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Myocardial Rev-erb—Mediated Diurnal Metabolic
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BACKGROUND: The nuclear receptor Rev-erba/f3, a key component of the circadian clock, emerges as a drug target for
heart diseases, but the function of cardiac Rev-erb has not been studied in vivo. Circadian disruption is implicated in
heart diseases, but it is unknown whether cardiac molecular clock dysfunction is associated with the progression of any
naturally occurring human heart diseases. Obesity paradox refers to the seemingly protective role of obesity for heart
failure, but the mechanism is unclear.

METHODS: We generated mouse lines with cardiac-specific Rev-erba/ knockout (KO), characterized cardiac phenotype,
conducted multi-omics (RNA-sequencing, chromatin immunoprecipitation sequencing, proteomics, and metabolomics)
analyses, and performed dietary and pharmacological rescue experiments to assess the time-of-the-day effects.
We compared the temporal pattern of cardiac clock gene expression with the cardiac dilation severity in failing
human hearts.

RESULTS: KO mice display progressive dilated cardiomyopathy and lethal heart failure. Inducible ablation of Rev-erbo/
in adult hearts causes similar phenotypes. Impaired fatty acid oxidation in the KO myocardium, in particular, in the light
cycle, precedes contractile dysfunctions with a reciprocal overreliance on carbohydrate utilization, in particular, in the dark
cycle. Increasing dietary lipid or sugar supply in the dark cycle does not affect cardiac dysfunctions in KO mice. However,
obesity coupled with systemic insulin resistance paradoxically ameliorates cardiac dysfunctions in KO mice, associated with
rescued expression of lipid oxidation genes only in the light cycle in phase with increased fatty acid availability from adipose
lipolysis. Inhibition of glycolysis in the light cycle and lipid oxidation in the dark cycle, but not vice versa, ameliorate cardiac
dysfunctions in KO mice. Altered temporal patterns of cardiac Rev-erb gene expression correlate with the cardiac dilation
severity in human hearts with dilated cardiomyopathy.

CONCLUSIONS: The study delineates temporal coordination between clock-mediated anticipation and nutrient-induced
response in myocardial metabolism at multi-omics levels. The obesity paradox is attributable to increased cardiac lipid supply
from adipose lipolysis in the fasting cycle due to systemic insulin resistance and adiposity. Cardiac molecular chronotypes
may be involved in human dilated cardiomyopathy. Myocardial bioenergetics downstream of Rev-erb may be a chronotherapy
target in treating heart failure and dilated cardiomyopathy.
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Clinical Perspective

What Is New?

* We characterized the in vivo cardiac functions of
Rev-erba/p, druggable components of the circa-
dian clock whose agonists and antagonists can
benefit the heart in preclinical studies.

* Obesity coupled with systemic insulin resistance
paradoxically ameliorates cardiac dysfunctions in
a mouse model with a disrupted cardiac circadian
clock and rescues lipid oxidation genes only in the
sleep cycle in phase with increased fatty acid avail-
ability from adipose lipolysis.

* The temporal coordination between cardiac
clock—-mediated anticipation and nutrient-induced
response in myocardial metabolism may contribute
to the obesity paradox.

What Are the Clinical Implications?

* Alterations of cardiac molecular circadian clock cor-
relate with severities of cardiac dilation in patients
who have heart failure with dilated cardiomyopathy.

» Systemic insulin resistance, under certain condi-
tions, might be cardioprotective by promoting adi-
pose lipolysis and the availability of free fatty acids
to the heart

» Dietary factors or pharmacological reagents that
alter myocardial metabolism can have distinct car-
diac outcomes depending on the time of the day.

Nonstandard Abbreviations and Acronyms

DCM dilated cardiomyopathy
DEGs differentially expressed genes
FAO fatty acid oxidation

FFAs free fatty acids

HFHSD  high-fat high-sucrose diet
HFNSD  high-fat no-sucrose diet

ZT Zeitgeber time

incidence of many adverse cardiovascular events,

including myocardial infarction, sudden cardiac
death,ischemic stroke, and ventriculararrhythmia." Robust
diurnal rhythms are also observed for heart-related phys-
iological factors such as sleep, consummatory behaviors,
hormones, blood clotting or fibrinolysis factors, the renin-
angiotensin-aldosterone system, the autonomic nervous
system, and the heart itself.""* These diurnal rhythms are
driven conjointly by the response to and the anticipation
of environmental changes. The anticipation is mediated
by the molecular circadian clock machinery composed of
multiple transcription factors forming positive and nega-
tive feedback loops.>” The molecular clock machinery is

The time-of-the-day difference is known for the
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ubiquitously expressed in numerous tissues and organs.
It is unclear whether cardiac molecular clock dysfunc-
tion in humans is associated with the progression of any
naturally occurring heart diseases.

The key clock components Rev-erba and Rev-erbf3
are nuclear receptors with ligand-binding domains, mak-
ing them more druggable than general transcription fac-
tors. Small-molecule Rev-erb agonists and antagonists
are available and show promising therapeutic efficacy in
sleep, mood, or metabolic disorders in animal models.?®
Both Rev-erb agonists and antagonists show benefi-
cial effects to the heart. Rev-erb agonists can mitigate
pressure overload—induced cardiac hypertrophy, myo-
cardial infarction, or myocardial ischemia-reperfusion
in mice.’""® Rev-erb antagonist increases myocardial
ischemia-reperfusion tolerance ex vivo at the sleep-to-
wake transition.” The paradoxical beneficial effects of
both agonists and antagonists may be related to the
temporal oscillation and phase-specific effect of Rev-
erb or the timing of the drug administration. It is unclear
whether these small molecules work directly on the heart
or through other peripheral tissues, because how cardiac
Rev-erb regulates heart function was not studied in vivo.

Obesity paradox refers to the clinical observation
that, although obesity is a risk factor for heart failure,
patients with heart failure who have higher body mass
index have a better prognosis than those with lower
body mass index.'®'® It was unknown whether obe-
sity merely reflects overall better health or is cardio-
protective. In animal models, diet-induced obesity can
ameliorate heart failure under certain conditions,'” but
diet-induced obesity can impair cardiac functions, and
prolonged high-fat diets can model diabetic cardio-
myopathy.'® In studying a genetic mouse model with
cardiomyocyte-specific disruption of the molecular cir-
cadian clock, we accidentally found that the temporal
coordination between clock-mediated anticipation and
nutrient-induced response in myocardial metabolism
may contribute to the obesity paradox.

METHODS

Mice and Regular Laboratory Studies
Rev-erba® (Nridi™®e MGl ID 5426700), Rev-erbp®
(Nr1d2imt1Rer MGl ID 5426699), aMHC-Cre (RRID:IMSR_
JAX:011038), and oaMHC-MerCreMer (RRID:IMSR_
JAX:005657) mouse lines have been previously described.'-2?
All the animal procedures followed the guidelines of the
Institutional Animal Care and Use Committee at Baylor College
of Medicine. The isolation and culture of adult mouse cardiomy-
ocytes follow the established procedures.?*** The pcDNA3.1-
E4bp4 plasmid (Addgene 34572)%° was cotransfected with
a green fluorescent protein plasmid. Radioactive isotope
tracer studies were as described previously.?**” Detailed pro-
cedures are described in the Expanded Methods section of
Supplemental Material, including Tables S1 and S2.
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RNA Sequencing and Chromatin
Immunoprecipitation Sequencing

RNA-sequencing results of Bmal1-CKO versus wild-type (WT)
hearts?® were downloaded from GSE43073. Bmall chromatin
immunoprecipitation sequencing data?® were downloaded from
GSE110602. Other detailed procedures are described in the
Supplemental Material.

Proteomics, Lipidomics, and Metabolomics
Proteomics analysis was described previously.2°2! Lipids were
extracted and detected as described®?%* Metabolites were
extracted using described methods.®*% Detailed procedures
are described in the Supplemental Material.

