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Abstract

Circadian oscillators play an indispensable role in the coordination of physiological processes with
the cyclic changes in the physical environment. A significant number of recent clinical and
molecular studies suggest that circadian biology may play an important role in the regulation of
adipose and other metabolic tissue functions. In this discussion, we present the hypothesis that
circadian dysfunction may be involved in the pathogenesis of obesity, type 2 diabetes, and the
metabolic syndrome.

Introduction

Most modern organisms have developed internal time-keeping mechanisms to help them
respond to the challenges imposed by the daily cyclic changes in the environment. Termed
circadian, these molecular clocks respond to environmental cues (zeitgebers) by
synchronizing (entraining) the organism’s physiological processes with their environment

).

Mammalian circadian clocks are comprised of two transcriptional feedback loops.
Transcriptional regulatory proteins encoded by Clock (or its paralog Npas2) and Bmall form
heterodimers that activate the expression of Period (Per) and Cryptochrome (Cry) genes;
once PER and CRY proteins accumulate in the cytoplasm, they heterodimerize and
translocate to the nucleus to inhibit the activity/expression of CLOCK (NPAS2) and BMAL1
(2, 3). This, in turn, leads to the down-regulation of Per/Cry expression, alleviating the
CLOCK-BMAL1 suppression, and results in the re-initiation of the regulatory loop. The end
product of these feedback cycles is the cyclic expression of CLOCK-BMAL1 and PER-
CRY, occurring in relative antiphase of one another (4, 5). Apart from regulating the
expression of Per and Cry, CLOCK-BMAL1 can drive the expression of many “output”
genes including Dbp and the nuclear hormone receptors Rev-erba and § (6, 7). Presumably,
CLOCK-BMAL1 heterodimers act through the recognition and binding of E-box cis-acting
elements found within promoters and/or enhancers of target genes (3, 8, 9). Because of the
rhythmic nature of their own transcriptional activity, CLOCK-BMAL1 heterodimers
generate distinct oscillatory patterns in the expression of their target genes, thus propagating
the circadian rhythms from the oscillator to the downstream genes.
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Early circadian studies have described the oscillator within the suprachiasmatic nucleus
(SCN)? of the hypothalamus as the body’s “master” clock, whose function is to entrain the
oscillators in peripheral tissues to the daily light/dark cycles. This notion was supported by
the fact that the ablation of the SCN led to the complete loss of activity/behavioral rhythms
(10), as well as the fact that the SCN explants showed more robust and sustained oscillatory
behavior ex vivo compared with other tissues (11). More recently, a body of evidence
emerged supporting the notion that, at least some, peripheral tissue oscillators can function
independently, and even become uncoupled from the SCN. Several studies have shown that
temporally restricted feeding (RF) regimens (12, 13), as well as glucocorticoid (14) and
amphetamine injections (15), have the ability to shift the oscillatory phase within peripheral
clocks without affecting the phase of SCN. Furthermore, the peripheral oscillators in animals
with fully ablated SCN can be entrained through RF and stimulation of physical activity
(16), whereas the liver and muscle explants of mPer2-Luc mice show persistent rhythmic
reporter output for >20 days ex vivo (17). These findings have raised the question of whether
the actual role of the SCN is to influence feeding and physical activity rhythms, which, in
turn, act to coordinate the phase of peripheral tissue oscillators with the organism’s
metabolic demands (18).

Adipose Physiology “Round the Clock”

