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Abstract

Background: The endothelium is the indispensable paracrine organ whose function is
closely related to the bioavailability of nitric oxide (NO) — a key player in endothelium-
dependent relaxation. A convincing body of literature identified decreased endothelium-
dependent flow-mediated dilation (FMD) in patients with aortic valve stenosis (AS), widely
used as a read-out for NO bioavailability. The morphological alterations of the aortic valve
promote an increase in left ventricular afterload and turbulent blood flow in the ascending
aorta. These turbulences result in increased shear stress on red blood cells (RBCs), which
were shown to be in the threshold range for subhemolytic alterations of the RBCs membrane
and an increase in cell-free hemoglobin (Hb). However, the underlying mechanisms driving
impaired endothelium-dependent relaxation in AS are complex and still not fully understood.
Hypothesis & Aims: This work hypothesized that aortic valve stenosis affects vascular
endothelial function by reduced NO bioavailability due to turbulent blood flow conditions
in the ascending aorta. Therefore, the global aim of the present work was to elucidate
endothelial function in an experimental model of AS.

Methods: Male C57BL6 mice were subjected to wire-injury of the aortic valve to induce
AS. Characterization of transvalvular blood flow, cardiac function and valvular alterations
were conducted by echocardiography, magnetic resonance imaging, or histology,
respectively. FMD studies were used to assess endothelial function in vivo, whereas wire-
myography was used to examine endothelium-dependent relaxation in isolated segments of
the aorta and femoral arteries. RBCs integrity was assessed by blood count, flow cytometry,
cell-free Hb levels and ectacytometry.

Results: Manipulation of the aortic valve caused restricted aortic valve opening with a
significant increase in pressure gradients across the valve and turbulences in the ascending
aorta. LV function was preserved with mild hypertrophy of the myocardium. Histological
analysis revealed significant thickening of the aortic valve with fibrosis and infiltration of
macrophages. Importantly, we observed a significant impairment of FMD in AS animals.
Administration of haptoglobin, the physiological scavenger of cell-free Hb, improved FMD
in AS animals. In contrast, ex vivo vascular reactivity studies showed fully preserved
acetylcholine-induced relaxation responses in the femoral artery. Moreover, the analysis of
vascular reactivity in isolated aortic segments revealed impaired NO-mediated relaxation
responses in mice with AS. In addition, aortic eNOS protein expression levels were
significantly elevated in AS animals with a concomitant decrease in GSH/GSSG ratio. No
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differences in NO metabolites were observed in plasma, heart, or aorta of sham and AS
animals. Furthermore, we observed an increase in Annexin V positive RBCs with a
simultaneous increase in cell-free plasma Hb levels. However, RBCs deformability was fully
preserved.

Conclusion: Taken together, this work provides novel evidence that the wire-injury model
of AS is associated with systemic endothelial dysfunction. The results of the present work
suggest that subhemolytic release of cell-free Hb likely drives reduction in NO
bioavailability and thereby limits endothelium-derived NO to induce vascular smooth

muscle cells (VSMCs) relaxation response.
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Zusammenfassung

Hintergrund: Das Endothel ist ein unverzichtbares parakrines Organ, dessen Funktion eng
mit der Bioverfligbarkeit von Stickstoffmonoxid (NO) verkniipft ist. NO spielt eine
Schliisselrolle bei der endothelabhingigen Dilatation. In der Fachliteratur wurde eine
verminderte endothelabhédngige flussvermittelte Dilatation (FMD) bei Patienten mit
Aortenklappenstenose (AS) festgestellt, die hdufig als Indikator fir die NO-
Bioverfiigbarkeit verwendet wird. Die morphologischen Veridnderungen der Aortenklappe
begiinstigen einen Anstieg der linksventrikuldren Nachlast und einen turbulenten Blutfluss
in der Aorta ascendens. Diese Turbulenzen fiithren zu einer erhohten Scherbeanspruchung
der Erythorzyten, die nachweislich im Schwellenbereich fiir subhdmolytische
Verianderungen der Erythrozytenmembran liegen und mit einem Anstieg des zellfreien
Hamoglobins (Hb) einhergehen kann. Die zugrundeliegenden Mechanismen, die zu einer
Beeintrachtigung der endothelabhéngigen Dilatation bei AS fiihren, sind komplex und noch
nicht vollstindig geklért.

Hypothese & Ziele: Die Hypothese dieser Arbeit war, dass die Aortenklappenstenose die
vaskuldre Endothelfunktion durch eine reduzierte Bioverfiigbarkeit von NO aufgrund
turbulenter Stromungsbedingungen in der Aorta ascendens beeinflusst. Daher war das
globale Ziel dieser Arbeit, die Endothelfunktion in einem experimentellen Modell von AS
zu untersuchen.

Methoden: Minnliche C57BL6-Méuse wurden einer ,,wire-injury* der Aortenklappe
unterzogen, um eine AS zu induzieren. Die Charakterisierung des transvalvuldren
Blutflusses, der Herzfunktion und der Klappenverdnderungen wurden mittels
Echokardiographie, Magnetresonanztomographie bzw. Histologie durchgefiihrt. Die FMD
diente zur Analyse der Endothelfunktion in vivo, wihrend die ,,wire-myography* zur
Untersuchung der endothelabhédngigen Relaxation in isolierten Segmenten der Aorta und der
Femoralarterie eingesetzt wurde. Die Integritit der Erythrozyten wurde mittels Blutbild,
Durchflusszytometrie, zellfreiem Hb-Wert und Ektazytometrie beurteilt.

Ergebnisse: Die Manipulation der Aortenklappen fiihrte zu einer reduzierten
Aortenklappendffnungsfliche mit einem signifikanten Anstieg des Druckgradienten tiber
der Klappe und Turbulenzen in der aufsteigenden Aorta. Die linksventrikuldre Funktion
blieb bei leichter Hypertrophie des Myokards erhalten. Die histologische Analyse ergab eine
deutliche Verdickung der Aortenklappe mit Fibrose und Infiltration von Makrophagen.

Dariiber hinaus wurde bei den AS-Tieren eine signifikante Beeintrichtigung der FMD
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beobachtetet. Die Verabreichung von Haptoglobin, dem physiologischen ,,scavenger* von
zellfreiem Hb, konnte die FMD bei AS-Tieren verbessern. Im Gegensatz dazu zeigten ex-
vivo Studien zur GefdBreaktivitdt, dass die Acetylcholin-induzierte Relaxation in der
Femoralarterie vollstindig erhalten blieb. Die Analyse der Geféalreaktivitdt in isolierten
Aortensegmenten zeigte hingegen, dass die NO-vermittelte Relaxation bei Méusen mit AS
beeintrachtigt war. Dariiber hinaus war die Expression des eNOS-Proteins in der Aorta bei
AS-Tieren signifikant erhoht, was mit einer Abnahme des GSH/GSSG-Verhiéltnisses
einherging. Es wurden keine Unterschiede bei den NO-Metaboliten im Plasma, im Herzen
oder in der Aorta zwischen Kontrolltieren und AS-Tieren festgestellt. Des Weiteren wurde
eine Zunahme der Annexin V-positiven Erythrozyten bei gleichzeitigem Anstieg der
zellfreien Hb-Werte im Plasma beobachtet. Die Verformbarkeit der Erythrozyten blieb
jedoch vollstdndig erhalten.

Schlussfolgerung: Zusammenfassend liefert diese Arbeit neue Erkenntnisse, dass die durch
,wire-injury* induzierte AS mit einer systemischen endothelialen Dysfunktion einhergeht.
Die Ergebnisse der vorliegenden Arbeit deuten darauf hin, dass die subhdmolytische
Freisetzung von zellfreiem Hb zu einer Verringerung der NO-Bioverfiigbarkeit fiihrt und
dadurch das aus dem Endothel stammende NO zur Dilatation an den glatten

GefaBmuskelzellen reduziert wird.
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1 Introduction

1.1 Aortic valve stenosis

Aortic valve stenosis (AS) is the most common valvular heart disease of the elderly
population in the western world (Osnabrugge et al., 2013). The prevalence of AS is likely to
increase within the next decades as a consequence of our aging population. While congenital
anomalies and the rheumatic form of AS are comparably rare in industrialized countries,
age-related AS is the most common form and is thus of great medical and socioeconomic
interest (Yadgir et al., 2020). The high risk for adverse cardiovascular events in patients with
severe AS emphasizes its clinical importance, especially considering the lack of an effective
medical treatment (Lancellotti et al., 2018). The disease precedes a long latent phase with
sclerotic alterations of the aortic valve without clinically relevant hemodynamic changes.
However, in the later phases, the disease characteristics are fibrotic, inflammatory, and
calcific valve remodeling leading to progressive leaflet stiffening and narrowing of the aortic
valve orifice area. As a consequence, the pressure afterload and ventricular wall stress
increase, eventually inducing concentric hypertrophy of the left ventricle (LV).
Echocardiography is the primary tool to assess the severity of AS by evaluation of aortic
valve area, peak velocity, and mean pressure gradient (Baumgartner et al., 2009).
Symptomatic patients experience dyspnoea, angina pectoris, and syncopation. Currently,
there is no pharmacological treatment available that effectively decelerate disease
progression (Marquis-Gravel et al., 2016). According to the latest guidelines for the
management of valvular heart disease, surgical aortic valve replacement or transcatheter
aortic valve implantation (TAVI) remains the only effective therapeutic option in patients

with severe AS (Vahanian et al., 2021).

Once the compensatory mechanism becomes insufficient, the LV dilates, ultimately
resulting in chronic heart failure. Hence, AS is a disease of the valve, the heart, and
peripheral vascular system, as several studies highlighted the presence of vascular
endothelial dysfunction in AS patients (Chenevard et al., 2006; Dweck et al., 2012;
Moscarelli et al., 2019; Poggianti et al., 2003).
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1.2 Pathophysiology of aortic valve stenosis

In the past decades, AS was considered as a consequence of degenerative processes.
However, recent findings suggest that the development of AS is a complex and active
process that consists of various stages regarding molecular and cellular alterations
(Rajamannan et al., 2011). The tricuspid aortic valve consists of three semilunar cusps
connected to the aortic wall. The primary function of the aortic valve is to maintain the
unidirectional blood flow from the LV into the ascending aorta during systole and to prevent
the backflow of blood during diastole into the ventricle. The aortic valve leaflets are
composed of a distinct cellular architecture comprising four distinct layers (Misfeld &
Sievers, 2007). The fibrosa is located at the aortic side, consisting of valvular interstitial cells
(VICs) and type I and III collagen fibers, and is responsible for the mechanical strength of
the valve (Schoen, 2008). The spongiosa is the middle layer and consists of VICs, and is also
rich in proteoglycans and glycosaminoglycans, which facilitate compression changes and
rearrangement of the collagen and elastin layers (Goody et al., 2020). The ventricularis is
responsible for flexibility and is composed of VICs, elastic fibers, and smooth muscle cells.
A single layer of endothelial cells (ECs) borders both the aortic and ventricular sides.
Valvular ECs differ from vascular ECs regarding their response to mechanical forces and

their gene expression profile (Butcher et al., 2004, 2006).

According to previous studies, AS features distinct disease stages, composed of endothelial
injury/dysfunction, inflammation, fibrosis, and calcification (Kostyunin et al., 2019). The
earliest stage of the pathogenesis of AS is attributed to an activation of valvular ECs
(Sucosky et al., 2009). Importantly, side-specific EC heterogeneity between the endothelium
on the aortic side and the ventricular side of the valve was identified, suggesting an
explanation for the greater disease susceptibility of the aortic side of the valve (Simmons et
al., 2005). This supports that altered blood flow conditions increase the expression of
adhesion molecules and inflammatory markers on the aortic side of the leaflet (Richards et
al., 2013a). Thus it is assumed that mechanical stress, also found in disease states like arterial
hypertension, can induce valvular endothelial damage with an increased expression of
adhesion molecules (Ghaisas et al., 2000; Liakos et al., 2017; Rieck et al., 2012; Thubrikar
et al., 1986).
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Endothelial damage and dysfunction trigger accumulation and oxidation of lipids and
infiltration of inflammatory cells in the subendothelial fibrosa, which occurs in early aortic
valve lesions (O’Brien et al. 1996, Olsson, Thyberg and Nilsson, 1999). Secretion of
multiple proinflammatory mediators by inflammatory cells propagate activation and
differentiation of VICs to myofibroblast in line with increased secretion of extracellular
matrix and expression of matrix metalloproteinases (MMPs) enhancing fibrosis (Kaden et
al., 2005). The differentiation to an osteoblast-like phenotype of myofibroblasts includes
multiple pathways, such as receptor activator of nuclear kappa B (RANK), RANK ligand
(RANKL)/OPG, runt-related transcription factor 2 (RUNX-2)/Notch, Wnt3-Lrp5-b catenin
(Garg et al., 2005; Kawakami et al., 2016; Yang et al., 2009). Secretion of bone-related
proteins like osteopontin and osteocalcin, bone morphogenetic protein 2 (BMP-2), alkaline
phosphatase were found in AS (Srivatsa et al., 1997) and can contribute to calcification and
lamellar bone formation (Mohler et al., 2001). Progressive calcification exacerbates valve
thickening and stiffening, which further increases mechanical stress and injury, culminating

in a downward spiral of disease progression (Pawade et al., 2015).

1.2.1 The role of eNOS in the development of aortic valve stenosis
Similar to vascular ECs, alterations in blood flow-induced shear stress affect the endothelial
homeostasis with distinct changes in endothelium-derived NO signaling (Gould et al., 2013).
The importance of endothelium-derived NO in initiating the disease process of AS was
demonstrated by El Accaoui et al. (2014). They demonstrated that eNOS deficient mice
developed greater aortic valve fibrosis than age-matched wild-type (WT) mice. Interestingly,
valvular changes in mice lacking eNOS were already reported more than one decade earlier
(T. C. Lee et al., 2000). These animals were identified with the presence of a bicuspid aortic
valve. In a further study, it was demonstrated that NO signaling plays a critical role in the
regulation of VICs by valvular ECs (Richards et al., 2013b). They demonstrated that the
main source of NO in the aortic valve is the endothelium on the side of the ventricularis.
Furthermore, they showed that NO can antagonize valvular calcification, whereas incubation
with eNOS inhibitor NC-nitro-L-arginine methyl ester (L-NAME) increases calcification.
Taken together, there is a strong association between eNOS deficiency and the disease

progression of AS.
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1.3 Therapy of aortic valve stenosis

The high incidence of AS in the aging population and the poor prognosis of symptomatic,
severe AS patients emphasize the high demand for effective therapy. However, today there
is no medical treatment available to slow down disease progression. Recent studies focused
on three major conceptual frameworks. These include lipid-lowering therapy,
antihypertensive therapy and the therapy of valvular calcification (Marquis-Gravel et al.,

2016).

