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Abstract

Healthy individuals exhibit blood pressure variation over a 24-hour period with higher blood 

pressure during wakefulness and lower blood pressure during sleep. Loss or disruption of the 

blood pressure circadian rhythm has been linked to adverse health outcomes, e.g., cardiovascular 

disease, dementia, and chronic kidney disease. However, the current diagnostic and therapeutic 

approaches lack sufficient attention to the circadian rhythmicity of blood pressure. Sleep patterns, 

hormone release, eating habits, digestion, body temperature, renal and cardiovascular function and 

other important host functions as well as gut microbiota exhibit circadian rhythms, and influence 

circadian rhythms of blood pressure. Potential benefits of non-pharmacologic interventions 

such as meal timing, and pharmacologic chronotherapeutic interventions, such as the bedtime 

administration of antihypertensive medications, have recently been suggested in some studies. 

However, the mechanisms underlying circadian rhythm-mediated blood pressure regulation and 

the efficacy of chronotherapy in hypertension remain unclear. This review summarizes the 

results of an NHLBI workshop convened on October 27-29, 2021 to assess knowledge gaps and 
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research opportunities in the study of circadian rhythm of blood pressure and chronotherapy for 

hypertension.
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Introduction.

Circadian rhythm and blood pressure (BP)

Cardiovascular disease (CVD) is the leading cause of death globally, and a profound 

economic burden.1,2 Hypertension (HTN) or high blood pressure (BP) is among the most 

important modifiable risk factors contributing to CVD. Compared with other risk factors, 

HTN is associated with more severe target organ damage, CVD events, and disability-

adjusted life years lost in the US. New preventive measures and therapies for HTN and 

CVD are urgently needed. One promising emerging area is the translation of circadian 

biology to BP management for preventing CVD.3-9 Increased interest in this area has led 

to a pioneering new field of medicine: Circadian Medicine; the goal of this field is to 

leverage the power of circadian biology to improve human health.10-12 Circadian rhythms — 

the biological processes that recur naturally on approximately a 24-hour cycle, coordinated 

primarily by daily rhythms of light and dark — are evident in most bodily functions, 

including BP, sleep patterns, hormone release, eating habits, digestion, body temperature, 

and renal and cardiovascular function.13,14 The strictest definition of a circadian rhythm is 

a process exhibiting a 24 hr rhythm that persists in the absence of time cues such as light 

or food. In humans, this is tested using specific protocols under highly controlled conditions 

(reviewed in15). Because our goal is to improve blood pressure control in humans living 

their daily lives in their regular environment, herein we use the term circadian to encompass 

physiological functions that exhibit a 24 hr rhythm in rodents or humans living under normal 

environmental conditions with regular food and light cues.

The molecular structure that governs the circadian clock in mammals is a transcriptional 

translation feedback loop that takes about 24 hours to complete and involves the core clock 

genes BMAL1, CLOCK, PER1/2, and CRY1/2. The molecular clock is present in virtually 

all major organs, tissues, and cells of an organism, and controls physiological outputs 

relevant to health and disease (Figure 1). The central clock is located in the suprachiasmatic 

nucleus in the hypothalamus of the brain, which provides signals to synchronize peripheral 

clocks in the rest of the body as the timing cue for a 24-hour day. For detailed review of 

the mechanisms governing circadian synchrony and communication between the central and 

peripheral clocks please see the following references.16-18

BP typically follows a day–night pattern characterized by an increase in BP after awakening 

and following by dip in BP at night during sleep. In the published literature, historically, 

phenotypes for nocturnal decline in BP in humans have included normal “dipping,” defined 

as an asleep phase drop in BP of 10% or more, and “non-dipping,” defined as a drop 

in BP of less than 10%. Phenotypes for BP dipping can also be categorized into four 
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groups for which the dipping category (asleep phase drop in BP of 10% or more) can 

be further subdivided into dippers (asleep BP drop ≥10% to <20%) and extreme dippers 

(≥20%); and the non-dipping category (drop in BP of less than 10%) can be subdivided into 

non-dippers (≥0% to <10%) and risers or reverse dippers (<0%, BP during sleep).19 (Figure 

2). In defining these categories, the thresholds for the drop in BP are arbitrary. Most of the 

evidence linking dipping categories to CVD outcomes have focused on systolic BP (SBP) 

rather than diastolic BP (DBP).20 It should be noted that whether human BP rhythms persist 

in the absence of timed food or light cues remains an open question.21-23 However, circadian 

BP rhythms in freely living healthy humans have been documented using intraarterial as 

well as non-invasive, cuff-based measures since at least the 1960s.24-29

Analysis of data from the International Database on Ambulatory Blood Pressure in Relation 

to Cardiovascular Outcome (IDACO) revealed that non-dipping BP is associated with 

increased mortality and cardiovascular event risk.30 The Coronary Artery Risk Development 

in Young Adults (CARDIA) study reported that non-dipping BP is a heterogeneous 

phenotype, encompassing both those with high awake and high asleep BP and those with 

low awake and low asleep BP.31 However, focusing on non-dipping BP in a binary way 

(i.e., dipping or non-dipping) underestimates the complexities involved, including individual 

contributions of awake BP and asleep BP levels to outcomes. People with high nighttime 

systolic blood pressure (SBP) are more likely to be given a dementia diagnosis than 

those without high nighttime SBP.32 Lack of nocturnal BP dip and high nighttime BP are 

associated with higher risk of adverse renal outcomes. Likewise, isolated nocturnal HTN is 

associated with higher mortality and risk of cardiovascular events.33

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

multidisciplinary experts in the fields of HTN, circadian biology, and sleep science on 

October 27-29, 2021. The goals of this workshop were: (i) to review the current state of 

science and knowledge about circadian rhythm in BP regulation and chronotherapy for HTN 

and (ii) to identify research gaps and opportunities to bolster progress in understanding these 

two important connections. Five plenary sessions were followed by small group sessions 

and a final plenary session on the last day. Five session topics included: (i) Phenotypic 

Manifestations of Circadian Rhythm of BP; (ii) Abnormal Circadian Rhythm of BP, Target 

Organ Damage, and Disease; (iii) Mechanisms Influencing Circadian Rhythm of BP; (iv) 

Additional Factors Associated with Circadian Rhythm of BP; and (v) Interventions. In this 

report, we provide a summary of the workshop discussion and recent progress in this area.

