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1 Summary / Resumen

El incremento de la esperanza de vida en la poblacién asi como el desarrollo de nuevas terapias efectivas contra
el cancer han dado lugar a un aumento en la poblaciéon de supervivientes de cancer en edad avanzada; los
cuales, frecuentemente presentan comorbilidades que predisponen al desarrolo de insuficiencia cardiaca. Las
antraciclinas son una primera opcién para numerosos tipos de canceres, pero cerca del 10 % de los pacientes
que las reciben desarrollan alguna forma de cardiotoxicidad y posterior desarrollo de insuficiencia cardiaca. El
"intercambio" del cancer a la insuficiencia cardiaca supone una pesada carga psicoldgica para los pacientes y
tiene consecuencias econémicas devastadoras para los sistemas de salud. A pesar de que las antraciclinas se
han utilizado desde la década de 1960, y sus efectos cardiotoxicos se conocieron poco después de convertirse
en el estandar de muchos protocolos de quimioterapia, todavia hay varias lagunas y preguntas abiertas con

respecto a este efecto secundario tan frecuente.

En particular, es necesario obtener conocimiento cientifico sobre la deteccién temprana de la cardiotoxicidad
inducida por antraciclinas, para comprender mejor los mecanismos que conducen a este dafo asi como las
sefales sobre la vulnerabilidad inter-individual y la identificacién de terapias que puedan prevenir o tratar esta
forma de dano miocardico. La presente tesis se enfoca en estos 4 aspectos criticos no resueltos, abordando

para ello los siguientes objetivos:

1) Indentificar el marcador mas temprano de cardiotoxicidad mediante técnicas de imagen no invasivas; 2) es-
tudiar el papel del dafio en la microcirculacion como parte de esta cardiotoxicidad; 3) estudiar la interaccién
entre la hipertrofia cardiaca y la exposicion a antraciclinas; y 4) evaluar el efecto del precondicionamiento remoto
isquémico como terapia para prevenir la cardiotoxicidad inducida por antraciclinas. Para lograr estos objetivos,
desarrollamos diferentes modelos porcinos de cardiotoxicidad y utilizamos la tecnologia de la resonancia mag-

nética cardiaca.

The increasing life expectancy of the population and the development of effective anticancer therapies result
in a growing population of aged cancer survivors, which frequently have comorbidities for developing heart failure
(HF). Anthracyclines are still first line treatment for many cancer types, but up to 10% of patients who received
them develop some form of cardiotoxicity and subsequent HF. The trade-off between cancer and chronic HF is of
massive psychological burden for patients, and of devastating economic consequences for healthcare systems..
Despite anthracyclines have been used since the 1960s, and their cardiotoxic effects known very early since they

became standard of care, there are still several gaps and open questions regarding this frequent side effect.
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In particular, there is a need to gain scientific knowledge about early detection of anthracycline-induced car-
diotoxicity, to better understand mechanisms leading to toxicity and cues about inter-individual vulnerability, and
the identification of therapies that can prevent or treat this form of myocardial damage. The present thesis fo-

cuses on these 4 critical unresolved aspects by addressing the following objectives:

1) To identify the earliest non-invasive marker of anthracycline-induced cardiotoxicity; 2) to study the role of
microcirculation damage as part of the cardiotoxicity effect of anthracyclines; 3) to study the interplay between
cardiac hypertrophy and exposure to anthracyclines to induce cardiotoxicity; and 4) to test the effect of remote
ischemic conditioning as a therapy to prevent anthracycline-induced cardiotoxicity. To reach these aims, we de-
veloped different swine models of anthracycline-induced cardiotoxicity and hypertrophy, and we used state of the

art cardiac magnetic resonance imaging.
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2 Abreviations

ACT — Anthracycline-induced Cardiotoxicity
BCA - Bicinchoninic Acid kit for protein determination
CAD — Coronary Artery Disease

CFR — Coronary Flow Reserve

CMR — Cardiac Magnetic Resonance

CT - Cardiotoxicity

CVD - Cardiovascular Disease

ECG — Electrocardiogram

ECV — Extracellular Volume

EDTA - Ethylenediaminetetraacetic acid

FDA — Food and Drug Administration

FOV - Field of View

GraSE - Gradient-Spin-Echo

HE — Hematoxylin and eosin

HF — Heart Failure

IC — Ischemic Conditioning

i.c — Intracoronary

i.v - Intravenously

IPC — Ischemic Preconditioning

LAD - Left Anterior Descending coronary artery
LGE — Late Gadolinium Enhancement

LIPC — Local Ischemic Preconditioning

LV — Left Ventricle/Ventricular

LVEF — Left ventricular Ejection Fraction

M — Masson’s Trichrome

MOLLI - Modified Look-Locker Inversion recovery
PET — Positron Emission Tomography

PFA - Paraformaldehyde

SSFP — segmented cine Steady-State Free-Precession
SR — Sirius Red

RIPC — Remote Ischemic Preconditioning

ROI — Region of Interest

ROS - Reactive Oxygen Species

17



TBST - Tris-buffered saline + polysorbate 20
TEM - Transmission Electron Microscopy

Top2 — Topoisomerase 2
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3 Introduction

3.1 Chemotherapy-induced cardiotoxicity

Advances in new anticancer drugs have improved survival rates in cancer patients. Among their side effects,
cardiovascular diseases (CVDs) are one of the more common undesirable consequences of chemotherapy, be-
ing the main cause of non-related neoplasm death in cancer patient survivors [1,2]. The risk of cardiovascular
events in a long-term perspective in these patients can triplicate the risk in the rest of the population [3-5]. These
CVD can be explained as the result of cardiotoxicity, which is the harmful effect that some of these chemotherapy
drugs exert on cardiovascular system, resulting in direct or accelerated development of CVDs, especially in the
presence of different risk factors [6]. The complexity of cardiovascular complications derived from anticancer drug
use includes a wide range of diseases such as myocardial dysfunction, heart failure (HF), coronary artery dis-
ease (CAD), valvular disease, arrhythmias, arterial hypertension, thromboembolic disease, peripheral vascular
disease, stroke, pulmonary hypertension and pericarditis [7]. Given the clinical importance of LV dysfunction and
HF, we focus on the chemotherapy affecting cardiovascular system in that way; being the most concerning com-
plication in cardiotoxicity, (Table 1 represents a summary list of these agents). HF secondary to cancer treatment
drugs has been deeply described as a severe side effect of anthracyclines — the major cause of chemotherapy-

induced cardiotoxicity [8] —. HF development have been recorded in 1-5% of patient cancer survivors [9, 10].

Chemotherapy-cardiotoxicity definition is not exempt from controversy, in most of the cases its explanation is
diffuse and only include “LV dysfunction” or “HF development” as concept terms. Modern guideline definitions
included more specific explanations [11, 12], being the most common used the loss of 10% points in LVEF or
values under 53% measured by echocardiography [12]. The problem with all these definition is that they do not
include any subclinical damage, which can take place at early stages of cardiotoxicity, having become one of the

cornerstones in cardiotoxicity conceptualization [7].

3.2 Anthracyclines

Anthracyclines are highly effective and frequently used chemotherapy drugs, with the most commonly familiy
member used being doxorubicin, alone or in combination with other anti-cancer agents [13]. Their main side
effects include undesirable reactions such as hair loss, erosions, gastrointestinal complications or immunosup-
pression, - and as previously commented -; prominent undesired effect of anthracycline therapy is CT (ACT) and

subsequent HF (Figure 1, A).
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Chemotherapy agent Frequency of use Incidence (%) Chemotherapy agent Frequency of use Incidence (%)

Anthracyclines (dose dependent) Small molecule tyrosine kinase inhibitors
Doxorubicin ++++ 3-25 Pazopanib . 0.6-11
Epirubicin + 0.9-114 Ponatinib + 3-15
Idarubicin ++ 5-18 Sorafenib . 1.9-11
Mitoxanthone 2.6 Dabrafenib ++++ 8-9
Liposomal anthracyclines 2 Sunitinib —— 1-27
- Dasatinib +++ 8-9
Alkylating agents
Lapatinib ++++ 0.9-4.9
Cyclophosphamide +HH 7-28 Trametanib e 7-11

Ifosfamide +++ 0.5-17
Proteasome inhibitors

Antimebatolites
Carfilzomib ++ 7

Decitabine ++ 5 Bortezomib ++ 1-5

Clofarabine + 27
Miscellaneous
Antimicrotubule agents

Tretinoin ++++ 6
Docetaxel ++ 2.3-13 Everolimus <1
Paclitaxel <1 Temsironimus <1

Monoclonal antibodies

Trastuzumab +++ 2-28

Bevacizumab ++ 1-10.9
Adotrastuzumab emtansine + 1.8

Pertuzumab + 0.9-16

Table 1: List of chemotherapy agents that cause LV dysfunction and HF.

Their frequency use and their incidence values (adapted from Zamorano, Lancellotti et al [7] and Chang et al [14].

Among them, doxorubicin is the most common member of the group. It was discovered as a metabolite deriving
from some strains of Streptomyces peucetius, discovered in ltaly during the 60’s. Its chemical structure consisted
in a tetracyclic ring with adjacent quinone-hydroquinone groups, being the side chain ending with a primary
alcohol (Figure 1, B). This structural difference has critical consequences on the spectrum of the doxorubicin
activity, compared with the other members of the group (daunorubicin, epirubicin or idarubicin); making it the most
powerful for the treatment of several malignancies such as breast cancer, childhood solid tumors, lymphomas
and aggressive carcinomas. Depending on the accumulated dose, the incidence of severe ACT resulting in overt
systolic heart failure can be as high as 25% [14]. The trade-off between cancer and chronic heart failure places

an immense personal burden on patients, with physical and psychological consequences.
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Anthracyclines side effects
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Figure 1: General properties of anthracyclines

(A) List of different side effect of anthracycline usage.
(B) Structures of doxorubicin, daunorubicin, epirubicin and idarubicin. Primary alcohol from the side chain termination in doxorubicin

determinates its efficacy for a wide range of neoplasia (Images merged from their Wikipedia articles in www.wikipedia.org).

Given the high cardiotoxicity reported for all anthracycline family members, in recent times several efforts have
been performed to identify new derived compounds (up to 2000 analogs) with the same or superior effectiveness
and less myocardial toxicity with weak success. Only liposomal doxorubicin have been proved to have less ACT
incidence in animal models and human clinical trials [13]. Both, systemic and cardiovascular complications,
make these patients very special to clinically handle; for what cardio-oncology-hematology have been raised as

an emerging specialty aimed at minimizing CVD in cancer patients [15].
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3.3 Molecular mechanisms of anthracycline-induced cardiotoxicity

Doxorubicin effect based on the direct targeting of topoisomerase 2 (Top2) to cause DNA double-strand break
and demise of the highly proliferative cancer cells. In mammalian cells, there are two different Top2 isozymes:
Top2a and Top2B. Top2a is only expressed in proliferating and tumor cells and plays important roles in cell cycle
events, such as DNA replication [16]. The high efficacy of doxorubicin chemotherapy is due to the highly elevated
expression of Top2a in cancer cells. The heart is a post-mitotic organ, and proliferation of adult cardiomyocytes

is a very rare phenomenon. Adult cardiomyocytes do not express Top2a but only Top2B [17].

The main mechanism of ACT is mediated through Top2B, leading to a mitochondrial-damaging effect. An-
thracyclines bind to Top2B creating double-strand DNA breaks and dysregulating gene transcription, resulting
in increased reactive oxygen species (ROS) generation, iron deposition, and defective mitochondrial biogene-
sis [18,19]. In fact, genetically deleting topoisomerase 2b would prevent doxorubicin cardiotoxicity in mice and
FDA approved drugs as dexrazoxane can degrade Top2B in the heart mitigating cardiotoxicity [20]. Doxorubicin-
Top2B complexes bind promoters of antioxidative and electron-transport genes to reduce their transcripts and

protein expression [18,21].

Doxorubicin being a cationic compound readily enters mitochondria binds to cardiolipin, in the inner mitochondrial
membrane, and inhibits the respiratory chain. Indeed, the electron—transport chain proteins require cardiolipin to
function properly, and it has been proposed that because doxorubicin disrupts the cardiolipin—respiratory chain
protein interface, more superoxide (O2-) formation occurs [22]. Finally, mitochondrial DNA could be a direct tar-
get of doxorubicin [23], as mtDNA lesions and free radical-associated mitochondrial dysfunction have been found
in the hearts of patients treated with doxorubicin [22]. To date, three topoisomerases have been identified in
vertebrate mitochondria: Top1mt [24] Top2B [25] and Top3a [26]. Top3a and Top2B both function in mitochondria
and the nucleus, and the only specific mitochondrial topoisomerase in vertebrates is Top1mt [24]. Mitochondrial
topoisomerase 1 (Top1mt) specifically controls mtDNA homeostasis, and it has been shown that Top1mt, which
is conserved across vertebrates, is critical for cardiac tolerance to doxorubicin and adaptive response to doxoru-

bicin cardiotoxicity [27].

Apart of their effect on Top2B, other mechanisms contributing ACT development are ROS production by sev-
eral pathways like directly interfering electron transport chain, intercalating DNA or intracellular and mitochondrial
iron overload [13]. Have been also describe in the last years, the direct effect of ACT in the endothelial cells, ar-
terial smooth muscle cells and microcirculation(28), contributing to the multifactorial final damage of doxorubicin
to myocardial tissue. These phenomena lead to mitochondrial swelling, intra-cardiomyocyte vacuolization, and

ultimately cell death and replacement of cardiomyocytes by fibrotic tissue [28-30]. (Figure 2).
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The microvasculature compartment in ACT: Damage to the microcirculation is a well-known cardiotoxic side
effect of radiotherapy [14]; however, the effect of other anti-cancer agents on the microvasculature is less well
described. In the case of anthracyclines -one of the most widely prescribed chemotherapy agents- there is
scarce evidence showing a damage to the microcirculation as part of its cardiotoxic effect. In vitro, doxorubicin
has demonstrated to induce injury to endothelial cells, which seems to be mediated by ROS production [31-33].
Doxorubicin has been shown to induce apoptosis [34] and a premature senescent phenotype [35] in smooth
muscle cells in vitro. The effect of doxorubicin on the cardiac vascular compartment has only been experimen-
tally studied in small animals (mainly mice and rats) [36, 37], but only by evaluation at the time of sacrifice (once
functional ACT is already present). Observational studies in patients undergoing chemotherapy regime including
anthracyclines have suggested that myocardial perfusion in these might be reduced even in the absence of LV
systolic dysfunction [38,39]. Overall, despite there is indirect evidence suggesting that anthracyclines might exert
a cardiotoxic effect in the myocardial vasculature, there is a lack of a comprehensive prospective study evaluating
microcirculation from the anatomical and functional perspectives across all stages of cardiotoxicity (ranging from

pre-exposure to subclinical to overt cardiac dysfunction).
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Figure 2: Multifactorial mechanisms leading to ACT

Microcirculation, mitochondria and nucleus are three role-players in the development of ACT.
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3.4 Risk factors for anthracycline-induced cardiotoxicity

Patients receiving potential cardiotoxic chemotherapy should undergo deeply clinical and CV risk assessment
before the treatment. Since the discovery of ACT, the pursuit of relevant risk factors have been a priority in
cardio-oncology. In the literature, there are several prospective and retrospective reports describing potential

candidate risk factors to be considered:

1 — Cumulative dose: cumulative dosage of anthracyclines have been very well described as the main risk
factor for ACT development in several studies [7,14,15]. It is considered that cumulative doses of doxorubicin
up to 400 mg/m2 has an ACT incidence of 3-5%; the increment is exponential for 550 mg/m2 (7-26%) and 700
mg/m2 (up to 48%), (Figure 3). Fortunately, current chemotherapeutic regimes including anthracyclines have

been adjusted their cumulative dose using the minimum for being therapeutic and effective against the tumor .

