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SUMMARY

Ischemic heart disease, the main cause of mortatity morbidity in industrialized
countries, is a metabolic phenomenon due to anemaate oxygenation of heart
tissue caused by the closing or narrowing of themary arteries. However, the
ischemic condition and the subsequent tissue negierf, lead to several functional
and metabolic changes that globally define the aled “ischemia/reperfusion
injury”. This injury leads to metabolic and funatal alterations, in particular due to
the production of the Oxygen Reactive Species (RO&)are able to promote cell
damage. Because iron is involved in the ROS pragludty the Haber-Weiss-Fenton
reaction, the aim of this study was to elucidatertiolecular mechanisms underlying
the iron metabolism during the cardiac ischemiarsion. To this aim it has been
analyzed the activity and the expression of thenm@ioteins involved in iron
homeostasis, such as the Iron Regulatory Protd@irs)sferrin Receptor 1 (TfR1),
and ferritin in ann vivo model of cardiac ischemia/reperfusion.

The results show that in rats hearts subjectetidaschemic/reperfusion injury, the
activity of IRP1 was altered without changing iedlglar content. The evaluation of
the TfR1 levels showed an evident decrease oftpeession of this protein during
ischemia followed by a marked increase after tipenfeision phase, while regarding
the ferritin expression it was observed a conslilerdecrease of the cytosolic levels
of this protein only after the reperfusion phase.

Moreover, using rat cardyomyoblasts (H9c2 cell)limeanin vitro model of hypoxia
and reoxygenation, it was evaluated the cellulselte of the “Labile Iron Pool”
(LIP), showing a “free iron” increase after the xggenation phase, in accordance

with the observed changes of the TfR1 and ferexpression.



In addition, it was observed an increased ROS mtomlu after the
hypoxia/reoxygenation damage and, using the iraglatbr SIH (Salicylaldehyde
Isonicotinoyl Hydrazone), it was showed that a gigant part of these ROS depend
by the higher levels of the LIP, strongly suggestthat iron is involved in the
development of the cardiac damage induced by is@ieperfusion conditions.
Other aim of this study has been to evaluate thepegtective role of the
cholesterol-lowering drug Simvastatin, during th&chiemic/reperfusion injury,
because of its anti-inflammatory and antioxidante@t (“pleiotropic effects”).
Simvastatin, at concentration of 0,01uM, reduced thactive nitrogen species
levels and ROS productions in rat cardyomyoblaki@c® cell line) subjected to
hypoxia/reoxygenation conditions and also was &bleduce the cellular levels of
the “Labile Iron Pool”, justifying the reduced prattion of the ROS and the
resulting increased cell viability, observed aftex drug treatment.

Moreover, Simvastatin increased the ferritin leyefs particular during hypoxia
conditions, thus explaining the LIP reduction afteatment with this drug.

In conclusion, these results not only clarify threctal role that iron plays in the
progression of ischemic damage, but also show firateins regulating the
homeostasis of this metal, such as ferritin, may b&rget of the Simvastatin, which
could be used for the prevention of oxidative daagluced by cardiac ischemic
conditions. Should this be the case, a new hora®ran antioxiodant opens for

Simvastatin.
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1. INTRODUCTION

1.1 Anatomy of the Heart

The heart is a myogenic muscular organ that is responsibtepimping blood
throughout the blood vessels by repeated, rhythoaiotractions.The heart i
composed of cardiac musgclehich is an involuntary striated muscle tissuani
only in this organ, and connective tissidéne average human heart, beating ¢
beats per minute, will beat approximately thre&dsltimes Hamacher-Brady et al .,
2006] during an average 66 year lifespan, and weighsoappately 250 to 3C

grams in females and 300 to 350 grams in males.
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Figure 1. Human heart, anterior view.



The mammalian heart (figure 1) is derived from eyohic mesoderm gernayel
cells that differentiate after gastrulation into so#helium, endothelium anc
myocardium. Mesothelial pericardiuforms the outer lining of the heart. The in
lining of the heart, lymphatic and blood vesselyealop from endothelium. He
muscle is termed myocardiuin.the human body, the heart is usually locatethé
mediastinum, situated in the middle of the thoraaeity (figure 2) with the large:
part of the heart slightly offset to the left, unteath the sternumThe heart |
usually felt to be on the left side because theHeart (left ventricle) istronger (i
pumps to all body parts). The left lursgsmaller than the right lung because the |
occupies more of the left hemithorax. The healgasby the coronary circulaticanc
is enclosed by a sac known as the pericardiung &lso surrounded by the lungs
The pericardium comprises two parts: the fibrouscpedium, made oflense fibrou
connective tissye and a double membrane structure (parietal ancera

pericardium) containing a serous fluid to reduagtirn during heart contractions.

Right lung T

" _.'_:  y

Figure 2. Position of the heart.
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The outer wall of the human heart is composed wdethayers. The outer layel
called the epicardium, or visceral pericardium siftcis also the inner wall of t
pericardium. The middle layer is called the myoaardand is composed of mus
which contracts. The inner layer is called the eaddiumand is in contact with tl
blood that the heart pumps. Also, it merges with itmer lining (endotheliujnof
blood vessels and covers heart valvEse human heart is composed of |
chambers, two superior atria and two inferior vieldgs. The atria are the receiv
chambers and the ventricles are the dischargingnibbes. The right ventricl
discharges into the lungs to oxygenate the bloda: [Eft ventricle discharges
blood toward the rest of the body via the aoftae pathway of blood through f
human heart consists of a pulmonary circuit and/stesic circuit.Blood flows
through the heart in one direction, from the aiighe ventricles, and out of the gi
arteries, or the aorta for example. This is donéoly valves (figure 3yvhich are th

tricuspid valve, the mitral valve, the aortic valemd the pulmonary valve.

Pulmonary artery Pulmonary semilunar valve

Aortic semilunar valve

Opening of coronary
ol TN \ artery

Coronary artery Aoita

Left

ventricle Right ventricle

Tricuspid valve
Mitral valve

Figure 3. The valves of the heart viewed from above.
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1.2 Heart functioning

In mammals, the function of the right side of theait is to collect dexygenate
blood, in the right atriumfrom the body (via superior and inferior venaagvani
pump it, through the tricuspid valve, via the righentricle into the lung
(pulmonary circulatiopso that carbon dioxide can be dropped off andjerypicke:
up (gas exchange). This happens through the papsdeess of diffusionThe lef
side, instead, collects oxygenated blood from timg$ into the left atriumFrom the
left atrium the blood moves to the left ventridierough the bicuspid valveyhich
pumps it out to the body, via the aorta. In de&drting in the right atrium, the blo
flows through the tricuspid valv® the right ventricle. Here, it is pumped out
pulmonary semilunar valve and travels through tbkmpnary arteryto the lungs
From there, oxygenated blood flows back through pgbbnonary veinto the lef
atrium. It then travels through the mitral valvethe left ventricle from where it i
pumped through the aortic semilunar valve to théaadhe aorta forks and the blc
is divided between major arteries which supplyupper and lower body. The bic
travelsin the arteries to the smaller arterioles and tfieally, to the tiny capillarie
which feed each cell. The deoxygenated blood thavels to the venules, whi
coalesce into veins, then to the inferior and Sop&enae cavae and finally back
the right atrium where the process began (figure 4)

The heart is effectively a syncytiyma meshwork of cardiac muscle c
interconnected by contiguous cytoplasmic bridgesis Trelates to electrica
stimulation of one cell spreading to neighboringsceSsome cardiac cells are self-
excitable, contracting without any signal from thervous system. Each of th

cells have their own intrinsic contraction rhythm.
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Figure 4. lllustration of normal blood flow through the heart

A region of the human heart called thieoatrial node, or pacemaker, sets the |
and timing at which all cardiac muscle cells coctirahe SA node genera
electrical impulses, much like those produced hyaeells. Because cardiac mu:
cells are electrically coupled by intealated disks between adjacent cells, imp!
from the SA node spread rapidly through the wdllhe artra, causing both artria
contract in unison. The impulses also pass to ano#gion of specialized card
muscle tissue, a relay point called taioventricular node, located in the we
between the right atrium and the right ventricleré] the impulses are delayed
about 0.1s before spreading to the walls of thdrigé®. The delay ensures that
artria empty completely before the ventricles cactirSpecialized muscle fibe
called Purkinje fiberghen conduct the signals to the apex of the hdargaanc
throughout the ventricular walls. The Purkinje @ébrform conduabg pathway

called bundle branches (figure 5).
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Figure 5. Theconduction system of the he.

This entire cycle, a single heart beat, lasts abd@iseconds. The impulses gener
during the heart cycle produce electrical curremtsch are conducted through be
fluids to the skin, where they can be detected legtedes and recorded as
electrocardiogram (ECG or EKG

The events related to the flow blood pressuréhat occurs from the beginning
one heartbedb the beginning of the next can be referred cardiac cyclgMartini

et al., Human Anatomy," edition].

1.3 Cardiac muscle issue

Cardiac muscle cell, also calledcardiomyocytes, are relatively small, averagi
1020 pm in diameter and =100 um in length. A typical cardiacuscle cel
(figure 6 has a single, centrally placed nucleus, althoagew may have two
more. As the name implies, cardmuscle tissue is found only in the he

As the skeletal muscle fibers, each cardiac musalecontains organized myofibrils, and

presence of many aligned sarcomeres gives itistig
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Figure 6. Schematic structure of cardiac muscle cell.

However, cardiac muscle cells are much smaller gkafetal muscle fibers,

a

significant structural and functional differencegseé between the two types

cells.

Structural Differences:

The T tubules in a cardiac muscle cell are shod larmad, andhere are n

triads. The T tubules encircle the sarcomeres atZthines rather than at t

zone of overlap.

The SR of a cardiac muscle cell lacks terminakcisie, and its tubules cont

the cell membrane as well as the T tubules. Askalesal muslke fibers, thi

appearance of an action potential triggers caladielease from the SR and

contraction of sarcomeres; it also increases thengability of the sarcolemn

to extracellular calcium ions.

Cardiac muscle cells are almost totally dependentierobic metabolism

obtain the energy needed to continue contractihg. Sarcoplasm of a card
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muscle cell thus contains large numbers of mitodhanand abundant resen
of myoglobin (to store oxygen). Energy reservesraintained in the formfo
glycogen and lipid inclusions.

Each cardiac muscle cell contacts several otherspetialized sites knov
asintercalated discsthat plays a vital role in the function of cardiaascle At
an intercalated disc, the cell membranes of twacatjt cardiac muscle cells
extensively intertwined and bound together by gapiions and desmosom
These connections help stabilize the relative mrst of adjacent cells a
maintain the threeimensional structure of the tissue. The gap jonctiallow
ions and small molecules to move from one cellriotlaer. This arrangeme
creates a direct electrical connection betweentltemuscle cellsAn actior
potential can travel across an intercalated disyjing quicklyfrom one cardia

muscle cell to another.

Functional Differences:

Cardiac muscle tissue contracts without neural Wdaition. This property |
calledautomaticity.

The timing of contractions is normally determined by specializ=ddiac
muscle cells calledacemaker cells

Innervation by the nervous system can alter thee pestablished by tl
pacemaker cells and adjust the amount of tensiotused during a contraction.
Cardiac muscle cell contractions last roughly 10e8 longer than do those
skeletal muscle fiberddyofibrils in the two interlocking muscle cells afiemly
anchored to the membrane at the intercalated Bestause their myofibrils a

essentially locked together, the two muscle cels €pull together" wit
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maximum efficiency. Because the cardiac sala cells are mechanical
chemically, and electrically connected to one aeththe entire tisst
resembles a single, enormous muscle cell. Forréason, cardiac muscle |

been called &unctional syncytium.

1.4 The coronary circulation

The hearworks continuously, and cardiac muscle cells rexjtetiable supplie
of oxygen and nutrients. The coronary circulasopplies blood to the mus:
tissue of the heart. During maximum exertion, teendnd for oxygen ris
considerably. The blood flow to the myocardium nthgn increas& nine
timesthat of resting levels. The coronary circulatiorcludes an extensi
network of coronary blood vessels. The left antitrigpronary arteriesriginate
at the base of the ascending aorta, at the aontisess Blood pressure here
the highest in the systemic circuEach time the left ventricle contracts
forces blood into the aorta. The arrival of adaitibblood at elevated presst
stretches the elastic walls of the aorta, and wheneftventricle relaxes, bloc
no longer flows into the aorta, pressure declireegjthe walls of the aor
recoil. This recoil, called@astic rebound , pushes blood both forward, into
systemic circuit, and backward, through the aosdiicus and then intdhe
coronary arteriesThus, the combination of elevated blood pressmct elasti
rebound ensures a continuous flow of blood to ntketdemands of acti
cardiac muscle tissue.

The right coronary artery , which follows the coaoy sulcus around the &,

supplies blood to the right atrium, portions of lbeentricles, and portions

17



the conducting system of the heart, including dheatrial (SA) and
atrioventricular (AV) nodes. The cells of these nodes are essentic
establishing the normal heaate. Inferior to the right atrium, the right coary
artery generally gives rise to one or more margiaéeries, which exten
across the surface of the right ventricle.

The left coronary artergupplies blood to the left ventricle, left atriumnc
interventricular septum. As it reaches the antesioface of the heart, it giv
rise to a circumflex branch and an anterior intetneular branct
The circumflex artergurves to the left around the coronary sulcus, sy
meeting and fusing witemall branches of the right coronary artery. Thesh
larger anterior interventricular artery, left anterior descending artery, swings
around the pulmonary trunk and runs along the sarfaithin the anteric
interventricular sulcus. The anterior intentricular artery supplies sm
tributaries continuous with those of the postenmerventricular artery. Suck
interconnections between arteries are called alanastomoses.

Because the arteries (figure 7) are interconneictedis way, the bloodupply
to the cardiac muscle remains relatively constaspde pressure fluctuations

the left and right coronary arteries as the hesatd

18
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Figure 7. Coronary arteries. (a) anterior view; (b) posteviemw.

1.5 The Coronary Artery Disease (CAD)

The Coronary Artery Disease (CAD) is the most comrtype of heart disease
[Kumar, Abbas, Fausto: Robbins and Cotran PatholBgsis of Disease, 7
Ed.]. It's the principal cause of death in theveloped Countries. Only in t
United States, each year, more than half a milAomericans die from CAD.
The termcoronary artery diseaserefers to areas of partial or compl
blockage of coronary circulation. Such reducedutaiory supply, known ¢
coronary ischemig generally results fra partial or complete blockage of
coronary arteries that supply the heart muscle wiligenrich blood. The
usual cause is the formation of a fatty depositplague, in the wall of :
coronary vessel. The plague (that is made up ofcfatlesterolcalcium, ani

other substances found in the blood) or an assatitiirombus (clot), the
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narrows the passageway and reduces blood flowetbehrt muscleBlood clots

can partially or completely block blood flow. Whélme coronary arteries ¢

narrowed or blocked, oxygerch blood can't reach the

causing angina or a heart attack (figure 8).

Coronary artery -
(supplies blaod =
and oxygen o
heart muscle)

blood flow

Plagque
buildup
in artary

Heaart muscle

Blacked —\\ \

Dead heart muscle

heart mus

Figure 8. A is an overview of a heart and coronary artery shgwdamag
(dead heart muscle) caused by a heart attBcks a crosssection of th

coronary artery with plaque buildup and a blood.clo

1.6 Risk factors

Many factors raise the risk of developing CABh@lli et al., 2011; Poulter,

2003

Blood cholesterol levelsThe ATP Il study indicates as high a level

cholesterol > 240 mg/dL and such as high a level Idbolesterol> 16C

mg/dL.

High blood pressureBlood pressure is considered high if it staysraabove

140/90 mmHg over a period of time.
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Smoking. This can damage and tighten blood vessalsg cholestrol

levels, and raise blood pressure.

Insulin resistance. This condition occurs when Ibloely can't use its ov
insulin properly. Insulin is a hormone that helpsve blood sugar into ce

where it's used.
Diabetes.
Overweight or obesity.

Metabolic syndrome. Metakiol syndrome is the name for a group of
factors linked to overweight and obesity that rayseir chance for hee

disease and other health problems, such as diadsdestroke.

Lack of physical activity. Lack of activity can wsmn other risk factorfor

CAD.

Genetic or lifestyle factors cause plaque to bunlthe arteries as the age.
In men, the risk for CAD increases after age 45.

