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he molecular clock controls 24-hour

cycles of behavioral and physiologi-
cal processes across the day-night cycle.
Disruption of circadian rhythmicity has
been implicated in the pathogenesis of
several diseases, including the metabolic
syndrome, although the role of clock
genes in these disorders is still not well
understood. Studies of the etiology of
diabetes in circadian mutant mice have
revealed a novel role for the clock in
pancreatic -cell insulin secretion, sug-
gesting that a major cellular function of
the circadian network involves control of
protein exocytosis.

Central vs. Peripheral Clocks

The circadian clock drives alternating
cycles of energy harvesting and utilization
in organisms ranging from plants to ani-
mals in order to maintain synchrony with
the rotation of the Earth on its axis. While
the existence of an endogenous clock was
proposed in the 18th century, genetic
studies over the past twenty years have
provided details on the molecular com-
ponents of the clock, which is encoded by
a transcription-translation feedback loop
comprised of members of the basic helix-
loop-helix (bHLH)-Per-Arnt-Sim (PAS)
domain transcription factor superfamily
(Fig. 1)." In vertebrates, the circadian sys-
tem is organized hierarchically, with the
‘master’ clock located within pacemaker
neurons of the suprachiasmatic nucleus
(SCN) (Fig. 2). The SCN in turn main-
tains circadian organization through both
direct projections to extra-SCN neurons
and through indirect release of signaling
neuropeptides that synchronize down-
stream neurons.
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The discovery in 1998 that mouse
fibroblasts possess self-sustained 24-hr
clocks demonstrated that circadian clocks
are present in nearly all tissues of the body.>
Microarray analyses in liver, heart, brain
and other tissues revealed rhythmic varia-
tion in the expression of nearly 10% of the
transcriptome, including genes encoding
rate-limiting enzymes in lipogenesis, sterol
biosynthesis, oxidative-phosphorylation,
gluconeogenesis, xenobiotic metabolism,
and proliferation, suggesting that local
tissue clocks may impact physiology.>”
Many nuclear hormone receptors central
to control of reproduction, energy bal-
ance and metabolism also exhibit highly
thythmic patterns of gene expression.®
A remaining question is whether these
24-hr cycles across the transcriptome are
driven by local (autonomous) circadian
clocks, or are instead controlled (non-
autonomously) by rhythmic changes in
metabolites, hormones or temperature
that are programmed by the SCN clock.
Notwithstanding questions on direct vs.
indirect clock gene effects on metabolic
cycles, additional evidence suggests inter-
dependence of metabolic and circadian
gene regulatory networks. For instance,
McKnight and colleagues showed that
levels of NAD* and the cellular redox
status affect the transcriptional activity
of CLOCK and its homolog Neuronal
PAS Domain Protein 2 (NPAS2).” The
McKnight studies point towards parallels
between circadian and metabolic systems;
both are responsive to nutrient flux and
synchronized by oscillation of metabolites

such as NAD".
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Figure 1. Core circadian clock network. The core molecular clock machinery is encoded by a
transcription-translation feedback loop that oscillates with a ~24 hour periodicity. The bHLH-PAS
transcription factors CLOCK and BMALT1 heterodimerize to drive expression of downstream target
genes containing E-box sequences. Among these, the period (PER) and cryptochrome (CRY)
proteins become phosphorylated by CKlepsilon/delta, multimerize and inhibit the action of the
CLOCK:BMAL1 complex. The NAD*-dependent deacetylase SIRT1 comprises a recently discovered

Clocks and Glucose Metabolism

Clues from clinical studies also indicate
that the circadian system may play a role
in feeding and glucose metabolism. For
example, individuals subjected to shift
work or restricted sleep have higher risk of
metabolic disorders.®!° In addition, while
glucose tolerance and insulin levels in
humans vary according to the time of day,
these circadian patterns are disordered in
individuals at risk for diabetes (see ref. 11).
Studies using isolated islets of Langerhans
from rats revealed that insulin secretion is
also rhythmic, indicating that circadian
variation in insulin secretion may be a
property of the B-cell itself.'>" Finally,
polymorphisms in Clock and Bmall have
been correlated with susceptibility to
obesity and type 2 diabetes in humans,
and polymorphisms in the Clock homo-
log Npas2 and the circadian gene Per2
have been linked to high fasting glucose
levels.!+"7

