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We report the effects of resveratrol, a polyphenol found in the skins of red grapes, on
catecholamine secretion and synthesis in cultured bovine adrenal medullary cells. Resver-
atrol suppressed catecholamine secretion and *Na* and **Ca** influx induced by acetylcho-
line, an agonist of nicotinic acetylcholine receptors, in a concentration-dependent manner
(ICsp =20.4, 11.0, and 62.8 pM, respectively). Resveratrol also inhibited catecholamine secre-
tion induced by veratridine, an activator of voltage-dependent Na* channels, and 56 mM K*,
an activator of voltage-dependent Ca®" channels, at concentrations similar to those for
4>Ca?* influx. Resveratrol directly inhibited the current evoked by acetylcholine in Xenopus
oocytes expressing «3B4 neuronal nicotinic acetylcholine receptors (ICso=25.9 pM).
Furthermore, resveratrol (ICso = 5.32 uM) attenuated '*C-catecholamine synthesis induced

Phytoestrogen by acetylcholine. The present findings suggest that resveratrol inhibits acetylcholine-

Resveratrol induced catecholamine secretion and synthesis through suppressing ion influx in cultured
bovine adrenal medullary cells.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction sis and coronary heart disease through various mechanisms,

including vasorelaxation [5,6] and anti-platelet effects [7,8].

Resveratrol (trans-3,4',5-trihydroxystilbene) is a natural phy-
toestrogen found in grapes, berries, and red wine [1,2].
Resveratrol has been reported to be implicated in the
beneficial action of red wine, i.e., the lower incidence of
coronary artery disease in certain populations such as the
French and the Greek, despite a diet rich in saturated fat and
high smoking. This effect has been dubbed the ‘French
Paradox’, and has been attributed to the regular consumption
of red wine in moderate amounts by these populations [3,4].
Indeed, resveratrol is thought to protect against atherosclero-
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The precise mechanism of resveratrol for cardioprotective
effects, however, remains to be determined.

Adrenal medullary cells are derived from the embryonic
neural crest and share many properties with sympathetic
postganglionic neurons. In cultured bovine adrenal medullary
cells, there are at least three distinct types of ionic channels
involved in catecholamine secretion [9]; these are (1) nicotinic
acetylcholine receptor-ion channels, (2) voltage-dependent
Na* channels, and (3) voltage-dependent Ca®* channels. In
these cells, our previous studies have shown that either

Abbreviations: KRP, Krebs-Ringer phosphate; Eagle’s MEM, Eagle’s minimum essential medium; PCA, perchloric acid; DMSO, dimethyl

sulfoxide.
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carbachol-induced ?’Na* influx via nicotinic acetylcholine
receptor-ion channels or veratridine-induced ?>Na* influx via
voltage-dependent Na* channels increases **Ca*
voltage-dependent Ca®* channels, a prerequisite for secretion
[9] and synthesis [10] of catecholamines; in contrast, high K*
directly gates voltage-dependent Ca®* channels to increase
**Ca®* influx without increasing ??Na* influx. Since catecho-
lamine secretion mediated by stimulation of these ion
channels and the mechanism of stimulation of catecholamine
synthesis in adrenal medullary cells are thought to be similar
to those of norepinephrine in the sympathetic neurons,
adrenal medullary cells have provided a good model for
detailed analysis of the actions of cardiovascular drugs, such
as ap-adrenergic agonists [10], natriuretic peptides [11],
carvedilol [12] and pimobendan [13].

Several lines of evidence have shown that resveratrol has
inhibitory effects on some ion channels such as L-type
voltage-dependent Ca®* channels in rat ventricular myocytes
[14], human cardiac voltage-dependent Na* channels [15],
and voltage-activated potassium currents in rat hippocampal
neurons [16]. Evidence has accumulated that aberrant acute
or chronic activation of the sympathoadrenal system is
involved causally in the development of various cardiovas-
cular diseases such as heart failures [17]. Furthermore, a
recent study reported that upregulation of adrenal medullary
G protein-coupled receptor kinase 2 mediates sympathetic
hyperactivity in heart failure through an increase in cate-
cholamine secretionin two different models of heart diseases
[18]. These evidences suggest that catecholamines play an
important role in the pathological events of cardiovascular
diseases. There is, however, little evidence regarding the
effects of resveratrol on ion channel-mediated secretion and
synthesis of catecholamines. In the present study, we
examined the direct effects of resveratrol on acetylcholine-
induced synthesis and secretion of catecholamines in
cultured bovine adrenal medullary cells and acetylcholine-
induced currents in the Xenopus oocytes expressing cloned
a3B4 nicotinic acetylcholine receptors. We found that
resveratrol inhibits acetylcholine-induced catecholamine
synthesis and secretion via suppression of nicotinic acet-
ylcholine receptor-ion channels.

