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Abstract 

 

Soy-derived isoflavones appear to possess cardioprotective properties, although the 

precise nature of this protection and the particular isoflavones responsible remain 

unclear. We hypothesized that isoflavones may differ in their cardiac actions in view 

of their varying affinities for the estrogen receptor and differences in ability to inhibit 

tyrosine kinase. We investigated the direct effects of three closely related isoflavones, 

genistein, daidzein and equol (a metabolite of daidzein formed by gut microflora), on 

the contractile function of isolated guinea-pig ventricular myocytes. Genistein (10 and 

40 µM) significantly increased cell shortening and the Ca2+ transient (measured using 

indo-1). In contrast, equivalent concentrations of equol produced the opposite effect, 

decreasing cell shortening and the Ca2+ transient, whilst daidzein was without effect. 

The opposing actions of genistein and equol were still observed in the presence of the 

specific estrogen receptor antagonist, ICI 182,780 (10 µM). However, the stimulatory 

actions of genistein were markedly reduced in the presence of the potent 

phosphotyrosine phosphatase inhibitor, bpV(phen). Both genistein and equol 

significantly inhibited the peak L-type Ca2+ current. We conclude that genistein and 

equol affect the contractile function of ventricular myocytes in opposing ways, despite 

a common initial action of Ca2+ current antagonism. These differences occur 

independently of the estrogen receptor but may be partly related to the unique actions 

of genistein as a tyrosine kinase inhibitor. Furthermore, isoflavone metabolites, such 

as equol, may be more biologically active than their precursors and have a greater role 

in cardioprotection than previously realised. 
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Epidemiological evidence suggests that dietary isoflavones, which are major 

constituents of soy products, may possess cardioprotective properties (Adlercreutz, 

1990;Adlercreutz et al., 1993;Artaud-Wild et al., 1993). This may, in part, be due to 

favourable effects on the lipid profile as isoflavones increase HDL and lower LDL 

cholesterol levels (Anthony et al., 1998;Cassidy et al., 1995). However, isoflavones 

have also been shown to produce direct actions on the cardiovascular system which 

may contribute towards cardioprotection (Walker et al., 2001;Chin-Dusting et al., 

2001;Figtree et al., 2000). 

The two main isoflavones found in soy products are genistein and daidzein 

(Tham et al., 1998), both of which undergo further metabolism by gut microflora to 

produce additional compounds (Chang and Nair, 1995;Chang et al., 1995). Equol, the 

isoflavone metabolite produced from the hydrogenation of daidzein, is of particular 

interest as in vitro experiments suggest that it may be more potent than other 

isoflavones, including the parent compound (Sathyamoorthy and Wang, 1997;Chang 

et al., 1995;Morito et al., 2001). All three isoflavones are known to interact with both 

HVWURJHQ�UHFHSWRU��(5�� �DQG�β, although they have a greater affinity for the latter 

(Kuiper et al., 1998). Moreover, they differ with respect to their binding affinities for 

the ERs. For example, both genistein and equol have a greater affinity for the ER than 

daidzein (Kuiper et al., 1998;Sathyamoorthy and Wang, 1997). In addition, genistein 

differs from the other two isoflavones in its ability to inhibit tyrosine kinase, TK 

(Akiyama et al., 1987;Schultze-Mosgau et al., 1998). Therefore, important differences 

exist between these three isoflavones, despite close structural similarities (Tham et al., 

1998). 

All three isoflavones directly relax arterial ring preparations in vitro (Figtree et 

al., 2000;Chin-Dusting et al., 2001) and genistein and daidzein have been reported to 
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inhibit the L-type Ca2+ current, ICa,L, in isolated cardiac myocytes (Ogura et al., 

1999;Yokoshiki et al., 1996). It has been assumed that this results in an overall 

inhibition of cell contraction, although this has not been well explored.  Major 

unresolved issues include whether the cardioprotective effects of isoflavones are 

largely attributable to a group effect or to a particular isoflavone and whether the 

cardiovascular actions of isoflavones are all beneficial. These questions are 

particularly relevant in view of the increasing availability of isoflavone supplements, 

many of which contain genistein and daidzein (Djuric et al., 2001;Lewis et al., 2002).  

The aim of the present study was to investigate the hypothesis that soy-derived 

isoflavones exert different actions on isolated cardiac myocytes. We studied the direct 

effects of genistein, daidzein and equol on cell contraction and further investigated 

whether any observed differences could be attributed to their varying affinities for the 

ER or the unique properties of genistein as a TK inhibitor. We report here the novel 

finding that genistein and equol produce directly opposing cardiac actions and discuss 

the possible mechanisms involved. 
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Materials and Methods 

 

Cardiomyocyte Isolation 

 Left ventricular myocytes were isolated from adult male guinea-pigs 

(weighing 350- 550 g) using a Langendorff apparatus and enzymatic digestion as 

previously described (MacLeod and Harding, 1991). All procedures conformed to the 

Guide for the Care and Use of Laboratory Animals published by the US National 

Institutes of Health. Myocytes were stored in Dulbecco’s modified Eagle’s medium 

solution at room temperature and used within 6-8 hours of isolation. 

