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ABSTRACT
The daily rhythm of glucose metabolism is governed by the circadian clock, which consists of cell-
autonomous clock machineries residing in nearly every tissue in the body. Disruption of these
clock machineries either environmentally or genetically induces the dysregulation of glucose
metabolism. Although the roles of clock machineries in the regulation of glucose metabolism
have been uncovered in major metabolic tissues, such as the pancreas, liver, and skeletal muscle,
it remains unknown whether clock function in non-major metabolic tissues also affects systemic
glucose metabolism. Here, we tested the hypothesis that disruption of the clock machinery in the
heart might also affect systemic glucose metabolism, because heart function is known to be
associated with glucose tolerance. We examined glucose and insulin tolerance as well as heart
phenotypes in mice with heart-specific deletion of Bmal1, a core clock gene. Bmal1 deletion in the
heart not only decreased heart function but also led to systemic insulin resistance. Moreover,
hyperglycemia was induced with age. Furthermore, heart-specific Bmal1-deficient mice exhibited
decreased insulin-induced phosphorylation of Akt in the liver, thus indicating that Bmal1 deletion
in the heart causes hepatic insulin resistance. Our findings revealed an unexpected effect of the
function of clock machinery in a non-major metabolic tissue, the heart, on systemic glucose
metabolism in mammals.
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Introduction

Decreased heart function is associated with an
increased risk of developing diabetes in humans
(Demant et al. 2014; From et al. 2006; Tenenbaum
et al. 2003). Both animal and clinical studies have
demonstrated that chronic heart failure can cause
insulin resistance (Liao et al. 2005; Nikolaidis et al.
2004; Shimizu et al. 2012; Swan et al. 1997). Heart
failure results from diverse cardiovascular diseases,
including coronary artery disease, hypertension,
and abnormal heart valves. Some cases of heart
failure have a genetic basis, such as mitochondrial
DNA mutations. We and others have recently
reported that a mutation in the Bmal1 gene, a
core component of the circadian clock, also con-
tributes to the development of chronic heart fail-
ure in mice (Durgan et al. 2011; Kohsaka et al.

2014; Lefta et al. 2012). Beyond this close relation-
ship between the clock and heart function, clock
function is also coupled to the regulation of glu-
cose metabolism (Panda 2016; Perelis et al. 2015b;
Perelis et al. 2016). These findings suggest that the
circadian clock may be a key physiological system
that links heart function and systemic glucose
metabolism.

The mammalian circadian clock organizes daily
rhythms in behaviors and biological and molecular
function through highly sophisticated anatomical
and molecular networks (Mohawk et al. 2012;
Partch et al. 2014; Schibler et al. 2015). The supra-
chiasmatic nucleus (SCN) of the hypothalamus
possesses the molecular clock machinery, which
involves transcriptional/translational feedback
loops composed of a set of core clock genes.
Through neural and humoral pathways, the
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cycling signal generated by the SCN clock is trans-
mitted to peripheral tissues, which also possess
similar molecular clock machineries to those in
the SCN (Balsalobre et al. 1998; Yamazaki et al.
2000; Yoo et al. 2004). These peripheral clocks are
now recognized to reside in almost all cells of the
body and to be synchronized to the SCN clock,
whose rhythm is entrained by environmental light/
dark cycles. Clock gene function in peripheral
tissues can therefore be altered by changes in the
SCN clock when the daily rhythm of rest and
activity is disrupted, a condition often observed
in sleep disturbances and shift work. Although
these circadian disorders are associated with the
dysregulation of systemic glucose metabolism
(Anothaisintawee et al., 2016; Pan et al. 2011;
Suwazono et al. 2009; Suwazono et al. 2010;
Touma and Pannain 2011), less is known about
how alterations in central and peripheral clock
functions influence systemic glucose tolerance in
humans. Although animal models of clock dys-
function have uncovered a tissue-specific role of
clock genes in the regulation of glucose metabo-
lism, increasing attention is being focused on only
major metabolic tissues, such as the pancreas,
liver, and skeletal muscle (Dyar et al. 2014; Lee
et al. 2011; Marcheva et al. 2010; Perelis et al.
2015a; Petrenko et al. 2017; Rudic et al. 2004;
Zhang et al. 2010). Therefore, in the present
study, we sought to examine the effects of clock
gene dysfunction in a non-major metabolic organ,
the heart, on the regulation of systemic glucose
metabolism in mice.