In women, the risk for CAD risk increases after &§e

Family history of early heart disease. The riskréases ifthe father or
brother was diagnosed with CAD before 55 yeargyef ar if the mother or

sister was diagnosed with CAD before 65 years ef ag

High levels of a protein called f@active protein (CRP) in the blood n
raise the risk for CAD and heart attadigh levels of CRP are proof
inflammation in the body. Inflammation is the badyesponse to injury
infection. Damage to the arteries inner wallsrss to trigger inflammatic

and help plaque growApd et al., 2011]
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1.7 Biochemical dysfuncon in heart exposed t
ischemia and reperfusion injury

Hearttissue is remarkably sensitive to oxygen deprivat&ithough heart cell
like those of mostissues, rapidly adapt to anoxic conditions, tlobésnia an
subsequent reperfusion lead to extensive tissuth dieing cardiac infarction
[Solaini and Harris, 2005].

Two distinct types of damage occur to the hearthasic injury anc
reperfusion injury. The first results from the iaitloss of blood fbw and th
second upon the restoration of oxygenated bloaa. flo

The heart can tolerate a brief exposure to isch@sitne inherent mechanisms
to preserve energy levels prevent injury. Theselude switching the
metabolism to anaerobic glycolysis and fattyd utilization, increasing glucc
uptake, and decreasing contractility.

If ischemia persists, the myocardium can develgeaere ATRdeficit, whick
results in irreversible injury and culminates il ceath (schemia/reperfusic

injury) [Budas et al., 2007].

1.8 Metabolic changes in ischemia and repefusion

Cardiac muscle, under normal conditionbtains virtually all its energy fro

oxidative metabolism, showed in figure 9A.
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Figure 9 A. Schematic aerobic metabolism.

During hypoxia or ischaemia, the supply of © the respiratorghain fails
Non-esterified fatty acid levels rise, probalay a result of lipid breakdon
rather than the concomitant cessation of fatty asidation. Thetricarboxylic
acid cycle is blocked, and no energy is availablemf oxidative
phosphorylation. This leads to an accumulationytdmlasmic NADH, withthe
NADH/NAD ™ ratio increasing several fold. In anoxia, ATP levean stillbe
maintained by glycolysis, but in ischaemthis is accompanied by

accumulation of lactate and a decrease in cytoptaghh (5.5—6 aker 30 min o
ischaemia), and glycolysis is also inhibite@ihe energy charge of t
cardiomyocyte during ischaemia has been well ingatgd. Typicallycreatine
phosphate concentration falls precipitately (tcslgmn 10% after 10 min

ischaemia), reflecting a sharp increase in free PADATP levels fall rathe
more slowly, with 40-50% of [ATP] remaining aft30 min of ischemia (figu

9B).
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During ischemia, the levels of total pyridine nwtldes seem tde roughl
maintained, although there have been reports oifgignt loss (up to 30%) «
total nucleotides from the cell. Their redox stdtewever, changes markec
with [NADH] increasing sharply (as described aboj@gconi et al., 2000]. The
cytoplasmic [NADPH], in contrast, declines by appr®&0%, resulting in a
significant decrease in the NADPH/NADRatio. While at firsthis may appe:
surprising, the fall in [NADPH] could be due tbe action of glutathior
reductase, which is particularly active under ctods of oxidative stresdn
addition, a contributory effect may come from thetivation d aldose
reductase, a member of the aldo-keto reductasdyfdhat utilizes NADPH t
reduce carbonyl compounds, includiglyicose, in the metabolism of polyc
Inhibition of this enzyme promotes glycolysad improves recovery frc
ischemia.

The ionic content of the sarcoplasm also changekadly in ischemiaOwing
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to low [ATP], the sarcolemmal N&K*-ATPase and the sarcoplasmic reticu
Cd*-ATPase become ineffective, and cytoplasmic‘[Nmd [C&"] rise [Piper
et al., 2004]. Prolonged lack of mitochondrial oxidation widdd toabolition of
Aun’, and this leads to (i) a decreased activity ofrtfichondrial C& uniport,
with decreased uptake of €&dnto mitochondria, andii) the operation of th
ATP synthase, in reverse, as an ATPase. AiiRase activity is thought
contribute significantly (35-50%) to ATP loss ichemia.

Over longer periods of ischemia, DNA and proteimtbgsisare suppress
[Casey et al., 2002], although some specific proteins e.g. HSP (lsbaick
protein) 70, PKC (protein kinase G) and iNOS (inducible nitric oxid
synthase) may be inducelddmy et al., 2003; Ping et al., 2002].

On reperfusion, electron transfand ATP synthesis restart, and the inte
cytoplasmic pH is restored to 7. However, this seadsome way to &urther
deterioration of cell function. While ATP and crigatphosphate levels recoy
to some extent, the myocytes undefggher shortening (hypercontracture) .
membrane damage, followed by cell deafhipgr et al., 2004]. Many
explanations for this deterioration are linked tn@rmal C&" movements
[Ca®"]c rises further, as indicated by hypercontracpmabably because of t
reverse of the normal direction of the sarcolemhal/C&* exchanger. This
increased cytoplasmic €a coupled with the restoration of mitochondrial
membrane potential, leads to the accumulation @bchbndrial C&' via the
electrophoretic uniport, which hdsghly deleterious effects on mitochond
function [Solaini and Harris, 2005]. However it is widéy accepted that in tt
ischemia/reperfusion injury the overproduction d® is the mairsource o

cell damagelt might be expected that ischemia, caused by lawtigl pressur
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of O,, would decrease ROS production, but this is patiadtly increased, wh
a further increase occurring on reperfusion. Cargdiehemia, thereforénduce:
ROS production and subsequent reperfusion can trasultoxic ROS
overproduction that damages mitochondrial functiod thus impaired recove

of physiological function and cell deatklisra et al., 2009].

1.9 The Reactive Oxygen Species (ROS)

Oxidative stress induced by Reactive Oxygen Spg&€3S) is considered
play an important role not only in the etiology sifoke, but also in the on:
and development of cardiac damage following isclerand reperfusion
[Bordoni et al., 2005]. ROS activity in the vessel wall, for examplethsugh
to contribute to the formation of oxidized LDL, aajor contributor to th
pathogenesis of atherosclerosis and is also iedolm vessel plague ruptu
initiating coronary thrombosis and occlusion [Gamd, 2005].Cell damage
instead, can occur through mechanisms involving:

« DNA alterations. ROS can contribute to mutagenedisDNA by
inducing strand breaks, purine oxidatiand inducing alterations
chromatin structure that may significantly affeeng expression;

» covalent modification of protein (particularly o8H groups);

e lipid peroxidation, that damages membranes andoprafly affect:
membrane-associated proteingncluding enzymes, receptors,
transporters, altering cell membrane properties.

These events may lead to the oxidative destructidhe cell.
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1.10 The chemistry of ROS

Free radicals can be formed in a molecule by ggiamadditional electroror
example in the reduction of molecular oxygen)(@ the superoxide ani
radical (Q"):

O +e > 02._

The superoxide (£)) produced during the first reaction is a sHiwed ROS
(~2—4 us) and readily diffusible. In the cellular enviroem, Q™ may caus
lipid peroxidation, thuswveakening cell membrane. The most important
radicals in biological systems are derivativesxyfgen. Thecomplete reductic
of O, by the univalent pathway results the formation of superoxide, ani
hydrogen peroxide (a relatively long-lived and &atlorm of ROS) and other
products such as triplet \((30,), singlet Q, hydroxyl radical (¢OH), an

hydrogen radical (He), as shown below:

SOD
20, + 2H 2 H,0, + 30
Spontaneous
20,7+ 2H > H0, + O,
Metal catalyst
20,7 + Hy0, + H > Oy + H,O + «OH

20, ++OH + H > O° + H;0

Hydrogen peroxide is an oxidizing agent, but nqteesally reactive. It ca

diffuse through membranes and can tfaeereach cellular components dis

27



from its site of synthesis. Its main sigodince lies in its being a source
hydroxyl radicals. In the absence of metal catalystiperoxideand hydroge
peroxide are readily removed and are virtually Hass

The hydroxyl radical is an extremely reactive ozidg radicalthat will reac
with most biomolecules at diffusiarentrolled rates and is therefore the r

harmful form of ROSWisra et al., 2009].

1.11 ROS and antioxidant defense mechanisms

In the heart, mitochondria are the principal sowt&kOS, as the respiay
chain deals with most of the electrons potentieigable of reducing O

The redox components of the respiratory chain lads@ been shown faroduce
ROS. Complexes kand Il are impaired during ischemia/reperfusionl amay
be considered as a major site of ROS productiomguschemia Gao et al.,
2008].

Cells are equipped with excellent antioxidant deéamechanisms to detoxi
the harmful effects of ROS, i.e. superoxide ) H.O,, and hydroxyl radical
(*OH). The antioxidant defenses can be eomymatic (e.g. glutathior
vitamins C, A, E, andhioredoxin) or enzymatic (e.g. superoxide disme;
catalase glutathione peroxidase, and glutathiothactase).

In the mitochondrial matrix, most,0 is dismutated by manganeseperoxid
dismutase (MnSOD) to #,, which readily diffuses through mitochond
membranes. Some of the Ogoes to the cytoplasm and is converted ing®H
by itself or after interaction with copper supedidismutase (CuSOD).h&
resultant HO, is removed by catalase, glutathione peroxidasel a

peroxiredoxin.
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Overall, oxidative damagwill occur only in situations in which the defel
mechanisms are deficient or the production of R&®eds theapability of the
defense mechanisms to handle them or a combinatioooth, than a fie
balance between oxygen free radicals and a vasfegyndogenous antioxidants

is crucial for avoiding myocardial injuryisra et al., 2009].

1.12 NO and Reactive Nitrogen Species (RNS)

An important role in the ischemia/reperfusion igjus played by nitric oxid
NO, by virtue of its unpaired outer shell electr@a reactive molecul&his
molecule is an endogenous mediator of several itaporphysiologice
processes, and it is very important in the hessue.

NO, indeed, does react and interath ROS, and this crosstalk can also r
significant effects on cardiac function.

NO can mediate th&nitrosylation of proteins at specific cysteine idees
This process also occurs in the heart basl significant functional implicatior
especially with regard to calcium flux and exciaticontraction coupling.
Snitrosylation is facilitated by © when Q™ is present at “physiologidévels
When levels of @ increase, however, it becomes inhibitory to norrgal
nitrosylation. Increased L levels also facilitate interaction of,Owith NO to
form deleterious reactive molecules, including pgritrite (ONG,).

Thus, at an optimal NO/AO stoichiometry, the crosstalk between these two
reactive species facilitates essential cellularcgsses, a relationship termed
nitroso-redox balance. In the African American Hedaailure Trial,combine(
therapy with hydralazine, a vasodilator that intsibgeneration of @ anc

isosorbide dinitrate improved quality-of life scerand decreasedortality by

29



approximately 45% in African Americans with sevheart failure.
A compelling argumentas been made that the effectiveness of this thies

due in part to restoration of nitroso-redox balafi@ylor et al., 2004].

1.13 NO synthases and NO synthesis

Nitric oxide (NO) plays an important role in maimiag cardiovascule
homeostasis through multiple biological actiohsufsui et al., 2009].

NO is formed from its precursor &rginine by a family of NO synthas
(NOSs) with stoichiometric production of L-citrul as shown in the figu

10.

-0 + L-Arginine + NADPH N=0 + Citrulline
A
( R \ ( R R ( [
L-arginine | :‘ NS-hydroxy- | I Citrulline |
NH I L-arginine NH NH NH
H,uJ"\'m2 =V HN” * W HN)*\NM2 o)\uu,
0=0- J)H | -
] T ol % Nitric Oxide N=0 | |
T Fel!
Fle.a F|e 3 l Fe'?
T Heme S l L
NOS
H,0 0-0 + 05SNADPH H0

Figure 10.NO synthesis by Nitric Oxide Syntha@¢OS).

The NOS system consists of three distinct isofoimduding neuronal (nNO.

or NOS-1), inducible (iNOS or NOS-2), and endotdldNOS (eNOS or NOS-3)
[Shimokawa and Tsutsui, 2010]. The NOS enzymes contain a NADPH-
dependent cytochrome P-450 reductase motif at therr@inus. The NOS C-

terminus shuttles electrons from NADPH to FAD, FMINd then to a heme-
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coordinated iron (F&) within the NOS N-terminal oxygenase domaitihile
the activities of the C and N-terminals may be fiomally independentthe
conversion of L-arginine to N@equires both domains and homodimerize
through a N-terminal interfacetequiring heme and stabilized by B
(tetrahydrobiopterin), L-arginine, and Zinc. Theaecton catalyzed by the N-
terminus proceeds via a stable intermediate, and tonsists of aieast twc
steps. The first step involves binding of oxygen)(® the heme moiety, a
oxidation of a guanido N molecule of L-arginine ftorm NG-hydroxy-L-
arginine. A second £molecule ighen combined with this intermediate leac

to the production of NO and citrullin®éungrue et al., 2002 ].

1.14 Role of NO and NOS system in Ischemia

It was demonstrated that nNOS and eNOScarestitutively expressed mair

in the nervous system atite vascular endothelium, respectively, synthegiza
small and physiological amount of NO in a calciuapendentmanner bot
under basal conditions and upon stimulatiemereas INOS is induced
several proinflammatory stimuli, producing gaeater amount of NO in
calcium independent manne&hjmokawa and Tsutsui, 2010].

Several data show a decreased expression of eNfr) dschemia in contra

to an increased INOS expression in cardiomyocyteseveral heart disease, as
ischemia, and in the development of heart failimeNapoli et al., 2001].

The high levels of NO producted by iINOS, indeed) a&eract with @~ to

form peroxynitrite, a potent mediator of cell daradigacher et al., 2007].
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1.15 Cell death: necrosis and apoptosis

Depending on the extent and duration of the ischéosis cardiomyocytes me
die by necrosis or apoptosi¥dhra et al., 2005]. Necrosis and apoptosis .
characterized by distinct biochemical, morphologigad functional changes

shown in figure 11.
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Figure 11. Difference between Necrosis and Apoptosis.

Necrosis is a rapid process that leads to destructi subcellular and nucle
components. In particular, necrosis causes thedbsise cell membranes a
nucleus integrity, with consequergease of their contents, up to cell lysis
nonspecific degradation of DNA and provokas inflammatory response w
cytokine release by macrophages. Morphologicallgleus and cytoplasm
necrotic cell are darkest and more wrinkled, arzdpla andhuclear membran

are irregular. During necrosis the cell dimensiares significantly increasefor
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the presence in the cytoplasm lafge vacuoles, some of which are swc
mitochondria.ln contrast, apoptosis (also termed programmelddesith) is ¢
highly regulated, genetically determined mechanisat does noprovoke ai
inflammatory response. Apoptosis plays a role ithgghysiologicakonditions
but is also essential in normal tissw@meostasis, allowing the organ or tisst
rid itself of cells which are dysfunctional or nonger neededApoptotic cel
death is characterized by cell shrinkageembrane blebbing, and nucl
condensation and degradation. The cell is eventubtbken into small
membrane-enclosed pieces (apoptotic bodies), winichivo are removed &
macrophages, or taken up bgighboring cells. This prevents the releas
cellular compounds and thus ensures that an inflaiomy response is n
provoked Hamacher-Brady et al., 2006]. Apoptosis is mediated kiyvo centra
pathways, the receptor-mediated (extrinsaod the mitochondrial (intrinsi

pathway Crow et al., 2004] both of which are depicted in figure 12.

Receptor-mediated death pathway Mitochondrial death pathwa

Caspase § ii \
o l '\I\ IAPE\/ ™
Caspase 3 \/ Procaspase 9

Caspase 9 Apaf-1
! ~

Apopteotic
substrates

Apoptosome
Plasma membrane

Figure 12. Schematic representation of extrinsamd intrinsic apoptot
pathways.
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So-called caspases, a family of cysteine aspapabgeases, aré¢he mair
effectors of, and allow for crosstalk between, bp#thways $ennicke and
Salvesen, 2000]. Caspases are synthesizedrasctive precursors and gener:
activated by proteolytic cleavage of the procasgase to the catalytically

active heterotetramesii, 2002].

