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Abstract

Anti-angiogenics drugs in clinical use for cancer treatment induce cardiotoxic side effects. The endothelin
axis is involved in hypertension and cardiac remodelling, and addition of an endothelin receptor
antagonist to the anti-angiogenic sunitinib was shown to reduce cardiotoxicity of sunitinib in mice. Here,
we explored further the antidote effect of the endothelin receptor antagonist macitentan in
sunitinib-treated animals on cardiac remodeling.

Methods: Tumor-bearing mice treated per os daily by sunitinib or vehicle were imaged before and after
1, 3 and 6 weeks of treatment by positron emission tomography using ['8F]fluorodeoxyglucose and by
echocardiography. Non-tumor-bearing animals were randomly assigned to be treated per os daily by
vehicle or sunitinib or macitentan or sunitinib+macitentan, and imaged by echocardiography after 5
weeks. Hearts were harvested for histology and molecular analysis at the end of in vivo exploration.

Results: Sunitinib treatment increases left ventricular mass and ejection fraction and induces cardiac
fibrosis. Sunitinib also induces an early increase in cardiac uptake of ['8F]fluorodeoxyglucose, which is
significantly correlated with increased left ventricular mass at the end of treatment. Co-administration of
macitentan prevents sunitinib-induced hypertension, increase in ejection fraction and cardiac fibrosis, but
fails to prevent increase of the left ventricular mass.

Conclusion: Early metabolic changes predict sunitinib-induced cardiac remodeling. Endothelin blockade
can prevent some but not all cardiotoxic side-effects of sunitinib, in particular left ventricle hypertrophy
that appears to be induced by sunitinib through an endothelin-independent mechanism.

Key words: cardiotoxicity, sunitinib, endothelin, cardiac hypertrophy, metabolic imaging.

Introduction

Cardio-oncology is an interdisciplinary field
aiming to better understand and explore methods in
order to limit the cardiotoxicity of cancer therapies.
We [1] and others [2] previously showed that the
anti-angiogenic drug sunitinib induces cardiac

fibrosis and impairs myocardial metabolism and heart
dysfunction. Remarkably, the cardiotoxic effects of
sunitinib ~ were  prevented by  concurrent
administration of the endothelin (ET) antagonist
macitentan [1], suggesting that regulation of the
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endothelin axis may prevent cardiac side effects of  paraganglioma tumor model does not secrete
anti-angiogenics, with potential clinical interest. catecholamines  [11], therefore excluding a

Hypertension is a common side effect of
anti-angiogenic treatment [3]. In one study,
approximately 50% of patients had a significant
increase of blood pressure during their first course of
sunitinib treatment [4]. Another study reported that
approximately 80% of patients developed
hypertension after two courses of sorafenib [5]. An
array of research indicates that up-regulation of the
ET pathway during sunitinib treatment is responsible
for arterial hypertension [6]. Kappers et al. reported
high serum concentrations of ET-1 associated with
hypertension in 15 patients treated with sunitinib [6],
and showed that ET inhibition prevented
sunitinib-induced hypertension in swine [7]. Both
hypertension and endothelin lead to myocardial
remodeling [8-10]. Therefore, an array of arguments
is in favor of adding an anti-endothelin drug to
anti-angiogenic therapy in order to prevent long-term
cardiotoxicity. Following the road towards clinical
translation, we tested in mice models with and
without tumors the effect of sunitinib-induced
cardiotoxicity with a special focus on the prevention
of long-term cardiac hypertrophy by macitentan.

Materials and Methods

Animal experiments complied to French and
European regulations and were approved by the Paris
Descartes Animal Experimentation Ethics Committee
(CEEA34) registered under reference #12859, #13042
and 15-045 and performed by certified staff following
the French law of animal experimentation n°2013-118.
NMR nude (nhu/nu) female (Janvier Labs, France) and
C57BL/6 mice (Janvier Labs, France) 6 weeks of age
were maintained in controlled temperature (24 °C)
and relative humidity (50%) on a 12/12-light/dark
cycle and were fed ad libitum. Sunitinib malate
(Cliniscience, A10880-500) was dissolved at 10
mg/mL in DMSO/PBS (1:4). Sunitinib was
administered daily by oral gavage at a dose of 50
mg/ kg body weight and macitentan by oral gavage in
a dose of 20 mg/mL. In the sunitinib+macitentan
group, macitentan a clinically-available mixed ETa
and ETg receptor antagonist, was added to the gavage
solution with the volume maintained at 200 pL.

In a first panel, the study design followed a
standard protocol of mouse oncology studies with
PET in fasted, tumor-bearing, nude mice for
monitoring of short-term (as previously studied [1])
and long-term response to sunitinib. Allografts of
tumors obtained from immortalized mouse cromaffin
cells imCC) carrying a homozygous knockout of the
Sdhb gene (Sdhb/-) were propagated in the neck fat
pad of NMR nude female mice (n = 23). This artificial

confounding action of these hormones on cardiac
function. Mice were used to assess early metabolic
changes in a standard mouse oncology positron
emission tomography (PET) protocol. Sunitinib was
administered during 6 weeks (n = 8) and vehicle
solution along 3 weeks (n = 8). At that time the Sdhb+
tumor volume exceeded the UKCCCR recommended
limit [12] and mice were sacrificed. PET scan was
performed before and after 1 and 3 weeks of
treatment; cardiac echography (echo) was performed
before and after 3 weeks of sunitinib malate (n = 8) or
vehicle (n = 8), and finally animals were monitored by
imaging after 6 weeks treatment (Figure 1A). For
histology and western-blotting, tumor-bearing mice
were sacrificed at baseline (n = 4), after 3 weeks (n =3
for sunitinib, n = 8 for vehicle) and 6 weeks of
sunitinib treatment (n = 8).

