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Augmented circadian rhythm of the intrarenal
renin–angiotensin systems in anti-thymocyte serum
nephritis rats

Shinsuke Isobe1, Naro Ohashi1, Sayaka Ishigaki1, Takayuki Tsuji1, Yukitoshi Sakao2, Akihiko Kato2,
Hiroaki Miyajima1, Yoshihide Fujigaki1,3, Akira Nishiyama4 and Hideo Yasuda1

We report that disturbance to the circadian rhythm of urinary angiotensinogen (AGT) excretion may lead to renal

damage, hypertension and diurnal blood pressure (BP) variations. We aim to clarify the circadian rhythm of the

intrarenal renin–angiotensin system (RAS) and its contribution to renal damage, hypertension and BP variations, and to evaluate

whether the administration of RAS blockers influences the circadian rhythms of intrarenal RAS components. Anti-thymocyte

serum (ATS) nephritis rats were used as a chronic progressive glomerulonephritis model (group A) and compared with control

rats (group C). Other rats with ATS nephritis received olmesartan medoxomil (an angiotensin II (AngII) type 1 receptor (AT1R)

blocker; group AO) or hydralazine (a vasodilator; group AH). The levels of intrarenal RAS components were evaluated every 6 h.

The expression levels of intrarenal AGT, AngII and AT1R were increased in group A and peaked at the same time as BP and

urinary protein excretion during the rest phase. The amplitude of the circadian fluctuation of these proteins was more increased

in group A than in group C. The circadian fluctuation of these proteins was reduced in groups AO and AH. However, renal

function, proteinuria and augmentation of intrarenal RAS components were reduced only in group AO. Intrarenal RAS

components, such as AGT, AngII and AT1R proteins, were increased and the amplitude of the oscillations of these proteins was

augmented in ATS nephritis rats. Interestingly, renal damage may be linked to the activation of the intrarenal RAS independent

of the amplitude of its oscillations and BP.
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INTRODUCTION

The circulating renin–angiotensin system (RAS) has a circadian
rhythm1 and has an important role in blood pressure (BP)
regulation.2 Although angiotensin II (AngII) is a strong vasoconstric-
tor, the circadian rhythm of circulating AngII levels is known to be
independent of that of BP.3 It has been confirmed that activation of
the intrarenal RAS has a critical role in the pathophysiology of
hypertension and renal injury independent of the circulating RAS.2,4,5

Several studies have indicated that activation of the intrarenal RAS
deteriorates the circadian rhythm of BP,6,7 and that the administration
of an AngII type 1 receptor (AT1R) blocker (ARB) can ameliorate
disturbed BP rhythm and intrarenal RAS activity in patients with
hypertension or chronic kidney disease (CKD).7,8

Although it is clear that the circulating RAS has a circadian
rhythm, reports of a circadian rhythm in the tissue-specific RAS are
limited. Naito et al. demonstrated that cardiac RAS components
have circadian rhythms, and that these oscillations are augmented
under certain disease conditions.9 In this study, the administration

of an ARB reduced the amplitude of oscillations of cardiac RAS
components, although it is not known whether these effects were
dependent on BP or RAS blockade.9 However, it is not clear
whether the intrarenal RAS has a circadian rhythm or it influences
renal damage and the circadian rhythm of BP. We previously
reported that intrarenal RAS activity evaluated according to urinary
angiotensinogen (AGT) levels was equally low during day and
nighttime in individuals without CKD. In contrast, in patients with
CKD, the intrarenal RAS was activated and urinary AGT levels were
higher at day than at nighttime. Moreover, urinary day and
nighttime AGT levels were elevated to similar levels in CKD
patients with the ‘riser’ BP pattern. In addition, urinary AGT levels
were positively correlated with the levels of urinary protein
and albumin excretion and BP.10 These results indicated that
disturbance to the circadian rhythm of intrarenal RAS activation
leads to renal damage and hypertension, which are both associated
with diurnal BP variations. However, other RAS components
besides AGT could not be evaluated, and the time course of urinary
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AGT excretion could only be divided into two parts (day and
nighttime) for the evaluation of circadian rhythms. Furthermore, it
is unknown whether the administration of ARBs influences the
circadian rhythm of intrarenal RAS components. Therefore, we
conducted this study to elucidate the circadian rhythm of intrarenal
RAS components and its contribution to renal damage and BP
variations in rats with chronic progressive anti-thymocyte serum
(ATS) nephritis. Furthermore, we attempted to clarify whether the
administration of ARBs can reduce disturbances in the circadian
rhythm of intrarenal RAS components, and whether its effects
depend on lowering BP or blocking the RAS.

