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Abstract. Regulation of cardiac ion channels by sex hormones accounts for gender differences

in susceptibility to arrhythmias associated with QT prolongation (TdP). Women are more prone

to develop TdP than men with either congenital or acquired long-QT syndrome. The risk of drug-

induced TdP varies during the menstrual cycle, suggesting that dynamic changes in levels of

ovarian steroids, estradiol and progesterone, have cyclical effects on cardiac repolarization.

Although increasing evidence suggests that the mechanism of this involves effects of female

hormones on cardiac repolarization, it has not been completely clarified. In addition to well-

characterized transcriptional regulation of cardiac ion channels and their modifiers through

nuclear hormone receptors, we recently reported that physiological levels of female hormones

modify functions of cardiac ion channels in mammalian hearts. In this review, we introduce our

recent findings showing that physiological levels of the two ovarian steroids have opposite

effects on cardiac repolarization. These findings may explain the dynamic changes in risk of

arrhythmia in women during the menstrual cycle and around delivery, and they provide clues to

avoiding potentially lethal arrhythmias associated with QT prolongation.
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Introduction

It is widely accepted that women are more prone to

develop drug-induced arrhythmias (torsades de pointes,

TdP) in association with prolongation of the QT interval,

which corresponds to the duration of the ventricular

action potential. The ventricular action potential is

characterized by a long-lasting so-called “plateau”

period in which a fair degree of balance is maintained

between small inward and outward currents. Small

changes in this balance can have severe functional

consequences, mostly in the cardiac repolarization

process. Although the underlying reasons for the gender

disparity in incidence of TdP have yet to be completely

clarified, it is believed that gonadal steroids play roles in

gender differences in baseline QT intervals by affecting

the cardiac repolarization process. Some clinical reports

have indicated that ovarian steroids modify cardiac

repolarization, and the chronic genomic effects of

ovarian steroids on cardiac ion channels have been

intensively studied. In addition to genomic regulation,

we recently reported that physiological levels of female

hormones can acutely modify cardiac repolarization by

regulating cardiac ion channels via either a non-genomic

pathway involving hormone receptors or in a receptor-

independent fashion. In this review, our recent investiga-

tions regarding the acute effects of female hormones will

be summarized and their implications will be discussed.
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Drug-induced long-QT syndrome

It is now apparent that the life-threatening ventricular

tachyarrhythmia termed torsades de pointes (TdP) can

be induced by many commonly used drugs that delay

cardiac repolarization (1 – 7), and such induction is the

most common reason for withdrawal of medications

from the market (8, 9). Drug-induced arrhythmia, one

type of acquired long-QT syndrome (LQTS), is

associated with prolonged rate-corrected QT (QTC)

intervals on the electrocardiogram (ECG), resulting

from delay of cardiac repolarization caused mostly by

inhibition of the human ether-a-go-go-related gene

(hERG) channel, which conducts the rapid component of

the delayed rectifier K+ current (IKr). The incidence of

drug-induced arrhythmia is also affected by other risk

factors such as gender (1 – 3) or /and sympathetic

nervous system activity (10, 11). Because drug-induced

QT prolongation is the most common reason for

withdrawal of medications from the market, pharma-

ceutical companies and basic researchers are striving to

improve ways to predict the risk of novel agents as early

as possible (8, 12, 13). Thus, unraveling the molecular

basis for the effects of such risk factors may be beneficial

for avoiding this lethal side effect.

Gender differences in drug-induced LQTS

Being female is an independent risk factor for develop-

ment of TdP in the case of both congenital and acquired

(drug-induced) LQTS (1 – 3, 6). In terms of drug-induced

LQTS, women are more prone to develop TdP than men

in response to QT-prolonging drugs, with 65% – 75%

of cases of drug-induced TdP occurring in women

(1 – 3, 14).

Although the mechanisms underlying the gender

differences in development of TdP have not yet been

clarified, the higher susceptibility of females to drug-

induced TdP has been thought to be associated with

prolonged baseline QTC intervals in women by about

20 ms in comparison with those in men (15). Although

direct evidence from humans is still missing, it has been

reported that virilized women have shorter JT intervals

than castrated men and that orchiectomized men have

longer JT intervals than before orchiectomy (16). These

findings strongly suggest that gonadal steroid sex

hormones have an impact on gender differences in

the ionic processes underlying cardiac repolarization

(17 – 21).

