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Abstract

The kidneys regulate many vital functions that require precise control throughout the day. These
functions, such as maintaining sodium balance or regulating arterial pressure, rely on an intrinsic
clock mechanism that was commonly believed to be controlled by the central nervous system.
Mounting evidence in recent years has unveiled previously underappreciated depth of influence
by circadian rhythms and clock genes on renal function, at the molecular and physiological level,
independent of other external factors. The impact of circadian rhythms in the kidney also affects
individuals from a clinical standpoint, as the loss of rhythmic activity or clock gene expression
have been documented in various cardiovascular diseases. Fortunately, the prognostic value of
examining circadian rhythms may prove useful in determining the progression of a kidney-related
disease, and chronotherapy is a clinical intervention that requires consideration of circadian and
diurnal rhythms in the kidney. In this review, we discuss evidence of circadian regulation in the
kidney from basic and clinical research in order to provide a foundation on which a great deal of
future research is needed to expand our understanding of circadian relevant biology.

Keywords
Clock genes; Blood pressure; Sodium balance; Chronotherapy; Kidney

1. Introduction

Circadian rhythms are defined by Merriam-Webster as “being, having, characterized by, or
occurring in approximately 24-h periods or cycles.” These rhythms exist in all mammalian
tissues throughout the body with as many as 40% of the protein-coding genes displaying
oscillatory expression [1]. We have long known that the kidney functions in a pattern

that varies according to the time of day, yet we know very little about the mechanisms

that control the various functions that follow a diurnal or circadian pattern. In the early
1950's, Mills and Stanbury published evidence that healthy human subjects excrete water
and electrolytes in a diurnal pattern independent of daily habits of eating, sleeping and
overall activity [2,3]. Such findings were confirmed by Moore-Ede and colleagues in 1977
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using squirrel monkeys where they had more tight control of intake [4]. Unfortunately, these
studies generated little enthusiasm from the renal community at large until very recently
when several studies provided more mechanistic reasons to explore these mechanisms.
Furthermore, recent RNA-seq analysis of mouse tissues revealed that the kidney is second
only to the liver in the number of genes expressed in a circadian pattern [1]. The

current review will focus on the overall evidence for physiological regulation of specific
mechanisms along the nephron in the context of our current understanding of circadian
control.

The discovery of the so-called “clock” genes as a series of transcription factors expressed

in an oscillating loop provides an opportunity for a tremendous amount of new information
related to circadian control systems. In general, the molecular clock mechanism consists of
a transcription-translation oscillatory feedback loop that involves products of the core clock
genes, Bmall (or ARNTL, aryl hydrocarbon receptor nuclear translocator-like protein 1) and
Clock, that function as transcription factors to drive gene expression in the nucleus of the
nucleus. The formation of a Bmall-Clock heterodimer undergoes regulation via activation or
repression of Bmall expression through the retinoic acid-related orphan receptor (ROR) or
Rev-ErbA alpha nuclear receptor families, respectively [5]. The Bmall-Clock heterodimer
forms the positive limb of the feedback loop which then binds to the E-box domain of

target genes, including core clock genes Period (Per) and Cryptochrome (Cry). Per and Cry
then leave the cell to either perform various physiological actions or they can re-enter the
nucleus of the cell via phosphorylation by Casein Kinase 1 isoforms &/e (CK18/¢) [6,7].
Groundbreaking work from the Gumz lab published in the Journal of Clinical Investigation
in 2009 has sparked new interest in circadian control of kidney function. These investigators
reported that aldosterone, the most well established regulator of renal tubular sodium
handling, controls the epithelial sodium channel via the core clock gene, Period 1 [8].

This review is generally divided into three major sections. First, we will discuss what is
known about the different sections of the nephron and attempt to provide evidence of a
possible circadian intervention, at the physiological level determined by renal function, at
the molecular level involving the renal circadian clock, or both. Secondly, we will take an
integrated look at how the circadian clock regulates nephron function, and the role hormones
and peptides play in that regulation. Finally, after taking a look into some of the pathologies
that may be associated with impaired rhythmic activity, we will discuss how circadian
rhythms can provide possible solutions to these pathologies.

2. Circadian rhythms along the nephron

2.1. The glomerulus

To be filtered by the kidneys, blood must travel to the glomerulus where the nephron

begins. The glomerulus consists of a tortuous bundle of blood capillaries located within

the Bowman's capsule. These capillaries receive blood from the afferent arteriole, a unique
“high pressure” arteriole that also functions as an endocrine organ through release of renin.
The glomerular capillaries are unique in their extreme permeability and very high capillary
pressure, thus facilitating the passage of fluid into the proximal tubule to begin the formation
of urine [9,10]. Blood that is not filtered by the glomerulus leaves the glomerular capillaries
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via the efferent arterioles. From there blood passes through the peritubular capillaries and
vasa recta, before returning to the systemic vasculature through the renal vein.

Multiple studies have shown evidence of circadian variation in glomerular function (Fig. 1).
In normal individuals, glomerular filtration rate (GFR) measured by inulin and creatinine
clearance reaches a maximum during the day, peaking around 2-3 p.m., and a minimum

in the middle of the night [11-13]. Effective renal plasma flow (ERPF) as measured by
p-aminohippurate clearance also shows a circadian rhythm peaking during the day, or active
period, although this peak appears to occur later in the afternoon compared to GFR (Fig. 1)
[11,12]. As a result, the filtration fraction (GFR/ERPF) also displays circadian rhythmicity.
The physiological significance of the adjustments in filtration fraction is unknown, but the
rhythm in GFR is presumably commensurate with the need to excrete a larger volume of
urine during the active period when consumption of water is also at its highest. It is also
relevant to note that the clearance of inulin and creatinine, two important markers used for
assessment of GFR, do not have the same level of circadian variation [11] (Fig. 2). This

is likely due to the large amount of creatinine secretion that occurs in the proximal tubule
and suggests that creatinine clearance is not a reliable way of assessing diurnal variations in
GFR.

Diurnal variations can also be seen in the filtered load of water and sodium (Fig. 1) [11].
There is also circadian variation seen in urinary albumin and ,-microglobulin excretion
with a phase similar to GFR in normal individuals [11]. Collectively, these observations
demonstrate that parameters used as biomarkers for glomerular function such as creatinine
could potentially change depending on the time of day the measurements are taken. They
also suggest an interaction between the molecular clock mechanism and the glomerulus. A
study by Huang et al. noted that in male Wistar rats, the glomerular capillaries express the
core clock protein Bmall and clock output protein, D site albumin promoter binding protein
(Dbp), and that these expression levels change at different times of the day [14]. A list

of the expression level acrophases and nadirs of different clock and clock-controlled genes
throughout the nephron in whole rodent kidneys is provided in Table 1. Although these
results suggest an association between circadian clock proteins and the diurnal variation in
renal function, more work is needed to elucidate the localization of other clock proteins
within the glomerulus as well as afferent and efferent arterioles to determine what impact
each clock gene may have on regulating glomerular function. Fig. 3 summarizes some of
what is known about specific clock genes impacting specific transporters along the nephron,
although very little is specifically known about these relationships.

2.2. The proximal tubule

The proximal tubule reabsorbs approximately 65% of the glomerular ultrafiltrate, including
nearly all of the amino acids and glucose. This fraction stays quite consistent by adjusting
proximal reabsorption of solutes and water in response to the variations in GFR in order

to keep fractional reabsorption constant; this intrinsic property of the kidney is known

as glomerulotubular balance [15-17]. Glomerulotubular balance involves the full range of
co-transporters and exchangers of fluids and solutes within this region of the nephron. One
of the primary transporters that help to reabsorb Na* is the sodium-hydrogen exchanger 3

Free Radic Biol Med. Author manuscript; available in PMC 2018 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnston and Pollock

Page 4

(NHE3) [18-20]. The sodium-glucose co-transporter 2 (SGLT2) in the proximal convoluted
tubule and the SGLT1 in the proximal straight tubule are responsible for reabsorbing most of
the filtered glucose along with Na* and can be overwhelmed during hyperglycemia to result
is osmotic diuresis during diabetes [21,22]. The proximal tubule contributes to acid-base
balance, once again involving the NHE3 [18,20] as it secretes H* into the tubular fluid.
While many of the renal tubular transporters are expressed in a circadian pattern at the whole
kidney level, it is not clear whether this is specifically relevant for the proximal tubule.
Furthermore, given the circadian changes in GFR, it is not clear whether glomerulotubular
balance is maintained throughout a 24-h period or whether glomerulotubular balance also
follows a circadian pattern.