Cardiotoxicity by anthracyclines: cumulative dosis matter
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Figure 3: Correlation between anthracycline cummulative doses and HF incidence

2 — CV comorbidities: seems logic that previously affected myocardium is more sensitive to ACT than a healthy

one. However, as we discuss later, there is a lack of clinical and mechanistic evidence of casualty between the
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presence of CV comorbidities and ACT predisposition. However, a huge number of retrospective and prospective
observational studies have been performed in order to identify this relationship. As a result, systemic arterial
hypertension have been identify as one of the CV subjacent conditions with more correlation evidence with risk
of ACT development in patients receiving anthracycline regimes. It is described that patients with hypertension
have more possibilities to develop ACT than patients without this condition. Cardiac diseases concurring with
high ventricular wall stress or genetic-base diseases have been also point as risk factors for ACT [7]. Most of the
experimental animal studies have been performed in spontaneous hypertensive rats [40—44]; mainly describing
an exacerbated acute and chronic cardiotoxic phenotype compared with wild type animals. However, in all the
cases both anthracycline regimes (for hypertensive and normal rats) were indeed cardiotoxic and these studies

did not explored the effect of subtle doses of doxorubicin in the hypertensive heart compared with healthy ones.

3 — Co-administration of other cardiotoxic drugs: the presence in the chemotherapeutic protocol of other car-
diotoxic drugs also increments the impact of ACT due to the synergetic effect of both treatments. Thus, the
combination of doxorubicin with radiotherapy - one of the most comment concomitant therapies with anthracy-
clines — and other drugs such as Trastuzumab (mainly in breast cancer patients) or alkylating agents, augment

the incidence of ACT developing [15].

4 — Others: patients aged over 65 years old increase their risk factor for ACT development, but also very young
people (less than 18 years old) are in risk by its age for ACT due to its developing heart is more vulnerable
to the damage. Female sex, alcohol consumption and diabetes have been also pointed out as potential risk

factors [7,15].

3.5 Diagnosis of anthracycline-induced cardiotoxicity

When a patient is enrolled to receive anthracycline-based chemotherapy, basal cardiac function is evaluated in
order to discard myocardial dysfunction prior to the treatment. If there is a decline in cardiac function, the case
should be discussed with the onco-hematology team in other to consider other therapeutic options non-based in
anthracycline administration. For this purpose, echocardiography is the major option due to its wide availability,
cost-effectiveness and its facility. However, its evaluation is just functional, which does not allow identifying sub-

clinical phases of the disease [45].

Current algorithms to identify early stages of anthracycline-induced cardiotoxicity are far from optimal. Diag-
nosis generally occurs once left ventricular (LV) functional deterioration becomes manifest, either as a decline in
LV ejection fraction (LVEF) or longitudinal LV strain abnormalities [7, 15]. By this stage, the damage to the my-

ocardium is often irreversible. The lack of a validated early damage marker limits the development of preventive
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strategies. Cardiac magnetic resonance (CMR) is the gold standard technique for anatomical and functional eval-
uation of the heart, and the advent of multiparametric algorithms allows accurate characterization of myocardial
tissue (Figure 4). CMR is thus suitable for the detection of myocardial edema [46-50] and diffuse myocardial
fibrosis [51-53] , which are present at different stages of anthracycline-induced cardiotoxicity [54—58]. To date,
there has been a lack of comprehensive serial multiparametric CMR tissue studies characterizing the full anthra-

cycline treatment cycle from pre-treatment through treatment to overt LV systolic dysfunction and heart failure.

Morphology Function Tissue Metabolism

Cardiac Ultrasound

Nuclear

CcT

CMR

Figure 4: Strengths and weaknesses of different multimodality in-vivo imaging techniques in cardiology.

New imaging modalities that could unmask subclinical cardiotoxicity include PET/CT scan. It has been recently
reported an increase in 18-fluorodeoxyglucose (FDG) uptake in Hodgkin lymphoma patients developing ACT
and in wild type mice receiving increasing cumulative doses of doxorubicin. Other modalities such as SPETC
have been used in some patient records in order to test if breast cancer woman present subclinical defects in

myocardial quantitative perfusion [59].

26



3.6 Clinical management of anthracycline-induced cardiotoxicity

Therapeutic approach for ATC includes the use of standard Heart Failure therapy (Beta-blockers and ACEs in-
hibitors among others); and have been demonstrated clinical benefit in early-detected patients. However, specific-
targeted ATC therapies are limited and only dexrazoxane — a FDA approved drug — have been demonstrated effi-
cacy in animal models and human clinical trials [20,60]. But nevertheless, last evidence pointed that its usefulness
is limited to certain kind of patients and its effect is indeed so mild, whence more clinical data is needed. Other
drugs such as antioxidants, iron chelators and cell therapy have not search translational effectiveness despite
their promising preclinical results. In the last years, PRADA trial [61] - a factorial, randomized, placebo-controlled
and double blind study in cancer patients - tested the efficacy of metoprolol and candesartan or combination of
both in women with breast cancer, demonstrating that co-treatment with candesartan improves the decline in LV

function.

However, there is a lack of evidence testing specific targeted therapies for ACT in both, translational preclini-

cal and clinical studies.

3.7 Animal models of anthracycline-induced cardiotoxicity

Since the finding of anthracyclines cardiotoxic properties, animal models in which evaluate and elucidate the
mechanism underlying this have been hardly pursued. Most of the research in ACT have been carried out in
small animal models, including mice and rats [22, 36, 41,62-64]. In these individuals, anthracyclines are usually
administrated intraperitoneal or intravenously (i.v) through the tail vein. Despite of its popularity, a vast quantity
of the studies cannot show a clear manifestation of functional ACT. Thus, they revolve around molecular and
structural changes in myocardium (such as oxidative stress, apoptosis or fibrosis) with rarely cardiac functional

correlation.

Rabbits are also used for ACT preclinical research [34, 65, 66]. In this case, many groups take advantage of
the animal size in order to conduct advance-imaging evaluation (primarily echocardiography, CT scans or CMR).
Rabbits start to present more dramatic myelosuppresion as side effect secondary to anthracyclines treatment,

increasing their morbidity and mortality. Even so, their usage in ACT is increasing nowadays.

Regarding pig models, during the 70’s, Van Vleet et al [67] tested different dose regimes of doxorubicin in pigs
in order to characterized the pathological features of its systemic administration. Unfortunately, they could not
search enough cardiotoxic cumulative doses and all the piglets died before ACT development. Thus, in large ani-

mals, only i.c models (both, in pigs and dogs) have been able to show overt ACT but they did not characterized in
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deep using non-invasive multimodality imaging. Researchers also have used other species like calves and sheep

(both, i.v and i.c approaches), but its deployment is straight uncommon.

3.8 Cardio-oncology gap challenges

In view of the foregoing, there are several clinical and preclinical loopholes regarding ACT. These gaps can be

summarized with the following (Figure 5).:

1 — Lack of a reliable translational models of ACT.

2 — Subclinical early markers of ACT development.

3 — Impact of ACT in other cellular compartments.

4 — Better understanding of ACT pathological mechanisms.

5 — Absence of effective targeted therapies for ACT.

Challenges in Cardio-Oncology: A translational continuum

m Animal models Cancer patients

Underlying ACT/ Impact of ACT Reliable Early markers New targeted
mechanisms in other cells animal models of ACT therapies

Figure 5: Current research gaps in the Cardio-Oncology field.
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4 Objectives / Objetivos

We focused on previously mentioned research gaps regarding cardio-oncology and proposed 4 different

main aims:

Objective 1: Serial cardiac magnetic resonance (CMR) for early detection of anthracycline-induced

cardiotoxicity (ACT)

We used a large animal model (pig) of doxorubicin-induced cardiotoxicity to identify the earliest CMR marker
of myocardial damage and its pathological correlates. We also studied the reversibility of cardiotoxicity upon

detection of the early CMR marker.

Objective 2: Effect of doxorubicin on cardiac microcirculation

In this study, we studied the trajectories of microcirculation status across all stages of the pig anthracycline-

induced cardiotoxicity model.

Objective 3: Vuinerability of the hypertrophied heart to anthracycline-induced cardiotoxicity (ACT)

The purpose of this work was to elucidate the impact of low cumulative i.v doxorubicin doses in pigs with
LV pressure overload. A secondary endpoint of the study was to characterize with CMR the progression of the

possible cardiotoxicity in both groups under doxorubicin regime.
Objective 4: Remote ischemic preconditioning (RIPC) and anthracycline-induced cardiotoxicity (ACT)

The purpose of this study was to elucidate the cardioprotective capability of repeated RIPC cycles before

each doxorubicin administration in the i.c large-animal model.
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Nosotros nos hemos centrado en las carencias en cardio-oncologia anteriormente mencionadas y hemos

propuesto 4 objetivos principales diferentes:

Objetivo 1: Deteccion temprana de cardiotoxicidad por antraciclinas empleando la resonancia magnética

cardiaca seriada

Usamos un modelo de animal grande (cerdo) de cardiotoxicidad inducida por antraciclinas para identificar
el marcador de dafno miocardico por resonancia magnética mas temprano y correlacionarlo con su anatomia

patolégica. También estudiamos la reversibilidad de la cardiotoxicidad a partir de estos cambios tempranos.

Objetivo 2: Efecto de la doxorrubicina en la microcirculacion cardiaca

En este estudio, evaluamos los cambios en la microcirculacion a través de todas las etapas de nuestro

modelo de cerdo de cardiotoxicidad por antraciclinas.

Objetivo 3: Vuinerabilidad del corazén hipertrofico a la cardiotoxicidad por antraciclinas

El propésito de este trabajo es dilucidar el impacto de dosis bajas y sistémicas (i.v) acumulativas en animales
con sobrecarga de presién del ventriculo izquierdo. Un objetivo secundario es caracterizar mediante resonan-

cia magnética cardiaca la progresion de la posible cardiotoxicidad en ambos grupos que reciben la doxorrubicina.

Objetivo 4: Precondicionamiento isquémico remoto y cardiotoxicidad inducida por antraciclinas

El propésito de este estudio es evaluar el potencial efecto cardioprotector de la aplicacién repetida de

precondicionamiento isquémico remoto antes de cada inyeccién de doxorubicina en el modelo i.c.

30



5 Material and methods

5.1 Study designs

All the studies were approved by the Institutional Animal Research Committee and conducted in accordance with

recommendations of the Guide for the Care and Use of Laboratory Animals.

5.1.1 Obijective 1: Serial cardiac magnetic resonance for early detection of anthracycline-induced car-

diotoxicity

The study design is summarized in Figure 6. The study population consisted of 20 castrated male Large-White
pigs (25-35 kg). Pigs in group 1 received five biweekly i.c doxorubicin injections (final injection at week 8) and
were followed up until sacrifice at week 16 by i.v injection of pentobarbital sodium in overdose. In Group 2, pigs
underwent three biweekly doxorubicin injections (final injection at week 4) and were similarly followed up until
sacrifice at week 16. Group 3 pigs underwent the same doxorubicin protocol as Group 2 (three biweekly injec-
tions) but were sacrificed earlier, at week 6 (2 weeks after the final doxorubicin injection). Group 4 was a control
group sacrificed after baseline CMR without doxorubicin exposure. In all groups, weekly comprehensive multi-
parametric CMR exams were performed until sacrifice. During the treatment weeks, CMR scans were performed

immediately before doxorubicin injections.

=

Weekly Cardiac Magnetic Resonance =

,Mnannnm
r @ m @ @ (weeks)
mi {7

=
Sacrifice @
*l n=s

i

=
Sacrifice @
n=5

Group 4 Sacrifice I~
(Control) n=5

Figure 6: Study design for Objective 1.
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5.1.2 Obijective 2: Effect of doxorubicin on cardiac microcirculation

For studying microvascular damage, all groups from Objective 1 were use and two additional groups were per-
formed ad hoc for this aim (Figure 7). A total of 10 castrated male Large-White pigs (30-35 kg) were included in
2 different additional groups (N=5 per group): 1) “Acute 48h” (pigs received one single i.c injection (0.45mg/Kg)
of doxorubicin and were sacrificed at 48 hours). 2) “Acute 2w” (pigs received one single i.c injection (0.45mg/KQ)
of doxorubicin and were sacrificed 2 weeks later). Serial invasive coronary physiology studies with flow-pressure
combo wires were performed in all animals at time-points noted in Figure 2 to obtain measures of coronary flow
reserve (CFR). In the “acute 48h” group, CRF was also evaluated 10 min after the end of i.c doxorubicin injec-
tion. Serial non-invasive CMR studies were performed at timepoints noted in Figure 7 to obtain measures of

quantitative perfusion following a protocol previously reported by our group [68].
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Figure 7: Study design for Objective 2.
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5.1.3 Objective 3: Vulnerability of the hypertrophied heart to anthracycline-induced cardiotoxicity

A scheme of the study design is summarized in Figure 8. 28 Yucatan minipigs were included in the study. We
divided the animals in the following branches: 1) 14 pigs underwent to aortic banding surgery at 2-3 months
of age (time -4); and kept until 4 months of pressure afterload evolution (time 0). Then, they were divided to
receive 5 weekly i.v injections of 1 mg/kg of doxorubicin (7 Banding + doxo group) or as controls (7 Banding
control group). Afterwards, pigs were followed for 4 additional months and sacrificed at end of the study (time
4). 2) 14 additional non-operated pigs of 6-7 months old (time 0) were divided to receive 5 weekly intravenous
injections of 1 mg/kg of doxorubicin (7 No Banding + doxo group) or as controls (7 No Banding control group).
They were kept as well until sacrifice at 4 months (time 4). Serial multiparametric CMR scans were performed at
time -4 and -3 in the Banding groups and at 0, 1, 2, 3 and 4 months in all groups. At the end of the study, all the
animals were sacrificed with pentobarbital administration in overdose and cardiac tissue were harvested for ex

vivo characterization.
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5.1.4 Objective 4: Remote ischemic preconditioning and anthracycline-induced cardiotoxicity

A scheme of the study design is summarized in Figure 9. 20 healthy Large-White castrated male pigs (weighted
around 30 kg), underwent to serial i.c doxorubicin administration in order to create a model of anthracycline-
induced cardiomyopathy. As in the previous Objectives 1 and 2, the model consisted in an i.c injection of doxoru-
bicin every 2 weeks up to 5 (weeks 0, 2, 4, 6 and 8). At the beginning of the study, animals were randomized 1:1
to receive (RIPC group) or not (No RIPC Group) 3 cycles of RIPC before each doxorubicin administration. Then,
animals were kept for follow-ups at week 12 and sacrifice at week 16. CMR scans were performed at week 0, 6,

8, 12 and 16.
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Figure 9: Study design for Objective 4.

5.2 Doxorubicin intracoronary administration procedure

For Objectives 1, 2 and 4, we used a modification of a previously described approach [69, 70]. Animals were
anesthetized and endotracheally intubated. The femoral artery was then accessed by the Seldinger technique
and a 7F sheath was inserted. Pigs were anticoagulated with 150 Ul/kg of intravenous heparin, and a 5F coronary
diagnostic catheter was inserted via a femoral sheath and placed at the origin of the left coronary artery. Under
angiography guidance, a 0.014 mm coronary guide wire was positioned distally in the left anterior descending
(LAD) coronary artery. The catheter was docked selectively in the LAD, and a 0.45 mg/kg dose of doxorubicin
(Farmiblastina®), Pfizer) diluted in 30 ml saline was given as a slow bolus injection over 3 minutes. Electrocar-

diographic and hemodynamic monitoring was maintained during doxorubicin administration. Once the infusion
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was completed, coronary angiography was performed to document normal coronary flow, the catheter material

was removed, and the animal allowed to recover.

5.3 Systemic doxorubicin administration procedure

All animals from doxo subgroups (banding and no banding) in the Objective 3, received the same chemotherapy
regime, consisted in 1 mg/kg of intravenous doxorubicin diluted in 20 mL of saline solution during 3 minutes
through the ear vein. After infusion, the catheter was wash out with 10 additional mL of saline to avoid caustic
lesions secondary to anthracycline remnants in the distal vessel. The protocol was repeated weekly during a
whole month, being 5 injections in total per animal. We decided this low-regime protocol after performing multiple
proof of concept approaches resulting in high mortality with no cardiotoxicity development as it was previously

reported [67] (Figure 10).

