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Abnormal increase in urinary aquaporin-2
excretion in response to hypertonic saline in
essential hypertension
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Abstract

Background: Dysregulation of the expression/shuttling of the aquaporin-2 water channel (AQP2) and the epithelial
sodium channel (ENaC) in renal collecting duct principal cells has been found in animal models of hypertension.
We tested whether a similar dysregulation exists in essential hypertension.

Methods: We measured urinary excretion of AQP2 and ENaC b-subunit corrected for creatinine (u-AQP2CR, u-
ENaCb-CR), prostaglandin E2 (u-PGE2) and cyclic AMP (u-cAMP), fractional sodium excretion (FENa), free water
clearance (CH2O), as well as plasma concentrations of vasopressin (AVP), renin (PRC), angiotensin II (Ang II),
aldosterone (Aldo), and atrial and brain natriuretic peptide (ANP, BNP) in 21 patients with essential hypertension
and 20 normotensive controls during 24-h urine collection (baseline), and after hypertonic saline infusion on a 4-
day high sodium (HS) diet (300 mmol sodium/day) and a 4-day low sodium (LS) diet (30 mmol sodium/day).

Results: At baseline, no differences in u-AQP2CR or u-ENaCb-CR were measured between patients and controls. U-
AQP2CR increased significantly more after saline in patients than controls, whereas u-ENaCb-CR increased similarly.
The saline caused exaggerated natriuretic increases in patients during HS intake. Neither baseline levels of u-PGE2,
u-cAMP, AVP, PRC, Ang II, Aldo, ANP, and BNP nor changes after saline could explain the abnormal u-AQP2CR
response.

Conclusions: No differences were found in u-AQP2CR and u-ENaCb-CR between patients and controls at baseline.
However, in response to saline, u-AQP2CR was abnormally increased in patients, whereas the u-ENaCb-CR response
was normal. The mechanism behind the abnormal AQP2 regulation is not clarified, but it does not seem to be
AVP-dependent.

Clinicaltrial.gov identifier: NCT00345124.

Background
Dysregulation of the expression/shuttling of the renal
epithelial sodium channel (ENaC) and the aquaporin-2
water channel (AQP2) has been suggested to play a role
in the pathogenesis of essential hypertension.
ENaC is responsible for the reabsorption of sodium

through the apical membrane of the connecting tubule
and the collecting duct and plays a key role in control-
ling sodium balance, extracellular fluid volume, and

blood pressure. ENaC is a heteromultimeric protein
composed of three homologous subunits (a, b and g)
[1,2]. Aldosterone (Aldo) is the main hormonal regula-
tor of ENaC [3,4]. Binding of Aldo to the intracellular
mineralocorticoid receptor increases the transcription
and the apical translocation of ENaC [5,6]. ENaC is
excreted into the urine. Recently, our group demon-
strated a significant correlation between changes in the
urinary excretion of the ENaC b-subunit (u-ENaCb) and
changes in urinary sodium excretion [7]. Thus, u-ENaCb

has been suggested as a marker of the transport of
sodium via ENaC.
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AQP2 is the apical water channel of collecting duct
principal cells. AVP is the main hormonal regulator of
AQP2 [8,9]. Binding of AVP to V2 receptors in the
basolateral membrane stimulates adenylate cyclase pro-
ducing cAMP and protein kinase A (PKA). Short-term
AVP exposure results in trafficking of subapical vesicles
containing AQP2 to the apical plasma membrane,
whereas long-term exposure causes a marked increase
in the AQP2 whole-cell abundance via regulation of
AQP2 gene transcription and AQP2 protein degradation
[9-12]. Withdrawal of AVP leads to retrieval of AQP2
from the apical plasma membrane into subapical vesicles
[11]. AQP2 is excreted into the urine [13-15] and is
used as a marker for the action of AVP on the collecting
ducts.
An increased expression of ENaC subunits and an

increased expression and apical targeting of AQP2 has
been reported in spontaneous hypertensive rats, an experi-
mental model of hypertension [16-18]. These results
adjoined with the existence of 1) an abnormal natriuresis
in essential hypertension, 2) an abnormal pressure-natriur-
esis relationship in essential hypertension, 3) a genetic
linkage between a monogenic form of human hyperten-
sion, Liddle’s syndrome, and ENaC [19], 4) a genetic link-
age between systolic blood pressure and ENaC subunits in
essential hypertension [20-22], and 5) an association of
ENaC polymorphisms and essential hypertension [23-25],
suggest that an abnormal regulation of the expression/
shuttling of AQP2 and/or ENaC could be involved in the
pathogenesis of essential hypertension.
In the present study, we wanted to test the hypothesis

that u-AQP2 and u-ENaC were abnormal in essential
hypertension during dietary high sodium (HS) intake
and/or during dietary low sodium (LS) intake, and that
these variables responded abnormally to a hypertonic
saline infusion.
In order to analyse the regulation of the expression/

shuttling of AQP2 and ENaC in essential hypertension,
we performed a randomised, cross-over trial with
patients with essential hypertension and normotensive
control subjects. We compared the absolute values of u-
AQP2 and u-ENaCb corrected for creatinine (u-AQP2CR
and u-ENaCb-CR), fractional sodium excretion (FENa),
free water clearance (CH2O), urinary excretion of prosta-
glandin E2 (u-PGE2), urinary excretion of cyclic-AMP
(u-cAMP), and plasma concentrations of AVP, renin
(PRC), angiotensin II (Ang II), Aldo, atrial natriuretic
peptide (ANP), and brain natriuretic peptide (BNP) in
patients with essential hypertension and normotensive
controls during both HS and LS intake. Furthermore,
we compared the relative changes in the above men-
tioned effect variables after a hypertonic saline infusion
during both diets.

Methods
Patients and control subjects
Patients
The inclusion criteria for patients with essential hyper-
tension were: 1) white men and women, 2) age between
18 and 65 years, 3) arterial hypertension, defined by 24-
h ambulatory blood pressure above 125 mmHg systolic
or 80 mmHg diastolic, and 4) body mass index (BMI) ≤
30 kg m-2. The exclusion criteria were: 1) abnormal
renography, 2) a medical history or clinical signs of
heart, lung, liver, kidney, brain, endocrine organ, cardio-
vascular or neoplastic disease, 3) severe hypertension, 4)
abnormal biochemical screening of the blood regarding
haemoglobin, white blood cell count, platelets, sodium,
potassium, creatinine (> 200 μmol l-1), albumin, biliru-
bin, alanine aminotransferase, alkaline phosphatase, cho-
lesterol, and glucose, 5) abnormal urine screening for
blood, albumin, and glucose, 6) abnormal electrocardio-
gram, 7) drug or alcohol abuse, 8) smoking, 9) preg-
nancy or breast feeding, 10) blood donation less than
one month before the examination, and 11) unwilling-
ness to use contraceptives if fertile woman (in order to
avoid to infuse potentially pregnant women with 51Cr-
EDTA and hypertonic saline). The withdrawal criteria
were: 1) lack of compliance, 2) withdrawal of consent,
and 3) development of one of the exclusion criteria dur-
ing the study. Antihypertensive agents were discontin-
ued two weeks before each study day. The blood
pressure of the subjects was controlled once a week in
the two week period. If blood pressures rose to levels
above 170 mmHg systolic or 105 mmHg diastolic, sub-
stitution treatment with metoprolol was initiated (this
did not happen in any of the patients).
Control subjects
The inclusion criteria for the normotensive controls
were: 1) white men and women, 2) age between 18 and
65 years, 3) 24-h ambulatory blood pressure below 125
mmHg systolic and 80 mmHg diastolic. The exclusion-
and withdrawal criteria were the same as for the
patients. None of the normotensive controls received
any medication, except oral contraceptives.

Recruitment
The patients with essential hypertension were recruited
from the Nephrological out-patient clinic of the Depart-
ment of Medicine, Holstebro Hospital. The control sub-
jects were recruited by advertising in public institutions
and private companies.

Ethics and approvals
The study was approved by the local Medical Ethics
Committee (JRN RRS-2006-1014-(2733-06)). The study
was conducted in conformity with the principles of the
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Declaration of Helsinki, and written informed consents
were obtained from all the subjects. The study was
registered at the registration site: http://www.clinical-
trials.gov (NCT00345124).

Design
We performed two randomized, cross-over studies, one
with patients with essential hypertension and one with
normotensive controls. Each subject was studied on two
separate days at least three weeks apart. During four
days before the study day, the subjects consumed either
a HS or LS diet in randomized order. The results of the
patients are compared to the results of the normotensive
controls. Furthermore, in both patients and controls the
results obtained during HS and LS intake are compared.

Effect variables
The primary effect variable was u-AQP2CR, and the sec-
ondary effect variables were urinary sodium excretion
rate (UNa), FENa, u-ENaCb-CR, urine volume (V), CH20,
serum osmolality (s-osm), urine osmolality (u-osm), u-
cAMP and u-PGE2, plasma concentrations of AVP,
PRC, Ang II, Aldo, ANP, BNP, sodium (p-Na), and albu-
min (p-albumin), systolic and diastolic blood pressure,
heart rate, body weight, and glomerular filtration rate
(GFR).

Number of subjects
A difference in u-AQP2 of 0.25 ng min-1 was considered
the minimal relevant difference based on interventions
in previous pilot experiments. A sample size of 20-21
subjects who could be evaluated had 90% power to
detect this difference assuming a level of significance of
5% and a standard deviation of 0.24 ng min-1. Because a
few subjects were expected to drop out, 25 subjects
were included in each group.

Experimental procedure prior to the study day
Five days before the study day, the subjects collected a
standardized, HS (approx. 300 mmol sodium day-1/17.5
g salt day-1) or LS (approx. 30 mmol sodium day-1/1.8 g
salt day-1), 4-day diet from the hospital kitchen.
Depending on the individually estimated energy require-
ment, the participants were given either a diet of 8,000
or 11,000 kJ day-1. The energy distribution was: 55%
carbohydrates, 15% proteins, and 30% lipids. The 4-day
diet was started the following morning.
The fluid intake was also standardized during the four

days. The subjects were asked to drink exactly 250 ml
per 1000 kJ day-1 and to abstain from coffee, tea, and
alcoholic beverages.
The subjects were instructed to keep their physical

activity unchanged during the two experiments and to
abstain from hard training.