1.15.1 Receptor-mediated and mitochondrial death
pathways

The receptor-mediated (extrinsic) pathway is itgthbythe binding of a dea
ligand (e.g., CD95/Fas ligand, TNF-a) todtsgnate cell surface death rece
(e.g., CD95/Fas, TNF-a receptofSchmitz et al., 2000]. Consequently, death
adapter molecules such as FADD (Fas-associ@d¢ath domain) and TRALC
(TNF receptor-associated death domain) form homeirs which are recruited
to the cytoplasmic tail of the death receptor tiglointeractions betweeréatt
domains” present in both proteins. Subsequentbgaspase 8 i®cruited to th
complex, resulting in proximity-inducegrocessing. Once activated, caspa
initiates the apoptotic cascade via processingogingtream effectocaspase
such as caspase 3, as well as the proapoptoti@ Baitnily member, Bic
leading to the death of the calgmacher-Brady et al., 2006].

Under pathophysiological conditions (e.g., enhanogtlative stress and/
calcium overload) mitochondria participate in tip@ptotic pathwayPesagher
and Martinou, 2000]. Death signals transmitted to the mitochondred|¢o the
release of pro-apoptotic proteins from the mitoar@l intermembane spac
to the cytosol, through pathways which are stilijsat to investigation.

The majority of studies focused on tieease of cytochrome ¢, which normi

34



functions as part of the mitochondrial electronnsg@ort chain.Two mair
models have been proposed to describe nieehanism(s) of cytochrome
release to the cytosol. The first model describasraspecific modef releas:
in which opening of the mitochondriglermeability transition pore (MPT
leads to the swelling of mitochondria due to theotc influx of water into th
protein- and metabolite-dense mitochondmaatrix. The highly convolute
inner mitochondrial membrane is able to expand evttie outer mitochondrial
membrane ruptures, releasing cytochrome c intacytesol Hamacher-Brady
et al., 2006].

The second model describes specific modes of mleabere BcR family
proteins form pores either directly via oligometian, regulate the porgize o
pre-existing pores, or indirectly by causimgmbrane instability which giv
rise to lipidic pores. In the cytosol, cytochromeébiads to Apafl (apoptotic
protease activating factor 1) and in the presesicelATP, procaspase 9
recruited to the complex, now termed the apoptosdeaeling to the activation
of procaspase 9Afehan et al., 2002]. Activated caspase 9 caactivate
downstream effector caspases, and thus detetiméneell to death. Cytochror
c-dependent activation of caspase 9 is supporte8rbgic/DIABLO which is
likewise released from the mitochondrial intermeanier pace and removes t
anti-apoptotic activity of IAPs (inhibitor of apaystis proteins)Verhagen et al.,
2000]. In addition, mitochondria release endonucleasan@ AIF (apoptosis-
inducing factor) which translocate to the nucleusl goromote chromat

condensation and large-scale DNA fragmentatifnaripe et al., 2004].
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1.16 Cell response to ischemic injury: HIF-i&

In mammalian cells, many compensatory mechanisntsirom response to
changes in oxygen tension. Until recently, the mseby which cellssens
alterations in oxygen tension remained relativdigaure.

The first insight into an oxygen-sensing pathwafigher organisms came w
the discovery of a family of oxygetependent enzymes responsible for
regulation of the hypoxia-indudd transcription factors (HIFs), that
activated by hypoxia. The HIF transcription fact@ase composed of two
subunits: the hypoxia-regulated alpha subunit HiRdr its homologs, HIF-2
and HIF-3:), and the oxygen insensitive HIB-kubunit (also knwn as thi
aryl-hydrocarbon receptor nuclear translocator, ARNT). Under normal
oxygen conditions (normoxia), HIFelis constitutivelyexpressed. Howeve
this subunit is rapidly targeted for proteasomediated degradation throug
protein—ubiquitin ligase complex containing the qurot of thenvon Hippe
Lindau tumor suppressor protein (pVHL). Recenttyhas been reported tl
degradation of HIF-A4 under nomoxic conditions is triggered by post-
translational hydroxylation of conserved prolinsidees within a polypeptide
region known as the oxygen-dependent degradatiomain (ODD). Th
hydroxylated proline residués this sequence are recognized by pVHL, lea
to subsequent HIFeldegradation via the ubiquitin ligase pathway (fegd?2).
This modification is inherently oxygen-dependérgcause the oxygen atomr
the hydroxyl group is derived from molecular oxyg&foreover, this reaction
requires cofactors such as vitamin C, 2-oxoglugaramdiron. The requireme
of this last cofactor suggests that the oxygeniagrngctor is irondependen

Thus, this critical regulatory event is carried dayt a family of iron (I1)-
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dependent dioxygenase prolyl hydroxylase enzymegsuige Q as asubstrate t
catalyze hydroxylation of the target proline regigsllnder hypoxic condition
degradation of HIF- is prevented, and thus HIlktls able to accumula
within the nucleus allowing it to bind with its paer HIF-13. In addition to th
ODD domain, the HIF-d subunit isoforms contain twibansactivation domail
responsible for recruiting transcriptional coactbra essential for gene
expression, the N-terminal transactivation dom&lmAD), which overlaps th
ODD and the C-terminal transactivation domain (CB)JAwhich is able to
recruit coactivator complexes such as p300/CBP ontlerhypoxic condition

(figure 13).

P HIF-Te P
M

MNormoxia / Hypoxia
-

()IH O
Hydroxylation B/ HIF-1a P p HIF-1lx p
3] (Y] pIDDVCER
HIF-13
e HRE . e
A AV NV v S Vi VA

OH OH

1 I

Ubiquitination ‘B HIF-1x @

Ub

L Ub

Ub
Proteasomal

degradation

p_HIF-la p
N

Figure 13. The scheme shows the Hik- activation during hypoxia and t
degradation pathway in normoxic conditions.
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The C-TAD activity is also regulated by an oxyg#pendent hydroxylatic
event; however, in this case, the targeted resighpears not to bemoline bu
rather a conserved asparagine residue.

The heterodimeric complex thus formed, is ableetwognize HIFesponsiv
elements (HREs) transactivatimpwnstream target genes involved in
longer-term response to hypoxia. particular is activated the transcriptior
erythropoietin (EPO), involved in erythropsis, and VEGF (vascul
endothelial growth factor), implicated in angiogeisévasculgenesis, allowin
an increase of oxygen delivery; on the other side,HIF-l pathway leads
transcription of IGF2 (insulin growth factor 2) agtlicose transporter (GLU
that promote adaptive prosurvival responses by Imoéta adaptations ar

inhibition of apoptosisChi and Karliner, 2004].

1.17 Role and pleiotropic effects of statins

As explained above, the major mediators of ischatairnage are representec
ROS, RSN and inflammatory mediators, such asiqftammatory cytokine:s
cell adhesion molecules andr€active protein. In the last years many st
were conducted on the preventive effects of somragsd on th
ischemia/reperfusion injury. Our attention was f&ex, in particular, c
cardioprotective effects of statins. Several chhitials, such as Scandinav
Simvastatin Survival Study (4S), Lomgrm Interventation with Pravastatin
Ischemia Disease (LIPID), and Heart Protection $BtuHPS), hav
demonstrated the beneficial effects of statin gerfar primary and seconde
prevention of cardiovascular disease.

The 3-hydroxy-3-methylglutaryGoA reductase inhibitors, or statins,
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principal therapeutic agents for the treatment ypbencholesterolemia. Tt
drugs, indeed, inhibit 3-hydroxy-3-methylglutaryb&HMG-CoA) reductas,
the enzyme that converts HMGoA in mevalonic acid, a cholesterol precur
The inhibition of this enzyme by statins results andramatic reduction

circulating low density lipoprotein (LDLgholesterol. In addition, reduction
LDL-cholesterol leads to upegulation of the LDL receptor and increased |
clearance. The lowering of serum cholesterol levelsherefore the prima
mechanism underlying the therapeutic benefits oétirst therapy i
cardiovascular diseas@/ng et al., 2008].

However,in relation to ischemia/reperfusion injury, mordemesting are tr
cholesterol-independent effects of statins, alleddpleiotropic effects”.

In detail, it was shown that statins can:

* reduce oxidative stress, decreasing ROS produciopart this #ect,
induced by statins, is associated with a reductbiNAPDH oxidas:
activity, since NAPDH oxidase is an important seuof ROS.
Importantly, it was shown that simvastatin can ceddhe levels ¢
superoxide anion, one of the key molecules invoivedxidative stres
damage Adam and Laufs, 2008; Mathur et al., 2008];

* interfere with nitric oxide metabolism. During isshia, the lower Nt
levels (< 100 nM)oroduced by the endothelial isoform of nitric ox
synthase (eNOS) exert a vasodilatatory effadtereas the higher N
levels (> 1 pM)produced by the inducible isoform (INOS) cause
damage $chulz et al., 2004] by free radical production, such
peroxinitrite. It has been that statin administratduring ischemi

causes a decrease bIQS expression, accompanied by a reductic
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the dangerous peroxinitrite, and an increase in &M&gpression, whic
is associated with an increase in blood flow amdeerease in infar
volume Kirmizis and Chatzidimitriou, 2009];

* have an anti-inflammaty effect. Several studies have found that st
decrease the expression of inflammatory mediatoch @1s Creactive
protein, IL-1, IL-6 and TNFe. It has been also observed that st:
reduce inflammatory mechanisms through a decreasié-kB activaton
[Holschermann et al., 2006] and modulation of cytochine production.

On this basis, further studies are needed to etalile potential role of th

drugs in the treatment and/or prevention of isclaémperfusion damages.

1.18 The iron-heart disease connection

A possible connection between body iron stores thedrisk of heart disea
was first put forward as a theory in 1981 by Dmodee Sullivan (1981}0
explain the differences in Cardiac Heart Diseadd§incidence and mortali
between men and women. According to this theorg,laver iron stores
females protect them for developing CHD duringphemenopausalears. Thi
protection is diminished once the menopause sesdnbody iron stores begin
to rise. In 1992, Finnish investigators from the Kufschemic Heart Disea
Risk FactorKIHD) Study presented some intriguing data inditgthat in me
with an elevated, but still apparently normal, sefferritin (SE200 g/L) were
at a two-fold risk of developing a myocardial ird@on. During the lasyears
the question othe importance of iron stores in the developmenCHiD has

been hotly debated and still remains a topic oéstigation YMood 2004].
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1.19 Iron toxicity

Iron is an essentiautrient playing a critical role in the body inres of oxyge!
transportvia hemoglobin and myoglobin, electron transpoat ivon-containing
cytochromes, thus it is involved in cellular regpion; andit is implicated ir
DNA synthesis and other variowsitical enzymatic reactions where iron i

constituent of metallo-enzymes (figure 14).
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Figure 14. Representation ofhe main processes in which iron is invol\
DNA synthesis, oxygen transport and cellular redmn.

On theother handpotential harmful effects wrought by iron in thedychave
led to its consideratioas the proverbial twedged sword. The redox capabi
of iron is the basis of potentiabxicity resulting from the Haber Weidsentor

sequence.
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Haber—Weiss—Fenton reactions

FE + 0, — Fe" + O,

20,7 + 2H — H,0, + O;

FE" + H0, — OHs + OH + F&*

that lead to the generation of hydroxyl radical ¢PHubsequent to tl
formation of superoxide () following the oneelectron reduction of dioxyg
(O,) by ferrous (F&) iron. The hydroxyl radical can attack proteins, Irig
acids, and carbohydrates and initiate champagating lipid peroxidatio
Therefore, there is a biological imperative to bakthe potential deleterio
effects of free iron and the importance of mairitajna ready, butontrolled
supply of this essential mineral nutrient. To aghig¢his needed equilibrium,
various cellular mechanisms have evolved in orgasito control free irc
concentrations in cells. One of the important b&ultal mode of contro
relevant to this discussion is the irdeapendent translational control of ferr
protein production. Cellular ferritin is@tosolic protein that acts to oxidize ¢
sequester within its core excess cellular ferr&ig') iron.
The relative concentration of ‘chelatable’ iron in thgtosol is sensed by
iron-sulfur cluster found in the cytosolic iron regulgt@rotein (IRP). Higl
iron conditions promote the transition of the ireaHur cluster to a cuba
Fed4—S4 configuration thaeduces the affinity of IRP for a regulatory kbimg
site on the ferritin mMRNA allowing more ferritin toe synthesized, there
lowering the potentially harmful cytosolic ¥econcentration. Outside of t
cell, iron is maintained in the less chemicakactive oxidized state as fel
iron (F€M) by the plasma ferroxidase activity of ceruloplasma copper-

dependent metalloenzyme. Ferric iron is carriethenextracellular space bot
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to the protein transferrin. Interestingly, iron r@ms bound toransferrin until i
is transported along with transferrin into cells iy cell surface transfer:
receptor. Once safely compartmentalized inside gmual vesicles, iron is th
freed from transferrin and presumably reduced 3 Peor to transport duof
the endosome where it can enter the cytosolicpani and be available for fr
radical-generating Fenton reactions, or ‘deactiVabg incorporation into iron-
containing proteins or sequestered within the tiargore. When iron is boul
to either ferritin ortransferrin it is catalytically inactive and wilbhparticipat
in Fenton chemistry reactions. The regulation ohimovement and retvity
is an elegantly evolved metabolic systdmt allows for the harnessing of
redox power of iron and the minimization of iroqgetentially harmful effects.
In large part, the iroheart disease hypothesis rests on the suppodiadrigt
body iron burdens are a risk factor for increase oxigastress, and oxidati
stress is a risk factor for wnic disease, including heart disease. The ro
this logical supposition appearshave merit given the capacity of free iror
act as an oxidant under physiological conditidhgs the presumed underlyi
supposition of the iron—heart disease hypothesitthiere is some ‘leakage’
the iron control system that allows iron-dependdgmage thaincreases tr
susceptibility to or rate of pathological progressof coronary heart disease.
This leakage-induced damage can be due presunaldgnie inefficiacy of

the iron control system/ood, 2004].

1.20 Biochemistry and physiology of iron

With minor exceptions, almost all cells employ ir@s a cofactorfor

fundamental biochemical activities, such as oxygeansport, energ)
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metabolism and DNA synthesis. This is due to flexible coordinatiol
chemistry and redox reactivity of iron, which allét to associate with protei
and bind to oxygen, transfer electrons or mediatalgtic reactions. However,
as previously described, iron is also potentiatlyi¢ becauset catalyses th
propagation of ROS anithe generation of highly reactive radicals (suchha&
hydroxyl radical) through Fenton chemistry, indgcidamage of cellul
macromolecules, tissue injury and disease. Thusatiwpiisition, sage an
detoxification of ironpose a considerable challenge to cells and orgat
which have evolved sophisticated mechanisms tafgatieir metabolic needs
and concomitantly minimize the risk of toxicitypé¢ Domenico et al., 2008;
Hentze et al., 2010]. The vast majority of body iron (at least 2.Inghumans) is
distributed in the hemoglobin of red blood cellsl atevelopingerythroid cell:
and serves in oxygen transport. Significant amoohison are also present
macrophages (up to 600 mg) and in the myoglobirmakcles (300 mg)
whereas excess body iron (~1 g) is stored in ther. [iOther tissues conte
lower, but not negligible, quantities of iron. Marals lose iron fronsloughing
of mucosal and skin cells or during bleeding, baitndt pssess any regulat
mechanism for iron excretion from the bodyerefore balance is maintair
by the tight control of dietary iron absorption tine duodenum\Wang and

Pantopoulos, 2011].

1.21 Dietary iron absorption

The uptake of nutritional iron involves reductiohFe®" in the intestinal lumen
by ferric reductases such as Dcytb (duodenal cytmobb) and the subseque

transport of F& across the apical membraofeenterocytes by DMT1 (divale
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metal transporter 1), a member of the SLC (sodaigier) group of membral
transport proteins, also known as SLC11M&flander et al., 2006].

Dietary haem can also be transporsatoss the apical membrane by a
unknown mechanism and subsequently metabolizedeiemterocytes by HQ-

(haem oxygenase 1) to liberatéHéigure 15).
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Figure 15.Mechanisms of dietary iron absorption.

Directly internalized or haem-derived ¥és processed by the enterocytes
eventually exporte@cross the basolateral membrane into the bloodstrea
the solute carrier and Fetransporter ferroportin (also known 86C11A3)
The ferroportin-mediated efflux of Feis coupled by its re-oxidation to £e
catalysed by the membrane-bouriérroxidase hephaestin that physic
interacts with ferroportin,and possibly also by its plasma homolc

ceruloplasmin. Exported iron is scavenged by temist (Tf), which maintains
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Fe™* in a redox-inert state and delivers it into tissféeh et al., 2009]. The
vertebrate transferrin is an 80-KDa glycoproteithwiiomologous Nermina
and C-terminal irorbinding domains that is synthesized in the livetina
testis and brain. At the neutral pH of blood, tfarmin can bind two atoms
Fe**, but only in the presence of an anion, usually caabe, that bridges iron
transferring Pe Domenico et al., 2008]. The Tf iron pool isreplenished most
by iron recycled from effete red blood cetlad, to a lesser extent, by ne'
absorbed dietary iron.

