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The average cost to develop and gain marketing approval for a new drug is estimated to be $2.558 billion
according to the most recent analysis by the Tufts Center for the Study of Drug Development. Among solutions to
rein in the rising development costs, early and efficient assessment of a drug’s cardiotoxicity is essential to reduce
drug attrition in late phases of development or drug withdrawal after approval. This article aims to provide a basic
understanding of different types of cardiotoxicity followed by an overview of current and new methodologies
in cardiotoxicity testing. Emphasis is placed on emerging technologies for the evaluation of proarrhythmia
which include the use of human stem cell derived cardiomyocytes and in silico modeling. These developments
represent an evolving paradigm shift which laid the foundation for the CiPA initiative (Comprehensive in vitro
Proarrhythmia Assay), a global effort to establish a mechanistically based new system for cardiac safety testing.
This is a shift from the current approach which relies on over simplified in vitro assays that measure blockade
of a single heterologously expressed potassium ion channel (the K 11.1 or hERG channel). Although increasing
levels of complexity of the new system pose new challenges, substantial progress has been made and regulatory
implementation is not far away.

Introduction

Cardiotoxicity is one of the leading causes of drug attrition during development [1], and
accounts for 22-28% of US post-marketing drug withdrawal [2,3]. In the past decade, driven by
rapid advancement of stem cell technologies and deepened knowledge of cardiac pathophysiology,
a shift of testing paradigm is undergoing to more accurately predict the risk of drug-induced
cardiotoxicity in preclinical and early clinical stages in order to avoid drug candidates being pursued
or abandoned erroneously. After a brief introduction of cardiotoxicity, this article aims to provide
an overview of current testing methods, their drawbacks and new technologies, with an emphasis
on in vitro methods.

Cardiotoxicity, when considered as a spectrum of drug-induced adverse effects on
cardiovascular system, involves both direct damage to the heart and indirect effects due to alteration
of haemodynamic environment or thrombotic events. A plethora of reviews have categorized
the drug induced cardiotoxic effects at the physiological level [4-6]. An effort is made here to
divide drug-induced cardiotoxicity at the molecular level into three categories including 1) direct
damage to mitochondria, 2) disruption of kinase signaling pathways and 3) inhibition of cardiac
ion channels. Among various pathways that can lead to mitochondrial dysfunction, generation of
reactive oxygen species by chemotherapeutic agents anthracyclines is the most extensively studied
[6-8]. Other anti-cancer drugs, usually targeted, fall into the second category. Trastuzumab is one
example which inhibits erb-2 pathways [9], resulting in ATP depletion and contractile dysfunction
[10]. Bevacizumab is another example which inhibits VEGF signaling pathways leading to arterial
thrombotic events [11,12]. Considerable attention has been given to agents that are proarrhythmic.
I's now well-understood that prolonging electrical depolarization and repolarization of the
ventricles (i.e. QT intervals) is associated with torsades de pointes (TdP), a form of polymorphic
ventricular tachycardia that can lead to ventricular fibrillation and sudden cardiac death [1,13,14].
The underlying mechanism of QT prolongation is believed to be the blockade of the rapid component
of the delayed rectifier potassium current (I, ) conducted by the potassium channel (K 11.1) that’s
encoded by the human Ether-a-go-go-Related Gene (hERG or KCNH2) [15,16].

Current Regulatory Frame Work and Methodologies

The early 1990s witnessed an exponentially increased reporting rate of TdP caused by non-
cardiac drugs [17]. Subsequent studies led to the first description of hERG channel and the
recognition that the blockade of I is the predominant mechanism responsible for the drug-induced
delayed repolarization that is linked to TdP [16]. As part of a global response from drug regulators,
the International Committee on Harmonization (ICH) in 2005 introduced guidelines outlining
the evaluation of the potential of new chemical entities to delay ventricular repolarization at non-
clinical (S7B) [18] and clinical (E14) [19] stages of drug development. In ICH S7B, both in vitro and
in vivo tests are required at four functional levels including the I in cardiomyocytes or heterologous
expression systems (in vitro) and action potential, Electro Cardio Gram (ECG) and proarrhythmic
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effects measured in isolated cardiac preparations or animals (in vivo/
ex vivo) [18]. The clinical guidance ICH E14 establishes a clinical
thorough QT (TQT) study, a carefully controlled clinical test to assess
drug-induced QTc (the QT interval corrected for changes in heart
rate) prolongation [19].

For in vitro tests, Human Embryonic Kidney (HEK) and Chinese
Hamster Ovary (CHO) cell lines with stable and heterologous hERG
channel expression are widely used owing to their commercial
availability [20,21]. Currently used in vitro assays based on these
heterologous expression systems include 1) binding assays based on
the displacement of radio labeled I, blocker, such as [3H] dofetilide,
2) ion flux assays based on fluorescent measurement of thallium flux
through hERG channels, 3) measurement of membrane potential by
membrane potential sensitive fluorescent dyes, and 4) measurement
of hERG current by manual or automated patch clamping [21,22].
Currently used ex vivo cardiac preparations include Purkinje-fibers,
rabbit ventricular wedge preparations and Langendorff-perfused
rabbit hearts [21,22].