Altered BP rhythm and hypertension (HTN)-related health risks

Based on ambulatory BP monitoring (ABPM) an abnormal BP rhythm, defined by reduced 

BP dipping or secondarily elevated nighttime BP, is associated with an increased risk of 

CVD events.30,34 For example, a meta-analysis demonstrated that among individuals from 

population-based samples, the adjusted hazard ratio of CVD events associated with a non-

dipping BP pattern was 1.29 (95% confidence intervals [CI], 1.12-1.48).34 The association 

of reduced BP dipping with CVD events was independent of office BP and mean 24-hour 

BP on ABPM.30,34 A non-dipping BP pattern and nighttime hypertension (nighttime BP 

≥120/70 mmHg) are common with a prevalence of 32-64% for non-dipping BP pattern and 
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27-40% for nighttime HTN35-39. Non-Hispanic Black adults experience the highest rates of 

HTN and CVD among all racial/ethnic groups, and there are known health disparities in 

treatment and CVD outcomes.40 There is evidence to suggest that African-American women 

and men have a high prevalence of non-dipping BP.41

Loss or dampening of rhythms, which is one example of circadian disruption,42 is common 

in chronic kidney disease (CKD) including loss of the normal circadian rhythm of BP43 

and sleep disturbances.44 In the Chronic Renal Insufficiency Cohort Study (CRIC), ABPM 

revealed that 47% of CKD patients exhibited the non-dipping BP pattern and 16% the 

reverse dipper phenotype.45 Disruption in the BP circadian rhythm is associated with 

worsened kidney outcomes. Subsequent studies in CRIC demonstrated that the reverse 

dipper pattern was associated with a hazard ratio of 2.03 (95% CI, 1.44 to 2.85) and non-

dipper pattern with hazard ratio of 1.28 (95% CI, 0.98 to 1.69) for risk of a 50% decrease 

in eGFR or end-stage kidney disease.43 Given the relative lack of effective treatments for 

CKD, these patients represent a population that could receive tremendous benefit from 

circadian-based therapeutic interventions to restore the normal BP rhythm.

Abnormal patterns of BP dipping have also been identified as risk factor for dementia. In 

the Maracaibo Aging Study, individuals with hypertension who have reverse BP dipping 

exhibited lower memory scores and more brain white matter lesions than dippers.46 Analysis 

of data from the Swedish Uppsala Longitudinal Study of Adult Men demonstrated that 

reverse BP dipping is associated with a 1.67-fold greater risk of being diagnosed with 

Alzheimer’s Disease.47

Studies have shown that potentially accumulating neuro-damaging waste products in the 

brain tissue during wakefulness are cleared from the brain during the first hours of sleep 
48,49, i.e., a time during which BP usually dips.21 Intriguingly, as suggested by results from 

an animal study, the ability of the brain to flush out metabolic waste is reduced by arterial 

HTN.50 Thus, nocturnal BP dipping during sleep may be crucial to maintain brain health. 

These effects of HTN on the brain are further complicated by diet and behaviour factors that 

are contributing to HTN in the first place.

Measuring Circadian BP Rhythm

Measuring circadian BP rhythm in humans

ABPM provides intermittent BP sampling usually over the course of 24 hours. At present, it 

is considered the best method for diagnosing HTN and can assess the daily BP variation by 

obtaining readings across multiple settings (home, work) and activities (rest, activity) during 

the day, and during sleep.51 Unfortunately, ABPM is not widely available, reimbursement 

for ABPM is low or highly variable, is expensive compared to office- or home-based 

measurement, may be inconvenient and burdensome for some users due to cuff inflation 

(particularly at work and during sleep52), and exhibits intraindividual variability since BP 

is typically collected only during a single 24-hour period of monitoring53-57. Although the 

reproducibility of ABPM is superior to that of office BP readings for mean BP58, there is 

inconsistency in dipping status in about one-third of people with repeated ABPM.59
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Low-cost self-home BP monitoring devices equipped with software that can take automated 

BP readings during nighttime sleep are a useful alternative for evaluating nocturnal HTN 

and the dipping pattern.60,61 Cuffless wearable BP monitors have the potential for providing 

a complete picture of 24-hour BP profile/behavior for days, weeks, or months, and can 

thereby reflect more accurately the burden of elevated BP on the cardiovascular system.62 

However, the accuracy and clinical usefulness of these devices remain uncertain, and they 

are not currently recommended for clinical use.55

Extended period monitoring (i.e. greater than 24-hours) has been suggested to improve 

reproducibility of circadian patterns and estimation of overall BP control. For example, 

48-hour ABPM with one-hourly BP measurement has been described as superior to 

conventional 24-hour ABPM with more frequent measurements.63 Given the high economic 

burden and life years lost due to high BP, any attempts to improve diagnostic accuracy, even 

if slightly more burdensome for the patient, may be highly warranted and the potential for 

48-hour ABPM should continue to be explored.

Measuring circadian BP rhythm in animal models

Radiotelemetry is the gold standard for accurate BP measurement and is the only method 

that allows the longitudinal study of circadian rhythms of BP in pre-clinical models. In 

this method, telemetry devices connected to intra-arterial catheters are implanted within 

the animals under anaesthesia permitting the direct sensing of BP via the aorta or 

common carotid artery. Data acquisition occurs remotely, can be viewed in real-time, 

and processed offline as the experiment progresses. The radiotelemetry method results in 

minimal disruption to the behaviour of animals which are conscious, unrestrained, and 

untethered for data acquisition. One rather minor limitation in mice is that the transmitter 

is typically placed under the skin in the back or side of the animal that can provide some 

problems with specific feeding or restraint systems. This is not an issue with rats since 

the transmitter is much smaller compared to the animal and is more “hidden” within the 

abdominal cavity.

Typical battery life of a radiotelemetry device for mice is ~1.5 months which allows for 

longitudinal experimental design. This permits multiple replications of a 24-hour day to 

assess the reproducibility of daily rhythms and gives the potential to assess the impact 

of circadian disruptors or free running in the same mouse. This is a statistically powerful 

multiplexed experimental approach because SBP and DBP, heart rate, and activity can 

all be sampled simultaneously at a frequency and duration set by the researcher. This 

can generate dense multivariate data whereby post-acquisition analysis is not trivial. A 

widely-used practice is to condense data collected at intervals throughout the 24-hour day 

to a single mean. For circadian research, this data compression is a significant roadblock 

to realising the full potential of a rich cardiovascular data set. Analysis should consider 

time of day as an important concept with direct relevance to clinical management of 

hypertension in terms of translating preclinical nocturnal rodent data to diurnal humans. 

