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Abstract

Billions of US dollars are invested every year by the pharmaceutical industry
in drug development, with the aim of introducing new drugs that are effective
and have minimal side effects. Thirty percent of in-pipeline drugs are ex-
cluded in an early phase of preclinical and clinical screening owing to cardio-
vascular safety concerns, and several lead molecules that pass the early safety
screening make it to market but are later withdrawn owing to severe cardiac
side effects. Although the current drug safety screening methodologies can
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identify some cardiotoxic drug candidates, they cannot accurately represent the human heart
in many aspects, including genomics, transcriptomics, and patient- or population-specific car-
diotoxicity. Despite some limitations, human induced pluripotent stem cell–derived cardiomyo-
cytes (hiPSC-CMs) are a powerful and evolving technology that has been shown to recapitulate
many attributes of human cardiomyocytes and their drug responses. In this review, we discuss
the potential impact of the inclusion of the hiPSC-CM platform in premarket candidate drug
screening

INTRODUCTION

During the process of drug development, detection of toxicity to the heart is the leading cause
for halting further progression of lead compounds. Many drugs have been associated with various
cardiovascular side effects, including disturbances in ventricular de- or repolarization leading to
lethal arrhythmias and cardiomyocyte injury leading to heart failure. About 30% of potential drug
candidates are discontinued during the clinical development phase owing to safety concerns; the
majority of these are excluded because of adverse cardiovascular reactions (1). Genetic, epigenetic,
and nongenetic environmental factors can also affect drug toxicity. Genetic variants that have a
deleterious effect in one ethnic group may have no effect in another ethnic group. As a result,
cardiotoxicities may only be discovered late in drug development, and in some cases only after the
drug has been brought to market, with enormous clinical and economic burdens on the health
care system. Two major factors have been responsible for this situation: First, existing method-
ologies for assessing cardiotoxicity, which employ models such as ion channel–overexpressing
cells or animal models, are often inaccurate for detecting human cardiac drug responses; and
second, some rare, patient-specific drug responses are difficult or impossible to discover in the
small cohorts of patients studied during Phase II and Phase III clinical trials. To overcome these
limitations, a system must be developed that can recapitulate patient- or population-specific
drug response, being both specific and sensitive enough to minimize false positives and false
negatives.

DRUG-INDUCED CARDIOTOXICITY

Adverse drug reactions (ADRs) are a significant cause of morbidity and mortality worldwide. The
number of ADRs reported by the US Food and Drug Administration (FDA) Adverse Event Re-
porting System has increased 4-fold, from 335,751 in 2006 to 1,204,685 in 2014 (2). Cardiac ADRs
include disturbances in ventricular repolarization and QT interval, arrhythmias, bradycardia,
tachycardia, decreases in left ventricular ejection fraction, and congestive heart failure. Making
the situation even more complex, drug induced cardiovascular adverse events may present either
as early-onset acute events detected shortly after the initiation of treatment or as delayed-onset
chronic events, which take longer to progress to the point of detection and therefore might only
be discovered during postmarket monitoring.

Notably, nearly 2,000 marketed drugs have been associated with cardiovascular side effects,
including drugs with both cardiovascular and noncardiovascular indications (3) (Figure 1a). An-
ticancer agents in particular are associated with undesired cardiac side effects with incidence rates
of 8–26% for doxorubicin, 7–28% for trastuzumab, 5–30% for paclitaxel, and 2–35% for tyro-
sine kinase inhibitors (TKIs) (4). High-dose corticosteroids are associated with atrial fibrillation
in 11% of patients, most likely due to direct effects on cell membranes causing an increase in
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Figure 1
(a) On-market drugs and cardiovascular adverse events. Data adapted from the SIDER 4.1: Side Effect
Resource (http://sideeffects.embl.de) database of drugs and adverse drug reactions (3). (b) Drug withdrawal
due to serious cardiovascular adverse reactions. Sixty-three drugs in different therapeutic classes were
withdrawn from the market between 1953 and 2013 owing to serious cardiotoxic effects.

potassium efflux (5, 6). Using the Tennessee Medicaid insurance database, Ray et al. (7, 8) showed
that the antibiotic erythromycin and tricyclic antidepressants are associated with sudden cardiac
death (SCD). The risk of SCD increases significantly upon coadministration of erythromycin
with a CYP3A4 inhibitor such as verapamil or diltiazem, CYP3A4 being the primary enzyme
responsible for erythromycin metabolism.
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IKr: rectifier potassium
current

hERG: human
ether-à-go-go

DRUG DEVELOPMENT AND POSTMARKETING DRUG WITHDRAWAL

The failure rates in drug development due to safety issues during Phase II and Phase III trials are
22% and 35%, respectively. This increase in the failure rate from Phase II (shorter follow-up)
to Phase III (longer follow-up) likely occurs because many drug-induced toxicities develop and
progress with time. The vast majority of drug-induced toxicities occur at low frequencies, making
it difficult to get a robust signal when examining only a few hundred to a few thousand patients, as
recommended in the FDA guidelines for Phase III clinical trials (1). Accordingly, current method-
ologies for premarket screening can detect only toxicities that are common and develop within
relatively short intervals, increasing the probability of overlooking adverse effects. The high inci-
dence of postmarketing drug withdrawal emphasizes the urgent need to develop preclinical and
clinical drug screening schemes that reliably identify adverse effects during lead compound de-
velopment to avoid the unnecessary clinical and economic burdens associated with postmarketing
ADRs. Achieving this goal will also help enhance postmarketing drug safety monitoring through
pharmacovigilance.