The parallels to the etiopathology of arteriosclerosis and the association of increased levels
of LDL and increase in aortic valve calcification (Smith et al., 2014) led to the hypothesis
that statins could intervene in the progression of AS. Therefore, several studies in the broader
literature have examined the effects of statin therapy on disease progression (Novaro et al.,
2001; Rosenhek et al., 2004; Shavelle et al., 2002). Nevertheless, besides lowering LDL-
cholesterol, none of the randomized studies were able to prove a deceleration of the
progression of AS (Chan et al., 2010; Cowell et al., 2005; Dichtl et al., 2008; Rossebg et al.,
2008). The only medical intervention recommended in the guidelines is the treatment of
underlying hypertension (Vahanian et al., 2021). Studies demonstrated that drugs, which
target the renin-angiotensin-aldosterone-system (RAAS) reduce aortic valve calcium
(O’Brien et al., 2005), are associated with lower aortic valve weight (Coté et al., 2011) and
decrease in left ventricular mass in asymptomatic AS patients (Bull et al., 2015). The
differentiation of the VICs towards an osteoblast phenotype set another focus on drugs,
which potentially inhibit valvular calcification. Bisphosphonates, which are frequently used
in the therapy of osteoporosis, have been shown to decrease differentiation of myofibroblasts
to osteoblasts and inhibit aortic valve calcification in an experimental model (Elmariah et
al., 2010; Synetos et al., 2018). Further studies focused on targeting the
RANK/RANKL/OPG signaling cascade involved in the calcification of the aortic valve. The
human monoclonal antibody denosumab was identified to be a potential therapeutic target.
Denosumab inhibits the RANK ligand interaction with RANK and inhibits osteoclast
formation and, consequently, bone resorption (Hanley et al., 2012). However, recent data
from a randomized clinical trial showed that denosumab does not affect calcification in
patients with AS (Pawade et al., 2021). In summary, lacking proper medical therapy, aortic
valve replacement is the only effective therapy to improve the outcome in patients with
severe AS at the moment (Baron et al., 2019; Baumgartner et al., 2017).
4
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1.4 The endothelium and its importance for the cardiovascular system

The importance of the endothelium within the cardiovascular system started to gain attention
when Furchgott and Zawadski (1980) first described the importance of an intact endothelium
for the vascular dilation response to acetylcholine. Intensive research revealed the complex
and fundamental functions of the endothelium, especially regarding the synthesis of several
vasoactive substances, from which the endothelium-derived relaxing factor (EDRF), later
identified as nitric oxide (NO) is the most important one (Murad et al., 1983, Ignarro et al.,
1987; Palmer et al., 1988). Thus the endothelium represents a paracrine organ, which
regulates via the release of vasoactive mediators the dilation and constriction of vascular
smooth muscle cells (VSMCs) to control vascular tone, blood flow (Gardiner et al., 1990;
Gladwin et al., 2004), platelet aggregation (Radomski et al., 1987), leucocyte adhesion
(Kubes et al., 1991) and angiogenesis (Murohara et al., 1998; Papapetropoulos et al., 1997).
Considering NO as the key player in vasodilator control in muscular arteries, the hallmark
of endothelial dysfunction is NO deficiency. This can be the consequence of impaired
synthesis or reduced bioavailability via inactivation by, e.g., reactive oxygen species (ROS)
or other scavenging molecules such as cell-free hemoglobin (Doherty et al., 1998; Rubanyi
& Vanhoutte, 1986). “After almost 30 years of NO-related research, reduced NO
bioavailability has become synonymous with the condition broadly described as

2999

“endothelial dysfunction” ”(Harris et al., 2010). To compensate for decreased bioavailability
of NO, the endothelium is able to upregulate the release of other vasoactive substances, such
as endothelium-derived hyperpolarization factor (EDHF), known to be a potent relaxing
factor in the microcirculation (Ozkor & Quyyumi, 2011). Endothelial dysfunction is also
associated with disturbed redox balance, endothelial cell activation, an increase of

inflammatory reactions within the vessel, alterations in vascular permeability, vascular tone

disruption, and decreased vasodilation (Liao, 2013; Thomas et al., 2008; C. Zhang, 2008).

Several studies have shown the predictive value of endothelial function assessment for future
cardiovascular events (Gokce et al., 2003; Heiss et al., 2006; Maruhashi et al., 2018; Suwaidi
etal., 2000). Yeboah and colleagues investigated the predictive value of brachial artery flow-
mediated dilation (FMD) regarding the incidence of cardiovascular disease events in adults,
which were not suffering from any cardiovascular disease so far (Yeboah et al., 2009). This
Multi-Ethnic Study of Atherosclerosis (MESA) demonstrated that FMD correlated inversely
with cardiovascular events regardless of other major risk factors. Therefore, the investigation

5
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of endothelium-dependent vasodilation response is widely used to assess cardiovascular
health (Corretti et al., 2002). In humans, the clinical standard tool for the assessment of
endothelial function is FMD by the reactive hyperemia test, evaluated with the help of high-
resolution ultrasound imaging. The method of FMD has been constantly developed over the
past decades with the goal to induce a shear stress stimulus that creates a NO-dependent
dilation response to use FMD as a read-out for NO bioavailability (Celermajer et al., 1992;
Corretti et al., 2002; Green et al., 2011). The nature of the shear stress stimulus highly
depends on the protocol used (cuff position, time and degree of ischemia) and entails the

mechanistic dilation response (Pyke & Tschakovsky, 2005).

In animal studies, vascular reactivity is typically studied in isolated segments of arteries
under mimicked physiological conditions such as temperature, nutrients, and oxygen
(Mulvany and Halpern, 1976). In this method, the force developed by the vessel segment in
response to pharmacological stimuli is studied. This technique allows to investigate the
endothelial and smooth muscle cell function in various disease states with multiple
pharmacological substances. Even though this represents a powerful method to study
vasodilation and vasoconstriction responses of different arteries, the in vivo assessment of
endothelial function would comprise the effects of flowing blood and the integrity of the
vasculature and allows for repeated measurements. For this reason, the concept of FMD was
transferred to rodents to study endothelial function in the living animal (Heiss et al., 2008;
Schuler et al., 2014). In mice and rats, FMD assessment is performed in the femoral artery

by hind limb occlusion according to the protocol used in humans.
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1.5 Endothelial dysfunction and its role in aortic valve stenosis

Endothelial dysfunction is commonly considered as a crucial factor in the development of
arteriosclerosis and is known to play an important role in cardiovascular disease states, such
as coronary artery disease (Suwaidi et al., 2000). Aortic valve sclerosis (AVS) and AS are
commonly associated with a series of cardiovascular events, suggesting that pathological
alterations are not limited to the valve itself (Pohle et al., 2001; Coffey, Cox and Williams,
2014). Eventually, decreased FMD was identified in AVS (Poggianti et al., 2003) and AS
patients (Chenevard et al., 2006, Horn et al., 2014). These studies suggest that turbulences
might be co-responsible for abnormal endothelial function. In a recent study, it was shown
that the improvement of FMD in AS patients correlates with endothelial integrity after aortic
valve replacement (Horn et al., 2014). Nevertheless, the inconsistency of previous data
regarding decreased NO bioavailability determining decreased FMD and AS emphasizes the
importance of further research. Moreover, previous research has not taken into account
whether NO reduction in AS is caused by turbulent blood flow conditions with regards to
blood cell properties. The high transvalvular velocities in AS result in turbulent, disturbed
flow patterns in the ascending aorta, with eccentrically elevated shear stress (Garcia et al.,
2019; von Knobelsdorff-Brenkenhoff et al., 2016). RBC membrane damage occurs when
shear stress exceeds a specific magnitude (Baskurt, 2012). As a consequence, morphological
changes or membrane damage leads to hemolysis and the release of cell-free hemoglobin
(Hb) (Baskurt, 2012). Recently, Vahidkhah et al. investigated in a multiscale approach the
shear stress-induced damage to RBCs during high blood flow velocities in AS (Vahidkhah
et al. , 2016). The study showed that increased shear stress levels are within the threshold
range for membrane damage of RBCs. The authors concluded that RBC membrane damage
is within the subhemolytic range in AS. Subhemolytic damage of RBCs is associated with a
decrease in deformability, lifespan and release of RBC microparticles (Baskurt, 2012;
Buerck et al., 2021). Intravascular hemolysis is a common, long-known condition in patients
with prosthetic heart valves (Dasi et al., 2009; Mecozzi et al., 2002). Noteworthy, a few
studies reported intravascular hemolysis in patients with native, moderate to severe AS

(Jacobson et al., 1973; Sugiura et al., 2016; TSUJI et al., 2004).
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However, the field of AS research had gradually broadened when animal models were
employed to investigate disease progression. Most of these animal models are based on diet-
induced AS or require genetic modifications (Sider et al., 2011). In a more recent study,
Honda and colleagues published a new model of AS, based on wire-injury of the aortic valve,

which was further modified in our lab (Honda et al., 2014; Niepmann et al., 2019).

1.6 The vasculature and blood vessel architecture

The vascular system represents the transport system within the body. It consists of the heart
and highly branched tubular system, which supports transport function for blood carrying
oxygen, carbon dioxide, nutrients and waste products within the body. This tubular system
consists of arteries, arterioles, capillaries, veins and venules. Blood, rich in oxygen and
nutrients, is pumped from the heart and transported via large arteries to tissues, where
oxygen and nutrients are exchanged via small capillaries and venules. Deoxygenated, carbon
dioxide-rich blood and metabolic waste products are transported back to the heart via the

venous system.

Blood vessels are characterized by a distinct morphological architecture adapted to their
mechanical and functional requirements within the vascular system (Chi et al., 2003). The
general structure of a blood vessel features the three distinct layers tunica intima, tunica
media, and tunica externa. The arterial endothelium is composed of a continuous monolayer
of ECs that covers the entire surface of the vessel. Together with connective tissue, the
internal elastic membranes and the endothelium represent the tunica intima of the vessel
wall. ECs feature a great heterogeneity within their location in the vasculature and organs
(Chi et al., 2003). The endothelium is classified according to the differences in intercellular
junctions into a continuous, fenestrated and discontinuous type (Aird, 2007). The arterial
endothelium is composed of continuous ECs connected via tight junctions. Fenestrated
endothelium is characterized by transcellular pores covered with a diaphragm and found in
tissues with high transcellular transport, e.g. endocrine glands, kidney glomeruli. The
discontinuous endothelium of sinusoidal ECs of the liver features large fenestrae and a

discontinuous basement membrane (Aird, 2012).

The underlying tunica media is composed of VSMCs, connective and elastic tissues. VSMCs
represent the major cellular constituents of the vessel wall and determine the vessel's

mechanical properties and vascular tone by actively dilating or constricting in response to
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various biochemical stimuli. The amount of VSMCs layers varies depending on the function
of the vessel wall. Similar to ECs, VSMCs exhibit great heterogeneity within the vasculature.
Pathological states, including hypertension, provoke hypertrophic remodeling of VSMCs,
resulting in an increased media thickness and reduction in lumen diameter. In contrast,
inward eutrophic remodeling is associated with a decrease in lumen diameter and outer
diameter and with unaltered media thickness (Laurent and Boutouyrie, 2015; Intengan and
Schiffrin, 2000). In conducting arteries, like the aorta, the tunica media is composed of
multiple layers of VSMCs with great elastic content related to its windkessel function.
Muscular distributing arteries, e.g. femoral or brachial artery, are distinguished by a high
ratio of VSMCs and less elastin. This accounts for the high capability of muscular arteries
to dilate and constrict according to the peripheral blood requirements. Resistance arteries
represent a network of small, peripheral arteries composed of a thin layer of VSMCs and
ECs. They lack the external lamina and are encased by pericytes to stabilize the vessel and
allow transendothelial transport. Resistance arteries are the primary regulator of blood flow
and the key contributors of vascular resistance. The third, most outer layer is the tunica
externa. This layer is composed of connective fibers connected to the tunica media via an

external elastic lamina. This layer anchors the vessel within the tissue.

1.7 Endothelial cell signaling

The pivotal role of the endothelium is to control vascular tone by balancing the release of
vasoactive substances in response to different stimuli. The first vasoactive substance to be
identified was prostacyclin (PGL) (S Moncada et al., 1976). PGL is a product of arachidonic
acid metabolism and synthesized by PG> synthase, which is highly expressed in ECs and
also possesses a distinct anti-thrombotic function (Moncada and Higgs, 1977; Frangos et al.,
1983). PGL induces vasodilation through its binding on the PGI: receptor (IP) on VSMCs.
This mediates the increase in cyclic adenosine monophosphate (cAMP) by converting
adenosine triphosphate (ATP) via the enzyme adenylyl cyclase to induce vasodilation. As
mentioned in the previous section, the second major vasoactive compound identified was
NO, which is constitutively produced from substrate L-arginine (Palmer and Moncada,
1989). NO diffuses to underlying smooth muscle cells and activates soluble guanylate
cyclase (Palacios et al., 1989). The existence of another critical relaxing factor has been
extensively studied. Despite the inhibition of NO and prostaglandin production, persistent
vasodilation was observed, which involves endothelium-dependent hyperpolarization of

9
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VSMCs (Feletou & Vanhoutte, 1988; Garland & McPherson, 1992; Nagao & Vanhoutte,
1992). Initially, it was named the endothelium-derived hyperpolarization factor (EDHF) as
its chemical nature was not clearly identified (Busse et al., 2002). EDHF primarily

contributes to vasodilation in muscular and resistant arteries through hyperpolarization of
the VSMCs (Luksha et al., 2009).
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Figure 1 Intracellular mechanisms involved in endothelium-dependent vasodilation

Mechanosensitive structures (e.g., glycocalyx, ion channels) transduce the force generated by the
streaming blood into a biochemical signal and cause the intracellular increase in calcium (Ca*")
concentration. This increase in Ca** induces the synthesis of nitric oxide (NO) from substrate L-
arginine by endothelial nitric oxide synthase (eNOS) in a calmodulin (CaM) dependent manner.
Agonists induce NO production, e.g. through binding of acetylcholine to muscarinic M3 receptor,
which induces cleavage of phosphatidylinositol 4,5-bisphosphate (PIP») by phospholipase C
(PLC) to inositol 1,4,5-trisphosphate (IPs;), which finally increase Ca®>" concentration. NO
diffuses to the vascular smooth muscle cell (VSMC), where it binds to the heme moiety of soluble
guanylate cyclase (sGC), which catalyzes the dephosphorylation of guanosine-5’-triphosphate
(GTP) to 3°5’-cyclic guanosine monophosphate (cGMP). cGMP, in turn, stimulates protein
kinase G to inhibit Ca*" release and influx. All of these mechanisms induce the relaxation of
VSMCs. In addition, endothelial increase in Ca*" stimulates the production of prostacyclin
(PGI,), epoxyeicosatrienoic acids (EET), and other prostanoids by cyclooxygenase (COX) or
cytochrome P450 (CYP), respectively. PGl induces VSMC relaxation by receptor-induced

inhibition of Ca*". EET activates Ca**-activated potassium channels in the VSMC, which induce
hyperpolarization.
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1.8 The endothelial nitric oxide synthase

The free radical NO is produced by three different isoforms of NO synthases (NOS). The
neuronal NOS (nNOS), the inducible NOS (iNOS), and the endothelial NOS (eNOS)
(Knowles & Moncada, 1994). Endothelial NO synthase is the most abundant in the
endothelium (Forstermann et al., 1994). NO synthase-dependent conversion of L-arginine to
L-citrulline and NO is depicted in Figure 2. The endothelial NO enzyme is a homodimer,
consisting of an N-terminal oxygenase domain linked via a regulatory calmodulin-binding
domain and zinc to the C- terminal reductase domain. The oxygenase domain has binding
sites for the substrate L-arginine, heme, and cofactor tetrahydrobiopterin (BH4) (Raman et
al., 1998). The reductase domain binds the cofactors nicotinamide adenine dinucleotide
phosphate (NADPH), flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD) and
calmodulin (CaM). For NO synthesis, the electron transfer by flavins, originated from
NADPH to the heme iron in the oxygenase domain is required for binding and reduction of
oxygen. The synthesis is calmodulin dependent (Bredt & Snyder, 1990; M. Zhang & Vogel,
1994). Oxygen reacts with the guanidine group of L-arginine to form the intermediate

N®—-hydroxy-L-arginine, from which NO is finally released (Stuehr et al., 1991).
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Figure 2 Chemical equation of nitric oxide synthesis

The consequences of lack of endothelial NO synthase were intensively studied in eNOS
knock-out mice (Huang et al., 1995; Shesely et al., 1996; Godecke et al., 1998; Kuhlencordt
etal., 2001; Cook et al., 2004). The deficiency of eNOS phenotypically resulted in increased
blood pressure and decreased heart rate (Huang et al., 1995). Noteworthy, spontaneous AS

was observed in eNOS KO mice in an age-dependent matter (E1 Accaoui et al., 2014).
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1.9 Regulation of eNOS activity

Endothelium-dependent NO release by eNOS depends on both mechanical and chemical
stimuli. One of the most important stimuli for NOS activation is shear stress generated by
the pulsatile flow of blood (Davies, 1995). The pivotal role of endothelium-dependent flow-
mediated vasodilation response was known even before discovering NO as a relaxing factor
(Rubanyi et al., 1986). Disturbed flow and low shear stress are associated with an altered
eNOS expression and endothelial dysfunction (Balligand et al., 2009). The arterial branches
and curvatures are typically characterized by disturbed flow and low shear stress. Thus, they
are the first site of arteriosclerotic lesion formation in the vasculature (Asakura & Karino,
1990; Zarins et al., 1983). In contrast, laminar flow with high shear stress was demonstrated
to exert protective effects on the endothelium, explaining less development of
arteriosclerotic lesions in straight arterial regions (Chiu & Chien, 2011). Shear stress
provokes eNOS activation in a calcium-dependent and calcium-independent manner,
whereas the latter requires phosphorylation by kinases to maintain NO synthesis (Balligand
et al., 2009; Fleming, 2010). Different endothelial cell-surface mechanosensors such as
glycolalyx, G protein-coupled receptors (GPCR) or ion channels transduce the force
generated by shear stress into a biochemical signal, thus enhancing eNOS activity by
increasing intracellular calcium (Erkens et al., 2017). Membrane structures like caveolae
represent invaginations of the plasma membrane and are essential for the control of eNOS
localization (Ju et al., 1997). The increase in intracellular Ca>" leads to the formation of a
calcium-calmodulin complex, which binds to the binding site within the eNOS enzyme to
link the oxygenase and reductase domain. This enables the electron flux from the reductase

to the oxygen domain and enhances its activity (Fleming, 2010).

