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Studies of the Mechanism through Which Sodium
Depletion Increases Aldosterone Biosynthesis

in Man *

TURNERBLEDSOE, DONALDP. ISLAND, ANDGRANTW. LIDDLE t
(From the Department of Medicine, Vanderbilt University School of Medicine, Nashville, Tenn.)

Although considerable effort has been directed
toward an understanding of the extra-adrenal fac-
tors that regulate aldosterone secretion, compara-
tively little attention has been given to the intra-
adrenal mechanisms through which these factors
effect an increase in aldosterone biosynthesis. It
has been established that aldosterone is synthe-
sized by the adrenal cortex by a series of reactions
that involve progesterone, deoxycorticosterone, and
corticosterone as successive precursors (1-4). It
is possible that cholesterol (4, 5) is a precursor
of progesterone in this pathway and that 18-hy-
droxycorticosterone is an intermediate between
corticosterone and aldosterone (6, 7). Since it
is known that depletion of body sodium (natro-
penia) is ah effective stimulus to aldosterone se-
cretion (8, 9) and excretion (10), this study was
undertaken to provide information as to where in
this biosynthetic pathway sodium depletion exerts
its stimulatory effect.

The idea that the natropenic stimulus to aldos-
terone secretion is mediated by increases in plasma
angiotensin has much to recommend it (11-14),
but this concept has not been established to the
satisfaction of all investigators (15-17). There-
fore, in the present investigation it was considered
desirable to make no assumptions as to what the
mediator of the natropenic stimulus to aldosterone
secretion might be but, rather, to study the intact
human organism under conditions of controlled
sodium intake. Experiments were designed to de-
termine whether the stimulus of sodium depletion
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acts early in the pathway of aldosterone biosynthe-
sis so as to increase the biogenesis of aldosterone
precursors or whether it acts late in this pathway,
merely to enhance the conversion of corticosterone
to aldosterone. It was reasoned that, if natropenia
acts early in this pathway so .as to increase the
adrenal synthesis of aldosterone precursors, then
during sodium depletion there might be an increase
in precursor secretion as well as an increase in
aldosterone secretion.

Methods

The subjects of this study included six normal volun-
teers and one patient (C.W.) with hypopituitarism, who
was maintained on constant doses of cortisol and thyroid
replacement therapy. All subjects were maintained on
constant diets analyzed for content of sodium and potas-
sium. Sodium depletion was accomplished through the
restriction of sodium intake to less than 15 mEq per day.
In most cases triamterene was administered in doses of
100 mg per day on the first 1 to 3 days of sodium re-
striction. Sodium repletion was accomplished by the
rapid intravenous administration of physiologic saline
in amounts sufficient to correct the calculated cumulative
negative sodium balance, given on the day of resumption
of high sodium intake. Daily 24-hour urine samples were
collected and analyzed for content of sodium and potas-
sium by flame photometry and for content of creatinine
(18).

The secretion rates of corticosterone were determined
by a modification of the double isotope dilution derivative
technique previously described (19), but utilizing par-
tial hydrolysis of the 3,21-diacetate of tetrahydrocorti-
costerone with 0.4% KHCO3in methanol for 8 hours at
room temperature instead of hydrolysis with acetylcho-
linesterase. Recovery of injected isotope through the
hydrolytic procedure ranged from 58 to 84%.

The secretion rate of aldosterone was determined by
a double isotope dilution derivative method described
previously (19).

