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Abstract

Background In the collecting ducts of the kidney, arginine vasopressin (AVP), cyclic adenosine monophosphate (cAMP),
and aquaporin 2 (AQP2) play a pivotal role in maintaining fluid volume and serum osmolality in humans. However, their
association among those with chronic kidney disease (CKD) remains uncertain.

Methods We prospectively included the out-patients with CKD and measured osmolality-related biomarkers including
plasma AVP, urine cAMP, urine AQP2, and urine osmolality levels. Association among these parameters at each CKD stage
was investigated.

Results A total of 121 patients were included (median age 71 years old [61-78], 89 men, estimated glomerular filtration
ratio 28.6 [16.4-45.3] mL/min/1.73 m?). Serum osmolality increased as CKD progression, accompanying incremental
plasma AVP levels, whereas urine cAMP, urine AQP2, and urine osmolality decreased as CKD progression. At advanced
CKD stage, urine cAMP remained low irrespective of the AVP stimulation, whereas urine cAMP levels varied according to
the levels of plasma AVP at less advanced CKD stage. The associations between urine cAMP and urine AQP2 and between
urine AQP2 and urine osmolality remained preserved irrespective of the CKD stages.

Conclusions Vasopressin type-2 receptor seems to be particularly impaired in patients with advanced CKD, whereas the
signal cascade of the downstream of vasopressin type-2 receptor is relatively preserved. Urine cAMP might be a promising
marker to estimate the residual function of the collecting duct.
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Introduction This initiates a cascade leading to an increase in cAMP

levels and activation of protein kinase A-dependent phos-

The capacity of the kidneys to concentrate and dilute urine
is an important mechanism to maintain serum osmolality
in human. In detail, the arginine vasopressin (AVP)-cyclic
adenosine monophosphate (cAMP)-aquaporin 2 (AQP2)
pathway plays a crucial role.

AVP is secreted from the pituitary gland when serum
osmolality increases. AVP subsequently binds to the vas-
opressin type-2 receptor on the principal cells within the
late distal tubule and collecting ducts, and the formation of
cAMP is promoted after stimulation of adenylate cyclase.
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phorylation of AQP2. This is the main pathway of AQP2
trafficking to the apical plasma membrane of the collecting
duct principal cells, which increases the osmotic water per-
meability and facilitates free water reabsorption. As a result,
urine osmolality is increased [1].

Urine concentrating/diluting ability is impaired in
patients with chronic kidney disease (CKD), probably due to
impairment in some parts of the above-described signal cas-
cade [2]. In patients with CKD, plasma AVP is increased and
urine AQP2 is decreased [3, 4]. However, detailed patho-
physiological mechanism that links these findings remains
uncertain.

We hypothesized that cAMP might have a key role to
pathophysiologically explain these findings in the CKD
cohort. Of note, these knowledge would be useful to con-
sider response to tolvaptan, vasopressin type-2 receptor
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antagonist, which seems to require residual function in the
AVP-cAMP-AQP2 pathway for the clinical effectiveness
[5-7]. In this study, we investigated the association among
these urine biomarkers in the CKD cohort.

Materials and methods
Patient selection

Patients who were followed at our out-patient clinic at
clinically stable conditions to treat CKD between Decem-
ber 2015 and July 2020 were included in this prospective
study. All patients had estimated glomerular filtration
ratio (e€GFR) < 60 mL/min/1.73 m?. Patients dependent on
hemodialysis or those receiving vasopressin type-2 receptor
antagonist or antidepressants were excluded. We included
also those with eGFR > 60 mL/min/1.73 m? as a control

group.
Data collection

Blood and urine samples were obtained from all patients
at fasting condition before taking any medications. Blood
samples were centrifuged immediately for 20 min and stored
at —80 °C before the assay. eGFR was calculated using
the following formula: 194 X (serum creatinine [mg/dL])
—10% o (age [years]) —0287 (% 0.739 only for women) [8].
All urine samples were stored immediately at —80 °C
until assay. Of note, urine osmolality, AQP2, and cAMP
were measured. Urine and serum osmolality was measured
by freezing-point depression. To assess the effective osmo-
lality, serum osmolality was corrected for urea by subtract-
ing the measured blood urea nitrogen from the measured
serum osmolality [9]. Urine AQP2 was measured using a
sandwich enzyme-linked immunosorbent assay (Otsuka
Pharmaceutical Co., Ltd., Japan). Urine cAMP was meas-
ured by a radioimmunoassay in the LSI Medience Co.
(Tokyo, Japan). Plasma AVP was measured using a radio-
immunoassay (Yamasa Shoyu Co., Ltd., Japan).

