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The incidence of drug-induced structural cardiotoxicity, which may lead to heart failure, has been recognized in association
with the use of anthracycline anti-cancer drugs for many years, but has also been shown to occur following treatment with
the new generation of targeted anti-cancer agents that inhibit one or more receptor or non-receptor tyrosine kinases,
serine/threonine kinases as well as several classes of non-oncology agents. A workshop organized by the Medical Research
Council Centre for Drug Safety Science (University of Liverpool) on 5 September 2013 and attended by industry, academia
and regulatory representatives, was designed to gain a better understanding of the gaps in the field of structural
cardiotoxicity that can be addressed through collaborative efforts. Specific recommendations from the workshop for future
collaborative activities included: greater efforts to identify predictive (i) preclinical; and (ii) clinical biomarkers of early
cardiovascular injury; (iii) improved understanding of comparative physiology/pathophysiology and the clinical predictivity of
current preclinical in vivo models; (iv) the identification and use of a set of cardiotoxic reference compounds for comparative
profiling in improved animal and human cellular models; (v) more sharing of data (through publication/consortia
arrangements) on target-related toxicities; (vi) strategies to develop cardio-protective agents; and (vii) closer interactions
between preclinical scientists and clinicians to help ensure best translational efforts.

Abbreviations

ABPI, Association for British Pharmaceutical Industry; hESC-CM, human embryonic stem cell-derived cardiomyocyte;
HF, heart failure; LVD, left ventricular dysfunction; LVEF, left ventricular ejection fraction; SCD, sudden cardiac death;
TKI, tyrosine kinase inhibitor
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Tables of Links

Other protein targets’ Catalytic receptors’ Enzymes®
FABP c-Met (Met) ACE
TNF Axl AMPK
GPCRs® EphA2 Brk
5-HT receptors ErbB1 (EGFR) ERKS
Angiotensin receptors ErbB2 (HER2) ILK
B-adrenoceptors ErbB4 (HER4) MEKT1
NK; receptor FGFR MEK2
lon channels® FLT3 MMPs
hERG (Kv11.1) Kit p38a
PDGFRo. PDE3
PDGFRp PDK1
Ret PTEN
TGFBR1 (ALK5) a-Raf
TIE2 b-Raf
TrkB c-Raf
VEGFR-1 Src family
VEGFR-2
VEGFR-3

5-fluorouracil Imatinib
Axitinib Lapatinib
Bevacizumab Neuregulin-1
BNP Pazopanib
Cabozantinib Pertuzumab
Carvedilol Ponatinib
Casopitant Regorafenib
Crizotinib Sorafenib
Cyclophosphamide Sunitinib
Dabrafenib Trametinib
Dasatinib Trastuzumab (Herceptin)
Dexrazoxane Vandetanib
Doxorubicin Vemurafenib
Enalapril Vincristine
Erlotinib

These Tables list key protein targets and ligands/inhibitors in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (“>““¢Alexander et al., 2013a,b,c,d,e).

Introduction

Cardiovascular toxicities are observed with therapeutic
agents used in the treatment of both cardiovascular and non-
cardiovascular diseases and affect all components of the CVS.
Cardiovascular adverse reactions can occur after acute or
chronic treatment and can affect function (e.g. alteration of
the mechanical function of the myocardium) and/or struc-
ture (e.g. morphological damage or loss of cellular/subcellular
components of the heart) or vasculature. They remain a
major cause of drug attrition during preclinical and clinical
development, and drug withdrawals from the marketplace.
This was highlighted in a scientific workshop on cardiovas-
cular toxicity, which covered a wide range of potential liabili-
ties, held at the Medical Research Council (MRC) Centre for
Drug Safety Sciences (CDSS) in January 2010 (Laverty et al.,
2011). A recommendation from the workshop was to recon-
vene to discuss in greater detail a small number of selected
cardiovascular liabilities.

On 5 September 2013, a workshop was hosted by the
MRC CDSS (http://www.liv.ac.uk/drug-safety), University of
Liverpool, in conjunction with the Association of the British
Pharmaceutical Industry (ABPI) and the Medicines and
Healthcare Products Regulatory Agency. It discussed current
challenges in determining and understanding ‘Structural Car-
diotoxicity of Medicines’ as a major and emerging issue in the
development of new therapies — particularly oncology agents.
The key aims of the workshop were to identify those areas of
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cardiovascular safety testing where our knowledge and under-
standing should be further strengthened and to recommend
areas where collaborative efforts should be focused. The work-
shop was attended by representatives from pharmaceutical
and biotechnology companies, contract research organiza-
tions, regulatory agencies and academia.

Drug-induced structural cardiac damage is associated with
changes in multiple cardiac cell types leading to cardiac fibro-
sis and cardiomyopathy (deterioration of the function of the
myocardium due to injury) and subsequently, heart failure
(HF). Structural cardiotoxicity is a concern with several classes
of anti-cancer agents as any gain in life expectancy from
therapeutic intervention might be countered by increased
morbidity and mortality due to a variety of cardiovascular
problems, including: heart muscle injury with cardiomyopa-
thy and HE, complications of coronary artery disease leading
to myocardial ischaemia, arrhythmias, hypertension and
thromboembolism (Stortecky and Suter, 2010; Berardi et al.,
2013). Patnaik et al. (2011) showed that after 8-9 years fol-
lowing initiation of drug treatment, mortality in breast cancer
patients as a result of cardiovascular toxicity overtakes risk of
death from breast cancer recurrence. The incidence of struc-
tural cardiotoxicity depends on a number of different factors
related to therapy (e.g. type of drug, dose administered during
each cycle, cumulative dose, schedule of administration,
route of administration, combination of other cardiotoxic
drugs or association with radiotherapy covering the heart in
the therapeutic field) and also to the patient phenotype based
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on pre-existing cardiovascular risk (e.g. age, presence of ‘tra-
ditional” cardiovascular risk factors, underlying cardiac dys-
function and any prior exposure to cardiotoxic chemotherapy
or radiotherapy). Cardiotoxic effects can occur immediately
following drug administration, or they may not manifest
themselves until months or, in some examples, many years
after the patient has been treated. There are a number of
clinical challenges in managing cancer drug-treated patients
and it is crucial that appropriate risk stratification based on
previous drug exposure and patient phenotype is addressed.
Significant challenges to preclinical assessment are also appar-
ent as attempts to model the clinical factors, highlighted
earlier, may have dubious translatable value. Although the use
of traditional cancer therapies such as anthracyclines (Von
Hoff et al., 1979) and radiation (Boivin et al., 1992) have long
been associated with cardiac complications (up to a 20% risk
of HF after 20 years following a period of treatment with
chemotherapy and radiotherapy) (Hooning et al., 2007) other
agents such as cyclophosphamide, S-fluorouracil and pacli-
taxel are known to cause cardiac injury as well, albeit at lower
rates than anthracyclines. Dosing regimens and newer agents,
plus pre-screening to exclude patients with reduced cardiac
function at baseline, have helped to reduce risk in current
patients receiving anthracyclines, but in contemporary
studies the rate of left ventricular dysfunction (LVD) is still
between 5-20% (Shakir and Rasul, 2009) depending upon the
definition applied and follow-up duration.

The more recently introduced ‘targeted therapies’, which
inhibit various PKs have also been associated with cardiotox-
icity, through both on-target and off-target effects. The tox-
icity of these agents is through different molecular and
cellular mechanisms of cardiotoxicity to those caused by
anthracyclines (Force and Kolaja, 2011; Mellor et al., 2011).
However, in many cases, the adverse clinical cardiac events
observed were not anticipated based on preclinical evaluation
of these compounds. It is therefore important to identify new
models/techniques, which can better predict adverse clinical
outcomes with these agents.

We set out to address the following points at the
workshop:

e What pathologies come under the banner of ‘cardiovascu-
lar toxicity’ and how well do we understand these as indi-
vidual pathologies and components of a syndrome?

e What is the prevalence of the recognized individual
pathologies, and how well do we understand their
pathogenesis?

e How good is our mechanistic understanding of cancer
therapeutics-induced structural cardiotoxicity?

e How well do we understand patient susceptibilities to car-
diotoxicity and do we need animal models of ‘disease’
and/or ‘physiological challenge’?

e How translatable are animal pathologies to the relevant
human pathology?

e How can we share data on target-driven toxicities more
efficiently to avoid a repetition of unnecessary animal
research and preclinical toxicology studies?

e Can functional changes predict specific pathologies (and
vice versa)?

e Can we identify/improve in vitro assays to model and
predict specific animal/human pathologies?

