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A role for circadian clock in metabolic disease

Ippei Shimizu2, Yohko Yoshida? and Tohru Minamino!

Many human behaviors and physiological activities show circadian rhythms. Circadian rhythms generated by central and
peripheral clocks maintain homeostasis, including the regulation of metabolic processes. Biological rhythmicity is important for
metabolic health, but circadian rhythms are affected and impaired by nocturnal activities and irregular food intake in modern
society. Disruption of sleep is an established risk factor for diabetes and is known to promote systemic metabolic dysfunction in
both humans and rodents. Metabolic stress promotes circadian clock disorders and modulation of clock gene expression has a

causal role in the development of metabolic dysfunction. Maintenance of a physiological circadian rhythm is crucial for
metabolic health and is an important strategy for combating obesity.
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INTRODUCTION

In accordance with the daily rising and setting of the sun, most of
our behaviors and physiological activities including metabolic
processes show rhythmic coordination with a period of ~24h.
The master clock in the suprachiasmatic nucleus (SCN) coordinates
oscillation in the peripheral organs, to maintain phase coherence
within the whole body. Key clock components, such as Clock and
Bmall, and clock-targeted molecules form a negative feedback loop
that generates oscillation over a period of ~24 h. The number of
obese people is increasing rapidly and this increase is the chief
healthcare problem in many societies today. Studies have provided
evidence that metabolic stress disturbs physiological clock oscillation,
and that genetic manipulation of clock and clock-regulated genes
causes the development of metabolic dysfunction. Data from these
studies clearly suggest the existence of a negative feedback relation
between circadian clock dysfunction and metabolic stress. Beginning
with the characterization of mouse models with systemic genetic
manipulation, recent studies have focused on the clocks (oscillators)
in peripheral tissues such as the adipose tissue, liver and pancreas,
and have examined the pivotal role of peripheral clocks in
maintenance of tissue homeostasis and systemic metabolism.
Physiological circadian oscillation is impaired in modern societies,
owing to shift work, nocturnal social activities, jet lag and other
factors. It has been well described that disorders of circadian rhythm
promote systemic metabolic dysfunction associated with obesity or
diabetes in both humans and rodents. In this review, we delineate the
roles of the central and peripheral clocks in maintenance of
metabolic homeostasis.

MASTER CLOCK, PERIPHERAL CLOCKS AND THEIR
REGULATORY COMPONENTS

The master clock in the SCN is set at a periodicity of ~ 24 h by retinal
sensing of light and the most important timing cue (Zeitgeber) is
transmission of light signals via the retinohypothalamic tract that
facilitates adaptation to the geographical location. The master clock in
the SCN transmits signals that coordinate oscillation in the peripheral
organs and thereby ensures phase coherence within the body. Clock
and Bmall are the most extensively studied molecules known to
generate a circadian rhythm in the SCN and have been described as
the ‘master clock’ or ‘circadian pacemaker.” Clock and Bmall form a
heterodimer complex, which binds to E-box motifs and upregulates
the transcription of circadian genes, including those from the
cryptochrome family (Cryl and Cry2) and the period family (Perl,
Per2 and Per3). Cry and Per proteins form a heterodimer that
undergoes translocation to the nucleus and derepresses the Clock/
Bmall complex through proteolytic degradation, thereby creating a
negative feedback loop with an ~24h circadian rhythm (primary
feedback loop). Rev-erba and Rev-erbp are positively regulated by
Clock/Bmall at the transcriptional level and these Rev-erbs in turn
inhibit Bmall and Clock gene expression to form another negative
feedback loop (secondary feedback loop). In addition to this central
clock, almost all cells in the body express molecules controlled by the
autonomous cell clock. In all tissues, at least 20% of transcripts are
under circadian control and the feeding/fasting cycle is the critical
regulator (Zeitgeber) of this ‘peripheral clock’. Rhythmic feeding is
essential for the circadian expression of genes in the liver and,
interestingly, restriction of feeding in the rest phase (light period)
can disrupt coordination of the central SCN clock with the peripheral
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clocks.! Under normal conditions, the peripheral clocks are directly
synchronized by the SCN via hormones and indirectly through
behavior. In rodents stressed by conflicting feeding cycles, the SCN
uses more direct signals to counteract dominant signals that depend
on metabolic cycles. Various aspects of systemic metabolism, such as
glucose homeostasis, are under the control of both the central
and peripheral clocks. Diverse metabolic pathways involved in
carbohydrate, lipid and amino acid metabolism are regulated by the
circadian clock, both directly (through transcriptional regulation of
metabolic enzymes by Clock—-Bmall heterodimer) and indirectly
(via clock-regulated release of endocrine factors), as covered in the
elegant review by Young et al.? There is accumulating evidence that
dysregulation of clock genes has a causal role in metabolic disorders,
based on findings initially obtained in systemic knockout (KO) mouse
models.

