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Abstract
Background  A higher heart rate is one of the risk factors for heart failure and cardiovascular disease. Activation of the 
intrarenal renin–angiotensin system (RAS) plays an important role in the development of hypertension and renal damage. 
However, the association between heart rate and intrarenal RAS activation is unclear.
Methods  We investigated the relationship between heart rate and urinary angiotensinogen (U-AGT) excretion, a surrogate 
marker for intrarenal RAS activity, in ten subjects without chronic kidney disease (CKD) and 72 CKD patients who were 
not taking medications that influence heart rate and RAS blockers (age 50.0 ± 17.4 years, 27 men and 45 women, serum cre-
atinine (sCr) 1.85 ± 2.71 mg/dL, blood pressure 120.5 ± 15.8/72.9 ± 10.1 mmHg, heart rate 67.3 ± 8.9 /min, urinary protein 
excretion 1.27 ± 2.63 g/day, and U-AGT excretion 747.4 ± 2714.6 µg/day).
Results  As heart rate is influenced by behavior and emotion, we divided it into daytime and nighttime. Heart rate had a 
significant positive association with sCr levels during daytime and nighttime in CKD patients but not in non-CKD subjects. 
Moreover, although heart rate was not associated with U-AGT excretion levels in non-CKD subjects, it was associated with 
U-AGT excretion levels during daytime (r = 0.23 and p = 0.047) and nighttime (r = 0.45 and p < 0.01) in CKD patients. 
Multiple linear regression analysis revealed that heart rate had a significant positive association with the U-AGT excretion 
levels during nighttime, but not daytime, after adjustments for age, sex, body mass index, and sCr (β = 0.31 and p = 0.034).
Conclusion  Heart rate is associated with U-AGT excretion levels, especially during the nighttime, in CKD patients.
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Introduction

It is well known that hypertension is one of the risk factors 
of cardiovascular diseases and end-stage renal failure [1-3]. 
In addition, an elevated heart rate is also known to be asso-
ciated with cardiovascular morbidity and mortality [4, 5]. 
Especially, heart rate measurements taken via ambulatory 
blood pressure (BP) monitoring (ABPM) are useful clini-
cal information to assess cardiovascular risk [6]. Moreover, 

Eriksen et al. reported that the unadjusted mean rate of glo-
merular filtration rate (GFR) decline was 0.96 mL/min per 
year and that 10 bpm higher ambulatory 24-h and daytime 
heart rate and office heart rate were associated with steeper 
GFR decline rates of 0.20 to 0.21 mL/min per year (P < 0.01) 
in multivariable-adjusted linear mixed models. Therefore, 
they concluded that heart rate may be a useful biomarker 
to identify persons at risk of accelerated GFR decline [7].

It is well known for many years that the circulating 
renin–angiotensin system (RAS) plays a critical role in the 
regulation of arterial pressure and sodium homeostasis. 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 [8, 9]. In the 
kidney, all RAS components are present, and it has been 
clarified that activation of intrarenal RAS plays a critical role 
in the pathophysiology in some animal models and patients 
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with chronic kidney disease (CKD) or hypertension inde-
pendent of circulating RAS [10-13].

However, because the relationship between heart rate and 
intrarenal RAS activity has not been investigated until now, 
we have performed this experiment.

Materials and methods

CKD patients and subjects without CKD

This study was approved by the ethics committee of Hama-
matsu University School of Medicine (No. 23–193) and 
adhered to the principles of the Declaration of Helsinki. We 
recruited 72 patients with CKD who were admitted to our 
hospital for close investigation and treatment consecutively 
from February 2012 to November 2016. Written informed 
consent was obtained from all patients. We excluded 
arrhythmic patients with or without anti-arrhythmic agents 
and patients undergoing dialysis (CKD stage 5D). In addi-
tion, we excluded patients taking medications that influence 
heart rate such as β blockers and benzodiazepine class cal-
cium antagonist, and those taking RAS blockers [i.e., angio-
tensin II (Ang II) receptor blockers, angiotensin-converting 
enzyme inhibitors, mineralocorticoid receptor blockers, or 
direct renin inhibitors] that are known to suppress intrarenal 
RAS activity [10-13]. However, ten patients taking other 
antihypertensive drugs including diuretics were included. 
Subjects aged 20–80 years without CKD were registered as 
non-CKD subjects.

