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Circadian rhythm of blood pressure and the
renin–angiotensin system in the kidney

Naro Ohashi, Shinsuke Isobe, Sayaka Ishigaki and Hideo Yasuda

Activation of the intrarenal renin–angiotensin system (RAS) has a critical role in the pathophysiology of the circadian rhythm of

blood pressure (BP) and renal injury, independent of circulating RAS. Although it is clear that the circulating RAS has a

circadian rhythm, reports of a circadian rhythm in tissue-specific RAS are limited. Clinical studies evaluating intrarenal RAS

activity by urinary angiotensinogen (AGT) levels have indicated that urinary AGT levels were equally low during both the daytime

and nighttime in individuals without chronic kidney disease (CKD) and that urinary AGT levels were higher during the daytime

than at nighttime in patients with CKD. Moreover, urinary AGT levels of the night-to-day (N/D) ratio of urinary AGT were

positively correlated with the levels of N/D of urinary protein, albumin excretion and BP. In addition, animal studies have

demonstrated that the expression of intrarenal RAS components, such as AGT, angiotensin II (AngII) and AngII type 1 receptor

proteins, increased and peaked at the same time as BP and urinary protein excretion during the resting phase, and the

amplitude of the oscillations of these proteins was augmented in a chronic progressive nephritis animal compared with a control.

Thus, the circadian rhythm of intrarenal RAS activation may lead to renal damage and hypertension, which both are associated

with diurnal variations in BP. It is possible that augmented glomerular permeability increases AGT excretion levels into the

tubular lumen and that circadian fluctuation of glomerular permeability influences the circadian rhythm of the intrarenal RAS.
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INTRODUCTION

Disturbance of circadian rhythm is associated with an increased risk
for developing various disorders, including sleep disorders, metabolic
syndrome and cancer; and estimation methods for the human
circadian phase have been developed.1

Blood pressure (BP) is one of the clinical conditions that develop
circadian rhythm. Hypertension and disturbance of the circadian rhythm
of BP contribute to cardiovascular events and renal damage,2–5 and some
clinical studies suggest that bedtime chronotherapy decreases BP and
reduces cardiovascular events.6 Tubular sodium reabsorption, which is
stimulated by activation of the intrarenal renin–angiotensin system
(RAS), contributes to the genesis of disturbed circadian BP rhythm.7 It is
well known that the circulating RAS has a circadian rhythm.8–10

Alternatively, whether the circadian rhythm of the intrarenal RAS
actually exists and how the circadian rhythm of the intrarenal RAS
may associate with renal damage and the circadian rhythm of BP is not
clear. The purpose of this review was to clarify the above issues.

CONTRIBUTION OF HYPERTENSION AND DISTURBANCES

IN THE CIRCADIAN RHYTHM OF BP IN CARDIOVASCULAR

DISEASE AND RENAL DAMAGE

Hypertension is one of the major risk factors for cardiovascular disease
(CVD), stroke and end-stage renal disease.2,11 Circadian BP rhythms

are classified as having extreme dipper, dipper, non-dipper or riser
patterns when the night-to-day (N/D) ratio of systolic BP corresponds
to o0.80, 0.80 to o0.90, 0.90–1 and 41, respectively.12 Growing
evidence has recently demonstrated that disruption of diurnal BP
variations is an additional risk factor for CVD, stroke and end-stage
renal disease, independent of BP elevation.3–5 In fact, Ohkubo et al.3

indicated that each 5% decrease in the decline in nocturnal
systolic/diastolic BP was associated with an approximately 20%
greater risk of cardiovascular mortality in 1542 individuals from the
general Japanese population. Kario et al.4 reported that intracranial
hemorrhage was more common in riser patterns (29% of stroke)
than in other subgroups (7.7% of strokes, P= 0.04), and ischemic
strokes that occurred during sleep occurred more frequently in the
extreme dipper group (27%) than in the other groups (8.6%, P= 0.11)
in a study evaluating 575 older Japanese patients with sustained
hypertension. In addition, Agarwal and Andersen5 demonstrated
that when the N/D ratio of systolic ambulatory BP was divided
into the tertiles (N/D ratio o0.93, 0.93–0.99 and 40.99) in a cohort
study of 217 veterans with chronic kidney disease (CKD), the
patients in the lowest tertiles had the least incidences of end-stage
renal disease events compared with those in the higher tertiles
(P= 0.016).
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FACTORS ASSOCIATED WITH DISTURBANCES IN THE

