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Dubbelzijdige nefrectomie is een achterhaalde therapie voor de behan
deling van zeer ernstige hypertensie. 
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Chapter 1 

Introduction 

1.1 The rationale of antihypertensive treatment 
This thesis deals with the vascular and renal response of hypertensive 

patients to the converting-enzyme inhibitor captopril (SQ 14,225). It seems 
appropriate to open this chapter with some brief remarks on modern con
cepts of blood pressure regulation before reviewing the role of inhibition of 
the renin-angiotensin system (RAS) in the treatment of high blood pressure. 

Hypertension, defined according to WHO-criteria as a blood pressure 
(BP) level above 160 mmHg systolic and/or above 95 mmHg diastolic282, 

has a morbidity of approximately 15-20 per cent in the adult population of 
the Netherlands26• Facing this impressive percentage, it will be clear that 
management of hypertension imposes an enormous burden on society. 
Therefore, possible benefits of antihypertensive treatment should be 
carefully evaluated. 

Life insurance statistics have revealed an important point: the lower a 
person's BP, the longer he is likely to survive240• More generally applicable 
information has come from prospective community studies, for example 
the Framingham studym. In this particular study, persons with hyperten
sion (i.e. supine diastolic blood pressure [SDBP] of> 95 mmHg) had more 
than seven times as many strokes, four times as much congestive heart 
failure, three times as much coronary heart disease and twice as much occlu
sive peripheral arterial disease as normotensive individuals. The conclusion 
must be drawn that there is a good theoretical reason for trying to lower BP. 

Before advocating mass treatment, the results achieved by lowering BP 
must be examined. In the past decade , most physicians have come to the 
conclusion that treatment of moderate to severe hypertension (SDBP > 105 
mmHg) will reduce overall morbidity and mortality from cardiovascular 
disease. The most impressive evidence in support of this view is the Vete
rans Administration Cooperative Study, a randomized, double blind, placebo 
controlled trial in 500 middle-aged men 269 270• Drug treatment lowered the 
incidence of morbidity of cardiovascular events among those with moderate 
or severe hypertension. However, a statistically significant fall of morbidity 
and mortality could not be shown among men with mild hypertension 
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(SDBP between 90 and 104 mmHg). Therefore, the question "to treat or not 
to treat" mildly hypertensive persons remained open. 

Recently, three important studies (The Hypertension Detection and 
Follow-up Program137, The Australian Therapeutic Trial in Mild Hyper
tension171 and The Oslo study113) have provided evidence that effective BP 
regulation of hypertensive persons with a SDBP between 90 and 104 mmHg 
will lower cardiovascular casualties in this group. Though the results of these 
studies need further confirmation, the Joint National Committee on Detec
tion, Evaluation and Treatment of High Blood Pressure has already advised 
that a SDBP of> 90 mmHg on 2 successive examinations should be an indi
cation for antihypertensive treatment155. Therefore, it seems that the pen
dulum is going to swing away from "benign neglect" to rigid BP control in 
the treatment of mild hypertension219. 

1.2 Current possibilities in antihypenensive treatment 
Aetiology and exact pathogenesis are obscure in most cases of hyperten

sion. Therefore, therapy can only be aimed at correction of the abnormal 
pressure. Treatment of hypertension should start with general measures as 
relief of stress and regular exercise. Dietary management includes caloric 
restriction for the patient who is overweight76. Restriction of the intake of 
saturated fats is recommended by some on the basis of identification of 
hypertension as a risk factor in the development of atherosclerosis 144. Be
cause of the documented efficacy of sodium restriction in lowering BP, it 
seems to be a rational, though controversial, approach to prescribe dietary 
sodium restriction76. 

Many hypertensive patients, however, require additional treatment with 
drugs to achieve normotension. The aim of drug therapy is to restore arterial 
pressure to normal levels through antihypertensive agents, alone or in com
bination. For practical purposes, antihypertensive agents can be divided 
into five groups: diuretics, beta-adrenoceptor blocking drugs, drugs acting 
on the central nervous system, adrenergic neuron blocking drugs and vaso
dilators64. Many investigations have now demonstrated that BP can be suc
cessfully controlled by these currently available agents. Especially the com
bined use of beta-blockers, vasodilators, and diuretics has appeared to be an 
effective approach in the management of moderate to severe hyperten
sion290. Though hypertension is controllable in most patients, it is estimated 
that only a small percentage on drug therapy is close to optimal controJ24. 
There seem to be two main reasons for the failure of treatment. First, anti-
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hypertensive agents produce quite significant adverse effects. This is the 
more arresting as hypertension per se is accompanied by few symptoms. 
Strikingly, several reports on antihypertensive treatment have included a 
comment that hypertensive patients "feel better" when given a placebo in 
comparison with antihypertensive therapy64. Secondly, a subset of patients, 
many of whom have renal or renovascular disease, fail to respond to all 
currently available drugsB6 116 204 205_ 

Considering the above, it is clear that there is still a need for potent anti
hypertensive agents, which would correct hypertension with no or few 
adverse effects. Now that active participation of the renin system is recog
nized as an important factor in the maintenance of human hypertensive 
disease, inhibition of this system might provide an effective tool in treating 
elevated arterial pressure. 

1.3 Inhibition of the renin-angiotensin system 
Much evidence has accumulated that the renin-angiotensin system (RAS) 

plays a pivotal role in the regulation of renal and adrenocortical function, the 
electrolyte and water balance and the arterial pressure. In the next few sec
tions a brief description of the RAS and its role in the maintenance of BP in 
normal and hypertensive subjects will be provided. After that, the clinical 
implications of antirenin drugs - available before the advent of captopril -
will be reviewed. 

The renin-angiotensin system 

The first mention that kidney disease may produce cardiac dysfunction 
goes back to 200 BC when Choun-Yow-I wrote: "when the pulse upon de
pressing is very firm and upon superficial palpation tight, then the disease has 
its seat in the kidney". It was not until 1898 that Tigerstedt and Bergmann 
established a role of the kidney in BP regulation in their classical experiment 
in which they produced hypertension in rabbits by injecting a crude extract 
of kidney, which they called renin260. In the following years the cascade of the 
renin-angiotensin system, as depicted in Figure 1, was gradually discovered. 

Renin, a proteolytic enzyme, is mainly synthesized, stored and secreted by 
the juxtaglomerular apparatus. Its release is effected by a variety of physio
logic stimuli, including the pressure in the renal afferent arteriole (baro
receptor mechanism), the concentration of sodium in the macula densa, the 
stimulation of renal sympathetic nerves and the serum potassium concentra
tion60 62 99 

265. Renin cleaves - after activation - its substrate angiotensino-
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renin 
ren in  substrate ---- ang iotensin I 

convert i n g 
enzyme 

pressor effect 
sympathetic stimulat ion 

. . A DH secretion 
ang1otens 1 n  n renal actions 

angiotensinases -- ---

smaller fragments 

th i rst 
a ldosterone 

Figure 1. The renin-angiotensin system. 

gen, which is an a 2-globulin, to release angiotensin I (A I). This decapeptide 
may be considered a prohormone as it is in itself an almost inactive sub
stance' 15 195 196 197. Activation occurs by the proteolytic action of converting
enzyme (CE) which was discovered by Skeggs in 1954238• This enzyme 
cleaves the dipeptide His-Leu from A I; the remaining octapeptide is angio
tensin II (A II). 

A II is the principal circulating hormone of the RAS. Little is known about 
the cellular mechanism of action of this hormone. For a positive identifica
tion of a physiologic receptor a conclusive demonstration is required of the 
relation between angiotensin binding and a metabolic response, which is not 
available at the present time63. The main actions of A II are its immediate 
vasopressor effect and its dominating role in aldosterone secretion. Beyond 
the vascular smooth muscle and the adrenal cortex, A II acts within the 
central nervous system, at the adrenergic nerve endings and on the adrenal 
medulla. These actions mainly amplify its vasoconstrictive effect on the 
peripheral vascular system. In addition, the hormone decreaseas renal outer 
cortical blood flow, increases tubular sodium reabsorption, stimulates secre
tion of antidiuretic hormone and induces thirst, all of which augment the 
action of the hormone on other volume-expanding mechanisms3o 41 80 io8 158 
227 243 
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The role of the renin-angiotensin system in the maintenance of arterial 

pressure in normotensive and hypertensive subjects 

Though A II is a potent arteriolar vasoconstrictor, its mere presence in 
circulating blood does not necessarily imply a physiological role in the main
tenance of arterial pressure. However, studies combining graded infusions 
of A II with its assay in plasma indicated that both in recumbent normoten
sive subjects and patients with essential hypertension on a normal intake of 
sodium, peripheral A II concentrations are within a range having only a 
small, but distinct effect on arterial pressure20• Sodium depletion, while ele
vating A II, diminishes the pressor effect and increases the aldosterone
stimulating action of a given plasma A II concentration. In spite of this, the 
arterial pressure is mainly dependent on A II in this situation3° 198. 

One may speculate whether average Western sodium intake represents 
the normal physiologic situation in man. Several "unaccultivated" societies 
are known to have a low daily sodium intake. Plasma renin activity and 
urinary aldosterone excretion have been measured in one of these societies 
where daily urinary sodium excretion averaged only 1 mmol. Both variables 
were found high according to our standards of normality201 • Therefore, it is 
probable that the RAS once played an important role in pressure and volume 
homoeostasis, whereas it became less important when renin was suppressed 
by an increase of salt consumption. 

A primary pathogenetic involvement of the RAS in the maintenance of 
arterial pressure in patients with essential hypertension was postulated by 
Laragh157. Inappropriate renin secretion in relation to sodium intake would 
lead to vasoconstriction in patients with high and normal values of plasma 
renin activity. However, haemodynamic studies have revealed that total 
peripheral resistance is higher in patients with low renin values than in 
those with normal or high renin80. It may be concluded that this vasocon
striction-volume hypothesis is too much challenged by these facts. 

The role of the RAS in hypertension caused by renal artery stenosis is not 
quite clear yet. In experimental studies it has been shown that the rise in 
arterial pressure, following application of the clip, can be explained by the 
direct pressor action of the immediate consequent rise in A II. In a later 
phase A II levels are proportionally lower though BP remains high. This 
phase is probably encountered in most patients with renovascular hyper
tension. It has been proposed that a slow, progressively developing pressor 
action of A II is responsible for the elevated BP. It may well be that additional 
factors other the the RAS have become involved9 2 1 22 3 1 B 165 180. 
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Finally, high blood pressure in patients with chronic renal disease is most
ly secondary to sodium and water retention which occurs as the kidneys lose 
the capacity to rid the body of even modest amounts of dietary salt and water. 
The A II levels in these patients are usually normal. "Normal" in this clinical 
setting may, in fact, be inappropriately high. Antagonism of the RAS will 
probably have at most a modest effect on BP since correction of hypertension 
can be achieved by dialysis without difficulty in most cases. However, in a 
subset of patients high BP is maintained by very high plasma levels of A II; 
one would expect in these a reduction of arterial pressure as a result of inhi
bition of the RAS59 204 205 229_ 

Inhibitors of the renin-angiotensin system 
Drugs that specifically antagonize actions of biologically active endo

genous substances or prevent their formation have traditionally provided 
some of the most powerful tools for analysis of the physiological and patho
physiological functions of these substances. In addition, these drugs may also 
possess therapeutic properties. Inhibitors of the RAS have therefore been 
sought; the more so as they could turn out to be effective antihypertensive 
agents. 

Inhibition of the RAS has been studied at different sites of the system 
(Figure 2). The RAS is biochemically complex and is therefore vulnerable at 

renin 

convert ing
enzyme 

ang io tens inogen 

(+)  l ( - ) v--- renin- inh ib i tors 

ang iotens in  I 

I • )  I 1-1 converting - enzyme inhibitors v--- (e.g. captopr i l ,  teprot i de) 

a ngiotensin Il - - - - - - - - ang iotens in  Il - analogues 

I 

(•-!> sarnlasin)  

aldoste rone --- - - - --- aldosterone - a ntagon ists 
(spirono lac tone) 

Figure 2. Blockade of the renin-angiotensin system by drugs operative at different sites of 
the system. 
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a number of distinct sites. As early as 1953 antibodies against renin were 
shown to be successful in preventing the development of renal hyperten
sion274. Recent purification of renin has paved the way to the study of the 
therapeutical usefulness of a specific antibody in man. Inhibitors of the 
renin-renin substrate reaction form also a field of intensive interest. Both 
renin antibodies and inhibitors of the renin-renin substrate reaction have 
already been used in experimental studies; it seems to be only a matter of 
time before they will be available for clinical use'08 226 244 m. 

Numerous analogues of angiotensin II have been synthesized. These com
pounds have all substituted an alternative amino-acid in stead of alanine in 
position 8 of the molecule of authentic A II. The intrinsic agonist activity of 
these drugs, which is dependent on the prevailing A II-level, hampers the 
identification of the exact role of A II in the maintenance of BP. Saralasin 
(1 sar-8 ala-angiotensin II) is the most widely used, both clinically and ex
perimentally, of these A II-antagonists. The use of the drug has been studied 
by van Hoogdalem in our clinic 124 m. An extensive review of experience 
with this compound is given in the symposium edited by Vaughan and 
Peach268. The drug was used to study the involvement of the RAS in 
normotensive and hypertensive cardiovascular homoeostasis. In addition, 
the drug has been employed extensively as a prognostic guide to predict a 
favourable outcome of renal artery surgery in patients with renovascular 
hypertension68 245• After initial enthusiasm the usefulness of the drug for 
this purpose has been questioned because of a high score of false positive 
and negative results2H. In addition, saralasin has two serious drawbacks 
which limit clinical application. First, the drug has to be given intravenously, 
which limits its therapeutical value. Secondly, a rebound of the BP may 
occur after withholding the drug. This is a dangerous complication: fatal 
accidents have been described146. 

For about a decade it has also become possible to inhibit the RAS by 
blockade of converting-enzyme (CE). In 1970, several inhibitors of 
converting-enzyme were found in the venom of the South American snake 
Bothrops jararaca86 87. Based on the structure of one of the snake-venom 
peptides the nonapeptide teprotide was synthesized78 203• Several investiga
tors observed that teprotide lowered BP acutely in hypertensive patients, 
generally in proportion to the pretreatment plasma renin level. But again, 
the need to give the drug intravenously seriously limited its therapeutical 
value. 
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The prospects of clinical application of CE inhibition were greatly expan
ded by the development of the orally-active converting-enzyme inhibitor 
captopri/2°2 203 m 241 251• After its introduction in clinical medicine in 1977, 
extensive studies have been started on its place in antihypertensive treat
ment. The drug has also been studied in our clinic by Prins. His final, tenta
tive conclusion was that the drug possesses antihypertensive properties, 
which exceed the results obtained with other currently available thera
peutics217. A definite conclusion as to its proper place in antihypertensive 
treatment could then not be provided since long-term results were not 
available. 

1.4 Captopril 

In the following sections a general survey of captopril will be given. Be
cause the stream of publications on the drug is progressively swelling, only a 
selection of clinically relevant data will be reviewed. Experimental animal 
studies will only be referred to if relevant for practical purposes. 

Design and development 

Early studies with substrates and inhibitors of converting-enzyme (pep
tidyl-dipeptidase) had indicated that the enzyme is a zinc-containing metal
loprotein, rather similar to pancreatic carboxypeptidase A. Based on this 
analogy and the fact that the latter enzyme was known to be inhibited by 
D-benzylsuccinic acid, Ondetti and Cushman argued that inhibitors of CE 
might be produced by succinyl amino-acids that correspond in length to the 
dipeptide cleaved by CE57 58 202. On the basis of these considerations 
succinyl-1-proline (SQ 13,745) was synthesized which turned out to be an 
only moderately potent inhibitor of CE. Subsequent manipulation with this 
compound ultimately led to the synthesis of series of carboxyl alkanoyl and 
mercapto alkanoyl derivates that acted as potent competitive inhibitors of 
the enzyme. Most active was D-3-mercapto-methylpropanoyl-1-proline or 
captopril (Figure 3). 

Pharmacological properties 

Captopril dissolves in water and is best absorbed in the fasting state. 
About 70 per cent of the drug is excreted by the kidneys within 8 hours after 
ingestion. The remainder is excreted by the liver in 24-48 hours. The drug 
has been shown to accumulate in patients with impaired renal function m 241. 
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captopr i l  

Figure 3. Inhibition of the active site of converting-enzyme by captopril. The shaded area 
represents the active site of converting-enzyme. 

When tested in vitro on smooth muscle preparations, captopril selectively 
reduced responsiveness to A I without influencing that to A II or to many 
other vasoactive agents with the notable exception of bradykinin (BK)57 . 

The exception is explained by the discovery of Erdos that CE and kininase II, 
the enzyme that catalyzes BK by cleaving a dipeptide, are identicaF9• It is 
important to recognize that CE catalyzes both the synthesis of A II, the most 
potent endogenous pressor substance known, and the destruction of BK, the 
most potent endogenous vasodilator. Losing sight of this harbours the risk 
of misinterpretation of the effects of CE inhibitors. 

The interpretation of pharmacological studies with captopril are seriously 
hampered for the following reasons. First, there is no readily available assay 
to determine plasma levels of the drug at the moment. Secondly, BK has a 
very short half-life and hence blood sampling and storing is critical in ob
taining reliable results1H m. Moreover, the immunochemical assay is tech
nically difficult to perform. Thirdly, the assay of A II also presents conside
rable technical difficulties in the presence of CE inhibitors. Most antibodies 
raised against this hormone crossreact at least to a small extent with A I. 

9 



Since A I accumulates in the circulation during CE inhibition, levels of A II 
may be falsely found elevated13 81 189. Finally, it has been shown that the 
assay for plasma CE activity is unreliable in the presence of a CE inhibitor 
unless performed immediately after blood sampling56 71 224. The reason for 
this is that CE activity gradually increases during storage by a hitherto un
explained mechanism. If these analytical difficulties are not accounted for, 
many publications may lead to serious misinterpretations. 

Studies, in which reliable assays have been used, show that captopril 
lowers A II and aldosterone with a converse rise in PRA and A 11 81 189. The 
mechanisms by which captopril raises PRA (and A I) are as yet unclear. 
Possible mechanisms include reflex sympathetic activation, the interruption 
of the feed-back system which exists between BP and/or A II and PRA 
release, and stimulation of the synthesis of prostaglandins6 154 175• 

Determinations of changes in plasma BK concentrations during CE 
inhibition have yielded variable and somewhat conflicting results. Dealing 
with BK levels during captopril, most authors agree that these remain 
unalteredt41 ie1 248 _ 

In the light of the present knowledge on the mode of action of captopril, 
one would expect its effect on BP to be proportional to the pretreatment 
level of plasma renin. Such a correlation is described by many authors but at 
the same time completely denied by others. The correlation, if it was found, 
was poor in most studies37 38 43 96 169 170 215 254. The existence of a correlation 
does not necessarily imply a cause and effect relationship; factors other than 
a fall in plasma A II might be involved. A number of alternative possibilities 
exists. Arterial pressure may be maintained by A II generated not only in the 
circulation but also within the blood vessel wall206 247 258• A second possibility 
is that captopril potentiates BK in tissues; this local accumulation, which is 
not reflected in plasma levels, might modify the hypotensive response. 
Evidence in favour of such a mechanism has been adduced in studies which 
describe how the hypotensive action of captopril could be diminished by 
infusions of either aprotin (a potent inhibitor of plasma kallikrein) or kinin 
antibodies41 207. Thirdly, changes in prostaglandins, aldosterone secretion 
and renal sodium handling induced by captopril might all contribute to the 
antihypertensive effect15 1e1 19t 193. 

Clinical application 

The pharmacological properties of CE inhibitors have led to the hypo
thesis that these drugs would be useful in assessing the participation of the 
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RAS in hypertensive disease, in screening for overactivity of this system and, 
most of all, in treating patients with hypertension34 46 109 2 18. Captopril 
would be expected to lower BP when associated with high peripheral levels 
of A II. Therapeutical benefit has acrually been reported in patients who 
suffered from hypertension associated with renin-secreting rumour, reno
vascular hypertension with high plasma renin, Bartter' s syndrome and renal 
and vascular crises due to accelerated hypertension, scleroderma, necrotizing 
vasculitis and haemolytic-uraemic syndromes 16 129 m m 166 1s5 2s4. 

The number of cases in which captopril lowers BP in hypertensive pa
tients with normal or even low plasma renin is surprising2 9 38 173• There is 
an awareness that such a high incidence of depressor responses should not be 
ascribed exclusively to the involvement of the RAS because of the participa
tion of other systems in these responses4 1  174 184 187. It must be recognized, 
however, that a depressor response observed in the presence of a "normal" 
plasma renin level cannot be dismissed as the consequence of some action of 
the drug beyond the RAS. The persistence of "normal" renin and A II levels 
in the presence of hypertension (or sodium retention or both) may in fact be 
inappropriate14 37 156. 

The combination of captopril with diuretics has been proved very effec
tive12 15 1 283• Sodium depletion sets into operation the normal physiologic 
mechanism of increased renin secretion to maintain arterial pressure; capto
pril prevents this correction. Apart from this, the vascular wall smooth 
muscle relaxation induced by captopril is enhanced by a diuretic49. Captopril 
has also been combined with beta-blockers; again, its BP lowering capacity 
increased by this combination probably through the prevention of reflex 
sympathetic activation246. 