Ideally, 24-hour means should be avoided and instead data should be plotted as a function 

of time to visualise rhythms. Statistical analysis should include a temporal component. 
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Further discussion of analyses for circadian rhythms is beyond the scope of this paper but is 

available elsewhere.64,65

Animal Model Studies Assessing Circadian BP Rhythms

Similar to humans, laboratory rodents exhibit clear circadian BP rhythms, providing 

preclinical models for understanding the role of circadian rhythms in cardiovascular 

physiology and pathophysiology. It should be noted that humans are mostly diurnal and 

lab rodents are nocturnal, so these rhythms are inverted in rodents relative to humans. One 

example is the use of altered light cycles to mimic shift work in humans. Spontaneously 

hypertensive rats subjected to environmental circadian disruption exhibited dampened 

rhythms in renal excretory function.66 Increased use of models of environmental and 

behavioral circadian disruption are needed to better approximate pathophysiology in humans 

who are subjected to chronic circadian disruption through shift work or excessive nighttime 

light exposure. Perhaps somewhat surprisingly, many animal models of HTN (i.e. chronic 

angiotensin II infusion or chronic high salt diet) maintain circadian BP rhythms although 

often at a wide range of amplitudes. In contrast, rodent models of diabetes and obesity such 

as the db/db mouse or chronic high fat diet have reduced day-night amplitude, without 

having an overall higher BP.67,68 These models are critical given that loss of the BP 

rhythm even in normotensive humans is still associated with adverse health outcomes.69 Of 

significance, global knockout of any of the core clock genes in mice is associated with a BP 

phenotype whether it be complete loss of BP rhythms, reduced BP with maintained rhythms, 

or isolated change in either day and night BP (reviewed in 70). Little is known about whether 

clock gene deletion in other species can recapitulate the same BP phenotype in mice. In 

fact, a recent report in the BMAL1 knockout rat revealed a different BP rhythm phenotype 

compared to the mouse equivalent.71,72 A number of other cell-specific clock gene knockout 

models have revealed that the canonical clock mechanism may function differently across 

different tissues and cell types; much more work is needed to provide clarity. Specific 

mechanisms examined in the various models can be found in several recent reviews.73,74 

In the section below, we discuss circadian mechanisms in tissues that contribute to BP 

regulation.

Kidney

Kidney function is inextricably linked to cardiovascular outcomes. The kidney maintains 

homeostasis through the tight regulation of electrolyte and fluid balance in the body. 

Circadian rhythms in renal function, including electrolyte excretion and glomerular filtration 

rate, are well-established.75 The use of kidney-specific knockout of core clock components 

in mice has recently yielded critical information about the role of the circadian mechanism 

in regulating kidney function76. Knockout of BMAL1 using tubule-specific Cre drivers 

results in lower BP in male77-80 but not female mice.79,80 Interestingly, the circadian 

rhythm of BP remained intact in these kidney-specific BMAL1 KO models, indicating the 

importance of BMAL1 in the kidney for regulating BP that is surprisingly independent of 

circadian rhythms. These findings highlight the need for additional mechanistic exploration 

of how the molecular clock mechanism integrates with known regulatory pathways for BP 

and kidney function and how this integration works across the many different tissues that 
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contribute to BP homeostasis. The challenge to this effort is exacerbated by the numerous 

and interdependent regulatory systems that include an enormous range of neuro-humoral, 

paracrine/autocrine, dietary and genetic factors involved in this complex physiology.

Vasculature

Circadian rhythms in the vasculature have an important role in the regulation of BP in health 

but also play a role in HTN and its resultant vascular complications, such as age-dependent 

vascular stiffening and vascular remodeling.72,81,82 In mice, circadian gene profiles in 

the vasculature have been observed in vascular smooth muscle cells83 and the aorta84, 

identifying potential circadian-targets that could reveal possible new mechanisms involved 

in HTN-related vascular disease. However, in studying the ‘whole’ arteries, the contribution 

of the endothelial layer has not been fully elucidated or at least highly underestimated, as 

the endothelium comprises of only a single inner layer of cells, out-massed by the other 

vascular cells. Despite being this single circumferential layer, its function is crucial. The 

endothelium is ideally situated to face the blood stream on the luminal side, with endothelial 

cells aligned side-by-side with each other laterally, and facing the smooth muscle cells 

abluminally. The endothelium thus serves as a relay of mechanical, temporal (circadian), 

and molecular blood-borne signals to modulate vascular remodeling, by modifying its own 

plight and those of its underlying layers.85 Single cell sequencing approaches, cell sorting, 

and purification methods to dissect vascular cell populations are robust methods, but there 

are limitations in translation to the intact organ and organism and are particularly difficult 

when applied to circadian studies.

Arterial stiffness

Arterial stiffening, an important determinant of vascular aging, independently predicts 

cardiovascular events, including HTN, myocardial infarction, atherosclerosis, and 

stroke86-89 90,91; while metabolic syndromes, diabetes mellitus, obesity, atherosclerosis and 

HTN further exacerbate arterial stiffening.92 It is well established that arterial stiffening 

is linked to the structural and functional changes of the large elastic arteries, including 

remodeling of extracellular matrix-elastin degradation and excessive collagen deposition93, 

endothelial cell dysfunction, and phenotypic modulation of vascular smooth muscle cells 

(VSMC).89 In particular, trans-differentiation of VSMC into bone-like cells promotes 

vascular calcification that increases arterial stiffness.94-97 Stiffening is the result of long 

term changes in the structure of the blood vessel, and may be a byproduct of long term 

effects of behavioral dysfunction, related to mistimed eating and sleeping (reviewed in98). 

Identifying the pathway of signals that connect the circadian clock and the signals that 

confer the stiffening of the vasculature will be an interesting area of study in the future.

VSMC calcification is regulated by multifaceted mechanisms underlying intracellular 

osteogenic differentiation and remodeling of extracellular matrix, involving genetic, cellular 

signaling and (micro)environmental regulators99. Peripheral circadian clocks modulate cell 

homeostasis by coupling the autonomous intracellular rhythms with changes in extracellular 

environment.100 The regulation of VSMC calcification by circadian clocks is unknown. 

Therefore, understanding the regulation of circadian rhythms in VSMC and the crosstalk 

between VSMC, other residential vascular cells and circulating cells that modulates vascular 
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calcification and stiffness, as well as BP and vascular aging represents an exciting scientific 

research area.

Microbiota

Following the initial discovery of an association between gut microbiota composition and 

BP101,102, studies using germ-free rats have demonstrated a causal role for microbiota 

in maintaining BP homeostasis.103 Interestingly, both BP and gut microbiota composition 

exhibit circadian rhythms. While alterations of BP rhythms and reshaping of gut microbiota 

are both independently associated with HTN104,105, the relationship, if any, between 

the circadian rhythms of gut microbiota and BP remain unknown in humans. A recent 

study in Dahl salt-sensitive rats reported that major shifts in night and day patterns of 

specific groups of microbiota occurring between the dark (active) and light (rest) phases 

correlated with rhythmicity of BP.106 Unique bacterial taxa correlated independently or 

interactively with (i) BP rhythm, (ii) dietary salt, and (iii) nocturnal BP dip106. Phylogenetic 

investigation of communities revealed time-of-day-dependent effects on microbial pathways, 

characterized by upregulated biosynthetic processes during the active phase of the host, and 

upregulated degradation pathways of metabolites in the resting phase. These data provide 

evidence linking BP rhythm, renal damage, and select microbial communities.106 Similar 

associations were also revealed between sleep fragmentation, mean arterial pressure, and the 

gut microbiome/fecal metabolome which provide insights to links between disrupted sleep 

and cardiovascular pathology.107 It has also been demonstrated that circadian regulation 

of the gut microbiome is important for cardiac repair post-myocardial infarction, and that 

time-restricted feeding in mice is a feasible strategy for improving outcomes when the gut 

microbiome is disrupted, and also prevents blood pressure changes associated with adverse 

heart failure outcomes.108 These limited, albeit important studies identify a definitive 

synchronization between rhythms of gut microbiota composition and BP but are limited in 

that they do not address cause-effect relationships. Viewed from the context that a reduction 

in BP dipping leads to increased mortality and that the efficacy of BP medications could be 

altered by gut microbiota, it would be interesting to delineate whether certain communities 

of microbiota expand in composition at discrete times of the day to then cause elevation in 

BP. Identification of such causal influences by microbiota on BP rhythms will be important 

for targeted chronotherapy to address not only microbiota dysbiosis in hypertensive subjects 

but also their time-dependent responses to BP medications.

