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Summary. In a randomized, cross-over, single-dose study 
of 19 elderly hypertensive patients (aged 62-84 y, SBP 
> 160 mmHg,  DBP > 100 mmHg,  creatinine clearance 
11-93 ml. min 1) we have studied the pharmacokinetics 
of the angiotensin converting enzyme (ACE) inhibitor en- 
alapril after a single oral dose of either 10 mg enalapril or 
10 mg enalapril + 25 mg hydrochlorothiazide. 

The pharmacokinetics of enalapril were unaffected by 
hydrochlorothiazide, but there was a significant reduction 
in renal clearance and a significant increase in A U C ( 0 -  
24 h) of enalaprilat after hydrochlorothiazide, resulting in 
higher serum concentrations of the active drug. This was 
independent of the individual degree of renal impairment 
and might be due either to an initial reduction of GFR by 
hydrochlorothiazide or to interference with the tubular 
secretion of enalaprilat. 

The relationships between serum enalaprilat and 
serum ACE activity were similar after both treatments, 
both consistent with a value for Ki of enalaprilat of about 
0.1 nmol. 1-1. Thus, serum ACE activity was not affected 
by hydrochlorothiazide but completely reflected the phar- 
macokinetics of enalaprilat in both treatments. 
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The combination of an angiotensin converting enzyme 
(ACE) inhibitor and a thiazide diuretic is widely used 
[Katz 1988; Prince et al. 1988; Gums et al. 1988]. However, 
in old patients haemodynamic and pharmacokinetic 
changes due to the physiological effects of ageing and con- 
comitant diseases must be considered, and serum concen- 
trations of the ACE inhibitor enalapril and the diuretic 
hydrochlorothiazide, which are both mainly eliminated in 
the urine, increase in old patients because of renal impair- 

* This report is part of the thesis to be presented by K.Weisser in 
partial fulfilment of the requirements for the Doctor of Natural 
Science degree 

ment [Hockings et al. 1986; Lees and Reid 1987; Mutsch- 
ler et al. 1989]. Although they are frequently given a com- 
bination of enalapril with hydrochlorothiazide, pharma- 
cokinetic interactions between these compounds have not 
been studied in old people. At present, only the result of a 
study with 12 healthy young subjects is known, and that 
showed no difference in the systemic availability of enala- 
pril and hydrochlorothiazide after combined adminis- 
tration compared with monotherapy with either drug 
[Gomez et al. 1985]. 

We have therefore studied the pharmacokinetics of en- 
alapril after a single oral dose of either 10 mg enalapril 
alone or in combination with 25 mg hydrochlorothiazide 
in elderly hypertensives. We have also compared the rela- 
tions between enalaprilat concentration and serum ACE 
activity after both treatments. 

Materials and methods  

Patients and study design 

We studied 19 patients (7 f/12 m, 62-84 y, SBP > 160 mmHg, DBP 
> 100 mmHg) in a randomized cross-over study, which was ap- 
proved by the responsible ethics committee. Each participant gave 
written informed consent. Besides hypertension, the patients were 
most commonly suffering from diabetes mellitus, coronary heart dis- 
ease, and chronic obstructive airways disease. All had normal serum 
sodium concentrations (135-145 mmol-1-i) before the study. From 
serum creatinine concentrations (CcR) determined on day 1 (see 
below) the individual values of endogenous creatinine clearance 
(CLcR) were calculated according to Klotz [1984]: 

CLcR = [140-age]. bodyweight(kg)/[0.813 • CcR(gmol-1-~) ] 

(in women multiplicated by 0.85). The values of CLcR ranged from 
11 to 93 ml. min i. Measurements of serum pseudocholinesterase, 
g GT, AsT, A1T, alkaline phosphatase, and bilirubin did not indicate 
severe impairment of liver function. 

After a 3-day wash-out period, during which no antihypertensive 
medication but a low sodium diet was administered, the patients 
were randomized to treatment and took on day 4 and day 9 respec- 
tively, one tablet containing either 10 mg of enalapril maleate or 
10 mg of enalapril maleate plus 25 mg of hydrochlorothiazide (tab- 
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Fig, 1. Mean (SEM) serum concentration- 
time profiles of enalapril (- ©-) and en- 
alaprilat (- O-) after the oral administration 
of 10 mg enalapril alone (A) or combined 
with 25 mg hydrochlorothiazide (B) 

lets provided by MSD Sharp & Dohme GmbH, Munich). Nine pa- 
tients were given enalapril alone, and 10 patients were given the 
combination first. During the 4-day wash-out period between the 
study days they took no antihypertensive medications. Blood sam- 
ples (0, 0.5, 1, 2, 4, 6, 8, 10, 12, 24, and 32 h) and urine (0-24 h) were 
collected after each treatment. 