Moreover, shear stress-induced activation of cell surface proteins, junctional complexes and
integrins involves posttranslational modification of kinases such as AKT1, PKA, PYK2 and
others (Balligand et al., 2009). These phosphorylation sites include serine, threonine, or
tyrosine residues and play a pivotal role in the activation of the enzyme (Fleming et al.,
1998). While phosphorylation on threonine 495 attenuates the binding of calmodulin and
consequently decreases the enzyme activity, phosphorylation on serine 1179 enhances the
activity (Kolluru et al., 2010). The activation of PYK?2 induces phosphorylation of tyrosine
657 and inhibits eNOS activity (Loot et al., 2009).

12
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The activity of eNOS is strongly associated with the availability of cofactors and the
substrate L-arginine. If substrate or cofactors are below the optimal concentrations,
superoxide (O27) can be generated instead of NO (Fotstermann & Miinzel, 2006). The
substrate availability can be diminished due to enhanced activity of arginases, catalyzing the
reaction of L-arginine to ornithine and urea (Shin et al., 2012). Increased enzymatic activity
of arginases was observed in disease models of endothelial dysfunction, such as diabetes and
ischemia-reperfusion (Hein et al., 2003). The other crucial cofactor essential for eNOS
activity is tetrahydrobiopterin (BH4). Reduced BH4 levels were observed in disease states
associated with enhanced oxidative stress in the vasculature, contributing to eNOS
uncoupling. The uncoupling of eNOS results due to altered electron flux from the reductase
domain to the oxygen domain, which is further associated with an oxidative decay favoring
the generation of superoxide anion (O2") (Siragusa & Fleming, 2016). Superoxide anion
metabolism includes the formation of hydrogen peroxide (H20:), hydroxyl radical (¢ HO"),
and the reaction of O2” and NO to form peroxynitrite (ONOQO"), which diminishes NO
availability. The production of ONOO" initiates a vicious circle in which BHy is further
oxidized by ONOO", enhancing eNOS uncoupling.

1.10 The circulating NO pool

Apart from vasodilator effects, NO produced from endothelium and RBCs undergoes
oxidation or nitrosylation into different bioactive metabolites, including nitrite (NO>),
nitrate (NOj3"), nitrosated thiols (RSNO), or nitrosated amines (RNNO) (Kelm, 1999;
Kleinbongard et al., 2003; Rassaf et al., 2002). This facilitates the transport of NO to
different tissues throughout the body where NO production is altered (Lundberg et al., 2008).
Moreover, RBCs were identified to contain a functional NO synthase and represent part of
the circulating NO pool (Cortese-Krott ef al., 2012; Wood et al., 2013, Cortese-Krott and
Kelm, 2014). Under hypoxia or acidic conditions, the bioactive NO metabolites contribute
to the eNOS-independent release of NO through chemical reduction by heme-containing
proteins with nitrite reductase activity (Cosby et al., 2003; Gladwin et al., 2006; Rassaf et
al., 2007; Zweier et al., 1995). Thus, NO possesses a critical endocrine function (Bryan et
al., 2005) and eNOS-independent NO generation plays an essential role in physiological NO
signaling (Amdabhl et al., 2019). Importantly, in patients with endothelial dysfunction, levels
of circulating NO metabolites are decreased (Heiss et al., 2006; Kleinbongard et al., 2006;
Rassaf et al., 2006).
13
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Figure 3 Endothelium-derived nitric oxide and red blood cell-derived nitric oxide
contributes to the circulating nitric oxide pool.

Nitric oxide (NO) metabolites comprise nitrite (NO?*), nitrate (NO?**) and nitrosylated proteins
(RXNO). The NO formation from these bioactive substances happens in dependency of the
surrounding oxygen concentration via heme-containing proteins. Under normoxic conditions,
NO is synthesized by the endothelial NO synthase (eNOS) in endothelial cells and can be
oxidized to different bioactive metabolites, representing the NO storage pool. HbNO: nitrosated
hemoglobin, HbSNO: S-nitroso hemoglobin.

14



Introduction

1.11 Nitric oxide scavenging by cell-free hemoglobin

Over time, extensive literature has developed on the role of cell-free Hb on NO metabolism.
Under physiological conditions, the highest Hb concentration is compartmentalized within
the red blood cells (RBCs). Hb is a protein complex composed of four globin subunits,
whereas each subunit comprises one heme, the oxygen-binding iron complex, based on a
porphyrin structure (Perutz, 1978). This structure allows for the protein to meet its primary
function as an oxygen transporter. The human Hb is composed of two a- and two B-globin
chains, enabling the protein to bind four oxygen molecules simultaneously. In this heme
group, iron is coordinated with four nitrogen atoms of the histidine originated imidazole
rings within a planar complex (Perutz et al., 1998). Hence, the protein can undergo a
conformational change from the tensed state to the relaxed state to facilitate further oxygen-
binding (Monod Jacquez et al. 1965). The compartmentalization of Hb in the RBC limits the
reaction of NO with oxyHb by approximately 600-fold (Liu et al., 1998). This limitation is
attributed to a diffusional resistance created by the RBC-free zone generated by the flow, the
unstirred layer around the RBCs and the RBC membrane (Vaughn et al., 1998, 2000; Kavdia
and Kavdia, 2013). When hemolysis occurs, cell-free Hb is released to the plasma and exists
in an equilibrium of tetrameric and dimeric form. In the absence of diffusional barriers due
to decompartmentalization, cell-free Hb rapidly reacts with NO to form methemoglobin and
NOs". Moreover, the smaller molecule size of the heterodimers enables the protein
translocation from the vascular lumen in the subendothelial space, which leads to further NO
depletion and oxidation, allowing accumulation of ferric Hb (Fe**) in the vascular wall (C.
A. Schaer et al., 2016). Under these conditions, heme is likely to be released from Hb and
can interact with lipids, which trigger a lipid-peroxidation cascade and contribute to Hb
toxicity. With this regard, another scavenging molecule plays an important role, i.e.,
Hemopexin (Hx). Hx scavenges heme and prevents heme-induced damage on the
endothelium (D. J. Schaer et al., 2014). The physiological binding protein of cell-free Hb in
plasma is haptoglobin (Hp). Hp is a sensitive marker for hemolysis as its depletion is
associated with acute or chronic hemolytic conditions. Hp is composed of two a- and two [3-
chains. The crosslinking of the a-subunit defines one of the three Hp phenotypes, such as
dimeric or multimeric Hp (Hp 1-1, 1-2, 2-2) (Langlois & Delanghe, 1996). The irreversible
binding of the Hp B-subunit and the B-hemoglobin dimer occur in a 1-1 stoichiometry

(Lim et al., 2001). The complex is cleared from the circulation via receptor CD163 on
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macrophages, which is highly expressed on macrophages of the spleen and liver Kupffer
cells (Kristiansen et al., 2001). If the scavenging system gets exhausted during massive
hemolysis, cell-free Hb can exert its toxic effects, as mentioned in the previous section.
Recent studies investigated the potential benefits of Hp in preventing cell-free Hb-induced

vasoconstriction by NO scavenging (Hugelshofer et al., 2019).

In disease states like sickle cell disease, higher amounts of cell-free Hb are released into the
plasma. During a hemolytic crisis, complications such as pulmonary hypertension and

ischemia were attributed to NO depletion by cell-free Hb (Reiter et al., 2002).

1. Extravascular translocation of Hemoglobin
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Figure 4 Mechanisms involved in cell-free hemoglobin-driven toxicity

The mechanism driving cell-free hemoglobin (Hb) toxicity comprise 1.) translocation of dimeric
Hb in the subendothelial space. 2.) Oxidant and nitric oxide (NO) reactions: NO consumption by
Hb under the formation of ferric Hb and nitrate (NO3"), iron nitrosylation of deoxyhemoglobin
(deoxyHb) and Hb peroxidation reactivity with physiological oxidants. 3.) Accumulation of ferric
Hb can promote the release of hemin and its transfer to plasma proteins and lipids to build hemin
protein/lipid complexes, contributing to vascular injury. This illustration was adapted from Schaer
et al., (2013).
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2 Aim of the study

AS leads to complex changes in flow patterns in the ascending aorta. The hemodynamic
consequences of AS are no longer assumed to be limited to the valve but were also shown
to affect various compartments, including RBCs, the myocardium, and the vascular system.
This becomes obvious when several studies identified endothelial dysfunction in patients
with AS. However, the underlying mechanisms causing endothelial dysfunction in patients
with AS are still incompletely understood. To date, no animal model of AS investigated the
systemic consequences of AS on vascular endothelial and RBCs' functional properties.
Therefore, the present work hypothesized that the turbulent blood flow in AS might induce
endothelial dysfunction as a consequence of mechanical damage to RBCs, which induces

the release of hemoglobin and results in a reduction of NO bioavailability.
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Figure 5 Graphical abstract

In healthy conditions, NO is synthesized by endothelial nitric oxide synthase (eNOS) in
endothelial cells (EC). NO diffuses to vascular smooth muscle cells (VSMC), binds to the heme
moiety of soluble guanylate cyclase (sGC), which induce VSMCs relaxation (green arrow) via the
dephosphorylation of guanosine-5’-triphosphate (GTP) to 3’5’-cyclic guanosine monophosphate
(cGMP). In the present study we hypothesized that endothelial dysfunction in aortic valve stenosis
(AS) is attributable to turbulent blood flow induced red blood cell membrane damage, which may
lead to the release of hemoglobin (Hb). Cell-free Hb scavenge NO, thus limits its ability to induce
VSMCs relaxation (red arrow).
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For this purpose, the following aspects were analyzed:

1. The first aim of this study was to perform a comprehensive characterization of the
modified wire-injury model of AS regarding transvalvular blood flow, left ventricular and
aortic valve morphological, and functional adaptions. Therefore, the model was validated by
echocardiography, magnetic resonance imaging (MRI), and histology. As an additional

attempt, the role of global eNOS deficiency in the progression of AS was investigated.

2. To investigate RBCs integrity and alterations in functional properties due to potential
mechanical trauma resulting from turbulent flow, blood analysis was performed four weeks
after induction of AS. For this purpose, blood count, levels of cell-free Hb and RBCs
exposure of phosphatidylserine were analyzed. RBC membrane stability properties was
evaluated as a function of deformability. To assess potential RBC damage and cell-free Hb
release affecting NO metabolism by NO scavenging, NO metabolites were quantified by

chemiluminescence and HPLC-based approach.

3. The third aim of the present work was to evaluate the effects of AS on vascular endothelial
functional properties. For this purpose, endothelial function was assessed in vivo by FMD
studies in the femoral artery, whereas vascular reactivity studies were conducted to evaluate
endothelium-dependent and endothelium-independent relaxation in isolated segments of the

thoracic aorta and femoral arteries.
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Figure 6 Overview aims

The aim of this study was to investigate the local and systemic consequences of aortic valve
stenosis (AS) in our experimental model, which based on wire injury of the aortic valve. The
following aims were investigated: 1.) Left ventricular function adaptions and valvular
morphological changes in response to the wire- injury 2.) The effects of turbulent blood flow on
red blood cell integrity, cell-free Hb release and consequences for NO metabolism. 3.) The effects
of AS on vascular endothelial function, eNOS function and redox status in aorta and femoral
artery. COX: cyclooxygenase, cGMP: cyclic guanosine monophosphate, EC: endothelial cell,
eNOS: endothelial nitric oxide synthase, GC: guanylate cyclase, GTP: guanosine triphosphate,
Hb: hemoglobin, NO: nitric oxide, RXNO: sum of nitrosothiols and nitrosoamines, VSMC:
vascular smooth muscle cell.
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3 Materials and Methods

3.1 Chemicals and Solution

All chemicals were purchased from Sigma-Aldrich (St. Louis, USA), Carl Roth GmbH
(Karlsruhe, Germany), or Merck (Darmstadt, Germany) in the highest available purity if not
stated differently. Solutions and buffers were prepared with distilled water or ultrapure water
from the MilliQ® Reference water purification system (Merck, Darmstadt, Germany).
Dulbeccos's phosphate Buffered Saline (DPBS) was purchased from Sigma Aldrich (St.
Louis, USA).

3.2 Animal characteristics

All animal studies were approved by "Landesamt fiir Natur, Umwelt- und
Verbraucherschutz" (LANUV) of Northrhine-Westfalia under the file numbers 84-
02.04.2017.A172 and 032/19 in accordance with the animal welfare regulation. Male
C57BL6 mice, aged 11-12 weeks, were purchased from Janvier Labs (Le Genest- Saint- Isle,
France). Additional studies were performed on global eNOS KO mice, which were
developed by Professor Axel Godecke (Heinrich Heine University, Diisseldorf). All animals
were housed in the central facility premises for animal research and scientific animal
protection tasks (ZETT) at Heinrich Heine University. The mice were housed in standard
cages at constant room temperature and humidity, with 12 hours light-12 hours dark cycle.

The animals were fed a standard chow diet and tap water ad libitum.

3.3 1In vivo studies

The following working program was performed to investigate the effects of experimental

AS on vascular, myocardial, and RBC function:
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1. Cardiac function assessment: TTE, PV-loop, MRI
2. Endothelial function assessment: FMD, Organ Bath,
Wire-Myography
- SR— 3. Hematologic assessment: Blood count, RBCs integrity
and deformability
Histological assessment of the aortic valve

FMD Wire-Injury

-2 0 28 84 Days

Figure 7 Work program

The work program comprised analysis of cardiac and endothelial function, as well as
hematological assessment in mice with aortic valve stenosis (AS) induced by wire-injury of
the aortic valve. These analyses were performed under baseline conditions and followed up
after 28 or 84 days, respectively. Additionally, magnetic resonance imaging was performed
after 28 days. FMD: Flow-mediated dilation, PV: pressure-volume, RBCs: red blood cells,
TTE: transthoracic echocardiograph.

