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Circadian disruption has deleterious effects on metabolism. Global deletion of Bmal1, a core clock gene, results in �-cell dys-
function and diabetes. However, it is unknown if this is due to loss of cell-autonomous function of Bmal1 in � cells. To address
this, we generated mice with �-cell clock disruption by deleting Bmal1 in � cells (�-Bmal1�/�). �-Bmal1�/� mice develop diabe-
tes due to loss of glucose-stimulated insulin secretion (GSIS). This loss of GSIS is due to the accumulation of reactive oxygen spe-
cies (ROS) and consequent mitochondrial uncoupling, as it is fully rescued by scavenging of the ROS or by inhibition of uncou-
pling protein 2. The expression of the master antioxidant regulatory factor Nrf2 (nuclear factor erythroid 2-related factor 2) and
its targets, Sesn2, Prdx3, Gclc, and Gclm, was decreased in �-Bmal1�/� islets, which may contribute to the observed increase in
ROS accumulation. In addition, by chromatin immunoprecipitation experiments, we show that Nrf2 is a direct transcriptional
target of Bmal1. Interestingly, simulation of shift work-induced circadian misalignment in mice recapitulates many of the de-
fects seen in Bmal1-deficient islets. Thus, the cell-autonomous function of Bmal1 is required for normal �-cell function by miti-
gating oxidative stress and serves to preserve �-cell function in the face of circadian misalignment.

It has long been recognized that circadian disruption (CD), as in
shift work, increases the risk of diabetes, obesity, and metabolic

syndrome (1–4). However, mechanisms underlying this are ill-
defined. Over the last decade, molecular loops involved in the
generation of circadian rhythms in cells, tissues, and the whole
body have been delineated (5), along with recognition of the ex-
istence of a central clock residing in the hypothalamic suprachias-
matic nucleus (SCN) and peripheral clocks that reside in every cell
(6, 7). Light is the primary entrainment signal for the central clock,
which then synchronizes all peripheral clocks via neurohumoral
pathways. Peripheral clocks not only receive synchronizing signals
from the central clock but also respond to nutritional cues (8, 9).
The core molecular clock consists of Bmal1 and Clock proteins
that heterodimerize and activate Per and Cry gene transcription,
while Per/Cry proteins provide feedback to inhibit the transacti-
vation by Bmal1/Clock. Bmal1/Clock also transactivate many
other genes to regulate metabolism (5, 10).

We and others have shown that genetic disruption of the mo-
lecular clock by deletion of Bmal1, the nonredundant core clock
gene, leads to diabetes, secondary to �-cell failure (11–15). We
have previously shown that this is secondary to impairment of
glucose-stimulated insulin secretion (GSIS) because of mitochon-
drial uncoupling in � cells (14). However, it is unknown how the
molecular clock regulates �-cell mitochondrial function and if
this is a cell-autonomous function of Bmal1 in � cells. Further-
more, it is also unknown if circadian misalignment, due to alter-
ations in light-dark cycles, leads to �-cell dysfunction and what, if
any, required regulatory role the intrinsic �-cell molecular clock
plays in adaptation to this disruption.

In this study, we addressed these questions by conditionally
deleting Bmal1 in � cells in vivo. Loss of cell-autonomous function

of Bmal1 in � cells results in the hyperglycemia, glucose intoler-
ance, and impaired GSIS that are secondary to the upregulation of
uncoupling protein Ucp2. We show that deletion of Baml1 in �
cells leads to changes in antioxidant gene expression and oxidative
stress-induced uncoupling and mitochondrial dysfunction. These
findings demonstrate the required role of the �-cell intrinsic clock
and Bmal1 in preserving �-cell function. The identification of this
regulatory pathway could lead to targeted therapies to preserve
�-cell function not only with shift work and CD but also in �-cell
failure from other causes.

MATERIALS AND METHODS
Animals. All animal experiments were approved by the Institutional An-
imal Care and Use Committee. Floxed-Bmal1 (Bmal1F/F) mice (12) were
crossed with Rip-Cre transgenic mice (both lines purchased from Jackson
Laboratory; stock numbers 007668 and 003573, respectively) to obtain
�-Bmal1�/� (Bmal1F/F Rip-Cre�) mice and the Bmal1F/F, Rip-Cre, and
wild-type controls. Mice were maintained under standard 12-h light-dark
cycles with ad lib access to food and water, unless specified otherwise.

In vivo experiments. Glucose tolerance tests (GTTs) and acute insulin
secretion tests were performed at ZT4 (ZT is Zeitgeber time, and light on
at 6 am was ZT0) after 16 h of overnight fasting (intraperitoneal [i.p.]
D-glucose at 1.5 and 3 g/kg of body weight, respectively). For insulin
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tolerance tests (ITTs), i.p. insulin at 1 unit/kg was used. For wheel-run-
ning activity, the animals were housed individually in running wheel-
equipped cages with free access to food and water. Acclimatization was for
5 days on a 12-h light-dark cycle, and then activity was recorded (Chro-
nobiology kit; Stanford Software Systems) during light-dark cycles for 5
days, followed by a 12-h dark-dark cycle for 9 days. The free-running
period length was determined by chi-square periodogram analysis.

