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Summary

Summary:

| previously demonstrated that conditional overexpression of the neuronal nitric oxide
synthase (NNOS) inhibited L-type Ca?'-channels and decreased myocardial
contractility® (Burkard N. et al. (2007). Circ Res 100, 32-44). However, nNOS has
multiple targets within the cardiac myocyte and it is possible that interesting biological
functions of this protein remain to be elucidated. In this study, | showed that nNOS
overexpression has a cardioprotective effect after ischemia-reperfusion injury by
inhibiting mitochondrial function and reducing the generation of reactive oxygen
species (ROS).

The effect of conditional nNOS overexpression in cardiac myocytes in ischemia-
reperfusion injury was assessed. Ischemia-reperfusion injury in WT mice resulted in
NNOS accumulation in the mitochondria. Similary, transgenic nNOS overexpression
caused nNOS abundance in mitochondria. Electron microscopy of mouse
myocardium from nNOS overexpressing mice showed that after induction of its
expression, nNOS is additionally localised in mitochondria. nNOS translocation into
mitochondria was dependent on HSP90. Ischemia-reperfusion experiments in
isolated hearts showed a cardioprotective effect of nNOS overexpression (30min
post-ischemia, LVDP 27.0+2.5mmHg in non-induced animals vs. 45.2+1.9mmHg in
NNOS overexpressing mice, n=12, p<0.05). Consistently with this finding, in vivo the
infarct size within the area at risk was significantly decreased in nNOS
overexpressing mice compared to non-induced animals (36.6£8.4 relative % vs.
61.1+2.9 relative %, n=12, p<0.05). nNOS overexpression also caused a significant
increase in mitochondrial nitrite levels accompanied by a decrease of cytochrome c
oxidase activity (72.0£8.9units/ml in nNOS overexpressing mice Vs.
113.2+£17.1units/ml in non-induced mice, n=12, p<0.01) resulting in an inhibition of
mitochondrial function. Accordingly, Oz-consumption (MVO,) in isolated heart muscle
stripes was decreased in nNOS overexpressing mice, already under resting
conditions (0.016+0.0015 vs. 0.024+0.006mI[O;] x mm™> x min?, n=13, p<0.05).
Additionally, this study showed that the ROS concentration was significantly
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Summary

decreased in hearts of NNOS overexpressing mice compared to non-induced animals
(6.14+0.685 vs. 14.53+1.7uM, n=8, p<0.01). Application of different inhibitors,
Western Blot analysis and activity assays showed that the lower ROS concentration
in NnNOS overexpressing mice was caused by inhibition of the xanthine
oxidoreductase (XOR) activity by the increased abundance of nNOS expression.

In summary, this study demonstrated that the conditional transgenic overexpression
of nNOS resulted in myocardial protection after ischemia-reperfusion injury. Besides
reduction of myocardial Ca®*-overload after reperfusion this might be caused by
inhibition of mitochondrial function through nNOS, which reduced myocardial oxygen
consumption already under baseline conditions (Burkard N. conditionally accepted by
Circ).
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Zusammenfassung

Zusammenfassung:

Wie frilher schon gezeigt, wird der L-Typ Ca®’-Kanal durch eine induzierbare,
myokardspezifische Uberexpression der neuronalen Stickstoffmonoxidsynthase
(NNOS) inhibiert. Gleichzeitig bewirkt diese Uberexpression eine verminderte kardiale
Kontraktilitat' (Burkard N. et al. (2007). Circ Res 100, 32-44). nNOS interagiert mit
vielen verschiedenen Kompartimenten und Kanalen innerhalb der Zelle. In dieser
Arbeit wurde gezeigt, dass eine nNOS Uberexpression nach Ischamie-Reperfusion
kardioprotektiv wirkt. Dieses wird durch eine Inhibition der Mitochondrienfunktion und
durch eine Verminderung der reaktiven Sauerstoffspezies (ROS) ermdglicht.

In einer friheren Arbeit wurde der Effekt der induzierbaren und myokardspezifischen
Uberexpression von nNOS unter physiologischen Bedingungen am transgenen
Tiermodell untersucht. Diese Arbeit beschéftigt sich nun mit der Uberexpression von
NNOS unter pathophysiologischen (Ischamie-Reperfusion) Bedingungen. Ein
Ischamie-Reperfusions-Schaden bewirkt bei Wildtyp-Mausen, sowie bei transgener
nNOS Uberexpression eine Anreicherung von nNOS in den Mitochondrien.
Elektronenmikroskopische Aufnahmen von Mausmyokard haben gezeigt, dass bei
Uberexpression nNOS zusatzlich in den Mitochondrien lokalisiert ist. Diese
Translokation von nNOS in die Mitochondrien ist abhangig von HSP90. Ischamie-
Reperfusionsexperimente an isolierten Mauseherzen zeigten einen kardioprotektiven
Effekt der nNOS Uberexpression (30min post ischemia, LVDP 27.0+2.5mmHg vs.
45.2+1.9mmHg, n=12, p<0.05). Dieser positive Effekt konnte bei der Bestimmung der
Infarktgrol3e bestétigt werden. nNOS Uberexprimierende Méuse hatten eine kleinere
Infarktgrof3e nach Ischamie-Reperfusion (36.6+8.4 relative % vs. 61.1+2.9 relative %,
n=8, p<0.05). Die Uberexpression von nNOS bewirkte ebenfalls einen signifikanten
Anstieg des mitochondrialen Nitrit-Levels, begleitet von einer Verminderung der
Cytochrom C Oxidase Aktivitat (72.0+8.9units/ml in nNOS overexpressing mice vs.
113.2+£17.1units/ml in non-induced mice, n=12, p<0.01), was zu einer Hemmung der
Mitochondrienfunktion fiihrt. Dementsprechend war der Sauerstoffverbrauch

(gemessen an isolierten Herzmuskelstreifen) schon unter basalen Bedingungen bei

14



Zusammenfassung

nNOS Uberexpression vermindert (0.016+0.0015 vs. 0.024+0.006mI[Oz] x mm™ x
min?, n=13, p<0.05). AuRBerdem war die ROS Konzentration in Herzen von nNOS
Uberexprimierenden Mausen signifikant vermindert (6.14+0.685 vs. 14.53+1.7uM,
n=8, p<0.01). Die Zugabe von verschiedenen Inhibitoren, Western Blot- und
Aktivitatsuntersuchungen zeigten schlie3lich, dass diese niedrigere ROS
Konzentration durch eine verminderte Xanthin Oxidoreduktase Aktivitat

hervorgerufen wurde.

Zusammenfassend hat diese Arbeit gezeigt, dass eine induzierbare und
myokardspezifische Uberexpression von nNOS unter pathophysiologischen
Bedingungen (Isch&mie-Reperfusion) kardioprotektiv wirkt. Zuséatzlich zu der
Verminderung des myokardialen Ca?*-Uberschusses nach Reperfusion kénnte dieser
protektive Effekt durch eine Hemmung der Mitochondrienfunktion bedingt sein,
schlie3lich wird der Sauerstoffverbrauch schon unter basalen Bedingungen reduziert
(Burkard N. unter Vorbehalt akzeptiert durch Circ).
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Introduction

1. Introduction:
1.1. Nitric oxide:

Nitric oxide (NO) is an ubiquitous intra- and intercellular signaling molecule generated
by a family of NO synthases (NOSs), which catalyses the conversion of the amino
acid L-arginine to L-citrulline in a reaction that requires O, and cofactors. NO is a
member of the labile radical entities known as reactive oxygen species (ROS) and
contains 1 nitrogen atom covalently bound to an oxygen atom with 1 unpaired
electron. It is particularly reactive with oxygen and haem-iron containing groups,
which reduce NO to more stable nitrate compounds®. For this reason, the
bioavailability of NO in certain tissues® is extremely low and the biological actions are
restricted temporally and spatially close to its site of synthesis. NO is also lipid-
soluble, making it highly membrane permeant®. Therefore, many of its well-described
actions involve its diffusion between cells to act as a paracrine-signaling molecule.
This makes quantifying NO with the respecting functional correlation to its signaling a
difficult task. The term NO “bioavailability” is often used to quantify the functional
potential for endogenously synthesised NO in any tissue at any time. These
contradictory properties of NO may be appropriate to its functional roles within the
heart, where discrete NO-producing microdomains are flanked by myoglobin-rich,
NO-scavenging ones, thus making its biological action more site-specific. After
synthesis, NO has a number of different fates.

NO was shown to signal through at least two distinct pathways: cGMP-dependent
and cGMP-independent®. The cGMP-dependent effects of NO result from the NO-
induced activation of guanylate cyclase, leading to increased cGMP levels, which
modulate the activity of protein kinase G (PKG), as well as cGMP-regulated
phosphodiesterases (PDE; cGMP-stimulated: PDE2; cGMP-inhibited: PDE3). cGMP-
independent effects occur mainly via S-nitrosylation, an important protein
modification related to cell signaling’®. NO can also directly activate adenylate
cyclase, thus increasing cAMP levels and myocardial contractility’. Additionally, NO
may couple to other reactive oxygen and nitrogen species, leading to formation of
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Introduction

related compounds, such as peryoxynitrite (ONNQO). These related species may also
influence cardiac contractility, and in some cases produce markedly differing effects
from those observed with NO alone. Therefore, it is not surprising that paradoxical
results have been reported in the literature, as both positive and negative effects of
NO and related compounds have been observed. Recent studies are resolving these
contradictions by determining that the contractile effects of NO are greatly influenced
by NOS isoform localisation®®, and the activation of distinct cGMP-dependent and
cGMP-independent signaling pathways which target individual excitation-contraction
coupling (ECC) proteins in the cardiac myocyte. Additional studies have determined
that these contractile effects are further confounded by such factors as gender'®, site

1112 species produced™'***, concentration'®*®

of production , and cardiac myocyte
contractile state ****. These factors are relevant to the contractile effects of NO and
related congeners during both, health and disease, and are sensitive to cellular redox

state.

However, recent studies are beginning to resolve these apparent controversies, and
although conflicting reports regarding NO signaling exist, these results indicate that
NO does indeed play a key role regarding myocardial function, and my study will
make a contribution to this large field.

1.2. Nitric oxide synthases (NOS):

In mammals, NO is synthesised enzymatically from L-arginine through the actions of
the nitric oxide synthases (NOSs). The three known NOS isoforms are all dimeric, bi-
domain enzymes that contain iron protoporphyrin IX, flavin adenine dinucleotide
(FAD), flavin mononucleotide (FMN), and tetrahydrobiopterin (BH4;) as bound
prosthetic groups.

17



Introduction

1.2.1. Structure and catalysed reaction of NOS:

The three distinct genes for human neuronal (nNOS), inducible (iNOS) and
endothelial NOS (eNOS) isoforms exist, with a single copy of each in the haploid
genome!"18:1920.2122.23 Tha NOS genes have a similar genomic structure, suggesting
a common ancestral NOS gene. NOSs exhibit a bidomain structure in which a N-
terminal oxygenase domain containing binding site for haem, BH4 and L-arginine is
linked via a calmodulin (CaM)-recognition site to a C-terminal reductase domain that
contains binding sites for FAD, FMN and nicotinamideadeninedinucleotidphosphate
(NADPH) (figure 1).

Figure 1: Domain structure of human nNOS, eNOS and iNOS:
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eNOS
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interface interface
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Figure 1 legend: Domain structure of human nNOS, eNOS and iNOS

Oxygenase, reductase and PDZ domains are denoted by solid boxes, the amino acid residue number
at the start/end of each domain is shown. The cysteine residue which ligates the haem and CaM-
binding site is indicated for each isoform. Myristoylation (Myr) and palmitoylation (Palm) sites on eNOS
and the location of the zink-ligating cysteines (in grey) are shown. The autoinhibitory loop within the
FMN regions of nNOS and eNOS are also shown, grey bars indicate the dimer interface within the
oxygenase domain (adapted from Alderton W.K., 2001).
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Introduction

Biosynthesis of NO involves a two step oxidation of L-arginine to L-citrulline, with
concomitant production of NO (figure 2).

Figure 2: Two step synthesis of NO:

|
@ @N_

/ NH, H,N =z A
Y T
1.0 NADPH 0.5 NADPH

L-Arginine NG-Hydroxy-L-Arginine L-Citrulline Nitric Oxide

H,N OH o

Figure 2 legend: Two step synthesis of NO
The two reactions of NO synthesis as catalysed by NOS. The NADPH and oxygen requirements for

each reaction are shown (adapted from Andrew P.J., 1999).

The reaction consumes 1.5mol NADPH and 2mol of oxygen per mol of L-citrulline
formed. The proposed mechanisms involve an initial hydroxylation of L-arginine,
leading to the formation of N®-hydroxy-L-arginine, which can also act as a substrate
for NOS. This is followed by oxidation of the intermediate, using a single electron
from NADPH?*, to form L-citrulline and NO. Although this scheme represents the
assumed reaction catalysed by NOS, the enzyme is also capable of catalysing the
production of additional products, notably superoxide anion (Oy).

1.2.2. The reductase and oxygenase domains:

These two domains perform catalytically distinct functions. While the isolated
reductase domain is able to transfer electrons from NADPH to cytochrome c via the
flavins FAD and FMN, the oxygenase domain dimer can convert the reaction of the
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Introduction

252627 The reductase

intermediate  N®-hydroxy-L-arginine to NO and L-citrulline
domain itself is highly homologous to enzymes such as the NADPH:cytochrome
P450 reductase and its dependence on the CaM-binding domain for efficient electron
transfer is unique®. The cofactor binding sites have been well-defined as a result of
their close homology with related reductases as well as evidence obtained from
mutagenesis studies?®**3!. In contrast, the binding sites for L-arginine, haem, and
BH, in the oxygenase domain are less well characterised. Two residues important for
L-arginine binding have been identified in this region: E371 and D376 in iNOS*, and
the analogous E361 in eNOS®. Several other acidic residues which affect L-arginine
and BH, binding, were also identified within this region®. The crystal structure of a
dimeric iINOS oxygenase truncation mutant (residues 66-498) revealed a structure
which is unusual for haem-binding proteins in that it contains a large amount of 13-
sheets®. The authors describe the structure in analogy with a baseball glove, with
the haem cradled between the proximal “thumb” and the distal “palm”. BH4 binds on
the proximal side, while L-arginine is located on the distal side. Another notable
feature of the oxygenase domain dimer is the presence of a zinc atom which is
tetrahedrally coordinated to two pairs of cysteine (Cys) residues. The metal may be
important in determining the spectrospecificity of the BH4 binding site.

The reductase and oxygenase domains of NOS are therefore distinct catalytic units,
which together provide the complete machinery required for NO production.

The intact NOS function is a mix of both, monooxygenase and reductase reaction. In
all NOS reactions, electrons are sequentially shuttled within the reductase domain
from NADPH to FAD and finally to FMN. Calmodulin is believed to function in
facilitating the flow of electrons from the reductase domain to the monooxygenase
domain as well as from FAD to FMN®*. Because electrons appear to flow from the
reductase domain to another NOS monomer, enzyme dimerisation is required for full

enzyme activity® (figure 3).
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Figure 3: Electron transfer in NOS reaction:

L-arginine+ O,

L-citrulline + NO

Figure 3 legend: Electron transfer in NOS reaction

Electrons (e) are donated by NADPH to the reductase domain of the enzyme and proceed to the
oxygenase domain via FAD and FMN redox carriers. There they interact with the haem iron and
tetrahydrobiopterin (BH4) at the active site to catalyse the reaction of oxygen with L-arginine,
generating L-citrulline and NO as products. Electron flow through the reductase domain requires the
presence of bound Ca®*/Calmodulin (CaM) (modified from Alderton W.K., 2001).

1.3. NOS isoforms:

Three NOS isoforms have been identified: nNOS, INOS and eNOS.

The three isoforms are products of distinct genes but share approximately 50-60%
sequence identity. Although these isoforms share similar overall enzymatic and
chemical properties, distinctive catalytic and regulatory properties are characteristic
for each of the different isoforms.

The chromosomal location of the nNOS, eNOS and iNOS genes has been
determined by Southern blotting analysis of a panel of human-rodent hybrid cell lines,
using isoenzyme-specific cDNA probes. The nNOS gene appears to be an intron-
containing gene of at least 20kb, and is unequivocally localised at a single position
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on the human chromosome 12%%, The eNOS gene maps to chromosome 7°°. In
contrast to NnNOS and eNOS, iINOS cDNA probes identify several positive
hybridisation signals, located on either side of the centromere of chromosome 17%. It
is not clear whether these codes for alternative forms of iNOS or whether some are
intronless pseudogenes. The NO synthase genes therefore represent a dispersed
gene family on three different chromosomes.

eNOS and nNOS are constitutively expressed and activated by an increase of
intracellular calcium levels. The expression of INOS is induced by inflammatory
stimuli and its activation is calcium independent. INOS can be expressed ubiquitously
and generates high levels of NO. Once iNOS is expressed, it is continuously active
(unlike the constitutive NOS isoforms, which are more tightly regulated). Differential
expression and regulation of this family of NOS genes and their products is the key
for achieving the diverse actions of NO. The most fundamental level of NOS
regulation is reflected in the tissue-specific expression of the different isoforms.
NNOS is widely expressed in neurons of the central and peripheral nervous system,
but is also found in skeletal muscle, the adventitial layer of some blood vessels,
pulmonary epithelium, the gastrointestinal system, and the genitourinary system.
INOS was first recognised in activated macrophages, but has since been identified in
numerous activated cell types including monocytes, neutrophils, eosinophils,
hepatocytes, vascular smooth muscle, myocytes, osteoblasts, fibroblasts, epithelium,
and endothelium. eNOS is expressed in vascular endothelium as well as blood
platelets and cardiac myocytes. As originally identified, eNOS and nNOS were
believed to be only constitutively expressed in their characteristic tissue, whereas
expression of iINOS was inducible upon immunoactivation, for example, in response
to LPS, interferon y, TNF-a, and IL-1. However, nNOS is known to be upregulated in
diverse tissue models, including cutaneous wound repair and ischemic

preconditioning*®**

. Similary, eNOS transcription can be actively modulated in
endothelial cells, for example, in response to laminar stress, regulated in part by the
transcriptional factor KLF2****. The rho/rho kinase pathway is another mediator of

eNOS transcription, and it may function in a variety of cardiovascular physiologic and
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pathophysiologic states*. rho represents a family of small GTPases anchored to
membranes by geranylgeranyl anchors. rho regulates the rho kinase, which helps to
modulate and reorganise the actin cytoskeleton by inhibiting myosin light-chain
phosphatase®. The rho-mediated effects on the actin cytoskeleton have been
connected to modulating gene expression of a number of proteins, including eNOS.
Thus, all three NOS isoforms exhibit inducible and constitutive patterns of expression

in different tissue environments.

1.4. nNOS:

The human nNOS gene maps to the ql4-gter region of chromosome 12 with
homologous genes on chromosome 5 of the mouse genome“® and chromosome 12
in the rat*’. The locus of the human nNOS gene is scattered over 200 kb and the
MRNA transcript found in neuronal tissue is encoded by 29 exons (1434 AA, 160
kDa). Analyses of intron-exon splice junctions predicted that the open reading frame
is encoded by 28 exons, with translation initiation and termination in exon 2 and exon
29. Genotypic analyses have demonstrated multiple alleles, mainly resulting from
transcription using alternative promotors. These are also subjects to
posttranscriptional modifications including cassette exon deletion or insertion to give
the well-described splice variants nNOSa (155kDa), nNOSRR (136kDa), nNOSy
(125kDa) and nNOS-2 (105kDa). Although numerous other variants have been
found, nNOSa is the most commonly expressed variant in striated muscle and
neuronal tissue. Mature skeletal muscle*®, human and rat penis and urethra®
express the nNOSpu variant (164 kDa) following exon insertion between the
calmodulin and flavin-binding domains. NnNOS[Z and nNOSy are derived from
transcripts following deletion of exon 2, which encodes the postsynaptic density
protein 95/discs-large/zona occludens-1 (PDZ) binding domain, which precludes this
variant from associating with synaptic membranes™. Furthermore, of all these splice

variants, additional variation in size exists owing to different numbers of CA/ITG
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dinucleotide repeats in the 5flanking region®®. It is thought that variation of this kind
allows for differences in basal promoter activity®" (figure 4).

