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diminished the urinary concentration capacity without af-
fecting Na +  and K +  urinary excretion. Creatinine clearance 
was not modified except in the condition of water load 
where a fall in it was found after ACEi. ADH increased after 
enalapril treatment in children under water restriction.  Con-

clusion:  In these children chronic ACEi decreases urinary 
concentration capacity.  Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Angiotensin II (Ang II) is one of the most potent en-
dogenous vasoconstrictors and plays an important role in 
regulating blood pressure and sodium and water balance 
 [1] . It actively participates in the control of renal hemody-
namics and is one of the agents modulating Na-H ex-
change in the brush border of the proximal tubule  [2, 3]  
and in the medullary thick ascending loop.

  In addition to its action on the kidney, Ang II is a po-
tent dipsogen, and systemic administration also triggers 
a marked release of antidiuretic hormone (ADH)  [4] . The 
release of Ang II in response to hypovolemia  [5]  could 
contribute to the normalization of blood volume by in-
creasing the release of ADH in parallel with its systemic 
and renal effects.
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 Abstract 

  Background/Aims:  The effect of angiotensin-converting 
enzyme inhibition (ACEi) is amply documented in several 
pathological conditions. However, there are few reports 
about the effect of chronic ACEi on salt and water balance. 
The present work evaluates the effect of chronic ACEi on salt 
and water balance in a population of children receiving enal-
april chronically in order to reduce albuminuria elicited by a 
uremic hemolytic syndrome.  Methods:  Nine children aged 
from 9 to 19 years with normal glomerular filtration rate, nor-
motension and with urinary concentration capacity pre-
served were treated with enalapril with doses ranging be-
tween 0.1 and 0.30 mg/kg/day. Diuresis, urinary absolute 
and fractional excretion of Na + , K +  and urea, creatinine clear-
ance, osmolal clearance and tubular water reabsorption 
were measured under three experimental procedures: (1) 
with free access to water; (2) with a water load and (3) with 
water restriction. In the last group urinary antidiuretic hor-
mone (ADH) was measured. These tests were performed in 
a paired way, just before starting ACEi treatment and after 6 
months of enalapril treatment.  Results:  Enalapril treatment 
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  Inhibition of angiotensin-converting enzyme not only 
reduces Ang II, but also increases kinins, which have a 
dipsogenic action. In rats chronically treated with cap-
topril, this effect is reversed by HOE 140, a  �  2 -receptor 
antagonist  [6] . Moreover, the acute administration of 
 bradykinin in rats pretreated with captopril induced a 
dose-dependent increase in water intake, without any sig-
nificant effect on water excretion  [7] .

  The effect of chronic inhibition of the renin-angioten-
sin system in pathophysiological conditions is extensive-
ly documented, but little is known about the effects of 
inhibition for prolonged periods on the salt and water 
balance. In this paper we describe some parameters of 
water balance in children under chronic treatment with 
angiotensin-converting enzyme inhibition (ACEi). These 
patients had had an episode of hemolytic uremic syn-
drome 10 years prior to the time of the test, and they were 
without clinical signs of permanent renal damage.

  Material and Methods 

 Selection of Children 
 Children with minimal renal alterations without hyperten-

sion or impaired glomerular filtration rate and with intact ca-
pacity to concentrate urine when submitted to a water restric-
tion test were selected. The children had suffered hemolytic ure-
mic syndrome  [8] . Nineteen patients were recruited and 10 out 
of them were excluded, 2 for having proteinuria higher than 
5 mg/kg day, 3 with creatinine clearance lower than 90 and high-
er than 80 ml/min/1.72 m 2 , 1 did not reach the urine concentra-
tion required, 1 for pregnancy, 2 for failing to follow diet in-
structions and 1 for allergic dermatitis. No child refused to par-
ticipate in the test. The remaining group of 9 children was 
composed by 5 males and 4 females who were enrolled for 18 
months. At the time of the study the children showed minimal 
alterations in kidney function, with albuminuria higher than 14 
and lower than 50  � g/min � m 2 . These patients were prescribed 
enalapril with doses ranging between 0.1 and 0.30 mg/kg/day to 
decrease the proteinuria to 50% of the pretreatment value. These 
children and their parents were informed about the nature of the 
study and the risks involved in this protocol. The protocol was 
approved by the ethical committee of the Children’s Hospital of 
the City of Buenos Aires.