The renal excretion of H* appears to follow a diurnal variation in humans, with urine pH
becoming more acidic at night and more alkaline during the day [2,23,24]. Data from animal
models is surprisingly not available. Saifur Rohman et al. examined the circadian expression
of NHE3 in rats and found that both the protein and mRNA expression of NHE3 reaches
peak levels during the dark phase, corresponding to the active phase and the time of greater
food consumption [25]. This finding of NHE3 levels peaking in the dark phase of rats was
also seen in a study by Zhang et al. [26] Furthermore, the Clock:Bmall heterodimer binds
directly to the E-Box domain on the NHE3 promoter to induce its expression, and this action
can be inhibited by Per2 and Cry1 [25] (Fig. 3). Pharmacological blockade of the circadian
clock protein Perl decreases the expression of both NHE3 and SGLT1 not only in the renal
cortex of mice, but in human proximal tubule cells as well [27]. These studies provide a
useful foundation for further exploration into the role of the circadian clock in the proximal
tubule, especially at the molecular level.

The proximal tubule may also play a significant role in chronopharmacology by way of
its ability to control renal tubular handling of drugs through various organic acid and base
transporters, which display a circadian pattern of expression that is regulated by clock
genes [28]. In the nephron-specific Bmall KO mouse, organic anion transporter 3 (OAT3)
expression is severely reduced and impairs the natriuretic response to furosemide [28].

2.3. The loop of Henle

The loop of Henle is made of up of three segments that each have unique functional
properties: the thin descending limb, thin ascending limb, and thick ascending limb (TAL).
The differing structures of each segment have contrasting permeability and transport

of water and solutes in the descending and ascending limbs to create a countercurrent
mechanism that facilitates concentrating urine and regulating body fluid osmolality [29,30].
The thick ascending limb contains a major co-transporter, the Na™-K*—2CI- co-transporter
(NKCC2), on the apical membrane which actively reabsorbs these ions from the tubular
lumen while remaining impermeable to water [31]. This selective permeability allows the
loop of Henle to reabsorb about 25% of the filtered load of NaCl while the tubular fluid
leaving this segment always becomes hypotonic compared to plasma as it moves into the
distal tubule.

Multiple studies in humans demonstrate existence of a diurnal rhythm in urine osmolality,
with osmolality being lower (more dilute) during the day and higher (more concentrated)
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at night [32-35]. A recent study by Hara et al. found that the osmotic pressure in the

rat kidney appears to have a diurnal rhythm in the inner medulla but not cortex, peaking
during the active phase of the animal and reaching a nadir during the inactive period [36].
This finding mirrors the diurnal rhythm seen in Na*, Cl-, and urea concentration in the
inner medulla as well [36]. Unfortunately, the mechanisms regulating this rhythm in urine
osmolality are not clear and circadian patterns of loop of Henle function are poorly defined.
There is evidence of cyclic activity in NKCC2 gene expression in the mouse kidney [37],
but more studies are needed to confirm the result. The expression of NHE3 mRNA in the
ascending limbs of the loop of Henle of mice appear to follow circadian oscillations based
on PCR and laser capture techniques [38]. These investigators used in situ hybridization

to report the surprising finding that loop of Henle structures in the inner strip of the

outer medulla had the highest level of NHE3 expression in the kidney, but a direct link
between the expression profile of this exchanger and the diurnal rhythm of urine osmolality
was not determined. Examination of nuclear receptor expression profiles in the nephron
found that estrogen receptor 3 (ERR) showed strong expression in the TAL, varying in a
circadian manner. Additionally, the expression of ERR appeared to modulate the expression
of NKCC2, suggesting a direct regulation of ion transport in the TAL [39]. However, it
should be noted that the experiments in this study were performed using kidneys only from
male mice. Although protein levels of ERB have been found to be higher in male rats [40],
there not does appear to be much prior evidence of their expression at the gene or protein
level in mice [41,42]. Therefore an analysis of the circadian variation of nuclear receptors in
the TAL of female mice is needed to provide insight into any possible sex differences in the
temporal expression of ERR.

Tokonami et al. created a novel mouse model in which Bmall expression was knocked

out in cells that expressed the renin gene (Bmal1/o/10X/Ren19Cre) [43]. Using these mice,
the authors found that Bmall gene and protein expression was significantly reduced in the
thick ascending limb. They also found that Bmal1/21oX/Ren19Cre mice had decreased urine
osmolality compared to controls, although it is unclear whether this was due to time of day
differences since urine was collected in 24-hr intervals [43]. These findings suggest that
Bmall regulates urine osmolality through actions, at least in part, within the TAL.

2.4. The distal tubule

The distal tubule receives fluid from the TAL that is hypo-osmotic relative to plasma.

The initial segment, the distal convoluted tubule (DCT) can be further subdivided into two
segments, the early (DCT1) and late (DCT2) distal tubule. The DCT?2 is differentiated by the
expression of 11R-hydroxysteroid dehydrogenase in addition to miner-alocorticoid receptors,
allowing this segment to respond to aldosterone and not cortisol [44]. The aldosterone-
sensitive segment expands through the connecting tubule into the cortical collecting duct,
and contains two types of cells that are involved in water and electrolyte transport, principal
cells and intercalated cells [45,46]. These types of cells will be discussed further in the
collecting duct section. The major ion transporter in the distal convoluted tubule is the
thiazide-sensitive NaCl co-transporter (NCC), reabsorbing most of the NaCl in the DCT1
segment [47]. While the NCC also reabsorbs sodium in the DCT2 segment, the amiloride-
sensitive epithelial sodium channel (ENaC) reabsorbs Na* in the DCT2, the connecting
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tubule (CNT) and collecting duct [48-50]. In the DCT2, NCC co-localizes with ENaC [51-
53], and this association can be further enhanced through the actions of aldosterone [54].

An informative microarray study by Zuber et al. in the DCT/CNT and cortical collecting
duct (CCD) examined the molecular mechanisms behind the circadian rhythms in these
regions of the nephron [55]. Expression of core clock transcription factors, such as Bmall,
Per1/2/3, and Cry1/2, display circadian rhythmicity in the DCT/CNT [55]. In five healthy
volunteers, NCC in urinary exosomes was excreted in a diurnal pattern [56]. While these
findings provide clear reasons to examine the role of Na* CI- co-transporter (NCC) circadian
control of renal excretory function, a broader sample size over a longer period of time

for sample collection is needed to strengthen the foundation for future studies. In mice,

the inactive form of NCC does not appear to show a circadian rhythm [55,57]. However,
when examining NCC activation through phosphorylation (pNCC) by the WNK-OSR1/
SPAK pathway [58], there appears to be a significant night/day difference in pNCC protein
expression, with a peak at the beginning of the active period and a nadir at the start of

the inactive period [57]. This night/day difference in pNCC expression was seen in another
study as well [59]. Richards et al. showed evidence that Perl facilitates the expression of
NCC through the WNK pathway, as reducing the expression of the clock protein resulted in
a reduction of NCC, WNK1 and WNK4 as well [60]. Whether or not other core clock genes
or clock-controlled genes have an effect on NCC remains to be elucidated.

