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Chronic potassium depletion increases adrenal
progesterone production that is necessary for
efficient renal retention of potassium
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Modern dietary habits are characterized by high-sodium and
low-potassium intakes, each of which was correlated with a
higher risk for hypertension. In this study, we examined
whether long-term variations in the intake of sodium and
potassium induce lasting changes in the plasma
concentration of circulating steroids by developing a
mathematical model of steroidogenesis in mice. One finding
of this model was that mice increase their plasma
progesterone levels specifically in response to potassium
depletion. This prediction was confirmed by measurements
in both male mice and men. Further investigation showed
that progesterone regulates renal potassium handling both
in males and females under potassium restriction,
independent of its role in reproduction. The increase in
progesterone production by male mice was time dependent
and correlated with decreased urinary potassium content.
The progesterone-dependent ability to efficiently retain
potassium was because of an RU486 (a progesterone receptor
antagonist)-sensitive stimulation of the colonic hydrogen,
potassium-ATPase (known as the non-gastric or hydrogen,
potassium-ATPase type 2) in the kidney. Thus, in males,

a specific progesterone concentration profile induced by
chronic potassium restriction regulates potassium balance.
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Human consumption of Na™ has increased well above
physiological needs, whereas that of K* has dramatically
decreased over the last 10,000 years." Our organism has
somewhat adapted in response, but these dietary alterations
are at the origin of several pathologies. The need to understand
the consequences of modern dietary habits is all the more
important, given that high levels of Na* consumption, but
also a low daily intake of K™, have been positively correlated
with the probability for developing hypertension.>’

Among the primary response elements of the organism
are the adrenal glands, which adapt steroid production to
changes in Na* and K* consumption. The mechanisms of
adrenal steroidogenesis regulation under low-Na™ and high-
K™ diets have been the subject of many investigations.*”
Adrenal steroidogenesis pathways, leading to the synthesis of
mineralo- or glucocorticoids, differ among species (for
review, see ref. 6). In rodents, the production of aldosterone
in the zona glomerulosa (ZG) is dependent on the two rate-
limiting enzymes CYP11Al1 and CYP11B2, which are
upregulated under chronic low-Na™® or high-K ™ diets.” In
these species, the zona fasciculata (ZF) produces corticoster-
one because of the lack of adrenal expression of CYP17 in
rodents.>® Corticosterone production has been found to be
stimulated under low-Na ™ or high-K " diets, and related to
changes in CYP11A1 expression levels.” The factors or signals
involved in the regulation of steroidogenesis under low-Na *
and/or high-K™ diets have been identified as angiotensin II
or plasma K™ itself (for review, see ref. 10). Although these
conditions probably reflect the eating habits of our ancestors
(who had easy access to food rich in K™ and poor in Na ™,
see ref. 1), nowadays, the situation is drastically reversed.
Investigating the mechanisms of adaptation to modern
dietary habits is thus necessary. Moreover, until now,
attention was particularly focused on aldosterone and
corticosterone production, even though the intermediate
metabolites of steroidogenesis also present in plasma are
possibly subjected to variations and could have specific
functions as well.
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Our first objective was therefore to study the mechanisms
of adrenal adaptation to Na™ loading or K™ depletion by
examining possible variations in the levels of not only the end
products of adrenal steroidogenesis but also of the inter-
mediate metabolites. The second goal was to investigate the
renal response to these modifications.

For this purpose, we developed a mathematical model of
steroidogenesis in rodents that identified a specific steroid
concentration profile induced by chronic K™ restriction;
subsequent experimental measurements established that pro-
gesterone acts as a hormonal regulator of K™ balance in this
state by stimulating renal expression of the ‘colonic’ hydrogen,
potassium-ATPase (cHKA, also known as the non-gastric H,
K-ATPase or the H, K-ATPase type 2) in the kidney.