CIRCADIAN RHYTHM OF BP

Some factors are associated with disturbed circadian rhythm of BP.
Namely, disruptions in sleeping rhythms caused by sleep apnea
syndrome, stroke or working a day-night shift cause disturbances in
the circadian rhythm of BP. In addition, disturbances in the secretion
rhythm of vasoactive hormones, including pheochromocytoma and
Cushing syndrome are also associated with a disturbed circadian
rhythm of BP. However, an impaired renal capacity for sodium
excretion, or so-called salt-sensitive hypertension, is the major
pathophysiological mechanism causing a disturbed circadian rhythm
of BP13 (Table 1). The mechanisms involved in salt-sensitive
hypertension include reduced ultrafiltration capacity or enhanced
tubular sodium reabsorption. Farmer et al.14 estimated the ambulatory
BP in 380 patients with essential hypertension and showed that the
prevalence of a non-dipping pattern in diurnal BP rhythm increased as
plasma creatinine level increased, irrespective of the number of
antihypertensives taken by patients. Goto et al.15 indicated that
positive relationships existed between changes in creatinine
clearance and an increase in the N/D ratio of the mean BP before
and after nephrectomy in healthy subjects who underwent unilateral
nephrectomy for kidney donation. These results support the
observation that insufficient natriuresis due to a decrease in
the glomerular filtration elevates nocturnal BP. In addition,
Fukuda et al.7 investigated the contribution of renal proximal tubular

angiotensinogen (AGT) production to the enhancement of fractional
tubular sodium reabsorption and the non-dipper circadian BP rhythm
in 40 patients with primary immunoglobulin A (IgA) nephropathy
and showed that immunostaining for proximal tubular AGT was
significantly and positively correlated with fractional tubular sodium
reabsorption and the N/D ratio of BP. These results suggest that
tubular sodium reabsorption is stimulated by the intrarenal RAS and
contributes to the genesis of the non-dipper BP rhythm (Figure 1).7

THE INDEPENDENT ROLES OF THE CIRCULATING RAS AND

TISSUE-SPECIFIC RAS

It has been well known for many years that the circulating RAS has a
critical role in the regulation of arterial pressure and sodium
homeostasis.10,16 In recent years, the focus of interest on the role of
the RAS in the pathophysiology of hypertension and organ injury has
changed to the local RAS in specific tissues. In the kidney, all RAS
components are present, and it has been clarified that activation of the
intrarenal RAS has a critical role in the pathophysiology of CKD and
hypertension, independent of the circulating RAS.16,17

THE ROLE AND CIRCADIAN RHYTHM OF THE CIRCULATING

RAS AND FACTORS AFFECTING THE CIRCULATING RAS

Because renin was first identified by Tigerstedt and Bergnmann in
1898, the RAS has been extensively studied. Renin, a key molecule in
the systemic RAS, is secreted as outlined below, and it has been

Table 1 Disorders causing the non-dipper pattern of circadian blood pressure rhythm

Pathophysiology Mechanisms Disorders

Disturbance in sleeping rhythm Sleep apnea syndrome

Stroke

Day-night shift workers

Disturbance in secretion rhythm of vasoactive hormone Pheochromocytoma

Cushing syndrome

Impaired renal capacity to excrete sodium (salt-sensitive hypertension) Reduced ultrafiltration capability CKD

Hypertension in black

Salt-sensitive type of essential hypertension

Enhanced tubular sodium reabsorption Primary aldosteronism

Diabetes mellitus

Metabolic syndrome

Abbreviation: CKD, chronic kidney disease.
Reprinted from Kimura et al.13 with permission of the publisher. Copyright 2010, Nature Publishing Group.

