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Cardiac side effects of some pulmonary drugs are observed in clinical practice.
Aminophylline, a methylxanthine bronchodilator with documented proarrhythmic action,
may serve as an example. Data on the action of aminophyline on cardiac cell
electrophysiology and contractility are not available. Hence, this study was focused on
the analysis of changes in the beat rate and contraction force of human pluripotent stem
cell-derived cardiomyocytes (hPSC-CMs) and HL-1 cardiomyocytes in the presence of
increasing concentrations of aminophylline (10 uM—-10 mM in hPSC-CM and 8-512 uM in
HL-1 cardiomyocytes). Basic biomedical parameters, namely, the beat rate (BR) and
contraction force, were assessed in hPSC-CMs using an atomic force microscope (AFM).
The beat rate changes under aminophylline were also examined on the HL-1 cardiac
muscle cell line via a multielectrode array (MEA). Additionally, calcium imaging was used to
evaluate the effect of aminophyline on intracelular Ca®* dynamics in HL-1
cardiomyocytes. The BR was significantly increased after the application of
aminophylline both in hPSC-CMs (with 10mM aminophylline) and in HL-1
cardiomyocytes (with 256 and 512 uM aminophylline) in comparison with controls. A
significant increase in the contraction force was also observed in hPSC-CMs with 10 uM
aminophylline (a similar trend was visible at higher concentrations as well). We
demonstrated that all aminophylline concentrations significantly increased the
frequency of rhythm irregularities (extreme interbeat intervals) both in hPSC-CMs and
HL-1 cells. The occurrence of the calcium sparks in HL-1 cardiomyocytes was significantly
increased with the presence of 512 uM aminophylline. We conclude that the observed
aberrant cardiomyocyte response to aminophylline suggests an arrhythmogenic potential

Abbreviations: SAFM, atomic force microscope; bpm, beats per minute; CBBs, cell-based biosensors; CCTL, center for cell
therapy line; CM, cardiomyocyte; EB, embryoid body; ECC, excitation-contraction coupling; hESC, human embryonic stem
cell; hiPSC, human-induced pluripotent stem cell; hPSC, human pluripotent stem cell (hESC and hiPSC); hPSC-CMs,
pluripotent stem cell-derived cardiomyocytes.

Frontiers in Pharmacology | www.frontiersin.org 1

January 2022 | Volume 12 | Article 789730


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.789730&domain=pdf&date_stamp=2022-01-17
https://www.frontiersin.org/articles/10.3389/fphar.2021.789730/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.789730/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.789730/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.789730/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.789730/full
http://creativecommons.org/licenses/by/4.0/
mailto:Brat.Kristian@fnbrno.cz
https://doi.org/10.3389/fphar.2021.789730
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.789730

Klimovic et al.

Aminophylline Induces Two Types of Arrhythmia

of the drug. The acquired data represent a missing link between the arrhythmic events
related to the aminophylline/theophylline treatment in clinical practice and describe cellular
mechanisms of methylxanthine arrhythmogenesis. An AFM combined with hPSC-CMs
may serve as a robust platform for direct drug effect screening.

Keywords: aminophylline, IPSC, hESC, cardiomyocytes, drug cardiotoxicity, atomic force microscopy,
arrhythmogenic effects, methylxanthines

INTRODUCTION

Theophylline (1,3-dimethylxanthine) and its more soluble form
aminophylline (a complex of two theophylline molecules and
ethylenediamine) are well-known bronchodilators used mostly
for therapy of chronic obstructive pulmonary disease (COPD)
and asthma. These drugs are also recommended for the treatment
of emphysema (Zatloukal et al., 2020). Other indications have
been suggested, for example, treatment of apnea in premature
neonates (Ye et al., 2019). Unfortunately, a narrow therapeutic
range and frequent adverse effects make their use controversial
(Singh et al., 2019). An increased mortality rate in theophylline
users has been reported by multiple research teams (Lee et al.,
2009; Horita et al., 2016). A higher percentage of cardiovascular
deaths was observed in asthma patients who received
aminophylline (Suissa et al., 1996), as well as in patients with
COPD (Lee et al., 2009), and also in a general patient population
overdosed with theophylline (Shannon, 1999).

