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Abstract

The objective of this study was to determine the vasodilating effect of 3h-hydroxy-5-spirostene (diosgenin), a phytoestrogen found in

wild yams, using porcine resistance left anterior descending coronary artery. In 5-hydroxytryptamine (3 AM) pre-contracted preparation,

diosgenin caused a concentration-dependent (0.01 to 1 AM), endothelium-independent relaxation, with a maximum relaxation of ~72% at 1

AM. No apparent effect was observed with 17h-oestradiol and progesterone with concentrations V0.3 AM, and a relaxation of ~15% and

~23% caused by 17h-oestradiol (1 AM) and progesterone (1 AM), respectively. Diosgenin-elicited relaxation was not altered by 7a,17h-
[9[(4,4,5,5,5-pentafluoropentyl)sulfinyl]nonyl]estra-1,3,5(10)-triene-3,17-diol (ICI 182,780), mifepristone, (+)-bicuculline, cis-N-(2-phenyl-

cyclopentyl)azacyclotridec-1-en-2-amine (MDL 12330A), glibenclamide and scavengers of reactive oxygen species. The iberiotoxin-

sensitive, Ca2+-activated K+ (BKCa) current of single vascular myocytes recorded, using patch-clamp techniques, was markedly enhanced by

diosgenin, 17h-oestradiol and progesterone. Application of (9S, 10R, 12R)-2,3,9,10,11,12-hexahydro-10-methoxy-2,9-dimethyl-1-oxo-9,12-

epoxy-1H-diindolo[1,2,3-fg:3V,2V,1V-kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid methyl ester (KT 5823, 300 nM) eradicated the

enhancement of BKCa amplitude. Diosgenin, 17h-oestradiol and progesterone did not affect whereas phloretin, biochanin A and zearalanone

(1 AM each) significantly suppressed [Ca2+]o-induced contraction. In oestrogen competition essay using human breast cancer cell (MCF-7

cells), diosgenin (0.001 nM to 10 AM) did not interact with oestrogen receptor-a, and no displacement of [3H]17h-oestradiol was observed.
In oestrogen receptor a- and h-fluorescence polarization competitor assay, diosgenin (100 AM) demonstrated a greater competition with the

h-isoform of oestrogen receptor. These results suggest that diosgenin caused an acute, endothelium-independent coronary artery relaxation

via protein kinase G signalling cascade and an activation of BKCa channel of arterial smooth muscle cells. The oestrogen receptor (a and h-
isoforms) and progesterone receptor are probably not involved.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction pause. Cessation/reduction of the production of ovarian
It is well known that women are less susceptible than

men to cardiovascular diseases until they reached meno-
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hormone oestrogen as women enter the menopause is

accompanied by an increased incidence of coronary vascular

diseases (Stampfer et al., 1991) and the development of

osteoporosis. In order to solve this problem, hormone

replacement therapy (oestrogen plus progestin) is recom-

mended for women who have developed menopausal-
logy 502 (2004) 123–133
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related discomforts. However, the cardioprotection con-

ferred by hormone replacement therapy has been questioned

recently (Baber et al., 2003; Wassertheil-Smoller et al.,

2003). Women who take long-term oestrogen therapy

appear to have ~30% greater chance of developing breast

cancer (Cummings, 1991) and uterus cancer. In lieu of these

side effects, there is an urgent need in searching for an

alternative agent that possesses the beneficial property of

oestrogen (e.g. coronary artery dilatation).

Phytoestrogens are nonsteroidal compounds present in a

variety of products, and consumption of diet (e.g. soybean)

rich in phytoestrogens (e.g. genistein and daidzein) has been

suggested providing protection against certain oestrogen-

dependent diseases. Diosgenin (3h-hydroxy-5-spirostene) is
a plant-derived sapogenin that has been suggested structur-

ally bfairly similarQ to progesterone (Fig. 1). Diosgenin is the
precursor for the industrial large-scale synthesis of different

hormones including progesterone (Marker et al., 1940) and
Fig. 1. Chemical structures of diosgenin, progesterone, and 17h-oestradiol (top p

hydroxytryptamine (5-HT) (5-HT: 3 AM, endothelium intact; 5-HT: 0.9 AM, endothe

(middle panel). Calibration bars: 0.5 g and 7 min. Summary of the relaxation effec

mifepristone (10 AM,E), KT 5823 (300 nM,z), and iberiotoxin (100 nM, x) on 5
artery (endothelium intact). Relaxation effects of progesterone (5) and 17h-oestrad
meanFS.E.M., n=5–6.
norethisterone. It is therefore believed that diosgenin can be

converted into progesterone and other sex steroids in vivo.

However, the commercial synthesis of progesterone and

norethisterone from diosgenin involved very complex,

multiple steps. It is unlikely that the metabolic conversion

of diosgenin into various sex steroids occurred in vivo. In the

market, there are over 50 formulations/creams that contained

extract of wild yam Dioscorea villosa. Diosgenin present in

the cream may confer oestrogen-like beneficial effects when

applied topically. However, the scientific evidence is scare,

and the long-term beneficial effect of diosgenin on relieving

post-menopausal symptoms is questionable (Komesaroff et

al., 2001).

