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Expression of N-type calcium channels in human
adrenocortical cells and their contribution to

corticosteroid synthesis

Shizuka Aritomi!, Hirotaka Wagatsumal, Tomohiro NumataZ, Yoshitsugu Uriu?, Yasuko Nogil, Akira Mitsuil,
Tomoyuki Konda!, Yasuo Mori? and Michihiro Yoshimura3

The inhibition of aldosterone activity is a useful approach for preventing the progression of cardiovascular and renal diseases in
hypertensive patients. Although the results of our previous in vivo study suggested that N-type calcium channels may have a
role in regulating plasma aldosterone levels, the direct relationship between N-type calcium channels and aldosterone
production in adrenocortical cells has not been examined. In this study, the analysis of quantitative reverse transcription-PCR,
western blotting, and immunocytological staining indicated the possible presence of N-type calcium channels in human
adrenocortical cells (H295R cell line). Patch clamp analysis indicated that omega-conotoxin GVIA (CnTX), an N-type calcium
channel inhibitor, suppressed voltage-dependent barium currents. During steroidogenesis, CnTX significantly reduced the
transient calcium signaling induced by angiotensin Il (Ang Il) and partially prevented Ang Il-induced aldosterone and cortisol
formation with no significant influence on CYP11B2 and CYP11B1 mRNA expression. In addition, in «1B calcium channel
subunits, knockdown significantly decreased Ang ll-induced aldosterone formation with increments in CYP11B2 mRNA
expression. We also investigated the inhibitory activities of some types of dihydropyridine calcium channel blockers (CCBs;
cilnidipine: L-/N-type CCB, efonidipine: L-/T-type CCB, and nifedipine: L-type CCB), and these agents showed a dose-dependent
inhibition effect on Ang ll-induced aldosterone and cortisol production. Furthermore, only cilnidipine failed to suppress
CYP11B1 expression in H295R cells. These results suggest that N-type calcium channels have a significant role in transducing
the Ang Il signal for aldosterone (and cortisol) biosynthesis, which may explain the mechanism by which N-type calcium

channels regulate plasma aldosterone levels.
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INTRODUCTION

Aldosterone is considered a key regulator of fluid and electrolyte
balance in mammals,! and it has a central role in the pathogenesis of
chronic heart failure and chronic kidney disease.>? Indeed, in patients
with heart failure or hypertension, aldosterone synthesis is activated in
both the adrenal gland and the heart.»> Aldosterone secretion from
the adrenal gland is diminished by the administration of a sodium-
based diet or by controlling the levels of potassium, angiotensin II
(Ang II), or adrenocorticotropic hormone.® In human adrenal zona
glomerulosa cells, Ang II has a primary role in the regulation of
aldosterone biosynthesis, secretion, and cell growth, and upregulates
numerous genes.” Ang II-stimulated cortisol and aldosterone produc-
tion involves a depolarization of the plasma membrane® and the
activation of calcium influx through voltage-gated channels.’
Although the regulation of Ang II-induced aldosterone production
is well established, the modulating factors affecting this regulation or

its downstream signaling components, such as voltage-gated calcium
channels, have not been completely elucidated.

Calcium channel blockers (CCBs) are commonly used to treat
hypertension and generally act on L-type calcium channels. Recent
studies have shown that some CCBs can also block channels belonging
to other subtypes, such as N-type and T-type channels. The blockade
of non-L-type calcium channels exerts unique effects. Recent studies
have revealed that adrenal glomerulosa cells express both L-type and
T-type calcium channels. Furthermore, T-type calcium channels, not
the L-type calcium channels, have an essential role in aldosterone
production.!® Meanwhile, previous studies have revealed that cilnidipine,
an N-type and L-type CCB, is capable of blocking the two types
of channels.!!