RESULTS

Building and validation of a mathematical model

for adrenal steroidogenesis in rodents

To predict the effects of variations in the daily intake of Na ™
and K" on the plasma concentration of circulating steroids,
we developed a mathematical model of steroidogenesis in
mice (SI Methods online) using parameters summarized in
Supplementary Table S1 online and Supplementary Figure
S1A online. One fundamental assumption of our model is
that any change in mRNA expression for a given enzyme
is directly proportional to an increase or decrease in its
activity. We validated our model by comparing predicted and
measured plasma concentrations of aldosterone and corticos-
terone (a) under basal conditions (Supplementary Figure S1B
and S1C online) and (b) under low-Na ™ and high-K™* diets,
using previously published data” (Supplementary Figure S1D,
S1E online and Supplementary Table S2 online). We also
performed a sensitivity analysis to identify the critical
parameters affecting steroid production (see Supplementary
Table S3 online). The analysis showed that the production of
aldosterone, corticosterone, and progesterone depends pri-
marily upon the activity of CYP11A1 and the activity and
progesterone affinity of CYP21.

Effect of high-Na™ and low-K " diets on aldosterone,
corticosterone, and intermediate metabolites levels

To investigate how modern eating habits affect adrenal
steroid production, we subsequently placed male mice under
conditions of K depletion or Na® loading. These two
physiological stresses are known to induce a significant
decrease in aldosterone levels'" but their effects on the overall
steroid production remain unclear. As shown in Figure la,
K™ depletion (black bars) induced significant changes in the
expression of steroidogenic genes: the mRNA levels of StAR,
CYP11A, and 3BHSD1 increased by a factor of 2.1, 2.8, and
2.3, respectively, whereas those of CYP11B1 and CYP11B2
decreased to 0.05 and 0.07 times their control levels (white
bars), respectively. During chronic Na™ loading (hatched
bars), only the expression of CYP11B1 and CYP11B2 was
found to be significantly altered. The steps mediated by
CYP11A and CYP21 being critical for steroid production,
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Figure 1| Variations in steroid production and steroidogenic
gene expression during potassium deficiency and sodium
loading. (a) Expression of steroidogenic gene transcripts in
adrenals from male mice fed a low-K™ (black bars) or a high-Na™
diet (hatched bars) for 8 days relative to that in male mice fed a
control diet (white bars). Inset: adrenal expression of CYP21,
CYP11A1 and GAPDH protein in male mice fed a control, low-K*
or high-Na™ diet for 8 days. Plasma aldosterone (b) and
corticosterone (c) levels were both measured (white bars) and
calculated (black bars) based upon the relative steroidogenic
gene expression displayed in panel (a) for each individual (n =6).
Results are shown as means * s.e.m. (significance is tested by
non-paired Student t-test, **P<0.01). GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

we investigated the protein levels of these two enzymes. As
shown in Figure la (inset), the expression of CYP21 is not
affected by either diet, whereas that of CYP11A1 is increased
under K™ restriction.

The measured concentrations of plasma aldosterone
(Figure 1b, white bars) in animals placed either under low-
K™ or high-Na™ diets (0.05 % 0.03 and 0.020 * 0.005 ng/ml,
respectively) are very similar to those calculated (black bars)
using our model, and are much lower than the measured
and calculated values in animals receiving the control diet.
The calculated concentrations of plasma corticosterone
(Figure 1c, black bars) are also in good agreement with
measured values (white bars); both indicate that corticoster-
one levels increase specifically during K™ restriction.

The model also served to predict the relative changes
in the levels of pregnenolone, 11-deoxycorticosterone and
progesterone induced by different diets. As reported in
Table 1, an interesting prediction of the model is that in
male mice fed a low-K™ diet, the plasma concentration of
progesterone increases by a factor 2.6 (Table 1). This change
in progesterone levels concentration was found to be specific
to chronic K+ depletion, that is, no such large increase
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Table 1| Predicted plasma concentration of the intermediary
metabolites of steroidogenesis in mice

Low Na*  High K* Low K*  High Na*
Pregnenolone ND ND 1.2 0.9
Progesterone 1.5 1.5 26 1.2
11-deoxycorticosterone 1.1 1.4 7.1 1.9

Relative levels of steroidogenic gene expression, as given in Supplementary Table 2
online and Figure 1a, were used to calculate the plasma levels of pregnenolone,
progesterone and 11-deoxycorticosterone.
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Figure 2| Plasma progesterone concentration in males under
different diets. (a) Plasma progesterone levels were measured
(white bars) or calculated (black bars) after 8 days of different
diets (n=6). Results are shown as means + s.e.m. (non-paired
Student t-test **P<0.01). (b) Correlation between individual
progesterone concentration (ng/ml) and level of CYP11A
expression (n=28). (c) Time-dependent progesterone production
in response to K™ restriction. Male mice were placed under
normal (white bars) or low-K* diet (black bars) or low-K™* diet
with 1% of KCl in the drinking water (hatched bar). Results are
shown as means % s.e.m. (non-paired Student t-test, *P <0.05,
day 3, n=40 in each group; day 8, n=60 in each group; day 15,
n=>55 in each group; day 8 + KCl n =10). (d) Plasma progesterone
concentration measured in two groups of men selected according
to their habitual daily K™ -intake. Results are shown as means with
95% confidence interval (diamonds).

was predicted under Na™ loading (nor for the other two
regimes).