2.5. The collecting duct

The collecting duct is made up of three different segments, the cortical collecting duct
(CCD), outer medullary collecting duct (OMCD), and inner medullary collecting duct
(IMCD) that are distinguished by varying combinations of principal and intercalated cells as
well as variable expression levels of major sodium and water transporter proteins [45,46].
Principal cells reabsorb Na* from the tubular lumen primarily through the epithelial Na

* channel (ENaC; composed of a, B, and y subunits) and secrete K* through the renal

outer medullary K * (ROMK) channel [61-63]. Water is reabsorbed by principal cells

via aquaporin 2 (AQP2) channels [46]. Intercalated cells reabsorb K* and HCO3™ and
secrete H* , making these cells particularly important in regulating acid-base balance

[45]. In terms of Na* conservation, aldosterone is a primary regulator of Na* and K*
homeostasis by enhancing ENaC and ROMK expression, while arginine vasopressin (AVP;
also known as anti-diuretic hormone or ADH) regulates water transport by increasing AQP2
activity [46]. AVP is produced by magnocellular neurosecretory neurons located in the
paraventricular nucleus and supraoptic nucleus of the hypothalamus [64]. External cues from
the environment such as light enter the retina, leading to downstream signaling in which
AVP is an output signal of the master circadian clock of the suprachiasmatic nucleus (SCN),
as it has traditionally been viewed [64]. However, it has been suggested recently that AVP
may play a more direct role in synchronizing the circadian network [65]. AVP is stored in
the posterior pituitary gland until a number of different factors, such as plasma osmolality,
hypotension, or hypovolemia, stimulate its release [66]. Plasma osmolality is seen as the
most important factor behind AVP release, as miniscule changes in osmolality due to
behavioral (increase/decrease in water or Na* intake) or physiological (increase/decrease in
water or Na* excretion) mechanisms can influence AVP levels [67]. AVP has many different
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functions, including regulation of water retention in the body, inducing vasoconstriction to
increase blood pressure, increasing the release of adrenocorticotropic hormone (ACTH), and
influencing learning and memory [66]. There are many other autocrine and paracrine factors
that also contribute to the regulation of water and electrolytes in this region, and will be
touched on later in this review.

The CCD shows circadian oscillations in Bmall, Per1/2/3 and Cry1/2, similar to the DCT
and CNT [55]. Significant diurnal rhythms in aENaC were detected in mouse cortex,
peaking during the active phase [36]. The diurnal rhythm of AVP in plasma has been
previously documented in humans, with levels higher at night than during the day [68].
Expression of AVP mRNA in mice peaks during the inactive period as well [69]. Mice
lacking Bmal1 specifically in AVP neurons have reduced mRNA expression of PerZ in the
dorsal portion of the SCN, where most of the AVP neurons are located [70]. Unfortunately,
the effect of Bmal1 deletion in AVP neurons on urine output or osmolality in these mice
was not investigated. Vasopressin receptors V1aR and V2R show diurnal rhythms in the
inner medulla, and V1aR in the cortex, of mouse kidney [36]. The urea transporter UT-A2
displays a diurnal rhythm in the inner medulla, peaking during the active period as well
[36]. There is evidence of rhythmic expression in aENaC, V1aR and V2R in the rat as
well, with mRNA expression for all three genes peaking during the active phase [26]. Perl
was found to positively regulate the expression of a ENaC at baseline and after aldosterone
stimulation in mouse CCD, OMCD and IMCD cells [8,71]. In the CCD, this regulation
occurs through direct binding with an E-box domain on the aENaC promoter along with
the mineralocorticoid receptor (MR) in the presence of aldosterone [71,72]. This direct
regulation of aENaC by Perl was also shown to be inhibited by Casein kinase 18/e, a
regulator of the core clock mechanism via phosphorylation of Per proteins and inhibition of
Perl nuclear translocation [73].

Tokonami et al. created a cell-specific Bmall knockout mouse model using cre-recombinase
driven by the renin promoter, which led to reduced expression of Bmall in whole kidney
samples [43]. After examining Bmall levels in each segment of the nephron, reduced Bmall
mRNA and protein levels were focused in the medullary portion of the TAL, the CCD

and OMCD. These reductions were seen with normal blood pressure rhythms although at
significantly lower pressures at any one time in the day [43]. The nephron-specific Bmall
knockout mice also had increased urine volume and what appeared to be a possible phase
shift in the circadian rhythm of urinary sodium excretion. The mechanisms for these changes
will require further investigation.

The urine concentrating mechanism is dependent upon activity of the Na*K*2Cl- transporter
in the TAL, but of course, the activity of ADH to regulate AQP2 activity in the collecting
duct is equally important. AQP2 protein levels in healthy children appear to show a day/
night difference in expression, with AQP2 expression being higher at night [74]. This
night/day difference in AQP2 levels was also correlated with a day/night difference in
diuresis, with urine levels higher during the day and lower at night. These investigators
collected urine samples in two consecutive 12-h periods with the average age being about 10
years old [74]. A different study did not see a variance in AQP2 levels at different times of
the day, but it should be noted that these samples were collected five times over the course of
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one 12-h period from 9 a.m. to 9 p.m., and the age of the healthy subjects used in this study
is unclear [75]. In the inner medulla of mice, a diurnal rhythm in AgpZ2 gene expression was
observed, peaking at Zeitgeber Time (ZT) 20 [36].

3. Integration of circadian control throughout the nephron

So far, we have discussed our limited knowledge of what is known about how each segment
of the nephron individually functions in a diurnal/circadian manner and how that function
may be regulated by the molecular clock in the kidney. Next, we will take a look at how
these nephron segments act together, either to regulate blood pressure or how hormones and
other factors impact the circadian aspects of various kidney functions. Unfortunately, we
know very little about how various clock genes function in different parts of the kidney.
Speed and colleagues recently reported mRNA expression of the major clock genes in cortex
and inner medulla of rat kidneys, which follow similar patterns as reported in other tissues
[76] (Fig. 4).

Regulating the levels of water and electrolytes throughout the day is one of the major
functions of the kidney as it tries to maintain proper balance in the extracellular fluid.

This regulation occurs in part through the production and secretion of hormones as well

as paracrine/autocrine factors within the kidney. Because these factors typically exhibit
circadian variations in expression and activity, it is important to understand how they relate
to the molecular clock.

3.1. Impact of the circadian clock on blood pressure

The renal-body fluid system is a powerful mechanism used to control blood pressure (BP)
through the regulation of the extracellular fluid volume in the body. As extracellular fluid
volume increases in response to increased salt intake, the kidneys excrete the excess fluid
and electrolytes in order to return the extracellular fluid volume and BP to normal [77]. BP
typically displays a circadian rhythm in healthy individuals, with levels higher during their
active/wake cycle and lower during their inactive/rest cycle [78]. However, it has yet to be
clarified whether the diurnal variation in blood pressure is a result of changes in kidney
function consistent with this body fluid hypothesis.

Individuals that exhibit a = 10% decrease in night-time BP compared to daytime BP are
known as “dippers”, while those that show a < 10% decrease in night-time BP appear to
have a blunted decline BP and are known as “nondippers” [79,80]. Complications due to
BP are thought more likely to occur in the morning, when there is a surge, or rise, in BP
[81]. Individuals with impaired BP rhythms, such as non-dippers or those with nocturnal
hypertension also have an increased risk of cardiovascular problems. This occurs in disease
states such as chronic kidney disease, heart failure, and sleep apnea [82]. The extent of the
pathologies caused by impaired rhythms will be discussed later in this review.

The use of mouse models containing whole-body mutations or complete knockout of
circadian clock genes have allowed us to gain more knowledge on how each transcription
factor contributes to the BP phenotype. The Bmall knockout mouse lacks a circadian blood
pressure rhythm, but is considered hypotensive since blood pressure is similar to genetic
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controls during the inactive phase, but fails to increase during the active phase [43,83,84].
Mice with a loss of Bmall in the renal tubules maintain a normal circadian rhythm, although
with a slight but significantly lower systolic BP [28]. A mouse model where the renin
promoter drive Bmall gene deletion displays a significantly lower systolic and diastolic

BP compared to controls [43]. It is important to note that Bmall was deleted not only in
the juxtaglomerular cells, but also in a fairly wide range of cell types including the TAL,
CD, as well as in the liver [43]. Global Clock knockout mice have significantly lower BP
compared to wild type mice, but again, with a maintained rhythm [55]. PerZ knockout mice
also display a hypotensive phenotype while maintaining diurnal BP variation. Per2and Per
triple knockout (knockout of Per1, PerZ, and Per3), however, do not show any difference

in BP under normal conditions compared to controls [85]. Cry~null mice appear to have a
unique BP phenotype in that they display a normal blood pressure and rhythm, but develop
salt-sensitive hypertension when placed on a high salt diet [86]. This appears due to the
overproduction of aldosterone caused by the overexpression of type VI 33-hydroxyl-steroid
dehydrogenase (Hsd3b6), as demonstrated both at the mRNA and protein levels [86]. All
of these studies illustrate the complexities involved in the circadian regulation of blood
pressure. It is not clear how the molecular clock mechanism contributes to overall BP
rhythms versus the overall 24-h BP. Further, the molecular clock also appears to regulate

a variety of BP control mechanisms such as aldosterone, but the nature of this complex
relationship is far from evident. It is also worth noting that the zeitgeber for blood pressure
rhythm does not appear to be light or the central clock since BP rhythms are maintained in
total darkness [85].