METHODS

Experimental design
All animal procedures were conducted with the approval of the Animal
Committee of the Hamamatsu University School of Medicine. Six-week-old
male Wistar rats weighting 150 g were purchased from SLC (Hamamatsu,
Japan) and kept under a 12:12-h light–dark cycle (lights on at 0700 hours;
Zeitgeber time (ZT) 0).
Chronic progressive ATS nephritis was induced by two consecutive injections

of ATS 1 week apart after uninephrectomy, as described previously.11,12 Rats
were randomly assigned into the following four groups:
Group C (n= 24): rats were subjected to a sham operation on day -7,

received two injections of 0.35 ml of 0.9% saline solution instead of ATS
through the tail vein on days 0 and 7, and were provided with standard food
and water.
Group A (n= 32): rats were subjected to right nephrectomy 7 days before the

first ATS injection, received two injections of 0.35 ml of ATS through the tail
vein on days 0 and 7, and were provided with standard food and
drinking water.
Groups AO (n= 32) and AH (n= 32): rats treated similar to those in group

A received 10 mg kg− 1 per day of olmesartan medoxomil (CS-866, Daiichi
Sankyo, Tokyo, Japan) mixed with powdered food, or 5 mg kg− 1 per day of
hydralazine hydrochloride (Wako, Osaka, Japan) added to drinking water to
lower the BP to equal that in C group, as previously described.12

Animals from all groups were euthanized by decapitation every 6 h from ZT
6 on day 20 to ZT 24 on day 21. Urine samples were collected using metabolic
cages for 6 h, and BP was measured using a non-invasive tail-cuff method
(BP 98A; Softron, Tokyo, Japan) before euthanasia. Blood samples and kidneys
were collected immediately after decapitation and prepared as described below.
It is considered that the samples at ZT 24 are equal to those at ZT 0, because
chronic model is used in our experiments, and the same diurnal variation
occurs repeatedly as described previously.9

Measurement of renal function and urinary protein excretion
Serum and urinary creatinine (Cr) concentrations were measured by enzymatic
assays (Falco SD, Kyoto, Japan). Cr clearance was calculated as previously
described.13 Urinary protein excretion was measured using a pyrogallol
red-molybdate protein assay kit (Wako, Osaka, Japan).

Evaluation of glomerular and tubulointerstitial lesions
Kidney tissues were fixed in 4% paraformaldehyde in phosphate-buffered saline
and embedded in paraffin. Tissue sections (3 μm) were stained with periodic
acid–Schiff and Masson’s trichrome for histopathological evaluation of
glomerular and tubulointerstitial lesions. To assess the glomerular changes,
glomerular damage scores were evaluated using our traditional methods with
minor modification.14 Briefly, a semi-quantitative grade of severity (0, 1, 2 or 3,
indicating that the feature was absent, mild, moderate or sever, respectively)
was assigned to each of the following morphologic findings: (1) mononuclear
cell infiltration, (2) mesangial matrix accumulation and (3) mesangial cell
proliferation. Composite scores were calculated by summing individual scores
in 20 glomeruli from each rat in microscopic fields observed at × 400
magnification. Means of these values were then calculated. The percentages
of tubulointerstitial fibrosis were evaluated in microscopic fields observed at
× 100 magnification. Ten microscopic fields were evaluated for each rat using a

point-counting method, and mean values were calculated. All quantitative
analyses were performed in a blind manner to avoid bias.

Measurement of circulating RAS concentrations and urinary AGT
excretion levels
Plasma renin activity (PRA) and plasma AngII levels were measured by radio-
immunoassay kits (SRL, Tokyo, Japan) and plasma AGT levels were measured
by ELISA (IBL, Takasaki, Japan) to evaluate the circulating RAS. In addition,
the levels of urinary AGT as a surrogate marker of intrarenal RAS activity were
measured by ELISA (IBL, Takasaki, Japan) as previously described.15