Immune competent mice were used in a second
series of experiments to check whether blockade of
endothelin pathway could prevent sunitinib-induced
LV mass. C57BL/6 female mice were separated in
four groups: sunitinib (n = 8), sunitinib+macitentan (n
= 7), vehicle (n = 6), and macitentan (n = 7). All mice
were followed for arterial pressure measurement
during three weeks and a cardiac echography was
realized after 5 weeks of treatment (Figure 1B).
Non-tumor-bearing mice were sacrificed after 5 weeks
of treatment.

Cardiac Positron Emission Tomography (PET)

Early metabolic changes were assessed by PET
scan with 2'-deoxy-2'-[*8F]fluoro-D-glucose (8F-FDG).
PET sessions were realized in a PET-CT scanner
(nanoScan PET-CT; Mediso, Hungary) using 10 MBq
of BF-FDG (Advanced Applied Applications, France)
as already published [1]. Quickly, tumor-bearing mice
were fasted overnight, anesthetized (2 + 0.5%
isoflurane in air), weighed and glycaemia was
measured in blood drawn from the caudal artery.
18E-FDG accumulation was quantified as mean SUV
between 45 and 60 min post-injection in 3D volumes-
of-interest (VOI) delineated semi-automatically by
iso-contours at 45% threshold of maximal value in the
myocardium on PET/CT fusion slices using the
PMOD software package (PMOD Technologies Ltd,
Ziirich, Switzerland).

Echocardiography

Conventional echocardiography was performed
in anesthetized mice using a Vevo 2100 high
resolution ultrasound device (Visualsonics, Toronto,
Canada) with a 40 MHz probe (MS-550). Mice were
anesthetized with 3% isoflurane in air for induction
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and maintained with 1.5%. Mice were depilated in the
thoracic region and placed in the supine position on a
dedicated heating platform, allowing monitoring of
ECG, temperature and respiratory frequency. All
acquisitions  were  performed within  body
temperature limits 36-37.5 °C. Parasternal long axis
views were recorded and 3 consecutive
measurements in M-mode were drawn to determine
left  ventricular internal diameter (LVID),
interventricular septum (IVS), and left ventricular
posterior wall thickness (LVPW) in both end diastole
(d) and end systole (s). LV fractional shortening
(M-Mode) was calculated with the following
equation: 100 * ((LVID;d - LVID;s) / LVID,d), LV
mass was calculated as: (1.053 x (LVID;d + LVPW;d +
IVS;d)3 - LVID;d3)) x 0.8. Ejection Fraction (B-Mode)
was calculated as [(telediastolic volume - telesystolic
volume) / telediastolic volume].

Arterial pressure Measurement

Arterial pressure was measured at baseline and
after 3 weeks of treatment (vehicle, sunitinib,
sunitinib+macitentan and macitentan) in a
VISITECH-System (BP2000, BP2 - 002250).

Assessment of cardiac fibrosis

Paraffin hearts sections were incubated with
Picrosirius red (VWR) 0.1% in picric acid (Sigma) in a
Leica ST5020 automatic strainer during 30 min and

A

dehydrated in ethanol and xylene. Whole sections
were observed at a magnification 20x using a
Nanozoomer HT 2.0 (Hamamatsu) and fibrosis was
quantified using FIBER, Matlab®-based software.

Western blotting

Twenty micrograms of heart lysate were loaded
onto a 10% SDS-PAGE gels (mini-protean TGX gels,
BioRad) and transferred to nitrocellulose membranes.
The membranes were blocked and incubated with the
following primary antibodies: p-ERK (rabbit
anti-mouse, CS 9101S, 1:1000), ERK (rabbit
anti-mouse, 9102S, 1:1000) and GAPDH (CS2118S,
1:1000). Membranes were then incubated with
anti-rabbit secondary antibodies (goat anti-rabbit
AB217673), imaged with LI-COR Odyssey imaging
system and quantified using Image Studio Lite 2.

Statistics

Data are expressed as mean + SEM. Analysis was
performed with Graphpad Prism 7.00 (GraphPad
Software, San Diego, California, USA). One-way
ANOVA was used to compare four data sets at one
time point, and two-way ANOVA was used to
compare four groups followed across time with
Bonferroni correction. Unpaired and paired f-tests
were used to compare two data sets after d'Agostino
and Pearson's normality test. p values were
considered significant when p < 0.05.