Statistical analyses

Categorical data were presented as numbers and percent-
ages. Continuous data were presented as median and inter-
quartile range. The interaction of variables associating with
vasopressin type-2 receptor signal cascade, including plasma
AVP, urine cAMP, urine AQP2, and urine osmolality, was
investigated by Pearson’s correlation coefficient. Linear
regression analyses were performed to investigate clinical
parameters that were associated with urine cAMP relative
to plasma AVP levels. Five potential parameters including
age, eGFR, serum calcium corrected with albumin, serum

osmolality, and plasma parathyroid hormone were con-
sidered. Variables significant in the univariable analyses
were included in the multivariable analysis. Two-tailed p
value < 0.05 was assumed as statistically significant. All sta-
tistics were performed using JMP pro ver14.2 (SAS Institute
Inc).

Results
Baseline characteristics

A total of 121 CKD patients and 90 non-CKD patients
were included (Table 1). In CKD patients, median age was
71 [61-78] years old and 89 were men. eGFR was 28.6
[16.4-45.3] mL/min/1.73 m? and plasma AVP was 2.2
[1.5-3.5] pg/mL. Urine cAMP was 1.4 [0.8-2.3] nmol/mL,
urine AQP2 was 2.77 [0.98—4.35] ng/mL, and urine osmo-
lality was 412 [329-496] mOsm/kg H,O. Forty-six (38%)
patients received loop diuretics.

Stratification of baseline characteristics by CKD
stage

Of them, there were 59 patients assigned to G3 (eGFR
30-59 mL/min/1.73 m?), 36 assigned to G4 (eGFR
15-29 mL/min/1.73 mz), and 26 assigned to G5
(eGFR < 15 mL/min/1.73 m?) (Table 2). Patients with more
progressed CKD had a higher prevalence of diabetes mel-
litus, more advanced anemia, and lower serum albumin
(p <0.05 for all). As CKD progressed, the prevalence of loop
diuretics prescription increased.

Serum osmolality at incremental deterioration
of renal function

In CKD patients, serum osmolality increased at incremen-
tal CKD grades accompanying incremental trend in plasma
AVP levels (p <0.005 and p=0.13, respectively; Fig. 1a, b).
Serum sodium level remained unchanged irrespective of the
eGFR levels (Fig. 1¢), whereas blood urea nitrogen gradu-
ally increased at incremental deterioration of renal function
(Fig. 1d). Serum osmolality corrected for urea remained
unchanged irrespective of the eGFR levels (Fig. le).

Plasma AVP and serum osmolality

In CKD patients, plasma AVP levels had collinearity
with actual serum osmolality and those corrected for urea
(»<0.005 and p=0.010, respectively; Fig. 2a, b), whereas
there were no such correlations in non-CKD patients.
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Table 1 Baseline characteristics
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CKD patients Non-CKD patients p value
(N=121) (N=90)

Demographics
Age (years) 71 [61-78] 65 [49-71] <0.005*
Male sex 89 (74) 50 (56) 0.0064*
Diabetes mellitus 29 (24) 20 (22) 0.77
Autosomal dominant polycystic kidney disease 7(6) 0(0) 0.020*
Weight (kg) 63.4 [55.6-71.6] 63.6 [56.1-76.3] 0.42
Body mass index (kg/m?) 24.2 [21.7-27.1] 25.2[22.4-28.0] 0.077
Systolic blood pressure (mmHg) 134 [124-143] 133 [125-145] 0.68
Diastolic blood pressure (mmHg) 73 [63-83] 82 [72-89] <0.005*
Pulse rate (/min) 71 [63-80] 71 [65-80] 0.51

