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Aldosterone has recently been identified in
adrenal cortical extracts (1) and in human urine
(2, 3) as the principal steroid affecting electrolyte
balance. The physiological mechanisms control-
ling the release of aldosterone are not completely
understood (4). A number of different mecha-
nisms and stimuli have been suggested (5-12)
as important in the regulation of aldosterone
secretion.

In normal subjects on diets which were normal
except for decreased sodium content, aldosterone
output in the urine has been previously shown
to be increased (3, 13); whereas sodium loading
in subjects on otherwise normal diets results in
decreased output of aldosterone (14). A rise in
aldosterone output has been observed during po-
tassium loading in man (14). In rats fed a low
potassium diet, the aldosterone content of adrenal
venous blood was decreased (8). Human al-
dosterone output after potassium withdrawal from
the diet has not been previously studied.

The present study was designed to determine:
1) whether low potassium intake has any effect on
aldosterone output in man, 2) whether low potas-
sium intake can prevent the increase in aldosterone
output that regularly follows sodium depletion,
and if so, 3) whether potassium replacement dur-
ing continued sodium deprivation results in a
rise in aldosterone output.

EXPERIMENTAL PROCEDURE AND METHODS

Foods of low sodium and potassium content were se-
lected to provide the experimental diet consisting of two
alternate menus of three meals per day. The diet was
supplemented with a multivitamin capsule daily and with
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calcium caseinate as additional protein. At each meal
foods were weighed, and fluids were measured to give
the following composition, based on calculation from
standard tables:

Menu I—2,200 calories (P 79, F 84, C 242, ethanol

20), sodium 9 mEq., potassium 9 mEq.
Menu II—2,225 calories (P 71, F 68, C 287, ethanol
20), sodium 9 mEq., potassium 9 mEq.
The diet was essentially the same as used by earlier work-
ers (15), except for lower total calories and sodium
content.

The subjects for the experiment were three men in
good health, who ate the experimental diet for 26 con-
secutive days. In each of the three subjects the study was
divided into four successive periods according to the
following plan:

1. Control (4 days)—Sodium chloride and potassium
acetate, bicarbonate and citrate were added to the diet
to give a total daily intake of sodium 145 mEgq. and of
potassium, 85 mEq.

2. Potassium depletion (10 days)—Potassium supple-
ments were omitted to give a total daily intake of sodium
145 mEq. and potassium 9 mEq.

3. Combined depletion (7 to 8 days)—Sodium sup-
plement was also omitted to give a total daily intake of
sodium 9 mEq. and potassium 9 mEq. On the sixth and
seventh days one subject took 150 mEq. of ammonium
chloride.

4. Potassium replacement (4 days)—Supplementary
potassium was added to the basic diet to give a total
daily intake of sodium 9 mEq. and potassium 99 mEq.

The supplementary sodium or potassium was taken
with food and was divided as evenly as possible among
the three meals. The daily potassium intake during the
period of potassium replacement was slightly higher
than during the control period in order not to prolong
repair of the potassium deficit and because the higher
dose was more convenient to measure. A measured
amount of distilled water was added to the dietary fluids
each day to maintain the total water intake between
2.3 and 2.7 liters, except in a few instances during the
first two periods when variation in individual daily fluid
intake from 1.7 to 3.4 liters was allowed.

The subjects were weighed each day, and daily total
collections of urine were made. At the end of each
dietary period and at intervals throughout the experi-
ment, blood samples were drawn without stasis into
syringes containing heparin. Chloride in plasma and
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TABLE 1