 

Cell Loading 

 Cells were incubated at room temperature with 10 µM of the acetoxymethyl 

ester form of the Ca2+ sensitive fluorescent dye, indo-1 (Molecular Probes, Eugene, 

OR). After 25 mins, the supernatant was removed and replaced with fresh Dulbecco’s 

modified Eagle’s medium. Cells were not used for at least another 30 mins in order to 

allow the intracellular indo-1 to be de-esterified. 

 

Effect of Isoflavones on in vivo Calibration of Indo-1  

In order to use indo-1 to measure the Ca2+ transient we first established 

whether the isoflavones studied affected the indo-1 signal other than via changes in 

intracellular Ca2+. Calibration experiments were performed to determine the in vitro 

indo-1 dissociation constant (Kd) and in vivo minimum and maximum fluorescence 

ratios (Rmin and Rmax) (Bassani et al., 1993;Kao, 1994) in the presence and absence of 

40 µM of each isoflavone. Genistein (Sigma, U.K.) and equol (Indofine, N.J.) did not 

significantly affect the above parameters (n=5). However, daidzein (Sigma, U.K.) 
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significantly decreased the in vitro Kd and in vivo Rmin of indo-1, as well as 

unpredictably decreasing the Rmax in some cells, although this was not significant 

(n=5). Therefore, we were unable to reliably measure the Ca2+ transient using indo-1 

in the presence of daidzein. As each cell acted as its own control, the indo-1 ratios 

measured in the presence of genistein and equol could be expressed as a percentage of 

that measured in control solution, without the need to calculate the absolute 

intracellular Ca2+ concentration. 

 

Cell Shortening and Intracellular Ca2+ Measurements 

 Cells were placed on the coverslip base of a superfusion chamber mounted on 

the stage of an inverted microscope. They were superfused with normal Tyrode, NT 

(containing in mM: NaCl 140, KCl 6, CaCl2 2, MgCl2 1, glucose 10, HEPES 10, pH 

adjusted to 7.4 using NaOH), delivered at a rate of 2 ml/min. Cells were field 

stimulated at 1 Hz by a pair of platinum electrodes placed in the bath and cell 

shortening was followed at one end with a video edge-detector system. Ultraviolet 

light from a 100 W xenon arc lamp (Nikon) was used to excite the fluorescent dye in 

the cells. Light emitted at 405 nm and 485 nm was measured, allowing the indo-1 

ratio (405/ 485 signals) to be calculated. Cell shortening and the indo-1 ratio were 

recorded during steady-state contractions in NT and in the presence of 10 and 40 µM 

isoflavone. The change in indo-1 ratio, ∆indo-1 ratio (i.e. the difference between 

systolic and diastolic values), was used as a measure of the Ca2+ transient. 
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Effect of ICI 182,780 on Isoflavone Action 

The specific ER antagonist ICI 182,780 (Tocris, U.K.) was used to determine 

whether the actions of genistein and equol on cell shortening and the Ca2+ transient 

were mediated via the ER. A steady-state level of cell shortening was attained in NT 

during field stimulation before 10 µM ICI 182,780 was added for 2 minutes. Previous 

studies have demonstrated that ICI 182,780 is able to block the ER acutely within 

minutes (Prakash et al., 1999). The effects of 40 µM isoflavone in the continuing 

presence of ICI 182,780 were then determined. This was followed by a further period 

of superfusion in NT, allowing parameters to return to baseline values, before the 

effects of 40 µM isoflavone alone were measured in the same cell. 

 

Relation of isoflavone action to TK inhibition 

 The potent and specific phosphotyrosine phosphatase (PTP) inhibitor, 

bpV(phen)(Calbiochem, San Diego, CA)(Posner et al., 1994), was used to investigate 

whether any differences between genistein and equol actions could be attributed to 

differences in TK inhibiton. Myocytes were superfused with 1µM bpV(phen) for 5 

mins before the effects of 40 µM genistein or equol in the continuing presence of 

1 µM bpV(phen) were determined. 100 µM bpV(phen) has been reported to have no 

significant effect on ICa,L in guinea-pig ventricular myocytes (Sims et al., 2000), 

although we found that this concentration of bpV(phen) markedly decreased cell 

shortening. We therefore chose to use a concentration of 1 µM bpV(phen), which has 

been shown to be effective in inhibiting PTP in cultured hepatoma cells (Posner et al., 

1994). 
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Voltage clamp experiments 

 Cells were impaled with high resistance borosilicate glass microelectrodes and 

electrophysiological recordings made with an Axoclamp-2B amplifier (Axon 

Instruments, Foster City, CA). ICa,L  was measured in switch clamp mode 

(discontinuous single electrode voltage clamp, 5 – 6 kHz) and taken as the difference 

between the peak inward current in the presence and absence of 200 µM cadmium.   