Laboratory data
Hemoglobin (g/dL) 11.4[9.9-13.6] 14.3[13.1-15.2] <0.005%*
Serum creatinine (mg/dL) 1.72 [1.18-3.00] 0.70 [0.60-0.83] <0.005%*
eGFR (mL/min/1.73 m?) 28.6 [16.4-45.3] 76.2 [69.3-86.1] <0.005%*
Blood urea nitrogen (mg/dL) 27 [20-44] 14 [13-16] <0.005%*
Serum albumin (g/dL) 3.9[3.34.1] 4.2 [4.0-4.5] <0.005%*
Serum sodium (mEq/L) 139 [138-141] 140 [139-141] 0.19
Serum potassium (mEq/L) 4.414.2-4.7] 4.3 [4.0-4.5] <0.005%*
Serum chloride (mEq/L) 105 [103-107] 103 [102-105] <0.005%*
Serum calcium corrected for albumin (mg/dL) 9.2 [8.9-9.4] 9.2 [8.9-9.4] 091
Serum osmolality (mOsm/kg H,0) 295 [288-300] 291 [288-293] <0.005%*
Serum osmolality corrected for urea (mOsm/ kg H,0) 285 [283-288] 286 [283-288] 0.24
Plasma arginine vasopressin (pg/mL) 2.2[1.5-3.5] 2.2[1.4-3.1] 0.72
Plasma parathyroid hormone, intact (pg/mL) 64 [46-103] Not applicable

Urine data
Urine cAMP (nmol/mL) 1.4 [0.8-2.3] 2.9[1.8-3.8] <0.005%*
Urine aquaporin 2 (ng/mL) 2.77 [0.98-4.35] 4.06 [1.74-8.19] <0.005%*
Urine protein (g/g of Creatinine) 0.71 [0.15-3.40] 0.057 [0.035-0.10] <0.005*
Urine osmolality (mOsm/kg H,0) 412 [329-496] 592 [441-717] <0.005*
Urine sodium (mEq/L) 82 [64-116] 128 [87-165] <0.005*
Urine potassium (mEq/L) 25 [15-38] 49 [36-61] <0.005*

Medications
ACE-I or ARB 73 (60) 60 (67) 0.35
Calcium channel antagonists 71 (59) 52 (58) 0.90
p-Adrenergic blockers 32 (26) 13 (14) 0.035*
a-Adrenergic blockers 13 (11) 7(8) 0.47
Aldosterone receptor antagonists 16 (13) 9 (10) 0.47
Loop diuretics 46 (38) 0(0) <0.005%*
Thiazide diuretics 23 (19) 18 (20) 0.86

Variables are expressed as the median [interquartile range] or number and percentage. Comparison in con-
tinuous variables were performed using Mann—Whitney’s U test. Comparison in categorical variables were

performed using chi-square test

CKD chronic kidney disease, eGFR estimated glomerular filtration rate, cAMP cyclic adenosine
monophosphate, ACE-I angiotensin converting enzyme inhibitors, ARB angiotensin II receptor antagonists

