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Effects of Nitric Oxide on Aldosterone
Synthesis and Nitric Oxide Synthase Activity
in Glomerulosa Cells from Bovine Adrenal Gland
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This study investigated the effects of two NO-releasing
agents, diethylenetriamine-NO (deta-NO) and sodium
nitroprusside (SNP), on basal, ACTH-, and angiotensin
Il (Angll)-stimulated aldosterone production in glomer-
ulosa cells from bovine adrenal gland. NO donors inhib-
ited basal and ACTH- or Angll-stimulated aldosterone
synthesis in a concentration-dependent manner. Deta-
NO and SNP also provoked a concentration-dependent
stimulation of cGMP production. However, cGMP was
not responsible for the inhibition of aldosterone secre-
tion, because a cGMP analog did not reproduce the
inhibitory effect. Moreover, soluble guanylyl cyclase
or protein kinase G inhibitors did not revert the inhibi-
tory effect of NO on aldosterone production. NO donors
did not modify ACTH-stimulated cAMP production or
Angll-stimulated PLC activity stimulation, but inhib-
ited 22[R] hydroxycholesterol- or pregnenolone-stim-
ulated aldosteronogenesis. NO can be synthesized in
bovine glomerulosa cells because nitrite production was
determined and characterization of NOS activity was
also performed. Nitrite accumulation was not modi-
fied in the presence of ACTH, Angll, or other factors
used to induce iNOS. NOS activity that showed a
Michaelis—-Menten kinetic was NADPH- and calcium-
dependent and was inhibited by two competitive inhib-
itors, L-NAME and L-NMMA. These results show that
NO inhibits aldosterone production in glomerulosa cells
acting on P450scc and other P450-dependent steroid-
ogenic enzymes, and these cells display NOS activity
suggesting that NO can be produced by constitutive
NOS isozymes.
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Introduction

Nitric oxide (NO) is an important intracellular and inter-
cellular messenger controlling many physiological processes
(1,2). NO is synthesized from L-arginine by the enzyme nitric
oxide synthase (NOS), which has been found in a variety
of cell types. Three isozymes of NOS have been identified:
NOS I or neuronal (nNOS), NOS 1II or inducible (iNOS),
and NOS III or endothelial (eNOS) (3-5). nNOS and eNOS
are calcium-dependent and constitutive. Both generate NO
in small amounts. In contrast, iNOS is calcium-independent
and inducible by cytokines. It can produce large amounts
of NO, which can be cytotoxic or can inhibit pathogens.

Previous studies have shown that NO regulates steroido-
genesis in different tissues. Nitric oxide inhibits Leydig
cell steroid production, and this effect is not mediated by
cyclic GMP (6). Tatsumi et al. (7) have reported the pres-
ence of iNOS and NO production in cultured rat Leydig
cells. Moreover, Van Voorhis et al. (8) have detected eNOS
messenger RNA in human granulosa and luteal cells and
showed that NO donors caused a concentration-dependent
decrease in estradiol and progesterone secretion. Immuno-
fluorescent and immunoblotting experiments have shown
that rat luteinized ovaries express the endothelial and indu-
cible isoforms of NOS (9), and the authors suggest that NO
participates in functional luteal regression by inhibiting
estradiol secretion.

Several works have been published showing that NO
regulates steroidogenesis in adrenal cortex. Cymeryng et al.
(10,11)have described that NO donors or exogenously added
L-arginine inhibits corticosterone secretion in rat adrenal
zona fasciculata cells. This effect is not mediated by cGMP
and could be generated by a direct inhibition of cytochrome



62 NO Effects and NOS Activity in Glomerulosa Cells / Sainz et al.

Endocrine

P450scc. Endogenous NO synthesized by nNOS and/or eNOS
could be involved in the inhibition of corticosterone secre-
tion (12).

As regards mineralocorticoid synthesis, sodium nitro-
prusside (SNP), a NO donor, has been reported to inhibit aldo-
sterone production in bovine adrenal gland but a cGMP ana-
log was found to be an stimulator of the aldosterone response
rather than an inhibitor (/3). In chicken adrenocortical cells
(14), the inhibition by 8-bromo cGMP of aldosterone secre-
tion suggests that cyclic GMP mediates the SNP-provoked
inhibition on steroidogenesis. Aldosterone synthesis inhi-
bition by NO has also been described in human and rat adre-
nal glomerulosa cells, and the presence of eNOS in these
cells has been reported by Natarajan et al. (15). In calf glom-
erulosa cells NO inhibits aldosterone synthesis and increases
cGMP levels, but, in contrast with the results described
above, the mechanism of steroid inhibition appears to be
independent of guanylyl cyclase (16,17). However, Hanke
and Campbell (/8) have observed that only bovine adrenal
endothelial cells but not adrenal glomerulosa cells, contain
detectable levels of eNOS.

The aim of this work was to study the role of NO on basal,
ACTH- and angiotensin II (AnglI)-stimulated aldosterone
production in primary culture of bovine glomerulosa cells,
focusing on the effects of NO on ACTH and AnglI transduc-
tion mechanisms. In addition, NO production was measured
and characterization of NOS activity was also performed.

Results

Effects of NO-Releasing Agents on Steroidogenesis
in Bovine Adrenal Glomerulosa Cells

Effect of deta-NO and SNP on Basal, ACTH-,
and Angll-Stimulated Aldosterone Synthesis
in Primary Culture of Bovine Adrenal Glomerulosa Cells

Basal aldosterone levels were 0.4 + 0.1 ng/10° cells x 2
h. When cells were incubated with different concentrations
of diethylenetriamine-NO (deta-NO) or SNP, basal aldo-
sterone production significantly decreased in a concentra-
tion-dependent manner (Fig. 1A). Maximal inhibitions
observed were 46.5 + 10.2% and 27.4 + 8.9% for deta-NO
(1 mM) and SNP (1 mM), respectively.

Aldosterone levels increased from 0.4 + 0.1 to 2.7 + 0.3
ng/10° cells x 2 h when cells were stimulated with ACTH
(10 nM). deta-NO and SNP evoked a concentration-depen-
dent inhibition of ACTH-stimulated aldosterone production
(Fig. 1B). Maximal inhibitions observed on ACTH-stimu-
lated aldosterone synthesis were 77.0 £ 3.4% and 56.3 +
6.6% for deta-NO (1 mM) and SNP (1 mM), respectively.