Factors That Disrupt Circadian Rhythm

Conditions known to disrupt circadian rhythm and hence increase the likelihood of HTN and 

its associated health risks include shift work and sleep disorders. Another important factor, 

meal timing, will be discussed later under “Therapies to address circadian rhythm-related 

health risks.”

Shift work

Epidemiological studies have implicated circadian rhythm dysregulation due to shift work 

as a risk factor for both CVD and cerebrovascular disease. In the Nurses’ Health Study, a 

higher risk of CVD was reported in women who had worked rotating night shifts relative to 
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those with no shift work experience.1 Similarly, a Danish cohort study found that the relative 

risk for CVD was much greater among non-day workers than day workers.2 Furthermore, 

the susceptibility of the vascular system to circadian rhythm disturbances has been similarly 

endorsed in a study showing that stroke- and cardiovascular-related mortality, but not 

all-cause mortality was increased among male shift workers compared to day workers in 

Swedish paper mills.3

A systematic review and meta-analysis of 45 observational studies on night work and HTN 

risk involving 117,252 workers concluded that there was a significant increase in both SBP 

and DBP among permanent night workers (2.52 mmHg, 95% CI 0.75–4.29 and 1.76 mmHg, 

95% CI 0.41–3.12, respectively)109. Similarly, for rotational shift workers both with and 

without night work, a significant increase was observed, but only for SBP (0.65 mmHg, 95% 

CI 0.07–1.22 and 1.28 mmHg, 95% CI 0.18–2.39, respectively), and no differences were 

found for HTN.

Because cross-sectional studies preclude addressing the healthy worker effect (i.e., dropping 

out of shift work by those with poorer health), stronger evidence is derived from longitudinal 

studies. Six prospective studies and one retrospective study have been reported.110-114,115 

Most of these studies were conducted in men. The individual studies often included night 

work occupations associated with low socio-economic status, a risk factor for CVD, or 

higher physical strain, a risk factor for HTN. Five of the six prospective studies support a 

significantly increased risk of HTN in night workers.110-114 Of these, Lieu et al. reported a 

higher risk of HTN only among Black nurses participating in the Nurses’ Health Study.114 

Only one study, the smallest of all in 488 workers with a mix of day and night work did 

not show an association.115 Additional indirect evidence for an association between night 

work and HTN comes from a study demonstrating that HTN control rates for patients 

taking anti-HTN meds were lower among night shift workers (OR, 0.74, 95%CI, 0.68-0.80) 

compared to day workers.116

There is ample evidence linking risk factors for HTN, such as metabolic disorders including 

type 2 diabetes and obesity, with night work. A recent Mendelian randomization study, 

using data from the UK Biobank, showed that higher body mass index increased the odds 

of reporting participation in frequent shift work.117 Night work has previously been linked 

to diseases in target organs of HTN such as CVD118 or the brain (stroke119, dementia120); 

studies linking night work with kidney function are still sparse but one study from Korea 

showed increased risk for CKD in female shift workers.121

One way to better understand the link between circadian disruption such as occurs in shift 

workers with increased CVD risk is the use of circadian misalignment protocols. Human 

studies have demonstrated that even short-term circadian disruption results in increased 

BP and markers for CVD risk, including C reactive protein.122,123 Development of animal 

models using chronic shifts of the light/dark (LD) cycle or circadian mis-aligned protocols 

are also needed to determine whether and how persistent modulation of circadian rhythms 

by shift work-like paradigms exacerbates the outcomes of CVD and stroke.
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Although basic research in this area is limited, several studies have made remarkable 

progress in establishing the link between shift work-related circadian dysregulation and 

vascular disease. The initial proof of concept for the role of circadian rhythm disturbances 

in cardiovascular pathology was provided by a study demonstrating that periodic reversal of 

the LD cycle to simulate rotating shift work schedules accelerates death in cardiomyopathic 

hamsters.124 Indeed, it was found that genetic disruption of the circadian system in the Tau 

mutant hamster resulted in profound cardiovascular and renal disease that was ameliorated 

by shifting the light cycle to match the mutant rodent’s internal circadian period.125 In 

a similar fashion, this LD cycle shifting paradigm has been recently extended to study 

the impact of circadian rhythm dysregulation on ischemic stroke outcomes in rats. Long-

term exposure to 12hr advances of a LD 12:12 cycle every 5 days disrupted the pattern 

of circadian entrainment, exacerbated stroke outcomes following middle cerebral artery 

occlusion, and further amplified sex differences in stroke impairments.126 Circadian rhythm 

dysregulation was marked by high rates of stroke-related mortality in male rats but was 

accompanied by significant increases in stroke-induced infarct size and sensorimotor deficits 

in surviving female rats. Taken together, these animal studies corroborate that in the absence 

of other risk factors, rotating shift work schedules alone (as simulated by reversal of LD 

cycles) contribute to the pathophysiology of cardio- and cerebro-vascular disease during 

aging.

Sleep and BP

The importance of sleep, particularly sleep duration, to overall cardiovascular health was 

recently highlighted with its addition to the American Heart Association’s “Life’s Essential 

8”.127 It is estimated that more than one-third of US adults do not get the recommended 

hours of daily sleep.128 Furthermore, racial/ethnic disparities exist: Black adults, for 

example, are more than twice as likely to report short sleep duration compared to white 

adults and have a higher likelihood of HTN than white adults.129,130

There is an association between insufficient sleep duration and elevated BP.131 Short sleep 

duration increases the risk of HTN in all age groups, and this association may be particularly 

strong among women. In a recent study of 729 participants without a prior diagnosis of 

HTN, shorter sleep duration was associated with higher 24-hour SBP and DBP on 24-hour 

ABPM132. Evidence suggests that earlier midsleep time, a proxy for sleep timing, and long 

sleep duration may each be associated with a higher prevalence of non-dipping systolic 

BP.133,134 Few findings have been published on the experimental impact of sleep restriction 

on BP. One study showed that repeated bouts of highly restrictive sleep (4 hour time in 

bed/night) increases BP relative to constant adequate sleep (8 hour time in bed/night) and 

that sleep restriction reduces BP dipping relative to baseline.135 In an ecological model of 

sleep restriction, 6 weeks of maintaining a 1.5 hour reduction in sleep resulted in higher 

24-hour systolic and mean arterial pressures compared to 6 weeks of maintained adequate 

sleep (at least 7 hours/night) with no difference in BP dipping.136 Interestingly, in-office BP 

improved to a greater extent while maintaining adequate sleep compared to sleep restriction, 

indicating a potential benefit of stable sleep duration and timing on BP. Maintaining stable 

sleep patterns could mitigate the adverse effects of insufficient sleep on BP137,138, but no 

published clinical studies are available that support this hypothesis. Limited studies have 
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been conducted to determine whether improving sleep duration through sleep extension 

could lead to reductions in BP. Two pilot studies have shown that increasing sleep duration 

by approximately 34 minutes139 and 1 hour140 reduces BP. However, sample sizes were 

small and study duration relatively short (6 weeks).