Figure 4: Genomic organisation of the human nNOS:
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Figure 4 legend: Genomic organisation of the human nNOS

The nucleotide sequence corresponding to the major neuronal mMRNA transcript is encoded by 29
exons. Many exons are of relatively small size, ranging from 59 to 266 bp. Two described
transcriptional clusters (neuronal and testis specific) are shown above and below the genomic map.
Due to the presence of multiple promotors and transcription start sites, different first exons (5 exons)
can be used. All first exons of the neuronal cluster seem to splice to the common exon 2; therefore,
one unique translation product corresponding to the full-length protein is likely to be assembled.
Transcription from the testis-specific cluster, located between exon 3 and exon 4, gives rise to mMRNA
transcripts encoding for NH,-truncated enzymes. Possible cassette exon deletions of exon 10 or exon
9 and 10 are circled. Reported cassette exon insertions in the full-length nNOS are boxed: Tex 2 from
the testis transcriptional cluster and the nNOSy insert located between exon 16 and 17 of the human
nNNOS. Locations for the respective elements are indicated; the human gene contains three sets of
dinucleotide CA repeats and one (CG), island. Members of the Alu repetitive sequences, indicated by
triangles, are also found scattered at several locations along the human nNOS gene (adapted from
Danson E.J., 2005).
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1.5. Myocardial ischemia-reperfusion injury:

Coronary heart disease is the leading cause of death worldwide and 3.8 million men
and 3.4 million women die of the disease each year. After an acute myocardial
infarction (MI), an early successful myocardial reperfusion with the use of
thrombolytic therapy or primary percutaneous coronary intervention (PCI) is the most
effective strategy for reducing infarct size and improving clinical outcome. The
process of restoring blood flow to the ischemic myocardium, however, can induce
injury. This phenomenon, termed myocardial reperfusion injury, can paradoxically
reduce the beneficial effects of myocardial reperfusion.

Myocardial reperfusion injury was first postulated in 1960 by Jennings et al.>? in their
description of the histologic features of reperfused ischemic canine myocardium.
They reported cell swelling, contracture of myofibrils, disruption of the sarcolemma,
and the appearance of intramitochondrial calcium phosphate particles. The injury to
the heart during myocardial reperfusion causes four types of cardiac dysfunction. The
first type is myocardial stunning, a term denoting the “mechanical dysfunction that
persists after reperfusion despite the absence of irreversible damage and despite
restoration of normal or near-normal coronary flow”. The myocardium usually
recovers from this reversible form of injury after several days or weeks. The second
type of cardiac dysfunction, the no-flow phenomenon, was originally defined as the
“inability to reperfuse a previously ischemic region™”. It refers to the impedance of
microvascular blood flow encountered during opening of the infarct-related coronary
artery®. The third type of cardiac dysfunction, reperfusion arrhythmias, is potentially
harmful, but effective treatments are available®. The last type is lethal reperfusion
injury. There are several comprehensive reviews of myocardial stunning®, the no-

flow phenomenom®, and reperfusion arrhythmias®®.

The concept of lethal reperfusion injury as an independent mediator of cardiomyocyte
death, distinct from ischemic injury has been extremely debated. Some researchers
have suggested that reperfusion only exacerbates the cellular injury that was
sustained during the ischemic period®®. The uncertainty relates to the inability to
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accurately assess the progress of necrosis during the transition from myocardial
ischemia to reperfusion in situ®. As a result, the most convincing means of showing
the existence of lethal reperfusion injury as a distinct mediator of cardiomyocyte
death is to show that the size of myocardial infarction can be reduced by an

intervention used at the beginning of myocardial reperfusion®*.

Experimental studies have established that the reperfusion of ischemic myocardium
generates oxidative stress, which itself can mediate myocardial injury®*. Oxidative
stress during myocardial reperfusion also reduces the bioavailability of the
intracellular signaling molecule NO, thereby removing its cardioprotective effects.
These effects include the inhibition of neutrophil accumulation, inactivation of
superoxide radicals, and improvement of coronary blood flow®® (figure 5). NO
reperfusion therapy to increase NO levels can reduce the size of myocardial

infarction in animals®.
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Figure 5: Major mediators of lethal reperfusion injury:
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Figure 5 legend: Major mediators of lethal reperfusion injury

During myocardial reperfusion, the acute ischemic myocardium is subjected to several abrupt
biochemical and metabolic changes, which compound the changes generated during the
period of myocardial ischemia. These changes include mitochondrial re-energisation
(purple), the generation of ROS (orange), intracellular Ca*-overload (green), the rapid
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restoration of physiologic pH (blue), and inflammation (red). All of these changes interact with
each other (adapted from Yellon D.M., 2007).

The biochemical and metabolic changes during myocardial reperfusion mediate
cardiomyocyte death through the opening of the mitochondrial permeability transition
pore (PTP) and the induction of cardiomyocyte hypercontracture. During myocardial
reperfusion, ROS are generated by XOR (mainly from endothelial cells) and the re-
energised electron transport chain in the cardiomyocyte mitochondria. Several hours
later, a further source of ROS is the NADPH oxidase (mainly form neutrophils). ROS
mediate myocardial injury by inducing mitochondrial PTP opening, acting as
neutrophil chemoattractants, mediating dysfunction of the sarcoplasmatic reticulum
and contributing to intracellular Ca**-overload, damaging the cell membrane by lipid
peroxidation, inducing enzyme denaturation, and causing direct oxidative damage to
DNA. During myocardial reperfusion, the already Ca**-overloaded cardiomyocyte is
subjected to a further influx of Ca®* through a damaged sarcolemmal membrane,
ROS mediated dysfunction of the sarcoplasmatic reticulum, and reverse function of
the Na*-Ca? exchanger. The generation of ATP by the re-energised electron
transport chain in the setting of intracellular Ca**-overload induces cardiomyocyte
death via hypercontraction a process that is facilitated by the rapid restoration of
physiologic pH during myocardial reperfusion. Furthermore, the restoration of the
mitochondrial membrane potential drives the entry of Ca?* into the mitochondria
which, in conjunction with the loss of the inhibitory effect of the acidic pH on the
mitochondrial PTP and the generation of ROS, act together to mediate the opening of
the mitochondrial PTP. This opening induces cardiomyocyte death by uncoupling
oxidative phosphorylation and inducing mitochondrial swelling. During myocardial
reperfusion, the rapid washout of lactic acid together with the function of Na*-H" and
Na’-HCO;3 transporters mediate the rapid restoration of physiologic pH, facilitating
mitochondrial PTP opening and cardiomyocyte hypercontracture. Several hours after
the onset of myocardial reperfusion, neutrophils accumulate in the infarcted
myocardial tissue in response to the release of chemoattractans (ROS, cytokines,
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and the activated complement). The up-regulated cell-adhesion molecules P-selectin,
CD18 and CD11, and intracellular adhesion molecule 1 (ICAM 1) then facilitate the
migration of neutrophils into the tissue, where they mediate cardiomyocyte death by
causing vascular plugging, releasing degradative enzymes, and generating ROS.

1.6. Mitochondria:

1.6.1. Mitochondria and ROS:

Mitochondria are the main source for ATP used by eukaryotic cells in the course of
cellular function. One consequence of mitochondrial function is the production of
ROS during physiological and pathophysiological states. This process has been
extensively studied because ROS have a major role in mediating functional
alterations of cell physiology in inflammation, ischemia, aging and other
conditions®*®>°®. There is also an emerging field of studies of ROS control in cellular

functions®’.

ROS refer to a group of oxygen containing compounds with the ability to react with
reducible compounds: They comprise superoxide (Oz ¢), hydrogen peroxide (H20,),
and the highly reactive hydroxyl radical (*OH), although minor amounts of single
oxygen can also be formed by cells.

The initial product of the electron transport chain (ETC) is Oy e, which is quickly
transformed into H,O, by the enzyme superoxide dismutase (SOD). H,O, can be
reduced to water by catalase or glutathione peroxidase or can be converted into *OH
in presence of reduced transition metals (reduced copper or iron).

The main source of O, ¢ are the respiratory complexes | and 11l which are located at
the inner mitochondrial membrane®*®%. These complexes generate a small amount
of O, « as a side product of electron transport during oxidative phosphorylation. O3 ¢
is released into the matrix in the case of complex | and to both, the matrix and the
intermembranous space by complex Ill. Complex Il forms O, ¢ during cycling of the
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electron acceptor ubiquinone, which can donate electrons to molecular oxygen in

both, the internal and external face of the inner mitochondrial membrane.

The relative importance of these sites in O, ¢ mitochondrial output depends on tissue
and mitochondria respiratory status. For example, in fully respiring mitochondria from
heart muscle (characterised by high electron flow, fast ATP synthesis, partial
depolarisation, and a decreased NADH-to-NAD" ratio), complex Il seems to be
dominant, and the generation of O« is proportional to the electron flow rate. In this
situation oxygen, reduced substrates, and downstream electron acceptors are
needed. Therefore, inhibition of electron flow into the ubiquinone cycle of complex I
(by inhibition of complex | with rotenone, blockade of the cycle with myxothiazol, or
inhibition of downstream electron acceptor cytochrome c¢ reduces O, ¢ generation,
whereas antimycin enhances it by building up the partially reduced form of ubiquinone
(figure 6)).

Complex | is the main source of O, ¢, when electron transport rate and ATP synthesis
are low and substrates are highly reduced (high NADH-to-NAD" ratio). The redox
potential of complex | seems to be even higher than the NADH/NAD" couple, which
renders it a thermodynamically unstable center prone to electron leakage to
oxygen’’. In this center, O, < production is increased in any situation leading to
reduction of ETC components (for example, by application of rotenone, which blocks
complex | distal to the Oz « production point, or inhibition of electron flow at the level
of cytochrome c.

Superoxide anions in the mitochondrial matrix are quickly dismutated by manganese-
containing SOD, whereas those in the intermembranous space are converted by Zn-
or Cu-SOD®. If the O, « concentration in the matrix is high enough, part of the anion

escapes to the intermembranous space and cytosol via anion channels’.

The mechanisms described above are supported by experimental results from
isolated mitochondria studies. Results from mitochondria in intact living cells support

a main role of complex Ill as ROS source in several systems. This is based on the
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fact that rotenone or myxothiazol can impair ROS production in active cells®">"*"°,

Cellular stimulation leads to fast increase of reduced substrates derived from the

Krebs cycle (NADH and FADH,) in the mitochondrial matrix, which has been related

to cytosolic calcium concentration ([Ca®']) increases within mitochondria’® """ At

the same time this situation will favour increased electron flow and the rate of ATP

demand (used for Ca®* homeostasis, contraction, exocytosis, etc.), which would

|80

facilitate ROS production at complex IlI*". Several systems have been reported to

increase ROS generation in response to a variety of stimulj’#8:828384.8586.87.88

Figure 6: Main mechanism for mitochondrial ROS generation:
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Figure 6 legend: Main mechanism for mitochondrial ROS generation

Main mechanism for mitochondrial reactive oxygen species (ROS) generation. Reduced substrates
synthesised in metabolic pathways supply electrons (e”) to complex | and Il of the electron transport
chain. The main centers for superoxide (O,") formation are complex | and Ill, although small amounts
can be formed at complex Il and IV (omitted for clarity). The electron carrier of complex Ill, ubiquinone
(Q), is reduced to ubiquinol (QHZ2), which transfers an electron to cytochrome ¢ (Cy C) through an iron
protein (not shown) inhibited by myxothiazol (Myx). The resulting semiubiquinone (Q*) is oxidised back
to ubiquinone by cytochrome b (Cy b), and can also transfer electrons to oxygen to form O,
Myxothiazol reduces O,  production because it blocks Q* formation, whereas antimycin A (Ant A)
enhances it by increasing Q* levels. Rotenone (Rot) inhibits electron flow distal to O, generation,
enhancing its production. The main routes for O, transformation are represented. SOD, superoxide
dismutase; H,O,, hydrogen peroxide; ONOO~, peroxynitrite; NO*, nitric oxide; m: mitochondrial
potential; AS, ATP synthase. Only the inner mitochondrial membrane is represented (adapted from
Camello-Alvarez, 2006).
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1.6.2 Mitochondria and NO:

Mitochondrial respiration and its regulation by NO is important in the heart for several
reasons. Firstly, mitochondria generate almost all the ATP required for muscle
contraction in the heart, so that inhibition of mitochondrial respiration results in an
inhibition of contractility. Secondly, inhibition of mitochondrial respiration stimulates
mitochondrial production of ROS which regulates signal transduction pathways within
the heart. Thirdly, inhibition of mitochondrial respiration can cause necrosis or

apoptosis within the heart.

NO interacts with the mitochondrial respiratory chain by different means: (A) NO itself
causes rapid, selective, potent, but reversible inhibition of cytochrome oxidase, and
(B) reactive nitrogen species (RNS, which include ONOO™(peroxynitrite), NO,, N2O3
and S-nitrosothiols) cause slow, non-selective, weak, but irreversible (or slowly
reversible) inhibition of many mitochondrial components. NO causes rapid and
reversible inhibition of cytochrome c oxidase at nanomolar levels of NO¥, so that
NO is potentially a physiological regulator of respiration. NO reversibly inhibits
cytochrome oxidase apparently by two different means involving NO binding to two
different components of the oxygen binding site, which in both cases blocks oxygen
binding. The oxygen-binding site consists of two metals, the iron of haem as; and the
copper of the Cug centre. Oxygen is bound between them (and is rapidly reduced by
them) when both metals are reduced (as®* and Cu*). NO can either (1) bind to
reduced cytochrome as to give cytochrome as**-NO, or (2) NO can bind and reduce
oxidised Cug® to give Cug'—NO*, and the NO* can rapidly hydrate to give nitrite
(NO2")®92% Both forms of inhibition are rapid and reversible, due to debinding of NO
in (1) and debinding of nitrite in (2). The first form of inhibition is competitive with
oxygen and reversible by light whereas the second is not, and these characteristics
may be used to distinguish between them®. It seems that at least in vitro both forms
of inhibition may occur simultaneously, but the first form is favoured at high levels of
cytochrome reduction and low oxygen, whereas the second form is favoured by the

opposite conditions®™ 3,
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NO and RNS can also stimulate ROS and RNS production by mitochondria, which
may be important signals in the heart, mediating for example ischemic
preconditioning®. At high levels, NO can directly react with oxygen in the
mitochondrial bilayer to give NO, and N»Os*. At moderate levels NO can acutely
increase O, and H,O, production by inhibiting mitochondrial respiration, while at
higher levels it inhibits H,O, production by scavenging the precursor superoxide,

resulting in peroxynitrite production®®%":,

NO may also apparently react with
ubiquinol (QHy) to produce NO™~ (which may react with O, to produce ONOO") and
ubisemiquinone (QH’) (part of which may react with O, to produce O,)%. S-
nitrosothiol-inactivation of complex | can also reversibly increase ROS production
from complex | several fold'®>***, NO and RNS inhibition of respiration may result in
local peroxynitrite production (due to local superoxide production) causing irreversible
inhibition of respiration and further oxidant production — a vicious cycle that might
contribute to cell death®®*%, In addition to stimulating H,O, production, NO or RNS
can also inhibit catalase, deplete cellular glutathione and inhibit glutathione
peroxidase, thus increasing H,O- levels in cells®%81%3,

In vitro, peroxynitrite and S-nitrosothiols can cause direct permeabilisation of
mitochondrial membranes, and this effect is inhibited by cyclosporin A, indicating
involvement of the mitochondrial permeability transition pore (MPT) in the
permeabilisation event'®**°>!%_Qpening of MPT pore has two important implications:
(1) MPT causes mitochondrial depolarisation and subsequent inhibition of ATP
synthesis which may lead to cellular ATP depletion and necrotic cell death; and (2)
opening of MPT pore can cause the release of several proteins from mitochondria,
including cytochrome c, which may lead to activation of caspases and apoptosis. NO
itself may promote MPT by inhibiting respiration and thus lowering the membrane
potential which favours MPT*". However, in the absence of a membrane potential,
mitochondria cannot take up calcium to trigger MPT, and this may be the dominant
effect of NO*®. NO may affect MPT indirectly through (a) activation of soluble
guanylate cyclase leading to activation of PKG which may phosphorylate some, yet

unidentified components of MPT resulting in lower probability of MPT opening %,
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(b) modulation of cellular calcium homeostasis'**, or (c) stimulation of mitochondrial
ROS production.

1.7. Reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase

and xanthine oxidoreductase (XOR):

The NADPH oxidase and the XOR are the major sources of ROS.
1.7.1. NADPH oxidase:

NADPH oxidase is an enzyme that catalyses the production of superoxide (O, ) from
oxygen and NADPH, according to the following reaction*'*:

NADPH+20,—NADP +H +20,".

This enzyme, which makes very large amounts of superoxide, is found in

professional  phagocytes  (neutrophils**®,  eosinophils,  monocytes  and

114

macrophages ") at certain stages of their development. There is also a small group

»115,116

of superoxide-producing enzymes each known as a ‘nox , which are more

widespread (found in endothelium, kidney and spleen*®

) and make superoxide in
small amounts, apparently for purposes of signaling. The function of NADPH oxidase
in professional phagocytes, however, is to provide agents that kill organisms that are
in contact with the phagocytes. These organisms can be ingested, in the case of
neutrophils, monocytes and macrophages, and applied, in the case of eosinophils,
which kill metazoans such as worms*'’. The oxidising agents generated by NADPH

oxidase include H,O,, which is produced by the dismutation of superoxide™2:

20, + 2H" — Oy + Hy0, 1%
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Other oxidising agents generated by NADPH oxidase include HOCI, which is
generated by the H,O,-mediated oxidation of CI, a reaction catalysed by

myeloperoxidase (HOBr'?®® or HOSCN'? in the case of eosinophils, which have a

unique peroxidase), 0,*?*!?3

124,125,126

, Which is derived by the reaction of HOCI and H,0O,,
ozone , Whose origin is mysterious at present, and OHe, which is postulated
to arise from the oxidation of reduced metals (Fe?* or Cu*) by H.0,'*’. However, free
reduced metals are very scarce in biological systems, although Fe?* can be released
from iron—sulfur proteins by O, 28129130 A more probable source of OHe is the

reaction between ozone and H-0..

Figure 7: Structure of the neutrophil NADPH oxidase:

cytosol

Figure 7 legend: Structure of the neutrophil NADPH oxidase

Functional structure of the neutrophil NADPH oxidase. gp917"°* and p22°"°* are membrane bound
components of the NADPH oxidase, and p47°"°* and p67™"°* are cytosolic components that interact
with these 2 proteins to modulate its activity. The low molecular weight G protein rac also serves a

regulatory function.
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The structure of NADPH oxidase is quite complex (figure 7), consisting of two

1PHOX 2PHOX

membrane-bound elements (gp9 and p2 ), three cytosolic components

(p67°H°%, pa7”"%% and p40™"9%), and a low-molecular-weight G protein (either rac 2

or rac 1)'*°

. The racs are kept inactive by binding to a guanine nucleotide
dissociation inhibitor, which prevents the exchange of guanine nucleotides from the
rac proteins®®. Activation of NADPH oxidase is associated with, and probably caused
by, the migration of the cytosolic components to the cell membrane so that the

complete oxidase can be assembled.

