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Abstract

An important target area for addressing data gaps through /n vitro screening is the detection of
potential cardiotoxicants. Despite the fact that current conservative estimates relate at least 23% of
all cardiovascular disease cases to environmental exposures, the identities of the causative agents
remain largely uncharacterized. Here, we evaluate the feasibility of a combinatorial in vitro/in
silico screening approach for functional and mechanistic cardiotoxicity profiling of environmental
hazards using a library of 69 representative environmental chemicals and drugs. Human induced
pluripotent stem cell-derived cardiomyocytes were exposed in concentration-response for 30 min
or 24 hrs and effects on cardiomyocyte beating and cellular and mitochondrial toxicity were
assessed by kinetic measurements of intracellular Ca2* flux and high-content imaging using the
nuclear dye Hoechst 33342, the cell viability marker Calcein AM, and the mitochondrial
depolarization probe JC-10. More than half of tested chemicals exhibited effects on cardiomyocyte
rhythm after 30 min of exposure. After 24 hours, the effects on cell rhythm without cytotoxicity
were observed in about one third of the compounds. Concentration-response data for /n vitro
bioactivity phenotypes were visualized using Toxicological Prioritization Index (ToxPi) and
showed chemical class-specific clustering of environmental chemicals, including pesticides, flame
retardants, and polycyclic aromatic hydrocarbons. For environmental chemicals with human
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exposure predictions, the activity-to-exposure ratios between modeled blood concentrations and /in
vitro bioactivity were between one and five orders of magnitude. These findings not only
demonstrate that some ubiquitous environmental pollutants might have the potential to alter
cardiomyocyte function at high exposures, but also indicate similarities in the mechanism of these
effects both within and among chemicals and classes.
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1. Introduction

A large number of environmental agents remain inadequately tested for their potential
toxicological effects (Judson et a/ 2009). In the United States, the National Toxicology
Program at the National Institute of Environmental Health Sciences, the Environmental
Protection Agency, the National Center for Advancing Translational Science, and the Food
and Drug Administration are addressing toxicity data needs through the Tox21 collaboration,
an initiative to implement novel /n vitro screening for thousands of chemicals (Collins et af.
2008; Tice et al. 2013).

Important target areas for addressing data gaps through /n vitro screening include the
detection of potential cardiotoxic effects. Despite the fact that current conservative estimates
relate at least 23% of all cardiovascular disease cases to environmental exposures, the
identities of the causative environmental agents remain largely uncharacterized (Pruss-Ustun
and Corvalan 2006). Moreover, cardiotoxicity remains among one of the most pronounced
reasons, comparable to those associated with hepatotoxicity, for drug attrition during clinical
trials and post-marketing (Berridge et al. 2013; Laverty et al. 2011; Nadanaciva and Will
2011; Pierson et al. 2013). Current pre-clinical approaches for cardiophysiologic evaluations
of chemicals rely almost exclusively on large animal models and this approach has
significant limitations in terms of the cost and complexity of the studies (Herman and
Ferrans 1998). Hence, there is a pressing need for the development of comprehensive, multi-
parametric screening strategies that provide improved predictability of cardiotoxic effects
(Roberts et al. 2014). In order to capture the wide range of potential cardiotoxic effects,
novel approaches need to rely on cardiomyocyte functional assays, not just traditional
cytotoxicity measurements, because interference with normal cellular electrophysiology as
well as sub-cytotoxic perturbation of biochemical pathways can impact on contractility and
organ function (Chen et al. 2016).

As an alternative to primary cardiomyocytes and myocardial tissue preparations, human
inducible pluripotent stem cell (iPSC)-derived /n vitro model systems have more recently
emerged as a physiologically-relevant and highly reproducible option for cardiotoxicity
testing (Guo et al. 2013; Ma et al. 2011; Mercola et al. 2013; Suter-Dick et al. 2015). iPSC-
derived cardiomyocytes are a particularly attractive /n vitro model as they form a
synchronously beating monolayer that can be used to reliably reproduce drug-associated
cardiophysiologic phenotypes using a fast kinetic fluorescence assay that monitors changes
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in intracellular Ca2* flux (Grimm et al. 2016; Sirenko et al. 2013a; Sirenko et al. 2013b).
This approach is amenable to quantitative multi-parametric assessment of various
phenotypes, e.g. positive and negative inotropic effects and prolonged repolarization, in
medium- to high-throughput screening formats (Grimm et a/. 2015). Of particular interest is
the ability to use iPSC-derived cardiomyocytes to test for the potential of chemicals to
induce cardiac arrhythmias because interference with cardiomyocyte repolarization, i.e. the
in vitro equivalent to clinical QT prolongation, has been a useful phenotype easily
observable /n vitro (Blinova et al. 2017). A study evaluating 131 drugs demonstrated that a
comprehensive concentration-response assessment of multiple functional read-outs yields
predictive and mechanistically-interpretable data on cardiotoxicity, thereby indicating its
potential applicability to evaluate and prioritize environmental chemicals for this important
endpoint (Sirenko et al. 2013b).

In this study, we evaluated the utility of multiplexed functional /in vitro assays in iPSC-
derived cardiomyocytes for the high-throughput screening of several diverse classes of
environmental chemicals as well as drugs; some of the environmental chemicals have been
associated with suspected cardiotoxicity potential (Kaufman ef a/. 1992; Zafiropoulos et al.
2014; Zhang et al. 2013). We used Ca?* flux measurements in combination with high-
content imaging to evaluate concentration-dependent effects on cardiomyocyte physiology,
mitochondrial membrane potential, and cell viability. Benchmark concentration point-of-
departure (POD) values were utilized for bioactivity grouping and ranking of the chemicals
in Toxicological Prioritization Index Graphical User Interface (ToxPi GUI) software (Reif et
al. 2013).

2. Materials and methods

The overall experimental design is shown in Figure 1.

