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Abstract: Among various cardiac safety concerns, proarrhythmia risks, including QT prolongation
leading to Torsade de Pointes, is one of major cause for drugs being withdrawn (~45% 1975–2007).
Preclinical study requires the evaluation of proarrhythmia using in silico, in vitro, and/or animal
models. Considering that the primary consumers of prescription drugs are elderly patients, applica-
tions of “aging-in-a-dish” models would be appropriate for screening proarrhythmia risks. However,
acquiring such models, including cardiomyocytes (CMs) derived from induced pluripotent stem
cells (iPSCs), presents extensive challenges. We proposed the hypothesis that CMs differentiated
from iPSCs derived from Hutchinson–Gilford progeria syndrome (HGPS, progeria) patients, an
ultra-rare premature aging syndrome, can mimic the phenotypes of aging CMs. Our objective,
therefore, was to examine this hypothesis by analyzing the response of 11 reference compounds
utilized by the Food and Drug Administration (FDA)’s Comprehensive in vitro Proarrhythmia Assay
(CiPA) using progeria and control CMs. As a sensitive surrogate marker of modulating cardiac
excitation–contraction coupling, we evaluated drug-induced changes in calcium transient (CaT). We
observed that the 80% CaT peak duration in the progeria CMs (0.98 ± 0.04 s) was significantly longer
than that of control CMs (0.70 ± 0.05 s). Furthermore, when the progeria CMs were subjected to four
doses of 11 compounds from low-, intermediate-, and high-risk categories, they demonstrated greater
arrhythmia susceptibility than control cells, as shown through six-parameter CaT profile analyses.
We also employed the regression analysis established by CiPA to classify the 11 reference compounds
and compared proarrhythmia susceptibilities between the progeria and control CMs. This analysis
revealed a greater proarrhythmia susceptibility in the progeria CMs compared to the control CMs.
Interestingly, in both CMs, the compounds categorized as low risk did not exceed the safety risk
threshold of 0.8. In conclusion, our study demonstrates increased proarrhythmia sensitivity in proge-
ria CMs when tested with reference compounds. Future studies are needed to analyze underlying
mechanisms and further validate our findings using a larger array of reference compounds.

Keywords: Hutchinson–Gilford progeria syndrome (HGPS); cardiac safety; logistic regression; CiPA;
cardiac safety; aging-in-a-dish

1. Introduction

Prescription medication use is highly prevalent among individuals aged 65 and older,
with approximately 90% reporting its use (Figure S1). Nearly 40% of older adults engage
in polypharmacy, taking five or more drugs [1]. The United States has the largest aging
population among developed countries, with 43 million people aged 65 and older in 2012,
a number expected to reach 73 million by 2030 according to the U.S. Census Bureau. This
increasing aging population has witnessed a 38% rise in deaths caused by heart failure (HF).
By 2030, over 8 million people in the United States, approximately 1 in every 33 individuals,
are projected to have HF, resulting in estimated direct medical costs of USD 53 billion [2].
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HF remains the most common diagnosis among patients aged 65 and older [3]. On average,
HF patients consume 6.8 prescription medications per day, amounting to a daily intake of
10.1 doses [4]. Heart disease and cancer are the primary causes of death among the elderly.
The number of cancer survivors aged over 65 is increasing, comprising around two-thirds
of all survivors [5]. The risk of fatal heart disease is notably higher among older, male,
African American, and unmarried cancer survivors [6]. Cancer treatment itself can induce
adverse cardiovascular events, leading to the emergence of the field of clinical medicine
known as cardio-oncology [7].

Nearly 45% of drugs withdrawn from the market (1975–2007) were eliminated due to
cardiac safety concerns [8]. The current in vitro cardiac safety FDA guidelines have been
insufficient [9] in addressing cardiotoxicity issues and will be revised to require assays
using cardiomyocytes (CMs) derived from human induced pluripotent stem cells (iPSCs).
Despite the shortcomings of human iPSC-CMs [10], including their immaturity with poor
excitation–contraction (EC) coupling [11,12], the preclinical analyses using them provide
valuable information. An FDA-initiated CiPA project developed the groundwork to predict
the sensitivity of predicting proarrhythmia safety using human iPSC-CMs [13].

The R&D data of products for the aging population have based their efficacy and mode
of action mostly on using young animal models despite the need and market pressure to
treat older people [14]. This is a critical need for the biopharmaceutical industry, including
academic laboratories, to understand how aging stem cells or tissue environments respond
to existing and potential treatments. The problem is that phenotypic assays using “aging-
in-a-dish” methods that recapitulate human physiological and pharmaceutical responses to
evaluate the efficacy and toxicity of existing and potential treatments are lacking. Therefore,
developing cost-effective yet highly predictive models of aging hearts is the highest priority
among various aging-in-a-dish systems. Such a system would have a medical impact on
estimating the cardiac safety of drugs used to treat aging patients.

