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A B S T R A C T   

Cardiac contractility evaluation using human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) 
has recently attracted much attention as a clinical cardiotoxicity predictive model. Most studies on this were 
conducted under spontaneous beating conditions and involved video-based analyses. Cardiac contractility is 
known to be influenced by beating rates; accordingly, beating rate control is recommended to accurately analyze 
the effects of drugs on cardiac contractility. Therefore, we investigated the relationship between contraction 
parameters and beating rates of cardiac cell sheet tissues by directly measuring the contraction force and 
compared the effects of ion channel drugs (mexiletine, ranolazine, and dofetilide) on contraction parameters 
under spontaneous beating conditions with those under pacing (1 Hz) conditions. To characterize the contrac-
tion/relaxation kinetics, we introduced a novel analysis tool, called a “C-V loop,” a plot of contraction force 
versus force-changing rate (“velocity”). When we increased the beating rate, the contraction force, force- 
changing rate, and relaxation time markedly decreased. The occurrence frequencies of beating arrest and 
irregular beats at high concentration ranges of mexiletine and ranolazine were more suppressed in paced samples 
than in spontaneously beating ones. We also found that relaxation time increased by treatment with dofetilide 
and contraction amplitude decreased in a concentration-dependent manner by mexiletine treatment only in the 
samples under pacing. These drug responses were consistent with the previous reports using human samples. 
These results indicated that beating rate control is necessary to stably evaluate the effects of drugs on 
contractility and that tests under 1-Hz pacing are more relevant to clinical settings.   

1. Introduction 

Recently, drug-related cardiotoxicity, including systolic dysfunction 
and proarrhythmia, has been identified in clinical trials and can lead to 
the attrition of drug development (Laverty et al., 2011). To avoid the 
discontinuation of drug development during clinical trials, there is a 
strong need to develop an evaluation method for the cardiotoxicity of 
candidate compounds at the non-clinical stage. 

In vitro tests using animal-derived primary cardiomyocytes and/or 
cardiac tissues, such as the Langendorff perfusion heart experiment, 

have been widely used to assess cardiotoxicity (Skrzypiec-Spring, 
Grotthus, Szelag, & Schulz, 2007). However, assays using human 
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) to 
assess cardiotoxicity have been recently reported and are attracting 
much attention. This is because human samples can reduce the risk of 
unknown confounding factors affecting the differences in species. For 
example, Ando et al. analyzed the extracellular field potentials of hiPSC- 
CMs using the multielectrode array system and evaluated the proar-
rhythmic risks of selected drugs (Ando et al., 2017). For contractility, 
Saleem et al. analyzed the movement of beating cardiac tissues made 
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using hiPSC-CMs and fibrin gel using image-based methods and evalu-
ated the effects of drugs on contractility (Saleem et al., 2020). The re-
sults of these studies imply that the responses of hiPSC-CMs to various 
drugs are consistent with the cardiac effects of these drugs in clinical 
studies. Therefore, it is expected that evaluating the contractility of 
hiPSC-CMs will be useful for the toxicity and safety assessments during 
drug development (Qu et al., 2020; Saleem et al., 2020). 

The cells and tissues made using hiPSC-CMs beat spontaneously, and 
their beating rate varies with depending on the different lots, donors, 
and manufacturers (Mannhardt et al., 2017; Saleem et al., 2020). 
Moreover, the beating rate of hiPSC-CMs may be influenced by test 
drugs. The action potential or field potential durations are affected by 
the beating rate and should be corrected using Bazett's or Fridericia's 
formula for better evaluations. Saleem et al. (2020) evaluated the 
contractility of hiPSC-CMs through image analyses and reported that 
their contractility is dependent on the beating rate; however, the exact 
relationship between the beating rate and contractility remains elusive. 
Therefore, the rate-corrected standardization of contractile values using 
a mathematical formula appears challenging. To deal with this, it is 
considered useful to directly measure the contractile force using the 
isometric force measurement system and compare the effects of drugs on 
contractility in terms of spontaneous beat and paced beat conditions. 

In this study, we investigated the relationship between the contrac-
tion waveform parameters and the beating rate of cardiac cell sheet 
tissues by directly measuring the contraction force. The tissues were 

constructed using hiPSC-CMs made in-house, and the force was 
measured using our contraction force measurement system equipped 
with an electrical stimulation pacing function. We also compared the 
tissue contractility responses to mexiletine, ranolazine, and dofetilide 
under electrical stimulation pacing conditions with those obtained using 
spontaneous beating conditions. 

