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ABSTRACT

CIRCADIAN MEDECINE: CANNABINOID CHRONOTHERAPY FOR TREATMENT OF
HYPERTENSION
Aidan Bruce Potter Murray

Advisor:

University of Guelph, 2020

Dr. Tami Martino

The circadian system is essential for daily cardiovascular rhythms in diurnal blood
pressure (BP), which are often disrupted in hypertension. Cannabinoids such as cannabidiol
(CBD) and ∆9-tetrahydrocannabinol (THC) are known to affect BP, however whether
cardiovascular responses cannabinoids are affected by time of day is unknown. Here I investigate
the effects of cannabinoids on cardiovascular physiology, the involvement of the circadian
mechanism, and whether there may be chronotherapeutic implications. First, I show that
cannabinoids have different BP effects at sleep time, compared to wake time. Time-of-day
responses parallel diurnal variation in expression of known cannabinoid molecular targets.
Furthermore, circadian disruption abolishes time-of-day BP responses to CBD. Lastly, I show that
co-administration of CBD with antihypertensive medication is more effective for lowering nocturnal
BP. Collectively, these studies demonstrate that cardiovascular responses to cannabinoids are
regulated by the circadian system, and that CBD has chronotherapeutic potential to benefit
patients with hypertension.
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CHAPTER 1 - INTRODUCTION
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1.1
1.1.1

CIRCADIAN RHYTHMS
Circadian Rhythms are Endogenous
Circadian rhythms are endogenously generated daily biological cycles in physiology.

These rhythms synchronize to cues from the environment to help living organisms adapt to their
surroundings, and have been extensively reviewed (Kuhlman, Craig, and Duffy 2018; Vitaterna,
Takahashi, and Turek 2001). The term circadian is derived from the Latin words “circa” for “about”,
and “dies” for “day”, and was first coined in 1959 by Dr. Franz Halberg (Halberg 1960). The first
recorded evidence of circadian rhythms was from observations by French scientist Jean-Jaques
d’Ortous de Mairan, who described daily recurring patterns in the opening of the Mimosa purdica
plant leaves that would persist even when the plant was placed in constant darkness (DD)
(Mairan, 1729). The first evidence of circadian rhythms in humans came from observations of
individuals isolated in underground bunkers devoid of cues from the environment who maintained
rhythms in activity, urine output, and core body temperature, with a period of ~25 hours (Aschoff
1965). Taken together, these foundational works demonstrate that circadian rhythms are
endogenously generated and allow organisms to adapt to the external environment.

1.1.2 The Endogenous Clock Mechanism
Circadian rhythms arise in our physiology, as each our cells have within them an
endogenous clock mechanism. The mechanism consists of a series of transcription-translation
feedback loops which drive expression of core clock components, and cycles rhythmically every
~24 hours (Ko and Takahashi 2006; Reppert and Weaver 2002). The positive arm of the
mechanism drives the expression of downstream components and consists of two basic-helixloop-helix-Period-Arnt-Single-minded (bHLH-PAS) transcription factors named Circadian
locomotor cycles kaput (CLOCK) and brain and muscle ARNT-like 1 (BMAL1). Clock was
discovered upon mutagenesis, and observation of activity rhythm phenotypes in mice (Vitaterna
et al. 1994). They identified a semi-dominant mutation that extends the free-running period from
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the normal 23.3 h in wildtype (WT) mice to 24.4 h and 27.3 h in heterozygotes and homozygotes,
respectively, using running wheel actigraphy (Vitaterna et al. 1994). The same group then
mapped the responsible mutation to a single gene, Clock, by genetic and physical mapping (King
et al. 1997). They characterized the gene and determined that it was from the bHLH-PAS family
of transcription factors by sequence alignment using the predicted amino acid sequence of
CLOCK (King et al. 1997). The mutation to Clock responsible for the altered circadian phenotype
is an A-T transversion resulting in skipping of exon 19 and a 51 amino acid deletion in the CLOCK
protein (King et al. 1997). CLOCK forms a transcriptionally active heterodimer with BMAL1, as
co-transfection of COS-1 cells with both genes and a luciferase reporter plasmid enhanced
transcription 3.3-fold over control (Hogenesch et al. 1998). The CLOCK:BMAL1 heterodimer
drives the transcriptional activation of downstream circadian factors, as it was shown to bind to
an enhancer box element from the mammalian Period 1 (mPer1) gene to activate transcription
14.1 fold higher than control in mammalian cells by luciferase reporter gene assay (Gekakis et al.
1998). The negative arm of the endogenous biological clock consists of Period (PER) and
Cryptochrome (CRY). PER and CRY act to inhibit the activity of the CLOCK:BMAL1 heterodimer,
as PER and CRY both repressed CLOCK:BMAL1 dependent activation of the mPer1 promoter
by luciferase reporter gene assay (Griffin, Staknis, and Weitz 1999). The accessory loop consists
of retinoic acid-related orphan nuclear receptors, Rev-erb and Ror. REV-ERB contributes to
the normal rhythmic expression of Bmal1 by acting as a repressor of its transcription, as the
amplitude of Bmal1 pre-mRNA, mRNA, and protein oscillations are blunted in Rev-erb knockout
mutant mice compared to WT as shown by Northern blotting, RT-PCR, and Western blotting,
respectively (Preitner et al. 2002). Conversely, ROR acts as an activator of Bmal1 expression,
as co-transfection of HeLa cells with Ror and a Bmal1::luciferase reporter construct resulted in
16-fold higher transcription levels than control (Sato et al. 2004). Taken together, these studies
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show how the molecular components of the endogenous biological clock interact in transcriptiontranslation feedback loops, and cycle over 24 hours to keep time in the cells of mammals.
Figure 1.

Figure 1. The circadian molecular mechanism in mammals. In brief, CLOCK and BMAL1 form
a heterodimer and bind to enhancer box elements in promoter regions of circadian output genes
and activate transcription. The negative arm consists of PER and CRY, which translocate back to
the nucleus to inhibit the activity of CLOCK: BMAL1, thus repressing their own expression. The
accessory loop consists of RORs and REV-ERBs, which act to enhance and repress the
transcription of Bmal1, respectively. The entire mechanism is a transcription translation feedback
loop that cycles with a period of ~24 h and drives the rhythmic expression of Clock output genes
and coordinates rhythmic biological processes. Note: Adapted from Ko, C. H., and J. S.
Takahashi. 2006. 'Molecular components of the mammalian circadian clock', Hum Mol Genet, 15
Spec No 2: R271-7.
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1.1.3 Light
Cues from the environment such as light entrain circadian rhythms within our body. Light
has a profound effect on the timing of the circadian system, as it was shown that a bright light
stimulus can induce phase shifts in human cortisol, urine output, and body temperature rhythms
(Czeisler et al. 1989). In mammals, specialized photoreceptors in the eye distinct from those
involved in vision are sensitive to light, as mice lacking both rods and cones continued to display
photic entrainment (Freedman et al. 1999). Retinal ganglion cells (RGCs) were identified as the
photoreceptors associated with entrainment of circadian rhythms, as isolated rat RGCs exhibited
responses to light measured by whole cell recordings (Berson, Dunn, and Takao 2002). A third
mammalian opsin protein, melanopsin, was identified and found to be expressed by RGCs, as
shown by cloning of mouse melanopsin and in situ hybridization in monkey retina tissue
(Provencio et al. 2000). These melanopsin-containing retinal ganglion cells were shown to have
axonal projections to the suprachiasmatic nucleus (SCN) upon targeting of tau-lacZ into the
melanopsin gene locus, showing immune-positive staining along the retinohypothalamic tract
innervating the SCN (Hattar et al. 2002). Taken together, these results show how light stimulates
specialized intrinsically photosensitive cells within the eye, which relay the signal to entrain
rhythms of the endogenous biological clock within the brain.
1.1.4

The Suprachiasmatic Nucleus

Circadian rhythms within the body are coordinated by the “master clock”, or SCN. The link
between the SCN and the retinal ganglion cells of the eye via the retinal hypothalamic tract was
first discovered in 1972 by autoradiographic tracing and confirmed by electron microscopic
observation of axon degeneration in the SCN following orbital enucleation (Moore and Lenn
1972). Circadian rhythms are coordinated by the SCN, since hypothalamic lesions eliminated
rhythmicity in drinking and locomotor activity behavior in rats (Stephan and Zucker 1972). The
SCN is essential for maintaining circadian rhythms, as rhythmicity was restored in arrhythmic
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hamsters whose SCN had been ablated following SCN transplant from another hamster (Ralph
et al. 1990). Furthermore, the SCN determines the circadian period in mammals, as SCN
transplant recipients always displayed the circadian period phenotype of the donor hamster
(Ralph et al. 1990). Taken together, these studies show how the SCN is the master clock of the
circadian system, responsible for coordinating circadian rhythms in mammals.

1.1.5 Peripheral clocks
Cells from peripheral tissues, not just those of the SCN, also contain endogenous circadian
oscillators. Evidence for circadian clocks in peripheral tissues was first described when rhythmic
oscillations in the mRNA levels of clock controlled genes were observed in response to 2 h serum
shock in cultured rat fibroblasts by RNase protection assays (Balsalobre, Damiola, and Schibler
1998). Further evidence for self-sustaining peripheral circadian oscillators came from studies in
zebrafish where rhythmic gene expression of Clock in heart and kidney primary tissue cultures
persisted in vitro for 2 and 3 days, respectively, as measured by RNase protection assays
(Whitmore et al. 1998). Timing of rhythms in peripheral clocks are entrained by the SCN, as
implanted Per1-/- mouse embryonic fibroblast tissues exhibited the circadian period phenotype of
the host, as measured by serial RNase protection assays (Pando et al. 2002). Furthermore, an
intact peripheral clock is required for host entrainment to occur, as implants from Clock mutant
mice did not exhibit the period phenotype of the host (Pando et al. 2002). The SCN acts to
coordinate and synchronize rhythms of peripheral organs, since liver, pituitary, lung, and kidney
tissues cultured from SCN lesioned animals exhibited phase desynchrony, as determined by
measuring rhythmic bioluminescence in mPer2:Luc transgenic mice (Yoo et al. 2004). Taken
together, these studies demonstrate how the peripheral tissues have their own intrinsic oscillators,
which are synchronized at the organism level by the SCN.
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In summary, a self-sustaining molecular mechanism present in all the cells of our body
oscillates with a period of ~24 h, allowing cells to keep time. The timing of this system is
maintained by light cues from the environment, which stimulate specialized intrinsically
photosensitive cells in the eye. These signals are relayed to the SCN, in the brain, which
coordinates rhythms in peripheral tissues throughout the body. In essence, circadian rhythms are
endogenously generated and produce daily physiological rhythms that are synchronized to the
external environment.

7

1.2
1.2.1

CIRCADIAN RHYTHMS IN CARDIOVASCULAR PHYSIOLOGY
Circadian Rhythms in Cardiovascular Physiology
The cardiovascular system exhibits a circadian rhythm characterized by diurnal variation

in physiology. Heart rate (HR) has a 24 h circadian rhythm, consisting of a decline during sleep
hours and a peak in the morning, as measured by electrocardiogram recordings of 86 healthy
subjects each over 2 days (Clarke et al. 1976). Circadian BP follows a similar diurnal pattern; BP
declines during the night, rises prior to awakening, peaks in midmorning and slowly falls
throughout the day, as shown by continuous intra-arterial BP recordings over 48 hours from 5
normotensive and 20 hypertensive subjects (Millar-Craig, Bishop, and Raftery 1978). These
diurnal rhythms in BP are not driven by differences in activity day vs. night, since rhythms in HR
and BP persisted in continuously semi-recumbent men, as measured by electrocardiogram and
finger cuff in 15 healthy subjects over 24 h (Van de Borne et al. 1994). Rhythms in BP and HR
are endogenous, and thus circadian, as 24 h rhythmicity persisted under forced desynchrony
protocols where healthy human subjects were maintained on either a shortened 20 h or
lengthened 28 h sleep/wake cycle (Shea et al. 2011).
Animal studies provide evidence for endogenous clock control of circadian variation in
cardiovascular physiology. The endogenous molecular clock regulates diurnal BP rhythms, as
Clock mutant (Clock19/19) mice display dampened circadian variation in BP compared to wild type
controls, as shown by 24 h BP recordings using in vivo radiotelemetry (Curtis et al. 2007). Intrinsic
clocks within the vasculature play a role in circadian BP control, as endothelial-cell specific
peroxisome proliferator-activated receptor gamma (Ppar) knockout mice display dampened
Bmal1 expression, and a blunted circadian BP profile, as shown by RT-PCR and radiotelemetry,
respectively (Wang et al. 2008). Furthermore, diurnal cardiovascular rhythms are dependent on
the master clock, since 24 h rhythms in HR and mean arterial pressure (MAP) were abolished in
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SCN lesioned rats, as measured by an implanted catheter (Janssen et al. 1994). Taken together,
these studies show how mammals exhibit endogenously generated 24 h rhythms in HR and BP
which are under control of the circadian system.
Figure 2.

Figure 2. Circadian rhythms in cardiovascular physiology. In healthy individuals,
cardiovascular parameters have predictable daily rhythms. During the wake time period when we
are active, blood pressure and heart rate are up, and sympathetic activity dominates to enable
activity. Alternatively, during the sleep time period, blood pressure and heart rate decline, and
parasympathetic activity dominates to enable proper rest. These rhythms in cardiovascular
physiology are coordinated by output from the circadian system. Note: Adapted from Reitz CJ
and Martino TA. Disruption of Circadian Rhythms and Sleep on Critical Illness and the Impact on
Cardiovascular Events. Curr Pharm Des. 2015;21(24):3505-11.
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1.2.2

The Cardiovascular Circadian Clock
The cardiovascular system exhibits circadian rhythmicity due to the circadian clock.

Studies in rodents have revealed the extensive role of the circadian clock in the cardiovascular
system. Components of the circadian clock mechanism Clock, Bmal1, Pers, and Crys are
rhythmically expressed in cardiac tissue, as shown by RT-PCR from hearts collected at serial time
points over 24 h (Young, Razeghi, and Taegtmeyer 2001).

