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Abstract

Safety attrition due to drug-induced inotropic changes remains a significant risk factor for drug development. Mitigating these events
during early screening remains challenging. Several in vitro predictive models have been developed to address these issues, with
varying success in detecting drug-induced inotropic changes. In this study, we compared traditional two-dimensional human-induced
pluripotent stem cell-derived cardiomyocytes (2D hiPSC-CMs) with three-dimensional engineered cardiac tissues (3D ECTs) to assess
their ability to detect drug-induced inotropic changes in 17 drugs with known mechanisms of action. The models were exposed to
various test compounds, and their responses were evaluated by measuring either the active force or maximum contraction speed. The
3D ECTs successfully detected all the tested positive inotropes, whereas the 2D hiPSC-CMs failed to detect the 2 compounds. Both
models demonstrated high predictability for negative inotropy and showed similar results for detecting non-active compounds,
except for higher concentrations of phentolamine, zimelidine, and tamsulosin. Irregular beating was less likely to occur in the 3D
ECTs, suggesting that 3D ECTs provided superior detection of contractility compared to 2D hiPSC-CMs. Genetic analysis revealed a
more mature phenotype for the 3D ECTs compared to the 2D hiPSC-CMs, and the compound-related target expression was
comparable to that in the adult human heart tissues. The 3D ECTs captured inotropic changes more accurately and thus represented a
more translatable model than the 2D hiPSC-CMs. Overall, contractility assessment using the 3D ECTs could be advantageous for
profiling candidate compounds and mechanistic investigations of hemodynamic changes during in vivo or clinical studies.
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Introduction negative inotropic effects can be harmful to patients with heart
disease and healthy individuals (Wallis et al. 2015). For example,
itraconazole is a synthetic antifungal agent that may be associ-

ated with congestive heart failure owing to its negative inotropic

Safety concerns are among the highest contributors to drug attri-
tion during preclinical and clinical development. A review detailing
the causes of attrition of 812 orally developed compounds between

2000 and 2010 showed that 308 compounds (51% of all 605 termi-
nated compounds) were discontinued because of non-clinical
toxicology and clinical safety concerns (Waring et al. 2015).
Cardiotoxicity is a major driver of drug attrition and withdrawal
throughout the development process owing to safety concerns
(Laverty et al. 2011; Siramshetty et al. 2016). Among the top 200
prescribed drugs in the United States, 85 are labeled with adverse
drug reactions or black-box warnings related to cardiovascular tox-
icity (Fuentes et al. 2018). Consequently, preclinical assessments to
identify cardiac liabilities in the early phases of drug development
are crucial to reduce cardiotoxicity-related attrition.

Cardiac muscle contraction is the most fundamental function
of the heart, and unexpected drug-induced modification of car-
diac muscle contraction (i.e. cardiac inotropic changes) is a risk
factor for cardiovascular-related attrition. Both positive and

effects, as evidenced by animal and clinical pharmacology studies
(Ahmad et al. 2001). Clinical trials of positive inotropes, such as
milrinone and amrinone, have failed to improve the clinical out-
comes of heart failure and have resulted in worse clinical out-
comes (Ahmad et al. 2019). Positive inotropic agents, such as
B-receptor agonists, al-receptor agonists, and phosphodiesterase-
3 inhibitors, increase intracellular [Ca’'], oxygen consumption,
and fuel depletion in energy-starved hearts, leading to subsequent
myocardial damage (Rajapreyar et al. 2014). Therefore, under-
standing drug-induced inotropic potential is important for drug
development and preemptive mitigation of adverse effects.

We previously developed a non-invasive, video-based assess-
ment of drug-induced inotropic changes using motion-field
imaging (Okai et al. 2020). This technology utilizes high-resolution
and high-frame-rate video to perform continuous, real-time
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measurements of the contractile behavior of two-dimensional
(2D) cultured human-induced pluripotent stem cell-derived cardi-
omyocytes (hiPSC-CMs). Although the assay demonstrated high
clinical predictability for drug-induced inotropic effects, it was
unable to detect the expected effects of some compounds, possi-
bly due to the limitations imposed by the immature phenotype of
hiPSC-CMs, which may affect both the predictability and translat-
ability of the results. To overcome this limitation, micro
engineered heart tissues with more mature properties (e.g. non-
spontaneous beating, T-tubule development, and increased
contractile force) have been developed over the last several years
(Ribeiro et al. 2019). The Biowire II platform consists of an array of
polystyrene microwells with 2 parallel flexible polymer wires fixed
at each end. This platform enables the growth of thin cylindrical
tissues, akin to human trabeculae, suspended between 2 wires,
facilitating the quantification of contractile forces (Zhao et al.
2019). Three-dimensional (3D) engineered cardiac tissues (ECTSs)
developed using hiPSC-CMs and cardiac fibroblasts, generated on
the Biowire II platform, display a more mature phenotype than 2D
hiPSC-CMs and identify inotropic changes induced by several
drugs with different underlying mechanisms during contractility
assessment (Feric et al. 2019; Qu et al. 2020). However, the ability
of drugs to modulate contractility has not been fully investigated
using this platform, and this model has not been directly com-
pared with a 2D model to evaluate the translatability of drug
responses.

In the present study, we tested 17 compounds with known
mechanisms of action, including negative inotropes, positive ino-
tropes, and non-active compounds, to evaluate their effects on
the contractility of the 3D ECTs generated using the Biowire II
platform. Additionally, we compared the responses of the 3D
ECTs to these test compounds with those of 2D hiPSC-CMs.
Finally, we investigated the global gene expression in the 3D
ECTs and 2D hiPSC-CMs to understand the mechanistic differen-
ces in drug responses between the 2 models and to determine the
feasibility of using these models for practical drug screening
applications.

Materials and methods
Test compounds

The following drugs were used to measure contractility in the 3D
ECTs: captopril, cimetidine, sildenafil, and tamsulosin, purchased
from Cayman Chemical Company (Ann Arbor, MI, United States),
and pravastatin, zimelidine, acetylsalicylic acid (aspirin), amri-
none, glyburide (glibenclamide), haloperidol, itraconazole, mexile-
tine hydrochloride (mexiletine), phentolamine hydrochloride
(phentolamine), phenylephrine hydrochloride (phenylephrine),
pimobendan, and (+)-propranolol hydrochloride (propranolol),
purchased from Sigma-Aldrich (St Louis, MO, United States).
Dimethyl sulfoxide (DMSO) and isoproterenol were also purchased
from Sigma-Aldrich and used as the vehicle and positive control,
respectively.

