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Abstract: Elevated plasma leptin levels, or hyperleptinemia, have been demonstrated to correlate
with metabolic syndrome markers, including obesity, and may be an independent risk factor for the
development of cardiovascular disease. In this paper, we use cardiac models to study possible effects
of hyperleptinemia on the electrophysiological properties of cardiomyocytes and cardiac arrhythmias.
We modified the parameters of an improved Gattoni 2016 model of rat ventricular cardiomyocytes to
simulate experimental data for the leptin effects on ionic currents. We used four model variants to
investigate the effects of leptin-induced parameter modification at the cellular level and in 2D tissue.
In all models, leptin was found to increase the duration of the action potential. In some cases, we
observed a dramatic change in the shape of the action potential from triangular, characteristic of
rat cardiomyocytes, to a spike-and-dome, indicating predisposition to arrhythmias. In all 2D tissue
models, leptin increased the period of cardiac arrhythmia caused by a spiral wave and enhanced
dynamic instability, manifesting as increased meandering, onset of hypermeandering, and even spiral
wave breakup. The leptin-modified cellular models developed can be used in subsequent research in
rat heart anatomy models.

Keywords: cardiac modeling; leptin; hyperleptinemia; cardiac arrhythmia; rat ventricular
cardiomyocytes; rat ventricular tissue

MSC: 92-10; 37N25

1. Introduction

Cardiovascular disease is the leading cause of death in developed countries. According
to the European Society of Cardiology Atlas Project 2021 [1], more than 40% of all deaths in
Europe are caused by cardiovascular diseases. In most cases, sudden cardiac death is the
result of a cardiac arrhythmia, such as ventricular fibrillation [2]. One of the essential risk
factors for cardiac disease development is obesity, which has become a huge social problem
worldwide. According to the World Health Organization’s report for 2016, 650 million
adults aged 18 years and older were obese [3]. The exact factors for how obesity leads to
heart disease and cardiac arrhythmias remain largely under-investigated.

From a scientific point of view, cardiac arrhythmias result from abnormal propaga-
tion of electrical excitation waves generated in the heart by billions of cardiomyocytes.
Thus, to understand the effects of obesity on arrhythmias, one needs to link it with pos-
sible electrophysiological effects of obesity on cardiomyocytes. One way of doing this
is to consider biologically active molecules produced by adipose tissue and their effects
on cardiomyocytes. From this point of view, a promising object is leptin, a peptide hor-
mone with a molecular mass of 16 kDa. Leptin is mainly produced by fat tissue cells
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(adipocytes) but can also be produced by cardiomyocytes [4–6]. Its concentration increases
in obesity [7,8]. A recent experimental study of eight-day hyperleptinemia in rats revealed
systemic effects of leptin such as dyslipidemia, systemic inflammation, increased blood
pressure and heart rate, myocardial hypertrophy, and impaired left ventricular function.
Moreover, the study [9] demonstrated an increased frequency of ischemic arrhythmias
and increased size of induced myocardial infarction, indicating a pro-arrhythmic effect of
high-level leptin on myocardial function. Experiments have also been carried out to study
the effects of leptin on the electrical function of isolated cardiomyocytes from rat [10,11],
mouse [12] and rabbit [13] hearts, as well as some leptin-induced effects on the properties
of transmembrane ionic channels [10,12–14]. However, an important question about how
leptin-induced remodeling of ion channels affects the properties of cardiac arrhythmias
remains poorly understood.

A modern approach to studying the mechanisms of cardiac arrhythmias is detailed
integrative mathematical modeling of the myocardium, which has been successfully used
in many cases [15–20]. The main idea of this method can be described as follows. The exci-
tation of each cardiomyocyte is the result of the dynamics of tens of thousands of different
ion channels, and the heart excitation is due to the excitation of billions of cardiomyocytes
that are electrically coupled to each other. Thus, the myocardium model must combine a
description of the ion channel property dynamics with a description of the cardiomyocyte
organization in the heart at the tissue level. Mathematically, such a model consists of a set
of nonlinear ordinary differential equations, or so-called ionic cellular models, that describe
the cardiomyocyte electrophysiology. Cardiomyocyte connectedness is reflected by adding
spatial operators that describe electrical currents between them. The numerical solution
to such a model provides spatial patterns of myocardial excitation. Cardiac arrhythmias
correspond to abnormal patterns of excitation, such as spiral waves [21].

