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Aims To define the molecular mechanisms of cardiotoxicity induced by Sunitinib and to identify the role of biological sex in
modulating toxicity.
Methods Exposure of isolated cardiomyocytes to plasma-relevant concentrations of Sunitinib and other tyrosine kinase inhibi-

and results tors produces a broad spectrum of abnormalities and cell death via apoptosis downstream of sexually dimorphic kinase
inhibition. Phosphorylation of protein kinase C and phospholipase vy abrogates these effects for most tyrosine kinase
inhibitors tested. Female sex and estradiol cause increased cardiotoxicity, which is mediated by reduced expression of a
drug efflux transporter and a metabolic enzyme. Female but not male mice exposed to a 28-day course of oral Sunitinib
exhibit similar abnormalities as well as functional deficits and their hearts exhibit differential expression of genes re-

sponsible for transport and metabolism of Sunitinib.

Conclusion We identify the specific pathways affected by tyrosine kinase inhibitors in mammalian cardiomyocytes, interactions with
biological sex, and a role for oestrogen in modulating drug efflux and metabolism. These findings represent a critical
step toward reducing the incidence of cardiotoxicity with tyrosine kinase inhibitor chemotherapeutics.
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1. Introduction

Small molecule inhibitors that occupy the ATP binding sites of receptor
tyrosine kinases (RTKs) have been successful in inhibiting the abnor-
mally high kinase activity and uncontrolled cell growth in many forms
of cancer." Sunitinib, for example, was designed to inhibit multiple tyro-
sine kinases (TKs), including platelet-derived growth factor receptor
(PDGFR), vascular endothelial growth factor receptor (VEGFR), and
c-kit, each of which plays important roles in the growth of cancer cells
and angiogenesis.” Optimization of the pharmacological properties of
tyrosine kinase inhibitors (TKIs) has resulted in more than 20
FDA-approved agents that target the kinases implicated in certain types
of cancer. An emerging concern about TKls, however, is detrimental
effects on signalling pathways in healthy tissues, resulting in pathologies
unrelated to the cancer. As with other TKIs, a significant number of pa-
tients developed cardiotoxicity during administration of Sunitinib,® with
evidence of congestive heart failure and electrocardiographic abnor-
malities.>* In one such study, 75% of patients receiving Sunitinib

experienced at least a 15% reduction in left-ventricular ejection frac-
tion, similar to the negative cardiac effects observed with Imatinib, an-
other TKI. Despite these data, as recently as 2011, a Phase lll trial
testing Sunitinib in pancreatic cancer did not screen patients for cardiac
dysfunction; heart failure was the second most common side effect of
Sunitinib resulting in withdrawal from the trial.®

Because of the highly conserved nature of the TK active sites tar-
geted by TKis, these small molecules commonly inhibit more kinases
than originally intended. Several mechanisms have been implicated in
cardiotoxicity including loss of cardiomyocytes via mitochondrial dys-
function? that may be induced by promiscuity of TKls. Indeed, in an in
vitro screen of 317 protein kinases implicated in cancer, 77 kinases in-
teracted with Sunitinib with variable affinities.” In vivo effects of TKls on
the heart have not been fully described, however, endomyocardial bi-
opsies from patients receiving Sunitinib revealed abnormal swollen
mitochondria and effaced cristae indicative of cellular stress.” Consid-
ering the anatomical evidence for mitochondrial dysfunction, a mech-
anism involving AMP-activated protein kinase (AMPK), a novel target
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of Sunitinib, was proposed.? Inhibition of AMPK by Sunitinib was con-
firmed in a kinase activity assay; however, no change in ATP levels was
observed. Additionally, pretreatment with Metformin, a potent activa-
tor of AMPK did not rescue NRVMs from the cellular damage induced
by Sunitinib.”

A confounding aspect of identifying the mechanisms of TKl-induced
cardiotoxicity is that not all patients receiving these agents develop car-
diotoxicity. The lack of uniform effect suggests possible genetic interac-
tions that modulate the cardiotoxic effects of Sunitinib. In fact, a
retrospective study revealed that female patients who receive Sunitinib
exhibit more toxicities in multiple organ systems compared to men."®
A mechanism that has not been considered in the cardiotoxicity in-
duced by Sunitinib is regulation of its metabolism and efflux from car-
diomyocytes, which are processes known to be regulated by the sex
hormone, estradiol (E2).

Although the basic inhibitory effects of Sunitinib on kinases have
been described in an in vitro assay, to date, there has been no examin-
ation of the inhibitory effects on kinases in the adult heart and isolated
cardiomyocytes. Additionally, no pre-clinical study has measured phos-
phorylation of these kinases in both males and females to determine
the distinct sexually dimorphic effects of Sunitinib on TKls. Here, we
identify sexually dimorphic cardiotoxicity in mice and isolated cardio-
myocytes. Our data demonstrate a role for the E2 in the modulation
of drug handling within the cardiomyocyte.