Plasma progesterone level depends on dietary K* intake

in male

To check this prediction, we measured experimentally the
plasma concentration of progesterone in male mice placed
under both diets for 8 days (Figure 2a, white bars). Other
physiological parameters appear in Table 2. The progesterone
level in the control group was 4.9 * 1.1 ng/ml (similar to the
predicted value, black bars) and did not vary significantly
when mice were fed a high-Na ™ diet (Figure 2a). However, as
predicted, K* depletion induced a significant increase in the
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plasma concentration of progesterone, to 18.8 £ 1.1 ng/ml.
The correlation between the expression of the main rate-
limiting enzyme, CYP11A, and the production of progester-
one, shown in Figure 2b, can be described as a simple linear
relationship (r*=0.73). As shown in Figure 2¢, the adrenal
production of progesterone in male mice placed under K™
restriction (black bars) was significantly increased after 8-15
days when compared to the control group (white bars). The
stimulation of progesterone synthesis was reversible (not
shown) and a direct consequence of dietary K™ restriction
since K* replenishment by addition of potassium to
drinking water abolished the plasma progesterone increase
(hatched bars). Similar results were obtained with ovariecto-
mized female mice (Supplementary Figure S2 online),
indicating that stimulation of adrenal production of
progesterone is not gender-dependent.

We then investigated whether there is a similar correlation
between K™ intake and plasma progesterone levels in men.
Plasma progesterone concentration was lower in the high-K *
group than in the low-K* group (Supplementary Table S4
online and Figure 2d). The difference is significant (P =0.02)
when adjusted for the main characteristics of individuals.
Performing step-by-step adjustment showed that the im-
provement in statistical significance was mainly due to
habitual K" intake, which was itself correlated with plasma
progesterone concentration (P=0.04).

Relationship between urinary K* content and plasma
progesterone

The specific increase in progesterone concentration following
K" depletion suggests an adaptive response. To determine
whether it plays a role in K™ conservation, we measured
simultaneously plasma progesterone concentration and the
amount of K excreted in urine (Figure 3, black dots) in
male mice under K™ restriction. Our results show that a high
level of progesterone is correlated with more efficient
potassium conservation (r> =0.538). Adrenalectomized male
mice, unable to produce progesterone in response to K™
restriction (inset), could not reduce their urinary potassium
excretion as efficiently as normal mice (Figure 3, white dots
and inset) and therefore lost almost twice as much K* in
their urine every day.

Progesterone stimulates cHKA expression in mouse
cultured cells

To understand the mechanisms by which progesterone
contributes to renal K conservation, we incubated mouse
collecting duct (mCCD) principal cell lines with progesterone
(1 pg/ml) for 24h and measured the expression of different
genes known to be directly or indirectly involved in K™
transport. As shown in Figure 4a, among the genes tested,
progesterone induced a 5- and 3-fold increase in the
expression of the cHKAa subunit (cHKa) and the Na,K-
ATPase B1 subunit (NKA 1), respectively. We then
examined the activity of cHKA in response to progesterone.
Both ouabain-sensitive apical Rb*® uptake (Figure 4b) and
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Table 2| Physiological parameters of mice under a normal diet and following 8 days of K* depletion

Plasma K* (mmol/l) Plasma HCO5; (mmol/l) Plasma pH Aweight d8-d0 (g) Food intake (g)
Control 4+0.1 22.8+09 7.18+0.02 27104 3.610.1
Low-K* diet (day 8) 2.5+ 0.09%* 234%09 7.221£0.01 —2.1+0.3%* 3.5%0.1

Results are shown as mean + s.e.m. (non-paired Student t-test, **P<0.01).
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Figure 3 | Antikaliuretic action of progesterone during
potassium restriction. Urinary potassium excretion versus
plasma progesterone concentration in individual control (black
dots) and adrenalectomized (white dots) mice after a 15-day
low-K™ (LK) diet. Inset: Mean plasma progesterone concentration
and mean urinary potassium following a low-K™ diet in control
(black bars) or adrenalectomized (ADX, white bars) mice. Results
are shown as means + s.e.m. **P<0.01 (control mice, n=19; ADX
mice, n=15).