Effects of leptin on cardiac arrhythmias can be studied in the following way. In fact,
there are experimental data on how leptin affects the transmembrane channels. Since
transmembrane currents are part of the cellular ion model, we can modify the model based
on those experimental measurements, i.e., reproduce the impact of leptin at the cellular
level and then study how this modification affects the properties of cardiac arrhythmias
(spiral waves).

In this paper, we apply this method and study effects of leptin on the electrophysio-
logical properties of rat cardiac tissue and cardiac arrhythmias. The rat heart was chosen
as one of the most widely used hearts in experimental studies of cardiovascular disease.
We have developed a modification of the Gattoni 2016 [22] rat cardiomyocyte model that
reproduces leptin-induced ion channel remodeling effects in order to obtain cellular models
that mimic chronic exposure to leptin. Furthermore, these cell models are integrated into a
2D myocardial model, which we use to study reentrant cardiac arrhythmias organized by
spiral waves and investigate how the application of leptin affects the arrhythmia dynamics.

2. Materials and Methods
2.1. Updated Gattoni 2016 Ionic Models of Rat Ventricular Cardiomyocytes

The Gattoni 2016 model [22] of the rat ventricular cardiomyocyte combines the Pandit
ionic model of the rat ventricular cardiomyocyte [23] with the updated description of the
Na+/K+ pump from [24] and the Hinch model of intracellular Ca2+ handling [25].

In the present study, we used four versions of the Gattoni 2016 cell model with
modified parameters. The process and reasons for the modification of the parameters were
described in detail in our previous article [20]. In brief, although the original Gattoni 2016
model was validated through experimental recordings of action potential (AP) shapes
and calcium transients at stimulation frequencies of 1 and 6 Hz, we found that it becomes
unstable at frequencies above 6 Hz. This was an essential limitation for our studies, as
arrhythmias in the rat heart can attain frequencies above 10 Hz [26]. In addition, the
original Gattoni 2016 model was not verified in terms of the frequency dependence of the
action potential duration (APD), or APD restitution curve, which is one of the important
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measurable characteristics of cardiac tissue. When modifying the Gattoni 2016 cell model,
we found that the model’s instabilities were due to rapid leakage of calcium from the
dyadic spaces into the cytosol, which were eliminated by a 60% decrease in this Ca2+ flow
rate (parameter gD). To fit the model to the measured APD restitution curves, we applied
the population modeling approach, which enables suitable models to be selected from the
space of multiparametric simulation results. To this end, we evaluated the sensitivity of
the model to 16 main parameters of ionic transmembrane conductance and intracellular
calcium fluxes by varying the parameters in the range of 10–200% with reference to the
values of the original model. Based on this evaluation, we selected six parameters (see
Table 1).

Next, based on the 6 selected parameters, we performed Latin hypercube sampling [27]
from 10,000 different sets of parameters, with each of these 6 parameters varying in the
range of 0–200% relative to the reference value per 1000 ms stimulation period in the
Gattoni 2016 cellular model. From this population, we selected 39 models that had their
main action potential characteristics and intracellular calcium dynamics falling within the
physiological ranges, including APD [28,29], AP overshoot [22,30], resting potential [22,30],
calcium transient peak [22], diastolic calcium levels in the cytosol [22] and sarcoplasmic
reticulum (SR) [22], and APD restitution curves [28]. Finally, from this subpopulation,
we drew four representative models: the restitution curve of Model 1 is at the lower
subpopulation boundary, Models 2 and 4 are close to the center line, and Model 3 is at the
upper subpopulation boundary. The parameter values of these models are presented in
Table 1.

Table 1. Parameter values in four selected model samples as a percentage of the reference values at a
basic cycle length of 1000 ms from the Gattoni 2016 model [22].