Clock

The mutant Clock transgene (Clock®'?) has deletion of exon 19,
resulting in loss of 51 amino acids in the C-terminal of the Clock
protein.> Mutant Clock®!® protein can form heterodimers with Bmall
but is unable to initiate target gene transcription. Turek et al*
described the pronounced metabolic phenotype associated with Clock
mutation. Clock mutant mice with a C57BL/6] background show
disturbance of circadian rhythmicity and develop obesity and meta-
bolic syndrome along with hyperphagia, hyperlipidemia (elevation of
triglycerides and cholesterol), hyperglycemia, hyperleptinemia and
hypoinsulinemia.* Pancreatic islets are significantly reduced in
Clock mutant mice with a C57BL/6] background and these animals
show marked impairment of glucose-induced insulin secretion.’
Shostak et al.® reported that cholesterol is elevated in Clock mutant
mice, but they did not demonstrate circadian variation in either
genotype. In their study, serum triglyceride levels showed rhythmic
variation that was indistinguishable between genotypes. Serum-free
fatty acid and glycerol levels showed a robust circadian profile in
wild-type (WT) mice, but this rhythmicity was reduced or abolished in
Clock mutant mice, suggesting that fatty acid release from triglyceride
stores is regulated by a clock-dependent mechanism. Consistent with
this concept, epididymal fat weight and adipocyte size were greater in
the Clock mutant mice.® Taken together, the results of these studies
indicate that Clock has a crucial role in the maintenance of metabolic
health.

Bmall

Although Clock and Bmall form a heterodimer to exert their
biological effects, the metabolic profile of mice with Bmall depletion
is not a phenocopy of that seen in Clock mutant mice. It was reported
that 8-week-old male, Bmall-null mice with a mixed background
(C57BL/6 and 129/SV) become slightly lean when fed a normal chow
diet and show nonsignificant reduction of body weight when main-
tained on a high-fat diet. In contrast, reduction of body weight was
not significant in 8-week-old female mice with a mixed background
fed a normal chow diet, while there was slight but significant weight
gain when maintained on a high-fat diet. Epigonadal and retro-
peritoneal fat pad weight were remarkably increased in male and
female mice when maintained on both diets.” In another study, Bmall
KO mice with a C57BL/6] background showed a similar body weight
to their littermates until 12 weeks of age for males and 22 weeks for
females, after which significant reduction occurred steadily. This age-
related decline of body weight was thought to be due to the premature
aging phenotype of Brmall KO mice.® The gonadal fat to body weight
ratio was similar in Bmall KO and WT mice until 20 weeks of age,
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although the KO group showed remarkable reduction of body weight
after 12 weeks (males). Interestingly, the total fat volume measured
with an EchoMRI whole body composition analyzer was significantly
higher in the KO group from 4 to 20 weeks of age and then showed
nonsignificant reduction at 40 weeks of age.® Glucose levels were
reported to be similar in both genotypes, whereas plasma levels of
triglycerides, fatty acids and leptin were increased in Brmall-null mice
(mixed background) at 8 weeks of age.” It has also been demonstrated
that Brmall-null mice with a C57BL/6] background develop pancreatic
f-cell dysfunction associated with impaired insulin secretion, possibly
due to a low mitochondrial membrane potential and reduced
generation of ATP.>® Mitochondria isolated from the livers of
Bmall-null mice show reduced oxygen consumption when provided
with fatty acids as a substrate, but oxygen consumption is not reduced
in the presence of substrates that supply electrons directly to
mitochondrial complex I or II. These results suggest that reduced
[-oxidation is responsible for impaired mitochondrial respiration in
the livers of Bmall-null mice.'°

Per

Per2-null mice with a 129/sv background have a normal food intake
and show no changes of locomotor activity or SCN rhythm but lose
weight from 6 weeks of age. The weight loss becomes significant from
10 weeks of age (the KO group are significantly heavier at 3-5 weeks
of age) and is associated with significant reduction of adipose tissue
mass and plasma lipid levels along with a high oxygen consumption
ratio.!! Another study showed that Per2-null mice with a C57BL/6]
background become obese when fed either a normal chow or a
high-fat diet throughout the observation period (4-16 weeks of age).
In addition, the fat mass/ body weight ratio was increased in Per2-null
mice receiving a high-fat diet, along with high plasma insulin levels,
increased glucose-stimulated insulin secretion and delayed insulin
clearance.!>!? In agreement with Yang et al.,'? Kettner et al.® reported
that both male and female Perl~/~ Per2~/~ double KO mice with a
C57BL/6] background showed weight gain relative to WT controls
until 3540 weeks of age under a normal light/dark cycle. They found
that Per=/~ Per2~/~ double KO mice had a higher gonadal fat/body
weight ratio at 7 and 20 weeks of age, whereas the total fat/body
weight ratio was significantly higher from 3—4 to 20 weeks of age and
still showed a nonsignificant increase at 40 weeks. Interestingly,
although body weight was significantly reduced by chronic jet lag
compared with WT mice, gonadal fat pad and total fat composition
were similar between KO and WT mice from 3 to 20 weeks of age,
possibly because KO mice compensate for insufficient energy storage
in the adipose tissue by increasing fat accumulation.?

Cry

Cryl-null mice (Cryl='~) (but not Cry2~/~) mice with a C57BL/6]
background show resistance to high-fat-induced obesity.!* It was also
reported that Cry-deficient (CryI~/~ Cry2~/~ double KO) mice with a
C57BL/6 background exhibit elevation of blood glucose in response to
acute feeding after an overnight fast and show reduced glucose
clearance in the glucose tolerance test but have a normal response to
insulin.”® Furthermore, both male and female Cryl=/~ Cry2~/~
double KO mice with a C57BL/6] background exhibit dramatic
reduction of body weight up to 35-40 weeks of age before developing
other abnormalities such as cancer.® Although Cryl=/~ Cry2~/~
double KO mice had a significantly lower gonadal fat/body weight
ratio at 7 and 20 weeks of age, the total fat/body weight ratio was
similar to that of WT mice from 3 to 20 weeks of age and then showed
significant reduction at 40 weeks.



