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Purpose: Experimental studies suggest that the nephrotic syndrome is associated with 

“vasopressin escape”, characterized by low aquaporin-2 (AQP2) expression in the collecting 

duct despite high vasopressin secretion. We investigated this phenomenon in patients with the 

nephrotic syndrome.

Patients and methods: We recruited 47 patients with proteinuric kidney disease who were 

distributed into the following four groups: 1) nephrotic syndrome with kidney dysfunction (n=10); 

2) nephrotic syndrome with normal kidney function (n=16); 3) partial remission of nephrotic 

syndrome (n=10); and 4) minimal proteinuria (n=11). Nine healthy volunteers comprised a 

control group. Serum copeptin level (as a marker of vasopressin secretion) and urinary AQP2 

were measured using ELISA.

Results: Nephrotic syndrome was associated with a significant increase in serum copeptin levels 

compared with those in the other groups (all P<0.05). In patients with nephrotic syndrome and 

a partial remission of nephrotic syndrome combined, there was more than a ten-fold decrease 

in the median urinary AQP2 excretion (0.03 ng/mL) compared with healthy volunteers (0.41 

ng/mL; P<0.001) and more than a five-fold decrease compared with patients with minimal 

proteinuria (0.21 ng/mL; P<0.05). Unlike copeptin levels, the median urinary AQP2 excretion 

in patients with minimal proteinuria also decreased but less significantly than in those with 

nephrotic syndrome. There was a negative correlation between the urinary AQP2 excretion and 

daily proteinuria (R=−0.41; P=0.005).

Conclusion: Our clinical study was the first to demonstrate low AQP2 excretion in nephrotic 

syndrome that may indicate an escape from the vasopressin regulating effect.
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Introduction
Aquaporins (AQPs) are a family of membrane proteins that mediate water transport 

across plasma membranes in many cells and tissues.1 The discovery of the first water 

channel (AQP1) led to the awarding of the Nobel Prize in Chemistry in 2003 to Peter 

Agre.2 At least eight AQPs have been found in the mammalian kidneys. AQP2 is the 

water-channel protein expressed in the connecting tubule and collecting duct, and is 

the chief target for the short-term and long-term regulation of water reabsorption by 

arginine–vasopressin (AVP), also known as the antidiuretic hormone.1 Short-term 

(acute) regulation occurs within a period of minutes and involves the trafficking of 

AQP2 from an intracellular reservoir to the apical membrane in response to activation 

of vasopressin V2 receptors by AVP, whereas long-term (chronic) regulation takes 

hours or days and is achieved through an increase in the AQP2 expression.3 These 
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processes are essential for water balance homeostasis; 

moreover, understanding the pathophysiology of clinical 

syndromes characterized by the retention of water in the 

human body may provide the basis for their treatment.

Numerous studies have shown that dysregulation of 

AQP2 could be associated with hereditary and acquired 

nephrogenic diabetes insipidus, congestive heart failure, liver 

cirrhosis, and experimental nephrotic syndrome.4 In patients 

with congestive heart failure, increased secretion of AVP 

stimulates the expression and translocation of AQP2 in the 

collecting duct, and thereby facilitates water retention and 

hyponatremia. A higher urinary AQP2 level was a predictor 

of a response to tolvaptan – a novel V2 receptor antagonist 

that blocks the AVP–AQP2 pathway and increases diuresis 

in patients with heart failure who are refractory to conven-

tional diuretics.5 However, rats with experimental nephrotic 

syndrome did not develop hyponatremia despite extensive 

extracellular fluid volume expansion and displayed down-

regulation of AQP2 expression in the kidneys that mediated 

relative resistance to AVP.6,7 This phenomenon of the AVP 

resistance of the collecting ducts was called a “vasopressin 

escape.”8 In fact, it may be a protective mechanism limiting 

AVP-induced antidiuretic action and water retention.

Decreased AQP2 expression in the nephrotic kidney, such 

that it mediated vasopressin escape, was shown in vivo in 

the experimental models; however, it is currently unknown 

whether this phenomenon exists in humans. Therefore, we 

investigated the serum levels of copeptin and the urinary 

excretion of AQP2 in patients with the nephrotic syndrome. 

Copeptin is a glycosylated peptide derived from the C-termi-

nal part of the AVP precursor. Unlike AVP, copeptin remains 

stable for several days in serum or plasma and can serve as 

a biomarker of AVP release.9

Material and methods
Patients with proteinuric kidney disease (n=47), with or 

without the nephrotic syndrome, were recruited from March 

2015 to October 2017. Exclusion criteria were age <18 years, 

pregnancy, active urinary infection, heart failure, diabetes 

mellitus, diabetes insipidus, severe arterial hypertension, 

obesity, liver disease, and diffuse connective tissue diseases. 