Human Tissues and Clinical Data

All human hearts were obtained from the Heart Transplant
Center of Fuwai Hospital, Beijing, China. The study was
approved by the Ethics Committee of Fuwai Hospital. Patients
were diagnosed with idiopathic dilated cardiomyopathy (DCM)
according to the ESC guideline.®” Organ procurement organi-
zations coordinate the donor consent and the assessment of
the potential donor organ.®® Detailed procedures are described
in the Supplemental Material, including Tables S3 through S5.

Statistics
Statistical parameters and results for each panel are described
in Table S6.

Data Availability

RNA sequencing (GSE152372) and chromatin immunopre-
cipitation sequencing (GSE153150) data are available in
GEO. Proteomics data are available in the MassIVE repository
(MSV MSV000088075). Metabolomics and lipidomics data
are available in National Metabolomics Data Repository, Project
ID: PROO1208, Project DOI: 10.21228/M8JX2X, Study ID:
STO001915, STO01916, and STO01917. The data are available
from the corresponding author on reasonable request.

RESULTS

Rev-CKO Mice Develop Progressive Contractile
Dysfunction and Lethal Heart Failure

Rev-erba and Rev-erbf} share high sequence homology
with redundant roles in circadian rhythm.2® Therefore, we
generated cardiomyocyte-specific Rev-erba/f double
knockout mice (referred to as Rev-CKO or simply KO)
to avoid functional compensation by crossbreeding mice
bearing Rev-erba/® and Rev-erbf** alleles™?° with the
oMHC-Cre line.?' Littermates bearing Rev-erba/f¢ al-
leles without Cre were used as the WT control. KO mice
were born at the expected Mendelian ratio. Western blot
and quantitative reverse transcription polymerase chain
reaction analysis confirmed the efficient depletion of
Rev-erb in the heart but not in the skeletal muscle or liver
(Figure STA and S1B). On Cre recombination, the floxed
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Rev-erba allele generates a truncated Rev-erba protein
without the DNA-binding domain (DBD).?° The high ex-
pression of the truncated Rev-erba protein (DBDm) in
the KO heart (Figure S1A) is attributable to disrupted
proteolysis*®42 or negative transcriptional autoregula-
tion*® (Figure S1B). KO mice did not show obvious ab-
normalities in the diurnal rhythm of locomotor activity,
energy expenditure, respiratory exchange ratio, or food
intake (Figure S1C-S1H). KO mice showed normal left
ventricle size, wall thickness, and contractile function at
2.5 months of age (Figure 1A and Figure S2A). How-
ever, at 4.5 months of age, KO mice displayed impaired
contractile function with an enlarged left ventricular di-
ameter but no obvious thickening of the ventricular wall
(Figure 1B and Figure S2B). By 6 months of age, the
ejection fraction fell to 20% to 30%, and the left ventricle
chamber got further dilated (Figure 1C and Figure S2C).
Female KO mice at 6 months also developed similar con-
tractile dysfunctions and cardiac dilation (Figure 1D and
Figure S2C). aMHC-Cre mice showed normal contrac-
tile functions at this age (Figure S2D). The contractile
dysfunction in KO mice was associated with elevated
expression of atrial natriuretic peptide and B-type natri-
uretic peptide; Figure 1E) and obviously enlarged hearts
(Figure 1F and 1G and Figure S2C). The left ventricle
of the KO heart was dilated but without obvious fibro-
sis (Figure 1G). Inflammatory genes in KO hearts were
not upregulated at 2 months of age but were increased
at 4.5 months of age compared with WT (Figure S2E).
There were no obvious changes in cardiomyocyte cell
size or cell death at a young age (Figure S2F-S2H).
Most KO mice died at between 6 and 8 months of age
(Figure 11). Postmortem inspection of KO mice revealed
normal gross morphology of multiple organs, except for
pulmonary congestion and enlarged heart (Figure S2I).
In summary, cardiomyocyte-specific KO of Rev-erba/f3
caused progressive contractile dysfunction, leading to
DCM and lethal heart failure.

Inducible Deletion of Rev-erb in Adult Hearts
Causes Heart Failure and Cardiac Dilation

To address the potential developmental confounding ef-
fects, we crossbred Rev-erba/f double-floxed mice with
the inducible cardiomyocyte-specific Cre line aMHC-
MerCreMer.?? The resultant inducible cardiomyocyte-spe-
cific KO mice (referred to as “MCM”) were born at the
expected Mendelian ratio with no obvious abnormalities.
quantitative reverse transcription polymerase chain re-
action confirmed efficient deletion of Rev-erba/p after
tamoxifen injection at 2 months of age (Figure S3A and
S3B). At 4.5 months after Cre activation, MCM mice dis-
played contractile dysfunctions comparable to those in
KO mice at 4.5 months of age (Figure S3C and S3D),
suggesting that it takes a similar amount of time for the
phenotype to develop in both mouse lines. The MCM
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Figure 1. Cardiomyocyte-specific ablation of Rev-erb causes progressive and lethal heart failure.

A, Echocardiography analysis in WT and KO male mice at 2.5 months of age, n=8 for WT and n=6 for KO. B, Echocardiography analysis in WT
and KO male mice at 4.5 months of age, n=b mice. C, Echocardiography analysis in WT and KO male mice at 6 months of age, n=4 mice. D,
Representative M mode images at 6 months of age. E, Quantitative reverse transcription polymerase chain reaction analysis of the heart at 5
months of age, n=mice. F, Heart weight (HW) to tibia length (TL) ratio at 6 months of age, n=5 for WT and n=6 for KO. G, Representative gross
picture of hearts at 6 months of age. H, Trichrome stain at 6 months of age. I, Survival of WT and KO female mice, n=13 for WT and n=10 for
KO mice, the Pvalue is based on the log-rank Mantel-Cox test. Data are meantSEM. Each dot represents an individual mouse. *F<0.05 between
groups by 2-sided ttest. See Table S6 for statistical details. ANP indicates atrial natriuretic peptide; BNP, B-type natriuretic peptide; D;d, left
ventricular dimension at end-diastole; D;s, left ventricular dimension at end-systole; EF, ejection fraction; FS, fractional shortening; KO, knockout;
LVPWA, left ventricular posterior wall thickness at end-diastole; LVPWs, left ventricular posterior wall thickness at end-systole; and WT, wild type.

line also showed elevated expression of atrial natriuretic
peptide/B-type natriuretic peptide and heart weight at 4.8
months after Cre activation (Figure SSE and S3F). These
results exclude the developmental disruption as a major
contributing factor in the cardiac dysfunction of KO mice.

Rev-erb Regulates the Oscillatory Expression of
Metabolic Genes in the Heart

We analyzed gene expression in KO mice at a young age
to exclude secondary effects of contractile dysfunctions.

Circulation. 2022;145:448-464. DOI: 10.1161/CIRCULATIONAHA.121.056076 February 8,2022 451

(—]
=
o
—
==
—
=
m
ow
m
==
=
(]
==




=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

ARTICLE

Song et al

Quantitative reverse transcription polymerase chain re-
action analyses of total RNA extracted from ventricular
heart tissues and purified adult mouse cardiomyocytes
(Figure S4A and S4B) showed similar fold changes be-
tween KO and WT, in line with that, up to 85% of the heart
volume is from cardiomyocytes.** The MCM heart also
showed similar changes (Figure S4C). We collected ven-
tricular heart tissues every 4 hours at Zeitgeber time (ZT)
2,6,10, 14, 18, and 22 at 2 months of age and identified
differentially expressed genes (DEGs) between KO and
WT at each ZT (Figure S4D). Common DEGs shared by
all ZTs constitute <b0% of the DEGs, and ~25% to 35%
of DEGs at each ZT were unique to that ZT (Figure 2A).
The fold change for common DEGs at all 6 ZT times
also showed robust ZT-specific differences (Figure 2B).
Upregulated DEGs (KO versus WT) were enriched in cell
adhesion and circadian rhythm, whereas downregulated
DEGs were enriched in metabolic processes, especially
fatty acid oxidation (FAO; Figure 2C and 2D and Figure
S4E and S4F), supporting a central role of Rev-erb in
myocardial energy metabolism.