Sleep duration is only one of several domains of sleep that impact health and is often closely 

inter-related to other sleep exposures, including poor sleep quality, altered sleep architecture 

(notably reduced stage N3 and REM sleep), sleep fragmentation, periodic limb movements, 

and sleep disordered breathing (SDB).141 Poor sleep quality - due to one or more of these 

factors- is associated with altered 24-hour parasympathetic-sympathetic nervous system 

balance and BP rhythms and non-dipping BP.142 A form of SDB, obstructive sleep apnea is 

associated with hypertension and disrupted circadian rhythms in BP.143 Severe obstructive 

sleep apnea has been linked to non-dipping BP.144 Meta-analyses report that individuals 

with SDB have a 1.47 (95% CI: 1.21, 2.28) increased odds of nocturnal HTN.145 Treatment 

of SDB with continuous positive airway pressure (CPAP) lowers nocturnal BP.146,147 The 

effects of CPAP on endogenous circadian rhythms have not been extensively studied, but 

available evidence suggests that CPAP may restore normal clock gene expression when 

mRNA levels were measured at multiple times of the day148,149 but not at a single time 

point.150

Further, data on BP dipping from actigraphy-assessed and EEG-based sleep, coupled with 

objective measures of SDB (e.g., with oximetry) are limited, representing a major gap in 

the literature. Although out-of-office BP monitoring using ABPM and home BP monitoring 

have a stronger association with CVD outcomes than office BP measurement151, few data 

exist on the associations of actigraphy-assessed sleep duration, fragmentation, and timing 

with out-of-office BP.152

There appears to be close coupling of the pulsatility of cerebral spine fluid flow, 

waste clearance, slow EEG rhythms and hemodynamic oscillations during sleep,49 also 

emphasizing the importance of neurophysiological assessment of sleep in studies of 24-hour 

BP-related physiological processes, and studies that address the inter-relationships between 

sleep, disturbances of sleep such as SDB, and BP rhythms.

Interventions to Address Circadian Rhythm-related Health Risks

Potential therapeutic approaches to addressing HTN by harnessing the power of circadian 

rhythm include timing of food intake and chronotherapy.

Timing of food intake

A compelling scientific area for discovery about circadian BP rhythm is elucidating 

mechanisms of how timing of food intake regulates BP, and more specifically, nocturnal 

HTN and non-dipping BP. Indeed, available evidence suggests that nighttime eating is 

associated with increased risk for elevated BP and disrupted circadian rhythms.98 Several 

studies have already pointed to cardiometabolic benefit from time restricted feeding in 

humans.153 One emerging theory is that decreased urinary sodium excretion during the day 

leads to elevated nighttime BP. This is supported by a small population study showing 

Gumz et al. Page 12

Hypertension. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



higher nighttime BP is related to a greater proportion of sodium being excreted at night.154 

Studies in older individuals also demonstrated that lower daytime sodium excretion was 

associated with increased nighttime BP.155 Along these lines, it is also important to 

understand the role of specific dietary components (e.g., salt, fat, etc.) in contributing 

to nocturnal BP. For example, dietary sodium restriction restored the dipping pattern in 

salt-sensitive, hypertensive patients.156 Finally, given that circadian disruption is common 

in a wide range of populations such as rotating shift workers, understanding these BP and 

renal control mechanisms will be important for combating the high disease risk in these 

individuals.157-159

It is important to recognize that circadian dysfunction occurs in other conditions such 

as obesity.160,161 Recently, a small study in individuals with obesity162 was published, 

leading to headlines in the lay press that time restricted feeding, sometimes referred to as 

intermittent fasting, is of no benefit, which can be largely misleading. The study showed 

that there was no benefit when added to a calorie restricted diet in terms of losing weight. 

However, it is unclear whether time restricted feeding can be used as a partial substitute 

to calorie restriction. It is important to note that preclinical studies report cardiovascular 

and end-organ benefits independent of weight loss. Indeed, Acosta-Rodriguez et al. recently 

showed that circadian alignment of feeding with the active phase promoted longevity in 

male C57BL/6 mice, independent of body weight.163

In animal studies, mice with food access restricted to the light (or rest) phase have metabolic 

impairments164, inverted BP rhythms165, and disrupted microbiome that impairs cardiac 

repair108. Interestingly, restricting food to the night (or active) phase reinstates 24-hour 

locomotor rhythms and improves phase synchrony in liver and kidney in brain-specific 

Bmal1 knockout mice in DD166. These results highlight the importance of the feeding/

fasting cycle on BP control that has only become evident in recent years. Given that non-

dipping BP patterns significantly increase cardiovascular morbidity and mortality risk even 

after accounting for daytime BP levels30,34,38,69,167-171, a multi-organ and inter-disciplinary 

approach is necessary for future discovery of treatments and interventions for HTN.

Accumulating evidence demonstrates that BP circadian rhythm disruption is more common 

in patients with diabetes than those without. For example, the prevalence of non-dipping BP 

in type 2 diabetes patients is reported to be as high as 55 to 73%.172-175 While multiple 

mechanisms are likely linking diabetes to BP circadian rhythm disruption, the precise 

pathways remain poorly understood.

The db/db mouse is an extensively used monogenic type 2 diabetes model in which a 

spontaneous inactivation mutation in the leptin receptor leads to obesity, insulin resistance, 

and marked hyperglycemia.176 db/db mice develop moderate HTN and non-dipping BP by 

11-12 weeks of age.177-180 Several mechanisms have been demonstrated that potentially 

contribute to BP circadian rhythm disruption in diabetes by using the db/db mouse model. 

