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Abstract

Since the kidney is integral to maintenance of fluid and ion homeostasis, and therefore blood 

pressure regulation, its proper function is paramount. Circadian fluctuations in blood pressure, 

renal blood flow, glomerular filtration rate, and sodium and water excretion have been documented 

for decades, if not longer. Recent studies on the role of circadian clock proteins in the regulation of 

a variety of renal transport genes suggest that the molecular clock in the kidney controls circadian 

fluctuations in renal function. The circadian clock appears to be a critical regulator of renal 

function with important implications for the treatment of renal pathologies which include chronic 

kidney disease and hypertension. The development, regulation, and mechanism of the kidney clock 

are reviewed here.
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Introduction

Many aspects of behavior and physiology cycle over the course of ~24 hours, being 

synchronized to the day/night cycle, and are accordingly called circadian (latin for “around a 

day”) rhythms. Circadian rhythms in physiological function are critical to maintaining health 

and the biochemical pathways mediating these effects are highly conserved and are present 

in species from archaebacteria to humans (reviewed in (Richards and Gumz 2012)). The 

pacemaker of the circadian clock is located in the suprachiasmatic nucleus (SCN) of the 

brain and is entrained by light (Dibner et al. 2010; Partch et al. 2014). For this central clock, 

light is a dominant Zeitgeber, literally translated as “time giver,” a signal for entrainment. 

The central clock synchronizes the peripheral clocks, located in other areas of the brain and 

in tissues throughout the body, via neuronal and humoral signaling. While light is the 

dominant Zeitgeber for central clock entrainment, metabolic cues likely act as an additional 

Zeitgeber for peripheral clocks such as those located in the liver and kidneys.
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While the circadian clock is composed of many genes, the core molecular clock mechanism 

is comprised of four key circadian genes: Clock, Bmal1, Period (Per homologs 1, 2 and 3) 

and Cryptochrome (Cry homologs 1 and 2). These genes encode proteins that function in a 

feedback loop to regulate transcription of clock-controlled genes (for an excellent review on 

this mechanism, see (Partch et al. 2014)). Briefly, circadian proteins CLOCK and BMAL1 

form a heterodimer which binds to E-box elements of clock-controlled genes. This BMAL1/

CLOCK heterodimer also binds to E-box elements in the promoters of the Cry and Per genes 

to activate transcription, thus forming the positive arm of the feedback loop. In the negative 

arm of the loop, PER and CRY then act on BMAL1/CLOCK to inhibit their own 

transcription. Two nuclear receptors involved in the molecular clock regulatory loops are the 

retinoid-related orphan receptor (ROR) and REV-ERBα. ROR acts positively on Bmal1 
whereas REV-ERBα mediates opposing action on Bmal1. Kinase and phosphatase-mediated 

post-translational modifications provide an additional layer of regulation for clock proteins. 

For example, nuclear entry of PER and CRY is regulated via phosphorylation by Casein 

Kinase 1 isoforms δ/ε (CK1δ/ε) (Badura et al. 2007) (Lee et al. 2011). The molecular 

circadian clock mediates the regulation of rhythmic physiological function via 

transcriptional control and post-transcriptional control of downstream clock target genes and 

this regulation occurs in a tissue-specific manner. In an elegant genome-wide study in the 

liver, Koike et al. demonstrated that the core circadian clock proteins interact with regulatory 

sequence elements in several thousand genes (Koike et al. 2012). Studies such as these are 

increasing our understanding of circadian clock function and shedding light on the tissue-

specific effects of the clock. A recent landmark genomics study characterized circadian gene 

expression over a 48 hour period in wild-type mice in a variety of tissues, including the 

kidney (Zhang et al. 2014). This work demonstrated that more than 40% of all expressed 

genes in the tissues tested exhibited circadian variations in expression. In terms of the 

absolute numbers of cycling genes, the kidney was second only to the liver with several 

thousand genes exhibiting circadian expression.

In his 1985 Bowditch Lecture, Moore-Ede discussed the concept of physiological 

homeostasis, or equilibrium (Moore-Ede 1986). In the 19th century, Claude Bernard 

popularized the notion that the body is in a constant, fixed state. It wasn’t until 1925 that 

Cannon and other physiologists developed the concept of homeostasis: that the body makes 

constant changes to maintain a steady state. It was thought that the body reacted to daily 

activities in order to maintain homeostasis. For instance, in response to sodium intake, the 

body would then react to excrete excess sodium from the body. In his lecture, Moore-Ede 

talked about predictive homeostasis in which the body starts to enact changes to counter 

activities it can anticipate because they occur in a predictable, cyclical manner. Thus, if 

meals are frequently eaten at the same time each day, the body can start to prepare for this 

predicted meal before it occurs by inducing expression of necessary solute transporters and 

metabolic enzymes in the liver, gut and kidney, for example. Discovery of the molecular 

clock components provided evidence that this predictive homeostasis occurs due to the 

activity of the circadian clock; the clock allows the body to keep track of the time using 

multiple cues such as light and food intake. While laying down at night suppresses urinary 

sodium, potassium and water excretion, excretion is not suppressed by laying down during 

the day (Ede et al. 1972). The body predicts we are going to bed at night and prevents loss of 
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precious nutrients. The kidney provides a textbook illustration of predictive homeostasis. 

Here, we review the evidence for circadian control of rhythms in renal function and present 

the current state of knowledge regarding the regulation and function of the clock in the 

kidney.

The Kidney

The kidneys function to filter the blood, maintaining fluid and ion homeostasis (Palmer and 

Schnermann 2015). This is crucial and tightly regulated because even slight changes in 

filtrate reabsorption can lead to large changes in blood chemistry and blood pressure. 

Sustained hypertension (high blood pressure) can lead to a number of diseases and is a main 

risk factor for chronic kidney disease (CKD) and cardiovascular disease, the main cause of 

death for about 1/3 of Americans ever year (Go et al. 2014). The kidney achieves this fine 

level of regulation via the many specialized cell types located along the segmented nephron, 

the functional unit of the kidney (Figure 1). An adult kidney contains about 1 million 

nephrons on average and each one is tightly controlled to avoid large fluctuations in blood 

pressure. Blood enters every nephron and is filtered through the glomerulus. The filtrate 

flows through the nephron and the many specialized cell types in each segment of the 

nephron reabsorb or secrete solutes according to the needs of the body. The final filtrate 

flows into the ureter to eventually become the urine.

The kidney carefully maintains homeostasis for sodium, potassium and several other key 

solutes in addition to maintaining acid/base balance. Each segment of the nephron has 

specific channels and transporters dedicated to the transport of sodium, potassium, hydrogen 

and bicarbonate, in addition to other important ions and solutes. Each is regulated 

differently, allowing for fine-tuned control of each segment in order to maintain 

homeostasis. Because much of the work on the circadian clock in the kidney has focused on 

sodium balance and effects on blood pressure, this review will focus on regulation of renal 

sodium handling by the molecular clock.

