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Introduction

The heart beats relentlessly throughout life and consequently has
a voracious demand for energy. This metabolic demand across a
24-hour cycle is affected by numerous influences, such as physi-
cal activity, feeding/fasting state, and neurohormonal tone. Con-
sequently, optimal cardiac performance requires a high degree of
metabolic flexibility. Importantly, the coordinated action of the
circadian clock, both centrally and peripherally, allows the heart
to anticipate energetic requirements instead of merely responding
to metabolic needs. In this Review, we discuss evidence of circa-
dian metabolic oscillation, mechanisms of its regulation, and the
pathophysiological consequences when such rhythmicity is dis-
rupted in the heart.

The core molecular clock is a set of transcription factors (TFs)
that form an intricate feedback loop, in which the synthesis and
degradation of these TFs takes about 24 hours (1). The molecular
mechanism is discussed in greater detail below. The core clock
factors are critical for rhymic output, and loss of function of core
clock factors leads to an arrhythmic phenotype or a loss of period
phenotype. While the same molecular clock is expressed and func-
tional in virtually all cells except embryonic stem cells, the central
clock refers to that in the suprachiasmatic nucleus of the hypothal-
amus (2). The central clock receives photic input from the mela-
nopsin-expressing retinal cells and sends neural and hormonal
output to other parts of the brain and other organs. The central
clock is critical in coordinating behavior at the organismal level.
The molecular clocks in other tissues and cell types are referred to
as the peripheral clock. The peripheral clock receives neural and
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Circadian rhythm evolved to allow organisms to coordinate intrinsic physiological functions in anticipation of recurring
environmental changes. The importance of this coordination is exemplified by the tight temporal control of cardiac
metabolism. Levels of metabolites, metabolic flux, and response to nutrients all oscillate in a time-of-day-dependent
fashion. While these rhythms are affected by oscillatory behavior (feeding/fasting, wake/sleep) and neurohormonal
changes, recent data have unequivocally demonstrated an intrinsic circadian regulation at the tissue and cellular level. The
circadian clock — through a network of a core clock, slave clock, and effectors — exerts intricate temporal control of cardiac
metabolism, which is also integrated with environmental cues. The combined anticipation and adaptability that the circadian
clock enables provide maximum advantage to cardiac function. Disruption of the circadian rhythm, or dyssynchrony, leads
to cardiometabolic disorders seen not only in shift workers but in most individuals in modern society. In this Review, we
describe current findings on rhythmic cardiac metabolism and discuss the intricate regulation of circadian rhythm and the
consequences of rhythm disruption. An in-depth understanding of the circadian biology in cardiac metabolism is critical in
translating preclinical findings from nocturnal-animal models as well as in developing novel chronotherapeutic strategies.

hormonal signals from the central clock and can be entrained to
it; it may also receive local signals and act autonomously in dys-
synchrony with the central clock (Figure 1A). In this Review, we
mainly discuss the function of the peripheral clock independent of
the neurohormonal input from the central clock; the main exper-
imental paradigms include ex vivo working hearts and cardiac-
specific clock mutants.

The circadian rhythm traditionally refers specifically to the
near-24-hour rhythm that is independent of external cues. In
contrast, diurnal rhythm is more loosely used and refers to any
24-hour rhythm; as a result, it may not be directly regulated by the
core clock and can be a reaction to cyclic stimuli. The circadian
rthythm, like any other waveform, is defined by three key param-
eters: the period, the phase, and the amplitude (Figure 1B). The
core clock defines the period, which evolved as a consequence
of life on Earth. The phase is usually in relation to zeitgeber time
(ZT). “Zeitgeber” is German for “time giver” and can refer to any
environmental cue that synchronizes 24-hour rhythmic behav-
ior. ZTO now specifically refers to when the lights turn on in the
facility in most experimental settings. As humans are diurnal and
experimental rodent models (mice and rats) are nocturnal, refer-
ring to light versus dark phase is often confusing. Thus, we will use
“active” versus “resting” phase in this Review, which may be in
light or dark phase but always alludes to the same physiological
activity and biological processes (Figure 1C).

