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1 Introduction

1 Introduction

1.1 The discovery of two vasoactive substances

Endothelin-1 (ET-1) has been discovered in the late 1980s. Yanagisawa and colleagues extracted
from porcine aortic tissue a small peptide responsible for a strong and long lasting elevation of
blood pressure after intravenous administration in rats.” The effect of ET-1 was observed to be
even stronger than angiotensin |l or vasopressin in elevating blood pressure. Almost
simultaneously, a strong endothelium derived vasodilator was identified as nitric oxide (NO).
These two discoveries demonstrated the importance of the endothelium in the control of blood
pressure. Very rapidly, these two new vasoactive compounds have been found to belong to a
complex and delicate regulatory system inside the vessel wall and in many organs, where subtle
alterations might have prominent influences in the induction of pathologies. Twenty years after,
the knowledge about NO and ET-1 exploded and led to the development of powerful
treatments for cardiovascular diseases targeting both of these systems. Still, the underlying
cellular and molecular mechanisms of this interplay and the clinical relevance of it are only

partially understood.

1.2 Physiology of endothelin-1

1.2.1 Generation of endothelin

Endothelins compose a family of three peptides, ET-1, ET-2 and ET-3 derived from three distinct
genes. The expression of ET-2 and ET-3 differ from ET-1 relatively to the tissue type.” ® ET-1 is
the predominant isoform in vivo. The human and mouse Ednl genes code for a biologically
inactive 212 and 202 amino acids (aa) preproendothelin-1 (PPET1), respectively. PPET1 is
cleaved into the 38 aa big endothelin-1 (big ET-1) by specific furin-like proteases.* The active
21aa peptide ET-1 is produced from big ET-1 through the proteolytic action of the endothelin
converting enzyme (ECE).” Human and mouse ET-1 amino acid sequences are identical. Other
proteases, the chymases, can cleave big ET-1 into a 31aa active peptide (ET-11.3;).° Big ET-1 has
been shown to bind to the endothelin receptors also, but with a much lower affinity.” However,
because of its longer half-life in serum, big ET-1 is sometimes preferred as pathological

marker.® ° Big ET-1 has no biological function apart from the protection from proteolysis

4



1 Introduction

cleavage during transport in blood of endothelin. ET-1, for its part, exhibits a low plasma
concentration® and acts as a para- and autocrine hormone. ET-1 is expressed in epithelial cells
of the vasculature. In the kidney, ET-1 is expressed in the collecting duct, the thick ascending
limb and endothelial cells.'* In the heart, mammalian (but not human) cardiomyocytes,*?
endothelial and endocardial cells secrete ET-1."3 ET-1 is also produced by neurons.** In the lung,
ET-1 is expressed by endothelial cells of the pulmonary vasculature as well as in the different
cell types of the airways (pulmonary neuroendocrine cells, endothelial cells, alveolar epithelial

15-17

cells, and alveolar macrophages). Macrophages produce ET-1 in many organs as well.”

Transforming growth factor-beta, tumor necrosis factor-alpha, interleukins, insulin,

18-20

norepinephrine, angiotensin Il, and thrombin stimulate ET-1 transcription. Atrial and brain

natriuretic peptides, NO, prostacyclin, and prostaglandin inhibit ET-1 transcription.n’23

1.2.2 Endothelin-1 action

Shortly after the discovery of ET-1, two types of seven transmembrane G protein-coupled
receptors were cloned called endothelin receptor A (ETAR)** and B (ETBR).%> No specific agonist
for ETAR and only two ETBR agonists, sarafotoxin 6¢c and IRL1620, are actually available.?®
However, the study of each receptor’s role has been facilitated with the development of
selective antagonists for both ETAR (e.g. BQ-123)* and ETBR (e.g. BQ-788)*® and dual

2425 The intracellular

antagonists, like bosentan.?® ET-1 has a similar affinity for both receptors.
pathways installed after ET-1 induced ETAR and ETBR activation involve Gq, Gs and Gi small G-
proteins leading to stimulation of phospholipase C. The consecutive production of inositol
triphosphate (IP3) and diacylglycerol increases the concentration of intracellular Ca**. Calcium is
recruited from the reticulum by activation of the IP3 receptor and external calcium influx is

increased by opening of the Ca** channels on the cellular membrane.*

1.2.2.1 Vessels

Historically, ET-1 is considered as a hormone controlling vascular tone. ETAR is expressed on
vascular smooth muscle cells and ETBR on both endothelial and vascular smooth muscle cells
(figure 1). 80% of ET-1 produced by endothelial cells diffuses through the basal side in the

vascular wall and binds to both ETAR and ETBR on smooth muscle cells, which leads to a



1 Introduction

vasoconstriction of the vessels.>! Selective blockade of ETAR leads to a vasodilation mediated by
enhanced production of NO.* In contrast, ET-1 which diffuses in the plasma activates ETBR on
endothelial cells, which promotes endothelial Nitric Oxide Synthase (eNOS) derived NO release
through a tyrosine kinase-dependent and a calcium/calmodulin-dependent pathway.>* NO, in
turn, reduces the concentration of intracellular Ca** with concomitant vasodilation®® (figure 1).

Moreover, ETBR plays a key role in the clearance of circulating ET-1.%% %

Beside its major role on
vascular tone, ET-1 has mitogenic effects on vascular smooth muscle cells*” and fibroblasts®

and induces cytokine production through the ETAR receptor on macrophages.*

TNFa, interleukins, insulin,
norepinephrine, angiotensin I,
thromhin, ET-1

ANP, BNP, NO,
prostacyclin,
prostaglandin

Endothelial

cells
Vessel lumen
Smooth muscle
cells
ETAR ET 14

Constriction

Relaxation ﬁ%

Figure 1: Basic scheme on ET-1 expression, regulation and actions inside the vessel wall. ET-1:
endothelin-1, NO: nitric oxide, ETAR: endothelin receptor A, ETBR: endothelin receptor B, eNOS:
endothelial nitric oxide synthase, PLC: phospholipase C, sGC: soluble guanylyl cyclase, IP3:
inositoltriphosphate, cGMP: cyclic guanoside monophosphate, TNFa: tumor necrosis factor alpha, ANP:
atrial natriuretic peptide, BNP: brain natriuretic peptide.
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1.2.2.2 Heart

Both ETAR and ETBR are expressed throughout the cardiac muscle, including the coronary
vasculature. The ratio between both depends on the cell types.”® ETAR is the most represented
type in the myocardium: its activation has constrictive and inotropic effects.”* An ETAR
antagonist treatment increases left ventricular pressure, when an ETBR antagonist has the
opposite effects.** ET-1 promotes myocytes hypertrophy, these effects can be antagonized by

NO.*? On the other hand, ET-1 actions in the heart include cell survival mechanisms.**

1.2.2.3 Kidney
In the kidney, both ETAR and ETBR receptors are present. ET-1 induced ETAR activation
provokes mesanglial cells contraction®® and proliferation.”” ETAR and ETBR are expressed on

podocytes and may play a role in glomerular filtration.*® ¥’

In the collecting duct, ETBR is the
predominant receptor type. ETBR activation has diuretic*® and natriuretic* effects, by
enhancing NO release. This is true in the medullary thick ascending limb,*® endothelial and
interstitial cells."! ET receptors (ETR) are typically present on renal vessels and control renal

blood flow.>" Finally, ET-1 plays a role in the inflammatory response in the kidney as well.*?

1.2.2.4 Lung
Endothelin receptors are present on airway smooth muscle cells. Ratio between ETAR and ETBR

is species as well as region specific.”*>>

Nevertheless, ET-1 induced ETBR and ETAR activations
contract airway smooth muscle cells®® and has mitogenic effects on these cells’’ and on
epithelial cells.”® ET-1 modifies airway mucus secretion.>® Finally, ET-1 can induce pulmonary

inflammation and fibrosis.®°

1.2.2.5 Nervous system
ET-1 and its receptors are expressed in many cell types of the central and peripheral nervous
systems. The role of ET-1 as neurotransmitter has been reviewed by Dashwood and Loesch.®

Briefly, ETR activation is thought to be implicated in the central control of blood pressure,

62, 63

cardiac and pulmonary functions in rodents and humans. Moreover, intracerebral injection

65
|

of ET-1 modifies behavior in rats.®* Finally, ET-1 mediates nociception at the central level®® and

in the periphery through ETBR in rodents.®®
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1.3 Nitric oxide

NO has been identified in 1987 as an endothelium-derived factor responsible for relaxation of
vessels.®’ It’s a gaseous vasoactive substance, whose production is catalyzed from L-arginine by
three types of NOS. The endothelial and neuronal NOS (eNOS and nNOS) are constitutively
expressed and their activation is calcium dependent. The inducible NOS (iNOS) expression is
stimulated by cytokines in case of inflammation and is calcium independent. eNOS is the most
important isoform in the vasculature. NO diffuses through the cell and binds the soluble
guanylyl cyclase (sGC) on its iron heme. The sGC is thereby activated and produces the second
messenger cGMP®® (figure 1). Under physiological conditions, NO is constantly produced and
contributes to vascular smooth muscle cells tone.®® The amount of vascular NO depends on
shear stress forces’® and is therefore higher in arteries and veins with smaller rather than larger
diameters in mammalians.”* NO is responsible for plethoric effects in the cardiovascular system.
In the vasculature, NO is protective by inhibiting leukocyte’? and platelet adhesion,”® relaxes
vascular smooth muscle cells®” and also inhibits vascular smooth muscle cells proliferation and
mitogenesis.”* In the heart, eNOS and iNOS derived NO is produced in endothelial cells and
cardiomyocytes and controls contractile functions, in physiological and pathological situation,
respectively.®’” NO reduces renal vascular resistance and increases glomerular filtration rate in
many species including rodents and humans.”” All these positive cardiovascular effects are to be
seen in balance with the pathological consequences of oxidative stress provoked by an
excessive production of NO. In fact, the reactive oxygen species superoxide (O,’) inactivates NO
by forming the highly reactive peroxynitrite (ONOO-). NO derived oxidative stress plays indeed
a role in several cardiovascular diseases, such as cirrhosis induced nephropathy,”
artherosclerosis,”” and hypertension.”® In case of eNOS co-factors deficiency,
tetrahydrobiopterin (BH4) and L-arginine, the so-called uncoupled eNOS produces superoxide

rather than NO.”®

1.4 Mouse models

1.4.1 ET-1 transgenic mice
The transgenic approach consists in inserting one or more copies of a gene of interest into the

genome of an animal. It permits the study of the product of one gene in a whole living animal.
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1 Introduction

Even though the permanent overexpression of a gene results in some compensatory
mechanisms, it remains a powerful technique. The role of ET-1 in vivo has been better
understood with the generation of ET-1 transgenic (ET+/+) mouse lines by microinjection of
linear human ET-1 genomic DNA fragments into one-cell embryos. Surprisingly, these mice
remain normotensive.®’ They develop however age-related renal cysts, interstitial fibrosis, and
glomerulosclerosis, leading to a progressive decrease in glomerular filtration rate and

8. 81 Elevation in laminin expression is in both interstitium and glomeruli

subsequent lethality.
mainly responsible for fibrosis.2* The mechanisms underlying this pathological phenotype is
probably an imbalance between cell proliferation and apoptosis.®®> In the lung, the chronic
overexpression of ET-1 leads to an increase of interstitial matrix expression and a CD4 positive
cells characterized inflammation.® This does not lead to pulmonary hypertension either. The
endothelin receptor expression is similar in transgenic and wild type (WT) mice;® the
reorganization of the receptors expression can therefore not explain the lack of hypertension. In
the heart of ET+/+ mice, overexpression of ET-1 promotes interstitial fibrosis in aged mice,
mainly characterized by an elevation in the expression of collagen type Ill and laminin.®

A second independent mouse line overexpressing ET-1 has been generated characterized also
by renal interstitial fibrosis, renal cysts, glomerulosclerosis and narrowing of arterioles.?*
Because of this renal phenotype, these mice develop a salt sensitive hypertension. Furthermore
their creatinine clearance is reduced and proteinurea is enhanced but, most importantly, no
high blood pressure is detected in these mice compared to WT.?

A recently generated mouse model, in which human ET-1 is specifically overexpressed in the
endothelium, develops endothelial dysfunction associated with oxidative stress® and a chronic
vascular inflammation, again in the absence of hypertension.®

The contractile response to ET-1 of aortic rings in ET+/+ mice is reduced compared to WT and
the elevation of maximum contraction to ET-1 after preincubation with the NOS inhibitor N-
Nitro-L-Arginine Methyl Ester (L-NAME) is more pronounced in ET+/+ mice than in wt?
indicating that NO bioavailability is elevated in ET+/+ mice. Consistently, urinary nitrite and
nitrate excretion, a marker of NO production, in ET+/+ mice is higher than in WT. Furthermore,

the elevation of blood pressure after an L-NAME treatment is greater in ET+/+ mice than in

WT.2" 8 Moreover, iNOS is overexpressed in the vasculature of ET+/+ compared to WT® and an
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L-NAME induced pulmonary fibrosis and inflammation occurs in ET+/+ but not in WT mice.®’
Taken together, these results strongly suggest that NO synthesis is increased in ET+/+ mice,

thereby demonstrating its role as natural functional antagonist of ET-1.

1.4.2 eNOS-/- mice

Knock-out technology consists in inactivating a gene through the insertion of a cassette in the
open reading frame. It results in the absence of the expression of the functional protein and
provides therefore insights into the functions of this protein in a living animal. L-Arginine
analogs are used as NOS inhibitors (L-NAME, L-NNA, L-NMMA). They are powerful tools to
reduce NO production, but are not specific for the different NOS isoforms. Knock-out
technology is thus particularly important for the in vivo study of NOS functions. Four

d.%%% Even

independent eNOS knock-out (eNOS-/-) lines have been generated and publishe
though the different eNOS-/- mice differ according to some parameters because of their
different genetic background, they all develop high blood pressure. Despite the compensatory
effects observed, particularly regarding the expression of the other NOS isoforms®* and
prostaglandins,®® these models have enabled the study of the functional role of eNOS. eNOS
plays an important role in cardiac function and structure since eNOS deficient mice display
enhanced cardiac contractility and show age-related cardiac hypertrophy.95 The age-related
cardiac hypertrophy and early lethality affect more dramatically male than female eNOS-/-
mice.”® The protective role of eNOS was demonstrated in eNOS-/- mice generated by Huang et
al., which develop an increased infarct size compared to WT.%° The strain generated by Shesely
et al. exhibit however a reduced infract size®® describing the importance of the genetic
background on development of pathologies. eNOS derived NO plays a role in the acetylcholine
response in heart” and aorta®® and B-adrenergic response in heart.”” Hypertension in eNOS-/-
mice can be in part explained by a higher renin production.”® ET-1 plasma level is not altered in
these mice, but ET-1 induced elevation of blood pressure is more pronounced than in WT
mice.”® ET-1 tissue level is elevated in mesenteric arteries and ETBR expression is reduced in
cardiac tissue of eNOS-/- mice.”® Studies prove eNOS implication in the regulation of renal
function through an L-arginine induced inhibition of NaCl absorption.’® Interestingly,

generation of eNOS-/- mice confirmed the role of NO in modulating energy metabolism, oxygen

10
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consumption, cardiac glucose and fatty acid metabolism, here again with some differences

101-104

between the strains. Finally, eNOS is required for normal cardiovascular development:

eNOS-/- mice are characterized by defected aortic valve'® and septum®® as well as impaired

coronary vasculature at birth.'%’

1.4.3 Combination of ET+/+ mice with iNOS-/- and eNOS-/- mice

Counter regulatory interactions between the NO and ET systems are well established.®” *®® NO
release is stimulated by ET-1 via the activation of the endothelial ETBR-eNOS pathway and in
turn, endothelium derived NO inhibits the production of ET-1 via a cyclic GMP-dependent

88, 109, 110

pathway (figure 1). The lack of hypertension observed in ET+/+ mice is therefore

assumed to be the result of an increased generation of NO, thus counterbalancing the activated

ET system.87’ 88

1.4.3.1 ET+/+iNOS-/- mice

To further investigate in more details this hypothesis and disrupt the probable compensatory
effect of NO in ET+/+ mice, and because vascular iNOS expression was shown to be elevated in
ET+/+ mice,® ET+/+ mice have been crossbred with iNOS-/- mice. Compared to ET+/+ animals,
the ET+/+iNOS-/- mice show a significant lower endothelium-dependent relaxation. Therefore,
in ET+/+ mice, additional knock-out of iNOS results in an impairment of vasodilative capability.
However, this leads only to a slight elevation of blood pressure in the ET+/+iNOS-/- compared to
ET+/+. ET+/+iINOS-/- mice are nevertheless not hypertensive compared to WT mice.'*!
Moreover, in aged animals (12 months old), both ET+/+ and iNOS-/- mice develop cardiac
perivascular fibrosis and left ventricular diastolic dysfunctions, characterized by an elevated end
diastolic pressure and stiffness constant. In spite of that, in the ET+/+iNOS-/- mice, combination
of both genetic manipulations restores these parameters to WT level.® Thus this study
describes the age-related development of cardiac dysfunctions in ET+/+ mice and the
ambivalent role of iNOS, since genetic inactivation of iNOS alone causes reduction of cardiac

functions but improves them on an ET+/+ background.
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1.4.3.2 ET+/+eNOS-/- mice

12 addition, the

iNOS expression is mostly induced in case of inflammation though.
endothelial form of NOS (eNOS) is the most abundant form of NOS in vessels'** and accordingly
NO is mostly produced by this isoform. On account of this, the ET+/+eNOS-/- mice have been
generated. This model, like the eNOS-/- mice, shows an elevation of blood pressure in

114 The endothelium-independent aortic relaxation to sodium

comparison to WT and ET+/+ mice.
nitroprusside is not affected in this model, suggesting intact relaxation properties of the smooth
muscle cells. Endothelium-dependent relaxation to acetylcholine is blunted by the lack of eNOS,
supporting eNOS as the predominant source of endothelial NO, but is enhanced in ET+/+ mice,
confirming an enhanced bioavailability of NO in ET+/+ mice.?’

Finally contraction to ET-1 is similar in ET+/+ and ET+/+eNOS-/- but reduced compared to WT,

when lack of eNOS alone does not affect it. Quaschning et al.***

made the assumption that this
reduction of exogenous ET-1 induced contraction in both ET+/+ and ET+/eNOS-/- animals is due
to a saturation of receptor occupation. Both ETAR and ETBR are however overexpressed in aorta
of crossbred animals but this does not correlate necessarily with receptor responses. The use of
the selective ETAR and ETBR antagonists, BQ-123 and BQ-788 respectively, shows that aortic

contraction in this model is ETAR dependent, and ETBR does not play a contractile role.***

In conclusion, the results from these two mouse models indicate that a transgenic
overexpression of ET-1 is not able to provoke hypertension. It is rather an imbalance between
ET-1 and eNOS produced NO actions which is responsible for the development of hypertension.
Nevertheless, the exact role of both vasoactive substances in this delicate interplay remains to

be fully investigated.

1.5 The NO / ET interplay in cardiovascular disease

Extrapolation from animal models to the human situation can sometimes be dubious. However,
with regard to the interplay between the endothelin and NO systems, a rich literature
demonstrates the joint roles of both vascular substances in development of many

cardiovascular diseases in both humans and animal models.

12
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The development of bosentan, a dual ETR antagonist, and its commercialization for pulmonary
arterial hypertension (PAH) is the strongest evidence of the importance of studying the role of

endothelin in biomedical research. Interestingly, NO production in the pulmonary airways is

reduced in PAH patients and bosentan treatment restores NO production to a normal level;**®

reduced NO production is therefore thought to be one of the causes of PAH. The other way

around, ET-1 gradients between central venous and pulmonary arterial plasma levels are

116

reduced in PAH patients receiving an inhalation of nitric oxide.”™ Rabelink and Bakris reviewed

how an imbalance between endothelium-derived reactive nitrogen species and reactive oxygen
species as well as an increased expression of ET-1 may contribute to a loss of renal function in

117

diabetes.”™" In diabetic nephropathy, renal iNOS expression is activated, total renal NO is

however reduced; both of these parameters can be restored by a dual ETR antagonist

11
treatment. 8

Papalambros et al. showed positive correlation between ET-1 and iNOS
production in an arterial anastomotic rat model.**® Changes in the sensitive balance between
NO generation and ET-1 production have also been described in a variety of other
cardiovascular diseases: in coronary artery disease patients, NO/ET-1 ratio is impaired;
pharmacological reduction of oxidative stress in these patients can restore the physiological
ratio and this is accompanied by improved systolic functions.’?® In congestive heart failure, ET-1
is overexpressed and blunts NO derived endothelial relaxation by increasing the level of

121

asymmetric dimethylarginine, a natural NOS inhibitor.”" In preeclamptic women, hypertension

122

goes along with elevated endothelin and reduced NO plasma levels.”* In patient with essential

hypertension, vasoconstrictive effects of ET-1 are increased, because of an impaired NO

bioavailability.'*?

Obese patients with metabolic syndrome suffer from endothelium dysfunction
characterized by reduced NO and increased ET-1 vascular activity; this imbalance can be
readjusted by the unique treatment with the growth hormone grehlin.**

The importance of ET-1 and NO in numerous cardiovascular diseases has become evident. More
than the absolute ET-1 and NO plasma levels, the ratio between both seems to be a good

prognostic indicator for cardiovascular disease.'®

However, the underlying molecular
mechanisms controlling the balance between NO and ET-1 are not clear yet. It is difficult to
settle if the elevated ET-1 and reduced NO levels observed in many pathological situations are

two independent events or, in contrary, if these two events are closely related to one another.
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Moreover, the question whether these mechanisms are a consequence or a cause of
cardiovascular failure remains open. However, the fact that by pharmacologically targeting one
system the other is affected, strongly indicates a close regulatory relationship between the NO

and ET systems.