Among DEGs involved in fatty acid metabolism, many
displayed diurnal oscillation in WT hearts, with the peak
expression around the light-to-dark transition, a temporal
pattern disrupted in KO hearts that showed constant low
expression levels (Figure 2E and 2G). In contrast, among
DEGs involved in glucose metabolism, many gained a
more robust oscillatory pattern in KO hearts than in WT
hearts, with the peak expression in the dark cycle (Fig-
ure 2F and 2G). These results suggest that KO hearts
may have reduced FAQ, in particular, at the late light
cycle, and enhanced glucose utilization, in particular, at
the late dark cycle, compared with WT. Thus, a physiolog-
ical role of cardiac Rev-erb is to enhance FAO genes in
the light cycle but to counteract diet-mediated activation
of glucose metabolic genes in the dark cycle.

Rev-erb Regulates Fatty Acid Metabolic Genes
Through Multiple Modes

Cardiac Rev-erb mRNA peaks at ZT6—9 and reaches the
nadir at ZT18-21 (Figure SHA). Rev-erba. protein fol-
lows shortly after, with the peak expression at around
ZT9—-12 and the nadir expression at ZT21-24 (Figure
S1A). We used the anti-PCM-1 (pericentriolar material
1) antibody to isolate cardiomyocyte nuclei at ZT9 and
ZT21 at 25 months of age and performed Rev-erba
chromatin immunoprecipitation sequencing. The ge-
nome-wide binding peaks of Rev-erba in cardiomyocytes
at ZT9 are b times greater than at ZT21 (Figure 3A-3C).
Classic Rev-erb target genes Bmal1 and E4bp4 carried
strong Rev-erb peaks in the promoters (Figure 3D). The
canonical Rev-erb motif ROR-response element was the
top enriched motif in high-stringency ZT9-only Rev-erba
peaks near DEGs that were upregulated in KO versus
WT (Figure 3E), which validates the specificity of the
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chromatin immunoprecipitation assay and is in line with
the role of Rev-erb as a transcription repressor.* The
ROR-response element was not among the top enriched
motifs near downregulated DEGs (Figure 3E). Many
downregulated metabolic genes did not have Rev-erb
peaks nearby (Figure SBB). These results suggest that
Rev-erb may regulate the upregulated DEGs directly, but
may regulate the downregulated DEGs indirectly through
another transcription repressor.

E4bp4 is a transcription factor of high binding simi-
larity with altered histone acetylation markers in Rev-
erb—depleted cardiomyocytes.*® E4bp4 is a known
transcription repressor and a target of Rev-erb,*” with
a robust Rev-erba peak at its transcription start site at
ZT9 (Figure 3D). E4bp4 expression was upregulated
in the KO versus WT hearts (Figure S5C). In addition,
E4bp4 was known to regulate lipid metabolism in the
intestine and liver.*®*° These observations prompted us
to test whether the upregulated E4bp4 accounts for
the downregulated lipid metabolic genes in KO cardio-
myocytes. Knockdown of Rev-erba/f in AC16 cardio-
myocytes downregulated FAO genes and FAO flux rate
(Figure 3F and 3G) and increased glucose uptake (Fig-
ure 3H). The combined knockdown of both Rev-erba/3
and E4bp4 rescued the expression of FAO genes and
the FAO flux compared with Rev-erb knockdown alone
(Figure 31-3K), without affecting glucose uptake (Fig-
ure SBD). Similar results were obtained in adult mouse
cardiomyocytes (Figure SBE-SBG). Overexpression of
E4bp4 in AC16 cells (Figure SbH) downregulated FAO
genes (Figure 3L), reduced FAQO rate (Figure 3M), and
did not alter glucose uptake (Figure Sbl). Although other
clock components, such as Bmall, may also play a role
in the gene expression perturbation in KO hearts (Fig-
ure S6), the maximum KO/WT difference in E4bp4 in
the late light cycle support that E4bp4 contributes to
impaired FAO in KO hearts at this time.

Cardiac Rev-erb Regulates the Myocardial
Proteome

To address how cardiac Rev-erb regulates the myocar-
dial protein content, we performed proteomic profiling
at ZT6, ZT14, and ZT22 in both WT and KO hearts at
10 weeks of age. More than 4000 proteins were de-
tected and quantified in each sample. Approximately
3-fold more proteins were upregulated than downregu-
lated in KO versus WT at each ZT (Figure 3N). Differ-
entially expressed proteins (KO versus WT) were highly
dependent on ZT, with only 17% to 22% of the differ-
entially expressed proteins at each ZT shared by the
other ZTs (Figure 3P). Although differentially expressed
proteins at different ZTs had limited overlap at the level
of individual proteins, they shared common functionality
enrichment in metabolic processes (Figure 30). These
findings further support that cardiac Rev-erb regulates
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Figure 2. Cardiac Rev-erb regulates the transcriptomic diurnal rhythm in the heart.

A, Overlap of differentially expressed genes (DEGs) in KO vs WT at the indicated ZTs. DEGs cutoff: g<0.05 and |log,Fold-Change| >1. B, Relative
fold change (KO/WT) at each ZT (after normalization to the average fold change in 6 ZTs) for common DEGs among all time points. C, Top
enriched biological process (BP) from Gene Ontology analysis for pooled upregulated DEGs (KO vs WT, g<0.05) at multiple ZTs. D, Top enriched
biological process (BP) from Gene Ontology analysis for pooled downregulated DEGs (KO vs WT, g<0.05) at multiple ZTs. E, Heat map of DEGs
involved in fatty acid metabolic process. F, Heat map of DEGs involved in glucose metabolic process. G, Relative gene expression levels, n=3
mice at each ZT for each genotype. Data are represented as mean=SEM. All z scores are based on the average and standard deviation of all
samples at all time points. "adjusted A<0.05 by 2-way ANOVA with Bonferroni multiple comparisons test. See Table S6 for statistical details. KO
indicates knockout; WT, wild type; and ZT, Zeitgeber time.
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Figure 3. Rev-erb uses multiple modes to regulate cardiac transcriptome and proteome.
A, Heat map of Rev-erba chromatin immunoprecipitation sequencing signals in isolated cardiomyocyte nuclei at all peaks. B, Overlap of Rev-
erba binding peaks at ZT9 and ZT21. C, The average profile of Rev-erba binding peaks at ZT21 and ZT9. D, Browser tracks of Rev-erba

peaks at Bmall and E4bp4. E, Top enriched motif and Pvalues in high-stringency Rev-erba peaks within 10 kb of the transcription start sites

of differentially expressed genes that were upregulated (UP) or downregulated (DOWN) in KO vs WT hearts, respectively. F, RT-qPCR analysis

in AC16 cells transfected with small interfering RNA to knockdown Rev-erba/f (Rev-erb KD) or small interfering RNA control (Con). Each dot
represents an independent well of cells (F-M). *R<0.05 between 2 groups by 2-sided ttest for F through M. G, Fatty acid oxidation (FAO) rate in
AC16 cells after knockdown of Rev-erb (KD, or Rev-erb KD), n=6 wells. H, Glucose uptake assay in AC16 cells after (Continued)
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Figure 3 Continued. knockdown of Rev-erb (KD, or Rev-erb KD), n=6 wells. I and J, RT-gPCR analysis in AC16 cells after knockdown of
Rev-erb (Rev-erb KD) or E4bp4 (E4bp4 KD) or both (Double KD), n=4 wells. K, FAQ rate in AC16 cells, n=5 wells. L, RT-qgPCR analysis in AC16
cells overexpressing E4bp4 (E4bp4 OE) or green fluorescent protein as a control (Con), n=4 wells. M, FAO rate in AC16 cells overexpressing
E4bp4 (OE), n=4 wells. N, Differentially expressed proteins (DEPs) between KO and WT at the indicated ZTs (|Log2FC| >0.58 and £<0.05 by t
test). O, Shared Gene Ontology terms of DEPs between KO and WT at all ZTs, as analyzed by iPathwayGuide. P, Overlap of DEPs in KO vs WT at
the indicated ZTs. DEPs cutoff: |Log2FC| >0.68 and A<0.05 by ttest. Q and R, Correlation and overlap of the differentially expressed genes and
DEPs (KO vs WT) at ZT14 using £<0.05 as the cutoff for both RNA and protein. S, Relative protein levels based on the average and standard
deviation of all samples at all time points, n=3 mice. *adjusted £<0.05 by 2-way ANOVA with Bonferroni multiple comparisons test. Data are
represented as mean+SEM. *A<0.05 between groups by 2-sided t test, unless otherwise stated. See Table S6 for statistical details. BP indicates
biological process; KD, knockdown; KO, knockout; MF, molecular function; ROR, retinoid-related orphan receptor; RT-qPCR, quantitative reverse

transcription polymerase chain reaction; WT, wild type; and ZT, Zeitgeber time.