The following compounds were purchased for contractility
measurement studies using the 2D hiPSC-CMs: glibenclamide
and haloperidol from Fujifilm Wako Pure Chemicals (Osaka,
Japan); pimobendan, amrinone, mexiletine, itraconazole,
captopril, cimetidine, pravastatin, phentolamine, zimelidine,
tamsulosin, and sildenafil from Sigma-Aldrich; and aspirin, DL-
phenylephrine hydrochloride, isoproterenol hydrochloride, and
propranolol from Tokyo Chemical Industry Company Limited
(Tokyo, Japan).

All test drugs were dissolved in DMSO (Fujifilm). The final
DMSO concentrations for contractility measurements using the
2D hiPSC-CMs were 0.1% v/v (low concentration), 0.2% v/v (mid
concentration), 0.3% v/v (high concentration), and 0.4% v/v (high-
est concentration). The final DMSO concentrations for contractil-
ity measurements using the 3D ECTs were 0.001% v/v (low
concentration), 0.01% v/v (medium concentration), and 0.1% v/v
(high concentration) for the three-concentration measurements,
and 0.003% v/v (low concentration), 0.01% v/v (mid concentra-
tion), 0.03% v/v (high concentration), and 0.1% v/v (highest con-
centration) for the four-concentration measurements. The
concentrations, mechanisms of action, and target-related genes
of the tested drugs are listed in Table 1.

Generation of 3D ECTs

The 3D ECTs were generated using iCell® Cardiomyocytes?
(FUJIFILM Cellular Dynamics International, Madison, WI, United
States) and human ventricular cardiac fibroblasts (Lonza,
Allendale, NJ, United States) on the Biowire II platform, as
described previously (Feric et al. 2019; Zhao et al. 2019). Briefly, a
collagen/Matrigel/fibrin hydrogel was prepared by mixing 75% v/
v collagen hydrogel (rat tail collagen, 3mg/mlL, Corning, AZ,
United States; 1x M199; Matrigel, 15% v/v, Corning; deionized
H,0; NaOH, 0.01N; NaHCOs, 0.22mg/mL) and 25% fibrinogen
hydrogel (fibrinogen, 33mg/mL, Sigma-Aldrich; HEPES, 20mM;
NaCl, 0.9% w/v). Then, 1x 10° viable iCell Cardiomyocytes® and
1x 10* human ventricular cardiac fibroblasts were suspended in
the hydrogel. The suspended cells were seeded on the Biowire II
platform, containing polystyrene microwells with parallel poly
(octamethylene maleate (anhydride) citrate) (POMaC) wires. The
ECTs were subjected to an electrical field stimulation protocol
using biphasic pulses for a duration of 2ms at twice the excita-
tion threshold for 10 weeks. The ECTs were assessed for automa-
ticity (spontaneous beat rate), force-frequency relationship
(active force at 1 to 4Hz), and post-rest potentiation. Post-rest
potentiation was assessed by measuring the first beat at 1 Hz, fol-
lowed by rapid pacing and a 10-s rest. ECTs with minimal sponta-
neous activity that exhibited a positive force-frequency
relationship and post-rest potentiation were assessed for their
responsiveness to 100nM isoproterenol. Tissue batches that
showed a robust (at least 3-fold vs. baseline) p-adrenergic
response to 100nM isoproterenol were used for test compound
assessments. The use of 3D ECTs was approved by the ethics
committee of Takeda Pharmaceutical Company Limited.

Treatment of 3D ECTs and contractility
acquisition

The contractility of the 3D ECTs was measured using a previously
described non-invasive optical technique (Feric et al. 2019; Zhao
et al. 2019; Qu et al. 2020). The contractility of the suspended
ECTs was measured by tracking the deflection of the fluorescent
POMaC wires as a function of time. The 3D ECTs were transferred
to an environmental chamber (5% CO,, 37°C) under field electri-
cal stimulation at 1Hz (2ms pulse duration, monophasic, at
200% of the excitation threshold voltage). After equilibration of
the 3D ECTs in the environmental chamber for 30 min, the first
baseline video was captured for 30s. Subsequently, one-third of
the tissue culture medium volume was pipetted twice from the
chamber containing the tissues to equilibrate them with the
shear stress induced by the procedure. A second 30-s baseline
video was captured 10min after the addition of the culture
medium to analyze the effects of the test compounds. Each test
compound was dissolved in DMSO and applied to the medium in
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Table 1. Summary profile for reference compounds tested in motion field imaging assay.

Non-active compounds

Compound Mechanism of action

Aspirin Cyclooxygenase inhibitor

Captopril Angiotensin-converting enzyme inhibitor
Cimetidine H2-receptor antagonist

Pravastatin HMG-CoA reductase inhibitor
Phentolamine Nonselective a adrenoceptor antagonist
Zimelidine Selective serotonin reuptake inhibitor
Sildenafil PDE-5 inhibitor

Tamsulosin a-1 adrenoceptor antagonist

Negative inotropes

Compound Mechanism of action Potential target genes related to inotropic changes
Itraconazole Inhibition of lanosterol 14a-demethylase SCNS5A (Qu et al. 2013)

Propranolol Nonselective  receptor antagonist ADRB1, ADRB2

Mexiletine Na™ channel blocker SCNSA

Haloperidol Dopamine D2-receptor antagonist CACNA1C, SIGMAR1 (Novakova et al. 1995;

Hatip-Al-Khatib and Bolukbasi-Hatip 2002)

Positive inotropes

Compound Mechanism of action Potential target genes related to inotropic changes
Isoproterenol Nonselective § adrenergic receptor agonist ADRB1, ADRB2

Phenylephrine a-1and £-1 adrenergic receptor agonist ADRA1A, ADRA1D, ADRA1B, ADRB1
Glibenclamide Katp channel inhibitor ABCC8, KCNJ11, KCNJ8, ABCC9

Amrinone PDE-3 inhibitor PDE3A. PDE3B

Pimobendan Calcium sensitizer with PDE-3 inhibition TNNC1, TNNT2, TNNI3, RYR1, PLN,

ATP2A2, PDE3A, PDE3B

the tissue wells to achieve the desired final concentration. One-
third of the medium volume was then pipetted twice for gentle
mixing. The tissue was incubated with the test drugs or DMSO
vehicle control for 15 min, after which a 30-s video was captured.
This procedure was repeated for all subsequent concentrations
(from lowest to highest), such that each tissue was incubated
with 3 or 4 increasing concentrations of the test compounds. For
each treatment, the number of tissues tested (n) ranged from 6 to
9, and each tissue was exposed to a single compound. Data anal-
ysis was performed by analyzing the videos using custom soft-
ware that tracks the displacement of the POMaC wires to
measure ECT contractility. The maximum contraction force rep-
resents the active force generated. The active force at each dose
was normalized by dividing the active force in the presence of
the compound by the baseline active force in the same tissue.