Senescent red blood cells are cleared by reticdlatéelial macrophages, which
metabolize haemoglobin and haem, and release mtonthebloodstream. B
analogy to intestinal enterocytes, macrophages reXg®" from their plasm
membrane via ferroportin, in a process coupledebgxidation of F& to F&*
by ceruloplasmin and followed by the loading of ‘Fe transferrin YVang and

Pantopoulos, 2011].

1.22 Regulation of systemic iron traffic the role of
hepcidin

The ferroportin-mediated efflux of Fefrom enterocytes anehacrophages in
the plasma is critical for systemic irtlomoeostasis. This process is negati
regulated by hepcidin, a livelerived peptide hormone that binds to ferropt
and promotes its phosphorylation, intdimation and lysosomal degradat
[Nemeth and Ganz, 2009]. Hepcidin is primarily expressed in hepatocydss:
precursor pro-peptide. Pro-hepcidin undergoes plytie processing to yield
bioactive molecule of 25 amino acidisat is secreted into the bloodstre

Recently it was found that hepcidin is also exprdss the heart and,
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contrast to what happens in the liver, cardiac iu#pcexpression |
significantly up-regulated in response to hypokitefle et al., 2007].

Hepcidin accumulates following iron intake and unddammatory conditions,
resulting in decreased dietary-iron absorption aimdn retention in
macrophages. Conversely, hepcidin levels drop ion irdeficiency or
phlebotomy-induced anaemia, and this respopsamotes intestinal irc
absorption and iron release from macrophages.

The disruption of hepcidin is associated wiystemic iron overloe
(haemochromatosis). ge and Beutler, 2009], whereagathological elevation «
hepcidin levels contributes to tdevelopment of the anaemia of chronic dis
[Weiss and Goodnough, 2005]. The expression of hepcidin is control
transcriptionally by several mechanisms. Basal ig@pdranscription requires
C/EBRx (CCAAT/enhancerbinding prote) [Courselaud et al., 2002].
Iron-dependent induction of hepcidirequires BMP (bone morphogent
protein) signalling. Iron triggers the expressidrBdIP6 in the liver Kautz et
al., 2008] and the intestineArndt et al., 2010], which is thought to be secre
into the plasma for bindintp a BMP receptor on the surface of hepatoc
BMP6 signallingleads to phosphorylation of SMAD1/5/8 and translioraof
SMAD4 to the nucleus, where it promotes hepcidamscriptionupon binding
to proximal and distal sites on its promoteleynard et al., 2009; Andriopoulos
et al., 2009]. It has also beeproposed that hepcidin responds to increase
saturation (3ao et al., 2009], possibly by a mechanism requiring a creelk-
between BMP and MAP (mitogen-activated protein &@)asignalling Ramey
et al., 2009]. Further cofactors are required for irdependent activation

hepcidin,even though their exact mode of action is not Yedirc These incluc
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the haemochromatosis protein HFE, TfR2 (Transfewoeptor2) and the BMI
co-receptor HJV (haemojuvelin). Mutations timese proteins impair hepcit
expression and lead to hereditary haemochromatbeesand Beutler, 2009].
The pro-inflammatory cytokine IL-6 (interleukin-6)induces hepcidir
transcription via STAT3 (signal transducer and etbr of transcription 3
phosphorylation and translocation to the nucleusbimding to aproximal
promoter elementHleming, 2008] whereas, IL-E activates hepcidin via tl
C/EBRx and BMP/SMAD pathways Matak et al., 2009]. Hepcidir
transcription, instead, is suppressed by hypoxiboaidative stress. The role
HIFs (hypoxia-inducible factors)n the hypoxic pathway of hepcidin
debatable Yolke et al., 2009], whereas oxidative stress promotestdns
deacetylation and decreases binding of C/zBiRd STAT3 to the hepcid
promoter Miura et al., 2008]. There is no doubt that hormonal regulatiol
iron efflux from cells via the hepcidin/ferroportin axis is of pammmi
importance for systemic iron homoeostasis. Howavehould be noted th#te
expression of ferroportin is also subjected to dcaiptional Ludwiczek et al.,

2003] and post-transcriptional control.

1.23 Cellular iron up-take and the role of transferrin
receptor-1

The transferrin—(F€) complex in plasma is transportedo cells through or
of two cell-surface transferring receptors. Tramgfe receptor-1 (TfR1)is
expressed on all cells, including cardiomyocytes], ia particularly enrichedn
precursors of the erythron because these cells gh@Wwighest demand for iron

[Matak et al., 2009]. Transferrin receptor-2 (TfR23 expressed primarily in the
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liver and binds the transferrin—e complex at a muctower affinity thar
TfR1 does Pe Domenico et al., 2008]. Transferrin receptor 1 is membran
protein of ~90 KDa. It is a homodimer of two ideaii transmembrane subunits

linked by disulphide bonds. Each subunit considtsaolarge extracelluli

C-terminal domain, an hydrophobic membrane-spannmmain and a meall

cytoplasmic Nterminal domain (figure 16).
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Figure 16. Crystal structure of the Transferrin Receptor.

Human TfR1 bears one O-linked and three N-linkegoslaccharides; Ninked
glycosylation is particularly important for prop&lding andtransport of th
protein to the cell surface. The extracellular domiainds one molecule ¢
transferrin per subunit, forming the multimeric TR1 complex. TfR1
knockout mice display embryonic lethality, showitige importance of th
protein in iron metabolismAisen et al., 2004]. The Tf—TfRL complex is th
main process by which the uptake of transferrinngowonfrom plasma to cel

of peripheral tissues is mediated (figure 17).
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Figure 17.Representation of cellular iron up-take.

After binding to its receptor, the complex of {Be(Tf=TfR1) is rapidly
internalized by receptor-mediated endocytosis thinozlathrin-coated pits.
Inside the cells, the internalized complicalizes to an endosome tha
acidified by an ATP-dependent proton pump that iewke luminal pHo ~5.5
Acidification produces a conformational change athbtransferrin—(F&) anc
TfR1 with the consequent release of iron. The eowohas (FE") is converter
into (FE") by a ferrireductase that has been identified 88453 and then th
endosomal DMTL1 transports the product of the STEA&Alysed reactic
from the endosome to the cytosol.

At acidic pH, apotransferrin remains bound to T#it the complex igecyclec
to the cell surface. At the more neutral pH of plas(pH 7,4), apotransferrin
dissociates from TfR&and is free to bind iron and initiate further roanol

receptor-mediated endocytosidg Domenico, 2008].

50



1.241ron storage

Cells may eliminate excess intracellular iron bgretion of F* via ferroportir
or by secretion of haem through the putative I exporter FLVCR (felin
leukaemia virus, subgroup C, recep [Keel et al., 2008], but cells can mainly
store and detoxify excess intracellular in the cytosol within ferritin,
conserved proteiconsisting of 24 H and EBubunits, encoded by distinct ge

(figure 18).

Figure 18.Cristal structure of ferritii

The levels of Ierritin and L-ferritindiffer among various tissues; the forme
enriched in the hee¢ and the latter in the liveiThe H (for heavy or hea
subunit is 21 kDa, whereas the L (fcght or liver) subunit is 19 KDeArosio et
al., 2009].

Ferritin assembles into a st-like structure with a cavitpf ~80 A (1 A =0.1

nm) that provides storage space fo to 4500 F&" ions in form of ferric ox-

51



hydroxide phosphate. Iron may enter ferritin witle &@id of PCBP1 [poly(rC)-
binding protein 1], which appears to function asiram chaperonedhi et al.,
2008]. The incorporation of iron into holo-ferritin @gequires the feoxidase
activity of H-ferritin, whereas L-ferritin chainsrea associated with iron
nucleation, mineralization and long-term iron stggraSince Herritin can binc
to and release iron more easily tharfetrtin, it plays a key role in rap
detoxication of iron and intracellular iron transp@You and Wang, 2005].

A secreted glycosylated isoform of predominantlyetrtin circulates in th
bloodstream. It contains very low amountsiroh, suggesting that it does |
play an essential role in iron storagetraffic, but it is used as a clinical mar
for body iron storesQohen et al., 2010].

Intracellular iron deposits may also thetected within haemosiderin, a struc
consisting of ferritin degradation products anchilaxide clusters. Irontgrec
within ferritin is considered to be bioavailabénd may be mobilized f
metabolic purposes during its lysosomal turnov&napg et al., 2010] and.
possibly, also following dynamic structural reagaments of theferritin
subunits. The induction oferroportin promotes mobilization and export
ferritin-derived iron, followed by monabiquitination and degradation
apoferritin by the proteasom®¢ Domenico et al., 2006]. Thus ferritin can b
degraded by two different pathways, the lysosomad #he proteasomal
pathways, which appears to require prior depletibits iron [De Domenico et
al., 2009]. The iron-storage function of ferritin is cruci@r health.Ferritin car
act as a critical anti-oxidant by sequestering wmidoor “free” iron, thezby
limiting its participation in oxidative reaction¥he conditional disruption

this gene, indeed, promotes damages due to oxédatiress [Parshan et al.,
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2009]. Recently an isoform of ferritin was found in thetochondria Levi and
Arosio, 2004]. Mitochondrial ferritin derives from an unusualtrionless gene
and is synthesized in the cytosol as a precurslypeptide that igargeted t
mitochondria by an N-terminal leader sequence. miagure protein posses:
ferroxidase activity and assembles intominctional ferritin nanocage
Mitochondrial ferritin is normallyexpressed at low levels and does not af
to have any majorfunction in normal mitochondrial iron utilizationlts
expression, however, is significantly induced ionHoaded ring erythroblasts
(sideroblasts) of sideroblastic anaemia patientsraay serve aa sink for iror

deposition Cazzola et al., 2003].

1.25 The “Labile Iron Pool” (LIP)

The amount (< 5%) of iron that is not bound toiferror other proteins form
transient cytosolic pool, named “Labile Iron Po@l'IP). This LIP is redox-
active and comprises both ionic forms of iron*{Fand F&"), presumabl
associated to lownolecular mass intracellular chelates, such aateitvariou
peptides, ATP, AMP or pyrophosphatéakion and Cabantchik, 2002].

The cytosolic LIP reflest the cellular iron content and its fluctuationggder
homeostatic adaptive responses. In particular, ldfels are maintaine
homeostatically for cells, not only to meet the ahetic demand$or iron, bu
especially to minimize its potential engagemenRi@S formation Breuer et
al., 2008]. On these bases, a critical aspecthef maintenance of cellular ir
homeostasis is the control of the expression oég@mcoding proies requiret
for the uptake (TfR1, DMTL1), storage (H and L fem) or export (FPN) of iron

[Goforth et al., 2010]. Iron regulatoryproteins (IRPs) are central component
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a sensory and regulatory system required for thaintenance of irc

homeostasis in vertebrates.

1.26 The IRE/IRP regulatory sistem

1.26.1 Regulation of TfR and ferritin expression byRPs

The expression of TfR1 and ferritin are co-ordihateéegulated post-
transcriptionally upon binding of IRP1 or IRP2 t&kHs in the UTR:
(untranslated regions) of their respective mRNReacflcati et al., 2010]. IREs
are evolutionarily conserved hairpin structures 2630 nt Piccinelli and
Samuelsson, 2007]. A typical IRE stem consists efiriable sequences that fc
base pairs of moderate stabiliG ~—7 kcal/mol), and folds into am-helix
that is slightly distorted by the presence of a lkialge in the middle(an
unpaired C residue or an asymmetric UGC/C bulgp/émmmonly found in th
ferritin IRE). The loop contains a conserved _FR®@UGH-3' sequece (H
denotes A, C or U), where the underlined C and €dues form a base pair

[Wallander et al., 2006], as shown in figure 19.
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Figure 19.Representation of a typical IRE motif.
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TfR1 mRNA contains multiple IREs within its long-B'TR, whereasthe
MRNAs encoding H and L ferritin contain a singlé€lR their 5’-UTRs.

In iron-starved cells, IRPs bind with high affinity cognate IREs. The IRE—-
IRP interactions stabilize TTRMRNA and, moreover, impose a steric block
to ferritin mMRNA translation. As a result, increds@&fR1 levels stimulate
acquisition of iron from plasma Tf to counteracinrdeficiency.The inhibitior
of de novo ferritin synthesis leads to decreasdslindance of this protein,
iron storage becomes obsolete under these corslition

Conversely, in cells with high iron content, bolRP1 and IRP2 becor
unavailable for IRE binding, allowingfR1 mRNA degradation and ferrif
MRNA translation. Thus when iron supply exceedhilzl needs, the IRERP
switch minimizesfurther iron uptake via TfR1, and favours the sferaoi
excess iron in newly synthesized ferritin.

The IRE-IRP system was initially defined as a reddy simple and ubiquitot
post-transcriptional regulatory circuit that maingacellular iron homoedssis
in vertebrates by orchestrating co-ordinated irptake by TfR1 and storage in
ferritin. The identification of additional IRE-caihing mRNAs and the
ongoing biochemical and physiological characterratof IRPs adde
considerable complexity and uncovered a functiangtificance for the IRE—
IRP system that exceeds the narrow boundaries laflareiron uptake an

storage YVang and Pantopoul os 2011].
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1.26.2 Expression of DMTland ferroportin is regulated
by IRPs

The mRNAs encoding the iron transporters DMT1 famcbportin are express
in alternatively spliced isoforms, somef which are furnished with
translation-type IRE. Two out ddbur DMT1 transcripts contain a single IRE
their 3'-UTR that presumably operates as a stgbitibntrol elementanc
accounts for the higher DMT1 expression in ironkgdeht conditions Hubert
and Hentze, 2002]. Ferroportin mRNA isexpressed in two alternatively splic
transcripts, one of which contains a single trarsiatype IRE in its 5’UTR
[Zhang et al., 2009] that is consistently associated with high ferropc
expression in iron-sufficient staté\dboud and Hail, 2000]. Conversely, th
lack of IRE in the alternative ferroportin trangtri which is enrichedn
duodenal enterocytes and erythroid precursor calisws the accumulation
ferroportin in these tissues during iron deficiendjckie et al., 2000] by
evading the translational blockade imposed by adiRPs. In an iromeficient
state, the bypass of the IRE-IRP system dmunties to homoeostatic adaptai
by (i) probably facilitating dietary-iron absorptian the duodenumand (ii)
possibly also permitting efflux of iron from erythd cellsin the bloodstream
restrict erythropoiesis and to make the metal ab#l to iron-starved non-

erythroid cells.

1.26.3 Other IRE-containing mMRNAs

The biochemical characterization of IREs and thaldishmentof a canonice

IRE motif prepared the way for the discovery oftlier IREcontaining
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MRNAS, some of them bearing atypical, yet functiplREs [Rouault, 2006].

A functional IRE (an IRE that confers translational regulatiaa)s found in th
5-UTR of ALAS2 mRNA. Considering that ALAS2 é{aminolevulinat
synthase) catalyses the initial reaction for heawsymthesisn erythroid cells
the translational repression of its mMRNA by IRPsoagates the IRERP syster
with systemic iron utilization and homeostasisifo and Recalcati, 2007].

A single IRE was also found in the 5-UTR dhe mRNAs encodir
mammalian m-aconitases (mitochondrial aconitased)the Drosophila iron-
containing protein succinate dehydrogenase sulbu(BDHB, which are bot
iron—sulfur enzymes of the citric acid cycle, ahért link the IREIRP syster
with energy metabolisnmJairo and Recal cati, 2007].

More recently, a high-throughput biochemical screrealedan atypical IRt
in the 5-UTR of HIF-Zz mRNA that functionsas a translational cont
element Hanchez et al., 2007]. The Hypoxia-Inducible Factor, (HIF)2is a
transcription factor that is activated by lack ofygen or iron. This finding
represents a new link between iron and oxygen hetasis.