Figure 1 Relationships of the proximal tubular angiotensinogen (AGT) expression level with tubular sodium reabsorption to filtered sodium load ratio (FRNa)
(a) and the night/day ratio of the mean arterial pressure (MAP) (b) in 40 patients with immunoglobulin A (IgA) nephropathy. Reprinted from Fukuda et al.7

with permission of the publisher. Copyright 2012, Wolters Kluwer Health.
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clarified that the circulating RAS has crucial roles in regulating body
fluid volume and maintaining BP. Renin is secreted from the
juxtaglomerular apparatus as follows: (1) by stretch stimulation from
baroreceptors (or stretch receptors) in the wall of the afferent

arteriole,18 (2) by pressure stimulation from cardiac and arterial
baroreceptors, which regulate sympathetic neural activity and
circulating catecholamine levels19,20 and (3) by the chloride
concentration in the fluid delivered to the macula densa.21,22

Figure 2 Circadian rhythm of circulating renin–angiotensin system. (a) Plasma renin activity (PRA): serial PRA values were obtained from six normal subjects
who were continuously recumbent and received identical feedings at 4 h intervals. Reprinted from Gordon et al.9 with permission of the publisher. Copyright
1966, American Society for Clinical Investigation. (b) Plasma angiotensin II (AngII): serial AngII values were obtained at 4-h intervals from 20 normal
subjects (10 men and 10 women) who received normal meals at 0830, 1100 and 1700 hours. Reprinted from Kala et al.10 with permission of the
publisher. Copyright 1973, Taylor Francis.

Figure 3 Relative expression levels of cardiac renin–angiotensin system in Wistar–Kyoto (WKY) rats and spontaneously hypertensive rats (SHR). Expression of
(a) renin, (b) angiotensinogen (ATNG), (c) angiotensin converting enzyme (ACE) and (d) angiotensin II type 1a receptor (AT1aR). All expression values were
normalized against that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Trough values for the WKY group were arbitrarily set to 1. Data are
represented as the mean±SEM values in SHR (●) and WKY rats (○). *Po0.05 vs. WKY rats. Reprinted from Naito et al.23 with permission of the publisher.
Copyright 2002, American Heart Association.
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Since the 1960s, it has been well known that the circulating RAS has
a circadian rhythm. Gordon et al.9 investigated six normal subjects
who were continuously recumbent and who received identical
feedings. They clarified that plasma renin activity in the morning is
higher than that in the afternoon and that there is a normal diurnal
rhythm in plasma renin activity that is unexplained by diurnal changes
in diet or posture (Figure 2a).9 Moreover, Kala et al.10 examined the
circulating angiotensin II (AngII) concentration from 10 healthy men
aged 22–29 and 10 healthy women aged 19–23 and indicated that
plasma AngII exhibits a diurnal variation, with the highest and lowest
values detected at 0800 and 2000 hours, respectively (Figure 2b).

THE ROLE AND CIRCADIAN RHYTHM OF TISSUE-SPECIFIC

RAS AND FACTORS AFFECTING TISSUE-SPECIFIC RAS

Although it is clear that the circulating RAS has a circadian rhythm,
reports of a circadian rhythm in tissue-specific RAS are limited.

The role and circadian rhythm of cardiac RAS components and
factors affecting cardiac RAS components
The cardiac RAS has several important roles, including inotropic
effects, hypertrophic effects, mechanical stretch, remodeling and
apoptosis, independent of the circulating RAS. The predominant
physiological role of the cardiac RAS appears to be the maintenance
of an appropriate cellular milieu balancing stimuli, inducing and

inhibiting cell growth and proliferation as well as mediating adaptive
responses to myocardial stress.
Naito et al.23 investigated the circadian rhythm of cardiac RAS

components in spontaneously hypertensive rats (SHR) compared with
normotensive control Wistar–Kyoto (WKY) rats. They indicated that
the cardiac messenger RNA (mRNA) of RAS components showed a
circadian rhythm in both SHR and WKY rats. In addition, they
demonstrated that the amplitudes of these circadian fluctuations were
greater in the SHR than in the WKY rats and that the mRNA levels of
the RAS components increased in the SHR compared with those in
WKY rats at many time points (Figure 3). In this study, although the
changes in cardiac mRNA expression of renin and AGT following the
administration of the AngII type 1 receptor (AT1R) antagonist did not
reach statistical significance, treatment upregulated AT1a receptor
mRNA expression and downregulated angiotensin converting enzyme
(ACE) mRNA expression at specific time points in the SHR group
alone (Figure 4).23