Metabolic cage measurements. Oxygen consumption (VO2), energy
expenditure, carbon dioxide production, and the respiratory quotient
(RQ) were measured with the comprehensive laboratory animal monitor-
ing system (Columbus Instruments) in individual cages without bedding.
Mice were acclimated to the metabolic cages for 4 days prior to the start of
data collection. Data were collected for 72 h. All data were analyzed and
averaged for the dark and light cycles, separately.

Islet isolation and insulin secretion measurement were performed as
described previously (16). For genipin and N-acetylcysteine (NAC) res-
cue, islets were incubated with either 10 �m genipin (Sigma) or 1 mM
NAC (Sigma) for 1 h prior to the beginning and maintained during the
course of the experiment. Insulin was quantitated with a mouse insulin
enzyme-linked immunosorbent assay) kit (Mercodia, Uppsala, Sweden).
Insulin content was assayed after acid-ethanol extraction from isolated
islets and normalized to protein.

Gene and protein expression. Quantitative PCR (qPCR) from cDNA
made from DNase-digested RNA was performed with gene-specific prim-
ers with SYBR green mix and normalized to the expression of housekeep-
ing genes (the genes for TATA binding protein [Tbp], TopI, �-actin, and
peptidyl prolyl isomerase A) with Genorm (17). The sequences of the
primers used are available on request. Western blotting of total protein
from 200 to 300 islets from two mice was performed as described before
(14). Bmal1 antibody (rabbit polyclonal, 1:3,000; Abcam) and �-actin
antibody (rabbit monoclonal-horseradish peroxidase conjugate, 1:5,000;
Cell Signaling), as a housekeeping control, were visualized by enhanced
chemiluminescence (Pierce). Immunostaining was performed as previ-
ously described (14, 16), with formalin-fixed, paraffin-embedded tissues,
except for Bmal1 staining, for which frozen sections were used. The pri-
mary antibodies were against insulin (guinea pig polyclonal, 1:500; Ab-
cam), Ucp2 (goat polyclonal, 1:25; Santa Cruz Biotechnology), and Bmal1
(rabbit polyclonal, 1:1,000; Abcam). No primary antibody control stain-
ing was performed (not shown).

In vitro experiments. For serum shock to synchronize cells (18), cells
were plated to �80% density and incubated in serum-free RPMI 1640
overnight. They were then shocked with 50% serum for 2 h, and then the
medium was changed to RPMI 1640 with 5% serum. Cells were collected
every 4 h for RNA. Chromatin immunoprecipitation (ChIP) was per-
formed by using standard protocols and 832/13 cells (Ins-1-derived in-
sulinoma cell line; a gift from C. B. Newgard, Duke University) with
anti-Bmal1 antibody (Abcam) or control IgG for pulldown. DNA was
then used as the template for qPCR with primers flanking conserved E
boxes on promoters of Ucp2 and Nrf2.

Mitochondrial experiments. Cellular reactive oxygen species (ROS)
was detected by incubating isolated islets in 5 �M 2=,7=-dichlorofluores-
cein (DCF) diacetate for 30 min in phosphate-buffered saline (basal) and
then in 11.1 mM glucose for 10 min. Oxidized DCF emits a green fluores-
cence that was imaged with 530-nm emission filters at the baseline and
after glucose stimulation and quantitated with ImageJ. ATP/ADP assay
was performed with the BioVision apoSENSOR kit, by using 10 isolated
islets per well. The mitochondrial membrane potential (�) in isolated
islets was determined with the JC-1 assay with 2 �M JC-1 dye in dimethyl
sulfoxide for 20 min (14, 19).

Shift work simulation paradigm. Mice were kept on a weekly sched-
ule with normal 12-h light-dark cycles (lights on at 6 am and off at 6 pm)
for the first 3 days and then subjected to a 6-h light-dark phase advance-
ment for the next 4 days (lights on at 12 midnight and off at 12 noon). This
cycle was repeated for the duration of the study (Fig. 9A). All physiological

testing was performed on the second day after a return to a normal light-
dark schedule.

Statistical methods. Significance testing was performed with Stu-
dent’s t test unless otherwise specified, and one-way repeated-measures
analysis of variance (ANOVA) with posttest pairwise multiple-compari-
son Holm-Sidak procedures was used to determine significance at P �
0.05 for the assessment of a circadian rhythm of gene expression over a
24-h period.