Parameter Definition Reference Model Model 1 Model 2 Model 3 Model 4

gD Ca2+ flux rate
from dyadic space to cytosol

100% (99 nm3/ms) 40% 40% 40% 40%

gSERCA (1000 ms) maximal velocity of
SR Ca2+-ATPase pump

100% (0.47 µM/ms) 71% 79% 116% 155%

gSERCA (170 ms) 145% (0.68 µM/ms) 130% 143% 168% 225%

JL
permeability of

single L-type Ca2+ channel
100% (0.7 nm3/ms) 118% 165% 100% 87%

gNCX
pump rate of

Na+-Ca2+ exchange current
100% (51.5 µM/ms) 69% 63% 168% 154%

gto maximum conductance of
transient outward K+ current

100% (19.6 nS) 178% 185% 196% 193%

gss maximum conductance of
steady state outward K+ current

100% (12 nS) 72% 41% 26% 62%

iNaKmax
maximal velocity of

Na+/K+ pump
100% (1.38 nA) 181% 140% 64% 105%

2.2. Leptin-Related Remodeling in the Cellular Model

To reproduce the effects of high levels of leptin (hyperleptinemia) on the electrophysi-
ological properties of cardiomyocytes, we used data from reference [12]. At the moment,
we are not aware of any work on the effect of continuous exposure to leptin for several
weeks on transmembrane currents in rat ventricular cardiomyocytes, and so we used a
mouse model of chronic leptin exposure. In [12], a group of sham-operated mice received
leptin at a concentration of 0.36 mg/(kg*day) for 3 weeks by implanting a micro-osmotic
pump, while the other group received, via a pump, a solution without leptin. It was shown
that leptin application decreased transient outward potassium current (Ito) by an average
of 47% for potentials from −10 to 60 mV at a holding potential of −80 mV and increased
the expression of Na+-Ca2+ exchange (NCX) current by 93%. In accordance with these
data, we simulated the effects of leptin on cells described by Models 1–4 by multiplying
the parameters of maximum conductance of Ito (gto) and of NCX (gNCX) by the coefficients
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0.53 and 1.93, respectively. The original models are referred to as control Models 1C–4C,
while the same models with modified parameters under leptin application are referred to
as Models 1L–4L.

2.3. Simulation Protocol for Single Cell Models

To find the rate dependency of Models 1C–4C and 1L–4L, we performed simulations
using the dynamic stimulation protocol [20], involving pacing with gradually decreasing
basic cycle length (BCL) from 1000 ms to 200 ms in 50 ms steps and from 200 ms to 80 ms in
10 ms steps. For each BCL, we simulated 40 APs. We decreased BCL to 90 ms because, at
BCL 80 ms, excitation was found to be blocked in Models 1L–3L.

In accordance with the Gattoni 2016 model, we used two fixed gSERCA values for the
BCL of 1000 ms and 170 ms. For frequencies between 1 and 6 Hz and larger than 6 Hz,
gSERCA was assumed to be linearly dependent on frequency.

The following characteristics were calculated: AP duration at 50% (APD50) and 90%
(APD90), Ca2+ transient peak (PCa), and diastolic Ca2+ level in the SR (DCaSR). Where
not specially indicated, APD = APD90.

We used the CVODE solver (absolute tolerance = 1× 10−6, relative tolerance = 0.0001) [31]
and the software package Myokit [32] to solve cellular model equations.

2.4. Myocardial Tissue Models

Propagation of excitation waves in myocardial tissue is described by the monodomain
equation:

∂V
∂t

= ∇ · (D∇V)− Iion

Cm
, (1)

where V is the transmembrane potential, ∇ is the gradient operator, D is the diffusion
tensor, Iion is the total ionic current, and Cm is the membrane capacitance.

We set the initial conditions for transmembrane voltage equal to the resting potential
V = Vrest. The boundary condition was no flux through the boundaries:

~n∇V = 0, (2)

where~n is the normal to the boundary.
To simulate excitation wave propagation in the 2D generic models of myocardial tissue,

we solved Equations (1) and (2) using original software written in C with a Cuda extension.
The system of Equations (1) and (2) was integrated in time using the forward-Euler method
with a time step of ∆t = 0.005 ms, and in space using the centered finite difference method
with a space step of ∆s = 0.1 mm. This space step corresponds to the resolution of the DT
MRI image of the rat ventricles.

For 2D simulations, we used a sheet of 50× 50 mm2 isotropic tissue with a constant
diffusion coefficient D of 0.1544 mm2/ms [16]. This coefficient value provides conduction
velocities of 0.5–0.57 m/s for Models 1C–4C, which are in the range of experimentally
observed conduction velocities [33].

Spiral waves were initiated using the S1S2 protocol. Stimulus S1 was generated at the
left border of the 2D model. The S2 stimulus was applied to the upper left quarter of the
tissue. The interval between stimuli S1 and S2 was selected so that the spiral wave was
triggered and ranged from 58 to 154 ms.