N-type calcium channels are members of the major calcium
channel family, but they are fundamentally different from the other
calcium channels and have highly distinctive calcium-regulation
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mechanisms.!>!? N-type calcium channels are heteromultimeric com-
plexes consisting of a pore-forming a1 subunit («1B) and at least two
auxiliary subunits, § and a28, which modulate the function of the ol
subunit."* N-type calcium channels have been identified in several
types of cells,'’>"!7 and these channels have been reported to mediate
rapid calcium influx into the synaptic terminal, which triggers
synaptic vesicle exocytosis, neurotransmitter release, synaptogenesis,
and gene expression.'8-20

We have reported that cilnidipine reduced the plasma aldosterone
level in spontaneously hypertensive rats?! and in a canine model of
chronic atrioventricular block that is known to show ventricular
electrical rf::modeling;22 however, the L-type CCB, amlodipine, did
not show any suppressive effect on plasma aldosterone levels. These

Table 1 List of primers used for quantitative real-time PCR assays

Target Forward Reverse

Cav2.2/01B CACTCAAAGGACCCAGGATG ATGCTCTGCATCTGAACGTC
CYP11B2 CAGAGGCAGAGATGCTGCT GTGCCAGGCCTCAATATGAA
CYP11B1 CTGGGACATTGGTGCGC GTGTTTCAGCACATGGT
GAPDH CAGCCTCAAGATCATCAGCA TGTGGTCATGAGTCCTTCCA
HPRT GACCAGTCAACAGGGGACAT CCTGACCAAGGAAAGCAAAG

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HPRT, hypoxanthine—
guanine phosphoribosyltransferase.
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results suggest that N-type calcium channels are important regulators
of the plasma aldosterone level. N-type calcium channels have a
critical role in gating transmitter release from synaptic nerve terminals;
however, little is known regarding the other functions of these
channels, including their roles in steroidogenesis in adrenal glomer-
ulosa cells.

Therefore, in this study, we aimed to determine the presence and
functional roles of the N-type calcium channels in the adrenal cortex,
which is a major source of aldosterone. To this end, we used a human
adrenocarcinoma (H295R) cell line,”* and the depolarizing response
of N-type calcium channels was confirmed by patch clamp techniques.
In addition, the steroidogenesis response of N-type calcium channels
was examined by using omega-conotoxin GVIA (CnTX; an N-type
calcium channel inhibitor) and other CCBs such as cilnidipine

(L-type/N-type CCB), nifedipine (L-type CCB), and efonidipine
(L-type/T-type CCB). This response was analyzed using Ang II to
determine whether N-type calcium channels regulate Ang II-induced
aldosterone secretion and contribute to Ang II-induced organ damage.

METHODS

Reagents

Cilnidipine was synthesized at Ajinomoto Pharmaceuticals
Kanagawa, Japan). Efonidipine was extracted from tablets in our laboratories.
Nifedipine was purchased from Sigma-Aldrich (St Louis, MO, USA), and
Ang IT and CnTX were purchased from the Peptide Institute (Osaka, Japan).
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Figure 1 Expression of N-type calcium channels in H295R cells. (a) Inhibitory effect of 100 nm omega-conotoxin GVIA (CnTX) on voltage-dependent calcium
channel (VDCC) currents in H295R cells. The representative traces for barium currents upon application of 30-ms test pulses from —50 to 50 mV with
10-mV increments starting from a W, of —80mV. (b) Current density-voltage (/-V) relationships of VDCCs. /-V relationships in control (non-treat), 100 nm
CnTX-treated conditions (CnTX), and subtraction of barium currents in the presence of CnTX from control barium current (subtracted). Data were obtained
from three independent experiments (n=9) and expressed as the mean+s.e.m. (c) mRNA expression of the N-type calcium channel in H295R cells and
human tissue. The data represent calcium channel mRNA expression in human tissues and cells (mean). (d) Western blotting of N-type calcium channel in
H295R cells. Total protein (600 pg) was loaded. The Cay2.2 immunoreactivity is identified by incubation with anti-Cay2.2 (1:200). Identical procedures
except the anti-Cay2.2 subjected to peptide block (anti-Cay2.2+peptide) fail to detect specific immunoreactivity.
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Each calcium channel inhibitor was initially dissolved in dimethyl sulfoxide
(final concentration, 0.1%; dimethyl sulfoxide; Sigma-Aldrich), and Ang II was
dissolved in Dulbecco’s modified essential medium/F12 medium (Invitrogen,
Carlsbad, CA, USA) containing 0.2% Nu-serum (BD Biosciences, Bedford, MA,
USA).