Materials and methods

Animals

In all experiments, we used male mice. Mice bearing
a modified Bmal1 gene containing loxP sites
[B6.129S4(Cg)-Arntltm1Weit/J; stock number
007668] and transgenic mice expressing Cre recom-
binase driven by the αMHC promoter [B6.FVB-Tg
(Myh6-cre)2182Mds/J; stock number 011038] were
obtained from Jackson Laboratory (Bar Harbor, ME,
USA). Both mice were backcrossed for at least seven
generations onto the C57BL/6J background and then
crossed to generate heart-specific Bmal1 knockout
(H-Bmal1−/−) mice. As control mice, we used

littermate animals harboring the floxed Bmal1 gene
but no Cre transgene. All mice were housed under
12-hr light/12-hr dark (LD) cycle andmaintained on
regular chow diet unless otherwise noted. For diet
studies, mice were placed on a low-fat (LF) (10% kcal
from fat, 20% kcal from protein, and 70% kcal from
carbohydrate; D12450B; Research Diets, Inc., New
Brunswick, NJ, USA) or high-fat (HF) diet (45% kcal
from fat, 20% kcal from protein, and 35% kcal from
carbohydrate; D12451; Research Diets, Inc.) for
8 weeks starting at 4 weeks of age. All animal care
and use procedures were approved by the
Wakayama Medical University Institutional Animal
Care and Use Committee (Wakayama Medical
University Permit Number: 743).

Behavioral analysis

For behavioral analyses, mice were housed indivi-
dually in a home cage. The locomotor activity of
animals was monitored for 10 days under a 12:12
LD cycle followed by 20 days in a constant darkness
(DD), by using a SUPERMEX system (Muromachi
Kikai Co., Ltd., Tokyo, Japan). In this system, a
sensor counts the movements of the mouse by
detecting the radiated body heat. Data were
recorded continuously in 2-min bins with a data
collection program (CompACT AMS; Muromachi
Kikai Co., Ltd.). To analyze the feeding rhythm
under the LD cycle, food intake was measured
immediately before the onset of the dark period
and immediately after the onset of the light period.

Echocardiographic analysis

Transthoracic echocardiography was performed
using a 15-MHz linear-array probe as described
previously (Kohsaka et al. 2014).

Blood and tissue collection

To analyze gene expression levels in tissues, ani-
mals were sacrificed to obtain the heart, liver,
epididymal fat as white adipose tissue (WAT),
and soleus muscle at Zeitgeber time (ZT) 2 (ZT
0 = lights on and ZT 12 = lights off). When the
animals were dissected, blood samples were also
collected by cardiac puncture. Blood samples were
obtained at ZT 2 and 14. A drop of blood was used
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to measure glucose levels with a handheld gluc-
ometer (Glutest Neo; Sanwa Kagaku Kenkyusho
Co., Ltd., Nagoya, Japan). The remainder of the
blood sample was collected into a microtube con-
taining EDTA and centrifuged (7,000 rpm) for
10 min to obtain plasma. Both tissue and plasma
samples were stored at −80°C for subsequent ana-
lysis. To examine rhythmic expression of clock
genes, mice were also sacrificed to obtain heart
tissues at 4-hr intervals during the 24-hr LD cycle.

Primary culture

Cardiomyocytes were isolated from 0- to 2-day-old
mouse neonates with a kit from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). Briefly, dis-
sected neonatal hearts were minced with fine scis-
sors into 1- to 3-mm3 pieces and transferred to
ice-cold HBSS. The minced tissues were washed
twice with ice-cold HBSS to remove blood. After
digestion of the minced tissues, cells were seeded
on fibronectin-coated plates and cultured at a cell
density of 2.5 × 105 cells/cm2 in DMEM supple-
mented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin. After 24 hr, the medium was
replaced with the same medium containing cardi-
omyocyte growth supplement.

Glucose tolerance and insulin tolerance tests

The intraperitoneal glucose tolerance test (IPGTT)
was performed at ZT 6 following a 6-hr fast. The
insulin tolerance test (ITT) was also conducted at ZT
6 but under ad libitum feeding conditions. Blood
samples were collected via tail vein bleeding imme-
diately before and at 15, 30, 60, and 120 min after i.p.
injection of glucose (2 g/kg) for IPGTT or after i.p.
injection of human insulin (1 unit/kg) for ITT. Blood
was immediately used for determination of glucose
levels via a glucometer. Using a different set of ani-
mals, the liver tissues were also collected 60 min after
i.p. injection of human insulin (1 unit/kg).

