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ABSTRACT 
 
 
 

THE CRITICAL ROLE OF CIRCADIAN RHYTHMS IN THE PATHOPHYSIOLOGY OF 
CARDIOVASCULAR DISEASE  

 
 
 

Faisal James Alibhai        Advisor: 
University of Guelph, 2016       Dr. Tami A. Martino 
 
 
 
     Cardiovascular physiology exhibits circadian rhythms in number of parameters including 

heart rate, blood pressure, and myocardial contractility. Disruption of circadian rhythms alters 

cardiovascular rhythms and increases the risk of cardiovascular disease. However, the 

pathophysiological mechanisms responsible are poorly understood. This thesis investigates the 

role of circadian rhythms in the pathophysiology of cardiovascular disease. Study 1 

demonstrates that short term circadian rhythm disruption following myocardial infarction alters 

the inflammatory response post-myocardial infarction. Although rhythms were only disturbed for 

5 days, disruption impaired scar formation and worsened long-term outcome. Maintenance of 

rhythms facilitated proper infarct healing and better outcome. The circadian mechanism factor 

CLOCK plays a key role in regulating inflammatory responses as ClockΔ19/Δ19 mice (which lack a 

functional circadian mechanism) exhibit increased macrophage infiltration post-myocardial 

infarction. This has important implications for patients recovering in intensive care units where 

circadian rhythm disturbances are common. Study 2 shows that male ClockΔ19/Δ19 mice develop 

age-dependent cardiovascular disease characterized by cardiac hypertrophy, fibrosis, impaired 

vascular responses, and reduced cardiac function. Development of disease in ClockΔ19/Δ19 mice 

is associated with increased activation of AKT and mTOR signalling. Pharmacological 

modulation of the circadian mechanism reduced AKT activation and heart weight in a Clock-

dependent manner. These results support CLOCK as a regulator of cardiac growth and suggest 

that pharmacological modulation of the circadian mechanism is a novel approach for treating 



 
 

cardiovascular disease. Study 3 shows that female ClockΔ19/Δ19 mice are protected from the 

development of age-dependent heart disease. In contrast to the males, female ClockΔ19/Δ19 mice 

maintain normal heart size with age. Although CLOCK disruption altered diurnal activity and 

food intake, female ClockΔ19/Δ19 mice maintain normal glucose tolerance as well as normal 

cardiac and liver substrate uptake. Further examination of cardiac metabolism shows that 

female ClockΔ19/Δ19 hearts have altered lipid profiles compared to male mice, which may limit 

myocyte loss and preserve mitochondrial function with age. Lastly, a protective role for ovarian 

hormones is shown as ovariectomized ClockΔ19/Δ19 mice develop increased LV dilation compared 

to ovariectomized WT mice by 8 months. Collectively these studies demonstrate novel and 

important roles of circadian rhythms in the pathophysiology of cardiovascular disease. 
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A. CIRCADIAN RHYTHMS 

A.1 Introduction 

     The term circadian was first coined by Franz Halberg in reference to the Latin words circa for 

“approximately” and dies for “day“ (Halberg, 1960). Circadian rhythms are self-sustaining 

rhythms that exhibit a period of approximately 24 hours and can be entrained by external stimuli 

(Pittendrigh, 1960). The modern day study of circadian rhythms was started in the 1950s with 

work from Colin Pittendrigh who found that the timing of eclosion (emergence of adult flies from 

the larvae case) of Drosophila was maintained in constant darkness (Pittendrigh, 1954). Another 

pioneer for the study of circadian rhythms was Jürgen Aschoff, who demonstrated circadian 

rhythms in human activity using a bunker to place subjects into constant darkness (Aschoff, 

1965). The characteristics of circadian rhythms in mammals were more thoroughly defined by 

Colin Pittendrigh and Serge Dann through a series of studies on the wheel running activity of 

nocturnal rodents (Daan and Pittendrigh, 1976a;b;c;d). These included 1) circadian rhythms are 

self-sustaining and persist in the absence of external stimuli, 2) they have a period of 

approximately 24 hours, and 3) circadian rhythms can be entrained by external stimuli.  

 

A.2 The Suprachiasmatic Nucleus is a Circadian Pacemaker 

     The suprachiasmatic nucleus (SCN) located in the anterior hypothalamus was identified as 

the circadian pacemaker in mammals, as bilateral electrolytic lesion of the SCN resulted in a 

loss of circadian drinking and locomotor activity in rats (Stephan and Zucker, 1972). 

Autonomous circadian activity in the SCN was demonstrated by the persistence of rhythms in 

SCN electrical activity in vivo following detachment of the SCN from surrounding neural 

connections in rats (Inouye and Kawamura, 1979). Consistent with the role of the SCN as a 

circadian pacemaker, transplant of SCN grafts restored circadian rhythms in locomotor activity 
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of SCN-lesioned rats (Lehman et al., 1987). Evidence for the SCN as the master circadian 

pacemaker came following the discovery of the tau mutation in Syrian hamsters where 

homozygote tau/tau hamsters exhibited a shortened 20 hour free running period in contrast to 

the wild type 24 hour free running period (Ralph and Menaker, 1988). Ralph and colleagues 

demonstrated that the SCN is capable of acting as a master circadian pacemaker as SCN grafts 

from tau mutant hamsters with a 20 hour period produced a 20 hour free-running period in SCN-

lesioned wild type hamsters (Ralph et al., 1990). Together these studies demonstrate that the 

SCN plays a crucial role as the master circadian pacemaker. 

A.3 Entrainment of Circadian Rhythms by Light 

     In order to align endogenously driven rhythms with the external environment, circadian 

rhythms are entrained by exogenous stimuli referred to as zeitgebers (“time givers”; e.g. light). 

One of the first reports describing the ability of light to entrain circadian rhythms was by Patricia 

DeCoursey who noted that light pulses at the beginning and end of the dark phase could shift 

activity rhythms of flying squirrels (DeCoursey, 1960). Light has also been demonstrated to act 

as a zeitgeber in humans as it shifts the circadian rhythm in core body temperature of subjects 

placed on a constant routine protocol (Czeisler et al., 1989). Light mediated entrainment of 

circadian rhythms relies on transmission of light information through the retino-hypothalamic 

tract (RHT) to the SCN, as lesions to the RHT results in free running circadian rhythms under 

light:dark conditions (Johnson et al., 1988). Subsequent studies demonstrated that non-rod, 

non-cone retinal ganglion cells which innervate the SCN via the RHT are capable of detecting 

light, as demonstrated by whole cell electrophysiology in isolated rat retinas (Berson et al., 

2002). These studies demonstrate that light is an important environmental cue that entrains 

circadian rhythms to the external environment via photosensitive retina ganglion cells that 

transmit information to the SCN. 
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A.4 The Molecular Circadian Clock Mechanism 

      Within each cell is a molecular circadian clock mechanism that acts as a timekeeper in order 

to coordinate cellular function and animal physiology with the external environment. This 

mechanism consists of 3 main limbs: 1) the positive limb consisting of Clock and Bmal1, 2) the 

negative limb consisting of Period and Cryptochrome, and 3) the accessory limb consisting of 

Rev-erb and Ror. In addition the circadian mechanism drives the expression of other genes 

called clock output genes, which are involved in a number of cellular processes. Together 

rhythmic expression and degradation of these gene products help to keep cellular time and 

regulate cellular physiology over 24 hours. Illustrated in Figure 1 is the molecular circadian 

mechanism. This section describes the discovery and function of the the circadian mechanism. 

 

Figure 1. The molecular circadian mechanism. CLOCK:BMAL1 heterodimers bind E-box 
enhancer elements to promote the transcription of Period (Per) and Cryptochrome (Cry). PER 
and CRY proteins accumulate in the cytoplasm where they heterodimerize and translocate to 
the nucleus to inhibit CLOCK:BMAL1 E-box dependent transcription, thus repressing their own 
transcription. The accessory loop involving Rev-Erb and Retinoic orphan receptor (ROR) 
represses or activates Bmal1 transcription respectively. CLOCK:BMAL1 heterodimers also 
regulate transcription of other genes via E-box enhancer elements called clock control genes 
(ccgs). Thus cycling of CLOCK:BMAL1 activity provides a mechanism by which the cell can 
rhythmically express genes over 24 hours. Adapted from (Udoh et al., 2015). Permission for use 
is provided by the Creative Commons Attribution License. 
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The Positive Limb: Clock:Bmal1 

     Following the discovery of the tau mutation in Syrian hamsters, subsequent studies 

demonstrated the genetic basis for circadian rhythms in mammals which together comprise a 

molecular circadian clock mechanism (Figure 1). Clock was the first mammalian circadian 

transcription factor identified in 1994 by Joseph Takahashi’s lab by screening the progeny of 

mice subjected to N-ethyl-N-nitrosourea mutagenesis (Vitaterna et al., 1994). Takahashi’s lab 

observed a mouse with a lengthened free-running period in wheel running activity of 24.8 hours 

when placed into constant darkness as compared the 23.8 hour free running period in wild type 

mice (Vitaterna et al., 1994). Subsequent mapping found that this activity change was due to a 

mutation in a single gene, which they named Circadian Locomotor Cycles Kaput (CLOCK). 

Characterization of this mutation revealed an A-T transversion mutation within the Clock gene 

which translates into a 51 amino acid deletion in exon 19 (King et al., 1997). This homozygous 

mutant mouse was deemed the ClockΔ19/Δ19 mouse. Functional analyses found that CLOCK 

interacts with another protein, Brain and Muscle ARNT Like – 1 (BMAL1) and together the 

CLOCK-BMAL1 heterodimer binds E-box enhancer elements to regulate gene transcription 

(Gekakis et al., 1998). Consistent with a key role of BMAL1 in the circadian mechanism, Bmal1-

/- mice exhibit a loss of circadian wheel running activity in constant darkness (Bunger et al., 

2000). 

 

The Negative Limb: Period and Cryptochrome 

     Period (Per 1, 2, 3) and Cryptochrome (Cry 1, 2) comprise the negative limb of the circadian 

clock mechanism which inhibits CLOCK:BMAL1 mediated transcription. A mammalian Period 

gene (mPer1) was independently demonstrated by two groups by screening for mammalian 

orthologs of the Drosophila Period gene (Sun et al., 1997;Tei et al., 1997). Moreover, mPer2 
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and mPer3 were subsequently demonstrated through a bioinformatics screen for homologous 

Period genes (Albrecht et al., 1997;Takumi et al., 1998). The mammalian Cry gene was also 

identified by bioinformatics screen for mammalian orthologs of a Drosophila photolyase and 

blue-light responsive gene (Todo et al., 1996). A direct role of Cry and Per in the circadian clock 

mechanism was subsequently demonstrated as CRY and PER co-expression, or PER/CRY 

alone was capable of inhibiting the transcriptional activity of CLOCK:BMAL1 heterodimers 

(Griffin et al., 1999;Kume et al., 1999). This creates a negative feedback loop as 

CLOCK:BMAL1 heterodimers also promote the transcription of both Per (Gekakis et al., 1998) 

and Cry genes (Kume et al., 1999). 

 

The Accessory Limb: REV-ERB and ROR 

     REV-ERB (NR1D1, Nuclear Receptor Subfamily 1 Group D Member 1) and retinoic orphan 

receptor (Ror) comprise the accessory limb of the circadian mechanism which controls Bmal1 

and Clock gene expression. REV-ERB is a negative regulator of Bmal1 and represses its 

expression through binding to retinoic orphan receptor elements (RORE) within the Bmal1 

promoter (Preitner et al., 2002). RORα was identified as a positive regulator of Bmal1 gene 

expression in an in-vitro luciferase screen of Bmal1 transcriptional activators (Sato et al., 2004).  

Subsequent studies on Rev-Erb and ROR regulation of Bmal1 expression found that all 

isoforms of Rev-erb (α and β) and Ror (α, β, and γ) are capable of repressing or activing Bmal1 

expression respectively (Guillaumond et al., 2005). Moreover, REV-ERB has also been shown 

to repress Clock expression through binding of ROREs within the promoter region (Crumbley 

and Burris, 2011). This regulation creates a feed-back loop as CLOCK:BMAL1 heterodimers 

also regulate REV-ERB expression by binding to E-box elements within the REV-ERB promoter 

(Triqueneaux et al., 2004). Collectively the cycling of these feedback loops provides a 
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mechanism by which the molecular circadian clock mechanism can keep cellular time and 

regulate gene expression over 24 hours. 

 

A.5 Rhythmic Degradation is Essential for Circadian Rhythms 

     The half-life of mRNAs and proteins is a key feature that dictates the rhythm amplitude and 

phase as shown by mathematical modeling of rhythmic gene transcription in Drosophila (Luck et 

al., 2014). Post-transcriptionally, microRNAs (miRNAs) regulate the phase and amplitude of 

mRNA rhythms as shown by RNA-seq analysis of liver specific DICER knockout mice (Du et al., 

2014). Proteasome mediated degradation is also critical for maintaining rhythmic gene 

expression, as inhibition of protein degradation with MG132 led to reduced BMAL1 degradation 

and reduced circadian gene expression in-vitro (Stratmann et al., 2012). Ubiquitination and 

degradation of CRY regulates CLOCK:BMAL1 transcription as deletion of Fbxl3, a component 

of the E3 ubiquitin complex, leads to increased CRY stability and reduced circadian period 

(Siepka et al., 2007). Protein phosphorylation also plays a key role in regulating protein stability 

and circadian mechanism function. Glycogen synthase kinase-3β (GSK-3β) stabilizes REV-ERB 

via phosphorylation, as treatment with lithium chloride (LiCl), an inhibitor of GSK-3β, leads to 

increased REV-ERB degradation (Yin et al., 2006). Collectively these studies demonstrate that 

degradation is an important component in regulating circadian gene and protein rhythms; if the 

half-life of a gene or protein is too long, rhythmic expression cannot occur (Luck et al., 2014). 

 

 

 

 



8 
 

B. CIRCADIAN RHYTHMS IN THE CARDIOVASCULAR SYSTEM  

     Cardiovascular physiology varies predictably over the course of each day and night. Studies 

have shown that these rhythms cannot be solely attributed to changes in daily behaviours (e.g. 

sleep, food intake and locomotion) but are also endogenously produced. This section discusses 

established day/night rhythms in cardiovascular physiology and role of the circadian mechanism 

in regulating this diurnal cardiovascular physiology. 

 

B.1 Heart Rate (HR) 

     In humans HR exhibits a diurnal rhythm that is highest during the day and lowest during the 

night. A diurnal rhythm in heart rate was initially demonstrated by taking radial pulse 

measurements over 24 hours (Kleitman and Ramsaroop, 1948). The advent of the Holter 

electrocardiography recorder allowed for the subsequent demonstration of a continuous 24 hour 

rhythm in resting HR that is lowest at ~5:00 AM and greatest at ~9:00 AM (Clarke et al., 1976). 

This rhythm is not produced by changes in the L:D environment as 24 hour HR rhythms are 

maintained in subjects placed in constant darkness (Scheer et al., 1999). Daily HR rhythms are 

endogenously generated (i.e. not produced by changes in daily activity) as subjects placed on a 

constant routine protocol (which dissociated daily behaviours from endogenous rhythms) exhibit 

HR rhythms independent of activity (Krauchi and Wirz-Justice, 1994).  

 

B.2 Blood Pressure (BP) 

     Another key aspect of cardiovascular physiology that exhibits daily variations is BP which is 

highest during wake and lowest during sleep. A reduction in mean arterial BP during sleep has 

been recognized since the end of the 19th century by measuring changes in forearm volume 
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using plethysmography (Howell, 1897). Demonstration of a continuous 24 hour day/night rhythm 

in BP that is lowest at 3:00 AM and greatest at 10:00 AM was shown by collecting continuous 

ambulatory intra-arterial recordings (Millar-Craig et al., 1978). Daily rhythms in BP are driven by 

changes in cardiac output and total peripheral resistance over 24 hours, as demonstrated by 

pulse contour modelling of 24 hour ambulatory intra-arterial BP measurements (Veerman et al., 

1995). However, there is also a circadian component to BP regulation, as a circadian rhythm in 

BP that peaks at ~9:00 PM rhythms was demonstrated in subjects placed on forced 

dysynchrony and constant routine protocols (Shea et al., 2011). Consistent with the notion that 

activity is not the only factor responsible for the day/night variation in blood pressure, diurnal 

rhythms in blood pressure are retained in subjects during bed rest (Morris et al., 2013).  

 

B.3 Vascular Function  

     Diurnal rhythms in vascular function have also been observed. Diurnal rhythms in baroreflex 

reactivity that exhibit greatest reactivity at 3:00 AM was demonstrated by monitoring changes in 

blood pressure following noradrenaline infusion every 3 hours over 24 hours (Hossmann et al., 

1980). Vascular tone exhibits a day/night variation as demonstrated by greater forearm vascular 

resistance and lower blood flow at 7:00 AM compared to any other time of day (Panza et al., 

1991). Moreover, endothelial function has a diurnal rhythm that is lowest in the morning as 

shown by reduced brachial artery flow mediated dilation at 8:00 AM and 12:00 PM compared to 

5:00 PM in healthy adult males (Etsuda et al., 1999). 
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B.4 Autonomic Nervous System   

     Cardiac autonomic balance exhibits a day/night variation with sympathetic dominance during 

waking hours and parasympathetic dominance during sleep, as demonstrated by spectral 

analysis of ambulatory arterial pressure and heart rate variability (Furlan et al., 1990). 

Corresponding with increased sympathetic activity during the wake time are increased plasma 

levels of norepinephrine and epinephrine (Richards et al., 1986). Diurnal rhythms in autonomic 

function have been shown to be independent of activity and postural changes, as daily 

variations in sympathovagal balance persisted in 24 hour recordings of 15 recumbent male 

volunteers (Van de Borne et al., 1994). Moreover, cardiac vagal (parasympathetic) tone exhibits 

a circadian rhythm independent of sleep as demonstrated in 12 subjects placed on a constant 

routine protocol (Burgess et al., 1997).  

 

B.5 The Cardiovascular System Contains Functional Circadian Clocks 

     Expression of the core circadian genes Bmal1, Clock, Cry and Per in the rat heart was first 

demonstrated by Young and colleagues using real time polymerase chain reaction (Young et 

al., 2001). The expression of core circadian genes was first demonstrated in the vasculature by 

the Fitzgerald lab using northern blot analysis of mRNA isolated from mouse aortae collected 

over 24 hours (McNamara et al., 2001). A subsequent study revealed that the heart and 

vasculature contain functional circadian clocks as shown by rhythmic Per1 bioluminesence in 

heart and vascular tissue explants (Davidson et al., 2005). Rhythmic circadian gene expression 

has also been demonstrated in human heart tissue, and these genes cycle antiphase to those 

expressed in rodent hearts, as anticipated since rodents are nocturnal and humans are diurnal 

(Leibetseder et al., 2009). In addition to rhythmic expression of core circadian genes, the 

circadian mechanism also regulates the expression of other genes over 24 hours deemed clock 
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output genes (ccgs). The first demonstration of circadian rhythms in the cardiac transcriptome 

was by Storch and colleagues who found ~9% of genes were rhythmically expressed in the 

mouse heart under circadian conditions (constant darkness) using high-density oligonucleotide 

arrays (Storch et al., 2002). As humans live with daily L:D cycles Martino and colleagues 

subsequently demonstrated that ~13% of genes are rhythmically expressed in the heart under 

diurnal conditions (12:12 L:D cycle) (Martino et al., 2004). A critical role for CLOCK in regulating 

cardiomyocyte gene expression has been shown using microarray analysis of cardiomyocyte 

specific CLOCK mutant (CCM) mice; ~60% of rhythmically expressed genes in the LV were 

altered in CCM hearts (Bray et al., 2008). Clock controlled genes have also been demonstrated 

in the vasculature, ~4% of genes (307 of 7000 detected genes) were shown to be rhythmically 

expressed in mouse aorta under constant darkness (Rudic et al., 2005).  

 

B.6 The Diurnal Cardiac Proteome 

     Given that proteins not genes are the mediators of cellular processes, our lab has 

investigated the diurnal cardiac proteome. We found that ~7.8% of the soluble cardiac proteome 

(90 of 1147 spots analyzed) exhibit rhythmic changes in abundance over 24 hours using 2-

dimensional difference in gel electrophoresis and mass spectrometry (Podobed et al., 2014a). 

Moreover, temporal changes in cardiac protein abundance are regulated by the circadian 

mechanism as rhythmic protein abundance was altered in mice overexpressing a non-functional 

CLOCK protein (CCM mice) (Podobed et al., 2014a). One protein identified as rhythmic was 

Titin-cap (TCAP), a key component of the sarcomere Z-disc and regulator of 

cardiomechanosensing (Knoll et al., 2011). TCAP was identified as a CLOCK controlled gene 

through a bioinformatics screen for conserved E-box elements within the promoter region of 

heart enriched genes (Podobed et al., 2014b). Consistent with circadian regulation, rhythmic 
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Tcap expression is blunted in ClockΔ19/Δ19 hearts collected under constant darkness (Podobed et 

al., 2014b). In addition to rhythmic gene expression, additional processes regulate the diurnal 

proteome, these include rhythmic changes in ribosome biogenesis (Jouffe et al., 2013), non-

coding RNA expression (Zhang et al., 2014), and histone modifications (Vollmers et al., 2012). 

Time-of-day regulation of these processes contributes to diurnal rhythms in protein abundance 

and ensures that cellular physiology is aligned with the external environment. 

 

B.7 Entrainment of the Circadian Mechanism in the Heart 

     A number have factors have been shown to play an important role in entrainment of the 

circadian mechanism in the heart (Figure 2). For example, neural projections from the SCN to 

the heart have been demonstrated by retrograde labelling of the heart with pseudorabies virus 

and histological examination of the SCN (Scheer et al., 2001). This neural input is important for 

entrainment of the cardiac circadian mechanism as Per1, Per2 and Bmal1 rhythms which are 

lost in SCN-lesioned mice cannot be restored by parabiosis to intact SCN animals (Guo et al., 

2005). In addition to neural input a number of hormonal cues have been show to entrain the 

circadian mechanism in the heart. One of the first demonstrations was by Balsalobre and 

colleagues who found that corticosteroid (dexamethasone) treatment could phase shift circadian 

gene expression in cultured fibroblasts in-vitro as well as in the liver, heart and kidney in-vivo 

(Balsalobre et al., 2000). Melatonin, a hormone produced in the pineal gland, is also capable of 

modulating circadian gene expression in the heart as demonstrated by altered bmal1 and per2 

expression following exogenous melatonin administration in rats (Zeman et al., 2009). β-

adrenergic signalling modulates the amplitude of the circadian mechanism as isoproterenol 

increased the amplitude of PER2:Luciferase activity in neonatal ventricular explants (Beesley et 

al., 2016). Lastly, insulin and glucagon have been shown to mediate entrainment of the 
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circadian mechanism in the heart to rhythms in food intake, as shown in mice placed on a light 

phase restricted feeding protocol (Mukherji et al., 2015). 

 
 
 
 
 
 
 
 
 

 
Figure 2. Entrainment of the circadian mechanism. External cues such as light entrain the 
circadian mechanism located in the suprachiasmatic nucleus (SCN) with the external 
environment. Through neuro-hormonal outputs the SCN is capable of entraining clocks located 
in peripheral tissues including the heart. In addition, food intake is also able to entrain peripheral 
circadian clocks. Collectively, entrainment of circadian clocks synchronizes endogenously 
driven rhythms in each tissue with each other (internal synchrony) as well as with the external 
environment (external synchrony). Adapted with permission from (Videnovic et al., 2014). 
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C. STUDY 1 BACKGROUND – THE ROLE OF CIRCADIAN RHYTHMS FOLLOWING 

MYOCARDIAL INFARCTION 

C.1 Epidemiology      

     Cardiovascular disease (CVD) is a leading cause of morbidity and mortality, totalling more 

than 17 million deaths each year (World Health Organization [WHO], 2011). In Canada ~2.2 

million people (estimated prevalence of 6.4%) self-reported as living with cardiovascular disease 

in 2014  (PublicHealthAgencyofCanada, 2015b). CVD places a large economic burden on the 

Canadian healthcare system with an estimated cost of 22.2 billion dollars/year in physician 

services, hospital costs, lost wages and productivity (Health Canada, 2009). One of the leading 

causes of hospitalization for CVD is myocardial infarction (MI). In 2012 the incidence of acute MI 

was ~80,000 new cases (228.2 cases per 100,000 persons) (PublicHealthAgencyofCanada, 

2015a). Moreover, heart failure (HF) due to MI is one of the largest subclasses of CVD; in 

Canada it is estimated that 500,000 people are living with HF and 50,000 new cases are 

diagnosed each year (Ross et al., 2006). There is no cure for HF and the 5-year survival rate for 

patients is 50% (Arnold et al., 2006). There remains a great need to increase our understanding 

of the pathophysiology of cardiovascular disease in order to develop new prevention and 

treatment strategies. 

 

C.2 Definition 

     One of the first descriptions of myocardial infarction (MI) was by James B. Herrick in 1912. 

He proposed that obstruction of a coronary artery played a causal role in the death of the 

myocardium and that restoration of blood flow would limit myocardial death (Herrick, 1912).  

Today, the definition of MI is “myocardial cell death due to prolonged ischemia” as put forth by 
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the Third Global MI Task Force (Thygesen et al., 2012). This definition further breaks down MI 

into 5 different classifications types (Type 1-5). MI can also be classified based the morphology 

of the ST segment in a electrocardiography (ECG) recording at presentation; based on ECG 

traces MI can be labelled as ST segment elevation myocardial infarction (STEMI) and non-ST 

segment elevation myocardial infarction (NSTEMI) (Thygesen et al., 2012).  