Experimental genetic models have pro-
vided an entry point to dissect the inter-
connections between clock genes and
metabolic physiology.’*** Mice with global
clock gene mutations develop increased
diet-induced obesity with high lipid and
glucose levels. Surprisingly, rather than
displaying hyperinsulinemia in an attempt
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to maintain normoglycemia, these mice
have inappropriately low levels of insu-
lin. The combination of hyperglycemia
and hypoinsulinemia suggested a primary
role of the clock transcription factor(s) in
insulin production or secretion. Because
these early analyses were in multi-tissue
mutants, however, it was not possible to
separate central versus peripheral effects
of the mutation on glucose homeostasis,
nor was it clear whether the hyperglycemia
might have arisen merely as a consequence
of the altered activity behavior in these
animals. In an additional twist, mice with
selective ablation of the clock within liver
had low glucose levels.? While the bio-
chemical pathways involved in liver clock
glucose metabolism are still incompletely
known, it became increasingly clear that
the clock displays tissue-specific functions.

Clock in the Pancreas

The most convincing evidence that clock
function within endocrine pancreas
impacts glucose homeostasis has emerged
from our recent studies in mice with tis-
sue-specific ablation of Bmall using the
Cre-LoxP system to eliminate function
in PdxI-expressing cells.” Loss of Bmall
in PdxCre; Bmall™™ mice is restricted to
the pancreas, and Bmall expression in
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liver, skeletal muscle and adipose is intact,
thereby preserving function in these
“insulin-responsive tissues.” Despite nor-
mal locomotor activity rhythms, pancreas-
specific Bmall knockout mice display
much more severe hyperglycemia ear-
lier in life than the multi-tissue mutant.
This observation is consistent with oppos-
ing effects of the mutation in pancreas
versus liver (and possibly skeletal muscle
and fat). Thus the severe diabetes of the
PdxCre; Bmall™* mouse demonstrates
that B-cell failure is masked by loss of clock
gene function in insulin-sensitive tissues in
the whole body knockout (recent indepen-
dent studies of pancreatic clock ablation
have also observed hypoinsulinemia).??

Clocks and Islet Size

While the overall islet architecture in
circadian mutant islets was normal, we
observed decreased islet size and survival,
as mutations in either Clock or Bmall
decrease proliferation (via downregula-
tion of expression of cell cycle genes) and
increase cell death (via upregulation of
apoptotic genes) in islets.?! These observa-
tions are consistent with previous reports
of circadian control of cell proliferation in
liver and skeletal muscle.? This raises the
possibility that, similar to the impaired
liver regeneration in Cryl”;Cry2” mice,
islets from circadian mutant mice may
have increased sensitivity to glucose-
induced oxidative damage during aging.”
However, it is still unclear whether the
decrease in islet size in the circadian
mutants is due to developmental effects,
or rather is secondary to insulin deficiency
and lack of autocrine growth factor stimu-
lation. Future studies using inducible islet-
specific circadian gene knockout mice
will be necessary to discriminate between
developmental and post-developmental
effects and will help elucidate the molec-
ular underpinnings of the reduced islet
mass.

Clocks and Exocytosis

How does loss of clock function lead to
B-cell failure? Isolated islet experiments
from both Clock and Bmall mutant mice
reveal impaired insulin release in response
to both glucose and pharmacological
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Figure 2. Circadian regulation of glucose metabolism. Both brain and peripheral tissue clocks participate in the regulation of metabolic homeostasis.
The CNS clock, entrained by environmental cues such as light and food availability, affects behavior and rhythmicity of caloric intake and impacts
metabolic function of peripheral tissues through rhythmic hormonal and autonomic nervous system signaling. Peripheral tissue oscillators, entrained
by signals from the master pacemaker and by rhythmic nutrient availability, impart rhythmicity in the expression of tissue-specific genes to optimize
glucose metabolism and storage during times of feeding and to boost glucose production in periods of fasting. Rhythmic signaling of insulin, gluca-
gon and incretin release between peripheral tissues is essential for the maintenance of normal glucose levels. Peripheral clocks also secrete satiety
signals, such as leptin and ghrelin, to the brain, thereby modulating feeding behavior. Circadian misalignment in the integration of feeding, glucose
metabolism and energetics contributes to hyperglycemia and metabolic dysregulation. (Extra-SCN: hypothalamic tissue excluding the SCN; PVN:

paraventricular nucleus; LHA: lateral hypothalamus; ARC: arcuate nucleus).