1.6 Clinical applications

The knowledge on the ET-1 and NO systems in pathophysiology led to the development of
powerful therapies. Inhaled NO has been approved for persistent pulmonary hypertension of
neonates. By limiting the breakdown of NO induced cGMP, phosphodiesterase (PDE) inhibitors
potentiate the NO pathway. Sildenafil, a PDE inhibitor, is in clinical praxis for treatment of PAH.
To date, three ETR antagonists have been approved for marketing, all of them for the treatment
of PAH (bosentan from Actelion since 2001, sitaxentan from Pfizer since 2006 and ambrisentan
from GlaxoSmithKline since 2007).

Riociguat, a stimulator of sGC, the cellular NO target, is under investigations for treatment of
PAH.™® Several clinical studies currently explore the potential clinical advantages of L-arginine
supplementation on preeclampsia and essential hypertension.

At the same time, results from clinical trials using a dual ETR antagonist in preventing other

127 several clinical studies are

cardiovascular diseases such as acute heart failure are controversy.
ongoing to clarify the potential of ETR antagonists for other indications. Macicentan, a new dual
ETR antagonist, is under investigations for symptomatic PAH in the phase Il study SERAPHIN.
The clinical benefits of ambrisentan, bosentan and macicentan on idiopathic pulmonary fibrosis
will be revealed by the ARTEMIS-PH, BUILD-3 and MUSIC studies, respectively. Macitentan can
also reduce end organ damage in diabetic rats.'?® Avosentan, another dual ETR antagonist,

129 Zibotentan,

reduces proteinurea in diabetic patients, as shown in the phase Il trial ASCEND.
an ETAR blocker, is currently being evaluated in a phase Il trial program (ENTHUSE) for prostate
cancer.

Compared to the tremendous work achieved at the preclinical level since the discovery of ET-1
and NO, more than twenty years ago, the actual clinical applications may look modest. If more

basic research and clinical studies are needed, the ET and NO systems remain, nevertheless,

promising therapeutic targets for the treatment of cardiovascular disease.
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1.7 Proteomics

Together with appropriate animal models, research on ET-1 and NO thus needs an open-minded
approach. Proteomics, the study of the proteome, represents a hypothesis free technique,
which is able to dissect molecular mechanisms without particular expectations.

The proteome is defined as the complete complement of proteins in a given system (cell
culture, organ, or organism). Virtually every protein is post-translationally modified, according
to time, localization and stress, physiological and pathological situations. These modifications
are extremely diverse and can be methylation, phosphorylation, and glycosylation to name a
few. The term protein species represents the products of one single gene including the protein
in all its different post-translational states.

The idea of protein separation in two dimensions goes back to the 1950’s.*° Two decisive
inventions made it look as we know it today. The first is PolyAcrylamide Gel Electrophoresis
(PAGE), which consists in separation of proteins according to their molecular weight through a
polyacrylamide gel,”*! improved by Laemmli in 1970 by the use of the detergent sodium dodecyl
sulfate (SDS)."*? The second is isoelectric focusing (IEF) which separates proteins according to
their isoelectric point.’*® Combination of both was used by several groups to separate proteins
in the seventies and particularly by Klose et al."** and at the same time but independently by

O’Farell et al..”®

Further development occurred during the following two decades till the work
of Klose et al.,"*® who reached both high resolution and reproducibility and on which the
technique employed here is based. From the discovery of two dimensional electrophoresis
(2DE), we needed to wait almost twenty years for the development of mass spectrometry
techniques able to sequence peptides: Matrix-assisted laser desorption/ionization (MALDI)**’

138 the two most common mass spectrometric techniques used

and electrospray ionization (ESI),
today for the analysis of biomolecules. After trypsin digestion of proteins excised from the
polyacrylamide gels, the resulting peptides can be sequenced by mass spectrometry (figure 2).
Using MALDI, the peptide preparation is crystallized into a matrix, while ESI uses an electrospray
to disperse the peptide solution into the mass spectrometer. To identify with the minimal doubt

the proteins corresponding to the sequenced peptides, the need for reliable protein databases

was fulfilled with the creation of, among others, the Swissprot database (figure 2). Thereby, the
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rapid development of the World Wide Web was a crucial step making these databases easily

accessible.
? Spots in gel
trypsin digestion
Organ, cell, P g
5000 proteins
Protein separation J
2DE
MS/MS Fragmentation of
Fy ILGADTSVDLEETGR
swissprot .
(o - i1l | &7
SC CF hi ) " =3
www.matrixscience.com g 2t
Databasesearch i mi.“f il Lzl ‘ ESI-MS
o L Peptide mass
Protein identification Peptide sequencing

Figure 2: Proteomics study workflow. Proteins are extracted from a given system and separated on two
dimensional electrophoresis (2DE). After gel analysis, spots of interest are excised from the gel and the
proteins are digested. The peptide solution is applied to the electron spray ionization/tandem mass
spectrometer (ESI/MS) for sequencing. Peptide sequence is matched to a database for identification of

the protein.

While a part of the scientific community was concentrated on the study of the genome, also
called genomics, the combination of IEF/PAGE based 2DE and MALDI or ESI/MS opened the era
of Proteomics. The study of the protein has an immense advantage on genomics, because
proteins are the biological active molecules in the cells. Moreover, 2DE/MS can distinguish
between the different post-translational forms of the proteins, which are, in most of the cases,
essential for their biological activities, localization and functions. In addition, the non linear
correlation between gene expression and protein abundance has been proven as consequences
of mRNA stability and denaturation,”® alternate splicing, and protein processing140 and

denaturation.**! This might make proteomics much more biologically relevant than genomics.
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Proteins work as complex and sensitive networks within and between the cells. Therefore the
genetic manipulation of one single gene (overexpression or inactivation) brings about a change
in a wide proportion of the proteome. Proteomics is therefore a method of choice to study the

consequences of a genetic manipulation in a hypothesis free approach.

1.8 Aim of the study

In spite of the acknowledged role of ET-1 as a strong vasoconstrictor, ET-1 overexpressing mice
remain normotensive. Evidences showed that the NO system, the natural functional ET-1
antagonist, was activated in ET-1 mice. This led to the hypothesis that NO participated in the
maintaining of normal blood pressure in ET+/+ mice. Prof. Hocher and Prof. Theuring decided
therefore to crossbreed ET+/+ mice with eNOS-/- mice. This should have disrupted the
presumed compensatory effects from the NO system in ET+/+ mice. Thus, this approach was
thought to mimic the imbalance between NO and ET-1 actions observed in many cardiovascular
diseases and therefore provide an important in vivo model to study the pathophysiological
consequences of a disrupted ET-1/NO ratio. K. Relle showed that, at the age of nine months,
both eNOS-/- and ET+/+eNOS-/- mice develop elevated blood pressure compared to WT and
ET+/+ mice. However, heart catheterization experiment performed in cooperation with Bayer
Schering Pharma, revealed that eNOS-/- mice, but not ET+/+eNOS-/-, developed diastolic
dysfunctions, characterized by elevated end diastolic pressure and time of left ventricular
relaxation. The crossbred animals may have established mechanisms to compensate lack of
eNOS. Transgenic overexpression of ET-1 seems therefore to be beneficial for cardiac functions
on an eNOS-/- background.

The aim of this study was to characterize and analyze the morphological and molecular changes
taking place in the groups resulting from the crossbreeding, i.e. WT, ET+/+, eNOS-/-and
ET+/+eNOS-/- mice, in order to understand the molecular and cellular mechanisms leading to
the functional differences between the groups.

The first goal was to determine the expression pattern of components of the ET system in
cardiac tissue at the mRNA level, by employing in situ hybridization and quantitative Real Time-
PCR (gRT-PCR), as well as at the protein level by using Western Blot (WB). Secondly, cardiac
myocyte and arteriole morphology as well as the expression level of cardiac extracellular matrix
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(ECM) proteins have been analyzed wusing standard histological methods and
immunohistochemistry.

The ultimate goal of this study was to define, in a hypothesis free approach, the changes in the
cardiac proteome pattern between the different genotypes. To do so, the state-of-the-art 2DE
coupled to ESI/MS technique was applied. Alterations of cardiac functions have been observed
in eNOS-/- mice, but not ET+/+eNOS-/-, at the age of nine months. Because the hypothesis was
that this was the cause of compensations happening over time due to the transgenic
overexpression of ET-1 and in order to elucidate the early events, young animals (three months
old) were analyzed. In this way, this study aimed at revealing which proteins are driving the

pathological processes, depicting the causes and not the consequences.
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2 Material and methods

2.1 Mice

Human ET-1 transgenic mice were generated by microinjection of linear human ET-1 genomic
DNA fragments into one-cell embryos obtained from hormone-primed NMRI females mated the
night before injection with NMRI males.®° After microinjection, viable eggs were transferred to
the oviducts of pseudopregnant NMRI mice. After birth, genotype was confirmed by PCR of
genomic DNA using standard techniques. eNOS-/- mice were a gift from Prof. David Rodman
and originally generated by homologous recombination by Huang et al. Inactivation of the eNOS
gene was achieved through the replacement of the exons of the eNOS gene coding for the
NADPH ribose and adenine binding sites by a neomycine cassette in C57BL/6 mice.”” Female
eNOS-/- mice and male homozygous ET-1 transgenic mice were used for breeding.'** The four
genotypes (ET+/+, eNOS-/-, ET+/+eNOS-/- mice and their wild-type (WT) littermates) were
further bred to produce inbred strains of mice with mixed genetic background NMRI/ C57/BL6.
Mice were kept under controlled environmental conditions with respect to temperature (20°C),
humidity (64%), and a 12h night-day light cycle. Mice were fed on a standard breeding rodent
diet and received water ad libitum. Study groups were composed as follows: WT, ET transgenic
mice (ET+/+), eNOS knock-out mice (eNOS-/-), and crossbred mice (ET+/+eNOS-/-) (male and
female). Two subsets of each group were killed by cervical dislocation at the age of three and

nine months; hearts and aortas were harvested for further studies.
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product Cat# supplier Product Cat# supplier
i’;z_iz:zr:ino SK-4100 Vector Low melt agarose 6351 Carl-Roth
Acetanhydrid CP28 Carl-Roth Luminol 9253 Fluka
Acetic acid 3738 Carl-Roth Maleinacid 3538 Carl-Roth
Aceton 8002 J.T. Baker Methanol ;gggg Merck
Acrylamid 10674 Serva MgCl, 1005482 Quigen
Agarose low melt 6351 Carl-Roth Milk powder T145 Carl-Roth
Ampholyte 2-4 42902 Serva Na,HPO, x 2H,0 4984 Carl-Roth
Ampholyte pH 2-11 42900 Serva Na-citrat x 2H,0 3580 Carl-Roth
??phO'yte PH3.5- As27a Sigma-Aldrich NaCl 9265 Carl-Roth
Ampholyte pH 4-7 42948 Serva NBT 4421 Carl-Roth
Ampholyte pH 5-8 42949 Serva Normal serum S-1000 Vector
Ampholyte pH 6-9 42913 Serva Page Ruler SMO0671 Fermentas
APS A3678 Sigma-Aldrich Paraffin Typ 6 8336 Eif::;i‘:i'f"a”'
BCIP B6274 Sigma-Aldrich Paraffin Typ 9 8337 Eif::;i‘:i'f"a”'
Benzamidin 12072 fluka Paraformaldehyde 335 Carl-Roth
Bisacrylamid 29195 serva p-Coumarinacid 28200 Fluka
Blocking reagent 1096-176  Boehringer Phosphoric acid 6366 Carl-Roth
BSA 8076 Carl-Roth Picric acid solution 80456 Fluka
Coumaric acid C9008 Sigma-Aldrich Ziicerg;uchsine, van 2E-50 Waldeck GmbH
Cybergreen 4312704  ApPlied Piperazin. D1538 Sigma-Aldrich

Biosystems diacrylamid

Denhardts 750018 Invitrogen Proteinase K AM2542 Invitrogen
DMSO D8418 Sigma-Aldrich PVP 4606 Carl-Roth
DTT 6908 Carl-Roth RNAse A R6513 Sigma-Aldrich
EDTA 8043 Carl-Roth rRNAsin N2511 Promega
Ethanol 8006 J.T. Baker SDS, 2326 Carl-Roth
Ethidium bromide 7870 Carl-Roth Sephadex G100 G10050 Sigma-Aldrich
Ethylendiamine 3(2)2(9)3 Merck Silver nitrate 7908 Carl-Roth
Ficoll F2637 Sigma-Aldrich :Z:'zu(')“ acetate 6779 Carl-Roth
Formaldehyde 7398 Carl-Roth Sodium hydrogen 6885 Carl-Roth

carbonate
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Product Cat # Supplier Product Cat # Supplier
Sodium thiosulfate
Formamid A2156 Applichem P034 Carl-Roth
5xH20
Glutaraldehyde 3778 Carl-Roth TEMED 2367 Carl-Roth
Glycerin 3783 Carl-Roth Thimerosal 6389 Carl-Roth
Glycine 3908 Carl-Roth Thiourea 9531 Carl-Roth
Hematoxylin solution X906 Carl-Roth Tissue Tek OCT E62550-01 Science Services
Heringssperma S-3126 Sigma-Aldrich Triethanolamine 4804 Sigma-Aldrich
Hydrogen peroxide T1377 Merck Tris 4855 Carl-Roth
IPTG 2316 Carl-Roth Tris-HCI 9090 Carl-Roth
Isopropanol 8067 J.T. Baker Trizol 15596-026 Invitrogen
10109
KCl HN27 Carl-Roth tRNA Roche
517001

KH,PO, 1.12034 Merck Tween-20 9127 Carl-Roth
LB Agar 3002-222  MP Biomedicals Urea 3841 Carl-Roth
LB medium 3002-022  MP Biomedicals Urea (for IEF) 161-0731  Biorad
Leupeptine 9783 Sigma-Aldrich Xgal B9146 Sigma-Aldrich
LiCl L-9650 Sigma-Aldrich Xylol 8080 J.T. Baker

2.3 Equipment

Equipment Model Supplier

Balance LP605 Sartorius

Balance AE240 Mettler

Centrifuge Mikro22R Hettich

Cryostat Jung Frigocut 2800E Leica

Cuvette spectrophotometer DU 530 Beckmann

Developper Curix 60 Agfa

Digital camera PL-A662 Pixelink

Electrophoresis chamber V10-WDCD Wilten instrumenten

Electrophoresis chamber Desaphor VA 300 Desaga

Electrospray PicoTip emitter New Objective

Incubator uvs Biometra

Incubator Unitron Infors AG
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Equipment Model Supplier
Magnetic stirrer with heating RCT basic Ika Labortechnik
Mass spectrometer Esquire 3000 plus ion trap MS Bruker
x:gfrils;itometer BenchmarkPlus BioRad
microscope DMLB2 Leica
Microtome RM2025 Leica
Mixer Vortex-Genie2 Scientific industries
Mixer KS-15 Edmund Biihler
Mixer RMS5 CE 348 Karl Hecht
Nano liquid chromatography Agilent 1100 Agilent

system
Paraffin Embedding Center

Microm EC-350

Thermo Scienfitic

pH meter pHM92 Ezileonﬂgzeern
Power supply EV233 Consort
Power supply Power Pac 200 BioRad
Real time thermocycler Mx3000P Stratagene
Scanner FB2080 Umax
Scanner Canonscan 5000F Canon
Thermocycler T3 thermocycler Biometra
Thermomixer 5436 Eppendorf
Tissue processor Shandon Citadel 1000 Thermo Scientific
Water bad Typ 16800 Medax
2.4 Software

Software Developer
Imagel 1.37V National Institutes of Health

AlphaEaseFC 3.1.2
Microplate Manager 5.2
SPSS 17.0

Photoshop CS3

Excel 2007

Word 2007

Reference Manager 11
Ingenuity Pathways Analysis
Prism 5

Primer3

CanoScan Toolbox 4.1.

Alpha Innotech Corporation
BioRad

SPSS Inc.

Adobe

Microsoft

Microsoft

Thomson ResearchSoft.
Ingenuity

GraphPad Software Ltd.

Whitehead Institute, Howard
Hughes Medical Institute

Canon
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2.5 Quantitative Real Time PCR

2.5.1 RNA extraction

Total RNA was extracted from snap-frozen aortic and cardiac tissue using Trizol reagent
(Invitrogen 15596-026, Carlsbad, CA). Tissue was pulverized under liquid nitrogen. Powder was
incubated with 1mL Trizol and vortexed 10min at RT. 200pL chloroform were added and the
probes were mixed 15s. After a 3min long incubation at RT, the probes were centrifuged at 4°C,
12000rpm 15min. The water phase was taken in a new tube and the RNA was precipitated by
adding of 500uL isopropanol for 10min at RT. The probes were centrifuged again at 12000rpm,
4°C for 10min The supernatant was discarded and the pellet was washed in 75% Ethanol, 25%
ddH,0 and centrifuged finally at 7500rpm, 4°C for 5min The pellets were air dried and
resuspended in ddH,0. DNase treatment was performed using the Nucleospin RNA Il extraction
kit from Mecherey & Nagel (cat. no. 740955). The RNA concentration was determined by

absorbance at 260nm.

2.5.2 qRT-PCR
MRNA was reverse-transcribed to cDNA using the Superscript Ill reverse transcriptase (18080-
044 Invitrogen) according to the manufacturer’s protocol (500ng RNA were mixed with random
poly-A primers).
The primers specific for mouse and human ET-1, and binding to both mouse and human ET-1 as
well as the primers for hypoxanthine guanine phosphoribosyl transferase (HPRT) and 18S

ribosomal RNA (18S) were designed with the online available computer program Primer3,**?

using as template the sequence from the Ensembl Database™® (

human ET-1 Ensembl Transcript
ID ENSTO0000075232; murine ET-1 Ensembl Transcript ID ENSMUST00000021796; murine HPRT
Ensembl Transcript ID ENSMUST00000026723, murine 18S Ensembl Transcript ID
ENSMUST00000122786). The specificity of the primers was verified by sequence analysis using
the BLAST program from NCBI.'** The other primers used were derived from the literature
(Table 1). A total of 5uL of cDNA 10ug/ml (50ng) was used as template for the amplification. A
total of 0.5uL of each specific primer (5pmol), 6.5uL of water, and 12.5uL of SYBR Green PCR

Master Mix (4309155; Applied Biosystems, Foster City, CA) were added. All spots were
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performed in triplicate. The PCR was performed on an Mx3000P thermal cycler (Stratagene, La

Jolla, CA). Reaction conditions were 95°C for 10min followed by 40 cycles of the amplification

steps (95°C for 15s, 60°C for 30s, and 72°C for 45s). The relative gene expression (sQ) of ETAR,

ETBR, murine ET-1, endothelin-converting enzyme (ECE), eNOS, and iNOS were obtained for

each genotype in comparison to WT. The gene expression of the human ET in the crossbred

mice was compared with its expression in human ET-1 transgenic animals.

Gene Primer Sequence 5' to 3' L,:rr?;:c(c;r;) S?:tr:gid Reference

ETAR  +GCTGGTTCCCTCTTCACTTAAGC 129 6 145
-TCATGGTTGCCAGGTTAATGC

ETBR  +TGTGCTCTAAGTATTGACAGATATCGAG 240 2,3 145
-GGCTGTCTTGTAAAACTGCATGA

mET-1  +GGAAACTACGAAGGTTGGAGGC 235 4
-CTGTAGAAGCCACACAGATGGTCT

hET-1  +AAGTTCAGAGGAACACCTAAGACAAAC 170 4,5
-GAGGCTATGGCTTCAGACAGG

ET-1 +CAAGGAGCTCCAGAAACAGC 168 1,2
-GATGTCCAGGTGGCAGAAGTA

iNOS +CAGCTGGGCTGTACAAACCTT 95 17,18 146
-CATTGGAAGTGAAGCGTTTCG

eNOS  +CCTTCCGCTACCAGCCAGA 105 10,11,12 147
-CAGAGATCTTCACTGCATTGGCTA

ECE +ATGACGCCGCCCATGGTGAAC 128 148
-TGGTTGGGCTAAGACATAAC

HPRT  +CAGGCCAGACTTTGTTGGAT 147 7,8,9
-TTGCGCTCATCTTAGGCTTT

185 +GTAACCCGTTGAACCCCATT 151
-CCATCCAATCGGTAGTAGCG

Table 1: List of primer used for gRT-PCR.

2.5.3 Computations

For the study of aorta, the relative quantity (Q) was normalized to the expression of HPRT using

the following formula:

nQ = {2[minCt(gene of interest) - Ct(gene of interest)]}/{z[minCt(HPRT) - Ct(HPRT)]}
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The normalized quantity (nQ) was then normalized to the expression in WT mice using the

formula:

sQ = NQtest/MQuwrt

where Ctgene of interest) @aNd Ct(nprr) represent the threshold cycle for the gene of interest and for
HPRT, respectively; minCtgene of interesty and minCtpgr) are the lower Ct values for the gene of
interest and HPRT, respectively; nQqest is the normalized quantity in a given genotype, and mQur

is the mean of the nQ in WT mice.

For the cardiac tissue, the relative intensity (Q) of mET-1, hET-1 and ET-1, normalized to the
expression of 185 RNA, were obtained using the delta Ct (ACt) method:

Q _ Z[ACt (gene of interest) — average ACt (gene of interest in WT)]

AC‘t(gene of interest) = Ct(gene of interest) — Ct(18S)

where Ctgene of interesty and Ct(igs) represent the threshold cycle for the gene of interest and for
18S RNA, respectively.
The relative intensity of hET-1 in crossbred animals was compared to its intensity in the ET+/+

group.