The role and circadian rhythm of intrarenal RAS components and
factors affecting intrarenal RAS components
The role of intrarenal RAS components. It has been clarified that
intrarenal RAS activation has an important role in the development of
renal damage.24–29 In addition, the contribution of the intrarenal RAS
to salt-sensitive hypertension and nocturnal hypertension has been

Figure 4 Relative expression levels of cardiac renin–angiotensin system in control spontaneously hypertensive rats (SHR) and candesartan (angiotensin II
receptor blocker)-treated SHR. Expression of (a) renin, (b) angiotensinogen (ATNG), (c) angiotensin converting enzyme (ACE) and (d) angiotensin II type 1a
receptor (AT1aR). All expression values were normalized against that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Trough values for the control
SHR group were arbitrarily set to 1. Data are represented as the mean±SEM values in control SHR (●) and candesartan treated SHR (▼). *Po0.05 vs.
control SHR. Reprinted from Naito et al.23 with permission of the publisher. Copyright 2002, American Heart Association.
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shown. Konishi et al.30 indicated that when the salt-sensitivity index was
calculated as the reciprocal of the slope of the pressure-natriuresis line,
drawn by linking 2 data points obtained during consumption of an
ordinary salt diet (12 g per day) and a low-salt diet (5 g per day) in
IgA nephropathy patients, the sodium sensitivity index positively
correlated with the changes in the logarithmic urinary AGT/creatinine
ratio as well as glomerulosclerosis. These data suggest that the
inappropriate augmentation of intrarenal AGT induced by salt and the
associated renal damage contribute to the development of salt-sensitive
hypertension in patients with IgA nephropathy. In addition, Fukuda
et al.7 demonstrated that immunostaining for proximal tubular AGT
increased in IgA nephropathy patients compared with that in control
individuals and directly correlated with the fractional tubular sodium
reabsorption and the N/D ratio of BP. These data concluded that tubular
sodium reabsorption is stimulated by intrarenal RAS activation and
contributes to the genesis of the non-dipper BP rhythm.7

Factors affecting intrarenal RAS components. Several investigators
have demonstrated that intrarenal reactive oxygen species (ROS) are

Figure 5 Circadian rhythm of the intrarenal renin–angiotensin system based on urinary angiotensinogen (AGT) excretion in healthy volunteers (a) and in
patients with chronic kidney disease (CKD) (b). Urinary AGT excretion of 24 healthy volunteers and 8 patients with CKD did not show a circadian rhythm at
three time points (0600, 1200 and 1600 hours). Reprinted from Nishijima et al.41 with permission of the publisher. Copyright 2012, SAGE Publication.

Figure 6 Changes in urinary angiotensinogen to creatinine ratio (U-AGT/Cr) comparing daytime and nighttime values in (a) all patients with chronic kidney
disease (CKD), (b) CKD non-riser patients and (c) riser patients with CKD. The solid line indicates the change in U-AGT/Cr levels in non-riser patients with
CKD, and the dotted line indicates the change in U-AGT/Cr levels in riser patients with CKD. In patients with CKD, U-AGT/Cr levels during the daytime were
significantly higher than those during the nighttime. In non-riser patients with CKD, the change in U-AGT/Cr levels followed the same pattern as that of
patients with CKD. Conversely, U-AGT/Cr levels during the nighttime did not decrease compared with those during the daytime, and the circadian rhythm
of U-AGT/Cr disappeared in riser patients with CKD. Reprinted from Isobe et al.42 with permission of the publisher. Copyright 2015, Japanese Society of
Nephrology.

