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A B S T R A C T The suppression of renin release by an-
giotensin II (All) (the so-called short feedback loop)
is blunted in essential hypertension. To determine
whether this abnormality is reversible, renin release
was assessed in sodium-restricted essential hyperten-
sives and normal controls: (a) during the administra-
tion of captopril for varying intervals and (b) following
the infusion of graded doses of All (0.3-3 ng/kg per
min) before and after plasma levels of AII had been
chronically reduced with captopril (25-50 mg every
6 h) for 70 h.

In control subjects, the maximal increment above
control in plasma renin activity (PRA) after a single
dose of captopril (11.9±3 ng/ml per h) was signifi-
cantly (P < 0.02) greater than in hypertensives (8.1±1.7
ng/ml per h) despite similar reductions in AII levels
and significantly greater decrements in diastolic blood
pressure in the hypertensives. Whencaptopril was con-
tinued for 70 h, the PRA increments above base line
in hypertensive subjects (11.4±2.9 ng/ml per h) rose
to levels seen in the controls (11±2.6 ng/ml per h);
there were no significant differences in the AII or di-
astolic blood pressure decrements between the two
groups.

Compared with normotensive subjects, AII failed to
suppress renin release in hypertensive subjects despite
significantly greater diastolic blood increments and
comparable All levels achieved at each All dose.

After captopril treatment, All now produced sig-
nificant declines in PRA in the hypertensives; more-
over, comparing declines pre- and postcaptopril,
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greater PRA decrements were seen either at compa-
rable rises in levels of AII or diastolic blood pressure.
Finally, the suppression of PRA by AII postcaptopril
in hypertensives was now indistinguishable from that
seen in normal controls. Thus, the impaired regulation
of renin by All is reversible with prolonged captopril
treatment, suggesting that this abnormality is not due
to a fixed structural defect but to a reversible lesion.

INTRODUCTION

An increased intrarenal concentration of angiotensin
II (All)' reduces renin release, the so-called "short
feedback loop," and is thought to be one important
determinant of renin release in normal man (1-7). We
have demonstrated a blunted action of AII in limiting
renin release in patients with essential hypertension
(8). Whether this abnormality was due to a fixed, struc-
tural defect or was reversible was not determined. To
further investigate this, we measured plasma renin
activity (PRA) during the administration of captopril
for varying intervals, and assessed the responsiveness
of the short feedback loop to AII when plasma (and
presumably intrarenal) AII concentrations had been
reduced for intervals up to 70 h.

METHODS
55 hypertensive subjects (10 females, 45 males) and 31 nor-
motensive control subjects (5 females, 26 males) were studied
on the Clinical Research Center of the Brigham and Women's
Hospital. Hypertensive patients ranged in age from 18 to 69
yr of age; normal controls ranged from 20 to 54 yr. All
hypertensive subjects had a diastolic blood pressure >90 mm

' Abbreviations used in this paper: AII, angiotensin II;
DBP, diastolic blood pressure; FDPT, Fisher direct proba-
bility test; PRA, plasma renin activity.
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of mercury on three separate occasions before admission,
and a documented history of hypertension for at least 6 mo
duration. Antihypertensive medications were discontinued
2 wk before admission. All hypertensive subjects had normal
24-h urine excretion values for vanillyl-mandelic acid, meta-
nephrines, catecholamines, 17-hydroxysteroids, and 17-ke-
tosteroids. Two hypertensive patients had renal artery ste-
nosis. In the remainder rapid sequence intravenous pyelog-
raphy and/or renograms were normal; renal arteriography
with bilateral renal vein sampling for renin levels were per-
formed when indicated.

All studies were performed in balance on a 10-meq so-
dium, 100-meq potassium isocaloric diet. After sodium bal-
ance had been achieved, renin levels were obtained supine
and after subjects had been upright for 2 h. The range of
upright renin levels in normal controls in our laboratory on
a 10-meq sodium diet is 2.5 to 15 ng/ml per h (9). Four
hypertensive patients (two with essential hypertension and
two with renal artery stenosis) had upright PRA levels ex-
ceeding 15 ng/ml per h (high renin hypertension). In the
remaining hypertensives, upright PRA levels were within
the normal range. All subsequent studies were performed
recumbent following an overnight fast at 8:00 a.m. Arterial
blood pressure was monitored at 2-min intervals with an
automatic blood pressure recorder (Arteriosonde, Roche
Diagnostics Div., Hoffman-La Roche Inc., Nutley, NJ) for
a 30-min control period and during each All infusion, or
after captopril administration.