influx via

2. Materials and methods
2.1. Materials

Reagents were obtained from the following sources: Eagle’s
minimum essential medium (MEM), Nissui Pharmaceutical
(Tokyo, Japan); calf serum, Nacalai Tesque (Kyoto, Japan);
collagenase, Nitta Zerachin (Osaka, Japan); resveratrol, acet-
ylcholine, veratridine, histamine, nitrendipine, «-scorpion
venom (a-ScTx) (Leiurus quinquestriatus), and B-scorpion
venom (B-ScTx) (Centruroides sculpturatus), Sigma (St. Louis,
MO); Ptychodiscus brevis toxin-3 (PbTx-3), Latoxan (Westburg,
NY), o-conotoxin-GVIA and w-agatoxin-IVA, Alomone Labs
(Jerusalem, Israel); [**Ca]Cl, and 1-[U-C]tyrosine, GE Health-
care UK Ltd. (Little Chalfont, Bucks., UK); [**Na]Cl, PerkinElmer
Life Sciences (Boston, MA). Resveratrol was dissolved in 100%
ethanol, and then diluted in a reaction medium before use at a

final ethanol concentration not exceeding 0.5%, unless
otherwise specified.

2.2.  Isolation and primary culture of bovine adrenal
medullary cells

Bovine adrenal medullary cells were isolated by collagenase
digestion of adrenal medullary slices, as described previously
[19]. Cells were suspended in Eagle’s MEM containing 10% calf
serum, 3 pM cytosine arabinoside and several antibiotics,
and maintained in monolayer culture at a density of
4 x 10° cells/dish (Falcon, 35 mm, Becton Dickison Labware,
Franklin Lakes, NJ) in 5% CO,/95% air. The cells were used for
experiments between 2 and 5 days of culture.

2.3. Catecholamine secretion from cultured bovine adrenal
medullary cells

Oxygenated Krebs-Ringer phosphate (KRP) buffer (153 mM
NaCl, 5.6 mM KCIl, 1.1 mM MgSO,, 2.2mM CaCl,, 0.85 mM
NaH,POy4, 2.15 mM Na,HPO, and 10 mM glucose, adjusted to
PH 7.4) was used throughout. After preincubation for 10 min,
cells were incubated with or without resveratrol and various
secretagogues at 37°C for 10 min. After the reaction, the
incubation medium was transferred immediately to a test tube
containing perchloric acid (PCA) (final concentration, 0.4 M).
Catecholamines (norepinephrine and epinephrine) secreted
into the medium were adsorbed onto aluminum hydroxide
and estimated by the ethylenediamine condensation method
using a fluorescence spectrophotometer (F-4010; Hitachi,
Tokyo, Japan) with excitation and emission wavelengths of
420 and 540 nm, respectively [19].

2.4.  ?’Na* and *°Ca®" influx by the cells

The influx of #Na* and *°Ca** was measured as reported
previously [9,13]. After preincubation for 10 min, cells were
incubated with 1.5 p.Ci of 22NaCl or 1.5 pCi of #°CaCl, at 37 °C
for 10 min with or without the various secretagogues and
resveratrol in KRP buffer. Then, the cells were washed 4 times
with ice-cold KRP buffer, solubilized in 10% Triton X-100, and
counted for radioactivity of ?Na* and **Ca**.

2.5.  'C-Catecholamine synthesis from [**C]tyrosine in the
cells

After preincubation for 10 min, cells were incubated with
20 pM 1-[U-C] tyrosine (1 uCi) in KRP buffer in the presence or
absence of various concentrations of resveratrol and 0.3 mM
acetylcholine at 37 °C for 20 min. After removing the incuba-
tion medium by aspiration, cells were harvested in 0.4 M PCA
and centrifuged at 1600 x g for 10 min. *C-Labelled catechol
compounds were separated further by ion exchange chroma-
tography on Duolite C-25 columns (H*-type, 0.4 x 7.0 cm) and
counted for radioactivity [20]. **C-Catecholamine synthesis
was expressed as the sum of the C-catecholamines
(epinephrine, norepinephrine and dopamine), because the
ratio of C-epinephrine plus *C-norepinephrine/**C-dopa-
mine was not changed significantly by resveratrol and/or
acetylcholine.
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2.6. Expression of acetylcholine receptors in Xenopus
oocytes and electrophysiological recordings