0 1 3 6 Treatment week
baseline i
nude tumor- "/?\ vehicle > |
bearing mice N30 : ___ 1 5
._sunitinib ; ;
% i i
| Histology/WB | | PET | | Histology/WB | Histology/WB
| PET/Echo | | PET/Echo | PET/Echo
B 0 3 5 Treatment week
vehicle
non-bearing ____
C57BL/6 sunitinib
HRIEE sunitinib+macitentan
| macitentan: :
v M \L
Tail-cuff Tail-cuff Histology/WB

Echo

Figure 1. Study design: (A) A total of 23 tumor bearing nude mice were studied. 16 mice were imaged by PET and echography at baseline, week 1 and week 3, either under
sunitinib (n = 8) or vehicle (n = 8) treatment and after 6 weeks of sunitinib treatment. Heart samples were collected at baseline (n = 4), week 3 (vehicle: n = 8; sunitinib: n = 3)
and week 6 (n = 8). (B) non-tumor bearing mice (n = 28) were imaged by echography after 5 weeks of treatment with vehicle (n = 6) or sunitinib (n = 8) or macitentan (n = 7)
or sunitinib+macitentan (n = 7). Hearts were collected at the last PET/echo scan. Echo: echocardiography; PET: Positron emission tomography; WB: western blot.
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Results

A first leg of study was designed to monitor
longitudinally, using PET and echocardiography once
per week, the cardiovascular side-effects of sunitinib
in tumor-bearing immune deficient mice (Figure 1A).
Rapid tumor growth (Figure S1) in the vehicle-treated
group was observed during 3 weeks; after what the
mice had to be euthanized (UKCCCR recommen-
dations), while in the sunitinib-treated group tumors
grew slower and were monitored over 6 weeks. To
homogenize treatment durations, to account for the
role of innate immunity during the cardiac response
to antitumor therapy and to investigate the
mechanism underlying sunitinib-induced increased
LV mass, C57BL/6 immunocompetent mice received
vehicle or  sunitinib or  macitentan or
sunitinib+macitentan treatments of similar durations.

Mean arterial pressure, cardiac imaging and
image-derived cardiac parameters were observed
during 5 weeks (Figure 1B). All hearts were collected
for histology and Western blot analysis after
completion of treatments.

Sunitinib induces cardiac remodeling

Fractional shortening increased at week 3 and
week 6 of sunitinib treatment (Figure 2A). In addition,
LV mass was significantly increased after 6 weeks of
sunitinib compared with baseline (75 + 8.9 mg vs. 101
+ 5.3 mg, p < 0.05) (Figure 2B). Sunitinib treatment
also induced higher cardiac fibrosis at week 6 in
comparison with baseline (p < 0.01) (Figure 3A-B) and
increased phosphorylation (p < 0.05) of Extracellular
signal-Regulated Kinases (ERK) pathway when
compared with non-treated mice (Figure 3C).
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Figure 2. Sunitinib induces cardiac dysfunction: (A) Left ventricular fractional shortening measured at baseline, week 3 and week 6 for vehicle (open circles) and
sunitinib-treated (filled circles) tumor bearing nude mice. (B) LV mass measured at baseline, week 3 and week 6 for vehicle (open circles) and sunitinib-treated (filled circles)
tumor bearing nude mice. n = 8 per group. Data are expressed as mean + SEM, *p < 0.01 compared to vehicle; $p < 0.05, $p < 0.01 and $3$p < 0.001 compared to baseline for

sunitinib group. FS: Fractional shortening; LV: left ventricle.
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Figure 3. Sunitinib induces cardiac remodeling: (A) Representative sections of myocardium stained for fibrosis (Picrosirius red) from hearts of non-treated mice (B) and
mice treated with vehicle at week 3 (V-w3), or sunitinib at week 3 (S-w3) and week 6 (s-w6). Scale bar: 200 pm. (B) Quantification of fibrosis (normalized by tissue area) in tumor
bearing nude mice non treated (blue, n = 4), treated with vehicle at week 3 (white, n = 8) or sunitinib at week 3 (striped, n = 3) and week 6 (black, n = 8). (C) Representative
blots and their associated quantification for p-ERK and ERK (normalized by GAPDH) of tumor bearing nude mice treated with vehicle (open circles) or sunitinib (filled circles).
Data expressed as mean + SEM. $p < 0.05 and $%p < 0.01 compared to baseline for sunitinib group. ERK: Extracellular signal-regulated kinases.
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Figure 4. Sunitinib enhances cardiac glycolytic metabolism at W1: (A) Example of PET scan images representing cardiac short axis view of FDG-SUV at baseline (left)
and after one week (right) of sunitinib treatment. (B) Mean SUV measured at baseline, week 1, week 3 and week 6 for vehicle (open circles) and sunitinib-treated (filled circles)
tumor bearing nude mice. (C) Max SUV measured at baseline, week |, week 3 and week 6 for vehicle (open circles) and sunitinib-treated (filled circles) tumor bearing nude mice.
(D) Pearson correlation between mean SUV at W1 and LV mass at W6 in sunitinib group. Each dot represents one mouse. Linear regression equation and coefficient of
correlation (R) with R p-value are shown. n = 8 per group. Data are expressed as mean * SEM, *p < 0.05 compared to vehicle; $p < 0.05 compared to baseline for sunitinib group;

LV: left ventricle; SUV: standard uptake values.