K" -dependent intracellular pH recovery after acidification
(Figure 4c) were found to be stimulated by progesterone
(100 ng/ml for 4-7 days). Interestingly, this stimulation was
sensitive to RU486, a nuclear progesterone receptor antago-
nist (Figure 4c).

Progesterone stimulates cHKA expression in vivo during

K" restriction

The role of progesterone in mediating the effects of K"
restriction on cHKA activity was further examined in vivo.
Under the control diet, expression of the cHKo and plasma
progesterone levels were both low (Figure 5a, white dots), but
the increase in progesterone concentration that is induced by
a chronic low K™ diet was accompanied by a proportional
increase in cHKa subunit expression (black dots, ? =0.799).
This stimulation of cHKa expression was markedly reduced
by treatment with RU486 (gray dots) with a direct impact on
the ability to efficiently retain K™ (Figure 5b). To further
confirm the role of progesterone, we pharmacologically
inhibited steroidogenesis by injecting aminogluthetimide to
mice on a low-K ™ diet. As shown in Figure 5c, this treatment
reduced the stimulation of the cHKa subunit. Another
approach consisted in investigating how adrenalectomized
mice (ADX) respond to K" depletion. As shown in Figure
5d, after 8 days under a low-K ™" diet, renal expression of the
cHKa subunit was not increased in ADX mice. It should also
be noted that these mice handled K™ restriction differently

Kidney International (2011) 80, 256-262

than normal mice, since 25% of them died when KV
restriction was prolonged beyond 8 days.

Antikaliuretic action of progesterone is dependent on cHKA
To further establish the antikaliuretic effect of progesterone
we first treated male mice with progesterone (3 daily
injections raising plasma progesterone concentration from
6.8+£0.9 to 35+3ng/ml) and monitored biological and
metabolic parameters (Supplementary Table S5 online).
Plasma K™, bicarbonate and pH were not modified by this
treatment (not shown). As shown in Figure 6a, urinary
potassium excretion (relative to creatinine excretion) gradu-
ally decreased after progesterone treatment, with a significant
effect after the third injection when compared either to the
control group at day 3 (unpaired Student #-test P=0.04) or
to the day —1 of the experiment (paired Student t-test,
p=0.03). This 20-25 % decrease in K™ excretion cannot be
linked to a putative effect on the mineralocorticoid receptor
since sodium excretion was not affected (Supplementary
Table S5 online). To confirm the involvement of cHKA in this
antikaliuretic mechanism, we performed this experiment in
C57Bl6 mice invalidated or not for the ¢HKa subunit.'
Following treatment, progesterone concentration was 84 +9
and 65% 14ng/ml in cHKa+/+ and —/—, respectively.
However, the amount of excreted K was significantly
decreased (by 15-20%) in cHKo +/+ mice relative to the
basal level, whereas K+ excretion remained unchanged in the
cHKo—/— group, as shown in Figure 6b. In these experi-
ments, we did not observe other effects of progesterone on
general metabolic parameters (Supplementary Table S5
online). These results indicate that the antikaliuretic action
of progesterone is indeed mediated by the induction of
cHKA.

DISCUSSION

Physiological adaptation to metabolic stresses requires that
the organism be able to detect changes, to produce ‘signals’
that convey information to different target tissues and
organs, and finally to react appropriately in response to a
given perturbation. In this study, we established that the
concentration profile of circulating adrenal steroids is
drastically modified by Na ™ loading and K™ restriction. To
search for specific adaptive responses, we first developed a
mathematical model of adrenal steroidogenesis, conceptually
similar to previously published models of steroidogenesis in
testes'> and ovaries."* The model predicted that adrenal
progesterone production in male mice increases specifically
in response to dietary K™ restriction. Subsequent experi-
mental measurements revealed that progesterone acts as an
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Figure 4| Progesterone stimulates cHKA activity in mCCD cell line. (a) Expression of a set of genes involved in K™ transport in mCCD cells,
relative to cyclophilin expression, after incubation with 1pug/ml of progesterone for 24 h. Results are expressed as fold-increase relative to