Captopril decreases vascular resistance without initially changing cardiac 
output. Pulmonary capillary wedge pressure decreases, which is probably 
due to an improved unloading of the left ventricle by the decrease in BP or by 
pooling of the blood through arteriolar and venous dilation38 50 83 92• These 
effects make the drug suitable for treating patients with congestive heart 
failure. Preliminary srudies have shown that captopril improves cardiac 
function in these patients6 1 71 256. With regard to its renal effects, an 
increase in renal blood flow has been observed121 183. Experimental srudies 
have shown that this effect may lead to application of the drug for 
prophylaxis or treatment of acute renal failure due to shock, renovascular 
surgery or surgery that requires extracorporeal circulation252. 

In conclusion, many studies have underlined the efficacy of captopril in 
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the treatment of hypertension and congestive heart failure. Most of 

these studies, however, include only a moderate number of patients with a 

relatively short follow-up. 

Adverse effects 
Adverse effects include those reactions which are a consequence of an 

overshoot of the therapeutical action of captopril (untoward reactions) and 
those which are unexpected (side effects). The adverse effects which have 
hitherto been described are summarized in Table I. 

TABLE I. Adverse e!Tects of captopril. 

Untoward reactmns 

Side effects 

h) potens ion . shod 1 8 1 11 1  

rebound h) pertension 1 ''1 

renal l unct ,on loss '2 84 111; 1 17  

111) ocarc.J 1,1 I i n l ,1rct1on 18 

,t i l lh1 rth ( '! )28 

hi pe r�.l l.1e 1111,12" 

rash286 

ageusia 1 77 272 

fever43 2 1 7  

,uthralgia2 1 7 

prote inuriat2, 44. 126, 128. 2 16, 223, 233 

angioneurotic oedema2 17 
pemphigus210 
hepati tis266 

polyneuropathy 1 1  

anaem ia 159  

agranulocytosis 77 97 242 264 

aphthous ulcers232 

eosinophi lia 150 
serum sickness 1 3 2  

Captopril may evoke a steep BP fall leading to shock in patients which are 
sodium-depleted. Renal function loss and myocardial infarction have been 
described in patients with too drastic a BP fall, mostly as a consequence of a 
large volume deficit. The development of renal function loss during capto
pril may be dangerous because hyperkalaemia will then readily develop as a 
consequence of the suppression of aldosterone secretion. 

Finally, dangerous "rebound hypertension" may occur during the first 
days of treatment. Figure 4 shows an example of the enormous differences in 
BP which were observed in one of our patients during the first week of treat
ment with captopril. 
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Figure 4. Course of blood pressure in a patient during the initial phase of captopril therapy. 
Values obtained one hour before and after each captopril dose are shown. Mean 
arterial pressure (MAP) fell dearly after the first doses but returned toward control 
levels during the first 6 days before reaching a stable level representative of the 
BP during prolonged treatment (indicated by the dotted band). 

Rash, fever, arthralgia and ageusia are the most commonly described side 
effects of captopril. In addition, proteinuria due to membranous glomerulo
pathy, agranulocytosis, bone-marrow aplasia, aphthous ulcers, pemphigus, 
hepatitis and a serum-sickness-like syndrome have also been published. 
Most of these were reported incidentally as case reports. The incidence and 
seriousness of most of these side effects have not yet been established. 

1. 5 Scope of this thesis 
This thesis deals with the antihypertensive effect of captopril in clinical 

practice. Efficacy and toxicity of the drug have been studied prospectively for 
a period of up to 18 months in a population of 89 hypertensive patients 
(chapter 2). 

The vascular and renal response co captopril has been investigated in 
greater detail. As to the former, the relation between the hypotensive res
ponse and the blockade of the RAS has been studied in some carefully selec
ted patients. This was done by comparing the time course of the BP res
ponse, the changes in renin release and the degree of CE inhibition using the 
vasopressor effect of exogenous A I (chapter 3). The renal response has 
been studied by comparing renal function studies before and after 6 and 12 
months of treatment. This was done because of the important relationship 
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that exists between blood pressure, renal sodium handling and renal haemo
dynamics (chapter 4). 

The incidence and the seriousness of immune complex glomerulopathy 
and agranulocytosis will probably determine the applicability of captopril in 
clinical practice. The incidence and clinical course of membranous glome
rulopathy will be reviewed on the basis of literature and our own experien
ces. Possibly involved pathogenetic mechanisms and clinical significance 
will be discussed (chapter 5). 

The summary and final conclusions of this thesis are presented in chapter 
6. The chapter ends with a look toward the future of RAS inhibition. 
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Chapter 2 

Efficacy and toxicity of captopril 
A prolonged study in 89 hypertensive patients 

2. 1 Introduction 
The CE inhibitor captopril was introduced in the treatment of hyperten

sion in 1977. Since then the potency of the drug to lower BP has been esta
blished in many studies as summarized in chapter 1. Most of these studies 
deal with patient groups that are small with a relatively short period of 
follow-up. At the same time, the number of reports dealing with occasionally 
observed side effects during captopril treatment is rapidly expanding. So far 
a prospective study concerning long-term efficacy and safety of captopril 
treatment in a large group of antihypertensive patients has not been pu
blished. 

The present study deals with the merits and demerits of CE inhibition by 
captopril in a group of 89 hypertensive patients. This study was carried out 
prospectively for a period of up to 18 months; the average duration of treat
ment was 11 months (range 1-18 months). 

2.2 Patients and methods 

Patients 

The patients were included in the study when supine diastolic blood pres
sure (SDBP) was � 95 mmHg on 2 separate occasions and after informed 
consent. The relevant data are summarized in Table II. All patients had a 
thorough examination including rapid-sequence intravenous urography. 
Renal angiography and determination of renal vein renin ratios were per
formed whenever there was any clinical or roentgenologic suspicion of reno
vascular disease. Renal biopsy was performed when renal parenchymal 
disease was suspected. The patients were classified into 3 groups: essential 
hypertension (EH), renovascular hypertension (R VH) and hypertension 
associated with renal parenchymal disease (RPD). Additional data on the 
last of these 3 groups are provided in Table III. 
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T i\ llLE I I  Ch.1racteri�t1cs ol the studied p.1 t ient popul,1 t ion. Mean (± SD) 1� given numbers 
in p,,rcnthc"ic, rcprc�cnt rangc<t. 

Patients (no) 
Age (years) 
Sex (no) 

Male 
Female 

Diagnosis (no) 
Essential hypertension 
Renovascular hypertension 
Renal parenchymal disease 

Duration of hypertension (years) 
Weight (kg) 
Blood pressure (mmHg, with previous therapy) 

Systolic 
Diastolic 

Blood pressure (mmHg, without therapy) 
Systolic 
Diastolic 

Severe hypertension (no) 
Refractory hypertension (no) 
Severe retinopathy (no) 
Cardiomegaly (no) 
Left ventricular hypertrophy (no) 

TABLE 1 1 1 . Diagnosis in patients with renal parenchymal disedse. 

i\nulgesic neph rop,1thy 
Arteriolar nephro,clcros1s 
I l ,1e molyt ic urae mic syndrome 
Polyarteritts nodosa 
Polycystic kidney disease 
Poststreptococcal glomerulonephritis 
Systemic lupus erythematosus 
Transplant kidney, chronic rejection• 
Tuberculosis ren is 
Tubulo-mterstitia l  disease 

• in I pat1enl also diabeuc glomerulosclcros1s 

2 
2 
I 

4 

2 
I 

89 
42.5 ± 1 1 .6  ( 1 8-65) 

57 
32 

35 
38 
16 
5.7 ± 6.0 (0-28) 
73.9 ± 13 . 1  (45-116) 

169 ± 3 1  ( 1 1 7-260) 
1 1 0  ± 14 (85-155) 

185 ± 35 ( 136-260) 
1 1 8  ± 16 (95-160) 
47 
30 
21 
38 
45 

Hypertension was classified as "mild" when SDBP did not exceed 104 
mmHg, "moderate" when SDBP was between 105 and 119 mmHg and 
"severe" when SDBP exceeded 119 mmHg. BP was considered therapy
resistant when BP control (SDBP < 105 mmHg) could not be achieved by 
standard triple therapy or by a comparable drug combination therapy, pro
vided adequate doses of the drugs had been used. 
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Dose titration and follow-up 
Patients with mild or moderate hypertension were treated in the hyper

tension outpatient clinic whereas those with severe or refractory hyperten
sion were hospitalized. 

The outpatients were instructed to adhere to a moderately sodium restric
ted diet (100-150 mmol sodium/day) and received a placebo for a period up 
to 8 weeks. Captopril was started in a dosage of 25 mg t.i.d. The dosage 
was increased in one or two weekly intervals until either SDBP decreased 
below 95 mmHg or the maximally daily dosage ( 450 mg) was reached. A 
diuretic (40 mg furosemide o.i.d. or 50 mg hydrochlorothiazide o.i.d.) was 
added when SDBP still exceeded 95 mmHg. 

The hospitalized patients (n=50) were instructed to keep rigid dietary 
sodium restriction ( 10-80 mmol sodium/ day); they did not receive a placebo. 
Captopril was given 72 hours after complete withdrawal of previous 
antihypertensive medication. Captopril had to be started in 2 patients 
during clonidine treatment because of the occurrence of a withdrawal 
syndrome after dose reduction of clonidine. Propranolol was continued in 
low dosages in 5 patients. The captopril doses were increased faster than in 
the outpatients; the final dosage was mostly reached within 14 days. 

All patients visited the outpatient clinic monthly during the first year and 
two-monthly afterwards. If hypertension recurred, treatment included 
either an increase of the captopril dosage or addition of a diuretic. Reduction 
of the captopril dosage or withdrawal of diuretics was applied occasionally. 
The patients were requested to contact the clinic immediately whenever 
rash, fever, arthralgia or a sore throat were noticed. 

One patient died of myocardial infarction occurring after 7 months of 
captopril treatment. 

Methods 
BP recordings were performed by a specially trained nurse. The BP was 

recorded both after 10 minutes in the supine position and after one minute 
standing using the London School of Hygiene sphygmomanometer. Diasto
lic BP was read when the sounds became muffled (Korotkoff IV). 

Body weight was adjusted for height according to the Quetelet index 
(105 X weight (kg)/[height (cm)]2) .  

Blood samples and 24-hour urine were collected before the start of 
captopril and at each outpatient visit. The performed haematological and 
biochemical investigations are summarized in Table IV. All determinations 
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TABLE IV. Laboratory investigations. 

Blood 

rine 

Urine (24 hour) 

Haemoglobin 
Haematocrit 
White blood cell count (WBC) 
Platelets 

Differential count 
Eosinophi l  count 

Sodium 
Potassium 
Chloride 
Urea 
Creatinine 
SGOT 
SGPT 
Total protein 
Serum albumin 

ANA 
Anti-ds DNA antibodies 
PN F 

Sediment 
Protein (dipstick) 
Glucose 

Volume 
Sodium 
Potassium 
Creatinine 
Protein 

were performed according to routine laboratory procedures. Type and titer 
of antinuclear antibodies (ANA), anti-double stranded DNA antibodies 
(anti-ds DNA antibodies) and perinuclear antibodies (PNF) were 
performed according to methods described in detail elsewhere' 179 200 m. 
Fundoscopy, electrocardiograms and chest X-rays were performed 
immediately prior to institution of captopril and afterwards at half-yearly 
intervals. 

Fundoscopy was performed by an ophthalmologist and classified 
according to the Keith-Wagener (KW) classification 147. Electrocardiograms 
were coded for voltage criteria, left ventricular hypertrophy (L VH) and S-T 
abnormalities by two independent observers221 • 

Chest X-rays were analyzed by two independent observers. The 
cardiac-thoracic ratio (CT ratio) was determined by using the method 
described by Bucher39• Cardiomegaly was supposed to exist when this 
20 



coefficient exceeded 0.49. Though the CT ratio is a readily accessible tool for 
the clinician to gain an impression of the size of the heart, the method of 

Jonsell determining cardiac surface has proved to be more accurate3 143 .  
Hence, we additionally determined cardiac surface using the latter method 

with the aid of a computer (see appendix 1). 

Data management and statistical analysis 

The data of all patients were stored and processed on a Cyber 74-16 
(CDC) . Since the patients have been investigated for different follow-up 

periods, we used paired data to denote differences between the various 
treatment intervals (1, 3, 6, 9, 12, 15 and 18 months). Statistical analysis 
consisted of the following tests: Student t-test testing the significance of any 

difference between parameters supposed to be normally distributed, 
otherwise the Wilcoxon test. Furthermore, correlation coefficients were 

calculated. All p values were considered significant when smaller than 0.05. 
In the next chapters, the term "significant" will only be used in a statistical 
sense. 

2.3 Results 

Blood pressure 
Figure 5 depicts the course of BP both in the supine and upright position. 

BP increased significantly after withdrawal of previous antihypertensive 
medication. Treatment with captopril resulted in an impressive fall of 

supine systolic blood pressure (SSBP) and SDBP. The mean SSBP decreased 
from 185 to 140 mmHg, while the mean SDBP diminished from 118 to 88 
mmHg on captopril therapy after one month of treatment. The relative 
change of MAP• (expressed as percentage change) between the various 
treatment intervals is shown in Figure 6. A significant, though minimal, 
further decrease in MAP was observed at the end of month 3 compared to 

the results after one month of therapy. After that no further changes in the 
course of MAP could be detected. The course of MAP after the start of 

captopril treatment was similar in the supine and standing position. 

• MAP is mean arterial pressure, estimated from the sum of SDBP and one-third of the pulse 
pressure. 
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Figure 5. Course of blood pressure (SSBP and SDBP), pulse rate and Quetelet index after 
withholding previous therapy and during captopril treatment. Mean + SD is 
shown. The discrepancy in patient numbers is caused by different follow-up 
periods. Supine BP is indicated by closed bars and BP in the standing position by 
open bars. 
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Figure 6. The mean + SD of the individual percentage change in supine MAP, Quetelet index 
and pulse rate between successive treatment intervals. 

Withdrawal of previous therapy resulted in a significant rise in pulse rate 
from 70 to 80 beats per minute. However, pulse rate gradually decreased 
during prolonged therapy with captopril. Quetelet index decreased signifi
cantly after the start of captopril therapy at the end of month 1. This variable 
remained unaltered after its initial decrease (Figures 5 and 6). 

The relation between initial MAP (without therapy) and the fall of MAP 
( I:!,. MAP) is shown in Figure 7. There was a significant relationship at the 
end of month 1 (r = 0.79) and month 3 (r = 0.84) of treatment. 

The distribution of SSBP and SDBP before captopril and at the different 
intervals of treatment is given in Figure 8. The proportion of patients with 
an initial SSBP or SDBP above 150/95 mmHg decreased from 92 to 28 
per cent (SSBP) and from 98 to 21 per cent (SDBP) after one month of 
therapy. The proportion of subjects with SDBP above 105 mmHg decreased 
from 84 to 6 per cent in that period. These figures tended to improve further 
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during prolonged treatment. After 12 months of therapy only 10 per cent 
had a SSBP above 150 mmHg while 7 per cent had a SDBP exceeding 95 
mmHg; the corresponding values after 18 months amounted to 12.5 and 0 
per cent, respectively. 

Damage of "target" organs 
Central nervous system, kidney and heart are generally considered to be 

the organs that suffer most from the deleterious effects of high blood 
pressure. The effects of captopril treatment on the damage of these "target" 
organs observed in this study will be given in the next few sections. 
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prior to captopril and after the successive treatment intervals. The percentage of 
patients, which have a systolic BP of > 150 mmHg or a diastolic BP of > 95 and 
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25 



Retina. Severe retinopathy (KW grades III and IV) was established in 21 
patients before captopril treatment (Table V). Fundoscopy had improved in 
all but one patient after 6 months of therapy. A gradual shift to KW grade 0-1 
of all patients initially having grade II or more was observed during 
prolonged therapy. 

TABLE V. Results of fundoscopy (Keith-Wagener classification) prior to and during captopril 
treatment. N = number of investigated patients. 

Month 0 6 12  1 8  

K W  grade IV 8 0 0 0 
KW grade I l l  1 3  I 0 0 
KW grade I I  43 22 1 0  I 
KW grade I 25 46 3 1  1 5  

N 89 N = 69 N = 4 1  N - 1 6  

Kidney. A slight, significant increase in serum creatinine and a significant 
decrease of creatinine clearance had occurred after one month of therapy. 
However, this decrease in renal function disappeared after 3 months of 
treatment. Renal function did not change afterwards during the remaining 
period of tberapy. Details are given in Table VI. 

Heart. Repeated electrocardiography showed an improvement of voltage 
criteria. Maximum praecordial voltage decreased significantly after 6 
months of therapy (Table VII). The number of patients meeting the criteria 
of L VH decreased from 38 to 13 during this period. 

TABLE VI . Serum creatinine and creatinine cleardnce (mean ± SD) prior to and after I, 6, 
12  and 18  months of captopril therapy. Moreover, the percentage changes (mean 
± SD) between the vMious follow-up periods are shown. N = number of inves
tigated patients. 

Month 0 6 12 18  

Serum creatinine 1 2 1  ± 87 133 ± 95 12 1  ± 79 1 1 3  ± 48 1 1 5 ± 74 
(µmoll() 
percentage change +9 ± 32 -2 ± 14 -2 ± 8 0 ± 8  

Creatinine clearance 84 ± 36 80 ± 43 89 ± 37  82 ± 33 90 ± 36 
(ml/min) 
percentage change -5 ± 40 + 1 0  ± 39 -6 ± 1 7  +4 ± 1 2  

N = 89 N = 88 N = 7 7  N = 47 N = 16 
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TABLE VI I Electrocardiographic characteristics prior to and during captopril treatment. 
N - number of investigated patients. 

Month 0 6 1 2  1 8  

Sokolow index (mm) 37 ± 8.2 30 ± 6.6 30 ± 6. 1 29 ± 6 . 1  

percentage change - 19 ± 15  -2 ± 19 - 1  ± 7 

LVH (no) 45 1 3  7 3 

Strain (no) 1 9  7 4 
N - 84 N = 73 N • 30 N = 15  

Cardiac size (determined by CT ratio) decreased significantly during the 
first half year of captopril treatment. A significant further individual decrease 
was observed after 12 months of therapy (Table VIII). Measurements of 
cardiac size by the determination of the surface of the frontal projection of 
the heart on the postero-anterior roentgenogram (see appendix 1) also 
revealed a significant decrease after 6 months; afterwards no further de
crease in heart size could be established. 

TABLE Vll l .  Cardiac-thoracic ratio and cardiac surface (frontal p rojection on pastern-anterior 
roentgenogram) prior to and after 6, 12 and 18 months or captopril treatment. 
Mean ± SD is shown. N = number or investigated patients. 

Month 0 6 1 2  1 8  

C·T ratio 0.49 + 0.6 0.45 ± 0.5 0.45 ± 0.5 0.44 ± 0.6 

Cardiac surface, cm2 148 ± 26 1 34 ± 2 1  136 ± 2 1  1 3 7  ± 1 8  
("digitize method") 

Cardiac surface, cm2 144 + 32 128 ± 26 130 ± 23 130 ± 1 8  
("4 points-method") 

N - 74 N = 4 1  N = 3 7  N - 12 

Pharmacotherapy 
The details of antihypertensive therapy are shown in Table IX. The mean 

daily captopril dosage was 241 ± 125 mg after one month. After that no 
statisti_cally significant change in this mean dosage occurred. It appeared that 
27 patients had been given a diuretic during the first month of therapy; it 
was successfully withdrawn in 10 of these patients during prolonged treat
ment. On the other hand, a diuretic had to be newly added in 1 1  patients. 
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TABLE IX. Pharmacotherapy. Mean daily captopril dosage and number of patients using a 
diuretic at the end of the various follow-up periods. N - total number of patients. 

Month 0 6 12 18  

Captopril (mg/24 hours) 0 241 ± 125 246 ± 125 281 ± 1 19 273 ± I02 
percentage change +5 ± 29 +6 ± 28 -4 ± 10 

Diuretics (no) 4 27 26 22 7 

N - 89 N - 88 N - 79 N = 47  N - 1 6  

Electrolytes 
Serum sodium had decreased significantly, though minimally after one 

month of therapy. This change disappeared after 6 months of therapy 
(Table X). Urinary sodium excretion increased steadily during prolonged 
treatment, all these changes between the individual observation periods 
(except for month 18) being significant. 

Hypokalaemia (< 3.6 mmol/1) was never observed despite a frequent use 
of captopril in combination with a diuretic. On the contrary, serum 
potassium had increased significantly after one month of therapy and 
remained at that level during prolonged treatment. 

TABLE X. Serum sodium and potassium concentrJt1ons Jnd u rinary sodiu m  excretion prior 
to and during captopril treatment. N - number of investigated patients. 