Study protocols

CKD patients consumed a hospital-served diet contain-
ing 10 g/day of salt (standard salt diet) or 6 g/day of salt 
(low salt diet) under hospitalization. The patients’ diet was 
determined on the basis of their physicians’ discretion. In 
non-CKD subjects and CKD patients, we collected urine 
during the daytime (6:00 am–9:00  pm) and nighttime 
(9:00 pm–6:00 am). ABPM was conducted at 30-min inter-
vals during the day and night using an automatic device 
(TM-2431; A and D, Tokyo, Japan). We divided the data 
collection segments into daytime and nighttime for 24-h 
ABPM measurement, using sleep and wake times that were 
recorded in the patients’ behavior records. Blood samples 
were also drawn at 9:00 pm and 6:00 am the next day, after 
the patients had rested in the supine position for at least 
15 min. The blood samples drawn at 9:00 pm and 6:00 am 
were considered as the samples at the end of daytime and 
nighttime, respectively, as described previously [14-17].

Clinical data

The anthropometric and characteristic data of non-CKD 
subjects or CKD patients, such as age, sex, height, body 
weight, and body mass index (BMI), were recorded at 
the starting day of this study or at the time of admission, 
respectively. During 24-h ABPM, BP and heart rate were 
measured noninvasively every 30 min as described above. 
Daytime BPs were calculated as the average of the read-
ings during the awake hours, whereas nighttime BPs were 
the average of the remaining values. Serum creatinine con-
centrations and urinary creatinine, albumin, and protein 
concentrations were measured in the clinical laboratory of 
the Hamamatsu University School of Medicine, University 
Hospital. The levels of urinary angiotensinogen (AGT), 
known to be a surrogate marker of intrarenal RAS activ-
ity, were measured using an enzyme-linked immunosorb-
ent assay (ELISA), as described previously [12, 13, 18]. 
Plasma Ang II levels, known to be effectors of circulating 
RAS activity, were determined using radioimmunoassay 
without special pretreatments (SRL, Tokyo, Japan). Serum 
creatinine concentrations were measured from blood and 
the estimated glomerular filtration rate (eGFR) was calcu-
lated by the serum creatinine concentrations using the Jap-
anese eGFR equation [19]. The excretion ratios of urinary 
albumin/creatinine (U-Alb/Cr), urinary protein/creatinine 
(U-Pro/Cr), and urinary AGT/creatinine (U-AGT/Cr) were 
calculated during both the daytime and nighttime.

Statistical analyses

The results were expressed as the means ± standard devia-
tion. The significance of differences between daytime and 
nighttime was determined using the Student’s t test for 
paired samples. Because the U-Alb/Cr, U-Pro/Cr, and 
U-AGT/Cr did not show a normal distribution, logarithmic 
transformation was applied to them and a normal distri-
bution was confirmed by the Kolmogorov–Smirnov test. 
Thereafter, the Student’s t test was performed. The correla-
tions between heart rate and other clinical parameters were 
evaluated using Pearson’s product–moment correlation 
test. Multiple linear regression analyses were conducted to 
evaluate the relationships between heart rate and U-AGT/
Cr. Age, sex, BMI, and serum creatinine were selected as 
independent variables because these parameters are com-
mon to perform multiple linear regression analyses. We 
selected serum creatinine instead of eGFR, because the 
absolute value of the correlation coefficient of serum cre-
atinine in the daytime is slightly higher than that of eGFR. 
Moreover, because eGFR is calculated by age and sex as 
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well as serum creatinine [19], when eGFR is selected as 
the independent variable, it is possible that multicollin-
earity is introduced with age and sex. It is suggested that 
heart rate is positively associated with BP due to common 
mechanism regulating both of heart rate and BP [20]. In 
addition, because urinary albumin excretion is a surrogate 
marker of renal damage and intrarenal RAS activation is 
known to be associated with renal damage [10-13], we 
added systolic BP as well as U-Alb/Cr as an independent 
variable in this study. We considered a p value of < 0.05 
to be statistically significant. Statistical analyses were 
performed using IBM®SPSS® software, version 23 (IBM 
Corporation, Armonk, NY, USA).