The subjects collected their urine for 24 hours the day
before the study day.

Experimental procedure on the study day
On the study day, the subjects were asked to drink 175
ml of water every 30 minutes from 7:00 AM. The sub-
jects arrived at the department at 8:00 AM. Peripheral
IV lines were inserted into the antecubital veins of both
forearms, one for infusion of 51Cr-EDTA and hyper-
tonic saline, and one for withdrawal of blood samples.
The subjects were kept in the supine position from 8:00
AM to 1:30 PM except during voiding, which took place
in the sitting or standing position.
At 8:30 AM, a priming dose of 51Cr-EDTA was admi-

nistered, followed by sustained infusion. After 60 min-
utes of equilibration, the study continued with five
clearance periods, the first two of 30 minutes duration
(P1-P2), the last three of 60 minutes duration (P3-P5).
The first two clearance periods were baseline periods.
At 10:30 AM, 7 ml kg-1 of 3% saline were given over

30 minutes.
Blood pressure and heart rate were measured every 30

minutes from 9:30 AM to 1:30 PM.
Urine was collected in each clearance period and ana-

lyzed for sodium, osmolality, u-AQP2, u-ENaCb, u-
cAMP, u-PGE2, and 51Cr-EDTA.
Blood samples were drawn every 30 minutes from 9:30

AM to 10:30 AM and every hour from 11:30 AM to
1:30 PM, and were analyzed for sodium, osmolality, and
51Cr-EDTA. In addition, analysis of AVP, PRC, Ang II,
Aldo, ANP and BNP were performed from blood sam-
ples drawn at 10:30 AM, 11:30 AM, 12:30 PM, and 1:30
PM.

Methods
All blood samples were centrifuged for 15 minutes at
3,000 rpm at 4°C. Plasma was separated from blood
cells and kept frozen at -20°C until assayed. ANP in
plasma was determined by radioimmunoassay (RIA), as
previously described [26]. ANP was extracted from
plasma with C18 September-Pack (Water Associates,
Milford, MA, USA) using ethanol, acetic acid, and
water. For RIA, rabbit anti-ANP antibody was obtained
from the Department of Clinical Chemistry, Bispebjerg
Hospital, Denmark. The minimal detection concentra-
tion was 0.5 pmol l-1. The coefficients of variation were
12% (inter-assay) and 10% (intra-assay). BNP in plasma
was determined by RIA as previously described [27].
Immunoreactive BNP was extracted from plasma with
C18 September-Pack (Water Associates, Milford, MA,
USA) eluted by 80% ethanol in a 4% acetic acid solution.
A rabbit anti-BNP antibody without cross-reactivity with
urodilatin or a-ANP was developed in our lab. The
minimal detection concentration was 0.5 pmol l-1. The

Graffe et al. BMC Nephrology 2012, 13:15
http://www.biomedcentral.com/1471-2369/13/15

Page 3 of 15

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov


coefficients of variation were 11% (inter-assay) and 6%
(intra-assay). AVP in plasma was measured by RIA
using a modification of the method described previously
[28]. AVP was extracted from plasma with C18 Septem-
ber-Pack (Water Associates, Milford, MA, USA). The
antibody against AVP was a gift from Professor Jacques
Dürr, Miami, FL, USA. The minimal detection concen-
tration was 0.5 pmol l-1. The coefficients of variation
were 13% (inter-assay) and 9% (intra-assay). Ang II in
plasma was determined by RIA using a modification
[29] of the method originally described [30]. Ang II was
extracted from plasma with C18 September-Pack (Water
Associates, Milford, MA, USA). The antibody against
Ang II was obtained from the Department of Clinical
Physiology, Glostrup Hospital, Denmark. The minimal
detection concentration was 2 pmol l-1. The coefficients
of variation were 12% (inter-assay) and 8% (intra-assay).
Aldo was determined by RIA using a commercial kit
(Diagnostic Systems Laboratories Inc, Webster, TX,
USA). The minimal detection concentration was 22
pmol l-1. The coefficients of variation were 8.2% (inter-
assay) and 3.9% (intra-assay). PRC was also determined
by a commercial RIA (CIS Bio International, Gif-sur-
Yvette Cedex, France). The minimal detection concen-
tration was 0.5 pg ml-1. The coefficients of variation
were 14.5% (inter-assay) and 4.5% (intra-assay).
Urine samples were centrifuged for 5 minutes at 3,000

rpm, and 125-1000 μl of the supernatant was freeze
dried and kept frozen at -20°C for two to eight months
until assayed. We have done pilot experiments to ensure
that the concentration of the effect variables in the
urine does not decrease over time. The experiments
showed that the effect variables are stable at -20°C for
two years. U-AQP2 was measured by a RIA as pre-
viously described [31]. The anti-AQP2 antibody for RIA
was obtained from Søren Nielsen (The Water and Salt
Research Center, Institute of Anatomy, Aarhus Univer-
sity, Denmark). The antibody was raised in rabbits
against the 15 C-terminal amino-acids of human AQP2.
The minimal detection concentration was 32 pg tube-1.
The coefficients of variation were 11.7% (inter-assay)
and 5.9% (intra-assay). U-ENaCb was measured by a
newly developed RIA [7,32]. ENaCb was synthesized and
purchased by Lofstrand Labs Limited (Gaithersburg,
MD, USA). The b-ENaC antibody was raised against a
synthetic peptide in rabbits. The lower detectable limit
of the assay was 34 pg tube-1. The inter-assay variation
was 12% at a mean level of 78 pg tube-1, and 10% at a
mean level of 155 pg tube-1. The intra-assay variation
was 6.4% and 9.0% at a mean level of 180 pg tube-1 and
406 pg tube-1, respectively. U-cAMP was measured by
RIA using a commercial kit (Biomedical Technologies
Inc., Stoughton, MA, USA). The minimal detection con-
centration was 0.05 pmol l-1. The coefficients of

variation were 8% (inter-assay) and 3% (intra-assay). U-
PGE2 was measured by RIA using a commercial kit
(Assay Designs, Inc., Ann Arbor, MI, USA). The mini-
mal detection concentration was 8.26 pg ml-1. The coef-
ficients of variation were 10.9% (inter-assay) and 6.3%
(intra-assay).
S-osm and u-osm were measured by freezing-point

depression (Advanced Model 3900 multisampling osm-
ometer). CH2O was determined according to the formula:
CH2O = V - Cosm, where V is the urine output, and Cosm

is the osmolality clearance.
Urine was screened for blood, albumin, and glucose

with standard urine test strips. Plasma and urinary con-
centrations of sodium and creatinine were determined at
the Department of Clinical Biochemistry, Holstebro
Hospital, Denmark using conventional methods. All
clearances were standardized to a body surface area of
1.73 m2. GFR was measured using the constant infusion
clearance technique with 51Cr-EDTA as reference.
24-h ambulatory blood pressure was measured with

BOSO TM-2450 (Kiwex, Denmark).
Clinic blood pressure was measured with UA-743 digi-

tal blood pressure meter (A&D Company, Tokyo,
Japan).

Statistics
Statistical analyses were performed using SPSS version
15 (SPSS Inc., Chicago, IL, USA). Single baseline values
were obtained by taking the weighted average of the
measurements from the two baseline periods. The base-
line values of the two groups were compared by Stu-
dent’s t-test. The baseline values during HS and LS
intake were compared by paired samples t-tests. We
used the “General Linear Model Repeated Measures”
procedure in SPSS with time as within-subject factor
and blood pressure as between-subject factor to com-
pare the effect of blood pressure. The changes in
response to the hypertonic saline infusion in each group
were analyzed with the “General Linear Model Repeated
Measures” procedure with time as within-subject factor
and paired samples t-tests with Bonferroni correction as
post hoc tests. P values < 0.05 were considered signifi-
cant. Variables are normally distributed and presented
as means with standard deviations (SD) or 95% confi-
dence intervals, if not otherwise stated.

Results
Demographics
Twenty five patients with essential hypertension and 25
normotensive controls were enrolled in the study. Four
patients were withdrawn from the study because they
withdrew their consent to participation. Five normoten-
sive controls were withdrawn from the study, two
because of failure to obtain intravenous access, and
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three because of withdrawal of consent to participation.
Table 1 shows the clinical and laboratory data of the 21
patients and 20 controls completing the study. The
patients with essential hypertension had significantly
higher systolic and diastolic blood pressure during both
day and night compared with the controls. No signifi-
cant difference in heart rate was found between patients
and controls. Of the 21 patients, 16 were dippers (noc-
turnal BP fall ≥ 10%) and 5 were non-dippers (nocturnal
BP fall < 10%). All the control subjects had a p-creati-
nine within the normal range (i.e. 50-90 μmol/l for
women and 60-105 μmol/l for men).

24-h urine collection
Table 2 shows the results of the 24-h urine collection in
the patients with essential hypertension and the normo-
tensive controls during HS and LS intake. U-AQP2CR
and u-ENaCb-CR were the same in patients and controls
in the 24-h urine. U-AQP2CR was significantly lower
during LS intake than HS intake in both patients and
controls, whereas u-ENaCb-CR was the same during LS
and HS. The only significant difference between patients
and controls was a significantly lower u-osm in the
patients during LS intake. UNa was significantly lower in
both patients and controls during LS intake compared
to during HS intake, indicating that both groups had
kept the supplied diets.