It has been reported that diosgenin retarded the pro-

gression of osteoporosis (Higdon et al., 2001), and

possessed hypocholesterolemic (Juarez-Oropeza et al.,

1987) and anti-inflammatory (Yamada et al., 1997) effects

in rat. In addition, diosgenin stimulated the growth of
anel). Representative recordings of the relaxation effects of diosgenin on 5-

lium denuded) pre-contracted porcine left anterior descending coronary artery

t of diosgenin (o, control), and in the presence of ICI 182,780 (10 AM,.),

-hydroxytryptamine pre-contracted porcine left anterior descending coronary

iol (D) are included for comparison (bottom panel). Results are expressed as
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mammary gland of ovariectomized mouse (Rao and Kale,

1992) as well as inducing apoptosis and cell cycle arrest in

osteosarcoma cells (Moalic et al., 2001; Corbiere et al.,

2003). In isolated frog hearts (Gomita et al., 1982) and

cultured myocardial cells of ICR mouse embryo (Namda et

al., 1989), diosgenin glycosides altered myocardial activities

probably through the modulation of [Ca2+]o flux across the

plasma membrane. However, the involvement of oestrogen

(a- and h-isoforms)/progesterone receptors is not known, as

the effect of oestrogen receptor-a antagonist 7a,17h-
[9[(4,4,5,5,5-pentafluoropentyl)sulfinyl]nonyl]estra-

1,3,5(10)-triene-3,17-diol (ICI 182,780) (Wakeling et al.,

1991) and progesterone receptor antagonist mifepristone

(Schreiber et al., 1983) on diosgenin-induced responses has

not been evaluated.

In the literature, there is a wealth of information

demonstrated that an acute administration of 17h-oestradiol
caused a non-genomic, endothelium-independent vascular

relaxation (Jiang et al., 1991) through inhibition of Ca2+

influx through L-type Ca2+ (ICaL) channel as well as

activation of high-conductance, Ca2+-activated K+ (BKCa)

channels (White et al., 1995). In contrast, the cardiovascular

effect of diosgenin and the underlying mechanism involved

are not known. Hence, we have examined the coronary

artery relaxation effects of diosgenin and the participation of

ICaL and BKCa channels. For comparison, coronary artery

relaxation effects of 17h-oestradiol, progesterone and other

phytoestrogenic compounds such as phloretin, biochanin A

and zearalanone (Li and Li, 1998) were determined.
2. Methods

2.1. Preparation of porcine coronary artery

Fresh hearts were obtained from pigs (either sex, weight

~20 kg, total number of animals used: 186) that were

slaughtered in the morning of the experiment at a local

slaughterhouse. The heart was immediately immersed in an

ice-cold physiological salt solution before transported by

train to the laboratory in 30 min. Segment of the left anterior

descending coronary artery (tertiary branch, O.D. ~500–800

Am) was dissected within an hour after the animal was

slaughtered. Fat and connective tissue were carefully

removed under the dissecting microscope. Care was taken

not to touch the lumen of the coronary artery during

dissection. Three to four arterial rings (each 1 mm in length)

were obtained from each heart, and only one ring was used

for each drug treatment.

2.2. Isometric tension measurement

2.2.1. Relaxation effect of phytoestrogens on pre-contracted

coronary artery

The left anterior descending coronary arterial ring was

mounted in a 5-ml organ-bath containing Krebs’ solution
(gassed with 16% O2–5% CO2 balanced with N2 ( pO2

~110 mm Hg) (MacLean et al., 1996), pH 7.4, 37F1 8C)
of the following composition (mM): NaCl 118, KCl 4.7,

MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, glucose 11 and

CaCl2 1.8. In some preparations, endothelium was care-

fully removed by gentle rubbing the intima of the blood

vessel with a stainless steel wire (50 Am), and confirmed

by the failure of acetylcholine (10 AM)-induced relaxation.

Increasing concentrations of individual phytoestrogen were

administered at half-log increments at the plateau of the

previous response. The response at each concentration of

drug added was measured using the MacLab Chart v 3.6

program (AD Instruments, Australia). Preparations were

equilibrated under the resting tension of 10F1 mN in the

bath solution for 90 min. Resting tension was readjusted,

if necessary, before commencing the experiments. Relax-

ation in response to relaxant was expressed as % of 5-

hydroxytrptamine (3 AM)-induced tone, and 100% relax-

ation was considered when active tone returned to

baseline level. In the preliminary study (n=5), 3 AM 5-

hydroxytryptamine yielded a sustained contraction which

is ~85% of 5-hydroxytryptamine-induced maximum con-

traction (observed at 10 AM) of the left anterior

descending coronary artery. Manoeuvres such as admin-

istration of NG-nitro-l-arginine methyl ester (l-NAME),

iberiotoxin, (9S, 10R, 12R)-2,3,9,10,11,12-Hexahydro-10-

methoxy-2,9-dimethyl-1-oxo-9,12-epoxy-1H -diin-

dolo[1,2,3-fg:3V,2V,1V-kl]pyrrolo[3,4-i][1,6]benzodiazocine-
10-carboxylic acid methyl ester (KT5823) and endothe-

lium denudation resulted in an enhanced 5-hydroxytrypt-

amine (3 AM)-induced tone (~34% increase) ,

concentration of 5-hydoxytryptamine was therefore

adjusted accordingly (0.6–1 AM) in order to have a

similar magnitude of active tone.