After passing through the glomerulus, the filtrate from the blood enters the proximal tubule 

(PT) where about 60% of sodium reabsorption takes place (reviewed in (Palmer and 

Schnermann 2015)). Cells in this segment of the nephron express an apical (facing the 

lumen of the tubule) sodium-hydrogen exchanger (NHE3) and sodium glucose transporter 

(SGLT1); expression of these transporters appears to be regulated by the circadian clock 

(Saifur Rohman et al. 2005)(CircaDB (Pizarro et al. 2013) http://circadb.hogeneschlab.org/). 

Filtrate then moves to the Loop of Henle where around 25% of sodium reabsorption occurs 

in the thick ascending portion (TAL). In this segment, the clock appears to regulate 

expression of the sodium-potassium-2 chloride co-transporter (NKCC2) and the estrogen-

related receptor beta (ERRβ) (CircaDB (Pizarro et al. 2013))(Krid et al. 2012). The next 

segment, the distal convoluted tubule (DCT), accounts for about 10% of sodium 

reabsorption and this occurs mainly through the sodium chloride co-transporter (NCC). 

NCC is regulated by a kinase cascade involving members of the with-no-lysine (WNK) 

family. Increasing evidence suggests that NCC and the WNK pathway are subject to 

regulation by the circadian clock (Richards et al. 2014a; Susa et al. 2012). The final segment 

the filtrate enters is the collecting duct (CD) where only about 5% of sodium reabsorption 
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occurs. However, the distal nephron is the most highly regulated segment of the nephron. In 

addition to transporters and exchangers, ion channels are also integral to sodium 

reabsorption. In principal cells of the CD, sodium entry occurs through the apical epithelial 

sodium channel (ENaC). The alpha subunit of ENaC (αENaC) and other key regulators of 

sodium transport in this segment have all been linked to the clock (Zuber et al. 2009) (Gumz 

et al. 2009; Stow et al. 2012).

Early evidence for the existence of a “kidney clock” comes from a 1952 study of five human 

subjects in which activity, light, temperature, diet and other variables which may affect 

circadian rhythms were carefully controlled and monitored. Rhythms in urine flow and pH 

were observed in addition to sodium (Na+) and potassium output (K+), both peaking shortly 

after waking (Mills and Stanbury 1952). In 1975, the circadian rhythm of potassium 

excretion was observed in three males who maintained a constant supine position and 

subsisted on a liquid diet administered every three hours (Moore Ede et al. 1975). These 

studies provided the first evidence for a kidney-specific clock.

Subsequent work continued to demonstrate that renal function appears to vary with a 

circadian rhythm. For example, many aspects of kidney function exhibit circadian 

fluctuations, such as glomerular filtration rate (GFR) (Koopman et al. 1989), sodium 

excretion and renal blood flow (Pons et al. 1996). At a transcriptional level, expression of 

clock genes including Clock, Bmal1, Cry1, Cry2, Per1 and Per2 oscillate with a ~24 hour 

rhythm (Reppert and Weaver 2002). Urinary sodium excretion exhibits a circadian pattern in 

rodents, primates and humans (reviewed in (Stow and Gumz 2011)) and this may be 

explained by the clock-mediated regulation of a number of renal sodium transport genes 

(Zuber et al. 2009) (Gumz et al. 2009; Saifur Rohman et al. 2005). As illustrated in Figure 1, 

circadian clock-mediated regulation of a several key transport genes in the kidney has been 

established. In the following sections, the evidence for this regulation is considered in detail.

Hormones and the kidney clock

The kidney is both an important target and a source of hormones critical for maintaining ion 

homeostasis and blood pressure control. The circadian rhythm of plasma sodium is in phase 

with many hormones involved in blood pressure homeostasis including angiotensin II, 

aldosterone (Hilfenhaus 1976) (Jensen and Pedersen 1997) and vasopressin (Morawska-

Barszczewska et al. 1996) as well as angiotensin converting enzyme (ACE) (Stepien et al. 

1993) and plasma renin activity (Hilfenhaus 1976) (Jensen and Pedersen 1997), detailed 

below. Thus, proper regulation of these hormones is critical for blood pressure homeostasis.

All forms of Mendelian (inherited) hypertension are due to a defect in the Renin-

Angiotensin-Aldosterone System (RAAS) (Lifton et al. 2001). The RAAS acts to maintain 

blood pressure homeostasis. When low blood pressure is sensed, juxtaglomerular cells in the 

nephron release the enzyme renin. Renin then converts angiotensinogen to angiotensin I. 

Angiotensin I then is further converted to Angiotensin II (Ang II) by ACE. Ang II acts on 

the vessels as a vasoconstrictor but can also stimulate the adrenal glands to secrete 

aldosterone. Aldosterone further stimulates sodium transporters in the aldosterone-sensitive 

distal nephron, leading to an increase in sodium reabsorption and blood pressure. An 
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intrarenal RAAS exists in addition to the well-characterized systemic RAAS (Kobori et al. 

2007; Moon 2013; Prieto et al. 2013), further solidifying a role for the in the kidneys in the 

development of high blood pressure.

In a human study, Ang II levels were examined from 15 patients around 14 years of age who 

had monosymptomatic nocturnal enuresis (MNE) and 10 normal patients of a similar age 

(Rittig et al. 2006). They found that within the MNE group, Ang II was expressed in a time-

dependent manner with nighttime levels being more than twice as high as daytime levels in 

patients without polyuria (excess urination). The MNE group with polyuria did not show any 

significant variation in Ang II levels between day and night, suggesting that disrupted 

circadian rhythms of Ang II may play a part in the pathogenesis of MNE.

The peptide hormone atrial natriuretic peptide (ANP) is made in the heart and is a 

vasodilator. Its actions on the kidney can lead to water and electrolyte excretion which, 

combined with vasodilatory properties, lead to an overall decrease in blood pressure. 

Reports of daily, rhythmic changes in levels of this peptide in humans are conflicting and 

often have small subject numbers. In one study, ANP levels in humans (10 normotensive 

patients and 10 hypertensive patients), display a rhythm that appears to be antiphase to blood 

pressure and HR rhythms (Portaluppi et al. 1990). Furthermore, in normotensive subjects, 

there was a correlation between ANP, renin and aldosterone levels while this was not 

observed in the hypertensive group. In another study of 12 males, the authors state no 

rhythm of ANP but a 15% increase at night (Kool et al. 1994). In 21 healthy, middle aged 

men, ANP has a significant rhythmic expression, with the peak of expression occurring at 

night (Vesely et al. 1996). These results are similar to those obtained for 20 year old men 

and women (Winters et al. 1988). While it is definitely possible that daily variation of ANP 

can vary between humans and other animals, more studies would be helpful to confirm these 

findings.

Urodilatin is encoded by the same gene as ANP but has four extra amino acids on its N-

terminus (Vesely 2007). Unlike ANP, urodilatin is only secreted in the kidney and is not 

secreted into the systemic circulation. It causes inhibition of sodium and water reabsorption 

when high blood pressure is sensed. In 1991, ten years after ANP was discovered, Drummer 

et al. described the time-dependent rhythm of urodilatin (Drummer et al. 1991). In six 

healthy men, a rhythm of urodilatin was shown with a maximal expression during the day. 