Cell culture

The NCI-H295R human adrenocortical cell line (H295R) was obtained from
the American Type Culture Collection and cultured in Dulbecco’s modified
essential medium/F12 medium containing 2% Nu-serum, 1% ITS plus
(BD Biosciences), and antibiotics (penicillin and streptomycin; Sigma-Aldrich).
The cells were maintained at 37 °C in a humidified atmosphere containing air
and carbon dioxide (95%/5%, vol/vol).24

Assay for steroid production

H295R cells were cultured in 12-well plates until 80% confluence. Next, the
medium was replaced with fresh medium containing 0.2% Nu-serum, and the
cells were incubated for an additional 24 h. Then, the culture supernatants were
replaced with medium containing Ang II, including vehicle (0.1% dimethyl
sulfoxide) or each calcium channel inhibitor. After 48h of incubation, the
steroid content in the conditioned media and the cellular protein content were
determined.

The aldosterone and cortisol secreted into the H295R culture medium
were measured using the Aldosterone Express EIA Kit (Cayman Chemical,
Ann Arbor, MI, USA) and the Cortisol Express EIA Kit (Cayman Chemical),
respectively. All steroid levels were normalized to the cellular protein content
per well, which was determined by performing the bicinchoninic acid protein
assay using a bicinchoninic acid assay kit (Pierce Chemical, Rockford, IL, USA).2

Current recordings

Whole-cell mode of the patch clamp technique was carried out at 22-25°C
with EPC 9 (HEKA Elektronik, Pfalz, Germany) or Axopatch 200B (Molecular
Devices, Silicon Valley, CA, USA) patch clamp amplifiers as previously
described.?® Patch pipettes were made from borosilicate glass capillaries
(1.5mm outer diameter, 0.87mm inner diameter; Hilgenberg, Malsfeld,
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Germany) using a P-97 Flaming/Brown micropipette puller (Sutter Instrument,
Novato, CA, USA). Pipette resistance ranged from 2.5 to 3.5 MQ when filled
with the pipette solutions as described below. The series resistance was
electronically compensated to >60%, and both the leakage and the remaining
capacitance were subtracted by the —P/4 method. Currents were sampled at
100 kHz after low pass filtering at 8.4kHz (3 db) in experiments of activation
kinetics or otherwise sampled at 20kHz after low pass filtering at 3.0kHz
(3db). Data were collected and analyzed using the Pulse (version 8.77, HEKA
Elektronik) or the Clampex programs (version 10.2, Molecular Devices). The
external solution contained (in mm) 10 BaCl), 143 tetraethylammonium
chloride, 10 HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid),
and 10 glucose (pH 7.4 adjusted with TEA-OH). The pipette solution
contained (in mm) 95 CsOH, 95 aspartate, 40 CsCl, 4 MgCl,, 5 ethylene glycol
tetraacetic acid, 2 disodium adenosine-5'-triphosphate, 5 HEPES, and 8
creatine phosphate (pH 7.2 adjusted with CsOH). To test the response induced
by CnTX, the cells were treated with 100nm CnTX for 3 min before current
measuring.

Immunocytochemical staining

The cultured H295R cells were fixed with 4% paraformaldehyde and permea-
bilized with 0.1% Triton X-100. Then, the cells were washed in phosphate-
buffered saline and incubated in 5% normal goat serum (Vector Labs,
Burlingame, CA, USA) in phosphate-buffered saline at room temperature for
60min to block the nonspecific sites. The cells were incubated with 1:100-
diluted primary antibodies in phosphate-buffered saline (Cav2.2/a1B antibody,
Alomone Labs, Jerusalem, Israel; Cavl.2/a1C antibody, Alomone Labs; and
Cav3.1/a1G antibody, Sigma-Aldrich) overnight at 4 °C.2” After being rinsed,
the cells were incubated with the secondary antibody (biotinylated anti-rabbit
immunoglobulin G; Invitrogen) and the third antibody (streptavidin-conjugated
Alexa Fluor 555; Invitrogen) for 1 h at room temperature. Negative controls for
each procedure were obtained by replacing the primary antibody with purified
nonimmune rabbit immunoglobulin G (1:1000). Images were captured using a
phase-contrast microscope (Axiovert 100; Carl Zeiss, Oberkochen, Germany)
with Pixera Viewfinder software (version 3.0; Pixera Corporation, Los Gatos,
CA, USA).