2. Methods 

2.1. Cardiac cell sheet tissue preparation 

hiPSC-CMs were obtained and purified using a previously reported 
method (Matsuura et al., 2012; Matsuura et al., 2016; Seta, Matsuura, 
Sekine, Yamazaki, & Shimizu, 2017; Takahashi et al., 2007). Cardiac cell 
sheet tissues were manufactured using a previously reported method 
with some modifications (Haraguchi, Kagawa, Hasegawa, Kubo, & 
Shimizu, 2018; Sasaki et al., 2018). Briefly, a silicone frame was set on 
the surface of a temperature-responsive culture dish (UpCell; CellSeed, 
Tokyo, Japan) so as to restrict the cell culture area to a 12-mm square 
and was coated with fetal bovine serum (FBS) (Nichirei Bioscience, 
Tokyo, Japan) and incubated for 12–15 h. Next, hiPSC-CMs were seeded 
at 3 × 105 cells/cm2 in a silicone frame and cultured in Medium A, 
which comprised 360 μL of Dulbecco's modified Eagle's medium (Wako, 
Osaka, Japan) containing 10% (v/v) FBS and 1% (v/v) pen-
icillin–streptomycin (Wako), and incubated at 37 ◦C in a humidified 

Fig. 1. Preparation of cardiac cell sheet tissues. 
(a) Preparation of cardiac cell sheet tissues using fibrin gel and a temperature-responsive culture dish. Human iPSC-CMs were seeded in a silicone frame to restrict the 
cell culture area to 12 mm × 12 mm on a temperature-responsive culture dish and to prepare a square-shaped cell sheet. Fibrin gel was prepared by mixing 
fibrinogen, thrombin, factor XIII, and CaCl2 solution in a gel holder. After the fibrin gel hardens, it was placed on the cell sheet in the temperature-responsive culture 
dish and centrifuged to enable the cell sheet to adhere to the fibrin gel surface (“transfer” of the sheet). (b) Hematoxylin–eosin-stained section image of a cardiac cell 
sheet tissue cultured for 14 days. (c) Bright-field image of a cardiac cell sheet tissue. (d) Fluorescent image of the tissue (red: F-actin). 3 × 3 tiled image. (e–g) 
Fluorescent image of the tissue at high magnification (red; F-actin, purple; MLC2v, green: α-actinin). (h) Superimposed image of images (e, f, and g). (i) Sarcomeric 
structures in the tissue (green: α-actinin) are shown in this higher-magnification image. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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atmosphere with 5% CO2 for 24 h. A fibrin gel was prepared by mixing 
fibrinogen (Sigma-Aldrich, St. Louis, MO, USA), thrombin (Sigma- 
Aldrich), factor XIII (CSL Behring, King of Prussia, PA, USA), and CaCl2 
(Kishida Chemical, Osaka, Japan) solution in a gel holder coated with 
fibronectin (Corning, Corning, NY, USA). After removing the Medium A 
and silicone frame from the dish, the fibrin gel was overlayed on the 
square-shaped cardiac cell sheet formed in the temperature-responsive 
culture dish (Fig. 1a). To promote the adhesion of the cardiac cell 
sheet to the fibrin gel, the dish was centrifuged at 200 ×g for 5 min and 
incubated for 60 min in an incubator at 37 ◦C under 5% CO2. To detach 
the cardiac cell sheet, which was now adhered to the fibrin gel, from the 
culture dish, the dish was placed in another incubator at 20 ◦C for 90 
min under 5% CO2. Subsequently, to stop the cardiomyocytes from 
beating, the gel holder along with the fibrin gel was lifted from the dish 
and placed in another dish filled with Medium B, which comprised 
Medium A and 2 M KCl (Kishida Chemical) solution in a volume ratio of 
50:1. The cell sheet tissue was cultured for 24 h in an incubator under 
5% CO2 at 37 ◦C. Thereafter, Medium B was replaced with Medium A 
and the cell sheet tissue was cultured for at least 14 days before 
contractility was measured. 

2.2. Contraction force measurement and electrical stimulation pacing 

Contractility was evaluated using a contraction force measurement 
system (Nihon Kohden, Tokyo, Japan) based on a previously reported 
method (Sasaki et al., 2018) but with several modifications. Fig. 2a il-
lustrates this system's configuration. The contraction force generated by 
the cell sheet tissue was directly measured using the load cell (LVS- 
10GA; Kyowa Electronic Instruments, Tokyo, Japan) installed within the 
contraction force measurement device (Fig. 2b). The cell sheet tissue 
was vertically immersed in a tissue bath containing 45 mL of the mea-
surement medium M199 (Thermo Fisher Scientific, Waltham, MA, USA) 
containing 10% (v/v) FBS and 1% (v/v) penicillin–streptomycin (Wako) 
(Fig. 2b). The gel holder was attached to the lid of the tissue bath. The 
lower end of the cell sheet tissue was fixed to the gel holder and the 
upper end was tightly connected to the load cell through a rod (Fig. 2a). 
The height of the load cell was adjusted using a uniaxial stage. The 
contraction force was measured in a glove box so that the temperature of 
the culture environment was maintained at 36.5 ◦C ± 0.5 ◦C. Using a 
magnetic stirrer, the medium in the tissue bath was subjected to constant 
stirring. To measure the contraction force, the tissue was pulled such 
that the baseline tension was 4–6 mN. The load cell was connected to a 
strain amplifier (PP-101H; Nihon Kohden), and the contraction force 
was recorded on LabChart (ADInstruments, Bella Vista, Australia)- 
installed PC via an A/D converter (DC-300H; Nihon Kohden). The 
sampling frequency was set to 100 Hz, and a 10-Hz low-pass filter was 
used to analyze the contraction waveform. Electrical pacing of the cell 
sheet tissue by field stimulation was performed using platinum plate 
electrodes positioned as shown in Fig. 2a. A biphasic pacing pulse (6–10 
V, 2.5 ms pulse duration) was applied using an electrical stimulator 
(SEN-3401; Nihon Kohden). This system enabled us to obtain waveform 
data on the contraction force generated by cell sheet tissues for several 

days consecutively. 