However, in this study, a significant rhythm for ANP immunoreactivity was not observed.

Dopamine is released from nerves in the kidney and it is synthesized by cells in the proximal 

tubule (reviewed in (Choi et al. 2015)). In the kidney, dopamine inhibits sodium and water 

reabsorption when extracelluar fluid (ECF) volume is increased. Under constant light and 

under normal 12:12 LD, there were time-dependent changes in dopamine expression in the 

striatum and nucleus accumbens of rats (Castaneda et al. 2004). There was no circadian 

rhythm of dopamine expression under constant darkness, however, demonstration that 

variations in dopamine levels are likely dependent on time cues. While the circadian 

expression of dopamine in the kidney has not yet been investigated, it does appear to have a 

circadian rhythm in mouse adrenal glands and skeletal muscle (CircaDB (Pizarro et al. 
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2013)). It would be interesting to investigate the expression of dopamine in the kidney as 

well, given that it regulates water and sodium handling and in turn, blood pressure.

Vasopressin, also called antidiuretic hormone (ADH), is released when there is a decrease in 

extracellular fluid volume. It causes an increase in water reabsorption in the collecting duct, 

thus decreasing diuresis as the name implies. Challet et al. looked at the rhythm of 

vasopressin in mice lacking folate, vitamin B9 (Challet et al. 2013). It has previously been 

shown that folate may be a cofactor for cryptochromes (Ozgur and Sancar 2003). It has also 

been shown that rats lacking folate have decreased amplitude of melatonin secretion 

(Fournier et al. 2002), which is important for maintaining the sleep-wake cycle. This group 

found that their folate-deficient mice had decreased rhythms of vasopressin expression 

compared to normal mice (Challet et al. 2013). The authors further point out that folate 

reduction is commonly seen with aging. Decrease or loss of circadian rhythms has also been 

associated with increasing age (Weinert 2000), although whether it is a cause or result of the 

aging process is unclear. It also leads to the possibility that these disruptions in circadian 

rhythms may be implicated in pathogenesis of many diseases associated with aging.

The kidney is mainly responsible for excretion of cortisol and its metabolites and this 

process is impaired in chronic kidney disease patients (Walker et al. 1992) and reviewed in 

(Bonny et al. 2013). In healthy subjects, aldosterone and cortisol exhibit time-dependent 

increases in the early morning. In anephric patients, the correlation between plasma 

aldosterone and plasma cortisol is lost: daily variation in plasma aldosterone is not present 

whereas plasma cortisol rhythms remain (Cooke et al. 1979). Rhythmic changes in urinary 

cortisol and aldosterone excretion are disrupted in kidney transplant patients as well 

(Stefanovic et al. 1995). Renal handling of cortisol and aldosterone may affect adrenal 

hormone production through disruption of known negative feedback loops. For example, 

synthesis of the pituitary hormone adrenocorticotropic hormone (ACTH), which stimulates 

cortisol production by the adrenals, is inhibited by high levels of cortisol in the circulation. 

Thus, decreased renal function, or perhaps, disruption of the kidney clock, negatively affects 

cortisol handling and may subsequently alter glucocorticoid production inappropriately. 

Although central and peripheral circadian clocks certainly contribute to regulation of the 

hypothalamic-pituitary-adrenal (HPA) axis (Kino 2012) (Leliavski et al. 2015), the role of 

the molecular kidney clock in these processes remains poorly understood.

The Kidney Clock

The core circadian clock proteins regulate almost half of all expressed genes and do so in a 

tissue-specific manner (Zhang et al. 2014). As illustrated in Figure 2, Bmal1, Clock, Per1, 

and Cry2 exhibit clear circadian variation in expression in the whole kidney over a 48 hr 

period (CircaDB (Pizarro et al. 2013)). Rodent models have proven invaluable to our 

understanding of the mechanism of the renal circadian clock and its impact on blood 

pressure regulation. An animal model of CKD is produced by removing one entire kidney 

and 2/3 of the other kidney, removing about 5/6 of the total kidney mass and hence 

providing the name for this model, the 5/6 nephrectomy. In mice, this causes an increase in 

MAP of about 30 mmHg two weeks after the procedure (Gava et al. 2012). In rats, this 

caused peak Bmal1 expression in the remnant kidney to shift 4 hours earlier than sham 
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operated rats (Huang et al. 2013). Using immunohistochemistry to determine localization of 

protein, DBP localization changed from mainly glomerular in the sham controls to much 

more widely dispersed in the CKD model rats. PER2 protein expression was high in the 

corticomedullary junction in controls and decreased in CKD rats. Conversely, expression 

was highly increased in the cortex of CKD rats compared to controls. Thus, not only can 

circadian proteins mediate changes in blood pressure, changes in blood pressure can affect 

localization of circadian proteins in the kidney.

The link between the kidney and maintenance of normal blood pressure was further 

illustrated using spontaneously hypertensive rats (SHRs). Kidneys transplanted from 

normotensive rats into SHRs lead to a decrease in mean arterial pressure of over 50 mmHg 

compared to sham-operated controls (Grisk et al. 2002). Conversely, when kidneys from 

SHRs were transplanted into normotensive rats, the MAP increased by around 40 mmHg. 

The fact that a hypertensive phenotype tracks with the kidney to such a large degree 

highlights the magnitude of the renal contribution to blood pressure homeostasis. While the 

SHRs display daily rhythms in plasma sodium concentration (Fang et al. 2000), closer 

investigation into the contribution of the kidney clock to this phenotype remains to be done.

Animal models with disruption of circadian genes of interest also provide evidence for the 

roles of specific clock genes. However, it is important to keep in mind that most of these 

models have disruption of clock genes systemically, so while the phenotypes observed 

certainly support heavy renal involvement, participation from other systems cannot be ruled 

out. Global knockout (KO) of Bmal1 results in complete loss of circadian rhythmicity 

measured via wheel running activity (Bunger et al. 2000). These mice are also sterile 

(Alvarez et al. 2008) and have shorter lifespans than wild type mice (Sun et al. 2006). They 

have a loss of circadian rhythmicity in HR and blood pressure and are also hypotensive 

compared to the wild type mice. (Curtis et al. 2007). Whether a renal phenotype exists in 

global Bmal1 KO mice has yet to be determined.

The circadian proteins are important for blood pressure control through mechanisms 

involving multiple tissues. Loss of Bmal1 specifically in the forebrain leads to mice with a 

loss of a circadian pattern of activity in constant light or constant dark conditions but normal 

rhythms in LD (12 hours light, 12 hours dark) and otherwise healthy, fertile mice (Izumo et 

al. 2014).

In the first cell-type specific KO of a clock gene in the kidney, Firsov and colleagues 

generated mice lacking BMAL1 in renin-producing cells (Tokonami et al. 2014). Expression 

of BMAL1 was lost in cells of the juxtaglomerular apparatus (see Figure 1F) and in some 

cells of the CD. These kidney-specific Bmal1 KO mice have decreased plasma aldosterone 

compared to control mice and also have significantly lower blood pressure compared to 

controls. Thus, the loss of BMAL1 only in certain cells of the kidney was profound enough 

to cause systemic changes in aldosterone and blood pressure.