Statistical analysis for determining effects on 3D
ECT-generated force

Data are presented as the mean + SD. The F-test was used to
compare the test article group and the time-matched vehicle
control group to test for homogeneity of variance. Student’s t-test
and Aspin-Welch's test were used when the variances between
the 2 groups were homogeneous and heterogeneous, respec-
tively. Statistical significance was set at P <0.05. These calcula-
tions were performed using EXSUS ver.8.0 (SAS 9.3, EPS
Corporation, Tokyo, Japan).

Preparation of 2D cultured hiPSC-CMs for
contractility assessment

Cryopreserved cardiomyocytes derived from human iPS cells
(iCell® Cardiomyocytes; Cellular Dynamics International,
Fujifilm, Tokyo, Japan) were purchased and prepared following
the manufacturer’'s instructions. To obtain a sheet of

cardiomyocytes with spontaneous and synchronous activity, the
cells were re-plated on a small area (approximately 2 um in diam-
eter) of 12-well plates as previously described (Okai et al. 2020).
Briefly, the cells were thawed using iCell® Cardiomyocytes
Plating Medium (Cellular Dynamics International) and then
plated in 2 wells of a gelatin-coated six-well plate (BD, Franklin
Lakes, NJ, United States) at a density of 2 to 3x10° cells/well.
Approximately 48 h after the initial plating, the plating medium
was replaced with iCell® Cardiomyocytes Maintenance Medium
(Cellular Dynamics International). On day 7 after plating, hiPSC-
CMs were re-plated on a small area (approximately 3mm in
diameter) coated with 20 uL of fibronectin (5 pg/mL; Corning, New
York, NY, United States) in 12-well plates (Eppendorf, Hamburg,
Germany) at a density of 4.0 x 10* cells in 20pL. The cells were
incubated at 37°C with 5% CO, for 3.5 to 6h prior to adding
1.5mL of the maintenance medium to each well. The cells were
cultured at 37°C under 5% CO, in 12-well plates for 5 to 9days
until recording was performed. Half of the medium volume
(750 uL) was changed every 2 to 3 days throughout the study. The
evening before recording, the maintenance medium in each well
was replaced with 2mL of fresh serum-containing medium used
throughout the recording. Before recording, the 12-well plates
were equilibrated in a mini-incubator (37°C, 5% CO,) attached to
the motion-field imaging system stage for >30min before the
commencement of data acquisition. The use of hiPSC-CMs was
approved by the ethics committee of Takeda Pharmaceutical
Company Limited.

Contractility acquisition using 2D cultured hiPSC-
CMs

High-resolution block-matching-based optical flow was used to
assess contractility in 2D cultured hiPSC-CMs, as previously
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described (Hayakawa et al. 2012). Briefly, video images of beating
hiPSC-CMs were captured as sequential phase-contrast images
with a 4x objective at 150 frames/s frame rate and a resolution of
2048 x 2048 pixels (2.8mm x 2.8mm) using the SI8000 cell
motion-field imaging system (Sony Corporation, Tokyo, Japan).
The moving images were captured thrice for 5s at 4-min intervals
to confirm steady beating. Fifteen minutes after the addition of
2uL of maintenance medium, a baseline video of each well was
captured continuously for 10s. Subsequently, stock solutions of
the test compounds, prepared in DMSO at a 1,000-fold target con-
centration, were cumulatively applied from the lowest to the
highest concentration to achieve the target concentrations. The
cells were incubated with each concentration of each compound
for 15min, and a video was captured continuously for 10s. Data
from 4 to 5 wells were obtained for each test compound.

The contractile behavior of hiPSC-CMs recorded in the video
was analyzed using a block-matching algorithm, and bimodal
waveforms consisting of contractions and relaxations were
obtained by plotting the average motion vectors against time, as
previously described (Hayakawa et al. 2012). The maximum con-
traction speed, defined as the peak amplitude of the contraction
waveform, was obtained using Sony SI8000 analysis software and
used as an index of contractility.

To evaluate the effects of the test compounds, wells in which
the beats per minute coefficient of variation (CoV) of the 3 pre-
assay recordings did not exceed 5% were used. The absolute
maximum contraction speed values at each concentration were
normalized and represented as the percentage change from the
baseline values, which were obtained after sham treatment
(treatment with culture medium). If irregular beating and/or qui-
escence were observed at certain concentrations of the test drug,
the maximum contraction speed values were not analyzed at
those concentrations. The upper and lower cutoff values of fold
change in maximum contraction speed were set at 1.08-fold and
0.92-fold, respectively, based on the variation range and mean +
3SD of the background data for the vehicle control (DMSO,
n=20), respectively (data not shown). The minimum effective
concentration (MEC) and concentrations for a 1.08-fold increase
or 0.92-fold decrease in maximum contraction speed were calcu-
lated using a four-parameter log equation with Model 204 in the
XLFit software (IDBS Limited, Woking, United Kingdom).