Isolation and microinjection of Xenopus oocytes were per-
formed as described previously [21]. The cDNAs encoding the
a3 and B4 subunits of rat neuronal nicotinic acetylcholine
receptor, subcloned into pcDNAI/Neo (Invitrogen, Carlsbad,
CA) vector, were kindly provided from Dr. James W. Patrick
(Division of Neuroscience, Baylor College of Medicine, TX).
Oocytes were injected with cDNAs (1.5 ng/30 nl) and electro-
physiological recordings were performed 2-3 days after
injection. Each oocyte was perfused (2 ml min~*) with Ba®*-
Ringer’s solution (115 mM NacCl, 2.5 mM KCI, 1.8 mM BaCl,
and 10 mM HEPES, pH 7.4) containing 1 uM atropine sulfate, to
minimize the effects of secondarily activated Ca**-dependent
Cl™ currents, then impaled with two glass electrodes (1-5 MQ)
filled with 3 M KCl and clamped at —70 mV using the OC-725C
Oocyte Clamp Amplifier (Harvard Apparatus, Inc., Holliston,
MA). Acetylcholine was applied for 30s to obtain the
maximum (peak) current used as a measure of drugresponse.
We tested the capacity of resveratrol to modify the effect of a
concentration of acetylcholine that produced 50% of the
maximal effect (ECso) of acetylcholine. This ECsp, was
determined individually for each oocyte, using 1 mM acet-
ylcholine to produce a maximal current. Resveratrol was first
dissolved in dimethyl sulfoxide (DMSO), then diluted in Ba*-
Ringer’s solution before use ata final DMSO concentration not
exceeding 0.05%, which had no effect on acetylcholine-
evoked responses (data not shown). Resveratrol was pre-
applied for 2 min before coapplication of acetylcholine to
allow for complete equilibration of the oocytes with resver-
atrol. In all cases, a 10- to 15-min washout period was allowed
following application of the resveratrol and acetylcholine
solutions.
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Fig. 1 - Effects of resveratrol on catecholamine secretion
induced by acetylcholine, veratridine and 56 mM K". After
preincubation with or without resveratrol (100 pM) for

10 min, cells were stimulated with or without
acetylcholine (300 pM), veratridine (100 xM) and 56 mM K*
in the presence or absence of resveratrol (100 M) for

10 min at 37 °C. Catecholamines secreted into the medium
were measured, and expressed as a percentage of the total
catecholamines (3.17 + 0.63 pg/10° cells) in the cells. Data
are means * S.E.M. from three to five separate
experiments carried out in triplicate. *P < 0.001, compared
with each secretagogue alone.

2.7. Statistics

All experiments were performed in duplicate or triplicate and
each experiment was repeated at least three times. All values
are given as means + S.E.M. The significance of differences
between means was evaluated using Student’s t-test or two-
way ANOVA. When a significant F value was found by ANOVA,
Dunnett’s or Scheffé’s test for multiple comparisons was used
to identify differences among the groups. Values were
considered statistically different when P was less than 0.05.
Statistical analyses were performed using StatView for
Macintosh version 5.0] software (Abacus Concept, Berkely,
CA). Curve fitting for concentration/response curves was
performed using GraphPad Prism software (San Diego, CA).

3. Results

3.1.  Effects of resveratrol on various secretagogue-induced
catecholamine secretion in cultured bovine adrenal medullary
cells

In bovine adrenal medullary cells, stimulation of nicotinic
acetylcholine receptor-ion channels with acetylcholine, a
physiological secretagogue, caused catecholamine secretion
corresponding to 10.7 + 0.6% of the total catecholamines in the
cells (Fig. 1). Veratridine (0.1 mM), an activator of voltage-
dependent Na* channels, or 56 mM K™, an activator of voltage-
dependent Ca?* channels, caused catecholamine secretion
corresponding to 14.0 £0.5% and 15.0+0.5% of the total
catecholamines, respectively. We examined the effect of
resveratrol (100 uM) on catecholamine secretion induced by
acetylcholine, veratridine and 56 mM K*. Pretreatment of cells
with resveratrol at 100 pM for 10 min significantly inhibited
catecholamine secretion induced by acetylcholine, veratridine
and 56 mM K" to 42.4, 27.3 and 43.1% of each secratogogue
alone, respectively (Fig. 1). Resveratrol (100 uM) did not
significantly affect basal secretion of catecholamines (con-
trol = 1.54 + 0.23%; resveratrol = 2.11 4 0.39% of the total cate-
cholamines). We further examined the time course of
resveratrol effect on catecholamine secretion induced by
acetylcholine. Pretreatment of cells with resveratrol (100 pM)
for 0, 5, 10 and 20 min decreased the secretion of catechola-
mines induced by acetylcholine to 75, 52, 41 and 37% of
acetylcholine alone, respectively (unpublished observation).