Figure 2 Immunocytochemical localization of the calcium channels in H295R cells. The cells were immunostained with Cav2.2/x1B antibody (c, d), Cavl.2/

a1C antibody (e),

Cav3.1/01G antibody (f), or nonimmune immunoglobulin G (a, b).

Positive staining for each antigen was detected by performing

immunofluorescence analysis using Alexa Fluor 555 (a, ¢, x40; b, d—f, x20). The figure depicts the result of one representative experiment. Similar results

were obtained in two additional experiments with different passages of cells.
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Figure 3 Expression of N-type calcium channels in H295R cells and the
functional role of these channels in angiotensin Il (Ang Il)-induced
aldosterone production. (a) Intracellular Ca?* level as a cellular response to
Ang Il stimulation (0.1-10um). (b) The peak intracellular Ca2* level was
dependent on Ang Il concentration. The data represent the percentage
values of the intensity of fluorescence in the stimulated cells, and these
values were relative to the corresponding values in cells treated with 100 nm
of Ang Il. (c) Inhibitory effect of omega-conotoxin GVIA (CnTX) on Ang II-
induced intracellular Ca2* increment in H295R cells. The data represent the
percentage values of the intensity of fluorescence in the incubated cells;
these values were relative to the corresponding values for cells treated with
100 nm of Ang Il. All the results are shown as the mean £s.e.m. (n=5-8).

control group vs. each CnTX-treatment group.
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Calcium imaging

H295R cells were seeded onto eight-well chamber slides and cultured until 80%
confluence. Next, the medium was replaced with fresh medium containing
0.2% Nu-serum, and the cells were cultured for an additional 24 h. The cells
were then loaded with 5 pwm fura-2/AM (Invitrogen) for 40 min. This loading
was performed in Hank’s balanced salt solution containing 2.5 mm probenecid
(Sigma-Aldrich), 10mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Invitrogen), and 4% Pluronic F-127 (Invitrogen). The cells were rinsed and
then incubated for 20 min in Hank’s balanced salt solution with or without
each calcium channel inhibitor. After the 20 min incubation, different concen-
trations of Ang II were added to the cells, and fluorescence images were
recorded using a microscope (TMD-2S; Nikon, Tokyo, Japan) and a video-
based imaging system (Aquacosmos; Hamamatsu Photonics, Shizuoka, Japan),
which enabled controlled image acquisition and display. The ratio of the
fluorescence intensity at 340 nm to the intensity at 380 nm was calculated to
evaluate the change in intracellular calcium levels. To test the response induced
by the activation of CnTX, the cells were stimulated with 100nm Ang II
solution at room temperature.

Small interfering RNA (siRNA) transfection and cell culture
conditions

Transfection with siRNA of the human «1B subunit (Human CACNAI1B,
Thermo Fisher Scientific, Waltham, MA, USA) or of non-target siRNA
(Thermo Fisher Scientific) was performed with DharmaFECT1 (Thermo Fisher
Scientific). H295R cells were transfected in growth medium containing
DharmaFECT1 reagent with 10nm of siRNA for 16h. Then, the cells were
incubated for an additional 24 h in fresh medium containing 0.2% Nu-serum.
The culture supernatants were replaced with medium containing 100 nv Ang
11, and, after incubation for 48 h, the steroid content of the conditioned media
and the protein content of the cells were determined.

