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Abstract The development of tyrosine kinase inhibitors

(TKI) represents a major milestone in oncology. However,

their use has been found to be associated with serious

toxicities that impinge on various vital organs including the

heart. Sixteen TKIs have been approved for use in oncol-

ogy as of 30 September 2012, and a large number of others

are in development or under regulatory review. Cardio-

vascular safety of medicinal products is a major public

health issue that has concerned all the stakeholders. This

review focuses on three specific cardiovascular safety

aspects of TKIs, namely their propensity to induce QT

interval prolongation, left ventricular (LV) dysfunction and

hypertension (both systemic and pulmonary). Analyses of

information in drug labels, the data submitted to the reg-

ulatory authorities and the published literature show that a

number of TKIs are associated with these undesirable

effects. Whereas LV dysfunction and systemic hyperten-

sion are on-target effects related to the inhibition of ligand-

related signalling pathways, QT interval prolongation

appears to be an off-target class III electrophysiologic

effect, possibly related to the presence of a fluorine-based

pharmacophore. If not adequately managed, these cardio-

vascular effects significantly increase the morbidity and

mortality in a population already at high risk. Hitherto, the

QT effect of most QT-prolonging TKIs (except lapatinib,

nilotinib, sunitinib and vandetanib) is relatively mild at

clinical doses and has not led to appreciable morbidity

clinically. In contrast, LV dysfunction and untreated

hypertension have resulted in significant morbidity. Inevi-

tably, dilemmas arise in determining the risk/benefit of a

TKI therapy in an individual patient who develops any of

these effects following the treatment of the TKI-sensitive

cancer. QT interval prolongation, hypertension and LV

dysfunction can be managed effectively by using reliable

methods of measurement and careful monitoring of

patients whose clinical management requires optimisation

by a close collaboration between an oncologist and a car-

diologist, an evolving subspecialty referred to as cardio-

oncology. Despite their potential adverse clinical impact,

the effects of TKIs on hypertension and LV function are

generally inadequately characterised during their develop-

ment. As has been the case with QT liability of drugs, there

is now a persuasive case for a regulatory requirement to

study TKIs systematically for these effects. Furthermore,

since most of these novel drugs are studied in trials with

relatively small sample sizes and approved on an expedited

basis, there is also a compelling case for their effective

pharmacovigilance and on-going reassessment of their risk/

benefit after approval.

1 Introduction

The focus of drug development in oncology over the last

decade has shifted markedly from development of non-

specific cytotoxic drugs to molecularly targeted agents. In

this regard, protein kinases have emerged as key pharma-

cological targets [1]. These enzymes regulate the majority

of cellular biochemical pathways involved in transduction
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of extracellular signal, thus regulating cellular functions

and responses including differentiation, proliferation and

survival. These responses are fundamental to oncogenesis.

Activity of up to 30 % of all human proteins may be

modified by kinases. Protein kinases fall into two broad

classes, depending on their substrate specificity: those

catalysing phosphorylation of tyrosine and those that

phosphorylate serine/threonine. A small minority phos-

phorylate all three. Since most of the agents at present

target tyrosine kinases, we will for convenience refer to all

protein kinases henceforth as tyrosine kinases.

The past decade has witnessed the approval of a number

of tyrosine kinase inhibitors (TKI) for the treatment of a

variety of cancers. These include a number of monoclonal

antibodies and small-molecule TKIs approved for clinical

use in oncology. Monoclonal antibodies act extracellularly

by blocking the ligand from binding to its receptor and

thereby interrupt downstream signalling. This review is

concerned exclusively with the small-molecule TKIs,

which act by intracellular inhibition of phosphorylation.

Concurrently, the safety of this new class of oncology

drugs has also emerged as one of the major safety con-

cerns, especially their cardiac safety [2, 3]. Following

experience with drugs in a number of other pharmaco-

therapeutic classes [4–6], regulatory authorities have

routinely required all new drugs during their development

to be characterised for their effect on cardiac repolarisa-

tion as reflected by changes in the duration of QTc

interval (‘‘QT liability’’) of the surface electrocardiogram

(ECG) and the risk of potentially fatal proarrhythmias [7,

8]. TKIs are no exception [9, 10] and also require their QT

liability to be characterised during their development.

Many TKIs have also been found to induce hypertension

and impairment of left ventricular (LV) function, both

major risk factors for cardiac safety [11, 12]. TKIs are

labelled to be associated with a number of other serious

cardiovascular adverse effects such as haemorrhage and

arterial and venous thromboembolic events (Table 1).

Two recent meta-analyses failed to confirm an increased

risk of venous thromboembolism in association with

VEGFR-related TKIs [13–16].

The purpose of this review is to provide a broad overview

of the potential of the 16 antineoplastic TKIs approved as of

30 September 2012 to prolong the QT interval, induce

hypertension or impair left ventricular (LV) function. Since

the special focus of this review is their potential to prolong

the QT interval, it is also our objective to discuss regulatory

approaches to the assessment and communication of QT-

related risk. To place the cardiac safety in the correct phar-

macological and clinical context and better appreciate the

Table 1 Cardiovascular toxicity of approved tyrosine kinase inhibitorsa

Tyrosine

kinase

inhibitor

Hypertension Pulmonary

hypertension

Bleeding Venous

thrombosis

Pulmonary

embolism

Arterial

thrombosis

CHF/LV

dysfunction

QT

liabilityb
Effusions

oedema

Axitinib j j j j j

Bosutinib j j

Crizotinib j j j

Dasatinib j j j j j j j

Erlotinib j j

Gefitinib ?

Imatinib j j j

Lapatinib j j

Nilotinib j j j h j

Pazopanib j j j j j j j

Regorafenib j j j

Ruxolitinib

Sorafenib j j j j j j

Sunitinib j j j j j j j j

Vandetanib j j j j j h

Vemurafenib j j

Table compiled from data contained in regulatory documents [Refs. 17–20]

j, toxicity documented

?, data not certain enough to draw any conclusions on QT liability

h, boxed warning
a No inferences should be drawn on incidence of these events from this table
b Authors’ evaluation of the QT liability
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impact of TKIs in oncology today, we provide a brief

background of their pharmacological properties as well as

the importance attached to this class of agents by the drug

developers and regulatory authorities.

2 Data Sources

The information discussed in this review is derived from a

variety of sources at the time of writing (31 October 2012).

In particular, these include:

• Assessment reports (‘‘Reviews’’) and the prescribing

information (drug labels) posted on the Food and Drug

Administration (FDA) website [17].

• Briefing documents, presentations and discussions at the

FDA Oncologic Drugs Advisory Committee (ODAC) [18].

• Assessment reports (‘‘European Public Assessment

Report’’) from the European Union’s (EU) Committee

for Medicinal Products for Human Use (CHMP) and

the EU prescribing information (Summary of Product

Characteristics, SmPC), both posted on the European

Medicines Agency (EMA) website [19].

• Summary basis of decisions and product monographs

issued by Health Canada [20].

• Published literature, especially post-marketing studies

and meta-analyses.

• Available clinical study reports and results posted on

the websites of the marketing authorisation holders.

• National Cancer Institute (US) website [21].

In the prescribing information (the US label or the EU

SmPC), the section most closely analysed was the section

on ‘‘Warnings and precautions’’ in order to correlate its

contents with the data reviewed by regulatory authorities or

available elsewhere.

3 Molecular Biochemistry and Pharmacology of Small-

Molecule Tyrosine Kinase Inhibitors

3.1 Molecular Biochemistry of Protein Kinases

The molecular biochemistry of protein kinases and their role

in oncogenesis have been reviewed by other authors [1, 22].