2. Methods
2.1 Animals

Animal use was in accordance with a protocol approved by the Institutional
Animal Care and Use Committee at the University of Colorado at Boulder
and conformed with guidelines published by the US National Institutes of
Health. Sunitinib (40 mg/kg/day®) or vehicle [dimethyl sulfoxide (DMSO)]
was administered daily via oral gavage for 28 days. Mice were sacrificed
via cervical dislocation after deep anesthetization with inhaled isoflurane
on Day 29.

2.2 Neonatal rat ventricular myocytes isolation

Neonatal rat ventricular myocytes (NRVMs) were isolated from 1-day-old
Sprague—Dawley rat cardiac ventricles, as previously described."’

2.3 Adult rat ventricular myocytes isolation

Adult rat ventricular myocytes (ARVMs) were isolated from the left ven-
tricle of male and female rats using published protocols.”

2.4 RNA isolation and quantitative PCR

Total RNA was purified from cells or left-ventricular tissue using a TRIzol®-
based reagent (Molecular Research Center, Inc., Cincinnati, OH, USA) and
cDNA was synthesized, as previously described.'* Gene expression was
quantified by measuring SYBR® Green (Invitrogen, Carlsbad, CA, USA)
fluorescence using a Bio-Rad CFX 9600 Real-Time PCR System (Hercules,
CA, USA).

2.5 Cell viability measurements

NRVMs were isolated and treated for 12—38 h. Adherent cells were stained
with crystal violet dye (4-[(4-dimethylaminophenyl)-phenyl-methyl]-
N,N-dimethyl-aniline, Sigma-Aldrich, St Louis, MO, USA). Intensity of dye,
which is proportional to the number of viable cardiomyocytes, was mea-

sured and normalized to vehicle-treated NRVMs.

2.6 Caspase activity assays

Caspase-3 activity in NRVMs was determined by measuring the cleavage
of a fluorogenic caspase-3-specific substrate (Calbiochem, Darmstadt,
Germany), as previously described.™

2.7 Immunohistochemistry

Sarcomeric organization was visualized in NRVMs using antibodies raised
against sarcomeric myosins. Categorization of sarcomeric organization
was performed by a blinded evaluator, as previously described.'®

2.8 Echocardiography

Mice were anaesthetized using 3% isoflurane and subjected to echo-
cardiography after 28 days of Sunitinib administration, as previously
reported.’?

2.9 Analysis of fibrosis

Quantification of collagen in left-ventricular tissue was performed using
Picrosirius Red Stain Kit (Polysciences, Inc., Warren, PA, USA), polarized
light microscopy, and ImageJ software, as previously described.”

2.10 RTK, intracellular kinase, and apoptosis
arrays

Mouse Phospho-receptor Tyrosine Kinase Arrays, Human Phospho-kinase
Arrays, or Human Apoptosis Array (R&D Systems, Minneapolis, MN) were
used according to the manufacturer’s protocol.’

2.11 Determination of cell volume and area in
NRVMs

NRVM diameters were measured in triplicate in a Multisizer 3™ Coulter
Counter® (Beckman Coulter, Brea, CA, USA), as previously described."®

2.12 Statistical analyses

Data are reported as mean + standard error from the mean (SEM). Differ-
ences between groups were evaluated for statistical significance using
Student’s t-test or one- or two-way analysis of variance (ANOVA) followed
by Tukey’s post-hoc test, as indicated in legends. P-values < 0.05 were
considered statistically significant.

3. Results

3.1 Sunitinib induces cardiotoxicity in
cardiomyocytes in a concentration- and
time-dependent manner

To examine the specific molecular effects of Sunitinib in cardiomyo-
cytes, NRVMs were treated with 150 ng/mL Sunitinib. Although the
target plasma concentration is 50—100 ng/mL, mean trough plasma
concentrations can reach 1010 ng/mL."” For the studies presented
here, we used average plasma concentration in patients receiving Suni-
tinib®"® or vehicle (1 wM DMSO). Expression of fetal genes in cardio-
myocytes, a classical hallmark of cardiomyocyte toxicity,'” was
measured using quantitative PCR; mRNAs encoding atrial natriuretic
factor (Anf), brain natriuretic peptide (Bnp), and 3-myosin heavy chain
(B-MyHC) were significantly increased (4.1-, 8.2-, and 2.8-fold, respect-
ively), whereas a-skeletal actin (aSkActin), which is up-regulated during
cardiomyocyte dedifferentiation and hypertrophy,?° remained un-
changed (Figure 1A).

