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Abstract In the past decades, it has become increasingly clear that women and men 
significantly differ in the epidemiology, pathophysiology and outcome of cardiovas-
cular diseases that also include certain cardiac electrophysiological aspects leading 
to different disease phenotypes and disparate outcomes of pharmacological interven-
tions. These dissimilarities stem from numerous differences in ion channel expres-
sion, kinetics and regulation. One of the first observations of sex-related differences 
was the longer QT-interval in women measured on the ECG. Sex hormones can 
influence the electrophysiological parameters on the genomic level altering gene 
expression. In this regard, the reduced expression of various ion channels carrying 
repolarizing currents, including Ito, IK1, IKr, IKs and IK,ATP, have been described 
in women. Sex hormones can also change ion channel functions by non-genomic 
effects, including the modulation of specific signalling pathways (such as eNOS). 
Furthermore, direct effects of sex hormones on ion channels were also described. For 
example, 17β-oestradiol directly reduced IKr, while testosterone increased IKr and 
progesterone enhanced IKs. In addition to repolarizing ion currents, sex hormones can 
influence a large number of transmembrane ion channels and exchangers in various 
ways, therefore, in this chapter, the sex-related differences regarding an important 
component of intracellular Ca2+ handling, the Na+/Ca2+ exchanger are discussed. 
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Overview of Cardiac Ca2+ Handling and Its Gender 
Differences 

Intracellular Ca2+ has a crucial role in the excitation–contraction coupling. A complex 
interplay of intracellular Ca2+ fluxes under strict control provides the integrity of the 
intracellular Ca2+ homeostasis. The actual membrane potential intimately influences 
Ca2+ handling and vice versa, the intracellular Ca2+ has important roles in the function 
and kinetics of several ion channels [1]. 

During depolarization, the opening of the L-type Ca2+ channels provides large 
Ca2+ influx that triggers Ca2+-induced Ca2+ release by opening the ryanodine recep-
tors (RyR). The RyRs and L-type Ca2+ channels locate in close proximity by the 
abundant expression in the extensive T-tubule network forming nanodomains, called 
dyads. The released Ca2+ (Ca2+-transient) interacts with the contractile proteins and 
initiates several Ca2+-dependent signalling pathways (such as calmodulin-Kinase 
II signaling) [2]. During relaxation, the intracellular Ca2+ is sequestered to the 
sarcoplasmic reticulum by the ATP-dependent sarcoplasmic reticulum Ca2+ ATP-
ase (SERCA), and extruded to the extracellular space by the Na+/Ca2+ exchanger. 
In a small extent, the ATP-dependent Ca2+ pump also contributes to the relaxation 
(Fig. 23.1) [3]. 

Several studies investigated the possible gender related differences in Ca2+ 

handling, however, data are often controversial. A study comparing expression levels 
demonstrated that female ventricular myocytes have markedly higher levels of RyR 
compared to male animals. Similarly, RyR mRNA was increased in female animals 
[4]. Ovariectomy caused hyperactivity of the ryanodine receptor, and this increased 
flux could be reversed by replacement of estrogen and inhibition of protein-kinase 
A (PKA). This result suggests that estrogen has a role in controlling the Ca2+ flux 
through the modulation of the ryanodine receptor [5]. Experiments carried out on 
streptozotocin-induced diabetic rats revealed that expression levels of RyR2 and 
FKBP12.6 was higher in control females than in control males. In contrast, in 
diabetes, RyR2 phosphorylation and FKBP12.6 unbinding was lower in females [6].

Fig. 23.1 Schematic illustration of ventricular intracellular Ca2+ handling and the suggested 
operation of NCX during action potential. See text for detailed description 
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In 10-week ovariectomized rats the maximum Ca2+ uptake activity of sarcoplasmic 
reticulum Ca2+ ATPase (SERCA) was reduced together with SERCA protein down-
regulation and reduction of SERCA mRNA levels. Since supplementation of estrogen 
and progesterone effectively antagonized the effects of ovariectomy it was concluded 
that female sex hormones have an important role in SERCA-mediated Ca2+ uptake 
[7]. 

It was demonstrated that disruption of the FKBP12.6 gene in mice led to Ca2+ 

handling mismanagement in both sexes, however, cardiac hypertrophy was observed 
only in male animals. When female animals were treated with tamoxifen, an estrogen 
receptor antagonist, similar cardiac hypertrophy could be observed as in the case of 
male mice. Therefore, it seems possible that estrogen could be protective against 
hypertrophic response [8]. 