The essential element of NADPH oxidase is gp91°"°*, to which the electron carrying
components of the oxidase are bound. These include flavin adenine dinucleotide®?,
which, according to bioinformatics, associates about halfway down the cytosolic tail
of the component, and a pair of haemes that are located in the membrane-associated
portion of the component'®, The two haems, whose redox potentials are very low,
are both hexacoordinate (i.e. all six coordination positions on the haem iron are

occupied)341%

, Which raises the question whether they could participate in electron
transfer to oxygen in the oxidase, particularly as flavins are remarkably efficient at
one-electron reductions of oxygen. Nevertheless, it is generally believed that both the

haems and the flavin are involved in electron transfer by NADPH oxidase.

p677H% is generally thought of as an ‘accessory protein’, whose exact function is
unclear, although it is required for the activity of the oxidase. It contains two Src
homology 3 (SH3) domains, one in the middle of the protein and one near the
carboxyl terminus. Although originally thought to be an accessory protein with a

mysterious function, p67~"°*

is now known to be inactivated by NADPH dialdehyde
with kinetics similar to the kinetics shown by NADPH in the catalytic reaction of
NADPH oxidase®***3"13 Furthermore, p67°"°* catalyses the transfer of electrons
from NADPH to electron acceptor dyes (although not to oxygen)™*°. These findings

-7PHOX

suggest that p6 might be involved in the transfer of electrons directly from

NADPH to oxygen to form superoxide.
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7PHOX

p4 is the protein that carries the cytosolic proteins to the membrane proteins to

assemble the active oxidase. It is not absolutely required, because at sufficiently high

concentrations of p67~"%%

p47PHOX 140

neutrophils are deficient in p47°"°* have chronic granulomatous disease, a disease

, superoxide production takes place in the absence of
. It is essential in the neutrophils, however, because patients whose

in which neutrophils are unable to produce superoxide. Chronic granulomatous

7PHOX and deficiencies in the

2PHOX.

disease also occurs in patients with deficiencies in p6

1PHOX

two membrane components of the oxidase: gp9 and p2

It has subsequently been established that smooth muscle cells and fibroblasts
account for the majority of O, produced in the normal vessel wall**!142143144,
Currently, attention is focused on NADPH oxidases as critical determinants of the

redox state of blood vessels and the myocardium.

Regulation of NADPH oxidase activity in cardiovascular cells occurs in at least two
levels. First, activation of the oxidase can be mediated by intracellular second
messengers, including calcium™. Secondly, oxidase activity can also be modulated
by upregulation of the component mRNAs. For example, tumor necrosis factor a
(TNF a) increases NADPH oxidase activity in vascular smooth muscle cells (VSMC)
over 24 hours, an event that depends on increased transcription of p22°H0% 146
p22PH%* mRNA and O, production are upregulated in the aortas of rats made
hypertensive by angiotensin |l infusion’*’, and angiotensin Il increases the

expression of p67°"°%in adventitial fibroblasts™*.

1.7.2. XOR:

XOR first identified a century ago in milk**, is a highly conserved member of the
molybdoenzyme family, which also includes aldehyde oxidase (AO) and sulphite
oxidase (S0)**°. XOR has two interconvertible forms, xanthine dehydrogenase (XDH)
and xanthine oxidase (XO)'*. They differ in that XO only reduces oxygen, whereas
XDH can reduce either oxygen or NAD* but has greater affinity for the latter'?. Both

forms catalyse the conversion of hypoxanthine to xanthine and xanthine to uric acid
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(UA)™3, the terminal two reactions of the purine degradation pathway (figure 8). XOR
cofactors include (a) molybdopterin (Mo—Co) (b) two iron—sulphur centers (Fe,-S,),
and (c) flavin adenine dinucleotide (FAD)™3. Interest in XOR has grown over the past
two decades because of its ability to generate ROS, its suspected role in reperfusion

injury, and most recently its pathophysiological role in congestive heart failure.

Figure 8: The purine degradation pathway (adapted from Berry C., 2004):

NH, e AMP GMP
H,O H,O
Nucleotidase : Nucleotidasel™
P [~ p
Y !
H,0 Adenosine Guanosine
Adenosine H.0  Purine nucleosidase |———F
p deaminase NH. phosphorylase o, R>bose~1-®
 J /4 : |
IMP = Inosine Guanine
Purine nucleosidase P Guanine }— H,0
phosphorylase Rihose-1-® deaminase N,
3
0] @]
0, H0, 0, H,0,
N N
HN | \> \ P, " HN | \> \ A "
k, N Xanthine J\ N Xanthine
N H Oxidase 0 E H Oxidase

Hypoxanthine Xanthine Uric acid

The gene encoding human XOR is >60 kb, comprises 36 exons™*, and is located on
the short arm of chromosome 2'°>**®. The mRNA transcript contains an open reading
frame of 3999 bp encoding 1333 amino acids™"**®. The amino acid sequence is 91%

homologous with rat and mouse XOR**®

, with binding sites for XOR cofactors well
conserved amongst human, chicken, rat and mouse XOR™>. The Mo—Co binding site
is the most conserved region of XOR with 94% homology between human, rat and

mouse amino acid sequences®.
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The gene encoding the related enzyme AO exhibits striking similarity to XOR. The
intron—exon organisation is almost identical between XOR and AO genes™™, and
their amino acid sequences are 50% homologous as determined from bovine
cDNA'® (figure 9). Their similarities in primary structure extend to their tertiary
structures, for they share the same cofactors and redox center distribution, as well as
many of the same substrates'®. The genes encoding AO and XOR are closely
spaced on chromosome 2™° suggesting they arose from an ancestral gene via
tandem duplication. The functional role of AO remains unknown but is likely to be

different from XOR as it lacks dehydrogenase activity*®".

Figure 9: Gene structure of XOR, AO and SO:
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Figure 9 legend: Gene structure of XOR, AO and SO
Secondary structure of molybdoenzymes XOR, AO and SO. Arrows indicate trypsin sites. Stars

indicate cysteine residues modified in reversible XOR conversion (adapted from Berry C.E., 2004).

Figure 10: Crystal structure of bovine XOR homodimer (adapted from Berry C.E., 2004):
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The XOR enzyme is a homodimer composed of catalytically independent subunits
with an approximate molecular mass of 150 kDa each'®®. The interface between the
subunits leads to the overall complex having a butterfly shape. Each subunit is
organised into three domains associated with a specific cofactor. The N-terminal
domain (amino acids 1-165) is composed of two subdomains, each with one Fe,—S,;
center coordinated to four cysteine residues. A linker peptide connects it to the
intermediate domain (amino acids 226-531), which holds a deep binding pocket for
FAD that positions the flavin ring in close proximity to a Fe,—S, center. Another linker
peptide joins the FAD domain with the C-terminal domain (amino acids 590-1332),
which is the largest domain and the location of Mo—Co binding™®2.

The crystal structure of aldehyde oxidoreductase (figure 10), a molybdoenzyme from
the organism Desulfovibrio gigas, demonstrates penta-coordination of the
molybdenum ion with one oxo ligand, one water molecule, one sulphido group, and
two dithiolene sulphur atoms from molybdopterin'®*®°. In XOR, the sulphido group is
necessary for maintaining enzyme activity, as the desulpho-form is unable to react

150

with  substrate Similarities between the crystal structures of aldehyde

oxidoreductase and bovine XOR suggest the coordination of the molybdenum ion in

aldehyde oxidoreductase may apply to XOR as wel[*53164165

For many decades, the sole purpose of XOR was presumed to be purine catabolism,
but growing evidence suggests a much broader biological role for this enzyme. For
example, XOR has antimicrobial properties, as it inhibits the growth of bacteria in
vitro in an NO-dependent manner*®®. There is also evidence that XOR plays an
antimicrobial role in vivo, for infants who receive breast milk rich in XOR are less
likely to develop gastroenteritis than those who are fed formula'®’. Furthermore, in
mice with chronic granulomatous disease, allopurinol (XOR inhibitor) decreases
clearance of pathogens and reduces killing efficiency in vivo, suggesting XOR may
contribute to host defense against oxidant-sensitive organisms®®. Although XOR
clearly participates in antimicrobial defense, patients with xanthinuria are not

immunocompromised, indicating the role of XOR in host defense is non-essential*®®.
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Uric acid (UA) production by XOR may itself have broader biological consequences

beyond purine degradation, for it possesses antioxidant properties”

. Importantly,
humans have higher UA concentrations compared to other mammals, as urate
oxidase is inactivated in primates'’*. Previous studies hypothesised that this provided
a survival advantage for humans because hyperuricaemia maintains blood pressure

in the face of low dietary salt'’

. Furthermore, others have speculated that UA
contributes to increased life span in humans by providing protection against oxidative

stress-provoked ageing and cancer*”.

XOR-generated ROS are implicated in both tissue structural damage and cell
signaling interference. Classically, ROS can cause lipid peroxidation, resulting in
disruption of membrane architecture and lysosomal enzyme release'’*, and DNA and
amino acid oxidation, causing genetic mutations and enzyme dysfunction or
proteolysis'”™. In regard to XOR, oxidative injury is often achieved via the byproducts

of O, and H,O, generation.

Granger and colleagues”®*""*"® focused attention on XOR by proposing a key role

for the enzyme in the pathogenesis of ischemia-reperfusion injury (figure 11).

41



Introduction

Figure 11: Mechanism of generation of ROS in ischemia-reperfusion injury:
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Figure 11 legend: Mechanism of generation of ROS in ischemia-reperfusion injury

In the course of ischemia, transmembrane ion gradients are dissipated, allowing elevated cytosolic
concentrations of calcium. This, in turn, activates a protease that irreversibly converts Xanthine
dehydrogenase (XDH) into xanthine oxidase (XO). Currently, cellular ATP is catabolised to
hypoxanthine, which accumulates. On reperfusion, readmitted oxygen, hypoxanthine, and XO
combine to generate superoxide (O,) and hydrogen peroxide (H,O;) . These reactive oxygen species
can interact to yield a range of cytotoxic agents, including hydroxyl radicals (modified from Granger
D.N., 1986).

1.8. Conditional nNNOS overexpression impairs myocardial contractility:

| previously investigated my transgenic mouse model allowing conditional, myocardial
specific NNOS overexpression®. The hypothesis was that the close proximity of NANOS
and certain effector molecules like L-type Ca?*-channel has an impact on myocardial

contractility.

Western Blot analysis of transgenic nNOS overexpression showed a 6-fold increase

in NNOS protein expression compared with non-induced littermates (figure 12).
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Measuring total NOS activity by conversion of [*H]-L-arginine to [°H]-L-citrulline
showed a 30% increase in NNOS overexpressing mice (figure 13). After two weeks of
induction, NNOS overexpressing mice showed a reduced myocardial contractility. In
vivo examinations of the nNOS overexpressing mice revealed decrease of +dp/dtmax
compared with non-induced mice (figure 14). Likewise, ejection fraction (LVEF) was
significantly reduced (figure 14). Interestingly, coimmunoprecipitation experiments
indicated interaction of nNOS with SERCA2a and additionally with L-type Ca?*-
channel in NnNOS overexpressing mice (figure 15). Accordingly, in isolated adult
cardiac myocytes, l.a density was significantly decreased in nNOS overexpressing
cells (figure 16). Intracellular Ca®-transients and fractional shortening in
cardiomyocytes were also clearly impaired in nNOS overexpressing animals versus

non-induced littermates (figure 17, 18).

Figure 12: nNOS protein expression:
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Figure 12 legend: nNOS protein expression
Total myocardial nNOS protein expression was increased more than 6-fold in the nNOS
overexpressing mice (627+£13% vs. 100£7%, n=19, p<0.01). Statistical evaluation of Western Blot was

done by a densitometric analysis with the Scan Pac software (Biometra).
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Figure 13: NOS activity:
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Figure 13 legend: NOS activity
Whole heart homogenates from nNOS overexpressing mice showed a 30% increase in total NOS

activity compared to non-induced animals (22+1.5 vs. 29+1uM/l/sec, n=18, p<0.05).
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Figure 14: Hemodynamics:

dobutamine
non-induced nNOS ) non-induced nNOS )
overexpressing overexpressing

HR [bpm] 525451 546+38 616507 6404547
LVEF [%] 65+3 42+4* 7271 46+4*
+dp/dtya [MMHg/sec] 8,701+372 7,295+502* 11,710+1116%1 7,948+465*
-dp/dtmin [MmHg/sec] 7,291+391 7,527+610 7,305+836 7,809+748
(dp/dtna)/IP [sec™] 184+6 161+7* 228+11t 191+10
T [ms] 9.7+1.3 9.2+0.8 10.3+0.9 9.2+0.4
LVEDP 5.5+0.4 7.4+0.7* 5.0£0.5 8.0£1.0*

Figure 14 legend: Hemodynamics

*= p<0.05 for comparisons between non-induced and nNOS overexpressing mice

= p<0.05 for comparison between basal values and during dobutamine infusion

Dobutamin infusion was at a rate of 16ng/g/min

Under basal conditions, non-induced mice showed a higher left ventricular inotropy than their nNOS

overexpressing littermates, as evaluated by LVEF, +dp/dt.x and (dp/dtyax)/IP. The LV response to [3-

adrenergic stimulation with dobutamine was also significantly blunted in nNOS overexpressing mice.

LV relaxation did not differ under basal conditions and during dobutamine infusion between nNOS

overexpressing mice and non-induced animals as shown by unchanged values for —dp/dt;.x and T.
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Figure 15: Coimmunprecipitation experiments:
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Figure 15 legend: Coimmunprecipitation experiments

Left ventricular lysates were immunoprecipitated (IP) with anti-SERCA2a monoclonal antibody and
immunoblotted (IB) for NNOS. On the lower panal lysates were immunoprecipitated with anti-nNOS
monoclonal antibody and immunoblotted with Ca, 1.2 polyclonal antibody. Association between nNOS
and SERCA2a is demonstrated both in non-induced and nNOS overexpressing mice, whereas an
association between nNOS and the L-type Ca’*-channel was demonstrated only in the nNOS

overexpressing mice. As a positive control mouse brain was used.
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Figure 16: Calcium current density:
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Figure 16 legend: Calcium current density

Calcium current density was significantly reduced in nNOS overexpressing adult cardiac myocytes
(100£0.5 vs. 67.8%0.5 rel. % (Ica, [pa/pF]), =12, p<0.05). Application of the specific NANOS inhibitor L-

VNIO (100uM) rescued the nNOS phenotype.
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Figure 17: Intracellular calcium transients:
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Figure 17 legend: Intracellular calcium transients

Representative records of tracings from [Ca’*]; transients at 1Hz in fluo-3-loaded myocytes (left panel)
in isolated adult cardiac myocytes non-induced, nNOS overexpressing and nNOS overexpressing
cardiac myocytes treated with L-VNIO (100uM). Right panel shows representative myocyte shortening
(fractional shortening).

[Ca®"]; transients were significantly decreased in nNOS overexpressing myocytes compared with non-
induced controls when stimulated with 1Hz (3.0+0.4 F/Fq vs. 2.2+0.2 F/F,, n=13, p<0.05). Application
of the nNOS specific inhibitor L-VNIO to the nNOS overexpressing myocytes rescued the nNOS

phenotype in part (2.7+ 0.2 F/Fo, n=17, p=n.s. for comparison with non-induced animals).
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Figure 18: Fractional shortening:
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Figure 18 legend: Fractional shortening

[Ca2+]i transients amplitudes (right panel) and fractional shortening (in % of resting cell length, left
panel) in isolated myocytes from non-induced animals, NNOS overexpressing mice and nNOS
overexpressing mice were treated with L-VNIO (100uM). Stimulation frequency was from 0.5 to 3Hz.
Fractional shortening of isolated cardiac myocytes was significantly impaired in nNOS overexpressing
cells (7.7£1.3 vs. 3.8£0.5% at 1Hz, n=13, p<0.05). Again L-VNIO improved contractility in nNOS
overexpressing cardiac myocytes (7.3+0.8% at 1Hz, n=17, p=n.s. for comparison with nNOS
overexpressing mice).

Relaxation time (50%) in the experiments for myocyte shortening was significantly prolonged in nNOS
overexpressing myocytes (0.067+12 vs. 0.045+7s at 1Hz, n=13, p<0.05) and was accelerated in
NNOS overexpressing myocytes treated with L-VNIO (0.043+6s at 1Hz, n=17, p=n.s. for comparison
with nNOS overexpressing mice). Similary, nNOS overexpression prolonged ca® decay (50%)
(0.088+9 vs. 0.076x7s at 1Hz, n=13, p<0.05) with an acceleration caused by L-VNIO (0.078+6s at
1Hz, n=17, p=n.s. for comparison with nNOS overexpressing mice).
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In this previous study | demonstrated that conditional transgenic overexpression of
NNOS results in an inhibition of myocardial contractility as well as in an impairment of
the contractile response to adrenergic stimulation.

The conditional NNOS mouse model resembles a heart failure model with additional
localisation of the overexpressed nNOS at the surface membrane. | found an
inhibitory effect of abundant nNOS on Ica. density and Ca?*-transients amplitudes.
The attenuation of Ica in NNOS overexpressing mice may contribute to the
decreased contractile performance | observed. A reduction of the Ca?*-influx through
the L-type Ca®*-channel impairs the trigger effect on the Ca**-induced Ca®'-release

resulting in a reduction of myocardial contractility.

In the present study, | investigated the role of conditional nNOS overexpression

during ischemia-reperfusion injury.
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1.9. Aim of the study:

Several studies of recent years investigated nNOS effects exerted on the
cardiomyocytes with special emphasis on the intracellular localisation of nNOS.
However, the results from pharmacological inhibition and genetic deletion or from
conditional overexpression of nNOS brought diverging results. Interestingly, despite
the fact that current studies demonstrated discrepant findings in terms of myocardial
contractility and Ca®* homeostasis, it seems consistent that nNOS is upregulated and

acts cardioprotective in different models of heart disease®’?80181

. However, the
mechanism underlying this protection is unknown. In this context, different targets of
nNOS relevant for Ca®* cycling, e.g. ryanodine receptor 2 (RyR2)'®, L-type Ca**-
channel!, SERCA2a'®® and phospholamban (PLN)'®** were identified in the past.
Additionally, cardioprotective implications have also been ascribed to effects on the
XOR, one of the major sources of O, production in the heart. It has been shown that
XOR targeted inhibition maintains the balance between the production of reactive

181,185,186

nitrogen species (RNS) and reactive oxygen species (ROS) in cardiac

187183 and inhibits the mitochondrial

tissues. NNOS is also found in the mitochondria
respiratory chain resulting in an inhibition of ATP production and increased oxidant
production. NO reversibly binds to the oxygen binding site of the cytochrome c
oxidase, reacting either with the oxidized copper to give inhibitory nitrite, or with the
reduced haem, resulting in a reversible inhibition in competition with oxygen'®°.
However, it was also suggested that NO derived from nNOS does not directly
contribute to the inhibition of mitochondrial respiration but rather represents an

antioxidant system by inhibiting XOR activity®.

Further, S-nitrosylation of protein targets (e.g. L-type Ca®* channel) was suggested to
be one major mechanism to protect cardiac cells against ischemia-reperfusion injury,
although until now there is no direct evidence for a role of nNNOS in this setting™***.
The aim of this study is to elucidate the impact of the abundance of nNOS on
cardiomyocyte function, and to assess the direct and subcellular effects of conditional
overexpression of NNOS in ischemia-reperfusion injury. The hypothesis of this study
is that nNOS acts cardioprotective via a decrease in superoxide formation and

differential effects on mitochondrial respiration.
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2. Materials:

2.1.Equipment:
autoclave Sanoclav KL-12-3
centrifuge Sigma 2K15, Sigma 2-15
centrifuge Hettich Mikro 12-24
centrifuge Beckmann GPKR Centrifuge
centrifuge Eppendorf
centrifuge Heraeus Biofuge pico
centrifuge Beckmann Optima TL Ultrazentrifuge
ELISA reader Tecan Tecan Spectra
fluroescence microscope Zeiss Axiovert 135
fluorescence microscpoe Keyence Biozera BZ-8000K
freezer (-20°C) Liebherr Economy
freezer (-20°C) Bosch economic
freezer (-80°C) National Lab Profi Star
refrigerator Liebherr glass line, Premium, comfort
gel dryer Biotec Fischer Phero Temp 60
heating block Eppendorf ThermoStat plus
heating block Liebisch

homogenizer

IKA Labortechnik

Eurostar digital

homogenizer Janke/Kunkel Ultra Turrax T25
incubator Heraeus Function line
incubator Forma Scientific Steri-Cult 200
light table Uni Wiirzburg

luminometer Berthold Industries Lumat LB9501

magnetic stirrer

IKA Labortechnik

RH basic2, Ilkamag RET, lkamag RCT

magnetic stirrer

Hartenstein

Hotplate Stirrer L81

microwave Daewoo KOR-6305BL
microscope Leitz Labovert

oven MW G Biotech Mini Oven

PCR machine Eppendorf Mastercycler
PCR machine Perkin Elmer DNA Thermocycler
photometer Eppendorf Bio-Photometer
power supply Biometra P25, PP4000
power supply Hoefer SX250

scale Sartorius BP61

scale Kern

sealing machine Severin Folio

shaker Heidolph Duomax 1030
shaker Hartenstein L40

shaker Braun Biotech Certomat R
spectrometer Perkin Elmer LS50 B
supersonic bath Julabo USRO05

turner Heidolph REAX 2
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UV light BioRad Mini-Transluminator
vacuum pump KNF

vortexer Heidolph REAX1DR
vortexer Scientific Industries Vortex-Genie2
water bath Haake Thermo C10

water bath Inlabo SW20C

2.2.Consumable materials:

2.2.1. Common consumable materials:
The common consumable material, e.g. tubes and pipette tipps, was obtained from
the University of Wirzburg (Medical Department [; ,Zentrallager”), A. Hartenstein
Gesellschaft fur Labor- und Medizintechnik mbH (Wurzburg, Germany) or Weckert

Labor-, Rontgen- und Medizintechnik (Kitzingen, Germany).