Results

Characteristics of non‑CKD subjects and CKD 
patients

Seventy-two CKD patients who were admitted to our hospi-
tal for close investigation and treatment were included in this 
study. The causes of CKD were diagnosed as follows: dia-
betic kidney disease (DKD) was defined by poorly controlled 
diabetes mellitus that continues for a long time with dia-
betic retinopathy and/or diabetic neuropathy and relatively 

massive proteinuria and less hematuria. Most patients with 
chronic glomerulonephritis (CGN) were diagnosed by renal 
biopsy. The remaining patients with CGN were diagnosed 
as having persistent proteinuria and/or hematuria along with 
hypertension and/or renal insufficiency without performing 
renal biopsy. Nephrosclerosis was defined by poorly con-
trolled hypertension for a long time with relatively modest 
proteinuria and an irregular renal surface. CKDs except for 
DKD, CGN and nephrosclerosis were defined as “others.” 
Fifty-four CKD patients consumed a standard salt diet and 
18 CKD patients consumed a low salt diet in this study. In 
addition, ten non-CKD subjects were recruited as the control 
group.

The baseline characteristics are presented in Table 1. 
Although significant differences were noted in the renal 
function and the levels of urinary albumin, urinary pro-
tein, and urinary AGT, there were no significant dif-
ferences in age, sex, and BMI and the incidence rate of 
comorbidities such as diabetes mellitus and hyperten-
sion between non-CKD subjects and CKD patients. Most 
patients were middle aged (50.0 ± 17.4 years). Although 
20 patients, including 13 antihypertensive recipients (cal-
cium channel blockers; 11 patients, diuretics; 10 patients 
and others; 3 patients), suffered from hypertension, BP 
was well controlled (120.5 ± 15.8/72.9 ± 10.1 mmHg) and 
heart rate was within the normal range (67.3 ± 8.9/min). 

Table 1   Characteristics of non-
chronic kidney disease (CKD) 
subjects and CKD patients

BP blood pressure, DKD diabetic kidney disease, CGN chronic glomerulonephritis, NS nephrosclerosis, 
N/A not applicable, DM diabetes mellitus, HT hypertension, sCr serum creatinine, eGFR estimated glo-
merular filtration rate, Ang II angiotensin II, u-Alb/day urinary albumin/day, u-Pro/day urinary protein/day, 
u-AGT/day urinary angiotensinogen/day

Non-CKD subjects CKD patients p value

Age, year 50.1 ± 6.4 50.0 ± 17.4 0.98
Sex Male: 4/female: 6 Male: 27/female: 45 1.00
Height (cm) 161.6 ± 7.3 161.2 ± 9.2 0.90
Body weight (kg) 56.3 ± 11.3 55.6 ± 11.2 0.86
Body mass index (kg/m2) 21.3 ± 2.6 21.3 ± 3.3 0.95
Systolic BP (mmHg) 120.5 ± 15.2 120.5 ± 15.8 1.00
Diastolic BP (mmHg) 75.6 ± 9.7 72.9 ± 10.1 0.43
Heart rate (/min) 71.0 ± 8.5 67.3 ± 8.9 0.21
Causes of CKD N/A DKD: 2/CGN: 52/NS: 2/others 16
Comorbidity
DM Present: 1/absent: 9 Present: 7/absent: 65 0.59
HT Present: 2/absent: 8 Present: 20/absent: 52 0.72
sCr (mg/dL) 0.71 ± 0.13 1.85 ± 2.71  < 0.01
eGFR (mL/min/1.73m2) 78.7 ± 13.0 54.4 ± 27.5  < 0.01
CKD stage N/A Stage 1: 10/Stage 2: 22/Stage 3: 26/