Despite aging patients consuming the majority of prescription drugs [3], this absence
severely limits the efficacy of aging care and advancing new product development for
treating the aging population safely and effectively. From a technical standpoint, cell
culture modeling to replicate phenotypes in aging, such as senescence, has been resource-
intensive, and it is challenging to consistently show the inverse relationship of donor age
to proliferative life span [15]. An alternative solution to the primary cultures of aging cells
is desired.

Hutchinson–Gilford progeria syndrome (HGPS, progeria) is an ultra-rare disease
that prematurely exhibits multiple features of aging [16,17]. A single-base substitution,
G608G(GGC > GGT), in the lamin A/C gene (LMNA) was discovered to produce an abnor-
mal lamin A protein, progerin, and cause HGPS [18]. Progerin was also later found in higher
passages of cultured fibroblasts in normal and aged skin [19–21]. A later study showed
an age-related increase in progerin expression isolated from coronary artery biopsies of
29 1-month-old to 97-year-old individuals [22]. While little is known about the mechanisms,
most of the cells in various organs in HGPS and a subset of senescent fibroblasts accumulate
progerin in the inner nuclear membrane. We hypothesized that cardiomyocytes (CMs)
derived from iPSCs reprogrammed from progeria patients recapitulate the phenotypes of
aging cardiomyocytes. Therefore, we compared the proarrhythmia sensitivity of progeria
and control CMs using 11 sub-selected reference compounds from the CiPA study, in which
the experts selected a set of 28 compounds with well-defined cardiac electrophysiology,
and known clinical characteristics were identified and categorized into high, intermediate
and low risk of Torsade de Pointes (TdP) based on published reports [13]. Chloroquine
was added due to its recent use as an antiviral against SARS-CoV-2 and concerns about its
arrhythmogenic risk.

2. Results

The peak width durations of calcium transient (CaT) at 80% recovery in the progeria
and control CMs were 0.98 ± 0.04 (n = 210) and 0.70 ± 0.05 (n = 315) seconds, respectively.
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The CaT profiles of the progeria CMs were observed to be longer than those in control
CMs (Figure 1). While we did not compare the human ether-à-go-go-related gene (hERG)
channel expression between the progeria and control CMs, the extension of CaT duration in
the progeria CMs suggests a diminished hERG channel. In fact, the age-related diminished
expression of the hERG channel was measured in non-progeria CMs, a factor known to
contribute to the duration of action potentials (specifically, QT elongation due to reduced
hERG activity) [23,24]. Therefore, by screening reference compounds using both control and
progeria CMs, we could potentially analyze differences in susceptibility to proarrhythmia
compounds.
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and low-proarrhythmic-risk reference compounds, respectively. The high-risk com-
pounds, quinidine and dofetilide, significantly increased the P80 and 8/2 of the progeria 
CMs (Figure 2F,G) compared to control CMs (Figure 2B,C). The increasing dose reduced 
the amplitudes of the control CMs and stopped beating at their highest dose. The de-
creases in CaT amplitudes observed in the control CMs did not generate a profile indica-
tive of arrhythmia, such as early after-depolarization (EAD). The intermediate-risk com-
pounds, chloroquine and chlorpromazine, displayed similar paĴerns of increased sensi-
tivity in both the progeria and control CMs (Figure 3). 

Figure 1. Profiles of calcium transients. Changes in calcium concentrations over time of control (black
line) and progeria (red line) cardiomyocytes derived from their iPSC lines. Profiles were normalized
their peak.

Following several days of culturing each type of CM in a 384-well plate, they estab-
lished cell–cell contacts and a steady rhythm of spontaneous cardiac contraction. After
baseline calcium transient (CaT) recordings were taken, we administered escalating con-
centrations (six replicates for each dose) of the 11 reference compounds listed in Table 1,
along with DMSO. To analyze the changes in profiles of CaTs, we compared six phenotypic
parameters between the control and progeria CMs exposed to high-, intermediate-, and
low-proarrhythmic-risk reference compounds, respectively. The high-risk compounds,
quinidine and dofetilide, significantly increased the P80 and 8/2 of the progeria CMs
(Figure 2F,G) compared to control CMs (Figure 2B,C). The increasing dose reduced the
amplitudes of the control CMs and stopped beating at their highest dose. The decreases
in CaT amplitudes observed in the control CMs did not generate a profile indicative of
arrhythmia, such as early after-depolarization (EAD). The intermediate-risk compounds,
chloroquine and chlorpromazine, displayed similar patterns of increased sensitivity in both
the progeria and control CMs (Figure 3).
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In general, the low-risk compounds did not significantly elongate P80 (Figure 4). 
However, diltiazem induced irregular beat paĴerns, as evidenced by an increased stand-
ard deviation of cycle lengths. Interestingly, the low-risk compounds altered the cycle 
lengths and their standard deviations more substantially in the control CMs compared to 
the progeria CMs. Radial plots also unequivocally indicated that Bepridil and cisapride 
exerted minimal effects on the six phenotypic parameters studied. 