Protocols
CONVERTINGENZYMEINHIBITION

Single dose. 39 hypertensive subjects and 14 normal con-
trols received a single 12.5-50-mg dose of captopril (SQ
14225, Squibb Pharmaceutical Co., Princeton, NJ) by mouth.
Supine blood samples were obtained for sodium, potassium,
PRA, and All before the dose, at 30-min intervals for 2 h,
and at 6 h.

Multiple dose. In 16 hypertensive subjects and 12 nor-
motensive subjects, captopril (25-50 mg every 6 h) was con-
tinued for 70 h. Supine blood samples were drawn at 8:00
a.m. for PRA, AII, sodium, and potassium after 70 h of cap-
topril therapy.

To insure comparability of renin levels in hypertensive
and normal studies after single or multiple dose captopril
treatment, all PRAsamples were obtained 90-120 min after
the morning captopril dose.

Infusion of AIl pre- and postcaptopril
Precaptopril. To assess the short feedback suppression of

PRA by AII, AII (Hypertensin; Ciba-Geigy Corp., Summit,
NJ) was infused in graded doses (0.3, 1, and 3 ng/kg per
min) in 16 hypertensive and in 13 normotensive subjects on
a 10-meq sodium, 100-meq potassium diet. Each dose was
given for 45 min. At the end of each dose, blood samples
were obtained for PRA, AII, sodium, and potassium.

Postcaptopril. AII was infused in 16 hypertensive subjects
following treatment with captopril (25-50 mg per os every
6 h) for 70 h. As previously, AII was infused at 0.3, 1, and
3 ng/kg per min, with each dose given for 45 min. Following
each infusion dose, blood samples were obtained for PRA,
All, sodium, and potassium. Seven normotensive subjects also
had All infusions at 0.3, 1, 3, and 10 ng/kg per min after
70 h of captopril (25 mg per os every 6 h).

Laboratory techniques. All blood samples were collected

on ice and centrifuged immediately. AII was measured with
a double-antibody radioimmunoassay, and PRA with a ra-
dioimmunoassay of the angiotensin I generated during a 30-
min incubation with endogenous substrate at 370C (10, 11).
24-h urines were collected for sodium, potassium, and cre-
atinine. Urine sodium and potassium were measured by
flame photometry using lithium as the internal standard.

Statistical evaluation. Means have been presented with
the SEMas the index of dispersion. Statistical significance
was determined with the t test, or analysis of regression
where applicable. In some instances, the Fisher direct prob-
ability test (FDPT) or Wilcoxon Rank Sum Test for non-
parametric data were used (12). The null hypothesis was
rejected when a P value of <0.05 was obtained. The protocols
were approved by the Human Subjects Committee of the
Brigham and Women's Hospital; in all cases, informed con-
sent was obtained.

RESULTS

Response to converting enzyme inhibition
Single dose. The physiologic responses to a single

dose of captopril are summarized in Table I. The max-
imum increase in PRAwas significantly greater in the
normotensive than the hypertensive subjects (11.9±3
vs. 8.1±1.7 ng/ml per h, respectively, P < 0.02, FDPT).
This occurred despite significantly greater falls in di-
astolic blood pressure (DBP) in the hypertensive group
(P < 0.02, FDPT). On the other hand, there were no
significant differences in the decreases in AII levels
between hypertensive and normal subjects (Table I).