RESULTS
Cell-autonomous function of Bmal1 in � cells is required for
glucose homeostasis. We have demonstrated previously that mi-
tochondrial dysfunction underlies glucose intolerance and im-
paired GSIS in global Bmal1�/� mice (14). To address whether
this is due to a loss of cell-autonomous Bmal1 function in � cells,
we generated mice with inactivation of Bmal1 in � cells, with
Rip-Cre transgenic mice crossed with floxed-Bmal1 mice (20) that
have the Bmal1 DNA binding domain flanked by loxP sites. The
islets in these mice (�-Bmal1�/�) have significantly decreased ex-
pression of Bmal1 mRNA by reverse transcription (RT)-qPCR
and protein by immunostaining and Western blotting (Fig. 1A to
C). To exclude the possibility that Rip-Cre expression in the brain
(21) led to the deletion of Bmal1 from the SCN and disruption of
the central clock, we assessed free-running rhythm in dark-dark
cycles by circadian wheel-running activity. �-Bmal1�/� mice had
normal circadian wheel-running activity, with a free-running pe-
riod in dark-dark cycles that was similar to that seen in Bmal1F/F

mice (Fig. 1D and E). �-Bmal1�/� mice also displayed nuclear
Bmal1 protein in the SCN (Fig. 1F). Furthermore, �-Bmal1�/�

mice have normal body weight, along with normal food intake,
VO2, energy expenditure, and fuel selection (indicated by the RQ),
as shown in Fig. 2A to E. All of these together indicated that
�-Bmal1�/� mice have a functioning central clock and excluded
significant confounding disruptions in the hypothalamic centers
regulating metabolism and energy balance in these mice.

Male �-Bmal1�/� mice develop fasting hyperglycemia (259 �
17 mg/dl in �-Bmal1�/� mice versus 153 � 17 mg/dl in Bmal1F/F

mice, 156 � 9 mg/dl in Rip-Cre mice, and 141 � 16 mg/dl in
wild-type mice; P � 0.05 for the �-Bmal1�/� group versus the
other groups) at 8 weeks, with severe glucose intolerance in an i.p.
GTT (Fig. 3A). This was due to in vivo GSIS blunting during the
GTT (Fig. 3B), strongly suggesting impaired �-cell function. Sim-
ilar results were obtained with female �-Bmal1�/� mice (data not
shown). A normal response during an ITT (Fig. 3C and D) ex-
cluded peripheral insulin resistance as a cause of glucose intoler-
ance. When assessed for acute insulin secretion, in vivo, �-cell
Bmal1�/� mice had an abrogation of first-phase insulin secretion,
compared to Bmal1F/F, Rip-Cre, and wild-type control mice (Fig.
3E), confirming the �-cell insulin secretory defect. This is not
secondary to a decrease in �-cell mass or to any decrease in insulin
content in the total pancreas or equally sized islets in �-cell
Bmal1�/� mice compared to floxed controls (data not shown).
Thus, deletion of Bmal1 function in � cells leads to a significant
impairment of GSIS in vivo, with consequent glucose intolerance
and diabetes.

Diabetes in �-Bmal1�/� mice is secondary to impaired GSIS
from uncoupled � cells. Our previous studies with global
Bmal1�/� mice displayed insulin secretory defects in response to
glucose, but not in response to depolarizing secretagogues, be-
cause of upregulation of the uncoupling protein Ucp2 (14). Since
Ucp2 is also regulated by non-cell-autonomous pathways, includ-
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ing the sympathetic system, we used �-Bmal1�/� islets to test if a
loss of cell-autonomous function of Bmal1 in � cells is sufficient to
dysregulate Ucp2 expression. Indeed, �-Bmal1�/� islets had a
Ucp2 transcript increase by RT-qPCR (Fig. 4A), and this was con-
sistent with an increase in Ucp2 protein in Bmal1-deficient islets
by immunohistochemistry (Fig. 4B).

To determine if this change in Ucp2 was physiologically signif-
icant, we studied insulin secretion in response to glucose in iso-
lated islets from �-Bmal1�/� mice and controls and if any ob-
served impairment could be rescued by specific inhibition of
Ucp2. �-Bmal1�/� islets had a basal insulin secretion level (at 2.8

mM glucose) similar to that of controls (9.89 � 4.7 ng/mg protein
in �-Bmal1�/� mice versus 9.67 � 3.6 ng/mg protein in Bmal1F/F

mice and 4.3 � 0.5 ng/mg protein in Rip-Cre mice). However,
there was a significant blunting of insulin secretion in response to
25 mM glucose, compared to the control islets (Fig. 4C), consis-
tent with in vivo findings, confirming that the cell-autonomous
function of Bmal1 in � cells is required for normal GSIS. Further-
more, inhibition of Ucp2 by the specific inhibitor genipin (22) was
sufficient to rescue the impairment of GSIS in isolated
�-Bmal1�/� islets (Fig. 4C). This strongly suggests that uncou-
pled mitochondria in � cells are the primary reason underlying

