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Abstract

Most bodily functions vary over the course of a 24 hour day. Circadian rhythms in body
temperature, sleep-wake cycles, metabolism, and blood pressure (BP) are just a few examples.
These circadian rhythms are controlled by the central clock in the suprachiasmatic nucleus (SCN)
of the hypothalamus and peripheral clocks located throughout the body. Light and food cues
entrain these clocks to the time of day and this synchronicity contributes to the regulation of a
variety of physiological processes with effects on overall health. The kidney, brain, nervous
system, vasculature, and heart have been identified through the use of mouse models and clinical
trials as peripheral clock regulators of BP. The dysregulation of this circadian pattern of BP, with
or without hypertension, is associated with increased risk for cardiovascular disease. The
mechanism of this dysregulation is unknown and is a growing area of research. In this review, we
highlight research of human and mouse circadian models that has provided insight into the roles of
these molecular clocks and their effects on physiological functions. Additional tissue-specific
studies of the molecular clock mechanism are needed, as well as clinical studies including more
diverse populations (different races, female patients, etc.), which will be critical to fully
understand the mechanism of circadian regulation of BP. Understanding how these molecular
clocks regulate the circadian rhythm of BP is critical in the treatment of circadian BP
dysregulation and hypertension.
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Introduction

The circadian clock evolved in order for organisms to better adapt to the 24 hr cycles of
light/dark that occur on our planet. Circadian rhythms in physiological function have been
identified in organisms ranging from cyanobacteria to humans. In higher eukaryotes and
mammals, a central clock resides in the suprachiasmatic nucleus (SCN) of the brain and is
directly entrained by light. Peripheral clocks are present in other areas of the brain and in
most other cell types and tissues throughout the body. These clocks are synchronized in
response to food and light cues and communicate via hormonal and neuronal signals.
Desynchronization of the circadian system, such as what may occur in shift work or chronic
jet lag, is associated with increased risk for a number of negative health outcomes. For an
excellent review on this topic, please see Buijs et al. [1].

Mechanism of the Circadian Clock

The core molecular components of the circadian clock are a group of transcription factors
that regulate gene expression [2]. These transcription factors function in a series of feedback
loops that drive circadian gene expression for the core clock genes and an extensive number
of target genes. In mammals, BMAL1 and CLOCK comprise the positive loop of the
circadian mechanism in which they drive expression of the Periodand Cryptochrome genes
(encoding PER1-3, CRY1 and 2), and the Rorand Nr1d1/2genes that encode the nuclear
receptors ROR and REV-ERB (RORa-y, REV-ERBa and ). In the negative feedback
loops, PER and CRY antagonize BMAL1/CLOCK action. ROR and REV-ERB feedback on
and mediate opposing action on BMALL1 gene expression. This transcriptional mechanism is
regulated post-translationally through the action of key circadian kinases such as CK16/e,
and protein turnover is affected by FBXL family members leading to proteasome-mediated
degradation. For an excellent and detailed review by recent Nobel Prize winner Dr. Michael
Young on the molecular mechanisms of the clock, including new insights revealed by
structural biology analysis of clock proteins, see [3].
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Indeed, nearly 50% of all expressed genes throughout the entire body are subject to this
mechanism of circadian regulation [4]. In a given tissue, 10-15% of genes are likely to be
regulated by this molecular circadian clock, and the target genes of the clock vary in a
tissue-specific manner. For example, the clock mechanism has been linked to regulation of
ion transport genes in the kidney and metabolic pathway genes in the liver [5, 6]. We now
know that the circadian clock components function in every cell type and tissue. This
mechanism likely underlies the established daily variations in most physiological functions,
including sleep/wake patterns, respiration, metabolism, body temperature, and blood
pressure (BP). Circadian regulation of BP is an especially important topic. Although it is
well-established that loss of the normal circadian rhythm of BP is associated with adverse
cardiovascular outcomes, the mechanism of this effect is not understood. Moreover,
evaluation of BP rhythms in humans is woefully underperformed. The purpose of this review
is to consider the wealth of evidence supporting a role for the molecular clock in the
regulation of BP. Here we review evidence from humans and rodent models that has lent
considerable insight into the regulatory mechanisms and importance of circadian rhythms in
BP control.

