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ABSTRACT

Anthracyclines are important and effective antieardrugs used in the treatment of many
adult and children malignancies. Doxorubicin (DOX}he anthracycline most commonly
used in cancer patients but its cardiotoxicity tgmts clinical use. The precise molecular
basis of anthracyclines cardiotoxicity remains ekeisbut a number of theories have been
proposed, one of which is the formation of reactixggen species (ROS).

Iron aggravates the cardiotoxicity of DOX; indeddxrazoxane (DRZ) is the only agent
able to protect the myocardium from anthracyclimédiced toxicity both in experimental
and clinical settings. Iron has been proposed talyse ROS formation in reactions
primed by DOX. However, the oxidative nature of tlade of iron in cardiotoxicity is
challenged by results showing that antioxidants wmmt always protect against
cardiotoxicity. Therefore, the mechanisms of DOXdméed cardiotoxicity, and the
protective role of DRZ, remain to be established.

The hypoxia inducible factors (HIF, HIFaland HIF-2x) are transcription factors which
regulate the expression of several genes mediatiagtive responses to lack of oxygen.
Iron is required for HIF degradation and therefdeereased iron availability activates HIF
in normoxic cells. In consideration of the antiafmic and protective role of some HIF-
induced genes, we tested the hypothesis that DRZrtlent HIF activation may mediate
the cardioprotective effect of DRZ.

Treatment with DRZ induced HIF protein levels arghsactivation capacity in the H9c2
cardiomyocytes cell line. DRZ also prevented th@uction of cell death and apoptosis
caused by the exposure of H9c2 cells to clinicedhgvant concentrations of DOX.
Experiments involving suppression of HlE-Activity or HIF-1o overexpression showed
that the protective effect of DRZ was dependenititir1 activity.

By examining the expression of HIF target gened witpossible role in cell survival in
DRZ-treated H9c2 cells we found that a strong iaseein protein levels of antiapoptotic
genes and haem oxygenase (HO-1) plays a role irHtRemediated cardioprotection
offered by DRZ.

We also explored two possible alternative pharnwgoéal strategies to prevent DOX-

induced toxicity.



The first one was based on a small molecular mohitypoxia that could be exploited in
an attempt to limit anthracycline cardiotoxicity.eVéxamined HIF-d levels and activity,
as well as protection from DOX damage, in H9c2 imanyocytes pre-exposed to DMOG,
an antagonist ofa-ketoglutarate which activates HIF under normoxionditions.
However, we did not find any kind of protectionfralamage induced by DOX in H9c2
cells pre-treated with DMOG.

The second one was based on the activation ofoifiers-dependent glucose transporter-
1 (SGLT-1), which has been shown to protect diffiergypes of cells from various
injuries. We found that pre-treatment with D-gluegsrotected H9c2 cells from DOX-
induced toxicity, but the non-metabolizable glucesalog 3-O-methylglucose, and the
SLGT-1 agonist BLF50 were ineffective, thus indiegt that the protection was not
mediated by the activation of SGLT-1.
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1. INTRODUCTION

1.1 DOXORUBICIN

Anthracyclines are important and effective antieardrugs used in the treatment of many
adult and children malignancies. The most commonked anthracyclines are
Doxorubicin (DOX), Daunorubicin and Epirubicin.

DOX, (also called adriamycin) consists of a plat@rahydro-anthracene ring containing
guinone and hydroquinone groups located on adjategs$, one short side chain with a
carbonyl group at the C-13 and an amino-sugar tirtkeough a bond glycoside at C-7
ring tetracyclic (Minotti G, et al., 2000).

For many years DOX has assumed an important roleanter chemotherapy and it is
commonly used in the treatment of leukemias andphwmmas, breast cancer and
carcinomas. Despite its wide clinical use, thetantor mechanism of DOX is not yet well
understood but is probably related to anthracyslimechemical properties.

The structure of DOX is responsible for many difer biochemical properties: the
simultaneous presence of quinone and hydroquinwogpg on adjacent rings allows
anthracyclines to interact with metals and undeaggeries of reactions, many of which
lead to the formation of free radicals, resultingaccumulation of toxic intermediates such
as superoxide anion or hydroxyl radical. The platerahydro-anthracene permits the
anthracycline intercalation between DNA base paamd the complex stability is
enhanced by the formation of hydrophobic bondstgmtogen bonds formed between the
amino groups and the ribophosphate of DNA helixs Ibelieved that these mechanisms
may interfere with cell growth and survival. Thetianmor activity of DOX may also be
explained by the inhibition of DNA polymerase thigtermines a block in the synthesis of
nucleic acids. A splitting of DNA strands mediateyg inhibition of topoisomerase II, an
enzyme that favors the positive super-coiling ofA)ay also occur. Despite its efficacy
as an antineoplastic drug, the use of DOX is uafately limited by the onset of severe
cardiomyopathy, which can be acute or chronic. atate effects, including tachycardia
and hypotension, are usually reversible, while nloreffects lead to irreversible changes

that result in severe heart failure. In the cas®0X, the risk of cardiotoxicity is dose-



dependent and increases rapidly when the cumuldtiée exceeds 550 mdfraf body
surface area. The indication to not exceed thisicali threshold could imply the
interruption of the chemotherapeutic regimen befmmpletion and may thus interfere
with cancer therapy (Minotti et al., 2004).

1.1.1 MECHANISMS OF DOX-INDUCED CARDIOTOXICITY

a) Role of iron

Iron seems to play an important role in anthraoglcardiotoxicity. Studies conducted
some 30 years ago have shown that derivatives afAEvhich have metal chelating
properties, prevent injury and cardiac dysfunctioe to the use of the drug (Herman EH,
et al., 1979). As further evidence of the negagiffect of iron, in the last years it has been
also highlighted the cardioprotective effect of d@oxane (DRZ), an iron chelator that
reduces the incidence of cardiotoxicity with a ldagn effect, and has proved to be
effective in numerous clinical trials both in aduéind children (Pouillart P. 2004; Wouters
KA, et al., 2005; Lipshultz SE, et al., 2010).

Conversely, the involvement of iron in DOX-induceardiotoxicity has been highlighted
by the demonstration that primary and secondany owerloads exacerbate the drug’s
cardiotoxic effects (Hershko C, et al., 1993; L{aket al., 1996; Miranda CJ, et al., 2003).
As it regards the mechanisms undergoing the tolfecteof DOX-iron interaction, the
mechanism that received the major support was baseithe hypothesis that iron may
catalyze ROS formation in DOX-primed reactions.gled, the toxicity of reactive oxygen
species increases significantly in the presenceoof ions in an aqueous environment
because the metal can form the hydroxyl radical J@ttough the Fenton reaction, which
uses ferrous iron (Fe IlI) and through the Habers&/eeaction which uses ferric iron (Fe
l1I). The removal of metal ions (for example by DR@revents the formation of the Fe3

DOX complex and the subsequent formation of readtiee radicals.

b) Metabolism of the drug and ROS formation

To better understand the mechanisms underlyingtakeity induced by DOX it is
necessary to examine the metabolic fate of the.drug

Anthracyclines undergo redox cycling which beginthwhe monovalent reduction of the
guinone residues localized on the tetracyclic ohthe drug. This reaction is catalyzed by



mitochondrial NADH-dehydrogenase or by mitochondrand nuclear NADPH-
cytochrome P450 reductase and leads to the formafi@ highly unstable semiquinone
radical (DOX). DOX tends to regenerate the quinonic form, by transigrelectrons to
iron-rich structures, or by reducing molecular csydo superoxide anion with consequent
formation of hydrogen peroxide §8-,) (Gewirtz DA 1999; Minotti G, et al., 2004).

The reactive intermediates can attack cellular oraotecules such as DNA lipids and
eventually lead to cell damage and death (FIGTAg link between the formation of free
radicals during DOX metabolism and the cardiotayiaaduced by DOX was highlighted
by the fact that anthracyclines activate a transducsignal pathway that induces cell
death by apoptosis (Minotti G, et al., 2004).

Free radical reactions of Adriamycin
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This redox cycling is particularly harmful to casdiyocytes that express low levels of
antioxidant defenses, such as superoxide dismwaadecatalase, whose function is to
convert the active species into less harmful forfiiss would account at least in part for
the particular susceptibility of heart cells to D@Xury as well as for the role of iron in
DOX cardiotoxicity. As already mentioned above,idgrDOX metabolism, iron increases
the toxicity of the intermediates that are formadsome reactions. As a typical "redox
cycling” agent that is metabolized through redaactions, DOX releases electronegative
intermediates or superoxide anions able to relat&téon from intracellular stores.

The iron-free radicals model would imply a proteetand beneficial effect of antioxidant
interventions. Indeed, the use of a ‘chain breakatioxidant like vitamin E was able to
prevent the onset of the typical ultrastructurahraies of the endoplasmic reticulum,
sarcolemma and mitochondria that occurs after D@Xsformation in the semiquinone
radical. However, these results obtained in expemial models were not confirmed in
clinical settings. Human studies have revealed titamin E, at doses able to prevent
cardiovascular disease, protect from the onsetuteacardiomyopathy but does not offer
any protection against chronic diseases (MinottieGal., 1999; Ladas EJ, et al., 2004;
Simunek T, et al., 2009).

An alternative mechanism to explain DOX-mediatedliicdoxicity is the formation of the
alcohol metabolite of DOX (Doxol) by reduction dttcarbonyl group in C13 (FIG. B).
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It has been shown that Doxol accumulates in theth&farats treated with DOX, at
concentrations two/three fold higher than in tivediwhereas DOX concentrations in the
two organs are similar (Peters JH, et al., 1981 #ms accumulation reflects the
intramyocardial metabolism of the drug rather tkt@a uptake of the metabolite from the
blood (Olson RD, et al., 1990).

This suggested that the cardiotoxicity may dependhe ability of cardiomyocytes to
form and accumulate Doxol. This seems to occur aispatients undergoing treatment
with DOX as an antineoplastic agent, as evidenceth finvestigations performed on
postmortem cardiac tissue (Stewart DJ, et al., 1993

Regarding the mechanism underlying Doxol toxidityhas been demonstrated that Doxol
can inhibit Ca’/Mg," ATPase of the sarcoplasmic reticulum, the mitochiah RF;
pump, the NEK* ATPase of the sarcolemma (Boucek RJ Jr, et al7;1@8son, RD,
1988). Studies in which human myocardial lysatesevexposed in vitro to DOX (Minotti
G, et al. 1998; Brazzolotto X, et al., 2003) albowed that Doxol interferes with iron
metabolism by interacting with the Iron Regulatprgteins (IRP), which are cytoplasmic
proteins that modulate the expression of transfereceptor and ferritin and play a key
role in controlling iron uptake, use and intrackliuaccumulation use (Beinert H and
Kennedy MC. 1993). IRP-1 can exist as apoproteitin whe ability to bind RNA or as
holoprotein after assembly of a Fe-S cluster. lae ktter case IRP-1 has enzymatic
activity similar to mitochondrial aconitase.

