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INTRODUCTION

1.1 Myocardial Infarction

According to the World Health Organization (WHO), cardiovascular diseases (CVD) are the leading
cause of death globally. CVDs include disorders of the hearit@hlbod vessels, such as myocardial
infarction (MI). Ml is the result of insufficient blood supply to areas of the myocardiL2] and
causes necrosis of myocardial celdeath of cardiac cells is followed by inflammation, which leads to
fibrosis[3]. Adverse remodeling and cardiac scarring negatively impact myocardial healing and may
lead to further disease states, sucthygsertensionheart failure, and deati] [3]. Sudden cardiac
death (SCD) after Ml accounts for 50% of overall mortality and is attributed t@ecurrent Mi,
cardiac rupture or pump failure within one month of index MI. SCD that occurs after three months of
index Ml is attribtied to arrhythmigb].

Most patients with MI present with typical chest pain/chest discomfort, however compared with men,
women are less likely to manifest centcilest pain Women with Ml suffer more frequently from

pain in the upper back, arm, neck and jaw, as adtom nausea/vomiting, palpitations and an unsual
fatigue [5].

Elevated levels of cardiegpecific troponing(cTnT and cTnl)in peripheral bloodas well asthe
cardiac specific creatine kinag€K-MB) are central biomarkers fdahe diagnosis of MI[6,7]. As
biomarkers for adverse cardiac remodelliafger MI with subsequent heart failure, interleukins,
natriuretic peptidgsmatrix metallopeptidases (MMPs) and noncoding RNAs, such as microRNAs
(miRNAS) are discussdd].

Since MI has a high mortality ratend leads to further fatal disease statehorough understanding of

the molecular processes during MI is important for developing improved therapy options and

biomarkerdor further disease states

1.2 Nitric oxide synthaseenzymes (NOS)

Neuronal nitric oxide synthase (nNOS), endothelial nitric oxide synthase (eNOS) and inducible nitric
oxide synthase (iINOS) are the three NOS isoforms that produce nitric oxide[§N@NOS and

eNOS are calciurdependent enzymes and prodmegomolarconcentration®f NO for seconds or
minutes[8,9], whereas iNOS is aalciumindependent enzyme and generates micronastasunts of

NO for hours or days upon stimulati¢@]. eNOS is localized within the caveolae and expressed in
numerous cell types, such as vascular smooth muscle adlése it functions as a homeostatic
controller of cardiovascular functions. eNOS is thought to protect against @\D12]. nNOS
localizationis described at the mitochondria, the sarcolemma and the sarcoplasmatic reticulum. In

resting cardiac myocytes nNOS is found at the sarcoplasmatic reticulum, while in disease states it is




translocated to thenitochondriaand sarcolemma. It is thought to have a cardioprotective role in
different CVDJ[13].

While eNOS and nNOS are constitutively expressed, iNOS is absent in healthy/dtasesasnd
expressed upon stimuli such as hypoxia or inflammatinich leads to the generation of high
amounts of NO by iINO$8,14,15]

1.3iNOS and oxidative nitrosative stress

The iINOS geneNOS3 is located on human chromosome 17qd1i22It comprises 2@&xonsand 25
introns and is regulated at different levdls6,17] The gene product catalyzése oxidation of L-
arginineand Q into L-citrulline and NOwhere NO is produced from the terminal guanido nitrogen of
L-arginine[18i 20].

NO functions as an antimicrobial agent in the immune sy$t8y21] and is thought to have a
protective role against severe malaf2®2]. However, iNOSderived NOis also associated with
pathologies, such as candé&s,23,24] COPD [25] and CVD [14] where it is thought to haveual

roles

At low concentrationdNO produced from iNOS plays crucial roles in vasorelaxation and blood flow
regulation, platelet activity, cell survival and proliferation, as well as in the immune and neurological
system[8,19,21] At high concentrations NO can be cytotoxic and apoptosis indy8i2g]. In cancer

low NO concentratiom seem to favour tumorigenesis and progression, while high concentrations
produce antitumor activity, still NO produced from iNOS has pral antitumoral effects, depending

on dose, time- and compartmenii8,18,23,24] High levels of iNOS in human breast cancer tissues
predict increased tumor progression and a poor outcome of syt8yaHence, the dual role of INOS

in cancer.

Further, NO has indirect effects via Nf@rived species, which are generatgdeactions of NO with

O, or superoxide anion (Q. The reaction of NO with ©leads to reactive intermediates that can
nitrate, nitrosate or oxidiztheir biological environmentThis oxidative nitrosative stress promotes
DNA damage suppesion of DNArepair enzymesnd postranslational modifications of proteins.
Further, NO influences several epigenetic regulators, therefor enabling dysregulation of DNA
methylation and acetylation, which promotes inflammation, genomic instability and carcinogenesis.
Genes controlling cell growth and DNA repair are prime targets for NO and oxidative nitrosative
stress[18,19,24] While induced oxidative stress at high concentrations by iINOS and NO has the

potential todiminishtumor cells via cytotoxic conditions it poses a threat to healthy ti§28fs

1.4iNOS in CVD
Increased iINOS expression is suggested to play a ratmefuhaole in several CVDs. lexperimental

modek of sepsisiNOS inhibitionhas been implicated in the restoration of blood pred&ir28]and
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overexpression of iINOS in cardiomyocytes of transgemae has been associated with and suggested

to cause bradyarrythmia, cardiomyopathy and $Z9). In atherosclerotic lesions iINOS is expressed,
leading to the reaction of NO with;Gand thereby causing oxidative nitrosatsteesswhich leads to
cellular damage and inflammatioji4,18] Further excessive production of NO contributes to
contractile dysfunction, which plays a role in chronic heart fai[8B3. In patients with endtage

heart failure cardiomyopathyand ischemic heart diseaipereasedkxpression of iNOS and increased
oxidativenitrosativestress has been found in the h¢ai.

In murine and rabbit models of Ml increased iINOS expression has been deaadbiedsuggested to
contribute to left ventricular dysfunctipheart failure progressiomyocardial injuryand extent of

infarct size, even late after ischemia and reperfuf3din35). Further survival after Ml in iINOS

mutant mice was increased compared to wildtype m@de Li et al. [36] showed that loss of
transplanted rat stem cells in Ml was partially due to increased apoptosis and iINOS overexpression
and early iNOS inhibition in MI may increase cell surviakcreased iNOS expression after Ml in
murine models was also described in the-imdarcted myocardiuni9,36].

Despite this dogma, some researchers suggest iINOS having a cardioprotective mechanism in
pathological condition§l4]. During ischemic preconditioning (IPC) where tolerance of the heart is
increased by a milder stressor, INOS has been suggested of having a cardioprotec{i¥€].role
Likewise, several studies found that the absence or inhibition of INOS does not improve pathology in
CVD and in some cases even worseffidd39]

In human Ml little to no research has been conducted to clarify thefiN©S.

1.5Aim of this work

iINOS is discussed as a potentially detrimental enzyme in several diseases, including CVD and more
specifically MI. However, most studies identifying the role of IN@SMI have been conducted

murine models, where coronary artery ligation was performed and iINOS expression was monitored in
the days following MI. Hence, in human MI no data are available for INOS expression, the cell
expression pattern of INOS or regulation of INOS expression, besides transcription fagties., in

murine models of MI, the heterogeneity of human MI, such as acute infarctioanetion and old
infarction, cannot be addressethis leads to the questipwhether the findings of iNOS involved in
molecular processes during murine MI is equally transferable to human MI. Since INOS may be a
potential target for therapy optignanay lead to a more thorough understanding tloé
pathophysiology of Mand to development of biomarkers for the progression of heart failure after M,
examining the role of INOS in human Ml is important.

Therefor, the aim of this work was to examine the iINOS expressidreart tissue of human Ml and

the cell expression pattern of iINOS. Further, oxidative nitrosative stress caused by increased iNOS

expression was measured in humantigBue Additionally, regulators of INOS gene expression, such




as miRNAs and genetic polymorphisms in M®S2gene were analyzednd potentiamarkers of an
increased iINOS expression in serum and urine were examined
The results of this work magontribute to a better understanding of the role of INOS in human MI and

may lead to further studies and improved therapy options for the leading cause of death globally.




PART 1 INOS MRNA EXPRESSION AND CELL EXPRESSION PATTERN IN
HUMAN MYOCARDIAL INFARCTION

Parts of thishapter have been published in Frontiers in Cardiovascular Me{Wiimeset al, 2023
[40]).

2.1 Abstract

Inducible nitric oxide synthase (iNOS) produces micromolar amounts of nitric oxide (NO) upon the
right stimuli, whose further reactions can leadotadative stress. In murine models of myocardial
infarction (MI), INOS is known to be expressed in infiltrating macrophages, which at early onset enter
the infarcted zone and are associated with inflammation. In contrast cardiac tissue resident
macrophages are thought to enhance regeneration of tissue injury-estdhiesh homeostasis. Both
detrimental and beneficial effects of INOS have been described, still the role of INOS in Ml is not
fully understood. Our aim was to examine cell expression patterns of INOS and nitrotyrosine (NT)
production in human MI.

We examined in postmortem human MI hearts the INOS mRNA expression by means of gPCR.
Further we performed immunohistochemical stainings for cell type identification. Afterwards a
distance analysis between iINOS and NT was carried out to determine causality between INOS and NT
production.

INOS mRNA expression was significantly increased in infarcted regions of human MI hearts and
iINOS protein was detected in resident macrophages in infarcted human hearts as well as in controls
hearts, being higher in resident macrophages in Ml hearts compared to control. Furthiertidre

and in healthy human heatte number otells showing signs of NT production peaked withir1B0

pm proximity of iINOS+ cells.