Blood Pressure Regulation

It has been known for several decades that BP exhibits a circadian rhythm in humans. BP
dips at night during rest, undergoes a steep increase in the morning (known as the “morning
surge™), and peaks typically in the late afternoon. This circadian rhythm of BP is present in
the mouse and rat models that are commonly used to model human cardiovascular

physiology.

BP is the product of cardiac output (CO) and total peripheral resistance (TPR): BP = CO x
TPR. BP is the measure of the force that blood places on the walls of blood vessels. CO is
determined by the difference between end diastolic volume and end systolic volume.
Systolic BP (SBP) is the maximum arterial pressure when the heart beats, during the
contraction of the left ventricle of the heart. Diastolic BP (DBP) is the minimum arterial
pressure between heartbeats when the ventricles are relaxed and fill with blood. TPR is the
sum of the resistance of all vessels in the circulation. BP is regulated by a number of
different systems that contribute to CO and TPR, including the sympathetic nervous system,
the central nervous system, the kidneys, the heart, the vasculature, and the immune system

[71.

Circadian Blood Pressure Disorders in Humans

Both SBP and DBP have a circadian rhythm that repeats every 24 hrs in healthy humans.
Healthy individuals experience a 10-20% decrease in BP at night. People who do not exhibit
this “dip” of at least a 10% change in resting BP are termed “non-dippers.” Non-dipping
hypertension is associated with activation of the renin-angiotensin-aldosterone system
(RAAS) [8], increased risk of chronic kidney disease [9, 10] and adverse cardiovascular
events [11-14]. The combination of salt-sensitivity and non-dipping hypertension is
associated with significantly increased risk of cardiovascular mortality [15, 16]. African
Americans have a higher incidence of salt-sensitive non-dipping hypertension, contributing
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to the established health disparities in this population [17, 18]. Non-dipping even in
normotensive Black males is still associated with target organ damage [16]. Non-dipping
hypertension leads to end organ damage and is associated with advanced diseases such as
CKD and CVD [19].

Other circadian defects in 24 hr BP patterns include extreme-dipping (>20% nocturnal dip)
and reverse-dipping (or riser) (>10% higher nighttime BP vs. daytime)[20]. One study
demonstrated abnormalities in adrenergic, metabolic, and reflex function in reverse and
extreme dippers [21]. Disruption of the BP circadian rhythm is associated with other
morbidities as well. In a cross-sectional study of over 500 men and women, it was found that
reverse-dipping was significantly associated with metabolic syndrome [22]. Interestingly,
this association was found for men but not women. Nakano et al. found that reverse-dipping
was predictive of end-stage renal failure in patients with diabetes mellitus [23].

Shift work that causes circadian disruption is associated with increased risk for a number of
diseases in humans including cancer and cardiovascular disease [24-28] . In an effort to
study the phenomenon of increased inflammation, increased hypertension, and increased
CVD risk due to shift work, a recent randomized crossover study was carried out by Morris
et al. [29]. Chronic shift workers were subjected to an acute circadian misalignment or a
regular schedule as part of an in-clinic study. Ambulatory BP monitoring (ABPM) was
utilized which allows an individual’s BP to be measured throughout the day without
interfering with their day-to-day activities. The circadian misalignment caused a significant
increase in SBP and DBP as well as C-reactive protein (CRP), an established marker of
systemic inflammation. This same group conducted a longer term (8 days) study in healthy
humans to test the effect of circadian misalignment on markers of CVD risk [30]. Human
subjects on the circadian misalignment protocol exhibited increases in CRP as well as
interleukin-6, resistin, and TNFa. Levels of interleukin-6, resistin, and TNFa have been
shown to be involved in the progression of hypertension through inflammatory activation
and endothelial dysfunction [31]. The increase of these inflammatory markers in the long-
term study was accompanied by a decrease in wake time cardiac vagal modulation. Together
these studies demonstrate a direct link between disruption of normal circadian rhythms and
increases in markers of CVD risk.

