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Abstract

Sudden cardiac death (SCD), the unexpected death due to acquired or genetic cardiovascular 

disease, follows distinct 24-hour patterns in occurrence. These 24-hour patterns likely reflect 

daily changes in arrhythmogenic triggers and/or the myocardial substrate caused by day/night 

rhythms in behavior, the environment, and/or endogenous circadian mechanisms. To better address 

fundamental questions regarding the circadian mechanisms, the National Heart, Lung, and Blood 

Institute convened a workshop, “Understanding Circadian Mechanisms of Sudden Cardiac Death.” 

We present a two-part report of findings from this workshop. Part 1 summarizes the workshop and 

serves to identify research gaps and opportunities in the areas of basic and translational research. 

Among the gaps noted was a lack of standardization in animal studies for reporting environmental 

conditions (e.g., timing of experiments relative to the light dark cycle or animal housing 

temperatures) that can impair rigor and reproducibility. Workshop participants also pointed to 

uncertainty regarding the importance of maintaining normal circadian rhythmic synchrony and 

the potential pathological impact of desynchrony on SCD risk. One related question raised 

was whether circadian mechanisms can be targeted to reduce SCD risk. Finally, the experts 

underscored the need for studies aimed at determining the physiological importance of circadian 

clocks in the many different cell types important to normal heart function and SCD. Addressing 

these gaps could lead to new therapeutic approaches/molecular targets that can mitigate the risk of 

SCD not only at certain times but over the entire 24-hour period.

Keywords

Circadian Rhythm; Sudden Cardiac Death; Basic Science; Translational Science; NHLBI; 
Workshop; Chronobiology

Subject terms:

Arrhythmias; Electrophysiology; Basic Science Research; Translational Studies

Introduction

The National Heart, Lung, and Blood Institute (NHLBI) convened a workshop, 

“Understanding Circadian Mechanisms of Sudden Cardiac Death,” in June 2019. The 

participants included experts in basic, translational, and clinical research in cardiovascular 

physiology, sleep disorders, chronobiology and neuroscience, and they represented academic 
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institutions, as well as federal and non-federal agencies. Their charge was to identify 

high priority research gaps and future opportunities for delineating circadian mechanisms 

contributing to sudden cardiac death (SCD).

Objectives:

1. Determine knowledge gaps and barriers in basic and translational research that, 

if overcome, would expedite understanding of the role of the circadian system 

and its regulation/dysregulation in the pathophysiology of SCD, in order reveal 

potential targets to lessen the occurrence of SCD.

2. Identify basic science findings that are ready for translation into clinical research.

3. Provide opportunities to augment advancement of basic and translational 

research that facilitate the development of novel and effective therapies to 

prevent SCD.

SCD is sudden, unexpected death due to abrupt loss of heart function that occurs in the 

setting of genetic and acquired cardiovascular diseases, including coronary vascular disease, 

congenital heart disease and ion channelopathies.1, 2 SCD and arrhythmogenic events can 

exhibit a 24-hour pattern of occurrence in cohorts of people with acquired or genetic 

forms of heart disease.3–9 The 24-hour pattern suggests that the likelihood of SCD and 

life-threatening events at specific times of day could be influenced by aspects of usual day/

night rhythms (Table) in behaviors, environmental changes, and internal circadian changes 

(e.g., circadian rhythms) (Figure 1).10

The overall risk for SCD is understood by looking at the complex interaction between 

arrhythmogenic triggers and changes in the myocardial substrate. Triggers include ischemia, 

neurohumoral signaling, electrolyte imbalance, medications, behaviors (e.g., physical 

activity or sleep), and factors affecting the autonomic nervous system. Pro-arrhythmic 

changes in the myocardial substrate are thought to arise from genetic or acquired 

cardiovascular disease that results in impaired cardiac and coronary artery blood flow, ion 

channel function, Ca2+ handling, and cell-to-cell coupling, as well as increases in heart size, 

myocardial fibrosis, scarring and/or myocardial inflammation.

Day/night behavioral, environmental and circadian rhythms generate variations in 

arrhythmogenic triggers across the 24-hour cycle. Theoretically, in healthy individuals, daily 

spans of increased vulnerability are offset by corresponding protective changes in cardiac 

responsivity to prevent sustained arrhythmias. However, stressors could increase the risk 

for arrhythmias at specific spans during the 24-hour cycle if they increase the relative 

amplitude in arrhythmogenic triggers, alter the cardiac substrate to cause a loss of protection 

or desynchronize/misalign (Table) trigger and protection cycles (Figure 2).10

Many fundamental questions remain unanswered regarding which circadian mechanisms 

impact cardiovascular health and disease. Organisms evolved circadian rhythms to prepare 

the body in anticipation of predictable changes in the environment (e.g., daily cycles of light 

and darkness, and resultant temperature cycles, as well as predictable rhythms in predator, 

prey, mate, nutrient, and UV radiation cycles). These endogenous rhythms are generated 
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by autonomous circadian clocks, present in nearly every cell in the body, that resonate 

with a periodicity of ~24 hours.11 Circadian clocks are formed by interlocking transcription-

translation feedback loops that drive rhythmic changes in clock gene and protein expression 

(Figure 3).12, 13 Although ubiquitous, clock systems are organized hierarchically with a 

specialized role for the neurons in the central pacemaker, the suprachiasmatic nucleus 

(SCN) in the hypothalamus. Thus, the SCN regulates the daily alignment between rhythms 

in physiology, behavior and the environment. Its function is considered important for 

synchronizing the circadian clocks in all the cells, tissues, and systems throughout the 

body.14, 15

Daily oscillations have been characterized in the expression of clock genes in cells 

of the cardiovascular system in animal models and in humans.16–19 In vitro studies 

demonstrate that circadian clocks drive biological time-dependent oscillations in circadian 

clock components as well as “clock output genes” (Figure 3). In doing so, circadian clocks 

modulate fundamental biological processes in the cardiovascular system, including cardiac 

metabolism,20 inflammation,21 and electrophysiology,4, 22, 23 as well as the responsiveness 

of the cells/tissues to stimuli and insult. The circadian clocks also modulate the severity of 

myocardial damage in response to ischemia.24

The workshop participants developed a two-part report that presents findings organized in 

two categories: gaps and opportunities in basic and translational research (Part 1) and gaps 

and opportunities in population and clinical research (Part 2).

