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Abstract

The biological activity of phenolic compounds from plants is well documented in vitro, but little is known about the possible effect of

simple aromatic compounds and flavonoids on voltage-operatéd Ca  chénnels YOCCs . In pituitary cells, several intracellular pathways
may regulate the activity of VOCCs. In this study, we investigated the effect of nine phenylpropanes and metanes, and 20 flavonoids on

high K*-induced® C&" entry in clonal rat pituitary GH,C cells. At the highest dose tésteg.gzenl), flavone( a flavong inhibited
45Ca* entry by 63.5%, naringenin a flavandne by 56.3% and geniétein an isoffavone by 54.6%. The phenylmetane derivative octyl
gallate was the most potent compound tested, with ag IC  value ofjd&/nl. The ICy, value for the reference compound verapamil
hydrochloride was 3.@ug/ml. In sharp contrast to the above, the flavonols quercetin and morin poten"ﬁéla?d entry. At 20.g/ml,
guercetin increasetfca* entry by 54.1% and morin by 48.0%. Quercetin increased the cellular cAMP content in a concentration-de-
pendent manner. H 89, an inhibitor of protein kinase A, inhibited the effect of quercefﬁti:aﬁ+ entry. The results thus suggest that the
effect of quercetin is the result of a protein kinase A-mediated activation of VOCCs. Quercetin induced a rapid and marked increase in
both the transienf 1434 4.2% and delayed 198:810.09% C&" currents, measured by the whole cell patch clamp technique. The
onset of the inhibitory effect of octyl gallate was slow, but resulted in an almost complete inhibition of bbthcGaents.© 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction division and proliferation, platelet aggregation, detoxifica-
) ) ) . tion, as well as inflammatory and immune responses have
Only plants and microorganisms are capable of biologi- peen described Middleton and Kandaswami, 2994 . Phe-
cally synthesizing the aromatic nucleus, which is a base \yjic compounds have been reported to interfere with
structure in plant phenolic compounds produced via the \ 515 stages of cancer development Stavric, 1995: Huang
shikimic acid pathway. For example, flavonoids are ,nq Ferraro, 1992 , and a number of naturally occurring as
polyphgnohc substances that are based on e_lﬂavan nu_cleu§ve” as synthetic flavonoids have been shown to have
consisting of 15 ca_rbon atoms arranged in three rings potent anti-human immunodeficiency virGs BIV activity
(C6-C3-C6, see Fig.)1. The effects of flavonols and i, it (Wang et al., 1998 . Because of their phytoestro-
flavones on the enzymes involved in the regulation of cell genic properties, flavonoids, as well as other plant pheno-
lic compounds, have also been implicated in preventing
" Corresponding author. Tel.+358-9-191-50167; fax-+358-9-191-  enopausal symptoms, osteoporosis, breast and ovarian
59578. cancer, as well as heart disedse Adlerkreutz et al., 1992;
E-mail address: heikki.vuorela@helsinki.fil H. Vuore)a . Kurzer and Xu, 199¥ . In vivo studies suggest that espe-
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Fig. 1. Basic structures of the phenolic compounds tested i Ca  fluxes in clonal rat pituitary; CH C( dells: A flavones and flavonols, B flavanones,
(C) isoflavones( D phenylmetanes, ahd E phenylpropenes. Substitugnts R relate to the corresponding functional groups listed in Table 1.

cially flavonoids may reduce the risk of coronary disease sine kinasg modulate the activity of the VOCCs, and thus

(Fotsis et al., 1993; Kapiotis et al., 1997 . In fact, epidemi- a multitude of C&'-dependent physiological processes,

ological studies indicate a beneficial role of flavonoids in e.g. hormone secretion and syntheSis Tan and Tashjian,

diminishing the risk of coronary heart disease Hertog et 1984; Albert and Tashjian, 1984; Cataldi et al., 1996 .

al., 1993; Hollman et al., 1996 . The antagonistic activity of certain plant phenolic com-
The effects of flavonoids on the cardiovascular system pounds has long been acknowledged. The previous works

has been attributed to a modulation of°Cehomeostasis.  have usually been focused on depolarization-induced con-

