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Abstract

A recent study reported an intimate association between urinary chloride (Cl) and plasma renin activity (PRA) in acute
heart failure (HF) status, reflecting normal functioning of the ‘tubulo-glomerular feedback’ mechanism. Whether the ‘tubuloglomerular feedback’ mechanism functions normally in stable HF status, however, is unclear. This study examined whether the
‘tubulo-glomerular feedback’ mechanism functions normally under resolution of worsening HF after decongestive therapy.
Data from 26 patients with acute HF and its recovery after decongestive therapy were analyzed. Clinical tests included
measurement of peripheral blood tests, serum and spot urinary electrolytes, plasma neurohormones, and fractional urinary
excretions of electrolytes. In a total of 26 patients, PRA increased after acute HF treatment (from 1.64±2.0 to 5.48±6.1 ng/
mL/h, p=0.002). Changes in the serum logPRA and urinary Cl concentration from worsening to its recovery tended to be
inversely correlated (R2=0.12, p=0.085) and logPRA and the serum Cl concentration at recovery were inversely correlated
(R2=0.23, p=0.01). When divided into 2 groups (n=13 in each) according to the median PRA, the group with greater PRA
changes showed a larger decrease in the urinary Cl concentration (from 110±44 to 72.8±38, p=0.03). The group with higher
PRA at recovery showed a lower serum Cl concentration than the group with lower PRA at recovery (102±6.5 vs 107±4.2
mEq/L, p=0.04). In conclusion, the association between PRA and the serum/urinary Cl concentration is blunted in stable
HF under-decongestive therapy, possibly due to the physiologic status under full cardiovascular medication compared with
that in acute HF status.
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Introduction

In the kidney, renal salt sensing and renin secretion are dependent
on macula densa chloride (Cl) transport at the juxta-glomerular
apparatus, which is central to the ‘tubulo-glomerular feedback’
mechanism [1-4]. A recent clinical study reported an inverse correlation between the urinary Cl concentration and plasma renin
activity (PRA) in acute heart failure (HF) status, reflecting normal
‘tubulo-glomerular feedback’ function in the human body [5]. The
relation of electrolyte Cl to this mechanism in clinically stable HF,
however, remains unclear.
Thus, the present study evaluated the performance of the ‘tubulo-glomerular feedback’ mechanism in stable HF by analyzing the
association between PRA and the serum/urinary Cl concentration
in patients with stable chronic HF patients following decongestive
therapy. Additionally, this study sought to explore the clinical evidence supporting the ‘chloride theory’ in HF patients receiving
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decongestive therapy [6-8].

Methods
Study Design

This study was a single-center observational study that enrolled
consecutive 31 patients with acute HF at Nishida Hospital (Saikicity, Oita, Japan) undergoing neurohormonal study between March
2017 and April 2018. Diagnosis of worsening of HF was established by standard clinical criteria of presentation, echocardiography, and serum b-type natriuretic peptide (BNP) [9]. Additional
routine tests included thoracic ultrasound to evaluate the presence
of pleural effusion [10,11] and monitoring the changes in body
weight during follow-up (HBF-352-W, Omron Healthcare Co.,
Kyoto, Japan) [12]. Worsening HF was treated by conventional
therapy with a combination of loop diuretics, aldosterone blockade, thiazide diuretics, oral vasopressin antagonist, acetazolamide,
and/or inotropic drugs by oral and/or intravenous routes in the hos-
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pital or outpatient clinic. Based on the follow-up examination, the
response of worsening HF to treatment and return of the clinical
presentation to stable HF status were determined. Acute HF patients with cardiogenic shock, clinical diagnosis of acute coronary
syndrome, or know advanced renal disease (serum creatinine level
>3.0 mg/dL) were excluded from the present study.