Month 

Na (mmol/1) 
percentage change 

K (mmol/1) 
percentage change 

Na (mmol/24 h) 
percentage change 

0 6 

140 ± 2.4 139 ± 4  140 + 3 
-I ± 3  0 ± 2  0 ± 2  

4 . 1  ± 0.5 4.4 + 0.5 4.3 ± 0.5 
+8 ± 15 0 ± 9  0 ± 6  

12  1 8  

1 39 ± 3  139 ± 2 
0 ± 2  

4.3 ± 0.6 4.5 ± 0.5 
+4 + I I  

8 6  ± 58 I06 + 74 1 19 ± 61 
+24 ± 72 + 1 2  ± 23 

126 ± 66 
+ IO ± 18 

IOO ± 56 
3 + 8 

N = 89 N = 88 N - 79 N 47 N = 16 

Untoward reactions 
Untoward reactions are here defined as those reactions that occur as a 

consequence of an overshoot (i.e. exaggerated response) of the pharmacolo
gical action of the drug. The untoward reactions to captopril treatment 
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observed in this study are summarized in Table XI. A severe drop in BP 
resulting in shock (SSBP < 90 mmHg and tachycardia) occurred in two 
patients, both of them being sodium-depleted. Rapid recovery followed 
after saline infusion in one patient and combined saline and A II-infusion in 
the other. A rebound of BP after a steep fall in BP together with transient 
neurological symptoms (hemiparesis) occurred in one patient during the 
second day of treatment. 

Marked loss of renal function (doubling of serum creatinine or a decrease 
of 25 ml in the creatinine clearance) was observed during the first weeks of 
treatment in 5 patients. All these patients had renovascular hypertension. 
Sodium repletion restored renal function in 3 patients whereas one of the 
remaining 2 showed a marked improvement. Finally, one patient developed 
angina! complaints during BP reduction with captopril. 

TABLE X I .  Untoward reactions during captopril treatment. 

Hypotension (SSBP < 90 mm Hg, tachycardia) 
Rebounding or BP accompanied by neurological symptoms 

Rend! runction loss (loss or> 25 ml  in  creatinine clearance) 
Angina pectoris 

Total number or patients with untoward reactions 

Side effects 

2 
I 

5 

9 

Side effects include all those reactions that happened unexpectedly and 
that could not be ascribed to the pharmacotherapeutic action of the drug. 
Table XII lists the side effects that were observed in this study. They were 
noticed in 27 patients with a total number of 33 occurrences; the drug had to 
be withdrawn in 8 patients. Because of a possible relationship between 

TABLE X I I .  Side effects. Figures in parentheses represent number or patients in whom d rug 

was withdrawn. 

Rash 

Rash, arthralgia, fever 

Rash, angioneurotic oedema 

Ageusia 
Proteinuria 
Anaemia 

Total number or side effects 

Total number or patients with side effects 

8 (2) 

5 (2) 
3 ( I ) 
1 2  

4 (4) 
I 

33 

27 (8) 
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captopril dosage and the occurrence of side effects, the captopril dosages for 
patients with and without side effects were compared. The daily captopril 
dosage for these groups did not differ. Since captopril accumulates in pa
tients with an impairment of renal function, the captopril dosages after cor
rection for differences in the creatinine clearance were compared for the two 
groups. This comparison once more failed to reveal a statistically significant 
difference. 

The occurrence of side effects as observed during the first half year of 
treatment is shown in Figure 9. The figure provides also data on the 
development of auto-antibodies and eosinophilia in this treatment period. It 

No 

No 

No 

No 

No 

No 

No 

Week 

] 
] 
� ]  

0 

RASH 

AGEUSIA 

PROTEINURIA 

EOS NOPHlLIA 

ANTI OOUBLE -STRANOEO ONA ANTIBOO ES 

>'>'��'%,�����"»"-����''""�'''>'">'>m,t-,,,,,. 

PERINUCLEAR FACTORS 

6 B 10 12 14 16 18 20 22 24 26 

Figure 9. The occurrence of side effects, auto-antibodies and eosinophilia during the first 
half year of captopril treatment. 
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can be seen that most of these occurred between weeks 2 and 12 after the 
start of captopril except for de novo proteinuria. A brief description of each 
type of side effect is given below. 

Rash. Rashes developed mostly during the first weeks of therapy. Their 
character was maculopapular or urticaria! while frank epidermolysis 
developed in one patient. Rash was accompanied by arthralgia and fever in 
5 patients, and by angioneurotic oedema in another 3. These 3 patients 
appeared to have a normal concentration of C1-esterase inhibitor. 

Dermal symptoms disappeared either spontaneously or after dose 
reduction in most patients. However, symptoms persisted in 5 patients; in 
these patients the drug had to be withdrawn. 

Ageusia. Loss of taste developed in 12 patients after institution of captopril. 
This side effect was transient and disappeared generally without requiring 
dose reduction. 

Ageusia was accompanied by loss of scalp, pubic and axillary hair in one 
patient. He developed at the same time rash and crumbly nails. The rash dis
appeared after dose reduction; the other symptoms, however, gradually 
worsened. Laboratory investigation disclosed an abnormally low urinary 
excretion of zinc, the plasma levels being in the lower range of normal. 
Supplementory zinc therapy resulted in a disappearance of the ageusia 
within two weeks. Normal scalp, pubic and axillary hair growth gradually 
reappeared (Figure 10). 

Figure 10. Baldness developing during captopril treatment (A,B). Return of hair growth 
after oral zinc therapy (oral zincsulphate, C). 
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Proteinuria. De novo proteinuria developed in 4 patients after 3 to 6 

months of treatment. Renal biopsies disclosed stage I membranous 

glomerulopathy (MGP). The case histories of these patients are described 

in detail in appendix 3. 

Six patients had proteinuria varying between 0.2 and 8 g/24h before the 

start of captopril treatment. Urinary protein excretion remained either 

unaltered or decreased during captopril treatment. 

Haematopoietic system. Mean haemoglobin, haematocrit, white blood cell 

count and platelets after 6, 12 and 18 months of captopril treatment did not 

differ from the pretreatment values. None of the patients developed agranu

locytosis or thrombocytopenia. Anaemia developed in one patient with a 

gradual fall of haemoglobin of 18 to 9.5 g/l. Extensive haematological stu

dies revealed no cause of the anaemia in this particular patient. Eosinophilia 
(eosinophils exceeding 30 X 1 1/mm3 while fasting) developed transiently 

in 1 5  patients. It was found in 8 patients showing rash. 

Serological abnormalities. Auto-antibodies (ANA, anti-ds DNA, PNF) were 

found often intermittently in 52 patients during captopril treatment. The 

percentage of patients with one or more of these auto-antibodies in their 

sera was higher at weeks 8 and 12 after the start of captopril than before 

treatment. The development of auto-antibodies was not associated with 

clinically apparent side effects. 

Antinuclear antibodies were detected in 1 5  patients before institution of 

captopril. These mostly decreased in titer or disappeared during the first 

month of therapy. Positive ANA titers appeared for the first time, often 

intermittently, in 36 patients during captopril treatment; they appeared in 

high titers (> 1/ 100) in 13. These antibodies did never fix complement and 

were mostly of the homogenous type. They belonged always to the lgM 

class, whereas in some patients also IgG-ANA and lgA-ANA could be 

detected. 

Antibodies against anti-ds DNA developed in 3 patients. These were 

detected in the Crithidia-assay. The antibodies all belonged to the lgM class 

and were of low-avidity which was demonstrated by negative results in 

the Farr-assay. They did not fix complement. Like ANA, anti-ds DNA 

antibodies developed within the first few months of treatment and gradually 

disappeared. Development of these antibodies was not associated with 

drug-induced systemic lupus erythematosus. 
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Finally, perinuclear antibodies developed in 5 patients during captopril 

treatment. 

2.4 Discussion 

We have documented the sustained efficacy of captopril in antihyperten

sive treatment. The beneficial effects manifested themselves not only in the 
BP readings but were also reflected in the regression of hypertensive target 

organ damage. The other side of the coin was the high incidence of side 
effects. The antihypertensive effects and the toxicity of captopril will be 
discussed separately in the following sections. 

Efficacy 

Effective BP regulation was obtained throughout in a selected population 

with a predominance of severe and uncontrollable hypertension. Secondary 
forms of hypertension amounted to 61 per cent in this selected population 
whereas they occur in 4 - 7 per cent of random populations of hypertensive 

patients104 136• For this reason it is not surprising that many of the patients 
presented considerable cardiovascular abnormalities. 

Several aspects of the hypotensive action of the drug observed in the 

population concerned are worth noting. Firstly, captopril alone or in combi
nation with a diuretic is highly effective in all forms of hypertension, regard
less of severity and aetiology. Acceptable BP, i.e. SDBP < 95 mmHg, was 

achieved in 93 per cent of all patients treated with the drug for one year 
whereas the highest observed SDBP was 104 mmHg at that time. These 
figures are even more impressive when one takes into account that 33 per 
cent of the population studied was previously therapy-resistant. However, 
it should be noticed that these results were achieved in patients on a mode
rately to severely sodium-restricted diet. Activation of the RAS is the most 

important compensatory mechanism in BP regulation during sodium and 

volume depletion30• Assuming that captopril's main antihypertensive effect 

is mediated via blockade of the RAS, it is likely that dietary sodium restric
tion has contributed to the success of the applied therapy. Our results are 
completely in accord with those reported in recent publications on captopril 
therapy in severe and therapy-resistant hypertension 12 246 284. 

A second important aspect is the absence of tachycardia and of postural 

hypotension despite the marked lowering of arterial pressure during pro

longed captopril treatment. The absence of tachycardia appears to be a 
feature common to agents that interfere with the RAS at different levels, in-
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duding those that, like captopril, do not seem to cross the blood-brain barrier 
to any significant degree92 m. This may be a consequence of the fact that the 
drug is a vasodilator which affects veins as well as arterioles51 140• Such vaso
dilators have been reported to produce less tachycardia than those predomi
nantly affecting arterioles. Blunting of the baroreceptor reflex sensitivity 
via enhanced parasympathetic activity could be an additional mechanism 
which accounts for the absence of tachycardia 112• Captopril does not interfere 
with the homoeostatic cardiovascular response to posture. Cody et al. have 
demonstrated that heart rate responds adequately to head-up tilt in patients 
receiving captopril even when combined with diuretics or a low sodium 
diet49. This finding has important clinical implications in view of the fre
quent need for diuretics in captopril-treated patients. Acute studies with 
captopril and teprotide in normotensive volunteers had suggested that 
cardiovascular responses to posture during salt depletion were predomi
nantly dependent on the effectiveness of the RAS 188 198 227• However, as 
previously mentioned, orthostatic hypotension has not been a complication 
of captopril therapy either alone or in combination with sodium depletion 
during prolonged treatment in this study. 

Thirdly, the antihypertensive effect of captopril appears to be sustained. 
This is the more remarkable as the drug acts like a vasodilator and waning 
of efficacy has been reported to take place especially during vasodilator 
therapy64 29°. Secondary resistance to maintenance treatment developed in 
only 11 patients and was characterized by a marked responsiveness to 
diuretics. It has not yet been established whether the lack of secondary 
resistance in most patients is a consequence of the fact that sodium and fluid 
retention failed to occur because of a natriuretic effect of the drug via 
inhibition of the intrarenal renin-angiotensin system 163 • A decrease in 
synthesis and release of aldosterone may also have prevented fluid 
retention 15• 

Fourthly, it is noteworthy that the antihypertensive effects could already 
be obtained within 14 days after initiating therapy. Many antihypertensive 
agents (i.e. diuretics, beta-blockers) take their optimum effect after a longer 
period 19 B 64 255. The relatively fast-occurring BP response is clearly an asset 
when rapid correction of high BP is needed. 

In conclusion, the antihypertensive action of captopril, alone or in combi
nation with dietary or diuretic-induced sodium depletion, is highly effective 
and sustained. However, casual office readings may lead to a misjudgement 
of antihypertensive therapy 186• Moreover, normalization of BP is not an end 
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in itself but is meant to prevent the risks of cardiovascular morbidity and 

mortality. Therefore, we thought it reasonable to evaluate the value of 
occasional BP readings by studying the effect of treatment on hypertensive 

target organs. The favourable results (improvement of hypertensive retino
pathy, diminution of hypertensive electrocardiographic abnormalities and 
roentgenologic decrease of heart size) underline that effective BP control 

had been achieved. These findings are the more impressive since L VH and 

retinopathy grade III-IV have been shown to be ominous harbingers of 

cardiac and cerebral casualties 100 186• With regard to the kidney as a target 
organ of elevated BP, it appeared that renal function as measured by serum 

creatinine and creatinine clearance had not changed. Taking into account the 
fact that renal function mostly deteriorates in patients with an inadequately 
controlled BP 1 l l

, we consider the stability of renal function a favourable 

effect. 
Our study was not designed to determine the minimum captopril dosage 

needed for optimum BP control in the individual patient. The mean daily 
dosage used in this study was about half of the maximally allowed dosage. 
A common pattern in the evolution of the antihypertensive response to 
captopril is a triphasic course with a prompt and dramatic drop in MAP after 
the first doses, a rebound of BP to pre-existent levels which persists over the 
next 3 - 7 days and finally a definite drop of BP159• Captopril dosages were 

often increased rapidly during the first days of treatment in our hospitalized 

patients. An unsettled question is whether increases in captopril dosages 
could have been postponed for 7 days in anticipation of the definite fall of 

BP. If so, the maintenance therapy of many of these patients may have been 
too high. 

It has been shown that the antihypertensive effect of captopril is 
enhanced by diuretics and dietary sodium restriction 12 15 1 m. The latter was 

at first fairly well kept by most patients but patient compliance decreased 
during prolonged treatment which appeared from a gradual increase of the 

urinary sodium excretion. Nevertheless, approximately 40 per cent of the 
patients needed a diuretic: a percentage comparable with those in other 
studies43 96• Addition of a diuretic to dietary sodium restriction during capto

pril treatment lowers BP through a further reduction of the already decreased 
peripheral vascular resistance without appreciable changes in plasma 
volume50 254. Hence, there is a good case for combining a diuretic with capto
pril when BP is inadequately controlled by CE inhibition and dietary sodium 
restriction. This combination is the more attractive since the captopril-
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induced fall in aldosterone level limits or, as in this study, abolishes the 
occurrence of hypokalaemia induced by diuretics. 

Though the potency of captopril is a major advance in the treatment of 
severe hypertensive patients, the drug may initially cause too drastic a BP 
response. Shock, severe renal function loss and myocardial ischaemia are 
complications which occurred in this study, especially when captopril was 
given to patients with a large volume deficit. Thus we advocate caution when 
starting CE inhibition in such patients. It is prudent to begin captopril treat
ment in these patients in the hospital with a saline or A II-infusion stand-by. 
Moreover, BP should be monitored carefully to detect enormous swings of 
BP which are prone to develop especially after the first doses. 

All in all, captopril is a highly effective antihypertensive agent with a 
sustained action when given alone during dietary sodium restriction or in 
combination with a diuretic. It should be added that the results have probably 
been favourably influenced by the organization of our outpatient clinic em
ploying physicians and nurses with a special interest in the treatment of 
hypertension5 239• Nevertheless, the results with captopril in this study 
group compare favourably with the results of other forms of antihyperten
sive drug treatment in severe hypertensive patients carried out in an 
identical setting5 176. 

Toxicity 
Most studies on captopril therapy are concerned primarily with efficacy 

and do not deal prospectively with toxicity. We observed a high incidence of 
clinically manifest side effects in this study. World-wide experience with 
captopril now extends to over 5000 patients and manifest side effects occur 
in about 20 per cent of the patients72 150• Side effects occurred in 30 per 
cent of the patients reported in the present study. Differences emerged in 
ageusia (6 per cent in the Squibb world-wide survey, 14 per cent in our study) 
and in the development of proteinuria (see chapter 5 ). The high incidence of 
side effects may either reflect the design of this prospective study or point to 
a special feature of our patient group to develop side effects, or both. 

With regard to the pathogenesis of the captopril-induced side effects 
either toxic, allergic or idiosyncratic mechanisms may be involved102 103• 

Toxic mechanisms could include the development of rashes as a result of 
potentiation of kinin-mediated cutaneous reactions or the development of 
ageusia as a result of binding of the drug to heavy metals 177 286. However, 
evidence for such toxic mechanisms is circumstantial. 
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Much evidence in our study favours an immunologically mediated patho
genesis of the side effects. Arthralgia, fever, serum-sickness, rashes and 
immune complex glomerulopathy are typical manifestations of drug allergy. 
The spectrum of captopril-associated side effects is strikingly similar to the 
one observed during treatment with penicillamine and aurothiomalate 167. It 
is generally accepted that the pathogenesis of side effects occurring during 
treatment with these drugs is mediated by the immune system. However, 
the way in which captopril induces these allergic manifestations is not clear. 

The development of a serum-sickness-like syndrome in one patient indi
cates that the drug may act as a hapten and induce antibody formation 132. 
Alternatively, as shown for procainamide and methyldopa, captopril may 
induce immunodysregulation by altering lymphocyte function which may 
result in auto-immune phenomena103 281 • Such a mechanism is suggested by 
the increase in auto-antibodies during the first months of therapy. In this 
latter concept the auto-antibodies may either directly participate in the 
development of clinically manifest side effects or merely be the result of 
immunodysregulation. 

Whatever mechanisms may be involved, it should be noted that most of 
the side effects observed did not prejudice the long-term treatment with 
captopril. What is even more, most patients felt very well and appeared to 
have a more ideal correction of hypertension than could be obtained with 
most other antihypertensive agents. However, the drug should only be 
prescribed in these patients where the benefits of reducing the blood pressure 
outweigh the potentially dangerous side effects. It may be that these - usually 
therapy resistant - patients are especially prone to develop side effects 
mediated by the immune system73 106. 

Careful surveillance of these patients is therefore necessary, especially 
during the first half year of treatment. 
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Chapter 3 

The vascular response to 
captopril 

A study concerning the role of inhibition of 
the renin-angiotensin system in lowering blood 

pressure. 

3. 1 Introduction 
In the previous chapter it was shown that captopril is an effective anti

hypertensive agent. However, the exact mechanisms by which the drug 
lowers BP are as yet incompletely understood. To date the pharmacological 
action of the drug seems entirely attributable to its inhibitory effect on 
CE36 69 85 . Most investigators in the field agree that blockade of the RAS by 
CE inhibition plays an important role in the lowering of BP. However, the 
evidence for this is mainly circumstantial and often inconclusive (see 
chapter 1). 

The present study was designed to investigate the role of blockade of the 
RAS in the hypotensive action of captopril in a more direct way. This was 
done by comparing BP changes and the inhibition of CE to convert its sub
strate A I. Moreover, changes in renin release were related to the observed 
changes in BP. Since mechanisms operative in the BP response to captopril 
during acute studies may differ from those during prolonged treatment254, 

both single dose and prolonged dose studies have been performed. The 
investigations were carried out in 4 patients. They were selected because 
their respective BP was known to be either renin-dependent (2 patients) or 
renin-independent (2 patients). 

3.2 Patients and methods 

Patients 
Four patients were selected for the investigations. The case histories will 

be briefly described in the next few sections. 
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Patient I. In this 31-year-old man Bartter' s syndrome was diagnosed because 
of the findings of hypokalaemia, hypochloraemic alkalosis, hyperrenin
aemia, hyperaldosteronism and a normal BP. A more elaborate case history 
of this patient has been published elsewhere67• Administration of indo
methacin had resulted in complete correction of all biochemical abnormali
ties (Table XIII). This correction was sustained during a 5-year outpatient 
survey period. Withdrawal of indomethacin before the present investiga
tions resulted in an immediate natriuresis and urinary potassium loss with 
complete recurrence of all biochemical abnormalities characteristic of 
Bartter's syndrome within 10 days (Figure 11, Table XIII). 

Captopril (50 mg) and saralasin ( 10 µg/kg/min, during an infusion 
period of 60 minutes) both lowered BP in this patient to a similar degree 
(Figure 12). Saralasin infusion, when started one hour after an oral captopril 
dose, had no additional effect on arterial pressure. We concluded from these 
results that BP in this patient was A II-dependent. The observation that a CE 
inhibitor and an A II-antagonist had an identical effect on BP strongly sug-

TABLE XI I I .  Summary of laboratory data of patient I .  

Blood pressure (mmHg) 120/80 
Body weight (kg) 57.9 
Haemoglobin (g/1) 15 .5 
Haematocrit (¾) 43 
Sodium (mmol/1) 138 
Chloride (mmol/1) 92 
Potassium (mmol/1) 2.4 
p H  7.46 
Bicarbonate (mmol/1) 35 
Calcium (mmol/1) 2.50 
PRA (nmol A /1/h) 1 2.6 
PAC (nmol/1) n .d. 
GFR (ml/min) 108 
ERPF (ml/min) 358 
FF 0.30 
Pressor dose angiotensin I I  n.d. 
(ng/kg/min) 

before indomethacin treatment (1974) 
I I  after two weeks mdomethacin (1974) 

I I  

1 10/80 
59. 1  
12 . 1  
36 
141 
102 
3 .9 
7.43 
26 
2 .45 
1.2 
n.d. 
92 
354 
0.26 
n.d. 