The biochemical activity of a protein kinase involves enzy-

matic phosphorylation of one of three protein amino acids

that have a free non-carboxyl hydroxyl group, namely tyro-

sine, serine or threonine [22]. Phosphorylation of proteins by

these kinases is an important activating mechanism in the

communication of signals within a cell and regulation of

cellular activity and function [1, 22]. Kinase-mediated acti-

vation of proteins is known to regulate the majority of cel-

lular biochemical pathways involved in the transduction of

extracellular signals and thereby regulate cellular responses

including differentiation, proliferation and survival. Thus,

each kinase functions as an ‘‘on’’ switch in many cellular

functions. Each protein kinase has a corresponding phos-

phatase to remove the phosphate group transferred and thus

deactivate it. These phosphatases therefore serve as a ‘‘switch

off’’ mechanism for terminating the signal.

Amongst the protein kinases, tyrosine kinases have

attracted the greatest attention so far and are divided into

two main families [22]. One family consists of transmem-

brane receptor-linked kinases (referred to as receptor tyro-

sine kinases or RTK) with a high affinity for many

polypeptide growth factors, cytokines and hormones, which

act as ligands of these receptors. Among the major RTKs in

oncology are those linked to ligands such as vascular

endothelial growth factor (VEGF), epidermal growth factor

(EGF), platelet-derived growth factor (PDGF), hepatocyte

growth factor (HGF or c-MET), fibroblast growth factor

(FGF) and insulin. These receptors phosphorylate them-

selves auto-catalytically upon ligand binding. The other

family of tyrosine kinases consists of cytoplasmic proteins

(referred to as non-receptor tyrosine kinases or NRTK).

These are found in the cytosol, the nucleus and the inner

surface of the plasma membrane. Major NRTKs in oncol-

ogy at present are those linked to sarcoma (SRC), Janus-

associated kinase (JAK) and tyrosine kinase from onco-

genic transcript that results from fusion of the Abelson1

gene and breakpoint cluster region gene (BCR-ABL).

Among the major serine/threonine receptor kinases are the

BRAF (a member of rapidly accelerated fibrosarcoma) and

protein kinase B (AKT) families. Except vemurafenib, all

currently approved small-molecule kinase inhibitors are

primarily TKIs. Vemurafenib is an inhibitor of a serine/

threonine kinase but the development of other agents tar-

geting this family of kinases is also gathering pace. Such is

the pace of development in this area of oncology that Force

[23] has estimated that there are more than 1,000 kinase

inhibitors presently in development, and tens of thousands

of patients, including children, are receiving these agents as

part of clinical trials. According to our unpublished survey

of the literature, no less than 50 of these kinase inhibitors

are in fairly advanced stages of drug development.

The activities of tyrosine kinases are very tightly con-

trolled and regulated but can also be overexpressed or the

kinase become mutated and get stuck in the ‘‘on’’ position,

resulting in a ‘‘gain-of-function’’ hyperactive kinase. This

causes unregulated growth of the cell, a step necessary in

oncogenesis. Not surprisingly, therefore, development of

agents that inhibit responsiveness of these kinases is a major

focus of pharmaceutical oncopharmacology. Efforts to

identify TKIs have resulted in a diverse range of chemical

structures but most of the TKIs in clinical use today are

substituted quinazolines, pyrimidines and pyridines [24, 25].

Cardiac Safety of TKIs 297



3.2 Selectivity of TKIs

In contrast to the monoclonal antibodies, small-molecule

TKIs interrupt downstream signalling by inserting into the

ATP ‘pocket’ in the tyrosine kinase and blocking its

activity. Because of their mode of action, TKIs are inher-

ently less selective than the monoclonal antibodies and

typically inhibit several kinases, some known and others

hitherto unknown. The principal known pharmacological

targets of the currently available TKIs are summarised in

Table 2. Only a few of the currently approved agents such

as axitinib, bosutinib, erlotinib, gefitinib, ruxolitinib and

vemurafenib are selective enough for one or two receptor

types. Most of the TKIs target a variety of receptors and the

receptors most frequently targeted are VEGFR, EGFR,

HGFR, PDGFR and KIT. When a ligand binds to its

tyrosine kinase receptor, its phosphorylation is followed by

activation of specific intracellular biochemical pathways

downstream, such as the phosphoinositide 3-kinases

(PI3K), AKT and MAPK pathways. It is therefore self-

evident that the efficacy and effectiveness of TKIs also

depend on the activity and responsiveness of further

pathways downstream. For example, mutations in the

downstream PI3K pathway are frequent in breast cancer,

causing resistance to otherwise effective EGFR-2-targeted

therapy. In general terms, the therapeutic outcome of

EGFR-targeted therapy is suboptimal compared to VEG-

FR-targeted therapy. Studies using isolated cell lines have

revealed that different cell lines can exhibit dramatically

different responses to a given inhibitor. Therefore, it is

important to evaluate an inhibitor for its selectivity of

inhibition of kinase-mediated phosphorylation at the level

of a whole organism to enable a more accurate evaluation

of its efficacy and safety since toxicity could result from

remote on- and off-target effects [26].

3.3 Toxicity of TKIs: On-Target and Off-Target

Effects

As with most other small chemical molecules, some toxic

effects of TKIs are unrelated to their primary pharmaco-

dynamic activities and are therefore ‘‘off-target’’ effects

resulting from the presence of unexpected secondary

pharmacological properties. However, tyrosine kinases

Table 2 Principal pharmacological targets of approved protein kinase inhibitorsa

Tyrosine kinase

inhibitor

Receptor tyrosine kinase Non-receptor

tyrosine kinase

Serine-threonine

kinase

VEGFR HER1

(EGFR)

HER2 PDGFRb KIT HGFR

(MET)

ALK FLT3 SRC JAK BCR-

ABL

BRAF AKT

Axitinib j j j

Bosutinib j j

Crizotinib j j

Dasatinib j j j j

Erlotinib j

Gefitinib j

Imatinib j j j j

Lapatinib j j j

Nilotinib j j j

Pazopanib j j j

Regorafenib j j j j

Ruxolitinib j

Sorafenib j j j j j

Sunitinib j j j j j

Vandetanib j j j

Vemurafenib j

Table compiled from data contained in regulatory documents [Refs. 17–20]

ALK anaplastic lymphoma kinase, HGFR hepatocyte growth factor receptor, VEGFR vascular endothelial growth factor receptor, EGFR
epidermal growth factor receptor, PDGFR platelet-derived growth factor receptor, KIT mast/stem cell growth factor receptor, HER human

epidermal growth factor receptor, JAK Janus kinase, SRC sarcoma, BCR-ABL tyrosine kinase from oncogenic transcript from fusion of Abelson1

gene and breakpoint cluster region gene, BRAF member of the Raf (rapidly accelerated fibrosarcoma) kinase family of serine/threonine-specific

protein kinases, FLT3 Fms-related tyrosine kinase 3, AKT protein kinase B

j, inhibition documented
a These targets represent the targets currently thought to be most relevant clinically and each agent may have other less well-characterised effects
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activate an array of proteins in virtually all organ systems,

thus exerting unwanted effects at sites remote from the

intended sites. Therefore, it is not surprising that the safety

and efficacy of many TKIs are intricately linked to each

other, both related to the inhibition of a primary pharma-

cological target. Thus, a number of major toxic effects are

‘‘on-target’’ effects. For example, TKIs that target angio-

genesis (VEGFR) are typically associated with hyperten-

sion, hypothyroidism, haemorrhage and/or thrombosis [27–

29]. In contrast, agents that target EGFR are more prone to

induce diarrhoea or skin rash [30]. Appreciation of ligand-

linked effects has prompted many investigators to evaluate

some of these on-target side effects as potential biomarkers

of effective pharmacological inhibition and therefore their

efficacy [29, 31].