A total of 462 drugs were withdrawn from the market between 1953 and 2013, 63 (14%)
because of serious cardiovascular adverse events (9) (Figure 1b). This long list includes psy-
chostimulants such as fenfluramine, sibutramine, benfluorex, and dexfenfluramine; nonsteroidal
anti-inflammatory drugs such as valdecoxib, rofecoxib, alphacetylmethadol, and parecoxib;
antiarrhythmics such as adenosine phosphate, bepridil, and encainide; and antipsychotics such
as sertindole. Several of these have been on the market for an extended time, including benfluo-
rex, available for 33 years (1976–2009), with its first drug-induced cardiotoxicity (DIC) reported
in 2003; bepridil, available for 23 years (1981–2004), with its first DIC reported in 1982; and
rofecoxib, available for 5 years (1999–2004), with its first DIC reported in 2002 (9). A study ex-
amining ADRs in 8,208,960 hospitalized Medicare patients showed the cost of managing complex
ADRs (hospitalization, medical monitoring, and prescribing additional drugs to treat toxicity) was
over $300,000,000 (10). The existing approaches for premarketing safety screening for in-pipeline
candidate drug molecules are clearly insufficient.

SAFETY SCREENING ASSAYS IN DRUG DEVELOPMENT

Several efforts have been made to develop clinical and preclinical cardiotoxicity screening ap-
proaches over the past decade, starting with the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use (ICH) guidelines ICH S7B and
ICH E14.

ICH S7B describes the evaluation of a drug’s potential to delay ventricular repolarization
and comprises two main assays. First, an in vitro delayed rectifier potassium current (IKr) func-
tional assay tests the effect of a drug on the voltage-gated potassium channel Kv11.1 (formerly
known as human ether-à-go-go, or hERG) using cell lines that heterologously express hERG.
Second, an in vivo QT assay tests the effect of a drug on the electrocardiographic QT interval us-
ing animal models. Its companion guideline, ICH E14, includes the clinical electrocardiographic
evaluation of QT/QTc interval prolongation and proarrhythmic potential in humans in clinical
studies.

The sensitivity and specificity of the in vitro hERG assay are 64–82% and 75–88%, respectively,
suggesting that even in the best-case scenario, many tested drugs that are actually noncardiotoxic
would be discarded at this stage (11, 12). Similarly, a large proportion of tested drugs that may
cause deleterious adverse cardiac events can pass this screening stage and potentially reach the
market. Assaying hERG currents in noncardiac cells that heterologously express hERG may not
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accurately recapitulate the electrophysiology of adult human cardiomyocytes. Furthermore, the
substantial physiological differences between humans and animals constitute a serious limitation
for the use of animals to model arrhythmia risk (13).

The ICH S7B/E14 approach focuses primarily on assaying the effect of drugs on reducing
the hERG current and their effect on QT prolongation as surrogates of arrhythmogenic risk.
However, these assays are suboptimal markers because (a) hERG is not the only ion channel that
regulates ventricular repolarization (14, 15), and (b) QT interval prolongation alone is not an ideal
marker for clinical arrhythmia risk (16).

Drug safety screening has evolved during the past decade in an effort to fill the gaps left by
the ICH S7B/E14 approach. This led the FDA to propose the Comprehensive in vitro Proar-
rhythmia Assay (CiPA) project in 2013, with three basic aims: (a) examine the effect of a drug
on seven ionic currents that contribute to regulating ventricular repolarization, (b) integrate data
from the seven ion channel assays in the first aim to build an in silico human ventricular tissue
model, and (c) use commercially available human induced pluripotent stem cell–derived cardio-
myocytes (hiPSC-CMs) to confirm arrhythmia risk by examining the effect of drugs on electrical
activity in hiPSC-CMs. According to the latest CiPA progress report, 28 drugs classified as being
at high, intermediate, and low risk of inducing torsades de pointes (TdP) and with known car-
diac electrophysiological effects have been selected for ongoing CiPA calibration and validation
(17).