The adverse effects of theophylline/aminophylline include
arrhythmias, even at their therapeutic plasma concentrations
(Bittar and Friedman, 1991). In a meta-analysis of several
randomized clinical trials, 13% incidence of arrhythmias or
palpitations after intravenous aminophylline infusion has been
observed (Nair et al., 2012). More than 20% of patients experience
cardiac arrhythmias during an aminophylline overdose episode
(Shannon, 1999). Supraventricular arrhythmias have been
observed most frequently, usually represented by atrial
fibrillation (AF) (Varriale and Ramaprasad, 1993; Huerta
et al, 2005). Concurrently, COPD is an independent risk
factor of AF (Goudis, 2017). The risk of arrhythmias is further
enhanced by hypokalemia (Hoppe et al., 2018), which may
develop as a side effect of aminophylline treatment,
particularly occurring in cases of intentional overdose (Ellis,
1985; Charytan and Jansen, 2003).

Mechanisms ~ of  theophylline-/aminophylline-induced
arrhythmias are not «clear. It is well known that
methylxanthines non-specifically inhibit phosphodiesterases
(hence increasing the cAMP level) and adenosine receptors
(Ukena et al, 1993). These effects may explain the sinus
tachycardia often observed in clinical practice. In contrast, this
does not explain the origin of AF associated with aminophylline
treatment. Effects of theophylline/aminophylline on cardiac
electrophysiology were studied mostly in animal models
(Komadina et al., 1992; Onodera et al., 2001; Shamsuzzaman
et al, 2016). However, a conclusive explanation of their
proarrhythmic action has not been provided, and data from
human cardiomyocytes (CMs) embedded in cardiac syncytia
have been missing completely.

This study was aimed to reveal changes of basic functional
characteristics (contraction force and beat rate) of human cardiac
tissues induced by aminophylline at a wide range of
concentrations. A clinically relevant model was employed, for
example, 3D structures called embryoid bodies (EBs) derived
from human pluripotent stem cells subsequently differentiated
into cardiomyocytes (hPSC-CMs). The model was originally
described in previous studies (Burridge et al., 2012; Pesl et al,,
2014). Its functional properties were further validated using
atomic force microscopy (Liu et al, 2012; Dinarelli et al,
2018; Pribyl et al, 2019), a method enabling real-time
monitoring of contractions and thus also beating properties of
single cardiomyocytes or cardiac cell clusters, alone or in
combination with other methods such as microelectrode array
(Caluori et al., 2019b) or calcium imaging (Odstrcilik et al., 2015;
Caluori et al., 2019a). This model was recently used for disease
modeling in studies by Acimovic et al., 2018; Jelinkova et al., 2019.
The effects of aminophylline were further validated on an
independent model of HL-1 cardiomyocyte cells. The overall
scheme of all experiments within this study is presented in
Figure 1. This approach has provided the first experimental
data well-corresponding with the aminophylline-induced
arrhythmias observed in clinical medicine.

MATERIALS AND METHODS

Cell Cultivation

The hESC line CCTL14 (46 XX) derived at Masaryk University,
Brno, and previously characterized (International Stem Cell
Initiative et al., 2007) was routinely maintained on a feeder
layer of mitotically inactivated mouse embryonic fibroblasts as
previously described (Dvorak et al., 2005; Kruta et al., 2014;
Jelinkova et al., 2020).

Differentiation into CMs via embryoid bodies (EBs) and
measurements by an AFM were performed as previously
described (Pesl et al., 2014), with minor modifications. Briefly,
hESC colonies were collected 4days after seeding and
subsequently broken down into smaller clumps which were
seeded into the EB medium (86% KO DMEM, 10% FBS, 1%
L-glutamine, 1% penicillin/streptomycin, 1% non-essential
amino acids, 0.1mM 2-mercaptoethanol, and 10 pg/ml
ascorbic acid) with 10ng/ml BMP4 (R&D) and placed in
hypoxic conditions (5% O, 5% CO,) where they
spontaneously formed EBs. After 3 days, the medium was
removed and replaced with fresh EB medium supplemented
with 5ng/ml FGF2 (Peprotech), 10 ng/ml BMP4, and 6 ng/ml
activin A (R&D) for a 4-day incubation. A 3-day incubation in EB
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FIGURE 1 | Experimental design: (A) hPSCs were differentiated in the form of EBs into contracting 3D clusters of cardiomyocytes, and under the influence of
increasing concentrations of aminophylline, the mechanocardiogram (MCG) was recorded was recorded by an atomic force microscope. The BR and contraction force
values of each contractive event were further analyzed and compared. (B) Field potential by the multielectrode array (MEA) system, together with intrinsic Ca* kinetics via