Insulin infusion via the inferior vena cava and
protein extraction from the liver

After 18-hr food deprivation, mice were anesthe-
tized with i.p. injections of ketamine (100 mg/kg)
and xylazine (10 mg/kg), and insulin (5 units) or

saline was injected into the inferior vena cava. The
liver tissues were removed 2 min after the insulin
injection and stored at −80°C until processing. For
protein extraction, stored liver tissues were homo-
genized in RIPA lysis buffer containing a cocktail
of protease inhibitors (ATTO Co., Ltd., Tokyo,
Japan). The tissue lysates were then centrifuged,
and the supernatant fractions were used for immu-
noblot analysis.

Immunoblot analysis

Lysates were mixed with a sample preparation buffer
(ATTO Co., Ltd.) and boiled for 5 min. The boiled
samples were loaded onto a 7.5% SDS-PAGE gel
(ATTO Co., Ltd.) and transferred to a membrane.
Membranes were probed with primary antibodies
against phosphorylated Akt (Ser473) (Cell Signaling
Technology, Inc., Danvers, MA, USA) and β-actin
(Cell Signaling Technology, Inc.) followed by incu-
bation with corresponding horseradish peroxidase-
conjugated secondary antibodies (Cell Signaling
Technology, Inc.). The protein bands were visualized
by chemiluminescence detection.

RNA extraction and quantitative RT-PCR

For tissue samples, total RNA was extracted with
TRIzol RNA Isolation Reagent (Thermo Fisher
Scientific Inc.). For cultured cardiomyocytes,
RNeasy columns (QIAGEN, Venlo, Netherlands)
were used to purify total RNA after RNA isolation
by TRIzol. First-strand cDNA was synthesized
using 250 ng of cDNA and a High-Capacity
cDNA Reverse Transcription kit (Thermo Fisher
Scientific Inc.). Quantitative PCR was performed
using a TP850 Thermal Cycler Dice Real Time
system (Takara Bio, Inc., Kusatsu, Japan) as
described previously (Cui et al. 2011). Gene expres-
sion levels relative to Gapdh were calculated using
the comparative CT method. The primers used in
this study are listed in Supplemental Table 1.

Histology

Tissues were fixed in 4% paraformaldehyde, pro-
cessed, and embedded in paraffin. Tissue samples
were then sectioned (4 microns) and stained
with H&E.
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Hormone assays

Commercially available ELISA kits were used to
measure plasma insulin (Morinaga Institute of
Biological Science, Inc., Yokohama, Japan) and
corticosterone (AssayPro, St. Charles, MO, USA)
levels. Noradrenaline levels in urine, which was
collected in a vial containing 10 μl of 6 M HCl,
were also determined by ELISA (Abnova, Taipei,
Taiwan).

Statistical analysis

For comparison between two groups, an unpaired
two-tailed Student’s t-test was used to determine
statistical significance. When data contained two
variable factors, statistical significance was deter-
mined by two-way ANOVAs and subsequent
Tukey–Kramer post hoc tests. For analysis of
IPGTT and ITT data, a two-way repeated measure
of ANOVA was used. In all cases, the results are
presented as the means ± SEM and were consid-
ered statistically significant at p < 0.05.

Results

Heart-specific deficiency in the Bmal1 gene does
not alter behavioral rhythms but induces a heart
failure phenotype in mice

To investigate the effects of heart-specific deletion of
the Bmal1 gene on both the heart phenotype and
systemic glucose metabolism, we first validated
whether the gene was exclusively knocked out in the
heart of H-Bmal1−/− mice. Given that the heart is a
heterogeneous tissue, which not only consists of car-
diomyocytes but also contains interstitial cells and
blood vessels, we analyzed Bmal1 expression levels
in cardiomyocytes derived from neonatal H-Bmal1−/
− mice. We found that Bmal1 expression was signifi-
cantly lower in cardiomyocytes extracted from
H-Bmal1−/− animals, whereas Bmal1 expression levels
in major metabolic tissues (liver, WAT, and soleus
muscle) were identical between control and
H-Bmal1−/− mice (Figure 1A). We further examined
diurnal rhythms in the expression of Per2 and Rev-
erbα, which are core clock genes regulated by BMAL1,
in the heart tissue. Rhythmic expression of these genes
was significantly attenuated in H-Bmal1−/− mice
(Figure 1B), thus suggesting that the function of the