Data Collection and Analytic Methods

Physical examination, blood tests of peripheral venous blood, and
a spot urine test for electrolytes and creatinine were performed
twice, i.e., at acute HF condition immediately before initiation of
treatment, and at stable HF condition after well-done decongestive
therapy. The blood and urine samples were obtained after patients
rested in a supine or semi-supine position for 20-min. Peripheral
blood tests, analyzed by standard techniques, included hemoglobin, hematocrit, serum electrolytes (sodium, potassium, and Cl),
blood urea nitrogen, and creatinine. The spot urine test included
measurement of electrolytes and creatinine concentrations, and
osmolality. Plasma BNP was measured by chemiluminescent immunoassay. Plasma adrenaline and noradrenaline were measured
by high performance liquid chromatography. Plasma renin activity
was measured by enzyme immunoassay. Plasma aldosterone and
arginine vasopressin (AVP) levels were measured by radioimmunoassay. The Strauss formula is used to estimate percentage (%)
change in plasma volume [13,14]: % change in plasma volume=
([(Hb1/Hb2) × (100-Hct2)/(100-Hct1)–1] × 100, where 1=baseline and 2=end values, Hb=hemoglobin, and Hct=hematocrit.
Fractional excretions of electrolytes were calculated as: fraction-

al excretion of X=(Xurine/Xserum)×(Crserum/Crurine)×100 [15]. Urinary
osmotic pressure was measured by the freezing point depression
method using an OM-6060 type automatic osmotic pressure measuring device (Arkray Inc., Kyoto, Japan).

Statistical Analysis

All data are expressed as mean±SD for continuous data and percentage for categorical data. Paired and unpaired t tests for continuous data were used for two-group comparisons. Pearson’s correlation was performed to evaluate the linear association between
logarithmically transformed PRA and other variables. A p value of
<0.05 was considered statistically significant.

Results

Of the 31 acute HF patients, 5 were excluded from the present
study because of lacked clinical data for analysis of the present
study due to cardiac death during follow-up in 3 patients and insufficient data in 2. The remaining 26 patients (50% men; 81.2±12
years), including de novo acute HF patients (n=9), were enrolled
in the present analysis. Clinical characteristics and maintenance
medical use of study patients at acute HF presentation is shown
in Table 1. All study patients presented with two to four HF signs
on the basis of physical examination and searching for pleural effusion by thoracic ultrasound. Plasma BNP levels ware elevated
definitely (≥ 500 pg/mL) in 18 patients, moderately (500 pg/mL>
to 200 pg/mL) in 6, and mildly (200 pg/mL> to 100 pg/mL) in 2.
Treatment for acute HF was undertaken in hospital in 21 patients,
and outpatient clinic in 5 patients.

Table 1: Clinical characteristics of the study patients at presentation of worsening heart failure
Characteristics
Age (years)
Mean ± SD
Range
Male
Primary cause of HF
Hypertension
Valvular
Ischemic/Cardiomyopathy
Arrhythmia
Left ventricular EF (%)
Mean ± SD
Left ventricular EF > 50%
Atrial fibrillation
NYHA-FC at acute HF presentation
III
IV
HF-related physical findings at acute HF presentation
Bilateral leg edema around or above the ankle
Bilateral pulmonary rales beyond the basal lung
Pleural effusion on thoracic ultrasound
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Total N = 26
81.2±12
53-97
13 (50)
18 (69)
4 (15)
3 (12)
1 (4)
46.8±18
14 (54)
13 (50)
5 (19)
21 (81)
22 (85)
20 (77)
23 (88)
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Third heart sound (S3)
5 (19)
Number of HF sings (Mean±SD; range)
2.69±0.62; 2-4
B-type natriuretic peptide (pg/mL) at acute HF presentation
2000≥
1 (4)
2000 – 1000
5 (19)
1000 – 500
12 (46)
500 – 200
6 (23)
200 – 100
2 (8)
Baseline medication use at acute HF presentation
De novo HF patients without diuretic treatment
9 (35)
Diuretics
Loop diuretics
11 (42)
Thiazide diuretics
15 (14)
MRA
11 (42)
Tolvaptan
5 (19)
Acetazolamide
8 (31)
ACE inhibitors/ARB
10 (34)
Beta-blockers
7 (27)
Calcium antagonists
8 (31)
Data presented as number (%) of patients otherwise specified. ACE: angiotensin-converting enzyme, ARB: angiotensin II receptor
blocker, EF: ejection fraction, MRA: mineralocorticoid receptor antagonist, NYHA-FC: New York Heart Association functional class,
HF: heart failure.
After decongestive treatment for 25.2±17 (range 7‒78) days, all
the study patients responded well to the treatment, resulting in disappearance of ≥2 HF-related signs in each, and minimal residual
HF-related signs remained to be observed in only 5 patients (persistent basal rales in 3 and minimal pleural effusion in 2). Table
2 shows changes in the physical and blood laboratory results under diuretic treatment. Systolic and diastolic pressures, heart rate,
and plasma logBNP levels decreased. Plasma volume estimated
by the Strauss method and serum electrolyte concentrations did