The secretion rate of DOC1 was determined by utiliz-
1 Abbreviations of steroids are as follows: DOC=

deoxycorticosterone; THDOC= pregnane-3a,21-diol-20-
one; TA, = A4-androstene-17P-acetoxy-3-one; THE=
pregnane-3a,17a,21-triol-1 1,20-dione; THF= pregnane-
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ing the following technique. One sc of DOC-4-'4C was
injected intravenously. Urine was collected for the ensu-
ing 48 or 72 hours, and one-third aliquots of these collec-
tions were pooled and taken for analysis. The urine was
extracted with 2 vol of dichloromethane, and the organic
phase was discarded. The urine was then hydrolyzed
with 8-glucuronidase (19) for 24 to 48 hours and ex-
tracted with 2 vol of carbon tetrachloride. The organic
phase was washed successively with Ais vol of 0.1 N
NaOH, distilled water, and 0.1% acetic acid, and then
dried in vacuo. The extract was purified by paper
chromatography in system I for 4 hours (THDOC Rf =
0.72), system II for 4 hours (THDOC Rf = 0.58), and
system III for 6 hours (THDOC Rf = 0.30). See Ta-
ble I for chromatographic systems. The THDOCwas
then eluted and desiccated in vacuo for 12 hours. Acetyla-
tion with acetic anhydride-3H (SA approximately 10 /Ac
per ,umole) was carried out as previously described (21).
The THDOCdiacetate was chromatographed successively
in system IV for 16 hours (RTAC = 1.47) and system V
for 24 hours (Rf = 0.11). The purified 3,21-diacetate of
THDOCwas then hydrolyzed to the 3-monoacetate by
using 0.5 ml of 0.4% KHCO8 in dry methanol for 8
hours at room temperature. Two ml of distilled water
was added, and the hydrolysis product was extracted into
10 ml of dichloromethane. After evaporation of the
solvent, the 3-monoacetate was chromatographed in sys-
tem V for 24 hours (RTAC = 0.81). Recoveries of the
monacetate from the diacetate at this point ranged from
41 to 78%. The monoacetate was rechromatographed in
system VI for 4 hours (RTAC = 1.13). Portions of the
eluates from the final two systems were counted to check
for constancy of specific activity, and the secretion rates
were calculated.

The double isotope dilution derivative technique for
measurement of cortisol secretion rates was carried out
as follows. One Ac of cortisol-4-14C was injected intra-
venously. Urine was collected for 24 hours and a one-
fifth to one-third aliquot was taken for analysis. The
urine was extracted with dichloromethane; the aqueous
phase was then hydrolyzed with j3-glucuronidase and ex-
tracted with dichloromethane. The dichloromethane was
dried, and the residue was redissolved in ethanol. THE
and THF were partially purified by chromatography in
system VII for 9 hours, as previously described (22).
The radioactive areas corresponding to THE and THF
were then eluted and acetylated with acetic anhydride-'H
(10 uc per ,umole). The THE A,, and THF A,2 were
then chromatographed successively in system VIII for 9
hours (THF A2 RDOCA= 0.84, and THE A2 RDOCA=
0.83) and system III for 6 hours (THE A,2 RDOCA=
0.80, and THF A,2 RDOCA=0.55). The purified diacetates
of THE and THF were dissolved in 0.45 ml methanol
and cooled to O° C; then 0.05 ml of 3 M KBH4 in dis-
tilled water was added. After 5 minutes at 00 C, the

3a,11P,17a,21-tetrol-20-one; THE AC2 = pregnane-3a,21-
diacetoxy-17a-ol-11,20-dione; THF A02 = pregnane-3a,21-
diacetoxy-11P,17a-diol-20-one; and DOCA= A4-pregnene-
21-acetoxy-3,20-dione.

TABLE I

Paper chromatographic systems

System

I Cyclohexane: benzene: : methanol: water
5:10: :10:2, 30° C

II

III

IV
V

VI

VII
VIII

Ix
x

XI

Isooctane: t-butanol: : methanol: water
180:75: :45:30, 300 C

Cyclohexane: benzene: : methanol: water
10:2:5: :10:1, 300 C

Cyclohexane:phenylcellosolve, 250 C
Methanol:water 2:1:: mesitylene, 25° C*
Cyclohexane: nitromethane: methanol

6: :1:1, 250 C
Benzene::methanol:water 4::2:1, 300 C
Cyclohexane: dioxane: : methanol: water