These results indicate that, unexpectedly, resident macrophages are the main source of iINOS
expression in postmortem human MI hearts. The peak of NT positive cells with |1t of INOS+

cells suggest an iNOS dependent level of NT and therefore INOS dependent oxidative stress.

Our results contribute to understanding the role of iINOS in human MI.

2.2 Introduction

So far the role of INOS in MI has been exclusively studied in murine and rabbels of MI[31i 35].
Eventhough iINOS is discussed as having dual roles in CVD, the detrimental effects of iINOS derived
oxidative nitrosative stress are well knoyir8,19,24,3739]. Specifically, peroxynitrite (ONOQ is
formed by theaeaction of NO with @. Peroxynitriteis a $rong oxidant causing oxidativatrosative

stress by lipid peroxidation and nitrosylation of proteindich hasdetrimental effects, e.g. to
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cardiomyocyted8,14,19,31,41] Due to the burst of NO produced by iNOS, NO outcompetes the
reaction of superoxide dismutase for,dence NO is a key regulator of peroxynitrite formafié2y.

In lung tissue INOS derived NO and peroxynitrite formation may promote alveolar destruction and
emphysema [43]. Further peroxynitrite inactivates aftioteases and activatesnatrix
metallogptidags MMPs), which are known for degrading and remodeling extracellular matrix under
physiological and pathological conditiof44,45] After MI, the loss of myocardial extracellular
matrix, driven by MMPs, is one of the determinants of left ventricular remoddlig

In human MI no data are available regarding iINOS derived oxidative nitrosative stress. However,
Turillazzi et al. [47] found an increase of INOS protein and nitrotyrosine (NT) the fingerprint of
peroxynitrite in tissues, and subsequent oxidative nitrosative stress in human hearts of cocaine
bodypackers, who died following theonsumption of lethal doses of cocaine. Implicating an
additional mechanism of acute cardiac injury by iNOS and subsequent oxidative nitrosative stress.
Further, Frustacet al.[48] reported increased iNOS and NT expression in endomyocardial tissue of
cocainerelated cardiomyopathy in humans, compared to dilated cardiomyopathy and normal controls,
suggesting oxidative nitrosative stress as a major mechanism of myocardial damage.

Further the cell expression pattern of iIN@&s been predominantly studied in murine and rabbit
models of Ml and in these models, iINOS seems to be expressed in cardiomyocytes and macrophages
[9,26,31,36,49]In the human heart different subsets of macrophages are pfedis®], which are
roughly divided intoinfiltrating A M 1(€D68+, CD206, CD163) andresidentfi M 2macrophages
(CD68+, CD206+, CD163+Wwith CD68 being a antigenexpressedby both subsets. Prenatally yelk
sacderived tissugesident macrophages regenerate themselves locally witbatribution of blood
monocytes These resident cardiac macropdegsegnexepde
markers[52]. The functions of those tisswiesident macrophages differ and depend mainly on their
microenvironment. However, it is known that they enhamggeneratiorafter tissue injury and re
establish homeostadis4].

fi M liofiltrating macrophageswhich comprise blood derived monocyt&xpress numerous pro
inflammatory marker$52] and are known to express iNG% mice [50]. Infiltrating macrophages

enter the infarcted zone in the initial stage of MI for clearance of dead cells and matrix debris and
causea gradual enlargmentof the infarcted zone of MI heari§2]. Even though inflammation is
required for clearance of dead cells and tissue regeneration, an exaggdletedatoryreaction can

delay the healing process of the myocardiyB2]. iINOS is classically viewed as a markef
infiltrating macrophageq50,51] however, the limitations of this nomenclature are described
[25,51,55]

In human MI hearts Shimojet al.[56] approached to describe the cellular expression pattern of
iINOS, but except for this attempt no detailed examination of the iINOS cell expression pattern in

human MI hearts, has been conducted.




In the present work, the INOS gene expression in infarcted myocardiurmfacsted myocardium
and control heartsrasexamined. Furthermore, detection of NT as the fingerprint of peroxynitrite in
tissue, was evaluated and a distance analysis between INOS and NT perfotmeghin an

understanding of the role of INOS derived oxidative nitrosative stress in human myocardial infarction.

2.3 Material and Methods

2.3.1Samples
Cardiac tissue samples fraB® deceased individuals were collected during court ordered autopsies at

the Institute of Legal Medicine, University Hospital, GbetUniversity Frankfurt Germany The
control group consisted of2 microscopically healthy unharmedhearts fromoverall healthy
individuals who died from accidents or committed suicitleerefore, only individuals who died a
non-natural death were included. The MI group consisted of hearts with macroscopically visible signs
of cardiac infarction. All amples were histologically revised by an experienced pathologist and RNA
was extracted. From the infarction zone of the MI hearts, two replicates were taken, either from
posterior or anterior wall, depending on the infarct localization. Additionally, two samples from the
macroscopically unaffected wall of the MI hearts and two from the anterior and posterior wall of
control hearts were takeWariations withinmyocardial tissuand the heterogeneity of the infarctions
were considered by taking more than one tissue samfilsamples were obtained from the left
ventricle.

The MI and the control group are shown in Table 1 an@ih2. Ml group was further divided into
acute infarction, old infarction (months or years after index Mi)nfarction and subacute infarction

(days or weeks after index Ml), depending on the age of infarction.

Table 1: Gender, mean Age (yearsand mean postmortem interval (PMI, days) of the myocardial

infarction group.

Gender Age PMI
Male/Female
29/10 68 7

Table 2: Gender, mean Age (years) and meapostmortem interval (PMI) of the control group.

Gender Age PMI
Male/Female
9/3 43 5




2.3.2ImmunhistologicallHC) examination®f iINOS, NT and CD68

Tissue samples werééd in 4.5 % buffered formalin aneimbedded in paraffinSections of 5 um

were deparaffinized with xylol and graded alcohol after heating for 30 minutes atEB0Yking of
endogenous peroxidase was applied by incubation with 3% hydrogen peroxidase for 15 minutes. For
antigen retrieval and to increase cell permeability for the antibodyirgament was applied.
Therefore, the samples were boiled in citratebuffer (0,1 M, pH = 6) three times for 1 minute with 5
minutes breaks in between. Subsequently slides were incubated with 20% goat normal serum for 20
minutes at room temperature for blocking. Incubation with primary antibodyN@f (NOS2 mouse
monoclonal, Santa Cruz, CA, USA) diluted 1:50 in phosphate buffered saline (PBS) was applied over
night at 48°C. Afterwards, the samples were incubated at room temperature for 30 minutes and
washed twice with PBS. The utilized detection system was the LSAB2 si#Rémkit (Dako,
Copenhagen, Denmark) an avidiiotin technique in which the biotinylated secondary antibody reacts
with several peroxidaseonjugated streptavidin molecules. The biotinylated secondary antibody was
applied for 30 min at room temperature. After washing wish PBS twice, the samples were incubated
with horseradish peroxidase (HRP) for 30 min at room temperature und washed twice again with PBS.
Afterwards slides were incubated with AEC (Dako, Copenhagen, Denmark) for 15 minutes and
washed with PBS. The samples were counterstained with haematoxylin for 3 minutes, dehydrated,

cover slipped and examined with a transmission light microscope (Zeiss, Jena, Germany).

For NT staining, samples were deparaffinized at 60°C for 30 minutes and for antigen retrieval boiled
for 40 minutes in EnVisionTM Flex Target Retrieval Solution Low pH (Dako, Copenhagen,
Denmark). The primary antibody amtitrotyrosine (nitrotyrosine mouse monoclonal, Santa Cruz, CA,
USA) was diluted 1:400 in antibody diluent (Dako, Copenhagen, Denmark) and applied on the
samples for 30 minutes. Slides were washed with tris buffered saline (TBS) and the subsequently
utilized detection system was the EnVisionTM Flex (Dako, Copenhagen, Denmark). Samples were
incubated with hydrogen peroxidase for 5 minutes and washed with TBS. HRP was applied for 20
minutes and samples were washed in TBS again. Incubation with DAB (Dako, Copenhagen,
Denmark), followed for 10 minutes. Every incubation step was applied at room temperature. After
counterstaining with haematoxylin, samples were dehydrated, cover slipped and examined with a

transmission light microscope (Zeiss, Jena, Germany).

For staining of CD68, samples were deparaffinized in a-phaase dewaxing procedure using
ClearifyTM Clearing Agent (Dako, Copenhagen, Denmark). Antigen retrieval was applied using
EnVisionTM Flex Target Retrieval Solution High pH at 97°C for 20 minutes. After incubation with
washing buffer of the EnVision FlexTM Kit (IRa, Copenhagen, Denmark) fon#nutes, the primary
antibody CD68 KP1 (EnVision FlexTM mouse monoclonal, Dako, Copenhagen, Denmark) was

applied for 20 minutes. After another washing step for 2 minutes, slides were incubated with
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peroxidase for 3 minutes. Subsequently samples were washed again for 2 minutes and incubated for 20
minutes with HRP. After several rounds of washing, samples were incubated 5 minutes with DAB
(Dako, Copenhagen, Denmark). After counterstaining with haematoxylin, samples were dehydrated,

cover slipped and examined with a transmission light microscope (Zeiss, Jena, Germany).

For semiquantitative analysis of INOST and CDG68 staining, samples were scored in a dehilvid

manner. The intensity of immunopositigggnalswas assessed on a scale 8 @s follows:only
perivascular staining (1), perivascular and isolated tissue staining (2) and pronounced perivascular and
tissue staining (3). Quantity of staining was indicated byveal), normal (++) and strong (+++). For

analysis of nitrotyrosine, staining intensity was evaluated only as quantity.