FIG 1 �-Bmal1�/� mice have a deletion of Bmal1 in � cells but have an intact central clock. (A) RT-qPCR of Bmal1transcript from isolated islets. n 	 4. All
values are means � the standard errors of the means. *, P � 0.05. (B) Representative images of Bmal1 immunostaining in pancreatic islets. Nuclear Bmal1
staining is absent from the core of the islet in �-Bmal1�/� (middle row), in contrast to the Bmal1F/F control (top row). Scale bars represent 10 �m. The bottom
row is a representative image of the costaining of Bmal1 and insulin and reveals the absence of Bmal1 in insulin-staining � cells. The non-insulin-positive cells
in the islet continue to stain for Bmal1. DAPI, 4=,6-diamidino-2-phenylindole. (C) Western blotting of isolated islets from Bmal1F/F and �-Bmal1�/� mice reveals
a significant loss of Bmal1 protein in �-Bmal1�/� islets. Each lane represents �200 to 300 islets pooled from two mice. (D and E) Representative actograms of
the wheel-running activities of �-Bmal1�/� mice and control Bmal1F/F mice (D) and free-running period length during dark-dark (DD) cycles (E). LD is 12-h
light-dark cycles, and DD is 12-h dark-dark cycles. n 	 5. All values are means � the standard errors of the means. (F) Representative images of SCNs from
Bmal1F/F and �-Bmal1�/� mice showing normal nuclear Bmal1 in the SCN. Low-magnification images (scale bars, 50 �m) are shown on the left, and
higher-magnification images (scale bars, 100 �m) of the SCN are shown on the right.
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this GSIS impairment. Additionally, a normal KCl-induced insu-
lin secretory response in �-Bmal1�/� islets (Fig. 4D) excluded
significant disruption of processes critical to GSIS, that are down-
stream of membrane depolarization, in Bmal1-deficient � cells,
confirming our previous results with global Bmal1�/� mice (14).

The increase in Ucp2 expression in �-Bmal1�/� islets sug-
gested regulation by the circadian clock. Indeed, Ucp2 transcript
expression displayed a circadian rhythm in wild-type islets
(Fig. 5A). Interestingly, this inversely correlated with plasma in-
sulin (Fig. 5B), highlighting an important role for Ucp2 in the
regulation of physiologic insulin secretion from � cells. However,
putative Bmal1 binding sites in the Ucp2 promoter did not enrich
in ChIP with anti-Bmal1 antibody (Fig. 5C), suggesting that Ucp2

may not be a direct transcriptional target of Bmal1, though we
cannot completely exclude this possibility. This prompted us to
assess ROS, an inducer of Ucp2 expression, in �-Bmal1�/� islets.

Bmal1 is required to prevent ROS accumulation in � cells.
ROS induces and activates Ucp2 (23, 24), which then protects
against an unchecked increase in inner mitochondrial membrane
hyperpolarization, the driving force for ROS generation (25). In-
terestingly, global Bmal1�/� mice display increased ROS in many
tissues, including kidney, heart, and spleen tissues (26). Hence, we
assessed whether ROS accumulation was also present in
�-Bmal1�/� islets. Exposure to 11.1 mM glucose was sufficient to
induce ROS accumulation, as measured by DCF fluorescence, in
control floxed islets. However, this was significantly (�2-fold)

FIG 2 �-Bmal1�/� mice have normal food intake and energy expenditure. (A
and B) Body weight (A) and food intake (B) measured over a 4-day period. n 	
4 or 5. (C to E) VO2 (C), energy expenditure (D), and RQ (E) were assessed as
described in Materials and Methods. n 	 4 or 5. All values are means � the
standard errors of the means. *, P � 0.05; N.S., not significant; WT, wild type.

FIG 3 Cell-autonomous function of Bmal1 in � cells is required for normal
glucose homeostasis. (A and B) Plasma glucose and insulin levels of 8-week-
old mice at ZT4 during a GTT. (C and D) Plasma glucose levels during an ITT
at ZT8. Panel C displays the absolute glucose levels during the ITT, and panel
D shows the percent decrease from the baseline. (E) Acute insulin secretion
after glucose stimulation in 10-week-old mice at ZT4. All groups had five mice,
except the Rip-Cre control group, which had three. All values are means � the
standard errors of the means. *, P � 0.05 compared to all of the control groups;
�, P � 0.05 compared to the wild-type (WT) and Rip-Cre control groups.
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higher in Bmal1-deficient islets than in floxed controls (Fig. 6A
and B), demonstrating that loss of Bmal1 function in � cells is
sufficient to increase ROS accumulation.

The increase in ROS accumulation with glucose in Bmal1-de-

ficient islets could arise from an increase in ROS generation or
impaired scavenging. Since ROS generation in mitochondria is
driven by changes in the potential gradient across the inner mito-
chondrial membrane (�), we assessed the glucose-induced change
in mitochondrial � in �-Bmal1�/� and control islets by quanti-
tating the change in green to red fluorescence of JC-1 dye, which
directly reflects the mitochondrial � (19). The mitochondrial �
increased by �1.8-fold in control islets when they were exposed to
25 mM glucose for 20 min. However, this glucose-induced hyper-
polarization in mitochondrial � seen in control islets was signifi-
cantly blunted in �-Bmal1�/� islets (Fig. 6C and D), indicating
that the ROS-generating mitochondrial � was actually lower in
�-Bmal1 islets. This implicated impaired scavenging as the likely
cause of the increased ROS in Bmal1-deficent islets.

