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ABSTRACT: Cardiovascular (CV) disease is one of the most prevalent public health concerns, and
mounting evidence supports the contribution of environmental chemicals to CV disease burden. Iifiges: ==
study, we performed cardiotoxicity limg for the Tox21 chemical library by focusing on high- —Suwnicexases-
throughput screening (HTS) assays whose targets are associated with adverse events related s, CVimn
failure modes. Our objective was to develop new hypotheses around environmental chemicals of'
potential interest for adverse CV outcomes using Tox21/ToxCast HTS data. Molecular and cellular—.=
events linked to six failure modes of CV toxicity were cross-referenced with 1399 Tox21/ToxCast ass
to identify cardio-relevant bioactivity signatures. The resulting 40 targets, measured in 314 assays, Wgle>
integrated via a ToxPi visualization tool and ranking system to prioritize 1138 chemicals based upom~
formal integration across multiple domains of information. Filtering was performed based on cytaetoxigity - - \
and generalized cell stress endpoints to try and isolate chemicadstaitipect to CV biology, and - =._  ~. %
bioactivity- and structure-based clustering iddnsiubgroups of chemicals preferentiadigtiag v ks
targets such as ion channels and vascular tissue biology. Our approadhdideystiwith known
cardiotoxic eects, such as estrogenic modulators like clomiphene and raloxifene, anti-arrhythmic drugs like amiodarone an
haloperidol, and antipsychotic drugs like chlorpromazine. Several classes of environmental chemicals such as organotins, bisph
like chemicals, pesticides, and quaternary ammonium compounds demonstrated strong bioactivity against CV targets; these v
compared to existing data in the literature (e.g., from cardiomyocytes, animal data, or human epidemiological studies) ar
prioritized for further testing.

T

1. INTRODUCTION Addressing the cardiotoxicets of environmental chem-

Cardiovascular (CV) disease is a tremendous public healf“r‘i”lIS IS ch_allenglng due to the abundance of untested
burden, being the leading cause of death for people of mo%’[bStanceS’ the _”'E“C? of chronic, Iow-do_se;_exposure and
ethnicities in the United States. Contributing factors have begﬁ'xed. exposures, varying levels of _sqs'ce.ptlbmty of hosts QUe to
relatively well-characterized and include lifestyle choic&gnetics, I|_fe stage, and co-morbldltles,_and the scarcity of
genetic factors, and -target eects from various pharma- robustn;cestlng approaches that are predictive of hum_an cv
ceuticals? where cardiotoxicity is a major cause of adversE ects.” The U.S. federal Tox21 research collaboration is

drug reactions during late-stage preclinical and even clini %qused on supporting the evolution of Toxicology in the 21st

developmenit.Many cardiotoxic ects of pharmaceuticals, entury (Tox21) by developing r_netho_ds to rapit_jly and
e ciently evaluate the hazard idematiion of various

including heart arrhythmia (QT prolongation), change in mmercial chemicals, pesticides, food additives/contami-

blood pressure, altered cardiac contractility, or cardiomyocyt‘é‘? ; ) -
myocardial injury, are ideesil preclinically, but some life- nants, and medical produc¥arious predictive models have

threatening ects such as stroke, myocardial infarction, anBeen developed leveraging the Tox21 high-throughput screen-

heart failure are more challenging, underscoring the need 13 (HTS) da"’! to d_ene mECh"?m'St'C bioactivity ples

better in vitro and in silico screening and testing programs.re evant to tOX|_coIoglcaI ' esndeI_nts such as developmental
A lesser studied but potentially substantial contributor to C{PXICity and carcinogeneSis.” Previous work has shown that

disease is exposure to various environmental pollutants cular targets are well represented in the Tox21 dataset, in

chemicals. There is a substantial body of literature supporti context of potential environmental chemical disruption of

the link between industrial smog or vehicle exhaust and risk o=

cardiac events and heart attack, e.g4 eid 5. Markers  Special IssueComputational Toxicology

derived frpm gpidemiological data_support that these he%ﬂeceived: September 4, 2020

attacks primarily result from complications of atheroscler_o%bnshed: December 21, 2020

that may be exacerbated by exposure to air pollution,

highlighting the importance of studying the impact of other

environmental chemicals on cellular tatrgets.
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embryonic development via a vascular disruptive mechBt38 unique chemicals, based on results from 314 assays
nism-° *° Here, we propose to leverage the Tox21 HTS datidenti ed through a tiered approach. This application to screen
to characterize the potentially siggut but underappreciated chemicals for their bioactivity against CV-relevant targets has
risk factor of environmental exposures contributing to thenabled us to identify environmental agents with putative CV
development and severity of CV disease more broadly. hazard potential that could be further evaluated.

The heart and vascular system have been shown to be
vulnerable to several environmental agents: pestiaides, 2. MATERIALS AND METHODS
retardants, polycyclic aromatic hydrocarbons (PAHS), plasti-, ; De nition of Cardiovascular Failure Modes and
cizers, ambient air pollution, and metals such as arsenigjiection of Targets for Cardiotoxicity Pro le. Much is
cadmium, and lead. These exposures are widespread, Witbwn about the normal physiology of the CV system and many of
human, in vivo, and in vitro evidence of cardiotaXiciy.  its molecular mediators (e.g., ion channel-mediated transmembrane
Like classical environmental risk factors, such as smoking antion potentials, calcium tcking, excitatiorcontraction coupling,
diabetes mellitus, these exposures may contribute to advarffgrgy metabolism, autonomic modulation, etc.). Additionally, how
ment of disease and mortality by augmentation or initiation §f& 8ssess the CV system either clinically or in hazard assessment is
CV-associated pathophysiological processes, including Chaﬁﬁcated on our understanding of how it fails. We have focused on

: : L - undamental failure modes in the CV system: (i) change in
in vascular _functlon, carbohydrate and I'p'd. metabolis asoactivity (vasodilation/vasoconstriction), (ii) change in inotropy
atherogenesis, and blood-pressure cohtiolis well

) - . > (contractility), (iii) change in action potential (heart rate, rhythm),
established that populations in highly polluted areas are @} cardiomyocyte/myocardial necrosis/degeneration), (v) valvular
higher risk for CV diseases, but CV liability can also occur @jury/proliferation (valvulopathy), and (vi) endothelial injury/
exposure levels below current regulatory stahdzodsid- coagulation (hemorrhage, thrombosis). We used this framework to
ering the widespread prevalence of environmental exposggeeen the unique 1399 Tox21 (including ToxCast) assay portfolio for
and CV disease, even modest contributions to CV risk capplecular targets and cellular phenotypic responses known to be
exert a signtant eect on population health. Even though mvplyed in mechan|§t|c events linked to these manlfeste}tlons of CV
current conservative estimates relate at least 23% of all EXfiCily- We began with a panel of targets that are used in secondary

disease cases to environmental exposures, the identities p?ﬁma‘-c-qlo ly_sc¢r eening and play a role in adverse events linked to
p ’ EWiabilities? To include more information about various pathways
p y

mechanlsms of action of uential environmental agents jnyolved in‘cardiovascular diseaaed“cardiotoxicity we searched
remain uncharacterized to a great eXievibst environ-  the NCATS BioPlanet database for those keyword categories and
mental hazard assessments are conducted in standardiz@@ped the molecular targets found therein to the Tox21>assays.
rodent animal studies with evaluations (e.g., histopathologze NCATS BioPlanet is a comprehensive, publicly accessible
and clinical chemistry) that have little spégifor the CV ir!formatics resource that catalogues all pathwa}ys, thejr healthy and
system. These studies are limited by low throughput arflisease state annotations, and targets contained within and the
potential signcant functional disparities between animals an&e'at'o”?‘h"OS]c amors. tlhem' .ITS‘BOP'a”et ";]tegrr]atesbpathw? J
humang® Those studies are also expensive and tim annotations from publicly available sources that have been subjecte

. d th ide limited hanistic insiaht 0 thorough redundancy and consistency cross-evaluation via
consuming, and they provide imited mechanistic InSIgNt Qensive manual curation. Finally, we iéentlinical biomarkers

extrapolation to ects on co-morbidities or other susceptibil-from the literature from recent studies that characterize such targets as
ities to human toxicity and eacy. Such experimental promising alternative solutions for the early detection of cardio-
methods are not well suited for evaluation of many chemicatsicity>*
and drugs in early stages due to high expense and pooR.2. CardioToxPi Generation.We began with the Tox21/
throughput. Therefore, there is an urgent need for théoxCast dataset of 9214 chemicals tested in variou_s subsets of 1399
development of a cost- and timeetive, comprehensive, 2SSays and cross-referenced the assay targets with the cellular and
multi-parametric screening program to evolve the toxicologié’éﬂfgﬁ?;agf fﬁ’grgzt;n;gﬁ’ﬁf f,f,’eg\é;@”z‘gg t?g?rzzugC’;‘fgg‘:ﬁ&jﬁg;h&
te_stmg parad|gm _and |dent|fy environmental chemicals th emical and by assay ‘and applied a minimum 50% inclusion
might be contributing to CV disease. o threshold for further consideration (i.e., a chemical had to be tested in
Recent advances of in silico approaches and in vitro HTgg |east 50% of the assays and an assay had to have data for at least

tools hold promise for supporting rapid, human-relevant, amo of the chemicals). Further, we applied a Z-#eor® exclude
mechanistically informative hazard assessments. In orderthase chemicahssay concentrations that may be due to cell stress
evaluate the wide range of potential CV toxécte a response or cytotoxic‘?@The resulting assays and relate_d chemicals
translational paradigm with methods that have improve#ere then processed using the ToxPi softwaps:(/toxpi.org),
predictive performance and account for the multi-factoriﬁh":h is a exible, decision-support visualization tool developed by

i

Q

: : . : if and co-workers to represent individual or cumulative key events
determinants of cardiotoxicity needs to be developed. Init ¢ a possible toxicologicalee®™ The ToxPi tool enables

sources for such bioactivity data that could serve as an in"i'rﬂlagration of multiple sources of evidence by transforming data

step in a trans]ational toxicology'assessment pipeline are ih8 scaled“slices that make up a circle or pie and provide
Tox21 consortium and the associated United States Enviragansparent, visual rankings. For each slice, the width represents the

mental Protection Agency (U.S. EPA) toxicity forecastaelative weight of the respective variable (here taken to be equivalent
program (ToxCast), which has screened thousands efross targets), and the distance from the origin is directly
chemicals in more than 700 high-throughput &$3ayge proportional to the value of entered data, i.e., the normalized in
identi ed six fundamental ways the CV system manifestd’o, activity concentrations across all assays mapped to a target/
toxicity, termedfailure modésHere, a predictive bioactivity Sg(l:isTPoer Aéggg (gﬁgﬁzaﬁoggfg‘;?ﬁ” t?\teSg:')s ;’;smﬁlx'g‘:é as‘flti'(;’(';yevere
pro le of CV t.OX'C!ty was used to characterize the Tox21y mmed and normalized by the slice maximum across all chemicals,
ToxCast chemical inventory based on a subset of in vitro H oviding a unitless number for rank ordering chemicals, and
assays that measure largely human cellular and molecw@malized scores for each slice were plotted as a rad¥r chart.
targets which were associated with adverse events relatedie specic application of the ToxPi tool to the idesi subset of

CV failure modes. We performed cardiotoxicitylimgofor CV-relevant assays is referred to hef€€CaslioToxPi All the
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Drug actions on human receptors, ion channels, cellular processes
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Figure 1.CV failure modes and associated molecular and cellular events. Targets not included in CardioToxPi are marked with asterisks.

unique chemicals in the Tox21 library have been evaluated B9% of the chemicals. In the next step, the pairwise Bearson
analytical chemistry quality control (QC) methods to provide detailedorrelation coecient () was computed for each combination of
purity and identity informatidh.The chemical QC data accessible descriptors, those with 0.9 were clustered, and one descriptor per

via the NTP Integrated Chemical Environment platfaitps(//ice. cluster was selected randomly. Descriptor selection and SOM
ntp.niehs.nih.gopvivas also mapped to the CardioToxPi results.  clustering were performed in R v3.4.
2.3. Chemical Clustering and Prioritization. We  rst 2.4, Comparison to Literature Data.We searched the literature

determined the optimum number of clusters by the elbow methognd identied several previously studied compounds, including drugs
which consists of plotting the within-cluster sums of squaresnd environmental chemicals, that are known to produce cardio-
(WCsSSg)) value on they—a_mg according to the number of clusters yoyicity with varying degrees of in vitro or in vivo evidence available,
(x) considered on the-axis?® Chemicals were clustered u$ing  referred to as CV-positive, as well as a set of chemicals that had been

means and hierarchical clustering to identify chemicals with similg ilarly tested but demonstrated no Cates, referred to as CV-
toxicity characteristics based on the CV-relevant in vitro biologic gative in subsequent sections. We cross-referenced this set of

space. Irk-mean clustering, the clusters are plotted on a Princip terature-derived compounds with the chemicals ranked by

Component Analysis (PCAEId, where each point represents the CardioToxPi. We also compared the CardioToxPi predictions to

CardioToxPi for a single chemical. In hierarchical clustering, threeéiently published data from human-induced pluripotent stem cell-

cluster dendrograms are generated using one of six hierarchi erived functional cardiomyocytes (hiPSC-CMs) to determine the

clustering methods, with CardioToxPi le®for individual entities . L .
(e.g., chemicals) at each leaf. The pairwise correlation between fﬁ@m’e contribution of each screening approach and how they could
' entially be combined to identify chemicals for additional t&sting.

various CardioToxPi targets was examined, and their respectﬂfét . .
contributions to the chemical clusters were assessed using PCAZ-S- Computational ResourcesThe Tox21/ToxCast chemical