molecular clock was disrupted in the hearts of
H-Bmal1−/− mice. We also examined daily rhythms
in locomotor activity and feeding behavior to evaluate
the function of the central clock in H-Bmal1−/− ani-
mals.We found that circadian parameters, such as the
free-running period, the amplitude of the circadian
rhythm, the overall activity counts, and the amount of
daytime and night-time food intake, were not differ-
ent between control and H-Bmal1−/− mice (Figure 1,
C and D, and Supplemental Figure 1, A-C), thus
indicating that the Bmal1 function in the brain was
intact in H-Bmal1−/− mice.

We next assessed heart function and morphol-
ogy in H-Bmal1−/− mice. As we and others have
reported previously (Durgan et al. 2011; Kohsaka
et al. 2014; Lefta et al. 2012), Bmal1−/− hearts
exhibited a hypertrophic phenotype (Figure 1E).
H-Bmal1−/− mice also exhibited a higher ratio of
heart weight to body weight than that of control
animals (Figure 1F). Functional analysis by trans-
thoracic echocardiography revealed that the left
ventricular internal diameter at diastole but not
systole was significantly increased in H-Bmal1−/−

mice compared with control animals
(Supplemental Figure 2, A and B). Furthermore,
although echocardiogram analysis did not detect a
significant change in fractional shortening
(Supplemental Figure 2C), the expression level of
BNP, a marker of heart failure, was significantly
higher in the heart tissue of H-Bmal1−/− mice than
in controls (Figure 1G), thus indicating that heart
function was decreased in H-Bmal1−/− mice.

H-Bmal1−/− mice develop hyperglycemia with
age

Wenext examined blood glucose levels inH-Bmal1−/−

mice. At 12 weeks of age, blood glucose levels did not
differ between control and H-Bmal1−/− mice; how-
ever, levels of blood glucose at ZT 2 but not at ZT 14
tended to be increased inH-Bmal1−/−mice compared
with control animals (Figure 2A). IPGTT performed
at 12 weeks of age also revealed a similar result, in
which peak glucose levels after glucose injection and
the area under the curve of the IPGTT were not
significantly different but tended to be higher in
H-Bmal1−/− mice than controls (Figure 2B).
However, at 24 weeks of age, although blood glucose
levels at ZT14 were not different between the
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genotypes, those at ZT 2 were significantly higher in
H-Bmal1−/− animals (Figure 2C), thus suggesting that
H-Bmal1−/− mice develop hyperglycemia with age.

Loss of cardiac Bmal1 function causes insulin
resistance in mice

To explore whether the glucose intolerance
observed in H-Bmal1−/− mice was due to insulin

insufficiency and/or resistance, we examined insu-
lin levels in the blood. We found that insulin levels
were not significantly different between 12-week-
old control and H-Bmal1−/− mice at both ZT 2 and
14, although insulin levels at ZT 14 tended to be
higher in H-Bmal1−/− mice (Figure 3A). However,
ITT revealed that blood glucose levels after insulin
injection were not suppressed in H-Bmal1−/− mice
to the same level as that observed in control mice
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Figure 1. Heart-specific deletion of Bmal1 alters the heart phenotype without changing behavioral rhythms. (A) mRNA expression
levels of Bmal1 in cardiomyocytes (CM), liver, WAT, and soleus muscle in control and H-Bmal1−/− mice (n = 5–10 per group). (B)
Diurnal rhythms in the mRNA expression of clock genes Per2 and Rev-erbα in the heart tissue of 12-week-old animals (n = 4 per
group per time point). (C) Two representative actograms from control (left column) and H-Bmal1−/− (right column) mice. Mice were
maintained on a 12-hr light/dark (LD) cycle for the first 10 days and then transferred to constant darkness (DD). (D) Amount of food
intake during the light and dark period (n = 7 per group). (E) Representative image of hearts (top panels, scale bar: 1 mm) and H&E
staining of heart sections (bottom panels, scale bar: 1 mm) from 12-week-old control and H-Bmal1−/− mice. (F) Ratios of heart weight
to body weight (HW/BW) at 12 weeks of age (n = 9–12 per group). (G) mRNA expression levels of BNP in the heart of control and
H-Bmal1−/− animals at 12 weeks of age (n = 6 per group). Data are presented as the mean ± SEM. *p < 0.05.
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(Figure 3B). This finding indicated that 12-week-
old H-Bmal1−/− mice were resistant to insulin
action even before H-Bmal1−/− mice exhibited an
overt hyperglycemic phenotype (Figure 2A).
Although higher body weight is often associated
with insulin resistance, the body weights did not
differ between control and H-Bmal1−/− mice
(Figure 3C). We also examined insulin levels at
24 weeks of age and observed a significant increase
in insulin levels at ZT 14 but not at ZT 2 in
H-Bmal1−/− animals (Figure 3D). Together, these
results indicated that H-Bmal1−/− mice develop
insulin resistance.