Rhythmic expression of clock

components was also observed in vascular tissue harvested from mice at 6 time points over 24 h
by RNase protection assay (McNamara et al. 2001). Rhythmic expression patterns are observed
in more than just clock genes, as over 13% of genes in cardiac tissue exhibit rhythmic expression
patterns, shown by microarray analysis using mRNA isolated from hearts collected at 6 time
points over 24 h from mice maintained on a 12-h L and 12-h D (12:12 LD) cycle (Martino et al.
2004). Widespread rhythmic gene expression is also found in the vasculature, as over 300 genes
involved in diverse cellular processes such as vascular structure, metabolism, and protein
degradation displayed circadian expression patterns as shown by microarray analysis of RNA
isolated from aortas collected at 4 h time intervals over two circadian cycles (Rudic et al. 2005).
Functional peripheral circadian clocks exist in the cardiovascular system, as femoral artery tissues
cultured from Per1-Luc transgenic rats displayed rhythmic oscillations in luciferase activity for 12
cycles in vitro (Davidson et al. 2005). A functional cardiac circadian clock is important for normal
heart function, as cardiomyocyte specific CLOCK mutant (CCM) mice display altered ejection
fraction (EF), fractional shortening (FS), and lower diurnal variation in heart rate between the light
and dark phase, as shown by echocardiography and in vivo radiotelemetry, respectively (Bray et
al. 2008). Furthermore, the cardiac circadian clock regulates gene expression in the heart, as
microarray analysis comparing CCM to wild type mice hearts revealed 679 different genes that
exhibited significantly altered expression in the transgenic mice (Bray et al. 2008). The human
cardiomyocyte circadian clock cycles rhythmically antiphase to that of rodents, as shown using
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RT-PCR of mRNA isolated from human cardiac tissues of 64 human organ donors acquired at
time points distributed across the 24 h day (Leibetseder et al. 2009). Taken together, these studies
demonstrate the integral role of the circadian clock in the cardiovascular system.

1.2.3 Rhythms in the Autonomic Nervous System
Diurnal patterns in cardiovascular function are regulated in part by rhythmic input from the
autonomic nervous system. Balancing rhythms in the autonomic nervous system parallel the
diurnal rhythms exhibited in BP and HR, with sympathetic activity increasing in the morning and
dominating throughout the day, followed by parasympathetic input during the night, as shown by
power spectral analysis of variation in ambulatory BP and HR over 24 h (Furlan et al. 1990).
Mirroring rhythms in sympathetic activity, circulating levels of plasma epinephrine and
norepinephrine are up during the day and down during the night, as demonstrated by hourly
measurements of venous hormone levels and continuous recording of intra-arterial pressure from
5 healthy human volunteers over 24 h (Richards et al. 1986). Diurnal rhythms in autonomic activity
are independent of physical activity, as spectral analysis of 24 h BP and HR variability showed
that daily rhythms in markers of sympathetic and vagal tone persisted in semi-recumbent human
volunteers (Van de Borne et al. 1994).
The timing of autonomic nervous system function is regulated by the circadian system.
Animals models have shown that light plays a role in regulating autonomic activity, as exposure
to light resulted in enhancement of splanchnic nerve sympathetic outflow and repression of vagal
nerve parasympathetic outflow in anesthetized rats (Niijima et al. 1993). Moreover, the timing of
autonomic activity is regulated by the central pacemaker, as the above autonomic responses to
a light stimulus were abolished in SCN-lesioned animals (Niijima et al. 1993). Taken together,
these studies demonstrate that circadian rhythms in the autonomic nervous system activity
regulate the daily rhythms we see in cardiovascular physiology.
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1.2.4 The Renin-Angiotensin System (RAS)
The renin-angiotensin system (RAS) is a complex system with many interacting
components, and has been extensively reviewed (Schmieder et al. 2007; Lavoie and Sigmund
2003; Yim and Yoo 2008). In simple terms, renin is a proteolytic enzyme that cleaves
angiotensinogen into angiotensin I, which is then converted into angiotensin II by angiotensin
converting enzyme. Angiotensin II elicits its actions by binding to AT-1 or AT-2 receptors, which
are found in kidney, brain, heart, and vasculature, among other tissues.
The RAS is subject to a circadian rhythm. Levels of RAS components exhibit a diurnal
rhythm, as continuous intra-arterial pressure recordings and hourly venous blood sampling over
24 h in human males showed that plasma renin and angiotensin II levels were up during wake,
and lower during sleep (Richards et al. 1986). Evidence from animal studies suggests that
rhythms in the RAS are under control of the circadian system, as inversion of the LD cycle resulted
in inversion of plasma renin activity and aldosterone levels, as measured by radioimmunoassay
(Hilfenhaus 1976). Moreover, clock genes may exhibit control over the RAS’ activity, as
endogenous stimulation of angiotensin II by administering a low salt diet resulted in elevated
resting BP and loss of circadian BP rhythm in Per isoform knockout mice, while WT mice on the
same diet simply displayed reduced BP (Pati et al. 2016). Taken together, these data show how
the RAS is subject to circadian regulation, with implications for BP regulation.
In summary, the cardiovascular system exhibits ~24 h rhythms in functional parameters
such as BP and HR. These daily rhythms are coordinated by input from the master clock, and
peripheral clocks found within cardiac and vascular tissue itself. Input from the autonomic nervous
system, and the RAS also play a role in regulating circadian BP rhythms. In essence, endogenous
signals downstream of the circadian system produce ~24 h rhythms in cardiovascular physiology.
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1.3
1.3.1

CARDIOVASCULAR DISEASE AND CIRCADIAN RHYTHMS
Hypertension
High BP, or hypertension is a prevalent cardiovascular disease today in North America.

Hypertension was recently redefined by the American Heart Association as BP ≥130/80 mmHg
(Whelton et al. 2018). As a result, more Americans are now classified as hypertensive, as the
incidence of hypertension rose from 31.9% to 45.6% among American adults based on the new
2017 American College of Cardiology/American Heart Association guidelines (Muntner et al.
2018). Similarly, in Canada, the prevalence of hypertension rose from 23.2% to 36.2% when
classified as BP ≥130/80 rather than ≥140/90 (DeGuire et al. 2019). Moreover, the risk of
hypertension increases with age, as Framingham Heart Study data collected during the 1990’s
found that incidence of hypertension in the community was 27.3% in those under 60 years old,
63.0% in those 60-79 years old, and at 74% in those over 80 years old (Lloyd-Jones, Evans, and
Levy 2005). Taken together, these results demonstrate the high incidence of hypertension today.
Hypertension has adverse effects on the cardiovascular system. Hypertension is a major
risk factor for adverse cardiovascular outcomes, as a study of 18,682 male American physicians
found that hypertension was associated with myocardial infarction, stroke, and cardiovascular
death (O'Donnell et al. 1997). In addition, hypertension can cause adverse cardiac remodeling,
as a study that included 165 hypertensive patients found that individuals with the highest BP were
found within the group with the most significant left ventricular (LV) hypertrophy (Ganau et al.
1992). Importantly, early treatment using antihypertensive medications is important to prevent
irreversible LV hypertrophy, as a study of 2173 hypertensive patients with echocardiographic
evidence of LV hypertrophy found that treated patients who did not achieve LV hypertrophy
regression were older, had hypertension for longer, and had higher overall BP (Lonnebakken et
al. 2017). Reduction in LV hypertrophy results in improved cardiovascular outcomes, as a metaanalysis including data from 2449 patients found that reduction of echocardiographic LV
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hypertrophy in hypertensive individuals was associated with lower incidence of adverse
cardiovascular events (Pierdomenico and Cuccurullo 2010). All together, these studies
demonstrate that hypertension is a major cause of cardiac remodeling and adverse
cardiovascular events, which may be preventable with effective treatment.
Figure 3.

Figure 3. Hypertension causes LV hypertrophy. Over time, pressure on the LV wall in
hypertensive individuals causes adverse cardiac remodeling and LV hypertrophy. Early diagnosis
and treatment to control BP and reduce adverse remodeling is imperative in order to prevent
irreversible LV hypertrophy and improve outcomes in hypertensive patients. Note: Adapted with
permission from Berk B.C., K. Fujiwara, and S. Lehoux. 2007. ‘ECM remodeling in hypertensive
heart disease’, J Clin Invest, 117(3):568-575.
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1.3.2 Non-dipping Nocturnal Blood Pressure
The diurnal rhythm in BP is an indicator of cardiovascular health, while a blunted decline
in nocturnal BP is linked to disease. Technologies such as ambulatory BP monitoring (ABPM)
that allow for 24 h BP recording have facilitated the study of circadian BP rhythms, and illustrated
the importance of a nocturnal BP decline (Parati et al. 2014). A subset of hypertensive individuals
do not exhibit this nocturnal decline in BP, as 24 h ambulatory BP measurement of 123 patients
revealed a group of “non-dippers” who did not exhibit a nocturnal fall in BP of at least 10%
(O'Brien, Sheridan, and O'Malley 1988).
Non-dipping BP is associated with target organ damage, and adverse effects on the
cardiovascular system. For example, non-dipping nocturnal BP is associated with cardiac
remodeling and LV hypertrophy, as echocardiographic measurement of LV parameters and noninvasive 24h ABPM in hypertensive individuals revealed an inverse correlation between LV mass
and percentage of nocturnal reduction of daytime ambulatory SBP and DBP (Verdecchia et al.
1990). Non-dipping BP profiles in hypertensive individuals are also associated with adverse
effects on the vasculature, as prevalence of carotid intima-media thickening measured by
ultrasonography was higher in non-dippers vs. dippers (Cuspidi et al. 2001). Thus, a non-dipping
BP profile is generally associated with adverse cardiovascular organ remodeling.
The nocturnal BP dipping profile is also an accurate predictor of outcomes. A lower decline
in nocturnal BP in hypertensive individuals is an accurate predictor of cardiovascular events, as
a study of 536 hypertensive patients over the age of 60 randomized to active medication or
placebo found that, in the untreated placebo group, each 10% increase in night-day BP ratio was
associated with a 41% increase in cardiovascular risk (Staessen et al. 1999). Moreover, a nondipping BP profile in non-hypertensive individuals is a risk factor for cardiovascular mortality, as
analysis of 24 h ABPM measurements from 1208 normotensive individuals found an association
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between nocturnal decline in SBP and DBP with incidence of cardiovascular mortality (Ohkubo et
al. 2002). Thus, non-dipping BP is associated with adverse cardiovascular outcomes.
Animal studies have demonstrated a link between dysregulation of the RAS and nondipping circadian BP. Overactive RAS signaling can alter the circadian profile of BP, as transgenic
TGR(mREN2)27 rats, who have an extra renin gene, develop hypertension and a reversed
circadian BP rhythm by 7 weeks of age, as shown by in vivo radiotelemetry recordings (Witte and
Lemmer 1999). Moreover, non-dipping BP may be caused by interplay between clock genes and
the RAS, as non-dipping BP induced by a low salt diet in Per isoform knockout mice was reversed
by treatment with an angiotensin receptor blocker (Pati et al. 2016). These data demonstrate a
role for the RAS in development of a non-dipping BP profile.

1.3.3 Chronotherapy as a New Direction
Circadian medicine is an emerging approach that involves considering 24 h rhythms in
physiology in order to improve diagnosis and treatment of disease. Chronotherapy aims to
maximize therapeutic efficacy by utilizing our knowledge of endogenous biological rhythms to
optimally time treatments. In essence, chronotherapy takes into account the rhythmic oscillations
of molecular drug targets and the pharmacokinetics of the drug itself within the body in order to
improve therapeutic benefit, and patient outcomes.
The basis for chronotherapy for application in the cardiovascular system is supported by
studies using animal models. Early evidence suggested that the effectiveness of drugs to elicit
their desired effect in cardiovascular tissue varies over 24 h, as in vitro preparations of rat aortas
collected ever 4 h across a 12:12 LD cycle showed a maximum constricting effect to the
vasoactive compounds phenylephrine at zeitgeber time (ZT) 7, and 5-hydroxytryptamine at ZT13
(Keskil et al. 1996). Time of administration of angiotensin-converting enzyme inhibitors (ACEi)
targeting the RAS has been shown to improve outcomes in heart disease, as sleep time
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administration of the short acting ACEi captopril in a mouse model of pressure-overload
hypertrophy resulted in less adverse cardiac remodeling, and led to better heart function
compared to wake time administration, as shown by non-invasive echocardiography (Martino et
al. 2011). Rhythmic expression of the molecular targets for pharmacological intervention is
widespread in mammalian physiology, as a study using high throughput RNA-seq and microarray
technologies for analysis of gene expression in 12 different mouse organs found that 43% of
protein coding genes exhibit a circadian pattern in their expression (Zhang et al. 2014). Moreover,
this high throughput transcriptome analysis suggests that instilling guidelines for timing of drug
ingestion could vastly improve health outcomes, as 56 of the 100 best selling drugs in America
target the product of a gene that exhibits a circadian expression pattern (Zhang et al. 2014).
Evidence supporting the application of chronotherapy for treatment of hypertension is
provided by clinical trials. Chronotherapy using ACEi can yield more effective BP lowering effects
when given at sleep time, as a study that compared quinapril administration at 8 am and 10 pm
using a randomized cross-over study design found that sleep time administration lowered 24 h
ambulatory BP more than wake time in 18 hypertensive patients (Palatini 1992). Sleep time
chronotherapy has also been proven to improve patient outcomes, as the Ambulatory Blood
Pressure Monitoring for Prediction of Cardiovascular Events (MAPEC) study showed that patients
taking ≥1 antihypertensive at sleep time had significantly lower risk of adverse cardiovascular
events compared to patients taking medications at wake time (Hermida et al. 2010). Time-of-day
dosing of antihypertensives has implications for individuals with non-dipping BP profiles, as a
clinical trial with 19,084 hypertensive patients comparing sleep time administration of ≥1
medication(s) at sleep time vs. at wake time showed that sleep time dosing significantly enhanced
the nocturnal decline in BP, and vastly reduced occurrence of adverse cardiovascular events
upon follow up (Hermida et al. 2019). These studies demonstrate that chronotherapy can be
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applied using currently prescribed medications to improve the efficacy of treatment of
hypertension.
Despite substantial evidence supporting the basis of chronotherapy in animal models and
evidence for translation to humans in clinical trials, recommendations for timing drug therapy have
not been widely applied to clinical practice. According to a recent review published in Science,
the American FDA recommends time-of-day dosing in only four of the top 50 most prescribed
drugs (Ruben et al. 2019). Moreover, time-of-administration is not addressed in the 20th World
Health Organization Model List of Essential Medicines (Ruben et al. 2019). Given the lack of
widespread application despite the extensive evidence for the benefits of chronotherapy, there is
immense potential to improve the efficacy cardiovascular disease treatment in health care today
by taking into account endogenous biological rhythms.
In summary, hypertension is a prominent cardiovascular disease that has significant
adverse effects on the cardiovascular system. Some hypertensive individuals exhibit what is
known as non-dipping nocturnal hypertension, which compounds negative effects and is a
predictor of adverse cardiovascular outcomes. Chronotherapy is an emerging approach to
treatment by taking into account time of day and has shown to improve both the efficacy of
treatment and outcomes in cardiovascular disease patients.
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1.4
1.4.1