Drug-induced cardiac injury

This publication incorporates the key issues highlighted
during the workshop along with the gap analysis and identi-
fies key areas where a concerted effort could make a real
difference by reducing cardiovascular liabilities of new
medicines.

Clinical definitions of cardiovascular
toxicity related to oncology therapies

Drug-induced cardiovascular toxicity may develop acutely or
subacutely during or after a treatment period and effects
may include disorders such as myocardial dysfunction,
ischaemia, hypotension, hypertension, QT-interval prolonga-
tion, arrhythmias and thromboembolism. Chronic conse-
quences of cardiomyocyte insult may manifest as an ‘early’
cardiomyopathy within the first year after treatment cessa-
tion or as a ‘later’ cardiomyopathy, occurring more than 1
year afterwards; these probably represent a continuous spec-
trum of the same pathophysiology, with dose and coexisting
risk factors determining the rate of progression of cardiac
dysfunction. Clinical presentation late in the course of the HF
progression represents the most problematic type of injury.
The most common initial feature of chronic cardiotoxicity is
asymptomatic systolic LVD; left untreated, this may progress
to congestive HE. This initial dysfunction may not be clini-
cally apparent (i.e. asymptomatic) for many years because of
attempted normalization of function by compensatory
mechanisms, as seen following other forms of cardiac injury
such as acute myocardial infarction. The incidence of chronic
cardiotoxicity is influenced by a number of factors such as
cumulative dose of chemotherapy administered, age of
patient, cardiovascular disease history and prior radiation
therapy, and can range from S to 65% of patients treated with
anthracyclines (Dolci et al., 2008).

Anthracyclines produce a dose-related cardiac dysfunc-
tion, defined as type I cardiotoxicity (Ewer and Lippman,
2005), characterized by cardiomyocyte ultrastructural abnor-
malities, (vacuoles, myofibrillar disarray and dropout, necro-
sis), contractile abnormalities (dilated cardiomyopathy) and
subsequent clinically evident dysfunction (Billingham et al.,
1978). Some elements are initially reversible, but over time
the burden of fibrosis and myocyte loss to apoptosis renders
the dysfunction currently irreversible and more refractory to
current HF therapy. In contrast, cardiac dysfunction not asso-
ciated with ultrastructural change, described as type II,
typically manifests as an asymptomatic decrease in left ven-
tricular ejection fraction (LVEF) (expressed as a percentage of
the total amount of blood in the left ventricle that is ejected
in each heartbeat, with a range of 55-70% in healthy indi-
viduals) and less often by clinical HF (Ewer and Lippman,
2005). Agents such as trastuzumab (Herceptin®, Genentech/
Roche, San Francisco, CA, USA) and the low molecular weight
tyrosine kinase inhibitors (TKIs) for example sunitinib
(Sutent®, Pfizer, New York, NY, USA), imatinib (Gleevec®,
Novartis, Basel, Switzerland), lapatinib (Tykerb®, GlaxoSmith-
Kline, London, UK) and sorafenib (Nexavar®, Bayer, Lev-
erkusen, Germany) (see Table 1) are believed to cause type II
cardiac dysfunction (Ewer and Ewer, 2010), although the
cellular mechanism may be very drug-specific rather than a
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Table 1

Adverse preclinical and clinical cardiac effects — approved kinase inhibitors used in oncology (adapted from Mellor et al., 2011)

Drug/

Biological

Target(s)

Oncology
indications

Preclinical cardiac
findings

Clinical cardiac
findings

References

Axitinib
(Inlyta®)

Bevacizumab
(Avastin®)

Cabozantinib
(Cometrig®)

Crizotinib
(Xalkori®)

Dabrafenib
(Tafinlar®)

Dasatinib
(Sprycel®)

Erlotinib
(Tarceva®)
Imatinib

mesylate
(Gleevec®)

Lapatinib
(Tykerb®)

Nilotinib
(Tasigna®)

VEGFR1/2/3

VEGF

Ret, Met,
VEGFR1/2/3,
Kit, trkB,
FLT3, AxI,
TIE2

ALK, c-Met
(HGFR), and
ROS

B-Raf

Bcr-Abl, Src
family, Kit,
PDGFRp,
EphA2

ErbB1 (EGFR)

Bcr-Abl, PDGFRo
and B, Kit

EGFR (ErbB1),
HER-2 (ErbB2)

Bcr-Abl, PDGFRo
and B, Kit

RCC

CRC, NSCLC;
breast cancer;

Metastatic
medullary
thyroid cancer

ALK-positive
NSCLC

MM

CML, ALL

RCC

CML, ALL, GIST,
MDS/MPD,
ASM, HES,
CEL, DFSP

HER-2+ ve
breast cancer

CML

Modest dose-dependent
elevation in systolic BP in
rats

None reported

Cardiac inflammation noted in
a single female dog when
administered for a 6 month
period

Dose-dependent inhibition of
the hERG current, decrease
in HR and increase in left
ventricular end-diastolic
pressure in dogs,
myonecrosis in rats

Adverse cardiovascular effects
in dogs consisting of
coronary arterial
degeneration/necrosis and
haemorrhage, as well as
cardiac atrio-ventricular
valve
hypertrophy/haemorrhage

QT prolongation, increased BP.
Vascular and cardiac fibrosis,
cardiac hypertrophy,
myocardial necrosis,
haemorrhage of the valves,
ventricle and atrium and
cardiac inflammation

None reported

Reversible hypertrophy in rats.
Decrease in arterial BP after
single i.v. dose in rats. No
effect on the rate of beating
or force of contraction in
the isolated atria of guinea
pigs

Dose-responsive increase in BP
in dog. Focal fibrosis and
myocyte degeneration in rat
and dog. No QT changes in
rat and dog

QT-interval prolongation

Hypertension

HF, hypertension,
ischaemia

Hypertension

QT-interval prolongation,
bradycardia

QT-interval prolongation,
decreased LVEF

QT-interval prolongation,
HF, pericardial and
pleural effusion,
pulmonary hypertension

Myocardial
infarction/ischaemia

Decreased LVEF, LVD, rare
frequency of HF

Decreased LVEF, HF,
asymptomatic cardiac
events, QT-interval
prolongation.

QT-interval prolongation,
sudden death (possibly
ventricular
repolarization related)

Ischaemia, peripheral
ischemia

Inlyta® FDA Pharm
Review

Inlyta® Prescribing
Information

Choueiri et al. (2011)

Chen et al. (2013)

Avastin® Prescribing
Information

Cometriq®
Prescribing
Information

Xalkori® FDA Pharm
Review

Xalkori® Prescribing
Information

Taflinar® Prescribing
Information

Brave et al. (2008)

Montani et al. (2012)

Sprycel® Prescribing
Information

Tarceva® Prescribing
Information

Kerkela et al. (2006)

Gleevec® FDA Pharm
Review

Gleevec® Prescribing
Information

Perez et al. (2008)

Tykerb® FDA Pharm
Review

Tykerb® Prescribing
Information

Kantarjian et al.
(2007)

Tefferi (2013)

Weisberg et al.
(2005)

Tasigna® Prescribing
Information
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Table 1

Continued

Drug/

Biological

Target(s)

Oncology
indications

Preclinical cardiac
findings

Drug-induced cardiac injury

Clinical cardiac
findings

References

Pazopanib
(Votrient®)

Pertuzumab
(Perjeta®)

Ponatinib
(Iclusig®)

Regorafenib
(Stivarga®)

Sorafenib
(Nexavar®)

Sunitinib
malate
(Sutent®)

Trametinib
(Mekinist®)

VEGFRI1,
VEGFR2,
VEGFR3,
PDGFRa/pKit

HER-2 (ErbB2)