  Inclusion Criteria 
 The patients were over 9 and under 19 years old. The lower 

level of 9 years was chosen because it ensured compliance with the 
protocol. The family and the child must understand the instruc-
tions for the proper execution thereof. The patients selected were 
eutrophic with adequate diuresis and euhydration; they were nor-
motensive according to the tables for children in a normal popu-
lation of the same age and sex  [9] . The children had normal renal 
function and a creatinine clearance, with cimetidine premedica-
tion  [10, 11] , greater than 90 ml/min/1.73 m 2 . The concentration 

capacity was normal with urinary osmolality greater or equal 
than 850 mosm/kg H 2 O which is the lower level observed in our 
population of healthy children  [12] .

  Exclusion Criteria 
 Patients with alteration of renal concentration capacity or re-

ceiving drugs that interfere with the renin-angiotensin system and/
or prostaglandins, proteinuria greater than 5 mg/kg/day or hyper-
kalemia were excluded. Also were removed from the study those 
children that after ACE inhibition showed an increase in serum 
creatinine concentration above 30% of the pretreatment value, the 
serum potassium concentration above 5.2 mEq/l and hypotension 
(reduction of mean arterial pressure to 50–65 mm Hg)  [13] .

  Diet 
 Two months before the functional test, the patients received a 

protein diet according to age and sex as recommended by the rec-
ommended daily allowance with appropriate caloric supply  [14] . 
Daily protein intake was estimated by urea urinary excretion on 
a 24-hour sample prior to the study  [15] . This diet was continued 
during the whole study.

  Experimental Test 
 Three experimental approaches were chosen to evaluate the ef-

fect of ACEi on water balance in these patients. In the first approach, 
the children had free access to water. The second one consisted in a 
concentration test with water restriction and the last approach was 
a water load. This experimental design allowed for evaluating the 
basal condition (free access to water), urinary concentration and 
diluting capacities (water restriction and water overload).

  The water loading test was carried out perorally, avoiding the 
continuous infusion of hypotonic intravenous solution.

  The following functional tests were performed in the same 
group of children before and after being treated with enalapril for 
6 months.

  Free Drinking Water 
 These experiments were performed in children with free ac-

cess to water and minimal protein intake, as given by the recom-
mended daily allowance. Urine samples were taken spontaneous-
ly during 24 h from 8.00 p.m. to 8.00 p.m. The blood sample was 
extracted after previous fasting for 8 h. A small urine aliquot was 
separated and placed at –20   °   C for determination of albuminuria.

  Water Restriction 
 Solid food was allowed all the time (24 h), with dry diet plus 

water restriction to 20 ml/kg for the first 12 h, and total restriction 
of fluid intake during the last 12 h. The water restriction was not 
so extreme as to jeopardize the studied population. However, we 
note that this is the usual protocol used in pediatrics  [16] . We col-
lected overnight urine, from 0.00 p.m. to 8.00 p.m., and a blood 
sample was extracted. An aliquot of urine was placed at –20   °   C for 
the determination of ADH.

  Water Load 
 An oral load of 20 ml/kg body weight of water to drink in 20 

min was delivered. Urine samples were taken hourly, starting 
when the children finished drinking the water. Blood samples 
were taken when the urinary osmolality was around 100 mosm/
kg H 2 O (Chaimovitz test modified)  [17] .
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  Laboratory Measurements 
 Plasma and urine creatinine concentrations were measured by 

an enzymatic method based on the reaction of creatinine in the 
presence of glutamate dehydrogenase. Plasma and urine urea 
were measured using the urease method. The reading of creati-
nine and urea was performed in an autoanalyzer (Roche/Hitachi 
917).

  Plasma and urine concentrations of Na and K were measured 
with ion-selective electrodes also in an autoanalyzer Roche/Hita-
chi 917.

  Plasma and urine osmolalities were measured in a vapor pres-
sure osmometer (Wescor, Vapro 5200).

  Urinary ADH values were determined using a radioimmuno-
assay with  125 I-labeled ADH (Diagnostic System Laboratories 
Inc., USA). Proteinuria was measured with the pyrogallol red 
method. Albuminuria was determined by a nephelometric meth-
od in urine kept in a freezer at –20   °   C. We used a 3100 Beckman 
Array nephelometer.

  Formulas and Calculations 

  C  H  2  O  =  V  –  C  osm  (1)
 T    Hc  2  O  =  C  osm  –  V  (2)

  where: V = diuresis, C osm  = osmolal clearance, T   Hc  2  O  = free water 
reabsorption, C H  2  O  = solute-free water clearance, all of them mea-
sured in milliliters per minute. 

 Statistical Analysis 
 The results are expressed as means  8  SEM. Values before and 

after treatment with ACEi were compared using Student’s t test 
for paired samples. There were no outliers. Statistical analysis was 
performed using the Prism program, version 3.0.

  Results 

 Results are summarized in  table 1 .

