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reduced. The calculated splanchnic blood flow (assuming no alteration in extrasplanchnic metabolism) is also slightly
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Therefore, as in patients with mild cardiac dysfunction, the lowered MCR of subjects is due to both reduced splanchnic
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Summary. The secretion rates [34 + 6 (SE) ug per day, 9 subjects] and
metabolic clearance rates (MCR) [1,288 ± 120 (SE) L of plasma per day, 9
subjects] of aldosterone in elderly subjects are significantly lower than
those of young subjects [77 + 7 (SE) Mug per day and 1,631 + 106 (SE) L per
day, respectively]. There is a correlation of the MCRand secretion rate
values (p = 0.02), but the calculated plasma concentrations (secretion rate/
MCR) are also significantly low in the elderly subjects [2.6 + 0.3 (SE) com-
pared with concentrations in the plasma from young subjects of 4.7 + 0.6
(SE) ug per 100 ml plasma].

The urinary excretion of radioactivity from oral and intravenously adminis-
tered labeled aldosterone as aldosterone in the neutral extract, as aldosterone
released by acid hydrolysis, and as tetrahydroaldosterone released by incuba-
tion with /-glucuronidase is generally similar for young and elderly subjects
except that a larger portion of the oral compared with the intravenous dose is
excreted as free aldosterone in the elderly subjects, indicating that the
splanchnic extraction is reduced. The calculated splanchnic blood flow (as-
suming no alteration in extrasplanchnic metabolism) is also slightly lowered.

Therefore, as in patients with mild cardiac dysfunction, the lowered MCR
of elderly subjects is due to both reduced splanchnic extraction and blood
flow. However, unlike the heart failure patients, in the elderly subjects the
plasma concentration of aldosterone is also reduced.

Introduction

Both the rates of metabolism and secretion of
certain steroids are lowered in elderly subjects
(1-5), but aldosterone has not previously been
investigated in this regard.

It is possible that the lowered rate of secretion
of certain steroids in elderly subjects is secondary
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to the decreased rate of metabolism and the sub-
sequent operation of a feedback system to nor-
malize concentrations of the steroid in blood (6).
To examine the hypothesis, the study of the me-
tabolism and secretion of aldosterone has advan-
tages because of the comparative simplicity of its
mode of transport and metabolism with weak bind-
ing to plasma proteins, nearly complete extrac-
tion in one circulation through the liver, and a
relatively low rate of extrasplanchnic metabolism
(6, 7).

Methods

The nine elderly individuals were male, ranging from
67 to 88 years old, with a mean of 75. They were se-
lected among a population of 620 geriatric patients of
Cushing Hospital, Framingham, Mass. Written con-
sent was given by the patient or a relative or both after

960



ALDOSTERONEIN ELDERLY SUBJECTS

the nature of the experiment had been explained. The
patients were active elderly men admitted only for cus-
todial care; they had no clinical evidence of cardiovascu-
lar, renal, or hepatic diseases. The selected individuals
were active in the occupational therapy department, with
ground privileges, and they walked at least 2 miles a day.
Evaluation of their cardiovascular status was done by
history and physical examination including fundoscopy,
X ray, electrocardiogram, and occasionally circulation
time. Subjects with retinal hemorrhages or exudates,
cardiac enlargement, or coronary heart disease were
eliminated from the study. Two subjects in this study
showing occasionally elevated blood pressure (P.S. and
W.H.) were found not to have cardiac enlargement, and
their circulation time was below 16 seconds (arm to
tongue with Decholin). Renal status was evaluated by
urinalysis, blood urea nitrogen, urinary creatinine, and
serum and urinary electrolytes. Subjects with protein-
uria, red blood cells and casts in the urinary sediment,
BUN greater than 25 mg per 100 ml, daily urinary ex-

cretion of creatinine below 0.50 g, and abnormal values
of serum and urinary electrolytes were eliminated from
the study. According to our laboratory and data re-

ported by Howell (8), normal BUN levels for subjects
in this group with no evidence of cardiovascular, renal,
or hepatic disease are 8 to 25 mg per 100 ml, and daily
urinary creatinine excretions range from 0.50 to 1.80 g.
BUN levels in our elderly subjects ranged from 9 to 23
mg per 100 ml, with a mean of 17.5 mg. Their mean