vehicle-treated cells (n =2 in triplicate). (b) Apical ouabain-sensitive rubidium uptake by mCCD incubated (black bars) or not (white bars) with
progesterone (100 ng/ml) for 4 days. Results are shown as means * s.e.m. (non-paired Student t-test, *P<0.05, **P<0.01). (c) K* -dependent
alkalinization of mCCD cells untreated (white bar, n = 3 in triplicate) or treated with progesterone (black bar, n = 3 in triplicate) or treated with
progesterone and extemporaneously exposed to ouabain (hatched bar, n=3 in triplicate) or concomitantly treated with progesterone

and RU486 (gray bar, n=2 in triplicate) (non-paired Student t-test, **P <0.01). cHKA, colonic H, K-ATPase; mCCD, mouse collecting duct.

‘antikaliuretic hormone independently of gender and
reproductive functions.

The present study is the first one to highlight a correlation
between progesterone levels and daily K™ intake in men. The
finding that men with a low K" intake have a statistically
higher level of progesterone may have important conse-
quences, for instance in the development of gastric
adenocarcinoma.'’

Up to now, progesterone was thought to act on the kidney
by exerting a putative anti-mineralocorticoid effect. In the
particular physiological situation we investigated here (i.e.,
K™ restriction), such an antagonistic mechanism is unlikely
to be involved since aldosterone concentration decreases by
90% during chronic potassium depletion. On the other hand,
progesterone has also been described as a partial and less
efficient agonist for mineralo- or glucocorticoid recep-
tors.'®'” Such an effect is similarly unlikely here, since it
would enhance K™ secretion, whereas we observed K™
retention in the present study. Moreover, expression of
the mineralocorticoid- and glucocorticoid-induced genes
(GilZ, ENaCa) was not modified in the kidney of mice fed
a chronic low-K ™ diet (Supplementary Figure S3A and S3B
online) and cells incubated with progesterone or dexametha-
sone displayed a completely different response (Supplemen-
tary Figure S3C online).
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The presence of nuclear progesterone receptors in the
distal nephron,'® combined with the antagonist effect of
RU486 on cHKo expression and its effects on urinary K*
excretion, strongly suggest the involvement of this nuclear
receptor in the renal action of progesterone.

A strong feature of dietary K restriction is the renal
switch from a high rate of K" secretion to efficient K™
conservation mediated in part by stimulation of cHKA in the
distal nephron.'”” Our results strongly suggest that this
stimulation is under the control of progesterone, and that
it acts to conserve K™ more efficiently. We also showed that
modification of adrenal steroidogenesis and progesterone
production is a late effect, that is, adrenals start over-
producing progesterone when plasma K™ is already low
(between the third and eighth day of a low-K ™ diet). Thus,
this effect cannot be part of the hypokalemia-independent
process described by McDonough’s group.”®*!

Two potential steroid response elements in the promoter
of the cHKo gene have been identified** and correlated with
the aldosterone-induced stimulation of cHKA in the colon
under a low-Na " diet.?®> Based on our present observations,
we speculate that the presence of these steroid response
elements may partly explain how cHKA expression can be
stimulated by progesterone and its nuclear receptor in low-
K" conditions.

Kidney International (2011) 80, 256-262



B Elabida et al.: Progesterone is an antikaliuretic hormone

original article

a 25+ b .
5 —
£ 2
5 € 4
(1]
g L 34 i
& 5 i
B +¥ 2 [ [{]1¥
= > 1%
E g, -
) £ 1 - lE
T T T T T 1 o O -
0 5 10 15 20 25 LK LK
Progesterone (ng/ml) +RU486
C *k d
o 71
£ 6 - 6 -
=5 . | £5 97
§'§ > -§ a5
S5 4 S 0 4
> C g o
% 5 37 S 3
x S 2+ T E 2 o
- 3 IT=
DS oM
0- 04
NK LK LK+ NK LK
aminoglut

Figure 5|Low-K * diet-induced expression of cHKx and
urinary K" excretion are sensitive to RU486. (a) Correlation
between plasma progesterone concentration and mRNA
expression of cHKa in mice under normal diet (white dots) or low-K *
diet (15 days, black dots) or low-K* (LK) diet + RU486 treatment
(gray dots). Results are shown as means £ s.e.m. (n=7-12 mice).
(b) Urinary K™ of mice under low-K™ diet receiving RU486
(gray bar, n=7) or not (black bar, n=12). Results are shown

as means + s.e.m. (non-paired Student t-test, *P <0.05).

