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4 SUMMARY

Ischemic heart diseagéHD) is the leading cause of death in developed countries. It is well
known that IHD is a multifactorial pathological condition developing as a consequence of both
genetic and environmental factors as wellasous interactionbetweenthem. FurthermorelHD
generally coexists with other metabolic risk factors and comorbidities including
hypercholesterolemia, metabolic syndrome, diabetes mellitus, etc. Moreover, increasing prevalence
of hypercholesterolemia and diabetes mellitus in the aging populasoits in a dramatic rise in
the prevalence of chronic kidney disease (CKD) characterized by severe metabolic changes
generally termed as uremia. In addition, uremia has been shown to increase the risk of
cardiovascular morbidity and mortality.

Brief periads of ischemia applied before or immediately after a potentially lethal myocardial
ischemia confer remarkable cardioprotection. These endogenous cardioprotective mechanisms,
termed as ischemic preconditioning (IPre) and postconditioning (IPost) have dmendirated to
be abolished by several metabolic risk factors and comorbidities e.g. hypercholesterolemia,
metabolic syndrome, and diabetes mellitus.

Although, the kg cellular events of IPre and IPost are extensively studied in normal and
comorbid statesthe exact mechanisms of myocardial changes in chronic metabolic disorders as
well as loss of IPre and IPost are still unknown. Beside the traditional biochemical and
pharmacological approaches, genomics may provide new potentials to investigate keyamolec
events in the mechanisna$ myocardial changes in chronic metabolic disorders as well as in the
cellular event®f IPre and IPodboth in normal and comorbid states

Using DNA microarray, we have previously shown in separate studies that both IRRoaind
modify myocardialischemia/reperfusionl/R)-induced gene expression pattern insrat the
absence of anymetabolic risk factor. Similarly, w group has previously shown that
cardiovascular risk factohypercholesterolemia alters cardiac gexgression profile in rat Other
cardiovascular risk factors including type 2 diabetes mellitus (T2DM) and CKD have been shown
to influence cardiac gene expression profile. Therefore, in the present thesis we investigated the
effect of another cardiovaseulrisk factorand comorbid stateghe metabolic syndrome on cardiac
gene expression pattern in order to examine the basic differences in cardiac metabolicicleanges
complex metabolic disordenWe have found genes with significantly alteredrdiac gene
expression due to metabolic syndrome including functional clusters of metabolism, structural
proteins, signal transduction, stress response, ion channels and receptors. Moreover, some other

genes with no definite functional clusters were also changecbrinlusion, metabolic syndrome
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significantly alteramyocardialgene expression profile which may be involvedha development
of cardiac pathologies in the presence of metabolic syndrome.

We and others have previously shown tbatdiosascular risk facte and comorbid states
including hypercholesterolemia as well as T2DM attenuate the cardioprotective effect of IPre and
IPost. However,it hasbeendemonstrategbreviouslythat cardioprotective effect of both IPre and
IPost arepreserved in experimental lsacute renal failureTherefore, in the present thesis, we
examined whether another cardiovascular risk factor and comorbid state, prolonged uremia, affects
the I/R injury and cardioprotection by IPre. We have found that although prolonged experimental
uremia leads to severe metabolic changes and the development of a mild myocardial dysfunction,
the cardioprotective effect of IPre is still preserviedconclusion, our present study suggests that
patients suffering from lonterm uremia may also benefit frocardioprotection byPre Since
uremic patients are regularly excluded from clinical trials, there is a need for clinical studies to
investigate the cardioprotective effect of conditioning techniques in patients with chronic renal

failure suffering fromHD.



S5 INTRODUCTION

5.1 Epidemiology andmetabolicrisk factors for ischemic heart diseases

Diseases related to the heart amtulatory system artermed as cardiovascular diseagg¥D)
which are the major cause of morbidity and mortality in the indliggthworld. In the USA, CVD
accounted for 17 million of the total 57 million deaths in 2008 By 2030, the number of CVD
deaths is expected to rise to 23.6 million in the UBQ There aredifferent forms of CVD
conditions, among whichHD is the most predominarform of all cases and deatt$]. IHD
developsdue toatherosclerosikading todifferentclinical phentypes from dess severe angina

more severe formmcluding acute myocardial infarctiorghronicischemiaor even sudden cardiac
death[1]. IHD is a multifactorial pathological condition developing as a consequeht®th
genetic and environmental factors as well as interaction between[thefnis well known that

IHD generally coexists with othemetabolic risk factors and comorbiditiefl, 3] including
hyperlipidemia, metabolic syndrome (defined as the coexistence of visceral obesity, dyslipidemia,
hyperglycemia, andystemic arteriahypertension)atherosclerosisinsulin resistance as well as
diabetesmellitus, hypertensiorrelated left ventricular hypertrophyeart failure,and aging [3].
Moreover, increasing prevalence of hyperlipidemia and diabe&gus in the aging population
results in a dramatic rise in th@wevalence of chronic kidney disease characterized by severe
metabolic changes generally termed as urddijialn addition, wemia and especially ersglage
renal failure have been shown to increase the risk dfmascular morbidity and mortalif$s, 6].

Hypercholesterolemia

Hypercholesterolemie defined ashe presence of elevatesdrumcholesterolevelsincludingtotal
cholesterol (>5.2 mmol/Land LDL-cholesterol ¥2.5 mmol/l) [7, 8]. Large clinical studies
showed that a significant populatiohadults is affected by hypercholesteroleimighe developed
countries [9]. In the USA, approximately 100 million people (44.4%) suffered from
hypercholesterolemia (>5.2 mmol/L for total cholesterol level) in 2@2D8Therole of an increased
serumLDL -cholesterolevel as a predictor of CVIs of great importance since every 1.0 mmol/L
decreasen LDL-cholesterol levehas been reported to lassociated with a corresponding 22%
reduction in CVD morbidity and mortality [8]. Moreover, several experimental studies have
demonstrated that in addition tihe well-known preatherogenic effect in the vasculature,

hyperlipidemia may directlyféect the heart causing contractile dysfunctjib@, 11]



Type 2diabetesmellitus

Type 2 dabetes mellituss defined as a metabolic disorder characterized by elevated serum glucose
level 6.1 mmolL fasting glucoseconcentratioror >11.1 mmol/Lglucose concentratiod hours

after OGTT) with insulin resistance and relative insulin deficigd®}. The raid increase in the
prevalence off2DM aaoss the world gives diabetes the status of an epidemic in the 21st century
[13]. In the last decades, there was an explosive increase in the number of people diagnosed with
T2DM worldwide due to aging as well as inastng prevalence of obesity and physical inactivity
[13-15]. In the USA, an estimated 18 million people had diagnds#aM, representing 8.0% of

the adult population in 200R]. In addition, 36.8% of the adult population had-giabetes, with
abnormal fasting glucose levels in 2J@8. Worldwide, he total number of people with diabetes is
projected taise from 347 million in 200816] to 552 million in 203(Q17]. Epidemiological studies

and clinical triald3, 18-20] have shown that2DM patientsaremore prone to developi@VvD (2-

4 fold relative risk)21], includng acute myocardial infarctiof7 fold relative risk[21].

Metabolic syncbme

Metabolic syndrome is defined as the coexistence of visceral obesity, dyslipidemia, hyperglycemia,
and hypertensiof22, 23] Most individualswith metabolic syndrome have abdominal obesity and
develop insulin resistance, therefore the prevalence of metabolic syndrome-drabptes overlap

[24, 25] In addition, metabolic syndromezan be considered as a direct precursor staie2bM

[24] and CVD [24, 26] Metabolic syndrome affects a large population including all ages from
children to elderly and both sexes worldwif#-29]. According to the Third National Health and
Nutrition Examination Survey (NHANES IlI) criteria, about 47 million people (approteim®4%

of the US adult population) had metabolic syndrome in the USA in P82 Its prevalence is
raising both in developef27, 30} and in developingountries[27, 30] In addition, patients
suffering from metabolic syndrome have an approximatelcbincreasen diabeteg24, 31] and

2.5 fold increase in chronic renal failuf@82] risk compared with persons without metabolic
syndrome It is well established that metabolic syndrome is a major risk factor for cardiovascular
disease$33-36]. Several epidemiological studies halemonstratedhat metabolic syndrome was
associated withraapproximatelyl.5-3 times greater risk of CVD arltiD mortality [37, 38}
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Chronic kidney disease

Chronic kidney diseass defined as either kidney damage fioore than3 monthsconfirmed by
kidney biopsy or markers of kidney damafgeg. albuminurig) with or without a decrease in

gl omerul ar filtration rt72nfforamoR tharB monthsGWtiRor < 6 0
without kidney damag@4, 39]. CKD is a worldwide public health problem duetht® increasing
prevalence off2DM, hyperlipidemia and hypertensigd]. According to a metaanalysis, the
prevalence of CKD waapproximately7.2% inpeopleaged 3664 years and varied from 23.4% to
35.8% in patients 64 years or oldeorldwide [40]. In the USA,prevalence of CKD was 13.1% in
19992004[41]. Despite the significant number of people with CKBe imajority ofthemremain
unaware of their condition for several years until reaching lagestd CKD [4, 42]. According to

the US National Kidney Foundation's Kidney Early Evaluation Program, only 9% of patients with
CKD were aware of their diagnodicom 2000 to 200943]. CKD and especially endtage renal
failure have been shown to increase the risk of cardiovascular morbidity and m{Btadiy. The
prevalence ofHD at the sart of dialysis is approximately 40§45]. In fact,CVD is the main cause

of death in patients with chronic renal failiB9, 44] Indeed,CVD mortality isapproximately 10

to 30 times higher in CKD patients on dialysis than inigmé$ in the general population
irrespectively for agg39]. After stratification for age, CVD mortality remains approximatefpla

higher in dialysis patients than in the general populat|88]. The incidence of myocardial
infarction is high in dialysis patients and the outcome after myocardial infarction ig4&join
dialysis patients, me and two year mortality rate after myocardial infarction was 59% and 73%,
respectively, which is much higher than after acute myocardial infarction in the general population,
even in subjects witbthercomorbid stateg.g.diabetes mellitu$39]. In addition, &ft ventricular
hypertrophy andlysfunctionarenotable in a significant number of patients on chronic dia[g8s
46-48].

5.2 Myocardial ischemia/reperfusion injury

IHD meansdifferent clinical manifeations of myocardial ischemiacluding acute myocardial
infarction [1]. Myocardial ishiemia develops when corondigw to the myocardium isrelatively
or absolutely reducednhich results in myocardial ischemic injuf$]. During ischemiaoxygen
supply to the mitochondria is inadequate to suppxidative phosphorylatioandtherelated ATP
synthesis[3]. The imbalance ofntracellular oxygen anenergy supply leads tointracellular
accumulation of inorganic phosphate, lactaté, W& and C&" [3, 49] (Figure ). The increasing

intracellular concentrations of solutes result in osmotic swellinidp increasedsarcolemmal
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fragility and cell disruption as well asactivation of C&'-dependentnudeases,proteases and
phospholipaseéFigure 1) resulting in the destruction of membranes and leading to cell d&ath
49]. The process of irreversibtll injury is time-dependent ancesults in the pathological features

of necrosigFigure 1)

[ During ischemia ] Metabolic
0, 13
substrate

!