The antagonistic activity of flavonoids and other plant traction in smooth muscle preparations. The effects have

phenolic compounds has usually been investigated by mea-been reported to be related to*Cafluxes or metabolism.

suring the inhibition of depolarization-induced contractions VOCCs can be seen as a target of intracellular pathways,

of smooth muscle preparatiors Vuorela et al., 1997 . e.g. protein kinase A, protein kinase C and protein tyrosine

These contractions are apparently evoked by @epen- kinase. The effects of plant phenolic compounds suggest

dent mechanisms and are indeed inhibited by*Cehan- that these compounds may regulate Céuxes in several

nel antagonists( Hof and Vuorela, 1983 . The L-type endocrine glands. Therefore, the aim of the present study

voltage-operating Gd  channels VOCCs, i.e. slowly in- was to screen the effects of simple aromatic compounds

activating VOCC$ are of crucial importance in the regula- and different classes of flavonoids on high*4¢voked

tion of excitation—contraction coupling in cardiac and vas- entry of **C&* in well-characterised clonal rat GH ,C

cular smooth muscld Tsien and Tsien, 1P90 . Several pituitary cells.

flavonoids modulate protein tyrosine kinase, protein kinase

A and C dependent pathways in different cell systems

(Ferriola et al., 1989; Duarte et al., 1993a; Agullo et al.,, 2. Materials and methods

1997; Revuelta et al., 1997 . Inhibition of protein tyrosine

kinase by genistein has been shown to inhibit voltage-gated2.1. Materials

potassium channel6 Smirnov and Aaronson, 1995, and

retinal cyclic nucleotide-gated channels are inhibited as a  The culture medium, serum, lanthanium chloride, and

result of inhibition of protein tyrosine kinade Mergler et penicillin—streptomycin used for cell culture were pur-

al., 1998 . In pituitary cells, several intracellular pathways chased from Gibco BRI UK and Sigma MO, UBA .

(e.g., protein kinase A, protein kinase C and protein tyro- Dulbecco’s phosphate-buffered salife PBS was from
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Gibco BRL, and EDTA from Sigma. Falcon tissue culture in Table 1 and Fig. 1. All test compounds were dissolved
dishes of @ 35 mm( 3001 and @ 100 mim 3D03 were in dimethylsulphoxid€ DMSO, Merck, Germany .
obtained from Becton Dickinson UK . All other chemicals

were of reagent gradé® CaC( 2.0 m@il) was pur- 2.2. Cell culture
chased from Pharmacia Amersham Biotech )UK, and  The clonal rat pituitary GH € cells were originally a
Optiphase Hisafe 2 liquid scintillation solution from Fisons gift from Dr. A.H. Tashjian, Jr.( Harvard University,
Chemicals( UK . H-89,(N-[2-( p-bromocin namylaminp Boston, MA, USA . GH, G cells were cultivated accord-
ethyll-5-isoquinolinesulfonamidedihydrochloride  was ing to Tashjian, 1978 in Ham's F-10 medium supple-
purchased from Calbiochem-Novabiochem CA, USA . mented with 15% horse serum and 2.5% fetal bovine
Verapamil hydrochloride was obtained from Orion Phar- serum ( F-10) and penicillin—streptomyciG@ 9050
maceuticals( Finland . The structures and sources of thelU /ml) in a water-saturated atmosphere of 5% ,CO and
simple phenolic compounds and flavonoids are presented95% air, at 37C.

