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Abstract:

Objective The mechanisms underlying the intrarenal renin-angiotensin system (RAS) activation depend on
the conditions of kidney diseases. In angiotensin II (Angll) infusion models, the circulating Angll is filtered
into the renal tubular lumens, activating intrarenal RAS. However, in the chronic kidney disease (CKD) mod-
els, plasma angiotensinogen (AGT) is filtered into the tubular lumens because of glomerular injury, activating
intrarenal RAS. The intrarenal dopamine system activation reduces intrarenal AGT expression and suppresses
the intrarenal RAS activity in Angll infusion models. However, the relationship between the intrarenal
dopamine system and intrarenal RAS has not been elucidated. Therefore, this study was conducted to deter-
mine that relationship in CKD patients.

Methods We recruited 46 CKD patients (age: 51.1+20.0 years; 16 men; causes of CKD: chronic glomeru-
lonephritis, 34; diabetic nephropathy, 2; nephrosclerosis, 4; and others, 6) not undergoing dialysis or taking
RAS blockers. The urinary dopamine (U-DOPA) level, an indicator of intrarenal dopamine activity, and the
urinary AGT (U-AGT) level, a surrogate marker of intrarenal RAS activity, were measured.

Results As the CKD stages progressed, the U-DOPA levels decreased while the U-AGT levels increased.
The U-DOPA levels were significantly and negatively correlated with the U-AGT levels but significantly and
positively correlated with the estimated glomerular filtration rate (éGFR). A multiple regression analysis re-
vealed that the U-DOPA levels were associated with the U-AGT levels after adjusting for age, sex, body
mass index, and blood pressure (B=-0.38, p=0.045). However, no correlation was observed when eGFR was
also adjusted (B=-0.17, p=0.29).

Conclusion The negative correlation between the intrarenal dopamine system and intrarenal RAS in CKD
patients may be affected by the renal function.
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role of the local RAS in specific tissues (2). Since all RAS

Introduction

The critical role of the circulating renin-angiotensin sys-
tem (RAS) in the arterial pressure and sodium homeostasis
regulation has been widely known for many years (1). How-
ever, the focus on the role of the RAS in the pathophysiol-
ogy of hypertension and organ injury has shifted to focus on

components are present in the kidney, it has been shown
that intrarenal RAS activation has a critical role in the
pathophysiology of renal damage and blood pressure eleva-
tion, regardless of the circulating RAS, in some animal
models and patients with chronic kidney disease (CKD) and
hypertension (1, 3-8). Angiotensinogen (AGT) is the only
known substrate for renin, the rate-limiting enzyme in the
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RAS. AGT levels influence the RAS activation since they
are close to the Michaelis-Menten constant for renin (9, 10).
Furthermore, urinary AGT (U-AGT) is reported to be a use-
ful biomarker that reflects the intrarenal RAS activity and
CKD severity (11-14).

The mechanisms of intrarenal RAS activation depend on
the conditions of kidney diseases. In the angiotensin II
(Angll) infusion models, Angll, not AGT, is filtered into the
renal tubules because of its small molecular composition,
thereby activating the intrarenal RAS (12). In contrast, in
CKD animal models, AGT that is filtered through the dam-
aged glomeruli limits intrarenal RAS activity, as reported by
Matsusaka et al. (15).

Dopamine as a neurotransmitter performs various impor-
tant functions in the central nervous system. However, it is
also an important endogenous modulator of the kidney func-
tion. The intrarenal dopamine system is a local independent
natriuretic system necessary to maintain fluid and electrolyte
balance, blood pressure levels, and renal redox steady
state (16). Intrarenal dopamine is synthesized in proximal
tubular cells independently of the nerve activity. Dopamine
excreted into the urine is almost exclusively derived from
intrarenally formed dopamine (17, 18). Furthermore, urinary
dopamine (U-DOPA) is reported to be an indicator that re-
flects the intrarenal dopamine system activity (19).

