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We have previously shown that the long-term alterations in the intake of sodium and potassium which stimulated aldosterone production in the
rat adrenal significantly increased cytochrome P450,, (P450,.) and P450,,, (P450,,) mRNA’s and also the mRNA of their electron donor
adrenodoxin. In the present study run-on analyses showed an accumulation of nascent RNA in isolated nuclei of zona glomerulosa cells in
K*-supplemented and Na*-depleted rats for P450,. (5- and 6-fold), 38-HSD (3.6- and 2.0-fold) and P450,,, (6.0- and 6.1-fold), but not for P450,,,
(1.4- and 1.1-fold). In contrast, that of adrenodoxin decreased (0.6-fold) in high K™ and remained near control (1.3-fold) in low Na* intake. Moderate
variations in the rate of transcription of P450,., P450,,, P450,,; and adrenodoxin genes were observed in the zona fasciculata-reticularis cells of
the treated rats. Our results thus demonstrated that positive modulators of aldosterone such as long-term K* supplementation and Na* restriction
provoked an increase in transcription of the genes encoding key regulatory steroidogenic enzymes of aldosterone biosynthesis in the zona
glomerulosa. The rates of transcription of the genes encoding 38-HSD and P450,,,, two enzymes catalyzing intermediate steps in the aldosterone
pathway, were moderately affected by such treatments. However, according to the known stimulation of adrenodoxin mRNA levels following these
treatments, a decreased turnover of the adrenodoxin mRNA rather than initiation of transcription of its gene might be involved in the response
to K* ions, and partially so in the response to Na* restriction. Finally, the effects of salt-modified intake were mainly restricted to the zona
glomerulosa cells, which are solely responsible for aldosterone production.

Steroidogenesis; Aldosterone; Adrenal cortex; Run-on; Salt-modified diet

1. INTRODUCTION

The regulation of the expression of the adrenal cortex
steroidogenic enzymes has been intensively investigated
in relation to tissue specificity and cAMP-dependent
mechanisms since the availability of their cDNAs [1-4].
Most of these studies were related to understanding the
effects of corticotropin or cAMP mimicking agents on
isolated adrenocortical cells in primary culture. The
transcriptional regulation of the expression of the ster-
oidogenic enzyme genes has also been studied by John
et al. [5] who showed that the enhancement by corti-
cotropin of mRNA levels of steroid hydroxylases in
cultured bovine adrenal zona fasciculata-reticularis
cells was due to an increased transcription rate of their
genes.

In vivo studies showed that adrenal zona glomerulosa
steroidogenesis is influenced by modulation of the in-
take of cations. Indeed, potassium supplementation and
sodium restriction have been shown to increase the ster-
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oid hydroxylase activities of both the first and the final
steps of aldosterone biosynthesis catalyzed by cyto-
chrome (P450.) and cytochrome (P450,,5) respectively
[6-9]. We have further demonstrated that in rats, the
response to K* supplementation and to Na* restriction
was also located at the messenger RNA level of ster-
oidogenic enzymes since both regimens provoked spe-
cific increases in the levels of P450, . and adrenodoxin
mRNA in the zona glomerulosa [10,11]. Time-depend-
ent gradual increases have also been observed in levels
of the mRNA of these two enzymes and also that of
P450,,5 in the zona glomerulosa of either K*-supple-
mented or Na*-restricted rats [12]. These increases were
paralleled by similar responses in the levels of the corre-
sponding protein as measured by immunoblotting anal-
ysis [12]. Taken collectively, these results suggest that
the maintenance of optimal steroidogenic capacity fol-
lowing varitions in cation intake may be a consequence
of an increased synthesis of the above mentioned ster-
oidogenic enzymes.

The present study was thus performed to more pre-
cisely define the effects of modified cation intakes on the
in vivo transcriptional regulation of the expression of
the genes of steroidogenic enzymes. Our results demon-
strated that positive modulators of aldosterone such as
long-term K* supplementation and Na* restriction pro-
voked a de novo initiation of the transcription of genes
encoding steroidogenic enzymes and that such re-

211



Volume 317, number 3

sponses were restricted mainly to the zona glomerulosa,
which is reponsible for aldosterone production.