2.2.2. Chemicals:
All chemicals were received from the University of Wirzburg (Medical Department |,
central pharmacy), Merck (Darmstadt, Germany), Roth (Karlsruhe, Germany) or
Sigma (Minchen, Germany), A. Hartenstein Gesellschaft fiur Labor- und
Medizintechnik mbH (Wirzburg, Germany)

2.2.3. Enzymes:
The used enzymes were obtained from Fermentas (St. Leon-Rot, Germany)
Xbal (Cat. No. ER0681)
Sfil (Cat. No. ER1821)

53




Material

2.3.Working Kits:

‘ Name Company ‘ Cat. No.
Tet-Off and Tet-On Gene | Clontech, Heidelberg, Germany # 630921
Expression Systems
Taq PCR Core Kit Qiagen, Hilden, Germany # 201223
ECL"™ Western Blotting Detection | GE Healthcare, Munich, Germany # RPN2106
Immunoprecipitation Starter Pack | GE Healthcare, Munich, Germany # 17-6002-35
LIPOFECTAMINE PLUS™ | Invitrogen, Karlsruhe, Germany #10964-013
Reagent
Nitric Oxide Colorimetic Assay Kit | Biomol, Hamburg, Germany # BML-AK136-

0001
Cytochrome C Oxidase Assay Kit | Sigma, Munich, Germany # CYTOCOX1
Qproteome Mitochondria Isolation | Qiagen, Hilden, Germany # 37612
Kit
TAC-Peroxyl Assay Kit Axxora, Loérrach, Germany # TAC-Peroxyl
Amplex® Red Xanthine Oxidase | Molecular Probes, Karlsruhe, Germany # A22182
Assay Kit

2.4.Solutions and buffers:

2.4.1. DNA Electrophoresis:

50x TAE Buffer (Tris-Acetate-EDTA):

component (MW [g/mol]) ‘ stock ‘ weight/volume / | final concentration
Tris [121.14] 242.0g 2.0mM
Acetic acid [60.05] 57.1ml 1.0mM
EDTA [292.25] 0.5M pH 8.0 100.0ml 0.05mM
dH,O ad 1000ml
6x Loading Dye:
' component final concentration

Bromphenol blue 0.25%

Xylene cyanol 0.25%

Glycerol 30.0 — 60.0%
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2.4.2. Western blotting:

RIPA (RadiolmmunoPrecipitation Assay) Buffer:

component (MW [g/mol]) stock ‘ volume/weight / 100ml final concentration
NaCl [58.44] 1.0M 15.0ml 150.0mM

Tris [121.14] 1.0M 5.0ml 50.0mM
PMSF 100.0mM 1.0ml 1.0mM
IGEPAL CA-630 1.0ml 1.0%
Sodium deoxycholate (DOC) 10.0% 5.0ml 0.5%
Sodium dodecyl sulfate (SDS) 10.0% 1.0ml 0.1%

dH,O ad 100.0ml

Low Salt Buffer:

component (MW [g/mol]) stock volume/weight / 100 ml | final concentration
Tris [121.14] 1.0M 5.0ml 50.0mM
PMSF 100.0mM 1.0ml 1.0mM
IGEPAL CA-630 1.0ml 1.0%

dH,O ad 100.0ml

1.5M Tris pH 8.8:

final concentration

component (MW [g/mol])

weight / 100 ml

Tris [121.14]

18.15g

1.5M

dH,O (check pH 8.8)

ad 100.0ml

0.5M Tris pH 6.8:
component (MW [g/mol])

weight / 100 ml

final concentration

Tris [121.14]

6.0g

0.5M

dH,O (check pH 6.8)

ad 100.0ml

10% SDS (Sodium dodecyl
component (MW [g/mol])

sulfate):

weight / 100 ml

final concentration

Sodium dodecyl sulfate (SDS) 10.0g 10.0%

dH,O (check pH 8.0) ad 100.0ml
5x PBS pH 7.4:
component (MW [g/mol]) ‘ weight /51 final concentration (5X)‘ final concentration (1x)
NaCl [58.44] 20.0g 342.0mM 68.4mM
NaH,PO,*H,O [137.99] 11.73g 85.0mM 17.0mM
Na,HPO, [141.96] 41.17g 290.0mM 58.0mM
dH,O (check pH 7.4) ad 5000ml
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5x Electrophoresis Buffer pH 8.3:

‘ component (MW [g/mol]) ‘ weight /51 final concentration (5X)‘ final concentration (1x)
Tris [121.14] 75.0g 0.62M 124.0mM
Glycin [75.07] 360.0g 4.8M 960.0mM
SDS 25.0g 0.5% 0.1%
dH,O (check pH 8.3) ad 5000ml

Transfer Buffer pH 8.3:
component ‘ stock volume /11 ‘ final concentration
5x Electrophoresis buffer 5x 200.0ml 1x
Methanol 200.0ml 20.0%
dH,O ad 1000ml

Washing solution:
component ‘ stock volume /11 ‘ final concentration
5x PBS pH 7.4 5x 200.0ml 1x
Tween20 0.5ml 0.05%
dH,O ad 1000ml

Blocking solution:
component stock volume/ 1l final concentration
5x PBS pH 7.4 5x 20.0ml 1x
nonfat dried milk powder 5.0g 5.0%
dH,O ad 100.0ml

SDS Gels:

Separating Gels:

component 7,5 % 10 % 12 % 15 %
dH,O 11.39ml 9.69ml 8.02ml 6.69ml 4.69ml
1.5M Tris pH 8,8 5.0ml 5.0ml 5.0ml 5.0ml 5.0ml
10% SDS 0.2ml 0.2ml 0.2ml 0.2ml 0.2ml
Acrylamide/Bis (30% - Stock) 3.3ml 5.0ml 6.67ml 8.0ml 10.0ml
10% APS 0.1ml 0.1ml 0.1ml 0.1ml 0.1ml
TEMED 0.01ml 0.01ml 0.01ml 0.01ml 0.01ml
Stacking Gel (5 %):

‘ component ‘ 2 Gels

dH,O 5.65ml

0.5M Tris pH 6.8 2.5ml

10% SDS 0.1ml

Acrylamide/Bis (30 % - Stock) 1.7ml

10% APS 0.05ml

TEMED 0.01ml
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2.4.3. Electron microscopy

Phosphate buffered saline (PBS) pH 7.4

component final concentration

NacCl 137mM
KCI 2.7mM
Na,HPO, x 2H,0 | 8.1mM
KH,PO, 1.5mM
ascending alcohol bank:
component ‘ time ‘ temperatue [°C]
30% ethanol 2 x 15min 4°C
50% ethanol 2 x 30min -20°C
70% ethanol with 0.2% uranylacetate 2 x 30min -20°C
90% ethanol with 0.2% uranylacetate 2 x 30min -20°C
100% ethanol 2 x 60min -20°C
100% ethanol/LR-White 1:1 over night 4°C
LR-White 1h 4°C
LR-White 3-4h 4°C
LR-White over night 4°C
LR-White 3-4h room temperature

2.4.4. Immunofluorescence staining of isolated adult cardiac myocytes:

Cardioplegic solution pH 7.4:

‘ component ‘ final concentration
HEPES 24mM
NaHCO; 3.8mM
Dextrose 151.3mM
Mannitol 34.4mM
Heparin 140u/mg
KCI 20mM
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Wittenberg Isolation Medium/Insuline pH7.4 (WIM):

component final concentration

KCI 53.6mM
NacCl 1.16M
NaH,PO,4 x H,O 10.1mM
Dextrose 50.5mM
Phenol red 0.3mM
MgCl, x 6H,0 M
NaHCO; M
HEPES M
KH,PO, M
NaOH 5M
L-Glutamine 200mM
Minimum Essential Medium (MEM) Vitamin Solution (100x)
MEM Amino Acid Solution (50x)
BDM 10mM
Taurine 5mM
Insuline Img/ml
Solution A:
component
50ml WIM
250ul 1M MgCl, x 6H,0
Solution B:
component
50ml WIM
40mg Collagenase Typ 2
50ul 10mM CaCl, x 2H,0
250ul 1M MgCl, x 6H,0
Solution C:
component
50ml WIM

250mg 3.8M BSA

750l 10mM CaCl, x 2H,0

250u! 1M MgCl, x 6H,0
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Solution D:

Solution E:

component

50ml solution C

150ul 10mM CaCl, x 2H,0

component

15ml solution C

562ul 10mM CacCl, x 2H,0

0.4M phosphate buffer:

‘ component ‘ final concentration
NaH,PO, x H,O 76mM
Na,HPO, x 7H,O 320mM

4% paraformaldehyde:

0.1M TB:

0.1M TBS:

‘ component ‘ final concentration
phosphate buffer 0.4M
paraformaldehyde 0.33M

‘ component ‘ final concentration
Trizma hydrochloride 84mM
Trizma Base 16mM

‘ component ‘ final concentration
Trizma hydrochloride 84mM
Trizma Base 16Mm
NacCl 150mM

59



Material

2.4.5. Mitochondria isolation:

buffer A pH 7.4:

buffer B pH 7.4:

buffer C pH 7.4:

buffer D pH 7.4:

component final concentration

Mannitol 225mM
Sucrose 75mM
EGTA 0.1mM
fatty acid free BSA | 1mg/ml
HEPES 10mM

component ‘ final concentration

Mannitol 225mM
Sucrose 75mM
EGTA 0.1mM
HEPES 10mM

component ‘ final concentration

Sucrose 395mM
EGTA 0.1mM
HEPES 10mM

component ‘ final concentration

Sucrose 1.28M
EGTA 0.4mM
HEPES 40mM
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2.4.6. Isolation of neonatal rat cardiomyocytes:

Calcium- and Bicarbonate-Free Hanks™ with HEPES (CBFHH):

component final concentration

NacCl 137mM
KCI 5.36mM
MgSO,4 x 7H,O 0.81mM
Dextrose 5.5mM
KH,PO, 0.44mM
Na,HPO, 0.34mM
HEPES 20.06mM
Penicillin G 50.0U/ml
Streptomycin 50ug/ml

Trypsine & DNase (T&D): CBFHH containing 10mg/ml DNase and 1.5mg/ml
Trypsine

MEM/5: MEM HBS with NEAA containing

‘ component ‘ final concentration

BrdU 0.1mM

Penicillin G 50ug/ml
Streptomycin 50ug/ml

Vitamin B12 2ug/ml

L-Glutamine 2.0mM

NaHCO; 4.2mM

FCS 5%
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2.4.7. Oy-consumption:

cardioplegic solution (modified Krebs-Henseleit-buffer) 4°C:

component final concentration

NacCl 116.1mM
KCI 5.0mM
MgCl, x 6H,0 1.2mM
Na,O4 1.2mM
NaH,PO,4 x H,O 2.0mM
NaHCO; 18.0mM
Glucose 11.2mM
CacCl, 0.25mM
BDM 29.7mM

gassed with 95% O, 5% CO,

assay solution (modified Krebs-Henseleit-buffer) 37°C:

‘ component ‘ final concentration

NacCl 116.1mM

KCI 5.0mM

MgCl, x 6H,0 1.2mM

Na,O,4 1.2mM

NaH,PO,4 x H,O | 2.0mM

NaHCO3; 18.0mM

Glucose 11.2mM

CacCl, 2.25mM

gassed with 95% O, 5% CO,
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2.4.8. NADPH oxidase activity:

Krebs-Henseleit buffer (KHS):

component final concentration

NacCl 118.0mM
KCI 4.7mM
MgSO,4 x 7H,O 1.2mM
CacCl, 1.75mM
EDTANa, 0.5mM
Glucose 11.0mM

dilution in a.d. and gassed until CO,-saturation

component final concentration
KH,PO, 1.2mM
NaHCO; 25.0mM

2,3-butandion monoxim (BDM) 30.0mM

were added after CO»-saturation

2.5.Vectors:

NNOSa cDNA (provided by David Bredt, USA):

% nNOSacONA B
il i

* There is an ATG upstream
of the Xba | site

A-150228

63



Material

pTRE-6xHN Vector (clontech, Heidelberg, Germany, Cat. No. 61009):

(450) " (a71)

2
%
EcoR 1 BamH 1 2
4]
2

EcoR |
(1259)

2.6.0ligonucleotides:

All ordered from Eurofins MWG operon (Ebersberg, Germany):
Tet-Off-reverse: 5-GTC AGT CGA GTG CAC AGT TT-3°
Tet-Off-forward: 5 -CAA ATG TTG CTT GTC TGG TG-3°

NNOS-reverse: 5-GAG ATG ATC ACG GGA GGC-3°
nNOS-forward: 5-CGC CTG GAG ACG CCA TCC-3°

internal control forward: 5-CAA ATG TTG CTT GTC TGG TG-3°
internal control reverse: 5-GTC AGT CGA GTG CAC AGT TT-3°
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2.7.Antibodies:

antibody | company Cat. No.

mouse monoclonal anti-nNOS antibody BD Transduction | # 610309
Laboratories, Heidelberg,
Germany

goat anti-mouse IgG antibody conjugated with 12nm | PLANO GmbH, Wetzlar, | # 15750

or 6nm gold patrticles Germany

horseradish  peroxidise (HRP)-conjugated anti- | GE Healthcare, Munich, | # NA9310V

mouse 1gG Germany

rabbit polyclonal anti-prohibitin antibody abcam, Cambridge, UK # ab28172

horseradish peroxidase (HRP)-conjugated anti- | GE Healthcare, Munich, | # NA9340V

rabbit 19G Germany

mouse monoclonal anti-rac 1 antibody BD Transduction | # 610651
Laboratories, Heidelberg,
Germany

mouse monoclonal anti-p47" "~ antibody BD Transduction | # 610355
Laboratories, Heidelberg,
Germany

mouse monoclonal anti-p67" >~ antibody BD Transduction | # 610913
Laboratories, Heidelberg,
Germany

mouse monoclonal anti-GAPDH antibody Chemicon, Schwalbach, | # MAB374
Germany

rabbit polyclonal anti-xanthine oxidase antibody abcam, Cambridge, UK # ab6194

rabbit polyclonal anti-6xHN antibody BD Biosciences, | # 8940-1
Heidelberg, Germany

mouse monoclonal anti-cytochrome c¢ antibody MitoSciences, Oregon, USA | # MSAQ06

rabbit polyconal anti-nNOS antibody Invitrogen, Karlsruhe, | # 61-7000
Germany

rabbit polyclonal anti L-type Ca” -channel Alomone Laboratories, | # ACC-013
Jerusalem, Israel

rabbit polyclonal anti-SERCAZ2a antibody Badrilla, Leeds, UK # A010-20

mouse monoclonal anti-porin antibody MitoSciences, Oregon, USA | # MSAOQ3

mouse monoclonal anti-eNOS antibody BD Transduction | # 610297
Laboratories, Heidelberg,
Germany

mouse monoclonal anti INOS antibody BD Transduction | # 610432
Laboratories, Heidelberg,
Germany

mouse monoclonal anti-HSP90 antibody abcam, Cambridge, UK # ab 1429

biotinylated anti-rabbit 19G Vector Laboratories, | # BA-1000
Ldrrach, Germany

Avidin D fluorescence antibody Vector Laboratories, | # A-2001

Ldrrach, Germany

2.8.Mouse strains:

a-MHC mice: FVB.Cg-Tg(Myh6-tTA)6Smbf/J, Stock number 003170, Jackson

Laboratory, USA
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NNOS transgenic mice: the nNOSa cDNA (provided by D. Bredt) was cloned into the
pTRE-6xHN vector (Clontech, Germany)

double transgenic mice: a-MHC and nNOS transgenic mice were crossbred

All mice were 8 to 12 weeks old, induction time (for nNOS overexpression) was two

weeks

The investigation is conform with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996). The animal research was granted by the “Regierung von
Unterfranken” (approval reference number Az. 54-2531.01-37/04).
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3. Methods:

3.1. Animal model:

To generate transgenic mice the Tet-Off system (clontech, Germany) was used. For
this system, two different mouse strains were employed. The first strain encodes the
regulatory protein tTA (tetracycline-controlled transactivator) under control of the a-
MHC promoter (FVB.Cg-Tg(Myh6-tTA)6smbf/J, Jackson Laboratory, USA) and
guarantees myocardial specificity. The second strain contains the gene of interest
(nNNOS) under control of the tetracycline-response element (TRE). This strain is
responsible for the inducibility of our system and for the expression of our gene of
interest (NNOS). To establish this strain, | cloned the nNOSa cDNA (a gift from D.
Bredt) into the pTRE-6xHN vector (clontech, Germany). Importantly, this nNOSa
isoform contains exon 2, encoding for the nNOS PDZ-domain (PDZ-domains are
modular protein interaction domains that bind in a sequence-specific fashion to short
C-terminal peptides or internal peptides that fold to a 3-finger).

Fspl Sfil Xbal Asel

TRE |Pmin Ch>‘ MCS |nNOS (NOS1) coding sequence 4.3kb| MCS| R-globin poly A J

The two different strains were crossbred and the double transgenic offspring were fed
with doxycycline (Sigma, Germany) chow (contains 100mg doxycycline per kg chow,
Ssniff Spezialdiaten, Soest, Germany).
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Figure 19: Scheme of gene regulation in the Tet-Off system: (BD Biosciences, Germany)

tTA
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Integrated copy of pTet-Off
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Figure 19 legend: Scheme of gene regulation in the Tet-Off system

The TRE is located upstream of the Pyincmv (Minimal immediate early promotor of cytomegalovirus),
which is silent in the presence of doxycycline. Tetracycline-controlled transactivator (tTA) binds the
TRE - and thereby activates transcription of the gene of interest (nNOS) - in the absence of

tetracycline or doxycycline.

Mice were fed with standard mouse chow to induce nNOS overexpression for two

weeks. Mice used for experiments were 8 to 12 weeks old.