CANNABINOIDS
Cannabis Use
In recent years, attitudes towards cannabis have been changing among people in North

America. In the United States, the perceived risk of cannabis use among adolescents has been
in steep decline since the mid 2000s, according to a study that surveyed grade 8, 10, and 12
students annually (Johnston et al. 2019). Individual perceptions of risk associated with cannabis
impact attitudes towards policy, as a study that polled 619 undergraduate students in 2016 found
that those who displayed high perceived harm from cannabis were significantly less likely to
support its legalization (Rudy et al. 2020). As of 2020, 33 different American states have legalized
cannabis for medicinal purposes, and 11 different states and the District of Columbia have
legalized recreational cannabis (Orenstein and Glantz 2019). Meanwhile, cannabis is legal at the
federal level in Canada as of October 17, 2018.
In addition to changes in the public perception towards cannabis, cannabis use has risen
in recent years. Overall increased cannabis use is not attributable to adolescents, as an American
study analyzing national and state level survey data of high school students from 1997-2017 found
that the odds of adolescent cannabis use did not change after cannabis legalization (Anderson et
al. 2019). In the United States, cannabis use among adults has risen considerably since the early
2000s, as a study using publicly available national survey data from 722,653 respondents found
a significant increase in the prevalence of cannabis use among adults aged 18-64 (Mauro et al.
2018). Similarly, in Canada, the prevalence of cannabis use has risen steadily over the past 50
years, as a consolidated analysis of independent and national surveys found that cannabis use
among Canadian adults aged 25-49, and 50-65 has risen from under 5% in 1970 to ~10% and
~20%, respectively (Macdonald and Rotermann 2017). In fact, the biggest recent changes in
cannabis use are seen in older adults. In Canada, the fastest growing user group of cannabis is
seniors, as just 40,000 of those aged 65 and older reported using cannabis in 2012, compared to
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more than 400,000 seniors in 2019, according to data from Statistics Canada (StatisticsCanada
2019). Similar trends are observed in America, as cannabis use among seniors has risen
significantly, from 2.4% in 2015 to 4.2% in 2018, according to analysis of data from the National
Survey on Drug Use and Health collected from 14,895 individuals aged 65 and over (Han and
Palamar 2020). These data show that cannabis use, particularly among older adults, has risen in
recent years.

1.4.2 Pharmacology of Cannabidiol and ∆9-Tetrahydrocannabinol
1.4.2.1 Pharmacokinetics
Components of cannabis known as cannabinoids have a number of pharmacokinetic
activities in the body. Route of administration has an effect on its bioavailability, which refers to
the amount of the administered dose that reaches the blood stream. For example, the
bioavailability when injected directly into the blood is 100%. Cannabinoids are then distributed
around the body through the bloodstream and are primarily metabolized by enzymes in the liver.
The pharmacokinetic actions of the cannabinoids THC and CBD have been reviewed previously
(Lucas, Galettis, and Schneider 2018; Millar et al. 2019; Grotenhermen 2003).
The actions of the cannabinoid ∆9-tetrahydrocannabinol (THC) in the body have been
previously described. The bioavailability of THC depends on route of administration, as a study
of 11 healthy subjects found that THC’s systemic bioavailability after inhalation was 18±6%, while
oral administration resulted in 6±3% systemic bioavailability (Ohlsson et al. 1980). Once in
circulation, THC is metabolized primarily by hepatic cytochrome P450 enzymes, as a study of
cannabinoid metabolism by human hepatic microsomes showed that THC was converted into its
metabolites by CYP3A4 and CYP2C9 enzymes (Watanabe et al. 2007). Once in the body, it takes
a long time for THC to be cleared, as a population pharmacokinetic model of THC shows a
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terminal half-life, or half-life after reaching equilibrium, of about 22 hours (Heuberger et al. 2015).
Overall, these data describe some of the pharmacokinetic actions of THC in the body.
The pharmacokinetic activity of the cannabinoid known as cannabidiol (CBD) is similar to
that of THC. CBD is most commonly administered orally, however there is little published data
regarding its oral bioavailability in humans (Millar et al. 2019). Early work in humans suggested
that CBD may have very poor oral bioavailability, as 40 mg of CBD administered in 12 healthy
adult men resulted in peak plasma levels of ~5 ng/ml of blood plasma (Agurell et al. 1981),
equivalent to bioavailability of ~6% (Gaston and Friedman 2017). When inhaled, aerosolized CBD
is absorbed much more effectively, as a study of 5 healthy male volunteers showed that 20 mg of
smoked CBD had an systemic bioavailability of 31% (Ohlsson et al. 1986). Similarly to THC, the
metabolism of CBD is mostly mediated by P450 family liver enzymes, as an in vitro study using
human liver microsomes showed that CBD is metabolized primarily by CYP3A4 and CYP2C19
(Jiang et al. 2011). CBD also appears to take a long time to be eliminated from the body, as a
comparative study in humans showed that CBD given via injection had a half-life of 24±6 h while
CBD administered via inhalation had a half-life of 31±4 h (Ohlsson et al. 1986). Taken together,
these results demonstrate some of the known activity of CBD in humans.

1.4.2.2 Mechanisms of action
At the molecular level, the actions of the cannabinoids THC and CBD are mediated by
interactions with target receptors. THC and CBD are also known to interact with endogenous
cannabinoid receptors, and a number of non-cannabinoid molecular targets. The diverse
pharmacology of CBD and THC has been reviewed previously (Pertwee 2008).
The actions of THC are mediated in part by binding to a group of G-protein coupled
receptors known as cannabinoid receptors (Pertwee 1997). The CB1 receptor was identified as a
cannabinoid receptor, as CB1 inhibition of adenylyl cyclase was found to be more sensitive to the
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presence of THC compared to CBD and other cannabinoid analogues, as measured by the
accumulation of cAMP by incubation of CB1 transfected cells with forskolin and cannabinoids
followed by radioimmunoassay (Matsuda et al. 1990). A second cannabinoid receptor, CB2, was
later identified, as competitive binding analysis in transfected mammalian cells in vitro showed
that CB2 binds THC with similar affinity as with CB1 (Munro, Thomas, and Abu-Shaar 1993). This
second cannabinoid receptor was found to be expressed primarily in peripheral tissue, as in situ
hybridization probing followed by PCR revealed CB2 expression in splenic macrophages (Munro,
Thomas, and Abu-Shaar 1993). THC has a very high affinity for cannabinoid receptors, since a
number of studies reported that THC binds to CB1 and CB2 receptors in the low nanomolar range,
as shown by in vitro ligand binding assays measuring the displacement of synthetic agonists
[3H]CP55940 or [3H]HU-243 from the active binding site of cannabinoid receptors (Pertwee 2008).
Thus, cannabinoid receptors are molecular targets for THC.
Alternatively, CBD’s actions are mediated in a different way to those of THC. CBD does
not exhibit a strong interaction with cannabinoid receptors, as CBD does not displace synthetic
THC analogue [3H]CP55940 from either CB1, or CB2 bellow micromolar concentrations (Pertwee
2008). Alternative actions of CBD at cannabinoid receptors have been investigated. Recent
evidence suggests that CBD may act as a negative allosteric modulator of cannabinoid receptors,
as CBD was shown to antagonize the downstream signaling of THC’s actions at CB1 receptors
by inhibiting the recruitment of arrestin2 in vitro, measured using Bioluminescence Resonance
Energy Transfer experiments (Laprairie et al. 2015). Additionally, CBD may also act as an
allosteric modulator at CB2 receptors, as nanomolar concentrations of CBD decreased the affinity
of fluorescent CB2 ligand CM-157 to the CB2 orthostatic site, shown using saturation binding
experiments in HEK-293T cells (Martinez-Pinilla et al. 2017). Taken together, these studies
suggest that CBD may interact with cannabinoid receptors, but in an alternative fashion to that of
THC.
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There is extensive evidence for interactions of THC with non-cannabinoid receptors. CB1and CB2-independent actions of THC may be mediated by another G-protein coupled receptor,
GPR55, as THC was shown to act as an agonist at GPR55 in vitro using a radiolabeled [35S]GTPS binding assay (Ryberg et al. 2007). Studies of cannabinoid effects in mammalian
vasculature have provided evidence demonstrating that THC can act as a PPAR ligand, as 10
µM THC administered in vitro to pre-constricted rat aortas resulted in vasorelaxation, which was
inhibited by the PPAR receptor antagonist GW9662 at 1µM (O'Sullivan et al. 2005). THC may
act as an allosteric modulator at serotonin receptors, as nanomolar range concentrations of THC
were shown to inhibit ligand-gated ion channel currents in human 5-HT3A receptors in a dosedependent manner, measured by electrophysiology using intracellular solution from recombinant
HEK-293 cells (Barann et al. 2002). At high concentrations, THC can act as a negative allosteric
modulator at opioid receptors, as THC at 100 µM accelerated the dissociation of both mu- and
delta-opioid receptor agonists induced by receptor antagonists, shown by binding studies on rat
cerebral cortex membrane homogenates (Kathmann et al. 2006). These studies show that THC
has a number of molecular targets independent of cannabinoid receptors.
Similarly, CBD can modulate the activity of a number of non-cannabinoid receptors to
produce its effects. CBD acts as an agonist at 5-HT1A receptors similarly to serotonin, as CBD
displaced the 5-HT1A agonist in the micromolar range, and increased [35S]-GTPS binding and
reduced downstream forskolin-stimulated cAMP production in signal transduction studies shown
using Chinese hamster ovary (CHO) cells expressing the human 5-HT1a receptor (Russo et al.
2005). Furthermore, there is evidence that CBD activity at 5-HT1A receptors can affect BP, as the
ablated BP response to restraint stress after pretreatment with 10.0 mg/kg CBD was shown to be
reversible by 0.1 mg/kg 5-HT1A receptor antagonist WAY100635 (Resstel et al. 2009). CBD can
activate the transient receptor potential (TRP) family, as CBD was shown to have agonistic effects
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at TRPV1, TRPV2, TRVA1, and TRPM8 receptors in vitro, using HEK-293 cells overexpressing
target receptors and fluorescence-based calcium assays (De Petrocellis et al. 2011). CBD can
also display agonist activity at PPAR, as a time-dependent vasorelaxant effect of 10 µM CBD
was inhibited by the PPAR receptor antagonist GW9662, shown using pre-constricted rat aortas
and changes in tension measured by a monograph (O'Sullivan et al. 2009). Similarly to the action
of THC, CBD can act as an allosteric modulator of opioid receptors, as binding studies in rat
cerebral cortex membrane homogenates showed that CBD at 100 µM decreased the affinity of
both mu- and delta-opioid receptors for their associated agonists (Kathmann et al. 2006). Taken
together, these data demonstrate evidence for CBD interaction with many different molecular
target receptors.
There is also evidence for interaction between CBD and a number of non-canonical Gprotein coupled receptors. CBD can block activity at the orphan G-protein coupled receptor
GPR55, as CBD was shown to antagonize the activation of GPR55 by synthetic cannabinoid
agonist CP55940 in vitro using HEK293 cells and a [35S]-GTPS binding assay (Ryberg et al.
2007). Recent studies have identified 3 other orphan G-proteins as novel molecular targets for
CBD (Laun et al. 2019). CBD can act as an inverse agonist at both GPR3 and GPR6 receptors,
as CBD significantly reduced -arrestin2 recruitment, shown using CHO-K1 cells co-expressing
recombinant GPR3/GPR6 and -arrestin2 each linked to complimentary ends of the galactosidase enzyme (Laun and Song 2017). Furthermore, CBD displays inverse agonist activity
at GPR12, as CBD inhibited cAMP accumulation caused by constitutively active GPR12, shown
using a homogenous time resolved fluorescence assay (Brown, Laun, and Song 2017). These
results demonstrate evidence for CBD activity at non-canonical G-protein coupled receptors.
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1.4.3 Effect of Cannabinoids on Blood Pressure
Cannabinoids are known to affect cardiovascular physiology. THC causes acute effects
on the cardiovascular system, as healthy human volunteers who received ≥10 mg THC by
smoking cannabis of known potency displayed significantly elevated SBP and HR within 30
minutes after smoking (Johnson and Domino 1971). Pure THC has also been shown to increase
BP, as vaporized THC (8 mg) raised SBP and DBP measured 5 minutes after inhalation,
compared to placebo (Freeman et al. 2018). Moreover, THC administered orally at 0.3 mg/kg
was shown to significantly increase MAP and HR in a clinical trial studying male volunteers (Weiss
et al. 1972). Taken together, these data show that THC administered in humans can cause an
acute increase BP and HR.
In animal studies, cardiovascular effects of THC have also been measured. The number
of studies measuring hemodynamic responses to THC in mice are limited. In a murine stroke
model, THC given at low, middle, and high doses had little effect on cardiovascular parameters
measured, as 1.0, 3.0 and 10.0 mg/kg immediately prior to, and 3 h after occlusion of the middle
cerebral artery produced no change in BP or HR compared to a placebo control group (Hayakawa
et al. 2007). The cardiovascular effects observed after administration of THC are not attributable
to a stress response from animal handling, as THC given at 4.0 and 6.0 mg/kg via an abdominal
cannula in freely moving, conscious rats resulted in a dose-related increase in BP for 10-20
minutes, and a reduction in HR for more than 2 h, with both measurements recorded
simultaneously for 2 h post-drug (Kawasaki et al. 1980). Alternatively, another study found that a
low dose of THC produced little change in the parameters measured, as 0.5 mg/kg THC
administered via intraperitoneal (ip) injection conscious rats had little effect on BP, but significantly
increased HR from 5-20 minutes post injection, with measurements recorded continuously for 30
minutes post-drug by inflatable tail cuff, and a tachograph, respectively (Osgood and Howes
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1977). Taken together, these results show varying cardiovascular responses to THC in animal
models.
CBD has been shown have effects on cardiovascular parameters. In animal studies, CBD
can attenuate the cardiovascular response to stress, as a conditioned-fear-induced rise in BP and
HR in rats was blunted by pre-treatment with CBD administered ip at 10.0 mg/kg, with parameters
measured using a catheter surgically implanted into the femoral artery (Resstel et al. 2006).
Moreover, the same group later showed that CBD given ip at 1.0, 10.0, and 20.0 mg/kg attenuate
the increase in HR and BP associated with restraint stress in rats in a dose-dependent manner
(Resstel et al. 2009).