3.2. Excretion of metabolic waste products and drugs

The kidney is responsible for eliminating metabolic waste products from the body such

as urea and creatinine. It is also important for excreting drugs and other toxins into the
urine by secreting them through organic ion transporters, especially in the proximal tubule.
Recently, the circadian clock in the renal tubules was shown to play a role in drug and
metabolite breakdown. They observed altered metabolism when the Bma/1 gene was deleted
specifically throughout the length of the nephron of mice [28]. In addition, they found

that the organic anion transporter 3 (OAT3), a transporter important for the secretion of
creatinine among other substances [87], had reduced mRNA and protein levels, leading

to a reduction in the amount of the loop diuretic furosemide excreted in the urine [28].
This study provides the only evidence to our knowledge that the renal molecular clock

can regulate the excretion of drugs and control metabolism, but has important implications
for chronotheraputic research. The relation between the circadian clock and metabolism in
general has been reviewed elsewhere [88].

3.3. Renin-angiotensin-aldosterone system

The renin-angiotensin-aldosterone system (RAAS) is designed to regulate long-term arterial
pressure in part through its ability to regulate Na* balance through Na* conservation [89,90].
By controlling the levels of water and electrolyte reabsorption in the kidney, the RAAS plays
a role in maintaining the renal excretion of salt and water throughout the day in response

to differing amounts of salt intake (Fig. 2). The kidney is the main source of renin in the
circulation, and the expression and secretion of renin are regulated by the juxtaglomerular
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(JG) cells, which are located in the JG area of the afferent arteriole [91]. The release of
renin from these cells are determined by changes in BP and salt intake [91]. In humans,
plasma renin activity (PRA) has a diurnal rhythm higher in the morning and lower in the
afternoon and evening [92,93]. TGR(mREN-2)27 rats, a transgenic rat model that had the
introduced the mouse renin gene (Ren-2) into the rat genome [94], display a hypertensive
BP phenotype that has a reversed BP rhythm [95]. A study by Herichova et al. found that
the mesor of Bmall gene expression was down regulated and Clock was upregulated in the
kidneys of these rats, along with different sections in the brain, suggesting an interaction
between peripheral and central clocks and the RAAS [96]. Further studies are needed to
look at possible effects on the circadian expression of various other components important
in regulating BP. Importantly, the functional relevance of changes in renal clock gene
expression require further clarification as detailed above.

Angiotensinogen (Agt) is the only known substrate of renin and is cleaved by renin to form
angiotensin | [91]. Although the liver is the main source of Agt production in the body,
many other organs produce Agt as well, including the brain, heart, lung, adrenal gland

and spleen [91]. In the kidney, Agt that ends up in the urine is primarily produced by the
proximal tubules, and the amount of Agt in the urine can be modulated by angiotensin I
[97,98]. There does not appear to be a circadian rhythm in the levels of Agt in either the
plasma or urine of humans [99]. This may not be surprising if one considers that Agt is
not considered the rate-limiting step in this pathway. Furthermore, there does not appear to
be any studies that have examined the circadian expression of clock genes or other factors
in animal models where the Agt gene has been knocked out. Thus, more remains to be
elucidated as to whether Agt plays any role in the circadian regulation of renal function.

Angiotensin Il (Ang Il) performs its physiological actions through its two receptors,
angiotensin type 1 (AT4, including AT, and ATyp) and type 2 (AT>) receptors. The vast
majority of the actions of Ang I1, which include vasoconstriction and sodium reabsorption
[100], are performed through AT receptors that are expressed throughout the vascular and
tubular segments of the kidney [101]. In the kidney, AT receptors are expressed largely in
the proximal tubules and generally oppose the actions of the AT, receptors [101,102].

Circulating levels of Ang Il have a diurnal variation in humans, with higher plasma
concentrations in the morning [103]. In rats, the AT receptor appears to show diurnal
variation in protein expression, peaking in the inactive period [104]. A study published by
Tsujino et al. examined the circadian expression of clock genes in the heart, aorta, and liver
of whole-body AT, receptor knockout mice (AT1,-KO), and found no significant difference
in clock gene expression or oscillation between WT and AT,-KO mice in these organs
[105]. Kidneys were collected from AT1,-KO mice but circadian clock gene expression was
not examined, although the focus of this study was to determine whether the AT, receptor
was playing a role in circadian plasminogen activator inhibitor-1 expression, which was
similar to wild-type controls [105]. A loss of circadian BP and heart rate rhythms have been
reported in AT, receptor knockout mice that are hypertensive relative to wild-type controls
[106]. However, there have been no studies to explore the relationship between the circadian
clock and AT, receptor expression and activity.
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Aldosterone is a mineralocorticoid produced in the zona glomerulosa of the adrenal cortex.
It is primarily responsible for increasing Na* reabsorption through ENaC and increasing
K™ secretion through K* channels in the distal nephron [107]. Because of these actions,
aldosterone stimulation results in sodium retention to conserve Na* and increase K*
excretion. In healthy individuals, aldosterone displays a circadian rhythm in plasma/serum
concentrations, peaking in the early morning and reaching a nadir at night [92,108,109].

In mice, aldosterone levels appear to reach their peak during their active period as well
[43,110]. However, Tokonami et al. observed that the rhythm in aldosterone levels in
control mice may be biphasic, with a peak also occurring during the inactive period [43].
Cry-null mice produce five times the levels of aldosterone compared to control mice, an
effect apparently caused by up regulation of 33-hydroxysteroid de-hydrogenase-isomerase
(3R-HSD) enzymatic activity within the zona glomerulosa cells. These mice also exhibit
salt-sensitive hypertension that can be reversed with the administration of the aldosterone
blocker, eplerenone [86]. In cultured collecting duct cells, aldosterone stimulates Perl
expression, which can then mediate the effect of aldosterone on aENaC in the collecting
duct [8,71]. In addition, a reduction in Perl expression has been shown to reduce plasma and
urinary aldosterone and 33-HSD mRNA levels, while increasing sodium excretion [110].
These studies suggest that Perl accounts for the circadian pattern of aldosterone production
and action, but the relation with other clock genes and dietary sodium intake need further
elucidation, especially as they relate to the many other factors that control sodium balance.

3.4. Glucocorticoids

Glucocorticoids (GC) are produced in the adrenal gland and have a variety of different
functions, including energy metabolism and the response to stress [111]. In the kidney, GC
helps regulate body fluid homeostasis by improving the diuretic and natriuretic response in
the inner medullary-collecting duct of rats under specific conditions [112]. GC can regulate
circadian genes in peripheral organs such as the kidney, liver and heart [113,114] and are
known to entrain rhythmic activity in peripheral clock tissues as well [115]. In humans,
cortisol levels typically peak in the morning hours and reach a nadir overnight [116,117].

In rodents, corticosterone levels typically peak at the beginning of their active phase as well
[115]. This regulation of the circadian variation of plasma GC is controlled by the SCN
through neural and humoral signals [111], however little is known about the effects of GC
on circadian function in the kidney. A study by Ivy et al. found that chronic corticosterone
infusion led to increased levels of pNCC, Bmall and Perl during the inactive phase, and a
non-dipping BP phenotype [59]. Treatment of these mice with hydrochlorothiazide reversed
the non-dipping phenotype back to normal [59]. Furthermore, adrenalectomy resulted in

a blunted rhythm of pNCC expression in the kidney. While this study provides valuable
information about the influence of GC on circadian components of kidney function, future
studies involving GC will be able to provide more insight into the mechanisms behind these
functions.