Sodium and potassium in urine and plasma; changes in body weight

Subject M Subject J Subject L
Urine Plasma Urine Plasma Urine Plasma
Na K weeht mby. mbq Na K weeht mby mby Na K woeht mbp. mbq
a . . 8 . mLg. milg.
Day mEg. mEq. weK‘. ?,:rL. per L. man. mEgq. weKe. ¢ ﬁ':rL. per L. mEz. mEq. w;(lg per L. per L.
Control Intake Na 145 mEq./day K 85 mEq./day
1 70.5 71.7 83.6
2 70.8 142 94 71.7 131 64 83.2
3 138 84 705 144 39 130 82 771 144 3.8 164 76 83.0 143 43
4 136 79 70.2 143 4.5 110 88 772 141 39 107 76  83.0
Potassium depletion Intake Na 145 mEq./day K 9 mEq./day
5 121 47 701 111 45 774 109 55 83.3
6 122 41  70.2 87 40 76.4 80 39 829
7 120 26 699 143 39 90 24 769 143 40 131 30 829 142 44
8 114 24 69.9 9 23 76.8 94 34 82.7
9 146 20 700 147 18 770 103 21 829
10 134 22 69.7 144 4.0 108 17 766 143 3.9 97 25 825 144 3.8
11 133 16  69.7 134 15 76.8 103 21 832
12 128 15 69.8 143 24  76.5 170 22 82.6
13 149 15  69.7 9 13 759 101 14 826
14 108 13 699 145 4.1 122 14 765 143 34 102 23 829 146 3.8
Combined depletion Intake Na 9 mEq./day K 9 mEq./day
15 74 11 69.5 98 13 76.3 118 15 827
16 56 11 68.9 61 12 756 54 16 822
17 32 12 688 144 35 35 11 754 143 3.7 52 12 816 143 39
18 10 13 68.6 17 12 752 32 12 816
19 6 11 685 145 3.8 13 9 753 30 9 808
20* 2 14 68.5 2 10 749 20 11 80.9
21* 12 37  68.7 141 39 3 7 150 144 3.7 13 10 80.5 144 3.8
22 3 23 68.5 6 10 80.1
Potassium replacement Intake Na 9 mEq./day K 99 mEq./day
23 2 20 68.3 3t 16t 74.5 5 13 80.1
24 2 45 68.5 144 4.5 5 41 748 10 31 80.2 142 4.7
25 11 70 68.6 17 74 750 145 4.2 11 53  80.6
26 32 87 68.5 142 45 4 8 747 142 39 19 104 80.4 141 48

* One hundred and fifty mEq. of NHCl added to diet.

1 Potassium replacement in subject J was started on day 22,

urine was determined by the method of Schales and
Schales (16), plasma CO, content by the Van Slyke
and Neill manometric method (17), and total protein
by the biuret reaction (18). Creatinine chromogens in
plasma and urine were measured by the method of
Bonsnes and Taussky (19), sodium and potassium by
flame photometry using a lithium internal standard.
Urine pH and titratable acidity were determined with
the glass electrode pH meter, urine being titrated to pH
74; and urine ammonia was measured by the method
of Van Slyke and Cullen as modified by Hawk, Oser, and
Summerson (20). The 17-ketosteroids in urine were
measured according to Drekter’s modification (21) of the
method of Holtorf and Koch; and 17-hydroxycorticos-

teroids by a modification of the method of Silber and
Porter (22).

For estimation of aldosterone output, urine was acidi-
fied to pH 1, and a chloroform extract was made im-
mediately. After 24 hours a second chloroform extract
was made (23); this was fractionated by paper chro-
matography in toluene-propylene glycol. The fraction
containing aldosterone was eluted and assayed in adrenal-
ectomized rats (24). Response of the rats to the aldos-
terone fraction has been calculated from the observed
increase in ratio of potassium to sodium output, ex-
pressed in micrograms of the desoxycorticosterone ace-
tate (DCA) standard required for an equivalent effect.
Crystalline aldosterone has averaged 36.5 times the ac-
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TABLE II
Effects of ammonium chloride administration on electrolyte output in urine during sodium and potassium depletion

Titratable

Volume Sodium Potassium Ammonium aci Chloride

Day mi./24 hrs. pH mEq./24 hrs. mEq./24 hrs. mEq./24 hrs. mEq./24 hrs, mEq./24 hrs.
Diet: Na 9 mEq./24 hrs. K 9 mEq./24 hrs.

18 1,770 6.29 9.9 12.7 49.5 13.3 22.3

19 1,970 6.44 6.0 11.4 48.8 9.7 16.4

Diet: Na 9 mEq./24 hrs. K 9 mEq./24 hrs. NH,Cl 150 mEq./24 hrs.

20 1,555 6.26 1.7 14.1 67.2 13.0 38.9

21 2,170 5.75 12.4 36.7 108.5 23.2 113.0
Diet: Na 9 mEq./24 hrs. K 9 mEq./24 hrs.