2.6 Immunohistochemistry

For immunohistochemical staining, 6um thick frozen sections of hearts from nine months old
animals were used. The sections were cut at -25°C on a cryostat (Jung Frigocut 2800E, Leica),
placed on glass slides (Super Frost Plus, 03-0060, R.Langenbrinck) and stored at -80°C. The

sections were then treated as shown in the following table:
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. incubation .
step solution . temperature composition
time
1 acetone 7min RT acetone
. 137mM NaCl, 2.7mM KCl, 8.1mM Na,HPO4 x
2 PBS >min RT 2H,0, 1.5mM KH,PO,, pH 7,4
3 normal . 3min RT normal serum (Vector S-1000) 1drop in 3mL
serum/peroxide PBS/ 0,3% H,0,
4 PBS 5min RT
5 AV|d|n—BI.ock|ng A5min RT Avidin/Biotin— !3Iock|ng Kit (Vector SP-2001)
solution 1drop in 5ml normal serum
primary antibody diluted in biotin blocking
6 Primary antibody 1h RT solution (Avidin/Biotin— Blocking Kit, SP-2001,
Vector)
7 PBS 5min RT
8 PBS 5min RT
9 PBS 5min RT
Secondary . ABC Kit elite
10 antibody 30min RT Vectastain Rabbit Ig (PK6101, Vector)
11 PBS 5min RT
12 PBS 5min RT
13 PBS 5min RT
Avidin/biotin mix (1 drop avidin, 1drop biotin
L . in 5mL PBS/Tween 1%) (ABC Kit elite
14 avidin biotin ABC 30min RT Vectastain Rabbit Ig, PK6101, Vector), 30min
on ice before use
15 PBS 5min RT
16 PBS 5min RT
17 PBS 5min RT
. 3,3" -Diaminobenzidine (DAB-Substrat-Kit, SK-
18 DAB Imin RT 4100, Vector)
19 stop solution 5min RT water

Table 2: Protocol for immunohistochemistry.

For detection of matrix proteins, rabbit anti-MMP2 (Chemicon AB19167), anti-MMP9 (Chemicon

AB19016), anti-Col | (Chemicon AB765P) and anti-Col Il (Calbiochem 234189) primary

antibodies were diluted 1/200 in an avidin/biotin normal serum blocking solution. Binding of the

antibodies were revealed using the ABC Kit elite Vectastain Rabbit Ig (Vector PK6101). The same

procedure omitting primary antibody was used as negative control. Slices were photographed

with a digital camera plugged to the microscope with 200x magnificence. The relative intensity

of the signal was measured on 8bit pictures using the threshold function of the software Imagel

26



Material and methods

as percentage of tissue area. The images from the negative controls were analyzed the same
way. The signal measured on the negative controls was considered as background and therefore

subtracted.

2.7 In situ Hybridization

2.7.1 ETAR and ETBR cloning

For the production of RNA probes needed for in situ hybridization, a part of the ETAR and ETBR
genes have been cloned in an expression vector. Primers for the cloning of ETAR and ETBR were
designed using Primer3 using as template the sequences from the Ensembl Database® (ETAR:
Ensembl Transcript ENSMUST00000034029, ETBR: Ensembl Transcript ENSMUST00000022718).
The forward and reverse primers were flanked with the restriction sites of Bsul5l and Bcul,

respectively, and the GAT sequence as spacer (table 3).

Gene Primer Sequence 5' to 3' Amplicon Length (bp)

ETAR +gatatcgatCAACCATTACGCCACAGATG 1224
-gatactagtCAGTGCTATCTCGCCCAAGT

ETBR +gatatcgatATGACGCCACCCACTAAGAC 1218

-gatactagtAGTGAGATTCGGCGAGTGTT

Table 3. Primers used for the cloning of ETAR and ETBR

Amplification by PCR of the correspondent sequence was performed using as template cDNA
from mouse. The PCR was performed with 0.02 U/uL Phusion DNA Polymerase (F-530,
Finnzymes) in Phusion HF Puffer added of 200uM of each dNTP, 3% (v/v) DMSO and 0.5uM of
each primer, using the following protocol: initial denaturation at 98°C, 30s; 30 cycles:
denaturation at 98°C, 20s; annealing at 63°C, 30s; elongation at 72°C, 30s, final elongation at
72°C, 10min. The DNA fragment was separated on a 1% low melt agarose/0.1% ethidium
bromide gel and the size of the amplicon was checked. The band was excised from the gel and
the DNA was extracted using the gel extraction kit QIAquick (28704, Qiagen). The DNA
fragments as well as the pBluescript KS (-) expression vector (#21220, Stratagene) were cut
using 20u Bsul15I (ER0141, fermentas) and 20u Bcul (ER1251, fermentas) for 2h at 37°C followed

by heat inactivation at 65°C for 20min. 100ng of the fragments were ligated in the presence of

27



Material and methods

pBluescript vector using 2u of T4 ligase (ELO015, fermentas) in appropriate buffer overnight at
16°C. The correct insertion of the fragment was verified by separation of the plasmid obtained
after digestion with EcoRV (ER0301, fermentas) on agarose gel.

Chemically competent Oneshot Topl0 E. coli cells (C4040, Invitrogen) were transformed as
recommended by the provider with 2uL vector solution, incubated 30min on ice, 30 sec. at 42°C
and put again on ice. The cells were then supplemented with 250uL LB medium and incubated
1h at 37°C on a shaker and finally plated on LB Agar/Xgal 20pg.mL™Y/IPTG 0.1mM. Positive
colonies were picked, cultivated overnight in 5mL LB medium. The plasmid was extracted and an

aliquot of the culture was stored at -80°C in glycerol.

2.7.2 RNA probes production

Plasmid extraction was done using a plasmid extraction kit (NucleoSpin Plasmid 740588,
Macherey-Nagel). The plasmid was linearized with 0,5 u.uL™ of either Bcul or Bsul5I restriction
enzyme in corresponding buffer for 2h at 37°C, for T3 or T7 RNA polymerase, respectively. DNA
was then precipitated and washed with SureClean (BIO-37047, Bioline) and resuspended in
water. The labeled RNA probe was produced using a DIG labeling kit (11 175 033 910, Roche).
1pug DNA was incubated with 1x DIG labeling dNTP mix, 10mM DTT, 20u.uL™ RNAse inhibitor
(rRNAsin, Promega) and 1u.uL™ T3 or T7 RNA Polymerase in appropriated buffer for 2h at 37°C.
DNA was then digested with 1uL DNAse | (18047-019, Invitrogen) 15min at 37°C. RNA was
washed with EtOH70%/LiCl 0.1M and incubated 30min at -80°C. The probe was resuspended in

water and its concentration was measured by spectrophotometry.

2.7.3 Staining protocol

The in situ hybridization was performed on 7um thin heart paraffin slices. The different steps
are listed in the following table. Steps 1 to 27 were done by incubating the glass slide in a
cuvette. The following steps were performed by pipetting 600uL on the slice. The RNA probes
were denaturated 5Smin at 85°C before diluting at 0,5 - 1,5 pg.ml™ in hybridization buffer. The
steps 29 and 33-38 were done in a chamber humidified with 2x SSC solution. Negative controls
were run in every experiment by omitting the RNA probe. At the end, the slices were mounted

with Hydromount (HS-106, National diagnostics).
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incubation

step solution time temperature composition
Da\1/ 1 xylol 10min RT xylol 100%

2 xylol 10min RT

3 xylol 10min RT

4 EtOH 95% 1min RT EtOH 95%

5 EtOH 90% 1min RT EtOH 90%

6 EtOH 80% 1min RT EtOH 80%

7 EtOH 70% 1min RT EtOH 70%

8 EtOH 50% 1min RT EtOH 50%

9 EtOH 30% 1min RT EtOH 30%

. 137 mM NaCl, 2.7 mM KCl, 8.1 mM

10 PBS >min RT Na;HPO, x 2H,0, 1.5 mM KH,PO,, pH 7,4

11 PBS 5min RT

12 PBS 4% PFA 30min RT PBS 4% Paraformaldhyde

13 PBS 5min RT

14 PBS 5min RT

15 Proteinase K 10min RT 20 mM Tris-HCl, 1 mM EDTA, 10 pg/ml
Proteinase K (Sigma), pH 7,2

16 PBS 5min RT

17 PBS 4% PFA 30min RT

18 PBS 5min RT

19 PBS 5min RT

20 9% SSC 2min RT 0.3 M NaCl, 30mM Na-citrat x 2H,0, pH
7,0

21 2x SSC 2min RT

22 Tris-Glycin 30min RT 10 mM Tris Base, 100 mM Glycin, pH 7,0

23 PBS 5min RT

24 PBS 5min RT

25 Acetylation buffer 10min RT 1,2% (w/v) Triethanolamin, 0,25% (v/v)
Acetanhydrid

26 PBS 5min RT

27 PBS 5min RT
50% (v/v) Formamid, 5x SSC, 5x
Denhardts (50x Denhardts: 1% (w/v)

28 Hybridisation buffer 4h RT BSA, 1% (w/v) Ficoll, 1% (w/v) PVP), 200
pg/ml tRNA (S.cerevisiae, Sigma), 100
pg/ml Heringssperma (Sigma)

29 Probe in hybridisation 16h 70°C

buffer
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step solution |ncu.bat|on temperature composition
time
Da\Z/ 30 Sx SSC 20min RT gg;l;/l NaCl, 75mM Na-citrat x 2H,0,
31 5x SSC 20min RT
32 5x SSC 20min RT
33 Formamide solution 40min 60°C 20% (v/v) Formamid, 0,5x SSC
34 Formamide solution 1,5h 37°C
. R 0,5 M NacCl, 0,5 mM EDTA, 10 mM Tris-
35 NTE-buffer 15min 37°C HCl pH 7,0
36 RNAse A 30min 37°C 40 pg/ml RNAse A (Sigma) in NTE-buffer
37 NTE-buffer 15min 37°C
38 Formamide solution 40min 60°C
39 2x SSC 15min RT
40 2x SSC 15min RT
41 buffer 1 5min RT 0,1 M Maleinsaure, 0,15 M NaCl, pH 7,5
42 buffer 1 5min RT
. . 1% (w/v) Blocking reagent (Boehringer
43 Blocking solution 1h RT und(1°/A> ()v/v) TwegenZOgin bEJffer 1 e
44 DIG-AP 1h RT anti-DIG Ab 1/400 in blocking solution
45 buffer 1 30min RT
46 buffer 1 30min RT
. 100 mM NacCl, 50 mM MgCl,, 100 mM
47 buffer 2 >min RT Tris-HCI pH 9,5, 0,1% (v/f) Tween20
48 buffer 3 3h RT 0,55 mM NBT, 0,4 mM BCIP in buffer 2
49 TE-buffer 10min RT 10 mM Tris, 1 mM EDTA, pH 8,0
50 TE-buffer 10min RT
51 PBS 30min RT
52 water 5min RT

Table 4: Protocol for in situ hybridization.

2.7.4 Relative quantification

Slices were photographed under a light microscope (magnification x200) and saved as jpeg

pictures at 150 dpi, RBG 24 bits. Consecutive pictures were taken to cover the whole left cardiac

ventricle. Using Imagel, the pictures were converted into 8 bit gray scale pictures. The signal

was measured using the threshold function defined manually on a randomly chosen set of

picture. Once the threshold segregating signal from background was chosen, all pictures were

analyzed in the same way. A second threshold was used to measure the tissue area from each
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picture. The final signal was defined as a signal percentage from tissue area. Negative control

pictures were analyzed using the same thresholds.

2.8 Histology

2.8.1 Staining

Histological staining was performed on paraffin sections of hearts (3um thin for Sirius red and

Elastica-van Giesson staining and 1um thin for Hematoxylin-Eosin staining). Sirius red stains

collagens in red. Elastica- van Giesson staining is a combination of resorcin-fuchsin, which stains

connective tissue in violet, picrofuchsin, which stains cytoplasm in yellow-red and hematoxylin,

which stains cell nuclei in grey-blue. Eosin stains cytoplasm in blue-pink. Each staining was

preceded by rehydration and followed by a dehydration of the slices. The different steps are

listed in the following table.

incubation
step solution temperature composition
time
Rehydration
1 xylol 5min RT
2 xylol 5min RT
3 EtOH 100% 2min RT EtOH 100%
4 EtOH 95% 2min RT EtOH 95%
5 EtOH 80% 2min RT EtOH 80%
6 EtOH 70% 2min RT EtOH 70%
7 water 30s
Sirius Red staining
Sirius Red 0,1% in saturated
8 Sirius Rot solution 1h RT
picrin acid solution
9 wash solution 30s RT 0,01M HCl in Ethanol
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Step solution |ncu.bat|on temperature composition
time
Elastica van Gieson staining
3 Resorcin-Fuchsin 10min RT
solution
9 3min RT water
10 wash solution 30s RT 0,01M HCl in ethanol
11 7min RT water
12 wash solution 30s RT 0,01M HCl in ethanol
13 30s RT water
14 EtOH 70% 1min RT EtOH 70%
15 EtOH 80% 2min RT EtOH 80%
16 Hematoxylin solution 3min RT
17 3min RT water
18 wash solution 30s RT 0,01M HCl in ethanol
19 7min RT water
20 van Gieson solution 30s RT
HE staining
8 Hematoxylin solution 4min
9 7min water
10 wash solution 30s 0,01M HCl in ethanol
11 7min water
12 30s distilled water
13 eosin 4min
14 30s distilled water
Dehydration
1 EtOH 70% 30s EtOH 70%
2 EtOH 80% 30s EtOH 80%
3 EtOH 95% 2min EtOH 95%
4 EtOH 100% 2min EtOH 100%
5 xylol 2min xylol 100%

Table 5: Histology: Protocols for Sirius Red, Elastica van Gieson and HE staining of paraffin-embedded

tissue slices.

2.8.2 Measurements

Interstitial fibrosis of the cardiac left ventricular wall and the septum was quantified using

computer-aided histomorphometry as follows: After Sirius Red staining, about 30 randomly

chosen pictures from every thin layer-section were taken under light microscope using a digital

camera. The Sirius Red-positive area of every picture was then quantified using image
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processing software Image) with a threshold derived from a subset of randomly chosen
pictures. The Sirius Red-positive area was expressed as a percentage of total tissue area.
Perivascular fibrosis of the left ventricular wall and the septum was quantified after Sirius Red
staining using a relative quantitative scoring system: Two independent investigators, who were
blinded to the study groups, graded the fibrosis around cardiac arteries using 5 different grades
based on the relation between media diameter and the diameter of the surrounding collagen
ring of the adventitia (Grade 1 = diameter collagen-ring-wall < 25% in comparison to diameter of
media-wall; grade 2 = 25-50%; grade 3 = 50-75%; grade 4 = 75-100%; grade 5 = >100%).
Perivascular fibrosis of the heart was then expressed as the mean value of the obtained grades.
For the assessment of Media-to-Lumen ratio, Elastica-van Giesson-stained sections of the left
ventricular wall and the septum tissue sections were used. Virtually all visible small arteries
were photographed under light microscope (magnification x400) using a digital camera. The
area of the media and the lumen were then quantified using the freehand selection tool of the
Imagel software. Media-to-lumen ratio was calculated as quotient of media and lumen area.

For the measurement of cardiomyocyte diameter, HE-stained tissue sections were used. For
each animal, thirty randomly chosen pictures of longitudinally cut myocytes with a visible and
non-conspicuous cell-nucleus from the left ventricular wall and the septum were photographed
under light microscope (magnification x600). The diameter was measured using the straight line

selection tool of the Image) software.

2.9 Proteomics

2.9.1 Protein preparation

1.,**° with minor changes. Snap-frozen

Protein preparation was done according to Aksu et a
hearts were pulverized with mortar and pestle under liquid nitrogen. Six to nine individual
hearts for each group were processed. The powder was dissolved in 600uL lysis buffer (Tris/HCI
25mM, KCI 50mM, EDTA 3mM, Benzamidin 2.9mM, Leupeptin, 2.1uM, Urea 7M, Thiourea 2M,
Ampholyte 2-4 2%, DTT 70mM) for 100mg tissue. The samples were vortexed and incubated for
10min at room temperature and then centrifuged for 45min at 13000rpm, 20°C. The

supernatants were collected, aliquoted and stored at -20°C. The protein concentration was
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measured using the Bradford assay Roti-Nanoquant (Roth, K880.1) in triplicates in 96 well

microtiter plates, using a standard curve of bovine serum albumin of known concentrations.

2.9.2 2DE: IEF and SDS-PAGE

The protocol used here was based on the work of Zimny-Arndt et al..**°

The isoelectric gels
consisted of a 20cm long separation gel (Acrylamide 3.5%, piperazin diacrylamide 0.3%,
ampholyte pH 3.5-10 0.25%, ampholyte pH 2-11 0.25%, ampholyte pH 4-7 1.75%, ampholyte pH
5-8 0.5%, ampholyte pH 6-9 0.25%, urea 9M, glycerin 5%, TEMED 0.06%, APS 0.02%) and a 1cm
long cap gel (idem with acrylamide 12%, piperazin diacrylamide 0.13%). The gels were loaded in
25cm long glass tubes with an inner diameter of 1Imm. The polymerization lasted 3 days at 21°C.
On the top of the gel, 3uL sephadex solution were given (Sephadex solution: 2g Sephadex G200
were incubated in 50mL water 5h at 90°C, supernatant was removed and Sephadex was
incubated in 100mL Glycerin 25% 1h at RT, supernatant was removed and Sephadex was
incubated in 100mL Glycerin 25% 1h at RT again, supernatant was finally again removed. 120uL
aliguots were stored at -20°C; 108mg urea was freshly added to one aliquot, 10uL DDT 1.4M
and 10pL ampholyte 2-11). Protein solution (100ug) was added and finally 5uL of sample
protection solution were added (Urea 5M, glycerin 0.54M, ampholyte 2-4 5%). The upper part
of the tube was filled with anode buffer. The isoelectric focusing was performed at 20°C under
following conditions: 100V 1h, 200V 1h, 400V 16.5h, 600V 1h, 1000V 30min, 1500V 10min,
2000V 5min. Anode buffer was 3M urea, 5% phosphoric acid. Cathode buffer was 9M urea, 5%
ethylendiamine, 5% glycerin. After focusing, geld were removed from the tube and equilibrated
10min in Tris 125mM, glycerin 4.3M, SDS 0,1M, DTT 65mM and finally stored at -20°C.

The second dimension gels contained acrylamide 2.25M, bisacrylamide 13.8mM, Tris 0.3M,
TrisHCL 95mM, TEMED 2.75mM, SDS 3.7mM, APS 3.5mM. The SDS-PAGE gels were polymerized
half an hour at RT, 1mL of SDS protection solution (Tris 1.15M, Tris/HCl 192mM, SDS 3,47mM)
was added on top of the gel and they were further polymerized overnight at 8°C. The SDS
protection solution was removed and the |IEF gel was positioned on the SDS gel, bubble free. A
low melt agarose solution (Agarose low melt 1%, Tris 0.1M, SDS 3,47mM, H3PO4 75mM) was
dissolved at 70°C, cooled at 38°C and applied on the gels and polymerized 15min at RT. The
electrophoresis buffer was Tris 25mM, Glycin 192mM, SDS 0.1%. Electrophoresis lasted 15min
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at 65mA followed by 6h at 160mA in a chamber cooled at 15°C. The gels were then fixed
overnight in ethanol 50%, acetic acid 20%.

For two dimensional western blots (2D-WB), small IEF gels were used (7.5cm) and 50ug of
proteins were loaded. Compared to long gels, sephadex and protection solution were reduced
to 2ulL and the focusing conditions were reduced to 100V 75min, 200V 75min, 400V 75min,
600V 75min, 800V 15min, 1000V 5min. The second dimension electrophoresis lasted 15min at
60V followed by 3h at 110V. All other parameters were similar to the one used for the large

gels. The gels were then treated as for 1D Western Blot (see below).

2.9.3 Silver staining

Gels were silver stained by incubation in the following solutions: incubation solution for 2h
(ethanol 30%, glutaraldehyde 0.5%, sodium acetate 0.5M, sodium thiosulfate 8.6mM), water for
3 times 20min, silver solution for 30min (silver nitrate 5.9mM, formaldehyde 0.0001%), water
for 2 times 10s, development solution for 10min (sodium carbonate 235mM, sodium thiosulfate
52uM, formaldehyde 0.0001%), stop solution 1 for 30min (EDTA 0.05M, thimerosal 0.25mM)
and finally stop solution 2 (EDTA 0.05M).

2.9.4 MS compatible silver staining
Preparative gels were stained with the MS compatible silver staining method developed by

Nebrich et al..*>!

Spots were excised from these gels for identification. Wash solution (20%
Ethanol) for 20min, incubation solution (0,02% sodium thiosulphate) for 1min, water two times
1min, silver solution (0.1% silver nitrate) for 30min, water for 30s, development solution 1 (2,5%
sodium carbonate) for 1min, development solution 2 (2,5% sodium carbonate / 0,02%
formaldehyde / 0,025% thimerosal) for up to 20min and finally stop solution (EDTA 0.05M) for

20min The gels were then stored in water.

2.9.5 Computer Analysis

One gel for each heart (6-9 hearts per group) was scanned on an Umax scanner coupled to
Photoshop 7.0 as 8 bit pictures at 150dpi and compressed as tiff file. Computer-assisted analysis
of the gels was performed with the software Proteomweaver version 3.0.9.9 (Definiens, Munich,

Germany). Spot detection, matching of protein spots, background subtraction and normalization
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were performed by the software. The spots were first matched within the groups. Then
matching was done between the groups: each genotype versus WT, males and females
separately. Thus, each of the three genotypes (ET+/+, eNOS-/- and ET+/+eNOS-/-) was
compared to WT (three comparisons for males and three comparisons for females). The
matched spots were taken into account for analysis. Manual spot matching and spot design
(drawing, growing or shrinking, splitting or merging) has been performed for every gel
afterwards to correct for lack of accuracy of the software. Spots with a difference in average
intensity with a factor of at least 1.6 (up or down versus wild type), new spots or vanished spots
and shifted spots (compared to wild type) were taken into account. Spots had to be present in
at least 80% of the gels to be analyzed. Finally, difference in the spot intensity had to be
statistically significant as computed by the software using a Student’s t-test (significance set for

p<0.05).