Clock KO mice are hypotensive as well, yet they retain the normal 24 hour rhythmic 

variation in blood pressure (Zuber et al. 2009). Expression of 20-HETE (20-

hydroxyeicosatetraenoic acid), which is a regulator of blood pressure, is also altered in these 
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mice (Nikolaeva et al. 2012). If acting on preglomerular arterioles in the kidney, 20-HETE 

leads to an increase in blood pressure through constriction of the arterioles (Nikolaeva et al. 

2012). However, 20-HETE also inhibits some of the sodium transporters found in the PT and 

TAL of the nephron which leads to less sodium reabsorption and a consequent decrease in 

blood pressure. Therefore, the dysregulation of 20-HETE has been proposed as a 

contributory mechanism to the hypotensive phenotype shown in Clock KO mice. While 

these mice have similar mean levels of plasma aldosterone compared to WTs, they have 

significantly lower levels at ZT12 (Nikolaeva et al. 2012), which stands for Zeitgeber Time 

12 – 12 hours after the lights have been turned on and on a 12:12 LD cycle, the onset of 

darkness. Interestingly, ZT12 is the time that Per1 mRNA expression peaks in mouse kidney 

(CircaDB (Pizarro et al. 2013)).

In 2005, the first evidence for circadian control of a renal gene was provided by Okamura 

and colleagues (Saifur Rohman et al. 2005). They showed that NHE3 (encoded by the gene 

Slc9a3) mRNA expression is circadian and furthermore is regulated by CLOCK:BMAL1 

heterodimer binding to an E-box element on Slc9a3. The circadian expression of NHE3 

mRNA is severely blunted in Cry1/2 KO mice (Saifur Rohman et al. 2005), further 

supporting the circadian control of this gene. These mice also exhibit salt-sensitive 

hypertension due to increased levels of aldosterone (Doi et al. 2010). Sglt1 (encoded by 

Slc5a1) and its expression is also circadian: SGLT1 mRNA expression peaks around ZT12 

in the mouse kidney while NHE3 mRNA expression peaks about two hours earlier (data 

derived from CircaDB, see (Pizarro et al. 2013)).

Dbp/Hlf/Tef triple KO mice lack three circadian clock regulated genes: D-site-binding 

protein (DBP), hepatic leukemia factor (HLF), and thyrotroph embryonic factor (TEF) 

(Gachon et al. 2006). Mice lacking one or two of these factors have mild phenotypes which 

may be due to the fact that DBP, TEF and HLF have well conserved amino acid sequences 

and thus they likely compensate for each other in the single or double KO mice. Mice 

lacking all three usually do not live longer than 1 year, with symptoms such as seizures 

occurring during the first 3 months of life (Gachon et al. 2004). In the kidney of the triple 

KO mice, Northern blot analysis revealed significantly less mRNA from potential target 

genes involved in detoxification and drug metabolism. This may be related to the mechanism 

of variable drug effectiveness depending on the time of administration. Later, this group 

showed that the triple KOs had low blood pressure, decreased aldosterone levels and cardiac 

hypertrophy (Wang et al. 2010).

Another useful model of circadian gene disruption is the PER2 mutant mouse (Vukolic et al. 

2010). The blunted PER2 protein expressed in these mice is missing dimerization sites (PAS 

B and PAC domains) (Zheng et al. 1999). These domains have been implicated in the ability 

of PER2 to interact with other proteins and possibly act as a light sensor through FAD 

(Flavin Adenine Dinucleotide) binding (Bibikov et al. 1997) (Hill et al. 1996). Indeed, mice 

with mutant Per2 (and also Per1) genes have altered responses to light (Albrecht et al. 2001). 

This group found that the mutant mice have higher heart rate during the light period than 

wild type mice but have similar locomotor activity. In normal LD conditions, PER2 mutant 

mice had circadian periods of mean arterial pressure (MAP), heart rate (HR) and activity 

similar to WT mice. However, in the absence of light (DD), the mutant mice had shorter 
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periods with a trend of decreased amplitude of MAP, HR and activity compared to WT 

controls. The mutant mice also were unable to maintain day-night differences in MAP, HR 

and activity when put into constant dark conditions for 8 days, but showed improved 

differences when returned to LD.

In addition to CRY and PER, DEC1 and DEC2 are also involved in the negative arm of the 

transcriptional circadian feedback loops (Honma et al. 2002). Gene expression of both Dec1 
and Dec2 exhibits a circadian pattern of expression in the rat heart while only Dec2 shows a 

comparable rhythm in the kidney (Wu et al. 2011). Since rats are nocturnal, they normally 

eat at night. When food intake was restricted to the light cycle/rest phase for seven days, 

Dec1 and Dec2 mRNA expression in the heart was shifted by about 8 hours. In the kidney, 

however, Dec1 expression became rhythmic and the peak of Dec2 expression was shifted 4 

hours earlier than controls. The authors also reversed both feeding time and the LD 

schedule. After 7 days, the peak of Dec1 expression was shifted only in the heart while the 

peak of Dec2 expression was shifted in both the heart and kidney. This provides evidence 

that the timing of food cues can actually induce rhythmic expression of clock-controlled 

genes in the rat kidney.

Contrary to the rats from the previous experiments, Dec1 exhibits a circadian rhythm of 

expression in the mouse kidney and liver, and this rhythm is disrupted in mice expressing a 

mutant CLOCK protein resulting from deletion of exon 19 (Noshiro et al. 2005). In the 

kidney, mutant CLOCK expression was associated with decreased total Dec1 expression. 

However, rhythmic expression of Dec1 mRNA was not affected in LD or DD, suggesting 

that loss of wild type CLOCK expression was not sufficient to alter circadian expression. 

Loss of DEC1 does not appear to negatively affect mice compared to WT controls (Sun et al. 

2001). Since DEC1 and DEC2 have similar DNA binding domains, it seems that DEC1 may 

be redundant in the kidney with DEC2 able to compensate for loss of DEC1. This possible 

redundancy suggests the importance of maintaining the circadian clockwork in the kidney.

PER1 action in the kidney

Due to the important role that ENaC plays in maintaining sodium balance, it is tightly 

regulated at multiple levels. PER1 has been a focus of investigation in the kidney because it 

is a direct target gene of the sodium- and blood pressure-regulating hormone aldosterone 

(Gumz et al. 2003) which regulates ENaC via multiple mechanisms (Rossier 2014). 

Aldosterone-mediated transcriptional regulation of the Scnn1a gene, encoding αENaC, 

occurs through the mineralocorticoid receptor (MR). PER1 appears to be involved in this 

regulation (Richards et al. 2013d). In one of the first reports to link the molecular clock to 

renal sodium handling, Gumz and colleagues demonstrated that knockdown of PER1 in 

several renal CD cell lines resulted in decreased expression of αENaC (Gumz et al. 2009). 