Figure 2. Dose-dependent changes in phenotypic parameters in response to high-risk compounds.
Radial plots of control (A–D) and progeria (E–H) in response to Bepridil (A,E), quinidine (B,F),
dofetilide (C,G), and DMSO (D,H) showed dose-dependent changes. Each parameter was normalized
by that of before compound addition. Doses 1–4 are shown in blue, orange, green, and red.
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pounds. Radial plots of control (A–D) and progeria (E–H) in response to chloroquine (A,E), Terfe-
nadine (B,F), chlorpromazine (C,G), and cisapride (D,H) showed dose-dependent changes. Each
parameter was normalized by that of before compound addition. Doses 1–4 are shown in blue,
orange, green, and red.

In general, the low-risk compounds did not significantly elongate P80 (Figure 4).
However, diltiazem induced irregular beat patterns, as evidenced by an increased standard
deviation of cycle lengths. Interestingly, the low-risk compounds altered the cycle lengths
and their standard deviations more substantially in the control CMs compared to the
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progeria CMs. Radial plots also unequivocally indicated that Bepridil and cisapride exerted
minimal effects on the six phenotypic parameters studied.
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Figure 4. Dose-dependent changes in phenotypic parameters in response to low-risk compounds.
Radial plots of control (A–D) and progeria (E–H) in response to Mexiletine (A,E), diltiazem (B,F),
Ranolazine (C,G), and Verapamil (D,H) showed dose-dependent changes. Each parameter was
normalized by that of before compound addition. Doses 1–4 are shown in blue, orange, green,
and red.

The selected 11 reference compounds were classified into high-, intermediate-, and
low-proarrhythmic-risk categories, based on clinical data. Our experiments used the same
concentration ranges as the CiPA study to treat samples (control and progeria CMs). One
of the CiPA’s classifications of proarrhythmia sensitivity hinged on a logistic regression
analysis with three model predictors: (1) the specific type of proarrhythmia waveform,
(2) the P80 at the maximum plasma concentration (Cmax) of a drug, and (3) the maximum
value of P80. We applied these model predictors of CaT to classify the compounds.

The analysis of the three model predictors demonstrated that both the progeria and
control CMs reacted as anticipated based on their assigned proarrhythmia risk levels
(Figure 5). High-risk compounds typically increased predictor values more significantly
than those in the intermediate- and low-risk categories. Interestingly, the progeria CMs
showed heightened sensitivity, with the predictor values seeing greater increases compared
to the control CMs.

The response to Bepridil, in both the progeria and control CMs, was not as pronounced
as with other high-risk compounds. This aligns with observations made in the CiPA study.
When analyzing normalized P80@Cmax and P80_Max, it became evident that the dynamic
range of the progeria CMs surpassed that of the controls. Particularly noteworthy was the
enhanced proarrhythmia sensitivity of chloroquine in progeria CMs. This is intriguing,
considering previous reports of chloroquine’s heightened sensitivity in COVID-19 patients
aged over 65 [25], indicating the potential value of further analysis using progeria CMs.

For risk classification, we employed a three-level logistic regression based on predictor
values. For intermediate-risk compounds, cisapride and chlorpromazine, the risk prediction
combining intermediate- and high-risk categories surpassed a 0.8 threshold in the progeria
CMs, as opposed to the control CMs (Figure 6). However, compounds in the low-risk
category remained below the 0.8 threshold for both the progeria and control CMs.
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Figure 5. Model predictors of compound classification. The values of three model predictors used for
regression analysis were compared between progeria (A–C) and control (D–F) CMs. CaT profiles
are categorized into three arrhythmia types, None (no change), Type A (EAD-like), and Other
(extended duration and beat secession) (A,D). Percent change of P80 at Cmax (B,E). Percent change of
maximum P80 (C,F). Dark blue, blue, and light blue correspond to high-, intermediate-, and low-risk
compounds, respectively.
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Figure 6. Regression analysis of 11 compounds. Proarrhythmia risk probabilities (scale 0–1) of
progeria (A) and control (B) CMs against 11 reference compounds were analyzed. Multi-nominal
regression of high-, intermediate-, and low-risk categories were shown in dark blue, blue, and
light blue, respectively. A horizontal dotted red line showed a threshold of 0.8 probability of
arrhythmia risk.
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In general, the proarrhythmia probability for the majority of compounds was higher
when assessed using the progeria CMs. However, it is important to note that certain
compounds, such as Ranolazine, demonstrated greater sensitivity in the control CMs.

