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Abstract

The potential for cardiotoxicity is carefully evaluated for pharmaceuticals, as it is a major safety 

liability. However, environmental chemicals are seldom tested for their cardiotoxic potential. 

Moreover, there is a large variability in both baseline and drug-induced cardiovascular risk in 

humans, but data are lacking on the degree to which susceptibility to chemically-induced 

cardiotoxicity may also vary. Human induced pluripotent stem cell (iPSC)-derived cardiomyocytes 

have become an important in vitro model for drug screening. Thus, we hypothesized that a 

population-based model of iPSC-derived cardiomyocytes from a diverse set of individuals can be 

used to assess potential hazard and inter-individual variability in chemical effects on these cells. 

We conducted concentration-response screening of 134 chemicals (pharmaceuticals, industrial and 

environmental chemicals and food constituents) in iPSC-derived cardiomyocytes from 43 

individuals, comprising both sexes and diverse ancestry. We measured kinetic calcium flux and 

conducted high-content imaging following chemical exposure, and utilized a panel of functional 

and cytotoxicity parameters in concentration-response for each chemical and donor. We show 

reproducible inter-individual variability in both baseline and chemical-induced effects on iPSC-

derived cardiomyocytes. Further, chemical-specific variability in potency and degree of population 

variability were quantified. This study shows the feasibility of using an organotypic population-

based human in vitro model to quantitatively assess chemicals for which little cardiotoxicity 

information is available. Ultimately, these results advance in vitro toxicity testing methodologies 

by providing an innovative tool for population-based cardiotoxicity screening, contributing to the 

paradigm shift from traditional animal models of toxicity to in vitro toxicity testing methods.
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1. Introduction

Cardiovascular disease remains the leading cause of mortality and morbidity in the United 

States, and it is generally acknowledged that cardiovascular disease is the result of a 

complex interplay of genetic and environmental factors (Bhatnagar, 2017). For 

pharmaceuticals, the risk of cardiovascular adverse effects are assessed at all phases of drug 

development through a series of screening methods that include in silico, in vitro, non-

clinical animal models, human clinical trials, and post-marketing surveillance (Arrigoni and 

Crivori, 2007; Laverty et al., 2011; Wallis et al., 2018). In addition, it is well established that 

people may vary greatly in their susceptibility to cardiovascular effects of drugs, and there 

has been considerable interest in using patient-specific induced pluripotent stem cell (iPSC)-

derived in vitro cardiomyocytes with the promise of personalized drug safety evaluation 

(Yang et al., 2015; Sharma et al., 2017; Takasuna et al., 2017; Grimm et al., 2018).

Conversely, there is no routine testing for potential cardiovascular adverse effects of non-

pharmaceutical chemicals, even though the potential for environmental chemicals to affect 

beating parameters of human iPSC-derived cardiomyocytes has been recently demonstrated 

(Sirenko et al., 2017). The evidence for the environmental contributions to cardiovascular 

disease is largely from epidemiological studies, most notably on air pollution, in which 

exposures and effects are already occurring in the population (Pruss-Ustun and Corvalan, 

2006; Sacks et al., 2011). The extent to which the chemicals in commerce and the 

environment contribute to human cardiovascular disease morbidity is essentially unknown. 

Given the large number of chemicals in commerce and the expense of established in vivo 
animal models for cardiovascular effects (e.g., beagle dogs), in vitro screening is a sensible 

alternative approach to address this gap.

Human iPSC-derived cardiomyocytes have emerged as an attractive organotypic in vitro 
model for cardiotoxicity testing because they demonstrate biological relevance, high 

sensitivity and specificity, and consistent reproducibility (Burridge et al., 2016; Blinova et 

al., 2017; Kawatou et al., 2017; Sharma et al., 2017; Strauss et al., 2017). This human 

organotypic in vitro model has also been shown to replicate inter-individual variability in 

sensitivity to cardioactive and cardiotoxic drugs, thus offering a possibility for studies of the 

interaction of population genetics and chemical effects (Kilpinen et al., 2017; Panopoulos et 

al., 2017; Grimm et al., 2018). Therefore, we hypothesized that genetic variability across 

iPSC-derived cardiomyocytes can be used to characterize inter-individual variability in 

responses to chemicals. Moreover, we posit that this model can be used for population-based 

in vitro screening on environmental chemicals, being an organotypic model with more direct 

phenotypic correspondence to in vivo effects than the only other available population-based 

screening model, human lymphoblast cell lines (Abdo et al., 2015; Chiu et al., 2017).
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Indeed, we have recently demonstrated (i) the feasibility of using a human iPSC-derived 

cardiomyocyte model to identify cardiotoxicity hazards of environmental chemicals (Sirenko 

et al., 2013b; Sirenko et al., 2017); (ii) the reproducibility of inter-individual variability in 

baseline and drug-induced phenotypes when using iPSC-derived cardiomyocytes from 

multiple donors (Grimm et al., 2018); and (iii) the qualitative and quantitative accuracy of 

this population-based in vitro cardiotoxicity testing model for predicting the concentration-

response relationships for known pro-arrhythmic drugs (Blanchette et al., 2019). In this 

study, we simultaneously evaluated cardiotoxicity hazard, concentration-response, and 

population variability of over 130 chemicals using high-throughput screening in a 

population-based organotypic iPSC-derived cardiomyocyte model from over 40 human 

donors, considerably extending existing body of knowledge by demonstrating the utility of 

this in vitro human cell-based model to screening of a large number of drugs and chemicals.