2.2.2. Effect on [Ca2+]o concentration–response of coro-

nary artery under resting tension

Coronary arterial rings (endothelium-denuded) were

incubated in [Ca2+]o-free physiological salt solution con-

taining ethylene glycol-bis(2-aminoethylether)-N,N,NV,NV-
tetraacetic acid (EGTA, 0.5 mM) for 10 min. The [Ca2+]o
concentration-dependent contraction curve was then per-

formed in high [K+]o (50 mM) depolarising solution

(control, 2.5 mM [Ca2+]o-induced contraction was consid-

ered as 100% maximum contraction). In the preliminary

study performed in normal [Ca2+]o-containing solution,

cumulative addition of [K+]o elicited arterial contraction

and the maximum response occurred at 50 mM [K+]o (n=6).

Rings were then washed with Krebs’ solution for 30 min

and incubated in [Ca2+]o-free physiological salt solution

(with 0.5 mM EGTA) for a further 30 min. Subsequently,

individual agent of a particular concentration was adminis-

tered 30 min before the construction of [Ca2+]o concen-

tration-dependent contraction curve was repeated (treated)

and compared. Only one concentration of individual agent

was tested in each tissue.
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2.3. Enzymatic dissociation of coronary artery smooth

muscle cells

Stripe of left anterior descending coronary artery (1�1
mm) was placed in an Eppendorff tube (1.5 ml)

containing a low [Ca2+]o dissociation medium of the

following composition (in mM): NaCl 110, KCl 5,

NaH2PO4 0.5, KH2PO4 0.5, NaHCO3 10, HEPES 10,

Phenol Red 0.015, taurine 10, creatine 5, Na pyruvate 5,

glucose 11, CaCl2 0.16, MgCl2 2, l-ascorbic acid 0.3 and

ethylenediaminetetraacetic acid (EDTA) 0.5 (pH 7.0 with

NaOH). The arterial stripe was incubated for 45–60 min at

37 8C of the above solution (vol. 1 ml) with the

supplement of 6 mg dithiothreitol (Sigma-Aldrich Chem-

icals, USA), 2.0 mg papain (Fluka, Switzerland), 7.5 mg

collagenase (Type 2, Worthington Biochemicals, USA)

and 2 mg bovine serum albumin (essential fatty acid-free)

(Sigma-Aldrich Chemicals). After incubation, the digested

tissue was transferred to enzyme-free dissociation

medium, and gently triturated with a fire-polished pasture

pipette to dislodge smooth muscle cells. Electrophysio-

logical measurements were carried out only on cells that

exhibited morphological features of vascular smooth

muscle cells (an elongated, spindle shape, ~100 Am in

length) when observed under the microscope (Au et al.,

2003). Moreover, parallel observations were made using

aliquots of cells (relaxed) and demonstrated a reversible

contractile response to high [K+]o (50 mM).

2.4. Electrophysiological measurement

A drop of cell suspension was placed in a glass-bottom

recording chamber (vol. ~0.5 ml), mounted on the stage of

an inverted microscope (Nikon Diaphot 200, Japan)

equipped with a Hoffman Modulation Contrast condenser,

containing a physiological salt solution of the following

composition (mM): NaCl 132, KCl 4.8, 4-(2-hydroxye-

thyl)piperazine-1-ethanesulfonic acid (HEPES) 10, MgCl2
2, glucose 5 and CaCl2 1 (pH 7.4 with NaOH). Cells that

were relaxed and have a cleared edge observed under the

microscope were used in this study. Voltage-clamp and

voltage-pulse generation were controlled with an Axopatch

200A patch-clamp amplifier (Axon Instruments, Forster

City, CA, USA), and data were acquired and analysed using

pCLAMP software (Axon Instruments).

In all experiments, the large-conductance Ca2+-activated

K+ (BKCa) current amplitude was recorded at room temper-

ature (~22 8C) using the single micropipette "giga-seal"

whole-cell, perforated-patch techniques. Families of macro-

scopic BKCa currents were generated by stepwise 20 mV

depolarising pulses (pulse duration: 500 ms, holding

potential=�70 mV) from �70 to 90 mV, stimulated at

0.166 Hz. The external recording solution contained (mM):

NaCl 140, KCl 5, CaCl2 1, MgCl2 2, HEPES 10, glucose 5

(pH 7.4 with NaOH). The tip of the pipette was dipped (for

~15 s) into internal solution containing (mM): K2SO4 60,
KCl 30, MgCl2 5, CaCl2 5, HEPES 5 and MgSO4 40 (pH

7.2 with KOH) (Ruehlmann et al., 1998; White et al., 2002).

The remainder of the patch pipette was back-filled with the

same solution to which amphotericin B (6 mg ml�1) was

added. Series resistance was compensated to provide the

fastest decay of the capacitative current with no sign of

ringing. Pipettes were fabricated from haematocrit glass

capillaries (Accu-Fill 90 Micropet, Clay Adams, USA) and

pulled on a two-stage vertical pipette puller (PP-83;

Narishige Scientific Instruments, Japan). The pipette tip

was position near the nuclear region of the coronary artery

smooth muscle cell (dimension ~10 Am) using an oil-based

hydraulic micro-manipulator (Narishige Scientific Instru-

ments). Current amplitude recorded was filtered at 5 kHz

and sampled at 3–10 kHz. Cell membrane capacitance was

estimated, as previously described (Matsuda et al., 1990; Au

et al., 2003), and it was 19.2F2.3 pF (n=20). Current

amplitude, expressed as current density (in pA/pF), was

recorded before (control), during (treated) and after (wash)

the administration of a particular drug (Fig. 2). Only one

concentration of individual drug was tested in each cell.