Hypertonic saline infusion
The effect variables are shown in Table 3 (UNa, FENa

and u-ENaCb-CR), Table 4 (V, CH2O, u-AQP2CR, u-osm,
u-c-AMP, u-PGE2, and s-osm), Table 5 (PRC, AngII,
Aldo, ANP, BNP and AVP), and Table 6 (GFR, SBP,
DBP and HR) before (baseline), and after the hypertonic
saline infusions in the patients with essential hyperten-
sion and the normotensive controls during HS and LS
intake, respectively. The relative changes in the effect
variables are shown in Tables 7 and 8.
Baseline results
We found no difference in the above mentioned effect
parameters between patients and controls at baseline,
except lower Ang II in patients compared with controls
during HS intake (Table 5) and as expected higher sys-
tolic and diastolic blood pressure during HS intake com-
pared with LS intake in patients, but not in controls. LS
intake resulted in extracellular volume depletion in both
groups. Thus during LS intake, we found significantly

Table 1 Clinical and laboratory characteristics of 21
patients with essential hypertension and 20
normotensive controls

Patients Controls t-test

Men/women 14/7 12/8

Age (years) 55 (9) 48 (9) P = 0.102

BMI (kg m-2) 25.6 (2.5) 24.2 (2.7) P = 0.160

p-sodium (mmol l-1) 139.4 (2.1) 139.6 (2.2) P = 0.798

p-potassium (mmol l-1) 3.9 (0.4) 3.9 (0.3) P = 0.992

p-creatinine (μmol l-1) 74.9 (9.4) 72.9 (10.9) P = 0.532

24-h ambulatory

SBP (mmHg) 144 (11) 119 (6) P < 0.001

DBP (mmHg) 87 (7) 75 (4) P < 0.001

HR (beats min-1) 71 (13) 68 (7) P = 0.503

Daytime ambulatory

SBP (mmHg) 148 (11) 124 (7) P < 0.001

DBP (mmHg) 90 (8) 78 (4) P < 0.001

HR (beats min-1) 74 (13) 71 (7) P = 0.468

Nighttime ambulatory

SBP (mmHg) 126 (12) 104 (12) P < 0.001

DBP (mmHg) 76 (9) 63 (4) P < 0.001

HR 59 (10) 56 (9) P = 0.487

Values are means (SD). Student’s t-test.

Table 2 24-hours urine collection

t-test

UNa (μmol min-1)

HS Patients 203 (179; 227)§ P = 0.215

Controls 226 (195; 257)§

LS Patients 42 (31; 53) P = 0.494

Controls 47 (35; 59)

u-EnaCb-CR (pg μmol-1)

HS Patients 14.33 (12.30; 16.37) P = 0.980

Controls 14.37 (12.34; 16.40)

LS Patients 12.54 (11.35; 13.74) P = 0.084

Controls 14.19 (13.00; 15.38)

V (ml min-1)

HS Patients 2702 (2331; 3074) P = 0.628

Controls 2828 (2442; 3213)

LS Patients 2991 (2721; 3260) P = 0.207

Controls 2715 (2353; 3078)

u-AQP2CR (ng mmol-1)

HS Patients 143 (117; 168)§ P = 0.781

Controls 147 (129; 165)§

LS Patients 101 (89; 114) P = 0.192

Controls 112 (101; 122)

u-osm (mOsm kg-1)

HS Patients 405 (363; 447)§ P = 0.409

Controls 436 (372; 499)§

LS Patients 221 (204; 238) P = 0.026

Controls 306 (231; 381)

Values are means with 95% confidence intervals in brackets. UNa, urinary
sodium excretion rate; u-ENaCb-CR, urinary ENaCb excretion corrected for
creatinine; V, urinary flow; u-AQP2CR, urinary AQP2 excretion corrected for
creatinine; u-osm, urine osmolality; t-test: patients compared with controls,
Student’s t-test. § P < 0.001, HS vs. LS intake, paired samples t-test.
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lower UNa and FENa (Table 3), significantly lower V, u-
osm, and s-osm (Table 4), significantly lower ANP and
BNP, and significantly higher PRC, ANG II and Aldo
(Table 5), and significantly lower GFR (Table 6) at base-
line in both groups. Moreover, u-AQP2CR was signifi-
cantly lower and u-PGE2 significantly higher during LS
intake compared with during HS intake in both patients
and controls (Table 4).
U-ENaCb-CR and u-cAMP were significantly lower

during LS intake compared with HS intake in the
patients at baseline, but the differences were very small.
U-ENaCb-CR and u-cAMP were the same in the control
group at baseline (Table 3 and 4).
Systolic blood pressure was significantly lower during

LS intake than HS intake at baseline in the patient
group, but not in the control group (Table 6).
Sodium excretion and u-ENaCb-CR
The hypertonic saline infusion was accompanied by sig-
nificant increases in UNa and FENa in both patients and
controls during both HS and LS intake. The increases
lasted throughout the experiment (Table 3). During HS
intake, the relative increases in both UNa and FENa were
significantly higher in the patients with essential hyper-
tension than in the controls 120 minutes after infusion
start (Table 7). The relative increases in UNa and FENa

were significantly higher during LS intake compared
with HS intake throughout the experiment in both
groups (Table 7).
A significant increase was seen in u-ENaCb-CR in

patients with essential hypertension during LS intake

and in the normotensive controls during both HS and
LS intake 120 minutes after the saline infusion start
(Table 3). There was no difference between patients
and controls with regard to the relative increases
(Table 7).
Water excretion, u-AQP2CR, u-osm, u-cAMP, u-PGE2, and s-
osm
In both patients and controls, the hypertonic saline infu-
sion induced a significant and sustained decrease in V
(Table 4). The relative decreases in V did not differ
between patients and controls (Table 8).
CH2O decreased significantly after the hypertonic sal-

ine infusion in both groups and during both diets with a
maximum after 120 minutes (Table 4). CH2O changed
from positive values at baseline to negative values after
infusion, indicating a change from water excretion to
water reabsorption. The relative decreases in CH2O did
not differ between patients and controls. In the patients
with essential hypertension the relative changes were
significantly higher during HS intake than during LS
intake throughout the experiment. In the normotensive
controls, this was only the case 60 minutes after infu-
sion start (Table 8).
U-AQP2CR increased significantly in response to the

hypertonic saline infusion in both patients and controls
during both diets (Table 4). The increase reached maxi-
mum 120 minutes after the infusion start. The relative
increases were significantly higher in the patients than
in the controls throughout the experiment (HS: 35 ver-
sus 6%; LS: 46 versus -1%) (Table 8).

Table 3 Effects of hypertonic saline infusion (3%, 7 ml kg-1) on UNa, FENa, u-ENaC and b-CR in 21 patients with essential
hypertension and 20 normotensive controls during high and low sodium intake

Baseline 60 Min 120 Min 180 Min PGLM RM

UNa (μmol min-1)

HS Patients 343 (300; 386)§ 615 (499; 731)† 700 (581; 819)† 541 (471; 611)† P = 0.110

Controls 323 (285; 361)§ 497 (321; 672)† 499 (357; 642)† 460 (366; 554)†

LS Patients 91 (57; 125) 254 (168; 340)† 275 (192; 357)† 277 (211; 343)† P = 0.164

Controls 57 (40; 74) 175 (62; 288)† 191 (99; 282)† 181 (123; 239)†

FENa (%)

HS Patients 2.66 (2.34; 2.98)§ 5.10 (4.20; 6.00)† 5.35 (4.46; 6.24)† 4.57 (3.96; 5.19)† P = 0.030

Controls 2.51 (2.10; 2.92)§ 3.73 (2.61; 4.86)† 3.72 (2.76; 4.68)† 3.49 (2.85; 4.14)†

LS Patients 0.75 (0.49; 1.01) 2.24 (1.55; 2.93)† 2.29 (1.69; 2.90)† 2.28 (1.84; 2.72)† P = 0.059

Controls 0.49 (0.34; 0.65) 1.34 (0.67; 2.01)† 1.52 (0.90; 2.15)† 1.44 (1.06; 1.82)†

u-EnaCb-CR (pg μmol-1)

HS Patients 11.4 (10.2; 12.7)§ 10.4 (9.4; 11.3) 10.8 (9.6; 12.1) 11.1 (9.6; 12.6) P = 0.796

Controls 11.2 (9.9; 12.5) 10.8 (9.7; 12.0) 12.2 (10.7; 13.8)† 11.0 (9.4; 12.6)

LS Patients 10.4 (9.4; 11.3) 10.7 (9.3; 12.2) 11.5 (10.4; 12.6)† 10.9 (10.0; 11.9) P = 0.716

Controls 11.5 (9.8; 13.2) 11.2 (10.0; 12.4) 12.4 (11.3; 13.6)† 11.9 (10.2; 13.5)

Values are means with 95% confidence intervals in brackets. UNa, urinary sodium excretion rate; FENa, fractional sodium excretion; u-ENaCb-CR, urinary ENaCb
excretion corrected for creatinine. PGLM RM: patients compared with controls, GLM repeated measures with time as within-subject factor and blood pressure as
between-subject factor. * P < 0.05, baseline patients vs. controls, Student’s t-test. § P < 0.05, baseline HS vs. LS, paired samples t-test. † P < 0.05, compared with
baseline, paired samples t-test
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U-osm increased significantly in response to the
hypertonic saline infusion in both patients and controls
during both diets (Table 4). The increases lasted
throughout the experiment with a maximum 120 min-
utes after infusion start. The relative increases did not
differ between patients and controls, but they were sig-
nificantly higher during LS intake in both groups
(Table 8).

