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Increased Adrenal Sensitivity to Angiotensin II in

Low-Renin Essential Hypertension
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A B S T RA C T Studies were undertaken to determine
if the dissociation of aldosterone and plasma renin
activity in low-renin essential hypertension is due
to altered adrenal responsiveness to angiotensin II.
The responsiveness of' the adrenal glands to angio-
tensin II was determined by infusing graded doses
of angiotensin II into normal subjects and into patients
with essential hypertension and measuring changes
in levels of' plasma aldosterone in response to the
infusion. To minimize the influence of endogenous
angiotensin II and ACTH, supplemental sodium and
dexamethasone were given before the infusions. Levels
of plasma aldosterone and plasma renin activity were
determined in normal subjects anid in the same patients
after the combined stimuli of furosemide and upright
posture, a maneuver used to increase the level of en-
dogenous angiotensin II. To determine if the changes
in levels of plasma aldosterone during infusion of
angiotensin II were due to alteration of the metabolic
clearance of aldosterone, the metabolic clearance of
aldosterone was meastured before and during the infu-
sion of angiotensin II.

After sodium loading, dexamethasone treatment,
and supine posture, levels of plasma aldosterone of
normal subjects and patients with essential hyperten-
sion were suppressed equally. In response to the infu-
sion of angiotensin II, the levels of plasma aldosterone
of patients with low-renin essential hypertension were
significantly higher than those of normal subjects or
of patients with normal-renin essential hypertension.
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After furosemiiide and upright posture, levels of plasma
aldosteroine of patients with low-renini essential hyper-
tension were significan-tly higher than those of patients
with nornmal-reniin esseintial hypertension, despite a
blunted responise in plasma renin activity of' the pa-
tients with low-reniin esseintial hypertension. Decreases
in metabolic clearance of' aldosterone during infusion
of angiotensin II were siinilar in patients with normal-
renin essential hyperteinsion and in patients with low-
renin essential hypertenision and accounted for only
a small fraction of the marked increase in levels of
plasma aldosteroine of patients with low-renin essential
hypertension. It is concluded that patients with low-
renin essential hyperteinsion have increased adrenal
sensitivity to angiotensin II. This increased sensitivity
may explain the dissociation of aldosterone and plasma
renin activity in low-reinin essential hypertension.

INTRODUCTION

The reguilationi of' aldosterone is abnormal in some
patients with essential hypertension. Most patients
with low-renin essential hypertension have normal
secretion rates and urinary excretion rates of aldo-
sterone, despite low plasma renin activity (1-4). The
secretion rate, exeretioni rate, and plasma levels of
aldosterone do not suppress normally in response to
sodium loading in patients with essential hypertension,
particularly those with low plasma renin activity (5-7).
Additionally, levels of plasma aldosterone of patients
with low-renin essential hypertension are greater than
normal after prolonged recumbency (8) and increase
briskly after assumption of upright posture, despite a
blunted response in plasma renin activity (4, 6). Thus,
levels of aldosterone of some patients with essential
hypertension are inappropriately high for the levels
of plasma renin activity.

To determine if the dissociation of levels of aldo-
sterone and plasma renin activity in hypertensive pa-
tients with low plasma renin activity is due to an in-

creased adrenal responsiveness to angiotensin II, we
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compared the levels of plasma aldosterone of patients
with essential hypertension with those of normal sub-
jects during an infusion of angiotensin II and after
stimulation of endogenous angiotensin by furosemide
and upright posture.

The effect of angiotensin II on the metabolic clear-
ance of aldosterone was also examined to determine
if increases in levels of plasma aldosterone during
the infusion of angiotensin II reflected increases in
the rate of secretion of aldosterone or merely decreases
in the metabolic clearance of aldosterone (9).