Chemical clustering based on structure was performed using KohoSgay data was accessed using the invitroDB v3.2 database hosted on
self-organizing maps (SOMSs) to identify regions of chemical spat® U-S. EPA Web sitét{ps://www.epa.gov/chemical-research/

with higher CardioToxPi scores, indicating structural features th@ploring-toxcast-data-downloadably-dadividual assay descrip-

were potentially enriched for in vitro bioactivity related totions are available on the EPA CompTox Chemicals dashboard
cardiotoxicit§® Using OPERAV2.6, each chemical was generatedttps://comptox.epa.gov/dashbdardhe CardioToxPi scores,

into QSAR-ready structures followed by physiochemical an@o les, and related images were generated using the ToxPi v2.3
structural descriptor calculatfonOnly informative and non-  software Ifttps://toxpi.org). Chemical structure processing and
correlated descriptors were selected, as described in a recphysicochemical property/structural descriptor predictions were
study*? Brie y, descriptors were selected by removing those with performed using OPERA v2.Bttps://github.com/NIEHS/

null variance and no discriminant, i.e., the same value for more th@RERA. All additional analyses, including clustering, PCA, SOM,
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correlation plots, and enrichment calculations, were performed usingcessitating dynamic formation and remodeling of mitochon-

R v3.4 (packageéstats, “Kohonef, “ggplot2, and“tidyvers®. drial networks. Mitochondria have an essential role in
myocardial tissue homeostasis; thus, deterioration in mito-
3. RESULTS AND DISCUSSION chondrial function eventually leads to cardiomyocyte and

3.1. Collection of Molecular and Cellular Events endothelial cell death and consequent CV dysfuriction.

Linking to Cardiotoxicity. To structure our approach to Tissue factor (TF) is a protein that plays an important role in
de ning relevant mechanistic bioactivity targets, we considerBtintenance of blood coagulation cascade, and multiple lines
common forms dffailuré in the CV system, i.e., so-called Of evidence support the sigance of TF in clinical heart
failure modesHigure ). The CV system, like most biological Pathologie&! Similarly, drugs that inhibit tyrosine kinases
systems, fails to perform its usual life-sustaining functions ifi@ve been associated with heart failure, left ventricular (LV)
relatively nite number of ways. They include contractile ordysfunction, conduction abnormalities, QT prolongation, acute
rhythmic dysfunction of the rhythmically beating myocardiunforonary syndromes, myocardial injury, arterial thromboses,
injury and death of the primary contraciile cellular componen@ld hypertensicfi’® Intracellular mitogen-activated protein
(the cardiomyocytes); changes in the contractile state of majghase (MAPK) signaling cascades likely play an important role
blood vessels (vasoactivity): activation, injury, or death @ the pathogenesis of cardiac and vascular disEeesaryl
endothelial cells lining major and minor blood vessels; arftydrocarbon receptor may exert adveesseassociated with
structural alteration of heart valves that maintain unidirection@ndothelial dysfunction, and its activation leads to vascular
blood ow within the closed loop system. Injury or functionaln ammation and promotes atheroscletodierefore, we
perturbation of any of these elements ceat ¢he health and  have included the assays associated with these targets from the
function of the others due to the interdependency of thd 0x21/ToxCast inventory.
individual components on overall functfokccordingly, the In an attempt to cover all pathways involved in CV disease
phenotypic and functional manifestations of CV injury in viv@nd cardiotoxicity, we additionally searched the NCATS
are far more complex and varied than the initiating failurBioPlanet databasettps://tripod.nih.gov/bioplanet).>*
modes. Searching‘Cardiovascular dis€asand “Cardiotoxicity

The failure mode framework enabled a literature-baseételded 197 pathways. Many of these pathways do not contain
search to identify key molecular mediators of those failuré¥ly Tox21/ToxCast assay targets, but we were able to identify
Figure lrepresents many of those mediators, many of whick9 pathways and seven additional molecular targets with assays
one could expect given their respective roles in normal Cavailable in Tox21/ToxCast (activator protein-1, aromatase
physiology. These mediators represenmite list of protein, estrogen receptor alpha, hypoxia inducible factor 1,
“screenablle bioactivity targets whose modulation wouldnuclear factor-kappa B (NFKB), peroxisome proliferator
support a hypothetical hazard risk for the CV system. activated receptor gamma, and TP53). Out of the 24 targets

The collected adverse events and molecular/cellular signake had already idered, 11 of them were also mapped to CV
ing pathways linked to various cardiac failure modes were uggdhways using BioPlanet, coning their biological rele-
to identify Tox21/ToxCast assay targets thagctebio-  vance. For example, activator protein 1 (AP-1) is a tran-
activities with the potential to be adverse to the CV systergcription factor controlling cellularedentiation and growth
This subset of human in vitro HTS assays whose endpoirigocesses, and studies implicate that it is_involved in pro-
map to CV adverse events comprise the CardioToxPi, whith ammatory pathways of atherosclerotic diSedte.also
was used to visualize the relevant bioactivity of the Tox2Bdded assays that correspond to clinical biomarkers with
ToxCast chemical inventory. literature supporting their utility as a tool for cardiotoxicity risk

Our initial focus was on a panel of mechanistic targets thatediction and early detection of subclinical eVerftave
are used in secondary pharmacological screening for predictiaye assays associated with interleukin-6 (IL6), tissue-type
toxicity of drug candidat&sOf the 25 secondary pharmaco- plasminogen activator (t-PA), plasminogen activator inhibitor
logical target families ideeti in Bowes et al., 19 target (PAIl-1), intercellular adhesion molecule 1 (ICAM-1),
families were linked to the CV system as the main organ clagairiuretic peptides, and serum amyloid A (SAA). Natriuretic
and all of these were available in the Tox21/ToxCast datasggeptides include the B-type natriuretic peptide (BNP) and its
adenosine receptor, adrenergic receptor, dopamine recepgmnino-terminal fragment (NT-pro-BNP) and are released in
endothelin receptor, histamine receptor, opioid receptoresponse to elevation in LNing pressure and wall stréds.
muscarinic acetylcholine receptor, serotonin receptor, vas@s been reported that acute myocardial hypoxia results in a
pressin receptor, acetylcholine receptor subunit, voltage-gatepid increase in release of pro-BNP peptide from the
calcium channel, voltage-gated potassium channel, voltaggntricular myocytes, in both in vitro and in vivo systems.
gated sodium channel, acetylcholinesterase, cyclooxygenaseeases in IL6 and reactive oxygen species (ROS) were
phosphodiesterase, monoamine oxidase, glucocorticoid recggni cantly correlated with the reduction of LV systolic
tor, and serotonin transporter. To this core group of targets, vienction:® Endothelial activation can lead to vascular
added 103 assays based on their biological relevance, eygfunction and accelerated atherosclerosis. ICAM-1, PAI-1,
phenotypic readouts in vascular endothelial cells or clinicahd t-PA are known markers of atherosclerosis and cardiac
biomarkers of vascular dysfunction. For example, low levels bfosis’® °* Activation of ICAM-1 can lead to reduction in
oxidant species are required for endogenous signal tranardiomyocyte contractility that can be measured in activated
duction processes, but higher levels of oxidant species m@lated cardiomyocyfésA data mining-based approach
associated with many pathological conditions, includingenti ed increases in SAA, an acute phase protein marker of
oxidative stress, one of the major causes acts ef drug-  systemic irammation, as an in vitro marker for CV toxicity
induced cardiotoxicity. Cardiomyocytes are involved in measured in a coronary artery smooth muscle cell-based model
constant energy-utilizing contractility functions using enonf vascular immmation (the BioMAP CASM3C system used
mous amounts of adenosine triphosphate (ATP) andiere)®®
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Table 1. CardioToxPi Legend, Including the Target Name Corresponding to Each Slice, Its Repertedrihe CV System,
the Supporting Reference, and the Slice Color (Seere )

MtDysfunction Mitochondrial Dysfunction
TissueFactor Tissue Factor

Cardiac dysfunction; Cardiomyopathy
Alterations in BP and ventricular hypertrophy

Marin-Garcia, 2003
Bode & Mackman, 2015

Slice Target name Effect Reference Slice Color
ADORA Adenosine Receptor Vasodialation, alterations in BP Bowes et al., 2012

ADR Adrenergic Receptor Arrhythmia, Alterations in BP Bowes et al., 2012
CHRM Muscarinic Acetylcholine Receptor Alterations in BP and HR, tachycardia Bowes et al., 2012

DRD Dopamine Receptor Alterations in BP and HR, Vascular relaxation Bowes et al., 2012

EDNR Endothelin Receptor Alterations in BP, Can exert adverse effects during Bowes et al., 2012

HTR Serotonine Receptor Alterations in BP, Potential cardiac valvulopathy Bowes et al., 2012

AVPR Vasopressin Receptor Alterations in BP and HR, Cardiac hypertrophy Bowes et al., 2012

HRH Histamine Receptor Positive inotropy Bowes et al., 2012

OPR Opioid Receptor Alterations in BP and Cardiac contritility Bowes et al., 2013
CHRNA Cholinergic receptor Alterations in BP and HR Bowes et al., 2012
SCN1A Voltage-gated Sodium Channel Slowed cardiac conduction; prolonged QRS interval Bowes et al., 2012
CACNA Voltage-Gated Calcium Channel Alterations in BP, QT prolongation, Arrhythmia Bowes et al., 2012
KCNH2 Potassium Voltage Gated Channel QT prolongation Bowes et al., 2012

VEGF Vascular Endothelial Growth Factor Alterations in BP , Cardiac Ischemia Touyz & Herrmann, 2018
VascularTissue Vascular Tissue Myocardial ischemia, cardiac Arrhythmias

OxidativeStress Oxidative Stress Cellular Hypertrophy; Cardiac Cell Death Takimoto & Kass, 2007

PDE Phosphodiesterase Alterations in cardiac contractility, HR and BP Bowes et al., 2012

MAO Monoamine Oxidase Alterations in BP Bowes et al., 2012

JNK c-Jun N-terminal kinase Vascular injury, cardiac hypertrophy Muslin, 2008
Alterations in BP, LV dysfunction, conduction abnormalities, Lamore, Kohnken, Peters, &

TyrKinase Tyrosine Kinase QT prolongation Kolaja, 2020

AroPro Aromatase Protein Ischemic heart disease Khosrow-Khavar et al., 201

ACHE Acetylcholinesterase Alterations in BP and HR Bowes et al., 2012
Myocardial infarction; Alteration in BP; Ischaemic stroke;

COX Cyclooxygenase Atherothrombosis Bowes et al., 2012

Pugach, Blenck, Dragavon,
ERAlpha Estrogen receptor Alpha Abnormal cardiac contractility, cardiac hypertrophy Langer, & Leinwand, 2016
NR3C1 Glucocorticoid receptor Alterations in BP; Arrhythmia Bowes et al., 2012
Peroxisome Proliferator

PPARG Activated Receptor Gamma Cardiac hypertrophy , Atherosclerosis Das & Chakrabarti, 2006

AHR Aryl hydrocarbon receptor Endothelial dysfunction, Atherosclerosis Wu et al., 2011

AP1 Activator proteinl Atherosclerosis Meijer et al., 2012

HIF1A Hypoxia Inducible FactorlAlpha Ischaemia disease Semenza, 2014

NFKB NF Kappa B Atherosclerosis Fiordelisi et al, 2019

TP53 Tumor Protein p53 Alteration in cardiac function Mercer & Bennett, 2006

ICAM-1 Intercellular adhesion molecule-1 Markers of endothelial dysfunction Boyd et al., 2008

IL6 Interleukin 6 Markers of inflammation and oxidative stress Chu et al., 2020

t-PA Tissue Type plasminogen activator Markers of endothelial dysfunction Mason, 2017
PAI -1 Plasminogen activator inhibitor Markers of endothelial dysfunction Mason, 2017
Release in response to elevation in LV filling pressure and
NPA Natriuretic peptide A wall stress Mason, 2017
Direct promotion of vascular dysfunction through SAA within  Berg, Polokoff, 0'Mahony,
SAA1 Serum amyloid Al vascular tissues Nguyen, & Li, 2015
Pulmonary Hypertension,Cardiac Arrhythmiasand Cardiac
SLC6A Serotonin transporter Valve Abnormalities Bowes et al., 2012

Table 1llists the CardioToxPi assay endpoints, color-codedysfunction (MtDys) and oxidative stress were performed
by target family: G protein-coupled receptors (GPCRS) (palasing the Apredica (APR) platform and via the National
yellow), ion channels (blue), signal protein (pale orange)Xenter for Advancing Translational Sciences (NCATS) Tox21
vascular tissue (VT) (pale green), cellular events (orangegssays in various cell lines to evaluate the decreases in
cofactors (gray), enzymes (pink), nuclear receptor (NRJnitochondrial membrane potential (MMP) and changes in
(green), transcription factors (cyan), biomarkers (yellow), andellular stress response pathaybe assays for nuclear
transporters (dark yellow). Spe@ssay names are available inreceptors are performed in ACEA, Attagene (ATG), NVS,
Supplementary File 2 as Tableat brief descriptions are Odyssey Thera (OT), an€eetox/OpAns (CEETOX)
provided here, while further details may be accessed via fhlatforms in cell-based formats such as HEK293, HepG2,
U.S. EPA CompTox Chemicals Dashbdatps(//comptox. and H295R celf§®’ The transcription factor assays are
epa.gov/dashbodrdnd via the cited references. Most of the performed in APR, ATG, and Tox21 platforms. The assays for
GPCRs, enzyme class targets, and ion channel assaysCAfeelevant biomarkers were measured in BSK system in
evaluated by the cell-free Novascreen (NVS) platform, @simary human umbilical vein endothelium, bronchial
described in Sipes ef*&lThe signal protein (e.g., vascular epithelial cells, coronary artery smooth muscle cells, and
endothelial growth factor, VEGF) and VT-related assays wetgeskin broblast celfé The roles of these targets and
performed by NVS and Bioseek (BSK). BSK assays goatative CV eects, based on evidence in the literature, are
performed in co-cultured human primary cells under variowhown inTable 1
stimulatory conditiorts.Here, VT corresponds to phenotypic ~ 3.2. CardioToxPi Generation.lt was evident from the
readouts for primary umbilical vein endothelium and coronagnalysis of Tox21/ToxCast data that not all the chemicals were
artery smooth muscle cells. Assays related to mitochondtiested in all the assays and vice versa, requirindtetatg
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Figure 2.(A) CardioToxPi prde. (B) Graphical illustration of the prioritization lgrahowing chemicals from lowest to highest CardioToxPi
score, and frequency histogram on the side.