In contrast, in human atrial tissue it was found that L-type Ca2+ current, RyR, 
calsequestrin and phospholamban did not show gender differences on the expression 
level [9]. 

The Role of the Na+/Ca2+ Exchanger in Ventricular 
Myocytes 

The mammalian Na+/Ca2+ exchanger (NCX) consists of 10 transmembrane 
segments. In the myocardium, the NCX1 isoform is a critical modulator of cardiomy-
ocyte Ca2+ cycling [10]. A large loop between the 5th and 6th segments has regulatory 
functions [11–13] providing allosteric regulations by cytoplasmic Na+ and Ca2+ ions. 
It has been found that high intracellular Na+ inactivates NCX [14], however, its phys-
iological significance is questionable since relatively high levels of intracellular Na+ 

(>20 mM) are required. 
The NCX transports three Na+ together with one Ca2+ ion where the Na+ concen-

tration gradient provides the driving force for the exchange. Depending on the 
intracellular and extracellular Na+ and Ca2+ concentrations, as well as the actual 
membrane potential, the NCX can work in two operational modes even during the 
same action potential. When intracellular Na+ is high, the intracellular Ca2+ is low 
and the membrane potential is depolarized, the reverse mode is favoured where 
Ca2+ influx takes place. In contrast, the high intracellular Ca2+ and the hyperpolar-
ized membrane potential facilitate forward mode and NCX extrudes the intracellular 
Ca2+ (Fig. 23.1). 

The NCX is abundantly expressed in the sarcolemma, however, it is suggested that 
the expression level is higher in the t-tubules, having important consequences in Ca2+ 

handling [15]. 15% of the NCX may be located in close proximity to the ryanodine 
receptors, therefore, can sense microdomain Ca2+ levels [16]. While the role of the 
forward mode in the relaxation is clear, the possible role of the reverse mode in the 
Ca2+ induced Ca2+ release is controversial. There are studies demonstrating that Na+
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influx facilitates the reverse mode of NCX and this Ca2+ influx is able to contribute 
to the Ca2+-induced Ca2+ release mechanism [17–19]. 

Since NCX generates net current, it is feasible that it contributes to the action 
potential waveform, although the available data are controversial. There are results 
showing that forward NCX-mediated inward current is a crucial component of the 
action potential [20]. In contrast, experiments with the novel selective NCX inhibitor 
ORM-10962 indicate that action potential duration remained unchanged following 
NCX inhibition [21]. 

Altered NCX function is described in various pathological conditions. In heart 
failure, the NCX is upregulated and becomes a better competitor for the SERCA 
in Ca2+ removal [22]. Therefore, it can contribute to the reduced intracellular Ca2+ 

content and the generated inward current can be an important source of arrhyth-
mias [22–25]. In the setting of myocardial ischaemia–reperfusion, the reverse mode 
of NCX can contribute to the Ca2+-load during ischemia, and the rapid onset of 
the forward NCX might generate large inward current evoking arrhythmic triggers 
[26–28]. 

Sex Differences in the NCX-Expression and Genomic 
Regulation 

Chen et al. investigated the sex-related regional expressional differences of NCX 
in adult rabbits. Furthermore, both the reverse and forward modes of the exchanger 
were compared [29]. 

The study found that during the intersex comparison, that in the case of female 
rabbits, the outward NCX current was larger in the base region, but was smaller in the 
apex region compared to males. The inward current was identical between genders 
in both regions. When NCX was compared within the same sex, they observed that 
in the case of female rabbits, both the outward and inward NCX was larger in the 
base region. In male animals, the outward NCX was larger in the apex, but the inward 
NCX had higher amplitude in the base. 

Western blot analysis revealed that NCX1 expression was higher in females 
obtained from the base region of the heart compared to males, as well as was higher 
compared to apex from both genders (Fig. 23.2). This enhancement of NCX1 could 
be the consequence of estrogen-induced genomic mechanism.