Multiple dose over 70 h. Captopril was continued
for 70 h in 12 normal controls and 16 hypertensive
subjects (Table I). In the hypertensive subjects, the
mean decline in DBP was identical to that observed
after a single dose (-16±2 mmHg). However, after
70 h of captopril, the mean PRA increment was
11.4±2.9 ng/ml per h; this PRA rise was not statisti-

TABLE I
Responses to Converting Enzyme Inhibition with Captopril

Single dose

Normals, n = 14 Hypertensives, n = 39

Control A. Control Av

PRA, ng/ml/h 3.9±0.6 +11.9±3 3.5±0.3 +8.1±1.7t
AII, pg/mi 26±4 -11±2 20±2 -7±2
DBP, mmHg 71±1 -14±2 88±2 -16±11

Multiple dose
Normals, n = 12 Hypertensives, n = 16

PRA, ng/ml/h 3.1±0.4 +11±2.6 4.6±0.8 +11.4±2.9
AII, pg/ml 39±5 -21±4 35±5 -8±4
DBP, mmHg 70±3 -13±3 89±2 -16±2

'A = Maximum change from control levels.
t P < 0.02 different from normals, Fisher direct probability test.
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cally different from that observed in normotensive sub-
jects treated with either a single dose (11.9±3 ng/ml
per h) or after 70 h of captopril (11±2.6 ng/ml per h).
After either single or multiple dose captopril admin-
istration, there were no significant differences in the
AII or DBP decrements in the hypertensive and nor-
motensive subjects (Table I). However, in the nor-
motensive subjects, the declines in All were greater,
although not significantly so, following both single and
multiple dose captopril administration compared with
the hypertensive subjects.

Response to AII infusion before captopril. The
mean basal PRA levels in the hypertensive subjects
(4.6±0.8 ng/ml per h) and in the normotensive controls
(4.5±0.7 ng/ml per h) were not significantly different
and were nearly identical. The basal AII concentra-
tions as well as the AII levels achieved at each infusion
dose also were not significantly different in normoten-
sive and hypertensive subjects. PRA did not fall in
either normotensive or hypertensive subjects at an All
infusion rate of 0.3 ng/kg per min, but did, in both
groups with larger doses (Fig. 1). As anticipated, the
mean decrements in PRA were significantly greater
in normotensive than in hypertensive subjects at 1 and
3 ng/kg per min (P < 0.027, and P < 0.001, respec-
tively). Compared with the response seen in normo-
tensive subjects, All failed to suppress renin release in

hypertensive subjects despite significantly greater in-
crements in diastolic blood pressure at each AII dose.

AII infusion after converting enzyme
inhibition with captopril

Hypertensive subjects. To study the question of
the reversibility of the previously defined abnormali-
ties in the short feedback suppression of PRA by AII,
AII was infused in hypertensive subjects after 70 h of
captopril. Compared with the PRA responses precap-
topril, AII infusion now produced significant declines
in the levels of PRA at 0.3 ng/kg per min (-3.3±1.2
ng/ml per h, P < 0.01), 1 ng/kg per min (-6.2±2.0
ng/ml per h, P < 0.02) and 3 ng/kg per min (-8.1±2.4
ng/ml per h, P < 0.01) (Fig. 2, Table II). This suppres-
sion of PRA in response to AII after captopril was
associated with AII increments that were not signifi-
cantly different from those recorded in the precap-
topril AII infusions (Table II). Comparing pre- and
postcaptopril DBP rises, there was increased vascular
responsiveness at each AII infusion dose in hyperten-
sive subjects following captopril (P < 0.05). However,
when identical DBP increments (5 mmHg) following
AII pre- and postcaptopril were compared, there were
greater declines in PRA following captopril both at
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FIGURE 1 The mean maximal PRAdecrements from control
after the infusion of All at 0.3, 1, and 3 ng/kg per min in
normotensive and hypertensive subjects before captopril ad-
ministration. Recumbent control PRAlevels in hypertensives
= 4.6±0.8 ng/ml per h and in normals = 4.5±0.71 ng/ml
per h. ° Mean decrements in PRAare significantly greater
in normotensive than in hypertensive subjects at 1 and 3 ng/
kg per min (P < 0.027 and P < 0.001, respectively). 0, Hy-
pertensive precaptopril (n = 16); 0, normotensive (n = 13).
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FIGURE 2 The mean maximal PRAdecrements from control
after the infusion of AII at 0.3, 1, and 3 ng/kg per min in
hypertensive subjects pre- and postcaptopril administration
(25-50 mg p.o. every 6 h for 70 h). Absolute PRA levels are
presented in Table II. 0--- 0, Precaptopril, n = 16;
* 0, post captopril, n = 13.
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TABLE II
AII Infusions in 16 Hypertensive Subjects Pre-