Sunitinib enhances cardiac glycolytic
metabolism at W1

One week of treatment with sunitinib increased
cardiac 8F-FDG uptake by nearly 40% (Figure 4A-B).
The max SUV at week 1 also augmented by 60% in
comparison with vehicle-treated animals (p < 0.05)
(Figure 4C). The mean SUV increase from baseline to
week 1 was correlated with the LV mass assessed at
week 6 (p < 0.01) (Figure 4D), suggesting a link
between early cardiac metabolic changes and delayed
hypertrophic heart remodeling.

Macitentan prevents sunitinib-induced
hypertension

Three weeks of sunitinib treatment increased
systolic blood pressure by 20% compared with
baseline (106 + 7.8 mmHg at baseline vs. 129 + 5.4
mmHg at week 3, p < 005) (Figure 5).
Co-administration of macitentan to sunitinib
prevented the rise in systolic blood pressure in 7 mice
out of 8, and as a result the mean systolic blood
pressure in the sunitinib+macitentan group (107 + 4.5
mmHg) was not different from baseline (Figure 5).

Macitentan prevents cardiac dysfunction and
cardiac fibrosis

Ejection fraction (EF) rose to 58 = 1.4% in the
sunitinib-treated group at week 5 (p < 0.05), compared
to 51 + 2.5% in control animals. Animals receiving
macitentan and sunitinib had an EF of 46 £ 5.0%
(Figure 6A). Macitentan prevented sunitinib-induced
fibrosis as shown by histology (Figure 7A-B).

Macitentan fails to prevent sunitinib-induced
cardiac hypertrophy

At week 5, sunitinib-treated animals had a
higher inter ventricular septum (IVS) to LVPW ratio
in comparison to vehicle-treated animals (p < 0.05).
This effect was prevented by the addition of
macitentan (Figure 6B). In contrast, the ratio of LV
mass/body weight was increased significantly (p <
0.05) in both the sunitinib (3.8 % 0.65) and
sunitinib+macitentan (4.3 £ 0.39) groups, in
comparison to the vehicle and the macitentan groups
(3.2 + 0.18 and 3.3 + 0.63, respectively) (Figure 6C).
Increased LV mass at week 5 in sunitinib and
sunitinib+macitentan treated animals was associated
with a higher phosphorylation of ERK pathway in
those groups when compared with vehicle-treated
mice (Figure 7C-D).
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Figure 5. Macitentan prevents sunitinib-induced hypertension: Arterial pressure measured at baseline and after 3 weeks of vehicle (white, n = 6), sunitinib (black, n = 8),
sunitinib+macitentan (dark grey, n = 7) and macitentan (grey, n = 7) treatment in non-tumor bearing mice. Data expressed in mean * SEM. * p < 0.05 compared to other groups.
SBP: systolic blood pressure. SBP: systolic blood pressure.
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Figure 6. Macitentan prevents cardiac dysfunction: (A) Left ventricular ejection fraction measured after 5 weeks of vehicle (white), sunitinib (black), sunitinib+macitentan
(dark grey) and macitentan (grey) treatment. (B) Interventricular septum/left ventricular posterior wall ratio measured after 5 weeks of vehicle (white), sunitinib (black),
sunitinib+macitentan (dark grey) and macitentan (grey) treatment. (C) Left ventricular mass measured after 5 weeks of vehicle (white), sunitinib (black), sunitinib+macitentan
(dark grey) and macitentan (grey) treatment. n = 6-8 per group. Data expressed in mean + SEM. * p < 0.05 between two related samples. EF: ejection fraction; IVS: Interventricular
septum; LVPW: Left ventricular posterior wall.
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Figure 7. Macitentan prevents sunitinib-induced cardiac fibrosis: (A) Representative sections of myocardium stained for fibrosis (Picrosirius red) from hearts of mice
treated with vehicle (upper left), sunitinib (upper right), sunitinib+macitentan (bottom left) and macitentan (bottom right). Scale bar: 200 um. (B) Quantification of fibrosis
(normalized by tissue area) in C57BI/6, non-tumor bearing mice treated with vehicle (white, n = 6), sunitinib (black, n = 8), sunitinib+macitentan (dark grey, n = 7) and macitentan
(grey, n =7) treatment. (C) Representative blots and their associated quantification (D) for p-ERK and ERK (normalized by GAPDH) in C57BI/6 mice treated with vehicle (white,
n = 6), sunitinib (black, n = 6), sunitinib+macitentan (dark grey; n = 6) and macitentan (grey, n = 6). Data expressed in mean * SEM. * p < 0.05; ** p < 0.01 between two related
samples. ERK: Extracellular signal-regulated kinases.
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Table 1. Major changes in cardiac remodeling related pathways.