3.2.  Concentration-inhibition curves for the effects of
resveratrol on various secretagogue-induced catecholamine
secretion and *?Na* and **Ca?* influx in cultured bovine
adrenal medullary cells

Pretreatment of cells with resveratrol at 0.1, 1, 10, and 100 uM
for 10 min significantly reduced acetylcholine-induced secre-
tion of catecholamines to 82.4, 71.5, 64.9, and 42.4% of
acetylcholine alone, respectively (ICso=20.4 uM) (Fig. 2A).
Resveratrol suppressed ?’Na* influx (ICso=11.0 uM) and
*>Ca?* influx (ICso = 62.8 pM) induced by acetylcholine in a
concentration-dependent manner (Fig. 2B and C). Resveratrol
also inhibited catecholamine secretion (ICs, = 5.83 pM), *Na*
influx (ICso=88.7 uM), and *Ca®*" influx (ICso=9.10 pM)
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Fig. 2 - Effects of resveratrol on acetylcholine-induced catecholamine secretion (A), ??Na* influx (B) and **Ca®* influx (C). (A)
After preincubation with resveratrol (0-100 M) for 10 min, cells were stimulated with or without acetylcholine (300 pM) in the
presence or absence of resveratrol (0.03-100 ;M) for 10 min at 37 °C. Catecholamines secreted into the medium were
measured, and expressed as a percentage of the total catecholamines in the cells. (B, C) Cells were incubated with
acetylcholine (300 xM) and 1.5 p.Ci of 2>NaCl (B) or **CaCl, (C) for 10 min at 37 °C in the presence or absence of resveratrol (0.1 or
0.03-100 pM). The influx of ?Na* and *°Ca®* measured are expressed as nmol/4 X 10° cells. Data are means + S.E.M. from
three to four separate experiments carried out in triplicate. *P < 0.01 and **P < 0.001, compared with acetylcholine alone.

induced by veratridine (Fig. 3A-C). Furthermore, resveratrol
suppressed catecholamine secretion (ICso=35.9pM) and
*Ca?* influx (ICso=184 uM) induced by 56 mM K* in a
concentration-dependent manner (Fig. 4A and B).

3.3.  Inhibitory mode of resveratrol on catecholamine
secretion induced by acetylcholine

We attempted to determine whether resveratrol was competing
with acetylcholine for the binding sites on the nicotinic
acetylcholine receptors. When the concentrations of acetylcho-
line in the incubation medium increased, resveratrol-induced
inhibition of catecholamine secretion was not overcome by
these concentrations (3-300 pM) (Fig. 5A). Double-reciprocal
plot analysis showed that resveratrol exerts a noncompetitive
type of inhibition with respect to acetylcholine (Fig. 5B),
indicating that resveratrol does not compete with acetylcholine
for the binding site on nicotinic acetylcholine receptors.

3.4.  Effects of resveratrol on acetylcholine responses in
Xenopus oocytes expressing nicotinic acetylcholine receptors

The direct effects of resveratrol on acetylcholine responses in
Xenopus oocytes expressing rat «3p4 nicotinic acetylcholine
receptors were examined. As shown in Fig. 6, resveratrol
reversibly inhibited acetylcholine-induced currents in a
concentration-dependent manner, and a significant inhibition
was observed at resveratrol concentrations of 3-100 pM
(ICso = 25.9 uM).

3.5.  Inhibitory mode of resveratrol on catecholamine
secretion induced by veratridine or 56 mM K*

The voltage-dependent Na* channels consist of the principal
a-subunit, which is associated with a noncovalently attached

Bi-subunits, and a disulfide-linked B,-subunit [22]. The «-
subunits issued from a large multigene contain the ion-pore
and the toxin binding sites, i.e., site 1 for tetrodotoxin, site 2 for
veratridine, site 3 for a-Scorpion toxin (a-ScTx), site 4 for B-
Scorpion toxin (8-ScTx), and site 5 for P. brevis toxin-3 (PbTx-3)
[22]. To characterize the pharmacological action of resveratrol
on voltage-dependent Na* channels, we examined the effect
of resveratrol on catecholamine secretion induced by various
concentrations of veratridine. When the concentration of
veratridine increased, resveratrol-induced inhibition of cate-
cholamine secretion was not overcome by these concentra-
tions (1-500 pM) of veratridine (Fig. 7A). We further examined
the effect of resveratrol on catecholamine secretion induced
by veratridine and three toxins such as «a-ScTx, B-ScTx and
PbTx-3. As shown in Fig. 7B, veratridine (100 uM) caused
catecholamine secretion corresponding to 20% of the total
catecholamines, which was inhibited by resveratrol (100 pM)
to 54%. In the presence of veratridine (100 uM), a-ScTx, B-ScTx
and PbTx-3 further enhanced catecholamine secretion corre-
sponding to 35, 27 and 32% of the total catecholamines.
Resveratrol completely inhibited the stimulatory effect of
B-ScTx on veratridine-induced catecholamine secretion,
whereas a-ScTx and PbTx-3 stimulated catecholamine secre-
tion induced by veratridine even in the presence of resveratrol.