creatinine excretion was 0.92 g per 24 hours (range 0.62
to 1.69 g). Salt intake was ad libitum. Serum sodium
and potassium levels (137 to 143 and 3.7 to 4.8 mEq per
L, respectively) in the elderly subjects were all within
normal limits for relatively young subjects. The daily
urinary sodium and potassium excretion for the elderly
subjects was 85 to 167, with a mean of 119 mEq per 24
hours for sodium, and 44 to 97, with a mean of 58 mEq

per 24 hours for potassium. There are no appropriate
published data for electrolytes in serum and urine of
normal elderly subjects. The daily urinary output ranged
between 360 and 1,800 ml [normal values given by
Howell (8) for elderly subjects are 250 to 2,400 ml per
24 hours]. Hepatic status was evaluated by serum al-
kaline phosphatase levels (Bodansky units) and by the
bromosulfophthalein retention test (9) (using 5 mg per
kg body weight, and measuring percentage of dye reten-
tion after 15, 30, 45, and 60 minutes). All patients pre-

sented values in the normal range. Table I shows the
clinical data of elderly subjects including their body
surface area as calculated from their weight and height
(10).

The young subjects were male, 18 to 35 years old,
whose clinical and laboratory data were in the normal
range. They were members of the staff of the Worcester
Foundation and volunteered for the procedure after it
had been explained to them. The salt intake of the young

individuals was also ad libitum. Urinary excretion of
sodium ranged from 126 to 225, with a mean of 175 mEq
per 24 hours and of potassium from 56 to 107, with a

mean of 80 mEq per 24 hours. The body surface area

of the younger group ranged from 1.85 to 2.12 with a

mean of 1.97 + 0.04 (SE) m'.
The MCRof aldosterone was measured after continu-

ous infusion of 1 ,uc (0.01 lsg) aldosterone-7-'H after a

priming dose of 1 ,uc (11). The subjects had been in
bed at least 10 hours before the infusion was initiated
and were supine. In six of the elderly subjects, the
MCRwas determined in both whole blood and plasma
as described elsewhere (11). Some of the data for males
have been previously quoted in order to compare the me-

tabolism of aldosterone and 17-isoaldosterone in normal
young subjects (12).

The aldosterone secretion rate was studied in the same

subjects, usually 1 week later. The subjects were then

TABLE I

Clinical data on the elderly subjects

Alkaline
Hema- Urine Creat- phospha-

Patient Age Weight Height BSA tocrit BUN* volume inine Na K tase BSP* Diagnosis

years pounds inches m2 % mg/ ml/ cm/ mEq/24 hrs Bodan- %
100 ml 24 hrs 24 hrs sky U

P.S. 72 125 62 1.56 42 23 680 0.76 124 45 4 2 Chronic schizophrenia,
compensated

W.H. 72 149 70 1.84 39 21 667 0.76 152 50 4 2 Chronic schizophrenia,
compensated

W.B. 71 169 59.5 1.73 40 21 1,385 0.93 90 47 4 2 Mental deficiency
J.M. 75 157 67 1.83 40 9 360 0.82 126 97 5 4 Chronic schizophrenia,

compensated
J.H. 81 121 66 1.62 45 14 600 0.79 131 80 3 1 Chronic bronchitis;

senile emphysema
E.D. 74 139 71 1.80 40 14 1,460 1.02 86 35 2 1 Senility, mild
J.L. 88 149 67 1.79 40 17 790 0.77 85 47 4 2 Senility, mild
W.C. 67 147 63.5 1.70 48 23 1,795 1.60 167 72 5 2 Chronic schizophrenia,

compensated
P.Mc. 77 142 65 1.71 48 16 740 0.81 106 44 4 2 Senility, mild

* BUN = blood urea nitrogen; BSP = bromosulfophthalein.

