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LIST OF ABBREVIATIONS

ASK-1- apoprosis signal-reaulating Kin
ATELY actwatar ransenntion factor-2
ATP adenosine triphosphate

CAD coronary artery discase

ERK: extracellular signal-reculated kinase
elF2B: eukarvotic initiation factor 2B

eNOS: endothelial mtric oxide synthase

FKHR' Forkhead transcription factor

GSK-3B glvcogen svnthase kinase-3

HR: heart rate

hsp 27 heat shock protein 27

THD: ischemic heart disease

IKK: IxB kinase

IR ischemia-reperfusion

INK: c-jun N-terminal kinase

LVDP: left ventricular developed pressure
MAPK: mitogen-activated protein kinase
NF-kB: nuclear factor-xB

NMR- nuclear magnetic resonance

NO: nitric oxide

PARP: poly( ADP-ribose) polymerase

PDK 1 phosphatidylinositol-dependent kinase-1
PI3K phosphatidylinositol-3-kinase

RSK: p90 ribosomal S6 Kinase

ROS reactive oxygen species

RPP- rate-pressure product

TBARS: thiobarbituric acid reactive substances



L INTRODUCTION

Cardiovascular diseases as 4 whoie and ischemic ficart discase are i st

frequent causes of morbidity and mortality

n the developed countries putling
condideahle mediesl and economic hurden on the socienn The aailabiling of
Invasive diagnostic and tierapeutic procedures tsuch s LRGN G2

percutaneous transi I cotonary angioplasty. siciit

Htation

bypass grafting) is consirained by their extreme financial and personal requirements
Thus. the development of novel agents for the treatment of ischemic heart discase
has been long in the limelight of scientific interest. Despite the intensive research on
this field of medicine. the pathomechanism of these illnesses still holds many
unexplored areas (Catapano ¢/ al. 2000). The impact of primary prevention

strategies is limited. especially in the developing countries. Since the infaret size is

&

directly relaied 1o th

sequent morbidity and

effective treatments. which can limit the extent of an evolving myocardial ction

longed d regional myocardial ischemia

during the acute phase. Prolonged and I

without reperfusion inescapably causes myocvie death At present. timely
repertusion is the only means of saving ischemic myocardium resulting in limited
cardiomyocyte loss. The two major clinical approaches to reperfusion are the use of
thrombolytics and coronary angioplasty Although reperfusion is clearly beneficial
and is a prerequisite for salvage. it comes, paradoxically. at a price. a phenomenon
called reperfusion injury (Yellon & Baxter. 1999)

Albeit the carly restoration of blood flow to the jeopardized myocardium is
necessary to save myocytes from eventual death. abundant evidence indicates that
reperfusion has additional deleterious effects on the ischemic myocardium. which
can be modified by interventions given at the onset of reperfusion (Zhao & Vinten-

Johansen. 2002) The manifestations of reperfusion injury include arrhythmias.

metion, and

reversible contractile dystunction. myocardial s

syuen free

cell death Principal contribut

10 myoca

radical formation, calcium overload. hil diated myocardial and
damage, progressive decline in microvascular flow to the reperfused myocardium,

and depletion of h

~enerey phosphate stores. A variety of pharmacological



compounds have been iny

ated 1o fight against reperfision mjw ncluding free
radical scavengers. antioxidants. calcium channel blockers. inhibitors of neutrophils

mirie oxide adenosine-refated agents. iNKIDIOTS OF e TENIN=ANLIOWNsn sysiel

endothelin receptor antagomists. Na -1 exchange mhipitors. and antiapoptotic agents
Wano o1 al 200y

In the present work. we stidied (e cardioproiectne properines of'a givap of

is ol nnocandial

fiee tadical-entiapping antioxidant molecules andei

ischemia-reperfusion in an isolated heart perfusion svstem. Interestingly. studies of’

the molecular mechanisms involved in combating onidative and nitrosative stress
have recently shown that the classification of molecules as antioxidants is not as
simple as demonstrating a direct chemical or scavenging reaction with free radicals.

but additional roles can be attributed to them such as modulators of cell s

waling

pathways (Azzi ¢ al.. 1993 Patel ef al.. 2000) The moduiation of cellular survival

< pathways versus cell death pathwass by any p ical intervention

nali

has significant biological consequences Therefore. our additional objective was to
focus on how the applied antioxidant compounds affected the oxidative stress-related

intracellular signal transduction pathwavs

Free radicals

Oxygen free radicaly as highly reactive chemical species containing an

cal

unpaired electron are senerated in biological svstems daring numerous physiolo

\ o they play a role in

and pathophysiological processes In p
cellular metabolism and cellular defense systems. on the other hand. large amount of
oxygen free radicals is highly toxic for tissues and cells. because they can oxidatively
modify and injure a variety of biological systems Although cells have various

5 nclud

defense systems agamst tee radical damag

superonide dismutase. catalase. glutathione perovidase; @

(e.g. glutathione. ubiquinone [coenzyme QJ. ascorbate, vitamin F
impaired antioxidant defense or increased production of fiee sadicals. these reactive

agents can take part in formation of serious disorders (Fizure 1) The past decade has



seen an explosion of knowledge regarding the tole of oidatne siress i ihe

o

pathogenesis of a wide variety of discases such as atherosclerosis. ischemia-

repertusion miry - diabetes meffitus. infammaion discases. cancer. nimiviogical

disorders. and aging (Beckler or al.. 1999, Coghlan o al.. 199,

Hallia ol & Gitteridoe 1000 Weiss or af. Faidy
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Figure 1. Biological redox systems (afier K. Hideg).

Reactive oxy: cells are mainly formed by

n species (ROS) in livir

physiological enzymatic mechanisms  They are generated along the aerobic

that utilizes life o oxveen to oxidize fuels Being the maior

producers of RO
ROS

. mitochondrial structures are exposed to high concentrations of

and. therefore. are particularly susceptible to then attack However. various

cytosolic and membrane-hound ovidases and dehvdrogenases (e ¢ xanthine oxidase.

lipoxygenase. and NADH oxidase) are also known to produce free radicals

(Halliwell & Gutteridge. 1999)



As mentioned above. cells have developed numerous ensmatic and
nonenzyvmatic svstems against continuously generated free radicals. Superoxide
amons can be scavenged by superoxide dismutase. wiich cataiyzes dic comersion oi

two anions mto hvdrogen peroside and melecutar oxveen. Hydrogen peroxide is

nentralized by eatalase that turthers the conversion of ¢ cen perovide inte water

and oxveen Peronidases cataiy ¢ an anaiozous icachion, s lnddi ivdiozci peronide

is reduced 0 waier by oa reduciant. Glutaihs

concentrations (4-5mM) in animal cells. has a key role in detoxification by reacti

with hydrogen peroxide and organic peroxides. and serves as a sulthydryl butter
Glutathione cycles between a reduced thiol form (GSH) and an oxidized form

(GSSG). GS

SG is reduced to GSH by glutathione reductase. Other important
physiological antioxidants are vitamin E and reduced coenzyme Q  Ascorbate and

reduced elutathione are water-soluble antioxidants that can regenerate alpha-

weopherol Nevert ainst

i

oxidative attack can be attenuated or even reversed in the absence of vitamin E

within the membranes Physiological compounds such as urate. bilirubin. and

ceruloplasmin can also protect against oxidative attack (Halliwell & Gutteridge.
1999)

In spite of the complexity of the above described antioxidant system. free

radicals generated excessively under certain circumstances can break this defense
barrier and cause oxidative stress to the cell. During ischemia-repertusion cycle
reactive oxygen species are generated mainly along the mitochondrial respiratory
chain and thev trizeer the oxidative damage of several cellular components including
lipid peroxidation. protein oxidation. enzvme inactivation as well as DNA stand

breaks (Halliwell & Gutteridge. 1999: Habon er al.. 2001: Halmosi ¢/ al.. 2001:

Halmosi ¢ al.. 2002: Szabados ¢f al.. 1999 and 1999b). and impair an ample of
physiological functions. e g blocking of ionic pumps. restricting glvcolysis or

promoting mitochondrial ¢ 2000) intraceiiu

lerum refease (Depre & 1

sodium and calciuim accumulation is the ¢

channels. but also the decrease of myocardial high-enes

phosphate Tevels High
levels of intracellular calcium activate the proteolytic enzymes. Additionally. high

intracellular calcium and inoreanic phosphate cencentrations induce the opening of’



mitochondrial permeability transition pores. As a consequence. the mitochondrial

membrane potential will collapse and the mitochondrial eneray production will be

ceased Mitochondiiai tespitaton compieses piay a contial 1oic m ihe des dopiing

of postischemic myocardial damage They are the main sources of ROS during re-

oxveenation. but thev are also intured mactivaied by ROS iHallivell &

Guitendee, 1999 Habnosi o af.