U-cAMP decreased in response to the saline infusion
in both patients and controls (Table 4). In the control
subjects the decrease was not significant during HS
intake, but there was no difference in the relative
decrease between patients and controls during any of
the diets (Table 8).
U-PGE2 decreased in response to the saline infusion in

both patients and controls during both diets (Table 4)

Table 4 Effects of hypertonic saline infusion (3%, 7 ml kg-1) on V, CH2O, u-AQP2CR, u-osm, u-cAMP, u-PGE2, and s-osm
in 21 patients with essential hypertension and 20 normotensive controls during high and low sodium intake

Baseline 60 Min 120 Min 180 Min PGLM RM

V (ml min-1)

HS Patients 8.7 (7.7; 9.6)§ 5.0 (4.0; 6.0)† 4.1 (3.3; 4.8)† 3.3 (2.8; 3.8)† P = 0.076

Controls 8.1 (7.4; 8.7)§ 4.1 (3.1; 5.0)† 2.9 (2.2; 3.6)† 3.3 (2.6; 4.0)†

LS Patients 7.4 (6.6; 8.2) 4.0 (2.6; 5.4)† 2.8 (1.6; 4.1)† 2.8 (2.1; 3.4)† P = 0.078

Controls 6.6 (5.9; 7.2) 2.7 (1.9; 3.5)† 1.8 (1.1; 2.4)† 2.3 (1.7; 2.9)†

CH2O (ml min-1)

HS Patients 4.1 (3.1; 5.0) -0.6 (-1.2; 0.0)† -2.3 (-2.8; -1.9)† -1.9 (-2.3; -1.5)† P = 0.495

Controls 3.5 (2.7; 4.3) -1.0 (-1.4; -0.5)† -2.2 (-2.7; -1.7)† -1.6 (-2.2; -1.1)†

LS Patients 4.6 (4.0; 5.3) 0.9 (-0.2; 1.9)† -0.6 (-1.6; 0.5)† -0.7 (-1.4; 0.0)† P = 0.216

Controls 4.0 (3.3; 4.7) 0.1 (-0.2; 0.4)† -0.9 (-1.3; -0.5)† -0.6 (-1.0; -0.1)†

u-AQP2CR (ng mmol-1)

HS Patients 154 (137; 172)§ 206 (179; 233)† 220 (196; 243)† 201 (179; 222)† P = 0.055

Controls 156 (140; 172)§ 162 (146; 177) 186 (155; 217)† 175 (151; 199)†

LS Patients 109 (87; 130) 136 (120; 153)† 140 (125; 155)† 135 (125; 145)† P = 0.589

Controls 118 (107; 130) 120 (94; 147) 129 (105; 153) 122 (105; 139)

u-osm (mOsm kg-1)

HS Patients 169 (130; 209)§ 345 (311; 379)† 484 (445; 522)† 479 (431; 526)† P = 0.237

Controls 172 (149; 194)§ 371 (329; 413)† 542 (485; 599)† 486 (411; 562)†

LS Patients 111 (98; 124) 263 (221; 305)† 433 (368; 497)† 405 (343; 467)† P = 0.231

Controls 121 (101; 141) 271 (240; 303)† 497 (413; 581)† 438 (348; 529)†

u-cAMP (nmol min-1)

HS Patients 7.10 (6.04; 8.16)§ 6.26 (5.58; 6.94) 5.87 (5.16; 6.58)† 5.62 (4.91; 6.33)† P = 0.388

Controls 5.87 (4.95; 6.79) 6.02 (5.16; 6.87) 5.41 (4.73; 6.09) 5.34 (4.67; 6.02)

LS Patients 6.34 (5.39; 7.30) 5.91 (5.24; 6.57) 5.19 (4.51; 5.87)† 5.25 (4.55; 5.95)† P = 0.240

Controls 5.64 (4.58; 6.70) 4.91 (3.87; 5.95)† 4.30 (3.61; 4.99)† 4.67 (3.93; 5.40)†

u-PGE2 (μmol min-1)

HS Patients 1095 (862; 1329)§ 980 (383; 1577) 754 (590; 917)† 499 (418; 581)† P = 0.772

Controls 1180 (843; 1516)§ 868 (681; 1055)† 752 (559; 945)† 653 (454; 851)†

LS Patients 2294 (1103; 3485) 1276 (864; 1687)† 648 (490; 806)† 679 (549; 809)† P = 0.505

Controls 1487 (1049; 1926) 1072 (850; 1295)† 736 (536; 935)† 810 (602; 1018)†

s-osm (mOsm kg-1)

HS Patients 290 (289; 292)§ 297 (296; 299)† 294 (292; 295)† 290 (289; 292) P = 0.263

Controls 290 (289; 291)§ 296 (295; 297)† 292 (291; 293)† 290 (288; 291)

LS Patients 286 (283; 289) 294 (292; 296)† 292 (290; 294)† 289 (287; 291)† P = 0.734

Controls 286 (285; 288) 293 (292; 295)† 291 (289; 292)† 288 (287; 290)†

Values are means with 95% confidence intervals in brackets. V, urinary flow; CH2O, free water clearance; u-AQP2CR, urinary AQP2 excretion corrected for creatinine;
u-osm, urine osmolality; u-cAMP, urinary cAMP excretion; and u-PGE2, urinary prostaglandin E2 excretion; and s-osm, serum osmolality. PGLM RM: patients
compared with controls, GLM repeated measures with time as within-subject factor and blood pressure as between-subject factor. * P < 0.05, baseline patients
vs. controls, Student’s t-test. § P < 0.05, baseline HS vs. LS, paired samples t-test. † P < 0.05, compared with baseline, paired samples t-test
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with a nadir 180 minutes after infusion start during HS
intake and one hour earlier during LS intake. The rela-
tive decreases in u-PGE2 were not significantly different
between patients and controls or between the two diets
(Table 8).
S-osm increased significantly in both patients and

controls during both diets with a maximum 60 min-
utes after infusion start. The maximal increase did not
differ between patients and controls or between HS
and LS intake (Table 8), but only during HS intake
baseline levels were reached 180 minutes after infusion
start.

Vasoactive hormones
In the patients, PRC decreased 60 minutes after infusion
start during HS intake and one hour later during LS
intake. PRC did also decrease in the normotensive con-
trols, but the changes from baseline were only signifi-
cant during LS intake (Table 5). The relative decreases
in PRC did not differ between patients and controls or
between HS and LS intake (Table 9).
In both patients and controls, Ang II decreased sig-

nificantly in response to the hypertonic saline infusion
during LS intake, but not during HS intake (Table 5).
Accordingly, the relative decreases in Ang II were

Table 5 Effects of hypertonic saline infusion (3%, 7 ml kg-1) on PRC, Ang II, Aldo, ANP, BNP, and AVP in 21 patients
with essential hypertension and 20 normotensive controls during high and low sodium intake

Baseline 60 Min 120 Min 180 Min PGLM RM

PRC (mU l-1)

HS Patients 4.8 (2.9; 6.7)§ 3.8 (2.5; 5.1)† 3.5 (2.0; 5.1) 4.2 (2.1; 6.3) P = 0.311

Controls 6.5 (3.1; 9.8)§ 4.4 (3.0; 5.7) 4.8 (2.4; 7.2) 5.5 (2.5; 8.6)

LS Patients 13.6 (8.5; 18.8) 8.9 (5.8; 12.0) 6.6 (4.7; 8.4)† 8.2 (4.8; 11.6) P = 0.145

Controls 19.8 (13.5; 26.0) 11.1 (8.2; 14.0)† 11.5 (4.7; 18.3) 11.2 (4.5; 17.8)

AngII (pmol l-1)

HS Patients 4.0 (3.2; 4.7)*§ 3.4 (2.3; 4.5) 3.5 (2.3; 4.7) 3.4 (2.4; 4.3) P = 0.079

Controls 6.1 (4.4; 7.8)§ 4.6 (2.8; 6.4) 4.4 (3.4; 5.4) 4.2 (3.1; 5.2)

LS Patients 11.7 (7.3; 16.0) 6.4 (4.5; 8.3)† 5.6 (4.5; 6.7)† 5.7 (4.1; 7.3)† P = 0.080

Controls 14.4 (11.1; 17.6) 9.3 (5.6; 12.9)† 8.8 (6.2; 11.3)† 7.7 (5.8; 9.6)†

Aldo (pmol l-1)

HS Patients 227 (192; 261)§ 173 (147; 199)† 168 (144; 192)† 175 (152; 199)† P = 0.063

Controls 188 (154; 221)§ 145 (123; 166)† 137 (120; 155)† 151 (131; 170)

LS Patients 352 (275; 428) 237 (196; 279)† 214 (185; 244)† 231 (202; 260)† P = 0.973

Controls 365 (296; 434) 238 (193; 284)† 211 (178; 244)† 216 (188; 245)†

ANP (pmol l-1)

HS Patients 11.7 (9.6; 13.9)§ 16.3 (12.5; 20.1) 14.4 (11.5; 17.4)† 12.8 (10.2; 15.4)† P = 0.415

Controls 11.1 (9.5; 12.7)§ 14.4 (12.1; 16.7) 12.9 (11.1; 14.8)† 11.6 (9.9; 13.3)†

LS Patients 7.4 (5.9; 8.8) 11.1 (8.6; 13.7)† 10.1 (7.8; 12.4)† 9.1 (7.2; 11.0)† P = 0.707

Controls 7.3 (5.8; 8.8) 10.4 (8.7; 12.0)† 9.5 (7.9; 11.0)† 8.9 (7.3; 10.4)†

BNP (pmol l-1)

HS Patients 2.2 (0.8; 3.7)§ 2.6 (0.9; 4.2) 2.4 (1.1; 3.8)† 2.5 (1.1; 3.8) P = 0.938

Controls 2.2 (0.5; 3.9)§ 2.5 (0.6; 4.4) 2.6 (0.5; 4.7) 2.7 (0.5; 4.9)

LS Patients 0.9 (0.6; 1.2) 1.0 (0.6; 1.4) 1.1 (0.7; 1.4) 1.1 (0.7; 1.5) P = 0.941

Controls 1.0 (0.4; 1.5) 1.0 (0.5; 1.6) 1.1 (0.5; 1.7) 1.1 (0.5; 1.7)†

AVP (pg ml-1)

HS Patients 0.69 (0.60; 0.77) 1.08 (0.91; 1.24)† 0.87 (0.75; 0.99)† 0.70 (0.60; 0.79) P = 0.520

Controls 0.66 (0.57; 0.75) 0.97 (0.82; 1.12)† 0.79 (0.66; 0.92)† 0.72 (0.60; 0.83)

LS Patients 0.65 (0.57; 0.73) 1.04 (0.88; 1.19)† 0.86 (0.75; 0.96)† 0.73 (0.64; 0.83) P = 0.535

Controls 0.66 (0.57; 0.75) 0.93 (0.75; 1.11)† 0.78 (0.66; 0.90)† 0.73 (0.56; 0.89)