It has been shown that Doxol may cause the remoivaon (Fell) from the 4Fe-4S
cluster of cytoplasmic aconitase. Iron removal peats through the reoxidation of Doxol
to DOX and the consequent release of the DOX dlFedmplex as final product. Cluster
disassembly abolishes aconitase activity and léadise formation of an apoprotein that
can bind to IRE sequences (Iron Responsive Elememtshe mRNAs of transferrin
receptor or ferritin. (Minotti G, et al., 1998). Wever, DOX, thanks to the formation of a
DOX-Fe complex can also oxidatively modify the @gsidues of IRP-1, probably C¥§
which mediates the binding to IRE sequences arsl dlso leads to the loss of RNA
binding activity. The result of the interaction Wween Doxol and IRP1 is therefore the
simultaneous loss of both RNA binding capacity andnitase activity and the formation
of a "null protein” with consequent impairment din homeostasis.

Concerning iron homeostasis, the "null proteinhas able to detect the intracellular level
of the metal and to adjust the uptake and releds®m in the cell as needed. It is also

important to emphasize that, in addition to moduldie level of ferritin and transferrin

11



receptor, IRP-1 is able to regulate the mRNA foneotenzymes related to the use
(erythroid aminolevulinate synthase), the uptakeM{/Nramp2) and the release
(ferroportin-1, IREG1, MTP1) of iron. This couldsal lead to impaired formation of
several enzymes and oxygen binding proteins, whosetion depends on the metal
(catalase, lipoxygenase, cytochromes, and myoglobin

DOX may undergo not only reductive metabolism Hab ather types of metabolism. It
has been recently discovered that DOX can alsorgodexidative degradation, releasing
a compound consisting of a single ring, called 3hwossiphtalic acid. DOX oxidative
degradation requires peroxidase reactions thdtarheart seem to be due to the action of
oxidized myoglobin and/or inducible prostaglandingyinthase (iPGHZ2,) more commonly
known as cyclooxygenase-2 (COX-2), both having ydease activity. Interestingly, 3-
methossiphtalic acid proved to be non toxic whemiadtrated to cardiomyocytes at
doses exceeding several fold those of DOX (Min@ttiet al., 2004). This degradation
pathway thus appears to decrease DOX toxicity rgires the action of the intact drug
or its reductive metabolites and is probably usgeddrdiomyocytes as a way to counteract
DOX toxicity. It should be noted that this oxidaivdegradation may decrease DOX
cardiotoxicity but at the same time it may also @ngts antitumor activity, but the effect

on tumor cells have not been investigated, yet.

1.1.2 DOXORUBICIN AND APOPTOSIS

As already mentioned above, anthracyclines actigasggnal transduction pathway that
induces cell death by apoptosis (Minotti G, et2004).

Apoptosis can be induced by many stimuli that \fewyn cell to cell. These stimuli can be
both intracellular and extracellular and activatéedent mechanisms: an intrinsic pathway
and an extrinsic pathway depending on the origideaith signals.

The extrinsic pathway is triggered by the bindirfgan extracellular "death ligand" (eg
Fas) to its receptor on the cell surface. The cempihen uses a molecule that acts as an
adapter, called Fadd (Fas-associated death domat@iry, to bind and recruit molecules
that eventually determine the activation of proesgps.

The intrinsic pathway is activated in response ethbinternal damage (such as DNA

damage) and extracellular signals. DNA damage atets/the p53 protein, which blocks
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cell cycle progression and promotes DNA repairthé damage is too extensive and
irreversible, p53 promotes cell apoptosis.

Apoptotic signals induce mitochondrial cytochromeslease, which leads to activation of
caspase-9 through the formation of an apoptosomplex between ‘apoptosis activating
factor-1' (Apaf-1), cytochrome ¢ and procaspasé{®e opening of the mitochondrial

pores, resulting in the release of cytochrome cregulated by the formation of

heterodimers between proapoptotic proteins (Bic, Bad etc..) (FIG. C).
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Apoptotic Pathways

DOX may trigger apoptosis through several mechasisdme of these is the formation of
ROS following redox cycling (see above). Moreowes reported before, DOX can interact
with DNA and enzymes involved in DNA maintenancesteading to persistent DNA

damage. Moreover, DOX can affect the mitochondraamprganelle which is a target of
DOX toxicity because it is the site of drug accuatian over time. It has been shown that,

at clinically relevant plasma DOX concentrations5{d uM), the intramitochondrial
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concentration is approximately about 100 times é&igb0-10QuM). (Kalyanaraman B, et
al. , 2002) (FIG. D).
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Mitochondrial DOX accumulation and cell death

Although there are strong evidences on the mecmsnithat induce apoptosis in
cardiomyocytes treated with DOX in vitro, it is nat clear how apoptosis may contribute
to the cardiotoxicity induced by DOX in vivo.

Moreover, studies in animal models have indeedliglted the link between apoptosis
and acute cardiotoxicity, but whether apoptosi®ng of the mechanisms involved in

chronic cardiotoxicity is still controversial (MittoG, et al., 2004).
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1.2 HYPOXIA AND HYPOXIA-INDUCIBLE FACTORS

Oxygen is both an environmental and developmergabsthat governs important cellular
pathways and plays a critical role in several pblggiical and pathophysiological
conditions. Its cellular demand vary considerabiyoag different tissues, largely due to
variations in energy requirements from cell to.cell

Hypoxia is a condition that leads to inadequatelalviity of O, in the blood and tissues.
It may be due to a reduction in the partial pressiroxygen, low oxygen transport or the
inability of the tissue to use oxygen, mainly calds the disrupted microcirculation
(Sitkovsky M, et al., 2005. Therefore, hypoxia {(ow oxygen tension) is part of both
physiological and pathological processes.

Oxygen sensing is crucial for cell survival and ikey element for the possibility of living
organisms to adapt to changing environments oriploggcal conditions. In addition,
oxygen-sensing mechanisms are involved in many opatsiological conditions,
including stroke, sleep apnea, cancer, hypertensigtammation, heart failure and
sudden infant death syndrome (Sharp FR, et al4)20® deal with hypoxic conditions,
cells and organisms have developed efficient mashafor adaptation and survival.
HIF-1 is a fundamental mediator of adaptation disd® hypoxia (Semenza GL. 2001). It
is a heterodimeric transcription factor consistofgan inducible HIF-&r subunit and a

constitutively expressed HIF31subunit.

HIF-1 activation leads to increased transcriptibmore than 100 target genes involved in
a number of different cellular functions, such el survival, cell proliferation, apoptosis,

glucose metabolism, angiogenesis, erythropoiesig, homeostasis, energy metabolism.
Moreover, gene inactivation experiments in miceehakiown that HIF-1 is essential for

embryonic development (Semenza GL. 2009) (FIG. E).
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HIF-1 is also the main transcription factor respbiesfor the tissue adaptation to ischemia
and plays an important role also in the oxygen isgnergan called carotid body that

immediately sends to the body signals of adaptabdhe low oxygen tension (Sharp FR,
et al., 2004).

HIF-1 is a ubiquitously expressed transcriptiontdadhat was originally discovered in
1992 as being responsible for the expression otheggoietin in hypoxic conditions
(Semenza GL. 2001). Its subunits, Hié-and HIF-13, coded by differently located genes
(human chromosome 14 for HIFxland chromosome 1 HIF31are basic helix-loop-helix
(bHLH) proteins of the Per-ARNT-Sim (PAS) family.

The two proteins have some common characteristiecey both contain nuclear
localization signals, a basic helix-loop-helix mdbbHLH), which is essential for DNA
binding to the Hypoxia Responsive Element (HREhi& promoter region of target genes
and responsible for subunit dimerization, and th&SPdomain. This last sequence
identifies a protein superfamily, which was inityafounded by the Drosophila proteins
period (Per) and single-minded (Sim) and the veatebprotein aryl hydrocarbon receptor

nuclear translocator (ARNT), later discovered tadsantical to HIF-B. HIF-1a has some
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unique characteristics: it contains the oxygen-ddpat degradation domain (ODD) found
between residues 401-603, this region is highlygexyregulated and its deletion confers
stability to the protein in the presence of oxydeik-1a also contains two transactivation
domains (TAD-N and TAD-C), which are responsible tfte transcriptional regulation of
HIF-1 target genes. These TADs are also involvetthénbinding of co-activators such as
p300/CBP and Ref-1, which are essential for HIFitanscriptional activation. HIFSL
also contains a TAD domain, but this is not neagska HIF-1's transcriptional activity
(Dery et al., 2005).

HIF-1la has several homologues (HIB-2and HIF-31) that seem to have partially
different functions. Although HIF/HIF1p dimers and HIF@/HIF13 dimers bind the
same DNA sequence, they might be differentiallyregped in different cells or tissue,
resulting in the activation of different target gsrwith non-overlapping functions (Sharp
FR, et al., 2004). HIFd and HIF-2x knockouts are embryonically lethal, showing that
each gene has unique functions that cannot becegplay its homologue. This has been
confirmed by the evidence that Hlkrlis ubiquitously expressed, whereas HbF-2
expression is restricted to endothelial cells aachaps other specific cell types. HIB-3
seems to act as an antagonist of the HIF systeraubecthe inhibitor of PAS domain
protein (IPAS), a dominant negative regulator oFHl was identified as an alternatively
spliced variant of HIF-8 (Lee JW et al., 2004).

While HIF-1B is constitutively expressed, HIFxlis an extremely labile protein with a
half-life of less than 5 minutes in normoxia. Tla@id and continuous degradation of HIF-
la in normoxic condition is effectively blocked if ygen availability is reduced (Sharp
FR, et al., 2004).

In the presence of Qiron and 2-oxoglutarate, HIFalis hydroxylated by three specific
oxygen-dependent proline-hydroxylases (PHD1-3hm ¢ytoplasm and nucleus, thereby
targeting it for proteosomal degradation (Kaelin adt, 2008; Harten SK, et al., 2010).
These enzymes hydroxylate proline residues 4025&ddn the ODD domain of HIFel,
leading to changes in the conformation of HibF-dnd allowing the von Hippel Lindau
protein (VHL) to recognize and bind to it. Othectiars then bind to VHL, including
elongin B and elongin C, Cullin 2 and RBX1. Thisrmguex acts as an E3 ubiquitin ligase
for HIF-1a poly-ubiquitylation in the ODD, and HIFelis eventually degraded by the
proteasome (Kaelin, 2008) (FIG. F).
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Degradation of HIF-1a by the proteasome

When one of the co-factors of the PHD,(®¢€", 2-oxoglutarate) is not present, HIB-1
and HIF-Z2x bind the HIF-B subunit forming a heterodimer able to recognize th
consensus sequence HRE present in target genes.

Other mechanisms that determine the proteasomahdi&igpn of HIF-& in normoxia
condition are: activation of the protein ARD1, aofgin acetyl-transferase of the
p300/CBP family that by acetylating lysine 532 amtes the interaction with VHL and
promotes the proteasomal degradation of HiF-The factor inhibiting HIF-1 (FIH1)
abrogates the interaction between HIF-1 and thestrgptional co-activator p300/CBP.
FIH1 is a unique asparaginyl-hydroxylase that dosta ferrous ion and uses @nd 2-
oxoglutarate as co-factors to hydroxylate aspaed@f3 in HIF-bi. This decreases
binding of p300/CBP to HIFd and prevents the full transcriptional activationHiF
target genes (FIG. G).
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Lack of the cofactors thus promotes both HIF siigbénd transcriptional activity as
prolyl- and asparaginyl-hydroxylases are inhibitdegreby preventing hydroxylation of
HIF-1a and so its degradation, leading to rapid HéFglccumulation. In addition to lack
of oxygen, deficiencies of one of the PHD cofactoas lead to HIF stabilization. This
was supported by the demonstration that PHD inbibiby the competitive inhibitor
dimethyl-oxalylglycine (DMOG), a cell-permeable &waof 2-oxoglutarate (Jaakkola P,
et al., 2001) results in increased HIF-1 activity.