22 1,935 6.18 2.7 23.2 96.5 16.2 72.6

tivity of DCA in this bioassay, and this factor was used
for calculations of aldosterone output from the bio-
assay result.

RESULTS

In Table I the daily output of sodium and po-
tassium in the urine is given for each of the three
subjects as well as the plasma concentrations of
sodium and potassium and changes in body
weight.

Changes in plasma and urine electrolytes

During the period of potassium depletion (Table
I) urine potassium losses initially exceeded potas-
sium intake. The potassium output decreased
gradually and by 10 days approached the daily
intake level of 9 mEq. In all three subjects plasma
potassium concentration decreased 0.4 to 0.5 mEq.
per L. below the last control determination. The
minimum potassium deficit during the 10-day pe-
riod, calculated from dietary intake and urine loss,
was of the order of 150, 145, and 195 mEq. in
subjects M, J, and L, respectively.

Sodium excretion decreased initially below con-
trol levels in all three subjects, but after four days
tended to return toward control values in sub-
jects M and J. The subjects appeared to retain
approximately 95, 140, and 250 mEq. of sodium,
respectively, in 10 days, estimated from urinary
sodium output during the control period on the
same intake of sodium. Plasma sodium concen-
tration did not change strikingly (Table I); a
decrease of 1.2 to 3.6 per cent in hematocrit was
observed in the three subjects.

During combined depletion of sodium and po-
tassium, urinary sodium output fell below the in-

take of 9 mEq. by the fifth, sixth, and eighth days,
respectively, in subjects M, J, and L. At this
time the minimum sodium deficit, calculated from
dietary intake and urine losses, was of the order of
130, 160, and 250 mEq., respectively, in subjects
M, J, and L. A sharp decrease in body weight
was observed early in this period, and there was a
slight rise in hematocrit (4.6, 2.3, and 5.1 per
cent) and in plasma proteins (0.3, 0.2, and 1.1
Gm. per cent). Potassium output in the urine de-
creased further. In one subject the U/P ratio for
potassium reached 1.0 at a urine and plasma con-
centration of 3.7 mEq. per L. on the seventh day
of combined depletion. Plasma potassium con-
tinued to fall in subject M and remained below
control levels in all subjects (Table I). The cal-
culated minimum deficit of potassium increased
only very slightly, about 15, 2, and 25 mEq., re-
spectively, during combined depletion of sodium
and potassium. Extra-renal losses of potassium
were not measured, and the period of ammonium
chloride administration in subject M was not in-
cluded in the above calculation.

Ammonium chloride in a dose of 150 mEq. per
day was administered to subject M on the sixth
and seventh days of the combined sodium and po-
tassium depletion period. Results of urine elec-
trolyte determinations in this subject for the last
five days of the period are shown in Table II.
No change in body weight occurred during the
administration of ammonium chloride. If one
assumes a daily loss of 2 per cent of the chloride
intake in feces and sweat, there was a retention of
approximately 141 mEq. of chloride. This was
reflected in the increase in plasma chloride from
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108 to 118 mEq. per liter. During the second day
of ammonium chloride administration there was a
marked increase in ammonium excretion and a
slight increase in titratable acidity. Sodium ex-
cretion remained below intake levels except for
an increase to 12 mEq. on the second day. Con-
servation of potassium was less effective, how-
ever, urinary potassium rising to 36 mEq. on the
second day of ammonium chloride administration
and to 23 mEq. on the day following ammonium
chloride administration. The changes in chloride
output are closely paralleled by changes in the
sum of the cations measured.

Potassium replacement, by the addition of 90
mEq. of potassium salts to the diet, resulted in
retention of potassium and a slight increase in
sodium excretion. Urine potassium gradually in-
creased and approximated dietary intake by the
fourth day. The last two days of this period rep-
resent the eleventh and twelfth consecutive days
of sodium deprivation ; the calculated clearances of
endogenous creatinine chromogens were very
slightly below control levels in two subjects and
23 and 24 per cent below control levels in subject J.
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During 26 days on the diet, there was a net
loss of 2.0 to 3.2 Kg. in body weight of the three
subjects (Table I). The small changes observed
in hematocrit, potassium and sodium concentra-
tions in whole blood, and in plasma chloride and
total proteins followed no consistent pattern and
are not reported in detail. During potassium de-
pletion, plasma CO, combining power increased
by less than 2 mM. per liter. Except for the pe-
riod of ammonium chloride administration in sub-
ject M, plasma CO, values remained within 2.5,
3.4, and 2.7 mM. per liter of control values in the
three subjects.