PATIENT-SPECIFIC EFFECTS AND PHARMACOGENOMICS

The ultimate goal of precision medicine is to tailor treatments to fit specific populations, sub-
populations, or even individual patients such that each patient receives treatment that provides
the highest therapeutic efficacy with the lowest risk of side effects. However, differential patient-
specific reactions to a particular drug are driven by interactions between genetic, epigenetic, and
environmental factors. Inherited polymorphisms in drug metabolizing enzymes and transporters
can alter their expression, activity, or both, influencing drug pharmacokinetics. Similarly, inherited
polymorphisms in target enzymes, transporters, ion channels, and receptors can influence drug
pharmacodynamics. Epigenetic alterations, including DNA methylation, histone modification,
microRNAs, mRNA instability, and nucleosome positioning, have been shown to be associated
with cardiovascular diseases including atherosclerosis and hypertension (18, 19). Environmental
and nongenetic factors including body mass index and behavioral patterns, especially those in early
life, also modulate the risk of cardiovascular disease (18, 19).

Analyzing 12,500 electrocardiograms, Gallagher et al. (20) showed that the corrected QT inter-
val differs considerably in normal healthy individuals, ranging from 335 ms to more than 460 ms.
These findings highlight that individual variability in cardiac repolarization irrespective of dis-
ease, administered drugs, or both. Several ion channels, ion transporters, and channel-interacting
protein-encoding genes are implicated in altering cardiac electrical activity and repolarization,
and several genetic polymorphisms directly alter electrical activity (21, 22).

Common genetic variants in ion channels can increase or decrease the QT interval by 1–4 ms per
allele, whereas rare polymorphisms can alter QT interval by up to 100 ms. A genome-wide associa-
tion study (GWAS) performed by the QT Interval–International GWAS Consortium (QT-IGC)
examining >100,000 patients of European ancestry for 2.5 million single-nucleotide polymor-
phisms (SNPs) identified 35 loci associated with altered QT interval (23). QT-IGC identified
68 independent SNPs, distributed over 35 loci across the genome. Examination of the predictive
value of 67 of the 68 identified SNPs in a cohort of 13,105 African American patients revealed that
only 9 of 67 SNPs were associated with QT interval (23). Although the effect of genetic variants
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EB: embryoid body

in European and African populations was reasonably correlated, approximately 8% of identified
SNPs had effects on QT interval in different directions in patients of African ancestry compared
to patients of European ancestry (23). Thus, a SNP that is a good biomarker for QT prolongation
in one population may have no effect or be associated with QT shortening in another. Nongenetic
covariates can influence QT intervals, including gender, age, obesity, heart rate, and concomitant
drugs; accordingly, the level of significance of each genetic marker must be adjusted to the effect
of these covariates (24, 25).

An illustrative example of a population-specific drug response is the combination of isosor-
bide dinitrate and hydralazine (BiDil), used to treat heart failure in African American patients.
The African American Heart Failure Trial (A-HeFT I) demonstrated decreased mortality in
African American patients treated with BiDil compared to placebo, whereas there was no dif-
ference in survival in Caucasians. Interestingly, genotype TT of SNP rs5443 in the G-protein
beta-3 subunit (GNB3) has been associated with greater BiDil therapeutic effect. rs5443-TT is
the predominant genotype in African Americans (∼50%), whereas it is rare (∼10%) in Caucasians
(26). Thus, there is a direct relationship between population-specific common SNPs and
population-specific drug responses that should be considered when screening potential drug
candidates.

Taken together, these issues emphasize the importance of developing a patient-focused
cardiotoxicity screening model that can (a) simulate patient-specific exposure to genomic, epige-
nomic, and environmental modulators and subsequently recapitulate a patient- or population-
dependent drug response; (b) be scaled up to thousands of patients to identify cardiotoxic phe-
notypes in a statistically meaningful manner; (c) be used to assay different types of DIC; and
(d ) provide monitoring of cardiotoxicity phenotypes without the need for frequent patient clinical
encounters.

HUMAN INDUCED PLURIPOTENT STEM CELL–DERIVED
CARDIOMYOCYTES

Cardiomyocyte Differentiation

Current methods of differentiating hiPSCs into cardiomyocytes stem from established knowledge
of cell signaling events during embryonic cardiac development. All protocols begin with mesoder-
mal induction of the pluripotent cells, accomplished via activation of the WNT, activin/NODAL,
and/or bone morphogenetic protein (BMP) pathways in the first 1–2 days of differentiation (27–
31). WNT is commonly activated using CHIR99021, along with various combinations of the
growth factors activin A and BMP4 (27, 29–33). Cardiac specification of the mesodermally com-
mitted cells is achieved by inhibiting WNT with small-molecule inhibitors such as Wnt-C59
(27, 31, 34) or the protein Dickkopf WNT signaling pathway inhibitor 1 (DKK1) (33). Following
these steps, the committed cardiac progenitor cells largely continue their differentiation to cardio-
myocytes with no further modifications to the basal media, although some groups have found the
addition of vascular endothelial growth factor A (VEGFA) or fibroblast growth factor 2 (FGF2)
to the media to be beneficial (33, 34).