Sunitinib vs. vehicle

Sunitinib + macitentan vs. Sunitinib vs. both sunitinib +

vehicle group

macitentan & vehicle groups

Categories Diseases or Functions p-Value p-Value p-Value
Annotation
Cardiovascular Disease Hypertension 0.002 n.s 0.009
up-regulation no difference up-regulation
Organismal Injury and Abnormalities Fibrosis 0.002 n.s 0.003
up-regulation no difference up-regulation
Cardiovascular Disease, Developmental Disorder, Hypertrophy <0.001 <0.001 0.005
Organismal Injury and Abnormalities up-regulation up-regulation up-regulation
Canonical pathways Role of NFAT in Cardiac  0.05 ns ns
Hypertrophy up-regulation no difference no difference
Canonical pathways Protein Kinase A 0.05 0.01 ns
Signaling up-regulation up-regulation no difference
Canonical pathways NRF2-mediated Oxidative 0.003 0.008 ns

Stress Response

up-regulation

up-regulation

no difference

Table showing the most significantly pathways perturbed by sunitinib in mouse myocardium independently of endothelin axis. n = 6 per group. n.s: non-significant.

Discussion

Cardiotoxicity is a concern for the clinical use of
antiangiogenics. Here we show that sunitinib induces
cardiac hypertrophy and that early metabolic changes
assessed by in vivo FDG-PET imaging after 1 week of
treatment can predict delayed cardiac remodeling.
Sunitinib- associated cardiac remodeling is shown by
elevation of LV mass (Figures 2-6) and accumulation
of collagen fibers triggered by activation of
hypertrophic molecular pathways (ERK).

The activation of the endothelin axis by sunitinib
may explain its cardiac side effects. Indeed, ET-1
induces fibrosis and myocardial hypertrophy [9, 10]
partially through upregulation of transglutaminase 2
(TG2) [13]. In mice, increased expression of TG2 has
been found responsible for diastolic dysfunction,
cardiac chamber dilation as well as remodeling of
extracellular matrix [14]. Furthermore, as TG2
participates to cardiac remodeling [15, 16] and is
activated by hyper glycolysis [17], our observation
that sunitinib induces early abnormal higher glucose
uptake in nude mice after one week of treatment
suggests that this could activate the TG2 pathway and
trigger cardiac remodeling.

As expected, ET-antagonism by macitentan
prevents  sunitinib-induced pressure overload,
prevents  fibrosis, prevents  sunitinib-induced
hypertension, and maintains EF at physiological
levels. Our results confirm previous reports relating
that blockade of the ET axis protects against
pressure-overload [7], fibrosis [18, 19] and myocardial
metabolic deregulation [1]. In addition, we speculate
that the blockade of ET axis may protect against
activation of TG2 [13] and against vasoconstriction
[20]. Endothelin  antagonists inhibit cardiac
hypertrophy [18, 19, 21] and are used to treat right
ventricle remodeling in pulmonary hypertension [22,
23]. Therefore, it is quite surprising that adding
macitentan to a sunitinib regimen has no effect on

long-term delayed cardiac hypertrophy and fails to
protect against myocardial enlargement. The partial
protection of sunitinib-induced cardiotoxicity by
macitentan is however in agreement with our
previous proteomics analysis [1] summarized in Table
1 (accessible in Proteomics Identification Database
with the dataset identifier PXD006888). These results
suggest that other signaling pathways than the
endothelin axis are involved during sunitinib-induced
myocardial remodeling.

Sunitinib inhibits vascular endothelial growth
factor receptor (VEGFR) and platelet-derived growth
factor (PDGEFR). Since the activation of VEGFR
through different stimuli is directly responsible for
cardiac hypertrophy [24], it is unlikely that its
inhibition is responsible for the myocardial
remodeling that we observed here. The other
possibility is that PDGFR inhibition is, at least in part,
responsible for cardiac remodeling induced by
sunitinib. In support of this hypothesis, Chintalgattu
et al. showed that specific inactivation of PDGFR in
cardiomyocytes induced LV hypertrophy and fibrosis
after 14 days of thoracic aortic constriction [25]. The
same authors also observed a significant inhibition of
AKT, suggesting that the impairment of AKT
regulation of metabolism could be involved in cardiac
impairment. We show here that sunitinib increases
the Mitogen-Activated Protein Kinases (MAPK/ERK)
pathway, a key player in myocardial hypertrophy [26,
27], in agreement with a previous report in isolated
cardiomyocytes [28]. In addition, proteomics analyses
(Figure S2 and Table S1) show that the higher
expression of MAPK/ERK is involved in
hypertrophic pathways, such as: Role of NFAT in
Cardiac Hypertrophy [29], Protein Kinase A Signaling
[30] and NRF2-mediated Oxidative Stress Response
[31]. The increase of MAPK/ERK could be the
consequence of sunitinib-induced inhibition of
cardiac AMP-activated protein kinase (AMPK) [32],
which is an anti-hypertrophy protein that inhibits
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MAPK/ERK pathway [33] and which is involved in
the regulation of cardiac metabolism [34]. In addition
to the inhibition of AMPK [32] and AKT [25] and to
the impaired cardiac glucose metabolism by sunitinib,
this antiangiogenic is also known to induce
mitochondrial dysfunction and anaerobic metabolism
[1, 2]. Hence, there appears to be a link between the
impairment of local metabolism and remodeling of
the heart. Metabolic imbalance with mitochondrial
dysfunction, such as mismatch of oxidative
metabolism and reduced ATP production, generate
reactive oxygen species (ROS) in mitochondria [35,
36]. ROS generation has been documented in the
sunitinib-treated myocardium [37, 38]. ROS activate
the MAPK/ERK pathway [39]. Their contribution to
pathologic cardiac hypertrophy is well-established
[40], for instance in the concentric hypertrophy [41], in
diabetic cardiomyopathies [42, 43], in hypertrophic
heart disease [44, 45] and in heart failure with
preserved ejection fraction (HFpEF) [46-48]. The
present study demonstrates that sunitinib induces
pressure overload, increases LV mass and the
IVS/LVPW ratio, induces fibrosis and increases EF,
all characteristics of concentric hypertrophy [49]. We
thus speculate that, in sunitinib-treated animals,
macitentan prevents cardiac concentric hypertrophy
but has no effect on eccentric hypertrophy,
characterized by the enlargement of chamber volume
and typical of dilated cardiomyopathies [50], we
observed in the sunitinib+macitentan group.