Both NO donors also caused a concentration-dependent
inhibition of 100 nM Angll-induced aldosterone synthesis
(maximal response for Angll: 2.0 £ 0.3 ng/10° cells).
Maximal inhibitions observed were 78.1 + 6.6% for deta-
NO (1 mM) and 60.5 + 9.0% for SNP (1 mM) (Fig 1C).
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Fig. 1. Effects of NO donors on basal, ACTH-, and AnglI-stimu-
lated aldosterone secretion in zona glomerulosa cells from bovine
adrenal gland. Glomerulosa cells were preincubated with increas-
ing concentrations (0—1 mM) of deta-NO or SNP for 10 min. Vehi-
cle (A), 10 nM ACTH (B), or 100 nM AngII (C) were then added
and cells were incubated for 2 h at 37°C. Aldosterone production
was measured as described in Methods. Results are expressed as
mean + SEM from five independent experiments, each performed
in triplicate. *p < 0.05; **p < 0.01; ***p < 0.001 vs respective
control.

Hemoglobin, a NO scavenger, was utilized to confirm
that the inhibitory effect of deta-NO and SNP on glomer-
ulosa cells’ aldosterone secretion was mediated by releasing
NO and not by a nonspecific effect of these donors. Hemo-
globin (10-300 uM) was added to the samples in order to
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evaluate its effects on aldosterone secretion, and no effect
was found. When hemoglobin (100 uM) was added simulta-
neously with deta-NO or SNP, it completely prevented the
inhibitory effects of both NO releasing agents (0.1, 0.5, and
1 mM) on basal or agonist-stimulated aldosterone synthesis.

On the other hand, deta-NO and SNP increased cGMP
intracellular levels in a concentration-dependent manner
with a maximal stimulation of 20- and 16-fold, respectively,
over basal value (0.47 +0.04 pmol/10° cells). Neither AngIl
(100 nM) nor ACTH (10 nM) alone had effects on cGMP
production and both hormones did not modify the cGMP
production induced by NO donors (data not shown).

Because inhibition of aldosterone production in the pres-
ence of NO donors was accompanied by a sharp increase
in cGMP production, we conducted experiments to exam-
ine the role of cGMP and soluble guanylyl cyclase on NO-
dependent aldosterone inhibition. The effect of a soluble
and not hydrolyzable cGMP analog, 8-Br-cGMP, on aldo-
sterone synthesis was studied. 8-Br-cGMP (1-500 uM) had
no effect on basal, Angll, or ACTH-stimulated aldosterone
production. Two different soluble guanylyl cyclase inhibi-
tors, methylene blue (20 uM) and ODQ (2 uM), were used.
Both inhibitors completely blocked the deta-NO- and SNP-
induced increase in cGMP production at all concentrations
of NO donors assayed, but were not capable of abolishing
the inhibition on basal or ACTH- and AnglI-stimulated aldo-
sterone production. In addition, Rp-8-Br-PET-cGMP, a
protein kinase G (PKG) inhibitor, was used to avoid cGMP-
dependent phosphorylations. When Rp-8-Br-PET-cGMP
(10 uM) was preincubated for 30 min before the assay, it
could not block deta-NO-dependent inhibition on aldoster-
one production.

Taken together, our results suggest that cGMP does
not mediate the NO-dependent inhibition on aldosterone
production.

Effects of NO-Releasing Agents
on ACTH- and AnglI-Stimulated Second Messengers

In order to evaluate the possible site(s) of action of NO
in inhibiting aldosterone synthesis, the effects of deta-NO
and SNP on ACTH and Angll transduction mechanisms
were studied. We first examined whether NO could affect
the production of cAMP, the main second messenger that
mediates ACTH physiological action on bovine zona glom-
erulosa cells. Figure 2A shows that ACTH produced a 15-
fold increase over basal value in the intracellular levels of
cAMP (control: 5.5 + 0.3 pmol/10° cells; ACTH 84.4 + 8.3
pmol/10° cells), but when deta-NO or SNP were added to
the cells, no significant differences were found.

The action of angiotensin Il in glomerulosa cells is medi-
ated by the activation of phospholipase C in the plasma mem-
brane. The subsequent hydrolysis of phosphatidylinositol
bisphosphate results in the release of the second messen-
gers, inositol trisphosphate (IP5) and diacylglycerol (DAG).
The following experiments were designed to examine the
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Fig. 2. Effects of NO donors on cAMP and IP, production in zona
glomerulosa cells from bovine adrenal gland. Zona glomerulosa
cells were preincubated with increasing concentrations (0O—1 mM)
of deta-NO or SNP, in the presence of 0.5 mM IBMX for 10 min.
Vehicle, 10 nM ACTH, or 100 nM AnglI were then added and cells
were incubated for 20 min or 15 min, for cAMP (A) and IP, (B),
respectively, at 37°C. Intracellular cAMP and IP, accumulation
were determined as described in Methods. Results are expressed
as mean = SEM from three independent experiments, each per-
formed in triplicate.

effects of SNP and deta-NO on AngllI-stimulated PL.C activ-
ity. Angll increased IP; levels up to twofold over basal
value, but NO donors did not modify Angll-stimulated IP;
levels (Fig. 2B). Similar results were obtained when total
IPs was analyzed (data not shown). These results suggest
that NO-dependent inhibition on aldosterone production is
independent of cAMP production or PLC activation.