2.9.6 Nano Liquid Chromatography-Electrospray Ionization / tandem Mass
Spectrometry (ESI/MS) and protein identification

Protein identification using ESI/MS was performed by the Proteome Factory (Proteome Factory
AG, Berlin, Germany). The MS system consisted of an Agilent 1100 nanolLC system (Agilent,
Boeblingen, Germany), PicoTip emitter (New Objective, Woburn, USA) and an Esquire 3000 plus
ion trap MS (Bruker, Bremen, Germany). Protein spots were in-gel digested by 200ng trypsin per
spot in 50mM Ammoniumbicarbonate, 10% acetonitrile (Promega, Mannheim, Germany)
overnight and applied to ESI/MS ion trap after acidification. After trapping and desalting the
peptides on enrichment column (Zorbax SB C18, 0.3x5mm, Agilent) using 1% acetonitrile/0.5%
formic acid solution for 5min peptides were separated on Zorbax 300 SB C18, 75 pm x 150mm
column (Agilent) using an acetonitrile/0.1% formic acid gradient from 5% to 40% acetonitrile
within 40min. MS spectra were automatically taken by Esquire 3000 plus according to
manufacturer's instrument settings for ESI/MS analyses. Proteins were identified using MS/MS
ion search of Mascot search engine (Matrix Science, London, England) and the Swiss-Prot

152 |imited to the mus

protein database (Swiss Institute of Bioinformatics, Geneva, Switzerland)
musculus species. Variable modifications in search parameters were set to phosphorylation

(serine/threonine), oxidation (methionine), propionamide (cysteine), carbamidomethyl
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(cysteine), sulphinic and sulphonic acid (cysteine). lon charge in search parameters for ions from
ESI/MS data acquisition were set to "1+, 2+ or 3+" according to the instrument's and method's
common charge state distribution. Peptide mass tolerance and fragment mass tolerance were
set to 0.1% and 0.5Da, respectively. Proteins with the highest score were considered to be

properly identified.

2.9.7 Protein classification
The biological function of every identified protein was defined according to the online available

153 panther

evolutionary relationships classification system Panther (http://www.pantherdb.org).
is a public database generated by computational algorithms and classifies proteins according to
their functions, using published scientific experimental evidence and evolutionary relationships.
The biological function of a protein is defined as its function in the context of a larger network

of proteins that interact to accomplish a process at the level of the cell or organism.

2.10 1D Western Blotting

The protein solution, as prepared for proteomics, (25ug) was heated 1min at 95°C in presence
of loading buffer (K929.1, Roth) before loading on an SDS-PAGE gel 10% acrylamide. Stacker gel
(5% (v/v) acrylamide / bisacrylamide, 12,5% (v/v) stacker buffer (1M Tris pH 6,8), 0,1% (w/v)
SDS, 0,1% (w/v) APS, 0,1% (v/v) TEMED); Separation gel (10% (v/v) acrylamide / bisacrylamide,
25% (v/v) buffer (1,5M Tris pH 8,8), 0,1% (w/v) SDS, 0,1% (w/v) APS, 0,04% (v/v) TEMED);
Electrophoretic separation was done under following conditions: 20min 40V, 90min at 90V and
90min at 110 V at 4°C. Molecular weight was visualized by loading on every gel a marker (Page
Ruler SM0671, fermentas). Hydrophobic polyvinylidene difluoride (PVDF) (Amersham Hybond-P,
RPN303F, GE Healthcare) membrane was activated 1min in methanol and incubated as well as
the transfer paper and the gel in transfer buffer (methanol 20%, glycine 175mM, 32mM Tris).
The proteins were transferred onto the PVDF membrane overnight at 4°C under 5 V tension
using semidry transferring equipment (TransBlot SD, BioRad). The unspecific sites were blocked
one hour with Tris buffered saline (TBS) (20mM Tris, 140mM NaCl, pH 7,6), Tween-20 0.1%, Milk
5%. The primary antibodies anti-ETAR (sc33536, Santacruz), ETBR (sc33538, Santacruz), PRDX6
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(ab59543, Abcam), PRDX6SO3 (ab28444, Abcam), PRDX1 (ab41906, Abcam), SODC (ab16831,
Abcam), MYL2 (sc-34490, Santacruz), MCCA (sc-66988, Santacruz), and p-actin (sc1615,
Santacruz), were diluted in TBS-Tween milk 4% and incubated overnight at 4°C. eNOS and iNOS
antibodies were gift from Prof. J. Pfeilschifter. The horseradish peroxidase—coupled anti-rabbit
(NA934V, Amersham Biosciences), anti-goat (P0449, DakoCytomation) immunoglobulin
secondary antibodies were diluted 1/5000 in TBS-T 4% BSA one hour at RT.

Between each detection, the membrane was stripped by incubation with glycine 25mM/SDS 1%
(pH 2) for 30min at 50°C. Every incubation was preceded by three washes with TBS Tween for
10min Immunoreactive sites were visualized using a chemiluminescence detection system (ECL
Mix (1:1 mix: solution A (2,5mM Luminol, 0,4mM p-Coumarinacid in 0,1M Tris-HCI pH 8,5) and
solution B (0,02% (v/v) H,0, in 0,1IM Tris-HCl pH 8,5)). Membranes were exposed to
autoradiography film (8194540, Kodak BioMax Light Film), developed on a developer (Curix 60,
Agfa) and finally scanned at 300dpi as 24bit 256 greyscale pictures on a Canon scanner
(Canoscan 5000F, Canon) and compressed as jpeg files. The band intensity was measured using
the AlphaEaseFC software (Alpha Innotech) for densitometry which takes into account the size
and the darkness of the band. The intensity of each sample was first normalized to a standard

curve loaded an each gel and then normalized to the intensity of B-actin.

2.11 Statistics
Data are presented as mean £ SEM. Comparisons between groups were performed using Mann

Whitney U-test or Student’s t-test. p values < 0.05 were considered significant.
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3 Results

Blood pressure was measured in collaboration with K. Relle using the tail cuff method in three
and nine months old animals. Physiological investigations were performed in collaboration with
Bayer Schering Pharma in the four genotypes, both males and females. These experiments
revealed that ET+/+eNOS-/- and eNOS-/- mice develop high blood pressure compared to WT
and ET+/+ mice. Most importantly, eNOS-/- mice, but not ET+/+eNOS-/-, are characterized by
left ventricular diastolic dysfunctions. In order to understand the morphological and molecular
changes leading to this phenotype, the following experiments have been undertaken in the four

genotypes (WT, ET+/+, eNOS-/- and ET+/+eNOS-/- mice):

- gRT-PCR analysis revealed the ET-1 gene expression pattern in the heart of nine months
animals. ETAR and ETBR gene expression were analyzed by in situ hybridization.

- Western blot analyses were used to quantify the cardiac protein expression level of ETAR
and ETBR as well as eNOS and iNOS in both three and nine months old animals.

- Aortic functions of ET+/+eNOS-/- mice have been precisely described previously.™*

Using
gRT-PCR and WB, the gene expression and protein level of endothelin system
components, eNOS and iNOS were analyzed in aortic tissue from nine months old male
mice.

- Cardiac histological study of nine months old animals has been performed by K. Relle
and is described in details in her doctoral thesis. To analyze the age-related mechanisms,
cardiac morphology and histology of three months old male and female mice were
investigated here.

- The expression pattern of cardiac components of the extracellular matrix
(metalloproteases and collagens) has been revealed by immunohistochemistry in nine
months old animals.

- Finally, in order to define the early molecular mechanisms leading to the phenotype
observed in nine months old animals, a cardiac proteomics study has been undertaken in
three months old male and female animals. The results of the proteomics study have

been confirmed and further investigated in more details with one and two dimensional

western blot analyses for some proteins of particular interest.
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3.1 Quantitative RT-PCR

3.1.1 Cardiac tissue

For the relative quantification of the gene expression of the endogenous as well as the
transgenic ET-1, specific primers were designed for the murine and human preproendothelin-1
cDNAs (mPPET-1 and hPPET-1) and primers binding to both cDNAs (PPET1). Amplification of
genomic DNA was avoided by choosing intron spanning primers. The specificity of the primers
has been verified by loading the PCR products on agarose gels (figure 3). Moreover, the
dissociation curves of real time amplification using the PPET-1 primers showed two peacks,
indicating that these primers bind to both cDNAs. In WT and eNOS-/- animals, amplifications
with mPPET1 and PPET1 primers were similar. No amplification was observed with the hPPET1
primers in WT and eNOS-/- mice. In ET+/+ and ET+/+eNOS-/- mice, both mPPET1 and hPPET1
cDNAs were amplified with the respective primers or both together with PPET1 primers (figure

a).

mPPET1 hPPET1 PPET1

M 12 34 12 3412 34

Figure 3: PCR amplification product on agarose gel using the mouse and human PPET1 specific primers
and primers binding to both cDNA. (1: WT; 2: ET+/+; 3: eNOS-/-; 4: ET+/+eNOS-/-)

Amplification plot  Dissociation curve Amplification plot  Dissociation curve

= hPPET1
= PPET1

eNO0Ss-/- ET+/+eNOS-/-

Figure 4: Representative amplification plots and dissociation curves after gRT-PCR using the mouse and
human PPET1 specific primers and the primers binding to both cDNAs in WT, ET+/+, eNOS-/- and
ET+/+eNOS-/- mice.
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In ET+/+, eNOS-/- and ET+/+eNOS-/- male mice, total ET-1 expression was elevated twofold
compared to WT. In females, only ET+/+ mice have an elevated ET-1 expression (1.8-fold).
Difference between total and murine ET-1 expression indicated that the human transgene
expression participated in 18 to 32% of total ET-1 expression in the transgenic animals. The level
of transgene expression was similar in male ET+/+ and ET+/+eNOS-/-. In female ET+/+eNOS-/-

mice, the level of transgene expression was the half of its level in ET+/+ mice (table 6).

WT ET+/+ eNOS-/- ET+/+eNOS-/-
male female male female male female male female
n 6 6 5 5 6 5 5 5

ET-1 1.0+0.08 1.0%0.09 20+0.07** 18=+0.28 23+044 * 08+010&8 20+019* 1.0+ 0.06

mET-1 1.0+0.18 10+0.14 14+0.15 1.3 +014 23+033 ** 10%0.16 1.5 £ 0.07 * 0.8 +0.23

hET-1 n/a n/a 1.0 + 0.11 1.0 £ 0.11 n/a n/a 0.8 + 0.08 0.5 +0.07 §

Table 6: Cardiac gene expression of total ET-1, endogenous mouse ET-1 and transgene human ET-1
obtained by qRT-PCR in nine months old female and male mice. Data are means * SEM. Mann Whitney’s
U-test: * p<0.05 vs. WT; ** p<0.01 vs. WT; § p<0.05 vs. ET+/+. n/a: not applicable.

3.1.2 Aortic tissue

Because of the contribution of the aorta to maintain cardiovascular functions, gene expression
of transgenic human ET-1 as well as endogenous murine ET-1, ETAR and ETBR receptors, ECE,
iNOS, and eNOS was assessed in aortic tissue of nine months old male mice using qRT-PCR.
Results are illustrated in table 7. Whereas no significant differences regarding all of these
parameters between ET+/+ and WT mice were detected, both groups that carried an eNOS
knock-out (eNOS-/- and ET+/+eNOS-/-) exhibited a significantly enhanced iNOS gene expression
when compared with WT mice. In crossbred mice, expression of all parameters related to the
endothelin system was markedly upregulated when compared with WT controls: Endogenous
murine ET-1 as well as transgenic human ET-1 (compared with ET+/+ mice), ECE, ETAR and ETBR

(Table 7).
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WT ET+/+ eNOS-/- ET+/+eNOS-/-

n 6 6 6 5
ETAR 1.00 + 0.25 0.54 + 0.11 0.95 = 0.24 5.36 + 0,91 *,§,*
ETBR 1.00 £ 0.18 0.56 + 0.10 0.74 £ 0.21 2,65+ 0,73 *,§,1
eNOS 1.00 + 0.19 0.58 + 0.07 n/a n/a
iNOS 1.00 + 0.14 0.75 = 0.04 2.45 + 0,35 *,8§ 3.93 + 0,76 *,88§
mET-1 1.00 + 0.46 0.86 + 0.22 1.78 + 0.66 6.59 + 1,1** §§,t
hET-1 n/a 1.00 + 0.35 n/a 426+ 1,1§
ECE-1 1.00 £ 0.07 0.82 + 0.11 1.33+ 0,12*,§ 1.45 + 0,15%*,§

Table 7: Aortic gene expression of ETAR, ETBR, eNOS, iNOS, mET-1, hET-1 and ECE-1 obtained by qRT-PCR
in nine months old male mice. Data are means + SEM. Mann Whitney’s U-test: * p<0.05 vs. WT; **
p<0.01 vs. WT; § p<0.05, §§ p<0.01 vs. ET+/+, t p <0.05 vs. eNOS-/-. n/a: not applicable.

3.2 In situ hybridization

The technique of in situ hybridization permits the localization of mRNA on tissue slides. Analyses
of digital images of the slides with the program Imagel allowed additionally the relative
quantification of the signal corresponding to ETAR and ETBR mRNA expression in the
myocardium of nine months old animals. In situ hybridization was performed in male WT and
ET+/+eNOS-/- mice.

The two endothelin receptors were found to be typically expressed in cardiomyocytes as well as
in the cardiac vessels (figure 5). No differences were observed concerning the localization of
ETAR and ETBR between the groups. Relative quantification of the signal showed that ETBR, but
not ETAR, was less expressed in the myocardium of ET+/+eNOS-/- mice compared to WT mice
(figure 5B). In the vessels however, it appeared that ETBR expression was similar in both groups

(Figure 5B). A negative control omitting the RNA probe confirmed the specificity of the staining.

42



Results
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Figure 5. In situ hybridization analysis of ETAR (A) and ETBR (B) mRNA expression in cardiac tissue of nine
months old WT (n=5) and ET+/+eNQOS-/- (n=4) male mice. Left panel: myocardium; middle panel cardiac
vessels; right panel: negative control. Bar  100um. a: lumen area, b: media area, c: myocardium. 1:
intima (endothelium), 2: media (smooth muscle), 3: adventia (connective tissue). Quantification of the
signal in the myocardium is shown. Mann-Whitney U-test: * p<0.05.

3.3 Western Blot of ETAR, ETBR, eNOS and iNOS

3.3.1 Cardiac tissue
Expression levels of ETAR, ETBR, eNOS and iNOS have been analyzed by semiquantitative

immunoblotting in cardiac tissue in both three and nine months old groups, in both male and
female mice. In three months old animals, ETAR and ETBR were more abundant in ET+/+ male
mice compared to WT and ET+/+eNOS-/- mice. In female mice, ETAR and ETBR protein level was
more abundant in eNOS-/- mice. In nine months old animals, ETAR expression was similar

between the groups (figure 6A) while ETBR expression was reduced in both eNOS-/- and
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ET+/+eNOS-/- mice independently from sex (figure 6B). In males, ETBR was reduced significantly

in ET+/+ and eNOS-/- mice; in female, however, only in ET+/+eNOS-/- mice (figure 6B).

male female
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-
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i A. 150 * {—
g '
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"TOWT O eNOS-
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Figure 6: WB analysis of ETAR and ETBR in WT, ET+/+, eNOS-/- and ET+/+eNOS-/- male and female three
(A) and nine (B) months old mice. Diagrams show quantification of the intensity of the bands normalized
to B-actin. n=6-8. Values are given as meanzSEM. Mann Whitney U-test: * p<0.05, ** p<0.01.

Western Blot analysis proved the absence of eNOS at the protein level in all eNOS-/- mice
groups (figure 7A). In nine months old animals, eNOS was less abundant in ET+/+ mice
compared to WT, while iNOS was more abundant, without reaching significance though. iNOS
was found to be less abundant in ET+/+eNOS-/- mice compared to ET+/+ and WT, or ET+/+ only

depending on the age (three months old and nine months old, respectively) (figure 7B).
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Figure 7: WB analysis of eNOS and iNOS in WT, ET+/+, eNOS-/- and ET+/+eNQOS-/- male and female three
(A) and nine (B) months old mice. Diagrams show quantification of the intensity of the bands normalized
to B-actin. n=6-8. Values are given as meanzSEM. Mann Whitney U-test: * p<0.05, ** p<0.01.

3.3.2 Aortic tissue

Aortic protein expression of ETAR, ETBR, eNOS and iNOS was analyzed in nine months old male
mice of the four genotypes. In ET+/+ mice, ETAR protein expression was not significantly altered
as compared with WT mice. In eNOS-/- mice, ETAR expression was reduced, whereas in
ET+/+NOS-/- mice, ETAR protein expression was significantly increased (figure 8A). In addition,
ETBR was markedly overexpressed at the protein level in ET+/+eNOS-/- mice compared to WT
mice (figure 8B). eNOS Western blotting confirmed the absence of eNOS protein in eNOS-/-
mice, whereas eNOS protein expression in ET+/+ mice was not significantly altered (figure 8C).
In ET+/+ mice, iINOS protein level was significantly increased. Knock-out of eNOS did not

significantly alter iNOS protein expression (figure 8D).
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Figure 8: WB analysis of ETAR (A), ETBR (B), iNOS (C) and eNOS (D) in aortic tissue of WT, ET+/+, eNOS-/-
and ET+/+eNOS-/- nine months old male mice. The diagrams show the quantification of the band
intensity normalized to B-actin. n=5-6. Data are means + SEM. Mann Whitney U-test: * p<0.05; **
p<0.01.

3.4 Histology

3.4.1 Cardiac interstitial and perivascular ECM deposition

Total ECM deposition in the cardiac muscle was measured after Sirius red staining in three
months old mice. Sirius red binds unspecifically to extracellular matrix proteins and gives
therefore indications on the fibrotic state of the tissue. The role of the cardiac extracellular
matrix is mainly to preserve elasticity of the muscle. Its composition is therefore relevant for the
function of the cardiac muscle. Similarly, the composition of the perivascular matrix has a direct

effect on the ability of the vessel to contract and dilate.
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Male ET+/+, eNOS-/- and ET+/+eNOS-/- mice developed cardiac interstitial fibrosis compared to
WT. This was more pronounced in ET+/+eNOS-/- mice (figure 9). In female mice, there was no
difference between the genotypes. ECM protein deposition was higher in WT and ET+/+ female
mice compared to male littermate, but not in eNOS-/- and ET+/+eNOS-/- mice. Male and female
mice taken together, both ET+/+ and ET+/+eNOS-/- mice developed interstitial cardiac fibrosis
compared to WT (figure 9). The same pattern was observed for the perivascular fibrosis. In that
case, the female ET+/+, eNOS-/- and ET+/+eNOS-/-, however, developed perivascular fibrosis
compared to WT but not males. Similarly to interstitial fibrosis in males, perivascular fibrosis

was more pronounced in crossbred female mice than in ET+/+ and eNOS-/- female mice (figure

10).

WT ET+/+ eNOS-/- ET+/+eNOS-/-
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Figure 9: Interstitial ECM protein deposition. (A) Typical pictures of cardiac sections from WT, ET+/+,
eNOS-/- and ET+/+eNOS-/- male and female three months old mice. Sirius red staining (bar 2 100um,
arrows show ECM protein deposition, (B) Quantification of the signal. n=5-7. Data are means + SEM.
Mann Whitney U-test: * p<0.05, ** p<0.01; # p<0.05, ## p<0.01 vs. male same genotype.
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Figure 10: Perivascular ECM protein deposition. (A) Typical pictures of cardiac sections from WT, ET+/+,
eNOS-/- and ET+/+eNOS-/- male and female three months old mice. Sirius red staining; bar £ 50um; a:
lumen area, b: media area, c: myocardium, arrows show ECM protein deposition, (B) Quantification of
the signal. n=5-7. Data are means + SEM. Mann Whitney U-test: * p<0.05, ** p<0.01; # p<0.05, ## p<0.01
vs. male same genotype.

3.4.2 Cardiomyocyte diameter

Myocyte diameter was assessed using HE staining. Cardiomyocyte diameter is an indicator for
cardiac hypertrophy and is therefore pathophysiologically relevant. In three months old animals,
the ET+/+eNOS-/- mice had enlarged myocytes compared to WT and ET+/+ mice independently
from sex. In eNOS-/- mice, cardiomyocyte diameter was larger in males than in females (figure

11).
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Figure 11: Cardiomyocyte diameter. (A) Typical pictures of cardiac sections from WT, ET+/+, eNOS-/- and
ET+/+eNOS-/- male and female three months old mice. HE staining: nucleus in blue, cytoplasm in bluish-
pink; bar 2 10um; Arrows show the diameter of an encircled cardiomyocyte. (B) Quantification is shown
in the diagrams. n=5-7. Data are means + SEM. Mann Whitney U-test: * p<0.05; # p<0.05 vs. male same
genotype.

3.4.3 Cardiac arteriole morphology

The areas of both the lumen and the media of vessels give an indication on the level of dilation.
These parameters are important for the apprehension of vascular functions, in particular
resistance and blood flow. In three months old ET+/+eNOS-/- male mice, the media area of
small cardiac arteries were smaller than in ET+/+ mice and, by consequence, media-to-lumen
ratio was bigger. In ET+/+ female mice, media area was bigger and media-to-lumen ratio was
smaller than in WT. Male and female taken together, lumen area was bigger in ET+/+ mice
compared to WT and eNOS-/- mice; media-to-lumen ratio was smaller in ET+/+ mice than in
both eNOS-/- and ET+/+ eNOS-/- mice (by trend compared to WT). There were no differences
between WT, eNOS-/- and ET+/+ eNOS-/- mice (figure 12).