2.3. Contraction waveform parameters 

To quantitatively characterize the waveform of the contraction force, 
the following five contraction waveform parameters were defined 
(Fig. 3). Contraction amplitude (CA), wave height value (unit: mN); 
maximum increasing rate (MIR) of the contraction force, maximum 
slope of the tension value (unit: mN/s); maximum decreasing rate 
(MDR) of the relaxation force, minimum slope of the tension value (unit: 
mN/s); contraction time (CT), time taken for the tension to increase 
from 10% to 100% of the wave height value (unit: s); and relaxation time 
(RT), time taken for the tension to fall from 100% to 10% of the wave 
height value (unit: s). LabChart was used to analyze these five param-
eters. The peak of contraction was detected using the Peak Analysis 
module (v1.5.1) for LabChart with appropriate settings, and the five 
parameters were calculated for each detected peak. 

To evaluate the effects of drugs on the contraction waveform pa-
rameters, waveform data on 12 consecutive beats were collected 
immediately before and 20 min after administration of the drug. 
Thereafter, waveform data of six alternate beats obtained were used for 
the analysis. Five parameters were analyzed for each waveform of the six 
beats, and their average values were calculated. To evaluate the net 
effect of the test compounds, the effects of the vehicle (DMSO) on the 
cell sheet tissues were also examined under the same test conditions. 

2.4. Contraction-velocity loop analysis 

To evaluate changes in waveforms while focusing on contraction and 
relaxation kinetics, a novel plot of the contraction force vs. force- 
changing rate (“velocity”), i.e., C–V loop, was created by plotting the 

Fig. 2. Contraction force measurement system. 
(a) Schematic of the contraction force measurement 
system. A gel holder with the cell sheet tissue was 
fixed to the lid of the tissue bath at the top, and the 
contraction force was measured directly using a load 
cell. The load cell was connected to an amplifier. The 
cell sheet tissue was stimulated by a pair of electrodes 
positioned on both sides of the tissue as illustrated. 
(b) Schematic of the contraction force measurement 
device. The device had a magnetic stirrer to stir liquid 
in the tissue bath and was placed in a glove box 
maintained at 36.5 ◦C ± 0.5 ◦C.   

Fig. 3. Contraction waveform parameters. 
The five contraction waveform parameters illustrated using a sample wave 
curve. The ordinate and abscissa represent force (mN) and time (s), respec-
tively. The contraction amplitude (CA) was defined by the wave height value. 
The maximum increasing rate (MIR) of contraction force and maximum 
decreasing rate (MDR) of relaxation force were defined as the maximum and 
the minimum slopes of the tension, respectively. The contraction time (CT) and 
relaxation time (RT) were defined as the time taken for the tension to increase 
from 10% to 100% and to fall from 100% to 10% of the wave height value, 
respectively. 
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slope of the contraction force (in mN/s) against the force (in mN) for 
consecutive time points. Fig. 9 presents the C–V loops made by plotting 
data every 10 ms. Further, to analyze the changes in the C–V loops after 
drug treatment, the plots of the relaxation period of the C–V loop, i.e., 
the negative velocity region, were divided into three phases—early, 
middle, and terminal phases (Fig. 9a). The area under the curve (AUC) of 
the relaxation period plots, which have a unit of mN/s times mN, was 
calculated and categorized into three areas corresponding to the three 
phases. The ratios of the divided AUCs were used for the analyses 
(Fig. 9). 

2.5. Force-frequency-relationship analysis 

To investigate the relationship between the contraction waveform 
parameters and the beating rate, cell sheet tissues set in the system and 
cultured for 16–20 h were paced at 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, and 3.0 
Hz for 2 min each. The frequency increased in a stepwise manner, and 
the average of contraction waveform parameters of 12 consecutive 
waves just before the stepwise increase of the pacing frequency was used 
for the analysis; the five contraction waveform parameters were deter-
mined. Calculated parameter values were normalized to those obtained 
at 0.5-Hz pacing and plotted against the pacing frequency for each 
parameter. Each plot was fitted to the following function: Y − 1 = a(X −
0.5), where X is the pacing frequency, Y is the normalized parameter 
value, and a is the slope. Using the least-square fitting technique, the 
slope as well as the coefficient of determination (r2) was calculated. 

2.6. Drug test 

Contractile responses to three typical ion channel blockers were 
obtained under 1-Hz pacing and spontaneous beating conditions; then, 
the effects of each drug on contraction waveform parameters were 
compared under these two conditions. Mexiletine (Fujifilm Wako Pure 
Chemical Corporation, Osaka, Japan), dofetilide (Sigma-Aldrich), and 
ranolazine (Cayman, Ann Arbor, MI, USA), typical INa blocker, IKr 
blocker, and INa and IKr blockers, respectively, were dissolved in DMSO 
(Fujifilm Wako Pure Chemical Corporation) at concentrations 1000 
times higher than the exposure test concentration; the compound solu-
tions were added to the medium in the tissue bath and diluted 