Additionally, a randomized, placebo-controlled, double-blind study in

humans showed that CBD can reduce both resting BP, and the BP response to stress, as 600
mg CBD given in 100 mg capsules reduced initial BP, and attenuated the rise in BP associated
with exercise, and response to cold stress, all compared to a placebo group (Jadoon, Tan, and
O'Sullivan 2017). Taken together, these studies demonstrate that CBD can have blood pressure
lowering effects and may have translational implications for humans.
Thus, cannabinoids have been shown to have acute effects on cardiovascular physiology.
Specifically, THC is generally associated with an increase in BP in humans, while the effects of
THC in animal models have been more variable. CBD has generally been associated with
lowering BP in both animals and humans. However, whether there are time-of-day specific effects
of cannabinoids on the cardiovascular system, and whether the circadian system may play a role
is currently unknown. In Chapter 2 of this thesis, I show time-of-day specific responses to THC
and CBD and implicate the circadian mechanism in regulating these cannabinoids.
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Figure 4.

Figure 4. Acute BP responses to cannabinoids. The cannabinoids THC and CBD can have
acute effects on the cardiovascular system, which include effects on BP. Reported BP effects of
these cannabinoids vary depending on many factors including species tested, model, recording
technique, administration, and dose.

In summary, cannabis use, particularly among older adults has risen in recent years. Once
they enter the body, the cannabinoids THC and CBD have known pharmacokinetic activity. At the
molecular level, the actions of cannabinoids are mediated by a number of different receptors.
Cannabinoids are known to have acute effects on the cardiovascular system, with THC generally
associated with an increase in BP, while CBD is associated with a decrease in BP. Taken
together, the data discussed demonstrates that the study of cannabinoids is particularly relevant
today.
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1.5

STUDY RATIONALE
With the recent trend in legalization of cannabis, one of the biggest new user groups has

been adults over 50 years old. This age demographic is also a group at increased risk for heart
disease, notably hypertension. Some hypertensive individuals exhibit blunted circadian BP
rhythms and display nocturnal non-dipping hypertension, which is associated with worse
cardiovascular outcomes. Understanding how cannabinoids affect cardiovascular physiology at
different times of day is currently of particular relevance. In my thesis, I investigate i) whether
there are time-of-day specific cardiovascular responses to cannabinoids, ii) whether these
responses are regulated by the circadian mechanism, specifically whether CLOCK plays a role,
and iii) whether this may constitute an area of chronotherapeutic potential to benefit patients with
heart disease.

Hypothesis
The time-of-day specific cardiovascular responses to cannabinoids cannabidiol (CBD) and ∆9tetrahydrocannabinol

(THC)

are

regulated

by

the

circadian

mechanism

and

have

chronotherapeutic potential.

Objectives
1. Does time-of-day affect the cardiovascular response to the cannabinoids CBD and THC?
Cannabinoids are known to have acute effects on physiology, and specifically the
cardiovascular system, however, whether these effects change based on time of day is unknown.
To determine the dose-response effect of the cannabinoids, I measured changes in activity in
response either CBD or THC administered at three different doses. I then repeated the
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experiment, giving the drugs at either mouse sleep time or wake time to determine whether there
is a time-of-day specific effect. Next, determine whether there is a time-of-day effect on circadian
BP, I targeted sleep time and wake time, and measured diurnal hemodynamic responses to the
cannabinoids CBD and THC.
2. Does the circadian mechanism, specifically CLOCK, play a role?
The circadian system drives 24 h rhythms in gene expression and plays a critical role in
regulating circadian BP rhythms, however, whether the circadian mechanism plays a role in the
time-of-day specific cardiovascular responses to cannabinoids is unknown. To determine whether
the expression of known molecular targets for CBD in cardiovascular tissue have a diurnal rhythm,
I analyzed genome wide microarray data from cardiac and aortic tissue collected over 24 h. Then,
to investigate the role of the circadian mechanism, and specifically CLOCK, in regulating time-ofday hemodynamic effects of CBD, I measured BP responses to CBD administered to Clock∆19/∆19
mice at sleep and wake time.
3. Do cannabinoids have chronotherapeutic potential?
Clinically prescribed antihypertensive medications can help control high BP and improve
outcomes in hypertensive patients, and particularly those with non-dipping hypertension,
however, whether CBD may have chronotherapeutic potential is unknown. To investigate the
therapeutic relevance of CBD, I administered CBD at sleep time in combination with the clinically
prescribed ACEi enalapril and measured the combined effect on nocturnal BP.
These objectives and their implications are addressed in Chapter 2 of this thesis. The
potential future directions of this research are presented as general discussion in Chapter 3.

29

CHAPTER 2 - CANNABINOID CHRONOTHERAPY FOR TREATMENT
OF HYPERTENSION
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Research on Biological Rhyhtms (SRBR) Conference, Virtual Meeting, June 2020.
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Research Symposium, University of Guelph, Aug. 2019.
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2.1

Abstract

RATIONALE:
With the recent trend of cannabis legalization across North America, one of the biggest new
consumer groups in recent years has been seniors; they are also the age group most at risk of
cardiovascular disease such as hypertension. Some hypertensive individuals exhibit nocturnal
non-dipping hypertension, which drives worse outcomes.
OBJECTIVE:
To determine if there are time of day effects of the cannabinoids cannabidiol (CBD) and ∆9tetrahydrocannabinol (THC) on the cardiovascular system, whether these effects may be
mediated by the circadian mechanism, and whether there may be chronotherapeutic implications.
METHODS & RESULTS:
First, running wheel dose responses to CBD and THC in mice showed that wake time CBD
produces a dose response curve, while THC decreases activity in a dose dependent manner
regardless of time of day. Then, to examine the time-of-day effects cannabinoids on high BP, we
used in vivo radiotelemetry in mice with cardiovascular disease (TAC model), and found that CBD
decreased BP at sleep time, but not wake time, while THC increased sleep time BP. We then
examined 24 h expression of molecular targets for cannabinoids by microarray analyses and
found rhythmic time-of-day differences in their expression in both heart and aortic tissue.
Furthermore, using Clock∆19/∆19 mice we show that loss of CLOCK function ablates time-of-day
BP responses to CBD, suggesting that the circadian mechanism may play a role. Finally, we
investigated applications for treatment of high BP and found that CBD decreases BP similarly to
the antihypertensive enalapril, and that coadministration lowers BP more than either drug alone.
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CONCLUSIONS:
We show that the circadian mechanism drives time-of-day effects of cannabinoids on
cardiovascular physiology. This suggests that: i) patients with BP conditions should be careful of
the BP lowering (CBD) and raising (THC) effects of cannabinoids, and ii) CBD may have
chronotherapeutic value for nocturnal non-dipping hypertension.
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2.2

Introduction
In recent years, cannabis has slowly become legalized across North America. In the

U.S.A., 33 different states have legalized medicinal cannabis, while Canada federally legalized
cannabis on October 17th, 2018. Currently, cannabis-based medications containing the
cannabinoid compounds cannabidiol (CBD) and ∆-9-tetrahydrocannabinol (THC) are approved
for treatment of pain in cancer chemotherapy (Herman et al. 1979; Skrabek et al. 2008) and
multiple sclerosis patients (Nurmikko et al. 2007; Rog et al. 2005), and for treatment resistant
forms of childhood epilepsy (Devinsky et al. 2017; Thiele et al. 2018; Devinsky et al. 2018).
Interestingly, with the legalization of cannabis across North America, seniors have become the
fastest growing age demographic of cannabis users (Han and Palamar 2020; StatisticsCanada
2019). It is well known that the incidence of cardiovascular disease increases with age (Strait
and Lakatta 2012), and as a result people from these growing cannabis user groups are also
more at risk for developing cardiovascular disease. This presents a new public health challenge,
as well as an area of untapped therapeutic potential.
Cardiovascular physiology exhibits dramatic diurnal (day-night) variation. This is evident
in the daily blood pressure (BP) rhythm, which is low during sleep and peaks during wake (MillarCraig, Bishop, and Raftery 1978). Loss of these rhythms is associated with disease; for example,
some hypertensive individuals exhibit a non-dipping BP profile, characterized by an insufficient
decline in BP during sleep and which is associated with increased risk of adverse cardiovascular
events (O'Brien, Sheridan, and O'Malley 1988; Staessen et al. 1999). These 24 h rhythms in
cardiovascular physiology are driven at the molecular level by the circadian clock mechanism
(Roenneberg and Merrow 2005; Reppert and Weaver 2002; Martino and Sole 2009; Chen and
Yang 2015). Present within almost all body cells, this mechanism consists of a
transcription/translation feedback loop driven by the positive regulators CLOCK and BMAL1, and
the negative arm PER and CRY, which together drives the rhythmic expression of genes and
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proteins, coordinating diurnal cellular function and physiology (Gekakis et al. 1998; Kume et al.
1999; Griffin, Staknis, and Weitz 1999).
Whether cannabinoids affect cardiovascular physiology in a time-of-day dependent
manner, and whether this may have therapeutic applications has never been explored. To
investigate these questions, we use a murine model of pressure overload-induced LV hypertrophy
by transverse aortic constriction (TAC) and explore the cardiovascular effects of the cannabinoids
CBD and THC administered at sleep time or wake time. We show that TAC induces systolic
hypertension and LV remodeling. We investigate the dose-response effect of cannabinoids on
whole body physiology using running wheel actigraphy and show that cannabinoids, and
specifically THC, decrease locomotor activity at the time-of-administration and into the next day.
Furthermore, we show that CBD administered at sleep time, but not wake time, lowers nocturnal
BP, while sleep time THC raises nocturnal BP. Mechanistically, high-throughput microarray and
bioinformatics analyses reveal rhythmic expression of cannabinoid gene targets in heart and
aortic tissue over 24 h. Furthermore, we show that genetic disruption of CLOCK using Clock∆19/∆19
mice abolishes the time-of-day specific hemodynamic responses to cannabinoids, suggesting that
these responses are regulated the molecular circadian mechanism. Lastly, we show that coadministration of CBD at sleep time with the commonly prescribed antihypertensive drug enalapril
lowers nocturnal BP more than either drug alone. Collectively, we show that cannabinoids have
time-of-day specific effects on cardiovascular physiology which can have translational potential
to both benefit and also reduce potential harm to hypertensive patients and improve patient
outcomes.
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2.3