3.2. Genotyping of double transgenic mice:

The genotyping was done by PCR. The following reaction composition was used
(Taq PCR Core Kit, Qiagen, Germany):

component volume/reaction final concentration
10x PCR buffer 5ul 1x
dNTP mix (each 10mM) Tl 100uM of each
primer A Tl 0.1uM
primer B Tl 0.1uM
Tag DNA Polymerase 0.5ul 2.5 units/reaction
distilled water 36.5ul -
template DNA 5ul <1ug/reaction
total volume 50ul -
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For the nNOS- and Tet-Off-PCR fragment the following PCR program was used:

step | temperature |time note

1 94°C 3min

2 94°C 20sec

3 64°C 30sec -0.5°C per cycle

4 72°C 35sec Go to step 2, repeat 12 times
5 94°C 20sec

6 58°C 30sec

7 72°C 35sec Go to 5, repeat 25 times

8 72°C 2min

Three different primer pairs were used to genotype the animals. By using the Tet-Off
primer pair (Tet-Off-reverse: 5-GTC AGT CGA GTG CAC AGT TT-3'; Tet-Off-
forward: 5°-CAA ATG TTG CTT GTC TGG TG-3") (Eurofins MWG operon, Germany)
a 450bp fragment within the tTA-region was amplified, whereas the nNOS primer pair
(nNOS-reverse: 5-GAG ATG ATC ACG GGA GGC-37; nNOS-forward: 5-CGC CTG
GAG ACG CCA TCC-3)) (Eurofins MWG operon, Germany) amplified a 270bp
fragment, which contains both, a part of the nNOS sequence and the 6xHN tag.
Double transgenic mice are positive in both reactions.

PCR program used as an internal control:

step | temperature |time note

1 94°C 3min

2 94°C 1min

3 68°C 1min

4 72°C 1min Go to step 2, repeat 35 times
5 72°C 10min

The primer pair for the internal control (internal control forward: 5-CAA ATG TTG
CTT GTC TGG TG-3; internal control reverse: 5-GTC AGT CGA GTG CAC AGT
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TT-3) (Eurofins MWG operon, Germany) amplified a 200bp fragment from the
wildtype allele.

3.3. Infarct size measurement after ischemia-reperfusion in vivo:

Infarct size measurement and ischemia-reperfusion experiments were performed as
recently described’® in cooperation with AG Frantz. After anesthesia (1.5%
isoflurane, central pharmacy, Wiurzburg, Germany) and intubation, mice were
ventilated with a volume-cycled rodent respirator. For ischemia-reperfusion studies,
ligation of the anterior descending branch of the left coronary artery (LAD) was
achieved by tying 6-0 silk suture, 2-3mm from the tip of the left auricle, around the
artery. After occlusion for 30min, blood flow was restored by removing the ligature
and polyethylene tubing. Proper reperfusion was determined by visual inspection and
changes in ventricular function. The chest wall was closed with a continuous 6-0
prolene suture and the skin with 4-0 polyester suture. For infarct size measurement
after 24h reperfusion, the animals were again intubated, the suture reoccluded and
5% Evans Blue (Sigma, Germany) injected into the apex of the heart. The heart was
removed, washed with NaCl (Merck, Germany) and frozen in Tissue Tek
(Hartenstein, Germany) at -20°C. The frozen heart was cut into five parallel
transverse slices, which were stained with 2% triphenyl-tetrazolium-choride (TTC)
(Sigma, Germany) for 10min at 37°C. After TTC staining, viable myocardium stains
red and the infarcted areas appear pale. After fixation in formalin (Sigma, Germany),
slices were weighed on a scale, imaged and the area of infarction for each section
was determined by computerised planimetry using an image analysis software
program (Scionlmage imaging software). The size of infarction was determined by
the following equations. Weight of infarction = (A1 x Wtl) + (A2 x Wt2) + (A3 x Wt3) +
(A4 x Wt4) + (A5 x Wt5), where A is area of infarction in percent by planimetry and
Wt is the weight of each section. Percentage of infarcted left ventricle = (weight of
infarction/weight of left ventricle) x 100. Area at risk as a percentage of left ventricle =
(weight of left ventricle-weight of left ventricle stained blue)/weight of left ventricle.
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3.4. In \vitro ischemia-reperfusion experiments with isolated hearts

(Langendorff):

In vitro ischemia-reperfusion experiments with isolated hearts were performed as
follows: Mice were anesthesised by injecting pentobarbital (central pharmacy,
Wirzburg, Germany) intraperitoneally. The heart was rapidly excised, the aorta was
dissected free and mounted onto a cannula attached to a perfusion apparatus as

described previously'®,

Retrograde perfusion of the heart was started in the
Langendorff mode at 37°C using a constant coronary perfusion pressure of
100mmHg. Oxygenated Krebs-Henseleit buffer (KHS), gassed with 95% O, and 5%
CO,, was used for perfusion and hearts were immersed in their own perfusate in a
water-jacketed reservoir. A water filled balloon was inserted in the left ventricle and
fixed by a ligature. The balloon was connected to a Statham P23Db pressure
transducer (Gould Statham Instruments) for continuous measurement of left
ventricular pressure. Pressure volume curves were obtained to find optimal preload
by filling the balloon stepwise. After reaching the maximal developed pressure, the
intracardial balloon volume was set to 50% of volume of maximal developed
pressure. Hearts were subjected to 20min ischemia followed by reperfusion. The
specific nNOS inhibitor S-methyl-L-thiocitrulline acetate salt (SMTC) was

administered at a final concentration of 0.125mg/kg.

3.5. Electron microscopy with immunogold labeling:

Excised hearts were fixed in 4% paraformaldehyde (PFA) (Sigma, Germany) for
20min, cut into small pieces (< 1mm) and incubated in 4% PFA for an additional hour
at 4°C. After fixation, specimen were washed with phosphate buffered saline (PBS)
at 4°C, incubated with 50mM NH4Cl (central pharmacy, Wirzburg, Germany) for
15min and again washed several times in a.d. After dehydration with an ascending
alcohol bank, heart pieces were embedded in LR-White (Sigma, Germany),
transferred into gelatine-capsules and polymerised at 40°C for at least 3 days.
Ultrathinsections were made out of the embedded hearts and immunogold labeling

was performed in cooperation with Prof. Krohne. The sections were transferred onto
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polyvinylbutyrate-plated nickelgrids. The grids were incubated for 5min in PBS and
for 5min in PBS containing 1% BSA (Sigma, Germany) and 0.1% Tween 20 (Sigma,
Germany). After incubation for 1h with the first antibody, the grids were washed for
20min with PBS containing 1% BSA and 0.1% Tween 20, and for 20 min with PBS
containing 0.1% BSA and 0.1% Tween 20. After washing, grids were incubated for
1h with the secondary antibody (goat anti-mouse IgG antibody conjugated with 12nm
or 6nm gold particles 1:10 (PLANO GmbH, Germany)). Subsequently, a series of
washing steps was performed (20 min with PBS containing 0.1% BSA and 0.1%
Tween 20, 5min with PBS, 2min with 1.25% glutaraldehyde (Sigma, Germany) and
15min with a.d. For contrast staining of the sections the grids were incubated for
5min with 2% uranylacetat (Sigma, Germany) and for 5min with leadcitrate (Sigma,
Germany).

For detection of transgenic nNOS as first antibody, a polyclonal anti-6xHN antibody
1:50 (BD Biosciences, Germany) was used followed by a secondary antibody
coupled to 12nm gold particles.

When nNOS and cytochrome <c oxidase expression were investigated
simultaneously, a monoclonal anti-cytochrome ¢ oxidase antibody 1:200
(MitoSciences, USA) was used followed by a second antibody that was coupled to
12nm gold particles and a polyclonal anti-nNOS antibody (Invitrogen, Germany) was
used followed by a second antibody that was coupled to 6nm gold particles. This anti-

nNOS antibody was reactive for both endogenous and overexpressed nNOS.

3.6. Immunofluorescence staining of isolated adult cardiac myocytes:

3.6.1. Preparation of adult cardiac myocytes:

Following CO2-induced euthanasia, mouse chest was opened and 10ml of ice cold
cardioplegic solution, pH 7.4 was injected in the right ventricle. The excised heart
was dropped in a @ 50mm dish containing icecold Wittenberg Isolation
Medium/Insuline and fixed on a canula by using a silk threat. The fixed heart was
clamped in the Langendorff apparatus and perfused for about 5 to 10min with

solution A. After changing to solution B until flow rate speeds up to ~ double the initial
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rate, the heart was removed from the Langendorff apparatus and put into a fresh
dish. After excising the atria, the ventricles were chopped in small pieces and placed
in 10ml of solution C. The ventricle pieces were incubated for 20min at 37°C and
mixed several times during the first 10min. The supernatant was collected, 15ml of
solution D was added to the pellet and incubation for 20 min was enclosed. The
same procedure was repeated with solution E. After draining the cell suspension
through a 100um cell strainer (Becton Dickinson, Germany), the cell suspension was
centrifuged at 100-200g for 3min. The supernatant was removed and the pellet was
resuspended in 7ml SKG MEM Eagle (Sigma, Germany) with 2.5% Foetal Calf
Serum (FCS) (PAA Laboratories GmbH, Austria). Finally the isolated adult
cardiomyocytes were plated on laminin-coated slides (BD Biosciences, Germany).

3.6.2 Immunostaining of cardiac myocytes:

The isolated cells were plated on laminin-coated slides (BD Biosciences, Germany)
and rinsed in 0.1M phosphate buffer (1:4 dilution of 0.4M phosphate buffer). After
fixation in 4% paraformaldehyde for 30-45min, the cells were again rinsed in 0.1M
phosphate buffer. After a series of washes in 0.1M TB and 0.1M TBS, the cells were
incubated for 30min in 2% avidin (Vector Laboratories, Germany) and rinsed again in
0.1M TBS. After incubation in 2% biotin (Vector Laboratories, Germany) for 30min,
the cells were rinsed in 0.1M TBS. The polyclonal anti-nNOS antibody 1:50
(Invitrogen, Germany) was added and incubated in 0.1M TBS, 0.075% Triton X, 1%
goat serum overnight at 4°C. The next day cells were rinsed in 0.1M TBS and probed
with biotinylated anti-rabbit IgG 1:300 (Vector Laboratories, Germany) for at least 1h
followed by avidin D fluorescene antibody 1:300 (Vector Laboratories, Germany) for 2
hours. Finally, after a series of washes in 0.1M TBS, the cells were coversliped with
Vectashield (Vector Laboratories, Germany).

Further antibodies were used: anti-cytochrome ¢ 1:100 (MitoSciences, USA).
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3.7. nNOS protein expression in isolated mitochondria:

Enriched mitochondrial fraction from mouse heart was prepared according to a
modified protocol developed by R&D Systems (Wiesbaden, Germany). Mouse hearts
were homogenised in RIPA buffer, centrifuged for 30min at 15,000g and the resulting
pellet was homogenised in buffer A (5ml/0.5g tissue). The resulting homogenate was
centrifuged for 10min at 15,000g (4°C). The pellet was homogenised in 500ul buffer
B and centrifuged for 10min at 15,000g (4°C). The pellet was resuspended in 600l
buffer C. Mitochondria were further enriched on a gradient of Percoll (Sigma,
Germany) by centrifugation in polyallomer tubes in an ultracentrifuge. All solutions,
the centrifuge, and tubes were prechilled to 4°C. 500ul of 60% Percoll (Percoll diluted
with buffer D), added to the bottom of the centrifuge tube, was carefully overlaid with
900ul 26% Percoll (Percoll diluted with buffer D). 300ul of the pellet resuspended in
buffer C was overlaid on the 26% Percoll. The material was centrifuged for 30min at
40,000g (4°C). After centrifugation, the mitochondria were collected from the

interface formed between the 26% and 60% Percoll.

For Western Blot analysis of nNOS protein expression in isolated mitochondria,
hearts were rapidly excised, rinsed in PBS and shock frozen in liquid nitrogen.
Frozen hearts were homogenised in RIPA-buffer with protease inhibitor cocktail
(Roche Diagnostics GmbH, Germany). Samples were homogenised for 1min and
centrifuged for 15min at 15,000g and 4°C. Total protein concentration of the
supernatant was determined by measuring absorbance at 280nm and 40ug of each
sample was separated in 10% SDS-PAGE gels. Proteins were transferred
electrophoretically onto nitrocellulose membrane (Hartenstein, Germany), while
immersed in transfer buffer. After the transfer, non-specific binding was blocked by
incubating membranes in blocking buffer for at least 1h. Protein samples were
probed with purified mouse monoclonal anti-nNOS antibody 1:200 (BD Transduction
Laboratories, Germany) for at least 1h followed by horseradish peroxidase (HRP)-
conjugated anti-mouse IgG 1:5,000 (GE Healthcare, Germany) for 1h. Between
antibody incubation periods, a series of washing steps with 0.1% Tween/PBS were
performed. Bands were visualised via enhanced chemiluminescence (GE Healthcare,
Germany). As a loading control, mitochondria samples were probed with purified
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rabbit polyclonal anti-prohibitin antibody 1:200 (abcam, UK) for 1h followed by
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG 1:5,000 (GE Healthcare,
Germany) for 1h.

Further antibodies were used: polyclonal anti-L-type Ca?*-channel antibody 1:500
(Alomone Laboratories, Israel), polyclonal anti-SERCAZ2a antibody 1:5,000 (Badrilla,
UK), monoclonal anti-porin antibody 1:1,000 (MitoSciences, USA), monoclonal anti-
cytochrome c antibody 1:1,000 (MitoSciences, USA).

3.8. Coimmunoprecipitation experiments:

Frozen hearts were homogenised in RIPA-buffer with protease inhibitor cocktail
(Roche Diagnostics GmbH). Samples were steamed for 1min and centrifuged for
15min at 15,000g and 4°C. Total protein concentration of the supernatant was
determined by measuring absorbance at 280nm.

The Co-IP experiments were done using the Immunoprecipitation Starter Pack (GE
Healthcare, Germany). The amount of 300-600ug protein was used. After an initial
pre-clearing step of one hour at 4°C (500ul of whole cell lysate with respectively 25ul
protein G / A sepharose beads), antigens were coupled overnight at 4°C to 2.5ug
purified antibody (anti-nNOS, anti-INOS or anti-eNOS (all Transduction Laboratories,
Germany)). Protein-antibody complexes were precipitated with a mix of 25ul protein
A and protein G sepharose beads for one hour at 4°C. The beads were washed three
times with isotonic salt buffer (RIPA-buffer), once with wash-buffer (50mM Tris, pH 8)
and suspended in 50upl Laemmli buffer (Laemmli sample buffer containing 2-
Mercaptoethanol). After denaturation for 5 minutes at 95°C and a following
centrifugation step, the supernatant was analysed by SDS-PAGE. Detection was
performed with anti-HSP90 antibody (abcam, UK).
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3.9. Transfection of neonatal cardiomyocytes and treatment with

geldanymycin:

3.9.1. Isolation of neonatal rat cardiomyocytes:

Experiments  were performed according to  ’Institutional Animal Care
and Use Committee® and “National Institute of Health (NIH)" guide lines.  After
decapitation the hearts were removed from 1- to 2-day old neonatal wistar rats, cut
into small pieces and digested in T&D (Trypsine & DNase) (Sigma, Germany). The
heart pieces were transferred into a 50ml Falcon tube and put on a magnetic stirrer at
the lowest speed (100-140 rpm) and room temperature (22°C). After five minutes of
incubation the supernatant was transferred to a 50 ml falcon tube containing 7.5 ml
foetal calf serum (FCS), whereby 12.5 ml T&D was added to the remaining tissue
pellet. This step was repeated until the whole tissue was digested. The collected
supernatants were pelleted by ten minutes of centrifugation at 700g and
resuspended in MEM/5. After filtering through a metal sieve most of the non-
cardiomyocytes were removed by preplating for one hour at 37°C in the CO,
incubator (0.9 %). After preplating, the supernatant containing approximately 90 % of
cardiomyocytes, was saved and cells were counted in a Fuchs-Rosenthal chamber
and plated in MEM/5 on 6-well plates at a density of 0.7 million cells/well (low-density
culture) (for 100 mm dishes: 5.0 million cells/dish; for chamber slides (2 and 4 wells):
200,000 cells/well). After 24 hours the cells were washed with MEM and incubated
for additionaly 24 hours in MEM/5. After 48 hours after preparation the treatment of
cells was specific for each experiment. Non-myocyte contamination of primary
cultures 48 hours after isolation consisted of approximately 5% of the total cell
population. Myocardial cells were morphologically distinguished by a coarse, granular
cytoplasm containing small, dense nuclei, whereas non-myocytes were readily

distinguished by a phase-lucent cytoplasm.

3.9.2 Transfection and treatment of neonatal cardiomyocytes:

NRCMs (neonatal rat cardiomyocytes) were transfected with Lipofectamine
(Invitrogen Life Technologies, Germany) 48 hours after preparation, on 6-well plates
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at a density of 1 x 10° cells per well or on chamber slides at a density of 700,000
cells per well. The transfection was performed as described by the manufacturers
with the following plasmid: pTRE-6xHN nNOSa cDNA Vector. After incubation for
three hours at 37°C in the CO,-incubator (0,9 %) following a medium change to
MEM/1, cells were treated with 2uM geldanamycin. All cells were harvested 12hours
after stimulation. Mitochondria were isolated and Western Blot analysis was
performed. Mitochondria samples were probed with purified mouse monoclonal anti-
NNOS antibody 1:200 (BD Transduction Laboratories, Germany). Cytochrome ¢ was
used as a loading control.

3.10. Nitrite level measurement:

Nitrite levels were determined in isolated mitochondria of nNOS overexpressing and
non-induced mice. The measurement was performed with a modified version of the
Nitric Oxide Colorimetic Assay Kit from Biomol. The kit involves the colorimetric
detection of nitrite as a colored azo dye product of the Griess reaction that absorbes
visible light at 540nm. The interaction of NO in a system is measured by the
determination of the total nitrate and nitrite concentration in the sample. This kit
allows for the total determination of both NO products in the sample by conversion of
all the sample nitrate into nitrite, followed by the determination of the total
concentration of nitrite in the sample. The transient and volatile nature of NO makes it
unsuitable for most convenient detection methods. However, two stable breakdown
products, nitrate (NO3) and nitrite (NOz) can be easily detected by photometric

means. For the measurement 0.5ug/pl isolated mitochondria were used.

3.11. Cytochrome c oxidase activity:

The measurement of cytochrome c oxidase activity was performed with a modified
version of the Cytochrome C Oxidase Assay Kit from Sigma. Instead of DTT, 10mM
ascorbate was used to reduce the cytochrome c, followed by removal of the

reductant by passage through Sephadex G-25 column. The colorimetric assay in this
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kit is based on observation of the decrease in absorbance at 550nm of
ferrocytochrome c¢ caused by its oxidation to ferricytochrome c by cytochrome c
oxidase. Whole mouse hearts were homogenised in RIPA buffer and mitochondria
were isolated as described previously. Protein concentration was measured and a
final concentration of 0.4ug/ul was used for the assay. Activity was measured using a

kinetic program: 5second delay, 10second interval, 6 readings, room temperature.

3.12. Myocardial O,-consumption:

O,-consumption measurements were performed as described previously.

Immediately after the anesthetic was administered to mice, a cardiectomy was
performed and the heart was submerged in oxygenated (95% O, 5% CO,)
cardioplegic solution (modified Krebs-Henseleit-buffer). Muscle stripes were excised
from the right ventricle (40 x 0.5 x 0.5mm). The muscle preparations were transferred
to a chamber containing oxygenated (95% O,, 5% CO;) assay solution (modified
Krebs-Henseleit-buffer) at 37°C and were fixed between steel clamps and a force
transducer (Scientific instruments, Germany). Before measuring O,-consumption, the
protective solution containing 2,3-butandion monoxim (BDM) (Sigma, Germany) was
washed out and the muscle stripe was stimulated with 2Hz, 25% over threshold
voltage. After the equilibration period, the muscle was carefully stretched to optimal
length (defined as steady-state twitch force under isometric conditions). The oxygen
measurement setup (see figure 20) consists of a metal cylinder with a heating unit
and a closed plexiglas block containing the muscle chamber. The muscle stripe is
suspended between two steel clamps, providing means for fixation and electrical
stimulation. One of these clamps is connected to a force transducer. An inlet and
outlet are used for perfusion. The Clark-oxygen electrode is located perpendicular to
the long axis of the muscle stripe, providing direct access to the perfusate. For the
measurement, perfusion with oxygenated assay solution was stopped, and the
decrease of oxygen partial pressure at a defined distance from the muscle surface
was recorded for 20sec. Muscle stripes were stimulated with 1-5Hz (60-300
beats/min). After a steady state was reached, MVO; was recorded. Muscle fibers that

showed a significant loss in force development compared with the initial 1-Hz value
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were excluded. Analysis of oxygen data (ml O, x mm™ x min™) was performed using
Muscle Research System software from Scientific Instruments. Recording of
isometrically developed force, force time integral (FTI), was performed by “twitch”
software (Scientific Instruments, Germany). FTI (in N x s/min/mm?) is defined as the
area between peak systolic force during the stimulation interval. It represents an
equivalent of work in isometrically contracting myocardium and is a major
determinant of MVO,. For better display the ratio of MVO,/FTI was given in relative %
where MVO,/FTI at rest was set as 100%.