Global gene expression analysis

Total RNA was extracted from untreated 3D ECTs that qualified
similarly for contractility assessment using an RNAdvance
Tissue Kit (A32645; Beckman Coulter, Brea, CA, United States),
according to the manufacturer’s protocol. DNase digestion was
performed using the DNase reagent included in the RNeasy
Micro Kit (74004; QIAGEN, Gaithersburg, MD, United States).
Total RNA was also extracted from untreated 2D hiPSC-CMs on
day 14 of culture, under the same conditions applied during
motion-field imaging video recording, using either the QIAGEN
RNeasy Micro Kit (74004; QIAGEN, Gaithersburg, MD, United
States) or the QIAGEN RNeasy Mini Kit (74004; QIAGEN,
Gaithersburg, MD, United States), following the manufacturers’
protocols. DNase digestion was performed using the DNase
reagent included in the extraction kit. Three total RNA samples
from adult human tissues were purchased from Thermo Fisher
Scientific (Waltham, MA, United States), BioChain (Newark, CA,
United States), and Takara Bio Inc. (Mountain View, CA, United
States). All 3 samples were obtained from normal heart tissues.
The BioChain sample is from the ventricle. The extracted and

purified RNA samples were subjected to Ion AmpliSeq Human
Transcriptome Analysis (lon Torrent, Thermo Fisher, United
States) by Axcelead Drug Discovery Partners, Inc. (Fujisawa,
Japan). The RNA-seq count data for the samples were pre-
processed using the Voom transformation method (Law et al.
2014).

Heart contraction-related genes were selected according to
the Gene Ontology (GO) annotation (https://amigo.geneontology.
org/amigo/landing). Of the 227 genes included in the GO database
under the term “heart contraction” (GO: 0060047), 222 showed
expression levels greater than zero in at least one of our study
samples. The expression patterns of these 222 genes were ana-
lyzed to investigate the molecular similarities between the 3D
ECTs, 2D hiPSC-CMs, and human heart tissues in terms of heart
contractility.

Omics Studio (QIAGEN, Venlo, Netherlands) was used to per-
form the principal component analysis (PCA) of the RNA
sequencing data (18,650 genes) and the hierarchical clustering
analysis of the selected heart contraction-related genes and sam-
ples. A correlation algorithm was applied to calculate the gene
distance, and hierarchical trees were created based on the com-
plete linkage method. In the hierarchical clustering view, each
row represents a sample, and each column represents a gene. A
visual color code was used, with magenta and cyan indicating
relatively high and low expression levels, respectively.

Results

Characterization of 2D hiPSC-CMs and 3D ECTs
for contractility baseline values and response to
isoproterenol

The baseline contractility measurements were determined
before testing the responses of the 3D ECTs and the 2D hiPSC-
CMs to experimental compounds. Figure 1A represents force
(converted from displacement) versus time in the 3D ECTs,
whereas Fig. 1B represents the derivative of displacement (veloc-
ity) versus time in the 2D hiPSC-CMs. The active force, which rep-
resents the contraction peak amplitude, was used as an index of
contractility in the 3D ECTs, whereas the maximum contraction
speed was used as an index of contractility in the 2D hiPSC-CMs.
The pre-treatment baseline values of the active force in the 3D
ECTs were 4.8+3.9uN (mean + SD, N=134, from 0.32 to 26 uN)
and CoV for the baseline was 81% (Fig. 1C). The culture medium
treatment baseline values of maximum contraction speed in the
2D cultured hiPSC-CMs were 11+1.2um/s (mean =+ SD, N =289,
from 8.8 to 14 um/s), and CoV for the baseline was 11% (Fig. 1D).
Next, we characterized the 2D hiPSC-CMs and the 3D ECTs for
their canonical response to the well-known B-adrenergic receptor
agonist isoproterenol, considered a gold standard and previously
tested in both models (Feric et al. 2019; Okai et al. 2020). The
physiological response to this positive inotropy was determined
using the active force and maximum contraction speed. The pos-
itive inotropic effect of isoproterenol was detected in the 3D ECTs
and the 2D hiPSC-CMs at below 0.1 and 0.35nM, respectively, as
the MEC. Interestingly, the fold changes from baseline values in
the 3D ECTs were larger than those in the 2D hiPSC-CMs (Fig. 1E
and F). Overall, the 3D ECTs exhibited a reasonable physiological
baseline and responded to a positive inotrope similarly to the 2D
hiPSC-CMs.
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Fig. 1. Characteristics of contractility in the 3D ECTs and 2D hiPSC-CMs. A) Representative waveform plotting force (converted from displacement) vs.
time in the 3D ECTs. B) Typical motion waveforms plotting speed (the derivative of displacement) vs. time in the 2D hiPSC-CMs. C) Variability in
baseline active force pre-treatment. D) Variability in baseline maximum contraction speed values after treatment with maintenance medium. E)
Effects of isoproterenol on the active force in the 3D ECTs. F) Effects of isoproterenol on the maximum contraction speed in the 2D hiPSC-CMs. MEC,
minimum effective concentration. ***, significantly different from vehicle control (***P < 0.001).

Effects of various drugs on active force in 3D ECTs
and maximum contraction speed of 2D hiPSC-
CMs

To evaluate the contractility of the 3D ECTs and the 2D hiPSC-
CMs, we tested 17 compounds, including 4 positive inotropes
(pimobendan, amrinone, glibenclamide, and phenylephrine), 4
negative inotropes (propranolol, mexiletine, itraconazole, and
haloperidol), and 8 non-active compounds (aspirin, captopril,
cimetidine, pravastatin, phentolamine, zimelidine, tamsulosin,
and sildenafil), which were selected from the drugs used for the
validation of the motion-field imaging assay system in our pre-
vious 2D hiPSC-CM study (Okai et al. 2020). The data for the 29
compounds, including isoproterenol, are summarized in Table 2.
Among the positive inotropes, phenylephrine (a-1 adrenocep-
tor agonist) increased the active force and maximum contraction

speed in a concentration-dependent manner in the 3D ECTs and
the 2D hiPSC-CMs, respectively, as shown in representative con-
tractile traces (Fig. 2A and B). The MEC of phenylephrine in the
3D ECTs and the 2D hiPSC-CMs were 0.30 and 0.056 uM, respec-
tively (Fig. 2C and D). The 3D ECTs showed an increase in active
force after treatment with pimobendan (a calcium sensitizer
with pyridine phosphodiesterase 3 [PDE3] inhibition activity), and
the MEC was 3.0 uM (Fig. 2E). However, pimobendan did not affect
the maximum contraction speed of the 2D hiPSC-CMs (Fig. 2F).
Amrinone (a PDE3 inhibitor) showed a trend toward an increase
in active force at 30uM in the 3D ECTs, though this change was
not statistically significant (Fig. 2G). In contrast, no effect was
observed in the 2D hiPSC-CMs at concentrations up to 100 uM
(Fig. 2H). In both the 3D and the 2D models, no effect was
observed after treatment with glibenclamide (a Karp channel
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Table 2. Summary of results of 16 tested compounds.