Changes in adrenocortical steroids

Aldosterone, 17-ketosteroids, and 17-hydroxy-
corticosteroids in the urine were within normal
limits in all three subjects during the last two days
of the control period. Observed values of these
steroids throughout the experiment are plotted
for each subject in Figures 1, 2, and 3. In Table
III the individual aldosterone bioassay results are
given with their 95 per cent confidence limits, and
the 24-hour output is shown as calculated from
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TABLE III

Bioassay of aldosterone fraction of urine extract

Effect Dose of urine
equivalent aldosterone
. Day in to DOCA fraction Aldosterone
Period period Subject A min, ug./day
Control 3and 4 M 6.0 + 2,34* 167 1.4 £ 0.6
Normal K 3and 4 {‘ 6.3 &= 2.34 167 1.5 £ 0.6
and 3and 4 8.0 & 2.15 167 1.9 £0.5
Normal Na
3and 4 M 5.2 £+ 2.15 167 1.2 + 0.5
3and 4 { 6.3 &+ 2.34 167 1.5 0.6
Lowé{ 3and 4 4.2 £ 2.15 167 1.0 £ 0.5
an
Normal Na 9and 10 M 1.9 +2.15 167 0.5 £ 0.5
9and 10 { 0.5 + 2.34 167 0.1 0.6
9and 10 —0.8 + 2.34 167 0
2 M 2.5 +2.34 114 0.9 + 0.8
2 J —-1.5+£2.34 115 0
Low K 2 L 20 =234 117 0.7 0.8
W
and - 5 M 5.3 & 2.34 33 6.3 +2.8
Low Na 5 L 0.5 & 2.15 100 0.2 0.8
7 J 7.9 & 2.68 33 9.4 + 3.2
8 L 2.0 4 2.34 33 3.8
7.5 £ 2.15 67
Low K,
Low Na, and 2 M 9.4 + 2.15 33 112 £ 235
NH.Cl
Normal K 4 M 8.0 = 2.15 33 9.6 & 2.5
and 4 { 9.6 £ 2.34 33 11.5 +2.8
Low Na 4 74 £ 2.15 33 89+ 25

* Ninety-five per cent confidence limits for bioassay.

days of potassium depletion, aldosterone was not
detectable in the urine of subject L; aldosterone
output in subjects M and J was estimated at very
low values, not distinguishable from zero on the
basis of 95 per cent confidence limits.

When sodium intake was also reduced during
the period of combined depletion, the estimate of
urinary aldosterone output on the second day ap-
parently rose slightly in subjects M and L but was
not detectable with certainty except in subject M.
Even in subject M the observed output was be-
low his control level, and there was no evidence of
any increase in subject J, whose assay was esti-
mated at zero activity in spite of the fact that a
maximal amount of the aldosterone fraction was
used for assay. On the fifth day of combined de-
pletion subject L continued to have urine sodium
output greater than the dietary intake, and an
aldosterone output that was insignificant. So-
dium excretion in the urine had decreased below
dietary intake on the fifth, seventh, and eighth

days of the period in subjects M, J, and L, re-
spectively. At this time in each subject the out-
put of aldosterone had increased from the very
low levels observed during potassium depletion
alone, and was estimated at 2 to 6 times the origi-
nal control levels.

After four days of potassium replacement, with
continued low sodium intake, aldosterone output
had risen further in subjects L and J, with more
than a two-fold increase in subject L, the apparent
increase in subject J being less than the 95 per
cent confidence limits. The highest output of al-
dosterone in subject M was observed on the sev-
enth day of combined sodium and potassium de-
pletion. This, however, was on the second day of
ammonium chloride administration; the effect of
ammonium chloride was not studied in the other
two subjects. After four days of potassium re-
placement, subject M appeared to have a slight
decrease in aldosterone output from the previous
value during ammonium chloride administration,
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but this decrease did not exceed the statistical
confidence limits. These estimates of aldosterone
output in subject M, on the seventh and twelfth
days, respectively, of low sodium intake, were sig-
nificantly above the increase observed on the fifth
day of sodium deprivation.