25 One passible appro

iish those isch

1w d

ia-repertusion- processes that

structural and functional integrity of cardiomvocytes is the delivery of small
scavenger molecules 10 the site of tree radical formation in spatial and temporal

containment. Research activity on this field is nourished by the fact that the

of the afor natural scavenger molecules and antioxidant
enzyme systems failed 1o vive substantial benefit Though antioxidant molecules and

enzymes have been thought to potentially limit the oxidative injury. they are not

i they cannet reach the

readily internalized within myocardial ce

compartment to exert their protective effect (Halmosi e/ af. 2002, Krishna ¢/ af.
1998).

Application of scavenger compounds renders cardioprotection by gathering
and neutralizing free radicals and. in turn. limiting the time-span during which
radicals can exert their deleterious effects. As a consequence. the extent of cellular
oxidative injury is reduced. which is manifested in lower level of lipid peroxidation.
protein oxidation and DNA damage as well as the preservation of mitochondrial

enzymatic energy metabolism. According to our previous data, heterocyelic nitroxide

S-tetramethyl-pyrroline ring were able to

precursor compounds containing a
scavenge ROS and proved to be protective during ischemia-reperfusion in an isolated
heart pertusion system as well as in a model for red blood cell filterability (Halmosi
ef al. 2002. Marton er al.. 2001) The amine moicty of these molecules is

transformed in vitro and in vivo into nitroxide form. which can be reduced to

hydroxviamine. This is

(superoxide anion and hyd
HO-3073 containing a 2.2.6.0-tetramethy l-tetrahydropyridin ring) (Krishna er al..
1998, Li e al.. 2000, Marton ¢f al.. 2001, Shankar er al.. 2000, Twomey ¢/ al..

1997) The hvpothetical free radical-entrapping mechanism of these molecules is




delineated on Figure 3 Afier the oxidation ol the amine compound. the formed stable

nitroxide radical can be reduced by ascorbic acid to hvdroxylamine. which is reactive

enougi 1o undereo ey ensibic one-CieCion VNIV W @ HIEONIAC e Wi
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Figure 2. Chenucal structure and possible conversions of HO-3073.

10-3073: 2.2.6,6-1etramethyl-N-{ 1-methyl-2-

2. 6-dimethyiphenoxyyetnt[-1.2.3.6-

tetrahvdropyridin-4-carboxamide.
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Under our experimental conditions. the examined heterocvelic compounds
exerted cardioprotection i a strikingiv iow concentranon. ie Sudio According 1o

ical-scavenaing tive-

tieratare data. superovide dismutase-mimetic and hydiovat

R

or siv-membered  evelic malecnles tor nstance ler

tetamieting pipendinosyiy. are eificacious in nuinmoia concentration range in

various models off oxidative stress (Monti ¢i al 1990, Park o i 2002) 1n the

contrary. our applied compounds being able to entrap ROS delivered protection
under 107 M concentration. As it is questionable that. by taking together the above
mentioned issues. these molecules are capable of harvesting the majority of free
radicals produced during ischemia-reperfusion in such a low concentration. it raises
the possibility that they may interfere with alternative cellular pathwavs. The
molecules applied in our study are substituted meniletine derivates Although

abihity of bloching sodium

mextetine 1> & class L
channels. it does not exhibit significant protection on myocardium under conditions,
of ischemia and reperfusion (Halmosi er al.. 2002, Li er al., 2000) Therefore, it is
implausible that the eventual antiarrhvthmic property of these compounds

appreciably conduces to their cardioprotection

1.2. Signal tr during ischemia-reperfusion

Several protein kinase cascades and inflammatorv reactions have recently
become established as part and parcel of any external stress-related tissuc injury such
as heat, ischemia-re-oxygenation. and other oxidative. metabolic. toxic as well as
infectious insults Oxidative challenge of the myocardium influences among others
the functioning of the mitogen-activated protein kinases (MAPK). phospholipase C.

protein kinase €. AIM (atavia-telangiectasia mutated) kinase. nuclear factor-

KB, and heat shock proteins (Kannan & Jain. 2006, Martindate & Holbrook, 2002,

Piacentini & Karliner. 1999, Yang e¢r al.. 2003). Furthermore. ischemia-reperfusion

in cardiomyocytes expedites the phosphorylation of the erowth-factor-associated

kinase Akt (also known as protein kinase B)Y mostly in a phosphatidviinositol-3-



Kinase (P13-kinase)-dependent manner (Mockridge ¢f ol 20000 The Pi3-Rmase ARt
pathway is one of several signal transmission pathways brought into connection with
cell sunvival tupo e w2600, Schieid & Woodsaii 2001 Uada conditions ot

ion

ischemia and reperiusion nitric oxide and superoside anion can form perosyitiite,

1o ihe witianon of

which Features as 2 “lizand” o recepton vrosine hinases and lea

fvrosiic iesidics above i

Yamashita o ak, 2001 A

Wourn targets @ wide sanety of substrates by

phosphorylation inactivates the proapopiotic Bel-2 family member Bad. the

apoptotic  effector enzyme caspase-9 and Forkhead transcription factor. as a

apoplosis is supf (Brazil & | es. 2001 Klotz e al.. 2000)
In addition. p70 ribosomal $6 Kinase is activated promoting mRNA translation and
cell cycle progression as well as phosphorylating Bad (Jonassen ¢7 a/ . 2001) Akt

also induces endothelial nitric oxide synthase (eNOS) (Dimmeler ¢r al.. 1999, Gao et

& \Makas

b, 2002) as well as BB kinase-o (1Ko activity (Ron . 1999)

20013 Scheid

but blocks glycogen synthase kinase-3 (GSK-3) (Brazil & Hemmis
& Woodgett, 2001)

Inactivation of GSK-3 will allow glycogen synthase to build up cellular
glycogen stores. and eukarvotic initiation factor 2b as well as cvelin Dy to facilitate
cell cycle progression (Pap & Cooper. 2002: Scheid & Woodgett. 2001). Two Bad
molecules constituting a homodimer can contribute to the release of cvtochrome ¢
from the external side of the inner mitochondrial membrane into the cytoplasm
where the free cytochrome ¢ triggers apoptotic cell death with the participation of

caspase-9. Bad homodimer formation is prevented either thro the dimerization

with Bel-2 antiapoptotic molecule or by Bad phosphorviation. for instance by Akt.
directing it toward degradation (Kroemer & Reed. 2000). Moreover. endothelial
nitric oxide synthase activated by Akt forms nitric oxide causing vasorelaxation
(Dimmeler ez al., 1999, Gao ¢r al.. 2002) The overall impact of Akt action is thus a

and vasodilation. each of

remarkable antiapoptotic effect.

which inevitably promotes cell survival Activaiion of the Akt s Foute can be

blocked by two commonly used. but not completely specific inhibitors of PI3-kinase
enzyme. i e wortmannin and LY 294002, which enables the more accurate analysis

of this pathwav (Davies ¢f al.. 2000)



Insulin treatment-induced. eNOS mediated low concentrations of nitric oxide
have been reported to exhibit antiapoptotic impacts by nitrosating caspase-3. 6. 7

e d

and X mhibiing caspase-dependent Rel.2

MAPK phosphatase-3 mRNA fevels resulting i profonged phosphorylation of
extracetlian sonalngnaed Ui (FRRS b o e L e
2002) ot by NO inhibinon of neniraphil mfilieaton e\ latsan o 20000 Akt alse
nflucnces glucose uptake by recruiting GLU -4 to the cell membrane. which

propagates the more favorable bioenervetics of glveolvtic metabolism (Matsui 7 af,

2001) Pl3-kinase can also regulate protein kinase ¢ (PKC) during ischemic
preconditioning. namely through initiating its phosphorvlation by PDK1 and PI3-
Kinase lipid products. which altogether will potentiate the allosteric regulation of
PKC by diacylglycerol and NO (formed by eNOS) giving rise 10 the remarkable

finding calied second window of protection ( Tong ¢ al.. 2000)

Apoptosis. o prograiiiied celi deailn s a natwaiiy occurnng celi death

process. essential for the normal development and homeostasis of all multicellular
organisms. Considerable research activity has been devoted to the question of to
which extent apoptotic cell death is responsible for mvocardial tissue damage and

dysfunction after ischemia-repertusion. The depletion of intracellular ATP levels

duriy

schemia blocks the activation of the downstream proapoptotic genes. which
prevents the typical apoptotic changes trom taking place. However. repertusion
rapidly restores the intracellular energy stores. thereby providing the ATP necessary
to allow the apoptotic pathway to proceed Moreover. experimental data suggest that
necrosis and apoptosis occur simultaneously during reperfision with a relatively
rapidly developing necrotic cell death during the early phase of reperfusion followed
by a slower appearance of apoptosis during the late phase of reperfusion (Ashe &
Berry, 2003, Kannan & Jain. 2000, Zhao er al. 2002). Albeit apoptotic
cardiomyocyte loss merely amounts to around 6%e during postischemic repertusion.