Gentian Violet Didecyldimethylammonium chloride SSR150106 Raloxifene hydrochloride Clomiphene citrate (1:1)
Score = 0.2055 Score = 0.2862 Score = 0.2719 Score = 0.2459 Score = 0.2405

Rank = 892 (out of 832) Rank = 891 (out of 892) Rank = 890 (out of 892) Rank = 889 (out of 892) Rank = 888 (out of 892)
Amiodarone hydrochloride Haloperidol PharmaGSID_48519 AVES8923 Kepone

Score =0.2181 Score =0.2100 Score = 0.2035 Score = 0.1999 Score = 0.1982

Rank = 887 (out of 892) Rank = 886 (out of 892) Rank = 885 (out of 892) Rank = 884 (out of 892) Rank = 883 (out of 892)
Chlorpromazine hydrochloride AVE5638 SR146131 trifluoroacetate (1:1) Tributyltin chloride PharmaGSID_48505
Score =0.1922 Score =0.1910 Score = 0.1821 Score = 0.1804 Score = 01794

Rank = 882 (out of 892) Rank = 881 (out of 892) Rank = 830 {out of 892) Rank = 879 (out of 892) Rank = 878 (out of 892)

Figure 3.Individual CardioToxPi of the top ranked chemicals with their scores and ranks.

steps to account for sparseness. Initially, we found 434 assassed by chemicalssay interference associated with
mapped to the above-mentioned CardioToxPi targets amytotoxicity and other relatdalirsts of activity. Z-score is a
retained 1138 chemicals tested in >50% of the assays. Applyimggric based on the concentration range at which cytotoxicity
a similar frequency distribution of assays across chemioabkss observed. Hits with low Z-scores (deeper in the
yielded 314 assays with data on >50% of the chemicals. Judsgtotoxicity region) are more likely to be associated with an
et al. reported that chemical toxicity can be a result dhterference process relative to hits with high Z-scores (active
interruption of spea biomolecular functions or a more well below where cytotoxicity is sé&herefore, we applied
generalized cell stress and cytotoxicity-mediated phenoman-lter to retain activity with Z-score > 3 to remove those
on® Therefore, it may happen that a substantial amount afhemicalassay concentrations that may invoke cell stress
measured activity may be due to a false positive responmesponses or cytotoxicity and do not represent relevant
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Figure 4.(A) Correlation matrix of the dirent variables in the CardioToxPi Rxahe magnitude of these values is visualized using circle size/
color combinations. (B) Overview of the cluster structure obtained by clustering of the compounds into sik-slesiesschustering. The

clusters are plotted on a PCA coordinal#, where each point represents the CardioToxPi for a single chemical. The points are colored and
shaped according the six clusters: Cluster 1, olimdgsguare; Cluster 2, blue empty circle; Cluster 3)eddircle; Cluster 4, blue arrow;

Cluster 5, purple empty square; Cluster 6, green quarter circle.

bioactivity. The full dataset of 434 assays and 9214 chemicatalytical purity level, so the results should be interpreted with
prior to ltering, and the CardioToxPi input dataset of 314caution.

assays and 1138 chemicals piestng, are availableTinbles Didecyldimethylammonium chloride (CardioToxPi score:
S1 and SZespectively. The mapping of these assays to the §i286) is a quaternary ammonium compound (QAC) used as a
CV failure modes is providedTiable S3 germicide, antiseptic, and wood preservative which causes

3.3. CardioToxPi. The 1138 chemicals were ranked pulmonary inammation andbrosis in mic& Many QACs
according to their activity across 314 assays and visualitewve been iden&d as potent inhibitors of hERG potassium
using the ToxPi toolF{gure A). Briey, the ToxPi score channelé’ consistent with our data. Amiodarone (a class IlI
provides a dimensionless index that combines diverse H&8ti-arrhythmic drug) and haloperidol and chlorpromazine
data sources and allows a formalized, rational integration (efti-psychotic drugs) were also found inhibit the potassium
information from the déerent platforms. Visually, ToxPi is channel! " Clomiphene is a non-steroidal triphenylethylene
represented as component slices of a unit circle, with each shogi-estrogen agent (CardioToxPi score: 0.240) shown to
representing information on a particular mechanistic targeithibit cardiac voltage-gated potassium current components
phenotypic response/biomarker. The slice distance from tteand block the voltage-gated fast sodium current and the L-type
origin is proportional to the normalized value (e.g., assalcium current, which may lead to QT prolong&t®everal
potency) of the data points composing that slice, and all sliceghly ranked chemicals (e.g., tributyltin chloride, tributyltin
were set to have equal weight. To normalize the output, theethacrylate) are organotin compounds that are known to
slice weights were scaled to have a net sum of 1, productause CV toxicity by triggering vascular reactivity abnormal-
ToxPi scores for every chemical between 0 and 1, wheratias. It has been reported that acute exposure to tributyltin
score of 1 would indicate the chemical had the highest possiblemicals is responsible for an intense negative inotegpic e
potency against every assay/target in every’ slite. involving impairment in sarcoplasmic reticulum (SR) calcium
CardioToxPi (application of ToxPi to the CV targets) scoreislandling.4 The organochlorine insecticide kepone inhibits
and ranks are presented Higure B. The highest cardiac sodium pump activity and may reduce SR calcium
CardioToxPi score for any ToxCast chemical was 0.295, attensport mechanisms by altering phosphorylation of several
the lowest was 0. Compounds with a CardioToxPi score offoteins, including phospholamban in rat cardi&t\8Rile
were predicted by this analysis to be negative for CV toxicithhese mechanisms from the literature are not cgici
based on the in vitro HTS bioactivity peoexamined here. represented in the bioactivity screens examined here, these
Chemical CardioToxPi scores, individual slice scores, and @@mpounds were all ideri as potassium channel inhibitors,

ags are given ifable S4 and their proles are suggestive ofammation, oxidative

The CardioToxPi prdes of the 15 highest ranked chemicalsstress, and mitochondrial dysfunction.
are shown ifrigure 3For many of the example chemicals with  Other highly ranking compounds such as gentian violet and
the highest CardioToxPi scores, these predictions amgnocap did not have existing literature support for CV toxicity
concordant with reports in the literature describing theéhat we could identify, and there were several failed
potential of these chemicals to induce cardiotoxicity, e.gpharmaceutical compousnde.g., AVE8488, PharmaG-
didecyldimethylammonium chloride, tributyltin chloride, trib-SID_48519) lacking any additional detail. Despite having
utyltin methacrylate, kepone, 3-methyl-4dtdiutylphenol applied rigorous lters to the assay data informing
(4,6-ditertbutylm-cresol), amiodarone, haloperidol, and CardioToxPi in an attempt to coe the activity to pre-
clomiphene. It is worth noting that kepone had a Tox21 Q@ytotoxic concentrations, it is possible that some of the
grade of'Fail, meaning that it did not achieve a @ant cardiotoxic potential idergd here could be driven by
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Figure 5.Structure-based SOM on the 1095 structure-curated chemicals included in CardioToxPi, distributed across 100 structural clusters ar
colored using percent active chemicals in CardioToxPi. Example chemical structures for clusters enriched for activity are displ&yed. Cluster 2, 1
Cluster 88, 46; Cluster 47, 79; Cluster 57, 10.

generalized cell stress mechanisms appearing just prior to ove@lustering.Cluster optimization (elbow methdégure
cytotoxicity. S2A yielded six clusters of chemicals, visualizeguire 8,

Di erential correlation among these signatures/slices wasing thek-means approach. The clustering by hierarchical
examined by plotting the correlation of the variables with ea@pproach is presentedrilgure S2Band cluster membership
other (Figure A). From these visualizations it is apparent thawas largely consistent across methods. Given the diverse
several variables are highly correlated with each other. Mostigfmber of targets in the CardioToxPi, clustering approaches
the GPCR targets (ADRB, CHRM, DRD, and HTR) areare useful for identifying groups of compounds with similar
correlated with one another and with calcium-, sodium-, arioactivity signatures, compounds which are atypical by any
potassium-gated ion channels, as well as with neurotransrfftaracteristic, and patterns potentially useful for identifying
ters SLCBA (subtypes 2 and 4), indicating that similafnemicals to test in subsequent qualifying assay systems like
chemicals were active against both groups of targets. AnotfiH€ complex in vitro and in vivo systérables S4 and S5
cluster consisted of VEGF, oxidative stress, MtDys, TF, afRA@Ntain information on cluster membership for each chemical

VT targets (as determined by cell type), where the last tv\,@on—zero ToxPi score), and the activity patterns driving the

were among the most highly correlated targets in thglus.ters are describe_d Qribgre. Cluster;[\(= 83.) contains

CardioToxPi. TE is an initiator of the extrinsic blood environmental chemicals with low CardioToxPi scores, and the
coagulation cascade and is a clinical risk factor fcﬁlUSter mgmbershlp is largely d(lven by PAI-1 activity, Whmh 'S
thrombosié! This cluster was also correlated with another”WOIVed in regulating coagulation. Cluster 2 is comprised of

group of cytokines such as IL6 and molecular targets in tseveral high to moderate activity chemibals 46). This

. o . ster contains mainly environment chemicals, including
plasminogen activating system that signals extracellular m Htian violet, didecyldimethylammonium chloride, kepone,
interaction. These correlations may also be driven in part

) anotins, and a few failed pharmaceufiégls€ 3, and is
the fact that the same assay platforms (NVS in the case Q{5racterized by strong activity in t-PA, PAI-1, and MtDys

GPCRs and ion channels, and BSK in the case of TF apfigpoints not seen in combination in other clusters. Cluster 3
cytokines measured in human primary cell cultures) were usgdcomposed of 28 chemicals that demonstrate activity for
to query these targets. To determine the relative contributiqqiF1A, which is an indicator of oxidative stress signaling, but
of each target to the overall ranking, the CardioToxPi slicgfith moderate to low overall CardioToxPi scores. The largest
were projected on a PCA ded using the individual ToxPi cluster (Cluster 4 = 645) contains mostly chemicals which
scores, where PC1 and PC2 captufeld6% and 9.1% of the were either inactive or had very low CardioToxPi scores
variance, respectively (Se@plementary File 1, Figurd®1  (weakly active in only one assay). Cluster 5 contains 55
slice loadings). The results obtained are similar to those of tbeemicals with high to moderate CardioToxPi scores
correlation plot, demonstrating that VT, TF, several GPCRdisplaying activity across a more diverse range of targets, but
and calcium channel activity are driving much of the varianagith common activity across ion channels including KCNH2,
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Figure 6.Scatter plot showing individual CardioToxPi slice scores for environmental chemicals by class. i8idesTakle &4

SCN1A, and CACNA. Several chemicals with known QT88 (n = 6) both contain 50% active chemicals. Cluster 57 also
prolongation eects are found in this cluster, such as estrogenigontained the maximum percentage (50%) active chemicals,
modulators raloxifene and clomiphene, anti-psychotic drugihough total number of chemicals was only 2 in this cluster.
chlorpromazine and haloperidol, the anti-arrhythmic drugluster 471G = 8) contained 37.5% active chemicals. However,
amiodarone, and other drugs such as tamoxifen, fabesetigf.signicant structureactivity relationship was indicated by
methadone, and failed pharmaceuticais,’lending support  the SOM analysis, coming the di culty in structurally

to the hypothesis that interference with ion channelgeparating active and inactive chemicals due to the large
contributes to the cardiotoxic arrhythmieces caused by stryctural diversity of the chemicals and broad mechanistic
chemicals in this cluster. Cluster 6 is comprised of 3ghace represented by the targets. Two-dimensional PCA (PC1
chemicals with moderate to low scores, most of which shqQ pc2) phased on structural descriptors revealed broad

IL6 activity. hemical diversit [ i
. . . y among the selected chemicals without
We next _apphed a SOM appro_ach to identify structur learly segregated clusters based on adfivitye( Sy
clusters enriched for CV-relevant bioactivitygzd-rom the eference Datads outlined in thévlethodssection. to
CardioToxPi results, 1095 unique chemicals were extract, pare CardioTc.)xPi predictions with evidence f'rom the

following structure curation and were clustered using SO erature, we idend 235 chemicals observed to cause

and a set of 62 non-correlated and informative 1D-2 adverse cardiac events or cardiotoxicity and 42 chemicals
molecular structure descriptors; lge¢hods The values of X XICILy.
reported negative for CV eets. Initial literature-based

calculated descriptors for these chemicals are provided o . - .
Table S6The chemicals were clustered in a S&ad with reference qhem|cal lists were categorized as positive or n_egat|ve
100 clusters, allowing segregation of the chemicals with EBSEd entirely on the curated results from the available
clusters empty, and two clusters with less than four chemicijgrature and did not contain any information from the
(Figure SB The SOM was colored using the percentage ofl 0X21/ToxCast assays. For the full list of 277 chemicals, the
CardioToxPi active chemicals found in each cluster. Chemic&l¥ € €cts caused (or tested for and not observed) and the
with CardioToxPi score 0.1 were considered as active for methods or lines of evidence available to support the
generating the SOMFigure 5. Active chemicals were Categorizations are givenTimble S7 It was observed that
distributed across 42 clusters, with #6D.76 active 75 out of the 277 collected chemicals with cardiot@dtse
chemicals per cluster, an average percentage of actigported in the literature were also found in our dataset and
chemicals per cluster equal to 18.7%, and maximum equalc@lld be analyzed in the context of the CardioToxPi ranking.
50%. Four clusters that are enriched for chemicals activeTihe analysis of the mapping between literature-based
terms of CardioToxPi score are highlighted, and examptetegorizations and CardioToxPi scores is presehtgdria
structures are shownHigure 5Cluster 21 = 6) and Cluster S5 and details are providedTiable S8
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Figure 7 Activity across individual targets foeint chemical classes: (A) biocides, (B) bisphenol-like chemicam€@gtardants, and (D)