Dopamine’s action on the D1-like receptors in the kidney
increases sodium excretion in the renal tubules and antago-
nizes the action of enhancing sodium reabsorption due to
the intrarenal RAS activation (20). Furthermore, dopamine
decreases the mRNA and protein expression of AGT in the
proximal renal tubules and AT1R action and suppresses the
renin activity in AnglIl infusion models (21-23). Through
these actions, the intrarenal dopamine system is considered
to suppress the intrarenal RAS activity in Angll infusion
models.

The mechanisms underlying the intrarenal RAS activation
differ between Angll infusion models and CKD models. The
relationships between dopamine and the RAS in the kidney
may differ, and whether or not the intrarenal dopamine sys-
tem suppresses the intrarenal RAS activity in CKD models
has not been indicated. Thus, this study was conducted to
clarify the mutual relationship between the intrarenal
dopamine system and intrarenal RAS in CKD patients.

Materials and Methods

Subjects with and without CKD

This study was approved by the ethics committee of Ha-
mamatsu University School of Medicine (No. 14-273) and
carried out in accordance with the guidelines set by the
Declaration of Helsinki. Subjects with and without CKD
were involved in this study, and written informed consent
was provided. A total of 19 volunteers without CKD (non-
CKD individuals) and 46 CKD patients admitted to our hos-
pital from February 2012 to June 2014 were recruited. Pa-

tients undergoing dialysis (CKD stage 5D) or taking RAS
blockers [i.e., Angll receptor blockers, angiotensin-
converting enzyme (ACE) inhibitors, mineralocorticoid re-
ceptor blockers, direct renin inhibitors] and those whose
CKD was not caused by glomerular diseases (e.g., tubu-
lointerstitial nephritis) or had an unknown cause were ex-
cluded. Because antihypertensive drugs other than RAS
blockers might affect the intrarenal dopamine system and in-
trarenal RAS, 12 patients who were taking antihypertensive
drugs were excluded (calcium channel blockers, 9; alpha-
blocker, 1; beta-blockers, 4; thiazide diuretic, 1) and sub-
group analyses were performed in 34 patients who were not
taking any antihypertensive drugs.

Study protocols

Ambulatory blood pressure monitoring (ABPM) using an
automatic device (TM-2431; A and D, Tokyo, Japan) was
carried out for 24 hours with 30-min intervals, and blood
samples were collected at 6:00 AM at the end of the ABPM,
after the non-CKD individuals and CKD patients had rested
in the supine position for at least 15 minutes. Urine samples
were also obtained on the same day the ABPM was done.
The blood samples were centrifuged at 3,000 rpm at 4C for
10 minutes, while the urine samples were centrifuged at
1,500 rpm at 4C for 5 minutes. Both sets of samples were
stored at -80C until assays were performed.

Measurements

The non-CKD individuals’ and CKD patients’ clinical
data such as age, sex, height, weight, and body mass index
(BMI) were collected at the time of admission. The serum
creatinine (sCr), urinary creatinine, albumin, and protein
concentrations were measured in the clinical laboratory of
the Hamamatsu University School of Medicine. The esti-
mated glomerular filtration rate (¢GFR) was calculated using
the Japanese eGFR equation (24). The plasma renin activity
(PRA) and plasma Angll concentrations for the circulating
RAS were determined by radioimmunoassay (RIA) (SRL,
Tokyo, Japan), while the U-AGT concentrations were meas-
ured by an enzyme-linked immunosorbent assay (ELISA)
from 24-h collected urine samples, as previously de-
scribed (25, 26). In addition, U-DOPA concentrations indi-
cating intrarenal dopamine activity (17-19) were measured
by high-performance liquid chromatography (HPLC) (SRL)
from 24-h urine samples.