10:5: :10: 1. 25 0 C
Heptane:: methanol: water 4: :3:1, 30 0 C
Cyclohexane: benzene: : methanol: nitromethane

4:1::1:1, 250 C
Methanol: water 4: 1:: mesitylene, 30° C

* Used as a reverse-phase system (20).

reaction was terminated by addition of 0.1 ml of 10% HCO
and 2 ml of distilled water, and pH was rapidly adjusted
to the range of 4 to 6. The reduction products were
then extracted into 15 ml of dichloromethane, and the
organic phase was washed twice with 2 ml of distilled
water and dried. To the reduction products 1 ml of
methanol and 1 ml of 0.1 M periodic acid in 2%o pyridine
were then added, and the mixture was allowed to stand
at 250 C for 8 to 12 hours. Three ml of distilled water
was added, and the 3-acetoxy derivates of etiocholane-l1,-
17-dione and etiocholane-llPol-17-one were extracted into
50 ml of dichloromethane, washed twice with yi vol of
distilled water, and dried. Recovery of 3-acetoxy-etiocho-
lane-11,17-dione from THE A,2 ranged from 67 to 81%.
Recovery of 3-acetyoxy-etiocholane-1 lPol-17-one from
THF A02 ranged from 33 to 69%. The 3-acetoxy-etio-
cholane-11,17-dione was chromatographed successively in
system XI for 24 hours (RTAC = 1.22) and system X for
4 hours (RTAC = 0.79). The 3-acetoxy-etiocholane-11,6-
ol-17-one was chromatographed successively in system IX
for 4 hours (RDOCA= 1.0, and R! = 0.38) and system X
for 4 hours (RTAC = 1.12). Portions of the eluates of the
final two systems were counted and the secretion rates
calculated as before. In this study, secretion rates as cal-
culated from specific activities of THE and THF were
in close agreement.

Results

Elimination of ACTH-dependent secretion of
corticosterone. Early in the study it was recog-
nized that much of the corticosterone that is pro-
duced by the human adrenal is secreted under the
influence of adrenocorticotropic hormone and
might be formed in cells that are not involved in
the biosynthesis of aldosterone. If the magnitude
of ACTH-dependent production of corticosterone
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FIG. 1. THE EFFECTS OF DIETARY SODIUM RESTRICTION

AND OF DEXAMETHASONEUPONTHE CORTICOSTERONE(B)
AND ALDOSTERONE(ALDO) SECRETION RATES OF A NORMAL

SUBJECT.

were large compared with that of the aldosterone-
related production of corticosterone, it seemed pos-

sible that changes in corticosterone secretion rate
induced by natropenia might be obscured. The
effect of eliminating ACTH-dependent secretion
of corticosterone is illustrated in Figure 1. A nor-

mal subject maintained on high sodium intake se-

creted 54 ,ug of aldosterone and 2,200 Mg of corti-
costerone per day. Maintenance on low sodium in-
take for several days resulted in a rise in aldoster-
one secretion rate to 220 jug per day without a

distinct change in corticosterone secretion rate.
Dexamethasone was administered in doses of 0.5
mg every 6 hours to eliminate ACTH-dependent
secretion of corticosterone. In response to dexa-
methasone, corticosterone secretion rate fell to less
than 400 Mug per day, whereas the aldosterone se-

cretion rate was not appreciably affected. Two
additional studies also provided evidence that, in

normal subjects on liberal sodium intake, approxi-
mately 90% of the corticosterone is ACTH de-
pendent. In all subsequent experiments, therefore,
the ACTH-dependent secretion of corticosterone
was eliminated by the continuous administration of
dexamethasone throughout the study.