Bcr-Abl, Bcr-Abl
T315l, VEGFR,
PDGFR, FGFR,
Eph, Src

family kinases,

Kit, Ret, TIE2
and FLT3

VEGFR1/2/3,

BCR-Abl,
B-Raf, B-Raf
(V600E), Kit,
PDGFRa/B,
Ret, FGFR1/2,
TIE2 and
EphA2

Raf-1 (c-Raf),
b-Raf ,
VEGFR1, 2 &
3, PDGFR
family, Kit

VEGFR1-3,

PDGFRo and
B, CSFR1, Ret
kinase, Kit,
FLT3 kinase

MEK1, MEK2,
MEK1 kinase,
MEK2 kinase

RCC

Breast cancer

CML, Ph
chromosome-
positive ALL

CRC

HCC, RCC

RCC, GIST

MM

Acute increase in BP after
dosing and decreased heart
rate from 75 min to 24.5 h
post-dose in monkeys

None reported

Inhibition of hERG current in
dose-dependent manner,
systolic heart murmurs and
myocardial necrosis in
monkeys

Dose-dependent increase in
the finding of thickening of
the atrio-ventricular valve in
rats at 6 months

hERG K-current and Ca-inward
current inhibition. No ECG,
BP or heart rate changes
observed in 12 month dog
study

Autolysis, degeneration and
inflammation in 3 month rat
study. An increase in CK
levels with haemorrhage
and congestion of the heart
in one animal in 12 month
dog study

Potent hERG channel block
and QT-interval
prolongation and HR
reduction at doses
equivalent to human clinical
exposures. Multiple ECHO
parameter changes in
primate including reductions
in the ratio of right atrial to
aortic diameter, LVEF time
and LV area.
Histopathological findings
included capillary
proliferation, myocardial
vacuolization and pericardial
inflammation

Inhibition of hERG channel,
cardiomyopathy (decreased
LVEF, increased heart
weight) in mice

Cardiac dysfunction
(congestive HF and
decreased LVEF), QT
prolongation, 2 cases of
Torsades de Pointes in
clinical programme,
hypertension

Decreased LVEF, HF

HF, myocardial ischaemia,
peripheral ischaemia
(stroke, peripheral
vascular disease)

Hypertension, myocardial
ischaemia and infarction

QT-interval prolongation,
sudden death (possibly
ventricular
repolarization related),
HF (cardiomyopathy),
coronary vasospasm,
arterial thrombosis

QT-interval prolongation,
decreased LVEF, LVD,
HF, increased BP, CHF
linked to cardiovascular
co-morbidities, arterial
thrombosis

Cardiomyopathy (cardiac
failure, LVD, or
decreased LVEF)

Motzer et al. (2013)

Votrient® FDA Pharm
Review

Votrient® Prescribing
Information

Perjeta® Prescribing
Information

Iclusig® FDA Pharm
Review

Iclusig® Prescribing
Information

Stivarga® Prescribing
Information

Choueiri et al. (2010)

Escudier et al. (2009)

Naib et al. (2011)

Schmidinger et al.
(2008)

Uraizee et al. (2011)

Veronese et al.
(2006)

Nexavar® FDA Pharm
Review

Nexavar® Prescribing
Information

Bello et al. (2009)
Choueiri et al. (2010)
Chu et al. (2007)
Faivre et al. (2006)
Telli et al. (2008)
Sutent® FDA Pharm
Review
Sutent® Prescribing
Information

Mekinist® FDA Pharm
Review

Mekinist® Prescribing
Information
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Table 1

Continued

Drug/ Oncology
Target(s) indications

Biological

findings

Preclinical cardiac

Clinical cardiac

findings References

Trastuzumab HER-2 (ErbB2) HER-2+ ve
(Herceptin®) breast cancer

Vandetanib EGFRs, VEGFRs,  Medullary
(Caprelsa®) Ret, Brk, TIE2, thyroid cancer

Eph receptors

and Src in dogs

Vemurafenib a/b/c-Raf and MM
(Zelboraf®) b-Raf

Ziv-aflibercept  VEGF CRC
(Zaltrap®)

None reported. No evidence Decreased LVEF, HF,
of toxicity in primate
studies up to 6 months

Inhibition of hERG channel,
increase in BP in
rats,increased QTc and BP

Inhibition of hERG channel,
increase in incidence of AV Review
block in dogs, increased
heart weight in rats

None reported

Seidman et al.

increased risk if prior or (2002)

concurrent Herceptin® FDA

anthracycline treatment. Pharm Review

Herceptin®Prescribing
Information

Scheffel et al. (2013)
Caprelsa® Prescribing
Information

QT-interval prolongation,
Torsades de Pointes,
acute cardiac failure,
hypertension,

QT-interval prolongation Zelboraf® FDA Pharm
Zelboraf® Prescribing
Information

Hypertension Zaltrap® Prescribing

Information

ALL, acute lymphocytic leukaemia; AP, action potential; ASM, aggressive systemic mastocytosis; AV, atrioventricular; CEL, chronic eosinophilic
leukaemia; CK, creatinine kinase; CRC, colorectal cancer; DFSP, dermatofibrosarcoma protuberans; GIST, gastrointestinal stromal tumour;
HCC, hepatocellular carcinoma; HES, hypereosinophilic syndrome; HR, heart rate; MDS, myelodysplastic syndrome; MM, metastatic
melanoma; MPD, myeloproliferative disorder; NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma.

class effect, reflecting both on target and off-target toxicity.
Typical features in this setting include lack of an obvious
dose-relationship, increase in toxicity when given concur-
rently with anthracyclines, some reversibility after stopping
treatment and restoration of normal cardiac function with
appropriate medical management (Perik ef al., 2007; Slamon
et al., 2011). Many of these observations derived from cardiac
safety analyses in oncology trials where patients were typi-
cally younger and pre-screened to exclude those with pre-
existing cardiovascular disease, thereby preselected as more
resistant to cardiotoxicity from that class of drugs. Cardiotox-
icity rates tend to be higher in clinical practice compared
with those reported in oncology trials (Farolfi et al., 2013),
reversibility is less common, and duration of treatment, and
therefore dose, may contribute to a cumulative risk.

Early detection of subclinical cardiac dystunction could
lead to the identification, drug-intervention (e.g. ACE inhibi-
tor and B-blocker) and prevention of late adverse cardiac
events and this is ultimately the goal for both cardiologists
and oncologists. Collection of endomyocardial biopsies to
identify histopathological evidence of myofibrillar loss is an
inaccurate and impractical form of monitoring heart damage.
The use of LVEF as the only parameter of cardiac function is
increasingly viewed, by the cardiology community, as an
inadequate measure to predict and monitor cardiac damage.
Nevertheless, LVEF is measured routinely as 2-D echocardiog-
raphy (Echo) is the methodology of choice for frequent moni-
toring and is cost-effective and has fairly widespread
availability, despite its known higher method variability.
Other screening modalities, such as cardiac MRI, are gaining
in popularity, because of low inter-scan variability and ability
to offer virtual histology, which is capable of detecting signs
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of fibrosis when combined with the contrast agent gado-
linium (Tandri et al., 2005).

Although there is no clear definition of cardiotoxicity, a
practical and easily applicable definition was created by a
panel of investigators involved in the clinical development
of trastuzumab (Seidman et al., 2002), which considered
chemotherapy-induced cardiotoxicity as either a 5% decline
from baseline LVEF to less than 55% overall with accompa-
nying signs or symptoms of HF, or asymptomatic decrease in
LVEF in the range of equal to or greater than 10% to less than
55%. Other trials have used 50% as the threshold to define
cardiotoxicity, but given the potential variability of Echo-
based LVEF measurements as discussed earlier, in reality, this
depends upon the low limit of normal (LLN) for a healthy
population for individual centres, and therefore current guid-
ance is to determine LLN and interpret the guidance using
local cut-off values. The extent to which this is practised in
the real world has yet to be clarified.