Spiral wave periods and tip trajectories were determined. Spiral wave tips were
identified by means of the algorithm proposed by Fenton and Karma [34]. The core size
was measured as the length of the largest side of the rectangle that covers the spiral core
trajectory.

Available software. We provide the code that calculates and plots APD restitution
curves for cell models 1–4. The code can be downloaded from the GitHub repository from
the link: https://github.com/tatiannesterova/DRC, accessed on 27 January 2023. The code
is written in Python and is intended to run as a script in the Myokit IDE [32]. Myokit can

https://github.com/tatiannesterova/DRC
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be installed from the developer’s website: http://myokit.org/. The original Gattoni 2016
model was converted into the Myokit format from CellML (https://models.cellml.org/
workspace/285, accessed on 27 January 2023) provided by the authors of the model in their
article [22].

3. Results
3.1. Leptin Effects in Single Cell Models

We first studied AP rate dependence for Model 1 in the control and under leptin
application. The cardiomyocyte was simulated with the period of 1000 ms, which was then
progressively decreased. The results are presented in Figure 1, where AP is shown by the
dashed blue line for the control and by the solid red line under leptin exposure. In the
control, we see APs of normal triangular shape. The APD rate dependence (APD restitution
curve) is almost flat for the control (Figure 2, Model 1). However, under leptin application,
APD increased essentially at every pacing rate tested, but the degree of change depended
on BCL. Moreover, the AP shape varies substantially in the model with leptin-induced
parameter modification. The dynamics of shape transformation are complex; however,
the main features are illustrated in Figure 1. We observed three main types of dynamics.
For long periods of stimulation (more than 500 ms), APs were found to generally have a
spike-and-dome shape rather than triangular as seen in Figure 1I, and APD was around
232–262 ms long. Thus, compared to the control, APD was prolonged by 544–608%. As
we decreased the stimulation period, the spike-and-dome morphology was observed to be
present down to the BCL of 550 ms. For shorter BCLs, AP returned to the original triangular
shape, though still with substantially longer APD as compared to the control (by 49–237%).
In some instances, however, spike-and-dome APs appeared between normal triangular
APs. The dynamics of this type for BCL 400 ms are shown in Figure 1II. For BCLs below
350 ms, all APs under leptin were triangular as in the control. These dynamics for BCL 350
ms are shown in Figure 1III.

Figure 1. APs in Model 1 in the control (the dotted blue line C) and under leptin (solid red line L). For
Model 1L, three main types of dynamics are shown. I (BCL = 950 ms): APs have a spike-and-dome
morphology; II (BCL = 400 ms): triangular APs predominate, but there are a few APs with spike-and-
dome shapes; III (BCL = 350 ms): all APs are triangular. In the control, APs have a triangular shape at
all stimulation periods.

The BCL-dependence of APD (the APD restitution curve) in Model 1L under leptin
is shown against control Model 1C in Figure 2 (Model 1). It is important to note that the
APD90 restitution curve of Model 1L lies above the Model 1C restitution curve. In other
words, for all tested BCLs, APD90 in the models simulating exposure to leptin was longer
than in the control.

http://myokit.org/
https://models.cellml.org/workspace/285
https://models.cellml.org/workspace/285
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Like Model 1L, Model 2L reveals two different AP shapes: spike-and-dome for large
BCLs (1000 to 350 ms) and triangular shape for short BCLs (200 to 90 ms). At BCL 300 and
250, an intermediate state was observed in Model 2L, with these two AP forms alternating
with a period of 2 cycles, which was not encountered in 1L (see Figure 3). In the restitution
curve (see Figure 2 Model 2), the regular alternation in AP configuration was reflected in a
large standard deviation (51–62 ms) for APD90. In general, APD90 in Model 2L decreased
with going from long to short BCLs, while for shorter BCLs, the restitution curve had a
greater slope compared to Model 1L (the difference in APD90 between BCL 200 ms and
90 ms was 32.4 ms in 2L versus 12 ms in 1L). As in Model 1, leptin exposure resulted
in AP elongation across all BCLs (by 410–476% for BCL ≥ 350 ms and by 39–130% for
BCL ≤ 200 ms).

Figure 2. The APD90 restitution curves in Models 1–4 in the control (C, blue) and under leptin (L, red).