2.3.3Tissue preparation and immunostaining viBtido N D RRuKiplex IHC Stainer

Tissue sections were deparaffinized by 1 hour incubation at 60°C. Tissue sections (5 um) were stained

with Opal #Color AutomationHCKi t s ( Akoya Bioscience) in the BO
(Leica). The first step of the automated IHC included a fixation step with 4% Formalin (Roth, P087.5)

in PBS. Each section was put through 6 sequential rounds of staining, which included blocking in 5%

BSA, followed by incubation with primary antibodies of the following panel (NT, Santa Cruz, sc

32757; NOS2, Santa Cruz,-8271; CD163, Abcam, ab182422; CD206, Cell signaling, 91992S;

CD68, DAKO, M0876), corresponding secondary HEpjugated antibodies and Opal fluorophores

as described. Nucl ei -deeidire2-ghenyimdole(DAPt) eontaireddintiei t h 41
Opal #Color Automation IHC Kits, and slides were mounted with Fluorom@u®outhernBiotech).

2.3.4Microscopy and image analysis

Imaging was performed with the VectraPolaris imaging system (Akoya Bioscience), and images were
analyzed by using the phenotyping application of the inForm software V2.4.10 (Akoya Bioscience).
Phenotype classification was performed automatically by the written algorithm using inform Software.
Multispectral image analysis was performed with Phenochart, InForm Image analysis software (Akoya
Biosciences Inc.), and HALO software (Indica labs). For distance analysis in HALO software 5 slides
of the infarcted regions, 5 slides of the rinfarcted regions anél healthy controls were examined,
calculating proximity distances from one population to the other andversa in a delimited radius

range.

2.3.5Reverse transcription guantitative polymerase chain reaction

RNA extraction, cDNA synthesis and quantitative 1ttme PCR (gPCR) was carried out as
previously describefb7]. One hundred milligrams of cardiac tissue were mechanically homogenized

in 1 mL Trizol. Genomic DNA digestion was performed and subsequently extracted RNA samples
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were purified. For synthesizing single stranded cDNA randioen HighCapacity cDNA Reverse
Transcription Kit(Applied Biosystems, Darmstadt, Germamgs useaccording to the manufactures

protocol The priming conditions were randoithe Thermocycler program is described in table 3.

Table 3: Thermocycler program for cDNA synthesis.

Step Temperatur (°C) Duration (h)
1 25 00:10

2 37 02:00

3 85 00:05

4 4 Stop

gPCR was performed using the following Taq Man® Gene Expression Assays: inducible nitric oxide
synthase (NOS2, amplicon size 67 bp, assay ID: Hs01075529 m1, -refseM_000625.4).
Peptidylprolyl isomerase A (PPIA, amplicon size 98 bp, assay ID: Hs99999904 mi1,-nefseq.
NM_021130.4), TATAbox binding protein (TBP, amplicon size 91 bp, assay ID: Hs00427620 m1,
refseg:nr.. NM_003194.4) and tumor protein translationally controlled 1 (TPT1, amplicon size 131

bp, assay ID: Hs02621289 g1, refsegq: NM_003295.3) (Applied Biosystems, Darmstadt,
Germany) were used as endogenous reference genes due to their postmortem stability and their stable
expression in cardiac tissue, as previously descftif®&9] For each sample triplicates were applied

as well as no template negative controls for each a¥b&yqPCR reaction mix as well as the cycler

program are described in tables 4 and 5.

Table 4: Reaction mix in the gPCR per each well.

Reagent Volume in pl
Maxima Probe/ ROX qPCR Master Mix 5
TagMan-Gene Expression Assay 0,5

cDNA 1-4,5 (200ng)
Nuclease free water Ad 10

Table 5: Program of the gPCR.

Step Temperature (°C) Duration (min)
1 50 02:00
2 95 10:00
3 85 00:15
4 60 01:00(3-4 40x)
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Analysing the gPCR efficiency was performed by using LinReg PCR Soffé@feThe gPCR was
efficient when the values were between 1,8 and 2,0. Values lower than 1,8 indicate an inadequate
efficacy and were excluded. Efficacy values per heart assay were determined and used to correct the
corresponding Cq values.

For gPCR 200 ng cDNA were used. After reverse transcription cDNA concentrations were not

measured, since the reverse transcription ratio of RNA:cDNA is 1:1.

2.3.6Data analysis

gPCR was carried out by using the Software 7500, version 2.0.6 and Data Assist v3.01 served for
analyzing the qPCR raw data. Calcul ation6llof f ol d
The resulting foldchange is the relative gemzpression in comparison to a calibrator sample.

calibrator sample a control heart was chosefiecting most closelghe mean agé43 years)of the

control groupand the dominant gendé€male) in control and infarction groupAll samples of

infarction and control group were normalized against this calibrator sample.

Cqg = average Cg of t he 1noimalizatioo tadtoe of thodndodgehoas g e n e
references.
PpPCqg = @Cq of tipeLlgg e tdfe icratl e hbeatt or sampl e

2~ppCq -EpRf¢ of gehpeCopfofi nttheer ecsal i brat or sampl e)

The software R version 3.5.1 was used for statistical analysis. Linear mixed effects model and
pairwise post hoc comparisons were applied and s
comparisons test. Two individual measurements of the unaffected and the affected regions of Ml
hearts were included in the statistical analysis to detect local differences in the gene expression per
heart and two of the anterior and posterior wall for each control heatrt.

For statistical evaluation of different macrophage populations Nehitney tests were applied.

2.4Results

2.4.1Sample Selection

Histological examinations confirmed the macroscopic pathological findings of MI. Acute, subacute
infarctions or scar areas were present, either focal or diffuse. Thifaotted areas revealed no

cellular changes and no obvious cardiomyocyte injuries. In some cases, mild diffuse or localized
scaring after older myocardial hypoxia was observed. The control group did not show any

histopathological cardiac changes.
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2.4.2Increased INOS mRNA expression in Ml hearts

iINOS mRNA expression in control hearts, asll as in noraffected and affected regions of Ml hearts
is shown in Figre1. In infarcted region§ = 0,001) and in neinfarcted regions (p = 0,02he INOS

expression was significantly increased in comparison to the control group.

Increased iNOS mRNA expression in M| hearts

6 [
e Control
. A
B non-infarcted regions
® A _ .
D 4+ A infarcted regions
S 4
5 A
A
2 Al
o 2-
- ﬁ
A
0=

Control Non-Infarcted Infarcted

Figure 1. INOS mRNA expression in controls, norinfarcted and infarcted regions iNOS mRNA
expression level in control hearts (n=12), in #iofarcted (n=33) and in infarcted (n=37) regions of Ml hearts
were determined by gPChadividual values wergrouped angblottedand show significant upregulation of
iINOS expression in nemfarcted(p = 0,02)and infarcted regiong = 0,001)in comparison to controls
Horizontal bars display the mean Fold Change in each gkdugar mixed effects model was applied and

significance was adjusted after normality by using

When separating the infarction group according to the age of infarction, the strongest iINOS mRNA
expression was found in acute Ml hearts (data not sholt®).ratio of male infarction and control
hearts to female infarction and control hearts was approximately 3:1. No difference in INOS mMRNA

expression was found between male and female Heaits not shown)

2.4.3Increasedarotein levelof iINOS, Nitrotyrosine(NT) and CD68+ macrophagesMI hearts
In Table 6 the mearHC staining intensities for INOS, CD68 aiNil in each group are showfihe

iINOS proteinlevel was strongly increased in namfarcted and infarcted areas in comparison to
healthy control myocardiunNT was also strongly visible in nenfarcted and infarcted areas in
comparison to control tissué&o difference in NT staining was found between acute and older

infarctions.

Table 6: Mean immunbhistological (IHC) staining intensities for INOS, CD68 and NT in the contra, non-

infarcted and infarcted regions The intensity of immunopositivity was assessed on a scale3cifollows:
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only perivascular staining (1), perivascular and isolated tissue staining (2) and pronounced perivascular and

tissue staining (3). Quantity of staining was indicated byveaf, normal (++) and strong (+++).

Control group Non-infarcted areas  Infarction areas
iINOS 1++ 2+ 2++
CD68 1++ 2+++ 2+++
NT + ++ ++

2.4.4CD68+ macrophagggoduceNOS in human Ml hearts

Next, the cellular expression pattern of iINOS veasluated by comparison of CD68+ and iNOS
expressing cells. In control hearts iINOS protein and GD@facrophages were restricted to the
perivascular tissue and only rarely visible within the myocardium. In the infarcted andfaeted

regions, an upregulation of iINOS protein expression and an increase of CD68+ macrophages in
comparison to healthy control tissue was observed, indicating an accumulation of both in infarcted
hearts (Tables). Furthermore, the CD68+ macrophages were detected as the main iNOS expressing
cells in human MI hearts, in the infarcted, as well as theimancted areas (Fige 2). However,

more CD68+ cells than iINOS expressing cells were obs¢hadile 6)

Of note, in a few noinfarcted regions, where microscopical examinations revealed no cellular
changes, only acute hypoxia or smallest fibrotic changes, a strong increase in INOS and CD68 protein

levels was observed (Tald

oS _ Nt!! R S
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Figure 2: INOS and NT localization by CD68+ macrophages innfarcted regions. a) iNOS expression by
macrophages in the acutely infarcted tissue, as indicated by the arrows (red, 20x). b) NT expression by
macrophages in the acutely infarcted tissue, as indicated by the arrows (brown, 20x). Cell nuclei were

counterstained withaematoxylin

2.4.5The presence of INOS and NT in macrophages indicates oxidative stress in M| hearts

In the infarcted and neimfarcted areas, a strong NT staining wiasected while in control hearts no

or only weak staining of NT was observed (Table\3j.was mainly found in cardiomyocytes and to a
lesser extent in CD68+ macrophages, indicatingtaming of INOS and NT (Fige2).