Effects of NO Donors
on 22[R]Hydroxycholesterol- (22R-chol)
and Pregnenolone-Stimulated Aldosterone Production

The following experiments were conducted to study the
effects of NO on the steroidogenic enzymes involved in
aldosterone synthesis. Glomerulosa cells were incubated
with NO donors in the presence of a permeable cholesterol
analog, 22R-chol (10 uM) or pregnenolone (10 pM). 22R-
chol stimulated basal aldosterone synthesis (control: 0.4 +
0.1; 22R-chol: 3.2 + 0.3 ng Aldo/10° cells x 2 h). It can be
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Fig. 3. Effects of NO donors on 22(R)-hydroxycholesterol- and
pregnenolone-stimulated aldosterone secretion in zona glomer-
ulosa cells from bovine adrenal gland. Zona glomerulosa cells
were preincubated with increasing concentrations (0—1 mM) of
deta-NO or SNP for 10 min; 10 uM 22(R)-hydroxycholesterol (A)
or 10 uM pregnenolone (B) were then added and cells were incu-
bated for 2 h at 37°C. Aldosterone production was measured as
described in Methods. Results are expressed as mean + SEM from
five independent experiments, each performed in triplicate.
*p < 0.05; *¥p < 0.01 vs respective control.

seen that deta-NO and SNP evoked a concentration-depen-
dentinhibition on aldosterone production stimulated by 22R-
chol. Maximal inhibitions observed were 50.1 + 15.5% and
43.5 = 13.5%, respectively (Fig. 3A).

Pregnenolone stimulated basal aldosterone synthesis
(control: 0.4 = 0.1; Pregnenolone: 3.8 + 0.2 ng Aldo/10°
cells x 2h). NO donors caused a small inhibition, only signif-
icant for highest concentrations of deta-NO or SNP (Fig.
3B). Maximal inhibitions observed were 18.3 + 6.6% and
22.4 + 3.9%, respectively.

The NO-mediated inhibitory effect on aldosterone pro-
duction in the presence of both steroidogenic precursors sug-
gests an inhibition of several steroidogenic enzymes.
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Fig. 4. Nitrite production by zona glomerulosa cells from bovine
adrenal gland. Time course of nitrite production (A) by glomer-
ulosa cells. Cells were incubated for the times indicated at 37°C,
in the absence or presence of 10 nM ACTH, 100 nM Angll, 10 nM
IL-1B, or 1 mg/mL LPS; (B) the effects of L-NMMA and 7-nitro-
indazole, two NOS inhibitors. Cells were incubated with increas-
ing concentrations (0—10 uM) of L-NMMA and 7-nitroindazole
for 24 h at 37°C. Nitrite accumulation was measured by Griess’
method. Results are expressed as mean + SEM from three inde-
pendent experiments, each performed in triplicate. *p < 0.05;
**p < 0.01; ***p < 0.001 vs control.

NO Synthesis in Bovine Adrenal Glomerulosa Cells

Two different approaches were used: a) Incubation of pri-
mary culture of zona glomerulosa cells during the times indi-
cated in the figures and measurement of nitrites accumulated
in the incubation medium by Griess reaction; (b) character-
ization of NO synthase activity in zona glomerulosa cell
extracts by conversion of [*H]L-arginine to [*H]L-citrulline.

Nitrite Production in Primary Culture
of Bovine Adrenal Glomerulosa Cells

Figure 4A shows the time course of nitrite production in
glomerulosa cells cultured in control medium (black bars).
Nitrite accumulation was linear between 5 and 24 h. Nitrites
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were not detectable in incubation times shorter than 5 h.
Neither 10 nM ACTH nor 100 nM Angll increased the nitrite
production. Moreover, neither LPS nor IL-1[3, extensively
used to induce iNOS, increased the nitrite production.

Two competitive NOS inhibitors, L-NMMA and 7-nitro-
indazole (19,20), inhibited nitrite accumulation (Fig. 4B).
Maximal inhibitions observed (for 10 pM inhibitor) were
70.3 = 3.0% and 57.2 + 12.3% for L-NMMA and 7-nitro-
indazole, respectively. Particularly, 7-nitroindazole is con-
sidered more specific fornNOS (217,22). These data suggest
that bovine glomerulosa cells can synthetize NO, but the
iNOS does not appear to be involved.

NO Synthase (NOS) Activity
in Bovine Glomerulosa Cell Extracts

To further confirm that glomerulosa cells produce NO,
NO synthase activity was measured and partially character-
ized in incubations of zona glomerulosa cell extracts. The
time course study (Fig. 5A) showed that [*H]L-citrulline for-
mation increased during the first 25 min, the time at which
it reached its peak, and remained constant until 60 min.

When different concentrations of L-arginine were added
to the reaction, NOS showed a Michaelis—Menten kinetic
(Fig. 5B). After transformation of data into a Lineweaver—
Burk plot (Fig. 5C), kinetic parameters of NOS were cal-
culated (K,, =24.2 uM and V,,, = 19.5 pmol/mg protein x
minute). NOS activity was dependent on NADPH and was
maximal at 0.1 mM of NADPH.

L-NAME and L-NMMA are two structural analogs of
L-arginine, which can bind to NOS acting as competitive
inhibitors. When different concentrations of L-NAME or
L-NMMA (10 nM to 0.1 mM) were added to the reaction,
both analogs were able to inhibit NOS activity in a concen-
tration-dependent manner (Fig. 6). NOS activity was com-
pletely inhibited by 0.1 mM L-NAME and L-NMMA. Half-
maximal effects were observed at about 0.1 uM of L-NAME
and 5 uM of L-NMMA.

Figure 7 shows NOS activity in the presence of increas-
ing concentrations of free Ca®* (calculated as explained in
Methods). Calcium ion concentration had a biphasic effect
on NOS activity. An initial phase of concentration-dependent
stimulation was observed between 0.01 and 0.5 uM. NOS
activity reached a plateau at 0.5 pM and this was followed
by a concentration-dependent enzyme activity decrease.

Discussion

In the present study, we showed that NO inhibits basal,
ACTH- and AngllI-stimulated aldosterone synthesis in pri-
mary cultures from bovine zona glomerulosa cells and that
NO can be synthesized in these cells, because NOS activity
was measured.