2. MATERIALS AND METHODS

2.1. Animals and treatments

Male Long Evans rats, weighing 250-300 g, were obtained from a
local breeding colony. The animals were maintained on a sodium-
deficient diet (< 0.01 mEq Na*/g; ICN Biochemicals, Cleveland, OH)
with demineralized water as drinking fluid or a high potassium intake
(2% KCl, 5% dextrose in tap water) and Purina rat chow. Control rats
were fed Purina chow and tap water. After one week on the various
treatments, rats were sacrificed by decapitation and blood was col-
lected for hormone analysis. The adrenal glands were removed, freed
of fat and separated into the zona glomerulosa and zona fasciculata-
reticularis (with medulla).

2.2. Elongation of nascent RNA chains n isolated nuclei

The in vitro nuclear transcription assay was performed according
to the procedures described previously [13—15] with some modifica-
tions. Nuclei were purified from both zona glomerulosa and zona
fasciculata-reticularis for run-on experiments. Tissues were homoge-
nized in 15 vols. of 50 mM ice-cold Tris, pH 7.5 containing 25 mM
KCl, and 5 mM MgCl, (TKM) where sucrose was added to a final
concentration of 0.25 M. The homogenate was filtered through cheese
cloth and layered onto a 4 ml cushion of TKM containing 1 M sucrose
and a 8 ml cushion of TKM containing 1.9 M sucrose. The mixture
was centrifuged at 27,000 x g for 1 hour at 0°C 1 a SW 28 rotor. The
nuclear pellet was suspended in 20 mM HEPES, pH 7.6, containing
75 mM NaCl, 0.5mM EDTA, 0.85 mM DTT, 0.125 mM PMSF and
50% glycerol and rapidly frozen in liquid nitrogen.

The in vitro nuclear transcription assay was performed by modifica-
tion of the previously described procedure [14,15]. Nucle1 (1-5 x 107)
were suspended in 4 x reaction buffer (80 mM HEPES, pH 7.8, 200
mM NaCl, 600 mM KCl, 20 mM MgCl,, 16 mM MnCl,, 1.6 mM
EDTA and 0.4 mM PMSF) and in vitro elongation of nascent RNA
chains was carried out at 26°C for 45 min in a 250 ul cocktail contain-
ing 1 x reaction buffer, S mM DTT, 2 mM each of GTP, ATP and
CTP, 10 mM creatine phosphate, 20 U/ml RNAsin (Promega,
Montreal, Quebec), 29% glycerol, 40 ug/ml phosphokinase and 250
H1Ci of [a-**PJUTP (3000 Ci/mmol; Amersham, Oakville, Ontario). The
reaction was stopped by a 20 min incubation at 25°C with 80 U of
DNase I, and yeast tRNA was added as carrier. One volume of 20 mM
HEPES, pH 7.8 containing 20 mM EDTA and 1% SDS was then
added with 240 ug/ml of proteinase K (Boehringer Mannheim, Laval,
Quebec) and the mixture was incubated at 42°C for 30 min. RNA was
extracted with phenol/chloroform and ethanol-precipitated.

The newly synthesized **P-labeled transcripts were quantified by
hybridization to an excess of plasmid bound to nitrocellulose, the
plasmid DNA was first linearized, heat- and alkali-denatured and
spotted (3 ug/dot) onto nitrocellulose.

Prehybridization was carried out for 48-72 h at 42°C in a solution
containing 33% deionized formamide, 0.5 M NaCl, 50 mM HEPES,
pH 7.8, 0.4% SDS, 5 x Denhardt’s, 2 mM EDTA, 200 ug/ml tRNA,
and 500 ug/ml salmon sperm DNA. The filters were hybridized for 3
days at 42°C in a fresh buffer containing an equal number of counts
(> 5 x 10° cpm/ml) of newly synthesized **P-labeled RNA. The filters
were washed in 0.1 x SSC, 0.1% SDS at 60°C and autoradiographed,
the bands were then quantified by densitometry. Duplicate filters were
hybridized with the same *?P-labeled RNA hybridization solutions
that were used in the experiments to ensure the absence of any residual
radioactivity.