2. Materials and methods

2.1. Chemicals and biologicals

Cardiomyocyte plating and maintenance media were obtained from Cellular Dynamics 

International (CDI, Madison, WI). Tissue-culture treated 384-well microplates were 

obtained from Corning (Product # 3764, Kennebunk, ME). Gelatin from porcine skin (CAS: 

9000-70-8), penicillin/streptomycin (Product # P4333), tissue culture grade dimethyl 

sulfoxide (DMSO, CAS: 67–68–5), and cisapride monohydrate (CAS: 260779-88-2) were 

obtained from MilliporeSigma (St. Louis, MO). Trypan Blue 0.4% Solution (Product # 

15250–061), Hoechst 33342 (Product # H3570), and MitoTracker Orange (Product # 

M7510) were obtained from Life Technologies (Grand Island, NY and Eugene, OR). 

Isoproterenol (CAS: 7683-59-2) and propranolol (CAS: 525-66-6) were included in the 

EarlyTox Cardiotoxicity Kit (Product # R8211) obtained from Molecular Devices (San Jose, 

CA). Test chemicals (N = 134, see Supplemental Table 1 for CAS, catalog number, and 

source) were provided for this study by the US Environmental Protection Agency, National 

Center for Computational Toxicology (Research Triangle Park, NC). Chemicals were 

selected to encompass a broad range of chemical classes, including pharmaceuticals, 

industrial chemicals, environmental chemicals such as pesticides and PAHs, and food 

constituents. Drugs of different risk classifications for Torsade de Pointes (high, 

intermediate, and low) listed in the Comprehensive In Vitro Pro-arrhythmia Assay (CiPA) 

initiative were also included in the panel of test compounds. Chemicals were divided into 

two plates for screening: plate 1 contained chemicals 1–68, and plate 2 contained chemicals 

69–134.

2.2. iPSC-derived cardiomyocytes

De-identified iPSC-derived cardiomyocyte products from 43 human donors were obtained 

commercially from Fujifilm Cellular Dynamics (Madison, WI). These included the standard 

iCell cardiomyocyte product (Cat. No. CMC-100-010-001) and 42 distinct MyCell 

cardiomyocyte products (individual donor IDs and characteristics are listed in Supplemental 

Table 2). iPSC-derived cardiomyocytes were engineered from donor plasma samples from 

the repository of induced pluripotent stem cells (MyCell products) at Fujifilm Cellular 

Dynamics. Cardiomyocytes were derived from donors with no known cardiovascular disease 
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or familial history of cardiovascular disease, and thus were deemed to represent “non-

diseased” individuals.

2.3. Cell culture

All iPSC-derived cardiomyocytes were cultured under identical conditions in multiple 

batches using an established protocol as previously reported (Grimm et al., 2018; Blanchette 

et al., 2019). Cell screening was conducted in batches. Supplemental Table 3 lists the dates 

of testing and the donors tested in each batch, as well as the donors and batches for which 

replicate plates were tested. Briefly, tissue-culture treated 384-well microplates were 

gelatinized with 25 μL/well 0.1% (w/v) gelatin solution (gelatin from porcine skin in 18 MΩ 
sterile water) and incubated at standard conditions (37 °C and 5% CO2) for 2 h. Cells were 

then removed from liquid nitrogen storage and thawed in a 37 °C waterbath for 4 min. Cells 

were then incrementally resuspended in cardiomyocyte plating medium containing 1:500 

penicillin/streptomycin solution to a final concentration of 2 × 105 cells/mL, based on 

manufacturer viability estimates. Live cell count and suspension density were confirmed 

using the trypan blue exclusion test prior to plating. Immediately prior to plating cells, 

gelatin solution was decanted from each plate. Cell suspension (25 μL) was then dispensed 

into each well of the microplates, resulting in a plating density of approximately 5000 cells/

well. The microplates were allowed to rest at room temperature for 30 min to minimize edge 

effect prior to incubation at standard conditions for 48 h. At 48 h post-plating, 17.5 μL 

plating medium was exchanged with 32.5 μL cardiomyocyte maintenance medium 

containing 1:500 penicillin/streptomycin solution, to a final volume of 40 μL/well. 

Microplates were then incubated at standard conditions for 13 days post-plating, with 25 μL/

well maintenance medium exchanged every 48–72 h. On day 13 post-plating, the entire 

volume in each well was aspirated and replaced with 25 μL maintenance medium. On day 14 

post-plating, assays were performed.

2.4. Genotyping

Cells used in this study were genotyped using the Illumina (San Diego, CA) Infinium Global 

Screening Array-24 v2.0 Kit (48 samples, Cat. No. 20024444) as detailed in the 

manufacturer’s instructions.

2.5. Cardiotoxicity screening with Ca2+ flux assay

To evaluate functional effects of chemicals on cells, the Ca2+ flux assay (Early 

Cardiotoxicity Kit, Molecular Devices) was performed at multiple time points (baseline and 

up to 90 min post-chemical transfer), using an established protocol (Grimm et al., 2015; 

Grimm et al., 2018). Briefly, the Ca2+ flux assay was performed as follows. Ca2+ dye 

reagent was first prepared and equilibrated to 37 °C. Ca2+ dye reagent (25 μL) was then 

dispensed into each well of the microplates, resulting in a total volume of 50 μL/well, and 

microplates were incubated at standard conditions for 2 h. Following 2 h of equilibration 

with Ca2+ dye reagent, baseline intracellular Ca2+ flux was simultaneously recorded in all 

wells of the microplate using the FLIPR Tetra Cellular Screening System (Molecular 

Devices). Ca2+ flux was recorded every 0.125 s for 100 s (n = 800 total reads) with stage 

temperature = 37 °C, λexc = 470–495 nm, λem = 515–575 nm, gain = 2000, and exposure 

time = 0.05 s.
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Following the baseline Ca2+ flux read, 12.5 μL 5× concentrated test chemicals (in 2.5% v/v 

DMSO and cardiomyocyte maintenance medium) were simultaneously added to all wells of 

the microplate using the internal liquid handler of the FLIPR Tetra. FLIPR Tetra settings 

were optimized to mix and then transfer test chemicals (in final concentrations of 0.1, 1, 10, 

or 100 μM) to the microplates at height = 40 μL, speed = 1 μL/s, and removal speed = 6 

mm/s, for a total volume of 62.5 μL/well with 0.5% v/v DMSO in cardiomyocyte 

maintenance medium (vehicle). Additionally, multiple replicates of negative controls 

(vehicle-only and media-only wells) and positive controls (10 μM isoproterenol, 0.5 μM 

propranolol, and 0.1 μM cisapride monohydrate treatments) were included. A representative 

plate map is shown in Supplemental Fig. 1. Following chemical transfer, cells were 

incubated at standard conditions until Ca2+ flux was again simultaneously recorded in all 

wells of the microplate at various time intervals for up to 90 min post-chemical transfer. 