3D ECTs 2D hiPSC-CMs
Test concentrations Effects on MEC (uM)  Test concentra- Effects MEC (uM)
Compound Effects in human (nM) active force tions (M) on MCS
Positive inotropes
Isoproterenol Positive inotrope 0.00010, 0.0010, Increase <0.00010 0.000030, Increase 0.00035
0.010, 0.10 0.00030,
0.0030, 0.030
Phenylephrine  Positive inotrope 0.030, 0.30, 3.0 Increase 0.30 0.030, 0.10, Increase 0.056
0.30, 1.0
Pimobendan Positive inotrope 0.30, 3.0, 30 Increase 3.0 3.0, 10, 30, 60 No effect >60
Amrinone Positive inotrope 1.0, 10, 30 Trend increase 30 3.0, 10, 30, 100 No effect >100
Glibenclamide  Positive inotrope 1.0, 10, 100 No effect >100 3.0, 10, 30, 100 No effect >100
Negative inotropes
Propranolol Negative inotrope 0.30, 3.0, 30 Decrease 3.0 0.30,1.0,3.0,10 Decrease 3.8
Mexiletine Negative inotrope 0.10, 1.0, 10 Decrease 1.0 1.0, 3.0, 10, 30 Decrease 13
Itraconazole Negative inotrope 0.030, 0.30, 3.0 Decrease 3.0 0.30, 1.0, 3.0%, Decrease 0.31
102
Haloperidol Negative inotrope 0.030, 0.30, 3.0 Increase (0.30 uM)/ 0.30 0.010, 0.030, No effect >0.10
(in dog) decrease (3.0 uM) 0.10, 0.30°
Non-active compounds
Aspirin No effect 3.0, 30, 300 No effect >300 10, 30, 100, 300  No effect >300
Captopril No effect 3.0, 10, 30, 100 No effect >100 3.0, 10, 30, 100 No effect >100
Cimetidine No effect 3.0, 10, 30, 100 No effect >100 3.0, 10, 30, 100 No effect >100
Pravastatin No effect 3.0, 10, 30, 100 No effect >100 3.0, 10, 30, 100 No effect >100
Phentolamine  No effect 0.30, 3.0, 30 Decrease 30 0.030, 0'106 No effect >0.30
0.30, 1.0
Zimelidine No effect 1.0, 3.0, 10, 30 Decrease 10 0.030, 0.10, No effect >0.10
0.30°, 1.0°
Tamsulosin No effect 0.30, 1.0, 3.0, 10 Decrease 3.0 0.30, 1401,33‘0, No effect >3.0
10
Sildenafil No effect 3.0, 10, 30, 100 Increase 100 3.0, 10, 30, 100 Increase 34

: Quiescence was induced.
~ Irregular beating was induced.

3D ECTs, three-dimensional engineered cardiac tissues; 2D hiPSC-CMs, two-dimensional cultured human-induced pluripotent stem cell-derived cardiomyocytes;

MEC, minimum effective concentration.

inhibitor) (Fig. 2I and J). Overall, the positive inotropic effects of
pimobendan and amrinone were detected in the 3D ECTs, but
not in the 2D hiPSC-CMs, suggesting that the 3D ECTs perform
better at detecting positive inotropy than the 2D hiPSC-CMs.

Among the negative inotropes evaluated in the 3D ECTs, propra-
nolol (nonselective B receptor inhibitor) decreased the active force
and maximum contraction speed in a concentration-dependent
manner in the 3D ECTs and 2D hiPSC-CMs, respectively, as shown
in representative contractile traces (Fig. 3A and B). The MEC of pro-
pranolol in the 3D ECTs and the 2D hiPSC-CMs was 3.0 and 3.8 uM,
respectively (Fig. 3C and D). Additionally, the active force in the 3D
ECTs and the maximum contraction speed in the 2D hiPSC-CMs
decreased after treatment with mexiletine and itraconazole (Fig. 3E
through H). The MECs of mexiletine in the 3D ECTs and the 2D
hiPSC-CMs were 1.0 and 13 uM, respectively, whereas those of itra-
conazole were 3.0 and 0.31puM, respectively. Haloperidol showed a
bimodal effect in the 3D ECTs. Specifically, we observed an increase
in active force at 0.30uM, followed by a decrease at 3.0uM (Fig. 3I).
On the contrary, in the 2D hiPSC-CMs, haloperidol tended to
decrease the maximum contraction speed at 0.1pM without
exceeding the threshold; however, the effect on the maximum con-
traction speed could not be evaluated at concentrations above
0.10 uM because of irregular beating induced by haloperidol (Fig. 3J).
Overall, the negative inotropic effects of propranolol, mexiletine,
and itraconazole were detected with comparable MECs in both the
3D ECTs and the 2D hiPSC-CMs, suggesting that both models could
predict negative inotropy.

Among the non-active compounds, aspirin (a cyclooxygenase
inhibitor) did not elicit any change in the active force in the 3D

ECTs or the maximum contraction speed in the 2D hiPSC-CMs at
concentrations up to 300uM (Fig. 4A through D). No effects were
observed on the active force in the 3D ECTs and the maximum
contraction speed in the 2D hiPSC-CMs after treatment with cap-
topril (ACE inhibitor; Fig. 4E and F), cimetidine (H,-receptor
antagonist; Fig. 4G and H), and pravastatin (HMG-CoA reductase
inhibitor; Fig. 4l and J) at concentrations up to 100uM.
Phentolamine (nonselective a-adrenoceptor antagonist; Fig. 4K
and L), zimelidine (selective serotonin reuptake inhibitor; Fig. 4M
and N), and tamsulosin (selective al adrenoceptor antagonist;
Fig. 40 and P) did not affect the active force in the 3D ECTs up to
concentrations of 3.0, 3.0, and 1.0pM, respectively, and did not
affect the maximum contraction speed in the 2D hiPSC-CMs up
to concentrations of 0.30, 0.10, and 3.0 uM, respectively. Notably,
at higher concentrations, these compounds decreased the active
force in the 3D ECTs. However, at high concentrations, we did not
observe any decrease in the maximum contraction speed in the
2D hiPSC-CMs; instead, we observed irregular beating. Sildenafil
increased the active force in the 3D ECTs and the maximum con-
traction speed in the 2D hiPSC-CMs; the MECs of sildenafil in the
3D ECTs and the 2D hiPSC-CMs were 100 and 34 puM, respectively
(Fig. 4Q and R). Overall, the responses to non-active compounds,
with the exception of higher concentrations of phentolamine,
zimelidine, and tamsulosin, were similar in both models.
However, the irregular beating was less likely to occur in the 3D
ECTs, suggesting that the 3D ECTs perform better at evaluating
contractility at higher concentrations than the 2D hiPSC-CMs.