3.3.1 Wire- injury model of aortic valve stenosis
We used the wire-injury model of AS (Honda et al. 2014), which was further modified in
our lab (Niepmann et al., 2019). Briefly, to induce AS, the mice were anesthetized by
intraperitoneal injection with ketamine (Ketaset® Zoetis, Germany) (100 mg/kg body
weight) and xylazine (Rompun®  Serumwerk Bernburg AG, Germany)
(10 mg/kg body weight). After intubation using an indwelling cannula (Vasofix® Safety 20
G, B. Braun Se, Germany), the animal was fixed in a supine position on an operating table
preheated to 37 °C. Anesthesia was maintained via a respirator with a mixture of 1.5 %
isoflurane (Piramal® Critical Care, India) with oxygen-enriched room air. After the fur was
removed using hair removal cream (Veet, Reckitt Benckiser, Germany), a 1 cm skin incision
was made in the medial neck area to expose the right common carotid artery. The common
carotid artery was temporarily ligated with a hemostat (Micro Clamp, No.3, S&T® AG,
Switzerland) and wrapped proximally with a silk thread. The artery was then incised to insert
a prepared wire (High-torgue, Universal, 0.014mm, Abbot Laboratories, USA) into the
vessel. The hemostat was removed to facilitate pushing the wire into the LV retrogradely.
To ensure the correct position of the wire, the whole procedure was performed under
echocardiographic control (parasternal long-axis view). By pushing the wire back and forth
in a defined manner (50x), followed by rotating (100x), the valve endothelium was
manipulated. The wire was removed, and the common carotid artery was immediately
ligated with the previously positioned silk thread. Immediately after the procedure, color
Doppler was used to verify intact valve function. Afterwards, anesthesia was slowly reduced,
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and the animal was extubated as soon as reflexes were detectable. Analgesia was provided
by subcutaneous injection of buprenorphine (0.05 mg/kg body weight). Mice underwent
sham surgery were carried out to the same protocol, while the wire was only inserted into
the carotid artery but was not guided to the LV, and thus touching of the valve was prevented.

The surgical procedures were performed by Kathrin Paul-Krahé and Katrin Becker.

Figure 8 Parasternal long-axis view of the left ventricle during the surgical procedure of wire-
injury.

(A) Scheme illustrating wire-induced AS. (B) The wire positioned in the left ventricle for aortic valve
manipulation under echocardiographic AS: aortic valve stenosis, control. LV: left ventricle. The
illustration was adapted from Niepmann et al., (2019).

3.3.2 Echocardiographic assessment
Cardiac function analysis was performed by high-resolution ultrasound (Vevo 3100
Preclinical Imaging System, Visual Sonics, Fujifilm, Japan) using the MS-400 transducer.
Initially, the animals were anesthetized in an induction chamber with 3 % isoflurane (v/v)
with oxygen-enriched room air. Next, animals were fixed in a supine position on the
preheated examination table, and anesthesia was maintained through a respiratory mask (1.5
% (v/v) isoflurane). The fur was removed from the thorax up to the upper part of the abdomen
with hair removal cream (Veet, Reckitt Benckiser, United Kingdom). During the entire
examination, respiration, body temperature, and an electrocardiogram were continuously
recorded. The following examination protocol was employed: 1.) Suprasternal position to
visualize aorta ascendens with the aortic valve. Pulse wave Doppler was used to image and
quantify flow profiles with eligible angle correction 2.) Parasternal long and short axis in
B-mode and M-mode to visualize tissue movement 3.) Apical four-chamber view to assess
diastolic function including tissue Doppler recordings of the medial and lateral mitral
annulus 4.) Left lateral view of the aortic valve in the long and short axis in B-mode, M-
Mode, and color Doppler. Data analysis was carried out with Vevo Lab software (Visual

Sonics, Fujifilm, Japan).
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Software calculations derived from the LV-Trace tool for left ventricular function analysis
are summarized in Table 1 and were performed in parasternal long-axis view. Left
ventricular diameter and interventricular septum thickness were measured from M-Mode at
the end of diastole. Early passive (E-wave) and late active filling (A-wave) profiles were

quantified for diastolic function analysis.

Table 1 Left ventricular function assessment was performed using the Vevo Lab LV-Trace
tool.

Parameter Calculation

Ej ection fraction [%] EF:IOO*((LV Volumenpjiastole-L'V VOlumeSystole )/LVDiastole)
Cardiac Output [ml/min] CO=HR* SV

Fractional shortening [%] FS=100 * (LVID;d — LVID;s) / LVID;d)

Stroke volume [pL] SV=EDV-ESV

Leftventricular volume, diastole LV.,d= ((7.0 /(2.4 +LVID,s) * LVIDS, d*)
Left ventricular volume, systole = LV,s=((7.0 /(2.4 +LVID,s) * LVIDS, s°)

3.3.3 Magnetic resonance imaging
For a comprehensive analysis of AS in the described model, MRI was performed by Prof.
Ulrich Flogel in collaboration with the department of molecular cardiology. “Data were
recorded at a Bruker AVANCE™ 9.4T wide bore NMR spectrometer driven by ParaVision
5.1 (Bruker, Rheinstetten, Germany). Mice were anesthetized with 1.5 % isoflurane and kept
at 37°C. The front paws and the left hind paw were attached to ECG electrodes (Klear-
Trace; CAS Medical Systems, Branford), and respiration was monitored employing a
pneumatic pillow positioned at the animal's back. Vital functions were acquired by an
M1025 system (S.A. Instruments, Stony Brook, NY, USA) and used to synchronize data
acquisition with cardiac and respiratory motion. All mice were imaged four weeks after
induction of AS. For functional and morphometric analysis, high-resolution images of
mouse hearts were acquired in short-axis orientation using an ECG- and respiratory-gated
segmented cine fast gradient echo cine sequence with steady-state precession (FISP). Eight
to ten contiguous slices were acquired to cover the entire heart. Routinely, 8-10 short axis
slices were required for complete coverage of the left ventricle. For evaluation of functional
parameters (e.g., EDV, ESV, EF.), ventricular demarcations in end-diastole and -systole
were manually drawn with the ParaVision Region-of-Interest (ROI) tool (Bruker,
Rheinstetten, Germany), which was also used for determination of the aortic indices

described below. For analysis of the aortic valve, strain, and wall thickness, high-resolution
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cine loops were acquired at the atrio-ventricular level with the same parameters given
above. Aortic valve opening was calculated from the maximal opening area in early systole
related to the aorta's inner diameter in the end-diastole. Mean aortic wall thickness was
estimated from planimetry of the vessel wall's inner- and outer borders in end-diastole. Here,
both inner and outer areas were approximated by circles, and the difference between the
two radii provides an averaged wall thickness of the aorta. Longitudinal slices orientated
perpendicular to the atrio-ventricular level served to approximate the valve thickness by
division of valve area and diameter of the aortic root. Aortic flow profiles were obtained by
acquisition of velocity maps at the atrio-ventricular level. Flow profiles were analyzed by a
software module developed in-house based on LabVIEW (National Instruments, Austin, TX),
and 3D color map surface plots were generated with OriginPro (Originlab Corporation,
Wellesley Hills, MA). Cardiac tissue characterization was carried out by Tl and T2
mapping. Besides global cardiac function, we also analyzed all data for regional alterations
based on a midventricular slice to address adaptive local processes after induction of AS.
To this end, we used an in-house developed software module based on LabVIEW (National
Instruments, Austin, TX), which divided the left ventricle systematically into 200 equivalent
sectors starting from the upper insertion point of the right ventricle as previously described

(Bonner et al., 2014; Haberkorn et al., 2017).”

3.3.4 Flow-mediated dilation of the femoral artery
FMD is a non-invasive, ultrasound-based technique to measure endothelium-mediated
vascular relaxation in vivo. Initially, the animal was anesthetized and fixed on the warmed
examination table as described in 1.2. After fur removal of the left hind limb, a vascular
occluder (5 mm, Harvard apparatus, USA) was positioned around the left hind limb, distal
to the transducer. Femoral artery was visualized with the help of the MS-700 transducer of
the Vevo 3100 Imaging System with manual adjustment of the transducer, ensuring proper
imaging of the vessel wall in B-mode. Femoral arterial blood flow was verified by pulse
wave Doppler at baseline. The cuff was then inflated to supra systolic pressure (250 mmHg),
causing temporary occlusion of the vessel. The temporary flow arrest, was ensured by the
abrogation of pulse wave Doppler signal. After five minutes of hind limb occlusion, the
pressure was released to initiate a five-minute reperfusion phase. Images were taken at

baseline and every 30 seconds in B-mode and pulse wave Doppler-mode.
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The experimental setup is illustrated in Figure 9. To identify the extent of eNOS-dependent
dilation in FMD studies, AS mice were subjected to intraperitoneal injection of eNOS
inhibitor N%-nitro-L-arginine methyl ester (L-NAME, 50 mg/kg body weight, sigma-aldrich,
USA) in an additional experiment. The analysis was carried out with the software Brachial
Analyzer for Research (Medical Imaging Applications, LLC, USA). Figures 4, 5, 6, 9 were

created with biorender.com.

Transducer

B B-Mode

) . Femoral

1 arteries
Vascular
occluder

Figure 9 Illustration of Flow-mediated dilation in femoral artery measured by ultrasound
(A) Representative pulsed wave (PW) Doppler image of femoral arterial blood flow after cuff
release (B) B-Mode image of femoral artery diameter after cuff release.

3.3.5 Flow-mediated dilation and haptoglobin administration
To test the effect of cell-free Hb scavenging by Hp, we administered haptoglobin during
FMD measurement and assessed the potential regain of VSMCs relaxation response.
Intravenous injection of Hp (phenotype 1-1, 40 uM/kg body weight, sigma-aldrich, USA) or
vehicle was performed one minute before the start of the reperfusion phase, and FMD
measurements were performed as described in 3.3.4. Hp solution was prepared in saline as

a vehicle. Data analysis and diameter calculations were also performed as described above.

cuff opening

occlusion 1 reperfusion

1 2 3 4 5 6 7 8 9 10 Minutes

Haptoglobin

Figure 10 Representation of the time course of haptoglobin administration during flow-
mediated dilation studies
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3.3.6 Pulse wave velocity
Pulse wave velocity (PWV) was used to assess arterial vessel stiffness. The measurements
were performed in accordance with an established protocol in our lab (Erkens et al., 2015).
Briefly, the common carotid artery was visualized in the longitudinal section (B-mode).
M-mode sequences were recorded in proximal and distal areas of the artery. The pulse wave
velocity was calculated by determining the distance between the two measuring points and
the time from the beginning of the R-wave of the ECG signal to the maximum diameter of

the vessel wall at the end of the systole. PWV was calculated using the following formula:

Equation 1 Calculation of Pulse wave velocity:

. T1
distance T [mm]

j2 =
wv T distal[ms] — T proximal[ms]

3.3.7 Pressure- volume loop measurements
Left ventricular pressure-volume relationship was carried out by catheterizing the LV by
Millar catheter (1.2 F, and 4.5 mm electrode spacing, Transonic Systems Inc., USA). This
technique enables simultaneous recording of left ventricular volume and pressure in real-
time in an open-chest approach. Initially, thirty minutes before the procedure, analgesia was
administered by subcutaneous injection of buprenorphine (0.1 mg/kg body weight). The
animal was intubated with isoflurane inhalation and fixed in a supine position on the surgical
table. Anesthesia was maintained by a murine respirator (micro ventilator, UNO, the
Netherlands) with 2 % isoflurane (v/v) with oxygen-enriched room air. After ensuring the
absence of pedal reflex, a lateral incision along the anterior axillary line was performed to
expose the diaphragm. The diaphragm was cut with microscissors to expose the apex. With
a 25 G cannula, the apex was punctured, and the catheter was inserted into the LV. When
the signal was stable, pressure-volume loops were recorded for five minutes (Lab Chart 7,

A.D. Instruments, New Zealand).

3.3.8 Blood pressure measurement
In order to measure blood pressure, animals were anesthetized as described in the previous
section. After fixation on the surgical table, the common carotid artery was exposed by blunt
dissection followed by temporary ligation of the vessel with a hemostat. After incision of
the vessel, the catheter (SPR-829 Mikro-Tip® Millar, USA) was carefully inserted into the
vessel by removing the hemostat simultaneously. The pressure was recorded for five minutes

using the Lab Chart software. For calculations of mean arterial pressure, end-diastolic and
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end-systolic pressure was used (MAP=2xEDP-ESP/3). Systemic vascular resistance was
estimated by the simplified equation SVR=MAP/CO. The venous pressure was neglected,
as it is usually very low. Blood pressure measurements were performed with the generous

support of Stefanie Becher.

3.4 1In vitro studies

3.4.1 Aortic ring assay
We examined isolated aortic rings of mice that underwent wire-injury in an organ bath
experiment (Harvard Apparatus, Cambridge, USA). For this purpose, the animal was
anesthetized by intraperitoneal injection of a mixture of xylazine (10 mg/kg body weight)
and ketamine (100 mg/kg body weight). The thoracic aorta was excised, cleaned from
surrounding adipose tissue, and transferred into a petri dish containing KREBS-Hensleit
buffer (NaCl 118 mM, KH,PO4 4.4 mM, KCl 5 mM, MgSO4 1.2 mM, CaCl> 1.6 mM,
NaHCOs 25 mM, glucose), aerated with carbogen (5 % CO2/ 95 % O ). Aortic rings (2mm
sized segments) were mounted on a wire into prewarmed (37 °C), aerated, buffer-containing
chambers of the organ bath (Figure 11). During the one-hour equilibration period, the vessel
was passively stretched to 1 g. Concentration-response curves were conducted as follows.
First, the contractile response to 80 mM potassium chloride was obtained, followed by a
20 minutes washing phase. Intact rings were further subjected to increasing concentrations
of phenylephrine (0.1 nM-10 pM). When the contractions reached a plateau, endothelium-
dependent relaxation was obtained by cumulative addition of acetylcholine
(0.1 nM-10 uM). To determine the extent of the eNOS-dependent vasodilation, the vessel
was incubated with L-NAME (100 uM) for 20 minutes, and the concentration-response
curves to phenylephrine and acetylcholine were repeated. Following a washing step,
endothelium-independent vasodilation was carried out by cumulative addition of sodium
nitroprusside (0.01 nM-10 uM) to the phenylephrine pre-contracted aortic rings. The
presence of cyclooxygenase (COX) inhibitor indomethacin (10 mM) is indicated in the
corresponding dose-response curves. The purpose of indomethacin was to block eNOS-
independent reactions to acetylcholine, which also induce vasodilation response in the

underlying smooth muscle cells, e.g., COX products (PGI).
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Figure 11 Schematic representation of aortic ring experiment

3.4.2 Myograph studies
The femoral artery was carefully dissected, freed from fat and surrounding connective tissue,
and cut into 2 mm segments. For each mouse, two femoral arterial segments were mounted
in the chambers of the Multi Myograph System, Model 620M (Danish Myo Technologies
A/S, Hinnerup, Denmark). The chambers were filled with freshly prepared KREBS-Hensleit
buffer (NaCl 118 mM, KH>PO4 4.4 mM, KCl 5 mM, MgSO4 1.2 mM, CaCl> 1.6 mM,
NaHCOs3 25 mM, glucose) and were continuously aerated with carbogen. The temperature
of the chamber was maintained at 37 °C during the whole experiment. To ensure the integrity
of the vascular endothelium, preparation and vessel mounting was performed under the
microscope. Before starting each experiment, the segments were normalized using the DMT
normalization module in the LabChart 8 software. The vascular function assessment was

performed as described in 2.4.1.

3.4.3 Flow cytometry
The investigation of phosphatidylserine and CD71-expressing RBCs was performed by flow
cytometry. Whole blood was diluted to 1:500, incubated with Annexin V (BD, cat# 51-
65875X) and anti-CD71 antibody (Miltenyi Biotec, cat# 130-109-631) for 30 minutes in the
dark. Flow cytometry was performed using BD FACS Verse Flow Cytometer (Becton
Dickinson, USA).
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3.4.4 Measurement of RBC deformability

The assessment of RBC deformability was performed using the laser optical rotational cell
analyzer (Lorrca, RR Mechatronics, the Netherlands). The blood samples (25ul) were
suspended in 5 ml of preheated polyvinylpyrrolidone solution (37 °C) (R.R.Mechatronics,
the Netherlands). The red blood cell suspension was exposed to defined shear forces
generated by two concentric cylinders. The deformation of the erythrocytes is expressed as
elongation index EI=A-B/A+B, with A representing the vertical axis and B the horizontal
axis (Hardeman et al., 1994).