Stage 4: 6/Stage 5: 8
Plasma Ang II (pg/mL) 9.4 ± 4.4 10.1 ± 5.6 0.63
Log u-Alb/day (mg/day) 0.62 ± 0.21 2.45 ± 0.64  < 0.01
Log u-Pro/day (mg/day) 1.52 ± 0.16 2.84 ± 0.43  < 0.01
Log u-AGT/day (µg/day) 0.78 ± 0.29 2.03 ± 0.77  < 0.01
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Notably, although two non-CKD subjects were diag-
nosed as hypertensive, they did not take antihypertensive 
drugs. No significant differences of BP and heart rate 
were found between non-CKD subjects and CKD patients. 
The patients’ renal function was as follows: serum cre-
atinine: 1.85 ± 2.71 mg/dL and eGFR: 54.4 ± 27.5 mL/
min/1.73 m2, and logarithmic transformation of daily uri-
nary albumin, urinary protein, and urinary AGT excretion 
levels were 2.45 ± 0.64 mg/day, 2.84 ± 0.43 mg/day, and 
2.03 ± 0.77 µg/day, respectively.

Changes of each parameter during daytime 
and nighttime

Table 2 shows the changes in each parameter between 
daytime and nighttime in non-CKD subjects and in CKD 
patients. In non-CKD subjects, systolic and diastolic BPs, 
heart rate, and the levels of serum creatinine and urinary 
AGT during the daytime were significantly higher than 
those during the nighttime, and eGFR during the daytime 
was significantly lower than that during the nighttime. In 
addition, the levels of plasma Ang II and urinary albumin 
and urinary protein did not differ between daytime and 
nighttime. On the other hand, in CKD patients, systolic 
and diastolic BPs, heart rate, serum creatinine, and excre-
tion levels of urinary albumin, urinary protein, and uri-
nary AGT were significantly higher during the daytime 
than during the nighttime, and eGFR during the daytime 
was significantly lower than that during the nighttime. 
However, plasma Ang II levels were the same during the 
daytime and nighttime. These results coincided with our 
previous data [14, 15, 21].

Relationships between heart rate 
and clinical parameters including urinary 
AGT excretion levels for 24 h

We investigated the correlations between heart rate and clin-
ical parameters including urinary AGT excretion levels for 
24 h. There were no significant relationships between heart 
rate and the other clinical parameters including urinary AGT 
excretion in non-CKD subjects. However, although age, 
BMI, 24-h BP, plasma Ang II, and daily urinary albumin 
and protein excretion levels were not correlated with heart 
rate, daily urinary AGT excretion levels as well as serum 
creatinine levels were significantly and positively associated 
with heart rate in CKD patients (r = 0.29, p = 0.015). In addi-
tion, eGFR was significantly and negatively associated with 
heart rate in CKD patients (Table 3).

Relationships between heart rate 
and clinical parameters including urinary 
AGT excretion levels during the daytime 
and nighttime

As it is possible that heart rate is influenced by behavior 
and emotion, we divided the heart rate in daytime or night-
time periods and compared the clinical parameters includ-
ing urinary AGT excretion levels (Table 4). No significant 
relationships were found between heart rate and the other 
clinical parameters including urinary AGT excretion in non-
CKD subjects during the daytime and nighttime. However, a 
significant and positive relationship was found between heart 
rate and urinary AGT excretion levels during the daytime 
and nighttime. Moreover, heart rate was significantly and 
positively associated with serum creatinine levels or sig-
nificantly and negatively associated with eGFR levels in the 

Table 2   Changes of each 
parameter during daytime and 
nighttime in non-chronic kidney 
disease (CKD) subjects and 
CKD patients

BP blood pressure, sCr serum creatinine, eGFR estimated glomerular filtration rate, Ang II angiotensin 
II, U-Alb/Cr urinary albumin/creatinine, U-Pro/Cr urinary protein/creatinine, U-AGT/Cr urinary angio-
tensinogen/creatinine

