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Abstract
Systemic hypertension (HP) is one of the key risk factors
for evolving cardiac hypertrophy and heart failure (HF).
Previous studies have shown that cardiac hypertrophy is
associated with altered excitation-contraction (E-C)
coupling and enhanced myocardial contraction, whilst HF
is associated with diminished contractility.
This study aimed to investigate the functional impact of
hypertension on the cardiac mechanical dynamics and the
contracting mechanisms of the left ventricular myocytes of
human heart. An electromechanical model of human
ventricular cell model developed by Adeniran et al. has
been modified by incorporating available experimental
data from rat ventricular cells under Sham (control) and
HP conditions. Hypertrophy was modeled by
incorporating experimental data of changes in INa, Ito,
INaCa, cell size and myofilament responses to Ca2+ in the
cardiac cell.
Simulations showed that HP produced:1) prolongation
of the action potential duration at 90% repolarization
(APD90) by approximately 4.7%; 2) an increase of the
intracellular calcium concentration ([Ca2+]i) by 36%; 3)
no marked change in the sarcomere length or the
contractile force. Simulation results were consistent with
experimental data, validating the HP model development
and indicated the pro-arrhythmic effects of HP.

1.

Introduction

Systemic hypertension (high blood pressure, HP)
represents one of the vital risk factors for evolving cardiac
hypertrophy and heart failure (HF). The impact of
hypertensive heart disease is emphasised by its high
dominance and complications [1]. It has been found that in
the developed countries such the USA (United State of
America), a 30% of adult have hypertension and 60% of
these develop cardiac hypertrophy, causing a substantial
disease problem [1]. Numerous studies [2–6] have denoted
that cardiac hypertrophy is linked to changes in the
excitation-contraction (E-C) coupling and enhanced
myocardial contraction, while HF is linked to diminished
contractility.
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These findings indicate that a direct relation between the
hypertension onset and the 𝐶𝑎 #$ signaling upregulation
that probably lead to hypertrophy and HF when prolonged
exposure to hypertension Systemic blood [2].
However, the causative cellular and molecular
mechanisms linking hypertension to HF are still unclear. It
has been found that HP induces a left ventricular (LV)
hypertrophy, which causes remodeling of several ion
channels as well as prolongs the ventricles depolarization
[7]. Such remodeling has been reported in the ventricular
myocytes of some mammal species such as rats where
hypertrophy induces changes in the density of several
currents including, 𝐼&' , 𝐼() and 𝐼&'*' , in addition to
changes in the cell size and the calcium sensitivity of Ltype 𝐶𝑎 #$ which is myofilament responses to 𝐶𝑎 #$ in the
cardiac cell [7]. Therefore, to simulate hypotrophy, all
these changes have been employed in the
electromechanical model for human ventricular myocytes
in the current paper.
In this study, electromechanical model of the O’HaraRudy (ORd) human ventricle model, previously developed
by Adeniran et al. [8], were utilised to investigate the
hypertension effects on the cardiac mechanical dynamics,
the mechanisms of contracting and force-generating of the
human ventricular cells. The ORd electromechanical
model modification based on experimental data from the
rat LV experimental data under Sham (control) and
hypertension conditions from Jin et al. work [3].

2.

Methods

2.1.

Model development

In order to obtain an electromechanics model that can
describe the human heart contraction, the ORd
electrophysiological model of the human ventricular
myocytes [9] was coupled to the myofilament model [10].
The resulted electromechanics model has been modified by
integrating available experimental findings from rat
ventricular myocytes under Sham and hypertension
conditions [3].
Firstly, changes in the myofilament responses to
Ca#$ [3] have been incorporated in Sham and HP models
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(not shown in this paper). Secondly, followed the work of
Kharche et al., 2005 [7] and to simulate LV hypertrophy,
changes include sodium channel current, 𝐼&' , up- regulated
(conductance increased by 8%), the outward transient
potassium channel current, Ito, down-regulated
(conductance decreased by 35%), and sodium-calcium
exchanger current up-regulated (the 𝐼&'*' scaling factor
increased by 5 %), with a 30% increase in the cell size and
cell capacitance [7], all of which have been implemented
in the hypertension model.