Table 2 Relationship with the night-to-day ratio (N/D) of urinary

angiotensinogen/creatinine (U-AGT/Cr) excretion in individuals with

non-chronic kidney disease (CKD) and patients with CKD

Correlation efficient P-value

eGFR −0.25 0.082

N/D of U-ACR 0.41 0.003

N/D of U-P/Cr 0.32 0.023

N/D of SBP 0.40 0.006

N/D of DBP 0.26 0.066

N/D of MBP 0.42 0.004

N/D of plasma AngII −0.05 0.72

N/D of U-Na+/h 0.45 0.001

Abbreviations: AngII, angiotensin II; DBP, diastolic blood pressure; eGFR, estimated glomerular
filtration rate; MBP, mean blood pressure; SBP, systolic blood pressure; U-ACR, urinary
albumin/creatinine ratio; U-P/Cr, urinary protein/creatinine ratio; U-Na+/h, urinary sodium
excretion every hour.
Reprinted from Isobe et al.42 with permission of the publisher. Copyright 2015, Japanese
Society of Nephrology.
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associated with intrarenal RAS activation and have a pivotal role in the
development of renal damage such as IgA nephropathy and diabetes
mellitus (DM) in human subjects and animal models.31–34 For
example, Miyata et al.33 reported that ZDF obese rats, an animal
model of type 2 DM, developed DM at 12 weeks, an increase in
urinary 8-isoprostane (a marker of oxidative stress) levels at 15 weeks,
and an elevation of AGT in the kidney at 18 weeks and they
proposed the sequential activation of the ROS–RAS axis in DM.33

Moreover, a subsequent in vitro experiment showed the precise
interaction between ROS and RAS in hyperglycemic conditions such
as DM.35

Zalucky et al.36 indicated decreased effective renal plasma flow
response to AngII challenge (a marker of renal RAS activity) in

obstructive sleep apnea patients compared with that in control
subjects. They concluded that the severity of nocturnal hypoxemia
influenced the magnitude of renal RAS activation independently of
obesity in obstructive sleep apnea patients. Moreover, Nicholl et al.37

reported that when obstructive sleep apnea was ameliorated by
continuous positive airway pressure, the renal RAS activity was
downregulated.
Moreover, cardiac disease is also an important factor affecting the

activation of the intrarenal RAS. Wen et al.38 estimated the mechanism
of renal impairment after myocardial infarction and clarified that renal
impairment was associated with intrarenal RAS activation, using
measures such as increased intrarenal AngII levels and enhanced
expressions of AGT mRNA and AngII receptor mRNA and protein.