Basic and Translational Gaps

Recent studies demonstrate that the circadian clocks in cardiomyocytes can regulate 

critical processes that alter arrhythmogenic triggers and the myocardial substrate to impact 

arrhythmia susceptibility. These processes include excitation-contraction coupling, Ca2+ 

handling, ion channel expression/activity, signal transduction cascades, metabolic status, 

and chromatin dynamics.25 A clearer picture is required to understand the function of 

circadian clocks in cells critical for normal heart physiology, including different types of 

cardiomyocytes, endothelial cells, fibroblasts, immune cells, platelets, and neurons (central, 

peripheral, and intrinsic cardiac neurons). Specific areas of focus should include studies 

to determine the importance of normal circadian synchrony/alignment and the potentially 

pathologic impact of circadian disruption at the cellular, tissue, organ, and organismal levels. 

Several challenges to exploring these questions are rooted in the limitations of both animal 

and cellular models. To address these challenges, we identified three basic/translational 

science gaps that could be targeted to expedite advances in our understanding of the 

circadian system and promote translation into therapeutic strategies to prevent SCD.

Gap 1: The lack of standardization of animal models and approaches in considering 

day/night rhythms in experimental measures or design can impair rigor and 

reproducibility.

Opportunity: Consider time of day as a biological variable in such studies.

Rigorous consideration and reporting of chronobiology variables (e.g., biological time of 

day (Table) and temperature) in cardiovascular studies offers the promise of enhancing 
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reproducibility across a wide range of studies and uncovering heretofore unknown levels 

of regulation important in cardiovascular health, including cardiovascular disease states that 

predispose to SCD.

The biological time of day refers to the timing of experiments relative to the light/dark cycle, 

which is a key, but often unreported, component needed to ensure rigor and reproducibility. 

Most studies using nocturnal rodent models perform experiments (e.g., functional testing, 

monitoring, tissue harvesting, etc.) during the subjective daytime because it is convenient. 

However, the subjective daytime corresponds to the biological rest phase in nocturnal 

rodents. As such, extrapolating findings from these studies to diurnal species may be 

especially limited given that many physiological parameters, such as autonomic tone, are 

strongly influenced by the sleep-wake cycle.10 Similarly, endogenous regulation of many 

physiological processes, ranging from gene transcription to posttranslational signaling, are 

under control of endogenous circadian clocks.12, 13, 26 Thus, when sampling is limited 

to the biological rest phase, what remains unknown is whether key variables exhibit 

different properties when measured during the biological active phase. For example, we 

know that mitochondrial respiration exhibits strong rhythmic variation under control of 

the cell autonomous clock.27 Thus, any analyses of bioenergetic processes are incomplete 

without observation and measurements across the entire circadian or 24-hour light-dark 

cycle. Another important variable for rigor and reproducibility that impacts autonomic 

balance is the temperature at which animals are housed. Studies show cardiac sympathetic 

tone dominates the control of heart rate in mice housed at room temperature (21–23oC). 

However, these temperatures are well below their thermoneutral zone (~30oC), and in the 

absence of cold stress, the vagal tone is an important determinant of mouse heart rate 

control.28, 29

Opportunity: Establish guidelines and best practices for reporting and controlling 

day/night variables in animal studies of SCD and cardiac arrhythmias.

Mice are ideal for genetic manipulation of critical clock genes, which makes it possible 

to study the impact of altering the endogenous circadian clock. They are also useful 

for determining how the clock interacts with environmental/behavioral rhythms (e.g., 

manipulations in the light cycle, activity, and feeding behavior). Determining the impact 

that genetic and behavioral manipulations have on key physiological variables that promote 

vulnerability to SCD, especially according to circadian time, is valuable.

In standard laboratory animal housing conditions, animals are typically maintained in a 

controlled environment with 24-hour light-dark cycles (e.g., 12-hour span of light and 

12-hour span of darkness) to approximate the animals’ intrinsic rest-activity cycle. The 

animals entrain to the imposed 24-hour cycle. However, in order to determine whether an 

endogenous behavioral, physiological or molecular process displays circadian properties 

and/or whether a given experimental manipulation alters circadian rhythms, formal testing 

must be performed under free-running conditions (conditions of constant darkness). For 

mice, this requirement means completing assays under constant darkness for at least two 

days. Under free-running conditions, the endogenous period (duration) of the central clock 

cycle in the SCN can be easily detected through analysis of daily rhythms in behavior, core 

body temperature, hormone levels, and other measurements.26 The endogenous cycle length 
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of the SCN in the mouse is somewhat shorter than 24 hours12, 13 and displays an advanced 

phase of the behavioral/physiological outputs. The standard representation of circadian 

timing involves plotting daily wheel running activity (or other behavioral/physiological/

molecular rhythms), often with each day double-plotted on the abscissa and stacked along 

the ordinate to produce a temporal raster plot or “actogram” (Figure 4).

