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A nthracycline antibiotics, originally isolated
from Streptomyces peucetius cultures, are
effective against more types of cancer than

any other class of chemotherapeutic agents currently
available. Since their discovery in the 1960s, anthra-
cyclines have been used extensively for the treatment
of a wide range of childhood and adult cancers (1–3).
The key mechanisms that mediate anticancer effects
of this class of antibiotics include intercalation with
DNA and inhibition of the DNA repair enzyme topo-
isomerase II, generation of intracellular reactive oxy-
gen species, and resultant damage to cell membranes,
proteins, and DNA that lead to cancer cell death (4).
However, despite their potent anticancer effects,
clinical use of anthracyclines is limited by their cardi-
otoxicity, which can manifest as irreversible myocar-
dial damage, cardiac dysfunction, and heart failure
(HF), a major cause for mortality in cancer survivors
(5). Pre-existing cardiovascular risk factors can
further predispose to chemotherapy-related cardio-
toxicity, thereby limiting their use in cancer patients
with cardiovascular comorbidities (6).

The propensity for cardiotoxicity varies with
different cancer therapies, with the highest incidence
observed in patients treated with anthracyclines,
especially doxorubicin (DOX) (7). The mechanisms
underlying anthracycline cardiotoxicity show
considerable overlap with their anticancer effects and
may involve multiple intracellular targets (1,8). The
cardiotoxicity is dose-dependent (9). To date, there
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are limited strategies to minimize DOX cardiotoxicity
that largely include minimizing the cumulative dose
and modifying the dosing regimen (prolonged infu-
sion, dose fractionation, liposomal delivery). A lon-
gitudinal study in survivors of childhood cancer
showed that younger cancer patients were suscepti-
ble to DOX-cardiotoxicity, not only at higher doses
but also at doses <300 mg/m2. Furthermore, the
resultant structural and functional changes persisted
well after a decade of completion of treatment (10).
These findings implied that cardiotoxicity is a con-
tinuum, with subclinical asymptomatic toxicity
observed initially and exacerbation of cardiac struc-
tural and functional changes occurring with subse-
quent doses. Because of the increasing number of
cancer diagnoses, improvement in cancer survival
and long-term effects of cardiotoxicity on the quality
of life, there is an urgent and yet unmet need for
strategies that can protect the heart.

The key challenge in selecting a cardioprotective
agent and optimizing the dose and timing of its
administration is ensuring that it does not compro-
mise the anticancer effect by targeting mechanisms
common to cancer cell apoptosis and cardiac cyto-
toxicity. Dexrazoxane may be effective, but its use
clinically has been limited (11,12). The availability of
cardioprotective agents and HF treatments, including
b-blockers, angiotensin-converting enzyme in-
hibitors, angiotensin receptor blockers, antioxidants,
and diuretics, have been tested for their ability to
limit or treat cardiotoxicity, but results do not yet
support their routine clinical use (1,13,14).