Figure 7 Circadian rhythm of angiotensinogen (AGT), angiotensin II (AngII) and AngII type 1 receptor (AT1R) in the kidney. (a) Representative immunoblot of
AGT protein expression. (b) Densitometric ratios of AGT/glyceraldehyde-3-phosphate dehydrogenase (GAPDH) bands are shown. The amplitude of the
fluctuation of AGT expression in group A is greater than that in group C and that of the AO and AH groups is diminished (Peak to trough [P/T] ratio of AGT
expression in C, 1.13; A, 1.47; AO, 1.24; AH, 1.22). (c) Representative immunostaining for AGT expression at Zeitgeber time (ZT) 6. Immunostaining for
AGT in group C reveals slight expression in proximal tubular cells and dramatically increased expression in group A. Although intrarenal AGT expression is
reduced in group AO, the expression of AGT is not significantly decreased in group AH compared with that in group A. Original magnification ×400.
(d) Representative immunostaining for AngII protein expression at ZT 6. Immunostaining for AngII in group C is weak and is observed mainly in some distal
tubular cells (arrowheads). Immunostaining for AngII in group A is significantly enhanced in the proximal (arrows) and distal tubules (arrowheads), and AngII
in group AO (but not in group AH) is decreased compared with that in group A. Original magnification ×400. (e) The degree of AngII immunoreactivity is
shown. The average immunoreactivity of AngII in 20 microscopic fields for each slide is quantitatively evaluated by a semi-automatic image analysis system
using Image Pro Plus software. The amplitude of the fluctuation of AngII expression in group A is greater than that in group C and peaked at ZT 6. In
addition, the oscillations in the AO and AH groups diminished (P/T ratio of AngII expression in C, 1.03; A, 1.26; AO, 1.14; AH, 1.17). (f) Representative
immunoblot of AT1R protein expression. (g) Densitometric ratios of AT1R/GAPDH bands are shown. The amplitude of fluctuations of AT1R expression in
group A is greater than that in group C, whereas that in the AO and AH groups is diminished (P/T ratio of AT1R protein expression in C, 1.36; A, 1.51;
AO, 1.37; AH, 1.26). The solid line with open circles indicates group C, the solid line with closed circles indicates group A, the dotted line with closed
squares indicates group AO, and the dashed line with open triangles indicates group AH. Data are represented as means± s.e. #Po0.05 group C vs. group
A. *Po0.05 group A vs. group AO. C, group C; A, group A; AO, group AO; AH, group AH. Reprinted from Isobe et al.45 with permission of the publisher.
Copyright 2016, Nature Publishing Group. A full color version of this figure is available at Hypertension Research online.
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Circadian rhythm of intrarenal RAS components
Clinical studies. Urinary AGT has been used in many animal models
and clinical studies.24–29 For example, we measured urinary AGT
concentration in 70 hypertensive patients (39 treated with RAS
blockers and 31 not treated with RAS blockers) and 36 normotensive
subjects and clarified that urinary AGT/urinary creatinine concentra-
tion was significantly greater in hypertensive patients not treated with
RAS blockers than in normotensive subjects. Additionally, we showed
that patients treated with RAS blockers exhibited a marked attenuation
of this augmentation.28 In addition, Fuwa et al.39 demonstrated that a

lower sodium balance was produced by add-on hydrochlorothiazide to
AngII receptor blocker (ARB) treatment with reduction of urinary
AGT excretion (intrarenal RAS suppression), leading to the resolution
of nocturnal hypertension. These results indicate that urinary AGT has
been confirmed as an accurate biomarker that reflects intrarenal RAS
activity.
However, little has been reported regarding the existence of

circadian rhythm of the intrarenal RAS until recently. Nishijima
et al.40 investigated the circadian rhythm of the intrarenal RAS by
using urinary AGT and reported that urinary AGT levels were
unchanged at three time points (0900, 1300 and 1600 hours) in
24 healthy volunteers and at three time points (0600, 1200 and
1600 hours) in 24 healthy volunteers and eight patients with CKD
(Figure 5).41 However, these studies did not analyze nocturnal
intrarenal RAS activity, and the number of patients with CKD was
limited. Therefore, we investigated the circadian rhythm of urinary
AGT that was divided and collected in the daytime (0600 to
2100 hours) and nighttime (2100 to 0600 hours) in 14 individuals
without CKD and in 36 patients with CKD. The circadian rhythm
patterns of BP in patients with CKD were as follows: dippers in 6,
non-dippers in 20 and risers in 10, and no extreme dippers were
found. We observed that urinary AGT levels were equally low during
both the daytime and nighttime in individuals without CKD. In
addition, we showed that urinary AGT levels were significantly higher
in patients with CKD than in those without CKD in both the daytime
and nighttime and that urinary AGT levels were higher during the
daytime than at nighttime in patients with CKD. Moreover, we found
that urinary AGT levels during the daytime and nighttime were
elevated to similar levels in patients with CKD with the ‘riser’ BP
pattern and that the levels of N/D ratio of urinary AGT were positively
correlated with the levels of N/D of urinary protein and albumin
excretion and BP. Thus, we concluded that the circadian rhythm of
intrarenal RAS activation may lead to renal damage and hypertension,
both of which are associated with diurnal variations in BP, and that it
is possible that urinary AGT-guided antihypertensive therapy improves
renal prognosis42 (Figure 6; Table 2). It is difficult to evaluate the
contribution of progression of renal damage with the extreme dipper
BP pattern because this pattern is less frequent (11.1% in Cha et al.’s