Pharmacokinetic evaluation 

Concentrations of enalapril/enalaprilat in serum and urine were 
determined by radioimmunoassay [Hichens et al. 1981]. A detailed 
description of the use of this method in serum samples has been pub- 
lished recently [Weisser et al. 1991]. Urine samples were measured 
analogously after a 100-fold dilution with RIA buffer and the respec- 
tive standard curves of enalaprilat were prepared in drug-free urine 
diluted 1 : 100 with RIA buffer. The individual serum concentration 
data of enalapril and enalaprilat were evaluated independent of 
compartmental models. Pharmacokinetic values were calculated 
using standard methods. 

Statistical evaluations were made using Wilcoxon's matched 
pairs-signed rank test, two-tailed, with c~ = 0.05. 

Serum ACE activity 

Serum ACE activity was measured spectrophotometrically, as de- 
scribed in detail recently [Weisser and Schloos 1991], using a final 
assay concentration of the substrate Hip-Gly-Gly of 100 mmol  1-1 
(corresponding to about 6 times the KM) and an incubation time of 
90 min. In this method serum samples are diluted 1:11 during incu- 
bation. One unit of enzyme activity represents i nmol of hippuric 
acid generated per min per ml of serum. Postdose values were ex- 
pressed as percentage activity of the predose values. 

A nonlinear equation accounting for tight-binding inhibition 
[Weisser and Schloos 1991] was used to compute ICs0f (the free con- 
centration of enalaprilat at 50 % inhibition) and gt (the total enzyme 
concentration, in terms of molar equivalents of the inhibitor) from 
the relations between serum ACE activity and enalaprilat concen- 
tration. 

Results 

The m e a n  serum concent ra t ion- t ime profiles of  enalapril  
and its active metabol i te  enalapri la t  after  bo th  t rea tments  
are shown in Fig. 1. The  pharmacokine t ics  are p resen ted  
in Table 1. 

Table 1. The pharmacokinetics of enalapril and enalaprilat after the 
oral administration of either 10 mg of enalapril alone or combined 
with 25 mg of hydrochlorothiazide to old hypertensive patients. 
Mean values (n = 19) with standard deviation and range in paren- 
theses 

Treatment Compari- 

Enalapril Enalapril + hy- s°na 
drochlorothiazide 

Enalapril 

Cm~ (rig. m1-1) 119 (53) 125 (60) NS 
(41-216) (59-224) 

tm~ (h) 1.1 (0.7) 1.4 (0.6) NS 
(0.5-2) (0.5-2) 

AUC(ng.ml 1.h) 289(221) 270(235) NS 
(108-1067) (9%1127) 

)L z (h 1) 1.06 (0.62) 1.14 (0.52) NS 
(0.22-2.34) (0.494.32) 

ti/z (h) 1.0 (0.8) 0.8 (0.3) NS 
(0.3-3.1) (0.3-1.4) 

Ae(=) (mg) b 1.05 (1.01) 1.52 (1.07) NS 
(0.01-3.65) (0.11-3.55) 

CLR (ml. min-~)b 80 (78.4) 130 (1.04) NS 
(0.3-263) (6-375) 

Enalaprilat 

Cmax (rig. ml-1) 87 (47) 103 (66) NS 
(24-184) (34-283) 

tm~ (h) 6.0 (2.6) 6.1 (2.2) NS 
(2-12) (4-10) 

AUC(0-24 h) 1062 (822) 1330 (1018) P < 0.05 
(ng. m1-1- h) (257-3558) (306-.3425) 

(h -1) 0.10 (0.04) 0.10 (0.03) NS 
(0.03-0.17) (0.05-0.18) 

h~2 (h) 8.5 (5.9) 7.3 (2.4) NS 
(4-26.7) (3.8-15.4) 

A~0-24 h (mg) b 2.67 (i.91) 1.97 (1.08) NS 
(0.54-7.77) (0.01-4.84) 

CLR (ml. rain 1)b 62 (44) 43 (38) P < 0.05 
(3-157) (0-129) 

Wilcoxon's matched pairs-signed rank test, two-tailed, a = 0.05 
bn =18 
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Fig.2. The relation between AUC(0-24 h) (A) and CLR (B) of en- 
alaprilat to the individual values of creatinine clearance (CLcR) after 
the oral administration of 10 mg of enalapril alone (- • -) and com- 
bined with 25 mg of hydrochlorothiazide (-A-)  to 19 (B n = 18) old 
hypertensive patients 
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After enalapril plus hydrochlorothiazide the pharma- 
cokinetics of enalapril were not significantly altered com- 
pared with enalapril alone. In contrast, the pharmaco- 
kinetics of the active drug enalaprilat showed significant 
differences between treatments. After hydrochlorothia- 
zide AUC(0-24 h) was increased and CLR was reduced, 
but tmax and X~ were unaffected. 