Lu et al. [32] exposed canine heart muscle cells to TKIs

and other drugs known to prolong the QT interval and

reported that drug-induced QT prolongation was actually

due to inhibition of the PI3K signalling pathway, which

affects multiple ion channels, not just the potassium

channels. Drug-induced PI3K inhibition resulted in pro-

longation of action potential duration (APD) and the

addition of a second messenger produced by the PI3K

pathway normalised the APD. They also confirmed the

finding by showing that mice bred to have reduced PI3K

signalling showed QT prolongation. These findings have

important implications in terms of QT liability being

potentially an on-target class effect of any drug that

downregulates PI3K and may call for a more refined

approach to characterising drugs generally for their QT

liability.

3.4 Pharmacokinetics of TKIs

The pharmacokinetic profile of a few of the currently

available TKIs has been reviewed by others [24, 25].

Table 3 summarises the basic pharmacokinetics of the 16

TKIs approved at the time of writing this review. Most

TKIs have poor absolute bioavailability (frequently

unknown), are metabolised extensively and primarily by

CYP3A4 and have a long elimination half-life permitting

once a day administration but taking longer to attain steady

state concentrations (and therefore the full therapeutic or

toxic effects). These very long half-lives are double-edged

swords since not only do they permit once a day admin-

istration and thereby improve compliance, but also require

much longer periods for the TKI to clear from the body.

Thus, patients require monitoring for an extended period

after the drug has been discontinued as a result of a toxic

effect. Although the metabolites of many TKIs are phar-

macologically active, they do not circulate in high enough

concentrations or are not potent enough (with the possible

exception of imatinib, regorafenib and sorafenib) to be

clinically relevant. Since the activity of CYP3A4 enzyme

is highly susceptible to significant liver disease or to

inhibition or induction by a number of co-medications,

CYP3A4-mediated metabolism of TKIs predisposes the

patient to major drug interactions and warrants caution and/

or dose reduction in such patients. Some of the TKIs also

have the potential to inhibit other drug-metabolising

enzymes, thus further aggravating their drug interaction

potential.

4 Regulatory Approval of Tyrosine Kinase Inhibitors

Because these new oncologic agents are highly targeted,

they are perceived to be safer than the traditional cytotoxic

agents used in cancer chemotherapy. In a study comparing

three groups of antineoplastic agents, the clinical benefit

derived from recently approved antineoplastic drugs was

also found to be greater for targeted anticancer agents than

for other chemotherapeutic agents [33]. As of 30 Septem-

ber 2012, 16 TKIs have been approved by the FDA, 14 of

which are also approved for marketing by the European

Commission, with bosutinib and regorafenib still under

review by CHMP at that date. Regulatory and clinical

interest in antineoplastic agents in this pharmacological

class is illustrated by the fact that the first TKI, imatinib,

was approved in 2001 and yet 7 of these 16 TKIs have been

approved during the 18-month period from April 2011 to

September 2012.

The majority of the approved TKIs are quinolone

(bosutinib), quinazoline (erlotinib, gefitinib. lapatinib and

vandetanib), pyrimidine (dasatinib, imatinib, nilotinib,

pazopanib, ruxolitinib), pyridine (crizotinib, vemurafenib)

or carboxamide (regorafenib, sorafenib, sunitinib) deriva-

tives. Regulatory authorities have attached great impor-

tance to expedited review of many of these novel agents for

a variety of cancers [34]. For example, the FDA had

granted priority review to 12 and granted accelerated

approvals to 6 (38 %) of the 16 TKIs approved in the US.

By comparison, the CHMP granted conditional approvals

to 4 (29 %) of the 14 TKIs approved in the EU. At least

six others (afatinib, cabozantinib, dabrafenib, masitinib,

ponatinib and tivozanib) were under regulatory review for

marketing approval as of 30 September 2012. Another TKI,

tofacitinib was approved by the FDA in November 2012

for use as an immunosuppressant in rheumatoid arthritis.

The clinical benefit of TKIs is considered sufficiently

valuable that apart from six of them (bosutinib, gefitinib,

lapatinib, nilotinib, sorafenib and vandetanib), none are

absolutely contraindicated in the US despite having phar-

macological properties and clinical effects that would

otherwise have required certain contraindications. The

contraindications applied to these drugs are modest and
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typically concern hypersensitivity to the drug (bosutinib,

gefitinib, lapatinib and sorafenib), long QT syndrome

(nilotinib and vandetanib) and uncorrected low serum

potassium or magnesium (nilotinib). In the EU, all TKIs

are contraindicated in patients with hypersensitivity to the

drug but there are also other specific contraindications such

as severe hepatic impairment (crizotinib), breast feeding

(gefitinib, ruxolitinib and vandetanib), pregnancy (ruxolit-

inib) and patients with certain QT-related risk factors

(vandetanib).

5 QT Liability of Tyrosine Kinase Inhibitors

5.1 Approaches to Investigating the QT Liability

Regulatory authorities have long been concerned with

the potential of many drugs to delay cardiac repolari-

sation. This effect is reflected on the surface ECG by a

prolonged heart rate-corrected QTc interval. In a vast

majority of cases, drugs prolong the QTc interval by

inhibiting the hERG (human ether-a-go-go) subunit of

the channel conducting major ventricular repolarising

potassium current (IKr) during phases 2–3 of the action

potential [35, 36]. This manifests as prolongation of

ventricular APD and its surface counterpart, the QTc

interval. Although a prolonged QTc interval per se is

not immediately harmful, it can induce potentially fatal

ventricular tachyarrhythmias when it is prolonged

excessively or in the presence of appropriate risk fac-

tors. The ventricular tachyarrhythmia most typically

triggered is of a unique form known as torsade de

pointes (TdP). This arrhythmia is most often transient

but when sustained, it can give rise to symptoms of

impaired cerebral circulation. In about 10–17 % of

cases, it can degenerate into ventricular fibrillation,

usually with a fatal outcome [37–39]. Regulatory

authorities therefore require all new drugs, including

oncology agents, to be investigated for their QT liability

[7, 8]. Indeed, the FDA has established a QT Interdis-

ciplinary Review Team (QT-IRT) whose remit is to

assess the QT-related study protocols and data of all

new drugs and, when appropriate, established drugs. In

April 2010, the European Union’s Committee on

Medicinal Products for Human Use also set up a QT

Subgroup, reporting to its Cardiovascular Working

Party.

Preclinically, the most frequent approaches to charac-

terising a drug for its QT liability include in vitro studies on

hERG-transfected expression systems and APD and in vivo

studies, usually in dogs [7] but not uncommonly in mon-

keys. Clinically, the QT liability is typically investigated in

a specially designed study, referred to as the thorough QTT
a
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(TQT) study, in healthy volunteers who are administered a

placebo, an active control and therapeutic and suprathera-

peutic doses of the investigational drug to determine if the

effect of the drug breaches a preset threshold of regulatory

concern [8]. The relationship between drug concentrations

and changes in QT interval is also determined since this

relationship provides important information for interpreting

TQT studies [40]. Following experience with the drugs in

other therapeutic classes, regulatory authorities have

adopted a conservative risk-averse approach in mitigation

of QT-related risk.

5.2 Investigating the QT Liability of Oncology Drugs

A TQT study may not be feasible or ethical with many

oncology drugs if they are cytotoxic or genotoxic or not

otherwise tolerated at clinical doses by healthy volunteers.

Therefore, these drugs are studied intensively in patients by

monitoring ECGs and plasma concentrations during routine

clinical trials or, if needed, in a dedicated ECG study in the

target population with appropriately designed protocols

[41–43]. The regulatory guideline (ICH E14) suggests that

until the effects of the drug on the QT/QTc interval have

been characterised, patients with a baseline prolongation of

QT/QTc interval (e.g. repeated demonstration of a QTc

interval [450 ms) should be excluded from clinical trials

[8]. However, the appropriate reference values of QTc

interval for adult cancer patients were evaluated from two

phase II studies [44, 45] and the data indicated that the

distribution of QTc interval duration was greater in these

patients when compared with results from a trial with

similar ECG methods conducted in healthy volunteers and

that an exclusion criteria of a QTc interval [450 ms for

oncology trials would exclude more than 10 % of patients

phase I or phase II studies because of marginally prolonged

QTc interval at baseline. Given that different risk-benefit

considerations apply in oncology, an exclusion criterion

that may be more appropriate is a baseline QTc interval

[470 ms.