Rev-erbo

Expression of the nuclear receptor Rev-erba is regulated by the
Clock/Bmall heterodimer complex. Rev-erba protein binds to the
retinoid-related orphan receptor response element within the Bmall
promoter and suppresses transcription of Bmall. Rev-erba directly
regulates the expression of multiple enzymes involved in hepatic
gluconeogenesis, such as glucose-6-phosphatase and phosphoenolpyr-
uvate carboxykinase, making it a critical regulator of both clock
function and metabolism. Rev-erba-depleted mice with a C57BL/6]
background show mild hyperglycemia and an increase of the plasma
insulin level, but it is interesting that systemic insulin resistance does
not develop. Rev-erba KO mice use fatty acids in preference to glucose
and the plasma fatty acid level is significantly reduced by fasting. Body
weight is similar between the genotypes maintained on a normal chow
diet but Rev-erba-depleted mice are more susceptible to dietary
obesity and weight gain, as well as an increase of perigonadal and
retroperitoneal white adipose tissue weight in response to metabolic
stress.!® Rev-erba-null mice are also known to develop mild hepatic
steatosis.!” Mice with systemic depletion of Rev-erba and Rev-erbff on
a C57BL/6 background (CAG-CreER Rev-erba/f1 Rev—erbﬂﬂ/ﬂ) show
reduced physical activity associated with hyperglycemia and high
circulating triglyceride levels.!® Conversely, it was reported that a
rev-erb agonist suppresses weight gain by reducing fat mass and
improves both dyslipidemia and hyperglycemia.!® A recent study
demonstrated that Rev-erba is highly expressed in oxidative
skeletal muscle. Lkb1-Ampk-Sirt1-Ppargcla signaling is deactivated in
Nridl~'~ (the gene coding for Rev-Erba) mice, which results in the
reduction of mitochondria and oxidative function in skeletal muscle,
leading to reduced exercise capacity.’’ Considering that low exercise
capacity is linked to obesity, reduced Rev-erba signaling may also
promote obesity in an indirect manner. Recently, Rev-erba was shown
to have discrete roles when coupling metabolism to the clock. In all
tissues, Rev-erba binds directly to the genome at cognate sites
and competes with activating retinoid-related orphan receptor
transcriptional factor to exert its clock regulatory function. In contrast,
Rev-erba primarily regulates metabolic genes by recruiting the histone
deacetylase-3 co-repressor to sites where it is tethered by cell-specific
transcription factors.”!

As described above, various studies based on systemic genetic
depletion of clock-related genes have indicated that these molecules
are involved in the regulation of systemic metabolic homeostasis.
The roles of the central and peripheral clocks and clock-regulated
molecules in maintenance of metabolic health are discussed in the
next section.

CENTRAL CLOCK

The circadian rhythm is generated in the SCN of the anterior
hypothalamus. Rhythmic information is transferred from the SCN
to the central nervous system and to peripheral organs, and this
coordinates physiological and behavioral functions by synchronizing
metabolic and endocrine factors. Dietary obesity does not affect the
expression or rhythmicity of Bmall, Clock and Per2 in the hypotha-
lamus, but orexigenic (Agrp and Npy) and anorexigenic (Pomc and
Cart) neuropeptides show altered diurnal expression patterns in male
C57BL/6] mice, and these changes are associated with attenuated
diurnal rhythms of feeding and locomotor activity.?? Several lines of
evidence have indicated that SCN malfunction disturbs systemic
energy homeostasis. Rats with SCN lesions do not have rhythmic
food intake and the daily rhythms of plasma glucose and insulin are
also abolished.?>?* It was recently reported that C57BL/6] mice with
bilateral microlesions of the SCN show disturbance of energy balance,
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increased body weight and fat weight (no increase of lean weight), and
development of systemic insulin resistance.”> The mechanisms by
which metabolic stress promote SCN dysfunction remain to be
defined. It has been shown that a high-fat diet reduces induction of
the immediate early gene c-fos in the SCN by light and leptin plays an
important role in this response.”® In addition, disturbance of the
adipocyte clock results in altered feeding rhythms and disruption of
the normal daily rhythm of circulating polyunsaturated fatty acids.?’
Although these reports indicate that a bidirectional relationship exists
between the peripheral clocks and the SCN, further studies are needed
to determine how metabolic stress promotes central clock dysfunction
both directly and indirectly.

PERIPHERAL CLOCKS

The major roles of the peripheral clocks are orchestration of food
intake and metabolic processes. It is well known that the levels of a
large number of metabolites show oscillation in the tissues and
plasma, and there is accumulating evidence that perturbation of
peripheral clock expression has a causal role in the development of
systemic metabolic dysfunction.