Since equol tended to shift the end of pulse current in the outward direction, in these 

experiments we measured ICa,L by subtracting the current at the end of the pulse from 

the peak current in the presence and absence of the isofavone (Ogura et al. 1999).  

The effect of 40 µM genistein and equol on ICa,L  were compared with the control 

values in NT. 

 

Only cells that were rod shaped with clear striations and good contractions 

were used in the studies. All solutions contained 0.1 % DMSO carrier and all 

experiments were performed at 37 ºC. 

 

Statistical Analysis 

Results are expressed as mean ± SEM. The repeated-measures ANOVA with 

Bonferroni post hoc test and the paired Student’s t test were used to analyze the data 

as appropriate. A value of p<0.05 was considered significant. 
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Results 

 

Cell shortening and Ca2+ transients 

 Genistein, 10 and 40 µM, increased baseline shortening in NT (taken as 

100%) to 133 ± 7% (p<0.05, n=13) and 189 ± 18% (p<0.001), respectively (Fig. 1A). 

In contrast, 10 and 40 µM equol markedly decreased cell shortening to 57 ± 6% 

(p<0.001, n=9) and 40 ± 5% (p<0.001) of control values, respectively. Daidzein had 

no significant effect on cell shortening at equivalent concentrations (n=11). The 

opposing actions of genistein and equol occurred over different timescales, as can be 

seen in Fig. 1B. The stimulatory action of genistein took over a minute to reach a new 

maximum steady-state level, whereas the inhibitory action of equol occurred very 

rapidly within several seconds. In some cells, it was noted that the initial washout 

period in NT after genistein application produced a further increase in cell contraction 

before a gradual return back to baseline levels (Fig. 1B). 

 Genistein and equol similarly affected the Ca2+ transients in opposing ways 

(Fig. 2). Genistein, 10 and 40 µM, increased the percentage ∆indo-1 ratio to 114 ± 2% 

(p<0.001, n=13) and 119 ± 4% (p<0.001), respectively, whilst equivalent 

concentrations of equol decreased the ∆indo-1 ratio to 87 ± 2% (p<0.05, n=9) and 

75 ± 4% (p<0.001) of control values.  

 

Twitch Characteristics 

 The time-to-peak contraction (TTP) and time-to-half relaxation (TTR50) were 

measured from the averaged trace of 8 twitches during steady state conditions 

(Fig. 3). TTP decreased from 230 ± 12 ms (in NT) to 210 ± 10 ms (p<0.05, n=13) and 

190 ± 6 ms (p<0.001) in the presence of 10 and 40 µM genistein, respectively. 
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Similarly, 10 and 40 µM genistein decreased TTR50 from 110 ± 9 ms to 90 ± 7 ms 

(p<0.001) and 80 ± 5 ms (p<0.001), respectively.  Daidzein only affected twitch 

kinetics at the higher concentration- TTP was decreased from 290 ± 20 ms to 

250 ± 15 ms (p<0.001, n=10) and TTR50 decreased from 175 ± 24 ms to 150 ± 20 ms 

(p<0.05) in the presence of 40 µM daidzein. Equol did not significantly alter twitch 

kinetics of cell shortening (n=9). 

 The time-to-peak Ca2+ transient and time-to-50% decay were also measured 

for genistein and equol. 40 µM genistein decreased the time-to-peak Ca2+ transient 

from 220 ± 8 ms to 190 ± 7 ms (p<0.001, n=12) and the time-to-50% decay from 

240 ±12 ms to 190 ± 12 ms (p<0.01), although 10 µM had no significant effect. Fig. 4 

shows sample traces of the effect of 40 µM genistein on twitch characteristics. Equol 

also did not significantly affect the time parameters of the Ca2+ transient. 

 

Effect of ICI 182,780 on genistein and equol actions 

The stimulatory effects of genistein and inhibitory effects of equol on cell 

shortening and the Ca2+ transient were still seen in the presence of 10 µM ICI 182,780 

(Fig. 5). ICI 182,780 alone had no significant effects on cell shortening or the ∆indo-1 

ratio (n=9 cells, not shown). There was no statistical difference in the extent of 

genistein or equol actions in the presence and absence of ICI 182,780. 