Fluo-8 AM, a calcium-binding dye, was assessed on HL-1 cells to further confirm the arrhythmogenic effect of aminophylline.

medium supplemented with 10 ng/ml VEGF (R&D) and 10 uM
IWR1 (R&D). The next induction medium was the EB medium
supplemented with 10 ng/ml VEGF and 5 ng/ml FGF2, with a
medium exchange every 4 days. After four days in this medium
(day 14 of differentiation), the EBs were transferred into a
normoxic incubator (21% O,, 5% CO,) for the remaining
8days of this induction period. From then onward, EBs
remained in normoxia and were fed with the EB medium
every 4days until analysis. Beating EBs were selected and
transferred on a gelatin-coated PM3 dish to adhere to for
measurement. These cellular constructs of the cardiac
syncytium were coupled to an AFM force sensor to perform a
high-fidelity contraction pattern as an hPSC-CM-based
biosensor (Pesl et al., 2014). The constant size of clusters of
hPSC-CMs allows comparable and stable beating pattern
evaluation allowing for force- and rhythm-related drug effect
tracking.

For the immunocytochemistry experiment, either whole or
dissociated EBs attached on coverslips were fixed with 4% PFA,

blocked and permeabilized by 1% BSA (Sigma) in 0,1% Triton-X
(Sigma) or 0,05% TWEEN (Sigma) in PBS, and incubated with
anti-troponin T antibody (1:5,000, Cell Signaling, 5,593, Rb)
overnight in 4 C. Anti-rabbit Alexa 594 (1:500, Invitrogen) was
left to incubate for an hour at room temperature, and the slips
were mounted on slides with Mowiol containing DAPI (Sigma).
The images were obtained using a Zeiss LSM 700 confocal
microscope.

The contracting clusters were previously checked for
expression and checked by immunostaining for cardiac
troponin T (cTnT) and ryanodine receptor RyR2 as described
elsewhere (Pesl et al., 2014; Souidi et al., 2021). The expression of
myosin heavy chain MYH6/7 and MYH?7, RyR2, and the striated
pattern of cTnT in dissociated cardiomyocytes was used to assess
the progress in CM maturation. The clusters consisted of all three
CM subtypes as described elsewhere; in brief, nodal-like CMs had
an AP duration at 90% of repolarization shorter than 100 ms
(about 16%), slightly more frequent were atrial-like cells, and
recorded AP mainly demonstrated a typical ventricular-like
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FIGURE 2 | Fluorescence staining of whole and dissociated CCTL14 EBs (cell cluster) illustrates the presence of matured cardiomyocytes identified by the
presence of troponin T (red color); cells are localized with DAPI staining of the nucleus (blue color).
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shape (Acimovic et al, 2018). EB responses to basic heart
modulators, such as P adrenoceptor agonist and blocker,
isoproterenol, and metoprolol, were previously measured
(Supplementary Figure S1).

EBs from the same cultivation batch were checked for the
presence of cTnT in the clusters as well as in the dissociated EBs
by immunostaining to demonstrate the batch-to-batch
differentiation consistency (Figure 2).

The HL-1 Cardiac Muscle Cell Line (Sigma) was routinely
maintained on fibronectin-coated dishes in Claycomb medium
(Sigma) supplemented with 10% FBS, 100 U/ml:100 pg/ml
penicillin:streptomycin, 0.1 mM norepinephrine, and 2 mM L-
glutamine. The cells were passaged with trypsin after reaching full
confluency, usually every 3-4days, in a ratio of 1:3. For
experiments with MEA, the HL-1 cells were cultivated on
MEA chips coated with fibronectin in 0.02% gelatin (5 mg/ml;
Sigma). The HL-1 response to [-adrenoceptor agonist
isoproterenol was measured (Supplementary Figure S1).

