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SUMMARY 

1.  Aldosterone suppression is said to play a major role in the long term hypoten- 
sive efficacy of angiotensin converting enzyme inhibitors. However, in previous 
reports from other laboratories, plasma volume has been found mostly increased and 
sodium balance sometimes positive. 

2. The effects of the angiotensin converting enzyme inhibitor enalapril 
(10-40 mg/day, P.o., for 6 weeks) on blood pressure, body fluid volumes, renal func- 
tion and plasma aldosterone were compared to those of hydrochlorothiazide 
(50 mg/day, p.0.) alone for 2 weeks and in association with propranolol(80-160 mg/ 
day, p.0.) for 4 more weeks during a randomized double-blind parallel study in 14 
essential hypertensives. 

3. Hydrochlorothiazide alone and in combination with propranolol induced slight 
and not significant change in either blood pressure and body fluids. 

4. The maximum hypotensive response to enalapril was achieved only after 2 
weeks of continuous treatment possibly because after 1 week the hypotensive efficacy 
was lessened by a significant (P< 0.05) fluid retention secondary to a transient and not 
significant fall in renal perfusion. At this time aldosterone was not significantly chang- 
ed compared to pretreatment values. 

5 .  After 6 weeks on enalapril, blood pressure was significantly reduced, plasma 
aldosterone further but not significantly decreased and extracellular fluid volume was 
normal. 

6. These findings indicate that aldosterone suppression contributes to the blood 
pressure lowering effect of enalapril by offsetting the salt and water retention observed 
on starting treatment and due to direct vasodilation. 
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INTRODUCTION 

Various mechanisms have been postulated to be involved in the blood pressure lowering effect of 
angiotensin converting enzyme inhibition, namely a reduction in circulating angiotensin I1 
(Atkinson et al. 1979; Johnston et a[. 1979; Millar & Johnston 1979), increased levels of 
vasodilatory prostaglandins (Swartz et al. 1979, 1980; Abe et al. 1980; Witzgall et al. 1982; Rossi 
et al. 1984) and renal kinins (Anderson et al. 1980; Clappison et al. 1981), a reduction in 
angiotensin I1 within the central nervous system (Mann et al. 1979) and a reduction in aldosterone 
production with ensuing natriuresis (Atlas et al. 1979; Maitra et al. 1981). This latter action is said 
to operate mainly in the long-term, but measurement of body fluids and sodium balance in 
hypertensive patients chronically treated with converting enzyme inhibitors have given conflicting 
results. Extracellular fluids and body weight are mostly unchanged (Sullivan et al. 1979; Tarazi et 
al. 1980; Wenting et al. 1982; de Leeuw et al. 1983; Omvik & Lund-Johansen 1984), plasma 
volume is actually increased (Sullivan et al. 1979; Tarazi et al. 1980; de Leeuw et al. 1983) and in a 
few cases sodium balance is positive (Case et al. 1978; Atlas et al. 1979). 

To verify whether and when aldosterone suppression and ensuing natriuresis contribute to the 
hypotensive effect of the converting enzyme inhibitor enalapril, we measured blood pressure, 
plasma aldosterone, body fluid volumes and renal function before and after short and long-term 
administration of this drug in hypertensive patients. 

Since this work was part of a double blind randomized parallel comparison of enalapril with 
hydrochlorothiazide plus propranolol, the results were compared with those of this latter com- 
bination. 

METHODS 

Fourteen patients attending the hypertension clinic (seven males and seven females, aged 33-62, 
mean 52 years) were enrolled for the study after an informed consent was obtained. They were 
suffering from moderate (1 1 patients) to severe (three patients) essential hypertension (WHO 
1-11). 

Essential hypertension was diagnosed in each one after exclusion of secondary causes of 
hypertension with routine laboratory examinations including measurement of basal and 
stimulated plasma renin activity, total urinary catecholamines and intravenous pyelogram or 
renal sequential computerized angiophotoscan. 

After a two-week placebo wash-out, they were randomly double-blind allocated either to 
enalapril (5 mg bid, p.0.) or to hydrochlorothiazide (25 mg bid, p.0.) treatment. The starting 
dose of enalapril was 5 mg bid and it was doubled every 2 weeks up to 20 mg bid if supine 
diastolic pressure was greater than 95 mmHg. Earlier increase in dosage was allowed if supine 
diastolic pressure exceeded 130 mmHg. In the patients treated with the diuretic, propranolol 
(40 rng bid) was added after 2 weeks and its dosage was doubled (80 mg bid) after 4 weeks if the 
diastolic blood pressure response was unsatisfactory (i.e. if supine diastolic pressure exceeded 
95 mmHg). Active treatment lasted 6 weeks. 