The “hERG-centric” approach, while effective in reducing drug
induced TdP, is too conservative, resulting in a high percentage of
false positives abandoned early in development [23]. False negatives
have also been reported [20]. The misrepresentation of the clinical
outcome (TdP) by the surrogate biomarker (I, blockade) can
be found on two levels. On the first level, hERG inhibition does
not always lead to QT prolongation. Cardiac repolarization is a
result of complex interplay between inward and outward currents
conducted by multiple ion channels and drugs’ effects on cardiac
cells are more promiscuous than expected [20]. Changes of I
alone do not represent a drug’s integrated effect on the net outward
current which determines the QT interval. For example, Verapamil,
despite being a potent hERG inhibitor, does not cause significant
QT prolongation because of its concurrent blockade of the inward
calcium current which counteracts the effects of reduced I, . outward
current [24]. On the second level, QT prolongation lacks a clear
and direct correlation with TdP [25,26]. For example, Ranolazine,
a novel anti-anginal agent and multi-ion channel blocker, prolongs
the QT interval clinically but is not typically linked with TdP [27].
More detailed studies of the mechanisms responsible for TdP suggest
that early after depolarization (EAD)-induced triggered activity
and increased Transmural Dispersion of Repolarization (TDR) are
more direct causes of TdP [28,29]. Since prolongation of action
potential duration (APD) and QT by Ranolazine is rate independent,
it is not associated with EAD or increased TDR, thus not linked to
TdP [30]. Mechanistic understanding of these limitations provides
the opportunity to develop more comprehensive approaches for
predicting proarrhythmic risk.

New Testing Paradigm

The new paradigm for cardiac safety evaluations cannot be
discussed without the mentioning of an important meeting held on
July 23, 2013 at the US Food and Drug Administration’s White Oak
facilities, Silver Spring, MD. The white paper of the meeting provides
a summary of a proposal to replace the “hERG-centric” approach
with a Comprehensive In vitro Proarrhythmia Assay (CiPA) [31]. A
more in-depth discussion of the components and challenges of the
CiPA initiative can be found in an excellent article published recently
[20]. Briefly, the CiPA approach includes three steps [31,32]. First,
drug effects on multiple individual cardiac ionic channels (which
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mediate inward and outward currents) in heterologous expression
systems are evaluated [31]. Second, the data obtained from the
first step are integrated using in silico modeling to reconstruct the
ventricular action potential and evaluate the propensity for EADs
and repolarization instability [31]. Third, Human Stem Cell-
Derived Cardiomyocytes (hSC-CMs) are used to confirm the drug’s
integrated effects on an intact human-based physiologic system [31].
A non-clinical in vivo study and a clinical element that includes the
assessment of ECGs from Phase I studies are also included [31].

Since this proposal was put forward, an international network
of consortia and experts have been working together to develop
and standardize these assays for general use with a target date of
December 2017 set for completing validation [32]. For the first step,
7 ionic currents have been chosen including L Do and I, for
inward currents and I Lo IKland I, for outward currents [32].
Automated patch-clamping is proposed as the suitable platform to
characterize the effects of drugs on these currents using HEK or CHO
cells expressing individual ion channels [32]. 28 compounds with
established high, intermediate and low risk of Torsade de Pointes
(TdP) have been selected and divided into a set of 12 drugs to be
used for CiPA training and calibration, and the remaining 16 used
for CiPA validation [32]. A standardized protocol for hERG channel
has been established by manual patch-clamp technique [32]. Non-
hERG channels are being tested and the protocol is being adapted for
automated platform [32].

For in silico modeling, the O’Hara-Rudy model has been adopted
as the starting point for further development [33,34]. A dynamic
model of the hERG channel that enables quantitative predictions
of AP modulation was developed and shown to be a significant
improvement over traditional conductance reduction methods [35].
Different metrics are being evaluated to develop a more sophisticated
model that could distinguish different levels of TdP risk rather than
identifying a drug as torsadogenic or non-torsadogenic [32].

Due to the difficulties in obtaining human cardiac tissues and
issues related to poor viability and proliferation capacity, the use
of adult human ventricular tissues or myocytes for routine drug
screening is not feasible [36]. Recent advance in stem cell technology
provides a viable alternative. Both Human Embryonic Stem Cells
(hESCs) and Human Induced Pluripotent Stem Cells (hiPSCs) are
being used to derive Cardiomyocytes (CMs) for drug development,
each with its pros and cons. Developed almost a decade earlier than
hiPSCs, hESC-CMs are better characterized [37-40]. The use of
somatic cells generated hiPSCs, however, can avoid many ethical
issues associated with hESCs and make the study of patient specific
cells (with different genetic backgrounds) possible [36,40,41]. A
major concern for both CMs is the heterogeneity in maturity and cell
types. Even fully differentiated, these CMs are usually a combination
of cells at different developmental stages and of different subtypes
(nodal, atrial, or ventricular) [39,41]. Both also face several technical
challenges of the same magnitude including low efficacy in establishing
cell lines, poor scalability and difficulties in standardization [38].