 

C.3 Ventricular Remodeling 

     Following MI, the heart undergoes maladaptive changes in shape and size in a process 

termed ventricular remodeling (Figure 3) (Pfeffer and Braunwald, 1990). One of the first 

observations of ventricular remodeling post-MI was by Hutchins and Bulkley who though post-

mortem examination of patients found that the infarcted region undergoes thinning and dilation 

in a process called infarct expansion (Hutchins and Bulkley, 1978). The magnitude of infarct 

expansion can predict survival, as a significant negative association was observed between 

increased infarct expansion and one year survival in a longitudinal study of 51 patients admitted 

with acute anterior transmural MI (Meizlish et al., 1984). The extent of remodeling by the heart 

post-MI is directly related to 1) infarct size and 2) quality of infarct healing (Pfeffer and 

Braunwald, 1990).  
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Figure 3. Ventricular remodeling post-MI. Coronary artery occlusion leads to the death of the 
myocardium and the initiation of an inflammatory response, the first phase of infarct healing. 
Concurrently, the heart also undergoes ventricular remodeling. This involves thinning of the scar 
region (infarct expansion) and compensatory hypertrophy of remaining the myocardium. These 
changes led to increased LV dilation and contribute to the decline in ejection fraction (EF). 
Limiting remodeling by reducing infarct size or enhancing infarct healing can limit LV dilation 
and the functional decline post-MI, ultimately improving long term patient outcome. Adapted with 
permission from (Seropian et al., 2014). 
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C.4 Targeting Infarct Size for Treatment of MI 

     Timely restoration of blood flow to the ischemic myocardium reduces cell death and thus 

infarct size. This was first demonstrated in experimental dog studies that found that restoration 

of blood flow to the ischemic myocardium 3 hours after occlusion reduced infarct size following 

left anterior descending (LAD) coronary artery ligation (Maroko et al., 1972). Two separate 

methods were subsequently developed to restore blood flow to an area of ischemic 

myocardium. 1) Percutaneous coronary angioplasty, which was first performed in 1977, and 

involved the introduction of a balloon tipped dilation catheter into the occluded coronary artery, 

and inflation of the balloon to dilate the lumen and restore blood flow (Gruntzig, 1978). 2) Anti-

thrombolytic therapy which involved intra-coronary administration of streptokinase to restore 

blood flow to the ischemic myocardium (Rentrop et al., 1979). The clinical applicability of these 

techniques was further emphasized following the observation that 87% of patients presenting 

with STEMI had total coronary artery occlusion (DeWood et al., 1980). However, not all patients 

presenting with MI receive reperfusion therapy. For example, only 56% of patients presenting 

with STEMI received reperfusion treatment in a prospective survey of 10,484 patients from 25 

different European countries (Hasdai et al., 2002). Moreover, even if reperfusion is successful, 

patients continue to exhibit ventricular remodeling as shown in a 6-month longitudinal study of 

284 patients treated with primary coronary angioplasty (Bolognese et al., 2002). Therefore 

additional steps must be taken to minimize LV remodeling such as targeting infarct healing. 

 

C.5 Infarct Healing – Inflammatory Phase 

     Following myocardial infarction the heart replaces the damaged myocardium with a scar in a 

process called infarct healing. In order to minimize LV remodeling post-MI, and therefore 

promote increased long term survival, successful infarct healing is essential. Infarct healing 
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involves a temporal sequence of events which include an 1) inflammatory phase, 2) 

proliferative/scar formation phase, and 3) scar maturation phase. This process is depicted in 

Figure 4. The following section describes the phases of infarct healing as well as the cellular 

contributions to these processes. 

 

Neutrophils 

     The first report of an inflammatory response post-MI was by Hill and Ward who 

experimentally demonstrated neutrophil infiltration in the rat heart by 24 hours post-MI (Hill and 

Ward, 1971). Within the myocardium neutrophils release peroxidases that aid in the digestion 

and phagocytosis of dead tissue (Mullane et al., 1985). Neutrophils are important for infarct 

healing as Ly6G-neutrophil depleted mice exhibit increased macrophage proliferation, cardiac 

fibrosis and worse outcome post-MI (Horckmans et al., 2016). Apoptotic neutrophils in the 

infarcted myocardium regulate macrophage function as phagocytosis of apoptotic neutrophils 

promotes an anti-inflammatory macrophage phenotype (Fadok et al., 1998).  

 

Monocytes/Macrophages 

     Two distinct monocyte populations, the pro-inflammatory Ly6Chi and anti-inflammatory Ly6Clo 

monocytes, are recruited to the infarcted myocardium as demonstrated by flow cytometry 

analysis of myocardial immune cells post-MI in mice (Nahrendorf et al., 2007). Within the heart 

infiltrating monocytes differentiate into macrophages as shown though flow cytometry analysis 

of cardiac immune cells in mice subjected LAD ligation (Heidt et al., 2014). Phagocytosis of 

dead cells by macrophages promotes decreased pro-inflammatory and increased anti-

inflammatory cytokine production, as shown in human macrophages stimulated with apoptotic 
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neutrophils in-vitro (Fadok et al., 1998). This phagocytic activity of macrophages is essential for 

infarct healing as inhibition of macrophage phagocytosis delays resolution of the inflammatory 

phase, impairs scar formation and worsens outcome post-MI in mice (Wan et al., 2013).  

 

T Lymphocytes 

     In addition to innate immune cell responses, T lymphocyte subpopulations have been shown 

to play a key role in infarct healing. CD4+ T lymphocytes regulate cardiac inflammation and scar 

formation, as CD4+ knockout mice have increased leukocyte infiltration and LV dilation post-MI 

(Hofmann et al., 2012). Of these CD4+ cells, Foxp3+ Treg cells play a key role in infarct healing 

by regulating macrophage function; Treg depletion leads to increased pro-inflammatory 

macrophage activity and worse outcome post-MI (Weirather et al., 2014). However, not all T cell 

populations play a protective role in infarct healing; TCRγδ knockout mice exhibit reduced IL-

17A production and improved outcome post-MI (Yan et al., 2012). These findings have led 

investigators to propose that modulation of specific T cell populations may be beneficial for 

infarct healing (as reviewed by Hofmann and Frantz, 2015). 

 

Cytokines 

     The inflammatory phase of infarct healing is also characterized by the secretion of cytokines 

which regulate scar formation and immune cell recruitment during infarct healing. For example, 

upregulation of interlukin-1β (IL-1β) mRNA in the infarcted myocardium occurs by 3 hours after 

MI in rats (Deten et al., 2002). This is beneficial as depletion of IL-1β impairs scar formation with 

increased ventricular rupture and reduced collagen deposition in mice treated with anti-IL-1β 

antibodies (Hwang et al., 2001). Tumor necrosis factor α (TNFα) is also upregulated by day 1 
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post-MI as demonstrated by increased mRNA and protein levels in the infarcted rat myocardium 

(Irwin et al., 1999). TNFα regulates cell survival post-MI as mice lacking TNF receptors 1 and 2 

exhibit increased infarct size and cardiomyocyte apoptosis post-MI compared to wild type 

littermates (Kurrelmeyer et al., 2000). Monocyte chemoattractant protein-1 (MCP-1) regulates 

immune cell recruitment as MCP-1 knockout mice exhibit reduced macrophage cell numbers in 

the infarcted myocardium post-MI (Dewald et al., 2005). Monocyte chemoattractant protein-3 

(MCP-3) also regulates monocyte recruitment post-MI; this was demonstrated by depletion of B-

cells (which produce MCP-3), which reduced Ly6Chi infiltration post-MI (Zouggari et al., 2013). 

Collectively these studies demonstrate that cytokines play a key role in a number of processes 

crucial for infarct healing post-MI.  

 

C.6 Infarct Healing – Scar Formation and Maturation 

     Following the inflammatory phase, infarct healing is characterized by myofibroblast activation 

and extracellular matrix deposition. Myofibroblast proliferation in the infarcted myocardium has 

been demonstrated by immunohistochemistry labelling of α-smooth muscle actin (αSMA) and 

BrdU+ cells in the mouse myocardium following LAD ligation (Virag and Murry, 2003). 

Coinciding with myofibroblast proliferation is increased collagen production as demonstrated by 

greater collagen type I and type III mRNA expression in rat heart following LAD ligation, as 

compared to sham controls (Cleutjens et al., 1995). Activated fibroblasts are involved in 

collagen production during scar formation as demonstrated by increased collagen synthesis in 

fibroblasts isolated from the infarcted myocardium compared to those isolated from sham 

mouse hearts (Squires et al., 2005). In addition to increased collagen synthesis, tissue inhibitors 

of metalloproteinases (TIMPs) act to stabilize ECM formation and inhibit collagen break down as 

evidenced by disrupted collagen network formation and increased ventricular rupture in TIMP4 
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knockout mice post-MI (Koskivirta et al., 2010). Following scar formation, scar maturation is 

characterized by a reduction in myofibroblast cell numbers and increased myofibroblast 

apoptosis by 2 weeks post-MI (Takemura et al., 1998). Resolution of the inflammatory phase 

and coordination scar formation are crucial for long term functional outcome. 

 

 

 

 

 

Figure 4. The phases of infarct healing post-myocardial infarction. Phase 1 the inflammatory 
phase (top left; stained with hematoxylin and eosin (H&E) at 1 day post-MI, necrotic tissue 
indicated by *). Phase 2 the proliferative/scar formation phase characterized by increased 
cellularity (top right; stained with H&E at 1 week post-MI) and the deposition of extracellular 
matrix (bottom left stained with Masson’s Trichrome). Phase 3 scar maturation (bottom right; 
stained with Picrosirius red at 8 weeks post-MI). 
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C.7 Circadian rhythms in the Onset of MI 

     A diurnal rhythm in the timing of onset of MI that is greatest between 6:00 AM-12:00 PM was 

demonstrated by retrospective analysis of patients admitted for acute MI in the Multicenter 

Investigation of Limitation of Infarct Size (MILIS) trial (Muller et al., 1985). Moreover, increased 

incidence of transient myocardial ischemia between 6:00 AM - 12:00 PM compared to any other 

time of day was also demonstrated by ambulatory electrocardiographic monitoring of 32 patients 

with coronary artery disease (Rocco et al., 1987). Wake time plays an important role in the 

diurnal rhythm of MI onset as 23% of patients reported onset of MI within 1 hour of awakening 

as shown by retrospective analysis of MI times in relation to wake time from 137 patients 

(Goldberg et al., 1990).  

 

C.8 Circadian Rhythms in Infarct Size Post-MI 

     Infarct size also exhibits a day/night variation. This was first demonstrated experimentally in 

mice as wild type mice exhibited a time-of-day dependent variation in infarct size that peaked at 

the sleep to wake transition using an ischemia-reperfusion model of MI (Durgan et al., 2010). 

Moreover, this time of day variation was linked to the circadian mechanism as CCM mice did not 

show a time of day variation in infarct size post-ischemia reperfusion (Durgan et al., 2010). A 

diurnal rhythm in infarct size has also been demonstrated in humans. A diurnal variation in 

infarct size that is greatest between 6:00 AM - 12:00 PM was demonstrated by retrospective 

analysis of blood creatine kinase (CK) and troponin I concentrations from 811 ST-elevation 

myocardial infarction (STEMI) patients admitted to Hospital Clínico San Carlos from 2003-2009 

(Suarez-Barrientos et al., 2011). In a second study, a diurnal variation in infarct size that is 

greatest with onset of ischemia at 1:00AM and reperfusion at 5:00 AM was demonstrated by 

retrospective analysis of blood CK levels in 1,031 STEMI patients admitted to the Minneapolis 
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Heart Institute from 2006-2010 (Reiter et al., 2012). In a third study, diurnal variation in infarct 

size (measured by blood CK levels) that is greatest at 11:00 PM was also demonstrated in a 

retrospective multicenter study of 6,223 STEMI patients admitted to 82 acute-care hospitals in 

Switzerland from 1997-2013 (Fournier et al., 2015). Diurnal variations in infarct size correlate 

with myocardial function as STEMI patients with onset between 12:00 AM - 12:00 PM had the 

largest infarcts and lowest left ventricular EF compared to any other time of day (Ari et al., 

2015). Time-of-day influences on infarct size also correlate with in-hospital mortality as patients 

with symptom onset time at 12:00 AM had the greater risk of death compared to those with 

symptom onset time at 12:00 PM (Fournier et al., 2015). Despite discrepancies in the timing of 

peak infarct size, these studies demonstrate that time-of-day plays an important role in infarct 

size, which has obvious implications for patient outcome. 

 

C.9 Circadian Rhythm Disruption Post-MI 

Establishment of the Coronary Care Unit (CCU) 

     Following onset of MI, patients are at increased risk of death from cardiac arrest. Early 

reports by Samuel Levine emphasized the importance of arrhythmia detection and prevention 

for early patient survival post-MI (Levine, 1929). Two major advancements in the treatment of 

cardiac arrest following MI came from 1) the advent of the ’closed-chest cardiac massage” 

(known today as cardiopulmonary resuscitation; CPR) this provides life-sustaining cardiac 

output (Kouwenhoven et al., 1960) and 2) the development of the cardiac-defibrillator (Lown et 

al., 1962). Recognizing that early monitoring and intervention can have a direct impact on 

patient survival, Desmond G. Julian proposed the implementation of continuous ECG monitoring 

and 24 hour staffing in a specialized intensive care unit (Julian, 1961). This was later coined the 

“coronary care unit” (CCU) by Hughes Day (Day, 1963). Although the CCU provides a means to 
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monitor patients post-MI, the monitoring procedures and environment can disrupt patient 

rhythms. 

 

Rhythm Disruption in the Intensive Care Unit/Coronary Care Unit 

     Disruption of circadian rhythms has been observed in patients recovering in intensive care 

units (ICU). For example, delayed phase of melatonin excretion and disrupted sleep-wake 

patterns were shown in patients receiving mechanical ventilation and intravenous sedation 

(Gehlbach et al., 2012). Disrupted 24 hour patterns in HR and BP have also been demonstrated 

in patients recovering in the ICU as demonstrated in a prospective study of 48 patients with 

analgosedation and/or brain injury (Paul and Lemmer, 2007). Relevant to MI, increased 

fragmented sleep and a loss of rhythmic HR was observed in patients recovering in the ICU 

(Broughton and Baron, 1978). Moreover, patients admitted for MI exhibit sleep fragmentation 

during recovery in the coronary care unit (CCU) (Al Otair et al., 2011). The causes of rhythm 

disruption in recovering patients are multifactorial but include noise, light and nursing 

procedures, as demonstrated by a retrospective study of 203 patients (Freedman et al., 1999). 

However, whether disruption of rhythms during the early recovery period following myocardial 

infarction affects infarct healing and long term outcome is not known and is the topic of the first 

study presented in this thesis. 
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D. STUDY 2 BACKGROUND – THE ROLE OF CLOCK IN CARDIAC AGING 

D.1 Aging and Cardiovascular Disease - Epidemiology      

     The average lifespan has steadily increased globally over the last 2 centuries as shown 

through analysis of mortality records from 1840 to 2000 (Oeppen and Vaupel, 2002). In Canada, 

the number of individuals > 65 years old surpassed the number of children aged 0-14 years old 

for the first time in 2015 (StatisticsCanada, 2015). Of major concern for the healthcare system is 

that these extra years are associated with high medical costs and increased dependency on 

healthcare (as reviewed by Kirkwood, 2008). For example, in Canada cardiovascular disease is 

more prevalent in those older than 70 years of age compared to those younger than 50; 1 in 4 

men and 1 in 5 women ≥ 70 years old are diagnosed with cardiovascular disease (Chow et al., 

2005).  

 

D.2 Changes in Cardiac Structure with Age 

     The heart undergoes a number of structural changes during normal aging. LV wall thickness 

increases with age as demonstrated by echocardiographic examination of 105 male subjects 

25-84 years old (Gerstenblith et al., 1977). Decreased total myocyte numbers and increased 

myocyte cross-sectional area in older individuals was shown by histological examination of 

hearts from 53 men 17-95 years old (Olivetti et al., 1995). Cardiac fibrosis also increases with 

age as demonstrated by histological examination of hearts from subjects 0-80 years old (Sasaki 

et al., 1975). In addition, changes in vascular structure occur; increased arterial stiffening in 

older individuals characterized by increased aortic pulse wave velocity was demonstrated in a 

cross-sectional examination of subjects 26-93 years of age (Semba et al., 2009). 
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D.3 Changes in Cardiac Function with Age 

     Concurrent with changes in cardiac structure is a decline in cardiac function. Aging is 

associated with reduced diastolic function as demonstrated by a significant inverse correlation 

between age and left ventricle filling velocity in a cross sectional examination of 127 subjects 

ranging from 20-70 years old (Benjamin et al., 1992). Moreover, increased LV stiffness in older 

individuals was shown through a 4 year longitudinal study of 788 individuals ≥45 years of age 

randomly sampled from Minnesota (Borlaug et al., 2013). In contrast, resting EF as a measure 

of systolic function is preserved with age as shown through echocardiography of 121 men (Fleg 

et al., 1995). However, cardiac contractile reserve does decline with age, as demonstrated by 

an impaired ability to increase EF following exercise in older individuals (Fleg et al., 1995).  

 

D.4 Age Associated Changes in Circadian Rhythms 

     Changes in the circadian system have been observed in aged individuals, as demonstrated 

by a reduced period and amplitude of body temperature rhythms in those 53-70 years old vs. 

23-30 years old (Weitzman et al., 1982). Moreover, chronotype (timing of sleep preference) 

changes over the adult lifespan leading to a greater tendency of a morning chronotype (early 

riser) in older individuals as shown in a meta-analysis of 84 studies totalling 36,939 subjects 

(Randler, 2016). Changes in circulating factors with age contribute to differences in peripheral 

circadian rhythms as serum from older individuals reduces period and extends the phase of 

circadian rhythms in skin fibroblasts, while young serum does not alter circadian properties 

(Pagani et al., 2011). Changes in SCN function have also been shown in experimental animal 

studies as PER2:Luciferase amplitude is reduced in ex-vivo recordings of SCN explants from 

old vs. young mice (Nakamura et al., 2015).  
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D.5 Circadian Rhythm Disruption and Longevity 

     Circadian rhythms play a vital role in regulating longevity. Disruption of the circadian 

mechanism reduces lifespan as shown in Bmal1-/- (Kondratov et al., 2006) and Clock-/- mice 

(Dubrovsky et al., 2010). A mismatch between the circadian period and environmental light 

cycles also influences animal longevity. Tau/+ hamsters which have an endogenous circadian 

period of 22 hours have decreased lifespan, as compared to wild type hamsters with a circadian 

period of ~24 hours, when housed in a 24 hour environment (Hurd and Ralph, 1998). Moreover, 

in wild type mice, a larger deviation from a circadian period of 24 hours is associated with 

reduced lifespan (Libert et al., 2012). These findings are consistent with the circadian resonance 

theory that proposes a mismatch between circadian and environmental rhythms negatively 

affects longevity (Wyse et al., 2010). Therefore both proper circadian mechanism function and 

entrainment to L:D cycles are factors that influence longevity. 

 

D.6 Circadian Rhythm Disruption and Cardiovascular Disease in Humans 

     In addition to effects on lifespan, circadian rhythm disruption alters diurnal cardiovascular 

physiology and increases the risk of cardiovascular disease. Shift workers have reduced 

sympathetic activity during their wake time as demonstrated by spectral analysis of 24 hour 

ECG recordings (Furlan et al., 2000). Moreover, 24 hour BP rhythms are altered in shift workers 

as shown by continuous ambulatory monitoring (Chau et al., 1989). At the molecular level shift 

work disrupts circadian gene expression, as demonstrated by altered whole blood Per2 gene 

expression in a crossover study of 15 subjects (Fang et al., 2015). Epidemiological studies 

demonstrate an increased risk of cardiovascular disease in shift workers. Relative risk of 

ischemic heart disease increases with the number of years spent shift working, as demonstrated 

by longitudinal study of 504 male paper mill workers in Sweden (Knutsson et al., 1986). 
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Moreover, increased risk of coronary heart disease was demonstrated in prospective study of 

79,109 American nurses (Kawachi et al., 1995). Meta-analysis of studies investigating shift work 

and heart disease demonstrated increased risk of MI in shift workers through examination of 34 

different studies comprising of 2,011,935 subjects (Vyas et al., 2012). Experimental human 

studies have demonstrated that misalignment of circadian rhythms and environmental light 

cycles plays a role in increasing cardiovascular disease risk. Placement of healthy subjects on 

an 8 day circadian misalignment protocol increases 24 hour BP, decreases parasympathetic 

activity, and increases abundance of circulating pro-inflammatory markers (Morris et al., 2016). 

 

D.7 Circadian Rhythm Disruption and Heart Disease in Experimental Animal Models 

     Experimental animal studies support that the circadian mechanism plays an important role in 

maintaining normal cardiac structure and function. 1) Mismatch between circadian and 

environment rhythms causes heart disease; tau/+ heterozygotes which have a circadian period 

of 22 hours but are housed in a 24 hour environment develop dilated cardiomyopathy and renal 

disease (Martino et al., 2008). Development of heart disease was prevented by housing tau/+ 

hamsters in a 22 hour environment consistent with their endogenous circadian period (Martino 

et al., 2008).  2) A loss of circadian mechanism function is also associated with the development 

of heart disease as Bmal1 -/- mice develop dilated cardiomyopathy, demonstrated by serial 

echocardiography from 4 to 36 weeks of age (Lefta et al., 2012). However, the mechanisms 

underlying circadian rhythm disruption and the development of heart disease are not known. 

     Collectively, aging is associated with changes in circadian rhythms and the development of 

cardiovascular disease. Disruption of circadian rhythms is also associated with reduced lifespan 

and increased risk of cardiovascular disease. The second study presented in this thesis focuses 

on determining whether chronic loss of CLOCK function adversely affects cardiac aging. 
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E. STUDY 3 BACKGROUND – THE ROLE OF BIOLOGICAL SEX IN 

CARDIOVASCULAR DISEASE AND CIRCADIAN RHYTHM DISRUPTION 

E.1 Epidemiology 

     Analysis of life expectancy by the United Nations reveals that globally females live longer 

than males (UnitedNations, 2014). Sex also plays a major role in the development of 

cardiovascular disease; in Canada the prevalence of cardiovascular disease was greater in men 

than women (7.2% vs. 5.2% respectively) in 2014 (PublicHealthAgencyofCanada, 2015b). 

Within each decade of life the risk of cardiovascular disease remains lower in females until ~75 

years of age at which point the risk is similar between males and females (Mosca et al., 2011). 

Moreover, the etiology of heart disease also differs between males and females. Females more 

frequently present with hypertension or valve disease, while males more frequently present with 

coronary artery disease or dilated cardiomyopathy (Nieminen et al., 2008). Thus it is important 

to consider the role of sex in the development and progression cardiovascular disease; 

understanding the mechanisms responsible for this sexual dimorphism has important clinical 

implications. 

 

E.2 Sex Influences Normal Cardiac Structure and Function 

     Normal cardiac structure and function differs between males and females. LV mass/body 

surface area is lower in females than males, as shown in a cross sectional analysis of 318 

healthy subjects in the Framingham Heart Study using cardiac magnetic resonance imaging 

(Salton et al., 2002). Moreover, LV volume is lower in females vs. males as demonstrated in a 

cross sectional examination of 96 volunteers using cardiac magnetic resonance imaging (Cain 

et al., 2009). In addition to differences in structure, females have a higher resting heart rate and 
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increased parasympathetic activity as compared to males as demonstrated in a meta-analysis 

of 72 studies comprising of 296,247 subjects (Koenig and Thayer, 2016). Concurrent with a 

sexual dimorphism in cardiac structure and function are differences in X and Y-linked gene 

expression in male and female hearts, as demonstrated by microarray analysis of normal 

human donor hearts (Isensee et al., 2008). 

 

E.3 Sex Influences Pathological Cardiac Remodelling  

     Experimental animal studies have demonstrated that females exhibit reduced cardiac 

remodeling in response to pathological stimuli. Female mice exhibit less cardiac hypertrophy 

following 9 weeks of trans-aortic constriction compared to males (Fliegner et al., 2010). Female 

mice have reduced hypertrophy following 1 week of isoproterenol administration compared to 

male mice (Haines et al., 2012). Female rats exhibit reduced LV dilation and improved survival 

compared to males rats in response to volume overload (Gardner et al., 2002). Reduced 

remodelling has also been observed with aging, as female rats show improved function and 

reduced LV mass compared to aged male rats (Forman et al., 1997). 

 

 E.4 The Cardio-Protective Role of Estrogens 

     Reduced cardiac remodeling in females is attributed to a protective role of estrogens. 17β-

estradiol (E2) inhibits cardiomyocyte hypertrophy in-vitro following angiotensin II or endothelin-1 

treatment (Pedram et al., 2005). Moreover, estrogens reduce cardiac hypertrophy in-vivo as 

shown by decreased hypertrophy in female ovariectomized mice given E2 following trans-aortic 

constriction (Donaldson et al., 2009). Estrogens have also been shown to be protective in 

experimental aging models as E2 administration to ovariectomized rats reduced age-dependent 

cardiac hypertrophy (Xu et al., 2003). The protective effects of estrogens are mediated through 

estrogen receptor signalling as female estrogen receptor β (ERβ) knockout mice exhibit the 

same level of cardiac hypertrophy as male mice following trans-aortic constriction (Fliegner et 
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al., 2010). A protective role of ERα has also been demonstrated as treatment of female mice 

with an ERα agonist better preserved LV function and reduced cardiac fibrosis compared to 

placebo treated mice following trans-aortic constriction (Westphal et al., 2012).  

 

E.5 Sex Differences in Circadian Rhythms 

     The structure and function of the circadian timing system differs between males and females. 

In humans, sex influences on SCN morphology have been demonstrated as relative SCN 

volume is greater in females as compared to males (Hofman et al., 1988). Moreover, sex alters 

the timing of the circadian system. Circadian period is shorter in females as compared to males 

as shown by the examination of melatonin and core body temperature rhythms of subjects 

placed on a forced dysynchrony protocol (Duffy et al., 2011). Timing of circadian gene 

expression also differs between males and females as shown by an earlier phase of peak 

Bmal1, Per2, and Per3 mRNA expression in the cerebral cortex of females vs. males (Lim et al., 

2013).  

 

E.6 Estrogens Influences Circadian Gene Expression 

     Experimental animal models have demonstrated that estrogens can modulate circadian 

rhythms. One of the first demonstrations was by Irving Zucker and colleagues who 

demonstrated that estradiol shortened the circadian period of wheel running activity of blinded 

ovariectomized hamsters (Morin et al., 1977). Estrous cycles can affect circadian gene 

expression in peripheral tissues as the phase of Per1:Luciferase activity in the liver varies 

across the estrus cycles in rats (Murphy et al., 2013). Estrogens directly regulates circadian 

gene expression in peripheral tissues as shown by a phase delay and increase in amplitude of 

Per1 and Per2 expression in the liver of ovariectomized rats following E2 administration 

(Nakamura et al., 2005). Estrogens may also modulate circadian rhythms by altering SCN 
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function as estrogen receptors have been shown to be expressed in the mouse SCN by 

immuno-labelling of SCN slices (Vida et al., 2008). Estrogen receptors are also expressed in the 

mouse heart (Lizotte et al., 2009) and human heart (Mahmoodzadeh et al., 2006), however 

whether estrogens modulates circadian gene expression in the heart is not known. 