Immunoblot and immunohistochemical analysis of intrarenal RAS
components
To evaluate the circadian rhythm of intrarenal RAS components, immunoblot
analysis of AGT, AT1R, renin, prorenin, (pro)renin receptor (PRR) and
angiotensin-converting enzyme (ACE) was conducted as previously
described.12 The primary antibodies were rabbit anti-AGT antibody
(IBL, Takasaki, Japan), rabbit anti-AT1R antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), rabbit anti-renin/prorenin antibody (generously
provided by Dr T Senbonmatsu of Saitama Medical University, Moroyama,
Japan and Dr T Inagami of Vanderbilt University, Nashville, TN, USA), rabbit
anti-PRR antibody (Abcam, Tokyo, Japan) and goat anti-ACE antibody
(Santa Cruz Biotechnology). Mouse anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH; Santa Cruz Biotechnology) was also used. The accumulation
of these proteins as determined by immunoblot analysis was normalized against
that of GAPDH.
Immunostaining for AGT, renin and prorenin, ACE, PRR and AngII in

kidney sections was conducted using a Histofine kit (Nichirei-Bioscience,
Tokyo, Japan) as previously described.11,12 The antibodies used for immunu-
blot analysis were used for immunostaining (rabbit anti-AGT antibody, rabbit
anti-renin/prorenin antibody, goat anti-ACE antibody and rabbit anti-PRR
antibody). Rabbit anti-AngII antibody (Phoenix Pharmaceuticals, Burlingame,
CA, USA) was used, and the immunoreactivity of AngII was quantitatively
evaluated by a semi-automatic image analysis system using Image Pro Plus
software (Media Cybernetics, Rockville, MD, USA).11,16 Twenty microscopic
fields were examined for each slide, and the averaged AngII-positive areas
except for vascular and glomerular lesions were obtained. Sections incubated
without primary antibodies were used as a control.

Immunoblot analysis of AGT in the liver
To evaluate the circadian rhythm of AGT in the liver, immunoblot analysis of
liver AGT was conducted. The primary antibody of AGT in the liver was the
same one used for the kidney analysis.

Statistical analysis
Results are expressed as means± s.e. Significant differences among the groups
were determined using analysis of variance followed by Tukey’s or Games-
Howell’s post-hoc analysis, as appropriate. Logarithmic transformation was used
for urinary AGT/Cr ratios because they were not normally distributed.10,17

P-value of o0.05 was considered statistically significant. Statistical analyses
were performed using SPSS software, version 20 (SPSS, Chicago, IL, USA).
The characteristics of experimental models were determined by all the

samples collected at 4 different time points. The averages of collected values for
BPs, urinary protein/Cr ratio (U-P/Cr), urinary AGT/Cr ratio (U-AGT/Cr) and
circulating RAS components (PRA, plasma AGT and plasma AngII) in each
time point were calculated to evaluate the amplitude of circadian oscillations.
The maximum or minimum amplitude of the circadian oscillations in each
group was determined as the value of peak or trough time point, respectively,
and the peak-to-trough (P/T) ratio was calculated as previously described.9

RESULTS

Body weight, BP and renal damage
Body weight in group C was heavier than in other groups (Figure 1a).
Systolic BP (SBP) and U-P/Cr in group A were significantly higher
than in group C (Figure 1b and c). Cr clearance in group A were lower
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than in group C (Figure 1d). Olmesartan medoxomil or hydralazine
was administered to lower the BP in groups AO and AH to the same
level as in group C (Figure 1b). SBP in active phase (ZT 18 and 24)
was higher than in rest phase (ZT 6 and 12) in group C. However,
although diurnal BP rhythm were not similar, SBP between active and
rest phases were not different in the diseased groups (groups A, AO
and AH; Supplementary Table 1). U-P/Cr and Cr clearance
parameters in group AO were significantly improved, but those in
group AH were not significantly different than those in group A
(Figure 1c and d).

Histopathological findings
Glomerular damage, such as mononuclear cell infiltration, mesangial
matrix accumulation and mesangial cell proliferation, and tubuloin-
terstitial damage, such as tubular atrophy and interstitial fibrosis, were
significantly more increased in group A than in group C. Glomerular
and tubulointerstitial damage were significantly improved in group
AO compared with group A. However, there were no significant
differences in these types of damage between group A and group AH
(Figure 1e,f and k).