Non-CKD subjects CKD patients

Daytime Nighttime P value Daytime Nighttime P value

Systolic BP (mmHg) 122.1 ± 16.1 114.2 ± 14.6 0.037 122.5 ± 15.8 116.3 ± 16.8  < 0.01
Diastolic BP (mmHg) 77.0 ± 10.1 70.4 ± 10.8 0.043 74.7 ± 9.9 69.5 ± 11.1  < 0.01
Heart rate (/min) 74.3 ± 8.9 59.4 ± 7.9  < 0.01 70.3 ± 9.1 60.8 ± 9.2  < 0.01
sCr (mg/dL) 0.75 ± 0.13 0.71 ± 0.13 0.028 1.85 ± 2.71 1.82 ± 2.77 0.021
eGFR (mL/min/1.73m2) 74.0 ± 10.9 78.7 ± 13.0 0.020 54.4 ± 27.5 57.0 ± 28.6  < 0.01
Plasma Ang II (pg/mL) 10.1 ± 5.8 9.4 ± 4.4 0.73 10.1 ± 5.6 10.2 ± 5.1 0.73
Log u-Alb/Cr (mg/gCr) 0.68 ± 0.14 0.67 ± 0.16 0.90 2.52 ± 0.63 2.33 ± 0.66  < 0.01
Log u-Pro/Cr (mg/gCr) 1.60 ± 0.22 1.55 ± 0.14 0.55 2.92 ± 0.45 2.76 ± 0.50  < 0.01
Log u-AGT/Cr (µg/gCr) 0.92 ± 0.15 0.79 ± 0.18 0.030 2.12 ± 0.82 1.93 ± 0.88  < 0.01
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daytime and nighttime. In addition, a significant and posi-
tive relationship was found between urinary AGT excretion 
levels and diastolic BP, urinary albumin, or protein excretion 
levels in the nighttime but not daytime.

Multiple linear regression analyses 
of heart rate and the clinical parameters 
including urinary AGT excretion levels 
during the daytime and nighttime

Because there were no relationships between heart rate and 
the other clinical parameters in non-CKD subjects, we per-
formed multiple linear regression analyses to evaluate the 
relationships between heart rate and the clinical parameters 
including urinary AGT excretion levels during the daytime 
and nighttime only in CKD patients.

Significant regression equations were not obtained for 
the daytime measurements (Model 1; r = 0.36, p = 0.052 
and Model 3; r = 0.42, p = 0.052). In addition, a significant 
relationship was not found between heart rate and urinary 
AGT excretion levels during the daytime after adjusting 
for age, sex, BMI, and serum creatinine levels (Model 2; 
β = 0.18, p = 0.22). On the other hand, there were signifi-
cant and positive relationships between heart rate and uri-
nary AGT excretion levels during the nighttime, even after 
adjusting for age, sex, BMI, and serum creatinine, respec-
tively (Model 5; β = 0.46, p < 0.01 and Model 6; β = 0.31, 
p = 0.034). Moreover, a positive tendency between heart 
rate and urinary AGT excretion levels even after adjusting 
for age, sex, BMI, serum creatinine and systolic BP during 
the nighttime (Model 7; β  = 0.30, p = 0.056) was found. In 
addition, a positive tendency was also found between heart 

Table 3   Relationships between heart rate and clinical parameters 
including urinary angiotensinogen (AGT) excretion levels for 24 h in 
non-chronic kidney disease (CKD) subjects and CKD patients

BP blood pressure, sCr serum creatinine, eGFR estimated glomerular 
filtration rate, Ang II angiotensin II, u-Alb urinary albumin, u-Pro uri-
nary protein, u-AGT​ urinary angiotensinogen

Non-CKD sub-
jects

CKD patients

r p r p

Age 0.20 0.58 − 0.063 0.60
Height (cm) 0.27 0.45 − 0.18 0.13
Body weight (kg) 0.43 0.22 − 0.033 0.78
Body mass index (kg/m2) 0.54 0.11 0.096 0.42
Systolic BP (mmHg) 0.43 0.21 0.093 0.44
Diastolic BP (mmHg) 0.25 0.49 0.020 0.063
sCr (mg/dL) 0.36 0.31 0.35  < 0.01
eGFR (mL/min/1.73m2) − 0.19 0.59 − 0.31  < 0.01
plasma Ang II (pg/mL) 0.34 0.34 0.053 0.66
Log u-Alb/day (mg/day) 0.27 0.46 0.020 0.87
Log u-Pro/day (mg/day) 0.052 0.89 0.15 0.23
Log u-AGT/day (µg/day) 0.43 0.22 0.29 0.015