Effect of sodium depletion on aldosterone, cor-

ticosterone, and cortisol secretion rates of normal
subjects receiving dexamethasone (Table II).
With ACTH-dependent secretion of corticosterone
eliminated by the administration of dexametha-
sone, it became relatively simple to demonstrate
an effect of sodium depletion on corticosterone
secretion. In three normal subjects aldosterone,
corticosterone, and cortisol secretion rates were

TABLE 11

Effects of sodium depletion on steroid secretion rates of normal subjects receiving
dexamethasone, 0.75 mg, every 8 hours

Aldos- Corticos-
Average terone terone Cortisol

Day of Dietary urinary secretion secretion secretion
Subject study sodium Treatment sodium rate rate rate

mEqlday mEq/day jig/day jig/day jIg/day
N.N. 4, 5 155 170 25 200 557

6, 7, 8 10 Triamterene,
100 mg/day

12, 13 10 4 484 995 462
14 155 2 L saline iv

16, 17 155 161 75 158 204

L.S. 3, 4 164 102 97 187 238
5, 6 12 Triamterene,

11, 14 100 mg/day
17, 18 12 10 568 520 165

19 110 2 L saline iv
21, 22 110 197 94 86 182

E.W. 7, 8 180 206 114 270 1,348
9, 10 9 Triamterene,

100 mg/day
18, 19 9 4 318 1,170 1,283

20 159 1 L saline iv
22, 23 159 187 80 225 992
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determined while they were receiving high sodium
diets, after they had been maintained for several
days on low sodium diets, and a third time after
they had resumed high sodium diets and received
intravenous infusions of physiologic saline in quan-

tities sufficient to correct sodium depletion. In all
three subjects, sodium depletion induced increases
in corticosterone as well as aldosterone secretion
rates, but cortisol secretion rates were not affected.

Effect of sodium depletion on deoxycorticos-
terone secretion in normal subjects receiving dexa-

mlethasone and Metopirone (Table III). To eval-
uate the effect of sodium depletion on aldosterone
synthesis at an earlier stage in the biosynthetic se-

quence, deoxycorticosterone secretion rates were

measured before, during, and after a period of so-

dium deprivation in three normal subjects and one

patient with hypopituitarism. Although deoxy-
corticosterone is an important intermediate in the
biosynthesis of corticosterone and aldosterone and
must, therefore, be produced by the adrenal in
fairly large quantities, little is actually secreted
into the bloodstream. To employ deoxycorticos-
terone secretion rate as an index of intra-adrenal

formation of deoxycorticosterone, we employed
constant doses of Metopirone. This 1 1,8-hy-
droxylase inhibitor impairs the conversion of
deoxycorticosterone to corticosterone with a con-

sequent increase in the secretion of deoxycorticos-
terone (23). As in previous experiments, con-

stant doses of dexamethasone were employed to
reduce the formation of ACTH-dependent ster-
oids to a minimum. It is to be emphasized that
both Metopirone and dexamethasone were given
constantly throughout this study and that the
only experimental variable was the sodium intake.
During the initial "high sodium" period, deoxy-
corticosterone secretion rates were relatively low,
but in all four experiments they rose in response

to sodium deprivation. After resumption of high
sodium intake, all four subjects experienced de-
creases in deoxycorticosterone secretion rates.

Comparative effects of sodium depletion and
ACTHon cortisol, corticosterone, and aldosterone
secretion of normal subjects receiving dexametha-
sone. Large doses of ACTH have previously
been shown to have a transient stimulatory effect
on aldosterone output (24). Whether physiologic

TABLE III

Effects of sodium depletion on deoxycorticosterone secretion rates in subjects receiving 500 mg Metopirone
every 4 hours and 0.375 mg dexamethasone every 4 hours

Deoxycorti-
Average costerone cpm 3H/14C

Dietary urinary secretion of final
Subject Day of study sodium Treatment sodium rate samples

mEqlday mEqlday jug/day
L.S. 2, 3 164. 211 573 4,691/362

6 12 Triamterene,
100 mg/day

11, 12 12 30 1,836 1,659/40
14 164 2 L saline iv

16, 17 164 186 744 4,960/421

M.S. 9, 10 166 185 132 630/275
13, 14 8 12 320 4,216/767

16 166 1 L saline iv
17, 18 166 155 159 2,434/596

EAV. 9, 10, 11 88 162 234 .758/100
12, 13, 14 14 Triamterene,

100 mg/day
17, 18, 19 14 13 650 17,041/809

20 88 2 L saline iv
23, 24, 25 151 166 2,651/491

C.W. 11, 12, 13 170 164 279 207/28
(Hypopituitarism)