Clocks in peripheral tissues or cell culture can similarly be monitored directly, ex vivo, 

using genetic reporters to interrogate endogenous molecular rhythms (Figure 4).26, 30 At the 

cellular and tissue levels, there are several stimuli that can entrain cells/tissues in vitro (e.g., 

the use of serum shock, glucocorticoids, temperature pulses, or forskolin). These stimuli 

enable the rigorous interrogation of discrete processes, such as tissue responses to hormones, 

drugs, or other bioactive substances at distinct phases of the 24-hour circadian cycle.31 A 

further strategy involves analyses of animal models in which components of the canonical 

molecular clock activator limb and/or the repressor limb are selectively abrogated through 

conditional mutagenesis. The results from a number of such models clearly illustrate the 

potential of these strategies and are discussed below. Researchers fully recognize, however, 

that care must be taken in interpreting results obtained using engineered cells/tissues/animals 

to distinguish phenotypes. It is critical that efforts be made to discern potential similarities 

and differences in the impact of manipulating circadian cycles across different cells/tissues. 

A clear example of the positive impact of careful cross-tissue analyses was revealed with the 

demonstration that the selective ablation of clock activators within pancreatic beta cells leads 

to profound hypoinsulinemic diabetes. In contrast, ablation of the same clock activators 

in the liver causes fasting-induced hypoglycemia, reflecting tissue-specific actions of the 

circadian regulated anabolic and catabolic pathways.32

Gap 2: There is uncertainty regarding the importance of maintaining normal 

circadian rhythmic synchrony and the potential pathological impact of desynchrony 

in terms of SCD risk. Can circadian biology be targeted to modify the risk of SCD?

Opportunity: Determine how perturbations in circadian rhythms can impact SCD 

risk in animal models.

Circadian clocks influence a number of cellular processes through both transcriptional and 

post-transcriptional means. Unbiased transcriptomic approaches in animal models of genetic 

disruption of the cardiomyocyte circadian clock suggest that this mechanism temporally 

governs numerous biological processes critical for normal function, and possibly SCD 

in vulnerable populations.33, 34 These processes include transcription, translation, signal 

transduction, metabolism, and transport (substrates, ions, etc.). Consistent with the diverse 

array of fundamentally important processes regulated by circadian clocks, it is not surprising 

that genetic disruption of circadian clock factors results in a severe dilated cardiomyopathy, 

reduced lifespan, and/or electrophysiologic abnormalities.23, 34–36

Due to its high level of redundancy (e.g., multiple isoforms exist for many circadian clock 

components), there are only limited examples of single genetic interventions that result in 

complete circadian clock disruption. Targeting the canonical molecular clock activator limb 

BMAL1:CLOCK heterodimer is a commonly employed strategy, either through deletion of 

BMAL1 or mutation of CLOCK (e.g., overexpressing a dominant negative CLOCK mutant) 
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(Figure 3), which can result in ‘temporal suspension’ with the clock-controlled processes 

often being ‘stuck’ at the beginning of the rest phase.37, 38 The cardiomyocyte-specific 

BMAL1 knockout and/or CLOCK mutant mice has revealed clock control over cardiac 

signaling, metabolism, and electrophysiology.

Signaling.

Posttranslational modifications of specific proteins is often utilized as a marker of activation 

status of distinct signaling cascades, and many signaling components exhibit 24-hour 

rhythms in the heart. Examples include phosphorylation of AMPK, GSK3β, mTOR, 

ERK1/2, PKB, and PKA.39 PKA activity appears augmented in the heart at the beginning 

of the active phase, while calcineurin (a Ca2+-activated phosphatase, which reverses several 

PKA actions) is more active at the end of the active phase.40 Oscillations in the activity 

of many of these signaling components are attenuated/abolished following genetic circadian 

clock disruption. However, a complex interplay between environmental/extracellular factors 

and cell autonomous clocks is apparent. Notably, circadian clocks have the capability to 

modulate sensitivity of the heart to extracellular stimuli (e.g., epinephrine, insulin, fatty 

acids) and stresses (e.g., ischemia/reperfusion) over the course of the 24-hour period.41

Metabolism.

Given the dramatic fluctuations in energetic demand and substrate supply associated with 

regular sleep/wake, rest/activity, and fasting/feeding cycles, it is not surprising that cardiac 

cellular metabolism is subject to circadian control. This control is observed at the levels 

of carbohydrate, lipid, and protein metabolism, as reviewed previously.42 For instance, the 

beginning of the active period is associated with increased oxidative metabolism capacity 

(e.g., glucose uptake and subsequent oxidation is augmented at this time). During the latter 

half of the active phase, cardiac glycogen and triglyceride synthesis both increase (thereby 

replenishing fuel stores prior to the fast necessitated by the sleep episode). The beginning 

of the sleep episode is a time of cellular consistent turnover, exemplified by simultaneous 

activation of protein synthesis and degradation. Oscillations lasting 24 hours in cardiac 

cellular metabolism are attenuated/abolished following disruption of the cardiomyocyte 

circadian clock, indicative of governance by this endogenous timekeeping mechanism.

Electrophysiology.

Selective disruption of the circadian clock mechanism in adult mouse cardiomyocytes 

generates an electrophysiological phenotype (prolongation in the RR- and QT-intervals of 

the electrocardiogram) and increases arrhythmia propensity in the absence of any obvious 

structural remodeling.23, 36 This increased propensity likely reflects changes in ion channel 

activity that is influenced by both post-translational modifications and the energetic status of 

the cell.43 Moreover, the cardiomyocyte circadian clock mechanism directly and indirectly 

regulates the circadian and steady-state expression of several key ion channel transcripts. 

Disruption of the cardiomyocyte clock mechanism causes a selective downregulation in 

several ion channel transcripts and corresponding ionic currents that are known to be 

important for mouse and human cardiac electrophysiology.44, 45
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Opportunity: Investigate the impact of timing for feeding, exercise, and drug 

administration on alleviating SCD risk.