A study by Gertz et al. (15) in this issue of JACC:
CardioOncology explores the effect of remote
ischemic pre-conditioning (RIPC) in a mouse model of
DOX-induced cardiotoxicity. RIPC is a phenomenon
in which short repeated cycles of sublethal
ischemia�reperfusion (IR) in a vascular bed elicits
https://doi.org/10.1016/j.jaccao.2019.11.005
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protection against subsequent lethal IR injury (IRI)
within the ischemic and remote nonischemic organs
(16). Neurohumoral factors released into the circula-
tion in response to RIPC are proposed to activate
intracellular pro-survival pathways that inhibit me-
diators of IRI (17,18). RIPC is easily achieved by
repeated inflation and deflation of a pneumatic blood
pressure cuff placed around the limb. Several small
animal and proof-of-concept Phase II clinical studies
have shown robust cardioprotection with RIPC
against IRI (19–21). However, recent reports from
larger outcome clinical trials have failed to show a
clinical benefit for RIPC in patients who have under-
gone elective cardiopulmonary bypass grafting and
those presenting with ST-segment elevation myocar-
dial infarction followed by primary percutaneous
intervention (22,23). The lack of a beneficial effect in
these studies were potentially due to several factors,
including patient comorbidities and concurrent
medications, all of which are known to modify the
responsiveness to and/or efficacy of RIPC in this
population (24).
SEE PAGE 221
Anthracycline cardiotoxicity and IRI activate
several common signaling pathways and cytotoxic
responses in cardiomyocytes (25,26). This has pro-
vided the basis for the ongoing ERIC-ONC (Effect of
Remote Ischemic Conditioning in Oncology) clinical
trial aimed at examining the effect of RIPC as a novel
cardioprotective treatment in cancer patients
receiving anthracyclines (27). In the study by Gertz
et al. (15), mice subjected to RIPC 1 h before a bolus
dose of DOX were shown to have significantly
improved survival compared with the DOX-treated
mice without RIPC pre-treatment. DOX treatment
increased cardiac fibrosis and reduced left ventricular
mass, both of which were attenuated by RIPC.
Markers of apoptosis and autophagy were increased
in response to DOX, whereas RIPC pre-treatment
attenuated these changes. Surprisingly, DOX did not
significantly affect mitochondrial dysfunction or
reduce cardiac function. Nonetheless, based on these
findings, the investigators concluded that RIPC might
be an effective cardioprotective strategy to prevent
DOX-induced cardiotoxicity. The RIPC protocol used
was similar to that carried out in humans, and
therefore, clinically feasible. Also, the salutary effects
of RIPC on multiple known cellular targets of DOX
was addressed, which lent further support to poten-
tial usefulness of RIPC in limiting cardiotoxicity.

The findings presented by Gertz et al. (15) open an
exciting new avenue for cardioprotection using RIPC;
however, there are caveats as discussed by the in-
vestigators. The use of healthy adult wild type mice
and treatment with a single DOX dose limited
extrapolation of the findings to the clinic. Studies
using tumor-bearing animal models with cardiovas-
cular risk factors are essential to examine if the
cardiotoxicity-limiting effect of RIPC is preserved
despite comorbidities and if RIPC modifies anticancer
effects of DOX. Preliminary findings from cancer cell
lines showed that simulated ischemic pre-
conditioning did not abrogate the cytotoxic effects
of DOX (28). Childhood cancer patients, who often
present without cardiovascular morbidities, but yet
are highly susceptible to cardiotoxicity, might repre-
sent the ideal patient group to benefit from RIPC
cardioprotection. To facilitate this, more studies in
young animals harboring DOX-responsive tumors are
required. Furthermore, a multidose model of DOX
administration may be clinically more relevant than
bolus dose administration. Optimization of RIPC in a
multidose DOX dosing model with tumors will require
careful consideration of the following: 1) type and
stage of cancer; 2) time course of the cardiac effects of
these interventions; and 3) potential interactions
among the underlying cellular mechanisms of cancer
cytotoxicity, cardiotoxicity, and conditioning effects.

As a cardioprotective strategy, RIPC is inexpensive,
noninvasive, non-pharmacological, easily adminis-
tered, and lacking systemic adverse effects. If shown
to be effective in limiting cardiotoxicity, this phe-
nomenon could prevent the transition of patients
from cancer survival to HF. This will ultimately
improve accessibility of an effective chemotherapy
regimen with better cancer and cardiac outcomes.

ADDRESS FOR CORRESPONDENCE: Dr. Derek M.
Yellon, Hatter Cardiovascular Institute, University
College London, 67 Chenies Mews, London WC1E
6HX, United Kingdom. E-mail: d.yellon@ucl.ac.uk.
Twitter: @UCL.
RE F E RENCE S
1. Wenningmann N, Knapp M, Ande A, Vaidya TR,
Ait-Oudhia S. Insights into doxorubicin-induced
cardiotoxicity: molecular mechanisms, preventive
strategies, and early monitoring. Mol Pharmacol
2019;96:219–32.
2. VejpongsaP, YehET. Preventionof anthracycline-
induced cardiotoxicity: challenges and opportu-
nities. J Am Coll Cardiol 2014;64:938–45.