A single IRE motif was found also in the BTR of mMRNA splice varian
encoding MRCK: [myotonic dystrophy kinaseelated Cdc42 (cell divisic
cycle 42)-binding kinasen] [Cmejla et al., 2006] and human Cdcl4
phosphataseSanchez et al., 2006]. Preliminary biochemical characterizat
suggests that these IRE motifs contribute to tlgeiledion of mMRNA stability,
linking the IRE-IRP system with cytoskeletal remitidg and the cell cycle.
The mRNA encodings-APP harbours a nocanonical IRE motif with
conserved 5-BGAG-3’' sequence (the underlined C andré&sidues form

base pair) as part of an extended loop in it9TR, which preferentiall
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interacts with IRP1 and functions as a translaticoatrol elementCho et al.,
2010]. Interestingly, a-synuclein mRNA also contains a predicted IRé-
motif [Friedlich et al., 2007] that awaits functional characterizatiohberran
expression of-APP and a-synuclein is associated withlzheimer's an
Parkinson’s diseases respectively; thus validatibthe regulatory function «
their IREs may couple the IRE-IRP system with hunmenrodegeneratiy
conditions.

Recently, Mayka Sanchez and colleaguganghez et al., 2011) following a
genome-wide strategy identified 35 novel mRNAstthind both IRP1 ar
IRP2. Some of these mRNA are implicated in cancesgnessionanc
metastasis, including the chemokine CXCL16, thatt@ios a predictedRE
motif at its 3'-UTR, and FXYD5, also named Dysadhewhich contais ¢
predicted IRE in 5’-UTR. Further work is neededetacidate if thesgroteins
can alter iron homeostasis, but their abnormal esgon in several human
cancers, may represent a novel link between iraialmoéism and cancer.
Overall, as illustrated in the figure 20, functibiRE motifs havethus far bee
identified in MRNAs encoding proteins of iroptake (TfR1), storage (H anc
ferritin), erythroid utilization(ALAS2) and transport (DMT1 and ferroporti
as well as energy metabolism (m-aconitase Bndsophila SDH), hypoxic
regulation (HIF-2), cytoskeletal reorganization (MR@I cell cycle conbl

(Cdcl14A) and neuronal functioi-APP andu-synuclein).
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Figure 20.Post-transcriptional control by the IRE-IRP regoitg system.

The expanded list of IRE-containing mRNAs emphasitte role of the IRE—
IRP system as a master post-transcriptional iraqqulatory switch, but als
implies further regulatory potentiautside the context of iron metabolism i

strict sense.

1.27 IRPs: functional and structural features

IRP1 and IRP2 do not share sequence similarities tnown RNAbinding
proteins and do not contain any established RNAlhopmotifs. They bot
belong to the family of Iron-Sulfur Cluster (ISGpmerases, which includes m-
aconitase. This enzyme catalyses the isomerizatiaritrate to isceitrate vie
the intermediateis-aconitate during the citric acid cycle, and caméaa cubane
[4Fe—4SF ISC in its active site. Three of the iron atomsattached to cysteil

residues of the polypeptide, whereas filvgrth iron remains free and medie
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catalytic chemistryNMuckenthaler et al., 2008]. IRP1 assembles an analogou
m-aconitase ISC that converts it to aannitase (cytosolic aconitase). Howe
in contrast with maconitase, IRP1 only retains its ISC and its enziyr
function in iron-replete cells. In iron deficienclgplo-IRP1 is converted into
apo-protein that possesses IRE-binding activityusSTHRRP1 isbifunctional an
its mutually exclusive activities are reversibiggulated by an unusual I
switch. IRP1 probably evolved independently ohoonitase following an eal
duplication event that allowed it to acquire IREding activity. A second
duplication event led to the evolution of IRP2 igter eukaryotesVfang and
Pantopoulos, 2011]. IRP2 shares extensive homology with IRP1; howei
neither assembles an ISC nor retains aconitaseveasite residues.
Consequently, IRP2 only exhibits an IRE-bindingiaigt and does not hay
any enzymatic function. A feature of IRP2 tkatinguishes it from IRP1 is t
presence of a conserved cysteine and proline-tigich of 73 amino acid
close to its N-terminusThis sequence is encoded by a separate exo
appears to be unstructure®ycke et al., 2007]. IRP2 is regulated in ¢
irreversible manner, at the level of protein sigpilThe crystal structure
IRP1 has been solved in both the c-aconitase-bjnaim IRE-binding\|Valden
et al., 2006] forms (figure 21), although the structure of IRR& not yet been
determined. It was shown that the site for catalgsid RNAbinding overlag
and the switch between the enzymatic and RNA-bmdorms is associated
with extensive conformational rearrangements. Thiliig of holoiRP1
follows the pattern of m-aconitas®ypuy et al., 2006], despiterelatively
limited sequence identity (22%), but consistentlithwthe consrvation o

active-site residues. The protein is compos#dfour globular domain
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Domains 1-3 are compact and jaiomain 4 through a surface linker. The

is located centrally at the interface of the foantins.

Aconitase IRP1

Figure 21. Crystal structure of IRP1. On the right thé&cenitase form; on tt
left the IRE-binding form.

The topology of the ISC anthe surrounding environment are fairly conse
between c- and m-aconitases. Nevertheless, thalbsgucture of holo-IRP13
protein of 889 amino acids, (~98 KDa), also showemences to that of m-
aconitase, which is smaller (780 amino acids). St IRP Ifragments that c
not superimpose with m-aconitase are expasethe surface of the protein.
a result, the shapes and surface topologies of-IR®4 and maconitas
diverge substantiallywhich may explain the fact that only the former
acquire IRE-binding activity.

How do the IRPs recognize IRES?

The structure of IRP1 in a complex with ferritinHRincovered the detailsf
the protein reorganization upon loss of its IS8e main features are a rotat

of domain 4 by 32 but also an unpredicted extensive rearrangewfetdmair
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3 by 52 that creates a hydrophilic cavity and alloascess to the IRE. T
RNA-—protein interaction requires tworucial segments at the interface
domain 2 (residues 436—442) and domain 3 (residdds-544). TH® anc
Asn** make direct contactwith the IRE. The terminal residues of the |
loop, A15, G16 and U17, interact with $&r Lys®® and Arg® respectively
within a cavity between domains 2 and 3. A secoimdlibg site is forme:
around the unpaired-C-bulge residue betweerugper and lower stem, whi
occupies a pocket within domain 4, sandwiched betwirg*® and Ard®®. The
IRE-IRP1 complexs stabilized by additional bonds, ionic interanscand va
der Waals contacts. This structural studies offelediled insightento the due
function of IRP1 as a c-aconitase and an IRE-bipgirotein Walden et al.,
2006].

As regards IRP2the resolution of its structure, especially in anptex with
IRE, will be necessary to precisely map the RNA#girointeractionand tc
understand the topology of the IRP2-specific 73 ramacid insert and it

possible role in IRE bindingZimbrennen et al., 2009].

1.28 Regulation of IRP1

The iron-sulfur cluster of IRP1 is the major site its regulationWithin cells.
the conversion of apo- to holo-IRP1 requissveral cofactors, such as
mitochondrial proteins Nfsl (ISCSBilederbick et al., 2006], frataxin [Seznec et
al., 2005], ISCU [Tong and Rouault, 2006], Grx5 [Ye et al., 2010], ISD11 [shi
et al., 2009] or Abcb7 Pondarre et al., 2006], showing an active rol®f
mitochondria in the assembly of holo-IRP1.

Many factors can interpose with the ISC of IRPlpanticular:
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 The ISC of IRP1 exhits also sensitivity to oxidants, in particular
superoxide anion and peroxynitrite that can attdbke ISC o
cytoplasmic aconitase, inducing its disassemblfoton IRP1 EZimmer
et al., 2008], whereas hypoxia favours its stabilization, accongzaiy
a rise in aconitase activityppck et al., 2009].

* Iron starvation leads to conversion of holo-IRP%tdsolic aconitase)
into an IRE-binding apo-protein following depletiar its ISC. This
process is relatively lengthy (8-12 h) and does neguire de novo
protein synthesis.

* In contrast, in iron-loaded state the apo-IRPJoisverted in holo-IRP1.
IRP1 is a fairly stable protein (half-life of24 h) and, under normr
circumstances, its stabiligemains unaffected by iron levels. However, w
ISC biogenesis is impaired by either inactivatidnSC assembly cofactors or
phosphorylation of IRP1 at S&t iron leads to ubiquitination andlow
degradation of apo-IRP1 by the proteasoMéarg et al., 2007; Deck et al.,
2009]. IRP1 can be phosphorylated by PKC (protein ken@3$ atthe conserve
Ser*® and Sef*! residues Glarke et al., 2006]. Ser®is located in proximity t
the ISC and its phosphorylation appears to intervath the ISC stabilitylDeck
et al., 2009]. This backup mechanism prevents accumulationxoégsive apo-
IRP1 that may disrupt iron homoeostasis by its guisged IREbinding

activity.

1.29 Regulation of IRP2

IRP2 is synthesizede novo in response to low iron and remaistsible unde

iron starvation or hypoxia. In iron repletells, however, IRP2 becon
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destabilized and undergoes rapid ubiquitination aletjradation by tr
proteasomeWang and Pantopoul os, 2011].

It was recently demonstrated that IRP2 are sulestrat FBXL5 (Fbox anc
leucine-rich repeat protein 5), a member of an Eguitin ligase complex that
also includes Skpl (S-phase kinase-associatediprbteCull (Cullin 1) anc
Rbx1 (Ring-box 1)VYashisht et al., 2009; Salahudeen et al., 2009].

FBXL5 contains an N-terminal haemerythrin domairthwa characteristic Fe—
O-Fe centre. In iron-replete and oxygenated c&IBXL5 accumulates and
interacts with IRP2, mediating its ubiquitinationdasubsequentlegradatio
(figure 22). In contrast, in iron-deficient or hypo cells, FBXL5 itsel
undergoes proteasomal degradation by aiggkhown mechanism upon the |

of its Fe—O—Fe centre, which allows the stabilomaof IRP2.

[ [Fev ] [Fek ] |

hypoxia normoxia
IRP2
G-U uy,
l{ }3 d”qwri"a i
A 7 Grng, 2on
ar, P—
C N Oy C"
Wb
A wog y )
1]
l? l.b Rbxl, proteasome]

~ FBXL5 "
5 AUG ® - a

IRE-binding protein ‘!\,‘\\\‘l‘
ac

Figure 22.Iron and oxygen-dependent regulation of IRP2 taliy FBXL5

Hence, FBXL5 senses iron and oxygen levels thrabgh-e—Ofe centre of it
haemerythrin domain and emerges as a novel regulatocellular iron

homoeostasis.

64



2. AIM OF THE STUDY

Ischemic heart disease, the main cause of mortaitg morbidity in
industrialized countries, is a metabolic phenomexdoe to an inadequz:
oxygenation of heart tissue causedttwy closing or narrowing of the coron
arteries.

Regardless of the cause that led to the ischemmditons, there is a
impairment of oxygen and oxidizable substrates par of myocardial tissue.
The early reperfusion of ischemic myocardium resgocellular functins
altered by ischemia and contrasts cell death. Hewdfie ischemic condition
and the subsequent tissue reperfudiead to several functional and metab
changes that globally define the so-called “iscleéraperfusion injury”. tlis
widely accepted that in the ischemia/reperfusigarinthe overproduction
ROS is the main source of cell damage. The ReaCimygen Species (ROS)
indeed, are hidli reactive molecules that can cause lipid percioda proteir
oxidation and nucleic acid alterations, playingimportant role in the gene
and progression of ischemic damage.

A pivotal role in the ROSroduction is played by iron. This metal, for
redox properties, can quickly givand accept electrons and thus promott
ROS production through the Haber-Weiss-Fenton i@act

It is well known that iron is an essential elemiemtthe gowth and metabolis
of all living organisms, because it is involvednrany cellular functions, su
as the synthesis of the DNA and cellular respimtidowever, an excess
this metal can be toxic for all cell types, thee thon metabolism must

finely regulated to prevent dangerous excessdiiciencies of this essent
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metal. At cellular level the main proteins involved in thegulation of iroi
metabolism are represented by the Transferrin Recep (TfR1) and th
Divalent Metal Transporter (DMT1), that mediate then up-take,the
ferroportin that is the only known cellular iron psxter in mammals al
ferritin which is able to sequester iron in a norit form. Other importar
proteins involved in the control of iron metabolisare the lon Regulator
Proteins (IRPs), that are able to regulate at passcriptional ével the
expression of proteins such as Transferrin Recept@MT1, ferroportin an
ferritin.

On this basis, the aim of my study was to analyzéothin vivo andin vitro
models of ischemia/reperfusion injury (for the miodietails,see Materials ar
Methods sectionthe molecular mechanisms that regulate the cellutn
homeostasis, as well as assess the potential wdaddmages caused by
metal during the complex phenomenon of ischemictltisease. In particular,
it was investigated the effect of ischemia/repediisconditions on theell
viability and ROS production, and the effects oa #ativity andexpression (
the principal proteins implicated in the iron meikém, such as IRPs, TfR1
and ferritin. My study was focused also on thecalbed “pleiotropic” effects ¢
statins, in particular on the amtifammatory and antioxidant activities, t
could protect cardiac tissue from ischemia/repé&sfusjury.

In detall, it was investigated the cytoprotectifeeets of Simvastatin, one
the most common statins used in the treatment péidtyolesterolemia, on t
expression of protein such as iNOS, (involved m phoduction of nric oxide
that can interact with £ to form peroxynitrite, a potent mediator of
damage), on the ROS production and then on theviadllity in rat cardio-

myoblasts subjected to hypoxia and reoxigenatiolitions.



Moreover, considering thelose relationship between the ROS productior
iron, it was also evaluated the effects oh®astatin on the iron metabolism
particular assessing the LIP extension and theesspn of protein such

ferritin and Transferrin Receptor 1.
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3. MATERIALS AND METHODS

3.1 Animals andin vivo ischemia/reperfusion model

All animal experiments complied with the Italiangiglative decree (D.L
no.116 of January 27, 1992 and associates guidelinethe Europe:
Communities Council Directive of November 24, 1986/609/ECC).

Male Wistar rats (25@80 g; Harlan Nossan, Correzzana, Ml, Italy), \
divided in different groups: (1) Sham group; anisnahderwent to the surgi
intervention without the LAD ligation, (2) ischemigroup; animals wer
subjected to ischemia 3B minutes, (3) reperfused group; animals subji
to 24 hours of reperfusion after ischemia.

Animals were anaesthetized with an intraperitorj@iction ofa solution ¢
ketamine (100 mg/kg) and xylazine (10 mg/k¢aced on a surgical table ¢
artificially ventilated througha tracheal cannula connected to a ventili
pump for small animals (Ugo Basile, Comerio, VAI.

Myocardial infarction was produced by ligation of left anterior desceg
coronary artery (LAD) according to a method previously described ints
rats [Guerra et al., 2006]. Briefly, the left side of the thorax was oper
between the fourth and fiftintercostal space. The heart was Qe
exteriorized and the pericardium dissected out. 0AB was occludedfigure
23) near its anatomical origin by a 5.0 silk sut(Eéicon, Johnsodehnsor
at different times (30 and 90 minutes). At the ehdhe ischemia periodhe
ligature was removed to obtain the 24 hours reg@fuphase, and llooc

sample was withdrawn from abdominal aorta.
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- Coronary artery
} ligated inducing
- an infarct

Figure 23.1n vivo model of cardiac ischemia. The figure shows thaticn o
left anterior descending coronary ar.

The serum was obtained 24 hours thereafter, followiagtrifugatior at 300(
rom for 15 minutes and then kept -80°C until the measurement d:
Harvested heartafterischemia phases was placed intoedriRdish containin
potassiunchloride and cut into—6-mm thick transverse slices from ape)
to the basis. Slices \re incubated for 30 minutes at 37fCa 1% solution ¢
2,3,5triphenyltetraziolium chloride in 1 phosphatdsuffered solution (PB!
then washed with PBS a storedin PBS with 0.01% sodium azide (P-A) ai
4°C, as degibed ir Pitts et al. 2007]. Infarct size was calculated as
percentag®f necrotic area compared w the total areajlsing a computeriz:
program (Leica).

Histological Analysis. To assess the modehorphological analysis of tisst
obtained from sham a ischemic animals veaperformed. Heart slicewere
fixed in 10% (vol/vol) buffered formal for 48 hours. Sections were tt

embedded in paraffin and « (10-mm thick) and stained with hematoxylin i

69



eosin for tissue morphological evaluation. Theisastwere analyzed by ing
a standard light microscope (320 objective) gmbtographed by a digi
camera (Leica).