Itis reported that at least three types of voltage-dependent
Ca* channels (L-, N- and P-type) are involved in the secretion
of catecholamines induced by 56 mM K* in bovine adrenal
medullary cells [23]. Using three specific inhibitors of voltage-
dependent Ca®* channels such as nitrendipine (for L-type),
w-agatoxin-IVA (for P-type) and w-conotoxin-GVIA (for N-type)
at the maximally effective concentration, we examined the
effect of combination of resveratrol with various inhibitors of
voltage-dependent Ca”* channels on catecholamine secretion
induced by 56 mM K*. Fig. 8 showed that the degree of
inhibition observed with combination of resveratrol (100 uM)



1612 BIOCHEMICAL PHARMACOLOGY 74 (2007) 1608-1618

200 (B) 81 (C)
% - }[
- =3 *
Y= ") —
° = 150 * 26
s S 8
@ ©
s g = .
® = “ o
7] S 100 54
@ £ £
2 % =
=] >
£ e é o
2 £ 50 £ 27
= © o
2 = o
2
©
o
0+ 0" o
nrr-rTrT neTT T T T nrerTTT
0 001 01 1 10 100 0001 01 1 10 100 0 0.01 01 1 10 100
Resveratrol (M) Resveratrol (LM) Resveratrol (M)

Fig. 3 - Effects of resveratrol on veratridine-induced catecholamine secretion (A), ?Na* influx (B) and **Ca®* influx (C). (A)
After preincubation with resveratrol (0-100 pM) for 10 min, cells were stimulated with veratridine (0.1 mM) in the presence
or absence of resveratrol (0.1-100 pM) for 10 min at 37 °C. Catecholamines secreted into the medium were measured, and
expressed as a percentage of the total catecholamines in the cells. (B, C) Cells were incubated with veratridine (0.1 mM) and
1.5 p.Ci of 2*NaCl (B) or **CacCl, (C) for 10 min at 37 °C in the presence or absence of resveratrol (1-100 uM). The influx of *Na*
and **Ca®* measured is expressed as nmol/4 X 10° cells. Data are means =+ S.E.M. from three separate experiments carried
out in triplicate. *P < 0.01 and **P < 0.001, compared with veratridine alone.

with nitrendipine (10 pM) or w-agatoxin-IVA (100 nM) on 3.6. Effects of resveratrol on catecholamine secretion

56 mM K*-induced secretion of catecholamines was signifi- induced by histamine

cantly larger than that of resveratrol alone. In contrast,

combination of resveratrol (100 uM) with w-conotoxin-GVIA In order to investigate the effect of resveratrol on the
(10 pM) did not produce any further inhibition, compared to function of another type of receptor involved in the
that caused by resveratrol alone. mobilization of intracellular Ca?*, we used histamine [24]
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Fig. 4 - Effects of resveratrol on high K*-induced catecholamine secretion (A) and *°Ca®* influx (B). (A) Cells were pretreated
with resveratrol (0-100 M) for 10 min, and then stimulated with high K* (56 mM) in the presence or absence of resveratrol

(0.1-100 pM) for 10 min at 37 °C. Catecholamines secreted into the medium were measured, and expressed as a percentage

of the total catecholamines in the cells. (B) Cells were incubated with high K* (56 mM) and 1.5 pGi of **CaCl, for 10 min at

37 °C in the presence of resveratrol (1-100 uM). The influx of *>Ca®* measured is expressed as nmol/4 X 10° cells. Data are

means * S.E.M. from three separate experiments carried out in triplicate. *P < 0.01 and **P < 0.001, compared with high K*

alone.
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as a secretagogue and examined the effect of resveratrol on
histamine-induced catecholamine secretion. Resveratrol

3.7.  Effects of resveratrol on basal and acetylcholine-
induced “*C-catecholamine synthesis from [**C]tyrosine in the

(100 uM) significantly suppressed catecholamine secretion
induced by histamine in the presence of extracellular
Ca?*, whereas resveratrol failed to inhibit catecholamine
secretion induced by histamine in a Ca®'-free medium

(Fig. 9).

cells

The adrenal medullary cells were incubated with 20 uM
[**C]tyrosine in KRP buffer in the presence or absence of
various concentrations of resveratrol at 37 °C for 20 min.

(A) ]
Resv 100
ACh == —— -

"

~
(&)

25

Percent of ACh response
[4))
o

cont

0 1 10 100
Resveratrol (M)

Fig. 6 - Effects of resveratrol on acetylcholine response in nicotinic acetylcholine receptors expressed in Xenopus oocytes (A)
and its concentration-inhibition curve (B). (A) Representative tracings obtained from a single Xenopus oocyte expressing rat
«3p4 nicotinic acetylcholine receptors demonstrate an inhibitory effect of resveratrol (Resv, 30 pM) on the current induced
by the ECs, of acetylcholine (ACh). (B) The effect of resveratrol on acetylcholine-evoked currents is significant ("P < 0.01 and
**P < 0.001, using one-way ANOVA with Dunnett’s multiple comparison post hoc test) at concentrations of 3 uM and higher.
Nonlinear regression analysis was performed and the mean value of ICs, for resveratrol is 25.9 pM. All values are
represented as mean * S.E.M. from five to seven oocytes. In some cases, the error bars are smaller than the points.
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Fig. 8 - Effects of combinations of resveratrol and various
inhibitors of Ca®* channels on catecholamine secretion
induced by 56 mM K*.