The present results also confirm that sunitinib
induces early increase in 8F-FDG uptake after 1 week
of treatment [1, 2]. The early metabolic abnormality
correlates specifically with the increase in LV mass at
6 weeks of sunitinib treatment. This result underlines
the important link between early cardiac metabolic
deregulation and the late stage of cardiac hypertrophy
implying an overactivation of the MAPK/ERK
pathway. Similar results have been obtained in a
mouse model of pressure-overload in which early
SUV-BE-FDG increase was associated with late
cardiac hypertrophy [51]. Since several lines of
evidence suggest that early metabolic changes in
glycolytic metabolism could be predictive of
late-heart remodeling [51, 52], using whole-body
18E-FDG-PET scans performed in cancer patients may
turn clinically useful to evaluate the cardiotoxicity of
sunitinib.

Conclusion

Our results highlight the contribution of
multi-organ/multi-modality in vivo imaging for a
theranostics approach as proposed earlier [53, 54].
Such approaches demonstrate that sunitinib-induced
cardiotoxicity has several origins, involving a minima

pressure-overload, the endothelin axis, and a third
mechanism or pathway that remains to be determined
for late cardiac hypertrophy.

Abbreviations

AMPK: 5' AMP-activated protein kinase; Echo:
echocardiography; =~ ERK:  Extracellular  signal-
regulated kinases; ET: endothelin; FDG:
2'-deoxy-2'-['8F]fluoro-D-glucose;  FS:  fractional
shortening; GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase; HFpEF: heart failure with preserved
ejection fraction; IVS: interventricular septum; LVE]:
left ventricular ejection fraction; LVID: left ventricular
internal diameter; LVPW: left ventricular posterior
wall thickness; MAPK: Mitogen-Activated Protein
Kinases; PET: positron emission tomography; ROS:
reactive oxygen species; SBP: systolic blood pressure;
SUV: standard uptake values; TG2: transglutaminase
2; VOI: volume of interest.

Supplementary Material

Supplementary figures and tables.
http:/ /www.thno.org/v11p3830s1.pdf

Acknowledgments

This study was supported by the Institut
National de la Santé et de la Recherche Médicale,
Paris Descartes University and France Life Imaging.
Joevin Sourdon and Caterina Facchin were supported
by a scholarship of the Ministere de I’Enseignement
Supérieur et de la Recherche and Anais Certain was
supported by the EIBIR MEDIRAD program. In vivo
imaging was performed at the Life Imaging Facility of
Paris Descartes University (Plateforme Imageries du
Vivant), supported by France Life Imaging (grant
ANR-11-INBS-0006) and Infrastructures Biologie-
Santé (IBISA). The authors are grateful to Corinne
Lesaffre of the PARCC Histology Core Facility.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Sourdon J, Lager F, Viel T, et al. Cardiac Metabolic Deregulation Induced by
the Tyrosine Kinase Receptor Inhibitor Sunitinib is rescued by Endothelin
Receptor Antagonism. Theranostics. 2017; 7: 2757-74.

2. O'Farrell AC, Evans R, Silvola JMU, et al. A Novel Positron Emission
Tomography (PET) Approach to Monitor Cardiac Metabolic Pathway
Remodeling in Response to Sunitinib Malate. PLoS ONE. 2017; 12: e0169964.

3.  Touyz RM, Herrmann J]. Cardiotoxicity with vascular endothelial growth
factor inhibitor therapy. NPJ Precis. Oncol. 2018; 2: 13.

4. Chu TF, Rupnick MA, Kerkela R, et al. Cardiotoxicity associated with tyrosine
kinase inhibitor sunitinib. Lancet. 2007; 370: 2011-9.

5. Rini BI, Escudier B, Tomczak P, et al. Comparative effectiveness of axitinib
versus sorafenib in advanced renal cell carcinoma (AXIS): a randomised phase
3 trial. Lancet. 2011; 378: 1931-9.