 

Effect of bpV(phen) on genistein and equol actions 

 Genistein (40 µM) increased cell shortening in the presence of 1 µM 

bpV(phen) to 128 ± 11% (p<0.05, n=17) compared with cell shortening in bpV(phen) 

alone (Fig. 6A). However, in contrast to the previous effects of genistein on the Ca2+ 

transient, there was no associated increase in the Ca2+ transient when genistein was 
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applied in the presence of bpV(phen) (∆indo-1 ratio after genistein application was 

91 ± 4% of control values in bpV(phen), n=17, p=ns). Equol (40 µM) continued to 

significantly decrease both cell shortening and the Ca2+ transient in the presence of 

bpV(phen), (n=14). 

In some cells genistein increased cell shortening whilst simultaneously 

decreasing the ∆indo-1 ratio in the presence of bpV(phen). A sample continuous 

recording of cell shortening and the indo-1 ratio from the same cell is shown in 

Fig. 6B in which genistein, in the presence of bpV(phen), produced clearly divergent 

actions on the two parameters. 

Superfusion of cells with bpV(phen) also altered the effects of genistein on 

twitch kinetics. Although 40 µM genistein continued to shorten TTP contraction in 

the presence of bpV(phen), TTR50 was no longer affected (Fig. 7). Similarly, 

bpV(phen) abolished the effects of genistein on the Ca2+ transient kinetics. 

  

Effect of genistein and equol on ICa,L   

 Sample recordings showing the inhibition of ICa,L by genistein and equol 

(40 µM) are shown in Fig. 8A. Genistein and equol decreased peak ICa,L  by 71 ± 7% 

(p<0.001, n=12) and 55 ± 6% (p<0.05, n=10), respectively (Fig. 8B). Inhibition was 

consistent throughout the voltage range tested and occurred rapidly within several 

seconds. There was no evidence of a stimulatory effect on ICa,L in any of the cells 

studied. The isoflavones did not appear to decrease the reversal potential of ICa,L. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.042986

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET/2002/42986 

 13

Discussion 

 We have reported here the novel finding that soy-derived isoflavones exert 

directly opposing actions on ventricular myocytes, suggesting that they possess 

distinctly different mechanisms of actions. Consequently, the cardiovascular 

protective effects attributed to isoflavones may not be due to a group effect, but rather 

may be exerted via specific and dominating actions of individual isoflavones. 

Furthermore, we have shown that the isoflavone metabolite, equol, is biologically 

active and exerts greater cardiac effects than those of its precursor, daidzein. 

We have demonstrated here that genistein and equol both significantly inhibit 

ICa,L.  It therefore seems likely this is a common mechanism of action shared by the 

isoflavones, particularly in view of their close structural similarities (Tham et al., 

1998;Murkies et al., 1998). The equol-induced inhibition of ICa,L resulted in an 

expected decrease in the Ca2+ transient and inhibition of cell contraction. However, 

this was not the case with genistein and in fact the opposite effect was observed. This 

implies that genistein exerts additional cellular actions distinct from its effect on ICa,L. 

This is supported by the finding that genistein inhibited ICa,L within several seconds, 

but took over a minute to produce maximal levels of cell stimulation and the 

observation of a temporary increase in cell contraction upon washout of genistein in 

NT before a return to baseline levels. Our results suggest that genistein produces at 

least two competing actions on cardiac myocytes – an initial inhibitory component 

mediated via ICa,L (which has a rapid onset and removal) and a subsequently slower, 

stimulatory one. The latter action appears to dominate and mask the inhibitory 

component, since the overall effect in most cells was that of stimulation. However, in 

a minority of cells (less than 5%), genistein completely inhibited contraction. This 

was probably due to the complete block of ICa,L
 by genistein in these cells preventing 
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the initial stimulus to excitation-contraction coupling and therefore preventing the 

manifestation of any subsequent stimulatory effect. 

Although genistein increased both cell shortening and the Ca2+ transient, the 

effect on cell shortening was disproportionately greater. Moreover, in some cells 

where both parameters were simultaneously measured, genistein markedly increased 

cell shortening without affecting the indo-1 ratio. In addition, 10 µM genistein 

significantly decreased the time-to-peak contraction and time-to-half relaxation, 

without affecting the corresponding times for the Ca2+ transient (40 µM genistein 

decreased both times for cell shortening and the Ca2+ transient). These observations 

suggest that genistein may increase myofilament Ca2+ sensitivity in addition to 

increasing the Ca2+ transient.  

Our findings of a lack of effect of daidzein on cell shortening initially appear 

to be at odds with previous studies showing that daidzein inhibits ICa,L (Yokoshiki et 

al., 1996;Ogura et al., 1999). However, it is possible that daidzein also increases 

myofilament Ca2+ sensitivity in a similar way to genistein. The altered twitch 

characteristics produced by 40 µM daidzein may be explained by a Ca2+ sensitising 

effect. Unfortunately, we were unable to measure the corresponding Ca2+ transients in 

the presence of daidzein due to the artefactual effects of daidzein on the fluorescent 

properties of indo-1. 