5.3 Prescribing Information of TKIs and QT-Related

Warnings

The description of the QT effect and its consequences for

prescribing information also needs to be very realistic.

Prescribing information of three TKIs (erlotinib, imatinib

and regorafenib) has no information concerning their QT

liability. Nine of the other 13 TKIs carry a standard set of

warnings and cautions with respect to their potential to

prolong the QTc interval and recommendations or

restrictions during their clinical use. Prescribing infor-

mation for the remaining four TKIs is either cautiously

non-committal (axitinib and gefitinib) or simply

describes the results of a negative study (bosutinib and

ruxolitinib. In pre-approval trials, pazopanib and vande-

tanib were each associated with two cases of TdP,

although the causal association with pazopanib in one

case appeared uncertain since the patient was receiving

amiodarone. Sudden deaths have been reported with

nilotinib. Post-approval, sunitinib too was reported to

induce TdP. Not surprisingly, the prescribing information

of nilotinib (US) and vandetanib (US and EU) carries a

boxed warning that includes contraindications for their

use in patients who may be particularly susceptible to QT

prolongation (the EU prescribing information being much

more restrictive than the US). Periodic on-treatment

ECGs are advised as a requirement for use of nilotinib,

vandetanib and vemurafenib.

5.4 Evaluation of QT Liability of TKIs

All 15 TKIs approved since 2003 (that is, except imatinib,

which was first approved in 2001) have undergone pre-

approval regulatory scrutiny of their ECG effects with

focus on their QT-liability. We gathered the QT-related

preclinical and clinical data from the regulatory reviews of

these TKIs, especially the pharmacology, medical and QT-

IRT reviews of the data submitted to the FDA, and the

prescribing information [17–20]. These preclinical and

clinical data are summarised in Tables 4 and 5, respec-

tively. We then reviewed the above data for an overall

determination on whether a TKI had a QT liability.

We evaluated preclinical data by individual study and

then collectively to determine whether a TKI has pre-

clinical evidence of a QT liability on the basis of its IC50

value for the hERG channel, potency to prolong APD,

and the magnitude and the nature of the effect in vivo

studies. Values of hERG IC50 below 1 lM were regarded

as worrisome whereas values higher than 3 lM were

generally regarded as reassuring. Other parameters of

particular relevance were the dose–response relationship

and reverse-use dependency. The clinical data were also

evaluated individually by data source and collectively.

Clinical data were considered to indicate a TKI to have a

QT liability if the upper bound of 95 % confidence

interval around its study population-based mean maxi-

mum effect exceeded the regulatory threshold of 10 ms

and there was evidence of a positive exposure–response

relationship. Account was also taken of the proportion of

patients who exhibited an absolute on-treatment QTc

interval[500 ms or an increase of[60 ms from baseline.

The decision on what proportion of patients with these

outlier responses is clinically worrisome was a judgement

based on our experience in this field and the frequency of

outliers with other drugs known to be QT prolongers and/

or torsadogenic as a reference.
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5.5 Evaluation of Label Warnings on QT Liability

in Relation to the QT Data

Our overall assessment of whether a TKI prolongs the QT

interval was made on synthesis of the collective evalua-

tions of preclinical and clinical data and is shown in

Table 6. This suggests that the effect of TKIs that prolong

the QT interval is relatively mild (95 % upper bound

around their mean effects being around 15 ms) except for

that of sunitinib, lapatinib, nilotinib and vandetanib (95 %

upper bound around the mean effect being 22.4, 23.4, 25.8

and 36.4 ms respectively). It is worth stressing that QT

interval prolongation per se is not immediately harmful and

is not considered to be a good quantitative surrogate mar-

ker of the real risk, namely proarrhythmias.

Although there were no pre-approval studies on QT

liability of imatinib, QT interval prolongation has not

emerged as a safety issue during its extensive post-mar-

keting use. A recent study also suggests that imatinib is

unlikely to block hERG channels at therapeutic concen-

trations. It is reported to have an IC50 value of 19.51 and

44.76 lM/L in hERG expression systems using HEK-293

cells and Xenopus oocytes, respectively [46]. Despite a

relatively large effect observed in clinical trials, QT

interval prolongation has not proved to be a significant

safety issue during post-approval clinical use of lapatinib

or nilotinib [47–49]. Although widely used for over

6 years now, there are hardly any reports of sunitinib-

induced QT interval prolongation in contrast to the

number of reports of its effect on cardiac function, kid-

neys and thyroid gland. We appreciate that as a condition

for its approval of vandetanib, the FDA has required a risk

evaluation and mitigation strategy, which necessitates

educating prescribers about the risk, appropriate moni-

toring and management of QT prolongation to help min-

imise the occurrence of TdP and sudden death. Only

prescribers and pharmacies certified through the Vande-

tanib Risk Evaluation Mitigation Strategy Program, a

restricted distribution programme, are able to prescribe

and dispense vandetanib [50]. However, in one relatively

small study of vandetanib in 73 patients with thyroid

cancer, 10 (14 %) developed grade 3 QTc prolongation

[51]. A larger meta-analysis of nine trials with 2,188

patients treated with vandetanib revealed that the overall

incidence of all-grade and high-grade QTc interval pro-

longation was 16.4 % (95 % CI 8.1–30.4 %) and 3.7 %

(8.1–30.4 %), respectively, among non-thyroid cancer

patients, and 18.0 % (10.7–28.6 %) and 12.0 %

(4.5–28.0 %), respectively, among thyroid cancer

patients. Patients with thyroid cancer who had longer

treatment duration also had a higher incidence of high-

grade events, with a relative risk of 3.24 (1.57–6.71)

compared to patients with non-thyroid cancer [52].

Our review of the data suggests to us that the current

labelling fully reflects the currently available data for 11 of

the 16 TKIs but the remaining 5 labels (axitinib, dasatinib,

gefitinib, pazopanib and sorafenib) could have reflected the

available data somewhat differently. Since the QT effect is

a concentration-driven effect, lack of an exposure–response

relationship is a persuasive argument against a drug having

a QT liability (as in the cases of dasatinib, erlotinib and

pazopanib). Therefore, given the nature of the indications

for these drugs and the rarity of TdP, we conclude from the

available data that the labels for (1) axitinib and dasatinib

could be free from any QT-related warnings, (2) gefitinib

should reflect a degree of uncertainty in this regard and (3)

pazopanib and sorafenib should have less restrictive

warnings than are currently included in terms of their QT

liability. We acknowledge that the FDA has approved

regorafenib on interim data only and has required the

sponsor to complete a clinical trial evaluating its potential

to prolong the QTc interval in an adequate number of

patients. Review of the pre-approval data available sug-

gests that the QT-prolonging potential of regorafenib is

likely to be negligible (that is, it is a non-QT-prolonger).

5.6 QT Liability of TKIs: Is it Class-Related?

Inevitably, a question arises as to whether the QT liability

of TKIs may be a pharmacological effect linked to inhi-

bition of one or more tyrosine kinases, which may regulate

hERG function (on-target effect) or an effect related to a

particular chemical class (off-target effect). Alternatively,

it may be an incidental secondary pharmacological off-

target effect that is associated with approximately 200

other drugs scattered across a range of other pharmaco-

therapeutic classes.

Although the evidence summarised below may suggest

an on-target effect, we believe that probably not to be the

case. With regard to a relationship between QT liability

and inhibition of a tyrosine kinase, a number of previous

studies have suggested interactions between the activity of

protein kinases and functions of ion channels, especially

the hERG channel. Mechanisms that modulate hERG

channel activity are now being elucidated, in particular its

regulation by serine/threonine phosphorylation [53, 54].