p<0.05
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Table 2 Comparison in baseline characteristics
G3 (N=59) G4 (N=36) G5 (N=26) p value
Demographics
Age (years) 70 [61-77] 75 [69-80] 69 [58-75] 0.097
Male sex 40 (68) 31 (86) 18 (69) 0.12
Diabetes mellitus 7(12) 9 (25) 13 (50) <0.005%
Autosomal dominant polycystic kidney disease 4. (7) 3(8) 0(0) 0.34
Weight (kg) 63.2 [55.8-71.4] 63.5 [55.3-71.0] 63.5 [56.0-71.4] 0.87
Body mass index (kg/m?) 23.3[21.9-26.0] 24.2 [20.8-27.4] 24.6 [23.4-28.4] 0.35
Systolic blood pressure (mmHg) 136 [127-145] 125 [115-139] 136 [127-157] <0.005%*
Diastolic blood pressure (mmHg) 80 [69-89] 68 [63-82] 70 [62-76] <0.005%*
Pulse rate (/min) 71 [63-76] 70 [63-82] 75 [63-84] 0.39
Laboratory data
Hemoglobin (g/dL) 13.4 [12.5-14.6] 10.8 [10.1-11.5] 9.5 [8.6-10.0] <0.005%*
Serum creatinine (mg/dL) 1.17 [0.98-1.37] 2.28 [2.03-2.79] 4.24 [3.85-5.36] <0.005%*
eGFR (mL/min/1.73 m?) 47.9 [40.4-54.7] 22.0 [18.5-25.1] 10.6 [8.7-12.9] <0.005%*
Blood urea nitrogen (mg/dL) 20 [17-24] 32 [26-43] 58 [50-69] <0.005%*
Serum albumin (g/dL) 4.1[3.944] 3.6 [3.1-4.0] 3.1[2.7-3.5] <0.005%*
Serum sodium (mEgq/L) 139 [138-141] 139 [138-140] 140 [138-142] 0.56
Serum potassium (mEq/L) 4.41[4.2-4.7] 4.4[4.1-4.9] 4.6 [4.1-5.2] 0.78
Serum chloride (mEq/L) 105 [103-106] 105 [102-108] 108 [104-110] 0.016%*
Serum calcium corrected for albumin (mg/dL) 9.2 19.0-94] 9.319.0-9.6] 9.0 [8.5-9.4] 0.060
Serum osmolality (mOsm/kg H,0) 292 [290-294] 297 [295-300] 306 [301-310] <0.005%*
Serum osmolality corrected for urea (mOsm/ kg H,0) 284 [282-287] 285 [283-287] 286 [282-289] 0.50
Plasma arginine vasopressin (pg/mL) 2.0[1.5-3.3] 2.3 [1.4-3.8] 2.41.8-3.8] 0.31
Plasma parathyroid hormone, intact (pg/mL) 51 [39-66] 74 [54-114] 215 [121-335] <0.005*
Medications
ACE-I or ARB 38 (64) 20 (56) 15 (58) 0.66
Calcium channel antagonists 22 (37) 28 (78) 23 (41) <0.005%*
B-Adrenergic blockers 13 (5) 13 (36) 8 (31) 0.32
a-Adrenergic blockers 2(3) 5(14) 7 (27) <0.005%*
Aldosterone receptor antagonists 8 (14) 7(19) 14) 0.20
Loop diuretics 4(7) 20 (56) 22 (87) <0.005%*
Thiazide diuretics 16 (27) 3(8) 4 (15) 0.067

Variables are expressed as the median [interquartile range] or number and percentage. Comparison in continuous variables among the three
groups were performed using Kruskal-Wallis test. Comparison in categorical variables among the three groups were performed using chi-square

for independence test

eGFR estimated glomerular filtration rate, ACE-I angiotensin converting enzyme inhibitors, ARB angiotensin II receptor antagonists

*p<0.05

Urine parameters at incremental deterioration
of renal function

Despite incremental trend in plasma AVP stimulation as
progression of CKD stage, urine cAMP, urine AQP2, and
urine osmolality rather decreased at incremental CKD
stages (p <0.05 for all; Table 3). These trends remained
when renal function was expressed as continuous data, i.e.,
eGFR (Fig. 3a—c).

Association among urine parameters

Urine cAMP levels relative to plasma AVP stimulation
decreased at incremental deterioration of renal function
(» <0.005, r=0.44; Fig. 4a). On the contrary, urine AQP2
levels relative to cAMP stimulaton remained preserved
irrespective of the renal function (p =0.032; r=— 0.20;
Fig. 4b). As a result, urine AQP2 levels relative to plasma
AVP stimulation decreased at incremental deterioration of
renal function (p <0.005, r=0.37; Fig. 4c).

@ Springer
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There was no significant correlation between plasma AVP
and urine cAMP irrespective of the CKD stages (Fig. 5a). Of
note, urine cAMP levels remained low at any plasma AVP
levels in stage G5, whereas urine cAMP showed a variety

@ Springer

of levels at each plasma AVP level in stage G3—4. The cor-
relation between urine cAMP and urine AQP2 and between
urine AQP2 and urine osmolality remained preserved in all
CKD stages including stage 5 (Fig. 5b, c).
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ga't"e 3 Comparison in urine G3 (N=59) G4 (N=36) G5 (N=26) p value
ata

Urine cAMP (nmol/mL) 2.1[1.3-2.7] 1.2[0.8-1.5] 0.7 [0.4-1.1] <0.005*
Urine aquaporin 2 (ng/mL) 3.14[1.63-4.91] 2.30[0.51-4.51] 1.15[0.61-3.36] 0.017*
Urine protein (g/g of Creatinine) 0.16 [0.07-0.48] 1.10[0.18-4.31] 3.51[1.96-5.36] 0.16
Urine osmolality (mOsm/kg H,0) 481 [386-631] 362 [290-416] 304 [237-350] <0.005%*
Urine sodium (mEq/L) 102 [74-143] 74 [55-96] 70 [58-86] <0.005*
Urine potassium (mEq/L) 38 [22-49] 20 [16-31] 13 [9-17] <0.005%*

