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ABsTrAacCT Stop-flow studies using infusions
of aldosterone-*H or its *H acid-labile conjugate
were done on five rhesus monkeys. The aldos-
terone-*H urine-to-plasma (U/P) ratio decreased
in the same distal urine samples as sodium. The
*H acid-labile conjugate U/P-to-inulin U/P ratio
increased in the more proximal samples either with
conjugate formed endogenously during aldos-
terone-*H infusions or with labeled conjugate in-
fused alone. Aldosterone reabsorption occurred at
a distal site in the renal tubule, and secretion of its
acid-labile conjugate occurred at a proximal site.

INTRODUCTION

The urinary excretion of aldosterone and its me-
tabolites is widely used to assess aldosterone me-
tabolism for clinical purposes. The conjugate,
which yields aldosterone after standing at pH 1, is
used extensively in this regard (1, 2) and is re-
ferred to as the acid-labile or 3-oxo-conjugate.
It is most likely a glucuronide at the 18 position
3).

An understanding of the renal handling of aldos-
terone and its acid-labile conjugate is important
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form (Clin. Res. 1966. 14: 388).
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for interpretation of clinical assay data and data
concerning the metabolism of the hormone. Renal
clearance studies in man (4, 5) have shown that
72-90% of filtered nonprotein-bound aldosterone
is reabsorbed. The site of reabsorption in the dog
is the distal tubule (6). The renal clearance of the
acid-labile conjugate was found to exceed glomeru-
lar filtration rate by 2- to 13-fold, indicating tubu-
lar secretion. The kidney has been shown to be a
site of formation of this conjugate (7-9). The site
of conjugate formation within the kidney and the
relationships between formation and secretion of
acid-labile conjugate are not known.

In this investigation, stop-flow studies with
tritium-labeled aldosterone and acid-labile conju-
gate have been done to determine the site of aldos-
terone reabsorption and acid-labile conjugate
secretion. The rhesus monkey was chosen as the
experimental animal because its excretion of the
acid-labile conjugate is similar to that in man
(M. T. Scurry, Unpublished observation).

METHODS

Experiments were performed on five female rhesus mon-
keys (Macaca mulatta), weighing 3.8-6.6 kg. The prin-
ciples of laboratory animal care were observed as pro-
mulgated by the National Society for Medical Research.
The stop-flow method of Malvin, Wilde, and Sullivan
(10) was used. The animals were anesthetized with in-
travenous sodium thiopental. The left ureter was cathe-
terized with polyethylene tubing through a flank incision.
A catheter placed in the femoral vein was used to infuse
a priming solution of creatinine (0.5 g) and (or) inulin
(200-300 mg), followed by a constant infusion (4.9 ml/
min) of 10% mannitol in lactated Ringer’s solution with
creatinine (2 g/liter) and (or) inulin (400-600 mg/liter)
added. After a 65-80 min equilibration period, three urine
samples (free flow) of approximately 1.5 ml each were
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collected. The ureteral catheter was then occluded for
8 min. After release of the occlusion, multiple samples
of 0.4-0.7 ml volume were collected. Arterial blood sam-
ples were drawn at the beginning and end of the occlu-
sion period. Blood pressure was monitored by a mer-
cury manometer connected to a femoral artery cannula.
In three animals, 15-20 uc of d-aldosterone-1,2-°H
(specific activity 122 uc/ug) 12 was added to the prim-
ing infusion which was followed by a constant infusion of
0.35-0.50 uc/min for 65-80 min before occlusion. Two
monkeys were given infusions of the labeled acid-labile
conjugate 2 instead of free aldosterone. The tritium-la-
beled acid-labile conjugate of aldosterone was prepared
by the method of Underwood and Tait (3) from the
urine of a monkey to which 750 uc d-aldosterone-1,2-*H
had been administered intravenously. A priming dose of
10-15 uc administered intravenously was followed by a
constant infusion of 0.1-0.2 uc/min for 35-40 min prior
to occlusion. Free aldosterone was extracted with methy-
lene dichloride from 0.2-0.4 ml aliquots of the urine sam-
ples adjusted to 2 ml volume with water at pH 6.0. To
each extract, aldosterone-4-*C3 of known amount was
added for recovery, and 75-100 ug of stable aldosterone
was added as a marker. The extract was purified by paper
chromatography in toluene-methanol-water (2:1:1) for
12-14 hr. After acetylation, the eluate was chromato-
graphed in cyclohexane-dioxane-methanol-water (4:4:
2:1) for 13-15 hr. The final eluate was counted in a
three-channel liquid scintillation spectrometer to an error
of less than 5%. The acid-labile conjugate in the previ-
ously extracted urine samples was determined after hy-
drolysis at pH 1.0 for 24 hr at room temperature by ex-
traction, purification, and counting in a manner identical
with that used for free aldosterone. Aldosterone-4-*C was
added before the pH was adjusted to 1.0. Additional paper
chromatography in either benzene-formamide or cyclo-
hexane-benzene-methanol-water (4:3:4:1) did naot ap-
preciably alter tritium-to-carbon-14 ratios (Table I) and