The authors also found that NCX and Cav1.2α were upregulated in the base 
of female hearts that could contribute to the sex-differences in the manifestation 
of LQT2 syndrome. The higher Ca2+ influx in the base region due to larger ICaL 
is suggested to be compensated for higher NCX to maintain stable Ca2+ balance 
[29]. However, the higher ICaL prolongs the action potential and causes sarcoplasmic 
reticulum Ca2+-overload, and the spontaneous releases elicits early afterdepolariza-
tions via NCX activity. The authors concluded that the apex-base heterogeneity of
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Fig. 23.2 Distribution of 
NCX1 protein in male and 
female rabbits obtained from 
the apex and base region. 
Asterisk denotes that NCX1 
protein was more abundant 
in female base compared to 
male base, and the apex of 
both sexes (with permission, 
[29])

NCX expression could be an important arrhythmogenic factor in the development of 
various arrhythmias (Fig. 23.3) [29].

Golden et al. have demonstrated that testosterone regulates the expression of the 
major proteins involved in Ca2+-handling such as NCX. It was found that ventricular 
myocytes isolated from two-day old rats after 24 h of testosterone treatment had 
maximal increase in NCX expression. Therefore, the male sex hormone may play a 
significant role in the gender-related differences of cardiac performance [30]. 

Furthermore, it has been found that estrogen upregulates the ICaL and NCX in 
female rabbits, therefore increases the risk of LQT2-type arrhythmias [31]. The 
same group also investigated whether these results could be confirmed in the human 
heart. It was found that Cav1.2 and NCX1 protein levels were higher in women 
than in men or in postmenopausal women in the apex. INCX and ICaL were measured 
from female and male cardiomyocyte derived human induced pluripotent stem cells, 
where both ICaL and INCX amplitude were higher in the case of women-derived cells. 
It was concluded that estrogen upregulated ICaL and INCX in female human ventricular 
myocytes. These sex-related differences could be attributable, at least in part, to the 
increased sex-related differences in Ca2+-handling, and arrhythmia propensity [31].
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Fig. 23.3 Genomic effect of estrogen on early afterdepolarization (EAD) development. Panel A 
and B show action potentials from the base (A) and apex (B) regions where the cells were incubated 
in vehicle and estrogen, respectively. In both cases the IKr inhibitor dofetilide largely prolonged 
action potentials without eliciting early afterdepolarizations. Panel C: when female base myocytes 
were incubated in estrogen, the dofetilide induced early afterdepolarizations. Panel D: when female 
base myocytes were treated with estrogen and its antagonists (ICI), the application of dofetilide 
prolonged the action potential without evoking early afterdepolarizations (with permission, [29])

Sex-Related Role of NCX in Ca2+ Handling Balance 

In NCX-overexpressed transgenic and wild-type mice, Sugishita et al. investigated 
the effect of metabolic inhibition on [Ca2+]i and [Na+]i. It was found that metabolic 
inhibition induced higher [Ca2+]i rise in male transgenic (Tg) animals compered 
to wild-type, however, in contrast, in female Tg mice, the [Ca2+]i increase was not 
significant. The increase of [Na+]i was also larger in male animals than in females. The 
non-selective NCX inhibitor KB-R7943 abolished the effect of NCX overexpression, 
however, failed to annul all gender differences. In contrast, estrogen significantly 
decreased the [Ca2+]i and [Na+]i rise in male mice and attenuated gender differences, 
indicating that estrogen is able to protect cardiac myocytes against [Na+]i and [Ca2+]i 
elevation during metabolic inhibition [32]. 

The Ca2+-handling of ovariectomized rats was investigated by Kravtsov et al. 
[5]. The ovariectomy did not influence the expression level of the NCX, however, 
increased Ca2+ flux was found via NCX and ryanodine receptor together with 
enhanced expression of protein-kinase A. These changes suggest that ovariectomy 
increases contractility, and left ventricular developed pressure [5]. 

Comparison of the expression levels of different Ca2+-handling proteins in healthy 
male and female rats revealed that female ventricular myocytes have markedly higher 
level of CaV1.2, RyR and NCX proteins compared to male animals. Similarly, RyR 
and NCX mRNA were increased in female animals. Contractile properties were
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compared by using right ventricular papillary muscles which demonstrated faster 
maximal rate of force development in female rats [4]. 

In healthy male and female rats, the key Ca2+-handling proteins were examined. 
It was found that NCX, RyR and L-type Ca2+ channel mRNA content was higher in 
female rats [33]. 

In line with the previous results, it was found that the base of female rabbit hearts 
exhibited larger ICaL than female apex or males. Estrogen also upregulated ICaL 
in cultured female myocytes. Mathematical modeling indicated that increased ICaL 
level increased action potential duration (APD) and promoted arrhythmias. Exper-
imental and modeling data indicates that estrogen upregulates ICaL that promotes 
APD lengthening and EAD formation [34]. 