Statistical analyses

Results are reported as the mean+standard deviation (SD).
Because the PRA and urinary excretion levels of albumin,
protein, dopamine, and AGT did not conform to a normal
distribution, a logarithmic transformation was applied. Dif-
ferences in the daily U-DOPA and U-AGT excretion levels
among non-CKD and each CKD stage were examined using
the Tukey’s honest significant difference test, while correla-
tions between the daily U-DOPA excretion levels and other
parameters were evaluated using the Pearson’s product-
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Table 1. Characteristics of Non-CKD Individuals and CKD Patients.
n-CKD .
ilzgiviguals CKD patients P
Age, years 36.5£154 51.1+£20.0 <0.01
Sex, male/female 11/8 16/30 0.09
BMI, kg/m? 21324 21.4+£3.7 0.90
SBP, mmHg 118.5+14.7 124+18.5 0.29
DBP, mmHg 72.0+£9.0 72.2+10.0 0.94
MBP, mmHg 87.3+10.6 88.9+11.6 0.61
Pulse rate, /min 70.9+£8.3 66.1+8.3 0.36
sCr, mg/dL 0.74+0.11 2.30+3.25 <0.01
eGFR, mL/min/1.73 m? 90.5+21.5 48.2+28.3 <0.01
CKD stage 1:5, 2:13, 3:16,
4:5,5:7

PRA, ng/mL/h 1.24+0.92 2.07+2.27 0.039
Plasma Angll, pg/mL 9.11%5.2 12.5+11.2 0.10
Log (U-DOPA/day, pg/day) 2.99+0.28 2.74+0.34 <0.01
Log (U-AGT/day, pg/day) 0.81+£0.47 2.10+0.85 <0.01
Log (U-Alb/day, mg/day) 0.70+0.19 2.63+0.61 <0.01
Log (U-Pro/day, mg/day) 1.52+0.15 2.92+0.50 <0.01

BMI: body mass index, SBP: systolic blood pressure, DBP: diastolic blood pressure, MBP:
mean blood pressure, sCr: serum creatinine, eGFR: estimated glomerular filtration rate,

CKD: chronic kidney disease, PRA: plasma renin activity, Angll: angiotensin II, U-DOPA:

urinary dopamine, U-AGT: urinary angiotensinogen, U-Alb: urinary albumin, U-Pro: urinary

protein

moment correlation coefficient. Furthermore, in a subgroup
analysis, the correlations between the daily U-DOPA excre-
tion levels and other parameters were evaluated using the
Pearson’s product-moment correlation coefficient in CKD
patients who were not taking any antihypertensive drugs.

Multiple linear regression analyses were used to identify
the relationships between U-DOPA and U-AGT excretion
levels. Age, sex, and BMI were selected as independent
variables since these parameters are commonly used when
performing multiple linear regression analyses. Furthermore,
the blood pressure (BP) and eGFR were also adjusted for
because the impairment of the renal dopamine system is as-
sociated with the development of hypertension (16), and the
BP is significantly and positively correlated with the U-AGT
excretion (25), while the eGFR is associated with the U-
DOPA excretion levels.

A p value <0.05 was considered statistically significant.
Statistical analyses were done using the Statistical Package
for the Social Sciences (SPSS) software program (Version
23, IBM, Armonk, USA).

Results

Characteristics of non-CKD individuals and CKD pa-
tients

A total of 19 non-CKD individuals and 46 CKD patients
were recruited. The causes of CKD were as follows: chronic
glomerulonephritis, 34; diabetic nephropathy, 2; nephroscle-
rosis, 4; and others, 6. The mean age of the non-CKD indi-
viduals was 36.5+15.4 years, and the mean age of the CKD

patients was 51.1+£20.0 years. Eleven of the non-CKD indi-
viduals and 16 of the CKD patients were men. The mean
log daily U-DOPA and U-AGT excretion levels were 2.99+
0.28 pg/day and 0.81+0.47 pg/day in the non-CKD indi-
viduals and 2.74+0.34 pg/day and 2.10+0.85 pg/day in the
CKD patients, respectively (Table 1).