Moreover, in line with the iron requirement of PH@ HIF-1 degradation, also decreased
2008; Mole DR. 2010).
Accordingly, it has been found that exposure ta iohelators such as desferrioxamine
(DFO) (Wang GL and Semenza GL. 1993; Bianchi Lalet1999) or growth under iron
2006; KresnHJ, et al.,
a increased level of HIF-1 activity in culturedlsehnd HIF-1 has been inducedvivo by

intracellular iron availability activates HIF (Pegsnaux C, et al.,

deficiency conditions (Jones DT, et al., 2006) is associated with

iron depletion (Dongiovanni P, et al., 2008) ongéion (Peyssonnaux C, et al., 2007).
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Additionally, the activity of HIF-1 can be increasthrough phosphorylation and HIFEr1
can be directly phosphorylated by p42/p44-mitogetivated protein kinase (p42/44-
MAPK). A study showed that the phosphorylation bfebnine 796 enhances the
transcriptional response in hypoxia and prevengshydroxylation of Asn-803 by FIH.
Alternatively, another study demonstrated that p42-MAPK can phosphorylate the
p300/CBP co-activator, leading to increased HIFahgcriptional activity.

Although hypoxia is the main activator of HIF-1¢eth is an increasing body of evidence
demonstrating that a number of non-hypoxic stimatdi also highly able of turning on this
transcription factor. Such stimuli include growthctor, cytokines, hormones, viral
proteins (Feldser D, et al., 1999; Richard DE,|et2900; Tacchini L, et al., 2001; Zhong
H, et al., 2000), inflammatory mediators, NO, (lesiell lipopolysaccharide) LPS (Blouin
CC, et al., 2004), TNIe- (Dery MA, et al., 2005) and adenosine (De PoneiGl., 2007).
Interestingly, the mechanisms that are involvedaativating HIF-1 in hypoxic and
normoxic conditions are strikingly different (Dé&vA, et al., 2005). The main mechanism
implicated in this induction is an increase of btik transcription and translation of the
HIF-1a mRNA. The degradation of HIFeldoes not appear to be inhibited when HIF-1 is
activated by non-hypoxic conditions. These mechasiseem sufficient to shift the
balance between synthesis and degradation towandsnaoxic accumulation of HIFel
(Déry MA, et al., 2005).

An interesting mechanism proposed suggests thadtimation of phosphatidylnositol 3-
kinase (PI3K) could increase the rate of HiFtflanslation. This involves the activation of
the ribosomal S6 protein by the PI3K/p70S6K/mTORhpay. P70S6K regulates the
translation of a group of MRNAs possessing a Sieal oligopyrimidine tract (5’-TOP),
a stretch of 4-14 pyrimidines found at the extreshéerminus of certain mRNAs. HIF-
la’s 5’-UTR contains these tracts, including a looggerved sequence in the extreme 5’
terminus. Phosphorylation of the S6 protein of #@S ribosomal unit by p70S6K
increases the translation of the 5TOP mRNAs. Saiirauli like vasoactive hormones
and LPS can also increase the rate of HIFRIRNA transcription. Increases in Hifr1l
gene transcription are possibly mediated throudivat®n of diacilglycerol-sensitive
protein kinase C (PKC), a kinase known to stimu&é gene transcription.

It is also important to note that non-hypoxic stimalso strongly activate p42/p44

mitogen activated protein kinase (p42/p44-MAPK). tims situation, strong HIF-1
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induction along robust p42/p44-MAPK activation shiblead to elevated HIF-1 activity (
Déry MA, et al., 2005).
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1.3 THE IRON CHELATOR DEXRAZOXANE

Chelators are small molecules that bind very tightl metal ions. Some chelators are
simple molecules that are easily manufactured,(ettpylene diamine tetra acetic acid,
EDTA). Others are complex proteins made by livingamisms (e.g., transferrin). The key
property shared by all chelators is that the mietalbound to the chelator is chemically
inert. Consequently, one of the important roleslwtlators is to detoxify metal ions and
prevent poisoning.

Iron chelators can be classified using a numbasritdéria such as their origin (synthetic
versus biologically produced molecules), their iatéion with solvents such as water
(hydrophobic versus hydrophilic) or their stechidnee interaction whit the metal
(bidentate versus hexadentate). Some of these niesphave an important impact on the
clinical utility of a chelator. Iron chelators ameinly used and developed to treat the iron
overload in subjects with primary or secondary iomerload, mainly hemochromatotic
and thalassemic patients, respectively. Howevee tise of these compounds as
therapeutic agents in the treatment of cancervsaged. They may act by depleting iron,
a necessary nutrient, thus limiting tumor growtltefatively or additionally, they may
form redox-active metal complexes that cause oxidadtress via production of reactive
oxygen species, damaging critical intracellulageédas and thereby eliciting a cytotoxic
response again cancer cells. Studies in vitro havaluated the structure-activity
relationships and mechanism of action of many ekss iron chelators and many animal
studies have confirmed the antitumor activity ofesal chelators (Lipshultz SE, et al.,
2010).

Dexrazoxane (DRZ) is the only iron chelator clitligapproved to prevent anthracycline
mediated cardiotoxicity in cancer patients sincka$ been shown that it can protect the
myocardium from anthracycline-induced toxicity undmth experimental and clinical
condition (Wouters KA, et al., 2005) with long-teefiect (Lipshultz SE, et al., 2010).
DRZ has two biological activities: a strong inhdritof topoisomerase 1l which prevents
the separation of DNA strands during meiosis ansb at is a pro-drug that is
enzymatically hydrolyzed inside cardiomyocytes t® metal chelating metabolite with
EDTA-type structure. In particular, after hydrolysnside the cell, DRZ initially forms
two intermediate products with an open ring (B &)dand then, a metabolite with two
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open rings (ADR-925) similar to EDTA and with acstg iron chelator activity (Hasinoff
BB, et al., 2007) (FIG. H).
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I ntracellular metabolism of DRZ

The cardioprotective effect of DRZ has been coasibf demonstrated by many studies in
vitro, in animal models and in clinical trials. lpgotective effect was observed in adults
and in children and, importantly, does not reddneeantitumor efficacy of anthracyclines
(Pouillart P. 2004).

As it regards the mechanisms underlying the cardieptive effect of DRZ, in
consideration ofthe chelating properties of DRZ and the role ohim oxidative stress
triggered by DOX metabolism it has been suggedtatl the action mechanism of DRZ
cardioprotection is linked to the decreased iropetielent formation of free @adical.
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1.4 PROTECTIVE EFFECTS OF GLUCOSE TRANSPORTERS

The oxidation of glucose represents a major soafa@etabolic energy for mammalian
cells. The cellular uptake of this important nuitiegs accomplished by membrane-
associated carrier proteins that bind and transteross the lipid bilayer (Bell Gl, et al.,
1990).

Two classes of glucose carriers have been desciib@dammalian cells: the Na (+)-
dependent glucose cotransporter (SGLT, members lafge family of Na-dependent
transporters, gene name SLC5A) and the facilitatha (+)-independent glucose

transporters (GLUT family, gene name SLC2A) (FIG. |

Apical Basal
surface surface
Intestinal
lumen =
>
Microvilli >
Epithelial cell L % 2k

B o ~ %/ @ 3Na”
2Na‘ g9 = =t > o¢®
- % Na K’
=" ATPase
Glucos'?__\ “:j Glucose

3 f Glucose uniporter
 GluT?2 (facilitates
" downhill efflux)

Na* glucose '
symporter
{driven by high >

extracellular [Na™])

FIG. |

Classical model of intestinal sugar transport

24



Glucose does not represent only a key fuel andngoitant metabolic substrate for
mammalian cells, as many studies both in vitro sivd have shown a cytoprotective
action of glucose. In particular, in vitro studfesind that elevated glucose concentrations
in the cell culture medium protected the intestigpithelial cell line Caco-2 from LPS-
induced apoptosis, suggesting that glucose hasoproyective action on enterocytes, at
least in vitro (Yu LC, et al., 2005; Yu LC, et €2006).

The protective effect of glucose is mainly dependem the activation of the SGLT
pathways. SGLT-1 activation protected from damagetuced by TLR ligands in
intestinal epithelial cells and in a murine modeseptic shock. In intestinal epithelial cell
lines, glucose inhibited the IL-8/keratinocyte-ded chemokine production and the
activation of the TLR-related transcription factdF-«xB stimulated by LPS or CpG-
oligodeoxynucleotide (Palazzo M, et al., 2008).

Oral ingestion of glucose was found to protect 1Gff%nice from lethal endotoxic shock
induced by i.p. LPS administration. This protecteféects resides in activation of SGLT-
1; in fact, the glucose analogGmethyl-D-gluco-pyranose, which induces the tramsgro
activity, but is not metabolized, exerted the samhébitory effects as glucose both in vitro
and in vivo (Palazzo M, et al., 2008).

It has been also demonstrated that oral adminmtratf D-glucose, but not of either D-
fructose or sucrose, prevents LPS-induced livarrinjas well as liver injury and death
induced by an overdose of acetaminophen, also i1 dhse the effect is the likely
consequence of glucose-induced activation of theTSG

In addition, D-glucose was found to protect thestifrom alpha-amanitin-induced liver
injury although in this case a second signal haddgresent in addition to glucose to
achieve protective efficacy (Zanobbio L, et al.02p

Expression of SGLT1 is mainly seen in intestinadl @pithelial cells, but a recent study
also characterized SGLT-1 expression in cardiacaytgs (Sanjay K. Banerjee et al.,
2009). High levels of SGLT-1 RNA were aléound in human cardiomyocytes (Zhou L,
et al.,, 2003) and recent studies affirms that pasiinotropic effect in failing human
ventricular myocardiumare partially substrate-dependent and are stroimgejlucose-
containing solution (Von Lewinski D, et al., 2010).

In this context, it has been developed a new ndiabwdized glucoderivative, named
BLF50, able to activate SGLT-1 and protect agaitashages induced by LPS. Given the

cytoprotective and anti-inflammatory effects linkiedSGLT-1 activation (La Ferla B, et
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al., 2010), this new synthetic molecule BLF50, ragtiat very low dosages, might

represent a new and effective drug against vakelisnjuries (FIG. L).
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FIG. L
Synthesis and Structure of BLF50
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2. AIM

DOX is effective in the treatment of a variety oéllgnancies, but its cardiotoxicity limits
its clinical use in cancer patients.

The precise molecular basis of anthracycline céodioity remains elusive, but a number
of theories have been proposed, one of which iddireation of reactive oxygen species
(ROS).

Iron aggravates the cardiotoxicity of DOX and thenichelator DRZ is the only agent
protecting against DOX cardiotoxicity; however, timechanisms underlying the role of
iron in DOX-mediated cardiotoxicity and the proteet role of DRZ remain to be
established. As iron is required for the degraaatd hypoxia-inducible factors (HIF),
which control the expression of antiapoptotic anotgrtive genes, the major aim of my
PhD project was to test the hypothesis that HIRvaiibn by DRZ-dependent iron
chelation may be involved in the protective effagainst DOX-induced toxicity. To this
purpose, we tested the cardioprotective effectRZn cells treated with DOX.