METHODS

Subjects
Angiotensin II was infused into 13 normal subjects and

16 patients with essential hypertension. The study was ap-
proved by the HumanStudies Committee of the Mayo Clinic.
Informed, written consent was obtained from all participants.
Patients with accelerated or malignant hypertension, renal
insufficiency, heart failure, or hepatic dysfunction were
excluded. None of the subjects or patients were receiving
oral contraceptives. All subjects and patients were white.
10 patients had normal-renin essential hypertension, and six
patients had low-renin essential hypertension (Table I). The
means of the ages and weights of the normal subjects, the
patients with normal-renin essential hypertension, and pa-
tients with low-renin essential hypertension were not sig-
nificantly different. Mean blood pressures of patients with
normal-renin essential hypertension and low-renin essential
hypertension were not significantly different. The use of
antihypertensive medications was discontinued at least 2 wk
before testing. During this 2-wk period, patients ingested
diets containing ad lib amounts of sodium.

Protocols
Angiotensin II infusions. Supplemental sodium, 155 meq

daily, and dexamethasone, 2 mg daily, were given during
the 2 days before infusion of angiotensin II to minimize the
influence of endogenous angiotensin II and ACTH. After a
120-min control period, angiotensin II (Hypertensin-CIBA,
CIBA-Geigy Corp. Pharmaceuticals Div., Summit, N. J.)
was infused at rates of 0.1, 0.5, 1.0, and 2.0 ng/kg per min

TABLE I
Characteristics of Normal Subjects and Patients with

Essential Hypertension Infused
with Angiotensin 11*

Normal-renin Low-renin
Normal essential essential
subjects hypertension hypertension
(n = 13) (n = 10) (n =6)

Males 8 8 1
Females 5 2 5
Age, yr 44 ±2.8 43 ±3.7 53±3.3
Weight, kg 77.8±3.98 90.4±5.72 80.5±6.38
Mean blood

pressure, mmHg 86±+1.6 114±2.4 118±2.9

* Mean-SE.

during four sequential 30-min periods using an infusion pump
(Harvard Apparatus Co., Inc., Millis, Mass.). The infusion
was followed by a 30-min control period. A blood sample
was obtained just before the end of each infusion period and
both control periods. Normal saline was infused to replace
the volume of blood lost by sampling. Hollenberg et al. (10)
demonstrated that plasma levels of angiotensin II plateaued
within 3 min and that plasma levels of aldosterone reached
stable levels within 20 min during infusion of angiotensin
II at rates of 1 ng/kg per min and 10 ng/kg per min.

Stimulated plasma renin activity. Normal subjects and
patients received 40 mg of furosemide orally at 6 p.m., mid-
night, and 6 a.m. the next day. They were then maintained
in an upright posture from 6 to 10 a.m., after which time
a peripheral blood sample was obtained. At least 1 dav sep-
arated the infusion of angiotensin II and the administration
of furosemide. Patients with essential hypertension were
classified as having low-renin essential hypertension if' their
plasma renin activity after this maneuver was less than the
range of plasma renin activity found in a group of age-matched
normal subjects tested by this method in our laboratory. The
range of plasma renin activity after this maneuver in these
normal subjects was 1.7-10.4 ng/ml per h. Carey et al. (2)
have demonstrated that this maneuver correctly identifies
patients with low-renin essential hypertension, and Lowder
and Liddle (11) subse(luently have shown that this method
of classifying the renin status of patients with essential
hypertension gives reproducible results. Crane and Harris
(12) have demonstrated that stimulated plasma renin activity
of normal subjects declines with increasing age, especially
in subjects over 40 yr of age. Very low values may be present
in those over 50 yr of age. Plasma renin activity was low in
2 of the 30 normal subjects tested in our laboratory. Both
subjects were over 50 yr of age.