HF feeding induces overt hyperglycemia in 12-
week-old H-Bmal1−/− mice

We further examined the effect of a HF diet on
glucose metabolism in H-Bmal1−/− mice. Mice
were fed either a LF or HF diet for 8 weeks until
12 weeks of age. HF feeding increased body

weights in both control and H-Bmal1−/− mice,
although the increase in body weight in
H-Bmal1−/− mice did not reach statistical signifi-
cance (Figure 4A). However, interestingly, when
animals were fed a HF diet, a significant increase
in blood glucose levels was observed in only
H-Bmal1−/− mice (Figure 4B). We also examined
the effects of HF feeding on plasma insulin levels
and found that insulin levels were not statistically
altered by a HF diet but tended to be increased in
both control and H-Bmal1−/− mice fed a HF diet
(Figure 4C).

H-Bmal1−/− mice develop hepatic insulin
resistance

Given that hepatic gluconeogenesis is a major
source of glucose overproduction in insulin resis-
tant conditions, we examined the mRNA expres-
sion levels of genes encoding key gluconeogenic
enzymes, including phosphoenolpyruvate
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carboxykinase (PEPCK), fructose-1,6-biphospha-
tase (FBPase), and glucose-6-phosphatase
(G6Pase), in the liver tissues of H-Bmal1−/− mice.
We first used the liver tissues of intact control and
H-Bmal1−/− mice to analyze Pck1 (encoding cyto-
solic PEPCK), Fbp1 (encoding FBPase), and G6pc
(encoding G6Pase) expression levels and found no
significant differences in the expression of these
genes between the groups (Figure 5A). However,
when insulin was administered, G6Pc expression
was significantly higher in H-Bmal1−/− mice than
control animals; however, the expression of other
gluconeogenic genes (i.e., Pck1 and Fbp1) did not
differ (Figure 5B). This finding indicated that
G6Pc expression was not fully suppressed by insu-
lin in the liver of H-Bmal1−/− mice. H-Bmal1−/−

mice also showed a decreased action of insulin on
the liver at the signal transduction level. We exam-
ined insulin-induced phosphorylation of Akt in
the liver and observed a decrease in phosphory-
lated Akt levels in the livers of H-Bmal1−/− mice
compared with control mice (Figure 5C). The
reproducibility of this observation was confirmed
in two independent immunoblots (Supplemental
Figure 3). Collectively, these findings revealed
that dysfunction of the molecular clock in the
heart leads to a decreased action of insulin on
hepatic glucose metabolism.

Given that heart failure is often accompanied by
activation of the sympathetic nervous system,
which may subsequently decrease insulin sensitiv-
ity, we analyzed levels of 24-hr urinary noradrena-
line. However, we found that urinary
noradrenaline levels did not differ between control

and H-Bmal1−/− mice (Figure 6A). Recent studies
have demonstrated that heart failure also induces
inflammation in metabolic tissues (Jahng et al.
2016; Lavine and Sierra 2017; Shimizu et al.
2012), a key feature of insulin resistance.
Therefore, we examined whether these features
also occurred in H-Bmal1−/− mice. We first eval-
uated inflammatory changes by using a histologi-
cal approach but did not observe any infiltration of
inflammatory cells in the liver, WAT, and skeletal
muscle of H-Bmal1−/− mice (Supplemental
Figure 4A). We also examined expression levels
of genes associated with inflammation in these
metabolic tissues. However, in agreement with
the histological observation, H-Bmal1−/− mice did
not exhibit increased expression of any inflamma-
tory genes in the liver, WAT, and skeletal muscle
(Supplemental Figure 4B). Finally, we tested the
hypothesis that the insulin resistance observed in
H-Bmal1−/− mice was due to an increase in the
blood levels of corticosterone, a major glucocorti-
coid in rodents. Given that plasma corticosterone
levels exhibit diurnal variation, we compared cor-
ticosterone levels between the genotypes at both
ZT 2 and 14. We observed no increases in plasma
corticosterone levels at ZT 2 or 14 in H-Bmal1−/−

mice compared with control animals (Figure 6B).