Data from the 90-min timepoint was analyzed further in this study, based on optimized 

protocols (Sirenko et al., 2017; Grimm et al., 2018). Data analysis was performed as detailed 

below and in (Blanchette et al., 2019). Four beating parameters were selected for further 

quantitative analysis (Table 1): peak frequency (beats per minute, BPM), ratio of decay time 

(time from top of peak to baseline) to rise time (time from baseline to top of peak), and 

coefficients of variation (CV) for peak amplitude and peak spacing based on our previous 

studies (Sirenko et al., 2017). The functional phenotypes selected for further analysis were 

largely non-redundant (Supplemental Fig. 2).

2.6. Cardiotoxicity screening using high-content cell imaging

Cell viability-related phenotypes was quantitatively assessed by high-content imaging after 

conclusion of the Ca2+ flux measurements at 90 min post chemical exposure using an 

established protocol in the ImageXpress Micro Confocal Cellular Imaging System 

(Molecular Devices) as described previously (Grimm et al., 2015; Sirenko et al., 2017; 

Grimm et al., 2018). First, the total volume of cell culture medium containing Ca2+ dye was 

aspirated and replaced with 25 μL/well pre-warmed fluorescent staining solution (2.2 μg/mL 

Hoechst 33342 and 0.2 μM MitoTracker Orange in cardiomyocyte maintenance medium 

with 1:500 penicillin/streptomycin). Microplates were then incubated at standard conditions 

for 15 min. The staining solution was then aspirated and washed with 25 μL/well pre-

warmed cardiomyocyte maintenance medium before proceeding to image acquisition. 

Images of each well at 10× magnification were acquired in succession using DAPI, TRITC, 

and FITC filters for Hoechst 33342, MitoTracker Orange, and Ca2+ dye, respectively. Image 

processing and quantification was performed using the multi-wavelength cell scoring 

module in the instrument-specific MetaXpress software package (Molecular Devices). Five 

parameters were selected for further quantitative analysis (Table 1): total cell count, nuclei 

mean integrated intensity, and mitochondrial integrity descriptors mitochondrial mean stain 

area, mitochondrial mean stain area divided by total cell count, and mitochondrial mean 

stain integrated intensity (Sirenko et al., 2017). The cytotoxicity phenotypes selected for 

further analysis were largely non-redundant (Supplemental Fig. 2).

2.7. Image processing and concentration-response analysis

Ca2+ flux data were processed and quantified using a custom script (Blanchette et al., 2019) 

in R Statistical Computing Software (R version3.5.1). Raw data were used for 
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concentration-response modeling and derivation of the points of departure (POD) as 

previously described (Sirenko et al., 2017). Data were normalized to the phenotype-specific 

vehicle control (0.5% DMSO) mean prior to concentration-response modeling (four-

parameter Hill model) for each phenotype, chemical, donor, and replicate (if available). The 

POD was defined as the concentration at which the concentration-response curve changed 

more than one standard deviation from the fit for vehicle controls.

2.8. Population variability analysis

Each of these parameters was analyzed to determine the contribution and reproducibility of 

inter-individual variability. For baseline inter-individual variability, data from vehicle- and 

media-only controls, in addition to replicate plates, were analyzed using a robust linear 

mixed effects model to evaluate the contribution of biological (i.e., donor) and technical 

(e.g., inter-plate, and media vs. vehicle) variability to overall variability, using the rlmer 

function from the R package robustlmm (Koller, 2016). The robust linear mixed effects 

model was used because the residuals from the usual linear mixed effects model had 

substantial outliers and were not normally distributed. We characterized reproducibility with 

treatment through intra-plate analyses of response to positive control compounds present on 

all plates and inter-plate analyses of 13 cell lines in which replicates were performed. 

Additionally, we characterized treatment-related inter-individual and inter-chemical 

variation. We also separately analyzed whether sex and/or race was a modifier of treatment-

related effects using a linear mixed effects model, utilizing the lmer function from the R 

package lme4 (Bates et al., 2015).

2.9. Genome-wide association scanning (GWAS)

PLINK (Slifer, 2018) (v1.90b6.9 64-bit (4 Mar 2019)) was used to recode the 436,870 SNPs 

to counts of minor alleles (0, 1, 2) and to select a subset of 6965 SNPs for ancestry control 

with minor allele frequency (MAF) > 0.45. We required high MAF for ancestry-control 

SNPs due to the fact that we had a limited sample size in comparison to many GWAS 

studies. A five-level ancestry control factor variable was computed by comparison with 1000 

Genomes data as described below, under the rationale that using this approach (as opposed 

to principal component control) would enable effective control without losing an excessive 

number of degrees of freedom for association testing. For association testing, the SNPs were 

filtered for MAF > 0.10 across the 41 individual cell lines for which genotyping data were 

available. For robust testing, each phenotype was subjected to a rank-inverse normal 

transformation, producing normally distributed phenotypes, except for ties in the data due to 

POD values censored at the maximum concentration. The resulting 177,908 SNPs were 

analyzed using linear regression for the transformed phenotypes for each of the 1242 

chemical/phenotype combinations, with ancestry and sex as covariates. Thus, each chemical/

phenotype was subjected to a Bonferroni threshold p-value = 2.81e-7 to control at alpha = 