Circadian metabolic oscillation in the heart

Metabolism refers to the chemical processes that convert food to
energy or building blocks (e.g., amino acids, nucleotides) while
eliminating waste through enzymatic reactions. Metabolism can
be measured by flux or metabolites. The levels of rate-limiting
enzymes also contribute significantly to flux and thus are often
measured to provide additional information on metabolism. The
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Figure 1. Basic concepts of circadian rhythm. (A) The central clock exists in the suprachiasmatic nucleus (SCN) in the hypothalamus, receives optic input,
and sends out neurohormonal signals to other peripheral tissues, such as the heart. The molecular clocks in the peripheral tissues (e.g., heart) are termed the
peripheral clock; it receives entrainment signal both from the central clock and from additional external stimuli (e.g., diet and exercise). (B) The normal rhythm
may be disrupted by a change in period, phase, or amplitude, or any combination of these. (C) The diurnal rhythm starts at zeitgeber time (ZT) 0, which is
defined by the turning on of the light. In the light phase, diurnal animals (including humans) are active and nocturnal animals are resting. The opposite hap-
pens in the dark phase. When we refer to the active versus resting phases, we are describing the same biological phase and processes for any species studied.

ZT12

:

rhythmicity of metabolism in the heart has been measured by all
of these approaches, and we will summarize the key findings to
date (below and in Figure 2).

Lipid metabolism. While the mammalian heart is an omnivore,
it uses fats as its main energy source. In fact, 70% of the energy
in a healthy adult heart at rest comes from fatty acid oxidation
(FAO), and esterified fatty acids (FAs) (e.g., triglyceride) are the
major source of lipids for the human heart (3-5). Interestingly,
while the plasma FA concentration varies with dietary availability,
the catabolism of FA does not oscillate in a circadian fashion (6,
7). This is not completely surprising, as FAO is also not induced
by changes in workload or fuel availability. In contrast, myocardial
triglyceride (TG) levels show a diurnal variation with peak at the
wake-to-sleep transition (ZTO) in WT mouse hearts. To exclude
the effect of neurohumoral inputs, ex vivo-perfused hearts
were studied, and, interestingly, both lipolysis and TG synthe-
sis showed a diurnal variation, with a trough at the middle of the
active phase (ZT18) and a peak at ZT6. However, net TG synthesis
also showed peaks at ZT18, suggesting that oscillatory lipolysis is a
driving force of the diurnal variation of myocardial net TG synthe-
sis and TG levels (8). Multiple TG metabolic enzymes have shown
circadian gene expression, e.g., Dgat2, Agpat2, and Hsl (encoding
hormone-sensitive lipase). Interestingly, the lipolysis rate-liming
enzyme adipose triglyceride lipase (ATGL) shows diurnal protein
expression in the heart, although its RNA level does not oscillate,
suggesting a posttranscriptional mechanism. Additionally, an
AMPK-dependent phosphorylation site on HSL, which leads to
enzymatic inhibition, is oscillatory with peak phosphorylation at
ZT18 (8). Collectively, these studies emphasize that the circadian
regulation of cardiac TG turnover occurs at multiple levels: tran-
scriptional, translational, and posttranslational. However, given
the importance and complexity of circadian control of cardiac TG,
additional work is needed to understand regulation at the flux lev-
el under different feeding conditions along with greater insights
into the molecular basis of these effects.

Carbohydrate metabolism. Under basal conditions, about 20%
of the heart’s energy is converted from carbohydrates. Increased
workload and ischemia augment the use of glucose and other car-
bohydrates (including lactate and glycogen) to produce energy (9-
11). Both glucose oxidation and glycolysis show diurnal variation
in the heart, even when perfused ex vivo with medium containing
radiolabeled isotopes, peaking during the dark phase at ZT18 (7,
12). This suggests that glucose uptake might be locally regulated in
a circadian fashion that is independent of neurohormonal regula-
tion. The glucose transporters GLUT1 and GLUT4 are abundant in
the heart. While GLUT1 is responsible for low-level constant glu-
cose uptake, GLUT4 is inducible and is insulin dependent in mem-
brane translocation (13). Whether these transporters are expressed
on the cellular surface in a circadian manner has not been assessed.
Phospho-AMPK is known to promote glucose transport, and its
level shows a modest diurnal variation with a peak also in the
dark phase (ZT18), consistent with increased glucose uptake and
increased utilization through both glycolysis and glucose oxidation
at this time, when energy demand is high (Figure 2 and ref. 12).

Cardiac glycogen accounts for 2% of the cellular volume in
adult cardiomyocytes, and its levels vary based on feeding sta-
tus (14). Glycogen is 2-fold higher at ZT6 than at ZT18 after 40
minutes of glucose perfusion in ex vivo-perfused hearts, although
they start with the same glycogen content. Given that the glucose
incorporation to glycogen was identical as measured by “C-glu-
cose incorporation, this suggests that the glycogenolysis has a
diurnal rhythm and is higher at ZT18 (7). Thus, ZT6, or the resting
phase, is associated with reduced glucose uptake, reduced glycol-
ysis, reduced glucose oxidation, and reduced glycogenolysis.