 

E.7 Circadian Regulation of the Hypothalamus-Pituitary-Gonadal Axis  

     Although estrogens can regulate circadian rhythms, circadian rhythms also play an important 

role in regulating estrus cycles. One of the first links between the central circadian system and 

estrus cycles came following the observation that electrolytic lesion of the SCN lesions impaired 

ovulation in female rats (Brown-Grant and Raisman, 1977). Subsequent studies demonstrated 

that a loss of circadian mechanism function disrupts estrus cycles and increases cycle length in 

Bmal1-/- (Ratajczak et al., 2009) and ClockΔ19/Δ19 mice (Dolatshad et al., 2006). The circadian 

mechanism regulates gonadotrope function as luteinizing hormone and follicle stimulating 

hormone levels are significantly reduced in whole body Bmal1-/- mice during proestrus (Chu et 

al., 2013). Circadian regulation of gonadotrope function has been demonstrated to occur via 

SCN vassopressinergic neurons which regulate kisspeptin neuron activity (Williams et al., 

2011).  

 

E.8 Circadian Regulation of Estrogen Receptors 

     The circadian mechanism regulates estrogen receptor expression and function. PER2 

binding to ERα enhances receptor degradation, while suppression of Per2 expression promotes 

ERα stability (Gery et al., 2007). CLOCK interacts with ERα to increase transcriptional activity, 

this interaction is stimulated by estrogen (Li et al., 2013). ERβ is under direct transcriptional 

regulation of the circadian mechanism as CLOCK:BMAL1 binding to an E-box element within 



33 
 

the ERβ promoter was shown to be essential for gene transcription (Cai et al., 2008). Lastly, 

although the G-protein coupled estrogen receptor (Gper1) is more abundantly expressed in the 

heart than the classical estrogen receptors (Kabir et al., 2015), it is not known whether the 

expression or activity of this receptor is under circadian regulation. 

 

E.9 Biological Sex and Circadian Rhythm Disruption in Animal Models 

     Experimental animal studies have demonstrated a role of sex in circadian rhythm disruption. 

Female Clock mutant mice exhibit reduced survival following whole body irradiation compared 

female wild type mice while male Clock mutant mice do not show changes survival (Antoch et 

al., 2008). Female ClockΔ19/Δ19/ApoE -/- mice exhibit reduced progression of atherosclerosis 

compared to male ClockΔ19/Δ19/ApoE -/- mice as shown by reduced oil red O staining in en-face 

aortic preparations (Pan et al., 2013). Circadian rhythm disruption via L:D cycle reversal 

following induction of stroke reduces survival of male but not female rats (Earnest et al., 2016). 

While experimental animal models support that circadian rhythm disruption can affect males and 

females differently, it is not known whether sex influences the development of heart disease 

associated with circadian rhythm disruption. 
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RATIONALE 

     Cardiovascular disease is a major cause of morbidity and mortality in Canada and 

worldwide. There is a need to better our understanding of the mechanisms underlying the 

pathophysiology of cardiovascular disease in order to develop new treatment strategies. 

Circadian rhythms are a vital component of normal cardiovascular physiology and disturbing 

circadian rhythms adversely affects the cardiovascular system. In this thesis the role of 

circadian rhythms in the pathophysiology of cardiovascular disease is examined. 

 

Hypothesis 

Circadian rhythms play an important role in normal cardiac structure/function. Disturbing 

circadian rhythms disrupts the pathophysiological mechanisms associated with cardiovascular 

disease and adversely affects cardiac structure and function.  

 

Objectives 

1. Circadian Rhythm Disruption Following Myocardial Infarction: 

     The coronary care unit provides a means for close patient monitoring following onset of MI. 

However, improper lighting, noise, and procedures contribute to an environment that disrupts 

patient circadian rhythms. In order to determine whether disrupting rhythms adversely affects 

long term outcome (8 weeks post-MI), mice will be placed in a 10:10 L:D for 5 days post-MI and 

cardiac structure and function evaluated.  
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2. Circadian Rhythm Disruption Promotes the Development of Cardiovascular Disease  

     The circadian mechanism is a key regulator of cardiovascular physiology, and disruption of 

circadian rhythms is associated with reduced longevity and increased risk of cardiovascular 

disease. To determine how the circadian mechanism regulates age-dependent changes in 

cardiac structure and function, the role of CLOCK in cardiac aging is examined using male 

ClockΔ19/Δ19 mice. 

 

3. Female ClockΔ19/Δ19 mice are Protected from the Development of Heart Disease 

     Females have a reduced incidence of cardiovascular disease which has been attributed to 

the protective effects of estrogens. To determine whether female ClockΔ19/Δ19 mice are protected 

from the development of age-dependent heart disease, cardiac structure and function of female 

ClockΔ19/Δ19 mice is evaluated with age.  
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CHAPTER 2  

SHORT TERM DISRUPTION OF DIURNAL RHYTHMS AFTER MURINE MYOCARDIAL 

INFARCTION ADVERSELY AFFECTS LONG TERM OUTCOME 
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Abstract 

Rationale: Patients in Intensive Care Units (ICU) are disconnected from their natural 

environment. Synchrony between environmental diurnal rhythms and intracellular circadian 

rhythms is essential for normal organ biology; disruption causes pathology. Whether disturbing 

rhythms post myocardial infarction (MI) exacerbates long-term myocardial dysfunction is not 

known.   

 

Objective: Short term diurnal rhythm disruption immediately post-MI impairs remodeling and 

adversely affects long term cardiac structure and function in a murine model.  

 

Methods and Results: Mice were infarcted by left anterior descending coronary artery ligation 

(MI model) within a 3-hour time window, randomized to either a normal diurnal or disrupted 

environment for 5 days, then maintained under normal diurnal conditions. Initial infarct size was 

identical. Short term diurnal disruption adversely impacted body metabolism and altered early 

innate immune responses. In the first 5 days, crucial for scar formation, there were significant 

differences in cardiac myeloperoxidase, cytokines, neutrophil, and macrophage infiltration. 

ClockΔ19 mice exhibited altered scar inflammation consistent with circadian regulation. In the 

proliferative phase, 1 week post-MI, this led to significantly less blood vessel formation in the 

infarct region of disrupted mice; by day 14 echocardiography showed increased left ventricular 

dilation and infarct expansion. These differences continued to evolve with worse cardiac 

structure and function by 8 weeks post-MI.  

 

Conclusions: Diurnal rhythm disruption immediately post-MI impaired healing and exacerbated 

maladaptive cardiac remodeling. These findings may apply to ICU environments where 

disruptions could adversely affect long term patient outcome. Strategies designed to normalize 

diurnal rhythms in the ICU could improve the effectiveness of post-MI care. 
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Introduction 

     Over the years the management of patients in ICUs following MI has become increasingly 

intensive in an attempt to anticipate events and allow early intervention. These management 

strategies inadvertently increase noise, light and multiple other well-established stimuli in the 

ICU environment. This has resulted in a generally clinically unappreciated disruption of the 

endogenous circadian rhythms and sleep in acutely ill patients (Drouot et al., 2008;Buxton et al., 

2012).  

     Maintaining normal circadian rhythms is important as these are fundamental determinants of 

healthy cardiac physiology (e.g. the cyclic variation in heart rate, blood pressure, and 

sympathovagal balance of the autonomic nervous system (Guo and Stein, 2003;Martino and 

Sole, 2009;Shea et al., 2011)). Although circadian rhythms in timing of onset and tolerance to 

MIs are well established (Muller et al., 1985;Hu et al., 2004;Durgan et al., 2010;Suarez-

Barrientos et al., 2011;Reiter et al., 2012), the consequences of rhythm disturbance early post-

MI have not been reported. The heart is relatively incapable of myocyte regeneration and early 

healing post-MI relies on coordinated removal of dead tissue through an early inflammatory 

phase (Frangogiannis, 2012), followed by replacement and remodeling of the myocardium and 

extracellular matrix (Dobaczewski et al., 2010). As remodeling progresses towards the 

maturation phase the heart changes size, shape and structure, and these processes can lead to 

ventricular dilation, dysfunction and ultimately failure (Pfeffer and Braunwald, 1990). Whether 

short term diurnal rhythm disruption post MI would impair the critical, orderly, temporal 

sequence of early myocardial repair and remodeling and adversely affect cardiac outcome is 

largely unknown.  

     To investigate the role of short term diurnal disruption on cardiac remodeling after MI, we 

used a well-documented murine coronary artery ligation model (Tarnavski et al., 2004) and an 

established protocol for diurnal disruption (Martino et al., 2007;Karatsoreos et al., 2011), to 

simulate the ICU environment and its possible effects on the evolution of MI and ventricular 
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remodeling in humans. Left anterior descending coronary artery ligation in mice was performed 

in a 3-hour time window (zeitgeber time [ZT] 01–ZT04). After MI, the mice were monitored on 

their normal light and dark (L:D) cycle until lights out and then randomized to either continued 

normal L:D or a diurnal rhythm–disrupted environment. After only 5 days of normal versus 

disrupted environment, all groups were maintained in the normal L:D for ≤8 weeks after MI. We 

demonstrate that the first few days after MI are critical to long-term tissue repair and remodeling 

and that disrupting rhythms after MI affects innate remodeling and adversely affects prognosis. 

 

Materials and Methods 

Animals 

     Male C57Bl/6 mice (Charles Rivers, Quebec, Canada) and ClockΔ19 mice (Vitaterna et al., 

1994) (ClockΔ19 are ClockΔ19/Δ19 homozygous for the point mutation) were on a C57Bl/6 

background (founders generously provided by Dr. Erik Herzog and Dr. Joseph Takahashi) and 

housed under controlled conditions in a 12-hour light (L) /12-hour dark (D) cycle with lights on at 

9:30 am (Zeitgeber Time 0, ZT 0) and lights off at 9:30 pm (ZT 12). All animals were housed in a 

Central Animal Facility (University of Guelph). Standard rodent chow and water were provided 

ad libitum throughout the study. All studies were approved by the University of Guelph 

Institutional Animal Care and Use Committee and in accordance with the guidelines of the 

Canadian Council on Animal Care. ClockΔ19 mice genotyped by allele-specific PCR detecting 

an A-T mutation, as described (Herzog et al., 2000), with 5’-tggggtaaaaagacctcttgcc-3’;  5’-

ggtcaagggctacagttcg-3’; 5’-agcaccttcctttgcagttcg-3’; 5’-tgtgctcagacagaataagta-3’. A total of 334 

mice were used in this study, 96 disrupted-MI, 95 normal-MI, 61 disrupted-sham, 62 normal-

sham, 7 ClockΔ19-MI and 7 wildtype (WT) littermates and 3 ClockΔ19 sham and 3 WT sham. 

Specific usages are outlined in the figure legends, and are as follows: 1) infarct size 

determination at 24 hours (n=6 per MI and n=3 per sham group); 2) Immunohistochemistry (n=4 
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per MI and n=3 per sham group, (for each of days 1, 2, 3, 5, 7); 3) Real time PCR for 

quantification of inflammatory cytokines and clock gene mRNA (n=5 per MI and n=3 per sham 

group (for each of time points 36h, 48h); 4) Multiplex flow cytometry for cytokines, n=5 per MI 

group and n=3 per sham group (for each of time points 8h, 24h, 36h, 60h, 72h, 120h, 168h), 5) 

Corticosterone ELISA, n=5 per MI group and n=3 per sham group (for each of time points 24h, 

36h, 48h); 6) Myeloperoxidase activity, n=4 per MI group and n=3 per sham group (for each of 

day 1, 2, 3, 5); 7) Comprehensive lab animal monitoring system (CLAMS) for assessment of 

whole body metabolism, n=5 per MI group and n=3 per sham group (monitored for days 5-6); 8) 

Echocardiography, n=6 per MI group and n=3 per sham group (monitored from days 1-14); 9) 

Masson’s Trichrome, infarct expansion, n=6 per MI group and n=3 per sham group (day 14); 10) 

Echocardiography, hemodynamics, morphometry, n=10 per MI group and n=5 per sham group 

(8 weeks); 11) Histopathology, n=5 per MI group and n=3 per sham group (8 weeks); 12) 

Myofilaments, n=5-8 per MI group and n=5-6 per sham group (8 weeks); 13) ClockΔ19, 

immunohistochemistry, n=7 per MI group and n=3 per sham group (day 3).  

Left Anterior Descending (LAD) Coronary Artery Ligation 

     All surgeries were done between ZT 01 – 04. Mice (8 week old, 22-25g) were subjected to 

surgical ligation of the LAD coronary artery (Tarnavski et al., 2004;Klocke et al., 2007). Animals 

were anesthetized with isoflurane, intubated, and ventilated (Harvard Apparatus model 687; St 

Laurent, Quebec, Canada) throughout the procedure. A 50:50 bupivacaine/lidocaine mix was 

administered locally prior to incision. An incision was made in the left 3rd intercostal space to 

expose the heart, and the pericardium gently dissected to expose the LAD. A prolene 7-0 suture 

(Ethicon) was passed underneath the LAD at 1mm below the edge of the left auricle and ligated. 

The chest and skin were then closed with silk 6-0 suture (Ethicon). Sham operations were 

performed the same without ligation of the LAD coronary artery. Mice were administered 

buprenorphine (0.1 mg/kg) upon awakening and again at 8 hours and 24 hours post-op. 
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Following infarction mice were recovered and monitored on their regular L:D cycle until lights 

out, then maintained either on their normal (12-hour light (L) /12-hour dark (D)) cycle, or a 

disruptive (10-hour L/10-hour D) cycle. After 5 days post-MI all mice were maintained in a 

normal 12:12 L:D environment for up to 8 weeks, and monitored daily.  Both groups of MI-mice 

these studies displayed similar survivorship (66% vs. 64% respectively) throughout the entire 8 

week post-MI period. All L:D cycles were controlled in custom made circadian cabinets.  

Evan’s Blue and TTC staining 

     To measure infarct size 1 day post-MI mice were anesthetized, intubated and ventilated as 

described above. 1% Evan’s Blue solution was infused through the inferior vena cava to verify 

successful ligation of the LAD. The heart was excised, rinsed in 0.9% saline and sectioned in 

1mm sections using a heart matrix (Zivic Instruments). Heart slices were incubated in 1% TTC 

solution for 10 minutes, transferred to 10% neutral buffered formalin overnight and 

photographed the next day. Infarct area and area at risk (AAR) as a percentage of left ventricle 

was determined using Adobe Photoshop CS4. Samples were normalized to each slice weight 

using the following formula; weight (total AAR) = [weight (slice 1) x % AAR (slice 1)] + [weight 

(slice 2) x % AAR (slice 2)] + [weight (slice n) x % AAR (slice n)]. Infarct area was calculated in 

a similar manner. Absolute infarct size was calculated as a ratio of weight (total infarct area) / 

weight (total AAR). 

Myeloperoxidase (MPO) Assay 

     A separate set of hearts was collected at 1, 2, 3 and 5 days post-MI for assessment of 

neutrophil infiltration by MPO assay. Atria were removed, and ventricular tissue rinsed in 0.9% 

saline and stored at -80oC until use. MPO was isolated from the entire collected sample, in 

accordance with manufacturer’s directions, using the EnzChek Myeloperoxidase Activity Assay 

Kit (Life Technologies; Molecular Probes). Hearts were sliced into 6 pieces and homogenized in 



42 
 

1mL of 50 mM potassium phosphate buffer (pH 6.0) with 0.5% (w/v) hexadecyltrimethyl 

ammonium bromide. Homogenate was sonicated, freeze thawed 3 times and sonicated again. 

Samples were centrifuged at 40,000 g for 15 minutes using a Beckman Ultracentrifuge (LE-

80K). Supernatant containing MPO was transferred into a fresh tube for immediate 

quantification. MPO values were normalized to the weight of the tissue used in each assay. 

Immunohistochemistry 

     Heart sections (5um) were fixed in 10% neutral buffered formalin (NBF), paraffin embedded, 

and rehydrated. To assess neutrophil infiltration in the heart, antigen was retrieved using Tris-

EDTA (pH9.0), sections were blocked in 3% normal goat serum (Sigma), then treated with 

streptavidin (Vector Labs). Sections were incubated with 1:400 rat anti-mouse anti-neutrophil 

(AbD, Serotec, MCA771G) overnight at 40C. Endogenous peroxidase was quenched by 3% 

H2O2 for 10 min at room temperature. A 1:200 dilution of secondary antibody (goat anti-rat 

biotinylated antibody, Vector Labs, BA9401) was incubated with sections for 1-hour at room 

temperature, followed by 1-hour with 1:200 streptavidin conjugated to horse radish peroxidase 

(HRP) (Vector Labs, SA5004). Staining was visualized using Immpact Nova Red (Vector Labs). 

To assess macrophage infiltration in the heart, antigen was retrieved using 10mM sodium citrate 

(pH 6.0), blocked in 3% goat serum, and treated with streptavidin. Sections were incubated with 

1:50 rat anti-mouse Mac-3 (BD Biosciences, 550292) overnight at 40C. Endogenous peroxidase 

was quenched, and samples were incubated with 1:200 goat anti-rat biotinylated secondary 

antibody (Vector Labs, BA9401) and streptavidin-HRP applied as described above. Staining 

was visualized with diaminobenzadine (DAB). To assess blood vessel formation in the infarct 

region, antigen was retrieved with Tris-EDTA (pH 9.0), sections blocked with 3% goat serum, 

stained with 1:400 primary antibody (rabbit anti-CD31, Abcam 28364), followed by 1:200 

secondary antibody (goat anti-rabbit biotinylated, Vector Labs BA1000), then streptavidin-HRP-

DAB as described above. For neutrophils and macrophages, positive stained cells were 
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identified in a minimum of 6 fields of views at 200x magnification, using at least 3 sections per 

heart. Vessels in infarcted myocardium were counted in a minimum of 4 fields of view at 400x 

magnification, from at least 3 sections per heart. Sections were quantified in a blinded manner. 

Blood Plasma Cytokines and Corticosterone Levels  

     To investigate the effect of diurnal disruption on peripheral cytokines, mice were 

anesthetized with isoflurane at 8-hours, 24-hours, 48-hours, 60-hours, 72-hours, and 7 days 

post-surgery. Blood (1mL) was collected by left ventricular cardiac puncture into heparinized 

tubes, centrifuged at 1500g for 10 min, aliquoted, and stored at -800C until use. Cytokines were 

quantified using the mouse flex CBA kit array (BD Biosciences) on the Accuri C6 flow cytometer 

(BD Biosciences) according to manufacturer’s specifications. Corticosterone was quantified 

from plasma collected at 24 hours, 36 hours, 48 hours and 60 hours post-surgery using the 

corticosterone enzyme-linked immunosorbent assay (ELISA) kit (ASSAYPRO, St Charles, MO) 

according to the manufacturer’s specifications. Absorbance was measured at 450nm using a 

Synergy HT Mutli-Mode microplate reader (BioTek).Following blood collection, animals were 

sacrificed by cervical dislocation, and hearts collected for immunohistochemistry 

RNA isolation and Real Time polymerase chain reaction (RTPCR)  

     Total RNA from infarcted myocardium (or sham left ventricle) was prepared using TRIZOL 

(Invitrogen) as described previously(Chomczynski and Sacchi, 1987;Tsimakouridze et al., 

2012), and quality assessed by Nanodrop (Thermo Scientific). Amplification was performed on a 

VIIA7 real time PCR system (Life Technologies) using the RNA-to-Ct one step PCR kit (Life 

Technologies) under the following protocol: reverse transcription, 480C for 30 min, 950C for 10 

min for 1 cycle, followed by amplification at 950C for 15 sec, 600C for 1 min for 40 cycles, 

followed by hold at room temperature. The primers used were: matrix metalloproteinase 9 

(MMP9) forward (5’-gacatagacggcatccagtatc-3’) and reverse (5’-ggtatagtgggacacatagtgg-3’); 
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macrophage chemotactic protein (MCP1 or Ccl2) forward (5’-gtccctgtcatgcttctgg-3’) and reverse 

(5’-tcttgctggtgaatgagtagc-3’); interleukin 6 (IL6) forward (5’-gctaaggaccaagaccatccaat-3’) and 

reverse (5’-ggcataacgcactaggtttgc-3’); interleukin1b (IL1B) forward (5’-ttgggcctcaaaggaaagaat-

3’) and reverse (5’-tgggtattgcttgggatcca-3’); tumor necrosis factor alpha (TNFa) forward (5’-

gccaacggcatggatctc-3’) and reverse (5’-gcagccttgtcccttgaagag-3’); chemokine (C-C motif) ligand 

7 (CCL7 or MCP3) forward (5’-tctctcactctctttctccac-3’) and reverse (5’-ggatcttttgtttcttgacatagc-

3’); clock forward (5’-gcctcagcagcaacagcagc 3’) and reverse (5’-accgcatgccaactgagcga-3’); 

period 2 (per2) forward (5’-tcatcattgggaggcacaaa-3’) and reverse (5’-gcatcagtagccggtggatt-3’); 

nuclear factor, interleukin 3 regulated (nfil3) forward (5’-ctttcaggactaccagacatccaa-3’) and 

reverse (5’-gatgcaacttccggctacca-3’); nuclear receptor subfamily 1, group D (reverbα) forward 

(5’-gggcacaagcaacattacca-3’) and reverse (5’-cacgtccccacacaccttac-3’); histone forward (5’-

gcaagagtgcgccctctactg-3’) and reverse (5’-ggcctcacttgcctcctgcaa-3’). RTPCR was normalized to 

histone using the ΔΔCT method. 

Non-invasive Mouse Monitoring for Whole Body Metabolism 

     To investigate daily body metabolism, and daily physical activity, in normal and disrupted 

light dark cycles, we used the state-of-the-art non-invasive lab animal monitoring system 

(comprehensive lab animal monitoring system; CLAMS). Animals were placed in the CLAMS at 

3 days post-surgery and allowed to acclimatize to the chambers for 24 hours before 

measurements were taken. Measurements were taken every 15 minutes over a 48 hour period 

(days 4 to 6). Whole body substrate utilization (respiratory exchange ratio; RER), energy 

expenditure (indirect calorimetry), food intake, and physical activity (infrared beam breaks) were 

measured on days 5 and day 6 post-surgery (MI and sham), and at the end of day 5 disrupted 

animals were transferred to a 12:12 LD without interruption of the CLAMS system. Twenty-four 

hour averages, as well as light vs. dark phase averages, were determined for RER (ratio of O2 

intake (ml/kg/min) to CO2 production (ml/kg/min)) Energy expenditure averages (kCal/hour) 
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were determined by taking the average of each respective phase. Total physical activity (beam 

breaks/15 minute bins) and total food intake (grams) were also calculated. 

Echocardiography 

     At 1, 3 , 5, 7, 14 days and 8 weeks post-MI cardiac function and morphometry were 

assessed in a blinded manner under light anesthesia (1.5% isoflurane) using a GE Vivid 7 

Dimension ultrasound machine (GE Medical Systems) with a 14MHz linear-array transducer. 

Standard B-Mode and M-Mode short axis view images at the level of the papillary muscles were 

taken to determine left ventricular internal dimension at end-diastole (LVIDd), left ventricular 

internal dimension in systole (LVIDs), ejection fraction (EF) and fractional shortening (FS) 

(measured as [LVIDd-LVIDs/LVIDd] X 100) and heart rate (HR). At least 3 different images per 

heart were analyzed and n ≥3 hearts per group.  

Hemodynamics 

     Hemodynamics measurements at 8 weeks post-surgery were collected in a blinded manner. 

Body temperature was continuously monitored and maintained.  The carotid artery was isolated, 

a small incision made and a 1-Fr. Microtip catheter (Millar) advanced into the LV via the 

ascending aorta. Physiologic LV and aortic pressure measurements were recorded with 

ADInstrument PowerLab. Left ventricular end systolic pressure (LVESP), left ventricular end 

diastolic pressure (LVEDP), left ventricular developed pressure (LVDP) and maximum and 

minimum first derivative of LV pressure (dP/dtmax; dP/dtmin), systolic blood pressure (SBP) 

and diastolic blood pressure (DBP) were recorded. Mean arterial blood pressure (MAP) is 

calculated as: DBP + (SBP-DBP)/3. Following continuous data acquisition, recorded pressures 

are analyzed with Lab Chart 7 (Colorado Creeks, US). 

 



46 
 

Morphometry and Histology  

     Upon sacrifice body weight (BW), heart weight (HW) and tibia length (TL) were collected 

from each mouse, at either 14 days or 8 weeks post-surgery. Hearts were perfused with KCl to 

arrest in diastole and placed into ice cold KCl, fixed in 10% neutral buffered formalin for 24 

hours and placed into 70% ethanol until processing. Hearts were paraffin embedded and the 

entire heart sectioned (5um) starting from apex, collecting 10 sections every 800um. Sections 

were stained with Masson’s trichrome. Pictures were taken at 2.5x using Q-Capture (QImaging; 

Surrey, BC) and analyzed in Image J 1.46 (NIH). For infarct volume, LV mass ratio was 

calculated as (infarct volume as a percentage of the left ventricle/left ventricle mass)*100. 

Relative infarct expansion was determined by dividing the sum of the endocardial and epicardial 

circumference occupied by the infarct by the sum of the total LV epicardial and endocardial 

circumferences.  