0.05, and the experiment wide threshold p-value = 2.26e-10 (for 220 million tests).
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3. Results

3.1. A population-based iPSC-derived cardiomyocyte in vitro model

This study utilized iPSC-derived cardiomyocytes from 43 donors without known personal or 

familial history of cardiovascular disease (Supplemental Table 2). These cells are 

commercially available from FujiFilm Cellular Dynamics and represent a model that is 

publicly available and accessible. These cells passed stringent quality control procedures 

established by the manufacturer; only a fraction (~20%) of the iPSC clones from non-

diseased human donors could be successfully differentiated into cardiomyocyte-like cells by 

the manufacturer (B. Anson, personal communication). To confirm ancestry and sex of each 

cell, Illumina Infinium Human Global Screening Array-based geno-typing was performed 

on 41 donors for which cell lysates were available for genotyping. Fig. 1A illustrates the 

distribution of population characteristics of the cells used in this study as compared to the 

ancestry/sex distribution in the USA in 2018. Fig. 1B shows a display of principal 

components for the donors used in this study overlaid with those from the 1000 Genomes/

HapMap (Genomes Project et al., 2015) populations, labelled by population source. The 

donors used in this study included individuals of White (non-Hispanic) (69%), Black or 

African-American (19%), Hispanic or Latino (5%), and Asian (2%) ancestry, assigned by 

comparison with 1000 Genomes. Balanced sex distribution consisting of both male (52%) 

and female (48%) donors was also achieved.

3.2. Donor- and chemical-specific responses in the in vitro population-based 
cardiotoxicity model

Kinetic changes in Ca2+ flux was used as a main readout for evaluating functional effects of 

the chemicals screened in this study (Sirenko et al., 2013b; Grimm et al., 2015). All test 

compounds were evaluated in a concentration-response (0.1, 1, 10, and 100 μM). Fig. 2 

shows representative Ca2+ flux traces of four individual donors, both at baseline (vehicle, 

0.5% DMSO) and upon treatment. Donor 1434 is the “standard” iPSC-derived 

cardiomyocyte FujiFilm Cellular Dynamics product that is widely used. Three other donors 

were selected to represent a range of baseline beating parameters. Treatment with 100 μM 

saccharin, a food constituent, generally did not affect peak frequency across donors. 

Treatment with 10 μM dofetilide, a class III antiar-rhythmic pharmaceutical, induced donor-

specific cardiotoxic effects, such as formation of the in vitro “notch” phenotype associated 

with clinical QT-prolongation (donor 1434) and rapid beating with significantly decreased 

peak amplitude (donors 11,235, 1228, and 1308), an effect that is indicative of torsade de 

pointes (TdP), a type of arrhythmia that can result in sudden cardiac death. Treatment with 

10 μM tert-butylphenyl diphenyl phosphate, a flame retardant, increased peak frequency in a 

number of donors. Importantly, despite differences in the spontaneous beat rate among cell 

lines, effects were observed upon treatment were similar to the observations reported 

previously (Grimm et al., 2018).

3.3. Basal and chemical-induced effects on iPSC-derived cardiomyocytes from multiple 
donors are highly reproducible

Our previous study of a 27 human iPSC-derived cardiomyocytes demonstrated high 

reproducibility of basal beating parameters and effects of three classic cardio-active drugs 
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(Grimm et al., 2018). Here, a larger population of cell lines (i.e., individuals) and a far larger 

number of chemicals were tested. Our study design allowed for the evaluation of both intra- 

and inter-plate reproducibility. Fig. 3A demonstrates high intra-plate replicability across 

donors following treatment with the known cardio-active compounds isoproterenol, 

propranolol, and cisapride. For isoproterenol (β-adrenergic receptor agonist) and propranolol 

(β-adrenergic receptor antagonist), beats per minute (BPM) phenotype is shown as these 

compounds are known to affect the beat rate. For cisapride, a serotonin 5-HT₄ receptor 

agonist known to induce clinical prolongation of the QT interval, decay/rise ratio was the 

phenotype of interest, as this parameter is the in vitro surrogate for QT prolongation 

(Blanchette et al., 2019). Intra-plate correlation, was extremely high (> 0.90) as evidenced 

by both Pearson (r) and Spearman (ρ) coefficients.

We also examined inter-plate reproducibility by comparing concordance of the readouts in 

each well across duplicate plates. For thirteen cell lines, replicate plates were available for 

analysis, and the outcome of concordance analysis of the wells where test chemicals were 

added is shown in Fig. 3B. High concordance was observed for both functional (e.g., beats 

per minute and decay/rise ratio) and viability (e.g., total cells) phenotypes where chemical 

effects were observed. For the phenotypes that were largely unaffected by treatments (e.g., 

peak spacing CV), the low correlation was consistent with a lack of the effect on both plates 

(i.e., comparisons between plates are consistent with intra-plate variability). High 

correlations for phenotypes affected by treatment were also observed for the replicate plates 

of the individual donors (Fig. 3C). In addition, experiments on the “standard” donor 1434 

cells were repeated in a number of batches and data were analyzed to examine the 

concordance of the results when the experiment is repeated on different days. Fig. 3D shows 

the average correlation coefficients for all phenotypes for all pair-wise comparisons among 

batches. Similar to our findings with inter-plate variability, we find high correlations for the 

functional and viability phenotypes that are affected by treatment. Specifically, beats per 

minute, decay/rise ratio and total cells were highly correlated across batches, with a median 

Pearson’s r of 0.77, 0.71, and 0.78, respectively. Supplemental Fig. 2 shows pairwise 

correlations for all phenotypes and batches.