The hexosamine biosynthesis pathway (HBP) consumes
2%-5% of glucose uptake and is considered a glucose- or nutri-
ent-sensing pathway (15, 16). Activation of HBP yields UDP-Glec-
NAc, which is the substrate for several glycosylation reactions,
including O-GlcNAcylation. There is an approximately 20%
diurnal variation in total cardiac O-GlcNAcylation levels, with a
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peak at ZT18 (12). While modest, O-GlcNAcylation mediates cer-
tain adverse effects of hyperglycemia, and as a posttranslational
modification it may potentially affect many cellular processes, as
detailed in the following section (15).

Protein and amino acid metabolism. Early studies with radio-
labeled isotopes showed that the incorporation of L-[*H]leucine
into the rat heart, a measurement of protein synthesis, is greatest
during the resting phase (Figure 1 and ref. 17). This observation is
corroborated by more recent studies using transcriptomics, which
showed that the heart prioritizes remodeling and repair at rest
and catabolism during the active phase. In fact, most amino acid
catabolic enzymes reach peak expression in the active phase (18).
Future study of the metabolic flux of amino acids in a circadian
fashion and its detailed molecular mechanism will be required to
advance our understanding.

Nicotinamide adenine dinucleotide. Nicotinamide adenine
dinucleotide (NAD") is a cofactor in reduction oxidation (redox)
reactions that plays a central role in metabolism. The heart has
an abundant NAD" level to support its continuous high energy
demand (19). NAD" levels showed strong circadian oscillation
with a peak at ZT14 in the heart, primarily driven by oscillatory
levels of NAMPT, the rate-limiting enzyme of the NAD" salvage
pathway (8, 12, 20-23). The oscillatory NAD* may affect the flux
of numerous redox metabolic reactions in the heart. In addition,
NAD* serves as a cofactor for a number of non-redox reactions,
such as those catalyzed by sirtuins (SIRTs) (24). Thus, oscillatory
NAD" levels in the myocardium may affect SIRT activities, which
in turn exert a secondary effect on cardiac metabolism. This will
be detailed in the following section.

Mitochondria. Mitochondria are the key organelles that produce
ATP from oxidative metabolism. The circadian regulation of mito-
chondrial biogenesis, respiration, and dynamics has been shown in
multiple organ systems. Although circadian effects on mitochon-
dria have not been directly functionally assessed, mitochondrial
gene expression has been studied and showed a diurnal variation
for both function (oxidative phosphorylation) (25) and dynamics
(fission and fusion) (26). SIRT3 is the primary deacetylase in mito-
chondria and is involved in both metabolic homeostasis and stress
response (27). While the protein level of SIRT3 is constant, its activ-
ity is regulated in a diurnal fashion due to oscillatory coenzyme
NAD* levelsin the heart (20). This subsequently affects major mito-
chondrial functions, including metabolism and oxidation reduction.
SIRT3-knockout cells show a more than 50% reduction of basal
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Figure 2. Circadian rhythm of cardiac metabolism
in rodents. During the light phase, mice are resting,
and the predominant processes in the heart are
lipolysis, protein synthesis, and autophagy, repre-
senting a “remodeling and repair” phase. During the
dark phase, mice are active, and the main processes
in the heart are glucose uptake, glycolysis and oxi-
dation, glycogenolysis, amino acid catabolism, ROS
clearance, etc., representing a “catabolic” phase. The
core clock factor BMAL1T reaches peak at ZT0 and
nadir at ZT12.

ATP levels (28). SIRT3-knockout mice show reduced FAO and glu-
cose oxidation, but increased glycolysis in the heart; these changes
are accompanied by hyperacetylation of many mitochondrial pro-
teins, including enzymes involved in FA transport and oxidation,
subunits of the electron transport chain, and enzymes involved in
the tricarboxylic acid cycle (29). SIRT3 is known to deacetylate and
activate forkhead transcription factor box O3a (FoxO3a), which
further activates manganese superoxide dismutase (MnSOD) and
catalase, thus leading to reduction of reactive oxygen species (ROS)
in the heart (30-32). SIRT3 also directly deacetylates cyclophilin
D, a component of the mitochondria permeability transition pore
(mPTP), which leads to inhibition of mPTP opening (33). These
diverse roles of SIRT3 directly contribute to the circadian cardiac
metabolism and redox states in the heart.