The first reports of beating cardiomyocytes from human embryonic stem cells (hESCs) were
from spherical aggregates termed embryoid bodies (EBs), of which approximately 8% of cells
would spontaneously contract (35). Subsequent efforts identified growth factors capable of increas-
ing the percentage of beating EBs to over 50% (36–38). However, production of cardiomyocytes
from EBs was very labor intensive, so attempts to differentiate monolayers of hESCs followed.
This was first demonstrated by Laflamme et al. (39), who applied the sequential addition of the

88 Magdy et al.

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 2
01

8.
58

:8
3-

10
3.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
N

or
th

w
es

te
rn

 U
ni

ve
rs

ity
 o

n 
01

/1
5/

21
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



PA58CH06_Burridge ARI 17 November 2017 12:54

activin A and BMP4, although efficiency was relatively low at 30%. The addition of WNT inhi-
bition following mesodermal induction improved efficiency to over 50% (40), which was further
improved to 75–95% when growth factors were replaced with small-molecule inhibitors (27, 41,
42).

Recognizing the importance of optimal culture conditions for efficient and consistent car-
diomyocyte production, and that human- or animal-derived products in the protocol will impede
progress toward FDA approval of these cells for therapeutic purposes, the field has made great
progress toward chemically defining all media used and eliminating animal-derived products (e.g.,
serum and bovine serum albumin) from the media. Xu et al. (43) performed the first successful
differentiation in EBs in chemically defined differentiation media. Burridge et al. (44) improved
the efficiency of beating EB generation by optimizing the protocol and using recombinant human
albumin to replace a critical component of serum. However, both approaches still relied on the
use of animal-derived knockout serum replacement or mouse embryonic fibroblast–conditioned
media for maintenance of pluripotent cells prior to differentiation. The introduction of E8 pluripo-
tency media and chemically defined media for monolayer differentiation (27) made it possible to
generate hiPSC-CMs in fully chemically defined and xeno-free conditions. However, the use of
small amounts of serum may be beneficial for cardiomyocyte differentiation, maintaining cells
in long-term culture, and possibly maturing cardiomyocytes to a more adult-like phenotype. Al-
though xeno-free, chemically defined conditions are necessary for human therapeutic applications,
drug screening assays do not preclude the use of serum in cardiomyocyte cultures. Indeed, a more
robust and mature in vitro model would be advantageous for such applications.

High-Throughput Human Induced Pluripotent Stem Cell–Derived
Cardiomyocyte Differentiation

hiPSC-CM differentiation protocols have been designed with consideration for future scale-up,
with the knowledge that EBs are compatible with existing large-scale bioreactors commonly used
in commercial mammalian cell production (37). Despite this, monolayer protocols that do not have
the complexity of EB formation have proved popular and provide simple assessment of differen-
tiation efficacy (39). The primary barrier to high-throughput differentiation is that monolayer
differentiation, commonly performed in 12- and 6-well plates, has significantly less reproducibil-
ity when larger surface areas are used. Efforts to differentiate hiPSCs to cardiomyocytes in flasks
have required selection of one or two hiPSC lines and line-specific optimization to overcome
this issue (45). This lack of scalability has been attributed to the reliance on the paracrine effect
for mesoderm induction, the difficulty in seeding cells evenly in large adherent cultures, and the
high cost of media and factors, many of which have been overcome (27, 46). Finally, researchers
have recently made progress with cardiac differentiation in stirred suspension vessels (47), as
hiPSCs easily adapt to suspension-based culture using either cell aggregates (EBs) or attach-
ment to matrix-coated microcarriers (48, 49). Currently, these are considerably less efficient for
hiPSC growth. To improve cell purity, commercial hiPSC-CM production uses a cardiac-specific
promotor such as MYH6 linked to an antibiotic resistance gene. With these commercial cells be-
coming more generally available, this genetic modification has now become acceptable within the
field.

Cardiomyocyte Subtype Specification

The aforementioned differentiation protocols all result in mixed populations of electrophysiolog-
ically variable cardiomyocytes, with most cells representing immature ventricular cardiomyocyte
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phenotypes, whereas ∼15–20% resemble atrial and 5% resemble nodal cells by patch clamp anal-
ysis (27). Ideally, the use of hiPSC-CMs for drug efficacy and toxicity screening should involve
relatively pure populations of the cardiomyocyte subtype of interest, as electrical heterogeneity
in in vitro preparations could skew results, particularly where atrial or ventricular arrhythmias
are concerned. Efforts to modify differentiation conditions to direct hiPSCs to become specific
cardiac subtypes have been met with moderate success. One approach has been to use reporter
gene constructs to select specific cell types, such as myosin light chain 2 (MYL2)-GFP for ven-
tricular myocytes (50) or sarcolipin (SLN)-tdTomato to isolate atrial cells (51). Another approach
involves modifying differentiation strategies to drive hiPSCs preferentially toward one subtype.
Inhibition of neuregulin with AG1478 increases the nodal population (52); retinoic acid inhibition
with BMS-189453 increases the ventricular population (53); and retinoic acid activation increases
the atrial population (53). Retinoic acid increases atrial-specific ion channels and allows for the
in vitro testing of drugs that specifically target atrial channels as potential treatments for atrial
arrhythmias (54).