3. Discussion

Our hypothesis suggested that the compound-induced proarrhythmia sensitivity in
progeria CMs would be higher than that in control CMs. To evaluate this hypothesis, we
employed 11 reference compounds and tested their effects on altering CaT profiles. Our
multiparameter analysis of CaT phenotypes revealed higher sensitivity in progeria CMs to
the reference compounds compared to control CMs. These differences were quantitatively
assessed using multinomial regression analysis. However, despite the increased sensitivity
in the progeria CMs, the low-risk compounds did not surpass the risk threshold of 0.8.
This threshold value was utilized in the CiPA analysis to ensure that low-risk compounds
did not exceed this level. As observed in the CiPA analysis, we also observed the lower
responsiveness of Bepridil to induce proarrhythmia phenotypes in both cell types. This can
be predicted to have been due to its dual effect to inhibit potassium channels and L-type
calcium channels [26].

Our aging model of progeria CMs exhibited a prolonged duration of CaTs, as expected
in the prolonged QT interval of aging hearts. A prolonged duration of cardiac action
potential can cause life-threatening cardiac arrhythmia. Long-QT syndrome (LQTS) can be
inherited or acquired through medications or medical conditions. The Center for Disease
Control (CDC) conducted the US National Health and Nutrition Examination Survey
(NHANES) II and III studies, gathering QT interval data from 6173 men and 7454 women
aged between 25 and 90 years [27]. The analysis derived from these studies concluded that
the prolongation of QTc (the QT interval corrected for heart rate) correlated with aging,
with this effect being particularly noticeable in men. Consequently, elderly patients who
already have prolonged QTc may be at increased risk for drug-induced arrhythmia [28].
However, further validation is necessary due to the complex abnormalities observed in the
electrocardiograms of progeria patients [29,30] and mouse models [31].

Potential contributing factors that lead to heart failure in aging hearts include CM
loss and hypertrophy [32] and an increasing number of fibroblasts [33]. For instance, heart
failure with preserved ejection fraction initiated by activated fibroblasts is becoming an
epidemic among the increasing population of aging Americans [34]. The current data
were obtained using cultured iPSC-derived CMs. However, it is important to note that the
adult heart [35], including the aging heart, is composed of multiple cell types such as CMs,
fibroblasts, endothelial cells, and smooth muscle cells. These different cell types contribute
to modulating electrophysiology in distinct ways. Therefore, it is essential to recognize the
limitations of analyzing CMs alone, and future studies may require more complex systems
to screen reference compounds.

To address the above limitations, we constructed engineered heart tissues (EHTs) [36]
using cardiac fibroblasts and CMs derived from control and progeria iPSCs. Preliminary
data from those EHTs suggest that progeria-derived EHTs exhibit longer durations of action
potential, calcium transients (CaTs), and force of contraction compared to control EHTs.
However, further validation is needed to confirm these observations and explore their
potential underlying mechanisms.

The model predictors used in the CiPA analysis were highly effective in logistic
regression analysis for classifying reference drugs based on proarrhythmic risk. However,
the dose-dependent effects and irregularity of cycle length induced by the compounds
were not significant contributors to the regression model predictors. The use of iPSC-CMs
in drug-induced proarrhythmia assays offers advantages, such as their ability to beat
spontaneously and their suitability for high-throughput dose-dependent analyses. The
complexity of analyzing spontaneous beating iPSC-CMs can be mitigated by employing
electrical pacing. In the analysis of the FDA group that performed the original CiPA
analysis, the same logistic regression modeling was applied to optically paced iPSC-CMs to
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determine the proarrhythmic TdP risk category using CiPA’s 28 drugs [37]. Unfortunately,
this study did not observe substantial improvement compared to iPSC-CMs without
electrical pacing.

To analyze phenotypes of CaTs, we employed multiple parameters, including standard
deviations of cycle lengths as an indicator of irregular beating. By including different
model predictors, such as standard deviations of cycle lengths, we aimed to explore the
potential for obtaining different results. Our ongoing research involves testing various
model predictors that can consider different phenotypes of drug-induced proarrhythmia
detection, including dose dependence. The medical impact of the results described here
includes the potential effect of aging on increasing sensitivities of drug-induced arrhythmia
risks. The study using a limited number of cell lines cannot discuss the extent of aging
impacted on electrophysiology. Clinical data of the effect of prolonged QT duration on
aging populations suggest this phenomenon deserves more attention.

The medical impact of the results suggests a potential effect of aging on increasing
the sensitivities of drug-induced arrhythmia risks. Although this study used a limited
number of cell lines, it still highlights the importance of considering the impact of aging on
electrophysiology. Clinical data indicating prolonged QT duration in the aging population
further support the notion that age-related changes in cardiac electrophysiology should
receive more attention in healthcare. Understanding the potential impact of aging on
cardiac electrophysiology and drug-induced arrhythmia risks can have significant clinical
implications. In summary, the study’s findings, though limited in scope, emphasize the
significance of investigating the impact of aging on electrophysiology and the need for
further research and attention toward this phenomenon in clinical practice.