In comparison to acute and older infarctions, a reduced iINOS protein staining was detected in older
infarctions. Yet, the intensity of the NT staining showed no difference between older and acute

infarctions (data not shown).

2.4.6Infiltrating macrophages express less iINOS compared to resident macrophages in human hearts

For further exploration of INO®xpressing macrophages in human MI hearts and healthy control
hearts the BONERX Multiplex Stainer system was used, with antibodies against resident versus
infiltrating macrophage markers. The results showed iINOS expression mainly in CD206+ and
CD163+ macrophages, which are mostly resident macrophages, and to a lesser extent in CD68+
macrophages, indicating that infiltrating macrophages did not express significantly higher iNOS levels
(Figure 3 and 4). Staining was performed in the infarcted regions, thenfemsted regions and the
control hearts.

Even though most macrophages in the heart were CD68+, the percentage of all INOS expressing
CD68+ macrophages did only slightly increase in Ml hearts in comparison to control hearts. However,
the amount of iINOS expression specifically in CD206+ and CD163+ macrophages did markedly
increase in MI hearts, in comparison to control hearts. Therefore, the increase in iINOS protein
expression in human MI hearts is due to an increase of iINOS production in CD206+ and CD163+
macrophages. Interestingly, the amount of CD206+ and CD163+ macrophages did not or only slightly
increase in the MI hearts in comparison to control hearts, supporting the notion that these cells
comprise the resident subset. However, there was an increase of all CD68+ macrophages in Ml hearts
in comparison to healthy hearts, indicating an influx of newly recruited monocytes/macrophages as

expected upon myocardial infarction.
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Average macrophage populations
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:6_ ®  myocard infarction region
) A non-infarcted region
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CD163+ % of INOS+ CD68+ % of INOS+ CD206+ % of iINOS+
% CD163 cells % CD68 cells %  CD206 cells

Figure 3: Percentageof INOS-producing macrophage subpopulation incontrols (n=10), nor+infarcted
(=23)and infarcted regions(n=25). Individual values were grouped and plotted. Statistical significance was
indicated aer normality and MamWhitney ests.Significance from left toight: % of INOS+ CD163 cells (p =
0,0069 and 0,0116¥% of INOS+ CD68 cells (p 8,0284) and of INOS+ CD206 cells (p 8,0045 and
0,0060).In CD163+ and CD206+ cells INOS expressiomizre stronglyincreased than in CD68ells.

Whiskerbars indicate the mean percentage of cells in each gmaithe standard deviation of the mean

DAPI'iNOS,CD206 €163/ T
A

Figure 4: INOS expression and NT production in different macrophage populations imfarcted regions.
Infarctedtissue section, low magnificatioA) and high magnification) stained using the following niaers:
CD68 (dark blueC), CD206 (yellow,D), CD163 (light blueE), iNOS (greenF) and NT (orangeG). INOS is
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visible within the CD163+ and CD206+ macrophage. Cell counterstain was performed with DAP] ijahite

separately shownScale bars are shown in the imaged indicate size

2.4.7NT production occurs in the vicinity of INOS+ cells

The number oNT produdng cellsincreased in the infarcted and Riofiarcted regions in comparison

to healthy controls. Since iNOS is a known contributor to peroxynitrite emergence and subsequent NT
production, a distance analysis was applied, to examine potential causality between iINOS expression
and NT production. In five infarcted regions, five Aafarcted regions and five healthy controls, the
distance of INOS+ and NT+ ceNgasmeasured in a radius of 100 (Figure 5) In all groups there

was a peak of cells within 106 pm of INOS+ and NT+ cellsdemonstrating the close proximity
between NT and iINOS expressing cells. When the analysispedarmedfrom iNOS to NT, we
observed a higher number of cells expressing iINOS towards cells producing NT wittbruib@. Not

the total amount oiNOS+ and NT+ cells is depicted here, since distance measurements were only
performed in a demilited radius range. Thus, explaining the high numbers in the contrdFigoug

5).
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Proximity analysis iNOS to NT
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Figure 5: Distance between iNOS+ and nitrotyrosine+ (NT+) cells inontrols, norrinfarcted and infarcted
regions a) Number of iINOS<ellswithin 100 pmof NT+cells in control and/l hearts.iNOS+ cells peak
within a distance 0£0-15um ofNT. b) Number of NT+ cells within 100 pmf iNOS+ cells in control ani¥ll
heartsNT+ cells peak within a distance of-1Gum of INOS.
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2.5Discussion

2.5.1Resident macrophages are the main source of INOS in human Ml hearts

A significant increase in INOS mRNA expression in M| hearts was found, together with a strong
increase of INOS proteievelsin infarcted and noinfarcted regions compared to control hearts

Our results indicate that resident CD206+ and CD163+ macrophages, expressing classical markers of
i M2 0 ma c [52],mte thg reain source of INOS expression in human MI hearts. The findings of
Gredicet al.[25] of CD206+ and iINOS+ macrophages in close proximity of remodeled vessels in
lungs of human COPD patients support our observations. This is crucial since iINOS is considered a
marker of preinflammatory, infiltrating macrophagd80] and resident macrophages are thought to
enhance tissue regeneration anéstablish homeostaqi4].

Moreover, Grediet al.[25] described an increase the number ofCD206+ resident macrophages,

when wild type mice expressing INOS were exposed to tobsmadke. This increase was abolished in

iINOS knockout mice. Even more interesting they found evidence for an-dé@&dent crosstalk
between resident macrophages and pulmonary artery smooth muscle cells (PASMCs) which drives
proliferation of these vascular cells and therefore, pulmonary vascular remodeling upon smoke
exposure, a pathway that can be prevented by deletion of resident macrophage derived iNOS. They
hypothesized, that this regulatory role of iINOS is unique for specific conditions, including-smoke
exposure and communication between macrophages and PASMCs. These results may apply to the
current study in human MI hearts, since smoke exposure resembles hypoxic injury in MI, and we also
found increased iNOS production in CD206+ and CD163+ macrophages. Although in the current
study we did not examine crosstalk between cardiac macrophages and other cardiac cells, this is a
known phenomenon. Ramanujast al. [62] described miR21 dependent crosstalk between
inflammatory, infiltrating macrophages and fibroblasts in a murine pressure overload heart model,
promoting the transition from quiescent fibroblasts to myofibroblasts. An iINOS dependent remodeling
in the MI heart via peroxynitrite production and subsequent activation of matrix metalloproteinases
may be possible.

However, to the best of our knowledge, our study is the first to describe iINOS production in CD206+
and CD163+ macrophages in human MI and healthy control hearts. Crucially, the percentage of
CD206+ and CD163+ macrophages expressing iINOS exceeds the percentage of CD68+ macrophages
expressing iINOS in the infarcted regions. This presents an interesting extension on the roles of

recruited inflammatory versus resident macrophages in human Ml in an iNOS dependent manner.

Additionally, we found increased iINOS mRNA and protein expression in thénfameted regions of
human MI heartsSince the supply areas of coronary arteries are not linhitegither anterior or
posterior wall we assume that an occluded artery causing Ml in the anterior wall may also lead to
microvascular ischemia in the posterior wall. We beli¢his is a likely scenario explaining increased
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iINOS mRNA and protein expression in the rpfarcted regions, especially in cases with long
standing history of coronary artery disedsea rat infarction modelTakimotoet al.[36] also found

iINOS mRNA and protein levels upregulated in fiofarcted regionsHe described this upregulation

in aperiod of56 days post infarction, suggestindgoag-lastinginflammatory reaction in those non
infarcted regions. These results are in line with the findings from other groups, who reported an
increase in macrophage numbers in the-imfarcted area of Ml heartfs1,53] This increase is
described as slower but longer lasting than in the infarcted area. Local macrophage renewal additional
to blood monocyte recruitment, as well as a secondary inflammation reaction and functions of
macrophages in heart remodeling are discussed as r¢as@8.

In the current study, not only CD68+, but also CD163+ and CD206+ macrophage abundance was
increased in the neimfarcted myocardium accompanied by an increased iNOS expression in those
macrophages. Besides a distant inflammation following infarction or heart remoagsiageason,
macrophages and iNOS are known responders to hyfEdiaHowever, Takimotet al.[36] did not

report iNOS protein in control hearts. Furthermore, they reported that cardiomyocytes are the major
cells expressing iINOS, especially in the +iofarcted regions. We did not detect any iNOS expression

in cardiomyocytes. This may be due to species differences and differences between models of

myocardial infarction.

2.5.2iINOS dependent oxidative stress in human MI hearts

The function of INOS is widely described as producing NO, which reacts with superoxidanion causing
oxidative and nitrosative stress in the myocardium via production of peroxyfitewhich can be
narrowed down by NT stainings, the fingerprint of peroxynitrite in tissue. Still, the extent of INOS
dependent NO production to peroxynitrite in the heart remains unclear, since iINOS is not the only
contributor to peroxynitrite production and oxidative stress in the [&4m].

In the current study, strong NT staining was found in M| hearts, in infarcted as well asinfaroted

areas. These results are in accordance with the results of other studies, which examined the
immunohistochemical correlation between INOS and NT in pathological conditions, such as
cardiomyopathies, where NT was described in the cardiomyof4e48] In our study, NT was
mainly detected in the cardiomyocytes, however, we found macrophages being positive for NT.
Turillazi et al.[47] suggested an additional mechanism of acute cardiac injury triggered by cocaine, by
the increase of INOS and NT and subsequent oxidative stress in the myocardium of cocaine
bodypackers. Fengt al.[9], detected NT staining in the namfarcted myocardium of mice, which
increased moderately with NO production by iNOS. Hence, iNOS increases NT but is not the only
contributing/modulating factor-urther, they measured nitrate and nitrite in plasma of MI mice and
found a consistent increase with myocardial iNOS expression. In comparison with iNi©8 this

increase was significant. This suggests INOS dependent oxidative stress in MI.
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To the best of our knowledge, no distance analysis between iINOS+ cells and NT+ cells in human Ml
and healthy control hearts has been conducted so far. The results of our study confirm that NT+ cells
peak within 1815 um of INOS, suggesting a dependence and a range of activity by iNOS produced
NO. Within that perimeter, oxidative damage, such as extracellular matrix remodeling, may appear
[45], which may lead to left ventricular remodeling after [K#)].