3.4.5 Blood and organ taking
The blood and organs were taken after intraperitoneal injection of a mixture of xylazine
(10 mg/kg body weight), ketamine (100 mg/kg body weight), and 200 ul heparin
(25.000 LE. /5 ml, Braun, Germany). A blood volume of approx. 1 ml was collected from
the animal by cardiac puncture. The whole blood was either used for blood count, FACS
analysis or centrifuged for 10 minutes at 800 g for further plasma collection and analysis.
After opening the thorax and abdomen, the arterial and venous system was flushed with
either ice-cold PBS or NEM/EDTA (10 mM/2 mM) solution for NOx analysis. Organs were
carefully removed and snap-frozen in liquid nitrogen or processed for further histological

analysis. All samples were stored at -80 °C until further analysis.

3.4.6 Blood count
The automated hematology device VET-Abc (scil animal care company GmbH, Germany),
located in the central facility for animal research and scientific animal protection tasks
(ZETT), was used for the blood count analysis. For analysis, a 10 ul EDTA blood sample

was loaded in the suction nostril by enabling rodent full blood count parameter.
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3.5 Analytical methods

3.5.1 Blood and tissue preparations for NOx analysis

To avoid NO3™ and NO>™ contamination, the labware was cleaned with ultra-pure water
before usage. Blood was taken as described previously and diluted 1:10 (v/v) with a solution
of 100 mM N-ethylmaleimide (NEM) and 20 mM ethylenediaminetetraacetic acid (EDTA)
in PBS. For nitrite and RXNO measurement of tissue samples, organs were homogenized
with NEM/EDTA buffer (100 mM/20 mM, PBS) on ice, with the help of TissueRuptor
(Qiagen, the Netherlands). The three-fold volume of NEM/EDTA buffer was used according
to the weight of the tissue. For the NO3™ measurement in ENO-30, tissue samples were
homogenized in methanol (2 ml/g tissue) and centrifuged for 10 minutes at 10,000 g (4 °C).
Plasma samples were diluted with the same volume of methanol, vortexed for 10 seconds,
and centrifuged for 10 minutes at 10,000 g (4 °C). After centrifugation, the supernatant was
collected, and 10 pl of supernatant was injected into ENO-30.

3.5.2 Chemiluminescence detection (CLD)

To detect nitrite, nitrosamines, and nitrosothiols, the samples were measured using a
chemiluminescence detector (CLD 88 e, Eco Physics GmbH, Germany), Figure 12. In a
reaction chamber preheated to 60 °C and filled with a mixture of potassium iodide (45 mM)
and iodine (10 mM) in 93 % acetic acid, samples were added via a septum using a 100 pl
Hamilton syringe (Hamilton Company, USA). The NO in the samples will be released and
passed through a cooling system in the chemiluminescence detector using helium as a carrier
gas. NO reacts with ozone to form nitrogen dioxide with an excited electron. The quantum
light emitted when the excited electron reaches the ground state was recorded by a
photomultiplier. Before every measurement, a freshly prepared standard curve of nitrite
(0-1200 nM) was measured. Samples were kept on ice, protected from light. For the
determination of nitrite and RXNO, a 100 pl sample was added into the reaction chamber.
To quantify RXNO, nitrite was eliminated by incubation with 5% sulfanilamide solution in
1 M HCl in a 1:10 ratio (v/v), and 300 pl of this sample was injected. The concentration of
nitrite was calculated by substracting the area under the curve (AUC) generated by the signal
of RXNO from the AUC generated by the untreated sample (sum of nitrite and RXNO). Data
analysis was performed by eDAQ Powerchrome software (eDAQ, Poland).
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Figure 12 Illustration of complete set-up for measurement of nitrite/RXNO by CLD
PMT: photomultiplier.

3.5.3 Nitrate Measurement by high-performance liquid chromatography

The measurement of NO3™ in plasma samples was carried out with the ENO-30 (AMUZA
INC, USA). The measurement is based on the separation of NO3  and NO;™ by high-
performance liquid chromatography (HPLC), followed by the Griess reaction (Equation 2).
The product of Griess reaction is a colored diazo compound that can be detected
spectrophotometrically. In detail, the injected sample is filtered by the guard column (NO-
PrePAK, EiCom, Ireland) and then enters the separation column (NO-PAK, EiCom,
Ireland). Due to the higher affinity of NO3™ to the polystyrol-polymer of the separation
column, NO3™ and NO;" are temporarily separated. This accounts for the different retention
times of 4.5 minutes for NO2", while NOs3™ will be eluted with a retention time of 8 minutes.
After separation, the sample enters the reduction column, containing reduced copper and
cadmium to reduce NO3™ to NO>". Before entering the reaction loop, samples are mixed with
a reactor solution containing sulfanilamide and N-(1-naphthyl)ethylenediamine to form a
red-colored diazo compound, which is measured by the detector at the wavelength of
540 nm. To determine AUC, peak analysis was performed with Clarity chromatography
software 8.2.02.094 (DataApex, The Czech Republic).
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Equation 2 Chemical equation of Griess reaction

—

NH, N NH
~NH: HN
HN
o=s—0 <+ NO, —» 0=5=0 - N
| N
NH, NH;
sulfanilamide diazonium compound N-(1-naphthyl)ethylendiamine
O0=Ss=0
NH,
azo dye
(Arax540)

3.6 Molecular biochemical methods

3.6.1 Organ lysis and protein determination
The organs were transferred to a 2 ml Eppendorf tube and homogenized for 2 minutes at
30 Hz (Mixer Mill MM 400, RETSCH). Radioimmunoprecipitation assay buffer (RIPA)
(150 mM NaCl, 5 mM EDTA, 50 mM Tris, 1 % NP-40, 0.5 % sodium deoxycholate, 0.1 %
SDS, protease and phosphatase inhibitors, Thermo Scientific™) was added and
homogenized for another 2 minutes. The tissue was further lysed for 15 minutes in an
ultrasonic bath. The samples were then centrifuged at 10,000 g for 15 minutes at 4 °C, and
the supernatant was used for further analysis. Protein determination was performed by a
colorimetric assay kit (D.C. Protein Assay, Bio-Rad Laboratories Inc., Hercules, USA),
modified by the manufacturer to the Lowry method. Freshly prepared solutions of bovine
serum albumin at a concentration of 0.0-2.0 mg/ml were used as standards. The samples
were diluted in a ratio of 1:20 (v/v), and 5 ul sample and standard were transferred into a 96-
well plate in duplicate. Next, 25 pl reaction solution A and 200 pl reaction solution B were
added. After 15 minutes incubation in the dark, the protein concentration was determined at
the wavelength 740 nm (FLUOstar Omega, BMG Labtech GmbH & CO. KG, Ortenberg,

Germany).
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3.6.2 Western-Blot
For SDS-page, samples were mixed with loading buffer (LDS sample buffer, NuPAGE™,
Thermofisher) in a 1:4 ratio (v/v) and sample reducing agent (NuPAGE™, Thermofisher) in
a 1:10 ratio, following a 10 minutes denaturation at 70 °C. An equal amount of protein was
loaded and separated in 4-12 % Bis-Tris protein gels (Novex, NUPAGE™, ThermoFisher)
at 150 mV for 60 minutes. The proteins were then transferred to a 0.2 pum nitrocellulose
membrane (Amersham Prostra 0.2 GE Healthcare, Life Sciences, USA). To detect sample
loading across the blot, the membrane was treated with a total protein stain for 5 minutes
(Revert ™ 700, Total Protein Stain, LI-COR Biosciences-GmbH, Germany) at 700 nm. The
membrane was then blocked in blocking buffer (Intercept Blocking Buffer TBS, LI-COR
Biosciences GmbH, Germany) for 60 minutes at room temperature. According to the protein
of interest, the primary antibodies were diluted in blocking buffer, 0.2 % TWEEN, as listed
in Table 2 and incubated at 4 °C overnight. The next day, membranes were washed with
TBS and incubated in accordance with the host-specific secondary antibody for 60 minutes
at room temperature. Since secondary antibodies are light-sensitive, incubation was
performed in the dark. After three more washing steps, membranes were detected at 700 nm
or 800 nm in the Odyssey Fc Imaging System (LI-COR Biosciences GmbH, Bad Homburg,

Germany).

Table 2 Primary antibodies for western blot analysis

Antigen Host Dilution Company, cat-number
NOS IIT Mouse 1:500 BD Biosciences (#610296)
AKT Rabbit 1:1000 Cell Signaling (#9272S)
GUGY1B3 Rabbit 1:1000 Abcam (#ab154841)
Nitrotyrosine Mouse 1:1000 Santa Cruz (#sc-32757)
GAPDH Rabbit 1:1000 Abcam (#ab9485)

Table 3 Secondary antibodies for western blot analysis

Fluorescent labelled Antibody Host Dilution Company Ordering n°
IRDye® 800CW anti -Rabbit Goat 1:10000 LI-COR Biosciences (#926-32211)

IRDye® 680 RD anti-Mouse Goat 1:10000 LI-COR Biosciences (#926-68070)
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3.6.3 Analysis of mRNA expression levels
The quantification of mRNA expression of genes listed in table 4 was determined by real-
time PCR using TagMan® technology. RNA extraction was performed using KingFisher
Duo Prime. Initially, thoracic aortas and femoral arteries were isolated as described in 3.1
and stored in the 10-fold volume of RNA stabilization solution (RNAlater, Thermo Fisher
Scientific, USA) at minus 80 °C. Before tissue homogenization, samples were centrifuged,
and RNA stabilizer solution was carefully removed. Samples were homogenized using
Mixer Mill MM 400, RETSCH, in a pre-cooled container (4 °C). Next, a lysis buffer mix
was added in a 10-fold volume corresponding to the tissue weight. Lysis buffer mix
containing B-mercaptoethanol and RLT buffer (Qiagen, the Netherlands) in a 1:100 ratio.
The lysates were transferred onto QIAshredder columns (Qiagen, the Netherlands) and
centrifuged for 2 minutes at full speed at room temperature. Next, 200 pl of each sample
lysate was transferred into a MagMax 96 Deep Well Plate (Thermo Fisher Scientific, USA),
and the same volume of isopropanol was added to every sample. The plate was covered and
shacked for 2 minutes at 900 rpm. In the next step, 30 pl of Binding Beads Mix (1:1 ratio of
RNA Binding Beads and Lysis Enhancer) was added to each sample and shacked for another
5 minutes at 900 rpm. Before starting the extraction procedure, plate set-up was completed
by adding elution buffer, wash solutions, and Turbo DNase Solution (MagMAX mirVana
Total RNA Isolation Kit, Thermo Fisher Scientific, USA) in predesigned wells. After the
RNA extraction was completed, purified samples were collected, and RNA concentration
was measured using NanoDrop2000 spectrophotometer (DS-11 FX, DeNovix, USA).
According to the manufacturer's protocol, reverse Transcription was performed with Super
Script™ [V VILO™ Master Mix with ezDNase™ enzyme (Thermo Fisher Scientific, USA).
Briefly, 100 ng RNA was mixed with 10 pl of the reaction mix, containing 10x ezDNase
Buffer, ezDNase enzyme, nuclease-free water and incubated at 37 °C for 2 minutes.
Afterward, 6 ul of nuclease-free water and 4 pl SuperScript™ IV VILO Master Mix or
SuperScript™ IV VILO No R.T. Control was added, respectively. The samples were
incubated for 10 minutes at 25 °C. Next, samples were incubated 50 °C for 10 minutes,
followed by incubation for another 5 minutes 85 °C. After incubation steps, cDNA was used
for preamplification with TagMan® PreAmp Master Mix (Applied Biosystems, USA)
following the manufacturers protocol. Finally, 5 ng of cDNA was used in a total reaction
volume of 50 pl, containing TagMan® PreAmp Master Mix (2x) and 20x TagMan® Primer

mix in a final dilution of 0.2x. GAPDH was used for internal standardization. Real-time PCR
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was performed using Quant Studio 7 Flex System (Thermo Fisher Scientific, USA).

Thermocycling conditions were set up as follow:

stage 1 95.0 °C 20s
stage 2 95.0 °C 1s
stage 3 60.0 °C 20s

For relative quantification of mRNA expression, AACt method (Livak & Schmittgen, 2001)
was used. In this process, expression levels of the gene of interest were normalized to the
housekeeping gene. The measurements were performed with the generous support of

Hakima Ezzahoini.

Table 4 Genes and corresponding primers used for RT-PCR

Gene name Primer Amplicon Length
NOS3 (eNOS) Mm00435217_m1 71
ICAM-1 Mm00516023_m1 58
VCAM-1 Mm01320970_m1 71
IL-6 Mm00446190 m1 78
IL-10 Mm01288386_m1 136
TefBl Mm01178820_m1 59
TNFa Mm00443260 g1 61
Catalase Mm00437992 m1 64
Superoxide dismutase 1 Mm01344233 g1 71
Glutathione reductase Mm00439154 m1 65
Glutathione peroxidase 1 Mm00656767 g1 134
GAPDH Mm99999915 g1 109
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3.6.4 Measurement of free hemoglobin by enzyme-linked immunosorbent assay
(ELISA)

Plasma cell-free Hb concentrations were measured using a commercially available ELISA
kit (ab157715, abcam, United Kingdom). Briefly, 100 ul of standard (12.5-400 ng/ml) and
sample were transferred into the 96- well plate and incubated for 60 minutes. After a washing
step, 100 ul of the enzyme-antibody conjugate was added and incubated for 30 minutes in
the dark. Afterwards, the microplate was again washed with washing buffer and 100 pl
substrate solution was added and incubated for another 10 minutes. The reaction was
terminated by adding 100 pl of stop solution. The absorption was measured immediately at

the wavelength of 450 nm (FLUOstar Omega, BMG Labtech, Germany).

3.6.5 Glutathione Assay

To determine the glutathione (GSH) concentration in plasma and tissues, 10 mg of tissue
was homogenized in 250 puL of ice-cold PBS (100 mM) and centrifuged at 14,000 g for 10
minutes at 4 °C. The supernatant was carefully separated and protein concentration was
measured as described under 3.6.1. The remaining supernatant was mixed with an equal
volume of 5 % 5-sulfo-salicylic acid solution for protein precipitation. Plasma samples were
treated in the same way. The mixture was incubated for 10 minutes and centrifuged at
14,000 g for 10 minutes at 4 °C. The supernatant was removed from the protein pellet and
diluted with assay buffer (1:2.5). GSH standards were prepared in concentrations 0.195-25
uM. To check for a complete conversion of oxidized glutathione (GSSG) to GSH, a control
preparation was run simultaneously. The standards, samples, and control were transferred
into the black half-area plate as duplicates and incubated with 25 pl of reagent solution for
15 minutes. The fluorescence signal corresponding to free GSH concentration was measured
emission and excitation wavelengths at 510 nm and 390 nm, respectively. During this step,
a non-fluorescent molecule binds to the free thiol group of GSH and releases a fluorescence
product. To yield free GSH, samples were incubated with the reaction mixture for
15 minutes, reducing GSSG. All fluorescence readings were carried out with fluorescence
microplate reader FLUOstar Omega (BMG Labtech, Germany). The procedures were
performed using Glutathione Fluorescent Detection Kit (Arbor Assays, USA).
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3.7 Histological analysis

The heart was cryopreserved in a water-soluble embedding medium (Tissue Tek® OTC™
Compound, Sakura Finetek Europe B.V., Germany) before 6 um-thickness sectionings using
a microtome and fixed on adhesive microscope slides. The slides were later fixed with cold

formaldehyde (4 %, buffered, pH 6.9) for 10 minutes.

