni-
tored for 24 days in LD followed by 48 days in constant
darkness (DD). Food consumption andmetabolic rate were
monitored using a comprehensive laboratory animal mon-
itoring system equipped with an Oxymax open circuit
indirect calorimeter system (Columbus Instruments, Co-
lumbus, OH).

Assessment of Diurnal Glucose and Insulin Tolerance
To assess glucose tolerance, mice received 1 g $ kg21 body
weight of 50% dextrose solution through i.p. injection
performed at 1000 h (ZT 4, day) and 2200 h (ZT 16, night).
Blood glucose was measured at 0, 15, 30, 60, and 90 min
post-dextrose injection. At 15 min, blood was sampled
through saphenous venipuncture into microcentrifuge
tubes for collection of plasma. To assess insulin tolerance,
mice received 0.75 mU $ g21 body weight of insulin
solution through i.p. injection performed at ZT 4, and
blood glucose was serially measured at 0, 10, 20, 30, 40, 50,
and 60 min post-insulin bolus.

Measurement of b-Cell Function In Vitro by Islet
Perifusion
Mouse islets were isolated (always at the ZT 4 time point/
1000 h central standard time [CST]) using standard col-
lagenase method and recovered overnight in RPMI me-
dium as previously described (16). Human islets were
obtained from Prodo Laboratories (Irvine, CA) and cul-
tured in RPMImedium as previously detailed (25). In total,
two independent shipments of nondiabetic (HP-20030
and HP-20164) and one shipment of T2DM (HP-20019)
human islets were used and four to six independent
perifusion experiments (“runs”) were conducted for each
shipment. All perifusion experiments (performed always at
the ZT 4 time point/1000 h CST) were conducted using
a Biorep perifusion system (Biorep Technologies, Miami,
FL) as previously described (16). When appropriate, nobi-
letin (10 mmol $ L21; Toronto Research Chemicals) was
diluted in 4 mmol $ L21 and 16 mmol $ L21 glucose
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perifusion buffers and was continuously administered
throughout the basal wash (248 to 0 min) and sample
collection period (0–96 min) of islet perifusion.

Assessment of Islet Circadian Clock Ex Vivo Using Per2
Bioluminescence Reporter
Islets were isolated from either control-LUC (1/1Ins2rtTA/1

Per2luc/1), b-Bmal1OV-LUC (Bmal1tetO/1Ins2rtTA/1Per2luc/1)
or Per2luc/1Ins1GFP/1 mice at the ZT 4 time point/1000 h
CST. Batches of 25 islets were placed in individual wells of
Nunc Lab-Tek Chambered Coverglass (Thermo Fisher
Scientific, Waltham, MA), each containing RPMI medium
with 10% FBS, 0.1 mmol $ L21 D-LUCIFERIN (L-8220;
Biosynth, Itaska, IL), and nobiletin (10 mmol/L $ L21)
(when appropriate). The coverglass-containing islets
were placed in the Luminoview LV200 Bioluminescence
Imaging System (Olympus, Center Valley, PA) and imaged
for 5 days at hourly intervals. Bioluminescence signal was
quantified using cellSens software (Olympus). Data were
normalized by subtraction of the 24-h running average
from raw data and then smoothed with a 2-h running
average as previously described (26,27).

Islet RNA Extraction, Quantitative Real-time PCR, and
Affymetrix GeneChip
For Affymetrix GeneChip, mouse islets were isolated from
seven control-HFD (n5 3 at ZT 4 and n5 4 at ZT 16) and
eight b-Bmal1OV-HFD (n 5 5 at ZT 4 and n 5 3 at ZT 16)
mice. To maximize the amount and quality of RNA, islet
samples were pooled to create a sample for each genotype/
ZT, and total RNA was extracted using an RNeasy Mini Kit
(QIAGEN). RNA was quantified by NanoDrop OneC

(Thermo Fisher Scientific), and microarray analysis was
conducted according to the manufacturer’s instructions
for the GeneChip WT Pico Reagent Kit (Affymetrix, Santa
Clara, CA) as previously described (8). A differentially
expressed gene list was subjected to Gene Ontology
(GO) enrichment analysis using DAVID (28) and subjected
to gene set enrichment analysis (GSEA) using defined
BMAL1 chromatin immunoprecipitation sequencing tar-
gets (6). For quantitative real-time PCR (qRT-PCR), mRNA
was converted into cDNA using an iScript cDNA Synthesis
Kit (Bio-Rad, Hercules, CA), and qRT-PCR was performed
on the StepOnePlus machine (Applied Biosystems, Carls-
bad, CA) under default thermal cycling conditions. Data
were analyzed using the 22DDCT method, withmRNA levels
normalized to Actin and Gapdh for every sample.