not change, whereas the serum blood urea nitrogen and creatinine
concentrations increased. Urinary Cl and potassium concentrations
decreased following decongestive therapy. Plasma adrenaline and
noradrenaline concentrations decreased, but PRA and aldosterone
concentrations increased. Individual logPRA values were widely
distributed from relatively low to high in worsening HF (Figure
1A) and its recovery following decongestive therapy (Figure 1B).
The histogram of logPRA shifted up in patients after receiving decongestive treatment for worsening HF.

Figure 1. Distribution of log plasma renin activity (logPRA) in the 26 study patients under

(A) worsening of heart failure
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(B) its recovery after decongestive therapy.
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Table 2: Changes in physical and laboratory tests after decongestive treatment in 26 heart failure patients
Normal range
Physical examination
Blood pressure (mmHg)
Systolic pressure
Diastolic pressure
Heart rate (bpm)
LogBNP (pg/mL)
Peripheral blood test
Hemoglobin (g/dL)
Hematocrit (%)
%Changes in plasma volume
Serum electrolytes
Sodium (mEq/L)
Potassium (mEq/L)
Chloride (mEq/L)
Blood urea nitrogen (mg/dL)
Serum creatinine (mg/dL)
Uric acid (mg/dL)
Spot urinary examination
Concentration of urinary electrolytes
Sodium (mEq/L)
Potassium (mEq/L)
Chloride (mEq/L)
% excretion of urinary electrolytes
Sodium (%)
Potassium (%)
Chloride (%)
Osmolality (mOsm/kg H2O)
Neurohormonal test
Adrenaline (pg/mL)
Noradrenaline (pg/mL)
Renin activity (ng/mL/h)
Aldosterone (pg/mL)
AVP (pg/mL)

Before

After

After vs. Before (increase/unchanged/
decrease)