5.4 Aortic banding surgery

For Objective 3. Supravalvular aortic stenosis was induced by emplacing a surgical banding on the ascending
aorta, as was previously described [71-73]. Sedation was induced by intramuscular injection of ketamine (20
mg/kg), xylazine (2 mg/ kg) and midazolam (0.5 mg/kg), and then maintained with inhaled sevoflurane at 3%
of concentration. Continuous i.v fentanyl solution was infused as analgesia during surgery, and perisurgical
antibiotherapy prophylaxis consisted in a single dose of cefuroxime. A respirator, as well as ECG controlled
mechanical endotracheal ventilation and oxygen saturation were controlled and monitored during the surgery.
A minimally invasive right lateral thoracotomy was performed in the fourth intercostal space. Ascending aorta
was identified after a pericardiectomy and constricted 3 cm above the aortic valve with a 10 mm Dacron band,
adjusted to 70% of the perimeter. Pericardiectomy was left open, the pneumothorax evacuated with a chest tube
and the thoracic wall and skin incisions were sutured. Then, animals were recovered from the anesthesia (Figure
11).
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Figure 10: Proof of concept of different i.v doxorubicin regimes

(A) Event table for each regime and control groups indicating dead (red) or alive (black) animals and the last CMR scan performed (blue
circled cross).
(B) Descriptive Kaplan-Meier curve for each group.

(C) CMR functional and mapping values from the last scan before the dead of the animal for each group.
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Figure 11: Aortic banding surgery

(A) Explant of a heart from a pig at 4 months of study in 3 chambers and transversal views. Red dashed circles indicate banding location at
supravalvular level with a 30% of restriction.
(B) CMR 3D late gadolinium enhancement sequence of the same animal segmented at 3 chambers view. Post banding jet can be observed

in black.

5.5 Remote ischemic preconditioning protocol

For Objective 4, animals randomized to RIPC group were subjected to 3 cycles of RIPC before doxorubicin
administration. RIPC were performed using a homemade tourniquet to produce transient ischemia in the right
leg. Total ischemia was assured by sight - checking the congestive reaction at the lower extremity -; and by

doppler echography.|

5.6 Invasive Coronary Flow Reserve assessment

For Objective 3, a coronary pressure/flow guide wire (VOLCANO Combowire®) was advanced through the guid-
ing catheter and placed distal in the LAD (for evaluation of the doxorubicin-infused territory) or distal in the left
circumflex coronary artery (LCx) (for evaluation of the remote myocardium). CFR was assessed before each dox-
orubicin infusion and calculated by the ratio between basal and maximum hyperemia. The hyperemia protocol
consisted in the intracoronary administration of 0.5 mg/kg of papaverine selective to the LAD or LCx coronary

arteries, as previously described [74].
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5.7 Cardiac Magnetic Resonance protocol

All studies were performed with a Philips 3-T Achieva Tx whole body scanner (Philips Healthcare, Best, The
Netherlands) equipped with a 32-element phased-array cardiac coil. The CMR protocol included a standard seg-
mented cine steady-state free-precession (SSFP) sequence to provide high-quality anatomical references, a T2
gradient-spin-echo (T2-GraSE) mapping sequence, and native and post-contrast T1-mapping and late gadolin-
ium enhancement (LGE) sequences. The imaging parameters for the cine SSFP sequence were as follows:
field of view (FOV) of 280*280 mm, slice thickness 6 mm with no gaps, repetition time (TR) 2.8 ms, echo time
(TE) 1.4 ms, flip angle 45°, cardiac phases = 30, voxel size 1.8*1.8 mm, and number of excitations (NEX) = 3.
The imaging parameters for the T2-GraSE mapping were FOV 300 300 with an acquisition voxel size of 1.8*2.0
mm2 and slice thickness 8 mm, and eight echo times ranging from 6.7 to 53.6 ms. To reduce T1 effects, a
two-heartbeat interval was used between excitations. The T1-mapping sequence (Modified Look-Locker Inver-
sion recovery [MOLLI]) was acquired before and 10 min after contrast administration. All MOLLI sequences
were based on a 5(3)3 scheme using a single shot steady-state free precession readout sequence (TR/TE/Flip
angle= 2.1ms/1.05ms/350) with an in-plane acquisition resolution of 1.5*1.8 mm2 and an 8 mm slice thickness.
T2 and T1 mapping sequences were both triggered at mid-diastole and acquired from a single short-axis mid-
apical slice. LGE imaging was performed 15 min after intravenous administration of 0.2 mM/kg gadopentetate
dimeglumine contrast agent using an 3D inversion-recovery spoiled turbo field echo sequence (TR/TE/Flip an-
gle= 2.4ms/1.13ms/100) with an isotropic resolution of 1.5*1.5*1.5 mm3 on a FOV of 340*340*320 mm3 in the
FH, LR, and AP directions. Data were acquired in mid-diastole with a 151.2 ms acquisition window. Acquisition
was accelerated using a net SENSE factor of 2.25 (1.5*1.5 in the AP and LR directions) with a bandwidth of
853Hz per-pixel. Inversion time was adjusted before acquisition using a look-locker scout sequence with different
inversion times to ensure proper nulling of the healthy myocardium signal. For the analysis, 3D volume was
reconstructed in short axis, 2 chamber, and 4 chamber views with a slice thickness of 6mm. Cardiac quantitative
perfusion was estimated using dynamic acquisition with dual-saturation recovery (TS=20, 80 ms) technique dur-

ing gadolinium-based contrast administration (0.2 mmol) as previously described [74].

CMR studies were analyzed by 2 experienced and independent observers using dedicated software (IntelliSpace
Portal, Philips Healthcare, Best, The Netherlands). T2 maps were automatically generated on the acquisition
scanner by fitting the signal intensity of all echo times to a monoexponential decay curve at each pixel with a
maximum likelihood expectation maximization algorithm. T1 maps were generated using a maximum-likelihood
expectation-maximization algorithm and fitting the MR to a T1 inversion recovery with 3 independent model pa-
rameters. T2 and T1 relaxation maps were quantitatively analyzed by placing a wide transmural region of interest
(ROI) at the anterior myocardial area (irrigated by the LAD) of the corresponding slice in all studies. Delayed

gadolinium-enhanced regions were defined as >50% of maximum myocardial signal intensity (full width at half
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maximum) and qualitatively analyzed. Extracellular volume (ECV) was estimated with native T1-MOLLI values

and 10 minutes post-contrast T1-MOLLI values corrected by hematocrit, as described elsewhere [51].

5.8 Positron Emission Tomography — Computed Tomography (PET-CT) protocol

All studies were performed with a Philips PET scan. Animals were fasted 24 hours before the exams, having free
access to water consumption. Glucose levels were normalized to 100-150 mg/dL; to do that, blood drops were
collected, and glucose was quantified using a CONTOURTM PLUS Blood Glucose Monitoring System. If glucose
levels were under 100 mg/dL, we proceeded to administrate an i.v bolus of serum with glucose to 50% (5 mL
for each range of 10 mg/dL of glucose levels under the limit — e.g. 5 mL from 90 to 100 mg/dL, 10 mL from 80
to 90 and so on). If glucose levels were over 150 ml/dL, we let the animal and repeated the measurement after
10-15 minutes until levels normalized. For extremely high levels (e.g. over 200 mg/dL), we protocolled insulin
injections, but this scenario did not take place in any pig. In all the cases, glucose levels were to be maintained
at least 30 minutes, with measurements every 10 minutes. Afterwards, fluorodeoxyglucose (FDG) radiotracer
was i.v injected (10 mCi per study). Once administrated, biodistribution was waited for 40 minutes and then, the
acquisition started. After that, a contrast enhanced cardiac CT scan was performed to superpose the anatomical
structures to FDG distribution. PET studies were analyzed using dedicated software (IntelliSpace Portal, Philips
Healthcare, Best, The Netherlands) by placing a ROI in the infused area and the remote area and normalizing

with muscle values.

5.9 Necropsy and sample collection

At the end of their respective studies, animals were sedated and euthanatized by i.v pentobarbital in overdose.
Then, heart was excised, and blood removed using abundant saline at room temperature. For water content
quantification, harvested tissue samples were immediately blotted to remove surface moisture and then intro-
duced into laboratory crystal containers previously weighed on a high-precision weighing machine. The tissue-
loaded containers were weighed before and after drying for 48 h at 100°C in a desiccating oven. Tissue water
content (% dry weight) was calculated using the following formula: water content = ([wet weight - dry weight]/dry

weight) x100. An empty container was weighed before and after desiccation as an additional calibration control.
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5.10 Histology

For histological studies, samples were fixed in 4% formalin and then transferred to 70% ethanol. After paraffin
embedding, 4 micron sections were cut and stained with hematoxylin and eosin (HE), Masson trichrome (M),
and Sirius Red (SR). H-E and M staining sections were analyzed by two experienced independent blinded anato-
mopathologists for evaluating cardiomyocyte doxorubicin lesions and microcirculation damage using a previously

reported scores explained bellow.

Stained sections were scanned and 20x20 magnification images were taken for collagen quantification using

a modified macro [75].

For Objective 2, the arterial/arteriolar pathology evaluation was performed in every artery in the slice of each
sample blinded to study group. Large, medium and small arteries, as well as arterioles were independently
scored. Arterial damage was evaluated integrating all these parameters and a Damage Score created ad hoc for
the study (Figure 12) with the following criteria:

- Grade 0: No lesions;

- Grade 1: Minimal tunica intima hyperplasia. No tunica media lesion;

- Grade 2: Slight to moderate tunica intima hyperplasia by myofibroblast proliferation and extracellular matrix
accumulation. Disorganization of the tunica media with only isolated occasional smooth muscle cell loss;

- Grade 3: Moderate tunica intima hyperplasia with occasional luminal stenosis. Tunica media degeneration with
moderate loss of smooth muscle cells replaced by extracellular matrix and/or collagen;

- Grade 4: Moderate to severe tunica intima hyperplasia with marked luminal stenosis. Tunica media degenera-

tion with severe loss of smooth muscle cells replaced by extracellular matrix and/or collagen.

For cardiotoxicity damage evaluation in the Objective 4, an adaptation of Billingham score was used in H-E

stained sections as previously reported [76].

5.11 Capillary bed evaluation

For objective 2, capillary density was checked by CD31 immunohistochemistry, using 4 micron slices from paraffin
embedded samples. A specified macro-based analysis was performed to calculate the number of capillaries per
mm2. 10 images of 10x magnification were taken and analyzed using FIJI (ImageJ) software [77]. A summary of

the macro’ running is showed in Figure 13.
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Figure 12: Damage Score for microvascular histopathological evaluation.

From 0 (normal) to 4 (maximum damage), for each size of artery and arterioles.

5.12 Transmission Electron Microscopy

Samples from infused area were maintained in 4% glutaraldehyde in 10% PFA solution for 24-48 hours. Af-
terwards, tissue was post-fixed in 1% osmium tetroxide water solution for 1 hour at room temperature. Then,
samples were washed with water and underwent to block staining by 0.5% uracil acetate water solution for 10

minutes. Following this, tissue samples were dehydrated in alcohol water solutions in ascendant graduation
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(30%, 50%, 70%, 95%, and 100%) and a last passage through acetone. After that, were included in Durcu-
pan epoxy resin by steps in resin-acetone mixture in ascendant concentrations (1:3, 3:1) and, finally, pure resin.
Resin-included samples were polymerized in an oven at 60°C for 48 hours. Then, were ultrathin sliced using
an ultramicrotome Leica Ultracut S (60 nm) and were deposited in 200 mesh copper grids. Grids were coun-
terstained by uranyl acetate and lead citrate. Images were obtained by a Jeol Jem1010 (100 KV) transmission
electron microscope, using a Gatan camera (Orius 200 SC model); and acquired and subsequently treated with
the Digital Micrograph software. Individual images were acquired at 6000, 10000 and 4000X magnifications for:
tissue evaluation (6000X), mitochondrial quantification (10000X) and mitochondrial cristae assessment (40000X),

using ImagedJ software 1.52p Wayne Rasband from USA National Institute of Health (NIH).
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Figure 13: Scheme of CD31-capillary counter “ad hoc” macro running for endothelial quantification.
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5.13 Statistical analysis

According to the data distribution, continuous variables were calculated as mean + S D or median + IQR. Data
normality was assessed with the Saphiro-Wilk test. Differences were considered statistically significant at p<0.05.
All data were analyzed with RStudio (RStudio Team (2015): Integrated Development for RStudio, Inc., Boston,
MA), and graphics were created with ggplot2.

Objective 1: Sample size estimation: Being this objective a “hypothesis generator” study (to explore CMR early
markers in cardiotoxicity), we chose an arbitrary size of 5 animals per group. Once the early marker was defined
(T2 mapping values), the rest of the groups were calculated taking in account relative changes in T2 relaxation
times of 5 ms. Considering a SD of 3 ms and multiple comparisons between all the timepoints, we stablished
also a sample size of 5 for the other groups with 80% of power to detect differences. The t-test was used for two-
group comparisons and the changes of each imaging variable were assessed using one-way repeated measures
analysis of the variance (ANOVA) test. To identify the timepoints showing statistically significant changes com-
pared to the baseline values, pairwise paired t-test were performed considering p value adjustment for multiple

comparisons (Bonferroni method).

Objective 2: Sample size estimation: from Objective 1. The t-test was used for two-group comparisons and
the changes of each imaging variable were assessed using one-way repeated measures analysis of the vari-
ance (ANOVA) test. To identify the timepoints showing statistically significant changes compared to the baseline
values, pairwise paired t-test were performed considering p value adjustment for multiple comparisons (Bonfer-
roni method). For CFR and quantitative perfusion analyses in the grouped early analysis, only individuals from
Cardiotoxic and Recovery groups were used because their values were complete in all the timepoints. For the
histopathological analysis of the vessel injury, an ordinal multinomial regression nested by individual animal were
performed to detect differences in damage score between groups. Chi-square analysis between each group and

control group were performed as post-hoc analysis.

Objective 3: Sample size estimation: For stablishing i.v doxorubicin administration protocol, sample size was
also arbitrary in order to test the best regime for the study. For the main experiment, LVEF was chosen as
response variable between for evaluating effect of doxorubicin administration and aortic banding surgery itself.
Taking in account differences in LVEF of 10% (definition of cardiotoxicity), with a SD of 6.5%, 0% of casualties
and 80% of power and 0.05 of bilateral significance level; 7 pigs per group was the final sample size. Inasmuch
as we found unexpected mortality of 30% in Banding + doxo group we performed more animals until reach a size
of 7 at the end of the study. In order to discriminate between doxorubicin effect in banding / no banding groups

but also the potential effect of banding in low doxorubicin protocols, t-test was used for two-group comparisons
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taking in account doxorubicin exposure and aortic banding presence using two-way factorial analysis of the vari-
ance (ANOVA) test. For Billingham score analysis Chi-square analysis between each group and control group

were performed.

Objective 4: Sample size estimation: for calculating sample size in each group (RIPC and No RIPC), the pur-
pose was to detect 8% of difference in LVEF- similar to other cardioprotection studies- between treated and no
treated groups; with a SD of 6.5%, and 0% of casualties (previously defined in the animal model), a power of
0.8 and 0.05 of bilateral signification level. This resulted in 10 animals per group. T-test was used for two-group

comparisons taking in account RIPC exposure at the end of the study (16 weeks).

44



6 Results

All CMR grouped data are detailed in Supplementary Table 1 (for objective 1), Supplementary Table 4 (for
Objective 3) and Supplementary Table 5 (for objective 4). CMR and CFR grouped data is detailed in Supple-

mentary Tables 3 and 3 for objective 2 at Supplementary Material chapter.

6.1 Objective 1: Serial cardiac magnetic resonance for early detection of anthracycline-

induced cardiotoxicity

None of the pigs showed adverse events during doxorubicin administration at any time point (i.e. no changes

were noted in ECG or systolic arterial pressure during injections). None of the pigs died during the study.

6.1.1 Serial cardiac magnetic resonance tissue characterization of anthracycline-induced cardiotoxicity

Five pigs received 5 biweekly doxorubicin injections (weeks 0, 2, 4, 6, and 8). Multiparametric CMR was per-

formed weekly until week 16, when animals were sacrificed, and hearts harvested for pathology evaluation.