2.1. Chemical library

The library used in these studies is comprised of 69 unique chemicals (Table 1) with mostly
limited or unknown evidence for cardiotoxicity. These chemicals were provided by the
National Toxicology Program at the National Institute of Environmental Health Sciences and
information on their purity and supplier is provided in Supplementary Table 1. This set was
selected to broadly reflect diverse chemical classes and included drugs (n=18), pesticides
(n=15), flame retardants (n=10), polycyclic aromatic hydrocarbons (PAHs; n=14), and 12
chemicals classified as “other”. All tests described in the article were performed as
duplicates. Four of these chemicals (deltamethrin, triphenyl phosphate, methyl mercuric (1)
chloride, saccharin) were also tested in additional replicates on each microplate to assess
assay-specific inter-plate replicability. In addition, assay-specific cardiotoxicity positive
(antimycin A, digoxin, carbonyl cyanide m-chlorophenyl hydrazine (CCCP)) and negative
(biotin, sorbitol, adipic acid) control chemicals (all from Sigma, St. Louis, MO, USA) were
included in the screening (Table 1). Stock solutions (20 mM) of all chemicals were prepared
in cell-culture grade dimethyl sulfoxide (DMSO, Sigma) and stored at —20°C. Vehicle
(n=30-38, DMSO concentration of 0.15% v/v) and untreated (media only) wells were
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included on each assay plate and used for normalization of plate-specific readouts and
quality control.

2.2.In silico assessment of chemical diversity

Diversity among chemicals included in the screening library, as compared to a curated
dataset of 32,464 unique environmental chemicals and drugs described in Mansouri et a/.
(2016), was assessed by principal components analysis (PCA) using /n sifico-derived
physico-chemical descriptors. PCA was conducted using the gp/ots package in R studio.
Supplementary Table 2 contains a list of the 153 chemical descriptors obtained using the
Chemistry Development Kit (CDK) (Steinbeck et al. 2003).

2.3. Cell culture

Human iPSC-derived cardiomyocytes (iCell™ cardiomyocytes), plating medium, and
maintenance medium were provided by Cellular Dynamics International (Madison, WI,
USA). Cells were plated and maintained according to the manufacturer’s recommendations
as described previously (Sirenko ef al. 2013a). Cells were plated into gelatin coated wells at
8,000 cells/well in 384 multi-well plates. Synchronous beating of cells was evident after 7
days of culture and experiments were conducted 12-14 days post-plating on plates when all
wells demonstrated regular synchronous beating.

2.4. Calcium flux assay

The intracellular Ca2*-flux in cardiomyocytes was assessed at 30 min and 24 hrs using the
EarlyTox® Cardiotoxicity kit (Molecular Devices, Sunnyvale, CA, USA) as described in
detail elsewhere (Grimm et al. 2015; Sirenko et al. 2013a). For both time points, chemicals
were tested using a single exposure in duplicate at concentrations ranging from 0.3 to 100
UM with semi-log dilutions. Fluorescent measurements of intracellular Ca2*-flux were
accomplished using the FLIPR® tetra high-throughput cellular screening system combined
with a TetraCycler® Microplate Handler (Molecular Devices). Final DMSO concentrations
were 0.15% (v/v) with the exception of 100 uM concentration data point where DMSO
concentration was 0.5%. Prior to treatment with test chemicals, basal kinetics of intracellular
Ca2*-flux was determined in each well. Peak frequency (beats per minute), peak width (at
10% amplitude), peak spacing, peak amplitude, peak rise time (from 10% to 90%
amplitude), and peak decay time (from 90% to 10% amplitude) were derived using the
ScreenWorks® Peak Pro® software (Molecular Devices). Based on previous data showing
that peak amplitude data are highly variable (Sirenko et al., 2013b), this parameter was not
evaluated.

2.5. Cell viability imaging
To evaluate cytotoxicity, Calcein AM (final concentration 0.5 uM) measurements were
performed at 30 min and 24 hrs. All conditions were as detailed elsewhere (Grimm et al.
2015; Sirenko et al. 2013a). In a separate experiment to assess effects on mitochondrial
integrity, cells were treated with chemicals for 30 min and co-stained with Hoechst 33342 (2
ug/ml) and the mitochondria-specific dye JC-10 (AAT Bioquest, Sunnyvale, CA, USA)
according to the manufacturer’s instructions. All images were acquired using the
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ImageXpress® Micro XL instrument (Molecular Devices) and were processed and
quantified using the Multi-Wavelength Cell Scoring and Granularity application modules in
MetaXpress® software (Molecular Devices). Read-outs included nuclei count and intensity
for Hoechst 33342, percent live cells and total area of live cells for Calcein AM, and the
number of mitochondrial granules per cell and average mitochondrial granule area and
intensity for JC-10.

2.6. Concentration-response assessment

For quantitative toxicity profiling, we normalized phenotype and plate-specific readouts to
their respective vehicle controls. Normalized concentration-response data were fit to a four-
parameter maximum-likelihood logistic model in R studio software (version 3.1.1) as
described previously (Grimm et al. 2015; Sirenko et al. 2013b). We used a one standard
deviation departure from the control mean as the benchmark concentration for deriving the
POD. This value represents a minimum active concentration and is consistent with the US
EPA guidance for dose-response modeling and determination of POD values using
continuous data types (U.S. EPA 2012). If the maximum response did not reach this level in
the concentration range tested, the “no observable adverse effect level” was recorded as the
highest concentration tested (100 uM at 30 min or 30 UM at 24 hrs, i.e., the 100 uM data at
24 hrs were excluded due to excessive variability). Identical curve fitting and POD
derivation procedures were applied to all chemicals and phenotypes collected. All curve fits
were visually examined and in cases of a non-monotonic dose-response, concentrations at
which a change in monotonic slope was observed (outliers) were excluded and curve fitting
was repeated. An overview of representative concentration-response curves, data integration,
and processing can be found in Supplementary Figure 1.

2.7. Data integration

For global ranking and qualitative comparison of cardiotoxic potentials of the chemicals
screened in this study, POD values were integrated and visualized using the Toxicological
Priority Index Graphical User Interface (ToxPi GUI) (Reif et a/. 2013). POD values for all
18 cardiophysiological and cellular/mitochondrial toxicity phenotypes were each normalized
and scaled from 0 to 1 using logPOD which more appropriately represents changes across
several orders of magnitude. The values of 0 reflect the highest observed POD or the highest
tested concentration for nontoxic chemicals (100 uM at 30 min, 30 uM at 24 hrs) and the
value of 1 reflects the lowest observed POD value, i.e. the most potent chemical with lowest
POD, for each individual phenotype. The scaled POD values were then transferred into a
ToxPi compatible data matrix and used to visualize chemical-specific bioactivity profiles. In
the resulting pie charts, each slice is associated with a specific phenotype and the area
covered by the slice is proportional to the relative toxicity of the chemical within this data
set. In this approach, it is not possible to account for directionality; e.g., for the cell viability
slice, chemicals that have a POD based on a decrease or an increase in Calcein AM signal
are both included. ToxPi also derives a final ToxPi score, based on the sum of all eighteen
slice areas, which we utilized as a measure for the relative toxicity of a given chemical and
as a basis for global ranking of chemicals according to their cardiotoxic potential.
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2.8. Assay quality control

The integrity and replicability of all screening assays were assessed using a variety of
positive and negative quality controls. As a general measure for assay performance, we
determined the coefficients of variation (%CV), herein defined as the ratio of one standard
deviation and the means of the vehicle controls (n=164 for cardiophysiology phenotypes
after 30 min; n=116 for cardiophysiology phenotypes after 24 hrs, including cell viability
measurements; and n=144 for cellular and mitochondrial phenotypes). Inter-plate
replicability was assessed using four chemicals: deltamethrin, triphenyl phosphate, methyl
mercuric (1) chloride, and saccharin. Concentration-response determinations for all four
chemicals and all phenotypes were repeated on both assay plates and used for quantitative
comparison of their relative toxicities using derived POD values. Intra-plate replicability of
duplicate determinations of all data points in this study was evaluated using Pearson and
Spearman correlation analysis (Supplementary Table 3).

2.9. In vitro-to-in vivo extrapolation

3. Results

For chemicals for which exposure and pharmacokinetic data are available, POD values were
compared with estimated human /777 vivo blood concentrations. For pharmaceuticals, Cyax
values were extracted for this comparison from the PharmaPendium database. For the
remaining compounds, steady state blood concentrations were estimated by combining
exposure estimates from the U.S. EPA CompTox Chemistry Dashboard (https://
comptox.epa.gov/dashboard) and toxicokinetic model predictions (Pearce et al. 2017;
Wetmore et al. 2012; Wetmore et al. 2013). In all, human /n vivo blood concentration
estimates were available for about one half of the tested compounds (Supplementary Table
4). Conservative estimates for the margin of exposure were then derived by dividing the
lowest POD value by the highest estimated human /n vivo blood concentration.

To evaluate the structural diversity of the 69 chemicals contained in the screening library, we
conducted principal component analysis (PCA) based on 153 selected in silico-derived
physico-chemical descriptors (Figure 2). Two-dimensional PCA (PC1 vs. PC2) revealed
broad chemical diversity among the selected chemicals without clearly segregated clusters
based on chemical classes. An exception to this observation was the relatively clear
separation between the flame retardants and pesticides in this library. A comparison of the
chemicals contained in the screening library with a broader chemical list encompassing
32,464 unique environmental chemicals and drugs that are part of the Collaborative Estrogen
Receptor Activity Prediction Project (CERAPP) (Mansouri et al., 2016) showed the broad
chemical diversity covered by the chemicals selected for screening in this study
(Supplementary Figure 2).

Effects of test chemicals on cardiomyocyte beating were evaluated at 30 min and 24 hrs
using five quantitative descriptors of intracellular Ca2*-flux: peak frequency, width (at 10%
peak amplitude), spacing between peaks, and peak rise and decay times. Examples of kinetic
Ca?* flux traces reflecting a wide range of effects of chemicals from diverse chemical
classes on cardiomyocyte beating, including positive and negative inotropic effects and
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prolonged repolarization, which is indicative of QT-interval prolongation in
electrocardiographic measurements, are shown in Figure 3. Qualitative reference controls for
various cardiophysiologic phenotypes included previously characterized cisapride and
sotalol (potassium channel blockers, QT-interval elongation), as well as isoproterenol and
verapamil (positive and negative inotropes). Negative- and positive control-induced
phenotypes in all assays were in agreement with previous publications (Grimm et al. 2015;
Sirenko et al. 2013a; Sirenko et al. 2013b).

Figure 3 also shows representative CaZ*-flux traces for several compounds from each
chemical class tested. Untreated and vehicle-only treated iPSC-derived cardiomyocytes
exhibit a regular beating pattern that can be reproduced upon treatment with non-
cardioactive control chemicals, e.g., biotin. Various drugs, including 1-methyl-4-
phenylpyridinium and berberine chloride, have been shown to induce clinical QT-interval
prolongation, which was reflected by a decrease in the peak frequency concomitant with an
increase in the average peak width at 10% height of the peak amplitude. This pattern is
characteristic for potassium channel inhibitors such as cisapride and sotalol, and is indicative
of a chemical’s ability to induce cardiac arrhythmias (Hancox et al. 2008; Jeyaraj et al.
2012; Knollmann 2013). A variety of environmental chemicals were capable of inducing
positive inotropic effects, i.e., increases in peak frequency, ranging from mild (the PAHs
benzo(e)pyrene and benzo(k)fluoranthene) and moderate (parathion, 2-ethylhexyl diphenyl
phosphate) to very significant (2,2",4,4",5-tetrabromodiphenyl ether). Negative inotropic
effects, i.e., decreases in peak frequency, were also observable for certain chemicals
(rotenone). Positive and negative chronotropic effects are primarily associated with -
adrenergic receptor agonists and antagonists, and as such related to the physiological
phenomena tachycardia and bradycardia (Hoekstra et a/. 2012; Knollmann 2013; Li et al.
2013).

To quantify assay variability for different output parameters we used inter- and intra-plate
replicate chemicals (Figure 4). As a general measure of assay quality, we determined the
%CYV for each of the eighteen phenotypes measured. Overall, %CV values for the
cardiophysiology phenotypes and the cellular toxicity endpoints were below 10%, while the
three mitochondrial phenotypes exhibiting higher levels of variability (from 13.4 to 23%,
Figure 4A). Pearson (/) and Spearman (p) correlation analysis on duplicate determinations
for both cardiophysiology and cellular and mitochondrial toxicity was performed to assess
intra-plate replicability (Supplementary Table 3). For Ca2* flux parameters, rvalues
generally ranged between 0.75 and 0.83, with only peak spacing exhibiting a lower, yet
highly significant, correlation (0.54). Spearman correlation values ranged between 0.72 and
0.83. For cellular and mitochondrial toxicity phenotypes, rvalues ranged between 0.82 and
0.99 and p values between 0.49 and 0.78. For all phenotypes, the correlations were
significant (p<0.0001).

Inter-plate replicability was evaluated using quantitative comparison of four chemicals
(deltamethrin, triphenyl phosphate, methyl mercuric (I1) chloride, and saccharin) that were
included in concentration-response on two separate plates. A comparison of the POD values
for each chemical and all phenotypes is depicted in Figure 4B. Correlation analysis for inter-
plate POD values revealed rvalues of 0.93 (for 11 phenotypes, including the 10 for
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cardiophysiology and the one for cell viability after 24 hrs of exposure) and 0.91 (for the 7
cellular/mitochondrial toxicity phenotypes collected after 30 minutes of chemical exposure)
and corresponding p values of 0.84 and 0.91. In all cases, the correlations were significant
(p<0.0001).

A heatmap visualization of normalized peak frequency concentration-response data (Figure
5), a representative cardiophysiology phenotype, revealed that many of the 69 test chemicals
had concentration-dependent effects on peak frequency while treatment of cardiomyocytes
with the DMSO solvent control only or the negative controls biotin, sorbitol, and adipic acid
did not alter this endpoint. For example, at 30 min, the pesticides
dichlorodiphenyltrichloroethane (DDT), deltamethrin, dieldrin, and permethrin exhibited
strong positive chronotropic effects at concentrations as low as 3 uM. Also at 30 min, other
pesticides, including heptachlor, carbaryl, and carbamic acid, butyl-,3-iodo-2-propynl ester
were capable of affecting peak frequency at 10 uM while captan, lindane, and parathion did
so at 30 uM. Among the flame retardants tested at 30 min, nine of 10 induced positive
chronotropic effects at concentrations between 3 and 30 uM; the exception was tris(2-
chloroethyl) phosphate which was negative over the concentration range tested. The two
most potent flame retardants, active at 3 uM, were 2-ethylhexyl diphenyl phosphate and
tricresyl phosphate; the least potent, active at 30 uM, was 3,3,5,5’-tetrabromobisphenol A.
Of the 14 PAHs tested, 11 had a positive but generally weak effect on beat frequency at 10
and/or 30 pM; these included 4-H-cyclopenta(d,e,f)phenanthrene, acenaphthylene,
benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(e)pyrene,
benzo(k)fluoranthene, fluorene, naphthalene, phenanthrene, and pyrene. Other chemicals,
like 1-ethyl-3-methylimidazolium diethylphosphate, ‘acetic acid, manganese (2+) salt’,
bisphenol A, di(2-ethylhexyl) phthalate, ‘manganese, tricarbonyl[(1,2,3,4,5-.eta.)-1-
methyl-2,4-cyclopentadien-1-yl]-*, methyl mercuric (11) chloride, n-hexane, saccharin
sodium salt hydrate, and toluene, as well as the drugs 6-hydroxydopamine hydrochloride, 6-
propyl-2-thiouracil, acetylsalicylic acid, berberine chloride, 1-methyl-4-phenypyridinium,
diazepam, diethylstilbestrol, L-ascorbic acid, tetraethylthiuram disulfide, and valinomycin
also altered peak frequency, albeit in many cases weakly. For each chemical, the normalized
concentration response data and the corresponding numerical POD values for all endpoints
are provided in Supplementary Tables 5 and 6, respectively.

At 30 min of exposure, several the tested chemicals (top cluster in Figure 5) exhibited non-
monotonic concentration responses with initial increases in cardiomyocyte peak frequency
followed by inhibition at a higher concentration; an effect that persisted for a subset of these
chemicals for 24 hrs. Examples include the pesticides deltamethrin and the flame retardants
isodecyl diphenyl phosphate and ‘phenol, isopropylated, phosphate (3:1)’. Importantly, at 30
min and at concentrations up to 30 uM, none of the tested chemicals had an effect on cell
viability, whereas at 24 hrs, cytotoxicity was induced by 25 chemicals over the same
concentration range. However, even at this time point, 32 chemicals (see Supplementary
Table 6 for POD values <30 uM) exhibited an effect on peak frequency without decreasing
cell viability.

It is important to note that seven chemicals, including the PAHs anthracene,
benz(a)anthracene, benzo(e)pyrene, benzo(k)fluoranthene, and benzo(b)fluoranthene; the
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solvent n-hexane; and the drug 3,3 -iminodipropionitrile exhibited a positive response in the
Calcein AM readout (Figure 5), primarily at 24 hrs of exposure. While the effect was
insignificant for 3,3’ -iminodipropionitrile (calculated 24 hrs POD = 30 pM/nontoxic;
Supplementary Table 6), it resulted in POD values below 30 pM for the other six chemicals.
Considering the concordance of these findings among PAHSs and across various other
phenotypes (increases in nuclear intensity, no apparent change in nuclei numbers, see
Supplementary Table 6), these effects might be biologically significant, albeit not directly
interpretable as a cytotoxic response. As these findings affect subsequent analyses, we
decided to adjust the POD values calculated for these chemicals for cardiotoxic selectivity
assessment (which is based on cytotoxicity) to non-cytotoxic, i.e., 30 UM, but integrated the
POD values into the assessment of biological similarity using ToxPi.

Cytotoxic effects of the test chemicals were evaluated using the cell viability dye Calcein
AM and the Hoechst nuclear stain, the former at 24 hrs in cardiomyocytes evaluated for
cardiophysiologic effects and both dyes at 30 min in cardiomyocytes evaluated for effects on
mitochondria membrane potential. Other Hoechst nuclear stain read-outs at 30 min included
total nuclei count, nuclear intensity, and total area of live cells. Early effects of chemicals on
mitochondria membrane potential were evaluated using the mitochondria-specific marker
JC-10; the mitochondria-specific descriptors were granules/cell, total granule area, and
granular intensity. Mitochondrial depolarization is an early signal for hypoxic damage or
oxidative stress (Dolman et al. 2013). Antimycin A, valinomycin, and CCCP, known
disruptors of mitochondrial oxidative phosphorylation, were included as positive controls for
this experiment. Representative images of control cells and cells treated with these
chemicals, as well as those treated with methyl mercuric (I1) chloride and deltamethrin are
shown in Supplementary Figure 3.

Twenty-three chemicals disrupted mitochondria potential with POD values below 30 uM, as
reflected by decreased numbers of granules per cell, average granule area, and/or granule
intensity as compared to vehicle-treated controls (Supplementary Table 6), with decreases in
granule intensity being the most common effect. These chemicals included the drugs
berberine chloride, 3,3’ -iminodipropionitrile, and valinomycin; the pesticides ‘carbamic
acid, butyl-, 3-iodo-2-propynyl ester’, carbaryl, chlorpyrifos,
dichlorodiphenyltrichloroethane (DDT), dieldrin, hexachlorphene, lindane, parathion, and
tebuconazole; the flame retardants 2-ethylhexyl diphenyl phosphate, isodecyl diphenyl
phosphate, ‘phenol, isopropylated, phosphate (3:1)’, tert-butylphenyl diphenyl phosphate,
tricresyl phosphate, and triphenyl phosphate; the PAH fluorine; and the other chemicals
methyl mercuric (I1) chloride, 1-ethyl-3-methylimidazolium diethylphosphate, bisphenol A,
and n-hexane. Interestingly, while the classical mitochondrial respiration uncoupler
valinomycin exhibited a strong effect on mitochondria at 30 min after treatment, rotenone in
this assay had no effect at this time point; however, both compounds were highly cytotoxic
at 24 hrs. Rotenone did have pronounced effects, 7.e. POD values of <30uM, in most other
endpoints queried, including cytotoxicity, hence the lack of an observation for JC-10 at 30
min is an outlier in otherwise expected effects. Whether this lack of an effect is due to the
sample time, cell type, or for other reasons requires further investigation.
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A challenge and opportunity inherent to multidimensional screening data is related to the
identification of chemicals that exert specific cardiotoxic effects as opposed to agents that
exhibit tissue-nonspecific cytotoxicity. To determine if observed effects on intracellular Ca2*
flux were indeed specific indicators for physiological cardiomyocyte perturbation or were
due to non-specific cytotoxicity or cell death (Judson et a/. 2016; Thomas et al. 2013), we
quantified the degree of specificity to parameter changes using a calculated selectivity score
(Ryan et al. 2016). Cardiotoxic selectivity was calculated using the ratio between a POD for
a cardiophysiologic phenotype and the associated decrease in cell viability, i.e.,

PODcell viability/PODca2+ flux, across all five cardiophysiologic phenotypes and both time
points. Chemicals were defined as “selective” if there was at least a three-fold difference
(=3) between a cardiophysiologic and a cytotoxic response, similar to a cutoff used by
Judson et al. (2016). These values are provided in Supplementary Table 7 while the PODs
for each endpoint are graphically presented in Figure 6, which ranks chemicals considered
selective for cardiotoxicity by their selectivity score at 30 min and 24 hrs. At 30 min of
exposure, 52 chemicals exhibited cardiotoxic selectivity for at least one of the five
cardiophysiologic phenotypes, with the number of hits per phenotype being 43 for peak
frequency and peak spacing, 42 for peak decay time, 41 for peak width, and 37 for peak rise
time. Indeed, 31 of the 52 selective chemicals were selective across all five
cardiophysiologic phenotypes, while 8, 1, 4, and 8 chemicals were selective for 4, 3, 2, and 1
cardiophysiologic phenotypes, respectively. Generally, for the chemicals that were selective
for one cardiophysiologic phenotype only, the selectivity ratios were generally close to 3
with the exception being benzo(b)fluoranthracene with a selectivity ratio of ~2000 for an
effect on peak rise time only. At 24 hrs of exposure, the overall number of compounds that
exhibited selectivity for at least one of the cardiophysiologic phenotypes decreased to 45
with only 7 chemicals exhibiting a selective response across the 5 cardiophysiologic
phenotypes. At this time point, the number of hits per phenotype were 20 for peak
frequency, 21 for peak spacing, 27 for peak decay time, 17 for peak width, and 29 for peak
rise time. The overall decreased concordance of cardiotoxic selectivity between the various
phenotypes, resulting in only 7 chemicals being unanimous hits, is reflective of generally
decreased selectivity ratios resulting from the presence of increased cytotoxicity and
highlights the importance of including multiple cardiophysiologic phenotypes for the routine
identification of selective cardiotoxic chemicals. These general trends are also observable for
individual phenotypes, which were in many cases closely correlated (Supplementary Figure
4).

As a representative example, we show selectivity for chemical effects on cardiomyocyte beat
frequency. Overall, 44 of the 69 unique chemicals had POD¢go+ fiux Values lower than 30
UM for peak frequency at 30 min of exposure (Supplementary Table 6). Of these, 43
exhibited selectivity for the effects on cardiomyocyte function versus cytotoxicity
(Supplementary Table 6), i.e., the effects observed after short-term exposure were mostly
due to the effects on calcium flux and not cytotoxicity. At 24 hrs of exposure, a greater
number of chemicals (n=55) had PODcg+ fiux Value lower than 30 uM, yet only 20
compounds remained selective with respect to the effects on Ca2* flux as most were also
cytotoxic. The 13 chemicals which were selective at both short-term (30 min) and longer-
term exposures (24 hrs) were the drugs 1-methyl-4-phenylpyridinium iodide and berberine
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chloride; the pesticides deltamethrin, permethrin, and rotenone; the flame retardants 2,2,
4,4’ -tetrabromodiphenyl ether, 2,2” 4,4 ,5-pentabromodiphenyl ether, and ‘phenol,
isopropylated, phosphate (3:1)’; the PAHs acenaphthylene, fluorene, and pyrene; and two
chemicals classified as other (di(2-ethylhexyl) phthalate and acetic acid, manganese (2+)
salt. Thirty chemicals were selective at 30 min only, the most selective being valinomycin
with a selectivity score of 8516.44, while 7 chemicals were selective at 24 hrs only, the most
selective being benz(a)anthracene with a selectivity score of 86.01 (Supplementary Table 7).
This temporal difference in the kinetics of chemical-induced cardiophysiologic effects at 30
min and 24 hrs supports the importance of the two time points when assessing the effect of
chemicals on cardiophysiology /n vitro.

To compare cardiotoxic potential of all chemicals tested in this study, we integrated and
visualized POD data in ToxPi (Figure 7 and Supplementary Figure 5). POD values across
multiple phenotypes served as quantitative measures of the relative bioactivity of chemicals
within the current data set. ToxPi provides two types of outputs for each chemical included
in the comparison. One is a relative bioactivity profile summarized in a pie chart where each
slice is reflective of an individual phenotype while the slice area is proportional to the
relative potency of the chemical as compared to the other chemicals in the data set. The
second output is a ToxPi score representing the cumulative value for all slice areas of a given
chemical. The ToxPi score is thus proportional to the relative bioactivity of a chemical
within this dataset, a higher ToxPi score equals increased bioactivity; it was used for ranking
the chemicals. A numerical list of all calculated ToxPi scores in this study can be found in
Supplementary Table 8.

In a ToxPi analysis that included the 69 test chemicals along with assay-specific control
chemicals, the positive and negative controls ranked at the top and bottom, respectively, as
expected (Supplementary Figure 5A and Supplementary Table 8). The overall ranking of test
chemicals according to their ToxPi score revealed some clustering of chemicals within the
different chemical classes even though the ToxPi scores for the chemicals in each of the
various chemical classes covered a broad range (drugs, 0.03 — 13.01, with valinomycin the
most active; pesticides, 0.5 — 8.4 with rotenone being the most active; flame retardants, 0.7 —
5.2 with 2-ethylhexyl diphenyl phosphate being the most active; PAHSs, 0.8 — 3.9 with
benzo(a)pyrene being the most active; other chemicals, 0.3 — 6.9 with methyl mercuric (1)
chloride being the most active (Figure 7) and their group mean ToxPi scores were not
significantly different (Supplementary Figure 5B).

In contrast to the global ranking according to the cumulative ToxPi score, qualitative
assessment of the individual toxicity profiles, i.e., ToxPi slices, revealed chemical class-
specific characteristics (Figure 7). The pesticides parathion, tebuconazole, lindane, and
chlorpyrifos formed a cluster of qualitatively similar bioactivity profiles, i.e. more profound,
but moderate cardiophysiologic and mitochondrial effects after 30 min of exposure, as
compared to the almost complete absence of cardiophysiologic effects and cytotoxicity after
24 hrs. Deltamethrin, permethrin, and rotenone are a second cluster of pesticides that may
have effects on cardiophysiology with little to no cellular or mitochondrial toxicity. There
also were some differences in the effects of the brominated and phosphate-containing flame
retardant chemicals with the former exhibiting stronger potency in the functional assays of
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cardiomyocytes; however, the small number of brominated agents tested precludes detailed
comparative analysis. PAHSs, including benzo(a)pyrene, benz(a)anthracene,
benzo(k)fluoranthene, phenanthrene, and benzo(e)pyrene showed little to no
cardiophysiologic effects after 30 min of exposure, but were associated with moderate
cardiophysiologic effects after 24 hrs. This effect was not due to a decrease in cell viability,
but several chemicals had a profound impact on the nuclear condensation concomitant to
known pro-apoptosis effects (Puga et a/. 2009).

In addition, we have POD values from all bioactivity phenotypes to reported human Cypax
values (for several drugs included in this screening) or /n vivo blood concentration estimates
derived from predictions of human exposure to environmental chemicals (Figure 8).
Integration of dosimetry and exposure with high-throughput screening has been shown to aid
in translating /n vitro bioactivity concentrations to real-life exposures (Wetmaore et al. 2015).
Indeed, we observed that activity-to-exposure ratios for the environmental chemicals
screened in this study ranged from one to five orders of magnitude, thus providing important
information for a risk-based ranking strategy.

4. Discussion

Development and implementation of novel /n vitro approaches for rapid hazard
identification and dose-response analysis of environmental chemicals is an active area of
toxicology (Judson et al. 2009; Judson et al. 2010; Tice et al. 2013). Human induced
pluripotent stem cell-derived cell types, including iPSC-derived cardiomyocytes, have
become an increasingly attractive as /7 vitro systems for both hazard evaluation and
mechanistic toxicity studies due to their physiological relevance and unlimited supply as
compared to primary cells or transformed cell lines (Acimovic et al. 2014; Anson et al.
2011; Mordwinkin et al. 2013; Sinnecker et al. 2014; Suter-Dick et al. 2015).

In this study, using two time points, a comprehensive in vitro cardiotoxicity evaluation was
performed on a diverse library of 69 chemicals that included four major chemical classes
with agents of known or suggested cardiotoxic potential: pesticides (Monge et al. 2005),
flame retardants (Hassenklover et al. 2006; Lema et al. 2007), PAHs (Billiard et al. 2006;
Burstyn et al. 2005), and drugs (Li et al. 2001). In addition to their cardiotoxic potential,
these chemicals were selected to represent a diverse physico-chemical variety of
environmentally available chemicals. Altogether, our cardiotoxicity evaluations of
representative examples of these chemical classes indicate distinct, largely chemical class-
specific effects on cardiophysiology, cytotoxicity, and mitochondrial depolarization. Our
results are concordant with reports describing the potential for several of the drugs with the
highest ToxPI scores [e.g., berberine chloride (Yan et al. 2015), valinomycin (Vogel and
Sperelakis 1978), tetraethylthiuram disulfide (Fossa and Carlson, 1983), diethylstilbestrol
(Martinez et al., 2001)] as well as environmental chemicals such as pesticides, flame
retardants, PAHs, and others to possess cardiotoxic hazard (Billiard et a/. 2006; Burstyn et
al. 2005; Hassenklover et al. 2006; Lema et al. 2007; Monge et al. 2005).

While the cardiotoxic effects of many drugs are well-established, e.g. hERG channel
inhibition resulting in prolonged repolarization/QT prolongation (Kamiya et a/. 2006;
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Sanguinetti and Tristani-Firouzi 2006) or B-adrenergic receptor stimulation resulting in
positive inotropic effects (Chen-lzu et al. 2000), mechanisms are unknown or not clearly
defined for most environmental chemicals but might include effects on ion channels
(Narahashi 1996), the GABAA receptor chloride channel complex (Ogata et a/. 1988), and
voltage dependent Ca2* currents (Hassenklover et al. 2006).

While a thorough mechanistic evaluation of the chemicals included in the screening library
was not within the scope of the current study, the fact that chemical classes appeared to elicit
overall qualitatively similar phenotypic toxicity profiles gives reason to speculate about
common cardiotoxic pathways that are specifically targeted by distinct groups of
environmental chemicals. For example, it would be reasonable to hypothesize that
interference with ion channels may at least partially contribute to the positive and negative
chronotropic effects (increase or decrease of the peak frequency) observed in the Ca?* flux
measurements. Drug-associated /n7 vivo phenotypes, i.e. QT-elongation (cisapride), as well
as positive (isoproterenol) and negative (propranolol) inotropic effects, can be reliably
reproduced and quantified /7 vitro using the Ca2* flux assay increases confidence in the
biological relevance of the findings presented herein.

The inclusion of an imaging-based mitochondrial depolarization assay in this study
represents an initial mechanistic attempt to evaluate the potential of chemicals to disrupt
mitochondrial function. A variety of environmental chemicals, including the pesticides
rotenone and chlorpyrifos, and the flame retardant tri-ortho-chresyl phosphate were
previously identified as inhibitors of the mitochondrial electron transport chain, a pathway
that can result in increased formation of reactive oxygen species and ultimately the induction
of apoptosis (Jang et al. 2015; Zou et al. 2013). However, considering that cardiac
mitochondrial effects of the majority of the chemicals included in the screening library have
not been evaluated, it was important to characterize the effects of several other chemicals on
mitochondria potential. Comparison of Ca2* flux and mitochondria potential data (at 30 min
of exposure) suggest that there might be a correlation between mitochondrial dysfunction
and effects on the Ca?* flux pattern. This is the case for a variety of chemicals, primarily
flame retardants (e.g., 2-ethylhexyl diphenyl phosphate, ‘phenol, isopropylated phosphate
(3:1)’, triphenyl phosphate) and certain pesticides (e.g., chlorpyrifos, lindane, parathion,
tebuconazole), which selectively decreased mitochondria potential and showed effects on the
cardiomyocyte beat pattern. While the direct link between mitochondria toxicity and the
Ca?* flux pattern is still to be established, there are reports indicating that mitochondria-
related increases in cellular ROS may affect cardiomyocyte ion homeostasis, thereby
contributing to the development of cardiac arrhythmias (Bovo et al. 2012; Liu et al. 2010).

A limitation of this assay, in common with most /in vitro assays currently in use with the
exception of those used for genotoxicity, is the lack of xenobiotic metabolism. Thus, the
effects detected are due to the chemical tested and may not be relevant to /n vivo situations.
However, the developing ability to link organ-specific systems together make it likely that
this limitation will be overcome in the very near future. One additional limitation is that
iPSC-derived cardiomyocytes resemble fetal rather than adult cardiomyocytes
(Gherghiceanu et al. 2011; Karakikes et al. 2015). Still, long-term culture of these cells (>2
months) leads to morphological maturation, i.e. a more rod-like shape as opposed to
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spherical appearance, but the cardiomyocyte-associated beating still remains underdeveloped
(Kamakura et al. 2013; Lundy et al. 2013). Also, differential cell culture conditions, as well
as tissue engineering efforts have improved cellular metabolism to rely on beta oxidation as
opposed to glycolysis, thereby mimicking the metabolism in adult ventricular
cardiomyocytes (Drawnel et al. 2014; Wang et al. 2014). However, despite these apparent
limitations, currently available iPSC-derived cardiomyocytes have clearly proven their utility
and superiority over more conventional /in vitro approaches in predicting chemical-induced
cardiac functional and toxicity phenotypes and are widely accepted as a useful cardiotoxicity
screening tool (Blinova et al. 2017; Guo et al. 2011; Karakikes et al. 2015; Mordwinkin et
al. 2013).

In conclusion, our study is a comprehensive evaluation of a diverse set of environmental
toxicants in a novel human organotypic cell culture model that not only has significant
utility for cardiotoxicity screening, but is also widely used in drug safety evaluation (Anson
et al 2011; Lin and Will 2012). Cardiotoxicity testing is an unmet need in the current
screening programs of environmental chemicals, but this study demonstrates that this iPSC-
based cardiomyocyte platform is a robust, reproducible, and informative medium-throughput
assay that can be incorporated into the Tox21 program (Tice et al. 2013). We show that the
multiplexing of several orthogonal readouts — cardiomyocyte function, cell viability, nuclear
morphology, and mitochondrial toxicity — at two exposure durations (30 min and 24 hrs)
enables determination of the selectivity of the effects with respect to cardiomyocyte
function, a path to address the challenge of interpretation of cell-based assays where the
effects on a particular functional phenotype need to be dissociated from overall cell stress
(Judson et al. 2016). Finally, the concentration-response profiling and derivation of
quantitative POD estimates allows for ranking of compounds, and ultimate use of these data
in risk-based evaluations by comparing the /in vitro effects of chemicals and human exposure
levels (Wambaugh et al. 2015).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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%CV percent of the coefficient of variation
DDT dichlorodiphenyltrichloroethane
DM SO dimethyl sulfoxide
iPSC induced pluripotent stem cell
POD point-of-departure
PAH polycyclic aromatic hydrocarbon
PCA principal components analysis
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Figurel.

Integrative /n vitro assessment of cardiotoxicity. Induced pluripotent stem cell (iPSC)-
derived cardiomyocytes were exposed to 86 environmental chemicals and drugs in
concentration-response. Chemical effects on cardiomyocyte contractility were determined
by intracellular calcium flux measurements after 30 min and 24 hrs of exposure. Using high-
content fluorescence imaging, cellular toxicity was assessed after 30 min and 24 hrs while
mitochondrial toxicity was assessed after 30 min. Phenotypic descriptors were used for
guantitative concentration-response assessment and subsequent bioactivity profiling in

ToxPi.
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PC1 (28%)

Estimating the chemical diversity using physico-chemical descriptors. Principal components
analysis of 153 physico-chemical descriptors calculated using Chembench web tool (https://
chembench.mml.unc.edu/) reveals the chemical diversity of groups of chemicals used in this
study. Mapping of the numbers in each panel to chemicals is provided in the inset above

each graph.
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Representative calcium-flux signal traces for different chemical classes. Shown are typical
phenotypic responses including unaffected regular Ca2+-flux (DMSO, biotin) patterns,
positive (the pesticide parathion, the flame retardants 2,2”,4,4’ -tetrabromodipheny! ether and
2-ethylhexyl diphenyl phosphate) and negative (the pesticide rotenone) inotropic effects, as
well as prolongation of repolarization (the drugs 1-methyl-4-phenylpyridinium iodide and
berberine chloride). The two polycyclic aromatic hydrocarbons (PAHS) benzo(e)pyrene and
benzo(k)fluoranthene induce mild increases in peak frequency. Biotin, benzo(e)pyrene,
benzo(k)fluoranthene traces presented for 30 M concentrations, other chemicals for 10 pM

concentrations after 30 minutes of exposure. [RFU=relative units of the fluorescence].
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Figure 4.

Quality control of /n vitro cardiotoxicity, cell viability, and mitochondrial toxicity assays.
(A) Vehicle control (DMSO) variability (n=164 for Cardiophysiology at 30 min; n=116 for
Cardiophysiology at 24 hrs; n=144 for Mitochondrial Toxicity). Mean (black square) £ SD
(range bars) is shown for each phenotype overlaid on top of gray circles representing
individual well responses. Coefficients of variation (%CV) are also shown for each
phenotype. (B) Comparison of POD (Point-of-Departure) values from two different assay
plates for deltamethrin, triphenyl phosphate, methyl mercuric (1) chloride, and saccharin.
Plots indicate replicate PODs for 11 cardiophysiologic (n=44, including cell viability
measurements after 24 hours) and 7 cellular and mitochondrial toxicities (n=25, all after 30
min of chemical exposure) phenotypes. Legend for plate and chemical identifiers is shown
above the charts. (C) Correlation between inter-plate replicates for the above defined 11
cardiophysiologic (n=44, left) and 7 cellular and mitochondrial (n=25, right) was assessed
using Pearson (r) and Spearman (p) analysis.
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Figureb.
Cluster analysis of quantitative concentration-response data for cardiomyocyte peak

frequency and cell viability (0.3 — 30 uM data are shown). Responses at each time point and
concentration are shown as a heat map (legend in the bottom of the figure). Chemical classes
are also indicated by the colors next to the dendrogram. Full chemical names are indicated in
Table 1 and Supplementary Table 1.
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A. Ranking of the 52 selective chemicals (i.e., chemicals with a PODcej) vianility/
PODcardiophysiology Phenotype ratio >3) at 30 min by the greatest selectivity score (most
selective compound on the top). Numbers in parenthesis is the selectivity ratio. Key: red
circle = peak frequency; green circle = peak spacing; blue circle = peak width; cyan circle =
peak rise time, magenta circle = peak decay time; black triangle = cell viability based on a
decrease in Calcein AM signal. POD = point-of-departure concentrations.

B. Ranking of the 45 selective chemicals (i.e., chemicals with a PODceyj viability/
PODcardiophysiology Phenotype ratio >3) at 24 hrs by the greatest selectivity score (most
selective compound on the top). Numbers in parenthesis is the selectivity ratio. Key: red
circle = peak frequency; green circle = peak spacing; blue circle = peak width; cyan circle =
peak rise time, magenta circle = peak decay time; black triangle = cell viability based on a
decrease in Calcein AM signal. POD = point-of-departure concentrations.
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Figure7.
Comprehensive ToxPi analysis of multiparametric cardiotoxicity assessment. POD (Point-

of-Departure) values for 69 unique chemicals that were assessed for both cardiophysiology
(10 phenotypes) and cellular/mitochondrial toxicity (8 phenotypes) were integrated in ToxPi
software for quantitative bioactivity profiling. Plots indicate relative chemical rankings per
chemical class. ToxPi profiles for selected representative chemicals are indicated.
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and mitochondrial toxicity assays (red dots are individual values, red vertical bar is the
median) and human blood concentration estimates (box and whisker) for the chemicals
analyzed. Blood concentration ranges for the chemicals shown were derived as detailed in
Methods. Thick black line is the predicted blood concentration at median exposure assuming
median toxicokinetics. Upper bound of the box is predicted blood concentration at the 95th
percentile for exposure assuming median toxicokinetics. Whisker is predicted blood
concentration at the 95th percentile for exposure assuming 95th percentile of toxicokinetics.
White box and whisker graphs are for chemicals with the blood concentrations at steady
state values as reported in Wetmore et al. (2015). Green box and whisker graphs are for
chemicals with the blood concentrations at steady state values calculated using a 3
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compartment model implemented by Pearce ef al. (2017). Blue box and whisker graphs are
for drugs with reported Cy,ax ranges from human clinical trials.
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List of chemicals used for phenotypic screening.

Table 1

Chemical Name Category
1-Methyl-4-phenylpyridinium iodide (MPP+) Drug
3,3’-Iminodipropionitrile Drug
5-Fluorouracil Drug
6-Hydroxydopamine hydrochloride Drug
6-Propyl-2-thiouracil Drug
Acetaminophen Drug
Acetylsalicylic acid Drug
Berberine chloride Drug
Colchicine Drug
Diazepam Drug
Diethylstilbestrol Drug
Hydroxyurea Drug
L-Ascorbic acid Drug
Phenobarbital Drug
Tetraethylthiuram disulfide Drug
Thalidomide Drug
Valinomycin Drug
Valproic acid sodium salt Drug
Aldicarb Pesticide
Captan Pesticide
Carbamic acid, butyl-, 3-iodo-2-propynyl ester Pesticide
Carbaryl Pesticide
Chlorpyrifos Pesticide
Deltamethrin Pesticide
Dichlorodiphenyltrichloroethane (DDT) Pesticide
Dieldrin Pesticide
Heptachlor Pesticide
Hexachlorophene Pesticide
Lindane Pesticide
Parathion Pesticide
Permethrin Pesticide
Rotenone Pesticide
Tebuconazole Pesticide

2- Ethylhexyl diphenyl phosphate (EHDP)
2,2’ 4,4" 5-Pentabromodiphenyl ether
2,2"4,4-Tetrabromodipheny! ether
3,3’,5,5’-Tetrabromobisphenol A
Isodecy! diphenyl phosphate

Phenol, isopropylated, phosphate (3:1)
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Chemical Name

Category

tert-Butylphenyl diphenyl phosphate
Tricresyl phosphate

Triphenyl phosphate
Tris(2-chloroethyl) phosphate
4-H-Cyclopenta(d,e,f)phenanthrene
Acenaphthene

Acenaphthylene

Anthracene

Benz(a)anthracene

Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(e)pyrene
Benzo(k)fluoranthene
Dibenz(a,c)anthracene

Fluorene

Naphthalene

Phenanthrene

Pyrene

Acrylamide

Acetic acid, manganese (2+) salt

Manganese, tricarbonyl[(1,2,3,4,5-.eta.)-1-methyl-2,4-cyclopentadien-1-yl]- (MMT)

Methyl mercuric (1) chloride
Bisphenol A

Di(2-ethylhexyl) phthalate
1-Ethyl-3-methylimidazolium diethylphosphate
2-Methyoxyethanol

n-Hexane

Toluene

D-Glucitol

Saccharin sodium salt hydrate
Biotin

Sorbitol

Adipic acid

Antimycin A

Digoxin

Carbonyl cyanide m-chlorophenyl hydrazone (CCCP)

Flame Retardant
Flame Retardant
Flame Retardant
Flame Retardant
PAH

PAH

PAH

PAH

PAH

PAH

PAH

PAH

PAH

PAH

PAH

PAH

PAH

PAH

Other
Other/Metal
Other/Metal
Other/Metal
Other/Plasticizer
Other/Plasticizer
Other/Plasticizer
Other/Solvent
Other/Solvent
Other/Solvent
Other/Sweetener

Other/Sweetener

Negative Control (Cardiophysiology)
Negative Control (Cardiophysiology)
Negative Control (Cardiophysiology)
Positive Control (Mitochondrial Toxicant)
Positive Control (Mitochondrial Toxicant)

Positive Control (Mitochondrial Toxicant)

Abbreviations: PAH = polycyclic aromatic hydrocarbon.
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