Immunofluorescence and Endocrine Pancreas
Morphology
Paraffin-embedded pancreatic sections were stained for
insulin (ab7842; Abcam), glucagon (G2654; Sigma-Aldrich),
BMAL1 (ab3350; Abcam), HA (H3663; Sigma-Aldrich),
replication marker Ki67 (550609; BD Pharmingen), and
apoptosis marker TUNEL (Roche). Slides were viewed using
a Zeiss microscope (Carl Zeiss Microscopy) and images
acquired using ZEN pro software (Carl Zeiss Microscopy).

Analytical Methods
Blood glucose was measured with a FreeStyle Lite blood
glucose measuring system (Abbott Laboratories, Abbott
Park, IL). Insulin was measured using Insulin ELISA
(ALPCO, Salem, NH).

Statistical Analysis and Calculations
Per2-driven luciferase rhythms were assessed using
JTK_CYCLE software version 3 (Hughes Laboratory,
Washington University, St. Louis, MO) (29). Activity
recordings were analyzed using ClockLab software (Acti-
metrics, Wilmette, IL). Statistical analysis was performed
using ANOVA with post hoc tests wherever appropriate
(GraphPad Prism 8.2; GraphPad Software, San Diego, CA).
Data in graphs are presented as mean6 SEM and assumed
statistically significant at P , 0.05.

Data and Resource Availability
The experimental data sets generated and/or analyzed
during the current study are available from the corre-
sponding author upon reasonable request. No applicable
resources were generated during the current study.

RESULTS

Validation of b-Cell BMAL1 Overexpression in Male
Mice
We generated double-transgenic mice with conditional
b-cell–specific overexpression of Bmal1 (b-Bmal1OV;
Bmal1-HAtetO/1Ins2rtTA/1) and corresponding littermate
controls (control; 1/1Ins2rtTA/1), which were subsequently
exposed to either chow or 60% HFD, while Bmal1 over-
expression was driven by provision of DOX in food (Fig. 1A
and B). Bmal1 in islets demonstrated an expected diurnal
expression pattern in control and b-Bmal1OV under both
chow and HFD, with increased mRNA at ZT 16 (active/
dark cycle) (Fig. 1C). Interestingly, in control mice, expo-
sure to HFD led to a significant decrease in Bmal1mRNA at
ZT 4 but augmented Bmal1 expression at the ZT 16 time
point (P , 0.05 for chow vs. HFD). HFD did not alter
Bmal1 expression in b-Bmal1OV islets, which was robustly
increased (;20–40-fold, P , 0.05) at both ZT 4 and ZT
16 compared with respective controls (Fig. 1C). Immunos-
taining for insulin, BMAL1, and HA in pancreatic sections
confirmed robust induction of BMAL1 protein in insulin-
positive cells of b-Bmal1OV mice (Fig. 1D).

BMAL1 Overexpression in b-Cells Does Not Alter
Global Circadian Rhythms in Activity, Feeding, or
Metabolism
To confirm the specificity of Bmal1 overexpression to
b-cells, we performed assessment of in vivo circadian
rhythms in locomotor activity, feeding, and energy expen-
diture (Fig. 2). Chow- or HFD-fed control and b-Bmal1OV

genotypes displayed comparable circadian activity under
the standard LD cycle as well as during the free-run DD
cycle, exhibiting an ;24-h dominant activity period (P .
0.05 between the genotypes) (Fig. 2A). In addition, whole-
body calorimetry analysis confirmed an expected decrease
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in circadian variation in VO2, VCO2, and total metabolic
rate in HFD-fed vs. chow-fed animals; however, no differ-
ences in any of the metabolic parameters were detected
between control and b-Bmal1OV mice (P . 0.05) (Fig. 2B).
Control and b-Bmal1OV mice also exhibited a comparable
increase in body mass and daily food intake in response to
HFD (Supplementary Fig. 1). These data confirm that
chow- and/or HFD-fed b-Bmal1OV mice do not differ
from control with respect to the regulation of systemic
circadian rhythms, metabolic rate, body weight, or feeding.