These include loss of rhythms in vascular smooth muscle contraction181, disrupted intrinsic 

clock oscillations181,182, and desynchrony among the clocks in multiple systems that control 

BP.177 Interestingly, a small molecule nobiletin targets the molecular oscillator was reported 

to enhance circadian rhythms and protect against metabolic syndrome in db/db mice.183 
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Importantly, restricting food availability to the biological active dark phase (time-restricted 

feeding; i.e., equivalent to humans to not eating at night either during night work or if they 

woke up at night) corrects liver clock Bmal1 oscillation184, prevents the development of 

non-dipping BP, and restores normal BP circadian rhythm in the mice that already developed 

non-dipping BP.67

Chronotherapy

While clinical and epidemiological studies have indicated that bedtime dosing of 

antihypertensive medication may help improve nighttime BP dipping profile and attenuate 

early morning BP surge, data demonstrating that chronotherapy--antihypertensives dosed 

at bedtime instead of the morning-- improves clinical outcomes have been conflicting. In 

placebo-controlled trials such as the Heart Outcomes Prevention and Evaluation (HOPE), 

Systolic Hypertension in the Elderly (Syst-Eur), and Systolic Hypertension in China 

(Syst-China), antihypertensive medication initiated with evening dosing (but with morning 

drugs added in most patients to achieve BP control) decreased the risk of cardiovascular 

outcomes.185-187

The Monitorización Ambulatoria para Predicción de Eventos Cardiovasculares (Ambulatory 

BP Monitoring for Prediction of Cardiovascular Events [MAPEC]) trial reported that dosing 

antihypertensive at bedtime vs. after awakening significantly reduced the composite outcome 

of total CVD events by 61% in 2,156 Spanish patients with high BP.188 It should be 

noted that about half of individuals randomized to bedtime dosing also received morning 

treatment, and treatment choices were not fixed in the two groups potentially resulting in 

treatment differences. In addition, the authors reported that there was a significant decrease 

in major individual events including total death, CVD events (myocardial infarction, angina 

pectoris, and coronary revascularization), cerebral vascular events (transient ischemic attack, 

ischemic stroke, hemorrhagic stroke) and heart failure. These benefits were attributed to a 

higher prevalence of controlled BP on ABPM (62% vs. 53%) and improved BP dipping 

pattern (34% vs. 62%) in the bedtime arm of the trial. The dramatic findings in MAPEC, 

as well as two small sub-studies in diabetes and chronic kidney disease, were provocative 

considering the numbers of patients enrolled and the notable large differences in outcomes 

despite modest differences in BP.189

The Hygia Chronotherapy Trial was a multicenter, controlled, prospective trial of 19,084 

hypertensive patients in Spain conducted by the same investigators of MAPEC.190 Patients 

were assigned to receive either their entire daily dose of ≥1 antihypertensive medication at 

bedtime or all antihypertensive medications in the morning. 48-hour ABPM was performed 

at each clinic visit and at least annually. After a median follow-up of 6.3 years, the authors 

reported a 45% decrease in the primary composite outcome of CVD when comparing 

bedtime to morning dosing of antihypertensive medication. They also reported a decrease 

in total CVD events (43%) and decreases in secondary outcomes including stroke (49%), 

coronary events (44%), and total death (45%) when comparing bedtime to morning dosing 

of antihypertensive medication. The authors attributed the improvement in outcomes to 

improved 48-hour SBP control (−1.3 mm Hg), asleep BP (−3.3 mm Hg), and improved 

dipping patterns (50.3% vs. 37.5%) between the arms and favoring bedtime dosing. They 
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also reported low rates of adverse effects (6.7% vs. 6.0%), though specific adverse effects 

were not listed, as well as low rates of night-time hypotension (0.41% vs. 0.27%) and poor 

adherence (2.8% vs. 2.9%) in the morning dosing and bedtime dosing arms, respectively.

There have been numerous questions regarding the study design, conduction, reporting, and 

findings of the HYGIA trial. These include but are not limited to the biological plausibility 

of a dramatic decrease in CV outcomes and total mortality despite a 1.3 mm Hg difference 

in BP with bedtime dosing, the rationale for not stopping the study early, whether the trial 

was truly randomized, number of study protocol discontinuations, loss to follow-up, and 

consent withdrawals, very high medication adherence rates, the feasibility of 48-hour ABPM 

monitoring, complete analysis and reporting of adverse effects and safety, and specific 

medications that were dosed at bedtime versus in the morning.191-193 Such concerns led to a 

journal investigation and independent statistical analysis, which concluded "no indications to 

suggest the trial or data were fraudulent in nature.”193 However, the journal could not verify 

the source data.

At present, most experts do not recommend bedtime administration of antihypertensive 

drugs, mainly because the vast majority of outcome trials have used morning dosing of 

drugs and there is no clear strong evidence of additional outcome benefits with bedtime 

dosing.192,194 Due to questions regarding the HYGIA trial, the findings should be replicated 

in well-designed, prospective controlled, multi-center outcomes trials. Three such trials, the 

Treatment in Morning versus Evening (TIME)195 and the BedMed196 and BedMed-Frail197 

trials are currently ongoing.

The United Kingdom-based TIME study uses a prospective, randomized, open-label, blinded 

endpoint design to follow more than 20,000 participants assigned to take their usual 

antihypertensive medications in the morning or the evening. The primary endpoint is a 

composite of non-fatal myocardial infarction, non-fatal stroke, and cardiovascular death. 

The secondary endpoints will include the components of the composite primary endpoint, 

all-cause mortality, and hospitalized heart failure. Published results are expected prior to 

end-2022. Sub-studies within TIME address home BP measurements, sleep quality, mood, 

chronotype, and cognitive function. Preliminary results of the TIME study were presented 

at the 2022 European Society of Cardiology. The primary endpoint event occurred among 

3.4% of participants in the evening dosing group (0.69 events per 100 person-years) and 

3.7% of the morning dosing group (0.72 events per 100 person-years), with an unadjusted 

hazard ratio (HR) of 0.95 (95% CI, 0.83-1.10; P=.53).198

BedMed is a randomized antihypertensive timing trial in a primary care population being 

conducted in five Canadian provinces with most recruitment coming from participating 

family physicians, who send letters of invitation to all their community-dwelling patients 

with hypertension. The only significant exclusion criterion is a personal history of glaucoma. 

To date 3,154 participants have been randomized to morning or bedtime antihypertensive 

medications. If not stopped early, final analysis should take place around February 2024. 

The primary outcome is first occurrence of all-cause death, or hospitalization for stroke, 

myocardial infarction, or congestive heart failure. Select secondary outcomes include 

nursing home admission, all-cause hospitalization, new glaucoma diagnosis or treatment, 
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and a new physician diagnosis of dementia or impairment consistent with dementia (as 

measured by the Short Blessed Test at 18-months).

BedMed-Frail is a similar trial among the frail long-term care population being conducted 

in 16 Alberta nursing homes; residents with hypertension using at least one once-daily 

antihypertensive medication are individually randomized to either the facility’s default 

of morning antihypertensive medications or to switch those medications to bedtime. 

The median age of participants is 88 years, and 75% are female. BedMed-Frail has 

the same primary outcome as BedMed, and additionally examines deterioration in 

cognition, full thickness skin ulceration (which might be promoted by lower overnight 

BP), and challenging behaviours (such behaviours have a circadian rhythm referred to as 

“sundowning”).

These studies may confirm or exclude any additional benefit of bedtime versus morning 

dosing of medication for HTN. However, they will not address the practical question of 

tailoring treatment according to the individual’s circadian BP variation and administering 

bedtime treatment specifically to individuals with non-dipping or those with nocturnal HTN.