{ATP production 8- } i[ Na*/K* -ATP-ase ]

1

v
Osmotic swelling]

' [H]
[SR Ca® uptake [] ] [Anaerobic metabolism]—> H [Lactate]
[Pl

v v

( Protease activation | >  Sarcolemmal rupture |

1. Figure. Myocardialinjury during ischemigmodified fromFerdinandy et al., Pharmacol Rev. 2007).

Under experimental circumstances aimd clinical situations, ischemia may be followed by
reperfusion, that is, threadmission of oxygen and metabolic substrates with washout of ischemic
metabolited3] (Figure 2) Although, reperfusion is essenttal salvage ischemic tissue, it has the
potential to cause further irreversible cell damage termed as reperfusion[8jjuParadoxically,

the sudden readmissioof metabolic substratesnd oxygen contributes t@perfusion injury{3].
Reperfusion leads to increasing intracellular pH duetavikhout and inadequately restored ATP
synthesis[3], C&"* overload and reduced contradtili coronary endothelial dysfunction, low
production of nitric oxide and oxidative stress, migration of inflammatory cells, disruption of
membranes and induction of apoptotic and necrotic signals in the myocdd8ius0] (Figure 2)

The recovery of pH, oxidative/nitrative stress and*@acumulation can induce the opening of the
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mitochondrial permeability transition pores (mPTP) which strongly contributes to myocardial

apoptosis and necreg49] (Figure 2)

[ At reperfusion ]

—[ ROS/RNS ]:

v

SR damage and
Ca’*release

He

[ATP production 1} ]

l

Na*/CaZ*
exchanger

[ mPTP opening]

ROS/RNS

]

N

4

Further

[osmotic swelling]

|

>[ Protease activation ]——)[ Sarcolemmal rupture ]

l

Death . Accelerated
signals Apoptosis necrosis

2. Figure Myocardial eperfusion injury ifhodified fromFerdinandy et al., Pharmacol Rev. 2007).

In summary, myocardial ischemia and repesfi o n

eads

t o

s c hemi

might result in the development wifyocardialinfarction, contractile dysfunction and arrhythmias.

5.3 Endogenouscardioprotective mechanisms of the myocardium

Coronary interventions and thrombolytic thaespare the most widely used clinical intervensido

reduce infarct size by opening the occludedrteries Pharmacologic agents.{, nitrates and beta

blockers) reducing energy demand andiareasing coronary flovare alsocommonstrategies to

amelorate infarct size. An alternative approach to minimitee development of myocardial

infarctionis the triggering of endogenous adaptive mechanisms tieiud

Experimentally the most powerfulendogenousadaptive cardioprotective mechanisms are the

ischemic precondonditioning and postconditionfRmure 3. IPreis a well describeéndogenous

adaptivemechanismin which briefexposure to I/Rmarkedly enhances the ability of the heart to

withstand a subsequemotentially lethall/R injury [3, 51]. Brief cycles ofl/R applied after a

alr
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longer period of ischemia alsoomfer cardioprotection againgtyocardial I/R injury. This
phenomenoris termed adPost [3, 52]. The cardioprotective effect dPre and Post results in
attenuation ofl/R injury characterized by improvement of pasthemic contractile function, a

decrease in the occurrence and severity of arrhythamasa reduatin in infarct siz€[3].

[ Ischemic pre- and postconditioning ]

Adenosin, bradykinin, opioids ] [ Acidosis ] [ IL6, TNF ]

[ cGMP/PKG pathway ] [ RISK pathway ] [ SAFE pathway ] [ iNOS? ]

T~ \ IZAN v

GPCR MEK [ ep130 ]| TNFR2 ]

]/ J <o

|
||I!l!!

K

PI3K ERK1/2
Akt

eNOS

g

GSK3B

B

PKG

[ Inhibition of MPTP opening ]

3. Figure Potential mechanism of ischemic pand postconditioningmodified fromPerrelli MJet al World J Cardiol,
2011).

The exact mechanisms responsible for the cardioprotective mechanid® aind IPostare still
not fully understood. Brieflypoth IPre [3] and IPost [53] are considered to be gdered by a
number of endogenous factors, including adenosine, bradykinin, and qfigjdee 3) Two major
intracellular signaling cascades have been proposed as mediatiod the preconditioning and
postconditioning stimulus, the reperfusion injwalvage kinaséRISK) [54, 55] pathway and the
survivar activating factor enhancemeg@AFE) [55, 56] pathway(Figure 3) The RISK pghway is
considered to consist dfvo arms,one of whichinvolves mitogen activated protein kinase 1/2
(MEK1/2) and extracellular signategulated kinases 1/2ERK1/2) and the other invoks
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phosphatidylinositide -Binase (PI3K)and Protein kinase BAKkt) (Figure 3)[55]. Both arms are
thought to be triggered by the binding of specific ligands witpr@ein-coupled receptors and
terminate onglycogen synthase kinase 3 be@SK33) to reduce the likelihood of mitochonal
permeability transition porénPTP)opening and thus attenuate reperfusion inj{y, 55] (Figure
3). The activation of the SAFE pathway including the activation of the cytokine tuncoosie
factor a | pg5b]aand ( tAeNtFawosgription factor signal transducer and activator of
transcription3 (STAT-3) [57] is now recognized as 8&RISK-fre€' pathway that can anfer
cardigorotectionby bothin IPre and IPost (Figure 3As with the RISK pathway, inhibition of the
mPTPis thought to be the end effector of this pathWe§j (Figure 3) In addition, mitochondrial
ATP-sensitivepotassium channeK(rp)-mediatednhibition of mPTP openinglso thought to play
an important role both in the mechanismifefe and 1Posf3, 58]. Moreover,another consequence
of mitochondrialKatp Opening the enhanced generation of reactive oxy(R@S) and nitrogen
species(RNS) seems to be an obligatory part of the signaling casEadg9]. It is likely that
ROS/RNS signal actives distal kinaseshich may includeMEK, JAK andSTAT [3].

5.4 The effects of cardiovascular risk factors onPre and IPost

A number of evidenchave demonstratettiat IPre and IPosare powerful interventional stegies

to limit I/R-induced myocardial injury{3]. Despite this fact, cardioprotectioby ischemic
conditioning techniques iaffectedin the presence ad number ofcardiovascular risk factors and
chronic metaboti diseases e.g. hyperlipidemia, atherosclerosis, metabolic syndrome, diabetes
mellitus and insulin resistang8]. This suggests thdlPre and IPosare moderatelyhealthy heart
protective phenomeid3]. The mechanisms by which these cardiovascular risk factors and chronic
metabolic diseases interfere with cardioprotective effects of ischemic conditioning techniques are
uncertain and are not completely understf8jdTherefore, the development of rational therapeutic
strategiesto protect the heartagainst ischemiarequires preclinical studies that examine
cardioprotection specifically in relation to complicating cardiovasculdr fastors and chronic

metabolic diseasd8].
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[ Ischemic pre- and postconditioning and major risk factors ]

Severity of ischemia/reperfusion injury
is influenced by major risk factors

Ischemia/reperfusion Ischemia/reperfusion injury

* Contractile dysfunction
% —_— .
* Arrhythmias

* Myocardial infarction

Ischemic preconditioning

R —

Cardioprotection
* Contractile function ¢
* Arrhythmias |
* Infarctsize

— —>

Ischemic postconditioning

Major risk factors (hyperlipidemia, diabetes mellitus,
aging etc.) interefere with cardioprotection conferred
by ischemic pre- and postconditioning

4. Figure Cardioprotective effects of ischemic paad postconditining are influenced by major cardiovascullr ris
factors and comorbiditiggnodified fromFerdinandy et al., Pharmacol Rev. 2007).

Hyperlipidemiaand ischemic preand postonditioning

AlthoughIPre confers remarkable cardioprotection in a variety of spg8ies3], including humans
[60-62], we and others have shown that its effectiveness is attenuated by hyperligigle68h
(Figure 45). Szilvassyet al. [3, 64] demonstratedfor the first timein the literaturethat
cardigorotection conferred bypacinginduced preconditioningvas lostin rabbits developng
hypercholesterolera and atherosclerosidter 8 weeks of 1.5% cholestestriched dietAfter re-
exposureto a normal dietyeductionof serumcholesterollevels recaptured theardigrotective
effect ofpacinginduced preconditioningespitethe presece ofatherosclerosif3, 64]. This result
proved that hypercholesterolemia, independgnfrom the development of atherosclerosis,
interferes with the cardioprotective mechanismpaafinginduced preconditioninfB, 64]. The loss
of pacinginduced preconditioningzas subsequently confirmed in isolatezhrtsfrom ratsfed with
cholesterclenriched dietwithout development of atherosclergsisince rats do not develop
significant atherosclerosdue tohigh-cholesterol dief3, 65]. The loss of the antschemic effect

of IPre (assessed by S§egment elevation) in pgrlipidemia has been confirmey two
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independent groups in patisnindergoing repeated balloon inflations during coronary angioplasty
[3, 62, 66]as well.Limited literature dataare availableon the effect oflPostin hyperlipidemia.
lliodromitis et al.[3, 67] showedthat the infarct sizémiting effect of IPostis lost in rabbits with
experimental hyperlipidemia and atherosclerosis. The loss of the infartinsitaeg effect of IPost
has been also confirméyg our groupin hearts isolated from cholesteffield ratg59].

Though he precise mechanisms involved time loss of cardioprotective effects of ischemic
conditioning techniques in hypdrtolesterolemiare uncertainreduced activation of Akt signals,
redistribution of both sarcolemmal andhitochondrial Connexin 43, dowmgulation of
tetrahydrobiopterin and subsequent inactivation of NOS, impaired opening of mitoch#éhgdgial
channels, eNOS uncouplingicreasedoxidaive and nitrosative stresand high incidence of
proapoptotic signaling could plgyivotal roles inthe loss ofcardioprotective effects of ischemic

conditioning techniqueis hyperlipidemic myocardiufb0].

Diabetesmellitus and ischemic prend postonditioning

A number ofpreclinical and clinicabtudies have examindte cardioprotective effectf IPre and
IPost in T2DM [3]. The majoity of these studies showed thatiabetes interfese with
cardioprotectivanechanismsattenuating the effectiveneskcardioprotective strategi€sigure 4

5) [3].

The first preclinical study to examine thE°re in experimentalstreptozotocin $TZ)-induced
diabetes waseported byLiu et al.[3, 68]. Two weeks after STZ injectiongehrts of diabeticats
were found to be more risgant to myocardial infarctiom vivo as compared to normal control
hearts, andPre affordedadditionalcardigrotection[3, 68]. Another studyby Tosaki et alreported
that brief cycles of preconditioningschemiadid not confer protection against/R induced
arrhythmias, stunning, and intracellulia™ accumulation and Kefflux in diabetic rats4 or 8
weeks after the STHeatmentin isolated rat heartg3, 69]. In addition, IPre failed to reduce the
infarct size in dogs 3 weeks after diabatetuction[3, 70]. Therefore, the duration of the diabetic
stateis a crucial factor in the efficacy oflIPre Some clinical observations suggest thate or
preconditioninglike phenomena are impaired in diabetic patients with ischéeart diseasg].
Angina, considered tbe acorrelationfactor of IPrein patientsfailed to limit infarct size, enhance
recovery after myocardial function, or improve survival in diabetic patients with mgdiah
infarction as comparedto nondiabetic patient§3, 71]. Impairment ofIPre during coronary
angioplasty was observed in diabetic patiastsvell[3, 72].

In fact, literatwe data on the efficacy dPostin T2DM are controversial Some preclinical studies

have shown that the cardioprotective effectidstis lost in murine model oT2DM [3, 73].
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Another preclinical study has showimat IPostconfers infarct size limiting effect in STidduced
diabetic micg74]. Thoughthe precise mechanisms involved in loss of cardioprotectidRi@yand

IPost in diabetes mellitus are uncertain, GSK3  p lorglatignhand mPTP opening upon
reperfusion seem to be crucial poifits]. However, nultiple protective signaling pathways appear
toconverge ol SK-3 3 regul ati on and i, M2bM-mduted defets iothsemP T P
protedive signaling pathwaysmay be dferent depending on the modahd/or phase of2DM

[75].