Medical management of anthracycline-induced HF is
based largely on the use of agents used to treat HEF, including
ACE inhibitors, B-blockers and aldosterone antagonists, with
loop diuretics for decreasing fluid retention. In a recent study
of patients with an anthracycline-induced decrease in LVEF <
45%, treatment with enalapril and carvedilol resulted in nor-
malization of LVEF in 42% of patients (Cardinale et al., 2010).
These responders had a higher LVEF after HF treatment com-
pared with partial responders (whose LVEF increased >10%,
but did not normalize) and nonresponders who were most
resistant to HF treatment and failed to improve ventricular
function. A striking observation was that the patients in the
responder group all had their ‘rescue’ HF therapy initiated
within 4 months of the chemotherapy, whereas if it was



initiated beyond 4 months then response was considerably
less. This is particularly important in light of recent data that
indicates that only 31% of patients receiving chemotherapy
with an asymptomatic decrease in LVEF receive an ACE
inhibitor or angiotensin receptor blocker, 35% receive a
B-blocker and 42% are referred for cardiology consultation
(Yoon et al., 2010). This emphasizes the importance of appro-
priate communication between the oncologist and cardiolo-
gist and highlights that early detection and treatment of
cardiac injury is critical to a successful outcome.

Drug-induced myocardial injury:
pathogenesis and manifestations

For preclinical structural cardiotoxicity, in the absence of a
clear target-driven liability, the underlying molecular mecha-
nism(s) are rarely known. It is crucial therefore to build an
understanding of the pathogenesis of the toxicity, the moni-
torability and safety margin based on efficacious exposures,
all to inform assessment of the potential risk to man. Under-
standing the temporal progression of the lesion provides
valuable information in understanding the pathogenesis. It is
also important to consider drug-target relationship, any
functional correlates which may be driving the structural
changes, the interplay between the cardiac and vascular
systems, translational relevance to patients and to recognize
that results of a repeat-dose general toxicity study (mainly
macroscopic and histological data at the end of the treatment
period) provide only a static picture of a process that may be
temporally dynamic. The best understanding therefore comes
from integrating all relevant pieces of data together to reveal
a wider picture. Ultimately, a better understanding of the
pathogenesis may help with the development of a risk miti-
gation strategy to include a biomarker component for clinical

Acute

Drug-induced cardiac injury

use. Although an understanding of pathogenesis can help in
the management of liabilities, the identification of defined
(and ideally common) molecular mechanisms of structural
cardiotoxicity are required to aid in better drug design.

Cardiac cell injury is a continuum (Figure 1) as in many
other organs and normally progresses from degeneration,
necrosis, responding inflammatory changes and eventually
fibrosis, which can be considered the repair process although
it does not result in functional contractile tissue. The ultimate
impact of cellular injury on myocardial contractile function
is highly dependent on the number and distribution of cells
involved.

A non-lethal cell injury, generally considered ‘degenera-
tion’, can be characterized by cytoplasmic vacuolation of
cardiac myocytes and may be caused by lipid accumulation,
mitochondrial swelling or dilation of sarcoplasmic reticulum.
Although a non-lethal injury suggests there is an opportunity
for some reversibility of the condition, this can only be
viewed in the context of the tissue; the low inherent regen-
erative capability of the heart suggests that any sort of adap-
tive response mounted to the injury may become a source of
subclinical or occult change in cardiovascular function. This
condition may predispose to an impaired ability over time to
cope with stressors such as hypertension or treatment with
cardiotoxic agents leading potentially to the development of
HF.

A lethal injury to the myocardium results in myocellular
necrosis characterized by a terminal irreversible stage of cell
injury (cardiomyocyte death), loss of membrane integrity and
release of cytosolic proteins (potential biomarkers of cardiac
injury such as troponin), in which the adverse morphological
change is temporally progressive and includes an inflamma-
tory cell infiltrate and regions of myocardium replaced by
fibrosis. Extensive fibrosis can affect myocardial compliance
and contractility and play a direct role in the development
of chronic progressive cardiomyopathies. It is important
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Schematic representation of the morphological continuum of myocardial injury and repair.
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however to recognize the difference between extensive
regional myocardial necrosis (i.e. infarct) and the multifocal
lesions often seen in response to drug-induced injury.

To demonstrate the usefulness of various modalities for
characterizing the pathogenesis of cardiovascular injury,
Casartelli et al. (2011) reported an integrated and longitudi-
nal study to investigate the onset, progression, and revers-
ibility of an off-target cardiac lesion caused by a neurokinin
(NK)-1 receptor antagonist (casopitant) in dogs, after long-
term (6 months) administration with intermittent data col-
lection. Transmission electron microscopy examination
revealed changes in cardiac cells with multi-lamellar bodies
in sarcoplasm (associated with a progressive impairment and
perturbation of cardiomyocytes) after only 6 weeks of treat-
ment and this coincided with an initial rise in cardiac tro-
ponin I (cTnl). After 20-26 weeks, some necrotic myofibres,
filled with multi-lamellar bodies, were also observed at a
time when light microscopy observations were first made.
The most informative picture of cardiac changes was
obtained by integrating cTnl alterations (as a biomarker of
cardiac damage) with EM findings as these changes preceded
evidence of injury at the light microscopic level. Elevations
were also seen in N-terminal pro-brain natriuretic peptide
(NT-pro BNP), a biomarker for the onset and evolution of
cardiac hypertrophy, which started to increase after 2 weeks
of treatment, preceding most, if not all, the anatomical and
functional (ECG) changes. Thus, the integration of different
investigative tools (in addition to the standard regulatory
requirement of histopathology) provided early evidence of
cardiac cell injury and a means of accurately characterizing
the onset and progression of the lesion with a clear trans-
latability to a clinical setting (i.e. ¢Inl and NT-pro-BNP
increases). Early recognition of important liabilities facili-
tates early decision-making around progression or strategies
for mitigating risk in patients. It is however unfeasible to
perform EM routinely as part of a high-volume toxicity
screening process and measurement of circulating predict-
able and specific biomarkers remains the goal.

Preclinical cardiotoxicity (by light microscopy) was not
apparent during the development studies with the Abelson
murine leukemia viral oncogene homologue 1 (c-Abl), PDGF
and stem cell factor receptor (CD117) (c-Kit) inhibitor,
imatinib although clinical findings suggestive of decreased
LVEF and HF in patients without previous heart disease were
reported after launch (Kerkeld et al., 2006). Taking a more
translational and innovative approach, Kerkeld et al. (2006)
demonstrated, using transmission EM, that mitochondrial
abnormalities and accumulation of membrane whorls in
both vacuoles and the sarco-(endo-)plasmic reticulum of
human and mouse cardiomyocytes, in vitro, were suggestive
of the clinical presentation of toxic myopathy. Similarly, the
cardiac dysfunction (LVD, LVEF and HF) seen in patients with
the multi-targeted receptor tyrosine kinase inhibitor (TKI)
sunitinib (Chu et al., 2007), was subsequently ascribed, using
transmission EM, to depletion of coronary microvascular
pericytes resulting in changes such as increased endothelial
permeability in the coronary microvasculature. Pericyte loss
is not a feature of cardiotoxicity reported by other agents in
the TKI class and this observation indicates that injury to
non-contractile elements can still progress to cardiomyopa-
thy. These findings also highlight the need for in vitro screens,

964 British Journal of Pharmacology (2015) 172 957-974

which reconstitute different cellular components to aid in
specific liability identification (see section ‘Novel human cell-
based models to predict cardiac microvascular toxicity’).

Although there is currently significant cancer biomarker
trial activity, most is related to prognostics and pharmaco-
dynamics with relatively few studies in the area of safety
biomarkers. To date, little has been done to assist general
practitioners in identifying cardiovascular adverse effects of
cancer treatments, although there is a general awareness
regarding growing late toxicity from cancer treatment as
patient survival increases. Investigators at the Cancer
Research UK Manchester Institute (University of Manches-
ter), in collaboration with scientists at AstraZeneca (Alderley
Park, UK), have initiated a study to identify predictive bio-
markers of safety in rodents in one of the few studies to
capture functional change, biomarkers and histology in a
longitudinal fashion. Rats showed a significant reduction in
LVEF after 43 days during an 8 week continual dosing study
with doxorubicin (iv), which continued after cessation of
dosing with no evidence of reversibility although the point
at which irreversibility occurred was not determined
(Cove-Smith et al., 2014). Overt histological changes were
observed after 29 days dosing although EM changes (mito-
chondrial damage and myocyte ultrastructural changes)
occurred after a single dose to rats. Functional decline
(decrease of LVEF and diastolic dysfunction measured by
E/A ratio) preceded the rise in ¢Tnl and histological damage
(light microscopy). However, despite the incremental
decline in systolic function, the LVEF remained above the
normal clinical threshold of 55% until the end of study. It
is envisaged that a future panel of biomarkers will help
determine when cardiac damage presents initially and
resolves.