Figure 8 Circadian rhythm of renin and prorenin levels in the kidney.
(a) Representative immunoblot of renin and prorenin protein expression.
(b) Densitometric ratios of renin and prorenin/glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) bands are shown. The amplitude of fluctuations of
renin and prorenin expression in group AO is greater than that in the other
groups (peak to trough [P/T] ratio of renin in C, 1.30; A, 1.34; AO, 1.82;
AH, 1.47; and P/T ratio of prorenin in C, 1.47; A, 1.40; AO, 1.59; AH,
1.39). The solid lines with open circles indicate group C, the solid lines with
closed circles indicate group A, the dotted lines with closed squares indicate
group AO, and the dashed lines with open triangles indicate group AH. Data
represent means± s.e. #Po0.05 group C vs. group A. *Po0.05 group A vs.
group AO. (c) Representative immunostaining for total renin protein at
Zeitgeber time (ZT) 6. In group C, significant immunostaining for total renin
is observed in the juxtaglomerular cells (arrows) and is faintly observed in
some collecting ducts and connecting tubules (arrowheads). In contrast,
immunostaining for total renin is observed only in the collecting ducts and
connecting tubules in groups A and AH. Immunostaining of total renin in
juxtaglomerular cells in group AO is observed as clearly as that in group C.
However, the immunostaining intensity in the collecting ducts are markedly
decreased compared with those in groups A and AH. Original magnification
×400. C, group C; A, group A; AO, group AO; AH, group AH. Reprinted from
Isobe et al.45 with permission of the publisher. Copyright 2016, Nature
Publishing Group. A full color version of this figure is available at
Hypertension Research online.
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report43 and 0% in our report42). In addition, Kario et al.4 reported
that it is possible that extreme dipping of nocturnal BP is related to
silent cerebral ischemia through hypoperfusion during sleep or an
exaggerated morning rise of BP in older Japanese hypertensive
patients, and Bastos et al.44 revealed that patients with cardiovascular
events (acute coronary syndromes, strokes, acute heart failure and
arrhythmias) more frequently showed extreme dipper patterns than
patients without cardiovascular events in resistant hypertensive
patients. On the other hand, the relationship between the progression
of renal damage and the extreme dipper pattern has not been clarified

until now. We are looking forward to larger clinical trials in the near
future, which we hope will further clarify this relationship.

ANIMAL STUDIES

The circadian rhythm of other intrarenal RAS components in addition
to AGT and a detailed evaluation of circadian rhythms of the
intrarenal RAS have not been described. Furthermore, it is not clear
whether the administration of AT1R blockers influences the circadian
rhythm of intrarenal RAS components. Therefore, an animal study
was conducted using rats with chronic progressive nephritis to address

Figure 9 Circadian rhythm of (pro)renin receptor [(P)RR] and angiotensin converting enzyme (ACE) in the kidney. (a) Representative immunoblot of (P)RR
protein expression. (b) Densitometric ratios of (P)RR/glyceraldehyde-3-phosphate dehydrogenase (GAPDH) bands are shown. The degree of oscillation is
similar among the groups (peak to trough [P/T] ratio of (P)RR protein expression in C, 1.37; A, 1.24; AO, 1.28; AH, 1.23). (C) Representative
immunostaining for (P)RR at Zeitgeber time (ZT) 6. The collecting duct and connecting tubular cells were observed, and the levels of immunostaining were
not different among the groups. Original magnification ×400. (d) Representative immunoblot of ACE protein expression. (e) Densitometric ratios of
ACE/GAPDH bands are shown. The degree of oscillation was similar among the groups (P/T ratio of ACE expression in C, 1.16; A, 1.19; AO, 1.28;
AH, 1.21). (f) Representative immunostaining for ACE protein at ZT 6. ACE was immunostained at ZT 6 in the brush border of proximal tubules (arrows) and
in the endothelium of the blood vessels (arrowheads). Immunostaining intensity for ACE in both lesions did not differ among the groups. Original
magnification ×400. The solid line with open circles indicates group C, the solid line with closed circles indicates group A, the dotted line with closed
squares indicates group AO, and the dashed line with open triangles indicates group AH. Data are represented as means± s.e. C, group C; A, group A;
AO, group AO; AH, group AH. Reprinted from Isobe et al.45 with permission of the publisher. Copyright 2016, Nature Publishing Group. A full color version
of this figure is available at Hypertension Research online.
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these concerns.45 Chronic progressive anti-thymocyte serum (ATS)
nephritis was induced by two consecutive injections of ATS
1 week apart after uninephrectomy (group A), and a comparison
was performed with control rats (group C). Treatment intervention
was performed by administering olmesartan medoxomil (ARB)
(group AO) or hydralazine (a vasodilator) (group AH) as described
previously.46 The levels of intrarenal RAS components were evaluated
every 6 h.
The expression levels of intrarenal AGT, AngII and AT1R increased