A variety of clinical conditions associated with adipose tissue function also display
perturbations of circadian rhythms. Night-shift workers, whose activity period is reversed in
relation to the day/night cycle, are much more likely to develop the metabolic syndrome
(19). People who habitually sleep <6 or >9 hours per night have increased risk of developing
type 2 diabetes and impaired glucose tolerance (20). One of the major symptoms of the
bipolar disorder is an abnormal sleep pattern. Lithium therapy alleviates this problem but
also results in significant weight gain, often accompanied by the development of obesity
(21). Several studies looking into the molecular effects of lithium administration have found
that it regulates glycogen synthase kinase-3p, a kinase whose actions have been studied in
the context of adipocyte differentiation and insulin action (22, 23), as well as the regulation
of intracellular circadian oscillators (24, 25). Myocardial infarction, sudden death, and heart
failure tend to occur most frequently in the morning hours (26), except in patients who also
suffer from obesity and type 2 diabetes; they experience these events evenly throughout the
day (26). Interestingly, the morning peak in the incidence of myocardial infarctions
coincides with an increase in the circulating levels of plasminogen activator inhibitor 1
(PAI-1), a prothrombic factor associated with a number of atherosclerotic risk factors (27).
In fact, the PAI-1 promoter contains DNA response elements recognized by the CLOCK-
BMAL1 heterodimers (27). Adipose tissue secretes PAI-1 and other metabolic mediators
such as tumor necrosis factor-a, interleukin-6, adiponectin, resistin, visfatin, leptin, and
ghrelin. The circulating levels of the majority of these mediators exhibit distinct circadian
rhythms, which can be entrained by meal timing but are blunted in obese patients (28, 29,
30).

Recent studies using both in vivo and in vitro approaches have provided additional insights
into the relationship between circadian rhythms and adipose tissue. Homozygous Clock
mutant mice are overweight, hyperphagic, and develop symptoms of metabolic syndrome,
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such as hypoinsulinemia, hyperglycemia, hyperleptinemia, hyperlipidemia, and hepatic
steatosis (31). Mutations of Clock and deletion of Bmall have also been shown to alter the
daily fluctuations of plasma glucose and triglycerides. A high-fat diet amplifies the daily
oscillations in glucose tolerance and insulin sensitivity, but the Clock mutation seems to
protect against this effect (32). Novel transcriptomic studies have revealed rhythmic
expression of circadian oscillator genes and adipokine genes resistin, adiponectin, and
visfatin in visceral fat tissue (33). Interestingly, the oscillations of adipokine mRNA are
attenuated in the obese mouse strain and even further reduced in the more obese/diabetic
strain. Work from our laboratory has shown the presence of active circadian oscillators in
inguinal white adipose tissue, epididymal white adipose tissue, and brown adipose tissue,
responsive to entrainment by RF (34). Together, these studies not only provide evidence for
the regulation of lipid and glucose metabolism by the components of the circadian system,
but also suggest that feeding or development of obesity/type 2 diabetes can influence the
activity of adipose circadian clocks.

Considering the nature of the above-mentioned genotypes, it is logical to conclude that the
effects of circadian rhythms on adipose function are more likely regulatory than essential.
Because the organism’s homeostatic processes and energy demands fluctuate significantly
throughout the day, adipose functions need to be coordinated with other metabolic peripheral
tissues, in order to anticipate the upcoming changes in energy needs and properly handle the
task of maintaining energy and metabolic homeostasis. Evidence to support this notion has
already been observed: plasma glucose levels, peripheral tissue glucose tolerance, insulin
sensitivity, and glucose uptake all follow a diurnal rhythm, with a peak immediately
preceding feeding and the onset of the physical activity period (35, 36). Thus, the organism
is able to generate and properly channel the flux of energy necessary to increase physical
activity in anticipation of feeding. Furthermore, by accommodating a timely onset of
physical activity, the organism ensures that the subsequent behaviors, such as feeding, will
occur in synchrony with the specific tissues prepared to handle the stress those behaviors
will place on the maintenance of energy homeostasis (Figure 1).

When Good Clocks Go Bad

Studies of cardiac metabolism have shown that the metabolic flux and contractile function of
the heart show significant diurnal oscillations, indicating that the healthy heart anticipates
and responds to the changing demands of an active organism (37). However, the loss of this
anticipatory cyclic behavior, brought on by cardiac hypertrophy or streptozotocin-induced
diabetes, leads to the loss of plasticity that may contribute to the development of contractile
dysfunction (38, 39). Could the same paradigm exist in adipose and other metabolic tissues?
Can circadian rhythms regulate metabolic activity and energy homeostasis and vice versa?
The clinical associations between circadian and adipose biology definitely point in that
direction. Therefore, what could be the possible mechanism(s) for this interaction?