Figure 20: Oxygen measurement setup:

Force transducer
Stimulation

Perfusion cuvette

Perfusion

Oxygen Probe (Clark)

X

Figure 20 legend: Oxygen measurement setup

The muscle fiber is fixed between a force transducer and a servomotor. The muscle was prestreched
to optimal length, electrically stimulated and perfused with assay solution (37°C). A Clark-oxygen
electrode was placed near the surface of the muscle fiber to measure the oxygen consumption of the
working muscle stripe while perfusion was stopped.

3.13. O, production in isolated mitochondria:

O, production was determined by the oxidation of mito-hydroethidine (Mito-HE/
MitoSOX™ Red; Invitrogen, Germany) to 2-hydroxy-mito-ethidium using HPLC-
electrochemical (EC) analysis, as described previously with some modifications*.
Mitochondria were isolated from the left ventricle using the Qproteome Mitochondria
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Isolation Kit (Qiagen, Germany). Isolated mitochondria were incubated with Mito-HE
(10pmol/l) and the conversion to 2-hydroxy-mito-ethidium monitored by HPLC-EC.

3.14. Reactive oxygen free radicals (ROS)-concentration:

For measuring the concentration of reactive oxygen free radicals (ROS), the TAC-
Peroxyl assay kit (Axxora, Germany) was used. This assay is based on inhibition of
luminescence caused by peroxyl radicals involved in lipid peroxidation in vivo.
Biological relevant peroxyl free radicals are generated by thermal decomposition of
2,2 -azobis(2-amidinopropane) (ABAP). The ABAP decomposition products are a
pair of C-centered free radicals Re and a nitrogen molecule. The Re free radicals
further react with oxygen molecules to form peroxyl radicals ROOe, which are similar
to those found in vivo during lipid peroxidation. These peroxyl radicals react with an
indicator molecule, luminol (LH,), to generate a luminol radical (LHe) which results in
emission of blue lights centered at ~425nm. When antioxidants are present, such a
light production is inhibited until the antioxidants are exhausted. The time of inhibition
or the induction time to light production is proportional to the total concentration of
antioxidants. The antioxidants concentration is determined by comparing induction
time to that of a water-soluble Vitamin E (tocopherol) analog, Trolox.

To determine wether ROS are produced by the NADPH oxidase or the xanthine
oxidoreductase, heart samples were incubated with different inhibitors. Apocynin
(300uM, 30min incubation at 37°C, Calbiochem, Germany) as an inhibitor for the
NADPH oxidase and allopurinol (0.1mM, 1min incubation at room temperature,

Sigma, Germany) for the xanthine oxidoreductase.
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3.15. NADPH oxidase and xanthine oxidoreductase activity:

NADPH oxidase activity was measured by lucigenin-enhanced chemiluminescence.
Frozen hearts were homogenised in KHS. Samples were homogenised for 1min and
centrifuged for 15min at 15,000g and 4°C. Total protein concentration of the
supernatant was determined by measuring absorbance at 280nm. 100ug protein
lysate was incubated with 1mM lucigenin (Sigma, Germany), 300uM NADPH (Sigma,
Germany) and luminescence was recorded for 20min at 30sec intervals.

The measurement of the xanthine oxidoreductase activity was carried out using the
Amplex® Red Xanthine Oxidase Assay Kit (Molecular Probes, Germany). In this
assay, xanthine oxidoreductase catalyses the oxidation of xanthine to uric acid and
superoxide. In the reaction mixture, the superoxide spontaneously degrades to
hydrogen peroxide (H.O;) which, in the presence of HRP, reacts stoichiometrically
with Amplex Red reagent to generate the red-fluorescent oxidation product resorufin.
Resorufin has an absorbance and fluorescence emission maxima of approximately
571nm and 585nm. As a first step, a xanthine oxidoreductase standard curve with
concentrations of 0 to 10mU/ml was assessed. In the assay, the homogenised hearts
were used at a final concentration of 5ug/ul. The samples were diluted in a working
solution containing Amplex Red reagent solution, HRP solution, xanthine and
reaction buffer. This mixture was filled into a 96-microplate, incubated for 30min at
37°C and measured at 560nm (ELISA Reader).

3.16. NADPH oxidase and XOR protein expression:

Western Blot analysis was performed to investigate the protein expression of different
subunits of the NADPH oxidase (p47°"°%, p67°"°* and rac 1). Hearts were rapidly
excised, rinsed in PBS and shock frozen in liquid nitrogen. Frozen hearts were
homogenised in RIPA-buffer containing protease inhibitor cocktail (Roche
Diagnostics GmbH, Germany). Samples were homogenised for 1min and centrifuged
for 15min at 15,000g and 4°C. Total protein concentration of the supernatant was
determined by measuring absorbance at 280nm and 40ug of each sample was

separated in 10% SDS-PAGE gels. Proteins were transferred electrophoretically onto
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nitrocellulose membrane, while immersed in transfer buffer. After the transfer, non-
specific binding was blocked by incubating membranes in blocking buffer for at least
1h. Protein samples were probed with purified mouse monoclonal anti-rac 1 antibody

7PHOX

1:500, purified mouse monoclonal anti-p4 antibody 1:500 or purified mouse

monoclonal anti-p67°H%

antibody (all BD Transduction Laboratories, Germany) for at
least 1h followed by HRP-conjugated anti-mouse IgG 1:5,000 (GE Healthcare,
Germany) for 1h. Between antibody incubation periods, a series of washing steps
with 0.1% Tween/PBS were performed. Bands were visualised via enhanced
chemiluminescence (GE Healthcare, Germany). As a loading control, protein
samples were probed with purified mouse monoclonal anti-GAPDH antibody 1:8,000
(Chemicon, Germany) for 1h followed by HRP-conjugated anti-mouse IgG 1:5,000
(GE Healthcare, Germany) for 1h.

For Western Blot analysis of XOR protein expression, hearts were rapidly excised,
rinsed in PBS and frozen in liquid nitrogen. Frozen hearts were homogenised in
RIPA-buffer with protease inhibitor cocktail (Roche Diagnostics GmbH, Germany).
Samples were homogenised for 1min and centrifuged for 15min at 15,000g and 4°C.
Total protein concentration of the supernatant was determined by measuring
absorbance at 280nm and 40ug of each sample was separated on 10% SDS-PAGE
gels. Proteins were transferred electrophoretically onto nitrocellulose membrane,
while immersed in transfer buffer. After the transfer, non-specific binding was blocked
by incubating membranes in blocking buffer for at least 1h. Protein samples were
probed with purified rabbit polyclonal to xanthine oxidase antibody 1:1,000 (abcam,
UK) for 1h followed by incubation with HRP-conjugated anti-rabbit IgG 1:5,000 (GE
Healthcare, Germany) for 1h. Between antibody incubation periods, a series of
washing steps with 0.1% Tween/PBS were performed. Bands were visualised via
enhanced chemiluminescence (GE Healthcare, Germany). As a loading control,
protein samples were probed with purified mouse monoclonal anti-GAPDH antibody
1:8,000 (Chemicon, Germany) for 1h followed by incubation with HRP-conjugated
anti-mouse 1gG 1:5,000 (GE Healthcare, Germany) for 1h.
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3.17. Statistics:

All data are presented as meantSEM. Statistical analyses were performed using
Student’s t-test or the one way ANOVA for repeated measurements where

appropriate. Significance was assigned as a value of p<0.05 (*) and p<0.01 (**). No
significant differences were denoted by n.s.
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4. Results:

All mice used for the experiments were 8 to 12 weeks old. Mice were fed with
standard mouse chow to induce nNOS overexpression for two weeks. As a control

group non-induced mice were used.

4.1. nNOS overexpression reduced infarct size in vivo after ischemia-

reperfusion injury:

| previously demonstrated that conditional nNnNOS overexpression decreases
myocardial contractility under baseline conditions’. In this work | investigated the
impact of nNOS overexpression under pathophysiological conditions (ischemia-
reperfusion injury). In vivo occlusion of the left coronary artery (LAD) was performed
for 30min in NNOS overexpressing mice and non-induced littermates. Immediately
after the 24h reperfusion period, Evans Blue staining was performed. The infarct size
within the area at risk was significantly decreased in nNOS overexpressing mice
compared to non-induced animals (36.6+8.4 vs. 61.1+2.9%, n=8, p<0.05) (figure 21,
22). Application of SMTC (specific nNOS inhibitor, 0.125mg/kg) inhibited the
cardioprotective effect of nNNOS (59.05+05%, n=8, p<0.05) (figure 21, 22). In contrast,
the area at risk referring to the whole heart section was not significantly altered
between nNOS overexpressing mice, non-induced littermates and nNOS
overexpressing mice treated with SMTC (35.1% 6.2 vs. 34.1+3.6% vs. 25.916.9%,
n=8, n.s.) (figure 23).

In vivo ischemia-reperfusion experiments were performed in cooperation with AG

Frantz.
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Figure 21: Representative heart sections:

nNOS overexpressing + SMTC

Figure legend 21: Representative heart sections

Representative heart sections of nNOS overexpressing mice, non-induced littermates and nNOS
overexpressing mice treated with SMTC.

Red encircled = area at risk

Black encircled = infarcted area

Figure 22: Infarct area within area at risk (AAR):
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Figure legend 22: Infarct area within area at risk (AAR)

Infarct size within the area at risk was significantly reduced in NNOS overexpressing mice compared to
non-induced animals (36.6+8.4 vs. 61.1+2.9%, n=8, p<0.05). Application of SMTC inhibited the
cardioprotective effect of NNOS overexpression (59.05+05%, n=8, p<0.05).
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Figure 23: Area at risk (AAR):
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Figure legend 23: Area at risk (AAR)

The area at risk was not significantly changed after ischemia-reperfusion (35.1+6.2% in nNOS
overexpressing mice vs. 34.1+3.6% non-induced animals vs. 25.9+6.9% nNOS overexpressing mice
treated with SMTC, n=8, n.s.).

SMTC=specific NNOS inhibitor (0.125mg/kg)

4.2. Recovery of left ventricular developed pressure (LVDP) after ischemia-

reperfusion injury in isolated hearts (Langendorff):

To assess the functional recovery after in vitro ischemia-reperfusion experiments,
isolated hearts of nNOS overexpressing and non-induced animals were investigated.
LVDP was significantly elevated in hearts of nNOS overexpressing mice (30min post-
ischemia, LVDP 27.0+2.5mmHg in non-induced animals vs. 45.2+1.9mmHg in nNOS
overexpressing mice, n=12, p<0.05) even though LVDP was significantly higher
before ischemia in non-induced mice (90.0+3.0mmHg in hearts of non-induced
animals vs. 72.0£2.3mmHg in hearts of nNOS overexpressing mice, n=12, p<0.05)
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(figure 24). Application of the specific nNOS inhibitor SMTC (0.125mg/kg) again
reversed the positive effects of the transgene nNOS overexpression (30min post-
ischemia LVDP 34.0+2.0mmHg, n=12, p<0.05). Recovery of ventricular function was

improved over the whole reperfusion period in nNOS overexpressing animals.

Figure 24: Ischemia-reperfusion injury:
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Figure legend 24: Ischemia-reperfusion injury

LVDP was significantly increased in isolated hearts of nNOS overexpressing mice compared to non-
induced animals (30min post-ischemia, LVDP 27+2.5mmHg in non-induced animals vs.
45.2+1.9mmHg in nNOS overexpressing mice, n=12, p<0.05). Application of the specific nNOS
inhibitor SMTC (0.125mg/kg) reversed the positive effects of the transgene nNOS overexpression

(30min post-ischemia LVDP 34.0+2.0mmHg, n=12, p<0.05)

Both in vivo and in vitro ischemia-reperfusion experiments showed a cardioprotective

effect of NNOS overexpression.
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4.3. nNOS protein expression in the mitochondria:

To investigate the subcellular distribution of nNOS, immunogold labeling,
immunofluorescence staining and Western Blot analysis were performed. Electron
microscopy of mouse myocardium from nNOS overexpressing mice showed that
nNNOS is additionally localised in mitochondria after induction of nNOS expression
(figure 25). Immunogold labeling was positive for the 6xHN tag, indicating conditional
NNOS overexpression. Immunogold labeling also showed a close proximity of nNOS
and cytochrome c oxidase in the mitochondria (figure 26). Immunofluorescence
staining of isolated adult cardiac myocytes indicated a colocalisation of nNOS and
cytochrome c oxidase (a mitochondrial marker) in nNOS overexpressing mice (figure
27).

To approve this result, we isolated mitochondria from hearts of nNOS overexpressing
mice and non-induced animals. Western Blot analysis showed a significantly
increased NnNOS protein expression in isolated mitochondria of NNOS overexpressing
mice (221.2+10.7rel.% vs. 100+8.1rel.%, n=12, p<0.01) (figure 28, 29). To test for
contamination of the isolated mitochondria we performed different Western Blot
analysis. Figures 30, 31 showed that there is no detectable protein expression of L-
type Ca®’-channel and SERCAZ2a neither in non-induced animals nor in nNOS
overexpressing mice. Porin protein expression (localised in the outer membrane of
mitochondria) and cytochrome c (attached to the inner mitochondrial membrane)
were only found in the isolated mitochondria, not in the supernatant (taken during
mitochondria  preparation) (porin  protein expression: 11.0+20.0rel.% vs.
226.5+0.5rel.%, n=6, p<0.01) (figure 32, 33) (cytochrome c protein expression:
14.0+7.0rel.% vs. 84.0+£5.0rel%, n=6, p<0.01) (figure 34, 35).

Of note, there is also endogenous NNOS located at the mitochondria in non-induced
animals but endogenous nNOS was increased in isolated mitochondria of mouse
wildtype hearts after ischemia-reperfusion (306.9+40.5rel.% vs. 100.0+7.5rel.%, n=7,
p<0.05) (figure 36, 37).
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Figure 25: Electron microscopy of mouse myocardium (in cooperation with Prof. Krohne):

NNOS overexpressing
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non-induced

Figure legend 25: Electron microscopy of mouse myocardium

Immunogold labeling indicates 6xHN tag of overexpressed nNOS (black circles) and demonstrates
NNOS localisation. Overexpressed (transgenic) nNOS is additionally localised in mitochondria in
hearts of NNOS overexpressing mice. In contrast, there is no transgenic nNOS localisation in
mitochondria of non-induced animals.

M = mitochondria
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Figure 26: Electron microscopy with two different antibodies:

£ T

Figure 26 legend: Electron microscopy with two different antibodies
Immunogold labeling of mouse myocardium from non-induced and nNOS overexpressing animals. The polyclonal anti-
NNOS antibody was used followed by a second antibody that was coupled to 6nm gold particles; simultaneously the
monoclonal anti-cytochrome ¢ oxidase antibody was used followed by a second antibody that was coupled to 12nm
gold particles. The anti-nNOS antibody used in this experiment was reactive for both endogenous and overexpressed
NNOS. Immunogold labeling of mouse myocardium from non-induced and nNOS overexpressing animals. The
polyclonal anti-nNOS antibody was used followed by a second antibody that was coupled to 6nm gold patrticles;
simultaneously the monoclonal anti-cytochrome c¢ oxidase antibody was used followed by a second antibody that was
coupled to 12nm gold particles. The anti-nNOS antibody used in this experiment was reactive for both endogenous and
overexpressed NNOS.
In NNOS overexpressing mice there was a close proximity between cytochrome ¢ oxidase and nNOS.

. B . i . _ 91
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Figure 27: Immunofluorescence staining of isolated adult cardiac myocytes:

isolated adult cardiac myocytes of nNOS overexpressing mice:

cytochrome c oxidase overlay

isolated adult cardiac myocytes of non-induced mice:

cytochrome c oxidase overlay

Figure legend 27: Immunofluorescence staining of isolated adult cardiac myocytes
Immunofluorescence staining of isolated adult cardiac myocytes showed a colocalisation of nNOS and
cytochrome c oxidase (a mitochondrial marker) in nNOS overexpressing mice.

red = cytochrome c oxidase

green = nNOS
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Figure 28: nNOS protein expression in isolated mitochondria:
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Figure 28 legend: nNOS protein expression in isolated mitochondria

Western Blot analysis of isolated mitochondria showed a significantly increased nNOS protein
expression in hearts of nNOS overexpressing mice compared to non-induced animals
(221.2+10.7rel.% vs. 10048.1rel.%, n= 12, p<0.01).

Figure 29: Representative Western Blot of nNOS protein expression in isolated mitochondria:
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Figure 29 legend: Representative Western Blot of nNOS protein expression in isolated
mitochondria

Total NNOS protein expression was significantly increased in isolated mitochondria of nNOS

overexpressing mice. Prohibitin (a mitochondrial marker) was used as loading control.
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Figure 30: Protein expression of L-type Ca’*-channel:
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Figure 30 legend: Protein expression of L-type ca’*-channel
L-type Ca’*-channel protein expression was not detectable. Prohibitin (a mitochondrial marker) was

used as loading control and rat heart membranes as a positive control.

Figure 31: Protein expression of SERCA2a:

nNOS
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115KDa  m— -—= SERCAZ2a
30kDA —— i - - — — Prohibitin

Figure 31 legend: Protein expression of SERCA2a
SERCAZ2a protein expression was not detectable. Prohibitin (a mitochondrial marker) was used as

loading control and cardiac SR vesicles as a positive control.
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Figure 32: Porin protein expression:
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Figure 32 legend: Porin protein expression

Porin protein expression was only found in isolated mitochondria, not in the supernatant (taken during
mitochondria preparation) (11+20rel.% vs. 226.5+0.5rel.%, n=6, p<0.01).

Figure 33: Representative Western Blot of porin protein expression:

supernatant isolated mitochondria
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Figure 33 legend: Representative Western Blot of porin protein expression

There was hardly any porin protein expression detectable in the supernatant taken during
mitochondria preparation.
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Figure 34: Cytochrome c protein expression:
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Figure 34 legend: Cytochrome c protein expression
Cytochrome c protein expression was only found in isolated mitochondria, not in the supernatant
(taken during mitochondria preparation) (14.0+7.0rel.% vs. 84.0+5.0rel%, n=6, p<0.01).

Figure 35: Representative Western Blot of cytochrome ¢ oxidase activity:
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Figure 35 legend: Representative Western Blot of cytochrome ¢ oxidase activity
There was hardly any cytochrome c protein expression detectable in the supernatant taken during

mitochondria preparation.
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Figure 36: nNOS protein expression in isolated mitochondria in WT mice after ischemia
reperfusion:
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Figure 36 legend: nNOS protein expression in isolated mitochondria in WT mice after ischemia
reperfusion

Western Blot analysis of isolated mitochondria of mouse wildtype hearts (WT) showed an increased

NNOS protein expression after ischemia-reperfusion (WT IR) (306.9+40.5rel.% vs. 100.0+7.5rel.%,
n=7, p<0.05).

Figure 37: Representative Western Blot of nNOS protein expression in isolated mitochondria in
WT mice after ischemia reperfusion:
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Figure 37 legend: Representative Western Blot of nNOS protein expression in isolated

mitochondria in WT mice after ischemia reperfusion

NNOS protein expression was increased in isolated mitochondria in wildtype hearts after ischemia-
reperfusion.