Table 1
Structures of investigated compounds and their effecton?*Ca uptake % . All values are the BiaM. of triplicate determinations
Compound 2Q.g/ml) R, R, R; R, Rs R R; Effect on Cd SEM. M,
uptake
Flavones (structure A)
Apigenirf OH H OH H H OH H -29.3 4.0 270.2
Luteolin? OH H OH OH H OH H —-51.4 7.7 286.2
Acacetirf OCH H OH H H OH H -1.39 1.9 284.3
Flavoné H H H H H H H —63.5 3.0 222.2
Vitexin? OH H OH H Glu OH H —-212 51 432.4
Vitexin-2’-O-rhamnosid& OH H OH H GluRha OH H —146 0.3 587.5
Luteolin-7-glucosid& OH H OGlu OH H OH H —16.3 1.3 448.4
Luteolin-3 ,7-glucosid® OH H OGlu Oglu H OH H -146 3.3 610.5
Flavonols (structure A)
Quercetift OH OH OH OH H OH H +54.1 6.9 302.2
Rhamnetif OH OH OCH OH H OH H +6.63 0.8 316.3
Isorhamnetif OH OH OH OCH H OH H +524 2.3 316.3
Morin? OH OH OH H H OH OH +48.0 5.9 302.2
Quercitrirf OH ORha OH OH H OH H +20.1 0.6 448.4
Rutir? OH ORut OH OH H OH H —3.88 6.0 610.5
Flavanones (structure B)
Naringenir OH OH H H OH - - —56.3 5.6 272.3
Naringirf OH ORhaGlu H H OH - - +6.5 7.5 580.5
Isoflavones (structure C)
Daidzeirf H OH OH H - - - —26.2 1.2 254.2
Genisteirt H OH OH OH - - - —-54.6 1.7 270.2
Daidzir? H OGlu OH H - - - +7.6 5.9 416.4
Genistirf H OGlu OH OH - - — -3.39 5.9 432.4
Phenylmetanes (structure D)
Benzoic acid OH H H H - - - -9.82 1.9 122.1
Gallic acid? OH OH OH OH - - - —-5.33 1.3 170.1
Syringic acid OH OCH OH OCH - - - -10.9 4.0 198.2
Methyl gallaté OCH OH OH OH - - - —-21.2 6.4 184.1
Propyl gallaté © CH), CH OH OH OH - - - =379 4.1 2122
Octyl gallaté @ CH), CH OH OH OH - - - -922 7.8 282.3
Dodecyl gallaté O CH)y; CH OH OH OH - - - —404 6.8 338.4
Phenyl propenes (structure E)
Caffeic acid OH - - - - - - +9.71 2.4 180.2
Ferulic acid OCH - - - - - - +9.23 2.1 194.2

M,,: Molecular weight of the compound /gnol).
Glu = Glucose, Oglu= OGlucose, ORha ORhamnose , ORut ORutinose, OGluRha OGlucoseRhamnose, ORhaGiOrhamnoseGlucose.
#Source: Rot Germany .
®Source: Merck Germany .
°Source: Sigm& MO, USA .
dSource: Flukg Switzerland .
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Before an experiment, the cells from a single donor SuperMix scintillation fluid( Wallag was added and the
culture were harvested with 0.02% EDTA in PBS solution radioactivity was counted using a Wallac MicroBeta
and plated onto @ 35-mm culture dishes. The cells were counter( Wallag .
cultured for 7 days in Ham’s F-20medium before each
test, with three changes of the culture medium. Fresh 2.5. The whole-cell patch-clamp technique
medium was always added 24 h prior to an experiment.

Voltage-clamp experiments were conducted using the

2.3. Measurement of “>Ca?* uptake in clonal rat pituitary whole-cell patch-clamp technique with an EPC9 amplifier
GH,C, cdlls and Pulse and Pulsefit softwafe Heka, Germany . The
patch pipettes had a resistance of 3-5 MW when