961



FLOOD, GHERONDACHE,PINCUS, TAIT, TAIT, AND WILLOUGHBY

TABLE II

Data on the metabolism and secretion of aldosterone in elderly and young subjects: comparison with
some data from patients with cardiac dysfunction*

Splanchnic Splanchnic
Calculated plasma con- extraction plasma flow

Subjects MCR SR centration (SR/MCR) HE = 1 - KF (0.83 MCR/HE)

L plasma/day pg/day mg/100 ml % L/day
Young

C.F. 46 95.9
T.B. 124 93.7
N.G. 40 96.0
A.D. 33 98.6
A.G. 110 99.4
C.B. 81 96.4
H.M. 105 96.4

Mean i SE 77 i 15 4.7 i 0.6 1,340 i 90§
(No. of subjects) (7) (10)

1,631 d 106t 76 + 8: 96.3 ± 0.6
(10) (10) [15 (SR); 10 (MCR)] (7)

Elderly
P.S. 930 20 2.2 95.9 805
W.H. 1,170 22 1.9 95.4 1,015
W.B. 1,940 72 3.9 94.6 1,701
J.M. 900 21 2.3 91.4 817
J.H. 940 40 4.3 89.6 871
E.D. 1,330 43 3.2 91.3 1,209
J.L. 1,450 28 1.9 77.1 1,562
W.C. 1,700 37 2.2 93.6 1,507
P.Mc. 1,230 21 1.7 78.2 1,306

Mean 4- SE 1,288 + 121 33.8 i 5.6 2.6 i 0.3 89.7 i 2.4 1;199 i 113

Minimal cardiac
dysfunction

Mean i SE 1,330 i 140 89 + 311 1,280 :1 100¶
(No. of subjects) (9) (9) (9)

Marked cardiac
dysfunction

Mean -+ SE 800 * 65 71 + 511 1,010 ± 1201
(No. of subjects)

* MCR= metabolic clearance rate; SR = secretion rate; HE = hepatic extraction; KF = 14C/8H ratio of aldos-
terone in neutral extract (peak fraction),

t MCRof ten young females (11); Camargo, Dowdy, Hancock, and Luetscher (14) give similar values for young
males.

t From previous studies of eight other young males.
0.83 X MCR/HE(7).
By hepatic catheterization (7); Camargo and co-workers (14) using a similar method found 97 and 63% for the

hepatic extraction of subjects with mild and marked cardiac dysfunction, respectively.¶ 131I rose bengal method with hepatic catheterization (7).

ambulatory and active before and after the administra-
tion of the radioactive material. One I.c, 0.01 ,ug aldos-
terone-7-'H was injected intravenously, and 0.35 tIc, 2.3
,ug aldosterone-4-14C was given orally to the same subject
simultaneously as previously described (12). Urine was
then collected for 48 hours. The methods used to mea-
sure the radioactivity as aldosterone in the neutral and
acid extracts and tetrahydroaldosterone released by f8-glu-
curonidase from samples of the 48-hour urinary collec-
tion have also been described (12, 13). The only dif-
ference in the methods of calculation used in this study
compared with those of Flood and co-workers (12) was
that the "4C/H ratio of aldosterone from the neutral es-

tract was taken from the isotopic ratio of the peak frac-
tion after column chromatography of the aldosterone
diacetate I (after acetylation) in the present work. In
addition, in the studies reported here, the secretion rate
of aldosterone was measured by the method of Flood and
co-workers (13) from the specific activity of the aldos-
terone (micrograms in 24 hours/per cent tritiated dose)
released from the acid labile conjugate.

1 Due to an isotope fractionation, this could lead to
about a 10% systematic error, but this has a negligible
effect on the calculation of hepatic extraction and con-
Olusions from the X>.
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TABLE III

Per cent oral 14C- and intravenous 3H-aldosterone extracted as aldosterone
and tetrahydroaldosterone from 48-hour urine sample

3H (% of dose) as '4C/'H (both as fraction of dose) %as

Tet. aldo. Tet. aldo.
Aldo. in Aldo. in in enzymic Aldo.* in Aldo. in in enzymic

Subjects neutral extract acid extract extract neutral extract acid extract extract

Young
C.F. 0.22 6.3 58 4.1 68 97
T.B. 0.20 10.1 31 6.3 72 129
N.G. 0.17 7.2 32 4.0 62 112
A.D. 0.16 5.2 1.4 83
A.G. 0.10 5.4 2.6 80
C.B. 0.06 7.2 39 3.6 96 121
H.M. 0.27 8.4 19 3.6 61 126

Mean i SE 0.17 i 0.03 7.1 0.7 36 + 7 3.7 i 0.6 75 ± 5 117 i 6

Elderly
P.S. 0.15 9.2 40 4.1 54 111
W.H. 0.16 4.6 32 4.3 78 112
W.B. 0.19 6.6 45 5.4 56 109
J.M. 0.12 6.3 42 8.6 68 107
J.H. 0.06 6.2 41 10.4 79 88
E.D. 0.13 8.2 42 8.7 77 102
J.L. 0.04 6.5 24 22.9 72 116
W.C. 0.31 4.8 29 6.4 75 103
P.Mc. 0.05 6.9 23 21.8 113 103

Mean i SE 0.13 ± 0.03 6.6 ± 0.5 35 ± 3 10.3 ± 2.4 74 ± 6 106 ± 3

* See footnote 1 in text.