Nine healthy volunteers (three males and six females, 22–62 

years of age; mean age 45.9±14.5 years) comprised a control 

group. All subjects provided written informed consent prior 

to study participation. The study had approval from the eth-

ics committee of Sechenov University (Moscow, Russia).

Blood and urine samples were collected on the same 

day in a fasting state. The serum copeptin level (Copeptin 

Human EIA; Phoenix Pharmaceuticals, Inc., Burlingame, 

CA, USA) and urinary AQP2 (EIA Kit for aquaporin-2, 

Collecting duct; USCN Life Science Inc., Houston, TX, 

USA) were measured using ELISA. Serum sodium, albu-

min, and creatinine concentrations and 24-hour proteinuria 

were evaluated by standard methods. The glomerular fil-

tration rate (GFR) was estimated by the Chronic Kidney 

Disease Epidemiology Collaboration (CKD-EPI) formula. 

Serum cystatin C was measured using ELISA.

Data were summarized with descriptive statistics. 

Normality tests were conducted with the Shapiro–Wilk 

test. Patient and disease characteristics and laboratory 

parameters are reported as the number and percentage for 

categorical variables, mean±SD for continuous variables 

with a normal distribution, and median and IQR for con-

tinuous variables with a non-normal distribution. Differ-

ences in proportions and continuous data were tested using 

Pearson’s chi-squared test and the Mann–Whitney U-test, 

respectively. Correlations between laboratory variables 

were evaluated with the Spearmen correlation coefficient. 

A two-sided P-value <0.05 was considered to indicate 

statistical significance. Statistical analysis was conducted 

using IBM SPSS version 21 (IBM Corporation, Armonk, 

NY, USA).

Results
characteristics of patients
Characteristics of the study participants are shown in Table 

1. Causes of kidney disease were idiopathic membranous 

nephropathy (n=12), focal segmental glomerulosclerosis 

(n=10), membranoproliferative glomerulonephritis (n=2), 

mesangial proliferative glomerulonephritis (n=8), minimal 

change disease (n=4), and primary chronic glomerulone-

phritis, no histology (n=11). According to the proteinuria 

range and kidney function, patients were distributed into the 

following four groups: 1) nephrotic syndrome with kidney 

dysfunction; 2) nephrotic syndrome with normal kidney 

function; 3) partial remission of the nephrotic syndrome 

(proteinuria 1–3.5 g/day); and 4) minimal proteinuria (<1 g/

day). Patients with minimal change disease were equally dis-

tributed within the first two groups. All patients with minimal 

proteinuria had no history of the nephrotic syndrome. In 30 

patients, blood and urine samples were collected prior to the 

administration of immunosuppressive agents and diuretics. 

The remaining patients, at the time of laboratory testing, 

were treated with glucocorticoids as a monotherapy or in 

combination with immunosuppressive medications with or 

without loop diuretics (Table 1). The mean serum sodium 
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Table 1 Demographic and clinical characteristics of the study participants

NS with 
kidney 
dysfunction 
(n=10)

NS without 
kidney 
dysfunction 
(n=16)

Partial 
remission 
of NS 
(n=10)

Minimal 
proteinuria 
(n=11)

Healthy 
persons 
(n=9)

Mean age, years 47.2±11.7 44.4±10.6 39.7±13.1 42.1±12.4 45.9±14.5
Males:females, n 8:2 9:7 6:4 6:5 3:6
Proteinuria, g/d 8.74±3.03 8.4±4.93 2.08±0.86 0.49±0.23 0
serum albumin, g/l 24.17±3.95 24.81±4.88 38.89±4.26 41.34±3.86 44.31±3.12
serum triglycerides, mg/dl 4.47±1.99 3.80±2.02 3.79±2.21 2.03±1.43 1.53±1.01
serum sodium, mmol/l 146.3±3.7 143.9±2.9 145.6±2.9 143.8±1.5 144.2±1.8
serum creatinine, mg/dl 1.75±1.45 0.67±0.12 0.99±0.39 0.92±0.18 0.99±0.14
egFR, ml/min/1.73 m2 45.5±14.04 109±27.6 107.4±28.4 104.7±17.8 110.2±16.1
serum cystatin, ng/ml 2412±549 1453±387 1606±286 1590±762 1182±179
systolic blood pressure, mm hg 149.4±7.1 133.7±5.4 115.6±4.1 130.2±5.0 122.8±8.2
Diastolic blood pressure, mm hg 108.6±7.5 85.5±4.7 74.5±6.3 82.5±6.6 80.3±7.3
glucocorticoids

cyclophosphamide 6/10 13/16 7/10 3/11 0/9
Mycophenolate mofetil 4/10 5/16 3/10 0/11 0/9
cyclosporine a 2/10 3/16 1/10 0/11 0/9
loop diuretics 1/10 8/16 4/10 0/11 0/9
Drug treatment, n 4/10 6/16 1/10 0/11 0/9
Ras inhibitors 6/10 10/16 5/10 4/11 0/9