I l l  after five years sustained treatment with indomethacin ( 1979) 
IV two weeks after withdrawal of indomethacin ( 1979) 
n.d. : not done 
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I l l  IV 

l l 0/70 1 10/70 
60.1 58.3 
14.0 14.5 
41 43 
140 139 
98 89 
3.8 2.3 
7.37 7.49 
27 37 
2.50 2.60 
0.9 8.0 
0.44 1 .44 
104 n.d. 
394 n.d. 
0.26 n.d. 
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Figure 1 1. Effects of indomethacin withdrawal on serum potassium, urinary potassium 
excretion and PAC in patient 1. 

gested that only diminished A II-formation was responsible for the decrease 

in BP. 

Patient 2 is a 28-year-old man who had been hospitalized in 1977 for evalu
ation of fatigue, headache, periods of palpitations and hypertension. Exten
sive studies, published in detail elsewhere142, revealed a renin-dependent 
hypertension in combination with a state of hyperprostaglandinism. The 
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Figure 12. Blood pressure recordings of patient 1 during the administration of saralasin and 
captopril. 

state of hyperprostaglandinism was thought to be secondary to hypertension 
with increased sympathetic activity. 

When the investigations were started BP was 160/ 100 mmHg and there 
was slight hypokalaemia (3.5 mmol/1). 

Patient 3 is a 54-year-old woman. She was hospitalized because of evaluation 
of hypertension and hypokalaemia (2.9 mmol/1). A clinical diagnosis of 
primary hyperaldosteronism was made. After our investigations patient was 
operated upon and adrenalectomy of the left adrenal disclosed a cortical 
adenoma (Figure 13).  Serum potassium normalized and BP decreased ( 160 / 
95 mmHg without therapy) after the operation. 

Patient 4 is a 56-year-old man in whom hypertension was discovered in 1970 
(160/ 1 10 mmHg). Secondary forms of hypertension were ruled out during 
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Figure 13. Adenoma in left adrenal gland (patient 2). 

an admission to the hospital in 1967; a diagnosis of essential hypertension 
was made. Blood pressure showed a pressor response on saralasin infusion 
both in the sodium repleted and depleted state. These studies ha-.·e been 
published in detail elsewherem. 

Methods 
During the observation period the patients were hospitalized. They were 

kept on a diet constant in sodium (200 mmol/24 h : patients 1 and 2; 100 
mmol/24 h :  patients 3 and 4), potassium (100 mmol/24 h) and fluid (2500 
ml/24 h). All medication had been withdrawn for at least 7 days before the 
studies. The patients were familiarized with both the various procedures and 
personnel involved; they gave informed consent. 

The following studies were performed: 
1. Single dose studies. These studies were performed exclusively in patient 1 
and included: 
- determination of the effect of single captopril doses on BP, plasma renin 

activity (PRA) and plasma aldosterone concentration (PAC). These 
studies were performed for increasing doses (1, 2, 4, 8, 12 and 25 mg) on 
consecutive days, 

- determination of the time-relationship between decrease in BP, 
inhibition of the pressor effect of a fixed A I dose (16 ng/kg/min during 
5 minutes) and changes in the vasodepressor dose of bradykinin (BK), 
respectively. These 3 variables were determined separately on 
consecutive days for captopril doses of 12, 25 and 50 mg. 
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2. Prolonged do.re .rtudie.r. These studies were performed in the patients 2, 3 
and 4. The patients were treated with captopril in a fixed dosage of 25 mg 
q.i.d.. Captopril was administered at 3 a.m., 9 a.m., 3 p.m. and 9 p.m. 
precisely. The studies included: 
- determination of the course of BP. Values were obtained daily at 8 a.m., 

the patients being in recumbent position, 
- determination of fasting PRA and PAC at 8 a.m. after overnight recum

bency, starting 2 days before captopril administration till the end of the 
investigations, 

- determination of the pressor dose of A I before the first, second, fifth 
(day 2) and ninth (day 3) doses; subsequently every other day always 
exactly one hour before the captopril dose of 9.00 a.m., 

- determination of time-relationship between BP response and inhibition 
of the pressor effect of the A 1-pressor dose after the aforementioned 
captopril doses. 

BP recordings during the study were performed with an automatic BP
recorder ( type Statham-Godart IA). PRA and PAC were measured by radio
immunoassay-methods previously described89 214• The pressor dose of A I 
{the amount needed to cause a sustained rise of the SDBP of 20 mmHg) was 
determined as described by Kaplan 145• The vasodepressor response to BK 
was assessed in an identical way and was defined as the dose needed to obtain 
a sustained 15 per cent increase of the pulse rate or a decrease in the SDBP of 
10 mmHg. A I (IleuLangiotensin I, Schwartz-Mann) and BK (Sigma) were 
of analytical grade and were diluted freshly before each study. 

3.3 Results 
Single do.re .rtudie.r. The lowest administered captopril dose (1 mg) did not 
result in a decrease of the SDBP or the MAP. However, blockade of CE 
manifested itself in a rise of PRA and a decrease of PAC (Table XIV). The 
maximum decrease of BP was already observed at a captopril dose of 4 mg 
and amounted to 13 mmHg (MAP). Higher single doses did not affect the 
degree of the fall in BP, but resulted in a prolongation of its duration (Figure 
14, Table XIV). The dose of 4 mg captopril, which was the minimum needed 
to obtain the maximum hypotensive effect, resulted also in a maximum rise 
in PRA. The duration of the PRA rise outlasted the hypotensive effect of 
captopril. 
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TABLE XIV. 

Captopril dose 

0 mg (day I )  

I m g  (day 2) 

2 mg (day 3 )  

4 mg (day 4)  

8 mg (day 5 )  

12  mg (day 6 )  

25 mg (day 7) 

The effect of increasing captopril doses on MAP, SDBP, PRA and PAC in 

patient I .  n.d. - not done. 

MAP SDBP PRA PAC 

(mmHg) (mmHg) (nmol A1 /l/h) (nmol/1) 

0 lh  2h  0 lh  2h 0 l h  2h 0 l h  2 h  

90 88 88 78 77 77 8.6 8.5 8.2 1 .34 1 .40 1 .25 

86 85 86 76 75 78 8.0 1 8 .4 1 8 .2 1 .58 I . I I  1 .02 

90 82 90 73 66 69 7.9 22.0 1 8.4 1 .29 0.83 0.68 

86 7 1  78 74 62 70 I I . I  42 30 1 . 1 7  0.95 0.82 

86 72 75 72 60 67 1 1 .3 40 4 1  1 .27 1 .02 0.83 

83 68 75 72 59 65 1 1 .7 42 43 1 . 1 6  0.97 0.85 

88 74 73 72 59 59 1 2.6 37 43 n.d. n.d. n.d. 

A clear time-relationship was observed between BP-fall and inhibition of 
the A I-induced pressor response during the 3 captopril doses tested (Figure 

14). The pressor effect of A I disappeared completely 30 minutes after admi
nistration of captopril. This inhibition gradually decreased and the pressor 
effect returned to control levels 30 to 60 minutes after normalization of BP. 

The vasodepressor effect of exogenous BK was potentiated for a much 
longer period than the duration of both the decrease in BP and the inhibition 

of the pressor effect of A I (Figure 14). Initial values of the BK- depressor 
dose were not reached within 8 hours after administration of each of the 

3 captopril doses tested. 

Prolonged dose studies. The effect of captopril treatment in a fixed dosage in 

patient 2 is shown in Figure 15. After the first dose of captopril a transient 
reduction in arterial pressure was observed which soon returned to pretreat
ment levels before the second dose was administered (Table XV). In the first 

2 days of the fixed captopril dosage regimen this pattern was observed at 
every captopril dose studied. The BP decrease which immediately occurred 
after a captopril dose averaged - except for the first one - between 8 and 10 

mmHg (SDBP), irrespective of the basal BP (Table XV). The duration of 
the BP fall was between 2 and 2.5 hours. Inhibition of the A I-induced pres

sor effect closely parallelled the decrease in BP which occurred after a capto
pril dose. 

Basal SDBP in patient 2 began to decrease gradually 2 days after the start 
of captopril treatment (Figure 15 ). As for plasma renin levels, PRA decreased 

at day 3 after a rise during the first two days of captopril with another fall 
at day 12. The presser dose of A I showed a course that was similar to that of 
PRA (Figure 15). 
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Figure 14. The effects of placebo (o) and single captopril doses (12 mg: e, 25 mg: a, and 50 
mg: •) on blood pressure (MAP and diastolic BP, respectively), the pressor effect 
of exogenous angiotensin I and the vasodepressor dose of bradykinin in patient 1. 
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Figure 1 5. The effect of captopril on BP, PRA, PAC and A I-presser dose in patient 2. 

No effect of captopril on blood pressure was observed in patients 3 and 4. 
PRA and PAC remained unaltered. However, a slight increase in the 
amounts of A I, required for a sustained rise in SDBP of 20 mmHg (the 
pressor dose), was observed during prolonged treatment in both patients 
(Figures 16 and 17). The effectiveness of CE inhibition was demonstrated by 
the inhibition of the pressor effects of A I (Table XV). 
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TABLE XV. The effect of single captopril doses given during a fixed dosage regimen of 25 mg q. i .d. on SDBP and on the pressor effect of the 
A 1-pressor dose in patients 2, 3 and 4. 

SDBP Pressor dose Pressor effect 
(mmHg) (ng A I/kg/min) (expressed as percentage of basal BP rise) 

Time 0 60 90 1 20 180 60 90 1 20 180 2 1 0  
(minutes) 

Patient 2. Dose I 96 9 1  98 97 97 20 IO 55 70 100 
Dose 2 98 90 94 96 96 40 IO 1 5  100 100 
Dose 5 96 88 86 94 98 80 20 40 90 100 
Dose 9 93 84 94 92 96 1 60 IO 40 90 100 
Dose 1 7  94 85 85 89 94 80 25 60 100 1 00 
Dose 33 85 77 74 85 85 80 30 40 75 100 
Dose 65 70 62 62 72 7 1  54 1 5  35 100 100 

Patient 3. Dose I 1 20 1 25 122 120 1 18 3 20 20 20 40 100 
Dose 2 1 1 5 1 13 1 14 1 20 1 20 3 35 25 40 - 1 00 
Dose 5 1 20 1 24 1 2 1  1 20 1 18 IO 0 5 45 85 100 
Dose 9 123 1 20 1 1 8 1 1 7 I 1 7  6 IO 20 75 75 100 
Dose 17 1 20 1 20 1 1 6  1 1 8  1 18 6 20 20 - 90 100 
Dose 33 1 1 9 1 1 8 1 1 7  1 1 8  1 16 6 IO 10  35  85 100 

Patient 4. Dose l 102 108 103 103 108 7,5 1 5  1 0  1 5  - 100 
Dose 2 102 102 108 108 104 7,5 15  30 45 40 100 
Dose 5 IOI  102 100 98 103 10 30 45 40 100 100 
Dose 9 1 10 105 100 107 104 IO 25 20 20 75 1 00 
Dose 25 104 1 10 102 96 98 10 8 IO 50 90 100 
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Figure 16. The effect of captopril on BP, PRA, PAC and A 1-pressor dose in patient 3. 
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Figure 17. The effect of captopril on BP, PRA, PAC and A 1-pressor dose in patient 4. 
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3.4 Discussion 
The mere presence of a significant correlation between antihypertensive 

action of captopril and control basal renin values has been adduced as "evi
dence" for causality between renin inhibition and decrease in BP156 1 59, 

However, such a correlation does not necessarily imply a cause and effect 
relationship264• Moreover, studies by many investigators have yielded widely 
divergent results as for the relation between basal PRA and BP response 
during CE inhibition (see chapter 1). Tarazi et al. found that although such a 
relation did exist initially, it disappeared during prolonged treatment254• 

Most evidence linking interference of captopril with the RAS and BP 
response is therefore inconclusive. 

This study provides more direct evidence that inhibition of the RAS me
diates the hypotensive action of captopril. First, it appeared that the time 
course of inhibition of the pressor effect of exogenous A I ran parallel to 
changes in BP in those patients in whom captopril lowered arterial pressure 
(patients 1 and 2). The similarity of the time course of BP response and 
inhibition of the A I-induced pressor effect strongly suggests that BP reduc
tion and RAS-blockade by CE inhibition are related as cause and effect. 

Secondly, captopril did not lower BP in the patients with low renin hyper
tension and primary hyperaldosteronism, respectively (patients 4 and 3). 
Since other investigators have studied such patients with teprotide and capto
pril with similar results10 36 46 94 159 162, it is fair to conclude that captopril (or 
other CE inhibitors) show little or no depressor activity in two hypertensive 
states associated with little or no renin. 

Altogether these data provide strong evidence for the view that the major 
antihypertensive action of captopril is mediated by blockade of the RAS. Our 
results and conclusions seem at first sight to contradict the studies reported 
by Man in 't Veld et al. 17 3• These investigators observed that captopril lower
ed BP in fluid-depleted anephric patients with very low serum levels of A II. 
However, these results can be interpreted as evidence for the importance of 
angiotensin II-generation in the vascular wall in some conditions; a pheno
menon not reflected in serum levels of the hormone. The existence of such 
a mechanism during CE inhibition has been demonstrated by Oparil et al. 206• 

In our opinion, the studies of Man in 't Veld et al. only reinforce the relativity 
of citing a relation between BP response and basal PRA (or A II) levels as 
evidence for a cause and effect relationship. 

Our studies also show that duration and degree of the decrease in BP is - at 
least initially - determined by the ability of the RAS to overcome the 
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competitive inhibition of CE by captopril. This can be concluded from the 
observations in the single dose studies, since the minimum captopril dose 

needed to obtain the maximum reduction of BP also triggered the maximally 

observed renin release. Higher doses only prolonged the duration of the BP 
reduction but did not result in a further elevation of PRA levels. The lack of 
enhancement of the amplitude of the antihypertensive effect that occurs 

beyond a certain captopril dose has been described by Brunner et aI.n. This 
study does not provide an answer to the question which mechanisms are 
involved in the stimulation of renin release by captopril. It has been 

suggested that only sympathetic stimulation of the baroreceptor cells 
situated in the afferent arterioles is involved in the activation of renin 
release by captopril6• However, interruption of the A II-PRA axis might also 

result in PRA release during CE inhibition154• 

It is striking that the opposition to the antihypertensive action of capto

pril in patient 2 during the first days of treatment was accompanied by an in
crease in PRA and A I-pressor dose. A gradual lowering of BP occurred after 
2 days of captopril treatment with a simultaneous decrease in PRA and 
A I-pressor dose. These observations suggest that the RAS transiently 
defended pre-existing BP. Afterwards, a resetting or adaptation of the RAS 
occurred which was synchronous with a decrease in BP. Though the 
evolution of the antihypertensive response to captopril observed in patient 2 
is a common pattern in many patients treated with the drug43 284, it is 
unclear whether resetting of the RAS is a mechanism which is operative 

during the multiphasic antihypertensive action of captopril. In the future, 
studies are needed to investigate a possible role of resetting of RAS in the 

hypotensive effects of captopril. 
Continuous BP control was achieved during captopril treatment despite 

intermittent resumption of normal CE activity in patient 2. Similar results 
have been reported by Waeber et al., who used a plasma assay of CE activity 
to denote inhibition of conversion of A 1273. These observations suggest that 

specific effects of chronic captopril administration (inhibition of formation 

of A II) may act together with other mechanisms to control BP throughout 
the day. 

Though our studies provide strong evidence that the main antihyperten

sive action of captopril is mediated by inhibition of the RAS, the data do not 
rule out the possibility that captopril-induced changes in vasodepressor acti

vity play an additional role in the lowering of arterial pressure. In this res

pect it is worth noting that the A I-pressor dose increased during prolonged 
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treatment in patients 3 and 4, whereas PRA and BP did not change. Though 
changes in a pressor dose are a crude marker for vascular responsive
ness30 250

, its consistent increase in both patients is very well compatible 
with an increase in vasodepressor activity. Because CE has been shown to be 
identical with kininase 1179, accumulation of BK might account for the in
crease of vasodepressor activity during CE inhibition with captopril. How
ever, several studies have revealed that BK plasma levels do not increase 
during captopril treatment181 248• Bradykinin accumulation is most likely 
prevented either by a decrease in production rate or by breakdown via 
alternative pathways. The observation in patient 1 that potentiation of BK 
amply outlasted the fall in BP excludes a direct role for BK potentiation in 
the vascular response to captopril. This is the more striking since patients 
with Bartter's syndrome have elevated serum levels of BK27 1 . It has been 
suggested that it is more likely that an increase of prostaglandin synthesis is 
responsible for an increase of vasodepressor activity during captopril187 249. 

All in all, our studies indicate that captopril lowers BP by inhibition of 
the RAS. Changes in vasodepressor activity probably reinforce this effect. 
The decrease of BP is achieved in the face of an intermittently unblocked 
converting-enzyme. 
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Chapter 4 

The renal response to captopril 
The results of renal function studies during 

converting-enzyme inhibition in hypertensive 
patients. 

4.1 Introduction 
Many investigators have underlined the importance of the kidney in 

sustaining hypertension27 116 190• Failure of the kidney to effect appropriate 
natriuresis when arterial pressure rises is central in their analyses. This in
appropriate natriuresis is thought - at least in part - to be a consequence of 
abnormal renal vasoconstriction, which is present in most hypertensive 
patients. Repeated observations over the years have shown that angiotensin 
II plays a key role in the regulation and maintenance of renal blood supply. 
Evidence has accumulated that abnormal renin secretion could account for a 
substantial contribution to the increased renal vasoconstriction and the 
reduction of renal blood flow in hypertensive patients91 117 122 123 m. 

For these reasons it would be worthwhile to study the renal response of 
hypertensive patients to the converting-enzyme inhibitor captopril. Preli
minary studies have shown that the drug decreases renal vasoconstriction 
and increases renal blood flow121 183• The present study was designed to 
examine the renal response to captopril in a large group of patients treated 
with captopril over a prolonged period. In addition, factors that might 
possibly influence the renal response to captopril have been investigated. 

4.2 Patients and methods 

Patients 
The patients enrolled in this study have been described in detail in chapter 

2. Renal function (here defined as the glomerular filtration rate and the ef
fective renal plasma flow), was determined just prior to the start of captopril 
treatment and again after 6 and 12 months of therapy. In addition, these 
studies were performed at the end of the dose-titration period in most of the 
hospitalized patients. 
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Methods 

The glomerular filtration race (GFR) and the effective renal plasma flow 
(ERPF) were determined by using 1251-iochalamace and 1311-hippuran, res
pectively, as described by Donker et al.66• Clearances were proportioned by 
conversion co 1. 73 m2 body surface area. Filtration fraction (FF) represents 
the ratio of GFR and ERPF. 

4.3 Results 

The renal function was studied in 82 patients, treated with captopril alone 
or in combination with a diuretic. Figure 18 illustrates the effect of capcopril 
on the mean GFR, ERPF, FF and MAP after 6 and 12 months of treatment. 
It appears chat the mean ERPF had increased significantly from 326 ± 124 
co 368 ± 145 mljmin after 6 months of therapy. Since the mean GFR re
mained unaltered, a significant drop in FF occurred. No further changes in 
these parameters were found after 12 months of therapy. 
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Figure 18. The course of GFR, ERPF, FF and MAP prior to captopril (n=82) and after 6 
(n=72) and 12 months (n=32) of therapy, respectively. Mean ± SD of both the 
absolute values and the percentage change between various treatment intervals is 
shown. 

It is known chat GFR is dependent mainly on both pressure and flow. We 
therefore investigated the relation between the individual changes in the 
GFR on the one hand and chose occurring in the MAP and the ERPF on the 
ocher. Figure 19 shows the relation between the percentage change of GFR 
and of the produce of MAP and ERPF after 6 months of therapy compared to 
their baseline values. A strong correlation (r=0.82) was found. 
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Figure 19. Relation between the percentage change of the GFR and of the product of MAP 
and ERPF after 6 months of therapy compared to baseline values. 

In order to determine a possible role of diuretics in the renal response to 
captopril, the renal functions of the patients treated with captopril alone 
during the whole observation period were compared with those of the pa
tients treated with captopril and a diuretic. The results are shown in Table 
XVI. It appeared that captopril in combination with a diuretic had been 
applied in patients with an initially higher BP than patients who did not 
need a diuretic. The mean GFR remained unaltered in both patient groups. 
A significant increase in the mean ERPF was observed in both the patients 
treated with captopril only (from 361 ± 124 to 388 ± 130 ml/min) and those 
treated with the combination (from 297 ± 138 to 326 ± 141 ml/min). 
Though the mean ERPF at the end of month 12 was lower than that 
measured after 6 months of therapy in both groups, a further individual 
percentage increase in ERPF was observed at the end of that treatment 
period compared with values obtained after half a year of treatment. The 
filtration fraction dropped in both groups. 
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T \BL[ XVI .  Ren,ll l'unct 1on , ind MAP ( mean ± SD)  , n  p,1t 1enl, on caplopri l  a lone ( - ) ver5us 
pat ients on c,1p lopril ,tnd a d i u ret ic ( + )  belore .ind ,t i ler 6 ,tnd 12  month, or 
ther,111y N umber, m p,tlenlhe,e, ind icate percenl,1gc change ( mean ± SD) 
Lompared lo the previous period. 