and Postcaptopril Administration

All infusion rate PRA All DBP

ng/kg/min ng/tmi/h pg/ml mm/Hg
Precaptopril

Control 4.6±0.8 35±5 89±2
0.3 4.9±1.0 37±5 91±2
1.0 4.2±0.9 43±7 94±2
3.0 3.9±0.7 62±10 99±2

Postcaptopril
Control 16.5±3.7 27±3 74±2
0.3 13.2±3.1 29±2 79±2
1.0 10.2±1.9 36±3 85±2
3.0 8.4±1.6 53±8 92±2

lower AII infusion rates (P < 0.05) and lower AII levels
(P < 0.025) (Table II).

Two patients with renal artery stenosis displayed a
marked change in the suppression of PRAin response
to All pre- and postcaptopril. Before captopril ther-
apy, AII infused at 3 ng/kg per min produced a PRA
decline of -3.4 and -1.0 ng/ml per h. After captopril,
AII infused at 3 ng/kg per min produced PRA dec-
rements of -34 and -13.6 ng/ml per h, respectively.

Hypertensive vs. normal subjects. Regression anal-
ysis of the relationship between the decrease in PRA
in response to AII precaptopril revealed that in normal
subjects, the decline in PRAwas a function of the con-
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trol PRA (r = 0.79, P < 0.001) (Fig. 3). Moreover, in
normal subjects treated with captopril, this regression
relationship was not altered (r = 0.93, P < 0.001).

In hypertensive subjects precaptopril, regression
analysis revealed no significant relationship between
control PRA and the decline in PRA in response to
infused All (3 ng/kg per min) (r = 0.40) (Fig. 3). How-
ever, when AII was infused in hypertensive subjects
postcaptopril, control PRA now strongly correlated
with the decline in PRA (r = 0.96, P < 0.001) (Fig.
3). Although there were no significant differences in
the AII levels at each dose, the DBP response at each
AII dose was significantly less in the normotensive than
the hypertensive subjects.

To compare the suppression of PRA at equivalent
DBP increases, AII was also infused at 10 ng/kg per
min in seven normal subjects after treatment with cap-
topril for 70 h (25 mgevery 6 h). At 10 ng/kg per min
in the normal subjects, the DBPrise (+19±2 mmHg)
was not significantly different from that seen in the
hypertensive subjects (+18±2 mmHg) following an
AII infusion dose of 3 ng/kg per min. As expected, the
mean AII levels achieved in normotensive subjects at
10 ng/kg per min (+70±16 pg/ml) were significantly
greater than those in hypertensives at 3 ng/kg per min
(+20±8 pg/ml). In the setting of nearly identical DBP
rises, the mean postcaptopril PRA decline in the nor-
motensive subjects in response to AII at 10 ng/kg per
min (-6±1.5 ng/ml per h) now was not significantly
different from the mean decrease in PRA (-8±2.4 ng/

8 12 16 20 24 28 32 36 40

CONTROLPLASMARENIN ACTIVITY (ng/ml/h)

FIGURE 3 Regression relationships between control PRA and the decrement in PRA after the
infusion of angiotensin II in normotensive (n = 7) and hypertensive subjects (n = 13) pre- and
postcaptopril. In hypertensive subjects before captopril, there was no significant regression
relationship between the PRA decrement in response to AII and control PRA (r = 0.40, P
> 0.05). After 70 h of captopril, there was a significant regression relationship (r = 0.96, P
< 0.001) in hypertensives which was similar to that observed in normotensive subjects both pre
(r = 0.79, P < 0.001) and post 70 h of captopril (r = 0.93, P < 0.001).
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ml per h) in the hypertensive subjects at a dose of 3
ng/kg per min (Fig. 4).