Shimojoet al.[56] found ceexpression of NT and iNOS in cardiomyocytes in postmortem human
myocardial infarction hearts, which is not confirmed by our study. Since they did not use any
macrophage markers the immunohistochemical results may have not been as enlightening as the
results in the current study.

Further, the results of our study indicate that the whole heart is affected by oxidative stress, as hinted
by NT expression, and this seems long lasting. Therefore, an additional mechanism of cardiac injury
driven by iINOS and NT production in Ml hearts is occuring.

2.6 Conclusion

The results of the current study revealed that macrophages are the main source of INOS expression in
postmortem human MI hearts. However, INOS production was predominantly detectable in resident
CD163+ and CD206+ macrophages, which express typ
are unexpected given that i NOS is widely consi de
least in miceltalsoconfirms the | imitations of the AM1O al
cardiac macrophages.

Furthermore, we found that NT+ cells peak withinIB)um distance of INOS+ cells, indicating that

iINOS expression influences the level of NT in human MI hearts. The oxidative stress in infarction
hearts may be responsible for further damage in the myocardium and an impaired prognosis after MI.
Further studies are needed to describe in detail the role of INOS expression in cardiac macrophages in
human MI and how a prolonged inflammatory reaction involving iINOS expressing macrophages

impairs the prognosis after Ml.

20



PART 2 REGULATION OF INOS EXPRESSION IN HUMAN MYOCARDIAL
INFARCTION

3.1 Abstract

MicroRNAs (miRNAs) are important poestanscriptional regulators in several diseases, including
cancer, immunologic and cardiovascular diseagegrowing list of miRNAs are dysregulated in
arrhythmias, contractility diseases, myocardial infarction (Ml), sudden cardiac death (SCD), chronic
heart failure and hypertrophy. However, the exact regulatory pathways, through which miRNAs exert
their effects are often unclear.

In this study, waneasuredhe expression patterns of mil, miR939 and miR30e in postmortem
human M| since in different studies these miRNAs were shown to be dysregulated in cardiovascular
diseasesOur aim was to examine the influence of these miRNAs on cardiac INOS mRNA and protein
levels, as well as cardiac macrophage polarization and nitrotyrosine staining

We measured miRNA expression patterns by means of qPCR. Further we used correlation analyses to
determine causality between miRNA expression and cardiac iINOS, macrophagératydosine

levels.

miR-21, miR939 and miR30e were significantly upregulated in infarcted and-imfarcted regions

of postmortem human MI hearts in comparison to healthy controls. While2iiBnd miR939
showed their strongest expression in infarcted regions,-30&R peaked in the nanfarcted
myocardium Further, we found a significant correlation between 1982 and iINOS expression levels

in controls and infarcted regions

The results indicate, that mi®B9 is a regulator of cardiac iINOS expression. However, a massive
iINOS activation might exceed the capability of RIB9 to keep its expression in balance. fiRand
miR-30e do not seem to influence cardiac INOS levels in MI.

Further studies are needed to evaluate downstream targets of these miRNAs and their signaling

pathways to clarify their role in human M.

3.2Introduction

MicroRNAs (miRNAs) aresmall noncoding RNAs approximately 22 nucleotides long and single
stranded,which regulate podfranscriptional gene expressidhrough imperfect basgairing with
complementary sequences in tBed u nt r a n s(l3a6t ULdtRNeir euget onRNA[63i 67].
Thereby they inhibit mMRNA translation or promote mRNA degradd6én68]. Since targeting of a
MRNA occurs by imperfect bagmiring, a single miRNA can regulate multiple mRNiAgolved in

different biological processesind vice versgd64]. Therefoe, circulating and tissueniRNAs are
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important regulators in a growing list of diseases, including cancer, immunologic diseases and
cardiovascular diseasfs,69].

mMiRNAs can be isolated from several biological materials including fordfiztd, paraffin
embeddedFFPE)sampleqg66], which make them suitable as biomarkerowtver, therapeutically
targeting miRNAs remains difficult, since they influence many target genes and possibly different
pathways in the organisnistill, they are thoroughly investigated promising diagnostic tools

The dysregulation of several miRNAs in different cardiac diseaseh as arrhythmias, contractility
diseases, M, chronic heart failure and hypertropy been described, as well as specific functions
for different miRNAs in apoptosis, necroptosis and autophagy of cardiac cells if64y85]
Additionally circulating miRNAs are abundantly studied to investigate their diagnostic potential in
MI, as well as in arrhythmia and inherited cardiomyopatf6d$ Further, in a study of Kellegt al.

[70] a panel of selected circulating miRNAs was evaluat@dpredict the outcome in several
cardiovascular pathologie Pinchi et al. [71] examined the diagnostic power of cardisecific
mMiRNAs to differentiate between MI and sudden cardiac death (SCD) in humans.

Additionally, several miRNAs are documented to be oxidative stesggonsive miRNAs, sindbey

are considered as targets and modulators ofatixie stressrelated pathwaydn a rat model otardiac
ischemia/reperfusion injury, which leads to tissue damage through generation of reactive oxygen
species changed expression levels of miRNA4 were observedniRNA-144 directly regulates a
transcription factothat controldNOS2expressionf66].

Guoet al.[72] found that in primary human hepatéey, miR939 decreases cytokimeduced iINOS
protein expression and NO synthesis, but it does not decreases mMRNA expression or stability. Further
they detected two functional i@ 3 9 bi nding sites within the i NOS
translational blockade via miB39. Additionally, they reported that m#R39 expression is induced by

the same cytokines that induce iINOS expression, suggesting aaritollance system to protect the
organism against prolonged iNOS overexpression.

miR-21 is one of the strongest expressed miRNAs in various cardiac cell types inwitiic¢he
strongest expression in cardiac macrophd§2%9] The function of miR21 in fibroblasts is well
characterized as an important regulator for fibroblast proliferation and fibrosis. Likewise, inhibition or
genetic deletion of miRR1 attenuated pulmonary, kidney, liver and skeletal muscle fibj@®j69]

Since excessive fibrosis leads to ventricular dilation, infarct expansion and heart failure after Ml
[73,74] examining the role of miRR1 after MI in humans is importanEspecially sincethe precise
molecular mechanisms through which iR exerts its effects is uncledetargets probably range
between tens to hundref9].

In a study ofChenet al.[75] miR-30e is described as downregulated in hypoxic cardiomyocytes and
MI tissue of rats. They suggesithat miR30e protects the myocardium via enhancing cardiomyocyte
viability and inhibiting apoptosis. By targetipnosphatase and tensin homologR€EN) expression

at mRNA and protein level# further improvel cardiac function.
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These miRNAs along with others may be potential targets in the treatment of MI. However, little to no
research has been conducted in human MI tissue regarding the dysregulatior9@OmiiR21 and
miR-30e and their potential targets.the present work, the expression levels of 989, miR21 and
miR-30e were evaluated in human MI hearts and control hearts and their expression was correlated
with the INOS mRNA and protein expression, as well as with levels of CD163+ and CD206+
macrophage$o examine their potential aggulatorsin remodeling and heart failure after NH

humans

3.3 Material and Methods

3.3.1Sample Selection

Formalinfixed, paraffin embedde@FPE) cardiacsamples from38 deceased individualwith M
were collected during coudrdered autopsies at the Institute of Legal Medicine, University Hospital,
Goete University FrankfurtThe control group consisted of EFFPE cardiac samples froraverall
healthy individuals who died from accidents or committed suicide. aklipdes were histologically
revised by an experienced pathologiBie control hearts showed no signs of myocardial injury in
microscopical examination§rom the infarction zone of the Ml headsd the unaffected wall of the
MI heartsl0 um thick slices were used for miRNA extractigkdditionally, samples from thanterior

and posterior wall ofachcontrol heart were taken. All samples were obtained from the left ventricle.
The MI and the control group are shown in Tabland8. The MI group was furthedivided after
histological examinationsnto acute infarction, old infarction (months or years after index M¥), re

infarction and subacute infarction (days or weeks after index MI), depending on the age of infarction.

Table 7: Gender, mean Age (years) and mean postmortem interval (PMI, days) of the myocardial
infarction group.

Gender Age PMI
Male/Female
28/10 68 7

Table 8: Gender, mean Age (years) and meapostmortem interval (PMI, days) of the control group

Gender Age PMI
Male/Female
8/3 40 5
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3.3.2Reverse transcription polymerase chain reaction

mMiRNA extraction from FFPE tissue was performed wigfene to remove paraffin and ethanol in
decreasing concentrations (absolute, 96% and 75%) for rehydration. Subsearaltion was
finalizedaccording tahe High Pure miRNA Extraction Kit (Roche, Mannheim).

For quantification of the miRNAsingle strande@DNA synthesisand gPCRwere performedusing
the following TagMar® MicroRNA Assays (Applied Biosystems, DarmstadthsamiR-21-5p
(MIMAT 0000076, assay ID: 000397), heéR-939-5p (MIMATO0004982, assay ID: 002182) and hsa
miR-30e5p (MIMAT0000692, assay ID: 002223)s stablenon-codingreference RNAs for analyses
in cardiac tissue RNUA44refseg:nr.. NR_002750, assay ID: 001094RNUA48 (refseg:nr.:
NR_002745, assay ID: 001006nd snRNA U6 (refseg:nr.. NR_004394, assay ID: 001978je
described[71,76] and were used for normalizationDNA synthesis was carried out using the
TagMar® MicroRNA Reverse Transcription Kit (Applied Biosystems, Darmstaatyording to the
manuf act ur &hedlermpycler proagram Is described irable9.