3.5. Endothelin-1

Endothelin-1 (ET-1) is a peptide involved in the maintenance of BP through the regulation
of sodium handling by the kidney [118]. The actions of ET-1 are controlled by activation
of its two receptors, ET a and ETg, which generally have opposing physiological actions
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in the body [119]. In the kidney, ETg receptors inhibit renal tubular Na* re-absorption and
promote Na* excretion in response to increased NaCl intake through its actions on sodium
transporters throughout the nephron [120]. There have been a few reports that ET p receptors
also promote sodium excretion as well [121,122]. However, because of the very high density
of ETg receptors in the collecting duct, ET-1 is typically thought to play an important role in
fine-tuning the final amount of sodium that leaves the nephron through ETg receptor activity
and inhibition of ENaC activity [123].

In healthy individuals, there is a diurnal difference in the levels of plasma ET-1, with lower
levels observed at night [124], but this is less evident in rats [76] (Fig. 5). In kidneys
collected from mice and rats (Fig. 5), there appears to be lower levels of ET-1 during the
active period [76,125]. A recent study by Johnston et al. demonstrated that rats lacking ETg
receptor function have an impaired natriuretic response to an acute salt load [126]. However,
the novel aspect of this study was that the degree to which these rats have an impaired
ability to facilitate sodium excretion is dependent on the time of day the salt load is given.
The findings from this study suggest an interaction between endothelin and the circadian
clock mechanism to regulate the renal excretion of excess salt. Speed et al. expanded on

this finding, showing that control rats fed a high salt diet for two weeks exhibited a phase
delay of about 5% hours in the acrophase of Bmal1, along with a suppression of CryZand
Per2, specifically in the inner medulla but not the cortex [76]. In ETg deficient rats, the
phase delay in Bmall expression was not seen [76], suggesting a possible contribution of
clock genes to the delayed natriuretic response seen in the ETg deficient rat model [126].
Several studies have examined the influence of Perl on the endothelin axis in various tissues
including the kidney [125,128]. Stow et al. examined the contributions of Perl to the control
of BP and renal Na* transport and found that Per1KO mice displayed elevated levels of
ET-1 gene expression, suggesting that Perl negatively regulates ET-1 [125]. In a study by
Richards et al., mice heterozygous for Perl having a 50% reduction in Perl expression

had similar levels of ET receptor expression compared to wild-type controls [128]. This
includes tissues taken from the cortex and inner medulla of the kidney, as well as heart, liver
and lung at noon and midnight (the middle of the animal's inactive and inactive periods,
respectively). Interestingly, ETg receptor expression was significantly higher at midnight

in the inner medulla and at noon in the cortex consistent with increased excretion of Na*
during period of higher Na* intake. ET 5 receptor expression appeared to be higher at ZT6
in the inner medulla, but this difference was not statistically significant [128]. In the renal
cortex, ET 5 receptor expression does not appear to show a diurnal rhythm in wild type

or Perl heterozygous KO mice. The reduction in Perl did not appear to significantly alter
the expression of either receptor at either time point [128]. It is possible that while a 50%
reduction was sufficient to observe an increase in ET-1 peptide levels, a complete knockout
of Perl may be necessary to find differences in ET receptor expression at different times

of the day. Studies examining whether Per2and Per3regulate ET-1 are lacking and warrant
future examination.

3.6. Erythropoietin

Erythropoietin (EPO) is a circulating hormone that is mainly responsible for the production
of red blood cells, a process known as erythropoiesis. The kidneys are the main organs that
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produce EPO, stimulating production of the hormone when the renal system senses either a
low supply or a high demand of oxygen in the blood [129,130]. In animal models, EPO has
been shown to protect against ischemia-reperfusion injury and have anti-apoptotic effects
[131,132]. Clinically, EPO is used to treat the anemia associated with end-stage renal failure
and chemotherapy [133,134].

In terms of circadian variation of circulating EPO, Wide et al. reported that serum EPO
concentrations peak on average around 8 p.m. in hospitalized men and women from Uppsala
University Hospital [135]. Despite having various illnesses, these patients had EPO levels
within the reference range for healthy individuals at 8 a.m. or 12 p.m. While the study in
Uppsala was performed at an elevation of about 15 m above sea level, Cristancho et al.
reported EPO rhythms in men and women living at least 3 years in of Bogota, Columbia,
with an elevation more than 2600 m over sea level. EPO peaked in both genders late in the
night around 4 a.m. [136]. While these studies provide potential evidence that the rhythm

of circulating EPO may change at different elevations, more studies involving different
populations at varying elevations are necessary to confirm these findings.

Bozek et al. examined the potential regulation of the EPO gene (£po) by the circadian clock.
Epo appears to have an E-Box binding domain in human neuronal precursor cells, but the
presence of Bmall and CLOCK had no effect on Epo activity [137]. Per2-null mice had
elevated levels of Epoin the liver when measured at ZT1 and ZT13, possibly mitigating

the effects of the shortened erythrocyte life span seen in these mice [138]. More work is
required to elucidate how the molecular clock may regulate £po, and to determine how
similar this regulation is across different tissues.

3.7. Atrial natriuretic peptide

Atrial natriuretic peptide (ANP), also known as atrial natriuretic factor, is derived from the
atrial muscle of the heart and has potent diuretic and natriuretic effects in the kidney [139].
In response to increased atrial stretch or pressure caused by increased central blood volume,
ANP inhibits collecting duct Na* reabsorption through a cGMP-dependent mechanism, but
can also cause vasodilation and increase GFR thus reducing renin release and circulating
Ang Il [140]. ANP has extrarenal effects as well, decreasing aldosterone production in the
adrenal gland and acting as an antagonist to vasoconstriction in the vascular smooth muscle
[140,141]. Clinically, ANP has been used to treat heart diseases, such as heart failure and
acute myocardial infarction [142-145].

Numerous studies that have sought to examine the circadian variation in plasma ANP

levels paint a somewhat complicated picture of the rhythm of circulating ANP. In humans,
Donckier et al. and Portaluppi et al. both reported that plasma ANP has a diurnal rhythm
that peaks at 4 a.m. and troughs in the early evening between 6 and 8 p.m. [146,147].

Rittig et al. noted a diurnal variation in plasma ANP levels as well, however the normal
individuals in this study peaked at midnight and showed a dip at 4 a.m. [148]. Leppéluoto
and Ruskoaho noted that plasma ANP levels displayed peak concentration levels at midnight
and a nadir at 4 a.m., although the levels in this study did not appear to have a strong diurnal
rhythm [149]. Richards et al. reported a diurnal change in plasma ANP concentration, with
the levels in these subjects peaking in the middle of the afternoon and dipping in the early
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evening [150]. The study by Hartter et al. showed that in elderly patients below the age of
65, a rhythm in plasma ANP concentration was not seen [151]. Some of these studies may
show similar results, but there does not appear to be a clear consensus of the time of day
the rhythm of plasma ANP peaks and troughs. The varying populations, ages and genders
used in the studies listed above make this hormone's rhythmicity even harder to gauge. In
animals, there has been little examination of the circadian variation of ANP. Male Wistar rats
display low plasma ANP levels between ZT1-ZT5 and significant peak in plasma ANP at
ZT13, possibly as an anticipatory response to increased feeding and activity [152]. In atrial
samples collected from C57BI/6 mice, there does not appear to be a circadian rhythm in
ANP mRNA under normal light-dark conditions. Under constant darkness however, there
was a significant oscillation, peaking at circadian time (CT) 16 [153]. To our knowledge,
there does not appear to be any evidence of the circadian clock regulating ANP levels or
vice-versa, prompting the need for further analysis into this hormone in basic research.