In order to elucidate the role of NO, two different NO
donors, deta-NO and SNP, were used. Both NO donors
showed similar inhibitory effects on bovine glomerulosa
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Fig. 5. Time course and kinetic parameters of NOS activity in
zona glomerulosa cells from bovine adrenal gland. NOS activity
was determined as described in Methods. Zona glomerulosa cell
extracts were incubated for the indicated times, at 37°C, in the
presence of 90 nM [*H]L-arginine (A). Increasing concentrations
of [*H]L-arginine (040 uM) were added in incubations for 30 min
(B) and the data were processed by Lineweaver—Burk analysis to
obtain K_and V__values (C). Kinetic parameters were calculated
the least square method (»=0.999). Results are expressed as mean
+ SEM from three independent experiments, each performed in
triplicate.

cells steroidogenesis. These effects were reverted in the pres-
ence of hemoglobin, thus confirming that the inhibitions
caused by deta-NO and SNP were only mediated by the
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released NO and not by nonspecific effects of these donors.
The inhibition of basal aldosterone synthesis is in concor-
dance with those results previously reporting basal corti-
costerone inhibition mediated by NO donors in rat adrenal
zona fasciculata cells (10), but disagree with studies indi-
cating that NO is ineffective as a modulator of basal steroid-
ogenesis (13—17). This discrepancy could be due to different
NO donor concentrations or protocols used by those authors.
We suggest that the inhibition of basal aldosterone synthe-

sis might be produced by a direct effect of NO on the steroid-
ogenic pathway by affecting the activity of P450 cytochrome-
dependent enzymes as was described by one of us (6) and
others (10).

Deta-NO and SNP inhibited Angll- and ACTH-stimu-
lated aldosterone production in a concentration-dependent
manner. This is the first study that shows that NO inhibits
ACTH-stimulated aldosterone secretion in bovine zona glo-
merulosa cells. Natarajan et al. (15) reported that SNP and
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S-nitroso-N-acetyl-penicillamine (SNAP) inhibited AnglI-
and ACTH-stimulated human aldosterone synthesis, but
they did not mention whether the effect of SNP or SNAP
was concentration-dependent in agonist-evoked rat and/or
human zona glomerulosa cell steroidogenesis. NO-medi-
ated inhibition of AnglI-stimulated aldosterone synthesis
is consistent with numerous previous studies using differ-
ent NO donors in zona glomerulosa cells (13—17).

Activation of a soluble guanylyl cyclase is the mecha-
nism that mediates NO effects in many physiological sys-
tems. Deta-NO and SNP stimulated cGMP production in a
concentration-dependent manner. Basal cGMP production
was 20- and 16-fold increased by deta-NO and SNP, respec-
tively. These data are consistent with the presence of solu-
ble guanylyl cyclase in zona glomerulosa cells. We next
examined the role of cGMP in NO-dependent aldosterone
production inhibition at different steps. First, the effect of
a soluble and not hydrolytic analog of cGMP, 8-Br-cGMP,
on aldosterone secretion was analyzed. It had no effect on
basal, Angll-, and ACTH-stimulated aldosterone synthesis.
ODQ and methylene blue, both soluble guanylyl cyclase in-
hibitors, prevented NO donor-mediated stimulation of cGMP
production but were ineffective to attenuate NO-inhibition
on aldosterone production. Finally, Rp-8-Br-PET-cGMP,
a protein kinase G inhibitor, was used to avoid cGMP-depen-
dent phosphorylations. It had no effect on NO-dependent
aldosterone inhibition. Taken together, these results confirm
that the NO-inhibition mechanism of aldosterone secretion
isindependent of soluble guanylyl cyclase activation, cGMP
levels, or PKG activity in bovine adrenal cortex zona glom-
erulosa cells. These results are in contrast with those that
report that a cGMP analog could be an stimulator (/3) or an
inhibitor (/4) of aldosterone synthesis. However, our conclu-
sion is in agreement with previous results reported by Hanke
et al. (16) and Kreklau et al. (17).

Several publications show a complex relationship and
many antagonistic effects between angiotensin Il and NO
(23), but, to our knowledge, this is the first study about the
possible role of NO on angiotensin II-linked signal trans-
duction pathway. Both deta-NO and SNP had no effect on
angiotensin II-stimulated PLC activity, measured as total
IPs or IP; accumulation. These results suggest that the inhib-
itory effect of NO on AngllI probably takes place after PLC
activation, on one or more steps between PLC activation and
aldosterone release.

Nitric oxide has been described as a modulator of the
stress axis, limbic—hypothalamic—pituitary—adrenal (24),
although this role is not clear at all. In the present study we
show that two NO-releasing agents inhibited ACTH-stimu-
lated aldosterone secretion in a concentration-dependent
manner. Thus, we examined the role of NO on ACTH as
main transduction mechanism, the activation of adenylyl
cyclase, and cAMP synthesis. Although low concentrations
of ACTH can activate other transduction pathways with dif-
ferent second messengers, cAMP is the principal messenger

at the concentrations of ACTH used in our assays (10 nM)
(25). Basal cAMP levels were 14-fold increased by 10 nM
ACTH. Deta-NO or SNP had no effect on ACTH-stimulated
cAMP production. However, the increase in cAMP produc-
tion induced by ACTH is the result of a balance between
activation of adenylyl cyclase and a direct inhibition of phos-
phodiesterase activity (PDE2), an effect mediated by inhibi-
tion of cGMP levels (25,26 ). When we conducted our expe-
riments to test if adenylyl cyclase activity was modulated
by NO, IBMX was added to the incubation media to pre-
vent cAMP degradation by PDE2. But in this way we prob-
ably masked the effect of NO donors. The large increase in
c¢GMP levels in response to NO donors is enough to acti-
vate PDE2 in glomerulosa cells. For this reason, it is quite
logical to expect that NO releasing agents in experimental
conditions without IBMX would attenuate high cAMP levels
produced in response to ACTH. Thus, PDE2 phosphodi-
esterase could be a target for NO in its inhibition of ACTH-
stimulated aldosterone secretion in glomerulosa cells.

The cholesterol availability to cytochrome P450scc en-
zyme (responsible for the conversion of cholesterol into preg-
nenolone) is the regulatory step in steroidogenesis and the
StAR (steroidogenic acute regulatory) protein plays a key
role on the transfer of cholesterol from the outer to the inner
mitochondrial membrane, where the P450scc enzyme is
located; it is implicated in the rapid synthesis and secretion
of steroids by adrenal cells under hormonal stimulation (27).

Previous works have reported that, in different steroid-
ogenic tissues, NO inhibits cytochrome P450-dependent
enzymes by binding to the heme group of the protein (6, 10,
16,28). Consequently, we investigated the action of NO on
the steroidogenic pathway leading to the production of aldo-
sterone, by using a permeable cholesterol analog (22R-chol,
that bypasses the action of StAR) and pregnenolone.