Even the most successful hiPSC differentiations to cardiomyocytes still contain noncardiomy-
ocyte cell lineages that have not been thoroughly characterized (55). Cardiomyocytes interact with
other nonmyocyte cells within the heart via gap junctions as well as via paracrine effects, suggest-
ing that the effects of these contaminating cells should not be ignored in drug screening assays.
As attractive as a 100% pure cardiomyocyte culture may seem, these native cell-cell interactions
suggest that a totally pure population of cardiomyocytes may not be the best model for studying
the clinical effects of drugs on the whole heart.

Cardiomyocyte Maturation

hiPSC-CMs derived by existing protocols represent a developmentally immature, embryonic,
or fetal-like state (56). That these cells lack maturity has been reviewed extensively elsewhere
(57–62) and is based on the requirement for glycolytic metabolism, maximum diastolic poten-
tial of approximately −50 to −60 mV, cellular size and circularity, lack of sarcomeric align-
ment (63), reduced fractional shortening, lack of transverse (t) tubules, automaticity, and the
expression of fetal genes and isoforms of many calcium-handling and contractile proteins, such
as TNNI1, rather than the mature TNNI3 (64). Despite this, hiPSC-CMs have been shown to
express all the ion channels of mature left ventricular cardiomyocytes (65), albeit some, such
as KCNJ2 (IK1), at a low level (66). hiPSC-CMs have also been shown to have relative calcium
transients similar to those of mouse and rabbit CMs (56), although with a lower rise and de-
cline rate (67) and with a negative force-frequency response (68), suggesting reduced SERCA
function.

hiPSC-CMs undergo some degree of maturation when researchers simply extend cell culture
to >80 days (69, 70). Additionally, when engrafted in the rat heart, hiPSC-CMs can mature
functionally (71) and structurally (72), proving that under suitable conditions, these cells are
capable of maturation. Numerous techniques that do not involve prolonged growth have been
employed to improve maturation, including electrical stimulation (73), stretch or mechanical
loading (74, 75), micropatterning (76, 77), and growth as part of an engineered heart tissue (78).
Particular success has been shown when hiPSC-CMs are patterned to a length:width ratio similar
to that of adult cardiomyocytes (7:1) and on substrates of stiffness similar to that of the human
heart (10 kPa) (79).

Another maturation technique is to alter soluble factors [e.g., triiodothyronine (80, 81), dex-
amethasone (82), insulin, or insulin-like growth factor-1 (79, 83, 84)], all of which have been
shown to enhance the electrophysiological properties, bioenergetics, and contractile force of
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hiPSC-CMs. Other media supplements, such as L-carnitine, taurine, and creatine phosphate (85),
may also augment maturation. Adrenergic stimulation, despite playing a key role in maturation of
the heart, merely induces hypertrophy, not maturation in hiPSC-CMs (86). Finally, transfection
of microRNAs such as miR-499 (87) and let-7 (88) may also play a future role.

One of the most difficult challenges in maturing hiPSC-CMs has been the transition of
metabolism from the use of glucose via anaerobic glycolysis to the use of fatty acids to produce
acetyl-CoA via beta oxidation, typical of mature cardiomyocytes (89–91). Preventing hiPSC-CMs
from using glucose (known as the Crabtree effect) is particularly important for cardiotoxicity
analysis, as drugs that impair mitochondrial function will have attenuated deleterious effects in
glycolysis-dependent cells (92).

The degree to which hiPSC-CM maturation is necessary for testing drug responses and dis-
ease phenotypes is largely dependent on the specific effect or toxicity being tested. For com-
mon electrophysiological phenotypes such as congenital long QT syndrome (93) and perhaps
for some cardiomyopathies, existing levels of hiPSC-CM maturation appear to be suitable (94,
95). For more complex disease phenotypes, including many cardiomyopathies, further matu-
ration will be necessary to recapitulate the clinical phenotype (79, 84). However, for testing
drugs for toxicity involving contractile function or structural remodeling, the degree to which
cardiotoxicity signaling pathways in hiPSC-CMs recapitulate those in adult cardiomyocytes is
critical.

High-Throughput Analysis of Human Induced Pluripotent Stem
Cell–Derived Cardiomyocytes

Now that successful cardiac differentiation in moderate quantity is feasible, existing techniques for
analysis of cardiomyocyte phenotypes need to be updated with more high-throughput method-
ologies (Figure 2). One of the first steps has been the transfer to 384-well plates (96), requiring
suitable cardiomyocyte dissociation and replating protocols to be developed. Once in 384-well
format, industry standard techniques for measuring cardiomyocyte drug response, such as lu-
minescent measurement of viability, caspase activity and apoptosis, and reactive oxygen species
production, can be used (97). For cell dye–based assays in which drug toxicity might skew anal-
ysis of surviving cells, such as mitochondrial membrane potential and superoxide production,
high-throughput flow cytometry can be performed in at least a 96-well format (31). Many of
the major demonstrations of hiPSC-CM phenotype modulation have come from simple cell
fluorescent imaging, such as changes in cell size or proportions (84, 94, 95), lipogenesis (79),
and sarcomere alignment. For these assays, automated high-content imaging would be most
suitable for high-throughput analysis. This technique could also be combined with fluorescent
gene tagging systems commonly employed to assess drug effects on specific gene expression
(98).