3. Smith LA, Cornelius VR, Plummer CJ, et al.
Cardiotoxicity of anthracycline agents for the
treatment of cancer: systematic review and meta-
analysis of randomised controlled trials. BMC
Cancer 2010;10:337.

4. Thorn CF, Oshiro C, Marsh S, et al. Doxoru-
bicin pathways: pharmacodynamics and adverse

mailto:d.yellon@ucl.ac.uk
https://twitter.com/UCL
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref1
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref1
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref1
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref1
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref1
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref2
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref2
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref2
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref3
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref3
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref3
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref3
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref3
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref4
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref4


J A C C : C A R D I O O N C O L O G Y , V O L . 1 , N O . 2 , 2 0 1 9 Yellon et al.
D E C E M B E R 2 0 1 9 : 2 3 5 – 7 Remote Ischemic Conditioning and Cardiotoxicity

237
effects. Pharmacogenet Genomics 2011;21:
440–6.

5. Armenian SH, Xu L, Ky B, et al. Cardiovascular
disease among survivors of adult-onset cancer: a
community-based retrospective cohort study. J
Clin Oncol 2016;34:1122–30.

6. Al-Kindi SG, Oliveira GH. Prevalence of
preexisting cardiovascular disease in patients
with different types of cancer: the unmet need
for onco-cardiology. Mayo Clin Proc 2016;91:
81–3.

7. Zamorano JL, Lancellotti P, Rodriguez Munoz D,
et al. 2016 ESC Position Paper on cancer treat-
ments and cardiovascular toxicity developed un-
der the auspices of the ESC Committee for Practice
Guidelines: The Task Force for Cancer Treatments
and Cardiovascular Toxicity of the European So-
ciety of Cardiology (ESC). Eur Heart J 2016;37:
2768–801.

8. Zhang S, Liu X, Bawa-Khalfe T, et al. Identi-
fication of the molecular basis of doxorubicin-
induced cardiotoxicity. Nat Med 2012;18:
1639–42.

9. Swain SM, Whaley FS, Ewer MS. Congestive
heart failure in patients treated with doxorubicin:
a retrospective analysis of three trials. Cancer
2003;97:2869–79.

10. Lipshultz SE, Lipsitz SR, Sallan SE, et al.
Chronic progressive cardiac dysfunction years af-
ter doxorubicin therapy for childhood acute
lymphoblastic leukemia. J Clin Oncol 2005;23:
2629–36.

11. Tahover E, Segal A, Isacson R, et al. Dexra-
zoxane added to doxorubicin-based adjuvant
chemotherapy of breast cancer: a retrospective
cohort study with a comparative analysis of
toxicity and survival. Anticancer Drugs 2017;28:
787–94.
12. Simmons CE. Overcoming inertia to tame the
red devil. J Am Coll Cardiol Cardio Oncol 2019;1:
80–3.

13. Henriksen PA. Anthracycline cardiotoxicity: an
update on mechanisms, monitoring and preven-
tion. Heart 2018;104:971–7.

14. Oliveira GH. Cardioprotection from cardiotox-
icity. J Am Coll Cardiol CardioOnc 2019;1:66–7.

15. Gertz ZM, Cain C, Kraskauskas D, et al. Remote
ischemic pre-conditioning attenuates adverse
cardiac remodeling and mortality following doxo-
rubicin administration in mice. J Am Coll Cardiol
Cardio Oncol 2019;1:221–34.

16. Przyklenk K, Bauer B, Ovize M, Kloner RA,
Whittaker P. Regional ischemic ’preconditioning’
protects remote virgin myocardium from subse-
quent sustained coronary occlusion. Circulation
1993;87:893–9.

17. Pickard JM, Davidson SM, Hausenloy DJ,
Yellon DM. Co-dependence of the neural and hu-
moral pathways in the mechanism of remote
ischemic conditioning. Basic Res Cardiol 2016;111:
50.

18. Rossello X, Yellon DM. The RISK pathway and
beyond. Basic Res Cardiol 2018;113:2.

19. Wei M, Xin P, Li S, et al. Repeated remote
ischemic postconditioning protects against
adverse left ventricular remodeling and improves
survival in a rat model of myocardial infarction.
Circ Res 2011;108:1220–5.