Statistical Analysis 

     Values are expressed as mean ± SEM. Statistical comparisons were performed using 

unpaired students t-test,one-way or two-way analysis of variance (ANOVA) followed by Tukey 

test for multiple groups in GraphPad Prism (GraphPad Software Inc, CA). Values of p<0.05 

were considered statistically significant. All values were plotted in Microsoft Excel. 
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Results 

     We found, in a murine model of left anterior descending coronary artery ligation (MI model), 

that diurnal disruptions in the first 5 days after MI altered left ventricular (LV) remodeling, 

worsened functional outcomes, and accelerated progression toward heart failure. Table 1 

shows that, compared with the normal MI, the disrupted MI mice had significantly greater 

adverse remodeling with increased (P<0.0001) LV internal systolic dimensions (4.87±0.20 

versus 3.83±0.24 mm) and internal diastolic dimensions (6.06±0.17 versus 5.32±0.18 mm), 

accompanied by decreased (P<0.0001) fractional shortening (19.72±1.54% versus 

28.63±2.68%) and decreased (P<0.0001) ejection fraction (45.23±3.03% versus 60.23±4.36%) 

by 8 weeks after MI. Consistent with heart size measurements and decreased function, the 

normal environment resulted in less adverse remodeling of LV internal systolic dimension, LV 

internal diastolic dimension, % fractional shortening, and % ejection fraction compared with 

mice that had been short-term in the disruptive environment after MI. 
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Table 1. Diurnal disruption post-MI adversely affects long term cardiac structure and function 

 Disrupted – MI Normal – MI SHAM 

n 10 10 5 

Morphometery    

BW (g) 30.40 ± 0.44 31.01 ± 0.87 30.83 ± 0.81 

HW (mg) 248 ± 8.00 § 206 ± 8.00 ** 136± 2.00 
HW:BW (mg/g) 8.19 ± 0.28 † 6.70 ± 0.31 ** 4.42 ± 0.08 

HW:TL (mg/mm) 13.07 ± 0.69 † 10.18 ± 0.37 ǂ 7.62 ±0.06 

Pathophysiology    

HR (bpm) 559.89 ± 12.53 582.69 ± 18.16 580.45 ± 19.37 
LVIDd (mm) 6.06 ± 0.17 * 5.32 ± 0.18 ** 4.15 ± 0.10 

LVIDs (mm) 4.87 ± 0.20 * 3.83 ± 0.24 ǂ 2.29 ± 0.12 

FS (%) 19.72 ± 1.54 * 28.63 ± 2.68 ** 44.87 ± 1.83 

EF (%) 45.23 ± 3.03 * 60.23 ± 4.36 ** 81.87 ± 1.78 

LVESP (mmHg) 82.40 ± 2.79 † 93.74 ± 1.82 ǂ 103.51 ± 1.03 

LVEDP (mmHg) 6.17 ± 1.57 † 0.51 ± 1.00 -1.36 ± 1.02 

LDP (mmHg) 76.17 ± 3.71 † 93.23 ± 1.76 ǂ 105.36 ± 1.84 

SBP (mmHg) 82.86 ± 1.53 † 91.75 ± 2.09 ǂ 99.80 ± 1.05 

DBP (mmHg) 48.91 ± 2.75 56.93 ± 3.08 58.14 ± 3.06 

MAP (mmHg) 60.32 ± 1.61 * 68.54 ± 2.67 72.02 ± 2.16 

dp/dt max (mmHg/s) 4848 ± 327 † 7018 ± 191 ** 11295.57 ± 1144 

dp/dt min (mmHg/s) 4295 ± 316 † 6182 ± 284 ** 10198.20 ± 896 

HW, heart weight; BW, body weight; HW:BW, heart weight:body weight ratio; HW/TL, heart 
weight:tibia length; LVIDd, left ventricle internal diastolic dimensions; LVIDs, left ventricle 
internal systolic dimension; FS, fractional shortening; EF, ejection fraction; HR, heart rate; 
LVESP, left ventricle end systolic pressure; LVEDP, left ventricle end diastolic pressure; LDP, 
left ventricular developed pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; 
MAP, mean arterial pressure; dP/dt max and min, maximum and minimum first derivative of left 
ventricular pressure. *= p<0.05 vs. all other groups, † = p< 0.01 vs. all other groups, §=p<0.001 
vs. all other groups, ǂ = p < 0.05 vs. sham and ** = p<0.01 vs. sham. All values were analyzed 
using one way ANOVA followed by a Tukey post hoc test. Values are means ± SEM 
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Figure 5. Rhythm disruption immediately after myocardial infarction (MI) impaired healing and 

exacerbated maladaptive cardiac remodeling. Mice in a disrupted environment for only 5 days 

after MI and then returned to a normal environment for 8 weeks had (A) increased heart weight 

(HW):body weight (BW; n=10/MI, n=5/sham) and (B) decreased infarct volume:left ventricular 

(LV) mass ratio (n=5/group). C, Representative images, worse scar formation and LV dilation 

(1-mm sections) in disrupted MI vs normal MI hearts. D, Infarct volume (% LV) was initially the 

same (n=5/group). E, Representative serial LV sections, worse scar formation in disrupted MI vs 

the normal environment throughout. Quantification of E, in F showing greater LV dilation and G, 

increased infarct expansion in disrupted MI hearts (n=5/MI, n=3/sham). Mean ± SEM, *P<0.01 

disrupted MI vs all groups, ‡P<0.001 normal MI vs sham. 
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     Because the differences between groups noted above could be correlated to cardiac 

hemodynamic responses, we next measured these in vivo (Table 1). As expected, the disrupted 

MI mice showed significantly worse cardiac profiles including decreased (P<0.0001) LV end-

systolic pressure (82.40±2.79 versus 93.74±1.82 mm Hg), along with increased (P<0.002) end-

diastolic pressure (6.17±1.57 versus 0.51±1.00 mm Hg). Consistent with the cardiac 

hemodynamic parameters, the disrupted MI mice exhibited decreased (P<0.0001) dP/dtmax 

(4848±327 versus 7018±191 mm Hg/s) and (P<0.0001) dP/dtmin (4295±316 versus 6182±284 

mm Hg/s). Significantly (P<0.0001) worse hemodynamic profiles were also observed in the 

short-term disrupted MI mice for LV developed pressure, systolic blood pressure, and mean 

arterial pressure than mice maintained in the normal environment throughout the study. 

      In view of the worsening functional profiles at 8 weeks after MI, we explored whether these 

were associated with differences in structural remodeling. As expected, histological analyses 

revealed that the disrupted MI mice had significantly greater cardiac hypertrophy by 8 weeks 

after MI compared with the normal MI mice as indicated by increased (P<0.0001) heart 

weight:body weight ratio (8.19±0.28 versus 6.70±0.31 mg/g; P<0.01; Table 1; Figure 5A) and 

significantly (P<0.05) decreased infarct volume:LV mass ratio (7.77±0.68%/mg versus 

9.99±0.34%/mg; Figure 5B). Serial 1-mm LV sections illustrate worse scar formation in 

disrupted MI versus normal MI hearts (Figure 5C) with initial infarct volumes similar in both 

groups (Figure 5D). Histological analyses of serial LV sections stained with Masson trichrome 

(Figure 5E), and quantified, show that the disrupted MI mice had greater (P<0.01) LV dilation 

(1917.61±70.17 versus 1518.45±47.68 pixels; Figure 5F) and increased (P<0.01) infarct 

expansion (50.54±1.72% versus 42.61±1.40%; Figure 5G) compared with normal MI. These 

functional and structural data forecast a more rapid evolution to LV decompensation in the 

diurnal disrupted cohort. 

     To investigate the early mechanisms responsible, we examined the pathophysiology for the 

first 7 days. Initial infarct size was not significantly different (P>0.05) in mice at day 1 after 
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surgery, as expected, as measured by Evans Blue and 2, 3, 5-triphenyltetrazolium chloride 

staining. As shown in Figure 6A, for animals in the disrupted environment at 1 day after 

surgery, area at risk as a percentage of the LV was 37.98±2.01% versus 38.20±1.33%, infarct 

size as a percent of LV mass was 37.60±1.87% versus 37.83±1.34%, and infarct size as a 

percentage of area at risk was 99.08±0.47% versus 99.05±0.60%. One of the heart slices used 

for infarct size quantification is shown in Figure 6B. Furthermore, diurnal disruption did not 

affect early mortality in the animals used in this study; the incidence of cardiac rupture was 30% 

in normal MI versus 32% in disrupted MI, and these values were similar to reports by others 

(Gao et al., 2005). Once the animals were placed in the disrupted environment, whole-body 

substrate use was altered (Figure 6C). The disrupted MI mice had significantly different 

(P≤0.05) respiratory exchange ratio during the light phase (0.95±0.02 versus 0.88±0.01) and 

during the dark phase (P≤0.05; 0.99±0.01 versus 0.93±0.02) at day 5 after MI; however, when 

the disrupted group was returned to the normal 24-hour environment (day 6), the whole-body 

metabolism resynchronized as anticipated. Quantification of respiratory exchange ratio 

revealing altered substrate use in disrupted MI is in Figure 6D. Consistent with the respiratory 

exchange ratio measurements, sham mice on the disrupted cycle also displayed altered daily 

substrate use that restored when they were returned to the normal 24-hour environment (Figure 

10A). Substrate use by days 5 and 6 was not affected by surgery, as anticipated (Figure 10B). 

We next investigated whether disruption of the L:D cycle resulted in stress by measuring plasma 

corticosterone levels (Figure 6E). As anticipated, sham mice housed under normal L:D had a 

significant (P<0.05) corticosterone rhythm that peaked at the end of the light period and 

troughed in the dark. Similarly, sham mice in the disrupted environment had a corticosterone 

rhythm which, while slightly blunted, still peaked toward the end of their light cycle and declined 

through the dark. MI led to an overall increase (P<0.05) in corticosterone levels, similarly in both 

normal and disrupted groups, and they continued to display normal corticosterone responses to 

light similar to that observed in the sham groups. Although the diurnal environment was only 
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disrupted for 5 days, this significantly (P<0.05) exacerbated LV diastolic remodeling as 

determined by echocardiography as early as 7 days after MI (5.35±0.12 versus 4.94±0.10 mm), 

worsened (P<0.05) at day 14 (5.65±0.15 versus 5.22±0.10 mm; Figure 6F), and persisted to 8 

weeks after MI (Table 1).  
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Figure 6. Diurnal rhythm disruption alters pathophysiology during the first 7 days. A) Infarct size 
did not differ initially (1 day) after myocardial infarction (MI) (n=6/group). B) Representative 
images, infarct size quantification, 1 day after MI, Evans Blue and 2,3,5-triphenyltetrazolium 
chloride stain. C) Whole-body metabolic substrate use rhythms are affected by diurnal 
disruption (day 5) but restored once mice are returned to the normal diurnal environment (day 6) 
D) Quantification of RER (n=5/group, *P<0.05 disrupted MI vs normal MI). E) Sham mice days 1 
to 3, normal plasma corticosterone response to light (left). MI mice, overall increase in plasma 
corticosterone, but maintain normal response to light (right), (L:D; n=5/MI, n=3/sham). F) Short-
term diurnal disruption worsened LV dilation by day 7 after MI (n=6/MI, n=3/sham), *P<0.05 
disrupted MI vs normal MI on the same day, 1-way ANOVA Tukey post hoc. All values are 
mean ± SEM. 
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Taken together, these reinforce the notion that disrupted diurnal environment alters whole-body 

physiology and can act as a factor exacerbating early remodeling. 

   Further investigation of the early remodeling period in disrupted MI revealed aberrant 

inflammatory mediator responses. As early as 36 hours after MI, cytokine mRNA levels were 

disrupted in the heart (Figure 7A). Infarcted myocardium in the disrupted MI mice displayed 

significantly (P<0.05) increased expression of interleukin-6 (il6) mRNA (25.80±4.73-fold change 

versus 8.11±1.29-fold change), increased (P<0.05) monocyte chemoattractant protein 1 

(Mcp1/chemokine (C-C motif) ligand 2 [Ccl2]) mRNA (9.36±1.03-fold change versus 5.83±1.13-

fold change), and increased (P<0.05) mcp-3 chemokine (Mcp3/Ccl7) mRNA (3.42±0.48-fold 

change versus 1.83±0.47-fold change) compared with normal MI. Other cardiac mRNAs (tumor 

necrosis factor-α, il-1β, and matrix metalloproteinase 9) were also elevated after MI but did not 

differ (P>0.05) in disrupted MI versus normal MI groups and thus were not pursued further 

(Figure 7A). Because il-6 mRNA was increased (P<0.05) in disrupted MI hearts (Figure 4A), we 

next looked at the blood cytokine levels (Figure 7B). In disrupted MI mice at 36 hours, plasma 

IL-6 levels were significantly increased (P<0.05; 3.64-fold change disrupted MI versus normal 

MI; 17.90±4.61 versus 4.92±1.19 pg/mL) and continued to rise for 60 hours (3.80-fold change 

disrupted MI versus normal MI; 38.69±10.43 versus 10.17±2.35 pg/mL). As expected, levels 

were not different between MI groups before disruption (<24 hours), and normalized by 72 

hours after MI in both groups, and were not elevated in sham controls (Table 2). Inflammatory 

mediators are critical signal molecules for infarct healing; altered elaboration may adversely 

affect scar formation. 
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Figure 7. Rhythm disruption altered early innate inflammatory responses after myocardial 
infarction (MI). A) Cardiac mRNA expression, interleukin-6 (il-6), monocyte chemoattractant 
protein 1 (mcp-1)/ccl2, mcp-3/ccl7, was altered in disrupted MI (black) vs normal MI (white) 
infarcted myocardium. Cardiac mRNA expression, il1b, tumor necrosis factor-α (tnf-α) matrix 
metalloproteinase 9 (mmp9), was elevated but not different between MI groups (*P<0.05, 
n=5/group). B) Plasma IL-6 was elevated in disrupted MI mice (*P<0.05, n=5/time per group). C) 
Cardiac myeloperoxidase (MPO, a measure of neutrophil infiltration) in normal MI hearts was 
evident by day 1, peaked at day 2, then declined. In contrast, in disrupted MI heart, the 
response was attenuated by day 2 and prolonged by day 5. Two-way ANOVA, n=16/MI group, 
4/time. n=12/sham, 3/time. *P<0.05. D) Neutrophil infiltration was reduced in infarcted 
myocardium of disrupted MI (black) vs normal MI (white) hearts by day 2, (E) macrophage 
infiltration increased days 3 and 7 after MI. *P<0.05, n=3 sections/heart, 6 areas/section, 4 
hearts/group. All values are mean ± SEM. 
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     To investigate further the early remodeling period and in light of differences in chemokine 

mRNA expression involved in innate immune cell recruitment in disrupted MI heart (Mcp1/Ccl2 

and Mcp3/Ccl7; Figure 7A), we next investigated cardiac neutrophil recruitment by 

myeloperoxidase assay. Figure 7C shows that, compared with normal MI, the disrupted MI 

mice had an attenuated response with reduced (P<0.01) myeloperoxidase activity in the heart at 

day 2 (50.79±5.19 versus 85.89±10.76 ng/mL/100 mg tissue) and prolonged elevated (P<0.01) 

myeloperoxidase activity in the heart at day 5 (55.60±2.39 versus 26.56±1.12 ng/mL/100 mg 

tissue). Consistent with myeloperoxidase as a measure of the innate inflammatory phase of LV 

remodeling after MI, the sham mice had only minimal myeloperoxidase activity in the heart, and 

levels were not significantly different between the disrupted sham and normal sham groups (2 

days: 18.24±1.03 versus 16.85±1.24 ng/mL/100 mg tissue; 5 days: 9.58±1.05 versus 8.1±0.43 

ng/mL/100 mg tissue) (Table 3). These data suggest that diurnal rhythm disruption contributes 

to alter cardiac remodeling by disrupting the innate post-MI cellular response. 

     To provide a more robust and definitive assessment of early inflammation stage we next 

measured neutrophil infiltration over the first 5 days by immunohistochemistry. As shown in 

Figure 7D, neutrophil infiltration into infarcted myocardium was reduced (p<0.05) by day 2 post-

MI in disrupted hearts (158 ± 17 cells/mm2 vs. 234 ± 22 cells/mm2). Overall levels of neutrophils 

leveled off in infarcted myocardium by day 5, consistent with the MPO response. Some of the 

additional inflammatory cells in the early infarct region may be macrophages, as these cells 

infiltrate shortly after neutrophils (Frangogiannis, 2008;Nahrendorf et al., 2010;Yan et al., 2013). 

We observed elevated levels of macrophage infiltration in infarcted myocardium in disrupted-MI 

mice at day 3 (316 ± 11 cells/mm2 vs. 215 ± 25 cells/mm2) and day 7 (115 ± 8 cells/mm2 vs. 82 

± 6 cells/mm2) as compared to normal-MI infarcts (Figure 7E). Representative 

immunohistochemical stained sections are shown in Figure 8. There were fewer cells that 

stained positive for anti-neutrophil antibody at 2 days in disrupted-MI infarcts, even though there 

was increased overall cellular infiltration in the myocardium (Figure 8A). Moreover, there was 
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enhanced staining for Mac3 macrophage antibody at 3 days in disrupted-MI infarcts (Figure 

8B). Staining for Mac3 at day 7 was overall less than day 3, but staining remained stronger in 

disrupted infarcts (Figure 8C). Diurnal disruption altered innate immune cell recruitment into 

infarcted myocardium, underlying the exacerbated remodeling. 
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Figure 8. Immunohistochemistry of neutrophils and macrophages in infarcted myocardium. 
Innate immune cells quantified as cell counts/mm2. Representative sections of infarcts of 
disrupted myocardial infarction (MI) have fewer (A) neutrophils (day 2), (B) more macrophages 
(day 3), and (C) more macrophages (day7) compared with normal MI (n=3 sections/heart per 
antibody, 6 areas/section, 4 hearts/MI, and 3 hearts/sham group). 
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     Infarct healing progresses with blood vessel formation in the infarcted region(Virag and 

Murry, 2003). Although the disrupted mice had returned to the normal diurnal environment by 

day 5, there were subsequent effects on endothelial parameters by day 7. As shown in Figure 

9A, there was less CD31+ blood vessels staining within the infarcted myocardium. 

Quantification across multiple sections confirmed significantly (P<0.01) decreased blood vessel 

density in disrupted MI infarcts compared with normal MI infarcts (50±4 versus 75±3 vessels/0.1 

mm2; Figure 9B) and rich vessel staining in non-infarcted myocardium. 

     Subsequent infarct expansion was assessed by Masson trichrome stain at day 14 after MI 

(Figure 9C). Masson trichrome staining of extracellular matrix in the infarct region was also 

used as an indicator for potential defects in fibroblast activation (Figure 9D). Quantification of 

serial LV sections revealed significantly (P<0.05) increased scar length in hearts from mice that 

had previously been in the disrupted environment compared with the normal MI group 

(45.94±3.51% of LV circumference versus 34.69±3.91% of LV circumference; Figure 9E, top). 

Scars were thinner in the disrupted MI infarct region compared with normal MI (26.22±1.41 

versus 37.85±2.94 pixels), with infarct thickness determined by measuring ≥5 equidistant points 

across the scar region (Figure 9E, bottom). 

     In an effort to investigate the link between the circadian disturbance and dysregulation of the 

innate remodeling processes, we first performed real-time polymerase chain reaction for core 

circadian genes. The diurnal disrupted mice exhibited a loss of mRNA rhythms for circadian 

mechanism genes clock, period2 in both the infarcted (Figure 9F) and non-infarcted region 

(Figure 11), whereas the mice housed in the normal environment maintained diurnal gene 

rhythms as anticipated. Importantly, because it has recently been shown that the circadian 

mechanism modulates inflammatory responses via the nuclear receptor REV-ERBα (Gibbs et 

al., 2012;Sato et al., 2014) and/or NFIL3 (Yu et al., 2013) (or E4BP4) and that circadian 

disruption dysregulates inflammatory responses (Castanon-Cervantes et al., 2010) and because 

reverse transcription polymerase chain reaction data showed a change in Rev-erbα and Nfil3 
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expression in disrupted hearts (Figure 9F and Figure 11), we next investigated whether a 

mutation in the circadian mechanism altered inflammatory responses involved in infarct healing. 

Homozygous ClockΔ19/Δ19 mice had increased (P<0.05) neutrophil infiltration into infarcted 

myocardium compared with wild-type littermate controls (120±9 versus 84±9 cells/mm2; Figure 

9G and 9H, top). In addition, homozygous ClockΔ19/Δ19 had increased (P<0.05) macrophage 

infiltration into infarcted myocardium compared with wild-type controls (383±18 versus 261±21 

cells/mm2; Figure 9G and 9H, bottom). Collectively, these are consistent with the notion that 

the circadian mechanism plays a role in modulating inflammatory responses crucial for early 

scar formation and that disruption alters these responses. As summarized in Figure 9I, diurnal 

disruption affects the early inflammatory stage of infarct healing (phase 1), and even after the 

environment is restored, the adverse effects continue to affect the proliferative period (phase 2) 

and cumulatively worsen scar maturation (phase 3) and ultimately lead to cardiac 

pathophysiology after MI. 
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Figure 9. Adverse remodeling persists into the proliferative phase. A) Decreased CD31+ blood 
vessel staining (day 7), disrupted myocardial infarction (MI) vs normal MI infarcts and (B) 
quantification of vessel density per 0.1 mm2 of infarct tissue, day 7 after MI (n=4/group). C) 
Infarct expansion is worse in disrupted MI hearts (day 14), representative serial LV sections 
(Masson trichrome), and (D) infarct thickness and extracellular matrix deposition a measure of 
myofibroblasts and scar formation, and (E) quantification of % infarct expansion (top) and infarct 
thickness (pixels) with 5 measurements taken over equidistant points in scars (bottom; n=6 
hearts/group). F) Loss of diurnal gene expression in the infarcted myocardium of diurnal 
disrupted mice, core circadian genes clock, per2 mRNA, and circadian regulated inflammatory 
modulators Rev-erbα, Nfil3 mRNA (n=5 hearts/time per group). G) Representative sections, 
ClockΔ19/Δ19 mice, showing increased neutrophil (top) and macrophage (bottom) infiltration vs 
wild-type littermate controls and (H) quantification, day 3 after MI (n=7/MI, n=3/sham). I) 
Proposed mechanism for cardiac remodeling after MI. Early inflammatory cell recruitment to 
infarcted myocardium (phase 1), proliferation of endothelial cells and fibroblasts (phase 2), and 
scar maturation (phase 3) exhibit an orderly temporal sequence critical to efficient repair. 
Diurnal disruption alters these pathways exacerbating pathophysiology. Values are mean ± 
SEM, *P<0.05.  
 

Discussion 

      In this study, short term disruption of diurnal rhythms was used to test the hypothesis that 

maintaining normal rhythms is essential for cardiac repair and renewal post-MI, and that 

disturbing rhythms can have devastating effects on remodeling and outcome. In contrast, 

maintaining normal rhythms throughout the course of the disease better preserved cardiac 

structure and function. Our results further show that short term diurnal disruption can interfere 

with the early inflammatory phase of LV remodeling, adversely impacting on the innate immune 

infiltration and adversely affecting scar formation. Altered plasma IL6 and cardiac il6 mRNA 

expression in disrupted-MI mice as a pro-inflammatory indicator is consistent with our 

hypothesis, and supported by earlier studies showing that circadian rhythm disruption alters 

cytokines in-vivo (Castanon-Cervantes et al., 2010;Narasimamurthy et al., 2012). Similarly, we 

observed changes in cardiac Mcp1/Ccl2 and Mcp3/Ccl7 mRNA expression in disrupted-MI 

hearts; these chemokines play integral roles in immune cell recruitment to infarcted tissue 

(Kakio et al., 2000;Zouggari et al., 2013). Consistent with these findings were changes in MPO 

between MI groups over the first 5-days, suggesting that diurnal rhythm disruption post-MI alters 

the neutrophil response. MPO itself has also been shown to play role in cardiac remodeling 
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post-MI and chronically elevated MPO levels are a predictor of poor patient outcome (Kaya et 

al., 2012). Immunohistochemistry confirmed altered neutrophil infiltration profiles in the early 

remodeling period. Macrophage recruitment to infarcted myocardium, which occurs after 

neutrophils (Frangogiannis, 2008;Yan et al., 2013) also displayed altered temporal profiles in 

the inflammatory period. Diurnal rhythm disruptions can also affect fibroblast and endothelial cell 

function exacerbating scar formation and ultimately expansion. Moreover, the observed 

changes in expression of core circadian mechanism genes clock and period2 and their altered 

output genes Rev-erbα and Nfil3 that regulate innate inflammatory cells prompted us to examine 

what happens to immune cell recruitment when the clock is altered. To investigate this, we used 

ClockΔ19Δ19 mice, which exhibited altered macrophage and neutrophil infiltration into infarcted 

myocardium. These findings were consistent with the notion that the circadian mechanism plays 

an important role underlying inflammatory recruitment key for infarct remodeling. There is a 

crucial order sequence of humoral and cellular factors in LV infarct remodeling. In a corollary to 

our experiments, early innate inflammatory pathways obligatorily favor survival of myocardium in 

the border zone during the acute period after MI (Jacoby et al., 2003;Nian et al., 2004). 

     The mechanism of the pathology lies in the disruption of the regulation of innate immune 

responses underlying normal biology. Most recently, studies have demonstrated that the core 

circadian clock modulates macrophage activation and normal inflammatory function in mice 

(Gibbs et al., 2012;Sato et al., 2014). Moreover, circadian dyssynchrony in mice alters core 

clock gene rhythms in immune tissues (spleen, peritoneal macrophages), and enhances blood 

cytokine levels in response to LPS challenge (Castanon-Cervantes et al., 2010). Collectively 

these studies support the notion that the circadian mechanism regulates inflammatory 

responses, and are consistent with our findings that diurnal disruption alters the inflammatory 

phase key for infarct healing. The disturbed diurnal environment disrupts the orderly temporal 

sequence of events critical to an efficient repair process (Figure 9I). In phase 1 this would 

disrupt neutrophil and macrophage infiltration, and production of inflammatory mediators such 
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as MPO and cytokines. In early stage 2 when the diurnal environment is still disrupted this can 

affect endothelial cell and fibroblast cell function. There is disruption of circadian rhythms within 

the cells themselves. Approximately 13% of myocardial genes exhibit day/night variation 

(Martino et al., 2004); high proportions of these are associated with metabolism, signaling, and 

repair. Even once the normal environment is restored, this can have repercussive effects on 

infarct expansion, scar thickness and maturation, and ultimately organ pathophysiology.  

     Although not yet generally appreciated, failure to entrain to an L:D cycle not in close 

synchrony with the intrinsic cellular circadian period inhibits organ renewal and repair, resulting 

in organ pathology. Cell physiology is 4-dimensional: the substrate and enzymatic components 

of a given biochemical pathway must be available not only in the right compartmental space 

within the cell but at the right time. We previously showed in our experimental animal studies 

that circadian dyssynchrony exacerbates heart disease in the transverse aortic constriction 

model of pressure overload–induced cardiac hypertrophy (Martino et al., 2007). A second study 

revealed that in +/tau heterozygote hamsters, which exhibit dyssynchrony between the 24-hour 

day and their intrinsic shortened circadian period of 22 hours, profound dilated cardiomyopathy 

developed along with renal disease (Martino et al., 2008). Similar deleterious effects on survival 

are seen in cardiomyopathic hamsters subjected to chronic shifts in the light:dark cycle (Penev 

et al., 1998). humans, disturbing rhythms such as in shift workers increases the risk of adverse 

cardiac events such as MI and sudden death (Furlan et al., 2000). Thus an important 

mechanism for our observations is disruption of the appropriate temporal sequence of innate 

immune and intrinsic cellular responses to the myocardial insult by the adverse diurnal 

environment. 

     In these experiments, we used a murine model of permanent MI. Unlike human patients, the 

murine subjects are healthy, young, homogenous, free of coexisting illness, and receiving no 

other medications. The pattern of cellular and inflammatory responses to the infarct (although 

somewhat accelerated) reflects that found in larger animals including humans. There is a 
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circadian variation of infarct size in the murine model, which predicted a similar circadian 

variation in patients (Durgan et al., 2010;Suarez-Barrientos et al., 2011;Reiter et al., 2012). 