Mechanisms of structural
cardiotoxicity

Understanding the mechanisms behind the cardiomyopa-
thies that arise as a result of targeted cancer therapies and
developing strategies to treat these complications are impor-
tant for the cardiovascular care of the cancer patient as well as
to enable future development of non-cardiotoxic drugs. Fur-
thermore, an understanding of these cardiomyopathies may
also have implications for more common types of HF and
may provide unexpected insights into the biology of the
heart. After many years of little advance in the understanding
of the mechanism of toxicity of anthracyclines, recent novel
findings point to a role for topoisomerase II § in inducing
DNA damage in cardiomyocytes, mitochondrial dysfunction
and generation of reactive oxygen species leading to cardio-
toxicity (Zhang et al., 2012).

There are currently over 100 TKIs in discovery or devel-
opment (Broekman et al.,, 2011). Approximately 100 genes
have been implicated in driving cancers with ~50 being
potential anti-cancer targets and a proportion are also likely
to play an important role in cardiomyocyte homeostasis (see
Table 2). Off-target toxicity is also a major issue as ATP com-
petitive inhibitors demonstrate significant kinase promiscu-
ity leading to undesirable off-target effects. This lack of



Table 2

Protein

Signalling role

Knockout animal
model

Drug-induced cardiac injury

Kinase/phosphatase conditional knockout mouse models associated with cardiovascular functional effects (adapted from Mellor et al., 2011)

Effect on cardiac function

Reference

PTEN

AMPK

SHP2

ERB2

PDK1

Pim1

Raf-1 (c-Raf)

ILK

AK1

p38a

ERKS

Lipid phosphatase
Negative regulator of
P13-kinase signalling

Serine/threonine kinase

Activated by increase in
AMP: ATP

Acts to preserve/generate
ATP

Tyrosine phosphatase

Regulates leptin and
insulin signalling

Receptor tyrosine kinase

Co-receptor in
neuregulin/EGRF
signalling

AGC serine/threonine
kinase

Activates AKT and p70S6K

Serine/threonine kinase
Acts downstream of AKT
to block apoptosis
Induction and stabilization
of c-myc
Serine/threonine kinase
Involved in the ERK
signalling pathway

Serine/threonine kinase
Phosphorylates Akt and
GSK-3B

Kinase/phosphotransferase
Adenine nucleotide
homeostasis

MAPK phosphorylates
MAPKAP kinase 2, ATF-2,
Mac and MEF2

MAPK (serine/threonine
kinase) phosphorylates
MEF2C, Sapla, p90RSK

Muscle-specific PTEN
knockout mouse

Heterozygous AMPKo.2
knockout mouse

Muscle-specific Shp2
knockout mouse

Ventricular
myocyte-specific ERB2
knockout mouse

Muscle-specific PDK1
knockout mouse

Tamoxifen-inducible
heart-specific PDK1
knockout mouse

Cardiac-specific Pim-1
dominant-negative in
mouse

Cardiac-specific
Raf-1 knockout mouse

Muscle-specific ILK
knockout mouse

AK1 knockout mouse

Cardiac-specific p38a.
dominant-negative in
mouse

ERK5 knockout mouse
ERK5 —/— cardiomyocyte
knockout

Basal hypertrophy

Mild reduction in contractility

Reduced hypertrophy in
response to pressure overload
compared with wt

Mild reduction in contractility

Worsened hypertrophy in
response to pressure overload
compared with wt

Severe dilated cardiomyopathy
HF and premature death

Severe dilated cardiomyopathy
Decreased contractility
HF and sudden death

Apoptotic death of
cardiomyocytes

Impaired LV contractility

Severe and lethal HF

Progressive dilation
Reduced contractility
Increased LVEDP

Decreased LVDP
Alterations in Ca?* handling

Reduced contractility

Increased heart size

Decreased posterior wall
thickness

Increased heart size
Dilated cardiomypathy
Cardiac fibrosis
Sudden death

Reduced contractility — coronary
flow relationship

Recovery of flow after I/R was
compromised

Cardiac hypertrophy
reduced fractional shortening
LV and septal wall thinning
Lethal cardiomyopathy

Embryonically fatal at E9.5-10.5
Defective cardiac development,
heart looping, angiogenesis

and vascular maturation

Mice develop normally but have
reduced cardiac hypertrophic
remodelling

Crackower et al. (2002)
Oudit et al. (2008)

Zhang et al. (2008)

Kontaridis et al. (2008)
Princen et al. (2009)

Crone et al. (2002)
Ozcelik et al. (2002)

Ito et al. (2009)

Mora et al. (2003)

Muraski et al. (2008)

Yamaguchi et al. (2004)

White et al. (2006)

Dzeja et al. (2007)

Braz et al. (2003)

Regan et al. (2002)
Kimura et al. (2010)

AMPK, AMP-activated protein kinase; ATF-2, activating transcription factor 2; GSK-3B, glycogen synthase kinase 3 ; ILK, integrin-linked
kinase; I/R, ischaemia/reperfusion; LVDP, left ventricular diastolic pressure; LVEDP, left ventricular end-diastolic pressure; MEF2, myocyte
enhancer factor 2; wt, wild type; PDK1, 3-phosphoinositide-dependent PK-1; PTEN, phosphatase and tensin homolog; Shp2, src homology

2 region.
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selectivity is not limited to kinases, but includes non-kinase
targets, which also bind ATP. This general problem and appar-
ent ‘class effect’ has been observed for a number of approved
kinase inhibitors, as summarized in Table 1. See Force and
Kolaja (2011) for a comprehensive review of kinase cardiac
biology and potential mechanistic links to cardiotoxicity.

Mechanisms of functional and/or structural cardiotoxic-
ity may fall into several major categories:

(a). Electrophysiological perturbations, mediated via ion
channel inhibition (Na, K or Ca channel interactions;
e.g. hERG/KCNH2) and represents a significant cause of
early compound attrition as a result of the implementa-
tion of early screening strategies).

(b). Cytotoxicity [molecular inactivation of cell processes,
altered energetics, oxidative stress/free radical genera-
tion, may be primary (target) or secondary (off-target)
pharmacology related].

(c). Primary pharmacology (an undesirable target-mediated
activity and a common preclinical and clinical mecha-
nism, e.g. hyper-pharmacology of cardio- and vasoactive
drugs).

The workshop focused largely on cytotoxic and pharma-
cological mechanisms of drug-induced on- and off-target car-
diotoxicity as primary mediators of structural injuries. In the
pharmaceutical industry, to identify potential safety liabili-
ties early in drug development, initiation of new discovery
programmes includes a review of the published target biology
information. This enables identification of potential toxico-
logical issues because of primary pharmacology, planning of
hypothesis-based experiments to confirm or refute potential
issues and generation of toxicological data to support or
reject target validity. Secondary pharmacology screening for
compound interactions with key cardiovascular homeostatic
proteins and receptors is also becoming increasingly impor-
tant for identifying off-target liabilities associated with a par-
ticular compound or series.

Case examples of pharmacological
mechanisms (on-target and off-target)
of structural cardiotoxicity

On-target

A number of companies have pursued activin receptor-like
kinase 5 (ALKS also known as TGFBR1) as an oncology and
fibrosis target. It has previously been shown that the TGF-$
superfamily signalling pathways play a key role in cardiac
development, and that ablation of ALKS in the endocardium
of mice results in defects in epithelial-mesenchymal transfor-
mation and an early stage of cardiac valve formation
(Sridurongrit et al., 2008). Nevertheless, a role for ALKS in the
developed heart was poorly understood, but a potential role
in cardiac valve homeostasis represented a safety concern. As
a result, safety scientists at AstraZeneca (Anderton et al.,
2011) undertook an acute (5-8 days) study in rodents using
selective inhibitors of ALKS to assess this potential target
liability. Importantly, early ALKS inhibitors were available
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from different chemical scaffolds, enabling clear separation of
target/off-target effects. A comprehensive evaluation of the
heart was performed to assess all four heart valves in each
animal. Histopathological heart valve lesions were observed
in all animals, in all heart valves and from two distinct
chemical series. Valves were distorted with severe haemor-
rhage, fibrin deposition and neutrophil infiltration and
valvular interstitial cells were enlarged with increased cyto-
plasm. Immunohistochemistry analysis revealed the heart
valve, but not the myocardium was positive for ALKS expres-
sion. The compounds were inactive against 5-HT receptors,
previously implicated in drug-induced valvulopathy. As a
result of these findings, the project was terminated in the
discovery phase because of unacceptable target-related toxic-
ity. No safety margin was expected, the lesion was considered
to be un-monitorable and there was no defined hypothesis to
support humans being different from rodents in respect of
the ALKS inhibitor-mediated pathology. Anecdotally, this
experience was shared by at least two other pharmaceutical
companies, but not published. The publication by Anderton
et al. (2011) alerted other organizations working in this area
or considering initiating discovery efforts on this target to the
safety implications. This represents an excellent example of
the benefit of sharing adverse target safety information in
order to reduce further animal experimentation, resource and
industry attrition, and is a position encouraged greatly by all
of the workshop representatives.