BMAL1 Overexpression in b-Cells Enhances Circadian
Clock Amplitude in Islets of Per2:LUC Reporter Mice
To test the effects ofb-cell–specific expression of Bmal1 on the
islet circadian clock, we generated a triple-transgenic mouse by
crossing b-Bmal1OV mice to homozygous Per2:LUC knockin
mice (commonly used circadian reporter mouse model [30]).
Resulting offspring control-LUC (1/1Ins2rtTA/1Per2luc/1) and
b-Bmal1OV-LUC (Bmal1tetO/1Ins2rtTA/1Per2luc/1) were used
for bioluminescence recordings of isolated islets (Fig. 3). As

expected, islets from chow- and/or HFD-fed control and
b-Bmal1OV mice displayed sustained circadian rhythms in
Per2 bioluminescence (Fig. 3A–C). Interestingly, exposure
to HFD (independent of the genotype) enhanced the
amplitude (;50%, P , 0.05 vs. chow) of Per2-driven
luciferase oscillations, indicative of a potential compensa-
tory increase in the circadian clock amplitude in response
to HFD. Importantly, the amplitude of Per2-driven lucif-
erase oscillations was further augmented in islets of HFD-
fed b-Bmal1OV mice compared with control (;50%, P ,
0.05 vs. HFD-control) (Fig. 3C). Consistently, qRT-PCR
performed on islets isolated at multiple time points
during the LD cycle (e.g., ZT 4, 8, 16, and 20) confirmed
robust upregulation in diurnal Bmal1 mRNA as well as
increased diurnal expression in Per2 and Nr1d1 mRNA in
HFD-fed b-Bmal1OV compared with control mice (P ,
0.05) (Fig. 3D). Collectively, these data demonstrate that
b-Bmal1OV mice exhibit enhancement of islet circadian
clock amplitude and clock gene expression under HFD
conditions.

Figure 1—Generation and validation of b-cell Bmal1 overexpression in male mice. A and B: We generated mice with conditional b-cell–
specific expression of Bmal1 by crossing mice expressing HA copy of Bmal1 under the control of tetO promoter (tetO-Bmal1-HA) with mice
expressing the rtTA under the control of rat insulin promoter (Ins2-rtTA). Resultant offspring and corresponding controls were exposed to
either chow or 60% HFD, while Bmal1 expression was driven by provision of DOX in food. C: Normalized Bmal1 mRNA from islet lysates of
chow- and HFD-fed control (1/1Ins2rtTA/1) and b-Bmal1OV (Bmal1-HAtetO/1Ins2rtTA/1) male mice collected at the ZT 4 and ZT 16 time points.
Data are mean6 SEM (at least n5 3mice per genotype/diet) fold change, with chow-fed control at ZT 4 set as 1. Statistical significance was
determined by three-way ANOVA for effects of genotype, diet, and ZT with post hoc multiple comparison analysis. *P , 0.05 for chow vs.
HFD; #P , 0.05 for control vs. b-Bmal1OV; †P , 0.05 for ZT 4 vs. ZT 16. D: Representative pancreatic sections stained by immunoflu-
orescence for BMAL1, insulin, and HA and counterstained with nuclear marker DAPI imaged at 203 (scale bars 5 50 mm) and
magnification 363 (insets) in chow- and HFD-fed control and b-Bmal1OV mice at the ZT 4 and ZT 16 time points. In total, representative
pancreatic specimens from at least n 5 3 mice per genotype/diet were examined.
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BMAL1 Overexpression in b-Cells Enhances In Vivo
Glucose Tolerance in Response to Diet-Induced
Obesity
We next performed glucose tolerance tests (GTTs) with
concomitant measure of in vivo glucose-stimulated insulin
in chow- and HFD-fed control and b-Bmal1OV mice at the
ZT 4 and ZT 16 time points (Fig. 4). Before the adminis-
tration of DOX and/or HFD, control and b-Bmal1OV mice
displayed comparable glucose tolerance (Fig. 4A–D, base-
line). As expected, HFD-fed controls demonstrated induc-
tion of glucose intolerance evident by approximately two- and
threefold increases in glucose area under the curve (AUC)
during GTT at the ZT 4 and 16 time points (P , 0.05 for
control HFD vs. chow) (Fig. 4). Strikingly, at ZT 4, HFD-fed
b-Bmal1OV mice demonstrated the same degree of glu-
cose tolerance as their chow-fed counterparts, indicating

protection from HFD-induced glucose intolerance (P .
0.05 for b-Bmal1OVHFD vs. chow) (Fig. 4). At ZT 16, HFD-
fed b-Bmal1OV exhibited mild glucose intolerance (P ,
0.05 for HFD vs. chow); however, the extent of glucose
intolerance was significantly attenuated compared with
controls (P , 0.05 for b-Bmal1OV vs. control). Of note,
improved glucose tolerance in HFD-fed b-Bmal1OV mice
was attributed to enhanced insulin levels and response
(P, 0.05 for b-Bmal1OV vs. control at ZT 4) (Fig. 4D), with
no change in insulin sensitivity (Supplementary Fig. 2).