Cells with visible change in leakage currents during the

course of study were discarded and excluded from analysis.

External solution was delivered, through gravity, and

controlled by solenoid valves coupled to a 4-channel valve

driver (General Valve, USA). Solution change (~5 ml,

which is 10 times the volume of the recording chamber)

could be completed in 15–20 s.

2.5. Measurement of the dissociation of [3H]17b-oestradiol
receptor complexes

The procedures of oestrogen competition assay have

been reported previously (Olea-Serrano et al., 1985).

Human breast cancer cell line (MCF-7 cells) was

purchased from American Type Culture Collection

(USA), and cells were maintained in our laboratory as

monolayer culture. Before the commencement of the

competition assay, cells were cultured in Roswell Park

Memorial Institute (RPMI) tissue culture medium supple-

ment with phenol red (Gibco-RBI, USA). Cells were then

plated on 24-well plates with the cell density of 1�105. On
the next day, the medium was replaced with assay medium

(RPMI medium without phenol red) (Sigma-Aldrich

Chemicals), with 10% steroid-depleted fetal calf serum

and 1% Penicillin–Streptomycin (Gibco-RBI). Cells were

incubated in this medium for two days before ligand

binding essay experiment was performed. After 4 days, the

growth medium was replaced by serum-free medium

containing [3H]17h-oestradiol (71 Ci/mmol) (Life Tech-

nology, USA) for 60 min (37 8C) with 2.82 nM [3H]17h-
oestradiol in the absence or presence of different concen-

trations of either non-radioactive 17h-oestradiol (served as

a positive control) or diosgenin. After removal of the

growth medium, labelled cells were washed three times

with ice-cold phosphate buffer saline. The incorporated



Fig. 2. Effect of diosgenin, 17h-oestradiol (17h-E) and progesterone (Prog) on iberiotoxin-sensitive, Ca2+-activated K+ channel (BKCa) current. Inset shows

representative steady-state BKCa recorded in the presence of diosgenin (Dios, 0.1, 0.3, 1 AM), 17h-oestradiol (17h-E, 1 AM) and progesterone (Prog, 1 AM).

BKCa recorded in control and after wash of individual cell are included for comparison. Families of macroscopic BKCa currents were generated by stepwise 20

mV depolarising pulses (pulse duration: 500 ms, holding potential=�70 mV) from�70 to 90 mV, stimulated at 0.166 Hz. Calibration bars: 1000 pA and 250 ms.
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[3H]17h-oestradiol retained in cells (after the administra-

tion of different concentrations of unlabelled competitors)

was extracted using absolute ethanol (1 ml) (45 min, at
room temperature), and transferred the aliquot of ethanol to

mini scintillation vials (contained 2 ml of scintillation

liquid) for radioactivity counting.
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2.6. Oestrogen receptor (a- and b-) competitor assay using
fluorescence polarization

In these studies, we have used commercial preparations

of full-length recombinant, human oestrogen receptor-a

(ERa) and -h (ERh) (Pan Vera, Madison, WI, USA) and the

fluorescein-labeled oestrogen (Fluormone ES2). They were

purchased from Pan Vera. An initial oestrogen receptor-

fluorescein-labeled oestrogen complex has high polarization

value. When the fluorescein-labeled oestrogen complex was

titrated with different concentrations of competitors, oes-

trogen molecules (fluorescein-labeled) are displaced from

the oestrogen receptor complex, and a gradual decrease in

the fluorescence polarization is observed.

All competitive compounds (17h-oestradiol and diosge-

nin) were prepared as 10 mM stocks in dimethyl sulphoxide.

In triplicate, these compounds were serially diluted in

bovine gamma globulin/phosphate buffer (Pan Vera) on a

black, flat-bottom, 96-well plate (NUNC, USA). A mixture

of either ERa or ERh and Fluormone ES2 was added to the

diluted competitors, and the final concentration of ES2 in all

wells was 1 nM. For ERa experiments, the final concen-

tration of the receptor was 15 nM, while in ERh experi-

ments, the receptor was at a final concentration of 10 nM

(Parker et al., 2000). Then, the plate was incubated at room

temperature for 2 h. The fluorescence polarization (in

milllipolarization, mP) of each well was measured using

Polarion Fluorescence Polarization Instrument (TECAN,

Research Triangle Park, NC, USA) equipped with a 485-nm

excitation filter and 535-nm emission filter, as recommen-

ded by the manufacturer.

2.7. Chemicals

All chemicals for preparing physiological salt sol-

ution, dissociation medium, external recording solution

and internal pipette solution were purchased from

Sigma-Aldrich Chemicals. 17h-Oestradiol, progesterone,

3h-hydroxy-5-spirostene (diosgenin), 3-[4-hydroxy-

phenyl]-1-[2,4,6-trihydroxyphenyl]-1-propanone (phlore-

tin), 5,7-dihydroxy-4V-methoxyisoflavone (biochanin A),

2,4-dihydroxy-6-[10-hydroxy-6-oxo-undecyl]benzoic acid

A-lactone (zearalanone), 5-hydroxytryptamine hydrochlor-

ide, indomethacin, sodium nitroprusside dihydrate, gli-

benclamide, NG-nitro-l-arginine methylester hydrochloride

(l-NAME), 4,5-dihydroxy-1,3-bezene-disulfonic acid diso-

dium (Tiron), superoxide dismutase, catalase and 2,2,6,6-

tetramethylpiperidine-N-oxyl (TEMPO) were purchased

from Sigma-Aldrich Chemicals. cis-N-(2-phenylcyclopen-

tyl)azacyclotridec-1-en-2-amine hydrochloride (MDL

12330A) and (9S, 10R, 12R)-2,3,9,10,11,12-hexahydro-

10-methoxy-2,9-dimethyl-1-oxo-9,12-epoxy-1H -diin-

dolo[1,2,3-fg:3V,2V,1V-kl]pyrrolo[3,4-i][1,6]benzodiazocine-
10-carboxylic acid methyl ester (KT 5823) were obtained

from Calbiochem–Novabiochem (San Diego, CA, USA).