Table 9: Thermocycler program for cDNA synthesis

Step Temperatur (°C) Duration (h)
1 16 00:30

2 42 00:30

3 85 00:05

4 4 Stop

The gPCR reaction mis described in Tabl&0.

Table 10: Reaction mix in the gPCR per each well

Reagent Volume in pl
Maxima Probe/ ROX qPCR Master Mix 5
TagMan-Gene Expression Assay 0,5

cDNA 1

Nuclease free water 3,50

gPCRProgramwas performed as described in ParFa@r each sample triplicates weapplied in the
guantitative real time PCR (gPCRs well as no template negative controls for each assay.

Analysing the gPCR efficiency was performed by using LinReg PCR Soffé@freThe gPCR was
efficient when the values were between 1,8 and 2,0. Values lower than 1,8 indicate an inadequate
efficacy and were excluded. Efficacy values per heart assay were determined and used to correct the
corresponding Cq values.

10ng of cDNA were used for gPCR.
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3.3.3Data analysis

gPCR was carried out by using the Software 7500, version 2.0.6 and Data Assist v3.01 served for
analyzing the gPCR raw datas calibrator sample a control heart was chosen, reflecting most closely

the mean agét0 years) of the control group and the dominant gender (male) in control and infarction
group.Cal cul ation of fold change MvasdescribedrintParigdt]l. out us
The software R version 3.5.1 was used for statistical analysis. Linear mixed effects model and
pairwise post hoc comparisons wereappleeth d si gni fi cance was adjusted,
comparisons testurthermore, after the Mudholkar test of bivariate Gauld distribution, Pearson and

Spearman correlations were applied.

3.4Results

Sample Selection has been described in Part 1.

3.4.1miRNA expression in M| hearts

The expression levels of miR1l, miR939 and miR30e in MI hearts and control hearts were
analyzed. miR21 (p = 0,001 and 0,0024miR-939 (p = 0,001 and 0,0023nd miR30e(p = 0,0279
and 0,001)were significantly upregulated in infarcted and +wofarcted regions of MI hearts in
comparison to healthy controls. HowewvenR-30e showed the strongest increase in theinfamcted
regions, while expression of miRL and miR939 were more stronglyincreased in the infarcted

regions (Figure 6).
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Increased miRNA expression in Ml hearts
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Figure 6: miRNA expression in controls, norinfarcted and infarcted regions miR-21 (a),miR-939 (b) and

miR-30e (c) expression level in control hearts (n=11), in-infercted (n34) and in infarcted (n37) regions of

MI hearts were determined by gPARdividual values wergrouped angblotted. Linear mixed effects model

was applied, and significance was adjustedmiR2lt er norn
(p =0,001 and 0,0024), miQ39 (p = 0,001 and 0,0023) and nBRe (p = 0,0279 and 0,00%kre significantly

upregulated in infarcted and namfarcted regions of human MI hearis comparison to the control graup

Horizontal bars indicate the mean Fold Change of each group.

3.4.2miR-21

When separating the infarcted and +iofarcted regions according to the infarction agjferences in
the miR21 expression were observélligure 7) Compared to the control groupiR-21 expression
was significantly increased in acute infarcted regiorrs Qp01), in reinfarcted regions (g 0,01) and

in subacute infarcted regions §0,01). In the old infarcted regions no significant upregulation of
miR-21 was found (p= 0,09). The highest increase in miRL expression was found in-mgfarcted
regions.

In the noninfarcted regions only in subacute infarctions a significant upregulation of2miRas
observed (= 0,05).
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Figure 7: miR-21 expression in different Ml agesmiR-21 expression levels in control hearts (n=11) in acute

infarctions (n-41), in reinfarctions (n=10), in old infarctions (n9) and in subacute infarctions (@Frwere

determined by qPCRndividual values wergrouped angblotted. Linear mixed effects model was applied, and
significance was adjusted after normR2liexpressibonywasu si ng Tu
significantly increased in acufp = 0,01) re-infarcted(p = 0,01)and subacute infarcted regiofps= 0,01)in

comparison to healthy controldorizontal bars indicate the mean Fold Change of each group.

For correlation analyses, the mRNA and immunhistological results from Part 1 wereRekeson

and Spearman correlation analyses showesdigificantcorrelation between the miRL expression

level and INOS gene or protein expression, nitrotyrosine staining and the percentage of infiltrating or
resident macrophages and their respective iNOS protein expredsioce, no influence of increased

miR-21 expression on INOS expression or macrophage numbers could be found.

3.4.3miR-939

When separating the infarcted and +iofarcted regions according to the infarction agjferences in
the miR939 expression were observed (Figure 8). Compared to the control grot§Bthéxpression
was significantly increased in the acute infarcted reg{pns 0,01) in the reinfarcted regions (=

0,01) and in the subacute infarcted regions=(p,01). In the old infarcted regions, no significant
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upregulation of miR939 was found (g 0,6). Comparable to the mi21 expression, the highest levels

of miR-939 were found ithe reinfarcted regions.
In the noninfarcted regions no significant upregulation of R8B9 was observed, when separating the

regions according to infarction age.
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Figure 8: miR-939 expression in different Ml agesmiR-939 expression levels in control hearts (n=ddyte

infarctions (n=11), in rénfarctions (n=10), in old infarctions (n=9) and in subacute infarctions (we82

determined by qPCRndividual values wergrouped angblotted. Linear mixed effects model was applied, and
significance was adjusted after normR93Daxgressiopwassi ng Tu

significantly increased in acufp = 0,01) re-infarcted(p = 0,01)and subacute infarcted regiofps= 0,01)in

comparison to healthy controldorizontal bars indicate the mean Fold Change of each group.

Spearman analysis showed a significant correlation between th®3fiRene expression and the
iINOS gene expression in the control grdum = 0,6739, p =0,002) and the infarction group (rko
0,4475 p =0,002)(Figure 9)
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Figure 9: Correlation between miR-939 and iINOS mRNA expression levels in controls and infarcted
regions.miR-939 expression levels in control hearts (n=11) and infarcted regions (weB8yetermined by
gPCR.Individual values were plotte@pearman correlations were appliedR-939and iINOS mRNA level

were significantly correlated in contrds =0,002)and infarcted regiong = 0,002) with a stronger correlation
in controls.

3.4.4miR-30e

When separating the infarcted and +iofarcted regionsccording to the infarction agéfférences in
the miR30e expression were observed (Figl@g Interestingly, onlyin the noninfarcted regions of
re-infarcted hearts a significant upregulation of R3B in comparison to healthy controls was

observed (p= 0,01). In general, the nenfarcted regions showed higher miRe expression than the
infarcted regions.
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Figure 10: miR-30e expression in different Ml agesmiR-30e expression levels in control hearts (n=dd)te

infarctions (n=11), in rénfarctions (n=10), in old infarctions (n=9) and in subacute infarctions (we82

determined by qPCRndividual values wergrouped angblotted. Linear mixeeffects model was applied, and
significance was adjusted after normR30edaxgrestiopwassi ng Tu
significantly increased in neimfarcted regions of rnfarcted heartgn comparison to control heartdorizontal

bars indicate the mean Fold Change of each group.

3.5Discussion

The results in the present work rexeshtlysregulated miRNAs in human Ml heantsiR-21, miR939

and miR30e were significantly upregulated in infarcted and-mbarcted regions diuman Ml hearts

in comparison to healthy contrplsuggesting their involvement in a regulatory mechanism during
ischemia Interestingly, while miRR1 and miR939 showed the strongest increase in the infarcted
regions, miR30e peakdin the noninfarcted regionsn comparison to healthy heari®o the best of

our knowledge, the present study is the first to describe the expression levels of these three miRNAs in
human MI hearts.

Our findings regarding miR1 are in line with animal studies. Yuan al. [68] detected miR21

upregulation after Ml in mice with the most remarkable expression in the infarcted zone. They
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reported that miR21 leves were associated with the extent of fibrosis via inhibiting Smad7. Inhibiting
miR-21 reversed fibrosis after Ml. In a pig model of heart failure aftereMpression of miR1 was
upregulated in remote and bordeme regions of infarcted myocardiui®9]. After intracoronary
delivery of antimiR21 a significant reduction of miRl was detected, alongside with significantly
repressed fibroblast proliferation and macrophage infiltration. In conclusion, inhibition e2mi&d

to reshaping of the myocardial transcriptome and attenuating the detrimental role -@fl imR
promoting myocardial remodeling after M69]. These results suggest that R is a crucial
regulator in the heart when it comes to fibroblast activation after MI.

Ramanujanet al.[62] investigated the expression of mR in a pressure overload model of the left
ventricle in mice and determined a progressive increase irR2hilR cardiac macrophages 6 and 21
days after initiation of pressure overload. Further, genetic deletion oRtnigpecifically in cardiac
macrophagek ed t o an increase in the AM20 or resident
prevented AM10 polarization of macr-8lpshaacg@aas . Sub:
molecule for the proinflammatory activation of macrophageslitionally, loss of miR21 in cardiac
macrophages prevented myofibroblast transformation and myocalutiadi§ Therefore miR-21 has

a key regulatory roleas it is essential for control of paracrine, profibratiacrophagesignaling

toward cardiac fibroblasts and thereby determines cardiac remodeling and function.