Autophagy. Autophagy is integral to cellular metabolic regula-
tion. It provides energy and metabolites during periods of starva-
tion, helps adapt to metabolic challenges, and maintains quality
control of intracellular macromolecules and organelles (34). Auto-
phagy is critical for the health of nonreplicating terminally differ-
entiated cells such as cardiomyocytes and neurons. In the heart,
autophagy is more active during the resting phase, as measured by
both LC3-II cleavage and multiple gene expression (35, 36). More
interestingly, autophagic vacuoles were found to fluctuate in vol-
ume in a diurnal fashion in the myocardium. The autophagosomes
reached their largest volumes in the late resting phase and their
smallest volumes in the early active phase (37). These observa-
tions are again supportive of the notion that the heart has a critical
remodeling and repair function during the resting phase.

Molecular mechanisms of circadian regulation of
cardiac metabolism

The molecular clock is a set of TFs that form a feedback loop and
regulate their own expression. The CLOCK:BMALI complex acti-
vates Cry and Per gene expression. Accumulation of cytoplasmic
CRY:PER complex leads to their nuclear translocation and inhib-
its the CLOCK:BMALI1-driven transcription of Cry and Per (38,
39). The CLOCK:BMALI1 complex also drives the transcription
of Nrld1/2 and Nrifl, which encode the nuclear receptors REV-
ERBo/f and RORo. REV-ERB competes with RORa at the ROR
binding elements; REV-ERB and RORa then respectively suppress
and activate the transcription of Bmall (40-42). These genes are
components of the “core clock,” which resides and functions in
almost every mammalian cell (38-42). Accumulating evidence
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Figure 3. Integrated circadian cardiac metabolic regulation. The slave
clock KLF15 integrates signals from both the core clock (BMALT) and
external metabolic clues (diet, exercise, heart disease, and aging). In turn,
KLF15 regulates downstream oscillatory target genes in the heart, both

by activating them (e.g., Nampt) and by repressing their oscillation (e.g.,
Nr4aT). Critical pathways (e.g., NAD*) may be dually regulated by both the
core clock and the slave clock to enable tight temporal control, as well as
flexibility between anticipation and adaptation. Circadian regulation of
NAD* allows coordinated catabolism and ROS clearance, which is essential
for myocardium homeostasis. REV, REV-ERB.

hasled to the appreciation that the clock also controls downstream
cellular circuitry, which extends beyond the linear core clock-
target gene transcriptional regulation. We will summarize these
considerations in the section that follows.

Transcription regulation. As in other organs, approximately
5%-10% of the genes expressed in the heart oscillate in a circadian
fashion (23, 43-46). The core clock machinery directly regulates
downstream targets, which are referred to as clock-controlled
genes (CCGs), at the transcription level. This is achieved by direct
DNA binding, recruitment of coregulators, and modification of
the histone tails and chromatin state. The molecular details of the
core clock’s regulation of transcription through epigenetic mech-
anisms were recently reviewed in great detail (47). For instance,
BMALI and RORa have been reported as “pioneer” factors for
their ability to access closed chromatin (48, 49). Both BMAL1 and
RNAPII were found to be recruited to the chromatin in a circadian
fashion, suggesting that in addition to direct regulation of indi-
vidual target genes, the circadian core clock changes chromatin
accessibility and transcription globally (50, 51). Despite the major
role of the core clock in transcription, it is reported that only 22%-
30% of the oscillating genes at the transcript level are driven by
nascent transcription in Drosophila heads and mouse livers; other
processes in RNA processing and stability likely contribute signifi-
cantly (50, 52). Although this regulation has not been validated in
the heart, presumably a similar percentage will hold true given the
evolutionary divergence of flies and mice.

While all tissues have 5%-10% of genes oscillating (i.e., CCGs),
the overlap between different tissues is very small (53). The con-
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cept of a so-called “slave clock” has long been proposed to medi-
ate the tissue specificity of the oscillating genes (43, 54). The slave
clocks may be tissue-specific TFs themselves that recruit clock fac-
tors; they may also be pioneering TFs that allow the accessibility
to chromatin of certain clock factors; and they may themselves be
CCGs directly driven by the clock. One key characteristic a slave
clock must have, however, is that it must mediate the tissue-specif-
ic oscillation of other CCGs without affecting the rhythm from the
clock. There are very few well-described examples. In the heart,
the only confirmed slave clock to date is Kriippel-like factor 15
(KLF15). KLF15 expression (both RNA and protein) oscillates in a
circadian fashion under the transcriptional control of BMAL1 (20,
55). Additionally, the polycomb protein enhancer of zeste homo-
log 2 (EZH2), which is bound to CLOCK:BMAL1 and modulates
circadian rhythm, suppresses the KLF15 promoter by hypermeth-
ylation in patients with ischemic cardiomyopathy (56, 57). KLF15
in turn controls 75% of oscillating genes in the heart without
affecting the core clock, particularly through direct binding to and
regulation of catabolic gene expression in the active phase (18).
Although the oscillatory expression of KLF15 is driven by the core
clock, it is also regulated by various nutritional, physiological, and
pathophysiological conditions. For example, fasting and exercise
induce KLF15, while both ischemic and nonischemic cardiomyop-
athy has been associated with reduced KLF15 (18, 20, 58). Thus,
instead of merely transmitting the oscillatory instruction from the
core clock, the slave clock KLF15 allows integration of complex
metabolic signals (Figure 3).