Determination of Biochemical Parameters.Quantitative determinations
serum cardiac troponin (cTpl) and myoglobin (MYO) were performed

immune enzymatic assays (AXSYM System; Abbott).

3.2 Cell cultures andin vitro hypoxia/reoxygenatior
model

The rat cardiomyoblasts line H9a#htained from European Collection of (

Cultures, were grown in Dulbecsomodified Eagle's medium supplemel
with 10% fetal bovine serum (Bio-Wkaiker), penicillin (100 U/ml) ar
streptomycin (100 g/ml). The cells were grown at 37°C in a humidifigt
CO, atmosphere.

Combined oxygen and glucose deprivation and reoxygation. H9c2 cells
were exposed to oxygen, glucose and serum deivé@®GP) for variou:
times (0,5-12h) according to a previously repopeatocol [race et al., 2005].
Briefly, the culture medium was replaced with degayatedsaturated for Z
minutes with 95% B and 5% C@), glucose- and serum-free medium
containing NaCl 116 mM, KCI 5.4 mM, MgS®.8 mM, NaHCQ 26.2 mM
NaH,PO;, 1 mM, CaCl} 1.8 mM, glycine 0.01 mM and 0.001 % (wfheno
red. Cultures were then placed in an humidified@#icubator within a
anaerobic chamber (BillugRethenberg, Inc., Del Mar, CA, USA) containir
gas mixture of 95% Nand 5% CQ@. The final oxygen concentration in -

medium in these experimental conditions, measusedurb oxygen-sensitive
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electrode (OxyLite 2000, Oxford Optronix, Oxford,K)) was 5 mnig.
Reoxygenation was achieved by replacing the D@&dium with oxygenatt
regular medium containing glucose, and returnindtuces to normoxi
conditions (37°C in a humidified 5% G@tmosphere) for 3 hou(brief perioc

of reoxygenation) and 24 hours (long period of sgmnation).

3.3 Preparation of cytosolic extracts

Heart tissues were homogenized through polytrotesysat 6000 rpm/m
with lysis buffer containing 10 mM HEPES, pH 7.5n8 MgCl, 40 mM
KCI, 5% glycerol, 1 mM DTT 10 mM EDTA, inhibitor pteasesand 0.29
Nonidet P-40 at 4°CCell debris and nuclei were pelleted by centrifimaa
13 000 xg for 15 min at 4°C, and supernatants were store80aC.

Cells were washed and detached with PBS contaihimg EDTA. To obtait
cytosolic extracts for electrophoretic mobility §rassay (EMSA) and ferriti
and IRRL Western Blot analysis, cells were treated withdypuffer containin

of 10 mM HEPES, pH 7.5, 3 mM Mg£l140 mM KCI, 5% glycerol, 1 ml

DTT and 0.2% Nonidet RO at 4°C. Cell debris and nuclei were pellete
centrifugation at 13 000 g for 15 min at 4°C, andupernatants were storel
-80°C. For Western blot analysis of TfRdgll pellets were lysed in 20 r
Tris.HCI pH 7.4, 150 mM NaCl, 5 mM EDTA, 5% (v/v)ygerol, 10 mM NP-
40 and proteases inhibitors tablets (Roche, Mammh&ermany) at 4°CThe
supernatant fraction, obtained by centrifugatiordi2®00 xg for 15min, was
stored at —80°CNlattace Raso et al., 2009]. The protein concentration w
determined by the Bi®&ad protein assay according to the supplier's m

(Bio-Rad, Milan, Italy).
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3.4 Western blot analysis

Lysates aliquots containing 50-100 pg of proteiesaedenatured, separated
a 12% (for ferritin) or 8% (for IRP1, TfR1, INOSPS-polyacrylamide gel ar
transferred onto a nitrocellulose membra@enersham Biosciences, Lit

Chalfont, Buckinghamshire UK) using a BioRad Transblot. Protein we

visualized on the filters by reversible staininghMPonceau-S solution (Sigma

Aldrich, St. Louis, MO, USA)and destained in PBS. Filters were blocke
milk buffer (1X TBS, 5% non fat dry milk, 0.1 % Tee 20) ad incubated fc
2 hr at room temperature or overnight at 4Mth 1:1000 rabbit polyclon
antibody to human ferritin crogsactive with rat protein (Dako Cytomati
Glostrup, Denmark), or with 1:1000 mouse antypdd human transferr
receptor 1 crossreactive with rat TfZymed Laboratories Inc., CA, USA),
with 1:250 goat antibody to human IRP1 crosaetive with rat IRP1 (Sar
Cruz Biotechnology, Inc., Santa Cruz, CA, USAr with 1:2000 mous
antibody to human iINOS crossreactive with rat INCED Transductio
Laboratories) Subsequently, the membranes were incubated foni@Qtes &
room temperature with peroxidase-conjugated go&traouse IgG + IgM, ¢
peroxidase-conjugated rabbit anti-goat IgG, or pelaseeonjugated go.
anti-rabbit 1gG (all the secondary antibodies were purchased fraoksbi
ImmunoResearch Laboratories, Baltimore Pike, Wesbv§ PA). The
resulting complex was visualized using chemiolursge®ice Western blotti
detection reagents (ECL, Amersham) in an Image Q@b Healthcare)The
optical density of the bands was determined by é8@5imaging densitomet
(Bio-Rad). Normalization of results was ensured by iatung the

nitrocellulose membrane in parallel with ird¢ubulin and/o3-actin antibody.
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3.5 Electrophoretic Mobility-Shift Assay (EMSA)

Plasmid pSPT-fer, containing the sequence correspgro the IRE of the H-
chain of human ferritin, was linearized at tBam HI site and transcribeth
vitro as previously describe@dntamaria et al., 2011].

For band shift analysis, 5guof protein extracts were incubated for 30 mi

room temperature with 0.2 ng af vitro transcribed32P-IabeIIed IRE RNA
The reaction was performed in lysis buffer (10 mMpds, pH 7.5, 3 m

MgCl,, 40 mM, KCI, 5% (v/v) glyerol, 1 mM DTT and 0.07% (v/v) Nonic

P-40) in a final volume of 2@l. To recovertotal IRP1 binding activity, 2-
mercaptoethanol was added to the binding reactéaré the addition of?P
labelled IRE RNA. To degrade unbound probe, thectr@a mixture was
incubated with 1 unit of RNase, TRoche) for 10 mirand non specific RNA-
protein interaction was displaced by the additiérb ang/ml heparin for 1
min. After the addition of 1@ of loading buffer containing 30 mM TridCl,
pH 7.5, 40 % (w/v) sucrose and 0.2 % bromophenga the reaction mixtur
were electrophoresed for 2 h at 200 V in a 6% namatliring polyacrylamic
gel. After electrophoresis the gel was dried andradliographed aB0°C. The
IRP-IRE complexes were quantified with a G&8maging densitometer (E
Rad, Milan). The results are expressed as the percentage ofbiRInc

activity versus 2-mercaptoetanol-treated samples.

3.6 Cell viability assay (MTT)

Cell viability was assessed by measuritige level of mitochondri

dehydrogenase activity using 3-(4,5-dimethyl-21bigl)-2,5-diphenyl-2H-
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tetrazolium bromide (MTT) as substrate, as repone8imeone et al.2D11,
Epub. ahead of print]. The assay was based on the redox ability of |

mitochondria to convert dissolved MTT into insoktibrmazan (figure 24).

©_</N “‘T‘IJ : Mitochondria @—(N _H
= il < -
M a\fa cn. I viable cells N=N .
4 e
CH
5\% Q/ 3

MTT GHy
Formazan

Figure 24. The figure shows the dehydrogenasediated reaction tr
converts MTT into insoluble formazan salt.

Briefly, after OGSD and OGSD/Reoxygenatidime medium was removed ¢
the cells were incubated with th&TT solution (0.5 mg/mL) for 1 hour in
humidified 5% CQ incubator at 37C. The incubation was stopped
removing the MTT solution and adding 100uL/well dimethylsulfoxide
(DMSO) to solubilize the formazan. The absorbanas monitored at Fbnm
by using an iMark microplate reader spectrophoteméBio-Rad Milan,
Italy). The data were expressed as the percentagsl viability, comparedo

control cultures.

3.7 Counting of viable and dead cells

The counting of viald and dead cells after exposure to OGSD/Reoxygm
conditions, for the appointed times, was realizethg the commercial |
MultiTox-Fluor Multiplex Citotoxicity Assay (Promeg Corporation).This

methodsimultaneously measures the relative number ofdivé dead cells
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cell populations. The MultiTo¥luor Assay simultaneously measures
protease activities: one is a marker of cell viggiand the other is aanker o
cytotoxicity. The live-cell potease activity is restricted to intact viable g
and is measured using a fluorogenic, cell-permeaptide substrate (glycyl-
phenylalanylamino fluorocoumarin; GK-C). The substrate enters intact ¢
where it is cleaved by the live-cell proteasevatgt to generate a fluoresce
signal proportional to the number of living cell§his livecell proteas
becomes inactive upon loss of cell membrane irtiegmd leakage into tl
surrounding culture medium. A second, fluorogeosl)-impermeant peptide
substrate (bisalanyl-alanyl-phenylalanyl-rhodamib&0; bis-AAFR110) i
used to measure dead!ll protease activity, which is released from <e¢ha
have lost membrane integrity. Because bis-AAF-RisL@ot cellpermean
essentially no signal from this substrate is gdedrdy intact, viable cells

(figure 25).
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Figure 25. Summary diagram of the MultiTox-Fluor Assay.

75



The live- and deadell proteases produce different products, AFC RadO
which have different excitation and emission se@tiability: Excitation 40(
nm; Emission 505 nm - cytotoxicity: Excitation 48&; Emission 520 nm)
allowing them to be detected simultaneou3lge results were expressed |

percentage of live cells and dead cells, comparemntol cultures.

3.8 Cellular energy status: dosage of ATP

The intracellular levels of ATP were determinedusyingthe Bioluminescel
somatic cell assay kit (Sigma Aldrich, St. LouisSA). This method uses t
enzyme luciferase, which catalyzes the oxidativeadsoxylation of luciferi
in the presence of ATP, producing a luminous sigmabse intensity
proportional to the concentration of ATP.
In detail:

ATP + Luciferin + Q — Oxyluciferin + PP+ AMP + CQ + light
To perform this test, the cells were resuspendedBBat a concentration
10° cells/mL. 50pL of this suspension were added to 50 pL of sedlwate
and 100 pL of a buffer (Somatic Cell Releasing Re#g b allow the
immediate release of ATP from the cel&ubsequently, 100 uL of sam
were added to 100 pL of ATP Mix Assay. Afraking, the intensity of lig
emission was measured by luminometer (EG&G Berjhold
The results were expressed as a percentafg control culture and we

normalized for micrograms of protein and numbeceifs.
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3.9 Dosage of lactate dehydrogenase (LDH) release

The Cyto ToxONE Assay kit (Promega Corporation) permits a r;
fluorescent measure of the release of laallateydrogenase (LDH) from ce
with a damaged membrane. This method, used to aealine fraction «

damaged and/or necrotic cells exposed to OGSD/Rgmation conditions,

based on a coupled enzymatic reaction that allowsdasure the release of the

LDH, an enzyme that catalyzes the conversion datacto pyruvate with t
concomitant production of NADH.
NADH in the presence of the diaphorase enzypeemits the conversion

resazurin into the fluorescent substrate resoagishown in figure 26.

Lactate A » Pyruvate

NAD+ NADH

V Resazurin
Diaphorase

Figure 26. The figure shows coupled enzymatic reaction thé&wel tc
measure the release of the LDH

The fluorescence was monitored using an excitatiavelength of 560 nm a
an emission wavelength of 590 nm in a Perkin-Elin®f55 Luminescenc
Spectrometer (Perkin-Elmer Ltd., Beaconsfield, Bnd). The results wel

expressed as percentage of necrotic cells compauazhtrol cultures.
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3.10 Measurement of ROS

The formation of ROS was evaluated by means of phnebe 2',7'-

dichlorofluorescin-diacetate (BCF-DA) as described in Santamaria et al.

[2004]. Briefly, H9c2 cells were grown in DMEM containid@% (v/v) feta
bovine serum, then were plated at a density of QG@Is/well into 96aell
dishes. Cells were allowed to grow for 48 hoarsl then incubated in t
growth medium containing 50 uM of,BCF-DA (SigmaAldrich) for 1 h a
37 °C. HDCF-DA is a norfluorescent permeant molecule that pass
diffuses into cells, where the acetates are cledyehtraellular esterases
form H,DCF and thereby traps it within the cell. In thegence of intracellul
ROS, HDCF is rapidly oxidized to the highly fluorescent’,72

dichlorofluorescein (DCF), as showed in figure 27.

l Esterases

Croce)
Oxidation

AN
<l> ROS

\Y%

Figure 27.Summary diagram of the ROS assay.

Cells were washed twice with PBS buffer and werenttsubjectedto

hypoxia/reoxygenation conditions at different time&t the end of th

78



OGSD/reoxygenation experiments, ROS levels weresaredin a fluorescer
microplate reader (Perkin Elmer LS-55 Luminesce8pectrometer, Perkin-
Elmer Ltd., England). Fluorescence was monitoredhgusan excitatio
wavelength of 485 nm and an emission wavelength38f nm.The data wel

expressed as the percentage of ROS production,arechfo control cultures.

3.11 Lipid peroxidation assay (TBARS'’ test)

Lipid peroxidation products from cells were measdulg/ the thiobarluric
acid colorimetric assay. This method pernatgjuantitative evaluation of t
lipid peroxidation of cell membranes by determinitige malondialdehyc
(MDA), one of the final products of oxidation of lgansaturated fatty aci
caused by the presence of free radicals, includ@fS. The TBARS'tes!
therefore, is an indirect index of ROS productiod aellular oxidative stre
[Irace et al., 2005]. The MDA reacts with thiobarbituric acid (TBA) awidic
media and at a temperature of @~C resulting in a pink adduct that he
maximum absorbition at a wavelength of 550 nrand that i
spectrophotometrically quantized.

Briefly, after OGSD and OGSD/Reoxygenation, cellerev washed and
collected in PBS Ca/Mg**-free medium containing 1 mM EDTAnd 1.1
mM butylated hydroxytoluene (BHT). Cells were brokep by sonicatiol
Trichloroacetic acid, 10% (w/v), was added to teflular lysate and, aft
centrifugation at 1000 x g for 10 min, teapernatant fluid was collected
incubated with 0.5% (w/v) thiobarbituric acid at-800°C for 30 min. Afte
cooling, malondialdehyde (MDA) formation was recendat 550 nm irthe

iMark microplate reader spectrophotometer (Bio-Redan, Italy). Sample



were scaled for protein concentration determinethkyBio-Radprotein assa
and a standard curve of MDA was used to quantié/ MDA levelsformec
during the experiments. The results are presensegeecentage of MD

production versus a control obtained in untreatdtlices.

3.12 Assessment of “Labile Iron Pool” (LIP)

The cellular labile iron content was estimated Wluarimetric assaysing th
metal-sensitive probe calcein (CA$ahtamaria et al., 2011] and the strong
membrane-permeant iron chelator SIH (salicylaldehydsonicotinoyl
hydrazone), generously provided by Prof. Prem PokeGill University,
Montreal, QC, Canada). H9c2 cells, plated at aiten$ 10x1G cells/well,
were subjected to OGSD and OGSD/Reoxygenation tiondiand thermwvere
loaded with 0.5uM CA-AM (calcein-acetomethoxy, Molecular rébes
Invitrogen, Eugene, OR) for 45 min at 37 °C in aait- and bicarbonatéree
modified Krebs Henseleit buffer (KHB), consistinfHEPES 20mM pH 7.4
NaCl 119mM, KCI 4.9 mM, KHPQO, 0.96 mM and glucose 5 mM. CA-AM
rapidly penetrates across the plasma&mbrane and is intracellula
hydrolysed to release free CA. After loading, thdtures werewashed c
excess CA-AM two times with KHBCellular CA fluorescence was recor:
in a Perkin Elmer microplate reader (Perkin EIme3-85 Luminescenc
Spectrometer, Beaconsfield, UK) using a filter camabon with an excitation
wavelength of 485 nrand an emission wavelength of 530 nm (slits 5 @)l
cultures without CA-AM were used as blank to cadrrewonspecific
autofluorescence. Trypan blue was addedalin experiments to eliming

extracellular fluorescence. Once hydrolyzed, caldecomes trapped in the
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cytoplasm and emits intense green fluorescence caloein-loadedaells hav:
a fluorescence componemtK) that is quenched by intracellular iron acat

be revealed by addition of 10/ SIH (figure 28).

l Esterases

Figure 28. Summary diagram of the LIP assay.