BMAL1 Overexpression in b-Cells Enhances In Vitro
b-Cell Function Without Altering b-Cell Mass and/or
Turnover in Response to Diet-Induced Obesity
Consistent with previous observations (31,32), islet peri-
fusion studies (performed at ZT 4) revealed that islets

Figure 2—Bmal1 overexpression in b-cells does not alter global regulation of circadian rhythms in activity and energy expenditure in male
mice. A: Representative actograms (double plotted) of locomotor activity in chow- and HFD-fed control (1/1Ins2rtTA/1) and b-Bmal1OV

(Bmal1-HAtetO/1Ins2rtTA/1) male mice monitored for 8 days in a standard LD cycle without DOX followed by 16 days in LD and 48 days in DD
with DOX administration (200 mg $ kg21 in food). Shaded areas represent periods of dark. Corresponding x2 periodograms of activity
recordings are shown below each actogram. In total, activity patterns were examined in n 5 4 mice per genotype/diet. B: Average
measurements of VO2, VCO2, metabolic rate, and the respiratory exchange ratio (RER) monitored over a 24-h period in chow-fed and HFD-
fed control and b-Bmal1OV mice. Calorimetric recordings were made using a comprehensive laboratory animal monitoring system . VO2 and
VCO2 levels were used to calculate the RER, and VO2 and RER values were used to determine the metabolic rate (kcal $ kg21 $ h21). Data are
mean 6 SEM (n 5 4 mice per genotype/diet). *P , 0.05 vs. day cycle.
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from HFD-fed controls exhibit characteristic features of
b-cell dysfunction in T2DM (i.e., increased basal insulin
release), loss of first-phase GSIS, and preserved second-
phase GSIS (P, 0.05 for basal and first phase for chow vs.
HFD-control) (Fig. 5). Bmal1 overexpression attenuated
insulin secretory abnormalities by normalizing basal in-
sulin and restoring first-phase insulin response (P , 0.05
for b-Bmal1OV-HFD vs. control-HFD) (Fig. 5C). In contrast,
Bmal1 overexpression had no effect on second-phase in-
sulin response. Of note, improvements of b-cell function
and glucose tolerance in HFD-fed b-Bmal1OVmice were not
associated with changes in b-cell mass or b-cell turnover
(e.g., proliferation, apoptosis) (P . 0.05 between geno-
types for all parameters) (Supplementary Fig. 3).

BMAL1 Overexpression in b-Cells Leads to Enhanced
Expression of Genes Regulating Insulin Secretion, ER
Function, and Lipid Metabolism

Next, we performed whole-genome analysis of HFD-fed
control and b-Bmal1OV isolated islets at the ZT 4 and ZT
16 time points (Fig. 6). At ZT 4, pathway analysis of genes
enriched in islets of HFD-fed b-Bmal1OV mice (twofold
increase vs. HFD-fed control) showed enrichment for genes
involved in the regulation of insulin secretion, ER insulin
processing, and lipid metabolism (e.g., GO:0032787 ;
peptide hormone processing, GO:0030073 ; insulin secre-
tion, GO:0016485 ; protein processing) (Fig. 6B and
Supplementary Material). In contrast, at ZT 16, islets of
HFD-fed b-Bmal1OV mice showed enrichment of transcripts