Off-target

A safety concern relating to compound promiscuity is that
off-target pharmacological activity unrelated to the primary
drug action might be associated with adverse cardiac effects.
An example is the c-Met inhibitor (PF-04254644), which
leads to myocardial pathological changes in rats within 6 h
after a single dose, resulting in replacement fibrosis after 7
days (Hu etal., 2012). Myocardial EM changes (necrosis of
myofibres, intra-mitochondrial densities and lipid deposi-
tion) were detected at very early time points post-dosing
(within 2 h). These time points were coincident with peak
elevations of serum troponin and an associated functional
increase in heart rate and BP within 2-7 h post-dose. As other
c-Met inhibitors currently in clinical use are not associated
with adverse cardiac effects, it was clear this represented an
off-target effect of the compound. Wide ligand binding pro-
filing revealed that PF-04254644 is a potent inhibitor of PDE3
and also 2, 5, 10 and 11 (Aguirre et al., 2010). It is well
recognized that inhibition of multiple PDEs leads to increased
heart rate, contractility and sheer stress force and may result
in secondary myocardial degeneration (Larson et al., 1996).
These observations enabled the identification of alternative
c-Met inhibitors without off-target PDE activity and the asso-
ciated cardiovascular liability.

New approaches to the mechanistic
understanding of cardio-protection

Dexrazoxane is the only clinically approved cardioprotective
agent used to reduce the cardiotoxicity associated with
anthracyclines such doxorubicin (Lipshultz et al., 2004). The



cardioprotective effect was initially thought to be due to its
ability to chelate iron and reduce the number of metal ions
complexed with anthracycline, leading to decreased forma-
tion of superoxide radicals (Sterba et al., 2013). However,
more recent data suggest that dexrazoxane antagonizes
doxorubicin-induced DNA damage through interference with
topoisomerase I B (Lyu et al., 2007; Ky et al., 2013). Despite its
cardio-protective effect, there is persistent concern that dexra-
zoxane may cause myelosuppression, reduce the anti-cancer
effectiveness of anthracyclines and promote secondary malig-
nancies in patients. Both the latter concerns were addressed
and refuted by randomized clinical trials and their meta-
analyses (Jones, 2008). A variety of different iron-chelators
and antioxidants, such as vitamin E and N-acetylcysteine,
have been studied in animal models and clinical trials.
However, these agents failed to provide cardioprotection
against anthracycline chemotherapy (Sterba et al., 2013).

Cardioprotective/pro-survival mechanisms exist in the
heart [e.g. ErbB2 (Her2)-induced pro-survival signalling]
(Force and Wang, 2013) and the blockade of this receptor on
cardiomyocytes by trastuzumab (Herceptin) may explain in
part the cardio-toxicity of this agent. Neuregulin-1p is an
agonist at the ErbB2 receptor and has been shown to offer
cardio-protective effects (Fukazawa et al., 2003) as a result of
activation of cell survival pathways in cardiomyocytes.
However, there would clearly be issues in successful manage-
ment of the concomitant administration of a neuregulin-1§
receptor agonist and trastuzumab in order to achieve
maximum therapeutic value with minimal adverse effects.
This paradox has recently been addressed by using a modified
bivalent neuregulin-1f ligand, which promotes cardioprotec-
tion, via ErbB4 homodimers, but minimizes proneoplastic
potential in cancer cells (Jay et al., 2013). Recent preclinical
studies have also determined a cardio-protective role of Cdk
4/6 inhibitors in anthracycline-induced cardiotoxicity sug-
gesting a new potential treatment option (McClendon et al.,
2012). The area of cardio-protection is currently under-served
and there is an urgent need for better protection strategies in
order to allow maximally effective therapies to be adminis-
tered with minimized risk of cardiotoxicity.

Predicting structural effects from
functional changes

A UK pharmaceutical consortium in collaboration with ABPI
carried out an analysis of single-dose Good Laboratory Prac-
tice (GLP) safety pharmacology (cardiovascular function;
heart rate, BP and QT-interval) data from telemetered dogs
and 28 day repeat-dose toxicology (morphology) data from
rodents in an attempt to understand if there are any trends in
the acute study that predict the longer-term outcome
(Milliken et al., 2012). Relationships between these data sets
has been largely undetermined and there is increasing inter-
est in utilizing data such as this for predictive associations, for
earlier detection of compounds with risk for cardiovascular
pathologies. One hundred thirty-five compounds (all low
molecular weight) were included in the data set and when
normalized for Cy. exposure concordance the number of
compounds for inclusion in the data set was 126. Cardiovas-

Drug-induced cardiac injury

cular histopathology changes were seen in 15 compounds of
which the highest incidence of pathology (eight compounds)
occurred in the myocardium and presented with degenerative
and/or inflammatory events. Six of the eight compounds
with pathologies showed a peak increase >40 bpm and dura-
tion 25 h. There were no instances of vessel pathology
without a change in systemic BP and if compounds showed
no change in HR, there was a high degree of assurance that
there would be no morphology findings (at least up to the
time of investigational new drug enabling studies in the same
species). This initial analysis reinforces a growing general
impression that cardiovascular injury has a haemodynamic
driver element and suggests that functional changes observed
in acute single-dose studies could prompt moving (sub)
chronic toxicology studies forward, to identify cardiovascular
liabilities earlier in development. These findings suggest it
may be worth including more end points in future toxicity
studies (e.g. telemetered animals and/or pathology readouts
in safety pharmacology studies), although issues in translat-
ability need addressing given that an ABPI-sponsored Animal
Model Framework (Valentin et al., 2009) analysis showed a
weak relationship between dogs and humans in terms of
haemodynamic changes. In general, dogs are hypersensitive
for haemodynamic changes and rodents appear hypersensi-
tive for wvascular injury-raising issues of comparative
physiology/pathophysiology. In terms of future studies, it
would be valuable to assess the panel of compounds used in
this analysis in relevant in vitro pharmacodynamic screens
(e.g. rodent, dog, human cardiomyocytes) to understand
better the role of functional changes (cause or effect) in struc-
tural cardiovascular toxicity.

Better predictability in man

Although LVEF is an important prognostic factor in dilated
cardiomyopathy, effective risk stratification remains chal-
lenging, particularly with respect to sudden cardiac death
(SCD) as most patients who experience SCD do not have
severely reduced LVEF, and many patients with significant
impairment of LVEF may still be at low risk for SCD (Dagres
and Hindricks, 2013). Identification of better independent
prognostic factors is necessary to enable clinicians to more
accurately stratify risk in patients with dilated cardio-
myopathy and to implement early (preventative) medical
management. Measurement of cardio-specific biomarkers
represents a valid diagnostic approach for early identi-
fication, assessment and monitoring of cardiotoxicity.
Cardinale et al. (2004) showed that early detectable levels of
circulating c¢Tnl after high-dose anthracycline chemo-
therapy predicted both occurrence and severity of LVEF
impairment. A higher rate of major cardiac events (and
morbidity) within the first year of follow-up was also noted
in patients who demonstrated elevated levels of c¢Tnl for
more than a month after the last chemotherapy adminis-
tration. Equally important, they reported a high negative
predictive value for cTnl (99%), which identified low-risk
patients who would most likely not encounter subsequent
cardiac complications. Cardinale et al. (2010) also reported
an elevation in cTnl in 72% of patients who subsequently
developed trastuzumab-induced cardiotoxicity compared
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with only 7% of patients who showed normal cTnl. A
number of studies suggest that cTnl determination is able to
predict the occurrence of clinically significant LVD, at least
3 months in advance (Cardinale et al., 2010; Sawaya et al.,
2012).