(c) Expression of the cHKa subunit in mice fed a normal (NK) diet,
(white bar, n=5) or a low-K™ diet with (gray bar, n=5) or
without (black bar, n=5) aminogluthetimide. (d) Expression

of the cHKa subunit under normal (white bar) or low-K* diets
(black bar) in adrenalectomized male mice (n=7).

It is tempting to speculate that males and females regulate
their urinary K excretion differently** precisely because of
the ovarian production of progesterone. However there are
many hormonal differences between the two sexes besides
progesterone levels; further investigation is thus needed.
During pregnancy, ion homeostasis is strongly modified
because of multiple actions all along the nephron.”>*® The
amount of potassium retained during pregnancy reaches
300 mEq in women (around 15% of total tissue K™ content,
for review see ref. 27) but the mechanisms leading to this
retention remain to be elucidated. Based on our results, we
speculate that progesterone mediates, at least in part,
pregnancy-induced K™ retention via its antikaliuretic func-
tion.

MATERIALS AND METHODS

Ethical statement

All animal procedures were carried out in accordance with the
French legislation for animal care and experimentation. The human
study (SUVIMAX) was authorized by French authorities in 1994
(Comité Consultatif de Protection des Personnes dans la Recherche
Biomédicale, file number 706, and the Commission Nationale de
I'Informatique et des Libertés, file number 94-042).
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Figure 6 | Progesterone promotes urinary K* retention
mediated by cHKA. (a) 24 h-urinary K™ -to-creatinine ratio
relative to mean of the day before treatment (day 1) with
progesterone (black squares) or vehicle (white squares). On day 1,
K *-to-creatinine ratio was 0.022 +0.002 and 0.021 * 0.002 umol/
umol, respectively. Results are shown as means +s.e.m., n=18;
non-paired Student t-test at day 3, treated versus non-treated
group, *P<0.05. (b) Same measurement in cHKa +/+ mice
(white bars) or cHKa—/— mice (hatched bars). On day 1,
K*-to-creatinine ratio was 0.027 +0.001 pmol/umol and

0.019 £ 0.001 umol/pumol respectively. Results are shown as
means t s.e.m, n=6 (Student t-test, *P<0.05).

Mathematical model of steroidogenesis in rodents
The mathematical model of steroidogenesis is fully described in
Supplementary Information online and is available upon request.

In vivo studies

Experiments were performed on CDI1 mice (Charles River,
L Arbresle, France) weighing 24-26 g. Animals were fed the standard
laboratory diet (Safe, France) (0.28% Na™ and 0.6% K™), a low-
K™ diet (0.28% Na™ and 0% K ™) or a high-Na™ diet (0.7% Na™
and 0.6% K™) ad libitum with free access to water. Progesterone
(50 mg/kg/day) or RU486 (3 mg/kg/day) or aminogluthetimide
(20 mg/kg/day) were injected sub-cutaneously (sc) every 24 h after
dilution in an ethanol/sesame oil mixture or in water. Wild-type and
knock-out mice for cHKo. subunit'? were also used for metabolic
studies after 3 days of animal adaptation to encaging. Baseline 24-h
urine volume, food and water intakes were measured and urinary
creatinine, and electrolyte concentrations were determined on an
automatic analyzer (Konelab 20i; Thermo, Cergy Pontoise, France).
When indicated, urinary K™ and creatinine were measured from
urine spots by HPLC (Dionex).

mCCD cell culture

Mouse CCD cells (mCCDy;); a cell line established and described
earlier were cultured as described in the original study.”® In
summary, cells were grown in supplemented DMEM/F-12 medium
(Invitrogen) containing 50nmol/l dexamethasone (Amersham
Bioscience) for 5 days (growth medium), and then 3nmol/l
dexamethasone (filter medium) for a minimum of another 5 days.
Rubidium fluxes and intracellular pH measurements are described
in Supplementary Information online.