Adipose tissue

White adipose tissue was initially thought to be mainly involved in
energy storage, but it is now widely accepted that it also has an
endocrine function and secretes a variety of factors referred to as
adipokines. Metabolic stress associated with obesity leads to the
development of sterile inflammation in white adipose tissue, which
promotes a shift toward production of pro-inflammatory adipokines
that contributes to the development of systemic metabolic dysfunction
and diabetes. There is evidence that peripheral clocks have a crucial
role in the maintenance of adipose tissue homeostasis. In the
epididymal fat, inguinal fat and brown adipose tissue of C57BL/6]
mice, clock genes (Bmall, Perl, Per2, Per3, Cryl and Cry2) and clock-
controlled downstream genes (Rev-erba and Rev-erbf}) show 24-h
rhythms.?® In addition, expression of several clock genes such as Per2,
Cryl and Bmall in the adipose tissue is associated with features of
metabolic syndrome.?® Furthermore, the rhythmic expression of clock
genes or adipokines in perigonadal adipose tissue is slightly attenuated
in obese KK mice and significantly suppressed in diabetic KK-Ay
mice,*® while dietary obesity reduces expression of Bmall and Per2 in
the visceral adipose tissue of C57BL/6] mice. Moreover, modulation of
clock genes per se has been shown to have a causal role in the
development of systemic metabolic dysfunction. Adipocyte-specific
Bmall KO (aP2-Cre Bmall™?) mice with a C57BL/6] background
show increased food intake and develop obesity when fed a chow
diet.?” Disruption of adipocyte clock function results in temporal
changes in plasma concentration of polyunsaturated fatty acids,
leading to corresponding changes in the expression of neurotransmit-
ters responsible for appetite regulation in hypothalamic feeding
centers. The magnitude of the effect on hypothalamic expression of
neurotransmitters is sufficient to induce changes in feeding activity,
leading to disruption of the normal feeding rhythm. These changes
occur without alteration in the rhythmic expression of circadian clock
genes (including Bmall) in the hypothalamus, suggesting a direct
effect of the adipocyte circadian clock on hypothalamic feeding centers
without the participation of the local circadian clocks.

The role of clock genes may vary among different types of adipose
tissue. Examination of subcutaneous fat from obese humans shows no
abnormalities in the rhythmic transcription of clock genes and
subcutaneous fat from rodents shows only mild impairment compared
with visceral fat. These findings indicate that the expression profile of
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clock genes varies between different types of fat.>!>*> Brown adipose
tissue was initially considered to be an organ mainly involved in
thermogenic responses, but subsequent evidence has suggested that it
is a critical regulator of systemic metabolism.>»** Nam et al®
demonstrated that suppression of Bmall promotes the differentiation
of brown adipocytes. Whitening of interscapular brown adipose tissue
by dietary obesity was significantly suppressed in aP2-Cre Brmal /!
mice, and although these mice gained weight compared with their
littermate controls, they lost significantly more weight than their
littermate controls during the 24-h cold tolerance test.3> It was also
reported that depletion of Bmall from the adipose tissue led to a
significant increase of adipocyte size in epididymal fat, but did not
induce adipose tissue inflammation.?’

In recent times, expression of leptin in the adipose tissue was shown
to be regulated by Bmall/Clock-modulated binding of C/EBPa to the
leptin promoter, leading to rhythmic transcription of this molecule in
the adipose tissue and an oscillatory pattern of blood levels, and this
pattern was found to be independent of food intake.® Leptin is a
strong inhibitor of appetite acting on the hypothalamus and leptin
resistance develops in persons with obesity. Kettner et al.® reported
that leptin signaling in pro-opiomelanocortin neurons is subject to
circadian control, and that circadian dysfunction induced by chronic
jet lag promotes leptin resistance. However, further studies are needed
to determine how circadian dysfunction promotes leptin resistance.

Development of sterile chronic inflammation in white adipose
tissue is well known to have a pathological role in the progression of
systemic metabolic dysfunction. Clock genes are central to regulating
the responses of immune cells. Myeloid cell-specific disruption of Perl
and Per2 has been reported to increase body weight and visceral
adipose tissue weight, as well as exacerbating dietary adipose tissue
inflammation and insulin resistance.’® In addition, Rev-erba was
shown to repress Ccl2 expression through a Rev-erba-binding motif in
the Ccl2 promotor region and to inhibit CCL-2 signaling pathways.3”
These results suggest a central role of clock genes in the maintenance
of adipose tissue homeostasis.