24-h urinary volume was increased after hydrochloro- 
thiazide (mean (SD) 1142 (622) vs. 871 (407) ml). The sum 
of enalapril and enalaprilat eliminated in the urine in 24 h 
(total drugin enalapril equivalents) was 4.8 mg (48 % of the 
dose) before hydrochlorothiazide and 3.6 mg (36 % of the 
dose) after. The ratios of Ae0-24 h (enalaprilat)/A~0_24 h (total 
drug) gave mean values of 80 % and 64 % respectively. 

Figure 2A shows the comparison between AUC(0-  
24 h) of enalaprilat after both treatments and the individ- 
ual values of endogenous creatinine clearance. There was 
a marked rise in AUC when CLcR fell below 40 ml- rain- 1. 

Although the renal clearance of enalaprilat also 
showed great variability among the patients, there was no 
significant linear relationship between CLR and endoge- 
nous creatinine clearance (Fig. 2 B). 

It is also clear from Figs.2A and 2B that both the in- 
crease in AUC and the decrease in CLa after hydrochloro- 
thiazide were independent of the individual degree of 
renal impairment. 

Predose values of serum ACE activity were similar in 
all patients in both treatments: 219 U. 1-1 (range 92-356) 
before hydrochlorothiazide, 228 U- 1-1 (91-414) after. Fig- 
ure 3 shows that the mean time-courses of ACE activity as 
a percentage of predose values were similar after both 
treatments. 

In order to investigate whether hydrochlorothiazide 
interacted directly with serum ACE activity we generated 
concentration-effect relationships between serum enala- 
prilat concentrations and in vitro serum ACE activity. For 
this purpose, all individual enalaprilat concentrations 
measured by RIA were divided by 11 to yield the in vitro 
concentrations of enalaprilat present in the ACE activity 
measurements (dilution factor 11). These enalaprilat con- 
centrations in relation to the respective values of percent- 
age ACE activity measured ex vivo for both treatments 
are shown in Fig. 4. Nonlinear regression analysis yielded 
similar values for ICs0f of enalaprilat (7.5 and 7.4 x 
10-10 mol. 1-1 respectively) and for the total enzyme con- 
centration (Et) in vitro (2.3 and 4.8 x 10 10 mol.l-~ re- 
spectively). According to the relationship: ICs0f = 
Ki(1 + S/KM) [Cheng and Prusoff 1973], with a substrate 
concentration (S) of about 6 times the K~, the values for 
ICs0f correspond to a value of about 10 -1° mol-1-1 for the 
equilibrium dissociation constant Ki of enalaprilat. From 
the values of E~ in vitro (dilution factor 11) an average 
value of about 3-6 nmol. 1- ~ for the total ACE concentra- 
tion in undiluted serum can be estimated. 

Time after drug (h) 
Fig.& The mean time-course of in vitro serum ACE activity (per- 
centage of predose values) after the oral administration of 10 mg of 
enalapril alone (- • -) and combined with 25 mg of hydrochlorothia- 
zide (-A-) to 19 old hypertensive patients 

Discussion 

In accordance with the findings in old healthy subjects 
[Hockings et al. 1986; Lees and Reid 1987] we found 
markedly higher values for C .... AUC(0-24 h), and t .... 
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Fig.4. The relation between in vitro serum 
ACE activity (percentage of predose values; 
cf. Fig. 3) and the corresponding serum enala- 
prilat concentration in vitro (concentrations 
divided by the dilution factor 11) before (A) 
and after (B) hydrochlorothiazide. Nonlinear 
regression analysis yielded 0.75 (A) and 
0.74 nmol. 1-1 (B) for the IC~0~ of enalaprilat 
and 0.23 (A) and 0.48 nmol. 1 1 (B) for the 
total enzyme concentration (E o 

and lower values for CLR of enalaprilat in old hyperten- 
sives after 10 mg of enalapril alone than is known for 
young healthy subjects [Hockings et al. 1986; Lees and 
Reid 1987; Weisser et al. 1991]. This was probably due to 
poor renal function in these patients, as could be seen 
from the close relation of AUC(0-24 h) to the individual 
values of creatinine clearance. The shape of this relation- 
ship is similar to that described in patients with renal im- 
pairment [Lowenthal et al. 1985]. In contrast to Hockings 
et al. [1986], we could not find a significant linear relation- 
ship between CLR of enalaprilat and CLcR. Above values 
of 40 ml. min- ~ for CLcR we found values for CLR of en- 
alaprilat both higher and lower than CLc> Yet overall, the 
large differences in renal function certainly accounted for 
the great variability in the kinetics of enalaprilat among 
the patients. 