The core clock and slave clock may work in concert to regu-
late target gene expression. For example, both BMAL1 and KLF15
are required for the oscillatory expression of Nampt, encoding a
rate-limiting enzyme for the NAD* salvage pathway in the heart
(20, 59). Somewhat surprisingly, KLF15 expression is antipha-
sic to BMALI expression in the heart. One plausible explanation
might be that the expression of Nampt only occurs in the brief
window when both BMAL1 and KLF15 are expressed. The dual
regulation may be a mechanism to allow precise temporal con-
trol while also integrating additional physiological and nutritional
status through KLF15 (Figure 3).

Most of the work in circadian biology has focused on the mech-
anisms that generate oscillation. The fact that each tissue has a
unique set of oscillating genes suggests that mechanisms for tis-
sue-specific suppression of oscillation may be equally important.
KLF15 has been shown to recruit REV-ERB and nuclear receptor
corepressor (NCoR) at hundreds of genes, preventing them from
aberrant oscillation during the active phase. This is a critical mech-
anism allowing genes to remain nonresponsive to a fluctuating neu-
rohormonal milieu that includes glucocorticoid and lipid species
(Figure 3 and ref. 18). In fact, pharmacologically strengthening the
repression of REV-ERB leads to cardiac protection while maintain-
ing cardiac gene expression profile and metabolic homeostasis (60).

Thus, in contrast to what may be suggested by its name, a slave
clock does not just passively transduce the oscillatory signal from
the core clock to the tissue-specific CCGs. A slave clock allows
integration of the perpetual rhythm with regulation of tissue-
specific functions and adaptation to external stimuli, resulting in
fine-tuning of the CCGs’ output to match the exact need of the
moment. The presence of the slave clock is critical for both oscil-
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lation and quiescence, and the slave clocks are indispensable hubs
of signal integration in the circadian regulatory network.

Translational regulation. mTOR signaling senses energy and
nutrient status, and it regulates cellular metabolism, growth,
proliferation, and survival. The activity of mTOR signaling may
directly affect clock function both in the suprachiasmatic nucle-
us and in the peripheral tissues (61, 62). mTOR signaling, as
reported by its downstream targets phosphorylated ribosomal
protein kinase S6K1 and S6, peaks at ZT2 in the heart in a BMAL1-
dependent fashion (36, 63, 64). This correlates with reduced auto-
phagy and increased protein synthesis during the resting phase
(36). BMALL is thought to be a negative regulator of AKT signal-
ing, which activates the mTOR signaling cascade. Loss of BMALL1
leads to persistent activation of mTOR signaling and increased
protein synthesis together with reduced autophagy, which ulti-
mately leads to cardiac hypertrophy (36).

Surprisingly, BMAL1 was found to be phosphorylated by S6K1,
which then allows its association with translational machinery and
promotes protein synthesis in the cytosol (65). Thus, in addition
to its well-recognized role in circadian transcription, BMAL1 may
also regulate protein synthesis both directly and indirectly via
interaction with the mTOR signaling pathway.

Posttranslational regulation. Posttranslational modification
may greatly alter the localization, stability, and function of protein
targets. While oscillatory phosphorylation of many specific targets
has been found in the heart, a global trend has not been reported.

Cardiac NAD* oscillates as a result of rhythmic expression of
its rate-limiting enzyme, NAMPT. In addition to its roles in met-
abolic enzymatic reactions, NAD" is also the coenzyme for SIRT.
Activity of SIRT1, SIRT3, and SIRT5 is primarily determined by
NAD?* levels, since their binding constant (K ) is close to physio-
logical NAD" levels. In particular, SIRT3 activity and mitochondri-
al global acetylation have been shown to oscillate in a circadian
fashion, secondary to the rhythmic NAD" levels in the heart (20).
As a result, downstream protein function may be affected. For
example, the hyperacetylation of MnSOD at lysine 122 inhibits its
activity (Figure 3) and is associated with increased risk for isch-
emia/reperfusion injury of the heart (20, 66).