Metabolic syndrome and ischemic pasmd postonditioning

Although the effect of metabolic syndrome gene expression pattern in various tissue types has
been investigated in a few studies (livédegletal muscle, adipose tisspjg6la nd p an-cellseat i c
[77] obtained from the weknown metabolic syndrome model Zucker Diabetic F&AYF) rat,
limited or no data are availablen the effect of metabolic syndrome @ardiac gene expression
paternin relation to differences in basic cardiac metabolic features, susceptibility to myot&dial
injury or endogenous cardioprotective mechanigifgure 5) The degree to which metabolic
syndrome or its components contribute to myocaidéialnjury is unknown. However, the efficacy

of cardioprotective mechanisms appears talbaishedn the presence of pathological conditions
associated with metabolic syndrome such as obdsiperlipidemia and hyperglycemiln hearts
from ZDF rat, IPre did not aford protection againdiR injury [78]. In another wetknown model

of metabolic syndrome, itihe ob/ob mice cardioprotection Biostwas alsdost[79, 80]

Chronic kidney diseasend ischemic preand postonditioning

One may speculate that the severe metabolic changes seen in uremia may interfere with endogenous
cardioprotective mechanisms as seen with other metabolic digéapa® 5) However, there are

limited data on the possible interaction 6KD with endogenous adaptive cardioprotective
mechanisms includingPre and IPostin a preliminary study, we have demonstrated for the first

time in the literature that the infarct size limitinffeet of IPostwas still present 10 weeks after
subtotal nephrectomy resulting in uremia in {&%]. Moreover, an extensive study published by
Byrne et al.[55] has reportedthat IPre, IPost and remote ischemic conditioningre still
cardioprotective after 4 weeks of subtotal nephrectomy. In addition, in the samdPtaayas

shown to limit infarct size in an adenieariched dieinduced model of uremia in rafs5]. It has

been shown in this study, th&re and IPosin a subacute renal failunemodelwere associated with

an increase in phospt®lAT3 and phosph&RK1/2 representing keynediators ofRISK and
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SAFE pathwayg55]. Although the uremic state seems to be too short and was not characterized
thoroughly i n Byr ne/[55, thayfmay seggestthat thee urendic heairt gath bee s
still protected lp conditioning techniques. Indeed, an experimental model of 4 weeks of uremia
probably may not properly reflect the clinical situation, since uremia may remain ureekfibora

long time in patient$4, 82]. Additionally, it has been shown that 5/6 partial nephrectomy followed
by a postoperative duration of 3 weeks does not leadivanced uremia in rg83]. However, it is

not known if a substantig longer period of uremia may influence endogenous cardioprotective
mechanismsTherefore, in the present thesis we examined the influence of prolonged (88mia

weeks) on the severity of I/lRjury and the infarct size limiting effect éPre

5.5 Alterations in myocardial gene expression byPre and IPostin normal and
comorbid conditions

Although, the molecular mechanisms I8fe and IPostare extensively studied, the exact signal
transduction pathways ofPre and IPostare still unkown due to the complexity of these
mechanisms. Beside the traditional biochemical and pharmacological approaches, genomics may
provide new potentials to investigate key molecular events in the mechanié?ns ahd IPostWe

and others have previouslyashn thatIPre significantly influenced myocardial gene expression
pattern as assessed by miRNKip [84] as well as DNA microarray angRT-PCR[85, 86] We

have previously demonstrated that hypercholesterolemia resulted in marked changes in
preconditioninginduced gene expression which might lead to significant alterations of
oxidative/nitrative stress signaling and to the loss of the cardioprotective efifeéce@6] (Figure

5). However, another cardiovascular risk factors and comorbid conditions including [B1)BB]

and CKD [89] have been shown to influence cardiac gene expression profile (Figure 5), the
aterations in myocardial gene expression by IPre and IPost in the presdheseasfirdiovascular

risk factors and comorbid conditions are not investigatedTyedrefae, in the present thesis we
investigated the effect of another cardiovascular risk factor, the metabolic syndrome on cardiac
gene expression pattern in order to examine the basic differences in cardiac metabolic changes
which might provide a new potentitd understand the mechanisms of different susceptibility to
myocardiall/R injury in metabolic syndrome.
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6 AIMS

The aims of our present thesis were to
1. investigatethe effect of metabolic syndrome on cardiac gene expression pattern in male
ZDF rats whichs a weltknown model of metabolic syndrome
2. examine the influence of another severe metabolic state, the prolonged uremia (30 weeks)
on the severity of
a. myocardiall/R injury and

b. the infarct size limiting effect dPre

\r .
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5. Figure Effects of comorbidities on cardiovascular morbidity and mortality, cardiac gene expression and
cardioprotection conferred by IPre and IPost.



20

/ MATERIALS AND METHODS

Theseinvestigatians conformed to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Pub. No. 833, Revised 1996) and was approved by the Animal
Research Ethics Committee of the University of Szeged.

7.1 Experimental setupfor investigation of cardiac gene expression pattern in
metabolic syndrome

Male Zucker Diabetic Fatty (ZDF/Gnfa/fa) rats and their lean controls were obtained from
Charles River Laboratories at the age-hlglt 5 we
dark cyck. The rats received Purina 5008 chow and water ad libitum for 20 weeks after their
arrival. The Zucker diabetic fattyat with a point mutation in the leptin receptor is a recognized
model of obesity, hyperlipidemia, hyperglycemia and hyperter{§i6:92]. In the present study,

only male rats were used, since female ZDF rats are less prone to the development of metabolic
syndrome[93, 94] Male ZDF rats develop an agependent obese and hyperglycemic phenotype

at 1612 weeks of age accompanied by a metabolic state of obesity, dyslipidemia, hyperinsulinemia
and insulin resistand®5, 96]which develops to a hyperglycemic insutieficient statd95]. The
metabolic features manifested in taisimal model are in many ways similar to the pathogenesis of
metabolic syndrome in humaf@b, 97] Therefore, the ZDF rat is an ideal model for investigation

of cardiac gene expression pattehanges related to human metabolic syndrome.

Body weight, serum glucose, insulin, cholesterol and triglyceride levels and homeostasis model
assessmerdstimated insulin resistance (HOMR) were determined at 6, 16 and 25 weeks of age

in order to monitorhe basic parameters of glucose and lipid metabolism and insulin resistance in
ZDF and lean rats (Figu®). Oral glucose tolerance test (OGTT) was performed at week 16 and 25

in order to further characterize glucose homeostasis in ZDF and lean rats @FicgAtra5 weeks of

age, rats were anaesthetized using diethyl ether. Hearts and pancreata were isolateg),(Rimgire

then hearts were perfused according to Langendorff as described g8lietAfter 10 min
perfusbn, ventricular tissue was frozen and storeeBa® ° C unt i | DNA microarr
gene expression analysis (Fig@e To validate the welknown nitiative stressnducing effect of
metabolic syndrome on the heart, frozen ventricular tissueuses for determination of cardiac

free 3nitrotyrosine level (Figuré).
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6. Figure Experimental protocol. MalZDF rats and their lean controls were followed up from 6 weelegyefuntil 25

weeks of age. Body weight (BW), serum glucose (Se Glu), insulin (Insulin), cholesterol (Chol) and triglyceride (TG)
levels were determined at week 6, 16 and 25. Oral glucose tolerance test (OGTT) was performed at week 16 and 25. At
week 25, karts and pancreata were isolated. Pancreata were frozen and homogenized to measure pancreatic insulin
levels. Hearts were perfused according to Langendorff for 10 minutes using Krebs Henseleit buffer. Then ventricular
tissue was frozen and used for DNAcnaiarray analysis and cardiac fre@aigotyrosine level measurements.

Serum glucose level measurements and OGTT

Rats were fasted overnight (12 h) prior to serum glucoss# teeasurements (week 6, 16 &%)

and OGTTs (week16 and 25) to verify the depetent & hyperglycemia as a diagnostidterion

of metabolic syndrome. Blood samples were obtdld from the v. saphena. Blogtlicose levels

were measured using AccuCheck blooducglse monitoring systems (RochBiagnostics

Corporation, USA, Indianapolis)n case ofOGTT, after the measurement béseline glucose

concentrations, a standard dose ofcghe (1.5 g/kg body weight) waslministered per os via

gavage and plasma glucosedlBsvwere checked 30, 60 and Iflhutes later. Area under the curve

values for OGTT was also calculated.

Measurement of semuand pancreatic insulin levels

Serum and pancreatic insulin levels were measured bgnayme linked immunosorbent assay
(Mercodia, Ultrasensitive Rat Insulin ELISA) in order to verify the depment of

hyperinsuliremia anddecreased pancreatic insulin content as a consequehetaaell damage in

metabolic syndrome. Insulin ELISA was carried out according to thetructions of the

manufacturer from either sera lmomogenized pancreatic tissue sampleZF and ean control

rats. Serawer e

centrifuged (4500 rpm

-2f 00°r C  1uOtharmil n f

investigation Pancreata were removed, trimmed free of adiposediand weighed. Pancreata were
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homogenized in 6 ml cold acidifieethanol (0.7 M HCI: dtanol (1:3 v/v) with an Ultraturrax

homogeni zer and were kept at 4°C for 24 h. TI
for 15 min at 4°C), and the supernatants wer €
ml acidified ethanol for24 at 4°C. The supernatant obtained
the previousone and kept-at0 ° C unti |l assayed.

HOMA-IR index

To estimate insulin resistance in ZDF or lean rats the widely used H{RMAdex was calculated
[99-101]by mul ti plying fasting plasma insulin (pl
then dividing by the constant 22.5, i.,e. HOMAR = (fasting plasma i nsu

plasma glucose concentration)/22.5.

Measurement of serum lipid levels

Serum cholesterol and triglyceride levels were measured at week 6, 16 and 25 using a test kit
supplied by Diagnosticum Zrt. (Budapest, Hungary) as described prevjadi$in order to follow

up the development of hyperlipidemia which is a diagnostic criterion of metabolic syndrome.

Cardiac 3nitrotyrosine level

To verify the wellknown increased oxidative/nitrative strg492, 103]in the heart in metabolic
syndrome, cardiac freer8trotyrosine level, an indirect marker of nitrative stress, was measured by
ELISA (Cayman Chemical) from ZDF and lean control heart tissue samples at week 25 as
descibed earlier[11]. Briefly, supernatants of ventricular tissue homogenates were incubated
overnight with antnitrotyrosine rabbit IgG specific to free-itrotyrosine and nitrotyrosine
acetylcholinesterase tracer inepoated (mouse arntbbit IgG) microplates followed by
development with Ellman's reagent. Free nitrotyrosine content was normalized to protein content of

the cardiac homogenate and expressed as nanograms per milligram[fddtein
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RNA preparatio, DNA microarray analysis andugntitative realtime PCR RT-PCR)

RNA preparatio, DNA microarray analysis andRJ-PCR were performed in the Department of
Functional Genomics, Biological ResearClenter, Szeged, Huagy as @scribed in the article
related to the subject of the thefif4].

Statistical analysis

For characterization of the ZDF model and lean controls, all values (body weight, senaseg|

insulin, HOMA-IR, cholesterol and triglyceride levels, pancreas weight and insulin content,
myocardial 3ni t r ot yr osi ne l evel s and mi croarray e X
Significance between groups was determined witipairedt-test. K0.05 was accepted as a
statistically significant difference. Gene expression ratio withapue < 0.05 and log2 ratio9.75

or log2 ratio > 0.75 (~1.7 fold changsgreconsidered as repression or overexpression respectively

in gene activity.