2.3. Probes and plasmids

The plasmids used for the run-on assays included: pBSCC contain-
ing a full-length cDNA insert specific for bovine P450,. [16]; pBAdx4,
which contains a full-length bovine adrenodoxin cDNA insert [17];
pCMVS5H38-HSD, with a full-length insert for human placental 38-
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Fig. 1. Nuclear transcription assay of steroidogenic genes. Nuclei were
isolated from both the zona glomerulosa and the zona fasciculata-
reticularis of control (C), K*-supplemented (K), and Na*-depleted (N)
rats. In vitro elongation of nascent RNA chains was carried out in the
presence of [2-*P]JUTP and newly synthetized RNA transcripts were
quantified by hybridization to specific cDNAs as indicated. The plas-
mid pBR 322 was used as a measure of non-specific hybridization and
the f-actin cDNA served to correct for amounts of [’P]JRNA hybrid-
ized 1n each sample.

hydroxysteroid dehydrogenase [18]; pBC21-1, containing a partial-
length insert coding for bovine P450,,, [19]; and pl15-OHase-1.2,
which contains a 1.2-kb cDNA insert cloned from a mouse Y1 cDNA
library that contains P450,,; sequences from the 5-untranslated re-
gion to +1153 [20). This cDNA recognizes 118-hydroxylase and aldos-
terone synthase mRNAs [21]. For use as probes for Northern blotting
analyses, each of these plasmids was cleaved with an appropriate
restriction endonuclease to generate the specific insert which was then
isolated by electrophoresis. The probes were labelled with [a-**P]JdCTP
by random priming using a kit from Amersham (Oakville, Ontario)
and the specific activities were always greater than 10® cpm/ug DNA.

2.4. Analytical methods

Plasma aldosterone was measured by the Coat-A-Count RIA proce-
dure (Diagnostic Products, Los Angeles, CA), plasma corticosterone
was measured by RIA using a rabbit antiserum (Sigma, St-Louis, MO)
and plasma renin activity was determined with the Gamma Coat RIA
kit (Baxter, Montreal, Quebec).

3. RESULTS

3.1. Effects of both diets on plasma hormone levels and
renin activity

Table I shows the effects of high K* or low Na* intake
for one week on plasma aldosterone and corticosterone
levels and on plasma renin activity. It can be seen that
both diets provoked significant increases in plasma al-
dosterone and corticosterone. Plasma renin activity was
significantly increased by the low Na" intake, and sig-
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nificantly decreased by the high K" intake. These results
indicate that low Na* and high K" intakes properly
altered the kidney and adrenal functions [12,21]. Our
previous observations showed a significant induction of
steroid hydroxylases and adrenodoxin mRNA by those
alterations in the intake of sodium and potassium which
stimulated aldosterone production [10-12]. The present
investigations were initiated to determine whether such
increased mRNA levels are due to an increased rate of
transcription or if they simply reflect the metabolic fate
of the mRNA transcripts.

3.2. Estimation of the rate of transcription of ster-
oidogenic enzymes by run-on assays

Measurement of de novo transcription is achieved by
the quantitation in isolated nuclei of nascent RNA
chains which have been elongated in an in vitro tran-
scription assay, a procedure which should primarily as-
sess the rate at which initiation of transcription was
occurring in vivo at the time that the animals were
sacrificed.

As shown in Fig. 1 (left panel) and in Table II, an
accumulation of nascent RNA in isolated nuclei from
the zona glomerulosa in K* supplementation and Na*
restriction was evident for P450,, (5- and 6-fold), 35-
HSD (3.6- and 2-fold) and P450,,5 (6.0- and 6.1-fold).
P450,, transcription rates, in contrast, were only
slightly affected by these variations in intake (1.4- and
1.2-fold) while that of adrenodoxin decreased (0.6-fold)
with K* supplementation and remained to near basal
level (1.3-fold) with Na* restriction.

Similar experiments were performed on nuclei iso-
lated from the zona fasciculata reticularis of control and
treated animals (Fig. 1, right panel). The results showed
only slight differences in the transcription rates of
P450,., P450,,, P450,,; and adrenodoxin with either
K* supplementation or Na* restriction. On the other
hand, these two regimens elicited increases in 35-HSD
initial transcripts by 4.5- in K*-loaded and 1.7-fold in

Table 1

Effects of high K* and low Na* diet on plasma aldosterone and
corticosterone concentration and renin activity

Diet Aldosterone  Corticosterone  Renin activity
(ng/dl) (ug/dl) (ng A,/ml/h)

Normal 15713 56%1.1 85%05
)] ®) an

High K* 50.2 £ 7.8* 129 + 1.3* 48+ 1.1*
® ] ®)

Low Na* 107.7 £ 10.2* 10.6 + 0.6* 16.6 £ 1.8*
&) ¢)) Q)]