remarkable perceniage (up (o 40°0) of vascular endothelial cils may decease via

apoplosis, which can compromise the coronary flow and magnify the proportion of

cells destined for necrotic death (Yellon & Baxter. 1999)



Mitogen-activated protem Kinase (MAPK) cascades constiteie an integrated

part of stress-related signaling routes and include three distinet but interlinked

pathwavs extraceiiuiar signai-reguiated kinase (KR 0021 c-iun Newerminai hinase

ONK) and p38-MAPK (Clerk o7 gl 1998, Seaer & hrebs. 1993) ERK s generally
Ras Rat 1 ViER FRK

mvolved

nothe transmission of mitaoen

patiway (Punn er ai Zouo) Foweser. sustained activavon of BRI dunine e

onygetation was shown to render delayed evtoproiccivn (Puti o7 al.. 20005 Also

hydrogen peroxide injury is limited by an elevated prostacvelin formation through

ERK-mediated cvclooxygenase-2 expression (Adderley & Fitzgerald. 1999) The
fact that ERK can block caspase-3 enzyme activity (Yellon & Baxter, 1999) and
downregulate c-jun N-terminal kinase (JNK) (Hong ¢7 /. 2001) lends additional
support to the notion that ERK possesses cvioprotective properties during oxidative

insult (Depre & Taegtmeyer. 2000). A downstream substrate of ERK. pY0 ribosomal

S6 Kinase (RSK) can phiosphion fate GSK-31 e action ol Akton

this kinase (Seger & Krebs. 1993) There are data indicaiing that ERK is only active
it the mitochondrial electron chain and substrate oxidation are intact. otherwise ERK

becomes inactivated (Bogovevitch ¢r al.. 2000)

Several researchers conveyed evidences that underpin the proapoptotic nature
of the concerted activation of stress-responsive kinases. ie. JNK as well as p38-
MAPK. as a result of oxidative or cytokine (TNF. Fas ligand) stress (Berra ef al..
1998 Clerk er al.. 1998, Punn er al.. 2000 Tobiume ef af.. 2001) It is assumed that
reactive oxvegen species can irigeer the dissociation of thioredoxin and ASK1
(apoptosis signal-regulating Kinase-1). and. in tum. JNK and p38-VIAPK activation
ensues (Tobiume ¢/ «/. 2001) INK can phosphorylate as well as expedite the
expression of ¢-jun and ATF-2 (activator transcription factor-2). the heterodimer of’

which (along with c¢-fos, among others) constitutes AP-1 (acuvator protein-1)

transcription factor that paticipates in depaiting proinflammatory and proapoptotic
gene programs (Piacenting & Karliner, 1959). Additionatiy. iNK and p38-MAPK can

precipitate apoptosis by mitochondri.

dependent caspase activation ( Fobiume ef al..

2001). ATE-2 may be phosphorylated and induced by p38-MAPK. as well

(Piacentini & Karliner 1909y



Appreciating the extreme complexity of signal transduction pathways. we

actor. on the other

have to admit that JNK more or less features as a proapoptotic
hand. p38-VEAPK deserves further atention Two isofonms (o and i or p3a-ViAPK
are expressed in the heart and while p3Su bansmits proapototic signals. p3sf is a

candidane i

st Dy ertranhic wimall and ae s e il see auaine

apopiosis (Rakit ¢7 ai. 2001 Fiihermore & downsiream substeaie of pis-\IAPK

is MAPK-activated protein kinase-2 (MAPKAPK2). which can moduiate heat shock

rity (Beniamin &

protein-27 functioning. a protein required for cvtoskeletal inte
McMillan, 1998, Rakhit er al. 2001) This p38/MAPKAPK2/hsp27 route is

implicated in delaved cytoprotection following ischemic preconditioning

Modulation of pathways involved in mediating cellular responses to oxidant

injury offer unique opportunities for therapeutic interventions aimed at treatment of

ves an

discases or conditions where oxidative siress is a relevani player | igure +

outline of the aforementioned signal transduction pathways that may participate in

the mediation of ischemia-repertus lated oxidative injury. In this study. we
investigated the impact of two antioxidant cardioprotective compounds on the

ischemia-reperfusion-induced  activation of  phosphatidylinositol-3-kinase/ Akt

signaling cascade
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Figure 4. Il ion of the lexity of some ischemia-reperfusion-related

signal transmission pathoways (JNK. p38-MAPK. ERK, and Akt) and their possible
connection to reactive oxygen species formation. Peroxynitrite formed  from
superoxide anion and nitric oxide can activate recepior fyrosine kinases (RTKs).
which, i tmrn. leads 1o the activation of phosphatichlinositol-3-kinase (P13K)
recruiting Akt 1o the proximity of cell membrane and faciliaing Akt phosphoryhaion
by phosphatidvlinositol-dependent hinase-1 (PDK-1). A a consequence. Akt
phosphorviates a number of substrates resuliing in antiapopioic effects, metabolic
adjustment. and witric oxide formation by eNOS. On the other hand, active receptor
yrosine kinases may also culminate in ERK aciivation deading 10 caspase-3 and
UNK downregntation). Keactive oxvgen species can mduce p3S-NAPK and INK
activation throueh apoprosis signal-regnlating kimase-1 (4SK=11. as well. hoving

basically proapopioric impacts



2. STUDY OBJ

We planned 10 investigate the impact of & wroup of fiee radical-cniapping

Dotism durine ischemia-

meviletine derivates on the mvocardial

repertusioin cvele i Langcadoitl

¥

structure was selected that delivered the most optinal v

isolated heart perfusion experiments.

We intended to characterize the cardioprotective properties of the best two
molecules from various standpoints Therefore. the effect of these compounds on

ties. functional recoverv. and infarct size was

postischemic myocardial enel

evaluated. then the capability of the compounds 1o scavenge superoxide anions

ss welt g diminich avidarive myac

and hydroxyi o mage wan

determined

We presumed that these molecules were not capable of harvesting the majority of
free radicals produced during ischemia-reperfusion in such a low concentration
(5uM), but rather they may interfere with alternative cellular pathways To gain
turther insight into the molecular mechanism of their action. the current study
focused on how the two agents influenced the prosurvival phosphatidylinositol-3-

kinase/Akt intracellular signal transduction pathway
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Figure 5. Chemical structure of mexiletine and the I sub; !

mexiletine derivates (except for HO-3073)
HO-2: 225
HO-2434: N=[(1-methyl-2-0 6-dimerhyphenoxyserhnd-\-]

tetramethyl-2.5-lilydro-1 H-pyrrol-3-carboxamide.

retramethn-

dihydro-1H-pyiroi-3-viymerind famume:

HO-3144. 1etramethy-N-f l-methyl-2-(2,6-

dimethylphenoxyieiy ! pyrrolidine-3-carboxamide

H-2693:

2 tmdimethylphenoy ity -

ctramethvl-N-{ 1-meihyl-2.

dilvdro-1H-pyrrole-3-carboxamide.



Animals
The hearts of adult male Wistar rats weishing 300-350 ¢ were used for the

Lanzendonil icare periusion experiments e inyestivaton conivnmed 1 the G

Nationai Iy tes of

for the Care and 1se of Laboratory Ammads published by the

Health (NIH Publication No 83223 revised f9Ue), and was approved by the Anir

Linvernsiin of e Mcdical Suhooi

Resedaich Review Conitice ol ihe

Heart perfusion

Rats were anesthetized with 200mg ke ketamine  mtraperitoneally  and
heparinized with sodium heparin (100 1U/rat ip.) Hearts were perfused via the aorta

at 37°C as

according to the Langendortt method at a constant pressure of’ 70mmHg.

described previously (Szabados er ol 1999b: Varbiro ef al.. 2003a; Varbiro ef al.

2003b). The perfusion medium was a modified phosphate-fiee Krebs-Henseleit butter

consisting of TEmM NaCh ImME KCEL 1 25m\ CaCh, 128 25mM

NaHCO:, 11mM glucose and 0.6mM octanoic acid and. in the treated group

mexiletine, HO-2, HO-24

34. HO-3144 (each in SuM concentration), H-2693, or HO-
3073 (in 2, S. and 10uM concentrations). and’or wortmannin (100nM). The perfusate
was adjusted to pH 740 and bubbled with 95% O, and 5% CO, through a glass
oxygenator. After a washout, non-recirculating period of 10 minutes. hearts were either
perfused under normoxic conditions for 10 minutes, or were subjected to a 25-minute

global ischemia by closing the aortic influx and reperfused for either 5.