14, 15 11 Triamterene,
100 mg/day

17, 18, 19 11 13 472 488/39
20, 21, 22, 23 170

24, 25, 26 170 153 148 55/14
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TABLE IV

Effects of small doses of ACTHon steroid secretion rates sn normal subjects maintained on constant high sodium intake and
receiving 0.75 mg dexamethasone every 8 hours

Aldosterone Corticosterone Cortisol
Subject Treatment period secretion rate secretion rate secretion rate

jg/day ug/day ug/day
L. B. Control 14 200 1,098

ACTH, 0.06 U/hour 14 458 3,515
Postinfusion 26 182 821

J.S. Control 63 179 951
ACTH, 0.08 U/hour 66 661 3,948

R.WV. Control 115 417 1,112
ACTH, 0.07 U/hour 142 710 3,158

levels of ACTH have measurable effects on al-
dosterone, however, has never been clearly dem-
onstrated. It was considered important to exclude
the possibility that the effects of sodium depletion
on aldosterone, corticosterone, and deoxycorticos-
terone secretion might be mediated by small
amounts of ACTH. An experiment was designed,
therefore, to compare the effects of small doses of
ACTHwith those of sodium depletion upon ster-

oid secretion patterns. The effects of sodium de-
pletion have already been recorded in Table II.
The effects of ACTH are shown in Table IV.
Three normal subjects, maintained on constant

doses of dexamethasone and constant high sodium
diets, underwent steroid secretion rate determina-
tions during control periods and while receiving
ACTHby constant intravenous infusion in the small
doses of "0.06 to 0.08" U per hour for 24 hours.
Under these conditions, ACTH induced distinct
increases in cortisol secretion without appreciably
affecting aldosterone secretion. In contrast, so-

dium deprivation induced distinct increases in al-
dosterone secretion without appreciably affecting
cortisol secretion. Both ACTH and sodium
deprivation were effective stimuli to corticosterone
secretion.

Discussion

Although it has been known for many years

that sodium depletion stimulates the secretion of
aldosterone by the human adrenal cortex, it has
never been clearly demonstrated whether the
point at which this stimulation occurs is early in
the biosynthetic pathway (to increase the avail-
ability of aldosterone precursors), late in the bio-
synthetic pathway (to enhance the conversion of

corticosterone to aldosterone), or perhaps at both
of these points. Ulick, Nicolis, and Vetter have
shown that sodium depletion results in an increase
in secretion of 18-hydroxycorticosterone. Whether
this steroid should be regarded as the immediate
precursor to aldosterone or as a side-product in
aldosterone biosynthesis is not yet clear (6). In
the present investigation we have demonstrated
that, under appropriate conditions, sodium de-
pletion consistently increases the secretion of cor-
ticosterone and deoxycorticosterone. It is ap-
parent, therefore, that the effect of sodium deple-
tion is not limited to stimulation of the final step
in aldosterone biosynthesis; it acts at some early
step in the biosynthetic pathway, before the for-
mation of deoxycorticosterone, to increase the
availability of aldosterone precursors.

Further evidence that natropenia leads to in-
creased formation of aldosterone precursors is de-
rived from observations of patients with isolated
inborn errors of aldosterone biosynthesis. Visser
and Cost (25) and Ulick and associates (26) have
studied patients with isolated defects in adreno-
cortical 18-oxidation, aldosterone deficiency, and
sodium depletion. Both found evidence of in-
creased corticosterone secretion. In the case de-
scribed by Ulick, sodium loading produced a sig-
nificant fall in the corticosterone secretion rate.
One case described by Visser was also found to
have increased deoxycorticosterone secretion.
These observations suggest that the effects we
have demonstrated are not peculiar to the adrenal
suppressed with dexamethasone. Although dexa-
methasone and Metopirone seemed to be techno-
logically useful in bringing to light the effects of
natropenia on corticosterone and deoxycorticos-
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terone secretion, there is no reason to believe that
the effects could not be demonstrated (albeit with
greater difficulty) in the absence of these agents.