Western blotting analysis of H295R cells

H295R cells were solubilized in RIPA buffer (pH 8.0: 1% NP-40, 1% SDS, 1%
sodium deoxycholate, 25 mM Tris HCl. 150 mM NaCl) containing 0.1% SDS,
0.5% sodium deoxycholate, 1% Nonidet P40, 150 mm NaCl, 50 mm Tris-HCl,
1 mm phenylmethylsulfonyl fluoride, and 10 ug pl~! leupeptin. Immunopreci-
pitated proteins were fractionated by 10% SDS-polyacrylamide gel electro-
phoresis and electrotransferred onto a polyvinylidene difluoride membrane.
The blots were incubated with living colors polyclonal antibody (Alomone labs
ACC-002) and visualized using West pico solution (Thermo Fisher Scientific).

Quantitative reverse transcription-PCR

Total RNA was isolated from H295R cells using the RNeasy kit (Qiagen ,Hilden,
Germany) after 6,12, 24, and 48 h of incubation. Total RNA (1 pug) was reverse-
transcribed using SuperScript III RT (Invitrogen). Quantitative real-time
reverse transcription-PCR was performed using the 7500 Real-time PCR
System with SYBR Green Master Mix (Applied Biosystems, Carlsbad,
CA, USA) and sequence-specific primers (Table 1). Complementary DNAs
(Takara Bio, Shiga, Japan) from human tissues were also used as templates. The
mRNA levels were normalized to the levels of glyceraldehyde-3-phosphate
dehydrogenase and hypoxanthine—guanine phosphoribosyltransferase.

Statistical analyses

The results are expressed as the mean * s.e.m. The differences between the non-
treated and control groups were evaluated using Student’s ¢-test. The differences
among the results for the Ang II-treated groups were evaluated using Dunnett’s
test or time-wise multiple comparisons of longitudinal data (SAS Institute,
Cary, NC, USA).

RESULTS

N-type calcium channels are expressed in H295R cells, and CnTX
inhibits increases in Ang II-stimulated intracellular calcium level
The reverse transcription-PCR data (Figure 1c) showed the gene
expression of L-type, N-type, and T-type calcium channels in the
H295R cells as well as in the brain and heart. In addition, the data
from western blotting and immunocytochemical staining revealed the
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Figure 4 Inhibitory effect of N-type calcium channel blockers on corticosteroid production in H295R cells stimulated with 100 nm angiotensin Il (Ang II).
(@) Inhibitory effect of omega-conotoxin GVIA (CnTX) on aldosterone production in H295R cells stimulated with 100nm Ang Il. The bars represent the
percentage values of the aldosterone secretion of culture supernatants (n=15). These values were normalized by the cellular protein content and were
relative to the corresponding values for cells treated with 100 nm of Ang Il (control; 19 + 2 pg/ug protein). (b) Inhibitory effect of CnTX on cortisol production
in H295R cells stimulated with 100nm Ang Il. The bars represent the percentage values for cortisol secretion by the culture supernatant (n=8), and these
values were normalized by the cellular protein content and were relative to the corresponding value for the cells treated with 100nm Ang Il (control;
2255+ 352 pg/ug protein). (c) Effect of 100 nm CnTX on the expression of CYP11BZ2 after stimulation with 100 nm Ang Il (n=4). (d) Effect of 100nm CnTX
on the expression of CYPI1BI after stimulation with 100nm Ang Il (n=4). TTP<0.001 and fP<0.05 for the non-treated group vs. the control group.
All results are shown as means £ s.e.m. *P<0.05; **P<0.01; and ***P<0.001 for the control group vs. each CnTX-treatment group.

expression of N-type (Figures 1d and 2¢, d), L-type (Figure 2e), and
T-type calcium channels (Figure 2f) in the H295R cell line. The patch
clamp recording revealed voltage-dependent barium currents inhib-
ited by CnTX (100 nm; Figures 1a and b). As previously described, Ang
IT increased intracellular calcium levels in the H295R cells in a
concentration-dependent manner (Figures 3a and b), and 100 nm
CnTX inhibited 100nm Ang II-induced the increased intracellular
calcium level (75.4 + 4%, P<0.05; Figure 3c).