6. Kappers MHW, van Esch JHM, Sluiter W, et al. Hypertension induced by the
tyrosine kinase inhibitor sunitinib is associated with increased circulating
endothelin-1 levels. Hypertension. 2010; 56: 675-81.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 8

3838

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Kappers MHW, de Beer V], Zhou Z, et al. Sunitinib-induced systemic
vasoconstriction in swine is endothelin mediated and does not involve nitric
oxide or oxidative stress. Hypertension. 2012; 59: 151-7.

Nadruz W. Myocardial remodeling in hypertension. ] Hum Hypertens. 2015;
29:1-6.

Suzuki T, Hoshi H, Mitsui Y. Endothelin stimulates hypertrophy and
contractility of neonatal rat cardiac myocytes in a serum-free medium. FEBS
Letters. 1990; 268: 149-51.

Miyauchi T, Masaki T. Pathophysiology of endothelin in the cardiovascular
system. Annu Rev Physiol. 1999; 61: 391-415.

Lepoutre-Lussey C, Thibault C, Buffet A, et al. From Nfl to Sdhb knockout:
Successes and failures in the quest for animal models of pheochromocytoma.
Molecular and Cellular Endocrinology. 2016; 421: 40-8.

PMC E. UKCCCR guidelines for the welfare of animals in experimental
neoplasia. Br. J. Cancer. 1988; 58: 109-13.

Li X, Wei X-L, Meng L-L, et al. Involvement of tissue transglutaminase in
endothelin 1-induced hypertrophy in cultured neonatal rat cardiomyocytes.
Hypertension. 2009; 54: 839-44.

Shinde AV, Dobaczewski M, de Haan JJ, et al. Tissue transglutaminase
induction in the pressure-overloaded myocardium regulates matrix
remodelling. Cardiovasc Res. 2017; 113: 892-905.

Xia Y, Lee K, Li N, et al. Characterization of the inflammatory and fibrotic
response in a mouse model of cardiac pressure overload. Histochem. Cell Biol.
2009; 131: 471-81.

Nurminskaya MV, Belkin AM. Cellular functions of tissue transglutaminase.
Int Rev Cell Mol Biol. 2012; 294: 1-97.

Bhedi CD, Nasirova S, Toksoz D, et al. Glycolysis regulated transglutaminase
2 activation in cardiopulmonary fibrogenic remodeling. FASEB J. 2020; 34:
930-44.

Valero-Munoz Maria, Li Shanpeng, Wilson Richard M., et al. Dual
Endothelin-A /Endothelin-B Receptor Blockade and Cardiac Remodeling in
Heart Failure With Preserved Ejection Fraction. Circ: Heart Fail. 2016; 9:
€003381.

Visnagri A, Kandhare AD, Ghosh P, et al. Endothelin receptor blocker
bosentan inhibits hypertensive cardiac fibrosis in pressure overload-induced
cardiac hypertrophy in rats. Cardiovasc. Endocrinol. Metab. 2013; 2: 85-97.
Khadka A, Singh Brashier DB, Tejus A, et al. Macitentan: An important
addition to the treatment of pulmonary arterial hypertension. J Pharmacol
Pharmacother. 2015; 6: 53-7.

Stasch J-P, Hirth-Dietrich C, Frobel K, et al. Prolonged endothelin blockade
prevents hypertension and cardiac hypertrophy in stroke-prone
spontaneously hypertensive rats. Am ] Hypertens. 1995; 8: 1128-34.

Iglarz M, Landskroner K, Bauer Y, et al. Comparison of Macitentan and
Bosentan on Right Ventricular Remodeling in a Rat Model of
Non-vasoreactive Pulmonary Hypertension. J. Cardiovasc. Pharmacol. 2015;
66: 457-467.

Chen Y-F, Oparil S. Endothelin and Pulmonary Hypertension. J. Cardiovasc.
Pharmacol. 2000; 35: S49.

Oka Toru, Akazawa Hiroshi, Naito Atsuhiko T., et al. Angiogenesis and
Cardiac Hypertrophy. Circ. Res. 2014; 114: 565-71.

Chintalgattu V, Ai D, Langley RR, et al. Cardiomyocyte PDGFR- signaling is
an essential component of the mouse cardiac response to load-induced stress. J
Clin Invest. 2010; 120: 472-84.

Hefti MA, Harder BA, Eppenberger HM, et al. Signaling pathways in cardiac
myocyte hypertrophy. ] Mol Cell Cardiol. 1997; 29: 2873-92.

Gallo S, Vitacolonna A, Bonzano A, et al. ERK: A Key Player in the
Pathophysiology of Cardiac Hypertrophy. Int ] Mol Sci. 2019; 20(9):2164
Korashy HM, Al-Suwayeh HA, Maayah ZH, et al. Mitogen-Activated Protein
Kinases Pathways Mediate the Sunitinib-Induced Hypertrophy in Rat
Cardiomyocyte H9c2 Cells. Cardiovasc Toxicol. 2015; 15: 41-51.

Wilkins Benjamin ], Dai Yan-Shan, Bueno Orlando F. et al
Calcineurin/NFAT Coupling Participates in Pathological, but not
Physiological, Cardiac Hypertrophy. Circ. Res. 2004; 94: 110-8.

Dorn GW, Force T. Protein kinase cascades in the regulation of cardiac
hypertrophy. J Clin Invest. 2005; 115: 527-37.