4. Pathologies associated with impaired circadian rhythms

At this point, considerable evidence has been provided that different cell types within the
kidney exert their physiological functions in a circadian or diurnal manner, but also that

the mechanisms behind some of these functions involve the renal molecular clock. Various
studies discussed above have provided great insight into the rhythmic activity in renal
function under normal conditions. Unfortunately, disrupted rhythmic activity is a phenotype
often seen in numerous cardiovascular diseases [82,154], and so it is tempting to speculate
that disorders involving the kidney have a similar pathogenesis that may be related to

the renal molecular clock (Table 2). These pathologies include obvious problems such as
hypertension, but may likely include many others as examined further in the following
section.

4.1. Hypertension

Hypertension, or high BP, affects 1 in 3 adults in the United States and over a billion
people worldwide [155]. By definition, hypertension is been typically diagnosed as a
higher than normal blood pressure that is measured during a typical office visit during

the day. This simple definition is currently being redefined to include forms such as
non-dipping blood pressure, sometimes referred to as nocturnal hypertension, where blood
pressure remains elevated specifically during the night or inactive period. Since the non-
dipping phenotype was first recognized in hypertensive patients nearly 30 years ago [80],
studies have consistently reported a greater prevalence for cardiovascular complications

in hypertensive individuals that have non-dipping BP compared to those with maintained
diurnal BP rhythms [156-158]. Because of this, the use of ambulatory blood pressure
monitoring (ABPM) to measure blood pressure throughout the day has proven to be a very
useful tool for the prognosis of cardiovascular complications associated with non-dipping
BP in hypertension [79,159]. As noted earlier in this review, a molecular link between the
circadian clock and hypertension was noted by Doi et al., who found that Cry~null mice
display a hypertensive phenotype that is salt-sensitive [86]. However, most of the clock
gene knockout mice display a fairly normal day-night difference in blood pressure and
primarily lower blood pressures suggesting a fairly high level of redundancy among the
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genetic controllers of circadian blood pressure rhythms [43,55,125]. The lack of a rhythm

in the Bmall KO mouse is reflected in a failure of blood pressure to rise during the active
phase [83]. Bmal1 contribution to the blood pressure rhythm does not appear to be related to
activity within renin-secreting cells or renal tubular cells [28,43], but there are no other clues
at this time to explain the loss of BP rhythm in the Bmall KO mice.

kidney disease

Chronic kidney disease (CKD) affects about 1 in 10 people worldwide [160]. Diabetes

and hypertension are the leading causes of CKD, but interestingly, the loss of normal BP
rhythms in individuals with CKD has been well documented and may be a contributing
factor for CKD progression [124,161,162]. The association and prevalence of non-dipping
BP with a decline in renal function has also been previously reported [163-165], suggesting
an impairment of the circadian clock mechanism in patients with the disease. Mojon et al.
published a multicenter study known as the Hygia project, which examined the prognostic
value of ABPM in a Spanish population [166]. They found that a higher percentage of
hypertensive patients with CKD had a non-dipping BP compared to hypertensive patients
without CKD, and that the prevalence of the ‘riser’ BP pattern (rise in sleep-time BP
compared to awake BP) increased from about 8% of patients with stage 1 CKD to nearly
35% of patients with end-stage renal disease (ESRD) [166]. Agarwal et al. highlighted the
use of ABPM as a predictor of ESRD compared to clinic BP measurements in patients with
CKD [167].

There have been a few animal studies that explore the effects of CKD in relation to

the molecular clock outside of the kidney. Using an animal model of CKD produced by

5/6 nephrectomy (5/6Nx), Hamamura et al. recently suggested that expression of clock-
controlled gene Dbp might alleviate the aggravation of renal dysfunction in CKD by
restoring hepatic function, specifically its ability to metabolize retinol [168]. Hsu et al.
found elevated expression levels of Perl and Per2 mRNA at different times of the day in

the hypothalamus of rats that had undergone 5/6Nx along with altered sleep activity patterns
[169].

In humans, recent studies have examined the association between sleep quality and renal
function in CKD patients. As part of the Chronic Renal Insufficiency Cohort (CRIC) study,
Knutson et al. reported worse objective sleep quality was associated with a lower estimated
GFR (eGFR) and higher urinary protein to creatinine ratio [170]. In addition, a shorter
duration of sleep and later timing of sleep was associated with a lower eGFR Similar studies
involving participants from the Chinese Kailuan cohort [171] and Korean Kangbuk Samsung
Health Study [172] also found an association between poor sleep quality and reduced renal
function. Given that sleep disturbances are a common problem in dialysis patients [173], and
that disturbances in circadian timekeeping have been observed in the peripheral tissues of
patients on dialysis as well [174], these studies suggest a possible dyssynchrony between
central and peripheral clocks in the body and require further analysis of the circadian clock
mechanism in CKD patients to reveal new clinical avenues to treat the disease and its
symptoms.
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4.3. Diabetes mellitus/diabetic nephropathy

Over 30 million people in the United States are believed to have diabetes, and high blood
sugar levels can damage the kidneys over time, causing CKD [175]. Proteinuria has long
been thought of as a sign of impending cardiovascular mortality in diabetics, but is not
always predictive of future outcomes [176]. In recent years, the role of circadian rhythms
in this disease has grown in interest. A retrospective study of English patients by Sturrock
et al. found a non-dipping BP phenotype was associated with an increased rate of mortality
in both type 1 and 2 diabetic patients compared to those with normal circadian variation in
BP [177]. Additional studies have shown that impaired circadian rhythms in blood pressure
can be seen prior to further renal damage in patients with either type 1 [178,179] or type

2 diabetes [180]. It can be hypothesized that inappropriately timed elevations in arterial
pressure can elevate glomerular capillary pressures and increase the likelihood of elevated
albumin filtration and barotrauma that would exacerbate the development of albuminuria.
Given that albuminuria in diabetes mellitus patients worsens as patients progress to end-
stage renal disease, the case has been made for monitoring nocturnal blood pressure using
ABPM as a predictor for the progression of albuminuria, or for the risk of cardiovascular
events associated with diabetes [181-185].

Using a mouse model of type 1 diabetes induced by streptozotocin (STZ), Oishi et al. found
an increase in the temporal levels of Perl and a decrease in the levels of Per2 in the kidneys
of STZ-injected mice [186]. In db/db mice, a model of type 2 diabetes, the expression
profiles of Perl, Rev-erba and Dbp were either increased or decreased compared to controls
[187]. Both of these studies provide some insight into which clock genes may be playing a
role in regulating kidney function in diabetes. A recent study by Solocinski et al. has shown
that Perl regulates the expression levels of SGLT1, but not SGLT2, in the proximal tubule
of 129/sv mice and human proximal tubule (HK-2) cells [27], suggesting that Perl regulates
glucose transport in the kidney. In the diabetic state, the up regulation of Perl seen in both
models of diabetes [186,187] may be contributing to the renal damage at the transcriptional
level. The aforementioned studies involved male mice, so it would be important to see if
there are any possible sex differences in how the renal clock is disturbed in diabetes.

4.4. Nocturnal enuresis & nocturnal polyuria

Monosymptomatic nocturnal enuresis, or bedwetting, is characterized by involuntary
urination at night and affects about 10% of young children and about 1% of adults [188-
190]. The main symptom, nocturnal polyuria, is a syndrome that is characterized by an
increase in nocturnal urine output and an increase in voiding frequency at night [191],
which is not the same as nocturnal enuresis since bedwetting does not always occur.
Individuals with nocturnal polyuria often have relatively normal 24-h urine output totals due
to decreased urine output during the day. The rhythm of AVP in the plasma is also disrupted
in individuals with increased nocturnal urine output, although this effect is more visible in
men than in women [191]. Nocturnal polyuria is one of the factors that can increase the
prevalence of nocturia, a symptom defined as waking up at night to void, with each voiding
period preceded and followed by sleep [192]. The overall risk for this symptom increases
with age, however it occurs more in women at a younger age and men at an older age
[193,194]. That, in addition to nocturia occurring more frequently in minorities compared
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to white individuals [194,195], emphasizes the importance for understanding the underlying
associations of these risks with impaired rhythms in renal function.