No dietary advice was given before or during the study. 
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Renal function, body fluid volume and supine plasma aldosterone were simultaneously 
measured at the end of the placebo and after 1 and 6 weeks of active treatment, 12 h after the last 
dose of enalapril. 

Blood pressure was taken with a mercury sphygmomanometer and heart rate by pulse palpa- 
tion in the supine position. Mean blood pressure was calculated as diastolic pressure plus one- 
third of the pulse pressure. 

Glomerular filtration rate (GFR) and extracellular fluid volume (ECF) were measured respec- 
tively as the total clearance and the distribution volume of an intravenous bolus of polyfructosan 
(Inutest, Laevosan, Austria) with the method of Ladegaard-Pedersen (1972). Renal plasma flow 
(RPF) was determined as the plasma clearance of an intravenous bolus of para-aminohypuric 
acid (PAH) and plasma volume as the distribution volume of an intravenous bolus of 1Z51-h~man 
serum albumin (5 pCi, Sorin, Italy). Interstitial fluid volume was calculated by subtracting 
plasma volume from extracellular fluid volume. Body fluids were standardized for body surface 
area (according to Tables Scient~ques Geigy, Sixth edition, 1963) and are expressed as l/m*. 

Polyfructosan and PAH were measured with the methods of Heywrosky (1956) and of Brun 
(195 1) respectively. Radioactivity in plasma was determined in a well-type scintillation chamber 
(Packard) up to 1O.OOO ct/min. The reproducibility of the renal function tests is within 10% and 
highly correlated with the classical infusion methods, employing urinary bladder catheterization. 
The reproducibility of body fluid measurements is within 10%; in previous unpublished studies, 
changes in plasma volume inversely correlated with changes in haematocrit and changes in body 
fluids directly correlated with changes in body weight. 

Plasma aldosterone was determined with a commercially available radioimmunoassay kit 
(Aldock, Sorin, Italy). 

All the results are expressed as mean and s.e.m. For the statistical evaluation, non-parametric 
tests for paired and unpaired data (Wilcoxon and Mann & Whitney tests, respectively) and Spear- 
man rank correlation coefficient were employed. 

RESULTS 

As a result of randomization, the patients on enalapril had higher pretreatment blood pressure 
and smaller extracellular fluid volume than those on the association of hydrochlorothiazide plus 
propranolol but the differences were not statistically significant (Tables 1,4). 

Enalapril induced a significant fall in supine systolic and diastolic pressure without consistent 
and clinically significant changes in heart rate (Table 1). The nadir in the hypotensive response 
was achieved after 2 weeks of drug administration with a mean daily dose of 13 mg. After 6 
weeks of therapy a significant hypotensive effect was still observed with a mean daily dose of 
29 mg. 

In all the patients (Table 2) a significant (P<O.O5) increase in extracellular and interstitial fluid 
volume was observed after the first week of treatment. This increase was concomitant with a 
slight but not significant fall in renal plasma flow and increase in filtration fraction. Plasma 
aldosterone was slightly and not significantly decreased compared to pretreatment values. 

At the end of the sixth week of therapy, interstitial fluids returned to basal levels. Compared 
to week 1, renal plasma flow and filtration fraction increased and aldosterone fell but the changes 
did not achieve statistical significance. 

The fall in pressure with hydrochlorothiazide and propranolol was not statistically significant 
even at the maximum dosage of 50 mg and 160 mg respectively (Table 3). 
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Table 1. Supine blood pressure (BP) and heart rate (HR) during enalapril administration (n = 7) 