Figure 3—b-Cell Bmal1 overexpression enhances islet circadian clock amplitude in Per2:LUC reporter male mice. A: Representative
examples of Per2-driven bioluminescence rhythms (raw and normalized counts). B: Twenty-four hours of time-lapse microscopy recordings
in islets isolated from control-LUC (1/1Ins2rTtA/1Per2luc/1) and b-Bmal1OV-LUC (Bmal1-HAtetO/1Ins2rTtA/1Per2luc/1) mice exposed to either
chow or HFD (scale bars 5 200 mm). C: Mean circadian amplitude of Per2-driven bioluminescence rhythms in islets of chow or HFD-fed
control (1/1Ins2rTtA/1Per2luc/1) and b-Bmal1OV (Bmal1-HAtetO/1Ins2rTtA/1Per2luc/1) mice. Raw bioluminescence data were normalized by
subtraction of the 24-h running average and then smoothedwith a 2-h running average. Note that the first 12 h of raw counts are not included
in the normalized data. Data are mean6 SEM (n5 3–4 independent experimental repetitions per genotype/diet using isolated islets from n5
2 mice per genotype/diet). *P , 0.05. D: Bmal1, Per2, Cry1, and Nr1d1 mRNA levels obtained from islet lysates of HFD-fed control
(1/1Ins2rtTA/1) andb-Bmal1OV (Bmal1-HAtetO/1Ins2rtTA/1) malemice collected at the ZT 4, 8, 16, and 20 time points in the 24-h circadian cycle.
Data aremean6SEM (n5 3 independent experimental repetitions per ZT/genotype using isolated islets from n5 2–4mice per ZT/genotype)
fold change, with control at ZT 4 set as 1. *P , 0.05 vs. control (two-way ANOVA). BF, bright field.
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regulating circadian rhythms and the inflammatory re-
sponse (e.g., GO:0045087 ; innate immune response,
GO:0034097 ; response to cytokine, GO:0032922 ;
circadian regulation) (Fig. 6B and Supplementary Mate-
rial). Importantly, GSEA revealed that transcripts upregu-
lated in islets of HFD-fed b-Bmal1OV mice (at ZT 4 and ZT
16) were significantly enriched for genes annotated to
BMAL1 genomic binding sites previously reported for
b-cells (6) (false discovery rate P , 0.0001) (Fig. 6C).
Furthermore, key findings were confirmed by qRT-PCR,
which showed enhanced expression of key islet transcripts
regulating GSIS (e.g., Abcc8, Glp1r), lipid metabolism (e.g.,
Fabp1, Apoa1), and insulin processing/folding (e.g., Ero1b,
Cpe) (P , 0.05 for all vs. control) (Fig. 6D).

Administration of Nobiletin Enhances Islet Circadian
Clock Amplitude and GSIS in Isolated Islets
We next tested whether pharmacological enhancement of
the circadian clock amplitude in vitro augments GSIS in
isolated mouse and human islets. Polymethoxylated fla-
vone nobiletin has been identified as a potent clock
amplitude–enhancing compound (18). Correspondingly,

to assess the effect of nobiletin on b-cell circadian clock,
we crossed Per2:LUC reporter with mice expressing
GFP under the control of the insulin promoter (22)
(Per2luc/1Ins1GFP/1) and examined activation of Per2-
driven bioluminescence in b-cells in response to nobiletin
(10 mmol $ L21) vs. vehicle (DMSO) (Fig. 7A–C). These
studies revealed that nobiletin enhanced the amplitude
(;1.5 fold, P , 0.05 vs. DMSO) (Fig. 7A) of Per2-driven
luciferase oscillations, consistent with purported effects of
this compound as a clock-enhancing small molecule.

We next tested the ability of nobiletin to modulate
insulin secretion in isolated islets using islet perifusion.
Administration of nobiletin augmented GSIS in mouse
islets by increasing both first- and second-phase insulin
response (P , 0.05 vs. DMSO) (Fig. 7D–F), without
altering basal insulin response. Importantly, nobiletin
failed to augment GSIS in islets from mice with a condi-
tional b-cell–specific deletion of Bmal1 (b-Bmal12/2), thus
confirming that stimulatory effects of nobiletin on insulin
secretion were dependent on intact b-cell Bmal1 expres-
sion (Fig. 7D–F). Finally, we also examined whether nobi-
letin modulates insulin secretion in nondiabetic and T2DM