Kannan S, Muthusamy VR, Whitehead K], et al. Nrf2 deficiency prevents
reductive stress-induced hypertrophic cardiomyopathy. Cardiovasc. Res.
2013; 100: 63-73.

Hasinoff BB, Patel D, O'Hara KA. Mechanisms of myocyte cytotoxicity
induced by the multiple receptor tyrosine kinase inhibitor sunitinib. Mol.
Pharmacol. 2008; 74: 1722-8.

Mailleux F, Beauloye C, Balligand J-L, et al. Studying the Role of AMPK in
Cardiac Hypertrophy and Protein Synthesis. Methods Mol Biol. 2018; 1732:
321-42.

Dyck JRB, Lopaschuk GD. AMPK alterations in cardiac physiology and
pathology: enemy or ally? J Physiol. 2006; 574: 95-112.

Zhou B, Tian R. Mitochondrial dysfunction in pathophysiology of heart
failure. J Clin Invest. 2018,128(9):3716-3726.

Peoples JN, Saraf A, Ghazal N, Pham TT, Kwong JQ. Mitochondrial
dysfunction and oxidative stress in heart disease. Exp. Mol. Med. 2019; 51: 1-
13.

Rainer PP, Doleschal B, Kirk JA, et al. Sunitinib causes dose-dependent
negative functional effects on myocardium and cardiomyocytes. BJU Int. 2012;
110: 1455-62.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Tocchetti CG, Gallucci G, Coppola C, et al. The emerging issue of cardiac
dysfunction induced by antineoplastic angiogenesis inhibitors. Eur. J. Heart
Fail. 2013; 15: 482-9.

Tanaka K, Honda M, Takabatake T. Redox regulation of MAPK pathways and
cardiac hypertrophy in adult rat cardiac myocyte. ] Am Coll Cardiol. 2001; 37:
676-85.

Sag CM, Santos CXC, Shah AM. Redox regulation of cardiac hypertrophy. J.
Mol. Cell. Cardiol. 2014; 73: 103-11.

Juric D, Wojciechowski P, Das DK et al. Prevention of concentric hypertrophy
and diastolic impairment in aortic-banded rats treated with resveratrol. Am J
Physiol Heart Circ Physiol. 2007; 292: H2138-2143.

Seferovi¢ PM, Petrie MC, Filippatos GS, et al. Type 2 diabetes mellitus and
heart failure: a position statement from the Heart Failure Association of the
European Society of Cardiology. Eur ] Heart Fail. 2018; 20: 853-72.

Evangelista I, Nuti R, Picchioni T, et al. Molecular Dysfunction and
Phenotypic Derangement in Diabetic Cardiomyopathy. Int ] Mol Sci. 2019; 20.
Maulik SK, Kumar S. Oxidative stress and cardiac hypertrophy: a review.
Toxicol Mech Methods. 2012; 22: 359-66.

Drazner Mark H. The Progression of Hypertensive Heart Disease. Circulation.
2011; 123: 327-34.

Sourdon J, Keceli G, Lindsey ML, et al. Death of an antioxidant brings heart
failure with preserved ejection fraction to life: 5-oxoproline and post-ischaemic
cardio-renal dysfunction. Cardiovasc Res. 2018; 114: 1819-21.

Heinzel FR, Hohendanner F, Jin G, et al. Myocardial Hypertrophy and Its Role
in Heart Failure with Preserved Ejection Fraction. ] Appl Physiol (1985). 2015;
119: 1233-42.

Gevaert AB, Boen JRA, Segers VF, et al. Heart Failure With Preserved Ejection
Fraction: A Review of Cardiac and Noncardiac Pathophysiology. Front
Physiol. 2019; 10: 638.

Messerli FH, Rimoldi SF, Bangalore S. The Transition From Hypertension to
Heart Failure: Contemporary Update. JACC Heart Fail. 2017; 5: 543-51.

Mihl C, Dassen WRM, Kuipers H. Cardiac remodelling: concentric versus
eccentric hypertrophy in strength and endurance athletes. Neth Heart J. 2008;
16: 129-33.

Zhong M, Alonso CE, Taegtmeyer H, et al. Quantitative PET Imaging Detects
Early Metabolic Remodeling in a Mouse Model of Pressure-Overload Left
Ventricular Hypertrophy In Vivo. ] Nucl Med. 2013; 54: 609-15.

Kundu BK, Zhong M, Sen S, et al. Remodeling of Glucose Metabolism
Precedes Pressure Overload -Induced Left Ventricular Hypertrophy: Review
of a Hypothesis. Cardiology. 2015; 130: 211-20.

Provost J, Garofalakis A, Sourdon J, et al. Simultaneous positron emission
tomography and ultrafast ultrasound for hybrid molecular, anatomical and
functional imaging. Nat Biomed Eng. 2018; 2: 85-94.

Facchin C, Perez-Liva M, Garofalakis A, et al. Concurrent imaging of
vascularization and metabolism in a mouse model of paraganglioma under
anti-angiogenic treatment. Theranostics. 2020; 10: 3518-32.

http://lwww.thno.org