Figure 3. Alternation of spike-and-dome and triangular AP shapes in Model 2 under leptin (solid red
line) compared to triangular control APs (dashed blue line) at BCL 300 ms.

In modeling the effects of leptin using Models 3 and 4, the AP was also prolonged
compared to the control (by 48–98% in Model 3 and by 38–46% in Model 4; see Figure 2,
Models 3 and 4). However, no spike-and-dome morphology was observed. The restitution
curves were monotonically decreasing functions with the decrease in BCL, and the restitu-
tion curve in Model 3L demonstrated a steeper slope than in 3C (the difference in APD90
between BCL 1000 ms and 90 ms was 47.5 ms in 3L versus 14 ms in 3C). At the same time,
the difference in slope between Models 4L and 4C was not as strong (16 ms in 4L versus
11 ms in 4C).

For validating Models 1L–4L, we used experimental data on the effect of leptin on
APD50, APD90, calcium transient peak (PCa), and diastolic SR calcium (DCaSR) in mouse
ventricular cardiomyocytes from ref. [12], which also reported data on ion channel remod-
eling. A comparison of these literature data with the simulations is presented in Figure 4,
where the literature data are represented by boxplots and the simulation data by markers.
As can be seen, Models 1–4 demonstrate good-quality reproduction of the results for three
of the four characteristics [12]: APD50 and APD90 increased under the influence of leptin
compared with the control, while DCaSR decreased. Note that, like in the literature data,
PCa decreased in the case of triangular APs (1L, 3L–4L in Figure 4), but if the AP had a
spike-and-dome morphology (2L), then PCa was higher than the control. The simulation
results at BCL = 500 ms are shown in Figure 4. For all other tested BCLs, leptin exposure
led to qualitatively the same results.
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Figure 4. Comparison of AP duration at the level of 50% (APD50), 90% (APD90), calcium transient
peak (PCa), and diastolic SR Ca2+ (DCaSR) in Models 1–4 with experimental data from [12]. Simula-
tions for BCL = 500 ms; boxplots (mean ± STD) are experimental results from [12]. The differences
between leptin-treated and control groups shown in the experiment were statistically significant
(p-value was <0.001 for APD50, APD90, and DCaSR and <0.05 for PCa) [12].

3.2. Dynamics of Spiral Waves in 2D Tissue Models

Figure 5 shows dynamics of spiral waves in Models 1–4 in the control and under
leptin application. In Model 1C (control), the spiral wave has a small meandering core of
6 mm size. The trajectory of the meandering has outward facing petals, and the whole
meandering cycle consists of approximately 17 subcycles. Under leptin application, the
size of the core increased almost twice up to 11.5 mm. The trajectory of the meandering
also has outward facing petals, but the meandering cycle consists of approximately 5 petals.
The spiral wave period is 79.8 ± 2.0 ms in the control and essentially longer, 117.9 ± 3.6 ms,
under leptin.

In Model 4, we see similar spiral wave dynamics. In the control, there is a meandering
with the core of 4.9 mm and three outward petals. Under leptin application, the size of the
core increased up to 9.6 mm, and the meandering trajectory shows 15 outwards petals. The
spiral wave period is 84.5 ± 1.5 ms in the control and much longer, 110.6 ± 2.2 ms, under
leptin.

In Model 2C (control), we also observed a meandering, although it was less regular
than in Model 1C and 4C. The trajectory has outward petals, but their positions are not
equally spaced. The size of the core is 10.0 mm. Under leptin, the core size also increased
to 17.7 mm, and the trajectory became even more irregular. The main mechanism of this
irregularity was the onset of early after-depolarization (EAD) activity close to the center
of the spiral. As a result, we observed areas with elongated APs (see Figures 5(2L) and 6).
These regions, however, did not lead to a breakup and just increased the degree of mean-
dering. The spiral wave period is 91.9 ± 3.2 ms in the control (similar to Models 1C, 4C)
and 152.0 ± 12.8 ms under leptin (much longer than in Models 1L, 4L).

In Model 3 control, the dynamics were similar to those of Model 4, with the core size
of 5.6 mm and outward petal meandering. However, under leptin application, we observed
a substantial increase in EAD activity, which resulted in spiral wave breakup. The spiral
wave period was 92.9 ± 2.6 ms in the control, and the period of the excitation pattern
during breakup under leptin was around 185.4 ± 55.6 ms.