NO donors inhibited the 22R-chol and pregnenolone-stim-
ulated aldosterone synthesis. Maximal inhibitions observed
with 1 mM of NO donors were about 50% and 20%, respec-
tively. The remarkable difference in the NO-mediated inhi-
bition of aldosterone production in the presence of 22R-chol
or pregnenolone suggests an inhibition of P450scc enzyme
activity, in addition to other P450-dependent steroidogenic
enzymes beyond progesterone (P450c,;, p450¢ g, and/or
P450¢5) as was proposed by Hanke et al. (16). Because the
effects of NO on pregnenolone-stimulated aldosterone syn-
thesis represent the summed inhibition of these latter three
P450 enzyme activities, NO must inhibit P450scc activity to
a far greater than anyone of the others. The NO-dependent
inhibition of P450scc but not of 3p-hydroxysteroid dehy-
drogenase (that produces progesterone from pregnenolone
and is not cytochrome P450-dependent enzyme) has also
been described in MA-10 Leydig cells (6) and in rat adrenal
fasciculata cells (10).

Both ACTH and AnglI have been shown to increase StAR
expression and to stimulate the steroidogenesis (29,30). NO-
mediated inhibition on ACTH- or Angll-stimulated aldo-
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sterone production was higher than that observed in the
presence of 22R-chol, which would indicate another possi-
ble site of action for NO-provoked inhibition on aldosterone
synthesis: on StAR protein. In this respect, a recent paper
(12) has shown that NO inhibites StAR expression (both
mRNA and protein levels) in ACTH-stimulated Y1 adrenal
cells.

It is interesting to point out that both NO donors used in
this study inhibited ACTH- and Angll-induced aldoster-
one synthesis to the same extent (80% for deta-NO and
60% for SNP). Thus, although ACTH and AngII might exert
their stimulatory effects on StAR expression via different
signal transduction pathways, our findings suggest NO must
inhibit ACTH- and Angll-induced steroidogenesis inde-
pendently on the signaling system leading to the increase in
StAR expression.

In the adrenal gland there is a close association between
steroidogenic cells and endothelial or neuronal cells. These
cells release NO, which could be an effective means of reg-
ulating steroidogenesis. In addition, NO could also be pro-
duced by adrenal zona glomerulosa and/or fasciculata cells.
This study shows that NO can be synthesized by bovine
glomerulosa cells. We could demonstrate this by two differ-
ent approaches, nitrite production and NOS activity. Nitrite
accumulation was linear between 5 and 24 h. Nitrites were
not detectable when incubating the cells for periods shorter
than 5 h, probably because the NO endogenously produced
is too low to produce detectable amounts of nitrite to be
detected by Griess reaction. In this respect, Hanke and
Campbell (/8) could not detect nitrite production after
2-h incubation in primary culture from bovine glomerulosa
cells.

Neither ACTH nor Angll modified nitrite production.
The same results were observed for LPS or IL-1p, both of
which have been used extensively to induce iNOS. In con-
trast, IL-1B stimulated nitrite accumulation and iNOS
mRNA expression in rat Leydig cells in 12- and 24-h incu-
bations (7). However, two competitive NOS inhibitors, L-
NMMA and 7-nitroindazole, inhibited nitrite accumulation.
Particularly, 7-nitroindazole is considered more specific for
nNOS isoform (37). Consequently, these data suggest that
bovine zona glomerulosa cells can synthetize NO, but the
iNOS isoforms do not appear to be involved. Our results
suggest the presence of one (or both) constitutive NOS iso-
forms, in agreement with previous results showing constitu-
tive NOS in calf adrenal gland (3/), eNOS in rat glomer-
ulosa cells (15), and nNOS in rat adrenal cortex (32).

Because most of the studies that have been published so
far deal with mRINA or protein expression, we considered
it pertinent to measure NOS activity in bovine glomerulosa
cell extracts, as it is a more direct evidence for NO produc-
tion. NOS activity was detected in zona glomerulosa cells.
The enzyme activity was inhibited in the presence of two
competitive inhibitors, L-NAME and L-NMMA, in a con-
centration-dependent manner, and was NADPH- and Ca?*-

dependent. In the presence of increasing concentrations
of L-arginine, NOS showed a Michaelis—Menten kinetic
(K,,=24.2 uM and V,,,, = 19.5 pmol/ mg protein x minute).

Calcium ion concentration had a biphasic effect on NOS
activity. While an initial phase of concentration-dependent
stimulation was observed between 0.01 and 0.5 pM Ca?*,
NOS activity reached a plateau at concentrations between
0.5 uM and 0.1 mM, followed by a concentration-depen-
dent decrease in enzyme activity. These results are in agree-
ment with the decline in nNOS activity reported by Bredt
and Snyder (19) at high nonphysiological Ca** concentra-
tions of (i.e., 1 mM). Moreover, Weissman et al. (33) have
recently shown that calmodulin (CaM) binding to nNOS
reached a maximal level at 1 uM free Ca**. Further increase
in free Ca®* from 10 pM to 1 mM resulted in a 24% reduc-
tion of maximal CaM binding. Our data show that in the
presence of 1 mM Ca>*, NOS activity was decreased by 25%
(Fig. 7). The decrease of CaM binding to nNOS and the
reduction of activity associated with high Ca** may involve
binding of Ca?* to low affinity binding sites on CaM that
have recently been identified (34).

It is well known that AnglI activates PLC, increasing
intracellular Ca?* concentration to levels that we have shown
to stimulate NOS activity (35). Itis reasonable then to spec-
ulate that AnglI could elicit enzyme activity; however, our
results show the nitrite production was not affected. It can-
not be overlooked that Angll might regulate NOS through
different stimulatory and inhibitory signals. In this respect,
Hayashi et al. (36) have shown that calmodulin kinase—in-
duced phosphorylation of nNOS inhibits enzyme activity.

In summary, this study shows that NO inhibits basal,
ACTH- and Angll-induced aldosterone synthesis in bovine
adrenal glomerulosa cells. This inhibition is independent
of soluble guanylyl cyclase, cGMP levels, protein kinase G
activity, cAMP production, or phospholipase C activity. NO
inhibits aldosteronogenesis through, at least, a direct inhi-
bition of cytochrome P450 steroidogenic enzymes, includ-
ing P450scc enzyme activity. We present evidence that NO
can be synthesized endogenously, because nitrites have been
produced and NO synthase activity has been partially char-
acterized in glomerulosa cells extracts.