To examine viability with exposure to Sunitinib, NRVMs were trea-
ted with escalating concentrations of Sunitinib and were stained with
crystal violet to visualize protein and DNA in live, adherent cells. A
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Figure | TKlsinduce cardiotoxicity and cell death in NRVMs. (A) Fe-
tal gene expression was measured in NRVMs treated with 150 ng/mL
Sunitinib for 36 h using quantitative PCR. Fold change is relative to
vehicle-treated. ANF, atrial natriuretic factor; BNP, brain natriuretic
peptide; B-MyHC, B-myosin heavy chain; a-SkActin, a-Skeletal actin.
n =4 NRVM preparations analysed separately. Bars indicate the aver-
age fold change of the four preparations. Student’s t-test, comparing
Sunitinib- to vehicle-treated cells. (B) Absorbance at 590 nm (A590)
of crystal violet-stained NRVMs treated with vehicle (DMSO),
75 ng/mL, 150 ng/mL, or 300 ng/mL Sunitinib (Sun) for 36 h. n=6
NRVM preparations analysed separately. Bars indicate the average of
the six preparations. One-way ANOVA followed by Tukey’s post-hoc
test. (C) Fold change in caspase-3 activity measured in lysates from
NRVMs treated with 150 ng/mL Sunitinib for 24, 48, 72, 96, or 120 h.
n = 3 NRVM preparations of 80—100 neonatal ventricles each. One-
way ANOVA followed by Tukey’s post-hoc test. For each panel, error
bars represent standard error from the mean (SEM). *P < 0.05,
*kp < 0.01.

concentration-dependent loss of cells occurred after 24 h of exposure
to Sunitinib (Figure 1B). A caspase-3 activity assay yielded inversely pro-
portional results (Figure 1C). Therefore, Sunitinib induced cardiomyo-
cyte death via apoptosis in NRVMs, a loss that occurred in a
time-dependent manner.

3.2 Sunitinib inhibits off-target kinases
in cardiomyocytes

Although in vitro interactions between TKls and a panel of 317 kinases
implicated in oncogenesis have been previously measured,” the RTKs
targeted by each drug have not been examined in isolated cardiomyo-
cytes. The patterns of off-target RTK inhibition that may be responsible
for cardiotoxicity of several different TKls in NRVMs or patients were
therefore examined. The levels of phosphorylation of 39 RTKs in
NRVMs treated with each of six US FDA-approved TKls were mea-
sured, including 14 RTKs that are implicated in cardiac function
(Figure 2A). Inhibition of the targeted RTKs was observed for each
drug in addition to many off-target RTKs. For example, Sunitinib inhib-
ited PDGFR and VEGFR but also 18 other off-target RTKs. Interestingly,
Sunitinib treatment also increased phosphorylation of several RTKs in-
cluding substantial increases in ErbB3 and neurotrophic tyrosine kinase
receptor type 3 (TrkC). Although no individual or combination of inhib-
ited TKs was strictly associated with cardiotoxicity in these analyses, the
quantification of RTK inhibition largely agreed with graded toxicity in pa-
tients reported by other investigators9 such that more cell death was
observed with drugs that induce more severe cytotoxicity in patients
(Supplementary material online, Table ST and Figure $2C). Combinatorial
effects were not observed, such that exposure to two different TKils did
not increase cardiotoxicity (Supplementary material online, Figure ST).

3.3 Cardiotoxicity induced by Sunitinib

is abrogated by phosphorylation of
phospholipase C

Because RTK signalling converges on activation of phosphorylation of
phospholipase C (PLCy) as well as protein kinase C (PKC),2" phenyl-
ephrine (PE), an a1-adrenergic receptor agonist, > was used to activate
these kinases in NRVM s treated with Sunitinib. Our hypothesis was that
intervention downstream of RTK inhibition would abrogate the cardi-
omyocyte toxicity of Sunitinib. Concentrations of PE that do not induce
cardiomyocyte hypertrophy® or hypertension in vivo>* were used to
activate PLC+y and PKC. NRVMs were treated for 36 h with PE at con-
centrations ranging from 2.8 pM to 100 wM. Toxicity was observed
with PE concentrations over 25 wM, as indicated by reduced crystal
violet staining compared with peak hypertrophy (Supplementary ma-
terial online, Figure S2A). 375 pM up to 25 WM PE induced statistically
significant hypertrophy of NRVMs and increased crystal violet staining
(Supplementary material online, Figure S2A). Concentrations below
375 pM PE did not induce hypertrophy of NRVMs (Supplementary ma-
terial online, Figure S2B and C).