Transgenic studies have helped to dissect the role of the circadian clocks on cardiac 

physiology and pathophysiology. However, in real life, underlying circadian rhythms should 

be considered in relation to their interactions with the ongoing behavioral and environmental 

cycles, and how these factors culminate to impact the susceptibility to SCD across the 

24-hour span. The behavioral and environmental cycles include changes in timing of light 

exposure,46–49 feeding behavior,50, 51 activity and exercise,52, 53 as well as medication 

administration. Light is the most well-recognized environmental time-keeping cue, but non-

photic zeitgebers, such as timing of eating and activity (exercise and sleep), can also impact 

the phase and amplitude of circadian clocks, especially in peripheral tissues including the 

heart. Studies imposing desynchrony/misalignment of the light cycle or limiting the time 

of eating activity show profound impacts on metabolism, cardiac function, as well as the 

phase in the 24-hour rhythms in heart rate, the QT interval, and blood pressure.46, 51, 54 New 

studies should interrogate how changes in behavior, or the biological timing of behaviors, 

as well as the timing of pharmacotherapy, hold promise for identifying new strategies to 

improve outcomes in patients at risk for SCD.

Gap 3: There is a lack of understanding regarding the contributions of circadian 

clocks in cells critical for normal heart function, and uncertainty regarding the 

molecular and physiologic rhythms at the cellular, tissue, and whole organism 

levels that are most relevant to SCD.

Opportunity: Determine the importance of circadian synchronization in central and 

peripheral clock signaling among cells and tissues relevant to SCD (including 

neuronal and cardiac cells).

Impaired autonomic control of the heart has been implicated in arrhythmogenesis and SCD 

in many acquired and genetic cardiac pathologies; yet scientists do not know whether 

autonomic and/or cardiac clock disruption is involved. Autonomic activity and circulating 

catecholamine levels vary substantially over the 24-hour period,49 as do myocardial 

adrenergic receptor expression and responsiveness.33, 55, 56 Presumably under normal 

conditions, adrenergic receptor density and sensitivity are optimized to respond to predicted 

oscillations in autonomic tone. Disruption in either neuronal or cardiac cells could lead 

to a misalignment in autonomic sensitivity and resulting cardiac responses. Augmented 

adrenergic responses in the heart are known to cause intracellular Ca2+ overload, as well 

as action potential heterogeneity, setting up the trigger and substrate for lethal arrhythmias. 

Further dissection of the circadian clocks in neurons and other cell types important for 

cardiac function (e.g., blood cells and platelets, adipocytes, endothelial cells, fibroblasts, 

resident cardiac stem cells) is an important future research step.

Additional studies to determine how selective disruption of circadian clocks in subsets 

of cardiomyocytes (e.g., sino-atrial node, atrio-ventricular node, Purkinje fibers, atrial 

cardiomyocytes and endocardial vs. epicardial ventricular myocytes) are also needed. 

Each cell type has distinct structural, contractile and electrophysiological properties, which 

are all at least partially influenced by clock-controlled genes, including those encoding 

extracellular matrix proteins, signaling components, Ca2+ handling proteins, and ion 
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channels. The potentially different roles of the circadian clock and the modulation of 

clock-controlled genes among different cardiomyocyte populations, both in normal and 

pathological settings, remain unknown. Likewise, whether there is a role for circadian 

signaling in establishing or maintaining cellular heterogeneity within the heart has yet to be 

explored.

Opportunity: Apply contemporary genomic, biochemical, and molecular tools 

to interrogate circadian signaling (including transcription, translation, and post-

translational modification) in cardiovascular cells and tissues relevant to SCD.

Thus far, most work in the field has focused on transcriptional control of a subset of 

genes regulating a specific function by specific core clock factors. However, scientists 

know that the expression of a large number of genes changes in a predictable pattern 

throughout the course of each 24-hour cycle in order to coordinate cellular and organismal 

physiology. The existence of this pattern raises fundamental questions as to how core clock 

transcription factors and/or tissue-specific circadian factors control the temporal dynamics 

of transcription. Recent technical advances have led to the development of biochemical 

and genomic tools that allow for detecting long-range chromatin interactions.57–59 These 

studies reveal that rhythmic gene expression occurs within enhancer regions that often 

reside at great distances from the transcriptional start sites of oscillating genes. There 

are numerous important questions for the field in general, and cardiovascular biology in 

particular. How do core clock transcription factors and/or tissue specific clock-controlled 

genes regulate higher order genome structure to achieve temporal and spatial control of gene 

expression and attendant biological responses? Studies of cardiovascular cells are needed to 

characterize chromatin dynamics, epigenetic modifications, chromatin looping and spatial 

positioning across the circadian cycle. Furthermore, do external inputs impact chromatin 

epigenetics and dynamics and thereby alter circadian rhythms? Specifically, do hormonal, 

inflammatory, metabolic signals, and/or stresses alter clock-controlled chromatin dynamics 

in cells of the cardiovascular system in vitro and in vivo? Does manipulation of core clock 

factors and tissue specific circadian factors impact chromatin dynamics and physiology? 

Are key principles uncovered through such studies conserved in human tissue or inducible 

pluripotent stem cell derived cardiovascular cells? Can such insights be leveraged for 

therapeutic purposes?

The genomic, biochemical, and molecular approaches described above will be vital for 

subsequent investigations into circadian processes among and between cell types important 

for heart function. It will be important to determine whether different populations of 

cardiomyocytes maintain their circadian clock function in disease states such as myocardial 

infarction, hypertrophy, and heart failure, which are known to increase risk for SCD. 

Scientists still do not know whether pathological remodeling due to myocardial infarction 

or heart failure, for example, has the potential to cause circadian clock disruption among 

regional populations of cardiomyocytes. Causes for circadian disruption among populations 

of cardiomyocytes include changes in neurohumoral factors that elicit cell type specific 

responses, in blood flow and endocrine factor accessibility in ischemic heart disease, and in 

local autocrine/paracrine factor levels (e.g., during increased inflammation). Given the large 

number of circadian-regulated ion channels (reviewed in25), such clock disruption between 
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cardiomyocytes could contribute to repolarization heterogeneity and increased arrhythmia 

risk.