In vitro studies with cultured Rat-1 fibroblasts revealed that fresh serum, added during
media exchange, triggers circadian gene expression in these rhythmically quiescent cells
(40). Further studies pinpointed glucose, a major food metabolite, as the factor responsible
for the activation of the circadian oscillator: within this system, glucose induced down-
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regulation of Perl and 2 expression, as well as the genes involved in cell cycle and
cholesterol biosynthesis. Fluctuations in the cell redox potential also have the ability to
entrain the circadian clock. DNA-binding activities of both CLOCK-BMAL1 and NPAS2-
BMAL1 are greatly enhanced by the abundance of reduced cofactors NADH and NADPH
and are speculated to represent the mechanism of clock entrainment by both RF and
neuronal activity (41). As a tissue essential for energy homeostasis, adipose would without a
doubt be similarly affected by chronic changes in glucose levels and redox potential.
Therefore, one can easily picture how these factors could have a strong regulatory effect on
the oscillatory and transcriptional activity of circadian genes in fat depots.

The onset of obesity is preceded by long-term positive energy balance, caused by excessive
calorie intake and/or lack of physical activity. Chronic obesity often leads to ectopic fat
deposition, insulin resistance, hyperglycemia, hyperlipidemia, and type 2 diabetes.
Presumably, a mechanism must exist by which excess energy corrupts the proper function of
the same tissues that normally regulate energy homeostasis. Recent molecular studies have
shown that BMALL1 plays an important role in adipocyte differentiation and lipogenesis in
mature adipocytes: loss of BMAL1 expression in the experimental system led to a
significant decrease in adipogenesis and the gene expression of several key adipogenic/
lipogenic factors (PPARy2, aP2, C/EBPa, C/EBPS, SREBP-1a, PEPCK, FAS) (42). EPAS1
(HIF-2a.), a basic helix-loop-helix PAS domain (bHLH-PAS) transcription factor related to
CLOCK and BMAL1, has also been implicated in the regulation of adipose function. 3T3-
L1 adipocytes expressing the loss-of-function form of this protein failed to differentiate as
robustly as the control lines (43). Furthermore, the loss of EPASL1 resulted in impaired lipid
storage and decreased expression of glucose uptake-regulators GLUT1, GLUT4, and IRS3.
Similarly, the loss of bHLH-PAS transcription factor ARNT (HIF-1B) in pancreatic B cells
resulted in the alterations of gene expression similar to those in patients with type 2 diabetes,
especially the genes involved in glucose-stimulated insulin release (44). These studies
showed potential mechanisms by which circadian mechanisms can regulate, as well as
disrupt, the normal activity of adipose and other metabolic tissues. If the signals of positive
energy balance, such as increased circulating food metabolites (glucose) and changes in
redox potential, can alter the transcriptional activity of key circadian transcriptional factors,
these changes can be postulated as biochemically causal factors for increased adipogenesis,
abnormal lipogenesis, and impaired glucose metabolism. Furthermore, because individual
metabolic tissues handle specific aspects of energy homeostasis, their circadian oscillators
may not be affected by chronic positive energy balance in an identical manner, thus creating
a basis for the loss of temporal/functional synchronization among metabolic tissues.
Together, the physiological and functional changes in these organs, as well as their inability
to handle the body’s metabolic demands at appropriate times, can likely lead to the
complications of the metabolic syndrome, often seen in chronic obesity (Figure 2).

Conclusion

Obesity and type 2 diabetes have emerged as significant health problems in the

industrialized world. Although current therapeutics alleviate some of the obesity-related
health problems, our further understanding of the underlying mechanisms leading to the
development of these complications is essential for the success of continued medical and
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pharmacological efforts to counteract this epidemic. An emerging body of evidence
implicates circadian transcriptional machinery in the control of metabolism and adipose
function, thus offering a novel focus for further research into the pathogenesis of obesity and
its associated comorbidities.
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Figurel.
Circadian regulation of energy homeostasis. Feeding and activity rhythms, generated by the

SCN, regulate energy balance and the temporal/functional synchronization among peripheral
metabolic tissues.
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Figure2.
Loss of circadian regulation of energy homeostasis in chronic obesity. Chronic positive

energy balance may disrupt the circadian transcriptional activity within adipose and other
metabolic tissues, resulting in the loss of temporal/functional synchronization among those
tissues and setting the stage for the development of obesity, type 2 diabetes (T2D), and the
metabolic syndrome.
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