The gender differences in QTC intervals and suscepti-

bility to TdP depend on age, which may correlate with

changes in serum levels of sex hormones. At birth,

the QTC interval is quite similar in men and women

(22 – 24). As sex hormone levels increase during

puberty, QTC intervals in boys are shortened, leaving

adult women with longer QTC intervals than adult men.

The QTC interval in men then gradually increases until

the age of approximately 60 years, when it approaches

that in women (22 – 24). The age-dependent changes in

QTC intervals in men imply the involvement of

testosterone in these gender differences. In fact, we have

found that testosterone acutely modifies functions of

cardiac ion channels via a non-genomic pathway involv-

ing androgen receptors and that this results in shortening

of QTC intervals (18). The non-genomic pathway involv-

ing androgen receptors in the heart shares the signaling

pathway downstream of cSrc used by progesterone and

estrogen receptors (25, 26).

Female hormones are also involved in the gender

differences both in QTC intervals and in the suscepti-

bility to TdP, although the situation is more complex

than that for androgens. In females, there are dynamic

fluctuations in QT interval and TdP risk during the

menstrual cycle and pregnancy, which may correlate

with changes in serum levels of ovarian steroids (3).

Several studies have evaluated the potential impact of

hormone replacement therapy (HRT) on QTC intervals in

postmenopausal women (17, 27). Although conflicting

findings exist regarding HRT, these clinical findings

imply that the dynamic changes in levels of female

hormones have cyclical effects on action potential

duration (APD). The effects of the female hormones

progesterone and estrogen on cardiac ion channels and

ventricular repolarization will be discussed in the

following sections.

Progesterone

There are some lines of clinical evidence suggesting

that the luteal hormone progesterone exerts protective

effects against prolonged QT–associated arrhythmias by

shortening ventricular depolarization. Although several

previous studies did not find QTC-interval differences

among the different menstrual phases (21, 28, 29), a

recent study analyzing various parameters of cardiac

repolarization found that repolarization duration is

shorter in the luteal phase than in the follicular phase

by about 10 ms (30). The susceptibility of drug-induced

arrhythmias also fluctuates considerably during the

menstrual cycle in women: the QTC prolongation

induced by ibutilide, a class III antiarrhythmic agent, is

greatest during menses, intermediate at ovulation, and

least in the luteal phase, in which progesterone level is

highest (28). In this study (28), the authors concluded

that progesterone is a major determinant of the cyclical

changes during the menstrual cycle in ibutilide-induced
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QTC prolongation. As regards to the increased female

hormone levels during pregnancy, the risk of TdP in

congenital LQTS patients is significantly decreased

during pregnancy, although cardiac events are increased

postpartum, suggesting the involvement of changes in

serum female hormone levels (31). In post-menopausal

women, although earlier studies reported conflicting

findings regarding the effects of HRT on QTC interval

(17), a recent study with a large study population

indicated that HRT with estrogen alone causes slight

but significant prolongation of the QTC interval, while

the combination of HRT with estrogen and progestin

consistently shortens this interval (27). Collectively,

these clinical findings suggest the tempting hypothesis

that the luteal hormone progesterone shortens the

duration of ventricular depolarization by regulating

cardiac ion channels.

Progesterone belongs to the lipophilic gonadal steroid

hormone family, whose canonical pathway is through

nuclear receptors, resulting in types of transcriptional

regulation referred to as genomic effects (32, 33). A

few studies have investigated the chronic effects of

progesterone on the expression of cardiac ion channels.

Song et al. (34) found that 4-day administration of 17β-

estradiol (50 μg /ml) decreased expression of a transient

outward potassium channel, KV4.3, whereas administra-

tion of progesterone (3 mg /ml) did not affect the

expression of KV4.3. Helguera et al. (35) found that

ovarian steroids modify the ratio of isoforms for the

α1C subunit of the L-type Ca2+ channel (α1C-long /α1C-

short) in myometrium, but not in brain or heart. Thus,

the genomic effects of progesterone on cardiac ion

channels do not appear to be consistent, at least at

present, with the clinically-supported conclusion that

progesterone shortens the duration of ventricular depo-

larization.