An extensive literature review (Table S1) was conducted to
identify free and total human effective plasma concentrations
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Fig. 2. Effect of positive inotropes on active force in 3D ECTs and maximum contraction speed in the 2D hiPSC-CMs. Percentage change from baseline
in active force and maximum contraction speed 15 min after drug application. A) and B) Representative waveforms of phenylephrine-induced changes
in the 3D ECTs and 2D hiPSC-CMs, respectively. C) and D) Effect of phenylephrine in the 3D ECTs and 2D hiPSC-CMs, respectively. E) and F) Effect of
pimobendan on the 3D ECTs and 2D hiPSC-CMs, respectively. G) and H) Effect of amrinone on the 3D ECTs and 2D hiPSC-CMs, respectively. I) and J)
Effect of glibenclamide on the 3D ECTs and 2D hiPSC-CMs, respectively. *, **, significantly different from vehicle control (*P < 0.05, **P < 0.01).

(ETPCs), allowing for comparison of MECs between the 3D ECTs
(under serum-free conditions) and 2D hiPSC-CMs (under serum-
containing conditions). The MEC-to-ETPC margins were calcu-
lated using free ETPC for the 3D ECTs and total ETPCs for the 2D
hiPSC-CMs. Although this normalization approach provided
some insights, it did not fully explain the MEC differences
between the 2 models, which may be attributed to variations in
drug responsiveness, cellular exposure, and protein-binding
dynamics.

Analysis of gene expression associated with test
compounds

To understand the mechanistic differences underlying the
response to drugs between the 3D ECTs and the 2D hiPSC-CMs,
we investigated global gene expression in both models. PCA of
the RNA sequencing data (18,650 genes) was performed to visual-
ize the relative similarities among the adult human heart tissues,
3D ECTs, and 2D hiPSC-CMs. PCA showed separation among all
samples and clustering within the sample groups (Fig. S1A).
Hierarchical clustering of the study samples based on the expres-
sion of heart contraction-related genes (GO: 0060047) showed
that the 3D ECTs and 2D hiPSC-CMs clustered together, whereas
the adult human heart tissue clustered separately (Fig. S1B).
Following this initial quality control step, maturation-related
genes were analyzed.

Maturation gene markers related to electrophysiology, cal-
cium handling, contractility, and structure were identified using
previously published reports (Machiraju and Greenway 2019;
Karbassi et al. 2020) to compare gene expression related to matu-
ration among the adult human heart tissues, 3D ECTs, and 2D
hiPSC-CMs (Fig. 5A). Among the upregulated genes in mature car-
diomyocytes, the expression levels of RYR2, CAV3, CASQ2, ITPR3,
S100A1, MYOM3, and KCNJ2 were higher in the 3D ECTs than in

the 2D hiPSC-CMs. Additionally, the gene expression observed in
the 3D ECTs was closer to that of the adult human heart tissue
than that observed in the 2D hiPSC-CMs. In particular, the
expression levels of RYR2, CAV3, CASQ2, MYOM3, and KCNJ2 in
the 3D ECTs were equivalent to or higher than those in the adult
human heart tissue. Among the genes that were downregulated
during the maturation process, lower expression levels were
noted for HCN4 in the 3D ECTs than in the 2D hiPSC-CMs. Among
the fetal-to-adult isoform switching genes related to contractile
proteins (e.g. TNNI1 to TNNI3, MYL7 to MYL2, and MYL2 to MYL4),
the 3D ECTs showed similar expression to that observed in the
2D hiPSC-CMs, but differed from that of the adult human heart
tissue, with the exception of MYH6 to MYH7 switching. Notably,
the expression of genes related to the isoform switch from MYH6
to MYH7 in the 2D hiPSC-CMs was more similar to that in the
adult human heart tissue than to that in the 3D ECTs. The prefer-
ence for the MYH6 isoform by the 3D ECTs may be attributed to
the fact that MYH6 encodes the fast-twitch fiber and MYH7 enco-
des the slow-twitch fiber, and that the 3D ECTs were conditioned
at a physiologically high frequency, which selected MYH6 over
MYH7 to obtain and maintain the maturation phenotype (Feric
et al. 2019; Zhao et al. 2019). Taken together, the maturation
gene analysis suggests that the 3D ECTs exhibit a mature pheno-
type similar to that of the adult human heart tissue.
Furthermore, genes related to inotropic changes among the 3
groups were considered. Fig. 5B shows the expression of potential
genes related to the inotropic changes induced by the test com-
pounds. Among the a-1 and B-adrenoreceptors targeted by pro-
pranolol, phenylephrine, and isoproterenol, higher expression
levels were observed for ADRATA and ADRBI in the 3D ECTs than
in the 2D hiPSC-CMs, which showed expression levels closer to
those in the adult human heart tissue. PDE3A and PDE3B are sub-
family genes of the PDE3 family that are related to amrinone and
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Fig. 2. Continued

pimobendan. The expression levels of PDE3A in the 3D ECTs and
2D hiPSC-CMs were approximately 1/4 and 1/200 of those
observed in the adult human heart tissue, respectively. PDE3B
expression in the 3D ECTs was lower than that in the 2D hiPSC-
CMs and adult human heart tissues. TNNC1 and TNNT2 may be
related to Ca2+ sensitizers (i.e. pimobendan), and their expres-
sion levels were similar in the 3D ECTs, the 2D hiPSC-CMs, and
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the adult human heart tissues. ABCC8, KCNJ11, KCNJ8, and
ABCC9 encode ATP-sensitive potassium (Katp) channels that are
targeted by glibenclamide. KCNJ8 expression was higher in the
adult human heart tissue than in either the 3D ECTs or the 2D
hiPSC-CMs. SIGMARI encodes the sigma receptor, and SIGMAR1
expression may be one of the causes of the inotropic changes
induced by haloperidol. However, its expression level did not
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Fig. 3. Effect of negative inotropes on active force in 3D ECTs and maximum contraction speed in the 2D hiPSC-CMs. Percentage change from baseline
in active force and maximum contraction speed 15 min after drug application. A) and B) Representative waveforms of propranolol-induced changes in
the 3D ECTs and 2D hiPSC-CMs, respectively. C) and D) Effect of propranolol in the 3D ECTs and 2D hiPSC-CMs, respectively. E) and F) Effect of
mexiletine in the 3D ECTs and 2D hiPSC-CMs, respectively. G) and H) Effect of itraconazole on the 3D ECTs and 2D hiPSC-CMs, respectively. I) and J)
Effect of haloperidol on the 3D ECTs and 2D hiPSC-CMs, respectively. **, *** significantly different from vehicle control (**P < 0.01, ***P < 0.001).