the diurnal rhythm of energy metabolism. DEGs and dif-
ferentially expressed proteins correlate with each other
at variable degrees (Figure 3Q and Figure S7TA-S7G).
Approximately 40% to 50% of proteins showed differ-
ential expression at the protein level but not at the RNA
level. Conversely, 70% to 80% of protein-coding genes
showed differential expression at the RNA level but not
at the protein level (Figure 3R, Figure S7D and S7G).
Despite such discrepancy, metabolic enzymes show con-
sistent differential expression at both RNA and protein
levels (Figure 3S). FAO enzymes were more prominently
downregulated in KO versus WT hearts in the light cy-
cle than in the dark cycle, whereas enzymes involved in
carbohydrate metabolism were upregulated (Figure 3S).
These results support that cardiac Rev-erb promotes
FAO while repressing glucose metabolism.

Cardiac Rev-erb Regulates the Diurnal Rhythm
of Myocardial Metabolism

Lipidomic analysis at 3 months of age identified that 180
lipid species, mostly cardiolipin and glycerophospholip-
ids, displayed robust diurnal rhythm in WT hearts (Fig-
ure 4A). Only 28 lipid species retained the same rhyth-
micity in the KO heart (Figure 4A and 4B). In addition
to the loss of rhythmicity, the KO heart also showed a
remarkable gain of rhythmicity for >100 lipid species,
mostly glycerolipids (Figure 4A and 4B). This led to an
overall flip of the rhythmicity in KO versus WT hearts.
Most oscillatory lipids in WT hearts had higher content
at ZT10 than at ZT22, whereas the majority of oscillatory
lipids in KO hearts were higher at ZT22 than at ZT10
(Figure 4B). As a result, several lipid species, in particular,
cardiolipin and glycerophospholipids, were higher in KO
versus WT hearts at ZT22 (Figure S7H). These results
suggest that cardiolipin and glycerophospholipid metab-
olism in the WT heart is more active in the light cycle than
in the dark cycle, and such a diurnal rhythm was depen-
dent on cardiac Rev-erb. Rev-erb ablation caused a gain
of rhythmicity for glycerolipid metabolism that peaked in
the dark cycle. Because glycerolipids constitute a major
class of dietary lipids, these changes may be an outcome
of substrate competition attributable to overreliance on
carbohydrate metabolism.

Metabolomics analysis at 10 weeks of age showed
that WT hearts did not display much oscillation for short-

Circulation. 2022;145:448-464. DOI: 10.1161/CIRCULATIONAHA.121.056076

chain acyl-carnitines and tricarboxylic acid cycle inter-
mediates (Figure 4C). In contrast, many amino acids
and nucleotides show oscillation in WT hearts with
higher levels in the light/fasting cycle. About half of the
detected metabolites were changed in KO versus WT
hearts at either ZT6 or ZT18. The KO/WT differences
were more prominent at ZT6 than ZT18 for long-chain
acyl-carnitines and tricarboxylic acid cycle metabolites
immediately downstream of acetyl coenzyme A, such as
citrate and aconitate (Figure 4C and 4D), which is con-
sistent with the more prominent impairment of FAO in
the light cycle than in the dark cycle. The KO/WT dif-
ferences were more prominent at ZT18 than ZT6 for
tricarboxylic acid cycle intermediates closely related to
carbohydrate metabolism, such as malate and fumarate,
and some amino acids and polyamines, as well (Fig-
ure 4C and 4D), in line with the increased carbohydrate
metabolism in KO versus WT hearts in the dark cycle.
Integrated analysis of the multi-omics data suggests an
overall reduction in oxidative lipid metabolism in the KO
versus WT hearts, in particular, in the light cycle, and a
reciprocal increase in glycolysis, in particular, in the dark
cycle (Figure 4E). Mitochondrial DNA copy numbers and
protein content of oxidative phosphorylation complexes
remained largely unchanged between KO and WT heart
at 10 weeks of age (Figure S8A and S8B), whereas
the respiratory enzyme activity of succinate dehydroge-
nase showed a trend of reduction in KO hearts (Figure
S8C), suggesting that Rev-erb regulates more transient
changes in mitochondrial metabolic pathways, although
mitochondrial content or biogenesis might be secondarily
affected. Primary cardiomyocytes isolated from 2-month-
old mice (Figure S8D) showed a reduction in FAO and
glucose oxidation (Figure 4F and 4G) and an increase
in glucose uptake (Figure 4H). The oxygen consumption
capacity of the AC16 cardiomyocytes was consistently
reduced after Rev-erb knockdown (Figure S8E). These
results demonstrate that Rev-erb depletion impaired
oxidative metabolism and caused metabolic inflexibility
before contractile dysfunctions.

Dietary Lipid Alone Does Not Affect Cardiac
Dysfunctions in KO Mice

If the impaired FAO is the cause of the distorted fuel
preference toward carbohydrates and the subsequent