One final consideration with chronotherapy is related to basic pharmacology. A large 

number of drugs for the treatment of HTN, including most angiotensin converting enzyme 

(ACE) inhibitors and angiotensin receptor blockers, have half-lives that allow dosing once 

a day. Therefore, at steady state most of these drugs are likely staying well above the 

therapeutic threshold for most individuals over 24 hours and so the timing of dosing, in 

theory, should not have any impact on efficacy. However, very few studies examine these 

factors once the drugs are on the market. Interestingly, the gene encoding ACE exhibits 

circadian expression in human lung.199 Given individual variations in gene expression for 

anti-HTN drug targets as well as the enzymes that function in drug turnover, time-of-day is 

relevant to personalized, circadian medicine: to give the right drug, at the right time, to the 

right person.

Potential Circadian Rhythm-Based Therapeutics

There are many exciting new opportunities to translate circadian discovery to medical 

application for HTN, including areas of basic cardiovascular-circadian research; these areas 

include: (i) Lighting Chronotherapy. Studies in rodents show that maintaining sleep and 

circadian rhythms can benefit cardiovascular growth, renewal, remodeling, and kidney 

health125 and are especially relevant to cardiac repair in clinical intensive and coronary 

care settings.200 (ii) Drugging the Clock. Novel circadian pharmacology targeting the 

circadian mechanism reduces reperfusion inflammasome activity to help heal heart attacks 

and prevent heart failure.5,201 (iii) Time Restricted Feeding significantly improves outcomes 

post-myocardial infarction; both what and when you eat are important for heart health108. 

(iv) Chronotherapy with ACE inhibitors shows that sleep time administration better reduces 

cardiac remodeling as compared to wake-time therapy. Indeed, sleep time is a critical period 

for cardiac repair.202 Additional potential interventions not discussed at the workshop that 

merit mention include exercise, which has been shown in at least one study to improve 

dipping status in hypertensive patients203, and melatonin, which may have BP lowering 

effects.204
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Toward Precision Medicine

Genetics and epigenetics of circadian BP rhythm in humans

The circadian clock is a fundamental component of the genome and drives transcription 

of clock-controlled genes and downstream molecular pathways involved in cardiovascular 

and metabolic regulation. The opportunity to delineate the interface of circadian rhythm 

and BP regulation at the molecular/genetic level offers a potentially novel landscape for 

strategies to improve the diagnosis and treatment of HTN. Genome-wide association studies 

(GWAS) provide one opportunity to investigate the genetic and molecular underpinnings 

of the circadian BP rhythm. For example, GWAS studies have identified >1,477 genetic 

variants being associated with office BP phenotype.205 Previous family and twin studies 

have shown that BP measured in different settings (clinical vs. 24h in real life) or different 

times of day (day vs. night) are influenced by different genes206,207, requiring separate 

GWASs on these specific BP rhythmicity parameters to fully understand the underlying 

genetic mechanisms of BP regulation. Small scale GWASs have been conducted on BP 

rhythmicity measures.208,209 The role of clock genes on BP rhythmicity has also been 

explored.210,211 Large scale GWAS meta-analyses of cohorts with ambulatory BP data will 

have the potential to move this field forward.

The BP rhythmicity parameters observed in real-life setting entail an interaction between 

endogenous circadian BP rhythm and rhythmic behavioral factors such as sleep-wake 

pattern and rest-activity rhythm.14 Well-designed family or twin studies in combination with 

detailed measurements on both rhythmic behavior factors and ambulatory BP are needed 

to examine whether the effects of momentary behavior factors on ambulatory BP can be 

explained by underlying and shared genetic or environmental factors. Furthermore, recent 

progress in statistical methodology of GWAS allows the detection of pleiotropy at both the 

level of individual loci and the overall genetic architecture.212 However, the prerequisite for 

these statistical approaches is the availability of GWAS data for ambulatory BP and relevant 

behavioral and sleep phenotypes.

Epigenetics refers to stable changes in DNA function that are not determined directly 

by the sequence of the DNA but may be heritable through mitosis or even germ 

cell reprogramming.213 DNA methylation, histone modifications, non-coding RNA, and 

chromatin conformation are potential epigenetic mediators. Epigenetic features can 

respond dynamically to developmental cues and environmental and lifestyle factors and 

may be involved in the regulation of complex traits such as BP.213,214 For example, 

DNA methylation is associated with BP in humans and functionally contributes to the 

development of HTN in animal models.215-218

A study of 281 African Americans identified several methylation regions in whole blood 

DNA that were significantly associated with 24-hour BP phenotypes, but not with office 

BP.219 Methylation regions associated with daytime, nighttime, and 24-hour average BP 

overlapped but were not identical. These methylation regions together explained up to 

16.5% of the variance of 24-hour average BP. The association of one methylation region 

with 24-hour BP was validated in a separate cohort using a newly developed targeted 

methylation sequencing method.219 Dietary sodium intake, which may influence 24-hour 
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BP, has been shown to influence DNA methylation in T lymphocytes and arterioles in 

humans.220 Sleepiness (a marker of chronic sleep disturbances) is associated with changes 

in methylation patterns;221 interestingly, those associations were strongest in African 

Americans, a group also at highest risk for nocturnal HTN. These findings suggest DNA 

methylation might be excellent markers of the cumulative effect of many factors that 

influence 24-hour BP.

Research Gaps, Barriers, and Opportunities

Workshop participants identified several important and high priority issues as well as 

opportunities for future research (Table 1). The role of circadian rhythms on BP has 

been shown in humans and animals primarily through studies focused on association, 

rather than cause-and-effect. Both circadian clock and non-clock mechanisms need to be 

examined in connection with the following three factors: endogenous, environmental, and 

host-microbial interactive factors. Sex as a biological variable must also be considered. 

Women’s cardiovascular health is under-researched, under-supported, under-diagnosed, 

and under-treated.222 For rationale translation of our most promising circadian medicine 

therapies to clinical cardiology for treatment of HTN, it is imperative to understand 

pathophysiology in both biological sexes and the importance of gender.223

Further Considerations

The basic science research presented in the workshop, mainly from rodent models, suggests 

that the deepening understanding of human circadian biology can be applied to improve the 

diagnosis and management of HTN. However, this has yet to be convincingly translated into 

human, patient-important outcomes at either a population or individual-patient level.224 A 

deeper understanding of how to leverage circadian biology to develop circadian medicine 

will require considerably more fundamental research that can better guide clinical studies 

towards better therapies.

Precision medicine is a new frontier for the prevention, diagnosis, and management 

of CVD and HTN. The application of circadian science to precision medicine is 

compelling. Research is needed to improve the understanding of mechanisms, application 

of technologies and development of research methods to more completely delineate the 

clinically relevant interface between circadian rhythm and BP.225 This includes learning 

more about the nature and extent of BP and circadian rhythm variation within and between 

individuals. Promising technological improvements in BP recording, such as at-home night-

time BP measurement and cuffless ABPM, should provide much richer longitudinal data 

that can be used to explore associations and test hypotheses. However, epidemiology and 

data-driven machine learning approaches will not be possible until the big-data sources they 

rely on contain all the variables that would allow us to phenotype individuals and their 

exposures reliably, and a strong commitment for large-scale data sharing. This will require 

agreement on what those variables are and how they should be recorded, e.g., how should 

the timing of daytime activities, sleep behaviours, and circadian rhythm be recorded?