After pretreatment with or without resveratrol (100 nM) for
10 min, cells were incubated with 56 mM K* for 10 min at
37 °C in the presence or absence of nitrendipine (10 pM),
w-conotoxin-GVIA (CTX) (10 pM), w-agatoxin-IVA (AGT)
(100 nM) and/or resveratrol (100 pM). The effects of
resveratrol plus nitrendipine, w-conotoxin-GVIA or w-
agatoxin-IVA were compared with those of resveratrol
alone. Catecholamines secreted into the medium were
measured. Data are means + S.E.M. from three separate
experiments carried out in duplicate. *P < 0.001, compared
with 56 mM K* alone and **P < 0.01, compared with 56 mM
K" plus resveratrol.

Resveratrol at 0.1 and 1.0 pM caused a small but significant
(P <0.05) increase (10-15% over the control) in basal *C-
catecholamine synthesis from [**C]tyrosine, while it (100 p.M)
inhibited basal synthesis (Fig. 10). Acetylcholine (0.3 mM)
increased *C-catecholamine synthesis by 496% over the
control, which was significantly suppressed by resveratrol
(1-100 pM) in a concentration-dependent manner (ICso=
5.32 pM).

4, Discussion

4.1.  Inhibition by resveratrol of various ion channel-
mediated catecholamine secretion

The present study demonstrated that resveratrol at concen-
trations of 0.1-100 uM inhibits catecholamine secretion
induced by acetylcholine and veratridine in adrenal medullary
cells. We have previously reported that Na* influx through
nicotinic acetylcholine receptor-ion channels and voltage-
dependent Na* channels stimulates Ca’?* influx through
voltage-dependent Ca®* channels and evokes the secretion
of catecholamines in adrenal medullary cells [9,12]. Resver-
atrol inhibited ??Na* influx, *°Ca?* influx, and catecholamine
secretion induced by acetylcholine and veratridine in a
concentration-dependent manner (Figs. 2 and 3). These
findings suggest that resveratrol reduces acetylcholine- and
veratridine-evoked secretion of catecholamines, primarily by
inhibiting the Na* influx through nicotinic acetylcholine
receptor-ion channels and voltage-dependent Na* channels,
respectively. Resveratrol inhibited **Ca®* influx and catecho-
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Fig. 9 - Effects of resveratrol on catecholamine secretion
induced by histamine. After pretreatment with or without
resveratrol (100 pM) for 10 min, cells were incubated with
or without histamine (100 pM) and/or resveratrol (100 nM)
for 20 min at 37 °C in the presence or absence of
extracellular Ca®*. Catecholamines secreted into the
medium were measured. Data are means *+ S.E.M. from
three separate experiments carried out in duplicate.

*P < 0.001, compared with histamine alone.

lamine secretion induced by 56 mM K* (Fig. 4), an activator of
voltage-dependent Ca®* channels, suggesting that resveratrol
also inhibits 56 mM K*-evoked catecholamine secretion and
Ca®* influx through voltage-dependent Ca®* channels. To the
best of our knowledge, this is the first evidence that resveratrol
inhibits all three ion channels to suppress catecholamine
secretion in cultured bovine adrenal medullary cells.

4.2. Inhibitory modes of resveratrol on catecholamine
secretion by secretagogues

We investigated the mechanism or site of action of the effects
of resveratrol on nicotinic acetylcholine receptor-ion chan-
nels. Even when the concentrations of acetylcholine were
increased, the inhibitory effects of resveratrol on acetylcho-
line-induced secretion of catecholamines were not overcome.
These findings suggest that resveratrol does not compete with
acetylcholine at nicotinic acetylcholine receptors and acts at a
site different from that for acetylcholine binding on nicotinic
acetylcholine receptors. In the Xenopus oocytes expressing
a3B4 nicotinic acetylcholine receptors, resveratrol inhibited
acetylcholine-induced Na* currents in a concentration-depen-
dent manner similar to that observed in adrenal medullary
cells. From these results, it seems that resveratrol interferes
with nicotinic acetylcholine receptor-ion channels and inhi-
bits catecholamine secretion from adrenal medullary cells.