PAHs. Chemicals with supporting evidence iddriti the literature for cardiotoxicity are indicated with an asterisk. Targetsaddollows:

GPCR protein (GPCR), ion channels (IC), signal protein (SP), vascular tissue (VT), cellular events (oxidative stress and mitochondria
dysfunction, MtDys), cofactors (tissue factor, TF), enzymes (ENZ), nuclear receptor (NR), transcription factors (TR), biomarkers (BM), and
transporter protein (TRP). Details giveatle 1

Chemicals were broadly clas$iinto drugs and environ- scores. Most of ththegative chemicals based on lack of
mental chemicals, which were further annotated as pesticiderdiotoxic eects in literature studies had either O or very low
biocides, ame retardants, bisphenols, and PAHs. Amon@ardioToxPi scores, with the exception of mifepristone.
these, pesticides were the most populated and were furtheWe analyzed the patterns observed among individual slice
subclasséd into carbamates, organochlorines, organophoaetivity by chemical subclass, as depictegyune 6 Each
phorus, pyrethroids, triazines, and other. As shéiguia § chemical subclass ideedl in the literature associated with
many environmental chemicals, e.g., bisphenol A, permeth@/ toxicity was expanded to include any additional
endosulfan, dieldrin, and several PAHSs, that have a substarg@ahpounds in the CardioToxPi dataset belonging to that
amount of cardiotoxic evidence available in the literazategory, based on the U.S. EPA CompTox Chemicals
ture’” 82! were not highly active against the CV targetsDashboard Https://comptox.epa.gov/dashbdariVith the
included in the CardioToxPi. Others, such as533 exception of didecyldimethylammonium chloride, all other
tetrabromobisphenol A and the mitochondrial toxicanenvironmental chemicals were inactive in assays associated
rotenone, showed sigeant scores. Notably, many biocideswith EDNR, CHRNA, JNK, and NPA. Multiplame
and organotin compounds with literature evidence of CVetardants were moderately active in assays associated with
toxicity demonstrated sigrantly higher scores in Cardio- KCNH2 and MtDys, while exhibiting little or no activity in
ToxPi, the details of which are discussed in the previowugher slices. Most of the PAH chemicals exhibit moderate to
section. The analysis also reveals that many positive drugst activity in assays associated with ERAlpha, NR3C1,
pharmaceuticals from the literature have high CardioToxPitDys, TF, and VT. Many chemicals in the pesticides class
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Figure 8.Activity of pesticides across individual target class. Chemicals with supporting evidedde tHerliterature for cardiotoxicity are

indicated with an asterisk. (A) Various subclasses of pesticides: carbamate (CAR), organochlorine (OC), organophosphate (OP), pyrethroit
(PY), and triazine (TR). (B) Pesticides where no subclass is available. Targaedaas fidlows: GPCR protein (GPCR), ion channels (IC),

signal protein (SP), vascular tissue (VT), cellular events (oxidative stress and mitochondria dysfunction, MtDys), cofactors (tissue factor, TF
enzymes (ENZ), nuclear receptor (NR), transcription factors (TR), biomarkers (BM), and transporter protein (TRP). Detail3 abéegiven in

exhibited activity in NR3C1, PPARG, and VT assays, whiteeated rats presented with cytoplasmic edema and mitochon-
some also had moderate activity in KCNH2 and PAI1 assayhijal vacuolizatioil. Tebuconazole (TEB) is a potent systemic
and others had high activity in assays associated with ADORWgad-spectrum triazole largely used in agriculture and as an
AP, HIF1A, NFKB, SAA, and t-PA. None of the pesticideanti-fungal, and TEB exposure magctamyocardial célls
showed any activity in ACHE, AroPro, AVPR, MAO, NPApormal functioning and trigger apopttditere, TEB showed
and OPR assays. activity in NR and AroPro-related assays. Endosulfan and TEB
We further analyzed the chemicals in each of the classesre also active in potassium channel assays above sub-
identi ed by the reference literature mapping to characterizgytotoxic concentration. Triclosan and triclocarban act as
the relationship between their reported mechanisms, pheramtibacterial and antifungal agents widely used in cosmetic
typic e ects, and patterns of activity observed across our pamebducts such as soaps and shampoo, in other consumer
of mechanistic targets: GPCR protein (GPCR), ion channefsoducts, including toothpaste, detergents, and toys, and in
(IC), signal protein (SP), vascular tissue (VT), cellular eventsurgical cleaning treatments. A study has reported that
(oxidative stress and MtDys), cofactors (TF), enzymes (ENZ}riclosan and triclocarban induced an increase of the beating
nuclear receptor (NR), transcription factors (TR), biomarkersctivity in hiPSC-CMS$. Triclosan shows higher activity in
(BM), and transporter protein (TRP); details are given inGPCR (AVPR) assays and moderate activity in ion channel
Table 1 Figure 7displays these patterns for the classes ofKCNH2) at higher concentration, while triclocarban
biocides, bisphenolame retardants, and PAHs, &igire 8 demonstrates sigoant activity in assays related with BM
displays pesticides, furtharbdivided into carbamates, (PAI-1). 3-lodo-2-propyni-butylcarbamate (IPBC) shows
triazines, pyrethroids, organochlorates, and organophosphag@mi cant activity in oxidative stress and MtDys assays. IPBC
Many of the biocidedN(= 38) show activity across at least is a water-soluble preservative and largely utilized in the
one of the GPCR targetsdure A). QACs are generally used production of the paints and wood preservatives and in the
as powerful disinfectants in the health care and foopersonal care and cosmetics industries. IPBC demonstrated
industrie§>® As mentioned, QACs have previously showralteration in beating parameters in hiPSC*€M&C shows
inhibition of potassium ion chanri@land didecyldimethy- signicant activity in oxidative stress and MtDys-associated
lammonium chloride replicated that activity in the sodium andssays. These chemicals show less activity across signaling
potassium channel assay here, in addition to hitting GPCReoteins, enzymes, and NRs target classes, while some other
(namely cholinergic receptor), VEGF, and MtDys assays williocides demonstrate high activity in TF and transcription
moderate potency and showing strong activity in THFactors.
transcription factor (AP), and biomarker (tPA)-related assays.Bisphenol-like chemicdlé£ 7) do not show any activity in
Endosulfan has been widely used in agriculture globally assays related to oxidative stress, signaling proteins, transporter
control various insects and pests, and here it demonstratgabtein, and TF but are highly active across NBsré¢ B).
signi cant activity in assays associated with NR (NFKB). Bisphenol AF and bisphenol B show high activity across
prior study suggested that myocardial cells of endosulfananscription factors (AP1 and HIF1A, respectively), while
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3,3,5,5-tetrabromobisphenol A is sigaintly active in assays electrocardiographic abnormalities, myocardial infarction, and
related to biomarkers. Bisphenol AF shows high activity acrd3g myocardial dysfunctidh.Interestingly, all the organo-
ion channel (sodium channel) assay. Bisphenol A (BPAShlorine chemicals demonstrate activity in potassium ion
shows signcant activity in NR assay (ERAlpha), demonstratchannel assays above sub-cytotoxic concentration but exhibit
ing little activity across other assays. BPA was shown to indweey little activity in other assays at sub-cytotoxic concen-
cardiac brosis in male Spragu@awley rats by activating the trations.
ERK1/2 pathwa$? Tributyltin chloride and tributyltin methacrylate were
Flame retardantsN(= 13) had, in general, lower activity broadly and potently active against CardioToxPi targets. As
across the CardioToxPi targets, where most were inactivenmentioned previously, tributyltin has been reportedettd a
oxidative stress and enzymes target clagge® (C). Some myocardial contractility and intracellular calcium hafitlling.
of these chemicals, i.e., hexabromocyclododecane (HBCDhese chemicals show moderate activity in MtDys and
triphenyl phosphate, and cyanuric acid, showed moderaigidative stress-related assays at sub-cytotoxic concentration,
activity across MtDys assays. HBCD also demonstratedd signicant activity across BM-related assays (ICAM-1).
inhibitory activity in the potassium channel assay, but &lowever, at higher concentration, these chemicals show
supra-cytotoxic concentration. HBCD is a brominated aliphatsigni cant activity in ion channels, including calcium and
cyclic hydrocarbon and has applications in thermal insulatipotassium channels, oxidative stress, and MtDys assays. Many
of building materials, upholstery textiles, and severpksticides, such as captan, 2-methoxyethanol, 6-propyl-2-
electronic8’ A study has reported that exposure to HBCDthiouracil, and acrylamide, have been reported in the literature
can cause disruption in normal calcium handling ino cause adverse CV evéhtiough they show very low
immortalized rat cardiomyoc§ftePentaerythritol had high scores in CardioToxPi.
activity against IL6, while tris(methylphenyl) phosphate was Published work has revealed that pyrethroid insecticides
active in ion channel and NR protein assays. a ect ion channels present in both neuronal and cardiac cells,
PAH chemicald\ = 8) show activity across MtDys, NR, TF and it has been reported that cardiac arrhythmia could be a
and transcription factorsigure D). PAHs are omnipresent class eect, unique to certain pyrethrotds.” As mentioned,
pollutants, formed naturally or by incomplete combustion afone of the environmental chemicals other than biocides
organic matter. PAH exposure can lead to severe ventricymrssess activity in CACNA, but it was observed that
arrhythmia in rats with acute myocardial infarGtion. tetramethrin and permethrin exhibit moderate activity in
Acenaphthylene was broadly active against GPCR targ&¢€NH2 above sub-cytotoxic concentration, which is a key
benzob] uoranthene and naphthalene showed cégni player in cardiac arrhythmia. Permethrin-treated rats presented
activity in MtDys and transcription factor assays, anthcreased calcium ux level in hearfs.
benzop] uoranthene was also active in TF, oxidatives stress All pyrethroids but tetramethrin demonstrated broad activity
MtDys, and NR assays. in VT assays, and many studies have reported that ROS
The most populated class of chemicals is pesticides, sevgmileration in heart tissues has been implicated in pyrethroid
of which can be further subdivided into subclasses based tomicity?*°° None of the pyrethroids display activity in assays
their chemical moieties [carbamates 7), pyrethroidsn(= associated with oxidative stress or MtDys at sub-cytotoxic
12), triazines n( = 8), organochlorinesn(= 13), and concentrations, but 13% and 80% of them were active against
organophosphates € 19)], while many of them cannot be assays associated with oxidative stress and MtDys, respectively,
categorized into a subclass 317). The detailed analysis of at higher concentrations. Rotenone is a widely used pesticide
these chemicals is presentedFigure 8 In Figure 8, and a well-established mitochondrial toxicant, which was
chemicals having very low score (CardioToxPi Score < 0.0fcently shown to cause fatal arrhythmias if°talts.
are not shown to increase the readability of ¢huee. CardioToxPi, it exhibited activity in assays associated with
However, the chemicals having evidence in literature foftDys, TR, and NR.
adverse CV ects are displayed and discussed. Comparison with Cardiomyocyte Phenotypic Screening
It has been demonstrated that localized and systemizata. The predicted cardiotoxic potential of chemicals based
oxidative stress parameters tend to increase upon exposameHTS data included in this study was compared with various
to organophosphate and carbamate poisoniBggano- beating parameters and ceHbiity-related phenotypes
phosphate poisoning led to disturbed cardiac rhythms ambtained from hiPSC-CMs using 4'Cax assay to examine
arrhythmias, along with other implications such as QThe functional ects of chemicals on cardiomyodyt@he
prolongation, ST- and T-abnormalities, histopathologicatudy evaluated 139 test compounds in concentration
evidence of focal necrosis, and regenetatidere, we response (0.1, 1, 10, and 108) and derived benchmark
observed that EPN and coumaphos show moderate activitydancentration POD values for etent beating parameters,
ion channels. Profenofos is also moderately active in MtDgamely beats per minute, decay rise ratio, peakcatigi
assays, which are closely associated with oxidative strpssk spacing to measure cardiotoxic potential, and total
However, organophosphates were not active in assaygdiomyocyte cell counts (cell viability-related parameter) to
measuring oxidative stress at concentrations that were faeasure cytotoxic potential. We used the PODs given in the
enough below cytotoxicity cusoto be included in the study by Burnett et &F followed by normalization of these
CardioToxPi. In factve organophosphate pesticides (naledPODs, and cross-referenced these cardiotoxicity screening
coumaphos, dichlorvos, trichlorfon, and phorate) causgahenotypes with our CardioToxPi results. A total of 61
oxidative stress at concentrations approaching cytotoxicifygx21/ToxCast chemicals mapped with the chemicals
but this activity wadtered out by our workw in order to try presented in this study, as providéithinie SO9We compared
and identify more speci mechanisms not indicative of the overall CardioToxPi score as well as individual slice
generalized cell stress. In a rare human case repocgmponents of the chemical activity signatures with the
organochlorine (lindane) poisoning led to hypotension andardiotoxicity screening phenotypes. The results of example

577 https://dx.doi.org/10.1021/acs.chemrestox.0c00382
Chem. Res. Toxic@021, 34, 566 583


http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.0c00382/suppl_file/tx0c00382_si_001.xlsx
pubs.acs.org/crt?ref=pdf
https://dx.doi.org/10.1021/acs.chemrestox.0c00382?ref=pdf

Chemical Research in Toxicology pubs.acs.org/crt

Figure 9.Comparison of phenotypic screening parameters in cardiomyocytes and CardioToxPi for example chemicals. The beating parameters
represented in orange color, while CardioToxPi assay scores are presented in green color.