Left ventricular ejection fraction: Weekly CMR exams revealed no changes in LVEF until week 9 (one week
after the fifth and final doxorubicin injection). From week 9 onwards, LVEF declined progressively, the decline
becoming significant at week 12 (55 4+ 4% at baseline vs 43 + 6 at week 12; p=0.01). The lowest LVEF value
was recorded at the 16-week time point (30 + 8%; p=0.01 vs baseline). Group and individual LVEF trajectories
are presented in Figures 2A and 2B. In agreement with the LVEF data, no regional contractile abnormalities were
documented until week 10, when the doxorubicin-infused myocardium showed regional wall motion defects (data

not shown).

T2 relaxation times: Weekly CMR exams revealed no changes in T2 relaxation times on CMR exams performed
at weeks 0 through 5. At week 6, T2 relaxation times were significantly longer than at baseline (45.2 4+ 0.5ms
and 52.0 + 1.4 ms at baseline and week 6 respectively, p=0.007). T2 relaxation times subsequently increased,
reaching a maximum at end follow-up (73.0 4+ 4.6ms and 72.8 + 4.6 on weeks 12 and 16; p=0.005 and p=0.001

vs baseline, respectively). Group and individual T2 trajectories are presented in Figure 14, A and B.

T1 relaxation times: Native T1 relaxation times showed no change from baseline until week 10 (2 weeks after

the fifth and final doxorubicin dose). A non-significant increase was noted at week 10, followed by a progressive
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increase to end follow-up at week 16. Native T1 values were significantly longer than at baseline only from week

12 onwards (1087 4+ 101ms and 1220 £ 59 at baseline and week 12 respectively, p=0.02).

Extracellular volume (ECV): ECV expansion was tracked using a validated formula that includes pre- and post-

contrast T1 values and hematocrit [51]. In parallel with the native T1 trajectory, ECV did not differ from baseline

until week 10 (2 weeks after the fifth and final doxorubicin dose). ECV subsequently expanded progressively, but

with no statistically significant difference from baseline until week 14 (26.03 +5.8% and 41 + 1.34 at baseline and

week 14 respectively, p=0.006). Group and individual ECV trajectories are presented in Figure 14, A and B.

Late gadolinium enhancement (LGE): Positive LGE areas first appeared in the doxorubicin-infused area from

week 10 onwards. The enhanced areas formed a patchy pattern at week 12, becoming more evident at 16 weeks

follow-up (Figure 15, D.)
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Figure 14: Animal model of anthracycline cardiotoxicity (Group 1).

(A) Time course of CMR imaging studies. Data are represented as mean + SD (bars).

(B) Individual animal data at selected time points for LVEF, T2, and ECV. Asterisks indicate statistically significant differences compared with

week 0.

* p <0.05, ** p <0.01 and ns (no significant).
(Picture adapted from Galan-Arriola et al [68]).
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6.1.2 T2-driven strategy for the prevention of anthracycline-induced cardiotoxicity

Having documented T2 mapping abnormalities preceding systolic function deterioration, we next explored whether

T2 relaxation time prolongation occurred at a reversible stage of anthracycline-induced cardiotoxicity.

To address this question, we studied a group of 5 pigs (Group 2) in which doxorubicin treatment was stopped
upon detection of T2 prolongation. As in Group 1, T2 relaxation times in Group-2 pigs were non-significantly
prolonged at week 5 and this prolongation became significant at week 6 (i.e. immediately before the scheduled
fourth doxorubicin dose). Group 2 pigs therefore received only 3 doxorubicin doses (weeks 0, 2, and 4) and
were followed-up until week 16. T2 relaxation times in Group 2 pigs were significantly prolonged at week 6
(45.6 + 0.6ms and 51.6 + 0.8 at baseline and week 6 respectively, p=0.004) but returned to baseline levels at
week 8 (45.5 £+ 1.3ms; p=1 vs baseline), and these levels were maintained until end follow-up (44.8 &+ 1.4ms at
week 16; p=1 vs baseline) (Figure R.2B and E, blue lines). LVEF in Group 2 showed no deterioration during
follow-up ((Figure 15, A), and regional LV wall motion was similarly unaffected. All other evaluated parameters

in Group 2 remained within normal ranges throughout follow-up (Figure 15, D, blue lines).

6.1.3 Pathological correlates of early T2 mapping changes

The underlying tissue composition changes leading to early T2 relaxation-time prolongation in the presence of
normal T1 and ECV readings was investigated in another group of five pigs (Group 3). Group 3 animals received
3 doxorubicin doses, at weeks 0, 2, and 4, and were sacrificed immediately after detection of T2 prolongation
(at week 6). Like the other groups, these animals underwent a weekly CMR exam. Tissue samples from Group
3 animals were compared with samples from Group 1 and 2 animals, which were sacrificed at the end of the

16-week protocol.

Myocardial water content: As expected, T2 relaxation-time prolongation was associated with an increase in
myocardial water content [46]. At week 6, after 3 doxorubicin doses, T2 relaxation times were significantly pro-
longed in Group-3 animals (45.8 + 2.52ms and 52.6 + 2.2 at baseline and week 6 respectively, p=0.01) (Figure
15, B and E, green lines). Myocardial water content was significantly elevated in samples harvested at this time
point (396 + 12% of dry weight and 375 4+ 0.7 in Group 3 and control respectively, p=0.014, Figure 16, C). ECV
CMR data for Group 3 revealed no expansion of the extracellular space at week 6 (Figure 15, C and F, green
line), indicating that the increased myocardial water content and T2 prolongation likely corresponds to intracellular

edema.
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Figure 15: Time course CMR comparison between Group 1 and Group 2.

A) LVEF (%).

B) T2-GraSE mapping in the infused area (in ms).

C) ECV in the infused area (%).

D) Representative images of LGE sequences for selected time points and groups.
)

E) Representative images of T2-Grase mapping for selected time points and groups, represented with a mask range (20-120 ms).

(
(
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(F) Representative images of native T1-MOLLI mapping for selected time points and groups, represented with a ranged masked (550-1750

ms).

(Picture adapted from Galan-Arriola et al [68]).

At end follow-up in Group 1 (5 biweekly doxorubicin doses followed by sacrifice at week 16), myocardial water
content was also significantly increased (500 + 39% of dry weight; p<0.001 vs control). At this time point, ECV
CMR data revealed an overt increase in extracellular space (Figure 15, C and F, red line), a finding compatible
with extracellular edema formation. This is consistent with the positive LGE at this disease stage (Figure 15, D).
Interestingly, myocardial end follow-up water content in Group 2 (3 biweekly doxorubicin doses and follow-up to
week 16) did not differ from controls (365 & 0.5%; p=0.13 vs. control). Myocardial water content in all groups is

shown in Figure 16, C.
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Figure 16: End follow-up ex-vivo and imaging studies of the infused area in each group.

(A) Fibrosis (%) in the infused area for each group at sacrifice. Representative images show SR staining.

(B) ECV (%) in the infused area for each group at sacrifice. Representative images show CMR native T1-MOLLI with a 550-1750 ms mask
range. Red arrows mark areas with significantly increased signal.

(C) Water content (normalized to dry weight) in the infused area for each group at sacrifice. Representative HE images are shown. Black
arrows mark intra-cardiomyocyte vacuolization.

(D) T2-GraSE mapping (ms) in the infused area for each group at sacrifice. Representative images show CMR T2-GraSE mapping with a
20-120 ms mask range. Red arrows mark areas with significantly increased signal.

Asterisks indicate statistically significant statistical differences compared with week 0 for each time point:* p <0.05, ** p>0.01, *** p>0.001;
ns, non-significant.

(Picture adapted from Galan-Arriola et al [68]).
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Structural myocardial changes: HE staining of Group-3 samples (harvested at week 6, after 3 doxorubicin doses)
revealed cardiomyocyte vacuolization (Figure 16, E, left panel) with no other overt alteration to myocardial tissue
structure; cardiomyocytes maintained their shape and there was no increase in extracellular space. Interestingly,
at 16-week follow-up of animals receiving 3 doxorubicin doses (Group 2), samples showed no intra-cardiomyocyte
vacuolization (Figure R.3E, right panel). Conversely, myocardial samples from Group 1 pigs (5 doxorubicin doses
and 16-week follow-up) showed even larger intra-cardiomyocyte vacuolae and a disarrayed myocardial structure,
with increased extracellular space and replacement fibrosis, suggestive of end-stage disease (Figure 16, A and

E mid panel).
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6.2 Objective 2: Effect of doxorubicin on cardiac microcirculation

There were no casualties in any of the study groups. Doxorubicin administration was not associated with any

adverse reaction during injection (i.e. no changes were noted in ECG or systolic arterial pressure during).

6.2.1 Effect on the microvasculature of an acute exposure to intracoronary doxorubicin

We have already reported in the previous objective that i.c injections of doxorubicin are not associated with any
deterioration in LV systolic function until a certain cumulative dose is reached (i.e. after 4 biweekly 0.45 mg/Kg
injections) [68]. In that original description of the model, the status of the vasculature during the subclinical
stage of cardiotoxicity was not evaluated. In order to rule an acute deleterious effect that could arise from the
local route of administration, we first wanted to study the acute effects of a single i.c doxorubicin injection. To
this end, we evaluated in-vivo at rest (CMR-based absolute quantitative perfusion) and stressed (invasive CRF)
microcirculation status before/after a single 0.45 mg/Kg doxorubicin i.c injection, as well as 48h and 2 weeks later

(including histology at these time-points).

48 hours after a single i.c doxorubicin injection, CMR-based absolute quantitative perfusion and invasive CFR
were not different from baseline (199 + 40ml/100g/min vs 180 + 29.3 for CMR-perfusion and 3.7 + 1.22 vs
3.63 + 0.45 for CRF at baseline and 48 hours respectively). 2 weeks after a single i.c doxorubicin injection, CMR-
perfusion and CFR were again not different from baseline (199ml/100g/min 4 40 vs 183 4 49.2 for perfusion
and 3.7 + 1.22 vs 3.57 + 0.9 for CRF at baseline and 2 weeks respectively) (Figure 17, A and B).

On histology, 48 hours and 2 weeks after a single i.c doxorubicin injection, a mild increase in the collagen
content in the media layer of arteries of any size was the only structural abnormality observed. Arterioles
from doxorubicin-treated pigs did not show any difference from control ones. Figure 18, A, pink and purple
circles). Capillary density was not different in samples from pigs receiving one single i.c doxorubicin injec-
tion and controls at 48hours (1470 £ 310capillaries/mm?2 in controls vs. 1320 + 259, p=0.1) nor at 2 weeks
(1470 4 310capillaries/mm? vs. 1410 + 227, p=1 for 2 weeks). Figure 20, A and B, pink and purple boxplots.
In vivo and histological data in the remote region did not show any differences between animals receiving one

single i.c injection of doxorubicin and controls (Figure 19, B).

No inflammatory component was found in any grade of lesion. Altogether, these data rule out an acute chemical

damage induced by i.c doxorubicin injections.
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Figure 17: In-vivo functional microvascular assessment.

(A-B) Evolution over time from grouped data of Quantitative Perfusion, CFR and LVEF.

(C-F) Cardiotoxic and Recovery groups showed separately and followed in long-term until 16 weeks.

(G) Representative cardiac perfusion maps from Control, Early, Cardiotoxic and Recovery groups are shown in the left panel.

Asterisks indicate statistically significant statistical differences compared with week 0 for each time point:* p <0.05, ** p>0.01, *** p>0.001;

ns, non-significant.

6.2.2 Trajectories of microcirculation status across anthracycline-induced cardiotoxicity stages

Early stages of (subclinical) cardiotoxicity

As detailed before, from baseline to week 6 is the subclinical stage of cardiotoxicity in our model since no LV
motion abnormalities are detected [68]. Given that all groups followed the shame study protocol until week 6

(including same anthracycline regime with doxorubicin injections on weeks 0, 2, and 4), CMR-based LVEF, CMR-

based quantitative perfusion and invasive CRF data from all different groups were grouped.
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As previous described [68], LVEF remained unchanged from baseline (pre-doxorubicin) to 6 weeks (i.e. 2 weeks
after third dose), Figure 17, A and B, orange boxes. Conversely, CMR-based quantitative perfusion progressively
declined, reaching significant differences compared to baseline by week 6 (199 + 40mi/100g/min vs 141 + 23.3
at baseline and after 3 biweekly doxorubicin doses respectively, p=0.012), Figure 17, A, green boxes. Functional
evaluation of the microcirculation by invasive CFR showed a similar trend of progressive reduction across time.
At 4 weeks the decline in CRF was already statistically significant ((3.7 £1.22 vs 2.44 £ 0.91 at baseline and after
2 biweekly doxorubicin doses respectively, p=0.03). At 6 weeks, CFR was even further reduced, Figure 17, B,

green boxes (3.7 + 1.22 vs 2.31 &+ 0.65 at baseline and after 3 biweekly doxorubicin doses, p=0.04).
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Figure 18: Histopathological findings regarding arterial niche.

(A) Dot plot representing each artery and arteriole and its associated damage score from all the animals divided by group.
(B) Representative images for each artery size and arteriole and their associated damage score with M staining (from 0 to 4).
Asterisks indicate statistically significant statistical differences compared with week 0 for each time point:* p <0.05, ** p>0.01, *** p>0.001;

ns, non-significant.
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Histological evaluation at 6 weeks (i.e. 2 weeks after the third biweekly doxorubicin injection) revealed structural

alterations in arteries of all sizes (small, medium and large caliber); Figure 18, A, upper panel, green circles. Ob-
served changes were mild but statistically significant compared to control arteries (p<0.001). Alterations included
perivascular fibrosis, collagen infiltration in the media layer and mild vacuolization of smooth muscle cells (Fig-
ure 18, B). Capillary density quantification by CD31 immunohistochemistry at 6 weeks showed a non-significant

decrease in the number of capillaries (1090 =+ 344capillaries/mm? vs 1470 + 310 in samples from doxorubicin-

injected and controls respectively, p=0.43). Figure 20, A and B green boxplot and “early” labeled. Conversely,

arterioles architecture was preserved at 6 weeks in animals injected with doxorubicin, Figure 18, A and B, lower

panels.

In vivo (perfusion and CRF) trajectories and histology evaluation at 6 weeks in the remote region were over-

all attenuated in the remote than in the infused region (Figure 19, A).
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Figure 19: Functionally and anatomopathological data from the remote area.

Recovery

(A) Quantitative perfusion and CFR values from grouped data during early cardiotoxicity development and from Cardiotoxic and Recovery

groups in long-term.

(B) Individual damaged score from arteries of every size and arterioles in all the study groups.

Asterisks indicate statistically significant statistical differences compared with week 0 for each time point:* p <0.05, ** p>0.01, *** p>0.001;

ns, non-significant.
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Overt cardiotoxicity stages:

There was a significant decline in LVEF between 6 weeks and 16 weeks follow-up. At 16 weeks, there was
a very severe LV systolic depression evidencing the overt cardiotoxicity after 5 biweekly doxorubicin injections
(52.5 + 1.5% vs. 30.4 4 7.7 at baseline and 16 weeks respectively, p=0.01). CMR-based quantitative perfu-
sion, which was already reduced at 6 weeks, further and largely declined at week 16 (135 + 4.9mi/100g/min
vs. 65.4 + 18.2 at 6 and 16 weeks respectively, p=0.008, Figure 17, C, red boxes. Invasive functional eval-
uation of the microcirculation showed a similar pattern of progressive decline in CFR, reaching its lowest value

at 16 weeks follow-up (2.1£0.2 vs. 1.414+0.23 at 6 and 16 weeks respectively, P=0.003), Figure 17, E, red boxes.