Experimental observations in rat and mouse infarct models have provided the impetus for 

clinical trials, successfully predicting the pathogenesis and pharmacological prevention of heart 

failure in post-MI patients. Unlike our model, the majority of human patients reaching hospitals 

in a timely fashion in the Western world will undergo reperfusion; however, many do not—their 

presentation to hospital is too late for myocardial salvage or their procedure is unsuccessful, 

exhibiting incomplete revascularization or no reflow. Regardless, the reperfused myocardium 

should also exhibit an orderly cascade of molecular and cellular responses; these also should 

be susceptible to diurnal disruption similar to that demonstrated here. 

     Finally, no animal model completely reflects patient experience in the ICU. The accepted 

model of diurnal disruption we used is relatively benign and stress-free compared with that 

experienced by patients after infarction. Modern ICU care has disconnected patients from their 

natural diurnal environment. Noise, light, nursing and medical procedures, pharmacology, 

ventilators and discomfort, and pain conspire to deprive the patient of sleep and further the 

alterations of heart rate, blood pressure, and neurohormonal secretion occasioned by the 

primary event.(Drouot et al., 2008;Buxton et al., 2012). This is not a necessary consequence of 

intensive monitoring and nursing care because each of the noxious stimuli in the ICU can be 

subject to some control. Our results suggest that diurnal disruption after MI interferes with the 

early innate inflammatory phase of LV remodeling and, in the long-term, adversely affects scar 

formation worsening functional outcome and accelerating cardiac surrogates of progression to 

heart failure. 

     Our observations are certainly not conclusive for human patients but at minimum they focus 

attention on the toxic diurnal environment of many of today’s ICUs. Because normal physiology 

caters to a diurnal environment, maintenance of normal diurnal rhythms during the recovery 

phase after MI should aid in a coordinated and effective infarct healing response and improve 
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patient outcome. More intensive monitoring and care is not necessarily better. We hope our 

preclinical study will stimulate the initiation of clinical trials reappraising the diurnal health not 

only of contemporary ICUs but also of present-day hospital environments. 
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Supplementary Information 

 
Figure 10. Whole body substrate utilization rhythms at days 5 and 6 post-surgery. A) 
Respiratory exchange ratio (RER) is significantly altered by diurnal rhythm disruption in sham 
mice, consistent with the findings with the MI mice. However, when animals are returned to a 
normal 24-hour environment diurnal RER rhythms are restored, as anticipated. Dotted purple 
line = normal-sham mice, dotted red line = disrupted-sham mice. B) Substrate utilization was not 
affected by surgery as the RER rhythms were the same for both normal-sham mice. Dotted 
purple line = normal-sham mice, solid black line = normal-MI mice. n=5 for normal-MI mice, n=3 
for normal-sham mice. Values are mean ± SEM 
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Figure 11. QRT-PCR of core clock genes in the non-infarcted myocardium. Clock, Per2, Nfil3 

and Reverbα mRNA (36h,48h) display altered expression in diurnal disrupted hearts, *=p<0.05, 

n=5 per group per time point. Values are mean ± SEM. 

 

 

Table 2. Plasma IL-6 levels are elevated by diurnal rhythm disruption post-MI. 

Time Post-Surgery 
(hours) 

Disrupted-M 
(pg/mL) 

Normal-MI 
(pg/mL) 

Disrupted-Sham 
(pg/mL) 

Normal-Sham 
(pg/mL) 

8  35.25±4.96ǂ 43.09±4.47 3.613±1.82 1.73±0.42 

24 30.03±8.44ǂ 23.26±7.95 11.30±3.58 7.95±1.94 

36 17.90±4.91*ǂ 4.92±1.19 3.79±1.68 2.25±0.38 

48-60 38.69±10.43*ǂ 10.17±2.35 0.51±0.34 2.32±0.5 

72 12.16±2.23 12.46±0.85 Below Detection Below Detection 

120 3.03±1.96 Below Detection Below Detection Below Detection 

168 2.54±1.29 Below Detection Below Detection Below Detection 

*=p<0.05 disrupted-MI vs. normal-MI, and ǂ=p<0.05 disrupted-MI vs. sham groups, by two way 

ANOVA followed by a Tukey post hoc. n=5 per MI group and n=3 per sham group for all time 

points. Values are mean ± SEM 
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Table 3. Cardiac myeloperoxidase is altered in disrupted-MI hearts 

Days Post-Surgery 
Disrupted-MIǂ 
(ng/mL/100mg) 

Normal-MIǂ 
(ng/mL/100mg) 

Disrupted-Sham 
(ng/mL/100mg) 

Normal-Sham 
(ng/mL/100mg) 

1 39.07±1.84 32.30±4.25 12.35±0.64 12.46±0.35 

2 50.79±5.19* 85.89±10.76 18.24±1.03 16.85±1.24 

3 44.39±3.23 50.28±4.26 12.62±2.34 11.12±1.14 

5 55.60±2.39* 26.56±1.12 9.85±1.05 8.1±0.43 

*=p<0.05 disrupted-MI vs. normal-MI, and ǂ=p<0.05 vs. sham groups by two way ANOVA 

followed by a Tukey post hoc (n=4 per group) Values are mean ± SEM. Additionally, two way 

ANOVA reveals that the light dark cycle significantly (p<0.05) affects MPO activity post-MI. 

Furthermore, there is a significant (p<0.01) interaction between the L:D  cycle  and MPO activity 

over 5 day post-MI; that a disrupted diurnal cycle significantly affects temporal MPO activity over 

the first 5 days post-MI. 
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CHAPTER 3 

DISRUPTING THE KEY CIRCADIAN REGULATOR CLOCK LEADS TO AGE-DEPENDENT 

CARDIOVASCULAR DISEASE 
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Abstract/Introduction 

     The circadian mechanism underlies daily rhythms in cardiovascular physiology (Clarke et al., 

1976;Millar-Craig et al., 1978), and rhythm disruption is a major risk factor for heart disease and 

worse outcomes (Scheer et al., 2009;Vyas et al., 2012;Alibhai et al., 2015). However, the role of 

circadian rhythms is generally clinically unappreciated, and underlying mechanisms remain 

poorly understood. Clock is a core component of the circadian mechanism (Vitaterna et al., 

1994;Antoch et al., 1997;King et al., 1997;Gekakis et al., 1998); here we examine the function of 

Clock as a vital determinant of cardiac physiology and pathophysiology in aging. We show that 

ClockΔ19/Δ19 mice develop age-dependent increased heart weight, cardiomyocyte hypertrophy, 

left ventricular dilation, impaired contractility, and reduced myogenic responsiveness as 

compared to heterozygotes or wild-type (WT) littermates. These effects are mediated through 

Clock gene expression, and ClockΔ19/Δ19 hearts express dysregulated mRNAs and miRNAs in 

the PTEN-Akt signal pathways important for cardiac hypertrophy. In vivo studies and cardiac 

myocyte cultures were used to demonstrate that Clock dysregulation acts on PTEN, AKT, and 

downstream targets GSK3b, PRAS40 and S6K1 implicated in cardiac hypertrophy leading to 

heart failure (HF). These findings demonstrate a crucial role of Clock in mediating pathological 

cardiac hypertrophy, suggesting that pharmacological targeting by chronobiology drugs could 

provide a new opportunity for treatment of heart disease. 

 

Materials and Methods 

Mice. Male homozygote ClockΔ19/Δ19, heterozygote ClockΔ19/+ and wild type littermates on a 

congenic C57Bl/6J background (Vitaterna et al., 1994) were obtained from the University of 

Guelph mouse breeding core, which sources its colony breeders from Jackson (Alibhai et al., 

2014). Mice were housed under a 12-hour light (L):12-hour dark (D) cycle with standard chow 
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and water provided ad libitum, and aged in the Central Animal Facilities at the University of 

Guelph. For animal studies, sample sizes were estimated according to our previous experience. 

For sample collection animals were euthanized with isoflurane and cervical dislocation. For 

histology, hearts were perfused with 1M KCl, fixed in 10% neutral buffered formalin for 24hrs, 

and processed. Paraffin embedded hearts were sectioned at the level of the mid papillary and 

stained with Masson’s trichrome or picrosirius red. For molecular studies tissues were frozen in 

liquid nitrogen and stored at -800C until assayed. The effects of SR9009 were assessed in 21 

month old ClockΔ19/Δ19 and WT mice. Animals were administered the drug (100 mg/kg, i.p., b.i.d) 

at ZT0 and ZT12, for 28 days. All studies were approved by the University of Guelph 

Institutional Animal Care and Use Committee and in accordance with the guidelines of the 

Canadian Council on Animal Care. 

Actigraphy. Wheel-running experiments were performed as described (Martino et al., 2008). 

Individually housed mice were entrained to a diurnal 12:12 L:D cycle for 4 weeks, followed by 21 

days of constant darkness (circadian cycle, DD). Data were analyzed using ClockLab 

(ActiMetrics).  

Radiotelemetry. PA-C20 murine telemetry probes (Data Sciences) were used to monitor and 

collect blood pressure and heart rate data from conscious, freely moving animals (Martino et al., 

2011). Data were acquired for 30 seconds every 5 minutes over 72 hours, collated into 1-hour 

bins according to zeitgeber time, and averaged to yield a 24-hour plot. 

Cardiac Pathophysiology. Cardiac pathophysiology was performed using our established 

techniques (Alibhai et al., 2014). Serial echocardiography was done using the i13L 14MHz 

linear-array transducer on a GE Vivid 7 Dimension ultrasound system. Hemodynamics were 

recorded in mice anesthetised under isoflurane, using a 1.2Fr pressure catheter (Transonic), 

and the ADI Power Lab system with Lab Chart 7. 
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Pressure Myography. Cremaster skeletal muscle resistance arteries were isolated at ZT07, 

canulated on glass micropipettes, and used for functional experiments as described (Hoefer et 

al., 2010). For myogenic responsiveness, vessels were subject to 20 mm Hg stepwise increases 

in transmural pressure (from 20 to 100 mmHg). The maximal diameter was measured under 

Ca2+-free conditions using the same stepwise protocol. Depolarization-induced 

vasoconstriction was determined using i) L-phenylephrine (PE, 1 nmol/L-10 μmol/L), or ii) KCl 

(60 mmol/L).  

RNA, qRT-PCR, microRNA microarrays. Total RNA from heart was isolated using the 

miRNeasy Mini Kit (Qiagen). Gene expression profiles were performed using the Power SYBR 

Green RNA-to-CT one Step Kit (Life Technologies) on a ViiA7 real time PCR system (Applied 

Biosystems) using primers listed in Table 11. Relative expression was determined using the 

ΔΔCT method normalized to histone, as described (Podobed et al., 2014b). For miRNA 

microarray profiling, total RNA from 12 individual samples was used. Samples were digested 

(RNase Free DNase set, Qiagen), validated using RNA ScreenTape (RIN >7; Agilent) and 

Nanodrop (260/280 ≥ 2.0; Thermo Scientific), and analyzed using the Affymetrix GeneChip 

miRNA 4.0 array (interrogates all mature miRNA sequences in miRBase v20). Bioinformatics 

analyses were performed using the extraction software (v10.7.1.1) and GeneSpring Gx v11.5 

(Agilent). Genome locations were from miRBase (Griffiths-Jones et al., 2006). Validated target 

mRNAs were from Tarbase v7.0 (Vlachos et al., 2015). KEGG pathways were from miRPath 

v2.0(Vlachos et al., 2012). qRT-PCR was used to validate the miRNA expression differences, 

using the qScript microRNA cDNA Synthesis Kit and the PerfeCTa SYBR Green Super Mix 

(Quanta Biosciences). All primers were purchased from Quanta Biosciences. Relative miRNA 

expression was determined using the ΔΔCT method, normalized to RNU6.  

Western Blots. Protein extracts were prepared with CelLytic M Cell Lysis Reagent (Sigma) 

supplemented with cOmplete protease and PhosSTOP phosphatase inhibitor cocktails (Roche). 
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Lysates were subjected to SDS-PAGE and transferred to PVDF membrane (Bio-Rad) for 

immunoblotting. Primary antibodies were from Cell Signaling, as follows: PTEN (9559; 1:1000), 

1:1000 p85 (4257; 1:1000), phospho-AKT (Ser473) (4060; 1:1000), AKT (4691; 1:1000), 

phospho-GSK-3β (Ser9) (9323; 1:1000), GSK-3β (9315; 1:1000), phospho-PRAS40 (Thr246) 

(2997, 1:1000), PRAS40 (2691; 1:1000). Loading was normalized to total protein using the 

Mem-code PVDF kit (Thermo Scientific) or β-actin (MAB1501; Millipore, 1:10,000). Proteins 

were visualized using SignalFire Elite ECL reagent (12757, Cell Signalling).  

Comprehensive Lab Animal Monitoring System (CLAMS). CLAMS (Columbus Instruments) 

was used to monitor the metabolic parameters of 21 month old WT and ClockΔ19/Δ19 mice when 

administered SR9009 or vehicle (15% cremophor). Animals were acclimatized for 2 days in the 

CLAMS after which metabolic parameters were measured for 24 hours.  

Isolation, culture and treatment for hypertrophy of mouse cardiac myocytes. We isolated 

and cultured neonatal mouse cardiomyocytes using standard techniques (Deng et al., 2000). 

Cells were plated at a density of 500 cells/mm2 in 4-well LabTek chamber slides coated with 

collagen type I (Sigma). The following day cells were transferred to serum free media containing 

0.1 mM BrdU for 24 hours. On day 2 cells were treated with either IGF-1 (10 ng/ml, Sigma), or 

FBS (10%), or LiCl (20mM) for 3 days, after which they were stained for α-actinin (A7811; 

Sigma 1:500) using Alexa Fluor 488 (A11029; Life Technologies, 1:500). Cell size was 

determined using Cell Profiler as described previously (Bass et al., 2012). 

Statistics: All values are mean ± SEM. SigmaPlot 12 (Systat Software Inc.) was used for 

Student’s t-tests, and for two way analysis of variance with Tukey post hoc, as applicable. 

Statistical analyses of 24 hour gene rhythms was done using JTK_CYCLE v2.0 (Miyazaki et al., 

2011). *p<0.05 are considered significant.  
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Results and Discussion 

     Circadian rhythms are crucial for healthy cardiovascular physiology (Alibhai et al., 

2014;Alibhai et al., 2015;Martino and Young, 2015). Clock is a transcription factor and core 

component of the circadian mechanism. Previous studies have shown that Clock plays a role in 

diurnal cardiac metabolism, contractile function, and gene and protein rhythms (Bray et al., 

2008;Podobed et al., 2014a;Podobed et al., 2014b). Our studies focused on the possible 

functional role of Clock in cardiac aging. The mutant ClockΔ19 allele extends the circadian period 

from ~23.5 h in the WT mice, to 24.4 h in the ClockΔ19/+ heterozygotes, and to 27.5 h in the 

Clock Δ19/Δ19 homozygote mice followed by a loss of circadian rhythmicity (Vitaterna et al., 1994) 

(Figure 12a). Clock Δ19/Δ19 mice develop age-dependent cardiac hypertrophy leading to HF. We 

initially evaluated the age-dependent increase in heart weight-to-body weight ratios in 

ClockΔ19/Δ19 mice, which was significantly greater by 18 months of age as compared to ClockΔ19/+ 

and WT littermates (Figure 12b). Gravimetrics were maintained in other peripheral organs, 

consistent with the notion that the ClockΔ19/Δ19 mice develop cardiovascular disease. Moreover, 

histopathology revealed that aged ClockΔ19/Δ19 hearts had significantly increased cardiomyocyte 

hypertrophy and interstitial fibrosis, as compared to ClockΔ19/+ and WT mice (Figure 12c,d). 

Collectively these findings show the development of obvious cardiac hypertrophy and 

substantial pathological remodelling in the aging ClockΔ19/Δ19 heart. 

     Given that Clock underlies age-dependent changes in heart structure, we next examined 

how these correlated with cardiac functional outcomes. Compared with the WT and ClockΔ19/+ 

mice, ClockΔ19/Δ19 mice had greater adverse remodelling with significantly increased left 

ventricular (LV) dimensions by 12 months of age, followed by decreased ejection fraction (%EF) 

and fractional shortening (%FS) (Figure 12e,f and Table 4). Because the differences in the 

ClockΔ19/Δ19 mice could be correlated to cardiovascular hemodynamic responses, we next 

measured these in vivo. We found that aging ClockΔ19/Δ19 mice showed worse functional profiles 

including LV end-systolic and LV end-diastolic and arterial pressures, and increased MAP 
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during sleep time (Figure 12g and Table 5). The non-dipper profile combined with a drop in 

TPR and impaired myogenic tone (Figure 12h and Figure 16) provokes a compensatory 

cardiac response leading to cardiovascular disease. The disease phenotype is restricted to the 

aging ClockΔ19/Δ19 mice. The young animals do not develop pathology, nor impaired cardiac 

function and appear healthy, with all cardiovascular parameters similar to the WT and ClockΔ19/+ 

littermates. The heart disease that develops in the aging ClockΔ19/Δ19 animals does so only over 

an extended period of chronic loss of Clock function, and the heart decompensates with age. 
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Figure 12. Aging ClockΔ19/Δ19 mice develop cardiovascular disease. (a) Actigraphy of WT, 

ClockΔ19/+, ClockΔ19/Δ19 mice under diurnal (12hr light:12hr dark) and circadian (constant 

darkness; DD) conditions. (b) Heart weight (HW) and HW:body weight (HW:BW) ratio in 

ClockΔ19/Δ19, ClockΔ19/+, and WT mice at 4, 8, 18 and 21 months of age, n=4-6/group. (c) 

Representative histopathology images stained with Masson’s trichrome or picrosirius red, and 

(d) quantification of myocyte cross sectional area (MSCA) and interstitial fibrosis in aging 

ClockΔ19/Δ19, ClockΔ19/+, and WT hearts, n=4-6/group. (e) Echocardiography at 4, 8, 12, 18 and 

21 months of age showing increased LV internal dimensions at diastole (LVIDd) and systole 

(LVIDs), and ejection fraction (%EF) and fractional shortening (%FS), n=9/group, and (f) 

representative mid papillary M-mode images. (g) In vivo hemodynamics show decreased LV 

end systolic pressure (LVESP), and increased diastolic pressure (LVEDP) with aging, n=4-

6/group (left). Diurnal rhythms in mean arterial pressure (MAP) in WT as compared to 

ClockΔ19/Δ19 mice, *p<0.05, n=3/group (right).  (h) Total peripheral resistance (TPR) decreases in 

ClockΔ19/Δ19 with age, n=4-6/group, *p<0.05 ClockΔ19/Δ19 vs. all other groups at the same age 

(left). Myogenic responsiveness of cremaster skeletal muscle resistance arteries isolated from 

21 month old mice, n≥11 arteries from 4 mice/group, *p<0.05 (right). All values are mean ± 

SEM. 
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     Given that Clock is a transcriptional regulator of the core circadian mechanism (Gekakis et 

al., 1998), we next evaluated the effects on gene expression in the heart (Figure 13a and Table 

6). Clock drives Per2 expression, and ClockΔ19/Δ19 hearts have a significantly reduced Per2 

rhythm by JTK_CYCLE. Second, Clock also drives Rev-Erbα, and ClockΔ19/Δ19 hearts have 

reduced Rev-Erbα expression in the heart. Lastly, since Rev-Erbα is a key repressor of Bmal1 

and Clock, we anticipated and found that ClockΔ19/Δ19 hearts have increased diurnal expression 

of these genes. Clock underlies the diurnal cycling of the circadian mechanism genes, which in 

turn are postulated to drive the output of genes and proteins important for the heart (Storch et 

al., 2002;Martino et al., 2004;Bray et al., 2008;Podobed et al., 2014a). Moreover, since it is 

predicted that up to 30% of gene transcripts are regulated by miRNAs(Lewis et al., 2005), we 

investigated whether Clock influenced miRNA expression including dynamic regulators of heart 

structure and function (van Rooij et al., 2006;Boon et al., 2013). Microarray profiling revealed 17 

miRNAs that were differentially expressed (p<0.05, fold-change>1.4) in young ClockΔ19/Δ19 

versus WT hearts (Figure 13b and Table 7). Hierarchical cluster analysis (Figure 13c) and 

functional mapping (Table 8) revealed that the greatest number of target genes of altered 

miRNAs in ClockΔ19/Δ19 hearts are involved in the PTEN-Akt signalling pathway. For example, 

primary transcripts from the miR-17-92 family and their cognate miRNAs are negative regulators 

of PTEN (Danielson et al., 2013); we found that the miRNAs are lower in young ClockΔ19/Δ19 

hearts (Figure 13d,e) and exhibit age-dependent increased expression by 21 months of age 

(Figure 13f,g). Additional changes in miRNA and host gene expression are shown in Figure 17. 

Given the significant relationship between miRNAs and the PTEN-Akt pathway, we next 

demonstrated a significant circadian and diurnal rhythm for Pten gene (Figure 13h,i) and PTEN 

protein cycling (Figure 13j) in WT but not ClockΔ19/Δ19 hearts (Table 9). Thus Clock function is 

associated with expression of regulatory miRNAs and targets in the PTEN-Akt pathway in the 

heart.
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Figure 13. Dysregulation of rhythmic gene/miRNA expression in ClockΔ19/Δ19 hearts. (a) 

Illustration of the circadian mechanism, and altered circadian rhythms in the core mechanism 

genes Per2, Rev-erbα, Bmal1, and Clock in ClockΔ19/Δ19 hearts, n=3 hearts/timepoint/group. (b) 

Heat map illustrating differentially expressed miRNAs in young ClockΔ19/Δ19 hearts (Table 7), n=3 

hearts/group. (c) Hierarchal cluster analysis of pathways targeted by differentially expressed 

miRNAs using miRPath. And KEGG identifications are in Table 8. Expression of (d) the primary 

miR-17-92 transcript, and (e) the mature miRNAs in 4 month old ClockΔ19/Δ19 hearts, and (f) up-

regulation of the primary miR-17-92 transcript and (g) and mature miRNAs, by 21 months of 

age, n=3 hearts/group, *p<0.05. (h) Circadian and (i) diurnal rhythms in Pten gene expression 

and (j) protein abundance in WT but not ClockΔ19/Δ19 hearts, n=3 hearts/timepoint/group. All 

values are mean ± SEM. JTK_CYCLE data are provided in Tables 6,9.  
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     We performed a series of experiments using young ClockΔ19/Δ19 mice and found a significant 

cascade effect. PTEN is the main negative regulator of downstream AKT signalling (Crackower 

et al., 2002). Increased PTEN abundance in young ClockΔ19/Δ19 hearts reduced AKT activation 

and was associated with a loss of AKT (S473) phosphorylation rhythms in ClockΔ19/Δ19 hearts 

(Figure. 14a). Two direct downstream targets of AKT namely GSK-3β and PRAS40, as well as 

the indirect target S6K1 also showed a loss of diurnal rhythms in phosphorylation in ClockΔ19/Δ19 

hearts consistent with an altered signalling cascade (Figure. 14b). The rhythmic JKC_CYCLE 

values are in Table 10. We next studied the effects of the Clock disrupted AKT-signalling 

cascade using neonatal cardiomyocytes (Figure 14c). FBS is a general activator of cell growth 

(Deng et al., 2000) and treatment stimulated both WT and ClockΔ19/Δ19 cardiomyocytes to 

increase to similar cell size (Figure 14d); however the Clock cells were initially smaller to start 

with and thus showed a greater fold-change from baseline (Figure 14e). IGF-1 is a potent 

activator of AKT-signalling (Fujio et al., 2000), and it increased cell size in WT but not 

ClockΔ19/Δ19 cardiomyocytes, consistent with impaired AKT-activation in these cells (Figure 14f). 

Conversely LiCl stimulated the growth of ClockΔ19/Δ19 cardiomyocytes, consistent with LiCl-

mediated inactivation of the elevated GSK-3β activity in these cells (Figure 14g). These data 

provide further support that Clock is mandatory for the PTEN-Akt signalling axis regulating 

cardiomyocyte growth pathways. 

       Chronic dysregulation of AKT signalling causes maladaptive cardiac remodeling (Shiojima 

et al., 2005). Thus we next assessed AKT signalling in aged (21 month old) ClockΔ19/Δ19 versus 

WT mice. We observed that AKT (S473) phosphorylation and phosphorylation of its 

downstream targets (S6K1, GSK-3β) were increased in the old ClockΔ19/Δ19 hearts (Figure 15a). 

Activity of GSK-3β is controlled by the phosphorylation status at S9; phosphorylation inhibits 

GSK-3β activity and is associated with hypertrophic responsiveness in-vivo (Antos et al., 2002). 

In the aged ClockΔ19/Δ19 mice, chronic Clock disruption led to increased activation of AKT 

signalling pathways leading to inactivation of GSK-3β, consistent with the development of 
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cardiac hypertrophy in these animals. Importantly, GSK-3β S9 phosphorylation also occurs in 

failing human hearts (Morisco et al., 2000;Haq et al., 2001), and this is consistent with the 

development of reduced cardiac function (Figure. 12) and increased gene expression of the HF 

biomarkers Nppa, Nppb in the old ClockΔ19/Δ19 hearts (Figure 15b).  
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Figure 14. Disrupted AKT signalling in young ClockΔ19/Δ19 hearts. (a) Representative western 

blot (top) and quantification (bottom) of AKT phosphorylation at S473. (b) Representative 

western blots (left) and quantification (right) of GSK-3β phosphorylation at S9, PRAS40 

phosphorylation at T246 and S6K1 phosphorylation at T389. Graphs represent phospho/total 

protein abundance, n=3 hearts/time point. (c) Neonatal ClockΔ19/Δ19 and WT cardiomyocytes 

stained with anti-α-actinin (green) and dapi (blue) used for cell size quantification following 

treatments targeting the AKT pathway, by (d) 10% FBS treatment, and (e) greater fold change 

in ClockΔ19/Δ19 cardiomyocytes from baseline with FBS treatment as compared to WTs, or (f) 

10ng/mL insulin like growth factor-1 (IGF-1) treatment, or (g) 20mM lithium chloride (LiCl) 

treatment, n≥3/group, *p<0.05, Values are mean ± SEM. 
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     In terms of clinical implications, disturbed circadian rhythms are associated with 

cardiovascular disease and restoring rhythms benefits the heart. For example, patients with 

obstructive sleep apnea develop cardiac hypertrophy (Hedner et al., 1990). Loss of nocturnal 

BP rhythms (“non-dipper”) is associated with increased heart size (Verdecchia et al., 1990). 