207
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Fig. 10 - Effects of resveratrol on basal and acetylcholine-
induced '*C-catecholamine synthesis from [**C] tyrosine.
After preincubation for 10 min with or without resveratrol
(0.01-100 M), cells were incubated with various
concentrations of resveratrol and 20 uM -[U-'*C] tyrosine
(1 nCi) in KRP buffer in the presence (@) or absence (O) of
0.3 mM acetylcholine at 37 °C for 20 min. After removing
the incubation medium by aspiration, cells were
harvested in 0.4 M PCA and centrifuged at 1600 X g for

10 min. **C-Labelled catechol compounds were separated
further by ion exchange chromatography on Duolite C-25
columns (H*-type, 0.4 X 7.0 cm) and counted for
radioactivity [19]. *C-Catecholamine synthesis was
expressed as the sum of the *C-catecholamines
(epinephrine, norepinephrine and dopamine). Data are
means =+ S.E.M. from three to six separate experiments
carried out in duplicate. *P < 0.01, compared to control and
**P < 0.01 compared to ACh alone.

Several previous studies reported that resveratrol inhibits
voltage-dependent Na* channels in tsA201 cells expressed
with recombinant human heart Na, 1.5 channels [15] and in
rat dorsal root ganglion neurons [25]. In the present study,
resveratrol-induced inhibition of catecholamine secretion was
not overcome by increasing concentrations (1-500 uM) of
veratridine, suggesting that resveratrol does not compete with
veratridine for the site 2 of a-subunit of Na* channels.
Resveratrol completely abolished the stimulatory effect of
B-ScTx on veratridine-induced catecholamine secretion,
whereas even in the presence of resveratrol, «-ScTx and
PbTx-3 still increased the secretion induced by veratridine.
This result gives rise to the possibility that resveratrol inhibits
veratridine-induced catecholamine secretion, at least in part,
via acting on the site 4 of the channel a-subunits. To confirm
this possibility, further studies of resveratrol on site 4 of the
channels will be required in future.

On the other hand, using three specific inhibitors of
voltage-dependent Ca?* channels such as nitrendipine (for
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L-type), w-agatoxin-IVA (for P-type) and w-conotoxin-GVIA (for
N-type), we demonstrated that the degree of inhibition
observed with combination of resveratrol (100 pM) with
nitrendipine (10 pM) or w-agatoxin-IVA (100 nM) on 56 mM
K*-induced secretion of catecholamines was significantly
larger than that of resveratrol alone, whereas combination
of resveratrol (100 pM) with o-conotoxin-GVIA (10 uM) did not
produce any further inhibition. It suggests that resveratrol and
o-conotoxin-GVIA inhibit the same Ca?* channels, that is,
resveratrol attenuates 56 mM K*-induced secretion of cate-
cholamines preferentially by inhibiting N-type Ca®* channels
in the cells. This is, however, incompatible with a recent report
showing an inhibitory effect of resveratrol on L-type Ca*
current in rat ventricular myocytes [14]. The discrepancy of
the data between them might be due to several reasons such
as tissue or species differences, although the reason is not
clear at present.

To examine the effect of resveratrol on the mobilization of
intracellular Ca?*, we used histamine, which is known to
increase Ca®* influx from the extracellular medium [26] and
the formation of inositol triphosphate in bovine adrenal
medullary cells [24], the latter of which induces Ca*
mobilization from the intracellular Ca?* stores. In the present
study, we observed that resveratrol suppressed catecholamine
secretion induced by histamine in the presence of extra-
cellular Ca?*, but not in Ca**-free medium. This suggests that
resveratrol interferes with Ca®" influx from the extracellular
medium, but not Ca®>* mobilization from the intracellular Ca?*
stores.

4.3. Dual effects of resveratrol on catecholamine synthesis

We recently reported that treatment of cultured bovine
adrenal medullary cells with environmental estrogenic pollu-
tants increases catecholamine synthesis probably through
plasma membrane estrogen receptors [20]. Furthermore, we
showed the occurrence and pharmacological characterization
of plasma membrane estrogen receptors in the bovine adrenal
medullary cells [27]. Since the chemical structure of resver-
atrol, a stilbene, is similar to that of the synthetic estrogen
diethylstilbestrol, resveratrol has been characterized as a
phytoestrogen to activate nuclear estrogen receptors [2]. In the
present study, we observed that resveratrol at low concentra-
tions of 0.1-1.0 uM slightly enhances basal *C-catecholamine
synthesis, which might be due to activation of plasma
membrane estrogen receptors by resveratrol, as shown by
17B-estradiol [27]. On the other hand, at high concentrations
(>100 uM and >1 pM) resveratrol inhibits basal and acetylcho-
line-induced catecholamine synthesis, respectively. The
inhibition of acetylcholine-induced catecholamine synthesis
by resveratrol seems to be caused primarily by the suppression
of Na* and subsequent Ca®* influx through nicotinic acet-
ylcholine receptor-ion channels and voltage-dependent Ca?*
channels.