p value

135 ± 34
76.4 ± 21
86 ± 21
2.81 ± 0.34

119 ± 17
66.1 ± 12
71.7 ± 14
2.25 ± 0.31

8/ 0/ 18
8/ 0/ 18
6/ 1/ 19
0/ 0/ 26

0.0024*
0.013*
0.002*
<0.0001*

11.6‒14.8
35.1‒44.4

11.7 ± 2.1
35.4 ± 6.0
—

12.0 ± 2.5
35.9 ± 6.9
-0.2 ± 6.3

15/ 1/ 10
13/ 0/ 13
13/ 0/ 13

0.28
0.48
—

138‒145
3.6‒4.8
101‒108
8.0‒20.0
0.46‒0.79
3.7-7

139 ± 5.1
4.27 ± 0.68
104 ± 5.7
26.5 ± 11
1.26 ± 0.56
6.38 ± 2.41

139 ± 4.7
4.12 ± 0.51
104 ± 5.8
38.7 ± 19
1.43 ± 0.60
7.43 ± 2.12

12/ 5/ 9
8/ 3/ 15
11/ 1/ 14
22/ 1/ 3
20/ 1/ 5
20/ 0/ 6

0.82
0.28
0.71
0.0008*
0.004*
0.023*

91.6 ± 45
29.7 ± 15
93.0 ± 48

78.7 ± 33
24.2 ± 9.6
68.8 ± 34

9/ 0/ 17
8/ 0/ 18
8/ 1/ 17

0.14
0.038*
0.035*

2.18 ± 2.1
16.0 ± 9.8
2.9 ± 2.9
473 ± 184

2.09 ± 2.3
13.5 ± 7.6
2.09 ± 2.3
452 ± 155

13/ 0/ 13
8/ 0/ 18
8/ 0/ 18
13/ 0/ 13

0.88
0.25
0.28
0.53

0.085 ± 0.08
0.96 ± 0.6
1.64 ± 2.0
117 ± 90
3.54 ± 3.4

0.048 ±0.05
0.52 ± 0.3
5.48 ± 6.1
209 ± 257
3.97 ± 6.1

5/ 1/ 20
5/ 0/ 21
22/ 0/ 4
19/ 0/ 7
13/ 1/ 12

0.005*
0.001*
0.002*
0.039*
0.59

< 0.1
0.1‒0.5
0.2‒2.3
36‒240
< 2.8

*Statistically significant difference between before and after treatment (p < 0.05, paired t test). AVP: arginine vasopressin, BNP: b-type
natriuretic peptide.
As shown in Table 3, among a total of 26 study patients, changes
in the serum logPRA and urinary Cl concentrations from worsening HF to its recovery tended to be inversely correlated (R2=0.12,
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p=0.085; Figure 2A), and logPRA and serum Cl concentrations at
recovery were inversely correlated (R2=0.23, p=0.01; Figure 2B).
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Table 3: Pearson’s correlation of delt logPRA from worsening HF to its recovery or logPRA at recovery to multiple variables in
stable HF status following decongestive therapy (Total N = 26)

Variable
LogBNP (pg/mL)
Systolic BP (mmHg)
Diastolic BP (mmHg)
Heart rate (beats/min)
% change in plasma volume (%)
Serum electrolytes
Sodium (mEq/L)
Potassium (mEq/L)
Chloride (mEq/L)
BUN (mg/dL)
Creatinine (mg/dL)
Urinary concentration
Sodium (mEq/L)
Potassium (mEq/L)
Chloride (mEq/L)
Osmolality (mOsm/kg H2O)
Adrenaline (pg/mL)
Noradrenaline (pg/mL)
Aldosterone (pg/mL)
AVP (pg/mL)

Change in LogPRA (ng/mL/h) from
worsening HF to its recovery
R2
p value
0.05
0.26
0.0002
0.95
0.1
0.11
0.024
0.44
0.018
0.52

LogPRA (ng/mL/h) at recovery from
worsening HF
R2
p value
0.09
0.64
0.012
0.59
0.18
0.029*
0.09
0.13
0.014
0.56

0.08
0.02
0.11
0.23
0.045

0.17
0.47
0.096
0.014*
0.3

0.08
0.1
0.23
0.03
0.09

0.15
0.12
0.01*
0.41
0.14

0.18
0.02
0.12
0.02
0.08
0.005
0.24
0.08

0.03*
0.49
0.085
0.48
0.17
0.74
0.01*
0.16

0.04
0.12
0.01
0.04
0.19
0.06
0.24
0.06

0.31
0.09
0.6
0.36
0.027*
0.22
0.01*
0.22

AVP: arginine vasopressin, BNP: b-type natriuretic peptide, BP: blood pressure, BUN: blood urea nitrogen, HF: heart failure, PRA:
plasma renin activity.
Figure 2. Correlations between