Furthermore, Per1 KO mice exhibited increased urinary sodium excretion, again supporting 

a role for the molecular clock in the regulation of renal sodium handling. In order for PER1 

to get into the nucleus and affect its target genes, it must be phosphorylated by CK1δ/ε. A 

CK1δ/ε inhibitor (PF670462) prevents PER1 nuclear entry in a murine cell line model of the 

CCD, mpkCCDc14 cells (Richards et al. 2012). If PER1 is unable to enter the nucleus, it is 

therefore unable to associate with E-box elements of target genes such as αENaC. Inhibition 
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of PER1 nuclear entry decreases baseline αENaC mRNA expression, suggesting that PER1 

mediates basal expression of αENaC as well as increasing transcription. αENaC protein 

levels in the membrane are also decreased by about 60% after CK1δ/ε blockade.

In addition to regulating αENaC, PER1 regulates several other genes in the kidney (Stow et 

al. 2012). Per1 levels were decreased using siRNA in mpkCCDc14 cells which led to a 

decrease in mRNA expression of Fxyd5. Conversely, Ubiquitin-Conjugating Enzyme E2E3 

(Ube2e3), Caveolin-1 (Cav-1) and Endothelin-1 (ET-1, encoded by Edn1) expression 

increased following PER1 knockdown. FXYD5 increases activity of the Na, K-ATPase 

which is responsible for pumping sodium reabsorbed from the filtrate back in to the blood 

(Lubarski et al. 2005).

UBE2E3 is an E3 ubiquitin ligase, an enzyme which adds ubiquitin molecules to proteins, a 

common signal for proteasomal degradation. When UBE2E3 ubiquitinylates ENaC, it is 

removed from the membrane, thus decreasing sodium reabsorption (Debonneville and Staub 

2004). Reduction of PER1 levels lead to increased expression of this ligase, potentially 

leading to increased ENaC degradation. CAV-1 is a lipid raft protein associated with removal 

of ENaC from the membrane as well (Lee et al. 2009), leading to decreases in sodium 

reabsorption like UBE2E3. Finally, ET-1 leads to decreased ENaC open probability through 

a mechanism involving nitric oxide and the Endothelin type B (ETB) receptor (Bugaj et al. 

2008; Gallego and Ling 1996). Following PER1 knockdown, ET-1 expression increased 

almost four-fold (Stow et al. 2012). PER1 knockdown lead to decreased membrane αENaC 

protein levels, potentially due to contribution of the increased amount of ET-1, CAV-1 and 

UBE2E3 (Richards et al. 2012).

Per1 KO mice on a 129/sv background exhibit blood pressures about 18 mmHg lower than 

wild type mice but maintain normal blood pressure rhythms (Stow et al. 2012). Although the 

extra-renal contributions to this phenotype have not been evaluated, many pieces of evidence 

support role of the renal clock. Per1 KO mice also have decreased basal levels of αENaC 

mRNA in the medulla compared to WT mice (Gumz et al. 2009). These mice exhibit 

increased levels of ET-1 in the cortex and medulla of the kidney. While known as a potent 

vasoconstrictor in the majority of the body, ET-1 acts to decrease blood pressure and 

increase natriuresis (sodium excretion) in the kidney through inhibition of ENaC (Lynch et 

al. 2013) (Bugaj et al. 2008). Furthermore, ET-1 peptide levels are increased in ex vivo 
IMCD cells from Per1 heterozygous mice (which have approximately 50% less PER1 

expression than WT mice) (Richards et al. 2014b). Increased ENaC inhibition by ET-1 

coupled with decreased basal ENaC levels may contribute to the low blood pressure 

phenotype observed in the global Per1 KO mice. In healthy humans, plasma ET-1 levels 

decrease at night when blood pressure dips, whereas patients with CKD have increased night 

time plasma ET-1 levels that correlate with loss of night time blood pressure dipping (Dhaun 

et al. 2014). Normally, people experience a 10-20% decrease in blood pressure at night and 

those who don’t are called non-dippers. Non-dipping has been linked to increased risk of not 

only cardiovascular events (Ohkubo et al. 2002) but also chronic kidney disease (Hermida et 

al. 2010; Kario and Shimada 2004).Together these results suggest that ET-1 may contribute 

to the circadian profile of blood pressure.
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Per1 heterozygous mice also have decreased levels of plasma aldosterone relative to wild 

type 129/sv mice (Richards et al. 2013b). Aldosterone regulation of ENaC expression is 

mediated at least in part by PER1. Treating mpkCCDc14 cells with aldosterone leads to 

increased interaction of PER1 with E-box elements in the αENaC promoter (Richards et al. 

2013d). Increased binding of RNA POLII to the ENaC promoter in the presence of 

aldosterone was observed as well, consistent with the known effect of aldosterone to 

increase αENaC transcription. This is further validated by the observation that PER1 

knockdown in the presence of aldosterone is associated with decreased αENaC expression 

compared to aldosterone alone (Gumz et al. 2009). Similar results were observed following 

nuclear blockade of PER1 using a CK1δ/ε inhibitor (Richards et al. 2012).

In addition to PER1 regulation by aldosterone, it seems that aldosterone may be regulated by 

PER1. In addition to lower plasma aldosterone levels, Per1 heterozygous mice do not exhibit 

the normal increase in plasma aldosterone during their active phase that occurs in wild type 

mice (Richards et al. 2013a). One explanation for this phenotype may be that Per1 
heterozygous mice have a decrease in 3β-HSD (3-(β)-hydroxysteroid dehydrogenase) 

expression. 3β-HSD is an enzyme produced in zona glomerulosa cells of the adrenal glands, 

which are responsible for the production of aldosterone, among other hormones. This 

enzyme catalyzes the synthesis of progesterone, which is a precursor to aldosterone in the 

steroid hormone biosynthesis pathway (Simard et al. 2005). The time-dependent increase in 

3β-HSD during the active phase observed in wild type mice is blunted in Per1 heterozygous 

mice. PER1 knockdown in a human adrenal cell line (NCI-H295R) causes a 58% decrease 

in 3β-HSD mRNA levels (Richards et al. 2013c). A similar result was obtained in vivo in the 

adrenal gland in WT 129/sv mice treated with the CK1δ/ε inhibitor.

Cry1/2 KO mice actually have increased levels of 3β-HSD which correlates with the 

observed increase in their plasma aldosterone levels (Doi et al. 2010). These mice exhibit 

salt-sensitive hypertension. Interestingly, this phenotype is nearly opposite that of Per1 KO 

mice which exhibit reduced blood pressure and that of Per1 heterozygous mice which have 

decreased adrenal gland expression of 3β-HSD (Richards et al. 2013a; Stow et al. 2012). 

Evidence suggests that PER1 and CRY1/2 have opposing actions on specific target genes 

encoding αENaC and FXYD5 in the kidney and PPARα and DEC1 in the liver (Richards et 

al. 2013a). Decreased expression of PER1 expression in vitro and in vivo in the liver and the 

kidney was associated with an increase in CRY2 protein levels. This is further supported by 

the observation that inhibition of PER1 nuclear entry with the CK1δ/ε inhibitor in mouse 

liver cells (AML12) increases cytosolic and nuclear CRY2 expression (Richards et al. 