Values are means with 95% confidence intervals in brackets. PRC, plasma renin concentration; Ang II, angiotensin II, Aldo, aldosterone; ANP, atrial natriuretic
peptide; and BNP, brain natriuretic peptide before (baseline) and 60, 120, and 180 minutes after a hypertonic saline infusion. PGLM RM: patients compared with
controls, GLM repeated measures with time as within-subject factor and blood pressure as between-subject factor. * P < 0.05, baseline patients vs. controls,
Student’s t-test. § P < 0.05, baseline HS vs. LS, paired samples t-test. † P < 0.05, compared with baseline, paired samples t-test
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Table 6 Effects of hypertonic saline infusion (3%, 7 ml kg-1) on GFR, blood pressure, and heart rate in 21 patients with
essential hypertension and 20 normotensive controls during high and low sodium intake

Baseline 60 Min 120 Min 180 Min PGLM RM

Glomerular filtration rate (ml min-1)

HS Patients 93 (87; 100)§ 85 (78; 91) 93 (85; 101) 86 (79; 93) P = 0.321

Controls 96 (88; 104)§ 90 (82; 98) 94 (86; 102) 93 (88; 99)

LS Patients 86 (81; 90) 78 (73; 84)† 84 (75; 93) 86 (77; 94) P = 0.458

Controls 89 (80; 98) 81 (72; 90) 83 (72; 94) 91 (81; 101)

Systolic blood pressure (mmHg)

HS Patients 142 (134; 150)*§ 148 (141; 155)† 145 (138; 151) 149 (141; 157)† P < 0.001

Controls 116 (110; 121) 119 (113; 125) 117 (111; 123) 119 (112; 125)

LS Patients 135 (129; 141)* 139 (133; 145) 138 (132; 145) 136 (130; 142) P < 0.001

Controls 114 (110; 118) 116 (110; 121) 115 (110; 120) 118 (112; 124)

Diastolic blood pressure (mmHg)

HS Patients 86 (81; 91)* 87 (81; 92) 87 (82; 92) 89 (83; 94) P < 0.001

Controls 70 (66; 73) 70 (66; 74) 70 (66; 74) 72 (69; 76)†

LS Patients 84 (80; 88)* 83 (78; 88) 84 (79; 89) 85 (80; 89) P < 0.001

Controls 69 (66; 72) 68 (65; 71) 67 (64; 71) 70 (67; 73)

Heart rate (beats min-1)

HS Patients 56 (52; 60) 57 (53; 62) 58 (53; 63) 57 (54; 61) P = 0.204

Controls 52 (47; 57) 53 (49; 57) 54 (50; 59)† 54 (50; 59)

LS Patients 57 (53; 61) 59 (54; 63) 59 (55; 63) 59 (55; 62) P = 0.261

Controls 53 (49; 57) 56 (51; 60)† 57 (52; 61)† 56 (52; 60)†

Values are means (95% confidence intervals). PGLM RM: patients compared with controls, GLM repeated measures with time as within-subject factor and blood
pressure as between-subject factor. * P < 0.05, baseline patients vs. controls, Student’s t-test. § P < 0.05, baseline HS vs. LS, paired samples t-test. † P < 0.05,
compared with baseline, paired samples t-test

Table 7 Relative changes from baseline in UNa, FENa, and u-ENaCb-CR in response to a hypertonic saline infusion (3%, 7
ml kg-1) in 21 patients with essential hypertension and 20 normotensive controls during HS and LS intake

60 Min 120 Min 180 Min PGLM RM

ΔUNa (%)

HS Patients 87.4 (49.5; 125.4)§ 112.4 (72.0; 152.8)*§ 64.6 (41.4; 87.7)§ P = 0.122

Controls 48.2 (7.8; 88.6)§ 54.6 (18.4; 90.8)§ 44.0 (20.2; 67.9)§

LS Patients 388.9 (108.6; 669.2) 475.2 (133.8; 816.6) 513.7 (145.9; 881.5) P = 0.363

Controls 241.3 (92.9; 389.7) 306.8 (109.3; 504.3) 379.0 (168.4; 589.5)

ΔFENa (%)

HS Patients 96.6 (63.2; 130.1)§ 107.4 (72.8; 142.1)*§ 75.8 (56.2; 95.4)§ P = 0.047

Controls 50.6 (14.0; 87.1)§ 54.1 (21.0; 87.3)§ 46.2 (20.6; 71.7)§

LS Patients 379.9 (145.4; 614.4) 442.9 (142.6; 743.2) 486.0 (166.5; 805.5) P = 0.323

Controls 238.7 (106.8; 370.6) 286.5 (120.0; 453.0) 365.3 (157.5; 573.1)

Δu-ENaCb-CR (%)

HS Patients -5.2 (-15.7; 5.2) -4.1 (-12.7; 3.8) -3.5 (-12.0; 5.1) P = 0.311

Controls -1.7 (-9.6; 6.1) 8.3 (-7.6; 23.9) -1.8 (-10.8; 7.2)

LS Patients 5.2 (-5.7; 16.2) 13.9 (5.0; 22.7) 7.9 (-0.2; 16.0) P = 0.525

Controls -1.5 (-16.3; 13.2) 8.1 (-12.3; 28.5) 7.0 (-7.3; 21.3)

UNa, urinary sodium excretion rate; FENa, fractional sodium excretion; u-ENaCb-CR, urinary ENaCb excretion corrected for creatinine. Values are means (95%
confidence intervals). PGLM RM: HS compared with LS, GLM Repeated Measures with time as within-subject factor and blood pressure as between-subject factor. *
P < 0.05, patients vs. controls, Students t-test. § P < 0.05, HS compared with LS, paired samples t-test
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significantly larger during LS intake in both groups
(Table 9).
Aldo decreased significantly in both groups during

both diets. The decrease had a maximum 120 minutes
after the saline infusion start and lasted throughout
the study day (Table 5). The relative decreases were
not different between patients and controls, but were

significantly higher during LS intake in both groups
(Table 9).
The hypertonic saline infusion induced a significant

and sustained increase in ANP in both groups on both
study days (Table 5). The relative increases in ANP
were higher during LS intake than during HS intake
(Table 9).

Table 8 Relative changes from baseline in V, CH2O, u-AQP2CR, u-osm, u-cAMP, u-PGE2, and s-osm in response to a
hypertonic saline infusion (3%, 7 ml kg-1) in 21 patients with essential hypertension and 20 normotensive controls
during HS and LS intake

60 Min 120 Min 180 Min PGLM RM

ΔV (%)

HS Patients -37.9 (-52.8; -23.0) -48.8 (-61.7; -35.9) -57.9 (-67.4; -48.3) P = 0.212

Controls -50.1 (-60.4; -39.8) -63.5 (-71.3; -55.7)§ -58.9 (-67.3; -50.4)

LS Patients -43.6 (-62.7; -24.6) -60.5 (-77.9; -43.0) -59.9 (-70.2; -49.6) P = 0.487

Controls -55.9 (-69.2; -42.6) -70.6 (-82.0; -59.3) -62.4 (-74.4; -50.4)

ΔCH2O (%)

HS Patients -111.0 (-130.7; -91.3)§ -152.7 (-174.3; -131.1)§ -142.5 (-158.4; -126.6)§ P = 0.715

Controls -130.3 (-161.7; -100.0)§ -164.7 (-227.2; -102.1) -141.5 (-238.4; -44.5)

LS Patients -78.5 (-102.0; -55.0) -112.1 (-135.8; -88.3) -113.4 (-128.0; -98.8) P = 0.519

Controls -90.9 (-103.7; -78.1) -121.8 (-131.3; -112.2) -112.5 (-125.5; -99.5)

Δu-AQP2CR (%)

HS Patients 35.0 (23.2; 46.7)* 46.2 (30.5; 61.9)* 31.9 (22.1; 41.7)* P = 0.005

Controls 6.1 (-4.5; 16.8) 22.2 (7.1; 37.4)§ 12.6 (1.5; 23.8)

LS Patients 45.9 (10.0; 81.9)* 50.1 (17.0; 83.1)* 41.2 (15.8; 66.6)* P = 0.019

Controls -1.1 (-13.5; 11.3) 6.7 (-6.2; 19.6) 3.0 (-5.5; 11.6)

Δu-osm (%)

HS Patients 134.7 (88.4; 181.0) 232.7 (168.4; 297.1)§ 228.6 (164.1; 293.1)§ P = 0.757

Controls 125.5 (97.1; 153.9) 235.5 (179.0; 292.0)§ 197.6 (142.1; 253.1)§

LS Patients 146.6 (103.6; 189.7) 315.3 (232.1; 398.5) 287.6 (211.8; 363.4) P = 0.661

Controls 141.6 (103.2; 180.0) 362.0 (252.9; 471.1) 297.4 (206.2; 388.6)

Δu-cAMP (%)

HS Patients -6.4 (-18.7; 5.9) -12.9 (-21.6; -4.1) -16.4 (-25.6; -7.3) P = 0.178

Controls 5.9 (-7.2; 19.0) -10.7 (-23.8; 2.5)§ -6.4 (-14.3; 1.4)

LS Patients -3.0 (-12.3; 6.3) -12.5 (-25.6; 0.6) -13.6 (-22.8; -4.4) P = 0.256

Controls -13.0 (-27.9; 2.0) -28.6 (-44.7; -12.6) -13.9 (-26.2; -1.7)

Δu-PGE2 (%)

HS Patients 11.1 (-70.9; 93.1) -20.8 (-39.4; -2.1) -46.3 (-56.4; -36.1) P = 0.410

Controls -22.0 (-33.2; -10.8) -34.6 (-44.3; -24.9) -43.4 (-50.6; -36.3)

LS Patients -9.4 (-38.2; 19.3) -38.0 (-63.4; -12.6) -40.9 (-59.3; -22.4) P = 0.689

Controls -16.1 (-34.4; 2.1) -45.0 (-56.3; -33.7) -41.6 (-51.1; -32.2)

Δs-osm (%)