4. Methods
4.1. iPSC Culture

The iPSC lines (HGADFN167 iPS 1J, HGPS, and HGMDFN090 iPS 1C, control) were
obtained from William Stanford’s laboratory from the University of Ottawa with approval
from the Progeria Research Foundation. The iPSC lines used in this study were frozen
iPSCs that were thawed in a 37 ◦C water bath for 3 min until completely thawed. The
iPSCs were transferred to a sterile culture dish coated with Matrigel (Millipore Sigma,
St. Louis, MO, USA) containing pre-warmed iPSC culture medium (InvivoSciences, Inc.,
Madison, WI, USA). The iPSCs were maintained in a humidified incubator at 37 ◦C and 5%
CO2. The medium was changed every 24 h. The iPSC culture medium was prepared by
mixing a basal medium, DMEM/F12 (Thermo Fisher Scientific, Waltham, MA, USA), with
the appropriate supplements and essential growth factors, such as basic fibroblast growth
factor (bFGF) (Gold Biotechnology, St. Louis, MO, USA).

4.2. iPSC Differentiation and Cardiomyocyte Purification

iPSCs were passaged in iPSC medium so that they would reach 70–80% confluency
within 24–48 h. When iPSCs reached this confluency, the medium was replaced with
differentiation medium supplemented with 8 µM of CHIR99021 (CHIR) (Bio-Techne, Min-
neapolis, MN, USA) and cultured for 24 h. On day 3, the iPSCs were treated with 5 µM
of IWP-4 (Bio-techne, Minneapolis, MN, USA) in half-conditioned medium for 48 h. Dif-
ferentiated iPSCs were continuously cultured with media change every 48 h until day
14, when beating was observed. On day 14, the differentiated iPSCs were replated onto
Matrigel-coated flasks and subsequently treated with glucose-free DMEM (Thermo Fisher
Scientific, Waltham, MA, USA), with 5 mM lactate (Millipore Sigma, St. Louis, MO, USA).
Differentiated iPSCs were cultured in this purification medium for 72 h, after which, they
were cultured in Advanced RPMI (Thermo Fisher Scientific, Waltham, MA, USA).

4.3. Compounds

Table 1 includes 11 reference compounds (Cayman Chemical Company, Ann Arbor
MI, USA) selected from the FDA-initiated CiPA project [13], which were categorized as
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having high, intermediate, and low proarrhythmic risks based on clinical data. We used
the same concentration ranges to treat samples (six and four wells for each concentration of
each compound using control and progeria CMs, respectively).

Table 1. Reference compounds were selected from the compound list of CiPA project.

Drug Category Cmax
[nM]

Dose1
[nM]

Dose2
[nM]

Dose3
[nM]

Dose4
[nM]

Dofetilide High 2.14 0.3 1 3 10
Bepridil High 31.5 35 105 210 315

Quinidine High 843 100 300 900 2700
Terfenadine Mid 0.286 0.08 0.8 8 80
Chloroquine Mid 250 250 750 2500 25,000
Chlorpromazine Mid 34.5 35 350 1050 3500
Cisapride Mid 2.58 2.5 7.5 25 125
Diltiazem Low 128 3 10 30 90
Mexiletine Low 2500 625 1250 2500 3750
Ranolazine Low 1948 1000 2300 6900 15,000
Verapamil Low 45 1 10 50 150

4.4. Assay

Multi-parameter phenotyping: We established the multi-parameter phenotyping of
calcium transients (CaTs). After automatically finding all the CaT cycles using iVSurfer (In-
vivoSciences, Inc., Madison, WI, USA), the six parameters, including peak width duration
80 (P80), peak width duration 80/20 (8/2), cycle length (CL), amplitude (AMP), the number
of peaks in the recorded timeframe (PN), and the standard deviation of cycle lengths of all
peaks (CSD) were computed (Supplement Materials Figure S1).

4.5. Radial Plots

The six parameters were calculated as a percent change from the baseline (before
compound addition). A sigmoid function (exp(−9(x − 3) + 1)−1 was applied to 8/2 to im-
prove indication of early afterdepolarization (EAD). CL was equal to the duration between
two peaks. PN was the number of calcium transient cycles found within the recording.
Standard deviations of CL values, CSD, represented the variance in CL, indicating instable
CaT wave trains. The log-modulus transformation, L(x) = sign(x)log (|x| + 1), was applied
to visualize a wide range of parameter values. Plotting dose-dependent relative changes
in six parameters in radial plots, the trends in compound-induced changes to parameters
were visualized to compare similarities and differences of compound-induced responses.