Liver

The liver has a major role in the maintenance of systemic metabolism,
as it is involved in glycogen storage, protein synthesis, hormone
production and detoxification. Metabolic stress is involved in the
development of nonalcoholic fatty liver disease and this promotes
pathologic changes related to cardiometabolic disorders.>® Clock genes
are also known to be involved in regulation of liver homeostasis. The
hepatic expression of Perl and Cry2 (but not Per2, Bmall or Cryl) was
reported to be different in KK-Ay mice. In addition, liver-specific
depletion of Bmall in mice with a mixed C57BL/6x129 background
was reported to enhance glucose clearance in association with fasting
hypoglycemia, while these animals maintained normal insulin produc-
tion and a normal body fat content, suggesting that hepatic Bmall
governs the cyclic expression of biochemical pathways that offset
systemic fluctuations due to carbohydrate ingestion at regular
mealtimes.>® Retinol-binding protein-4 was reported to be correlated
with insulin resistance and it was recently shown to oscillate under the
control of Bmall and to act as a hepatokine. Liver-specific depletion of
Bmall resulted in the reduced oscillation of retinol-binding protein-4
expression and increased systemic insulin sensitivity, while over-
expression of retinol-binding protein-4 in the liver reversed the
insulin-sensitizing effect of liver-specific Bmall depletion.*® Moreover,
liver-specific Bmall depletion caused elevation of the plasma
low-density lipoprotein(LDL)/very low-density lipoprotein(VLDL)
cholesterol level due to disruption of the proprotein convertase
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subtilisin/ kexin type 9/LDL receptor regulatory axis.*! Another study
showed that depletion of CryIl and Cry2 in the liver increased hepatic
levels of mRNAs for gluconeogenesis genes (G6pc and Pckl) and
resulted in elevation of the circulating glucose concentration in db/db
mice, whereas hepatic overexpression of Cryl lowered fasting blood
glucose and improved whole body insulin sensitivity.*> These results
suggest that suppression of liver clock genes is able to suppress the
genes involved in gluconeogenesis and reduce hepatic glucose produc-
tion in association with improvement of glucose tolerance. Finally,
Rev-erba-null mice develop mild hepatic steatosis, but depletion of
Rev-erbf from the liver in these mice by using adenovirus to deliver
short hairpin RNA for Rev-erbf3 leads to severe hepatic steatosis.!”

Pancreas

Patients with type 2 diabetes develop pancreatic $-cell dysfunction and
reduced insulin secretion, which sometimes precede the diagnosis of
diabetes. Islet cells have an autonomous circadian rhythm and insulin
is released from the pancreatic islets in a circadian manner.*® Islet
expression of Clock, Bmall, Perl, Per2 and Rev-erba shows daily
oscillation in mice and rats.*»*> In addition, islet expression of PER2,
PER3 and CRY2 is reduced in patients with diabetes*® and a high-fat
diet is reported to increase islet levels of Clock and Per] mRNA in
mice.** Furthermore, disruption of circadian rhythms and dietary
obesity act synergistically to promote B-cell failure and diabetes in
male rats.*” Moreover, pancreatic islet-specific depletion of Bmall
(PdxCre BmallM) in mice with a C57BL/6] background leads to
hyperglycemia and glucose intolerance associated with a low insulin
level. The pancreatic insulin content is similar in littermate controls
and KO mice, suggesting that insulin secretion is impaired in these
mice.’ In the pancreas, Clock/Bmall are co-localized with pancreatic
transcriptional factor Pdx1 within different active enhancers from
those controlling rhythmic metabolic gene networks in the liver,
suggesting that cell-specific enhancers underlie the circadian regulation
of peripheral metabolism.*® An in vitro study showed that
downregulation of Rev-erba in islet cells by small interfering RNA
led to the reduction of glucose-induced insulin secretion.** In
addition, p-cell-specific depletion of Bmall was reported to increase
oxidative stress in mice,*” while Marcheva et al.’> suggested that the
B-cell circadian clock has a crucial role in the regulation of key
transcription factors involved in P-cell growth, proliferation and
maturation. These findings suggest that clock genes have a critical
role in maintenance of both pancreatic and systemic metabolic
homeostasis.

Blood vessels

Although dietary obesity has a marked effect on clock genes in the
visceral fat, liver and pancreas, clock gene cycling is well preserved in
the aorta.>? This indicates that blood vessels may be more resistant to
disruption of clock function than some other organs/tissues, and that
longer exposure to stress may be required to affect the vessels, but
there is also evidence that clock genes are crucial for maintaining
vascular homeostasis. Both thrombomodulin and plasminogen
activator inhibitor-1, which are predominantly expressed by vascular
endothelial cells, are known to be regulated by clock genes.’*! In
addition, aortic endothelial dysfunction has been reported in Clock
mutant mice or mice with systemic Brall depletion.”? Per2 mutant
mice also develop endothelial dysfunction due to reduced release of
nitric oxide from endothelial cells associated with low expression of
vasodilatory prostaglandins.”® Furthermore, suppression of nitric
oxide synthase activity causes the impairment of clock gene
expression.>* Endothelial cell depletion of Bmall (in Cre™® Brali/
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Figure 1 In the normal state, circadian rhythms generated by the central and peripheral clocks coordinate metabolic processes to maintain health. Metabolic
stress or circadian misalignment due to nocturnal activities or jet lag leads to clock dysfunction that promotes systemic metabolic dysfunction. Studies
performed in murine transgenic models have indicated that peripheral clocks, especially those in adipose tissue and the pancreas, are crucially involved in
the maintenance of metabolic homeostasis, suggesting the existence of a negative feedback loop between metabolic stress and clock dysfunction.

mice with a C57BL/6] background) disrupts the oscillatory expression
of endothelial genes (such as Claudin-5, Tie-1 and Tek) and alters the
function of core clock component Per2, suggesting that clock genes are
involved in regulating vascular endothelial function. Interestingly,
Cre™ Bmall" mice show reduced locomotor activity along with
elevation of the heart rate and low blood pressure.’> The metabolic
phenotypes were not extensively described in these studies; hence, it is
still unclear whether modulation of vascular clock genes leads to
systemic metabolic dysfunction. Considering the pathological role of
endothelial cell dysfunction and/or capillary rarefaction affecting key
metabolic organs in the development of systemic metabolic disorders,
it is highly possible that disruption of the circadian clock in vascular
endothelial cells promotes systemic metabolic dysfunction.?3-