49



Results

Lumen area
B male female
%
4,000 4.0007 4.0007
_ _ _ k%
53 0001 53 000+ 53,000-
g g g
g 5 &
g 2.0001 H 2.0007 g 2.0007
£ £ £
3 3 3
1.000] 1.0007 1.0007
o o 0
WT i/ cmosl ET"" WT Ti/1 eNQs/- ETV1 WT LTi/1 eNOs-/- ETV
05-/- eNO5-/- eNO0s-/-
C Media area
male female #
5.0007 55,0001 5.000,0
—4.0007 —4.0001 £4.000,0
£ £ H
§3.000 £3.000 £3.0000
< < <
S = E-
EZUDU’ S 2.0007 EZUUOU
2 2
1.0007 i 1.0001 1.000,0
o [1n nn-
WT CTif1 eNOS /- ET"' WT CTi/1 eNOS/- [T"' WT ETi/1 eNOs-/- T
5-/- 5-4- oNOS/-
D Media to lumen ratio
male female
* %
20 2,00 2.0
£ E ]
S45 E15 845
H 2 §
5 E 5
210 210 210"
= = =
3 H b
Eos Eos Eosi
oo oo oo
WT LTi/1 oNOs-/- ET/ WT T/ cNOS/ ET'f' WT CTi/1 eNOs-/- ETV/1
oNOS-/- oNOS-/-

Figure 12: Cardiac arteriole morphology. (A) Typical pictures of cardiac sections from WT, ET+/+, eNOS-/-
and ET+/+eNOS-/- male and female three months old mice. Elastica-van Giesson staining; bar £ 50um; a:
lumen area, b: media area, c: myocardium. In the vessel wall: 1: intima (endothelium), 2: media (smooth
muscle), 3: adventia (connective tissue). Quantification is shown in the diagrams: (B) lumen area, (C)
media area, (C) media to lumen ratio. n=5-7. Data are means £ SEM. Mann Whitney U-test: * p<0.05, **
p<0.01; # p<0.05 vs. male same genotype.
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3.5 Immunohistochemistry

To understand the molecular mechanisms involved in cardiac fibrosis in nine months old
animals, it was important to analyze some important components of the extracellular matrix.
This was achieved by employing immunohistochemistry using specific antibodies against
metalloprotease 2 (MMP2), metalloprotease 9 (MMP9), collagen | (Col 1), collagen IlI (Col 11I).
MMP2 and MMP9 expression were similar between the four genotypes. Interestingly, both
eNOS-/- and ET+/+eNOS-/- females expressed less MMP9 than the male littermates (figure 13).
In females, but not in males, collagen | was up regulated in ET+/+eNOS-/- in comparison to WT.
WT females expressed less collagen | than WT males, this relation was inverse in ET+/+eNOS-/-.
Collagen Il was moderately but significantly upregulated in ET+/+eNOS-/- independently from

sex (figure 14).
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Figure 13: MMP2 and MMP9 protein expression in myocardium of nine months old WT, ET+/+, eNOS-/-
and ET+/+eNOS-/- mice. (A) Typical pictures of immunohistochemistry. Bar 2 100um. (B) Diagrams show
the relative signal intensity. n=5-6. Data are means + SEM. Mann Whitney U-test: * p<0.05, # p<0.05 vs.
male same genotype.
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Figure 14: Col I and Col Il protein expression in myocardium of nine months old WT, ET+/+, eNOS-/- and
ET+/+eNOS-/- mice. (A) Typical pictures of immunohistochemistry. Bar 2 100um. (B) Diagrams show the
relative signal intensity. n=5-6. Data are means * SEM. Mann Whitney U-test: * p<0.05, # p<0.05 vs. male
same genotype.

3.6 Proteomics

In order to identify proteins that are differentially abundant between the groups, the cardiac
proteome of three months old animals were analyzed using large scale 2DE coupled to ESI/MS.
In this study, the cardiac proteome of each genetically modified mice strain (ET+/+, eNOS+/+
and ET+/+eNOS-/- mice) was compared with WT mice. Males and females were analyzed
separately. Direct comparisons between males and females of the same genotype or between
the transgenic and knock-out animals against each other would have been possible but are not
the object of this thesis. Only for the selected spots analyzed in details in the section “3.6.6.

Validation”, each group was compared statistically to one another.
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3.6.1 2DE: characteristics and reproducibility

On an analytical silver stained 2DE gel, around 1300 protein spots were detected by the
software. The spots were well separated and covered the whole pH (2-11) as well as molecular
weight (10-200kDa) range.

Every step of protein separation was standardized; every solution was produced in sufficient
qguantity for the complete procedure and aliquoted. This ensured a good technical
reproducibility. The biological variability was assessed by comparing the normalized matched
spot intensity between animals from the same genotype. A strong linear correlation was
observed between the biological samples as shown by the values of correlation coefficient (R?)

of around 0.9 (figure 15).

Mouse 1 Mouse 1 Mouse 1
Vs, mouse 2 vs. mouse 3 VS, mouse 4

Figure 15: Evaluation of biological variability. Exemples of correlation analysis of normalized intensities of
matched spots in four WT mice.

3.6.2 Number of differentially expressed spots

In total, 128 protein spots (79 in the males, 61 in the females) have been found to be
differentially abundant in the three different genotypes compared to WT. They were distributed
between the groups as shown in the following Venn diagrams (figure 16). Except for ET+/+ male,
the number of more abundant protein species compared to WT was always higher than the

number of less abundant protein species (figure 17).
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male eNOS-/-vs. WT female eNOS-/-vs. WT
26 (19) 25(16)

ET+/+ vs. WT

28(18) w&w

ET +/+ eNOS-/- vs. WT ET +/+ eNOS-/-vs. WT
Total: 79 (50) 33(25) Total: 61 (35) 25 (16)

Figure 16: Venn diagrams showing the number of differentially abundant protein species in ET+/+, eNOS-
/- and ET+/+eNOS-/- male (left) and female (right) mice compared to WT (n=6-9). Size of the circle is
proportional to the number of protein species. The numbers in parentheses indicate the number of
protein species identified by ESI/MS.
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ET+/+ eNOS-/- ET+/+eNOS-/- ET+/+ eNOS-/- ET+/+eNOS-/-
vs. WT vs. WT vs. WT vs. WT vs. WT vs. WT

Figure 17: Distribution of the differentially abundant protein species in comparison to WT between the
groups. + means more abundant, - means less abundant compared to WT.

3.6.3 Spot identification

77 protein spots have been identified by ESI/MS (50 in the males, 35 in the females). These
spots are highlighted and numbered in the figure 18. In order to achieve better sequence
coverage and thus reveal post-translational modifications, some spots of particular interest

were reanalyzed by MS. An example of an MS output is represented in the figure 19.
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MW (kDa)
150 -

100 -

75

150 -1 - -

®52 - - ‘

pl 2 11
Figure 18: A typical silver stained 2DE gel of the cardiac proteome of mice. 100ug protein have been
loaded on the gel. The differentially abundant protein spots successfully identified by ESI/MS are

encircled and numbered from 1 to 77. MW: Molecular weight, pl: isoelectric point. The numbers
correspond to the table 8.
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Figure 19: Representative ESI/MS ion spectra peptide fragmentation of a peptide (sequence:
GIAGLGDVAEVR) obtained from spot #32 (Glycogen phosphorylase). The y ions (present on peptide
fragments charged on the C-terminus) and the b ions (present on peptide fragments charged on the N-
terminus) are listed. Matches for this sequence are indicated in red.
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3.6.4 Protein classification

The 77 identified spots represented 62 single proteins (45 in males, 30 in females). Their
biological functions have been classified according to the online available Panther database
(table 8). According to the number of proteins in each functional group and their relevance for
cardiac functions, proteins were assigned to the following groups:

- Eight proteins played a role in the regulation of oxidative stress (PRDX1, PRDX3, PRDX6, SODC,
HSPB7, ALDH2, GSTM1 and GSTM2); these proteins were more abundant in genetically modified
animals than in WT.

- Twelve proteins were part of the contractile machinery (ACTA, ACTC, MLRA, GELS, MLRV,
MYL3, DEST, COF1, COF2, SRCA, MYPC3, LDB3).

- Six proteins were involved in fatty acid metabolism (THIM, CACP, FABPH, HCDH, ECHA, and
PECI); these proteins were mainly less abundant in the transgenic and knock-out animals than in
WT.

- Four proteins were involved in glucose metabolism (TPIS, G3P, PYGB and ODPB).

- Six enzymes belonged to the tricarboxylic cycle and the mitochondrial respiratory chain
(MDHC, IDH3A, Q3UQ73, QCR6, COX5B, ATPA).

- Other metabolisms were represented by the following proteins (MCCA, PSDE, SAHH, ALDH2,
ACY1, CAH2, BDH, DHBS8, ETHE1, HCDH, MMSA, NIT2, PSAS5).
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Table 8: List of the differentially abundant protein spots identified by ESI/MS

Results

spot . regulation in male regulation in female
accesion number name abv.
# vs. WT
G ID  Swi ET+/+ ET+/+
ene wiss ET+/+ eNOS-/- / / Biological function
NCBI Prot eNOS-/- eNOS-/-
1 59029 035593 26S proteasome hon—ATPase PSDE . . Prott‘ei-n m‘etabolism and
regulatory subunit 14 modification
Carbohydrate metabolism,
-h i I-CoA h | F i -oxidati
2 227095 Q8QzS1 3 ' ydroxylsFabutyw CoA hydrolase, HIBCH . atty acid beta ox@atnon,
mitochondrial Coenzyme metabolism,
Vitamin biosynthesis
3 52538 Q8BWT1 3—-ketoacyl—‘CoA thiolase, THIM - Other protein metabolism
mitochondrial
4 171210 Q9ONBI Acetyl-coenzymeAsynthetase 2- ACSIL . Fatty acid metaboll.sm,
like Coenzyme metabolism
Exocytosis, Endocytosis,
5 11475 P62737 Actin, alpha 2, smooth muscle, aorta ACTA + Transport, Cytokinesis, Cell
structure
Exocytosis, Endocytosis,
6 11464 P68033 Actin, alpha cardiac muscle 1 ACTC + Transport, Cytokinesis, Cell
structure
7 269378 P50247 Adenosylhomocysteinase SAHH Purine metabolism
8 11669 Ppa7y3g "\dehvde dehydrogenase, ALDH2 - - - Other carbon metabolism
mitochondrial
9 109652 Q99JW2 Aminoacylase-1 ACY1 + Amino acid biosynthesis
10 11946 Q03265 "1 synthase subunitalpha, ATPA . ; ; unclassified
mitochondrial precursor
11 11946 Qo32es A7 SYnthase subunit alpha, ATPA - - - unclassified
mitochondrial precursor
12 12349 P00920 Carbonic anhydrase 2 CAH2 - Other carbon metabolism
Fatty acid metaboli
13 12908 P47934 Carnitine O-acetyltransferase CACP ; atty aclc metabolism,
Amino acid metabolism
14 56431 Q9ROP5 Destrin DEST + + Cell structure
15 12631 P18760 Cofilin-1 COF1 + Cell structure
16 12632 P45591 Cofilin-2 COF2 + Cell structure
17 26754 035864 COP9§|gna|osome complex CSN5 - mRNA transcription
subunit 5
18 66576 Ppogppg CYiochrome b-clcomplex subunit6, ., po Oxidative phosphorylation
mitochondrial
h i it 5B
19 12859 pios3e CYiochromecoxidasesubunitSB, o0 Oxidative phosphorylation
mitochondrial precursor
20 71911 Qgoxno DPeta-hvdroxybutyrate BDH +  Other metabolism
dehydrogenase, mitochondrial
21 13806 P17182 Alpha-Enolase ENOA - Glycolysis
Al
22 14979 P50171 Estradiol 17-beta-dehydrogenase 8  DHB8 ndrogen/estrogene/proge
sterone biosynthesis
And t
23 14979 P50171 Estradiol 17-beta-dehydrogenase 8  DHBS + ndrogen/estrogene/proge
sterone biosynthesis
24 66071 Q9DCMO Protein ETHE1, mitochondrial ETHE1 - Other carbon metabolism
25 276770 Pe3az Cukaryotic translation initiation IF5A1 + + Protein biosynthesis
factor 5A-1
Lipid and fatty acid
transport, Lipid and fatty
26 14077 P11404 Fatty acid-binding protein, heart FABPH  + + acid binding,
Vitamin/cofactor transport,
Steroid hormone-mediated
signaling
Cation t rt, Oth
27 14325 P29391 Ferritin light chain 1 FRILL + ation transport, ther
homeostasis activities
28 227753 P13020 Gelsolin GELS Non-motor actin binding
protein
29 14862 P10649 Glutathione S-transferase Mu 1 GSTM1 + Detoxification
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Table 8: List of the differentially abundant protein spots identified by ESI/MS (continued)

Results

spot . regulation in male regulation in female
accesion number name abv.
# vs. WT vs. WT
G ID  Swi ET+/+ ET+/+
ene wiss ET+/+ eNOS-/- / ET+/+ eNOS-/- / Biological function
NCBI Prot eNOS-/- eNOS-/-
. Antioxidation and free
30 14863 P15626 Glutathione S-transferase Mu 2 GSTM2 + + + + )
radical removal
| Idehyde-3-phosph
31 14433 piegsg Clveeraldenyde-3-phosphate G3p + unclassified
dehydrogenase
32 110078 Q8ClI94 Glycogen phosphorylase, brain form  PYGB + Glycogen metabolism
33 15507 P14602 Heat shock protein beta-1 HSPB1 + +  Stress response
34 29818 P35385 Heat shock protein beta-7 HSPB7 + +  Stress response
Protein metabolism and
modification, Amino acid
Hydroxyacyl-coenzyme A S .
35 15107 Q61425 . X HCDH - activation, Fatty acid beta-
dehydrogenase, mitochondrial oo
oxidation, Carbohydrate
metabolism
Isoci h NAD
36 67834 QopeRy 'SOcitrate dehydrogenase [NAD] IDH3A + Tricarboxylic acid pathway
subunit alpha, mitochondrial
37 56357 QOIHIS Ist')valeryI»C.oA dehydrogenase, VD . Acyl-CoA metabolism,
mitochondrial Electron transport
LIM domain-binding protein 3 Muscle development, Heart
38 24131 Q9JKS4-5 . LDB3 + development, Cell
(isoform 5) -
structure, Cell motility
Muscle devel t, Heart
LIM domain-binding protein 3 uscle development, Hea
39 24131 Q9JKS4-1 . LDB3 + + development, Cell
(isoform 1) -
structure, Cell motility
LIM domain-binding protein 3 Muscle development, Heart
40 24131 Q9JKS4-1 . LDB3 +  development, Cell
(isoform 1) .
structure, Cell motility
41 17449 P14152 Malate dehydrogenase, cytoplasmic MDHC + Tricarboxylic acid pathway
42 17448 pogaag 2late dehydrogenase, MDHM - ; Tricarboxylic acid pathway
mitochondrial
Methyl | CoA |
43 72039 QoomRg "ethvicrotonoyl CoA carboxylase ) ; ; Gluconeogenesis
subunit alpha, mitochondrial
a4 72039 Qoompg Methvicrotonoyl CoA carboxylase ooy - - Gluconeogenesis
subunit alpha, mitochondrial
Methylmalonate—semlalldehyde Amino acid metabolism,
45 104776 Q9EQ20 dehydrogenase [acylating], MMSA - - o .
i : Pyrimidine metabolism
mitochondrial
. . . . Carbohydrate metabolism,
Trifunctional protein subunit alpha, i o
46 97212 Q8BMS1 . R ECHA + + Fatty acid beta-oxidation,
mitochondrial . . —
Amino acid activation
. . . X Carbohydrate metabolism,
Trifunctional protein subunit alpha, R o
47 97212 Q8BMS1 . R ECHA - Fatty acid beta-oxidation,
mitochondrial ) ; —
Amino acid activation
48 17698 P26041 Moesin MOES - Cell structure
49 17897 P09542 Myosin light chain 3 MYL3 + Muscle contraction
Myosi | light chain 2
50 17898 Qoqup4 osin regulatorylight chain 2, MLRA + Muscle contraction
atrial isoform
Muscl traction, Muscl
Myosin regulatory light chain 2, uscle contraction, Muscle
51 17906 P51667 K K . MLRV + development, Cell structure
ventricular/cardiac muscle isoform "
and motility
. . . Muscle contraction, Muscle
Myosin regulatory light chain 2,
52 17906 P51667 R R . MLRV + development, Cell structure
ventricular/cardiac muscle isoform .
and motility
Myosin regulatory light chain 2, Muscle development, Heart
53 17906 P51667 . K . MLRV + development, Cell
ventricular/cardiac muscle isoform -
structure, Cell motility
54 17868 070468 :";:s'”'b'"d'"g protein C, cardiac o3 + Muscle contraction
Y
NADH-ubiqui idoreduct
55 227197 Q3UQ73 ubiquinone oxidoreductase  g3q73 - Electron transport

75 kDa subunit
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Table 8: List of the differentially abundant protein spots identified by ESI/MS (continued)

spot . regulation in male regulation in female
accesion number name abv.
# vs. WT vs. WT
G ID  Swi ET+/+ ET+/+
ene wiss ET+/+ eNOS-/- / ET+/+ eNOS-/- / Biological function
NCBI Prot eNOS-/- eNOS-/-
s6 227197 Qauqyz \APH-ubiquinone oxidoreductase 5 ;5o + Electron transport
75 kDa subunit
57 52633 Q9JHW2 Nitrilase homolog 2 NIT2 - Other carbon metabolism
58 52633 Q9JHW2 Nitrilase homolog 2 NIT2 + Other carbon metabolism
Protein folding, Nuclear
59 268373 P17742 Peptidyl-prolyl cis-trans isomerase A PPIA + + + transport, Immunity and
defense
Protein folding, Nuclear
60 268373 P17742 Peptidyl-prolyl cis-trans isomerase A PPIA + + + transport, Immunity and
defense
61 18477 P35700 Peroxiredoxin-1 PRDXL  +  + o+ * Antioxidation and free
radical removal
62 18477 P35700 Peroxiredoxin-1 PRDX1 s Antioxidation and free
radical removal
63 11757 P20108 Peroxiredoxin-3 PRDX3 + Antioxidation and free
radical removal
64 11757 P20108 Peroxiredoxin-3 PRDX3 " Antioxidation and free
radical removal
65 11758 008709 Peroxiredoxin-6 PRDX6 - - - . Antioxidation and free
radical removal
66 11758 008709 Peroxiredoxin-6 PRDX6  + + + + + 4  Antioxidation and free

radical removal
Peroxisomal 3,2-trans-enoyl-CoA

67 10455 Q9WUR2 | PECI - - - - Fatty acid metabolism
isomerase

68 226041 Q8BZF8 Phosphoglucomutase-like protein5  PGM5 - Monosaccharide

69 26442 Q9Z2U1 Proteasome subunit alpha type-5 PSAS5 + +  Proteolysis

70 68263 Q9D051 Pyruvate dehydrogenase E1 ODPB + Carbohydrate metabolism

71 106393 Q7TQ48 Sarcalumenin SRCA - Muscle contraction, Muscle
development

72 20655 P08228 Superoxide dismutase [Cu-Zn] SoDC + Immunity and defense

73 22139 P07309 Transthyretin TTHY + + unclassified

74 21991 P17751 Triosephosphate isomerase TPIS + Glycolysis

75 21991 P17751 Triosephosphate isomerase TPIS + +  Glycolysis

76 233870 Q8BFR5 Elongation factor Tu, mitochondrial EFTU - Protein biosynthesis

77 22388 088342 WD repeat-containing protein 1 WDR1 - Cell motility

Table 8: List of the differentially abundant protein spots successfully identified by ESI/MS in ET+/+, eNOS-
/- and ET+/+eNOS-/- male and female three months old mice versus WT. The spot numbers refer to the
figure 18. The NCBI gene ID, Swiss Prot protein ID, full name, abbreviation (abv.) are shown. + means an
elevated abundance versus WT of at least 1.6 fold. — means a reduced abundance versus WT of at least
0.625 fold. All results are significant: Student’s t-test p<0.05. The respective biological functions are
shown as given by the classification system Panther.

3.6.5 Observed post-translational modifications

Virtually all proteins are post-translationally modified. Numerous organic residues can be bound
on specific sites of the proteins. In many cases, these modifications play a major role in the
function, three dimensional structure and localization of proteins. They are therefore of high
biological relevance. ESI/MS technology in combination with specialized protein databases is
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able to predict modifications by comparison between the observed and theoretical peptide

mass and in function of the mass of the residues (figure 20).
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Figure 20: Comparison of the N-terminal peptides from two spots identified as Peptidyl-prolyl cis-trans
isomerase A (spots #59 and #60). The mass of the y ions (peptide fragment charged on the C-terminus),
are the same in both spots, the b ions (peptide fragment charged on the N-terminus) are all 42 Da
heavier in the spot #59 (A) than in the spot #60 (B), suggesting the presence of an acetyl group at the N-
terminus. Both peptides lack the initial methionine.
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Analyses of mass spectra revealed post-translational modifications on the following fifteen

protein spots (table 9):

spot # protein modification residue
10 ATPA methylation 5483
15 COF1 triacetylation N-terminal
16 COF2 triacetylation N-terminal
24 ETHE1 ADP-ribosylation S14
29 GSTM1 M1 loss; acetylation N-terminal
37 IVD O-linked glycosylation S32
38 LDB3 M1 loss; acylation N-terminal
39 LDB3 M1 loss; acylation N-terminal
40 LDB3 degradation
46 ECHA oxidation D482
47 ECHA oxidation D482
51 MLRV degradation
52 MLRV degradation
59 PPIA M1 loss; acetylation N-terminal
60 PPIA M1 loss N-terminal

Table 9: Post-translational modifications observed in the differentially abundant proteins. ADP:
adenosine phosphate, M1: initial methionine.

Please note that this list is not exhaustive since the sequence coverage of the proteins is never

complete being between 20% and 60%. The size of the protein on the gels was for MLRV (spot

#51 and #52) and LDB3 (spot #40) smaller than the expected size; the sequencing coverage

indicated that these spots represented degradation products of the protein.