Cardiac myocytes have been shown to express functional ERs (Grohe et al., 

1997). It has been suggested that differences in isoflavone action may be attributed to 

their differing affinities for the two ERs (Cassidy, 1999). However, our study 

demonstrates that the acute cardiac actions of genistein and equol are unlikely to be 

mediated through the ER as the effects were still observed in the presence of the 

specific ER antagonist, ICI 182,780. Although ICI 182,780 was originally developed 
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DV�D�SXUH�DQWDJRQLVW�WR�WKH�FODVVLFDO�(5��(5 �(Wakeling, 1995), there is evidence that 

it can also block some ERβ-mediated effects (Hodges et al., 2000;Sun et al., 1999). 

Despite this, it is still possible that the isoflavones are acting through an as yet 

undetermined membrane-associated ERβ that is not completely blocked by 

ICI 182,780. However there is no evidence from the present study that the functional 

differences observed between the isoflavones on cardiac myocytes are related to 

differences in ER affinity. 

We further investigated whether the differences in cardiac actions of genistein 

and equol could be explained by the unique properties of genistein as a TK inhibitor. 

Although genistein continued to stimulate cell contraction in the presence of the 

potent PTP inhibitor, bpV(phen), the increase was less pronounced compared to the 

increase in cell contraction observed with genistein alone (cell shortening increased to 

128 ± 11% and 189 ± 18% of control values, respectively). Moreover, bpV(phen) 

completely abolished the genistein-induced increase in the Ca2+ transient. These 

findings suggest that the stimulatory actions of genistein on cell shortening occur via 

at least two distinct mechanisms. One mechanism appears to be independent of TK 

inhibition and results in an increased myofilament Ca2+
 sensitivity. In contrast, the 

second mechanism appears to be related to the TK inhibitory action of genistein and 

results in an increased Ca2+ transient. These inferences are further supported by the 

findings that 40 µM genistein continued to accelerate the TTP shortening, consistent 

with a sensitising effect, but no longer affected the TTP Ca2+ transient in the presence 

of bpV(phen). Furthermore, the possibility that daidzein (a structural analogue of 

genistein but lacking TK inhibitory activity) also increases myofilament Ca2+ 

sensitivity is in agreement with a TK-independent sensitising mechanism of action of 

genistein. 
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The concentrations of isoflavones used in this study (10 and 40 µM) were 

greater than those generally found in the plasma of humans who consume soy 

products. The maximum plasma concentration of isoflavones after a soy rich meal is 

usually of the order of 2 µM (Figtree et al., 2000), although this may be higher in 

some Asian populations that consume a greater amount of soy- based products 

(Adlercreutz et al., 1993). However, many factors influence the plasma concentrations 

and bioavailability of isoflavones (Setchell et al., 2001). The tissue distribution and 

concentrations of isoflavones have not been well described, although there is evidence 

that genistein can rapidly accumulate in brain tissue after intraperitoneal injection 

(Setchell, 1998). It is possible that certain tissues might be exposed to higher levels of 

isoflavones than the mean plasma levels indicate due to tissue accumulation.  

We have shown that genistein and equol produce opposing effects at the level 

of single ventricular myocytes, although it remains to be seen whether and how this 

translates into any clinically beneficial or detrimental effects in man. If we consider 

isoflavones as naturally occurring Ca2+ channel antagonists, then the benefits of equol 

become clear since the expected effects of suppression of myocardial contractility and 

arterial relaxation are observed (Chin-Dusting et al., 2001). In contrast, our study 

suggests that the beneficial effects of genistein are not as obvious as previously 

thought. Genistein also appears to be a naturally occurring Ca2+ channel antagonist 

and produces arterial relaxation (Figtree et al., 2000) in a similar way to equol. 

However, our observations of stimulatory effects of genistein on isolated ventricular 

myocytes suggest that genistein may in fact increase cardiac contraction. 

Theoretically, this may be a detrimental effect, especially in patients with established 

cardiac disease and little functional reserve.  
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The net cardiac effect of the isoflavones is unknown, although the marked and 

consistent decrease in cell contraction produced by equol suggests that this may be 

significant. There is wide interindividual variation in isoflavone metabolism and 

excretion (Wiseman, 1999) and synthesis of equol is dependent on gut microflora 

(Rowland et al., 2000). As a result, about one third of the population are classed as 

“good” equol excretors (Kelly et al., 1993) and so only this subpopulation may 

potentially benefit from any advantageous cardiovascular effects of equol. 