Protein kinase A (PKA) has been reported to be involved in

the regulation of IKr in guinea pig cardiac myocytes and

hERG channels expressed heterologously in Xenopus

oocytes [55]. A detailed discussion of these interactions

between protein kinases and ion channels is beyond the

scope of this review, and we refer the interested reader to a

comprehensive review by Davis et al. [56] on how ion

channels may be regulated by protein phosphorylation and

dephosphorylation of serine, threonine and tyrosine resi-

dues by their specific kinases and phosphatases. Since that
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review, the complexities of these interactions have been

further unravelled and we summarise below some key

observations that we consider relevant:

• Cyclic AMP-dependent protein kinase A (PKA) is a

key enzyme for numerous regulatory processes in

almost all types of cells. This serine/threonine kinase

can be stimulated by extracellular signals that elevate

intracellular cAMP concentrations [54]. b-Adrenergic

stimulation increases IKs via channel activation by

direct phosphorylation by PKA [57].

• hERG channels can be subject to acute regulation by

changes in cAMP and cAMP-dependent PKA. Sus-

tained elevation of cAMP, and therefore of PKA

activity, profoundly affects hERG protein abundance

by a mechanism that includes enhanced protein trans-

lation, current density and rates of synthesis [58].

• PKA phosphorylation of hERG protein is also

believed to regulate the rate of channel synthesis

[58], a process that is believed to occur at the

endoplasmic reticulum surface through a highly

complex process [59, 60].

• Normal hERG function in HEK293 cells requires basal

activity of protein kinase B (PKB, also known as AKT),

another serine/threonine protein kinase [61]. Activation

of PKB occurs downstream of PI3K (the PI3K/AKT/

mTOR pathway and other signalling pathways).

• hERG is modulated not only by the non-receptor SRC

family of tyrosine kinases, but also by the EGF family

of receptor tyrosine kinases [62]. Regulation of hERG

channels by tyrosine kinases modifies the channel

activity and thus likely alters the electrophysiological

properties, including action potential duration and cell

excitability, in human heart and neurons.

• As stated earlier, Lu et al. [32] have recently shown that

direct downregulation of PI3K signalling, or indirectly

via tyrosine kinase inhibition, prolongs the QT interval

by affecting multiple ion channels.

Whilst these complex interactions may at first suggest a

class-related effect of TKIs that acts on certain

kinase(s) linked to a specific ligand and inhibition of PI3K,

there is no indication at present of a consistent or pre-

dictable link. No pattern emerges on reviewing the QT

liability of the 16 drugs. TKIs with and TKIs without a QT

liability inhibit tyrosine kinases that are frequently linked

to the same ligand or set of ligands. For example, VEGFR

is inhibited by sorafenib and vandetanib, both of which are

QT prolongers, but also by axitinib, which is devoid of this

effect. Similarly, PDGFR, KIT and BCR-ABL are inhib-

ited by nilotinib, which has a potent QT effect, as well as

by dasatinib, which seems to be without a similar QT

effect. TQT studies have also been performed with three

other TKIs (neratinib, which is a pan-ERB inhibitor;

Table 6 Authors’ overall assessment of preclinical and clinical data and label warnings on QT liability

Tyrosine kinase inhibitor Authors’ assessment of an effect on QTc interval Current label statement Authors’ preferred

change in label statement
Preclinical Clinical Overall

Axitinib Negative Possibly negative Negative Effect cannot be ruled out No effect

Bosutinib Questionable Negative Negative TQT is negative

Crizotinib Positive Positive Positive Warning and cautions

Dasatinib Negative Equivocal Negative Warning and cautions No effect

Erlotinib Negative Negative Negative No statement

Gefitinib Positive Equivocal Possibly positive Non-committal Effect cannot
be ruled out

Imatinib Data not adequate Questionable Questionable No statement

Lapatinib Negative Positive Positive Warning and cautions

Nilotinib Positive Positive Positive Boxed (in US only)

Warning and cautions

Pazopanib Negative Minimal Negative Warning and cautions Less restrictive

Regorafenib Negative Negative Negative No statement

Ruxolitinib Negative Negative Negative TQT negative

Sorafenib Positive Possibly positive Positive Warning and cautions Less restrictive

Sunitinib Positive Positive Positive Warning and cautions

Vandetanib Positive Positive Positive Boxed (in US and EU).

Warning and cautions

Vemurafenib Positive Positive Positive Warning and cautions

Italics indicate how the label could reflect the data differently
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lenvatinib, which is a VEGFR inhibitor; tofacitinib, which

targets JAK). These studies have also shown these three

drugs to lack a QT liability. To complicate the matter

further, one of the kinase inhibitors (BAY-79) was dis-

continued from further development because, at plasma

concentrations slightly higher than those predicted to be

therapeutically efficacious in humans, it was associated

with QTc interval shortening in dogs, although there was

no known mechanistic explanation for this [63], and this

finding may have had no clinical relevance.

A QT liability arising from the chemical class of the

TKI would also seem unlikely since TKIs from all chem-

ical classes seem to be affected. One anilinoquinazoline

(vandetanib) has an effect potent enough to require a boxed

warning, while two others (gefitinib and erlotinib) have

only questionable effect at worst. Similarly, one amino-

pyrimidine (nilotinib) carries a boxed warning while

another (dasatinib) seems to be devoid of this effect.

5.7 QT Liability of TKIs and a Putative Class III

Pharmacophore

In common with a number of QT-prolonging drugs in other

therapeutic classes, a structural feature that distinguished

TKIs that we consider to be QT prolongers from the non-

prolongers is the presence of a fluorophenyl or fluorom-

ethyl-phenyl ring. The correlation between the QT liability

and the presence or absence of this structural feature is

summarised in Table 7, which also includes 8 TKIs other

than the 16 we have reviewed in this article. Morgan and

Sullivan [64] suggested long ago that the 4-fluorophenyl

group may play a role in determining a class III electro-

physiologic profile of some compounds. It is interesting to

speculate whether for TKIs as a class, a fluorinated phenyl

ring (not necessarily only 4-fluorophenyl) is also a poten-

tial QT-prolonging pharmacophore that confers class III

electrophysiological properties. If this were so, the only

exception among the 16 TKIs reviewed here seems to be

regorafenib (in addition to afatinib, which is not yet

approved). Structurally, regorafenib is almost indistin-

guishable from sorafenib, including the presence of a tri-

fluoromethyl-phenyl ring. Since regorafenib is sorafenib

with an extra fluorine group, it is sometimes referred to as

fluoro-sorafenib. Therefore, until more rigorous data are

available, its structure suggests that careful surveillance be

maintained for its QT liability notwithstanding the pre-

liminary reassuring data. We acknowledge that absence of

this structure does not imply the lack of a potential QT

liability since there are other known class III pharmaco-

phores [64] and other substituents that modify class III

activity. Therefore, the presence of a fluorinated phenyl

ring should serve as a structural alert leading to a more

diligent evaluation of the drug concerned and assessment

of its QT liability.

Regarding the pharmacokinetic parameters, a number of

functional groups in the chemical structure of a drug can

influence its metabolic fate and therefore the half-life.

Fluorination is believed to protect against metabolic attack

and increase the half-life of a drug [65, 66]. Without

explicitly suggesting a causal relationship, we note with

interest that the half-lives of the 11 fluorinated drugs in

Table 7 that prolong the QT interval are longer compared

to the 11 non-fluorinated drugs that do not (mean values

approximately 75 versus 25 h).