chemicals which also had evidence returned in the literatuseo-arrhythmic ect due to the prolonged QT.Exposure
search are displayedrigure 9 covering those with positive to a high dose of diethylstilbestrol induced an eccentric
e ects in both HTS-based CardioToxPi and iPSC cardidhypertrophy in adult mi¢& Notable, with respect to gentian
myocyte endpoints, or showingats in only cardiomyocytes, violet, no studies have explored its poten8ateon the CV
with minimal ToxPi scores. system in vivo, although it shows saamt eect in

Figure & D represents example chemicals (chlorpromaeardiomyocyte beating parameters as well as in CardioToxPi.
zine hydrochloride, gentian violet, rotenone, and diethylstil- Figure & H shows example chemicals (reserpine, per-
bestrol) that exhibited high potency ieding the beating methrin, deltamethrin, bisphenol A) having signi activity
and cytotoxic phenotypes and were also active in the selectedcardiomyocyte system, though very low activity in
HTS assay data. Chlorpromazine is considered a high-risk d@@rdioToxPi. Reserpine, an alkaloid, decreases sympathetic
for QTc prolongatior* Interestingly, it shows activity across tone and leads to hypotension and bradycardia by blocking
all three ion channel assays (sodium-, potassium-, and calciuptake of monoamines into synaptic vesicl@ermethrin
gated channels). Similarly, exposure to rotenone also leadsatml deltamethrin are pyrethroid-based pesticides. Early-life
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exposure to low doses of permethrin has long-termompounds for additional testing as part of a translational
consequences leading to cardiac hypotfoplnjie exposure  toxicology pipeline to support more targeted decision-making,
to deltamethrin manifested prolongation of Q-T interval irrisk assessments, and monitoring steps. The methodology
ventricular myocytes of adult ¢&tsBisphenol A rapidly  applied in this study is highly versatile, permitting inclusion of
promoted arrhythmias in female rodent hearts by manipulatirgiditional data systems, toxicity mechanisms and pathways,
myocyte calcium handliffg. However, these chemicals and thresholds that could be tailored ttvarious decision
exhibit low overall ToxPi score as well individual slice scoremntexts. This study also emphasizes the importance of hybrid
As expected, acetaminophen and aspirin, drugs withauatvitro in silico models as an alternative to the lack of in vivo
known cardiotoxicity Iiabilf{)?f?107 and sodium saccharin data for CV toxicity potential of environmental chemicals and
hydrate and maltol, food constituents, were largely withodrugs, and supports the continuing shift in reliance upon novel,
e ect in both CardioToxPi and the in vitro cardiomyocytemore human-relevant alternative approaches. In the next steps,
system [figure ® L). This is consistent with literature data the characterization of the chemicals idmhtn the current
on these compounds, which also suggested that they are nstaidy would likely include in-depth investigations of the
cardiotoxic, and thus could be used as negative controls. putative mechanisms of action (e.ggcts on ionic
permeation/selectivity and/aactivation, deactivation, or
CONCLUSIONS inactivation kinetics of hERG channelecte on contrac-

Here we present a detailed analysis of molecular targéfily). We conclude that the approach used in this study will
mapped to CV failure modes and prioritize chemicals based 8#eWw for the ecient identication and prding of various
their bioactivity prdes against these CV-relevant targets usin§nvironmental chemicals as potential cardiotoxicants in
Tox21/ToxCast in vitro HTS data. Among the highly rankecnticipated future screenings.

chemicals were pharmaceuticals that have demonstrated CV

e ects in humans, such as estrogenic modulators associated ASSOCIATED CONTENT

with arrythmia and increased stroke incidence, psychotrogic Supporting Information

drugs with known QT prolongatioreets, and intentionally The Supporting Information is available free of charge at
vasoactive compounds such as anti-arrhythmic drugs, provittps://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00382
ing conrmation of the utility of the approach. Polycyclic Supplementary File 1, with all the supplemerargs:
aromatic hydrocarbons are environmental compounds with Figure S1, vectors ’on the PCA plot indicating the
known impacts on the CV system which were also broadly relative inu'ence of each slice on the plot of PC1 vs
active against the targets screened here. Weedesgveral PC2: Figure S2, optimum number of clusters as
classes of environmental chemicals such as organotins, obtafned by the ,elbow method and overview of the
bisphenol-like chemicals, pyrethroid pesticides, and QACS ¢ ster structure obtained by hierarchical clustering of
with strong bioactivity against CV targets that we compared to the compounds; Figure S3, structure-based SOM on
existing data in the literature (e.g., from cardiomyocytes, 1095 chemicals’ obtained f}om CardioToxPi analysis
animal data, or human epidemiologi'cal studies) anq prioritized with 100 clusters included in total; Figure S4, PCA of’
for further testing. Many of the predicted cardiotoxicants were the 1111 chemicals obtained from CardioToxPi results,

substantiated based on results from the literature, and speci using the set of selected structural descriptors: Figure S5
chemical classes such as QACs and organotin compounds were drugs and environmental chemicals with ,reference '

identi ed for future study. Although our study has immediate literature data for positive and negative cardiotoxic

applications in prioritizing chemicals for CV toxicity e ects, mapped to the CardioToxPi dataBeY
evaluation, there are several shortcomings associated with ' . .
Supplementary File 2, an Exchl with all the

relying upon HTS data. The multi-criteria-based CardioToxPi : .
signature provides relative ranks for the Tox21/ToxCast supplementary.tables. Table S1, 9215 chemlqal and
434 assay pair; Table S2, input for generation of

chemicals using in vitro bioactivity pgs but does not : . . -
account for potential environmental and human exposure. The ~ CardioToxPi, 1138 chemical and 314 assay pair; Table
S3, mapping of assays to the six CV failure modes; Table

lack of parameters including absorption, distribution, metab- ; : :
: PRI : : Alinati S4, CardioToxPi results with score; Table S5, cluster
lism, and elimination th llectivel xicokineti P e ; ' ; '

olism, and e ation that collectivelyiemce toxicokinetics description; Table S6, list of 1D-2D descriptors; Table

and systemic factors is a major limitation with almost all in S7. ref hemical inf ion: Table S8 .
vitro-based screening platforms. Some of the Tox21/ToxCast , reference chemical information; Table 58, mapping
of reference chemicals with CardioToxPi chemicals;

HTS data are derived from cell types not particularly relevant . X ‘
to cell spectation in the CV system, and there are certainly ~ 1aple S9, mapping of cardiomyocyte data with
many CV-relevant targets that are not represented in the CardioToxPi chemicals|(SX
dataset. Depending on the assessment and syewierns,

other cardiotoxicity mechanism/pathways of interest may need AUTHOR INFORMATION

to be considered. _ ~ Corresponding Author

On the other hand, our work presents improvements in a Njicole Kleinstreuer Division of the National Toxicology
prioritization approach based on detailed toxicity scores for program, National Institute of Environmental Health
cardiotoxic potential of several environmental chemicals as well gciences, Research Triangle Park, North Carolina 27560,

as pharmaceuticals, esplgcimdicating their potential United States; orcid.org/0000-0002-7914-3582
mechanism of action and CV failure mode. It is evident from Email:nicole.k‘Ieinstreuer@nih.gov

the study that several environmental chemicals demonstrate

bioactivity at sub-cytotoxic concentrations against keAuthors

mechanistic targets potentially involved in CV toxicity. Shagun Krishna Division of the National Toxicology
CardioToxPi can assist inigoitizing and identifying Program, National Institute of Environmental Health

579 https://dx.doi.org/10.1021/acs.chemrestox.0c00382
Chem. Res. Toxic@021, 34, 566 583


https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00382?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.0c00382/suppl_file/tx0c00382_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.0c00382/suppl_file/tx0c00382_si_001.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicole+Kleinstreuer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7914-3682
mailto:nicole.kleinstreuer@nih.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shagun+Krishna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/crt?ref=pdf
https://dx.doi.org/10.1021/acs.chemrestox.0c00382?ref=pdf

Chemical Research in Toxicology pubs.acs.org/crt

Sciences, Research Triangle Park, North Carolina 2756@0) Browne, P., Judson, R. S., Casey, W. M., Kleinstreuer, N. C.,
United Stategs; orcid.org/0000-0002-4960-2753 and Thomas, R. S. (2015) Screening Chemicals for Estrogen Receptor
Brian Berridge Division of the National Toxicology Bioactivity Using a Computational Moé#lviron. Sci. Technol. 49

Program, National Institute of Environmental Health ~ (14), 8804 8814.

: : ; 1) Kleinstreuer, N. C., Ceger, P., Watt, E. D., Martin, M., Houck,
Sﬂi?ggesst’a?etzsear(:h Triangle Park, North Carolina 275 .,'Browne, P., Judson, R., et al. (2017) Development and Validation

of a Computational Model for Androgen Receptor Acthim.
Complete contact information is available at: Res. Toxicol. 80), 946 964.
https://pubs.acs.org/10.1021/acs.chemrestox.0c00382 (12) Kleinstreuer, N., Dix, D., Rountree, M., Baker, N,, Sipes, N.,
Reif, D., Spencer, R., and Knudsen, T. (2013) A computational model
predicting disruption of blood vessel developRiss® Comput. Biol.

Notes . N 9 (4), €1002996.
The authors declare no competingncial interest. (13) Kleinstreuer, N. C., Yang, J., Berg, E. L., Knudsen, T. B.,
Richard, A. M., Martin, M. T., Houck, K. A., et al. (2014) Phenotypic
ABBREVIATIONS screening of the ToxCast chemical library to classify toxic and

. . . ti hani t. Biotechnol. 1.
CV, cardiovascular; HTS, high-throughput screening; Tox2$§£§p&g:gnmv ?ﬁ'smdse's e_(r:. ? Ig%)i’f 53_3 ,\5,|9 Houck. K. A.

Toxicology in the 21st Century; PAHs, polycyclic aromatigqson, R. S., Kavlock, R. J., and Dix, D. J. (2011) Predictive model of

hydrocarbons; SOM, self-organizing map; hiPSC-CMsat reproductive toxicity from ToxCast high throughput screening.
human-induced pluripotentest cell-derived functional Biol. Reprod. &8), 327 339.

cardiomyocytes; TF, tissue factor; LV, left ventricular;(15) Ng, H. W., Doughty, S. W., Luo, H., Ye, H., Ge, W., Tong, W.,
MAPK, mitogen-activated protein kinase; NFKB, nucleand Hong, H. (2015) Development and Validation of Decision Forest
factor-kappa B; AP-1, activator protein 1; IL6, interleukin-@ylodel for Estrogen Receptor Binding Prediction of Chemicals Using
t-PA, tissue-type plasminogen activator; PAI-1, plasminogedfge Data SetS€hem. Res. Toxicol(28, 2343 2351.

activator inhibitor; ICAM-1, intercellular adhesion molecule 1:(16) Kleinstreuer, N. C., Dix, D. J., Houck, K. A., Kavlock, R. J.,

SAA, serum amyloid A; ROS, reactive oxygen species; GP dsen, T. B., Martin, M. T., Judson, R. S, et al. (2013) In vitro

o ! : . erturbations of targets in cancer hallmark processes predict rodent
G protein-coupled receptor; VT, vascular tissue; VEGFE emical carcinogenedisxicol. Sci. 131), 40 55.

vascular endothelial growth factor; NVS, Novascreen; BSKq 7y kjeinstreuer. N. C.. Judson. R. S.. Reif. D. M.. Sines. N. S.
Bioseek; APR, Apredica; ATG, Attagene; MtDys, rnit('-’Chor‘Sing)h, A. V., Chandler, K. J., DeWoskin, R., Dix, D. J., K;V|0é:k, R J.
drial dysfunction; MMP, mitochondrial membrane potentialagnd Knudsen, T. B. (2011) Environmental impact on vascular
QAC, quaternary ammonium compound; SR, sarcoplasmievelopment predicted by high-throughput screEnivigon. Health
reticulum; NR, nuclear receptor; TEB, tebuconazole; IPBC, Berspect. 1181), 1596 1603.

iodo-2-propyny-butylcarbamate; HBCD, hexabromocyclo- (18) Knudsen, T. B., and Kleinstreuer, N. C. (2011) Disruption of

dodecane; POD, points of departure embryonic vascular development in predictive toxid&iltigypefects
Res., Part C 48), 312 323.
(19) Saili, K. S., Franzosa, J. A., Baker, N. C., Ellis-Hutchings, R. G.,

REFERENCES Settivari, R. S., Carney, E. W., Knudsen, T. B., et al. (2019) Systems
(1) Lusis, A. J. (2003) Genetic factors in cardiovascular disease. Modeling of Developmental Vascular Tox@ityt. Opin Toxicol 15
questionsTrends Cardiovasc. Med8).3309 316. (1), 55 63.

(2) Mozaffarian, D., Wilson, P. W., and Kannel, W. B. (2008) (20) Karki, P., Ansari, J. A., Bhandary, S., and Koirala, S. (2004)
Beyond established and novel risk factors: lifestyle risk factors foardiac and electrocardiographical manifestations of acute organo-
cardiovascular diseaSiculation 11{23), 3031 3038. phosphate poisoningingapore Med. J.(8p 385 389.

(3) Laverty, H., Benson, C., Cartwright, E., Cross, M., Garland, C(21) Marris, C. R., Kompella, S. N., Miller, M. R., Incardona, J. P.,
Hammond, T., Valentin, J., et al. (2011) How can we improve ouBrette, F., Hancox, J. C., Sgrhus, E., and Shiels, H. A. (2020)
understanding of cardiovascular safety liabilities to develop saRalyaromatic hydrocarbons in pollution: a heart-breaking thatter.
medicinesBr. J. Pharmacol. 1@3, 675 693. Physiol. 59@), 227 247.