3.6.6 Validation

In this final section of the results, particular attention has been given to a series of proteins

selected for the importance of their functions (oxidative stress, contractibility, and metabolism)

and their particular pattern on 2DE gels (isoelectric shift, molecular weight shift, and additional

spots). By the use of specific antibodies on 2D and 1D Western Blot, | sought to clarify, confirm

and specify some findings from the proteomics study.
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3.6.6.1 Oxidative stress

3.6.6.1.1 Peroxiredoxin-6 (PRDX6)

PRDX6 was found in two different spots (spot #65 and #66) with same molecular weight but
different isoelectric points. The basic form was found only in WT and eNOS-/- mice whereas the
acidic form was found in ET+/+, eNOS-/- and ET+/+eNOS-/- mice but not in WT (figure 21A).
Despite the change in isoelectronic point of PRDX6 between the two spots, no differences were
found comparing the corresponding mass spectra.

Moreover, 2D Western Blot using a specific anti-PRDX6 antibody confirmed the presence of
both spots in eNOS-/- mice, the presence of the acidic form only in both ET+/+ and ET+/+eNQOS-
/- mice. In WT mice, beside the basic form, the acidic form was also visible; this is probably due
to the higher sensitivity of immunoblotting technology compared to silver staining (figure 21B).
2D-WB using an antibody specific for the overoxidized forms of PRDX6 (PRDX6-SO3)
demonstrated that these two spots did not represent overoxidized PRDX6. However, the
presence of two additional spots of higher molecular weight in ET+/+, eNOS-/- and ET+/+eNOS-
/- mice, but not in WT, were detected using the PRDX6-SO3 antibody. The total amount of
PRDX6 (the sum of both spots intensity) was higher in ET+/+, eNOS-/- and ET+/+eNOS-/- male
mice (figure 21A). These results were confirmed by 1D-WB at least by trend, except for male
ET+/+eNOS-/- mice. 1D-WB in nine months old animals revealed the age-related expression
pattern of PRDX6. At this age, PRDX6 was still more abundant in ET+/+ mice compared to WT
(figure 21C).
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Figure 21: (A) Two dimensional gel pictures of the spots identified as PRDX6 (spot #65 and #66) in the
heart of three months old male and female mice. For each group, a typical picture from one heart is
shown. The solid arrow show the acidic form of PRDX6 (only in ET+/+, eNOS-/- and ET+/+eNQOS-/- mice),
the doted arrow shows the basic form of PRDX6 (only in WT and eNOS-/- mice). The diagrams show the
relative intensity of the acidic and basic spots as well as the sum of both. Mann Whitney U-test: *
p<0.05, ** p<0.01. (B) (left) Confirmation of the presence of two spots on 2D WB using an antibody
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against PRDX6. The solid arrow show the acidic form of PRDX6, the doted arrow shows the basic form of
PRDX6 (only in WT and eNOS-/- mice). (right) 2D-WB using an antibody against the overoxidized forms of
PRDX6 (PRDX6-S03). The two additional spots observed in ET+/+, eNOS-/- and ET+/+eNOS-/- mice are in
white circles. (C) 1D-WB analysis of PRDX6 protein abundance in the heart of WT, ET+/+, eNOS-/- and
ET+/+eNOS-/-, male and female three (3Mo) and nine months (9Mo) old mice. The diagrams show the
quantification of the band intensity normalized to B-actin. n=6. Mann Whitney U-test: * p<0.05, **
p<0.01.

3.6.6.1.2 Peroxiredoxin-1 (PRDX1)

PRDX1 was also found in two different spots (spot #61 and #62). In males, the basic form was
more abundant in ET+/+, eNOS-/- and ET+/+eNOS-/- than in WT mice. In females, the acidic
form was more abundant in ET+/+ and eNOS-/- mice; the basic form was more abundant in
eNOS-/- female mice only (figure 22A).

The total amount of PRDX1 (sum of both spots) was also higher in ET+/+, eNOS-/- and
ET+/+eNOS-/- than in WT male mice and was higher in eNOS-/- and ET+/+eNOS-/- than in WT
female mice (figure 22A). Western blot analyses confirmed these results, at least by trend,
except, like PRDX6, for male ET+/+eNOS-/- mice (figure 22B). Western blot analyses showed
additionally that in nine months old ET+/+, eNOS-/- and ET+/+eNOS-/- female, PRDX1
abundance was reduced compared to WT, while no change were observed in male mice (figure

22B).
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Figure 22:(A) Two dimensional gel pictures of the spots identified as PRDX1 (spot #61 and #62) in the
heart of three months old male and female mice. For each group, a typical picture from one heart is
shown. The solid arrow show the acidic form of PRDX1, the doted arrow shows the basic form of PRDX1.
The diagrams show the relative intensity of the acidic and basic spots as well as the sum of both. Mann
Whitney U-test: * p<0.05, ** p<0.01. (B) 1D-WB analysis of PRDX1 protein abundance in the heart of WT,
ET+/+, eNOS-/- and ET+/+eNOS-/-, male and female three and nine months old mice. The diagrams on
the right show the quantification of the band intensity normalized to B-actin. n=6. Mann Whitney U-test:

* p<0.05, ** p<0.01.
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3.6.6.1.3 Superoxide dismutase [Cu-Zn] (SODC)

2DE analysis showed that SODC (spot #72) was more abundant in ET+/+ mice than in WT (figure
23A). 1D Western Blot analysis confirmed this and confirmed that SODC was less abundant in
ET+/+eNOS-/- than in ET+/+ male mice (figure 23B). In nine months old ET+/+ and ET+/+eNQOS-/-
male mice, SODC was more abundant than in WT and eNOS-/-. In females, SODC was less

abundant in the three transgenic and knock-out mice compared to WT (figure 23B).
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Figure 23: (A) Two dimensional gel pictures of the spots identified as SODC (spot #72) in the heart of
three months old male and female mice. For each group, a typical picture from one heart is shown. The
diagrams show the relative intensity of the spots. Mann Whitney U-test: * p<0.05, ** p<0.01. (B) 1D-WB
analysis of SODC protein abundance in the heart of WT, ET+/+, eNOS-/- and ET+/+eNOS-/-, male and
female three and nine months old mice. The diagrams show the quantification of the band intensity
normalized to B-actin. n=6. Mann Whitney U-test: * p<0.05, ** p<0.01.
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3.6.6.1.4 Glutathione S transferase Mu 2 (GSTM2)
An additional spot identified as GSTM2 (spot #30), an antioxidant enzyme, was found in ET+/+

and ET+/+eNOS-/- male and female mice (figure 24), which was not visible in WT.
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Figure 24: Two dimensional gel pictures of the spot identified as GSTM2 (spot #30, arrow) in the heart of
three months old male and female mice. For each group, a typical picture from one heart is shown. The
diagrams show the quantification of the spot intensity. Mann Whitney U-test: ** p<0.01.

3.6.6.2 Contractile machinery

3.6.6.2.1 Myosin regulatory light chain 2, ventricular/cardiac muscle isoform (MLRV)

Three spots have been identified as MLRV. One was at the expected size, 20kDa (spot #53). The
spots #51 and #52 were found below 15kDa indicating degraded forms of the protein. The
sequence coverage of the MS indicated that these spots correspond to the N-terminal half of
MLRYV (figure 25A). These two forms were more abundant in female ET+/+ mice compared to
WT and ET+/+eNQOS-/- mice (figure 25A). 1D-WB using an antibody against the N-terminal part
of MLRV showed that the 20kDa protein was more abundant in eNOS-/- male and female mice,

as well as in ET+/+eNOS-/- female mice, compared to WT (figure 25B).
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Figure 25: (A) Representative two dimensional gel picture of the spots identified as MRLV (spots 51, #52,
#53) in the heart of three months old mice and the corresponding sequencing coverage in red. The
diagrams show the relative intensity of the sum of both spots corresponding to the degraded forms
(<15kDa) in male and female three months old mice. Mann Whitney U-test: * p<0.05, ** p<0.01. (B) 1D-
WB analysis of MRLV protein abundance in the heart of WT, ET+/+, eNOS-/- and ET+/+eNOS-/-, male and
female three months old mice. The diagrams show the quantification of the band intensity normalized to

B-actin. n=6. Mann Whitney U-test: * p<0.05, ** p<0.01.

3.6.6.3 Metabolic proteins

3.6.6.3.1 3-methylcrotonyl-CoA carboxylase alpha subunit (MCCA)

MCCA was found in two spots (spots #43 and #44). Only in eNOS-/- mice, both male and female,

were both spots less abundant than in WT (figure 26A). 2D Western Blot using a specific

antibody against MCCA revealed the presence of four different isoforms. In eNOS-/- mice, two

additional more basic spots were visible (figure 26B).
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Figure 26: (A) Two dimensional gel pictures of the spots identified as MCCA (spots #43 and #44) in the
heart of three months old male and female mice. For each group, a typical picture from one heart is
shown. The diagrams on the right show the relative intensity of the sum of both spots. Mann Whitney U-
test: * p<0.05, ** p<0.01. (B) 2D-WB analysis of MCCA in the heart of WT, ET+/+, eNOS-/- and
ET+/+eNOS-/- three months old mice. The arrows show the additional spots observed in eNOS-/- mice.
The corresponding spots #43 and #44 are indicated.
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4 Discussion

The starting point of the project, even before the crossbreeding of the ET+/+ and eNOS-/- mice,
was the will to elucidate the physiological and molecular mechanisms preventing ET+/+ mice to
suffer from elevation of blood pressure. Because of the recognized potent vasoconstrictive
properties of ET-1, Theuring et al., the initiators of the project in the early 1990s, had expected
an elevation of blood pressure in these mice. Because the endothelin receptors reorganization,
at least in lungs®® and kidneys,® was not sufficient to explain the lack of hypertension, attention
has been paid to probable compensatory effects mediated by molecules from outside the
endothelin system. Representing a reported natural functional antagonist of ET-1, NO was first
assumed to compensate ET-1 actions. In fact, following works on ET+/+ mice demonstrated that
iNOS expression was enhanced in the vasculature and NO bioavailability was elevated in the
kidney and in the vasculature. Most importantly, at the systemic level, elevation of blood
pressure after intravenous injection of L-NAME was more pronounced in ET+/+ mice than wrt.2”
8 The equilibrium between NO and ET-1 seemed to be preserved in ET+/+ mice but at a higher
level. Therefore, the additional inactivation of eNOS, the most important source of NO, in ET+/+
mice was thought to unmask the pure ET+/+ induced phenotype and should have consequently
worsen the cardiac phenotype. To test this hypothesis, ET+/+ mice have been crossbred with
eNOS-/- mice. The four resulting genotypes, WT, ET+/+, eNOS-/- and ET+/+eNOS-/- mice, were
studied by employing physiological, histological and molecular techniques.

Heart catheterization procedure revealed that, while eNOS-/- mice developed diastolic
dysfunctions, ET+/+eNOS-/- mice did not. The left ventricle dysfunctions in eNOS-/- mice were
characterized by a reduced velocity of pressure fall, an elevated left ventricular end diastolic
blood pressure (LVEDP), and a slower cardiac relaxation as shown by reduced relaxation
constant Tau depicting an enhanced heart stiffness. Heart stiffness and high LVEDP are two
symptoms of diastolic dysfunctions, i.e. a reduced ability of the heart to correctly fill because of
defect in relaxing. All these parameters went back to WT level in ET+/+eNOS-/- mice and
relaxation constant Tau was even better in ET+/+ than WT mice. These findings did not only
invalidate the primary hypothesis but strongly suggested that overexpression of ET-1 could be

beneficial for cardiac functions, even in absence of eNOS.
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An eventuality would be that a natural selection over the generations provided the ET+/+eNOS-
/- mice with a natal predisposition for a better cardiac phenotype. However, systolic blood
pressure was elevated in both eNOS-/- and ET+/+eNOS-/- mice but when blood pressure kept
on increasing with age in eNOS-/- mice, this did not happen in ET+/+eNOS-/- mice suggesting
that protective mechanisms took place during the life of the animals.

Kalk et al. previously demonstrated a similar functional effect in ET+/+ mice lacking the
inducible NOS (ET+/+iNOS-/-). These mice are characterized by a better heart stiffness constant
than ET+/+ mice and a lower LVEDP than both ET+/+ and iNOS-/- mice.®’

Analysis performed in Prof. Hocher’s laboratory showed that brain natriuretic peptide (BNP)
serum level was elevated in both ET+/+ and ET+/+eNOS-/- mice, but not in eNOS-/-. BNP,
clinically considered as a biomarker for cardiovascular disease, acts as a vasodilator through the
activation of cGMP production. Cardioprotective effects of BNP can be stimulated by ET-1."*
This could only in part explain why ET+/+eNOS-/- mice displayed better cardiac functions than
eNOS-/- mice. My research aimed at answering this question by exploring the underlying
molecular mechanisms, using particularly a proteomics approach. The results are now being

discussed.

4.1 Expression of ET components

In this thesis, the cardiac expression pattern of ET-1 was first analyzed at the mRNA level by
gRT-PCR. ET receptors expression was analyzed at the mRNA and protein level, by in situ
hybridization and WB, respectively.

In ET+/+ and ET+/+eNOS-/- nine months old male mice, total cardiac ET-1 expression was
enhanced twofold compared to WT (table 6). The expression of the human transgene was
moderate and participated in 18% to 32% of total ET-1 expression depending on the groups
(table 6). ET-1 playing an important role in development,155 a too high level of ET-1 transgenic
expression could have been lethal at birth. In eNOS-/- male mice, endogenous ET-1 was also
more expressed depicting here again the negative feedback of NO on ET-1 expression and
confirming that elevation of ET-1 expression could participate in hypertension in eNOS-/- mice,

as previously suggested by Labonté et al..*®

Thus, at the age of nine months, ET-1 expression
levels were similar between eNOS-/- and ET+/+eNOS-/- mice; however, one should be aware
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that chronic transgenic overexpression of ET-1 must have conditioned both ET+/+ and
ET+/+eNOS-/- mice, but not eNOS-/-. Taking into account the proteome plasticity, this
phenomenon must have physiological consequences. Moreover, mRNA expression does not
reflect necessarily protein level and processing of big ET-1 can be different between the groups.
In female eNOS-/- and ET+/+eNOS-/- mice, ET-1 was less expressed than in males (table 6). This
could reflect the less pronounced cardiac dysfunctions and hypertrophy observed in female
eNOS-/- mice than in males.”> Moreover nNOS and iNOS expressions are enhanced in eNOS-/-
females but not in males, suggesting that females can better compensate eNOS deficiency than
males. nNOS and iNOS derived NO could thus repress ET-1 production in female eNOS-/- mice.*”
In situ hybridization revealed that cardiac expression of ETAR was unchanged in nine months old
crossbred male animals. ETBR mRNA expression, however, was reduced in this group compared
to WT (figure 5), illustrating the higher responsiveness of ETBR than ETAR to stress.”® At the
protein level, WB analysis confirmed these results. ETBR was additionally reduced in eNOS-/-
mice to a similar extent (figure 6). This is in line with previous observations by Labonté et al.,
who showed a reduced ETBR expression and limited response to a selective ETBR antagonist in

the heart of eNOS-/- mice.”® *°

ETBR being responsible for ET-1 clearance, the reduced ETBR
expression in eNOS-/- mice could lead to an elevated responsiveness of ETAR to circulating ET-1.
This question could be clarified by a pharmacological approach using ETBR and ETAR specific
antagonists.

To summarize, expression of ET-1 and its receptors was similar between eNOS-/- and
ET+/+eNOS-/- nine months old mice. Molecular mechanisms induced by the transgenic

overexpression of ET-1 and taking place over time should therefore be responsible for the

physiological differences between these two groups.
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4.2 Histology
4.2.1 Interstitium

4.2.1.1 Matrix protein expression

Because the interstitial extracellular matrix plays a major role in the elasticity of the
myocardium, its composition is closely related to cardiac functions. The analysis of ECM
composition in the different groups brought therefore insights into the molecular mechanisms.
Sirius red staining analyses showed that all three transgenic, knock-out and crossbred male mice
had a stronger ECM protein deposition in the cardiac interstitium than WT mice, when the
female had not (figure 9). Both sexes taken together, ET-1 overexpression promoted ECM
proteins accumulation. This is in line with the potent profibrotic effects of ET-1.%° In nine
months old animals, only ET+/+eNOS-/- mice displayed an elevated matrix protein expression,
which can be explained by the counterregulation of NO on ET-1 profibrotic effects.’

Despite of all this, at this age, cardiac functions were reduced only in eNOS-/- mice. Fibrillar

collagen deposition is responsible for diastolic and systolic dysfunctions,**® **°

and myocardial
stiffening.™®® Collagen I and Ill, the two most important components of the extracellular matrix,
belong to the fibrillar type of ECM proteins. Expression of these two types of collagen remained
however unchanged in older male mice (figure 14). Collagen | was, nevertheless, more
abundant in female ET+/+eNOS-/- mice compared to WT. The other constituents of the matrix
are proteoglycans and basement membrane proteins (e.g. laminin, fibronectin). In males, these
other ECM proteins may play a role in fibrosis without necessarily affecting cardiac functions:

indeed, elevation in laminin expression, but not collagen |, has been reported in cardiac

interstitium of ET+/+ twelve months old male mice.®?

4.2.1.2 Metalloprotease expression

MMPs participate in the breakdown of collagens and their deregulation can lead to collagen
accumulation and matrix restructuration both leading to cardiac dysfunction.'®® MMP2 and
MMP9 are the most relevant proteases in the myocardium and were therefore investigated in
this study. Both sexes taken together, MMP2 and MMP9 expression was similar between the

genotypes of nine months old mice (figure 13).
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In female eNOS-/- and ET+/+eNOS-/- mice, MMP9 expression was reduced compared to males.

%2 The greater

The sex hormone 17B-estradiol activates eNOS induced MMP9 expression.
amount of estradiol production by females could thus explain the greater effect of eNOS
deficiency on MMP9 expression and fibrosis development. Moreover, in case of myocardial
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infarction, MMP9 is less expressed in female than in male mice.”” In smooth muscle cells, the

184 These conflicting results underline the

activity of MMP9 can be however reduced by eNOS.
non linear relationship between MMP expression and activity. Indeed, MMP2 activity but not
expression is reduced after an L-NAME treatment induced NOS inhibition in rat cardiac tissue.'®®
This could additionally suggest that, in the eNOS-/- mice, MMP2 activity was reduced if not its
expression level. To get better insights in these mechanisms, further investigations would
require the measurement of the activity of both MMP2 and MMP9 by applying zymography.

Fibrosis is a highly dynamic process; advanced fibrosis, particularly characterized by a reduction
of fibrillar collagen crosslinking, has a deleterious impact on cardiac stiffness and functions.*®®
7 The data on fibrotic components described here, put on perspective with the cardiac
physiology in the corresponding groups, suggest that the development of fibrosis observed in

ET+/+eNOS-/- mice was not advanced enough to alter cardiac function. This may explain the

dissociation between ECM deposition and diastolic function in this group.

4.2.2 Perivascular area

Perivascular fibrosis is an indicator for vascular dysfunction; it was thus important to take a
closer look at ECM protein deposition in the perivascular area of small intracardiac arterioles. At
the age of three months, perivascular fibrosis affected female ET+/+, eNOS-/- and ET+/+eNQOS-/-
mice, but not males (figure 10). As already shown in the interstitium, differential collagen
deposition occurred between males and females and this could also happen in the vasculature.
Immunostaining technique used here was unfortunately unsuitable for quantification of the
different collagens in the perivascular area because of the heterogeneity of vessel size and
number on the slides between the groups. Perivascular fibrosis is closely related to
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inflammation induced macrophage infiltration.™ Moreover, inflammatory responses are known
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to be regulated by female sex hormones.™” This can therefore explain the more prominent
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perivascular ECM proteins deposition in females than in males. Because of these findings, the

inflammatory status should be closely investigated in the different genetic groups of mice.

4.2.3 Cardiomyocyte diameter
An elevated myocyte diameter is an indication for cardiac hypertrophy, which is an important

cardiovascular risk factor.”®

At the age of three months, eNOS-/- mice showed cardiomyocyte
diameter similar to WT mice, but developed hypertrophy at the age of nine months. This age-
related development is in line with the deterioration of cardiac functions in eNOS-/- mice. In
crossbred animals, a cardiomyocyte enlargement was observed at three months of age (figure
11), but this hypertrophy was abolished at the age of nine months. One could postulate this
reduction of cardiomyocyte size to be the result of a selective loss of hypertrophied myocytes
by apoptosis. This is however questionable because the age-related loss of cardiomyocytes is
responsible for the hypertrophy of the remaining myocytes.'’* Moreover, ET-1 exerts rather
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strong antiapoptotic effects on cardiomyocytes in vivo.”’* On the other hand, the molecular

pathways implicated in the hypertrophic effects of ET-1 in cardiomyocytes have been described

173 Therefore these findings corroborate the hypothesis that, in contrast to eNOS-/-

in details.
mice, ET+/+ and ET+/+eNOS-/- mice developed mechanisms preventing cardiac hypertrophy and
thus function in an age dependent manner. ET-1 is indeed necessary not only for cardiomyocyte
survival but also for normal cardiac function during aging.*”*

Interestingly, in both age groups, female eNOS-/- mice had smaller cardiomyocyte diameter

than males. This confirmed the previous observations by Li et al. describing a strong age-related

cardiac hypertrophy in eNOS-/- male mice but not female.”

4.2.4 Cardiac arteriole morphology

ET-1 overexpression dilated small cardiac arterioles (figure 12). Whereas, at the age of three
months, ET+/+ mice only displayed dilated arterioles, K. Relle showed that, in both ET+/+ and
ET+/+eNOS-/- nine months old mice, lumen and media area were bigger than in WT and eNOS-
/- mice. ET-1 participates in coronary vasculature tone and exerts in this vascular bed a
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constrictive effect. On the other hand, an ET-1 induced vasodilation of the coronary
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vasculature has already been observed in rodents.””> Moreover, the coronary vasculature can

regulate its morphology as reaction to changes in cardiac conditions.'”’