To determine the effect of PE on cell death in NRVMs treated with
Sunitinib, NRVMs were treated with Sunitinib alone or combined with
dilutions of PE ranging from 2.80 pM to 47.6 nM for 48 h. Increased cell
loss was observed in NRVMs co-treated with Sunitinib and hypertroph-
ic concentrations of PE (>375 pM); however, significant cardioprotec-
tion was observed at lower concentrations (2.8—375 pM) (Figure 3A).
These concentrations have also been shown to be subpressor in
mice by specifically activating a-1 adrenergic receptors while avoiding
activation of a-2 and B-adrenergic receptors.>* The role of PLCy-PKC
signalling in cardioprotection conferred by PE was validated using phor-
bol 12-myristate 13-acetate (PMA), a specific activator of PKC that also
activates PLC.”> PMA alone did not alter crystal violet staining, how-
ever, co-treatment with Sunitinib reduced cell death induced by Suni-
tinib in NRVMs (Figure 3B). Indeed, the PMA-mediated abrogation of
cell death induced by Sunitinib by PMA provided independent
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Figure 2 Off-target kinase inhibition induced by TKls (150 ng/mL Sunitinib, 1 wg/mL Erlotinib, 3 pg/mL Imatinib, 100 ng/mL Dasatinib, 1.4 pug/mL
Lapatinib, or 500 ng/mL Sorafenib) in NRVMs. (A) Levels of phosphorylation of RTKs in NRVMs treated with plasma-relevant doses of TKls for 24 h
were measured using an antibody array. Data were obtained from a single antibody array using three pooled NRVM preparations (80—100 neonatal
ventricles each, 270 ventricle total) with each RTK tested in duplicate. Green indicates decreased phosphorylation and red indicates increased phosphor-
ylation, relative to vehicle-treated NRVMs. (B) Absorbance of NRVMs treated with TKls for 24 h and stained with crystal violet (A590). n = 4 NRVM
preparations (80—100 neonatal ventricles per preparation) analysed separately and averaged. *P < 0.05, **P < 0.01, one-way ANOVA followed by

Tukey’s post-hoc test.

validation of the importance of this pathway intersection in cardiopro-
tection from Sunitinib.

To determine whether the cardioprotective effect of phosphoryl-
ation of PLCy is specific to Sunitinib or occurs with other TKls, four
additional TKls associated with variable degrees of cardiotoxicity in
patients (1.4 pg/mL Lapatinib,?® 1 wg/mL Erlotinib,”” 100 ng/mL Dasa-
tinib,?® 500 ng/mL Sorafenib®®) were used at plasma-relevant concen-
trations in NRVMs; cells were stained with crystal violet to measure cell
loss. All five TKls induced cell loss compared with vehicle-treated
NRVMs in a concentration-dependent manner (Figure 3C, open bars).
Co-treatment with 2.8 pM PE, the lowest concentration that caused
cardioprotection with Sunitinib, prevented cell loss in all TKls tested
except Lapatinib (Figure 3C, hatched bars). Additionally, reduced
caspase-3 activity was observed when these TKls were co-treated
with 2.8 pM PE. For example, Sunitinib induced a 1.85-fold increase
in caspase-3 activity. Combined Sunitinib and 2.8 pM PE treatment sig-
nificantly reduced caspase-3 activity to just 1.28-fold higher than in
vehicle-treated cardiomyocytes (Figure 3D).

Levels of phosphorylation of intracellular signalling molecules was
also examined using protein lysates from NRVMs treated with vehicle,
Sunitinib, 100 pM PE (the mean concentration that promoted

cardioprotection) or Sunitinib co-treated with PE to identify the path-
ways required for cardiomyocyte survival. With PE treatment alone, ki-
nases associated with a1-adrenergic stimulation were phosphorylated:
MEK1/2, Erk1/2, and PLCy, and increased phosphorylation reversed
the inhibition induced by Sunitinib. Other signalling pathways including
MSK1-p38-cAMP response element-binding protein (CREB) demon-
strated a similar pattern in NRVMs co-treated with Sunitinib and PE.
Notably, several kinases associated with apoptosis were altered with
Sunitinib exposure but normalized with combined treatment with PE.
For example, a pan-phospho-JNK antibody detected a 37.4% decrease
in phosphorylation with Sunitinib treatment. Sunitinib treatment of
NRVMs reduced phosphorylation of JNK by 42% relative to vehicle-
treated cells; addition of PE abrogated this reduction to only 8.2%
(Figure 4A).