Table 4   Relationships 
between heart rate and clinical 
parameters including urinary 
angiotensinogen excretion 
levels during the daytime and 
nighttime in non-chronic kidney 
disease (CKD) subjects and 
CKD patients

BP blood pressure, sCr serum creatinine, eGFR estimated glomerular filtration rate, Ang II angiotensin 
II, U-Alb/Cr urinary albumin/creatinine, U-Pro/Cr urinary protein/creatinine, U-AGT/Cr urinary angio-
tensinogen/creatinine

Non-CKD subjects CKD patients

Daytime Nighttime Daytime Nighttime

r p r p r p r p

Daytime systolic BP (mmHg) 0.43 0.22 0.031 0.80
Nightime systolic BP (mmHg) 0.53 0.12 0.22 0.066
Daytime diastolic BP (mmHg) 0.20 0.58 0.18 0.12
Nighttime diastolic BP (mmHg) 0.48 0.16 0.27 0.021
Daytime sCr mg/dL) 0.25 0.49 0.31  < 0.01
Nighttime sCr mg/dL) 0.42 0.22 0.42  < 0.01
Daytime eGFR (mL/min/1.73m2) − 0.14 0.70 − 0.25 0.034
Nighttime eGFR (mL/min/1.73m2) − 0.031 0.93 − 0.48  < 0.01
Daytime plasma Ang II (pg/mL) − 0.24 0.51 0.051 0.67
Nighttime plasma Ang II (pg/mL) 0.12 0.74 0.027 0.82
Daytime Log u-Alb/Cr (mg/gCr) 0.17 0.65 0.025 0.83
Nighttime Log u-Alb/Cr (mg/gCr) − 0.081 0.82 0.25 0.031
Daytime Log u-Pro/Cr (mg/gCr) − 0.30 0.41 0.14 0.23
Nighttime Log u-Pro/Cr (mg/gCr) − 0.064 0.86 0.40  < 0.01
Daytime Log u-AGT/Cr (µg/gCr) 0.39 0.28 0.23 0.047
Nighttime Log u-AGT/Cr (µg/gCr) 0.34 0.38 0.45  < 0.01
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rate and urinary AGT excretion levels even after adjusting 
for age, sex, BMI, serum creatinine, systolic BP, and urinary 
albumin excretion during the daytime (Model 4; β  = 0.33, 
p = 0.079) and nighttime (Model 8; β = 0.35, p = 0.061), 
respectively (Table 5).

Discussion

In the present study, we have clarified that heart rate had a 
significant positive correlation with intrarenal RAS activa-
tion, especially during the nighttime in CKD patients but not 
in non-CKD subjects.

An increased heart rate is known to be associated with 
cardiovascular morbidity and mortality. Kannel et  al., 
reported 1876 total deaths and 894 cardiovascular deaths 
out of 5070 subjects free of cardiovascular disease at entry 
into the study, and that all-cause, cardiovascular, and coro-
nary mortality rates increased progressively in relation to 
antecedent heart rates determined biennially [4]. Thereafter, 
the European Society of Hypertension consensus meeting 
concluded that there is a large body of evidence showing 
that heart rate is a strong independent predictor of cardio-
vascular mortality; this association is present at all ages and 
in different clinical settings, irrespective of the presence of 
comorbidities [5].