differ among the 3D ECTs, 2D hiPSC-CMs, and adult human heart
tissue. The higher levels of ADRB1, ADRA1A, and PDE3A
expressed in the 3D ECTs may enable better detection of both
positive and negative inotropes. Overall, the expression levels of
several genes related to maturation gene markers and potential
targets of inotropic changes induced by the tested compounds in
the 3D ECTs were closer to those in adult human heart tissue
than in the 2D hiPSC-CMs.

Discussion

In our previous study, we developed an optimized 2D hiPSC-CMs
screening system for assessing drug-induced inotropic effects
(Okai et al. 2020). Although predictive and clinically translatable
for certain drugs, its immature phenotype limited responsive-
ness, as evidenced by comparative gene expression analysis. To
evaluate whether immaturity affects preclinical inotropic detec-
tion, we examined 3D ECTs generated from hiPSC-CMs mixed
with cardiac fibroblasts in the Biowire II platform, display adult-
like properties that are critical to understanding the translatabil-
ity of experimental findings (Zhao et al. 2019) and respond to var-
ious inotropic compounds (Feric et al. 2019; Qu et al. 2020). This
study compared the 3D ECTs and 2D hiPSC-CMs to contextualize
3D ECTs use in drug screening, with global gene expression anal-
ysis performed to explore differences in inotropic responses
between models.

We observed key physiological differences between the 3D
ECTs and the 2D hiPSC-CMs with the 3D ECTs exhibiting more
adult-like properties, as evidenced by maturation-related gene
expression compared to adult human heart tissue. KCNJ2 and
HCN4, which encode Ix; and If channels linked to automaticity,
showed expression levels in the 3D ECTs were closer to the adult
human heart tissues than the 2D hiPSC-CMs. This aligns with the
minimal spontaneous activity in the 3D ECTs, because increased

KCNJ2 may lower resting potential, and decreased HCN4 may
reduce automaticity (Ma et al. 2011). CAV3 (caveolin-3) expres-
sion was higher than in the 3D ECTs, matching the adult human
heart tissue. This may explain levels, potentially contributing to
t-tubule formation (Zhao et al. 2019). Since caveolin-3 aids t-
tubule development, its reduced in the 2D hiPSC-CMs may
explain their disrupted t-tubule structure (Parton et al. 1997;
Bryant et al. 2018). Additionally, the 3D ECTs showed increased
higher expression of calcium-handling genes (RYR2, CASQ2,
ITPR3, S100A1) and structural genes (MYOM3), suggesting more
mature contractile behavior (Ronaldson-Bouchard et al. 2018;
Ernst et al. 2022). Overall, the 3D ECTs displayed a more mature
phenotype than the 2D hiPSC-CMs, supporting their superior
physiological relevance.

After genetic characterization, we tested the effects of ino-
tropes and compared the responses between the 3D ECTs and
2D hiPSC-CMs. All tested positive inotropic drugs, except for gli-
benclamide, showed a response in the 3D ECTs. Positive ino-
tropic changes of isoproterenol and phenylephrine were
detected in both models, even though the 2D hiPSC-CMs had
lower B-adrenergic receptor 1 (ADBR1) expression. In our pre-
vious study (Okai et al. 2020), we detected a positive inotropic
effect of dobutamine (a selective B-adrenergic receptor 1 ago-
nist), suggesting that effects mediated by a -1 adrenergic recep-
tor may be detected under low ADBR1 expression. In contrast,
the positive inotropic effects of amrinone and pimobendan,
which are cardiotonic agents with the potential for PDE3 inhibi-
tion (van Meer et al. 2019), were detected in the 3D ECTs but not
in the 2D hiPSC-CMs. This difference may be attributed to the
expression of PDE3A rather than that of PDE3B. PDE3A inhibition
reportedly alters basal cardiac contractility, whereas genetic
ablation of PDE3B has no major effect on contractility (Beca
et al. 2013; Movsesian et al. 2018). Pimobendan also mediates its
positive inotropic effect by Ca’*-sensitization, ie. directly
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increasing the affinity of the cardiac troponin C regulatory site
for Ca®* (Hori et al. 2019). Therefore, RYR2 may also contribute
to pimobendan responsiveness. RYR2 and PDE3A expression lev-
els in the 3D ECTs were closer to those in the adult human heart
tissue than those in the 2D hiPSC-CMs. The inotropic effect of
glibenclamide, a Karp channel inhibitor, was not observed in
either model. Since the Karp channel opens only when cardio-
myocytes are exposed to severe metabolic stress, such as
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anoxia, glibenclamide may not affect the channel in the closed
state in hiPSC-CMs. Similarly, others reported that glibencla-
mide did not elicit any effect on the contractile behavior of
hiPSC-CMs (Scott et al. 2014; Saleem et al. 2020; Tadano et al.
2021). Overall, the 3D ECTs, but not the 2D hiPSC-CMs, demon-
strated sensitivity to PDE3 inhibition and Ca®* sensitization,
which might be explained by the differences in the expression
of PDE3A and RYR2.
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Fig. 4. Effect of negative inotropes on active force in 3D ECTs and maximum contraction speed in the 2D hiPSC-CMs. Percentage change from baseline
in active force and maximum contraction speed 15 min after drug application. A) and B) Representative waveforms of aspirin-induced changes in the
3D ECTs and 2D hiPSC-CMs, respectively. C) and D) Effect of aspirin in the 3D ECTs and 2D hiPSC-CMs, respectively. E) and F) Effect of captopril on the
3D ECTs and 2D hiPSC-CMs, respectively. G) and H) Effect of cimetidine on the 3D ECTs and 2D hiPSC-CMs, respectively. I) and J) Effect of pravastatin
on the 3D ECTs and 2D hiPSC-CMs, respectively. K) and L) Effect of phentolamine on the 3D ECTs and 2D hiPSC-CMs, respectively. M) and N) Effect of
zimelidine on the 3D ECTs and 2D hiPSC-CMs, respectively. O) and P) Effect of tamsulosin on the 3D ECTs and 2D hiPSC-CMs, respectively. Q) and R)
Effect of sildenafil on the 3D ECTs and 2D hiPSC-CMs, respectively. **, *** significantly different from vehicle control (**P < 0.01, ***P < 0.001).