In the present study, thidetectedenhanced miR1 expression in neimfarcted andnfarcted human

heart tissue further underlines its key regulatory role in humar il observed greater level of miR

21 expression in infarcted regions, compared teinfarcted regions is further in line with the results

of Bejeranoet al.[77] in a murine Ml modelln the present workiniR-21 expression varied with
infarction age, however in acute, subacute andhfeected tissues, miR1l was significantly
upregulated. An increase in proinflammatory macrophages and enhanced profibrotic signaling towards
myofibroblasts via miR1 seemsplausible. Also, no increase in miR1 was observed in old
infarctions, asno acute myocardial injuryas present, making fibroblast activatiorot necessary.
However, no correlation between miR expression and the increase in macrophage subpopulations
in human MI and healthy control hearts was found.

The present study is the first to describe significantly increased988Rexpression in human Mi
hearts. Liet al. [78] examined serum exosomes from patients with myocardial ischemia, since
exosomes are crucial in ceell communicationsTheyact as cargos for the delivery of nucleic acids
and proteins from surviving cells to nearby or distant cells. They detected that exosomes from
myocardial ischemia patientisplay downregulabn of miR-939 in comparison to the control group
Furthermorethose exosomes promoted endothelial cell proliferation and angiogenesis in moudse hind
limb ischemia. In addition, they reported iINOS being a direct target of98@&Rand observed
decreased levels of INOS mRNA, protein and NO synthesis after9889Roverexpression in

endothelial cells. Hence, mi&39 may be an angiogenesis suppressor, while downregulate€3aiR
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promotes angiogenedig8]. They further hypothesized that paagiogenic exosomes may be secreted
by ischemic cardiomyocytes.

Chenet al.[79] investigated elevated miB39 levels in serum of chronic heart failure patients and
also reported iINOS as a direct target of mMB9. They hypothesized induction of m&R9 in the
initial stages of heart failure to control INOS levels. However, with progressing disease and massive
iINOS activation and subsequent NO synthesis,-88R isnot ableto inhibit INOS production. In the
present study we found upregulated RIIBO expression levels in nénfarcted and infarcted regions

of human MI hearts, especially in acute, subacute aimdfaected tissues. Our findingsein line with

other studies in different biological systersaggestingn increase in mif®39 levels to inhibit INOS
expression and thereby protect the heart from prolonged INOS overexpression.

Spearman analyses showed a significant correlation betwee@38iRnd iINOS mRNA levels in the
control and the infarction groudhis suggests a regulatory role for 8R9 regarding the iNOS
expression in a chedkalancesystem.However, this system seems to become out of balance in the
infarction group, once the iNOS levels increase too strongly.

We further detected increased nBBe expression in human MhiR-30e is thought to protect the
myocardium after MI byalleviating inflammation and myocardial injury via supgsing PTEN75].
Chenet al.[75] described miR30e as downregulated a rat infarction model, which is not confirmed

in the present work. Howevehe authors of this study investigateds with acute Mlwhereas our
study was based on results from human tistueur study,the lowest expression of miB0e was
detectedn acute human Mand the expression was comparable to the control gFwrther studies

by Puet al.[80] and Wanget al.[81] describe miR30e as strongly downregulated in rat infarction. Pu
et al.[80] investigated the effect of miBOe overexpression on heart failure after Ml in rats. Again a
protective role of miRB0e was described, as it reduced the level of fibrosis and the proportion of
apoptotic cells in Ml tissue of rats. The bioinformatic analysis of Watray. [81] revealed possible
targets of miR30e which suggest cardiomyocyte responses to Adiditionally, Chenget al.[82]
describes a protective effect of m8e in a rat model of myocardial ischerm@gperfusion injury,
where itsuppressedxidative stress and inflammation and reduced cardiac function damage.

In the present work no possible downstream targets of3@d&Rwere examined and no statements
about a possibly protective role can be made. However, the seen upregulation3feniiRsubacute,

old and reinfarcted regiongould be an attempt to decrease the level of fibrosis and subsequently the
progression of heart failuegter Ml, asmentioned byPuet al.[80] for the rat model

In general, miR30e was stronger expressed in the-imfarcted regions than in the infarcted regions.
We hypothesize that even in norarcted regions microvascular ischemia might be present, since the
supply areas of coronary arteries are not limited to only posterior or anterior wall. TherefofZQaniR

expression could be triggered to exert its protective effects.
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3.6Conclusion

The results in the present work revashbignificantly upregulated mi1, miR939 and miR30e
expression in human MI hearts. While m2R and miR939 showed their strongest expression in
infarcted regions, miF30e peakdin the noninfarcted myocardium.

Further, we showed a significant correlation between-888 and iINOSNRNA expression levels in
controls and infarcted region&.massive iINOS activatiocould haveexceeédthe capability of miR
939 to keep its expression in balan®OS expression levels do not seem to be regulated by2hiR
and miR30e. However, miR21 is thought to drive cardiac fibrosis via profibrotic signaling from
macrophages to fibroblasts and therefore, might have a regulatory role in Ml.

Further studies are needed to evaluate downstream tasfyekesemiRNAs and their signaling
pathways to clarify their role in human M.
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PART 3 GENETIC POLYMORPHISMS OF THE NOS2 GENE AS RISC FACTORS
FOR INCREASED INOS EXPRESSION AND NO PRODUCTION IN HUMAN Mi

4.1 Abstract

Inducible nitric oxide synthase (iNOS) is encoded byNiES2gene. Polymorphisms in this gene are
found in the regulatory and the coding region, affecting the level of gene product and the activity of
the gene product, respectively. The altered responsiveness of iINOS is described to play a role in
cardiovascular diseases, such as atrial fibrillation and hypertension.

Blood and urine levels of nitrite/nitrate (Nare stable end products of NO production by iNOS and
considered as markers for iINOS activitMalondialdehyde (MDA) isconsidered as marker for
oxidative stress in the hearssociated with myocardial infarction (MI), while creatinine is considered
as an independent risk factor for and after MI. The aim of our work was to identify risk genaitypes
iNOS in human postmortem MI and correlate the genetic findings to serum and urine levels of MDA,
creatinine and N©

The NOS2gene was genotyped by means of Sanger sequencing to detemn{@CTTT), repeat

length polymorphismin the promoter regioandsingle nucleotid polymorphise(SNPg at -1026bp
(rs2779249G>T) before transcription start sigmdin exon 16(rs2297518C>T). Further serum and

urine levels of N@ MDA and creatinine were determined by @Gdwomatography/Mass
Spectrometry (GAIS).

The results revealed an accumulationNgdS2risk polymorphisms in the Ml group in contrast to
healthy controls. We further detected an increase in iINOS protein expressibi©32 risk
polymorphism groups and increased MDA, creatinine and nitrate serum levels seem to be connected to
long (CCTTT)n repeat polymorphisms and the T alleleld126bp (rs277924%>T).

Further studies are needed tlbaw conclusions about the relationship between cardiac iINOS
expression, altered iINOS activity BYOS2polymorphisms and serum markers of iNOS activity in MI.

4.2 Introduction

The human iINOS promoter is one of the largest and most complex promoters, suggesting a strictly
controlled gene expressi¢83]. Polymorphisms in the INOS geiROS32 are described in the coding

and the regulatory region. While polymorphisms in the promoter region are thought to affect the level
of gene product, polymorphisms in the coding region are thought to affect the activity of the gene
product[21]. Therefore, the responsiveness of INOS depends on the genetic profile of an individual
[84] and further, allelic frequencies in tiNOS2promoter region are thought to predispose to several

infectious diseasd85].
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A single nucleotié polymorphism (SNP) in the promoter region NDS2-1173 basepair (bp)
upstream of thdranscription staris associated with protection from cerebral malaria and severe
malaria anaemia Tanzanian and Kenyan childrég®]. The-1173 C>T polymorphism is thought to
increase the INOSNRNA expression andonsequently th@rotein level, leading to increased NO
production, which is described to attenuate the growth of malaria parf2iedHsu et al. [84]
examined thassociation betweehe number of a (CCTT¥ pentanucleotide repeat polymorphism in

the NOS2promoter which can determine the level of gene transcriptaom, the INOS expression in
atrial fibrillation in a taiwanesgopulation.Their results showed thaiatients with atrial fibrillation
carried significantly longer (CCTTT)repeats than the control group, accompanied with increased
oxidative stress in the myocardium of atrial fibrillation patients. Therefore, long repeats of (GCTTT)
areassociated with atrial fibrillationrAmong the repeat polymorphisms NOS2promoter regionis

the (TAAA), repeat polymorphisms, which can occur with 3 or 4 repeats, leading to a strong increase
in the INOS expressio86,87].

Another SNP-1026bp(rs2779249G>T) upstream of théranscription start site in tHdOS2promoter

region was examineh patients with hypertension, a disease in which iNOS is suggested to play a
pathological role. A study in Binnish populatiorrevealed an increased risk for hypertensiothose

who carriedhomozygoughe rs2779249G>T allele, already at the age of 35 ye&&)]. Fuet al.[89]
described a fivdold increase in the INO8anscription agtity in homozygous carriersuggesting an
association of this polymorphism and hypertension in a chinese han population.

A SNP in the coding region di0S2(rs2297518 C>T), leading to an amino acid substitution from
serine to leucine, is located in exon 16 and associated with a higher activity of the iINOS protein
[21,90] In cardiovascular diseases this SNP in the coding region was examined for its association with
hypertension. A haplotype analysis revealed that SNP rs277824B in the promoter region and

SNP rs2297518C>T in exon 16 occured significanthygher in patients with hypertension than in the
control groud88].