15,30, or 45
minutes The above listed compounds were administered into the pertusate at the

beginning of normovic perfusion During ischemia hearts were submerged into

perfusion bulfer at 37°C. Hearts were fieeze-clamped at the end of each perfusion

3.4. NMR spectroscopy
NMR spectra were recorded with a Varian ' " INOVA 400 WB instrument

*'P measurements (161 90 MHz) of pertused hearts were run at 37°C i a ZeSPECE

20-mm broadband probe (Nalorac Co.. Maitines. CA, USA). applying -1 proton
decoupling (vB2=1.2 kHz) during acquisition Field homogeneity was adjusted by
following the 'H signal (w 1/2=10-15 Hz) Spectra were collected with a time resolution

of 3 minntes by accumulating 170 teangients in sach FID 187 i lses were







possible to caleulate the concentration at which the rate of superovide anion-induced

cytochrome ¢ reduction was inhibited by 50%6

i valve and

A latex bailoon was inserted inte the lefi venrr

d o acicie ain cid-diasilic pressure of 8- Zumtiz Al mcaswranans wae

 stability

sot voluiie. Heaits weie

pertormed at the same b

of high-energy phosphates (assessed by NMR) during a control period of 15 minutes

before the experiment The length of normoxia. ischemia and reperfusion were 15,
and 45 minutes. respectively The experimental drugs (H-2093. HO-3073) were added
to the perfusion medium after the IS-minute control period. Functional data of rat hearts
(LVEDP — left ventricular end-diastolic pressure. LVDP — lefi ventricular developed

pressure, RPP— rate-pressure product. HR — heart rate. and dPdt) were monitored

mistr of bath 182600 and HO-3072 during

during the entire perfision The
normoxia caused a slight but statistically insignificant (p~0.11 and p-0.18.
respectively) reduction in heart rate. while having no effect on the remaining

hemodynamic parameters

3.8, Infarct size measurement

For infarct size measurements 90-minute postischemic reperfusion was
employed either untreated or treated with SuM H-2693 or HO-3073 and/or 100nM
wortmannin. Afier removing from the Langendorfl perfusion apparatus. ventricles were
cut out and kept overnight at -4'C. Frozen ventricles were sliced into 2-3 mm thick
sections, then incubated in i% triphenvi tetrazolium chioride (TTC) at 37°C in 0.2M
Tris buffer (pH 74) for 30 minutes. While the normal myocardium was stained brick
red. the infarcted areas remained unstained. Size of the infarcted area was estimated by

the volume and weight method (Sharma & Singh. 2000)

3.9, Lipid peroxidation
Lipid peroxidation was estimated from the formation o’ thiobarbituric acid

reactive substances (TBARS). TBARS were determined using a modification of a

described method (Serhinova or a/ . 1992) Cardiac tissue was homogenized in 6.5%



trichloroacetic acid (TCA) and a reagent containing 13% TCAL 6 3757 thiobarbituric

acid (TBA) and 0 25% HCl was added. mixed thoroughly. heated for 1S minutes in a

boiting waicr baifi. cooied. cenmiuged and tie absorbance oi e supernaan was

tined al

measured at S33nm against a blank thai con

ndard TBARS

homovenate Usine matonduabdehyde s

310 ination of protein carbonyl content

Fitty mg of freeze-clamped pertused heart tissue were homogenized with | ml
496 perchloric acid and the protein content was collected by centrifugation The proein
carbonyl content was determined by means of the 2.4-dinitrophenyl-hydrazine-method

(Butterfield e al.. 1997)

311, Western blor ana
Fifty mg of heart samples (perfuused for 5. 10, and 30 minates under normoxic

conditions or reperfused for 5. 15. 30. and 45 minutes) were homogenized in ice-cold

Tris buffer (SOmM. pH=8 0) and harvested in 2x concentrated SDS-polyacrylamide
gel electrophoretic sample buffer Proteins were separated on 12° SDS-
polyacrylamide gel and transferred to nitrocellulose membranes. Afier blocking (two
hours with 3% non-fat milk in Tris buftered saline) membranes were probed
overnight at 4°C with antibodies recognizing the following antigens phospho-
specific Akt-1/protein kinase B-a Ser’™ (11000 dilution). non-phosphorylated C-
terminal domain of AKt/PKB (1:1000). and phospho-specific glvcogen svathase
kinase (GSK)-3f5 Ser” (1-1000: Cell Signaling Technology. Beverly. USA) Those
amounts of protein samples were employed that contained equal amount of non-
phosphorylated AKUPKB. which allowed the assessment of differences in the

phosphorylation states of Akt-1 and GSK-3. Membranes were washed six times for

3 minutes in Tris buffered saline (pH 7.3) containing U 2% Tween (TBST) prior to
addition of goat anti-rabbit horseradish peroxidase-conjugated secondary antibody
(13000 dilution: BioRad. Budapest. Hungarv). Membranes were washed six times

for S minutes in TBST and the antibody-antizen complexes were visualized by



means of enhanced chemiluminescence on comventional films - Atier scanning,

results were quantified by means of Scion Image Beta 402 program

3.12. Measurement of caspuse-3 activity

and treated

100-my samples of normovie perfused for i

hearts (with 1122073 oi HO-3073 and o worttiamnng sepeiiused ion 4 -unies.

s s plt ZmM

UM Nat

were homogenized
EDTA. 2mM EGTA. 100pM phenyimethvisultonyl fluoride. and 0.2%0 Tween-20)
The Ivsates were collected in microcentnifuge tubes. sonicated. and centrifuged

he bicinchoninic acid (BC A) method

Protein concentrations were determined usir

The lysates were stored at ~80°C until used for measuring caspase activity
Fluorometric assays were conducted in 96-well clear-bottom  plates. and  all

measurements were carried out in triplicate wells. To each well 200ul of assay butter

Q0m\ HEPES pH 75 100,

was added. Peptide

-Aldrich Inc.

H

substrate for caspase-3 (Acetyl-DEVD-amidomethylcoumarin. Sig

St. Louis. USA) was added to each well in a final concentration of 2Sng/ul In case

the caspase-3 inhibitor was used, it was added at a concentration of 2 Sng/ul

ue Iysates (20ug of

immediately before the addition of caspase-3 substrate. Ti
protein) were added to start the reaction. Background fluorescence was measured in
wells containing assay buffer. substrate, and lysis buffer without the tissue Iyvsate
Assay plates were incubated at 37°C for one hour. Fluorescence was measured on a
fluorescence plate reader set at 360nm excitation and 360nm emission wavelength
Caspase activity was calculated as ((mean amidomethylcoumarin fluorescence) -

(background Nuorescence)ng of protein (Bijur e af.. 2000)

3.13. Statistical analysis
Statistical analysis was performed by analysis of variance and all of the data
were expressed as the mean = S E M. Significant differences were evaluated by use

be

of unpaired Student's ¢ test and g values below ©

ificant

si
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Figure 6. Representative ' P NMR spectra of high-cnergy and inorganic phosphates.
The area under the curves is proportional 1o the quantiny: of the given phosphare gromps
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hearts, white admimistration of ansioxidant agents (118 1) facilicaed the recovery of
Ingh-eneray %
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Ischemia induced a rapid decrease in ATP and creatine phosphaie levels and a

oul expeniena condinons. ey

asi Cvoluiion «

Conzanc phosphate. U nd

1 untredted and mesiietine-treated

phosphate intermediates recovered only partially i
Dearts during the FS=minte reperfusion phase on the other hand substitured meiletine

derivates facititated the recovery ot vicating phvspliaie aind A 11

ot creatine phosphate {Fizure 7) shows that mexiletine did sot atledt

state of postischemic hearts. while its derivates (HO-2434 and HO-3 144) improved the

s of 11-2093 as well

ial eftect

recovery of cardiac energy metabolism. However. beneti
as HO-3073 clearly and sigmticantly surpassed those of the other examined

compounds

110, Mormoxia ischemia reperfusion
1

100 @~ v ey

PCr (% of normoxic value)

3 6 9 3 14 25 3 6 9 12 15
pertusion time (minj

—a—Control IR - -x_ - Mexiletine —e— H-2693 HO-3073 - - - HO-2434 — &— HO-3144

bsti ile derivates on the

qure 7. Effect of meiletine and the
recovery of creatine phosphate (PCr) after ischemia-reperfusion in Langendorff
perfused hearts. I-ach compound was admimsiered in SuM concentration. Values

aare given as means ¢ SEN for five experiments. Recovery of HO-2434-, #05-3j44-.