Mifepristone, 7a,17h-[9[(4,4,5,5,5-pentafluoropentyl)sulfi-
nyl]nonyl]estra-1,3,5(10)-triene-3,17-diol (ICI 182,780)

and (+)-bicuculline were purchased from Tocris Cookson

(Bristol, UK). Iberiotoxin was purchased from Alomone

Labs (Israel).

2.8. Statistical analysis

All data were expressed as meanFS.E.M. Statistical

significance was determined by Student’s t-test and analysis

of variance (ANOVA), where appropriate. In organ-bath

experiment, n=no. of heart used whereas in patch-clamp

electrophysiology study, n=no. of single cells used. Pb0.05

was considered significantly different from controls.
3. Results

3.1. Relaxation effect of different phytoestrogens on porcine

isolated left anterior descending coronary artery

Cumulative administration of diosgenin caused a con-

centration-dependent (0.01 to 1 AM) (n=6) relaxation of pre-

contracted (by 5-hydroxytryptamine) coronary artery (Fig.

1). The steady-state effect of individual concentration of

diosgenin was achieved ~7 min after drug addition (Fig. 1).

Maximum relaxation of 72.3F4.1% was achieved at 1 AM
(the highest concentration used in this study, as the yield of

diosgenin found in Dioscorea plants is low) (Quigley,

1978). Removal of endothelium (n=5) and inhibition of

nitric oxide synthase (using NG-nitro-l-arginine methyl

ester (l-NAME) 20 AM) (n=6) caused no apparent effect

on diosgenin-elicited relaxation, compared to endothelium-

intact controls (Fig. 1). In endothelium-denuded prepara-

tions, iberiotoxin (100 nM, a potent large-conductance,

Ca2+-activated K+ channel blocker) (n=4) and (9S, 10R,

12R)-2,3,9,10,11,12-hexahydro-10-methoxy-2,9-dimethyl-

1-oxo-9,12-epoxy-1H-diindolo[1,2,3-fg :3V,2V,1V-kl]pyr-
rolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid methyl

ester (KT 5823, 300 nM, a highly specific protein kinase

G inhibitor) (n=5) abolished diosgenin-elicited relaxation

(Fig. 1). In preparations pre-contracted with high [K+]o (35

mM), the magnitude of diosgenin-elicited relaxation

observed was drastically attenuated (1 AM diosgenin,

relaxation: 13.6F5.2%) (n=5, Pb0.01).

Diosgenin-induced relaxation (in both endothelium-

intact and -denuded preparations) was not altered by

following drugs pre-treatment. They are: indomethacin (1

AM, a cyclo-oxygenase inhibitor) (n=5–6), (+)-bicuculline

(1 AM, a GABAA receptor antagonist) (n=5–6), 7a,17h-
[9[(4,4,5,5,5-pentafluoropentyl)sulfinyl]nonyl]estra-

1,3,5(10)-triene-3,17-diol (ICI 182,780) (1 and 10 AM, an

oestrogen receptor-a antagonist) (n=4–5) (Fig. 1), mifepri-

stone (1 and 10 AM, a progesterone receptor antagonist)

(n=5–6) (Fig. 1), cis-N-(2-phenylcyclopentyl)azacyclotri-

dec-1-en-2-amine (MDL 12330A) (1 AM, an adenylate

cyclase inhibitor) (n=4–5), superoxide dismutase (500 U/ml)
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(n=5–7), 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO)

(500 AM, a cell-permeant nitroxide that acts to catalyse O2
�

dismutation) (n=5–6) (Krishna et al., 1992), catalase (2000

U/ml) (n=5–6), diphenylene iodonium (5 AM, an inhibitor of

flavin-containing enzymes such as NAD(P)H oxidases)

(n=5–6), 4,5-dihydroxy-1,2-benzene disulfonic acid (Tiron)

(10 mM, a superoxide anion scavenger) (n=6–7) and

glibenclamide (3 AM, an ATP-sensitive K+ channel blocker)

(n=5–6) (data not shown). None of these drugs altered the

resting tension or 5-hydroxytryptamine-induced tone of

coronary artery (data not shown).

17h-Oestradiol (V0.3 AM) failed to cause an apparent

effect on active tone of pre-contracted coronary artery, and a

relaxation of 15.4F3.3% was achieved at a non-physio-

logical concentration of 1 AM (n=5) (Fig. 1). Endothelial

denudation (n=5) and incubation with l-NAME (20 AM)

(n=4) resulted in an attenuation of 17h-oestradiol-induced
relaxation (8.2F3.1%). In preparations (endothelium-

denuded) pre-contracted with high [K+]o (35 mM), a

minimal relaxation was recorded (3.0F1.1%) (n=5). Appli-

cation of ICI 182,780 (1 AM) (n=5), iberiotoxin (100 nM)

(n=4) eradicated 17h-oestradiol-induced relaxation,

whereas mifepristone (1 and 10 AM) (n=5–6), indomethacin

(1 AM) (n=5) and MDL 12330A (1 AM) (n=5) failed to alter

the relaxation response (in both endothelium-intact and -

denuded preparations).