In Fig. 1A, where the daily U-DOPA excretion levels for
non-CKD and each CKD stage were presented, the U-DOPA
excretion levels in patients with CKD stage 5 were signifi-
cantly lower than those in non-CKD individuals and patients
with other CKD stages, revealing that the U-DOPA excre-
tion levels tended to decrease as the CKD stage progressed.
Conversely, as shown in Fig. 1B, the U-AGT excretion lev-
els in patients with CKD stage 5 were significantly higher
than those in non-CKD individuals and patients with CKD
stages 1, 2, and 3, showing that the U-AGT excretion levels
tended to increase as CKD stages progressed.

Correlations between the U-DOPA excretion levels
and other parameters

The relationships between the daily U-DOPA excretion
levels and the clinical parameters were examined. The U-
DOPA levels were not correlated with the U-AGT levels in
the non-CKD individuals (r=-0.0078, p=0.98)(Fig. 2A). In
contrast, a significant negative relationship was observed be-
tween the daily U-DOPA and U-AGT excretion levels in the
CKD npatients (r=-0.42, p<0.01)(Fig. 2B). Furthermore, the
daily U-DOPA excretion levels had a significant and positive
correlation with the eGFR (r=0.64, p<0.01) and a significant
and negative correlation with the age (r=-0.29, p=0.049) in
the CKD patients. The systolic BP (SBP) was most signifi-
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Figure 1. A: A comparison of the urinary dopamine (U-DOPA) excretion levels among non-CKD
individuals and each CKD stage. B: A comparison of the urinary angiotensinogen (U-AGT) excretion
levels among non-CKD individuals and each CKD stage. *p<0.01 vs. CKD stage 5. CKD: chronic
kidney disease
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Figure 2. The relationship between the daily urinary dopamine (U-DOPA) and angiotensinogen
(U-AGT) excretion levels. A: Non-CKD individuals, B: CKD patients. CKD: chronic kidney disease

Table 2. Relationships between Daily
Urinary Dopamine (U-DOPA) Excretion
and Clinical Parameters in Chronic Kid-
ney Disease (CKD) Patients.

cantly correlated with the U-DOPA excretion levels (r=-0.33,
p=0.025), and the mean BP (MBP) tended to correlate with
the U-DOPA excretion levels (r=-0.28, p=0.058). In contrast,
no marked relationships were found between the diastolic
BP (DBP) and the U-DOPA excretion levels (r=-0.19, p=

T

Age, years 029 0.549 0.22) (Table 2). The same tendencies were observed be-
BMI, ke/m? 025 0.090 tween the U-DOPA excretion levels and the daytime or
SBP, mmHg 033 0025 nighttime BP (data not shown). Similar to the results in all
DBP, mmHg 019 022 patients, the U-DOPA excretion levels showed a significant
MBP, mmHg -0.28  0.058 and negative correlation with the U-AGT excretion levels (r
eGFR, mL/min/1.73 m? 0.64  <0.01 =-0.37, p=0.030) and a significant positive correlation with
Plasma AngII, pg/mL -0.11 047 the eGFR (r=0.51, p<0.01) in the 34 CKD patients who
Log (U-Alb/day, mg/day)  -0.12  0.43 were not taking any antihypertensive drugs.

Log (U-Pro/day, mg/day)  -0.16  0.29

BMI: body mass index, SBP: systolic blood pres-

sure, DBP: diastolic blood pressure, MBP: mean

blood pressure, eGFR: estimated glomerular filtra-

tion rate, Angll: angiotensin II, U-Alb: urinary al-

bumin, U-Pro: urinary protein

A multiple linear regression analysis of the U-DOPA
and U-AGT excretion levels in CKD patients

A multiple linear regression analysis was used to identify
relationships between the U-DOPA and U-AGT excretion
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Table 3. Multiple Linear Regression Analyses of Daily Urinary Dopamine (U-DOPA) Excretion Levels with Regard to
Age, Sex, Body Mass Index (BMI), Blood Pressure (BP), Estimated Glomerular Filtration Rate (eGFR), and Daily Urinary
Angiotensinogen (U-AGT) Excretion Levels in Chronic Kidney Disease (CKD) Patients.