Conclusion

We know several day/night rhythms, including circadian, regulate critical processes that 

impact arrhythmogenic triggers and the vulnerability of the myocardial substrate. Many 

fundamental questions regarding the mechanisms by which 24-hour day/night rhythms and 

circadian clocks impact cardiovascular processes remain to be explored. We outlined several 

critical research gaps and opportunities that, when addressed, could lead to advancements 

that translate into improved treatment of people at risk for SCD. A clearer picture of the 

functional role(s) of circadian clocks in cells critical for normal heart function requires new 

investigations with an emphasis on natural circadian rhythmic synchrony and alignment, and 

the potentially pathologic impact of disruptions at the cellular, tissue, organ and organismal 

levels. The challenges to including chronobiology as part of basic and translational 

cardiovascular research are real, but addressing these challenges will help in advancing rigor 

and reproducibility, as well as our understanding of health, disease, and patient outcomes.
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Non-Standard Abbreviations and Acronyms

SCD Sudden cardiac death

SCN Suprachiasmatic nucleus

CLOCK Circadian locomotor output cycles kaput protein

BMAL1 Brain and muscle ARNT-Like 1 protein

AMP Adenosine monophosphate

AMPK 5’ AMP-activated protein kinase

GSK3β Glycogen synthase kinase 3 beta

mTOR Mammalian target of rapamycin

ERK1/2 Extracellular-signal-regulated kinase

PKB Protein kinase B

PKA Protein kinase A

Delisle et al. Page 10

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://BioRender.com


References

1. Yow AGRV, Sharma S. Sudden Cardiac Death. : StatPearls Publishing LLC.; 2020.

2. Hayashi M, Shimizu W and Albert CM. The spectrum of epidemiology underlying sudden cardiac 
death. Circ Res. 2015;116:1887–906. [PubMed: 26044246] 

3. Willich SN, Levy D, Rocco MB, Tofler GH, Stone PH and Muller JE. Circadian variation in 
the incidence of sudden cardiac death in the Framingham Heart Study population. Am J Cardiol. 
1987;60:801–6. [PubMed: 3661393] 

4. Muller JE, Ludmer PL, Willich SN, Tofler GH, Aylmer G, Klangos I and Stone PH. Circadian 
variation in the frequency of sudden cardiac death. Circulation. 1987;75:131–8. [PubMed: 3791599] 

5. Muller JE, Tofler GH and Stone PH. Circadian variation and triggers of onset of acute 
cardiovascular disease. Circulation. 1989;79:733–43. [PubMed: 2647318] 

6. Hjalmarson A, Gilpin EA, Nicod P, Dittrich H, Henning H, Engler R, Blacky AR, Smith SC Jr., 
Ricou F and Ross J Jr. Differing circadian patterns of symptom onset in subgroups of patients with 
acute myocardial infarction. Circulation. 1989;80:267–75. [PubMed: 2568893] 

7. Matsuo K, Kurita T, Inagaki M, Kakishita M, Aihara N, Shimizu W, Taguchi A, Suyama K, 
Kamakura S and Shimomura K. The circadian pattern of the development of ventricular fibrillation 
in patients with Brugada syndrome. Eur Heart J. 1999;20:465–70. [PubMed: 10213350] 

8. Takigawa M, Kawamura M, Noda T, Yamada Y, Miyamoto K, Okamura H, Satomi K, Aiba T, 
Kamakura S, Sakaguchi T, et al. Seasonal and circadian distributions of cardiac events in genotyped 
patients with congenital long QT syndrome. Circ J. 2012;76:2112–8. [PubMed: 22785222] 

9. Maron BJ, Kogan J, Proschan MA, Hecht GM and Roberts WC. Circadian variability in the 
occurrence of sudden cardiac death in patients with hypertrophic cardiomyopathy. J Am Coll 
Cardiol. 1994;23:1405–9. [PubMed: 8176100] 

10. Thosar SS, Butler MP and Shea SA. Role of the circadian system in cardiovascular disease. J Clin 
Invest. 2018;128:2157–2167. [PubMed: 29856365] 

11. Reppert SM and Weaver DR. Coordination of circadian timing in mammals. Nature. 
2002;418:935–41. [PubMed: 12198538] 

12. Hastings MH, Maywood ES and Brancaccio M. Generation of circadian rhythms in the 
suprachiasmatic nucleus. Nat Rev Neurosci. 2018;19:453–469. [PubMed: 29934559] 

13. Michel S and Meijer JH. From clock to functional pacemaker. Eur J Neurosci. 2020;51:482–493. 
[PubMed: 30793396] 

14. Mohawk JA, Green CB and Takahashi JS. Central and peripheral circadian clocks in mammals. 
Annu Rev Neurosci. 2012;35:445–62. [PubMed: 22483041] 

15. Kalsbeek A, Palm IF, La Fleur SE, Scheer FA, Perreau-Lenz S, Ruiter M, Kreier F, Cailotto C and 
Buijs RM. SCN outputs and the hypothalamic balance of life. J Biol Rhythms. 2006;21:458–69. 
[PubMed: 17107936] 

16. Storch KF, Lipan O, Leykin I, Viswanathan N, Davis FC, Wong WH and Weitz CJ. Extensive 
and divergent circadian gene expression in liver and heart. Nature. 2002;417:78–83. [PubMed: 
11967526] 

17. Leibetseder V, Humpeler S, Svoboda M, Schmid D, Thalhammer T, Zuckermann A, Marktl W 
and Ekmekcioglu C. Clock genes display rhythmic expression in human hearts. Chronobiol Int. 
2009;26:621–36. [PubMed: 19444745] 

18. Ruben MD, Wu G, Smith DF, Schmidt RE, Francey LJ, Lee YY, Anafi RC and Hogenesch JB. 
A database of tissue-specific rhythmically expressed human genes has potential applications in 
circadian medicine. Sci Transl Med. 2018;10.