1 New England Nuclear Corp., Boston, Mass.

2 Stored in ethanol at — 15°C and checked by paper
chromatography before each experiment.

3 Obtained from the Endocrinology Study Section,
NIH.

were not included in the routine purification. The mean
and standard deviation of the tritium-to-carbon-14 ratios
for free aldosterone and the acid-labile conjugate in five
aliquots of a free-flow sample were 1.66 = 0.04 and 1.40 +
0.07 respectively.

1-2-ml aliquots of plasma were used for the determina-
tion of the tritium-labeled aldosterone and acid-labile
conjugate. The free aldosterone was determined in a man-
ner identical with that used for urinary aldosterone, ex-
cept that the methylene dichloride extract was washed
with dilute alkali and water before chromatography. In
the previously extracted plasma samples, the *H acid-
labile conjugate of aldosterone was determined after
preliminary separation of the plasma protein with am-
monium sulfate and methanol-acetone by the method
adapted by Luetscher et al. (7). After hydrolysis at pH
1.0 for 24 hr, the released aldosterone was extracted,
purified, and counted in a manner identical with that
used for free aldosterone. Total plasma aldosterone and
acid-labile conjugate are measured by these methods with-
out determination of protein binding.

Sodium ‘-was determined by flame photometry, and cre-
atinine was determined by the method of Folin and Wu
(11) as modified for the Technicon AutoAnalyzer, (Tech-
nicon Co., Chauncy, N. Y.). Inulin was determined by
the method of Roe et al. (12).

Statistical analysis was done by the method of re-
peated measurement analysis of the variance (volume
periods X animals) (13). The data were grouped by the
accumulated volume period after release of stop-flow.

RESULTS

The stop-flow patterns of aldosterone-1,2-*H in
three monkeys are given in Figs. 1 and 2.* The
urine aldosterone concentration is lowest in the
early samples representing the distal portion of
the nephron. This fact is apparent whether the

4 The plasma protein binding of aldosterone and its
acid-labile conjugate was not measured. Binding would
have no effect upon the configuration of the curves de-
picted, but it would decrease the amount of steroid
filtered and increase the calculated U/P ratios.

TaBLE 1
Tritium-to-Carbon-14 Ratios after Paper Chromatography

Tritium-to-carbon-14 ratios

Free aldosterone

pH-1 Released aldosterone

Methylene dichloride extract 5.63 3.60* 11.70 v 5.87*
Toluene-methanol-water 2.70* 1.69 1.68 2.82*% 1.63 1.62
Benzene-formamide 2.63 1.76 2.69 1.53
Acetylation

Cyclohexane-dioxane-methanol-water 2.64 2.63 1.68 1.62 2.70 2.66 1.47 1.40

Cyclohexane-benzene-methanol-water 2.61 1.69 2.65 1.33
* Sample divided after this step.