3.4. iPSC-derived cardiomyocytes from multiple donors exhibit reproducible inter-
individual variability in baseline phenotypes

Inter-individual variability in baseline (examined from vehicle control – 0.5% DMSO) 

parameters was examined across the entire compendium of 43 iPSC-derived cardiomyocyte 

cell lines (Fig. 4A and Supplemental Fig. 4). The spontaneous beating of iPSC-derived 

cardiomyocytes was highly regular for most cell lines, with the coefficient of variation for 

peak spacing, a phenotype indicative of beating monotonicity, being < 7% in most cases. For 

the beats per minute phenotype, median values across donors ranged reproducibly from 10 

to 54. For decay/rise ratio, median values across donors ranged reproducibly from 1.8 to 2.7. 

Data collected in these experiments were used to conduct multivariate analysis of variance to 

determine the contribution of the major factors, such as batch, plate, treatment (difference 

between untreated and DMSO-treated wells), donor and other (Fig. 4B and C). We found 

that inter-individual (donor to donor) variability was the primary contributor to total 

observed variability for most phenotypes, exceeding 80% of the total variance for many 
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phenotypes. Batch, plate, and vehicle contributions were low or non-existent, except for 

phenotypes such as peak spacing CV where some individual donors had high intra-

individual variation.

3.5. Population variability in chemical-specific effects on iPSC-derived cardiomyocytes

We next examined variability in the effects of all screened chemicals across the entire 

population of iPSC-derived cardiomyocytes (Fig. 5). Concentration-response modeling was 

conducted to derive quantitative estimates of the effects of each chemical in each cell line. 

We derived point-of-departure (POD) values and plotted the inter-quartile range in 

population variability. Compounds were grouped by chemical class and then sorted by the 

median POD across the population. The degree of population variability is indicated by 

spread of the POD interquartile range, with a smaller POD range representing lower 

population variability. For example, for the phenotype decay/rise ratio, dofetilide (a class III 

antiarrhythmic pharmaceutical) and cisapride (a serotonin 5-HT4 receptor agonist) exhibited 

high potency in affecting this phenotype (i.e., low median POD values across donors, 

log(POD) = −1.89 and − 1.88 μM, respectively). In contrast, hydroxyurea and thiabendazole, 

drugs without known cardiotoxicity liability, and sodium saccharin hydrate, a food 

constituent, were largely without effect (i.e., high median POD values across donors and 

relatively lower population variability). Other chemicals exhibited varied POD values. 

Generally, compounds with Comprehensive in vitro Pro-arrhythmia Assay (CiPA) 

classifications fell at the lower end of the POD range for decay/rise ratio, with compounds of 

higher relative risk classifications exhibiting higher population variability. Food constituents 

generally exhibited high median POD values and pharmaceuticals generally exhibited lower 

median POD values. Environmental chemicals (plasticizers, flame retardants, PAHs) varied 

in both potency of effect and degree of population variability.

For the beats per minute phenotype, chemicals also exhibited a range of potency values and 

varied degrees of population variability, with compounds like isoproterenol, a β-adrenergic 

receptor agonist, exhibiting low median POD (log(POD) = −1.95μM) and low population 

variability. Again, food constituents generally exhibited high median POD values and 

environmental chemicals varied in both potency and degree of population variability.

3.6. iPSC-derived cardiomyocyte cell line-specific variability in chemical-specific effects

We determined whether certain cell lines (i.e., donors) were more or less susceptible to the 

effects of all chemicals tested in this study. Variability in treatment-related effects on each 

iPSC-derived cardiomyocyte cell line, for each phenotype, is shown in Fig. 6 and 

Supplemental Fig. 5. Cell lines are sorted by the median POD and interquartile ranges are 

shown as box plots. For example, for the phenotype beats per minute, the median POD 

across the 134 tested chemicals was the lowest for donor 1518 (log(POD) = −1.53μM) and 

highest for donor 1243 (log(POD) = 1.52μM), with other donors exhibiting varied POD 

values within this range. Further, across 4 separate batches of standard donor 1434, the 

median POD value was less than an order of magnitude. For the phenotype decay/rise ratio, 

the median POD value across the tested chemicals was lowest for donor 1348 (log(POD) = 

0.72μM) and highest for donor 1308 (log(POD = 1.59μM), but the extent of inter-individual 
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variability in POD values was much smaller than that for beats per minute. Again, patterns 

across 4 separate batches of standard donor 1434 were generally identical.

3.7. Sex- and ancestry-specific effects of chemicals on iPSC-derived cardiomyocytes

Because the population studied herein contained cells from both sexes and multiple race/

ethnicity groups, we examined sex- and ancestry-specific effects of each chemical on each 

phenotype. For most chemicals tested, the relative contributions (regression R2) of sex 

and/or ancestry were low (Fig. 7 and Supplemental Fig. 6), with the contribution of ancestral 

origin to the overall variability in responses across cell lines being slightly higher than that 

of sex. Examples of several chemicals with high contribution of ancestry (bepridil and 

acenaphthene) and sex (titanocene) are shown in Fig. 7B–D. For the phenotype beats per 

minute, the ancestral contribution to variability ranged from 0 to 59%, with a median of 0%, 

whereas the sex contribution ranged from 0% to 30%, with a median of 0%. For the 

phenotype decay/rise ratio, the ancestral contribution to variability ranged from 0 to 73%, 

with a median of 0%, and the sex contribution ranged from 0 to 32%, with a median of 0%.

3.8. Exploring suggestive genetic contribution to the inter-individual variability in the 
effects of chemicals on iPSC-derived cardiomyocytes

While the number of individuals tested in this study is small, we performed exploratory 

genetic association mapping using low-density genotyping data, originally collected 

primarily to assign the ethnicity/race and sex to each cell line (Fig. 1). A noteworthy 

observation from this analysis is shown in Fig. 8 for lisinopril, an angiotensin-converting 

enzyme inhibitor used to treat life-threatening ventricular arrhythmias in patients with 

congestive heart failure and ventricular tachycardia, and decay/rise ratio phenotype. After 

correcting for the number of experiment-wide tests (177,908 SNPs × 1242 

chemicals:phenotypes) and transformation to ensure robust analysis, an experiment-wide 

significant association was observed for sensitivity to decay/rise ratio disruptions with 

lisinopril and rs1715386 (p = 1.67e-10), a SNP [Chr20:4,887,900] in SLC23A2, a sodium-

dependent vitamin C transporter of the SLC23 family. The distribution of allele-specific 

PODs for this drug/phenotype combination are shown in Fig. 8C.