Variables are expressed as the median [interquartile range]. Comparison in continuous variables among the
three groups were performed using Kruskal-Wallis test

cAMP cyclic adenosine monophosphate

*p<0.05
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Fig.3 Correlation between eGFR and urine cAMP (a), urine AQP2 (b), and urine osmolality (c). *p <0.05 by Pearson’s correlation coefficient.
eGFR, estimated glomerular filtration ratio; cAMP, cyclic adenosine monophosphate; AQP2, aquaporin 2

Factors related to urine cAMP levels to plasma AVP
stimulation

According to the findings of univariable and multivariable
analyses, only eGFR was independently associated with the
levels of urine cAMP relative to plasma AVP among five
potential clinical parameters (adjusted R? 0.22, p <0.005;
Table 4).

Discussion

We investigated the association of urine biomarkers at
each CKD stage. (1) Serum osmolality increased as the
progression of CKD, dominantly due to incremental blood

urea nitrogen; (2) Despite AVP stimulation, urine cAMP,
urine AQP2, and urine osmolality levels decreased as pro-
gression of CKD; (3) Urine cAMP showed a variety of
levels at each plasma AVP levels at less progressed CKD
stage, whereas urine cAMP levels were low irrespective
of the plasma AVP levels at progressed CKD stage; (4)
The downstream of cAMP (i.e., urine AQP2 relative to
urine cAMP level and urine osmolality relative to urine
AQP2 level) were relatively preserved irrespective of the
progression of CKD.

Regulation of serum osmolality in patients with CKD

AVP secretion is regulated dominantly by the two major
pathways: non-osmotic pathway and osmotic pathway,

@ Springer
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U-cAMP, urine cyclic adenosine monophosphate; P-AVP, plasma
arginine vasopressin; U-AQP2, urine aquaporin 2

Table 4 Regression analysis for urine cAMP levels relative to plasma AVP stimulation in CKD patients (N=121)

Explanatory variables Estimated regression Standard error t value p value
coefficient

Univariable analysis
Age (years) -0.20 0.0060 -22 0.030*
eGFR (mL/min/1.73 m?) 0.44 0.0043 52 <0.005*
Serum calcium corrected for albumin (mg/dL) — 0.0036 0.15 —0.039 0.97
Serum osmolality (mOsm/kg H,0) -0.35 0.0091 -4.0 <0.005%*
Serum osmolality corrected for urea (mOsm/ kg H,0) —0.064 0.017 —-0.70 0.48
Plasma parathyroid hormone, intact (pg/mL) -0.27 0.0010 -29 <0.005%*

Multivariable analysis
Age (years) -0.14 0.0058 - 16 0.11
eGFR (mL/min/1.73 m?) 0.35 0.0062 2.8 0.0056*
Serum osmolality (mOsm/kg H,0) —-0.12 0.012 —-0.98 0.33
Plasma parathyroid hormone, intact (pg/mL) 0.00 0.0011 0.016 0.99

cAMP cyclic adenosine monophosphate, AVP arginine vasopressin, CKD chronic kidney disease, eGFR estimated glomerular filtration rate

#p<0.05

depending on a variety of clinical scenario. In patients with
heart failure, serum osmolality is dominantly regulated by
the non-osmotic pathway. A reduced systemic circulation
due to low cardiac output stimulates the secretion of AVP
and facilitates reabsorption of free water, resulting in hyper-
volemic dilutional hyponatremia [10, 11]. In patients with
liver cirrhosis and pregnant women, in the same manner,
systemic arterial vasodilation and arterial underfilling stimu-
late AVP secretion via non-osmotic pathway [12].