Prohibitin (a mitochondrial marker) was used as a loading control.
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4.4. Translocation of nNNOS to mitochondria:

To analyse the transport mechanism of nNOS into the mitochondria we performed
coimmunprecipitation experiments. Coimmunoprecipitation analysis showed an
interaction between nNOS and HSP90 in both non-induced and nNOS
overexpressing mice (figure 38). Notably, immunoreactivity in the nNOS
overexpressing mice was stronger than in the non-induced animals. There was no
interaction between INOS and HSP90 (figure 39), whereas the interaction between
eNOS and HSP90 again was detectable in both nNOS overexpressing and non-
induced mice (figure 40).

To further assess the mechanism of nNOS translocation, neonatal rat
cardiomyocytes were transfected with nNOS and treated with geldanamycin (a
specific inhibitor of HSP90 activity). Western Blot analysis of isolated mitochondria
showed a significant suppression of nNOS protein expression in geldanamycin-
treated cardiomyocytes (17.0+3.9rel.% vs. 100.0%z+6.1rel.%, n=11, p<0.01) (figure
41, 42).

Obviously, nNOS is shuttled into the mitochondria via interaction with HSP90 which
could be sufficiently inhibited by geldanamycin.

Figure 38: Coimmunprecipitation of nNOS and HSP90:
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Figure 38 legend: Coimmunprecipitation of nNOS and HSP90

Whole heart lysates were immunoprecipitated (IP) with anti-nNOS antibody and immunoblotted
(1B) for HSP90.

Association between nNOS and HSP90 was demonstrated in both non-induced and nNOS
overexpressing mice. 98
As a positive control HeLa cell lysate was used.

As a negative control IP was performed with an irrelevant antibody (anti-HA antibody).



Results

Figure 39: Coimmunprecipitation of iINOS and HSP90:
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Figure 39 legend: Coimmunprecipitation of iNOS and HSP90

Whole heart lysates were immunoprecipitated (IP) with anti-iNOS antibody and immunoblotted (IB) for
HSP9O0.

There was no interaction between iNOS and HSP90.

As a positive control HeLa cell lysate was used.

As a negative control IP was performed with an irrelevant antibody (anti-HA antibody).

Figure 40: Coimmunprecipitation of eNOS and HSP9O:
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Figure 40 legend: Coimmunprecipitation of eNOS and HSP90

Whole heart lysates were immunoprecipitated (IP) with anti-eNOS antibody and immunoblotted (I1B) for
HSP90. Association between eNOS and HSP90 was demonstrated in both non-induced and nNOS
overexpressing mice.

As a positive control HeLa cell lysate was used.

As a negative control IP was performed with an irrelevant antibody (anti-HA antibody).
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Figure 41: HSP90 dependency of mitochondrial nNOS translocation:
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Figure 41 legend: HSP90 dependency of mitochondrial nNOS translocation

Neonatale cardiomyocytes were transfected with nNOS and treated with geldanamycin (2uM, inhibitor
of HSP90). Western Blot analysis of isolated mitochondria showed a significant suppression of nNOS
protein expression in geldanamycin-treated cardiomyocytes (17.0£3.9rel.% vs. 100.0%z6.1rel.%,
n=11, p<0.01).

Figure 42: Representative Western Blot of HSP90 dependency of mitochondrial nNOS

translocation:
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Figure 42 legend: Representative Western Blot of HSP90 dependency of mitochondrial nNOS
translocation

nNNOS protein expression was decreased in isolated mitochondria treated with geldanamycin.
Cytochrome ¢ was used as a loading control.
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4.5. nNOS impairs cytochrome ¢ oxidase activity and nitrite level:

To analyse the role of NNOS in mitochondria, we investigated cytochrome ¢ oxidase
activity. It was previously shown that endogenous nitric oxide (NO) reversibly inhibits
oxygen consumption and ATP synthesis by competitive inhibition of cytochrome c
oxidase™. In our study, we demonstrated that nitrite levels were significantly
increased in isolated mitochondria of nNOS overexpressing mice compared to non-
induced littermates (18.1+3.6umol/l vs. 11.0£2.0umol/l, n=10, p<0.05) (figure 43).

Simultaneously, nNOS overexpression significantly suppressed cytochrome c
oxidase activity (72.0£8.9units/ml in nNOS overexpressing mice Vvs.
113.2+£17.1units/ml in non-induced mice, n=12, p<0.01) (figure 44). To investigate
whether cytochrome ¢ oxidase activity was inhibited by NO binding to cysteine or to
the haem we added either DTT (which destroyed S-nitrosothiols) or haemoglobin
(which scavenged NO of the haem in cytochrome c oxidase) (figure 45, 46). From
these experiments we concluded that inhibition of cytochrome c oxidase activity is
inhibited by NO-binding to a cysteine thiol of cytochrome c oxidase (rather than
binding to the haem).

Figure 43: Nitrite-level of isolated mitochondria:
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Figure 43 legend: Nitrite-level of isolated mitochondria
Nitrite level of isolated mitochondria was significantly increased in nNOS overexpressing mice
compared to non-induced animals (18.1£3.6umol/l vs. 11.0£2.0umol/l, n=10, p<0.05).
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Figure 44: Cytochrome c oxidase activity:

BNOS overexpressing Onon-induced

**

120,000

100,000

|
——

80,000

60,000

[units/ml]

40,000

20,000

0,000 -
Figure 44 legend: Cytochrome c oxidase activity

NNOS overexpression significantly suppressed cytochrome ¢ oxidase activity (72.0£8.9units/ml in
NNOS overexpressing mice vs. 113.2+17.1units/ml in non-induced mice, n=12, p<0.01).

Figure 45: Cytochrome c oxidase rate of nNOS overexpressing mice:
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Figure 45 legend: Cytochrome c oxidase rate of nNOS overexpressing mice

DTT (50uM) or haemoglobin (4uM) was added and measurement of cytochrome c oxidase activity was started
immediately. Application of DTT completely reversed the inhibiting effect of NnNOS overexpression (-0.0041
first order rate constant of nNOS overexpressing mice vs. -0.0061 first order rate constant of nNOS
overexpressing animals + DTT, n=7, p<0.05).

In contrast application of haemoglobin further suppressed cytochrome ¢ oxidase activity significantly (-0.0018

first order rate constant vs. -0.0041 first order rate constant, n=7, p<0.05). 102
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Figure 46: Cytochrome c oxidase rate of non-induced mice:
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Figure 46 legend: Cytochrome ¢ oxidase rate of non-induced mice
Application of DTT had no significant effect on cytochrome c oxidase activity in non-induced
nNOS*/aMHC-tTA" mice (-0.0061 first order rate constant of non-induced mice vs. -0.0069 first order

rate constant of non-induced animals + DTT, n=7).
Again, application of haemoglobin suppressed cytochrome c oxidase activity significantly (-0.0026 first

order rate constant vs. -0.0061 first order rate constant, n=7, p<0.05).
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4.6. Myocardial oxygen consumption (MVO5,):

To investigate whether NO derived from nNOS directly affects MVO,, we examined
the effects of conditional NnNOS overexpression on MVO; in isolated muscle stripes.
Already under resting conditions there was a significant inhibition of MVO; in isolated
muscle stripes of nNOS overexpressing mice compared to non-induced animals
(0.016+0.0015 vs. 0.024+0.006mI[O2] x mm™ x min™, n=13, p<0.05) (figure 47). This
effect was sustained during work (stimulation at 5Hz for 30min). O, consumption was
given as ratio MVOL/FTI (69.0£11.0 rel.% vs. 100.0£14.0 rel.%, n=14, p<0.05).
MVO,/FTI was taken as 100% in the non-induced animals (figure 48).

NNOS mediated alterations of MVO, under rest indicate a direct inhibitory effect of
NNOS on mitochondrial function, since the effect of crossbridge cycling kinetics under
rest is negligible.

Figure 47: Myocardial oxygen consumption at rest:
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Figure 47 legend: Myocardial oxygen consumption at rest
Specific oxygen consumption was significantly reduced in nNOS overexpressing mice already during
rest (0.016+0.0015 vs. 0.024+0.006mI[O;] x mm* x min™, n=13, p<0.05).
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Figure 48: Myocardial oxygen consumption at work load
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Figure 48 legend: Myocardial oxygen consumption at work load

During stimulation with 5Hz nNOS overexpressing animals display also decreased O, consumption. In
this case O, consumption is measured as ratio MVO,/FTI and given in relative % (69.0+11.0 rel.% vs.
100.0414.0 rel.%, n=14, p<0.05).

4.7. Generation of reactive oxygen species (ROS) and O, production:

Measurement of O, production in isolated mitochondria showed a significant
decrease in nNOS overexpressing mice compared to non-induced animals
(0.34+0.01units vs. 0.54+0.03units, n=5, p<0.05) (figure 49).

Reactive oxygen free radicals (ROS) have been implicated in cardiac dysfunction.
Xanthine oxidoreductase (XOR) and reduced nicotinamide-adenine dinucleotide
phosphate (NADPH) oxidase are known to be the major enzymes generating ROS in
cardiac myocytes. In this study, we investigated ROS generation during nNOS

overexpression compared to non-induced mice.
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The total ROS concentration was significantly reduced in hearts of nNOS
overexpressing mice compared to non-induced animals (6.14+0.685 vs.
14.53+1.7uM, n=8, p<0.01) (figure 50).

To define whether the XOR or the NADPH oxidase generates ROS, different
inhibitors were applied. We investigated the effect of allopurinol, an inhibitor of XOR,
and apocynin, an inhibitor of NADPH oxidase in both nNOS overexpressing mice and

non-induced animals.

The NADPH oxidase inhibitor apocynin (300uM, 30min, 37°C) caused an estimated
decrease of the ROS concentration in both nNOS overexpressing mice and non-
induced animals (14.53+1.7 vs. 7.4+3.15umol, n=8, p<0.05 in non-induced animals;
6.14+0.685 vs. 3.23+0.5uM, n=8, p<0.05 in NNOS overexpressing mice) (figure 51,
52), whereas application of the xanthine oxidoreductase inhibitor allopurinol (0.1mM,
1min, room temperature) caused a significant decrease of the ROS production only in
non-induced animals (14.53+1.7 vs. 2.35£0.45uM, n=8, p<0.05 in non-induced
animals; 6.14+0.685 vs. 5.4+2.35uM, n=8, n.s. in nNOS overexpressing mice) (figure
51, 52).

This data indicate that conditional nNOS overexpression in cardiac myocytes
decreases ROS generation by selectively inhibiting XOR while having no effect on
NADPH oxidase activity.

Figure 49: O, production in isolated mitochondria:

BnMNCS cverexpressingOnen-induced

0,7 4 *
0,6 1
0,5 T
0,4 -
03
0.2
0.1 4
0
Figure 49 legend: O, production in isolated mitochondria

units

O, production was measured in isolated mitochondria of NNOS overexpressing and non-induced
mice. O, production was significantly reduced in nNOS overexpressing mice (0.34+0.01units vs.
0.54+0.03units, n=5, p<0.05). 106
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Figure 50: ROS concentration:
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Figure 50 legend: ROS concentration
The ROS concentration was significantly decreased in hearts of nNOS overexpressing mice
(6.14£0.685 vs. 14.53+1.7uM, n=8, p<0.01).

Figure 51: ROS concentration in non-induced mice:
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Figure 51 legend: ROS concentration in non-induced mice

In non-induced animals application of both apocynin (300uM, 30min, 37°C) (14.53+1.7 vs.
7.4+£3.15umol, n=8, p<0.05) and allopurinol (0.1mM, 1min, room temperature) caused a significant
decline of ROS concentration (14.53£1.7 vs. 2.35+£0.45uM, n=8, p<0.05).
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Figure 52: ROS concentration in nNOS overexpressing mice:
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Figure 52 legend: ROS concentration in nNOS overexpressing mice

In NNOS overexpressing mice an application of apocynin also significantly inhibited ROS generation
(6.14+0.685 vs. 3.23+0.5uM, n=8, p<0.05). In contrast to the non-induced animals, application of
allopurinol had no significant inhibitory effect on ROS generation in NNOS overexpressing mice
(6.14+0.685 vs. 5.4+2.35uM, n=8, n.s.).

4.8. NADPH oxidase activity and xanthine oxidoreductase activity:

To verify the results from the measurement of the ROS concentration, we
investigated the NADPH oxidase and XOR activity.

Measuring NADPH oxidase activity in hearts of nNOS overexpressing and non-
induced animals showed no significant difference (100+0.01 vs. 101+0.01 relative %,
n=7, n.s.) (figure 53).

XOR activity was significantly decreased in nNOS overexpressing mice (100+4.2 vs.
452+5.4 relative %, n=8, p<0.05) (figure 54).

These results were consistent with the results for the ROS generation.
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Figure 53: NADPH oxidase activity:
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Figure 53 legend: NADPH oxidase activity

There was no significant difference between non-induced and nNOS overexpressing animals
concerning NADPH oxidase activity (100+£0.01 vs. 101+.01 relative %, n=7, n.s.).

Figure 54: Xanthine oxidoreductase activity:
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Figure 54 legend: Xanthine oxidoreductase activity

relative %

Measurement of xanthine oxidoreductase activity showed a significant decrease in nNOS
overexpressing mice (100+4.2 vs. 452+5.4 relative %, n=8, p<0.05).

109



Results

4.9. NADPH oxidase subunits and XOR protein expression levels:

To investigate whether protein expression levels of NADPH oxidase and XOR were
also affected, Western Blot analysis were performed.

As mentioned before, NADPH oxidase is one major enzyme generating ROS. It
catalyses the production of superoxide from oxygen and NADPH. It is a complex
enzyme consisting of two membrane-bound elements (gp91™"°* and p22PH°%), three
cytosolic components (p67°7°%, p477"%* and p40™"°*) and a low molecular weight G
protein (either rac 1 or rac 2).

Protein expression of p47°"°%, p67°"°* and rac 1 was investigated by Western Blot
analysis. Only protein expression of rac 1 (important for activating the NADPH
oxidase) was significantly reduced in nNOS overexpressing mice (166.4+3.1 vs.
100£13.9 relative %, n=10, p<0.05) (figure 55, 56), whereas protein expression of
p47PHO% (100471.9 relative % in NNOS overexpressing mice vs. 133.1+16.3 relative
% in non-induced animals, n=10, n.s.) and p67°"°* (100+30.1 relative % in NNOS
overexpressing mice vs. 133.4+16.5 relative % in non-induced animals, n=10, n.s.)

was not significantly changed (figure 57, 58, 59, 60).

Western Blot analysis of XOR protein expression showed no significant difference
concerning nNOS overexpressing mice and non-induced animals (100+15.5 vs.
107+4.45 relative %, n=7, n.s.) (figure 61, 62).
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Figure 55: Rac 1 protein expression:
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Figure 55 legend: Rac 1 protein expression

Western Blot analysis of rac 1 (a low-molecular-weight G protein, important for the activation of
NADPH oxidase) protein expression showed a significant decrease in hearts of nNOS overexpressing
mice compared to non-induced animals (166.4+3.1 vs. 100+13.9 relative %, n=10, p<0.05).

Figure 56: Representative Western Blot of rac 1 protein expression:
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Figure 56 legend: Representative Western Blot of rac 1 protein expression
GAPDH was used as loading control.

111



Results

Figure 57: p47°"%* protein expression:
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Figure 57 legend: p47 protein expression
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Western Blot analysis of p47 (cytosolic component of NADPH oxidase) showed no significant

difference between nNOS overexpressing and non-induced animals (100+71.9 vs. 133.1+16.3 relative
%, n=10, n.s.).

PHOX

Figure 58: Representative Western Blot of p47 protein expression:
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Figure 58 legend: Representative Western Blot of p47°"°* protein expression

GAPDH was used as loading control.
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Figure 59: p67°"°* protein expression:
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Figure 59 legend: p67 protein expression
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Western Blot analysis of p67 (cytosolic component of NADPH oxidase) showed no significant

difference between nNOs overexpressing and non-induced animals (100+30.1 vs. 133.4+16.5 relative
%, n=10, n.s.).
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Figure 60: Representative Western Blot of p67 protein expression:
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Figure 60 legend: Representative Western Blot of p67°"°* protein expression
GAPDH was used as loading control.
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Figure 61: XOR protein expression:
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Figure 61 legend: XOR protein expression

Western Blot analysis of XOR protein expression showed no significant difference between nNOS
overexpressing and non-induced animals (100+15.5 vs. 107+4.45 relative %, n=7, n.s.).

Figure 62: Representative Western Blot of XOR protein expression:
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Figure 62 legend: Representative Western Blot of XOR protein expression
GAPDH was used as loading control.

These results showed that nNOS overexpression only influences the XOR activity but
not the protein expression.
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5. Discussion:

Recent studies consistently demonstrated that nNOS is cardioprotective in different
disease states. An increase in myocardial nNOS protein levels was shown in
postmyocardial infarction and spontaneously hypertensive rats'®°®%’_ An increase
in NOS protein expression may not necessarily correlate with an increase in NO
production, as it is becoming increasingly apparent that uncoupling of NOS activity in
disease states may lead to NOS synthesis of ROS'®. Damy et al.'*® and other
studies would suggest that upregulation of nNOS may be protective, as an inhibition

of nNOS worsened LV dysfunction®*%,

For example, in isolated hearts the
depression of LV developed pressure following 40min of global ischemia was greater
in NNOS™ mice than in WT mice'®. In addition, the nNOS™ hearts developed a larger
infarct and a greater expression of tumor necrosis factor alpha (TNF-a)!%. However,
in another study of WT and nNOS” mice subjected to 20min of coronary artery
occlusion and 120min of reperfusion, there was no difference in infarct size between
the two groups, although hearts of nNOS™ mice exhibited more infiltration of
polymorphonuclear leucocytes than did hearts of WT mice?®. nNOS inhibition with 1-
(2-trimethylphenyl) imidazole (TRIM) increased heart rate significantly more in
myocardial infarction rats than in sham-operated rats, suggesting that nNOS
upregulation may be protective by enhancing vagal responsiveness after myocardial
infarction?”*. However, perhaps surprisingly, there was no difference in the response

to the muscarinic inhibitor atropine between the two groups®*. Both, protective®®%2%3

and injurious effects®®*

of eNOS-derived NO on myocardial ischemia-reperfusion
injury have been shown. A finding that could prove to have physiological and clinical
implications is that angiotensin Il increases the protein expression of both nNOS and
eNOS in the myocardium®®. However, in hypertensive rats, treatment with an
angiotensin-converting enzyme (ACE) inhibitor led to an increase of left ventricular
eNOS and a decrease in INOS expression®®. So far there is no study on whether
ACE inhibition has an effect on myocardial nNOS levels, the findings in healthy
animals, can lead to speculate that cardiac upregulation of nNOS in disease state

207,208

may protect the myocardium from catecholamine toxicity and promote a

115



Discussion

favourable sympatho-vagal balance®”®

. Investigations of nNOS in disease models
remain limited and further investigations of the role of nNOS in cardiac disease states
may yield interesting findings. The precise molecular mechanisms of NNOS action in
the myocardium during rest and after myocardial damage are still being discussed

contradictory.

In a model with nNOS overexpression restricted to cardiac myocytes we recently
demonstrated that nNOS decreased myocardial contractility via inhibition of the L-

2], transients’. We now identified

type calcium current (lca) amplitude and [Ca
mitochondria and xanthine oxidoreductase as further targets for nNOS in this model.
Since suppression of XOR activity by nNOS has been linked to an improved outcome
after myocardial infarction we now hypothesise that nNOS also acts cardioprotective
during ischemia-reperfusion injury. Indeed, we found preserved left ventricular
developed pressure and a significant decrease in infarct size after ischemia-

reperfusion injury in nNOS overexpressing animals.

In electronmicroscopical studies we also found a strong enrichment of overexpressed
and endogenous nNOS at the mitochondria. Mitochondrial respiration and its
regulation by NO are important in the heart for several reasons. Firstly, mitochondria
generate almost all the ATP required for muscle contraction in the heart, so that
inhibition of mitochondrial respiration results in an inhibition of contractility. Secondly,
inhibition of mitochondrial respiration stimulates mitochondrial production of ROS
which regulates signal transduction pathways within the heart. Thirdly, inhibition of
mitochondrial respiration can cause necrosis or apoptosis within the heart.
Endogenous NO interacts with the mitochondrial respiratory chain at several steps of
the electron transfer. It was shown that NO modulates O, consumption by
competitive inhibition of the cytochrome ¢ oxidase®°. This modulation is transient as
long as NO is generated in small quantities®®. However, at higher NO
concentrations, the inhibition of the respiratory chain at different levels leads to an
increased rate of ROS production®® which in turn may damage the mitochondria.