The rise in fluorescence is equivalent to the changcalcein concentratiaor
to the amount of cellular iron originally bound@®\. Thus, thechanges in C.
fluorescence intensity were directly proportionalthe iron labile pool. Ti
characterize the responsiveness of CA fluorescetmeard differen
concentrations of intracellular iron, cells wemreloaded with ferrot
ammonium sulphate, ferric ammonium citrate or wikie cell permeabl
ferrous iron chelator SIHLhe data were expressed as the percentage ofat

labile iron pool, compared to control cultures.
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3.13 Simvastatin activation by alkaline hydrolysis

Simvastatin obtained from Sigmiau was activated to its active form
alkaline hydrolysis before use. Briefly, Simvastaprodrug was dissolved
an 0.1 N NaOH and 0.154 mol/liter NaCl solution dinein incubated at 50
for 2 h. The pH was brought to 7.0 by HCI. The ktsolution was stored at -

20 °C [Madonna et al., 2005].

HO 0o

Figure 29.Molecular structure of Simvastatin.

3.14 Nitrites measurement

After release, NO reacts with,@ form the stble metabolite nitrite. Nitrit
concentrations were measured by the Griess reattioestimate the tot
amounts of NO in the media released from H9c2 célesated or not wit
Simvastatin and subjected to OGSD/reoxygenatiomlitons. To measure t
nitrite levels, 10Qul of the medium in duplicate were removed and mixed \
100 ul of Griess reagent (1% sulfanilamide-0.1% napltiyllenediaminé%
phosphoric acid; obtained by Sigma Aldrich) anculvetted for 10 min at roc

temperaturelface et al., 2007]. Absorbance was measured at 550 nm by |
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using an iMark microplate reader spectrophotoméer-Rad, Milan, Italy)

Nitrite concentrations were determined by comparisdh NaNQ standards.

3.15 Statistical analysis

For the MTT assay, cell counting and ATP, LDH, ROMA, LIP, nitrites
determinations, results are expressed as mean roémiage + SEM of
observations respect to control cells (100%), wimerepresents the numbel
experiments performed on different days. The reswkre analyzed by one-
way ANOVA followed by a Bonferroni post hoc test foultiple comparison

A p-value< 0.05 was considered significant.

The densitometric data from EMSA and Western biatlysis are reported
percentage of cont®l+ SEM of n observations, where n represent:
number of experiments performed on different deéBtistical significanc
among the results was determined by the ANOVA fedd by the Newman—

Keuls test. A p-value less than 0.05 was considstaktically significant.
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4. RESULTS

4.1 Validation of the in vivo model of ischenia

To validate thein vivo model of heart ischemia, arphological analysis
cardiac tissuesind dosac of myocardial infarction markers (Troponinand
myoglobin),obtained from sha and ischemic ratswere performet
Myocardial tissue from sham rats presented normehlit@cture, whereas tiss
from ischemic rats presented edema between mutide and erythrocyt

infiltration, as showed in figure ..

Figure 30. The figurea shows the normal myocardial tissue (sham) whi
the figureb shows the ischemic tissue, where there is cleatbgs of norme
cell architecture, edema and erythrocyte infilta:

The release of cTpl and MYO (figu31) confirmedthe tissue damage af

ischemia.
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Treatment MYO cTnl
(ng/ml) (ng/ml)
SHAM 32.25+11.02 | 1.25+0.18
ISCHEMIA 146.86 +£10.35| 29.35+12.37

IS @
b S

MYO and cTnl
N
i

serum levels (ng/mL)

o
1

sham

ischemia

B MYO
3 cTnl

*p <0.05 vs sham

** pn <0.001 vs sham

Figure 31. Graphic of the cTpl and MYO release. Data are esqp# as mea
+ SEM. * p < 0,05 vs sham; *** p < 0,001 vs sham.

Further validation of our model of cardiac ischemvas given by the increas

expression of the transcription factor Hlk1bhat, as we know, is stable dur

a state of oxygen deficiency (figure 32).

HIF-L | s i i S A S

T

150+

100

50

% HIF-1cx levels

[

Ll

** p <0.01vs sham

Figure 32. Expression, evaluated by Western blotting, of HidF-aftel
ischemia and subsequent reperfusi®ata are expressed as percer
compared to the sham. ** p < 0,01 vs sham.
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4.2 1n vivo cardiac damage andn vitro cardiomyoblasts
viability

2,3,5-Triphenyltetraziolium chloride staining shalvethat left anterio
descending coronary artery (LAD) ligation, lasti®@to 90 minutegproduce!
an intramural infarction of the anterior wall ofetleft ventricle. As described
in the Table 1, the percentage of damage after Buites of ischemia vga
greater than obtained after 30 minutes. Furtherptbeedamage after ischean

increased in reperfusion (24 hours).

TREATMENT % DAMAGE
Sham -
Ischemia 30 min. 441 +3.2
Ischemia 30 min + Reperfused 6.24£2.5
Ischemia 90 min. 18.75 £ 2.8 ***
Ischemia 90 min + Reperfused 24.63+3.0

Table 1 The tissue damage, induced at different times of iscaeanc
subsequent reperfusion, is expressed as percerdaygeared to the total tiss!
Data are expressed as mean = SEM; *** p < 0,004hasn.

Thesein vivo results were confirmed by vitro dataon cell viability (MTT
assay and count of live and dead cells), allowiago clarify some aspects
the damage caused by ischemia/reperfusion condlition

The data obtained through hypoxia/reoxygenation egrpents on
cardiomyoblast (H9c2 cell line), that mimic ischafmeperfusion conditions,

shown that the cell viability was not affected agrbrief periods of OGSRQup

to 3 hours), whereas 6 hours of OGSD reduced @dility up to 50%.
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However, these data have showed a recovery o¥iaddility in reoxygenation
phase after the 6-hours OGSD. During long peridd3®SD (up to 12 hour:
instead, the cell viability was dramatically reddc@p to 25%), andhc

recovery was observed during reoxygenation, aswedun the Table 2.

OGSD (time) OGSD Rx 3 h Rx 24 h
1h 95 + 3.5% 92 +4.5% 98 + 4%
3h 79 +2.1%** 88 +2.7%° 97 +2.5% °°
6 h 51 + 3% *** 54 +3.5% 86 + 3% °°°
12 h 29 + 3.26% *** 23 +£4.5% 31+4.12%

Table 2. Cell viability, evaluated by MTT assay, at diffat¢imes of hypoxia.

Data are expressed as percentage of the mitoclabuldtydrogenase activ
compared to the control. ** p < 0.01 vs CTRL; *’% 0.001 vs CTRL;
°p<0.05vs OGSD; °° p <0.01 vs OGSD; °2°p001 vs OGSD.
These results were also confirmed by the assessohekiP levels, and tt
release of the enzyme lactate dehydrogenase (L®Mgssical marker dhe
damage of cell membranes, during OGSD/reoxygenatperiments.
Experiments for the evaluation of the cellular gyepalanceconducted up -
6 hours of OGSD and subsequent reoxygenation, shareduction in AT
levels during hypoxiain accordance with the alteration of the respiy
chain, followed by a recovery to the control levelsen normoxiacondition:
were restored.

For long periods of OGSD (up to 12 hours), insteéhd,energy charge of 1
cardiomyocytes was nearly wiped during hypoxia am recovery we

observed during reoxygenation (Table 3).
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OGSD (time) OGSD Rx 3 h Rx 24 h
3h 80 + 2.5%* 126 + 3%°° 135 +2.3% °°°
6 h 49 + 3% *** 96.3 +£3.5% °°° | 112 + 3.2%°°°
12 h 5 £ 2.96%*** 9+4.5% 14 + 4.62%

Table 3. Cellular energy balance evaluated as percentag&Téf levelsal
different times of hypoxia. Data are expressed easgntage compared to
control.* P < 0,05 vs CTRL; *** p< 0.001 vs CTRL; °° p <@ vs OGSD;
°°° p< 0.001 vs OGSD.

The data on LDH release (Table fipally, showed a strongly increase of
LDH levels in the culture medium, both in hypoxiamdareoxygenatic

condition, only for long period of OGSD (12 hours).

OGSD (time) OGSD Rx 3 h Rx 24 h
3h 9.3 +2.5% 29.6+ 3% °°° 29.4 £3% °°°
6 h 6.5+ 2.8% 24 + 3% °°° 27.5+ 2.9 °°°
12 h 53.7 £2% *** 79.8 £ 3% °°° 94 +3.12%°°

Table 4. Tableof LDH release. Data are expressed as percentagpaced t
the control*** p< 0.001 vs CTRL,; °°° p< 0.001 vs OGSD.

Overall these results show that relatively shmetiods of hypoxia (up to
hours) and subsequent reoxygenation lead to asiblerdamage, while f
longer periods of hypoxia, up to 12 hours, the dsnas irreversiblg
emphasizing (pointing out) that the 6 hours of hypoare the “no retul

point”, beyond which the damage sustained by cangaxytes is irreversible.



4.3 Cellular death: necrosis or apoptosis?

The LDH enzym, is a markeof the damage of cell membranes its releas
in the culture medium shan that the hypoxiclamage leads to a necrotic d¢
of the cardiomyocyte subjected to OGSD/reoxygenation experim,
confirming thein vivo data regarding the release of cTpl and MYO,

markersof necrosisafter ischemic injuryWe have also evaluated by wes
blot the activation of Caspe3, as a marker of apoptotfigure 3?). In our
experiments, no activation of this protein ' observed cafirming that the ce

death, during hypoxia/reoxygenation conditi¢, not involved the apoptoi

pathway.
Q
o Bt T
v % % %
< Actin (42 KDa)
——— S— — w——= | < pro-Caspase3 (34 KDa)
—— C—— e, —

< 183 KDa caspase-3

<« 20 KDa:| No active forms of

Figure 33.Western blot of the Casp-3. No active forms (1-20 KDa)of this
proteinwas detected after hypoxia and subsequent reoxiigerhases

4.4 Bvaluation of oxidative stress

As known, ROS are involved in the pathogenesis and progressic
ischemia/reperfusion injur we have evaluatethe levels ofoxidative stres
using for then vivo model an indirect methdohsed on the assessment of
peroxidation and for thein vitro model the fluorescent pra 2',7'-

dichlorofluorescei that consent a direct dosage of the RChe obtaine(data,
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in accordance with the results on cell viabilithowed a strongncrease
lipid peroxidation after 90 minutes of ischemia asubsequen24 hours ¢
reperfusion, compared to the sham (4 and 5 foldpeively), whereasc
significant variation was evidenced followir@) minutes of ischemia a

successive reperfusion (figure 34).

1001
*%k%*
5 80
8 HkKk
S
B 60
ol
5 a0
= T
ko) 20 T
*
0' T T
<& \ <& Q
6“% o > oé\\ S X@Q
> %) N RS
2 . 2 o @06\
N8 8 o
@ @

Figure 34. Evaluation of the oxidative stress by assessmentMafA
production. Data are expressed as percentage cethfmathe sham.
*** p< 0.001 vs sham.

These results were confirmed in threvitro model which clearly showedr
increase of ROS levels during OGSD and reoxygengittasestarting fron
long periods (6 hours) of hypoxmhereas no significant variation of R
production were showed in cells subjected to speriods (up 3 houjsof

hypoxia (figure 35).
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Figure 35. Evaluation of ROS production by 2',7'-dichloroftascein Data ar
expressed as percentage compared to the control.
*p <0.05 vs CTRL; *** p< 0.001 vs CTRL; °°° p<@1 vs OGSD.

4.5 RNA-binding activity of IRPs

As previouslydescribed, the iron is involved in the ROS productiand fo
this reason we evaluated the activity and the esgpova of the main protei
implicated in the homeostatsis of this metal, swh the Receptor
Transferrin 1 (TfR1), ferritin and the Iron Regulgt Proteins (IRPs). RNA-
band shift experiments, conducted on protein sasipen rat hearts subject
to ischemia for30 and 90 minutes and subsequent 24 hours of tegpem
showed a significant decrease (~50%, comparedetsiiam) of RNAbinding

activity of IRP1 after 90 minutes of ischemia, ¢olled by a remarkable
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increase (~ 4 folds, compared to the ischemic sashglring the reperfusic
phase whereas no significant variation was showed durd® minutes ¢

ischemia and subsequent reperfusion (figure 36).
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Figure 36. The RNA-binding activity of IRPgvaluated by EMSA. Data ¢
expressed as percentage compared to the sham.
*** p < 0,001 vs sham; °°° p < 0,001 vs ischemia.
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To determine the total amount of IRP1 RNA-bindingtiaty, 2-
mercaptoethanol was added to the binding reactdore the addition of?P-
labelled IRE to reveal “latent” IRP1 RNAinding activity, thus giving tt
total amount of IRP1 activity (100% of IRE-bindin@)o evaluate whether t
modulation of IRP1 RNA-binding activity was caudayl a variation of IR

protein content after ischemia/reperfusion injuryg also analysd the

cytosolic levels of this protein. As shown in figu87, immunoblot analysis did

not show any appreciable variations in the amooht®kP1 protein inall the
examined samples, suggesting that the ischemiafospmn injury caused
regulation of RNA-binding activity of IRP1 withouaffecting the proteir

expression.
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Figure 37.Expression, evaluated by Western blot, of IRPlaarhrat sampl
exposed to 30 and 90 minutes of ischemia and subséR4 hours
reperfusion. Data are expressed as percentage cexpathe control.
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4.6 Ferritin and TfR1 expression

Based on the results of RN4inding activity of IRPs, we analyzed under
same experimental conditions, the expression ofrthm proteins regulated
postiranscriptional level by the Iron Regulatory Protei(IRPs), such

ferritin and Transferrin Receptor 1 (TfR1), showrfigure 38.
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Figure 38. Expression of TfR1 and ferritin after 30 minutesisthemia an
subsequent reperfused phase of 24 hours. Dataxpgressed as percenti
compared to the sham. ** p < 0,01 vs sham; °°°QY0GO1 vs ischemia.
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In rat hearts subjected to 30 minutes ischemia srigbequent 24 houis
reperfusion we observed slight decrease of TfRIresgion after ischem
followed by a small increase during the reperfusjpmase whereas n
alteration was shown in cytosolic levels of ferriin both ischemic ar

reperfusion phases.
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Figure 39. Expression of TfR1 and ferritin after 90 minutesisghemia an
subsequent 24 hours of reperfusion. Data are esguless percenta
compared to the sham. *** p < 0,001 vs sham; °€ @001 vs ischemia.
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On the contrary, n rat hearts subjected to 90 minutek ischemia an
subsequent reperfusi (figure 39), we observed a significant reduction
TfR1 levels after ischemia and a remarkable in&ehsing reperfusion pha
Moreover, o variation was shown in cytosolic levels of femritafter 9(
minutes of ischemia, whereas a significreduction of this ptein was show
during the subsequent 24 hours reperfu These data are substanti
consistent with changes in binding activity of IR&1id suggest an increas:
intracellular levels of iron, in particular durimgperfusion after a period of
minutes of ischemie

Moreover, n order to confirm thathe possiblechanges in the expressior
theseproteins are effectively due ischemic injury, we also evaluated poss
alterations of the expression of TfR1, ferritin dRP1 in the right ventricle
normally sprinkled with the blood flo The results, shown ingure 40,did
not reveal alterations in the expression of thastems, thus demonstrati

that the changes sein the left ventricle can be attrited to ischemic damag
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Figure 40. Evaluation of the Tfl1, ferritin and IRP1 expression by West
blot in the right ventricle (no ischemic ventriclafter 30 and 90 minutes
ischemiaData are expressed as percentage compared toaime
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4.7 LIP evaluation in anin vitro model of hypoxia anc
reoxygenation conditions

On the basis of this results it is possiblespeculate that the altered expres
of ferritin and TfR1, observed after a prolongedhmmia/reperfusion pha
could lead to an increase of intracellular ironteai In order to confirm thi
hypothesis, using am vitro model of hypoxia/reoxygenation, vegaluated tr
intracellular levels of the “Labile Iron Pool”. Thaata, depicted ithe figure
41, shown a strong increase of the cellular legélson, in particular aftethe

reoxygenation phase.
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Figure 41. LIP extension in H9c2 cell line exposed to Bda6 hours ¢
hypoxiafeoxygenation phase. Data are expressed as peageecdanpared -
the control.