appropriately. Drug solutions were cumulatively added at 20-min in-
tervals (Fig. 4). The effects of mexiletine on cardiac contractility were 
evaluated at six different concentrations (0.1, 0.3, 1, 3, 10, and 30 μM). 
The effects of dofetilide and ranolazine were evaluated at four (0.3, 1, 3, 
and 10 nM) and five (1, 3, 10, 30, and 100 μM) different concentrations, 
respectively. Based on the study by Ando et al. (2017), the range of drug 
test concentrations was determined to include the free effective thera-
peutic plasma concentrations (fETPC). In particular, the highest con-
centration was set to the one at which some event was confirmed in their 
study (Ando et al., 2017). In the pacing condition group, stimulation was 
performed at 1 Hz for at least 1 h before the drug test. The control group, 
wherein only the vehicle (DMSO) was added, was prepared for each test 
drug. The effect of the drug on contractility was evaluated by comparing 
the five parameters for the test-drug and control groups. Randomization 
and blinding were not used in these drug tests. 

2.7. Data exclusion criteria 

To improve the quality of the data, drug tests were started >20 h 
after the tissues were set in the device. If the obtained contraction force 
data was not appropriate for the drug test, these data were excluded. The 
data exclusion criteria were as follows: significant temporal upward or 
downward trend or variation in the wave height value of the beating that 
occurs during the 20 min before the first addition of the drug that affects 
the test results. To measure the trend, the coefficient of variation (CV) in 
the wave height values was used; if the CV was >5%, the data were 
excluded from subsequent analyses. In addition, data showing extra-
systoles or beating disturbances at particular drug concentrations were 
excluded from the statistical calculation at that concentration. From the 
viewpoint of the lower limit of quantification of the measurement sys-
tem, when the average CA was <0.2 mN, the other four parameters (i.e., 
MIR, MDR, CT, RT) were excluded from the statistical significance 
testing for the evaluation of drug administration. 

2.8. Tissue imaging 

Cell sheet tissues cultured for over 14 days were washed twice with 
Dulbecco's phosphate-buffered saline (PBS) containing calcium and 
magnesium (Thermo Fisher Scientific), warmed to 37 ◦C, and then fixed 

Fig. 4. Protocol of drug testing. 
Drug solutions were added step by step at 
20-min intervals to progressively increase 
the concentration of the drug. In mexiletine 
tests, the effects on cardiac contractility were 
evaluated at six concentrations (0.1, 0.3, 1, 
3, 10, and 30 μM). For ranolazine, five con-
centrations (1, 3, 10, 30, and 100 μM) were 
set. For dofetilide, four concentrations (0.3, 
1, 3, and 10 nM) were set. In the control 
group, DMSO was added at six concentra-
tions (0.1%, 0.2%, 0.3%, 0.4%, 0.5%, and 
0.6% (v/v)). During these tests, the time se-
ries of the contraction force was recorded 
continuously.   
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via a 15-min exposure to 4% paraformaldehyde at room temperature. 
The fixed tissues were washed twice with PBS without calcium and 
magnesium (PBS [− ]) (Fujifilm Wako Pure Chemical Corporation) and 
placed in PBS (− ) containing 0.1% TritonX-100 (Fujifilm Wako Pure 
Chemical Corporation) and 2% BSA (Sigma-Aldrich) (Solution A) for 1 h 
at room temperature for membrane permeabilization. Rabbit polyclonal 
anti-MLC2V primary antibodies (Proteintech Group, Rosemont, IL, USA, 

1:200 dilution) and mouse monoclonal anti-α-actinin primary anti-
bodies (Sigma-Aldrich, 1:500 dilution) were prepared in Solution A, and 
fixed tissues were exposed to the primary antibody solution overnight at 
4 ◦C. Thereafter, the tissues were washed three times with PBS (− ) and 
exposed to secondary antibodies mixed with Alexa Fluor 488 donkey 
anti-mouse IgG (H + L) (Invitrogen, Waltham, MA, USA, 1:500 dilution), 
AlexaFluor 647 goat anti-rabbit IgG (H + L) (Invitrogen, 1:500 dilution), 

Fig. 5. Relationship between the contraction waveform parameters and the beating rate of cardiac cell sheet tissues. 
(a) Typical contraction waveforms generated by the cardiac cell sheet tissue under spontaneous beating and electrical stimulation pacing conditions. 20-s time-series 
data. (b) Comparison of a single waveform generated under different conditions (spontaneous beating, 1-Hz, 2-Hz, and 3-Hz pacing conditions). (c–g) The change in 
the five contraction waveform parameters (CA, MIR, MDR, CT, and RT) when the beating rate of the cardiac cell sheet tissue increased from 0.5 Hz to 3 Hz in a 
stepwise manner by electrical stimulation pacing. Each plot indicates the normalized values of each parameter with respect to the values of parameters obtained at 
0.5-Hz pacing (mean ± S.D.). The numbers of data points obtained were 57, 57, 57, 57, 56, 44, and 16 for 0.5 Hz, 0.75 Hz, 1 Hz, 1.5 Hz, 2 Hz, 2.5 Hz, and 3 Hz, 
respectively. 
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and AlexaFluor 568 Phalloidin (Invitrogen, 1:400 dilution) in Solution A 
for 90 min at room temperature in the dark. Finally, the tissues were 
washed four times with PBS (− ) and subjected to observation using a 
confocal quantitative image cytometer (CQ1; Yokogawa Electric Cor-
poration, Tokyo, Japan). 