(4) Hajat, A., Allison, M., Diez-Roux, A. V., Jenny, N. S., Jorgensef®2) Miller, M. R., Shaw, C. A., and Langrish, J. P. (2012) From
N. W., Szpiro, A. A., Vedal, S., and Kaufman, J. D. (2015) Long-teparticles to patients: oxidative stress and the cardiovascular effects of
exposure to air pollution and markers of inflammation, coagulatioair pollutionFuture Cardiol. @), 577 602.
and endothelial activation: a repeat-measures analysis in the Mul(3) Mills, N. L., Miller, M. R., Lucking, A. J., Beveridge, J., Flint, L.,
Ethnic Study of Atherosclerosis (ME$)demiology 28), 310 Boere, A. J., Newby, D. E., et al. (2011) Combustion-derived
320. nanoparticulate induces the adverse vascular effects of diesel exhaust

(5) Hoek, G., Krishnan, R. M., Beelen, R., Peters, A., Ostro, BnhalationEur. Heart J. 321), 2660 2671.

Brunekreef, B., and Kaufman, J. D. (2013) Long-term air pollution(24) Sirenko, O., Grimm, F. A, Ryan, K. R., lwata, Y., Chiu, W. A,
exposure and cardio- respiratory mortality: a r@&newon. Health ~ Parham, F., Tice, R. R., et al. (2017) In vitro cardiotoxicity assessment
12 (1), 43. of environmental chemicals using an organotypic human induced

(6) Simkhovich, B. Z., Kleinman, M. T., and Kloner, R. A. (2008)pluripotent stem cell-derived modealxicol. Appl. Pharmacol., 322
Air pollution and cardiovascular injury epidemiology, toxicology, aréD 74.
mechanismd. Am. Coll. Cardiol. &, 719 726. (25) Taira, K., Aoyama, Y., and Kawamata, M. (2006) Long QT and

(7) Cosselman, K. E., Navas-Acien, A., and Kaufman, J. D. (2015)-T change associated with organophosphate exposure by aerial
Environmental factors in cardiovascular did&ts&®ev. Cardiol. 12  sprayEnviron. Toxicol. Pharmaco(12240 45.

(12), 627 642. (26) Wu, M., Wu, D., Wang, C., Guo, Z., Li, B., and Zuo, Z. (2016)

(8) Judson, R., Richard, A., Dix, D. J., Houck, K., Martin, M.Hexabromocyclododecane exposure induces cardiac hypertrophy and
Kavlock, R., Smith, E., et al. (2009) The toxicity data landscape farrhythmia by inhibiting miR-1 expression via up-regulation of the
environmental chemicdswiron. Health Perspect(3), 685 695. homeobox gene Nkx2.J5.Hazard. Mater. 3(BD4 313.

(9) Collins, F. S., Gray, G. M., and Bucher, J. R. (2008) Toxicology(27) Fagard, R. H. (2009) Smoking amplifies cardiovascular risk in
Transforming environmental health protecBaience 319865), patients with hypertension and diab&iehetes Care Euppl 2),

906 907. S429 S431.

580 https://dx.doi.org/10.1021/acs.chemrestox.0c00382
Chem. Res. Toxic@021, 34, 566 583


http://orcid.org/0000-0002-4960-2753
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brian+Berridge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00382?ref=pdf
https://dx.doi.org/10.1016/j.tcm.2003.08.001
https://dx.doi.org/10.1016/j.tcm.2003.08.001
https://dx.doi.org/10.1161/CIRCULATIONAHA.107.738732
https://dx.doi.org/10.1161/CIRCULATIONAHA.107.738732
https://dx.doi.org/10.1111/j.1476-5381.2011.01255.x
https://dx.doi.org/10.1111/j.1476-5381.2011.01255.x
https://dx.doi.org/10.1111/j.1476-5381.2011.01255.x
https://dx.doi.org/10.1097/EDE.0000000000000267
https://dx.doi.org/10.1097/EDE.0000000000000267
https://dx.doi.org/10.1097/EDE.0000000000000267
https://dx.doi.org/10.1097/EDE.0000000000000267
https://dx.doi.org/10.1186/1476-069X-12-43
https://dx.doi.org/10.1186/1476-069X-12-43
https://dx.doi.org/10.1016/j.jacc.2008.05.029
https://dx.doi.org/10.1016/j.jacc.2008.05.029
https://dx.doi.org/10.1038/nrcardio.2015.152
https://dx.doi.org/10.1289/ehp.0800168
https://dx.doi.org/10.1289/ehp.0800168
https://dx.doi.org/10.1126/science.1154619
https://dx.doi.org/10.1126/science.1154619
https://dx.doi.org/10.1021/acs.est.5b02641
https://dx.doi.org/10.1021/acs.est.5b02641
https://dx.doi.org/10.1021/acs.chemrestox.6b00347
https://dx.doi.org/10.1021/acs.chemrestox.6b00347
https://dx.doi.org/10.1371/journal.pcbi.1002996
https://dx.doi.org/10.1371/journal.pcbi.1002996
https://dx.doi.org/10.1038/nbt.2914
https://dx.doi.org/10.1038/nbt.2914
https://dx.doi.org/10.1038/nbt.2914
https://dx.doi.org/10.1095/biolreprod.111.090977
https://dx.doi.org/10.1095/biolreprod.111.090977
https://dx.doi.org/10.1021/acs.chemrestox.5b00358
https://dx.doi.org/10.1021/acs.chemrestox.5b00358
https://dx.doi.org/10.1021/acs.chemrestox.5b00358
https://dx.doi.org/10.1093/toxsci/kfs285
https://dx.doi.org/10.1093/toxsci/kfs285
https://dx.doi.org/10.1093/toxsci/kfs285
https://dx.doi.org/10.1289/ehp.1103412
https://dx.doi.org/10.1289/ehp.1103412
https://dx.doi.org/10.1002/bdrc.20223
https://dx.doi.org/10.1002/bdrc.20223
https://dx.doi.org/10.1016/j.cotox.2019.04.004
https://dx.doi.org/10.1016/j.cotox.2019.04.004
https://dx.doi.org/10.1113/JP278885
https://dx.doi.org/10.2217/fca.12.43
https://dx.doi.org/10.2217/fca.12.43
https://dx.doi.org/10.2217/fca.12.43
https://dx.doi.org/10.1093/eurheartj/ehr195
https://dx.doi.org/10.1093/eurheartj/ehr195
https://dx.doi.org/10.1093/eurheartj/ehr195
https://dx.doi.org/10.1016/j.taap.2017.02.020
https://dx.doi.org/10.1016/j.taap.2017.02.020
https://dx.doi.org/10.1016/j.taap.2017.02.020
https://dx.doi.org/10.1016/j.etap.2005.11.008
https://dx.doi.org/10.1016/j.etap.2005.11.008
https://dx.doi.org/10.1016/j.etap.2005.11.008
https://dx.doi.org/10.1016/j.jhazmat.2015.10.004
https://dx.doi.org/10.1016/j.jhazmat.2015.10.004
https://dx.doi.org/10.1016/j.jhazmat.2015.10.004
https://dx.doi.org/10.2337/dc09-S354
https://dx.doi.org/10.2337/dc09-S354
pubs.acs.org/crt?ref=pdf
https://dx.doi.org/10.1021/acs.chemrestox.0c00382?ref=pdf

Chemical Research in Toxicology pubs.acs.org/crt

(28) Bhatnagar, A. (2017) Environmental Determinants of (47) Bode, M. F., and Mackman, N. (2015) Protective and
Cardiovascular DiseaSéec. Res. 142), 162 180. pathological roles of tissue factor in the hdagmostaseologie 35

(29) Mladenka, P., Applova, L., Patocka, J., Costa, V. M., Remiao,(E), 37 46.

Pourova, J., Collaborators, et al. (2018) Comprehensive review ¢#8) Lamore, S. D., Kohnken, R. A., Peters, M. F., and Kolaja, K. L.
cardiovascular toxicity of drugs and related agedtsRes. Rev. 38 (2020) Cardiovascular Toxicity Induced by Kinase Inhibitors:
(4), 1332 1403. Mechanisms and Preclinical Approa€tesm. Res. Toxicol (B3

(30) Dix, D. J., Houck, K. A., Martin, M. T., Richard, A. M., Setzer]25 136.

R. W., and Kavlock, R. J. (2007) The ToxCast program for(49) Mellor, H. R., Bell, A. R., Valentin, J. P., and Roberts, R. R.
prioritizing toxicity testing of environmental chemibasicol. Sci.  (2011) Cardiotoxicity associated with targeting kinase pathways in
95(1), 5 12. cancerToxicol. Sci. 120), 14 32.

(31) Kavlock, R., Chandler, K., Houck, K., Hunter, S., Judson, R(P0) Muslin, A. J. (2008) MAPK signalling in cardiovascular health
Kleinstreuer, N., Dix, D., et al. (2012) Update on'sEP@xCast and disease: molecular mechanisms and therapeuticGting&si.
program: providing high throughput decision support tools fod15(7), 203 218. _
chemical risk managemeStiem. Res. Toxicol(25 1287 1302. (51) Wu, D., Nishimura, N., Kuo, V., Fiehn, O., Shahbaz, S., Van

(32) Bowes, J., Brown, A. J., Hamon, J., Jarolimek, W., Sridhar, Winkle, L., Matsumura, F., and Vogel, C. F. A. (2011) Activation of
Waldron, G., and Whitebread, S. (2012) Reducing safety-related dfy! hydrocarbon reptor induces vascular inflammation and
attrition: the use of in vitro pharmacological profMa.Rev. Drug ~ Promotes atherosclerosis in apolipoprotein Enice.Arterioscler.,
Discovery 112), 909 922. Thromb., Vasc. BIO|.(§;L 12.60 1267.

(33) Huang, R., Grishagin, I, Wang, Y., Zhao, T., Greene, J(®2) Huang, R., Grishagin, I, Wang, Y., Zhao, T., Greene, J.,
Obenauer, J. C., Austin, C. P., et al. (2019) The NCATS BioPlanef2benauer, J. C., Austin, C. P., et al. (2019) The NCATS BioPlanet -
An Integrated Platform for Exploring the Universe of Cellula®" Integrated Platform for Exploring the Universe of Cellular
Signaling Pathways for Toxicology, Systems Biology, and Chemieignaling Pathways for Toxicology, Systems Biology, and Chemical
GenomicsEront. Pharmacol., 1a5. Genomlcs_l.:ront. Pharmacol., 435. ) _

(34) Mason, J. W. (2017) Cardiologigtoint of view: Novel ECG ~(93) Meijer, C. A., Le Haen, P. A, van Dik, R. A, Hira, M,
biomarkers and in silico models for proarrhythmic risk prediction: Alg@mming, J. F., van Bockel, J. H., and Lindeman, J. H. (2012)
we ready3. Electrocardiol ), 825 827. ctivator protein-1 (AP-1) signalling in human atherosclerosis: results

(35) Judson, R., Houck, K., Martin, M., Richard, A. M., Knudsen, 'gf a Z)ésétematlc evaluation and intervention sitidy Sci. 129),

B., Shah, |., Thomas, R. S., et al. (2016) Analysis of the Effects of : .

Stress and Cytotoxicity on In Vitro Assay Activity Across a Diver 4) Goetze, J. P., _Gore, A., Mgller, C. H,, Stelnbruch_el, D. A'.’

Chemical and Assay Spaicol. Sci. 153), 409. | ehfeld, J. F., and Nielsen, L. B. (2004) Acute myocardial hypoxia

: : increases BNP gene expresBIABEB J. 185), 1928 1930.

(36) Marvel, S. W., To, K., Grimm, F. A., Wright, F. A., Rusyn, I.,(55) Ogawa. E. Saito. Y. Harada. M. Kamitani S.. Kuwahara. K

and Reif_, D. M (2(.)18) ToxPi Graphical user Interface 2.0: Dynamil(:/liyamogt]o, Y’., Klakao, , K..,’ et al. (’20(5’0) Outsidé-in.’ signalling bf )

Eﬁ(glﬁfr.af;?), Vésouallzatlon, and sharing of integrated data Bid@els. fib;olnecttin s:imullates Cardtg)n,:ﬂy?c)gel|hépeg-rc1pg% igegug%ed neo-
A . atal rat ventricular myocytg&sMol. Cell. Cardiol. (3}, .

(37) Reif, D. M., Martin, M. T., Tan, S. W., Houck, K. A., Judson, R! 6) Tan, L. L., andyLygn, A. R. (2018) Role of Biomarkers in

Sébf(;Chgr% A. M., anL_Jl(_jsen, 1;1 B., D'tx ? J ?nd K_avlock, tRi ediction of Cardiotoxicity During Cancer Treatn@@nt. Treat
( ) Endocrine profiling and prioritization o enwronmenaOptions Cardiovasc Med(73055.

chemicals using ToxCast d&aviron. Health Perspect. (128, (57) Hayakawa, H., Komada, Y., Hirayama, M., Hori, H., Ito, M.,

1714 1720. and Sakurai, M. (2001) Plasma levels of natriuretic peptides in

(38) Bell, S., Abedini, J., Ceger, P., Chang, X., Cook, B., Karmaus,&ion o doxorubicin-induced cardiotoxicity and cardiac function in
L., Kleinstreuer, N., et al. (2020) An integrated chemical environmepfiiqren with canceved. Pediatr. Oncol.(3), 4 9.

with tools for chemical safety testiraxicol. In Vitro 67.04916. (58) Mercuro, G., Cadeddu, C., Piras, A., Dessi, M., Madeddu, C.
(39) Oh, Y., and Kim, . (201A) hybrid cloud resource clusteringygjgda, M., Serpe, R., Massa, E., and Mantovani, G. (2007) Early
method using analysis of application charagpeeiséinted at the  gpirypicin-induced myocardial dysfunction revealed by serial tissue
IEEE 2nd International Workshops on Foundations and Applicatio ppler echocardiography: correlation with inflammatory and

of Seff Systems (FASW, Tucson, AZ), pp 29800. _oxidative stress markeédsicologist 1(2), 1124 1133.
(40) Kohonen, T. (1982) Self-organized formation of topologically (59) Chu, P.-H., Chen, G., Kuo, D., Braisted, J., Huang, R., Wang, Y.,
correct feature maiol. Cybern 439 69. Simeonov, A., Boehm, M., and Gerhold, D. L. (2020) Stem Cell-

(41) Mansouri, K., Grulke, C. M., Judson, R. S., and Williams, A.gerived Endothelial Cell Model that Responds to Tobacco Smoke
(2018) OPERA models for predicting physicochemical properties agke Primary Endothelial Celhem. Res. Toxicol(33751 763.
environmental fate endpoirtsCheminf. @), 10. . (60) Flevaris, P., Khan, S. S., Eren, M., Schuldt, A. J. T., Shah, S. J.,

(42) Borrel, A., Huang, R., Sakamuru, S., Xia, M., Simeonov, fee D. C., Vaughan, D. E., et al. (2017) Plasminogen Activator
Mansouri, K., Houck, K. A., Judson, R. S., and Kleinstreuer, N. hibitor Type | Controls Cardiomyocyte Transforming Growth
(2020) High-Throughput Screening to Predict Chemical-Assagactor-beta and Cardiac FibraSisculation 1367), 664 679.
InterferenceSci. Rep. 1Q), 3986. (61) Henri, C., Heinonen, T., and Tardif, J. C. (2016) The Role of

(43) Burnett, S. D., Blanchette, A. D., Grimm, F. A., House, J. Biomarkers in Decreasing Risk of Cardiac Toxicity after Cancer
Reif, D. M., Wright, F. A., Chiu, W. A., and Rusyn, I. (2019)TherapyBiomarkers CancefSxippl 2), 3945.