Skeletal muscle

Skeletal muscle is considered likely to become a therapeutic target in
the fight against obesity.”’” Izumiya et al.>® have shown that promoting
hypertrophy of skeletal muscle fibers decreases body weight due to
reduction of visceral fat mass and atrophy of white adipocytes. Dietary
obesity does not affect rhythmic oscillation of clock gene transcription
in skeletal muscle.3? Skeletal muscle-specific KO models have not been
extensively analyzed and there is limited evidence about the role of
skeletal muscle clock genes in the maintenance of systemic metabolic
homeostasis. Muscle-specific inactivation of Bmall in mice (Mlc1f-Cre
Bmal "' with a C57BL/6 background) was reported to lead to weight
gain after ~ 30 weeks of age compared with WT littermates, although
epididymal fat pad weight did not differ between the genotypes at
5 months of age. These mice did not develop systemic glucose
metabolic dysfunction, but showed reduction of Glut4 expression in
skeletal muscle associated with impairment of insulin-induced glucose
uptake by muscle.® Mice with inducible muscle-specific Brmall
KO (iMS-Bmall~/~) were generated on a mixed background
(C57BL/6xC3H) by crossing human skeletal actin-MerCreMer mice

with Bmall! mice. These mice developed muscle weakness and
showed an increase of glycolytic type II fibers associated with muscle
fibrosis, but there were no changes of feeding, physical activity or
glucose tolerance.>*0

Microbiota

The microbial gut flora influence a broad range of physiological
processes including metabolism and are important as a regulator of
obesity and systemic metabolic disorders.®! In both mice and humans,
the intestinal flora exhibit diurnal oscillation that is influenced by
feeding rhythms. Ablation of the host molecular clock by whole-body
depletion of Perl/Per2 or induction of jet lag impairs feeding
rhythmicity and leads to aberrant diurnal fluctuation of the gut flora
with dysbiosis, contributing to the development of glucose intolerance
and obesity.? In addition, Bmall-null mice show loss of rhythmic
variation in the composition of the fecal flora and changes of bacterial
abundance in feces.%® The role of the microbial circadian clock in the
regulation of homeostasis in metabolically active organs, such as the
skeletal muscle, liver and fat tissue, is yet to be defined.