secretagogues. However, because glucose-
stimulated calcium influx in circadian
gene mutant islets is normal and because
KCl-induced depolarization does not trig-
ger exocytosis, we infer that the defect in
insulin secretion likely lies downstream
of B-cell membrane depolarization
(Fig. 3).*! Consistent with these findings,
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Clock mutant islets exhibit significant
alterations in the expression of genes
involved in post-translational modification
and protein packaging, such as Syntaxin6
(a SNARE protein implicated in vesicle
transport and docking, as well as insu-
lin granule maturation) and Vamp3 (an
insulin granule membrane-bound protein
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involved in docking and fusion of secretory
granules to the plasma membrane).?"2¢
While our studies have localized clock
function to the late stage in insulin secre-
tion, the precise molecular details remain
to be elucidated. Future experiments
examining insulin granule maturation,
trafficking, vesicle membrane fusion and
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Figure 3. Glucose metabolism and insulin secretion in the B-cell. Glucose enters the B-cell through the facilitative GLUT2 transporter and is metabo-
lized during glycolysis and the Krebs cycle, resulting in rapid generation of ATP and closure of the ATP-sensitive K* channels. Subsequent plasma
membrane depolarization leads to opening of voltage-gated Ca?** channels, and the consequent influx of Ca?* triggers insulin granule exocytosis. Also
shown are genes important for insulin granule maturation, transport and docking to the plasma membrane of the B-cell.

insulin release in circadian gene mutant
islets are likely to shed light on this critical
relationship. A related question is whether
the clock gene network also affects protein
packaging and exocytosis in other neuro-
endocrine and/or neuronal cells as well.
Finally, it is interesting to speculate that
disrupted NAD* biosynthesis and NAD"-
dependent deacetylase SIRT1 activity may
be involved in clock islet dysfunction, as
SIRT1 has been shown to both comprise
part of a novel regulatory clock feed-
back loop and regulate insulin secretion,
potentially at the level of insulin granule
exocytosis.”' Such a finding would have
potential implications for understanding
how the clock network functions in differ-
ent tissues throughout aging.

Conclusion

A critical remaining question is whether
Clock and Bmall regulate glucose metabo-
lism through their roles as components of
the clock machinery or through a func-
tion independent of timing. We cannot
exclude the possibility that, as trans-acti-
vators, both CLOCK and BMALI may
have pleiotropic effects independent of
the circadian clock that could impinge on
metabolism and cause the phenotypes we
observed. However, several considerations
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argue strongly for a defective pancreatic
clock as the primary cause of dysregula-
tion of glucose metabolism. First, the vari-
ety of genes exhibiting circadian profiles in
the pancreas suggests a fundamental role
of the clock network in islet physiology
(Fig. 3). Second, the circadian phase of
expression of oscillating genes in the islet
is consistent with their function in glucose
regulation (i.e., Glut2 and Gck peak at
the beginning of the dark period in WT
mice).”! Finally, the effects of mutations of
Clock and Bmall, the two components of
the ‘forward limb’ of the clock, on glucose
metabolism and insulin secretion are very
similar, strongly implying an underlying
circadian process.

The prevalence and increasing burden
of diabetes and its complications have
incited great interest in dissecting the
mechanisms regulating glucose metabo-
lism and insulin secretion. The interplay
between the clock and metabolic systems
is complex, involving both neural and
peripheral tissues coordinating behavioral
and metabolic systems (Fig. 2). Our find-
ings point toward insulin secretion and
exocytosis as downstream of the clock
network, opening the possibility that cir-
cadian systems may provide new targets
for pharmacological control of glucose
metabolism.
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