In conclusion, our results support the hypothesis that
NO can act as autocrine and/or paracrine modulator of aldo-
sterone secretion from the adrenal gland, thus contributing
to the regulation of aldosterone levels induced by hormones
such as angiotensin II or ACTH.

Materials and Methods

Materials

Angiotensin II (Angll), aldosterone (Aldo), cultured
medium (Dulbecco’s modified medium), 22[RJhydroxychol-
esterol (22R-chol), pregnenolone, NC-nitro-L-arginine methyl
ester (L-NAME), NO-monomethyl-L-arginine monoacetate
(L-NMMA), 7-nitroindazole, methylene blue, L-glutamine,
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deoxyribonuclease I (DNAase), T-70 dextran, bacitracin,
amphotericin B (fungizone), type II-S trypsin inhibitor,
Hepes, EDTA, and EGTA were purchased from Sigma Chem-
ical Co. (St. Louis, MO, USA). ACTH was obtained from
Nuvacthén Devot. Bovine serum albumin (BSA, fraction
V), collagenase A, and collagenase P were purchased from
Boehringer Mannheim SA. (Darmstadt, Germany). Rp-8-
bromo-PET-cyclic GMP and 1H-(1,2,4)-oxadiazolo[2,3-
a]quinoxalin-1-one (ODQ) were from Biolog-Life Science
Institute (Bremen, Germany). Streptomycin, penicillin G,
and fetal calf serum were obtained from Seromed Biochrom
KG (Berlin, Germany). Aldosterone antiserum was purchased
from ICN Pharmaceuticals (USA). [?’H]Aldosterone (56
Ci/mmol), [2,3,4,5-*H]L-arginine (49 Ci/mmol), myo[*H]
inositol (97 Ci/mmol), cAMP, and cGMP kits were pur-
chased from Amersham International (Buckinghamshire,
UK). Bovine ferrous hemoglobin was from Calbiochem-
Novabiochem Co. (LA, USA). Sodium nitroprusside (SNP),
1-hydroxy-2-oxo-3, 3-bis[3-aminemetyl-(1-triecene)] (deta-
nonoate, deta-NO, or NOC-18) and 8-bromo cyclic GMP
was purchased from Alexis Co (Laufelfingen, Switzerland).
Dowex AG 1-X8 (100-200 mesh, formate form) resin and
AG 50 W-X4 (100-200 mesh, hydrogen form) ion-exchange
resin was from Bio-Rad (CA, USA). All other chemicals
were of A-grade purity.

Isolation and Culture
of Glomerulosa Cells from Bovine Adrenal Gland

Bovine adrenal glomerulosa cells were isolated and cul-
tured as previously described to use for patch clamp mea-
surements (37). Briefly, glomerulosa cell slices were prepared
from 10-12-mo-old steers obtained from a local slaughter-
house. Thin tissue slices (0.5 mm slices of the outer posi-
tion of bovine glands) were obtained using a Stadie—Riggs
tissue microtome from Thomas Scientific (St. Laurent,
Canada). Cell dissociation was achieved after four enzy-
matic periods of 30 min at 37°C in a humidified atmosphere
with 5% of CO, in air. The zona glomerulosa was digested
in DMEM medium containing collagenase P 1 mg/mL, col-
lagenase A 0.5 mg/mL, and DNAse 25 mg/mL supplemented
with L-glutamine 10 mM, penicillin 200 U/mL, streptomy-
cin 200 mg/mL, HEPES 20 mM, and NaHCO5 75 mg/mL
(serum-free DMEM). After each digestion period cells were
dissociated by gentle aspiration with a sterile 10 mL pipet
before being filtered and centrifuged for 10 min at 100g.
Cells were resuspended in 5 mL of a 1.7 mM Tris, 140 mM
NH,CI solution, pH 7.2 and incubated for 10 min at 37°C.
Incubation was terminated by dilution with DMEM-0.1%
BSA and centrifuged. This procedure eliminates any inter-
ference caused by the presence of red blood cells and does
not affect the cell response to hormone stimulation (6).
Finally, cells were resuspended in DMEM supplemented
with 10% fetal calf serum, L-glutamine 20 mM, penicillin
100 U/mL, streptomycin 100 mg/mL, fungizone 10 mM,
and NaHCO; 75 mg/mL (FCS-DMEM). Glomerulosa cells

were plated at a number of 800,000 cells/mL in 35-mm tis-
sue culture dishes or 500,000 cells/mL in 12-well tissue cul-
ture plates. After 24 h at 37°C in a humidified atmosphere
with 5% CO2 in air, the medium was replaced and cells
maintained in culture for 3 d. Cell viability was assessed by
the Trypan-blue dye exclusion test and determined by mic-
roscopy after each experiment. The relatively small size of
glomerulosa cells compared to that of fasciculata cells, the
presence of lipid droplets, as well as the responsiveness to
Angll or ACTH confirmed than more 95% of the cell popu-
lation was composed of glomerulosa cells.

Preparation of Zona Glomerulosa Cell Extracts

Glomerulosa cells obtained as described above were re-
suspended in ice-cold buffer containing 50 mM Tris-HCI,
pH 7.4,20 mM Hepes, 10 pg/pL leupeptin, | mM DTT, and
homogenized with an Ultraturrax. The homogenate was cen-
trifuged at 900g for 10 min at 4°C. The supernatant was
decanted into a chilled 10 mL centrifuge tube and centri-
fuged at 9000g 10 min at 4°C. The supernatant of this last
centrifugation was centrifuged again in the same conditions.
The supernatant was aliquoted and stored at —70°C until
later use for NOS activity and ion concentration assays.