2013c). Further supporting opposing roles of CRY2 and PER1, mice lacking both Per1 and 

Cry2 have a normalization of their free running period compared to mice lacking Per1 or 

Cry2 alone (Oster et al. 2003).

The thiazide-sensitive NCC is also regulated by PER1 (Richards et al. 2014a). Either PER1 

knockdown or pharmacological blockade of nuclear entry in a model of the DCT (mDCT15 

cells) resulted in decreased NCC expression. Furthermore, nuclear blockade of PER1 via 

CK1δ/ε inhibition resulted in decreased NCC activity levels in these cells. NCC mRNA 

levels exhibited time-of-day-dependent changes with higher expression during the mouse 

active period. Consistent with the in vitro data from mDCT15 cells, NCC expression levels 
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were also decreased in the cortex of Per1 heterozygous mice compared to WTs. Similarly, 

CK1δ/ε inhibitor treatment of WT mice decreased NCC expression compared to vehicle-

treated controls. These data suggest that the circadian clock is critical for regulation of many 

important aspects of renal sodium reabsorption.

Development

The fetal SCN is synchronized by the mother and after birth, maternal care helps to keep the 

clock entrained (Ohta et al. 2002). Eventually, the neonatal SCN matures enough to take 

over its job as the central clock (Ohta et al. 2002). To investigate developmental changes in 

the circadian clock in several tissues, transgenic rats expressing a PER2-LUCIFERASE 

fusion protein were utilized (Nishide et al. 2014). These rats are transgenic for the mouse 

Per2 promoter fused to a destabilized luciferase (luciferase fused with a modified PEST 

sequence (Ueda et al. 2005)) reporter gene (Per2-dLuc) (He et al. 2007). This allows Per2 
promoter activity to be visualized by measuring luminescence. Significant differences were 

shown in Per2-dLuc activity between developmental stages E20 (embryonic day 20), P5 

(postnatal day 5), P19 and adult rats. Per2-dLuc activity varied in total luminescence units as 

well as amplitude of change over time between the different developmental stages in the 

SCN, lung, kidney and liver in culture. In addition, other tissues were studied and similar 

tissue-to-tissue variability in Per2-dLuc expression was found. The peak phase of Per2-dLuc 
advanced after birth to adulthood by about 12 hours in the kidney and lung but not in the 

liver and only slightly in the SCN between E20 and adult. The SCN was one of the tissues in 

which Per2-dLuc activity did not vary or shift as much during development even though 

other tissues displayed significant changes, supporting the idea that peripheral clocks are not 

solely entrained by the SCN.

One reason for the differential entrainment of the SCN and peripheral clocks could be due to 

the fact that between 2 and 3 weeks after birth, pups switch from drinking milk to eating 

chow (Nishide et al. 2014). The different nutrient composition may give different cues to the 

pups regarding entrainment. Another explanation is that pups usually feed while mothers 

rest, so they are eating during the day, or what should be their inactive period. The switch 

from milk to chow would be accompanied by a reversal of feeding time, resynchronizing the 

peripheral clocks. The different expression of PER2 may also be because organs are not 

fully mature at birth. The function changes as the pups age and this may also account for the 

different expression of PER2 due to changing developmental needs (Yamazaki et al. 2009).

In order to investigate embryonic stages of development more thoroughly, gene expression 

from embryonic days E10-E19 was evaluated in PER2::LUC mice (Dolatshad et al. 2010). 

Similar to the Per2-dLuc rats, these mice express a PER2-LUCIFERASE fusion protein. 

These mice are on a C57BL/6J background and have the luciferase gene added in frame to 

the end of the Per2 gene (Yoo et al. 2004). Real time PCR measurements of clock gene 

expression in the liver showed little to no circadian rhythms during this time even though 

maternal rhythms were robust. However, if these tissues were excised and cultured in vitro, 

large circadian rhythms in PER2::LUC protein were observed. Although this could be an 

artifact of cell culture, these results do not rule out the possibility that individual cells have 

rhythms and they are just not yet synchronized at embryonic stages.
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Circadian variation during development of other clock controlled genes and kidney-specific 

clock controlled genes was studied in the kidneys of Sprague-Dawley rats. While small-

amplitude rhythms of expression of Bmal1, Rev-erbα, Per2 and Cry1 mRNA were seen at 

E20, the rhythms became more robust with increasing peak-to-trough differences from 1 

week, 4 weeks and 12 weeks after birth (Meszaros et al. 2014). By 12 weeks after birth, 

peak expression levels of Bmal1, Per2 and Cry1 were observed during the dark period while 

peak expression of Rev-erbα occurred during the day. Kidney-specific clock-controlled 

genes Scnn1a (αENaC), Sgk1 (serum and glucocorticoid-inducible kinase 1), Slc9a3 
(NHE3) and Avpr2 (arginine vasopressin receptor 2) showed some rhythmic expression at 

E20 and these rhythms became more robust one week after delivery in addition to shifting 

the peak of expression for all four genes by about 12 hours. One week after birth, the peak 

expression levels of these genes occurred during the day but this again shifted three weeks 

later and peak expression times shifted closer to the night time, the rats’ active period. Pups 

were then separated from their mothers between ZT3-7, the time of their highest feeding 

behavior, for one week after birth. This lead to a 12 hour shift in Bmal1 expression and 

caused most other genes that were studied to lose their rhythm of expression, possibly due to 

conflicting light and feeding cues.

Regulation of the kidney clock

After food deprivation for one day and in total darkness, male Wistar rats were allowed 

access to food for 30 minutes. This feeding stimulus lead to a four hour shift in peak 

expression of a classic circadian gene, Dbp (D-site albumin binding protein), in the heart but 

had no effect on expression in the kidney (Wu et al. 2012)). The same study also showed the 

30 minute feeding stimulus decreased levels of expression of Bmal1, Cry1, Dbp, Per1 and 

Per2 in the heart while only Per1 mRNA was significantly decreased in the kidney.

Feeding time also seems to be able to synchronize some peripheral clocks in the absence of 

a central clock. Bmal1 forebrain KO mice crossed with PER2::LUC mice had no circadian 

rhythm of PER2::LUC in the kidney in constant darkness but time restricted feeding restored 

this rhythm in the kidney as well as in the liver (Izumo et al. 2014). This is further supported 

by the finding that feeding mice only during the day (when they would normally be inactive) 

shifted the peak of DBP protein levels by 12 hours in the kidney, liver and heart (Damiola et 

al. 2000). Reversed feeding shifted PER1 and PER2 levels in the liver by 12 hours while 

there was no effect on either of these proteins in the SCN.