Aldosterone metabolic clearance during angiotensin II
infusion. Aldosterone metabolic clearance was determined
by the constant infusion technique of Tait et al. (13) using
tritium-labeled aldosterone ([1,2-3H]aldosterone sp act 57
Ci/mmol; New England Nuclear, Boston, Mass.) as de-
scribed by Brown (4). Four patients with normal-renin
essential hypertension and three patients with low-renin
essential hypertension were studied. Antihypertensive
medications were discontinued 2 wk before testing, and
supplemental sodium and dexamethasone were again given
during the 2 days before the determination of aldosterone
metabolic clearance. After a 120-min control period, 5 ,uCi
of tritium-labeled aldosterone was injected intravenously.
30 min later a constant intravenous infusion of tritium-labeled
aldosterone was begun at a rate of 0.10 ,uCi/min and continued
for the remainder of the test. The metabolic clearance of
aldosterone before infusion of angiotensin II was determined
from samples of the infusate of tritium-labeled aldosterone
and from samples of plasma taken 90, 100, and 110 min after
the first injection of tritium-labeled aldosterone. While the
constant infusion of tritium-labeled aldosterone continued,
angiotensin II was then infused into a'separate infusion site
at a rate of 2 ng/kg per min. Two of the patients with normal-
renin essential hypertension received 1 ng/kg per min of
angiotensin II. The metabolic clearance of aldosterone during
infusion of angiotensin II was determined from samples of
the inf'usate of tritium-labeled aldosterone and from samples
of plasma taken 50, 60, and 70 min after the beginning of
the infusion of angiotensin II.

Measurements. Blood pressure was measured bv mercury
sphygmomanometry. Mean blood pressure was calculated
as the diastolic blood pressure plus one-third the pulse
pressure.

Plasma aldosterone was determined by radioimmunoassay
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(14). The interassay coefficienit of variation was 14%. Plasma
renin activity was determined by measuring the amiiount of
angiotensin I generated in plasma during ineuibation at 37°C
over 1 and 3 h by radioimmunoassay, as described by Haber,
et al. (15), with the following modifications. Blood was col-
lected in a chilled tube containing EDTA, cenitrifuged at
4°C, anid the chilled plasmia was acidified to pH 5.5 with 1 N
hydrochlloric acidl. Ali(luots of 0.5 ml were then incubated
at 37°C for 1 and 3 h in the preseniee of 1.6 mMdimereaprol
and 3.4 mM8-hydroxy(luinoline sulfate. After incubation,
the plasma was (iluted with 0.5 ml of 0.1 M Tris buffer, pH1
7.4, and imimiersed in boiling water for 5 min. Radioimmuno-
assay of the angiotensini I generated was performed using
the Anigiotensini I Immutope Kit (E. R. Squibb anid Sons,
Prineeton, N. J.). The genierationi of angiotensin I was linear
with time>. The interassay coefficienit of variatioIn of the radio-
imimillulinoassay was 9%. Plasm-a fluorogenic steroids were iclas-
ired by a spectrofluiorometer (16). Serum potassiuImi and so-

dium were measured by flame plhotometry. The concenitrations
of tritiuim-labeled aldosterone in samples of inifuisate and
plasmla were measuired as described by Browni (4) for deter-
miniation of mletabolic clearaniice of aldosteroiie. Statistical
differences were assessed by the ranik-sumn test (17).

RESULTS

Effects of antgiotensin II itnfusion on plasma aldo-
sterotne. The levels of plasnma aldosteronie after so-
dium loading, dexamethasonie treatment, and supine
posture and before the infiusion of angiotensin II were
the same in normal subjects, patients with normal-
renin essential hypertenision, and patients with low-
renin essential hypertension (Fig. 1). After each dose
of angiotensin II, the levels of plasma aldosterone of
patients with normal-reniin essential hypertension
were the same as the levels of plasma aldosterone of
normal subjects. In contrast, the levels of plasma aldo-
sterone of patients with low-renini essential hyper-
tension were significantly higher than the levels of
plasma aldosterone of normal subjects or of patients

Angiotensin 11 Angiotensin 11
ng/kg/min ng/kg/min

0.1jI0.5A±1 2 0.1 10.5 1 T 2

40 40t r

Normal- Low-

30 Renin 30 _ Renin

Plasma
Aldosterone 20 20
ng/dl

10- 10

0

0 30 60 90 120 150 0 30 60 90 120 150
Minutes Minutes

FIGURE 1 Effect of angiotensin II on plasma aldosterone in
six patients with low-reninl essential hypertension and 10
patients with normiial-renin essential hypertension. Angioten-
sin II was infused after 2 days of supplemental sodium and
dexamethasone and 2 h of suipine posture. Hatched area shows
the range of plasmna aldosteronie in 13 normal subjects.

with normal-renin essential hypertension. The level
of plasma aldosterone of each subject and patient de-
creased after the inftusion of angiotensin II was stopped.
Noteworthy is that 30 min after the infusion the de-
crease of levels of plasma aldosterone, in percentage,
was the same in subjects and patients.