Few studies investigated the relationship between
plasma AVP levels and serum osmolality in patients with

@ Springer

renal impairment. Hemodialysis patients had high plasma
AVP levels, but its regulation remains uncertain [13, 14].
Given our findings, AVP seems to be regulated domi-
nantly by serum osmolality levels (i.e., osmotic pathway).
A major determinant of the serum osmolality seems to
be blood urea nitrogen, instead of serum sodium level.
Patients with more progressed CKD in general have higher
blood urea nitrogen levels. As a result, serum osmolality
was higher at incremental progression of CKD.
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Fig.5 Correlation between plasma AVP and urine cAMP (a), cAMP
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Reaction of kidney to the AVP stimulation

At the fasting condition in the early morning, physiological
volume depletion increases serum osmolality, which trig-
gers secretion of AVP as discussed above. However, the col-
lecting duct in patients with advanced CKD cannot respond
to the stimulation of AVP. Given our findings, a dominant
cause of refractoriness to AVP would be vasopressin type-2
receptor. Vasopressin type-2 receptor seems to be refractory
to AVP stimulation and cannot increase cAMP synthesis in
patients with advanced CKD. On the contrary, the down-
stream pathway, i.e., cCAMP-AQP2 pathway seems to be
relatively preserved irrespective of the CKD stages.

In the advanced CKD patients, the administration of AVP
could not increase urine osmolality, indicating refractori-
ness of kidney to AVP stimulation [15]. In another animal
experiment, cCAMP did not increase against AVP stimulation
in the principle cells incubated from 5/6 nephrectomy renal
failure model. Of note, mRNA of the vasopressin type-2
receptor was downregulated [16]. Abnormal response of
adenyl cyclase and impairment in AVP-independent pathway
might also be involved [17, 18]. Further studies are war-
ranted to clarify the detailed mechanism why vasopressin
type-2 receptor is relatively vulnerable to the progression of
CKD compared to the other downstream pathway.

Urine cAMP (nmol/mL)

Urine AQP2 (ng/mL)

lation coefficient. AVP, arginine vasopressin; cAMP, cyclic adenosine
monophosphate; AQP2, aquaporin 2

Clinical implications

Given our findings, the residual function of collecting duct
would not necessarily worsen in parallel to the renal func-
tion (i.e., glomerular filtration ratio). In some patients, the
function of collecting duct seems to be relatively preserved
despite progressed CKD. Another unique marker, independ-
ent on glomerular filtration ratio, would be required to assess
the residual function of collecting duct.

However, in the real-world practice, there are scarcity of
index to assess the function of collecting duct thus far. Water
restriction test and water intake test are applied to assess
urine concentration and urine dilution ability, respectively
[19]. However, these tests are at risk of worsening renal func-
tion and/or volume overflow in patients with CKD. The inter-
pretation of test results is sometimes challenging in patients
receiving diuretics. According to our findings, urine cAMP
and urine AQP2 might be promising tools to assess the resid-
ual function of collecting duct independent on the glomerular
filtration ratio, particularly among those with CKD.

Detailed assessment of residual function of collecting duct
is, for example, quite useful to predict response to tolvaptan.
Pre-treatment prediction of response to tolvaptan would be of
great importance particularly for clinically unstable patients,
in whom delayed clinical decision leads to fatal. Clinical
utility of urine AQP2 to predict responders to tolvaptan is

@ Springer
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reported previously in patients with various clinical situations
including heart failure and liver cirrhosis [6, 20]. However,
urine AQP2 cannot be measured in the medical insurance.
Urine cAMP might be more practical, given that it can be
measured in insurance to differentiate the etiologies of cal-
cium level abnormality. Given our findings that most of the
patients with CKD stage 3—4 had a variety of urine cAMP
levels per AVP stimulation, at least some of them seem to
have relatively preserved reactivity to vasopressin type-2
receptor. Urine cAMP measurement would be useful to pre-
dict response to tolvaptan. Most of the patients with CKD
stage G5 seem to have impaired reactivity of vasopressin
type-2 receptor, indicating non-response to tolvaptan.

Limitations

We included a moderate size cohort. We measured all data just
one time point. Response to AVP might change during long-
term observational period. Also, the urine cAMP level might
have prognostic impacts. We are now conducting another study
investigating the impact of urine cAMP level on future CKD
progression and response to tolvaptan. This is just an obser-
vational study, and we cannot conclude any causalities from
our findings. Copeptin is recently receiving great concern as
a surrogate of AVP given that it is relatively easy to measure,
but we did not measure plasma copeptin level [21].
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