In particular, an
elevated cardiac contraction leads to coronary vasodilation.'’”® Coronary vasodilation improves
coronary blood flow and consequently cardiac functions.'’”® Dilation of arterioles in ET-1
overexpressing mice can be seen as a regulatory mechanism; ET+/+ mice exhibited indeed a
higher cardiac pulsation rate as shown by heart catheterization experiments. The consequent
reduced resistance and enhanced coronary blood flow could participate in the improved cardiac

functions observed in both ET+/+ and ET+/+eNQOS-/- compared to eNOS-/- mice.

4.3 Proteomics

Histological investigations could only in part elucidate the cardiac physiology of ET+/+, eNOS-/-
and ET+/+eNOS-/- mice. In order to get more insight into the early cardiac alteration in protein
abundance explaining the phenotype observed in nine months old ET+/+eNOS-/- mice,
particularly the restored cardiac functions compared to eNOS-/- mice, and to identify the
underlying molecular mechanisms, the cardiac proteome of three months old animals was
analyzed by using a hypothesis-free technique: Two Dimensional Electrophoresis coupled to
Mass Spectrometry. In regard to the age-related pattern observed at the histological level, in
particular concerning the cardiomyocyte enlargement, the molecular changes preventing the
crossbred animals to develop diastolic dysfunctions should have already been initiated at the
age of three months. A proteomics study in old animals would have shown the molecular

consequences of the process, the present study aimed however at depicting the causes.

The method of protein separation applied here offered many advantages. First, the highly
detergent buffer used for protein preparation permitted to collect cytosolic, nuclear as well as
membrane proteins. Secondly, the size of the gels allows the separation of up to 2000 protein
species. More than 1300 protein spots could be visualized after silver staining (figure 18).
Finally, the standardization of the protocol afforded a good technical reproducibility. Moreover,
biological variability within the groups was low (figure 15). On a silver stained gel, protein
species with an abundance of at least 100pg per spot can be visualized. This staining shows a
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dynamic range of only two orders of magnitude.™ Very low abundant proteins are therefore
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not necessary visible and this is one limitation of this staining technique. However, the above
listed characteristics of protein separation and staining together with the compatibility with
mass spectrometry made this protocol convenient. Last but not least, because of its higher
sensitivity and broader dynamic range compared to MALDI/MS, ESI/MS allowed a good
identification rate of low abundant protein spots because of their enrichment in the ion trap.'®*

The primary focus was thus the comparison of eNOS-/- and ET+/+eNOS-/- mice, since these two
lines were functionally clearly different. In this way, the priority was given to the analysis of the
consequences of ET-1 transgenic overexpression on an eNOS-/- background. After identification
and according to their biological functions, the differentially abundant proteins were grouped in
the following four categories representing important biological systems playing a major role in
cardiac functions: oxidative stress, contractibility, hypertrophy, and metabolism (energy and

other metabolisms).

4.3.1 Oxidative stress
Reactive oxygen species (ROS) are produced principally as byproducts of aerobic respiration in

182 ROS are mainly hydrogen peroxide (H,0,), superoxide (O,) and

the mitochondria.
peroxynitrite (ONOO-). At physiological levels, ROS are believed to participate in controlling the
activity of enzymes through site specific post-translational modifications.”®® In
pathophysiological situations, the excessive production of ROS and the inability of the cells to
reduce them via specific enzymes result in oxidative stress; ROS then damage DNA, proteins and
lipids by oxidation. Oxidative stress occurs in numerous cardiovascular pathologies like

> and artherosclerosis.”” The control of ROS abundance is

hypertension,™®* heart failure,'®
therefore of high clinical relevance.

Peroxiredoxins form a family of six recently discovered antioxidant enzymes. They share a
common domain containing an active cysteine, which can be oxidized while peroxide is reduced.
They are then reduced back to the active form by specific thioredoxin reductases. By this way,
they catalyze the reduction of hydrogen peroxide to water and oxygen (figure 27).28% ¥’
Peroxiredoxin-6 (PRDX6) was identified in two spots. The basic form (spot #65) was present in
wild type mice but was not found in ET+/+ and ET+/+eNQOS-/- mice. In these groups, only a more
acidic form (spot #66) was observed. In eNOS-/- mice, both spots were present (figure 21A). 2D-
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WB analysis confirmed these observations using a specific anti-PRDX6 antibody (figure 21B).

Peroxiredoxin-6 exists in different states of oxidation. "%

According to these studies, the
acidic form would correspond to an irreversibly inactive form of the enzyme after overoxidation
of the cysteine 47 at the active site (sulphinic (Cys-SO,) or sulphonic (Cys-SOs) acid) by

° while the

superoxide-derived hydrogen peroxide and appears in case of oxidative stress,®
more basic protein species would represent a reduced form of peroxiredoxin-6 (Cys-SOH) (figure
27). The careful analysis of the spectra didn’t reveal any difference in the mass of the peptide
containing the cysteine 47, even by adding iodoacetamide to the IEF incubation solution, which
protects oxidized sites from reaction with acrylamide. Others could not directly detect oxidation
on the acidic form of PRDX6 either.'® *° Moreover, using an antibody against the overoxidized
forms of PRDX6 (Cys-SO, and Cys-SO3) on 2D-WB showed that none of these spots correspond
to the overoxidized form (confirming the MS data) but revealed the presence of two spots
present in all genetically modified animals but not in WT (figure 21B). The overoxidized forms of
PRDX6 are present in case of an elevated cellular concentration of hydrogen peroxide,
suggesting nevertheless an oxidative stress situation in the genetic modified animals. This
assumption is supported by the fact that transgenic overexpression of ET-1 restricted to the
vasculature, and eNOS deficiency as well as L-NAME induced NOS inhibition increase oxidative

stress in mice 8 191192

Trx

Figure 27: Enzymatic activity of PRDX6. PRDX6-SH: reduced active form. PRDX6-SOH: oxidized form.
PRDX6-SO, and -SOs: irreversibly inactive overoxidized forms. H,0,: hydrogen peroxide, Trx: thioredoxin
reductase.
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If the acidic form represents still a modified but reversible form due to oxidative stress, e.g.

193 the fact that in eNOS-/- mice both

single oxidation (Cys-SOH, sulfenic acid, see figure 27),
forms are still present could be interpreted as a reduced effectiveness of PRDX6 to scavenge
peroxide.

Indeed, glutathionylation catalyzed by glutathione S-transferases seems to be required for

PRDX6 activation.™

A spot identified as glutathione S-transferase mu 2 (GSTM2, spot #30) was
detected in ET+/+ and ET+/+eNOS-/- male and female mice, but not in WT and eNOS-/- mice
(figure 24). Moreover, glutathione S-transferases act as antioxidant enzymes by reducing the
fatty acid hydroperoxides.’”® In spontaneously hypertensive rats, GSTM2 is down regulated
while oxidative stress is increased.™®®

In addition, the small heat shock protein beta 7 (HSPB7, spot #34), also known as cardiovascular
heat shock protein, limits oxidative stress induced cell damage by chaperoning denatured
proteins. Elevation in HSPB7 production is therefore considered as an auto-protective

197,198 LSpB7 was more abundant in

mechanism in cardiac tissue in response to oxidative stress.
both ET+/+ and ET+/+eNOS-/- female mice compared to WT, but not in eNOS-/- mice (table 8).
Finally, the proteomics study revealed that superoxide dismutase-1 (SODC, spot #72) was more
abundant in ET+/+ than in WT mice (figure 23A). Western Blot analysis in nine months old male
mice showed an elevated abundance of SODC in both ET+/+ and ET+/+eNOS-/- mice compared
to WT and eNOS-/- mice (figure 23B). Chronic overexpression of ET-1 seemed therefore to
activate SODC expression and promote the reduction of superoxide.

On the other hand, aldehyde dehydrogenase 2 (ALDH2, spot #8) was less abundant in both
ET+/+ and ET+/+eNOS-/- male mice (table 8). Acetaldehyde is cardiotoxic; ALDH2 is responsible
for aldehyde oxidation and protects thereby from cardiac hypertrophy and contractile

199 Nevertheless, because acetaldehyde is a byproduct of oxidative stress, the

dysfunction.
reduced abundance of ALDH2 induced by transgenic overexpression of ET-1 may be a hint for a

limited oxidative stress in these groups compared to eNOS-/- mice.

All of this suggests that, even though the three genetic modifications seemed to enhance
oxidative stress, ET+/+ and ET+/+eNOS-/- mice developed stress induced molecular mechanisms

to limit oxidative damages, that the eNOS-/- mice did not.
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Hocher et al. showed previously that NO production is elevated in ET+/+ mice and that this
could be beneficial by normalizing blood pressure in these mice.®® The ambivalent role of NO

d.”*’® NO can indeed react with superoxide to form

has been however extensively documente
peroxynitrite. Moreover, in pathological situations, uncoupled eNOS produces preferentially
superoxide rather than NO.”® Kalk et al. already suspected iNOS derived NO to be deleterious in
aged ET+/+ mice.! On the other hand, acute treatment with ET-1 is known to increase
production of superoxide through the activation of NADPH oxidase in cardiomyocytes.?*

The potential reduced production of NO and eNOS derived cytotoxic products due to additional
lack of eNOS in ET+/+ mice together with the protective mechanisms developed by ET+/+ and
ET+/+eNOS-/- mice, as proven by the proteomics analysis, could therefore explain the restored
cardiac functions in ET+/+eNOS-/- compared to eNOS-/- mice. The cytoprotective role of ET-1 in
case of oxidative stress has already been mentioned recently.43 Particularly, the activation of
calcineurin by ET-1 protects against oxidative stress induced apoptosis.”™*

To confirm the relevance of oxidative stress in the genetic models presented here, it would be
of interest in further investigations to test the reversibility of hypertension and the
improvement of cardiac functions in eNOS-/- mice e.g. after a treatment with the ROS scavenger

n-acetylcysteine’® or with melatonin, known for its strong antioxidant properties in the

cardiovascular system.?®

4.3.2 Contractile machinery

In striated muscle, the basic contractile unit is the sarcomere built up of thick and thin filaments
composed of myosin and actin, respectively. Increased intracellular calcium induces interaction
between the filaments using ATP hydrolysis as energy source and triggers thereby contraction.
The thin filament is primarily composed of actin, nebulin, tropomyosin, and troponin. In the
thick filament, myosin is associated with myosin regulatory light chains, myosin binding proteins
and others (figure 28). Changes in the expression or the post-translational state of any of these

proteins can have functional consequences on the contractibility of the muscle.
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Figure 28: Schematic representation of the sarcomere. The proteins found to be differentially abundant
are highlighted.

Myosin regulatory light chain 2 (MLRV) is a crucial member of the contractile machinery in
myocytes. It stabilizes heavy chain myosin of the thick filament and supports the myosin neck
region. MLRV is therefore essential for myofibril assembly and cardiomyocytes contractibility
(figure 28).2°42% |n opposition to the essential myosin regulatory light chain (MYL3), MLRV can
be phosphorylated by the myosin light chain kinase after Ca** stimulation.?®” 2%
Phosphorylation of MLRV reduces time of skeletal muscle relaxation.”®® In the heart, MLRV
phosphorylation increases tension production and decreases stretch activation response of

210 \Whereas its exact role is still disputed, evidences show that a mutation of

cardiomyocytes.
the gene coding for MLRV induces cardiac myopathies.?**

MLRV has been found in three spots (spots #51-53). Two of them represented degradation
products of the protein (spots #51 and #52). These C-terminal parts of MLRV was more
abundant in ET+/+ mice (figure 25A). This indicates that, added to phosphorylation, post-
translational regulation of MLRV function includes degradation. The severed form of MLRV is
unlikely to bind myosin and may lose its function. The presence of degradation products of
sarcomeric proteins (troponin | and MYL3) has been proven in cardiac tissue after

ischemia/reperfusion, particularly.’**> A proteomics study on ET-1 treated cardiomyocytes in

vitro indicates the presence of probable breakdown products of MLRV. In this study, an acute
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ET-1 treatment leads to myocyte hypertrophy and a reduced abundance of the full length
MLRV.?* A truncated form of MLRV, missing the 14 N-terminal aa, has been observed in the
myocardium of rabbit after ischemia/reperfusion; this proteolysis is suspected to participate in
the reduced cardiac functions.”** It is remarkable that, in the ET+/+ mice, the proteolysis at the
C-terminus did not alter cardiac functions at the age of nine months. However, in contrast to an

acute ET-1 treatment,213

ET-1 transgenic overexpression did not lead to myocyte hypertrophy.
Moreover, as revealed by WB analysis using an antibody directed against the N-terminus of
MLRV, MLRV is more abundant in eNOS-/- mice, both sexes, and in ET+/+eNOS-/- females but
not in ET+/+ mice (figure 25B) suggesting a possible correlation between MLRV abundance and
development of cardiac dysfunction. Additionally, the essential myosin regulatory chain (MYL3,
spot #49) was more abundant in ET+/+ male mice (table 8). However, it has been shown that an
acute ET-1 treatment does not change MYL3 abundance in cultivated cardiomyocytes.213

To summarize, these observations brought to light the role of ET-1 and NO in controlling myosin

light chains abundance and post-translational modifications but, at the same time, revealed the

discrepancy between the acute and chronic effects of ET-1 on this system.

The three actin-depolymerizing factor(ADF)/cofilin family members, destrin (DEST, spot #14),
cofilin-1 and 2 (COF1, spot #15 and COF2, spot #16) were more abundant in eNOS-/- male mice.
DEST and, by trend, COF2 were also more abundant in eNOS-/- females compared to WT (table
8). These proteins are actin binding proteins, which twist actin filaments in a way that prevents
phalloidin to bind to actin and sever actin with concomitant generation of free ends; these
processes destabilize actin filaments and enhance actin turnover, respectively (figure 28)."° The

1% The mass spectra

inactive form of cofilins is phosphorylated on serine 3 by the Lim kinase.
indicated that the protein spots for COF1 and COF2 corresponded to the active non-
phosphorylated form (the protein spot for phospho-COF2 has been identified somewhere else
on the 2DE gels but was not differentially abundant). The role of cofilins in sarcomere
disassembly and consequent contractile dysfunction in rat cardiomyocytes has been shown in

206, 217

primary cell culture. This could therefore explain the slower left ventricle relaxation in

eNOS-/- mice compared to the others groups. Moreover, the activation of cofilins through
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dephosphorylation by the protein phosphatase slingshot is enhanced by reactive oxygen
species,218 which was assumed to be more abundant in eNOS-/- mice (see above).

Destrin (spot #14) was additionally more abundant in ET+/+eNOS-/- mice. Its role in cardiac
tissue is however less understood so far.

Finally, myosin binding protein C (MYPC3, spot #54), an essential component of the sarcomere,
permits the stabilization of the thick filament and regulates myosin function during

219

contraction. MYPC3 phosphorylation accelerates myocardium stretch, improves cardiac

functions®® and plays a positive role in heart stiffness.?**

Its greater abundance in ET+/+ female
mice could in part explain the reduced time of relaxation and increased contractility observed in
this group.

Sarcalumenin (SRCA) is not a part of the sarcomere but is responsible for Ca®* buffering in
sarcoplasmic reticulum, which is essential for contraction of the cardiac muscle. SRCA (spot #71)
was less abundant in female eNOS-/- mice than in WT. SRCA deficient mice develop, like eNOS-
/- mice, cardiac dysfunctions characterized by longer cardiac relaxation time tau and reduced
cardiomyocytes contractibility.?*?

In summary, the abundance of several proteins involved in myocyte contractibility is modulated
by ET-1 and NO. Diastolic dysfunction in eNOS-/- mice might be a consequence of an elevated

abundance of proteins from the ADF/cofilin family. Additional transgenic overexpression of ET-1

may restore these changes.

4.3.3 Hypertrophy

The three months old crossbred animals displayed a light cardiomyocyte hypertrophy (figure
11). At the age of nine months, however, this evolution was abolished but a moderate
cardiomyocyte hypertrophy was measured in eNOS-/- mice, only. In this respect, this
observations are in line with the diastolic dysfunction observed in nine months old eNOS-/-

mice, since cardiac hypertrophy is a risk factor for diastolic dysfunction.?*®

On the other hand,
ET-1 is known to induce myocyte hypertrophy and this effect is antagonized by NO.** The fact
that, over time, ET+/+ and ET+/+eNOS-/- mice did not develop hypertrophy could indicate that
protective mechanisms mediated by ET-1 took place.

LIM domain-binding protein 3 (LDB3) is a LIM and PDZ domain containing protein with six

224

isoforms produced by alternative splicing.”™" In ET+/+eNOS-/- male mice, LDB3 (isoform 5, spot
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#38) was more abundant; in ET+/+eNOS-/- female, the isoform 1 (spot #39) and in both ET+/+
and ET+/+eNOS-/- female mice a post-translationally cleaved part of isoform 1 (spot #40) were
more abundant. LDB3 plays a crucial role in the structure and function of the Z-lines in
cardiomyocytes, which link the sarcomeres to one another. Mutations of LDB3 are associated
with cardiac myopathies in human®®® and its cardiac specific genetic deletion in mouse causes
dramatic cardiac dilation.?*® Carbonic anhydrase 2 (CAH2, spot #12) catalyses the hydration of
carbon dioxide and plays a role in cardiomyocyte growth in a mechanism implicating among
others the ET-1/Protein Kinase C pathway; moreover the inhibition of CAH2 reduces and
prevents myocyte hypertrophy in primary mouse cell culture.?”’

The reduced abundance of CAH2 observed in ET+/+ and ET+/+eNOS-/- female mice as well as
the greater abundance of LDB3 could be interpreted as protective mechanisms to prevent

cardiomyocyte hypertrophy, which did not take place in eNOS-/- mice.

4.3.4 Metabolism

The maintaining of cardiac function is extremely energy consuming. Mitochondrial activity and
thus energy production have logically tremendous consequences on cardiac function. The heart
produces around 70% of its energy from fatty acid metabolism. Depending on the substrate
availability, energy needs and pathophysiological situations, the heart can switch to glucose

228

metabolism.””® A switch from fatty acid, low oxygen consuming, to glucose, high oxygen

consuming, metabolism is considered as cardioprotective.??® %3

This switch is complex and can
have functional consequences.?!

The respective roles of ET-1 and NO in energy metabolism have been less investigated in
comparison to their roles in cardiovascular functions and are therefore not clear. Nonetheless,
evidences indicate that NOS inhibition contributes to glucose oxidation at the expense of fatty

acid metabolism.*?

Other studies demonstrate, however, no effects of NO on substrate
utilization in the heart even if NOS blockade enhances oxygen consumption.”** This same study
indicates that both ET-1 treatment and blockade do not change substrate utilization, but ET-1
increases oxygen consumption. Using isolated hearts from salt sensitive rats, others show

increased oxygen consumption after ET receptor blockade.?**
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The current study demonstrated that proteins involved in both fatty acid and glucose

metabolism are differentially abundant in the transgenic, knock-out and crossbred mice.

4.3.4.1 Fatty acid metabolism

The fatty acid pB-oxidation consists of a series of four consecutive catalytic steps:
dehydrogenation, hydration, NAD+-linked dehydrogenation and thiolysis (figure 29). The
degradation of fatty acyl-CoA results in production of acetyl-CoA which enters the tricarboxylic
acid (TCA) cycle. Each step is realized by different enzymes accordingly to the length of the
carbon chain. Some enzymes are monofunctional; others are multifunctional, which means that
they are composed of different subunits, each of them catalyzing different steps.

The proteomics study revealed that six differentially abundant proteins play a role in fatty acid
metabolism (THIM, spot #3; CACP, spot#13; FABPH, spot #26; HCDH spot #35; ECHA, spots #46
and #47 and PECI, spot #67) (table 8 and figure 29). The genes coding for all these proteins are

targets of the transcription factor peroxisome proliferator-activated receptor alpha (PPARa).2*>

236 ppARa is indeed a strong activator of fatty acid B-oxidation. The role of both ET-1 and NO in

the modulation of PPARa effects has been shown in several studies. NO contributes to the

237

protective effects of PPARa after myocardial infarction.”” PPARa can inhibit ET-1 expression,

independently from NO or through the NO-Protein Kinase C pathway.?’**

In general, the
activation of PPARa correlates with a reduction of ET-1 expression and elevation of NO.
Interestingly, in ET+/+eNOS-/- mice, the four differentially abundant PPARa targets are all less
abundant than in WT, suggesting an inhibition of PPARa and consequent reduction of the fatty

acid B-oxidation in this group.
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Figure 29: Schematic representation of the fatty acid B-oxidation. The enzymes found to be differentially
abundant are highlighted.

In ET+/+eNOS-/- female mice, the short chain 3-hydroxyacyl-CoA dehydrogenase (HCDH) was
less abundant than in WT. 3-hydroxyacyl-CoA dehydrogenases catalyze the third step of fatty

220 The trifunctional enzyme subunit alpha (ECHA), which includes the long-chain

acid oxidation.
enoyl-CoA hydratase and long chain 3-hydroxyacyl-CoA dehydrogenase domains (second and
third steps of fatty acid oxidation, respectively) was also less abundant in ET+/+eNQOS-/- female
mice but more abundant in eNOS-/-. In ET+/+eNOS-/- male mice, 3-ketoacyl coenzyme A
thiolase (THIM), the enzyme involved in the last step of B-oxidation, was less abundant than in

WT (figure 29).
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Peroxisomal 3,2-trans-enoyl-CoA isomerase (PECI), essential for unsaturated fatty acid B-
oxidation in the peroxisome but also in the mitochondria,>*! was less abundant in ET+/+ and
ET+/+eNOS-/- male and female mice compared to WT, but not in eNOS-/-.