For measurement of electrophysiological phenotypes, patch clamp is the gold standard, yet it
is very low throughput (<10 cells per day). Equipment developed for high-throughput automated
patch clamp, such as that involving microfluidics, is not suitable for hiPSC-CMs owing to the
variable cell sizes and debris associated with dissociation. Newer systems capable of recording
from 48 cells simultaneously have proved successful for hiPSC-CMs (99). An alternative to patch
clamp is the use of planar microelectrode arrays, which, although they record only extracellular
field potentials, have nonetheless been widely used in the hiPSC-CM field (100) and specifi-
cally in the CiPA Phase II study. A third method for assessing electrophysiological parameters
is the application of calcium imaging, using calcium-sensitive dyes such as Fluo-4 and Fura-2 or
genetically encoded calcium indicators such as R-GECO, GCaMP3f, and GCaMP6f (101, 102).
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Morphology

High-content imaging 
(Perkin Elmer Operetta)

Construct contractility

Force measurement and
tissue engineering 

(Tara Biosystems Biowire) 

Arrhythmia

Automated patch clamp 
(Nanion SyncroPatch), 
microelectrode arrays 

(Axion Maestro)

Ca2+ handling

High-content imaging using 
voltage- or ion-sensitive probes

(Molecular Devices FLIPR, Vala KIC)

hiPSC-CMs Metabolism

OCR and ECR assays (Seahorse extracellular
flux analyzer), high-resolution
respirometry combined with
fluorometry (Oroboros O2k)

Force measurement
(atomic force microscopy, 

Cellogy Pulse) 

Single-cell contractility

Figure 2
Six major phenotypic areas that can be assessed in human induced pluripotent stem cell–derived
cardiomyocytes (hiPSC-CMs) and high-throughput methods that can be applied. Other abbreviations: ECR,
extracellular acidification rate; OCR, oxygen consumption rate.

Recently, high-throughput platforms suitable for hiPSC-CM calcium and voltage imaging have
been described (103). Finally, the high-throughput measurement of metabolic parameters such as
mitochondrial function and substrate use is possible in up to 96-well format using the Seahorse
extracellular flux analyzer.

Thus, next-generation high-throughput analysis techniques make it possible to assay a wide
variety of cellular phenotype and drug responses in hiPSC-CMs. By tailoring assays to expected
disease phenotypes, it will be possible to rapidly assess drug efficacy and toxicity driven by a specific
mechanism.

DRUG-INDUCED CARDIOTOXICITY: FROM TORSADES DE POINTES
TO CONTRACTILE AND STRUCTURAL CARDIOTOXICITY

Electrophysiology: Torsades de Pointes

The most prominent drug cardiotoxicity—and the one that has halted the development of several
drugs in clinical trials—is the induction of ventricular arrhythmias caused by prolongation of the
ventricular action potential. Clinically, this manifests as prolongation of the QT interval on a
surface electrocardiogram and increased risk for the unstable ventricular arrhythmia TdP, a form
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of ventricular tachycardia. On a cellular level, drug-induced QT prolongation and arrhythmia
risk is most commonly due to prolongation of phase 3 of the ventricular action potential owing
to decreased activity of IKr (104, 105). Accordingly, this channel, encoded by the KCNH2 gene
(hERG), has been a major focus of preclinical drug toxicity screening assays, as described above.
However, effects on other ion channels can similarly prolong the action potential, including
enhanced inward sodium or calcium currents or inhibition of the other outward potassium delayed
rectifier currents, IKs or IKur (104, 105). Associated with these perturbations in repolarization is
an increase in early afterdepolarizations (EADs), which are thought to be due to increases in
inward sodium or calcium currents during phase 2 or phase 3 of the action potential (106). When
late EADs bring the membrane potential back above threshold, another action potential can be
triggered, potentially resulting in reentry and TdP, which can further degenerate into ventricular
fibrillation and SCD.

Mechanisms of Contractile and Structural Cardiotoxicity

Although the risk of arrhythmias such as TdP has been a major focus of preclinical and clinical
phase testing in recent years, several other forms of cardiotoxicity can result in significant morbidity
and mortality. These can be categorized as contractile or structural toxicity (defined broadly
as reduced cell viability or morphological damage) and include target-mediated pharmacologic
effects on the heart as well as target-independent effects. Such cellular disruption may lead to
structural damage to cardiomyocytes (107) and other cardiac cell types via mitochondrial damage
(108), oxidative stress (107), or activation of DNA damage response pathways (109). Furthermore,
endothelial, fibroblast, or smooth muscle cell dysfunction (107); cardiac fibrosis; and initiation
of apoptosis or necrosis may also occur. Structural cardiotoxicity is particularly problematic with
chemotherapeutic agents such as anthracyclines and TKIs. hiPSC-CMs have been used to elucidate
the mechanisms involved, as they recapitulate the cardiotoxicities of drugs in vitro (97), providing
a unique human model for mechanistic studies.