February 8, 2022 455

(—]
=
o
—
==
—
=
m
ow
m
==
=
(]
==




Song et al Cardiac Circadian Clock and Obesity Paradox

S AS hingolinid AN L e L o D OWTZT6 [CKOZT6 [IWT2ZT18 [ KOZT18
. J L. * P<0.
E P |ng<|J I?I _SI - 0 '_'; . v 8C-carnitine 16C-Camnitine Citrate Cis-aconitate
= Cardiolipin oy 4 ! % oA ] 29 % 1 % 11 %
% Lyso- | el < 3 3;" ] = Bl Jfle
0= phospholipids oo anifloy | ida el ~ 21 B8 C]
— ’ . ., -2 S -4
L 3 . g E o e -1
= ok . 5 p =
— Glycero- *ave| o8 4 3 2 2
(=] i o Wl B < 8 —
= phospholipids o wel 5 Pl Malate Fumarate Aspartic acid Spermidine
g P o e 0.5 0. * 29 *
. R = N 5 * = SR
FL AR Tegeds opR(0 e ¢
i . o™ -0. —
‘ P YR " =3, [;l
. B, -1.0 2] =
Glycerolipids i ary * - = B - =2
o1 gﬁ_ -10 A5 3
ST ST X S )
PRI -EJ::; éﬁ;£§|| 234 654 E -22; ';C;‘ 234568 E Metabolite RNA Protein o o @
ange oldChange *
B 0g. g 0g 9 KO vs. WT Up ZT ZT g Tu?)?.;?ﬁ
ZT22<ZT10 ZT22>ZT10- unchanged 7T1g zT6 1322 25 Ah -85 ggg i<
A D . 138 ftranged Hew 1410 14 ﬁ’ﬁ ; mo | i ;
131 21 | \
L4 [\
2 | o wr 8 KO N L N s FA o glucose
J ) / il o
wr o _ X ; A » o y .‘,D‘ P Sc2ad [
> S "g sand :;col 4
at2  Lipin2 cslby, | 0% glucose
Pnpla3 %’ Ik TS
4P %’ < | Acot2 HK% VN
c "’ Agpat2 Lipin3 Acsf? d = dp
% ZTe_ZT18 ZT6 ZT18 - ‘§ > % s G6P
dwpEm WT KO WT KO | 4 acors
£l ko L — gpat3 >
5 (| C_tyal:!ne ' > PTS = Agot11 — l
® ne ! A
2 o.&i_autn ne mum— | “» > % <4 F6P
Argineno - acyl-CoA Elovit Elov5  gcyl-CoA PlogB oo
Homocysteine mmm 0 - < 4D Aﬁ’
%) Threonine | & ‘mf acyI-CoA * l’ < Cptia gh
k=l Homoserine i " Acox1 Ehhadh | < <
s} Aspartic acid 1E @ Sl ‘hi i iti |
£ EASS 'S 9| 2 4 o4 iacyl-camitine
o Spermine ' ¢ Acot9 Acot2 .?1 4 4 !
= Putrescine I 1o Hsd17b7 i Slc25a20
£ E:J“g- 1 i E - - de ‘ | "‘ \ F1,6BP
< Hist = Ech1 1 | Aldob
e m | @ Ab‘h g A aimio ! 0.
Methionine H ‘ o dp Decr2 ! %’
Sp;r% elne Ha Y acyl-camitine or FA G3P
Phenylalanine H R S e e i e = e |
Tryptophan V. camitine S00UbMYI- bubyryl- acyl-carnitine LY 1,3-BPG
- D;ggygmg:g -- ﬁl } camitine carmitine I[C " \  Pgki Pgk2
Succinyl CoA B inoyl- i - acyl-Co.
@ BG-camitine s ; | gestty Prapiayt TsoBlany i : .
£ ‘g Eg-camltlne i camitine carnitine ~ camitine 4 < \ 1 3-PG
= -carnitine -
c0O ?C-carnitine- I octanoyl- heptanoyl- 2-methylbutyryl < 1 Psz q.rgé
3 g<-camitine B8 . | camitine camitine  -camitine (ﬁa“j’ ! S
3C-carnitine : © palmitoyl- 1 Y : < <“»
Ag:{gg:ﬂg = 1 = carnitine Acadvl Aﬁﬁb Acads I 2-PG
Adenine ol | e~ 4| .4 I Spet
Jerid i ) g )Sulgz 47 4 >
® Cyiitine mmt 1 1= A fumarate  2-trans-enoyl-CoA 1
pEs Guanroig no ! I 8 it | gz ap, Egrgam H pyfuvata
E £ Guanine = I = ““] ‘\P 4] )\ ‘ : Pak1
° GMF - = £\ malate o - I P [ > <]
S.o| Hypoxanthine 1 T B-hydroxy acyl-CoA ' §% dp
=2 Inosine [ 1> I 4p
S5 yiosine ] T B | & 1
z3 dGMP  mm | o i i > 4[ <J ]
& ni?#']i — : isocitrate g <y | 4 i P g i
anthine wm - B-ketoacyl-CoA JEI
alse | N
alate \ e i i
Eumarate cis-aconitate /
Ribose/Ribulose I B —.citrate .. acetyl-CoA — A
Hydro%gluiarale | S it
o| | SR oo o~
o Q Glutamine mm F Fatty acid oxidation G o6u oxidation  H ® Glucose uptake
e 5% 58 o g8 &
F 2| Cisacomas 2840 S oo * 253
o G3P o Es * o S0’
Succinate 83 QE 400 §32
Lactate mm CHl 520 O 200 8=
GBP/FEP : e T &
G o (SR Ioo
T pscore WT KO WT KO WT KO

Figure 4. Cardiac Rev-erb regulates the diurnal rhythm of myocardial oxidative metabolism.

A, Cardiac lipid species with differential levels for the indicated comparisons, n=3 mice for each genotype at indicated ZT. B, The number of lipid
species with a significant difference for the indicated comparisons. C, The relative abundance of metabolites in the WT and KO heart. Significant
differences for the indicated comparisons (adjusted Pvalues for ttest at an false discovery rate (Benjamini Hochberg method) threshold of
<0.25) were indicated by green (WT_ZT6 vs WT_ZT18), yellow (KO_ZT6 vs KO_ZT18), orange (WT_ZT6 vs KO_ZT6), and blue (WT_ZT18 vs
KO_ZT18), n=3 mice for each genotype at indicated ZT. D, The relative abundance of metabolites in the WT and KO hearts. y axis shows the
log, conversion of the relative abundance after normalization to the average relative abundance of WT at ZT6. Box plots center lines, limits, and
whiskers represent the median, quartile, and minimum/maximum values, respectively; n=3 mice for each group. (Continued)
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Figure 4 Continued. "Adjusted Pvalues for ttest at a false discovery rate (Benjamini Hochberg method) threshold of <0.25 between 2

groups. E, Metabolic pathways with highlighted genes, proteins, and metabolites that were altered in the KO vs WT hearts. F, Fatty acid oxidation
rate in adult mouse cardiomyocytes isolated from 2-month-old male mice, n=3 mice. G, Glucose oxidation rate in adult mouse cardiomyocytes
isolated from 2-month-old male mice, n=3 mice. H, Glucose uptake rate in adult mouse cardiomyocytes isolated from 2-month-old male mice,
n=3 mice. Data are meantSEM. *A<0.05 between groups by 2-sided t test unless otherwise stated. See Table S6 for statistical details. CoA
indicates coenzyme A; 1,3BPG, 1,3-bisphospoglyceric acid; F1,6BR, fructose 1,6-bisphosphate; F6P, fructose 6-phosphate; FA, fatty acids; G3PR,
glyceraldehyde 3-phosphate; G6F, glucose 6-phosphate; KO, knockout; OAA, oxaloacetate; 2PG, 2-phosphoglyceric acid; 3PG, 3-phosphoglyceric
acid; TCA, tricarboxylic acid cycle; TG, triglycerides; WT, wild type; and ZT, Zeitgeber time.

heart failure in KO mice, it might be possible to alleviate
the contractile dysfunction by boosting FAO capacity to
relieve its overreliance on glycolysis. Because high-fat
diets can upregulate PPARa (peroxisome proliferator-
activated receptor alpha)-associated FAO genes in
the heart and uncouple cardiac glycolysis from glu-
cose oxidation,%°®" we sought to test the hypothesis
by feeding mice a high-fat no-sucrose diet (HFNSD;
Table S2) starting at 8 weeks of age. Contrary to what
we expected, echocardiography at 5 months of age did
not reveal improvement in cardiac functions (Figure BA
and Figure S9A). HFNSD did not alter the expres-
sion of lipid metabolic genes or proteins in KO hearts
(Figure 5B and Figure S9B), although it increased di-
etary lipid intake in the dark cycle compared with the
chow diet (Figure 5C). In addition to dietary lipids in
the dark cycle, adipose lipolysis releases free fatty ac-
ids (FFAs) as another major source of lipids for the
heart, especially in the light cycle when insulin is low.
HFNSD caused only a mild increase in body weight
(Figure BD), glucose intolerance (Figure 5E), baseline
insulin levels (Figure 5F), and the Homeostatic Model
Assessment index of insulin resistance (Figure 5Q)
compared with chow diet, without affecting the serum
ketone (Figure BH) or FFA levels (Figure 5l) in both
WT and KO mice. The slight improvement of glucose
tolerance in KO versus WT mice on HFNSD is consis-
tent with the overreliance on glucose utilization. These
data demonstrate that increasing dietary lipid supply
in the dark cycle by itself does not rescue the cardiac
dysfunctions in KO mice.