4. Discussion

In this study, we demonstrate the application of a population-based in vitro model using a 

panel of human iPSC-derived cardiomyocytes to test for potential cardiotoxicity hazard, 

dose-response, and toxicodynamic population variability of drugs and chemicals. Ca2+ flux 

monitoring and high-content imaging were conducted to quantitatively characterize baseline 

and treatment-related functional cardiomyocyte performance, as a function of 9 different 

phenotypes. A panel of over one hundred diverse chemicals, including pharmaceuticals, food 

constituents, and environmental chemicals (encompassing industrial chemicals, flame 

retardants, pesticides, and PAH chemical classes) were tested for treatment-related effects. 

No studies to date have used a population-based approach to assess the cardiotoxicity hazard 

and variability of environmental chemicals, and our results suggest that using a population 

of iPSC-derived cardiomyocytes can be a sensible approach for examining the potential for 

Burnett et al. Page 10

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



both the cardiotoxicity hazard of environmental chemicals, as well as the extent of 

toxicodynamic variability in these effects, if any.

Previous studies of a large number of environmental chemicals and drugs, conducted in one 

“standard” iPSC-derived cardiomyocyte cell line (Sirenko et al., 2017), showed that known 

cardio-toxic drugs show effects at concentrations comparable to blood concentrations. Even 

though it was found that many environmental chemicals may also affect human 

cardiomyocytes, effective concentrations were over 100-fold higher than expected blood 

concentrations from environmental exposures. The studies reported herein further extend the 

body of knowledge on the potential use of iPSC-derived cardiomyocytes to probe the 

potential cardiotoxicity of environmental chemicals, especially in the context of population 

variability. The panel of donors was representative of four ancestral backgrounds (European, 

African-American, Hispanic/Latino, and Asian) and both sexes, at distributions roughly 

similar to the population distribution of the United States in 2018. Moreover, the approach 

enabled detection of inter-individual differences in baseline beating parameters, as well as in 

treatment-related effects.

Importantly, we find that iPSC-derived cardiomyocytes exhibit high intra- and inter-plate 

reproducibility in treatment-related effects, in the individual donors and across treatment-

related phenotypes. This finding corroborates previous studies demonstrating high 

reproducibility in treatment-related effects of control compounds in iPSC-derived 

cardiomyocytes (Grimm et al., 2018). Furthermore, our analysis shows that donor-

attributable variability in the effects of chemicals on both functional and toxicity phenotypes 

is most pronounced as compared to other population/experimental factors. Collectively, 

these findings are noteworthy as they demonstrate that the in vitro population-based model 

can be used to test a large number of compounds and generate data that is comparable across 

batches and experiments. Because the cells used in these studies are commercially available, 

experimental protocols and culture conditions are standardized, and iPSC-derived cells from 

multiple donors are a renewable resource, this model can also be used by different 

laboratories to replicate responses in the same genetic backgrounds and experimental 

conditions.

Another key outcome of this study is the observation of chemical-specific variability in 

potency and degree of population variability. First, we find that the effects of known 

cardioactive or cardiotoxic drugs (e.g., cisapride, dofetilide, isoproterenol, etc.) corroborate 

the observations from studies of the “standard” donor of iPSC-derived cardiomyocytes 

(Sirenko et al., 2013a; Sirenko et al., 2013b). Furthermore, compounds included in the 

Comprehensive in vitro Proarrhythmia Assay (CiPA) initiative (Fermini et al., 2016) were 

generally at the lower end of the POD range for the most relevant phenotype – the decay/rise 

ratio, with compounds listed with higher relative risk for torsades de pointes exhibiting 

wider population variability in effects. Because our goal is to address cardiac safety, our 

focus has been on population variation potency as expressed by a POD at a fixed magnitude 

of effect, rather than efficacy in terms of population variation in the magnitude of effect 

itself. Nonetheless, we note that there is also chemical-specific variability in the maximal 

effect size across donors (Supplemental Fig. 7), though the range of variability is smaller 
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than for potency. Interestingly, potency and magnitude of effect are poorly correlated across 

individuals and chemicals (Supplemental Fig. 8).

Interestingly, we find that no single cell line was sensitive or resistant to the chemicals tested 

herein. This observation argues for the value of the population-wide approach rather than 

testing in one or several donor-specific cells that have been pre-selected for a particular 

response. Much work is done using donor-specific iPSC-derived cardiomyocytes to 

demonstrate the power of in vitro human iPSC-derived cardiomyocyte model in the context 

of personalized medicine (Burridge et al., 2016; Sayed et al., 2016; Sharma et al., 2017); 

however, our findings caution against the use of the selected lines to represent population 

variability. While the number of cell lines tested herein was relatively small, this population 

size is comparable to that used in human clinical trials that test for the potential liability of 

torsades de pointes (Vicente et al., 2018). Also, our previous study showing that an in vitro 
population as small as 27 individuals can achieve high concordance with the results of 

human clinical trials (Blanchette et al., 2019) further demonstrates the need for a population-

wide approach to testing of chemicals in a compendium of human cell lines. The analysis of 

an optimal size of the population is needed, however, using the data reported herein to 

determine whether a smaller number of cell lines may be sufficient for larger screening 

campaigns (Chiu et al., 2017).