All negative inotropic drugs, except haloperidol, showed nega-
tive inotropic effects in both models. Although haloperidol was
evaluated under conditions without dopamine tone, previous
studies have shown that haloperidol reduces cardiac contractility
by decreasing Ca®* influx in isolated rabbit hearts (Hatip-Al-
Khatib and Bolukbasi-Hatip 2002). In our study, haloperidol
induced a negative inotropic effect at 3uM in the 3D ECTs, a con-
centration close to its Cay1.2 ICso (1.3 M, Ando et al. 2017), sug-
gesting that Cay1.2 inhibition may underlie this effect. However,
due to irregular beating, the highest testable concentration in the
2D hiPSC-CMs was 0.3 uM, at which no effect was observed. Given
previous findings that paced samples exhibit reduced irregular
beating compared to spontaneously beating samples (Hinata
et al. 2022), electrically pacing may allow haloperidol’s effects to
be evaluated at higher concentrations. Additionally, a positive
inotropic effect was observed at 0.3uM in the 3D ECTs, though
the underlying mechanism remains unclear. Regarding propra-
nolol, the MECs in both models (~3 uM) were close to its Nay1.5
ICsp (3puM, Wang et al. 2010), suggesting that the negative ino-
tropic effect observed in vitro might be driven by Nay1.5 channel
inhibition rather than B-adrenergic antagonism because our
models lack sympathetic nerve fibers and endogenous norepi-
nephrine.

Among the non-active compounds tested, aspirin, captopril,
cimetidine, and pravastatin showed no effect on contractile
behavior in either model. Sildenafil exhibited positive inotropic
effects in both models, with MECs in the 3D ECTs reaching 2,273
times the free ETPC and in the 2D hiPSC-CMs reaching 31 times
the total ETPC (Table S1). Sildenafil exerts a direct positive ino-
tropic effect at concentrations approximately 20 to 200 times
higher than the therapeutic level in isolated canine hearts
(Lubna et al. 2016), suggesting that its observed effects in our
models may also arise at supraphysiological exposures rather

than being clinically relevant. Other compounds, such as zimeli-
dine, tamsulosin, and phentolamine, exhibited negative inotropic
effects in the 3D ECTs with MECs ranging from 408 to 20,270
times the free ETPC (Table S1), implying that these findings may
reflect non-specific off-target effects rather than physiologically
relevant responses. In contrast, in the 2D hiPSC-CMs, although
tamsulosin did not affect contractility even at concentrations 81
times the total ETPC, phentolamine and zimelidine were only
tested at concentrations similar to or below the total ETPC due to
the induction of irregular beating (Table S1). Irregular beating in
the 2D hiPSC-CMs is likely caused by hERG inhibition, which can
confound contractility assessments. Phentolamine has a
reported hERG ICsq of 0.85uM, and zimelidine has been associ-
ated with an increased risk of Torsades de Pointes (Nachimuthu
et al. 2012; Sube and Ertel 2017). Consequently, although the 2D
hiPSC-CMs may yield fewer false-positive contractility changes,
they may also miss true inotropic effects due to arrhythmic dis-
ruptions.

The most important consideration of this study was the appli-
cation of contractility assessment using both models for drug dis-
covery. Gene expression data and responses to the test
compounds demonstrated that the 3D ECTs partially overcame
the limitations of the immature phenotype of the 2D hiPSC-CMs.
However, the 2D hiPSC-CMs exhibited less variability in baseline
and drug-induced changes than those observed in the 3D ECTs,
implying that a larger sample size may be necessary for perform-
ing contractility assays using the 3D ECTs. Recent studies have
shown that aligning 2D hiPSC-CMs improves tissue maturation,
enhances contractile gene expression, and refines responses to
inotropic agents (Takada et al. 2022; Satsuka et al. 2024). These
findings suggest that aligned 2D hiPSC-CMs may offer a more
physiologically relevant alternative to traditional 2D monolayer
cultures. However, although PDE3A expression was increased in
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the aligned hiPSC-CMs, milrinone’s effect remained undetectable
(Satsuka et al. 2024). In contrast, in studies using the same 3D
ECT model, milrinone’s positive inotropic effect was detectable
(ECso = 1.6nM (Feric et al. 2019), suggesting that 3D ECTs may
provide a more physiologically relevant assessment of contractil-
ity changes. Additionally, although the immature 2D hiPSC-CM
model showed limitations, such as comprising a mixture of cardi-
omyocyte subtypes and a lack of other cardiac cell types (e.g.
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fibroblasts and endothelial cells), these characteristics could also
be considered advantageous. Immature cells are easily dissoci-
ated, and homogeneous cardiomyocytes are more suitable for
high-throughput assays and high-content imaging than mixed-
cell populations (Burridge et al. 2016). Therefore, contractility
assessment using 2D hiPSC-CMs might be suitable for drug
screening in the earlier stages of drug development, whereas
contractility assessment using 3D ECTs would be beneficial for
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profiling select candidate compounds and/or mechanistic inves- Acknowledgments
tigations of hemodynamic changes observed in the in vivo or
clinical studies.

In conclusion, this study provides a comparison between 3D
ECTs and 2D hiPSC-CMs for contractility assessment. Several posi-
tive and negative inotropes that were not detected in 2D hiPSC- .
CMs were successfully identified in 3D ECTs. Furthermore, gene Supplementary material
expression analysis suggested that the enhanced maturity of 3D Supplementary material is available at Toxicological Sciences
ECTs may contribute to their improved detection capability. online.
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underlying test compound-induced inotropy.
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