2.9. Data and statistical analyses 

Statistical analyses were performed using Student's t-test. The 
threshold p-value denoting statistical significance was <0.05. Data were 
presented as the mean ± standard deviation. Statistical analyses were 
conducted using Microsoft Excel (Microsoft, Redmond, WA, USA). 

3. Results 

3.1. Cell sheet tissues and their composition 

Cardiac cell sheet tissues cultured for >2 weeks were observed to 
beat spontaneously and their contraction was visually recognizable. 
Sectional images of hematoxylin–eosin-stained tissues revealed that the 
cardiac cell sheet was firmly adhered to the fibrin gel (Fig. 1b). Thus, the 
fibrin gels are expected to serve as the medium for transmitting the 
contraction force generated by the cell sheet. Fluorescence images of F- 
actin, MLC2v, and α-actinin in the cardiac cell sheet tissue indicate that 
the cell sheet was composed of ventricular muscle cells, and a striated 
sarcomeric structure was formed throughout the cell sheet (Figs. 1c–1i). 

3.2. Pacing frequency dependence of five contraction waveform 
parameters 

Fig. 5a and b show the typical contraction waveforms whose beat 
rates were paced by the electrical stimulation up to 3 Hz. A total of 85 
samples were paced, of which only 57 samples were able to follow 1.5 
Hz pacing. The FFR analysis were applied to these samples. 

It was found that the CA decreased with the pacing frequency. 
Figs. 5c–5g illustrate the change in each of the five contraction wave-
form parameters (see Fig. 3) when the beating rate of the cardiac cell 
sheet tissue increased from 0.5 Hz to 3 Hz in a stepwise manner using 
electrical stimulation. Any parameters, except for those of MDR, 
decreased monotonically with the pacing rate. The slopes of the least- 
square fitted lines were − 0.24 (r2 = 0.946), − 0.21 (r2 = 0.918), 
− 0.06 (r2 = 0.190), − 0.09 (r2 = 0.691), and − 0.35 (r2 = 0.961) for CA, 
MIR, MDR, CT, and RT, respectively. 

3.3. Drug response of cardiac cell sheet tissues under spontaneous beating 
and 1-Hz pacing 

The responses of the cardiac cell sheet tissues to the three drugs 
(mexiletine, ranolazine, and dofetilide) were evaluated under conditions 
of spontaneous beating as well as electrical stimulation pacing at 1 Hz 
(Figs. 6–8). In the control groups, the same amount of DMSO was added. 
Because of the data exclusion criteria, not all samples were included in 
the following analyses. The final sample sizes (N) were 3 of 7 prepared 
samples (spontaneous: mexiletine), 9 of 14 (1-Hz pacing: mexiletine), 5 
of 11 (spontaneous: ranolazine), 10 of 11 (1-Hz pacing: ranolazine), 6 of 
8 (spontaneous: dofetilide), 5 of 6 (1-Hz pacing: dofetilide), 4 of 12 
(spontaneous: DMSO), and 7 of 16 (1-Hz pacing: DMSO). 

Fig. 6 summarizes the results for mexiletine treatment. The top 
panels of Fig. 6a and b show the representative traces of the contraction 
waveform, and the lower panels show the effects on contraction wave-
form parameters. There were no apparent effects on the waveform at 
concentrations up to 3 μM (Fig. 6a) under spontaneous beating. How-
ever, at 10 μM, the beating interval turned irregular in all tissues, and at 
30 μM, the beating stopped in all tissues. The CT at 0.1 μM and the RT at 
10 μM decreased but the other parameters remained unchanged. Pa-
rameters other than the CA could not be evaluated at 30 μM because CA 

was below the lower limit of quantification. Fig. 6b presents the data 
acquired under electrical stimulation pacing at 1 Hz. No apparent ir-
regularity in the beating interval or stopping of the beating from the 
addition of mexiletine was observed, as observed in the waveform 
traces. Only the CA at 30 μM decreased; all the other parameters 
remained unchanged. 

Fig. 7 summarizes the results for ranolazine treatment. Under 
spontaneous beating, extrasystoles occurred frequently in one of the five 
samples at 10 μM, and the beating stopped in four of the five samples at 
100 μM (Fig. 7a). CT and RT were shortened at 1 μM and 3 μM, 
respectively, compared to the control group. However, no changes in the 
CT were observed at concentrations above 10 μM. CA and MIR decreased 
at concentrations >10 μM. MDR increased at 3 μM compared with the 
control group but decreased at 30 μM. At 100 μM, each contraction 
waveform parameter decreased in one sample that did not stop beating. 
Under 1-Hz pacing, as shown in the typical time series, no beating arrest 
was observed except in 1 of the 10 samples where extrasystole occurred 
at 30 μM (Fig. 7b). CT and RT decreased at concentrations >10 μM, and 
CA decreased at concentrations >30 μM. MIR decreased only at a con-
centration of 100 μM. An increase in MDR was observed at concentra-
tions up to 30 μM, and a decrease was observed at 100 μM. 