We further illustrate the EAD related mechanism of meandering and breakup in more
detail in Figures 6 and 7. Also, videos of spiral waves in Models 2L and 3L can be found
in the Supplementary Materials (videos 2D_2L and 2D_3L, respectively). In Model 2L,
abnormal APs are seen close to the tip of the spiral wave with extremely long dome shapes
(see Figure 6III, magenta dot, APD 160 ms) or a plateau (red dot APD 120 ms). These cases
are additionally characterized by a long duration of the calcium transients (time from start
to 50% decay of calcium transient is 160 ms and 94 ms for magenta and grey dots versus
62 ms and 54 ms for orange and cyan dots). The AP becomes shorter at some distance
from the core (APD: 160, 120, 88, and 76 ms for magenta, gray, orange, and cyan dots,
respectively), and finally acquires the triangular shape characteristic of the rat (orange dot),
approaching its values during intermittent stimulation.
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Figure 5. Spiral wave dynamics in 2D tissue with cellular Models 1–4 in the control (C) and under
leptin application (L). The models are labeled in the left panels. Snapshots of transmembrane voltage
at several moments of time are shown. The right column shows the tip trajectory detected using the
Fenton and Karma algorithm [34] in the time window from 0.5 to 1.5 s after spiral initiation. The
transmembrane potential color scale is given at the bottom.
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Breakup in Model 3L is shown in Figure 7. After 232 ms, we see a dark blue area
indicating a region with an elongated AP (Figure 7I, frame 1, black dot); however, it is
located further from the spiral wave tip (approximately 12 mm away) than in Model 2L
simulations (where such areas intersect with the core) (Figure 6). At t = 304 ms, a second
similar area is formed (Figure 7I, frame 2, red and purple dots); the APs measured in both
areas (Figure 7III, black, red, and purple dots) have a spike-and-dome morphology with
an extra-long APD (182, 202, and 186 ms, respectively). Then at t = 410 ms, the wave front
collides with the central area of the elongated AP (Figure 7I, frame 4). This collision leads
to wave break and formation of new spiral waves (Figure 7I, frame 5). In addition, a new
area of spike-and-dome APs appears at t = 494 ms (Figure 7I, frame 6, grey dot) with an
action potential duration of 140 ms (Figure 7III, grey dot).

In the time interval considered, the orange and blue dots are outside the regions of
spike-and-dome APs, and the APD are in the range from 72 to 106 ms (Figure 7III).

Thus, we see that in Models 2L and 3L the more complex dynamics are directly related
to the spike-and-dome morphology of the AP, or EADs. We did not specifically study
the mechanism of EAD; however, our Ca2+ transient graphs for the spike-and-dome APs
indicate that it is related to Ca2+ dynamics and reactivation of Ca2+ current. Interestingly, in
contrast to the 2D tissue models in single cell simulations, no spike-and-dome morphologies
were found in Models 2L and 3L at pacing BCLs in the range of the spiral wave periods.

Figure 6. Formation of abnormal action potentials close to the tip of the spiral wave in 2D tissue
with cellular model 2L. Action potential (I); calcium transient (II) maps; III: normalized signals of
the action potential and calcium transient, recorded at the points indicated on the graphs above by
corresponding colors.
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Figure 7. Breakup in 2D tissue model with cellular model 3L. Action potential (I) and calcium
transient (II) maps during spiral wave rotation; III: normalized signals of the action potential and
calcium transients, recorded at the points indicated on the graphs above by corresponding colors.

4. Discussion

In this paper, we report simulated effects of chronic exposure to leptin on ionic currents
in electrophysiological models of the rat cardiomyocyte and investigate the related effects
on the cellular activity and dynamics of cardiac arrhythmias in the two-dimensional layer
of cardiac tissue. The ionic model for the rat cardiomyocyte was previously developed
and described in our recent paper [20] as a modification of the Gattoni 2016 [22] model
of rat ventricular cardiomyocytes. Overall we studied four modifications of the model,
all of which reproduce experimental measurement of APD restitution curves in normal
conditions. To reproduce leptin effects, we varied the model parameters as follows: the
maximal conductance of the transient outward current gto was reduced by 47%, and the
conductance of the Na+-Ca2+ exchanger gNCX was increased by 93%, which corresponds
to data on the remodeling of transmembrane currents in mouse ventricular cardiomyocytes
after a three-week administration of leptin through a micro-osmotic pump [12].