Dysregulation of calcium handling. Tight regulation of intracellular calcium concentrations
is central to the proper electrical and contractile function of the heart. Disturbances in calcium
regulation are thought to be one of the mechanisms of contractile toxicity induced by the anthra-
cycline doxorubicin (110). Comparing hiPSC-CMs from patients with a history of doxorubicin
cardiotoxicity (DOXTOX) to those from patients who did not develop cardiotoxicity after doxoru-
bicin treatment (DOX) and to healthy (untreated) controls, Burridge et al. (97) have shown signif-
icantly larger calcium transient decay times with reduced calcium transient amplitude and time to
peak signal in DOXTOX cells. This is consistent with rodent models of DOXTOX (111–113) in
which calcium dysregulation is mediated via oxidative stress (111, 112). Similarly, the cardiotoxic
TKIs nilotinib and vandetanib also prolonged calcium transient duration and decreased the beat
rate in hiPSC-CMs (96). Decreased calcium transients likely play a critical role in drug-induced
contractile dysfunction, as was demonstrated in adult mouse ventricular cardiomyocytes exposed
to sunitinib (114). We have observed decreased calcium transients with a corresponding decrease
in sarcomere shortening on acute exposure to sunitinib.

The above data from hiPSC-CMs are consistent with existing animal models of calcium dys-
regulation in DIC, but hiPSC-CMs, at present, remain immature and for the most part lack
developed t-tubules. Therefore, their ability to accurately model calcium handling perturbations
in DIC may be limited until better methods to stimulate hiPSC-CM maturation are developed.
Nevertheless, the studies presented here suggest that basic insights into calcium disturbances can
still be gained from hiPSC-CMs, even with present limitations.
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Cell death, reactive oxygen species, and DNA damage. Several drugs have been shown to
result in decreased cardiomyocyte viability—particularly chemotherapeutics, which are designed
to be cytotoxic. The loss of cardiomyocytes may involve apoptosis, necrosis, or both, depending
on the drug in question (109). In the case of anthracycline cardiotoxicity, cardiomyocyte loss is
primarily due to an increase in programmed cell death (97). We have demonstrated that hiPSC-
CMs from patients who developed DOXTOX show more prominent activation of apoptosis at
lower concentrations of doxorubicin as compared to hiPSC-CMs from untreated controls or
patients who did not develop toxicity (97), suggesting that an individual’s predilection for cardiac
cytotoxicity transfers directly to their hiPSC-CMs.

Doxorubicin-induced apoptosis in cardiomyocytes is thought to be driven by multiple mecha-
nisms, the most important of which may be oxidative stress (115). Doherty et al. (116) demonstrated
an increase in superoxide generation on exposure to crizotinib and nilotinib, but not sunitinib or
erlotinib, suggesting different mechanisms of cardiotoxicity even within the class of TKIs. In our
studies, 24 h of doxorubicin exposure resulted in a >2-fold increase in ROS in DOXTOX hiPSC-
CMs compared to DOX hiPSC-CMs, as well as a decrease in levels of the antioxidant glutathione
(97). Mitochondrial superoxide levels were significantly higher in DOXTOX cells, whereas
mitochondrial membrane potential was decreased, consistent with increased mitochondrial
ROS.

Independent of oxidative stress, doxorubicin may directly activate caspase-3/7 as another means
of apoptosis induction (117). Doherty et al. (116) similarly observed an increase in caspase-3/7
activation in cells exposed to the TKIs crizotinib and nilotinib, but not sunitinib or erlotinib. In
agreement with these data, screening of 21 TKIs using hiPSC-CMs demonstrated that crizotinib
and nilotinib were among the drugs most associated with cytotoxicity, whereas sunitinib and
erlotinib caused less cytotoxicity (96).

Binding of doxorubicin to topoisomerase II-α (TOP2A), an enzyme involved in DNA replica-
tion and management of DNA supercoils, is thought to be responsible for its antitumor effects (109,
118). In contrast, doxorubicin binds to another TOP2 isoform found in the heart, topoisomerase
II-β (TOP2B), forming TOP2B-doxorubicin-DNA complexes that can result in DNA double-
strand breaks (118). Consistent with this mechanism, hiPSC-CMs from DOXTOX patients
showed a significant increase in double-stranded DNA damage (97). Thus, a similar mechanism
that underlies doxorubicin cytotoxicity in tumors likely also plays some role in cardiomyocyte
death.