Obesity and Insulin Resistance Delay Cardiac
Dysfunctions in KO Mice

We sought to increase lipid availability in the light cycle
by promoting robust adiposity and systemic insulin resis-
tance so that FFA availability from adipose lipolysis in the
light cycle can be potentiated. A high-fat high-sucrose
diet (HFHSD; Table S2) not only increased dietary lipids
in the dark cycle (Figure 6A and Figure S10A), but also
caused >10 g body weight gain after 3 months com-
pared with HFNSD (Figures 6B and 5D). HFHSD also
led to more severe glucose intolerance (Figure 6C and
Figure S10B), higher baseline insulin levels (Figure 6D),
higher Homeostatic Model Assessment index of insulin
resistance (Figure 6E), and higher FFAs in the light cy-
cle (Figure 6F) in both WT and KO mice compared with

Circulation. 2022;145:448-464. DOI: 10.1161/CIRCULATIONAHA.121.056076

HFNSD (Figure 5E-5I), without altering blood ketone
levels (Figure S10C). It is remarkable that the downreg-
ulated fatty acid metabolic genes (KO versus WT) and
proteins were rescued in part by HFHSD in the light
cycle (Figure 6G and Figure S10D), but not in the dark
cycle (Figure 6H). These results suggest that increased
FFA availability in the light cycle upregulates the expres-
sion of lipid metabolic genes, probably through lipid-
sensing signaling pathways. Metabolomics analysis at
4.5 months of age showed lower carnitine and coen-
zyme A species in KO versus WT hearts and a recipro-
cal higher glycolytic intermediates and amino acids on
chow diet (Figure 6l), in line with the impaired FAO of
KO hearts and overreliance on glucose and amino ac-
ids for bioenergetics. All these KO/WT differences on
chow diet were ameliorated by HFHSD (Figure 6l and
6J). These data suggest that providing more FFAs for
myocardial oxidative metabolism in the light cycle can in
part rescue the impaired oxidative metabolism in the KO
heart and relieve the overreliance on carbohydrate and
amino acids for bioenergetics.

The ejection fraction and ventricle dilation of KO mice
was alleviated by HFHSD at 5 months of age (Figure 6K
and 6L and Figure S10E). Similar results were obtained
in both sexes (Figure 6M and Figure S10F). HFHSD
also masked the heart weight differences between WT
and KO hearts (Figure 6N). The HFHSD-mediated alle-
viation was temporary. By 7 months of age, hearts from
HFHSD-fed KO mice still showed enlarged hearts with
atrial mural thrombus (Figure S10G and S10H). The
rapid precipitation of cardiac dysfunction may be attrib-
utable to obesity-induced hemodynamic alterations or
systemic inflammation as mice continue to grow more
obese. Thus, adverse effects of HFHSD counteract and
prevail over its beneficial effects over time. As a result,
HFHSD did not alter the maximum lifespan of KO mice
but significantly prolonged the median survival age of
KO mice by >1 month (Figure 60). To further address
the potential role of dietary sugar, we supplemented
drinking water with glucose, sucrose, or fructose. These
high-sugar diets did not cause as prominent obesity
as HFHSD and did not alleviate KO cardiac dysfunc-
tions (Figure S11A-S11C), supporting the notion that
dietary macronutrient itself is insufficient to rescue KO
cardiac dysfunctions. The HFHSD data collectively
support the insights from the multi-omics profiling and
suggest that metabolic disruption contributes to heart
failure in KO mice.
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Figure 5. HFNSD does not affect cardiac dysfunctions in KO mice.

A, Echocardiography analysis in 5-month-old female mice on chow diet (CD) or high-fat no-sucrose diet (HFNSD), n>4 mice. B, quantitative
reverse transcription polymerase chain reaction analysis in the hearts of WT and KO female mice on CD or HFNSD, n>5 mice. Mice were
harvested at light cycle (ZT6-9) or dark cycle (ZT18-21). *F<0.05 between WT_CD and KO_CD by 2-sided t test. #2<0.05 between WT_
HFNSD and KO_HFNSD 2 two-sided t test. C, Calories intake from dietary lipids during light and dark cycles in female mice fed with CD or
HFNSD, n=5 mice. *A<0.05 between CD and HFNSD by 2-sided t test for both genotypes. D, Body weight gain in female mice fed with CD or
HFNSD, n=6 mice. HFNSD started at 8 weeks of age. E, Glucose tolerance test (GTT) and the area under the curve (AUC) for GTT at 5 months
of age, n=5 mice for WT_CD, n=6 mice for KO_CD and WT_HFNSD, n=8 for KO_HFNSD. *A<0.05 between WT_HFNSD and KO_HFNSD

by 2-sided ttest. F and G, Basal insulin levels for insulin and the relative Homeostatic Model Assessment for Insulin Resistance (HOMA-IR)

at 5 months of age, n>5 mice. H and I, Blood ketone or free fatty acids (FFA) levels at 5 months of age in the light cycle, n>5 mice. Each dot
represents an individual mouse. Data are mean+SEM. *F<0.05 between groups by 2-sided t test unless otherwise stated. See Table S6 for
statistical details. D;d indicates left ventricular dimension at end-diastole; D;s, left ventricular dimension at end-systole; EF, ejection fraction; FS,
fractional shortening; KO, knockout; LVPWAd, left ventricular posterior wall thickness at end-diastole; LVPWs, left ventricular posterior wall thickness
at end-systole; and WT, wild type.

Time-Dependent Effects of Metabolism- tween fatty acids and glucose, because blocking glu-
Targeting Drugs cose utilization could activate FAO and vice versa. We
chose 2-deoxyglucose, an inhibitor of glycolysis, and
etomoxir, an FAO inhibitor that was tested for treating
heart failure®?> We treated mice with 1 dose every 2
days with 2 different timing regimens: 2-deoxyglucose
at ZT2 (day) + etomoxir at ZT14 (night) and etomoxir
at ZT2 (day) + 2-deoxyglucose at ZT14 (night). After
continuous treatment from 3 to 5 months of age, the
first regimen ameliorated contractile dysfunctions in KO
mice, whereas the second regimen did not (Figure 6P

We sought to use small molecules targeting metabo-
lism to treat heart failure in KO mice. Because many
FAO enzymes were downregulated in the KO heart
compared with the WT heart, direct activation of a spe-
cific step of the FAO pathway might do more harm than
good because it may cause accumulation of specific
lipid species at some steps of the FAO pathway. We
took advantage of the reciprocal fuel competition be-
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Figure 6. HFHSD rescues cardiac dysfunctions in Rev-CKO mice.

A, Calorie intake from dietary lipids during light and dark cycles in female mice fed with CD or high-fat high-sucrose diet (HFHSD), n=5 mice.

B, Body weight of female mice. HFHSD started at 8 weeks of age, n>5 mice. C, Glucose tolerance test (GTT) at 5 months of age, n=8 mice for
WT_CD, n= mice for KO_CD and WT_HFHSD, n=8 for KO_HFHSD. *(blue) /A<0.05 between CD and HFHSD in KO mice. D and E, Basal insulin
levels and the relative Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) in female mice at 5 months of age , n>6 mice. F, Blood
free fatty acid (FFA) levels in female mice at 5 months of age in the light cycle, n > 6 mice. *<0.05 between CD and HFHSD by 2-sided ¢ test
for both genotypes for A through F. G and H, quantitative reverse transcription polymerase chain reaction analysis of the hearts harvested at
ZT16-9 (light cycle) or ZT18-21 (dark cycle) from WT and KO female mice on HFHSD at 5 months of age, n>6 mice. (Continued)
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Figure 6 Continued. HFHSD started at 8 weeks of age. I and J, Metabolomics analysis in the cardiac ventricles of WT and KO male

mice at 4.5 months of age, n=3 mice. Mice were harvested at ZT6. HFHSD started at 8 weeks of age. Color boxes on the right represent
significant differences (adjusted P values for t test at a false discovery rate [Benjamini Hochberg method] threshold of <0.25) for any 2-group
comparisons as indicated. Box plots center lines, limits, and whiskers represent the median, quartile, and minimum/maximum values, respectively.
*Adjusted P values for ttest at an false discovery rate (Benjamini Hochberg method) threshold of <0.25 between 2 indicated groups. K

and L, Echocardiography analysis (n=5 mice) and representative M mode images in female mice at 5 months of age. HFHSD started at 8
weeks of age. M, Echocardiography analysis of male mice at 4.5 months of age on HFHSD, n=4 mice. HFHSD started at 8 weeks of age.