4.6. Logistic Regression

Logistic regression was performed using Scikit-learn, the open-source Python library
for machine learning. The logistic regression function was used with the ‘multinomial’
class for multiple features (multi_class = ‘multinomial’) because there were three drug
categorizations (high, intermediate, and low). The LBFGS solver (solver = ‘lbfgs’) was used
with 1000 maximum iterations (max_iter = 1000) as the maximum number of iterations
taken for the solver to converge. The logistic regression model was created and trained,
with x_train equaling the parameter values of the calcium transients and y_train equaling
the drug categorization according to CiPA (i.e., high, intermediate, low). The predicted
probabilities were calculated for each drug and plotted in a stacked bar chart.

model = LogisticRegression(multi_class = ‘multinomial’, solver = ‘lbfgs’, random_state = 0,
max_iter = 1000)
result = model.fit(x_train,y_train)
probabilities = model.predict_proba(drug)
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5. Conclusions

The present study aimed to compare the phenotypic responses of progeria and control
iPSC-derived CMs to 11 reference compounds associated with proarrhythmia. Our ob-
servations revealed the increased sensitivity of progeria CMs to the proarrhythmic effects
of reference compounds compared to control CMs. However, it is important to note that
the low-risk compounds tested did not exceed the risk threshold of 0.8 utilized in the
CiPA analysis.

Considering the natural elongation of QT intervals in aging populations and their
frequent consumption of multiple drugs, the CM model derived from progeria iPSCs can
be a useful indicator for predicting the proarrhythmia risk associated with prescription
drugs. As the aging population constitutes a significant consumer of prescription drugs, it
is important to consider the use of an aging model for predicting the risk of proarrhythmia.
It is worth noting that further research and validation are required to confirm these findings
and to establish the broader applicability and reliability of using the progeria CM model as
a predictive tool for proarrhythmia risk assessment induced by prescription drugs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms241511959/s1.

Author Contributions: Conceptualization, N.D. and T.W.; Methodology, N.D. and T.W.; Software,
N.D. and T.W.; Validation, N.D. and T.W.; Formal Analysis, N.D. and T.W.; Investigation, N.D. and
T.W.; Resources, T.W.; Data Curation, N.D. and T.W.; Writing—Original Draft Preparation, N.D., J.E.
and T.W.; Writing—Review and Editing, N.D., J.E. and T.W.; Visualization, N.D. and T.W.; Supervision,
T.W.; Project Administration, T.W.; Funding Acquisition, T.W. All authors have read and agreed to
the published version of the manuscript.

Funding: The project was supported in part by funding provided by the National Institute of Aging
(75N950022C00019) and National Heart Lung Blood Institute (R44HL139248 and R43HL170871).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: T.W. is a cofounder and shareholder of InvivoSciences, Inc. N.D and J.E. are
employees of InvivoSciences, Inc.

References
1. Kantor, E.D.; Rehm, C.D.; Haas, J.S.; Chan, A.T.; Giovannucci, E.L. Trends in Prescription Drug Use Among Adults in the United

States from 1999–2012. JAMA 2015, 314, 1818–1831. [CrossRef] [PubMed]
2. Heidenreich, P.A.; Albert, N.M.; Allen, L.A.; Bluemke, D.A.; Butler, J.; Fonarow, G.C.; Ikonomidis, J.S.; Khavjou, O.; Konstam,

M.A.; Maddox, T.M.; et al. Forecasting the impact of heart failure in the United States: A policy statement from the American
Heart Association. Circ. Heart Fail. 2013, 6, 606–619. [CrossRef] [PubMed]

3. Page, R.L., II; O’Bryant, C.L.; Cheng, D.; Dow, T.J.; Ky, B.; Stein, C.M.; Spencer, A.P.; Trupp, R.J.; Lindenfeld, J.; American Heart
Association Clinical Pharmacology; et al. Drugs That May Cause or Exacerbate Heart Failure. Circulation 2016, 134, e32–e69.
[CrossRef] [PubMed]

4. Cobretti, M.R.; Page, R.L., II; Linnebur, S.A.; Deininger, K.M.; Ambardekar, A.V.; Lindenfeld, J.; Aquilante, C.L. Medication
regimen complexity in ambulatory older adults with heart failure. Clin. Interv. Aging 2017, 12, 679–686. [CrossRef]

5. Reddy, P.; Shenoy, C.; Blaes, A.H. Cardio-oncology in the older adult. J. Geriatr. Oncol. 2017, 8, 308–314. [CrossRef]
6. Stoltzfus, K.C.; Zhang, Y.; Sturgeon, K.; Sinoway, L.I.; Trifiletti, D.M.; Chinchilli, V.M.; Zaorsky, N.G. Fatal heart disease among

cancer patients. Nat. Commun. 2020, 11, 2011. [CrossRef]
7. Ewer, M.S.; Ewer, S.M. Cardiotoxicity of anticancer treatments. Nat. Rev. Cardiol. 2015, 12, 547–558. [CrossRef]
8. Stevens, J.L.; Baker, T.K. The future of drug safety testing: Expanding the view and narrowing the focus. Drug Discov. Today 2009,