Population-based toxicity screening in human induced pluripotents2) Boyd, J. H, Chau, E., Tokunanga, C., Bateman, R. M, Haljan,
stem cell-derived cardiomyocytesxicol. Appl. Pharmacol.,381 G., Davani, E. Y, Wang, Y., and Walley, K. R (2008) Fibrinogen

114711. decreases cardiomyocyte contractility through an ICAM-1-dependent
(44) Hanton, G. (2007) Preclinical cardiac safety assessment gfechanisnCrit Care 121), R2.
drugsDrugs BD 8 (4), 213 228. (63) Berg, E. L., Polokoff, M. A]Mahony, A., Nguyen, D., and Li,

(45) Kaneto, H., Katakami, N., Matsuhisa, M., and Matsuoka, T. X. (2015) Elucidating mechanisms of toxicity using phenotypic data
(2010) Role of reactive oxygen species in the progression of typ€rdm primary human cell systeanshemical biology approach for
diabetes and atherosclerddidiators Inflammation 20453892. thrombosis-related side effdais.J. Mol. Sci. 16), 1008 1029.

(46) Varga, Z. V., Ferdinandy, P., Liaudet, L., and Pacher, P. (201%p4) Sipes, N. S., Martin, M. T., Kothiya, P., Reif, D. M., Judson, R.
Drug-induced mitochondrial dysfunction and cardiotoXaity.J. S., Richard, A. M., Houck, K. A., Dix, D. J., Kavlock, R. J., and
Physiol Heart Circ Physiol @9H1453 1467. Knudsen, T. B. (2013) Profiling 976 ToxCast chemicals across 331

581 https://dx.doi.org/10.1021/acs.chemrestox.0c00382
Chem. Res. Toxic@021, 34, 566 583


https://dx.doi.org/10.1161/CIRCRESAHA.117.306458
https://dx.doi.org/10.1161/CIRCRESAHA.117.306458
https://dx.doi.org/10.1002/med.21476
https://dx.doi.org/10.1002/med.21476
https://dx.doi.org/10.1093/toxsci/kfl103
https://dx.doi.org/10.1093/toxsci/kfl103
https://dx.doi.org/10.1021/tx3000939
https://dx.doi.org/10.1021/tx3000939
https://dx.doi.org/10.1021/tx3000939
https://dx.doi.org/10.1038/nrd3845
https://dx.doi.org/10.1038/nrd3845
https://dx.doi.org/10.3389/fphar.2019.00445
https://dx.doi.org/10.3389/fphar.2019.00445
https://dx.doi.org/10.3389/fphar.2019.00445
https://dx.doi.org/10.3389/fphar.2019.00445
https://dx.doi.org/10.1016/j.jelectrocard.2017.08.011
https://dx.doi.org/10.1016/j.jelectrocard.2017.08.011
https://dx.doi.org/10.1016/j.jelectrocard.2017.08.011
https://dx.doi.org/10.1093/toxsci/kfw148
https://dx.doi.org/10.1093/toxsci/kfw148
https://dx.doi.org/10.1093/toxsci/kfw148
https://dx.doi.org/10.1186/s12859-018-2089-2
https://dx.doi.org/10.1186/s12859-018-2089-2
https://dx.doi.org/10.1289/ehp.1002180
https://dx.doi.org/10.1289/ehp.1002180
https://dx.doi.org/10.1016/j.tiv.2020.104916
https://dx.doi.org/10.1016/j.tiv.2020.104916
https://dx.doi.org/10.1007/BF00337288
https://dx.doi.org/10.1007/BF00337288
https://dx.doi.org/10.1186/s13321-018-0263-1
https://dx.doi.org/10.1186/s13321-018-0263-1
https://dx.doi.org/10.1038/s41598-020-60747-3
https://dx.doi.org/10.1038/s41598-020-60747-3
https://dx.doi.org/10.1016/j.taap.2019.114711
https://dx.doi.org/10.1016/j.taap.2019.114711
https://dx.doi.org/10.2165/00126839-200708040-00002
https://dx.doi.org/10.2165/00126839-200708040-00002
https://dx.doi.org/10.1155/2010/453892
https://dx.doi.org/10.1155/2010/453892
https://dx.doi.org/10.1152/ajpheart.00554.2015
https://dx.doi.org/10.5482/HAMO-14-09-0042
https://dx.doi.org/10.5482/HAMO-14-09-0042
https://dx.doi.org/10.1021/acs.chemrestox.9b00387
https://dx.doi.org/10.1021/acs.chemrestox.9b00387
https://dx.doi.org/10.1093/toxsci/kfq378
https://dx.doi.org/10.1093/toxsci/kfq378
https://dx.doi.org/10.1042/CS20070430
https://dx.doi.org/10.1042/CS20070430
https://dx.doi.org/10.1161/ATVBAHA.110.220202
https://dx.doi.org/10.1161/ATVBAHA.110.220202
https://dx.doi.org/10.1161/ATVBAHA.110.220202
https://dx.doi.org/10.3389/fphar.2019.00445
https://dx.doi.org/10.3389/fphar.2019.00445
https://dx.doi.org/10.3389/fphar.2019.00445
https://dx.doi.org/10.3389/fphar.2019.00445
https://dx.doi.org/10.1042/CS20110234
https://dx.doi.org/10.1042/CS20110234
https://dx.doi.org/10.1096/fj.03-1336fje
https://dx.doi.org/10.1096/fj.03-1336fje
https://dx.doi.org/10.1006/jmcc.2000.1119
https://dx.doi.org/10.1006/jmcc.2000.1119
https://dx.doi.org/10.1006/jmcc.2000.1119
https://dx.doi.org/10.1007/s11936-018-0641-z
https://dx.doi.org/10.1007/s11936-018-0641-z
https://dx.doi.org/10.1002/mpo.1155
https://dx.doi.org/10.1002/mpo.1155
https://dx.doi.org/10.1002/mpo.1155
https://dx.doi.org/10.1634/theoncologist.12-9-1124
https://dx.doi.org/10.1634/theoncologist.12-9-1124
https://dx.doi.org/10.1634/theoncologist.12-9-1124
https://dx.doi.org/10.1634/theoncologist.12-9-1124
https://dx.doi.org/10.1021/acs.chemrestox.9b00363
https://dx.doi.org/10.1021/acs.chemrestox.9b00363
https://dx.doi.org/10.1021/acs.chemrestox.9b00363
https://dx.doi.org/10.1161/CIRCULATIONAHA.117.028145
https://dx.doi.org/10.1161/CIRCULATIONAHA.117.028145
https://dx.doi.org/10.1161/CIRCULATIONAHA.117.028145
https://dx.doi.org/10.4137/BIC.S31798
https://dx.doi.org/10.4137/BIC.S31798
https://dx.doi.org/10.4137/BIC.S31798
https://dx.doi.org/10.1186/cc6213
https://dx.doi.org/10.1186/cc6213
https://dx.doi.org/10.1186/cc6213
https://dx.doi.org/10.3390/ijms16011008
https://dx.doi.org/10.3390/ijms16011008
https://dx.doi.org/10.3390/ijms16011008
https://dx.doi.org/10.1021/tx400021f
pubs.acs.org/crt?ref=pdf
https://dx.doi.org/10.1021/acs.chemrestox.0c00382?ref=pdf

Chemical Research in Toxicology pubs.acs.org/crt

enzymatic and receptor signaling asshgs. Res. Toxicol (@6 (82) Slade, L., Cowie, A., Martyniuk, C. J., Kienesberger, P. C., and
878 895. Pulinilkunnil, T. (2017) Dieldrin Augments mTOR Signaling and
(65) Sakamuru, S., Li, X., Attene-Ramos, M. S., Huang, R., Lu,Regulates Genes Associated with Cardiovascular Disease in the Adult
Shou, L., Shen, M., Tice, R. R., Austin, C. P., and Xia, M. (2012ebrafish Heart (Danio rerid).Pharmacol. Exp. Ther.(351375
Application of a homogenous membrane potential assay to assgss.
mitochondrial functioRhysiol. Genomics(9y4 495 503. (83) Vadhana, M. S., Nasuti, C., and Gabbianelli, R. (2010) Purine
(66) Mac Donald, M. L., Lamerdin, J., Owens, S., Keon, B. H., Biltesases oxidation and repair following permethrin insecticide treatment
G. K., Shang, Z., Westwick, J. K., et al. (2006) Identifying off-targgtrat heart cellCardiovasc. Toxicol.(3}) 199 207.
effects and hidden phenotypes of drugs in humarNegll€hem. (84) Zhang, Y.-F., Shan, C., Wang, Y., Qian, L.-L., Jia, D.-D., Zhang,
Biol. 2(6), 329 337. Y.-F., Hao, X.-D., and Xu, H.-M. (2020) Cardiovascular toxicity and
(67) Yu, H., West, M., Keon, B. H., Bilter, G. K., Owens, S.mechanism of bisphenol A and emerging risk of bisph@ciolTstal
Lamerdin, J., and Westwick, J. K. (2003) Measuring drug action in th@viron. 723137952.
cellular context using protein-fragment complementation&ssays.  (85) Heir, E., Sundheim, G., and Holck, A. L. (1999) Identification
Drug Dev. Technol(), 811 822. and characterization of quaternary ammonium compound resistant
(68) Houck, K. A,, Dix, D. J., Judson, R. S., Kavlock, R. J., Yangsthphylococci from the food industny. J. Food Microbiol. (8,
and Berg, E. L. (2009) Profiling bioactivity of the ToxCast chemicaliq 219,
library using BioMAP primary human cell sysfiei®@mol. Screening  (86) McDonnell, G., and Russell, A. D. (1999) Antiseptics and
14(9), 1054 1066. . . disinfectants: activity, action, and resist@tioe.Microbiol. Rev. 12
(69) Ohnuma, A., Yoshida, T., Tajima, H., Fukuyama, T., Hayasrm), 147 179.
K., Yamaguchi, S., Harada, T., et al. (2010) Didecyldimethylamm((87) Ben Othmene, Y., Hamdi, H., Annabi, E., Amara, |., Ben Salem,
nium chI(_)ride induces pulmonary inflammation and fibrosis in micqe..' Neffati, F., Najjar, M. F., and Abid-Essefi, S. (2020) Tebuconazole
Exp. Toxicol. Pathol. @}, 643 651. ) induced cardiotoxicity in male adult Ftod Chem. Toxicol. ,137
(70) Xia, M., Shahane, S. A., Huang, R., Titus, S. A., Shum, E., Zhap; 134

Y., Austin, C. P., et al. (2011) Identification of quaternary ammoniurrt88) Chaudhari. U.. Nemade. H.. Sureshkumar. P.. Vinken. M.. Ates
compounds as potent inhibitors of hERG potassium ch@orels. G Rogiers, V., Hescheler, J., Hengstler, J. G., and Sachinidis, A.
Appl. Pharmacol. 268, 250 258. (2018) Functional cardiotoxicity assessment of cosmetic compounds

(71) Borg, J. J., Yuill, K. H., Hancox, J. C., Spencer, I. C., and. ¥ - Adari .
Kozlowski, R. Z. (2002) Inhibitory effects of the antiestrogen age%gnhg -rrlg)r(?fg; ggslcgglplgélfotent stem cell-derived cardiomyocytes.

clomiphene on cardiac sarcolemmal anionic and cationic cMrrents.(Sg) Birnbaum, L. S., and Staskal, D. F. (2004) Brominated flame

Pharmacol. Exp. Ther. §08 282 292. retardants: cause for conc&n@ron. Health Perspect(11® 17.

irfgz) Féarl}'f DtHrTat“’nm" f”r”’ é:" g‘“d '-:'mG' %01?1) Ar:‘;io‘fam”?' 90) Kang, Y. J., Li, Y., Zhou, Z., Roberts, A. M., Cai, L., Myers, S. R.,
uced lite-threatening torsade de pointes in an enc-stage Wi, o | '~ and Schuschke, D. A. (2002) Elevation of serum

cancer patient receiving gefitidiaf Med. Case Reports 0)9 endothelins and cardiotoxicity induced by particulate matter

O(n%)lzszt'rachan E. M., Kelly, C. A., and Bateman, D. N (2004£M2.5) in rats with acute myocardial infarc@andiovasc. Toxicol.
L S T ), 253 262.