  Children with Free Access to Water 
 Children with free access to water showed an increased 

diuresis after treatment with enalapril. All the other pa-
rameters were without modifications.

  Urine Concentration Test 
 Urinary concentration capacity was diminished, and 

diuresis was larger after enalapril treatment. Urinary 
ADH before enalapril treatment was 25  8  5 pg/min � ml, 
and after treatment it was 63  8  7 pg/min � ml (p  !  0.05). 
When normalized by urinary osmolality (urinary ADH/
urine osmolality) it was 0.019  8  0.004 pg/min/mosm be-
fore enalapril and 0.059  8  0.001 pg/min/mosm after 
chronic enalapril treatment (p  !  0.05).

  Urinary Dilution Test 
 The data correspond to the period of maximum diure-

sis. Diuresis and C osm  increased significantly in children 
after treatment with enalapril. Enalapril induced a fall in 
the creatinine clearance.

Table 1.  Effect of chronic ACEi on different parameters related to salt and water balance in 9 children submitted to three experimen-
tal maneuvers: free access to drinking water (FW), water restriction (WR) and water load (WL), without (–E) or with enalapril (+E)

FW WR W L

–E +E –E +E –E +E

CCr, ml/min/1.73 m2 8988 9088 67811 9589 103811 6586*
UNaV, �Eql/min 82811 102814 5987 72811 81812 124823
FENa 0.7380.13 0.9080.16 0.7580.14 0.7380.12 280.07 1.6980.29
UKV, �Eql/min 2484 2283 1681 2885 81814 64813
FEK 8.981.9 7.781.3 24.085.0 17.081.4 26.485.8 24.983.7
UUV 8.880.5 11.481.8 13.082.0 12.081.7 7.881.3 8.381.7
FEU 5188 4384 4282.8 5387 3588 4689
Cosm, ml/min/100 ml CCr 1.680.2 2.280.2 2.680.4 2.080.4 1.880.2 3.080.4*
Uosm, mosm/kg 611840 591829 983825 805854* 96810 8288
CH2O, ml/min/100 ml CCr –0.7180.08 –0.8780.07 –1.8080.41 –1.3580.29 3.8380.55 7.5081.06*
Posm, mosm/kg 29381 29382 29681 29581 28182 27882
Vm, ml/min 0.780.05 0.9480.08* 0.3980.02 0.6280.07* 5.8380.89 10.4981.13*

CC r = Creatinine clearance; UNaV = urinary sodium excretion; FENa = fractional sodium excretion; UKV = urinary potassium ex-
cretion; FEK = fractional potassium excretion; UUV = urinary urea excretion; FEU = fractional urea excretion; Cosm = osmolal clear-
ance; Uosm = urinary osmolality; CH2O = free water clearance; Posm = plasmatic osmolality; Vm = diuresis. Data are means 8 SEM. 
* p < 0.05.
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  Discussion 

 Experiments on human beings are logically restricted 
to particular groups in which the use of certain drugs is 
mandatory. In the present work we dealt with 9 children 
who were under enalapril treatment as a consequence of 
proteinuria elicited by a history of hemolytic uremic syn-
drome, without signs of renal damage – except the mini-
mal albuminuria – with normal glomerular filtration rate 
and adequate concentration capacity. The primary objec-
tive of treating these normotensive children with ACEi 
was to reduce microalbuminuria at least 50%. This group 
allowed a unique opportunity to evaluate the effect of 
chronic inhibition of ACE since we could compare its ef-
fect using a paired t test. Blood sample withdrawal and 
cimetidine premedication were the more invasive proce-
dures. The effect of either acute or chronic inhibition of 
the renin-angiotensin system on several aspects of renal 
and cardiac function has been extensively documented, 
both in human and animal models. However, the effect of 
chronic ACEi on water balance in humans is poorly docu-
mented. Neither the systolic blood pressure nor the dia-
stolic blood pressure was modified by treatment with ACE 
inhibitors. This is not surprising given that physiological 
control systems are often redundant; thus, the controlled 
variable is subject to more than one controller  [18] .

  The treatment for 6 months with ACE inhibitors sig-
nificantly altered diuresis in children with the protocol of 
free water intake. Although urine osmolality was similar, 
the amount of osmotically active solutes removed with 
this protocol was greater at the expense of increased di-
uresis. Although not reaching levels of significance, the 
C osm  tended to be higher in children after treatment with 
enalapril. In human adults, the increase in C osm  induced 
by acute administration of an ACE inhibitor, with capto-
pril, has been described  [19] .