Atomic Force Microscopy Measurements
NanoWizard 3 AFM (Bruker-JPK) combined with inverted light
microscope  IX-81  (Olympus) was used to obtain
mechanocardiograms (MCGs) of beating EBs as previously
described (Pesl et al., 2014; Caluori et al., 2019b; Pribyl et al., 2019).
Drug response tests were performed after initial equilibration
of EBs in Tyrode’s solution (composition in mM: NaCl 135, KCl
5.4, MgCl, 0.9, CaCl, 1.8, HEPES 10, NaH,PO, 0.33, and glucose
5.5; pH 7.4 adjusted with 3M NaOH) (Bébarova et al., 2017). The
addition of increasing concentrations of aminophylline (10 pM,
100 uM, 1mM, and 10mM; Fagron) followed. Each
concentration was prepared in Tyrode’s solution from 1 mM
stock solution of aminophylline. The MCG was recorded for

further analysis; each measurement point consisted of 10 min of
stabilization time, followed by 10 min of measurement. Control
experiments were conducted in the same setting without
aminophylline in the treatments.

The contraction of beating EBs was recorded as a force value in
time (MCG). In-house built MATLAB-based script located R and
S peaks for each contractive event and their respective vertical
deflection and time values. From these values, R-R (sec), R-S
(contraction force; nN), and BR (beat rate; beats per minute) were
calculated, averaged, and normalized to the respective baseline
values recorded in Tyrode’s solution.

Multielectrode Array Measurements

The field potential of the HL-1 cells was measured using
MEA2100-mini-60 (Multi Channel Systems). Drug responses
were measured after initial equilibration in Claycomb medium,
followed by the increasing concentrations of aminophylline in
Claycomb medium (8, 16, 32, 64, 128, 256, and 512 uM).
Measurement points consisted of 3 min of stabilization time,
followed by 5 min of measurement. As a monolayer, HL-1 cells
are more sensitive to a treatment than hPSC-CM clusters.
Therefore, treatment measurement times and concentration
ranges were modified.

MEA recordings were analyzed using Multi-Channel
Analyzer software and in-house Python script, which
processed the data in a similar way; however, the resulting
parameters were only R-R (sec) and BR (beat rate; beats per
minute). R-S (amplitude; pV) values in case of MEA recordings
do not correlate with R-S values measured via AFM; therefore,
they were not used in this study. Noisy and non-representative
MEA channels were eliminated, and at least 3 channels were
then used for calculations.
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FIGURE 3 | Effect of aminophyliine (A) on contractile properties of 3D cardiac clusters. Scatterplots (mean + standard deviation) of the BR (blue) and contraction
force (red) overall changes, normalized to a baseline measurement (relative response) and to control measurement means (n = 19 for A 10 uM, n = 30 for A 100 uM, n =
16 for A1 mM, n =13 for A 10 mM, n = 9 for BR ctrl and n = 7 for contraction force ctrl). At least four biological repetitions were used in each column. (A) BR of the
measured EBs with 10 mM aminophylline (A 10 mM) was significantly increased compared to that of the control (o < 0.05). (B) Similarly, the BR of EBs treated with

10 mM concentration of aminophylline was significantly increased over that of the controls (p < 0.05). (C) Contraction force of EBs with 10 uM aminophylline treatment
was significantly increased over that of the control (p < 0.05), with a similar trend in higher concentrations. (D) Group analyses then showed a strong statistically
significant effect of therapeutic concentration / overdose (10 pM and 100 uM and 1 mM) aminophylline over the controls. (Brown-Forsythe and Welch ANOVA tests were
used in all analyses).

x-y mode. Kinetic properties of intracellular Ca>* were analyzed
via the in-house Python-based script (Kabanov, 2021).

Measurement of HL-1 Viability

The HL-1 cells were passaged and mixed with PBS containing
aminophylline (final concentration 512 uM) or only PBS for
control. The cells were incubated for 8 min after which their
viability was analyzed via the trypan blue dye exclusion method
(Vicell-XR, Beckman Coulter).