Electrocardiogram and cardiovascular changes in thioridazine - o . .
chlorpromazine poisonirigur. J. Clin. Pharmacol (80 541 545. 1) Zafiropoulos, A., Tsarouhas, K., Tsitsimpikou, C., Fragkiadaki,

(74) Pereira, C. L. V., Ximenes, C. F., Merlo, E., Sciortino, A. éb C_Berma_nak_ls, ., _Tsardl, M., Tsatsakis, A., et al. . (2.014)
Monteiro, J. S., Moreira, A., Stefanon, |., et al. (2019) Cardiotoxicvigard'Otox'cIty in rabbl_ts after a Iow-It_aveI exposure to_diazinon,
of environmental contaminant tributyltin involves myocyte oxidati ropoxur, and_ chlorpynfdsh_Jm. Exp. TOX'COI' 8R2), 1241 .1252'.
stress and abnormal Ca(2+) handlmyiron. Pollut. 24371 382. (92) B?‘r"\"e"v E Schein, O, Elsenkraft, A, Rubl_nsh_tem, R.,

(75) Kodavanti, P. R., Cameron, J. A., Yallapragada, P. R., éﬁwb_steln, A:’ 'V'"'“af_‘”v A". and Glikson, M. (2007) Gwd_elmgs for_
Desaiah, D. (1990) Effect of chlordecone (Kepone) on calciuntnreat'_ng cardlac_manlfestatlons of organophosphates_ poisoning with
transport mechanisms in rat heart sarcoplasmic retebammacol. ~ SPecial emphasis on long QT and Torsades De PGiniteRev.
Toxicol. 6-(3), 227 234. Toxicol. 3-(3), 279 285.

(76) Hussaarts, K. G. A. M., Berger, F. A., Binkhorst, L., Oomen - ¢é23) Ramachandra Bhat, C., and Ommen, R. (2013) A rare case of
Hoop, E., van Leeuwen, R. W. F., van Alphen, R. J., Mathijssen - %dlac and Neurotoxicity in Acute Lindane poisdning. Pharm.

Stein, D., de Groot, N. M. S., Mathijssen, R. H. J., and van Gelder,J¢i- Invent.@2), 34 35. _

(2020) The Risk of QTc-Interval Prolongation in Breast Cancer (94) Walters, B., Hariharan, V., and Huang, H. (2014) Dietary levels
Patients Treated with Tamoxifen in Combination with SerotonirPf acrylamide affect rat cardiomyocyte propéitied.Chem. Toxicol.
Reuptake Inhibitor®harm. Res. 1), 7. 71,68 73.

(77) Dhivya Vadhana, M. S., Siva Arumugam, S., Carloni, M., Nasu?5) Bhaskar, E. M., Moorthy, S., Ganeshwala, G., and Abraham, G.
C., and Gabbianelli, R. (2013) Early life permethrin treatment leads {§010) Cardiac conduction disturbance due to prallethrin (pyreth-
long-term cardiotoxicitzhemosphere @3, 1029 1034. roid) poisoningJ. Med. Toxicol.(), 27 30.

(78) Hu, Y., Zhang, L., Wu, X., Hou, L., Li, Z., Ju, J., Zhang, Y., et af96) Singh, H., Luni, F. K., Marwaha, B., Ali, S. S., and Alo, M.
(2016) Bisphenol A, an environmental estrogen-like toxic chemicé2016) Transient Complete Heart Block Secondary to Bed Bug
induces cardiac fibrosis by activating the ERK1/2 paffoxinol. ~ Insecticide: A Case of Pyrethroid Cardiac Tox@atydiology 135
Lett. 250251 1 9. (3), 160 163.

(79) Kalender, S., Kalender, Y., Ogutcu, A., Uzunhisarcikli, M.(97) Kale, M., Rathore, N., John, S., Bhatnagar, D., Nayyar, S. S., and
Durak, D., and Acikgoz, F. (2004) Endosulfan-induced cardiotoxici§pthari, V. (1999) The Protective Effect of Vitamin E in Pyrethroid-
and free radical metabolism in rats: the protective effect of vitamin iBduced Oxidative Stress in Rat Tissudutr. Environ. Med49,
Toxicology 203), 227 235. 281 287.

(80) Patel, B. B., Raad, M., Sebag, I. A., and Chalifour, L. E. (2013p8) Wang, X., Martinez, M. A., Dai, M., Chen, D., Ares, I., Romero,
Lifelong exposure to bisphenol a alters cardiac structure/functiof,, Yuan, Z., et al. (2016) Permethrin-induced oxidative stress and
protein expression, and DNA methylation in adult fozecol. Sci.  toxicity and metabolisfEnviron. Res. 146 104.

133(1), 174 185. (99) You, H., Kim, G., Kim, Y., Chun, Y., Park, J., Chung, M. H., and
(81) Posnack, N. G. (2014) The adverse cardiac effects of Di(Kim, M. (2000) Increased 8-hydroxyguanine formation and
ethylhexyl)phthalate and BisphenolCArdiovasc. Toxicol. (44, endonuclease activity for its repair in ischemic-reperfused hearts of

339 357. rats.J. Mol. Cell. Cardiol. @), 1053 1059.
582 https://dx.doi.org/10.1021/acs.chemrestox.0c00382

Chem. Res. Toxic@021, 34, 566 583


https://dx.doi.org/10.1021/tx400021f
https://dx.doi.org/10.1152/physiolgenomics.00161.2011
https://dx.doi.org/10.1152/physiolgenomics.00161.2011
https://dx.doi.org/10.1038/nchembio790
https://dx.doi.org/10.1038/nchembio790
https://dx.doi.org/10.1089/154065803772613444
https://dx.doi.org/10.1089/154065803772613444
https://dx.doi.org/10.1177/1087057109345525
https://dx.doi.org/10.1177/1087057109345525
https://dx.doi.org/10.1016/j.etp.2009.08.007
https://dx.doi.org/10.1016/j.etp.2009.08.007
https://dx.doi.org/10.1016/j.taap.2011.02.016
https://dx.doi.org/10.1016/j.taap.2011.02.016
https://dx.doi.org/10.1124/jpet.102.038901
https://dx.doi.org/10.1124/jpet.102.038901
https://dx.doi.org/10.1093/omcr/omy122
https://dx.doi.org/10.1093/omcr/omy122
https://dx.doi.org/10.1093/omcr/omy122
https://dx.doi.org/10.1007/s00228-004-0811-7
https://dx.doi.org/10.1007/s00228-004-0811-7
https://dx.doi.org/10.1016/j.envpol.2019.01.053
https://dx.doi.org/10.1016/j.envpol.2019.01.053
https://dx.doi.org/10.1016/j.envpol.2019.01.053
https://dx.doi.org/10.1111/j.1600-0773.1990.tb00818.x
https://dx.doi.org/10.1111/j.1600-0773.1990.tb00818.x
https://dx.doi.org/10.1007/s11095-019-2746-9
https://dx.doi.org/10.1007/s11095-019-2746-9
https://dx.doi.org/10.1007/s11095-019-2746-9
https://dx.doi.org/10.1016/j.chemosphere.2013.05.073
https://dx.doi.org/10.1016/j.chemosphere.2013.05.073
https://dx.doi.org/10.1016/j.toxlet.2016.03.008
https://dx.doi.org/10.1016/j.toxlet.2016.03.008
https://dx.doi.org/10.1016/j.tox.2004.05.010
https://dx.doi.org/10.1016/j.tox.2004.05.010
https://dx.doi.org/10.1093/toxsci/kft026
https://dx.doi.org/10.1093/toxsci/kft026
https://dx.doi.org/10.1007/s12012-014-9258-y
https://dx.doi.org/10.1007/s12012-014-9258-y
https://dx.doi.org/10.1124/jpet.116.239806
https://dx.doi.org/10.1124/jpet.116.239806
https://dx.doi.org/10.1124/jpet.116.239806
https://dx.doi.org/10.1007/s12012-010-9079-6
https://dx.doi.org/10.1007/s12012-010-9079-6
https://dx.doi.org/10.1007/s12012-010-9079-6
https://dx.doi.org/10.1016/j.scitotenv.2020.137952
https://dx.doi.org/10.1016/j.scitotenv.2020.137952
https://dx.doi.org/10.1016/S0168-1605(99)00044-6
https://dx.doi.org/10.1016/S0168-1605(99)00044-6
https://dx.doi.org/10.1016/S0168-1605(99)00044-6
https://dx.doi.org/10.1128/CMR.12.1.147
https://dx.doi.org/10.1128/CMR.12.1.147
https://dx.doi.org/10.1016/j.fct.2020.111134
https://dx.doi.org/10.1016/j.fct.2020.111134
https://dx.doi.org/10.1007/s00204-017-2065-z
https://dx.doi.org/10.1007/s00204-017-2065-z
https://dx.doi.org/10.1289/ehp.6559
https://dx.doi.org/10.1289/ehp.6559
https://dx.doi.org/10.1385/CT:2:4:253
https://dx.doi.org/10.1385/CT:2:4:253
https://dx.doi.org/10.1385/CT:2:4:253
https://dx.doi.org/10.1177/0960327114532384
https://dx.doi.org/10.1177/0960327114532384
https://dx.doi.org/10.1080/10408440601177855
https://dx.doi.org/10.1080/10408440601177855
https://dx.doi.org/10.1080/10408440601177855
https://dx.doi.org/10.1016/j.fct.2014.05.029
https://dx.doi.org/10.1016/j.fct.2014.05.029
https://dx.doi.org/10.1007/s13181-010-0032-7
https://dx.doi.org/10.1007/s13181-010-0032-7
https://dx.doi.org/10.1159/000446574
https://dx.doi.org/10.1159/000446574
https://dx.doi.org/10.1080/13590849961500
https://dx.doi.org/10.1080/13590849961500
https://dx.doi.org/10.1016/j.envres.2016.05.003
https://dx.doi.org/10.1016/j.envres.2016.05.003
https://dx.doi.org/10.1006/jmcc.2000.1142
https://dx.doi.org/10.1006/jmcc.2000.1142
https://dx.doi.org/10.1006/jmcc.2000.1142
pubs.acs.org/crt?ref=pdf
https://dx.doi.org/10.1021/acs.chemrestox.0c00382?ref=pdf

Chemical Research in Toxicology pubs.acs.org/crt

(200) zhan, C., Liu, G., Li, J., Li, G., Li, T., Zhao, H., Li, W., et al.
(2020) Rotenone and 3-bromopyruvate toxicity impacts electrical and
structural cardiac remodeling in ratsicol. Lett. 3187 64.

(101) Ozeki, Y., Fujii, K., Kurimoto, N., Yamada, N., Okawa, M.,
Aoki, T., Takahashi, J., Ishida, N., Horie, M., and Kunugi, H. (2010)
QTc prolongation and antipsychotic medications in a sample of 1017
patients with schizophreniBrog. Neuro-Psychopharmacol. Biol.
Psychiatry 32), 401 405.

(102) Haddad, R., Kasneci, A., Mepham, K., Sebag, I. A., and
Chalifour, L. E. (2013) Gestational exposure to diethylstilbestrol
alters cardiac structure/function, protein expression and DNA
methylation in adult male mice progéroxicol. Appl. Pharmacol.
266(1), 27 37.

(103) Pfeifer, H. J., Greenblatt, D. K., and Koch-Weser, J. (1976)
Clinical toxicity of reserpine in hospitalized patients: a report from the
Boston Collaborative Drug Surveillance Programl. Med. Sci. 271
(3), 269 276.

(104) de la Cerda, E., Navarro-Polanco, R. A., and Sanchez-Chapula,
J. A. (2002) Modulation of cardiac action potential and underlying
ionic currents by the pyrethroid insecticide deltamehincim. Med.

Res. 385), 448 454.

(105) Yan, S., Song, W., Chen, Y., Hong, K., Rubinstein, J., and
Wang, H. S. (2013) Low-dose bisphenol A and estrogen increase
ventricular arrhythmias following ischemia-reperfusion in female rat
heartsFood Chem. Toxicol, 35 80.

(106) Hesari, M., Shackebaei, D., and Asadmobini, A. (2018)
Protective effect of paracetamol in doxorubicin-induced cardiotoxicity
in ischemia/reperfused isolated rat héaratol J. Cardiol 12),

94 99.

(107) Ittaman, S. V., VanWormer, J. J., and Rezkalla, S. H. (2014)
The role of aspirin in the prevention of cardiovascular d@iase.
Med. Res. 13 4), 147 154.

583

https://dx.doi.org/10.1021/acs.chemrestox.0c00382
Chem. Res. Toxic@021, 34, 566 583


https://dx.doi.org/10.1016/j.toxlet.2019.09.024
https://dx.doi.org/10.1016/j.toxlet.2019.09.024
https://dx.doi.org/10.1016/j.pnpbp.2010.01.008
https://dx.doi.org/10.1016/j.pnpbp.2010.01.008
https://dx.doi.org/10.1016/j.taap.2012.10.018
https://dx.doi.org/10.1016/j.taap.2012.10.018
https://dx.doi.org/10.1016/j.taap.2012.10.018
https://dx.doi.org/10.1097/00000441-197605000-00002
https://dx.doi.org/10.1097/00000441-197605000-00002
https://dx.doi.org/10.1016/S0188-4409(02)00389-2
https://dx.doi.org/10.1016/S0188-4409(02)00389-2
https://dx.doi.org/10.1016/j.fct.2013.02.011
https://dx.doi.org/10.1016/j.fct.2013.02.011
https://dx.doi.org/10.1016/j.fct.2013.02.011
https://dx.doi.org/10.14744/AnatolJCardiol.2017.8038
https://dx.doi.org/10.14744/AnatolJCardiol.2017.8038
https://dx.doi.org/10.3121/cmr.2013.1197
pubs.acs.org/crt?ref=pdf
https://dx.doi.org/10.1021/acs.chemrestox.0c00382?ref=pdf