Reduction of ROS accumulation in �-Bmal1�/� islets res-
cues impairment of GSIS. To definitively test the pathophysiolog-
ical significance of the increased ROS, we assessed if preincubation
of �-Bmal1�/� islets with 1 mM NAC, an antioxidant that effi-

FIG 4 �-Bmal1�/� islets have impaired GSIS because of mitochondrial uncou-
pling. (A) RT-qPCR of Ucp2 transcript from isolated islets. n 	 4. (B) Represen-
tative image of immunohistochemistry of pancreas tissue for Ucp2 showing in-
creased brown staining in �-Bmal1�/� islets compared to that in Bmal1F/F islets.
The scale bar represents 20 �m. (C) Insulin secretion from isolated islets on expo-
sure to 2.8 and 25 mM glucose concentrations and rescue of insulin secretion after
exposure to 10 �M genipin for 1 h. All values are expressed as fold changes over the
basal level of insulin secretion of Bmal1F/F islets in 2.8 mM glucose. n 	 4. (D)
Insulin secretion from isolated islets on exposure to 2.8 mM glucose with and
without 30 mM KCl. Values are expressed as fold increases in insulin secretion
with KCl over the baseline. n 	 4. All values are means � the standard errors of the
means. *, P � 0.05; N.S., not significant.

FIG 5 Ucp2 expression is circadian. (A) RT-qPCR of Ucp2 from total RNA
from islets isolated every 4 h from wild-type control mice housed in normal
12-h light-dark (LD) cycles. Light on at 6 am was ZT0. All values are means �
the standard errors of the means. P � 0.05 by one-way repeated-measures
ANOVA for the various time points. (B) Plasma insulin measured every 4 h
from wild-type control mice housed in normal 12-h LD cycles. Light on at 6 am
was ZT0. All values are means � the standard errors of the means. P � 0.05 by
one-way repeated-measures ANOVA for the various time points. (C) ChIP of
832/13 cells with anti-Bmal1 antibody and qPCR with primers flanking puta-
tive Bmal1 binding E-box elements (EB). DNA binding protein (Dbp) and
Tbp are positive and negative controls for Bmal1 target genes. The y axis
represents the ratio of pulldown DNA to input DNA expressed as the fold
change over the IgG control.
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ciently scavenges ROS, is sufficient to rescue the impaired GSIS. In
stark contrast to the significant blunting of GSIS seen in these
�-Bmal1 islets, Bmal1-deficient islets pretreated with NAC dis-
played normal GSIS, compared to similarly treated control floxed
islets (Fig. 6E). Thus, ROS scavenging completely rescued the im-
paired GSIS in �-Bmal1�/� islets. Taken together with the rescue
of GSIS by Ucp2 inhibition, these data demonstrate that Bmal1-
deficient islets accumulate excess ROS, leading to upregulation of
Ucp2 and uncoupling-induced impairment of GSIS.

Bmal1 regulates Nrf2 and antioxidant genes to preserve an-
tioxidant function in � cells. The data above demonstrate that
Bmal1 is required to prevent ROS accumulation scavenging and
antioxidant activity in � cells. An increased ROS level leads to an
adaptive increase in the expression of antioxidant genes primarily

via the antioxidant response element (ARE) in proximal promot-
ers, activated by key transcription factors such as nuclear factor
erythroid 2-related factor 2 (Nfe2l2), which is commonly abbre-
viated Nrf2. Since Bmal1-deficient islets had increased ROS accu-
mulation, we expected antioxidant gene expression to be greater
than that in control floxed islets. Surprisingly, despite an increased
ROS level, the expression of antioxidant genes was not increased
in Bmal1-deficient islets, but there was a significant decrease in the
expression of Sestrin2 and mitochondrial thioredoxin-dependent
peroxide reductase Prdx3, both of which are related to the perox-
iredoxin pathway, and in Gclm and Gclc (glutamate cysteine ligase
modifier and catalytic subunits, respectively) (Fig. 7A). Since all of
these are transcriptional targets of Nrf2, we tested if Nrf2 expres-
sion is circadian in � cells. In serum-shocked 832/13 cells, Nrf2

FIG 6 Increased ROS seen in �-Bmal1�/� islets leads to impaired GSIS. (A and B) ROS measured by DCF fluorescence after exposure to 11.1 mM glucose for
10 min. Representative images of DCF fluorescence are shown in panel A, and the quantitation is shown in panel B. n 	 4. The scale bar represents 20 �m. (C and
D) Red/green (590/530) fluorescence of isolated islets after loading with JC-1 dye on exposure to 2.8 and 25 mM glucose concentrations. Representative images
of the JC-1 assay are shown in panel C. The images shown were taken at emission wavelengths of 530 nm (green indicates the cytosolic JC-1 dye) and 590 nm (red
indicates the intramitochondrial dye). Red/green (590/530) fluorescence ratios were quantitated, and the values shown are old changes over Bmal1F/F islets in 2.8
mM glucose (D). n 	 4. (E) GSIS in isolated islets from �-Bmal1�/� and control Bmal1F/F mice with or without preincubation with 1 mM NAC for 1 h, as
indicated. All values are expressed as fold changes over the basal level of insulin secretion of Bmal1F/F islets in 2.8 mM glucose. n 	 4. All values are means � the
standard errors of the means. *, P � 0.05; N.S., not significant.
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expression was circadian (Fig. 7B). Furthermore, Bmal1 binds di-
rectly to E-box elements in the cis-promoter region of Nrf2 in a
ChIP assay, indicating the direct transcriptional activation of Nrf2
by Bmal1 (Fig. 7C). This was consistent with a disrupted Nrf2
expression rhythm in �-Bmal1�/� islets. While control floxed is-
lets displayed greater expression at ZT14 than at ZT2, no such
increase was seen in �-Bmal1�/� islets (Fig. 7D). Thus, Bmal1 and
�-cell molecular clock regulate cellular antioxidant responses by
regulating Nrf2, the key ARE-binding transcription factor, and
this may contribute to the observed increase in ROS accumulation
in Bmal1-deficient islets.