DISCUSSION

Circulating All levels directly regulate renin release
independent of any hemodynamic, neurogenic, or
renal tubular mechanisms via the so-called short feed-
back loop (1, 13). In a previous study, we demonstrated
that All reduces renin release in normal sodium-re-
stricted subjects at subpressor concentrations within
the physiologic range (8). Further support for short
feedback inhibition of PRAby All in man is provided
by the study of Kono et al. (14) where the infusion of
the All analogue, des-Asp',-Ileu8-angiotensin II, sup-
pressed captopril-induced PRA increases in normal
man and hypertensive subjects without changes in ar-
terial blood pressure. A direct effect of AII on reducing
renin release has also been demonstrated in vitro (15).

Our study confirms an abnormal regulation of PRA
by All (short feedback loop) in essential hypertension
(8) and extends that observation to indicate a subnor-
mal response of PRA following converting enzyme in-
hibition with captopril. The reduced response to cap-
topril indicates strongly a subnormal PRA response of
the short feedback loop to All not only when the con-
centration of AII rises, but also when it falls. The fail-
ure of AII to suppress PRAcould not be explained by
the All levels or by the blood pressure responses
achieved during the infusion of AII in normotensive
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FIGURE 4 The maximal PRAdecrements from control after
the infusion of All of 10 ng/kg per min (normotensive sub-
jects) and 3 ng/kg per min (hypertensive subjects) after
treatment with captopril for 70 h (25 mg p.o. every 6 h).
Recumbent control PRA levels in hypertensives = 16.5±3.7
ng/ml per h and in normals = 10.1±1.8 ng/ml per h. The
mean DBPrises in hypertensives (+18±2 mmHg) and nor-
motensive subjects (+19±2 mmHg) were not significantly
different. The mean decline in PRAin normotensive (-6±1.5
ng/ml per h) and hypertensive subjects (-8±2.4 ng/ml per
h) were also not significantly different.

and hypertensive subjects. Moreover, the failure to
suppress PRA was seen in the presence of a greater
rise in DBP in the hypertensive subjects at each AII
infusion dose. The subnormal increment in PRA in
hypertensive subjects following captopril occurred
despite a significantly greater fall in DBP in the hy-
pertensives and no significant differences in the fall
of AII between hypertensive and normotensive sub-
jects. Therefore, elevations or reductions in All levels
within the physiologic range revealed a decreased ef-
fectiveness of AII to modulate renin release in hyper-
tensive subjects. This is probably not due to an elevated
blood pressure per se, because many subjects had nor-
mal blood pressures at the time of study.

Wereasoned that this abnormal AII-PRA interaction
could be the result of structural abnormalities in the
kidney secondary to chronically elevated blood pres-
sure, such as renovascular atherosclerosis, arteriolar
nephrosclerosis, or organic lesions of the juxtaglomer-
ular apparatus. Alternatively, the abnormality could
be caused by a derangement in renin release (such as
a sustained elevation of intrarenal All levels), which
could be reversible. Therefore, captopril administra-
tion was continued for 70 h in hypertensive and nor-
motensive subjects; in hypertensive subjects, the PRA
increment now became indistinguishable from that
seen in normotensive subjects. The return to normal
of the PRA increase in hypertensive subjects could not
be explained by a progressively greater hypotensive
response or a greater All decrement at 70 h because
the DBP fall and the All decrement were not signif-
icantly different than those observed after a single dose
(Table I). There were also no significant differences
between the All decrements in the hypertensive vs.
normotensive subjects after 70 h of captopril treat-
ment. Changes in sodium balance cannot explain the
differences in renin responsiveness after 70 h of cap-
topril treatment, because patients were maintained on
a severely sodium-restricted intake and their weights
did not change. Thus, restoration of normal renin re-
sponsiveness following captopril suggested a reversible
abnormality in the short feedback suppression of renin
release by All.