Histological evaluation at 16 weeks (i.e. 8 weeks after the fifth (last) biweekly doxorubicin injection) revealed
a massive injury at arterial and arteriolar levels (p<0.001 compared with control group), Figure 18, A. Structural
alterations in arteries of all sizes (small, medium and large caliber) and arterioles included moderate to severe
tunica intima hyperplasia with luminal stenosis or massive loss of smooth muscle cells in tunica media with ex-
tracellular matrix replacement Figure 18, B. Capillary density evaluation showed a massive loss of capillaries at
these late stages of cardiotoxicity (1470 + 310capillaries/mm2 vs 394 + 271 in controls vs 16 weeks, p<0.001).
Figure 20, A and B red boxplot and “cardiotoxic” labeled.

In vivo (perfusion and CRF) trajectories and histology evaluation at 16 weeks in the remote region followed a
same pattern than in the infused region (significant deterioration of structural and functional microvascular struc-

ture), albeit the effect size was attenuated (Figure 19).

6.2.3 Reversibility of anthracycline-induced microvascular alterations

Once cardiotoxicity is overt (i.e. clinical stage), the induced damage already passed a no-return point both in
terms of LV systolic function and microvascular alterations, as seen in previous section. Here we wanted to
explore the persistence or reversibility of the microvascular alterations (anatomical and functional) induced by
doxorubicin at 6 weeks (i.e. in the subclinical stages of the disease). To this end, we evaluated microvascular
trajectories and histological alterations long after completion of a three biweekly doxorubicin injections (i.e. sub-
clinical cardiotoxicity protocol). Animals in the “recovery” group were followed up until week 16 (i.e. 12 weeks
after last (third) i.c doxorubicin injection), and underwent serial in vivo microvascular evaluations (CMR-perfusion

and invasive CFR), and histology evaluation at the end of the protocol.

LVEF was unaltered at 6 weeks, and remained the same at 16 weeks follow-up (53.7 4+ 4.21% vs. 57.1 4 4.05

at baseline and 16 weeks respectively, p = 0.14). CMR-based quantitative perfusion was reduced at 6 weeks
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(described above), and remained reduced at 16 weeks (146 + 31.5ml/100g/min vs 138 + 11.9 at 6 and 16
weeks respectively, p=0.63), Figure 18, D. A similar pattern was observed when CRF was evaluated invasively

(3.52 +10.89 vs. 3.13 & 0.82 at baseline and 16 weeks respectively, p=0.13), Figure 18, F.
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Figure 20: Capillary density in all groups.

(A) Boxplots for each study group indicating capillary density values.
(B) Representative CD31 staining images for each group.
Asterisks indicate statistically significant statistical differences compared with week 0 for each time point:* p <0.05, ** p>0.01, *** p>0.001;

ns, non-significant.
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Histological evaluation at the end of the 16 weeks protocol in the “recovery” group (3 biweekly doxorubicin injec-
tions followed-up until week 16) showed a similar pattern to that seen at 6 weeks (mild collagen infiltration and
muscular vacuolization of the media layer of all-sized arteries without any visible damage on arterioles) (Figure
18, A, blue circles). Similar to what was seen at 6 weeks, capillary density was non-significantly reduced at 16
weeks (1470 + 310capillaries/mm? in controls vs. 1070 4 307, p=0.4), (Figure 20, A and B, blue boxplot). Data

in remote myocardium showed a similar pattern but attenuated in its magnate (Figure 19).
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6.3 Objective 3: Vulnerability of the hypertrophied heart to anthracycline-induced car-

diotoxicity

6.3.1 Survival probability during anthracycline-induced cardiotoxicity development in animals with pres-

sure afterload

For the mortality study, humanitarian sacrifice due to myelosuppression and other side effects of i.v anthracycline
administration were considered as censored times. Similarly, peri-mortality secondary to aortic banding surgery
complication was treated as well as censored event for the analysis. For this purpose, first 7 animals performed
per group were included. Due to the mortality, individuals that died during this part of the experiment were re-
placed in order to maintain the calculated sample size for the main objective in this study (cardiotoxicity evidenced
as significant differences in LVEF between groups). During the experiment, animals with aortic banding receiving
doxorubicin treatment showed significant higher mortality than the rest of the groups (p=0.006): 1 animal was
found dead during anthracycline treatment and 2 more in the next 3 months. Only 1 animal was to be sacrificed
in both doxorubicin groups (Banding and No banding) because secondary deterioration due to anthracycline ex-
posure. None of the animals died in both control groups (Banding and No banding). Kaplan-Meier curves and
number at risk are represented in Figure 21. As is pointed before, new animals were enrolled because the mor-
tality to complete the sample of 7 pigs per group: 1 new animal in No banding + doxo group and 6 in Banding +

doxo group (3 also died during the experiments).
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Figure 21: Kaplan-Meier survival curves with number at risk and number of censoring for all the groups.
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6.3.2 Cardiac magnetic resonance evidences of cardiotoxicity development in animals with aortic band-

ing surgery

For both CMR sequences, functional and mapping, two-way factorial ANOVA was performed taking in account

doxorubicin administration but also aortic banding surgery effect in the several imaging parameters.

Functional cardiotoxicity development in animals with pressure overload:

All animals underwent aortic banding surgery developed pressure overload with hyperkinetic phenotype at 0
months (76.6% =+ 6.64 in control and 77.3 4 8.65 in doxo). Those individuals that received i.v doxorubicin started
to decrease their LV function at the end of systemic anthracycline treatment (68.7% +12.9 at 1 month), suffering a
detrimental dysfunction until the end of the study at 4 months (46.9% + 8.67). Aversely, control animals with only
aortic stenosis surgery, continued increasing their hyperkinetic profile; which resulted in cardiac hypertrophy at 4
months, and showed significant differences compared with Banding + doxo group (84.0% =+ 4.83 vs 46.9 & 8.67;
p<0.001). (Figure 22, A “over time” plot, banding panel). “No banding” animals from both groups (doxo and
control) started with the same LV function at time 0 (58.6% =+ 2.68 in control and 57.6 & 4.71 in doxo) with lit-
tle changes over time until the end of the experiment at 4 months, but no significant differences between them
(64.2% =+ 3.53 in control vs 62.4 4= 3.61 in doxo; p=0.56). Considering the aortic banding surgery effect itself,
differences were found in both groups, control animals (64.2% =+ 3.53 in “no banding” vs 84.0 & 4.83 in “banding”;
p<0.001) and animals receiving systemic anthracyclines therapy (62.4% + 3.61 in “no banding” vs 46.9 &+ 8.67 in
“pbanding”; p<0.001). (Figure 22, A “4 months” plot and Figure 22, E).

Indexed LV mass and volumes concordantly changed according LV function. LV mass differences were statisti-
cally significant at 4 months only in control animals developing cardiac hypertrophy after aortic banding surgery
compared with “No banding” controls (102g.indz. £ 27.3 vs 62 4+ 12.0; p=0.03). However, no differences were
found in the rest of comparisons, neither in doxo animals underwent surgery compared with “No banding” doxo
pigs (101g.indz. £ 37.2 vs 69.3 £ 6.89; p=0.07), nor in “No banding” animals (62¢.indx. & 12.0 in control vs
69.3 =+ 6.89 in doxo; p=1) nor “Banding” groups (102g.indz. £ 27.3 in control vs 101 &+ 37.2 in doxo; p=1) (Figure
22,B and E).

Indexed LV end-diastolic volumes did not show any statistical differences in any comparison: “Banding con-
trol” vs “Banding + doxo” (69.4ml.indx. + 12.3 vs 84.8 £ 19.5; p=0.32), “No Banding control” vs “No Banding +
doxo” (68.7ml.indx. &= 14.4 vs 76.5 = 11.9; p=1), “Banding control” vs “No Banding control” (69.4ml.indx. + 12.3
vs 68.7 & 14.4; p =1) and “Banding + doxo” vs “No banding + doxo” (84.8ml.indx. £ 19.5 vs 76.5 + 11.9; p=1).
However, they were always higher in animals receiving anthracyclines and reaching the highest value in “Banding

+ doxo” pigs (Figure 22, C and E).
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Figure 22: CMR functional parameters over time and at 4 months of study.

(A) LVEF data, (B) LV mass (indexed) data, (C) LVEDV (indexed) and (D) LVESYV (indexed) data.
(E)Representative CMR CINE images for each group.
(#) represents differences between “No banding” and “Banding” groups (for controls and doxo) and (*) represents differences between

“Control” and “Doxo” groups (for “Banding” and “No Banding”). */# for p < 0.05, **/## for p < 0.01 and ***/### for p < 0.001.
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Indexed LV end-systolic volumes changed accordingly LVEF, showing statistically significant differences evalu-
ating doxorubicin administration effect in operated animals (11.5ml.indx. + 4.61 in controls vs 46.2 + 17.5 in
doxo; p<0.001), but also banding effect itself in both doxorubicin administrated groups (29.0ml.indx. & 6.57 in
“No Banding” vs 46.2 £+ 17.5 in “Banding”; p=0.012). Differences were also identified in control animals under-
went aortic banding surgery compared with “No Banding” control animals (24.5ml.indx. + 5.19 in “No Banding”
vs 11.5 4+ 4.61 in “Banding”; p=0.046) but not among “No Banding” groups (24.5ml.indx. £ 5.19 in control vs

29.0 = 6.57 in doxo; p=0.4) (Figure 22, D and E).
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Figure 23: CMR mapping values over time and at 4 months.

A) T2-GraSE mapping values.

(

(B) ECV mapping values.

(C) Representative short axis myocardial images by group for T2-GraSE, Native T1 and LGE.
(

#) represents differences between “No banding” and “Banding” groups (for controls and doxo) and (*) represents differences between
“Control” and “Doxo” groups (for “Banding” and “No Banding”). */# for p < 0.05, **/#i# for p < 0.01 and ***/### for p < 0.001.
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Tissue in-vivo characterization of cardiotoxicity development in animals with pressure overload:

Firstly, T2-GraSE mapping were acquired and a septal ROl was traced in the anteroseptal wall. Only animals with
aortic banding surgery that received anthracyclines showed increased T2 values in that area compared only with
operated control animals (41.8ms &+ 2.72 in control vs 46.2 + 17.5 in doxo; p=0.043). No differences were found
in the rest of comparisons: “No Banding + doxo” vs “Banding + doxo” (43.0ms 4+ 3.52 vs 46.2 + 17.5; p=0.2), “No
Banding control” vs “Banding control” (40.8ms 4+ 1.15 vs 41.8 &+ 2.72; p=0.88), nor “No Banding control” vs “No
Banding + doxo” (40.8ms 4+ 1.15 vs 43.0 & 3.52; p=0.46) (Figure 23, A and C).

ECV maps did not show differences in any comparison: “Banding control” vs “Banding + doxo” (28.3% 4 9.03 vs
24.3 +2.97; p=0.70), “No Banding + doxo” vs “Banding + doxo” (23.0% =+ 2.17 vs 24.3 + 2.97; p=1), “No Banding
control” vs “Banding control” (25.6% =+ 3.51 vs 28.3+9.03; p=1), nor “No Banding control” vs “No Banding + doxo”
(25.6% + 3.51 vs 23.0 + 2.17; p=1) (Figure 23, B and C).

Ex-vivo evaluation of doxorubicin administration impact in cardiac tissue :

According to ECV mapping data, histological analysis revealed no changes in collagen fraction area in Sirius
Red staining; with no differences between any comparison: “Banding control” vs “Banding + doxo” (8.78% =+ 2.05
vs 12.1 + 3.59; p=0.67), “No Banding + doxo” vs “Banding + doxo” (11.5% =+ 8.36 vs 12.1 + 3.59; p=0.82), “No
banding control” vs “Banding control” (16.0% =+ 2.46 vs 8.78 + 2.05; p = 0.1), nor “No banding control” vs “No
banding + doxo” (16.0% + 2.46 vs 11.5 4 8.36; p=0.67). Showing that no myocardial fibrosis is developed with

aortic banding surgery nor anthracycline administration or combination (Figure 24, A and B).

Regarding histopathological analyses in H-E staining; while control animals (operated and non-operated) had
a normal tissue composition with no changes nor alterations; animals that received low i.v regimes of systemic
anthracyclines 4 months after aortic banding surgery developed doxorubicin-induced cardiotoxic anatomopatho-
logical findings. Those alterations consisted in severe intra-cardiomyocyte vacuolization, cardiac fiber disorgani-
zation in absence of any inflammatory infiltration. Animals with no banding in which the same regime of anthra-
cyclines were administrated, developed a very mild version of anthracycline lesions with few vacuole formations

and no additional structural changes (Figure 24, C and D).
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Figure 24: Ex vivo tissue characterization.

A) Collagen Fraction Area in the LV anterior wall.

)

B) Representative SR staining images from each group.
)
)

(

(

(C) Billingham score evaluation represented in stacked barplots.

(D) Representative HE intra-cardiomyocyte vacuolization from each group.
(

#) represents differences between “No banding” and “Banding” groups (for controls and doxo) and (*) represents differences between

“Control” and “Doxo” groups (for “Banding” and “No Banding”). */# for p < 0.05, **/## for p < 0.01 and ***/### for p < 0.001.
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6.4 Objective 4: Remote ischemic preconditioning and anthracycline-induced cardiotox-

icity

One pig of RIPC+DOXO Group died after the third anthracycline injection due to experimental procedure. This

pig was replaced by another to maintain calculated sample size.

6.4.1 Effect of remote ischemic preconditioning in cardiac function during cardiotoxicity development

Animals underwent RIPC protocol before each doxorubicin administration showed a borderline statistically signif-
icant better LVEF at 16 weeks compared with DOXO group (41.5%+9.1 vs 32.5+8.7; p=0.04). These differences
can be observed at week 12, once cardiac dysfunction have already taken place (43.2% + 8.1 vs 33.4 +9.1) and

seem to be maintained until the end of the study (Figure 25, A).
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Figure 25: Effect of RIPC during ACT: functional serial evaluation by CMR.

(A) LVEF, (B) LV mass (indexed), (C) LVEDV (indexed) and (D) LVESV (indexed).

(E-F) Panels showing representative 4 chamber and short axis views from RIPC+DOXO and DOXO groups for systolic and diastolic phases.
Asterisks indicate statistically significant differences comparing RIPC+DOXO vs DOXO group at 16 weeks: : ns p > 0.05, * p <0.05, ** p <
0.01 and *** p < 0.001.
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This amelioration in LVEF was accompanied by lower LVEDV (156.0ml.indx. + 38.4 vs 168.0 + 69.7; p=0.63,
Figure 25, C, E and F) and LVESV (93.1ml.indx. £ 35.2 vs 118.0 & 64.3; p=0.30, Figure 25, D, E and F) in
RIPC+DOXO group compared with DOXO group, but these differences were not statistically significant. Regard-
ing LV mass values, once again, differences were not statistically significant between both groups (82.9ml.indx.+
12.4 vs 85.4 + 14.3; p=0.68, Figure 25, B).
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Figure 26: Effect of RIPC during ACT: mapping serial evaluation by CMR.

(A) T2-GraSE, (B) ECV, (C) T1-MOLLI native and (D) T1-MOLLI post-contrast values for infused and remote areas in both groups.

(E-F) Panels showing representative images of T2-GraSE, T2-STIR, T1 native and post contrast and Late Gadolinium Enhancement from
RIPC+DOXO and DOXO groups.

Asterisks indicate statistically significant differences comparing RIPC+DOXO vs DOXO group at 16 weeks: : ns p > 0.05, * p <0.05, ** p <
0.01 and *** p < 0.001.
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6.4.2 Effect of remote ischemic preconditioning in cardiac magnetic resonance tissue characterization

during cardiotoxicity development

T2-GraSE mapping and water content analysis:

As we reported before [68], T2 elongation took place at early timepoint (6 weeks), during subclinical stages,
and was maintained elevated in the Infused Area during anthracycline-induced cardiotoxicity development in both
groups, RIPC+DOXO (43.3ms=+1.8 at basal vs 52.2+5.2 at 6 weeks; p=0.008, vs 52.94+4.4 at 8 weeks; p<0.001,
vs 62.8 £ 9.3 at 12 weeks; p<0.001, vs 61.9 + 13.8 at 16 weeks; p=0.01) and DOXO (43.2ms + 2.4 at basal vs
50.5 4+ 2.6 at 6 weeks; p=0.001, vs 55.2 + 3.2 at 8 weeks; p<0.001, vs 64.3 + 8.7 at 12 weeks; p=0.001, vs
69.0 + 11.1 at 16 weeks; p<0.001). At 16 weeks RIPC+DOXO group showed lower T2 values than DOXO group;
however, these differences were not significant between them (61.9ms 4 13.8 in RIPC+DOXO vs 69.0 4+ 11.1 in
DOXO; p=0.22, Figure 26 A, and E, left panel and first column). As we also reported before [68], no changes in

Remote Areas were noticed in any of both groups (Figure 26 A, and E, first and second columns).