Aldosterone and corticosterone concentration and angiotensin I (A,)

production measured for renin activity were determined by RIA in

plasma isolated from truncular blood. All values are expressed as

mean  S.E.M. of the number of experiments indicated in parenthe-

ses. Statistical significance of difference was calculated by Student’s
t-test where *P < (.01 vs. untreated animals.
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Table II

Relative transcription rates of adrenocortical steroidogenic genes in
K" supplementation and Na* restriction

Zona glomerulosa Zona fasciculata

reticularis

High K* Low Na* High K*  Low Na*
P450, 5.0, 4.9 5.7,6.2 14 1.7, 1.8
38-HSD 3.6 2.0 4.5 1.7
P450,,, 13,14 1.1, 1.2 1.2 0.7, 0.6
P450,,, 59,6.0 6.0, 6.1 13,19 0.6, 0.5
Adrenodoxin 0.6, 0.5 12,14 0.9, 0.8 0.9, 0.8
B-Actin 1.0, 1.0 13,13 1.0, 1.0 1.0, 1.0

Nuclei were isolated from both adrenocortical zones of rats main-
tained 7 days on the various diets and in vivo initiated RNA chains
were elongated in vitro in the presence of [**P]JUTP. Autoradiographic
signals obtained by hybridization with specific cDNAs were then
quantitated by densitometric analysis and expressed as the values of
two independent experiments where the control (complete diet) is set
arbitrarily at 1.0. Transcription rates for 38-HSD was determined on
a single experiment.

Na’-restricted rats (Table I). It thus appears that such
alterations in both K* and Na* intakes act at the level
of the initiation of transcription of steroid hydroxylase
genes solely in the zona glomerulosa and that their pri-
mary targets are P450,.. and P450,,5. In contrast, the
variations in intake of Na* and K* seemed to be without
positive effect upon the de novo transcription of P450,,
and adrenodoxin, whereas the rate of transcription of
38-HSD was found to be elevated throughout the adre-
nal cortex.

4. DISCUSSION

It has been well established that aldosterone biosyn-
thesis is modulated by alterations in the intake of potas-
sium and sodium. In this study, we present evidence that
the transcriptional activation of genes encoding key
steroidogenic enzymes is involved in the induction of
aldosterone production following either supplementa-
tion of K* or restriction of the intake of Na*. The
transcription rates of the genes encoding P450,.. and
P450,,5, the two enzymes catalyzing the first and the
final steps in aldosterone pathway, were the most highly
induced, with values ranging between 5- and 6-fold in
the zona glomerulosa of treated rats, followed by their
electron donor adrenodoxin, as measured by run-on
assays. The comparison of these responses with the cor-
responding mRNA levels in the zona glomerulosa of
K”-supplemented and Na*-depleted rats, as observed in
our previous reports [11,12], strongly suggests that the
increases in P450,, and P450,,; mRNA result from an
increased initiation of the transcription of their genes.
A similar response was also found when the content of
nuclear precursor RNA was measured by Northern
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blotting analysis (unpublished results). In the case of
P450,,5, the magnitude of change in transcription was
probably underestimated because the mouse P450,,4
c¢DNA probe we used recognized both forms of P450,,,
(118-hydroxylase and aldosterone synthase) mRNAs.
Indeed, by Northern blotting analyses with specific ol-
igonucleotide probes that discriminate between the two
forms of rat P450,,5, we found that only aldosterone
synthase mRNA was increased by high K* or low Na*
diet given to rats for one week [21]. Unfortunately it was
not possible to use these oligonucleotide probes for run-
on assays. Consequently, these results indicate that the
sustained response to long-term variations in salt intake
might not involve the stabilization of mRNA encoding
either P450,, or P450, 4. It has been reported by Bogga-
ram et al. [22] that such stabilization was occurring for
P450,.. mRNA when bovine adrenocortical cells were
stimulated in vitro by corticotropin, although the tran-
scriptional regulation of the expression of the P450,,
gene was also contributing to the response [5]. The cor-
ticotropin effect on the other steroid hydroxylase en-
zymes was shown to be mediated at the transcriptional
level of their gene expression, without any evidence for
change in mRNA half-life {5,22].