Weeks 
0 1 2 4 6 

mean s.e.m. mean s.e.m. mean s.e.m. mean s.e.m. mean s.e.m. 
~~~ ~ 

BP (mmHg) 
Systolic 205 11 194 10* 174 101 186 17 179 12t 
Diastolic 123 6 116 5 101 2 t  107 6 106 3 t  

69 6' 75 8 70 6 

(mean 13) (mean 23) (mean 29) 

HR (beatdmin) 74 5 74 5 
Enalapril dose (mglday) - 10 10-20 20-40 20-40 

* F30.05; tF50.025; $P>O.Ol vs placebo (one-tailed Wilcoxon test, 6 d.f.). 

Table 2. Body weight, body fluids, renal function and plasma aldosterone during enalapril administration 

Placebo Enalapril 
Weeks 

1 6 
n mean s.e.m. mean s.e.m. mean s.e.m. 

BW (kg) 
ECF (l/m2) 
PV (I/m2) 
IF (I/m*) 
GFR (ml/min) 
RPF (ml/min) 
FF 
Aldo (pglml) 

75 
7.6 
3.2 
4.3 

115 
516 

88 
0.23 

5 
0.4 
0.2 
0.4 

10 
45 

32 
0.02 

75 
9.3 
3.2 
6.1 

113 
45 8 

84 
0.25 

5 
0.8* 
0.4 
0.9* 
9 

45 
0.02 

20 

73 
7.7 
3.4 
4.3 

124 
494 

64 
0.28 

4 
0.5 
0.3 
0.5 

14 
77 

13 
0.04 

BW: body weight; ECF: extracellular fluid volume; PV: plasma volume; IF: interstitial fluid volume; GFR: glomeru 
filtration rate; RPF: renal plasma flow; FF: filtration fraction; Aldo: aldosterone; * P<0.05 vs placebo (one-tailed Wilcox 
test, 5 d.f.). 

Table 3. Supine blood pressure (BP) and heart rate (HR) during hydrochlorothiazide and propranolol administration (n = 

Weeks 

mean s.e.m. mean s.e.m. mean s.e.m. mean s.e.m. mean s.e.m 
0 1 2 4 6 

BP (mmHg) 
Systolic 185 13 174 8 181 10 168 8 169 12 
Diastolic 112 3 107 4 113 2 101 6 100 5 

HR (beatdmin) 75 6 71 3 77 7 63 4 67 3 
Hydrochlorothiazide dose 

Propranolol dose (mg/day) 
- 50 50 50 50 

- 80 133 - - 
(mg/day) 

range 80-160 
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Fig. 1. Mean percentage changes at 1 (0) and 6 (U) weeks with (a) enalapril, (b) 
hydrochlorothiazide (0) and hydrochlorothiazide + propranolol (U). MBP: mean blood 
pressure; PV: plasma volume; ECF: extracellular fluid volume and IF: interstitial fluid volume. 
*P< 0.05 vs hydrochlorothiazide (one-tailed Mann & Whitney test). 

No statistically significant changes in body fluid volume, renal function and plasma 
aldosterone were seen with this combination (Table 4). 

In Fig. 1 the mean percentage changes in mean blood pressure and body fluids with enalapril 
are compared with those induced by hydrochlorothiazide alone and plus propranolol. It is 
confirmed that enalapril induces a greater, although not statistically significant, fall in pressure 
and a significant (P<0.05) increase in extracellular fluid volume after 1 week of treatment. 

One male patient suffered from a skin rash while on hydrochlorothiazide. Treatment was 
therefore stopped with complete recovery and the patient was excluded from the analysis of the 
results. 

Table 4. Body weight, body fluids, renal function and plasma aldosterone during hydrochlorothiazide and 
propranolol administration (n  = 6) 

Hydrochlorothiazide 

mean s.e.m. mean s.e.m. mean s.e.rn. 

Hydrochlorot hiazide + propranolol 
Placebo 1 week 6 weeks 

BW (kgf 72 4 72 4 72 4 
ECF (l/m2) 8.8 0.4 8.8 0.5 8.2 0.8 
PV (I/mZ) 3.0 0.3 2.9 0.2 2.8 0.4 
IF (I/m*) 5.8 0.3 5.8 0.5 5.3 0.7 
GFR (ml/min) 117 17 119 12 96 7 
RPF (ml/rnin) 568 70 500 77 533 39 
FF 0.22 0.03 0.27 0.04 0.20 0.01 
Aldo (pg/ml, n = 5 )  89 14 - - 151 33 

Abbreviations: see Table 2. 

DISCUSSION 

Our results confirm the hypotensive effect of enalapril (Brunner ef a/. 1981; Gavras et al. 1981, 
Hodsman ef af.  1982). 

The nadir of the blood pressure fall was achieved only after 2 weeks of treatment. This delay 
may be due to the increase in interstitial fluid volume after the first week of treatment which 
might have blunted the extent of the blood pressure reduction. 

The effects of short-term enalapril administration on salt and water balance are controversial. 
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In normotensive sodium-replete men a single 10 mg dose induced a significant increase in salt and 
water excretion (Leary et al. 1984) while in sodium-replete rats treated for 3 days, enalapril did 
not induce any significant change in sodium output (Jover & Mimran 1984). In chronically 
sodium-depleted animals, a transient natriuretic response was seen but after 5 days of continuous 
drug administration (Jover & Mimran 1984). 

Not only in our patients but also in patients with chronic heart failure (Fitzpatrick et al. 1983) 