Notes: continuous data are shown as mean (sD). egFR was calculated using the cKD-ePI formula.
Abbreviations: CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; eGFR, estimated glomerular filtration rate; NS, nephrotic syndrome; RAS, renin–angiotensin 
system.

concentration in all groups of patients was comparable to 

that in healthy volunteers.

serum copeptin levels
The median serum copeptin level in patients with the 

nephrotic syndrome and a partial remission of the nephrotic 

syndrome combined (2.93 ng/mL; interquartile range [IQR] 

1.66–4.57) was significantly higher than in patients with 

minimal proteinuria (0.99 ng/mL; IQR 0.92–2.36; P<0.05) 

and healthy volunteers (0.95 ng/mL; IQR 0.85–2.28; P<0.05).

Active nephrotic syndrome with or without kidney 

dysfunction was associated with a significant increase in 

serum copeptin levels compared with those in patients with 

a partial remission of the nephrotic syndrome and minimal 

proteinuria or healthy volunteers (all P<0.05; Figure 1). In 

patients with a partial remission of the nephrotic syndrome, 

the median serum copeptin level was numerically higher 

than in the control group, whereas it was close to normal in 

patients with minimal proteinuria (Table 2).

There was a strong negative correlation between serum 

copeptin and albumin levels (R=−0.51; P=0.0003), and a 

strong positive correlation between serum copeptin concen-

tration and daily proteinuria (R=0.46; P=0.0017). Copeptin 

levels did not correlate with serum sodium, creatinine, and 

cystatin concentrations.

Urinary aQP2 excretion
In patients with the nephrotic syndrome and a partial 

remission of the nephrotic syndrome combined, there was 

more than a ten-fold decrease in the median urinary AQP2 

excretion (0.03 ng/mL; IQR 0.01–0.08) compared with 

the normal value in healthy volunteers (0.41 ng/mL; IQR 

0.39–0.58; P<0.001) and more than a five-fold decrease 

compared with that in patients with minimal proteinuria 

(0.21 ng/mL; IQR 0.12–0.49; P<0.05; Table 2). Urinary 

AQP2 levels were similar in patients with nephrotic and 

sub-nephrotic range proteinuria. Moreover, the median uri-

nary AQP2 excretion in patients with minimal proteinuria 

was decreased, albeit less significantly than in patients with 

the nephrotic syndrome (Figure 2).

There was a strong positive correlation between the 

urinary AQP2 level and serum albumin (R=0.41; P=0.005), 

and a strong negative correlation between the urinary AQP2 

excretion and daily proteinuria (R=−0.41; P=0.005). Uri-

nary AQP2 levels did not correlate with serum copeptin, 

sodium, creatinine, and cystatin C concentrations.

Discussion
In our study, we showed that the nephrotic syndrome was 

associated with a marked increase in serum copeptin levels, 

reflecting higher AVP secretion. These changes were more 
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Figure 1 serum copeptin in patients with Ns with kidney dysfunction (I), Ns 
without kidney dysfunction (II), partial remission of Ns (III), minimal proteinuria 
(IV), and healthy volunteers (V).
Abbreviation: Ns, nephrotic syndrome.

Table 2 serum copeptin and urinary aQP2 levels in study participants

Study groups Copeptin, ng/mL AQP2, ng/mL

Ns with kidney dysfunction (n=10) 3.83 (1.03–5.22) 0.04 (0.01–0.08)

Ns without kidney dysfunction (n=16) 3.62 (2.20–4.70) 0.03 (0.01–0.06)

Partial remission of Ns (n=10) 2.36 (1.08–3.11) 0.04 (0.01–0.08)

Minimal proteinuria (n=11) 0.99 (0.90–2.62) 0.21 (0.12–0.49)

healthy volunteers (n=9) 0.95 (0.85–2.44) 0.41 (0.38–0.58)

Note: Data are shown as median values (IQR).
Abbreviations: aQP2, aquaporin-2; Ns, nephrotic syndrome.