In conclusion, we have shown that soy-derived isoflavones directly affect 

ventricular myocytes in opposing ways, with genistein increasing and equol 

decreasing contraction, despite both isoflavones inhibiting ICa,L. These differences 

appear to be independent of their differing binding affinities to the ER but may be 

partly related to the TK inhibitory actions of genistein. In addition, the more potent 

cardiac actions of equol compared to its precursor compound, daidzein, suggest that 

isoflavone metabolites may be more biologically significant than previously realised. 

The overall cardiovascular effects and possible benefits of individual isoflavones 

require further investigation.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.042986

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET/2002/42986 

 18

References 

 

Adlercreutz H (1990) Western diet and Western diseases: some hormonal and 

biochemical mechanisms and associations. Scand.J.Clin.Lab Invest Suppl 201:3-23. 

Adlercreutz H, Markkanen H, and Watanabe S (1993) Plasma concentrations of 

phyto-oestrogens in Japanese men. Lancet 342:1209-1210. 

Akiyama T, Ishida J, Nakagawa S, Ogawara H, Watanabe S, Itoh N, Shibuya M, and 

Fukami Y (1987) Genistein, a specific inhibitor of tyrosine-specific protein kinases. 

J.Biol.Chem. 262:5592-5595. 

Anthony MS, Clarkson TB, and Williams JK (1998) Effects of soy isoflavones on 

atherosclerosis: potential mechanisms. Am.J.Clin.Nutr. 68:1390S-1393S. 

Artaud-Wild SM, Connor SL, Sexton G, and Connor WE (1993) Differences in 

coronary mortality can be explained by differences in cholesterol and saturated fat 

intakes in 40 countries but not in France and Finland. A paradox. Circulation 

88:2771-2779. 

Bassani JW, Bassani RA, and Bers DM (1993) Twitch-dependent SR Ca 

accumulation and release in rabbit ventricular myocytes. Am.J.Physiol 265:C533-

C540. 

Cassidy A (1999) Potential tissue selectivity of dietary phytoestrogens and estrogens. 

Curr.Opin.Lipidol. 10:47-52. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.042986

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET/2002/42986 

 19

Cassidy A, Bingham S, and Setchell K (1995) Biological effects of isoflavones in 

young women: importance of the chemical composition of soyabean products. 

Br.J.Nutr. 74:587-601. 

Chang YC and Nair MG (1995) Metabolism of daidzein and genistein by intestinal 

bacteria. J.Nat.Prod. 58:1892-1896. 

Chang YC, Nair MG, and Nitiss JL (1995) Metabolites of daidzein and genistein and 

their biological activities. J.Nat.Prod. 58:1901-1905. 

Chin-Dusting JP, Fisher LJ, Lewis TV, Piekarska A, Nestel PJ, and Husband A 

(2001) The vascular activity of some isoflavone metabolites: implications for a 

cardioprotective role. Br.J.Pharmacol. 133:595-605. 

Djuric Z, Chen G, Doerge DR, Heilbrun LK, and Kucuk O (2001) Effect of soy 

isoflavone supplementation on markers of oxidative stress in men and women. Cancer 

Lett. 172:1-6. 

Figtree GA, Griffiths H, Lu YQ, Webb CM, MacLeod K, and Collins P (2000) Plant-

derived estrogens relax coronary arteries in vitro by a calcium antagonistic 

mechanism. J.Am.Coll.Cardiol. 35:1977-85. 

Grohe C, Kahlert S, Lobbert K, Stimpel M, Karas RH, Vetter H, and Neyses L (1997) 

Cardiac myocytes and fibroblasts contain functional estrogen receptors. FEBS Lett. 

416:107-112. 

Hodges YK, Tung L, Yan XD, Graham JD, Horwitz KB, and Horwitz LD (2000) 

Estrogen receptors alpha and beta: prevalence of estrogen receptor beta mRNA in 

human vascular smooth muscle and transcriptional effects. Circulation 101:1792-8. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.042986

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET/2002/42986 

 20

Kao JPY (1994) Practical aspects of measuring [Ca2+] with fluorescent indicators, in 

A practical guide to the study of calcium in living cells (Nuccitelli R ed) pp 155-181, 

ASCB, California. 

Kelly GE, Nelson C, Waring MA, Joannou GE, and Reeder AY (1993) Metabolites of 

dietary (soya) isoflavones in human urine. Clin.Chim.Acta 223:9-22. 

Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe SH, van der Saag PT, van der 

Burg B, and Gustafsson JA (1998) Interaction of estrogenic chemicals and 

phytoestrogens with estrogen receptor beta. Endocrinology 139:4252-63. 

Lewis JG, Morris JC, Clark BM, and Elder PA (2002) The effect of isoflavone extract 

ingestion, as Trinovin, on plasma steroids in normal men. Steroids 67:25-29. 

MacLeod KT and Harding SE (1991) Effects of phorbol ester on contraction, 

intracellular pH and intracellular Ca2+ in isolated mammalian ventricular myocytes. 