METABOLIC STRESS PROMOTES CLOCK GENE DYSFUNCTION
In the liver and adipose tissue, many nuclear receptors display
rhythmic patterns of expression and at least 20% of transcripts in
all tissues are thought to be under circadian control. Perturbation of
metabolic pathways in mice with dietary obesity is associated with
alterations in the amplitude of circadian oscillation and lengthening of
the period, and peripheral clocks show phase shift in a mouse model
of type 2 diabetes.®* Dietary obesity alters the circadian rhythm of
various behaviors. Mice normally eat during the night, but mice fed a
high-fat diet start to consume a higher percentage of their daily food
intake during the light phase along with attenuated expression of clock
and metabolic genes in the liver and adipose tissue.”? It has been
reported that circadian output genes show dramatic changes in obese
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Table 1 Phenotypes of clock gene mutant mice
Tg mice Physical
References Organ Gene analyzed BW Hyperphagia activity Hyperglycemia Hyperlipidemia Hypoinsulinemia Background
Rudic et al.8®  Systemic Clock ClockA1® Similar ND ND ND ND ND ND
Turek et al.* Systemic  Clock ClockA1® Increase Yes Reduced Yes Yes Yes C57BL/6)
Oishi et al.%0 Systemic  Clock ClockA19 Similar? Yes ND No No NoP Mixed (C57BL/
6JxBALB/cxICR)
Marcheva et al.® Systemic Clock ClockA1® ND ND ND Yes ND Yes C57BL/6J
Doi et al.88 Systemic  Clock ClockA1® ND ND ND No ND No ICR
Shostak et al.®  Systemic Clock ClockA19 Increase Yes Normal ~ ND No ND C57BL/6)
Rudic et al86  Systemic Bmall Bmall KO ND ND ND No Yes ND ND
Lamia et al.3° Systemic  Bmall Bmall KO Increase ND Normal Yes ND Yes Mixed (C57BL/
6x129)
Kennaway et al.” Systemic Bmall Bmall KO Similar-Lean® ND ND No Yes Yes Mixed (C57BL/
6Jx129/SV)
Kettner et al8  Systemic Bmall Bmall KO Similar-leand ND ND ND ND ND C57BL/6J
Nam et al.3° Systemic  Bmall Bmall KO Increase ND ND ND ND ND C57BL/6
Grimaldi et al.l! Systemic Per2 Per2 KO Lean® No Normal ~ ND Nof ND 129/sv
Yang et al.}2 Systemic  Per2 Per2 KO Increase Nog ND ND ND ND C57BL/6J
Zhao et al.l3 Systemic  Per2 Per2 KO ND ND ND No" ND No" C57BL/6)
Chappuis et al.8% Systemic Per2 Per2 KO Similar No ND ND No ND Mixed (129S5/
C57BL/6-Tyrc-Brd)
Zani et al.%0 Systemic  Per2 Per2 KO Similar No ND No' ND. Yes Mixed (129S5/
C57BL/6-Tyre-Brd)
Lamia et al.3° Systemic  Per1/Per2 Perl/Per2 DKO Lean ND ND Yes ND ND 129S1/SvimJ
Kettner et al8  Systemic Perl/Per2 Perl/Per2 DKO Increase No Normal ND ND ND C57BL/6J
Lamia et all®  Systemic Cryl Cryl KO ND ND Normal  Yes ND ND C57BL/6
Griebel et al.l4  Systemic Cryl Cryl KO Similar No ND No No ND C57BL/6)
Lamia et al.1® Systemic  Cry2 Cry2 KO ND ND Normal Yes ND ND C57BL/6
Lamia et al.1® Systemic  Cry1/Cry2  Cry1/Cry2 DKO ND. ND Normal Yes ND ND C57BL/6
Barclay et al.%9 Systemic Cryl/Cry2 Cryl/Cry2 DKO Leank Nok Reduced' Yes™ No No™ C57BL/6)J
Kettner et al8  Systemic Cryl/Cry2  Cry1/Cry2 DKO Lean No Reduced ND ND ND C57BL/6J
Delezie et al.l?  Systemic Rev-erba  Rev-erba KO Similar" No Normal Yes No No C57BL/6J
Woldt et al.20 Systemic  Rev-erba Rev-erba KO ND ND Reduced ND ND ND SV129/0laHsd
Cho et al.1® Systemic  Rev-erba/ CAG-CreER Rev- ND ND Reduced Yes Yes® ND C57BL/6
Rev-erbp  erba™Rev-erbp™
Lamia et al3®  Liver Bmall albumin-cre Bmal1" Similar ND Normal ~ NoP ND No Mixed (C57BL/
6x129)
Ma X et al.0 Liver Bmall albumin-cre Bmal1™f ND ND ND NoP ND ND Mixed (C57BL/
6x129)
Ma D et al.A! Liver Bmall albumin-cre Bmal1"f ND No ND ND Yes ND C57BL/6J
Marcheva et al.> Pancreas Bmall Pdx-cre Bmal1™ Similar No Normal  Yes Yes Yes Mixed (C57BL/
6x129xICR)
Lee et al4® Pancreas Bmall Rip-cre Bmal1® Similar No Normal  Yes ND Yes Mixed (C57BL/
6JxB6D2)
Paschos et al.2’ Adipose  Bmall aP2-cre Bmal1™" Increase Yes Normal  Yes Yes No C57BL/6J
Kettner et al8  Adipose  Bmall aP2-cre Bmal1 ND ND ND ND ND ND C57BL/6)
Westgate et al.>® Vessel Bmall Cre™® Bmal 17" ND ND Reduced ND ND ND C57BL/6)
Dyar et al.>® Skeletal  Bmall Mic1f-cre Bmall™ Increase ND Increase  No ND ND C57BL/6
muscle
Dyar et al.>® Skeletal  Bmall HSA-MerCreMer Similar ND Normal No ND ND Mixed (C57BL/
muscle Bmal 171 6xC3H)
Schroder et al.%9 Skeletal  Bmall HSA-MerCreMer ND No Normal ND ND ND Mixed (C57BL/
muscle Bmal 171 6xC3H)

Abbreviations: DKO, double knockout; KO, knockout; ND, not described; WT, wild type.

All components compared under chow diet at normal physiological condition and response on stress varies between genotypes.

aClock mutant mice have reduced body weight when fed a high-fat diet.

bClock mutant mice have reduced insulin level when fed a high-fat diet.

Male Bmall-null mice become mildly lean, but this is not significant in female mice.

9Bmall KO mice were similar in body weight compared with their littermates until 12 weeks of age in male and 22 weeks in female, and then steadily shows significant reduction.
©Bmall KO group are significantly heavier initially at 3-5 weeks of age, but lose weight from 6 weeks of age, and this becomes significant from 10 weeks of age.

fBmall KO group have low plasma lipid level.

&Per2 KO group become hyperphagic under a high-fat diet.

NCirculating insulin is increased and glucose is reduced in the Per2 KO group.

'Per2 KO group have reduced glucose level.

ICry1 KO group have significant lower body weight when fed a high-fat diet.

kCry1/Cry2 DKO mice gain weight when fed a high-fat diet. Under a high-fat diet, they eat less compared with WT mice.

ICry1/Cry2 DKO mice show a trend toward reduced activity in the dark phase both in a chow and high-fat diet, but activity looks increased in the light phase compared with WT mice.
MCry1/Cry2 DKO mice have high insulin level with systemic glucose intolerance compared with WT mice when fed a high-fat diet.

"Rev-erba KO group gain weight when fed a high-fat diet.

OTriglyceride is increased but free fatty acid is reduced in the KO group.