Global O-GlcNAcylation has a modest diurnal variation with a
peak at ZT18 (12). Increased O-GlcNAcylation on AMPK has been
associated with increased activity, while increased O-GlcNAcy-
lation on AKT?2 has been associated with attenuated activity (67,
68). Thus, increased O-GlcNAcylation at the active phase (ZT18)
contributes to increased glucose uptake and utilization, as well as
reduced glycogenolysis and protein synthesis. Acute O-GlcNAc-
ylation has been shown to protect against calcium paradox and
ischemia of the myocardium (69, 70).

Interestingly, phosphorylation, acetylation, and O-GlcNAc-
ylation have all been found to modify the core clock machinery
and thus directly affect clock function and timing (12, 20, 65). This
highlights the interconnected relationship between circadian reg-
ulation and metabolism.

Disruption of circadian rhythm in mice

and humans

The adverse effect of disrupted circadian rhythm in the cardiovas-
cular system has long been documented in human epidemiolog-
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ical studies, which highlights the intimate relationship between
circadian rhythm and cardiovascular health, particularly in car-
diometabolic syndromes. In recent years, mice expressing tis-
sue-specific mutations of the core clock machinery have allowed
us to dissect the function of the cardiac peripheral clock indepen-
dent of the systemic neurohormonal milieu and behavior. These
findings will be summarized here.

Circadian disruptionin mice. The critical function of the periph-
eral core clock in cardiac metabolism has been exemplified by the
study of two mutant mouse models: cardiomyocyte-specific Clock
mutants (CCM mice) and cardiomyocyte-specific Bmall knock-
outs (CBK mice). CCM mice overexpress a dominant-negative
CLOCK mutant in the cardiomyocytes that suppresses the func-
tion of wild-type CLOCK:BMAL1 complex and leads to increased
Bmall expression with dampened amplitude in the heart. CCM
mice have a reduced heart rate with a reduced diurnal heart rate
variation and showed a reduced responsiveness to workload in
the active phase (45). Metabolic studies showed that the diurnal
variation of glucose oxidation, glycogen synthesis, and phosphor-
ylation of AMPK is abolished in CCM mice because of inability
to induce these parameters in the active phase (12). CCM mice
also have reduced fasting myocardial TG, which is accompanied
by increased Adpn (promoting lipolysis) and reduced Dgat2 (pro-
moting lipogenesis) at the mRNA level (71). In contrast, CBK mice
have floxed Bmall alleles, which are deleted in cardiomyocytes
using a-MHC-Cre, and thus show reduced Bmall gene expression
with dampened amplitude of oscillation. Similarly to the CCM
mice, CBK mice show depressed glucose oxidation and reduced
cardiac power when in a fed state, accompanied by reduced
phosphorylation of AKT and GSK3p. This is thought to be due to
reduced expression of Pik3r1 (encoding p85a, the regulatory sub-
unit of PI3K) and its effects on insulin signaling (23). This effect
may simulate a chronic fasting state in the CBK mice. The CBK
mice develop systolic dysfunction at the age of 20 weeks and have
a shortened lifespan overall due to dilated cardiomyopathy. They
have also been reported to develop increased fibrosis, inflamma-
tion, and diastolic dysfunction at the age of 28 weeks and thus
have been proposed to have an aging phenotype (72).

While both CCM and CBK mice have disrupted cardiac cir-
cadian rhythm, they are “paused” at different phases, one with a
high BMALL1 level (beginning of the resting phase) and one with a
low BMALL level (beginning of the active phase) (Figure 2). While
their phenotypes are not identical, there are clearly similarities
in cardiac metabolism, such as reduced glucose oxidation in the
active/fed phase. This argues against a simple model of direct core
clock regulation of CCG expression. While more detailed molec-
ular studies, preferably using an unbiased approach, are required
to unfold the exact mechanisms, it is possible that a complex sys-
tem-level regulation is at play, and the lack of oscillation itself may
be activating downstream signaling pathways. Alternatively, the
similarities in these two core clock mutants may be driven by dis-
tinct molecular mechanisms.