Moreover, in a murine model we showed that disturbing circadian rhythms exacerbates cardiac 

remodelling after MI; maintaining rhythms benefits infarct healing and outcome (Alibhai et al., 

2014). In this study, circadian disturbance via Clock triggered cardiac hypertrophy leading to 

HF. Thus we sought to examine whether modulation of the circadian mechanism downstream of 

Clock, using the REV-ERB agonist SR9009 (Solt et al., 2012), is efficacious in our model of HF. 

The drug improved oxygen consumption in the old ClockΔ19/Δ19 mice (Figure 15c). We found that 

SR9009 also improved oxygen consumption in the aged WT mice (Figure 15d). Although not as 

severe as the ClockΔ19/Δ19 mice, the old WTs also show a mild increase in heart size and 

decrease in function by 21 months of age (Figure 12). Thus we tested whether pharmacological 

modulation in mice with a functional Clock gene could alter Akt-activation. We found that 

SR9009 reduced Akt activation in WT hearts (Figure 15e), concurrent with up regulation of 

Atrogin-1 (Figure 15f) (which inhibits Akt-dependent cardiac hypertrophy (Li et al., 2007)) 

resulting in reduced heart size (Figure 15g). These data provide evidence that functional Clock 

regulates hypertrophy pathways. In heart disease, impaired oxygen consumption is a limiting 

factor for exercise (Gademan et al., 2009). Importantly, our pharmacological rescue provides a 

novel approach by reducing the activation of hypertrophy pathways while improving oxygen 

consumption available for exercise performance.  

      In summary, the circadian mechanism regulates rhythmic gene expression in the heart. In 

ClockΔ19/Δ19 mice there is dysregulation of the core circadian gene mechanism, output genes 

and miRNA posttranscriptional regulators. Functional mapping identified the PTEN-AKt 

signalling pathway as targets of Clock-induced cardiac hypertrophy. Although other miRNA 
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pathways may also be involved, our results indicate that Clock is a key regulator of Akt 

signalling for triggering cardiac hypertrophy in vivo, leading to HF. 
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Figure 15. Clock and AKT signalling and cardiac remodeling. (a) Representative western blots (left) from 21 month old WT versus 

ClockΔ19/Δ19 hearts, and densitometry quantification (right) of phospho-AKT (S473), phospho-S6K1 (T389), and phospho-GSK-3β 

(S9), n≥3 hearts/group. (b) Nppa and Nppb gene expression in 21 month old ClockΔ19/Δ19 and WT hearts, n=3 hearts/group. (c) 

Oxygen consumption (VO2) in old ClockΔ19/Δ19 mice following SR9009 treatment (100mg/kg, i.p, b.i.d, 28 days) or vehicle, and (d) in 

WT mice, n=4/group, *p<0.05. (e) Representative western blot of AKT activation (left) in WT hearts, and quantification of 

phospho/total AKT (right), and (f) Atrogin-1 expression by qRTPCR, and (g) heart size, n=4/group, *p<0.05. Values are mean ± SEM. 
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Table 4. Echocardiography at 4, 8, 12, 18 and 21 months of age 

 ClockΔ19/Δ19  ClockΔ19/+ Wild Type  

21 Month     

LVIDd (mm) 4.86±0.06** 4.52±0.05* 4.37±0.03 

LVIDs (mm) 3.45±0.06** 3.00±0.03 2.85±0.06 

FS (%) 28.98±0.76** 33.61±0.64 34.86±0.99 

EF (%) 61.72±1.30** 68.88±0.84 70.58±1.28 

IVSd (mm) 0.84±0.02 0.80±0.01 0.81±0.01 

PWTd (mm) 0.81±0.01 0.78±0.01 0.79±0.01 

LV Mass (mg) 170.88±7.23** 142.38±3.53 136.32±2.23 

LV/BW (mg/g) 4.86±0.33** 3.36±0.18 3.33±0.15 

HR (bpm) 421±9 428±4 436±10 

18 Month    

LVIDd (mm) 4.63±0.06** 4.35±0.05 4.30±0.04 

LVIDs (mm) 3.20±0.05** 2.85±0.06 2.80±0.05 

FS (%) 30.84±0.60** 34.51±0.81 34.89±0.52 

EF (%) 64.96±0.88** 70.01±1.06 70.77±0.70 

IVSd (mm) 0.81±0.01 0.79±0.01 0.78±0.01 

PWTd (mm) 0.79±0.01 0.77±0.01 0.77±0.01 

LV Mass (mg) 150.58±4.68** 130.96±2.30 127.27±2.24 

LV/BW (mg/g) 3.79±0.35* 2.88±0.12 3.07±0.13 

HR (bpm) 431±5 454±11 466±10 

12 Month    

LVIDd (mm) 4.42±0.04* 4.20±0.02 4.23±0.04 

LVIDs (mm) 2.84±0.04* 2.59±0.03 2.66±0.04 

FS (%) 35.85±0.46 38.13±0.52 37.12±0.50 

EF (%) 72.00±0.61 74.75±0.62 73.54±0.61 

IVSd (mm) 0.76±0.01 0.74±0.01 0.74±0.01 

PWTd (mm) 0.74±0.01 0.71±0.01 0.73±0.01 

LV Mass (mg) 128.32±4.22* 112.39±1.60 116.25±2.30 

LV/BW (mg/g) 2.78±0.09 2.57±0.14 2.83±0.12 

HR (bpm) 408±8 460±9 460±12 

8 Month    

LVIDd (mm) 4.23±0.04 4.13±0.03 4.09±0.04 

LVIDs (mm) 2.57±0.04 2.52±0.04 2.48±0.06 

FS (%) 39.34±0.95 39.55±0.36 39.28±0.90 

EF (%) 76.04±1.06 76.45±0.41 76.12±1.00 

IVSd (mm) 0.74±0.01 0.72±0.01 0.72±0.01 

PWTd (mm) 0.73±0.01 0.71±0.01 0.71±0.01 

LV Mass (mg) 114.96±2.95 106.83±2.03 105.19±3.11 

LV/BW (mg/g) 3.03±0.10 2.99±0.14 3.03±0.13 

HR (bpm) 449±8 450±6 478±13 
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4 Month    

LVIDd (mm) 4.13±0.03 4.02±0.03 4.04±0.03 

LVIDs (mm) 2.43±0.05 2.44±0.03 2.43±0.03 

FS (%) 41.25±0.85 39.29±0.44 39.70±0.35 

EF (%) 78.19±0.94 76.15±0.54 76.64±0.40 

IVSd (mm) 0.73±0.01 0.72±0.01 0.71±0.01 

PWTd (mm) 0.72±0.01 0.69±0.01 0.70±0.004 

LV Mass (mg) 109.54±1.96 100.12±0.99 100.92±1.54 

LV/BW (mg/g) 3.69±0.18 3.62±0.13 3.76±0.14 

HR (bpm) 435±8 466±16 489±10 

LVIDd; left ventricle internal dimensions at diastole, LVIDs; LV internal dimensions at systole, 

FS; fractional shortening, EF; ejection fraction, IVSd; septal wall thickness at diastole, PWTd; 

posterior wall thickness at diastole, LV; left ventricle, BW; body weight, HR, heart rate.*p<0.05 

vs. all other groups of same age; **p<0.01 vs. all other groups of same age. Significant age and 

genotype effects were identified for all parameters measured. n=9/group. Values are mean ± 

SEM. 
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Table 5. In vivo hemodynamics at 4,8,18 and 21 months of age 

 ClockΔ19/Δ19  ClockΔ19/+ Wild Type  

21 Month     
LVESP (mmHg) 83.01±4.15* 102.35±6.35 100.31±1.00 

LVEDP (mmHg) 6.10±1.54* 2.06±0.75 1.78±0.33 

dp/dt max (mmHg/s) 6465.71±676.82* 9781.44±932.97 8829.16±374.43 

dp/dt min (mmHg/s) -5669.03±604.70* -8686.69±1013.86 -8276.03±122.42 

SBP (mmHg) 92.13±2.01* 101.48±2.49 99.72±1.09 

DBP (mmHg) 57.64±1.54* 65.38±1.49 65.76±0.94 

MAP (mmHg) 69.14±1.42* 77.41±1.75 77.08±0.81 

TPR (mmHg/mL/min) 2.25±0.09* 2.87±0.12 2.68±0.04 

18 Month    
LVESP (mmHg) 93.33±2.03* 102.02±1.29 105.23±0.93 

LVEDP (mmHg) 3.20±1.68 2.31±0.73 1.86±0.67 

dp/dt max (mmHg/s) 7507.83±658.23 9360.69±707.45 8390.26±377.84 

dp/dt min (mmHg/s) -7851.31±664.73 -9550.18±886.80 -8438.52±622.71 

SBP (mmHg) 96.53±1.32 100.13±1.42 104.56±1.35 

DBP (mmHg) 59.72±1.65 66.22±0.82 63.74±2.14 

MAP (mmHg) 71.99±1.17* 77.52±0.1.01 77.35±1.84 

TPR (mmHg/mL/min) 2.77±0.12 3.19±0.11 2.99±0.17 

8 Month    
LVESP (mmHg) 98.61±1.07 102.97±1.17 101.98±1.61 

LVEDP (mmHg) 0.28±1.13 1.75±0.88 0.25±0.77 

dp/dt max (mmHg/s) 8758.68±563.19 9038.40±525.96 9676.84±383.15 

dp/dt min (mmHg/s) -8963.90±570.06 -8858.86±540.43 -9135.13±572.25 

SBP (mmHg) 99.38±1.52 101.01±1.27 101.22±1.51 

DBP (mmHg) 59.83±1.69 65.24±0.98 62.06±2.01 

MAP (mmHg) 72.98±0.87 77.09±0.91 75.12±1.14 

TPR (mmHg/mL/min) 2.76±0.11 3.19±0.09 3.02±0.09 

4 month    
LVESP (mmHg) 98.76±1.14 102.62±1.01 102.21±1.35 

LVEDP (mmHg) 0.87±1.07 0.83±0.36 1.56±1.14 

dp/dt max (mmHg/s) 8969.22±773.75 9565.88±416.16 9417.49±185.42 

dp/dt min (mmHg/s) -8645.00±832.50 -9070.42±360.75 -8488.80±258.49 

SBP (mmHg) 98.02±1.13 99.22±0.88 97.98±0.74 

DBP (mmHg) 62.22±0.57 63.66±1.02 63.45±0.52 

MAP (mmHg) 74.15±0.34 75.51±0.52 74.96±0.43 

TPR (mmHg/mL/min) 3.01±0.09 3.17±0.18 3.11±0.09 

Avg HR (bpm) 500.02±15.20 536.35±22.39 504.02±20.15 

LVESP, left ventricle (LV) end systolic pressure; LVEDP, LV end diastolic pressure; dP/dtmax 

and dP/dtmin, maximum and minimum first derivative of LV pressure; SBP, systolic blood 

pressure (BP); DBP, diastolic BP; MAP, mean arterial pressure; TPR, total peripheral 

resistance; HR, heart rate. n=4-6/group, *p<0.05 ClockΔ19/Δ19 vs. all other groups of same age. 

Values are mean ± SEM. 
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Table 6. Circadian mechanism gene rhythms in WT and ClockΔ19/Δ19 hearts using JTK_CYCLE 

Gene 

Symbol 
Genotype 

JTK_CYCLE 

p-value 

JTK_CYCLE 

q-value 
Phase Amplitude 

Amplitude 

95% CI 

Per2 WT 
6.51E-08 3.91E-07 12 

11.36 (7.69,14.23) 

Per2 ClockΔ19/Δ19 
6.47E-06 2.91E-05 20 

0.54 (0.28,1.14) 

Rev-erbα WT 
8.74E-11 1.40E-09 6 4.20 

(2.86, 5.24) 

Rev-erbα ClockΔ19/Δ19 
2.65E-04 0.001 10 

0.94 (0.33, 1.49) 

Bmal1 WT 
2.40E-08 1.92E-07 22 

10.39 (5.04, 12.61) 

Bmal1 ClockΔ19/Δ19 
1.04E-04 3.31E-04 4 8.04 

(3.71, 11.76) 

Clock WT 
6.27E-05 2.51E-04 0 0.31 

(0.15, 0.48) 

Clock ClockΔ19/Δ19 
0.32 0.39 2 0.21 

(0.01, 0.61) 
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Table 7. Differentially expressed miRNAs in young ClockΔ19/Δ19 hearts 

Transcript 
ID 

Probe Set 
ID 

Accession p-value clockΔ19/Δ19 
vs. WT (f.c) 

Targets 
(TarBase)  

Location 
(miRBase) 

mmu-miR-
466h-3p 

MIMAT0017
274_st 

MIMAT0017274 0.044 3.29 
 

Sfmbt2 

mmu-miR-
195a-3p 

MIMAT0017
000_st 

MIMAT0017000 0.003 1.79 
  

mmu-miR-
7658-5p 

MIMAT0029
822_st 

MIMAT0029822 0.041 1.59 
  

mmu-miR-
504-5p 

MIMAT0004
889_st 

MIMAT0004889 0.003 1.57 
p53 (trp53), 
Foxp1, Vim 

Fgf13 

mmu-miR-
139-3p 

MIMAT0004
662_st 

MIMAT0004662 0.002 1.53 
 

Pde2a 

mmu-miR-
330-3p 

MIMAT0000
569_st 

MIMAT0000569 0.013 1.46 
 

Eml2 

mmu-miR-
19b-3p 

MIMAT0000
513_st 

MIMAT0000513 0.007 -1.41 

Pten, Ctgf, 
Atrogin-1, 
MuRF-1, 
Col1a1, 
Col1a3 

 

mmu-miR-
26b-5p 

MIMAT0000
534_st 

MIMAT0000534 0.017 -1.44 
Gata4, 
Plcβ1,Pten, 
Ptgs2 

Ctdsp1 

mmu-miR-
29c-3p 

MIMAT0000
536_st 

MIMAT0000536 0.017 -1.45 
Mcl1, 
Spry1, 
Hdac4,  

 

mmu-miR-
322-5p 

MIMAT0000
548_st 

MIMAT0000548 0.0002 -1.51 

Stxbp1, 
Smurf2, 
Has2, Ffg2, 
Fgfr1,  

 

mmu-miR-
18a-5p 

MIMAT0000
528_st 

MIMAT0000528 0.019 -1.57 

Syndecan4, 
Pten , Atm, 
Col1a1, 
Col3a3 

 

mmu-miR-
181a-2-3p 

MIMAT0005
443_st 

MIMAT0005443 0.017 -1.72 
 

Nr6a1 

mmu-miR-
499-5p 

MIMAT0003
482_st 

MIMAT0003482 0.007 -1.82 

Ppp3ca, 
Ppp3cb, 
Sox6, 
Pdcd4, 
Kcnn3 

Myh7b 

mmu-miR-
511-3p 

MIMAT0017
281_st 

MIMAT0017281 0.042 -1.93 Rock2 Mrc1 

mmu-miR-
200c-3p 

MIMAT0000
657_st 

MIMAT0000657 0.000 -2.14 Zeb1, Zeb2,  
 

mmu-miR-
223-3p 

MIMAT0000
665_st 

MIMAT0000665 0.011 -2.26 Icam-1 Tmem180 

mmu-miR-
146b-5p 

MIMAT0003
475_st 

MIMAT0003475 0.021 -2.52 Timp4 
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Table 8. Gene interaction and pathway analysis of miRNAs differentially expressed in 

ClockΔ19/Δ19 hearts 

KEGG PATHWAY (#) p-value 
# of 

genes 
# of 

miRNAs 

PTEN-Akt signaling pathway (mmu04151) 9.79E-25 97 12 

Pathways in cancer (mmu05200) 3.51E-13 85 12 

Focal adhesion (mmu04510) 2.70E-37 75 13 

MAPK signaling pathway (mmu04010) 1.63E-13 68 12 

HTLV-I infection (mmu05166) 1.57E-06 63 12 

Endocytosis (mmu04144) 3.10E-12 59 13 

Regulation of actin cytoskeleton (mmu04810) 3.26E-08 55 13 

Transcriptional misregulation in cancer(mmu05202) 1.18E-08 50 12 

Axon guidance (mmu04360) 1.17E-20 46 14 

Ubiquitin mediated proteolysis (mmu04120) 2.44E-12 43 13 

Wnt signaling pathway (mmu04310) 3.25E-08 43 12 

Insulin signaling pathway (mmu04910) 3.41E-11 40 12 

Chemokine signaling pathway (mmu04062) 6.06E-04 40 13 

Neurotrophin signaling pathway (mmu04722) 3.51E-13 39 12 

Hepatitis B (mmu05161) 4.31E-07 39 12 

Protein processing in endoplasmic 
reticulum(mmu04141) 

2.07E-04 39 12 

T cell receptor signaling pathway (mmu04660) 4.19E-12 35 12 

Hepatitis C (mmu05160) 4.50E-07 35 11 

Tight junction (mmu04530) 2.18E-05 35 13 

ErbB signaling pathway (mmu04012) 1.12E-17 34 12 

Prostate cancer (mmu05215) 1.37E-16 33 12 

Renal cell carcinoma (mmu05211) 3.74E-14 30 10 

Amoebiasis (mmu05146) 2.25E-07 29 12 

Melanoma (mmu05218) 3.66E-15 28 12 

HIF-1 signaling pathway (mmu04066) 1.57E-04 28 10 

Small cell lung cancer (mmu05222) 1.70E-10 27 9 

ECM-receptor interaction (mmu04512) 2.24E-10 27 10 

Protein digestion and absorption (mmu04974) 6.33E-10 27 5 

Fc gamma R-mediated phagocytosis (mmu04666) 2.97E-08 27 11 

Pancreatic cancer (mmu05212) 5.76E-10 25 10 

Adherens junction (mmu04520) 2.16E-06 25 12 

mTOR signaling pathway (mmu04150) 1.77E-11 24 11 

Glioma (mmu05214) 6.03E-09 24 11 

GnRH signaling pathway (mmu04912) 4.82E-06 24 12 
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Table 9. Analysis of mRNA and protein rhythms in WT and ClockΔ19/Δ19 hearts using 

JTK_CYCLE 

Gene or 

PROTEIN 
Genotype 

JTK_CYCLE 

p-value 

JTK_CYCLE 

q-value 
Phase Amplitude 

Amplitude 

95% CI 

Pten (D:D) WT 
0.00042 0.00017 16 0.18 

(0.08, 0.28) 

Pten (D:D) ClockΔ19/Δ19 
0.38 0.32 0 0.14 

(0.01, 0.28) 

Pten (L:D) WT 
0.020 0.029 12 0.24 

(0.06, 0.40) 

Pten (L:D) ClockΔ19/Δ19 
1.00 1.00 6 0.070 

(-0.14, 0.27) 

PTEN 

(L:D)  
WT 

0.038 0.0058 
4 0.33 (0.12, 0.60) 

PTEN 

(L:D) 
ClockΔ19/Δ19 1.00 1.00 10 0.14 (-0.28, 0.50) 

L:D, 12:12 light dark cycle (diurnal); D:D, constant darkness (circadian). 
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Table 10. Analysis of diurnal phosphorylation rhythms in WT and ClockΔ19/Δ19 hearts using 

JTK_CYCLE 

Protein 

(Phospho) 
Genotype 

JTK_CYCLE 

p-value 

JTK_CYCLE 

q-value 
Phase Amplitude 

Amplitude 

95% CI 

AKT (S473) WT 
0.026 0.082 20 0.31 

(-0.39, 0.87) 

AKT (S473) ClockΔ19/Δ19 
1.00 1.00 18 0.37 

(-0.18, 0.79) 

GSK-3β (S9) WT 
0.034 0.083 18 0.40 

(0.22, 0.64) 

GSK-3β (S9) ClockΔ19/Δ19 
1.00 1.00 0 0.15 

(-0.11, 0.44) 

PRAS40 (T246) WT 
0.0020 0.022 20 0.40 

(0.07, 0.75) 

PRAS40 (T246) ClockΔ19/Δ19 
1.00 1.00 10 0.20 

(-0.40, 0.66) 

S6K1 (T389) WT 
0.015 0.054 18 2.62 

(1.21, 8.11) 

S6K1 (T389) ClockΔ19/Δ19 
1.00 1.00 10 1.65 

(-1.29, 5.44) 
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Table 11. Forward and reverse primer sequences. 

Gene Forward (5’-3’) Reverse (5’-3’) 

Bmal1 ccagggtttgaagttagagtcc tgaagtcgctgatggttgag 

Per2 tcatcattgggaggcacaaa gcatcagtagccggtggatt 

Clock gcctcagcagcaacagcagc accgcatgccaactgagcga 

Rev-erbα gggcacaagcaacattacca cacgtccccacacaccttac 

Pten gattacagacccgtggcac tcttcacctttagctggcag 

Nppa gggtaggattgacaggattgg agaatcgactgccttttcctc 

Nppb gcgagacaagggagaacac gcggtgacagataaaggaaaag 

Myh7b actaacctgaggcgcaacca cttcttgaggcgcagtgctt 

Myh6 gcccagtacctccgaaagtc gccttaacatactcctccttgtc 

Pri-miR-17-92 cccagccaactgtcctgttattga acagctggatgcaaacctgcaa 

Fgf13 cattttctgcccaaaccactg gcctccattcagtacaccag 

Fgf12 gcgactacaccctcttcaatc agactccttaaatttgcattctgg 

Fbxo32 gactggacttctcgactgc gaagttcttttgggcgatgc 

Lpp cagcatcttggctgatttgga gttgcggacttcttggttgc 

Histone gcaagagtgcgccctctactg ggcctcacttgcctcctgcaa 
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Figure 16. Vasomotor responses in 21 month old ClockΔ19/Δ19 versus WTs. n≥11 isolated 

resistance arteries from 4 animals/group. Values are mean ± SEM. *p<0.05 ClockΔ19/Δ19  vs. WT. 
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Figure 17. Quantitative RTPCR of miRNAs identified by microarray analysis. MicroiRNA and 

host gene expression, in ClockΔ19/Δ19 vs. WT hearts, n≥3 hearts/group, *p<0.05 ClockΔ19/Δ19  vs. 

WT. Values  are mean ± SEM. 
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CHAPTER 4 

FEMALE CLOCKΔ19/Δ19 MICE ARE PROTECTED FROM THE DEVELOPMENT OF AGE-
DEPENDENT HEART DISEASE 
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Abstract 

   Circadian rhythms play an important role in healthy cardiovascular physiology and they are 

regulated by the molecular circadian mechanism. Clock is a core component of the circadian 

mechanism and previously we showed that disruption of CLOCK function in male ClockΔ19/Δ19 

mice leads to age-dependent cardiovascular disease. Here, we show that female ClockΔ19/Δ19 

mice are protected from the development heart disease with age. Female ClockΔ19/Δ19 mice 

maintain normal heart size and myocyte cross sectional area with age and only develop 

contractile dysfunction by 21 months. Investigation into the underlying mechanisms 

demonstrated that CLOCK disruption differentially affects metabolic function in female and male 

mice. Although female ClockΔ19/Δ19 mice have disrupted diurnal activity and food intake rhythms, 

female ClockΔ19/Δ19 mice maintain normal glucose tolerance and cardiac substrate uptake 

compared to female WT mice. In contrast, male ClockΔ19/Δ19 mice have increased cardiac 

glucose uptake compared to male WT mice. Correlating with cardiac glucose uptake is AKT 

activation, which remained normal in female ClockΔ19/Δ19 mice but was elevated in male 

ClockΔ19/Δ19 mice compared to WT mice. Further examination of cardiac metabolism revealed 

that female hearts have an altered phospholipid composition as shown by reduced 

phosphatidylcholine/phosphatidylethanolamine ratio (PC/PE), reduced phospholipid fatty acid 

18:1/18:0 ratio, increased tetralinoleoyl cardiolipin content, and altered TAG fatty acid content. 

Lastly, we show that ovarian hormones play a key role in protecting female ClockΔ19/Δ19 mice 

from the development of heart disease as ovariectomized ClockΔ19/Δ19 mice develop increased 

LV dilation by 8 months of age. Collectively, these results demonstrate that female ClockΔ19/Δ19 

mice are protected from the development of age-dependent heart disease, and that biological 

sex influences the adverse effects of CLOCK disruption on the heart.  
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Introduction 

     The molecular circadian mechanism regulates diurnal rhythms in cardiovascular physiology 

such as blood pressure (Curtis et al., 2007), heart rate, metabolism, and contractile function 

(Bray et al., 2008). Disruption of circadian rhythms alters diurnal cardiovascular physiology and 

increases cardiovascular disease risk in humans (Morris et al., 2016). Sex plays an important 

role in the development of cardiovascular disease as women have reduced risk of 

cardiovascular disease compared to males until ~75 years of age (Mosca et al., 2011). Females 

are also protected in experimental models of cardiovascular disease; female mice subjected to 

trans-aortic constriction exhibit less hypertrophy compared to male mice (Witt et al., 2008). 

Cardio-protection in females has been attributed to estrogen signalling, as E2 administration 

reduces cardiac hypertrophy following trans-aortic constriction (Donaldson et al., 2009). 

However, whether females are protected from the development of heart disease associated with 

circadian rhythm disruption is not known. CLOCK is a core component of the circadian 

mechanism (Vitaterna et al., 1994), and is a key regulator of cardiac structure and function (as 

shown in Chapter 3). Previously, we demonstrated that male ClockΔ19/Δ19 mice develop age-

dependent cardiac hypertrophy and reduced cardiac function by 21 months of age. In this study, 

we examined cardiac structure and function of aging female ClockΔ19/Δ19 mice to test the 

hypothesis that female ClockΔ19/Δ19 mice are protected from the development of heart disease. 
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Materials and Methods 

 

Animals 

     All studies were approved by the University of Guelph Institutional Animal Care and Use 

Committee and in accordance with the guidelines of the Canadian Council on Animal Care. 

Female and male homozygote ClockΔ19/Δ19
,
 heterozygote ClockΔ19/+, and wild type (WT) 

littermates on a C57Bl/6J background were used for this study and genotyped as described 

previously (Alibhai et al., 2014). Mice were housed on a 12-hour light:12-hour dark cycle with 

food and water provided ad libitum throughout the study. All animals were sacrificed by 

isoflurane and cervical dislocation. Hearts for histopathology were perfused with 1M KCl and 

fixed in 10% neutral buffered formalin. For all molecular experiments hearts were collected, 

snap frozen in liquid nitrogen and stored at -800C until use.  

Ovariectomy 

     Bilateral ovariectomy was performed using the method of (Clipperton-Allen et al., 2012). 