Others have indicated that a sustained production of NO triggered by increased Ca**
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levels may release cytochrome c from mitochondria, an event implicated in cell
apoptosis®*2. The cytochrome c oxidase reaction, the terminal step in the respiratory
chain, is irreversible and therefore a potential control site. Although it was suggested

that cytochrome c oxidase might be a site for allosteric regulation®*?

, there were no
known significant physiological effectors of cytochrome c oxidase activity. Now, NO
has demonstrated its capacity as a modulator of cytochrome c oxidase activity?'°. NO
does not stop, but rather slows the electron flow through the respiratory chain to
achieve its inhibitory effect and thus avoids the complete reduction of respiratory
chain components and the burst of ROS at lower NO/O, ratios. This makes the
regulation of the respiratory chain possible without unintended damage to the
mitochondria or the cell. NO slows the O, consumption in cells close to blood
vessels, allowing O; to penetrate into the cells at the boundary of becoming hypoxic.
Cells close to blood supply have the greatest supply of L-arginine and O, which
stimulate mitochondrial NOS (in this study nNOS) production of NO. NO, in turn,
interacts with cytochrome c oxidase to decrease the O, consumption of the
oxygenated cells, allowing the O, supply to diffuse further into the tissue®“. In
addition, NO, probably derived from eNOS, would help dilate blood vessels and
potentially increase O, delivery to borderline hypoxic cells. Here, we demonstrated
that nNOS overexpression potently inhibited myocardial oxygen consumption mainly
due to inhibition of the cytochrome ¢ oxidase. This is in line with earlier findings'®*'°
but raises two questions: how is nNOS translocated into the mitochondria and how
can nNOS produce NO in mitochondria where it is in competition for O, with other

enzymes of the respiratory chain?

We now identified HSP90 as a carrier protein to translocate nNOS across the outer
mitochondrial membrane to cytochrome c oxidase via the TOM complex. This could
be specifically inhibited by the HSP90 inhibitor geldanamycin. Similary, a recent
study described HSP90 as a carrier responsible for translocation of connexin 43 into
the mitochondria, which there protected from ischemia-reperfusion injury?'®. Damy et

al. also reported an increased HSP90-nNOS interaction in failing human hearts®’.

In a scenario with low oxygen tension (like ischemia) it has been demonstrated
previously that haemoglobin and myoglobin can form NO from nitrite at low oxygen
apart from NOS enzymes?*®?!°_ Clearly, nitrite had to be formed by abundant NO
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before. NO from these nitrite sources might then inhibit cytochrome ¢ oxidase during
acute ischemia. After translocation of nNOS to the mitochondria, as it occurs in
ischemia-reperfusion injury and during subsequent reperfusion with gradually
increasing O, levels, NO that is generated from nNOS at the mitochondria might then
take over and continue to inhibit cytochrome c oxidase (which might be easier now
because cytochrome c oxidase was inhibited earlier and could therefore not compete
for Oy). Accordingly, we found increased nitrite levels in isolated mitochondria from

NNOS overexpressing mice that are in favour of this mechanism.

Recent work already identified NO derived from the other NOS enzymes (eNOS and
INOS) as responsible factor for cardioprotection in ischemia and reperfusion. It was
demonstrated that iNOS inhibited mitochondrial permeability transition (MPT) and the
authors suggested that iNOS acts upstream of MPT?°. Also in the case of eNOS
overexpression, the protective effect has been consistently demonstrated by several
studies®®?%?1%22_ An explanation for this effect might come from a study in eNOS
overexpressing animals where Massion et al. showed that eNOS, targeted to
caveolae in cardiomyocytes, attenuated the effect of high concentrations of
catecholamines®®. Therefore, all three NOS isoforms as a net effect decreased
ischemic damage. However, it appears that the molecular and subcellular process
behind this uniform protection are different for each case.

In further experiments with isolated muscle stripes we found that increased nNOS
expression decreased myocardial contractility and simultaneously decreased
myocardial oxygen consumption both, at work and rest. Especially from the decrease
in MVO, at rest we concluded that an increase in nNOS expression might act as a

preconditioning measure before ischemia-reperfusion.

During ischemia, ATP depletion leads to a rise in Ca?*, which further accelerates ATP
depletion. The rise of Ca®" during ischemia and reperfusion leads to mitochondrial
Ca?* accumulation, particularly during reperfusion when oxygen is reintroduced. This

can result in opening of the mitochondrial permeability transition pore, which further
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compromises cellular energetics. If downregulation of mitochondrial function occurs

prior to ischemia, this may downregulate cellular energetics and prevent cell death.

However, to this end it is not fully clear whether this direct effect of nNOS on
mitochondrial function is cardioprotective or rather detrimental since one would
expect that inhibition of mitochondrial function cuts off the energy supply. In contrast
and of particular interest, it was observed that GSNO treatment led to an increased
S-nitrosylation of the mitochondrial F1-ATPase, which resulted in decreased activity.
It has been reported that approximately half of the ATP generated during ischemia by
glycolysis is consumed by reverse mode of the mitochondrial F1-ATPase. Therefore,
inhibition of the F1-ATPase during ischemia would conserve ATP. Thus inhibition of
the F1-ATPase could be beneficial by conserving cytosolic ATP and by reducing Ca**
uptake into the mitochondria®*.

Additional effectors of ischemia-reperfusion injury in cardiomyocytes are reactive
oxygen species. Reduction of ROS was already reported to reduce ischemic injury®3,
In this study, we now showed that the overexpression of nNOS in cardiac tissue
balances the production between ROS and NO. Decreased ROS production can be
attributed to lower activity of both, XOR and NADPH oxidase. ROS production by the
NADPH oxidase in smooth muscle and endothelial cells of the vessel wall has been
implicated in the genesis of hypertensive vascular smooth muscle

224225226 5rtheriosclerosis®?’, and endothelial dysfunction®?®. Importantly,

hypertrophy
NADPH oxidase is known to be activated by several stimuli of relevance to
cardiovascular pathophysiology, including angiotensin I, noradrenaline, TNF-a, and
increased mechanical forces®*?'*. Recent experimental studies suggest a role for
NADPH oxidase in cardiac pathophysiology. Heymes et al. reported an increased
myocardial expression of NADPH oxidase in experimental pressure-overload cardiac
229

hypertrophy““” and suggested a role for ROS derived from this oxidase in the genesis
of cardiac contractile dysfunction in this setting®®. The development of experimental
angiotensin ll-induced cardiac hypertrophy was found to be inhibited in mice lacking
a functional NADPH oxidase®*. Likewise, ROS production by NADPH oxidase was
implicated in alpha-adrenergic agonist-induced cardiomyocyte hypertrophy?®*.
Although the NADPH oxidase was shown to be a major source of ROS and plays a

crucial role in cardiac pathophysiology, in our study, there was no evidence that the
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NADPH oxidase activity was significantly influenced by nNOS overexpression. Only
protein expression of rac 1 was significantly reduced in nNOS overexpressing mice.
Rac is a small G protein which is an important molecular switch integrating diverse
stimuli in the cardiovascular system and transducing key signaling functions such as

superoxide production®*%3 235,236

, cytoskeletal organisation and gene expression
essential for cellular proliferation and hypertrophy*”%%. The role of rac as a regulator
of the NADPH oxidase complex was first described in phagocytes, where the isoform
rac 1 and rac 2 control respiratory burst oxidation. Recently, an NADPH oxidase
complex, regulated by rac 1, has been characterised in nonphagocytic cells, such as
vascular smooth muscle, cardiac myocytes and endothelial cells®*2. Although it was

23 we could not observe a

shown that rac 1 regulates NADPH oxidase activity
significant difference. A possible explanation for our results might be that rac 1 is
differentially activated by cellular receptors coupled to distinct rac-activating adapter
molecules, with each leading to pathway specific arrays of downstream effects. For
example rac can rapidly be activated through the Gi-and Gg4-coupled receptor ANG Il
but is sustained through 30min®®°. rac can also be activated by receptor tyrosine
kinases*. Furthermore, the translocation of the cytosolic subunits (including rac 1)
to the membrane is important for the activation of the NADPH oxidase®* and in this
study, we did not investigate the cellular localisation of rac 1. Thus it may be
important to investigate not just whether rac is activated or downregulated but also

where, how and for what effector.

We also investigated the XOR (another major source of ROS). Notably, it was
previously shown that XOR activity was elevated at baseline in nNOS™ relative to
WT mice and remained persistently elevated, whereas WT mice exhibited a transient
elevation that was restored to normal by 4 weeks after MI**!. The mechanisms
involved in increased XOR activity are complex and probably include nNOS-mediated
posttranslational modification (e.g. S-nitrosylation) of XOR. This phenomenon is in
accordance with our findings which showed decreased XOR activity, with unchanged
XOR protein expression, in NNOS overexpressing mice, resulting in lower ROS

levels.

The mechanisms underlying nNOS and eNOS mediated cardiac protection after

myocardial infarction include the maintenance of an equilibrium between ROS and
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RNS in different cellular compartments. In infarcted nNOS™ mice, there is a clear
mismatch between the increase in ROS, especially that due to XOR activity, and NO
production. XOR activity is persistently up-regulated after Ml in nNOS” mice,
whereas it transiently increases in control mice after MI. The increased XOR activity
was attributed to a diminished XOR inhibition in the absence of nNOS-derived NO.
Therefore, the absence of nNOS within the myocardium creates a nitroso—redox
imbalance shown to be sustained in both, acute and chronic MI**2*2_ We could now
demonstrate that reducing ROS, possibly by overexpression of nNOS, reduced

ischemic injury.

Recently, an additional mechanism for the protective effects of nNOS, translocation,
was suggested in a study by Sun and colleagues'® who examined male and female
mice following ischemia-reperfusion. The L-type Ca®" channel appeared to be a
major membrane target for nNOS following translocation. In female hearts there was
increased S-nitrosylation of the L-type Ca?* channel. Functionally, this led to
decreased lca; With reduced Ca* entry into the cell, which in turn protected the cell
from Ca?" overload injury’®*®!. This is in line with our previous studies’. The 30%
decreased entry of Ca?* via lcaL in NNOS overexpressing myocytes may directly
contribute to the decreased performance we observed. Further to this it has been
suggested that nNOS-derived NO increases the activity of the Na'-K'-ATPase
pump243,244

Na* levels and resultant change in activity of the Na*-Ca**-exchanger. In agreement

which may directly affect Ca®*-fluxes through an action on intracellular

with our findings, Sears et al.’®® described an attenuation of L-type Ca* currents by
nNOS-derived NO. In contrast, others have observed unchanged L-type Ca*" current
between nNOS” and WT? or an increase in L-type Ca?" current density in nNOS
overexpressing animals*’®. The latter studies however did not focus on ischemia-

reperfusion injury.

Conclusions:

In summary, conditional transgenic overexpression of nNOS is localised at the
mitochondria and inhibits XOR resulting in a decrease of ROS formation.
Mitochondrial respiration is also downregulated in response to NnNOS accumulation at

the mitochondria. Together with nNOS-mediated inhibition of L-type Ca*" currents
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these multiple actions of nNOS potentially protect cardiomyocytes from ischemia-
reperfusion injury. NNOS has versatile actions at multiple subcellular sites and it is
modulated according to the type and state of cardiac disease. This versatility may be
responsible for the controversial results in different animal models and suggest a fine

regulation of NNOS function depending on the respective subcellular localisation and
type of disease.
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7. Abbreviations:

ABAP:
ACE:
AO:
BDM:
BHa:
CaM:
CAMP:
cGMP:

ECC:
eNOS:
ETC:
FAD:
Fes-Ss:
FMN:
FTI:
H.0.:
HRP:

lca,L:

ICAM 1:

iINOS:
KHS:
LAD:
LHe:
LH2:
LPS:
LVDP:
MI:

2,2 -azobis(2-amidinopropane)
angiotensin-converting enzyme
aldehyde oxidase

2,3-butandion monoxim
tetrahydrobiopterin

calmodulin

cyclic adenosine monophosphate
cyclic guanosine monophosphate
electron

excitation-contraction coupling
endothelial nitric oxide synthase
electron transport chain

flavin adenine dinucleotide
iron-sulphur center

flavin mononucleotide

force-time integral

hydrogen peroxide

horseradish peroxidase

L-type calcium current
intracellular adhesion molecule 1
inducible nitric oxide synthase
Krebs-Henseleit buffer

left coronary artery

luminol radical

luminol

lipopolysaccharide

left ventricular developed pressure

myocardial infarction
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Mo-Co:
MTP:
MVO,:
Myr:

NADPH:

nNOS:
NO:
NO;:
NOS:
02
OHe:
ONNO™:
Palm:
PBS:
PCI:
PDE:
PDZ:
PFA:
PKG:
PLN:

Pmincmv:
PTP:
QHe:
QHoa:
RNS:
ROS:
RyR2:

SERCA:

SHS3:
SO:
SOD:

molybdopterin

mitochondrial permeability transition pore
myocardial oxygen consumption
myristoylation site

reduced nicotinamide dinucleotide phosphate
neuronal nitric oxide synthase

nitric oxide

nitrite

nitric oxide synthase

superoxide anion

hydroxy! radical

peroxynitrite

palmitoylation site

phosphate buffered saline

percutaneous coronary intervention
phosphodiesterase

postsynaptic density protein 95/discs-large/zona occludens-1
paraformaldehyde

protein kinase G

phospholamban

minimal immediate early promoter of cytomegalovirus
permeability transition pore
ubisemiquinone

ubiquinol

reactive nitrogen species

reactive oxygen species

ryanodine receptor 2

sarcoplasmatic reticulum calcium ATPase
Src homology 3

sulphite oxidase

superoxide dismutase
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TNF-a:

TRE:
tTA:
TTC:
TRIM:
UA:

VSMC:

XDH:
XO:
XOR:

tumor necrosis factor alpha
tetracycline-response element
tetracycline-controlled transactivator
triphenyl-tetrazolium-chlorid
1-/2-trimethylphenyl

uric acid

vascular smooth muscle cells
xanthine dehydrogenase

xanthine oxidase

xanthine oxidoreductase

145



Acknowledgments

8. Acknowledgments:

First, | would like to adress my gratitude to Prof. Dr. med. Georg Ertl for giving me
the opportunity to do my PhD work at his institute.

Additionally, | thank Prof. Dr. Thomas Dandekar, my custodian from the faculty of

biology. Without him, my external PhD study would not have been possible.

Especially, | want to thank PD Dr. med. Oliver Ritter for giving me the possibility to
do my PhD study in his group and supporting me in critical situations. It was he, who
gave me the opportunity to start my study in biomedicine while working as MTA in his
group. Thank you.

A lot of thanks to my colleagues Matthias Hallhuber, Claudia Gebhardt, Melanie
Muhlfelder, Tatjana Williams, Paula Arias Loza, Martin Czolbe and Torsten

Volkmar for their motivating discussions and their help with technical assistance.

My very special thanks to Jenny Muck, who “has to” sit right beside me, for her
support in difficult situations, not only in the lab but also in her leisure time. Thank
you.

Moreover, | thank the following members of other research groups: Prof. Georg
Krohne, Nadja Blomer, Stefan Frantz, Ulrich Hofmann, Martin Link and
Constanze Blume for their help and cooperation.

| also thank Evi Reichert who was in charge of the animals, for her committed

assignment to the mice in the animal house.

Very special thanks are adressed to my beloved husband Martin, who was extremely

patient with me and accepted and supported my work whenever it was possible.

146



Curriculum Vitae

0. Curriculum Vitae:

Personal Information
Name:

Nationality:

Marital status:

Date of birth:

Place of birth:

Adress of correspondence:

e-mail:

School Education

1984-1988
1988-1997

Professional Education

1997-2000

Natalie Burkard

German

married

23.12.1977

Wirzburg, Germany
Eduard-Buchner-Strasse 6
97080 Wirzburg

Burkard N@klinik.uni-wuerzburg.de

miraa@gmx.de

primary school Hochberg

Rontgen Gymnasium Wirzburg

Diploma from German secondary school
qualification for university admission (Abitur)
Staatliche  Berufsfachschule  fur  technische

Assistenten in der Medizin in Wirzburg

State examination

147



Curriculum Vitae

Occupational Activity

2000-2008

Academic studies

WS 2003-SS 2006

WS 2006-01/2008

Since 02/2008

Wirzburg,

Natalie Burkard

working as MTA at the Clinic of the University of
Wuerzburg, Department of Medicine I, Molecular
Cardiology, working group PD Dr. med. Oliver Ritter

study in Biomedicine at the Bayerischen Julius-
Maximilians University of Wuerzburg

Certificate: Bachelor of Science

study in Biomedicine at the Bayerischen Julius-
Maximilians University of Wuerzburg

Certificate: Master of Science

Master thesis supervised by PD Dr. med. Oliver
Ritter: The role of the neuronal NO synthase in the
myocardium: conditional and cardiac specific NNOS
overexpression decreases myocardial contractility

PhD student at the Bayerischen Julius-Maximilians
University of Wuerzburg, Department of Medicine |,
Molecular Biology; working group PD Dr. med.
Oliver Ritter

148



Publication list

10. Publication list:

1. Burkard N, Williams T, Czolbe M, Blémer N, Panther F, Link M,
Fraccarollo D, Widder J, Hu K, Han H, Hofmann U, Frantz F, Schuh K,
Ritter O. Conditional nitric oxide synthase is cardioprotective in ischemia-
reperfusion. Circulation 2010 conditionally accepted

2. Hofmann U, Burkard N, Vogt C, Thoma A, Frantz S, Ertl G, Ritter O,
Bonz A. Protective effects of sphingosin-1-phosphate receptor agonist
treatment after myocardial ischemia-reperfusion. Cardiovasc Res 2009.
83(2):285-93

3. Burkard N, Rokita AG, Kaufmann SG, Hallhuber M, Wu R, Hu K,
Hofmann U, Bonz A, Frantz S, Cartwright EJ, Neyses L, Maier LS,
Maier SK, Renne T, Schuh K, Ritter O. Conditional neuronal nitric oxide
synthase overexpression impairs myocardial contractility. Circ Res. 2007
Feb 16; 100(3):e32-44

4. Smul TM, Lange M, Redel A, Burkard N, Roewer N, Kehl F. Desflurane-
induced preconditioning against myocardial infarction is mediated by nitric
oxide. Anesthesilogy 2006 Oct; 105(4):719-25

5. Hallhuber M, Burkard N, Wu R, Buch MH, Engelhardt S, Hein L,
Neyses L, Schuh K, Ritter O. Inhibition of nuclear import of calcineurin
prevents myocardial hypertrophy. Circ Res. 2006 Sep 15; 99(6):626-35

6. Burkard N, Becher J, Heindl C, Neyses L, Schuh K, Ritter O. Targeted
proteolysis sustains calcineurin activation. Circulation. 2005 Mar 1;
111(8):1045-54

7. Ritter O, Schuh K, Brede M, Rothlein N, Burkard N, Hein L, Neyses L.
AT2 receptor activation regulates myocardial eNOS expression via the
calcineurin-NF-AT pathway. FASEB J. 2003 Feb; 17(2):283-5

8. Ritter O, Bottez N, Burkard N, Schulte HD, Neyses L. A molecular

mechanism improving the contractile state in human myocardial
hypertrophy. Exp and clin cardiol. 2002; 7(2): 151-57

149



	erneuertes Deckblatt usw.pdf
	erneuerte Figures
	erneuerte Summary
	erneuerte Zusammenfassung
	erneuerte Introduction
	erneuerte Aim of the study
	erneuertes Material
	erneuerte Methoden
	erneuerte Results
	erneuerte Discussion
	References neu
	Abbreviations
	acknowledgments
	Curriculum vitae
	Publication list