Measurements of Intracellular
Cytosolic Ca®*

HL-1 cells were passaged and seeded onto an imaging dish with a
polymer coverslip bottom (Ibidi) and allowed to adhere. Fluo-8
(490/525; AAT Bioquest) was added into the medium (final
concentration 2 pM; stock solution in DMSO 2 mM), and the
cells were incubated for 20 min at 37°C. After the incubation, the
solution was replaced with fresh medium, and the cells were
placed on the heated stage (37°C) of an inverted microscope. Ca**

images in the line-scan (line size 3.37 um, 100 Hz) mode were ~ Statistical Analyses

recorded using a laser scanning confocal microscope Olympus
FL1200 (Olympus) with a x40 water immersion objective, in the

Statistical evaluation was carried out with the use of GraphPad
Prism 8.5 software (GraphPad Software). All data were tested for
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FIGURE 4 | Effect of aminophyliine (A) on the BR of HL-1 cells.
Scatterplots (mean + standard deviation) of the BR (blue) normalized to a
baseline measurement (relative response) and to control measurement means
(n=5for A8 and 16 pM, n = 8 for 32 and 64 uM, n = 9 for 128 and

256 uM, n =5for 512 uMand n = 5 for ctrl). At least three biological repetitions
were used in each column. Results showed linear increase of BR correlating
with a higher concentration of aminophylline, with statistically significant and
partially significant changes of BR 256 and 512 pM measurements compared
that of the control (A 256 vs. ctlr p < 0.01, A526 vs. ctir p = 0.06, ordinary one-
way ANOVA).

outliers by the ROUT (Q = 1%) method, and available normality
tests were performed for the obtained data. In case of hPSC-CM
measurements, Brown-Forsythe ANOVA with Games-Howell
multiple comparisons test was used to assess the statistical
significance of the differences on normally distributed group
pairs. In the case of arrhythmia analysis, R-R for each
contractive event was extracted via processing scripts as
mentioned before. R-R values over 1 or 3 s (cut-off) in HL-1
and hPSC-CMs, respectively, were quantified in all treatment
groups and compared to controls. Choice of the cut-off value for
hPSC-CMs was based on clinical experience with arrhythmia
in human patients. The cut-off value for HL-1 was reduced
with respect to the fact that HL-1 is a murine cell line with a
higher overall beat rate. The resulting contingency tables were
statistically evaluated by using the chi-square test with Yates’s
correction. The use of the individual statistical test is specified
in appropriate figure legends and in Supplementary Data.
Additionally, datasets containing complete raw data from all
measurements are available at the online open-access
repository (Klimovic et al., 2021).

RESULTS

Positive Chronotropic and Inotropic Effects
of Aminophylline on hPSC-CMs

In the case of hPSC-CMs, two groups of treatment concentrations
were determined according to the literature (Aslaksen et al., 1981;
Goldberg et al.,, 1986; Rowe et al., 1988; Higgins et al., 1995;
Shannon, 1999). The “therapeutic concentration/overdose”
group consisted of 10pM, 100pM, and 1mM of
aminophylline treatments, while the 10-mM aminophylline

Aminophylline Induces Two Types of Arrhythmia

treatment was considered “severe overdose” concentration.
Consistent presence of troponin-positive cardiomyocytes in
whole and dissociated embryoid bodies (EBs) was confirmed
by immunostaining (representative example shown in Figure 2).

The positive chronotropic effect of aminophylline on hPSC-
CMs was seen only in the 10 mM concentration of aminophylline
(Figures 3A,B; p < 0.05; the remaining p-values are given in
Supplementary Table S1 and Supplementary Table S2). The
positive inotropic effect was evident by a significantly increased
contraction force of EBs in lower concentrations of
aminophylline that was in contrast to its chronotropic effect
(Figure 3D; p < 0.0001; the remaining p-values are given in
Supplementary Table S3). Statistical analysis showed that this
effect was significant in 10 uM concentration, with a similar trend
in the concentrations of 100 uM and 1 mM (Figure 3C; p < 0.01;
the remaining p-values are given in Supplementary Table S4).
Linear regression analysis showed that the beat rate increase
correlates with the concentration of aminophylline
(Supplementary Figure S2A,B, p < 0.0001). On the contrary,
this relationship was not proven in case of contraction force
(Supplementary Figure S2A,B). To further strengthen the
presented results, the washout experiment was performed on
hPSC-CMs. The results showed that the BR of EBs increases
significantly after administration of aminophylline; however, it
decreased again during the washout period, suggesting that the
chronotropic and inotropic effects is likely due to the effect of
aminophylline and not due to irreversible cellular damage
(Supplementary Figure S3).

In order to further explain molecular mechanisms, hPSC-CM
cells were treated with 1pM adenosine, followed by a
combination of 1uM adenosine and 1 mM aminophylline, a
well-known non-selective adenosine receptor antagonist. The
results showed an insignificant trend toward the adenosine-
antagonizing aminophylline effect (Supplementary Figure S3B).