In addition to genomic effects, in the last decade sex

hormones have been shown to exhibit rapid effects that

cannot be explained genomically and are referred to as

“non-genomic effects” (32). Non-genomic effects take

place in membrane-delimited fashion, with phospho-

inositide 3-kinase (PI3K)/Akt-dependent activation of

endothelial nitric oxide synthase (eNOS) and activation

of mitogen-activated protein (MAP)-kinase as the two

most well-characterized signaling pathways (36, 37).

We have recently reported that progesterone exhibits

acute effects on cardiac repolarization by modulating

cardiac slowly-activating delayed rectifier K+ currents

(IKs) and L-type Ca
2+ currents (ICa,L) through a non-

genomic pathway involving progesterone receptors

(36). The non-genomic pathway for acute effects of

progesterone is the same as that for androgen receptors,

which we previously reported as mediating the acute

effects of testosterone (18). Non-genomic effects of

progesterone have already been reported in several cells

and tissues (38, 39). We therefore examined rapid effects

of physiological circulating levels of progesterone on

action potentials and membrane currents in cardiac

myocytes isolated from guinea-pig ventricle (36). We

found that progesterone acutely modulates either IKs or

ICa,L via a pathway involving PI3K /Akt-dependent eNOS

activation, resulting in shortening of APD (Fig. 1A). The

NO produced enhances IKs to a maximum extent of

approximately 140%, and suppresses ICa,L to a minimum

extent of approximately 60%, and both of these effects

were abolished by NO scavenger or inhibitors of signal-

ing molecules in the non-genomic pathway. Interest-

ingly, the suppression of ICa,L was cGMP-dependent, as

described previously (40), while the enhancement of IKs
was independent of the cGMP-soluble guanylate cyclase

(sGC) pathway and may have involved protein S-

nitrosylation (36). Since antagonistic effects of cGMP

and cAMP on ICa,L have been demonstrated, it is tempt-

ing to consider the possibility of crosstalk with signaling

mediated by cAMP. Actually, sympathetic nervous

system (SNS) stimulation, a critical triggering factor

for TdP in LQTS (41), altered the target ion channel,

resulting in regulation through non-genomic effects of

progesterone, while progesterone shortened APD

regardless of SNS stimulation (Fig. 1: B and C). In the

basal condition, progesterone enhanced IKs in dose-

dependent fashion (EC50 = 2.7 nM), although pro-

gesterone at 100 nM (higher than the progesterone level

in the luteal phase, approximately 40.6 nM) (42) did

not significantly affect ICa,L. In the presence of SNS

stimulation (plus cAMP and okadaic acid), progesterone

partially suppressed ICa,L in a dose-dependent fashion

(IC50 = 29.9 nM), while 100 nM progesterone did not

significantly affect IKs. Since the reported progesterone

level in women is approximately 2.5 nM in the follicular

phase and approximately 40.6 nM in the luteal phase

(42), we hypothesized that non-genomic effects of

progesterone contribute to the fluctuation of QTC

interval and TdP risk during the menstrual cycle, and

we tested this hypothesis using a systems-biological in

silico approach. Our findings for the acute effects of

progesterone have been incorporated into a computa-

tional model of cardiac action potential, the Faber-Rudy

model for a guinea-pig ventricular myocyte (43). The

model reproduces observed fluctuations of cardiac

repolarization during the menstrual cycle in women and

predicts protective effects of progesterone against

rhythm disturbance in a cellular and a cell sheet model of

congenital and drug-induced LQTS (36). These findings

(36) suggest that nongenomic regulation of cardiac ion

channels by progesterone has a major impact on fluctua-
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tion of female baseline QTC during the menstrual cycle

of approximately 10 ms, consistent with previous clinical

reports (21, 28, 30).