(A) log plasma renin activity (logPRA) and urinary chloride
(Cl) concentration
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(B) logPRA and the serum Cl concentration.
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Table 4 shows low vs high groups of the 2 different categories of
(A) changes in PRA from worsening HF to its recovery and
(B) PRA at recovery from worsening HF stratified by splitting the same study population according to each median value.
Table 4: Comparison of blood chemistries and neurohormones between low and high groups stratified by (A) changes in PRA
from worsening HF to its recovery or (B) PRA at recovery from worsening HF in 26 HF patients
(A) Change in PRA from
worsening HF to its recovery
Low (n=13) High (n=13)
Renin activity (ng/mL/h)
Worsening
2.35 ± 2.4
Recovery
3.49 ± 3.9
Δworse to
1.13 ± 1.9
recovery
0.05
p value
Physical examination
Systolic pressure (mmHg)
Worsening
141 ± 34
Recovery
120 ± 19
Δworse to
-21 ± 25
recovery
0.01*
p value
Diastolic pressure (mmHg)
Worsening
81.3 ± 26
Recovery
65.2 ± ±13
Δworse to
-16.1 ± 24
recovery
0.03*
p value
Heart rate (bpm)
Worsening
85.2 ± 17
Recovery
72.2 ± 13
Δworse to
-13.0 ± 17
recovery
0.02*
p value
LogBNP (pg/mL)
Worsening
2.85 ± 0.35
Recovery
2.18 ± 0.26
Δworse to
-0.67 ± 0.35
recovery
<0.0001*
p value
Peripheral blood test
%Changes in plasma volume
Mean±SD
-0.13 ± 7.3
Range
-9.9 ~ 16.3
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0.92 ± 1.2
7.45 ± 7.3
6.55 ± 6.8

p value

(B) PRA at recovery from
worsening HF

p value

Low (n=13) High (n=13)
0.07
0.1
0.01*

‒
1.55 ± 0.94

‒
9.40 ± 6.6

0.0003*

0.46
0.87
0.36

‒
121 ± 19

‒
117 ± 16

0.49

0.23
0.71
0.13

‒
62.5 ± 13

‒
69.7 ±10

0.13

0.89
0.84
0.76

‒
67.9 ± 9.7

‒
75.5 ± 16

0.16

0.59
0.24
0.08

‒
2.19 ± 0.31

‒
2.31 ± 0.32

0.37

0.96

-0.09 ± 7.2

-0.3 ± 5.5

0.94

0.005*

130 ± 35
118 ± 16
-11.9 ± 25
0.11
71.4 ± 14
67.0 ± 11
-4.4 ± 11
0.19
86.8 ± 25
71.2 ± 15
-15.6 ± 25
0.04*
2.78 ± 0.34
2.32 ± 0.35
-0.45 ± 0.26
<0.0001*

-0.26 ± 5.4
-7.4 ~ 9.6
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Sodium (mEq/L)
Worsening
139 ± 4.8
Recovery
140 ± 3.2
Δworse to
1.31 ± 3.1
recovery
0.16
p value
Potassium (mEq/L)
Worsening
4.42 ± 0.68
Recovery
4.24 ± 0.62
Δworse to
-0.20 ± 0.71
recovery
0.39
p value
Chloride (mEq/L)
Worsening
105 ± 6.0
Recovery
107 ± 3.9
Δworse to
2.23 ± 5.8
recovery
0.19
p value
Blood urea nitrogen (mg/dL)
Worsening
32.8 ± 9.9
Recovery
38.9 ± 15.5
Δworse to
6.13 ± 10.5
recovery
0.06
p value
Serum creatinine (mg/dL)
Worsening
1.52 ± 0.68
Recovery
1.62 ± 0.71
Δworse to
0.10 ± 0.3
recovery
0.26
p value
Spot urinary examination
Sodium (mEq/L)
Worsening
74.5 ± 43
Recovery
75.2 ± 28
Δworse to
0.62 ± 41
recovery
0.96
P value
Potassium (mEq/L)
Worsening
31.2 ± 15
Recovery
22.6 ± 8.9
Δworse to
-8.54 ± 13
recovery
0.03*
p value
Chloride (mEq/L)
Worsening
75.5 ± 48
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139 ± 5.6
138 ± 5.8
-0.9 ± 5.1