Fig. 8 summarizes the results for dofetilide treatment. Under spon-
taneous beating, extrasystoles were observed in one of the six cases at 
0.3 nM. At 1 nM, extrasystoles were observed in three of the six cases. As 
the concentration increased, the number of tissues with extrasystoles 
also increased, and at 10 nM, extrasystoles occurred in all tissues 
(Fig. 8a). In terms of the effect on the contraction waveform parameters, 
the CT decreased at 0.3 nM. The RT decreased to above 1 nM. Under 1- 
Hz pacing, as shown in the typical time series, no extrasystoles were 
observed at 0.3 nM or 1 nM; however, at 3 nM, extrasystoles were 
observed in two out of five cases. At 10 nM, extrasystoles occurred in all 
tissues (Fig. 8b). Regarding the effect on the contraction waveform pa-
rameters, CA and MIR decreased at 3 nM, and RT increased at concen-
trations >0.3 nM. 

3.4. Effects of drugs on C–V loops under 1-Hz pacing 

Using C–V loops, the responses of cardiac cell sheet tissues on the 
above drugs under 1-Hz pacing were analyzed (Fig. 9a). First, the plots 
of the relaxation stage of the C–V loop, positioned in the negative ve-
locity (“y-axis”) region, were divided into three parts, i.e., the early, 
middle, and terminal phases, based on the range of contraction ampli-
tudes, where early, middle, and terminal phases comprised plots whose 
contraction amplitudes (“x-axis”) ranged between 2/3 and 1, 1/3 and 2/ 
3, and 0 and 1/3, respectively. Second, in each of the three phases, the 
AUC of the plots was calculated as shown in the shaded area in Fig. 9a. 
Finally, the ratios of the three AUCs (i.e., those of the early, middle, and 
terminal phases) in their sum were calculated. 

DMSO (vehicle) and mexiletine did not affect the ratios of the ter-
minal phase (Fig. 9b and c, respectively); however, the addition of 
ranolazine and dofetilide significantly reduced the ratios of the AUC of 
the terminal phase (Fig. 9d and e, respectively). 

4. Discussion 

4.1. Relationship between the contraction waveform parameters and 
beating rate 

In this study, we investigated the relationship between contractility 
and beating rates of cardiac cell sheet tissues using our contraction force 
measurement system and found that the five contraction waveform 
parameters varied with the beating rate (see Fig. 5). Fig. 5c illustrates 
the decrease in CA with the beating rate. This trend is one of the prop-
erties frequently observed in immature hiPSC-CMs (Huang et al., 2020). 
Conversely, in normal human hearts or mature heart tissues made using 
hiPSC-CMs, CA is known to increase with the beating rate; i.e., exhibit a 
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Fig. 6. Effects of mexiletine on contraction waveform parameters. 
(a) The top panel shows a typical contraction waveform under spontaneous beating. The lower panels show the effects of mexiletine on the contraction waveform 
parameters under spontaneous beating. The arrows indicate rhythmic disturbances. Each bar indicates the normalized values with respect to the baseline, the value 
immediately before the addition of the drug (mean ± S.D.). The numbers of data points were three and four for the mexiletine and the control groups, respectively. 
(b) The top panel shows a typical contraction waveform under 1-Hz pacing. The lower panels show the effects of mexiletine on the contraction waveform parameters 
under 1-Hz pacing. The numbers of data points were 9 and 7 for the mexiletine and the control groups, respectively. 
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Fig. 7. Effects of ranolazine on contraction waveform parameters. 
(a) The top panel shows a typical contraction waveform under spontaneous beating. The lower panels show the effects of ranolazine on the contraction waveform 
parameters under spontaneous beating. The arrows indicate extrasystoles. Each bar indicates the normalized values with respect to the baseline (mean ± S.D.). The 
numbers of data points were five and four for the ranolazine and the control groups, respectively. (b) The top panel shows a typical contraction waveform under 1-Hz 
pacing. The lower panels show the effects of ranolazine on the contraction waveform parameters under 1-Hz pacing. The numbers of data points were 10 and 7 for the 
ranolazine and the control groups, respectively. 
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Fig. 8. Effects of dofetilide on contraction waveform parameters. 
(a) The top panel shows a typical contraction waveform under spontaneous beating. The lower panels show the effects of dofetilide on the contraction waveform 
parameters under spontaneous beating. The arrows indicate extrasystoles. Each bar indicates the normalized values with respect to the baseline (mean ± S.D.). The 
numbers of data points were six and four for the dofetilide and the control groups, respectively. (b) The top panel shows a typical contraction waveform under 1-Hz 
pacing. The lower panels show the effects of dofetilide on the contraction waveform parameters under 1-Hz pacing. The numbers of data points were 5 and 7 for the 
dofetilide and the control groups, respectively. 
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positive force-frequency relationship (Pieske, Maier, Bers, & Hasenfuss, 
1999; Ronaldson-Bouchard et al., 2018). This implies that investigating 
the trend of CA can be useful in assessing the maturity of the hiPSC-CMs. 

RT also decreased apparently with the beating rate (Fig. 5g), which is 
consistent with previously reported findings that pacing faster than the 
spontaneous rate shortened the relaxation period in contractile move-
ments of hiPSC-CMs-based engineered heart tissues (Zeng, Balasu-
bramanian, Lagrutta, & Sannajust, 2018). The shortening of the 
relaxation period is considered to be caused by action potential dura-
tions. The shortening of action potential durations by increments in the 
pacing rate was reported in hiPSC-CMs (Wei, Pourrier, Strauss, Stock-
bridge, & Pang, 2020) as well as in human ventricular muscles (Attwell, 
Cohen, & Eisner, 1981). In the latter case, the shortening was thought to 
be related to a decrease in ICaL (inward current due to Ca2+ influx from 
L-type Ca2+ channels) (Li et al., 1999). 