Positive Chronotropic Effect of
Aminophylline on HL-1

To test whether chronotropic effects of aminophylline are model-
independent, field potential measurements of the HL-1 cardiac
cell line treated with aminophylline were conducted. The
concentrations of aminophylline in a range of 8 up to 512 uM
were used. Higher concentrations turned out to be toxic for the
cells, which can be explained by higher treatment efficacy on the
cellular monolayer of HL-1, as opposed to the cellular cluster of
hPSC-CMs. Non-toxicity of selected concentrations was
experimentally tested by trypan blue staining (Supplementary
Figure S3C).

The results of these experiments showed a similar positive
chronotropic  effect with increasing concentration of
aminophylline. Compared to controls, the BR was significantly
increased only in the cells treated with 256 uM aminophylline;
however, we observed a similar non-significant trend also in the
case of the 512-uM treatment (Figure 4; 256 uM aminophylline
vs. the control p < 0.05; 512 uM aminophylline vs. the control p <
0.06; the remaining p-values are given in Supplementary
Table S5).

Frontiers in Pharmacology | www.frontiersin.org

January 2022 | Volume 12 | Article 789730


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Klimovic et al.

Aminophylline Induces Two Types of Arrhythmia

hPSC-CMs HL-1
A B
2 T*ll sokokok s
° || Kk
8 ‘6’ 304 * | | %
g g 204 1 Hkkk e Fokkok
> c Fokkk M — M
f_’ 8 20 i FHAK
[<] o — p=007
g8 10
1" |_| H
S
[
. | [0 I il
0 T ? T 1 T T T T c T T 1 1 T T T T 1 1 T T 1 T
S & & & S S8 82 88 8 80 &
's\} S 'SQQ & &9 Q@ J PSS \Q’Q "SI'Q < b"‘\} 9 'O‘PQ [\ r{'—‘b\} & (’;3)} &
EN
C D
24 : 8 -
21] | 10 uM | . 32uM
i e ctrl I ° ctrl
184 6] !
g1s{ ! 8
T12{ . g4 !
¢ o] e | 7
L : 2
61, i 21 &, «
g o . A
ol gL ol :
0 3 6 9 12 15 18 21 24 0 1 2 4 6 8
RR (, (sec) R-R (, (sec)
FIGURE 5 | Analysis of arrhythmogenic effect of aminophylline on hPSC-CMs and HL-1 cells. R-R values over 3 s in case of hPSC-CM measurements or 1 sin case
of HL-1 of aminophylline and control measurements were subtracted, and the resulting contingency tables were statistically analyzed. Column graphs show sums of
cutoff R-R values (arrhythmic events) per 1,000 contractions in each treatment group and controls of (A) hPSC-CMs and (B) HL-1 experiments (chi-square test with
Yates’ correction). Results show significant or partially significant higher frequency of aminophylline group cutoff values compared to that of the control. Poincaré
plots of R-R values of representative concentration for (C) hPSC-CMs and (D) HL-1 experiments with visible cutoff lines.

Exposure to Aminophylline Causes
Spontaneous Ca?* Releases Leading to
Arrhythmia

Among the adverse effects of aminophylline apparent in clinical
practice, arrhythmias are most frequent. To test whether this
effect is also present in our in vitro hPSC-CM model and HL-1
cardiomyocytes, we assessed the number of R-R intervals (inter-
beat interval length) over 3s or 1s, respectively. Our results
showed that the frequency of cutoff R-R values in measurements
with aminophylline was significantly higher than that in controls
in both models (Figure 5; p-values in Supplementary Table S6
and Supplementary Table S7).

To further investigate this effect, intracellular cytosolic Ca**
events were measured on HL-1 cells in the presence of 256 and
512 uM aminophylline. A significantly higher number of Ca®"
sparks was detected in the presence of 512 uM aminophylline
than the control (Figure 6, 512 uM aminophylline vs. the control
p < 0.0001). A similar effect was not detected in the presence of
256 uM aminophylline. Higher concentrations of aminophylline
cause arrhythmic events presented by calcium leakage events
(sparks). This is in good agreement with the measurement of
electrical activity of cells (Figure 5B), where the concentration of
256 uM did not cause a significantly higher occurrence of
arrhythmia; however, the concentration of 512 uM leads to

rhythm irregularities. Last, the time to peak and decay time of
main calcium waves were analyzed. While aminophylline caused
no change in time to peak, the decay time significantly decreased,
corresponding to an increased BR (Figures 6B,C).