The output of 17-hydroxycorticosteroids and
17-ketosteroids remained within normal limits
throughout the experiment (Figures 1 to 3); the
relatively small fluctuations observed did not ap-
pear to have any consistent relationship to the
changes in electrolyte intake or to the output of
aldosterone.

In Figure 4 the output of aldosterone is plotted
against the urinary excretion of sodium, potassium,
and the logarithm of the potassium to sodium ra-
tio in the urine. No clear relationship is evident
between the output of potassium and aldosterone,
but increasing aldosterone output tends to be as-
sociated with decreasing urinary sodium. A more
direct relationship is apparent between the potas-
sium to sodium ratio in urine and aldosterone
output.

DISCUSSION

These studies demonstrate that low potassium
intake can result in decreased output of aldos-
terone. Even in the presence of low potassium
intake, sodium deprivation was followed by a rise
in aldosterone output above control levels, but
this rise occurred more slowly and did not reach
as high levels as those observed during sodium
deprivation alone (13). Various physiological
stimuli have been proposed as factors in the regu-
lation of aldosterone output. These stimuli in-
clude serum potassium concentration (5, 6) or
potassium to sodium ratio (7), corticotrophin un-
der certain conditions (8-10), and some func-
tion of total body sodium (11) or of extracellu-
lar fluid volume (11, 12). The present experi-
ment provides additional evidence in support of
some current concepts of the control of aldosterone
output.

The decrease below normal aldosterone out-
put observed during low potassium and normal
sodium intake apparently occurred without large
net losses of body potassium. The estimated defi-
cit of potassium ranged from about 145 to 195
mEq. in the three subjects, not including losses in
feces and sweat. Negative potassium balances of
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CONTENT OF SopIUM AND POTASSIUM IN THE SAME
URrINE COLLECTION

A direct relationship is shown between aldosterone
output and a logarithmic function of the potassium to
sodium output ratio.

267 and 226 mEq. have been reported (25) in
a normal male subject during two seven-day pe-
riods on a diet which was similar, but lower in
potassium by 7 to 8 mEq. per day. Sodium intake
was 173 to 176 mEq. per day as compared to 145
mEq. sodium in the present study. These au-
thors further noted positive balances of 569 and
417 mEq. of sodium during the two seven-day
periods of low potassium intake. Estimated so-
dium retention was less in the present study;
however, it is probable that there was significant
positive sodium balance as has been regularly
observed in other studies of the effect of low po-
tassium intake in normal subjects (15, 26, 27).
The diminished sodium output in the urine on the
third and fourth days of the low potassium period
in the present study occurred without an increase
in aldosterone output.

Changes either in serum potassium concentra-
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tion or in extracellular fluid volume are possible
stimuli resulting in the decreased aldosterone out-
put during low potassium intake, Also, the ob-
served fall in serum potassium might be expected
to be correlated with decreased aldosterone out-
put (5, 6), but more severe hypokalemia in pa-
tients with various diseases has previously been
shown to occur without striking changes in the out-
put of aldosterone (28). The usual effect on ex-
tracellular fluid volume in normal individuals dur-
ing potassium depletion appears to be a moderate
increase. In two similar studies of low potassium
intake, it was concluded from calculations based
on the chloride balance that increases in extracel-
lular fluid volume of 1.9 to 3.0 liters (25) and 2.6
and 2.2 liters (26) occurred during potassium de-
pletion with moderately high sodium intake. An
increase of inulin space of about 2 to 3.5 liters, and
a larger increase in extracellular fluid volume as
calculated from chloride balance data, have been
shown in six surgical patients maintained post-
operatively on potassium-free fluids (29). These
patients developed alkalosis within 5 to 19 days,
accompanied by a loss of potassium ranging from
180 to 280 mEq. There is some evidence (11, 12)
that acute increases in plasma or extracellular
fluid volume may be accompanied by decreased
aldosterone output; this would be consistent with
the findings during low potassium intake in the
present study.