Figure 4—b-Cell Bmal1 overexpression enhances in vivo glucose tolerance in response to diet-induced obesity in male mice. Graphs depict
sampled blood glucose during i.p. GTT (A), corresponding glucose AUC during GTT (B), plasma insulin collected at 15 min post-glucose
administration during GTT (C), and corresponding insulin response expressed as insulin/glucose at 15 min post-glucose administration
during GTT performed at the ZT 4 and ZT 16 time points in control (1/1Ins2rtTA/1) and b-Bmal1OV (Bmal1-HAtetO/1Ins2rtTA/1) male mice at
baseline (2 months of age) and after 8-week exposure to 60% HFD 1 DOX vs. chow 1 DOX (D). Data are mean 6 SEM (n 5 6 mice per
genotype/diet except as a result of sampling difficulties for insulin/insulin response at ZT 16 for b-Bmal1OV-chow and control-chow). *P ,
0.05 for diet; †P , 0.05 for genotype.
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human islets (Fig. 8A–C). Consistent with the data in
mouse islets, nobiletin was able to enhance first- and
second-phase insulin response in nondiabetic and T2DM
human islets (;1.5–2-fold, P, 0.05 vs. DMSO) (Fig. 8A–C)
without altering basal insulin response.

DISCUSSION

The pathophysiology of b-cell failure in T2DM manifests
largely as a result of impaired/insufficient GSIS in the
context of prevailing insulin resistance, which is typically
associated with obesity (31–33). Thus, mechanisms medi-
ating preservation of b-cell secretory function in the
context of obesity and insulin resistance may provide
the basis for novel therapeutic strategies. The current
study provides evidence that b-cell–specific overexpres-
sion of a key circadian transcription factor, BMAL1,
enhances circadian clock function and consequently aug-
ments GSIS and whole-body glucose metabolism in the
context of diet-induced obesity.

Accumulating epidemiological, clinical, and animal
studies have demonstrated functional links between cir-
cadian disruption and development of T2DM (9,10). Im-
portantly, this relationship is mediated at least in part
through circadian disruption of pancreatic b-cell function-
ality (9), suggesting that misregulation of the circadian
system may play an important role in the induction of
b-cell failure in T2DM (12). This postulate is supported by
Bmal1 genetic loss-of-function studies, which have collec-
tively demonstrated the importance of Bmal1 in the reg-
ulation of b-cell maturation (8), GSIS and glucose tolerance

(3,6,34), b-cell turnover (16), mitochondrial function (7),
and response to oxidative/ER stress (15). Consistently, in
humans, Bmal1 genetic variants are associated with de-
velopment of T2DM (17), and impaired circadian insulin
secretion is a feature of T2DM (12,35).

Given the critical function of BMAL1 in the regulation
of insulin secretion and b-cell response to diabetogenic
stressors, we first tested whether conditional overexpres-
sion of Bmal1 in b-cells results in metabolic protection
against diet-induced obesity. We used a genetic approach
by generating double-transgenic mice with b-cell–specific
inducible expression of BMAL1, which was first used for
selective rescue of BMAL1 expression in the suprachias-
matic nucleus of the hypothalamus and skeletal muscle of
Bmal1 knockout mice (20). Consistently, we observed
robust b-cell–specific Bmal1 overexpression at the mRNA
and protein level. We also confirmed functionality of
tetracycline-driven BMAL1 by assessing Per2:LUC reporter
activity in isolated islets of triple-transgenic mice expressing
Bmal1tetO/1Ins2rtTA/1Per2luc/1. Most notably, b-Bmal1OV

mice were protected from obesity-induced glucose intoler-
ance attributed to enhanced first-phase insulin response and
attenuated basal insulin hypersecretion.

Our results also show that the clock-enhancing com-
pound nobiletin increased islet circadian clock amplitude
and augmented GSIS in isolated mouse and human islets
in a Bmal1-dependent manner. He et al. (18) used an
unbiased chemical screen to identify nobiletin as a clock-
enhancing compound that activates retinoid acid receptor–
related orphan (RORa), which is a known transcriptional

Figure 5—b-CellBmal1 overexpression reverses b-cell functional failure in response to diet-induced obesity inmalemice.A andB: Individual
insulin concentration profiles (traces) and corresponding means 6 SEMs sampled at 2-min intervals during islet perifusion performed at
4 mmol $ L21 glucose (0–32 min), 16 mmol $ L21 glucose (32–64 min), and back to 4 mmol $ L21 glucose (64–96 min) in islets isolated from
chow- and HFD-fed control (1/1Ins2rtTA/1) and b-Bmal1OV (Bmal1-HAtetO/1Ins2rtTA/1) male mice. C: Mean basal (mean insulin concentration
during 4 mmol $ L21 glucose), first-phase (mean first peak insulin concertation at 16 mmol $ L21 glucose), and second-phase (mean insulin
concentration during 16mmol $ L21 glucose after the first peak) insulin responses during perifusions of islets from chow- andHFD-fed control
(1/1Ins2rtTA/1) and b-Bmal1OV (Bmal1-HAtetO/1Ins2rtTA/1) male mice. Data are mean6 SEM (n5 3 independent experimental perifusions per
genotype/diet using isolated islets from n 5 3 mice per genotype/diet). *P , 0.05. mM, mmol $ L21.
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activator of Bmal1. Importantly, studies have shown bene-
ficial effects of nobiletin administration on glucose tolerance
in animal models of obesity and diabetes (18). Furthermore,
consistent with our observations, nobiletin has been recently
shown to enhance molecular circadian rhythms, insulin
secretion, and protect from oxidative stress in isolated
human islets (12,36).