On the other hand, carnitine O-acetyltransferase (CACP) abundance was reduced in eNOS-/-
mice. Carnitine is essential for the mitochondrial fatty acid oxidation, particularly in the
myocardium, because acyl-carnitine, the product of CACP, is the form of transport of fatty acids
through the different cellular compartments (figure 29). Nevertheless, CACP abundance and
activity is reduced in a model for pulmonary hypertension — where the NO system is

2

compromised — and is associated with a reduced mitochondrial function®*? which can be

responsible for reduced heart functions.?*® Most interestingly, carnitine and acyl-carnitine have

244, 245 It

antioxidant effects on the cardiovascular system, by reducing lipid peroxide formation.
was suggested above that eNOS-/- mice showed a reduced ability to scavenge peroxide.
Taken together, these data would indicate that fatty acid metabolism is refrained in the
ET+/+eNOS-/- mice compared to the other groups, particularly compared to eNOS-/- mice.
Because cardiac functions were maintained in ET+/+eNQOS-/- mice, one could expect that the

reduced utilization of fatty acid had for consequences a higher glucose metabolism, which is

cardioprotective; this will be discussed in the next paragraph.

4.3.4.2 Glucose metabolism

The myocardium produces only 30% of its energy from glucose but in pathological situations
this metabolism is preferred because of its better efficiency.

Four proteins involved in glucose metabolism were more abundant in the different genetic
models: TPIS (spots #74) und G3P (spot #31) in ET+/+ male and female, respectively; TPIS (spot
#75) in eNOS-/- female; and PYGB (spot #32), ODPB (spot #70) and TPIS (spot #75) in

ET+/+eNOS-/- male and female respectively (table 8 and figure 30).
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Figure 30: Schematic representation of the glycolysis. The proteins found to be differentially abundant
are highlighted.

In ET+/+eNOS-/- mice, three enzymes responsible for glucose metabolism were thus more
abundant, in eNOS-/- mice only one.

ODPB is a subunit of the pyruvate dehydrogenase complex (PDH), which catalyses the last step
of glycolysis before acetyl CoA enters the TCA cycle (figure 30). Activation of PDH enhances

246 ODPB has been shown to be

248

glucose oxidation and consequently improves cardiac function.

247
In

repressed by NO.”™ In addition, glycolysis correlates positively with ET-1 expression.
ET+/+eNOS-/- male mice ODPB is indeed more abundant.

Triosephosphate isomerase (TPIS) was more abundant in ET+/+ male and in both eNOS-/- and
ET+/+eNOS-/- female mice compared to WT. TPIS facilitates glycolysis by converting
dihydroxyacetone phosphate into glyceraldehyde-3-phosphate and is therefore important for
an efficient energy production (figure 30). ET-1 overexpression additionally enhanced the
abundance of G3P, promoting this way glycolysis.

Finally, glycogen phosphorylase (PYGB), more abundant in ET+/+eNOS-/- mice, catalyses the
first step of glycogenolysis (figure 30). Chronic pharmacological eNOS blockade leads to a
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reduction in glycogen phosphorylase activity in the myocardium,?*® however ET-1 is capable of

activating glycogen phosphorylase and therefore promotes glycogenolysis.?*°

In 12 months old eNOS-/- mice, a microarray study revealed that several genes involved in
glycolysis are overexpressed while genes coding for enzymes responsible for fatty acid

103 A similar effect was observed in the present

metabolism are repressed compared to WT mice.
study but to a lesser extent, most probably because the mice analyzed in the proteomics study
were younger.

Many studies describe a positive correlation between cardiac glucose metabolism and ET-1 gene
expression and plasma levels in cardiovascular diseases. These studies often define ET-1 as an
agent promoting, or at least participating in the pathology.248‘ 251253 |n ET+/+eNOS-/- mice,
relatively to the restored cardiac functions compared to eNOS-/- mice, one would rather
consider ET-1 as a factor favoring glycolysis, and therefore contributing to a better energy
efficiency and consequent improvement of cardiac functions.

Indeed, in pathological situations, the cardiac muscle switches to a glucose metabolism because
of its greater efficiency compared to fatty acid metabolism. This phenomenon prevents from
cardiac dysfunctions. Many classes of drugs targeting the energy metabolism are under
investigations in several cardiovascular applications. The aim of this therapeutic approach is to
reduce fatty acid metabolism and simultaneously enhance glycolysis. For example,
dichloroacetate, a drug which promotes glycolysis, can be beneficial for cardiac functions after

246

ischemia/reperfusion.”™ In patients with heart failure, a class of 3-ketoacyl coenzyme A thiolase

(THIM) inhibitors enhances left ventricular function by favoring glucose metabolism.*>*

Malonyl
CoA reduces cardiac fatty acid pB-oxidation, through the inhibition of carnitine
palmitoyltransferase 1 (CAT), the enzyme responsible for the transit of fatty acids into the
mitochondria. Agents which either enhance malonyl CoA concentration or directly inhibit CAT
can be beneficial in models of cardiac ischemia/reperfusion.255

In ET+/+eNOS-/- mice, glycolysis was favored, which was not the case, or at least to a lesser

extent, in eNOS-/- mice. In conclusion, these findings might contribute to the restored cardiac

functions in the crossbred animals compared to eNOS-/- mice.
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In order to confirm these conclusions, it would be of interest to target pharmacologically
enzymes of the fatty acid and glucose metabolism. One hypothesis would be that inhibition of
THIM by a trimetazidine treatment could be beneficial for cardiac functions in eNOS-/- mice. An
improvement of cardiac functions in eNOS-/- mice after treatment with dichloroacetate, an
activator of the mitochondrial PDH complex, which is more abundant in ET+/+eNOS-/- mice,

would also confirm these observations.

4.3.4.3 TCA cycle and oxidative phosphorylation

The glucose and fatty acid metabolic pathways converge both to the TCA cycle. The TCA cycle
produces a form of usable energy, NADH, from the acetyl-CoA synthesized during glycolysis and
fatty acid B-oxidation. The TCA cycle is followed by the oxidative phosphorylation, which
produces ATP using NADH as electron donor (figure 31).

Malate dehydrogenase, (MDHC, spot #41) and the alpha subunit of isocitrate dehydrogenase
(IDH3A, spot #36), two enzymes of the TCA cycle, were more abundant in ET+/+eNOS-/- male
mice, suggesting a higher energy production in this group compared to WT.

The oxidative phosphorylation is carried out by five complexes of enzymes (complexes 1-V)
schematically represented in the figure 31. The complex | subunit NADH-ubiquinone
oxidoreductase 75kDa (Q3UQ73, spot#55) was less abundant in male ET+/+ but more abundant
in ET+/+eNOS-/- male mice (spot #56), the complex IIl subunit QCR6 (spot #18) and complex IV
subunit COX5B (spot #19) were also more abundant in ET+/+ mice, females and males,
respectively. ATP synthase subunit alpha (ATPA spots #10 and #11), however, was less abundant
in all three male ET+/+, eNOS-/- and ET+/+eNOS-/- mice (table 8 and figure 31).

In an acute model for heart failure, ETAR blockade has been shown to increase activity of
complex Ill and V of the respiratory chain, thus improving mitochondrial function.?*® Moreover,
ET-1 potentiates mitochondrial dysfunction in an in vitro model, but ET-1 alone does not

decrease mitochondrial activity.
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Figure 31: Schematic representation of the mitochondrial oxidative phosphorylation. Proteins found to
be differentially abundant are highlighted.

On the other hand, in the same study, glucose uptake is dramatically enhanced by ET-1.%*’

Finally, another study reveals that ET-1-induced protection of apoptosis is not due to an
improvement of oxidative phosphorylation in cardiomyocytes.?*®

The role of NO on cardiac mitochondrial respiration is at least as controversial as ET-1’s. NO can
inhibit directly different enzymes of the respiratory chain by competing with oxygen and could

259

therefore participate in a tonic control of the respiratory chain.”” However, in the isolated

mouse heart, a bradikinin-induced fivefold elevation in eNOS activity does not alter oxygen

260 Others showed that bradikinin reduces oxygen consumption in the isolated

consumption.
mouse heart and this effect is blunted in the heart from eNOS-/- mice, even though they
observe no differences in oxygen consumption between eNOS-/- and WT mice.”®

From these data, it becomes evident that ET-1 and NO play a role in controlling energy
metabolism. The discrepancies between the studies must depend on the animal model used,
the pathological situation, and ET-1 and NO doses. The data presented here demonstrated that

ET-1 overexpression mostly enhanced the abundance of proteins involved in TCA cycle and

oxidative phosphorylation, even in the absence of eNOS. The gross effects on ATP production
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and oxygen consumption as well as the enzymatic activity of the respiratory chain remain to be

investigated.

4.3.4.4 Other metabolisms

Beside energy metabolism, the proteomics study revealed changes in the abundance of proteins
participating in various other metabolisms. In this last section, some examples likely to explain
the functional differences between eNOS-/- and ET+/+eNOS-/- mice on the bases of their
relevance in cardiovascular pathology will be described in more details.

Methylcrotonoyl CoA carboxylase subunit alpha (MCCA) participates in the catabolic process of
the essential amino acid leucine. MCCA was found in two spots (spots #43 and #44). Only in
eNOS-/- mice both spots were less abundant than in WT (figure 26A). Clinical studies proved the
link between MCCA deficiency and cardiomyopathy, which is moreover associated with

carnitine deficiency.?®?

2D-WB using an anti-MCCA antibody revealed the presence of two
additional isoforms in eNOS-/- mice only, suggesting that rather the post-translational state
than the amount of MCCA is modified (figure 26B). Immunoblotting is a much more sensitive
method than silver staining, explaining why these additional spots were not seen on the large
2DE gels. Mass spectrometric analysis of the correspond region of the gel revealed however a
low abundance of MCCA. The low sequence coverage unfortunately did not allow the
identification of differential post-translational modifications compared to the other spots.

The adenosine synthase adenosylhomocysteinase (SAHH, spot #7) was less abundant in eNOS-/-
female mice. Being a precursor of ATP synthesis, adenosine can prevent cardiac dysfunction
through an amelioration of energy production.?®®> Additionally, adenosine reduces free radical

production and is for this reason also cardioprotective;***

as already shown above, eNOS-/-
mice may be less capable to scavenge free radicals.

Protein ETHE1 (ETHE1, spot #24) is a mitochondrial sulfur dioxygenase, for which a physiological
relevance is not well established yet. ETHE1 genetic deficiency in mice is however toxic because
of a sulfide accumulation in muscle.?®> Moreover ETHEL expression positively correlates with

256 ETHE1 was less abundant in eNOS-/- male

oxygen consumption in human skeletal muscle.
mice. This is another indirect argument in favor of a limited energy production in this group.

These observations would indicate that amino acid, purine and sulfur metabolisms were
differently affected in eNOS-/- mice compared to WT and that overexpression of ET-1 restored
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these changes in ET+/+eNOS-/- mice. Once again, these data are indications for the
understanding of the molecular mechanisms involved in the improvement of cardiac functions

observed in ET+/+eNOS-/- mice compared to eNOS-/-.

4.4 Conclusions

The study of vasoactive substances and their roles in maintaining cardiovascular functions is of
prime importance to further understand pathophysiological situations. Animal models are
important tools to dissect the molecular processes involved in pathological developments in
vivo. Therefore, in this study, the role of ET-1 and NO on cardiovascular functions have been
investigated using genetically manipulated mice.

At the morphological and molecular level, this study showed that transgenic overexpression of
ET-1 can drive processes which protect from development of cardiac dysfunctions, even in
absence of eNOS. Dilation of coronary arterioles and prevention of myocyte hypertrophy as well
as a better reduction of oxidative stress and switch from fatty acid to glucose metabolism are
the main mechanisms explaining the improved left ventricular diastolic functions measured in
ET+/+eNOS-/- mice, compared to eNOS-/- mice. Even if elevated concentration of ET-1 is often
associated with cardiovascular disease, the fact that transgenic mice are constantly exposed to
higher level of ET-1 apparently led them to develop protective compensatory mechanisms. This
phenomenon describes the plasticity of the proteome and the importance of ET-1 in the
homeostatic control.

These observations may not be restricted to cardiac tissue. Experiments currently ongoing in
Prof. Hocher’s laboratory showed that transgenic overexpression of ET-1 on an eNOS-/-
background also ameliorates kidney functions, even though the renal phenotype of ET+/+ mice
is severe.

The study of the ET+/+eNOS-/- mice, brought to light novel mechanisms involving ET-1 on the
control of cardiovascular functions. The cardioprotective effects of ET-1 described here may

explain the moderate clinical benefit of ET antagonists in heart failure.
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5 Summary

The hormone Endothelin-1 (ET-1) exerts vasoconstrictive, inotropic, fibrotic and mitogenic
effects on the cardiovascular system through the activation of ET receptor A. On the other hand,
activation of ET receptor B stimulates the endothelial nitric oxide synthase (eNOS); NO presents
strong vasodilative and cardioprotective properties and represses ET-1 expression. The clinical
relevance of this delicate interplay has been acknowledged because of its implication in many
cardiovascular diseases, such as pulmonary arterial hypertension, systemic hypertension, and
coronary artery disease. However, the underlying molecular mechanisms remain to be fully
clarified.

ET-1 transgenic (ET+/+) mice develop pulmonary, cardiac and renal fibrosis, glomerulosclerosis
and decreased glomerular filtration rate. However, in spite of the strong vasoconstrictive
feature of ET-1, ET+/+ mice remain normotensive. The natural functional antagonist of ET-1, NO,
was assumed to counteract the ET-1 effect on blood pressure in ET+/+ mice. To test this
hypothesis in vivo, ET+/+ mice were crossbred with eNOS knock-out (eNOS-/-) mice. Similar to
the eNOS-/- model, the ET+/+eNOS-/- mice develop high blood pressure compared to wild type
(WT) and ET+/+ animals. However, at the age of nine months, the eNOS-/-, but not ET+/+eNOS-
/- mice, are characterized by diastolic dysfunction. These findings suggested that transgenic
overexpression of ET-1 on an eNOS-/- background could be beneficial for diastolic functions.

In this thesis, it is shown that cardiac ET-1 gene expression was elevated in both eNOS-/- and
ET+/+eNOS-/- mice compared to WT at the age of nine months with no significant difference
between these groups. This suggests that the functional differences observed between eNOS-/-
and eNOS-/-ET+/+ animals are due to the chronic overexpression of ET-1 mediated by the
transgene, which may have conditioned ET+/+eNOS-/- animals over time to prevent the
development of diastolic dysfunction. In line with this, eNOS-/- animals displayed normal
cardiomyocyte diameters at the age of three months, but developed cardiac hypertrophy at the
age of nine months, whereas ET+/+eNOS-/- mice showed enlarged cardiomyocytes at the age of
three months that were not detectable in animals nine months of age. Histological analysis
showed that cardiac arterioles were dilated in both ET+/+ and ET+/+eNQOS-/- mice compared to

WT and eNOS-/- mice. By enhancing blood flow, this could be beneficial for cardiac functions.
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In order to dissect the molecular changes underlying this phenomenon, the cardiac proteome of
the different genotypes were compared to WT using two-dimensional electrophoresis coupled
to mass spectrometry. Because these changes may take place early in the life of the animals,
three months old animals were analyzed. The proteomics study revealed that transgenic
overexpression of ET-1, with or without eNOS, led to a higher abundance of proteins regulating
oxidative stress indicating that, in contrast to eNOS-/- animals, ET+/+ and ET+/+eNOS-/- mice
developed molecular mechanisms limiting oxidative damages. Moreover, diastolic dysfunction
observed in eNOS-/- mice may be explained by the differential abundance of proteins involved
in the contractile machinery. Overexpression of ET-1 in eNOS-/- mice restored these changes
and may have thereby benefited the cardiac functions. Finally, this study indicated that a shift
from fatty acid to glucose metabolism, considered as cardioprotective, may have occurred to a
greater extent in crossbred animals than in eNOS-/- mice.

Taken together, this study showed that transgenic overexpression of ET-1 in mice can have
beneficial effects on cardiac function, even in the absence of eNOS, by modulating various
systems (oxidative stress, contractile machinery, and energy metabolism). The clinical relevance
of these findings should be confirmed by analyzing the impact of a pharmacological interference
with these systems on cardiac function. Finally, the fact that additional overexpression of ET-1
restored the deleterious effect of eNOS deficiency underlines the importance of the interplay

between the two systems in the heart of mice.
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6 Zusammenfassung

Endothelin-1 (ET-1) ist ein Peptidhormon, das durch Aktivierung des ET-1 Rezeptors A
vasokonstriktorische, inotrope, fibrotische und mitogene Effekte im kardiovaskularen System
vermittelt. Gleichzeitig stimuliert Aktivierung des ET-1 Rezeptors B die endotheliale
Stickstoffmonoxid-Synthase (eNOS), wobei NO starke vasodilatative and kardioprotektive
Eigenschaften aufweist und die ET-1 Expression hemmt. Aufgrund seines wesentlichen
Einflusses auf zahlreiche Erkrankungen des kardiovaskuldaren Systems wie zum Beispiel die
pulmonal-arterielle und systemische Hypertonie oder die koronare Herzerkrankung ist dieses
fein abgestimmte Gleichgewicht von erheblicher klinischer Relevanz; die zugrundeliegenden
molekularen Mechanismen konnten bislang jedoch nur unvollstandig identifiziert werden.

In vorangegangenen Arbeiten konnte gezeigt werden, dass transgene Mause mit einer ET-1
Uberexpression eine pulmonale, kardiale und renale Fibrose sowie eine Glomerulosklerose mit
verminderter glomeruldrer Filtrationsrate entwickeln. Interessanterweise zeigen diese Tiere
jedoch trotz der bekannten vasokonstriktorischen Effekte von ET-1 keine Hypertonie. Um die
Hypothese, dass dies auf eine Antagonisierung der ET-1 Wirkung durch NO zuriickzufiihren ist,
in einem in vivo System zu Uberpriifen, wurden ET+/+ Mduse mit eNOS knock-out Tieren (eNOS-
/-) gekreuzt. Analog zum Phdnotyp der eNOS-/- Tiere zeigte sich in diesem kombinierten
ET+/+eNOS-/- Modell eine arterielle Hypertonie. Wahrend eNOS-/- Mduse jedoch im Alter von
neun Monaten eine diastolische Dysfunktion entwickelten, waren diese Verdnderungen im
kombinierten ET+/+eNOS-/- Modell nicht nachzuweisen, so dass sich damit Hinweise fiir einen
moglichen protektiven Effekt der ET-1 Uberexpression auf die diastolische Funktion ergaben.

In der vorliegenden Arbeit wird gezeigt, dass sowohl eNOS-/- als auch ET+/+eNQOS-/- Tiere im
Alter von neun Monaten eine im Vergleich zu Wildtypkontrollen erhéhte ET-1 Expression zeigen,
die sich zwischen diesen Gruppen nicht signifikant unterscheidet. Dies deutet darauf hin, dass
die funktionellen Unterschiede zwischen beiden Modellen darauf zurtickzufiihren sein kénnten,
dass die Expression des ET-1 Transgens in ET+/+eNOS-/- Tieren zu einer bereits frih
beginnenden ET-1 Uberexpression fiihrt, wihrend sich dies in eNOS-/- M3usen erst im Verlauf
entwickelt. Eine chronische ET-1 Uberexpression kénnte so im kombinierten ET+/+eNOS-/-
Modell zu einer Konditionierung der Tiere fiihren, die im weiteren Verlauf die Entwicklung einer

diastolischen Dysfunktion verhindert. Dies wird durch die Beobachtung unterstiitzt, dass eNOS-
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/- Tiere im Alter von drei Monaten normale Kardiomyozytendurchmesser aufweisen, im Alter
von neun Monaten jedoch eine kardiale Hypertrophie entwickeln, wahrend eine im Alter von
drei Monaten in ET+/+eNOS-/- Mausen nachweisbare VergroBerung der
Kardiomyozytendurchmesser in neun Monate alten Tieren nicht mehr nachweisbar ist.
Histologisch zeigte sich dartiber hinaus im Vergleich zu Wildtyp-Kontrollen und eNOS-/- Tieren
sowohl in ET+/+ als auch in ET+/+eNOS-/- Mausen eine Dilatation kardialer Arteriolen, so dass
eine vermehrte myokardiale Durchblutung zu den beobachteten funktionellen Unterschiede
beitragen konnte.

Um die molekularen Mechanismen, die diesen Beobachtungen zugrunde liegen, zu analysieren,
erfolgte ein Vergleich des kardialen Proteoms jeder Genotypen mit Wildtyp Kontrollen durch
zweidimensionale Elektrophorese in Kombination mit Massenspektrometrie. Hier zeigte sich,
dass die Uberexpression von ET-1 sowohl im Wildtyp als auch im eNOS -/- Hintergrund zu einer
hoheren Expression von Proteinen der oxidativen Stressantwort fihrt. Dies deutet darauf hin,
dass ET+/+ and ET+/+eNOS-/- Tiere im Gegensatz zu eNOS-/- Mdusen molekulare Mechanismen
entwickelt haben, um Schaden durch oxidativen Stress zu limitieren. Darliberhinaus war die
beobachtete diastolische Dysfunktion in eNOS-/- Mausen mit Anderungen in der Expression von
Proteinen, die bei der Regulation kontraktiler Prozesse eine Rolle spielen, assoziiert. ET-1
Uberexpression fiihrte in eNOS-/- Tieren zu einer Antagonisierung dieser Verdnderungen.
SchlieBlich zeigte sich in diesen Untersuchungen, dass im ET+/+eNOS-/- Modell im Gegensatz zu
eNOS-/- Tieren in hdéherem MaRe eine Verschiebung vom Fettsdaure-Metabolismus zur
vermehrten Glukose-Utilisation erfolgt, die als kardioprotektiv betrachtet wird.
Zusammenfassend wird in der vorliegenden Arbeit damit gezeigt, dass eine chronische
Uberexpression von ET-1 in M3usen durch die Modulation verschiedener Systeme (oxidativer
Stress, Kontraktionsprozesse, Energiemetabolismus) auch in Abwesenheit der eNOS protektive
Effekte auf die kardiale Funktion haben kann. Untersuchungen zum Einfluss einer
pharmakologischen Modulation dieser Systeme auf kardiale Funktionsparameter kénnten dazu

beitragen, die klinische Relevanz dieser Beobachtungen zu liberpriifen.
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