DISCUSSION

This is the first study demonstrating the proarrhythmic action of
aminophylline on human cardiomyocytes in vitro. To monitor
aminophylline’s effect at a wide range of concentrations, AFM
was used on cell clusters [embryoid bodies (EBs)] formed by
aggregation of human pluripotent stem cell-derived
cardiomyocytes. Furthermore, the effect of aminophylline was
investigated via a multielectrode array and by means of
intracellular cytosolic Ca®" measurement on HL-1 cells.
Despite the differences between the models such as monolayer
growth, cellular populations, or the fact that it is a murine cell
type, HL-1 cells are considered a standard drug screening
platform; therefore, we chose them to confirm our findings.

A missing link between the previous experimental data and
aminophylline-induced arrhythmias observed in clinical practice
was identified. Our most important finding was that
aminophylline had two principal actions of arrhythmogenicity,
the first being concentration-dependent (“deterministic”) and the
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FIGURE 6 | Calcium sparks measured as extra events in the fluorescence in-time signal, showing leakage of calcium from the sarcoplasmic reticulum. (A)
Scatterplot (mean + standard deviation) showing calcium leakage events in a one-second period in control cells compared to the treatment by 256 and 512 uM
aminophylline (A; n = 43 for ctlr, n = 33 for 256 pM and n = 37 for 512 pM). The frequency of calcium leakage events of cells treated with 512 uM aminophylline was
significantly higher than that of the control (A 512 vs. ctlr p < 0.01, ordinary one-way ANOVA). (B,C) Scatterplots (mean + standard deviation) showing times to peak

and decay times of the control compared to the treatments. Aminophylline caused no significant change to time to peak compared to the control; however, decay time

(Continued)
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the exact location of line scan on the cell (dashed line).

FIGURE 6 | significantly decreased in a linear trend (n = 65 for ctrl, n = 89 for A 256 uM, n = 77 for A 512 uM; ctlr vs. A 256 UM p < 0.05, ctlr vs. A512 uM p < 00.001;
Kruskal-Wallis test). (D-F) Fluorescence line profiles were measured in time, typical recordings together with fluorescence-time curves were filtered for the presence of
noise, and calcium sparks were found—labeled as red lines (B = control, C = 256 uM, D = 512 uM). Each recording is accompanied with a fluorescence image showing

second one concentration-independent (“stochastic”). First, we
observed a linear concentration-dependent positive chronotropic
effect with increasing aminophylline concentrations in hPSC-
CMs (Figures 3A,B and Supplementary Figure S2A,B).
Moreover, this effect was also confirmed to an extent on the
HL-1 cellular line (Figure 4). This may be related to previous
clinical findings that demonstrated that theophylline’s higher
plasmatic levels were associated with an increased heart rate
(sinus tachycardia); the relationship was linear and
concentration-dependent (Vestal et al., 1983; Nadkarni et al,
1988). This effect is sometimes used to treat severe, atropine-
resistant bradycardia (Pasnoori and Leesar, 2004) or other
indications (Conte et al., 2017). The inotropic effect was non-
linear in our study. An increased inotropic effect was present only
in lower aminophylline concentrations. This response may be
attributed to reaching peak-shortening amplitude, as a physical
parameter of cells and cluster, respectively, and partial
immaturity may be responsible for lower number of present
sarcomeres and, thus, lower shortening capability of the cells
(Fraticelli et al., 1989).

In parallel to the “deterministic” effect, we observed a second
arrhythmogenic action of aminophylline expressed as a
concentration-independent  occurrence of RR interval
abnormities. This action was stochastic, independent of the
applied aminophylline concentration. It consisted of repeated
tachycardia-like periods followed by bradycardia-like periods
(not illustrated), which is reflected by the extreme R-R
intervals in Figure 5 that occurred significantly more often in
the cells exposed to aminophylline. Even though certain beat rate
variability was present in spontaneously beating hPSC-derived
CMs in previous studies (Mandel et al., 2012; Binah et al., 2013;
Niehoff et al., 2019), similar events have never been previously
described to our best knowledge. We speculate that this effect
may be an experimental equivalent to the sick sinus syndrome
(Tse et al, 2017) or to tachy-brady alternating episodes in
patients with AF, an arrhythmia that was previously observed
both in aminophylline overdose cases and at therapeutic levels of
the drug (Laaban et al., 1988; Bittar and Friedman, 1991; Varriale
and Ramaprasad, 1993).