Similar to 17h-oestradiol, progesterone managed to elicit

relaxation of pre-contracted coronary artery only with

concentrations N0.3 AM, and a relaxation of 23.5F5.4%

was recorded at a non-physiological concentration of 1 AM
(n=5) (Fig. 1). However, endothelial denudation (n=4) and

the presence of l-NAME (20 AM) (n=5) failed to alter

progesterone-elicited relaxation (data not shown). In prep-

arations pre-contracted with high [K+]o (35 mM), there was

a minimal relaxation (endothelium-denuded preparations)

recorded (5.1F2.3%) (n=5). Mifepristone (1 AM) (n=6) and

iberiotoxin (100 nM) (n=4) abolished progesterone-induced

relaxation, whereas ICI 182,780 (1 AM) (n=5), (+)-bicucul-

line (1 AM) (n=5), indomethacin (1 AM) (n=6) and MDL

12330A (1 AM) (n=5) did not alter progesterone-induced

response.

Other phytoestrogenic compounds phloretin, biochanin

A and zearalanone failed to elicit relaxation of pre-

contracted coronary artery with concentrations V0.3 AM.

Relaxation response of 12.2F4.1%, 24.3F3.5% and

19.5F3.4% was recorded with phloretin (1 AM) (n=5),

biochanin A (1 AM) (n=5) and zearalanone (1 AM) (n=6),

respectively. Endothelial denudation, l-NAME (20 AM),

iberiotoxin (100 nM) (n=4), mifepristone (1 AM), ICI

182,780 (1 AM), indomethacin (1 AM) and MDL 12330A

(1 AM) did not alter the relaxation response (n=5–6 for each

agent) (data not shown). A similar magnitude of relaxation

caused by phloretin (1 AM), biochanin A (1 AM) and

zearalanone (1 AM) was recorded in preparations pre-

contracted with high [K+]o (35 mM) (phloretin,

10.1F3.3%; biochanin A, 20.8F5.2%; zearalanone,
18.3F4.6%), compared to 5-hydroxytryptamine pre-con-

tracted tissues (n=5–6) (PN0.05).

3.2. Effect on iberiotoxin-sensitive, Ca2+-activated K+

(BKCa) channels

The outward current recorded under our conditions was

markedly inhibited (~85% inhibition) by iberiotoxin (100

nM) (n=4) (BKCa amplitude measured at +90 mV, control:

71F5 pA/pF vs. iberiotoxin: 11F4 pA/pF) (Pb0.001)

indicating that the current recorded in this study is the

genuine large-conductance, Ca2+-activated K+ (BKCa)

channel. Application of diosgenin (0.1, 0.3 and 1 AM)

caused a concentration-dependent enhancement of outward

BKCa amplitude (diosgenin: 0.1 AM, 88F4 pA/pF; 0.3 AM,

102F6 pA/pF; 1 AM, 133F9 pA/pF) (n=7–9) (Pb0.05

compared to control 71F5 pA/pF) (Fig. 2), and KT 5823

(300 nM) blunted the enhancement (with KT 5823, 78F6

pA/pF, n=5, PN0.05 compared to control).

17h-Oestradiol (1 AM), progesterone (1 AM) and sodium

nitroprusside (30 AM, a nitric oxide donor) increased BKCa

amplitude by ~22%, ~18% (Fig. 2) and ~57%, respectively

(Pb0.05 compared to control). Similar to diosgenin, the

enhancement of BKCa was eradicated by KT 5823 (300 nM)

(17h-oestradiol, 78F6 pA/pF; progesterone, 70F4 pA/pF;

sodium nitroprusside, 76F5 pA/pF, n=5) (n=4–5, PN0.05

compared to control).

In contrast, phloretin (1 AM) (n=5), biochanin A (1 AM)

(n=5) and zearalanone (1 AM) (n=6) failed to modify BKCa

amplitude (phloretin, 75F5 pA/pF; biochanin A, 77F8 pA/

pF; zearalanone, 72F5 pA/pF) (PN0.05 compared to

control).

3.3. Effect on [Ca2+]o-induced contraction of endothelium-

denuded porcine coronary artery

In the preliminary study, the reproducibility of [Ca2+]o-

induced coronary artery (endothelium-denuded) contraction

was determined. Two concentration–response curves of

[Ca2+]o-induced (1 AM to 2.5 mM) contraction were

constructed in each preparation (with 45 min in between

for rest), and two curves overlapped with each other (n=5)

(Au et al., 2003). Diosgenin (1 AM) (n=6) (Fig. 3), 17h-
oestradiol (1 AM) (n=5) and progesterone (1 AM) (n=6) did

not alter [Ca2+]o-induced contraction. In contrast, phloretin

(1 AM) (n=6), biochanin A (1 AM) (n=6) and zearalanone (1

AM) (n=7) markedly suppressed [Ca2+]o-induced contrac-

tion (Fig. 3).