Materials & Methods

Experimental procedures
All animal work was conducted under the guidelines of the Canadian Council on Animal Care.
Briefly, 8-week-old C57Bl/6 mice (Charles River) were housed under a 12-h light (L) and 12-h
dark (D) (12:12 LD) cycle for 2 weeks prior to surgery. Mice were anesthetized with isoflurane,
intubated, ventilated, and subjected to transverse aortic constriction of the descending aorta to
the diameter of a 27-gauge needle (TAC model), as previously described (Alibhai et al. 2017;
Martino et al. 2007; Martino et al. 2011; Tsimakouridze et al. 2012). Sham control animals
underwent the same surgical procedures but without constriction of the aorta. All surgeries were
performed between zeitgeber time (ZT) 01-ZT04. Following TAC surgery, all mice were housed
under 12:12 LD conditions. The first set of mice were used for cardiac pathophysiology studies at
1 and 6 weeks post-TAC, using non-invasive echocardiography, in vivo pressure hemodynamics,
and cardiac histopathology, as described previously (Alibhai et al. 2017; Alibhai et al. 2018;
Alibhai et al. 2014; Reitz et al. 2019). A second set of mice were then used for experiments
measuring the physiological dose response to the cannabinoids CBD and THC using running
wheel actigraphy. Mice 5 weeks post-TAC were housed in running wheel cages and 24 h
locomotor activity was quantified following administration of CBD and THC at three different doses
(0.3, 3.0, and 10.0 mg/kg, prepared as described previously (Rock et al. 2017)) as well as at
different times of day (ZT0 vs. ZT12). A third group of mice were used to assess hemodynamic
responses to CBD and THC, using radiotelemetry. At 5 weeks post-TAC, mice were surgically
implanted with PA-C10 telemetry probes (Data Sciences International) and continuous BP
measurements were recorded in response to CBD and THC administered at a single dose of 3.0
mg/kg, at two different times of day (ZT0 vs. ZT12). Data from published microarrays from our
group ((Tsimakouridze et al. 2012) (Gene Expression Omnibus (GEO) accession number
GSE36407) and (Chalmers et al. 2008)) were analyzed to assess diurnal expression of
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cannabinoid receptors Cnr1, Htr1a, Oprm1, and Ppar in heart and aortic tissue. A fourth group
of mice, homozygous for the Clock point mutation (Clock∆19/∆19) (King et al. 1997; Vitaterna et al.
1994), were used to study the role of the molecular circadian mechanism in regulating
cannabinoid BP responses, using radiotelemetry. A fifth group of mice were used to assess the
BP effects of the long acting ACEi enalapril administered, as previously described (Elmarakby et
al. 2007), in combination with sleep time CBD, using radiotelemetry. All n-values and statistics
are provided in detail in the Figure legends and materials and methods.
Mice
All animal studies were conducted under the guidelines of the Canadian Council on Animal Care
and were approved by the University of Guelph Institutional Animal Care and Use Committee.
Male wildtype (WT) C57Bl/6 mice (Charles River, Quebec, Canada) and male homozygous
CLOCK mutant mice on a C57Bl/6 background (ClockΔ19/Δ19) (Vitaterna et al. 1994; King et al.
1997) were housed at the Central Animal Facility at the University of Guelph. All mice were
entrained on a 12:12 LD cycle and provided with standard chow and water, ad libidum. ClockΔ19/Δ19
mice were identified by genotyping using allele specific PCR, and phenotyping of circadian
locomotor activity using running wheel actigraphy, as previously described (Vitaterna et al. 1994;
Alibhai et al. 2017). Animals were humanely euthanized with 4% isoflurane and cervical
dislocation at the time of collection.
Transverse aortic constriction (TAC)
Mice aged 7-8 weeks between 22-24 g were subjected to TAC to induce pressure overload LV
cardiac hypertrophy, as previously described (Alibhai et al. 2017; Martino et al. 2007; Martino et
al. 2011; Tsimakouridze et al. 2012). All surgeries occurred between ZT01 and ZT04. In brief,
mice were anesthetised under 4% isoflurane, intubated, and ventilated (model 687; Harvard
Apparatus), and maintained under 2.5% isoflurane throughout the procedure. A local
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subcutaneous injection of 50:50 bupivacaine (1.5 mg/kg)/lidocaine (3 mg/kg) mix was
administered prior to incision. The aorta was exposed via a left-sided thoracotomy at the second
intercostal space and the descending aorta was constricted distal to the left subclavian artery
using a 6-0 suture (Covidien) tied around a 27-gauge needle. The needle was then removed, and
the chest and skin were closed using 6-0 silk suture. A local subcutaneous buprenorphine
injection (0.1 mg/kg) was given for analgesia upon the mouse awakening immediately postsurgery, and at 8 h and 24 h into recovery. Sham mice underwent the same surgical procedure,
excluding aortic constriction.
Echocardiography
Cardiac structure and function were assessed in TAC and sham mice at baseline, 1 week,
and 6 weeks post-surgery using the GE Vivid e90 ultrasound machine with a L8-18i-D 15 MHz
linear array transducer (GE Medical Systems). This non-invasive procedure was performed on
mice anesthetized with 1% isoflurane, as previously described (Reitz et al. 2019; Alibhai et al.
2014). Image analysis was conducted using the EchoPAC offline system (GE Medical Systems).
LV internal dimension at diastole (LVIDd), LV internal dimension at systole (LVIDs), % ejection
fraction (%EF), % fractional shortening (%FS), interventricular septal wall thickness at diastole
(IVSd), LV posterior wall thickness at diastole (LVPWd), and heart rate (HR) were measured from
at least 5 images per mouse taken at the mid-papillary level.
In vivo hemodynamics
Invasive pressure hemodynamics measurements were recorded in mice anesthetized
under 4% isoflurane, intubated, ventilated (Harvard Apparatus model 687), and maintained at 3%
isoflurane, as previously described (Alibhai et al. 2017; Alibhai et al. 2014; Alibhai et al. 2018). A
1.2Fr pressure catheter (Transonic) was inserted into the right carotid artery and advanced into
the left ventricle. In vivo measurements of aortic and LV pressures were recorded with
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ADInstruments PowerLab. Systolic (SBP) and diastolic (DBP) BP were recorded and mean
arterial pressure (MAP) was calculated as (SBP + (2 x DBP))/3. LV end systolic pressure
(LVESP), LV end diastolic pressure (LVEDP), LV developed pressure (LVDP), and maximum and
minimum first derivatives of LV pressure (dP/dtmax; dP/dtmin) were also recorded. Continuous
recordings of LV and aortic pressures were analyzed with Lab Chart 7 (Colorado Creeks, US).
Mice were euthanized under 4% isoflurane by cervical dislocation following hemodynamic
recordings.
Histology
Hearts were collected for histopathology following euthanasia, as previously described
(Alibhai et al. 2017; Alibhai et al. 2018). TAC and sham hearts were perfused with 1 M KCl to
arrest in diastole and fixed for 24 h in 10% neutral buffered formalin. Following formalin fixation,
hearts were processed and embedded in paraffin and 5 µm sections taken at the mid-papillary
level were collected and stained with Masson’s trichrome. Images were taken with Q-Capture
(QImaging;Surrey, BC) and analyzed with Image J 1.46 (NIH) for quantification of myocyte cross
sectional area (MCSA), from at least 100 cardiomyocytes per heart.
Cannabinoid preparation and administration
Cannabinoid compounds were prepared as previously described (Rock et al. 2017). CBD
and THC were dissolved in ethanol and mixed with Tween80. Ethanol was then completely
evaporated using nitrogen steam and saline added with the final ratio of Tween:Saline being 1:9.
Cannabinoid drugs were administered via ip injection once daily at a volume of 1mL/kg at either
0.3, 3.0, or 10.0 mg/kg doses, in mice starting at 5 weeks post-TAC. Actigraphy dose response
and radiotelemetry experiments followed a similar randomized cross-over design injection
schedule. Individual experimental designs are described below.
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Actigraphy
Actigraphy experiments were performed as previously described (Alibhai et al. 2017;
Alibhai et al. 2018; Reitz et al. 2019). At 2 weeks post-TAC, mice were individually housed under
12:12 LD cycle conditions for 3 weeks in running wheel cages in order to acclimatize prior to the
experiment. Recordings began at 5 weeks post-TAC. Experiments were conducted with a
randomized crossover design, wherein 1) first, measurements of locomotor activity were collected
over 4 consecutive baseline days, 2) followed immediately by 3 consecutive experimental days
where mice received either CBD or THC, 3) then a second 4 day baseline period, and 4) lastly,
crossing over to receive the second cannabinoid compound for 3 additional experimental days.
Mice were designated to receive either a 0.3, 3.0, or 10.0 mg/kg dose throughout the entirety of
the experiment. Additionally, these experiments were performed in 2 cohorts: 1) the first cohort of
mice received cannabinoids ip at ZT0 (sleep time), and 2) the second cohort injected at ZT12
(wake time). Continuous recordings of diurnal locomotor activity were collected and analyzed in
10-minute bins. Binned running wheel revolution counts displayed as actograms were generated
with ClockLab (Actimetrics). % change in activity under each condition was calculated as the
difference in baseline activity from the activity under each experimental condition.
Radiotelemetry
Diurnal cardiovascular hemodynamic responses to cannabinoids were measured using
PA-C10 murine telemetry probes (Data Sciences International) to collect in vivo BP recordings
from conscious, freely moving WT and Clock∆19/∆19 mice subjected to TAC, as described
previously (Alibhai et al. 2017). At 2 weeks post-TAC, mice were anesthetized with 4% isoflurane,
intubated, ventilated (model 687; Harvard Apparatus) and were maintained under anesthesia with
2.5% isoflurane during the surgery. The carotid artery was isolated, and the telemeter catheter
was implanted and advanced to the aortic arch. The transmitter unit of the telemeter was then
inserted into a subcutaneous skin pouch, then the neck incision was closed with a silk 6-0 suture
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(Covidien). Mice were administered buprenorphine (0.1 mg/kg) analgesia immediately upon
awakening, at 8 h, and 24 h post-operation. All radiotelemetry recordings were initiated in mice at
5 weeks post-TAC. In the first WT cohort, radiotelemetry experiments followed the same
randomized cross-over design as described above, to assess in vivo BP responses to the
cannabinoids CBD and THC. In the Clock∆19/∆19 mice cohort, the cross-over design included 3
baseline days, 3 days CBD at ZT0, 3 additional baseline days, followed by 3 days CBD at ZT12.
Lastly, a third cohort of WT mice underwent radiotelemetry assessment following enalapril + sleep
time (ZT0) CBD administration, with an experimental schedule of 3 days baseline, enalapril alone
for 7 days with 24 h BP quantified from the final 3 days, followed immediately by 3 days of enalapril
in combination with sleep time CBD. In all radiotelemetry experiments, the cannabinoids were
administered ip at a dose of 3 mg/kg. SBP and DBP were recorded and MAP was calculated by
(SBP + (2 x DBP))/3. Parameters were measured every 5 minutes over a 30 second time interval,
averaged into 1 h and 30-minute time bins based on ZT time, and analyzed using Data Quest IV
system (Data Sciences International). These 1h time bins were averaged across all mice yielding
12 h plots of absolute BP. These time bins were also used to yield a delta change in BP from
experimental days vs. baseline.
Microarrays and Bioinformatics
Previously published microarrays from our group (GEO accession number: GSE36407
(Tsimakouridze et al. 2012) and (Chalmers et al. 2008)) were analyzed for 24 h expression of
cannabinoid gene targets. In brief, mice were entrained to a 12:12 LD cycle. Pressure overload
cardiac hypertrophy was induced at 8 weeks of age via TAC, as described above. At 8 weeks
post-TAC, animals were sacrificed across the LD cycle, starting at 1 h before lights on (ZT23) and
every 4 h thereafter (ZT03, ZT07, ZT11, ZT15, ZT19), for 6 different timepoints across the 24 h
cycle, n = 3 mice per timepoint (18 TAC, 18 sham operated animals). Hearts and aorta were
collected from each mouse, with the aorta dissected to isolate the top segment above the tie.
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Total RNA was then isolated from cardiac and aortic tissue using Trizol reagent (Invitrogen,
Burlington, Ontario, Canada). and was stored at -80°C until use for microarrays. Whole genome
microarray gene expression experiments were performed using the MOE430A GeneChip
(Affymetrix, Santa Clara, California, USA), with n=3 hearts were timepoint and n=3 aortas pooled
per timepoint. Bioinformatics analyses were performed using GeneSpring GX v14.8 (Agilent
Technologies Inc). Raw .cel files were loaded into a project file, and experimental settings were
set to Affymetrix expression type using the Affymetrix.GeneChip.MOE430A technology.
Normalized intensity values across all chips were determined using exon robust microarray
summarization algorithm on all probesets. Data were presented as raw fluorescent units (RFU).
Experimental parameters were defined as either sham or TAC, and time groups were defined as
ZT23, ZT03, ZT07, ZT11, ZT15, and ZT19. These parameters were used to launch a group level
interpretation. Sample quality was determined by principal component analysis (PCA) and log2
(normalized signal values) of 8 hybridization controls across all microarray chips. The probeset
filter parameter cut-off percentile was set to include all entities. A lower fluorescence cut-off was
set to 60 to filter probesets by expression. Group level clustering comparing TAC to sham across
all time points was analyzed using PCA. Known cannabinoid target genes from sham heart
(Supplementary Figure 1; Supplementary Table 1), TAC heart (Supplementary Figure 2;
Supplementary Table 2), sham aorta (Supplementary Figure 3; Supplementary Table 3), and TAC
aorta (Supplementary Figure 4; Supplementary Table 4) were chosen for inclusion based on
expression level, and difference in expression in the light phase vs. dark phase. Expression of
each cannabinoid target gene was analyzed and shown as raw fluorescence units (RFU) at each
time point as well as quantified as peak vs. trough in the light phase (sleep time) vs. dark phase
(wake time), for both TAC and sham experimental parameters.
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Enalapril administration
The long acting ACEi enalapril was administered ad libitum in the drinking water, at a daily
dose of 10 mg/kg, as previously described (Elmarakby et al. 2007). Based on the average volume
of water consumed per mouse per day, enalapril was dissolved in the drinking water at a
concentration of 50mg/L.
Statistics
Values are expressed as mean ± SEM. Statistical comparisons were done using either an
unpaired or paired two-sided Student’s t-test, as applicable. Values of P ≤ 0.05 are considered
statistically significant. All n-values and statistics are provided in the Figure legends in detail.
Diurnal rhythms in expression of cannabinoid target genes were analyzed with the non-parametric
algorithm JTK_CYCLE v3.0, as described previously (Reitz et al. 2019; Hughes, Hogenesch, and
Kornacker 2010).
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2.4