Mechanisms of Circadian BP Regulation in Humans

It is well-established that the sympathetic nervous system contributes to the morning surge
in BP [32, 33]. Early studies in humans aimed at studying 24 hours of BP patterns focused
on postural effects and concluded that the central nervous system likely controlled the
rhythmicity of BP and other cardiovascular parameters [34] which is corroborated by
subsequent studies [35]. For example, in a small study with 9 human subjects with essential
hypertension but normal dipping patterns, Sowers found that plasma norepinephrine was
higher during wake time compared to sleep time [36]. Moreover, plasma NE also correlated
with 24 hr MAP. Treatment of these patients with bromocriptine abolished the circadian
variation in plasma NE and a dampening of the 24 hr BP rhythm, thus linking the
sympathetic nervous system with 24 hr BP in humans. Liu et al. found that autonomic
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function was impaired in non-dippers and that non-dipping was a predictor of cardiovascular
mortality [12].

Halberg and colleagues were pioneers in the field of chronobiological considerations for
human health and linked circadian BP to cardiac function in both men and women [37]. A
recent study in 51 non-dipper and 89 dipper humans, ABPM, and ambulatory impedance
cardiography were used to assess both CO and TVR [38]. In these two groups, CO did not
vary significantly between dippers and non-dippers whereas TVR decreased by two-fold
greater in dippers vs. non-dippers. This study included 63 African-Americans and 77 white
men and women. Non-dipping was more prevalent in African-Americans. For an excellent
in-depth review in the area of the cardiac clock and its implications for human health, see
Mistry et al. [39].

Clinical evidence also suggests a role for the vasculature in BP dipping. In a cross-sectional
study of treated hypertensive patients and mostly untreated normotensive subjects, Hodgson
et al. used forearm flow mediated dilation to examine the role of brachial artery vasodilator
function in determining BP dipping [40]. Regardless of hypertension status, a decreased day/
night BP difference was independently associated with reduced smooth muscle cell function.

There are several reports from the clinical literature linking Na transport in the kidney to
aberrant circadian BP patterns, including the link between salt-sensitive hypertension and
non-dipping [41-43]. For example, many patients suffering from aldosteronism exhibit the
non-dipper pattern [44-46], and treatment with the angiotensin receptor blocker irbesartan
corrected non-dipping in salt-sensitive hypertension patients [47]. Clinical studies revealed
that the diuretic hydrochlorothiazide (Hctz) restored an appropriate decrease in nocturnal BP
in non-dipping patients but had no effect in dippers [48]. It has also been shown that dietary
Na restriction [49] and renal transplantation can restore the dipping pattern [50]. Consistent
with this, unilateral nephrectomy led to non-dipping BP in a significant number of patients
[51]. Inhibition of distal nephron Na transporters can restore the dipping pattern as well [52].
Moreover, in a study of over 300 African men and women representing more than 70
families, the presence of a nocturnal dip in BP was associated with higher daytime urinary
sodium excretion compared to nighttime urinary sodium excretion [53]. These findings
demonstrate a link between the timing of urinary sodium excretion and dipping BP in
humans. Recent studies in humans and rodents suggest that the cardioprotective effects of
SGLT2 inhibitors are possibly associated with normalization of the circadian rhythm of BP
[54]. Taken together, these data from human studies support a role for the kidney and renal
sodium handling in maintaining the normal circadian rhythm of BP.

Clinical and epidemiological studies in humans demonstrate the importance of the 24 hr BP
rhythm and shed light on contributing mechanisms which likely include BP-regulatory
systems such as the SNS, the CNS, kidney, the vasculature, and the heart. The rodent models
discussed below provide molecular and genetic evidence linking the circadian clock genes to
BP control and providing evidence for the tissue-specific roles played by the clock proteins.
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Blood Pressure Phenotypes in Rodent Models

BMAL1

CLOCK

Convincing evidence from numerous animal studies clearly demonstrates an important role
for the molecular clock in the regulation of blood pressure. Indeed, every clock gene mutant
or knockout mouse that has been tested exhibited a blood pressure phenotype [55]. Below
we review these mouse studies and consider the underlying mechanism of the BP phenotype.
See Table 1 for a summary.

Curtis et al. generated global Bmall KO male C57BI/6 mice, which exhibited significantly
lower BP compared to control mice [56]. The circadian rhythm of BP was also affected.
These mice displayed a “non-riser” phenotype in which BP was low and remained low
throughout the 24 hr cycle, with a lack of increased BP during the active period. In
subsequent studies from the Rudic group, vascular function was investigated as a putative
mechanism contributing to this phenotype [57]. Anea et al. found that the BP phenotype of
male global Bmall KO mice was associated with uncoupling of endothelial NO synthase
and increased levels of superoxide [58]. These mice also develop dilated cardiomyopathy
[59].