7.2 Experimental setupfor examination of the influence of prolonged uremia
on IPre

Adult male Wistar rats were used in the study. Animals were housed in pairs in individually
ventilated cages (Sealsafe IVC system, Italy) and were maintained in a temperature dontroile

with a 12:12 h light: dark cycles throughout the study. Standard rat chow and tap water were
supplied ad libitum. Drinking water contained 1mg/100g body weight iron (1) sulfate to attenuate
the development of severe anemia.

Experimental prolongedremia was induak by partial (5/6) nephrectomynimals underwent

sham operation or partial nephrectomy in two phases (FIQUO5]. There was no difference in
mortality between sham operated and partially negbmized groups. At week 29, cardiac
function was assessed by transthoracic echocardiographic examifiagore 7) At week 29, a

group of animals were placed for 24 hours in metabolic cages in order to estimate creatinine
clearance and to measure erigreatinine and protein leve{Bigure 7) At week 30, rats were
anesthetized, hearts were isolated and perfused ex vivo by oxygenateeHKnsedeit solution
according to Langendorff as described previoy$86] (Figure 7) Immediately after excision of

the heart, blood was collected from the thoracic cavity to measure plasma uric acid, carbamide and
creatinine levels in order to verify the development of uremia. Some plasma was used for
determination of angiotensill as an indirect marker of hypertension and hypertrday-111]

and nitrotyrosine as a marker of systemicatitte stres$98]. To assess the cardioprotective effect
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of IPrein the hearts of uremic and sham operated animals, the perfused hearts were subjécted to
with or without preconditioning protocdlFigure 7) At the end of the appropriate perfusion
protocol, the coronary artery was reoccluded and the area at risk and the infarcted area were

delineated using an Evans blue/triphenyltetrazolium chloride double staining Miei2ad

Surgery, development of uremia in vivo Heart perfusion protocols ex vivo
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7. Figure Wistar rats underwent sham operation or partial nephrectomy in two phases. First, 2/3 of the left kidney was
ligated and excised (Opl). One week later, the right kidney semoved (Op2). Corresponding timatched sham
operations were performed in the sham group. At week 29, cardiac function was assessed by transthoracic
echocardiographic examination (Echo). In this week the animal$Z1i2 uremia and sham groups) wetaced for 24

hours in metabolic cage (Metabolism) to determine urine creatinine and protein levels. At week 30, rats were
anesthetized and blood was collected from thoracic cavity to measure plasma carbamide and creatinine levels (Plasma).
Hearts were thn isolated and perfused according to Langendorff. After 15 minutes of aerobic perfusion, hearts were
subjected to either preconditioning induced by three intermittent periods of 5 min ischemia/reperfusion cycles or a time
matched (30 min) aerobic perfusio both followed by a 3@nin coronary occlusion andiur reperfusion (n=8 in

each group). Coronary flow (CF) was measured 10 minutes after the start of perfusion, in the 15th minute of ischemia,
in the first 5 minutes of reperfusion and at the enthefreperfusion.

Partial nephrectomy

Anesthesia was induced by intraperitoneal injection of sodium pentobarbital (Euthasol, 50 mg/kg,
Produlab Pharma b.v., Raamsdonksveer, The Netherlands). After depilation and a ventral midline
incision in the abdominava | | the intestines were retracte
kidney. The kidney was freed from the perirenal adipose tissue and renal capsule. Two pieces of
sutures (8 Mersilk, Ethicon, Sommerville, NJ, USA) were placed around both poli® didney
approximately at their 1/3 position. The sutures were gently ligated around the kidney. The 1/3
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kidney on both ends were excised right beyond the ligatures. The abdominal incision was closed
with running sutures. One week after the first opemgtanimals were anesthetized and prepared as
described aboveg105]. The right kidney was freed from the surrounding adipose tissue and renal
capsule, and then it was pulled out of the incision gently. The adgéarad, which is attached
loosely to the anterior pole of the kidney, was gently freed and was placed back into the abdominal
cavity. The renal blood vessels and the ureter were ligated and the right kidney was rfdrh8yed

Then the incision was closed with running sutures and povidone iodide was applied on the surface
of the skin. After operation, animals were placed on a warmgashtntil they become conscious
again. As a pospperative medication, 0.3 mg/kg Inaphine hydrochloride (Nalbuphin&0

mg/mL, TEVA, Debrecen, Hungary) was administered subcutaneously. Antibiotics (Enroxil, 75
mg/L (Krka, Slovenia) and analgesics (10 mg/L of nalbuphine hydrochloride, Nalbuphine, TEVA,

Debrecen, Hungary) were adminisiéren tap water for 2 days after both surgeries.

Transthoracic echocardiography

Cardiac function was assessed by transthoracic echocardiographic examination 29 weeks after the
second surgery. Echocardiography was performed as described preVidiilyThe rats were
anesthetized with sodium pentobarbital (Euthasol, 40 mg/kg body weight, ip.), the chest was shaved
and the animal was placed in supine position onto a heating paddimeasional, Mmode and
Doppler echocandgraphic examinations were performed in accordance with the criteria of the
American Society of Echocardiography with a Vivid 7 Dimension ultrasound system (General
Electric Medical Systems, USA ) using a phased arrayl 3.51Hz transducer (10S probe). haf

three consecutive heart cycles were analyzed (EchoPac Dimension software, General Electric
Medical Systems, USA) by an experienced investigator in a blinded manner. The mean values of
three measurements were calculated and used for statisticalteral&ystolic and diastolic wall
thickness parameters were obtained from parasternalakisrtziew at the level of the papillary
muscles and longxis view at the level of the mitral valve. The left ventricle diameters were
measured by means of-Mode ehocardiography from lonrgxis and shoraixis views between the
endocardial borders. Functional parameters including left ventriculadiastblic volume, left
ventricular enesystolic volume, and ejection fraction were calculated on four chamber view
images. Diastolic function was assessed using putsee Doppler across the mitral valve from the
apical four chamber view. Early (E) and atrial (A) flow velocity as well as mitral valve deceleration

time and isovolumic relaxation time provide an indicatibdiastolic function.
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Urine creatinine and total protein levels

At week 29, the animals weptaced in a metabolic cage (Taglast, Italy) for24 hours in order to
collect urine for the measurement of urine creatinine and protein levels to verifywtiepeent of
advanced uremidJrine creatinine and urine protein levels were measured by standard laboratory
methods aslescribed previously by othdikl5, 116]

Plasma carbamide and creatinine ¢ds

Blood was collected from the thoracic cavity after isolation of the heart to measure plasma
carbamide and creatinine levels in order to verify the development of chronic uremia at week 30.
Plasma carbamide and creatinine levels were measured inatieplicsing commercially available

colorimetric assay kits (Diagnosticum Ltd., Budapest, Hungary) applying enzymatic determinations

adapted to 96vell plates.

Creatinine clearance

Creatinine clearance, an indicator of renal function, was calculated sxgrdad the standard
formula (urine creatinine concentration [ uM]
concentration [pM] X 24 X 60 min).

Hematocrit and hemoaqglobin level

Hematocrit and hemoglobin were measured from whole blood by meansladcadas analyzer
(Radiometer ABL 77, Radiometer Medical, Bronshoj, Denmark) at week 30 in order to verify the

development of renal anemia.

Ex vivo cardiac perfusions and infarct size determination

At week 30, rats were anesthetized and hearts weraised d and perfused at
Langendorff with oxygenated Krelb$enseleit buffer as previously describfg8, 106] Hearts

from the sharoperated and the uremic groups were furthedstdied into two subgroups (n=8)

and subjected to either a noanditioning or a preconditioning perfusion protocol, respectively
(Figure 7). Non-conditioned hearts were subjected to timatched aerobic perfusion followed by

test ischemiaeperfusion iduced by a 3@nin occlusion of the left descending coronary artery.
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Preconditioned hearts were subjected to 3 intermittent periodsnaf BR followed by test/R. A

3-0 silk suture was placed around the origin of thHe descending coronary artery and passed
through a plastic tube to form a snare. After stabilization of the heart, coronary occlusion was
induced by pulling the ends of the suture taut and clamping the snare onto the epicardial surface.
Reperfusion was a@ved by releasing the snare as previously desciib@é]. Heart rate and
coronary flow were monitored throughout the perfusion protocol (Figurét the end of the 2

hour reperfusion protocol, the coronary arterys reoccluded and 5 mL of 0.1% Evans blue dye
(Merk, Germany) was injected into the aorta to delineate the area at risk zone. Stained hearts were
wei ghed, frozen, sl iced a #etrazoliumcchldridet(Sgca Aldrich,3 7 °© C
Germany) ¢ delineate infarcted tissue. Slices were then fixed and quantified by planimetry using

I nfarctsize 2.5 softwar e ™ [106]Hnéarctrsizenwasegpaessgd as Sz e
a percentage of the area at rizkne[112]. The area at risk was calculated as a percentage of total

ventricular are§l12].

Plasma angiotensin Il level

Plasma angiotensin Il level was determined as a markdrypértension and left ventricular
hypertrophy. The level of angiotensin Il in blood plasma of uremic and sham operated rats was
determined withELISA kits that recognize rat peptides (Phoenix Pharmaceuticals) in accerdan

withthe manufacturer’s instructions.

Plasma 3Nitrotyrosine level

Plasma aitrotyrosine level was determined as a marker of systemic nitrosative stress.- Free 3
nitrotyrosine level was measured by ELISA (Cayman Chemical) as described [at]iérom

sham and uremiplasma samples taken at week Bflefly, plasma samples were deproteinized by
the addition of icecold ethanol. After centrifugation, the supernatants were evaporated in nitrogen
flow, dissolved in phosphate buffer, and incubated ovetmigtin antinitrotyrosine rabbit IgG and
nitrotyrosine acetylcholinesterase tracer in precoated (mouseahbhti IgG) microplates, followed

by development with Ellman’'s reag¢®8].
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Plasma uric acid level

Plasma uc acid level was measured in order to further characterize our uremic model. Plasma uric

acid level was measured in duplicate, using a commercially available colorimetric assay kit

(Diagnosticum Ltd., Budapest, Hungary) accordindt@t ma n u f atwdtions.er * s i ns
Statistical analysis
Al | val ues ar e pr e sway ANQVA was usedet@ deter®iBeMhe effeet of

uremia or preconditioning on infarct size, area at risk, and coronary flow. Then to analyze the effect
of preconditioning on infarct se&zwithin sham as well as uremic groups an unpaksdttwas
applied. All other parameters were analyzed by unpaitedts comparing data in the uremic

groups to sham controls. P<0.05 was accepted as a statistically significant difference.
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8 RESULTS

8.1 Characterization of metabolic syndrome in ZDF rats

In order to verify the development of metabolic syndrome in male ZDF rats, concentrations of
several plasma metabolites and body weight were measured at week 6, 16 and 2B).Fiidire

rats showed a signdant rise in serum fasting glucose level starting from week 16 as compared to
lean controls (Figure8A). Parallel with hyperglycemia, serum insulin levels were significantly
increased in ZDF rats compared to lean ones during the 25 weeks showing theeprdsen
hyperinsulinemia in ZDF animals (Figu88). However, serum insulin concentration in ZDF rats
was significantly lower at week 25 as compared to serum insulin level measured at week 16
indicating betecell damage. HOMAR was significantly higher at @ek 6, 16 and 25 in ZDF rats
when compared to lean controls showing insulin resistance in ZDF animals (B@ur8ody

weight increased throughout the study and was significantly higher in ZDF animals compared to
lean ones showing obesity (FiguB®). Both serum cholesterol and triglyceride levels were
significantly increased in ZDF rats as compared to lean ones throughout the study duration

representing hyperlipidemia (FiguB& and8F).
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8. Figure Serum glucoseA, n=6-8) and insulin levelsg, n=6-8), HOMA-IR (C), animal weight D), serum cholesterol
(E, n=68) and triglyceride K, n=6-8) shownat week 6, 16 and 25 in both lean and ZDF nathite bars Lean;black
bars ZDF. Val ues pE0.0B. means+SEM, *
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Oral glucose tolerance test (OGTT) was performed at week 16 and 25 in order to verify the
development of impaired glucose tolerance in ZDF rats. Glucose levels during OGTTs were
markedly increased in ZDF rats in every time point of blood glucasesarements both at weeks