Results

TAC mice exhibit systolic hypertension, left ventricular remodeling, and cardiac
hypertrophy. In order to examine structural remodeling in response to TAC-induced LV pressure
overload, we collected hearts from mice at 6 weeks post-TAC. Representative images show
increased heart size in TAC mice, as compared to sham controls (Figure 1A). TAC mice showed
significantly increased (P<0.0001) heart weight (HW) and HW:body weight (BW) ratio compared
to sham operated controls (Figure 1B, Table 1). To further assess cardiac structure and function,
we used echocardiography (Figure 1C). At 6 weeks post-surgery, TAC mice showed significantly
increased (P<0.0001) LV internal diastolic (LVIDd) and systolic (LVIDs) dimensions, with
significantly reduced (P<0.0001) % ejection fraction (EF) and % fractional shortening (FS), as
compared to sham controls (Figure 1D, Table 1). Taken together, these morphometric and
echocardiographic data show that TAC hearts develop significant adverse cardiac structural
remodeling.
To examine the hemodynamic changes in the heart and aorta in response to LV pressure
overload, we measured in vivo pressure hemodynamics in mice 6 weeks post-TAC. TAC hearts
showed increased LV pressures, evidenced by higher (P<0.005) LVESP, as compared with sham
controls (Figure 1E, Table 1). Consistent with adverse cardiac hemodynamics, TAC hearts also
showed impaired contractility and relaxation, as shown by reduced (P<0.0001) dP/dtmax and
increased (P<0.0001) dP/dtmin in TAC vs. sham controls (Figure 1F, Table 1). In the vasculature,
TAC pressure overload also led to significantly increased (P<0.0001) mean arterial pressure
(MAP) vs. sham operated controls (Figure 1G, Table 1). In view of the increased BP in the TAC
group, we measured diurnal BP profiles over 3 consecutive days using in vivo radiotelemetry. As
expected, based on our hemodynamic data, SBP profiles were consistently elevated across the
LD cycle in TAC compared with sham operated mice (Figure 1H). Thus, TAC-induced LV pressure
overload results in adverse cardiac hemodynamics and systolic hypertension.
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To establish whether functional impairments were associated with structural remodeling
and cardiac hypertrophy, we performed histological analysis. As expected, TAC hearts were
visually bigger, and had increased (P<0.0001) myocyte size (266.50±9.90 µm2) as compared to
sham controls (148.49±1.89 µm2) (Figure 1I). Thus, histopathology revealed that LV pressure
overload causes significant cardiac and cardiomyocyte hypertrophy by 6 weeks post-TAC.
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Figure 5.
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Figure 5. Cardiac hypertrophy and systolic hypertension in mice with transverse aortic
constriction (TAC). A, Representative images showing increased heart size at 6 weeks postTAC, as compared to sham controls. B, TAC hearts had increased heart weight (HW) (left) and
HW:body weight (BW) (right) as compared to sham controls at 6 weeks post-TAC. n = 8-10/group,
*P<0.0001 TAC vs. sham by unpaired Student’s t-test. C, Representative m-mode
echocardiographic images of TAC and sham hearts showing D, TAC hearts had increased LVIDd,
LVIDs, and reduced % ejection fraction (% EF) and % fractional shortening (% FS) at 6 weeks
post-TAC compared to sham controls. n = 8-10/group, *P<0.0001 TAC vs. sham by unpaired
Student’s t-test. E, TAC mice exhibited increased left ventricular end systolic pressure (LVESP),
F, impaired contractility, as shown by dP/dtmax (left) and dP/dtmin (right), and G, increased mean
arterial pressure (MAP) as compared to sham controls at 6 weeks post-TAC. n = 8-10/group,
*P<0.0001 TAC vs. sham by unpaired Student’s t-test. See Table 1 for all pathophysiology data.
H, Average systolic (upper red, upper black line) and diastolic (lower red, lower black line) blood
pressure rhythms for TAC and sham mice plotted over three consecutive days, by 24 h in vivo
radiotelemetry. n = 4/group. I, Representative histopathology images stained with Masson’s
trichrome, and myocyte cross sectional area (MCSA) quantification in 6 week post-TAC and sham
hearts, n =5/group, *P<0.0001 by Student’s t-test. Values are mean  SEM.
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Table 1. TAC mice develop cardiac hypertrophy and high blood pressure.
TAC
SHAM
P-value
n
10
8
Echocardiography (Baseline)
LVIDd (mm)
3.94±0.05
3.96±0.02
0.752
LVIDs (mm)
2.37±0.03
2.41±0.03
0.364
EF (%)
76.99±0.38
76.66±0.52
0.613
FS (%)
39.96±0.33
39.69±0.45
0.635
IVSd (mm)
0.64±0.01
0.64±0.01
0.942
LVPWd (mm)
0.65±0.01
0.64±0.00
0.912
LV mass calculated (mg)
58.34±1.94
58.35±0.88
0.994
HR (bpm)
420±3
420±4
0.878
BW (g)
21.28±0.43
20.76±0.52
0.447
Echocardiography (1 week)
LVIDd (mm)
4.22±0.03*
4.01±0.02
<0.0001
LVIDs (mm)
2.82±0.04*
2.41±0.03
<0.0001
EF (%)
68.24±0.85*
76.78±0.50
<0.0001
FS (%)
33.06±0.59*
39.79±0.44
<0.0001
IVSd (mm)
0.73±0.01*
0.68±0.00
<0.0005
LVPWd (mm)
0.74±0.01*
0.66±0.01
<0.0001
LV mass calculated (mg)
78.29±1.64*
63.18±0.91
<0.0001
HR (bpm)
475±11
468±7
0.575
BW (g)
23.71±0.30
23.75±0.49
0.948
Echocardiography (6 weeks)
LVIDd (mm)
4.69±0.04*
4.04±0.02
˂0.0001
LVIDs (mm)
3.55±0.06*
2.42±0.01
˂0.0001
EF (%)
54.59±1.69*
76.91±0.20
˂0.0001
FS (%)
24.32±0.88*
39.86±0.18
˂0.0001
IVSd (mm)
0.80±0.01*
0.70±0.01
˂0.0001
LVPWd (mm)
0.81±0.00*
0.70±0.00
˂0.0001
LV mass calculated (mg)
106.20±1.48*
68.65±0.66
˂0.0001
HR (bpm)
442±7
454±8
0.267
BW (g)
25.44±0.31
26.49±0.64
0.171
Morphometry (6 weeks)
BW (g)
25.44±0.31
26.49±0.64
0.171
HW (mg)
206.80±10.10*
126.63±3.62
˂0.0001
HW:BW (mg/g)
8.16±0.45*
4.78±0.08
˂0.0001
Pressure Hemodynamics (6 weeks)
SBP (mmHg)
141.23±2.77*
99.10±0.79
˂0.0001
DBP (mmHg)
67.71±1.69
66.44±2.48
0.680
MAP (mmHg)
91.29±1.67*
77.14±1.77
˂0.0001
LVESP (mmHg)
136.96±2.70*
101.96±0.47
˂0.0001
LVEDP (mmHg)
7.84±1.47*
1.24±0.35
0.005
LVDP (mmHg)
129.12±3.57*
100.53±0.59
˂0.0001
+dP/dtmax (mmHg/sec)
6942±283*
8806±224
<0.0001
-dP/dtmin (mmHg/sec)
5216±264*
8619±350
<0.0001
HR (bpm)
511±14
474±11
0.056
LVIDd, left ventricle internal dimensions at diastole; LVIDs, left ventricle internal dimensions at
systole; % EF, % ejection fraction; % FS, % fractional shortening; IVSd, inter ventricular septal
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thickness at diastole; LVPWd, left ventricle posterior wall thickness at diastole; HR, heart rate;
BW, body weight; HW, heart weight; TL, tibia length; SBP, systolic blood pressure; DBP, diastolic
blood pressure; MAP, mean arterial pressure; LVESP, left ventricle end systolic pressure;
LVEDP, left ventricular end diastolic pressure; LVDP, left ventricular developed pressure; dP/dtmax
and dP/dtmin, maximum and minimum first derivative of left ventricular pressure. *p<0.005 TAC
vs. sham by unpaired Student’s t-test. Values are mean ± SEM.
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Dose response to CBD and THC on running wheel activity. To investigate the dose response
effect of the cannabinoids CBD and THC on whole body physiology, we used running wheel
actigraphy in TAC mice at 5 weeks post-surgery. The cannabinoids were administered at three
different doses (0.3, 3.0, and 10.0 mg/kg). We further postulated that CBD and THC may have
different physiological effects if administered day vs. night. To that end, a first group of TAC mice
received these cannabinoids by ip injection once daily for three consecutive days at mouse sleep
time (ZT0), following a randomized cross-over injection schedule design, as depicted in Figure
2A. Representative actograms show mouse locomotor activity throughout the duration of the
experiment, with blue dots indicating time of CBD injections and red dots indicating THC
injections, and both occurring at ZT0 (Figure 2B). A second group of TAC mice received the
cannabinoids by ip injection once daily for three consecutive days at mouse wake time (ZT12),
following a randomized cross-over design, as depicted in Figure 2C. Representative actograms
of mouse locomotor activity throughout the experiment, with blue dots indicating time of CBD
injections, and red dots indicating THC injections, are shown in Figure 2D. While sleep time CBD
showed no significant effect on activity levels, wake time CBD administration showed a doseresponse curve, with decreased activity (P<0.05) following the 3.0 mg/kg CBD dose administered
at ZT12, as compared to no drug (Figure 2E). Alternatively, THC decreased (P<0.05) mouse
activity in a dose-dependent manner, regardless of administration time, as compared to no drug
(Figure 2F). Taken together, these data show that the dosing of cannabinoids CBD and THC
dictates the magnitude of effect on mouse locomotor activity. Based on our observations, both
CBD and THC elicit effective physiological responses at a 3.0 mg/kg dose, which was therefore
continued into subsequent experiments.
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Figure 6.
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Figure 6. Dose response of cannabidiol (CBD) and ∆9-tetrahydrocannabinol (THC) on
running wheel activity. A, Experimental design showing the randomized cross over injection
schedule used to determine the dose response to the cannabinoids CBD and THC given ip at
mouse sleep time (ZT0) by running wheel actigraphy. B, Representative actograms of running
wheel activity after ZT0 injection, illustrating the crossover study design. Blue dots denote CBD
injections, and red dots denote THC injections. C, Experimental design for the dose response to
the cannabinoids CBD and THC given at mouse wake time (ZT12) by running wheel actigraphy,
and D, representative actograms of running wheel activity after ZT12 cannabinoid injections. E,
Quantified dose response to 0.3, 3.0, or 10.0 mg/kg CBD given at sleep time (left), or wake time
(right) in TAC mice, as shown by % change in wake time activity vs. no drug. n = 4/group. *P<0.05
THC vs. no drug by paired Student’s t-test. F, Dose response to 0.3, 3.0, or 10.0 mg/kg THC given
at sleep time (left), or wake time (right) in TAC mice, as shown by % change in wake time activity
vs. no drug. n = 4/group. *P<0.05 THC vs. no drug by paired Student’s t-test. Values are mean 
SEM.
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Diurnal blood pressure responses to cannabinoid chronotherapy. To investigate the effect
of cannabinoid chronotherapy on cardiovascular physiology, we measured diurnal BP profiles
using in vivo radiotelemetry in mice starting at 5 weeks post-TAC. Due to circadian-driven rhythms
in BP, we postulated that targeting sleep time and wake time would yield different hemodynamic
responses. Both of the cannabinoids CBD and THC were administered at the 3 mg/kg dose. Sleep
time CBD chronotherapy significantly reduced (P<0.05) nocturnal SBP vs. no drug control, as
shown by absolute (1 h bins) (left) and delta change (∆) in SBP (right) (Figure 3A). Alternatively,
wake time CBD chronotherapy did not show any effect on SBP, as shown by absolute SBP (left)
and ∆SBP (right) (Figure 3B). Consistent with the effects on SBP, sleep time CBD chronotherapy
significantly reduced (P<0.05) MAP vs. no drug control (Figure 3C), while no effects on MAP were
seen with wake time administration (Figure 3D). Comparatively, sleep time THC chronotherapy
led to a transient increase (P<0.05) in SBP, as shown by absolute SBP (left) and ∆SBP (right)
(Figure 3E), and wake time THC chronotherapy had no effect on SBP (Figure 3F). Consistent
with the effects on SBP, sleep time THC transiently increased (P<0.05) MAP, as compared to no
drug control (Figure 3G), while wake time THC chronotherapy had no effects on MAP (Figure 3H).
Taken together, these results demonstrate BP lowering and BP raising effects of CBD and THC,
respectively, and that these effects are only observed when cannabinoid compounds are
administered at mouse sleep time.
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Figure 7.
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Figure 7. Diurnal blood pressure responses to cannabinoid chronotherapy in TAC mice. A,
CBD administered at sleep time (ZT0) significantly lowered systolic blood pressure (SBP) vs.
control, as shown by absolute SBP (1-hr bins) (left) and delta change () in SBP vs. no drug (30min bins) (right) over the murine sleep phase. n = 4/group. *P<0.05 vs. control by paired Student’s
t-test. In contrast, B, CBD administered at wake time (ZT12) did not significantly alter wake time
SBP vs. control, as shown by absolute SBP and ∆SBP vs. no drug. n = 4/group. C, Similarly, CBD
at sleep time significantly lowered MAP vs. control, as shown by absolute MAP and ∆MAP. n =
4/group. *P<0.05 vs. control by paired Student’s t-test. In contrast, D, CBD at wake time did not
lower MAP vs. control, as shown by absolute MAP and ∆MAP. n = 4/group. E, THC administered
at sleep time (ZT0) significantly raised SBP vs. control, as shown by absolute SBP (left) and SBP
(right). n = 3/group. *P<0.05 vs. control by paired Student’s t-test. F, THC at wake time did not
change SBP, as shown by absolute SBP (left) and ∆SBP (right). n = 4/group. G, Similarly, THC
at sleep time increased MAP, as shown by absolute MAP (left) and ∆MAP (right). n = 3/group.
*P<0.05 vs. control by paired Student’s t-test. Alternatively, THC at wake time did not change
MAP, as shown by absolute MAP (left) and ∆MAP (right). n = 4/group. Values are mean  SEM.
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Rhythms in gene expression of molecular targets for CBD. Daily patterns in cardiovascular
physiology are driven by molecular circadian rhythms. In view of the observed time-of-day effects
of cannabinoids on circadian BP, we next investigated diurnal patterns in cardiac and aortic gene
expression of some of the known molecular targets for cannabinoids. In order to determine
whether daily rhythms in receptor expression may play a role in mediating hemodynamic
responses, we analyzed genome-wide microarray data published from heart and aorta tissue in
sham and TAC mice over 24 h and assessed rhythms via JTK_CYCLE analyses. PCA revealed
group level clustering, suggesting differences in cardiac (Figure 4A) and aortic (Figure 4B) gene
expression profiles at 8 weeks post-surgery between TAC and sham mice. Interrogation of the
cardiac dataset for cannabinoid-signaling genes revealed diurnal expression of the known
cannabinoid molecular target receptors, cannabinoid receptor 1 (Cnr1), serotonin receptor 1a
(Htr1a), and opioid receptor mu 1 (Oprm1), peaking during the light phase (sleep time) and
troughing during the dark phase (wake time), under both sham (top) and TAC (bottom) conditions
(Figure 4C). Interestingly, diurnal rhythms in peroxisome proliferator activated receptor gamma
(Pparγ) expression showed an opposite pattern to these other cannabinoid receptors, with mRNA
levels lowest during the light phase (sleep time) and highest in the dark phase (wake time), in
both sham and TAC hearts (Figure 4C). See Supplementary Figures 1 and 2 and associated
Supplementary Tables 1 and 2 for the complete list of cannabinoid-signaling genes and
JTK_CYCLE values for sham and TAC heart arrays, respectively. Moreover, interrogation of the
aortic microarray dataset further demonstrated this diurnal pattern in cannabinoid signaling
pathways, with a similar peak of Cnr1, Htr1a, and Oprm1 in the sleep phase, and Pparγ in the
wake phase, in aortas collected from both sham (top) and TAC (bottom) mice (Figure 4D). See
Supplementary Figures 3 and 4 and associated Supplementary Tables 3 and 4 for the complete
list of cannabinoid-signaling genes and JTK_CYCLE values for sham and TAC heart arrays,
respectively. Taken together, these data suggest that expression of key cannabinoid target
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receptors in the murine heart and aorta is different sleep vs. wake, which may play a role in driving
the observed time-of-day BP responses to cannabinoids.
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Figure 8.
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Figure 8. Time-of-day differences in the expression of cannabinoid receptors in heart and
aorta. A, Principal component analysis (PCA) showing differential clustering of sham and TAC
hearts and B, aortas. C, Microarray profile plots showing cannabinoid receptor gene expression
over 24 h in sham (black; top panel) and TAC (red; bottom panel) hearts, comparing sleep phase
(white) to wake phase (grey). Associated bar graphs indicate peaks or troughs in the sleep phase
(L; white bar) vs. wake phase (D; grey bar), illustrating time-of-day differences in expression. See
Supplementary Figures 1 and 2 and associated Supplementary Tables 1 and 2 for complete sham
and TAC heart arrays, and list of cannabinoid-signaling genes with JTK_CYCLE values,
respectively. D, Cannabinoid receptor gene expression over 24 h in sham (green; top panel) and
TAC (orange; bottom panel) aortas, comparing sleep phase (white) to wake phase (grey).
Associated bar graphs indicate peaks or troughs in the sleep phase (L; white bar) vs. wake phase
(D; grey bar), illustrating time-of-day differences in expression. See Supplementary Figures 3 and
4 and associated Supplementary Tables 3 and 4 for complete sham and TAC aorta arrays, and
list of cannabinoid-signaling genes with JTK_CYCLE values, respectively.
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Genetic circadian disruption (Clock∆19/∆19 mice) abolishes time-of-day BP responses to
CBD. In order to demonstrate a role for the molecular circadian mechanism in mediating the
observed time-of-day hemodynamic responses to CBD, we used the CLOCK mutant mouse
(Clock∆19/∆19), in which the Clock∆19 allele results in genetic disruption of the molecular circadian
mechanism. Representative genotyping of the mutant CLOCK allele is shown in Figure 5A. This
mutation results in disrupted circadian rhythms in 24 h activity, shown by representative
actigraphy of WT and Clock∆19/∆19 mice under diurnal LD and circadian (constant darkness; DD)
conditions (Figure 5B). Given that CLOCK underlies sleep-wake changes in whole body
physiology, we investigated BP responses to CBD chronotherapy in Clock∆19/∆19 mice at 5 weeks
post-TAC. Interestingly, Clock∆19/∆19 TAC mice did not display any significant change in SBP in
response to CBD administered at either sleep time (left) or wake time (right) (Figure 5C), nor in
MAP (Figure 5D). Taken together, these results demonstrate that genetic disruption of CLOCK
abolishes the time-of-day responses to CBD and suggests that CLOCK underlies BP responses
to CBD.
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Figure 9.