Environment-induced circadian misalignment leads to de-
fective insulin secretion and �-cell dysfunction. The data above
demonstrate that genetic disruption of the circadian clock in �
cells is sufficient to impair �-cell function. However, it is un-
known if CD by environment-induced circadian misalignment is
sufficient to induce a similar �-cell dysfunction. To test this, we
induced CD in control mice by an alternate phase advance-and-
delay protocol designed to simulate shift work. This involved a

weekly cycle composed of normal 12-h light-dark cycles for 3
days, followed by a 6-h light phase advance for 4 days (Fig. 8A).
CD had no significant impact on body weight over 8 weeks (Fig.
8B). However, this CD led to a progressive increase in fasting
blood glucose levels that was evident as early as 6 weeks (Fig.
9A) and was accompanied by a decrease in fasting plasma in-
sulin levels (Fig. 9B), suggestive of �-cell dysfunction. This was
confirmed directly in vivo by a significant blunting of first-
phase insulin secretion in CD mice compared to the control
mice during normal light-dark cycles (Fig. 9C). This circadian
misalignment was accompanied by peripheral insulin resis-
tance, reflected by a decrease in insulin sensitivity during an
ITT (Fig. 9D). These data indicate that CD was sufficient to
induce a blunting of insulin secretion that led to a decrease in
the plasma insulin level which, in the face of increasing periph-
eral insulin resistance, results in diabetes.

To test the role of the intrinsic �-cell clock, �-Bmal1�/� mice
were subjected to a similar shift work-simulating CD protocol.
Under these conditions of circadian misalignment, �-Bmal1�/�

FIG 7 Bmal1 regulates antioxidant genes in � cells. (A) Relative expression of antioxidant genes in �-Bmal1�/� and Bmal1F/F islets. n 	 4. All values are means �
the standard errors of the means. *, P � 0.05 by t testing. (B) RT-qPCR for Nrf2 from RNA extracted every 4 h from serum-shocked 832/13 cells. Circadian time
(CT) is the time after the serum shock was started. The relative expression of Bmal1 from the same samples is shown for comparison. n 	 4. P � 0.05 by one-way
repeated-measures ANOVA for the various time points for the same gene. (C) ChIP of 832/13 cells with Bmal1 or control IgG antibody and qPCR with primers
flanking putative Bmal1 binding E-box elements (EB). Tbp served as a negative control and Dbp served as a positive control for Bmal1 target genes. The y axis
represents the ratio of pulldown DNA to input DNA. (D) Relative expression of the gene for Nrf2 in �-Bmal1�/� and Bmal1F/F islets isolated at ZT2 and ZT14.
n 	 4 to 6. All values are means � the standard errors of the means. *, P � 0.05.
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mice displayed a similar increase in fasting glucose levels accom-
panied by a decrease in their fasting plasma insulin levels (Fig. 9E
and F). The blunting of first-phase insulin secretion in
�-Bmal1�/� mice persisted throughout the experiment (Fig. 9G).
Furthermore, central clock disruption induced by environmental
CD induced similar peripheral insulin resistance in the
�-Bmal1�/� mice (Fig. 9H).

We then tested if mechanisms underlying �-cell dysfunction
with environmental CD were similar to those seen after genetic
disruption. Islets from floxed control mice, during normal light-
dark cycles, displayed an �2-fold glucose-induced increase in mi-
tochondrial �, as assessed by JC-1 assay, while this was blunted in
islets from CD mice (Fig. 9I). Consistent with this, while islets
from floxed control mice, during normal light-dark cycles, dis-
played a robust �2.5-fold glucose-induced increase in the ATP/
ADP ratio, islets from CD floxed mice totally lost their responsive-
ness to a glucose-induced rise in the ATP/ADP ratio (Fig. 9J). This
indicated that 8 weeks of CD was sufficient to induce a severe
defect in the transducing glucose stimulus to a mitochondrial
�-driven change in the ATP/ADP ratio, a defect that is very similar
to that seen in �-Bmal1�/� islets from mice that were in regular
light-dark cycles (Fig. 9I and J). Interestingly, subjecting the
�-Bmal1�/� mice to CD did not lead to any further worsening of
the glucose-stimulated change in mitochondrial � or the ATP/
ADP ratio. Thus, environmental CD and genetic disruption of
the �-cell clock both induced �-cell dysfunction via similar
mechanisms that culminated in an impaired glucose-stimu-
lated ATP/ADP ratio, resulting in GSIS blunting in vivo and in
hyperglycemia.