Despite the great variability in the pharmacokinetics, 
the cross-over comparison showed a significant rise in the 
AUC of enalaprilat and a significant fall in CLR when hy- 
drochlorothiazide was coadministered. These changes oc- 
curred independent of the degree of renal impairment. 
The four patients who had a small increase in CLR of en- 
alaprilat after hydrochlorothiazide did not represent a dis- 
tinct subgroup (according to renal function, concomitant 
diseases, or randomization) among this heterogeneous 
patient group. Since the apparent serum half-life of enala- 
prilat was similar for both treatments, there may have 
been a parallel decrease in the volume of distribution of 
enalaprilat. 

Our study indicates at least a short-term pharmaco- 
kinetic interaction between enalapril and hydrochloro- 
thiazide in old hypertensive patients, which leads to a re- 
duction in the renal clearance of enalaprilat and thus 
higher serum concentrations. This is in contrast to the 
findings in young healthy subjects reported by Gomez et 
al. (1985), who found no difference in the systemic avail- 
ability of either drug compared with monotherapy. 

Our result might be explained by an initial reduction in 
GFR by hydrochlorothiazide, which is known to be an 
acute effect of thiazides [Mutschler et al. 1989]. Such an 
acute interaction might have no implications for chronic 
medication, since during long-term observations of pa- 
tients treated with the combination of enalapril with hy- 

drochlorothiazide for up to 3 y GFR and renal plasma 
flow remained unaffected in hypertensives with normal 
CLcR and even increased in patients with impaired renal 
function [Reams and Bauer 1986; Bauer et al. 1987]. How- 
ever, in diabetic patients and in patients with renovascular 
hypertension impairment of renal function after coadmin- 
istration of hydrochlorothiazide with enalapril has been 
observed [Franklin and Smith 1986; Bilo et al. 1988]. 

Another possible reason for the interaction may be in- 
terference with the tubular secretion of enalaprilat. Hy- 
drochlorothiazide is secreted via the tubular acid carrier, 
and secretion seems to be more impaired than glomerular 
filtration in patients with impaired renal function ]Nie- 
meyer et al. 1983]. For enalaprilat, no data are yet avail- 
able which can exclude the possibility of tubular secretion. 
A tubular secretorypathway (with or without passive re- 
absorption) of enalaprilat would be consistent with the 
lack of linearity between CLR and CLcR (Fig.2B). For 
example, interference with the tubular secretion of capto- 
pril and furosemide has been suggested to account for the 
observed reduction in the diuretic effect of furosemide 
after pretreatment with captopril [Toussaint et al. 1989]. 
On the other hand, a similar interaction has not been ob- 
served between captopril and hydrochlorothiazide or be- 
tween enalapril and furosemide [Toussaint et ai. 1989]. 

The similarity of the concentration-response relations 
between serum enalaprilat and serum ACE activity after 
both treatments on the one hand confirms the lack of ef- 
fect of hydrochlorothiazide on ACE [Swanson et al. 1981; 
Chalmers et al. 1986] and on the other hand shows that the 
percentage serum ACE activity at any time is a correlate 
of the enalaprilat concentration in the serum. Thus, the 
time-courses of serum ACE activity completely reflected 
the pharmacokinetics of the inhibitor enalaprilat during 
both treatments. 

The values for ICs0f obtained from the concentration- 
response relationships are in agreement with a Kj-value of 
about 10 10mo1.1-~ for enalaprilat, a value which has 
been found for enalaprilat in vitro with pooled human 
serum [Weisser and Schloos 1991]; Furthermore, the pre- 
treatment values of serum ACE activity of about 
220 U-1-~ (at a substrate concentration of about 6 times 
the KM) are consistent with the mean value for Vma× of 



about  250 U .  1-1 found  with poo led  h u m a n  serum using 
the same m e t h o d  [Weisser and Schloos 1991]. Corre-  
spondingly, our  es t imat ion o f  Et agrees well with the re- 
por ted  value of  3-6  nmol .1-1 for  the concent ra t ion  of  
soluble A C E  in the h u m a n  serum [Lanzillo and Fanburg  
1982; R y a n  1983; Francis et al. 1987]. These  results sup- 
por t  the not ion  that  there is nei ther  an age-related dif- 
ference in the sensitivity of  se rum A C E  to inhibition 
[Hockings et al. 1986; Lees and Re id  1987] nor  in se rum 
A C E  concentra t ion.  
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