Table 7 Relationship between fluorine-based phenyl ring, QT lia-

bility and elimination half-life

TKIs that PROLONG

QT interval

TKIs that DO NOT

PROLONG QT interval

TKI Half-life

(h)

TKI Half-life

(h)

Fluorine-

based

phenyl ring

PRESENT

Crizotinib 42 Regorafenib 28

Gefitinib 41–48 (Afatinib) 34

Lapatinib 24

Nilotinib 17

Sorafenib 25–48

Sunitinib 40–60

Vandetanib 450

Vemurafenib 30–120

(Cabozantinib) 55

(Dabrafenib) 4–6.8

(Ponatinib) 12–66

Mean *75

*41a

Fluorine-

based

phenyl ring

ABSENT

Axitinib 2.5–6.1

Bosutinib 19–30

Dasatinib 3–5

Erlotinib 36

Imatinib 18

Pazopanib 31

Ruxolitinib 3–6

Tofacitinib 3

(Neratinib) 12

(Lenvatinib) 19–38

(Tivozanib) 113

Mean *25

*15b

Parentheses indicate drugs not approved as of 31 October 2012

TKI tyrosine kinase inhibitor
a Excluding vandetanib
b Excluding tivozanib
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6 Non-QT Cardiovascular Safety of Tyrosine Kinase

Inhibitors

As summarised in Table 1, TKIs are also associated with a

number of other serious cardiovascular adverse effects

unrelated to QT interval. Available evidence suggests that

some of these cardiovascular effects arise as a result of

remote and wider on-target effects of TKIs and therefore

may be intricately linked to their efficacy. However, there

appear to be inconsistencies concerning the incidence and

interval to onset of various on-target effects.

Hypertension appears to be a downstream consequence

of disruption or inhibition of VEGFR-mediated angiogen-

esis but the data are not that clear cut regarding haemor-

rhage and thromboembolism. Although the occurrence of

haemorrhage and thromboembolism from the same drug

may seem paradoxical, they are both believed to be

underpinned by the same mechanisms. Within the micro-

vasculature, there is an extremely tightly regulated balance

of pro- and anticoagulant proteins, platelet-activating and -

inhibiting factors, and pro- and anti-fibrinolytic products

[67]. Disruption of this intricate balance could tip the

system either way, promoting thromboembolism or

haemorrhage.

We provide an overview of three serious cardiovascular

adverse effects of TKIs (systemic and pulmonary hyper-

tension and LV dysfunction) and refer the interested reader

to other detailed reviews for further information [67–72].

6.1 Systemic Hypertension

6.1.1 Incidence

Hypertension is the most frequently observed toxicity

associated with inhibitors of VEGFR such as axitinib,

pazopanib, regorafenib, sorafenib, sunitinib and vandeta-

nib. Its incidence is typically in the order of 20–30 % but

may be higher with some agents and it often varies with the

indication. Mir et al. [73] have discussed the problems of

quantifying the effect of TKIs on blood pressure. Foremost

are the criteria used to diagnose hypertension and the fre-

quency with which blood pressure is measured. Further-

more, there may be increases in mean blood pressure

without it reaching any predefined threshold for diagnosing

hypertension. In pre-approval clinical trials in patients with

RCC, the incidence of hypertension was 40 % (16 % was

grade 3–4) with axitinib and 29 % (11 % was grade 3–4)

with sorafenib, the comparator used. In a study of 75

patients, treatment with sunitinib induced significant

increases in mean systolic (21 mmHg) and diastolic

(14 mmHg) blood pressures, and 47 % (35/75) of these

patients developed hypertension ([150/100 mmHg) [74].

Mir et al. [73] summarised data indicating a relative risk

for all-grade hypertension of 6.11 with sorafenib and 21.6

with sunitinib. The incidence also varies depending on the

indication (tumour type), being higher in renal than in

hepatocellular (sorafenib) and gastrointestinal stromal

tumours (sunitinib) [70]. This may be a reflection of dif-

ferent doses, co-medication or duration of therapy. For

example, a meta-analysis of 10 trials that included 3,154

patients (majority with thyroid and lung cancers) treated

with vandetanib reported summary incidences of all-grade

and high-grade hypertension of 24.2 and 6.4 % respec-

tively, but the incidence of all-grade hypertension across

these 10 trials ranged from 4.2 to 39.6 % [75]. The inci-

dences of all-grade and high-grade hypertension were

higher in patients with medullary thyroid cancer than with

non-small-cell lung cancer, and higher following longer

duration of treatment in medullary thyroid cancer [75].

Hypertensive crisis has also been reported on occasions

with axitinib, pazopanib, sorafenib and vandetanib. The

current consensus is that provided TKI-induced hyperten-

sion is adequately treated, patients can continue to receive

the TKI therapy.

6.1.2 Interval to Onset

The median time to onset of hypertension in clinical trials

with axitinib therapy was within the first month of the start

of treatment. Hypertension occurs early following treat-

ment with pazopanib (40 % of cases occurred by day 9 and

90 % of cases occurred in the first 18 weeks). However,

increases in blood pressure reaching pre-defined thresholds

for diagnosing hypertension have been observed as early as

3 days on cediranib [76] and 4 days on axitinib [17].

Lesser increases may occur even earlier. Maitland et al.

[77] reported a mean increase of 8.2 mmHg systolic and

6.5 mmHg diastolic pressures within the first 24 h of so-

rafenib therapy. In the sunitinib study referred to above

[74], significant elevation in blood pressure occurred

within the first 4 weeks of therapy. Veronese et al. [78]

reported that 75 % of 20 sorafenib-treated patients devel-

oped an increase in systolic pressure[10 mmHg and 60 %

exhibited an increase[20 mmHg after 3 weeks of therapy.

Patients with greater increases in VEGF levels during

treatment tended to have less increase, but the correlation

was not statistically significant.

6.1.3 Mechanism

The exact molecular mechanisms and pathophysiology

underpinning hypertension induced by VEGFR inhibitors

are not fully understood. It is known, however, that vas-

cular endothelium is physiologically highly active, secret-

ing vasodilators such as nitric oxide and prostacyclin, and

stimulation of VEGFR results in reduction of blood
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pressure. The onset of hypertension, as early as 3–4 days,

suggests acute inhibition of VEGFR. It is therefore not

surprising that hypertension is the most frequently

observed toxicity associated with TKIs that potently inhibit

VEGFR, especially the VEGFR2. In support of this notion

is the finding that in patients with renal cell cancer (RCC),

the VEGF-634CC genotype was associated with substan-

tially decreased frequency and duration of sunitinib-

induced hypertension compared to the VEGF-634GG

genotype (8.9 versus 27.2 %) [79]. Vascular rarefaction

from impaired angiogenesis, resulting in an increase in

peripheral resistance, has been proposed as an alternative

mechanism for hypertension associated with TKIs, but this

does not explain the rapid onset of hypertension so often

observed, and its amelioration on discontinuation of treat-

ment, with a VEGFR inhibitor. Other studies, however,

have suggested that a contributory role of vascular rare-

faction cannot be discounted [80]. According to data

published by GlaxoSmithKline on its website, the cumu-

lative incidence of hypertension (systolic pressure

C160 mmHg or diastolic pressure C100 mmHg) was 28,

44 and 57 % by days 9, 22 and 29, respectively, following

treatment with pazopanib [81]. This time-dependent

increase in frequency also supports a role of vascular rar-

efaction in induction of TKI-associated hypertension.

6.2 Pulmonary Arterial Hypertension

Among the TKIs approved so far, dasatinib is the only one

well documented to induce pulmonary arterial hyperten-

sion (PAH). Quintás-Cardama et al. [82] have reported a

dose-dependent increase in right ventricular systolic pres-

sure in a subgroup of 18 patients receiving dasatinib ther-

apy and this normalised in 10 of them following cessation

of therapy. Dasatinib-induced PAH may have a long period

of latency, as much as a year, before it becomes manifest

and can be severe enough to give rise to cor pulmonale.

Since the complication is typically reversible, it is recom-

mended that patients are evaluated for any underlying

cardiopulmonary disease prior to initiating dasatinib ther-

apy and during treatment and that the drug should be dis-

continued if PAH develops. According to their FDA labels,

there are isolated reports of PAH in association with bos-

utinib and nilotinib. The quality of these reports is

unknown and the literature contains only very rare cases of

this complication in association with nilotinib [49].