Human studies

The association between K™ intake and plasma progesterone
concentration was tested in 200 healthy men belonging to a
previously described cohort (known as the SUVIMAX study)29 (see
Supplementary Table S4 online for parameters). To test whether
plasma progesterone was associated with K™ intake in men, two
contrasted groups of 100 individuals were defined among the cohort
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(n=601), those with the lowest K* intake (low-K™* group) and
those having the highest K™ intake (high-K* group). Mean plasma
progesterone concentration was compared between these two groups
by a multivariate ANOVA test. All analyses were performed with the
statistical discovery software JMP 8 (SAS, Cary, NC).

Other methods

More commonly used methods for measuring gene or protein
expression as well as plasma progesterone concentration are
described in Supplementary Information online.

DISCLOSURE
All the authors declared no competing interests.

ACKNOWLEDGMENTS

This study was supported by grants from the ‘Fondation pour la
Recherche Médicale’ INE20041102584 (GC), by the CNRS program
ATIP (GC), by the French Society of Nephrology (GC and AS) and the
Leducq Fondation. We thank Luciana Morla and Tam Guyenne for
technical help, Professor Bernard Rossier for his generous gift of the
mCCD cell line, and Régine Chambrey for help in breeding cHKa
subunit KO mice. We are also grateful to Frédéric Jaisser for his
helpful reading of the manuscript and fruitful discussion.

SUPPLEMENTARY MATERIAL

Table S1. Parameter values for mathematical model.

Table S2. Reported data on the expression of steroidogenic genes in
rats under different physiological conditions.

Table S3. Sensitivity analysis of the adrenal steroidogenesis model.
Table S4. Plasma progesterone concentration and main
characteristics of men according to dietary K™ intake groups.
Table S5. Biological parameters of male mice treated or not with
daily progesterone injection.

Figure S1. Validation of the mathematical model of adrenal
steroidogenesis.

Figure S2. Time-dependent progesterone production in response to
K* restriction.

Figure S3. Glucocorticoids are not involved in ion transporter
regulation under a low-K* diet.

Supplementary Information. S| Mathematical Model of
Steroidogenesis in Rodents.

Supplementary material is linked to the online version of the paper at
http://www.nature.com/ki

REFERENCES

1. Eaton SB, Eaton Il SB, Konner MJ. Paleolithic nutrition revisited: a twelve-
year retrospective on its nature and implications. Eur J Clin Nutr 1997; 51:
207-216.

2. Vasan RS, Evans JC, Larson MG et al. Serum aldosterone and the incidence
of hypertension in nonhypertensive persons. N Engl J Med 2004; 351:
3341.

3. Geleijnse JM, Kok FJ, Grobbee DE. Impact of dietary and lifestyle factors
on the prevalence of hypertension in Western populations. Eur J Public
Health 2004; 14: 235-239.

4. Kaplan NM, Barter FC. The effect of ACTH, renin, angiotensin II, and
various precursors on biosynthesis of aldosterone by adrenal slices. J Clin
Invest 1962; 41: 715-724.

5. Saruta T, Cook R, Kaplan NM. Adrenocortical steroidogenesis: studies on
the mechanism of action of angiotensin and electrolytes. J Clin Invest
1972; 51: 2239-2245.

6. Payne AH, Hales DB. Overview of steroidogenic enzymes in the pathway
from cholesterol to active steroid hormones. Endocr Rev 2004; 25:
947-970.

262

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Tremblay A, Waterman MR, Parker KL et al. Regulation of rat adrenal
messenger RNA and protein levels for cytochrome P-450s and
adrenodoxin by dietary sodium depletion or potassium intake. J Biol
Chem 1991; 266: 2245-2251.

Perkins LM, Payne AH. Quantification of P450scc, P450(17) alpha, and iron
sulfur protein reductase in Leydig cells and adrenals of inbred strains of
mice. Endocrinology 1988; 123: 2675-2682.

Brock BJ, Waterman MR. Biochemical differences between rat and human
cytochrome P450c17 support the different steroidogenic needs of these
two species. Biochemistry 1999; 38: 1598-1606.

Spat A, Hunyady L. Control of aldosterone secretion: a model for
convergence in cellular signaling pathways. Physiol Rev 2004; 84:
489-539.