As a result of ionic parameter modifications in each model, the duration of the AP
increased, while the calcium transient peak and the level of diastolic Ca2+ in the SR lowered.
These results qualitatively reproduce the experimental findings from [12] (Figure 4). Our
simulations are also consistent with in vitro studies of the effect of leptin on rat ventricular
cardiomyocytes showing AP prolongation [11] and decreased amplitude of the calcium
transient [35]. Note that although there is inconsistency in experimental data, showing
either no effects of leptin on the Ca2+ transient or a change in the Ca2+ transient amplitude
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and temporal characteristics [35–38], the response may be dependent on the experimental
protocol, animal species, and leptin concentrations. However, our model predictions of
reduced Ca2+ levels in the SR suggest a potential role of modified intracellular calcium
dynamics in reducing the contractile function of cardiomyocytes exposed to high-level
leptin, as reported in a number of studies [35–37,39].

In two out of the four models (Models 1–2), leptin-associated ionic modifications
caused a substantial change in the AP shape with the formation of a spike-and-dome
morphology at low stimulation frequency. This AP morphology is not characteristic of rat
cardiomyocytes. The occurrence of dome-shaped APs was accompanied by an increase in
the amplitude of the calcium transient, caused by an enhanced calcium release from the SR
through ryanodine receptors and increased Ca2+ influx through L-type calcium channels.
These mechanisms are similar to the mechanisms of EAD, whereby the downregulation
of potassium channels—in our case, reduction in the Ito—leads to a prolongation of the
early phase of fast repolarization, reactivation of L-type calcium channels, and, as a result,
re-depolarization [2]. In addition, spontaneous Ca2+ release from the SR during the AP
plateau, which we observed in our simulations, can also potentially contribute to the
occurrence of dome-shaped APs or EAD [40].

Note that in a small number of simulations with Model 1, we sometimes observed
triangular APs for long BCLs (around 1000 ms), and their onset was dependent on the
prehistory of simulation and the rate at which we decreased the frequency. Such long BCLs
are not in the physiological range for the rat heart, for which the normal BCL is around
170 ms and the period of arrhythmia in rats is less than 100 ms. We did not observe this
phenomenon in Models 2–4 or in Model 1 for BCL less than 700 ms. The mechanism of this
phenomenon may be related to the model’s slow Ca2+ dynamics. However, we did not
study it in detail, as it does not affect the results of our study in any way.

The findings reported in this paper suggest the following implications. Leptin-induced
increase in action potential duration in itself is considered an arrhythmogenic effect. Indeed,
action potential prolongation correlates with QT prolongation, while a long QT interval
can cause the polymorphic ventricular tachycardia “torsades de pointes” (TdP), which in
turn can lead to syncope and sudden cardiac death [41]. As a matter of fact, leptin-induced
QT prolongation in rats was shown in [11]. Also, the occurrence of action potentials of
abnormal shape is considered a highly arrhythmogenic factor. Such spike-and-dome action
potentials, as mentioned above, are not typical for rats and are similar to EAD dynamics.
The onset of EADs is one of the main mechanisms underlying arrhythmias [2], including
TdP [21].

We also simulatied the dynamics of cardiac arrhythmias in a 2D model of cardiac
tissue with each of the four modifications of the cellular model. Leptin-induced changes in
AP were found to increase the period and the core size of the spiral wave in Models 1, 2,
and 4. In all models, the dynamics of spiral wave rotation also became more complex. In
Models 1, 2, and 4, we observed an increased meandering of the tip trajectory. In Model 2,
hypermeandering dynamics developed, induced by the emergence of APs with a spike-
and-dome morphology. Moreover, in Model 3, the spike-and-dome morphology of AP led
to a breakup of the spiral wave and formation of an excitation pattern similar to fibrillation.

The main implications of these results are as follows. An increased period of arrhyth-
mia in itself may be considered a positive effect. However, what is more important here
is the change in the spiral wave dynamics. An increase in the core size together with an
increased meandering (as in Models 1, 2, and 4) make an arrhythmia more unstable and
thus more dangerous. For example, the meandering spiral is associated with arrhythmia
called TdP [21], which can deteriorate to ventricular fibrillation and lead to sudden cardiac
death [21,41]. Another mechanism for ventricular fibrillation development is the spiral
wave breakup—a process leading to the development of multiple spirals that are continu-
ously extinguished and recreated [21]. We observed it under the application of leptin in
Model 3.
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Thus, our simulation results suggest that cellular remodeling in the ionic currents
under hyperleptinemia could provoke rhythm disturbances on the tissue and organ level.
This prediction is in line with experimental data showing a higher risk of arrhythmia in
hyperleptinemia [9,42].