In seven of the nine elderly subj ects investigated, urine
was also collected from 48 to 72 hours to check whether
excretion of radioactivity as the acid labile conjugate was
complete in 48 hours. This was found to be so (> 95%)
for all subjects studied.

Results

The mean secretion rates of aldosterone in the
elderly and young male subjects were 34 ± 6
(SE) jug per day in nine subjects, and 77 ± 15
(SE) /ug per day in seven subjects, respectively
(Table II). The results for the young male sub-
jects are in good agreement with previous studies,
76 ± 8 (SE) ug per day, on a similar group of
eight volunteers using the same method. The
mean secretion rates are significantly lower in the
elderly group compared with the mean value of
the young group studied in the present series (p =
0.01) or the combined mean for all the young
males studied by the same method (p = 0.001).

The MCRof aldosterone in the elderly group,
a mean of 1,288 + 121 (SE) L of plasma per day
in nine subjects, are also probably significantly
lower (p = 0.04) (Table I) than values previ-
ously obtained in a young group of subjects, a

mean of 1,631 + 106 (SE) L per day in ten sub-
jects (11).

In six elderly subjects, the ratio of the MCRof
whole blood to the MCRof plasma was 1.27 +

0.14 (SE). In six normal subjects (including
three pregnant women) the corresponding ratio
was 1.45 ± 0.05. The two mean ratios are not
significantly different.

The per cent of the intravenous aldosterone-7-
3H and oral aldosterone-4-14C as aldosterone in
the acid extract and tetrahydroaldosterone released
by ft-glucuronidase in the urine of elderly subjects
is similar to that found for young subjects (Table
III). The 14C/3H ratio in the two metabolites
(both isotopes expressed as a fraction of the ad-
ministered dose) is also similar for the two groups
of subjects (Table III).

The per cent of the administered aldosterone-3H
excreted as aldosterone in the neutral extract is
also similar for elderly and young subjects (Ta-
ble III), However, the 14C/3H ratio in the uri-
nary free aldosterone is significantly higher (p =
0.04) in the elderly [10.3 ± 2.4 (SE) %] com-
pared with the young group [3.7 + 0.6 (SE) %o].
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Discussion

The secretion rate of aldosterone is markedly
lowered in elderly subjects. This is not due to a
high salt intake, as the dietary intake and urinary
excretion of sodium are normal or below normal
in all these subjects (Table I). There is no cor-
relation of secretion rate and sodium or potassium
excretion (Tables I and II) within the elderly or
young group. The excretion of both sodium and
potassium is lower in the elderly compared with
the young group (mean Na 175 vs. 119 and mean
K 80 vs. 58 mEq), but the sodium/potassium ra-
tios are similar.

As previously described, the elderly subjects
chosen were probably as active as most normal
young subjects; the older men included a 2-mile
walk in their daily regime. They stayed in bed
at night for 8 to 10 hours and did not return to bed
during the day. Their postural behavior during
24 hours was generally similar to that of most
young subjects. It is therefore unlikely that pos-
ture or activity could be a major factor in ex-
plaining the low aldosterone secretion rates in the
elderly subjects.

The mean body surface area of the elderly sub-
jects [1.73 ± 0.03 (SE) M2] was lower than in the
young subjects [1.97 + 0.04 (SE) M2]. How-
ever, the ratio of body area is only 1.14, whereas
the ratio for the secretion rates is 2.26. Both the
MCRand secretion rate of aldosterone are also
lowered in the elderly subjects, and there is some
correlation between MCRand secretion rates be-

individual elderly
80 - la mean elderly

(3 mean young 0

aX secretion rate 0.034 M.C.R. - 9.9
60

o 40

20
20 .