Muller J, Huber R. Effects of sodium deficiency, potassium deficiency and
uremia upon the steroidogenic response of rat adrenal tissue to
serotonin, potassium ions and adrenocorticotropin. Endocrinology 1969;
85: 43-49.

Meneton P, Schultheis PJ, Greeb J et al. Increased sensitivity to K+
deprivation in colonic H,K-ATPase-deficient mice. J Clin Invest 1998; 101:
536-542.

Becker S, Chubb C, Ewing L. Mathematical model of steroidogenesis in rat
and rabbit testes. Am J Physiol 1980; 239: R184-R195.

Breen MS, Villeneuve DL, Breen M et al. Mechanistic computational model
of ovarian steroidogenesis to predict biochemical responses to endocrine
active compounds. Ann Biomed Eng 2007; 35: 970-981.

Wu CW, Chi CW, Hsieh MC et al. Serum progesterone levels in patients
with gastric adenocarcinoma before and after gastrectomy. Cancer 1998;
83: 445-448.

Quinkler M, Diederich S. Difference of in vivo and in vitro
antimineralocorticoid potency of progesterone. Endocr Res 2002; 28:
465-470.

Souque A, Fagart J, Couette B et al. The mineralocorticoid activity of
progesterone derivatives depends on the nature of the C18 substituent.
Endocrinology 1995; 136: 5651-5658.

Grimont A, Bloch-Faure M, El Abida B et al. Mapping of sex hormone
receptors and their modulators along the nephron of male and female
mice. FEBS Lett 2009; 583: 1644-1648.

Ahn KY, Park KY, Kim KK et al. Chronic hypokalemia enhances expression
of the H(+)-K(+)-ATPase alpha 2-subunit gene in renal medulla. Am J
Physiol 1996; 271: F314-F321.

Youn JH, McDonough AA. Recent advances in understanding integrative
control of potassium homeostasis. Annu Rev Physiol 2008.

Chen P, Guzman JP, Leong PK et al. Modest dietary K+ restriction
provokes insulin resistance of cellular K+ uptake and phosphorylation of
renal outer medulla K+ channel without fall in plasma K+ concentration.
Am J Physiol Cell Physiol 2006; 290: C1355-C1363.

Zhang W, Kuncewicz T, Higham SC et al. Structure, promoter analysis, and
chromosomal localization of the murine H(+)/K(+)-ATPase alpha 2
subunit gene. J Am Soc Nephrol 2001; 12: 2554-2564.

Turnamian SG, Binder HJ. Regulation of active sodium and potassium
transport in the distal colon of the rat. Role of the aldosterone and
glucocorticoid receptors. J Clin Invest 1989; 84: 1924-1929.

Iseki K, Iseki C, Itoh K et al. Urinary excretion of sodium and potassium
in a screened cohort in Okinawa, Japan. Hypertens Res 2002; 25:
731-736.

Garland HO, Green R. Micropuncture study of changes in glomerular
filtration and ion and water handling by the rat kidney during pregnancy.
J Physiol 1982; 329: 389-409.

Atherton JC, Dark JM, Garland HO et al. Changes in water and electrolyte
balance, plasma volume and composition during pregnancy in the rat. J
Physiol 1982; 330: 81-93.

Lindheimer MD, Richardson DA, Ehrlich EN et al. Potassium homeostasis
in pregnancy. J Reprod Med 1987; 32: 517-522.

Gaeggeler HP, Gonzalez-Rodriguez E, Jaeger NF et al. Mineralocorticoid
versus glucocorticoid receptor occupancy mediating aldosterone-
stimulated sodium transport in a novel renal cell line. J Am Soc Nephrol
2005; 16: 878-891.

Meneton P, Galan P, Bertrais S et al. High plasma aldosterone

and low renin predict blood pressure increase and hypertension in
middle-aged Caucasian populations. J Hum Hypertens 2008; 22:
550-558.

Kidney International (2011) 80, 256-262


http://www.nature.com/ki

	Chronic Potassium Depletion Increases Adrenal Progesterone Production That Is Necessary For Efficient Renal Retention Of Potassium����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
	Results�������������������������������������
	Discussion����������������������������������������������
	Materials And Methods�������������������������������������������������������������������������������
	Disclosure����������������������������������������������
	Acknowledgments�������������������������������������������������������������
	References����������������������������������������������




