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ABSTRACT

Implementing screening assays that identify functional and structural cardiotoxicity earlier in the drug development
pipeline has the potential to improve safety and decrease the cost and time required to bring new drugs to market. In this
study, a metabolic biomarker-based assay was developed that predicts the cardiotoxicity potential of a drug based on
changes in the metabolism and viability of human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM).
Assay development and testing was conducted in 2 phases: (1) biomarker identification and (2) targeted assay development.
In the first phase, metabolomic data from hiPSC-CM spent media following exposure to 66 drugs were used to identify
biomarkers that identified both functional and structural cardiotoxicants. Four metabolites that represent different
metabolic pathways (arachidonic acid, lactic acid, 20-deoxycytidine, and thymidine) were identified as indicators of
cardiotoxicity. In phase 2, a targeted, exposure-based biomarker assay was developed that measured these metabolites and
hiPSC-CM viability across an 8-point concentration curve. Metabolite-specific predictive thresholds for identifying the
cardiotoxicity potential of a drug were established and optimized for balanced accuracy or sensitivity. When predictive
thresholds were optimized for balanced accuracy, the assay predicted the cardiotoxicity potential of 81 drugs with 86%
balanced accuracy, 83% sensitivity, and 90% specificity. Alternatively, optimizing the thresholds for sensitivity yields a
balanced accuracy of 85%, 90% sensitivity, and 79% specificity. This new hiPSC-CM-based assay provides a paradigm that
can identify structural and functional cardiotoxic drugs that could be used in conjunction with other endpoints to provide a
more comprehensive evaluation of a drug’s cardiotoxicity potential.

Key words: cardiotoxicity; drug discovery and development; in vitro; hiPSC-CM; metabolites.

Predicting the potential for cardiotoxicity of drug candidates
can be challenging due to the broad range of mechanisms that
can adversely affect the heart. As a result, cardiotoxicity
remains a major cause of compound attrition throughout the
drug discovery and development process as well as withdrawal

of Food and Drug Administration approved drugs from the mar-
ket (Hornberg et al., 2014; Laverty et al., 2011; Onakpoya et al.,
2016; Valentin and Redfern, 2017; Weaver and Valentin, 2019).
Drug-induced cardiotoxicity can occur after acute or chronic
treatment and is typically categorized as functional (eg, change
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in mechanical function of the myocardium) or structural (eg,
morphological damage or loss of cellular/subcellular compo-
nents) (Cross et al., 2015; Laverty et al., 2011). Structural cardio-
toxicity is a well-known adverse effect of numerous drugs,
including anticancer (anthracyclines, tyrosine kinase inhibitors,
and antimetabolites), antiretroviral (azidothymidine), and anti-
diabetic (rosiglitazone) drugs, among others (Hantson, 2019;
Klimas, 2012; Mellor et al., 2011; Pai and Nahata, 2000; Shah
et al., 2013; Zuppinger et al., 2007), yet it is often underassessed
or not evaluated in early drug discovery (Weaver and Valentin,
2019).

The current in vitro preclinical evaluations for assessing car-
diotoxicity largely focus on the impact of a drug on individual
ion channels in an acute testing paradigm. In addition to these
in vitro methods, animal models are often used to assess cardio-
toxicity but are limited by their throughput, cost, and species-
specific differences in cardiac structure, electrophysiology, sig-
naling, and gene expression (Edwards and Louch, 2017; Force
and Kolaja, 2011; Khan et al., 2013). Due to these limitations, reg-
ulatory agencies are currently reviewing alternative or comple-
mentary methods for evaluating proarrhythmia risk prior to
Investigational New Drug applications (Chi, 2013; Sager et al.,
2014). For example, the Comprehensive in vitro Proarrhythmia
Assay initiative aims to improve current regulatory guidance by
introducing alternative predictive technologies, including hu-
man stem cell-derived cardiomyocytes, into preclinical safety
assessment. Successful advances have been made in preclinical
functional cardiotoxicity screening; however, methods to evalu-
ate cardiomyopathy and other more elusive, but high-risk, lia-
bilities earlier during compound development have yet to be
developed (Yang and Papoian, 2018).

Human induced pluripotent stem cell-derived cardiomyo-
cytes (hiPSC-CM) are a biologically relevant in vitro model for
assessing drug-induced cardiotoxicity that functionally express
most of the human cardiac ion channels and sarcomeric pro-
teins (Huo et al., 2017). The goal of this study was to develop a
novel cardiotoxicity assay that identifies functional and struc-
tural drug-induced cardiotoxicity based on changes in hiPSC-
CM metabolism. Our metabolomics platform profiles changes in
metabolism that can be measured in the spent cell culture me-
dium from hiPSC-CM following compound exposure. This
“metabolic footprint” is a functional measurement of cellular
metabolism referred to as the secretome which is composed of
media components, metabolites passively and actively trans-
ported across the plasma membrane, and those produced
through extracellular metabolism of enzymes. Secretome
changes elicited by test compounds are indicative of alterations
that occur both inside the cell and alteration of the extracellular
matrix (Kell et al., 2005).

Previous in vivo and in vitro metabolomics studies have been
conducted following treatment with many known structural
cardiotoxicants and demonstrated that metabolic perturbations
are an important mechanism underlying drug-induced cardio-
toxicity; however, no metabolomics-based studies have been
published evaluating the effects of functional cardiotoxicants
(Chaudhari et al., 2017; Jensen et al., 2017a,b; Li et al., 2015; Niu
et al., 2016; Schnackenberg et al., 2016; Tan et al., 2011; Wang
et al., 2009; Yin et al., 2016). For example, metabolomic profiling
of rat urine following treatment with doxorubicin was able to
detect the effects of doxorubicin-induced cardiotoxicity earlier
than clinical chemistry (eg, lactate dehydrogenase and creatine
kinase) and histopathological assessment (Wang et al., 2009).
This result was consistent with the results from Li et al., which
found that metabolite biomarkers in rat plasma after exposure

to doxorubicin, 5-fluorouracil, or isoproterenol were able to pre-
dict cardiotoxicity earlier than biochemical analysis and histo-
pathological assessment (Li et al., 2015). Statistically significant
changes in long-chain omega-3 fatty acids and taurine/hypo-
taurine metabolism were identified in mouse hearts following
treatment with sunitinib and sorafenib, respectively (Jensen
et al., 2017a,b). Taken together, these studies demonstrate that
cardiotoxicity is associated with changes in metabolism and
those changes can be detected through metabolomic analysis.

In this study, we developed a biomarker-based assay for
evaluating the cardiotoxicity potential of drug candidates based
on changes in the metabolism and viability of hiPSC-CM. Ultra-
performance liquid chromatography-high-resolution mass
spectrometry (UPLC-HRMS) was used to profile the metabolic re-
sponse following exposure to a diverse set of drugs with well-
characterized cardiac liabilities to identify a reproducible set of
biomarkers capable of predicting cardiotoxicity potential. A
rapid, targeted assay that measured changes in metabolism and
cellular viability across an 8-point concentration-response
curve was used to determine the exposure level at which a drug
perturbs metabolism in a manner associated with cardiotoxicity
potential. The predictive model for the new assay was defined
and assessed with 81 drugs from several different therapeutic
classes known to cause a broad range of cardiotoxic effects. The
assay described here is complementary to the electrophysiolog-
ical tests many companies are already conducting with hiPSC-
CM and could be conducted efficiently at the same time as these
tests for a more comprehensive evaluation of a drug’s cardio-
toxicity potential.

MATERIALS AND METHODS

Development and evaluation of a targeted biomarker-based car-
diotoxicity assay was conducted in 2 phases (Figure 1):

• In the first phase, 2 metabolic profiling experiments were con-

ducted using untargeted metabolomics methods to identify pre-

dictive metabolites that could discriminate cardiotoxicants from

noncardiotoxicants independent of changes in cell viability and

confirm their reproducibility.

1. In the first experiment, a concentration-response study
was conducted to identify secreted metabolites that
changed in response to treatment and select a single,
noncytotoxic exposure for each drug.

2. The second experiment tested the predictivity and repro-
ducibility of metabolite response using 2 independent rep-
lications of the drugs treated at a single exposure level.

• In the second phase, the discriminatory metabolites identified in

phase 1 were used to create an exposure-based, targeted assay

for identifying a drug’s cardiotoxicity potential. In order to de-

velop a rapid assay designed for screening, the sample prepara-

tion and UPLC-HRMS methods were optimized for the predictive

metabolites utilized in the new assay, allowing for decreased

complexity and increased throughput. The predictivity was eval-

uated with 81 drugs using 4-fold cross-validation. All drugs were

tested using an 8-point concentration-response curve and truth

was scored against the response at 10� the maximum total

plasma concentration (Cmax).

Drug selection and classification. A total of 81 drugs were used for
developing and assessing the targeted biomarker assay (52 car-
diotoxic and 29 noncardiotoxic; Table 1). A subset of the drugs
was used for the phase 1 studies to identify the predictive bio-
markers and confirm their reproducibility (66 drugs; Table 1). All
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81 drugs were used during phase 2 studies for prediction model
training and testing.

Each drug was classified as noncardiotoxic or cardiotoxic
based on its published cardiovascular effects (Table 1).
Cardiotoxic drugs were further stratified into 3 classes: func-
tional, structural, and general (drugs that cause both structural
and functional effects). The compound set contained both car-
diovascular and noncardiovascular drugs known to cause cardi-
otoxicity in humans, including Naþ, Kþ, and Ca2þ channel
blockers, antineoplastic, antiviral, cyclooxygenase-2 inhibitors,
receptor agonists and antagonists (adreno, androgen, angioten-
sin II, dopamine, histamine, muscarinic, peroxisome prolifera-
tor activated, and serotonin), and tyrosine kinase inhibitors.
The therapeutically relevant total Cmax for each drug was identi-
fied from the literature and/or package inserts (Table 1).

Human induced pluripotent stem cell-derived cardiomyocyte culture
and treatment. Cryopreserved hiPSC-CM (iCell Cardiomyocytes
and iCell Cardiomyocytes2) were obtained from FUJIFILM
Cellular Dynamics, Inc (FCDI, Madison, Wisconsin). The phase 1
concentration-response experiments were conducted using
iCell Cardiomyocytes as these experiments were performed
prior to the release of iCell Cardiomyocytes2. It was decided to
use the Cardiomyocytes2 for all other experiments because they
have the same metabolic profile (secretome) as the “original”
iCell Cardiomyocytes (data not shown). hiPSC-CM were plated
with iCell Cardiomyocytes Plating Medium (FCDI) and main-
tained in iCell Cardiomyocytes Maintenance Medium (FCDI)
according to the manufacturer’s recommended protocols. The
inner 60 wells of gelatin-coated 96-well plates were seeded with
hiPSC-CM at a density of 50 000 plated cells per well. The outer
wells of the plates contained an equal volume of media to mini-
mize differences in humidity across the plate. Cell cultures
were maintained in a humidified incubator at 37�C under 7% or
5% CO2 (iCell Cardiomyocytes and iCell Cardiomyocytes2, re-
spectively) for 7 or 4 days prior to experimentation (iCell
Cardiomyocytes and iCell Cardiomyocytes2, respectively).
Maintenance medium was replaced every 48 h prior to begin-
ning treatment.

Drug preparation and treatment. Drugs were purchased from Alfa
Aesar (Tewksbury, Massachusetts), Selleck Chemicals (Houston,
Texas), MilliporeSigma (St Louis, Missouri), TCI America
(Portland, Oregon), or Toronto Research Chemicals (North York,
Ontario, Canada), except for crizotinib, telmisartan, and trastu-
zumab, which were kindly provided by Daiichi Sankyo Co, Ltd
(Tokyo, Japan) (Supplementary Table 1). An 8-point
concentration-response curve, with half-log dilutions, was used
for the concentration-response studies in both phases. The con-
centration range for each drug was selected to bracket the
reported Cmax (Supplementary Table 1). A stock solution of each

drug was prepared in 100% dimethyl sulfoxide (DMSO,
MilliporeSigma) at a concentration 1000-fold the highest expo-
sure level. Stock solutions were diluted 1:1000 in maintenance
medium. For the concentration-response experiments, subse-
quent half-log serial dilutions were performed in a 2-ml deep-
well plate in maintenance medium containing 0.1% DMSO. The
final concentration of DMSO was 0.1% in all treatments.
Functional cardiotoxicity often occurs after acute exposure, but
structural cardiotoxicity can take days to months to develop
clinically, so hiPSC-CM were exposed to drug for 72 h. Media and
drug were replaced every 24 h and the spent media from the last
24-h treatment period were collected for UPLC-HRMS analysis.
In addition to the test drug treatments, each 96-well plate in-
cluded 0.1% DMSO solvent control cells and media controls to
assess the impact of test drugs on the sample matrix.

Cell viability. Cell viability was assessed after UPLC-HRMS sam-
ple collection using the CellTiter-Fluor Cell Viability Assay
(Promega, Madison, Wisconsin). To determine the relative fold
changes for cell viability, the relative fluorescent unit (RFU)
value for each sample was first background corrected by sub-
tracting the RFU value of the treatment-specific media blank
from the cell sample RFU. Next, the values were normalized to
the solvent control (0.1% DMSO treated cells) by dividing the
background-corrected RFU value of each sample by the average
background-corrected RFU value of the solvent controls. A qual-
ity control step was included with criteria that the coefficient of
variation of the measured viability RFU of the DMSO control
cells could not exceed 10% for a plate to undergo UPLC-HRMS
analysis.

Sample preparation. A 60% methanol/40% acetonitrile solution
cooled to �20�C was added to each sample to precipitate out the
proteins. For phase 1, the protein precipitation solution con-
tained 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid
(Cayman Chemical, Ann Arbor, Michigan) as an internal stan-
dard (ISTD). Samples were centrifuged at 500 � g at 4�C for
30 min. The supernatant was transferred to a UPLC-HRMS injec-
tion plate and concentrated overnight in a Savant High Capacity
Speedvac Plus Concentrator. The concentrated sample was res-
olubilized in a 1:1 solution of 0.1% formic acid in acetonitrile:
0.1% formic acid in water mixture containing 3-isobutyl-1-
methylxanthine (MilliporeSigma) and L-citrulline-4,4,5,5-d4

(Cambridge Isotope Laboratories, Inc, Tewksbury,
Massachusetts) as additional ISTDs.

The precipitation solution used for phase 2 experiments
contained 3 ISTDs, L-citrulline-4,4,5,5-d4, thymidine-a,a,a,6-d4

(C/D/N Isotopes Inc, Pointe-Claire, Quebec, Canada), and sodium
L-lactate-3,3,3-d3 (Cambridge Isotope Laboratories, Inc). Samples
were centrifuged at 2000 � g at 4�C for 10 min and the

Figure 1. Diagram outlining the development of the targeted biomarker assay for predicting cardiotoxicity potential.
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supernatant was transferred to a UPLC-HRMS injection plate for
analysis.

Ultra-performance liquid chromatography-high-resolution mass spec-
trometry. For phase 1 biomarker discovery experiments, UPLC-
HRMS data were acquired on 2 Agilent LC-HRMS systems
(Agilent Technologies, Santa Clara, California), which consisted
of an 1290 Infinity LC system interfaced with either an G6520A
QTOF HRMS with the MassHunter Acquisition software (version
B05.01, Agilent Technologies) or an G6530A QTOF HRMS with
the MassHunter Acquisition software (version B 04.00, Agilent
Technologies) using high-resolution exact mass conditions.
Chromatographic separation of metabolites was performed
with an ACQUITY BEH amide column (Waters, Milford,
Massachusetts) maintained at 40�C with dimensions
2.1� 150 mm and 1.7 lm particle size. Sample extracts were
held at 4�C and 2 ll was injected for analysis. The data acquisi-
tion time was 29 min at a flow rate of 0.5 ml/min, using a 23-min
solvent gradient with 5 mM ammonium acetate in water (pH
5.7, solvent A) and 5 mM ammonium acetate in 95% acetonitrile
(pH 5.7, solvent B).

Targeted UPLC-HRMS data for phase 2 experiments were ac-
quired on an Agilent 1290 Infinity LC system interfaced with an
Agilent G6530A QTOF HRMS using the Agilent MassHunter
Acquisition software. The same ACQUITY BEH amide column,
maintained at 45�C, was used for metabolite separation. Sample
(2 ll) was injected and data were collected over 7 min at a flow
rate of 0.75 ml/min using a 6.1-min solvent gradient with 5 mM
ammonium acetate in water or 95% acetonitrile (pH 5.7). For
both study phases, electrospray ionization was employed using
a dual spray electrospray ionization source operated in negative
ionization mode only. A reference mass solution used for mass
assignment correction is steadily pumped into the source via an
isocratic pump plumbed through a 1:100 (source:waste) splitter
with a flow rate of 0.40 ml/min. The mass range of the instru-
ment was set to 60–1600 Da.

Metabolite chemical structure confirmation by UPLC-HRMS-MS.
Analytical-grade chemical standards were purchased for N-ace-
tylaspartate, alanine, arachidonic acid, 20-deoxycytidine, lactic
acid, and thymidine from MilliporeSigma. The chemical stand-
ards were spiked into the maintenance medium, and samples
were prepared using the phase 1 sample preparation method.
The chemical structures were confirmed using tandem mass
spectrometry (UPLC-HRMS-MS) methods with the same chro-
matographic conditions employed in the analysis of the original
samples. UPLC-HRMS-MS analyses were performed on samples
spiked with chemical standards as well as spent media samples
from the hiPSC-CM experiments using an Agilent G6530A QTOF
HRMS. Spectra data were collected using collision energies of
10, 20, and 40 V. A metabolite was considered confirmed if the
retention time, measured exact mass, and the product ion spec-
tra of the spent media sample matched the chemical standard.

Untargeted metabolomic analysis. UPLC-HRMS data were proc-
essed as previously described (Kleinstreuer et al., 2011) using R
3.4.1. (R Core Team, 2017). Partial correlation analysis was used
to identify feature cliques within a 5-s retention window in or-
der to identify the most abundant feature and remove features
that are likely adducts, fragment, or losses within a clique
(Csardi and Nepusz, 2006; Watson-Haigh et al., 2010).

Secretome identification. The secretome was identified by compar-
ing the log base 2 transformed abundance values for mass

features present in the solvent control cell samples to the media
control samples (lacking cells). A “mass feature” (also referred
to as a “feature”) is a moiety detected by the mass spectrometer
and is defined by the detected mass-to-charge ratio (m/z) and
chromatographic retention time. The secretome features were
tested under the null hypothesis that no difference existed be-
tween spent media samples and media controls using a Welch t
test. Features with a significantly increased abundance relative
to the media controls were considered secreted and those sig-
nificantly decreased were considered consumed media compo-
nents. The results were moderated using a fold change
threshold of 630% to select features that were predominantly
present due to cardiomyocyte metabolism. The extracted ion
chromatograms (EICs) of the secretome features were manually
evaluated to select features that had reproducible peak shape,
exhibited an observable difference in abundance between cell
samples and media controls, and lacked closely eluting isobaric
peaks. The secretome features were then utilized for all subse-
quent analyses using the automated UPLC-HRMS analysis
pipeline.

Automated UPLC-HRMS analysis pipeline. An automated UPLC-
HRMS data analysis pipeline was established to extract the ions
associated with the secretome and spiked-in ISTDs for a UPLC-
HRMS sample batch. Each 96-well plate of cell culture samples
analyzed by UPLC-HRMS was processed using this pipeline.
Initial UPLC-HRMS sample qualification was performed by eval-
uating the scan range, m/z range, intensity range, area under
the total ion chromatogram, file size, and the intensity, reten-
tion time, and peak shape of the spiked-in ISTDs. Any sample
failing to meet quality requirements were removed. Features
were extracted with a 20-ppm m/z window and an optimized re-
tention time window so that only a single peak was within the
EIC. The EICs were smoothed and the intensity at the peak apex
was used as the primary measure of abundance. The abundance
values were then log base 2 transformed and run order normal-
ized using the solvent control samples, which were spread
equally throughout the UPLC-HRMS batch (Dunn et al., 2011). A
Grubbs’ test was used to identify outlier samples within each
treatment and exposure level (Grubbs, 1969). The abundance
values were normalized to the median solvent control value for
each respective mass feature. A test for ion suppression by a
drug treatment with coeluting features was performed. If sup-
pression was detected, the feature’s solvent control-normalized
values were imputed with a value of 1. Finally, a batch qualifica-
tion was performed based on of the coefficient of variation of
the spiked-in ISTDs and number of samples removed. If the
sample batch did not meet the minimum performance require-
ments, its UPLC-HRMS analysis was repeated. The solvent
control-normalized values of each feature were then used in
concentration-response modeling and to create predictive
models.

Automated concentration-response analysis. Concentration-re-
sponse curves were fit to the solvent control-normalized data
using the R package “drc” version 3.0-1 (Ritz and Streibig, 2005).
Four-parameter log-logistic and 2-phase concentration-
response models were attempted to be fit to each feature and
treatment. The best fitting model was selected using Akaike’s
information criterion. The interpolated values from the best fit-
ting curve of a feature were utilized to determine the response
at given drug exposure in phase 1.
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Manual concentration-response analysis. During phase 2,
concentration-response analysis was conducted with GraphPad
Prism (version 8.1, GraphPad Software, San Diego, California).
Each data set was fit with a 4-parameter log-logistic, asymmet-
ric, or multiphasic nonlinear model, and the best fitting model
was selected using Akaike’s information criterion. For each
drug, the selected concentration-response model was used to
interpolate the response at the Cmax and 10� Cmax for each me-
tabolite. The interpolated response values were used for cross-
validation analysis and threshold settings.

Cross-validation. Stratified 4-fold cross-validation repeated 5
times was implemented using the R package “rsample” version
0.0.4 (Kuhn and Wickham, 2019). Drugs were stratified by toxic-
ity grouping using the classes functional, structural, general,
and noncardiotoxic. Classification performance metrics were
based on the average of the hold-out set predictions.

Composite feature modeling. A predictive model was generated for
each feature (fPM) by setting an upper and lower discriminatory
threshold that maximized the balanced accuracy. Upper thresh-
olds were generated using the value for each drug with a solvent
control value of � 1 and the lower thresholds used the value for
each drug with a solvent control-normalized value of < 1. A
drug was predicted as cardiotoxic if the response was greater
than the upper threshold or less than the lower threshold. The
best performing combinations of thresholds were selected
based on the combination that maximized balanced accuracy or
sensitvity, ties were broken using the model with the greatest
sensitivity or balanced accuracy, respectively. The discrimina-
tory thresholds were used to generate the prediction distance
(PD), which is a scaled metric of response based on the magni-
tude at which a feature’s response exceeded their cardiotoxic
response thresholds (Figure 2A). The prediction distance for up-
per thresholds (PDU) is median response/threshold and the pre-
diction distance for the lower threshold (PDL) is the threshold/
median response (Figure 2A). A drug with a PD > 1 is predicted
to be cardiotoxic.

Composite feature models were created by combining 2–5
fPMs into a single predictive model. The composite models used
a composite prediction distance (CPD), which is the maximum

PD value of the combined fPMs for a given treatment. The dis-
criminatory cutoff of the CPD was set using receiver operating
characteristic (ROC) curve analysis to identify the cutoff that
maximizes the balanced accuracy or sensitivity. A CPD that was
greater than the discriminatory cutoff (cardiotoxicity threshold)
is predicted to be cardiotoxic. Figure 2B illustrates how the assay
can be applied to drugs with unknown cardiotoxicity potential.
In this situation, the CPD values are fit with a nonlinear
concentration-response curve, which is used to identify the ex-
posure level where a drug perturbs metabolism in a manner in-
dicative of cardiotoxicity and does not require any
pharmacokinetic information (eg, Cmax). A drug is predicted to
be cardiotoxic at the exposure level where the CPD
concentration-response curve exceeds the cardiotoxicity
threshold (cardiotoxicity potential concentration, Figure 2B).
Exposure levels greater than the cardiotoxicity potential con-
centration are predicted to have cardiotoxicity potential.

In vitro responses observed between 10� and 50� the in vivo
efficacious exposure are considered to be relevant for prediction
of in vivo toxicity (Talbert et al., 2015). A threshold of 10� Cmax

was selected as truth for cardiotoxic and noncardiotoxic drugs
based on the thresholds used in previous in vitro cardiotoxicity
publications (Clements and Thomas, 2014; Doherty et al., 2015;
Guo et al., 2011; Sirenko et al., 2013). This range also allows for
differences in the dose administered and population differences
in pharmacokinetics. The scoring algorithm is illustrated in
Figure 2C. A true positive (TP) was defined as cardiotoxic drug
that exhibited a metabolic response that is predicted as cardio-
toxic at � 10� Cmax. A true negative (TN) was defined as noncar-
diotoxic drug that did not exhibit a metabolic response
predicted to be cardiotoxic at � 10� Cmax. A false negative (FN)
was defined as a cardiotoxic drug that did not change metabo-
lism or changed metabolism indicative of cardiotoxicity at ex-
posure levels > 10� Cmax. A false positive (FP) was defined as a
noncardiotoxic drug that exhibited a metabolic response that is
predicted as cardiotoxic at � 10� Cmax. Sensitivity was calcu-
lated as the percentage of cardiotoxic drugs correctly predicted
as cardiotoxic (TP/[TP þ FN]). Specificity was calculated as the
percentage of noncardiotoxic drugs correctly predicted as non-
cardiotoxic (TN/[TN þ FP]). Precision or positive predictive value
(PPV) was the proportion of drugs predicted as cardiotoxic that

Figure 2. Graphical representation of the prediction model. A, The prediction distance (PD) for each metabolite is calculated at each concentration. These results are

used to determine the composite prediction distance (CPD), which is the value used in the composite model. The area above and below the “Metabolite-Specific

Cardiotoxic Response Thresholds” are associated with cardiotoxicity and the area between the “Metabolite-Specific Cardiotoxic Response Thresholds” are associated

with noncardiotoxicity. B, The concentration-response curve for the composite model is illustrated with the black line. The concentration predicted by the point where

the concentration-response curve of the composite model crosses the cardiotoxicity threshold (horizontal line) indicates the exposure level where a compound has the

potential to cause cardiotoxicity (cardiotoxicity potential concentration, black bordered circle). For (A) and (B), the x-axis is the drug concentration. The y-axis is the sol-

vent control-normalized (fold change) values for the metabolite response (A) or the composite prediction distance (B). C, Scoring algorithm employed for known cardio-

toxicants (�) and noncardiotoxicants (�) utilizing the response at 10� Cmax (x-axis) to determine the performance of the composite model. The color image is available

in the online version of this article.
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were TPs (TP/[TP þ FP]). Negative predictive value (NPV) was the
proportion of drugs predicted as noncardiotoxic that were TNs
(TN/[TN þ FN]). Balanced accuracy was calculated by determin-
ing the average of the sensitivity and specificity. Area under the
ROC curve (AUC) values were calculated using the R package
“pROC” (Robin et al., 2011).

RESULTS

Phase 1: Identification of Metabolites Predictive of Cardiotoxicity
The first phase of this study was conducted to identify metabo-
lites changed in response to treatment and a predictive meta-
bolic signature indicative of cardiotoxicity. Characterization of
the predictive metabolites led to the development of the new
targeted biomarker assay for cardiotoxicity described in the sec-
ond phase of this study.

Concentration-response experiment. Untargeted metabolomic data
were acquired from a concentration-response experiment using
spent medium of hiPSC-CM treated with 50 of the drugs (35 car-
diotoxic and 15 noncardiotoxic) for 72 h to determine if a drug
elicited a metabolic response at noncytotoxic exposures. To ac-
complish this, the maximum acceptable viability exposure
(MAVE) was determined for each drug (Supplementary Table 1),
which was defined as the highest exposure tested where the
loss of cell viability was � 10%. The MAVE was used to evaluate
the metabolic response for 16 drugs where a decrease in cell via-
bility (� 10%) was observed at exposure levels lower than the
Cmax. The feature response was fit with a nonlinear
concentration-response model to determine if the drug altered
hiPSC-CM metabolism (Supplementary Figure 1A). Next, EICs of
the 4 mass features with the greatest fold change from the sol-
vent control treatment were evaluated for each drug at the ex-
posure level closest to the Cmax or MAVE to confirm the
response and feature quality (Supplementary Figure 1B). A met-
abolic response was observed for 31 cardiotoxic and 5 noncar-
diotoxic drugs at a noncytotoxic exposure within 10� Cmax.
Only 2 drugs did not cause a metabolic response at any of the
tested exposure levels (isoproterenol and pergolide). Using the
concentration-response analysis of metabolomic and cell viabil-
ity data, a single exposure was selected based on the lowest
concentration that met the following criteria: (1) total Cmax con-
centration with evidence of changes in metabolism, (2) < 10%
decrease in cell viability (MAVE), or (3) up to 10� Cmax when no
evidence of metabolic changes were present at the Cmax. The fi-
nal exposure levels selected for the single exposure experi-
ments are listed in Table 1 and the descriptions of the selected
exposures (ie, Cmax Total, MAVE, and 10� Cmax Total) are pro-
vided in Supplementary Table 1 and illustrated in
Supplementary Figure 1A. Untargeted metabolomics data were
not collected for 16 of the drugs tested in the single exposure
experiments. The exposure for these drugs was selected based
on the Cmax and/or MAVE.

Single exposure experiment. In order to identify predictive bio-
markers of cardiotoxicity and evaluate their reproducibility,
metabolic profiling was performed on 66 drugs (43 cardiotoxic
and 23 noncardiotoxic) at the exposure level selected from the
concentration-response experiment (Supplementary Table 1).
We identified 156 features in the hiPSC-CM secretome (small
molecules that are secreted and/or consumed by cells) that
were present in both replicates. To reduce the feature set to the
most predictive features, groups of highly correlated features

were reduced to a single representative feature (Pearson corre-
lation coefficient of � 0.85, 111 features). Next, the feature set
was reduced based on the predictive capacity of each feature.
Using the median response of the 2 blocks for the 111 features,
we evaluated the capacity of each feature to separate cardiotox-
icants and noncardiotoxicants. The optimal discriminatory
threshold of fold change (based on balanced accuracy) was de-
termined for each feature based on the fold change of cells
treated with a drug versus the solvent controls. Thirteen fea-
tures had an AUC > 0.7, PPV > 0.8, and > 20% accuracy in each
cardiotoxicity class (functional, structural, general, and non).
These features were used to create composite models contain-
ing 2–5 features.

Four-fold cross-validation was used to train (based on bal-
anced accuracy) and assess the discriminatory performance of
each feature combination. Of the 2366 feature combinations,
117 had a balanced accuracy � 80% (range, 0.8–0.877) in the
hold-out set (sensitivity range, 0.724–0.991 and specificity range,
0.61–0.915), demonstrating the applicability of using a
biomarker-based model for predicting cardiotoxicity. Balanced
accuracy was maximized with only 2 features; however, sensi-
tivity increases with the number of features included in the
model.

Phase 2: Development and Evaluation of a Targeted Biomarker
Assay to Predict Cardiotoxicity
Metabolite confirmation and targeted UPLC-HRMS method develop-
ment. In the second phase of this study, we developed a targeted
biomarker-based assay for predicting cardiotoxicity potential
using the biomarkers identified in phase 1. The identities for 6
of the predictive mass features from phase 1 were confirmed by
UPLC-HRMS-MS analysis (Table 2). A rapid UPLC-HRMS analysis
method was developed and optimized for fast turnaround anal-
ysis of relative changes in the abundance of arachidonic acid,
20-deoxycytidine, lactic acid, N-acetylaspartic acid, and thymi-
dine in hiPSC-CM spent media samples. Measurement of ala-
nine did not meet minimum performance criteria in the revised
UPLC-HRMS method and it was removed from the predictive
model. Removal of alanine did not alter model performance as
the predictive capacity of alanine was similar to lactate and
drugs predicted to be cardiotoxic by alanine were identified by
the combination of the other biomarkers. The new UPLC-HRMS
method allowed for a 4-fold increase in throughput (29 min vs
7 min run time) and was used to evaluate 81 drugs (52 cardio-
toxic and 29 noncardiotoxic) with known cardiotoxicity poten-
tial. All drugs were tested with an 8-point concentration-
response curve, and the data were used to define the final assay
prediction model.

Metabolite response to cardiotoxic drugs. A wide range of response
types were observed for lactic acid, arachidonic acid, thymidine,
and 20-deoxycytidine, which is reflective of the broad range of

Table 2. List of Predictive Metabolites Confirmed With UPLC-HRMS-
MS

Metabolite Name Adduct m/z Retention Time (s)

Arachidonic acid [M � H]� 303.2332 55
Thymidine [M þ Cl]� 277.0618 132
20-Deoxycytidine [M þ Cl]� 262.0615 296
Lactic acid [M � H]� 89.0244 373
Alanine [M � H]� 88.0404 572
N-acetylaspartic acid [M � H]� 174.0410 695
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drugs and mechanisms of toxicities included in this study
(Supplementary Figure 2). Lactic acid and arachidonic acid are
both present in iCell Cardiomyocytes Maintenance Medium;
however, the levels of lactic acid and arachidonic acid did
not differ between the solvent controls and media blanks (no
hiPSC-CM present). This indicates that the changes observed in
response to drug treatment are from an increase in metabolite
secretion (response values > 1) or utilization (response values <
1). In contrast, thymidine and 20-deoxycytidine are secreted by
hiPSC-CM and not components of hiPSC-CM media. For these 2
metabolites, increased and decreased levels are due to stimula-
tory and inhibitory effects on metabolite secretion. All the cardi-
otoxic drugs tested induced changes in at least 2 metabolites;
however, the concentration where a drug caused an effect dif-
fered between metabolites. For example, bepridil increased lac-
tic acid secretion at lower concentrations than the other
metabolites, whereas doxorubicin decreased 20-deoxycytidine
secretion at lower concentrations than the other metabolites.
Importantly, these 4 predictive metabolites respond to cardio-
toxicant exposure independent of changes in cell viability.

An increase in lactic acid secretion was the most common
effect observed among the drugs that altered lactic acid metabo-
lism (Figure 3A), which was followed by a decrease if a drug de-
creased cell viability (Figure 3B). A few cardiotoxic drugs
decreased lactic acid levels relative to the solvent controls
(Figure 3C). Arachidonic acid levels were increased (Figure 4A)
or decreased (Figure 4B) following drug exposure independent
of any change in hiPSC-CM viability. Because arachidonic acid is
also a media component, a multiphasic response was also ob-
served for cytotoxic drugs (Figs. 4C–E); however, for some drugs,
a multiphasic response was observed independent of decreased
cell viability (Figure 4F).

The most common response observed among drugs impact-
ing thymidine metabolism was an increase in thymidine secre-
tion (Figure 5A); however, some drugs decreased thymidine
secretion, which was highly correlated with cell viability
(Figure 5B). A biphasic response was also observed for thymi-
dine, consisting of an increase in thymidine secretion followed
by an abrupt decrease that was consistent with decreased cell
viability (Figure 4C). Interestingly, the anthracyclines tested in
this study first decreased thymidine secretion, followed by an
increase in thymidine levels prior to another decrease at cyto-
toxic levels (Figure 5D). For 20-deoxycytidine, the most common
response observed was a decrease in its secretion, which oc-
curred independent of any changes in cell viability for over half
of the anticancer drugs evaluated in this study (Figure 6A). A de-
crease in 20-deoxycytidine that tracked with cell viability was
also observed for cytotoxic chemicals. Clozapine and

thioridazine elicited a biphasic response, with a slight increase
in 20-deoxycytidine secretion followed by an abrupt decrease at
cytotoxic concentrations (Figure 6B). Pergolide and azidothymi-
dine both caused a decrease in 20-deoxycytidine secretion that
was followed by an increase (Figure 6C).

Biomarker-based model of cardiotoxicity. The individual metabo-
lites measured by the rapid UPLC-HRMS method and combina-
tions of these metabolites with viability were evaluated for their
capacity to discriminate cardiotoxic from noncardiotoxic drugs.
The effect of each drug at the Cmax and 10� Cmax was deter-
mined for each metabolite by interpolating the response from
the nonlinear concentration-response curve. The solvent
control-normalized response was used for 20-deoxycytidine,
thymidine, and N-acetylaspartate. The metabolite response for
lactic acid and arachidonic acid was normalized to cell viability
because the response curve for drugs that cause cell death was
multiphasic and began and ended at 1.0 (lactic acid,
Supplementary Figure 3A) or above 1.0 (arachidonic acid,
Supplementary Figure 3B).

The interpolated response at 10� Cmax for each drug was
used to set predictive thresholds for each metabolite and score
classification performance of the prediction models. A drug was
scored as cardiotoxic if the interpolated value at 10� Cmax was
below or above the metabolite-specific cardiotoxic response
thresholds (Figure 2C). A drug was scored as noncardiotoxic if
the value was between the upper and lower thresholds
(Figure 2C). Four-fold cross-validation was used to assess the
performance of metabolite combinations to obtain an unbiased
estimate of future model performance. Composite models were
created containing 2–5 metabolites (26 models). Cell viability
was not included as a feature in the model because it is used as
a normalizer for lactic acid and arachidonic acid. The predictive
thresholds for each metabolite and the composite model were
trained to either maximize balanced accuracy (BAC-trained) or
sensitivity (SEN-trained). The balanced accuracy in the hold-out
set for the BAC-trained composite models ranged from 0.733 to
0.796 (sensitivity, 0.595–0.832; specificity, 0.694–0.909; PPV,
0.837–0.940; NPV, 0.556–0.706; AUC, 0.661–0.816; Supplementary
Table 2). For the SEN-trained composite models, the balanced
accuracy of the hold-out set ranged from 0.690 to 0.788 (sensitiv-
ity, 0.653–0.889; specificity, 0.564–0.791; PPV, 0.790–0.875; NPV,
0.543–0.757; AUC, 0.694–0.834; Supplementary Table 3). The 4-
metabolite model containing arachidonic acid, 20-deoxycyti-
dine, lactic acid, and thymidine maximized sensitivity in both
the BAC-trained and SEN-trained hold-out sets was selected for
further optimization. N-acetylaspartic acid was not included in
the model selected for further optimization because it

Figure 3. Representative concentration-dependent effects on lactic acid metabolism in hiPSC-CM following cardiotoxicant exposure. Lactic acid (�) and cell viability

(�) concentration-response curves are shown for (A) dofetilide, (B) astemizole, and (C) amphotericin B. The x-axis is the drug concentration (mM) and the y-axis is the

solvent control-normalized (fold change) value for lactic acid or cell viability. Data represent mean 6 SEM (n¼ 3). If not shown, error bars are smaller than the size of

the symbol.
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decreased specificity and did not increase sensitivity in the
hold-out set, indicating that it did not add predictive value in
combination with the other metabolites.

The data from all 81 drugs were used to optimize the cardio-
toxicity response thresholds for each metabolite in the model se-
lected by cross-validation (arachidonic acid, 20-deoxycytidine,
lactic acid, and thymidine). These optimized thresholds increased
the predictivity of the assay above what was determined by the
hold-out set from the cross-validation results. When the final

model was trained to optimize balanced accuracy, it classified all
81 drugs with a balanced accuracy of 86%, sensitivity of 83%, spe-
cificity of 90%, PPV of 93%, NPV of 74%, and an AUC of 0.854
(Figure 7A and Table 3). In comparison, training the final model
to maximize sensitive resulted in a balanced accuracy of 85%,
sensitivity of 90%, specificity of 79%, PPV of 89%, NPV of 82%, and
an AUC of 0.887 (Figure 7B and Table 4). Compared with the sensi-
tivity of each metabolite alone, the composite models increased
sensitivity by 15%–31% (Tables 3 and 4). At 10� Cmax, both models

Figure 4. Representative concentration-dependent effects on arachidonic acid metabolism in human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-

CM) following cardiotoxicant exposure. Arachidonic acid (�) and cell viability (�) concentration-response curves are shown for (A) rosiglitazone, (B) ondansetron, (C)

verapamil, (D) amiodarone, (E) arsenic trioxide, and (F) cisapride. The x-axis is the drug concentration (mM) and the y-axis is the solvent control-normalized (fold

change) value for arachidonic acid or cell viability. Data represent mean 6 SEM (n¼3). If not shown, error bars are smaller than the size of the symbol.
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incorrectly predicted the noncardiotoxicants ascorbic acid, erloti-
nib, and gemfibrozil and the cardiotoxicants dexfenfluramine,
isoproterenol, pergolide, telmisartan, and valdecoxib (Table 5).
The BAC-trained final model also incorrectly classified the cardio-
toxicants anagrelide, encainide, nandrolone decanoate, and tega-
serod as noncardiotoxicants and the SEN-trained final model
classified the noncardiotoxicants sildenafil, thiabendazole, and
tolbutamide as cardiotoxicants. All the cardiotoxicants incor-
rectly classified by the composite model elicited a metabolic re-
sponse indicative of cardiotoxicity (concentration-response curve
crossed a predictive threshold) at concentrations > 10� Cmax.

DISCUSSION

This assay was developed to address the need for more accu-
rate, complimentary alternatives for identifying structural and
functional cardiotoxicants. Implementing screening assays that
identify both types of cardiotoxicity, such as the one developed
here, earlier during the development process has the potential
to improve the cost and time required to bring new drugs to
market. This is the first study to develop a model of cardiotoxic-
ity based on changes in hiPSC-CM metabolism using a diverse
set of drugs including both functional and structural

Figure 5. Representative concentration-dependent effects on thymidine metabolism in hiPSC-CM following cardiotoxicant exposure. Thymidine (�) and cell viability

(�) are shown for (A) busulfan, (B) levomethadyl acetate, (C) imatinib, and (D) doxorubicin. The x-axis is the drug concentration (mM) and the y-axis is the solvent con-

trol-normalized (fold change) value for thymidine or cell viability. Data represent mean 6 SEM (n¼3). If not shown, error bars are smaller than the size of the symbol.

Figure 6. Representative concentration-dependent effects on 20-deoxycytidine metabolism in hiPSC-CM following cardiotoxicant exposure. 20-Deoxycytidine (�) and

cell viability (�) are shown for (A) daunorubicin, (B) clozapine, and (C) pergolide. The x-axis is the drug concentration (mM) and the y-axis is the solvent control-normal-

ized (fold change) value for 20-deoxycytidine or cell viability. Data represent mean 6 SEM (n¼3). If not shown, error bars are smaller than the size of the symbol.
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cardiotoxicants. This study shows that metabolic perturbation
could be used to predict a drug’s potential to cause both func-
tional and structural cardiotoxicity. The assay’s prediction
model is based on the perturbation of 4 metabolites (arachi-
donic acid, 20-deoxycytidine, lactic acid, and thymidine) and cell
viability in hiPSC-CM. The metabolite-specific prediction
thresholds used in the model can be optimized to meet the
needs of the end user. For example, the thresholds can be opti-
mized to maximize sensitivity if the assay will be applied during
early drug discovery for hazard identification and elimination,
when it is more important to accurately predict TPs (Valentin
et al., 2009). The SEN-trained model predicted the cardiotoxicity
of 81 drugs with 90% sensitivity, 79% specificity, and 85% bal-
anced accuracy. Alternatively, the thresholds can be optimized
for balanced accuracy and higher specificity if it will be used for

risk assessment after a candidate drug has been identified,
when it is more important to have highly specific models
(Valentin et al., 2009). In this situation, the BAC-trained model
could be applied, which predicted the cardiotoxicity potential of
the 81 drugs tested in this study with 90% specificity, 83% sensi-
tivity, and 86% balanced accuracy. Using either model, these
results would be classified as good to excellent according to the
published framework for evaluating an in vitro assay’s ability to
predict in vivo outcomes (Genschow et al., 2002).

Importantly, the assay described here predicted the cardio-
toxicity potential of 81 drugs at therapeutically relevant concen-
trations. Although a threshold of 10� Cmax was selected for
setting the response thresholds and evaluating the predictivity
of the assay, it should be noted that in vitro concentrations up to
30� the in vivo Cmax have been considered relevant for

Figure 7. Determination of the predictivity of the (A) BAC-trained and (B) SEN-trained composite models. The highest prediction distance obtained from the 4 metabo-

lites in the composite model (arachidonic acid, 20-deoxycytidine, lactic acid, and thymidine) was subjected to ROC analysis. The dotted line represents the line of unity,

which shows the results of random assignment of cardiotoxicity.

Table 3. Final Prediction Model Thresholds and Performance for BAC-Trained Model

Model Cardiotoxicity Threshold (s) Balanced Accuracy Sensitivity Specificity PPV NPV Functional Structural General

Lower Upper

Viability/lactic acid 0.325 1.44 0.827 0.654 1.000 1.000 0.617 0.800 0.500 0.667
Viability/arachidonic acid 0.675 1.72 0.744 0.558 0.931 0.935 0.540 0.467 0.500 0.667
Thymidine 0.895 2.27 0.742 0.519 0.966 0.964 0.528 0.333 0.500 0.667
20-Deoxycytidine 0.865 1.26 0.810 0.654 0.966 0.971 0.609 0.667 0.500 0.762
Composite model 1.025 0.862 0.827 0.897 0.935 0.743 0.933 0.625 0.905

Table 4. Final Prediction Model Thresholds and Performance for SEN-Trained Model

Model Cardiotoxicity Threshold (s) Balanced Accuracy Sensitivity Specificity PPV NPV Functional Structural General

Lower Upper

Viability/lactic acid 0.475 1.44 0.823 0.750 0.897 0.929 0.667 0.867 0.563 0.810
Viability/arachidonic acid 0.675 1.12 0.777 0.692 0.862 0.900 0.610 0.533 0.688 0.810
Thymidine 0.895 1.20 0.756 0.615 0.897 0.914 0.565 0.400 0.500 0.857
20-Deoxycytidine 0.865 1.19 0.831 0.731 0.931 0.950 0.659 0.867 0.563 0.762
Composite model 1.005 0.848 0.904 0.793 0.887 0.821 1.000 0.750 0.952
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Table 5. Cardiotoxicity Prediction at 10� Cmax for Each Metabolite and the Composite Models Trained for Balanced Accuracy and Sensitivity

Drug Cardiotoxicity
Classification

BAC:
Via/Lac

BAC:
Via/Ara

BAC:
Thy

BAC:
2dC

BAC:
Composite

Model

SEN:
Via/Lac

SEN:
Via/Ara

SEN:
Thy

SEN:
2dC

SEN:
Composite

Model

Astemizole Cardiotoxic Tox Non Tox Non Tox Tox Non Tox Tox Tox
Bepridil Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Chlorpromazine Cardiotoxic Tox Tox Non Tox Tox Tox Tox Non Tox Tox
Cisapride Cardiotoxic Tox Non Non Non Tox Tox Non Non Tox Tox
Dofetilide Cardiotoxic Tox Tox Tox Non Tox Tox Tox Tox Tox Tox
Encainide Cardiotoxic Non Non Non Non Non Tox Non Non Non Tox
Levomethadyl acetate Cardiotoxic Tox Tox Non Non Tox Tox Tox Non Non Tox
Nifedipine Cardiotoxic Tox Non Non Tox Tox Tox Non Non Tox Tox
Ondansetron Cardiotoxic Non Non Non Tox Tox Non Non Non Tox Tox
Quinidine Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Sertindole Cardiotoxic Tox Tox Non Tox Tox Tox Tox Non Tox Tox
Sotalol Cardiotoxic Non Non Non Tox Tox Non Non Non Tox Tox
Terfenadine Cardiotoxic Tox Non Non Tox Tox Tox Tox Non Tox Tox
Thioridazine Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Verapamil Cardiotoxic Tox Non Non Tox Tox Tox Non Tox Tox Tox
Azidothymidine Cardiotoxic Non Non Tox Tox Tox Non Tox Tox Tox Tox
Busulfan Cardiotoxic Tox Tox Tox Non Tox Tox Tox Tox Tox Tox
Daunorubicin Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Dexfenfluramine Cardiotoxic Non Non Non Non Non Non Non Non Non Non
Dithiazanine iodide Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Doxorubicin Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Idarubicin Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Imatinib Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Nandrolone decanoate Cardiotoxic Non Non Non Non Non Non Tox Non Non Tox
Pergolide Cardiotoxic Non Non Non Non Non Non Non Non Non Non
Rofecoxib Cardiotoxic Tox Non Non Tox Tox Tox Non Non Tox Tox
Rosiglitazone Cardiotoxic Non Tox Non Non Tox Non Tox Non Non Tox
Tegaserod Cardiotoxic Non Non Non Non Non Tox Tox Non Non Tox
Telmisartan Cardiotoxic Non Non Non Non Non Non Non Non Non Non
Trastuzumab Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Valdecoxib Cardiotoxic Non Non Non Non Non Non Non Non Non Non
Amiodarone Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Amitriptyline Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Amphotericin B Cardiotoxic Non Tox Tox Tox Tox Tox Tox Tox Tox Tox
Amsacrine Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Anagrelide Cardiotoxic Non Non Non Non Non Non Non Tox Non Tox
Arsenic trioxide Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Bortezomib Cardiotoxic Tox Non Tox Tox Tox Tox Non Tox Tox Tox
Chloroquine Cardiotoxic Tox Non Non Tox Tox Tox Tox Tox Tox Tox
Clozapine Cardiotoxic Non Tox Non Tox Tox Tox Tox Tox Tox Tox
Crizotinib Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Dasatinib Cardiotoxic Tox Tox Non Tox Tox Tox Tox Non Tox Tox
Fluorouracil Cardiotoxic Non Non Tox Tox Tox Non Non Tox Tox Tox
Isoproterenol Cardiotoxic Non Non Non Non Non Non Non Non Non Non
Lapatinib Cardiotoxic Non Tox Non Non Tox Tox Tox Tox Non Tox
Mitoxantrone Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Nilotinib Cardiotoxic Non Non Tox Non Tox Non Tox Tox Non Tox
Nortriptyline Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Paclitaxel Cardiotoxic Tox Tox Non Tox Tox Tox Tox Non Tox Tox
Sorafenib Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Sunitinib Cardiotoxic Tox Non Tox Non Tox Tox Tox Tox Non Tox
Vandetanib Cardiotoxic Tox Tox Tox Tox Tox Tox Tox Tox Tox Tox
Acetylsalicylic acid Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Acyclovir Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Adipic acid Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Amoxicillin Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Ascorbic acid Noncardiotoxic Non Tox Non Non Tox Non Tox Non Tox Tox
Aspartame Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Axitinib Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Benzoic acid Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
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predicting toxicity in multiple studies (Lin and Will, 2012;
Redfern et al., 2003). Of the 5 cardiotoxic drugs predicted to be
noncardiotoxic at 10� Cmax, pergolide would be predicted to be
cardiotoxic at 30� Cmax and an additional 2 (dexfenfluramine
and valdecoxib) are predicted as cardiotoxic with a threshold of
100� Cmax; however, increasing the margin used for prediction
decreases assay specificity. Although metabolic changes were
detected in vivo following isoproterenol treatment (Li et al.,
2015), this drug did not impact hiPSC-CM metabolism until con-
centrations > 100� Cmax were reached. This discrepancy could
be due to differences in chromatography methods or biological
samples (plasma vs cardiomyocyte spent media) used in this
study compared with the in vivo study.

It is important to note that although the therapeutic Cmax

was used here as a benchmark exposure level to aid in inter-
preting assay performance, it is not required for data interpreta-
tion. The composite model concentration-response curve can
be used to predict the concentration where a drug is expected to
be cardiotoxic based on the point where it crosses the cardiotox-
icity threshold (Figure 2B). For compounds that do not have an
established Cmax value, changes in hiPSC-CM metabolism can
be used as a signal regarding the cardiotoxic potential of the
compound. It is also possible to define a concentration thresh-
old for classification using the predicted cardiotoxicity potential
concentration (cTP), as has been proposed for other in vitro car-
diotoxicity testing methods (Archer et al., 2018; Clements et al.,
2015; Guo et al., 2013; Pointon et al., 2013). For example, when a
concentration threshold of 30 mM is applied to the cTP obtained
from the BAC-trained model, the assay has a balanced accuracy
of 85% (94% sensitivity, 76% specificity, 88% PPV, and 88% NPV).
Using this threshold, the assay predicts functional, structural,
and general cardiotoxicants with 100%, 81%, and 100% accuracy,
respectively.

Changes in metabolism, as measured in the spent medium
of cell culture systems, yield a distinguishable “metabolic foot-
print,” which is a functional measure of cellular metabolism

that can be used to evaluate response to treatment. The panel
of 81 drugs evaluated in this study was designed to cover a
broad range of mechanisms, including cardiovascular and non-
cardiovascular drugs that cause a wide range of effects on the
cardiovascular system. The selected metabolites were perturbed
by a wide range of drug classes in this study, indicating that
common metabolic pathways of toxicity are shared by many
cardiotoxicants. However, the cardiotoxic drugs may impact dif-
ferent components in the pathways, as evidenced by the multi-
tude of changes observed (Figures 3–6). The 4 metabolites
included in the final model have key roles in modulating oxida-
tive stress as well as mitochondrial function and replication,
which have been experimentally and clinically associated with
cardiotoxicity (Chaudhari et al., 2017; Varga et al., 2015; Varricchi
et al., 2018). Arachidonic acid, thymidine, and 20-deoxycytidine
have not previously been identified as biomarkers for other
types of toxicity and appear to be specific indicators of cardio-
toxicity potential (Cuykx et al., 2019; Kleinstreuer et al., 2011;
Palmer et al., 2012, 2013; van Vliet et al., 2008; West et al., 2010;
Yue et al., 2019). Lactic acid has been identified as a marker of
cell stress in multiple cell types (Limonciel et al., 2011; Wilmes
et al., 2013); however, in this assay, its specificity (90%, Table 4)
indicates that the response observed in hiPSC-CM is specific to
cardiotoxic drugs and it is not behaving as a general marker of
cell stress.

In this study, arachidonic acid levels were both increased
and decreased following cardiotoxicant treatment, indicating
its metabolism may be impacted through multiple mecha-
nisms. Activation of the arachidonic acid cascade due to a redox
state unbalance has been shown to contribute to the pathogen-
esis of cardiovascular disease (Mitjavila and Moreno, 2012).
Arachidonic acid can be metabolized by cytochrome P450
enzymes (CYPs) into cardioprotective epoxyeicosatrienoic acids
or cardiotoxic hydroxyeicosatetraenoic acids. Studies have
shown that CYP-mediated arachidonic acid metabolism can be
modulated by known cardiotoxic drugs (Althurwi et al., 2015;

Table 5. (continued)

Drug Cardiotoxicity
Classification

BAC:
Via/Lac

BAC:
Via/Ara

BAC:
Thy

BAC:
2dC

BAC:
Composite

Model

SEN:
Via/Lac

SEN:
Via/Ara

SEN:
Thy

SEN:
2dC

SEN:
Composite

Model

Biotin Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Cetirizine Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Cimetidine Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Citric acid Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Erlotinib Noncardiotoxic Non Non Tox Tox Tox Tox Non Tox Tox Tox
Gemfibrozil Noncardiotoxic Non Tox Non Non Tox Tox Tox Non Non Tox
Hexylresorcinol Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Leucine Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Loratadine Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Maltol Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Methylparaben Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Natamycin Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Phenylphenol Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Praziquantel Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Ranitidine Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Sildenafil Noncardiotoxic Non Non Non Non Non Non Non Tox Non Tox
Sucrose Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Tartaric acid Noncardiotoxic Non Non Non Non Non Non Non Non Non Non
Thiabendazole Noncardiotoxic Non Non Non Non Non Non Tox Tox Non Tox
Tolbutamide Noncardiotoxic Non Non Non Non Non Tox Tox Non Non Tox
Xylitol Noncardiotoxic Non Non Non Non Non Non Non Non Non Non

Abbreviations: Non, drug was predicted to be noncardiotoxic; Tox, drug was predicted to be cardiotoxic.
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Arnold et al., 2017; Kato et al., 2017; Zhang et al., 2009).
Arachidonic acid levels were increased in the plasma of rats
treated with doxorubicin (Robison and Giri, 1987), which is con-
sistent with the increased arachidonic acid levels observed in
this study following doxorubicin exposure (Supplementary
Figure 2). In contrast, arachidonic acid was decreased in heart
tissue of rats treated with sunitinib (Jensen et al., 2017b), match-
ing the decrease in arachidonic acid observed here following
sunitinib exposure, as well as with many other cardiotoxic
drugs (Figure 4 and Supplementary Figure 2). Additionally, thia-
zolidinediones (eg, rosiglitazone) increase arachidonic acid re-
lease from the cell membrane (Tsukamoto et al., 2004). These
results are consistent with the changes in arachidonic acid me-
tabolism observed following treatment in this study and sug-
gest that multiple mechanisms of cardiotoxicity can be
identified with single biomarker.

Exposure to cardiotoxicants increased the levels of lactic
acid secreted by hiPSC-CM in most instances. Previous research
has shown that hiPSC-CM cultured in media containing glucose
have a mid-fetal state of energy metabolism, generating ATP
primarily through glycolysis (Correia et al., 2017; Rana et al.,
2012; Ulmer and Eschenhagen, forthcoming); however, when
the media contains galactose (as used in this study), hiPSC-CM
energy metabolism shifts to oxidative phosphorylation (Correia
et al., 2017; Rana et al., 2012). Elevated levels of lactic acid reflect
a shift toward anaerobic glycolysis and are well known to be as-
sociated with cardiotoxicity, especially during cardiac ischemia
and heart failure (Karwi et al., 2018; Kawase et al., 2015; Lazzeri
et al., 2015; Schnackenberg et al., 2016). A recent study evaluating
the metabolic effects of doxorubicin treatment in rats identified
decreased levels of lactic acid and fumarate, and increased ma-
late concentrations in heart tissue, indicating that both anaero-
bic and aerobic metabolisms were disrupted in vivo (Niu et al.,
2016). In contrast, lactic acid levels were increased in the
plasma of humans treated with 5-fluorouracil (Jensen et al.,
2010). The measurement of lactic acid in this assay provides in-
sight into the state of hiPSC-CM mitochondrial energy metabo-
lism, and its increase is reflective of the cell’s decreased ability
to produce ATP via oxidative phosphorylation.

20-Deoxycytidine and thymidine were both increased and
decreased by cardiotoxicants; however, an increase in thymi-
dine levels was the most common response observed, whereas
a decrease in 20-deoxycytidine levels was more common. Many
antiviral and anticancer agents known to cause cardiotoxicity
are nucleoside analogs (eg, azidothymidine and fluorouracil).
These drugs have been linked to mitochondrial toxicity by
inhibiting key mitochondrial enzymes required for mitochon-
drial DNA synthesis and mitochondrial replication (Balcarek
et al., 2010; Sun et al., 2014; Varga et al., 2015). Previous research
has shown that azidothymidine inhibits thymidine phosphory-
lation in mitochondria isolated from rat heart, as well as in the
isolated perfused rat heart (McKee et al., 2004; Susan-Resiga
et al., 2007) and that azidothymidine inhibits mitochondrial thy-
midine kinase 2 (Sun et al., 2014). Inhibition of thymidine phos-
phorylation is consistent with the increase in thymidine
concentration following azidothymidine exposure
(Supplementary Figure 2). Additionally, cardiomyocyte mito-
chondrial DNA damage has been proposed as a mechanism of
doxorubicin-mediated cardiotoxicity (Khiati et al., 2014).

The in vitro assay developed here could easily be conducted
in conjunction with impedance and multielectrode array (MEA)
methods because the changes in metabolism are measured in
the spent media and not destructive to the hiPSC-CM. Our
biomarker-based assay is complementary to impedance and

MEA approaches, and a combined approach would increase the
overall accuracy of prediction. For example, bepridil, chlorprom-
azine, clozapine, and terfenadine, which were incorrectly pre-
dicted in the Comprehensive in vitro Proarrhythmia Assay MEA
validation study (Blinova et al., 2018), all impacted hiPSC-CM me-
tabolism and were predicted as cardiotoxic in this study. The
structural cardiotoxicants azidothymidine, rofecoxib, and rosigli-
tazone, which are correctly predicted as cardiotoxic in our assay,
were predicted to be noncardiotoxic with other in vitro assays for
structural cardiotoxicity using MEA and impedance platforms, as
well as additional endpoints, including high content analysis, re-
active oxygen species generation, troponin secretion, lipid for-
mation, and cell viability (Clements and Thomas, 2014; Doherty
et al., 2015). On the other hand, the MEA approach correctly iden-
tified isoproterenol as cardiotoxic (Doherty et al., 2015), but this
drug did not impact hiPSC-CM metabolism at therapeutically rel-
evant concentrations in this study.

Despite the assay’s significant promise for predicting cardio-
toxicity, limitations still exist. It is unlikely that any single
in vitro system will be able to completely predict in vivo out-
comes. In vitro models do not include biology associated with
the effects of absorption, distribution, metabolism, and excre-
tion, making it difficult to extrapolate doses, tissue/cellular drug
delivery, and duration of exposure. In some cases, a drug’s car-
diotoxicity may result from one of its metabolites. Prior knowl-
edge of drug metabolism provides an opportunity to assess
known metabolites in addition to the parent compound. This
approach would provide information as to the relative toxicities
of the metabolically related compounds, which is more difficult
to ascertain using in vivo systems. When the metabolites are not
known, it may be possible to use an exogenous metabolic acti-
vation system to simulate metabolism. We plan to evaluate the
options for adding this to the current assay. This study evalu-
ated a drug’s direct effect on the metabolism human cardio-
myocytes from a single donor and does not account for
potential contributions from other cell types found in the heart
or genetic diversity. The prediction model is not able to differen-
tiate functional from structural cardiotoxicity potential, which
can partially be attributed to the promiscuity of many cardio-
toxic drugs, which are known to have both functional and struc-
tural cardiotoxic effects; however, the response in specific
metabolites can be used to classify a drug’s likelihood for each
type of cardiotoxicity. For example, most functional cardiotoxi-
cants caused an increase in lactic acid independent of (or prior
to) changes in the other biomarkers. In contrast, changes in ara-
chidonic acid, 20-deoxycytidine, and thymidine prior to changes
in lactic acid occurred following exposure to many of the struc-
tural cardiotoxicants tested. Future studies will focus on devel-
oping a prediction model that separates functional and
structural cardiotoxicants.

In conclusion, this study demonstrates the utility of a
biomarker-based in vitro assay for identifying cardiovascular lia-
bility of a broad range of drugs with a variety of mechanisms.
Part of the assay’s strength is that it can use a multiexposure
approach to identify the concentration where a drug displays
cardiotoxicity potential. This assay, either alone or as part of a
combined approach, can be used during lead identification or
lead optimization to prioritize drugs with the lowest potential
for cardiotoxicity for further development.

DATA AVAILABILITY

Supplementary data are available at https://doi.org/10.5061/
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and spiked-in ISTD for each sample analyzed in development of
the final prediction model development is available in the
Dryad repository (https://doi.org/10.5061/dryad.gqnk98shs).
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