Zuber et al. characterized 24 hr BP in male WT and Clock KO mice on a C57BL/6
background [60]. Although the 24 hr rhythm of BP was not altered in the Clock KO, these
mice exhibited significantly lower BP compared to WT mice with an ~10 mm Hg difference
in MAP, SBP, and DBP, although the DBP difference did not reach statistical significance.
Consistent with the lower BP, these mice exhibited differences in renal Na and K handling
relative to control mice. Urine volume and urine osmolality comparisons also revealed the
Clock KO mice had a mild diabetes insipidus. Subsequent work by this group linked the
lower BP phenotype to increased urine Na excretion and decreased levels of 20-HETE,
which regulates renal vascular tone [61], supporting a role for the kidney and renal Na
handling in Clock-mediated BP control.

The Clock A19 mutation was induced by ENU mutagenesis and resulted in a loss of exon 19
and thus deletion of 51 amino acids in the C-terminus of the protein [62]. Clock mutant mice
were crossed onto the Jcl/ICR background strain for analysis of cardiovascular rhythms. The
Clock mutant male mice exhibited muted rhythms in BP and heart rate relative to control
mice [63]. These mice also had lower plasma aldosterone levels relative to WT control mice.
Importantly, the differences in BP and HR between Clock mutant and control mice were lost
after adrenalectomy.

Taken together, these studies from either Clock KO or Clock mutant mice clearly
demonstrate an important role for CLOCK in BP regulation. Interestingly, the Clock KO
mice did not undergo an alteration of the BP rhythm whereas the Clock mutant mice had a
decrease in amplitude and a shift in the acrophase of BP. Since the Clock mutant protein
may act as a dominant negative, the differences between these two may be due to loss of the
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functional protein versus expression of a non-functional protein. The background strain
differences between these studies also likely play a major role in the phenotype.

In Per2 mutant mice (Per2Brdm1), the Per2 protein lacks the domains that mediate protein-
protein interactions [64]. Per2 mutant mice exhibit a mild cardiovascular phenotype of
decreased DBP over 24 hr and a slight attenuation of the night/day difference, and elevated
heart rate over 24 hr [65]. These BP studies were conducted only in male mice on a mixed
129/sv and C57BI/6 background. Further evidence supporting a role for vascular function in
circadian BP control comes from the study of these Per2 mutant mice. Male global Per2
mutant mice exhibit increased heart rate[65] and impaired endothelial relaxation as
measured in aortic rings[66]. The aortic endothelial dysfunction observed in the Per2 mutant
mice was associated with decreased NO and vasodilatory prostaglandin production and
increased release of cyclooxygenase-1-derived vasoconstrictors [66].

Doi et al. investigated BP in the double KO mouse lacking both Cry1 and Cry2. The male
Cry1/2 KO mice exhibited salt-sensitive hypertension compared to WT control mice [67].
Using the mineralocorticoid receptor blocker eplerenone, these investigators showed that the
salt-sensitive hypertension phenotype could be ameliorated. Indeed, the Cry1/2 KO mice had
dramatically higher plasma aldosterone levels compared to control mice. Microarray
analysis demonstrated that this effect was due to the overexpression of a specific enzyme in
the zona glomerulosa cells of the adrenal gland, Hsd3b6. Although it was not clear from the
data presented that the Cry1/2 KO mice exhibited a defect in circadian BP patterns, the
results of this study clearly demonstrate a role for the adrenal gland clock components in
overall BP regulation and particularly in the response to dietary salt.

Insight into the role of background genetics in the regulation of BP by the circadian clock
has come from our lab. We first investigated the BP phenotype of global Perl KO mice on a
129/sv background strain [68]. This strain of mice is hypertensive at baseline and has an
increased sensitivity to dietary salt and renal injury compared to the salt-resistant C57BI1/6
strain of mice [69, 70]. On this background strain, KO of Perl in male mice resulted in
lower BP compared to WT control mice, suggesting that loss of Perl was protective in the
setting of hypertension and salt-sensitivity. In line with this, extensive cell culture
experiments and whole animal studies in the 129/ sv mouse demonstrated that Perl acted as
a positive regulator of sodium reabsorption genes in the kidney [71-75]. In contrast, our
study of male Perl KO on the salt-resistant normotensive C57BI/6 background revealed a
distinct phenotype of non-dipping hypertension in response to a high salt diet and
mineralocorticoid treatment [76].