HS Patients 2.4 (2.0; 2.9) 1.2 (0.8; 1.6)§ 0.0 (-0.4; 0.3)§ P = 0.671

Controls 2.2 (1.9; 2.5) 0.9 (0.6; 1.2)§ 0.1 (-0.3; 0.6)§

LS Patients 2.7 (2.3; 3.1) 2.0 (1.5; 2.5) 0.9 (0.4; 1.4) P = 0.215

Controls 2.5 (2.2; 2.8) 1.6 (1.2; 1.9) 0.7 (0.4; 1.0)

V, urinary flow; CH2O, free water clearance; u-AQP2CR, urinary AQP2 excretion corrected for creatinine; u-osm, urinary osmolality; u-c-AMP, urinary cyclic-AMP
excretion; u-PGE2, urinary prostaglandin E2 excretion; s-osm, serum osmolality. Values are means (95% confidence intervals). PGLM RM: HS compared with LS, GLM
Repeated Measures with time as within-subject factor and blood pressure as between-subject factor. * P < 0.05, patients vs. controls, Students t-test. § P < 0.05,
HS compared with LS, paired samples t-test
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In the patients, BNP increased significantly 120 min-
utes after infusion start during HS intake, while BNP
increased significantly 180 minutes after infusion start
during LS intake in the controls. The relative increases
did not differ between patients and controls or during
HS and LS intake (Table 9).
AVP increased significantly after the saline infusion in

both patients and controls during both diets (Table 5).
The increases followed the same pattern in patients and
controls with a maximum after 60 minutes (Table 5).
The relative changes in AVP were not significantly dif-
ferent between patient and controls or between HS and
LS intake throughout the study day (Table 9).

Blood pressure, heart rate, body weight, p-Na, and p-
albumin
The systolic blood pressure increased significantly in
response to the hypertonic saline during HS intake in
the patients, but not in the controls (Table 6).
The hypertonic saline did not affect the diastolic blood

pressure of the patients (Table 6). In the control group a
significant increase in the diastolic blood pressure was
seen 180 minutes after the saline infusion during HS
intake (Table 6).
The heart rate of the patients did not increase signifi-

cantly in response to the hypertonic saline infusion,
while the heart rate of the controls increased

Table 9 Relative changes from baseline in PRC, Ang II, Aldo, ANP, BNP, and AVP in response to a hypertonic saline
infusion (3%, 7 ml kg-1) in 21 patients with essential hypertension and 20 normotensive controls during HS and LS
intake

60 Min 120 Min 180 Min PGLM RM

ΔPRC (%)

HS Patients -16.1 (-24.5; -7.7) -16.3 (-37.4; 4.8) -14.9 (-25.9; -3.9) P = 0.487

Controls -9.2 (-29.4; 11.0) -5.1 (-39.8; 29.5) -7.4 (-40.4; 25.7)

LS Patients -21.4 (-35.9; -6.8) -35.2 (-53.7; -16.6) -29.3 (-50.6; -8.0) P = 0.526

Controls -30.2 (-49.4; -10.9) -36.1 (-55.2; -16.9) -39.0 (-57.8; -20.3)

ΔAngII (%)

HS Patients -16.4 (-30.3; -2.6) -12.0 (-30.4; 6.4)§ -15.4 (-27.3; -3.5)§ P = 0.366

Controls -25.0 (-37.2; -12.8) -14.3 (-33.1; 4.4) -26.2 (-36.6; -15.8)§

LS Patients -33.5 (-48.0; -18.9) -34.7 (-50.1; -19.3) -38.5 (-50.7; -26.2) P = 0.845

Controls -36.8 (-48.1; -25.4) -32.3 (-56.4; -8.2) -45.1 (-52.3; -37.8)

ΔAldo (%)

HS Patients -21.7 (-28.7; -14.8)§ -24.3 (-30.6; -18.0)§ -20.1 (-26.5; -13.7) P = 0.654

Controls -21.5 (-27.0; -15.9)§ -23.7 (-31.8; -15.6)§ -14.9 (-25.9; -4.0)§

LS Patients -30.2 (-35.1; -25.4) -34.8 (-40.8; -28.8) -27.5 (-36.3; -18.7) P = 0.128

Controls -33.5 (-38.0; -28.9) -39.2 (-45.5; -32.9) -36.8 (-43.9; -29.6)

ΔANP (%)

HS Patients 38.6 (24.3; 53.0) 25.6 (13.2; 38.0) 10.9 (-1.0; 22.7)§ P = 0.319

Controls 30.6 (16.3; 45.0)§ 17.8 (8.3; 27.4)§ 6.2 (-3.6; 16.1)§

LS Patients 60.3 (30.9; 89.7) 48.3 (18.5; 78.1) 28.2 (11.3; 45.1) P = 0.481

Controls 48.9 (33.4; 64.4) 35.0 (22.6; 47.4) 25.8 (15.5; 36.1)

ΔBNP (%)

HS Patients 34.6 (-13.9; 83.1) 15.6 (9.4; 21.8) 22.0 (12.3; 31.8) P = 0.903

Controls 15.7 (0.8; 30.6) 22.0 (6.6; 37.4) 26.3 (7.1; 45.6)

LS Patients 15.7 (0.8; 30.6) 22.0 (6.6; 37.4) 26.3 (7.1; 45.6) P = 0.305

Controls 7.8 (0.9; 14.6) 14.9 (4.3; 25.6) 15.2 (5.1; 25.3)

ΔAVP (%)

HS Patients 57.5 (40.9; 74.1) 28.3 (15.9; 40.6) 3.2 (-5.7; 12.1) P = 0.666

Controls 50.9 (31.8; 69.9) 19.0 (6.7; 31.2) 8.4 (-0.7; 17.5)

LS Patients 64.4 (38.6; 90.2) 36.1 (20.5; 51.6) 15.3 (4.5; 26.2) P = 0.110

Controls 41.5 (23.0; 59.9) 20.6 (8.1; 33.1) 9.7 (-4.9; 24.4)

PRC, plasma renin concentration; Ang II, angiotensin II, Aldo, aldosterone; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; AVP, vasopressin. Values
are means (95% confidence intervals). PGLM RM: HS compared with LS, GLM Repeated Measures with time as within-subject factor and blood pressure as
between-subject factor. * P < 0.05, patients vs. controls, Students t-test. § P < 0.05, HS compared with LS, paired samples t-test
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significantly during both diets (Table 6). The relative
increases in heart rate did not differ between patients
and controls.
The body weight of the patients remained constant

throughout the study day during HS intake (80.4 kg (SD
12.5)), while it increased from 79.3 kg (SD 12.3) to 79.9
kg (SD 12.3) during LS intake. The increase was statisti-
cally significant (0.6 kg (SD 0.5), P < 0.001). The body
weight of the control subjects increased significantly
during both diets (HS: from 75.2 kg (SD 14.3) to 75.5 kg
(SD 14.3), P = 0.007; LS: from 74.4 kg (SD 14.1) to 75.1
kg (SD 14.2), P < 0.001). The relative increase was
higher during LS intake than during HS intake (1.1%
(SD 0.5) vs. 0.4% (SD 0.6), P < 0.001).
P-Na increased in response to the hypertonic saline

infusion in both groups during both diets with maxi-
mum after 60 minutes. During LS intake the relative
increase in p-Na was slightly but significantly higher in
the patients compared to the controls (3.6% (SD 0.9) vs.
3.0% (SD 0.9), P = 0.039). The relative increases were
not significantly different between HS and LS intake in
any of the two groups.
P-albumin fell significantly in response to the hyper-

tonic saline infusion in both groups during both diets to
comparable levels at the end of the study day (data not
shown). The decrease was significantly higher during LS
intake.
GFR
During LS intake, the hypertonic saline infusion caused
a significant decrease in GFR in the patient group 60
minutes after infusion start (Table 6). The difference in
the reductions in GFR between the two diets was not
statistically significant (P = 0.688).

Discussion
In the present study, we compared u-AQP2CR and u-
ENaCb-CR in patients with essential hypertension and
normotensive control subjects during HS and LS intake.
Furthermore, we compared the relative change in u-
AQP2CR and u-ENaCb-CR in response to a hypertonic
saline infusion in patients and controls. U-AQP2CR and
u-ENaCb-CR were normal in essential hypertension at
baseline. However, in response to the hypertonic saline
infusion, u-AQP2CR was abnormally increased in essen-
tial hypertension, whereas the response in u-ENaCb-CR

was normal.

U-ENaCb-CR and u-AQP2CR are not increased in essential
hypertension at baseline
Both the systolic and the diastolic blood pressures were
significantly higher in the patients than in the normo-
tensive controls during both diets as expected. The sub-
jects were studied in the supine position, which explains

the rather low blood pressure levels in both groups
throughout the study days.
Surprisingly, and in contrast with results from experi-

mental models of hypertension [16-18,33,34] and patient
with essential hypertension carrying polymorphisms of
adducin [35], we found that u-ENaCb-CR and u-AQP2CR
were not abnormal in patients with essential hyperten-
sion. U-osm, V, UNa, and FENa were similar in patients
with essential hypertension and normotensive controls
during both HS and LS intake.
Thus, altogether these results indicate that the expres-

sion of AQP2 and the expression of ENaC are not
increased in essential hypertension.
AVP and u-cAMP were not increased in the patients

with essential hypertension compared to the normoten-
sive controls during any of the diets. The activity of the
renin-angiotensin-aldosterone system has previously
been reported to be suppressed in hypertensive patients
compared with normotensive controls during low and
normal sodium intakes [36]. In the present study, Ang
II was suppressed in patients compared with controls
but only during HS intake. PRC and Aldo were similar
in patients and controls during both diets. We cannot
explain the discrepancy between the two studies. Thus,
apart from Ang II, the levels of the main hormonal reg-
ulators of the expression of AQP2 and ENaC are similar
in patients with essential hypertension and normotensive
controls.
We found a significantly lower u-AQP2CR during LS

intake than during HS intake in both groups and a con-
comitant significantly lower V during LS intake.
Recently, our group reported lower AQP2 during LS
intake compared to during HS intake in young healthy
subject, in agreement with the present study [37]. In the
previous study, we discussed the possibility that an
increase in the reabsorption of water proximal in the
nephron during LS intake was followed by a fine-tuning
in the collecting duct principal cells with decreased
expression of AQP2 [37]. In support of this, Kulick et
al. measured a higher absolute fluid reabsorption in rat
proximal tubule during LS intake by direct in vivo
microperfusion and recollection. The responsible
mechanism was the adenosine type 1 receptor [38].
One should remember that both patients and control

subjects were water loaded in order to make urine col-
lection possible. We believe that this is the reason for
the low osmolalities during the first hours of the study
days.
We found a significantly lower u-ENaCb-CR during LS

intake compared to during HS intake in the patients
with essential hypertension at baseline, but not in the
normotensive controls. LS intake is known to increase
open probability of ENaC and the number of active
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ENaCs in normotensive mice [39]. No difference in u-
ENaCb-CR between HS and LS intake was present in the
patients with essential hypertension during the 24-h
urine collection. Therefore we speculate that the differ-
ence in u-ENaCb-CR between HS and LS intake at base-
line in the patients with essential hypertension could be
by chance.