19. Paschos GK and FitzGerald GA. Circadian clocks and vascular function. Circ Res. 2010;106:833–
41. [PubMed: 20299673] 

20. Hsieh PN, Zhang L and Jain MK. Coordination of cardiac rhythmic output and circadian metabolic 
regulation in the heart. Cell Mol Life Sci. 2018;75:403–416. [PubMed: 28825119] 

21. Bennardo M, Alibhai F, Tsimakouridze E, Chinnappareddy N, Podobed P, Reitz C, Pyle WG, 
Simpson J and Martino TA. Day-night dependence of gene expression and inflammatory responses 

Delisle et al. Page 11

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the remodeling murine heart post-myocardial infarction. Am J Physiol Regul Integr Comp 
Physiol. 2016;311:R1243–R1254. [PubMed: 27733386] 

22. Jeyaraj D, Haldar SM, Wan X, McCauley MD, Ripperger JA, Hu K, Lu Y, Eapen BL, Sharma 
N, Ficker E, et al. Circadian rhythms govern cardiac repolarization and arrhythmogenesis. Nature. 
2012;483:96–9. [PubMed: 22367544] 

23. Schroder EA, Burgess DE, Zhang X, Lefta M, Smith JL, Patwardhan A, Bartos DC, Elayi 
CS, Esser KA and Delisle BP. The cardiomyocyte molecular clock regulates the circadian 
expression of Kcnh2 and contributes to ventricular repolarization. Heart Rhythm. 2015;12:1306–
14. [PubMed: 25701773] 

24. Virag JA and Lust RM. Circadian influences on myocardial infarction. Front Physiol. 2014;5:422. 
[PubMed: 25400588] 

25. Black N, D’Souza A, Wang Y, Piggins H, Dobrzynski H, Morris G and Boyett MR. Circadian 
rhythm of cardiac electrophysiology, arrhythmogenesis, and the underlying mechanisms. Heart 
Rhythm. 2019;16:298–307. [PubMed: 30170229] 

26. Hastings MH, Maywood ES and Brancaccio M. The Mammalian Circadian Timing System and the 
Suprachiasmatic Nucleus as Its Pacemaker. Biology (Basel). 2019;8.

27. Peek CB, Levine DC, Cedernaes J, Taguchi A, Kobayashi Y, Tsai SJ, Bonar NA, McNulty 
MR, Ramsey KM and Bass J. Circadian Clock Interaction with HIF1alpha Mediates Oxygenic 
Metabolism and Anaerobic Glycolysis in Skeletal Muscle. Cell Metab. 2017;25:86–92. [PubMed: 
27773696] 

28. Swoap SJ, Li C, Wess J, Parsons AD, Williams TD and Overton JM. Vagal tone dominates 
autonomic control of mouse heart rate at thermoneutrality. Am J Physiol Heart Circ Physiol. 
2008;294:H1581–8. [PubMed: 18245567] 

29. Seeley RJ and MacDougald OA. Mice as experimental models for human physiology: when several 
degrees in housing temperature matter. Nat Metab. 2021.

30. Yoo SH, Ko CH, Lowrey PL, Buhr ED, Song EJ, Chang S, Yoo OJ, Yamazaki S, Lee C and 
Takahashi JS. A noncanonical E-box enhancer drives mouse Period2 circadian oscillations in vivo. 
Proc Natl Acad Sci U S A. 2005;102:2608–13. [PubMed: 15699353] 

31. Lowrey PL and Takahashi JS. Genetics of circadian rhythms in Mammalian model organisms. Adv 
Genet. 2011;74:175–230. [PubMed: 21924978] 

32. Bass J and Lazar MA. Circadian time signatures of fitness and disease. Science. 2016;354:994–
999. [PubMed: 27885004] 

33. Bray MS, Shaw CA, Moore MW, Garcia RA, Zanquetta MM, Durgan DJ, Jeong WJ, Tsai JY, 
Bugger H, Zhang D, et al. Disruption of the circadian clock within the cardiomyocyte influences 
myocardial contractile function, metabolism, and gene expression. Am J Physiol Heart Circ 
Physiol. 2008;294:H1036–47. [PubMed: 18156197] 

34. Young ME, Brewer RA, Peliciari-Garcia RA, Collins HE, He L, Birky TL, Peden BW, Thompson 
EG, Ammons BJ, Bray MS, et al. Cardiomyocyte-specific BMAL1 plays critical roles in 
metabolism, signaling, and maintenance of contractile function of the heart. J Biol Rhythms. 
2014;29:257–76. [PubMed: 25238855] 

35. Lefta M, Campbell KS, Feng HZ, Jin JP and Esser KA. Development of dilated cardiomyopathy in 
Bmal1-deficient mice. Am J Physiol Heart Circ Physiol. 2012;303:H475–85. [PubMed: 22707558] 

36. Schroder EA, Lefta M, Zhang X, Bartos DC, Feng HZ, Zhao Y, Patwardhan A, Jin JP, Esser 
KA and Delisle BP. The cardiomyocyte molecular clock, regulation of Scn5a, and arrhythmia 
susceptibility. Am J Physiol Cell Physiol. 2013;304:C954–65. [PubMed: 23364267] 

37. Vitaterna MH, King DP, Chang AM, Kornhauser JM, Lowrey PL, McDonald JD, Dove WF, Pinto 
LH, Turek FW and Takahashi JS. Mutagenesis and mapping of a mouse gene, Clock, essential for 
circadian behavior. Science. 1994;264:719–25. [PubMed: 8171325] 