Ex-vivo tissue characterization revealed increase in water content in both groups with no differences between
them (83.0£1.2% in RIPC+DOXO vs 82.9+1.8 in DOXO; p=0.92, Figure 27 A). Classical doxorubicin-cardiotoxicity
lesions consisted in muscle fibber disarray and intra-cardiomyocyte vacuolization could be observed in HE sec-

tions in both groups (Figure 27 C, upper panels).

T1-MOLLI native and post-contrast, ECV expansion and collagen content:

As in T2 assessment during anthracycline-induced cardiotoxicity development, T1 native and post-contrast, as

well as, ECV result were equal as we previously reported [68].

T1 native started to increase once LVEF deterioration is already present, at 12 weeks, for both groups: RIPC+DOXO
(1150ms + 58 at basal vs 1160 + 71 at 6 weeks; p=1, vs 1220 &+ 90 at 8 weeks; p=0.35, vs 1360 £+ 112 at 12
weeks; p=0.01, vs 1300 + 109 at 16 weeks; p=0.02), and DOXO (1110ms 4 63 at basal vs 1120 + 68 at 6 weeks;
p=1, vs 1210 4 98 at 8 weeks; p=0.23, vs 1350 & 108 at 12 weeks; p=0.003, vs 1410 + 108 at 16 weeks; p=0.01).
At 16 weeks, RIPC+DOXO group showed lower T1-native values than DOXO group; however, these differences
were not significant between them (1300ms 4= 109 in RIPC+DOXO vs 1410 + 108 in DOXO; p=0.11, Figure 26 C

and E, left panel and third column).

Similarly, T1 post-contrast started to significantly change once LVEF deterioration was already present, at 12-

16 weeks, for both groups: RIPC+DOXO (809ms + 64 at basal vs 790 + 43 at 6 weeks; p=1, vs 742 + 74 at
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8 weeks; p=0.4, vs 725 + 116 at 12 weeks; p=1, vs 697 + 42 at 16 weeks; p=0.003), and DOXO (838m.s + 66

at basal vs 778 4+ 30 at 6 weeks; p=0.21, vs 775 + 62 at 8 weeks; p=0.13, vs 665 + 109 at 12 weeks; p=0.02,

vs 647 £+ 114 at 16 weeks; p=0.008). At 16 weeks, RIPC+DOXO group showed higher T1 post-contrast values

than DOXO group; however, these differences were not significant between them (697ms+42 in RIPC+DOXO vs

647 + 114 in DOXO; p=0.31, Figure 26 D and E, left panel and fourth column). As we also reported before(95),

no changes in Remote Areas were noticed in any of both groups (Figure 26 B-D and E, right panel; and third,

fourth and fifth columns).
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Figure 27: Effect of RIPC at late stages of anthracycline-induced cardiotoxicity: ex-vivo evaluation.

(A) Myocardial Water Content and (B) Collagen Fraction Area values in Infused Area for both groups at 16 weeks.

(C) Panels showing representative images HE (upper panels) or SR and M staining (lower panels) from RIPC+DOXO and DOXO groups.

Asterisks indicate statistically significant differences comparing RIPC+DOXO vs DOXO group at 16 weeks: : ns p > 0.05, * p <0.05, ** p <

0.01 and *** p < 0.001.
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For ECV results were pretty much the same, beginning to significantly change once LVEF deterioration is already
present, at 12 weeks, for both groups: RIPC+DOXO (27.5% =+ 2.14 at basal vs 27.8 + 3.0 at 6 weeks; p=1, vs
29.1 + 8.2 at 8 weeks; p=1, vs 45.1 +£ 9.7 at 12 weeks; p=0.003, vs 39.3 + 6.9 at 16 weeks; p=0.007), and DOXO
(24.8% + 4.6 at basal vs 24.6 + 3.6 at 6 weeks; p=1, vs 29.4 + 5.4 at 8 weeks; p=0.5, vs 41.0 + 7.1 at 12 weeks;
p=0.003, vs 43.2 £+ 10.9 at 16 weeks; p=0.007). At 16 weeks, RIPC+DOXO group showed lower ECV values
than DOXO group; however, these differences were not significant between them (39.3% =+ 6.9 in RIPC+DOXO
vs 43.2+10.9 in DOXO; p=0.35, Figure 26 B and E, left panel and fifth column). As we also reported before [68],
no changes in Remote Areas were noticed in any of both groups (Figure 26 B-D and E, right panel; and third,
fourth and fifth columns). Nevertheless, borderline statistically significant differences were observed regarding
collagen fraction area in the Sirius Red staining for the Infused Area; being the percentage of Collagen lower in
the RIPC+DOXO group than in the DOXO group (16.9% =+ 5.4 vs 24.4 £ 9.6; p=0.04, Figure 27 B and C, left

panel and lower panel).

6.4.3 Effect of remote ischemic preconditioning in heart metabolism during cardiotoxicity development

In order to explore metabolic changes during and at late stages of anthracycline-induced cardiotoxicity, PET
scans at baselines, 8 weeks (just before the last doxorubicin IC injection) at 16 weeks (before animal sacrifice)

as well as mitochondrial TEM and WEB analysis at 16 weeks were performed in both groups.

FDG uptake during ACT development:

PET counts were measured in Infused and Remote areas and normalized by counts in pectoral muscle in or-
der to reduce variability. In both groups, an increase in glucose uptake was notice in the Infused Area at 8 weeks
during subclinical cardiotoxicity development, with no deterioration in LVEF nor T1 or ECV mapping (Figure 28,
A and C). Despite of counts of radiotracer were lower for RIPC+DOXO group for both areas, differences were
not statistically significant at 16 weeks in Infused (9.98 + 2.95 vs 10.20 + 8.65; p=0.93,Figure 28, A and C) and
Remote area (6.28 4+ 4.00 vs 10.30 4+ 17.80; p=0.5, Figure 28, B and C).

Impact of RIPC in mitochondrial quality control:
Ex-vivo mitochondrial TEM analysis at 16 weeks revealed higher mitochondrial size in healthy control animals
compared with RIPC+DOXO and DOXO animals, but mitochondria from RIPC-treated groups preserved their size

more like healthy controls compared with DOXO individuals (0.19um?2 + 0.23 vs 0.14 £ 0.19 [median + IQR];
p<0.001, Figure 29, A).
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Density curves also pointed that area distribution shapes from RIPC+DOXO group were located between DOXO
and healthy controls (Figure 29, B). Both groups treated with doxorubicin showed a greater number of mitochon-
dria compared with healthy control but with no statistically significant differences between them (291mitochondria+

10 vs 270 4+ 80; p=0.70, Figure 29, C)
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Figure 28: Effect of RIPC during ACT: glucose uptake serial evaluation by PET scan.

(A) Infused and (B) Remote for both groups over time.

(C) Panels showing representative images of PET-CT reconstructed studies from RIPC+DOXO and DOXO groups for each timepoint.
Asterisks indicate statistically significant differences comparing RIPC+DOXO vs DOXO group at 16 weeks: : ns p > 0.05, * p < 0.05, ** p <
0.01 and *** p < 0.001.
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Regarding mitochondrial morphology evaluation, while healthy mitochondria presented a round shape with their
cristae well defined, organelles from RIPC+DOXO group lose their shape and presented intra-matrix vacuoliza-
tion. In the DOXO group, mitochondria shape was quite aberrant, elongated and irregular, their cristae were so

affected and thickened, and their matrix was highly condensed (Figure 29, D).
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Figure 29: Effect of RIPC at late stages of ACT: Mitochondrial TEM evaluation.

A) Mitochondrial Area for each mitochondrion in the Infused Area from each group.

(A)

(B) Density mitochondrial area distribution curves for each group.
(C) Number of mitochondria in the Infused Area from each group.
(

D) Representative mitochondrial TEM images at 6000X, 10000X, 20000X and 40000X from each group.

Asterisks indicate statistically significant differences comparing RIPC+DOXO vs DOXO group at 16 weeks: : ns p > 0.05, * p < 0.05, ** p <
0.01 and *** p < 0.001.

70



7 Discussion

7.1 Objective 1: Serial cardiac magnetic resonance for early detection of anthracycline-

induced cardiotoxicity

In a pig model of anthracycline-induced cardiotoxicity with serial multiparametric CMR evaluations, we demon-
strate that T2 mapping abnormalities provide the earliest marker of subtle myocardial damage, with T2 relaxation
times prolonged long before LV motion abnormalities were detected. At this early stage of cardiotoxicity, T1 relax-
ation times and ECV quantification were unaltered. Pathology evaluation upon T2 prolongation demonstrated an
absolute increase in myocardial water content, correlating with vacuolae formation in preserved cardiomyocytes
but with no concomitant fibrosis or increased extracellular space. These findings demonstrate that T2 relaxation-
time prolongation in the presence of normal T1 mapping and ECV identifies intra-cardiomyocyte edema as the
earliest anthracycline-induced cardiotoxic event. Our results further demonstrate that stopping doxorubicin ad-
ministration upon detection of T2 relaxation-time prolongation prevents progression to myocardial dysfunction,

with subsequent T2 normalization as a surrogate of cardiomyocyte vacuolae resolution (Figure 30).

These findings indicate that this marker of intra-cardiomyocyte edema appears at a reversible disease stage

and thus has important clinical implications.

Previous CMR evaluations of anthracycline-induced cardiotoxicity have been performed in mice [78], rats [79],
[80], and rabbits [65, 66]; however, ours is the first study to use the pig model with serial CMR evaluations.
We chose the pig because of its anatomical and physiological similarity to humans (including heart rate and
metabolism) and because the CMR protocols are the same as those used clinically. Our study is the most
comprehensive to date, since it includes weekly multiparametric CMR evaluations over 4 months to cover all
cardiotoxicity stages, from baseline to end-stage disease with overt LVEF deterioration. Following a modification
of a published protocol in pigs [69, 70], doxorubicin was injected directly into the coronary arteries rather than in-
travenously. This approach achieves high local doxorubicin concentrations in the heart without exposing animals
to undesired systemic adverse effects like myelosuppression, which would render the animals vulnerable to in-
fection and thus potentially affect survival and even cardiac readouts. This approach is validated by the absence

of casualties in our study.

71



Serial CMR exams during on-anthracycline treatment

» No changes in T2/T1 mapping
No toxicity » LV motion not affected
* No changes in histology

Subtle damage » T2 mapping affected

(earliest sign * T1 mapping / ECV /

of cardiotoxicity) LV motion not affected
Reversible stage  * Intra-cardiomyocyte vaculozation

Halt * T2 mapping normalization

anthracycline * 11 Mmapping/ECV /

treatment LV motion not affected
* Vaculoae regression

Time of treatment
Increasing cumulative dose

Overt * T2 mapping affected

Cardiotoxicity * T1 mapping / ECV / LV motion affected

Irreversible stage * Massive vacuolization+fibrosis+
Cardiomyocyte loss

Figure 30: Summary lllustration for Objective 1.

Serial cardiac magnetic resonance (CMR) evaluations during on-(anthracycline)-treatment allows very early detection of subtle myocardial
damage. Isolated T2 relaxation times prolongation (with normal T1, ECV, and LV motion) is able to identify intra-cardiomyocyte
vacuolization, the earliest cardiotoxic event. Stopping anthracycline therapy at this early time point results in no progression to LV motion
abnormalities and normalization of T2 values (corresponding to vacuolae regression). These phenomena support that T2 mapping identifies
anthracycline-induces cardiotoxicity at a reversible stage of the disease. If anthracycline therapy is not halted, T1 mapping and ECV become
pathological at a stage where LV motion is already deteriorated. Serial multiparametric CMR might serve to implement a personalized

treatment approach for patients undergoing anthracycline therapy and prevent cardio-toxicity.

Current clinical approaches for the early detection of cardiotoxicity are based on deterioration of LV motion, de-
tected as LVEF or global longitudinal strain [7,15]; however, these changes reflect profound damage to myocardial
function and thus only become manifest at an advanced stage of the disease. Aimost 90% of patients developing

anthracycline-mediated LVEF deterioration never fully recover pre-treatment LVEF even with HF therapies [81].

The identification of T2 relaxation-time prolongation as a very early marker of reversible intra-cardiomyocyte
vacuolization thus has important clinical implications. Serial T2 mapping might allow tailored anthracycline dose
management, with patients showing no T2 mapping abnormalities perhaps able to receive further doses, even
beyond currently accepted high cardiotoxicity limits, without increasing the risk of future LV dysfunction. This
could be especially helpful for patients requiring high anthracycline doses to halt cancer progression. There is

also potential to monitor and possibly modify anthracycline therapy in vulnerable populations, such as patients
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with pre-existing myocardial disease (we further explored this issue in Objective 3); pediatric or geriatric patients;
smokers; obese or sedentary patients; patients consuming alcohol; or patients with hypertension, diabetes, or

hypercholesterolemia [7].

The chemotherapy dose-management potential of serial T2 mapping is supported by the finding that cessation
of doxorubicin therapy upon detection of T2 mapping abnormalities prevented progression to LV motion deterio-

ration or fibrosis development and led to regression of cardiomyocyte vacuolae formation.

Another potential application of serial T2 mapping is decision making about heart failure therapy initiation (e.g.
with beta-blockers and/or ACE-inhibitors). This is highly significant, since a major predictor of therapeutic my-

ocardial recovery is the time elapsed between anthracycline therapy and cardiotoxicity diagnosis [82].

Cardinale et al. found that only 42% of patients with anthracycline-induced cardiotoxicity fully recovered LV
function in response to heart failure therapy; in that study, the percentage of responders decreased progressively
as the time from the end of anthracycline therapy to the start of heart failure treatment increased [82]. There-
fore, early detection and prompt treatment of cardiotoxicity is crucial to ensuring substantial recovery of cardiac
function. With current approaches (based on LVEF and global longitudinal strain), the mean interval from the end
of anthracycline therapy to the detection of cardiotoxicity is 3.5 months [81]. The ability to identify patients at a
much earlier stage would allow earlier initiation of heart failure therapy and thus prevent many cases of overt LV

dysfunction.

T2 mapping is an accurate technique for the detection and quantification of myocardial edema [46]. We have
previously used T2 mapping to characterize the edematous reaction of porcine [47—49] and human [50] my-
ocardium to ischemia/reperfusion. T2 relaxation-time prolongation correlates with increased myocardial water
content [46] but by itself does not differentiate between intracellular and extracellular edema. Our multiparametric
approach, combining T2 mapping with T1 mapping and ECV quantification, here allowed us to define the spatial
location of increased myocardial water. T2 mapping prolongation in the absence of T1 mapping or T1-based
ECV changes is highly suggestive of intracellular edema formation. Intracellular vacuolization is an early change
in the anthracycline-injured myocardium, identified as a pre-apoptotic phenomena in animal models and human
biopsies [28—-30, 83].

Our analysis records not only in-vivo changes in T2 mapping, but also the very early presence of intra-cardiomyocyte
vacuolization, before the appearance of LV functional abnormalities. At the end of follow-up in animals undergo-
ing the full doxorubicin protocol (5 biweekly injections and follow-up to 16 weeks), T2 relaxation times were even

longer than at early stages and were accompanied by significant T1 relaxation-time prolongation, a significantly
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elevated T1-based ECV fraction, and patchy LGE. The pathological correlate at this end-stage of the disease was
the presence of larger and more numerous intra-cardiomyocyte vacuoles accompanied by intense extracellular

matrix remodeling and diffuse fibrosis.