Figure 9. Diurnal blood pressure responses to CBD chronotherapy in ClockΔ19/Δ19 TAC
mice. A, Representative genotyping of wild type (+/+), heterozygote ClockΔ19/+, and homozygous
ClockΔ19/Δ19 mice. B, Representative actograms of wild type and ClockΔ19/Δ19 mice under diurnal
(12 h light:12 h dark; LD) and circadian (constant darkness; DD) conditions. C, CBD did not
significantly alter SBP when administered at sleep time (left) or at wake time (right), as shown by
absolute SBP (1 h bins). D, Similarly, CBD did not significantly alter MAP when administered at
sleep time (left) or at wake time (right). n=4/group. Values are mean  SEM.
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Combined BP effects of CBD and enalapril. In light of the BP lowering effects of CBD at sleep
time, we next investigated its therapeutic relevance by giving CBD in conjunction with the clinically
prescribed long-acting angiotensin-converting enzyme inhibitor (ACEi), enalapril. We compared
the SBP lowering effects of sleep time CBD or enalapril alone with sleep time CBD and enalapril
in combination using radiotelemetry in TAC mice (Figure 6A). We found that combination therapy
of sleep time CBD with enalapril was more effective at lowering nocturnal SBP than either
treatment alone (Figure 6B). The SBP lowering effects of enalapril or CBD alone were similar.
Furthermore, combination treatment lowered SBP 1.930.16 fold greater on average as
compared to enalapril alone. Taken together, these results suggest that CBD can potentiate the
BP lowering effects of enalapril and may have therapeutic potential to benefit hypertensive
patients.
Collectively, we show that under the TAC pressure overload
model, mice develop LV remodeling, systolic hypertension, and significant cardiac hypertrophy
by 6 weeks post-surgery. The cannabinoids CBD and THC induce dose-dependent changes in
murine activity and are effective at a 3.0 mg/kg dose. Moreover, cannabinoids administered at
sleep time affect mouse BP; CBD lowers nocturnal BP, while THC raises nocturnal BP. Using
molecular approaches, we propose that rhythmic cycling of known cannabinoid target receptor
genes results in different receptor profiles at murine sleep time vs. wake time, contributing to the
observed time-of-day specific BP responses to cannabinoids. Furthermore, we show that genetic
disruption of the CLOCK mechanism using Clock∆19/∆19 mice abolishes time-of-day BP responses
to CBD. Lastly, we show how combination therapy using CBD with the clinical antihypertensive
drug enalapril can lower BP more effectively than either drug alone, potentially opening new
avenues to benefit patients with hypertension (Figure 6C).
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Figure 10.

Figure 10. Nocturnal blood pressure responses to the clinical anti-hypertensive drug
enalapril and sleep time CBD. A, Therapeutic conditions: Group 1, CBD at sleep time. Group 2,
enalapril administered through the drinking water for 7 consecutive days. Group 3, CBD at sleep
time in conjunction with enalapril in the drinking water. 24 h BP recordings were conducted using
radiotelemetry in TAC mice. B, Enalapril + CBD led to a greater blood pressure lowering response
vs. baseline compared to either sleep time CBD or enalapril alone, as shown by SBP over the
murine sleep phase. n=4/group. *P<0.05 CBD vs. baseline, †P<0.05 enalapril vs. baseline,
#P<0.05 enalapril + CBD vs. baseline, by paired Student’s t-test. Values are mean  SEM. C,
Study summary showing how TAC mice respond to cannabinoid chronotherapy with changes in
activity and nocturnal BP. These time-of-day effects may occur in part due to sleep-wake
differences in expression of cannabinoid receptors which are mediated by the molecular clock
mechanism. The blood pressure lowering effects of sleep time CBD may have a number of clinical
benefits including maintaining the healthy dip in sleep phase BP and improve outcomes for
hypertensive heart disease patients.
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2.5

Discussion
In this study we used the TAC model to investigate how cannabinoids CBD and THC affect

BP and whether these effects are time-of-day specific. We show that TAC mice develop systolic
hypertension and cardiac hypertrophy as a result of LV pressure overload. Next, we demonstrate
dose-dependent effects of CBD and THC on mouse physiology based on time of administration.
We show that CBD and THC have time-of-day specific effects on diurnal BP; when given at sleep
time, CBD lowers nocturnal BP, while THC raises nocturnal BP. Mechanistically, mRNA profiles
of known molecular targets for CBD, such as Cnr1, Htr1a, Oprm1 and Ppar in heart and aortic
tissues show robust differences in expression at sleep time vs. wake time, likely contributing to
the observed time-of-day specific cardiovascular responses. Moreover, we show how genetic
disruption of the molecular clock mechanism ablates time-of-day cardiovascular responses to
CBD, suggesting that CLOCK may play a role in regulating circadian responses to cannabinoids.
Lastly, we investigated BP responses to sleep time CBD given in combination with the ACEi
enalapril and found that both in combination lower nocturnal BP more than either given alone.
Collectively, we show how cannabinoids have time-of-day specific effects on cardiovascular
physiology, which may have potential to be used clinically for the benefit of patients with
hypertension.
One of the key findings of this study is that CBD can lower BP in a time-of-day manner.
This is consistent with a previous study which showed that CBD administered in the morning can
reduce resting BP in healthy human volunteers (Jadoon, Tan, and O'Sullivan 2017). By
demonstrating that the BP effects of CBD are dependent on time-of-day, we further implicate a
role for the circadian system in regulating the hemodynamic responses to cannabinoids. Based
on the results of our study, it is possible that giving CBD to humans prior to sleep time as opposed
to in the morning may have resulted in an even greater reduction in resting BP. Similarly,
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experimental models have shown that CBD reduces the blood pressure raising effect of restraint
stress in rats, and that this effect is mediated in a 5-HT1A receptor-dependent manner (Resstel
et al. 2009). Here, we show rhythmic expression of the associated gene, Htr1a, in cardiovascular
tissue. Circadian rhythms in expression of molecular targets for CBD such as Htr1a may
contribute to the time-of-day specific effects of CBD on BP. To our knowledge this is the first study
showing evidence for the circadian mechanism regulating cardiovascular responses to
cannabinoids.
We also report novel effects of cannabinoids on mouse locomotor activity. Specifically, we
show that CBD displays a dose response curve, and significantly reduces activity at a 3.0 mg/kg
dose given at wake time, while THC reduces activity in a dose-dependent manner regardless of
time-of-day. To our knowledge, this is the first study to comprehensively measure changes in 24
h activity in response to cannabinoids. Moreover, here we report effects of cannabinoids after
both sleep time, and wake time administration. Our results are in line with a previous study, which
found that a 5.0 mg/kg dose of CBD reduced total locomotion, while 5.0 and 10.0 mg/kg doses of
THC reduced total locomotion, with activity measured acutely for 10 minutes approximately 35
minutes post-injection (Kasten, Zhang, and Boehm 2019). By reporting the effects of
cannabinoids after both sleep time and wake time injection, our results further indicate that CBD
affects locomotor activity most at time of administration, while THC can affect locomotor activity
even into the next day. Our results differ, as we show reduced activity in response to THC at a
0.3 mg/kg dose, while Kasten et al. reported no effect at a 1.0 mg/kg dose (Kasten, Zhang, and
Boehm 2019). These discrepancies may result from differing methodologies for measurement of
activity. In contrast to the acute measurement of activity conducted in the previous study, we
recorded locomotor activity continuously over 72 consecutive h, which may have allowed for
detection of more nuanced behavioural changes in response to either CBD or THC. Taken
together, our results show that cannabinoids can affect physiology both at time of administration,
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and into the next day. This has important implications for those who may use cannabis-products,
as medicinal or recreational users should consider that cannabinoid compounds can affect overall
physiology and behaviour well after initial use.
To further implicate a role for the circadian mechanism in the cardiovascular effects of
cannabinoids, we used the Clock∆19/∆19 model of genetic circadian disruption. Clock∆19/∆19 mice
were first discovered by identification of their distinct circadian phenotype in 1994 (Vitaterna et al.
1994), which later led to positional cloning of the Clock locus, and identification of the Clock∆19
mutation (King et al. 1997). Our group has worked extensively with this mouse model of genetic
circadian disruption to demonstrate a critical role for the molecular circadian mechanism in
cardiovascular physiology. We have demonstrated a role for the circadian mechanism in
regulating cardiac gene expression (Podobed et al. 2014; Bennardo et al. 2016), and outcomes
in cardiovascular disease (Alibhai et al. 2014; Alibhai et al. 2017; Alibhai et al. 2018; Duong et al.
2019; Reitz et al. 2019). In addition, it has been previously shown that cardiac-specific disruption
of CLOCK using cardiomyocyte-specific CLOCK mutant mice results in altered cardiac gene
expression and function (Bray et al. 2008), and development of cardiovascular disease (Durgan
et al. 2011). Thus, it is well established that the circadian mechanism plays an important role in
maintaining healthy cardiac gene expression and cardiovascular function. In light of our results
showing a lack of time-of-day specific responses to CBD in Clock∆19/∆19 mice, it stands to reason
that the circadian mechanism may play a role.
The findings of our study have important translational implications for humans.
Hypertension is a major risk factor for cardiovascular disease (Chobanian et al. 2003), affecting
over one third of Canadians (DeGuire J 2019), and almost half of all American adults (Muntner et
al. 2018). Thus, the effective treatment of hypertension is essential to reduce cardiovascular
morbidity and mortality and improve the health and lifespan of the population. However, according

65

to data from the National Health and Nutrition Examination Survey (2011-2016), only 65% of all
Americans with hypertension were aware of their condition, 53% were receiving treatment, and
only 25% had BP under control (Virani et al. 2020). This disparity suggests that it is possible to
improve current treatment of hypertension for more effective BP control.
Over the past few years, circadian medicine has emerged as a novel approach for the
treatment of disease (Cederroth et al. 2019). Chronotherapy is an emerging strategy to treat
disease by taking into account daily biological rhythms in the timing of medications (Ruben et al.
2019). Our group has previously shown that chronotherapy can improve the efficacy of
antihypertensive drugs, as sleep time administration of a short-acting ACEi reduced adverse
cardiac remodeling and improved heart function in mice subjected to TAC (Martino et al. 2011).
Additionally, chronotherapy has translational implications for humans with non-dipping
hypertension, as the Hygia Chronotherapy Trial showed that ingestion of ≥1 antihypertensive
medications at sleep time rather than wake time improved the nocturnal BP dip and 45% lower
incidence of adverse cardiovascular events (Hermida et al. 2019). Thus, time-of-day can play a
critical role in the efficacy of cardiovascular therapies, and the application of chronotherapy is a
promising area of research for enhancing treatment of hypertension (Hermida et al. 2007;
Smolensky et al. 2010). In this study, we show that sleep time administration of CBD can lower
nocturnal BP. Since the nocturnal BP dipper profile is essential for healthy cardiovascular
physiology, sleep time chronotherapy with a CBD-based medication may have potential in a
clinical setting to benefit hypertensive patients, and particularly those with non-dipping nocturnal
hypertension.
The observed hemodynamic effects of sleep time CBD have a number of clinical
implications for patients with blood pressure conditions. 1) Preventative measures taken to delay
or halt pathogenesis in individuals with pre-clinical, or borderline hypertension are important to
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improve patient outcomes. We show that, in our model, CBD lowered BP similarly to enalapril
alone, suggesting that a CBD-based medication could have potential to be effective as an
antihypertensive. One such medication could allow hypertensive patients to reduce either the
dose, or the number of prescription medications they take, which may decrease the number of
adverse side effects they experience (Law et al. 2003), and improve patient compliance (Saini et
al. 2009). 2) There is evidence for correlation to treatment resistant hypertension with nonHispanic black ethnic groups (Jones et al. 2017; Yameogo et al. 2014; Sim et al. 2013). The cause
of treatment resistant hypertension is often complex and BP control may require individually
tailored treatment using the current arsenal of clinical drugs (Florczak et al. 2013; Dudenbostel
2014). We propose that a clinically prescribed CBD-based medication may act as an alternative
treatment to those who may be resistant to current methods. 3) Those currently taking
antihypertensive medication should be careful when considering cannabis products for medicinal
or recreational purposes. Our results show that CBD used in combination with the commonly
prescribed ACEi enalapril can reduce SBP more than either drug alone. CBD has previously been
shown to inhibit the activity of cytochrome P450 family enzyme CYP3A4 (Yamaori et al. 2011),
and there is some evidence that cytochrome P450 enzymes are involved in the metabolism of
enalapril in the liver (Jurima-Romet and Huang 1993). It is possible that the enhancement of
enalapril’s BP lowering effect is due to pharmacokinetic increases in enalapril plasma levels.
Future studies might be designed to examine the mechanism underlying the CBD-induced
enhancement of enalapril’s effect.
Collectively, our studies demonstrate that the cannabinoids CBD and THC have time-ofday specific effects on cardiovascular physiology, and that the circadian mechanism, specifically
CLOCK, plays a role in mediating these diurnal effects. Furthermore, we show BP lowering effects
of CBD given at sleep time, demonstrating chronotherapeutic potential of a CBD based
medication for treatment of nocturnal BP disorders. The results presented here are done in mice
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and are thus not conclusive for human patients. However, at a minimum, these experimental
results represent a promising proof of concept in a mouse model, demonstrating the potential BP
effects and chronotherapeutic benefits that a CBD-based medication could have for heart disease
patients, and particularly for treatment of nocturnal non-dipping hypertension. We hope that this
experimental study will lead to further research investigating the role of the circadian mechanism
in regulating cardiovascular responses to cannabinoids and translational chronotherapeutic
applications of CBD to clinically benefit patients with cardiovascular disease.
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SUPPLEMENTARY FIGURES AND TABLES
Supplementary Figure 1. Sham Heart Arrays
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Supplementary Figure 2. TAC Heart Arrays
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Supplementary Figure 3. Sham Aorta Arrays