The slave clock KLF15 directly regulates many catabolic
enzymes’ expression during the active phase. While KLF15 defi-
ciency does not change core clock gene expression or disrupt the
clock per se, it leads to loss of oscillation for 75% of the oscillatory
transcripts in the heart (18). Cardiac KLF15 deficiency leads to car-
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diac lipid utilization defects and cardiomyopathy (18, 58). NAMPT
provides an interesting example of a rhythmically regulated cata-
bolic enzyme target of KLF15; the loss of KLF15 in the myocardi-
um leads to failed active-phase induction of NAMPT and cardiac
NAD* (Figure 3 and ref. 20). This likely evolved to allow numerous
catabolic reactions requiring NAD* as a coenzyme to take place in
the active phase. Meanwhile, NAD*, which, as mentioned above, is
a coenzyme for SIRT3, peaks during the catabolic phase, allowing
deacetylation and activation of mitochondrial antioxidants such
as MnSOD to effectively clear the increased ROS that accompa-
ny active oxidative metabolism. Consistent with this notion, car-
diac KLF15 deficiency specifically led to NAD* deficiency and
increased susceptibility to ischemia/reperfusion injury during the
active phase, which may be corrected by exogenous NAD* precur-
sor (20). Thus, KLF15 has been shown to be a key regulator of diur-
nal variation of cardiac susceptibility to ischemia and reperfusion.
It does so secondarily to its evolutionary role of synchronizing
catabolism and ROS clearance in the active phase via governing a
key metabolite and coenzyme, NAD".

REV-ERBo and REV-ERB are transcriptional repressors in the
core clock. Pharmacological activation of REV-ERB using SR9009
showed cardiac protection against pressure overload. In particular,
global gene expression toward suppressed FA activation, transpor-
tation, and oxidation due to cardiac stress was attenuated. This
effect is thought to be significantly mediated by the master regu-
lator of FA utilization, PDK4, which was shown to be a direct target
of REV-ERB (60). Despite the controversy regarding the specificity
of the widely used REV-ERB agonist SR9009, other agonists have
shown a similar effect in cardiomyocytes, suggesting a REV-ERB-
mediated effect (60, 73). Surprisingly, both REV-ERB agonism
and antagonism have been shown to be cardiac protective after
ischemia and reperfusion injury (74, 75). While reduced inflam-
masome activation has been associated with REV-ERB agonists,
the molecular mechanism of REV-ERB antagonism during isch-
emia/reperfusion remains to be further elucidated. Given the met-
abolic regulation of NAD* and its role in cardiac ischemia/reper-
fusion discussed above, it is tempting to speculate that REV-ERB
antagonism leads to upregulation (disinhibition) of BMAL1, which
allows increased expression of NAMPT and myocardial NAD*, thus
resulting in cardiac protection from ischemia/reperfusion injury
that is independent of REV-ERB-directed cardiac protection. If
this is true, the REV-ERB antagonist-mediated cardiac protection
after ischemia/reperfusion will be attenuated in cardiac-specific
NAMPT-deficient mice. This remains to be tested.

Circadian disruption in humans. The classic example of chronic
circadian disruption is shift working. Early observations showed
that shift workers have higher-than-average incidence of adverse
cardiovascular events, including myocardial infarction, strokes,
and sudden cardiac death (76-81), with a predilection for events
occurring in the early morning hours. While behavior changes
associated with shift working (and not the disruption of circadian
clock per se) may also have contributed, it is of particular interest
that the exposure time to shift working showed a linear correlation
with the load of cardiac diseases (82).

There are also scenarios of acute rhythm disruption in mod-
ern life. “Social jet lag” refers to the timing difference in behav-
ior between workdays and off days in a week. Seventy percent of
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the population reports social jet lag greater than 1 hour, and it has
been associated with increased heart rate, increased cortisol lev-
els, obesity, and diabetes — many of which are risk factors for car-
diovascular diseases (83-85). Another interesting observation is
that shifting to daylight saving time in the spring is associated with
a modest transient increase in myocardial infarctions, which has
been confirmed by a meta-analysis (86, 87). This increased risk is
not observed in the winter shift back to standard time, suggesting
that advancing behavior time (spring shift) may abolish the essen-
tial benefit of circadian anticipation.

While chronic circadian disruption relies on observational
studies, acute disruption may be modeled in a controlled labora-
tory setting, although only a small number of healthy individuals
have been studied to date. Laboratory human circadian misalign-
ment protocol has been used to directly demonstrate the effect
of disrupted circadian rhythm on human metabolism and physi-
ological cardiovascular parameters (82, 88). While the physiolog-
ical circadian variation of glucose tolerance is mainly a result of
reduced insulin secretion in the evening, acute circadian disrup-
tion increases postprandial glucose mainly by decreasing insulin
sensitivity (82). Also, a single rhythm shift led to elevated sleep
systolic blood pressure and inflammatory markers, both of which
have been associated with significant cardiovascular risks (88).