0.79
0.36
0.19

‒
139±4.0

‒
139±5.4

0.68

0.3
0.23
0.9

‒
4.36 ± 0.50

‒
3.87 ± 0.4

0.01*

0.32
0.01*
0.24

‒
107 ± 4.2

‒
102 ± 6.5

0.04*

0.02*
0.97
0.05

‒
35.5 ± 13

‒
42.0 ± 24

0.4

0.02*
0.1
0.22

‒
1.56 ± 0.65

‒
1.30 ± 0.54

0.28

0.79
0.37
0.19

‒
86.6 ± 30

‒
70.7 ± 35

0.23

0.3
0.23
0.9

‒
21.3 ± 6.9

‒
27.1 ± 11

0.13

0.07

‒

‒

0.53
4.13 ± 0.68
3.99 ± 0.36
-0.10 ± 0.78
0.53
103 ± 5.6
101 ± 6.2
-1.15 ± 8.3
0.62
20.2 ± 8.9
38.6 ± 23.4
18.3 ± 19.1
0.005*
1.0 ± 0.25
1.23 ± 0.40
0.24 ± 0.23
0.003*

109 ± 42
82.2 ± 39
-26.0 ± 42
0.04*
28.3 ± 15
25.8 ± 10
-2.54 ± 13
0.49
110 ± 44
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Recovery
Δworse to
recovery
p value
Neurohormonal test
Adrenaline (pg/mL)
Worsening
Recovery
Δworse to
recovery
p value
Noradrenaline (pg/mL)
Worsening
Recovery
Δworse to
recovery
p value
Aldosterone (pg/mL)
Worsening
Recovery
Δworse to
recovery
p value
Cardiovascular medication
Loop diuretics
Thiazide diuretics
MRA
Tolvaptan
Acetazolamide
ACE inhibitors/ARB
Beta-blockers

64.8 ± 31
-11.0 ± 52

72.8 ± 38
-38.0 ± 57

0.47

0.03*

0.07 ±0.04
0.046 ± 0.05
-0.02 ± 0.05

0.10 ± 0.10
0.05 ± 0.04
-0.05 ± 0.07

0.13

0.01*

0.92 ± 0.63
0.53 ± 0.41
-0.38 ± 0.55

0.99 ± 0.65
0.51 ± 0.23
-0.48 ± 0.67

0.03*

0.02*

134 ± 94
160 ± 116
23.9 ± 92

97.9 ± 86
258 ± 346
160 ± 279

0.37

0.06

12
2
9
3
9
6
6

11
2
13
3
8
4
6

0.57
0.22

73.8 ± 26

63.9 ± 42

0.47

0.22
0.85
0.15

‒
‒
0.028 ± 0.02 0.07 ± 0.006

0.03*

0.75
0.87
0.67

‒
0.44 ± 0.29

‒
0.61 ± 0.35

0.19

0.29
0.34
0.11

‒
131 ± 102

‒
287 ± 338

0.12

1
1
0.1
1
1
1
0.69

11
1
10
1
9
7
3

12
3
12
5
8
3
9

1
0.59
0.59
0.16
1
0.23
0.047*

*Statistically significant difference between before and after treatment (p <0.05, paired t test). ACE: angiotensin-converting enzyme,
ARB: angiotensin II receptor blocker, BNP: b-type natriuretic peptide, HF: heart failure, MRA: mineralocorticoid receptor antagonist,
PRA: plasma renin activity.
Usage of cardiovascular medication was not different between the
low and high groups in each of the 2 different categories, except
for the more frequent use of beta-blockers in the high PRA group
compared with the low PRA group in category (B) at recovery
from worsening HF.
When divided into 2 groups according to the changes in PRA from
worsening HF to its recovery (A: Table 4), both groups showed
similar changes from worsening to recovery in physical examination, logBNP, plasma volume, serum sodium, potassium and Cl
electrolytes, and neurohormonal levels. The high-change group
showed significantly increased serum concentrations of blood urea
nitrogen and creatinine, and significantly decreased urinary concentrations of sodium (from 109±42 to 82.2±39 mEq/L, p=0.04)
Cardio Open, 2021

