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Abstract
Calcium mishandling observed in failing hearts is
responsible for contractile dysfunction and arrhythmias.
Thereby, calcium dynamics becomes an important target
to explore for the restoration of the altered excitationcontraction coupling. In this study, we performed an insilico sensitivity analysis to understand the mechanisms
modulating calcium dynamics in failing human hearts.
Using a modified version of the O’Hara et al. human
ventricular action potential model, we simulated different
failing conditions for every ionic parameter remodeled in
heart failure. Calcium biomarkers from simulated
endocardial cells, such as systolic and diastolic calcium
concentration, were measured and analyzed. The results of
this study highlight the importance of maintaining SERCA
activity in its normal levels to improve contractility and
point to other crucial parameters that also alter calcium
handling, such as NCX.

1.

2.

Introduction

Heart failure (HF), the final consequence of diverse
cardiovascular pathologies, is an increasing worldwide
health problem characterized by contractility problems and
malignant arrhythmias. Abnormalities in calcium handling
have been associated with this mechanical dysfunction [1],
since intracellular calcium is the main regulator of
myocardial excitation-contraction coupling.
When studying the electrophysiology of failing hearts,
several investigations have explored the mechanisms that
give rise to arrhythmogenesis. These studies highlight
action potential (AP) prolongation, as well as intracellular
Na+ accumulation and altered Ca2+ handling [2–4], as the
main causes. Further investigation has revealed that, in HF,
ionic channels undergo electrical remodelling, i.e.
enhancement or loss of function of some transmembrane
currents, leading to the electrophysiological alterations
observed in failing myocytes.
The extensive literature focusing on the effects of ionic
remodeling on AP hypothesizes on potential therapies to
avoid or reduce the progress of HF. In this way, restoring
calcium handling should be a main target, which is not
usually considered. Experimental observations in failing
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myocytes have quantified reduced calcium transients
(CaT) with slow relaxation rates, and a general decrease in
[Ca2+] inside the cell, affecting the sarcoplasmic reticulum
(SR) Ca2+ load [4–6]. To target these pathways, a better
knowledge of the ionic mechanisms leading to the
aforementioned alterations is required.
The complexity of the cellular electrophysiological
system has required the use of a more systematic
methodology, able to complement and explain
experimental observations. Computer simulations arise as
a very helpful tool in the study of cellular electrical
mechanisms [7], and this has led to the development of
mathematical models of human AP.
In the present study, a sensitivity analysis was
performed in a human model of failing myocytes to
elucidate the ionic mechanisms that alter intracellular
calcium regulation. The effect of different ionic parameters
on calcium biomarkers has revealed the influence in
modulating calcium handling and possible targets for
restoring concentrations and improving contractility.
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Methods

We carried out simulations of human ventricular
endocardial cells paced at 1 Hz. The model used was a
modified version of the human action potential model by
O’Hara et al. (ORd), which includes a detailed formulation
of calcium dynamics [8]. We introduced different
modifications to improve the sodium current formulation.
These changes include an enhancement of INa,fast, changing
the dynamics of the gates mss, hss, and jss [9], and in an
increase of INaL to match experimental observations [10].
On this new model (ORdmm), we introduced ionic
remodeling to simulate HF according to Gomez et al. [11].
The sensitivity analysis of the HF model was performed
applying a one-at-a-time variation in the remodeled ionic
parameters. On the basic HF model, these parameters were
varied to their normal values (“no change”), as in the
ORdmm model, and to ±50% of their HF remodeling
condition. All simulations were run until achieving steadystate, before measuring the electrophysiological
characteristics. The measured biomarkers included systolic
and diastolic [Ca2+]i, Ca2+ transient (CaT) duration at 30%
and 80% recovery (CaTD30 and CaTD80), and 10% to 90%
CaT rise time (t10-90). Other important concentrations of
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Figure 1. Relative sensitivities of the electrophysiological properties to changes in ionic current parameters in the HF model.

3.