Recently, the importance of ABPM has been confirmed 
for evaluating BP levels, circadian rhythm of BPs, and spe-
cific cardiovascular events [22-24]. In addition to ABPM, 
ambulatory heart rate has also been shown to be useful. 
Palatini et al. and Johansen et al. reported the independent 
predictive value for nighttime heart rate, but not daytime or 
24-h heart rate, for cardiovascular, but not all-cause mortal-
ity [25, 26]. Moreover, Cheng et al. also confirmed that heart 
rate may be a potential marker of elevated cardiovascular 
risk in asymptomatic individuals, prior to the development 
of clinical hypertension or cardiovascular disease [6]. We 
did not examine the relationships between heart rate and 
the markers of cardiovascular events. However, our results 
indicate that heart rate was associated with urinary albumin 
or protein excretion levels, a surrogate marker of renal dam-
age, during the nighttime but not daytime, which coincided 
with the previous studies [6, 25, 26].

Intrarenal RAS plays a role in sodium reabsorption, 
inflammation, and fibrosis in the kidney and is one of the 
most important contributors for the pathophysiology of 
CKD, including IgA nephropathy, diabetic nephropathy, 
and hypertension [12, 27-29]. It is also well known that the 
activation of intrarenal RAS contributes to renal damage 
by studying CKD or hypertension in animal models [11, 
30-32]. In addition, it has been clarified that intrarenal RAS 
activates sympathetic nervous system. Cao et al. reported 
that 5/6 nephrectomized rats on a high salt diet demonstrated 

increased activation of reactive oxygen species (ROS) and 
RAS in the kidney by renal damage and that their activa-
tion in the kidney induced the augmentation of ROS and 
RAS in the central cardiovascular centers via renal affer-
ent sympathetic nerve activation. Moreover, they showed 
that increased activation of ROS and RAS in the kidney 
is caused by the activation of ROS and RAS in the central 
cardiovascular centers via renal efferent sympathetic nerve 
activation [33]. In addition to the report by Cao et al., many 
more studies indicate increased sympathetic nervous sys-
tem activity due to renal damage in both patients with CKD 
and animal models. Converse et al. demonstrated that direct 
recording of neuronal activity from postganglionic sympa-
thetic fibers in the peroneal nerves of patients on chronic 
dialysis treatment has shown a greater rate of sympathetic 
nerve discharge than in control subjects [34]. In the animal 
model of CKD, it was shown that the turnover rate and the 
secretion of norepinephrine from the posterior hypothalamic 
nuclei were greater in chronic renal failure than in control 
rats, and that bilateral dorsal rhizotomy at the level T-10 to 
L-3 prevented the increase in blood pressure, the increase 
in norepinephrine turnover in the posterior hypothalamic 
nuclei, and the progression of renal disease in chronic renal 
failure rats [35-37]. These studies indicate that increased 
renal sensory impulses generated in the kidney and then 
transmitted to the central nervous system activate regions 
in the central nervous system. Moreover, heart rate is an 
established marker of the sympathetic nervous system activ-
ity in various adult patient populations with and without 
cardiovascular disease [38]. These facts are in line with our 
data showing that heart rate, a surrogate marker of sympa-
thetic nerve activity, significantly and positively correlated 
with urinary AGT excretion, a surrogate marker of intrarenal 
RAS activation in CKD patients, and that heart rate did not 
correlate with urinary AGT excretion in non-CKD subjects.

The heart rate was modulated by physical and social 
stress as well as their combination [39]. There are more 
social and physical stresses during the daytime that have 
the possibility of influencing heart rate levels compared 
with those during the nighttime. Therefore, it is difficult to 
exclude confounding factors between heart rate and urinary 
AGT excretion during daytime. This is why a significant 
positive relationship between heart rate and urinary AGT 
excretion was found during the nighttime but not the day-
time in the present study. Although heart rate during the 
daytime in non-CKD subjects was higher than that in CKD 
patients, it is possible that physical and social stress at work 
influenced heart rate in non-CKD subjects compared with 
that in CKD patients during their hospitalization. However, 
heart rate during the nighttime in CKD patients was higher 
than that in non-CKD subjects. In addition, although no sig-
nificant relationships were found between heart rate and uri-
nary AGT excretion levels during the daytime and nighttime 
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in non-CKD subjects, multiple linear regression analysis 
revealed that heart rate in CKD patients had a significant 
positive association with the urinary AGT excretion levels 
during the nighttime, but not during the daytime. These 
results coincide with our concepts that heart rate during the 
nighttime reflects intrarenal RAS activation.