De Gutchenaere et al. noted that children with nocturnal enuresis and nocturnal polyuria
have an absent circadian rhythm in GFR, along with abnormal rhythms in sodium

excretion and diuresis [196]. Raes et al. reported that loss of diurnal rhythms in urine
volume are linked to reduced Na* excretion due to increased Na* reabsorption during

the daytime in the proximal and distal tubules [197]. A recent study by Dossche et al.
proposed that nocturnal polyuria, whether it be in patients with nonmonosymptomatic or
monosymptomatic nocturnal enuresis, resulted in diminished circadian rhythms of GFR and
solute excretion [198].

Impaired circadian rhythms of renal water and solute handling suggest that the regulatory
control by the molecular clock has become disrupted. Noh et al. showed that dual Perz”"/
Per2”- mice lost their daily variation in urine excreted in light-dark conditions after placing
them in constant darkness [199]. In addition these mice excreted more urine over a 24-h
period compared to wild-type mice. Zuber et al. found that spot urine samples taken from
mice deficient in clock have elevated fractional excretion during the mouse's inactive period
(ZT2) compared to a sample taken during the active period (ZT12) [55], a phenotype also
seen in children with nocturnal enuresis [197]. When placed in metabolic cages, only 24-h
urine samples were collected, but clock-deficient mice excreted more urine during the 24-h
period compared to controls [55]. There are other components of the urinary system that
have shown evidence of circadian regulation, such as the bladder. The reader is referred to
other reviews that delve into how the circadian clock interacts with the lower urinary system
in more detail [199,200].

5. Chronotherapy and the kidney

Up to this point in this review we have presented research on how the circadian clock
interacts with the renal system, both by examining how it is involved in everyday renal
function and by exploring the dysfunction or pathologies that may result when the system
has been disrupted. In the latter case, impaired circadian or diurnal rhythms in renal function
often lead to more severe cardiovascular risks, which can be costly in terms of treatment.
While these diseases are problematic and can impact a large number of individuals around
the world, rhythmic physiological activity has also provided great prognostic value in
tracking the progression of future cardiovascular events, especially through the use of
ABPM methods to monitor BP throughout the day. Being able to identify abnormal rhythms
in BP using ABPM is expected to enhance clinical therapy used to treat the diseases, but has
not been accepted as standard of care.

Timing the treatment of medications to an individual's biological clock is believed to be
very useful for treating hypertension. Administration of just one antihypertensive medication
before bedtime as opposed to all medications in the morning has been shown to reduce the
prevalence of non-dipping BP in patients with resistant hypertension [201]. Unfortunately, it
is not clear whether there was a similar distribution of specific medications in the morning
versus bedtime dosing. A study by Ernst et al. went further to show that chlorthalidone, a
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thiazide diuretic, was more effective in lowering BP compared to another thiazide diuretic,
hydrochlorothiazide (HCTZ), due to its ability to lower nighttime BP. This reduction was
apparent using ABPM and not clinic BP measurements [202]. Reducing blood pressure

at night by taking one antihypertensive medication before bedtime has been shown to
reduce cardiovascular risk in patients with uncontrolled hypertension [203] and in patients
with CKD [204,205]. In addition to the thiazide diuretics listed above, several other types
of BP-lowering drugs were randomized in these studies (angiotensin-converting enzyme
(ACE) inhibitors, angiotensin receptor blockers (ARBSs), calcium channel blockers (CCBs),
and other diuretics), emphasizing the importance of using nighttime BP as a target for
therapeutic intervention in addition to the type of BP medication. This time of day difference
in the efficacy of BP-lowering medications suggests a potential link to the renal circadian
clock, but the evidence at this point is scarce. To our knowledge, the only evidence linking
the circadian clock in the kidney with drug pharmacokinetics is the study by Nikolaeva

et al. in which the effectiveness of the loop diuretic furosemide was examined in mice

with a nephron-specific knockout of Bmall [28]. In these mice, the furosemide-induced
natriuretic response was reduced, along with the urinary excretion of the diuretic [28]. More
studies are necessary to further elucidate the link between the renal circadian clock and the
drug efficacy at the basic science level, along with chronotherapy studies involving broader
populations and demographics, in order to reveal better and more personalized therapeutic
targets for patients at the clinical level.

The beneficial effects of nighttime dosing with anti-hypertensive drugs can be a cost-
effective way of delaying the onset of further renal damage, but what about those with

renal failure? Fortunately, chronotherapy has been shown to play a significant role in treating
patients on hemodialysis as well. A group of nephrologists from Humber River Regional
Hospital and St. Michael's Hospital within the University of Toronto, along with Toronto
General Hospital, have provided a wealth of knowledge comparing the effects of nocturnal
hemodialysis (NHD) versus conventional hemodialysis (CHD) using patients recruited from
these hospitals [206-210]. NHD provides about eight hours of renal replacement therapy
while the patient sleeps, 5-7 times a week. The use of NHD has been shown to reduce BP,
total peripheral resistance, plasma norepinephrine and endothelium-dependent vasodilation
after two months of treatment [209], and serum phosphate levels after six months of
treatment [206]. NHD has even been shown to reduce the frequency of sleep apnea in
chronic renal failure patients [207] and improve ejection fraction in patients with coexisting
ESRD and congestive heart failure [208]. In addition to improving left ventricular mass,
researchers from the University of Calgary, the University of Alberta and the Alberta Kidney
Disease Network found that NHD improved patient-reported quality of life in patients
recruited from both universities. [211]. Unfortunately, we do not know to what extent
circadian factors versus other aspects of NHD, such as duration and frequency of treatment,
contribute to the improved outcomes. Furthermore, significant benefits of NHD compared to
conventional hemodialysis have not always been observed [212,213]. More work needs to be
done to elucidate these disparate findings.
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6. Conclusion & perspectives

In the past decade, the topic of circadian rhythms has moved forward from the shadows
into the light (no pun intended) as part of the meaningful conversation in both biomedical
research and our society. At the basic science level, more researchers realize the importance
of accounting for the time of day in which they perform their experiments. This can simply
be considering the time of day in which their genes or physiological parameters of interest
reach their peak and nadir and applying this concept to their experimental protocols. In

the clinic, it has become increasingly important to factor in time of administration of
pharmacological intervention to optimize drug effectiveness, or even when best to take
certain diagnostic measurements. At the individual level, timing of when to eat a meal
could significantly affect the rate at which the meal is absorbed, metabolized and excreted
[126,214,215]. As a result, gaining more knowledge about how our biological rhythms play
arole in our daily lives can provide clues to help us understand what factors may be at

play when our rhythms are disrupted and the health risk associated with those disruptions.
With regards to the kidney, understanding the physiological significance of the interaction
between the kidney and the circadian clock allows us to expand and redefine what we know
about kidney function as well as provide valuable insight into future experimental designs.
As we have shown throughout this review, the work performed by many scientists around
the world allows us to appreciate the inner workings of the kidney and its effects on other
organs. It is clear that circadian physiology will be important for solving the some of the
unanswered questions regarding control of renal function and provide a strong foundation
for more research in the future.
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Abbreviations

3R-HSD
3R-hydroxysteroid dehydrogenase-isomerase

ABPM
ambulatory blood pressure monitoring

Ang Il
angiotensin Il

ARB
angiotensin receptor blocker

AT1
angiotensin receptor type 1

AT2
angiotensin receptor type 2

ACE
angiotensin-converting enzyme

Agt
angiotensinogen

ADH
anti-diuretic hormone

Free Radic Biol Med. Author manuscript; available in PMC 2018 July 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Johnston and Pollock

AQP2
aquaporin 2

AVP
arginine vasopressin

ARNTL or Bmall

aryl hydrocarbon receptor nuclear translocator-like protein 1

BP
blood pressure

CCB
calcium channel blocker

CK18&/e
casein kinase 1 isoforms &/e

CKD
chronic kidney disease

CRIC
chronic renal insufficiency cohort

CNT
connecting tubule

CHD
conventional hemodialysis

CCD
cortical collecting duct

Cry
cryptochrome

DCT
distal convoluted tubule

ERPF
effective renal plasma flow

ESRD
end-stage renal disease

ET-1
endothelin-1

ENaC
epithelial sodium channel
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EPO
erythropoietin

ERR
estrogen receptor

GFR
glomerular filtration rate

GC
glucocorticoids

HK-2 cells
human kidney-2/human proximal tubule

HCTZ
hydrochlorothiazide

IMCD
inner medullary collecting duct

NKCC2
Na*-K*-2ClI" co-transporter

NCC
Na*ClI- co-transporter

NHD
nocturnal hemodialysis

OAT3
organic anion transporter 3

OMCD
outer medullary collecting duct

Per
period

PRA
plasma renin activity

ROMK
renal outer medullary K*

Ren-2
renin gene

ROR

retinoic acid-related orphan receptor, renin-angiotensin-aldosterone system (RAAS)

Free Radic Biol Med. Author manuscript; available in PMC 2018 July 19.