Because Sunitinib-induced apoptosis was reduced by the addi-
tion of PE, an antibody array was used to identify the components
of apoptosis involved in Sunitinib-induced cell death and the cardio-
protective effects of PE. As expected, no change in expression of
DNA damage and cell cycle proteins (p53, p21, p27) was observed
when NRVMs were exposed to escalating plasma-relevant concentra-
tions of Sunitinib for 24 h. Increased expression of pro-apoptotic



70

P.A. Harvey and L.A. Leinwand

1.57

sk gk

1.0

0.5

A590, relative to vehicle-treated

PO PP Po®

S Q&’Q\(\*\c}@é& _&\&&o_ ; FF S

e & oS o L &
Yoa¥ ¥ o o o &7 @ o & ¥ o &

77

&

o

AMMHHHHIIDI D208

1.0

a
o

AS588, relative to vehicle
= o
B @

0.21
0.0
g
&
& &

o)

A590, relative to vehicle-treated

1.57

Caspase-3 activity
relative to vehicle-treated

*%k
1.0
*k
e
0.51
0.0
&° &
o o
\\I
&
AN
’\"Q
4
*
3 =
==
2 . X
*
1.
‘ &
(] O & oo ¥ o o
N M N L G
‘\0 Q @l nd &\I g‘b s;b éo {P
LA L A K R S
s & o & &
5 = Q,‘"\ ch o‘g AN 4
< NI D <"
R i Q
ot & &
R %
oR

Figure 3 Phosphorylation of PKC and PLCry rescues cell loss in NRVMs treated with TKls. A590 (absorbance of samples stained with crystal violet)
was used to measure cell death in NRVMs treated with Sunitinib alone (light grey bar) or co-treated with decreasing concentrations of phenylephrine (PE,
dark grey bars) for 24 h (A) with Sunitinib alone (white bar) or combined with the specific protein kinase C activator, phorbol 12-myristate 13-acetate
(PMA) (hatched bar), for 24 h. Hatched bars indicate co-treatment with 50 nM PMA (B) or with TKIs alone (white bar) or combined with 2.8 pM PE for
24 h (hatched bars). (C and D) Caspase-3 activity measured in lysates obtained from NRVMs treated with TKls alone or combined with 2.8 nM PE for
24 h. (A—C) n = 6 NRVM preparations; (D) n = 3 NRVM preparations. Error bars represent SEM. *P < 0.05, **P < 0.01, relative to vehicle using Stu-
dent’s t-test (A and C) or among all groups using ANOVA followed by Tukey’s post-hoc test (B and D).

proteins (Cytochrome c, Bax, Hsp70, and cleaved caspase-3) related
to mitochondrial stress was observed in a concentration-dependent
manner (data not shown), as suggested by other groups who demon-
strated mitochondrial abnormalities in the hearts of mice treated with
Sunitinib.? Interestingly, proteins involved in the extrinsic pathway of
apoptosis [tumour necrosis factor-related apoptosis-inducing ligand
receptor-1 (TRAIL R1), Fas-associated death domain protein
(FADD), Fas] were also increased in a concentration-dependent man-
ner in NRVMs exposed to Sunitinib; expression of these proteins was
also reduced with co-treatment with PE (Figure 4B). Statistical

analyses are not presented because NRVM preparations were pooled
and it would be inappropriate to form statistical conclusions based on
these data.

3.4 Sunitinib induces sexually dimorphic
cardiotoxicity in isolated adult
cardiomyocytes

In light of increased toxicity of Sunitinib in women, the role of biologic-
al sex was examined in ARVMs isolated from both male and female
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adult rats and subsequently treated with Sunitinib.*® In agreement with
our data in NRVMs exposed to Sunitinib, expression of the fetal gene
program was increased with Sunitinib treatment. However, this effect
was observed in female ARVMs only (Figure 5A). This sex difference
was also observed in the effects of Sunitinib on apoptosis in ARVMs.
Caspase-3 activity was significantly increased in a concentration-
dependent manner in female ARVMs but not in male ARVMs with
36 h of Sunitinib treatment (Figure 5B); there was a non-significant
trending increase in caspase-3 activity in male ARVMs to three-fold
above vehicle-treated cells.

3.5 RTKs are differentially inhibited in male
and female adult cardiomyocytes exposed
to Sunitinib

Because of the sexual dimorphism observed in fetal gene expression
and caspase-3 activation induced by Sunitinib, we quantitated the
RTK inhibition by Sunitinib in male and female ARVMs. Different
RTKs were inhibited in males and females with more RTKs being inhib-
ited to a larger degree in female cells. In agreement with measurements
of TKl targeting in vitro,” there is a lack of specificity in the TK inhibition
in cardiomyocytes by Sunitinib, which has been implicated in the

cardiac pathology induced by Sunitinib.” Thirty RTKs were inhibited
in female ARVMs while only 19 were inhibited in males; there were
12 inhibited RTKs shared between the two groups. Notably, seven
out of 13 RTKs required for normal cardiac function were inhibited
more in female than in male ARVMs (Figure 5C).