Measurement of Aldosterone Secretion

After 3 d in culture, cells were washed and incubated
2 h in serum-free DMEM. Cells were washed again and
incubated 15 min in HBS supplemented with NaHCO; 75
mg/mL, bacitracin 0.1 mg/mL, trypsin inhibitor 0.1 mg/mL,
LiCl 10 mM, glucose 1 mg/mL, and BSA 0.1 mg/mL (assay
medium). Cells were preincubated with NO donors (SNP
or deta-NO) for 10 min before agonist addition. Agonists
or corresponding vehicle control were then added, and the
incubation was continued for 2 h at 37°C in a humidified
atmosphere with 5% CO,. Medium was removed and cen-
trifuged at 4°C for 5 min at 20,800g, and the supernatant
was stored at —20°C until aldosterone measurement was per-
formed. Aldosterone concentrations were determined by
radioimmunoassay (RIA) as previously described (38).

c¢GMP and cAMP Assays

Treatment of the cells was similar to that used for aldo-
sterone determination measurement, with the exception of
the assay medium being supplemented with 0.5 mM of 3-
isobutyl-1-methyl-xanthine (IBMX). The presence of IBMX,
a cyclic nucleotide phosphodiesterases inhibitor, was nec-
essary to increase the sensitivity of the method.

Agonists or vehicle were incubated for the times indi-
cated in the text. After the incubation period, the plates
were placed on ice and the medium was quickly aspirated;
0.5 mL of ice-cold trichloroacetic acid 70 mg/mL was then
added for 30 min. After this, cells were scraped, disrupted,
and centrifuged at 20,800g for 5 min at 4°C. The superna-
tant was washed with water-saturated diethyl ether and then
water was evaporated in a speed vacuum samples concen-
trator (Savant AS 290). The pellets were stored at —20°C
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until cGMP and cAMP measurements. cGMP and cAMP
levels were determined using an enzyme immunoassay kit
from Amersham International.

Measurement of Inositol Phosphates Accumulation

The PLC activity was determined as previously described
for primary culture of rat glomerulosa cells (39). Cells were
grown the last 2 d in DMEM supplemented with 3 pCi/mL
of myo-[*HJinositol. The radioactive medium was dis-
carded, and the cells were incubated in serum and inositol-
free DMEM medium for 1 h. Glomerulosa cells were washed
and incubated for 15 min in 1 mL HBS medium supple-
mented with 10 mM LiCl, BSA (1 mg/mL), and glucose
(1 g/L). The medium was then changed, and cells were fur-
ther incubated for 10 min at 37°C with 1 mL of the same
medium supplemented with the hormones to be tested.
After stopping the reaction with 5% (vol/vol) perchloric acid,
total IPs (IP,+IP,+IP3) were extracted and purified on an
anion exchange chromatography column (Dowex AGI1x8,
formate form, 200—400 mesh; Bio-Rad). For each sample,
a fraction containing total IPs was collected and counted.
Radioactivity in the inositol phosphate fractions was mea-
sured by liquid scintillation in a Packard Tricarb 2700 TR
model with a tritium efficiency of 65%. Results were cor-
rected for quenching and expressed as DPM/10° cells.

Measurement of Nitrite Production

Nitrite production was determined by the method of Griess
(40). Briefly, glomerulosa cell culture medium was added
to an equal volume of Griess reagent. Absorbance at 540
nm was measured, and the nitrite concentration was deter-
mined from a calibration curve of sodium nitrite standards.

Assay of NO Synthase Activity

NO synthase activity was performed by measuring the
conversion of [*H]L-arginine to [*H]L-citrulline according
to our modification of the Bredt and Snyder (/9) method.
Briefly, 50 pL of cellular extract were added to 90 pL of
buffer containing 50 mM Tris-HCI, pH 7.4, 20 mM Hepes,
10 pg/uL leupeptin, 1 mM DTT, 1 mM NADPH, and 90 nM
[*H]L-arginine. After incubation at 37°C for the times indi-
cated in the figures, samples were loaded onto 1 mL of Dowex
AG50W X-4 (100-200 mesh, H* form) resin and eluted
with 3 mL of water. The eluted [*H]L-citrulline was quan-
tified in a liquid scintillation counter in a Packard Tri-Carb
2700 TR liquid scintillation analyzer.

Measurement of Ca’* by Atomic Absorption

Glomerulosa cell extracts were diluted in ultrapure water
and filtered to eliminate particles larger than 0.22 um.
Knowing the exact Ca?* concentration in the extracts was
important to study the effect of calcium concentration on
NOS activity. Consequently, Ca?* and Mg>* concentrations
in the extracts were determined by atomic absorption in a
Perkin Elmer 560 atomic absorption spectrophotometer

using different standard solutions as reference. The results
obtained were 0.68 and 0.76 mM for calcium and magne-
sium, respectively, and the final concentrations in the assay
were of 0.24 mM for Ca®* and 0.27 mM for Mg?*. The
dose-response curve of NOS activity in the presence of
Ca” was obtained by adding different concentrations of
EGTA (0.01-10 mM). Each point of free Ca>* concentra-
tion in the figure corresponds with each concentration of
EGTA added into the Ca®* 21 assay. Free Ca®* concentra-
tions were determined using a software generously provided
by Dr. Gilles Guillon (U469, INSERM, Centre de Pharma-
cologie-Endocrinologie, Montpellier, France).

Statistical Analysis

Results are expressed as mean + SEM of three indepen-
dent experiments performed in triplicate, unless indicated
otherwise. Statistical analysis was done using ANOVA or
Student’s 7 test as appropriate, with level of significance set
at p < 0.05.

Acknowledgments

This research was supported by Spain grants: PI197/61
from the “Department of Education, Universities and Re-
cherche” (Basque Government, Vitoria), and PB97-0601
from the DGICYT (M.E.C., Madrid) (to MT) and Argen-
tina grants: CIC (to CGR), BID 1201/0C-AR PICT 99 05-
06381, CONICET, and the fellowship “Carrillo-Ofativia”
(to OPP). The authors gratefully acknowledge Dr. Rosa
Alonso for her assistance with the atomic absorption tech-
nique. We also wish to thank L. Andrés and N. Miragaya
for technical assistance, and to Eroski, S.A. and Bilbao
Local Abattoir for the animal and gland supplies.

References

Nathan, C. (1992). FASEB J. 6, 3051-3064.

Moncada, S. and Higgs, E. A. (1993). N. Engl. J. Med. 329,

524-526.

Bredt, D. S., Hwang, P. M., Glatt, C. E., Lowenstein, C., Reed,

R. R., and Snyder, S. H. (1991). Nature 351, 714-716.

Xie, Q., Cho, H. J., Calaycay, J., et al. (1992). Science 256,

225-227.