J.Physiol 444:481-498. 

Morito K, Hirose T, Kinjo J, Hirakawa T, Okawa M, Nohara T, Ogawa S, Inoue S, 

Muramatsu M, and Masamune Y (2001) Interaction of phytoestrogens with estrogen 

receptors alpha and beta. Biol.Pharm.Bull. 24:351-6. 

Murkies AL, Wilcox G, and Davis SR (1998) Clinical review 92: Phytoestrogens. 

J.Clin.Endocrinol.Metab. 83:297-303. 

Ogura T, Shuba LM, and McDonald TF (1999) L-type Ca2+ current in guinea pig 

ventricular myocytes treated with modulators of tyrosine phosphorylation. 

Am.J.Physiol. 276:H1724-33. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.042986

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET/2002/42986 

 21

Posner BI, Faure R, Burgess JW, Bevan AP, Lachance D, Zhang-Sun G, Fantus IG, 

Ng JB, Hall DA, Lum BS, and . (1994) Peroxovanadium compounds. A new class of 

potent phosphotyrosine phosphatase inhibitors which are insulin mimetics. 

J.Biol.Chem. 269:4596-4604. 

Prakash YS, Togaibayeva AA, Kannan MS, Miller VM, Fitzpatrick LA, and Sieck 

GC (1999) Estrogen increases Ca2+ efflux from female porcine coronary arterial 

smooth muscle. Am.J.Physiol. 276:H926-34. 

Rowland IR, Wiseman H, Sanders TA, Adlercreutz H, and Bowey EA (2000) 

Interindividual variation in metabolism of soy isoflavones and lignans: influence of 

habitual diet on equol production by the gut microflora. Nutr.Cancer 36:27-32. 

Sathyamoorthy N and Wang TT (1997) Differential effects of dietary phyto-

oestrogens daidzein and equol on human breast cancer MCF-7 cells. Eur.J.Cancer 

33:2384-2389. 

Schultze-Mosgau MH, Dale IL, Gant TW, Chipman JK, Kerr DJ, and Gescher A 

(1998) Regulation of c-fos transcription by chemopreventive isoflavonoids and 

lignans in MDA-MB-468 breast cancer cells. Eur.J.Cancer 34:1425-1431. 

Setchell KD (1998) Phytoestrogens: the biochemistry, physiology, and implications 

for human health of soy isoflavones. Am.J.Clin.Nutr. 68:1333S-1346S. 

Setchell KD, Brown NM, Desai P, Zimmer-Nechemias L, Wolfe BE, Brashear WT, 

Kirschner AS, Cassidy A, and Heubi JE (2001) Bioavailability of pure isoflavones in 

healthy humans and analysis of commercial soy isoflavone supplements. J.Nutr. 

131:1362S-1375S. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.042986

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET/2002/42986 

 22

Sims C, Chiu J, and Harvey RD (2000) Tyrosine phosphatase inhibitors selectively 

antagonize beta-adrenergic receptor-dependent regulation of cardiac ion channels. 

Mol.Pharmacol. 58:1213-1221. 

Sun J, Meyers MJ, Fink BE, Rajendran R, Katzenellenbogen JA, and 

Katzenellenbogen BS (1999) Novel ligands that function as selective estrogens or 

antiestrogens for estrogen receptor-alpha or estrogen receptor- beta.  Endocrinology 

140:800-4. 

Tham DM, Gardner CD, and Haskell WL (1998) Clinical review 97: Potential health 

benefits of dietary phytoestrogens: a review of the clinical, epidemiological, and 

mechanistic evidence. J.Clin.Endocrinol.Metab. 83:2223-35. 

Wakeling AE (1995) Use of pure antioestrogens to elucidate the mode of action of 

oestrogens. Biochemical Pharmacology 49:1545-1549. 

Wiseman H (1999) The bioavailability of non-nutrient plant factors: dietary 

flavonoids and phyto-oestrogens. Proc.Nutr.Soc. 58:139-46. 

Yokoshiki H, Sumii K, and Sperelakis N (1996) Inhibition of L-type calcium current 

in rat ventricular cells by the tyrosine kinase inhibitor, genistein and its inactive 

analog, daidzein. J Mol Cell Cardiol 28:807-814. 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.042986

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET/2002/42986 

 23

Footnotes 

This work was funded by the British Heart Foundation. 

 

Send reprint requests to: 

Dr. Kenneth MacLeod 

Cardiac Medicine, National Heart and Lung Institute, Imperial College School of 

Medicine, Dovehouse Street, London, SW3 6LY, U.K. 