._C
O0

"0 500 1000 1500 2000

Metabolic clearance rate (M.C.R.) of aldosterone
(liters plasma / day)

FIG. 1. SECRETION AND METABOLIC CLEARANCERATES OF

ELDERLYSUBJECTS.

tween the individuals in the group (r = 0.97, p =
0.02) (Figure 1). However, the MCRis not de-
pressed so much as the secretion rate, and the cal-
culated plasma concentration (secretion rate/
MCR) is lower in the elderly compared with the
young subjects (p < 0.01) (Table II). These re-
sults indicate that although alterations in metabo-
lism and the subsequent operation of a feedback
mechanism may play some role in lowering the se-
cretion rate of aldosterone, it is not the only mecha-
nism causing the effect. However, in the case of
cortisol, where the secretion rate is lowered to a
smaller extent (2) than for aldosterone, the feed-
back mechanism may play the dominant role.
This remains to be investigated.

The decreased secretion rate could be due to a
lowering of excretion of sodium because of re-
duced renal blood flow (15) (or some other fac-
tor not involving aldosterone) as the primary
event. However, in normal subjects and patients
with congestive heart failure similar alterations in
renal hemodynamics are accompanied by normal
or increased secretion of aldosterone, which is not
always due to the dietary regime (14). It re-
mains to be seen whether the production of the
stimulatory substance or the response of the
adrenal to the stimulus is reduced in the elderly
subjects. As infusion of angiotensin could be
inadvisable in such subjects, further investigation
must await the development of a simple and reli-
able method for measurement of angiotensin con-
centrations in small amounts of blood.

The metabolism of aldosterone may be abnormal
due to alterations in splanchnic extraction or blood
flow or, less likely, the amount of extrasplanchnic
metabolism. The results for the urinary excretion
of radioactivity after simultaneous administration
of oral aldosterone-4-14C and intravenous aldos-
terone-7-3H indicate that both splanchnic extrac-
tion and blood flow may be lowered in the elderly
subjects.

The proportion of the oral compared with the
intravenous dose excreted as free aldosterone is
higher in the elderly than in the young subjects
(p = 0.04) (Table III). This indicates that the
splanchnic extraction is lower in the elderly sub-
jects (12). However, this effect cannot account
for the full extent of the lowering of the MCRval-
ues (Table III). The proportion of the oral com-
pared with the intravenous dose excreted as the
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aldosterone released from the acid labile conjugate
is similar (about 75%) for the young and elderly
subjects (Table III). As the acid labile conjugate
is the major extrahepatic route of metabolism (16,
17), this indicates that the amount of such metabo-
lism is not altered appreciably in elderly subjects
(12). It therefore appears that some of the lower-
ing of the MCRmust be due to decreased hepatic
blood flow.

For subjects with minimal and marked cardiac
dysfunction (7) the splanchnic plasma flow (HPF)
can be calculated knowing the splanchnic extrac-
tion (HE). HE= [ 1 - (14C/3H in free aldoster-
one/14C/3H in administered steroid)] X 100% =
(1-KF) X 100%0 (8), and HPF= (0.83 x
MCR)/HE. The calculated values for the elderly
subjects using the same formula are shown in
Table II. There is a slight decrease in the calcu-
lated splanchnic plasma flow in the elderly sub-
jects although it is not significant when compared
to corresponding values calculated from the MCR
of normal young subjects (11).

These conclusions concerning the extent and the
mechanism for the alterations in MCRin elderly
subjects are similar to those arrived at for subjects
with minimal cardiac dysfunction (7). The cal-
culated values for MCR, splanchnic extraction,
and plasma flow (7) and the pattern of urinary
metabolites, such as the per cent dose excreted
as the acid labile conjugate (14, 17), are very
similar in the two groups of subjects. However,
the elderly subjects show a decreased secretion
rate and calculated plasma concentration, whereas
the patients with mild congestive heart failure show
a normal or increased secretion rate and an in-
creased calculated plasma concentration (14, 17).

The observation of the markedly decreased se-
cretion rate of aldosterone in elderly subjects em-
phasizes the need, whatever the mechanism of the
effect, for the use of control subjects in the ap-
propriate age group particularly in the studies of
the secretion of aldosterone in heart failure and
hypertension.

The method for estimating hepatic blood flow
from the MCRand hepatic extraction (from the
'4C/3H of the urinary free aldosterone) of aldos-
terone may have general application. This method
assumes a known amount of aldosterone metabo-
lized extrasplanchnically and present in red cells,
but this can be verified for a particular group of

subjects, and the appropriate correction is small
for the subjects so far investigated.
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