16 and 25 (Figur®A-9B). Area under the curve (AUC) of blood glucose concentration during
OGTTs was significantly elevated in ZDF rats at both weeks 16 and 25 representing impaired

glucose toleranc@igure 9CG9D).
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9. Figure Glucose levels during OGTT. Glucose levels during OGTT at week 16 (A) and week 25 (B) in both lean and
ZDF rats. Solid line: Lean; dashed line: ZD&rea under the curve (AUC) of blood glucose conceiotnaduring
OGTT at week 16 (C) and week 25 ()both lean and ZDFrat¥.al ues ar e m8,a&G0B.SEM, n=6

Pancreas weight and pancreatic insulin content were measured at the end of the experiment in order
to investigate the severity of diabetes Imes in ZDF rats. Pancreas weight and pancreatic insulin
concentration were significantly decreased in ZDF rats at week 25 showing impaired pancreatic
function (FigurelOA and 1®).
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10. Figure Pancras weight and pancreas insulin content. Pancreas weight (A) at week 25 and pancreatic insulin
content (B) in both I ean and8*@<D®5. rats. Values are mean

In order to verify the increased oxidative/ative stress in ZDF animals, myockid 3-
nitrotyrosine levels were determined in both groups at week 25. A marker molecule of
peroxynitrite, 3nitrotyrosine level was significantly elevated in the heart of ZDF animals showing

increased cardiac oxidative/rtive stress (Figurgl).

Myocardial 3-nitrotyrosine
(ng/mg protein)

Lean ZDF

11. Figure Myocardial 3nitrotyrosine level. Myocardial -8itrotyrosine level at week 25 in both lean and ZDF rats.
Val ues are means*SEM, *p<0.05.

8.2 Cardiac gene expression profilean metabolic syndromemeasued using
cDNA microarrays and by qRT-PCR

In order to determine alterations in cardiac gene expression profile, a DNA microarray was carried
out. Among the 14921 genes surveyed, 10244 genes were expressed on the cDNA microarray, and
85 genes whose express was > ~1.4fold up- or downregulated (log2 ratio -0.75 or log2 ratio

>0.75) in hearts of ZDF rats relative to levels of lean control rats showed significant change in
expression. According to our results, 49 genes showed -degutation (Table 1) an86 genes
showed ugregulation in hearts of ZDF rats (Table Bjany of these differentially expressed genes

are known to be involved in multiple cell functions, including metabolism, stress response, signal
transduction, regulation of transcription, c\eketal structure, cell adhesion, membrane proteins,
receptors and others.
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1. Table Down-regulated genes on DNA microarriaythe heart of ZDF rats

Gene function Description [Gene symbol] '?‘VE SD P Fold
0Q> value | change
Argininosuccinate synthetase [Ass] -1.33 0.06 | 0.001 -2.51
Glycine Gacetyltransferase {8mina-3-ketobutyratecoenzyme A ligasefacat] -1.15 0.34 | 0.006 -2.22
Metabolism 3-hydroxybutyrate dehydrogenase, type 1 [Bdh1l] -1.14 0.44 | 0.014 -2.21
Thymidylate syrthase [Tyms] -0.92 0.08 | 0.041 -1.89
Dicarbonyl L-xylulose reductase [Dcxr] -0.76 0.30 | 0.015 -1.70
Heat shock 70kd protein 1A [Hspala] -1.84 0.48 | 0.005 -3.59
Similar to 60 kDa heat shock protein, mitochondrial precursor (Hsp60) 60 k
Stress response [ U3 ook protein [LOG20 4386Hspa1a] p (Hsp60) 164 | 024 | 0057 | -3.11
Interleukin 1§il18] -1.38 0.02 | 0.007 -2.60
Hairy/anhanceof-split-related with YRPW motif2 [Hey?2] -1.40 0.15 | 0.049 -2.64
Aryl hydrocarbon reeptor nuclear translocatbke [Adrald] -1.33 0.07 | 0.001 -2.52
) Activating transcription factor 3 [Atf3] -1.03 0.26 | 0.004 -2.05
Signal RAB7, member RAS oncogene family [Rab7] -0.98 | 0.48 | 0.026 | -1.97
tr%”jgggﬂf’gf' B-cell leukemia/lymphoma 2 related protein fBcl2al] -089 | 004 | 0019 -1.85
transcription Sushi, nidogen and EGke domains 1 [Sned1] -0.87 0.51 | 0.041 -1.83
Spermatid perinuclear RNA binding protein [Strbp] -0.87 0.25 | 0.027 -1.82
TRAF3 interacting protein 3 [Traf3ip3] -0.85 0.25 | 0.028 -1.81
Putative bhlh transcrijain factor (FragmenfAscli3] -0.79 0.15 | 0.013 -1.73
ATPase, (NQ/K* transporting, beta 4 polypeptide [Atp1b4] -1.38 0.13 | 0.003 | -2.60
Nerve growth factor receptor (TNFR superfamily, membefN6jr] -0.91 0.05 | 0.027 -1.88
Membrane Cholinergic receptor, nicotinic, gamma polypeptide [Chrng] -0.99 0.39 | 0.048 -1.98
proteins, receptors | G proteircoupled receptor 37 [Gpr37] -0.87 0.06 | 0.030 -1.82
Adrenergic receptor, alpha 1d [Adrald] -0.79 0.43 | 0.036 -1.73
Neurotensin receptor 2 [Ntsr2] -0.77 0.32 | 0.018 -1.70
. MyosinIXa [myo9a] -1.26 0.01 | 0.002 -2.40
Sguugéuhr:g% rr?teln, ST8 alphaN-acetytneuraminide alph@,8-sialyltransferase 4 [St8sia4] -1.00 0.07 | 0.032 -2.01
Similar to collagen, type XXIV, alpha 1 [RGD1565539 predicted] -1.16 0.03 | 0.011 -2.24
ADAM metallopeptidase with thrombospondin type 1 motif, 1 [Adamts1] -2.84 0.90 0'323 -7.16
Similar to tatdDNAase domain containing 1 [RGD1566244 predicted] -1.86 0.16 | 0.038 -3.63
Aryl hydrocarbon receptor nuclear translocdike protein [Arntl] -1.33 0.67 | 0.001 | -2.52
TAF13 RNA polymerase Il, TATA box binding protein (TBB3sociated factor
ity e dif:’teé’] g protein (TBA3 422 | 011 | 0039 | -2.34
G proteincoupled receptor 107 [Gpr107_predicted] -1.18 0.02 | 0.007 -2.26
CDKS5 regulatory shunit associated proteinlike 1 [Cdkall_predicted] -0.92 0.06 | 0.041 -1.89
Similar to chondroitin betal,4 fdcetylgalactosaminyltransferase 2
[RGD1563660 predicted] i Y -0.91 | 003 | 0017 | -1.87
S100 calcium binding protein A3 [S100a3] -0.90 0.06 | 0.028 -1.87
Similar to TPR repeatontaining protein KIAA1043 [LOC304558] -0.89 0.08 | 0.003 | -1.85
Similar to Team4 [Odz4_predicted] -0.88 0.34 | 0.047 -1.84
Kallikrein 14 [KIk14_predicted] -0.88 0.09 | 0.047 -1.84
Others Mucin 19 [Mucl9_predicted] -0.84 0.33 | 0.048 1.79
Copine family member IX [Cpne9] -0.84 0.11 | 0.006 -1.79
Suppressor of Ty 16 homolog (S. Cerevisi&jpt16h_predicted] -0.81 157 | 0.021 -1.75
Heterogeneous nuclear ribonucleoproteilike [Hnrpll_predicted] -0.81 0.01 | 0.008 -1.75
cDNA clone UIR-BJOp-afn-b-03-0-Ul 3' [SIn] -0.81 0.30 | 0.013 -1.75
Discs, large homolog 4 (Drosophif@)igh4] -0.80 0.23 | 0.026 -1.75
Similar to chondroitin betal,4-bicetylgalactosaminyltransferase
[RGD1307618_predicted)] i g 080 | 0251 0031} -1.74
Sterile alpha motif dmain containing 4 [Samd4_predicted] -0.80 0.02 | 0.012 -1.74
Similar to RIKEN cdna 1190005B03 [Cdkall_predicted] -0.79 0.06 | 0.035 -1.73
WDNM1 homolog [LOC360228] -0.78 0.24 | 0.007 -1.72
CD300 antigen like family member E [Cd300le_predicted] -0.78 | 0.362 | 0.023 -1.71
Neuronatin [nnat] -0.77 0.35 | 0.022 -1.71
Connective tissue growth factor [Ctgf] -0.77 0.47 | 0.049 -1.69
Chemokine (EX-C motif) ligand 11 [Cxcl11] -0.75 0.17 | 0.003 -1.68
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2. Table Up-regulated genes on DNA micraay in the heart of ZDF rats