Month 0 6 6 11 1 12  l',. •' 

GFR 92 ± 29 9 1  ± 28 (0 + 1 6) 79 ::- 36 (+3 ± 1 5 )  
(ml/min) + 77 ± 33 75 + 34 +2 ± 37)  67 ± 33 (+ I ± 1 3 )  

ERPF 36 1 + 1 24 388 :I- 1 30 +7 ± 1 7 )  348 ± 1 76 (+3 ± 9) 
(m l/min) + 297 =c 138 326 ± 1 4 1  (+ 2 1  ± 52) 283 ± 1 28 (+5 ± 12 )  

FF 0.25 ± 0.04 0.24 ± 0.02 ( -6 ± 1 1 ) 0.23 ± 0.03 0 ±  1 1 ) 
+ 0.26 ± 0.04 0.23 ± 0.04 (- 1 4 ± 1 3 )  0.24 ± 0.04 4 + 1 0) 

MAP  133 ± 20 1 0 1  ± 9  23 .._ 1 2) 98 + 9  ( 0 .i 9) 
(mml lg) + 145 + 20 1 08 + 8  24 + 1 0) 1 05 ::t- 1 1 ( -3 ± 8) 

N u mber of 42 36 16 
11.1tients + 19  1 6  1 2  

TABLE XVI I .  Ren.ii I unction ,ind MAP ( mean ± SO)  111 putient, w i th  e,,enl 1,1I h )  pertem1on 
(1: 1 1 ). rcnov.i-culJr hypcrte1151011 ( RVI I) ,ind hypertemton ,15soci.i led with renal 
parcnchymal disease (RPO). 

Month 

G FR 
(m l/min) 

ERPF 
(m l/min) 

FF 

MAP  

Number of 
patients 

EH 
RVH 
RPO 

EH 
RVH 
RPO 

EH 
RVH 
RPO 

EH 
RVH 
RPO 

EH 
RVH 
RPO 

0 

1 00 ± 20 
82 ± 27* 
55 ± 42•,•• 

4 1 0  ± 90 
301 ± 1 1 7* 
205 ± 140*,** 

0.24 ± 0.05 
0.27 ± 0.04* 
0 27 ± 0.04* 

128 ± 1 9  
1 50 ± 1 9* 
142 ± 1 8* 

36 
32 
1 5  

6 12  

100 ± 2 1  1 02 ± 8  
79 ± 30* 70 ± 24* 
46 t 32*,** 50 ± 38* 

437 + 1 1 1  433 ± 95 
332 ± 1 3 1 *  306 ± 1 30* 
193 ± 1 23*,** 229 ± 1 79* 

0.23 ± 0.03 0.23 ± 0.03 
0.24 ± 0.03* 0.23 ± 0.03* 
0.24 ± 0.03* 0.22 ± 0.04* 

105 + 1 0  1 02 ± 8 
1 07 + 1 1  1 03 ± I I  
1 0 1  ± 1 2  98 ± 7  

32 1 7  
30 1 3  
1 0  8 

• denotes sign ificance as compared to EH; •• denotes significance as compared to RVH. 
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The renal response to captopril in patients with the various forms of 
hypertension can be read in Table XVII. The mean GFR and the mean ERPF 
were significantly lower in patients with renovascular hypertension (R VH) 
than in patients with essential hypertension (EH) whereas MAP and FF 
were significantly higher in the former group. Renal function was signifi
cantly more impaired in patients with renal parenchymal disease (RPD) 
than in patients with R VH or EH. Treatment with captopril resulted in an 
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Figure 20. GFR and ERPF prior to captopril versus GFR and ERPF after one month and 6 
months of therapy, respectively, in patients with renovascular hypertension 
(RVH). The lines of identity are drawn with the 2.5% (GFR) and 5% (ERPF) 
deviation. 
o = unilateral RVH, treatment with captopril alone; • = unilatoral RVH, 
treatment with captopril and a diuretic; o = bilateral RVH, treatment with 
captopril alone; • = bilateral R VH, treatment with captopril and a diuretic. 
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ultimate MAP that was the same for the 3 groups. The mean GFR remained 
stable in all 3 groups; the mean ERPF increased in the patients with EH and 
RVH whereas it did not change in patients with RPD. FF decreased in all 3 
patient groups. There was no difference between renal function after 6 and 
12 months of therapy in the 3 patient groups. 

The baseline values of GFR and ERPF of the individual patients with 
R VH have been plotted against the values obtained after 1 and 6 months of 
treatment in Figure 20. It is interesting to see that after one month of treat
ment 4 patients had developed severe renal function loss. These 4 patients 
were severely sodium and volume depleted as a consequence of rigid dietary 
sodium restriction (20 mmol Na/day) and the use of diuretics. Gradual 
sodium repletion restored renal function in 2 patients, whereas the re
maining 2 patients showed a partial improvement of GFR. Though the 
mean GFR did not change during captopril treatment, it can be seen in 
Figure 20 that the glomerular filtration in the individual patient with R VH 
did either improve or decrease. The patients with an improved GFR did not 
differ from the patients showing a decrease in GFR during captopril 
treatment as far as age, initial BP, BP response, captopril dosage, GFR and 
ERPF are concerned. 

Figures 21  and 22 show the individual pretreatment values of GFR and 
ERPF plotted against the values obtained after 6 months of treatment in the 
patients with EH and RPD, respectively. It appears that the patients with 
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Figure 21. GFR and ERPF prior to captopril versus GFR and ERPf after 6 months of 
therapy in patients with essential hypertension (EH). The lines of identity are 
drawn with the 2.5% (GFR) and 5% (ERPF) deviation. 
o - treatment with captopril alone; • = treatment with captopril and a diuretic. 
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Figure 22. GFR and ERPF prior to captopril versus GFR and ERPF after 6 months of 
therapy in patients with renal parenchymal disease (RPD). The lines of identity 
are drawn with the 2.5% (GFR) and 5% (ERPF) deviation. 
o = treatment with captopril alone; • = treatment with captopril and a diuretic. 

EH showing an improvement in GFR after 6 months of treatment (n=l2) 
were significantly younger than those showing a decrease in GFR (n=7). No 
differences were found upon testing for initial MAP, BP response, captopril 
dosage, GFR and ERPF between the two groups. Data of the patients with 
RPO were too scattered to allow any conclusions. 

4.4 Discussion 

This study shows that the long-term effects of captopril on renal function 
are similar to those observed in acute and short-term studies. The drug 
diminishes renal vasoconstriction and increases renal blood flow whereas 
glomerular filtration rate is unaffected despite a considerable drop in arterial 
pressure. However, there is a restriction that the observations were made 
during dietary and diuretic-induced sodium depletion. 

Changes in renal perfusion pressure should produce corresponding 
changes in renal blood flow provided renal arteriolar tone remains unaltered. 
Antihypertensive treatment with most currently used drugs results in a 
decrease of renal vascular resistance relative to the total peripheral resis
tanceB 220 277• Renal blood flow is maintained by the capacity of the kidney 
to stabilize blood flow over a wide range of perfusion pressures 107 . Captopril 
is unique in that the drug causes an increase in renal blood flow. This cannot 
be explained by an increase of the cardiac output since this remains the 
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same82• Therefore, the decrease of renal vascular tone and the increase of 
renal blood flow must be a consequence of active renal vasodilation. The 
exact mechanism whereby captopril causes renal vasodilation is as yet un
known. Several studies have attributed a pivotal role for A II in the in
appropriate renal vasoconstriction in hypertensive patients. However, 
before drawing the conclusion that the renal response to captopril reflects 
only a reduction in the influence of A II, further studies will be needed to 
determine the possible role of kinins and prostaglandins in this renal vas
cular response. 

The strong correlation between the percentage change in GFR and the 
product of MAP and ERPF indicates that the GFR was influenced by the 
opposite change in MAP and ERPF which occurred during captopril treat
ment. Renal vasodilation must have prevented a decrease in the glomerular 
filtration rate which is usually encountered during a fall in arterial pres
sure induced by antihypertensive agents. Indeed, the GFR increased in some 
patients despite the reduction of BP. This indicates that the GFR in a subset 
of hypertensive patients is suppressed by abnormalities, which appear 
reversible during CE inhibition. 

It has long been known that restriction of sodium intake reduces renal 
perfusion and glomerular filtration by activating the RAS1 19 148 163• Hence, 
one might conclude that the beneficial effects of captopril represent a rever
sal to the original state of renal function as present before sodium depletion. 
However, short-term studies have revealed that captopril increases renal 
blood flow both in hypertensive and normotensive persons while on a liberal 
salt intake. Hypertensive persons showed an enhanced vascular response in 
comparison with normotensive controls178• These observations suggest that 
the influence of captopril on renal function extends beyond a reversal of 
renal vasoconstriction induced by sodium restriction in that the drug corrects 
functional abnormalities of renal vasculature in hypertensive patients. 

The renal response in the patients on captopril alone was similar to that 
in patients using captopril in combination with a diuretic. It has been shown 
that captopril and diuretics have a synergistic action on the vascular tone of 
the systemic circulation49 254• It may well be that the same holds for the 
combined action of these drugs on renal vascular tone. However, renal 
function decreases when rigid dietary sodium constriction is combined with 
the administration of captopril and a diuretic. The effect of a developing 
large volume deficit, resulting in a decrease of renal perfusion and glome
rular filtration, cannot be reversed by captopril. The same observations have 
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been made in experimental studies91 148 178• As it generally appears that 
pharmacologic interruption of the RAS does not entirely reverse the renal 
response in these settings, it seems likely that under these circumstances an 
additional effector system - perhaps a direct action of the sympathetic nerves 
on the renal blood supply - has come into operation. 

Contrary to the observations made by Prins, we could not establish a dif
ference between the mean GFR of patients with renovascular hypertension 
before and after CE inhibition by captopril217. Moreover, our studies now 
revealed an increase in the mean ERPF in these patients. Initial BP and BP
responses to captopril were comparable in the two studies. It is probable that 
the different outcome is explained by the degree of sodium depletion of the 
patients since the applied sodium restriction has been more rigid in Prins's 
study. 

Though the mean GFR did not alter during captopril treatment in pa
tients with R VH, most individual patients reacted either with a fall or an 
increase in GFR We could not establish discerning features in these cate
gories of patients. One of the possible reasons that might explain different 
renal responses in individual patients with RVH is that captopril exerts 
opposite effects on the stenotic and the non-affected kidney. Experimental 
studies have shown that a stimulated RAS protects a stenotic kidney against 
ischaemia, thereby suppressing the function of the non-stenotic kidney 174• 

Provided the same mechanisms are operative in human pathology, the ulti
mate renal response to captopril is the sum of the opposite changes. 

Our results with regard to the renal response in patients with essential 
hypertension are in agreement with former observations. Studies by De 
Bruyn et al. - as yet unpublished - have shown that the extraction of hippuran 
decreases during captopril treatment in patients with EH. Consequently, our 
results may well be an underestimation of the real increase in renal blood 
flow in these patients. It appeared that patients with EH, who showed a 
decrease in GFR during captopril were older than the patients in whom 
captopril resulted in an increase of the GFR. This can be explained by the 
observation that progressive changes in renal vascular morphology and 
renal haemodynamics occur in ageing patients with EH153 2 1 1 . Intrarenal 
blood flow is then passively redistributed to the juxtaglomerular region. The 
decrease in cortical blood flow is an age-dependent phenomenon, which 
causes renin suppression via the baroreceptor mechanism. It is likely that 
captopril does not have a major influence on the renal situation in the older 
patients and that a decrease in GFR as a consequence of a drop in BP will not 
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be corrected for by renal vasodilation. On the other hand, it has been shown 
that in younger patients with EH a decrease in renal blood flow is a 
consequence of functional changes in the renal vessels; abnormal activation 
of the RAS is thought to play an important part in these functional 
changes 1 53• It is not surprising that the renal response to captopril in this 
category of patients is characterized by an improvement of renal perfusion 
and glomerular filtration. 

Finally, important relationships exist between renal haemodynamics, 
arterial pressure and renal sodium handling110• A functional RAS is impor
tant in allowing sodium balance to occur without large fluctuations in ar
terial pressure or renal function. The ability of the kidney to excrete sodium 
is suppressed by inappropriately high levels of A II. Hence, captopril treat
ment may result in an improved capacity of the kidney to get rid of excessive 
sodium when A II levels are inappropriately high. This mechanism may - at 
least partially - explain the absence of sodium retention during captopril the
rapy in hypertensive patients. On the other hand, the increased capacity of 
the kidney to excrete sodium may lead to a large sodium and volume deficit, 
and hence renal function loss, when sodium intake is rigidly restricted. It is 
quite striking that patients using captopril have much in common with 
patients having the syndrome of "hyporeninaemic hypoaldosteronism"m. 
Several case reports of patients with this syndrome have described that the 
GFR drops when salt is withheld2 12 280• In our own experience and that of 
others, it seems that patients with R VH are especially prone to develop 
renal function loss during sodium depletion52 84 105 . A critical drop in BP 
relative to the severity of the renal artery stenosis as well as volume deple
tion may both contribute to this condition. 

In conclusion, captopril is a unique antihypertensive agent in that the 
drug increases renal blood flow, thereby maintaining - or sometimes 
improving - the GFR. Further research is needed to establish to what degree 
the kidney plays a part in the antihypertensive action of captopril. 
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Chapter 5 
Captopril-associated 

membranous glomerulopathy 

5.1 Introduction 
Membranous glomerulopathy (MGP) is a well-known entity which may 

be recognized in renal biopsy specimens when immunoglobulins and com
plement are present in a regular granular pattern along the capillary walls 
and spikes are found on the epithelial side of the glomerular basement mem
brane (GBM) in light microscopy. Electron microscopy (EM) discloses 
electron dense deposits along the subepithelial side of the GBM75 • (Figures 
23, 24). 

Figure 23. Electron micrograph of a renal biopsy of a patient with an early stage of 
captopril-associated membranous glomerulopathy. Electron dense deposits are 
clearly visible at the subepithelial side of the glomerular basement membrane 
(Uranyl acetate, lead citrate, x 10.000). 
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Figure 24. Immunofluorescence (using antibodies to human lgG) of a glomerulus from a 
patient with captopril-associated MGP showing a brilliant granular fluorescence 
along the GBM (x 220). 

In August, 1979, we reported the development of proteinuria in a patient 
on captopril216. Histology of a renal biopsy disclosed MGP, stage I. Some 
months later we reported the association of MGP with a serum-sickness-like 
syndrome, which developed during captopril treatment132. Both patients 
had transiently developed ANA during captopril treatment. These findings 
- together with the development of anti-ds DNA antibodies in two other pa
tients - prompted us then to investigate whether an early stage of MGP was 
also present in captopril-treated patients without clinical signs of glome
rulopathy128. Renal biopsy specimens in 11 such patients disclosed 2 other 
cases of MGP, stage I. In the remaining 9 patients immunofluorescence re
vealed a patchy, granular deposition of a variable combination of one or 
more immunoglobulins (Figure 25). Electron microscopy did not show 
MGP but atypical, small, very dense deposits (Figure 26). We considered 
that these findings might represent a very early stage of MGP although 
hypertension itself or previous antihypertensive treatment could also have 
caused these atypical particles in the GBM and the patchy immunofluor
escence. 
68 



Figure 25. Glomerulus showing a patchy immunofluorescence using antibodies against 
human lgM (x 400). 

Figure 26. Electron micrograph of a renal biopsy of a patient on captopril. One very dense, 
small deposit is clearly visible in the GBM (Uranyl acetate, lead citrate, x 33.000). 
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Because captopril-associated MGP is a newly recognized entity, we have 
reviewed the clinical data of all published cases of captopril-associated 
proteinuria 12 44 126 m 223 233• This review also includes data on 4 unpublished 
cases (2 from other centers• and 2 from our own study - elaborately described 
in appendix 3 ). Moreover, this chapter also contains the results of a prospec
tive study to determine whether the hitherto unknown immunohistological 
abnormalities, observed in the asymptomatic patients on captopril, could be 
ascribed to the drug. Therefore, 13 patients underwent a renal biopsy before 
and after 6 months of treatment. 

5.2 Methods 

Renal biopsies as part of a drug evaluation study are not commonly prac
tised in clinical research. However, we felt justified in performing these 
biopsies because the results of this study might profoundly influence clinical 
applicability of the drug. Moreover, this technique has been proved to be a 
safe technique in our hands. The studies were approved by an independent 
committee. All patients were informed and gave informed consent. Renal 
biopsies were processed for immunohistochemistry as described in detail 
elsewhere279• Light microscopy, electron microscopy (EM) and immuno
fluorescence (IF) studies were interpreted by two independent observers. 
With regard to EM, quantification of the atypical, small, very dense deposits 
was performed by counting these deposits in the GBM of three representa
tive capillary loops. Immunofluorescence staining was graded semiquantita
tively. Readings were done without any knowledge of the clinical state of the 
subject. 

5.3 Results 

Review of captopril-a.rsociated proteinuria 
This review contains the clinical data on 15 patients who either developed 

proteinuria or who showed deterioration of proteinuria during captopril 
treatment. These data have been summarized in Table XVIII. All patients 
had moderate to severe hypertension. Nine patients had impaired renal 
function (serum creatinine > 110 µmoljl). Eleven patients used a captopril 
dosage of 400 mg or more (including 8 out of 9 patients with impaired renal 

• courtesy of dr. J. I. M. Drayer, Nijmegen and Prof. dr. J. Griinfeld, Paris. 
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TABLE XVI I I .  Clin ical characteristics of the patients who developed prote inuria during 
captopril treatment. 

diag- captopril serum creatinine 
case/centre age/sex nos is BP  dosage ANA (µmol/1) 

(24 h) c- C+ c-

Groningen • 48 F EH 200/120 150 N p 7 1  
2 Gronmgen • 52 M RVH 300/125 450,D,P N p 1 1 3 
3 Gronmgen • 5 1  M RVH 260/130 225 N N 96 
4 Groningen • 60 M RVH 230/120 1 50,D,P N N 2 10  
5 New York 42 M EH 400,D N N 1 1 5 
6 New York 32 M RVH 400,D N 107 
7 New York • 50 F EH 300 p 7 1  
8 New York • 54 F RVH 400,D p 1 1 5 
9 New York 68 M RVH 450,D p 257 

IO New York 43 F EH 600,D p 150 
1 1  Glasgow • 4 1  F EH 208/ 1 1 8  450,D N N 1 80 
1 2  N1jmegen • 57 F EH 1 80/1 10 450,D,P N p 96 
1 3  Natal • 37 F EH 1 58/110 600,P N p 1 24 
14 Pans • 52 F EH 160/120 600,D,P p 133 
15  Joh,1nnesburg 72 F EH 2 1 4/108 450,D N N 88 

D = d iuretic; P - propranolol; F female; M = male; N = negative; P positive; 
C- - without captopril therJpy; C+ = during captopril treatment 
* ind icates patients who underwent a ren«I biopsy 

c+ 

94 
230 
83 
486 
6 1  
1 15 
107 
1 07 
221 
124 
1 76 
98 
142 

function). ANA were (often intermittently and in low titers) found in 9 
patients. 

Proteinuria developed within a half year of treatment in all but 3 patients 
(Table XIX). Maximal daily protein excretion amounted to 24 grams. 
Proteinuria was aselective in all cases tested. Nephrotic syndrome [ defined 
by proteinuria in excess of 3 g/24 h with hypalbuminaemia (<30 g/1), 
hypercholesterolaemia (> 8.0 mmol/1) and oedema] developed in 10 of the 
15 patients. Microscopic haematuria or red cell casts were absent in all cases. 

A renal biopsy was performed in lO of the 15 patients. Light microscopy 
revealed in all biopsies vascular changes typical of those seen in hypertensive 
subjects: there was some thickening of arterial and arteriolar walls and 
partial or total sclerosis of glomeruli. Spike formation had not occurred. 
Immunofluorescence studies were performed on biopsies of 7 patients. A 
granular fluorescence for lgG and complement along the capillary walls was 
observed in all cases while positive staining for lgA and lgM was established 
in 4. EM revealed the presence of electron dense deposits with a subepithe
lial localization in all 10 biopsies. 
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To sum up the findings, in all 10 technically valid biopsies the immuno
histological results were compatible with a diagnosis of a stage I membranous 
glomerulopathy. A second biopsy was performed one year after the first in 
2 patients. Histological examination of one biopsy showed no changes while 
light microscopy revealed "progression" to spike-formation in the other. 