Simulation results show that HP induce: 1) a reduction
in the myofilament Ca#$ sensitivity by 34% [11, 12], 2)
prolongation of the APD45 by approximately 4.7%, as
shown in Figure 1A, 3) no obvious change in the sarcomere
length (SL), as the initial SL was 2.2 µm and the smallest
contracted SL was 2.14 µm, however, there was a mark
decrease by 13.7%, in the time course of the sarcomere
length in HP condition than in Sham condition, as
illustrated in Figure 1B,
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Figure 1: Single cell electromechanical effects of the HP without 𝐼9': . Simulated (A) normalised active
force and ([Ca#$ ]0 ) relationship, (B) AP, (C) calcium transient ([Ca#$ ]0 ), (D) sarcomere length (SL) and
(E) active force. (F and G) the experimental time course of SL and [Ca#$ ]0 , respectively, which elicited
by an action potential in rat ventricular myocytes from [3].

3.

Results

3.1.

Single cell simulations

Simulated APs were obtained with a 1-Hz stimulation
frequency and calculated after at least 5 minutes of
continuous simulation to make sure that a steady-state
solution was reached. The functional impact of the
hypertension on the action potential duration, cardiac
sarcomere length, the intracellular calcium concentration
([Ca#$ ]0 ), the contractile force and the myofilament
responses to Ca#$ (calcium sensitivity of L-type 𝐶𝑎 #$ ),
were investigated in this paper without considering the
effects of the stretch-activated channels (SACs).

4) an elevation in the peak of the intracellular calcium
concentration ([Ca#$ ]0 ) by 36% with a faster relaxation and
time constant of ([Ca#$ ]0 decay (tau), as in Figure 1C, 5)
no significant alteration in the contractile force peak while
there was a 12.8% decrease in the time course of the
normalised active force (which is the contractile force
normalised to its maximum value) in HP condition than
Sham condition, as in Figure 1D.
Indeed, the results of unaltered the amplitude of
sarcomere length and the contractile force suggest that
there is unchanged in the cardiac myocytes contraction of
the LV under HP condition [3].
All these simulations were in a good agreement with the
experimental data from [3] and thus validated the
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electromechanical models under both Sham and HP
conditions. A summary of these results is shown in Figure
2, which shows a comparison between the simulation
results presented in the pink columns while the
experimental data are the blue squares.
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Figure 2: Bar plots showing the effects of hypertension on
human left ventricular myocytes. It illustrates the
percentages of simulation results (pink columns) and
experimental data (blue squares) from Jin et al. [3].
Figure 3A shows the steady state action potential
duration (APD) rate-dependence for the APD45 of the
human LV electromechanical models under Sham and HP
conditions. The APD restitution curve shows the APD
recovery as a function of basic cycle length (BCL).
The APD45 restitution curves, under both Sham and HP
conditions, demonstrate that at BCLs below 600 ms, the
model demonstrates a great rate dependency and above 600
ms it becomes more stable.
Moreover, simulations show that the prolongation of the
LV cardiac cells under HP condition, resulted in a leftward
shift of the rate dependency at all BCLs examined and
increased
the
maximal
slope,
producing
an
APD45 restitution curves less flattened in hypertension
than Sham conditions, as shown in Figure 3B.
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Figure 3: Steady state APD rate dependence curves of
Sham (black) and HP (red) electromechanical models,
demonstrating the cycle length dependency of the APD45
for the LV of the human heart in (A). While the maximal
slopes of the APD restitution curves of both Sham and HP
are shown in (B).

4.

Discussion and conclusion

The ORd electromechanical model [8] of human
ventricular cells was used in this paper to investigate the
functional impact of hypertension on the contractile
function of the LV human heart without taking into
consideration the effects of SACs.
This model has been modified according to available
experimental data from rat ventricular cells [3], under
Sham and HP conditions. The LV hypotrophy that induced
by HP was modeled following the work of Kharche et al.
[7] and then implemented in the HP electromechanical
model.
Simulations showed that HP condition prolonged the
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APD45 and increased the [Ca#$ ]0 peak with no significant
change to the sarcomere length or the normalized active
force, indicating that HP condition might not modulate the
contraction of the LV cardiac myocytes.
These results of human LV match qualitatively to those
empirically observed from rat ventricular cell, validating
the models development [3]. These results indicate the proarrhythmic effects of HP condition, providing mechanistic
insights into a better understanding to the increase risk of
ventricular fibrillation in hypertensive patients.
The electromechanical models in this study can be
further used in the investigations of the effects of
hypertension combined the SACs effects at single cell,
two-or three dimensional models of the intact human
ventricular myocytes, then in the study of the whole heart
contractile function.
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