An ongoing biomarker study at the Cancer Research UK
Manchester Institute (University of Manchester) in a cohort
of 30 patients with lymphoma and breast cancer, treated with
anthrayclines, is measuring both circulating (cTnl, ILs, TNE,
fatty-acid-binding protein, myeloperoxidase, MMPs, NT-pro-
BNP) and imaging (cardiac MRI sequences including volu-
metric analysis, T1 mapping, T2 mapping, late gadolinium
enhancement and myocardial strain) biomarkers of cardio-
toxicity in an attempt to correlate biomarkers with clinical
data. Although the data are immature, it has shown that LVEF
steadily decreases over the time course; however, no circulat-
ing biomarker data are available yet (Cove-Smith et al., 2014).

In summary, strategies are urgently required to detect
cardiotoxicity in patients by focusing on pathways common
to all or many cardiotoxicities. This in turn would be
expected to lead to the identification of novel biomarkers,
allowing earlier detection and potential intervention. Novel
potential robust approaches to address this issue include
measurement of circulating miRNAs (De Rosa et al., 2014)
and the use of metabolomics to identify metabolic signatures
in the circulation which are indicative of injury. These may
help to detect very early changes of cardiotoxicity (Roberts
etal., 2012).

New clinical directions

A cardio-oncology day-case assessment service at the Royal
Brompton Hospital in London has been established recently,
acting as a ‘one-stop shop’, in which serum biomarkers,
resting and stress echocardiography, cardiac MRI, research
(e.g. genomics), and a clinical review are carried out at base-
line and during the treatment phase in patients at risk or who
have potential cardiotoxicity detected on current surveillance
strategies. Given the limitations in the sensitivity of bio-
marker (particularly Echo) strategies without appropriate
baseline measurements, this approach offers a means of
monitoring any changes as they occur and with a higher
degree of certainty. A key element of this approach is a close
working relationship between cardiology and oncology col-
leagues, to balance the risks and benefits of the cancer treat-
ment with any cardiotoxicity detected. It is critical to
remember that this increasing problem of cardiotoxicity has
arisen out of the remarkable success of modern cancer treat-
ment, and it would be paradoxical and clinically inappropri-
ate to withhold potentially life-saving cancer treatments
because of the detection of subclinical cardiotoxicity using
more and more sensitive biomarkers and imaging technolo-
gies. Instead the philosophy of early detection is to stratify
cardioprotection to those in need, and equally to reassure
those without evidence of cardiac injury, given the negative
predictive value is the most powerful. This initiative has also
led to the development of a UK-wide consortium of seven
cardiac and eight oncology centres that offers coordinated
assessment of patients and follows efforts in other European
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countries and North America to better coordinate cardio-
oncology care.

Preclinical considerations — bridging
back to man

A key challenge for the pharmaceutical industry is to not only
detect (or ideally predict) preclinical drug-induced changes in
cardiac structure or function, but also to understand the
relevance of these cardiotoxic effects to humans and, more
specifically, the potential impact within the clinical setting
for which the drug is intended. In order to avoid cardiotox-
icity emerging at the later stages in the drug development
pathway, it is vital that the potential for structural cardiovas-
cular toxicity, associated with either a target or a molecule,
can be identified as early as possible. Failure to do so results in
drug attrition, limits the availability of new treatment
options for patients and is extremely costly financially. The
cardiac electrophysiological effects of a molecule can be
detected routinely through a combination of in silico, in vitro
approaches (utilizing cell lines overexpressing certain ion
channels) and supported via short-duration in vivo studies.
However, the assessment of structural cardiovascular toxicity
currently involves longer-term repeat-dose in vivo toxicity
models (which are cost and labour intensive) primarily
focussed on histopathological end points. In most chronic
toxicology studies (e.g. GLP regulatory studies), left ventricu-
lar function, electrocardiogram and biomarkers of cardiac
injury are not routinely measured (Mellor et al., 2011). It is
clear that the area of structural cardiotoxicity could also
benefit enormously from a more predictive and integrated
tiered approach (e.g. in silico/in vitro/in vivo).

Novel in vivo models of
structural cardiotoxicity

One in vivo approach to providing better strategies for pre-
dicting structural cardiotoxicity involves the measurement
of cardiomyocyte loss after drug treatment in zebrafish
(Cheng et al., 2011). The most common gross morphological
defect induced by cardiotoxic drugs was an associated swell-
ing of the heart chambers. If the ventricle stops beating,
blood often pools and clots in the chamber, but this does not
immediately kill the fish as there is sufficient oxygenation
acquired through passive diffusion. Rates of pericardial
oedema are noted, as well as the presence of thrombi and
their location. Most thrombi occur at the yolk sac just poste-
rior to the entrance to the atrium. Drugs known to have
adverse cardiotoxic effects in humans also demonstrate car-
diotoxicity in zebrafish. Because zebrafish can survive in the
absence of cardiac output and in the presence of major vas-
cular defects for several days, abnormalities can be studied
that would be rapidly fatal in mammals. In this model,
sorafenib was shown to reduce the numbers of cardiomyo-
cytes (Cheng et al., 2011) and both sorafenib and sunitinib
caused a marked reduction in total myocyte number per
heart, contractile dysfunction and ventricular dilatation.



Novel human cell-based models to
predict structural cardiotoxicity

Currently, in vitro screening strategies are predominately
focused on identifying functional cardiotoxicity through the
detection of ECG abnormalities and QT-interval prolongation
by ion channel screening and measurement of cardiac action
potentials and changes in Echo through cardiomyocyte con-
tractility abnormalities (Pollard et al., 2010; Harmer efal.,
2012). Predictive in vitro assays to detect structural cardiac
toxicity in man have been lacking. This has mainly been due
to the apparent complexity and diversity of the underlying
mechanisms and resulting pathologies and a lack of repro-
ducible human cardiomyocyte cells. Recent advances in the
development and production of human embryonic stem cell-
derived cardiomyocytes (hESC-CMs) has facilitated the devel-
opment of human in vitro cell models of cardiotoxicity
(Jonsson et al., 2009). Pointon et al. (2013) utilized hESC-CMs
and the rat myoblastic H9c2 cell line to phenotypically
profile a panel of structural cardiotoxins (34 clinical and
AstraZeneca internal drug candidates with known in vivo
structural cardiotoxic liabilities and 32 clinical and AstraZen-
eca internal drug candidate non-structural cardiotoxins).
High content screening was carried out using live-cell
fluorescent imaging of mitochondrial membrane potential,
endoplasmic reticulum integrity, Ca* mobilization, and
membrane permeability combined with an assessment of cell
viability, via ATP content. Results showed that the hESC-CM
screen shows greater sensitivity and specificity compared
with the immortalized rat cardiomyocyte cell line (H9C2).
Data suggested that hESC-CMs in combination with imaging
parameters and assessment of cell viability were able to
predict the in vivo (animal) outcome (structural cardiotoxic-
ity) with an overall sensitivity and specificity of 74%. Impor-
tantly, this study also demonstrated that a beating phenotype
is important for the development of structural toxicity, high-
lighting the intricate relationship between cardiac functional
and structural toxicity.

The challenge for in vitro cell models with acute drug
treatment is the direct predictability of the chronic forms of
toxicity, which may take years to manifest in patients because
of cumulative dosing with drugs such as anthracyclines. The
development of 3-D stem cell-based cardiac microtissues/
spheroids may offer the potential for repeated drug dosing
and cumulative effects with more predictive chronic toxicity
potential (Thavandiran et al., 2013).