SBP DBP MBP

r=0.49 p=0.042 r=0.69 p<0.01 r=0.43 p<0.01 r=0.69 p<0.01  r=0.50 p=0.040 r=0.69 p<0.01

B P B P P B P B P B P

Age, years 0.17 030 0.0 0.0 020 011 018 0.19 017 027 018 023
Sex 0.035 083 -0.022 0.87 0019 0.88 -0.040 0.70 0041 079 0015 0091
BMI, kg/m? 020 0.17 -0.083 0.0 0.19 011 -0.097 036 021 016 -0.13 032
BP, mmHg 0.035 088 032 0.12 0070 059 012 031 0.066 073 028 0.1
eGFR, mL/min/1.73 m? 0.80 <0.01 0.79 <0.01 0.79 <0.01
Log (U-AGT/day, ug/day) -0.36 0.064 -0.18  0.28 038 <001 -0.035 0.80 038 0.045 -0.17 029

BMI: body mass index, BP: blood pressure, SBP: systolic blood pressure, DBP: diastolic blood pressure, MBP: mean blood pressure, eGFR: estimated

glomerular filtration rate, U-AGT: urinary angiotensinogen

levels in CKD patients. The association between the U-
DOPA and U-AGT excretion levels was maintained when
the age, sex, BMI, and DBP or MBP as independent vari-
ables were modified (DBP: f=-0.38, p<0.01 and MBP: PB=-
0.38, p=0.045). A similar association was shown when the
age, sex, BMI, and SBP, as independent variables, were
modified (f=-0.36, p=0.064). However, no association at all
was observed between the U-DOPA and U-AGT excretion
levels when the eGFR was included for adjustment with
these parameters (SBP: B=-0.18, p=0.28, DBP: =-0.035, p=
0.80 and MBP: $=-0.17, p=0.29) (Table 3).

Discussion

In this study, a negative correlation was observed between
the U-DOPA and U-AGT excretion levels in CKD patients.
The correlation was maintained even with adjustments for
age, sex, BMI, and BP. However, no correlation between the
U-DOPA and U-AGT excretion levels was observed when
the eGFR was added for adjustment as well. This result in-
dicates that the negative relationship between intrarenal
dopamine system activity and intrarenal RAS activity may
be merely affected by the renal function in CKD patients.

L-3, 4-dihydroxyphenylalanine (L-DOPA), with a molecu-
lar weight of 197, is freely filtered through the glomeruli
and degraded by aromatic L-amino acid decarboxylase
(AADC) in the proximal tubules, resulting in dopamine pro-
duction and release into the urine. Thereafter, dopamine is
metabolized and inactivated by  catechol-O-methyl-
transferase (COMT) and monoamine oxidase (MAO). It
works as not only a neurotransmitter but also a regulator of
body fluid volume and blood pressure. In addition, intrare-
nal dopamine suppresses the intrarenal RAS activation in
Angll infusion models (21, 27). Zhang et al. showed that
mice with selective proximal tubule AADC deletion had de-
creased dopamine levels in the kidney and urinary dopamine
excretion levels, as well as decreased natriuresis and diuresis
in response to L-DOPA, and they also developed salt-
sensitive hypertension. In addition, these mice had an in-
creased expression of renin and Angll type 1b receptor and

a decreased expression of Angll type 2 receptor and Mas in
response to chronic Angll infusion (28). Furthermore, Yang
et al. reported that chronic Angll infusion increased the re-
nal expression of both COMT and MAO, reduced the intra-
renal dopamine levels, and caused albuminuria and tubu-
lointerstitial damage in wild-type mice, while the renal dam-
age was ameliorated in COMT knockout mice (21). Like-
wise, Choi et al. revealed that the AnglIl receptor blocker in-
creased intrarenal dopamine and improved the renal damage
induced by Angll infusion and concluded that the AT1R-
mediated intrarenal RAS activation caused renal damage by
intrarenal dopamine reduction (27).