NCX has a crucial role in beat-to-beat Ca2+- handling balance, therefore, it inti-
mately influences the contractile force. The effect of male sex hormones on Ca2+-
balance was investigated on orchidectomized male rats, where it was found that the 
hypogonadal condition caused 50% decrease in the contraction force which could 
be partially restored by testosterone supplementation. The orchidectomized rats also 
exerted lower expression levels of NCX with prolonged relaxation of contraction 
[35]. 

Sex-Related Differences of NCX in Myocardial Ischemia 

Myocardial ischemia often develops following occlusion of a coronary artery estab-
lishing serious imbalance between blood supply and demand. The deficit in blood 
flow initiates several alterations in the kinetics of ion channels, intracellular pH, 
intracellular Na+ and Ca2+ levels, extracellular K+ level, changes in the secondary 
messenger system, release of free radicals that altogether largely increase arrhythmia 
propensity in the heart [36]. Cross et al. investigated the sex-related effects of NCX 
overexpression during ischemia–reperfusion in transgenic mice. It was found that 
transgenic male mice exerted lower cardiac performance than male wild type mice, 
however, there was no difference among female transgenic versus wild type animals. 
When bilateral ovariectomized and sham-operated female mice were subjected to 
ischemia, the cardiac performance was lower in the case of ovariectomized mice 
indicating the role of sex-related hormones [37]. In another study, arrhythmia inci-
dence between left anterior descending artery (LAD) ligation and sham-operated 
rats from both sexes was also compared. It was found that male gender was a strong 
predictor of increased arrhythmia vulnerability [38].
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Sex-Related Changes of NCX in Heart Failure 

Heart failure is a complex clinical syndrome leading to impairment of cardiac perfor-
mance, pump failure and increased susceptibility to serious cardiac arrhythmias. 
Various structural (hypertrophy, fibrosis), metabolic as well as electrical alterations 
(including changes in ion channel protein expression and regulation) can be observed 
in heart failure, collectively termed ‘remodeling’ [39]. These changes together lead 
to heterogeneous repolarization and impaired impulse conduction. Repolarizing 
currents that normally form a strong safety margin by redundant activation (“repo-
larization reserve”) [40] are seriously compromised and attenuated and the resultant 
impaired repolarization could serve as a substrate for arrhythmias. 

Sex differences also exist in the case of heart failure. Heart failure with reduced 
ejection fraction is more frequent in males together with ischemic etiology, however 
in the case of females, heart failure with preserved ejection fraction coupled with 
hypertension or diastolic dysfunction is more often observed. Transgenic overex-
pressing TNF1.6 mice exhibit heart failure and increased mortality [41]. It was 
found that female transgenic mice have slower decay of the Ca2+-transients, however, 
the transient amplitude, contraction and response to isoproterenol were identical to 
wild-type mice. In the case of male mice, the transient decline, amplitude, as well 
as the contraction and isoproterenol response was significantly reduced compared to 
wild-type animals. 

A ventricular tachypacing-induced heart failure swine model was used to inves-
tigate the sex differences in NCX function in heart failure. The control (non-failing) 
ventricular myocytes exerted identical NCX current and beta-adrenergic respon-
siveness. However, NCX was upregulated in HF and this remodeling was more 
pronounced in males than in females, however, the beta-adrenergic responsiveness 
was smaller in male animals (Fig. 23.4) [42].

Conclusion 

The expression and function of NCX, a crucial component of cardiac intracellular 
Ca2+ handling seems to be significantly influenced by gender. It is feasible that in 
some pathophysiological settings in females, the upregulated NCX function shows 
heterogeneous distribution via estrogen-mediated genomic mechanisms, and can be 
an important contributor to increased risk of delayed afterdepolarization development 
and therefore, increased arrhythmia propensity.
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Fig. 23.4 Gender differences in the NCX current and beta-adrenergic responsiveness in pig heart 
failure myocytes. Panel A shows NCX currents from male myocytes, panel B from female 
myocytes. Gray curve illustrates control, black curve illustrates NCX current after isoproterenol 
treatment. Panel C demonstrates the NCX current density, panel D demonstrates the ratio of outward 
isoproterenol-induced and basal NCX current. Results indicate that male myocytes have larger NCX 
current but reduced isoproterenol response in heart failure ([42] with permission)
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