Briefly, six week old mice were administered carprofen (20mg/kg; Rimadyl, Pfizer) 1 hour prior 

to the procedure for analgesia. Mice were anesthetized at 4% isoflurane and maintained at 

2.5% using a nose-cone. A small vertical midline dorsal incision of 2 cm was made in the lower 

back followed by two smaller bilateral lumbar incisions (<1 cm) though the muscles overlying 

the ovaries. The ovarian arteries were clamped and the ovaries excised. The central incision in 

the skin was closed with 1-2 MikRon Autoclip 9mm wound clips (MikRon Precision Inc). Mice 

received a post-operative saline bolus (0.5mL, subcutaneous) and recovered for 7 days before 

the staples were removed.  
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Actigraphy 

     Wheel running activity was measured at 21 months of age for all genotypes. Individually 

housed mice were allowed to acclimatize to the wheel running cages (Colbourn) for 2 weeks 

after which wheel running locomotor activity was recorded for 2 weeks in a 12:12 LD 

environment. Wheel running activity was analyzed using the ClockLab Software (ActiMetrics). 

Echocardiography 

     Echocardiography was performed on mice at 4, 8, 12, 18, and 21 months of age using a GE 

Vivid 7 Dimension ultrasound machine (GE Medical Systems) with the i13L 14MHz linear-array 

transducer (Alibhai et al., 2014). Animals were maintained under light anesthesia (1.0% 

isoflurane) and body temperature maintained at 37oC during image acquisition. Data analysis 

was performed on an offline system using EchoPAC (GE Medical Systems). 

In Vivo Hemodynamics 

     Hemodynamics recordings were taken at 4 and 21 months of age. Mice were anesthetized 

using isoflurane and intubated. LV contractile performance and blood pressure were measured 

using a 1.4Fr pressure catheter (Transonic) via the right carotid artery. Body temperature was 

continuously monitored and maintained at 37°C. Data were analyzed using Lab Chart 7 

(Colorado Creeks, US). 

Histology 

     Formalin fixed hearts were processed, paraffin embedded, and 5µm sections collected. 

Sections collected from the level of the mid papillary were stained with Masson’s trichrome for 

analysis of myocyte cross sectional area (MCSA) or picrosirius red for quantification of cardiac 

fibrosis. At least 100 myocytes were measured per heart with n=4 hearts/group using Image J 

v1.48 (NIH). 
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Comprehensive Lab Animal Monitoring System (CLAMS) 

     The CLAMS was used to examine daily rhythms in metabolism and physical activity of 12 

month old ClockΔ19/Δ19 and WT mice as described previously (Alibhai et al., 2014). Animals were 

acclimatized to the chambers for 48 hours after which metabolic parameters were measured for 

24 hours. Data was analyzed using the Oxymax software (Columbus Instruments).  

Glucose Tolerance Test 

     Glucose tolerance tests were performed in mice fasted for 14 hours. Glucose was injected at 

either ZT2 or ZT14 at 2g/kg body weight (i.p.). Blood glucose concentrations were determined 

by tail vein sampling at baseline (0), 15, 30, 45, 60, 90, and 120 minutes post-injections using a 

hand-held glucometer (Freestyle Lite, Abbot). 

2-Deoxyglucose and 2-bromopalmitate uptake 

     After 12 hours of fasting, 12 month old mice were anesthetized with isoflurane and injected 

retro-orbitally with 5µCi 2-deoxy[H3]glucose in PBS and 1.5µCi 2-bromo[C14]palmitate 

complexed to bovine serum albumin in PBS. Heart, liver and gastrocnemius were collected 1 

hour after injection, homogenized in PBS, and radioactivity measured by liquid scintillation 

counting (Tri-Carb 2900TR; Packard Instruments). Radioactivity in tissue homogenates was 

normalized to the counts per minute (cpm) present in 10µl of serum collected 5 minutes 

following injection  

Protein Isolation and Immunoblotting 

     Following examination of substrate uptake, hearts were collected for assessment of AKT 

phosphorylation. Protein extracts were prepared with CelLytic M Cell Lysis Reagent (Sigma) 

supplemented with cOmplete protease and PhosSTOP phosphatase inhibitor cocktails (Roche). 

Lysates were subjected to SDS-PAGE and transferred to a PVDF membrane at 100V for 2 
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hours (Bio-Rad) for immunoblotting. Following transfer, membranes were blocked using 5% milk 

in TBS-T then incubated with the primary antibodies overnight at 40C. Primary antibodies used 

were phospho-AKT (Ser473) (4060; 1:1000), and AKT (4691; 1:1000), both obtained from Cell 

Signalling. Following primary antibody incubation membranes were washed in TBS-T and 

incubated with a goat anti-rabbit-HRP secondary antibody (1:5000, Cell Signalling) for 1 hour at 

room temperature. Membranes were washed with TBS-T and proteins visualized by enhanced 

chemi-luminescence on a ChemiDoc MP (BioRad) using the SignalFire Elite ECL reagent 

(12757, Cell Signalling). Images were analyzed in Image J v1.48 (NIH). 

Lipidomics 

     Lipids were extracted according the Bligh and Dyer method (Bligh and Dyer, 1959). Lipid 

extracts were reconstituted in 900 µL of 1:1 Chloroform:Methanol containing 10mM ammonium 

acetate. Mass Spectrometry analysis was performed by direct infusion-tandem mass 

spectrometry on a Sciex 6600 Triple TOF (Sciex: Framingham, Massachusetts, USA) using an 

MS/MSAll acquisition method in both positive and negative electrospray ionization modes. Each 

sample was individually infused for 7.5 minutes in each ionization mode at a flow rate of 

15µL/minute. Quadrupole precursor ions were selected for a mass range of 200-2000 m/z and 

product ions at a time of flight (TOF) mass range of 100-2000 m/z. Data analysis was performed 

using LipidView SoftwareTM v1.3 beta (ABSciex: Framingham, Massachusetts). Sample MS/MS 

spectral data was matched to the LipidView database and the corresponding TOF MS mass 

peak areas integrated in order to generate compositional lipid profiles. Quantification is based 

on the peak area and expressed as a % of each lipid species count /total lipid class count. 

Statistical Analysis 

     Values are expressed as mean ± SEM. Statistical comparisons were performed using an 

unpaired Student’s t-test, or two-way analysis of variance (ANOVA) followed by Tukey test for 
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multiple comparisons using SigmaPlot 12 (Systat Software Inc.). Values of p<0.05 were 

statistically significant.  

Results 

     CLOCK plays an important role in regulating cardiac structure and function with age in male 

mice, first we examined whether this applied to female mice. To do this, we examined the 

cardiac structure and function of female ClockΔ19/Δ19, ClockΔ19/+ and WT mice with age. Aged 

female ClockΔ19/Δ19, ClockΔ19/+ and WT mice have normal entrainment to a 24 hour daily 12:12 

LD cycle as all genotypes exhibit consolidation of wheel running activity in the dark phase at 21 

months of age (Figure 18A). Examination of gravimetrics revealed female ClockΔ19/Δ19 mice 

have similar heart weight (HW; Figure 18B) and HW/tibia length (HW/TL; Figure 18C) as 

female ClockΔ19/+ and WT mice at 4 and 21 months of age. HW/Body weight (HW/BW; Figure 

18D) was significantly greater in female ClockΔ19/Δ19 mice compared to ClockΔ19/+ and WT mice at 

21 months. However, this was because BW was significantly lower in female ClockΔ19/Δ19 mice 

vs. ClockΔ19/+ and WT mice at 21 months (Figure 18E). Next, to examine changes in cardiac 

structure and function with age we evaluated female ClockΔ19/Δ19, ClockΔ19/+, and WT hearts 

using echocardiography from 4 to 21 months. Female ClockΔ19/Δ19 mice maintain a similar heart 

size as ClockΔ19/+ and WT mice with aging as LV internal dimensions at diastole (LVIDd) was not 

different between the genotypes (Figure 18F). Moreover, septal wall thickness was similar 

between groups with aging, supporting female ClockΔ19/Δ19 mice maintain normal heart size 

compared to ClockΔ19/+ and WT mice (Figure 18G). By 21 months female ClockΔ19/Δ19 mice 

exhibit reduced contractile function as evidenced by significantly increased LV internal 

dimensions at systole (Figure 18H), and significantly reduced ejection fraction compared to 

ClockΔ19/+ and WT mice (Figure 18I). 
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Figure 18. Female ClockΔ19/Δ19 mice are protected from the development of age-dependent 
heart disease. (A) Representative wheel running activity profiles. n=5/group. (B) Heart weight 
(HW), (C) HW/tibia length (HW/TL), (D) HW/body weight (HW/BW), and (E) BW at 4 and 21 
months. n=6/group, *p<0.05 ClockΔ19/Δ19 vs all other groups and †p<0.05 ClockΔ19/Δ19 vs. WT. 
Serial echocardiography from 4 to 21 months; (F) Left ventricle internal dimensions at diastole 
(LVIDd), (G) septal wall thickness at diastole (IVSd), (H) LV internal dimensions at systole 
(LVIDs) and (I) ejection fraction (EF%). n=6/group, *p<0.05 ClockΔ19/Δ19 vs all other groups. 
Values are mean ± SEM. 
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     To further examine changes in contractile function in female ClockΔ19/Δ19 hearts with age, we 

measured LV performance and blood pressure using in vivo hemodynamics at 4 and 21 months 

of age. No differences in cardiac function or blood pressure were observed at 4 months of age 

supporting that female ClockΔ19/Δ19 mice develop impaired contractile function only over an 

extended period of time (Table 12). Consistent with the serial echocardiography analysis, at 21 

months female ClockΔ19/Δ19 mice have significantly worse cardiac function compared to ClockΔ19/+ 

and WT mice (Table 12). LV end systolic pressure was significantly decreased in ClockΔ19/Δ19 

hearts compared ClockΔ19/+ and WT hearts. Moreover, indices of contractility were also impaired 

in ClockΔ19/Δ19 mice as dp/dtmax (6228.79±651.13mmHg/s vs. 8728.45±769.91mmHg/s) and 

dp/dtmin (-6635.92±249.95mmHg/s vs. -9322.15±389.41mmHg) were significantly reduced 

compared to WT mice at 21 months of age. Reduced in LV function was associated with 

significantly decreased mean arterial pressure in ClockΔ19/Δ19 mice vs. ClockΔ19/+ and WT mice. 

     Next, we examined hearts histologically to determine the cellular consequences of circadian 

rhythm disruption in female mice. Myocyte cross sectional area (MSCA) was similar between 

female ClockΔ19/Δ19 and WT mice at 21 months, supporting that female mice are protected from 

the pro-hypertrophic effects of CLOCK disruption (Figure 19A). However, female ClockΔ19/Δ19 

mice have a significant increase in cardiac fibrosis at 21 months compared to WT mice, 

supporting the onset of heart disease at 21 months (Fig. 19B). Together these data 

demonstrate that female ClockΔ19/Δ19 mice are protected against the development of heart 

disease with age, and only by 21 months do they exhibit a reduction in LV function and cardiac 

fibrosis. 
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Table 12. Female ClockΔ19/Δ19 mice exhibit reduced LV contractile function with age 

 ClockΔ19/Δ19  ClockΔ19/+ Wild Type  

21 Month    

LVESP (mmHg) 92.11±2.05* 99.52±1.02 101.57±2.87 

LVEDP (mmHg) 2.72±1.31 2.89±1.12 2.07±0.97 

dp/dt max (mmHg/s) 6228.79±651.13† 8088.40±437.04 8728.45±769.91 

dp/dt min (mmHg/s) -6635.92±249.95† -7514.30±693.18 -9322.15±389.41 

SBP (mmHg) 94.79±1.41 101.58±1.28 99.79±2.08 

DBP (mmHg) 61.20±1.24* 67.32±2.34 66.60±0.89 

MAP (mmHg) 72.39±0.78* 78.74±1.76 77.67±0.39 

HR (bpm) 511.77±27.02 548.44±28.39 479.53±15.16 

    

4 Month    

LVESP (mmHg) 98.98±1.67 98.83±1.58 102.20±1.05 

LVEDP (mmHg) 1.29±1.22 2.51±1.42 0.80±0.37 

dp/dt max (mmHg/s) 9300.02±575.22 8027.81±624.50 10078±.89±984.61 

dp/dt min (mmHg/s) -8569.22±601.96 -8449.30±600.81 -9102.95±642.06 

SBP (mmHg) 96.66±1.57 97.27±1.59 97.52±0.73 

DBP (mmHg) 62.45±0.98 63.22±0.83 65.51±1.67 

MAP (mmHg) 73.85±1.14 74.57±0.78 75.21±0.66 

HR (bpm) 532.05±15.53 465.32±13.53 555.79±42.38 

LVESP, left ventricle end systolic pressure; LVEDP, LV end diastolic pressure; dP/dt max and 

min, maximum and minimum first derivative of left ventricular pressure; SBP, systolic blood 

pressure; DBP, diastolic BP; MAP, mean arterial pressure; HR, heart rate. n=4/group, *p<0.05 

ClockΔ19/Δ19 vs. all other groups of same age, and †p<0.05 ClockΔ19/ Δ19 vs. WT by two way 

ANOVA followed by Tukey post hoc. All values are mean ± SEM 
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Figure 19. Histopathology of 21 month old female ClockΔ19/Δ19 and WT mice. (A) Representative 

sections stained with Masson’s trichrome (left) and quantification of myocyte cross sectional 

area (MCSA; right). (B) Representative images stained with picrosirius red for quantification of 

cardiac fibrosis (left) and quantification (right). n=4/group, *p<0.05. Values are mean ± SEM 
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     CLOCK plays an important role in regulating food intake and energy expenditure. In order to 

determine whether disruption of CLOCK alters the metabolism of female mice, we examined the 

whole body metabolic function of female ClockΔ19/Δ19 and WT mice using the comprehensive lab 

animal monitoring system (CLAMS) at 12 months of age. Female ClockΔ19/Δ19 mice exhibit a shift 

in activity profiles with a significantly greater time spent active during the light phase as 

compared to WT mice (Figure 20A). No changes in total activity were observed (Figure 20A). 

Moreover, female ClockΔ19/Δ19 mice also consume a significantly greater amount of their food in 

the light period (sleep time) as compared to WT mice (Figure 20B). In addition to altered 

behavioural rhythms, female ClockΔ19/Δ19 mice have a significantly greater respiratory exchange 

ratio (RER) during the light phase as compared to WT mice, indicating increased reliance on 

carbohydrate oxidation for energy production (Figure 20C). Changes in substrate utilization and 

food intake were not associated with differences in oxygen consumption (Figure 20D). 

However, energy expenditure was significantly increased in female ClockΔ19/Δ19 mice during the 

light phase as compared to WT mice (Figure 20E). Next, we assessed glucose tolerance in 

female ClockΔ19/Δ19 mice, as previous studies have demonstrated that male ClockΔ19/Δ19 mice 

develop glucose intolerance with age (Marcheva et al., 2010). Female ClockΔ19/Δ19 mice maintain 

normal glucose tolerance at ZT 2 as compared to female wild type mice (Figure 20F). At ZT 14 

female ClockΔ19/Δ19 mice have significantly increased blood glucose levels at 15 minutes post-

injection, but do not exhibit elevated blood glucose levels at any other time point (Figure 20F). 

Collectively these results indicate that a loss of CLOCK function in female mice disrupts diurnal 

rhythms in whole body metabolism, and that female ClockΔ19/Δ19 mice retain glucose tolerance 

with age. 
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Figure 20. Behavioral and metabolic rhythms in female ClockΔ19/Δ19 and WT mice. Examination 

of whole body metabolism in 12 month old mice using the CLAMS: (A) physical activity 

measured by beam breaks (b.b) in the light and dark phase (left) and total activity (right), (B) 

food intake, (C) respiratory exchange ratio (RER), (D) oxygen consumption (VO2), and (E) 

energy expenditure. n=6-8/group, *p<0.05 ClockΔ19/Δ19 vs. WT of same photoperiod. (F) Glucose 

tolerance test at 12 months of age at ZT2 (left) and ZT 14 (right). n=9-10/group, *p<0.05 

ClockΔ19/Δ19 vs. WT at same time point by two way ANOVA followed by Tukey post hoc. Values 

are mean ± SEM 
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     In light of differences in whole body substrate utilization in female ClockΔ19/Δ19 mice, we next 

assessed tissue substrate uptake at 12 months of age. Moreover, we compared substrate 

uptake to male mice in order to determine whether differences in substrate uptake are 

associated with the cardio-protection observed in female mice. Female ClockΔ19/Δ19 mice 

maintain normal cardiac substrate uptake with aging, as glucose and fatty acid uptake were 

similar to female WT mice (Figure 21A). In contrast, male ClockΔ19/Δ19 mice have significantly 

increased cardiac glucose uptake (20.61±2.56cpm/mg vs. 11.34±1.69cpm/mg) compared to WT 

mice (Figure 21A). Next, we examined substrate uptake of the liver and skeletal muscle. Liver 

substrate uptake was also maintained in female ClockΔ19/Δ19 mice as glucose and fatty acid 

uptake did not differ from female WT mice (Figure 21B). Male ClockΔ19/Δ19 mice have 

significantly increased liver glucose (32.65±2.82cpm/mg vs. 20.09±1.74cpm/mg) and fatty acid 

(343.25±22.21cpm/mg vs. 188.06±14.01cpm/mg) uptake compared to male WT mice (Figure 

21B). Lastly, female ClockΔ19/Δ19 mice have significantly reduced skeletal muscle fatty acid 

(6.37±0.88cpm/mg vs. 19.07±4.21cpm/mg) uptake compared to female WT mice (Figure 21C), 

supporting increased carbohydrate utilization during the light phase. Male ClockΔ19/Δ19 mice have 

similar glucose and fatty acid substrate uptake compared to WT mice (Figure 21C). Next, we 

determined whether differences in cardiac glucose uptake correlated with AKT activation in 

male and female hearts. Consistent with similar glucose uptake, female ClockΔ19/Δ19 hearts have 

similar AKT phosphorylation levels as female WT mice (Figure 21D). In contrast, male 

ClockΔ19/Δ19 hearts have significantly increased AKT phosphorylation compared to male WT 

mice (Figure 21D). Collectively, these data demonstrate that female ClockΔ19/Δ19 mice maintain 

normal cardiac and liver substrate uptake, have reduced skeletal muscle fatty acid uptake, and 

maintain normal cardiac AKT activation compared to female WT mice at 12 months of age. 
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Figure 21. Glucose and fatty acid uptake in 12 month old female and male ClockΔ19/Δ19 and WT 

mice. Deoxy[H3]glucose and 2-bromo[C14]palmitate uptake in the (A) heart (B) liver and (C) 

skeletal muscle (gastrocnemius). n=4-6/group, *p<0.05 ClockΔ19/Δ19 vs. WT of same sex. All 

measurements were performed at ZT 6. (D) AKT activation in hearts examined for substrate 

uptake with representative western blot of phospho-AKT (S473) and total AKT (left) and 

quantification (right). n=4/group, *p<0.05 ClockΔ19/Δ19 vs. WT of same sex. Values are mean ± 

SEM. 
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     In order to further examine the underlying mechanisms that confer protection in female 

ClockΔ19/Δ19 mice, we examined cardiac lipid profiles in 18 month old mice using a shotgun 

lipidomics approach which allows for simultaneous quantification of lipid species from cardiac 

tissue (Figure 22 and Table 13). First, we examined cardiac phospholipid content and found 

that female ClockΔ19/Δ19 and WT mice have significantly reduced phosphatidylcholine content by 

13% compared to male mice (Figure 22A). In addition, phosphatidylserine content is was also 

significantly increased in female ClockΔ19/Δ19 (9%) and WT mice (6%) compared to male mice 

(Figure 22A). These changes in phospholipid content altered the PC/PE ratio in female mice as 

it is significantly reduced in female vs. male WT mice by ~13%, and female vs. male ClockΔ19/Δ19 

mice by ~10% (Figure 22B). 

     Further examination of the phospholipid fatty acids revealed that female mice have a 

different composition compared to male mice (Figure 22C). Female ClockΔ19/Δ19 and WT mice 

have significantly increased content of the saturated stearic acid (18:0), and a significant 

reduction in the monounsaturated fatty acids (MUFA) oleic acid (18:1), and palmitoleic acid 

(16:1) compared to male ClockΔ19/Δ19 and WT mice (Figure 22C). Moreover, female mice have 

significantly increased polyunsaturated fatty acid (PUFA) docosahexaenoic acid (DHA; 22:6), 

and reduced docosapentaenoic acid (DPA; 22:5) compared to ClockΔ19/Δ19 and WT male mice 

(Figure 22C). Stearoyl-CoA desaturase plays an important role in the generation of the MUFA 

18:1 from 18:0 and its activity is indicated by the 18:1/18:0 ratio. Female ClockΔ19/Δ19 and WT 

mice have a significant decrease in the 18:1/18:0 ratio compared to male ClockΔ19/Δ19 and WT 

mice, supporting reduced stearoyl-CoA desaturase activity (Figure 22D). These results 

demonstrate that female mice have a different phospholipid fatty acid composition characterized 

by increased DHA, reduced MUFA, and increased saturated fatty acid content compared to 

male mice. 
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     We also identified significant differences in the composition of the mitochondrial specific 

phospholipid, cardiolipins (Table 13). There was a significant sex effect on the primary tetra-

linoleoyl cardiolipin 72:8 as female ClockΔ19/Δ19 and WT mice had increased levels compared to 

male mice (Figure 22E). Reduced cardiolipin 72:8 content was associated with an increase in 

the lower abundance cardiolipins such as 76:11, as male ClockΔ19/Δ19 and WT have significantly 

greater 76:11 compared to female ClockΔ19/Δ19 and WT mice (Figure 22F).  

     Lastly, we identified differences in the triacylglyceride (TAG) fatty acid composition between 

male and female hearts (Figure 22G). Female WT hearts have significantly reduced oleic acid 

(18:1), increased linoleic acid (18:2), increased palmitic acid (16:0), and reduced palmitoleic 

acid (16:1) compared to male WT hearts. Female ClockΔ19/Δ19 hearts have significantly reduced 

oleic acid (18:1), increased palmitic acid (16:0), and increased stearic acid (18:0) compared to 

male ClockΔ19/Δ19 hearts (Figure 22G). These results indicate that female hearts have reduced 

MUFA content and increased saturated fatty acid content associated with TAGs compared to 

male hearts.  
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Figure 22. Cardiac lipid composition at 18 months of age. (A) Phospholipid composition of male 
and female ClockΔ19/Δ19 and WT mice. Phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), and phosphatidylserine (PS). (B) 
PC/PE ratio. (C) Phospholipid fatty acid composition. (D) 18:1/18:0 ratio derived from 
phospholipid fatty acid composition. Cardiolipin (CL) composition of (E) CL 72:8, and (F) CL 
76:11. (G) Triacylglyceride (TAG) fatty acid composition. n=3-4/group, *p<0.05 male vs. female 
of same genotype. Values are mean ± SEM. 
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Table 13. Cardiac lipidomics analysis at 18 months of age. 

Lipid Species Wild Type 
Male 

Wild Type 
Female 

ClockΔ19/Δ19 

Male 
ClockΔ19/Δ19 

Female 

Phospholipid 
Fatty Acids 

    

18:0 (%) 20.65±0.33 24.40±0.46* 20.83±0.44 25.04±0.16* 

20:4 (%) 16.01±1.20 14.39±0.55 15.00±0.14 14.39±0.42 

18:1 (%) 14.66±0.39 12.32±0.22* 14.04±0.60 11.65±0.82* 

22:6 (%) 12.41±0.65 16.36±0.64* 12.32±0.62 17.79±0.60* 

18:2 (%) 12.77±0.1.04 13.68±1.45 11.74±1.62 9.99±0.71 

16:0 (%) 12.48±0.57 12.74±0.22 13.20±0.48 12.42±0.49 

22:5 (%) 5.79±0.12 3.04±0.68* 8.82±0.93 5.21±0.33* 

22:4 (%) 1.42±0.19 0.84±0.08 2.00±0.36 1.06±0.09 

16:1 (%) 0.66±0.04 0.48±0.03* 0.65±0.04 0.45±0.03* 

     

Cardiolipin 
Composition 

    

72:8 (%) 8.93±0.28 12.21±0.34* 5.43±0.87 8.22±0.80* 

82:11 (%) 8.36±0.26 12.64±0.40* 9.42±0.32 11.59±1.40 

78:7 (%) 7.48±0.56 6.62±0.32 7.20±0.13 6.81±0.37 

76:12 (%) 6.05±0.08 7.52±0.84 7.45±0.18 8.59±0.90 

86:11 (%) 4.89±0.14 3.10±0.21* 4.43±0.31 2.46±0.16* 

78:11 (%) 4.45±0.07 4.75±0.28 5.16±0.24 5.54±0.39 

82:9 (%) 4.20±0.10 2.71±0.27* 5.69±0.55 3.70±0.40 

82:13 (%) 4.17±0.04 3.91±0.26 3.91±0.11 3.61±0.42 

88:9(%) 3.39±0.15 3.78±0.16 3.26±0.09 3.95±0.18* 

86:13 (%) 4.41±0.52 4.18±0.58 3.50±0.22 2.49±0.19* 

78:9(%) 2.55±0.19 1.52±0.09* 2.72±0.37 1.56±0.17 

76:13(%) 2.15±0.03 2.17±0.10 2.01±0.14 2.28±0.08 

76:11 (%) 1.33±0.12 0.78±0.09* 1.90±0.12 1.46±0.12* 

     

TAG 
Fatty Acids 

    

18:1 (%) 34.18±1.32 28.17±0.88* 34.46±0.62 25.15±1.58* 

18:2 (%) 22.46±1.10 31.14±1.28* 24.16±0.81 25.04±1.65 

16:0 (%) 16.25±0.29 21.96±0.37* 17.07±0.92 20.08±0.42* 

16:1 (%) 4.52±0.50 2.79±0.28* 5.02±1.17 3.44±0.17 

18:0 (%) 2.57±0.03 3.33±0.23 2.18±0.15 3.47±0.17* 

 

Values are expressed as percent of total lipid composition. n=3-4/group, *p≤0.05 female vs. 

male of same genotype. All values are mean ± SEM. 
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     In order to establish that female ovarian hormones protect ClockΔ19/Δ19 mice from the 

development of heart disease, we performed ovariectomy on 6 week old ClockΔ19/Δ19 and WT 

mice and followed cardiac structure and function using echocardiography (Figure 23). No 

differences between ClockΔ19/Δ19 and WT mice were observed at 4 months, supporting that a 

chronic loss of CLOCK function is required for the development of heart disease. By 8 months 

ovariectomized ClockΔ19/Δ19 mice have significantly increased LV dilation evidenced by greater 

LVIDd (3.88±0.03mm vs. 3.63±0.04mm; Figure 23A), and LVIDs (2.33±0.02mm vs. 2.16±0.03 

mm) compared to ovariectomized WT mice (Figure 23B). Increased LV dilation was not 

associated with reduced cardiac function as EF (Figure 23C) and FS (Figure 23D) did not differ 

between ClockΔ19/Δ19 and WT mice. 