3.6 Expression of genes responsible for drug
transport and metabolism is differentially
regulated in male and female
cardiomyocytes

In light of sexual dimorphisms in expression of genes encoding drug
transporters and metabolic enzymes in hepatocytes, we examined
expression of Mdr1 (which encodes the multidrug resistance protein
1 that is responsible for efflux of Sunitinib) and Cyp1A1 (cytochrome
P450, family 1, subfamily A; one of the two metabolic enzymes
responsible for metabolizing Sunitinib) in male and female ARVMs.
Male ARVMs exhibited increased expression of Mdr1, suggesting
greater clearance of Sunitinib in male cells (Figure 6A). However,
Mdr1 was reduced when female ARVMs were exposed to Sunit-
inib for 36 h (Figure 6A), suggesting that expression of these mRNAs
may be influenced by the presence of sex hormones in vivo. Sex
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hormones including E2 modify metabolism and transport of
several drugs and xenobiotics primarily though regulation of gene

: 31
expression.

3.7 Oestrogen negatively regulates
expression of Mdr1 and Cyp1a1

To examine the effect of the sex hormone E2 on transport and
metabolism of Sunitinib in cardiomyocytes, NRVMs were exposed
to Sunitinib for 36 h in the presence or absence of physiological con-
centrations of E2. Expression of Mdr1 was increased in NRVMs trea-
ted with Sunitinib, and this increase was blocked by co-treatment
with 100 nM or 1 wM E2 (Figure 6B). As with other cell types,>>
upon treatment with Sunitinib, expression of Cyp1A1 in NRVMs
was increased significantly. However, when co-treated with
100 nM, a physiological concentration for rat, or 1 wM E2, a supra-
physiological concentration, this increase was reduced (Figure 6C).
Expression of Anf MRNA was increased in the presence of E2 alone

or combined with Sunitinib relative to Sunitinib alone. Co-treatment
of Sunitinib with 100 pM PE abrogated the increased in Anf induced
by Sunitinib. Combined treatment of 10 wM Ellipticine, a CYP1A1
inhibitor, increased Anf expression to above the level induced by
Sunitinib alone (Figure 6D). Therefore, the presence of E2 reduces
expression of proteins required for metabolism and efflux of
Sunitinib, thereby implicating E2 in the increased cardiotoxicity in-
duced by Sunitinib.

3.8 Functional and molecular cardiotoxicity
is observed in Sunitinib-treated mice

In light of modulation of cardiotoxicity by biological sex and E2, male
and female mice were administered Sunitinib to determine whether
the cardiotoxicity and proposed mechanisms apply in vivo. Our analyses
revealed cardiac dysfunction, increased left-ventricular fibrosis indica-
tive of cell death, and increased fetal gene expression in female mice
after 28 days of Sunitinib administration (6—7 animals per group).
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Relative to vehicle-treated sex-matched mice, percent fractional short-
ening (%FS) significantly decreased in females (—15.0%, p < 0.05) and
was unchanged in male mice treated with Sunitinib. There was evidence
for ventricular dilation only in females treated with Sunitinib, includinga
15% (P < 0.01) decrease in anterior ventricular wall thicknesses, 40.5%
(P < 0.01) increase in left-ventricular volume during systole (LV Vols),
and 28.5% (P < 0.05) decrease in LV mass. Unlike in females, the hearts
of males treated with Sunitinib exhibited no significant functional or
morphological alterations (Figure 7A—C).

To determine whether the fetal program of gene expression is in-
duced as in isolated cardiomyocytes, expression of fetal genes was
measured in the left ventricles of 13 females [seven receiving Sunitinib
and six receiving vehicle (DMSO)] and 14 males (seven receiving
Sunitinib and seven receiving vehicle). Levels of Anf, Bnp, B-MyHC,
and aSkActin mRNAs were significantly elevated in the hearts of female

mice receiving Sunitinib, whereas levels were unchanged in the hearts
of male mice (Figure 7D). For example, mRNA levels for Anf and Bnp
were increased to 5.9-fold (P < 0.001) and 1.8-fold (P < 0.01), re-
spectively, in females and did not change significantly in males. Our
data reveal a sexual dimorphism in the cardiac response to just one
course of Sunitinib exposure, in agreement with a recent clinical study
that identified female sex as a risk factor for severe general toxicity re-
quiring discontinuation of treatment in females receiving Sunitinib
therapy.'®