In contrast to previous reports (20-23, 27, 28), this study
demonstrated that a negative correlation between the U-
DOPA and U-AGT excretion levels was not observed when
adjustments were made for the renal function. The reason
for the discrepancy between these studies is unclear. How-
ever, two possibilities may be considered.

First, the interaction between the intrarenal dopamine sys-
tem and intrarenal RAS differed between Angll infusion
models and CKD models because of the different mecha-
nisms of intrarenal RAS activation. As mentioned earlier, the
mechanism underlying the intrarenal RAS activation was
considered to be as follows: Angll is filtered through the
glomerulus because of its small molecular composition and
internalized via ATIR in the proximal tubules. Thereafter,
Angll exerts positive feedback action on the intrarenal AGT
expression in the proximal tubules. Finally, the increased in-
trarenal AGT production results in an increase in the U-AGT
excretion, enhancing distal Angll formation (14, 29). In con-
trast, Matsusaka et al. recently demonstrated that AGT in the
kidney did not increase in liver-specific AGT knockout mice
but did increase in kidney-specific AGT knockout mice us-
ing models of inducible podocyte injury; they thus con-
cluded that intrarenal RAS activation originates from filtered
liver-derived AGT in CKD models, where plasma AGT is
filtered into the tubular lumens because of glomerular in-
jury (15). Thus, differences in the activation system of intra-
renal RAS may influence differences in the activation of the
intrarenal dopamine system. Although it is very difficult to
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clarify the contribution of different methods of intrarenal
RAS activation to the intrarenal dopamine system activation,
we plan to conduct experiments using a CKD model mouse
with liver AGT specifically knocked out.

Second, the degrees of tubulointerstitial damage differ be-
tween Angll infusion models and CKD models. Because re-
nal damage, including proximal tubular damage, is generally
less the Angll infusion model, intrarenal
dopamine production is decreased by the suppression of
AADC and an increase in COMT or MAO due to the aug-
mentation of intrarenal RAS. However, given the significant
positive relationships between the renal function and tubular
atrophy or interstitial fibrosis (30), the expression of AADC
is decreased due to extensive proximal tubular damage, and
the intrarenal dopamine production is decreased according to
the progression of renal dysfunction in CKD patients (in-
cluding all CKD stages). We investigated the correlation be-
tween the U-DOPA and urinary ol-microglobulin, which is
a surrogate marker of tubular injury, and found a significant
negative correlation between these factors (r=-0.36, p=0.027,
data not shown). These results are therefore considered to
support our hypothesis.

The intrarenal RAS activation is increased according to
the renal damage. As a result, a negative relationship be-
tween the intrarenal dopamine and intrarenal RAS is found
in CKD patients. Because it is difficult to clarify which
mechanism out of these two possibilities contributed to the
relationship between intrarenal dopamine system activity and
intrarenal RAS activity depending on renal function through
this clinical research, it will be necessary to evaluate the ex-
pression of AADC, COMT, and MAO or to perform phar-
macological intervention using RAS inhibitors or dopamine-
stimulating drugs in CKD animal models. We have now be-
gun an animal study. These experiments may explain why a
negative correlation was not found between the U-DOPA
and U-AGT levels when the renal function was adjusted for
in CKD patients. In contrast to the CKD patients, the non-
CKD subjects showed no correlation between the U-DOPA
and U-AGT levels. We suspect that because the U-AGT lev-
els were not augmented under normal renal function condi-
tions and the U-DOPA levels were not suppressed, no nega-
tive relationship manifested between them.

serious in

Conclusion

This study revealed a negative correlation between the in-
trarenal dopamine system and the intrarenal RAS. However,
the association was not observed after adjusting the renal
function for the age, sex, BMI, and BP. The intrarenal
dopamine system likely has a renoprotective effect that in-
hibits the intrarenal RAS activity, but this association may
merely be affected by the renal function in CKD patients.
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