Novel human cell-based models to
predict cardiac microvascular toxicity

The cardiac myocardium is composed of cardiomyocytes,
which constitute approximately 30% of the total cells, and
non-myocytes (fibroblasts, endothelial), which constitute
approximately 70% of the total cells (Brutsaert, 2003). Car-
diomyocytes generate the contractile force while fibroblasts
secrete extracellular matrix and paracrine factors. Endothelial
cells line the coronary vasculature and allow delivery, via the
bloodstream, of the free fatty acids and oxygen required to
meet the high metabolic demands of the contractile myo-
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cytes (Brutsaert, 2003; Tirziu et al., 2010). Endothelial cells
also form a barrier to thrombus formation and regulate the
adherence of immune cells. There is a growing awareness that
cardiotoxic anti-cancer drugs can also adversely affect cardiac
vascular function. Tubulin binding drugs, such as vincristine,
have been shown to adversely affect rat cardiac microvascular
endothelial cells (Mikaelian et al., 2010) while doxorubicin
has recently been shown to affect VEGF signalling in rat
cardiac microvascular endothelial cells (Chiusa et al., 2012).
Recent data have shown that sunitinib (Sutent), which targets
a range of different receptor tyrosine kinases [VEGF receptors,
Kit, PDGF receptors and Fms-like tyrosine kinase-3 (FLT3)]
can adversely affect cardiac pericytes resulting in cardiac tox-
icity (Chintalgattu et al., 2013). Collectively, these data show
that drug-induced cardiac toxicity can have a multicellular
component. This has profound implications for the develop-
ment of in vitro preclinical cardiovascular toxicity screens
within the pharmaceutical industry, which are currently
focused solely on detecting adverse effects in cardiomyocytes.
There is a need for multicellular models that reconstitute
cardiac physiology to allow researchers to simultaneously
investigate structural changes and functional changes in dif-
ferent cardiac cell types.

Conclusions and recommendations

Although significant progress has been made in better under-
standing the pathogenesis and mechanisms of structural car-
diotoxicity caused by a number of novel therapeutics, the
ultimate goal is to identify more comprehensive in vivo
screens and, in particular, in vitro assays, which are reliable
predictors of clinical cardiotoxicity, as achieved with imple-
mentation of hERG-centred screening to identify risks of
drug-induced QT-interval prolongation. Efforts to address the
following issues are encouraged and supported:

(a). Standard histopathological (light microscopic) assess-
ment may not identify early changes in cardiovascular
morphology and without the aid of additional, sensitive,
evaluative tools such as transmission EM or measure-
ment of appropriate early biomarkers (Casartelli et al.,
2011), longer-term studies (with associated patient risks,
increased costs and lengthening of project timelines)
may be required to determine any liabilities. Although
impractical to propose routine EM in early toxicity
studies, there have been encouraging signs of early detec-
tion of cardiac toxicities using translatable biomarkers
(e.g. cTnl) and further research in this area is expected to
provide significant benefits. More studies are required
also on mechanistic understandings and functional cor-
relates that can act as better translational biomarkers
(e.g. serological, functional, histopathological, imaging).
An industry consortia approach has demonstrated trends
towards a relationship between functional changes in
acute, single-dose studies in dogs and cardiovascular
pathologies seen in (28 day) repeat-dose toxicology
studies. Cell-based studies wusing cardiomyocytes
(Pointon et al., 2013) have shed light also on relation-
ships between a beating phenotype and mitochondrial
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toxicity and calcium disruption as common mechanisms
for structural toxicity.

The identification and prediction of drug-induced struc-
tural cardiotoxicity in patients is complicated by the fact
that in many cases where the left ventricle is mechani-
cally disadvantaged, there may be no clinically apparent
manifestations for many years because of an optimiza-
tion of function by compensatory mechanisms. Thus,
better independent prognostic factors are needed to
enable clinicians to more accurately stratify risk in
patients with cardiomyopathy and to implement early
preventative drug treatment. Although there have been
major advances in the area of functional assessment
clinically, it is currently widely accepted that change of
function is preceded by damage to the myocardium,
which can be detected by biomarkers thus allowing a
more rapid and cheaper way to monitor patients on a
regular basis. Indeed, a number of studies suggest that
cTnl determination is able to predict the occurrence of a
clinically significant LVD, at least 3 months in advance
(Cardinale et al., 2010; Sawaya et al., 2012). As it is now
becoming apparent from ultrastructural assessment
that toxicities can affect a range of different cardiac cell
types, it is important also therefore to identify early
markers which help determine the specific liability in
patients.

The choice of translatable animal models (and in vitro
screens) remains highly challenging as toxicities in
patients are ‘personalized’ as a result of a specific predis-
position brought about by specific prior drug treatments
or pre-existing disease(s). The use of young, healthy and
drug-naive animals for toxicity studies likely reflects
poorly in terms of translatability to patients whereas
animals carrying a background disease, are stressed by
prior drug treatment, or are genetically modified, may
reflect better the clinical condition. However, differenti-
ating toxicity from natural worsening of disease can be a
significant challenge in both preclinical and clinical set-
tings. A key challenge is to know which ‘compromised’
animal models to apply and in which disease and thera-
peutic settings. Successful case studies and further
research is required to inform use of these models and to
better understand the comparative cardiovascular
physiology/pathophysiology to help address preclinical
species to human translatability. It is inappropriate to
consider rodent models as truly predictive and they
should be regarded as tools to detect putative liabilities;
nevertheless, many compounds have been discarded
because of rodent toxicity findings, which may or may
not have translated to clinical adverse effects. Although
standard preclinical safety studies have prevented any
phase 1 catastrophes from occurring they have not
yielded much insight into later stage toxicities.

No predictive in vitro approaches to detect structural car-
diovascular toxicity have been described, in part because
of the challenge of recreating complex cardiovascular
physiology in an isolated set-up, as well as an incomplete
understanding of the mechanisms of toxicity to decide
the best end points. Promising findings have been pub-
lished recently, however, by Pointon et al. (2013) using
hESC-CMs to phenotypically profile a panel of structural
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and non-structural cardiotoxins. There is a need,
however, to generate cell models that reconstitute mul-
ticellular cardiac physiology more accurately and
co-culture of cardiomyocytes, cardiac fibroblasts and
cardiac endothelial cells may achieve this goal. A well-
characterized set of structural cardiotoxins is now
required by the scientific community to help compare
and contrast the different in vitro and in vivo models (and
species). An extensive and rigorous comparative study to
determine if agents that are cardiotoxic after repeat
dosing in rodents and dogs also elicit changes in human
(as well as rodent/dog) isolated or co-cultured cardio-
myocytes would help the identification of more predic-
tive models and may lead to the development of a
template for future screening strategies and a risk assess-
ment plan.

Pre-competitive data sharing on targets, which are intrin-
sically associated with toxicity, is considered a key goal
in order to avoid potentially costly and wasted efforts by
the industry. The publication by AstraZeneca scientists
(Anderton et al., 2011) showing that inhibiting a poten-
tial oncology target (ALKS) results in histopathological
heart valve lesions in rodents benefited a significant
number of companies who were already engaged in
similar programmes or were considering starting chemi-
cal efforts on the target. We encourage industry to follow
the lines taken by AstraZeneca and publish their findings
on target toxicities at earliest possible opportunities to
reduce needless animal usage and for broader scientific
benefit.

A strategy to mitigate the risks of cardiotoxicity in
patients is the development of cardio-protective agents
for co-administration. Currently, the only approved
clinical cardio-protective drug is dexazoxane, targeting
anthracycline-induced cardiotoxicity. New approaches
based on different mechanisms (e.g. neuregulin-1 and
cdk 4/6 inhibitors) are currently under early investiga-
tion. This area is ripe for further development of more
effective agents and ultimately will allow maximally
effective therapies to be administered with minimized
risk of cardiotoxicity.

Cardio-oncology patients represent a unique cohort as
the timing of the insult is known and there is some
understanding of the mechanism of insult induced by
the drug. Much can be learned from this population,
which may be applicable to heart disease from other
causes. However, closer interactions between cardiolo-
gists and oncologists, along the lines of the newly
established UK cardio-oncology services and networks
are encouraged to better address the issue of early
assessment/identification. Greater interaction is required
also between preclinical and clinical safety scientists to
ensure that any gaps occurring in development of new
agents are quickly identified. A more iterative approach
is developing within the industry such that any clinical
findings trigger preclinical modelling to better under-
stand the liability and its mechanism. Equally, if a car-
diovascular safety signal is seen preclinically it is
essential that this is followed with special attention in
the clinic and a strategy is implemented for clinical
monitoring.
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