Email: k.t.macleod@ic.ac.uk 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.042986

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET/2002/42986 

 24

Figure legends 

Fig. 1. Effect of isoflavones on cell shortening. A, Graph showing stimulatory effects 

of genistein and inhibitory effects of equol at 10 and 40 µM. Daidzein did not 

significantly affect cell shortening at either concentration. Results are shown as a 

percentage of the cell shortening (mean ± SEM) relative to that in initial normal 

Tyrode solution, NT1.  NT2=washout period of isoflavone action with normal 

Tyrode. (n=9 to 13 cells from 3 hearts for each isoflavone; * p<0.05, *** p<0.001) B, 

Sample traces of continuous recordings of cell shortening for 40 µM genistein and 

equol with the preceding period and washout period in NT shown. 

 

Fig. 2. Effect of genistein and equol on the Ca2+ transient. Genistein (10 and 40 µM) 

increased the ∆indo-1 ratio, whereas equivalent concentrations of equol produced the 

opposite effect. Results are expressed as a percentage of the ∆indo-1 ratio (mean ± 

SEM) relative to that in normal Tyrode solution, NT1. (n=9 to 13 cells from 3 hearts 

for each isoflavone; *p<0.05, ***p<0.001) 

 

Fig. 3. Effect of isoflavones on cell contraction and relaxation times. A, Genistein 

(Gen) significantly decreased the time-to-peak contraction (TTP, closed circles) and 

time-to-half relaxation (TTR50, open circles) at both 10 and 40 µM. B, Daidzein 

(Daid) decreased TTP and TTR50 only at 40 µM. C, Equol did not significantly affect 

either time. Values are mean ± SEM. (n=9 to 13 cells from 3 hearts for each 

isoflavone; *p<0.05, ***p<0.001) 
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Fig. 4. Sample traces showing effect of 40 µM genistein on cell shortening (A) and 

Ca2+ transient (B) morphologies. The traces are the average of 8 twitches during 

steady-state and have been normalised to the same amplitude to facilitate comparison. 

Genistein (Gen) decreased the time taken to reach peak cell contraction and the peak 

Ca2+ transient compared to control times in normal Tyrode, NT (lighter traces). 

Genistein also decreased the time-to-half relaxation of cell shortening and the 

time-to-50% decay of the Ca2+ transient. 

 

Fig. 5. Effect of ICI 182,780 on genistein (A) and equol (B) actions. The stimulatory 

actions of 40 µM genistein (Gen) on cell shortening and the Ca2+ transient were still 

seen in the presence of 10 µM ICI 182,780 (ICI) (n=15 cells from 3 hearts). Similarly, 

the inhibitory actions of 40 µM equol (Eq) were still seen in the presence of ICI 

182,780 (n=12 cells from 3 hearts). Results are expressed as a percentage (mean ± 

SEM) relative to initial baseline values in normal Tyrode, NT1. NT2 represents 

steady-state levels after washout of Gen/ ICI or Eq/ ICI in normal Tyrode. There was 

no statistical difference between the extent of genistein and equol actions in the 

presence and absence of ICI 182,780. (**p<0.01, ***p<0.001 relative to NT1) 

 

Fig. 6. Effect of bpV(phen) on genistein and equol actions. A) 40 µM genistein (Gen) 

increased cell shortening in the presence of 1 µM bpV(phen) (bpV) following a 5 min 

superfusion period with bpV,  but had no significant effect on the Ca2+ transient. In 

contrast, 40 µM equol (Eq) continued to decrease both cell shortening and the Ca2+ 
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transient in the presence of bpV.  B) Sample continuous recording showing the 

simultaneous increase in cell shortening and decrease in indo-1 ratio following the 

application of 40 µM genistein in the presence of 1µM bpV(phen). (*p<0.05, 

***p<0.001 relative to value in bpV) 

 

Fig. 7. Bar graphs showing the effects of 40 µM genistein (Gen) on twitch kinetics in 

the presence of 1 µM bpV(phen) (bpV).  Genistein accelerated the time-to-peak 

contraction (TTP) but had no significant effect on the time-to-half twitch relaxation 

(TTR50) or on the Ca2+ transient kinetics.  (*p<0.05 relative to equivalent time in 

bpV)  

 

Fig. 8. Effects of genistein and equol on the L-type Ca2+ current (ICa,L).  A) Sample 

traces showing three depolarising pulses to –25, 0 and +25 mV from a holding 

potential of –40 mV.  Both isoflavones inhibited ICa,L compared with control currents 

in normal Tyrode.  B) Current-voltage plots showing inhibition of ICa,L by both 

isoflavones over the range of potentials tested. The potentials ranged from -45 to 

+50 mV.  ICa,L is normalised to cell capaciticance and expressed as a percentage 

relative to control ICa,L in NT.  Genistein and equol (closed square and triangle 

respectively) significantly inhibited the peak ICa,L compared with control values in NT 

(open squares and triangles, n=10 to 12 cells from 3 hearts for each isoflavone). 
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