**Ca&* uptake via VOCC was measured as described filled with intracellular solution containing in mM CsCl,
previously ( Tan and Tashjian, 1984 . The medium was 120; MgATP, 5; O,0-bis(2-aminophenyl ethyleneglycol-
aspirated from the cultures and the cells were preincubatedN, N, N’, N'-tetraacetic acid BAPTA , 10 and HEPES, 10
in 1 ml buffered salt solutiof BSS; in millimolar concen- (pH 7.2). The cells were continuously superfused with
trations: NaCl, 130.6; KCI, 5.9; Ca¢l , 0.4, MgCl , 1.2; high**C&* BSS BSS supplemented with 9 mM CaCl ,
glucose, 11.8; HEPES, 18.0; pH 7.8 "Hérimala et al., and quercetin or octyl gallat¢ 2p.g/ml) was added
1992 at 37C for 10 min. After preincubation, the BSS directly to the solutions from stocks made in DMSO.
was aspirated, and 1 ml BBS containing 50 mM",K
**Ce&* (0.16 mCyml) and the test compound was added 2.6. Calculation of IC, values and statistics
to the dishes. The incubation was then continued 4€37
for 15 min. In the control experiment, the cells were SCca* uptake was measured in triplicate and repeated
incubated with BSS containing 50 mM*K*® €a( 0.16 six times. The concentration giving 50% inhibitién JQ
mCi/ml) and the vehicle. The effect of the test compounds was determined for the tested compounds by linear regres-
on basal uptake of°Ca* was tested by incubating the sion analysis of curves obtained for three do6es 0.2, 2.0
cells with normal BSS containind’C&* and the test  and 20p.g/ml; two separate determinations with triplicate
compounds. In some experiments the cells were incubateddishes , based on the idea of low, medium and high doses
with the protein kinase A-inhibitor H-80 1AM), 50 mM used for bioassays in the European Pharmacogoeia)1997 .
K*, **C&* and the test compound for 20 min. At the end Statview+ Graphic§ for Macintosh was used for the
of the incubation period, the medium was aspirated and thecalculations.
cells were washed three times with BSS buffer containing
La®* and no*>C&*. The cells were solubilized with 0.1 N
NaOH, and the cell-associated radioactivity was measured3. Results
by liquid scintillation counting( Wallac Winspectral 1414
Liquid Scintillation Counter, Wallac, Finland . Verapamil ~3.1. Inhibitory effect on “°*Ca?* uptake
hydrochloride dissolved in DMSO was used as a reference

compound. Recent studies have suggested that isoflavonoids may
inhibit VOCCs (Wijetunge et al., 1992; Wijetunge and
2.4. Measurement of cellular cAMP production Hughes, 19956 . We found that several phenolic compounds

had a clear Ca antagonistic activity similar to that of the

GH,C, cells were grown in Ham’'s FTOmedium for therapeutically used Ga channel antagonist verapamil
5-7 days. The cells were harvested by incubating them in hydrochloride. The flavone aglycones luteolin and flavone
PBS containing 0.02% EDTA. The cells were washed produced a 51.4% and a 63.5% inhibition at the highest
twice with BSS, resuspended in BSS, and aliquots were tested concentratiof 2@.g/ml). Flavones with sugar
added to test tubes containing quercétin  0.242(ml). moieties had the weakest inhibitory effect ica* up-
The cells were incubated in a water bath at@%or 20 take. The flavanone aglycone naringenin produced 56.3%
min. The incubation was terminated by the addition of inhibition at 20pg/ml. The same compound with a sugar
perchloric acid to a final concentration of 0.1 M. The moiety in the R position had negligible activity at the
samples were neutralized with KOH, and after a 10-min highest concentration testéd 20y/ml). The isoflavone
centrifugation at 72(x g the cAMP content in the super-  genistein inhibited high K-evoked™Ca* entry by 54.6%
natant was determined with a protein-binding assay asat 20 n.g/ml, while genistin( R = glucose was without
described previously Norstedt and Fredholm, 1990 , with effect. A similar result was obtained when daidzein and
the exception that the bound cAMP was separated from daidzin were tested, although the effect of daidzein was
free CAMP using a Millipore MultiScreen filtration system weaker than that of genistein Table 1 .
and glass fiber type B opaque filter platés Millipore, The phenylmetane derivatives dodecyl gallate and octyl
Finland . The filters were washed three times with 260 gallate were the most effective €achannel antagonists
of 50 mM Tris buffer (pH 7.3, dried and then 5@l of the tested phenylmetanes, showing a 40.4% and a
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92.2% inhibition at 20un.g/ml, respectively. The phenyl-
metanes benzoic, gallic and syringic acid as well as the
phenylpropenes caffeic and ferulic acid had only marginal
effects on the K -evoked uptake 6t Ta( Table 1. A
concentration—response curve was made for octyl gallate,
and from this curve an Ig; value of 150g/ml was
obtained. The IG, value obtained for verapamil was 3.0
prg/ml. Thus, the effect of octyl gallate was very similar
to that of verapamil, making it a potent inhibitor of €a
entry through VOCCs.