4.2. Differences in drug responses between unpaced samples and 1-Hz 
paced samples 

In this study, the differences in drug responses between paced sam-
ples (whose beating rates were fixed by electrical stimulation) and 
unpaced spontaneously beating samples were also investigated. Expo-
sure to high concentrations of mexiletine and ranolazine resulted in 
beating arrest only in the unpaced spontaneously beating tissues. This is 
consistent with the report stating that the exposure of late Na+ channel 
blockers, such as mexiletine and ranolazine, to hiPSC-CMs causes 
beating arrest (Harris et al., 2013). One of the benefits of using hiPSC- 
CMs is its ability to assess the effects of drugs on the contractility of 
human cardiac tissues even at high concentrations, which is impossible 
to test in clinical trials. However, in spontaneously beating tissues, the 
effect of late Na+ channel blockers, such as mexiletine and ranolazine, 
on the contractility of hiPSC-CMs cannot be identified at high concen-
trations because beating arrest occurs. The present results imply that 
pacing by electrical stimulation can solve the problem of beating arrest 
that frequently occurs during drug tests. 

Extrasystoles also occurred more frequently in unpaced spontane-
ously beating tissues than in paced tissues, even at the same exposure 
concentrations of ranolazine or dofetilide (see Figs. 7 and 8). These 
extrasystoles were thought to occur due to the early after depolarization 
(EAD) induced by the exposed drugs. Since these drugs inhibit IKr 
channels, the action potential's duration is thought to be prolonged. 
During the prolongation of an action potential, the inactivated Ca2+

channels were restored, and Ca2+ influx occurred again; thus, EAD 
occurred. When the cardiac tissues are subjected to 1-Hz pacing using 
electrical stimulations, such action potential prolongation is forced to be 
shortened; thus, extrasystoles are thought to be less likely to occur. 
Overdrive pacing, used clinically to reduce the occurrence of arrhyth-
mias (Kurisu et al., 2005), is thought to share the same mechanism. The 
suppression of extrasystoles of hiPSC-CMs by electrical pacing has also 
been reported by Zeng et al. (2018). 

The RT increased only when dofetilide was added to the samples 
under 1-Hz pacing (see Fig. 8). In the study reported by Nguyen et al. on 
human primary tissue, the addition of dofetilide prolonged the RT in the 
contraction waveform (Nguyen et al., 2017). Therefore, the data ob-
tained in this study in paced tissues, not in spontaneously beating ones, 
is in agreement with the data obtained in human primary tissues. 

4.3. Comparisons with clinical data 

In the present study, no effect on CA was observed with mexiletine at 
concentrations of below 10 μM, but reduction on CA was observed at 30 
μM in paced tissues (Fig. 6). The fETPC of mexiletine is reported to be 
approximately 2.5 μM (Crumb Jr., Vicente, Johannesen, & Strauss, 
2016), and has no negative inotropic effects on cardiac contractility at 
the therapeutic plasma levels (Singh et al., 1990; Stein, Podrid, & Lown, 
1984). In contrast, high mexiletine concentrations may have negative 
inotropic effects (Gottlieb & Weinberg, 1992). Therefore, the findings in 
paced tissues are consistent with previous reports that mexiletine has a 
concentration-dependent negative inotropic effect on cardiac 
contractility. 

In this study, ranolazine at concentrations <10 μM had no effect on 
CA in paced tissues (Fig. 7). The fETPC of ranolazine is estimated to be 
approximately 2 μM (Crumb Jr. et al., 2016), and has no negative 
inotropic effects on cardiac contractility at the therapeutic plasma levels 
(Murray & Colombo, 2014). Therefore, the findings of this study are 
consistent with the previous reports. 

Dofetilide reportedly has no negative inotropic effects on cardiac 
contractility (Rasmussen, Allen, Blackburn, Burtorous, & Dalrymple, 
1992). The fETPC of dofetilide is reported to be approximately 2 nM in 
clinical settings (Crumb Jr. et al., 2016). The graph of CA in Fig. 8b 
shows that the negative inotropic effect of dofetilide was observed at 0.3 
nM and 3.0 nM but not at 1.0 nM in paced tissues, a finding that is a little 

Fig. 9. Effects of drugs on C–V loops. 
(a) Examples C–V loops in the early, middle, and terminal phases. The red lines 
indicate the area under the curve (AUC) in each phase. (b–e) The top panels 
show the typical C–V loops after the addition of DMSO, mexiletine, ranolazine, 
and dofetilide under 1-Hz pacing. The lower panels show the changes in the 
ratios of the three AUCs (i.e., those of the early, middle, and terminal phases) in 
their sum after adding DMSO, mexiletine, ranolazine, and dofetilide under 1-Hz 
pacing. Bars are presented as the mean ± S.D. The numbers of data points were 
7, 9, 9, and 3 for DMSO, mexiletine, ranolazine, and dofetilide, respectively. 
Asterisks (*) indicate statistical significance (*: p < 0.05, t-test). (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Y. Hinata et al.                                                                                                                                                                                                                                  



Journal of Pharmacological and Toxicological Methods 118 (2022) 107228

11

confusing. The graph of MIR, in contrast, shows that the negative effect 
was observed only at 3.0 nM; thus, the result is consistent with clinical 
findings. This implies that MIR might be a relevant indicator of the 
inotropic effects of adding drugs. 