H-2693- and HO-3073-ireated hearts significantly differed from thar of mexiletine

treated and wnreated control 1R hearts (p 0.01)



This was @ consequent inding in respect 1o the recovers of creatine phosphate
(Figure 7) and ATP. as well as to the reutilization of inorganic phosphate As a

LONSEqUEHLE. 1 0ur TUEICE CXPErnenns we mvestzated e ciicas o H-2093 and 110

et size. onidative ¢

ts. on e parameters ol heart functio

<t H-2003 and

sduction

damave as well as sivnal rocesses

ificanthy improved the final recovan of Greatnic phiosphiaic ip 001 This

HO-3073 sig
effect was abso obvious when the ATP devel was concened (p ¢
Moreover, H-2693 as well as HO-3073 promoted the faster and more complete
reutilization of inorganic phosphate during reperfusion (p-001) (Table 1) The
intracellular pH markedly decreased by the end of the ischemic period from 741=0 04
preischemic value In the contrary. 15-minute reperfusion brought about a slight
elevation in pH in untreated hearts. while this tendency proved to be more explicit in

case of H-2693 and HO-3073 administration (p 0.01) (Table i) The impact of HO-2.

the sole pyrroling ring present in H-2093 on ischemia-repertusion-related energy
metabolism did not differ at all from the energetics of untreated postischemic hearts

(data not shown)

Untreated IR | IR+H-2693  IR*HO-3073 |
LG (GuM)
S 47:4%6%

ATP recovery
(% of normoxic value)

‘ T T T
pH — end of ischemia 587:007 6.12:006F | 61670 07% |
pH - end of reperfusion 6012007 670:009% | 72-008*

Tuble 1. Percentage recovery of ATP and reuilization of inorganic phosphate as well
as pH values for untreated, H-2693-, and HO-3073-treated hearts reperfused for 15

minutes. *Difterence from the corresponding values of untreated IR hearts p 001

In the same experimental setting 100nM wortmannin did not alter the poor
recovery of high-enerzy phosphates and the evolution of iorganic phosphate when
added by itself On the other hand. wortmannin was able (0 neutralize the

cardioprotective impacts of H-2093 and HO-3073 when administered together with



those compounds at the beginning of’ normoxic perfusion: So combined application of
H-2693/HO-3073 and wortmannin vielded comparable creatine phosphate and ATP
recoveries 1o that oi unteated conrol hearts (ieure 31 Cioth erad . Zoo3as Toth e al,

2003b)

% of normoxic value

IR+Wort.  IR+Wort.

+H2693  +HO-3073
nCreatine phosphate [ ATP

Figure 8. Creatine phosphate and ATP recovery peaks compared to untreated control
IR in the reperfusion period of hearts treated with wortmannin, H-2693, HO-3073, or
wotmannin plus H-2693/HO-3073. H-2693 and HO-3073 were administered i Sul,
while wortmannin was given m 100nM, respectively. Values are given as means =

NEA for five experimenis. *Difference from comrol 1R 1R Wort and IR Wort

H-2693 values: p 0.01. Difference from conrol IR, IR Wort., and IR Wort.
HO-3073 values: p 0.01

4.2. Hydroxyl radical scavenging capabilit

We measured the concentration of the amine as weil as vdroay lamine moieties
of H-2693 and HO-3073 at which the rate of hvdroxvi radical-induced benzoic acid
hydroxylation was inhibited by 50% 1Cs, of 63 161M was obtained for the amine and

of 4945uM for the hvdroxylamine form of H-2693 1C«, of 52+ 5uM was measured for

s ilic aiine

26



and hydrosylamine forms o both compounds could effectively citrap hyvdiond

5. while they were oxidized to the nitroxide moiety ¢ Toth ef al.. 2003a)

radicz

peroxide anion scavenging capab

The rate of superonide anior-induced cvtochiome ¢ rednction was inhibited by

S0% e preseice 0 243 T and 197800 ol the mionide fors oi H-2003 aid

HO-3073 iespeciinedy. |

i the nitroxide moiety of both compounds was able i
scavenge superoxide anions and. in the meantime. it was reduced to the hvdroxvlamine

form. The 1Csy of Tempol in the same experimental setting was 282+ Su\. Moreover.

40 Units of sup d enzyme could completely block the evtochrome ¢

reduction in this assay (Toth ¢7 al.. 2003a)

4.4. Functional recovery of ic rat hearts during

SEVIRHN ischemic

To evaluaie e ellea

myocardial functional recovery. isolated hearts were perfused with either SuM
H-2693/HO-3073. 100nM wortmannin. or both. At the end of the equilibration period.
left ventricular developed pressure (LVDP) was 142=19mmHg. rate-pressure product
(RPP) was 33+0.13 x 10*mmHg/min. dP/dt was 1233+202mmHg’s and the average
heart rate was 236=16 beats/min. Figure 9 shows the percentage recovery of LVDP,

RPP. and dP/dt duri

reperfusion compared to the initial values Both experimental

agents significantly improved the recovery of all parameters (p~0.01). which was
prevented by the co-administration of wortmannin - Table 2 summarizes the
development of left ventricular end-diastolic pressute (LVEDP) ai different iime points
in each experimental condition. H-2693 and HO-3073 had beneficial impact on the IR-

triggered increase in I VEDP (p- 0.01) (Toth er al. 2003a. Toth ¢ al.. 2003b)



Recovery (% of norme xic vaiue)

R R+Wort.  IR+H-2603 IR+HO-3073 IR+Wort+  IR+Worts
ELVDP BIRPP CdPldt H-2693 HO-3073

Figure 9. Maximal percentage recovery of left ventricular developed pressure
(LVDP), rate-pressure product (RPP), and dP/dt during the 45-minute reperfusion
period following ischemia in untreated (IR), wortmannin-, H-2693-, HO-3073-,
and wortmannin plus H-2693/HO-3073-treated hearts compared to the normoxic
values. Wortmannin was given in 100nM, while H-2693 and HO-3073 were
administered in SuM. Values are given as means = SEM for five experiments
*Recovery of H-2693-treated hearts significanly differed from that of the IR,

IR Wort.. and IR Wort. H-2693 hearts for [UVDP RPP.and dP di p 0.01)

Recovery of HO-
IR Wort. and IR Wort. HO-3073 hearts for LVDP. RPP, and dI di (p 0.01)

S-treated hearts sigficanly differed jrom i of tie iR,



Left ventricular end- | Preischemic Reperfusion  Reperfusion
diastolic pressure (mmiiz
Control IR - i arid ISR : 2603
IR Vwortmannin [T e w0
IR+H-2093 A £ 22
UR+HO-3073 0 as 182 (R
UIRowortmannintH-2693 | 11:00 3537 Lo20e3

CRbwortmannintHO-3073 1 9:12 39:4% 273

Table 2. Absolute values of left ventricular end-diastolic pressure (LVEDP) at
different time points throughout the perfusion. Pressure values swere measured at
the end of the equilibration period (preischenic). at the end of ischemia freperfusion
G and ai ibie Ciid of tepeifioioi 43 i, CDiffcrcice from ilic corresponding
preischenuc values (p 0.01). Difference from the corresponding “reperfusion 0
min.” values (p 0.03). " Difference from the ~“Control IR™, IR svortmeanmin ™. and

IR wormamin 11-2693" values ai the same time point of reperfusion (p 0.01).

“Difference from the “Control 1R™. “IR wortmannin“. and 1R wortmeamin

HO-3073" values at the same time pomt of reperfusion (p 0.01).

Infurc

Triphenyl tetrazolium chloride ~staining in five consecutive samples
demonstrated that the ischemia followed by 90-minuic reperfusion in untreated cases
brought about the infarction of 64:7%% of the ventricles In the meantime, H-2693 and

7% and 29:6%

ificantly reduced the infarct size to 3

HO-3073 administration sig

of the heart samples. respectively (p0 01) (representative sections are shown on

Figure 10) The Pl3-kinase inhibitor wortmannin did not alter the size of infarcted

ed the beneficial

area when adminisiered alone. on the other hand. 1t abrogs
influence of the two experimental agents on infarct size 1 the case ot co-treatment
Control staining of “normosic™ hearts perfused for 10 minutes rendered no

appreciable infarcted area (Toth ¢f al.. 2003b)

29



Untreated hear

samiple HO-3073-treated heart

Figure 10. Representative sections stained by rriphenyi tetrazolium chloride from
untreated (left) and HO-3073-treated (right) hearts. Normal myocardinm was stained
brick red. while the infarcied areas remained unstained (indicated by white arrows). As
shown on the figure. during untreated ischemia-reperfusion sizable myocardial infarct
developed (lefiy. which was markedly reduced by the administration of HO-3073

(right).