Page 33



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Johnston and Pollock

SGLT2
sodium-glucose co-transporter 2

NHE3
sodium-hydrogen exchanger 3

STZ
streptozotocin

SCN
suprachiasmatic nucleus

TAL
thick ascending limb

ZT
zeitgeber time
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HUMAN

zeitgeber time

Fig. 1.
Estimated circadian rhythms for renal functional parameters. GFR, glomerular filtration rate;

BP, blood pressure; ERPF, effective renal plasma flow; Uosm, urine osmolality; UV, urine
flow rate; UNaV, sodium excretion.

Adapted from Koopman et al. [11]; Koopman et al. [12]; Mills & Stanbury [2]; Graugaard-
Jensen et al. [32]; Kamperis et al. [34]; and Perrier et al. [33].
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Fig. 2.
Estimated circadian rhythms for renal clearance of inulin and creatinine in humans (upper

panel) and circulating hormones (lower panel).
dapted from Gordon et al. [93]; Kala et al. [103]; Hurwitz et al. [92]; Williams et al. [109];
Guignard et al. [117]; Van Cauter et al. [116].
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Perl A\ pNCC [60]

COLLECTING DUCT

Aldo A\ Perl [8, 64, 65]
Perl A\ aENaC [8, 64, 65]
CK16/< WV Perl [s6]
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PROXIMAL TUBULE

Bmall-Clock A\ NHE3;
Per2, Cryl V¥ Bmal1-Clock [25]
W Per1 WNHE3, SGLT1 [27]
Bmall A\ OAT3 [28]

THICK ASCENDING LIMB

Renin = Bmall [43]

Nephron sites where direct clock gene interactions have been documented in the literature
as noted. Perl, Period 1; pNCC, phosphorylated sodium chloride co-transporter; Aldo,
aldosterone; aENaC, alpha subunit of the epithelial sodium channel; CK18/e, casein
kinase 1 delta/epsilon; Bmall, also known as ARNTL, Aryl hydrocarbon receptor nuclear
translocator-like protein 1; Per2, Period 2; Cry1, crytochrome 1; NHE3, sodium hydrogen
exchanger 3; SGLT1, sodium glucose transporter 1; OAT3, organic anion transporter 3.
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Fig. 4.
Approximation of mMRNA expression from renal cortex or inner medulla from control rats.

Bmall, also known as ARNTL, Aryl hydrocarbon receptor nuclear translocator-like protein
1; Clock, Circadian Locomotor Output Cycles Kaput; Cry, cryptochrome; Per, Period.
Adapted from Speed et al. [76].
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Approximation of plasma ET-1 (endothelin-1) and aldosterone from control rats (upper
panel) and mRNA expression in inner medulla from control rats (lower panel). KLF15,
Krippel-like factor 15; aENaC, alpha subunit of the epithelial sodium channel; Adapted

from Speed et al. [76].
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Table 1

Examples of clock- and clock-controlled genes with cyclic activity in the whole kidneys of rats and mice.

Mouse Kidney

Gene Description Period (hr)  Time of Peak®(ZT)  Time of Nadir@ (ZT)
Arntl Brain and muscle Arnt-like protein-1 (Bmall) 24 ~22.5 ~10.5
Clock Circadian Locomotor Output Cycles Kaput (Clock) 24 ~22 ~10
Perl Period 1 (Perl) 24 ~11 ~15
Per2 Period 2 (Per2) 24 ~14 ~2
Per3 Period 3 (Per3) 24 ~11 ~23
Cryl Cryptochrome 1 (Cry1) 24 ~18 ~6
Cry2 Cryptochrome 2 (Cry2) 24 ~14 ~2
Nrldl Rev-ErbA Alpha (Rev-erba) 24 ~7 ~21
Dbp D site albumin promoter binding protein 24 ~10 ~23
Slc9a3 Solute carrier family 9, member 3 (Na*/H* exchanger 3; NHE3) 24 ~9 ~21
Avprla  Arginine vasopressin receptor la (V1aR) 24 ~22 ~11
Avpr2 Arginine vasopressin receptor 2 (V2R) 28 ~21 ~6-9
Sgkl Serum/glucorticord regulated kinase 1 24 ~15.5 ~3
Ednl Endothelin-1 (ET-1) 26 ~18 ~6
Ednra Endothelin receptor subtype A 24 ~20 ~8
Ednrb Endothelin receptor subtype B 23 ~7 ~18
Cyba Cytochrome b-245, alpha polypeptide (p22P%) 32 ~14 ~0
Rat Kidney

Gene Description Period (hr)  Time of Peak (ZT) Time of Nadir? (ZT)
Arntl Brain and muscle Arnt-like protein-1 (Bmall) 24 22:45 ~11
Clock Circadian Locomotor Output Cycles Kaput (Clock) 24 23:21 ~11
Perl Period 1 (Perl) 24 13:11 ~1
Per2 Period 2 (Per2) 24 14:24 ~2
Cryl Cryptochrome 1 (Cry1) 24 15:06 ~3
Cry2 Cryptochrome 2 (Cry2) 24 17:53 ~6
Scnnla  Epithelial sodium channel, alpha subunit (¢ ENaC) 24 14:18 ~2
Slc9a3  Solute carrier family 9, member 3 (Na*/H* exchanger 3; NHE3) 24 14:05 ~2
Slc12a3  Solute carrier family 12, member 3 (Na*-Cl- cotransporter; NCC) 24 13:53 ~2
Avprla  Arginine vasopressin receptor la (V1aR) 24 23:34 ~11
Avpr2 Arginine vasopressin receptor 2 (V2R) 24 20:37 ~8

a\/alues are based on best estimates from available data. Further validation is needed. Gene data listed for mice was derived from CircaDB [37].
Gene data listed for rats was derived from Zhang et al. [26].
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Table 2

Summary of circadian impact on kidney-related diseases.

Pathology

Prevalence

Influence of Circadian Rhythms/Clock Genes

Hypertension

Chronic Kidney
Disease (CKD)

Diabetes Mellitus

Monosymptomatic
Nocturnal Enuresis

1in 3 in the United States,
over 1 billion worldwide
[155]

~1in 10 people
worldwide [160]

Over 30 million people in
the United States [175]

Affects ~10% of young
children and ~1% of
adults [188-190]

Lack of nighttime BP dip (nocturnal hypertension) [80]

Salt-sensitive hypertension seen in Cry-null mice [86]

Association of non-dipping BP with a decline in renal function [163]

Increased risk of ‘Riser” BP pattern with each progressive stage of CKD
[166]

Elevated PerZ and Per2 mRNA in hypothalamus of 5/6Nx rats along
with altered sleep activity [169]

Increased rate of mortality in diabetic patients with non-dipping BP
[177]

Temporal increase in renal Per? levels in mouse models of type 1 and
type 2 diabetes [186,187], decreases in Rev-erba and Dbp [187]

Abnormal rhythms in diuresis linked to reduced Na* excretion due to
increased Na* reabsorption in the daytime [197]

PerI”-Per2”- mice lose daily variation in urine excreted in LD conditions
when placed in DD [199]

BP: Blood Pressure; 5/6Nx: 5/6 nephrectomy; Dbp: D site albumin promoter binding protein; Na™: sodium; LD: 12-h/12-h light/dark (LD) cycle;

DD: constant darkness.
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