In addition to the time of feeding, specific composition of diets may affect entrainment as 

well. The type of diet can alter gene expression in order to adapt to changing requirements 

(Ferraris 2001). Specifically, a high salt (HS) diet causes increased Dbp mRNA expression 

while decreasing Bmal1 expression in the liver and kidney (Oike et al. 2010). HS diet also 

advanced the time of peak expression of enzymes involved in glycogen synthesis (Gys2), 

gluconeogenesis (G6pc) and the synthesis of fatty acids, cholesterol and bile acid (Fasn, 
Hmgcr and Cyp7a1, respectively). Even though HS diet affected many genes important to 

metabolism, activity, feeding and drinking behavior were not affected. Timing of food intake 

and food content both appear to be important cues with respect to the entrainment of 

peripheral clocks.
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Although it is clear that food is a dominant Zeitgeber for peripheral clock entrainment, the 

dominant cue for the central clock is light. The effects of reversing the LD cycle, restricting 

time of feeding or changing both the light cycle and feeding times were investigated 

specifically in the kidney (Wu et al. 2010). LD reversal did not alter the circadian pattern of 

expression of Bmal1, Cry1, Clock or Per2 mRNA but did delay the peak expression of Per1 
by 4 hours. In addition, the amplitude of expression of Per1, Cry1, Clock and Bmal1 were 

altered only with the reversal of the LD cycle. Shifting feeding time by 12 hours caused 8-12 

hour shifts in the peak expression of Clock, Cry1 and Bmal1 after 7 days while causing 4 

hour shifts in Per1 and Per2. After 7 days of LD and feeding time reversal, a total inversion 

of expression of all 5 genes occurred. Thus, separately, light and food cues partially entrain 

the circadian clock while both synchronize the clock throughout the whole body. Together 

these results suggest that food cues are a critical synchronizing signal for the kidney clock.

Transgenic PER2::LUC mice were further used to study the effects of temperature on time-

dependent entrainment (Ohnishi et al. 2014). These mice were placed in water baths at 35°C, 

37°C and 41°C. The treatment at 41°C led to phase advancement by about four hours in the 

kidney and liver after 1-2 days but peak PER2::LUC expression started to return to normal 

after repeated treatments for more than two days. After a 2 hour treatments at 41°C, 

PER2::LUC expression levels were also increased in the kidney and liver. Thus, temperature 

appears to be another important cue for peripheral clock entrainment.

The circadian clock is classically considered to be temperature compensated, meaning that 

the free-running period, associated with translation and degradation of clock proteins, does 

not change much with changes in temperature. This is an intriguing piece of the circadian 

clock puzzle as the rate of enzymatic reactions should increase with temperature (Segel 

1975). However, other experiments in PER2::LUC mice suggest that the SCN is not affected 

by temperature while peripheral clocks are more susceptible to temperature-induced changes 

in PER2::LUC expression and this may be mediated by the heat shock pathway (Buhr et al. 

2010).

In a more recent study, this same mouse model was used to investigate the effect of sleep 

deprivation on PER2. Sleep deprivation for 6 hours led to increased PER2::LUC levels in the 

brain, liver and kidney (Curie et al. 2015). Thus, even relatively short disruptions in the sleep 

pattern can lead to disrupted circadian rhythms of PER2::LUC protein levels in peripheral 

tissues including the kidney.

Potassium

Potassium is another urinary electrolyte that has been shown to be regulated by the circadian 

clock and potassium excretion oscillates with sodium in multiple species (reviewed in 

(Gumz and Rabinowitz 2013) (Gumz et al. 2015)). In the first study of its kind, Firsov and 

colleagues performed microarray analysis to characterize circadian gene expression in the 

kidney, revealing that the expression of many renal genes exhibited time-dependent changes 

in expression (Zuber et al. 2009) (Nikolaeva et al. 2012), including many genes involved in 

potassium handling (reviewed in (Gumz and Rabinowitz 2013)). Also like sodium, 

potassium plays an important role in blood pressure. In addition to disrupted patterns of 
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potassium excretion in diseases such as CKD, potassium supplementation is beneficial in the 

treatment of hypertension (Zicha et al. 2011) (Kanbay et al. 2013). It has been shown that 

potassium supplementation leads to increased sodium excretion and therefore decreased 

blood pressure. In addition to decreasing blood pressure, potassium may also be beneficial in 

restoring a night time dip in blood pressure, thus reducing the risk of cardiovascular events.

Crambert and colleagues investigated the mechanism of regulation of potassium 

reabsorption using WT mice, Clock KO mice or mice null for the α subunit of the non-

gastric H,K-ATPase (HKα2, encoded by Atp12a) (Salhi et al. 2012). In WT mice, HKα2 

was present in significantly higher amounts in the luminal membrane at the end of the rest 

period while there were no sufficient differences in Clock KO mice. HKα2 deficient mice 

excreted more potassium compared to WTs during the rest period but they had no 

differences in sodium excretion. On a low potassium diet, HKα2 mRNA expression peaked 

about 9 hours later than controls and amplitude of expression increased by 45%. This diet 

also affected expression of Nrf2, a transcription factor which participates in HKα2 mRNA 

expression. In controls, expression preceded peak HKα2 mRNA expression by about 4 

hours. On a low potassium diet, peak Nrf2 expression was delayed by about 10 hours, again 

peaking before HKα2 mRNA.

ERRβ is a nuclear receptor specific to the TAL which regulates NKCC2 (Krid et al. 2012). 

ERRβ mRNA expression is circadian in male CD1 mice with expression peaking at ZT4. 

Furthermore, this rhythm is lost in mice without Clock. Blockade of ERRβ increased the 

Na/K urinary excretion ratio and decreased NKCC2 mRNA expression and activity, 

suggesting a positive regulation of NKCC2. NKCC2 expression is also circadian in mouse 

kidney, with a peak early in the light period (CircaDB (Pizarro et al. 2013) ), suggesting that 

it is under transcriptional regulation by the molecular clock. In addition to complex 

regulation of sodium balance in the kidney, the circadian clock is also integral to 

maintenance of potassium levels.

Clinical Implications

Many widely used treatments for hypertension such as ACE inhibitors and Ang II receptor 

blockers (ARBs) aim to inhibit the RAAS. Due to their demonstrated regulation of renal 

sodium transporters and blood pressure, clock genes may represent novel targets for 

hypertension treatment. Another potential hypertension treatment target is the elevated 3β-

HSD observed in the Cry1/2 KO mice that exhibit salt-sensitive hypertension.

In addition to targeting clock genes to treat disease, another strategy is to work with the 

clock. The aim of chronotherapy is to administer medicines at certain times of the day to 

maximize efficacy and reduce side effects. Many hypertension medications are usually taken 

in the morning, however convincing evidence concerning the effects of chronotherapy shows 

the benefit of taking at least one hypertension medication at night (for an excellent review, 

see (Hermida et al. 2013)). The MAPEC study followed over 2000 hypertensive patients 

over the course of a median of 5.6 years (Hermida et al. 2010). The study divided the 

volunteers into two groups, one taking all blood pressure medications upon waking and the 

other group taking at least one medication at night. The night time dosing group showed 
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significant decreases in nocturnal blood pressure and an increase in dipping prevalence of 

almost 30% compared to the morning dosing group. At the follow up of the study, the night 

time dosing group had a lower risk of cardiovascular events. They also had a significantly 

lowered morbidity and mortality due to cardiovascular disease.

Similar to timing the treatment of hypertension, timing of dialysis treatment was also shown 

to be important with respect to the overall well-being of patients. People undergoing dialysis 

have been observed to lose a normal night time peak of melatonin production (Viljoen et al. 