Abnormally higher increase in u-AQP2CR in response to
hypertonic saline in essential hypertension
U-AQP2CR increased significantly more in response to
the hypertonic saline infusion in patients with essential
hypertension than in normotensive controls, which sug-
gests that the patients reabsorb a larger proportion of
the infused water. Thus, somehow the antidiuretic effect
of the hypertonic saline is increased in essential hyper-
tension. The underlying regulatory mechanism is
unknown. Abnormalities in AVP, PRC, Ang II, Aldo,
ANP, BNP, u-PGE2, u-cAMP, GFR, blood pressure and
heart rate were not responsible for the difference, since
these effect variables changed in similar manner in
patients and controls.
Jackson et al. have previously shown that Ang II has

an enhanced ability to reduce urinary cAMP excretion
in spontaneously hypertensive rats [40]. We speculate,
that the larger increase in u-AQP2 in response to the
hypertonic saline in patients with essential hypertension
could reflect an abnormal increase in cAMP in patients
with essential hypertension in response to the fall in
Ang II. Whether an abnormal sensitivity to Ang II with
regard to inhibiting the adenylyl cyclase is involved in
the pathogenesis of essential hypertension, will be the
subject of future investigations.
To our knowledge this is the first time that the change

in u-AQP2CR in response to a hypertonic saline infusion
has been measured in patients with essential hyperten-
sion. U-AQP2CR increased considerably, but the regula-
tory mechanism is unknown.

Normal response in u-ENaCb-CR to hypertonic saline in
essential hypertension
One would have expected a decrease in u-ENaCb-CR in
response to the hypertonic saline infusion, since Aldo
decreased and UNa and FENa increased in both patients
and controls. Instead we found a small but significant
increase in u-ENaCb-CR in response to the hypertonic
saline. The explanation of this phenomenon is not
clear for the time being. A considerable decrease in
the renal sodium absorption more proximal in the
nephron might be compensated for by an increase in
absorption in the distal part of the nephron, but addi-
tional studies are required to determine the precise use
of u-ENaCb-CR as biomarker for ENaC activity.

Whether membrane shedding plays a role in the
increase in u-ENaC awaits further studies. A signifi-
cantly higher natriuretic response was observed in the
patients two hours after the hypertonic saline infusion
during HS intake (Table 6). The similar change in the
glomerular filtered load of sodium in patients and con-
trols suggests that a reduction in renal tubular sodium
reabsorption contributes to the higher natriuretic
response in patients with essential hypertension during
HS intake. ENaC does not seem to be responsible for
the decreased tubular sodium reabsorption, since the
change in ENaC in response to the hypertonic saline
infusion was similar in patients and controls. The sys-
tolic blood pressure increased significantly during HS
intake in the patients, but not in the controls, and
could have contributed to the higher natriuretic
response. The exaggerated natriuretic response in
essential hypertensive patients has been reported in
numerous studies. It has been attributed both to
altered handling of sodium in both proximal and distal
tubules, to an exaggerated increase in ANP, and to an
increased GFR, but the exact intra-renal mechanism is
unknown. However, the response in u-ENaCb-CR to
hypertonic saline infusion was the same in patients
with essential hypertension and normotensive controls.
Thus, an abnormal regulation of ENaC could not
explain the phenomenon of exaggerated natriuresis in
essential hypertension.

Strength and limitations
The strengths of this study lie in the design. The study
is a controlled clinical study with an age- and sex-
matched control group. The salt intake and fluid intake
are standardised and controlled. Furthermore the
patients with essential hypertension pause their antihy-
pertensive medication during the study. Thus, the
results are not confounded by different salt or water bal-
ance or antihypertensive drugs.
A limitation of the study is that the threshold for

hypertension is quite modest, which may explain why
few differences are seen. We cannot exclude that we
would have found a more pronounced difference in the
AQP2 response to the hypertonic saline between
patients and controls, if we had included patients with
more severe hypertension.

Conclusions
In conclusion, no difference was found in u-AQP2CR
and u-ENaCb-CR between patients and controls at base-
line. However, in response to the hypertonic saline infu-
sion, u-AQP2CR was abnormally increased in essential
hypertension, whereas the response in u-ENaCb-CR was
normal. The underlying mechanism for the abnormal
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regulation of AQP2 expression is not clarified, but it is
not AVP-dependent.

Acknowledgements
We thank laboratory technicians Lisbeth Mikkelsen, Henriette Hedelund
Vorup Simonsen, Kirsten Nygaard, Anne Mette Ravn Torstensen, and Anette
Andersen for excellent technical assistance and commitment. We also thank
clinical dietician Margit Nielsen and catering officers Hanne Sahl and Ida
Kamp and the staff at the kitchen of Holstebro Hospital for carefully
designing and producing the diets. The study was supported by grants from
Ringkoebing County and the Foundation of Managing Director Jacob
Madsen and Wife Olga Madsen.

Author details
1Department of Medical Research, Holstebro Hospital, Laegaardvej 12, 7500
Holstebro, Denmark. 2Department of Medicine, Holstebro Hospital, Holstebro,
Denmark. 3University of Aarhus, Aarhus, Denmark.

Authors’ contributions
CCG conceived of the study, participated in the design, coordination of the
study, and recruitment of subjects, carried out the experiments, analyzed the
data, performed the statistical analysis, and drafted the manuscript. JNB
helped to draft the manuscript. TGL assisted in the experimental part of the
study. HV assisted in the experimental part of the study. EBP conceived of
the study, participated in the design of the study and the recruitment of
subjects, was responsible for the laboratory analyses, and helped to draft the
manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 30 September 2011 Accepted: 27 March 2012
Published: 27 March 2012

References
1. Canessa CM, Schild L, Buell G, Thorens B, Gautschi I, Horisberger JD,

Rossier BC: Amiloride-sensitive epithelial Na + channel is made of three
homologous subunits. Nature 1994, 367:463-467.

2. Renard S, Lingueglia E, Voilley N, Lazdunski M, Barbry P: Biochemical
analysis of the membrane topology of the amiloride-sensitive Na +
channel. J Biol Chem 1994, 269:12981-12986.

3. Kemendy AE, Kleyman TR, Eaton DC: Aldosterone alters the open
probability of amiloride-blockable sodium channels in A6 epithelia. Am J
Physiol 1992, 263:C825-C837.

4. Pacha J, Frindt G, Antonian L, Silver RB, Palmer LG: Regulation of Na
channels of the rat cortical collecting tubule by aldosterone. J Gen
Physiol 1993, 102:25-42.

5. Fuller PJ, Young MJ: Mechanisms of mineralocorticoid action. Hypertension
2005, 46:1227-1235.

6. Funder JW: Mineralocorticoid receptors: distribution and activation. Heart
Fail Rev 2005, 10:15-22.

7. Lauridsen TG, Vase H, Starklint J, Bech JN, Pedersen EB: Protein-enriched
diet increases water absorption via the aquaporin-2 water channels in
healthy humans. Nephrol Dial Transplant 2010, 25:2502-2510.

8. Deen PM, Croes H, van Aubel RA, Ginsel LA, van Os CH: Water channels
encoded by mutant aquaporin-2 genes in nephrogenic diabetes
insipidus are impaired in their cellular routing. J Clin Invest 1995,
95:2291-2296.

9. Sabolic I, Katsura T, Verbavatz JM, Brown D: The AQP2 water channel:
effect of vasopressin treatment, microtubule disruption, and distribution
in neonatal rats. J Membr Biol 1995, 143:165-175.

10. Marples D, Knepper MA, Christensen EI, Nielsen S: Redistribution of
aquaporin-2 water channels induced by vasopressin in rat kidney inner
medullary collecting duct. Am J Physiol 1995, 269:C655-C664.

11. Nielsen S, Chou CL, Marples D, Christensen EI, Kishore BK, Knepper MA:
Vasopressin increases water permeability of kidney collecting duct by
inducing translocation of aquaporin-CD water channels to plasma
membrane. Proc Natl Acad Sci USA 1995, 92:1013-1017.

12. Yamamoto T, Sasaki S, Fushimi K, Ishibashi K, Yaoita E, Kawasaki K,
Marumo F, Kihara I: Vasopressin increases AQP-CD water channel in
apical membrane of collecting duct cells in Brattleboro rats. Am J Physiol
1995, 268:C1546-C1551.

13. Kanno K, Sasaki S, Hirata Y, Ishikawa S, Fushimi K, Nakanishi S, Bichet DG,
Marumo F: Urinary excretion of aquaporin-2 in patients with diabetes
insipidus. N Engl J Med 1995, 332:1540-1545.

14. Rai T, Sekine K, Kanno K, Hata K, Miura M, Mizushima A, Marumo F, Sasaki S:
Urinary excretion of aquaporin-2 water channel protein in human and
rat. J Am Soc Nephrol 1997, 8:1357-1362.