4.6. Ischemia- fusion-induced lipid peroxidation and protein oxidation

Lipid peroxidation induced by ischemia-reperfusion in Langendorff” perfused
hearts was characterized by the formation of thiobarbituric acid reactive substances
(TBARS). In our current experiments, ischemia-reperfusion increased the amount of
IBARS compared to the normoxic hearts (p-001) (Figure 11) When ischemia-
reperfusion occurred in the presence of SuM H-2693 or HO-3073. the formation of

re 1),

1y reduced (pr 001) compared 10 unireated hearts (1

TBARS was si

ing that both compounds prevented the ischemia-reperfiusion-related lipid

peroxidation.



species formation in ischemia-reperfiision eveie can aho

Reactive ony
trigger the oxidation of proteins in the cardiomyoeytes, which can be determmned by the

quantity or’ protein-bound aideinde sioups § e 3 s

oy G0 However the presence of

antiv elevated the fevel of protein onida

signi
fip et

e ischemia-teperiusion s iy siteniae

H-2600% and HO-307 5 d
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4.7 Alterations in the phosphorylation state of Akt-1_and GSK-3/}

Figure 12 demonstrates the characteristic changes in the phosphoryfation of’

these kimases on the exampie of HO-3073 teanneni. 11-2095 adnnisiaiw i

such changes that showed exactly the same patt CHO-3073 reatment

Ty

fhos those data are not showmy The nndetectabie o " AL ander

normoNic conditions 1 our study nceased aiien e

nevertheless, HO-3073/11-2693 admimistration further ciitia
(Figure 12) GSK-3p was not phosphorvlated during normoxia. but became moderately
phosphorylated afier —ischemia-repertusion. and sirongly  phosphorvlaied as a
consequence of HO-3073/H-2693 treatment. As GSK-3(3 is phosphorylated by Akt-1
leading to its inactivation. the marked phosphorylation of GSK-3{} in treated heans is in
accordance with the observed enhanced Akt-1 activation in the same tissue samples
(Figure 12) Under the same experimental circumstances. we investigated the effect

ot the phosphatidyiinositol-3-kinase minbior. wormanmm on ihe aciivaiion sial

Akt-1 as well as GSK-3B. Wortmannin when admimsiered alone caused about the
same phosphorylation of Aki-1 and GSK-3p as ischemia-reperfusion itself in untreated
hearts (Figure 12). However. wortmannin proved 1o be able to reduce the HO-3073
H-2693-induced Akt-1 (activation) and GSK-3f phosphorylation (inactivation) when
the two compounds were given together (Figure 12). Interestingly. HO-3073/H-2603
also brought about Akt-1 as well as GSK-3p phosphorylation during the 10-minute
baseline perfusion. which is in clear contrast with the untreated normoxic condition
where no phosphorylation at all was observed (Fisure 12) While wortmannin alone had
no impact on the phosphorvlaton state of either of the kinases during  the
aforementioned baseline perfusion (data not shown). it did prevent the phosphorylation
when was coadministered with 10-3073/H-2693 (Figure 12) Careful analysis of the
time-course of Akt as well as GSK-3p phosphonylation revealed no differing
phenomena at various time points during normoxia (310 and 30 minutes) as well as

repertusion (3. 15 30. and 45 minutes) (data not shown). This observation points out

¢ exainiied

that both experimentai compounds caused definite aliciations in ling

pathway. which was inhibited by wortmannin being reproducible at different time

points of the perfusion. as well (Toth ez al.. 20038, Toth er al. 2003b)
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Figure 12. Effect of HO-3073 and wortmannin on the phosphorylation state of

Akt-1 as wedi as giveogen svatiase kinase-3 5. Kepneseniaine immunobivis fiii

thiee experiments with similar resiides and dersitomeric vaductions are showa A&
ool taned Wk peknts VKl phspiorviared o Ner' s peGSK=3hetu
lvcagen Ve kise-3 piospioniaied on Ser. S, nommova e bascliv
pertuston for 10 pmmtes: N HO=-3075: haseluwe: pecjusion for 10 miaics i the
presence of SuM HO-3073: N Wort. HO-3073: baseline perfusion for 10 minutes
i the presence of 100N wortmannin and SuM HO-3073: Unireared 1Rz ischemia-
reperfusion in the absence of any agent; IR Wort.: ischemua-reperfusion i the
presence of 100p\ ] vormamin: IR HO-3073: ischemia-reperfusion in the presence

of SuM HO-3073: IR Wort. HO-3073: ischemia-reperfusion i the presence of

100nM wortmann and SuM HO-3073. *Difference of N Wort. HO-3073 hearts

SEDiffercice of IR

Jromt N i3T5 saijdes: i o the

remaining samples excepi for Ny:p 0.01

pase-3 enzyme activity

Caspase-3 activity was measured to test whether H-2693 as well as HO-3073
treatment could influence this effector protease of the apoptotic cell death cascade
The specificity of the caspase-3 assay was confirmed by the use of a caspase-3
inhibitor. which resuited in the complete inhibition of caspase-3 activity (data not
shown) Table 3 demonstrates that ischemia-reperfusion moderately enhanced
caspase-3 activity when compared to normoxic conditions (by about 80%0). but
H-2693 and HO-3073 administration could significantly diminish this activation
(p<0.01) Wortmannin did not affect caspase-3 activity during untreated ischemia-
reperfusion. however. it prevented the enzyme activity-decreasing effect of 1-2693

3 when was adminisered along with one of

and HO-30 he cardioprotective

compounds (Toth er al.. 2003a).



Caspase-3 activity in % of activity

Untreated controf IR

IR et

IR+H-2693
TIR+HO-3073 125050,
wortma | 16745%

IR +wortmannin+H-2693

IR+ wortmannin+HO-3073

in hearts under

Table 3. Caspase-3 enzyme activity in the percentage of activi
normoxic conditions. *The activity in H-2693-treated samples sieniticantly ditfered

from the “Untreated control IR™. “IR+wortmannin™. and “IR~wortmannin-H-2693"

e actunaiy i FHO=3075-iicaicd sa

sampies (p< i) g
from the “Untreated control IR™. “IR-wormannin™. and “IR- wortmannin HO-

30737 samples (p=0.01)



DISCUSSION

Onvuen is e most basic clement necessany ion atl cuharvoiic Wic act

the fimal electron aceeptor in the respiratony chain Insufiicient ovygen (hyposia)

deprives the respiratory chain of s main elec fess eftivient

o avepton Fhe

anaciobic whvohie patlivas dien superscdes exidiiine

of ATP produced by oxidative phosphorylation Consequently. there are insufficient

high-energy phosphates to maintain normal function I hvpoxia is reversed. the

subsequent re-oxygenation can also produce cell-damaging effects through increased

levels of radical oy

n species. These arise with partial reduction of oxygen to
water and can induce damage fo proteins (protein oxidation and cnzyme

inactivation). nucleic acids (DNA strand breaks). and cell membranes (lipid

or |

perovidation) (Piacentini & Karling

The heart is an organ with particular susceptibility to hypoxia since only
limited reserves of high-energy phosphates are maintained The myocardium may be
exposed 10 hypoxia or anoia under a number of conditions such as myocardial
ischemia after occlusion of a major coronary artery, high altitude. or anemia. The
extent and duration of hypoxia. in addition to the presence of other confounding
factors such as tissue ischemia. will determine the cardiac response to diminished
oxygen supply Both hypoxia and oxidative stress result in biochemical and
functional changes as the heart attempts to maintain function in the face of
perturbations in oxvgen tension. As in other cell types. hvpoxia and re-oxygenation
alter the cardiac protein pattern. mainly through aliered gene expression. but also
through changes in mRNA stability. rates of translation. and protein degradation
Hypoxia induces up-regulation of specific proteins that mediate both protective and

deleterious effects These can be divided into two broad groups: those associated

with maintenance of fu

increasing ulycolysis, giucose uptake. and oxveen

supply and those associated with recovery fr

stress. for example,

antiinflammatory cvtokines. antioxidants, and heat shock proteins. Increased oxygen
levels or re-oxygenation generate pathophysiological quantities of reactive oxygen

species. Recent experiments indicate that levels of superoxide anion increase rather



within the hypoxic cardiomyocyte. whilst hydrogen peroside and ivdront radicals

are

nerated mainly with re-oxyeenation (Piacentini & Karliner. 1999)

i thie cutent studv. cardiopiotecav e properies i icicrocchic mionadc

precursor compounds were tested i | sed rar hearts during

ischemia-reperfusion The two most eilec 93 and 11023673

weie able noi onhy to profvie e e

mitigate the cardiac oxidative damage during postischiemic repertusion i a tary low

concentration (SuM). but also beneficially influenced the phosphatidvlinositol-3-

Kinase/Akt signaling cascade

preventing or eliminating cardiac damage. re-ox

formation of the above mentioned deleterious oxidants. Such oxidants can inflict

significant biological damage and lead to inetficient cardiac contractility and/or

malignant arrhythmias. Postischemic repertusion injury is prevented by treatment
with antioxidant enzymes such as superoxide dismutase (SOD) and catalase
However, since SOD and catalase. because of their molecular size. can penetrate
only 1o a limited extent to all areas susceptible 10 oxidative damage. there have been
intense efforts 10 employ small molecular weight antioxidant molecules (Krishna ¢/
al.. 1998: Li er al.. 2000. Marton ¢7 al.. 2001 Shankar ¢f al.. 2000: Twomey ¢/ ..
1997)