Estrogen

Estrogen has a number of cardiovascular effects that

may be arrhythmic or anti-arrhythmic. There is in fact

much evidence to suggest that estrogen may reduce the

risk of arrhythmias indirectly by protecting against

cardiac ischemia–reperfusion injury as a consequence of

vasodilation (44). Estrogen may have a profound impact

in some cases of drug-induced LQTS (3, 17, 45). Hara

et al. (45) found that chronic treatment with 17β-

estradiol (E2) enhanced E4031-induced APD prolonga-

tion and the incidence and magnitude of EAD in rabbit

papillary muscle. Although a chronic treatment of E2

dramatically enhanced the APD-prolongation induced

by E4031, an hERG blocker, this treatment did not affect

baseline electrocardiographic characteristics, suggesting

that chronic E2 treatment reduces the repolarization

reserve (45). In another cellular study, Pham et al. (20)

showed that serum E2 levels were unrelated to the

effects of dofetilide, although testosterone decreased

the effect. These data suggest that the effects of sex

hormones on hERG blocker sensitivity may be drug-

specific. These chronic effects of E2 may be involved in

transcriptional regulation of message levels of some K+

channels, but not the hERG channel (19). It is difficult to

clearly discuss the relative impact of estrogen-induced

transcriptional regulation on cardiac repolarization,

since there may be several unknown transcriptional

targets and wide interspecies variation in it (19, 46).

Regarding effects on cardiac repolarization, although

there are conflicting findings regarding the effects of

estrogen on QTC intervals in women, a recent large-scale

clinical study of post-menopausal women revealed

very slight, but significant, QTC prolongation by a few

milliseconds with estrogen-replacement menopausal

therapy alone (27). Because QTC prolongation in women

currently taking estrogen-only HRT is statistically

significant compared with that in women with previous

use of HRT (27), exogenous estrogen may affect cardiac

repolarization in a reversible fashion, suggesting the

existence of acute effects of estrogen. This clinical

evidence suggests that acute effects of estrogen are

likely to underlie the dynamic fluctuation in drug-

induced QTC prolongation and arrhythmia development

during the menstrual cycle (28), in turn suggesting the

contribution of non-transcriptional, ‘acute’ effects of

Fig. 1. Regulation of the L-type Ca2+ channel and

the IKs channel via a non-genomic pathway involving

the progesterone receptor (36). A: Schematic diagram

of regulation of the L-type Ca2+ channel and the IKs
channel through a non-genomic pathway involving

the progesterone receptor. When progesterone binds

to its receptor, PR78, c-Src, PI3-kinase (PI3K), and

Akt are activated sequentially. Subsequently, Akt

phosphorylates NOS3 (endothelial NO synthase) to

increase its production of NO. The NO produced in-

hibits cAMP-stimulated ICa,L in a cGMP-dependent

fashion and enhances IKs in a cGMP-independent

fashion. B: Effects of progesterone on the action

potential (upper) and IKs (lower) under basal condi-

tions. Shown are representative recordings before

(Ctrl) and 10 min after (P4) application of pro-

gesterone at 40.6 nM, the reported serum level in the

luteal phase of adult women. ICa,L was not modified

by the application of P4 under these conditions. C:

Effects of progesterone on the action potential

(upper) and ICa,L (lower) under conditions mimicking

sympathetic nervous system stimulation. Representa-

tive recordings of the action potential in the control

condition (Ctrl), after administration of isoproterenol

at 100 nM (ISO), and after additional application of

progesterone (P4) at 40.6 nM. Representative record-

ings of ICa,L just after establishment of whole-cell

patch configuration (Ctrl), after stabilization of

effects of cAMP and okadaic acid (cAMP), and after

subsequent application of progesterone at 40.6 nM

(P4). IKs was not modified by P4 under these condi-

tions.
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estrogen on ion channels to cardiac repolarization.