The levels of plasma renin activity, plasma fluoro-
genic steroids, and serum potassium and sodium of
patients with low-reinin essential hypertension and
of patients with norimial-renin essential hypertension
were within the range of the levels in normal subjects
before and during the infusion of angiotensin II (Fig.
2). The levels in patients with low-renin essenitial
hypertenisioni and normiial-renini essential hypertension
were not significanitly different.

The mean blood pressures of patients with low-renin
essential hypertensioni were the same as the meani
blood pressures of patients with normal-renin essential
hypertension before and during infusion of angiotensin
II (Fig. 3). During the first 10 min after the infusion
of angiotensin IL was stopped, the decremenits of mean
blood pressures of normal subjects, patients with nor-
mal-renin essential hypertension, and patients with
low-renin essential hypertension were the same. 30
min after the infusion was stopped, the blood pressures
had Inot decreased fuirther.

Effects offurosemide and upright posture on plasma
aldosterone. After furosemide and upright posture,
the levels of plasma aldosterone of patients with low-
renin essential hypertension were the same as the
levels of plasmna aldosterone of normal subjects and
were significantly higher than those of patients with

Plasma 2.0 r
Renin ng/mi/h 1.0 j
Activity 0

Plasma L
-

Fluorogenic pg/di [-

Steroids 2

Serum meq/liter 1I0i

Angiotensin II ng/kg/min|
0.1 0.5 1 1 2

y I

LLLLa V77777777111a&
"I I U.,(.I.1U.1

Potassium 3.0 L

145 r
SerumI

Sodium meq/liter 140
135L

0 30 60 90 120 150

Minutes

FIGURE 2 Levels of plasmiia renin activity, plasma fluioro-
genic steroidls, and serumii potassitum and soditum dturinig
infulsion of angiotenisin II. Open circles represenit meanis

of levels in patients with normal-renin essenitial hypertension,
and closed circles represent means of levels in patients with
low-renin essential hypertension. Horizontal bars show the
stanidard error. Hatched area is the range of levels in normal
sulbjects.
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FIGURE 3 Mleani blood pressuires dturing iniusioit of angio-
tensin II. Mean blood pressture is the diastolic blood pressure
plis one-third the pulse pressure. Hiatched area shows the
range of mean blood pressures of n)ormal subjects.

norimial-renin essential hypertensioin (Fig. 4). These
normal levels of plasma aldosterone in patients with
low-renin essential hypertension occurred despite
the markedly blunted response of their plasma renin
activity.

The percentage decrease in weight, the levels of
plasma fluorogenic steroids, and serum sodium after
furosemide and upright posture were not significantly
different in the three groups (Table II). Levels of serum
potassium after ftirosemide and upright posture in
patients with low-reinin essential hypertension were
less than those in normal subjects (P <0.02) and in
patients with normal-renin essential hypertension.

Plasma
Aldosterone
ng/dl

Plasma
Renin
Activity
ng/ml/h

Normal-Renin

60

30 -

15 -

01

0

10 -

Low-Renin
60a

45~
30

0-L

10

8
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4-
2-

FIGURE 4 Effects of fuirosemide and upright posture on
plasmiia aldosteronie and plasma reinin activity. A total of 120 mg
of flurosemide was given orally in divided doses during 16 h
before a peripheral plasma sample was obtained after 4 h
of upright posture. Hatched area depicts the range of levels
in normal subjects.

TABLE II
Decrease in Body Weight, Levels of Fluorogenic Steroids,

Serum Sodium and Potassium, and Mean Blood
Pressure after Furosemide and Upright

Posture in Normal Subjects and
Patients with Essential

Hypertension *

Nonmal-renin Low-renin
Normal essential essential

stubjects hypertension hypertenision

Decrease in body
weight, % 3+0.3 2±0.3 4±0.4

Plasma fluorogenic
steroids, lAgldl 22±1.9 16±1.8 22±+1.7

Serum potassium,
n(e(Illiter 4.2±0.06 4.2+0.10 3.8±0.17

Sertum sodium,
mecqlliter 139±0.3 140+0.4 141±1.2

Mean blood
pressure, mmHg 91±2.1 110±3.5 108±2.9

* Mean±SE.