20. Heusch G, Botker HE, Przyklenk K,
Redington A, Yellon D. Remote ischemic condi-
tioning. J Am Coll Cardiol 2015;65:177–95.

21. Elbadawi A, Ha LD, Abuzaid AS, Crimi G,
Azzouz MS. Meta-analysis of randomized trials on
remote ischemic conditioning during primary
percutaneous coronary intervention in patients
with ST-segment elevation myocardial infarction.
Am J Cardiol 2017;119:832–8.

22. Garratt KN, Whittaker P, Przyklenk K. Remote
ischemic conditioning and the long road to clinical
translation: lessons learned from ERICCA and
RIPHeart. Circ Res 2016;118:1052–4.

23. Hausenloy DJ, Kharbanda RK, Moller UK, et al.
Effect of remote ischaemic conditioning on clinical
outcomes in patients with acute myocardial
infarction (CONDI-2/ERIC-PPCI): a single-blind
randomised controlled trial. Lancet 2019;394:
1415–24.

24. Hausenloy DJ, Botker HE. Why did remote
ischaemic conditioning not improve clinical out-
comes in acute myocardial infarction in the CONDI-
2/ERIC-PPCI trial? Cardiovasc Res 2019 Oct 17
[E-pub ahead of print].

25. Yellon DM, Hausenloy DJ. Myocardial reper-
fusion injury. N Engl J Med 2007;357:1121–35.

26. Totzeck M, Schuler M, Stuschke M, Heusch G,
Rassaf T. Cardio-oncology - strategies for man-
agement of cancer-therapy related cardiovascular
disease. Int J Cardiol 2019;280:163–75.

27. Chung R, Maulik A, Hamarneh A, et al. Effect
of remote ischaemic conditioning in oncology pa-
tients undergoing chemotherapy: rationale and
design of the ERIC-ONC Study–a single-center,
blinded, randomized controlled trial. Clin Cardiol
2016;39:72–82.

28. Maulik A, Davidson SM, Piotrowska I,
Walker M, Yellon DM. Ischaemic preconditioning
protects cardiomyocytes from anthracycline-
induced toxicity via the PI3K pathway. Cardiovasc
Drugs Ther 2018;32:245–53.
KEY WORDS anthracycline, cardiotoxicity,
heart failure, remote ischemic pre-conditioning

http://refhub.elsevier.com/S2666-0873(19)30090-0/sref4
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref4
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref5
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref5
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref5
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref5
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref6
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref6
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref6
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref6
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref6
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref7
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref7
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref7
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref7
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref7
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref7
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref7
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref7
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref8
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref8
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref8
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref8
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref9
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref9
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref9
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref9
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref10
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref10
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref10
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref10
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref10
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref11
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref11
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref11
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref11
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref11
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref11
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref12
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref12
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref12
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref13
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref13
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref13
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref14
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref14
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref15
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref15
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref15
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref15
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref15
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref16
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref16
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref16
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref16
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref16
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref17
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref17
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref17
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref17
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref17
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref18
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref18
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref19
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref19
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref19
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref19
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref19
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref20
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref20
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref20
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref21
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref21
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref21
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref21
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref21
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref21
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref22
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref22
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref22
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref22
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref23
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref23
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref23
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref23
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref23
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref23
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref24
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref24
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref24
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref24
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref24
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref25
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref25
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref26
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref26
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref26
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref26
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref27
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref27
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref27
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref27
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref27
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref27
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref28
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref28
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref28
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref28
http://refhub.elsevier.com/S2666-0873(19)30090-0/sref28

	Preventing the Cancer Patient of Today From Becoming the Heart Failure Patient of Tomorrow∗
	References