3.4. Measurement of the binding of [3H]17b-oestradiol
receptor-a, and oestrogen receptor-a and -b competitor

fluorescence polarization assay

To evaluate the participation of oestrogen receptor-a,

effect of diosgenin on [3H]17h-oestradiol binding was

determined using MCF-7 cells (a human breast cancer cell
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line used for oestrogen receptor-a binding assay) (Olea-

Serrano et al., 1985). Over the concentrations tested (0.001

nM to 10 AM), diosgenin failed to demonstrate a competi-

tion with oestrogen, and no apparent displacement of

[3H]17h-oestradiol was observed (Fig. 4A). However, the
Fig. 4. (A) Effect of diosgenin (.) and 17h-oestradiol (o) on the

incorporation of [3H]-17h-oestradiol of human breast cancer cell line

(MCF-7 cells). Results are expressed as meanFS.E.M., and experiments

were performed in triplicate. (B) The affinity of diosgenin (.,z) and 17h-
oestradiol (o,q) for oestrogen receptor-a (ERa) (circle) and oestrogen

receptor-h (ERh) (inverted triangle) were determined by their ability to

displace the fluorescent ligand ER2 from ERa and ERh using FP-based

competition assay. The fluorescence polarization (mP) was plotted against

the log concentration of the test compound. Results are expressed as

meanFS.E.M., and experiments were performed in triplicate.

Fig. 3. Effect of diosgenin (A), phloretin (B), biochanin A (C) and

zearalanone (D) (each at 1 AM) on [Ca2+]o-induced contraction of porcine

isolated left anterior descending coronary artery (endothelium denuded,

bathed in a depolarizing (50 mM [K+]o) physiological salt solution). Results

are expressed as meanFS.E.M. * indicated Pb0.05 compared to control

(o), n=5–6.
non-labelled 17h-oestradiol (0.001 to 10 nM) competed

with [3H]17h-oestradiol and a displacement of [3H]17h-
oestradiol binding was demonstrated (Fig. 4A).

In oestrogen receptor (a- and h-) competitor assay,

diosgenin (0.01 nM to 1 AM) did not cause an apparent

change of fluorescence polarization recorded (Fig. 4B).

However, a further increase in concentration (10 AM)

caused a decrease in polarization of the Fluoromone, with

a relatively greater shift in oestrogen receptor-h assay (Fig.

4B). In contrast, 17h-oestradiol elicited a similar magnitude

of fluorescence polarization shift in both oestrogen receptor

(a- and h-) competitor assays (Fig. 4B).
4. Discussion

In the present study, we provided evidence that

diosgenin caused an acute relaxation of pre-contracted

(by 5-hydroxytyptamine) porcine isolated left anterior

descending coronary artery over nano- and low micro-

molar (1 AM) concentrations. Our results demonstrate that

the functional endothelium/nitric oxide release plays no
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apparent role as mechanical removal of endothelium and

inhibition of nitric oxide synthase failed to modify

diosgenin-induced relaxation.

In arterial preparations pre-contracted with a high [K+]o
physiological salt solution, diosgenin-mediated coronary

artery relaxation was significantly reduced suggesting that

opening of K+ channels is responsible. In rat isolated

thoracic aorta, 17h-oestradiol-mediated relaxation is partly

due to the opening of ATP-sensitive, K+ channels IKATP

(Unemoto et al., 2003). However, the failure of glibencla-

mide (an IKATP blocker) in modifying diosgenin-elicited

vasodilatation argued about the participation of IKATP

opening.

In addition to IKATP, we have evaluated the partic-

ipation of iberiotoxin-sensitive, large-conductance Ca2+-

activated K+ (BKCa) channels. Interestingly, the outward

BKCa magnitude recorded in vascular myocytes was

markedly enhanced by diosgenin in a concentration-

dependent manner. Consistent with previous studies

(Valverde et al., 1999; Jacob and White, 2000; Liu et

al., 2002), 17h-oestradiol (1 AM), progesterone (1 AM)

and sodium nitroprusside (30 AM) activated the outward

BKCa. In addition, diosgenin- and sodium nitroprusside-

mediated enhancement of BKCa was abolished by KT

5823 (a protein kinase G inhibitor) (Grider, 1993), but not

by MDL 12330A (an adenylate cyclase inhibitor) (Cor-

reia-de-Sa and Ribeiro, 1994). Hence, ours results suggest

that diosgenin-elicited coronary artery relaxation probably

involved activation of protein kinase G whereas the

adenylate cyclase pathway is not important.

In addition to K+ channels opening, inhibition of Ca2+

channels is responsible for the relaxation of rat isolated

thoracic aorta by 17h-oestradiol and progesterone

(Unemoto et al., 2003). In the present study, neither

diosgenin, 17h-oestradiol nor progesterone (each at 1 AM)

altered [Ca2+]o-induced coronary artery contraction sug-

gesting that an inhibition of the influx of [Ca2+]o is

probably not responsible for the observed relaxation.

Other phytoestrogenic compounds phloretin (1 AM),

biochanin A (1 AM) and zearalanone (1 AM) elicited an

endothelium-independent relaxation, as reported in rabbit

isolated coronary artery (Figtree et al., 2000). Consistent

with previous study (Figtree et al., 2000), effects of these

compounds probably act via an inhibition of influx of

[Ca2+]o, as these agents suppressed [Ca2+]o-induced

contraction.