In our recent study, we reported that capsaicin inhibited
catecholamine secretion induced by carbachol, veratridine
and 56 mM K* through a vanilloid receptor-independent
pathway [28]. Capsaicin also suppressed both basal and
carbachol-stimulated '*C-catecholamine synthesis in the
cells. These observations induced by capsaicin seem to be

similar to that of resveratrol. In our previous report, because of
very high concentrations used and the lipophilic property of
capsaicin, we considered that the mechanism by which
capsaicin can block various ion channels underlies the
promiscuous regulation of membrane protein function
through the changes in elasticity of the membrane bilayer
[28]. Furthermore, a previous review proposed that in addition
to specific receptor-mediated actions, steroid hormones such
as estrogens at high concentrations (>10 uM) could be inserted
into bilayers of cellular membranes and direct steroid-
membrane interactions alter the physicochemical membrane
properties such as the fluidity and the microenvironment of
membrane receptors or ion channels [29]. Therefore, it is
possible that resveratrol, one of phytoestrogens, interacts
with three ion channels via changing the membrane proper-
ties in adrenal medullary cells. In the present study, however,
we found that (i) resveratrol selectively inhibits catecholamine
secretion induced by veratridine plus B-ScTx, at least in part,
via acting on the site 4 of voltage-dependent Na* channel a-
subunits, (ii) resveratrol preferentially suppresses N-type
voltage-dependent Ca?* channels and (iii) resveratrol at low
concentrations (0.1-1.0 uM) stimulates basal **C-catechola-
mine synthesis probably through activation of plasma
membrane estrogen receptors. From these results, resveratrol
may not exert its effects on catecholamine synthesis and
secretion merely by a nonspecific action on the membrane
properties, although its precise mechanism remains to be
determined.

4.4.  Pharmacological significance of resveratrol-induced
suppression of catecholamine synthesis and secretion

Resveratrol is found in the skin of grapes and is relatively
abundant in red wines with concentrations estimated to range
from 1 to 10 mg/1 [30] or 0.05-8.5 mg/1 [31], although higher or
lower values are frequently found. The oral absorption of
25 mg of resveratrol/70 kg subject in white wine, grape juice,
and vegetable juice was studied in healthy men. The peak
concentration of resveratrol in the serum was ~40nM at
30 min after consumption [32,33], suggesting that a few
glasses of red wine could be a source of measurable resveratrol
concentrations (~10 nM) in the serum. In the present study,
we found that resveratrol (>0.1 and >1pM) significantly
inhibits acetylcholine-induced catecholamine secretion and
synthesis, respectively. Therefore, the concentrations of
resveratrol in the plasma of individuals who consume red
wine may be lower than those required to suppress catecho-
lamine synthesis and secretion suggested by the present
study. Dietary polyphenols, however, may accumulate in
tissues, resulting in higher local concentrations of resveratrol.
For example, resveratrol concentrations have been reported to
be 2.4-fold higher in mouse liver and heart than the plasma
concentrations [34]. Therefore, it is possible that prolonged
consumption of red wine in the diet could lead to increased
concentrations of resveratrol, which may affect the synthesis
and secretion of catecholamines induced by acetylcholine.
To date, resveratrol has been considered to be one of the
candidate molecules to explain the French Paradox of low
mortality from cardiovascular diseases [3,4]. Indeed, resver-
atrol is thought to protect against atherosclerosis and
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coronary heart diseases [35], through various mechanisms
that may include vasorelaxation [5,6] and anti-platelet effects
[7,8]. Furthermore, resveratrol is a well-characterized grape
polyphenol that has exhibited diverse pharmacological effects
such as neuroprotection [36], anti-inflammation [37], antic-
ancer properties [38], and antioxidant properties [39]. In
addition to these pharmacological effects of resveratrol, in
the present study, we showed that resveratrol inhibits
catecholamine synthesis and secretion induced by acetylcho-
line, suggesting that resveratrol attenuates the catecholamine
synthesis and secretion induced by stress or emotional
excitation, thus causing the stimulation of sympathetic nerves
and the adrenal medulla. Although catecholamines play a
pivotal role in the regulation of normal functions in cardio-
vascular systems, stress-induced over expression of catecho-
lamines contribute to the involvement and
augmentation of cardiovascular diseases such as heart fail-
ures, atherosclerosis, coronary heart disease and hyperten-
sion. Indeed, chronic heart failure is associated with activation
of the sympathetic nervous system as manifested by
increased circulating level of norepinephrine and increased
regional activity of the sympathetic nervous system
[17,18,40,41]. Thus, our findings may explain, at least in part,
the cardiovascular protective effects of resveratrol. To confirm
this point, further in vivo administration of resveratrol to
animals or humans will be required in future studies.

In summary, we have demonstrated that resveratrol
inhibits catecholamine synthesis and secretion induced by
acetylcholine by inhibiting nicotinic acetylcholine receptor-
ion channels in the adrenal medulla and probably sympathetic
neurons. The present findings may add new pharmacological
actions of resveratrol on cardiovascular systems to our
understanding of the French Paradox.
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