Gene function Description [Gene symbol] AVE SD P Fold
log, value | change
Acyl-CoA thioesterase 7 [Acot7] 0.75 0.34 | 0.021 1.69
Angiopoietinlike 4 [Angptl4] 0.83 0.25 | 0.007 1.78
Mannosyl (alphél,3-)-glycoproten betal,4-N-acetylglucosaminyltransferase, 0.87 0.29 | 0.037 1.82
isozyme C [Mgat4c_predicted]
Metabolism Carbonyl reductase 1 [Cbr1] 0.99 0.40 | 0.016 1.99
3-hydroxy-3-methylglutaryiCoenzyme A synthase 2 [Hmgcs2] 1.05 0.25 | 0.004 2.07
Transglutaminase 1 [tgm1] 135 0.13 | 0.044 2.55
Cytosolic acylCoA thioesterase 1 [Ctel] 1.88 0.41 | 0.003 3.69
Cold inducible RNA binding protein [Cirbp] 0.77 0.21 | 0.005 1.71
Stress response Glutathione Stransferase Yc2 subunit [Yc2] 0.86 0.16 | 0.002 1.82
Calcium/calmodulirdependent protein kinase Il gamma [Camk2g] 0.75 0.21 | 0.006 1.68
Signal . Phospholipase A2, group VIl (platelattivating factor acetylhydrolase, plasmy 1.45 0.84 | 0.041 2.74
transduction, [Pla2g7]
regulation of Brain expressed nked 1 [Bex1] 092 | 057 | 0.048| 1.90
transcription
Fibroblast growth factor receptor substrate 3 [Frs3] 1.05 0.04 | 0.018 2.07
Huntingtin-associated protein 1 [Hap1] 0.77 0.29 | 0.043 1.71
Mriggﬁ:sne Membrane protein, palmitoylated 3 (MAGUK p55 subfamily member] 1.10 0.45 | 0.016 2.15
feceptor's [RGD1560049_predicted]
ATPase, H/K* transporting, nongastric, alpha polypeptide [Atp12a] 1.39 0.19 | 0.006 2.61
Structural Spectrin beta 3 [Spnb3] 0.95 0.05 | 0.026 1.93
protein, cell Aggrecan 1 [agel] 106 | 0.09 | 0.037| 208
adhesion ' ' ' '
Similar to mucin 7, salivary [RGD1311530_predicted] 0.75 0.22 | 0.007 1.69
Leukocyte tyrosine kinase [Ltk_predicted] 0.77 0.04 | 0.021 1.70
Similar to RIKENcDNA 9130022B02 [Pck2_predicted] 0.78 0.28 | 0.042 1.72
Similar to hypothetical protein [Ad2_predicted] 0.79 0.20 | 0.004 1.73
Iroquois related homeobox 3 (Drosophi[&k3_predicted] 0.809 0.41 | 0.031 1.74
Hdachs protein (FragmenfHdac5] 0.86 0.70 | 0.022 1.81
RibonucleaseiRNAase A family, 1 (pancreatifRnasel] 0.90 0.22 | 0.004 1.86
Ring finger protein 24 [Rnf24_predicted] 0.92 0.22 | 0.037 1.89
Amyloid beta (A4) precursor protetninding, family A, member 1 [Apbal] 0.96 0.36 | 0.044 1.94
h - -
Others CWF18like 1, cell cycle control (S. Pombe) [Cwf1911_predicted] 097 | 009 | 0044| 195
Similar to hgh density lipoproteibinding protein [RGD1564237_predicted] 0.98 0.19 | 0.002 1.97
P21 (CDKN1A}activated kinase 6 [Pak6_predicted] 0.10 0.08 | 0.036 2.00
Similar to nuclear body associated kinase 1a [Hipk2_predicted] 1.06 0.66 | 0.049 2.09
Cationic trysinogen [LOC286911] 1.08 0.07 | 0.031 211
Chac, cation transport regulaidte 1 (E. Coli) [RGD1560049_predicted] 1.10 0.08 | 0.033 2.15
NTAK alpha2 [Nrg2] 1.13 0.10 | 0.042 2.18
Ubiquitin carboxyterminal hydrolase L1 [Uchl1] 1.24 0.26 | 0.014 2.37
Claudin 19 [cldn19] 143 0.12 | 0.037 2.70
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The expression change of selected 23 genes was validated by@RTTable 3), 18 of these 23
genes have been confirmed by gRT PCR (Table 3). Most of these genes have not been shown to be
involved in the development cardiovascular complications of metabolic syndrome yet.

3. Table gRT-PCRIin the heart of ZDF rats

DNA

MICROARRAY ART-PCR .
Description [Gene symbol] confirme
fold p ratio (SD) fold regulation
change | value change
ADAM metallopeptidase with thrombospondin type 1§ )
motif, 1 [Adamts1] 7.16 | 0.1295] 0.58 (0.09) | -1.72 down yes
heat shock 70kD protein 1A [Hspala] -3.59 0.0045] 0.34 (0.06) | -2.94 down yes
60 kDa heat shock protein [Hsp60] -3.11 0.0565 || 0.64 (0.10) | -1.56 down yes
interlekin 18 [1118] -2.60 0.0066 | 0.91 (0.15)| -1.10 no change no
ATPase, (N§/K" transporting, beta 4 polypeptide ) )
[Atp1bd] 2.60 | 0.0031] 0.37(0.06) 2.70 down yes
argininosuccinate synthetase [Ass] -2.51 0.0007 | 0.29 (0.05) | -3.42 down yes
myosin IXA [Myo9a] -2.40 0.0018 | 0.90 (0.15) | -1.11 no change no
glycine Gacetyltransferase {2mino3-ketobutyrate 222 | 00063 033(0.03)| -3.07 down yes

coenzyme A ligase) [Gcat]
activating transcription factor 3 [Atf3] -2.05 0.0044 | 0.35(0.06) | -2.85 down yes

similar to dondroitin sulfate GalNAcR
[RGD1563660 predicted]

S100 calcium binding protein A3 [S100a3] -1.87 | 0.0281] 1.74(0.28) 1.74 up no
sushi, nidogen and EGke domains 1 [Sned1]

-1.87 | 0.0170] 0.92 (0.15) | -1.09 no change no

-1.83 | 0.0407 | 0.42(0.07) | -2.36 down yes

G proteincoupled receptor 37 [Gpr37] -1.82 | 0.0297 ] 1.08(0.18) 1.08 no change no

angiopoietinlike 4 [Angptl4] 1.78 0.0073 | 2.90 (0.47) 2.90 up yes

glutathione Sransferase Yc2 suburfiYc2] 1.82 0.0017 | 2.21 (0.36) 2.21 up yes

ribonuclease, RNagsk family, 1 (pancreatic)Rnasel] 1.86 0.0039 | 2.68(0.44) 2.68 up yes
similar to high density lipoproteihinding protein

[RGD1564237 predicted] 1.97 0.0020 | 2.73(0.44)| 2.73 up yes

3-hydroxy-3-methylglutary)Coenzyme A synthase 207 0.0036 | 2.42(0.39) 242 u es

2[Hmgcs2] ) ) ) ) ) P Y
similar to tetracycline transportéke protein 204 0.1671 | 1.29 (0.21) 1.29 no change no

[RGD1311900_predicted]
ubiquitin carboxyterminal hydrolase L1 [Uchl1] 2.37 0.0144 | 2.50(0.41) 2.50 up yes

ATPase, /K™ transporting, nongast, alpha
polypeptide [Atp12a]
phospholipase A2, group VII (platelattivating factor
acetylhydrolase, plasm#ipla2g7]

cytosolic acyiCoA thioesterase 1 [Ctel] 3.69 0.0028 | 3.16 (051) 3.16 up yes

2.61 0.0061 | 3.06 (0.50) | 3.06 up yes

2.74 0.0411 | 4.25(0.69) 4.25 up yes
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8.3 Characterization of prolonged uremia

In order to verify the development of long term uremia induced by partial nephrectomy, body
weight was monitored during the experiment and concentrations of several plasma and urine
metabolites wereneasured at week 29. Partially nephrectomized rats showed significantly lower
body weights starting from week 7 (Figut@A). Plasma carbamide and creatinine levels were
markedly increased in partially nephrectomized rats representing the uremic stegseofnimals
(Figure 12B and 12C). Plasma glucose levels were similar in both the sbpenated and the
partially nephrectomized -16rnmsulprise p(otein Coticentrdtionv s .
was significantly increased in the partially nephreétmu rats as compared to shaperated
controls (Figurel2E) showing an impaired renal function. Moreover, urine creatinine level and
creatinine clearance showed a marked but statistically not significant decrease at the level of p<0.05
in partially nephectomized rats (Figur&2D and 12F). Hematocrit and hemoglobin levels were
significantly decreased in uremic animalfhien compared to sham raghowing renal anemia
(Table 4) There was no difference in plasma sodium, potassium, calcium, chloride, standard

bicarbonate, pH and anion gap between the groups (Table 4).
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12. Figure Animal weight PanelA) shown in every six weeks. Solid line: Sham; dashed line: uremia. Plasma
carbamide PanelB, n=14 in lwth groups) and creatinine (Panel C, nB), urine creatinine (Panel D, n=12 in each
groups) and protein concentrations (Panel E, rtA0and creatinine clearance (Panel F, -89 in both sham
operated and uremic rats. Values are means*zSEM, *p<0.0
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4. Table Effect of uremia on haematocrite, haemoglobin and blood gas parameters at week 29.

Measurement Sham (n=6) Uremia (n=10) p-value
Haematocrite (%) 54. 2N1 44. 7N2 0.007
Haemoglobin (g/d) 17. 7N0 15. ONO/| 0.006
Plasma sodium (mmdl) 139=+2 134=+3 0.409
Plasma potassium (mmb)y 6. 500 6. 300 0.694
Plasma calcium (mmal) 1.10x0 1.19%0 0.174
Plasma chloride (mmal) 107 %3 102=+3 0.267
Plasma standard bicarbonate (mngl/ 25.8+x0 24.3+0 0.051
pH 738 0. 0 7.36x0 0.069
Anion gap (mmoll) 11. 5+0 12. 9+0 0.213

Studies were performed before ex vivo Langendorff heart perfusion 30 wk afteiopleaation or partial nephrectomy;
Val ues ar e mdapctdS EVshamyungairedest.

8.4 Effect of prolonged uremia on myocardial morphology and function

Transthoracic echocardiography was performed at week 29 in order to investigate whether the
development of prolonged uremia leads to alteration of myocardial morphology and function. Left
ventricdar systolic anterior and septal wall thicknesses were increased in uremic rats as compared
to shamoperated controls (Tabl®). However, there was no difference in diastolic anterior and
septal wall thickness between the uremic and sham operated groagdition, left ventricular

lateral and posterior wall thickness both in systole and diastole were similar in the uremic and the
sham operated groups (Taki®. Uremic animals demonstrated a mild reduction both in left
ventricular systolic and diastolicrigtion at week 29. Ejection fraction was significantly reduced in

the uremic group as compared to the stogerated control group (Tab#g. Stroke volume showed

a tendency of decrease in uremic animals as compared teog®aied controls (Tabls). Heat

rate and left ventricular erglstolic and endliastolic volumes were similar in both uremic and
shamoperated groups (Tablg). Isovolumic relaxation time was decreased in uremic rats as
compared to shatoperated controls (Table 4). Other diastolic fiowal parameters including

early and late ventricular filling velocity, E/A ratio, deceleration time, maximal and mean left
ventricular gradient were not changed in the uremic group as compared to@séi@Eed controls
(Tableb).
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5. Table Effects of uremia on various in vivo left ventricular morphological and functional parameters measured by
transthoracic echocardiography.

Echocardiography
Morphology View/Mode Sham (n=14)|Uremia (n=16)| p-value
Anterior wall thicknesssystdic (mm) short axis/MM 3.31N¢ 3.59N0 0.032
Anterior wall thicknessliastolic (mm) short axis/MM 1.87+( 1.97+( 0371
Lateral wall thicknessystolic (mm) short axis/MM 3.47x( 3.38=x=( 0.796
Lateral wall thicknessliastolic (mm) shat axis/MM 2.14+x( 1.98+(0 0270
Posterior wall thicknessystolic (mm) long axis/MM 3.77x( 3.81+x( 0.781
Posterior wall thicknesdiastolic (mm) long axis/MM 2.18+x( 2.30x(q 0.287
Septal wall thicknessystolic (mm) long axis/MM 27080 . 1 3. 04 N0 0.046
Septal wall thicknesdiastolic (mm) long axis/MM 2.25+( 2.26+(0 0.961
Left ventricular end diastolic diameter (mm) long axis/MM 7.25+( 6.95+( 0.176
Left ventricular end diastolic diameter (mm) short axis/MM 723 0. 4 7. 23x( 0.967
Left ventricular end systolic diameter (mm) long axis/MM 3.82+( 3.55+( 0.237
Left ventricular end systolic diameter (mm) short axix/MM 3.77x( 3.53+x( 0.400
Systolic function Sham (n=14)|Uremia (n=16) p-value
Ejection fraction (%) four chamber/2D| 54 . 9 N| 48. 9N7 0.012
Stroke VYol ume (n four chamber/2D| 252 . 24 222 . 94+ 0.093
Left vertricular endsystol ¢ v o IL)u me | fourchamber/2D| 219. 34 240. 04 0.487
Left ventricular enedliastolic volume( i) four chamber/2D| 477 . 04 461. 74+ 0.736
Heart rate (beats/min) four chamber/2D| 391 . 14 396. 14 0565
Diastolic function - Doppler imaging Sham (n=13) lzlr:iTAIf? p-value
E-wave (m/s) four chamber/PW| 0. 82+ ( 0. 85+ ( 0.664
A-wave (m/s) four chamber/PW| 0. 50+x( 0. 51 +( 0.889
E/A ratio four chamber/PW| 1. 69+( 1. 72+( 0.830
Deceleration time (ms) four chamber/PW| 33. 984 34. 394 0.885
Isovolumic relaxation time (ms) four chamber/PW| 25. 05N 21. 6 9K 0.025
Maximal left ventricular gradient (mmHg ) four chamber/PW| 2. 89+( 3. 09+( 0.598
Mean left ventricular gradient (mmHg ) four chamber/PW| 1. 31+( 1. 47+( 0.351

Transthoracic echocardiographic measurements were performed 29 wk afteopsdratbn or partial nephrectomy;
Val ues ar e md@ ip0IEsl sham,ziripd@iredest. MM, M (motion) Mode; 2D, two dimensional; PW,
pulse wave, Bvave, earlywentricular filling velocity A-wave, late or atrial ventricular filling velocity.
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8.5 Effect of prolonged uremia on ex vivo morphological and functional
parameters

Coronary flow and morphological parameters including heart weight, left kidney weight and tibia
length were measured at week 30 to investigate whether advanced uremia influences ex v
functional and morphological parameters of the heart. Coronary flow was significantly reduced in
uremic groups when compared to corresponding sbyaenated control groups as assessed by two
way ANOVA (Table6).