N, Heart weight (HW) to tibia length (TL) ratio in male mice at 5 months of age, n=5 mice. O, Survival curve, female mice, n=15, analyzed
with Kolmogorov-Smirnov test. P and Q, Echocardiography analysis (n=4 mice for KO_Con, n=7 mice for KO_2-DG (day)/etomoxir (night),
n= 6 mice for KO_Etomoxir (day)/2-DG (night), the HW/TL ratio, and representative M mode images of male KO mice at 5 months of age
after chronic treatment of 2-DG and etomoxir at the indicated time of the day. The sample size is indicated in the figure unless otherwise
stated. Each dot represents an individual mouse. Data are mean£SEM. *A<0.05 between groups by 2-sided t test. See Table S6 for statistical
details. BW indicates body weight; CD, chow diet; CoA, coenzyme A; D;d, left ventricular dimension at end-diastole; 2-DG, 2-deoxyglucose; EF,
ejection fraction; F6P, fructose 6-phosphate; FBP, p-fructose 1,6-bisphosphate; FS, fractional shortening; GBP, p-glucitol 1,6-bisphosphate;
G3P, glyceraldehyde 3-phosphate; G6P, glucose 6-phosphate; KO, knockout; OAA, oxaloacetate; 2PG, 2-phosphoglyceric acid; 3PG,
3-phosphoglyceric acid; SV, stroke volume; TCA, tricarboxylic acid cycle; and WT, wild type.

and 6Q). This result suggests that aligning the metabol-
ic pathway activity with the substrate availability rhythm
can ameliorate heart failure. Therefore, timing matters
for drug therapies targeting cardiac metabolism.

Molecular Clock Chronotypes in Human Hearts
With Dilated Cardiomyopathy

The cardiac dilation in Rev-CKO mice prompted us to ex-
plore whether cardiac molecular clock function is associ-
ated with the severity of cardiac dilation in humans. We
performed a retrospective analysis of the clock gene ex-
pression in failing hearts from patients with DCM who re-
ceived heart transplants (Table S3). Rev-erba and Bmal1
genes are among those with the most robust diurnal
expression rhythm in human hearts.**® The expression
level of Rev-erba. in the afternoon (14:00 pm to 18:00
PM) is #50% of that in the morning (6:00 am t010:00 Am),
whereas Bmal1 has the opposite phase distribution in
normal hearts (Figure S12A). Thus, the Rev-erbo/Bmali
gene expression ratio in the heart can serve as a marker
for assessing the functionality of the cardiac molecular
clock. We selected failing hearts collected in the morn-
ing or afternoon for gene expression analysis, using the
average of normal hearts to set the baseline. After cal-
culating the Rev-erba/Bmall expression ratio, we de-
fined the morning samples (collected from 6:00 to 10:00
AM) above the average of normal hearts (3 samples col-
lected from 6:00 to 10:00 am, 3 samples collected from
14:00 to 18:00 Pm) as a molecular chronotype (type A),
whereas those below the baseline as another molecu-
lar chronotype (type B), with the reversed criteria for the
afternoon samples (collected from 14:00 to 18:00 pwm;
Figure S12B and S12C). We have 20 patients in type A
and 16 patients in type B, with type A more similar to the
temporal pattern in normal hearts.

There were no significant differences between the
2 molecular chronotypes in age, sex, body mass index,
or preoperative medication (Table S4). The cardiac con-
tractile functions and most hemodynamic parameters
did not show a difference (Table), which is expected
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from patients who received heart transplants. However,
echocardiography showed that hearts with molecular
chronotype B had increased left ventricular end-diastolic
diameter compared with molecular chronotype A (Table).
Mitral regurgitation was also more represented in the
type B group, in line with the more severe ventricular dila-
tion. These results were consistent with the MRI results,
and the correlation remains significant after correcting
for age, sex, and body mass index (Table) or in male
patients only (Table Sb). These data suggest that the
cardiac molecular chronotype correlates with the severity
of cardiac dilation in human DCM.

DISCUSSION

Our results revealed that the diurnal rhythm of many
metabolites and lipid species in the heart is regulated
by cardiac Rev-erb without affecting the behavioral or
feeding diurnal rhythm. Compared with the WT heart, the
Rev-CKO heart shows impaired FAO in the light cycle
and overreliance on carbohydrates in the dark cycle. Dis-
ruption of the temporal organization of myocardial bioen-
ergetics in the KO heart is likely a cause of progressive
contractile dysfunction and lethal heart failure. This no-
tion is supported by several lines of evidence. (1) Induc-
ible depletion of Rev-erb in adult hearts caused similar
heart failure and cardiac dilation as embryonic depletion
of Rev-erb, excluding developmental defects as con-
founding factors for cardiac dysfunction in KO mice. (2)
Nonbiased omics analysis pinpoints the metabolic pro-
cess as a top altered functional pathway in KO versus
WT hearts. (3) The metabolic disruption precedes con-
tractile dysfunctions. (4) The HFHSD ameliorates con-
tractile dysfunction and cardiac dilation in KO mice. (5)
Metabolism-targeting drugs ameliorate contractile dys-
functions in KO mice in a time-dependent manner. In ad-
dition to metabolic changes, other processes could also
play a role in the cardiac dysfunctions of KO hearts, in-
cluding cell death, cell adhesion, sarcomere organization,
or calcium signaling. Because metabolic changes and
lipid species accumulation precedes systolic dysfunction,
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Table. Cardiac Functions in Patients With Dilated Cardiomyopathy

P value P value
Imaging results Type A Type B P value regression* regressiont
Echocardiography
Mitral regurgitation (mild: moderate: large) 7:8:3 1:5:8 0.009% 0.017 0.0238
Right atrial diameter (normal/enlarged) 14/4 5/9 0.029]| 0.021 0.0218
Interventricular septum thickness, mm 8.03 (0.19) 9.31 (0.34) 0.002 0.024 0.003
Left ventricular end diastolic diameter, mm 72.22 (2.08) 80.50 (2.00) 0.009 0.030 0.016
Left atrial anteroposterior diameter, mm 48.33 (1.40) 58.29 (3.04) 0.003 0.033 0.007
Left ventricular posterior wall thickness, mm 8.33 (2.32) 9.23 (0.36) 0.041 0.049 0.043
Aortic sinus anteroposterior diameter, mm 27.67 (1.85) 31.50 (1.20) 0.094 0.114 0.134
Aortic annular diameter, mm 20.56 (0.84) 22.50 (0.81) 0.113 0.128 0.152
Aortic valve systolic velocity, cm/s 0.92 (0.06) 0.82 (0.06) 0.257 0.182 0.209
Aortic valve systolic pressure difference, mmHg 3.60 (0.51) 2.85 (0.46) 0.296 0.217 0.241
Left ventricular ejection fraction, % 23.05 (1.05) 26.38 (1.81) 0.105 0.231 0.254
Ascending aorta diameter, mm 26.06 (0.92) 29.71 (1.33) 0.027 0.234 0.007
Tricuspid valve diastolic pressure difference, mmHg 1.29 (0.19) 1.60 (0.33) 0.406 0.307 0.357
Tricuspid valve diastolic velocity, cm/s 0.55 (0.04) 0.61 (0.06) 0.423 0.346 0.398
Mitral valve diastolic velocity, cm/s 1.14 (0.23) 1.01 (0.09) 0.628 0.514 0.519
Main pulmonary diameter, mm 25.36 (1.22) 27.86 (1.32) 0.198 0.535 0.210
Pulmonary valve systolic velocity, cm/s 0.69 (0.05) 0.64 (0.11) 0.639 0.576 0.630
Tricuspid valve systolic velocity, cm/s 3.03 (0.10) 2.81 (0.22) 0.355 0.646 0.671
Mitral valve diastolic pressure difference, mmHg 7.97 (4.35) 4.38 (0.73) 0.478 0.810 0.832
Tricuspid valve systolic pressure difference, mmHg 37.20 (2.41) 33.82 (3.73) 0.446 0.855 0.765
Right ventricular anteroposterior diameter, mm 27.00 (1.54) 26.92 (1.28) 0.969 0.875 0.887
Pulmonary valve systolic pressure difference, mmHg 2.02 (0.31) 1.94 (0.68) 0.911 0.877 0.894
MRI
Left ventricular end diastolic diameter, mm 7750 (2.04) 85.18 (2.06) 0.017 0.024 0.014
Left atrium anteroposterior diameter, mm 45.38 (2.32) 55.91 (2.83) 0.008 0.015 0.006
Left ventricular end diastolic volume, mL 265.7 (12.4) 374.0 (59.8) 0.031 0.083 0.049
Cardiac output, L/min 4.22 (0.52) 5.12 (0.69) 0.330 0.302 0.380
Heart rate, bpm 82.47 (4.81) 78.60 (2.69) 0.547 0.529 0.577
Left ventricular ejection fraction, %) 14.28 (1.31) 14.42 (1.10) 0.939 0.614 0.906