Future directions and opportunities for
translation
Using traditional biochemical tools, we have captured many snap-
shots of circadian metabolism in the heart. It is time that we start
to incorporate novel technologies such as artificial intelligence and
machine learning to integrate these pieces of information and to
try to understand circadian regulation at a system level. And a sys-
tem-level blueprint of circadian metabolic regulation will allow us
to better predict the flux outcome of each disruption and design
more targeted and effective treatments for cardiovascular diseases.
The concept and the first example of chronotherapy, in which
administration of medication at specific time points in the circadi-
an cycle is used to achieve maximum efficacy and minimize side
effects, were introduced when the alternate-morning oral cortico-
steroid regimen was proposed in the early 1960s (89). It is intuitive
that the effectiveness and toxicity of many drugs vary depending
on time of administration owing to the circadian rhythmicity of
biochemical, physiological, and behavioral processes. One exam-
ple is that a short-acting angiotensin-converting enzyme inhibi-
tor (ACEI), captopril, shows cardiac remodeling benefits in mice
only when given during the resting phase, not the active phase,
despite having the same effect on blood pressure control (90). In
fact, more than half of the 100 best-selling drugs in the United
States target the product of an oscillatory gene, and half of these
drugs have half-lives less than 6 hours (53). However, this infor-
mation is rarely used in medical practice. Timing of medication
may be just as important as dosing to optimize effectiveness while
minimizing untoward effects. In general, medications protective
against cardiac remodeling are likely best taken at bedtime (e.g.,
ACEIs and angiotensin receptor blockers), while medications that
promote cardiac metabolism (e.g., NAD* precursors) may be best
taken early in the day. Pharmacokinetics studies have shown that
twice-daily nicotinamide is able to increase the steady-state NAD*

J Clin Invest. 2021;131(15):e148276 https://doi.org/10.1172/JCI148276


https://www.jci.org
https://doi.org/10.1172/JCI148276

The Journal of Clinical Investigation

level in the blood; however, whether the NAD* level increases
accordingly in the myocardium has yet to be examined (91, 92).
Further, the window of therapy may also differ for the same med-
ication depending on the different indications. Recent murine
studies showed that NAD* precursor supplementation improves
the outcome of ischemia/reperfusion in mice only during the rest-
ing phase, when NAD" is naturally low, and not during the active
phase (20). Thus, for heart attack protection, NAD* precursor may
actually be best given at bedtime. While mice are nocturnal and
humans are diurnal, most laboratory experiments are performed
during the day for our convenience. Understanding the nuances of
circadian variation will greatly enhance the design of human clini-
cal studies to translate findings in the mouse models.

It takes at least 5 days for the heart to resynchronize after a
reset of the cardiac peripheral clock (71). Strategies, whether phar-
macological or behavioral/dietary, to facilitate the transition will
shorten the window of dyssynchrony and potentially lower the
risk of cardiometabolic disorder in shift workers, individuals who
experience social jet lag, and frequent air travelers.

Aging attenuates circadian oscillation, although it is not
clear whether this is due to an overall dampened oscillation or an
inability to synchronize within the cell population (93). Single-cell
sequencing may provide new insights into this phenomenon. Phar-
macological and behavior modifications (lighting, exercise, and
feeding schedules) reinforcing the oscillatory peripheral clock may
deter the cardiovascular risk factors associated with aging (94-97).

Five to ten percent of genes oscillate in almost any tissue in the
body, yet the overlaps between different tissue types are minimal
(53). This observation attests to the fact that the peripheral circa-
dian clock governs key functions of each tissue and allows upreg-
ulation of subsets of genes in a critical time window to optimize
tissue function. Strategies to manipulate the core clock will allow
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synchronized regulation of this oscillatory gene set and may be a
more efficient way of optimizing tissue function than altering each
single gene. Indeed, treatment with a REV-ERB agonist was the
first example of direct manipulation of the core clock to provide
cardiac protection against pressure overload. Its mechanism is by
synchronous regulation of a large number of target genes and the
reprogramming of cardiac metabolism (60).

Conclusion

The cardiac peripheral clock has evolved to allow the heart to
anticipate various energy demands during a 24-hour day. Much
of the cardiac metabolism shows a diurnal rhythm under complex
regulation at multiple molecular levels. Disruption of circadian
clock function associated with modern lifestyle leads to increased
risk of cardiovascular diseases. Understanding the molecular
mechanisms and the intricate regulation of cardiac circadian gene
regulation will allow us to modify our behavioral risk factors to
reduce cardiovascular risks, and to develop effective treatments.
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