N-type calcium channels have a role in corticosteroid production

Aldosterone and cortisol production in H295R cells stimulated with
100nm Ang II for 48h (aldosterone: 100 + 4%, Figure 4a; cortisol:
100 + 10%, Figure 4b) was four- to fivefold higher than in non-
stimulated cells (aldosterone: 23 £ 1%, P<0.001; cortisol: 17 + 3%,
P<0.001). CnTX inhibited Ang II-induced aldosterone production
(10nm: 76 £6%, P<0.01; 100nm: 58+ 4%, P<0.001; 1000 nm:
52 £ 5%, P<0.001; Figure 4a) and Ang II-induced cortisol production
(10nM: 65+9%, P<0.055 100nMm: 61+11%, P<0.05; 1000 nm:
53+ 8%, P<0.01; Figure 4b) in a concentration-dependent manner.
Next, we evaluated the effect of «1B RNA interference on Ang II-
induced aldosterone production in H295R cells. In comparison with
non-target siRNA, a1B siRNA caused a significant reduction in 1B
mRNA expression during the entire investigation (0h: 81+ 3%,
P<0.01; 6h: 52+1%, P<0.001; 12h: 54%2%, P<0.001; 48h:
42+ 7%, P<0.01; Figure 5a). The increase in aldosterone production

was significantly inhibited by the siRNA for the N-type calcium
channel (Figure 5b; 60 £ 4%, P<0.05).

N-type calcium channels do not have a significant influence

on the expression of steroidogenic enzymes

We assessed the expression of the mRNAs encoding the steroidogenic
enzymes CYP11B2 (aldosterone synthase) and CYP11B1 (11fB-hydro-
xylase, the enzyme catalyzing the last step in cortisol synthesis). Ang II
(100 nm) caused transient and acute induction of CYP11B2 (Figure 4c)
and CYP11B1 (Figure 4d) mRNA expression. The CYP11B2 and
CYP11B1 mRNA levels peaked after 12h (215+ 6%, P<0.001) and
6h (146+8%, P<0.001) of Ang II stimulation, respectively. These
results were consistent with the findings of a previous study.?® CnTX at
100 nMm failed to suppress the Ang II-induced increase in the levels of
CYP11B2 and CYPI11BI1 transcripts but inhibited aldosterone and
cortisol production (Figures 4c and d). In addition, 1B interference
had no effect on the Ang II-induced increase in CYP11B1 levels after
6h of Ang II stimulation (Figure 5d) but increased CYP11B2 mRNA
expression in comparison with non-target siRNA treatment after 12h
of Ang II stimulation (123 + 4%, P<0.001: Figure 5c).

Each CCB has a different effect on corticosteroid production, and
this action is dependent on the type of blocked calcium channel

Each CCB inhibited Ang II-induced aldosterone production in
a concentration-dependent manner (Figure 6a). Cilnidipine and

Hypertension Research
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Figure 5 Effect of «1B knockdown on corticosteroid production and gene expression in H295R cells stimulated with 100 nm angiotensin |l (Ang I1). (@) In
comparison with non-target small interfering RNA (siRNA), a1B siRNA caused a significant reduction in «1B mRNA expression during the entire
investigation. These values were relative to the corresponding value for the cells treated with non-target siRNA (n=4). (b) The effect of 1B RNA interference
on Ang ll-induced aldosterone production in H295R cells. The increase in aldosterone production was significantly inhibited by the siRNA for the N-type
calcium channel. The bars represent the percentage values normalized by the cellular protein content, and these values were relative to the corresponding
value for the cells treated with non-target siRNA (n=>5). (c) The effect of «1B RNA interference on the expression of CYP11B2 after stimulation with 100 nm
Ang Il (n=8). These values were relative to the corresponding value for the cells treated with non-target siRNA (n=8). (d) The effect of 1B RNA
interference on the expression of CYP11B2 after stimulation with 100 nm Ang Il (n=8). These values were relative to the corresponding value for the cells
treated with non-target siRNA (n=8). T7P<0.001, and TP<0.001 for the difference among the siRNA-non-treated groups. All results are shown as
means +s.e.m. *##¥P<0.001, #P<0.001, and ##P<0.001 for the difference among the siRNA-treated groups.