Clinical trials remain the cornerstone of assessing the efficacy and safety of human health 

interventions. Trials must be large enough to allow meaningful sub-group analysis and 
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enable experimental confirmation of promising interventions. Additionally, once sufficient 

mechanistic understanding of any chronotherapy intervention is reached, clinical trial 

outcomes need to be relevant to health and patient-centered, ideally avoiding surrogate 

outcomes in favour of clinical outcomes such as mortality and morbidity and quality of life 

measures. Furthermore, as all health interventions carry a degree of risk, trials must also 

collect adequate safety data to allow the assessment of intervention risk. Developments in 

decentralised and healthcare-embedded point of care trial methods can facilitate such large 

pragmatic clinical trials.226-229 However, for individual patients, alternative trial designs, 

like n-of-1 trials230, may offer the closest approximation of genuinely personalised medicine 

for physiologically complex conditions like hypertension.231,232

Moving the Field Forward

There are many opportunities to move the field forward; and some examples are listed in 

Table 2. Workshop participants agreed that it is time to encourage team science that spans 

the fields of HTN, sleep, circadian biology, and CVD with the goal of breaking down silos 

and building bridges between clinical and basic research. The ultimate goal is to move 

circadian medicine into the clinic in order to realize the full potential of precision medicine. 

With this goal in mind, the National Heart, Lung, and Blood Institute recently released 

a Notice of Special Interest (NOSI) on Basic and Translational Research on Circadian 

Regulation of Heart, Lung, Blood, and Sleep Disorders: NOT-HL-22-043. This NOSI aims 

to stimulate research on understanding how circadian rhythms regulate cell function and 

metabolism of peripheral tissues, and to find new avenues for the investigation of heart, 

lung, and blood disease risk, pathogenesis, diagnosis, treatment, and prevention.233
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Figure 1. Physiology and molecular structure of circadian rhythms.
The molecular circadian clock is present in nearly every cell and tissue type (tissues relevant 

to this review are pictured). Clock inputs include light and food. The clock controls various 

physiological outputs, such as blood pressure, body temperature, hormone release, sleep/

wake patterns and metabolism. The molecular structure (cell inset) of the circadian clock 

in mammals is a transcriptional translational feedback loop that takes about 24 hours to 

complete and involves the core clock genes BMAL1, CLOCK, PER1/2, and CRY1/2.

Gumz et al. Page 35

Hypertension. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Components of nocturnal hypertension and determinants—night-time dipping status 
and surge in blood pressure.
BP indicates blood pressure; CHF, chronic heart failure; CKD, chronic kidney disease; OSA, 

obstructive sleep apnea; and REM, rapid-eye-movement. Figure from Kario, Hypertension 
2018, open access.19 Intense physical activity during the day and job strain can increase 

daytime BP and the day-night BP difference. Sedentary lifestyle during the day and 

fragmented nighttime sleep (elderly) can reduce the day-night BP difference.
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Table 1

Important and High Priority Issues Opportunities

• Time of day and night is a key biological variable as well as 
awake and asleep times.
• However, these variables are not routinely reported in the 
literature, impairing efforts toward rigor and reproducibility.
• This key issue impacts translation given that humans are 
diurnal and rodents are nocturnal.

• Journals and funding agencies should encourage investigators to report the 
time of day at which samples are collected and procedures are performed in 
both basic and clinical studies.

• Sex differences and health disparities are both important 
factors affecting circadian rhythm of BP.

• Studies should be sufficiently powered to analyze differences between 
sexes and racial and ethnic subpopulations whenever possible.

• ABPM is a useful tool for assessing the diurnal BP variation 
in humans but has limitations.
• Novel BP monitoring methods are emerging but not ready for 
widespread use.

• Develop a reliable, low-burdensome assessment method or device to 
monitor BP continuously over days in populations
• Include out of office BP measurements whenever possible

Several factors contribute to BP circadian rhythms but the 
mechanisms are not understood
• Endogenous or genetic factors.
• Environmental or behavioral factors: diet (composition and 
timing), ambient temperature, light, stress, sleep, and exercise/
physical activity.
• Host-microbial interactive factors: microbial profiles in 
response to various environmental factors/anti-hypertensive 
medications and microbial metabolites.

• Diverse animal models for circadian rhythms as well as for chronotherapy
• Cause-effect relationships of microbiota and circadian rhythms of BP
• Circadian rhythms of gut microbiota and circadian effects of 
antihypertensive medications
• Gut microbiome targeted studies
• Time restricted feeding and meal timing studies
• Collection of objective measurements of sleep timing, quality and sleep 
disturbances in population studies
• Interplay of sleep dimensions, circadian rhythm, and BP
• Epigenetic changes as a mechanism for the cumulative effect of genetic 
and environmental factors

• The power of circadian biology has not been leveraged for 
improving human health.
• Lack of scalable biomarkers and measurements to provide 
cost-effective phenotyping of human circadian rhythms at 
scale.
• Unknown benefits of therapies that consider circadian 
variation of BP and other parameters.

• Targeted human studies based on established circadian mechanisms of BP 
control
• High quality randomized clinical trials of antihypertensive chronotherapy
• Sleep-targeted intervention studies
• Implication of 24-hour BP pattern and level on health outcomes
• Genetic and epigenetic assessments of circadian timing and chronotype
• Scalable biomarkers for circadian biology that can be integrated into 
clinical and epidemiological research

• Lack of communication and collaboration across the fields 
of circadian biology, physiology of key organ systems (neuro, 
vascular, kidney, etc), HTN, sleep medicine, and clinical 
practice.

• Facilitate team science including sleep, circadian biology, and vascular 
disease and break down silos
• Standardized “circadian” definitions, nomenclature and methods across 
studies (e.g., day versus night, active versus inactive, awake versus asleep, 
circadian misalignment) are needed to avoid confusion.
• Use of well-defined and validated metrics of circadian rhythms using 
wearable technologies (e.g., inter-day and intra-day stability)
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Table 2:

Moving the Field Forward

Needs Goals

Limited public databases are available that contain BP, sleep times, and circadian 
rhythm data (including raw telemetry data) since most large cohort studies do not 
assess 24-hour BP or endogenous circadian rhythms.

Online repositories for storage and analyses of circadian 
data widely accessible to all researchers

Leverage wearables and artificial intelligence (AI) to scale and improve evaluation 
of 24-hour BP, circadian rhythm, sleep and their inter-relationships.

Develop standardized approaches for annotating sleep timing in clinical and 
population studies.

Move circadian medicine into the clinic based on 
adequate evidence

Support sufficiently powered prospective studies and strategic ancillary studies.
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