15. Wen H, Frokiaer J, Kwon TH, Nielsen S: Urinary excretion of aquaporin-2 in
rat is mediated by a vasopressin-dependent apical pathway. J Am Soc
Nephrol 1999, 10:1416-1429.

16. Buemi M, Nostro L, Di PG, Cavallaro E, Sturiale A, Floccari F, Aloisi C,
Ruello A, Calapai G, Corica F, Frisina N: Aquaporin-2 water channels in
spontaneously hypertensive rats. Am J Hypertens 2004, 17:1170-1178.

17. Kim SW, Wang W, Kwon TH, Knepper MA, Frokiaer J, Nielsen S: Increased
expression of ENaC subunits and increased apical targeting of AQP2 in
the kidneys of spontaneously hypertensive rats. Am J Physiol Renal Physiol
2005, 289:F957-F968.

18. Lee J, Kim S, Kim J, Jeong MH, Oh Y, Choi KC: Increased expression of
renal aquaporin water channels in spontaneously hypertensive rats.
Kidney Blood Press Res 2006, 29:18-23.

19. Shimkets RA, Warnock DG, Bositis CM, Nelson-Williams C, Hansson JH,
Schambelan M, Gill JR Jr, Ulick S, Milora RV, Findling JW: Liddle’s syndrome:
heritable human hypertension caused by mutations in the beta subunit
of the epithelial sodium channel. Cell 1994, 79:407-414.

20. Munroe PB, Strautnieks SS, Farrall M, Daniel HI, Lawson M, DeFreitas P,
Fogarty P, Gardiner RM, Caulfield M: Absence of linkage of the epithelial
sodium channel to hypertension in black Caribbeans. Am J Hypertens
1998, 11:942-945.

21. Niu T, Xu X, Cordell HJ, Rogus J, Zhou Y, Fang Z, Lindpaintner K: Linkage
analysis of candidate genes and gene-gene interactions in chinese
hypertensive sib pairs. Hypertension 1999, 33:1332-1337.

22. Wong ZY, Stebbing M, Ellis JA, Lamantia A, Harrap SB: Genetic linkage of
beta and gamma subunits of epithelial sodium channel to systolic blood
pressure. Lancet 1999, 353:1222-1225.

23. Persu A, Barbry P, Bassilana F, Houot AM, Mengual R, Lazdunski M, Corvol P,
Jeunemaitre X: Genetic analysis of the beta subunit of the epithelial Na
+ channel in essential hypertension. Hypertension 1998, 32:129-137.

24. Persu A, Coscoy S, Houot AM, Corvol P, Barbry P, Jeunemaitre X:
Polymorphisms of the gamma subunit of the epithelial Na + channel in
essential hypertension. J Hypertens 1999, 17:639-645.

25. Su YR, Rutkowski MP, Klanke CA, Wu X, Cui Y, Pun RY, Carter V, Reif M,
Menon AG: A novel variant of the beta-subunit of the amiloride-sensitive
sodium channel in African Americans. J Am Soc Nephrol 1996,
7:2543-2549.

26. Pedersen EB, Eiskjaer H, Madsen B, Danielsen H, Egeblad M, Nielsen CB:
Effect of captopril on renal extraction of renin, angiotensin II, atrial
natriuretic peptide and vasopressin, and renal vein renin ratio in
patients with arterial hypertension and unilateral renal artery disease.
Nephrol Dial Transplant 1993, 8:1064-1070.

27. Jensen KT, Carstens J, Ivarsen P, Pedersen EB: A new, fast and reliable
radioimmunoassay of brain natriuretic peptide in human plasma,
Reference values in healthy subjects and in patients with different
diseases. Scand J Clin Lab Invest 1997, 57:529-540.

28. Pedersen EB, Danielsen H, Spencer ES: Effect of indapamide on renal
plasma flow, glomerular filtration rate and arginine vasopressin in
plasma in essential hypertension. Eur J Clin Pharmacol 1984, 26:543-547.

29. Pedersen EB, Eiskjaer H, Madsen B, Danielsen H, Egeblad M, Nielsen CB:
Effect of captopril on renal extraction of renin, angiotensin II, atrial
natriuretic peptide and vasopressin, and renal vein renin ratio in
patients with arterial hypertension and unilateral renal artery disease.
Nephrol Dial Transplant 1993, 8:1064-1070.

30. Lee YJ, Song IK, Jang KJ, Nielsen J, Frokiaer J, Nielsen S, Kwon TH: Increased
AQP2 targeting in primary cultured IMCD cells in response to
angiotensin II through AT1 receptor. Am J Physiol Renal Physiol 2007, 292:
F340-F350.

31. Pedersen RS, Bentzen H, Bech JN, Pedersen EB: Effect of water deprivation
and hypertonic saline infusion on urinary AQP2 excretion in healthy
humans. Am J Physiol Renal Physiol 2001, 280:F860-F867.

Graffe et al. BMC Nephrology 2012, 13:15
http://www.biomedcentral.com/1471-2369/13/15

Page 14 of 15

http://www.ncbi.nlm.nih.gov/pubmed/8107805?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8107805?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8175716?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8175716?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8175716?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1329547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1329547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8397276?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8397276?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16286565?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15947887?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20237060?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20237060?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20237060?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7537761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7537761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7537761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7769605?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7769605?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7769605?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7573395?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7573395?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7573395?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7532304?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7532304?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7532304?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7541941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7541941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7537863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7537863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9294826?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9294826?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10405197?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10405197?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15607625?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15607625?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15956775?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15956775?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15956775?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16582573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16582573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7954808?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7954808?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7954808?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9715786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9715786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10373211?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10373211?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10373211?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10217082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10217082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10217082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9674649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9674649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10403607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10403607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8989732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8989732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8272217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8272217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8272217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9350073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9350073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9350073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9350073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6468469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6468469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6468469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8272217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8272217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8272217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16896188?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16896188?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16896188?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11292629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11292629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11292629?dopt=Abstract


32. Lauridsen TG, Vase H, Starklint J, Graffe CC, Bech JN, Nielsen S, Pedersen EB:
Increased renal sodium absorption by inhibition of prostaglandin
synthesis during fasting in healthy man. A possible role of the epithelial
sodium channels. BMC Nephrol 2010, 11:28.

33. Lee J, Kang DG, Kim Y: Increased expression and shuttling of aquaporin-2
water channels in the kidney in DOCA-salt hypertensive rats. Clin Exp
Hypertens 2000, 22:531-541.

34. Lee J, Oh Y, Kim SW: Altered renal expression of aquaporin-2 water
channels in rats with experimental two-kidney, one clip hypertension. J
Korean Med Sci 2001, 16:462-466.

35. Procino G, Romano F, Torielli L, Ferrari P, Bianchi G, Svelto M, Valenti G:
Altered expression of renal aquaporins and alpha-adducin
polymorphisms may contribute to the establishment of salt-sensitive
hypertension. Am J Hypertens 2011, 24:822-828.

36. Bruun NE, Skott P, Damkjaer NM, Rasmussen S, Schutten HJ, Leth A,
Pedersen EB, Giese J: Normal renal tubular response to changes of
sodium intake in hypertensive man. J Hypertens 1990, 8:219-227.

37. Graffe CC, Bech JN, Pedersen EB: The Effect of High and Low Sodium
Intake on Urinary Aquaporin-2 Excretion in Healthy Humans. Am J
Physiol Renal Physiol 2012, 302:F264-F275.

38. Kulick A, Panico C, Gill P, Welch WJ: Low salt intake increases adenosine
type 1 receptor expression and function in the rat proximal tubule. Am J
Physiol Renal Physiol 2008, 295:F37-F41.

39. Pochynyuk O, Rieg T, Bugaj V, Schroth J, Fridman A, Boss GR, Insel PA,
Stockand JD, Vallon V: Dietary Na + inhibits the open probability of the
epithelial sodium channel in the kidney by enhancing apical P2Y2-
receptor tone. FASEB J 2010, 24:2056-2065.

40. Jackson EK, Herzer WA, Mi Z, Vyas SJ, Kost CK Jr: Low-dose angiotensin II
reduces urinary cyclic AMP excretion in spontaneously hypertensive, but
not normotensive, rats: independence from hypertension and renal
hemodynamic effects of angiotensin. J Pharmacol Exp Ther 1999,
291:115-123.

Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2369/13/15/prepub

doi:10.1186/1471-2369-13-15
Cite this article as: Graffe et al.: Abnormal increase in urinary aquaporin-
2 excretion in response to hypertonic saline in essential hypertension.
BMC Nephrology 2012 13:15.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Graffe et al. BMC Nephrology 2012, 13:15
http://www.biomedcentral.com/1471-2369/13/15

Page 15 of 15

http://www.ncbi.nlm.nih.gov/pubmed/21029429?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21029429?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21029429?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10937843?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10937843?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11511792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11511792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21451595?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21451595?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21451595?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2159502?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2159502?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21993890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21993890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18480183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18480183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20097874?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20097874?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20097874?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10490894?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10490894?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10490894?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10490894?dopt=Abstract
http://www.biomedcentral.com/1471-2369/13/15/prepub

	Abstract
	Background
	Methods
	Results
	Conclusions
	Clinicaltrial.gov identifier

	Background
	Methods
	Patients and control subjects
	Patients
	Control subjects

	Recruitment
	Ethics and approvals
	Design
	Effect variables
	Number of subjects
	Experimental procedure prior to the study day
	Experimental procedure on the study day
	Methods
	Statistics

	Results
	Demographics
	24-h urine collection
	Hypertonic saline infusion
	Baseline results
	Sodium excretion and u-ENaCβ-CR
	Water excretion, u-AQP2CR, u-osm, u-cAMP, u-PGE2, and s-osm
	Vasoactive hormones
	Blood pressure, heart rate, body weight, p-Na, and p-albumin
	GFR


	Discussion
	U-ENaCβ-CR and u-AQP2CR are not increased in essential hypertension at baseline
	Abnormally higher increase in u-AQP2CR in response to hypertonic saline in essential hypertension
	Normal response in u-ENaCβ-CR to hypertonic saline in essential hypertension
	Strength and limitations

	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References
	Pre-publication history


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