In our models, arrhythmogenic effects of leptin were obtained as a result of decreasing
Ito and increasing INCX, which led to the elongation of the action potential and affected
intracellular calcium dynamics. Thus, it can be assumed that drugs that inhibit INCX and
activate Ito will be effective in counteracting the negative effects of hyperleptinemia. Also
antiarrhythmic effects can be expected where a drug counteracts leptin-induced elongation
of the action potential. These considerations suggest that some existing antiarrhythmic
drugs can be effective in ameliorating leptin-induced arrhythmia. In particular, aprindine
is an antiarrhythmic drug that shortens the action potential [43] and, at the same time,
shows NCX inhibitory effects [44]. In addition, class 1b antiarrhythmic agents and calcium
channel blockers, which cause action potential shortening, and selective NCX blockers
(SEA0400, SN-6 and YM -244769), which have demonstrated cardioprotective effects in
experiments on cell cultures and animals [45,46], can be effective drugs in this case. Our
models can be used to initially test this hypothesis.

In the future, Models 1L–4L can be integrated into the 3D model of the rat ventricles
with an anatomically realistic geometry (with and without post-infarction scar) and fiber
orientation that we developed previously [20], in which models 1C and 2C were used as
cellular models. The 3D model can be used to further study arrhythmias in hyperleptinemia
at the organ level, including the combined effect of hyperleptinemia and post-infarction scar.

An important aspect of biomedical modeling research is reproducibility and credibility
based on model verification, validation, and underlying experimental data. These issues
have been discussed in several papers (see, e.g., [47,48]), and the development of related
principles is still ongoing. In reference [48], for example, the authors proposed ten rules
for credible practice of modeling and simulation in healthcare. Although in our study we
did not follow these rules explicitly, many of them were naturally used in our research.
For example, in our paper, we define the purpose of the study, give details of the model
development, perform validation on available data, and outline limitations. So far, we do
not have version control since this is the first version of our model. However, we will do
this in subsequent research, as new modifications of our model are developed. We also
provide full details of our model. Because we use software that was not developed by us,
we cannot publish it in full. However, we provide the complete list of parameters and
the code that we used to generate some results. We also will be happy to help researchers
implement our model.

Limitations

To simulate leptin effects on the ionic current remodeling in rat cardiomyocytes, we
used experimental data for mouse ventricular cardiomyocytes after long-term exposure
to leptin, due to the lack of similar data on rats. Although the ventricular APs in the
rat and mouse are triangular in shape and more similar to each other than to APs in the
cardiomyocytes of other species (rabbit, guinea pig, pig, dog) and humans [49], there are
still some differences in the potassium currents between them [50]. Moreover, the heart
rate of a mouse is higher than that of a rat [49]. Therefore, experimental data on leptin
effects in rat ventricular cardiomyocytes are needed to validate our models. In case of
any discrepancy in the mechanisms of leptin effects on ionic currents between mouse
and rat, our models and the approach we developed can be easily adjusted to simulate
experimental data specific to rats and can be used to further study the effects of leptin on
cardiac arrhythmias. It would also be interesting to apply our approach to other models of
rat cardiomyocytes and compare their performance with the model used in our study.

In this paper, we presented our models built and validated using experimental data for
long-term exposure to leptin [12]. However, acute, short-term, or dose-dependent effects of
leptin (see, e.g., [10,36]) may differ. These effects can also be studied using the approaches
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developed in our paper. That said, we believe that the use of data on chronic effects of
leptin is more relevant to contexts where obesity needs to be identified, because these
effects definitely develop during chronic long-term processes.

5. Conclusions

Cellular ionic models of rat cardiomyocytes have been developed to simulate effects
of hyperleptinemia. AP prolongation is predicted in consistency with experimental data.
Our results from 2D myocardial tissue models suggest that leptin may increase the period
of arrhythmia and make it less stable due to the occurrence of local areas with an EAD-like
morphology of APs in the tissue.
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