The course of proteinuria in the 15 patients is shown in Table XIX. In the 
9 patients in whom captopril was withdrawn, proteinuria disappeared 
immediately (1 patient) or gradually (3 patients) ;  it decreased in 3 patients 
whereas the clinical course is obscure in 2. The drug was continued in 6 
patients; proteinuria either disappeared (2 patients) or decreased (2 pa
tients) whereas urinary protein excretion remained the same in one; the 
clinical course is obscure in one patient. 
TABLE XIX. Characteristics of captopril-associated p rote inuria. 

case 

2 
3 
4 
5 
6 
7 
8 
9 

IO 
I I  

1 2  

1 3  

1 4  

1 5  

onset of 

prote inuria 

( month) 

6 
2.5 

3 

3 

4 

3 

3 .5 
3 

4* 

I 

3* 

9 
4 

1 2  

8 

maximal observed 

urinary protein las� 

(g/24 h )  

6 .5  ( A )  

3.3 (- ) 

8 .2 (A) 

10 . 1 ( A )  

I ( ) 
2.4 ( ) 
2.6 ( -) 

7.4 ( - )  
13 .8  ( - )  

1 . 2  ( - ) 
14 ( A )  

I I . I  (A )  

24  ( A )  
5 . 8  ( ) 
6.6 ( A) 

rnurse of p rote inuria 

C ; immediate d isappearance 

C- ; subsiding; 18 months: d ipstick + 

C- ; gradual dbappearance (8 months) 

C ; gradu,il disappearance (9 months) 

C+; gradu,tl disappearance ( I I  months) 

C+; sub� id ing;  0.5 g ( 1 2  months) 

C+; gr,tdual d isappear,tnce ( 1 2  months) 

C+ ; subsiding; 3 g ( 1 2  months) 

C ; course unknown 

C+; unchanged protc inuri,t 

C- ; course unknown 

C ; gr,tdual d 1sappe,1rance ( 1 1  months) 

C-; subsiding; 15 .6 g ( 1 5  months) 

C+ ; too short follow-up 

C- ; �ub�iding; 0.9 g ( 12 month�) 

A = aselective; C+ - c,1ptopril cont inued; C- - captopril withdr,twn ;  - - not tested 

• This represents the month of marked worsen ing of pre-existing prote inuri,t 

Prospective study 

The clinical data of 13 patients who underwent a renal biopsy prior to 
and after half a year of treatment are summarized in Table XX. Ten of the 13 
patients had essential hypertension. Captopril medication, alone or in 
combination with a diuretic, resulted in acceptable BP control in all patients. 
GFR remained unaltered during captopril treatment. 
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TABLE XX. Clin icJI chJr.icterist1cs of patients in the prospective study. 

case age/sex diJgnos1s captopril MAP  GFR 

dosage month month 
0 6 0 6 

I *  57  M EH 300 1 22 108 1 1 8 1 14 

2 58 F EH 400,D 190 96 62 58 

3 36 F EH 225 140 89 1 26 !06 

4 2 1  M Ell  300 1 27 103 82 85 

5 36 F RVH 1 50 1 1 7 IO I  1 10 98 

6 32 M EH 1 50 1 26 102 1 50 1 70 

7* 29 M EH 75 122 !03 1 20 1 1 6 

8 46 F RVH 300 1 35 102 148 1 09 

9 22 M EH 75 1 1 2 103 1 1 2 135 

IO 46 M RVH 300 130 105 90 70 

I I  2 1  M EH 300 127  1 10 99 1 1 3 

1 2  5 1  M EH 300 1 55 108 1 24 1 27  

1 3  50 M EH 100,D 1 1 9 106 107 1 1 6 

• denotes patients previously untreJted 

Light microscopy, EM and IF did not reveal one single case of MGP either 
before or after captopril treatment. Light microscopy showed changes typi
cal of those seen in hypertension. Immunofluorescence of the pre-captopril 
biopsies showed mostly a patchly linear or granular fluorescence with IgM 
and C3 in the vascular walls and capillary loops. The findings after half a year 
of treatment were roughly the same in all patients with the notable excep
tion of patient 1, in whom IgG, IgM and IgA had been deposited (Table 
XXI). 

The atypical, small, very dense EM-deposits were spotted in both pre-and 
post-captopril biopsies. The number of deposits had not changed during 
captopril treatment (Table XXI). No relation was found between the IF 
findings and these EM-deposits. Moreover, the small deposits were also 
observed in 5 out of 5 control biopsies of cadaveric transplant kidneys 
performed one hour after transplantation. 

5.4 Discussion 

A diagnosis of an early stage of MGP was made in all patients who 
underwent a renal biopsy for either de novo proteinuria or deterioration of 
pre-existing proteinuria. Development of proteinuria is the only marker for 
a clinician to suspect the presence of MGP during captopril treatment. 
Proteinuria either may be transient (despite continued captopril treatment) 
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TABLE XXI . Results of immunofluorescence and electron microscopy shldies of the patients in the prospective study. 

electron microscopy 
Immunofluorescence (no. of very dense, 

lgG lgM lgA C3 small deposits) 
Case 0 6 0 6 0 6 0 6 0 6 

I N ++ (I) N +++ (I) N ++ (I) N N 13  2 
2 N N + +++ (g) + N + +++ (g) 1 2  8 
3 N N N ++ (g) N N +++ (g) N 43 1 6  
4 N N ++ (g) ++ (g) N N +++ (g) ++ (g) 9 7 
5 N N + N N N + N 7 4 
6 N N +++ (g) N ++ (I) ++ (I) +++ (g) + 3 3 
7 N N + N + N N N 4 8 
8 N + ++ (g) ++ (g) ++ (g) N +++ (g) ++ (g) 4 1 0  
9 ++ (I) N ++ (g) + ++ (I) + +++ (g) + (g) 3 I I  

1 0  N N + ++ (g) N + +++ (g) + (g) 19  8 
I I  N + +++(g) ++ (g) ++ (I) + ++ (g) ++ (g) 6 1 5  
1 2  N D  N D  N D  ND N D  N D  ++ (g) N 6 1 6  
l3 N D  ++ (I) N D  N D  ND N ND N 5 1 2  

N = negative immunofluorescence; +, + + ,  +++ denotes weakly, finely and coarsely positive fluorescence, respectively; I • linear, g = granular 
deposition. 



or not develop at all132• In spite of this, the incidence of proteinuria does 
enable us to make an estimate of the minimum incidence of captopril
associated MGP, since all renal biopsies of patients with captopril-associated 
proteinuria disclosed membranous glomerulopathy. Proteinuria developed 
in 4.5 and 7.4 per cent of the patients in two captopril single-center studies 
(Groningen, 89 patients, New York, 81 patients)44• All these patients were 
discovered as part of a meticulous screening program to test the safety of 
captopril in clinical practice. Twenty-two of 899 captopril-treated patients 
(2.4 per cent) were reported to develop proteinuria exceeding 3 g/24 h after 
8 months of therapy in a recent survey of the Squibb Company 150. When the 
criterium of proteinuria exceeding 3 g/24 h is applied to the patients of 
Groningen and New York together, this percentage is 3.5 per cent. 

These observations clearly show that captopril is associated with MGP in 
a subset of patients receiving the drug. The nephropathy is indistinguishable 
from secondary MGP produced by other drugs such as mercury, gold (auro
thiomalate) and penicillamine 17 1 14 167 172 278• Like captopril, these drugs 
have a heavy metal or a heavy metal binding site (SH-group) in common. 

The association of captopril with immune complex glomerulopathy 
raises questions about disease mechanisms. Captopril or one of its metaboli
tes may act as a hapten and initiate antibody production. This mechanism is 
suggested by the development of a serum-sickness-like syndrome in one of 
the patients 132 • The negative test for circulating immune complexes in this 
patient suggests that in situ formation of immune complexes took place in 
the GBM. Indeed, it has been shown that subepithelial immune deposits 
involving exogenous antigens may form locally in the GBM88• Alternatively, 
the immune complex glomerulopathy may be a consequence of an auto
allergic response induced by captopril103• Weening has shown that auto-anti
bodies are involved in mercury chloride-induced MGP in rats278 279. He 
found that immune complexes were deposited in the glomerulus when ANA 
appeared in the serum. Glomerular eluates contained antibodies directed 
against a nuclear antigen. This can be seen as evidence for the mediation of 
glomerular damage by a nuclear auto-antigen-antibody system. Auto-anti
bodies may therefore initiate a membranous glomerular lesion provided 
they are present in low titers or have sufficiently low avidity to allow deposit 
formation to proceed without affecting immune elimination of the anti
gen 75. Although there is no conclusive evidence that captopril produces 
MGP in a similar way, it should be borne in mind that captopril is associated 
with the development of antibodies against nuclear antigens (chapter 2). 
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These antibodies develop in low titers and do not fix complement. Some of 
these auto-antibodies (anti-ds DNA antibodies) are of low avidity since they 
could be demonstrated in the Crithidia-assay while not being demonstrable 
in the Farr-assay (chapter 2). All in all, it may well be that captopril induces 
MGP in patients via auto-antibody formation. The way captopril generates 
auto-antibodies has not yet been ascertained. 

Another point of interest is the mechanism of proteinuria in captopril
associated MGP. Immune complexes interfere with the integrity of the 
glomerular polyanion7� .  However, other mechanisms must be involved. 
This can be concluded from the observation that withholding captopril 
resulted in disappearance of proteinuria in 2 of our patients, whereas a 
second renal biopsy in these patients one year later showed that the histolo
gical abnormalities were still there. Potentiation of kinins and prostaglan
dins by capcopril may possibly influence the occurrence of proteinuria. In 
addition, captopril might transiently induce lymphokines as a consequence 
of immunodysregulation which might also promote urinary protein loss. 

This study definitely rules out an association between captopril and the 
presence of the atypical, small, very dense deposits along the GBM on EM. In 
an earlier pµblication we suggested that these lesions could represent a very 
early stage of MGP 128• However,their presence in biopsies of transplant 
kidneys and in pre-captopril biopsies of patients with hypertension is con
clusive proof that captopril is not associated with their development. With 
regard to the patchy immunofluorescence found in pre-captopril biopsies, 
captopril did not change the deposition of immunoglobulins along the 
vascular wall. Moreover, we observed a dissociation between immunoglobu
lin deposition and the occurrence of the atypical, small, very dense EM 
deposits. This suggests that both ultrastructural abnormalities probably 
represent different histological processes. Aetiology, pathogenesis and 
clinical significance of the deposition of immunoglobulins in patients with 
hypertension are not clear yet. 

Finally, an important question is to be raised about the prognosis of capto
pril-associated MGP. An early stage of MGP might develop into two distinct 
ways (Figure 27). The membranous lesion may develop into a chainlike 
thickening of the GBM; this development is accompanied by renal function 
loss48• The other pathway is characterized by the same evolution as in the 
first pathway; however, the membranous lesion never reaches a stage of 
development which is visible in light microscopy while renal function is 
maintained (Figure 27)26 1 .  So far, no cases have been described of capto-
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Figure 27. Schematic representation of various morphologic findings related to the evolution 
in membranous glomerulopathy. The two evolutionary pathways ( described in the 
text) are shown. Dotted arrow represents presumptive evolution. 

pril-induced MGP which developed into thickening of the GBM and, conse
quently, to renal insufficiency. The question as to whether captopril-asso
ciated MGP will develop - as has been suggested for penicillamine 17  - as a 
non-progressive, histologically mild renal disease appearing in all evolution
ary phases only at the ultrastructural level, cannot be decided here. It is 
important from a practical point of view to know whether withdrawal of 
captopril in patients with MGP might influence the development of the 
histological lesions. 
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Chapter 6 

Summary, conclusions and 
look toward the future 

6. 1 Summary 

The Joint National Committee on Detection, Evaluation and Treatment 
of High Blood Pressure has recently advised that diastolic BP readings of 

90 mmHg or more on 2 successive examinations should be regarded as con
firmation of hypertension and should be an indication for therapy. Most 
hypertensive patients can be controlled with dietary regimens alone or in 
combination with currently available antihypertensive agents. However, 
the number of patients who are moderate or poor responders to antihyper

tensive therapy will increase with the rigorous requirements for BP control. 
There will be, therefore, an increasing need for potent antihypertensive 
agents. One of these might be the converting-enzyme inhibitor captopril. 
This antirenin drug is the product of intensive research which was started 
in the sixties when the influence of the renin system in initiating and sustain

ing hypertension was increasingly recognized. Preliminary studies with 
captopril have shown that its antihypertensive properties exceed the results 
with other currently available therapeutics. 

The aim of the present investigation was to study the efficacy of captopril 
in a large group of hypertensive patients. The studies described are in part a 

continuation of Prins's studies. However, in this thesis the effects of 
captopril on blood pressure and the cardiovascular system have especially 

been described during prolonged treatment. In addition, the vascular and 
renal responses to the drug were studied in order to gain a better insight into 

captopril's BP lowering effects. Finally, special attention has been paid to the 
toxicity of captopril since this might limit clinical applicability (chapter 1 ) .  

This study established that captopril is  a potent antihypertensive agent. 
A sustained lowering of BP for periods up to 18 months was observed in a 
group of 89 patients. These results are the more impressive as this group 

consisted predominantly of severe or previously uncontrollable cases. The 
combination of captopril and dietary sodium restriction - with an additional 
diuretic in 30-40 per cent of all cases - resulted in an adequate BP response 
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(SDBP < 95 mmHg according to WHO-criteria) in 93 per cent of all pa
tients after one year of treatment. Additional advantages were the rapid 
occurring BP-response and the absence of reflex tachycardia as well as the 
absence of postural hypotension. Secondary resistance to the drug developed 
only in 10 per cent of the patients and was characterized by marked respon
siveness to diuretics. Finally, fluid retention did not occur to the same extent 
as occurring with comparably potent vasodilators. 

The therapeutic effect of captopril was objectivated by studying changes 
in those organs that can be considered target organs for elevated arterial 
pressure. A significant improvement was observed in fundoscopic, electro
cardiographic and roentgenologic parameters of hypertensive damage of 
arterial vessels and heart. These changes were most dramatic in the first few 
months of therapy. Therefore, the casual BP readings also most probably 
indicated adequate BP control (chapter 2). 

The way in which captopril lowers BP is incompletely understood. Most 
investigators agree that blockade of the RAS by CE inhibition plays an im
portant part in the decrease in BP. However, the evidence for this is mainly 
circumstantial. Our studies disclosed that inhibition of the pressor effects of 
exogenous A I ran parallel to the decrease in BP. Captopril showed no de
pressor activity in two different hypertensive states associated with little or 
no renin. Though there is every reason to conclude from these data that 
decreased formation of A II plays an important part in the captopril-induced 
decrease in BP, it appeared that continuous BP control was achieved despite 
intermittent resumption of normal CE activity. This indicates that the spe
cific effect of captopril administration (inhibition of A II generation) acts 
together with other mechanisms to control BP throughout the day (chapter 
3). 

With regard to the renal response to captopril, we observed a decrease in 
renal vasoconstriction and an increase in renal blood flow. The strong corre
lation between the percentage change of GFR and of the product of MAP and 
ERPF during captopril treatment compared with baseline values justifies 
the conclusion that GFR is maintained by the increase in renal blood flow 
despite a considerable decrease in BP. Though the mean GFR did not change, 
the individual patient mostly reacted with either an increase or a decrease in 
GFR. No differences could be detected in the R VH patients having these 
different renal responses. However, patients with EH who showed an in
crease in GFR appeared to be younger than the patients who reacted with a 
decrease in GFR. The probable explanation for this is that younger patients 
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have functional, i.e. reversible, changes of the renal vessels, often in combi
nation with an activated RAS. Ageing patients have anatomical changes of 
the renal vasculature, often in combination with a suppressed RAS. It is 
therefore no surprise that these categories of patients with EH showed a 
different renal response to captopril. No conclusive answer can be supplied 
as to whether changes in renal function contribute to the hypotensive action 
of the drug (chapter 4). 

Before a final conclusion can be drawn as to the place of captopril in anti
hypertensive treatment, the toxicity of the drug has to be considered. We 
observed one or more side effects in 30 per cent of our patients. These in
cluded rash, sometimes in association with arthralgia and fever, ageusia, 
proteinuria and anaemia. The drug had to be withdrawn in 8 patients. 
However, most events were transient and did not prejudice the continued 
treatment with captopril. The character of side effects, in combination 
with a parallel increase in auto-antibodies, favours an immunologically 
mediated pathogenesis. Their high incidence may be a consequence of a 
special feature of the patients enrolled in this study to develop side effects, 
the design of the study, or both. With regard to the patients, recent studies 
have shown an increase of immune reactivity in patients with malignant 
hypertension. Since many patients with severe, therapy-resistant or 
malignant hypertension were included in this study, it may well be that the 
high incidence of side effects is a consequence of our patient selection 
(chapter 2). 

Undoubtedly, the most serious complications were renal (nephrotic syn
drome) and haematological (agranulocytosis). With regard to the former, 
we reviewed all available data on development of proteinuria during capto
pril therapy. It appeared that proteinuria occurred in a frequency of 7.4 % in 
a single center study in New York whereas we found in our own study 4.5 %. 
Membranous glomerulopathy at an early stage was unvariably established 
in all patients who underwent a renal biopsy having captopril-associated 
proteinuria. However, proteinuria seems to be an unreliable marker for the 
presence of MGP since urinary protein loss may be transient even without 
discontinuing the drug. The way in which captopril induces MGP is 
unknown. It is possible that auto-antibodies, which result from immuno
dysregulation, play a part in the pathogenesis. As for the clinical impact 
of the histological lesions, it is as yet unknown whether MGP will progress 
to renal function loss by the development of a thickened GBM or, 
alternatively, may heal completely. 
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Our studies indicated that patchy immunoglobulin deposition and 

atypical, small, very dense deposits in EM are found in most patients with 

hypertension before captopril treatment. The atypical particles were also 

seen in biopsies of a control group (transplant biopsies) .  No differences 

could be established between pre- and post-captopril biopsies. These 
observations are conclusive evidence that captopril is not associated with the 

development of these ultrastructural abnormalities (chapter 5). 

6.2 Conclusion 

Captopril is highly effective in lowering blood pressure, especially in 

combination with sodium restriction. The main mechanism of captopril's 

BP lowering-action is inhibition of the RAS. The drug increases renal blood 

flow and decreases renal vasoconstriction while GFR is maintained despite a 

considerable fall of BP. Though captopril is an antihypertensive agent with 

undoubted potency, its associated side effects, some of them serious, limit 

unlimited clinical applicability. 
Our present knowledge suggests that captopril should be reserved for the 

treatment of hypertension which is untreatable by other currently available 

drugs. 

6.3 Look toward the future 
So far, no studies have come to hand that deal with optimum dosaging of 

captopril. Future studies should focus on this important issue and should 

pay attention to the relative significance of dietary sodium restriction and 

diuretics in obtaining the maximum effect of captopril in the lowest dosages. 

The question as to whether lower dosages than currently used will diminish 

the frequency of side effects, may be answered in these studies. 

The remarkable efficacy of captopril (i.e. the principle of converting

enzyme inhibition) has stimulated many pharmaceutical industries to deve

lop orally active CE inhibitors. Since it was thought that the SH group might 

be responsible for the side effects of captopril, the design of this research has 

been focussed on the development of a CE inhibitor without a mercapto

group230. One must be aware, however, that no conclusive evidence is avail

able at the present time that it is only this mercapto-group which is involved 

in the range of captopril-associated side effects. It should not be forgotten 

that the principle of CE inhibition per se is by no means beyond suspicion of 

playing a part in the pathogenesis of side effects. 
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In our experience - and in that of others - long term blockade of CE has not 
been proved detrimental to hypertensive patients. Quite on the contrary, 
high BP decreases towards normal while the haemodynamic status im
proves. Only in case of severe sodium depletion orthostatic and general hy
potension as well as renal function loss may develop, all of which are rever
sible after sodium repletion. Moreover, one might wonder whether mainte
nance of BP by angiotensin II-mediated vasoconstriction without an ade
quate blood volume (as induced by volume depletion) is really beneficial for 
the organism. Such a vasoconstriction might tend to decrease the already 
compromised tissue perfusion in some critical areas further262• Adequate 
blood flow to tissues is undoubtedly more important than what we have 
arbitrarily accepted to be a normal BP. Conversely, if enough sodium and 
water are available, the renin system does not seem to be needed. It, there
fore, appears attractive to assume that inactivation of the RAS may have 
only beneficial consequences. All things considered, permanent inactivation 
of the renin system might be considered a proposition for future treatment 
of hypertension. Before implementing such a drastic therapy, much know
ledge has to be gathered about the indispensability of the RAS. 

83 



Samenvatting 

Captopril is een remmer van het renine-angiotensine systeem (RAS). 
Het geneesmiddel remt het converting-enzyme en blokkeert daardoor de 
vorming van angiotensine II, het belangrijkste effector hormoon van het 
RAS. Uit voorlopig klinisch onderzoek was gebleken dat captopril een 
effectief geneesmiddel is. In dit proefschrift worden de ervaringen 
beschreven die door ons met captopril als antihypertensivum zijn verkregen. 

Hoof dstuk 1 bevat een algemene inleiding. Met name worden de 
fysiologie van het RAS en de pathofysiologie van het systeem bij een 
gestoorde bloeddrukregulatie beschreven. Het hoofdsru.k eindigt met een 
literatuuroverzicht van captopril. 