As these antioxidant molecules in our study were derived from mexiletine. a
class I’b antiarrhythmic agent by substitution with a five-membered as well as a six-
membered ring containing an amine group. their protective effects were related to

c-trcated hearts

as mexileti

those of i ed as w

no significant protection. its substituted derivates facilitated the recove
energy phosphate intermediates and the reutilization of inorganic phosphate during
postischemic reperfusion.  Evidences accumulated from "'P nuclear magnetic

resonance (NMR) spectroscopic studies suecested that the maenitude of protection



could be best optimized by substituting with a 2.2.5 S-ietiamethyipyivoline-3-

carboxamide (H-2693) or a 2

.0.0-tetramethyl-tetrahvdropyridin-4-carboxamide

GHO-3075) moteny Coder ald. 2003a0 Toderad. 20030)

As we put in the introducton chapter. this pyroline or tetrahy dropyridin ring

has the notential 10 undereo oxidation ar e secondan e omoiciy o the

C Nitiunides. vin the athier and. lave bees

Conresponding siable fiee radical i

v

shown 10 undergo one-election reduction 1o the corresponds A3 lamine

(Shankar e al.. 2000, Twomey e¢f «l.. 1997). Thus. hvdroxyvlamines and nitroxides
can be in equlibrium based on the oxygen status of the tissue. In recent studies,
nitroxides have been shown to possess antioxidant properties explained in terms of

the following: SOD-mimetic activity. termination of free radical chain reactions.

-radical

stimulation of catalase-like activity in heme proteins. participating in radica
recombination reactions. and oxidizing reduced transition metal complexes (Halmosi
erai 2002 Krishng crod BUSC i 0000 Narton e ad 000 Shankar e al.
2000; Twomey ¢f al.. 1997) Any or all of these pathwavs may account tor the
antioxidant properties exhibited by stable nitroxides. Our current experiments
demonstrated that the amine and hydroxylamine forms of H-2693 and HO-3073 were
able to scavenge hydroxyl radicals by being oxidized to the nitroxide form and the
nitroxide moiety of H-2693 and HO-3073 was able to dismutase superoxide anions
(at a degree comparable to that of Tempol) by being reduced to the hydroxylamine
moiety of the experimental compound (Toth ¢ al.. 2003a: Toth ¢r a/.. 2003b).

Myocardial energy metabolism was preserved by the administration of 2, 5.

and 10uM H-2693 as well as HO-3073 and we observed nificant improvement in

two indices of cellular oxidative injury. i e the fevel of lipid peroxidation and protein
oxidation was attenuated compared to untreated hearts. Nevertheless. it cannot be
excluded that these indirect evidences for myocardial free radical scavenging may

have arisen from another, vet unknown. cardioprotective action of the selected

compounds As far as the cardiac encrgetics 1s concer

creatine phosphate and ATP levels during reperfusic

the rapid and more complete consumption of inorganic phosphate. This Kinetics
bears crucial importance because elevated concentrations of inorganic phosphate and

calcium are the most potent trivgers of mitochondrial permeability transition. a



process culminating in the permeabilization of the outer and inner miochondrial

membranes and the subsequent hiberation of eytochrome ¢ from the inner membrane.
whicih may depart the apoptotic ceii deatin cascade (aimosi crads. 2001 Rocie &
Reed. 20000,

In addition rthe exvermmentai compounds proved 1o e abie o presenve

cardiac contractic Tuncuon me e ischcnasieperiuson e e el Bt

and HO-3073 promoied the better fecovery ol left venticular deseioped pressure.

rate-pressure product as well as dP/dt and limited the efevation in left ventricular

end-diastolic pressure during repertusion compared to untreated hearts. The

tunctional recovery of treated hearts consistently succeeded the energetic revival o

the myocardium in the repertusion period. ie. cardiac function reached its
approximate steady state level around 10 minutes afier the reinstitution of the flow

(Toth eral.. 2003a; Toth er al.. 2003b)

An additional i, hy H-2603
and HO-3073 administration. as well. The extent of infarcted mvocardial tissue
diminished in case the experimental compounds were used during ischemia-
reperfusion (Toth ¢r al. 2003b) The investigation of these three aspects of
myocardial functioning convincingly supported the remarkable cardioprotective
properties of the examined two mexiletine derivatives. which data are in accordance
with the findings of other studies employing structurally resembling radical
scavenging molecules (Halmosi et al. 2002. Li et al.. 2000 Shankar et al., 2000),

This notion and the rather low effective concentration of H-2693 and HO-3073

turned our attention toward the stress-related prosurvival racel signal

transmission pathways

5.2.  Review of the protective idylinositol-3-kinase/Akt

transduction path:

Phosphatidylinositol-3-Kinase (P13-Kinase) is a ubiquitous heterodimeric
lipid-modifying enzyme consisting of a p85 regulatory and pl10 catalytic subunit

Growth factors and oxidative stress can activate the Pl3-Kinase through the



awtophosphorylation of receptor tyrosine residues One or more of these

phosphorvlated tyrosine residues then serve as binding site for the Sre homology 2

(SEEY domam of the pas subunit An inerease in cataivie activie of’ Pii-hinase

results from a combmation of this docking of PLs Kinase in the proimiy ot the

nlasma membrane where ats finid substrare is focated. plus aflosteric reeufation of

DIIO activity by the receptor-bound p33 subuime Adinaed piii caiali s ihe

phosphorylation of membrane phosphatidylinositol-+.5-bisphosphate to generate

phosphatidylinositol-3.4.5-trisphosphate  Phosphatidvlinositol-3.4. 3-trisphosphate

and its phospholipid phosphatase product. phosphatidy linositol-3.4-bisphosph

accumulate in the membrane. creating docking sites for two lipid-binding protein

kinases. namely phosphatidylinositol-dependent kinase-1 (PDK 1) and protein kinase

B. known as Akt. which bind 1o these lipids via their pleckstrin homology domains

Akt becomes fully activated as a result of this plasma membrane localization and by

soharviation o

i phosphornd cotsare
catalyzed by PDKI and an unidenmtificd but provisionally  named
idylinositol dent kinase-2. respectively (Brazil &

Madge & Pober. 2000. Miao ¢ al.. 2000)

s, 2001,

Immediate biological effects of peroxynitrite formed from nitric oxide and
superoxide anion include DNA damage. protein oxidation. lipid peroxidation and
nitration, and nitrosation of biological molecules, such as purines or the tryptophan
and tyrosine machinery (Klotz ¢r «/. 2000). Under conditions of ischemia-
reperfusion peroxynitrite features as a “ligand™ of receptor tyrosine kinases and leads
to the nitration of tvrosine residues departing the above mentioned P13-Kinase/ Akt
machinery (Klotz 7 af.. 2000, Yamashita e al.. 2001) Akt targets a wide range o’
substrates by phosphorylation: inactivates the proapoptotic protein Bad. the apoptotic
effector enzyme caspase-9. Forkhead transcription factor. as a consequence.

apoptosis is suppressed (Brazil & Hemmings. 2001 Kiotz ¢ al. 2000) In addition.

p70 ribosomal S6 Kinase is activated promoting mRN\ tran

progression as well as phosphorvlating Bad (Jonassen ot
endothelial nitric oxide synthase (eNOS) activity (Dimmeler e al.. 1999, Gao ef al.

2002) as well as IxB kinase-or (IKKa) (Romashkova & Makarov. 1999). but blocks



elveogen svnthase kinase (Brazil & Hemmings. 2001, Cohen & Frame. 2001 Scheid
& Woodgett. 2001)

in our current study. 1i-20%3 and 1i0U-3073 were abic w iwiie cibance ific

nduced AKt activation and chen GSK 3j5 phosphonviation

ischemia-repertusion

nentine alveasen synthesis tthrou

o the et ation o s latter one

elveouen synthase) as wedl as ceil eveie progression (irougii cuhan uie iauon

factor 2b and cyclin Dy ¢Foth e ol 2003a. Toth er al.. 2005b. Pap & Cooper. 20
Scheid & Woodgett. 2001)

The known Pli-Kinase inhibitor wortmannin could neutralize  the
cardioprotective impacts of both H-2693 and HO-3073 as indicated by our 'P NMR
spectroscopic. left  ventricular functional. and infarct size studies  The

coadministration of’ the two i ds with w 2 vielded

similarly low creatine phosphate. ATP. left ventricular developed pressure. rate-