Effects of angiotensin II infusion on metabolic clear-
ance of aldosterone. The concentrations of tritium-
labeled aldosterone in the infusate and in the plasma
were constant 90, 100, 110 min after beginning the
infusion of tritium-labeled aldosterone and 50, 60, and
70 min after beginning the infusion of angiotensin
II, indicating equilibrium had been obtained during
determinations of aldosterone metabolic clearance.
The 14C/3H ratio was not significantly altered after
sequential chromatography steps before and after acet-
ylation (4), indicating radiochemical purity of the iso-
lated tritium-labeled aldosterone.

The metabolic clearance of aldosterone decreased
during infusion of angiotensin II in all patients (Table
III). The percentage decreases in metabolic clearance
of aldosterone during infusion of angiotensin II were
similar in patients with normal-renin essential hyper-
tension and in patients with low-renin essential hyper-
tension.

DISCUSSION

This study indicates that the aldosterone-secreting
cells of the adrenal cortex in patients with low-renin
essential hypertension are more sensitive to the stim-
ulating effects of angiotensin than normal. This could
explain the dissociation of the renin-angiotensin aldo-
sterone axis during sodium loading (5-7), prolonged
recumbency (8), and upright posture (4, 6) and after
furosemide-induced sodium depletion, as observed in
a patient reported by Bayard et al. (18) and in the pa-
tients in this study. However, other explanations need
to be considered.
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TABLE III
Metabolic Clearance of Aldosterone before and during

Infusion of 2 ng/kg per min Angiotensin II in
Patients with Essential Hypertension

Metabolic clearance of aldosterone

Percentage
Before During decrease during

infusion of infusion of angiotensin II
angiotensin II angiotensin II infusion

liter/24 him2

Normal-renin 852 746 12*
Essential 1,007 873 13
Hypertension 1,047 731 30*

1,270 899 29

Low-renin 804 713 11
Essential 699 592 15
Hypertension 811 732 10

* Patients received 1 ng/kg per min angiotensin II.

One explanation is a lower-than-normal metabolic
clearance of angiotensin II in patients with low-renin
essential hypertension. This could cause higher plasma
levels of angiotensin II and thus a greater stimulus
to the adrenal glands to produce aldosterone. However,
the decrements of mean blood pressure after the infu-
sion of angiotensin II was stopped were the same in
patients with low-renin essential hypertension, pa-
tients with normal-renin essential hypertension, and
normal subjects. Thus, equal rates of disappearance
of one effect of angiotensin II in normal subjects
and in patients with essential hypertension suggest
that the metabolic clearance of the infused angiotensin
II was not lower-than-normal in patients with low-
renin essential hypertension. More direct measure-
ments of angiotensin II metabolism are needed to con-
firm this conclusion.

Another explanation is a greater-than-normal de-
crease in metabolic clearance of aldosterone during
infusion of angiotensin II in patients with low-renin
essential hypertension. This could result in higher
levels of plasma aldosterone during infusion of angio-
tensin II in patients with low-renin essential hyper-
tension than in patients with normal-renin essential
hypertension, even though increases in secretion rates
of aldosterone in response to the infusion of angioten-
sin II were the same in both groups. Recently, Mes-
serli et al. (9) reported that the metabolic clearance
of aldosterone in normal subjects decreased by 23%
during infusion of angiotensin II at a rate of 3.0 ng/kg
per min and by 37% when the rate was increased to
22 ng/kg per min. The results of the present study pro-
vide evidence that the decrease in metabolic clearance
of aldosterone during infusion of angiotensin II was
the same in patients with normal-renin and low-reni-n

essential hypertension. Thus, the greater-than-normal
increases in levels of plasma aldosterone during infu-
sion of angiotensin II in patients with low-renin essen-
tial hypertension cannot be explained by decreases
in metabolic clearance of aldosterone during infusion
of angiotensin II.