Despite these limitations, Human Stem Cell Derived
Cardiomyocytes (hSC-CMs) emerge as a novel platform that could
bridge the gaps found in in vitro heterologous expression systems
and in vivo animal models during preclinical development. A more
comprehensive risk assessment can be made by using hSC-CMs
to identify electrophysiological effects not detected from isolated
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current measures. The use of human CMs instead of animal tissues
also partly addresses the species related differences in ventricular
repolarization and responses to drugs [20,22]. Techniques that are
currently used to assess electrophysiological changes in hSC-CMs
include Microelectrode Array (MEA) field potential measurements
[42], Voltage-Sensing Optical (VSO) approaches [20] and impedance
measurements [43]. The biggest challenge of evolving the hSC-CMs
approach in the CiPA paradigm lies in myocytes validation and
calibration. In 2014, a pilot study was conducted by the CiPA Myocyte
Working Group to evaluate the reproducibility and variability of
the electrophysiologic response to 8 compounds across 4 hSC-CMs
types and 12 volunteer sites [32]. An extended phase II validation
study of 28 compounds across 6 technology platforms (4 MEA and
2 VSO) using two commercial hSC-CM preparations is undergoing
to establish benchmarks [32]. As stated in the recent CiPA report,
the hSC-CMs approach in the CiPA will move away from confirming
the ionic current studies and in silico reconstructions and “towards
a platform that more closely resembles mature electrophysiologic
phenotypes from normal (and diseased) states” [32].

Future directions

As mentioned above, a major challenge faced by the use of hSC-
CMs is the immaturity of the cell preparations. To achieve greater
maturation of hSC-CMs, ongoing efforts include mechanical and
electrical stimulation [44], prolonged culture time [45], 3D culture
and co-culture systems [46,47]. Although these new systems still
await validation and standardization, it is anticipated that hSC-CMs
will be able to faithfully recapitulate a mature electrophysiological
and contractile phenotype.

While the pharmaceutical industry and regulatory agencies have
largely focused on drugs’ proarrhythmic effect, detecting other types
of cardiotoxicity during early stage of drug development is no less
important. In an internal study conducted by Astra Zeneca on ~1000
compounds with cardiac liability, as high as 75% of the compounds
were found to affect aspects of cells other than electrophysiology [48].
With the availability of more physiologically relevant hSC-CMs, new
methods are being developed to examine structural and contractile
cardiotoxicity. High-content screening which combines automated,
high-throughput platform with image-based, multi-probe, multi-
parametric analysis techniques is a promising method that allows
comprehensive phenotypic profiling of test compounds [49,50].
Mitochondrial functions, calcium handling, ROS production, and
apoptosis are some of the important parameters being monitored.
Similar to analyzing proarrhythmic effect, mechanistic understanding
of these other types of cardiotoxicity is needed for more accurate
risk assessment. How to process and interpret the large amount
of data generated by high-content screening remains a challenge.
Development of methods to more comprehensively assess the multi-
parametric cellular responses should be the focus of future studies.

When translating information acquired at the preclinical level
into clinical situation, many more factors at the human physiology
and population levels have to be taken into account [51]. These
factors may include 1) pharmacokinetics and drug-drug interactions,
2) demographic and genetic factors and 3) environmental factors.
Studies have emerged which use in silico modeling as a vital tool
to achieve in vitro-in vivo extrapolations [51]. In one such study,
Cardiac Safety Simulator, a software which integrates Physiologically-
Based Pharmacokinetic (PBPK) modeling and simulation of a
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cardiomyocytes model was tested to evaluate drug cardiac safety at
the population level [52]. The variation in the population was only
partially reconstructed, indicating additional unknown factors.
In another study, based on the same platform, a combination of
Quantitative Structure - Activity Relationship (QSAR), PBPK,
Pharmaco Dynamics (PD), and systems biology was used to predict
the effect of drug-drug interaction at the population level, although
some disparities were detected [53]. While well-designed clinical
trials are still necessary, these in silico methods can become valuable
tools for cost-effective decision making. Future development may
include integration of more preclinical and clinical data, more
detailed physiology descriptions of different target populations and
additional cardiac safety endpoints.

Conclusion

The field is coming to a consensus on the use of the hSC-CMs
combined with in silico modeling as the center approach for early
cardiac safety screening. Once the cell preparations and calibration
protocols are standardized, it will provide a unifying platform for the
efficient evaluation of not only proarrhythmic, but also contractile
and structural cardiotoxicity. Since the first discussion of CiPA in
2013, significant progress has been made to define, standardize, and
validate more comprehensive, mechanistic-based testing system.
As these efforts continue, regulatory implementation and eventual
benefits to patients are not far away.
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