Circulating RAS and urinary AGT excretion
In groups A and AH, PRA level was decreased compared with that in
group C, probably due to suppression by fluid retention. PRA level
was significantly more increased in group AO than in group A
(Figure 1g). The levels of plasma AngII in group AO were significantly
higher than those in other groups, and there were no significant
differences among the other groups (Figure 1i). On the other hand,
the levels of plasma AGT were not significantly different among all the
groups (Figure 1h). These parameters were not correlated with values
for U-P/Cr, glomerular and tubulointerstitial damage, renal function
and BP.
In contrast, U-AGT/Cr was significantly more increased in group A

than in group C. U-AGT/Cr was decreased in group AO but not in
group AH (Figure 1j). These changes were correlated with values for
U-P/Cr, glomerular and tubulointerstitial damage and renal function.

Circadian rhythms of SBP, urinary protein excretion, circulating
RAS components and urinary AGT excretion
Rats were awake from ZT 12 to 24 (active phase) and asleep from ZT
0 to 12 (rest phase) in order to replicate their nocturnal sleeping

Figure 1 Values of (a) body weight, (b) systolic blood pressure (SBP), (c) urinary protein/creatinine ratio (U-P/Cr), (d) creatinine clearance (CCr),
(e) glomerular damage scores: The scores are the composite ones that were calculated by summing each of the following morphologic findings: (1)
mononuclear cell infiltration, (2) mesangial matrix accumulation and (3) mesangial cell proliferation. (f) Tubulointerstitial fibrotic area: The percentages of
tubulointerstitial fibrosis are evaluated in 10 microscopic fields for each rat using a point-counting method. (g) Plasma renin activity (PRA), (h) plasma
angiotensinogen (AGT), (i) plasma angiotensin II (AngII), (j) urinary AGT/creatinine ratio (U-AGT/Cr) at day 21 and (k) histopathological findings at day 21:
Representative photomicrographs of glomeruli (original magnification ×400) and tubulointerstitium (original magnification ×100) for all groups. In group A,
glomerular damage such as mesangiolysis, mesangial cell proliferation and mesangial matrix accumulation, and tubulointerstitial damage such as tubular
atrophy and interstitial fibrosis are noted, and these finding are reduced in group AO but not in group AH. These data are determined by all the samples
collected at four different time points. Data represent means± s.e. #Po0.05 group C vs. group A. *Po0.05 group A vs. groups AO and AH. A full color
version of this figure is available at the Hypertension Research journal online.
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patterns. In group C, SBP peaked during the active phase (ZT 18) and
tended to decrease during the rest phase. SBP in group A was higher
than that in group C at many time points, and peaked at ZT 6. SBP in
groups AO and AH was significantly lower than those in group A, and
not significantly different than those in group C except for at ZT 12 in
group AH (Figure 2a). The amplitude of the oscillation of SBP
evaluated by P/T ratio in each group were not different (C: 1.11;
A: 1.12; AO: 1.09 and AH: 1.08, respectively).
U-P/Cr in group C was similarly low at all time points. P/T ratio of

U-P/Cr was 1.13 in group C. In group A, U-P/Cr was significantly
higher than that in group C at all time points. U-P/Cr peaked at ZT 6
in group A, and the P/T ratio of U-P/Cr was increased up to 1.73.
U-P/Cr in group AO but not group AH was low compared with that
in group A at almost all time points, and fluctuations of U-P/Cr in
groups AO and AH were diminished to 1.57 and 1.52, respectively
(Figure 2b).
The levels of PRA peaked late during the rest phase in group C, and

those in groups A and AH were significantly suppressed. In group AO,
the levels of PRA exhibited large deviations and peaked during the end
of the rest phase (Figure 2c). In addition, the levels of plasma AngII

also exhibited large deviations and were higher in group AO than
those in groups C and A. The circadian rhythm of plasma AngII was
comparable to that of PRA. There were no significant changes in this
parameter among groups C, A and AH (Figure 2e). On the other
hand, the levels of plasma AGT did not show the obvious circadian
rhythm (Figure 2d).
U-AGT/Cr levels in group A was extremely high compared than

those in group C at all time points, and peaked at ZT 6 (the same time
point as for the peak of SBP and U-P/Cr). U-AGT/Cr was significantly
decreased in group AO at almost all time points, but less so in group
AH compared with group A (Figure 2f). Fluctuations in U-AGT/Cr
evaluated by P/T ratio were extremely increased in group A compared
with group C, and were decreased in group AO and AH compared
with group A (P/T ratio of urinary AGT in C: 1.24; A: 4.21; AO: 1.43
and AH: 1.23). The levels of circulating RAS components were not
correlated with urinary AGT excretion levels.