Even more interestinga study of Sowjanyat al. [91] genotyped theNOS2gene in women with
differentcancerogenougsions of the cervix for rs2779240>T , rs2297518C>T and thCCTTT),

repeat polymorphisnto revealdifferent risk genotypes of iINOSThey further correlated the INOS
MRNA expressiorand combined genetic INOS variants to plasma nitrite/nitrate levels to reveal risk
genotypes in cervix canceBlood and urine nitrite/nitrat¢NO,) levels are considered stable end
productsof NO and an ioreased iNOS expressi{®?2,93]

Blood markers for MI, such as GMIB, cTnT and cTnl have been thoroughly investigaied].
Additionally, malondialdehyde (MDA) is the end product of lipid peroxidation and considered as
marker for oxidative stress the hearand for oxidative stress associated with[®4,95]. Further it is
considered as an early marker in serum and plasma of patients with MI within the first 48 hours after

symptom onsd96]. Another independent risk factor fand afteiMl is creatinire [97,98]
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The aim of the present wonkas to identify risk genotypes of tiéOS2gene in human MI, by
correlating the genetic findings to iINOS mRNA and protieivels and thelevels of stable end

products ofNO, as well as MDA and creatirdtin serumand urine

4.3 Material and Methods

4.3.1Sample Selection

Blood samples 0f39 deceased individuals witiagnosedMI were collected during court ordered
autopsies athe Institute of Legal Medicine, University Hospital, GuetUniversity Frankfurfor

DNA extraction The control group consisted of 12 blood samples from overall healthy individuals
with microscopically healthy, unharmed hearts, who died from accidents or committed suicide.

Of the 39 MI samples 16 serumnd urine samplesvere further analyzed at the Centre of
Pharmacology and Toxicology at Hannover Medical School, Gern@inghe control grou serum

and urine samplesere further analyzed’he small proportion of samples further analyzed in the Mi

and control group is explained by the amount of serum and urine needed for further analyses. Not in
all samples of the MI and control group enough serum and urine were asservated.

The MI andthe control group are shown in Taldll and12.

Table 11: Gender, mean Age (years) and mean postmortem interval (PMI, days) of the myocardial

infarction group for genotyping NOS2

Gender Age PMI
Male/Female
29/10 68 7

Table 12: Gender, mean Age (years) and mean PMI (days) of the control group for genotypif¢OS2

Gender Age PMI
Male/Female
9/3 43 5

4.3.2DNA extraction and genetic analysis

DNA extraction of the blood samples was performed using the NucleoSpin Tissue Kit (Macherey
Nagelaccording to t he Subsequéntdydhe extracteddDNA pasplified \dao |
PCR using specific primers. PCR of t€CTTT), repeat polymorphism was performed using
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pri mer s: For war d: 56 ac cc c tggcgatagegtctgcy e cBhé PCRIc at 3 6
conditions are shown in Table 13.

Table 13: PCR gogram for amplification of the (CCTTT) n repeat polymorphism.

Step Temperature (°C) Time (h)

1 94 00:02

2 94 00:01

3 60 00:01

4 72 00:01 (24 30x)
5 72 00:04

6 4 Stop

The PCR product spanning the rs2779249>T polymorphism and the(TAAA), repeat
polymorphism was generated usingr i mer s : For waggadt:ga ddtgP @ a t R eavt e
56cctacct ggc at EeRCRanmpifgng the rs2297518>T polymorphism in exon 16

was perfor med using pri mer s: Forwar d: 56tt

5 éacagggggtcttct a g aToeSRCR conditions are depicted in Table 14.

Table 14: PCR program for amplification of rs2779249, G>T, rs2297518, C>T and (TAAA)repeat
polymorphism.

Step Temperature (°C) Time (h)

1 94 00:02

2 94 00:01

3 65 00:01

4 72 00:01 (24 30x)
5 72 00:04

6 4 Stop

For genotyping Sanger sequencing was performasuhg the mentioned primerShe PCR program

for Sanger Sequencing is described in Table 15.

Table 15: Sanger Sequencingrogram.

Step Temperature (°C) Time (min)

1 96 00:10

2 50 00:05

3 55 04:00 (1-3 30x)
4 8 Stop
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The purified samples were then sequenced with ABI prism 3100/3130 Genetic Analyzer (Applied
Biosystems).

The (CCTTT), repeats were counte@n basis of previous studig®4,91] we identified alleles of <11
repeats as short form (S) and alleles of >12 repeats as long forith@ndividuals were categorized
into three groups: S/S, S/L and L/L according to theimozygous or heterozygouspeat length.
Longer repeats have higher transcription actijgtyj.

To determine the combined effects NODS2 SNP and length repeatolymorphismson iNOS
expressionindividuals were categorized into three groups based oristhgenotypes present across
the examinedNOS2regions: 1) low risk group (individuals carryinglOrisk genotype), 2) medium

risk group (individuals carrying 2 risk genotypes) and 3) high risk group (individuals carrying 3 or 4
risk genotypes), according to Sowjaretaal.[91].

Further, the genetic findings were correlated with urine and serum levetsadé/nitrite NOx), MDA

and creatinine.

4.3.3Gas Chromatography/Mass Spectrometry {GE§)

Serum and urine samples of 16 Ml cases and 4 controls were analyzed at the Centre of Pharmacology
and Toxicology at Hannover Medical School, Germany usingMSCas previously described
[99,100] The serum samples were tested for the leveldl@f, creatinine andMDA. The urine

samples were tested for the levelsNiDx and MDA, which were corrected fareatinine excretion

[100].

4.3.4Data Analysis

The software R version 3.5.1 was used for statistical analysis. Linear mixed effects model and
pairwise post hoc comparisons wereappleeth d si gni fi cance was adjusted,
comparisons tesfdditionally, Fi s her 6 s T e After the Misdholkkgr {edt of bivhriate Gaul3

distribution, Pearson and Spearman correlations were applied.

4.4 Results

4.4.1Genetic polymorphisms in the MI and control group

In tables16-19 the variations of homozygous and heterozygous polymorphisms, as whik as
distributions of the shorter or longer repeat@ETTT), and of the riskgenotypeswithin Ml and

control group are shown. In the MI group the majority of cases carried homozygou<ngT),

repeat polymorphisms, however, no statistical significance was reached. The homozygous risk alleles
for rs2779249G>T andrs2297518 C>T were only foundn the MI group, even though they were
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found in the minority of cases. When categorizing individuals according tauthber of homozygous
or heterozygous genotypes present across the exaM{d8aregionsinto risk groups, the majority of
cases in both groups showed a low risk type. However, in the Ml group more than haltad¢ke

showed at least two variationsNDS2 No statistical significance was reached.

Table 16: Length of (CCTTT )a repeat polymorphisms and carriers in the Ml and control group

(CCTTT )n repeat length Carriers in Ml group Carriers in Control group
LL 18 3
SL 17 7
Ss 4 2

Table 17: HomozygousGG, heterozygous (TG) and homozygous TT carriers of rs2779248>T
polymorphism in Ml and control group . In one individual the genotype in this position was not

determinable. Hence, only 38ndividuals of the MI group were evaluated.

rs2779249G>T Carriers in Ml group Carriers in Control group
GG 16 8
TG 19 4
TT 3 0

Table 18: HomozygousCC, heterozygous (CT) and homozygousTcarriers of the rs2297518C>T
polymorphism in Ml and control group.

rs2297518C>T Carriers in Ml group Carriers in Control group
ccC 29 8
CT 8 4
TT 2 0

Table 19: Low, medium and high risk genotype carriers oNOS2polymorphisms in MI and control

group.

Risk type Carriers in MI group Carriers in Control group
High 8 2
Low 16 8
Medium 15 2

39



When categorizing the INOS mRNA expressioletermined in Part 1 of this thesagcording to
NOS2polymorphisms within the MI and control group significant differences were found. Hence,
no influence of polymorphisms and risk groups on the iINOS mRNA level was defdetadnot
shown)

However, when categorizing the iINOS protlinels, determined in Part 1 of this thesiscording to
polymorphisms within the control group significant differences were found (figure 11). Individuals
carrying homozygous lonfCCTTT), repeats showed a significant increase of iINOS prdtials
compared to heterozygous long repeat carriers (p = 0,0136) and homozygous short repeat carriers (p =
0,0137). Furtheiindividuals with the T allele on positierrs2779249 G>T and rs2297518 C>T
showed significant INOS protein upregulation in comparisdmtaozygous carriers of GG and Q&

= 0,03 and 0,0279, respectivel@dditionally, individuals categorized into the high risk group showed
highly significant increased iINOS protdevels in comparison to thiw risk group (p < 0,001)

NOS2 polymorphisms in controls

» 8-
3 m CCTTT
(8] Jic] @ A
+ ® rs2779249
»n 6+
g e A 152297518
Z
o 4+ o ° —_—
o = - A
2 - . .
T 2-
[}]
. " Y
=] ] A
a0 r . | - U : e -
a LL SL SS TG GG CT cC

NOS2 risk groups in controls

£ 87

8 A

& 6

o —

Z

S 44 A

o o

g’ (o)
T 24

[<}]

o 0o
2 Q0o
o 0 1 1 1
b High Medium Low

40



Figure 11: Percentage of iNOS+ cellfn the control group (n=10) according toNOS2polymorphisms. a)
Long (CCTTT)n repeatpolymorphismgp values LL vs S10,0136 and LL vs SS 0,013&hdT allele mutations
at rs2779249G>T (p value TG vs GG 0,03)nd atrs2297518C>T (p value CT ¢ CC 0,02) show significant
upregulation of iINOS proteiim the control groupb) Threeor more combinetOS2polymorphisms
significantly increased the iINOS protein expression within the control dpualue high vs low <0,0018ince
iINOS protein expressiawas measured in only 10 controls, not the whole control group is depicted here.

Horizontal bars depict the mean percentage of INOS+ cells in each group.

When categorizing the iNGScells according toNOS2 polymorphisms within the MI group no
significant differences were found. However, an increase in il@8ucing cellswas detected in
individuals carrying homozygous long repeatf @CTTT), and the T alleles on positions2779249
G>T andrs2297518C>T (figure 12)
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