These experiments have been performed in the HatR2y®nic rat heart-derived cell line,
that has been shown to represent a reliable mode&viluating various characteristics of
cardiomyocytes, including DOX toxicity.

Another aim of my project was to investigate twohest possible alternative
pharmacological strategies to prevent DOX-induosttty were also explored.

The first one was based on the demonstration ointtivement of HIF and was aimed at
evaluating whether small molecular mimics of hyogould be exploited in an attempt to
limit anthracycline cardiotoxicity. To this purpqselF levels and activity, as well as
protection from DOX damage, in H9c2 cardiomyocyf@e-exposed to DMOG, an
antagonist of a-ketoglutarate that activates HIF under normoxinditons, were
examined.

In the second approach, the protective activity tlé sodium-dependent glucose
transporter-1 (SGLT-1), which has been shown totgxetective effects against different

types of injuries in various cell types, was evidda
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3. METHODS

3.1 CELL CULTURE AND TREATMENTS

The H9c2 embryonic rat heart-derived cell line wasgained from The American Type
Culture Collection (Manassas, VA, USA) (CRL 144édarown at 37°C in 5% CO2 in
Dulbecco’s modified minimal essential medium adgdsto contain 4 mM glutamine, 1.5
g/L sodium bicarbonate, 4.5 g/L glucose, 1 mM sodipyruvate, 100 U/mL penicillin
and 0.1 ng/mL streptomycin, supplemented with 108at hnactivated fetal calf serum.
Subconfluent cells were treated for 24 hours with oM DOX (Pharmacia, Milan, Italy)
in complete growth medium. When appropriate, vaioancentrations of DRZ (Sigma,
Milan, Italy) were added to the culture medium ®tours, followed or not by DOX
treatment.

Cells were also exposed to 100 uM DFO (Sigma) anMl dimethyloxalyl glycine
(DMOG; Alexis Biochemicals, Lausen, Switzerland) 4 hours, 1 mM buthionine
sulphoximine (BSO) for 3 h and 100 uM,® for 3 hours (all from Sigma). When
appropriate, cells were treated for 3 or 24 houith warious concentrations of DMOG
(Alexis Biochemicals).

Cells were also treated for 24 hours with D-Gluc®sgL, 13.5 g/L, 22.5 g/L, with 3-O-
methylglucose at the same concentrations of D-Gleid@all from Sigma) and with 1,1
MM, 0.11 uM, 0.011 uM BLF50 (La Ferla B, et al.,.12D At the end of the various
treatments, the medium was removed, and the cells washed with phosphate-buffered

saline (PBS) and used for several assays.
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3.2 TRANSIENT TRASFECTION ASSAY

Subconfluent H9c2 cells maintained in complete mmediwere transfected with the

following plasmid constructs:

- pGL3PGK6TKp vector (a kind gift of PJ Ratcliffe, @xd, UK), which contains
an HRE multimer (Tacchini L, et al., 2003);

- the expression vector pcDNA3ARNTdelta IWARNT) (obtained from M
Schwarz, Tibingen, Germany), which codes for thenidant-negative mutant
form of the HIF-B ARNT subunit (Tacchini L, et al., 2004);

- the expression vector pCMV4HIRelwhich codes for HIF-d (kindly provided
by Dr Wenger, Leipzig, Germany) using Tran®{TLT1 (Mirus, Bologna, Italy).

Six hours after transfection, the cells were waswéti PBS, the culture medium was

replaced by fresh medium and the cells were exptustte various treatments.

3.3 SHORT HAIRPIN RNA KNOCKDOWN

Short hairpin RNA (shRNA) constructs against Mussoulus HIF-1a (catalogue number
TR517255) were purchased from Origene Technologies,(Rockville, MD, USA). The

targeted sequences were:

CTGTTCACCAAAGTTGAATCAGAGGATA(#1)
CTTCTGTTATGAGGCTCACCATCAGTTA(#2)
TCAAGAAACGACCACTGCTAAGGCATCA(#3)
TTACCTTCATCGGAAACTCCAAAGCCACT(#4)
(Tacchini L, et al., 2008; Gammella E, et al., 2010

H9c2 cells maintained in complete medium were plateto T25 flasks (1 x f&ells per
flask). After 24 h, the medium was changed, andctils were transfected with a mixture
of the four plasmids (600 ng each) containing thé-t-specific shRNA, or with
plasmids containing a non-effective shGFP sequeassette (Origene Technologies, Inc.)

or the empty pRS vector, in the presence or absehdtke pGL3PGK6TKp multimer
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using the transfection method described above.ri@édium was changed 48 h later and
the cells were treated with DOX. The cytosolic agts were then prepared and the
Renilla luciferase activities or 3-(4,5-dimethytibol-2-yl)-2,5-diphenyltetrazolium
(MTT) assay was performed as described below.

To verify transfection efficiency, the cells wenarsfected with a rhodaminelabelled
siRNA (Qiagen SpA, Milano, Italy), fixed and obsedvusing fluorescence microscopy
(excitation 530 nm, emission 570 nm); nuclei weoanterstained with 10 pg/mL-8-
diamidino-2-phenylindole (DAPI, Sigma) and fluoresce was observed (excitation 364
nm, emission 454 nm).

More than 150 cells were counted and the percermtbiyansfected cells was determined.

3.4 GENE REPORTER ASSAY

Subconfluent H9c2 cells maintained in complete medwere transfected in six-well
multiwell plates using Transf! LT1 (Mirus) with a 50:1 mixture of the pGL3PGK6TKp
construct and pRL-TK reporter vector containing R&nuciferase, which was used to
normalize transfection efficiency.

When appropriate, the cells were cotransfected with dominant negative expression
vector AARNT) or the shRNA constructs. Six hours after $fection, the culture
medium was replaced by fresh medium and the cedsevexposed to the various
treatments.

After 24 h, the cells were collected, washed argkdyusing the reporter lysis buffer
(Promega, Milan, Italy) and luciferase activitiesre&sy measured in a Promega luminometer
using the Dual-Luciferase Reporter Assay Systeronlega) (Tacchini L, et al., 2003).
The empty vectors showed practically undetectaldgdrase activity.

All of the transfection experiments were carried iowduplicate.

3.5 IMMUNOBLOTTING

To detect the expression of aldolase A, survivirgllyl haem oxygenase (HO-1), P-
glycoprotein (Pgp), BcIxL and-tubulin, the cells were homogenized in 10 mM HEPES
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pH 7.6, 3 mM MgC), 40mM KCI, 5% glycerol, 0.2% Nonidet P40 (Sigma),mM
dithiothreitol (DTT) and a protease inhibitor caaki{Sigma).

Cells lysate was centrifuged at 16000x g for 5 neauat 4°C and the supernatant was
saved for immunoblotting analysis. Nuclear extréotshe determination of HIFel HIF-

2 o and transcription factor 1l D (TFIID) were prepdras previously described (De Ponti
C, et al., 2007). In order to analyse cytochronrelease, the cells were resuspended in
500 mM sucrose, 2 mM NaRQ,, 16 mM NaHPQy, pH 7.6, 150 mM NaCl, 1 mM DTT,
a protease inhibitor cocktail and 10 pg digitonér @ cells were added with vortexing.
The heavy organelles and cell debris were pellateldt000x g for 60 seconds at 4°C and
the supernatant was collected for analysis. Aliguot cytosolic or nuclear extracts
containing equal amounts of proteins as assessegl e Bio-Rad protein assay kit (Bio-
Rad, Segrate, ltaly) were separated by electropi®rm acrylamide-SDS gels and
electroblotted onto Hybond ECL membranes (Amers@am Milan, Italy).

After assessing transfer and the correct loadirmgepr by means of Ponceau S staining,
the membranes were incubated with antibodies agkitislo (Hla 67, 1:1000, Novus
Biologicals, Littleton, CO, USA), HIF-2&» (1:500 Novus Biologicals); TFIID (1:500,
Santa Cruz Biotechnology, Santa Cruz, CA, USA),visur (1:500 Santa Cruz
Biotechnology), Mcl1 (1:200, Santa Cruz Biotechmplp cytochrome c (1:5000, BD
Biosciences, Buccinasco, lItaly), Pgp (1:500, SignBgixL (1:1000, Cell Signaling
Technology, EuroClone, Pero, Italy), SGLT-1 (1:10@®ll Signaling) andx -tubulin
(1:8000, Sigma). After incubation with appropriaecondary antibodies and extensive
washing, the antigens were detected by means ohittiminescence using an ECL Plus
immunodetection kit (Amersham Co.). The proteingavguantified densitometrically,
making sure that the signals were in the lineagean

All of the data were calculated by comparing theemsity of the bands using the same
film exposure. The values were calculated aftemadzation to the amount eftubulin

or TFIID, which is an essentially nuclear protein.

3.6 CASPASE ACTIVITY ASSAY

Caspase activity was determined using the ApoAGaspase Colorimetric Assay kit
(Clontech, EuroClone, Pero, ltaly) in accordancéhwhe manufacturer's protocol. In
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brief, at least 2 x f0cells per sample were lysed in 50 pL lysis buféerd the protein
concentrations in the samples were estimated s gio-Rad protein assay.

After incubation on ice for 10 minutes, the samplese centrifuged at 16000x g for 3
minutes at 4°C. Each supernatant was mixed witju5®f a 2X Reaction Buffer/DTT
mix and 5 pL of 1 mM caspase-3 substrate (DEVDpB®& uM final concentration) and
the samples were then incubated for 1 hour at 3i°tbe dark. Developed colour was
measured at 405 nm and caspase activity was ceddulaterms of absorbance units per
g protein.

3.7 ANNEXIN V ASSAY

Externalization of phosphatidylserine to the oustile of the plasma membrane of
apoptotic cells was assessed with Annexin V-flucgesisothiocyanate (FITC).

After the various treatments, H9c2 cells grown aroeerslip were washed with PBS and
incubated at room temperature for 5 minutes in dhgk with Annexin V-FITC and
propidium iodide. Then cells were observed unditu@escence microscope according to
the instructions of the kit (PromoCell, Heidelbe@grmany).

The number of positive cells was determined omast four randomly selected areas from
using three coverslips for each experimental group.

3.8 MTT ASSAY

H9c2 cells were seeded in quadruplicate in 24-platies and then left untreated or treated
with DOX for 24 hours in the presence or absencgh®NA orAARNT.

At the end of the treatments, cell viability wasasered as previously described (Corna
G, et al., 2004; Bernuzzi F, et al., 2009) usingzalyl blue (MTT, Sigma) as an indicator
of mitochondrial function. Briefly, 50 pL of MTT &ation (5 mg-mL') was added to each
well with 450 puL of medium and after incubation3a°C for 2 hours, formazan crystals
were dissolved by adding 500 pL of the MTT solwaition solution and thorough up-
and-down pipetting. Absorbance was read at 570amd,the background absorbance at
690 nm was subtracted.
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3.9 STATISTICS

The data are expressed as mean values = SD andstasistically analysed using Instat-3
statistical software (GraphPad Software Inc, Saegbj CA, USA) and one-way ANOVA.
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4. RESULTS

4.1 DEXRAZOXANE INDUCES HIF BINDING ACTIVITY AND
TRANSACTIVATION CAPACITY IN H9c2 CELLS

Considering that the depletion of cellular ironretoleads to the induction of HIF-1
(Peyssonnaux C, et al., 2008; Mole DR. 2010; Wahgfd Semenza GL. 1993; Bianchi
L, et al., 1999), we investigated whether exposarthe iron chelator DRZ activates HIF-
1 in cardiomyocytes.