 
Figure 23. Ovariectomized ClockΔ19/Δ19 mice develop increased LV dilation. Female ClockΔ19/Δ19 

and WT mice were ovariectomized at 6 weeks of age and echocardiography performed at 4 and 
8 months of age. (A) LV internal dimensions at diastole (LVIDd), (B) LV internal dimensions at 
systole, (C) ejection fraction (EF%), and (D) fractional shortening (FS%). n=8-9/group, *p<0.05 
ClockΔ19/Δ19 vs. WT mice of same age by two way ANOVA followed by Tukey post hoc. Values 
are mean ± SEM. 
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Discussion 

     In this study we demonstrate that female ClockΔ19/Δ19 mice are protected from the 

development of heart disease with age. Female ClockΔ19/Δ19 mice preserved normal heart size 

compared to WT mice, and only developed contractile dysfunction by 21 months as shown by 

serial echocardiography and in-vivo hemodynamics analysis. Investigation into the effects of 

CLOCK disruption on whole body metabolism show that female ClockΔ19/Δ19 mice have 

increased activity, food intake, reliance on carbohydrate oxidation, and energy expenditure 

during the light phase compared to WT mice. Despite disruption of whole body metabolic 

rhythms, female ClockΔ19/Δ19 mice maintain glucose tolerance as well as normal cardiac and liver 

substrate uptake compared to female WT mice. In contrast, male ClockΔ19/Δ19 mice have 

increased cardiac glucose uptake, and increased liver glucose and fatty acid up take compared 

to male WT mice. Correlating with changes in glucose uptake, female ClockΔ19/Δ19 mice do not 

exhibit increased AKT phosphorylation, whereas male ClockΔ19/Δ19 mice do. Examination of 

cardiac lipid profiles revealed that phospholipid composition significantly differs between aged 

female and male mice characterized by reduced PC/PE ratio and increased phospholipid DHA 

content. Moreover, female ClockΔ19/Δ19 and WT mice have increased tetralinoleoyl CL, and 

altered TAG fatty acid content. Lastly, we demonstrate that female ovarian hormones play a 

protective role as ovariectomized ClockΔ19/Δ19 mice develop increased LV dilation compared to 

WT mice by 8 months of age. Collectively these results demonstrate that female ClockΔ19/Δ19 

mice are protected from the development of heart disease with age which is associated with sex 

differences in cardiac hypertrophy and metabolism. 

     Cardio-protection in female ClockΔ19/Δ19 mice is associated with differences in metabolic 

function compared to male mice. Female ClockΔ19/Δ19 mice maintain normal cardiac glucose 

uptake, whereas male ClockΔ19/Δ19 mice have increased glucose uptake compared to WT mice. 

Increased cardiac glucose utilization is associated with cardiac hypertrophy and pathological 
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remodeling (Zhang et al., 1995). Moreover, reduced reliance on fatty acid oxidation for energy 

production precedes the development of heart failure (Doenst et al., 2010). Glucose uptake in 

the heart is primarily regulated by GLUT1 and GLUT4 and the translocation of GLUT4 to the 

plasma membrane is regulated by the PI3K-AKT pathway via insulin signalling (Egert et al., 

1997;Shao and Tian, 2015). Consistent with preserved glucose uptake, female ClockΔ19/Δ19 mice 

have similar levels of AKT phosphorylation as WT female. In contrast, male ClockΔ19/Δ19 mice 

have increased AKT phosphorylation compared to WT mice, which correlates with increased 

glucose uptake. Chronic AKT activation also plays a causal role in pathological cardiac 

hypertrophy (Shiojima et al., 2005). Therefore preserved AKT activation in female ClockΔ19/Δ19 

mice may underlie normal cardiac growth and substrate uptake with age. 

     In addition to changes in substrate uptake we observed sex-dependent differences in 

phospholipid composition in the heart. First, we observed a significant increase in the PUFA 

DHA in the phospholipids of both female ClockΔ19/Δ19 and WT hearts. This is consistent with the 

literature, as female rats were shown to have greater cardiac DHA levels compared to male rats 

(Kitson et al., 2012). One possible mechanism by which DHA can exert protective effects is 

through repressing stearoyl-CoA desaturase (SCD) activity. In this study we demonstrate that 

female mice have a decreased 18:1/18:0 ratio supporting reduced SCD activity. Reduced SCD 

activity is protective against cardio-metabolic disease as SCD1 -/- leptin deficient mice show 

improved cardiac systolic and diastolic function as well as reduced lipotoxicity induced 

apoptosis compared to leptin-deficient mice (Dobrzyn et al., 2010). In this study we also find 

male mice have reduced tetralinoleoyl cardiolipin and increased 76:11 cardiolipin compared to 

females. Reduced tetralinoleoyl and increased 76:11 cardiolipin is associated with heart failure 

in humans and experimental heart failure in rats (Sparagna et al., 2007). Moreover, reduced 

tetralinoleoyl cardiolipin content is associated with reduced cytochrome c oxidase activity, 

suggesting that remodeling of cardiolipin fatty acid chains impairs mitochondrial function 
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(Sparagna et al., 2007). Lastly, we show increased palmitate content in the TAGs of female 

ClockΔ19/Δ19 and WT hearts. Accumulation of palmitate in TAGs prevents the formation of toxic 

lipid species and lipotoxicity induced apoptosis (Listenberger et al., 2003). Shunting of palmitate 

into TAGs has also been shown to reduce activation of endoplasmic reticulum stress pathways 

in AC16 human cardiomyocytes (Bosma et al., 2014). Furthermore, we have previously shown 

that female hearts have a higher TAG content than male hearts (Basu et al., 2015). This 

suggests that females have a greater capacity to prevent lipotoxicity than males, which may 

help to limit myocyte dropout with aging. 

     Female ClockΔ19/Δ19 mice are protected from the development of heart disease until 21 

months of age, whereas male ClockΔ19/Δ19 mice exhibit increased LV dilation by 12 months and 

reduced function by 18 months of age. These findings are consistent with the notion that 

females are protected from the development of cardiac hypertrophy. For example, female rats 

had reduced hypertrophy and preserved function with aging compared to male rats (Forman et 

al., 1997). In females estrogens have been shown to play a protective role against the 

development of heart disease as 17β-estradiol can reduce cardiomyocyte hypertrophy in-vitro 

(Pedram et al., 2005) and in-vivo (Donaldson et al., 2009). Consistent with a protective role of 

estrogens in ClockΔ19/Δ19 mice, ovariectomized ClockΔ19/Δ19 mice developed increased LV dilation 

compared to ovariectomized WT mice by 8 months of age. This is a similar phenotype that was 

observed in male ClockΔ19/Δ19 mice whereby increased LV dilation preceded the development of 

contractile dysfunction (Figure 12). Collectively these results suggests that ovarian hormones in 

female ClockΔ19/Δ19 mice supresses activation of cardiac hypertrophy signalling and preserve 

normal cardiac metabolism with age. 

     In summary, we show that female ClockΔ19/Δ19 mice are protected from the development of 

age-dependent heart disease. Although a loss of CLOCK function disrupts diurnal activity and 

food intake profiles, female ClockΔ19/Δ19 mice show an aging profile distinct from male ClockΔ19/Δ19 
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littermates. Female ClockΔ19/Δ19 mice maintain normal cardiac substrate uptake and AKT 

activation with aging. Moreover, female ClockΔ19/Δ19 mice have an altered phospholipid and TAG 

composition that may help to limit myocyte loss and preserve mitochondrial function with age. 

Investigation into the source of cardio-protection suggest a role for estrogens as ovariectomized 

ClockΔ19/Δ19 mice develop increased LV dilation by 8 months of age compared to ovariectomized 

WT mice. Future investigation into the role of estrogen signalling and the protective effects of 

estrogens in female ClockΔ19/Δ19 mice will further our understanding of why females are protected 

from the development of heart disease, and will lead to the development of novel treatments for 

heart disease.  

 

Ongoing Experiments 

     At the time of writing this thesis, I am investigating how a loss of ovarian hormones affects 

ClockΔ19/Δ19 and WT hearts. At 12 months of age, I will examine whole body metabolism, cardiac 

substrate utilization, cardiac lipid profiles, and AKT activation to determine whether ovarian 

hormones are acting on these pathways to protect female ClockΔ19/Δ19 from developing heart 

disease. 
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SUMMARY AND MAJOR CONCLUSIONS 

Study 1  

     In this study we show that short term diurnal rhythm disruption following MI led to worse long 

term outcome. Mechanistically, this is linked to disruption of early inflammatory responses 

crucial for infarct healing. Mice placed on a disrupted L:D cycle following MI exhibited increased 

pro-inflammatory il-6, mcp1, and mcp-3 expression, and increased macrophage infiltration 

compared to mice maintained on a normal L:D cycle. Altered inflammatory responses impaired 

subsequent infarct healing as mice subjected to diurnal rhythm disruption and returned to a 

normal L:D had reduced blood vessel density in the infarcted myocardium by day 7 and 

increased infarct expansion by day 14 post-MI. By 8 weeks post-MI, disruption of infarct healing 

led to increased LV dilation and reduced cardiac function. In contrast, maintenance of normal 

rhythms led to reduced infarct expansion and improved outcome. Lastly, we demonstrated that 

the circadian mechanism plays a key role in regulating the recruitment of immune cells to the 

infarcted myocardium, as ClockΔ19/Δ19 mice had increased neutrophil and macrophage infiltration 

after MI. This study suggests that maintenance for normal rhythms is crucial for infarct healing 

and that preventing circadian rhythm disruption, as is common in ICUs, can benefit patient 

healing and outcome. 

 

     One future direction that would be important to investigate is how the circadian mechanism 

regulates monocyte and macrophage function post-MI as these are key regulators of infarct 

healing. In chapter 2 we show that disruption of the circadian mechanism increases the number 

of macrophages in the infarcted myocardium. However, it is not clear how the circadian 

mechanism is regulating immune cell specific functions and how this relates to remodeling post-

MI. This can be investigated by crossing Bmal1LoxP/LoxP with Lyz2-Cre mice to generate a 

monocyte specific Bmal1 knockout mouse and studying the responses post-MI. The role of the 
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circadian mechanism in regulating monocyte/macrophage function can be further tested in-vitro 

following purification and culture of immune cells present in the infarcted myocardium of Bmal1 

monocyte knockout mice. Together this will allow for direct examination of the circadian 

mechanism at the cellular level and how circadian regulation of immune cell function contributes 

to infarct healing post-MI. 

 

Study 2 

     In this study, the role of Clock in the aging heart was investigated. ClockΔ19/Δ19 mice 

developed increased cardiac hypertrophy and fibrosis, reduced contractile function and mean 

arterial pressure, and impaired myogenic responsiveness with age as compared to WT mice. 

Expression of the miR-17-92 family was significantly reduced in young ClockΔ19/Δ19 hearts, which 

correlated with increased expression of the downstream target Pten. Moreover, disruption of 

circadian gene and miRNA expression was associated with a loss of rhythmic AKT signalling in 

the ClockΔ19/Δ19 hearts. In-vitro cardiomyocyte hypertrophy assays demonstrated that Clock is a 

key regulator of AKT signalling, as ClockΔ19/Δ19 cardiomyocytes had impaired hypertrophy 

following IGF-1 treatment. With age ClockΔ19/Δ19 hearts had increased AKT activation, resulting 

in increased S6K1 and reduced GSK-3β activity. Increased activation of these growth pathways 

is consistent with increased cardiac hypertrophy in aging ClockΔ19/Δ19 mice. Treatment with the 

REV-ERB agonist SR9009 reduced AKT activation in aged WT but not ClockΔ19/Δ19 hearts, 

further supporting circadian regulation of AKT signalling. Moreover SR9009 increased oxygen 

consumption in both ClockΔ19/Δ19 and WT mice. These data demonstrate that Clock is a regulator 

of cardiac growth pathways and that pharmacological modulation of the circadian mechanism 

may be a novel therapeutic approach to targeting cardiac hypertrophy. 
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     In order to more thoroughly understand how CLOCK regulates cardiac hypertrophy, 

immunoprecipitation of nuclear and cytoplasmic CLOCK from hearts isolated over 24 hours 

followed by mass-spectrometry analysis will allow examination of how the circadian mechanism 

interacts with mediators of cardiac hypertrophy. This will also allow for large scale examination 

of CLOCK protein-protein interactions; to date this has not been investigated using unbiased 

approaches. Moreover, in order to further establish the circadian mechanism as a regulator of 

cardiac growth, cardiac hypertrophy should be examined in other circadian mutants such as 

Rev-erb, Per1/Per2, and Cry1/Cry2 knockout mice. 

 

Study 3 

     In this study we show that female ClockΔ19/Δ19 mice are protected from the development of 

age-dependent heart disease. Female ClockΔ19/Δ19 mice maintain normal heart size with age, 

and only develop contractile dysfunction by 21 months of age. Although CLOCK disruption 

altered diurnal activity and food intake, female ClockΔ19/Δ19 mice maintain normal glucose 

tolerance as well as cardiac and liver substrate uptake with aging. In contrast, male ClockΔ19/Δ19 

mice have increased cardiac glucose uptake and increased liver glucose and fatty acid uptake 

compared to WT mice. Changes in glucose uptake in male ClockΔ19/Δ19 hearts correlate with 

increased AKT phosphorylation compared to WT hearts, while no changes are observed in 

female hearts. Examination of cardiac lipid profiles shows that female ClockΔ19/Δ19 hearts have 

altered phospholipid and TAG composition as compared to male mice characterized by a 

reduced PC/PE ratio, reduced phospholipid fatty acid 18:1/:18:0 ratio, increased tetralinoleoyl 

cardiolipin content, and increased TAG palmitate. These differences may limit myocyte loss and 

preserve mitochondrial function with age. Lastly, a protective role for ovarian hormones is 

shown as ovariectomized ClockΔ19/Δ19 mice develop increased LV dilation vs. ovariectomized 

WT mice by 8 months; a phenotype previously observed in the male ClockΔ19/Δ19 mice. 
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Collectively, these data show that female ClockΔ19/Δ19 mice are protected from the development 

of heart disease and that biological sex can influence the effects of CLOCK disruption on the 

heart. 

     One interesting aspect of this study is the possible link between circadian and estrogen 

signalling. In order to determine how circadian and estrogen signalling overlaps, chromatin-

immunoprecipitation-sequencing (CHIP-Seq) can be performed on CLOCK, ERα and ERβ in 

hearts collected over 24 hours. This will allow for the identification of genes that are co-

regulated by estrogen receptors and the circadian mechanism. It will also be important to 

determine the role of testosterone in mediating the sex differences in cardiac aging. This can be 

achieved by gonadectomy of male mice and examination of cardiac structure and function with 

age. 
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CHAPTER 5 

GENERAL DISCUSSION 
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     In this thesis, the role of circadian rhythms in the pathophysiology of cardiovascular disease 

was investigated. In chapter 1 circadian rhythm disruption following MI altered inflammatory 

responses, impaired infarct healing, and worsened long term outcome. In chapter 2 chronic 

disruption of the circadian mechanism via CLOCK disrupted cardiac growth pathways and led to 

the development of cardiovascular disease with age. Chapter 3 showed that female ClockΔ19/Δ19 

mice are protected from the development of heart disease with age, which may be mediated 

through estrogen actions on cardiac metabolism and lipid composition. This section will discuss 

the broader applications of these findings. 

 

A. Circadian Regulation of Inflammatory Responses: Implications for Cardiovascular 

Disease and Other Critical Conditions. 

     The circadian mechanism is a crucial regulator of inflammatory responses. A functional 

circadian mechanism has been identified in a number of immune cells including macrophages 

(Hayashi et al., 2007), neutrophils (Nebzydoski et al., 2010), mast cells (Wang et al., 2011), 

natural killer cells (Arjona and Sarkar, 2005), dendritic cells, (Silver et al., 2012a), B Cells (Silver 

et al., 2012a), and T cells (Bollinger et al., 2011). Disruption of the circadian mechanism alters 

immune system function in a number of mouse models. Per2 mutant mice have altered 

circadian toll like receptor 9 expression and worse outcome in a model of sepsis (Silver et al., 

2012b). Mice lacking Cry1 and Cry2 have constitutively increased pro-inflammatory cytokine 

expression and display a hypersensitive immune activation in response to lipopolysaccharide 

challenge (Narasimamurthy et al., 2012). Monocyte specific knockout of Bmal1 worsens survival 

following Listeria monocytogenes infection and exacerbates the development of metabolic 

syndrome in mice fed a high fat diet (Nguyen et al., 2013).  
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     Disruption of circadian rhythms may also impact the pathophysiology of other cardiovascular 

diseases involving inflammatory responses. For example, the early period following the onset of 

cerebral infarction (stroke) is characterized by an increased local inflammatory response 

(Gelderblom et al., 2009). This inflammatory response following cerebral infarction has a 

number of parallels with that of MI in that an early immune response is an essential component 

of the reparative process, but if not effectively resolved can increase damage and worsen 

outcome (Lalancette-Hebert et al., 2007;McColl et al., 2007). However, whether rhythm 

disruption post-stroke affects inflammatory responses is not known. 

     The results presented here are also applicable to other critical clinical conditions such as 

wound healing following burn injury. The inflammatory response is critical for proper burn wound 

healing, and dysregulation can lead to systemic inflammatory response syndrome and acute 

organ failure (Farina et al., 2013). Burn patients can experience prolonged hospitalization, 

chronic analgesic treatment, and increased time of immobilization, all factors for circadian 

rhythm disruption. Burn patients recovering in the ICU exhibit altered melatonin and core body 

temperature rhythms during recovery (Pina et al., 2010). Experimental animal studies have 

shown rhythmic cytokine secretion following thermal injury in mice, supporting that circadian 

rhythms play a role in the inflammatory response following burn (Holzheimer et al., 2002). 

Whether maintaining normal circadian rhythms during recovery in the ICU following burn injury 

helps to control the inflammatory response and benefit healing is not known. 

     Circadian rhythm disruption has also been demonstrated following traumatic brain injury 

(Grima et al., 2016). Traumatic brain injury is due to a mechanical force that causes damage to 

the brain; this is associated with disruption of the blood brain barrier and the initiation of an 

immune response (Lenzlinger et al., 2001). Melatonin has been proposed as a treatment of 

traumatic brain injury in order to normalize sleep-wake cycles (Maldonado et al., 2007). 
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However, whether maintaining normal circadian rhythms helps to controls the inflammatory 

responses associated with traumatic brain injury is not known.  

     In summary targeting of circadian rhythms to modulate inflammatory responses is a broadly 

applicable treatment strategy that can be applied to a number of critical conditions. Although 

intensive care and close monitoring is important for treatment of critical conditions, disruption of 

circadian rhythms in the ICU may also adversely affect the physiological processes necessary 

for proper healing. Investigation into the role of circadian rhythms in regulating the inflammatory 

responses associated with critical conditions as well as the initiation of clinical studies 

examining the benefit of maintaining patient circadian rhythms during recovery in the ICU are 

important areas for future study. 

 

B. Pharmacological Modulation of the Circadian Mechanism for Treatment of Heart 

Disease 

     Discovery of compounds that can modulate the circadian clock has become a focus of a 

number of labs in order to develop new tools for investigating circadian rhythms as well as novel 

treatment strategies (as reviewed by Chen et al., 2013). The findings presented in chapter 3 of 

this thesis suggest that pharmacological modulation of the circadian mechanism is a novel 

therapeutic strategy for the treatment of heart disease. In addition to targeting cardiac 

hypertrophy pathways, pharmacological modulation of the circadian mechanism may benefit the 

cardiovascular system though a number of mechanisms.  

     1) REV-ERB/ROR agonists may have beneficial effects against cardio-metabolic diseases. 

SR9009 (REV-ERB agonist) reduces fat mass and circulating plasma triglyceride levels of both 

diabetic mice and mice subjected to diet-induced obesity (Solt et al., 2012). SR9009 also 

reduces the development of atherosclerosis in LDL receptor knockout mice by modulating 



134 
 

macrophage activity (Sitaula et al., 2015). ROR agonist also have beneficial metabolic effects; 

Nobiletin, a RORα/γ agonist, increases energy expenditure, reduces fat mass and improves 

insulin sensitivity in mice subjected to diet induced obesity (He et al., 2016). These data support 

the use of these compounds in the treatment of cardio-metabolic disease. 

     2) The misalignment of circadian and environmental light cycles increases cardiovascular 

disease risk factors (Morris et al., 2016). Casein Kinase 1 antagonists have been developed that 

can modulate circadian phase (i.e. when the peak and trough of rhythms occur) and may be 

beneficial in treating heart disease associated with circadian misalignment. For example, PF-

670462 is a CK1δ/ε antagonist discovered in a high throughput screen of CK1 inhibitors that 

induces dose dependent phase delays in rats (Badura et al., 2007). Chronic administration of 

PF-670462 to arrhythmic Vipr2-/- mice produces stable entrainment of locomotor activity in 

constant dark (DD) or constant light (LL) conditions (Meng et al., 2010). Moreover, inhibition of 

CK1 can modulate peripheral circadian mechanism function as administration of PF-670462 

produced phase delays in liver and pancreas clock gene expression in rats (Kennaway et al., 

2015).CK1δ/ε inhibitors may hold promise in treating circadian rhythm disruption associated with 

shift work, a known risk factor for cardiovascular disease. Induction of phase delays may also 

hold potential for chronotherapy as co-administration with cardiovascular drugs may shift body 

time and cellular function to a state where treatment is more effective.  

     3) Sirtuin 1 (SIRT1) is a histone deacetylase that rhythmically associates with the circadian 

mechanism and antagonizes the histone acetyl transferase function of CLOCK (Nakahata et al., 

2008). SIRT1 plays an important role in reducing oxidative stress in the heart, and 

overexpression of SIRT1 (by 2.5 fold) can delay cardiac aging (Alcendor et al., 2007). 

Compounds that target SIRT1 called sirtuin-activator compounds (STACs) are able to modulate 

circadian gene expression; the sirtuin-activator compound SRT1720 reduced CLOCK 

recruitment to E-box enhancer elements and repressed Per2 and Dbp expression in the mouse 
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liver (Bellet et al., 2013). Moreover, STAC treatment benefits longevity, as SRT1720 treatment 

increased life span and delayed the onset of age related metabolic disease in mice (Mitchell et 

al., 2014). Therefore modulation of SIRT1 activity may have important applications for age 

associated heart disease. 

     It is possible that targeting a cellular milieu via the circadian mechanism rather than a single 

protein is more beneficial. It will be important to test these compounds in established models of 

cardiovascular disease such as myocardial infarction and pressure-overload induced cardiac 

hypertrophy. However, given the pleiotropic nature of the circadian mechanism in different 

tissues the potential for side effects are high, therefore the application of targeted delivery 

strategies in the use of these drugs will also be important to investigate. 

 

C. Biological Sex and Circadian Rhythms: Understanding Circadian and Estrogen 

Signalling in Heart Disease 

     In this thesis we demonstrate that female ClockΔ19/Δ19 mice are protected from the 

development of age-dependent heart disease. Estrogens plays an important cardio-protective 

role in the female heart and the loss of estrogens during menopause is associated with 

increased risk of cardiovascular disease (Nkonde-Price and Bender, 2015). CLOCK has been 

shown to regulate estrogen receptor β (ERβ) expression (Cai et al., 2008) and interact with ERα 

to influence its activity (Li et al., 2013). This raises the question of whether female ClockΔ19/Δ19 

mice are also protected from other forms of heart disease in which estrogen receptor dependent 

protection has been demonstrated. 

     Female mice have increased survival and improved functional outcome post-MI compared to 

male mice (Wang et al., 2007). Moreover, in female mice infarct healing is characterized by 

reduced neutrophil infiltration, decreased MMP activity and reduced incidence of ventricular 
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rupture compared to male mice (Cavasin et al., 2004). Consistent with a role of estrogens in 

mediating these effects, deletion of estrogen receptor β increases LV remodeling and reduces 

survival in female mice (Pelzer et al., 2005). Moreover, estrogen receptor α influences infarct 

healing through regulating recruitment of endothelial progenitor cells and neo-vascularization in 

the infarcted myocardium as shown in mice transplanted with bone marrow from ERα knockout 

mice (Hamada et al., 2006). However, it is not known whether female ClockΔ19/Δ19 mice are 

protected following myocardial infarction compared to male mice.  

     Female mice are also protected from pressure overload induced cardiac hypertrophy 

(induced by trans-aortic constriction). Female mice exhibit reduced cardiac hypertrophy 

following 2 weeks of trans-aortic constriction compared to male mice (Skavdahl et al., 2005). 

This protection has been attributed to effects of estrogens as E2 administration decreased 

cardiac hypertrophy in female ovariectomized mice subjected to trans-aortic constriction 

(Donaldson et al., 2009). These protective effects are mediated though estrogen receptor 

dependent signalling as the hypertrophic response of female estrogen receptor β knockout mice 

is not different than male mice following trans-aortic constriction (Fliegner et al., 2010). 

However, it is not known whether female ClockΔ19/Δ19 mice are protected from the development 

of cardiac hypertrophy following trans-aortic constriction. 

     Investigation into whether female ClockΔ19/Δ19 mice retain protection in established models of 

cardiovascular disease will help to determine how CLOCK and estrogen signalling are 

interacting to regulate cardiac structure and function. Moreover identifying the mechanisms by 

which estrogen signalling can attenuate the adverse effects of CLOCK disruption can lead to the 

development of novel targets for treating heart disease.  
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Conclusions 

     Study 1 showed that maintenance of circadian rhythms is important for infarct healing and 

short-term disruption of rhythms post-MI impairs healing and worsens long term outcome. This 

has important implications for patients recovering in intensive and cardiac care units where 

circadian rhythm disruption is common. Study 2 showed that the circadian mechanism helps to 

maintain normal cardiac structure and function with age and disruption of the circadian 

mechanism via CLOCK leads to age-dependent cardiovascular disease. The development of 

pharmacological compounds that modulate the circadian clock may be effective in the 

prevention or treatment of heart disease. Lastly, study 3 demonstrated that females are 

protected from the development of heart disease associated with CLOCK disruption. Identifying 

how estrogens and circadian signalling interact can lead to novel approaches to treating heart 

disease. 

     Collectively these studies establish that circadian rhythms play an important role in the 

pathophysiological mechanisms associated with cardiovascular disease and that disruption of 

rhythms adversely affects the heart. Maintaining rhythms is essential for normal cardiovascular 

function, and targeting circadian rhythms is a novel approach for the treatment of cardiovascular 

disease. 
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