It is tempting to speculate that this dramatic strain difference in Perl-dependent BP
regulation is due to the presence of the extra renin gene in 129/sv mice and the salt-sensitive
status of the mice. Consistent with this concept, heterozygous Perl KO 129/sv mice
exhibited lower plasma aldosterone and decreased renal Na reabsorption relative to WT
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control mice [77]. Indeed, male Perl KO C57BI/6 mice exhibit alterations in renal Na
handling consistent with the non-dipping hypertension observed in these mice: Perl KO
mice exhibit a reduced night/day ratio of urine Na excretion relative to WT controls (Douma
etal. 2017 in review). The differences in the RAAS between these strains of mice may be a
contributing factor to the difference in Perl-dependent BP control, however, more detailed
studies are needed to evaluate the relative contribution of RAAS to these distinct
phenotypes.

These strain differences are not likely the result of differences in how the clock genes are
expressed in 129/sv versus C57BL/6 mice. Indeed, comparing clock gene expression in WT
129/sv mice [78] to that observed in C57BL/6 mice [4] reveals that the patterns of mMRNA
expression are quite similar between the two strains and amongst different tissues. A more
likely explanation involves genetic variation between mouse strains. A survey of the Jax lab
genome database reveals extensive single nucleotide polymorphisms (SNPs) between
C57BI/6 and 129/sv mice (http://www.informatics.jax.org/strains_SNPs.shtml). These SNPs
are found across the entire genome. Supporting the notion that overall genetic variation
contributes to differences in BP regulation, the Jax lab phenome database shows stark
differences in baseline BP among a variety of mouse strains (https://phenome.jax.org/
measures/45302 last accessed 10/05/2017). Over three dozen different mouse strains show a
range of phenotypes in SBP not unlike a bell-shaped curve in BP values that one would
observe across a wide swath of the human population. Indeed, a clear strength of studying
BP traits across different mouse strains is the relevance to human health given and the large
degree of genetic variation found across distinct human populations.

CRE/LOX KO MODELS

The limitation of performing BP studies in global KO mice is that investigation of
underlying mechanisms is typically focused on the investigators’ tissue of interest. A given
study may find evidence for the contribution of that single tissue to the BP phenotype, but
those results do not rule out the contribution of other BP-regulatory systems. Recent
developments in generating cell-type and tissue-specific KO mouse models use CRE/LOX
methods have begun to shed light on the magnitude of the contribution each particular BP-
regulatory tissue has on circadian BP control.

In a convincing study, Xie et al. investigated the role of smooth muscle Bmall in BP
regulation [79]. KO of Bmall specifically in smooth muscle resulted in decreased BP and
reduced amplitude of the circadian rhythm of BP. The magnitude of change was greater for
DBP than SBP in smooth muscle Bmall KO mice. Importantly, these effects occurred in the
absence of any change in circadian heart rate or locomotor activity, suggesting that the effect
was specific to BP and the peripheral clock rather than the SCN. Comparison of these results
to that of the global Bmall KO lends insight into the magnitude of contribution by smooth
muscle to BP regulation. The difference in the MAP between global Bmall KO and control
mice was ~10 mm Hg whereas the difference between smooth muscle Bmall KO and
control mice was ~5 mm Hg. These studies were performed nearly a decade apart by
different labs at various institutions, so this difference constitutes, at best, a rough
approximation. Still, it is tempting to speculate that the vascular component of Bmal1’s

Free Radic Biol Med. Author manuscript; available in PMC 2019 May 01.


http://www.informatics.jax.org/strains_SNPs.shtml
https://phenome.jax.org/measures/45302
https://phenome.jax.org/measures/45302

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Douma and Gumz

Page 9

contribution to overall BP regulation may represent nearly 50% of the dramatic phenotype
observed in global Bmall KO mice.