14, 162–167. [CrossRef]
9. Beamish, J.A.; He, P.; Kottke-Marchant, K.; Marchant, R.E. Molecular regulation of contractile smooth muscle cell phenotype:

Implications for vascular tissue engineering. Tissue Eng. Part B Rev. 2010, 16, 467–491. [CrossRef]
10. Himmel, H.M. Drug-induced functional cardiotoxicity screening in stem cell-derived human and mouse cardiomyocytes: Effects

of reference compounds. J. Pharmacol. Toxicol. Methods 2013, 68, 97–111. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms241511959/s1
https://www.mdpi.com/article/10.3390/ijms241511959/s1
https://doi.org/10.1001/jama.2015.13766
https://www.ncbi.nlm.nih.gov/pubmed/26529160
https://doi.org/10.1161/HHF.0b013e318291329a
https://www.ncbi.nlm.nih.gov/pubmed/23616602
https://doi.org/10.1161/CIR.0000000000000426
https://www.ncbi.nlm.nih.gov/pubmed/27400984
https://doi.org/10.2147/CIA.S130832
https://doi.org/10.1016/j.jgo.2017.04.001
https://doi.org/10.1038/s41467-020-15639-5
https://doi.org/10.1038/nrcardio.2015.65
https://doi.org/10.1016/j.drudis.2008.11.009
https://doi.org/10.1089/ten.teb.2009.0630
https://doi.org/10.1016/j.vascn.2013.05.005


Int. J. Mol. Sci. 2023, 24, 11959 11 of 12

11. He, J.Q.; Ma, Y.; Lee, Y.; Thomson, J.A.; Kamp, T.J. Human Embryonic Stem Cells Develop into Multiple Types of Cardiac
Myocytes: Action Potential Characterization. Circ. Res. 2003, 93, 32–39. [CrossRef] [PubMed]

12. Lieu, D.K.; Fu, J.-D.; Chiamvimonvat, N.; Tung, K.C.; McNerney, G.P.; Huser, T.; Keller, G.; Kong, C.-W.; Li, R.A.; L, P.; et al. Mechanism-
Based Facilitated Maturation of Human Pluripotent Stem Cell–Derived Cardiomyocytes. Circ. Arrhythmia Electrophysiol. 2013, 6,
191–201. [CrossRef] [PubMed]

13. Colatsky, T.; Fermini, B.; Gintant, G.; Pierson, J.B.; Sager, P.; Sekino, Y.; Strauss, D.G.; Stockbridge, N. The Comprehensive In Vitro
Proarrhythmia Assay (CiPA) initiative—Update on progress. J. Pharmacol. Toxicol. Methods 2016, 81, 15–20. [CrossRef]

14. Folch, J.; Busquets, O.; Ettcheto, M.; López, E.S.; Pallàs, M.; Beas-Zarate, C.; Marin, M.; Casadesus, G.; Olloquequi, J.; Auladell, C.; et al.
Experimental Models for Aging and their Potential for Novel Drug Discovery. Curr. Neuropharmacol. 2018, 16, 1466–1483.
[CrossRef] [PubMed]

15. Smith, J.R.; Venable, S.; Roberts, T.W.; Metter, E.J.; Monticone, R.; Schneider, E.L. Relationship between in vivo age and in vitro
aging: Assessment of 669 cell cultures derived from members of the Baltimore Longitudinal Study of Aging. J. Gerontol. Ser. A
2002, 57, B239–B246. [CrossRef]

16. Hamczyk, M.R.; del Campo, L.; Andrés, V. Aging in the Cardiovascular System: Lessons from Hutchinson-Gilford Progeria
Syndrome. Annu. Rev. Physiol. 2018, 80, 27–48. [CrossRef] [PubMed]

17. Prakash, A.; Gordon, L.B.; E Kleinman, M.; D’Agostino, R.; Massaro, J.; Kieran, M.W.; Gerhard-Herman, M.; Smoot, L.B. Abstract
11518: Diastolic Left Ventricular Dysfunction is a Common and Early Cardiac Abnormality in Hutchinson-Gilford Progeria
Syndrome. Circulation 2015, 132 (Suppl. S3), A11518. [CrossRef]

18. Eriksson, M.; Brown, W.T.; Gordon, L.B.; Glynn, M.W.; Singer, J.; Scott, L.; Erdos, M.R.; Robbins, C.M.; Moses, T.Y.; Berglund,
P.; et al. Recurrent de novo point mutations in lamin A cause Hutchinson–Gilford progeria syndrome. Nature 2003, 423, 293.
[CrossRef]