The diversity of donors included in this study, with respect to sex and ancestry, allowed us to 

examine the relative contribution of these factors on the effects of chemicals. We observed 

some sex differences in treatment-related prolongation of the decay/rise ratio (correlating 

with clinical prolongation of the QT interval), findings that are in accord with previous 

reports showing that females are sensitive to treatment-induced effects of some drugs (Huo 

et al., 2019). We found that titanocene, an organotitanium compound that is a common 

reagent in organometallic and organic synthesis, showed the strongest sex effect on the beat 

frequency. This compound has no known cardiac effects largely because it has not been 

tested for such effects; thus, further studies are needed to fully characterize the contribution 

of sex to treatment-related variability on a population level of this and other compounds. 

With respect to the ancestral origin as a variable, we find that a greater number of 

compounds showed some contribution of ethnicity/race, and to a greater degree than sex, to 

the observed variance. Specifically, bepridil and acenaphthene were two compounds with 

most pronounced overall ancestry effects on decay/rise ratio and beat frequency, 

respectively. Bepridil is a calcium antagonist with direct negative chronotropic, dromotropic, 

inotropic and vasodilatory actions that is no longer marketed in the United States. It has been 

associated with rate-dependent prolongation of the QTc interval and development of torsade 

de pointes (Hollingshead et al., 1992). Thus, our findings of its effects on decay/rise ratio 

and its wide inter-individual variability are concordant with its known adverse effects in 

some patients. With respect to acenaphthene, no studies explored its potential effects on the 

heart rhythm, but other PAHs are known to be arrythmogenic (Zhang et al., 2013; Brown et 

al., 2015).

While this study was not designed to be suitable for discovery of the genomic loci that may 

be associated with inter-individual differences in the effects of tested chemicals, and 

cardiovascular diseases are known to be complex traits that require large study populations 
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and replication (Mendez-Giraldez et al., 2017; Bapat et al., 2018), we performed exploratory 

genome-wide association analysis. The significance required for such analysis in the context 

of this experimental design (multiple testing-corrected p-values < 10−9), is very stringent. 

One finding, the association between the effects of lisinopril on decay/rise ratio, did achieve 

genome-wide multiple testing corrected significance for a SNP in SLC23A2. While vitamin 

C status has been shown to affect QT parameters in patients after myocardial infarction 

(Bednarz et al., 2003), the significance of our observation for the association between 

lisinopril, QT interval and vitamin C transport may be a chance observation that needs to be 

interpreted with caution. We do, however, note that proximity to cellular transport genes was 

a common finding for significant SNPs from our much larger study (Abdo et al., 2015; 

Eduati et al., 2015) of chemical-induced cytotoxicity response in over 1000 lymphoblastoid 

cell lines.

This experimental approach and our study have a number of limitations. Though the 

population of 43 iPSC-derived cardiomyocyte lines is the largest of those published to date, 

it is still limited by the availability of differentiated cells and challenges of establishing 

highly functional cardiomyocytes from a large number of donors (Hausburg et al., 2017). 

While studies using undifferentiated human iPSCs from hundreds of individuals have been 

conducted, consistent differentiation of iPSC-derived cells from multiple donors currently 

limits the use of iPSC-derived cells from large populations (Kilpinen et al., 2017; 

Panopoulos et al., 2017; Schwartzentruber et al., 2018). Therefore, the ability to observe 

extreme sensitivities in baseline characteristics and treatment-related responses within the 

population is limited. Additional analyses are needed to determine whether larger or smaller 

populations of iPSC-derived cardiomyocytes may be needed to characterize population 

variability in potential cardio effects of chemicals and drugs with reasonable confidence. In 

addition, as we have found with the exploratory genome-wide association analysis, the small 

size of the in vitro population also limits the ability to conduct discovery analyses of 

potential genomic loci that may underpin the variability in responses across cell lines.

Another limitation is that we studied the population of “healthy” individuals with no known 

cardiovascular disease. Therefore, individual susceptibilities contributed by disease state(s) 

have not been examined in this study, though these susceptibilities may contribute 

extensively to toxicodynamic variability within the population (Zeise et al., 2013). Because 

iPSC-derived cardiomyocytes from individuals with disease states (especially cardiovascular 

diseases) are available (Kilpinen et al., 2017; Panopoulos et al., 2017; Schwartzentruber et 

al., 2018), inclusion of these cells in future studies may be informative to further address the 

potential for cardiotoxicity hazard and variability in a population with more susceptible 

individuals.

Finally, our study used a large number of test compounds, but it is still small in comparison 

to the number of chemicals in commerce and the environment. Even though test compounds 

included pharmaceuticals, food constituents, and environmental chemicals (e.g., industrial 

chemicals, flame retardants, plasticizers, and PAHs), there are thousands more chemicals 

that are lacking data on their potential to elicit cardiotoxicity. Therefore, larger studies are 

needed to increase the number of environmental chemicals screened in iPSC-derived 

cardiomyocytes. To aid future designs, additional analyses of the minimal required size of 
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the population are needed, as these experiments are quite laborious and cannot be easily 

scaled.

In conclusion, we have demonstrated that a population-based in vitro model consisting of a 

panel of 43 iPSC-derived cardiomyocyte cell lines has utility for evaluation of cardiotoxicity 

hazard, dose-response, and toxicodynamic population variability of a large number of 

chemicals. Specifically, Ca2+ flux monitoring and high-content imaging revealed 

reproducible qualitative and quantitative differences in functional performance both at 

baseline and in treatment-related effects, in a donor- and chemical-specific manner. We 

showed that inter-individual variability in cardiotoxicity hazard is present across a wide 

range of drugs and some environmental chemicals. This model is also highly reproducible 

and shows that donor-specific variability far exceeds technical and other factors that must be 

considered in complex experimental designs. Overall, as current pre-clinical and chemical 

safety testing provides little information on the potential population variability in response to 

drugs and chemicals, this model provides a sensible strategy for improving safety evaluation 

of both pharmaceutical and non-pharmaceutical compounds. Ultimately, this research 

expands the range of in vitro testing methods by providing an innovative tool for 

cardiotoxicity screening of chemicals with unknown toxicological profiles and contributes to 

the paradigm shift from traditional animal models of toxicity to new approach methods.
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Fig. 1. 
Distribution of population characteristics for the donor pool of 41 iPSC-derived 

cardiomyocytes. (A) Distribution of population characteristics in the USA in 2018 and in 

this study, in terms of ancestry (outer ring) and sex (inner circle). (B) Scatter plot of the 1st 

and 2nd principal components for genotypes across donors, with colors and shapes 

representing the different ancestral backgrounds and sexes, respectively, presented in (A). 