Renal Handling of Aldosterone and Its Acid-Labile Conjugate 243



Expt. A

Aldosterone
U/P

0.5

0.0

6.0

Creatinine

u/P 20

0.0
75

No
mE q/liter
25

— 36
— 30

— 24
ALC Aldo.
uspP

. ———— -

o | 1M

FREEFLOW 0 | 2 3 4

Accumulated Urine Volume—ml

Ficure 1 Stop-flow pattern during the infusion of aldosterone-*H. Expt. A. The aldosterone
and its endogenously formed acid-labile conjugate (ALC Aldo.) are expressed as urine-to-

plasma ratios (U/P).

data are plotted as U/P ratio (Fig. 1) or as aldos-
terone U/P over inulin U/P ratio (Fig. 2) to
eliminate changes in the curves because of fluid
reabsorption. The aldosterone pattern is similar to
that of sodium, except that the sodium concentra-
tion returned to preocclusive values before aldos-
terone. The aldosterone U/P ratios in the distal
area are significantly different (P <0.01) from
the ratios in the free-flow and proximal samples.

The stop-flow patterns of the labeled acid-labile
conjugate, which was formed endogenously from
infused aldosterone-*H, are depicted in Figs. 1 and
3. In each of the three experiments, the urine-to-
plasma concentration ratios for the acid-labile con-
jugate are highest in samples representing the
proximal portion of the nephron.® The rise in the
proximal acid-labile conjugate ratios in the three

5 p-Aminohippurate was not used as a proximal tubu-
lar marker because it markedly reduced the renal clear-
ance of acid-labile conjugate in one subject studied by
Siegenthaler, Peterson, and Frimpter (4).
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monkeys is also significant (P < 0.01). It can be
seen in Figs. 1 and 2 that maximal values for acid-
labile conjugate ratios occur at a point which is
proximal to the site of aldosterone reabsorption.
The smaller increase in the U/P ratio of the acid-
labile conjugate seen in the more distal samples in
Fig. 1 is due primarily to fluid reabsorption as
demonstrated by the simultaneous increase in cre-
atinine concentration. When acid-labile conjugate
U/P ratios are compared with inulin U/P ratios
to eliminate changes due to fluid reabsorption, a
slight rise is still seen in the distal samples (Fig.
3). As pointed out by Malvin (14), this small
distal rise is most likely due to flow of proximal
tubular fluid into the distal tubule. This flow re-
places fluid reabsorbed in the distal tubule during
the period of stop-flow. It is also possible that a
small amount of distal tubular secretion of the
acid-labile conjugate contributes to the small distal
rise.

The results of two stop-flow experiments utiliz-



ing an infusion of tritium-labeled acid-labile con-
jugate are given in Fig. 4. Although the proximal
rise depicted is not statistically significant (P >
0.05) on the basis of two experiments, it is ap-
parent that the pattern is similar to that demon-
strated for the acid-labile conjugate formed en-
dogenously during aldosterone-*H infusions (Fig.
3). Free aldosterone was not detected in the plasma
or urine samples, indicating the absence of sig-
nificant hydrolysis of the conjugate in vivo.

DISCUSSION

The present study demonstrates that aldosterone
reabsorption occurs in the distal portion of the
renal tubule of the monkey. Aldosterone enhances
sodium reabsorption in the distal tubule, as indi-
cated by stop-flow studies in the dog (15) and
renal clearance studies in man (16, 17). Edelman,
Bogoroch, and Porter (18) have demonstrated the
entry of aldosterone into the mucosal cell of the
toad bladder. Entry of the hormone into the tubu-

lar cell is also a likely requirement for its biologic
effect. Aldosterone entry into the cell from tubu-
lar fluid is suggested by the present observations,
but aldosterone entry from the plasma has not
been studied. It is also not known whether the re-
absorbed aldosterone is biologically active. How-
ever, if 86% of filtered aldosterone is reabsorbed
(4), and if the glomerular filtrate is %4th of ef-
fective renal plasma flow (19), then 17% (0.20 X
86% = 17%) of the unbound aldosterone that
enters the kidney is reabsorbed, and it is probable
that this amount would influence distal tubular so-
dium transport.