Discussion

Dysfunction of the circadian clock has been pro-
posed as one of the important causes of the devel-
opment of metabolic disorders, including diabetes
and dyslipidemia (Kalsbeek et al. 2014; Panda
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2016; Perelis et al. 2015b; Perelis et al. 2016). In
humans, circadian disorders, which are frequently
observed in shift work and sleep disturbances, are
associated with an increased risk of impaired glu-
cose metabolism (Anothaisintawee et al., 2016; Pan
et al. 2011; Suwazono et al. 2009; Suwazono et al.
2010; Touma and Pannain 2011). This epidemio-
logical evidence strongly suggests that the regula-
tion of glucose metabolism is somehow linked to
the function of the circadian clock. The use of
animals with genetic ablation of clock gene func-
tion has further revealed that the circadian clock
system indeed regulates glucose metabolism at the
molecular level. For instance, mice with a domi-
nant negative mutation in the Clock gene develop
diabetes (Turek et al. 2005). Furthermore, studies
using animals with tissue-specific deletion of a
certain clock gene have demonstrated that

pancreatic insulin secretion, hepatic gluconeogen-
esis, and muscular glucose transport are modu-
lated by the molecular clocks located in the
respective tissues (Dyar et al. 2014; Lee et al.
2011; Marcheva et al. 2010; Perelis et al. 2015a;
Rudic et al. 2004; Zhang et al. 2010). However,
studies aimed at understanding the tissue-speci-
fic roles of the molecular clock in the regulation
of glucose metabolism have focused largely on
metabolic tissues, such as the pancreas, liver,
and skeletal muscle, and whether and how
clock function in non-metabolic tissues affects
systemic glucose metabolism has been less stu-
died. Here, we demonstrated that mice with a
heart-specific deletion of clock function exhib-
ited a significantly less insulin action in the liver
and consequently developing hyperglycemia
with age.
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The functional molecular clock is present in
almost all tissues (Dibner et al. 2010; Mohawk
et al. 2012), and the heart also possesses its own
molecular clock, whose roles are thought to gen-
erate local cellular rhythms and regulate heart
function (Durgan and Young 2010; Kohsaka
et al. 2012). One of the important roles of the
molecular clock in the heart appears to be the
regulation of cardiac energy metabolism
(Chatham and Young 2012; Duez and Staels
2010). We and others have previously reported
that mice deficient in the heart clock exhibit severe
defects in the molecular pathways involved in the
production of cardiac bioenergy (Eckle et al. 2012;
Kohsaka et al. 2014; Tsai et al. 2010). More speci-
fically, the molecular clock is required to maintain
mitochondrial structure and produce mitochon-
drial bioenergy in the heart (Kohsaka et al. 2014).
Given that heart function relies on a continuous
supply of mitochondrial bioenergy, it is under-
standable that mitochondrial malfunction may
decrease heart function. In the present study, and
in our previous report (Kohsaka et al. 2014), we
observed that Bmal1 ablation in the heart leads to
changes in both heart morphology and function.
Moreover, although heart function can be altered
by disrupted behavioral rhythms, we found that
rhythms in locomotor activity and feeding beha-
vior were identical between control and H-Bmal1−/

− mice, thus indicating that the heart failure phe-
notype observed in H-Bmal1−/− mice was not sec-
ondary to behavioral changes.