3.2. **Ca?* entry activators

A most surprising observation was that some of the
flavonoids and simple phenolic compounds appeared to be
potent activators of Ga enty Table 1 . The flavonoids
morin, isorhamnetin and quercetin all enhanced the K
evoked uptake of°Ca* by 48.0%, 52.4% and 54.1%,
respectively, at a concentration of 20.g/ml. The
flavonolglycoside, quercitrin, had a modest effect, while
rutin and rhamnetin were without an effect on’Caentry.

Concentration—response experiments were conducted also

for morin and quercetin, using the concentrations 0.4, 4.0
and 40.0 and 12Qug/ml. In these experiments, higher
concentrations were used in order to see whether the
enhancing effect would turn into an inhibitory effect.
However, even at the highest dose tested i2fyml),
both morin and quercetin still enhanced?Ca erftry Fig.
2).

The above results led us to test whether quercetin,
isorhamnetin, and morin per se would incred3€a*
entry, without prior K depolarization. In this experiment
quercetin still increase®Ca* entry by 43.0%. Isorham-
netin and morin increased €a entry by 13.0% under
these conditions. This effect is probably due to the sponta-
neous membrane potential oscillations in these cells, which
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Fig. 2. The activating effect of morin and quercetin orf Caentry in rat
pituitary CH,C; cells. The cells were stimulated with the indicated
concentrations of morin and quercetin, and the uptaké“r’ﬁh2+ was
measured. The points given are the meaBSsE.M. of triplicate dishes.

129
A
Quercetin
25_ ‘{ ]
o
=
S 20
o Q
w 35
sZ
T o
oL 15 -
10 T T T T
0 5 10 15 20

Concentration (ug/ml)

175
Basal

1507 Quercetin

1251
100 1
757
50 7
251

Cell-associated “°Ca®*
(% increase of basal uptake)

0 -
H-89

Fig. 3. Effect of quercetin on cellular cAMP and €aentry in CH, C,

cells. (A) Aliquots of cells were incubated with four concentrations of
quercetin( 1.0, 3.0, 10.0 and 20.@y/ml) and the cellular cAMP content
was measured as described in Materials and mettiods. B The cells were
pretreated with H-89 final concentration 10M) or with vehicle ( Con-

trol), and the high K evoked entry 8 €1 was measured. The points
given are the meansS.E.M. of triplicate dishes.

Control

result in activation of VOCCs even in the absence df K
stimulation ( Tsien and Tsien, 1990 . A possible mecha-
nism for the effects of quercetin, isorhamnetin, and morin
on C&" entry could be via cCAMP, as quercetin has been
previously shown to increase cAMP in human platelets
and to prevent their aggregation Lanza et al., 2987 .
CAMP activates protein kinase A, which in GH,C cells
upmodulates VOCC§ ‘Tornquist, unpublished results . To
test this hypothesis, we measured the effects of quercetin
on cAMP levels in GH G cells. As seen in Fig. 3A,
guercetin induced an increase in CAMP at concentrations
which increasedCa&* entry. Furthermore, the protein
kinase A inhibitor H-89 abolished the quercetin-induced
increase in™ C& entr¢ Fig. 3B, strengthening the con-
clusion that the enhanced entry 8iCa&* evoked by
guercetin is the result of an increase in cAMP and a
concomitant activation of protein kinase A leading to
upmodulation of the VOCCs.
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3.3. The effect of quercetin and octyl gallate on VOCC-
mediated membrane currents