38. Bunger MK, Wilsbacher LD, Moran SM, Clendenin C, Radcliffe LA, Hogenesch JB, Simon 
MC, Takahashi JS and Bradfield CA. Mop3 is an essential component of the master circadian 
pacemaker in mammals. Cell. 2000;103:1009–17. [PubMed: 11163178] 

39. Rana S, Prabhu SD and Young ME. Chronobiological Influence Over Cardiovascular Function: 
The Good, the Bad, and the Ugly. Circ Res. 2020;126:258–279. [PubMed: 31944922] 

Delisle et al. Page 12

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



40. Sachan N, Dey A, Rotter D, Grinsfelder DB, Battiprolu PK, Sikder D, Copeland V, Oh M, 
Bush E, Shelton JM, et al. Sustained hemodynamic stress disrupts normal circadian rhythms in 
calcineurin-dependent signaling and protein phosphorylation in the heart. Circ Res. 2011;108:437–
45. [PubMed: 21233454] 

41. Martino TA and Young ME. Influence of the cardiomyocyte circadian clock on cardiac physiology 
and pathophysiology. J Biol Rhythms. 2015;30:183–205. [PubMed: 25800587] 

42. Young ME. Temporal partitioning of cardiac metabolism by the cardiomyocyte circadian clock. 
Exp Physiol. 2016;101:1035–9. [PubMed: 27474266] 

43. Kilfoil PJ, Tipparaju SM, Barski OA and Bhatnagar A. Regulation of ion channels by pyridine 
nucleotides. Circ Res. 2013;112:721–41. [PubMed: 23410881] 

44. Delisle BP, Stumpf JL, Wayland JL, Johnson SR, Ono M, Hall D, Burgess DE and Schroder EA. 
Circadian clocks regulate cardiac arrhythmia susceptibility, repolarization, and ion channels. Curr 
Opin Pharmacol. 2020;57:13–20. [PubMed: 33181392] 

45. D’Souza A, Wang Y, Anderson C, Bucchi A, Baruscotti M, Olieslagers S, Mesirca P, Johnsen AB, 
Mastitskaya S, Ni H, et al. A circadian clock in the sinus node mediates day-night rhythms in 
Hcn4 and heart rate. Heart Rhythm. 2020.

46. West AC, Smith L, Ray DW, Loudon ASI, Brown TM and Bechtold DA. Misalignment with the 
external light environment drives metabolic and cardiac dysfunction. Nat Commun. 2017;8:417. 
[PubMed: 28900189] 

47. Scheer FA, van Doornen LJ and Buijs RM. Light and diurnal cycle affect human heart rate: 
possible role for the circadian pacemaker. J Biol Rhythms. 1999;14:202–12. [PubMed: 10452332] 

48. Chellappa SL, Lasauskaite R and Cajochen C. In a Heartbeat: Light and Cardiovascular 
Physiology. Front Neurol. 2017;8:541. [PubMed: 29104560] 

49. Scheer FA, Hu K, Evoniuk H, Kelly EE, Malhotra A, Hilton MF and Shea SA. Impact of the 
human circadian system, exercise, and their interaction on cardiovascular function. Proc Natl Acad 
Sci U S A. 2010;107:20541–6. [PubMed: 21059915] 

50. Damiola F, Le Minh N, Preitner N, Kornmann B, Fleury-Olela F and Schibler U. Restricted 
feeding uncouples circadian oscillators in peripheral tissues from the central pacemaker in the 
suprachiasmatic nucleus. Genes Dev. 2000;14:2950–61. [PubMed: 11114885] 

51. Schroder EA, Burgess DE, Manning CL, Zhao Y, Moss AJ, Patwardhan A, Elayi CS, Esser KA 
and Delisle BP. Light phase-restricted feeding slows basal heart rate to exaggerate the type-3 
long QT syndrome phenotype in mice. Am J Physiol Heart Circ Physiol. 2014;307:H1777–85. 
[PubMed: 25343952] 

52. Wolff G and Esser KA. Scheduled exercise phase shifts the circadian clock in skeletal muscle. Med 
Sci Sports Exerc. 2012;44:1663–70. [PubMed: 22460470] 

53. Ballesta A, Innominato PF, Dallmann R, Rand DA and Levi FA. Systems Chronotherapeutics. 
Pharmacol Rev. 2017;69:161–199. [PubMed: 28351863] 

54. Zhang D, Colson JC, Jin C, Becker BK, Rhoads MK, Pati P, Neder TH, King MA, Valcin JA, Tao 
B, et al. Timing of Food Intake Drives the Circadian Rhythm of Blood Pressure. Function (Oxf). 
2021;2:zqaa034. [PubMed: 33415319] 

55. Collins HE and Rodrigo GC. Inotropic response of cardiac ventricular myocytes to beta-adrenergic 
stimulation with isoproterenol exhibits diurnal variation: involvement of nitric oxide. Circ Res. 
2010;106:1244–52. [PubMed: 20167926] 

56. Wang Z, Tapa S, Francis Stuart SD, Wang L, Bossuyt J, Delisle BP and Ripplinger CM. 
Aging Disrupts Normal Time-of-Day Variation in Cardiac Electrophysiology. Circ Arrhythm 
Electrophysiol. 2020;13:e008093. [PubMed: 32706628] 

57. Mermet J, Yeung J, Hurni C, Mauvoisin D, Gustafson K, Jouffe C, Nicolas D, Emmenegger Y, 
Gobet C, Franken P, et al. Clock-dependent chromatin topology modulates circadian transcription 
and behavior. Genes Dev. 2018;32:347–358. [PubMed: 29572261] 

58. Weidemann BJ, Ramsey KM and Bass J. A day in the life of chromatin: how enhancer-promoter 
loops shape daily behavior. Genes Dev. 2018;32:321–323. [PubMed: 29593064] 