Our results are in line with those reported by Farhad et al [78]. Using a mouse model of anthracycline-induced
cardiotoxicity, these authors found that 5 weekly doxorubicin injections induced early prolongation of T2 relax-
ation times accompanied by intracellular vacuolization [78]. This study and ours confirm the feasibility of in-vivo
non-invasive identification of vacuolae formation inside cardiomyocytes as a direct toxic effect of anthracyclines
in 2 different species. However, Farhad et al. found that T2 mapping abnormalities were associated with concur-
rent T1 relaxation-time prolongation and expanded extracellular space on electron microscopy images, a finding
not observed in our analysis until later disease stages. This indicates that we identified doxorubicin cardiotoxic
effects at an earlier disease stage, when only intra-cardiomyocyte changes were present, with preservation of
the extracellular space. Our weekly protocol was able to identify the onset of cardiac damage, whereas Farhad
et al [78] performed the first scan at the end of the doxorubicin protocol, thus missing the earliest on-treatment

tissue composition changes.

In another study, Hong et al [65] used a rabbit model of doxorubicin-induced cardiotoxicity to study the evolu-
tion of changes in T1 mapping and T1-based ECV, but did not include T2 mapping. These authors found that T1
relaxation-time prolongation occurred concurrently with ECV expansion at a time when LVEF had already deterio-
rated (albeit not significantly vs baseline). Histological evaluation revealed intra-cardiomyocyte vacuolization and
interstitial fibrosis, indicating that this time point corresponds to more advanced disease stage than that identified

by us.

To date, very few studies have used a serial multiparametric CMR strategy including T2 mapping in patients un-
dergoing anthracycline therapy. Several authors have reported CMR findings in patients treated with anti-cancer
therapies [54-57, 84, 85]. In some of these studies, increased ECV coincided with cardiac function deterioration.
Few studies have reported serial CMR exams before and after anthracycline exposure, and in most of them CMR
was performed only after completion of anthracycline administration, thus missing early changes occurring during

treatment [86—-88].

More recently, Schulz-Menger’s group reported the findings of serial multiparametric CMR exams in a cohort
of 30 sarcoma patients on high anthracycline regimes [89]. Patients underwent comprehensive T2/T1 mapping
and ECV assessment before treatment, 48 hours after the first dose, and after finishing the anti-cancer therapy;
30% of patients developed cardiotoxicity. In contrast with our results, T2 mapping showed no differences between

patients developing cardiotoxicity and those who did not, although both groups showed a non-significant trend
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toward increased T2 relaxation times over time. ECV did not change over time. Interestingly, patients who sub-
sequently developed cardiotoxicity had significantly shortened T1 relaxation times 48 hours after the first dose.
In our study, we observed no drop in T1 relaxation time after doxorubicin dosing; however, this might reflect the
performance of CMR exams one week after dosing in our protocol and not after 48 hours as in the Muehelberg
et al. study [89].

7.1.1 Study limitations

One potential limitation of the present study is the i.c doxorubicin administration route, contrasting the i.v route
used in cancer patients. In the pig, the intravenous route requires very high doxorubicin doses that result in
significant myelosuppresion and compromise the experimental setting [67]. The i.c approach in the pig model was
described by Christiansen et al. and has been validated by several imaging approaches as a valid alternative [69].
Regarding statistical limitations, we used parametric test based on K-S normality test for small samples, which
is not the optimal option. Another limitation involves the accessibility of CMR in daily clinical practice; our results
suggest the window in which early changes take place is small and translation of serial multiparametric exams in

cancer patients could be complex due to the variability of cardiotoxicity in humans.
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7.2 Objective 2: Effect of doxorubicin on cardiac microcirculation

In a pig model of anthracycline-induced cardiotoxicity, induced by serial biweekly i.c doxorubicin injections, we
studied the trajectories of microvascular damage across different stages of the disease, from very acute to sub-
clinical to overt myocardial damage. To this aim we used state-of-the art techniques to study in vivo myocardial

perfusion (by CMR), and functional status of microcirculation (invasive CRF).

Main results of the present study are: 1) i.c injection of (0.45 mg/Kg) doxorubicin does not induce any acute
injury in the microvasculature, ruling out an immediate chemical damage secondary to the route of administra-
tion. 2) Across the subclinical stage of cardiotoxicity (i.e. when no LV motion defects are still present), there is
a progressive deterioration of rest (perfusion) and stressed (CRF) microcirculation. These in vivo deficits have
an histological correlate in the form of mild alterations in arteries (slight to moderate tunica hyperplasia by myofi-
broblast proliferation and collagen accumulation). 3) The damage of the microcirculation seen in the subclinical
stages is persistent in time (i.e. no recovery of microcirculation status is seen despite stopping the doxorubicin
regime after “only” 3 injections. 4). At high cumulative doxorubicin dose (i.e. after 5 biweeKly i.c injections), overt
“clinical” cardiotoxicity is seen (severe LV motion deterioration) along with a massive and irreversible injury of the

microcirculation at anatomical and functional status. Figure 31 presents a general overview of these facts.

Our study clearly confirms that anthracyclines induce an irreversible damage in the myocardial microcircula-
tion. These results might have an important clinical implications: given that cardiac microcirculation damage has
been consistently associated with poor cardiovascular outcomes in patients with different conditions [90, 91]; the
injury exerted by anthracyclines in this vascular compartment might be a significant contributor to the increased
cardiovascular adverse outcomes seen in cancer survivors who received anthracyclines. Even those who did not

developed clinical cardiotoxicity (LV motion abnormalities) [38,92].

There is a growing interest in the impact of different cancer therapies and the vascular system [93, 94]. Most
of the experimental evidences come from in vitro studies testing the vulnerability of endothelial and smooth mus-
cle cells to a given cancer treatment. Endothelial cell damage upon the exposure to these agents is well known
to be mediated by an increase in ROS production and a direct DNA damage. These pathophysiological pathways

are similar to those described in cardiomyocytes [95, 96].

76



Microcirculation involvement in antrhacycline-induced cardiotoxicity
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Figure 31: Summary lllustration for Objective 2.

Myocardial quantitative perfusion can detect early cardiotoxicity during anthracycline treatment. These defects correlate with

anatomopathological findings. If chemotherapy continues, microvascular damage is exacerbated; but if stops, it is not recovered at all.

Murata and colleagues [34], described apoptotic changes and DNA fragmentation like in the previously studies
examining isolated cells, but also functional disruption in term of vascular contractility with increasing doses of
anthracyclines. Our study confirms the association between increasing cumulative doses and vascular damage

in an in vivo setting.

There are previous in vivo experimental studies showing that anthracyclines exert a deleterious effect on the
microcirculation of the heart and other organs [36,37,64,95]. Eckman et al [37], used a rat model of doxorubicin
intraperitoneal injections, demonstrating early coronary remodeling after high cumulative dose. Huang et al [36],
explored the clinical implications of subtle cardiotoxic microvascular impairment in juvenile mice testing different
injury scenarios in the adults (rapid HF development in a model of myocardial infarction and overt cardiotoxicity
development when animals underwent over exercise training). Ours is the first large animal study to explore the
impact of doxorubicin treatment in cardiac microcirculation. We chose the pig because it is one of the closest

models to human cardiac anatomy and physiology, and because in vivo tools used in clinics to evaluate micro-
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circulation (CMR and invasive coronary physiology catheters) can be used. The possibility of doing serial in vivo
evaluations and thus study the entire cardiotoxic process from its subclinical to clinical stages in a model close to

humans is a clear added value of our study.

In the clinical scenario, vascular injury associated with different anti-cancer interventions (including anthracy-
clines) has been studied extensively [38,97,98]. In fact, cardiac perfusion has been proposed previously as a

potential means to study the adverse effects on the heart of chemotherapy [92].

Hardenbergh and collaborators [97], found visible perfusion defects using single photon emission computed
tomography (SPECT) in approximately 60% of women with breast cancer treated with radiotherapy alone. Perfu-
sion anomalies were defined in 100% of patients when radiotherapy was combined with doxorubicin. Gallucci and
colleagues [38] used stress-SPECT in order to expose perfusion defects in breast cancer survivors. They found
that 23.3% of the enrolled patients presented some grade of myocardial perfusion defect. In our study, we com-
bined rest myocardial CMR-based quantitative perfusion with stress coronary physiology assessment, providing
a comprehensive in-vivo evaluation of the microcirculation status from the structural and functional perspectives.
Our work was consistent with previous human studies not only detecting microvascular injury in animals who
developed LV systolic dysfunction, and more importantly show that even subclinical stages of cardiotoxicity are

associated with irreversible microcirculation damage.

Regarding the acute impact of single doxorubicin administration, Laursen et al [99] used rest/stress Rubidium82
positron emission tomography (PET) myocardial perfusion imaging in 70 lymphoma patients before and after their
first doxorubicin exposure. They found defects in myocardial perfusion reserve and stress myocardial perfusion
but not at rest after just one cycle of anthracycline. Opposed to this Laursen et al [99], we did not find acute my-
ocardial perfusion defects or CFR alterations after one single dose of doxorubicin, but on histology we observed

a mild structural damage both 48h and 2 weeks after a single i.c doxorubicin injection.

In a long-term perspective, our study highlights that even in cases where no apparent anthracycline-induced
cardiotoxicity is observed (no LV motion defects); microvasculature can suffer a significant and irreversible dam-
age. These findings can have important clinical implications for cancer survivors who received anthracyclines,
since it might partially explain the high risk of these to suffer adverse cardiovascular outcomes during their entire
life. Given that microcirculation status can be assessed non-invasively by CMR [74], it might be used to stratify

cardiovascular risk in cancer survivors who received anthracyclines.
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7.2.1 Study limitations

This study has two main limitations. First, the use of i.c approach is controversial due to its potential direct
effect on cardiac microvasculature by this administration route. We used this modified protocol [69, 70] because
myelosuppression effects of doxorubicin are dramatic in pigs [67], compromising the experimental setting. To
discard this possible caustic effect, we decided to add 2 new acute groups (at 48 hours and 2 weeks after 1 dose
of intracoronary doxorubicin) in which the impact on cardiac perfusion and CFR was insignificant. Demonstrating
that the cardiotoxic effect in the vasculature is also cumulative. Second, this study has several missing data
regarding some time points for some of the groups and CFR assessment values in the remote areas. This is
because Control, Early, Recovery and Cardiotoxic groups were performed for the previous T2-maping study and
some of the variables were recorded as secondary endpoint, prioritizing the main goal of the study. However, all

statistical analysis have been performed taking in account only groups with all complete data.
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7.3 Objective 3: Vulnerability of the hypertrophied heart to anthracycline-induced car-

diotoxicity

In this study, we demonstrated that very low dosage regimes of systemic i.v anthracyclines develop cardiotoxicity
in a model of high left ventricle pressure overload. This doxorubicin-induced cardiotoxicity was characterized by
a decline in the LVEF with mainly systolic dysfunction, elevation of T2 values with no expansion of extracellular
volume and intra-cardiomyocyte vacuolization and fibber disruption with no fibrosis in the histology. These results
contrast with the ones in the healthy non-operated animals that received the same regime of intravenous dox-
orubicin and were followed at the same time. In those pigs, no changes in cardiac function or cardiac volumes
were noticed and anatomopathological evaluation only showed a mild subclinical affectation of myocardial tissue.
Animals with aortic banding but not doxorubicin administration developed cardiac hypertrophy at the end of the

study with no alterations in CMR mapping nor ex-vivo tissue lesions (Figure 32).

As we previously explained, the clinical evidence behind cardiovascular conditions such as hypertensive car-
diomyopathy are risk factors for anthracycline-induced cardiotoxicity development in cancer patients is well known
and have been profoundly reported [100—-105]. The proportion of elderly patients with malignances such as lym-

phoma that suffer hypertension prior to treatment is also relevant [102].

Regarding animal studies that test cardiotoxic effect of doxorubicin in models with cardiac diseases, most of
the work have been done in spontaneously hypertensive rats. Using a young mice model of occult cardiotoxic-
ity; Matsumura et al [106], described that even subclinical low doses of anthracyclines were enough to increase
susceptibility to suffer hypertension in the adulthood by angiotensin Il-based treatment. In their case, animals
that received chemotherapy were not able to develop cardiac hypertrophy in order to adapt their cardiovascular
system to hypertension. Our approach is similar but the “damage hits” are reversed. We explored if this discrete
doxorubicin posology could trigger overt cardiotoxicity after chronic left ventricular high-pressure overload devel-
opment. Despite of they tested resveratrol as therapeutically strategy after defining the model; interestingly, we

obtained similar results at that point.

Recently, Meléndez et al [107] tested the impact of systemic anthracyclines in spontaneously and normotensive
rats using a similar regime to us. They described a deterioration in terms of collagen deposition in hypertensive
animals compared with the healthy ones. Even though in our aortic banding model myocardial fibrosis and colla-
gen related remodeling are not present, including the late stages of the follow up, we also found an exacerbated

phenotype in animals that combined previous cardiac condition and doxorubicin administration.
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Anthracycline-induced cardiotoxicity development in the hypertrophic heart: A “dual-hit” phenomenon

Healthy Myocardium Pressure Overloaded Myocardium
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Figure 32: Summary lllustration for Objective 3.

Animals with aortic banding surgery that received low systemic regimes of doxorubicin developed overt cardiotoxicity while pigs, which just
underwent surgery, resulted in cardiac hypertrophy. In the healthy scenario, individuals treated with the same regime of anthracyclines

developed a subclinical “hidden” cardiotoxicity phenotype only evaluable in the anatomopathological analysis.

Large animal models of anthracycline-induced cardiomyopathy have been rarely utilized; and only one study
used a mixed model of cardiotoxicity with pressure overload [108]. However, in this work, they tested pulmonary
banding as a potential therapeutic strategy similar to the approach used in children with dilated cardiomyopathy.
As in Matsumura article [106], doxorubicin is administrated before the second hit. Our research is pioneer in
using pressure overload as first damage before anthracycline exposure. We also decide to use subclinical low
regimes of administration due its harmful capacity [109, 110]; and trying to mimic as much as possible the current
therapeutic guidelines in which cumulative doses are decreasing bellow classical cardiotoxic concentrations. For
this purpose, we tested different systemic doxorubicin regimes to discard the most harmful due its dramatic and
huge myelosuppression effect [67]. Moreover, we decided to use a protocol in which we reached proximately 220

mg/m2 of cumulative dose, less than the protocols that currently cancer patients receive in daily clinical practice.
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Mixed models of cardiotoxicity are also important from a therapeutic point of view. At present, therapeutic ap-
proach of cancer patients treated with anthracyclines included a general battery of drugs used for cardiovascular
diseases (including beta-blockers, ACE inhibitors, etc.): and patients diagnosed early improve with this general
treatment [82]. Recent reports argue that patients with hypertension undergoing anthracycline chemotherapy
could benefit from a more specific treatment focused in their hypertensive condition. However, they claim that
long-term data from those patients as well as more experimental evidence of the additive effect in preexisting
hypertension is needed for a better screening and therapeutic management [111]. Our findings showed that
deterioration in cardiac function occurs very early after low doses of doxorubicin administration, and this is in
consonance with new concept called “hidden cardiotoxicity” [112]; and remarks the importance of testing classi-
cal drugs in combined models of cardiovascular diseases. These results suggest that a careful follow-up using
multiparametric imaging could be an interesting tool for individuals with a prior cardiac condition in treatment with
anthracyclines. Similarly, this new mixed model could be used in order to test new potential targeted therapies in

large-animal preclinical trials to prevent or revert cardiotoxicity.