Sex differences in basal expression of genes encoding efflux transpor-
ters and enzymes involved in xenobiotic metabolism have been observed
in other tissues.*® To examine the expression of Mdr1 in the hearts of
male and female mice, mMRNA was isolated from ventricles from 6 to 8
mice of each sex that received one 28-day course of vehicle or Sunitinib.
Although there were no differences in baseline expression between males
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Figure 7 Mice receiving Sunitinib exhibit sexually dimorphic functional and molecular cardiotoxicity. (A) Percent fractional shortening (%FS), (B) Left-
ventricular anterior wall thickness during systole (LVAW;s) in female (light grey bars) and male (dark grey bars) mice receiving vehicle (open bars) or
Sunitinib (hatched bars) for 28 days. (C) Left-ventricular volume during systole (LV Vol;s), (D—F) Expression of fetal genes (D) MDR1 (E) and CYP1A1 (F) in
the left ventricles of female and male mice. Female mice, light grey bars; male mice, dark grey bars. (A—C, E and F) two-way ANOVA followed by Tukey’s
post-hoc test, (D) Student’s t-test comparing expression of individual genes between males and females. (A—F) Error bars represent SEM. *P < 0.05,
P < 0.01,%**%P < 0.001, n = 6—7 mice per sex.

and females, the induction of Mdr1 expression was 22% greater in males 4. Discussion
than females when treated with Sunitinib for 28 days (Figure 7E), in agree- -

ment with our experiments in ARVMs. In mice, expression of Cyp1A1 was © Inthe studies presented here, we used both in vitro and in vivo methods
significantly higher in males than females (Figure 7F). As expected, with Su-  © to: (i) define the specific kinases inhibited by Sunitinib in cardiomyo-
nitinib, expression of Cyp1A1 was increased, however, this was observed :  €ytes and in cardiac tissue and how it compares with that of other

only in males but not females (Figure 7F). © TKIs; (i) examine the effects of biological sex on Sunitinib-induced
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cardiotoxicity, and (iii) identify the molecular mechanism by which Su-
nitinib induces cardiomyocyte death. Importantly, using antibody ar-
rays, we measured phosphorylation states of 39 RTKs and 46
signalling molecules to characterize the effect of Sunitinib on molecular
signalling in cardiomyocytes. We identified sexually dimorphic cardio-
toxicity that negatively affected females but not males, and by targeting
adrenergic receptors, demonstrated that activation of the PKC path-
way could abrogate this toxicity. Our results implicate E2 in a mechan-
ism involving drug efflux as contributing to the cardiotoxicity observed
in females.

4.1 Mechanisms of cardiotoxicity induced
by Sunitinib
The data presented here suggest that a lack of targeting specificity con-
tributes to cardiotoxicity in mammalian cardiomyocytes treated with
Sunitinib as well as with other TKIs. Although AMPK was previously im-
plicated as mediating cardiotoxicity in patients receiving Sunitinib,” a
complex network of inhibited intracellular signalling molecules includes
p38-MSK1-CREB was also observed; activation of this pathway is re-
quired for cardiac hypertrophy and is induced by a1-adrenergic stimu-
lation by PE.*>** However, a novel mechanism involving inhibition by
Sunitinib that converges with the PKC and PLCy pathways as well as
activation of extrinsic pathways of apoptosis is supported by our data.
Proteins involved in extrinsic induction of apoptosis including Fas
and FasL were up-regulated by Sunitinib in cardiomyocytes. Concomi-
tant increases in FADD, a member of the Fas receptor complex, and
TRAIL, which also forms a receptor complex with FADD were also ob-
served. Interestingly, Fas signalling in cardiomyocytes can have func-
tions unrelated to apoptosis including induction of hypertrophy>> as
well as up-regulation in the failing human heart near areas of fibrosis.>®
Up-regulation of Fas has also been observed in human heart failure.
In agreement with this finding, using the same Sunitinib treatment
paradigm in mice, skin biopsies revealed a significant up-regulation
of Fas and Fas ligand (FasL) and increased cleaved caspase-3 in
keratinocytes.”

4.2 Drug metabolism and transport may be
altered by Sunitinib in a sexually dimorphic
manner

Several drugs negatively modulate expression and activity of drug efflux
transporters and metabolic enzymes and increase effective intracellular
concentrations of drug.*®*? Indeed, polymorphisms in these genes have
been identified as possible risk factors among women who experience
toxicities with Sunitinib.*® For example, genetic polymorphisms in can-
cer cells that reduce the activity of CYP1A1 and CYP3A4, the enzymes
primarily responsible for the metabolism of Sunitinib and other TKiIs,
and MDR1, are responsible for increased progression-free survival
via increased intracellular drug concentrations.*® We therefore exam-
ined the role of these important proteins in the cardiotoxicity induced
by Sunitinib. The relationship between Sunitinib and expression of
these genes may be explained by the involvement of the aryl hydrocar-
bon receptor (AhR), a nuclear receptor that is activated by exposure to
xenobiotics and toxic environmental agents and regulates transcription
of metabolizing enzymes such as CYP1A1. Ligand-independent activa-
tion of AhR by Sunitinib has been shown to regulate expression of
CYP1A1 and MDR1 in breast cancer cells.** A limitation of these stud-
ies is that, despite mRNA expression being indicative of protein
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expression and activity, these measurements were not made so

definitive conclusions require further study.