3.7.1 Haematoxylin-Eosin Staining
Tissue sections were thawed, rehydrated and transferred to a hematoxylin solution according
to Gill II for 30 seconds. Afterward, slides were rinsed under running tap water for 10
minutes. The slides were then incubated in a solution of Eosin G for 1 minute. The excess
color was removed through 3 washes in distilled water, following dehydration in 70 %,
96 %, and absolute ethanol for 15 seconds. Slides were cleared in Roticlear® and capped

with ROTI®Histokitt (Carl Roth, Germany).

3.8 Statistical Analysis

Statistical analysis and graphical illustrations were performed using GraphPad Prism 6.01
(Graphpad Prism Inc., La Jolla, California, USA). If not stated otherwise in figure legends,
data are presented as mean + standard error of the mean (SEM) of # individual samples.
Two-sided Student's t-test using Tukey's multiple comparisons test was carried out for
comparison of two groups. For more than two groups, one-way analysis of variances
(ANOVA) or two-way ANOVA followed by Tukey's or Sidak's post hoc test. Data were
considered statistically significant with a p-value < 0.05. Significance level further stated as

%p< 0.05, **p< 0.01, p *¥%< 0.001, p ****< 0.0001.
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4 Results

4.1 Characterization of cardiac function in a murine model of aortic valve stenosis

4.1.1 Echocardiographic analysis
The aim of this thesis was to investigate local and systemic consequences of AS in a wire-
induced murine AS model. For this purpose, we first performed a comprehensive
characterization of the wire-injury model of AS regarding cardiac function and valvular
morphology. The consequences of AS on RBC integrity and vascular endothelial function

will be presented in the next chapters.

To evaluate AS in mice, we have employed parameters used for diagnosis in humans in our
mouse model. Therefore, the main parameters describing the severity and progression of AS
are peak velocities, mean gradient, and peak pressure gradient. Moreover, we assessed the
left ventricular systolic and diastolic function longitudinally by assessment of parameters
listed in Table 5. To differentiate between pressure and volume overload in the model, we
further separated the data regarding the presence of aortic regurgitation (AR) after four
weeks (Figure 13). Consequently, mice with concomitant aortic regurgitation (AS+AR) were
defined as a separate group and excluded from further evaluation. Assessment of AR was
carried out by color Doppler and pulse wave Doppler. Importantly, we defined a minimum
of 1.5-fold increase in peak velocity compared to baseline as relevant AS. The
characterization of the model was done as follows: First, we performed an intraindividual
analysis to understand the changes based on the echocardiography data before and four
weeks after injury in the same mice. Afterwards, the interindividual analysis was done

comparing age-matched sham animals after four weeks.

Manipulation of the aortic valve by wire-injury induces relevant AS four weeks after surgical
procedure indicated by a significant increase in peak velocity, mean pressure gradients and

peak pressure gradients compared to baseline conditions (Table 5).
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Table 5 Left ventricular function parameters and aortic blood flow velocities assessed by high
resolution ultrasound under baseline conditions and after four weeks after the induction of aortic
valve stenosis. n=28. IVS,d: interventricular septum thickness, diastole, LVID,d: left ventricular
diameter, E/A: ratio between peak velocities of the early (E) and late (A) ventricular filling.

unit Baseline Four weeks p-value
Peak mm/s 1283 + 38.95 2462 + 1114 <0.0001%*%*%*
Velocity
Mean mmHg 1.7 £ 0.2 55 £ 05 <0.0001%*%*
Gradient
Peak mmHg 6.8 = 0.5 21.0 £ 1.7 <0.0001%***
Gradient
Heart Rate bpm 4207 + 11.2 460.1 + 14.8 0.004*
Endsystolic ul 241 = 1.3 275 += 1.7 0.0634
Volume
Enddiastolic pl 589 + 24 627 £+ 33 0.2118
Volume
Stroke ul 349 + 13 352 + 1.7 0.8144
Volume
Ejection % 590 £+ 0.8 571 £ 0.8 0.053
Fraction
Fractional % 149 + 0.8 13.8 £ 09 0.3466
Shortening
Cardiac ul/min 147 £+ 0.6 157 £ 0.6 0.0581
Output
IVS.d mm 1.0 £ 0.1 1.0 =+ 0,1 0.001%**
LVID,d mm 37 £ 0.1 40 + 0.1 0.0495*
E/A a.u. 1.7 £ 0.1 1.5 £ 0.1 0.0522
Isovolumic ms 158 £ 09 16.1 £+ 1.3 0.8693
Contraction
Time
Isovolumic ms 165 £ 09 148 £ 1.1 0.161
Relaxation
Time
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Figure 13 Representative echocardiographic images

Images illustrating echocardiographic assessment of sham mice, mice with aortic valve stenosis (AS)
and mice with concomitant aortic regurgitation (AR + AS), four weeks after wire-injury or sham
surgery, respectively. (A) Parasternal long-axis view (PSLA) demonstrated myocardial hypertrophy
in AS animals vs. left ventricular dilation in mice with concomitant regurgitation (AS+AR). (B) Two-
dimensional color Doppler depicted regurgitation jet during diastole in AS+AR mice. The direction
of blood flow away from the transducer is indicated by color-coding as blue or blood flow towards
the transducer as red. (C) Peak flow velocities indicated an increase in flow velocity in AS mice,
while the additional presence of regurgitation was clear by negative flow velocity values.
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To conduct interindividual analysis, the control group consisted of age-matched animals,
which underwent sham surgery. Compared with sham mice, the relative increase in aortic
peak velocity was 2.1 £ 0.1 fold higher in mice with AS. Mean pressure gradient was
4.8 + 0.67 fold increased, with a 4.04 & 0.35 fold increase in peak pressure gradient (Figure
14). Left ventricular function analysis demonstrated a preserved left ventricular function
(Figure 15). Compensatory adaptions due to pressure overload were observed by analyzing
interventricular septum thickness (IVSd) and left ventricular diameter (LVIDd) (Figure 15).
Interventricular ~ septal  thickness in  diastole was significantly increased
(sham 0.96 = 0.11 mm vs. AS 1.02 + 0.12 mm, p<0.05), suggesting concentric hypertrophy
of the LV (Figure 15).
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Figure 14 Relative increase in aortic blood flow velocity, mean and peak gradients in sham
mice and mice with aortic valve stenosis, four weeks after wire-injury

Aortic blood flow velocities and pressure gradients were assessed using pulse-wave Doppler in
the ascending aorta of sham and mice with aortic valve stenosis (AS). Relative increase of (A)
peak velocity, (B) peak gradient and (C) mean gradient were calculated as fold-change from
baseline conditions in each group. Unpaired t-test, ****p<(0.0001. Data are shown as mean + SEM,
sham n=31, AS n=26.
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Figure 15 Cardiac function analysis in sham mice and mice with aortic valve stenosis.

Left ventricular functional parameters were assessed by echocardiography four weeks after
induction of aortic valve stenosis (AS) or sham surgery, respectively. Heart rate (HR), stroke
volume (SV), cardiac output (CO), ejection fraction (EF), end-diastolic volume (EDV), end-
systolic volume (ESV), left ventricular diameter in diastole (LVIDd), interventricular septum
thickness in diastole (IVSd), the ratio of passive and active diastolic filling (E/A), isovolumic
relaxation time (IVRT) and isovolumic contraction time (IVCT). Unpaired t-test, ¥*p<0.05. Data
are shown as mean £ SEM, sham n=31, AS n=26.
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As stated previously, we also identified mice with AS and concomitant AR. The majority of
mice, which underwent wire-injury, showed no operative effects, e.g. destruction of the
aortic valve. Nevertheless, 33.33% of the total cohort were observed with heart failure,
indicated by concomitant AR. The volume overload accounted for an enhanced ventricular
filling during diastole, evoked a significant increase in end-systolic volume
(sham: 22.4 + 8.9 pl vs. AS+AR: 50.2 + 22.6 ul, p=0.0005) and as a consequence significant
increase in left ventricular diameter (sham: 3.7 = 0.5 mm vs. AS+AR: 4.8 £ 0.6 mm,
2<0.0001). Moreover end-systolic volume was significantly increased (sham: 54.6 +15.3 ul
vs. AS+AR: 79.2 + 28.0 ul, p<0.0001), while there was a significant decrease in ejection
fraction (EF) (sham: 59.5 £ 6.4 % vs. AS+AR: 37.7 £ 9.3 %, p=0.0001), see Figure 16.

One should consider that under these circumstances, the net blood flow into the aorta was
decreased due to regurgitation. In humans, effective stroke volume in the aorta can be
quantified by assessment of the sum of the area of the left ventricular outflow tract (LVOT)
and the velocity time integral (VTI) of LVOT. In murine echocardiography, the assessment
of this area is extremely challenging, aggravating a precise evaluation of this parameter.
Likewise, the assessment of the regurgitation fraction was not realizable, as it requires exact
quantification of the regurgitation volume. We were able to evaluate the presence of AR by
the size of the regurgitation jet by color- Doppler approach. Therefore, the effective stroke

volume in mice with AS+AR was not quantifiable.
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Figure 16 Cardiac function analysis in mice with concomitant aortic regurgitation

Left ventricular functional parameters were assessed using echocardiography. Panels (A-K):
Heart rate (HR), stroke volume (SV), cardiac output (CO), ejection fraction (EF), end-diastolic
volume (EDV), end-systolic volume (ESV), left ventricular diameter in diastole (LVIDd),
interventricular septum thickness in diastole (IVSd), ratio of passive and active diastolic filling
(E/A), isovolumic relaxation time (IVRT) and isovolumic contraction time (IVCT). Aortic valve
stenosis (AS), aortic regurgitation (AR). Unpaired t-test, p*<0.05, p**<0.01, p***<0.001,
*4%%p<0.0001. Data are shown as mean = SEM, sham n=31, AS+AR=13.
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For longitudinal assessment of the model, we set a further endpoint after three months post-
induction of AS. The data demonstrate no further increase in peak velocities (four weeks
AS: 2698 + 182.6 mm/s vs. three months AS: 2700 £+ 255.6 mm/s) or pressure gradients
(four weeks AS: 30.80 = 4.24 mmHg vs. three months AS: 32.99 + 6.10 mmHg) compared
to four weeks. Likewise, left ventricular function showed no significant differences

compared to four weeks. A summary of the data is represented in Table 6.
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Figure 17 Analysis of flow velocities and pressure gradients revealed no further increase three
months after wire-injury.

Aortic blood flow velocities and pressure gradients were assessed using pulse-wave Doppler in the
ascending aorta of sham and mice with aortic valve stenosis (AS), panels (A-C). Two-way ANOVA,
Sidak's multiple comparison test, **p<0.01, ***p<0.001, ****p<0.0001. Data are shown as mean
+ SEM, sham n=12, AS n=10.

45



Results

Table 6 Left ventricular function parameters and aortic blood flow velocities assessed in sham and
mice with aortic valve stenosis three months after surgery. sham n=12, AS n=10. IVS,d:
interventricular septum thickness, diastole, LVID,d: left ventricular diameter, E/A: ratio between
peak velocities of the early (E) and late (A) ventricular filling.

unit Three Three p-value
months sham months AS
Peak Velocity mm/s 1344.0 + 67.3 2643.0 + 212.6 <0.0001%***

Mean Gradient mmHg 1.9 + 03 105 + 29 0.0062**
Peak Gradient mmHg 7.4 + 0.7 296 + 45 <0.0001 ****

Heart Rate bpm 4402 + 193 4374 + 199 0,9225

Endsystolic ul 27.7 + 29 43.1 + 82 0,0629
Volume
Enddiastolic ul 64.4 + 48 857 + 11.2 0,0694
Volume
Stroke Volume pl 36.7 + 2.1 426 + 3.8 0,1622
Ejection % 57.7 + 1.6 519 + 2.8 0,0750
Fraction
Fractional % 11.7 + 1.0 123 + 1.1 0,7161
Shortening

Cardiac Outout pl/min 16.2 + 13 188 + 2.2 0,2982

IVS.d mm 1.2 + 0.1 1,6 + 0.1 0.0035**
LVID.d mm 34 + 0.1 43 + 0.2 0.0036**
E/A a.u. 14 + 0.1 1,4 + 0.1 09133
Isovolumic ms 13.8 + 1.5 15.5 + 1.6 0,7554
Contraction
Time
Isovolumic ms 14.6 + 14 179 + 19 0,1742
Relaxation
Time
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4.1.2 Magnetic resonance imaging
In a clinical setting, echocardiography is the standard tool for diagnosis and assessment of
AS. We adapted this technique to assess the wire-injury model of AS. Nevertheless, murine
echocardiographic analysis of stenotic valves was challenging regarding the precise
assessment of the aortic valve orifice area. In comparison, MRI allows this precise
assessment of morphological changes of the valve, myocardial texture analysis via T1 and
T2 mapping, as well as analysis of flow patterns in the aorta ascendens.

4.1.3 Wire-injury induced restricted, asymmetric aortic valve opening and valve

thickening

In comparison to sham mice, AS animals showed a restricted, asymmetric opening of the
aortic valve (Figure 18A). Planimetry of the aortic valve revealed a significant decrease in
aortic valve opening area compared to sham and control animals, normalized to the total
supravalvular aortic area assessed in end-diastole (sham: 80.1 = 8.6 %, control: 77.8 +6.3
% vs. AS: 60.2 £ 9.8 %, p=0.0006, p=0.0010), see Figure 18. Besides, long-axis slices,
perpendicular to the aortic valve, there is significant valve thickening, validated by analysis
of total leaflet area (sham: 0.12 £ 0.01%, control: 0.12 + 0.01 % vs. AS: 0.17 £ 0.01 %,
p<0.0001, p=0.0001) (Figure 18).
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Figure 18 Aortic valve morphology after wire-injury

Assessment of valve morphology and valve orifice area by magnetic resonance imaging in
untreated control mice (con), sham animals and mice with aortic valve stenosis (AS), four weeks
after wire-injury. (A-C) The aortic valve opening area normalized to the total supravalvular aortic
area. (D-E) Aortic valve thickening was observed by analysis of the total leaflet area. Unpaired
t-test **p<0.01, ***p<0.001. Data are shown as mean + SD, n=7-9. Figures were taken from the
original publication (Quast et al., 2022).
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Figure 19 illustrates differences in aortic valve area and flow profiles of sham and mice with
AS. In line with echocardiographic analysis, peak flow velocities were significantly
increased in AS mice (sham: 117.3 £17.4 cm/s, control: 117.0 £ 81.5 cm/s. vs. AS: 204.8 +
38.4 cm/s, p=0.0001, p=0.0001). Furthermore, MRI-derived velocity maps allowed
reconstructing for three-dimensional surface plot above the valve. In contrast to the bell-
shaped flow profile of sham mice, stenotic flow profiles were featured asymmetric and

turbulent (Figure 19 A-B).
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Figure 19 Magnetic resonance imaging of aortic valve area and flow profiles

Effects of wire-injury on valvular function and blood flow were assessed by magnetic resonance
imaging in untreated control mice (con), sham animals and mice with aortic valve stenosis (AS)
after four weeks. Illustrations of aortic valve area, 2D velocity maps and 3D plots in (A) sham
and (B) mice with AS. 3D surface plot presents the blood flow velocities over the vessel cross-
sections. (C) Peak velocities and (D) representative peak velocities in sham and AS animals over
one cardiac cycle. ***p< 0.001, unpaired t-test. Data are shown as mean + SD, n=7-9. Figures
were taken from the original publication (Quast et al., 2022).
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In addition to the assessment of peak flow velocities, 3D flow profiles were used to identify
mice with concomitant AR, representing mixed vitium. While in echocardiography, AR was
identified by color- Doppler and pulse wave-Doppler, MRI allowed for detection of a
regurgitation jet during diastole by 3D reversed flow profiles with negative velocity values.
Therefore mice with combined vitium were characterized by increased peak velocity with

concomitant presence of regurgitation jet (Figure 20).
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Figure 20 Assessment of aortic regurgitation by magnetic resonance imaging