shown in Fig. 4C and D was 143#14.2%, and that of the
late, delayed current 198:810.0%(n = 5). Fig. 4E shows
the time course of the action of quercetin on the VOCCs.
The marked increase iCa&* entry observed with ~ The onset of the quercetin effect was fairly rapid, peaking
quercetin prompted us to take a closer look at its action on in about 10 s after the onset of quercetin perfusion. Despite
VOCCs by means of the whole-cell patch-clamp tech- the pronounced rundown 8tCa&* currents typical of the
nique. As evident from Fig. 4B, quercetin 20g,/ml) experimental conditions usdd Titievsky et al., 1998 , the
induced a marked potentiation of the maximalCaur- effect of quercetin was always at least partially reversible.
rent observed upon depolarisation from a holding potential We also conducted similar experiments with octyl gal-
ranging from—70 up to —10 to + 10 mV. Quercetin also late, which had a potent inhibitory effect 8tCa&* entry,
induced a slight shift in the current—voltage relationship of as shown above. As expected, octyl gallate |26/ ml)
the VOCCs. In the control solution, the €a current produced almost complete inhibition of the VOCCs for the
peaked at around 0 mV, whereas in the presence oftransient(—73.8+ 12.2% and delaye@—84.4+ 14.2%
quercetin the maximum current was observed betweencurrents, respectively values are mean of all measure-
—10 and 0 mV. The mean quercetin-induced maximal ments of the current increase,= 4, Fig. 5. It had a
transient current observed in experiments similar to that clearly slower onset of action than quercefin data not

A Control B Quercetin
mV mV
_40 40
20 200 pAI 20
20 -20
0 50 ms 0
200 O Control 200 1 (pA)
O Control I (pA) ® Quercetin w001t °
® Quercetin  100T L4 LIS
pl ® 0
3 } + *Q —e + t 9] t
%0 20 20 o 8 oo 40 o2 20 840 60
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Fig. 4. Effect of quercetin on Ga currents in a ¢H C céll) A Family of whole-cell currents evoked under control conditions by 100-ms step
depolarization from a holding potential of 70 mV. The step potentials are indicated on the left in the order of the observed cutrents. B Currents
observed in the same cell 45 s after the start of superfusion with quetceting 2@l). (C) Plot of the current—voltage —V) relationship of the transient
peak current observed at the beginning of the depolarization step under control cor(ditions open circles and in the presence df quercetiesfilled circl

(D) 1=V plot of the late current componefit 95 ms after starting depolarizatioh . E Plot of the time course of the quercetin effect. The peak transient

inward C&% currenf T current observed upon step depolarization frati to 0 mV is plotted before, during bar and after application ofu2fy'ml
guercetin.
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Fig. 5. Effect of octyl gallate on whole-cell currents ina ¢H C dell) A The inward currents induced by step depolarization under control conditions wer
almost completely inhibited in the presence of octyl gallate u2y ml) (B).