Circadian rhythm of protein expression for the intrarenal RAS
Next, we evaluated whether the intrarenal RAS has a circadian rhythm.
Immunoblot analysis for AGT expression in group C exhibited little

Figure 2 Circadian fluctuation of (a) systolic blood pressure (SBP), (b) urinary protein/creatinine ratio (U-P/Cr), (c) plasma renin activity (PRA), (d) plasma
angiotensinogen (AGT), (e) plasma angiotensin II (AngII) and (f) urinary AGT/creatinine ratio (U-AGT/Cr) at day 21. The solid lines with open circles show
group C, the solid lines with closed circles show group A, the dotted lines with closed squares show group AO and the dashed lines with open triangles show
group AH. Data represent means± s.e. #Po0.05 group C vs. group A. *Po0.05 group A vs. groups AO and AH.
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fluctuation (P/T ratio 1.13). In contrast, the levels of AGT protein in
group A were enhanced at all time points compared with those in
group C, and peaked at ZT 6. The amplitude of oscillations of AGT
protein by P/T ratio in group A was increased up to 1.47. AGT
expression was significantly low at several time points in group AO,
but not in group AH compared with that in group A (Figure 3a
and b). The P/T ratios of AGT protein in groups AO and AH were
diminished to 1.24 and 1.22, respectively. The most obvious difference
in AGT protein levels among the groups was at ZT 6, and
immunostaining was performed at this time to confirm the results
of immunoblot analysis. Immunostaining for AGT protein in group C
revealed slight expression in the proximal tubular cells, and drama-
tically increased the expression in group A. Although intrarenal AGT
expression was reduced in group AO, there was no significant
difference between groups A and AH (Figure 3c).
Because it is not possible to detect AngII by immunoblot analysis

due to its low molecule weight (1296.49 Da), we conducted quanti-
tative evaluation by immunostaining. Immunostaining for AngII was
weak, and AngII was mainly seen in some distal tubular cells in group
C. Immunostaining for AngII in group A revealed significant expres-
sion in the proximal and distal tubules, which peaked at ZT 6.
Immunostaining for AngII revealed significantly more decreased levels
in group AO than in group A, but no significant differences were
found between groups A and AH (Figure 4a and b). The amplitude of
the oscillations of AngII in group A was greater than that in C group.
The amplitude in groups AO and AH was diminished (P/T ratio of
AngII protein in C: 1.03; A: 1.26; AO: 1.14 and AH: 1.17).
AT1R expression was also more prominent in group A than in

group C at many time points, and peaked at ZT 6 (Figure 5a and b).
AT1R expression was significantly lower in group AO at several time
points, but was different between groups A and AH. The amplitude
of the oscillations of AT1R in group A was greater than that in
C group. The amplitude was diminished in groups AO and AH
(P/T ratio of AT1R protein in C: 1.36; A: 1.51; AO: 1.37 and
AH: 1.26). Fluctuations in intrarenal AngII expression matched
fluctuations in intrarenal AGT and AT1R expression and urinary AGT
excretion.
Renin and prorenin were detected as two neighbouring bands as

previously described.13 In group C, renin and prorenin expression
levels were similarly low at all time points (Figure 6a and b), but
expression in group A was significantly more enhanced than that in
group C. Renin and prorenin expression in group AO were
significantly lower at ZT 6 and ZT 18, respectively, and tended to
be decreased at other time points. However, there were no differences
between groups A and AH. The oscillations of renin and prorenin
levels were different to those of other RAS components. The
amplitudes of oscillations of renin and prorenin levels were similar
among groups C, A and AH. However, the amplitude in group AO
was increased compared with that in the other groups (P/T ratio of
renin in C: 1.30; A: 1.34; AO: 1.82 and AH: 1.47, and P/T ratio of
prorenin in C: 1.47; A: 1.40; AO: 1.59 and AH: 1.39; Figure 6a and b).
Immunostaining for total renin, including renin and prorenin at ZT 6,
were dramatically different among the groups. In group C, significant
immunostaining for total renin was observed in the juxtaglomerular
cells, and was faintly observed in some collecting ducts and connecting
tubules. In contrast, immunostaining for total renin was observed only
in the collecting ducts and connecting tubules in groups A and AH.
Immunostaining of juxtaglomerular cells in group AO was observed
equally clearly in group C. However, the immunostaining levels in
collecting ducts were markedly decreased compared with those in
groups A and AH (Figure 6c). This might explain why the circadian