Immunoblot analysis of nuclear extracts of H9c2scehowed that exposure to DRZ for 3
hours increased HIFelprotein levels. The activation was detectableGatM and there
was no additional increase at 100 pM (Figure 1Amil&r activation was found in
extracts of cells exposed to the iron chelator met@mine (DFO), a well-known inducer
of HIF-1 (Wang GL and Semenza GL. 1993). Undergame experimental conditions,
HIF-2a (which is also detectable in untreated cells) alas induced but to a lesser extent
than HIF-Iu (Figure 1A).

We then used transactivation capacity experimentetermine whether the HIF subunits
induced by DRZ were transcriptionally actived. 18d2 cells transiently transfected with
a luciferase reporter gene controlled by a DNA rfiagt containing multiple consensus
HREs, which has previously been shown to drive HH#fependent transcription in
response to hypoxia and hypoxia-mimics (De PonteCal., 2007; Tacchini L, et al.,
2008), the expression of the reporter gene incteabeut threefold in response to DRZ
and about fivefold in response to DFO (Figure JRjrther indications of the involvement
of HIF in the DRZ- and DFO-dependent activatiorumfiferase activity were obtained by
experiments in which HIF transactivating capacitgswalmost completely abolished by
the cotransfection of a plasmid expressing a domim&gative of the HIFfL subunit
(AARNT), which maintains the capacity of forming adredimer but cannot bind DNA
(Tacchini L, et al., 2004, 2008) (Figure 1B).
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Figure 1

Dexrazoxane (DRZ) induces Hir-expression and transactivation capac{#) Immunoblot analysis of the nuclear extracts of
untreated H9c2 cells (C) and cells treated witHatdexamine (DFO) for 24 h, or different concetimas of DRZ for 3 h, using anti-
HIF-1a and anti-HIF-2 antibodies. The blots were reprobed using thébadsi against TFIID as a loading control. The paews
one representative blot and the densitometric dficaiion relative toC-values.(B) Relative luciferase activity (RLA) in untreated
H9c2 cells (C) and cells exposed to DFO or DRZdescribed above. The cells were transiently tratsfewith the empty pGL3
vector (ev) or a construct in which luciferase wastrolled by an HRE multimer and cotransfectechgisi control vector containing
the Renilla luciferase gene. When appropriate, the cells wie eotransfected with an expression vector codanga dominant-
negative mutant of the constitutive HIB-Subunit AARNT). Luciferase activity was determined aftert®4corrected for transfection
efficiency on the basis &enilla luciferase activity and normalized to the activiégorded in untreated cells (arbitrarily set toMgan
values + SD. P < 0.001; ***P < 0.01; # < 0.05,n = 3. HIF, hypoxia-inducible factor; HRE, hypoxiaspense element; TFIID,

transcription factor Il D.
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4.2 PRE-EXPOSURE TO DEXRAZOXANE PREVENTS
DOXORUBICIN-MEDIATED APOPTOTIC CELL DEATH

To investigate the cytoprotective activity of DRHA9c2 cells were exposed to 0.5 pM
DOX, a concentration within the range of the pladewels found in patients undergoing
chemotherapy (Gianni L, et al., 1997). MTT assdysaed that 24 hours treatment with
DOX reduced cell viability by 50% (Figure 2A).

We also assessed whether exposure to the DRZ doaibem that was sufficient to
activate HIF prevented cell death in H9c2 cardiooyyes treated with 0.5 uM DOX.
Figure 2A shows that the cells pretreated with MDIPRZ were significantly protected as
77% of the cells were viable after exposure to DOX.

In line with previous reports (Bernuzzi F, et @009), the cells exposed to 0.5 uM DOX
did not show release of the cytosolic enzyme lagéhydrogenase, which is commonly
used as a measure of drug-induced damage andicatind of necrotic cell death (results
not shown).

Since previous results indicated that apoptosikesprevalent form of cell death in H9c2
cells exposed to low DOX doses (Sawyer DB, et H99; Reeve JL, et al.,, 2007;
Bernuzzi F, et al., 2009), we decided to checkaittévity of caspase-3 (a major effector
protein of apoptosis) and we found that it was deubat observed in untreated cells at
0.5 uM DOX and returned to control values in cplis-incubated with DRZ (Figure 2B).
We also used another assay to evaluate apoptodisF@ure 2C shows that DRZ
pretreatment also counteracted the increase in Df@Xeed apoptotic cell death assessed
by measuring Annexin V binding to externalized pitaidylserine (Brumatti G, et al.,
2008).

As the mitochondrion-mediated apoptotic pathwaynigortant in DOX-induced apoptosis
(Minotti G, et al., 2004), we also measured cytoome c release. Figure 2D shows that
expression of cytochrome c increased about twoifoldells treated with 0.5 uM DOX,
while a decreasing expression is observed in trellded with DRZ plus DOX.

Exposure to DRZ alone did not significantly affapbptosis (Figure 2B-D).
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Figure 2

Dexrazoxane (DRZ) protects H9c2 cells from apoptogll death(A) H9c2 cells were left untreated (C), or exposedZérh to
doxorubicin (DOX), for 3 h to DRZ alone or pre-tred with DRZ for 3 h and then exposed to DOX. Viibiwas evaluated by the
MTT assay and DOX toxicity was calculated as thecgrtage of viable cells after drug exposyB). H9c2 cells were treated as
described for panel A, and apoptosis was determiyetheasuring caspase-3 activifZ) H9c2 cells were treated as described for
panel A, and apoptosis was determined by measuxmiexin V-FITC as described in Method®) HO9c2 cells were treated as
described for panel A, and apoptosis was determinyecheasuring cytochrome c (Cyt c) releas&.ubulin was used as a loading
control. The figure shows one representative imrblotand the densitometric quantification relativeC-values. Mean values + SD.
*P < 0.001; ** < 0.005 ***P < 0.01; #° < 0.05,n = 5 for experiments reported in panels A and B, 2ufidr experiments reported in
panel C and D. MTT, 3-(4,5-dimethylthiazol-2-yl}52diphenyltetrazolium.
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4.3 THE PROTECTIVE EFFECT OF DEXRAZOXANE DEPENDS
ON HIF-1 ACTIVITY

In order to investigate the role of HIF-1 in DRZ-theted cardioprotection directly, we
investigated the capacity of DRZ to prevent DOXic¢dy in H9c2 cells lacking HIF-1
activity. First, we performed a control experimenbrder to check whether the induction
of HIF-1 transcriptional activity found in cells pased to DRZ was maintained in cells
exposed to DRZ plus DOX because DOX, which afféusexpression of muscle-specific
genes (Ito H, et al., 1990) and HIF-1-dependenmtstaptional activity (Lee K, et al.,
2009), may blunt HIF-1 activation and thus imphg protective effect of iron chelation.
However, Figure 3A shows that Hife:protein levels were similar in the cells exposed t
DRZ and those exposed to DRZ plus DOX, as expebtledeover, the luciferase activity
driven by the multiple HRE sequences was slighthyhited in the cells exposed to DRZ
plus DOX in comparison with those treated with DRIBne but was still significantly
higher than in the untreated cells (Figure 3B).

Having demonstrated that HIF-1 is activated in HBels exposed to 0.5 uM DOX and
DRZ, we evaluated cell viability in H9c2 cells tedected with the dominant negative
HIF-18 subunitAARNT and exposed to DOX with or without DRZ pretraant.

MTT assays revealed that the protective effect BZDQvas lost in the transfected cells as
mortality was not significantly higher than in tkells exposed to DOX without DRZ
pretreatment. Also in this case exposure to DRaAaldid not significantly affect cells
viability (Figure 4A).

This results indicate that HIF plays a role in BDiRZ-mediated protection of H9c2 cells.
Similarly, a protective effect of DRZ was found wheaspase 3 activity was measured to

see the effect on apoptosis (Figure 4B).
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Figure 3

Doxorubicin (DOX) does not inhibit HIF expressiondatransactivation capacityA) Immunoblot analysis of nuclear extracts of
untreated H9c2 cells (C) and cells exposed for 24 BOX, for 3 h to dexrazoxane (DRZ) alone or peated with DRZ for 3 h and
then exposed to DOX, using the anti-HI&-dntibody. The blots were reprobed using the adtitagainst TFIID as a loading control.
The panel shows one representative blot and th&tderetric quantification relative 6-values.(B) Relative luciferase activity (RLA)
in H9c2 cells transiently transfected with a camsitin which luciferase was controlled by an HREltimer and treated as described
for panel A. The cells were cotransfected usingoatrol vector containing th&enilla luciferase gene. Luciferase activity was
determined after 24 h, corrected for transfectiffitiency on the basis oRenilla luciferase activity and normalized to the activity
recorded in untreated cells (arbitrarily set toMgan values + SD.P < 0.001; ***P < 0.01; #° < 0.05,n = 3. HIF, hypoxia-inducible
factor; TFIID, transcription factor Il D.
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Figure 4

Suppression of HIF activity blocks dexrazoxane (RR#diated cardioprotectiofA) H9c2 cells were transfected with the expression
vectorAARNT or an empty vector (ev) and treated as inéiddn Figure 3A. Viability was evaluated by meafthe MTT assay(B)
H9c2 cells were transfected and treated as deskcfivgpanel A, and apoptosis was evaluated by mespsuaspase-3 activity. Mean
values = SD. P < 0.001; ***P < 0.01;n=5. MTT, 3-(4,5- dimethylthiazol-2-yl)-2,5-dipheltgtrazolium.
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In order to verify further the role of HIF-1 in tH@OX protection of DRZ-pretreated H9c2
cells, we used shRNA technology to specifically ékaown HIF- 1.

First, we tested the transfection efficiency byngsa rhodamine-labelled siRNA. Figure
5A shows a merged image with DAPI-stained nucldéu)(land extranuclear punctuate
fluorescence of rhodamine-labelled siRNA (red).

The efficient (84+5%, see Figure 5A) transfectiohHBc2 cells with a set of four
expression vectors coding shRNAs against HiH&d to a reduction in HIF-1 protein
levels (Figure 5B) and transactivation activity,desnonstrated by the complete inhibition
of the activation of the luciferase reporter gendar the control of the consensus HREs,
unlike the cells transfected with an empty conplasmid (Figure 5B).

In line with the results obtained with t*&ARNT dominant negative, the knockdown of
HIF-1 abolished the protection offered by DRZ. TWfacting cells with a vector
containing a non-effective shGFP sequence cassete,did not find appreciable
cytoprotection (Figure 5C).

In order to demonstrate further that HIF-1 is intpot for the protective effect of DRZ,
we investigated whether HIF-1 activation also pdegi cardioprotection from DOX in
cells not exposed to the iron chelator.