The negative inotropic effects observed by exposure to high con-
centrations of ranolazine and dofetilide may be because of the blocking 
of IKr channels, which delay repolarization and cause high resting 
membrane potentials. High resting membrane potentials induce the 
inactivation of some of the voltage-dependent Na+ channels, reducing 
the amount of Na+ entering the cytoplasm during depolarization. The 
Na+ entering the cytoplasm during depolarization is released by the 
Na+/Ca2+ exchanger, and Ca2+ is taken into the cytoplasm instead. The 
increase in the cytoplasmic Ca2+ levels because of this mechanism re-
sults in an increase in contractility. The decrease in the Na+ influx into 
the cytoplasm during depolarization could have caused a negative 
inotropic effect because less Ca2+ is taken up into the cytoplasm by the 
Na+/Ca2+ exchanger. Further elevation of the resting membrane po-
tential may also lead to the inactivation of some of the voltage- 
dependent Ca2+ channels, resulting in a direct decrease in the cyto-
plasmic Ca2+ content, which may have a negative inotropic effect. 

4.4. The potential of the C–V loop analysis 

Because this system used cardiac tissues based on a relatively large- 
sized cell sheet, the contraction forces measured directly by the load cell 
were in the order of mN. Thus, the signal-to-noise ratio was high enough 
to analyze the geometry of the waveform of a single contraction cycle, as 
shown in Fig. 9. 

By using the data of a waveform of a single contraction cycle, a C–V 
loop was plotted and used for the analyses shown in Fig. 9a. The force- 
changing rate (“velocity”) shown in the C–V loops may be considered to 
indicate the activity of each process in the contractile mechanisms of 
cardiomyocytes. The contraction stage of the cardiomyocyte includes 
the influx of Ca2+ through plasma membrane proteins, the release of 
Ca2+ from the sarcoplasmic reticulum, and the transfer of the Ca2+ to 
contraction-related proteins. The relaxation stage includes the reduction 
of Ca2+ sensitivity of the contractile proteins forming cross-bridges, 
Ca2+ dissociation from contraction-related proteins, and the Ca2+

efflux from the cytoplasm. The final efflux of Ca2+ from the cytoplasm is 
accomplished by the Na+–Ca2+ exchanger. However, the repolarization 
of the action potential is an important factor in the proper operation of 
the Na+–Ca2+ exchanger. The prolongation of the action potential by IKr 
blockers suppresses the action of the Na+–Ca2+ exchanger and delays 
Ca2+ efflux. In the present study, the reduction in the AUC of the ter-
minal phase observed with exposure to ranolazine and dofetilide may 
have been due to the IKr block effect. Thus, the division of the relaxation 
stage into three phases in the analysis of the C–V loops may be useful in 
understanding the activity of the mechanism of relaxation. 

It would be interesting to apply the above analysis to C–V loops 
obtained by adding other drugs with different mechanisms of action and 
to see the kind of results that will be obtained. 

4.5. Study limitations and future directions 

In the present study, we found that fixing the beating rate of cardiac 
cell sheet tissues using electrical stimulations can be helpful in properly 
predicting their drug responses. However, there are several limitations 
that remain to be addressed in further studies. One of these is that the 
appropriate pacing frequency for evaluating drug responses is not clear. 
In this study, the pacing frequency was 1 Hz, which is close to the 
beating rate of the adult human heart. Conversely, the beating rate of a 
human fetus is >2 Hz. Considering the immaturity of hiPSC-CMs, a 
pacing frequency of >1 Hz may be suitable to mimic the biological heart. 
In addition, using a pacing frequency > 1 Hz may also be suitable to test 
drugs that are known to increase the spontaneous beating rate to >1 Hz, 
such as β1 receptor agonists. Because the previous report suggested that 

the differences in the spontaneous beating rate of hiPSC-CMs may affect 
their drug response even under the same pacing frequency conditions, 
there may be an optimal pacing frequency for each sample depending on 
the spontaneous beating rate of the hiPSC-CMs used (Zeng et al., 2018). 

In this study, the superiority of 1-Hz electrical pacing was demon-
strated by comparing the effects of ion channel drugs (mexiletine, 
ranolazine, dofetilide) on contraction parameters under spontaneous 
beating conditions to those under pacing (1 Hz) conditions. On the other 
hand, to rigorously investigate the effects of these three drugs on the 
contractility, well-designed experiments considering randomization, 
blinded analyses, and balance of group sizes are required (Curtis et al., 
2022). 

5. Conclusion 

In the present study, we investigated the differences in drug re-
sponses between paced samples and unpaced spontaneously beating 
samples, it was confirmed that the latter samples had several critical 
problems in the evaluation of drugs. The fixation of the beating rate 
during the evaluation of drugs may lead to more accurate evaluations 
using hiPSC-CMs, which may contribute to improvements in the safety 
and efficiency of drug development. 
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