Janssens, S. P., Shimouchi, A., Quetermous, T., Bloch, D. B.,

and Bloch, K. D. (1992). J. Biol. Chem. 267, 14519-14522.

Del Punta, K., Charreau, E. H., and Pignataro, O. P. (1996).

Endocrinology 137, 5337-5343.

Tatsumi, N., Fujisawa, M., Kanzaki, M., et al. (1997). Endocri-

nology 138, 994-998.

Van Voorhis, B. J., Dunn, M. S., Snyder, G. D., and Weiner,

C. P. (1994). Endocrinology 135, 1799-1806.

Olson, L. M., Jones-Burton, C. M., and Jablonka-Shariff, A.

(1996). Endocrinology 137, 3531-3539.

Cymeryng, C. B., Dada, L. A., and Podesta, E. J. (1998). J.

Endocrinol. 158, 197-203.

11 Cymeryng, C.B., Dada, L. A., Colonna, C., Mendez, C. F., and
Podesta, E. J. (1999). Endocrinology 140, 2962-2967.

12 Cymeryng, C.B., Lotito, S. P., Colonna, C., etal. (2002). Endo-
crinology 143, 1235-1242.

13. Okamoto, M. (1988). Acta Endocrinol. 119, 359-366.

© 00 N oo 0o B~ W NP

=
o



Vol.

24, No. 1

NO Effects and NOS Activity in Glomerulosa Cells / Sainz et al. 71

14
15
16
17
18
19
20
21
22
23.
24.

25
26.

27

Rosenberg, J., Pines, M., and Hurwitz, S. (1989). Biochim.
Biophys. Acta 1014, 189-194.

Natarajan, R., Lanting, L., Bai, W., Bravo, E. L., and Nadler,
J. (1997). J. Steroid Biochem. Mol. Biol. 61, 47-53.

Hanke, C. J., Drewett, J. G., Myers, C. R., and Campbell, W. B.
(1998). Endocrinology 139, 4053—-4060.

Kreklau, E. L., Carlson, E. J., and Drewett, J. G. (1999). Mol.
Cell. Endocrinol. 153, 103-111.

Hanke, C. J. and Campbell, W. B. (2000). Am. J. Physiol.
Endocrinol. Metab. 279, E846-E854.

Bredt, D. S. and Snyder, S. H. (1990). Proc. Nat. Acad. Sci.
USA 87, 682-685.

Rees, D. D., Palmer, R. M., Schulz, R., Hodson, H. F., and
Moncada, S. (1990). Br. J. Pharmacol. 101, 746-752.

Wang, Y. X., Poon, K. S.,Randall, D.J., and Pang, C. C. (1993).
Eur. J. Pharmacol. 250, 335-340.

Babbedge, R. C., Bland-Ward, P. A., Hart, S. L., and Moore,
P. K. (1993). Br. J. Pharmacol. 110, 225-228.

Millat, L. J., Abdel-Rahman, E. M., and Siragy, H. M. (1999).
Regul. Peptides 81, 1-10.

Lépez-Figueroa, M. O., Day, H. E. W., Akil, H., and Watson,
S. J. (1998). Histol. Histopathol. 3, 1243-1252.

Gallo-Payet, N., Cote, M., Chorvatova, A., Guillon, G., and
Payet, M. D. (1999). J. Steroid Biochem. Mol. Biol. 69,335-342.
Cote, M., Payet, M. D., Rousseau, E., Guillon, G., and Gallo-
Payet, N. (1999). Endocrinology 140, 3594-3600.

Stocco, D. M. and Clark, B. J. (1996). Endocr. Rev. 17,221-244.

28
29
30
31
32
33
34
35
36
37

38

39
40.

Snyder, G. D., Holmes, R. W., Bates, J. N., and Van Voorhis,
B. J. (1996). J. Steroid Biochem. Mol. Biol. 58, 63—-69.
Clark, B.J., Pezzi, V., Stocco, D. M., and Rainey, W. E. (1995).
Mol. Cell. Endocrinol. 115, 215-219.

Nishikawa, T., Sasano, H., Omura, M., and Suematsu, S. (1996).
Biochem. Biophys. Res. Commun. 223, 12-18.

Palacios, M., Knowles, R. G., Palmer, R. M. J., and Moncada,
S. (1989). Biochem. Biophys. Res. Commun. 165, 802—809.
Kishimoto, J., Tsuchiya, T., Emson, P., and Nakayama, Y.
(1996). Brain Res. 720, 159-171.

Weissman, B. A., Jones, C. L., Liu, Q., and Gross, S. S. (2002).
Eur. J. Pharmacol. 435, 9—18.

Gilli, R., Lafitte, D., Lopez, C., et al. (1998). Biochemistry 37,
5450-5456.

Suarez, C., Tornadu, I. G., Cristina, C., et al. (2002). Cell. Mol.
Neurobiol. 22, 315-333.

Hayashi, Y., Nishio, M., Naito, Y., et al. (1999). J. Biol. Chem.
274, 20597-20602.

Rossier, M. F., Python, C. P., Capponi, A. M., Schlegel, W.,
Kwan, C. Y., and Valloton, M. B. (1993). Endocrinology 132,
1035-1043.

Tremblay, E., Payet, M. D., and Gallo-Payet, N. (1991). Cell
Calcium 12, 655-673.

Ascoli, M., Pignataro, O. P., and Segaloff, D. L. (1989). J. Biol.
Chem. 264, 6674-6681.

Marzinzig, M., Nussler, A. K., Stadler, J., et al. (1997). Nitric
Oxide: Biol. Chem. 1, 177-189.



	f959: 
	f960: 
	f961: 
	f962: 
	f963: 
	f964: 
	f965: 
	f966: 
	f967: 
	f968: 
	f969: 
	f970: 
	f971: 
	f972: 
	f973: 
	f974: 
	f975: 
	f976: 
	f977: 
	f978: 
	f979: 
	f980: 
	f981: 
	f982: 
	f983: 
	f984: 
	f985: 
	f986: 
	f987: 
	f988: 
	f989: 
	f990: 
	f991: 
	f992: 
	f993: 