prominent in patients with active nephrotic syndrome, 

although a numerical rise in serum copeptin concentration 

was also found in patients with a partial remission of the 

nephrotic syndrome who presented with sub-nephrotic range 

proteinuria. Moreover, there was no upregulation of AQP2 

excretion, expected consequent to increased AVP activity, as 

was demonstrated in patients with congestive heart failure.10 

In contrast, urinary AQP2 levels were reduced significantly 

(more than ten-fold) in patients with active nephrotic syn-

drome and a partial remission of the nephrotic syndrome; 

further, a lower AQP2 excretion correlated with the severity 

of the nephrotic syndrome. Therefore, our data suggest that 

patients with the nephrotic syndrome develop the vasopressin 

escape that was previously shown in animal studies.6

The results of our study contradict the data of Rocchetti 

et al, who reported a rise in the renal excretion of AQP2 in 

untreated patients with immunoglobulin A (IgA) nephropa-

thy.11 Furthermore, patients with a greater deterioration of 

kidney function, higher proteinuria, and arterial hypertension 

displayed even higher urinary AQP2 excretion; moreover, a 

decrease of daily proteinuria following treatment was asso-

ciated with a fall of the urinary AQP2 level. The authors 

suggested that an increase in the urinary excretion of AQP2 

may reflect enhanced intrarenal AVP and renin–angiotensin 

system (RAS) activity, as well as the severity of renal damage. 

Of note, patients with the nephrotic syndrome and edema 

were excluded from the study by Rocchetti et al, whereas 

we specifically aimed to investigate the AVP–AQP2 axis in 

the nephrotic syndrome.

In a histological study, Bedford et al have recently 

demonstrated, by means of immunohistochemistry and 

real-time RT-PCR, a reduction in AQP-2 expression in renal 

biopsy samples in patients with different types of glomeru-

lonephritis and other chronic renal diseases, including IgA 

nephropathy.12 AQP-2 immunostaining was reduced in the 

lesions of interstitial fibrosis. In our study, interstitial fibrosis 

could account for a reduction in the urinary AQP2 excretion 

in patients with minimal proteinuria who had a relatively 

long-term history of kidney disease; however, it could not 

explain more than a five-fold further decrease in the urinary 

AQP2 level in patients with a first episode of the nephrotic 

syndrome or a short history of renal disease.

Figure 2 serum copeptin in patients with Ns with kidney dysfunction (I), Ns 
without kidney dysfunction (II), partial remission of Ns (III), minimal proteinuria 
(IV), and healthy volunteers (V).
Abbreviation: Ns, nephrotic syndrome.
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AVP, with a cAMP-dependent nature of its insertion into 

collecting ducts, or other ligands acting at V2 receptors are 

not the only factors regulating AQP2 expression, which can 

be altered in a manner that is independent of the activity of 

vasopressin although the signaling transduction pathways 

involved in the regulation of AQP2 during vasopressin 

escape are, at present, unknown.1 Acute ischemic kidney 

injury has been shown to decrease collecting-duct AQP2 

protein expression in rats.13 Reduced AQP2 expression 

and a vasopressin-resistant downregulation of AQP2 have 

been found in rats with chronic renal failure induced by a 

5/6 nephrectomy.14 In our study, transient kidney dysfunc-

tion in patients with active nephrotic syndrome was not 

associated with a further reduction in AQP2 excretion, and 

there was no correlation between urinary AQP2 levels and 

serum creatinine or cystatin C concentrations. Therefore, 

active inflammation in the kidney that accounted for a rise 

in serum creatinine levels in patients with transient kidney 

dysfunction had no significant impact on the urinary AQP2 

excretion.

The results of experimental studies suggest a cross talk 

between AVP and angiotensin II in the kidneys. Urinary 

AQP2 levels are increased in patients with congestive heart 

failure as a result of inappropriate secretion of AVP accom-

panied by the activation of the RAS.5 Wang et al showed 

the upregulation of AQP2 expression in the mouse cortical 

collecting-duct cell line under angiotensin II exposure.15 

The combination of AVP and angiotensin II demonstrated 

the most profound increase in AQP2 expression. These 

effects were reversible with specific AT1-receptor antago-

nists. In a recent study, hypertensive rats treated with the 

ACE inhibitor imidapril exhibited a reduced expression 

of AQP2 mRNA and AQP2 protein in renal tissue.16 RAS 

inhibitors are frequently used in patients with kidney 

disorders as nephroprotective agents. More than half of 

our patients were treated with AT1-receptor antagonists 

or ACE inhibitors at the time of testing. Therefore, RAS 

inhibition might have contributed to reduced AQP2 excre-

tion, both in patients with nephrotic or sub-nephrotic range 

minimal proteinuria. However, it seems unlikely that it can 

account for a marked reduction in the urinary AQP2 levels 

in patients with the nephrotic syndrome; furthermore, it 

cannot explain a difference between urinary AQP2 excre-

tion in the groups of patients with and without nephrotic/

sub-nephrotic range proteinuria. Further investigations 

seem to be warranted.