This study has some limitations. First, the sample size 
was relatively small in our single center cohort. Neverthe-
less, we could determine that heart rate had a significant 
and positive relationship with urinary AGT excretion lev-
els during both the daytime and nighttime and that there 
were significant and positive relationships between heart 
rate and urinary AGT excretion levels, after adjusting for 
age, sex, BMI, and serum creatinine during the nighttime 
in CKD patients but not in non-CKD subjects. However, 
when systolic BP and urinary albumin excretion levels were 
added as independent variables, the significant and positive 
relationship between heart rate and urinary AGT excretion 
disappeared. Nevertheless, the positive relationship between 
them was maintained. As it is possible that the relatively 
small sample size contributed to the results, a larger study is 
expected to be carried out in the future. Second, we consider 
that the significant positive relationship between heart rate 
and urinary AGT excretion was caused by intrarenal RAS 
activation and activation of sympathetic nerves due to renal 
damage. Autonomic nerve activity, including sympathetic 
nerve activity, is generally evaluated by the measurement 
of plasma catecholamine and thermographic examination. 
Although the measurement tools can assess immediate sym-
pathetic nerve activity, they cannot assess changes in sym-
pathetic nerve activity over time. The autonomic nervous 
system has been recently assessed by spectral analysis using 
electrocardiographic waveform, because the analysis can 
assess sympathetic nerve activity over time, quantitatively, 
non-invasively, and easily [40]. However, we could not eval-
uate direct autonomic nerve activation, because we do not 
have this system in our hospital. Third, daytime defined as 
6:00 am–9:00 pm and nighttime defined as 9:00 pm–6:00 
am for urine collection are not exact time periods as dem-
onstrated by examining the data of 24 h-ABPM. However, 
lights are turned on at 6:00 am and turned off at 9:00 pm at 
our hospital. Therefore, we collected urine during the day-
time and nighttime after patients excreted urine, regardless 
of a desire to urinate just before turn-off and turn-on times, 
respectively. Because urine collected during daytime and 
nighttime can be certainly stored in this method and most 
of the patients sleep from about 9:00 pm and get up about 
6:00 am, we adopted this method, and the time setting for 
urine has been seen as acceptable up to this point [14-17]. 
Fourth, it is possible that blood samples drawn at 9:00 pm 
and 6:00 am may not reflect daytime and nighttime results, 
respectively. However, it has not been well established what 
the representative time should be to estimate daytime and 

nighttime results. Even though there is no obvious evidence, 
it is difficult to obtain nighttime blood samples at midnight. 
Therefore, when we collected urine, we obtained blood 
samples at 9:00 pm and 6:00 am and defined them as the 
samples at the end of the daytime and nighttime, respec-
tively. Moreover, because the time setting for blood sample 
collection has been acceptable up to this point [14-16], we 
adopted this method in the present study. Fifth, it is possible 
that diuretics influenced the results. However, in general, as 
it has been reported that diuretics do not influence intrare-
nal RAS activity, diuretics are frequently used as intrarenal 
RAS-independent antihypertensives in some animal models 
[31, 41]. Finally, it is possible that differences in salt loading 
influenced the results, because we and other researchers have 
already shown that salt loading aggravates intrarenal RAS 
activity [33, 42]. We have reanalyzed some of the data using 
only 54 CKD patients who consumed a standard salt diet. 
Patients who consumed a low salt diet (6 g/day) suffered 
from more serious renal damage and were excluded from 
the analyses. Therefore, it has been difficult to obtain the 
statistical significance between heart rate and urinary AGT 
excretion levels. However, a significant relationship has been 
found between heart rate and urinary AGT excretion levels 
during the nighttime (r = 0.27, p = 0.046) but not during the 
daytime (r = 0.011, p = 0.94) (data not shown).

In conclusion, heart rate correlated with urinary AGT 
excretion levels, especially during the nighttime in CKD 
patients but not in non-CKD subjects. Heart rate measure-
ment may be a convenient surrogate marker for intrarenal 
RAS activation in patients with CKD.
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