Firsov and colleagues were the first to generate a kidney-specific Bmall KO. Tokonami et
al. crossed floxed Bmall mice with Renld Cre mice to KO Bmall in renin-producing cells
including cells of the JGA, TAL, and CD [80]. Relative to Cre negative floxed control mice,
the cell-type specific Bmall KO mice exhibited lower plasma aldosterone levels and
decreased BP. Lower BP was observed both in SBP and DBP. As discussed above for the
work of Xie et al., comparison of the tissue-specific KO with the global KO can shed light
on the relative contribution of a given tissue to the overall phenotype. Global Bmall KO
have decreased BP (~10 mm Hg) and loss of the active-phase increase in BP. KO of Bmall
specifically in renin-producing cells of the kidney led to a ~5 mm Hg reduction in BP, but
the circadian rhythm was preserved. Keeping the smooth muscle Bmall KO phenotype in
mind (decrease in BP and loss of rhythm), it may be the case that Bmall in the kidney
contributes to BP control without affecting the rhythm whereas Bmall in smooth muscle
also affects BP rhythm.

Together these studies in rat and mouse models all provide evidence linking the molecular
circadian clock to the regulation of BP and circadian rhythms in BP. Limitations of these
studies include the use of male mice only and in many cases, the lack of interventional
studies to investigate the mechanisms by which clock proteins contribute to BP control.

Chronotherapy and Clinical Implications

Hypertension is the primary risk factor for cardiovascular disease (CVD), the leading cause
of death of Americans. More than one-third of adults in the U.S., approximately 80 million
people, are hypertensive and the American Heart Association predicts that this will increase
to more than 40% of the population by 2030[81]. Despite the availability of several classes
of anti-hypertensive agents, more than half of high-risk patients do not have adequate BP
control [82]. Undoubtedly, this contributes to the correlation between hypertension and
decreased life expectancy. Although it is widely known that non-dipping hypertension leads
to increased cardiovascular mortality, the use of ambulatory blood pressure monitoring is
underutilized. Missed opportunities associated with undiagnosed non-dipping hypertension
likely contribute to the lack of appropriate BP control and the epidemic of hypertension and
CVD.

Further evidence for the importance of the circadian clock in the regulation of BP and
circadian rhythms in BP comes from human molecular studies. In a compelling study
spanning mouse, rat, and human genetics, Woon et al. showed a strong association between
BMAL1 and susceptibility to both type 2 diabetes and hypertension [83]. In the human
component of the study, two BMAL1 single nucleotide polymorphisms (SNPs) were
associated with diabetes and hypertension using over 10000 individuals from over 400
families. Marques et al. performed unbiased transcriptomic studies using kidney tissue from
normotensive compared to hypertensive humans. PER1 was significantly up-regulated in the
kidneys of hypertensive humans versus normotensives [84]. This finding is consistent with
our report that loss of Perl resulted in decreased BP in 129/sv mice [68].
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Recently, Dashti et al. examined clock gene SNPs in two distinct cohorts of Caucasians
(GOLDN [85]) and Puerto Ricans (BPRHS [86]) [87]. The analysis was done using office
BP measurements, so the association study provided evidence linking clock gene SNPs to
SBP only at a single time point. A number of SNPs in the core clock genes PER1, CRY1,
CLOCK, and PER3 were significant in the GOLDN cohort (n=819, p<0.01). Ancillary clock
genes DBP, DEC2, PPARG, and RORA were significant in the GOLDN cohort as well
(n=819, p<0.01). This interesting study provides the first evidence linking the clock to BP
control at a genetic level. Further studies using ABPM in larger populations that are more
ethnically diverse are certainly needed to investigate this link.

Chronotherapy offers one putative treatment for defects associated with disrupted circadian
rhythms in physiological function. As early as the 1970s, it was recognized by Bartter,
Halberg, and colleagues that the timing of medication delivery could be optimized for the
treatment of hypertension[88-90]. Recent work in this area has been spearheaded by a
former trainee of Dr. Halberg, Dr. Ramon Hermida [91, 92]. Hermida and colleagues have
published dozens of papers in the area of ABPM, chronotherapy, and a variety of
pathological human conditions including CKD and diabetes. The work of this group
demonstrates that non-dipping hypertensives appear to receive cardiovascular benefit from
nighttime dosing of anti-hypertensive medication. The specific class of antihypertensive
medications administered at night in these studies is not always clear. Future studies that
carefully control the class of medication given in the morning versus the night are needed.
Nevertheless, this work highlights the necessity for performing ABPM in at-risk patients
[93]. Importantly, in line with the results of Hermida and colleagues, groups in Japan [94],
Italy [95], China [96], and Nigeria [97], have demonstrated a beneficial effect of nighttime
administration of antihypertensive medications on 24 hr BP, nocturnal BP, or both. It should
be noted that some studies have not noted a benefit of nighttime dosing compared to
morning administration [98, 99]. Differences among these reports include study size, class
of anti-hypertensive drug used, and ethnic differences. Larger trials across more diverse
populations are needed to further determine who will benefit from chronotherapy in
hypertension. Currently, several clinical trials are in progress [100, 101](also
ClinicalTrials.gov identifiers: NCT02922023).