Results and Discussion

Figure 1 summarizes the relative sensitivities for all
combinations of electrophysiological (EP) characteristics
and parameters modified. White indicates the strongest
sensitivity per row, while black means lack of dependency
between both variables. Signs denote a direct (+) or inverse
(-) relationship. At first glance, white color in JSERCA
column, in comparison with the rest of parameters,
highlights its high contribution to most of the EP properties
related to calcium handling.
APD and [Na+]i have also been analyzed because of the
important changes undergone in HF. Figure 2 shows the
modulation of APD90 by INaL, hL, INaK and INCX. Failing
conditions of these parameters result in a prolongation of
APD, with the exception of INaK. Our results agree with the
abnormal repolarization in myocytes with enhanced INaL
[13]. The reduction of INaK is also the main responsible for
[Na+]i accumulation (see table 1, last row). High Na+
content activates the reverse mode of the NCX, resulting
in APD shortening [14]. However, in failing conditions,

enhanced INCX produces APD prolongation due to the
exchanger functioning in the forward mode.
Figure 3 shows how the main calcium biomarkers
(systolic and diastolic [Ca2+]i) are modulated by different
ionic parameters under different failing conditions.
Analyzing the changes in every EP property related to
calcium (Figure 1), SR Ca2+ ATPase (SERCA) remodeling
in HF has negative effects in all of them. Hence, reduced
uptake decreases systolic and increases diastolic [Ca2+],
both in the cytosol (see also Figure 3) and the subspace,
lengthens the rise time and duration of CaT, and reduces
the SR Ca2+ content. These characteristics have been
experimentally observed in human failing myocytes [4,6],
but also in healthy hearts when SERCA was inhibited
[15,16].

APD90 (ms)

calcium are those reached in the subspace, and in the
sarcoplasmic reticulum (SR), divided into the junctional
(JSR) and network SR (NSR). In addition, AP duration
(APD) was measured at 30% and 90% repolarization
(APD30 and APD90), as well as the [Na+]i peak.
The sensitivity between the most severe HF condition
and the “no change” condition was calculated, as described
in Trenor et al. [12]. Finally, sensitivities were normalized
to the maximum absolute sensitivity for each biomarker.
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Figure 2. Changes in APD90 with the most influential ionic
parameters at different failing conditions.
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Figure 3. Changes in systolic (panel A) and diastolic [Ca ]i (panel B) with the most influential ionic parameters at different
failing conditions.
The next parameters that show some influence in
different EP characteristics are those related with Ca2+
release (Krel,Ca and Jleak). In failing conditions, the former
decreases t10-90 and diastolic calcium, while the latter
increases them, having negative effects. Moreover, both
contribute to the reduction of the SR Ca2+ load. It has been
observed that induced Ca-leak modifies CaT negatively
[15]. On the other hand, an increase in SR Ca2+ content
inhibits RyR leak [17].
According to Figure 1, the following significant
sensitivities highlight the strong effect of INCX. Although
these sensitivities present lower values than some of the
sensitivities to the aforementioned parameters, a
pronounced remodeling of the NCX exchanger in HF
potentiates the changes in some EP characteristics (Figure
3). Its negative effects in increasing t10-90 and decreasing
systolic Ca2+ peak should be highlighted. On the other
hand, it decreases diastolic [Ca2+]i,. Overexpression of
NCX in transgenic mice produced a higher CaT amplitude
as well as SR Ca2+ content [18]
Upon these results, abnormalities in Ca2+ handling are
mainly related to SERCA dysfunction. Its significantly
reduced activity in HF compromises the mechanism of
Ca2+ uptake into the SR. In addition, Ca2+ extrusion from
the cell by NCX is enhanced, hindering the uptake into the
SR. Both mechanisms give rise to a negative balance in the
calcium influx-efflux process. Although remodeled RyR
channels seem to improve CaT, reduced SR Ca2+ content
decreases the amount of calcium available for release. In
the case of Jleak, Ca2+ release has negative effects because
Ca2+ cycling is altered by this uncontrolled factor. To
reduce this leak, it would be necessary to know its exact
origin. When it is linked to RyR channels, it is difficult to
inhibit the leak without affecting the normal process of
Ca2+ release. Therefore, further work is required to
understand these mechanisms and their consequences.
In view of the global results, the model suggests that, in
order to restore calcium dynamics, the first ionic transport

to be targeted in HF should be SERCA. In this way,
overexpression in failing myocytes cells had good results
on Ca2+ handling in rats [19] but also in humans [20],
because modified failing cells showed no differences with
the healthy ones after the treatment. What is more, it seems
not to affect APD.
NCX is another possible target but, unlike SERCA, the
inhibition should be done carefully. Inhibiting the
exchanger would be beneficial to APD and systolic
function, but raising diastolic [Ca2+]i the relaxation might
be compromised.
Finally, the one-at-a-time methodology can miss the
detection of multifactorial effects and is a limitation of our
study. In this sense, a multivariable study to investigate the
interaction between different variables and its possible
implications would be desirable.

4.

Conclusion

The major finding of this study is the high modulation
of calcium handling by remodeled SERCA. Its influence
suggests that repairing Ca2+ uptake function could restore
normal calcium dynamics in failing myocytes.
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