71

Supplementary Figure 4. TAC Aorta Arrays
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Supplementary Table 1. Sham Heart Arrays
Data from 2003 heart arrays GEO accession number: GSE36407 (Tsimakouridze et al. 2012)

Array
Heart 2003

Tissue

Light Cycle

Sham Heart

12:12 LD

Gene

73

JTK q-value

JTK p-value

Cnr1

0.95

0.54

Cnr2

1

1

Htr1a

1

0.14

Pparg

0.67

0.14

Htr3a

1

0.64

Trpm8

1

1

Gpr3

0.92

0.46

Gpr12

0.92

0.32

Oprm1

0.92

0.46

Oprd1

0.92

0.39

Trpv2

0.67

0.14

Supplementary Table 2. TAC Heart Arrays
Data from 2003 heart arrays GEO accession number: GSE36407 (Tsimakouridze et al. 2012)

Array

Tissue

Light Cycle

Gene

JTK q-value

JTK p-value

Heart 2003

TAC Heart

12:12 LD

Cnr1

1

1

Cnr2

1

1

Htr1a

1

0.54

Pparg

1

0.75

Trpv1

1

1

Trpm8

1

1

Gpr3

1

0.64

Gpr12

1

0.26

Oprm1

1

0.54

Oprd1

1

0.75
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Supplementary Table 3. Sham Aorta Arrays
Data from 2003 aorta arrays (Chalmers et al. 2008).

Array

Tissue

Light Cycle

Gene

JTK q-value

JTK p-value

Aorta 2003

Sham Aorta

12:12 LD

Cnr1

0.1

0.02

Cnr2

0.3

0.1

Htr1a

0.3

0.1

Pparg

0.75

0.33

Trpm8

1

0.82

Gpr3

1

1

Gpr12

0.1

0.02

Oprm1

0.1

0.02

Oprd1

0.3

0.1
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Supplementary Table 4. TAC Aorta Arrays
Data from 2003 aorta arrays (Chalmers et al. 2008).

Array

Tissue

Light Cycle

Gene

JTK q-value

JTK p-value

Aorta 2003

TAC Aorta

12:12 LD

Cnr1

1

0.82

Cnr2

1

1

Htr1a

1

0.82

Pparg

1

0.82

Trpm8

1

0.1

Gpr3

1

1

Gpr12

1

0.33

Oprm1

1

0.33

Oprd1

1

0.33
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CHAPTER 3 - GENERAL DISCUSSION
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3.1

Summary
In this thesis, circadian approaches were applied in order to study the role of time-of-day in

the effects of cannabinoids on cardiovascular physiology. Chapter 1 presented the current
literature supporting the rationale behind this research. Chapter 2 demonstrated that; Objective
1) time of administration affects the cardiovascular response to cannabinoids. This was shown by
measuring behavioural changes in response to different doses of cannabinoids and BP effects of
these cannabinoids administered at different times of day using running wheels and in vivo
radiotelemetry. Objective 2) Time of day-specific responses to cannabinoids are mediated by the
circadian mechanism. This was demonstrated by showing diurnal rhythms in the expression of
molecular targets to cannabinoids, and that loss of functional CLOCK ablates time-of-day
responses to CBD, using microarray analyses and Clock∆19/∆19 mice, respectively. Objective 3) A
CBD-based medication has chronotherapeutic potential to benefit hypertensive patients by
targeting nocturnal BP. This was achieved by showing BP responses to the ACEi enalapril, a
clinically prescribed antihypertensive drug, CBD given at sleep time, and of both administered
together using in vivo radiotelemetry. In this section, future directions and potential applications
of this research are discussed.

3.2

Genetic approaches to elucidate the role of the circadian mechanism
Previously, the mammalian circadian mechanism has been primarily studied using mouse

models. Here, I implicate the circadian mechanism in regulating cardiovascular responses to
cannabinoids. I show that systemic loss of functional CLOCK by genetic disruption in Clock∆19/∆19
mice abolishes time-of-day responses to CBD. However, the specific mechanism by which the
circadian responses to cannabinoids are regulated is unknown. Future studies could target organ
specific clocks throughout the body and investigate the role of different components of the
circadian mechanism itself.
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An exciting future direction of this research could be to further interrogate the mechanism
by which time-of-day cardiovascular responses to cannabinoids are regulated. One way to
approach this is by studying the role of CLOCK by investigating how functional peripheral clocks
affect time-of-day BP responses to cannabinoids. Experimental evidence suggests that systemic
but not cardiac-specific disruption of the circadian mechanism regulates circadian BP rhythms,
as Clock∆19/∆19 mice display dampened circadian BP variation (Curtis et al. 2007) while CCM mice
display normal BP profiles (Bray et al. 2008). Measuring time-of-day BP responses to CBD and
THC in CCM mice would help understand the role of the cardiomyocyte-specific circadian clock
in regulating the cardiovascular responses to cannabinoids that I observed in WT mice in my
study. A similar approach could be used to investigate the other components of the circadian
mechanism. This could be done by targeting CLOCK’s binding partner, BMAL1, as there are
mouse models of global (Curtis et al. 2007), and tissue-specific Bmal1 knockout (Xie et al. 2015).
It would be interesting to see whether BMAL1 deficient mice exhibit similar cardiovascular
responses to CBD as CLOCK mutant mice, as these data would provide information on whether
the mechanism as a whole is involved, or whether CLOCK specifically mediates time-of-day
responses to cannabinoids. The circadian mechanism could be further studied by targeting the
negative arm of the mechanism using Per isoform knockout (Solocinski et al. 2017; Vukolic et al.
2010), or Cry-null mice (Okamura et al. 2011). Similarly, whole body knockout (Reitz et al. 2019),
and tissue-specific REV-ERB models (Cho et al. 2012) could be used to investigate a role for the
accessory loop. These studies could be taken even further by inducing tissue-specific, reversible
expression of functional wildtype components of the circadian mechanism using a tetOFF
expression system, as has been done previously (Hughes et al. 2012). These types of
experiments would allow for organ-specific circadian clocks, and individual clock components to
be studied in relation to cardiovascular responses to cannabinoids. Thus, the many different
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mouse models of genetic circadian disruption, and the inducible tetOFF system constitute
potential future avenues to study how the circadian mechanism regulates the effects of
cannabinoids on cardiovascular physiology.

3.3

Translational approach to study human applications
Previously, the cannabinoids CBD and THC have been shown to affect cardiovascular

physiology, and specifically BP, in humans (Jadoon, Tan, and O'Sullivan 2017; Freeman et al.
2018). In this preclinical study, I introduced a novel circadian component by demonstrating that
time of administration affects the cardiovascular responses to CBD and THC and demonstrated
that a CBD-based medication given at sleep time could be a promising new avenue for treatment
of nocturnal non-dipping hypertension. Future studies should investigate whether these time-ofday specific cardiovascular effects translate to humans.
An exciting next step in this research would be to study how administration of cannabinoids
at different times of day effects cardiovascular physiology. This type of study could incorporate
modern ABPM technology for non-invasive measurement of chronotherapeutic BP responses to
CBD in a set of human participants. ABPM has proven to be a useful tool for measuring the
efficacy of clinically-prescribed antihypertensive medications for controlling BP (Parati et al. 2014;
Smith, Dubiel, and Jones 2005). Such a study could use a similar randomized cross-over
experimental design as used in my study, with one group of healthy human volunteers receiving
CBD or placebo in the early morning, and another group in the late evening. Given that CBD has
been shown to attenuate the cardiovascular response to stress (Jadoon, Tan, and O'Sullivan
2017; Resstel et al. 2006; Resstel et al. 2009), it would also be interesting to investigate whether
this effect changes based on time of day in humans. A cardiovascular stress response could be
achieved using exercise, cognitive stress, or cold stresses, as has been done previously (Jadoon,
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Tan, and O'Sullivan 2017). Similarly, a future study should investigate whether the time-of-day
specific BP raising effects of THC observed in my study translate to healthy human volunteers,
as these results could have significant implications for cannabis users, particularly for those with
cardiovascular complications. Such a study would facilitate informed decisions regarding the
safety of THC consumption at different times of day especially for cardiovascular disease patients.
Overall, future clinical studies should apply the circadian medicine concept of chronotherapy to
investigate whether time of cannabinoid administration affects the cardiovascular response in
humans.

3.4

Future cannabinoid-based pharmacologic approaches
Previously, medications based on both naturally occurring, and synthetic forms of

cannabinoids have been used for treatment of disease. In this study, I showed how sleep time
CBD administration can lower nocturnal BP and may have chronotherapeutic potential to benefit
patients with nocturnal non-dipping hypertension. Recently, research in cannabinoid therapeutics
has moved towards synthetic cannabinoid analogues compounds which allow for enhanced
consistency and potency of potential medicines. A future study could investigate how new
synthetic cannabinoid analogues affect cardiovascular physiology, and whether their effects may
be enhanced by considering time of administration.
The future of cannabinoid therapeutics may not involve natural CBD or THC at all, but
rather synthetic forms of cannabinoids, and cannabinoid precursor acids. Currently, the only
synthetic cannabinoid approved for medicinal use is nabilone, a synthetic form of THC, however
the therapeutic application of nabilone is limited due to its psychoactive effects (Bedi, Cooper,
and Haney 2013). More recently, cannabinoid therapeutics research has moved towards studying
cannabinoid acids, the precursor compounds to CBD and THC. Importantly, these compounds
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are non-psychoactive, but remain pharmacologically active and have therapeutic benefits. A
cannabinoid acid precursor to THC, tetrahydrocannabinolic acid (THCA), has demonstrated antiinflammatory (Nallathambi et al. 2017), anti-vomiting (Rock et al. 2013), and neuroprotective
properties (Nadal et al. 2017). Additionally, a cannabinoid acid precursor to CBD, cannabidiolic
acid (CBDA) has shown to be 100-1000 times more potent than CBD in treatment of nausea and
vomiting (Bolognini et al. 2013; Rock and Parker 2013), anxiety (Rock et al. 2017), and
inflammatory pain (Rock, Limebeer, and Parker 2018). Despite substantial preclinical evidence of
their therapeutic efficacy, cannabinoid acids are thermally unstable, and vary in potency (Crombie
and Crombie 1977). Synthetic modification of cannabinoid acids improves the consistency of
these compound by improving their stability and can also enhance their potency. For example, a
more stable synthetic analogue of CBDA, cannabidiolic acid methyl ester (CBDA-ME), was
recently shown to be more effective than CBDA for treatment of nausea and anxiety (Pertwee et
al. 2018), and depression (Hen-Shoval et al. 2018). Moreover, a preclinical study of CBDA-ME
has shown a potent anti-hyperalgesic effect, which suggests that it may have potential for
treatment of nerve damage post-surgery (Zhu et al. 2020). By modifying these compounds,
compagnies can then patent the new synthetic analogue, allowing for proprietary medicines to be
developed. Currently, no group has studied the effects of cannabinoid acids on the cardiovascular
system or implicated a role for the circadian mechanism in regulating physiological responses to
these compounds. An exciting future avenue of research could be to study the cardiovascular
effects of cannabinoid precursor acids and newly developed synthetic analogues, and whether
time of administration affects the response. Based on the reported potency of CBDA-ME, whether
these effects translate to the cardiovascular physiology and whether chronotherapy may further
improve its efficacy could have significant implications for treatment of cardiovascular disease,
and specifically nocturnal non-dipping hypertension.
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3.5

Conclusions
This thesis examines cardiovascular responses to cannabinoids from a unique perspective

by applying the concepts of circadian medicine. In Objective 1, we showed that cannabinoids
have time-of-day specific effects on cardiovascular physiology, and specifically, BP. These results
have important implications not only for recreational cannabis users, but also for potential
therapeutic applications of cannabinoids to benefit those with non-dipping nocturnal hypertension.
Objective 2 demonstrated that the circadian mechanism plays a role in these cardiovascular
responses to cannabinoids. This has implications for cannabinoid research, as it suggests that
future studies should consider circadian biological rhythms. Objective 3 demonstrated the
translational potential of these findings to benefit patients with nocturnal non-dipping
hypertension. These studies suggest that a CBD-based medication could have therapeutic
potential to benefit patients in a clinical setting.
Collectively, this thesis provides novel evidence of circadian effects of cannabinoids on
cardiovascular physiology. These studies demonstrate the chronotherapeutic potential of CBD
and represent foundational work from which future translational studies can be based to develop
new treatments and strategies to benefit cardiovascular disease patients.
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