Figure 3 Immunoblot analysis for angiotensinogen (AGT) expression and
its circadian fluctuation, and immunostaining for AGT at Zeitgeber time
(ZT) 6. (a) Representative immunoblot data of AGT. (b) Densitometric
ratios of AGT/glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Densitometric ratios of AGT bands against GAPDH bands are calculated.
Data represent means± s.e. #Po0.05 group C vs. group A. *Po0.05
group A vs. group AO. The amplitude of fluctuation of AGT expression in
group A is greater that in group C, and that in AO and AH groups is
diminished (P/T ratio of AGT expression in C: 1.13; A: 1.47; AO: 1.24
and AH: 1.22). The solid line with open circles shows group C, the solid
line with closed circles shows group A, the dotted line with closed
squares shows group AO and the dashed line with open triangles shows
group AH. (c) Representative immunostaining for AGT at ZT 6
Immunostaining for AGT in group C revealing slight expression in proximal
tubular cells, and dramatically increased expression in group A. Although
intrarenal AGT expression is reduced in group AO, that in group AH is not
significantly decreased compared with that in group C. Original
magnification × 400. A full color version of this figure is available at the
Hypertension Research journal online.
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fluctuation of renin and prorenin was different to that of other RAS
components.
PRR expression as determined by immunoblot analysis exhibited no

remarkable changes among the different models, and the degrees of
oscillation were similar among the groups (P/T ratio of PRR in C: 1.37;
A: 1.24; AO: 1.28 and AH: 1.23; Supplementary Figure 1A and B).
Immunostaining for PRR in the collecting ducts and connecting
tubular cells at ZT 6 was observed, and the levels of immunostaining
were not different among the groups (Supplementary Figure 1C).

ACE expression as determined by immunoblot analysis also
exhibited no significant changes among the models, and the degrees
of oscillation were similar between the groups (P/T ratio of ACE in
C: 1.16; A: 1.19; AO: 1.28 and AH: 1.21; Supplementary Figure 2A
and B). ACE was immunostained at ZT 6 in the brush border of
proximal tubules and in the endothelium of blood vessels. Immunos-
taining levels for ACE in both lesions were not different among the
groups (Supplementary Figure 2C).

Circadian rhythm of protein expression for the liver AGT
To determine whether activation of the intrarenal RAS was influenced
by AGT that was produced in the liver and filtered through glomerular
basement membrane, we investigated the AGT protein expression for
the liver. There were no obvious changes of expression levels and the
degrees of oscillation among the groups (P/T ratio of liver
AGT in C: 1.20; A: 1.19; AO: 1.23 and AH: 1.10; Supplementary
Figure 3A and B).

DISCUSSION

Consecutive injections of ATS after uninephrectomy in rats caused
chronic progressive renal dysfunction, augmentation of urinary
protein excretion, BP elevation, glomerular and tubulointerstitial
damage and activation of the intrarenal RAS independent of the
circulating RAS, as previously described.11,12 In this model, intrarenal
AGT, AngII and AT1R were activated and oscillated more than in

Figure 4 Immunostaining for angiotensin II (AngII) and its circadian
fluctuation. (a) Representative immunostaining for AngII at Zeitgeber time
(ZT) 6. Immunostaining for AngII in group C is weak and noted mainly in
some distal tubular cells (arrowheads). Immunostaining for AngII in group A
is significantly enhanced in proximal (arrows) and distal tubules
(arrowheads), and that in group AO (but not in group AH) is decreased
compared with that in group A. Original magnification ×400. (b) The
degrees of immunoreactivity of AngII. The averaged immunoreactivity of
AngII in 20 microscopic fields for each slide are quantitatively evaluated by
a semi-automatic image analysis system using Image Pro Plus software. The
amplitude of fluctuations of AngII expression in group A is greater that in
group C, and peaked at ZT 6. In addition, the oscillations in AO and AH
groups are diminished (P/T ratio of AngII expression in C: 1.03; A: 1.26;
AO: 1.14 and AH: 1.17). The solid line with open circles shows group C,
the solid line with closed circles shows group A, the dotted line with closed
squares shows group AO and the dashed line with open triangles shows
group AH. Data represent means± s.e. #Po0.05 group C vs. group A.
*Po0.05 group A vs. group AO. A full color version of this figure is available
at the Hypertension Research journal online.