Both oestrogen and progesterone receptors existed in

coronary artery (Crews and Khalil, 1999), and activation of

these receptors resulted in vasodilatation. There are two

oestrogen receptor isoforms (a- and h-) and in porcine

coronary artery, the a-isoform is present in endothelial cells

whereas the h-isoform is found in vascular smooth muscle

(Geraldes et al., 2003). Our results demonstrate that neither

oestrogen receptor-a nor progesterone receptor is involved

because application of ICI 182,780 (a selective oestrogen

receptor-a antagonist) (Wakeling et al., 1991) and mifepri-
stone (a progesterone receptor antagonist) (Schreiber et al.,

1983) did not alter the relaxation response of diosgenin.

Specificity of individual hormonal receptor antagonist

was confirmed as ICI 182,780 and mifepristone abolished

17h-oestradiol- and progesterone-induced vasodilatation,

respectively. In addition, the ineffectiveness of mifepristone

in modifying diosgenin-elicited relaxation suggests that the

conversion of diosgenin into progesterone probably does not

occur under our experimental conditions. In addition,

diosgenin failed to compete and displace [3H]17h-oestradiol
binding in human breast cancer cell (MCF-7 cell, a cell-line

commonly used for oestrogen receptor-a binding assay)

(Olea-Serrano et al., 1985) strongly suggest that diosgenin-

mediated effect does not involve the oestrogen receptor-a,

consistent with our receptor antagonist study.

In view of the lack of a selective oestrogen receptor-h
antagonist available, the possible involvement of oestrogen

receptor-h in mediating diosgenin-elicited response was

evaluated using a commercially available kit that is selective

for different isoforms (a- and h-) of oestrogen receptor. In

oestrogen receptor (both a- and h-isoforms) competition

assay, diosgenin (z10 AM) demonstrates a relatively greater

fluorescence polarization shift in h-, than in a-, oestrogen

receptor competition assay. Unlike other phytoestrogens

(Kuiper et al., 1997; Barkhem et al., 1998), our results

suggest that oestrogen receptor-h may not be involved in

diosgenin-mediated relaxation.

It has been reported that 17h-oestradiol-mediated vaso-

dilatation involved the cyclo-oxygenase cascade (Calkin et

al., 2002), and diosgenin possess a cyclo-oxygenase-related

anti-inflammatory effects in rats (Yamada et al., 1997). In

our study, pre-treating the coronary artery with indometha-

cin (a common cyclo-oxygenase inhibitor) did not modify

diosgenin-mediated vasodilatation arguing about the role of

cyclo-oxygenase pathway. In recent years, reactive oxygen

species have been recognized as a significant determinant of

K+ channels function. In fact, 17h-oestradiol-mediated

relaxation in some blood vessels (Barbacanne et al., 1999;

Gragasin et al., 2003), and the immunological effects of

diosgenin in macrophage cells of Swiss mice (Moreira et al.,

2001) involved various reactive oxygen species generated.

In this regard, we have evaluated this possibility by

examining a range of reactive oxygen species inhibitors/

modulators on diosgenin-mediated relaxation. However, our

results rule out the participation of reactive oxygen species

as none of these agents modified diosgenin-elicited coronary

artery relaxation.

In the present study, progesterone (1 AM) produced a

mifepristone-sensitive relaxation of porcine coronary artery

in an endothelium-independent manner. Similar observa-

tions have been reported in human umbilical artery

(Ramirez et al., 1998) and rabbit jugular vein (Herkert et

al., 2000), but not in coronary artery of anaesthetized pigs

(Molinari et al., 2001). It has been shown that progesterone-

induced in vitro relaxation of porcine left anterior descend-

ing coronary artery involved the (+)-bicuculline-sensitive,



A.L.S. Au et al. / European Journal of Pharmacology 502 (2004) 123–133132
GABAA-like receptors (Jacob and White, 2000), and an

activation of BKCa channels of single vascular myocytes. In

our study, progesterone (1 AM) enhanced BKCa, but the

presence of (+)-bicuculline (a selective GABAA receptor

antagonist) (Shirakawa et al., 1989) did not modify

progesterone-elicited relaxation. Hence, our results suggest

that the (+)-bicuculline-sensitive, GABAA receptors are not

involved. The discrepancy (i.e. the participation of GABAA

receptors) between our results and the observation reported

by Jacob and White (2000) is not known. We have used

tertiary branch of left anterior descending coronary artery

(O.D. ~500–800 Am) whereas in Jacob and White’s study

(2000), the size/anatomical location of left anterior descend-

ing coronary artery was not mentioned.

In summary, we have found that diosgenin caused an

acute, endothelium-independent relaxation of porcine left

anterior descending coronary artery via activation of protein

kinase G and opening of iberiotoxin-sensitive BKCa

channels. Our results suggest that oestrogen receptor (a-

and h-isoforms) and progesterone receptors are probably not

involved.

4.1. Potential limitations

In this study, we have used pigs that are ~2 months old

(~20 kg, either sex) and they are sexually immature. A

commercial slaughterhouse kindly provided the animals for

our study, and it is therefore very difficult to request for a

particular sex (e.g. female) of the animal as well as

measuring the hormone level of individual animal. We

understand that sex hormones could have a significant

impact on the outcomes of our study. However, our results

demonstrate that in these sexually immature animals,

diosgenin produced coronary artery relaxation with no

participation of oestrogen receptor (a- and h-isoforms)

and progesterone receptors. Of course, we could not rule out

the possible influence of female hormones on the physio-

logical effects of different phytoestrogens. We admitted that

further mechanistic studies on sexually mature female pigs

are required before this can be confirmed or refuted.
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