Our observations of the effect of angiotensin II on
plasma aldosterone differ from some previous reports.
Mendelsohn et al. (19) infused angiotensin II into
normal subjects and into patients with essential hyper-
tension and found no difference in levels of plasma
aldosterone between the two groups at the end of' the
infusion. However, the doses of angiotensin II were
not standardized according to body weight, and the
patients were not classified by plasma renin activity.
Therefore, we cannot compare our results with theirs.

Kisch et al. (20) infused angiotensin II into sodium-
loaded normal subjects and patients with normal-renin
essential hypertension. They found that the increment
in levels of plasma aldosterone after the infusion of'
angiotensin II at a rate of 0.3 ng/kg per min was seven
times greater in the patients with normal-renin essen-
tial hypertension than in normal subjects. One expla-
nation for the difference between the results of the
present study and the results of Kisch et al. is the dif-
ference in preparation of the normal subjects and
patients f'or infusion of angiotensin II. In the present
study, dexamethasone was given for 2 days before the
infusion of angiotensin IL to suppress secretion of
ACTHfrom the pituitary gland, whereas no dexameth-
asone was given in the study of Kisch et al. Rayyis
and Horton (21) found that treatment with dexametha-
sone blunted the increase in levels of plasma aldo-
sterone after angiotensin II infuision in normal subjects.
Factors that might cause enhanced adrenal responsive-
ness to angiotensin II in patients with normal-renin
essential hypertension might be altered by treatment
with dexamethasone. In patients with low-renin essen-
tial hypertension, these factors might be less responsive
to dexamethasone treatment.

In the present study the normal levels of plasma
aldosterone in response to furosemide and upright
posture in patients with low-renin essential hyper-
tension are additional evidence of increased adrenal
sensitivity to angiotensin II-in this instance, to en-
dogenous angiotensin II. That is, the same patients
who had abnormally high levels of plasma aldosterone
after infusion of angiotensin II had levels of plasma
aldosterone inappropriately high for their low levels
of' plasma renin activity after furosemide and upright
posture.

Levels of' serum potassium after furosemide and
upright posture in patients with low-renin essential
hypertension were lower than those in normal sub-
jects and patients with normal-renin essential hyper-
tension. Low levels of serumil potassium in patients

1460 M. Wisgerhof and R. D. Brown



with low-renin essential hypertension would likely
have lowered levels of plasma aldosterone in these
patients (22, 23). Therefore, the difference in levels
of serum potassium does not likely explain normal
levels of plasma aldosterone after furosemide and up-
right posture in patients with low-renin essential
hypertension.

In the present study, levels of plasma aldosterone,
after sodium loading, dexamethasone treatment, and
supine posture, were suppressed equally in normal
subjects, patients with normal-renin essential hyper-
tension, and patients with low-renin essential hyper-
tension. This contrasts with a previous report (6) show-
ing levels of plasma aldosterone in patients with essen-
tial hypertension do not suppress normally after sodium
loading and supine posture. These observations sug-
gest that when stimulatioin of aldosterone secretion
by the renin-angiotensin systeiim is minimal, factors
responsible for inappropriately high secretion of aldo-
sterone in patients with essential hypertension can
be suppressed by treatmenit with dexamethasone. An
alternative explanation for suppressed levels of plasma
aldosterone in patients with essential hypertension
after dexamethasone treatment is a greater-than-
normal increase in the metabolic clearance of aldo-
sterone in patieInts with essential hypertension in
response to dexamethasone.

Noteworthy in this study was that an enhanced pres-
sor response to angiotensin II was Inot found in the
patients with low-renin essential hypertension. Thus,
the adrenal cortex and not the vascular smooth mus-
cle of these patients probably was more sensitive to
the effects of angiotensin II under the conditions of
this study.

The results of this study suggest that the aldosterone-
secreting cells of the adrenal cortex of patients with
low-renin essential hypertension are more sensitive
to angiotensin II than are those of patients with normal-
renin essential hypertension or normal subjects, which
may explain the dissociation of aldosterone and plasma
renin activity in low-renin essential hypertension.
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