Hoofdstuk 2 bevat het verslag van een studie naar de effectiviteit en toxi
citeit van captopril. Het onderzoek werd verricht bij een groep van 89 pa
tienten met een gemiddelde behandelingsduur van bijna een jaar. Bij het 
merendeel van deze patienten bestond ernstige en vaak onbehandelbare 
hypertensie. Behandeling met captopril - in combinatie met zoutbeperking 
en (bij 40% van de patienten) een diureticum - resulteerde bij vrijwel elke 
patient in een blijvende adequate bloeddrukregulatie. Naast het verkrijgen 
van normale bloeddrukwaarden bleek het goede effect van de therapie ook 
uit een vermindering van de afwijkingen gevonden bij fundoscopie, electro
cardiografie en rontgenologisch onderzoek (hartgrootte op thoraxfoto). 
Opvallend was evenwel het grote aantal bijwerkingen: bij 28 van de 89 pa
tienten werden een of meer bijwerkingen geconstateerd, zoals huidafwij
kingen, smaakverlies en proteinurie. Bij 8 patienten moest captopril toe
diening wegens een of meer bijwerkingen worden gestaakt. Daarnaast bleek 
dat bij meer clan de helft van de patienten auto-antilichaam-vorming optrad, 
met name gedurende de eerste maanden van behandeling. Het karakter van 
de bijwerkingen doet vermoeden dat captopril een - vaak tijdelijke - dysregu
latie van het immuunsysteem veroorzaakt. 

Hoofdstuk 3 bevat een verslag van de studies die verricht werden bij een 
aantal geselecteerde patienten om de relatie tussen inhibitie van het RAS en 
bloeddrukdaling te bestuderen. Er werd gevonden dat verminderde vorming 
van angiotensine II inderdaad van primair belang is voor de bloeddruk
daling bij het captopril gebruik. Het werd verder waarschijnlijk dat - secun
dair aan de verminderde vorming van angiotensine II - andere, nog niet 
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nader gedefinieerde mechanismen een rol moeten spelen bij het bloeddruk
verlagend effect van captopril. 

Hoofdstuk 4 bevat het verslag van de nierfunctie studies, die verricht 
werden voor en na respectievelijk 6 en 12 maanden captopril gebruik in een 
groep van 82 patienten met een te hoge bloeddruk. Er werd gevonden dat de 
nierdoorbloeding toenam, tenzij er sprake was van ernstige volumedepletie. 
Verder kon uit de verkregen gegevens warden afgeleid dat de glomerulaire 
filtratiesnelheid - ondanks de vaak aanzienlijke dalingen van de arteriele 
druk - gehandhaafd kon warden door een dilatatie van het renale vaat
systeem. 

Hoofdstuk 5 bevat een verslag van de studies over door captopril geindu
ceerde proteinurie. Op grond van literatuuronderzoek en eigen waar
nemingen bleek dat bij patienten, die proteinurie tijdens captoprilgebruik 
ontwikkelen, bij nierbiopsie altijd een membraneuze glomerulopathie 
wordt gevonden. Tenslotte wordt in dit hoofdstuk verslag gedaan over een 
studie van nierbiopsieen die bij 13 patienten werden verricht voor en na 6 
maanden captopril gebruik. Dit onderzoek werd gedaan om na te gaan of 
captopril - overigens alleen op ultrastructureel niveau zichtbare - afwij
kingen in de glomerulaire basaalmembraan veroorzaakt. Hiervoor werden 
geen aanwijzingen gevonden. 

Hoofdstuk 6 bevat een samenvatting van de gevonden resultaten. De 
slotconclusie is dat captopril het middel van keuze lijkt te zijn bij die vormen 
van hypertensie, die niet adequaat behandeld kunnen warden met de thans 
gangbare antihypertensiva. 
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Appendix 1 

The determination of the cardiac 
surface on the postero-anterior 

roentgenogram 
This appendix deals with the methods used in chapter 2 to estimate the 

heart size from chest X-rays. Apart from the cardiac-thoracic ratio, the sur
face of the projection of the heart on the postero-anterior roentgenogram 
was calculated according to Jonsell's method in order to evaluate the effect 
of captopril on hypertensive cardiomegaly 143• However, it was established by 
Amundsen that the results of Jonsell's method can be influenced profoundly 
by the observer bias3 • To exclude this error, a modification of Jonsell's 
method was developed. In the next few sections this method will be des
cribed. 
Method 

The area of the frontal projection of the heart on the postero-anterior 
roentgenogram can be considered an ellipse.Jonsell has shown that the error 
will not be of significance if the distance from the junction of the aortic arch 
and the right lower heart contour (A) to the apex (B) is submitted for the 
true long diameter (I) of the ellipse (Figure 28). The true broad diameter of 

.V 

Figure 28. Diagram showing the long (I, AB), broad (b, CD) and anceroposterior (d, EF) 
diameters. For details, see text. 
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Figure 29. Plotter output of computer-constructed ellipses of 3 roentgenograms of one 
patient. Each fifth digitized point of the cardiac segments has been marked by 
a square. A: cardiac surface before captopril; B, C: after 12 and 18 months of 
therapy, respectively. 
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the ellipse (b) is found by the intersection of the right heart contour and the 
diaphragm (C) to a point on the left contour in the region of the left auricular 
appendix (D). The surface of the ellipse, determined by the diameters I (AB) 
and b (CD) can be calculated. Moreover, cardiac volume can be calculated by 
using the antero-posterior diameter d (EF) since the shape of the heart 
approximates to that of transversely situated ellipsoid. 

The observer bias of this method is readily introduced because the crucial 
points A, B, C and D are not always clearly recognizable. This error can be 
diminished by means of using more available information than the above 
mentioned 4 points. Since the segments AC and BD are - by definition -
situated on the ellipse, digitizing of these segments provides optimum 
information. 

Therefore, these segments were marked on the roentgenogram and, sub
sequently, digitized with the aid of a X-Y tablet linked to a computer. The 
amount of coordinates on a segment was then reduced such that the distance 
between successive points was equal. This was done to achieve an equal 
weight of each individual point in the algorythm constructed to estimate the 
optimum fitting ellipse. A visible check of the computer-constructed ellipse 
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Figure 30. ""Digitize method"" compared with the 004 points-method"". 
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was possible through a plotter output. An example of such an output is given 
in Figure 29. It represents the digitized contours of a patient's heart (marked 
by the squares) and the optimal fitting ellipse from roencgenograms made 
before the start of captopril treatment and after the 12th and 18th month of 
treatment. 

The results of the measurements of the frontally projected cardiac surface 
with Jonsell's "4 points-method" compared co the "digitize-method" are 
displayed in Figure 30. A significant correlation was found (r = 0.89). 
Though it is clear from the figure chat the methods are related, it is evident 
that the results in the individual patient may differ. It is because of chis 
individual variation that we prefer the "digitize-method" which uses the 
maximum of the available information on the roentgenogram. 
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Appendix 2 

Sodium balance, renal function and 

the renin-angiotensin system 

Two case reports will be presented in this appendix. They have been 
selected to demonstrate the importance of a functional RAS in allowing 
sodium balance to occur without large fluctuations in arterial pressure and 
renal function. The effects of an inappropriately stimulated RAS on BP, 
renal function and renal sodium handling - including the beneficial effects 
of captopril - are described in case history 1. The reverse situation is 
demonstrated in case history 2. Inhibition of the RAS - in combination with 
dietary and diuretic sodium depletion - may lead to a large sodium deficit 
and renal function loss. 

Case history 1 
A 17-year-old female was hospitalized in 1977 because of headache and oliguria. She had been 

11Sing the oral contraceptive Microgynon 508 (0.05 mg ethinyloestradiol and 0.125 mg d-nor
gestrel) for 14 months. Laboratory investigation revealed micro-angiopathic haemolytic 
anaemia, consumption coagulopathy and renal failure (creatinine clearance 7 ml/min). A 

diagnosis of haemolytic uraemic syndrome was made. She became anuric and intermittent 
haemodialysis was started. Malignant hypertension (270/150 mmHg) with papilloedema at 

fundoscopy developed within a week, which was treated with metoprolol, hydralazine and 

clonidine. Persistant hypertension (180/120 mmHg before dialysis) and recurrent overhy

dration necessitated continuance of haemodialysis twice weekly, though GFR recovered to 
9 ml/min. 

After trying various antihypertensive regimens (Table XXII) satisfactory blood pressure 
control could ultimately be obtained by furosemide, propranolol and minoxidil. However, 

recurrent overhydration persisted and progressive hirsutism due to minoxidil grew intolerable. 

The patient was readmitted in 1979 and it was tried to regulate blood pressure with captopril. 
High renin secretion was revealed by a fall in BP from 175/115  mmHg to 150/90 mmHg 
during infusion of the angiotensin 11-antigonist saralasin j11St prior to dialysis. Captopril was 

begun and callSed a marked fall in BP to 130/70 mmHg. Renal function studies revealed 
an immediate increase in ERPF. Haemodialysis was stopped and overhydration did not recur 
in spite of an increased fluid intake. Patient was discharged while 11Sing captopril 50 mg t.i.d., 

furosemide 40 mg o.i.d. and a sodium restricted diet. GFR had increased to 24 ml/min. 

Hirsutism had disappeared. 

Five months later the patient presented severe headache and nocturnal dyspnea. Until then, 
it had gone unnoticed to 115 that she had ll5ed again Microgynon 508 for 3 weeks. Blood pressure 

was 160/98 mmHg; over the lungs basal rales were heard and slight peripheral oedema was 
found. Oliguria was noticed (300 ml/24h). Serum creatinine was 400 _umol/1. Because of the 
presence of mild microangiopathic haemolytic anaemia and consumption coagulopathy a 
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TABLE XXI I .  Clinical values at various stages of treatment of paltent I .  

Date 

I0/24/l 977t.tt 
5/29/ 1978t 

91251 I 978t 

1 2/20/ ! 978t 

l / 1 5/ l  979t 
1 / 1 9/ 1 979 
21 5/ 1979 

5/2 1 / 1 979 

71 51 1979tt 

7/27/1979 

7/ 3 / 1980 

1 0/ 3/1981  

Body Blood 
weight pressure 
(kg) (mmHg) 

58.7 270/ 1 50 
45.2 1 80/ 1 20 

46.9 135/85 

47.2 145/90 

45 230/ 130 
45.8 1 35170 
47.1  140/85 

54 140/80 

6 1  160/98 

55 1 55170 

58 1 30/85 

59 130/80 

t Values obtained before dialysis. 

Creatinine 
(µmol/1) 

1 239 
506 

346 

451 

274 
3 1 8  
283 

2 1 2  

400 

3 1 8  

1 94 

182 

tt Admission for (relapse a() hemolytic uremic syndrome. 

GFR ERPF 
(ml/min) 

- -
7 55 

7 40 

7 4 1  

9.4 4 1  
1 2  8 2  
1 4  98 

24 127 

- -
15 .5  1 02 

25 156 

28 163 

Pl,1sma Plasma Dialysis Antihypertensive 
renin aldosterone medication, 
activity concentration total daily dose 
(ng/ml/h) (ng/dl) (mg) 

, ___ 
32.4 - - none 
8.4 + hydral,121nc, 1 60 

metoprolol, 400 
clonidine, 0.225 - - + propranolol, 240 
clonidine, 0 . 1 50 
minoxidil, 7.5 

1 9.2 1 70 + propranolol, 240 
minoxidil, 1 2.5 
furosemide, 40 

6.5 2 13 + none 
1 7 . 1  45 captopril. 1 50 
19.6 20 - captoprd, 1 50 

furosemide, 40 
1 7.9 30 - captopril, 1 50 

furosemide, 40 
84.6 1 63 + captopril, 1 50 

furosemide, 40 
1 3.5 61 - captopril, 1 50 

furosemide, 40 
1 2.6 54 - captopril, 1 50 

furosem1de, 40 - - captopril, 1 50 
furosemide, 40 



relapse of the haemolytic uraemic syndrome was diagnosed. PRA and PAC were excremely 
high (Table XXII). Haemodialysis and fluid restriction were reinstituted; all medication except 
Microgynon 508 was continued. Within 2 weeks urinary production increased and haemodia
lysis could be stopped. Since then the parient has remained well wirh sacisfacrory BP control 
( 130/80 mmHg) and a gradually improving renal function (Table XXII). 

Comments 
Our patient had severe hypertension, renal failure and an inappropriately 

high renin secretion. Inhibition of A II-generation, in combination with 
haemodialysis if required, has proved to be an efficacious mode of manage

ment in similar patients37 267• Indeed, captopril restored BP to normal values 

in our patient. 

Previous antihypertensive treatment had resulted in effective BP control 
prior to captopril. A major difference emerged between both therapies with 
regard to renal function. Captopril unmasked a functional component in the 
presumed end-stage renal failure. This may be explained by removal of an 
excess of A II, though accumulation of vasodilator kinins or prostaglandins 
may have been operative just as well. 

One of the peculiar features of the dialysis period of this patient was the 
recurrent overhydration in spite of the presence of a GFR of 9 ml/min. In 
fact, this recurrent over hydration was the main reason for dialysis treatment. 
It is tempting to speculate that the inappropriately high renin secretion 
caused both the hypertension and the inability of the kidney to get rid of 

excessive sodium and water1 10• Captopril reversed both. 

As discussed before, captopril's humoral effects include a decrease in A II 
and aldosterone levels, whereas renin levels increase. However, the renin 

levels observed during the second period of illness markedly exceeded those 

repeatedly observed before during captopril treatment. This high renin level 
with a concomitant rise of aldosterone may indicate that captopril's compe
titive inhibition of CE was overridden. 

Injected renin and angiotensin II have vasculotoxic effects in many spe

cies93. Therefore, hyperreninaemia resulting in high A II levels may have 
been an important factor in the serious course of the first crisis. One might 

speculate about the possibility of a protective role of captopril in the mitiga

ted course of the second attack. 

A relation between oral contraceptives and the occurrence of the haemo

lytic uraemic syndrome has been proposed29. The case history of our patient 
is unique, insofar as the syndrome relapsed after re-exposure to the birth 
control pill. 
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Case history 2 
The patient, a 32-year-old male, had a history of recurrent urinary tract infections in combi

nation with a hydronephrosis and a hypoplastic left kidney. Because of recurrent infections 
and a deteriorating renal function, right nephrectomy was performed in March, 1974, and 
chronic intermittent haemodialysis was started. The patient was normotensive during this 
period. In July, 1976, a renal transplantation was performed with a graft from a 9-year-old male 
donor. Two renal arteries on a patch were anastomosed end-to-end to the left hypogastrical 
artery. The patient had moderate hypertension at discharge (150/100 mmHg) and a vascular 
bruit was heard over the grafted kidney. Renal function at that time: GFR 35 ml/min, ERPF 
103 ml/min and FF 0.34. 

A steadily rising BP (240 / 1 50 mmHg) was noted at visits to the outpatient clinic. The hyper
tension prompted admission to the hospital in September, 1976. He developed hypertensive 
encephalopathy with repeated seizures, ultimately controlled by intravenously administered 
diazepam and diazoxide. The creatinine clearance at that time was 54 ml/min. Angiography 
showed a stenosis with post-stenotic dilatation of the main renal artery. At operation a small, 
hardly patent and tortuated artery of the underpole was ligated; surgical reconstruction of the 
main artery or a bypass procedure was technically impossible. During this operation the left 
hypoplastic kidney was removed. After that, hypertension could initially be controlled with 
alpha-methyldopa 500 mg q.i.d., hydralazine 50 mg q.i.d., clonidine 0.150 mg q.i.d., furosemide 
40 mg o.i.d., diazoxide 100 mg t.i.d. and metoprolol 200 mg b.i.d .. However, hypertension 
gradually returned and the patient was readmitted in February, 1979, in order to be treated 
with captopril. 

On admission BP amounted to 190/130 mmHg. Fundoscopy showed a pattern consistent 
with severe hypertension (KW grade Ill). No obvious progression of the artery stenosis was 
noted at angiography. The patient was placed on a diet including 20 mmol sodium and the 
antihypertensive medication was gradually tapered down. BP gradually increased to 240/140 
mmHg. 

Administration of captopril did not result in a clear fall of BP in spite of the severely sodium 
restricted diet. However, ERPF increased from 290 to 355 ml/min. Plasma renin activity 
(PRA) rose from 1.8 to 59 nmol A1/l/h. Hydrochlorochiazide (50 mg o.i.d.) was added; this 
resulted in a fall in BP to 170/115  mmHg. The patientbecame normotensive ( 120/80mmHg) 
after addition of the loop diuretic furosemide (40 mg o.i.d.). 

Hyponatraemia (118 mmol/1) developed after addition of the two diuretics which was 
further accompanied by hypochloraemia (79 mmol/1), uraemia (30 mmol/1), an elevated serum 
creatinine (297 µmol/1) and isosthenuria. Body weight increased slightly ( 1-2 kg) in chis 
period. Plasma aldosterone concentration rose steadily after the addition of the diuretics 
(highest value 3.9 nmol), whereas serum potassium did not change ( 4.0-4.2 mmol/1). GFR and 
ERPF decreased to 34 and 247 ml/min, respectively. After withdrawal of the diuretics and 
sodium repletion the biochemical abnormalities disappeared or improved markedly (Na 138 
mmol/1, 0 98 mmol/1, ureum 8.2 mmol/1, creatinine 146 µmol/1). Blood pressure gradually 
increased during sodium repletion ( 150/95 mmHg). The patient was discharged with a 
moderately salt restricted diet ( 100 mmol sodium daily) and capcopril ( 100 mg t.i.d.). Hydro
chlorothiazide 50 mg o.i.d. was added 4 weeks after discharge because of recurrence of hyper
tension (160/ 105 mmHg). Since then, the patient has remained normotensive. In March, 1981, 
BP was 130/80 mmHg, GFR 60 ml/min and ERPF 302 ml/min. 
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Comments 
After the second nephrectomy we were faced with a one-kidney, one cl ip 

model of renovascular hypertension. Clipping one renal artery and contra

lateral nephrectomy creates the experimental model for hypertension due to 

volume-overload. Blood pressure did not change after administration of 

captopril, which indicates that the hypertension at that time was not A I I

dependent. The combination of dietary sodium restriction, diuretics and CE 

inhib ition resulted in normotension. The recurrence of mi ld  hypertens ion 

after sodium repletion could easily be controlled with a diuretic. 

Hyponatraemia developed after addition of diuretics to the regimen of 

rigid dietary sodium restriction and CE inhibition. This cannot be explained 

solely by a decrease in the free water clearance but it was l ikely to be due to a 

concomitant sodium deficit. Normally, sodium depletion is a rare conse

quence of diuretic treatment s ince its occurrence is prevented by homoeo

static mechanisms. These include a decrease in glomerular fi ltration, an 

increase in proximal tubular sodium reabsorption and a stimulation of 

aldosterone release. Since GFR decreased and PAC increased, it is most 

l ikely that proximal tubular sodium reabsorption had failed to increase 

appropriately during the development of the sodium deficit in our patient. 

This may have been due to d iminished angiotensin I I  formation by captopril, 

s ince angiotensin I I  in physiological amount increases tubular sodium re

absorption both by its influence on renal haemodynamics and poss ibly by 

a direct action on the tubular cell level9o. 1 63 . 
GFR and, to a smaller extent ERPF, had decreased substantially in the 

salt-depleted state at normotension. Salt repletion resulted in an improve

ment of GFR and E RPF, but the original values were not reached. Appa

rently, renal vasodilation could not compensate for the decrease in GFR due 

to the considerable fall in b lood pressure. However, systemic normotens ion 

with loss of detrimental effects on central nervous and cardiovascular system 

at the cost of a small diminution of G FR seems to be an acceptable price. 

In conclusion, this case history i l lustrates that treatment with captopri l 

may facilitate severe sodium depletion and renal function Joss in some 

patients who use diuretics and who are on a rigid dietary sodium restriction. 

Patients using captopril have, in this respect, much in common with patients 

with the syndrome of the hyporeninaemic hypoaldosteronism2 1 4 . One 

should be aware of the risks of diuretics in these patients, especially when 

combined with rigid dietary sodium restriction. 
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Appendix 3 
Captopril-associated proteinuria 

A report of four cases 

This appendix contains the case histories of 4 patients, who developed 
captopril-associated proteinuria and/ or a nephrotic syndrome. 

Case history 3 
The patient was a 48-year-old woman in whom hypertension ( 1 55/ 100 mmHg) was found  

in  1 965 . Her  medical h istory included an appendectomy. Two pregnancies had  been  uneventfu l .  

l ier  mother had also ,ufTered from hypertension. 

I n  1 977 the p,1l icn1 w,1s referred lo our oulpalicnt c l in ic  because her BP was 260/ 140 mnt l-lg 

,upinc ,tnd 2 70/ 150 1111111 lg upnghl dc,p1tc lrcamcnt with sodium restriction. chlorthalidonc 

,tnd a-methyldopa.  Chest X-rn> ,tnd ECG ,i10wed n o  abnormahlic,. Fundoscopy revealed 

hypcrtcn;rvc ch,ingc, KW gr,1dc I I .  Rapid sequence i n lr,1vcnous u rogr,1phy, rcnography and 

renal angiography were norm.t i .  Without therapy, ,crum rndium wa, 139 11111101/1, scrum pol.is

s ium 4.3 111 11101/I and scrum cre,11 in inc 77 µ11101/1. Van i lyl mandel ic .ic1d excretion w.is normal. 