In our study, there was a negative correlation between 

the urinary AQP2 levels and daily protein loss with urine. 

Proteinuria is a well-known mediator of tubulointerstitial 

injury.17 Urinary proteins themselves may elicit proin-

flammatory and profibrotic effects, including induction 

of tubular chemokine expression, cytokines, monocyte 

chemotactic proteins, different growth factors, and comple-

ment activation.18,19 It is tempting to speculate that these 

factors may be directly or indirectly involved in the modula-

tion of AQP2 expression in the collecting ducts. Recently, 

it was shown that protein-rich urine from nephrotic rats 

and from patients with nephrotic syndrome activates the 

epithelial sodium channel (ENaC) in cultured M-1 mouse 

collecting-duct cells and in Xenopus laevis oocytes het-

erologously expressing ENaC.20 The activation of ENaC 

involves the conversion of aberrantly filtered plasminogen 

to plasmin as well as the cleavage and release of an inhibi-

tory peptide from the ENaC gamma subunit ectodomain. 

These data suggest that a defective glomerular filtration 

barrier allows the passage of proteolytic enzymes and, 

probably, other substances that may modulate expression 

of ion and water channels in the kidney tissue.

Our study has several limitations. First, the total number 

of patients was relatively small. Nevertheless, our data 

(unlike those of Rocchetti et al) were consistent with the 

previous studies in rodents with experimental nephrotic 

syndrome. Second, renal biopsy was not available in a 

proportion of patients, and we were not able to correlate 

urinary AQP2 excretion with a degree of interstitial fibrosis. 

Third, we did not measure AQP2 expression in the kidney 

tissue. Although urine AQP2 measurement was shown as 

a marker of vasopressin action in the collective ducts by 

Elliot et al in 1996,21 it is not clear whether reduced AQP2 

loss with urine reflects the increased tissue degradation 

of AQP2 in patients with the nephrotic syndrome. Fourth, 

besides RAS inhibitors, approximately 30% of patients 

were treated with glucocorticoids with or without immu-

nosuppressive agents and loop diuretics at the time of 

testing. Medications can have different impacts on AQP2 

expression in the kidney tissue, but it seems unlikely that 

immunosuppressive or diuretic treatment accounted for 

the results of our study. In the rat kidney, cyclophospha-

mide induced a vasopressin-independent activation of 

AQP222 whereas, in healthy subjects, furosemide treatment 

upregulated the urinary AQP2 excretion and plasma AVP 

concentrations – probably, as a compensatory mechanism to 

prevent an excessive loss of sodium and water.23 Rocchetti 

et al suggested that steroids can decrease AQP2 expres-

sion through both AVP-dependent and AVP-independent 

mechanisms.11 In contrast, experimental studies showed 
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that glucocorticoids promote AQP2 expression, mainly 

via inhibition of AQP2 protein degradation.24 Finally, we 

did not conduct water-loading tests to document the vaso-

pressin escape phenomenon because it is contraindicated 

in patients with severe nephrotic syndrome.

Conclusion
Our clinical study was the first to demonstrate low AQP2 

excretion in the nephrotic syndrome that may indicate 

an escape from the vasopressin regulating effect. This 

compensatory phenomenon that limits AVP-induced water 

retention was described in animals with experimental 

nephrotic syndrome, but was never studied in humans 

with the nephrotic syndrome. What is the clinical signifi-

cance of our data? Reduced urinary AQP2 excretion may 

predict a poor response to novel diuretics that block V2 

receptors in patients with severe nephrotic syndrome who 

are refractory to conventional therapy, although empiric 

treatment is probably an easier way to test their activity. 

A persistent reduction in the loss of AQP2 with urine may 

be a marker of interstitial fibrosis, but it seems unlikely 

that this biomarker can replace renal biopsy or the more 

readily available laboratory signs of irreversible kidney 

damage, such as a sustained increase in serum creatinine. 

Our findings shed more light on the pathophysiology of 

the nephrotic syndrome and the water-retention states in 

general.
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