efonidipine significantly suppressed Ang II-induced aldosterone
production at a low concentration (<10nm), as was observed in
the case of CnTX. Moreover, they were significantly more potent than
nifedipine (at 10nm: cilnidipine, 65+4%, P<0.001; efonidipine,
72+ 6%, P<0.01; nifedipine, 85%5%, P>0.05). Similarly, each
CCB inhibited Ang II-induced cortisol production in a concentra-
tion-dependent manner (Figure 6b). The cilnidipine and efonidipine
concentrations required to inhibit Ang Il-induced production of
cortisol were lower than the nifedipine concentration required to
achieve the same effect (at 100 nm: cilnidipine, 68+ 9%, P<0.05;
efonidipine, 68 £ 6%, P<0.05; nifedipine, 65+ 9%, P>0.05).

Effects of CCBs on the gene expression of steroidogenic enzymes
Next, we examined the impact of the blockade of different types of
calcium channels (100 nm) on Ang II-induced CYP11B2 and CYP11B1
mRNA expression. After 12h of Ang II stimulation, the mRNA
expression of CYP11B2 was suppressed by all of the CCBs (cilnidipine,
831+ 0%; nifedipine, 79+2%; efonidipine, 71%3%: P<0.001;
Figure 6¢). In contrast, after 6h of Ang II stimulation, the expression
of CYP11B1 mRNA was suppressed by nifedipine (75 £ 5%, P<0.01;
Figure 6d) and efonidipine (67 £ 1%, P<0.001; Figure 6) but not by
cilnidipine (88 + 5%; Figure 6d). However, all of the calcium channel
blockers inhibited Ang II-induced cortisol production (Figure 6b).

DISCUSSION
This study is the first report on the distribution of N-type calcium
channels in human adrenocortical cells and the involvement of these
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channels in the Ang II-induced calcium influx in these cells. Further-
more, the data from experiments with CnTX and N-type calcium
channel siRNA suggest that N-type calcium channels are involved
in Ang II-induced aldosterone production. Previous studies showed
that Ang IT induces aldosterone production via the generation of
cytoplasmic calcium signaling,” and the Ang II effects were mimicked
by calcium ionophore A23187 and blocked by CCBs, 2> suggesting
the importance of calcium influx inhibition in the suppression of Ang
[I-induced aldosterone production. These reports suggest that the
suppressive effect of N-type calcium channel blockers on Ang II-
induced corticosteroid production may be related to their inhibitory
activity against the calcium influx induced by Ang II, as in the case of
T-type calcium channel blockers. However, the blockade of N-type
calcium channels failed to suppress the expression of CYP11B2
mRNA induced by Ang II, although the aldosterone-production
mechanism mediated by T-type and L-type calcium channels is
accompanied by an increase in CYP11B2 mRNA levels, as previously
reported.’! The reason for the differences in the expression level
of the CYPIIB2 gene is still unclear because the number of factors
influencing aldosterone secretion was greater than the number
of factors influencing CYP11B2 mRNA expression. For example,
aldosterone production is regulated by both CYPIIB2 expression
and CYP11B2 enzyme activity.>»*? Lisurek and Bernhardt®? suggested
that CYP11B2 enzyme activity may be post-translationally controlled
by protein phosphorylation, which exerts short-term control over
CYP11B2 activity. One mechanism that can be hypothesized on the
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Figure 6 Inhibitory effect of each CCB on corticosteroid production and gene expression in H295R cells stimulated with 100nm Ang Il. (a) Each CCB has a
different action on aldosterone secretion. The bars represent the percentage values normalized by the cellular protein content (n=12). These values were relative
to the corresponding value for the cells treated with 100 nm angiotensin Il (Ang Il; control; 18 + 3 pg/ug protein). (b) Each CCB has a different action on cortisol
secretion, and this action depends on the type of the blocked calcium channel. The bars represent the percentage values normalized by the cellular protein
content (n=8), and these values were relative to the corresponding value for the cells treated with 100 nm Ang Il (control; 2255 + 352 pg/ug protein). (c) The
effect of each CCB (100 nm) on the expression of CYPI1B2 after stimulation with 100 nm Ang Il (n=4). The bars represent the percentages of CYP11B2 mRNA
expression, which were normalized and were relative to the corresponding value for the control (Ang Il, 100 nm). (d) The effect of each CCB (100 nm) on the
expression of CYP11B1 after stimulation with 100nm Ang Il (n=4). The bars represent the percentages of CYP11B1 mRNA expression, which were normalized
and were relative to the corresponding value for the control (Ang 11, 100 nm). 7¥P<0.001 for the non-treated group vs. the control group. *P<0.05; **P<0.01;
and ***P<0.001 for the control group vs. each CCB group. CCB, calcium channel blocker; Cil, cilnidipine; Efo, efonidipine; Nif, nifedipine.