Attempts to reveal mechanisms of the arrhythmogenic action
of aminophylline/theophylline have been performed previously,
using various animal models. In rats, aminophylline induced
tachycardia and elevated blood pressure and potential cardiac
ischemia (Shamsuzzaman et al., 2016), which may be related to
theophylline-induced myocardial fibrosis found as a long-term
concentration-/dose-dependent side effect in a notable portion of
rats (Onodera et al., 2001). In a canine model, aminophylline
significantly enhanced AV nodal and His-Purkinje conduction;
this effect was potentiated in combined therapy with
metaproterenol (Komadina et al., 1992).

Studies published so far have not provided a clear clue to the
genesis of proarrhythmic effects of aminophylline/theophylline,
namely, AF. Aminophylline effects (likely an equivalent of the
sinus tachycardia in patients) may be explained by the effect of
elevated cAMP and the absence of the inhibitory effect of
adenosine (Belardinelli et al.,, 1995) on cardiac ionic currents
(see insignificant trend in Supplementary Figure S3B).

As studied in detail by Kong et al. (2008), caffeine (another
type of methylxanthine), aminophylline, and theophylline
preferentially potentiated luminal Ca®* activation of the
ryanodine type 2 (RyR2) receptor, reduced the threshold for
spontaneous Ca”* release, and increased the basal activity,
inducing repeated quantal Ca®* releases. As is well-known, the
accumulation of Ca®" in the cytoplasm may result in delayed
afterdepolarizations, which can trigger arrhythmia. Considering
the increased occurrence of Ca®" sparks in HL-1 cardiomyocytes
treated with 512uM aminophylline (Figure 6), the
concentration-independent “stochastic” effect of aminophylline
observed in our study may be a consequence of microdomain
CAMP level-related diastolic release of Ca** via independent
clusters of RyR2 receptors (Berisha et al., 2021). Such transient
Ca®" accumulation may induce an increased BR and, following
Ca®" depletion, results in a pause in the investigated cardiac cell’s
beating clusters. Such chain of events might also be amplified by
the local cAMP level-induced alteration of the current amplitude
via modulation of hERG potassium channel phosphorylation
(Cui et al, 2000). Detailed subcellular mechanisms of this
effect should be studied in the future.

To our best knowledge, this is the first study reporting results
of experiments with aminophylline conducted on human
cardiomyocytes derived from hPSCs. As such, this set of
experiments showed that our comprehensive monitoring
system is a unique and valuable tool for cardiotoxicity vs.
safety testing of various molecules or drugs. Our results may
present the missing link between the described subcellular
mechanisms of methylxanthine arrhythmogenesis and the
clinical variability of arrhythmic events related to the
theophylline treatment in clinical practice.

CONCLUSION/SUMMARY

We conclude that aminophylline had two parallel
arrhythmogenic  mechanisms of action on EBs: a
concentration-dependent (“deterministic”) effect, presenting
with an increased beat rate (potential clinical correlate: sinus
tachycardia), and a concentration-independent (“stochastic”)
effect, which was characterized by tachycardia-like episodes
alternating with long pauses (potential clinical correlate: atrial
fibrillation). Our comprehensive monitoring system is a unique
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and valuable tool for cardiotoxicity vs. safety testing of various
molecules or drugs.

STUDY LIMITATIONS

The study presents the effect of aminophylline on contractile
properties of human hPSC-CMs along with results of field
potential measurements on the HL-1 cardiac cell line that
further confirmed the effects. First, it has to be considered that
hPSC-derived CMs represented immature/neonatal phenotype
possibly affecting drug effect kinetics [e.g., altered IK1 levels
which may affect resting potential, repolarization, and
depolarization dynamics (Sartiani et al, 2007)]. Second, if
different hPSC lines are used to generate embryoid bodies, it is
likely that there will be different degrees of maturity and the effect
of aminophylline might also differ. The last limitation is that field
potential measurements can generate information about the BR
but not about contraction force; therefore, the results with HL-1
cells confirmed only the chronotropic effect of aminophylline.
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