The evaluation of aortic regurgitation was carried out by assessment of backward flow at the
beginning of diastole in mice with aortic valve stenosis (AS) and concomitant aortic regurgitation
(AR). (A-B) Illustrations of aortic regurgitation jet in long and short slices. Arrows indicating
black regurgitation jet. (C) Blood flow analysis over one cardiac cycle revealed negative flow
during diastole. (D-G) Backward flow at valvular level in short axis slices, the arrow indicates
backflow. (E-H) 2-D velocity maps with the arrow indicate the location of backward flow
corresponding to the anatomical map. (F-I) Blood flow velocity is presented as 3D velocity maps.
Figures were taken from the original publication (Quast et al., 2022).
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Functional alterations of the ascending aorta, due to AS and subsequent turbulent flow was
identified by circumferential strain analysis, illustrated in Figure 21. Subsequently, in mice
with AS, circumferential strain was significantly increased (sham: 0.16 + 0.05 %, control:
0.14 £0.06 % vs. AS: 0.23 £0.07 %, p=0.0325, p=0.0153). Moreover, significant increase
in aortic wall thickness at the level of aortic valve was observed in AS mice (sham: 0.13 +
0.01 mm, control: 0.13 £ 0.01 mm vs. AS: 0.16 = 0.02 mm, p= 0.0003, p= 0.0015) (Figure
21 I). Comparing aortic diameter during systole, we observed significant increase in outer
aortic diameter in AS animals compared to sham and control animals (sham: 2.36 + 0.12

mm, control: 2.36 + 0.13 mm vs. AS: 2.49 £ 0.11 mm, p= 0.0331, p =0.0494) (Figure 21G).
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Figure 21 Aortic wall function and morphology

Assessment of aortic wall function and morphology by magnetic resonance imaging in untreated
control mice (con), sham animals, and mice with aortic valve stenosis (AS), four weeks after
wire-injury. Representative short and long-axis slices and flow conditions in the ascending aorta
in sham (A-C) and (D-F) AS mice. White arrows indicate aortic wall thickening on valvular level
in AS animals. (G) Outer aortic diameter, (H) circumferential strain of the aortic root, (I) aortic
wall thickness measured on aortic valve level. *p<0.05, ** p<0.01, *** p<(0.001, control vs. AS,
sham vs. AS, unpaired t-test. Data are shown as mean + SD, n=7-9. Figures were taken from the
original publication (Quast et al., 2022).
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Furthermore, left ventricular function analysis was performed by short-axis cine loops.
Stroke volume (SV), cardiac output (CO), and heart rate (HR) were unchanged, while the
LV’s hypertrophic changes were indicated by increased diastolic wall thickness (sham: 0.95
+ 0.04 mm, control: 0.95 £ 0.06 mm vs. AS: 1.02 £ 0.05 mm, p=0.0046, p=0.0174).
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Figure 22 Mice with aortic valve stenosis showed preserved left ventricular function
Magnetic resonance imaging analysis of left ventricular functional parameters in control
(con), sham and mice with aortic valve stenosis (AS). (A) Stroke volume (SV), end-diastolic
volume (EDV), end-systolic volume (ESV), ejection fraction and (B) heart rate and cardiac
output. (C) Sectorial analysis of fractional shortening. p<0.05, unpaired t-test, control vs. AS,
sham vs. AS. Data are shown as mean + SD, n=7-9. Figures were taken from the original
publication (Quast et al., 2022).
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Cardiac tissue characterization by T1 and T2 mapping revealed significantly reduced values

for both parameters in AS (Figure 23). This demonstrates the absence of myocardial edema
at this time point (Myocardial T1: sham: 981.23 + 88.04 ms, control: 989.17 = 103.27 ms
vs. AS: 790.85 + 135.77 ms, Myocardial T2: sham: 19.36 = 0.91 ms, control: 19.64 + 1.72
ms vs. AS: 16.82 £ 2.14 ms, p= 0.0082, p=0.0128).
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Figure 23 Assessment of structural adaptions to aortic valve stenosis.
Magnetic resonance imaging analysis was used to assess the left ventricular diastolic wall
thickness (short axes) (A). Ventricular texture was assessed by T1 and T2 mapping in control
(con), sham and mice with aortic valve stenosis (AS) (B-C). *p<0.05, **p<0.01, unpaired t-test,
control vs. AS, sham vs. AS. Data are shown as mean + SD, n=7-9. Figures were taken from the

original publication (Quast et al., 2022).
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4.1.4 Pressure- volume loop analysis revealed left ventricular pressure overload in
AS animals

Since echocardiography and MRI were used to assess changes in valvular, aortic, and left
ventricular function, we used pressure-volume loop analysis to confirm pressure load of the
LV. Of note, the measurement was performed from the apical side of the heart in an open-
chest approach. Four weeks after wire-injury, mice showed a significant increase in left
ventricular end-systolic pressure (sham: 93.25 + 5.07 mmHg vs. AS: 124.90 + 6.78 mmHg,
p=0.0109) and end-diastolic pressure (sham: 23.00 = 1.68 mmHg vs. AS: 30.78 + 1.97
mmHg, p=0.0264). Moreover, a significant increase in maximal pressure rise (max dP/dt)
was observed (sham: 4005.0 = 448.4 mmHg/s vs. AS: 6448.0 + 727.0 mmHg/s, p=0.0428).
Stroke volume and heart rate did not differ significantly (Figure 24).
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Figure 24 Pressure volume relationship in stenotic mice after wire-injury

Pressure volume analysis was performed by left ventricular catheterization from the apical side in
an open chest approach. (A) Left ventricular end-systolic pressure (LVESP), (B) left ventricular
end-diastolic pressure (LVEDP) and (C) maximal pressure rise during isovolumetric contraction
(dP/dtmax), (D) stroke volume (SV) and (E) heart rate (HR). Presented as box-plot. *p<0.05,
unpaired t-test, sham n=4, AS n=7.
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4.2 Wire-injury induced significant aortic valve thickening

To analyze morphological changes after wire-injury, aortic valves tissue sections were
stained and imaged. Hematoxylin- Eosin staining showed significant leaflet thickening in
mice with AS after four weeks (sham: 39.40 + 4.64 pm vs. AS: 103.80 + 19.86 pum,
p=0.0007) and after three months (sham: 53.32 £ 2.61 um vs. AS: 120.60 +20.15, p=0.0468

pum) compared to age-matched sham animals (Figure 25).
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Figure 25 Histological analysis and quantification of aortic valves after wire-injury
Hematoxylin-eosin (HE) staining of aortic valve cross-sections were used to analyze aortic valve
thickening after wire-injury. Representative HE images of aortic valve’s cross-sections of sham and
mice with aortic valve stenosis (AS) after (A) four weeks and after (B) three months after wire-injury.
The average thickness was quantified at the maximal leaflet width of each valvular leaflet. **p<0.01,
sham vs. AS, unpaired t-test. Data are shown as mean + SEM, sham n=3-5, AS n=5-10.

Scale bar=500 um.
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Our previously published data, described mild, moderate and severe wire-injury and its
valvular consequences illustrated in Figure 26 (Niepmann et al., 2019). Von Kossa staining
revealed significant calcium depositions in mice with severe AS. Significant infiltration of
CD68 positive macrophages into valvular leaflets was evident in stenotic valves in
comparison to sham mice (Figure 26 B, F). Moreover, Sirius-Red staining showed fibrotic
changes in moderate and severe stenosis (Figure 26 C, G). Taken together, manipulation of
the aortic valve by wire-injury induced relevant AS, which was demonstrated by a significant
increase in aortic peak velocities, pressure gradients, restricted valve opening and turbulent
blood flow in the ascending aorta. Left ventricular function analysis showed mild myocardial
hypertrophy as an adaptive response to pressure overload. Moreover, histological analysis

of the aortic valve revealed fibrotic and inflammatory changes of the aortic valve leaflets.
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Figure 26 Histological changes of the aortic valve after wire- injury.

Representative histological images of aortic valve cross-sections after wire-injury or sham surgery,
respectively. (A) Hematoxylin-eosin staining, (B) immunofluorescence anti- CD68 staining, (C)
Sirius- Red staining and (D) von Kossa staining. (E-F) Quantitative analysis of positive valve area.
Figures were taken from the original publication (Niepmann et al., 2019).
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4.3 Aortic valve stenosis in global eNOS KO mice

Several studies have demonstrated that valvular endothelium-derived NO plays a critical role
in the disease progression of AS (Richards et al., 2013b) and that eNOS KO mice are more
prone to fibrotic alterations of the aortic valve (El Accaoui et al., 2014). Based on these
studies, we hypothesized that progression of AS induced by wire-injury is faster and more
severe in eNOS KO mice than in WT mice. Thus, the characterization of AS in eNOS KO
mice was integrated into the first aim of this thesis. FMD studies were performed to verify
loss of endothelium-derived NO in global eNOS KO mice (maximal change in vessel
diameter WT: 22.15 £ 1.27 % vs. eNOS KO: 4.16 + 1.10 % p<0.0001). Examination of
blood pressure confirmed significant increase in diastolic blood pressure (WT: 55.00 + 3.51
mmHg vs. eNOS KO: 72.00 = 1.00 mmHg, p=0.0096) and systolic blood pressure (WT:
82.0 = 3.1 mmHg vs. eNOS KO: 107.7 £ 0.3 mmHg, p=0.0011), with a decrease in heart
rate (WT: 474.0 = 30.5 bpm vs. eNOS KO: 371.3 + 12.00 bpm, p=0.0352). Next, we
analyzed whether the progression of AS was accelerated compared to WT mice.
Surprisingly, there were no significant differences between eNOS KO mice and WT mice
regarding peak velocities (WT: 216 £ 92.75 mm/s vs. eNOS KO: 2161.0 = 119.5 mm/s),
peak pressure gradients (WT: 16.8 £ 2.7 mmHg vs. eNOS KO: 16.2 + 1.5 mmHg ), or mean
pressure gradients (WT: 5.8 £ 1.6 mmHg vs. eNOS KO: 5.6 = 1.1 mmHg) after four weeks
of induction of AS (Figure 27).
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Figure 27 Progression of aortic valve stenosis was similar in eNOS KO and WT mice

The course of (A) flow velocities, (B) peak gradient and (C) mean gradient were assessed in wild
type (WT) and global eNOS KO mice four weeks post wire-injury using high- resolution ultrasound
in the ascending aorta. Two-way ANOVA, Sidak's multiple comparisons test. Data are shown as
mean + SEM, WT n=5, eNOS KO n=5.
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Moreover, cardiac function analysis showed significantly greater interventricular septum
sickness (WT: 0.9 = 0.1 mm vs. eNOS KO: 1.3 + 0.1 mm), as well as greater isovolumic
relaxation time (WT: 8.2 £ 2.7 ms vs. eNOS KO: 18.2 £ 1.7 ms) in eNOS KO mice which
underwent wire- injury.

Table 7 Left ventricular function parameters and aortic blood flow velocities assessed in WT and
eNOS KO mice with aortic valve stenosis four weeks post wire-injury. WT n=5, eNOS KO n=5.

IVS,d: interventricular septum thickness, diastole, LVID,d: left ventricular diameter, E/A: ratio
between peak velocities of the early (E) and late (A) ventricular filling.

unit WT eNOS KO p-value
Peak Velocity mm/s 2166 + 92.8 2161 =+ 1195 0,9728
Mean Gradient mmHg 5.8 1.6 56 £ 1.1 0,9006
Peak Gradient mmHg 16.8 + 2.7 162 £+ 1.5 0,8674
Heart Rate bpm 5024 + 180 3975 £ 151 0,0021%*
Endsystolic Volume pl 20.1 = 0.8 151 = 3.0 0,1378
Enddiastolic pl 462 = 1.5 420 =+ 638 0,5586
Volume
Stroke Volume ul 262 £ 1.2 269 £+ 4.0 0,8695
Ejection Fraction % 565 £ 14 648 <+ 1.6 0,005%**
Fractional % 133 + 24 155 = 19 0,5184
Shortening
Cardiac Output pl/min 132 £ 1.0 105 + 14 0,1491
IvVS, d mm 09 =+ 0.1 1.3 £+ 0.1 0,0031%*
LVID.d mm 36 = 02 34 £ 024 0,5824
E/A a.u. 14 =+ 0.1 1.7 = 02 0,0895
Isovolumic ms 10,7 + 3.0 158 £ 1.6 0,164
Contraction Time
Isovolumic ms 82 = 2.7 182 = 1.7 0,0132*

Relaxation Time
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4.4 Aortic valve stenosis altered red blood cell integrity and increased levels of cell-
free hemoglobin

The second aim of this study was to investigate whether wire-induced AS affects RBC
integrity and thus induces release of cell-free Hb. Since cell-free Hb is known to be a potent
scavenger of NO and may be involved in systemic endothelial dysfunction, we evaluated
levels of free Hb in plasma samples. First, blood count analysis was performed to check for
potential changes with special regard to total Hb and RBC indices. Blood count did not show
any significant changes regarding RBC characteristics four weeks after wire-injury
compared to sham animals (Figure 28). Interestingly, AS mice showed a significantly lower
platelet number than sham animals (sham: 1508.9 £ 50.0 10°/mm vs. AS: 1231.7 + 98.2
10°/mm, =0.0292). All other parameters remained unchanged (Table 8).
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Figure 28 Aortic valve stenosis did not induce serious hemolytic damage

Blood count performed using the vet abc™ animal blood counter four weeks after wire-injury.
MCV: mean corpuscular volume (B) MCH: mean corpuscular hemoglobin (C) MCHC: mean
corpuscular hemoglobin concentration (D) RBCs: red blood cells, (E) HCT: hematocrit, (F)
RDW: red cell distribution width, (G) Hb: hemoglobin. Data shown as mean = SEM. AS n=9,
sham n=8
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Table 8 Blood count performed using the vet abc™ animal blood counter. Comparisons
between sham and stenotic mice, four weeks after wire-injury. WBC: white blood cells,
PLT: platelets MPV: mean platelet volume. Data shown as mean = SEM. AS n=9, sham n=8

unit sham AS p-value
WBC 10*/mm? 3.1 + 05 30 = 05 0.92
PLT 10*/mm  1508.9 + 50. 12317 + 982  *0.0292
MPV pm? 6.0 + 0.1 62 + 0.08 0.08
Lymphocytes % 774 + 2.7 89.9 <+ 142 0.41
Monocytes % 49 + 02 44 + 04 0.25
Granulocytes % 177 + 2.6 183 + 3.2 0.88

To further check RBCs integrity, we performed FACS analysis of Annexin V and CD71+
positive erythrocytes. Aging, as well as hemolytic conditions, were shown to induce
translocation of membrane phosphatidylserine from the intracellular to the extracellular
surface (Boas et al., 1998). Annexin V is a high-affinity binding protein to
phosphatidylserine. Moreover, the soluble transferrin receptor 1 (CD71) is present on
erythroid progenitor cells and reticulocytes due to their high demand for iron. In mice with
AS, we observed a significant increase in Annexin V positive RBCs compared to sham mice
(sham: 0.16 £ 0.01 % vs. AS: 0.92 £ 0.17 %, p=0.018 (Figure 29). The amount of CD71+
positive cells did not change significantly (Figure 29 B). Importantly, the analysis of plasma
cell-free Hb levels revealed a 2.3-fold increase in AS animals compared to sham mice (sham:
9.07 £ 2.01 mg/ml vs. AS: 21.09 £ 1.92 mg/ml, p=0.0018). To further evaluate whether
reduced RBC integrity leads to red blood cell functional changes in our model of AS, RBCs
deformability was investigated. There were no changes regarding red blood cell
deformability between sham and AS animals after four weeks (Figure 29). Maximal
elongation (Elmax) was similar in both experimental groups (sham: 0.57 + 0.008 vs. AS: 0.57
+ 0.003). Likewise, shear forces to reach half-maximal elongation (SSi2) did not differ
(Figure 29). Of note, the increase in plasma cell-free Hb did not substantially differ between

four weeks and three months (2.3-fold vs. 1.8-fold increase).
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Figure 29 Cell-free haemoglobin was increased in aortic valve stenosis, whereas red blood
cell deformability was preserved