6. Table Effects of uremia on ex vivo coronary flow data

Coronary flow

During non-conditioning perfusion protocol
Time points of the measurements Sham (n=8) Uremia (n=9) p-value
Base line, mL/min 16. 9N1. 13.1RN1.| 0.044
15" min of ischemia (mL/min) 8.6+0. 9 7. 4+0. 5 0.260
First 5 min of reperfusion (mL/min) 19. 0x1. 16. 9+1. 0.367
End of reperfusion (mL/min) 13. 0KNO. 9. 4N1.1 0.023

During preconditioning perfusion protocol
Time point of the measurement Sham (n=6) Uremia (n=7) p-value
Base line, mimin 17.5N1. 13.0NK0.| 0.007
15" min of ischemia (mL/min) 8. 6+0. 7 6. 4+0. 0.071
First 5 min of reperfusion (mL/min) 22.2N1. 15. 5N1.| 0.016
End of reperfusion (mL/min) 14. 1N0. 8. 4N0. § 0.003

Studies were performed on ex vivo Langendorffrhparfusion system 30 wk after shayperation or partial nephrectomy; r86
*p<0.05 vs. sham, unpairedte st . Val ues are meanzSEM.

The ratio of heart weight to body weight showed a tendency of increase in uremic animals (Table
7), as a result of agmificantly lower body weight in the uremic group (Figure 12A). However,
there was no difference in heart weight and heart weight to tibia length ratio between the uremic
and the sharoperated control group (Table 7). In addition, the weight of the wafil&idney in

the shampperated group and the remaining one third of the left kidney in the uremic group were

similar suggesting a marked renal hypertrophthie uremic animals (Table 7).

7. Table Effect of uremia on various exvo morphological parameters

Measurement Sham (n=14) Uremia (n=12) p-value
Heart weight (g) 2.10+x0. ( 2.10+x0. 1 0.980
Heart weight/’body w 3.40+0. 1 3.77+0. 1 0.126
Heart weightFZtibia 4.00+0. 7 4.20+0. 2 0.483
. . Full kidney weight 1/3 kidney weight i
Left kidney weght (g) 1.90%0. ] 2.04+0.0
Measurements were performed 30 wk after slkamer at i on or parti al nephr d4t omy.

unpaired ttest.
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8.6 Effect of ischemic preconditioning on infarct size
Infarct 9ze was measured at week 30 to investigate the severity of ischemia/reperfusion injury and

the cardioprotective effect ®Prein prolonged uremia (Figure3A). Preconditioning significantly
decreased infarct size, however, the presa@fgaolonged uremia did not significantly influence
the size of infarction as assessed by-iway ANOVA. Additional analysis with unpaireetests
showed a significant infarct size limiting effect of preconditioning in hearts of both uremic and

shamopemted rats (Figure3B). The area at risk zone was not affected significantly in any of the

groups (Figure 3A).
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13. Figure Area at risk (Panel A) and infarct size (Panel B) after ischemia/reperfl#R) or ischemic preconditioning
(I'Pre) in both sham and ur e mi9mneagh gooupp BvwayVEHOVA ensall groups me a n
showed that preconditioning significantly decreased infarct size, however, uremia did not influence ingarct si
*p<0.05, * represents significance due to unpairgbst between I/R and IPre groups.

8.7 Effect of prolonged uremia on plasma angiotensin Il, ditrotyrosine and
uric acid levels
Partially nephrectomized rats showed significantly higher plasma angjiote level (Figure 4A)

which is a weHknown marker of hypertension and left ventricular hypertrophy. Plasma 3
nitrotyrosine level was determined as a marker of peroxynitrite and systerato/aistress. Plasma
3-nitrotyrosine level was markedlydreased in uremic rats as compared to sham operated controls
representing increased systemic atitre stress in uremic animals (FiguréB). Plasma level of

uric acid, a welknown antioxidant, was significantly increased in the partially nephrececi
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rats as compared to shamperated controls (FiguredC) showing increased ardkidant capacity

in uremic rats.
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14. Figure Plasma angiotensin Il (Panel A, n49), nitrotyrosine (Panel B, n=B0), and uric acid (Panel C, n=1®)
levelsinbothshamm per at ed and uremic rats. Values are means*SEM
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9 DISCUSSION
9.1 New findings

1. Our novel finding is that metabolic syndrome is associated with profound modifications of
the cardiac transcriptonin hearts of ZDF rats, 36 genes showed significantegplation
and 49 genes showed dowgygulation as compared to lean controls. Several of the genes
showing altered expression in the hearts of ZDF rats have not been implicated in metabolic

syndrome preiously.

2. We havealso found here that 30 weeks of experimental renal failure although leads to
severe metabolic changes and the development of myocardial dysfunmionged
uremia does not interfere withe severity of myocardial I/Bndthe cardiopotective effect

of IPre.

9.2 Effect of metabolic syndrome on cardiac gene expression pattern in male
ZDF rats

Components of metabolic syndrome and their effects on cardiac gene expression

Here we show several characteristics of metabghci®me in ZDF rats including obesity, fasting
hyperglycemia, hyperlipidemia, hyperinsulinemia, insulin resistance, and impaired glucose
tolerance as well as increased cardiaatiite stress.Here we have shown that 25 week old male
ZDF rats developnisulin resistance with hyperinsulinemia, hyperglycemia and impaired HOMA
index in line with other studieg®@5-97, 117119. Both metabolic syndrome and type 2 diabetes
mellitus are associated with insulin resistanbgperinsuliemia and hyperglycemia. Insulin
resistance has been reported to be influenced by certain gimtics and nutrients in patients
suffering from metabolic syndromg20]. Some groups have proposed that hyperinsulinemia
stimulated myocardial SERCA2a overexpression plays an important role in the cardiadadaptat
process at early phase of type 2 diabetes mellitus in ZDRats121]. Others have shown that
GLUT4 content decreases along with the development of insulin resistance in the myocardium and
other insulin snsitive tissues which might play a key role in the impaired glycemic homeostasis in
metabolic syndromgl22]. Interestingly, hyperglycemia has been reported to activate p53 and p53
regulated genes involving thedal reninangiotensin system which leatb increased apopsis of

cardiomyocyte$123]. Moreover, postprandial hyperglycemia has been shown to play an important
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rolein the onset and development of heart failareeveral largescale clinical trial§124]. Chronic
hyperglycemia has been reported to enhance the vasoconstrictor responseKnya&djd 25].
Hyperglycemia itself has beeshown to increase rat aortic smooth muscle cell growth and gene
expression in diabetes mellit{s26]. Some drugs e.g. statifis25] and nitrated127] have been
reported to abolish hyperglycemia induced vasoconstriction. These aforementioned studies clearly
demonstrate that metabolic serum parameters could influence cardiac gene expression pattern and
may lead to functional consequencakhough we have not measured blood pressure in our study,
ZDF rats are well known to develop elevated blood pressure at ages similar to that of used in the
present studj128-130].

Groups of altered cardiac genes in metabolic syndrome

We identified 85 genes which were differentially expegisdominantly in the myocardiumf 25

weeks old ZDF rats compared to normal controls. Many of these differentially expressed genes are
known to be involved in multiple cell functions, including metabolism, stress response, signal
transduction, regulation of transcription, cytoskeletal structure, cell adhesion, membrane proteins,

receptors and others.

Altered cardiac genes related to metaisoh

It is not surprising that the expression of several genes related to metabolism were found to be
affected in the hearts of ZDF rats as compared to controls in our present study. A group of these
altered genes is involved in ketone body metabolism fed®gulation of 3hydroxybutyrate
dehydrogenase, type 1;-upgulation of 2amino3-ketobutyratecoenzyme A ligase andi8/droxy
3-methylglutarylcoenzyme A synthase 2). Decreased rate of ketone body oxidation and decreased
activity of 3-hydroxybutyrate deydrogenase activity in streptozotoénduced diabetic rat hearts

have been shown previoudl¥31]. Another group of differentially regulated metabolic genes in
ZDF hearts in our present study plays a role in theabodism of carbohydrates (dowagulation

of dicarbonyl L-xylulose reductase and wpgulation of mannosyl (alpkh3-)-glycoprotein beta
1,4-N-acetylglucosaminyltransferase, esayme C, pretted) as well as lipids (wpegulation of
acylCoA thioesterase 1 argytosolic acyICoA thioesterase 1). Gene expression of cytosolic acyl
CoA thioesterse 1 has been reported to beragulated by high fat didtLl32] or STZinduced
diabeteqd130] in the rat myocardium. A third grougf differentially expressed metabolic genes in

our present study (dowmegulation of argininosuccinate synthetase andregplation of

angiopoietinlike 4) in ZDF hearts is potentially regulated by oxidative anditmte stress which is
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increased in ntabolic diseases e.g. hyperlipidemiB3], hypertension134], insulin resistance

[135], diabetes mellitug136] and in the heart of ZDF rats as wéll03]. High TNFalpha
concentrationg137] and insulin resistancfl38, 139]in endothelial cells have been reported to
reduce the expression of the arginine recycling enzyme, argininosuccinate synthetase.
Overexpression of hepatic angiopoielike 4 gene has been shown in diabetic njic#] and up
regulation of this gene has reported to be induced by fatty acids via-B&ARa in muscle tissue
[141]. Additionally, insulin has been shvn to downregulate angiopoietiike 4 in adipocytes

[142] and this dowrregulation could betgenuated in insulin resistanfi42].

Altered cardiac genes related to stress response

Members of another functional gene cluster that is relatedstress response showed altered
expression in ZDF hearts as compared to controls (degulation of heat shock 70kD protein 1A;
60 kDa heat shock protein; interleukin 18 aneregulation of cold inducible RNA binding protein;
glutathione SransferaseYc2 subunit) in the present study. We have previously shown that
hyperlipidemia inhibits cardiac heat shock respdf8¢ Moreover, heat shock proteins, especially
Hsp60, were found to have protective effect againsdi@aa oxidative and nittive stres§143].
According to the attenuated expression of heat shock protein 60 and 70 in our present study,
metabolic syndrome with weknown increased cardiovascular oxidative andatiite stres$102,
103] due to hyperlipidemi§l33], hypertensiol34] and hyperglycemifl35] might interfere with
cardiac heat shock response. GlutathioraBsferase catalyzes the conjugation of reduced
glutathione on a wide variety of substraf@g44] including reactive oxygen and nitrogspecies
[145]. Interestingly, we have found here the overexpression of glutathiemanSerase in
metabolic syndrome similarly to the -wpgulation of this gene in cholesterol dietiuced
hypetipidemia in our preious study[146]. Additionally, the absence of cardiomyopathy in
diabetes has been reported to be accompanied by increased glutattremefe®ase activity in rat
hearts[147]. These results suggest that-nggulation of glutathione -Bansferase may be an
adaptive response in metabolic syndrome to antagonize elevated oxidaaitiefmistress in the
myocardium. Elevated circulating interleukin 18 levels have beparted to be associated with
metabolic syndrome independent of obesity and insulin resisfan8¢ however, in our present
study; the myocardial gene expression of interleukin 18 was -deguiated.