Although the heart is not a major organ that
coordinates systemic glucose metabolism, it has
long been recognized in human studies that heart
failure is associated with a significant risk of devel-
oping diabetes (Demant et al. 2014; From et al.
2006; Tenenbaum et al. 2003). In addition to clin-
ical evidence, studies using animal models of heart
failure have also demonstrated that a decrease in
heart function leads to insulin resistance (Liao
et al. 2005; Nikolaidis et al. 2004; Shimizu et al.
2012). We found that H-Bmal1−/− mice not only
exhibited a heart failure phenotype but also devel-
oped impaired glucose metabolism with age. In
agreement with findings from previous studies
demonstrating that insulin resistance is the major
cause of the impaired glucose metabolism asso-
ciated with heart failure (Liao et al. 2005;
Nikolaidis et al. 2004; Shimizu et al. 2012; Swan
et al. 1997), we observed that H-Bmal1−/− mice
were resistant to insulin action, and this effect
became more apparent when the animals were
fed a HF diet. Generally, insulin resistance
involves one or more insulin target tissues, such
as the liver, WAT, and skeletal muscle (Boucher
et al. 2014). Recent reports have demonstrated that
heart failure induced by pressure overload induces
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Figure 6. Insulin counterregulatory hormone levels in H-Bmal1−/− mice. (A) The 24-hr urinary noradrenaline levels in 12-week-old
control and H-Bmal1−/− animals. The results represent averages over two consecutive days (n = 9 per group). (B) Plasma
corticosterone levels at 12 weeks of age (n = 5–6 per group). Data are presented as the mean ± SEM.
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inflammation in WAT and thereby decreases sys-
temic insulin sensitivity in mice (Shimizu et al.
2012). However, we did not identify any inflam-
matory changes in the WAT of H-Bmal1−/− mice.
Instead, we found that the liver was the major
organ that caused glucose intolerance in
H-Bmal1−/− mice. The discrepancy might have
been due to a difference in the use of the mouse
model of heart failure (pressure overload-induced
vs. genetically induced heart failure). Importantly,
we found that heart-specific deletion of the Bmal1
gene decreased the insulin-induced Akt phosphor-
ylation in the liver. Moreover, insulin did not fully
suppress mRNA expression levels of G6pc, which
encodes one of the key regulatory enzymes in
hepatic glucose production, in the liver of
H-Bmal1−/− mice. These results suggested that
hepatic glucose overproduction causes hyperglyce-
mia in H-Bmal1−/− mice. Notably, our findings
that blood glucose levels were primarily elevated
during the resting (i.e., fasting) period when hepa-
tic gluconeogenesis occurs also support the idea
that the hyperglycemia observed in H-Bmal1−/−

mice is due to insufficient action of insulin on
hepatic glucose metabolism.

As mentioned above, clinical evidence has indi-
cated a close association between heart function
and systemic glucose metabolism (Demant et al.
2014; From et al. 2006; Tenenbaum et al. 2003);
however, it remains unclear how decreased heart
function alters systemic glucose metabolism.
Activation of the sympathetic nervous system has
been proposed as the cause of insulin resistance
when heart function is decreased (Riehle and Abel
2016). However, we did not identify an increase in
urinary noradrenaline excretion in H-Bmal1−/−

mice. One plausible explanation for this observa-
tion is that the alteration in sympathetic nerve
activity of H-Bmal1−/− mice might have been too
small to detect at the urinary noradrenaline level.
Because the autonomic nervous system occasionally
controls certain tissues (Watson et al. 2006), sym-
pathetic efferent neurons to only a small number of
tissues (i.e., liver) might be activated in H-Bmal1−/−

mice; therefore, we did not detect changes in nora-
drenaline at the systemic level. On the other hand,
inflammation in metabolic tissues, which can cause
insulin resistance, is also known to be induced
under heart failure conditions (Jahng et al. 2016).

However, no inflammation was observed in the
liver, WAT, and skeletal muscle of 12-week-old
H-Bmal1−/− mice. Finally, heart failure may also
increase the blood level of corticosterone, a major
insulin counterregulatory hormone in rodents, but
we did not observe an increase in plasma corticos-
terone levels in H-Bmal1−/− mice.

In summary, our findings established that cir-
cadian clock function in a non-major metabolic
organ, the heart, significantly influences the reg-
ulation of systemic glucose metabolism; however,
the precise mechanisms remain unknown.
Importantly, recent evidence that lung cancer
alters the circadian regulation of liver metabo-
lism has also emphasized the significant role of
the clock in linking a pathologic condition in a
given tissue and energy metabolism in other
tissues (Masri et al. 2016). Providing further
insight on how the function of the clock in the
heart affects glucose metabolism in metabolic
tissues may open new avenues through which
the inter-organ communications of the circadian
clock and energy metabolism may be better
understood.
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