Studies in man have shown that the renal clear-
ance of aldosterone’s acid-labile conjugate is 2 to
13 times the glomerular filtration rate (4, 5). The
present observations demonstrate acid-labile con-
jugate secretion at the level of the proximal tubule.
The site of acid-labile conjugate secretion was
distinctly separated from the site of aldosterone
reabsorption. The organic acid secretory system

ALC
Mox

ALC
Max

0.6 —
Expt. B
05 |- \
04 —
Aldo. U/P |
Inulin  U/P 03
02 )
Na
ol |— Min
00 “—
or —
\| Expt. C
06 —
05 p—
Aldo. usp 04
nutin WP | T
02 |- No
Min
Ol }—
| I I
00 meEroowo 1+ 23

4 5 6 7 8 9 100 N 12

Accumulated Urine Volume —ml

Ficure-2 Stop-flow pattern of aldosterone-*H, Expts. B and C. The aldosterone is
plotted as its U/P ratio to the U/P ratio of inulin. The site of minimum sodium con-
centration and maximum concentration of the acid-labile conjugate are designated.
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of the proximal tubule is probably utilized for acid-
labile conjugate secretion, (20) since its secretion
is reduced by p-aminohippuric acid which is known
to be transported by this pathway (4). In addition,
Underwood and Tait’s (3) findings that this con-
jugate is probably a glucuronide and is more acidic
than the usual steroid glucuronides are consistent
with this interpretation.

Measurements of the renal extraction of aldos-
terone and its acid-labile conjugate in man (7-9)
have shown that the kidney can convert aldosterone
to its acid-labile conjugate. The comparison of the
metabolism of aldosterone given orally and intra-
venously (8) has also revealed significant extra-
hepatic formation of the acid-labile conjugate.
The acid-labile conjugate secreted by the proximal
tubule could be primarily that conjugate which was
converted from the plasma aldosterone in the tu-
bular. cell and directly secreted into the tubular
fluid. The present stop-flow studies with the in-
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fusions of the ®H acid-labile conjugate suggest
that the acid-labile conjugate is transported from
the plasma to the tubular fluid. These observations
do not demonstrate whether or not the kidney can
convert aldosterone to its acid-labile conjugate.
It is probable that any conjugate formed within
the proximal tubular cell would be secreted directly
into the tubular fluid similar to the conjugate
transported from the plasma. Cheville et al. (9)
have shown that, immediately after the injection of
labeled aldosterone, higher concentrations of the
conjugate are found in renal-venous plasma than
in renal-arterial plasma. This finding indicates
that at least a portion of the acid-labile conjugate
formed within the kidney enters the plasma. The
cells at the distal tubular level may be the source
of this conjugate entering the plasma, since aldos-
terone reabsorption occurs at this area without
secretion of the acid-labile conjugate into the tu-
bular fluid.

FREE FLOW O |

Accumulated Urine Volume—ml

Ficure 3 Stop-flow pattern of endogenously formed acid-labile conjugate of aldosterone.
Expts. B“dnd C. The data were obtained during the infusion of aldosterone-*H and the
curves correspond to those of Fig. 2. The site of minimum sodium concentration is

designated.
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ADDENDUM

Stop-flow studies in five dogs demonstrating aldosterone
reabsorption in the distal tubule and secretion of en-
dogenously formed acid-labile conjugate in the proximal
tubule have recently been reported. Deck, K: A. and
W. E. Siegenthaler. 1967. Transport of aldosterone and

of

the acid-labile conjugate of aldosterone by tubular

cells of the kidney. Acta Endocrinol. 55: 648.

1
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