6.2.1 Mechanism

The molecular mechanism responsible for pathogenesis of

dasatinib-induced PAH is unknown [83]. A major problem

has been that none of the experimental models currently

used entirely replicates the PAH observed in patients.

However, progression of PAH is associated with increased

proliferation and migration of pulmonary vascular smooth

muscle cells. PDGF is a potent mitogen involved in this

process. PDGF alone or multiple growth factors are able to

stimulate pulmonary arterial smooth muscle cell prolifer-

ation and migration in vitro [84]. Thus, the available

experimental evidence strongly implicates PDGF in the

pathogenesis of PAH. Apart from inhibiting BCR-ABL,

imatinib also inhibits PDGFR. There is compelling evi-

dence suggesting that imatinib has a beneficial effect in

experimental animal models of PAH [85]. Case reports of

patients with severe PAH have also suggested that imatinib

can improves their clinical condition [86–91]. This anec-

dotal evidence from case reports has been replicated in a

controlled clinical study. In 42 patients who completed the

study, there was a significant decrease in pulmonary vas-

cular resistance and increase in cardiac output on imatinib

when compared to placebo [92]. PDGF-BB is the ligand

with the highest affinity for PDGFRb and upregulated

levels of this ligand in patients with pulmonary hyperten-

sion have been shown to be suppressed by imatinib [93]. In

pulmonary artery endothelial cells, tryptophan hydroxylase

(TPH1) regulates the synthesis of serotonin, which is a

potent pulmonary vasoconstrictor. Further evidence on the

role of PDGFR-b comes from chronic hypoxia/SU5416

murine model of PAH, which is believed to recapitulate

many of the hallmarks of the human disease [94]. In this

model, imatinib has been reported to induce downregula-

tion of TPH1 via inhibition of PDGFR-b signalling [95].

These investigators also report that in post hoc subgroup

analysis, patients with PAH with greater haemodynamic

impairment showed significantly reduced serotonin plasma

levels after imatinib treatment compared with placebo.

This finding highlights a complex interplay between PDGF

and other pathways in PAH. Sorafenib and sunitinib are

currently under investigation for their use in PAH because

of their inhibitory effects on PDGF, VEGF and other pro-

proliferative signalling pathways [96].

6.3 Left Ventricular Dysfunction

LV dysfunction is now a well-recognised toxicity of a

number of TKIs. It can range from asymptomatic ECG

changes (in QRS and T-waves and ST-segment) through

decrease in LV function (detectable noninvasively by

echocardiography or radionuclide techniques) to severe

cardiac failure and fluid retention (including pleural and

pericardial effusions and pulmonary oedema). Diastolic

dysfunction, cardiomyopathy and pericarditis are other

clinical manifestations of cardiotoxicity reported with

TKIs. It is suggested that LV dysfunction induced by TKIs

is generally reversible except in patients who have only a

marginal reserve where a transient decrease in contractility
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produces sufficient stress to result in secondary cell death.

Many patients who recover may go on to tolerate further

re-exposure to the TKI concerned for longer periods. This

is in contrast to LV dysfunction because of anthracyclines

that are directly cytotoxic to the cardiac myocytes.

6.3.1 Incidence

The TKIs most frequently reported to induce these effects

are bosutinib, dasatinib, lapatinib, nilotinib, pazopanib,

sorafenib, sunitinib and vandetanib. Predisposing factors

are previous anthracycline therapy and TKI-induced

hypertension. The incidence appears highest with sunitinib

and pazopanib (5–8 %). In a study by Chu et al. [74], 11 %

of 75 sunitinib-treated patients suffered a cardiovascular

event with congestive heart failure occurring in 8 % (6/75)

of the population. Of the 36 patients who had received

FDA-approved doses of sunitinib, 28 % (10/36) had LVEF

declines of C10, and 19 % (7/36) experienced LVEF

declines of C15 %. Congestive heart failure and LV dys-

function in these patients responded to withholding drug

and instituting medical management. The likely scale of

this toxicity is illustrated by a study by Schmidinger et al.

[97]. Following a prospective study of 74 consecutive eli-

gible patients treated with sunitinib or sorafenib for meta-

static RCC, these investigators reported that 25 (34 %)

patients (11 on sunitinib and 14 on sorafenib) had a car-

diovascular event. ECG changes were present in 12 of the

25 patients, creatine phosphokinase and troponin T were

elevated in 17 and 9 patients, respectively, and echocar-

diographic findings were abnormal in 10 patients. No sta-

tistically significant differences were found between

sunitinib and sorafenib patients in terms of cardiovascular

events. All patients recovered after cardiovascular man-

agement and were considered eligible for TKI continua-

tion. Thus, patients who recover may go on to tolerate

re-exposure for long periods of time. In a longitudinal

study of 81 patients treated with nilotinib, cardiac function,

as assessed by measurement of LVEF, did not change

significantly from baseline at any time-point during a

median follow-up period of 26 (1–72) months [49].

Imatinib can also give rise to severe LV dysfunction in

patients with hypereosinophilic syndromes. Although

Kerkelä et al. [98] described ten imatinib-treated patients in

whom LVEF declined markedly (from 56 ± 7 % pre-

treatment to 25 ± 8 %), post-marketing safety surveillance

of imatinib suggests that its potential for cardiotoxicity is

relatively low.

In routine clinical oncology, the scale of the problem

may be much higher. Patients with cardiac disease who are

the most at risk of cardiotoxicity have traditionally been

excluded from clinical trials. Lenihan et al. [99] have

reported that at the European Institute of Oncology,

inaugurated in May 1994, the percentage of cancer patients

admitted who had a cardiac consultation was 7 % at the

end of 1st year in June 1995 and this had increased to 77 %

at the end of 15th year in December 2008. Thus, the extent

of cardiotoxicity from TKI treatment in routine oncology

practice may be a largely underestimated toxicity.

6.3.2 Interval to Onset

For most agents, this information is poorly documented.

The interval to onset of LV dysfunction from initiation of

therapy is about 12 weeks with lapatinib. In one of the

pazopanib studies submitted to support a marketing

approval, none of the 74 patients had a LVEF \40 %

following a median treatment exposure of 2.9 (0.2–15.3)

months [17]. However, one patient had a 10 % decrease in

LVEF to a level below the institute lower limit of normal.

One additional patient had a decline from baseline LVEF

of 55 to 45 % and pazopanib was discontinued by the

investigator. It is unclear whether longer exposure may be

associated with a significant risk of decreasing LVEF with

pazopanib. In the study by Chu et al. [74], 6 of the 75

patients treated with sunitinib developed congestive heart

failure with a mean interval to onset of 27 weeks. In the

study by Schmidinger et al. [97] referred to earlier, the

median duration of therapy with sunitinib or sorafenib at

the time of cardiovascular event was 8 weeks. In the ten

cases with imatinib-induced decline in LVEF reported by

Kerkelä et al. [98], the mean follow-up period was

7 months.

It is recommended that the ejection fraction be measured

at baseline and regularly while the patient is receiving

pazopanib or lapatinib, but this would seem prudent with

all TKIs known to be potentially associated with this effect.

Therapy should only be started if the baseline ejection

fraction is normal and discontinued or dose adjusted

depending on the intensity of the effect observed during

treatment. One practical consequence of this requirement

for a normal pre-treatment LVEF is the dilemma regarding

how to treat patients with pre-existing cardiac disease who

have a malignancy that is potentially TKI-sensitive. The

risk/benefit in these patients is unclear and needs careful

evaluation.

6.3.3 Mechanism

The mechanism underlying this effect is not well under-

stood either and the reader is referred to other reviews for

further details on this subject [11, 12, 22, 68, 71, 100–102].