Noncardiomyocyte cell dysfunction within the heart. Notwithstanding the significant role of
toxicities on cardiomyocytes in producing drug-induced cardiac disease, noncardiomyocyte cells
in the heart may also be subject to toxicities from pharmaceuticals and can have a profound impact
on cardiac function. In fact, postmarket realization of such toxicities has resulted in some of the
most infamous drug failures in recent years. As an example, normal endothelial cell function is
critical to maintain proper coronary blood flow in the face of varying hemodynamic conditions and
myocardial demands. The effects of endothelial cell dysfunction can be life threatening, resulting
in atherosclerosis, cardiac ischemia, or acute atherothrombosis. The COX2 inhibitor rofecoxib
was withdrawn from the market after it was found to increase the risk of thromboembolic events
and myocardial infarction, an effect that may have been mediated by a shift in the balance between
prothrombotic thromboxane from platelets and antithrombotic prostacyclin production by arterial
endothelial cells upon inhibition of the COX2 enzyme (119). These toxicities were not identified
during preclinical drug development owing in part to the lack of a model to screen for such
effects in human cells. Endothelial differentiation of hiPSCs (120, 121) may provide the necessary
screening platform, allowing for assays to assess endothelial cell viability as well as production of
nitric oxide and antithrombotic factors following drug exposure.
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The development of valvular heart disease has been associated with multiple medications,
including the migraine prophylactics methysergide and ergotamine; the appetite suppressants
fenfluramine, dexfenfluramine, and benfluorex; and the ergot-based dopamine agonists pergolide
and cabergoline used to treat Parkinson’s disease (122, 123). Patients treated with these drugs
have an increased risk of regurgitant valvular disease, which is histopathologically similar to car-
cinoid heart disease (123), a paraneoplastic syndrome caused by increased circulating serotonin
levels as a result of overproduction by a neuroendocrine tumor. The changes in the valve tissue
may be related to an agonist interaction of the offending drugs with the 5-hydroxytryptamine
type 2B serotonin receptor, which produces mitogenic effects on fibroblasts and myofibroblasts
(124–126).

CONCLUSIONS

With billions of dollars invested in R&D and thousands of drugs in the pipeline, pharmaceutical
companies constantly seek novel therapeutics that demonstrate superior efficacy or are associated
with fewer and less significant side effects. Yet drug discovery and development have faced serious
issues with imperfect preclinical and clinical drug screening, leading to either early exclusion of
potential drug candidates or postmarketing withdrawal. Importantly, the most commonly used
preclinical and clinical screening approaches, including ICH S7B/E14 and CiPA, fail to fully
recapitulate patient- or population-dependent drug responses.

Cardiotoxicity is a well-established side effect associated with thousands of drugs originally
approved to treat both cardiovascular and noncardiovascular diseases. Genetic polymorphisms,
epigenetic regulation, and environmental factors all contribute to interindividual variability across
populations in susceptibility to drug-induced cardiotoxic events and represent a major challenge in
drug safety screening. Patient-specific hiPSC-CMs provide a reliable model to study human heart
tissue, as they share common genomic and transcriptomic profiles. In addition, hiPSC-CMs reca-
pitulate native cardiomyocyte electrophysiological, biochemical, contractile, and beating activity
(127–129), albeit with several important differences (for the current generation of these cells)
compared to primary adult human cardiomyocytes. Despite these limitations, patient-derived
hiPSC-CMs have the potential to be used to model many types of cardiotoxicity and have been
successfully employed to study basal mechanisms and to provide fundamental and mechanistic
understanding of a wide variety of cardiovascular diseases, including long QT syndrome (93, 130),
LEOPARD syndrome (131), Timothy syndrome (132), arrhythmogenic right ventricular car-
diomyopathy (79), dilated cardiomyopathy (95), Barth syndrome (90), and diabetic cardiomyopa-
thy (133). Methods continue to evolve, including human somatic cell reprogramming to hiPSCs,
pluripotent culture, hiPSC differentiation to cardiomyocytes, bioreactor-enhanced scalability of
hiPSC-CM production, and high-throughput differentiation and phenotypic analysis. This, cou-
pled with major advances in the field of quantitative genomics, whole-genome and targeted locus
sequencing, and high-content analysis tools, has led to the use of hiPSCs-CMs to recapitulate
patient-specific pharmacological drug responses. Generating a large patient-derived hiPSCs-CM
biobank for various populations, such as Caucasians, Asians, African Americans, or even patients
with specific genomic characteristics, followed by assessing a drug candidate’s efficacy and safety
in each of these populations, will allow us to accurately identify drugs that are effective or toxic
in certain populations or in specific individuals at earlier stages in drug development. We pro-
pose that inclusion of a patient-derived hiPSC-CM model in drug safety screening platforms
(Figure 3) will fill many of the gaps in currently used systems, providing data that will aid in
identifying population-specific cardiotoxicities and allowing development of the safest and most
effective drug candidates.
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Figure 3
Application of human induced pluripotent stem cell–derived cardiomyocytes (hiPSC-CMs) in the drug discovery pipeline and possible
modalities by which hiPSC-CMs can be used during drug discovery.
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