19. Cao, K.; Blair, C.D.; Faddah, D.A.; Kieckhaefer, J.E.; Olive, M.; Erdos, M.R.; Nabel, E.G.; Collins, F.S. Progerin and telomere
dysfunction collaborate to trigger cellular senescence in normal human fibroblasts. J. Clin. Investig. 2011, 121, 2833–2844.
[CrossRef]

20. Scaffidi, P.; Misteli, T. Lamin A-Dependent Nuclear Defects in Human Aging. Science 2006, 312, 1059–1063. [CrossRef]
21. McClintock, D.; Ratner, D.; Lokuge, M.; Owens, D.M.; Gordon, L.B.; Collins, F.S.; Djabali, K. The Mutant Form of Lamin A that

Causes Hutchinson-Gilford Progeria Is a Biomarker of Cellular Aging in Human Skin. PLoS ONE 2007, 2, e1269. [CrossRef]
22. Olive, M.; Harten, I.; Mitchell, R.; Beers, J.K.; Djabali, K.; Cao, K.; Erdos, M.R.; Blair, C.; Funke, B.; Smoot, L.; et al. Cardiovascular

Pathology in Hutchinson-Gilford Progeria: Correlation with the Vascular Pathology of Aging. Arterioscler. Thromb. Vasc. Biol.
2010, 30, 2301–2309. [CrossRef]

23. Janczewski, A.; Spurgeon, H.A.; Lakatta, E.G. Action Potential Prolongation in Cardiac Myocytes of Old Rats is an Adaptation to
Sustain Youthful Intracellular Ca2+ Regulation. J. Mol. Cell. Cardiol. 2002, 34, 641–648. [CrossRef]

24. Morita, N.; Sovari, A.A.; Xie, Y.; Fishbein, M.C.; Mandel, W.J.; Garfinkel, A.; Lin, S.F.; Chen, P.S.; Xie, L.H.; Chen, F.; et al. Increased
susceptibility of aged hearts to ventricular fibrillation during oxidative stress. Am. J. Physiol. Heart Circ. Physiol. 2009, 297,
H1594–H1605. [CrossRef]

25. Zhao, Y.; Zhang, J.; Zheng, K.; Thai, S.; Simpson, R.J.; Kinlaw, A.C.; Xu, Y.; Wei, J.; Cui, X.; Buse, J.B.; et al. Serious Cardiovascular
Adverse Events Associated with Hydroxychloroquine/Chloroquine Alone or with Azithromycin in Patients with COVID-19: A
Pharmacovigilance Analysis of the FDA Adverse Event Reporting System (FAERS). Drugs-Real World Outcomes 2022, 9, 231–241.
[CrossRef]

26. Wang, J.C.; Kiyosue, T.; Kiriyama, K.; Arita, M. Bepridil differentially inhibits two delayed rectifier K(+) currents, I(Kr) and I(Ks),
in guinea-pig ventricular myocytes. Br. J. Pharmacol. 1999, 128, 1733–1738. [CrossRef]

27. Rabkin, S.W.; Cheng, X.-B.J.; Thompson, D.J. Detailed analysis of the impact of age on the QT interval. J. Geriatr. Cardiol. 2016, 13,
740–748.

28. Schwartz, P.J.; Woosley, R.L. Predicting the Unpredictable: Drug-Induced QT Prolongation and Torsades de Pointes. J. Am. Coll.
Cardiol. 2016, 67, 1639–1650. [CrossRef] [PubMed]

29. Prakash, A.; Gordon, L.B.; Kleinman, M.E.; Gurary, E.B.; Massaro, J.; D’agostino, R.; Kieran, M.W.; Gerhard-Herman, M.; Smoot,
L. Cardiac Abnormalities in Patients with Hutchinson-Gilford Progeria Syndrome. JAMA Cardiol. 2018, 3, 326–334. [CrossRef]

30. Filgueiras-Rama, D.; Torres, J.R.; Andrés, V. Electrocardiographic Abnormalities in Patients with Hutchinson-Gilford Progeria
Syndrome. JAMA Cardiol. 2018, 3, 1024–1025. [CrossRef] [PubMed]

31. Rivera-Torres, J.; Calvo, C.J.; Llach, A.; Guzmán-Martínez, G.; Caballero, R.; González-Gómez, C.; Jiménez-Borreguero, L.J.;
Guadix, J.A.; Osorio, F.G.; López-Otín, C.; et al. Cardiac electrical defects in progeroid mice and Hutchinson-Gilford progeria
syndrome patients with nuclear lamina alterations. Proc. Natl. Acad. Sci. USA 2016, 113, E7250–E7259. [CrossRef] [PubMed]
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