4.3 E2 negatively modulates expression

of a drug metabolizing enzyme and efflux
transporter in cardiomyocytes

There exists an ongoing debate about the role of E2 in protection from
genetic and environmental cardiovascular insult.** Models of cardiac
disease such as myocardial infarction and atherosclerosis demonstrate
cardioprotection in females that is attributable to the presence of E2.*
However, considering our data in mice and in ARVMs, it appears that
E2 is detrimental to females receiving Sunitinib. Indeed, female sex is a
risk factor for developing toxicities with several types of chemothera-
peutic, including Sunitinib.***¢ Female sex may not have been consid-
ered because the incidence of gastrointestinal stromal tumour, renal
cell carcinoma, and pancreatic cancer, diseases for which Sunitinib is
approved, is significantly higher in males.*’ ~*°

Sunitinib is primarily metabolized by the hepatic cytochrome P450,
CYP3A4. However, the extrahepatic enzyme, CYP1A1, has recently
been identified as a participant in the metabolism of Sunitinib.?
CYP1A1 is expressed in cardiomyocytes, and expression is induced
by Sunitinib in cancer cells***° as well as in the hearts of rats receiving
Sunitinib via a mechanism involving ligand-independent activation of
AhRs.>" Interestingly, CYP1A1 is also involved in metabolism of E2,
and E2 itself can reduce the induction of CYP1A1 in endometrial
cells.>® E2 is also capable of down-regulating expression of the
MDR1 efflux transporter that eliminates Sunitinib from cells, thus in-
creasing cellular sensitivity to drugs and other toxins.>® Sex differences
in hepatic drug metabolism have been well-described and implicate
cytochrome P450s like CYP1A1 and CYP3A4 that are differentially
regulated by sex, thyroid, and growth hormones.>® Our studies are
the first to our knowledge to examine this phenomenon in the heart.
By reducing expression of the proteins primarily responsible for Suni-
tinib clearance, Cyp1A1 and MDR1, the concentration of Sunitinib in
cardiomyocytes would be higher and increased inhibition of kinases
would be observed.

We are currently examining the molecular interactions between E2
and TKlIs and their relationship to biological sex. We hypothesize that
inhibition mediated by Sunitinib is exacerbated in females by the pres-
ence of endogenous E2, which itself has inhibitory effects on kinase
phosphorylation levels (data not shown). Low levels of E2 in males
could prevent this effect in males receiving Sunitinib; however, we
postulate that administration of exogenous E2 would have more detri-
mental effects in males likely due to lower basal expression/phosphor-
ylation of RTKs and intracellular kinases in the hearts of males. Indeed,
when male mice are treated with E2, Inhibition of kinases by E2 has
been observed in other systems; administration of E2 inhibits activity
of MAP kinase activity in smooth muscle cells in an E2 receptor-
dependent manner.>*

4.4 Subpressor concentrations of
phenylephrine may confer cardioprotection
in patients receiving Sunitinib

The intersection of pathways involved in a-adrenergic signalling and
RTKs suggested that PE, an a1-adrenergic activator, could be used to
examine the roles of PKC and PLC in the cardiotoxicity induced by

Sunitinib and could represent a viable intervention in the development
of cardiotoxicity with TKls. The cardioprotective effects of PE and
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a1-adrenergic receptor stimulation have been explored in pathological
stimuli in the heart including ischaemia.>® Concentrations used to
achieve this effect cause hypertension,®® a known risk factor for devel-
oping cardiotoxicity with Sunitinib. Additionally, alteration of ion chan-
nel function and availability of ATP via activation of PKC have been
implicated; however, detailed analyses of the signaling pathways
involved in the cardioprotective effect have not been performed.>®
Although beyond the scope of the current study, it would be interesting
to test PE as a cardioprotective agent that could be co-administered
with Sunitinib. We hypothesize that co-administration of subpressor
PE and Sunitinib would not interfere with the effects of Sunitinib on
cancer cells because expression of a-1 adrenergic receptors is largely
restricted to cells in the cardiovascular system.>’

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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