In summary, our results demonstrate that the cell-autono-
mous function of Bmal1 is required for normal glucose-stimu-
lated stimulus-secretion coupling and insulin secretion and that
loss of this function leads to oxidative stress-induced uncoupling
of mitochondria and impairment of GSIS (schematically shown in
Fig. 10). Furthermore, environmental circadian clock disruption
by a shift work-simulating paradigm is sufficient to induce a �-cell
insulin secretory dysfunction that is significantly worsened by the
loss of �-cell clock function.

DISCUSSION

Circadian rhythmicity in metabolic processes, and specifically in �
cells, has long been recognized (5, 27, 28). Though Bmal1 deletion
in the whole pancreas has been reported to cause diabetes, the
cell-autonomous role of Bmal1 and the �-cell clock specifically in
the regulation of �-cell function has not been studied. In this
study, we used genetic (conditional deletion of Bmal1 in � cells)
and environmental (circadian misalignment induced by dis-
rupted light-dark cycles) tools to demonstrate that the loss of cell-
autonomous function of Bmal1 is sufficient to induce �-cell dys-
function by impairing mitochondrial function and culminates in
diabetes and that the �-cell clock is central to the circadian clock
regulation of �-cell function.

Bmal1 and the intrinsic circadian clock are required for nor-
mal �-cell function. Since Bmal1 is the only nonredundant core
clock gene that whose deletion leads to a loss of free-running
rhythm (29), we used conditional Bmal1 deletion in � cells as a
model of disruption of the intrinsic clock in � cells to test its
requirement for normal �-cell function. In this study, we used
Rip-Cre to specifically delete Bmal1 from � cells without affecting
other cells in the islet. Though Rip-Cre is known to be expressed in
many areas of the brain (21), we demonstrate that in �-Bmal1�/�

mice, hypothalamic functions regulating central clock function,
appetite, food intake, and energy expenditure remained largely
intact, excluding them as confounding factors. �-Bmal1�/� mice
become diabetic, with severe glucose intolerance and impaired
GSIS, a consequence of increased Ucp2 expression. After the de-
letion of Bmal1 from the whole pancreas with Pdx1 promoter-
driven Cre, two studies reported impaired GSIS and �-cell dys-
function (13, 15). Furthermore, one of these studies (13) also
concluded that impaired insulin exocytosis, with no significant
mitochondrial impairment, was the major defect in � cells with a
disrupted clock. This conclusion is not consistent with our data,
wherein we demonstrate that the major defect in Bmal1-deficient
islets is mitochondrial dysfunction leading to GSIS impairment by
using assays of many different factors, including the ATP/ADP
ratio, the mitochondrial potential gradient, the insulin secretory
response to depolarizing agents, and rescue with both antioxi-

FIG 8 Shift work-simulating CD protocol. (A) The shift work-simulating CD protocol is shown for a 2-week period with alternating light phase advancement
and delay. Mice were on a weekly schedule with normal 12-h light-dark cycles (lights on at 6 am and off at 6 pm) for the first 3 days of the week and then subjected
to a 6-h light-dark phase advancement for the next 4 days (lights on at 12 midnight and off at 12 noon). This cycle was repeated for the duration of the study. (B)
Body weight, which was measured weekly for the duration of the experiment. Control, normal 12-h light-dark cycles. n 	 4 or 5. All values are means � the
standard errors of the means.
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FIG 9 CD by shift work simulation induces �-cell dysfunction. (A and E) Plasma glucose levels in 16-h-fasted Bmal1F/F (A) and �-Bmal1�/� (E) mice at ZT4.
n 	 4 or 5. *, P � 0.05 compared to the baseline (0 weeks); �, P � 0.05 compared to the corresponding time point between Bmal1F/F in panel A and �-Bmal1�/�

mice in panel E. (B and F) Plasma insulin levels in 16-h-fasted Bmal1F/F (B) and �-Bmal1�/� (F) mice at ZT4. n 	 4 or 5. *, P � 0.05 compared to the baseline
(0 weeks). (C and G) Acute insulin secretion after glucose stimulation at 8 weeks after the start of the CD protocol at ZT4 in Bmal1F/F (C) and �-Bmal1�/� (G)
mice compared to that of mice during normal 12-h light-dark cycles (control). n 	 4 or 5. *, P � 0.05 compared to the baseline (0 min); �, P � 0.05 compared
to the corresponding time point between Bmal1F/F mice in panel C and Bmal1�/� mice in panel G. (D and H) Plasma glucose levels, expressed as percent changes
over the basal level, in Bmal1F/F (D) and �-Bmal1�/� (H) mice during an ITT performed 5 weeks after the start of a CD protocol at ZT4 compared to those of
mice during a normal 12-h light-dark cycle (control). n 	 4 or 5. *, P � 0.05 compared to the baseline (0 min). (I) Red/green (590/530 nm) fluorescence ratios
of isolated islets from Bmal1F/F and �-Bmal1�/� mice during both control and CD protocols after loading with JC-1 dye on exposure to 2.8 and 25 mM glucose
concentrations. The values shown are fold changes over Bmal1F/F islets in 2.8 mM glucose. n 	 3 or 4. *, P � 0.05 for �-Bmal1�/� compared to Bmal1F/F. (J) Fold
change over the basal ATP/ADP ratio measured in isolated islets from Bmal1F/F and �-Bmal1�/� mice after exposure to 2.8 and 25 mM glucose concentrations
during both control and CD protocols. n 	 3 or 4. *, P � 0.05 for CD compared to the control. All values are means � the standard errors of the means.
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dants and specific Ucp2 inhibitors. These differences could be
secondary to the fact that, unlike Rip-Cre, which is � cell specific
in the islet, Pdx-1 Cre deletes Bmal1 from all islet cells, including 