We also observed a significant T2-mapping elongation in animals with aortic banding treated with low dose
regimes of doxorubicin. These results agreed with our previous work searching early CMR markers of subclinical
cardiotoxicity [68]. This elevation in T2 values correlates in histology with intra-cardiomyocyte vacuolization, a
typical anatomopathological change in doxorubicin-induced cardiotoxicity. T2 changes and ex vivo myocardial
vacuolization was also observed in the non-operated group that received the same anthracycline treatment. In
this case, changes in T2 relaxation times were not significant and vacuolization was very mild compared with
aortic banding animals. These findings prompt that prior cardiac pressure overload exacerbates classical dox-
orubicin myocardial damage, leading to overt left ventricular dysfunction. Regarding this, CMR could be an useful
in vivo tissue characterization-screening tool to detect subclinical cardiotoxicity even with low cumulative doses

in patients with cardiac comorbidities.
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7.3.1 Study limitations

This study has two different potential limitations. Firstly, aortic banding surgical model of cardiac pressure over-
load does not reproduce the extra cardiac effects of systemic arterial hypertension. Secondly, we performed
weekly our anthracycline systemic protocol, administrating the cumulative dose in 1 month. This differs from hu-
man chemotherapy protocols like R-CHOP in which doxorubicin is infused every 21 days, making the anticancer
protocol longer than in our study. This might have impact in the timing of cardiotoxicity-development, making the

evolution of disease slower in humans than in our model.
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7.4 Objective 4: Remote ischemic preconditioning and anthracycline-induced cardiotox-

icity

In this preclinical study, we tested the cardioprotective effect of RIPC before doxorubicin administration in a large-
animal model of anthracycline-induced cardiotoxicity with positive results. RIPC ameliorates cardiac dysfunction
at 16 weeks compared with control animals receiving the same doxorubicin regime. This amelioration was ac-
companied with smaller left ventricular volumes, lower T2-GraSE, T1 pre contrast and ECV mapping values
and higher T1 post-contrast measurements measured in vivo by CMR. Regarding glucose uptake, interestingly,
changes occurred during subclinical stage with no differences between treated and untreated animals in all the
study. At the end of the study, in a late overt cardiotoxicity phase of the disease, animals treated by RIPC were
characterized by less myocardial fibrosis, higher mitochondrial size and less damaged. All these results support
the hypothesis that RIPC, a classically therapeutic approach for ischemia/reperfusion injury, has a positive impact
in cardiotoxicity context; being its applicability more realistic due to the scheduled character of chemotherapy cy-

cles (Figure 33).

ACT have been a major concern for cancer patient survivors since the beginning of its clinical use for a wide
range of malignancies. Current therapeutically options include the classical HF treatment [7,15], that have been
demonstrated efficacy even with its implementation at early stages of the disease [81]. However, there is a lack
of specific targeted drugs, being dexrazoxane, an iron chelator, the only one that has demonstrated its efficacy
in the clinical setting [20, 60]. Nevertheless, last metanalysis studied suggests that the quality of the available
evidence is not high for breast cancer patients, and the authors recommend new clinical trials before the sys-
tematic implementation of the drug in daily clinical practice [113]. Thus, research for the development of new

therapeutically options for ACT is needed.

Ischemic Conditioning (IC) is a physical therapy consisting in repeated short periods of ischemia, - directly in
the target organ (local) or in a remote one (remote) - that lead to protection against damage, mostly ischemia-
reperfusion (I/R) injury [114]. Regarding myocardial infarction, IC have been classically tested in preclinical and
clinical research in several ways: 1) prior to the damage (Preconditioning — IPC -) in animal studies with positive
results [115] or 2) during or post ischemia; being this last version the option used in clinical trials, with neutral
results [116]; making the translational potential of IPC limited due to the unpredictable nature of myocardial in-

farction.
In this regard, RIPC have been postulated as one of the most promising cardioprotective therapies for myocardial

ischemia/reperfusion injury after the positive results in most of the animal preclinical trials [115]. Unfortunately,

last clinical evidence from CONDI-2/ERIC-PPCI trial, found that RIPC did not improve any clinical outcome within
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12 months after myocardial infarction [116]. One of the reasons for the therapeutic failure might be the necessity
of applying the RIPC before the injury occurs. Regarding this, ACT could be a promising clinical scenario for
RIPC application due to the protocoled nature of chemotherapy administration, allowing enforce RIPC before

anthracyclines produced cardiotoxicity.

Effect of RIPC in doxorubicin-induced cardiotoxicity development

Cardiotoxicity
amelioration

Y

Remote Ischemic Preconditioning

No RIPC treatment ——)

Normal ECM Healthy Extensive Severe
Mitochondria myocardial Mitochondrial Exacerbated
fibrosis damage . P
i cardiotoxicity

Figure 33: Summary lllustration for Objective 4.

Effect of RIPC during anthracycline-induced cardiotoxicity: Animals treated with RIPC before each doxorubicin administration showed better

LVEF, less fibrosis and less mitochondrial damage compared with untreated animals receiving the same anthracycline regime.

RIPC have been poorly tested in cardio-oncology. Schijatt et al [117] tested LIPC in isolated rat hearts before
epirubicin administration, showing that cardiotoxic effect of the chemotherapy are attenuated and cardiac func-
tion improved after LIPC. Interestingly, they found lower levels of epirubicin in preconditioned myocardium than
in controls, concluding that the cardioprotection effect of LIPC might acts through reducing anthracycline accu-
mulation [117]. No more preclinical animal evidence of IPC effect in cardiotoxicity can be found in the literature.

More recently, Maulik et al [118] tested IPC in cultured cardiomyocytes subjected to doxorubicin administration.
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Their results were according preexisting animal study from Schijgtt [117]: cardiomyocytes pretreated with IPC
were protected from doxorubicin-induced cell death. More importantly, IPC did not protect HelLa cells from car-

diotoxicity, which is important to potential therapy testing in patients with malignancies.

Despite of the lack of experimental evidence regarding IPC potential in cardiotoxicity, two different clinical tri-
als are being carried out but only one publish its design [119]. Chung et al [119] are testing 4 cycles of 5 minutes
of RIPC at the upper limb before each cycle of chemotherapy in a general population of 128 oncology patients
receiving anthracyclines. Li et al decided to test 3 cycles of 5 minutes of RIPC at the upper limb or the leg before
each cycle in children from 4-18 years old undergoing anthracycline treatment. In both cases, primary endpoint
is high sensitivity cardiac troponin T (hs-cTnT) after chemotherapy treatment finalization. Major Adverse Clinical
Cardiovascular Events (MACCEs) and echocardiographic parameters are pointed as secondary outcomes. How-
ever, the status of both clinical trials is currently unknown. All these points explained before makes any potential

preclinical/clinical evidence of RIPC effectiveness in the context of ACT most valuable.

In our study, we tested a similar RIPC protocol that in being used in both clinical trials, with 3 cycles of 5 minutes
of ischemia and 5 of reperfusion in the pig’s leg. We chose the leg, because is the most common used limb in the
context of preclinical RIPC studies due mainly to the great amount of muscle in this area, given the relationship
between the amount of muscle in ischemia and the level of achieved cardioprotection [120-122]. We present
the first in-vivo demonstration that RIPC protect the heart against doxorubicin-induced cardiotoxicity, resulting
in an improvement in LVEF. In our model this amelioration in cardiac function was accompanied by several (but
not statistically significant) changes un in-vivo CMR tissue characterization, such, less T2, T1 native and ECV
values and higher T1 post-contrast. It is very well reported that all these mapping parameters can be altered in
patients developing chemotherapy-induced cardiotoxicity [54-57,84—-89, 107,123, 124]. We also demonstrated
these changes, being T2 mapping the early detector in absence of cardiac functional abnormalities in our model
of li.cdoxorubicin cardiotoxicity [68]. Thus, changes in these tissue characterization-based techniques indicates
less myocardial affectation during doxorubicin administration and at the end of the study. Regarding ex vivo eval-
uation at 16 weeks of cardiotoxicity evolution, despite water content analysis revealed no differences between
treated and untreated groups, myocardial collagen content was lower in RIPC+DOXO than in DOXO group. This
effect can be explained by SAFE and RISK cardioprotective pathways, being the cardiomyocytes from RIPC

group more protected and dead and replace by collagen in the untreated DOXO group.

Regarding mitochondrial differences between all groups. It is very well know the role of mitochondrial dam-
age during ACT [13, 18,30, 83] as well as dynamic processes such as autophagy and mitophagy as response
to the damage [125]. In TEM analysis, mitochondria from DOXO animals present several elongated, irregular

and aberrant shapes with mitochondrial matrix hyper density, less size and increased cristae thickness, already

86



described by others [18,78]. In the case of RIPC+DOXO animals, mitochondrial size was higher compared with
untreated animals, mitochondrial cristae also preserve their structure and intra-mitochondrial vacuolization can

be observed as a previous stage of mitophagy.

7.4.1 Study limitations

This study has two main limitations. First, as in the case of Objective 1 and 2, the use of i.c approach is con-
troversial due to its potential direct effect on cardiac microvasculature by this administration route. We used this
modified protocol [69, 70], because myelosuppression effects of doxorubicin are dramatic in pigs [67], compro-
mising the experimental setting. We also chose this setting in order to test RIPC in a very dramatic cardiotoxic
scenario that we already deeply characterized. Second, despite of the availability of RIPC, we use a healthy pig
model without any cancer disease. Maulik et al [118] tested the effect of IC on HelLa cells, but it are necessary
further investigations testing the therapy in cardio-oncology mixed models in order to dismiss RIPC protective

effect also in cancer cells.
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8 Conclusions / Conclusiones

Objective 1: Serial cardiac magnetic resonance (CMR) for early detection of anthracycline-induced

cardiotoxicity (ACT)

1 - In a large animal model of anthracycline-induced cardiotoxicity, we show that the earliest CMR on-treatment
event is a prolongation of T2 relaxation time. T1 mapping and T1-based ECV are normal at this early time point

and do not change until later in the cardiotoxic process.

2 - Atthis early stage, T2 mapping abnormalities correspond to intra-cardiomyocyte edema secondary to doxorubicin-

induced vacuolization, unaccompanied by any extracellular alteration.
3 - Early identification of intra-cardiomyocyte edema from T2 mapping abnormalities has prognostic implica-
tions, since stopping doxorubicin treatment upon detection of this early CMR marker stops the progression of LV

dysfunction and triggers regression of intra-cardiomyocyte vacuolization.

4- Serial multiparametric T2 mapping during treatment has the potential to support personalized anthracycline

regimes.

Objective 2: Effect of doxorubicin on cardiac microcirculation

1 - In a large model of anthracycline-induced cardiotoxicity, we show that cardiac perfusion is a good CMR early

marker for microvascular associated ACT.

2 - These changes concur with T2-mapping elevation and both occur in absence of abnormalities in LVEF or
ECV.

3 - Moreover, in animals in which the infusion protocol is stopped, cardiac perfusion still detects abnormali-

ties in microvascular function, again with no cardiac disfunction development and with T2 normalization.

4 - CFR seems not to be as sensitive as CMR quantitative perfusion to detect microvascular damage.
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5 - Serial multiparametric studies during and post anthracycline treatment has the potential to support personal-

ized medical handle not only in cancer patients receiving therapy, but also in long-term survivors.

Objective 3: Vulnerability of the hypertrophied heart to anthracycline-induced cardiotoxicity (ACT)

1 - In this experimental setting of large-animal model of anthracycline-induced cardiotoxicity, low doses of sys-
temic anthracycline induce cardiotoxicity (characterized by the presence of LV dysfunction, elevation in T2 map-
ping values and an increase in the doxorubicin cardiotoxicity-related Billingham score in myocardial tissue) in the

presence of left ventricular pressure overload secondary to aortic banding surgery.

2 - Cardiotoxicity remains “hidden” in healthy non-operated pigs with just a very mild vacuolization in the histology.

3 - These results might have important clinical implications in cancer patients with prior hypertensive/hypertrophic

disease undergoing doxorubicin chemotherapy protocols.

Objective 4: Remote ischemic preconditioning (RIPC) and anthracycline-induced cardiotoxicity (ACT)

1 - In this study, we demonstrated that repeated RIPC protocols before doxorubicin administration exert a cardio-
protective effect in long term. This amelioration in cardiotoxicity is characterized by better LVEF, less fibrosis and

better mitochondrial quality.

2 - Glucose uptake measured by PET scan seems to be also a subclinical early detector for metabolic dys-

function in both group, RIPC and untreated animals receiving anthracyclines.

3 - Therefore, RIPC might be a good candidate for cardioprotective therapies against cardiotoxicity in patients’

cohorts under anthracycline regimes and clinical trials are needed.
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Objetivo 1: Deteccion temprana de cardiotoxicidad por antraciclinas empleando la resonancia magnética

cardiaca seriada

1 - En este modelo de animal grande de cardiotoxicidad inducida por antraciclinas, demostramos que el mar-
cador de resonancia magnética mas precoz durante el tratamiento con el quimioterapico es la prolongacion en
los tiempos de relajacion de T2, siendo los tiempos de relajacion de T1 asi como los mapas de volumen ex-

tracelular normales en este punto; no cambiando hasta fases avanzadas de la enfermedad

2 - En esta fase temprana, las anormalidades en el mapa de T2 corresponden a un edema intra-cardiomiocito
secundario a la vacuolizacién inducida por la doxorubicina, no siendo acompafada por ninguna alteracién ex-

tracelular.

3 - La identificacion temprana de este edema intra-cardiomiocito utilizando el mapa de T2 tiene implicaciones
progndsticas, ya que cesando el tratamiento con doxorubicina en el momento de la deteccién de la elevacién del
T2, hace que no se desarrolle cardiotoxicidad y desemboca en la normalizacién y regresién de la vacuolizacién

intra-cardiomiocito.

4- El mapeo seriado multiparamétrico de T2 durante el tratamiento tiene el potencial de apoyar regimenes per-

sonalizados de antraciclinas.

Objetivo 2: Efecto de la doxorrubicina en la microcirculacion cardiaca

1 - En nuestro modelo de animal grande de cardiotoxicidad inducida por antraciclinas, demostramos que la per-

fusién miocardica es un buen marcador temprano para el dano microvascular asociado a cardiotoxicidad.

2 - Estos cambios concurren con los definidos por el T2 y ambos ocurren en ausencia de anormalidades en

la funcion cardiaca o el volumen extracelular.

3 - En animales en los que la infusiéon de doxorrubicina es cesada, estos defectos en la perfusion permanecen a

pesar del no desarrollo de cardiotoxicidad funcional y de la normalizacién del T2.

4 - El CFR parece no ser tan sensible como la perfusion cuantitativa por resonancia magnética para detec-

tar este dafo microvascular.

5 - La utilizacion de estudios de resonancia magnética cardiaca multiparamétrica durante y tras el tratamiento

por antraciclinas tiene el potencial de personalizar el manejo del paciente, no sélo durante la quimioterapia, sino
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también en supervivientes a largo plazo.

Objetivo 3: Vuinerabilidad del corazén hipertroéfico a la cardiotoxicidad por antraciclinas

1 - En este escenario experimental de cardiotoxicidad inducida por antraciclinas en un modelo de animal grande,
dosis bajas de doxorrubicina sistémicas inducen cardiotoxicidad (caracterizada por la presencia de disfuncién
de vertriculo derecho, elevacién en el T2 y un incremento en la puntuacién Billingham en el tejido miocardico) en

presencia de sobrecarga de volumen izquierda secundaria a una cirugia de banding aértico.

2 - La cardiotoxicidad permanece "escondida" en animales sanos no operados con una vacuolizacion leve en la

histologia.

3 - Estos resultados tienen importantes implicaciones clinicas en pacientes oncolégicos con enfermedad hiperten-

siva/hipertréfica previa sometidos a tratamientos con antraciclinas.

Objetivo 4: Precondicionamiento isquémico remoto y cardiotoxicidad inducida por antraciclinas

1 - En este estudio, demostramos que ciclos repetidos de precondicionamiento remoto antes de la administracion
de doxorrubicina tienen un efecto cardioprotector a largo plazo. Esta mejora en la cardiotoxicidad esta caracteri-

zada por una mejor funcién cardiaca izquierda, menos fibrosis miocardica y una mejor calidad mitocondrial.

2 - La captacion de glucosa medida por PET parece también indicar cambios subclinicos tempranos de dis-

funcion metabdlico en ambos grupos, tratados con precondicionamiento y no tratados.
3 - El precondicionamiento remoto podria ser un buen candidato de terapia cardioprotectora contra la cardiotoxi-

cidad inducida por antraciclinas en cohortes de pacientes que reciban quimioterapia basada en antraciclinas. Se

necesitan ensayos clinicos.
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Table 3: Summary data for Objective 2 - Infused Area.
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Table 4: Summary data for Objective 2 - Remote Area.
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