The PRA response to AII infusion postcaptopril
treatment in hypertensive subjects supports this hy-
pothesis. Compared with the PRA response precap-
topril, the infusion of AII postcaptopril now produced
significant decrements in PRA at 0.3, 1, and 3 ng/kg
per min. This suppression of PRA could not be ex-
plained by differences in AII levels achieved because
they were not significantly different pre- and postcap-
topril. As expected, the absolute mean DBP at each
AII infusion dose was less after than before captopril
administration. However, greater blood pressure rises
were observed after the infusion of AII postcaptopril
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compared with precaptopril administration; this en-
hanced sensitivity in the sodium-restricted state has
been previously reported and may reflect an increase
of AII vascular receptors subsequent to lowering en-
dogenous AII levels (16, 17). To exclude a possible role
for greater blood pressure rises in explaining the re-
sults, we analyzed the decreases in PRA in hyperten-
sives pre- and postcaptopril at comparable blood pres-
sure increases. At nearly identical blood pressure rises,
suppression of PRAwas still significantly greater post-
captopril at lower AII infusion rates and at lower All
levels (Table II).

However, not only did captopril reverse the abnor-
mality in the short feedback loop in hypertensive sub-
jects but suppression of PRAby AII was now indistin-
guishable from that seen in normotensive subjects. This
normalization of renin responsiveness to AII after cap-
topril is clearly demonstrated by the regression rela-
tionship between control PRA and the decrement in
PRA to infused AII (Fig. 3). In normotensive subjects,
the decrement in PRA to infused AII was a function
of control PRA; in hypertensive subjects precaptopril
it was not. However, when AII was infused in hyper-
tensive subjects treated with captopril, control PRA
now strongly correlated with the decrement in PRA
(P < 0.001) (Fig. 3). Additional evidence for normal-
ization of PRA suppression by infused AII following
captopril was seen when PRA decrements were com-
pared in hypertensive and normal subjects at com-
parable blood pressure increments. In normotensive
subjects at an AII infusion rate of 10 ng/kg per min,
the DBP increment was nearly identical to that seen
in hypertensive subjects at an AII dose of 3 ng/kg per
min. At equivalent pressor responses, the mean dec-
rement in PRA in normotensive subjects was now not
significantly different from that seen in hypertensive
subjects (Fig. 4). The fact that the 10 ng/kg per min
AII infusion rate in the normotensive subjects did not
produce a greater suppression of PRAdue to the higher
AII levels achieved is probably due to the flat dose
response relationship between 3 and 10 ng/kg per min,
as previously reported (8). Thus, prolonged lowering
of endogenous AII levels with captopril not only re-
versed the abnormalities in the short feedback loop in
hypertensive subjects, but PRA responsiveness to AII
appeared now to be indistinguishable from that seen
in normotensive subjects.

There are a number of mechanisms whereby pro-
longed captopril treatment could restore renin re-
sponsiveness in hypertensive patients. For example,
captopril produces rises in prostaglandin and brady-
kinin levels concomitant with the decrements in en-
dogenous All (18, 19). This increased prostaglandin
production could provide an additional stimulus for
renin release. An alternative hypothesis is that cap-

topril lowers elevated intrarenal AII levels. AII is
known to be generated in the kidney and arteriovenous
All gradients have been demonstrated across it (20).
Higher than normal intrarenal AII levels could make
the juxtaglomerular AII receptor less responsive to in-
fused AII (similar to reports of the glomerular AII re-
ceptor) (21) or these levels could exert a renal arteriolar
vasoconstrictive effect, thereby providing a stimulus
for continuous renin release. Further indirect support
for the postulated high intrarenal AII levels are the
abnormalities noted in renal blood flow, which were
promptly reversible with the converting enzyme in-
hibitor SQ 20881 (22).

Thus, hypertensive patients have a defect in the
short feedback loop as evidenced by: (a) failure to ex-
hibit the expected increment in PRA in response to
the acute lowering of All levels with captopril and
(b) failure to suppress PRA in response to the infusion
of AII. Prolonged treatment with captopril reverses
these abnormalities in hypertensive subjects, perhaps
by reducing sustained elevations in peripheral or in-
trarenal AII or blood pressure levels. Hence, the im-
paired regulation of renin by AII in hypertension is
not due to a fixed structural lesion but to a reversible
defect.
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