Transfection with an expression vector coding fdFHa resulted in greatly elevated
HIF-1 protein levels and markedly stimulated HRpeledent transcription as shown in
Figure 6A.

Then we checked whether the overexpression of Hfay a role in the protection of
H9c2 cells treated with DOX in absence of DRZ.

Cells transfected with the expression vector codiog HIF-1 shows a significant
cytoprotection from DOX-mediated cell death as ed®d by MTT assay(Figure 6B).

As expected, we also observed a reduction of DOXiated apoptosis by caspase 3
assays (Figure 6C).

These experiments demonstrated that HiF-Dbverexpression protects H9c2
cardiomyocytes from DOX-induced toxicity in the abse of DRZ.
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Figure 5

Knockdown of HIF-1 blocks dexrazoxane (DRZ)-mediated cardioprotect{d) Transfection efficiency in H9c2 cells. The figure
shows a merged image with DAPI-stained nuclei (barel punctuate fluorescence of rhodamine-labefiBiNA (red). (B) Relative
luciferase activity (RLA) and HIFl protein levels in untreated H9c2 cells (C) or £alkposed to DRZ for 3 h. The cells were
transiently transfected with a HRE multimer andoatetransfected with vectors containing the negationtrol shRNA (NC) or
shRNA targeting HIF-d& (HIF-1a shRNA). Luciferase activity was determined aft8rhy corrected for transfection efficiency on the
basis ofRenilla luciferase activity and normalized to the activiégzorded in untreated cells (arbitrarily set toHIF-1a protein levels
were determined by immunoblot analysis of the rarcéxtracts, as described in the legend to Figuf€)1H9c2 cells were transfected
with vectors containing the negative control shREMC), shRNA targeting GFP (GFP shRNA) or HI&-{HIF-1a shRNA) and
treated as indicated in Figure 3A. Cell viabilitpsvevaluated by means of the MTT assay. Mean val$3.*P < 0.001; **P < 0.005
¥* P < 0.01;n = 3. siRNA, small interfering RNA; shRNA, short hg@ih RNA; HIF, hypoxia-inducible factor; MTT, 3-@,
dimethylthiazol-2-yl)-2,5- diphenyltetrazolium.
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Figure 6

HIF-1a overexpression is cardioprotective in the absefiadexrazoxane (DRZ)YA) Relative luciferase activity (RLA) and HIFel
protein levels in untreated H9c2 cells (C), expose®RZ for 3 h or transfected with a constructt timuced the overexpression of
HIF-1a (pcMV4 HIF-1o). The cells were transiently transfected with astoict in which luciferase was controlled by anEHR
multimer. Luciferase activity was determined aftdrh, corrected for transfection efficiency on Hasis ofRenilla luciferase activity
and normalized to the activity recorded in untréatells (arbitrarily set to 1). HIFelprotein levels were determined by immunoblot
analysis of the nuclear extracts, as describetidrlégend to Figure 1B) Untreated H9c2 cells (C) or cells exposed to dakimin
(DOX) for 24 h were transiently transfected witle #mpty pGL3 vector (ev) or the pcMV4 Hllk-%ector. Cell viability was evaluated
by means of the MTT assafC) H9c2 cells were treated and transfected as destcfir panel B and apoptosis was determined as
described in Figure 4B. Mean values + SB.< 0.001; **P < 0.01; # < 0.05,n = 3. HIF, hypoxia-inducible factor; HRE, hypoxia
response element; MTT, 3-(4,5-dimethylthiazol-23/%-diphenyltetrazolium.
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4.4 EFFECT OF DEXRAZOXANE ON THE EXPRESSION OF HIF
TARGET GENES IN H9c2 CELLS

In order to investigate further the transcriptiohadction of HIF activation in DRZ-treated
cells, we examined the expression of endogenoussgé&mown to be under the
transcriptional control of HIF in cells exposed &RZ plus DOX. The immunoblots in
Figure 7A show that the levels of aldolase A, adgpHIF target gene (Semenza GL, et
al., 1996), increased after DRZ plus DOX treatmeexpected and returned to control
levels in the cells transfected witARNT. Moreover, we didn’t find increased levels of
this protein after treatment with DOX alone.

Having demonstrated that DRZ prevents apoptosesKggure 2), we investigated whether
HIF target genes, that may play a role in favouraedl survival after DOX-mediated
damage, were induced in DRZ-treated H9c2 cells.

We therefore examined a variety of anti-apopto#nes induced by HIF such Mcll,
survivin and haem oxygenase (HO-1) (Craig RW. 2@¥tnuzzi F, et al., 2009; Guha M
and Altieri DC. 2009).

Immunoblot analysis showed that exposure to DR2 RIOX increased the levels of all
of these anti-apoptotic proteins and that this ease was significantly prevented by
AARNT expression (Figure 7B-D).

Since it has been shown that mice overexpressinggamese superoxide dismutase
(MnSOD), which is an HIF-@ target gene (Scortegagna M, et al., 2003), artegied
from DOX-induced acute toxicity (Yen HC, et al.,98), we also examined the expression
of this antioxidant enzyme.

However, MNnSOD levels, which increased as expeictétbc2 cells undergoing oxidative
stress obtained by exposure tgCH or the glutathione-depleting compound BSO, were
not significantly affected by DRZ alone or combineith DOX (Figure 7E).

As DOX is a substrate of the Pgp, a multidrug tasise (MDR)-related membrane efflux
pump that transports a variety of xenobiotics (Takq, et al., 2006) and is regulated by
HIF-1 (Comerford KM et al., 2002), we assessed wdrefPgp could play a role in the
HIF-mediated cardioprotection offered by DRZ. Tbdsild represent and very simple and
effective mechanism to avoid the toxic effects @Xa

However, Pgp protein expression was not signifigambdulated by exposure to DOX or
DRZ alone. Also exposure to DRZ plus DOX did natrease the levels of this protein.
Morover, the lack of induction in cells treated hviDFO or DMOG (which inhibits HIF
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degradation) further indicated that HIF is not iiweal in Pgp activation in H9c2
cardiomyocytes (Figure 7F).
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Figure 7

Dexrazoxane (DRZ) induces the expression of anpitqtic genes. Immunoblot analysis of cytosolic @sts of untreated H9c2 cells
(C), and cells exposed for 24 h to doxorubicin (DOKr 3 h to DRZ alone or pretreated with DRZ $h and then exposed to DOX.
When appropriate, the cells were also transfeciéutive expression vect?tARNT. In some cases, the cells were exposed to DMOG
for 24 h or to BSO and 4@, for 3 h, and then washed and re-incubated forAnlibodies against the indicated proteins werelpyaad

the blots were reprobed using the antibody agairtsbulin as a loading control. The panels show mwpesentative blot and the
densitometric quantification relative @values. Mean values + SDP* 0.001; **P < 0.005,n = 3. DMOG, dimethyloxalyl glycine;
BSO, buthionine sulphoximine.
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45 PRE-EXPOSURE TO DMOG DID NOT PREVENT
DOXORUBICIN-MEDIATED APOPTOTIC CELL DEATH

In order to investigate possible alternative phawlagical strategies to prevent DOX-
induced toxicity, we examined a small molecular minof hypoxia such as
dimethyloxalyl glycine (DMOG), which is a cell-peeable analog of 2-oxoglutarate able
to inhibit the 2-Oxoglutarate-dependent hydroxylaseymes, and thus prevents the
hydroxylation and degradation of HlftXJaakkola P, et al., 2001).

Preliminary MTT assays showed that 3 hours treatiwéh 1 and 0.5 mM DMOG, which
are concentrations normally used in the literat(@ekaili R, et al., 2005), reduced
significantly H9c2 cells viability, while DMOG togity decreased when H9c2 cells were
exposed to lower concentrations (0.2 and 0.1 mNyufie 8A).

We then assessed whether exposure to low condengadf DMOG was sufficient to
activate HIF and prevent cell death in H9c2 cardioaytes treated with 0.5 uM DOX.

In H9c2 cells transiently transfected with a lucalge reporter gene controlled by a DNA
fragment containing multiple consensus HREs, thpression of the reporter gene
increased about twofold after 3 hours exposure.2on®M DMOG and about threefold
after 24 hour exposure to 0.2 mM DMOG, in comparigm an about fivefold increase in
response to DFO. At lower concentrations the exgiwasof the luciferase gene was not
significantly changed (Figure 8B).

Having established that 3 and 24 hour treatmerit %2 mM DMOG was able to induce
HIF-dependent transcriptional activity, we inveated the cytoprotective activity of these
concentrations of DMOG in H9c2 cardiomyocytes &datith 0.5uM DOX. Figure 8C
shows that cells pretreated with 0.2 mM DMOG weeo¢ significantly protected after

exposure to DOX.
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Figure 8

Dimethyloxalyl glycine (DMOG) did not prevents DOXediated toxicity in H9c2 cell§A) H9c2 cells were left untreated (C), or
exposed for 3 h to different concentration of DMO/@ability was evaluated by the MTT assay and DM@icity was calculated as
the percentage of viable cells after drug expos@eRelative luciferase activity (RLA) in H9c2 cellsatbsiently transfected with a
construct in which luciferase was controlled by HRE multimer and treated with desferrioxamine (DF®) 24 h or different
concentrations of DMOG for 3 or 24 h. The cells aveptransfected using a control vector containirgRenilla luciferase gene.
Luciferase activity was determined after 24 h, ected for transfection efficiency on the basisRefilla luciferase activity and
normalized to the activity recorded in untreatelisd@arbitrarily set to 1)(C) H9c2 cells were left untreated (C) ore expose®fbh
DOX, for 24 h to DMOG alone or pretreated with DM@@B 24 h and then exposed to DOX. Viability wasleated by means of the
MTT assay. Mean values + SD.P*< 0.001; *P < 0.005; P > 0.05, n = 3. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium; HRE, hypoxia response element.

50



4.6 ROLE OF SGLT-1 IN PROTECTING CARDIOMYOCYTES
FROM DOX TOXICITY

In order to explore possible alternative ways t®vpnt DOX cardiotoxicity, we
investigated the cytoprotective activity of sevaradlecules able to activate the sodium-
dependent glucose transporter-1 (SGLT-1) which member of a large family of Na-
dependent transporters (gene name SLC5A) and hexs dlewn to exert a protective
effects from different types of injuries in variocsll types (Yu LC, et al., 2005; Yu LC et
al., 2006; Zanobbio L, et al., 2009; Palazzo MalgR008).

Expression of SGLT1 is mainly seen in intestinadl @pithelial cells, although a recent
study also characterized SGLT-1 expression in aardiyocytes (Sanjay K. Banerjee et
al., 2009). In this context, we first verified whet SGLT-1 was expressed in H9c2 cells.
Figure 9A shows that SGLT-1 is detectable in H9ellsdysates, although its expression
is lower than in the rat intestinal epithelial cllle IEC-6 which was used as a positive
control.

In order to understand whether SGLT1 activationlddwave a protective role also in our
experimental systemH9c2 cells were pretreated with D-Glucose (D-GLthe non-
metabolizable glucose analog 3-O-methylglucose ¥B3) and the SLGT-1 agonist
BLF50 and then exposed to us! DOX.

We initially exposed H9c2 cells to concentration®,013.5 and 22.5 g/L D-GLU that are
2, 3 and 5 times greater than the concentratigylumose in the standard culture medium
for H9c2 cells (4.5 g/L).