Figure 5 Immunoblot analysis for angiotensin II type 1 receptor (AT1R) and
its circadian fluctuation. (a) Representative immunoblot data of AT1R.
(b) Densitometric ratios of AT1R/glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Densitometric ratios of AT1R bands against GAPDH bands were
calculated. The amplitude of fluctuations of AT1R expression in group A is
greater that in group C, and that in AO and AH group is diminished
(P/T ratio of AT1R protein expression in C: 1.36; A: 1.51; AO: 1.37 and AH:
1.26). The solid line with open circles shows group C, the solid line with
closed circles shows group A, the dotted line with closed squares shows
group AO and the dashed line with open triangles shows group AH. Data
represent means± s.e. #Po0.05 group C vs. group A. *Po0.05 group A vs.
group AO.
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controls. Moreover, they peaked at ZT 6, which was the same as for
BP and urinary protein excretion. In addition, the administration of
both olmesartan medoxomil and hydralazine effectively reduced the
amplitude of oscillations of AGT, AngII and AT1R. However, the
levels of AGT, AngII and AT1R expression in group AO but not group
AH were significantly decreased compared with those in group A.
We previously reported that levels of urinary AGT excretion

fluctuated only in CKD patients, and that changes of urinary AGT
excretion levels in CKD patients (but not in individuals without CKD)

matched changes in BP and urinary protein excretion.10 In the present
study, we confirmed that the peak of intrarenal RAS activation
occurred at the same time as the peak of urinary protein excretion
and BP elevation. We discovered augmented expression of intrarenal
AGT, AngII and AT1R proteins as well as urinary AGT excretion that
is a surrogate marker of intrarenal RAS was existed, and indicating the
existence of fluctuations in intrarenal RAS components in this
disease model.
Circadian fluctuations in intrarenal renin, AGT and AngII were

clearly not related to those of circulating renin, AGT and AngII. It has
long been known that the levels of circulating renin and AngII in rats
have a circadian rhythm, peak late in the rest phase to early in the
active phase,1 and the circulating AGT did not have a circadian
rhythm.18,19 However, fluctuations in intrarenal renin levels were not
the same as those of intrarenal AngII. Both intrarenal AngII and AGT
exhibited the same oscillations. These results may indicate that the
rate-limiting factors of the circadian rhythms of the circulating and
intrarenal RAS are different. It is likely that renin is the rate-limiting
factor of the circulating RAS, and that AGT is the rate-limiting factor
of the intrarenal RAS.
It has been recognized that intrarenal RAS activation causes

hypertension.4,5 Conversely, the intrarenal RAS is also activated by
hypertension.20,21 Several studies have indicated that urinary protein
excretion increases during BP elevation,10,22,23 and that increased
urinary protein excretion leads to enhanced intrarenal RAS activity.24

Although AGT is generated in the proximal tubules,2,25 Matsusaka
et al. demonstrated that AGT produced in the liver and filtered
through the glomerular basement membrane is the primary source of
intrarenal AngII.26 In our experiments, there was no circadian rhythm
of liver AGT, and no significant changes of circadian rhythm were
found in plasma AGT as described previously.18,19 However, it is
possible that glomerular permeability that is augmented in the setting
of glomerular injury and glomerular hypertension increases AGT
excretion levels into the tubular lumen27–29 and circadian fluctuation
of the glomerular permeability may influence that of intrarenal AGT.
Once the AGT is excreted into the tubular lumen, AngII is generated
because all the components to synthesize AngII exist in the
tubules.2,4,30 This may explain why circadian fluctuations of the
intrarenal RAS exist, why BP elevation, urinary protein excretion

Figure 6 Immunoblot analysis for renin and prorenin expression and their
circadian fluctuations, and immunostaining for renin and prorenin at
Zeitgeber time (ZT) 6. (a) Representative immunoblot data of renin and
prorenin. (b) Densitometric ratios of renin and prorenin/glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Densitometric ratios of renin and
prorenin bands against GAPDH bands are calculated. The amplitude of
fluctuations of renin and prorenin expression in group AO is greater than that
in the other groups (P/T ratio of renin in C: 1.30; A: 1.34; AO: 1.82 and
AH: 1.47, and P/T ratio of prorenin in C: 1.47; A: 1.40; AO: 1.59 and AH:
1.39). The solid lines with open circles show group C, the solid lines with
closed circles show group A, the dotted lines with closed squares show
group AO, and the dashed lines with open triangles show 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 at 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 juxtaglomerular cells in group AO is
observed as clearly as that in group C. However, the immunostaining levels
in collecting ducts are markedly decreased compared with those in groups A
and AH. Original magnification ×400. A full color version of this figure is
available at the Hypertension Research journal online.
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and intrarenal RAS activation occur in parallel in this disease model,
and why fluctuations in the intrarenal RAS are not related to those in
the circulating RAS.
The regulation of intrarenal AT1R is complex, because AT1R