and Cl (from 110±44 to 72.8±38 mEq/L, p=0.03) after decongestive therapy.
When divided into 2 groups according to the median value of PRA
at recovery (B: Table 4), the high-PRA group presented with lower
serum potassium (3.87±0.4 vs 4.36±0.50 mEq/L, p=0.01) and Cl
(102±6.5 vs 107±4.2, mEq/L, p=0.04) concentrations compared
with the low-PRA group.

Discussion

The present study revealed that PRA was enhanced following decongestive therapy, but individual activity widely distributed from
low to high levels. The association between PRA and the serum/
urinary Cl concentration was blunted in stable HF after recovery
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from worsening HF, possibly due to the physiologic status under
full cardiovascular medication compared with inadequate cardiovascular medication in acutely worsening HF [5].

Plasma Renin Activity after Decongestive Treatment for
Acute HF
The present study confirmed that PRA was increased after decongestive treatment, consistent with previous studies [8,16-20].
The main mechanism for the renin activity under treatment with
conventional diuretics is reported to be diuretic-induced plasma
volume contraction [21,22], but other potential mechanisms of enhanced renin activity due to a decreased supply of Cl in the macula densa cells and consequent enhancement of renin secretion by
‘tubulo-glomerular feedback’ are as follows: 1) blockade of the
entrance of Cl into the macula densa cells by loop diuretics [23],
and/or 2) decreased Cl supply to macula densa cells due to hypochloremia, as predicted by the ‘chloride theory’ [6]. No apparent
association of PRA with diuretic-induced plasma volume changes
as evaluated by the Strauss method was detected in the present
study.

As for electrolyte Cl, our recent study examining pre-treatment
acute HF patients provided clinical evidence for normal function
of urinary Cl involved in the ‘tubulo-glomerular feedback’ mechanism by disclosing an inverse association between the urinary Cl
concentration and PRA [5]. In the present study, PRA was weakly
associated with the serum Cl concentration (R2=0.23, p=0.01; Figure 2B). PRA tended to be associated with the urinary Cl concentration (R2=0.12, p=0.085; Figure 2A), but the trend did not reach
statistical significance. The present study demonstrated that the
‘tubulo-glomerular feedback’ mechanism is blunted in stable HF,
but the clinical significance of this finding is unclear, as discussed
below.

Plasma Renin Activity and Cl in Stable HF with Respect
to the ‘Tubulo-Glomerular Feedback’ Mechanism

As mentioned above, most clinical studies [8,16-20] report enhanced PRA following decongestive therapy for acute HF, but clinical investigations of the association of PRA with the electrolyte
Cl, by which the electrolyte renin-angiotensin-aldosterone mechanism is basically regulated, are scarce. Similar to the present study,
Hanberg et al, demonstrated an independent association between
PRA and the serum Cl concentration [24]. The study by Hanberg
et al, included 162 chronic HF patients taking loop diuretics, of
whom 111 had hypochloremia (serum chloride ≤96 mmol/L) and
51 had normochloremia (serum chloride >96 mmol/L) [24]. They
observed that the total renin level was higher in patients with hypochloremia compared to those without hypochloremia. Plasma
renin levels were negatively and independently correlated with
serum Cl concentrations whereas the correlation with the serum
sodium concentration was less pronounced.
Our recent study examining acute HF patients provided definitive proof of normal ‘tubulo-glomerular feedback’ function in the
human body by demonstrating a significant association between
the spot urinary Cl concentration and PRA [5]. Unfortunately, the
present study could not find such an intimate association between
the spot urinary Cl concentration and PRA, but instead demonstrated a significant and inverse relationship between PRA and seCardio Open, 2021