1P fas well < pressure)

pressure produci.
recoveries during reperfusion as it was experienced in untreated control hearts
Parallel treatment with wortmannin also extended the size of infarcted myocardium
that was markedly shrunk by the application of H-2693 and HO-3073 Thorough
investigation was also conducted 1o reveal the impact of P13-kinase blockade on the
development of lipid peroxidation and protein oxidation. Surprisingly. the sole
administration of both wortmannin and LY 294002 (another commonly used
inhibitor of Pl3-kinase applied in 10uM) could reduce the level of TBARS and
protein carbonyl content back to the normoxic value (data not shown). This finding
may be attributed to the limited specificity of these inhibitors towards the P13-kinase
enzyme (Davies ¢r al.. 2000). which enables them to intertere with alternative
pathways making unfeasible to judge their effect on the indirect markers of oxidative
damage in the current experimental svstem However, the H-2093- and HO-3073-
induced enhanced phosphorylation of Akt as well as GSK-3 was mitizated by
wortmannin treament. which reinforces the findings of heatt perfusion experiments.
namely they facilitate the recovery of postischemic mvocardium via at jeast two
pathwavs In addition 1o their free radical-cntrapping properties. they can also
somehow activate the protective Akt signaling route completing  their

i

Atactive faatires This latter notion is firther nnderpinned by our results that




of ARt as

H-2693 and HO-3075 were capable of bringing about the phosphory iat
well as GSK-3f when hearts were merelv treated for 10 minutes during normoxia
and then freeze-ciamped Nevertieiess wormaniin couid nor compieici iepress tie

ischemia-repertiision- as well as H-2093- and HO-3073-tngucred Akt and GSK-3)5

shoenbions Tanion Thic mas b aesnnted G by the sentinad Benned deli e ot this

asent it all areas of myocardinm  which notion was not subnorted by the tine-
course studies of the phosphorvlation of the two kinases  Another possible

lie in the hypothesis that Akt can potentially be activated by a vet

explanation may
undetermined P13-kinase-independent manner. which is apparently not hindered by
PI3-kinase inhibitors (Toth ¢r al.. 2003a: Toth ¢t ul.. 2003b)

Phosphorylation by Akt was also shown to negatively regulate apoptosis
signal-regulating Kinase 1 (ASK 1) ASK1 is believed to be the mediator of oxvgen

fiee radical-associated activation of c-jun N-terminal kinase (JNK) and p38 mitogen-

activaicd proicin hnase {MAPKG INK and p38-MAPK can precipitaie ap

mitochondria-dependent caspase activation (Tobiuine ¢/ al.. 2001, Clerk ¢r al.. 1998,
Chang & Karin. 2001) As a consequence. Akt may also suppress apoptosis related to
JNK and p38-MAPK activation through the inhibition of ASK1 (Kim er a/.. 2001)
The enzymes that ultimately carry out the command tor apoptosis are the cysteine

proteases known as caspases. Caspases. which are zymogens. are typically cleaved

autocatalytically or by other caspases from inactive procaspase proteins to produce
activated enzymes. Caspase-3 is activated by many proapoptotic stimuli and is an
early step in the execution phase of apoptosis. The activation of caspase-3
commences after apoplotic signals induce the release of cvtochrome ¢ from the
mitochondrial intermembrane space. which subsequently associates with apoptotic
protease-activating factor-1 and procaspase-9 to form the “apoptosome™ This
complex  formation stimulates the oligomerization of  procaspase-9 and its
autocatalytic activation. The effect of caspase-9 activity is the proteolytic activation

sase-3. which i tui

proteotyzes poly(ADP-

of downstream caspases such as cas
ribose) polvmerase and other proteins. Hence the measurement of caspase-3 activity
can serve as a biochemical marker for the execution phase of apoptosis (Bijur ¢/ al..
2000: Bishopric. er al.. 2001) Our caspase-3 activity measurements clearly

demanstrated that H-2693 and HO-3073 conld abrogate the enzvme activity during



45-minute repertusion. which was prevented by paratlel wortmannin tcatment s
speaks for limited extent of apoptosis in H-2093 as well as HO-3073-treated hearts

ol ei al. 2003a)

ely amounts e areund ©%o under

Albeit apopiotic cardiomyoayie foss

o fusion. remathable pere ’

pote 4% of vascular

conditions of ischemia

othiclial cclls ia sisc whichi Cain coimipivitiiag e corvnarny

flow, and magmify the proportion ot cells destined or necrotic death (Yellon &
Baxter, 1999)  As we mentioned above. in case of oxidative challenge
cardiomyocytes can tread on the wayv of apoptotis through different mechanisms.
Since H-2093 and HO-3073 could entrap fiee radicals and promote the postischemic
utilization of inorganic phosphate. they may have efficaciously prevented the

mitochondrial permeability transition pore formation and the subsequent ¢vtochrome

¢ liberation. Moreover. by activating AKt 11-2693 and HO-3075 could directly

Akt wrhsrrates andd indd

impede the proapopt e i

various caspases (through ¢NOS produced NO) (Gao er al. 2002) as well as
eventually that of INK and p38-MAPK (through ASK1) (Kim ¢7a/.. 2001) Based on
this. it seems plausible that H-2693 and HO-3073 conferred their protective effects
by limiting both necrosis related to energy depletion (through the inactivation of’
mitochondrial enzymes) and apoptotic cell death (Toth er ul.. 2003a. Toth er al..
2003Db).

Our data provide the first insight into how free radical-entrapping mexiletine
derivates can influence the intracellular signal transduction pathwavs  Two
substituted mexiletine derivates. H-2693 and HO-3G73 preserved cardiac energy
metabolism as well as cardiac contractile function during ischemia-repertusion. and
also attenuated the oxidative injury and the infarct size of the myocardium

Moreover. H-2693 and HO-3073 administration prompted the activation of Akt and

0 svnthase kinase-

the suhse

nent inactivation of ulve

perfusion and ischemia-reperfusion. The phosphatids linositol
wortmannin abrogated the beneficial effects off H-2093 and HO-3073 concerning
myocardial encrgetics. contractile function. infarct size. and Akt activation H-2693

and HO-3073 could also diminish the activity of caspase-3. an effector ensvime of the



apoptotic cell death caseade. which was abolished by the co-admmistration of

wortmannin implicating the eventual antiapoptotic effects of these antioxidant agents

Vid ARG acivaiion Fahen weethien proteaine citeos of e exammed sicicatty

hindered secondary amine

fecules (nitronide precursors) may be o ble not

only 1o their oxveen radical-scaveneing activity but aise o their ability o upres

the prosuivival Ak procin kinase vascade, |

our understanding ol the exeeutine mechanisimy 0 how these compounds may conter
their remarkable cardioprotection and attract additional efforts to elucidate the

precise interplay between the molecules and the signaling elements



Our NNR specinoscopie siudios deinoiisiiaicd ibai fivi

!

he hest oprimized by

menifetine derivates the cardioprotective effe

substituting with a2 205 Saetramethy ipyeotine-3-carhosaiiide (1122695 o a

Ao R o idined-car these
2.2 0mctamcthy ictrativdiopyiidin-4-ca ene

two compounds signiticantly promoted the better postischemic recovery of
creatine phosphate. ATP as well as intracellular pH and. in the meantime.
triggered the faster and more complete reutilization of inorganic phosphate
during reperfusion In the contrary. the sole pyrroline ring present i H-2693 and
mexiletine itself had no positive effect on ischemia-reperfusion-related energy

metabolism compared to untreated postischemic hearts

o haed benehicial imp

The applicd swe experimentai antiovidant agents

the postischemic contractile function of the myocardium as well as on the size of
the ischemia-repertusion-induced infarcted area. We have shown that the

different forms of H-2693 and HO-3073 were effective in scaver iperoxide

as well as hydroxyl radicals in vitro. Furthermore. the two compounds were able
to significantly reduce two indirect indices of myocardial oxidative damage. i e
lipid peroxidation and protein oidation These findings underpin that the
examined antioxidant molecules are definitely capable of entrapping free radicals

and as so can limit the extent of oxidative stress-related adverse reactions

We identified that H-2093 and HO-3073 administration was accompanied by
increased ischemia-reperfusion-induced phosphorviation of Akt kinase. the
central component of the prosurvival phosphatidylinositol-3-Kinase’ Akt signaling
cascade AKt phosphorvlation presumably resulted in its activation because one

-3 aiso hecame phosphorvlated

of its substrates ulveogen synthase ki

Akt

(meaning its inactivation) Both H-2603 and HO-3673 b

phosphorylation during normovic perfusion. as well The two compounds

the ischemia-repertus duced enhanced caspase-3 activation



4 By the parallel application of the P3-kinase inhibitor worimanmi. we explored
that the Pl3-kinase Akt cascade probably played an important role in the

mechanism oi action oi" both compounds. As @ maner of fact. worinanng could

neutralize the fasorable intluences of both

on myocardid

vetics.

cardiac functional performance. infarct size. Akt activ

on s well as caspase-d
activity i conciusion. dic cardioproiedine eitedis i thie Cuaicd aitiviidant
nitroxide precursor molecules may be attributable not onty 1o thew tree radical-
entrapping properties but also to their ability to upregulate the prosurvival Akt

kinase cascade
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