Sunitinib is well known to cause cardiotoxicity, but of the

several targets of sunitinib, only PDGF receptor is

expressed in cardiac myocytes. PDGFb signalling is known

to be important in the development of heart [103], and
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recently, PDGF has been demonstrated to have some car-

dio-protective effects. It seems possible that inhibition of

PDGFR in the heart may be a contributory factor in the

cardiotoxicity associated with the use of some of these

TKIs [100]. Cheng et al. [104] have also provided pre-

liminary evidence that suggests that downstream inhibition

of Raf/MEK/ERK pathway probably mediates, at least in

part, the cardiotoxicity associated with sorafenib. Histo-

logical studies of the affected ventricle suggest the possi-

bility of an adverse effect on mitochondrial function [74]

and/or inhibition of AMP-activated protein kinase (AMPK)

[105, 106]. The latter is an important regulator of cellular

energy metabolism and is required to maintain normal

cardiac contractility. These findings have led these inves-

tigators to suggest that sunitinib-induced cardiotoxicity

results from an off-target effect. Hasinoff has shown that

damage to myocytes gave a good rank order correlation

with clinically observed cardiotoxicity [107]. Following a

study of 18 kinase inhibitors (canertinib, dasatinib, dovi-

tinib, erlotinib, flavopiridol, gefitinib, imatinib, lapatinib,

midostaurin, motesanib, pazopanib, sorafenib, stauro-

sporine, sunitinib, tandutinib, tozasertib, vandetanib and

vatalanib), Hasinoff and Patel [108, 109] suggested that the

combined tyrosine kinase and serine-threonine kinase

selectivity scores were highly correlated with the myocyte-

damaging effects of the kinase inhibitors studied and that

myocyte damage was due to a lack of target selectivity to

binding of both tyrosine kinases and serine-threonine

kinases and was not due to binding to either group spe-

cifically. Kinase inhibitor binding was significantly corre-

lated with myocyte damage for 12 kinases, leading them to

conclude that myocyte damage may be multifactorial in

nature with the inhibition of a number of kinases involved

in producing kinase inhibitor-induced myocyte damage.

7 Characterising and Managing the Cardiac Safety

of TKIs

A number of TKIs are under regulatory review and many

more are under development. The next advance in vascu-

lature-targeted drug development is expected to come from

the development of tumour vascular-disrupting agents

(VDAs) and other novel mechanisms such as inhibition of

farnesyl protein transferase (FPTase). In contrast to VEGF-

based angiogenesis inhibitors, VDAs selectively disrupt

existing tumour vasculature with minimal impact on the

inhibition of angiogenesis or normal tissue vasculature.

FPTase inhibitors selectively inhibit post-translational

farnesylation of Ras proteins and other cell-signalling

pathways, thereby inducing antitumour effects. Early

indications suggest that these novel classes of drugs share

many of the adverse cardiovascular effects, including QT

liability, known to be associated with TKIs already

approved [9, 110].

The strategy for investigating the QT liability is already

described in regulatory guidelines [7, 8]. There is now a

need for similar initiatives with regard to LV dysfunction.

Force and Kerkela [111] have described some preclinical

and clinical approaches to identify early the potential of a

TKI to induce LV dysfunction. Given the extent of the

concern on the effect of TKIs on LV function, it is not

inconceivable that, in future, regulatory recommendations

may also include characterisation of their effect on cardiac

function. Yang and Papoian [112] from the FDA have

recently commented that reports of cardiac toxicity fol-

lowing treatment with TKIs were unexpected and not well

predicted by preclinical studies and that clinical findings of

cardiotoxicity have exposed gaps in current preclinical

drug testing for predicting the development of cardiac

toxicities in humans. They recommend better preclinical

investigation of the cardiotoxic potential of TKIs and have

suggested some preclinical strategies they consider

appropriate.

In order to achieve the challenging goals of achiev-

ing anticancer efficacy and optimising risk/benefit at an

individual patient level, an International CardiOncology

Society was established in January 2009 to facilitate a

partnership between the two specialties [99] and

learned societies have also begun to issue guidelines on

the management of cardiac toxicity in cancer patients

[113, 114].

8 Conclusions

In addition to their adverse cardiovascular effects, TKIs are

also associated with other serious adverse effects such as

hepatotoxicity, pneumonitis, skin and hypersensitivity

reactions, hypothyroidism, nephrotoxicity and gastric per-

foration. Although the safety profile of each TKI varies in

terms of the frequency and severity of these effects, the use

of TKIs clearly carries significant risks. Arising from the

common mechanisms involved, the efficacy of many TKIs

is de facto associated with treatment-related morbidity and

mortality. Compared to patients in clinical trials, patients in

routine oncologic practice have an increased likelihood of

toxicity and lower probability of benefit. As the number of

these agents approved increase, and their indications

expand in scope, their use is expected to increase markedly

with the attendant increase in the frequency of toxicity in

these patients. It is therefore necessary to better charac-

terise the safety profile, including cardiovascular effects, of

these agents. Our key conclusions concerning cardiovas-

cular toxicity of TKIs can be summarised under four

headings.
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8.1 Regulatory and Drug Development Issues

The data we have reviewed suggests that the effect of

TKIs on LV dysfunction may be associated with mor-

bidity far greater than that associated with their QT lia-

bility. The incidence, severity and reversibility of LV

dysfunction in association with TKIs are not sufficiently

well characterised. As is the case with QT liability, LV

dysfunction and hypertension need to be systematically

characterised during the development of TKIs. Common

standards are required for characterising these effects.

The exclusion criteria (baseline QT interval of LV ejec-

tion fraction) that eliminate patients with cardiovascular

morbidity from clinical trials may need to be relaxed as

long as the patients are carefully monitored. Given the

nature of the indication, a more pragmatic and less risk-

averse approach to communicating the risk may be

appropriate such as a more realistic emphasis on QT

effects of supratherapeutic doses. The therapeutic doses

may be quite safe in the absence of concurrent medica-

tions that increase plasma concentrations.

8.2 Clinical Practice Issues

Cardio-oncologists need to be better informed of the risk

factors for cardiac toxicity. Diarrhoea and vomiting are

among the most frequent, and often severe, effects of almost

all TKIs. The resulting electrolyte imbalance may well

aggravate the QT-prolonging effects of the agents concerned.

In routine clinical practice, patients may have cardiovascular

comorbidities and been prescribed a range of co-medications,

including CYP3A4 inhibitors such as antiemetics and anti-

bacterial and antifungal agents and those that prolong QT

interval. CYP3A4-mediated metabolism of all these TKIs

also exposes the patient to the risks of clinically relevant

drug-drug interactions. Monitoring ECG waveforms and

intervals may be very challenging in elderly cancer patients

who have cardiac comorbidities. It is also vital that, as in

healthy volunteers, reliable methods are used to measure this

interval and other ECG parameters.

8.3 Management of Patients by Cardio-Oncologists

Hypertension and LV dysfunction can be readily managed

whereas PAH has not proved to be a significant clinical

issue with TKIs. Provided the patients are carefully mon-

itored using reliable methods and correctly managed, it

should be possible to achieve anticancer efficacy and

optimise risk/benefit at an individual patient level. Patients

treated with TKIs should ideally be managed in collabo-

ration with other appropriate specialists such as cardiolo-

gists. Oncologists should lead a multi-specialty team when

managing cancer patients.

8.4 Pharmacovigilance

Patients with risk factors for TKI-induced cardiovascular

morbidity or mortality account for a substantial proportion

of patients in oncology practice. Exclusion of these patients

from clinical trials, coupled with the approval of TKIs on

priority basis with studies of relatively small sample size

may further aggravate the problem of adequate risk/benefit

assessment in routine clinical practice. Therefore, we

believe that the post-marketing safety of TKIs should be

carefully monitored through diligent pharmacovigilance

and their efficacy, safety and risk/benefit analysis requires

on-going reassessment.
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