Under the conditions of this experiment the ef-
fect of sodium deprivation on aldosterone output
appeared to predominate over the opposed effect
of low potassium intake. If serum potassium con-
centration were the primary regulator of aldos-
terone secretion, as has been suggested (5), the
increased output of aldosterone during the period
of combined depletion would be expected to fol-
low a rise in serum potassium concentration.
During this period the measured plasma potas-
sium concentration remained low or decreased
further.

Although aldosterone output increased mark-
edly, combined sodium and potassium depletion
appears to have been associated with very small
net change in plasma and extracellular fluid vol-
ume or in total body sodium. Combined sodium
and potassium deprivation after a period of potas-
sium depletion in the similar studies of Womers-
ley and Darragh (25) was accompanied by esti-
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mated decreases of 1.0 and 1.8 liters in extracel-
lular fluid volume during four and three days,
respectively. Net sodium balance was positive in
both cases. In the present study, estimated so-
dium retention in the three subjects of about 95,
140, and 250 mEq. during potassium depletion
was followed by estimated sodium loss during com-
bined sodium and potassium deprivation of about
130, 160, and 250 mEq. Although losses via the
skin and G.I. tract were not measured, these have
been small in comparable studies (30-32), and it
is possible that no depletion of total body sodium
occurred. The observed increases in hematocrit
and plasma protein concentration immediately af-
ter sodium withdrawal were no more striking than
those usually seen without previous potassium de-
pletion, and suggest that any net change in
plasma volume was small.

The continued increases in aldosterone excre-
tion after restoration of potassium to the diet may
represent a direct effect of the added potassium
or possibly the effect of continued sodium depriva-
tion. The latter seems less likely, since after eight
days of combined low sodium and potassium in-
take, subject L had only a moderately increased
output of aldosterone which was followed by a
two-fold increase after four days of potassium re-
placement with continued sodium restriction. In
contrast to the effect of potassium loading in sub-
jects on a normal diet, the increased urine losses
of sodium during potassium replacement were very
slight and cannot be considered to account for the
increase in aldosterone. '

Corticotrophin has been shown to produce
transient increases in aldosterone output (4, 10). -
It appears unlikely that endogenous corticotrophin
played any part in the marked changes in aldos-
terone output during the present study, since sig-
nificant variations were not observed in 17-ketos-
teroid and 17-hydroxycorticosteroid output. Mod-
erate alkalosis has frequently been observed in
experimental human potassium depletion (25,
33). Significant changes in plasma CO, combin-
ing power did not occur during the present study
except briefly in the subject who was given am-
monium chloride. Ammonium chloride adminis-
tration during depletion of both sodium and po-
tassium resulted in small increases in urine loss
of both potassium and sodium, but predominantly
of potassium. Aldosterone output rose in the
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absence of any significant loss of sodium or de-
crease in body weight. Increased aldosterone
output has been described after administration
of acetazoleamide for one day (34); this was in-
terpreted as due to sodium diuresis and loss of
extracellular fluid volume.

Data of the present experiment are not con-
sistent with the hypothesis that all changes in
aldosterone secretion are regulated by extracellu-
lar fluid volume or by extracellular fluid concen-
tration of sodium or potassium. Little change in
total body sodium was produced. Relatively
large changes in aldosterone output were observed
without striking alterations in the concentration
of plasma electrolytes, but the decreases or in-
creases in aldosterone excretion after each change
in the diet were in a direction favoring homeo-
stasis of body sodium and potassium.

SUMMARY

1. In three normal men, restriction of potas-
sium intake to 9 mEq. per day was followed by a
marked decrease in aldosterone output below con-
trol values.

2. When sodium intake was also reduced to
9 mEq., aldosterone output rose to levels two to
six times the original control values. This rise
appeared to be delayed and to fall short of the in-
creases previously observed on deprivation of so-
dium alone.

3. Restoration of potassium to the diet while
sodium restriction was maintained was followed
by a slight additional increase in aldosterone ex-
cretion in one case, and a moderate increase in
the other subjects. The highest aldosterone out-
put of one subject was observed before potassium
replacement when 150 mEq. ammonium chloride
was given for two days.

4. Insignificant changes were observed in the
output of 17-ketosteroids and 17-hydroxycorti-
costeroids.
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