*p <0.05vs CTRL; *p < 0,01 vs CTRL; ° p< 0.05 OGSD;

°°p < 0,01 vs OGSD; °°° p< 0.001 vs OGSD.
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These results support the hypothesis of an increag®n levels in cardiac
cells, in particular during reperfusion subsequeniiong periods of ischem
and can explain the greatest damage suffered bgliocayocytes afte
prolonged periods of ischemiah& increased availability of iron to particip
in the Fenton reaction after long periods of isciaénypoxia, may explaithe
increased production of ROS, and the largest lbs®lbviability observedn
these conditions compared to that obtained after brief period
iIschemia/hypoxia. In order to confirm the ragiron in the ROS productic
and then its role in the progress of hypoxic/iscizemjury, we condictec
experiments in which H9c2 cells were treated wit®01uM SIH
(Salicylaldehyde Isonicotinoyl Hydrazonegs a strong iron chelator, and t
exposed to 6 hours of hypoxia and subsequent repatgpnphases, because
at this time that we observed a strong ROS incraadea greatereduction o
cell viability. For these experiments we chose ¢bacentrationof 100 pM
because it is the highest not toxic cenitation of SIH, as it is evident throt
cell viability experiments conducted on H9c2 celsbjected for 1 houto

increasing concentrations of SIH shown in figure 42
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Figure 42. Evaluation of cell viability after treatment withifférent
concentration of SIHData are expressed as percentage compared
control. *** p < 0,001 vs CTRL.
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As shown in the figure 43we observed a significant reduction of F
production in iron starved cells exposed to hypg@xigenation conditions,

resulting in an improvement in cell viability (fige144).
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Figure 43. ROS production during hypoxia/reoxygenation cowodisi, with o
without SIH 100 pM.Data are expressed as percentage compared

control.
*** n < 0,001 vs CTRL; °°° p < 0,001 vs OGSD;
ese p< 0.001 vs Rx 3h; ++ p < 0,01 vs Rx 24h.
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Figure 44. Cell viability after hypoxia and reoxygenation cdrahs, with o
without SIH 100 uM. Data are expressed as percentagnpared to tl

control.
***p < 0,001 vs CTRL; °°° p < 0,001 vs OGSD; ¢*=<0.001 vs Rx 3h.
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These results demonstrate that a important podfoROS, produced duril
hypoxia is iron-dependent, confirming still agaimat this metal is directl

involved in the development of ischemia/reperfusigary.

4.81n vitro Simvastatin effects on hypoa/reoxigenatior
injury

It has been suggested that statins nexgrt effects separate from tt
cholesterol-lowering actions, including promatiof endothelial NO synthe:
(Vaughan et al., 1996).

Therefore, we tested the hypothesis that a clilyicalevant dose of aidely
used statin could exert an ameliorating effect @perfusion injury in ourn
vitro model of myocardial ischemia-reperfusion.

Based on the above considerations, it was evaluhtedytopreective effect
of Simvastatin on the expression of protein suchiN&sS (involved in th
production of nitric oxide, that can interact with™ to form peroxynitrite,
potent mediator of cell damage), on the ROS pradaand then on theell
viability in rat cardio-myoblasts subjected toypoxia and reoxigenati
conditions, as described in the Material and Meshsettion.

Considering the close relationship between the R@8uction and iron, it wi
also evaluated the effects aihfastatin on the iron metabolism, in partic
assessing the LIP extension and the expressiomotéip such agransferrir

Receptor 1 and ferritin.
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4.8.1. Simvastatin cytotoxicity

As reported in literatureMedina et al., 2008], the treatment wittsimvastatil
induce a biphasic doselated response. Medina and colleagues demord
that in etinal microvascular endothelial cells (RMECs) l@encentratior
(0,01-0,2uM) of Simvastatin, significantly promagincell proliferation

whereas high concentration of Simvastatin (10 plsl) the opposite effect,

and that Simvastatin induced cell death at conagatrs higher than 1 uM. On

these bases we evaluated thotoxic effect of Simvastatin on H9c2 cells,

MTT assay (figure 45).
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Figure 45. Cell viability after treatment with different conueations o
Simvastatin, at 12, 24 and 48 hours. Data are egpteas percenta(
compared to the control.

*p <0.05vs CTRL; **p < 0,01 vs CTRL; *** p< 0.A0vs CTRL.
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We treated H9c2 cells with 0,dDBuM Simvastatin for 12, 24 and 48 ho
The resultsshown a reduction of cell viability at concentwas higher than
MM after 24 and 48 hours of expositioanth Simvastatin, whereas after
hours, Simvastatin was toxic at concentration highan 0,1 puM.

Therefore, to evaluate possible cytoprotective otdfeof Simvastatin durir
hypoxia and reoxygenation conditions, we chtsexpose H9c2 cells wi
0,01 pMof Simvastatin for 24 hours, and then we subjetitedsame cells to
hours of hypoxia and subsequent reoxygenationgikgeonstant the dose

the drug during hypoxia and reoxygenation phases.

4.8.2Effects of Simvastatin on INOS expression and N
production

Regarding the nitric oxide (NO) metabolism, it wasaluated, during
hypoxia/reoxigenation conditions and after treatimeith Simvastatin, th

expression of INOS that is able to produce higlellewof NO.

The results shown that Simvastatin treatment styoregluced the high levels

of INOS (figure 46) which expression, as reported in literature amfionec
in our conditions, is induceduring hypoxia and the subsequent reoxigen
phases.

This result was reflected by the nitrites levebyiie 47) that was increas
after hypoxia/reoxigenation phases, and that wgsifgiantly reduced aft
treatment with Simvastatin, in accordance with tR©S expression. In tr
experiments the H9c2 kke were treated also with LPS 100 puM, as pos

control, in order to show the higher concentratdnitrites in this cell line.
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Figure 46.INOS expression, evaluated by Wen blot, during hypoxia ar
reoxygenation conditions, with or without Simvastdt,01 pM.
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Figure 47. Nitrites dosage during hypoxia/reoxygenatcondition:, with ot
without Simvastatin 0,01 uM. Data are expressefMsof nitrites produce
by the cells.

*** 0 <0.001 vs CTRL; °°° p < 0.001 vs OGSD; *+=<0.001 vs Rx 3|
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4.8.3 Simvastatin effects on ROSroduction during
hypoxia/reoxygenation conditions

Because statins shown a “pleiotropic” effect thatild reduce the oxidati
stress, we evaluated the ROS productioH9c?2 cells treated with Simvaste
and then exposed to hypoxia/reoxigenation condstion

The obtained data shown a significant increase@$ Revels during hypoxia,
as previously demonstrated, levels that remaidedated in the following
reoxygenation phases (see figure 48).

Interestingly, the treatment with Simvastatin detieed a decr@se of RO
production, constantly observed either in hypoxieattin reoxigenatio

conditions.
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Figure 48. Evaluation of ROS production during hypoxia/reoxygena
condition, with or without Simvastatin 0,01 uM. Rabtre expressed

percentage compared to the control.
*** 1 <0.001vs CTRL; °°°p <0.001 vs OGSD;* ¢ < 0.001 vs Rx 3h;

++ p < 0,01 vs Rx 24h.
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4.8.4 Effect of Simvastatin on cell viability in tke
hypoxia/reoxygenation damage

The results previously described, shown a reduatiothe nitrites levelanc

ROS that are the principal mediators of the iscleamury.
In this contest it was evaluated also the effedtSimvastatin on the ct
viability. The data, shown an improvement of ceakbility (figure 49) in

agreement with the reduced production of nitrited ROS.
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Figure 49. Cell viability during hypoxia and subsequent reaxyation phas
with or without Simvastatin 0,01 uM. Data are esged as percente

compared to the control.
*** p <0.001 vs CTRL; °°° p < 0.001 vs OGSD; *<0.01 vs Rx 3h.

In detall, it was observed a recovery of cell Viilpiin particular after hypoxia
and during the 3 hours afeoxigenation phases, whereas a less e\
recovery was observed during the 24 hourseokigenation phase. This re:
can be explained because during the 24 holursperfusion phase, subseqt

to 6 hours of hypoxia, as previously described,cilés are stilable to recove

from the hypoxic damage.
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4 .8.5Effects of Simvastatin on iron homeostasi

As demonstrated above, iron is involved in the peegion c
ischemia/reperfusion injury catalyzing the productioin ROS. Becausout
results demonstrated that Simvastatin can reduie®®S production in H
cells subjected to hypoxreoxugenation conditions, we decided to invest
whether Simvastatinan affect the cellular iron homeostadris.detail, it was
examinedhe effec of Simvastatin on the expression of protein sucfeasin
and TfR1, and also on the LIP extens The obtainedresultt shown nc
significantchanges in TfR1 express (figure 50), whileof great interest a

the effects of Simvastin on the expression of ferritin.
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Figure 50. TfR1 expression after hypoxia/reoxygenation conditiomgh or
without Simvastatin 0,01 pM. Daare expressed ggercentage compared

the control.
**p < 0,01 w CTRL;*** p <0.001 vs CTRL;*°° p < 0.001 vs OGSI
+++ p < 0,001 vs Rx 24l
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In fact, it was observe@ strong increase of ferritin levetxclusivel in cells
treated with Simvaatin and then exposed to hypoxia,esmas no significa

changes werebseved inall the other phases of the experim(figure 51).
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Figure 51. Ferritin expression after hypoxia/reoxygenationdibons, with o
without Simvastatin 0,01 puM. Data are expressegemsentage compared
the control. *** p < 0.001 vs CTRL; °°° p <0.00% OGSD

Thes results are in accordance with changes of the LIP extensii showing
a reduction of the Labile Iron Pcin H9c2 cells subjected to hypoxia

treated with Simvastal (figure 52).
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Figure 52. Dosage if LIP during hypoxia/reoxygenation damagéh ot
without Simvastatin 0,01 uM. Data are expressegemsentage compared
the control.

**p<0,01vs CTRL; ***p <0.001 vs CTRL,; °° p 8,01 vs OGSD;

°°°p <0.001 vs OGSD; ** p < 0,01 vs Rx 3h; ++<« 0,001 vs Rx 24h.

Overall these results demonstrated that the cytoprotective edfeol
Simvastatin, with a consequent improvement of vability observedn H9cz
cells subjected to hypoxia/reoxygenatiand treated with Simvastatin, w
due to:

» the reduction of peroxynitrite levelsglated to the reduced expres:
of INOS, induced by Simvastatin;

» adecrease of ROS production determined, at lagsart, to a reduc:
LIP extension, and then to a reduced awdlity of iron to participate i
the ROS production;

» finally, the observed reduction in the LIP was esisdly related tathe
increased expression of ferritin, induced by theatment wit

Simvastatin.
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5. DISCUSSION

There is a growing body of evidence that increasadative stress and generation of
ROS is one of the crucial mechanisms of ischemidiemyopathy Asghar et al.,
2009; Smyth et al., 2010]. In addition, it was indicated that the genenataf ROS
correlated with metal oxidants such as irgvafd et al., 2010]. The ischemic cardiac
condition and the subsequent reperfusion, leacketeral functional and metabolic
changes that globally define the so-called “isctaraperfusion injury”, in which the
overproduction of ROS is the main source of cethdge. A key role in the ROS
production is played by iron through the Haber-Wdignton reaction. Iron is an
essential element for the growth and metabolisweildiving organisms, however, an
excess of this metal can be toxic for all cell gjpihen the iron metabolism must be
finely regulated.

To evaluate the role of iron and the molecular rme@ms that regulate the cellular
iron homeostasis during the cardiac ischemia/reenh injury, arin vivo model of
myocardial infarction/reperfusion was produced &t Iy ligation of left anterior
descending coronary artery, and successive ligatemeoval, at the end of the
ischemia period, to obtain a reperfusion phase h@le demonstrated in this vivo
model that relatively short periods of ischemiadléa a minimum damage that not
affects the functions of the cardiac tissue, wloleger periods of ischemia induce
greater damage that alters the normal architea@irmyocardial tissue, showing
edema between muscle fibers and erythrocyte iatfittn.

Concerning the iron metabolism, we demonstratei@@aninutes of ischemia alter

IRP1 activity inin vivo model of ischemia/reperfusion injury. In partiaulave
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demonstrated a significant decrease of RNA-bindangvity of IRP1 after 90
minutes of ischemia, followed by a remarkable iaseeduring the reperfusion phase.
Through the immunoblot analysis of IRP1 levelst tiid not show any appreciable
variations in the amounts of IRP1 protein, we destiated that the ischemia caused
an up-regulation of RNA-binding activity of IRP1 thwout affecting the protein
expression.

In agreement with the altered IRP1 activity, we eslied a decrease of TfR1
expression after ischemia, followed by an incredsedls of this protein during the
reperfusion, especially in rats subjected to 90uteis of ischemia and subsequent
reperfusion phase. Respect to the expression ofifiemo variation was shown in
the cytosolic levels of this protein after 90 membf ischemia, whereas a significant
reduction of ferritin was shown during the subsedqueperfusion, a result that is
consistent with altered IRP1 activity. All thesesults suggest an increase of
intracellular levels of iron, in particular duringperfusion after a period of 90
minutes of ischemia. To demonstrate this hypotheses decided to evaluate the
extension of the “Labile Iron Pool” (LIP) in ann vitro model of
hypoxia/reoxygenation. To this aim, rat cardiomysité (line H9c2) were exposed to
combined oxygen and glucose deprivation and thenremxygenation condition.
First, we determined the cell viability and ATP guation in this model. The
obtained results show that up to 6 hours of hypaxid subsequent reoxygenation
the damage is reversible, emphasizing that the @shof hypoxia could be
considered a “no return point”, beyond which thendge sustained by the cells
becomes irreversible. Moreover, measuring the seled LDH enzyme, as a marker
of the damage of cell membranes, and evaluatingatitigation of Caspase-3, as a

marker of apoptosis, we demonstrated that hypaadd to a necrotic death of the
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cells, confirming than vivo obtained data on cTpl and MYO release, markers of
necrosis, after ischemic injury.

Then, we evaluated the LIP extension and we fohiatl the free intracellular iron
content was strongly increased, in particular dyrithe reoxygenation phase
subsequent to hypoxia.

To assess the potential oxidative damages causéamywe determined the ROS
content, both in thén vivo and in thein vitro cardiac models. The results were in
accordance with increased LIP extension. In faetfound a significant increase of
ROS levels essentially during prolonged periodssohemia, levels that remained
elevated during the subsequent reperfusion.

Moreover, we conducted experiments in which H9d%s aeere treated with SIH, a
strong iron chelator, and then exposed to hypaaxigenation. We observed a
significant reduction of ROS production, resulting an improvement in cell
viability, in iron starved cells exposed to hypdreaxigenation conditions. Thus, we
demonstrated that an important part of ROS, pradiuteging ischemic/reperfusion
conditions is iron-dependent and that therefore thetal is directly involved in the
development and in the progress of ischemic injury.

In addition, my study was focused on the so-cdifgéiotropic” effects of statins, in
particular on the anti-inflammatory and antioxidautivities of these drugs, that
could ameliorate the reperfusion injury, as sstgpe by their promotion of
endothelial NO synthesi¥gughan et al., 1996). Therefore, we tested this hypothesis
in our in vitro model of myocardial ischemia/reperfusion. Weestigated the
cytoprotective effects of Simvastatin on H9c2 celiposed to 6 hours of hypoxia
and subsequent reoxigenation. The obtained redehlsonstrated that Simvastatin

improved cell viability by distinct mechanisms:
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» Simvastatin reduced the expression of INOS, stgongduced during
ischemia, and the levels of peroxynitrite, one ltd key mediators of cell
damage;

» Simvastatin decreased the production of ROS, slyomgplicated in the
ischemic injury;

» Simvastatin reduced LIP extension, leading to aiced availability of iron
to participate in the ROS production;

* Simvastatin induced an increase of ferritin exgogssin particular during
hypoxic conditions, in agreement with the reducéd &xtension and ROS
production, thus explaining the improvement of egdbility, observed after
treatment with this drug.

In conclusion these results not only clarify thiernat iron plays in the progression
of ischemic injury, but also highlight how proteitigat regulate the homeostasis of
this metal, such as ferritin, may be targets ofydrsuch as Simvastatin, which could
be used in the prevention of oxidative damage iaduxy ischemic conditions.

Should this be the case, a new horizon as an addioikopens for Simvastatin.
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