expressed in vessels, glomeruli and tubules is controlled in different
manners.4 In rats fed on a low-sodium diet, AT1R expression was
increased in tubules but decreased in glomeruli.31 Vascular and
glomerular AT1R expression were decreased, but proximal tubular
AT1R expression was sustained in AngII-infused hypertensive
models.32 However, Cao et al. demonstrated that AT1R protein levels
in the entire kidney were upregulated in 5/6 nephrectomized rat, and
that the administration of ARBs reduced expression.33 As no good
commercial antibodies are available, we could not determine the
location of AT1R expression by immunostaining. However, simulta-
neously increased AT1R and AngII expression might aggravate the
circadian rhythm of BP.
Naito et al. demonstrated that the amplitude of oscillations of the

circadian mRNA expression of cardiac RAS components was increased
in spontaneously hypertensive rats compared with control rats using
the P/T ratio. They also showed that the amplitude of oscillations was
decreased in spontaneously hypertensive rats treated with ARBs using
the P/T ratio.9 Therefore, we evaluated the circadian rhythm using P/T
ratio in our experiment. As a result, we could demonstrate that renal
damage was much better in group AO but not in group AH than in
group A, and that although the levels of intrarenal AGT, AngII and
AT1R expression were significantly lower in group AO but not in
group AH compared with those in group A, the amplitudes of
oscillations of these proteins were similarly diminished in groups AO
and AH compared with those in group A. These results indicate the
intervention to the intrarenal RAS fluctuation did not improve renal
damage in this model. However, the conclusion seems to be different
from the previous report, which indicates that disturbed circadian
rhythm of the intrarenal RAS aggravates diurnal BP rhythm and renal
damage.10 One of the reasons is that the circadian rhythm of the
intrarenal RAS was evaluated by the only P/T ratio. It is possible that
the same levels of P/T ratio of the intrarenal RAS do not always show
the same pattern of the circadian rhythm of the intrarenal RAS.
Therefore, more careful examination is required to clarify whether the
circadian rhythm of intrarenal RAS contributes to renal damage in the
future.
In our study, renal function and glomerular and tubulointerstitial

damage were independent of BP and the amplitude of oscillations of
BP and intrarenal RAS protein expression levels, and dependent on the
degree of intrarenal RAS protein expression. The failure of antihy-
pertensive therapy independent of RAS blockers to prevent renal
damage was consistent with the previous basic and clinical
studies.11,34,35 SBPs in groups AO and AH were not statistically
different in all four time points (ZT 6 to ZT 24), and SBPs between
active and rest phases in each group were not different. However,
diurnal BP rhythm in groups AO and AH was not completely similar.
In addition, more short-time oscillation of BP was not evaluated. In
patients with hypertension, administration of ARB increases dipper
pattern of BP rhythm.36 Furthermore, Griffin et al demonstrated the
differences of intraglomeular BPs in 5/6 nephrectomised rat treated
with ACE inhibitor and calcium channel blocker and that glomerular
damage was ameliorated by ACE inhibitor but not calcium channel
blocker because of the prevention of greater pressure transmission to
the glomeruli.37 Therefore, we could not completely exclude whether
the differences of more short-time BP fluctuation and intraglomerular
BP between groups AO and AH influenced the differences of
renoprotective effects.

In conclusion, intrarenal AGT, AngII and AT1R levels were
increased in renal tissues at the same time points. The levels of these
proteins only slightly fluctuated in control rats. On the other hand, the
amplitude of oscillations of these proteins was augmented in ATS
nephritis rats. The administration of olmesartan medoxomil and
hydralazine reduced BP and circadian fluctuations of intrarenal
AGT, AngII and AT1R levels. Renal dysfunction and glomerular and
tubulointerstitial damage were caused by the activation of the
intrarenal RAS independent of the amplitude of its oscillations and BP.
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