PLiver-specific Bmall KO group have reduced glucose level.
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animals, partly due to inhibition of the recruitment of Clock-Bmall to
chromatin and activation of PPARy.®> Several lines of evidence
indicate that peripheral clock genes and clock-regulated genes in key
metabolic organs such as the adipose tissue, liver and pancreas are
critical regulators of systemic metabolic homeostasis. WT mice with
dietary obesity and diabetes show blunting of the rhythmic oscillation
of clock gene transcription in visceral fat and also partly in the liver
but not in the skeletal muscle or blood vessels. In addition, mice with
dietary obesity on a C57BL/6] background show abnormal Bmall and
Per2 expression in adipose tissue along with a smaller alteration in the
aorta, but show no changes in the liver or skeletal muscle. However,
expression of clock-regulated genes such as Pepck (but not Rev-erba,
Dbp and Ppar-a) was altered in the liver, whereas expression of Pepck,
Rev-erba, Dbp and Ppar-a was altered in visceral fat.>> Nutritional
challenge, rather than the development of obesity, was reported to
cause reversible reprogramming of the hepatic clock.®> Changes of the
cellular energy status would be involved in such alterations, but the
exact mechanisms that link a high calorie intake to modification of
the circadian clock are yet to be defined.

CLOCK GENE POLYMORPHISM AND HUMAN METABOLIC
DISORDERS

Polymorphism of the CLOCK gene was reported to have a role in
the development of diabetes in humans, which is associated with a
low or high prevalence of metabolic syndrome according to the
haplotype.®®®” Two BMALI haplotypes are also linked with suscept-
ibility to diabetes. Although CRYI polymorphism does not show a
significant link with diabetes, this polymorphism increases the risk of
systemic insulin resistance and diabetes when combined with high
carbohydrate intake.®® Recent study reported that CRYI and CRY2
variants show nominal association with the metabolic syndrome
components.®® Accumulating evidence also suggests that diurnal
changes of blood pressure are regulated by the biological clock.
Genetic variants in circadian genes are reported to associate with
hypertensive non-dippers,’® whereas melatonin secretion is signifi-
cantly and inversely associated with nighttime blood pressure in a
general elderly population without antihypertensive drug treatment.”!
These results indicate that the clock genes are direct and indirect
regulators of metabolic health in humans.

SLEEP DISORDERS, CIRCADIAN RHYTHM AND METABOLIC
SYNDROME

It is well accepted that diurnal variation of physiological rhythms is
important for health and disruption of the regular circadian rhythm by
working night shifts or continuously rotating shifts increases the risk
of developing obesity and diabetes.”? Several studies have indicated
that there is a link between sleep disturbance, impaired circadian
rhythms and metabolic disorders. Circadian misalignment induces
postprandial glucose responses in the prediabetic range and promotes
systemic insulin resistance with an increase of high sensitivity
C-reactive protein and a low leptin level.”>7* Exposure to dim light
at night disrupts both central and peripheral circadian rhythms,
promoting weight gain and inflammation.”>’® The duration of sleep
is also linked to metabolic homeostasis and the risk of diabetes.
Inadequate sleep is a well-known risk factor for obesity and it was
recently shown that long-term changes of sleep duration can also
influence the risk of developing type 2 diabetes.”””® In humans,
insufficient sleep has been reported to influence the transcriptome,
disrupt its circadian regulation and intensify the effects of acute total
sleep deprivation.”® Obstructive sleep apnea develops with obesity,
causing fragmentation of sleep and systemic hypoxia, and is well

Clock and metabolic disease
| Shimizu et al

known to have a role in the progression of obesity and systemic insulin
resistance.’? Obstructive sleep apnea promotes the development of
obesity and insulin resistance in both adults and children.8! However,
the circadian pattern of various hormones (such as adiponectin, leptin,
ghrelin and resistin) shows no difference between persons with or
without obstructive sleep apnea; thus, further studies are needed to
assess the link between obstructive sleep apnea, circadian rhythm and
metabolic disorders. Intake of food at specific times has been shown to
have a profound influence on physiology. Restricted nighttime feeding
with regular chow remarkably reduced the triglyceride level in WT
mice, even though total daily caloric intake was unaffected.3? It was
also reported that a time-restricted high-fat diet with equivalent calorie
intake compared with ad libitum access had a protective effect against
obesity, hyperinsulinemia, hepatic steatosis and inflammation.®?
Furthermore, it was reported that restriction of the eating time
per se, rather than the specific timing of restriction, is beneficial for
suppressing metabolic dysfunction.?

Taken together, these studies indicate that circadian dyssynchrony
promotes misalignment among the functions of various organs and
has a pathological role in the development of systemic metabolic
dysfunction. Considering that metabolic dysfunction itself promotes
circadian dyssynchrony, a vicious cycle exists between obesity and
clock dysfunction.

CONCLUSIONS

There is increasing evidence of a tight connection between
metabolism and circadian rhythms, and it has been shown that
metabolic stress promotes disturbance of clock-related genes in several
key organs (Figure 1). Studies based on whole-body or tissue-specific
depletion of clock genes have demonstrated the causal role of
clock-related molecules in the maintenance of both organ and
systemic metabolism. Phenotypic changes have shown some
inconsistencies among the studies performed to date due to
differences of animal background, study design or observation period
(Table 1).4$11-162027,3539-41,49,55596085-9 " Findings have been
obtained that suggest the existence of a negative feedback loop
between metabolic stress and clock dysfunction. Synchronization of
behavior with metabolism by the body clock is crucial for maintenance
of systemic metabolic homeostasis, but is often disrupted in modern
society. Re-synchronization of circadian rhythms may be essential to
combat obesity and diabetes.
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