MTT assays revealed that 24 hours pretreatment 2dt6 g/L D-GLU prevented DOX-
mediated cell death whereas pretreatment with g85and 9 g/L D-GLU, did not
significantly protect H9c2 cardiomyocytes from D@Xicity (Figure 9B).

In order to understand whether the protective eftdcD-GLU was due to increased
cellular availability of glucose or to activatioh 8GLT-1, we successively tested whether
22.5 g/L 3-OMG was able to protect H9c2 cells aébgposure to DOX. Figure 9C shows
that 22.5 g/L 3-OMG, which reduced cell viability about 10% when present alone, did
not significantly protect H9c2 cardiomyocytes fr@®X-mediated cell death.

Given the small but reproducible cytotoxic effe€f@.5 g/L 3-OMG we then tried to see
whether lower concentrations of 3-OMG were ablaeléorease the damage induced by
DOX; however, also 9 g/L and 13.5 g/L 3-OMG seenetbibit a form of slight toxicity
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in cardiomyocytes and thus also these lower conagéons failed to show any significant

cytoprotective effect (Figure 9D).

BLF50 is a new not-metabolized synthetic glucodsiie that act as a potent activator of
SGLT-1 at very low dosages. Given the cytoprotectand anti-inflammatory effects

linked to SGLT-1 activation (La Ferla B, et al.,18), we investigated the cytoprotective
activity of various concentrations of this SGLT-doaist.

MTT assays in figure 9E show that 24 hours pretneat with BLF50 0.011uM protected

H9c2 cells from DOX toxicity, possibly because tneant with 0.011uM alone increased
significantly cell viability. On the other hand,ghier concentrations of BLF50 did not
significantly prevent DOX-mediated cell death aligh also the treatment with BLF50

0.11pM alone significantly increased cell viability
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Figure 9

D-Glucose (D-GLU) prevents DOX-mediated toxicityHi®c2 cells(A) Immunoblot analysis of SGLT-1 in untreated H9c2 #6@-6
cells. (B) H9c2 cells were left untreated (C/D-GLU 4.5 g/Lj),exposed for 24 h DOX, for 24 h to different camications of D-GLU
alone, or treated with different concentrationdeGLU and then exposed to DOX. Viability was evakdthby means of the MTT
assay.(C) H9c2 cells were exposed to DOX as described abodewaere pretreated for 24 h with 22.5 g/L 3-OMGability was
measured as described for pane(B) H9c2 cardiomyocytes were left untreated (C/D-GLB g/L), or exposed to DOX as describe
above, or pretreated for 24 h with decreasing autnatons of 3-OMG alone or pretreated with 3-OM@l @ahen exposed to DOX.
Viability was estimated by MTT assafE) H9c2 cardiomyocytes were left untreated (C/D-GLB d/L), or exposed to BLF50 alone
or pretreated with decreasing concentrations of #Lfor 24 h and then exposed to DOX. Viability veasluated as described above.
Mean values + SD.P < 0.001;**P < 0.005; **P < 0.01; # < 0.05,"°P > 0.05,n = 3. MTT, 3-(4,5-dimethylthiazol-2-y)-2,5-
diphenyltetrazolium.
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5. DISCUSSION

Anthracyclines are important and effective antieardrugs used in the treatment of many
adult and children malignancies. The most commonbed anthracyclines are
Doxorubicin (DOX), Daunorubicin and Epirubicin.

The clinical use of anthracyclines to treat manynho tumors is limited by its severe
dose-related cardiotoxicity: clinical studies hastablished that in order to prevent the
chronic cardiotoxicity there is a threshold doseamthracyclines that should not be
passed. However, it should be noted that compliantethis threshold dose can lead to
suspension of the use of the drug in cancer chesragtly even though a therapeutic effect
has not been obtained.

The mechanisms that lead to DOX-mediated chronidiaxicity are still controversial
but have been mainly attributed to oxidative st@ésotti G, et al., 2004; Chen B, et al.,
2007), and the fact that anthracyclines generat8 R@l impair iron homeostasis is in line
with a large body of evidence suggesting that iatso plays an important role in this
toxicity (Minotti G, et al.,, 1999, 2004). This views supported by the efficient
cardioprotection induced by DRZ, a clinically apped bis-ketopiperazine that diffuses
into cells, hydrolyses to an EDTA-like diacid-dialaj and thus meets the structural
requirements necessary to chelate iron beforedlys®s the conversion of,Oand HO,

to more damaging oxidants (Hasinoff BB and Hermgh Z007).

In particular, since iron can form the hydroxyl id (OH) through the Fenton reaction,
which uses ferrous iron (Fe Il) and through the étalWeiss reaction which uses ferric
iron (Fe Ill), DRZ, through the removal of metah& may prevent the formation of the Fe
3" - DOX complex and the subsequent formation of feadree radicals whose toxicity
increases significantly in the presence of “frgehiions in an aqueous environment.

On the basis of these premises, iron chelatorsaatidxidants should both prevent the
cardiotoxicity induced by anthracyclines, but tigsnot the case. A number of studies
have shown that antioxidants offer protection it models but not in patients (Ladas
EJ, et al., 2004; Minotti G et al., 2004; SimunekeT al., 2009). Therefore, despite the
clinical usefulness of DRZ, the mechanisms undegyis cardioprotective effects are still
not fully understood.
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To understand whether there are protective mecmznisiediated by DRZ that are
independent of oxidative stress, we hypothesizatl #F-1, a transcription factor that is
activated not only by the lack of oxygen, but alsolow levels of intracellular iron
(Peyssonnaux C,et al.,, 2008; Mole DR. 2010), may @n important role in DRZ-
dependent protection of cardiomyocytes. This comgpthrough its ability to sequester
intracellular iron, could induce HIF-1 in cardiontybes thereby activating an HIF-1-
dependent cytoprotection.

It has been previously shown that this transcrptiactor, which plays a key role in
regulating alterations in the expression of gemas promote cell survival and maintain
homeostasis (Schofield CJ and Ratcliffe PJ. 200dgiHs DF, et al., 2008; Semenza GL.
2009), is central to cardioprotection in modelssehaemic preconditioning (Eckle T, et
al., 2008) and infarction (Zhou L, et al., 2010).

Moreover HIF-1 is involved in several other cellutsiocesses, including the regulation of
energy metabolism; when mitochondrial activity @npromised (for example following
treatment with DOX, which accumulates in the mitmutiria; Kalyanaraman B, et al.,
2002), this transcription factor promotes glycaiytnetabolism by favoring an increased
expression of the glucose transporter GLUT-1 ordlyeolytic enzyme aldolase A (Kilic
M, et al., 2007). This increase in energy productiould therefore promote cell survival.
Our results show that the iron chelation obtaingéjiposure to DRZ induces HIF binding
activity and transactivation capacity in H9c2 celighich we and others have shown
represent a reliable model for evaluating variolsracteristics of cardiomyocytes,
including DOX toxicity (Corna G, et al., 2004; L'kger T, et al., 2004; Spallarossa P, et
al.,, 2004; Li K, et al., 2006; Mukhopadhyay P, &t 2007; Reeve JL, et al., 2007;
Turakhia S, et al.,, 2007; Konorev EA, et al., 208&8; X and Richardson DR. 2008;
Bernuzzi F, et al., 2009) and DRZ cardioprotecfioyu YL, et al., 2007).

The fact that (in agreement with previous evidendégiss G, et al., 1997) DRZ
administration up-regulated iron regulatory progefresults not shown), whose activity is
known to depend on intracellular iron availabilfecalcati S, et al., 2010), indicates that
the effects of DRZ are mediated by decreased iewel$ rather than by any other
unforeseen effects. HIF was induced by DRZ coneéntis as low as 10 uM, which
allowed us to use doses that were well within plaeotogical levels achieved in patients
(Hasinoff BB, et al., 2003) and to respect the meeended DOX: DRZ ratio (Thompson
KL, et al., 2010).
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In line with the findings of previous studies shogithe protective effect of DRI vitro
(Simunek T, et al., 2009) anid vivo (Popelova O, et al., 2009), we showed that pre-
exposure to DRZ prevents DOX-mediated cell deatitjqularly apoptosis (the prevailing
mechanism for low-dose DOX cardiotoxicity) (Sawias, et al., 1999; Bernuzzi F, et al.,
2009), although it has been reported that DOX-ddpendepletion of GATA4 triggers
cardiomyocyte autophagic death (Kobayashi S, g2@l.0).

Importantly, using genetic manipulations involvitig loss and gain of function of HIF-1
levels and activity, we demonstrated the contrdoubf HIF to DRZ-mediated protection
against DOX-induced damage in H9c2 cardiomyocytes.

The involvement of HIF in the survival of DOX-treat H9c2 cells was shown by the fact
that the protection was abolished by shRNA-mediat#d 1o knockdown or the\ARNT-
mediated inhibition of the DNA binding activity dfoth HIF-lo and HIF-B isoforms,
whereas the overexpression of Hl&-4& was sufficient to provide a level of protection
against DOX-induced damage that is similar to tiaained with the iron chelator. These
findings are in line with the demonstration thatFHI is required for confluence-
dependent resistance to DOX in breast carcinonia (f&dng D, et al., 2007) and suggest
that similar mechanisms may be operating in tunceils and cardiomyocytes.

HIF-1a and HIF-2u have different tissue distributions but are a¢édaby common stimuli
and share a large number of target genes and dmsctiwhich hinders any clear
determination of their specific roles (Semenza &209).

We showed that both HIF isoforms, which are susokptto similar degradation
mechanisms through the von Hippel-Lindau mediatb@juitin-dependent proteasome
pathway (Semenza GL. 2009), were induced by DR2Z, we cannot define the
contribution of either to the protection of H9c2 llge However, the loss of
cardioprotection in cells with shRNA-mediated Hlédpecific knockdown and the
resistance to DOX toxicity in cells overexpresshigr-1o suggest that this isoform plays
an important role.

DOX severely inhibits HIF-1 transcriptional activiin tumour cells (Lee K, et al., 2009),
although another study did not find any inhibiteffect (Yamazaki Y, et al., 2006).

We observed only partial inhibition of HIF trangaating capacity in DOX-treated H9c2
cells (Figure 3B), and not enough to prevent it®tgmtive function (Figure 4).
Importantly, we showed that the expression of Hifgét genes was not affected by DOX
and was also up-regulated in H9c2 cells exposddRd plus DOX (see Figure 7). The
different experimental conditions (3 hours pretmeat with DRZ before DOX

57



administration in our study vs. hypoxic exposurgha presence of DOX in the study of
Lee et al., 2009) and the different cell types regylain this discrepancy.

We also evaluated the effects of DRZ on the expessf a number of HIF target genes
in H9c2 cells and found that it triggered the espren of the typical HIF target gene
aldolase A, a glycolytic enzyme which has a posigffect on cell function and adaptation
to hypoxia (Semenza GL, et al., 1996).