the first doses of enalapril induced salt and water retention. It could result from drug-induced in- 
crease in appetite for sodium and water (Jover & Mimran 1984). However, our results suggest 
that at least in some patients, similarly to direct vasodilators (Taylor 1980), it could be due to an 
increase in tubular sodium reabsorption in view of the slight even if not statistically significant 
increase in filtration fraction. In fact an increase in the latter raises the oncotic pressure in the 
peritubular capillaries (Brenner & Troy 1971; Myers et al. 1975) and therefore enhances proximal 
tubular sodium reabsorption. 

The increase in filtration fraction during enalapril treatment remains to be explained. For it to 
increase in response to a fall in systemic blood pressure, a fully operating intrarenal 
renin-angiotensin system is required (Levens et al. 198 l), which constricts postglomerular 
arteriolae and maintains filtration rate in spite of a reduced renal plasma flow. This seems to be 
the case in our patients treated with enalapril, in contrast to converting enzyme inhibition with 
captopril which decreases filtration fraction (Pessina et al. 1981). The most likely explanation for 
this discrepancy is that the dose of enalapril used in this study was not adequate to completely 
suppress the conversion of angiotensin I to angiotensin I1 and therefore the constriction of the 
postglomerular arteriolae. However other possibilities, such as different effects of these conver- 
ting enzyme inhibitors on intrarenal haemodynamics or on the production of natriuretic pro- 
staglandins, cannot be ruled out. 

In agreement with previous reports (Atkinson et al. 1979; Tarazi el al. 1980; de Leeuw et al. 
1983; Omvik & Lund-Johansen 1984), after 6 weeks of treatment extracellular fluid volumes were 
similar to those before drug administration. At this time proximal tubular sodium reabsorption 
might be still enhanced in view of the persisting increase in filtration fraction but it is probably 
fully compensated by a decrease in distal tubular sodium reabsorption secondary to late onset 
aldosterone suppression (Griffing et al. 1982). Thus enalapril-induced hypoaldosteronism and the 
ensuing natriuresis probably contributes to the hypotensive action by offsetting fluid retention 
even if no correlation was found between changes in blood pressure and in body fluids (Sullivan 
et al. 1979; Tarazi et al. 1980; de Leeuw et al. 1983). 

In our hypertensives after 1 week of treatment body weight did not increase despite the expan- 
sion of interstitial fluid volume probably because some patients spontaneously underwent a 
dietary restriction when under medical supervision. This hypothesis is supported by the finding of 
a fall in mean body weight despite no change in body fluids at the sixth week of therapy. 

In comparison with enalapril, hydrochlorothiazide, alone and in association with pro- 
pranolol, induced only slight and not significant changes in blood pressure, body fluids and renal 
function. This might be due to the short period of treatment and to the limited number of pa- 
tients who started off with blood pressure values which were lower than those of the patients put 
on enalapril. 

The last interesting finding of this study is that after 1 week of enalapril administration fluid 
retention is confined to the interstitial space while after 6 weeks there is a slight increase in plasma 
to interstitial fluid volume ratio in agreement with what has already been reported by others dur- 
ing chronic dosing (Tarazi et al. 1980; Omvik & Lund-Johansen 1984). This has been attributed 
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to venodilation reducing capillary hydrostatic pressure. The results might indicate that also 
enalapril-induced venodilation has a late onset. 

In conclusion, the results demonstrate that the effects of enalapril on blood pressure and body 
fluids depend on hormonal, haemodynamic and renal changes which are not operating 
simultaneously. On clinical grounds, it should be emphasized that unless the patients are con- 
comitantly treated with diuretics at least 2 weeks of treatment are necessary to judge on the full 
hypotensive efficacy of this converting enzyme inhibitor in hypertensive patients. 
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