59. Kim YH, Marhon SA, Zhang Y, Steger DJ, Won KJ and Lazar MA. Rev-erbalpha dynamically 
modulates chromatin looping to control circadian gene transcription. Science. 2018;359:1274–
1277. [PubMed: 29439026] 

Delisle et al. Page 13

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. SCD and life-threatening triggers for arrhythmias can exhibit a 24-hour pattern of 
occurrence.
This 24-hour pattern suggests that the aspects of usual day/night rhythms, including 24-hour 

environmental changes (daily cycles in light, temperature and ambient air composition), 

the 24-hour behaviors (e.g., postural change and increased activity upon awakening, daily 

sleep/wake cycle, daily fasting/feeding cycle), or 24-hour internal body clock changes 

(endogenous circadian rhythms) could, alone or in combination, lead to a day/night rhythm 

in the risk for SCD. Circadian rhythms are generated by cell autonomous circadian clocks, 

present in nearly every cell/tissue in the body and resonate with a periodicity of ~24 hours.
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Figure 2. Theoretical framework for generating day/night patterns in arrhythmias.
There are day/night rhythms in both arrhythmogenic triggers (red line, A) and anti-

arrhythmic or protective mechanisms (blue line, P). A disruption in these rhythms could 

impact arrhythmia risk (AR, blue = low risk and red = higher risk) during the sleep (S) wake 

(W) cycle. A. In a healthy individual these patterns may synchronize to produce an overall 

low arrhythmia risk throughout the sleep-wake cycle. Increase in arrhythmia susceptibility 

at certain times during the sleep-wake cycle may be caused by B, disease-states that alter 

the myocardial substrate to cause a loss in protection; C, stressors that increase the relative 

amplitude of the arrhythmogenic triggers; or D, disruptions that result in a misalignment of 

arrhythmogenic and protection rhythms.
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Figure 3. Schematic of the circadian clock, a transcription/translation feedback loop that drives 
cellular circadian rhythms.
Heterodimerized BMAL1 and CLOCK bind E-box (or E-box related) elements to activate 

transcription of core clock genes including Period (PER), Cryptochrome (CRY), Rev-erb, 

and ROR. Top loop: PER and CRY proteins dimerize and negatively feedback on BMAL1 

and CLOCK activity. Bottom loop: ROR and Rev-erb proteins directly increase and 

decrease, respectively, the transcription of BMAL1. Box: The circadian clock mechanism 

also regulates the cell and tissue-specific expression of “clock controlled genes” that, 

although outside the timekeeping network, are important in the regulation of physiology 

and behavior.
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Figure 4. Quantifying circadian rhythms in vivo and in vitro.
The standard representation of circadian timing involves plotting variables across numerous 

consecutive days. A, Mouse rhythms (eg, behavioral or physiological) are often shown 

as each day double-plotted on the abscissa and stacked along the ordinate to produce a 

temporal raster plot or “actogram.” Mice maintained in the standard laboratory 12- hour 

light (open bar):12-hour dark cycle (solid bar) display outputs that align to the light 

dark (LD) cycle. Shown is an example of nocturnal wheel running activity. Switching to 

constant darkness (DD, shaded region) causes mice to display a consistently advancing 

phase in outputs because the endogenous cycle length of the suprachiasmatic nucleus 

(SCN) is shorter than 24-hours. B, Measuring circadian clock/molecular rhythms in tissues/

cells requires genetic reporters that typically use luciferase (due to the short half-life of 

the protein). Cultured cells/tissues can be entrained by the use of several tissue culture 

techniques that synchronize/align circadian clocks (yellow cells). Bioluminescence activity 

can then be quantified in living cells/tissue over the course of several days to clearly 
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delineate reporters that generate robust molecular rhythms (green) from those that do not 

(red).

Delisle et al. Page 18

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Delisle et al. Page 19

Table

The Identification of Knowledge Gaps and Opportunities for Understanding Circadian Mechanisms 

Contributing to SCD Clearly Requires Some Definitions as a Framework. This table provides operational 

definitions to several of the terms used throughout this paper. We recognize different disciplines sometimes 

use the same term to describe different aspects of chronobiology (herein also different terms to describe 

similar concepts), and although an interdisciplinary consensus for definitions is warranted, this task is beyond 

the scope of this report.

Day/night rhythms: ~24-hour rhythms caused by a combination of behavioral rhythms (e.g., postural change and increased activity upon 
awakening, daily sleep/wake cycle, daily fasting/feeding cycle), environmental rhythms (daily cycles in light, temperature and ambient air 
composition) and ~24-hour internal circadian rhythms.

Circadian rhythm: Throughout this article, we refer to “circadian” as being driven by the internal body clock (ie, endogenous) with a period 
of about 24 h. Circadian rhythms persist even in the absence of environmental or behavior-related time cues that ordinarily entrain them. Until 
researchers begin to use the term consistently, it is advisable to read the protocols of all studies in this area for appropriate data interpretation to 
match the timing of other inputs, such as a repetitive physiological trigger or rhythmic signal.

Entrainment: The synchronization of a self-sustaining oscillation (such as a circadian rhythm).

Synchronization: The action of causing two or more processes to proceed at the same frequency, i.e., express the same period (cycle length).

Circadian synchrony: State of the circadian system when two or more rhythmic variables exhibit periodicity with the same frequency or with 
frequencies that are integer multiples or submultiples of one another.

Circadian alignment: The state of 2 or more processes to start at the same time (or have a consistent phase relationship) or to occur at a normal 
or optimal phase angle.

Circadian disruption: The action of acutely or chronically altering one or more circadian rhythms from having a normal period, phase and/or 
amplitude (circadian system disruption, clock disruption, perturbations in circadian rhythms, genetic circadian clock disruption, circadian 
desynchronization, circadian misalignment).

Biological/circadian time of day: The timing of experiments relative to the internal body clock.
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