In line with the antiapoptotic role of some HIF-végted genes (Higgins DF, et al., 2008)
and the prevention of apoptosis induced by DRZreattnent (see Figure 2), we observed
the strong up-regulation of surviving and Mcll, tbatf which are members of the
apoptosis protein inhibitor family. Our findingseam line with the known essential
function of survivin in cell division and the inhilon of apoptosis (Guha M and Altieri
DC. 2009), as well as with the recent demonstratian the overexpression of survivin in
cardiomyocytes inhibits DOX-induced apoptosis (LavkB, et al., 2008). Moreover, it
has been shown that Mcl1 (a pro-survival proteiloiging to the Bcl2 gene family) is
associated with cardiac myocyte viability (Craig R2002).

Our previous results suggested that DOX may fatdithe apoptosis of cardiomyocytes
by inhibiting the antiapoptotic HO-1 (Bernuzzi &t 2009), which is an HIF-1 target gene
(Kim HP, et al.,, 2006). In line with these findingexposure to DRZ was able to
counteract the inhibition of HO-1 expression exgrbyy DOX and resulted in a strong
increase in HO-1 levels. We point out that in cwdy, the inhibition of HIF activity by
the expression oAARNT prevented DOX-induced cell death (see Figuje aad
suppressed the induction of these antiapoptotiegésee Figure 7), thus suggesting their
role in DRZ-mediated cardioprotection. The inconpleffect exerted by the inhibition of
HIF-1 activity may be due to the fact that not thi cells were transfected (see Figure
5A), but the involvement of other transcriptionttars cannot be ruled out.

On the other hand, we did not detect any significandulation of Bcl-xL (results not
shown), an antiapoptotic protein that protected 2H@ardiomyocytes against DOX-
induced apoptosis (Reeve JL, et al., 2007). Ourlteesare in line with previous findings
indicating that Bcl-xL is probably not regulated B{F-1; NFkB (but not HIF-1) is
important in hypoxia-induced apoptosis (Glasgow &MN.al., 2001), and the pathway
underlying anoxia- and hypoxia-induced cell deatlnitiated by the loss of function of
Bcl-xL (Shroff EH, et al., 2007).

Taken together, these results indicate that théi@anotective action of DRZ involves the

HIF-mediated activation of antiapoptotic genes aisd in line with the recent
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demonstration that DRZ prevents apoptosis and luzamiage in a rat model of cardiac
infarction (Zhou L, et al., 2010).

The role of DRZ in preventing anthracycline-depearideardiotoxicity does not seem to
involve the prevention of ROS formation, as we aribers have recently obtained
evidence indicating that oxidative stress doesphay a role in the apoptotic cell death of
H9c2 cardiomyocytes exposed to low DOX concentrati(Bernuzzi F, et al., 2009; Shi
R, et al., 2009). Accordingly, we did not detecly aignificant alteration in MnSOD
expression, an HIFe2target gene (Scortegagna M, et al., 2003) whoseeapression in
mice protects against DOX-induced acute toxicitefYHC, et al., 1996). Our findings are
therefore in line with the idea that the toxic rofaron in anthracycline cardiotoxicity is a
result of reactions that extend beyond canonicatlatvve damage and involve other
mechanisms unrelated to ironcatalysed ROS productio

Recent evidence showing that Pgp, a membrane gitioxp involved in the development
of the MDR phenotype (Takara K, et al., 2006) hiduced in tumour cells exposed to 100
MM DRZ (Riganti C, et al., 2008) suggests that,dayively extruding DOX and thus
lowering its intracellular concentration, Pgp mag kB potential mediator of HIF-
dependent cardioprotection. However, we found Bgy expression was not affected by
DRZ in H9c2 cells despite concomitant HIF activatithis discrepancy may be explained
by the cell-specific response of Pgp to iron degiron, as suggested by a recent study
showing Pgp downregulation in leukaemic K562 celposed to an iron chelator (Fang
D, etal., 2010).

The fact that DRZ offers unquestionable protectionivo, whereas other iron chelators
whose bioavailability is similar to that of DRZ reaeither not been protective (Popelova
O, et al., 2008; Hasinoff BB and Patel D. 2009)have only been effective at low-
intermediate but not at higher doses (Sterba M|.e2006), has still not been explained.
The protective effect of DRZ may depend on addéland possibly unique mechanisms,
such as interference with topoisomerase Il b-medi@NA double-strand breaks (Lyu
YL, et al., 2007). As we found that DFO-mediateghirchelation also activates HIF in
H9c2 cells, our results do not explain the unigaigacity of DRZ to prevent cardiotoxicity
in vivo. However, our findings demonstrate a novel RO®jethdent mechanism based
on the HIF mediated activation of protective gensbjch seems to account for the
antiapoptotic effect of DRZ against low-dose DOXibity in the H9c2 model. This
indicates that HIF plays a role in DRZ cardioprditaT
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We also explored two possible alternative pharnwgoal strategies to prevent DOX-
induced toxicity.

The first one was based on dimethyloxalyl glyciD&QOG), a small molecular mimic of
hypoxia that can inhibit 2-oxoglutarate-dependeydrboxylase enzymes, thus preventing
hydroxylation of HIF-r and its proteasomal degradation (Jaakkola P,,e2G01).

DMOG is a well known activator of hypoxia-inducitfector (HIF) and some studies have
reported that DMOG is able to inhibit apoptosisnieurons deprived of nerve growth
factor (NGF) by inhibiting cytochrome c release amadpase activation (Lomb DJ, et al.,
2007). Other studies have shown that DMOG previtretslecrease in glucose uptake and
the accumulation of ROS that occur in primary a@$uof sympathetic neurons after NGF
withdrawal. These data implicate Hle-th the neuroprotective mechanisms activated by
prolyl hydroxylase inhibitors and as an obligatpigyer in a survival pathway activated
by NGF in developing neurons (Lomb DJ, et al., 2009

In line with these and others studies, we therefoeel to demonstrate a HIF-1-mediated
protection of cardiomyocytes treated with DMOG. Hwmer, we did not find any kind of
protection from damage induced by DOX in cells @ated with DMOG. We found that
at concentrations normally used in the literaté (— 1 mM; Ockaili R, et al., 2005),
DMOG is substantially toxic to cardiomyocytes . Tdyotoxic effect of DMOG in H9c2
cells was rather unexpected although studies inamumesencephalic neural progenitor
cells have already highlighted the toxicity of tmslecule (Milosevic Jet al., 2009).

Given the intrinsic toxicity of this compound, H9c@lls were exposed to lower doses of
DMOG. Indeed, treating H9c2 cells with these lom@entrations of DMOG 0.1-0.2 mM
did not have any toxic effect and DMOG was stilleato induce HIF-1, but to a very
lesser extent than that achieved with an estallisio® chelator like DFO. Importantly,
this treatment was not cytoprotective, thus sugggsthat the lower extent of HIF-1
activation might not be sufficient to protect camiocytes from DOX-induced toxicity
and indicating that the action of HIF may be dospeihdent.

The second approach was based on the activatiotiheofsodium-dependent glucose
transporter-1 (SGLT-1) which has been shown togatotells from various injuries (Yu
LC, et. al., 2005; Yu LC, et al., 2006; Zanobbicek al., 2009; Palazzo M, et al., 2008; La
Ferla B, et al., 2010; Zhou L, et al., 2003).

The rationale for these experiments was provided large body of evidence suggesting

that the protective effects of D-Glucose is dugh®activation of SGLT-1, as the glucose
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analog 3-OMG, which induces the transporter agtititit is not metabolized, and the
SGLT-1 agonist BLF50 exerted the same effects asoge both in vitro and in vivo
(Palazzo M, et al., 2008).

Previous studies have shown that human cardiomgsagxpress high levels of SGLT-1
RNA (Zhou L, et al., 2003) and indeed we verifibatt SGLT-1 is also expressed in the
H9c2 cell line (see Fig. 9A). Thus, we decided $sess the protective role SGLT-1-
mediated in the H9c2 model of DOX toxicity.

We found that D-glucose protects H9c2 from DOX-iceltl toxicity, but this protection
does not seem to be mediated by the activationlwfoge transporter SGLT-1. This
conclusion is based on the fact that by exposidig ¢@ 3-OMG and BLF50, that have
been shown to induce the transporter activity (Xaj kt. al., 2005; Yu LC, et al., 2006;
Zanobbio L, et al., 2009; Palazzo M, et al., 2008;Ferla B, et al., 2010; Zhou L, et al.,
2003), we did not find any protection from DOX-toity in H9c2 cardiomyocytes.

These data contrast with those reported in a resteigly showing that another glucose
analog, 2-deoxy-D-glucose (2-DG), is able to préeu@@X-induced damage (Chen K, et
al., 2011). This glucose analog can enter the eglts be phosphorylated but not further
metabolized; therefore, it competitively blocks aae utilization, presumably by
mimicking caloric restriction effects at the ceflulevel. The mechanisms by which 2-DG
protects against DOX toxicity appear to be compéicand are mediated through multiple
factors, including the preservation of ATP contethte activation of AMP-activated
protein kinase and the inhibition of autophagy (Cke et al., 2011). 3-OMG and 2-DG
are very similar and they both compete with gluctmeuptake into cells and do not
support glycolysis, but 2-DG is not phosphorylabgdhexokinase (Xu YZ, et al., 2001).
The discrepancy of the results obtained with 2-D@ 3OMG does not appear to be due
to the different structure of the molecules but mesult from the fact that Chen K, et al.,
used isolated neonatal rat cardiomyocytes andategreoncentration of DOX (1uM).
Preserved or enhanced glucose uptake has been sh@sotect also hematopoietic cells
(Rathmell JC, et al., 2003; Vander Heiden MG, et24101), neurons (Ravikumar B, et al.,
2003), and cardiomyocytes (Morissette MR, et &@003). Furthermore, pretreatment of
cells with high extra-cellular glucose concentrasi@r hyperglycemia has been shown to
enhance de novo synthesis of diacylglycerol andmpte protein kinase C (PKC)
activation to protect cardiomyocytes and neuroasfrschemic injury. The mechanism of
this protection, however, is not clear (Malliopauld, et al., 2006; Peter-Riesch B, et al.,
1988; Raval AP, et al., 2003; Whiteside Cl and DegJA. 2002).
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An interesting study conducted in primary lymphesysuggested that increased glucose
metabolism protected cells against the proapoptBot2 family protein Bim and
attenuated degradation of the antiapoptotic Bchhily protein Mcl-1 through the
phosphorylation of GSK-3, most likely via PKC adiymZhao Y, et al., 2007).

These results suggest that the H9c2 protectioncediby glucose could be mediated by
signalling pathway initiated by glucose catabolisshich may inhibit apoptotic cells
death. Since it has been shown that p53 is activiateesponse to glucose deprivation
(Assaily W, et al., 2011), one may speculate thaDOX-treated H9c2 cells increased
glucose availability may blunt DOX-dependent p58vation and thus prevent apoptosis.
However, further studies are necessary to understae mechanisms underlying D-
glucose-mediated cardioprotectiomn H9c2 cardiomyocytes exposed to DOX.
Alternatively or concomitantly, glucose may exéstprotective effect by simply acting as
a substrate for glycolysis-dependent energy practudh cells in which the mitochondria
have been damaged by DOX, which specifically aff¢icese organelles.

In conclusion, our results showing that the actorabf the HIF-dependent pathway is one
of the molecular mechanisms at the basis of thel wslablished and successful
cardioprotective effect of iron chelation in patetreated with high cumulative doses of
DOX indicate the HIF pathway as a druggable tatgdimit anthracycline cardiotoxicity

in cancer patients.
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