Cardiac molecular clock differences in patients with idiopathic dilated cardiomyopathy. Echocardiography and MRI results in patients with different molecular

chronotypes of the cardiac molecular clock.

*P value regression: P value about the correlation between the molecular chronotype and the cardiac parameter in binary logistic regressions with the molecular
chronotype as the dependent variable and age, sex, body mass index, and a cardiac parameter as 4 independent variables.

1P value regression: P value about the correlation between the molecular chronotype and the cardiac parameter in linear regression models (unless otherwise
indicated) with a cardiac parameter as the dependent variable and age, sex, body mass index, and molecular chronotype as 4 independent variables.

#Kruskal-Wallis rank-sum test.

§Logistic regressions were performed for these parameters. For mitral regurgitation, mild and moderate were combined as a single category.

|[Fisher exact test; 2-sided student t test for other parameters.

we speculate that metabolic disturbance impairs systolic
function attributable to mismatched fuel preference and
fuel availability. The associated lipotoxicity and perturbed
protein homeostasis might contribute to inflammation,
cardiac remodeling, and cardiac dilation.

In the normal physiological condition in mice, cardiac
FAQO gene expression is higher in the late light cycle than
in the late dark cycle, which aligns with a higher base-
line FFA availability in the late light cycle from elevated
adipose lipolysis. The rise of the cardiac Rev-erb in the

Circulation. 2022;145:448-464. DOI: 10.1161/CIRCULATIONAHA.121.056076

light cycle represses E4ABP4 that further represses FAO
genes, which accounts for the rise of FAO genes in the
late light cycle. This is supported by a dampened oscil-
lation with a constant low expression of FAO genes in
the KO heart. Conversely, the glucose metabolic genes
showed a more oscillatory pattern in the KO heart than
in the WT heart, suggesting that the rise of Rev-erb
expression in the late light cycle serves as an anticipatory
mechanism to avoid overactivation of glycolytic genes in
response to dietary carbohydrates. This mechanism may
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help maintain the lipids as the dominant myocardial fuel
source throughout the day despite the robust diurnal
rhythm of feeding behaviors under normal physiologi-
cal conditions. Things take an interesting turn under the
pathological condition of obesity and insulin resistance.
Although the WT heart showed only moderate upregula-
tion of FAO genes in the light cycle on chronic HFHSD
feeding, the KO heart showed a greater degree of upreg-
ulation, suggesting that Rev-erb prevents the oscillation
from being hijacked and overstimulated by HFHSD,
probably by counteracting the sensitivity of lipid-sens-
ing signaling pathways. This regulatory mechanism can
be cardioprotective because the overactivation of lipid-
sensing pathways can cause an imbalance between lipid
uptake and lipid oxidation, which leads to heart failure.®*

The alleviation of the cardiac dysfunction in the obe-
sity condition is reminiscent of the obesity paradox. The
cardioprotective effects of HFHSD are temporary, likely
because prolonged HFHSD generates adverse effects
as mice continue to get more obese, which is different
from humans. The HFNSD provided the same surplus of
dietary lipid as HFHSD but did not rescue heart failure
in KO mice, suggesting that dietary lipid surplus in the
feeding cycle is not cardioprotective. The 2 diets are not
ketogenic and do not differ in the unsaturated fatty acid
levels, suggesting that these factors do not play a role.
The obvious difference between HFNSD and HFHSD
is that HFHSD causes more prominent obesity and sys-
temic insulin resistance, which promotes adipose lipolysis
and the availability of FFAs to the heart. Both adiposity
and insulin resistance seem important for the phenotypic
rescue because the former provides a big FFA reservoir,
whereas the latter promotes the lipolysis flux rate. Further
supporting this notion is the temporal alignment of the
FFAs availability and FAO gene expression rescue. FFAs
from lipolysis are abundant in the light cycle when the
insulin level is low, consistent with that HFHSD rescues
FAO gene expression in the KO heart in the light cycle
but not in the dark cycle. By comparison, HFNSD does
not elevate FFAs drastically in the light cycle and does
not rescue FAO gene expression. Considering that circa-
dian disruption is a risk factor for heart failure, the data
from Rev-erb KO mice suggest that the obesity paradox,
especially in the presence of circadian disruption, could
be contributed by increased cardiac FFA supply from
adipose lipolysis in the fasting cycle because of insulin
resistance and adiposity. Further study is warranted to
determine whether this concept applies to other heart
failure models.

The contractile and metabolic changes of the KO
heart bear similarities and distinctions with the Bmal1 null
mice®%° or cardiomyocyte-specific Bmal1 KO (CBK) mice.
Most CBK mice died at 7 to 12 months of age, with car-
diac hypertrophy and ventricular fibrosis at 7 to 9 months
of age.?8%" Inducible ablation of Bmal1 in cardiomyocytes
caused arrhythmia.® In comparison, most Rev-CKO mice
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died at 6 to 8 months of age with cardiac dilation but with-
out obvious ventricular wall thickening or fibrosis. The CBK
heart showed increased FAO and reduced glucose oxida-
tion,?8%° whereas the Rev-CKO cardiomyocytes showed
reduced oxidation of both fatty acids and glucose but
increased glucose uptake. The residual function of Rev-
erba. DBDm does not seem significant because the Rev-
CKO mouse line displays a phenotype very similar to the
double KO line without truncated DBDm.*® The reduced
FAO in Rev-CKO hearts is in line with the metabolic
changes in skeletal muscles of Rev-erba whole-body KO
mice,%° although Rev-CKO hearts do not show a reduc-
tion in mitochondrial DNA copy number or mitochondrial
oxidative phosphorylation protein complex levels, suggest-
ing that Rev-erb may have different functions in cardiac
muscles than in skeletal muscles.

Circadian disruption is a risk factor for heart diseases.
Shift work is associated with increased cardiac events.
Human cardiac molecular chronotype is correlated with
the severity of cardiomyopathy. The Rev-CKO mouse
model further demonstrates that a disrupted cardiac
clock can play a causal role in DCM and heart failure. We
do not suggest that Rev-erb is the only pathway through
which clock disruption can affect metabolism. However,
because the Rev-CKO mice can mimic some aspects
of the cause in naturally occurring human heart dis-
eases, the amelioration of heart failure in Rev-KO mice
with dietary or pharmacological interventions supports
myocardial bioenergetics as a chronotherapy target in
treating heart failure. The dietary intervention result sug-
gests that it might be cardioprotective to boost FAO in
the sleep cycle by supplying FFAs. However, we do not
advocate using etomoxir or 2-deoxyglucose directly in
humans. These prototype compounds served as a proof
of concept that a chronotherapy strategy to inhibit FAO
in the wake cycle and glycolysis in the sleep cycle might
be beneficial for patients who have heart failure with cir-
cadian disruption.
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