Free Radical Biology and Circadian BP Regulation

Little information is available regarding the connection between free radical biology and
regulation of BP by the molecular circadian clock. There is ample evidence however
demonstrating that redox signaling is closely linked with the circadian clock mechanism.
Indeed, Rodrigo and Herbert have written a compelling review article in this issue focusing
on vascular function and BP in relation to circadian variations in redox signaling [102]. One
area that is likely to provide clues to how redox signaling and the clock may interact to
regulated BP rhythms is related to melatonin. Melatonin is a circadian hormone secreted
from the pineal gland in the dark and its antioxidant properties are well-established [103].
Scheer and colleagues have demonstrated beneficial effects of melatonin on BP in
hypertensive humans [104]. Moreover, this group has also demonstrated that induced
circadian misalignment in humans increases levels of C-reactive protein (CRP)[29], a
marker of inflammation that positively correlates with cardiovascular risk and redox state.
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These connections among melatonin, BP, and redox state provide tantalizing evidence that
free radical biology contributes to circadian regulation of BP.

In conclusion, clinical and epidemiological studies clearly show the importance of the BP
circadian rhythm. Loss of this rhythm is associated with an increased risk of stroke and other
adverse cardiovascular outcomes. Correction of this rhythm is associated in most cases with
improved outcomes. Extensive work from rodent models demonstrates that the molecular
clock directly affects BP regulation. These pre-clinical studies provide insight into the
contribution of a number of BP-regulating systems to circadian BP control. Together, this
broad array of studies from humans and rodents supports the concept that the molecular
clock and its targets located within the kidney, vasculature, heart, brain, and nervous system
all contribute to BP regulation (Figure 1). Additional studies are needed to study the
function of the tissue-specific clocks in different pathological conditions related to
hypertension. Female animal models have been underutilized in this field, and this is an
important future direction for the field. Better understanding of clock function and the
signaling amongst the various peripheral clocks will increase our understanding and provide
new therapeutic targets in the treatment of hypertension.
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Highlights
. Maintaining normal circadian rhythms in BP is critical for cardiovascular
survival
. Circadian clock proteins are master regulators of gene expression in most
tissues
. Clock proteins function in every tissue that contributes to BP regulation
. Clock-mediated regulation of target genes underlies circadian rhythms in BP
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MAP
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Figure 1. Molecular circadian clocks throughout the body contribute to the circadian rhythm of
blood pressure
Studies with rodents and humans suggest that clock components within the kidneys, brain,

nervous system, heart, and vasculature all contribute to the regulation of the BP circadian
cycle. The molecular circadian clock within these tissues regulates the physiological
functions that contribute to overall BP regulation. BP has a 24-hour cycle, with a peak in BP
during the day and a 10-20% dip in BP at night. Dysregulation of the BP circadian rhythm
can have profound effects, including a greater risk of stroke and cardiovascular disease.
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Table 1

Summary of BP Phenotypes in Circadian Gene KO or Mutant Mice.

Circadian Gene BP Phenotype Relative to Control Mice* Reference
Bmall KO Lower with loss of dip [56]
Clock KO Lower [60]
Clock D19 Higher with decreased dip [63]
Per2 mutant DBP Lower [65]
Cry1/Cry2 KO Salt-sensitive hypertension [67]
Perl KO on 129/sv background Lower [68]
Perl KO on C57BL/6 background Non-dipping hypertension on high salt diet plus mineralocorticoid  [76]
Smooth muscle-specific Bmall KO Lower with loss of dip [79]
Renin-producing cell-specific Bmall KO  Lower [80]

*
These studies were conducted exclusively in male mice.
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