  The effect of chronic inhibition in rats has recently 
been described showing that AT1 receptor blockade de-
creases vasopressin-induced water reabsorption and 
aquaporin 2 levels in NaCl-restricted rats  [20] . Ang II 
stimulates the activity of the cotransporter Na +  K +  2Cl –  in 
the medullary thick ascending limb of Henle  [21] . It is 
therefore possible that chronic inhibition of the forma-
tion of Ang II increases the supply of solutes to the med-
ullary collecting duct, which is the C osm . This raises the 
question whether ACE inhibitors should be considered as 
an osmotic diuretic like acetazolamide, mannitol and fu-
rosemide. However, ACE inhibitors did not increase uri-
nary potassium excretion  [22, 23] , as observed in this 
work, while the other osmotic diuretics do.

  In the protocol with water restriction in children, a 
number of observations appeared that must be analyzed. 
First, the urinary minute volume after the dry diet in pa-
tients treated with enalapril was not reduced as before it. 
Second, urinary osmolality, resulting from the ability to 
concentrate, seemed affected as the maximum osmolality 
achieved in children treated with enalapril was less com-
pared to that observed before treatment with an ACE in-
hibitor, and third, the urinary excretion of ADH is high-
er in patients treated with enalapril. This result is not 
consistent with the fact that Ang II stimulates the pro-
duction of this hormone  [24, 25] . Our results suggest that 
treatment with enalapril induces a latent state of dehydra-
tion so that when children are subjected to the stress of 
water deprivation, they have an excessive response to the 
release of ADH. Moreover, if we consider that the urine 
osmolality was lower, we must consider other factors in 
the response to water restriction. It is possible that treat-
ment with ACE inhibitors leads to a medullary washing, 
which, coupled with the relatively low protein intake 
(these children had their protein diet restricted to anabo-
lism) plus the likely increase in renal prostaglandin pro-
duction, Ang 1–8, kinins and other vasodilator peptides, 
should affect the ability to concentrate  [26] . This is con-
sistent with the observations made in children with free 
access to water, which detects a significantly higher di-
uresis. The concentration of ADH corrected by osmolal-
ity found that after treatment with enalapril there is a 
higher degree of ADH per osmole generated in the pro-
cess of urine concentration. Assuming that in the tubular 
fluid ADH comes exclusively from glomerular filtration, 
it could be concluded that the plasma concentration of 
ADH is increased by the effect of enalapril. The present 
results suggest that the response to ADH is less effective 
after treatment with ACE inhibitors  [16, 27, 28] . It has 
been suggested that ACE inhibitor therapy affects the 
ability to concentrate urine, and the results presented 
here suggest that children under treatment showed a 
slight decrease that was evident under conditions of water 
restriction. After the overload of water we observed a de-
cline of creatinine clearance. Edwards et al.  [29]  found no 
effect of ADH on isolated rabbit afferent arterioles but a 
vasoconstrictor effect on the efferent arteriole through 
V1 receptors. Thus, an inhibition of ADH production 
could lead to a decrease in efferent arteriolar resistance, 
a fall in glomerular capillary pressure and consequently 
the fall in glomerular filtration rate  [24] . The ability of the 
kidneys of children treated with ACE inhibitors to get rid 
of fluid overload is clearly more effective. The generation 
of a larger positive solute-free water clearance was clearly 
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observed. This must be reflecting the increased inhibi-
tion of solute transport in the segments before the collect-
ing duct  [30] . Solute delivery to the corticomedullary 
junction and Ang II stimulate the reabsorption of solutes 
in this segment  [31] . Thus, inhibition of Ang II synthesis 
may contribute to this increase in C osm . If Ang II is in-
volved in maintaining the unique effect, inhibition of its 
formation can lead to an increase in the dissipation of the 
osmotic gradient, affecting water reabsorption in the 
medullary collecting duct  [30] .

  In conclusion, patients with chronic ACEi showed a 
slight reduction in the ability to concentrate the urine, 
with larger levels of ADH and an apparent reduction in 
the efficiency of ADH to reabsorb water. No changes were 
seen in other renal function parameters, except the de-
crease in glomerular filtration rate with fluid overload 
and decreased excretion of potassium in a water stress 

situation. Interestingly, this could explain the increased 
risk of hyperkalemia in states of prolonged oliguria [un-
publ. obs.].

  As it was shown in this paper, ACEi induces a state of 
relative water imbalance with propensity to reduce, un-
der certain circumstances, the capacity to concentrate 
urine. These observations should be kept in mind in pop-
ulations at risk like children and aged people exposed to 
diseases that can affect water and salt balance. This is 
particularly relevant in those conditions in which ACEi 
is used in combination with nonsteroidal anti-inflamma-
tory drugs.
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