The urine conl.i incd neither protein nor glucose and the urin.iry sediment w,1s normal. A 

di,1gnos1s of essential hypcrtcmion w," n1.1de and ,he w,1s lrcalcd w11h ,od ium rcslrict1on, 

hydrochlorol h1.111dc. pol,",ium supp lct ion ,ind clonid inc . 

I n  October, 1 978, the anli hyperlensive therapy was d iscontinued because her B P  control was 

unsatisfactory (200/ 1 20 mmHg supine).  The B P  rose to 220/ 1 40 m ml-lg. At l he t ime serum 

sodium was 1 39 mmol/1, se rum potass ium 4.2 m mol/1 and scrum creatinine 7 1  µmol/1. G FR and 

ERPF were 94 and 380 ml/min. respectively; FF was 0.25. The urine contained no protein and 

the urinary sediment was normal again. ANA were not found.  An adequate BP  control ( 1 30/80 

mmHg) was obtained with 50 mg captopril t . i .d .  and the patient remaind n ormotensive during 

the monthly visits to the outpatient cl inic .  GFR rose to 103 and E RPF lo 426 ml/min .  

I n  February and March, 1 979, s l ightly positive (t i te r  1 : 10 )  A N A  ( homogenous pattern) were 

obtained. Antibodies against native DNA were absent. In A pri l ,  1 979, the patient  noticed 

oedema of the legs. Prote inuria was found (5 g/24h). On admission in May, 1 979, her BP was 

normal ( 1 20/80 mm I lg) as was the urinary sediment. Hypoalbum inaemia (2.6 g/ l 00ml)  and 

hypercholesterolae m ia ( 1 0 .4 m mol/1) ex isted. Serum creat in ine was 74 µmol/1, G FR 96 ml/min. 

E RPF ml/min and FF 0.22. AN A were positive ( t iter I :  10); ant ibodies against native DN A were 

nol dc1ccl,1b lc .  Complement ( c3c) amounted lo 1 24",. of standard scrum. There wu, no cryoglob

u l in,,e m ia I I LA-lyp1 11g revealed the phenotype A2. A3. Bw l 6. Bw38. 840. 8w60. Bw4. Bw6. 

DRw6. A renal  biopsy was performed and no proltfcrnl ive or exsudat 1ve changes were round on 

light m icroscopy. Electron dense deposits along the ,ubcpi lhel 1,ll side ol lhc  g(omcrular ba,c-

111cn1 membrane ( G B M J  were revealed on electron m1cro,copy . lmmunolluorescencc ,hawed 

lgA, lgM ,llld c3 dislnhulcd in a granular pat tern along the ca pi l lary w,ll ls .  

C.tplopnl wa, Ul\cont,nucd a1Hl BP  ro,c ,ub,c4ucnll) lo p re -e x ist i ng values I Figure 3 1  ) .  l'RA 

decre,tsed and l'<\C ,ncrc,tsed. I I) perlens,on '"" now 1rc,11ed with hydrochlorul hia11de. tri,1111-

terenc. metoprolol and pra1osin .  A s,tli ,1) 111g BP control wa, ,1chicvcd. l ntcrcsl ingly enough. 

prole inuri,1 d i sappeared complete Ii w11h1n 10 d,1) , after  w11hdn1wal or c,1ptopril. 
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During l.iter v1;1t, ,it our ouqi.1t 1ent  c l in i c  I.IP rcgul.it 1011 \\ ,1 ;  ,ubopt1 111.il ( 1 60/ 1 05 111111 1 lg) .  
Prote 1 11ur ia '"" not found ,111) more AN \ re111 ,1 1 ned neg.it1ve A ren,il b 1011>) 1 11 M,1) , 1 980, 
di;closed the development  ofsp 1�e, on l ight 111 1cro;cop) ( F igure 32) .  Electron 111 1cro,cop) ,ind 
1111111unolluore,cence h. id not ch,111ged . 
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Figure 31 .  The effect of withdrawal of captopril on blood pressure, serum creatinine, 
proteinuria and renal function in patient 3. 

Comments. 
A 48-year-old woman with essential hypertension developed a nephrotic 

syndrome 5½ months after starting captopril treatment. Prote inuria d is

appeared within 10  days after withdrawal of captopril. Renal b iopsy init ial ly 

disclosed an early stage of MGP (stage I) ,  whereas a second b iopsy one year 

after withdrawal of captopril revealed "progression" to sp ike-formation. 

A remarkable thing was that prote inuria in our patient disappeared com

pletely within IO  days after withholding the drug. In  other drug-induced 

immune complex glomerulopathies, for instance penici l lamine-induced, 
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Figure 32. Patient 3. Llght microscopy of the renal biopsies of May, 1980 (x 1400). Spike 
formation is clearly visible in this biopsy. 

p roteinuria d isappears after a much longer time and more parallel with the 

disappearance of the morphological changes 1 7 .  We wonder therefore ifcapto

p ri l ,  by decreasing the generation of A II and by inhib it ing the degradation 

of BK, might facilitate glomeru lar prote in loss when immune complex depo

s i tion has taken p lace. In this respect it is noteworthy that the protease 

inhibitor trasylol reduces aminonucleoside-induced prote inuria in the rat 1 0 1 . 

Trasylol inhibits generation of kall ikre in  and thereby also the generation of 

BK. It is even possible for the pharmacological action of captopril to have 

p layed a permissive role in the deposition or in situ formation of immune 

complexes. The antigen in these immune complexes remains, however, to 

be  elucidated. 

Case histo1y 4 
The patient WJ5 a 52-year-old man in whom hypertension wa, di,covered in January, 1 978. 

B lood pressure amounted to 1 80/ 1 05 mml lg. The intrJvenous urogrJphy was described as 

normal. Chest X-ray and ECG showed slight cardiomegaly Jnd LVI I ,  respectively. Without 

therapy serum cre,t t in ine was 105 µmol/1. A diJgnosis of e,sential hypertension was made. 

Treatment with sodium restriction, rurosemide, proprJnolol, clon1dine and guanethid ine was 

inadequate lo lower BP. 
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The patient was adm itted to our hospital in May, 1 979. Rapid sequence u rography showed a 

delayed nephrography. The length of the right kidney was 1 3 .5 cm,  whereas the left measured 

15 cm. Renal angiography d isclosed a bi lateral renal artery stenosis, with a post-stenotic d i la

tation of the right renal artery. 

The antihypertensive therapy was gradually discont inued, whereupon B P  rose to 260/ 1 20 

mm Hg. Captopri l  was i n itiated and increased step by step to a dai ly dosage of 450 mg; hyper

tension persisted (220/ 1 10 m mHg). After addit ion of a d iuretic, B P  gradually decreased t o  

1 60/85 mm Hg. When s e e n  at weekly intervals at o u r  outpatient c l in ic, a gradual decrease of  

renal function was observed (serum creatinine 356 µmol/1) whereas hyponatraemia  had deve

loped ( 126 m111ol/l) .  Rash and arth ralgia were noticed. The captopril dosage was decreased 

to 50 111g t . i .d .  whereupon the ,1de-effccts disappeared within 4 days. A further decrease in 

renal  function (scrum cre,1t in111e 762 µmol/1 ) with hyponatracmia ( 1 2 1 111 11101/ l l  was ob,erved 

one week later. Sod ium replet ion restored renal function to pretreatment levels. However, 

captopril had to be increa,ed to 50 mg q.i .d. i n  Septe mber. 1 979, because of a recurrence of 

hypertension ( 1 60/ 1 05 111 m l lg). 

The patie nt was read111 1 l led 3 d,1ys later because o r  a gencr, i l i1ec.l rash with cp 1dcnnoli ,is, 

fever. arthralgia and Ii 111 ph.idenopathy. Laboratory lind ings i ncluded leukoc) tom ( 2 1 300/ 

1111113 ) with 111arked eosinopht l1,1 111 the peripheral  blood s111ear  (40-50%). 111 icro,cop1c h,1 em.it

uria and slight prote inun,1 (0 8 g/24 h ). A N A  with a ho111ogenous pallern. previou,1) neg.t l l \ e ,  

beca111c positive ,tl a t i ter ol I 1000. Ant i-ds-DN A  ant ibodies were nut lciund .  C1rculat 1ng 

immune co111 ple.xes were not detectable. Co111p le 111en t  levels  ( Ck and C4 ) were nor111,1 I 1 1  L \ 

typ ing revealed the phcnot) pe A2. A9. 13 1 2, Bw4. DR4. DRw6. Chest X-ray de mon,trated 

reticulonodu lar changes. \ ren,tl biopsy showed no abnormalit ies on l ight micro,cop) . On 

i 111 111 unolluorescence gra11ul, 1r deposition or lgG, lg,\.  lgM anc.l c3 was lciund along the G B �! .  

Electron dense de posits 11 ere de111onstrated a long the subepi thcl ia l  , idc orthe G B M  o n  e lectron 

microscop) . 

Cqllopril  11 ,1, \I 1thdr,1wn with comp lete re, er,,tl or,tl l  c l t 11 1c, i l  .in d  b1ochcm1c,tl ,1bnor111,t 1 1 1 1c, 

with in 2 wed,. \ Ii mphocyte lramJ'orm.1 1 1011 tc,t 6 11 ed, l,11cr, \\ t lh  c,tplopril ,is , 1 1 1  ,tnt igcn.  

w,1s positive i n  the p.it1c111 wherca, there \\ a, no st imul,111011 111 control, � loreO\ e r. p.itch tc,is 

also revealed the dc1 c lopmcn 1  ol deht) ed 11) pcr,em1t11 1 1) to the drug 

With regard to BP control, the pat ient  was treated with meloprolol, furosemide and minox i d i l .  

T h e  patient was discharged; afterwards dipstic� control o n  prote inu ri.i w.is occasionally pos i t ive, 

while prote i n  excretion w,ts most!} be low 500 mg per d,t} . A second b 1ops) tn September. 1 980, 

disclosed the same abnormalities as were found in  the lirst renal b iopsy. 

In  summary, a 52-year-old male with uncontroll.ible hypertension due to b i l.iter.il ren.il 

artery stenosis, developed a serum-sickness-like syndrome 2 ' ,  months after st.irltng c.iptopri l  

treatment. Renal biopsy d isclosed . in early stage ofMGP.  W1thdr.iwal ofc.iptoprt l  resulted i n  a 

complete subsidence of a l l  symptoms within 2 weeks. A repe.it biops) one year l.iter disclosed 

unaltered h istologic.il abnormalities. 

Comme11rs. 
The case history of this patient was characterized by the development ofa 

serum-sickness-l ike syndrome on captopril therapy. Moreover, renal b iopsy 
disclosed MG P, stage L This combination is the more interest ing as it is 
tempting to speculate on disease mechanisms. (see chapter 5). 

This case history is s imi lar to case h istory 2 in that both patients developed 
a severe sodium deficit and renal function loss. Again, this condit ion was 
provoked by addition of a diuretic to captopril treatment, the patient be i ng 
on a severely sodium-restricted diet. 
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Case history 5 

A 60-year-old man was admitted for evaluation and treatment of mal ignant hypertension in 

March, 1980. His medical h istory included angina pectoris s ince 1 978. Hypertension ( 1 60/ 1 10 

mm Hg) developed at the beginning of 1 979; treatment w.is started with propranolol, hydralazine 

and furosemide with good result ( 1 50/90 m mHg) at  first. However, high blood pressure 

gradually recurred ( 1 70/ 1 20 mm Hg). The patient complained of headache and blurred vision. 

Fundoscopy revealed KW-grade I V  hypertensive changes. On admission BP amounted to 200/ 

1 20 mm Hg. Electrocardiography showed LVH and strain. Creatinine clearance was 30 ml/min; 

urinary sediment was normal while no proteinuria was found. Renal function studies revealed a 

GFR of 33 ml/min and ERPF of 140 ml/min . Angiography disclosed severe atherosclerotic 

changes of the abdominal aorta. Vessel wall irregularit ies were see n  in both renal arteries; a 

stenosis with poststenotic d i lation was seen on the left side. 

Captopril was instituted and satisfactory BP control was obtuined ( 1 50/90 mm Hg); the patient 

was d ischarged. During outpatient clinic visits a gradual deterioration of the renal function was 

observed. Subsequent ly progressive proteinuria and a nephrotic syndrome deve loped and the 

patient was readmitted in August, 1 980 ( Figure 33). 
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Figure 33. Patient S. The clinical course on capcopril treatment. A =  angiography; R - renal 
biopsy. 
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At physical examination, blood pressure amounted to 1 50/90 m m Hg; sl ight peripheral 

oedema was in evidence. Urinary protein excretion varied between 6.5 and I O. I grams per day. 

Urinary sediment was normal. Serum albumin was low (27 g/1); hypercholesterolaemia was 

found (8.7 mmol/1). Glomerular filtration rate had decreased to 9 ml/min .  HLA typing revealed 

the phenotype A I, A3, 88, 85, Bw6, Cw 3, DR3, DR7. 

A percutaneous renal biopsy wJs taken from the lower pole of the right kidney. Light m icro

scopy showed 20 glomerul i ;  4 were completely hyalinized. l schaemic changes of the other 

glomerul i  were observed. The vascular walls were thickened. l mmunonuorescence studies 

revealed a non-speci lic, patchy fluorescence of c3 . At  electron m icroscopy some spJrsely 

distributed e lectron dense deposits at the ep ithelial side of the glomerular basement membrane 

were observed (Figure 34 ). The cl in ical picture could not be accounted for. Therefore renal 

angiogra)lhy was repeated. The right renal artery, previously patent, now proved to be comple

tely occluded. Some newly developed collaterals suppl ied the lower pole of the right kidney, 

which had shrunk from 1 3 .5 to 1 0.4 cm. Size and shape of the left renal artery and kidney were 

unchanged. By now a cause had been found for the deterioration of renal function but the 

aetiology of the )lrote inuria was sti l l  obscure. I t  was decided to perform a b iopsy of the left 

kidney. 

At  light microscopy the histological lindings were analogous to the changes observed i n  the 

right kidney. lmmunofluorescence studies, however, revealed extensive regular granular 

deposits of lgG, lgM and c3 along the capi l lary walls .  Electron m icroscopy showed abundant 

electron dense deposits along the subepithelial side of the G BM ( Figure 34 ). Based on these 

lindings, a diagnosis of MGP, stage I was made. Captopril was withdrawn and replaced by 

m inoxidi l .  Four months later blood pressure was 1 60/95 mml·lg. G radually, )lroteinuria had 

completely disa)l)leared. 

Figure 34. Patient 5. Electron micrographs of the renal biopsies of the right (A) and left (B) 
kidney. For details see text. (Uranyl acetate, lead citrate, x 10.000). 

Comments. 
The case history of this patient is remarkable in that both prote inuria and 

i rrevers ible renal function loss deve loped in  one patient. Though the combi 

nation of renal function loss and prote inu ria occurs frequently i n  later stages 
of id iopath ic membranous glomerulopathy, this combination is rarely en-
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countered in case of drug-induced MOP. However, furthe r  investigation 
revealed two different processes that were responsib le for this particular dis
order. Renal fai lure was - at least partly - due to occlus ion of the right renal 
artery, while uni lateral MOP was present in the left kidney. 

Unilateral glomerulopathy is a rare human disorder. It has been reported 
mainly in patients with uni lateral hydronephrosis or renal  artery constriction. 
Experimental studies have shown that renal artery constriction protects the 
kidney against various forms of experimentally induced glomerulopathy. The 
occlusion of the right renal artery in our patient was documented to have 
occurred during captopri l  treatment. Therefore, the marked d ifference in the 
distribution of the glomerular lesions between the two kidneys provides 
strong evidence for a causal role of captopril in the development of MOP in  
th is patient. 

Case histo1y 6 

A 5 1 -ycar-old 111.ilc was admitted for cv,1 luat ion and treatment or mahgm1nt hypertension 

(270/150 mml lg) .  l l is medical history w,1s unrc m,trkab lc. BP wa, normal ( 140/80 mm Hg) 6 

months before adm ission. Except for blurred v1s1on the patient had no compla ints. Pretreatment 

physical examination was unre markable except fm KW gr,1dc IV fundi  ,tnd a systolic murmur 

,11 the left par,1 -umbi l ical site.  Electrocardiography disclosed LVI I and strain.  G FR amounted to 

65 m l/min, ERPF lo 207 ml/min and FF was 0.3 I .  Protc inuria w.i, not detected. Rapid sequence 

mtravenous urography showed delayed nephrography of the left kidney. Angiography revealed 

a severe renal artery stenosis with posl-stcnotic d i lat,1tion oft he left k idney. Renal vein catheteri

z.i t ion disclosed laterali z.it ion. Captopnl was started and normotension wa, achieved on J 

dosage or 75 mg t . i.d. in comb ination with a moderately sod ium restricted diet .  G FR was 72 

,tnd ERPF 293 m l/min ,it h i,  di,chargc. 

The p.itient renuuncd normotcnsivc during the next month,. I le was admitted in March, 

1 980. lor treatment of the renal .irtcry stenos" by percutaneous t ranslu mtnal angioplasty. 

BP w.i, 1 30/80 mm I lg; d ipstick e xam ination or the u rine disclo,cd a trace of protc inuria 

Angiography revealed a comp lete obstruction of the prcviou,ly ,tcnotic rcn,tl artery. The 

p,1 t icnt was di,chargcd but the next few month, protc 1nuria gradual ly mcrca,cd and he was 

readmitted in May, 1 980. 

BP wa, 150/95 111 111 1 1g ,  e ,cc pt lor s l ight ankle ocdc111.1 pl1 1 s ic,tl e , ,1111 1 na t1on produced no 

,1bnormal 1 1 1e,. I I) p,tlb um 1n,1e111 ia ( 29 g/ 1 )  ,ind h) pe1 chole,1erol ,1cm 1,1 ( 8 .-1 11111101/I ) \\e re lound 

Tc,ts  for ANA ( \\ h 1ch h.td been pos i t i , c  111 lo\\ t i ler, or 1/ 10 111 � l a rch. 1 980). an t i-us D N A  

d lll 1bod1c..,. Lr) oglohul 111.11!111i.1 . i n d  r i 1  l.'u la t 1ng 1 11111H11h! comp le\\!', \\ c r1.: llt.!g.I 1 1 \  I.! 1 1  Lt\·l\ p 1 11g 

showed the prese nce of the phenotype A l ,  A9, 11 1 7. B l 5 . ll\\ 62. ll\\-l. C,13 .  DR7 

Renal b iopsy ( right kidney) wa, performed. Light microscopy showed no gros, abnorma l ities. 

l m munonuorescence ,tudics of the ,pccimcn ,howcd lgG, lg A,  lgM and c3 granular deposit,. 

On EM there were electron dense subcpithc l ial dcpo,it,. A dmgno,is of MG P stage I w," made. 

S tudies were performed on the poss ible in fluence ofca ptopril- induccd hormon.il change, in 

1iro,tagl,tndin, and bradykin ,n on urinary prote in excret ion during this adm is,ion. The result, 

,trc ,l10wn in Figure 35. l ndomcthacin - when given while the patient was on .t 200 11111101 rnd1um 

con taming diet - dccrc,i-cd protc rnur ia from 6. 1  to 1 .8 g/24h. l ndomcth,1cin dccrc,,scd G FR 

(82 .5 lo 75 ml/min)  ,tnd ERPF (3 1 1  to 299 ml/min) .  Prolonged aprotin-infmion (50.000 k l -U/h 
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during 3 days) had no demonstrable effect on urinary protein excretion or renal function. 

Captopril was subsequently withdrawn and replaced by metoprolol. Prote inuria gradually 
diminished and had completely d1sJppeared in January, I 98 I .  
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Figure 35. Patient 6. The effects of indomethacin and aprotin on urinary protein excretion 
and renal function during capcopril treatment. 
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Comments. 
A 5 1 -year-old man with renovascular hypertension developed a complete 

obstruction of the stenotic renal artery and a nephrotic syndrome due to MGP 

on captopril therapy. Prote inuria gradually disappeared after stopping 

captopril. 

It has been proposed that i ndomethacin decreases proteinuria by inhibi

tion of renal prostaglandin synthesis. Moreover, it has been shown that the 

decrease in urinary protein loss is more pronounced by sodium depletion, 

while sodium depletion itself does not i nfluence the renal capil lary protein 

leak65. Therefore, the decrease in proteinuria in this patient, who was sodium 

repleted, is remarkable. I t  appeared that aprotin, a potent inhib itor of human 

plasma kall ikrein and other proteases, did not interfere with urinary protein 

loss. This observation makes an i mportant role for BK as mediator of the 

captopril-associated proteinuria less probable. 

This case history demonstrates that captopril may influence renal function 

in two opposite ways in patients with renovascular hypertension. Despite the 

complete obstruction of the left renal artery and an impressive drop in BP, 

GFR and ERPF improved during CE inhib ition. Th is indicates that the 

function of the non-stenotic kidney was suppressed by a stimulated RAS 

before captopri l .  There is no certainty as to the question whether captopril 

enhanced the progression to complete obstruction of the stenotic artery by 

ab lating the renin-mediated protection of the stenotic kidney against 

ischaemia. 
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