1992). This hormone is important to the maintenance of the circadian cycle of sleep (Kim et 

al. 2015). Normally, melatonin shows a circadian rhythm of expression with high production 

at night that is suppressed by light. This helps to keep the body in sync with day and night. 

The loss of this rhythm would imply a dysregulation of the sleep cycle. It has been shown 

that patients undergoing dialysis during the day experience sleep disturbances and daytime 

tiredness (Parker 2003), while night time dialysis helps to reduce these effects. The night 

time dialysis patients also have a restored melatonin peak at night (Koch et al. 2010).

It has also been shown that lack of sleep can cause disturbances in kidney function and 

blood pressure patterns. Compared to people who slept 8-10 hours at night, those who were 

sleep deprived (no sleep for the night of the experiment) had a greater than 50% increase in 

nocturnal urine output (Kamperis et al. 2010). While potassium and sodium excretion were 

increased in both genders in the sleep deprived group, the effect was greater in men. The 

sleep deprived group exhibited an attenuation of the normal dipping that was observed in the 

control group. These observations indicate that disruption of circadian rhythms via sleep 

deprivation can affect kidney function which has important implications for maintaining 

overall health.

The circadian clock appears to be an important player in the regulation of the cell cycle and 

disruption of the molecular clock has been associated with cancer (Masri et al. 2015). Renal 

cell carcinoma is known to be associated with hypoxic signaling pathways and these 

pathways have recently been linked with the circadian clock (Mazzoccoli et al. 2014). In an 

important human study linking dysregulation of circadian clock gene expression to renal cell 

carcinoma, Mazzoccoli et al. demonstrated that several core clock genes were differentially 

expressed in tumor samples compared to matched normal tissue (Mazzoccoli et al. 2012). 

These findings likely have important implications for the treatment of kidney cancer. Further 

studies exploring the role of the molecular clock in mechanisms underlying renal cell 

carcinoma are needed.

Future Directions

While it is clear that the circadian clock plays a pivotal role in timed, coordinate regulation 

of many aspects renal function in order to maintain blood pressure and fluid and ion 

homeostasis in the body, there is still work to be done to identify the exact mechanism of the 

kidney clock. In order to be defined as truly circadian, rhythms must persist in constant 

conditions, such as total darkness. Many of the experiments detailed in this review were 

performed using animals housed in a 12:12 LD cycle, illustrating daily rhythms. While these 

experiments are still very informative about the workings of the renal clock, total darkness is 
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a requirement to say these observations are indeed circadian, though the participation of 

circadian proteins in these processes is not in doubt. However, most daily rhythms are found 

to be circadian as well (Vitaterna et al. 2001). Furthermore, many experiments utilized 

global KO animals and are thus unable to provide concrete information about renal-specific 

mechanisms although they certainly support the role of the renal clock. With the advent of 

CRISPR-Cas9 technology, cell type- and tissue-specific KOs are possible and will allow us 

to ascertain the contribution of only certain cells and tissues to a given phenotype. Even 

though the kidney is critical to blood pressure control, the heart, central nervous system and 

vasculature also make significant, coordinated contributions to this control as well.

In addition to elucidation of renal clock contributions to disease phenotypes through creation 

of tissue- and cell-specific KO animal models, there is still work to be done with respect to 

the clinical advantages of chronotherapy. Even though simply changing the time of dosing 

with antihypertensive medications or dialysis treatments can be greatly beneficial, this is not 

recommended in either JNC7 (Chobanian et al. 2003) or JNC8 (James et al. 2014), 

guidelines provided for the treatment of hypertension.

Conclusion

The circadian clock is important in the maintenance of physiological homeostasis, and the 

kidney plays a critical role in this process. This is achieved in part through the coordinated, 

timed regulation of channels and transporters responsible for sodium reabsorption in the 

kidney. Since the clock plays such an important role in blood pressure homeostasis, 

disruption of the clock leads to dramatic alterations in blood pressure. Even disruption of the 

clock in a limited number of specific cells in the kidney is enough to cause a measurable 

blood pressure phenotype. While it is clear that the kidney is a major regulator of blood 

pressure, the exact mechanisms by which the clock contributes to this regulation remain to 

be clearly defined. Nonetheless, knowledge of the clock and coordinate regulation of the 

central and peripheral clocks may allow for better treatment of hypertension. Chronotherapy 

and nocturnal dialysis have shown that simply changing the timing of administration of 

existing treatments for diseases improves effectiveness. Future studies to further delineate 

the renal cell-type specific role of circadian proteins in the maintenance of electrolyte 

homeostasis and blood pressure regulation are needed to improve our understanding of how 

the circadian clock contributes to the regulation of renal function.
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Figure 1. Diagram of Two Nephrons and Representative Cell Types
A. Blood enters the nephron and is filtered at the glomerulus. B. Filtrate then moves to the 

Proximal Tubule (PT). This segment of the nephron contains the sodium-glucose linked 

transporter isoform 1 (SGLT1) and the sodium-hydrogen exchanger isoform 3 (NHE3), both 

of which are located on the apical membrane (facing the filtrate) and are regulated by the 

circadian clock. Sodium reabsorbed from the filtrate is pumped back into the blood by the 

basolateral Na/K-ATPase, found on each of the cell types illustrated here. C. Filtrate then 

moves to the Loop of Henle. Cells in the Thick Ascending Loop (TAL) contain the sodium-
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potassium-chloride cotransporter isoform 2 (NKCC2) which is regulated by the nuclear 

receptor ERRβ. These cells also contain renal outer medullary potassium channel (ROMK), 

responsible for pumping K+ back into the filtrate. Again, these cells have a basolateral Na, 

K-ATPase. D. The distal convoluted tubule (DCT) cells contain apically located sodium 

chloride cotransporters (NCC) which reabsorb Na+ and Cl− from the filtrate. This co-

transporter is regulated by the circadian clock and well as with-no-lysine (WNK) kinases. E. 
The last part of the nephron filtrate enters is the Collecting Duct (CD). The epithelial sodium 

channel (ENaC) reabsorbs Na+ from the filtrate and is regulated by the clock. FXYD5, 

CAV-1 and ET-1 are regulated by the circadian clock as well and in turn FXYD5 positively 

regulates the Na/K-ATPase, while CAV-1 negatively regulates ENaC. F. Juxtaglomerular 

apparatus: Cells in the macula densa communicate with the glomerulus to modulate GFR in 

a process known as tubule-glomerular feedback (TGF). Glomeruli, PTs and DCTs are 

located in the cortex of the kidney while the Loop of Henle and part of the collecting duct 

span into the medulla. Multiple collecting ducts converge to ultimately transport urine out of 

the kidney.
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Figure 2. Circadian Expression of Core Clock Genes in the Kidney
Relative expression levels are plotted on the y-axis with Zeitgeber time on the x-axis. 

Shaded areas represent time when lights are off. Peak Expression of Bmal1 and Clock are in 

phase and approximately antiphase to Cry2 and Per1 mRNA expression. Data derived from 

CircaDB (Pizarro et al. 2013).
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