Altered cardiac g@nes related to signal transduction and regulation of transcription
In the present study, we have also shown altered expression of several genes related to signal
transduction and regulation of transcription in the hearts of ZDF rats as compared ta dertrol

downregulation of activating transcription factor 3; sushi, nidogen and-lE&@Fdomains 1
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(insulin responsive sequence DNA binding protEinand upregulation of calcium/calmodukn
dependent protein kinase Il gamma; phospholipase A2, group IWiérestingly, in our present
study, an adaptive and oxidative stressponsive transcription factdin49-151] activating
transcription factor 3 showed doweagulationin the heart in metabolic syndrome. Although,
enhanced expression of activating transcription factor 3 has been reported to play a role in diabetic
angiopathy[149], in stresanduced beta cell dysfunctiof152, 153]and hepatic LDL receptor
downregulation[154, 155] its cardiac role in metabolic syndrome has not been implicated yet.
Another stress indudie and regulator gene of eicosanoid biosynthesis, the phasad®IA2,

group VII gene was upegulated in our present study in ZDF rat hearts. Increase of the expression
of this gene was previously shown in ZDF rats in the liver and suggested to berairfaitte
development of chronic loygrade inflammation in metabolic syndrofd®6]. In our present study,

a regulator gene of insulin action, the insulin responsive sequence DNA binding ireteswed
downregulationin metabolic syndrome in ZDF rat hearts. Demegulation of this gene has been
previously shown in the liver of diabefit57] and obes¢l57] rats. However, it is unclear whether
decreased expression of insulin responsive sequence DNA binding {ratesn consequence of
insulin resistance or contributes to hyperglycemic phenotype. Calcium/calmdeépimdent
protein kinase Il gamma showed-tggulation in ZDF hearts in our ped study. This gene was
reported to potentially mediate cardiac hypertrophy in pressure overload hypertension in mouse
heart§158].

Altered cardiac genes related to functional cluster of membrane proteins omtecs

In the present study, several genes related to the functional cluster of membrane proteins or
receptors showed altered expression in ZDF hearts as compared to corgralsv@regulation of
ATPaseNa'/K" transporting, beta 4 polypeptide; G miotcoupled receptor 37 and wegulation

of ATPase, VK™ transporting, nongastric, alpha polypeptide; Huntingssociated protein 1).
Interestingly, here we have found gene expression chamigevo members of the X;KATPase

family due to metabolicymdrome. Surprisingly, ATPasbla’/K" transporting, beta 4 polypeptide
showed dowsregulation in obese ZDF rat hearts characterized by marked hyperlipidemia in the
current study, however, this gene showedegulation in our previous study in cholestermiuced
hyperlipidemia in the rat myocardiurfi46]. Additionally, it has been shown in the heart of

spontaneously hypertensive rats that the microsomaKN#TPase activity is reducgd59].

Altered cardiac genes related to functional clusterstfuctural proteins
Another set of genes related to the functional cluster of structural proteins was found to be regulated

differentially in hearts of ZDF rats as compared to contralg. @wnrregulation of myosin IXA
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and similar to collagen, type XXIV, alpha 1 (pred) andregulation of spectrin beta 3 and
aggrecan 1). To our current knowledge, we are the first in the literature demonstrating cardiac gene
expression changes of a noeglithelial extracellular matrix componeift60], similar to collagen

type XXIV; a cell migration regulator moleculf61], myosin IXA; a membrane stabilizer
molecule[162], spectrin beta 3 and an extracellular matrix component proteodli/6ah aggrecan

1, due to metabolic syndrome.

Altered cardiac genes not related to specific functionalstiers

Some of the genes showing altered expression in ZDF rat hearts in the present study were not
related to specific functional clusters or indicated as yet uncharacterized, predicted genes and
fragments Many of these genes are reported for the firstetin the literature to show altered
expression in the heart due to metabolic syndrome including -deguiation e.g. of disintegrin

like and metallopeptidse (reprolysin type) with thrombospondin type 1 motif; G peaapied
receptor 107 (predicted); 8Q calcium binding protein A3; kallikrein 14 (predicted); neuronatin;
connective tissue growth factor and-nggulation e.g. of amyloid beta (A4) precursor protein
binding, family A, member 1; similar to high density lipoprotbinding protein (predicted)
cationic trypsinogen; ubiquitin carboxgrminal hydrolase L1.

9.3 Effect of subacute and chronic renal failureon endogenous
cardioprotective mechanisms

The cardioprotective effect of ischemic pamd postconditioning is inhibited by severatroorbid
conditions and risk factors such as e.g. adibg4-166] hyperlipidemia[59, 62, 63, 167-169] and
diabeteqg 69, 78, 17Q. However, recent evidence suggests that the cardioproteiiaat ef pre

and postconditioning is maintained in subacute renal failure (4 wé¢gksand shorterm (10
weeks)[81] model of uremia. In a preliminary study, we have demonstrated for the first time in the
literature that the infarct size limiting efteof postconditioning was still present 10 weeks after
subtotal nephrectomy resulting in uremia in f@%|. Moreover, an extensive stugyblished by
Byrne et al.[55] has reported thatPre remote ischemic conditioning, aniéost are still
cardioprotective after 4 weeks of subtotal nephrectomy. In addition, in the samedRtaiayas
shown to limit infarct size in an adenieariched dieinduced model of uremia in ra{$5].
Althought he wuremic state seems to be too short a
aforementioned studigib5], they may suggest that the uremic heart can be still protected by
conditioning techniques. Indeed, an experimental model of 4 weeks of ysesbi@bly may not

properly reflect the clinical situatiorj4, 82]. Additionally, it has been shown that 5/6 partial
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nephrectomy followed by a postoperative duration of 3 weeks does not lead to advanced uremia in
rats [83]. Therefore, in the present studie used a prolonged (30 weeks) postoperative duration
following partial nephrectomy to induce a more severe-teng uremic condition for investigating

the cardioprotective effect of preconditioning.

9.4 Characteristic featuresand cardiac consequencesf the prolonged uremic
state

In this prolonged uremic model, here we have found characteristic biochemical and
pathophysiological signs of prolonged uremia, including increased plasma uric acid, carbamide and
creatinine levels, decreased hematocrit and herbogloncreased urine protein and decreased
creatinine concentration, as well as diminished creatinine clearance. In patients vathgadenal
failure, uremic cardiomyopathy is a common complication and reported to be a prognostic factor of
cardiovascudr mortality [5, 39, 17]. In the present study, we have found increased septal and
anterior wall thickness in uremic animals. Additionally, plasma angiotensin Il level which is an
indirect marker of hypertension and left ventricular hypertroft@7-111] was also higher in
uremic rats. These results together with literature {Bfa-175] suggest the development of a
minimal left ventricular hypertrophy in uremic animals at week 30 in our present study. In this
model, we have found here thilre is still effective in prolonged uremic condition. This is a
refreshingly interesting result in the light of the fact that several metabolic diseases including
diabetes and hyperlipidemia inhibit the endogenous cardioprotective mechanisms eofigsch

conditioning.

9.5 Cardioprotection by IPre in prolonged uremia with increased nitrative
stress

The reason why the complex metabolic changes of uremia which significantly affect several
intracellular signaling pathways in the heart and leads to myatalysfunction do not affect the
overall efficacy of cardioprotection BiPreis unknown. It has been previously shown th&t\eeek

long chronic renal failure leads to increased oxidative andtiviér stress in the rat heddb, 173,

176, 177]. Here we have also shown increasedatiite stress in a 3@eek model of prolonged
uremia. It is well known that the cardioprotective effectiPfe is lost in metabolic diseases
associated with increased myocardiaidative and nittive stresq3]. Therefore, our present
findings showing that the cardioprotective effectl®fe is surprisingly still preserved in uremic
animals in spite of the increased systemicatiite stress are particulargxciting. These results

suggest that even though prolonged uremia leads to some deleterious effects (e.g. mild cardiac
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dysfunctionand minimal hypertrophytendency of increased infarct size) it likely induces some
complex compensatory alterations supporting maintained cartkogtiom by IPre However,
further studies should be carried out to determine the precise role of oxidataemistress in the

mechanism of preconditioning in uremia.

9.6 Cardioprotection by IPre in uremia-related minimal cardiac hypertrophy
Up-regulation of renal renkangiotensiraldosteron system was also shown in rats with partial
nephrectomy in our present study similarly to findings of other research doo#)sl 75, 17§. In

our present study, increased plasma angioterisiavels together with echocardiographic data
suggest the development of a minimal left ventricular hypertrophy at week 30 in uremic animals. In
this aspect our study is in line with other studies showing®hrais still cardioprotetive in case of

left ventricular hypertrophyf179, 18] and hypertensionfl81, 18] associated with increased
plasma angiotensin 1l levdB]. Therefore, we believe that the presence of a minimal cardiac
hypertrophy and mildeft ventriculardysfunction in uremic animalmight not interfere with the
cardioprotective mechanism @®re However, it cannot be excluded that the cardioprotection by
preconditioning may be lost with the progression of the disease and development of severe heart
failure in em-stage renal failure, as it has been shown that endogenous cardioprotection is lost in
severe heart failurg83-185]. In addition, renal failure seems to interact with some protein kinases
[172, 174] suggested to be involved in the mechanisniPoé The overall net changes in uremia
seem to preserve the cardioprotective effedPog however, the exact mechanisms remain to be

elucidated.
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10CONCLUSIONS

In the present thesis, we investigated the effect of a amasicular risk factor, the metabolic

syndrome on cardiac gene expression patgerd we examined whether another cardiovascular risk

factor and comorbid state, prolonged uremia, affects the I/R injury and cardioprotection by IPre.

1.

2.

In the presenthesiswe have found that 25 weeks old ZDF rats develop severe metabolic
syndrome (dyslipidemia, obesity, hyperglycemia, hyperinsulinemia, impaired glucose
tolerance and insulin resistance). We have demonstrated for the first time that metabolic
syndrome is assaatied with profound modifications of the cardiac transcriptSewveral of

the genes showing altered expression in the hearts of ZDF rats have not been implicated in
metabolic syndrome previously. We conclude that metabolic syndrome alters the gene
expresson pattern of the myocardium which may be involved in the development of cardiac
pathologies in the presence of metabolic syndrdrigure 15) The precise role of these
genesn the cardiac consequences of metabolic syndrome needs to be further iraatigat

future studies.

We havealsofound here that another metabolic disease, chronic renal failure although leads
to severe metabolic changes and the development of myocardial dysfunction as well as
minimal cardiac hypertrophy, the cardioprotective dffe€ IPre is still observed.In
conclusion, our present study suggests that patients suffering draptekrm uremia may

also benefit from cardioprotection biPre This is particularly important as acute
myocardial infarction frequently occurs in patients with late stages of renal failure. Since
uremic patients are regularly excludeoim clinical trials, there is a need for clinical studies

to investigate the cardioprotective effect of conditioning techniques in patients with chronic
renal failure suffering from acute myocardial infarct{&igure 15)
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