and � cells, that affect insulin secretion (30–32).

Circadian clock and oxidative stress. ROS, generated at low
levels during normal oxidative metabolism, when increased, leads
to uncoupling-induced impairment of GSIS (22, 33–39). Since
metabolism in � cells is significantly dependent on circadian
clock-regulated nutrient flux, we hypothesized that � cells utilize
circadian clock-regulated control of antioxidant defense mecha-
nisms to mitigate the anticipated rise in ROS levels. This is espe-
cially important as � cells have a significantly lower antioxidant
capacity than other tissues (40–43). Our data reveal that Bmal1
directly regulates the expression of the key antioxidant response
regulator Nrf2. This indicates that many of the antioxidant genes
that Nrf2 regulates via the ARE in promoter regions would also
display a circadian rhythm, a finding that has been reported in
rodent liver experiments (44, 45). Interestingly, both Prdx3 and
Gclc are important in preventing oxidative stress-induced apop-
tosis in � cells (46, 47). Bmal1 and the circadian clock have been
postulated to regulate oxidative stress in other tissues, including
kidney, heart, and spleen tissues (26, 48), and recent studies have
shown that there is a significant increase in ROS in Bmal1�/� mice
that can be rescued, in part, by the antioxidant NAC (48). This is
also consistent with our finding that NAC rescued the GSIS im-
pairment in Bmal1-deficient islets. This raises the intriguing pos-
sibility of preventing shift work-associated diabetes with antioxi-
dants, and larger trials are required to specifically address this.
While this study focused on the effect of a loss of �-cell clock
function on oxidative stress in � cells, it is certainly possible that
other factors that the �-cell clock regulates are also contributing to

this phenotype. For instance, endoplasmic reticulum stress is
closely associated with oxidative stress and is a significant factor in
the pathogenesis of �-cell failure under metabolic stress. Future
studies will address this interaction and its contribution to �-cell
failure.

Circadian misalignment and �-cell function. It has been re-
ported for over 2 decades that circadian misalignment with shift
work increases the risk of metabolic syndrome and diabetes. Re-
sults from the Nurse’s Health Study (3, 4) provide evidence of the
cumulative deleterious effect of shift work on glucose homeosta-
sis. There is no study that directly implicates �-cell dysfunction as
the cause of diabetes associated with circadian misalignment. To
address this, we tested the consequences of environmental circa-
dian misalignment on �-cell function. We demonstrate that a shift
work-simulating paradigm is sufficient to induce �-cell dysfunc-
tion. Increased postprandial hyperglycemia and insulin resistance
with insufficient �-cell compensation in healthy control human
subjects subjected to acute circadian misalignment was recently
reported (2) and was significantly worsened by superimposed
sleep deprivation (49). Gale et al. reported a decrease in insulin
secretion and �-cell apoptosis only in diabetes-prone human islet
amyloid polypeptide transgenic rats, but not in wild-type con-
trols, subjected to CD (50). Though their primary conclusion is
consistent with our study, the lack of �-cell dysfunction in control
rats could have occurred because of a difference in experimental
design. CD was induced by alternating phase delay and phase ad-
vance to simulate shift work in our study, while Gale et al. used a
phase advance-only paradigm to simulate chronic jet lag. One
striking feature of our study is that both genetic and environment-
induced CDs result in similar losses of the glucose-stimulated
change in mitochondrial � and rises in the ATP/ADP ratio in

FIG 10 Schematic model of a � cell depicting the circadian control of glucose-stimulated insulin secretion via regulation of antioxidant genes, ROS scavenging,
and Ucp2. On the right is a scheme depicting the regulation of Nrf2 and antioxidant genes by Bmal1 and the �-cell clock. TCA, tricarboxylic acid.
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isolated islets, suggesting similar underlying dysregulated mecha-
nisms.

In summary, genetic disruption of the �-cell clock and envi-
ronmental CD are both sufficient to induce �-cell dysfunction,
with impairment of GSIS coupling at the mitochondrial level. We
identify dysregulation of antioxidant genes as central to oxidative
stress-induced GSIS impairment. Identification of underlying
regulatory pathways with CD-induced metabolic abnormalities
lends them to therapeutic targeting to preserve �-cell function in
the prevention and treatment of diabetes.
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