To identify a potential molecular basis behind our
observations, we examined diurnal gene expression in
islets of control and b-Bmal1OV mice. Consistent with
improved diurnal glucose tolerance, basal hypersecretion,
and GSIS, islets of obese b-Bmal1OV mice exhibited in-
creased expression of genes involved in the regulation of
insulin secretion, insulin processing, circadian rhythms,
and lipid metabolism. An enrichment for genes regulating
insulin secretion and ER function is particularly interest-
ing given the critical role of these processes in maintaining
b-cell functionality in response to obesity, hyperlipidemia,
and insulin resistance (37–39). Indeed, insulin resistance

states have been shown to promote b-cell secretory dys-
function and loss of transcriptional identity by compro-
mising insulin processing and ER function (37,38,40).
Moreover, islets of obese b-Bmal1OV also demonstrated
upregulation of genes regulating lipid transport and me-
tabolism (e.g., Fabp1, Apoa1), which is in concert with
reports suggesting the role of these genes in lipotoxicity
and b-cell viability (41).

Recent studies have suggested that the ability (and
tissue/cell-type specificity) of BMAL1 DNA binding and
transcriptional activation depends on chromatin accessi-
bility and cobinding with tissue-specific transcription fac-
tors (14). In b-cells, BMAL1 DNA binding and activation of
circadian transcription occur within distal tissue-specific
enhancers and are associated with cobinding by key b-cell
transcription factor PDX1 (6). Although our study did not
directly assess the dynamics of BMAL1 DNA binding,
GSEA revealed that transcripts upregulated in islets of
b-Bmal1OV mice were enriched for genes annotated as

Figure 6—b-Cell Bmal1 overexpression leads to enhanced circadian expression of transcripts regulating lipid metabolism, ER function, and
insulin secretion in male mice. A: Scatter plots showing biweight log2 average expression values from Affymetrix GeneChip of all genes in
HFD-fed control (1/1Ins2rtTA/1) and b-Bmal1OV (Bmal1-HAtetO/1Ins2rtTA/1) islets at the ZT 4 and ZT 16 time points. Gray circles indicate
unchanged expression, red circles represent upregulated genes, and black circles represent downregulated genes, with fold regulation cutoff
set at 2. Expression level of Arntl (Bmal1) is shown as a large red circle. For Affymetrix GeneChip, islets were isolated from seven control-HFD
(n5 3 at ZT 4 and n5 4 at ZT 16) and eight b-Bmal1OV-HFD (n5 5 at ZT 4 and n5 3 at ZT 16) mice. To maximize the amount and quality of
RNA, islet samples were pooled to create a sample for each genotype/ZT. B: Tables showing significantly upregulated GO biological
processes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways with a P, 0.05 in HFD-fed b-Bmal1OV vs. control islets at the
ZT 4 and ZT 16 time points.C: GSEA performed using preranked analysis of genes previously annotated to BMAL1 genomic binding cites (6)
(false discovery rate P , 0.0001). D: Confirmation of key upregulated transcripts from Affymetrix GeneChip by qRT-PCR in HFD-fed
b-Bmal1OV vs. control islets at the ZT 4 and ZT 16 time points. Data are mean 6 SEM (n 5 3 independent experimental repetitions per ZT/
genotype using isolated islets from n 5 3 mice per ZT/genotype). *P , 0.05 vs. control.
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BMAL1 genomic binding sites in b-cells (6). It is also
important to acknowledge that b-Bmal1OV-driven changes
in the genome may also be attributed to global reduction in
cellular oxidative and ER stress, previously shown to be
regulated through BMAL1-mediated expression of a key
antioxidative stress transcription factor Nrf2 (15). In this

regard, attenuated basal hypersecretion in obese b-Bmal1OV is
noteworthy, given that elevated basal insulin is an impor-
tant feature of stressed b-cells in T2DM (31,32).