Measurement of the initiation of the rate of transcrip-
tion of the adrenodoxin gene indicated that while low
Na* intake induced a slight increase (1.3-fold) in the
zona glomerulosa, a high K* intake appeared to down-
regulate the expression of the adrenodoxin gene by ap-
proximately 40%. This finding suggests that, according
to the known stimulation of adrenodoxin mRNA levels
[11,12], a stabilization of adrenodoxin mRNA rather
than de novo transcription of its gene might be involved
in the response to K* ions and, in part, in the response
to Na* restriction. However, we cannot rule out a pos-
itive transcient increase in the adrenodoxin gene tran-
scription during the treatment period which might also
lead to a sustained increase in mRNA levels and, in such
case, could not have been detected in our assay. Never-
theless, long-term variations in cation intakes seem to
trigger various transcriptional events that differentially
regulate the expression of the two mitochondrial P450
genes and that of their electron donor. The two regi-
mens also enhanced the transcription of the 38-HSD
gene but to a lesser extent than that of P450,, and
P450,,5. The coordinate control that seems to exist be-
tween the 38-HSD and the P450,. and P450,,, tran-
scriptional activity in response to variations in the in-
take of K™ and Na* may be related to a common mech-
anism in the zona glomerulosa that regulates both
genes. Responsiveness to cAMP as well as to protein
kinase C activators has been reported for these genes
[2,4,23]. These transcriptional events seem also to occur
in the zona fasciculata-reticularis for the expression of
P450,.., 36-HSD and P450, 5 but the responses obtained
were reduced as compared with the zona glomerulosa.
It is well known, however, that fasciculata-reticularis
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cells are non-responsive to factors that modulate aldos-
terone secretion such as angiotensin-II and alterations
in K* and Na” intake since no active renin-angiotensin
system has been detected in these cells [24-26]. Further-
more, the levels of mRNA of the steroidogenic enzymes
were found to be unchanged in the zona fasciculata-
reticularis of K*-supplemented and Na*-restricted rats
[11,12]. Thus, the inability of the zona fasciculata-retic-
ularis to completely abolish the transcription of P450,_,
3B-HSD and P450,,, genes is suggestive of other mecan-
ism(s) which may modulate the turnover of the mRNA
encoding these enzymes, thus leading to a suppression
of the steroidogenic response in the zona fasciculata-
reticularis.

The rate of transcription of the gene encoding P450,,,
(present study), and also its mRNA level [12] was not
affected by variations in cation intake. These results,
along with the rather poor response of 38-HSD expres-
sion to the regimens, compared with those of P450,.
and P450, 4, clearly indicate that the initial rate-limiting
step of steroidogenesis and the final steps leading to
aldosterone are the two principal sites of regulation in
the mediation of effects of K* and Na* in the zona
glomerulosa. A number of studies have also docu-
mented that dietary sodium restriction and high potas-
sium intake act through these two key steps by stimulat-
ing conversion of cholesterol to pregnenolone [7,8] and
corticosterone and deoxycorticosterone to aldosterone
[6-9]. We extended these findings by demonstrating that
the stimulation of aldosterone production requires a de
novo transcription of the P450,, and P450,,; genes.

Little is known concerning the intracellular signalling
pathway induced by variations in potassium and so-
dium intake. The demonstration that the zona glomeru-
losa contains all of the components of the renin-angio-
tensin system [25-28] led to a model postulating that a
local generation of angiotensin 11 regulates mineralo-
corticoid production by mediating the effects of altera-
tions in intake of K* and Na™. In support of this model,
inhibitors of angiotensin converting enzyme were
shown to suppress the response of aldosterone to such
regimens [31-33] by decreasing the level of expression
of steroidogenic enzymes [21,29]. However, cAMP may
also be involved in the response of the adrenal to potas-
sium ion as suggested by Kojima et al. [30]. Hence, K*
ions might follow a different intracellular route than the
one involved in the Na* restriction effect. Moreover,
recent studies have provided evidence for interactions
between the cAMP and inositol phosphate transduction
systems in glomerulosa cell responses to major stimuli
[31-33]. The responsiveness to cAMP of a number of
steroid hydroxylase genes has been shown to be medi-
ated through cAMP-responsive sequences, such as in
P450,,. [34-37] and P450,,4 [38,39] genes. However, AP-
1 sites and other putative regulatory elements have also
been found in the promoter regions of genes encoding
the two cytochromes [36,39,40] as well as adrenodoxin



Volume 317, number 3

[41,42], but a functional activity of these sites has not
yet been associated with these regions. Thus, several
DNA elements might be involved in the regulation of
steroidogenic enzyme gene expression but it remains to
be determined which of these, or perhaps other regions
are required to mediate the effects of K* and Na* on
steroidogenesis.
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