shown . The effect of octyl gallate was not reversible abolished the effect of quercetin onCaentry, our results
within the time span of the experimerfts up to 10 jnin .  suggest that the effect of quercetin on2Caentry in
GH,C, cells is the result of an increased cAMP level in
the cells followed by a protein kinase A-mediated activa-
4. Discussion tion of the VOCCs. Several studies have shown that
phosphorylation of VOCCs by protein kinase A enhances
This is the first time simple aromatic compounds and C&" entry. In addition, stimulation of Gii C cells with
flavonoids from different subgroups have been systemati- dibutyryl cAMP, or with forskolin, enhances &a entry
cally screened in order to compare the relative potencies ofthrough VOCCY Tornquist, unpublished reslts .
the compounds on VOCCs, using cultivated rat pituitary =~ Quercetin has been shown to relax smooth muscle in
GH,C, cells as a model. The rationale for using H C  different test models, such as the main pulmonary artery
cells is that the calcium channels in these cells have beencontracted with adrenaline Abdalla et al., 1989 and the
thoroughly characterized and the cells have been used in acentral ear arterf Laekeman et al., 1986 . Morales and
multitude of studies on calcium channdls e.g., Xi et al., Lozoya(1994 have shown that there are significant differ-
1992; Fu et al., 1997; Peri et al., 2000, although in the ences in the relaxant effect of quercetin in guinea pig and
future it would be interesting to use also arterial cell lines. rat isolated aorta, the latter being more sensitive to
The results of the present study indicate that several simplequercetin. However, at low concentrations of quercetin
phenolic compounds and flavonoids are potent inhibitors they observed occasionally a slight contraction of aortic
of high K*-evoked*Ca&* entry, showing effects compa- preparations. Our findings with GH C cells are consistent
rable to those of the clinically used compound verapamil. with this as the contraction may be a consequence of the
In addition, they showed an inhibitory activity against inhibitory activity of quercetin on Ca-ATPase located in
Ca* entry similar to that of other classes of naturaPCa  the endoplasmic reticuluh Fewtrell and Gomperts, 2977 ,
channel antagonists, e.g. furanocoumatins Vuorela,)1988 .and C&" -ATPase in the plasma membréne Gietzen et al.,
Another, rather astonishing, observation was that some1981 as well as the plasma membrane bolnd" N&] ,K -
flavonoids were surprisingly potent activators of °Ca  ATPase( Kuriki and Racker, 19Y6 . These effects should
entry. Our finding thus clearly shows that structurally transiently decrease €a extrusion from the cytoplasm,
related flavonoids do not necessarily exert similar actions leading to the observed contraction.
on target cells. In rat uterine smooth muscle, the relaxing effect of
In the light of our observations, it is of interest to quercetin on depolarization-evoked contractions was due
consider the possible mechanisms of action of these com-to the quercetin-evoked increase of CANIP Revuelta et al.,
pounds. Our voltage-clamp experiments showed that1997 . Interestingly, quercetin has been reported to inhibit
quercetin markedly enhanced both the transient and thepartly purified protein kinase A from rat brain End et al.,
delayed C4&' currents, indicating that quercetin may affect 1987 . Thus, it is quite possible that the effect of quercetin
both the L- and T-type VOCCs. Quercetin also inhibits the may differ in different cell types.
contractile responses induced by increased extracellular Another mechanism of action of flavonoids is the inhi-
Ca* in K*-depolarized aortae and suppresses the sponta-bition of tyrosine-specific kinase6 Akiyama et al., 1987;
neous myogenic contractions recorded in portal veins Smirnov and Aaronson, 1995 . In GH cells, genistein
(Duarte et al., 1993b . Other studies have shown that potently inhibited the high K-evoked C4 current through
quercetin increases cellular cAMP Lanza et al., 1987; VOCCs( Cataldi et al., 1996 . It is conceivable that genis-
Duarte et al., 1993b , and our results support these find-tein also inhibited C& entry in our experiments by
ings. Furthermore, as the protein kinase A inhibitor H-89 inhibiting tyrosine kinases. However, this may not be the
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on|y mechanism of action, because daidzein which doesFewtrell, C.M.S., Gomperts, B.D., 1977. Effect of flavone inhibitors of
not inhibit tyrosine kinases: Cataldi et al., 1996 also transport ATPases on histamine secretion from rat mast cells. Nature

N . 265, 635-636.
evoked a substantial inhibition of é'aentry In our exper- Fotsis, T., Pepper, M., Adlecreutz, H., Fleischmann, G., Hase, T., Monte-

imEDtS. |t_iS interesting to note that quercetin and narin-  gano, R., Schweigerer, L., 1993. Genistein, a dietary ingested iso-
genin, which showed opposite effects or?Cantry, both flavonoid, inhibits cell proliferation and in vitro angiogenesis. Proc.
potently inhibited tyrosine kinase activity measured ac- Natl. Acad. Sci. 90, 2690—2694.

cording to the method of Swarup et 4. 1988 ~ Keri Fu, J., Scammell, J.G., Li, M., 1997. Epidermal growth factor reduces

s s L-type voltage-activated calcium current density in &H C  rat pitu-
personal communication . Recently, genistein has also been itary cells. Neuroendocrinology 65)3 , 157—163.

shown to act as a vascular protective agent, i.e. genisteingjetzen, k., Wuthrich, A., Bader, H., 1981. R24571: a new powerful

protected endothelial cells from the cytoxic effect of oxi- inhibitor of red blood cell C&'-transport ATPase and of calmodulin-

dized LDL (low-density lipoprotein( Kapiotis et al., 1997 . regulated function. Biochem. Biophys. Res. Commun. 101, 418-425.

Harmala, P., Vuorela, H., Tornquist, K., Hiltunen, R., 1992. Choice of
solvents in the extraction ofAngelica archangelica roots with refer-
ence to calcium blocking activity. Planta Med. 58, 176—-183.

Hertog, M.G.L., Feskens, E.J.M., Hollman, P.C.H., Katan, M.B.,
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