Large symbols represent principal components for our population of 41 donors, and small 

symbols represent principal components for ~1000 human lymphoblastoid cell lines from 

the 1000 Genomes project.
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Fig. 2. 
Representative Ca2= flux traces for iPSC-derived cardiomyocytes derived from 4 individual 

donors. Rows represent 4 individual donors, and columns represent different chemical 

treatments. The first column represents a vehicle control well (DMSO, 0.5%). The second 

column represents treatment with saccharin, a food constituent (100 μM). The third column 

represents treatment with dofetilide, a class III antiarrhythmic pharmaceutical (10 μM). The 

last column represents treatment with tert-butylphenyl diphenyl phosphate, a flame retardant 

(10 μM). The X-axis of each Ca2+ flux trace represents time in seconds, and the Y-axis 

represents relative fluorescence units (RFU) of the Ca2+ flux measured within each donor.
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Fig. 3. 
High intra- and inter-plate reproducibility in treatment-related effects. (A) Intra-plate 

reproducibility (replicate treatment wells on the same plate) across all donors following 

treatment with control compounds isoproterenol (10 μM), propranolol (0.5 μM), and 

cisapride (0.1 μM), for the chemical-specific phenotype of interest. Pearson (r) and 

Spearman (ρ) correlation coefficients are shown in the upper left corner of each graph. (B) 

Inter-plate reproducibility (corresponding wells on replicate plates for the same donor, 

concentration, and cardiotoxicity parameter) following treatment with test chemicals for four 

main phenotypes, across 13 donors with replicate plates. Pearson (r) and Spearman (ρ) 

correlation coefficients are shown. (C) Inter-plate reproducibility following treatment with 

test chemicals for the phenotype beats per minute (BPM), shown individually for each donor 

with replicate plates. Pearson (r) correlation coefficients are shown. (D) Inter-batch 

reproducibility (all pairwise comparisons across 8 batches of the standard donor ID 1434), 

summarized by Pearson correlation coefficients, for all 9 phenotypes.
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Fig. 4. 
iPSC-derived cardiomyocytes exhibit cell line (i.e., inter-individual) variability in baseline 

beating parameters, largely driven by donor. (A) Boxplots showing baseline values for the 

phenotypes beats per minute, decay/rise ratio, total cells, and peak spacing CV for each 

donor, ordered by increasing baseline peak frequency (beats per minute). Boxplots for each 

donor are comprised of the median, interquartile range (IQR), and 95% confidence interval 

(CI) values. (B) Boxplots showing the distribution of the coefficient of variation for total and 

donor contributions to the total variability of each phenotype, based on robust linear mixed 

effects modeling. Total contribution accounts for technical and biological (i.e., donor) 

sources of variability, whereas donor variability accounts only for biological variability. (C) 

Histograms showing the fraction of technical (batch, plate, vehicle, other) and biological 

(donor) contributions to the total variability of each phenotype, based on robust linear mixed 

effects modeling. Sources of variability considered account for batch (screening batch dates) 

effects, plate (inter-plate) effects, vehicle (0.5% DMSO vehicle vs. cell culture media) 

effects, donor (biological) effects, and other residual contributions.
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Fig. 5. 
Chemical-specific variability in potency and degree of population variability for decay/rise 

ratio and beats per minute. Box plots show median and inter-quartile range of the point of 

departure values across 43 donors, sorted within chemical class. Chemical names are along 

with left axis, and different colored boxes represent chemical classes as shown in the inset.
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Fig. 6. 
iPSC-derived cardiomyocytes exhibit inter-individual variability in treatment-related points 

of departure (PODs) for phenotypes beats per minute, decay/rise ratio, total cells, and peak 

spacing CV. Box plots show median and interquartile range across 134 chemicals, and are 

ordered by the median POD. Donors more sensitive to chemical-induced effects are 

indicated by lower median POD across chemicals, and donors more resistant to effects are 

indicated by higher median POD.
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Fig. 7. 
Summary of analysis of sex and ancestry effects on points of departure (PODs), based on 

linear mixed effect modeling. (A) Box plots showing the percent contribution of ancestry 

and sex across chemicals for the phenotypes Beats per Minute and Decay/Rise ratio. (B) – 

(D) Summary of contribution of ancestry, sex, and other to variation in PODs for three 

compounds: bepridil (B), acenaphthene (C), and titanocene (D). Included are the percent 

contributions to variations, and boxplots of PODs grouped by ancestry (Other; H/L, 

Hispanic/Latino; W/NH, White/non-Hispanic; As, Asian, B/AA, Black/African American), 

and by sex (M, male; F, female). See Supplemental Fig. 6 for complete analysis of all 

compounds.
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Fig. 8. 
Genome-wide association analysis. (A) Manhattan plot showing all analyzed SNPs and 

highlighting rs1715386 in SLC23A2 for associations with point of departure in the 

decay:rise ratio after treatment with lisinopril (adjusted for ancestry and sex) with minimum 

p = 2.26e-10. The grey line represents the −log10(p-value) = 0.05 significance threshold 

applied for a single tested phenotype. The red line represents the −log10(p-value) = 0.05 

significance threshold for all ~220 million SNP × phenotype tests. (B) A locus zoom plot of 

the 500 kb region surrounding rs1715386 on chromosome 20. (C) Distribution of the decay/

rise ratio POD of 41 iPSC lines treated with lisinopril. X-axis values for points have been 

slightly jittered in order to be distinguished. (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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