rum Cl concentrations in stable HF (Figure 2), similar to the report
by Hanberg et al, [24].
The inability to detect a significant association between the urinary
Cl concentration and PRA in stable HF might be due to:
1) the lack of statistical power to detect an association because of
the small sample size, 2) a blunted response of the macula densa
to the urinary Cl concentration caused by adaptation of the ‘tubulo-glomerular feedback’ mechanism in chronic HF status [3],
3) the existence of many confounding factors influencing the electrolyte Kinetics, [25,26], and
4) the effects of treatment with neurohormonal blockers and diuretics for maintaining a stable HF condition [19,20]. With regard to
the latter possibility, Pearson’s correlation between the serum and
urinary Cl concentrations was nearly equal between data obtained
in acute HF status (n=29, R2=0.13, p=0.06) and data obtained in
stable HF status (n=26, R2=0.13, p=0.05).
Despite a similar relation between the serum and urinary Cl concentrations, the lack of a significant association between the urinary Cl concentration and PRA under stable HF status might be
related to a presumed modification of urinary contents induced by
a strict medication regimen, with the progression of glomerularly
filtered plasma running through the renal tubules into the bladder,
compared with insufficient treatment in acute HF status [27,28].
Future studies are required to resolve this issue.

Clinical Proof of the ‘Chloride Theory’ for HF Pathophysiology

The ‘chloride theory’ for HF pathophysiology states that changes in the serum Cl concentration are the primary determinant of
changes in the plasma volume and renin-angiotensin-aldosterone
system [6]. Under decongestive therapy for worsening HF, this
theory predicts that PRA would be enhanced under lowering of
the serum Cl concentration by Cl-depleting diuretic therapy, such
as the use of loop/thiazide diuretics. In contrast, renin activity
would likely be depressed or suppressed when the serum Cl concentration is enhanced by treatment with Cl-regaining diuretics or
Cl supplementary treatment [6,8,29]. Observations of the present
study support the ‘chloride theory’ for HF pathophysiology [6-8]
by disclosing interactions between the serum Cl concentration and
neurohormonal activities during resolution of acute HF, i.e., stable
HF patients with low PRA had high serum Cl concentrations, and
conversely, those with high PRA had low serum Cl concentrations
(Table 4). Thus, the ‘chloride theory’ for HF pathophysiology [68] could provide a primary care management system for diuretic
treatment of HF patients, with attention to the serum Cl concentration and changes central to this system [29].

Study Limitations

This study was a single-center observational study performed with
a relatively small number of patients, and should thus be considered as hypothesis-generating. In addition, the present results
were derived from a population of mild-to-moderate HF patients.
Enhanced PRA is frequently observed in patients with advanced
HF and hypovolemia, but not in those with mild to moderate HF
[19,21,22,30]. Furthermore, body fluid retention induced by a high
sodium diet or diuretic withdrawal in patients with mild to moderate HF depressed the PRA [31-33]. As such, PRA may widely
fluctuate in stable HF status. Therefore, extrapolation of the results
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of this study cannot be generalized to patients with more advanced
HF. Further studies including a larger number of HF patients are
needed to better assess the clinical implications of PRA measurements in HF pathophysiology.

Conclusions

Except for several clinical studies of HF pathophysiology, PRA has
not been evaluated in association with the kinetics of Cl, although
this electrolyte is key for regulating renin release in the macula
densa [5,24]. The present findings suggest that ‘tubulo-glomerular feedback’ functions normally in stable HF by showing a trend
toward a significant and inverse association between PRA and the
urinary Cl concentration, but its function is blunted in stable HF
under-decongestive therapy, possibly due to the physiologic status
under full cardiovascular medication compared with that in acute
HF status.
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