basis of these reports suggests that N-type calcium channels regulate
aldosterone production by changing the activity of steroidogenic
enzymes.

We also investigated whether the effects of CCBs on Ang II-induced
corticosteroid production and on the expression of steroidogenic-

enzyme genes in H295R cells depend on the type of blocked channels.
To date, in vivo3>3* and in vitro®>3® studies have revealed differences
among the corticosteroid production-inhibiting effects of CCB. In
fact, our study indicated that each CCB succeeded in suppressing Ang
II-induced corticosteroid production, and low concentrations of
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cilnidipine and efonidipine inhibited Ang II-induced production of
corticosteroids. Nifedipine was much less potent in inhibiting Ang II-
induced aldosterone production (>100nm), although it suppressed
Ang II-induced mRNA expression of CYP11B2 with the same potency
as the other CCBs. These results suggest that the suppression of Ang
[I-induced CYP11B2 mRNA expression by L-type CCBs may partially
contribute to the inhibition of aldosterone production. The N-type or
T-type calcium channel blockade may have primary roles in the
inhibition of Ang Il-induced aldosterone production. In addition,
cilnidipine failed to suppress CYP11B1 mRNA expression induced by
100nm Ang II, although cilnidipine and efonidipine significantly
inhibited cortisol production induced by 100 nm Ang II. These results
suggest that L-type and T-type calcium channels control corticosteroid
production by regulating CYP11B1 and CYP11B2 mRNA expression,
and N-type calcium channels may offer another way of controlling
corticosteroid production in adrenocortical cells. Also, cilnidipine may
have an effect on CYP11B1 expression because of its blockade action
of L-type calcium channel. Our results contradict earlier results that
suggested that cilnidipine and nifedipine may not suppress aldoster-
one production in H295R cells.?? However, some differences exist in
the methods used in the previous study and in our study. In particular,
the most important aspect is the difference in the evaluation time
between the earlier study (24h) and our study (48h). We assessed
changes in aldosterone production over time to determine an appro-
priate evaluation time. The result suggested that 24 h may be too short
to recognize the effect of the N-type calcium channel blockade on
aldosterone production (data not shown); therefore, the variation in
data between the previous report and the current results may reflect a
difference of evaluation period.

In this study, the cilnidipine concentrations required to suppress the
Ang II-induced aldosterone production were less than, or within the
range of, therapeutic plasma concentrations (0.8-32.5nm),>® which
suggests that cilnidipine may have potential therapeutic applications
in patients with chronic heart failure and chronic kidney disease.

CONCLUSIONS

N-type calcium channels are expressed in H295R human adrenocor-
tical cells, and Ang II-induced aldosterone production is mediated by
T-type and L-type calcium channels as well as by N-type calcium
channels. Moreover, our data indicate that the N-type calcium
channels contribute minimally to the Ang II-induced expression of
CYP11B1 and CYP11B2 mRNAs. These findings suggest that N-type
calcium channels may have a role in aldosterone production in
adrenocortical cells.
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