The present study does not explain how natro-
penia increases the availability of aldosterone pre-

cursors. Nor does it entirely exclude the possi-
bility that natropenia might, in addition to in-
creasing the availability of precursors, have some

effect on the conversion of corticosterone to al-
dosterone.

It has been suggested that angiotensin might be
the mediator of the natropenic stimulus to aldos-
terone secretion (11, 12, 14), and it has been ob-
served that angiotensin acts early in the aldoster-
one biosynthetic pathway (5). In designing the
present study we preferred to make no assump-

tions as to whether angiotensin is the mediator of
the natropenic stimulus to aldosterone secretion.
The results of the present investigation indicate
that natropenic stimulation of the aldosterone bio-
synthetic pathway is relatively specific in the sense

that no stimulation of cortisol secretion was ob-
served. Any agent that is postulated to be the
mediator of the natropenic stimulus to aldosterone
secretion must be similarly specific in its action.
Up to the present time there has been disagreement
as to whether angiotensin does or does not act to
stimulate aldosterone secretion without simultane-
ously stimulating cortisol secretion (27-30).

It is possible that aldosterone and cortisol are

synthesized by different cells. If so, the aldoster-
one-secreting cells appear to be responsive to so-

dium depletion but not to small doses of ACTH,
and the cortisol-secreting cells appear to be re-

sponsive to ACTH but not to sodium depletion.
Both types of cells respond to their respective stim-
ulating agents with increased secretion of corticos-
terone. This -view would fit well with the follow-
ing observations of the present study: 1) small
doses of ACTHincrease corticosterone secretion
without affecting aldosterone secretion; 2) dexa-
methasone suppresses corticosterone secretion
without affecting aldosterone secretion; and 3)
sodium depletion, while not affecting cortisol se-

cretion, does stimulate the production of aldoster-
one precursors.

Since corticosterone production is under dual
control, being secreted both in response to ACTH
and sodium depletion, corticosterone measure-

ments cannot be substituted for measurements of

cortisol in determining whether the action of a
particular stimulus is limited to the aldosterone
pathway. For example, a rise in cortisol in re-
sponse to angiotensin would constitute evidence
that angiotensin was not a specific stimulus of the
aldosterone pathway, but a rise in corticosterone
would not.

Summary

Experiments were designed to determine
whether sodium depletion stimulates the con-
version of corticosterone to aldosterone or whether
it stimulates the biogenesis of aldosterone pre-
cursors. Steroid secretion rates were measured
by double isotope dilution derivative methods.
To eliminate ACTH-dependent steroid synthesis,
the crucial experiments were performed in subjects
receiving constant dosage of dexamethasone. Un-
der these conditions sodium depletion caused con-
sistent increases in aldosterone and corticosterone
secretion rates without appreciably affecting the
cortisol secretion rate. The effect of sodium de-
pletion on the adrenal secretion of deoxycorticos-
terone was measured during continuous adminis-
tration of both dexamethasone and Metopirone.
In subjects receiving dexamethasone, Metopirone,
and a low sodium diet, deoxycorticosterone secre-
tion rates were consistently higher than-when the
same subjects received dexamethasone, Metopi-
rone, and a high sodium diet. It is concluded that
sodium depletion stimulates the aldosterone bio-
synthetic pathway at some step before the forma-
tion of deoxycorticosterone so as to increase the
availability of aldosterone precursors. This action
is relatively specific for the aldosterone pathway
and does not appreciably affect the secretion of
cortisol. In contrast, small doses of ACTHwere
shown to stimulate the secretion of cortisol and
corticosterone without appreciably affecting the
secretion of aldosterone.
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