It is also important to acknowledge some limitations of
our study. The use of Ins2-driven rtTA mice presents
a limitation because of potential activity of this promoter

Figure 7—Administration of clock-modifying compound nobiletin enhances islet circadian clock amplitude and GSIS in isolated male mouse
islets. A–C: Representative examples of Per2-driven bioluminescence rhythms (raw and normalized counts) (A), mean circadian amplitude of
Per2-driven bioluminescence rhythms (B), and 24 h of time-lapse microscopy recordings (scale bars 5 200 mm) (C ) in islets isolated from
Per2luc/1Ins1GFP/1 mice exposed in vitro to either nobiletin (10 mmol $ L21) or vehicle (DMSO). Islets were continuously exposed to nobiletin
(10mmol $ L21) throughout the duration of bioluminescence recordings (0–120 h). Raw bioluminescence data were normalized by subtraction
of the 24-h running average and then smoothed with a 2-h running average. Note that the first 12 h of raw counts are not included in the
normalized data. Data are mean6 SEM (n5 4–6 independent experimental repetitions per condition [i.e., nobiletin vs. DMSO] using isolated
islets from n5 3mice). *P, 0.05 vs. DMSO.D and E: Individual insulin concentration profiles and corresponding means6 SEMs sampled at
2-min intervals at 4mmol $ L21 glucose (0–32min), 16mmol $ L21 glucose (32–64min), and back to 4mmol $ L21 glucose (64–96min) in islets
isolated frommale C57BL/6Jmice (n5 3) andmicewith a conditional b-cell–specific deletion ofBmal1 (b-Bmal12/2) (n5 3) exposed to either
nobiletin (10 mmol $ L21, n5 3 independent perifusion runs) or vehicle (DMSO, n5 3 perifusion runs). Nobiletin (10 mmol $ L21) was diluted in
4 mmol $ L21 and 16 mmol $ L21 glucose perifusion buffer and was continuously administered throughout the basal wash (248 to 0 min) and
sample collection (0–96 min) period of islet perifusion. F: Mean basal (mean insulin concentration during 4 mmol $ L21 glucose), first-phase
(mean first peak insulin concentration at 16 mmol $ L21 glucose), and second-phase (mean insulin concentration during 16 mmol $ L21

glucose after the first peak) insulin responses during perifusions of islets isolated from male C57BL/6J mice (n 5 3) and mice with
a conditional b-cell–specific deletion of Bmal1 (b-Bmal12/2) (n 5 3) exposed to either nobiletin (10 mmol $ L21, n 5 3 perifusion runs) or
vehicle (DMSO, n 5 3 perifusion runs). *P , 0.05. BF, bright field; mM, mmol $ L21.
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in the hypothalamus. Although we cannot rule out this
possibility, we did not observe alterations in global behav-
ioral or metabolic circadian rhythms in b-Bmal1OV mice.
Moreover, previous studies using this model failed to
observe DOX-mediated alterations in hypothalamic gene
expression (42). In addition, the majority of experimental
outcomes in our study were obtained at two diurnal time
points (e.g., ZT 4, ZT 16), which were chosen to represent
a previously observed trough and peak of Bmal1 expression
in mouse islets (43). This approach, however, precluded us
from characterizing endogenous circadian rhythms, which
requires more frequent sampling periodicity. Finally, lack of
detailed characterization of in vivo GSIS in b-Bmal1OV mice
is another limitation of the study. Although islet perifusion
data show robust improvements in GSIS ofb-Bmal1OVmice,
future studies will be required to characterize in vivo insulin
secretion in response to genetic and pharmacological ago-
nism of the b-cell circadian clock.

In summary, evidence suggests that development of
obesity and T2DM is characterized by disrupted circadian
physiology and impaired function of intracellular circadian
clocks (9,10,12). Thus, therapeutic strategies designed to

enhance circadian clock function may be beneficial for
prevention and treatment of T2DM. Consistently, our
studies support the hypothesis that circadian clock–
enhancing strategies may be effective in counteracting
b-cell functional failure. However, given temporal dif-
ferences in the phase of circadian clock gene expression
in different tissues, future studies will be required to
test the efficacy and target tissue specificity of circadian
clock modifiers as a potential treatment of diabetes.
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