We recently found that physiological concentrations

of E2 acutely delayed cardiac repolarization, resulting in

prolongation of the QTC interval and APD (Fig. 2A)

(47). A wide range of concentrations of E2 had various

effects on at least 3 important cardiac ion channels in

guinea-pig ventricles. Lower concentrations of E2

inhibited IKr channel currents (IKr) (Kd = 1.3 nM), result-

ing in QTC prolongation, while higher concentrations of

E2 yielded not only IKr inhibition but also non-genomic

regulation, enhancing IKs (Kd = 39.4 nM) and suppress-

ing ICa,L (Kd = 29.5 nM), resulting in QTC shortening

(Fig. 2: A and B) (47). Since circulating physiological

concentrations of E2 vary from 0.1 to 1 nM during the

menstrual cycle (<0.1 nM in men) and rise to as high as

several hundred nM only during pregnancy (6, 21, 30),

the effects of E2 on IKr can have a major impact on the

cyclical changes in cardiac repolarization and TdP risk

during the menstrual cycle (28). The magnitude of IKr
suppression by physiological levels of E2 was statisti-

cally significant but relatively small (<30%), and such

partial suppression may be due to a shift in voltage-

dependence of IKr activation (47). This is consistent

with the less clear impact of circulating estrogen on

fluctuation of female baseline QTC intervals during the

menstrual cycle than that of progesterone (21, 28, 30).

Fig. 2. Receptor-independent effects of 17β-estradiol (E2) on the IKr channel in guinea-pig hearts and human hearts (47).

A: Dual effects of E2 on action potentials. Shown are representative action potential traces recorded from an isolated guinea-pig

ventricular myocyte without (control) or with E2. Action potential duration (APD) is significantly prolonged by E2 at 1 nM, while

APD is shortened by E2 at 300 nM. B: Concentration-dependent effects of E2 on ICa,L, IKr, and IKs recorded from guinea-pig

ventricular myocytes. Curves represent the best fit of data points with Langmuir’s isotherm, where Kd is the dissociation

equilibrium constant and A is the drug-sensitive component. ICa,L: Kd = 29.5 nM and A = 0.40, IKr: Kd = 1.3 nM and A = 0.27,

IKs: Kd = 39.4 nM and A = 0.25. C: Effects of E2 and DHT on sensitivity to E4031 of hERG currents recorded from HEK293 cells.

Concentration-dependent curves (left) are drawn with fits of normalized tail amplitudes relative to the values before application of

E4031. IC50 values are as follows: Control (open squares): 50.6 nM, E2 at 1 nM (closed circles): 15.5 nM, DHT at 3 nM (closed

squares): 34.8 nM. *P<0.05, **P<0.01 vs. control, #P<0.05 vs. DHT, ANOVA. Representative traces (right) in the absence

(control) or presence of E2 at 1 nM are shown by superimposing the traces before (open symbols) and after addition of E4031 at

30 nM (closed circles).
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Very recently, we found that estrone 3-sulfate at physio-

logical concentrations in both women and men at any

ages can suppress hERG currents with the maximal

extent of effectiveness (48).

The IKr suppression by E2 has been proposed to be a

type of receptor-independent regulation because an

estrogen receptor inhibitor did not antagonize the E2-

induced IKr suppression and E2 suppressed hERG

currents in estrogen-negative culture cell lines. A muta-

genesis study of the common drug-binding sites of the

hERG channel (49, 50) revealed that aromaticity of

Phe656 is important for E2-induced hERG suppression,

suggesting that the aromatic centroid of E2, which exists

only in estrogen and not in other sex steroids, may be

responsible for modulation of the hERG channel (47).

In fact, as shown in Fig. 2C, E2 augments the hERG

blockade by E4031 whose binding site includes Phe656

and enhances the sensitivity of E4031 to QTC prolonga-

tion in Langendorff-perfused guinea-pig hearts (47).

Although the mechanism responsible for it has not

been clarified, E2 enhances the E4031-induced hERG

suppression, in line with the increase in ibutilide-

induced QTC prolongation in the late follicular phase

(28), which could underlie the enhanced susceptibility

of women to acquired LQTS (1 – 3, 6).

Closing remarks

We have summarized here recent progress in

examination of gender differences in susceptibility to

arrhythmias including drug-induced long-QT syndrome.

In addition to well-characterized genomic effects of

ovarian steroids, non-genomic effects mediated via the

progesterone receptor (36) and receptor-independent

regulation by estrogen (47) have recently been intro-

duced as novel possible causes of the higher suscepti-

bility to drug-induced long-QT syndrome in women.

These new findings on the acute effects of female

hormones will have to be taken into account in assessing

the risk of drug-induced QT prolongation in women

during the menstrual cycle.
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