in group A and peaked at the same time as BP and urinary protein
excretion during the resting phase. The amplitude of circadian
fluctuation of these proteins (peak to trough (P/T) ratio) was higher
in group A than in group C. Both BP levels and circadian fluctuation
of these proteins decreased in the AO and AH groups. However, renal
function, proteinuria and augmentation of intrarenal RAS components
were reduced in the AO group alone (Figure 7). In contrast, protein
expression levels of intrarenal renin and prorenin showed the same
tendency as that of AGT, AngII and AT1R, although fluctuation in
these levels was augmented in group AO (Figure 8). Protein expression
levels and fluctuation of ACE and (pro)renin receptor [(P)RR] did not
differ among the groups (Figure 9).
These results indicate that renal damage may be linked to the

activation of intrarenal RAS components, such as AGT, AngII and
AT1R, independent of the amplitude of its oscillations and BP.

POSSIBLE PATHOGENETIC MECHANISM OF DISTURBANCES

IN THE CIRCADIAN RHYTHM OF THE INTRARENAL RAS

It is known that AGT in the kidney is produced in the proximal
tubules.16 However, Matsusaka et al.47 demonstrated that AGT
produced in the liver and filtered through the glomerular basement
membrane is the primary source of intrarenal AngII. Some studies
have reported that there is no evidence of a circadian rhythm of liver
AGT and that no significant variations indicative of a circadian rhythm
are found in plasma AGT.41,45 Glomerular permeability is augmented
by glomerular injury.48,49 In addition, glomerular hypertension
influences glomerular permeability more than systemic hypertension.
Griffin et al.50 demonstrated the differences between intraglomerular
BPs in 5/6 nephrectomized rats treated with an ACE inhibitor and a
calcium channel blocker and that glomerular damage was ameliorated
by the ACE inhibitor but not the calcium channel blocker because of
the prevention of greater pressure transmission to the glomeruli.
Moreover, glomerular hypertension increases AGT excretion levels in
the tubular lumen.51 Therefore, it is possible that circadian fluctuation
of glomerular permeability due to glomerular hypertension may
influence the circadian rhythm of intrarenal AGT. Once the AGT is
excreted into the tubular lumen, AngII is generated because all the
components necessary for AngII synthesis are located in the
tubules.16,52,53 This may explain why circadian fluctuations of the
intrarenal RAS exist, why BP elevation, urinary protein excretion
and intrarenal RAS activation occur in parallel in patients with CKD
and in the chronic progressive nephritis model, and ultimately, why
fluctuations in the intrarenal RAS are not related to those in the
circulating RAS.

CONCLUSION

This review indicates that the circadian rhythm of the intrarenal
RAS clearly exists. Moreover, intrarenal RAS activity in patients with
CKD, as evaluated by urinary AGT levels, indicates that disturbances
in the circadian rhythm of intrarenal RAS activation lead to renal
damage, hypertension and variations in diurnal BP. Animal studies
demonstrate that levels of the intrarenal RAS components such as

AGT, AngII and AT1R proteins are increased and that the amplitude
of oscillations of these proteins is augmented.
In conclusion, it is plausible that glomerular permeability and

hypertension increases the levels of AGT excretion into the tubular
lumen and that circadian fluctuation of glomerular permeability
influences intrarenal RAS activation.
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