The amount of Annexin V (A) and CD71 (B) positive red blood cells (RBCs) were analyzed by
flow cytometry. (C) Cell-free hemoglobin was measured in plasma of sham and mice with aortic
valve stenosis (AS) by enzyme-linked immunosorbent assay. RBCs deformability was studied
by ektacytometry under increasing shear stress in a laser-assisted optical rotational cell analyzer
(LORCA). (D) The deformability was expressed as elongation index (EI), describing the ratio
between the horizontal and vertical axis of the red blood cells during deformation from the
biconcave to the ellipsoid shape. (E) Half-maximal deformability (SSi») and (F) maximal
deformability (Elmax). Statistics were performed by one-way ANOVA, Sidak's multiple
comparisons test, and unpaired t-test. Data shown as mean = SEM, n=6-11 *p<0.05, *p<0.01.
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4.5 Nitric oxide metabolism

The well-known deoxygenation reaction describes the reaction of NO with oxyHb under the
formation of and Hb(Fe*") and NOs". To further investigate the findings of altered RBC
integrity with respect to dysregulation of NO metabolism, we investigate the concentrations
of NO metabolites' NO2", NO3~, RXNO in tissue and plasma four weeks after wire-injury.
The data showed no significant differences in NO>™ concentrations in the heart (sham: 2173
+ 14.03 nM vs. 2182 £+ 20.11 nM) and aorta (sham: 41.93 £ 8.10 nM vs. AS: 5.31 £+ 3.92),
whereas in liver a decrease (tendency) in NO>™ concentration was observed in mice with AS
(sham: 608.8 £251.4 nM vs. AS: 338.7 £ 114.0 nM). The RXNO concentrations in analysed
tissues were not significantly different between sham and stenotic mice (Figure 30 C-D).
Plasma analysis found no differences in NO2™ (sham: 376.1 + 110.9 nM vs. AS: 369.6 +
112.3 nM) or RXNO concentrations (sham: 3.38 £ 2.02 nM vs. AS: 4.31 + 1.01 nM) between
the experimental groups. Moreover, NO3™ concentrations tend to increase in the plasma of
AS mice (sham: 11.4 +£2.49 uM vs. AS: 15.98 £ 2.41 uM). The data are summarized in
Figure 30.
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Figure 30 Effects of aortic valve stenosis on nitrate, nitrite and RXNO concentrations in plasma
and tissues.

Concentrations of nitrite (NO>"), nitrate (NOj3") and nitrosation products (RXNO) were assessed by
chemiluminescence detection or high performance liquid chromatography (ENO-30), four weeks
after wire-injury or sham surgery, respectively. (A-B) Concentrations of nitrite, (C-D) RXNO and
(E-F) nitrate were investigated in heart, aorta, liver and plasma of sham mice and mice with aortic

valve stenosis (AS). Unpaired t-test. Data shown as mean = SEM, plasma n=12, heart n=3-5, aorta
n=4, liver n=3-5.
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4.6 Flow-mediated dilation studies revealed endothelial dysfunctional phenotype in
stenotic mice

This work aimed to investigate the hypothesis that turbulent blood flow conditions in AS
induce mechanical damage to RBCs with increase in cell-free Hb, thus leading to scavenging
of NO and therefore reduction of NO bioavailability. The results described in the previous
sections found clear support for an altered RBC integrity with concomitant increase in cell-
free Hb. Therefore, according to the third aim of this study, we investigated in the following
section the systemic effects of wire-induced AS on peripheral endothelial function in vivo,

by measuring FMD in the left femoral artery.

To conduct an intraindividual analysis, we initially assessed FMD under baseline conditions
and repeated the measurements four weeks after surgery in the same mice. Afterwards, we
compared the FMD data from sham animals with AS animals to obtain an interindividual
analysis after four weeks. Changes in diameter and flow velocities were continuously
recorded. We observed significant impairment of FMD in mice with AS, four weeks after
wire-injury compared to baseline conditions (maximal change in vessel diameter: baseline
22.15 = 1.27 % vs. four-weeks 14.4 = 1.08 %, p=0.0019, Figure 31A-C) and compared to
age- matched sham animals after four weeks (maximal change in vessel diameter: sham
18.93 £ 1.57 % vs. AS 14.00 + 0.68 %, p=0.0085, Figure 31 G-I). In contrast, no changes in
FMD were observed in sham animals between baseline conditions and four weeks after sham
surgery (Figure 31 D-F). Interestingly, the analysis did not show differences in flow

velocities after vessel occlusion in sham and AS animals (Figure 31).

To confirm that the impaired FMD is eNOS-dependent, we applied the competitive eNOS
inhibitor L-NAME 30 minutes prior to FMD measurement. The inhibitor L-NAME
abolished vasodilator response after reperfusion in sham (maximal change in vessel
diameter: sham 18.93 £ 1.57 % vs. sham+ L-NAME 4.66 + 4.05 %, p=0.0024) and AS
animals (maximal change in vessel diameter: AS 14.00 + 0.68 % vs. AS+L-NAME 3.61 +
1.84 %, p<0.0001), referring to Figure 31 G-I. In line with these findings, blood flow
velocities were significantly decreased during the reperfusion phase, compared to blood flow

velocities in the absence of L-NAME.
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Figure 31 Aortic valve stenosis was accompanied by impaired flow-mediated dilation
Endothelial function was studied by flow mediated dilation (FMD) in the left femoral artery after
five minutes hindlimb occlusion. Change in vessel diameter and blood flow velocity during
reperfusion phase was compared before (baseline conditions) and four weeks (4w) after induction
of aortic valve stenosis (AS) (A-C) or sham surgery (D-F) and after four weeks following
treatment with NS-nitro-L-arginine methyl ester (L-NAME). Arrows indicating cuff opening.
Statistics performed by paired t-test and two-way ANOVA, Sidak's multiple comparisons test,
p*<0.05, p**<0.01, p***<0.001. Data shown as mean = SEM. AS n=8-15, sham n=16,AS+L-
NAME n=3, sham+L-NAME n=3
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A further marked decline of FMD was observed in mice three months after induction of AS
(maximal change in vessel diameter: sham 17.25 £2.15 % vs. AS 6.18 = 1.68 %, p=0.0007,
Figure 32). However, the analysis of recorded flow velocities tend to be decreased in mice

that underwent wire-injury (Figure 32C).
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Figure 32 Flow- mediated dilation was further impaired in stenotic mice three months after
wire-injury.

Endothelial function was studied by flow mediated dilation (FMD) in left femoral artery after five
minutes hindlimb occlusion. Change in vessel diameter and blood flow velocities during the
reperfusion phase was compared between sham mice and mice with aortic valve stenosis (AS),
three months (3m) after wire-injury or sham surgery, respectively. Arrow indicating cuff opening.
Statistics performed by paired t-test and two-way ANOVA, Sidak's multiple comparisons test.
p**<0.01, p***<0.001, p****<(0.0001. Data shown as mean = SEM, n=9-10.

The assessment of baseline femoral artery diameter did not differ between the different
groups (Figure 33 ). Moreover, we measured pulse-wave velocity (PWV) as a function of
arterial stiffness. PWV did not significantly change in sham and AS mice after four weeks,
but was significantly increased in mice three months after wire-injury (sham: 0.95 + 0.06
mm/ms vs. AS: 1.64 + 0.36 mm/ms, p=0.0135). Comparing these data between four weeks
and three months old AS animals, there was a further significant increase in PWV (four

weeks AS: 0.58 £ 0.12 mm/ms vs. three months AS: 1.64 + 0.36 mm/ms, p=0.002).
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Figure 33 Arterial Stiffness increased in age-dependent manner in animals with aortic valve
stenosis

(A) Baseline femoral artery diameter was assessed by high resolution ultrasound before cuff
occlusion during flow- mediated dilation studies. (B) Arterial vessel stiffness was carried out by
measurement of the pulse-wave velocity (PWV) in the common carotid artery. Data were assessed
after four weeks (4w) and after three months (3m) in sham mice and mice with aortic valve stenosis
(AS). Statistics performed by pearson correlation, one-way ANOVA, Sidak's multiple
comparisons test. p<0.05, ***p<(0.001. Data shown as mean + SEM, n=3-16.

In summary, in vivo analysis of endothelial function revealed an endothelial dysfunctional
phenotype in mice with AS. Impairment of FMD showed further deterioration with

increasing age of AS animals and concomitant increase in vascular stiffness.

4.7 Haptoglobin improved endothelial flow- mediated dilation in aortic valve
stenosis

To investigate whether the increase in cell-free Hb limits NO induced VSMCs relaxation
due to scavenging of NO, we performed a regain of function experiment with Hp, the
physiological scavenger of cell-free Hb. We found that administration of Hp resulted in
significant increase in maximal vessel diameter during the first minute of reperfusion phase
in AS animals compared to untreated AS mice (AS: 13.99 =+ 0.68 % vs. AS+Hp: 18.97 +
3.53 %, p=0.0407), while there were no differences between untreated AS mice and vehicle
control. Interestingly, flow velocities during reperfusion showed no significant differences

in all groups (Figure 34 C.)
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Figure 34 Haptoglobin improved flow-mediated dilation in mice with aortic valve stenosis

Femoral artery endothelial function was assessed by flow-mediated dilation (FMD) after five
minutes occlusion of the left hind limb, four weeks after wire-injury. (A-C) Changes in vessel
diameter and blood flow velocities during the reperfusion phase were compared between mice
with aortic valve stenosis (AS), AS mice treated with haptoglobin (AS+ Hp) and AS mice treated
with vehicle (AS+ vehicle). Statistics performed by paired t-test and two-way ANOVA, Sidak's

multiple comparisons test.*p<0.05. Data shown as mean = SEM. AS n=15, AS+ Hp n=5, AS+
vehicle n=4.
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Moreover, assessment of blood pressure did not show any differences between sham and AS
mice. Calculation of mean arterial pressure and systemic vascular resistance revealed no

changes (Figure 35).
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Figure 35 Mean arterial pressure and systemic vasculare resistance were unchanged in
mice with aortic valve stenosis.

Pressure at end systole (A) and diastole (B), (C) mean arterial pressure (MAP) and (D) systemic
vascular resistance (SVR) were assessed by invasive catheterization of the ascending aorta of
sham and mice with aortic valve stenosis (AS), four weeks after wire-injury. Statistics performed
by unpaired t-test. Data shown as mean + SEM, n=5-7.
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4.8 Exvivo femoral artery vasodilator and vasoconstrictor function was preserved
in aortic valve stenosis

To investigate whether AS also affect receptor-induced endothelium-dependent relaxation
responses, segments of femoral arteries were subjected to vascular reactivity studies in an
organ bath setting. First, vasoconstriction response to phenylephrine were analyzed.
Sensitivity and maximal constriction to phenylephrine were comparable in sham and mice
with AS after four weeks, as well as after three months after wire-injury (Emax: after four
weeks: sham: 93.7 £ 15.1 % vs. AS: 88.2 + 12.1 %, Figure 36 A, after three months: sham:
100.9+4.3 % vs. AS: 94.8 £ 15.8 %, Figure 36 D). Acetylcholine-induced maximal relaxing
responses were similar between two experimental groups at both time points (Emax: after four
weeks: sham: 98.7 £ 3.2 % vs. AS: 101.4 + 1.1 %, Figure 36 B, after three months: sham:
102.9 £ 1.6 % vs. AS: 99.97 + 1.2 %, Figure 36 E). Experiments were performed in the

presence of COX inhibitor indomethacin.

In order to identify the amount of eNOS- dependent dilation in femoral artery, segments
were incubated with eNOS inhibitor L-NAME, as described previously. After four weeks,
acetylcholine-induced maximal relaxation responses were attenuated but happened to a
similar extent in sham and AS mice (sham: 78.2 = 5.6 % vs. AS: 81.73 + 5.8 %). Similar
results were observed after three months: L-NAME decreased maximal relaxation response
to acetylcholine to a similar extent in sham and AS animals (sham: 68.1 + 8.5 % vs. AS:
53.4+£9.4%). As shown in Figure 36A, C maximal constriction responses to phenylephrine
remained unaffected by L-NAME in all groups. Furthermore, the sensitivity of femoral
arterial segments to phenylephrine and acetylcholine were comparable in AS and sham
animals at both time points (four weeks vs. three months, Table 9). In addition, endothelium-
independent response to NO donor SNP and thus the sensitivity of vascular smooth muscle
cells, revealed no differences between the two experimental groups after four weeks (Emax:
sham: 100.9 = 1.1 % vs. AS: 101.9 £ 2.4 %, LogECso sham:-6.966 M vs. AS:-7.023 M) and
three months (Emax: sham: 106.9 = 2.9 % vs. AS: 93.5 £ 12.6 %, LogECso sham: -7.032 M
vs. AS: -7.043) (Figure 36 C, F)
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Figure 36 Femoral artery vascular function was preserved in aortic valve stenosis
Phenylephrine (Phe) induced contractile responses. Acetylcholine (Ach) and sodium
nitroprusside (SNP) induced relaxing responses in isolated segments of femoral arteries of sham
mice and mice with aortic valve stenosis (AS) after four weeks (A, B, C red and black circles)
and three months (D, E, F blue and black squares) in the presence of indomethacin and Nnitro-
L-arginine methyl ester (L-NAME). *p<0.05, **p<0.01. Statistics performed using unpaired t-
test of maximal responses. Data are shown as mean + SEM, four weeks sham n=4, four weeks
AS n=4, three months sham n=7, three months AS n=3.
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Table 9 LogEC50 values were calculated from the corresponding dose response curves in the

presence of eNOS inhibitor N-nitro-L-arginine methyl ester (L-NAME). ACH: acetylcholine, Phe:
phenylephrine, AS: aortic valve stenosis

Four weeks AS sham p-value
Ach -7.073 -6.862 ns
Ach+ L-NAME -6.483 -6.275 ns
p-value 0.0032 0.0119
Phe -5.970 -5.744 ns
Phe+ L-NAME -5.713 -5.825 ns
p-value ns ns
Three months AS sham p-value
Ach -7.069 -7.226 ns
Ach+ L-NAME -6.194 -6.034 ns
p-value 0.0013 <0.0001
Phe -6.340 -6.175 ns
Phe+ L-NAME -6.196 -6.440 ns
p-value ns ns

Interestingly, the amount of eNOS-dependent dilation, calculated as delta of the area under
the curve (AUC) from acetylcholine induced relaxing responses in the presence and absence
of L-NAME, changed in femoral artery segments in an age-dependent manner. Four weeks
after wire-injury, eNOS- dependent dilation represented 24.52 % (sham) and 25.69 % (AS)
of total dilation response (AUC sham: 67.3 +21.8 a.u. vs. AS: 74.1 + 37.6 a.u.). In contrast,
eNOS-dependent dilation in the three months group represented 45.07 % in sham and
45.93 % in AS animals (AUC sham: 144.0 + 14.0 a.u. vs. AS: 156.4 £29.8 a.u.).
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4.9 Aortic endothelial function was altered in mice with aortic valve stenosis

The mechanisms underlying vascular reactivity differ between the different types of arteries
in the vascular bed. To further delineate between local structural and functional adaptions
versus systemically relevant effects in AS, potential changes in endothelial function were

investigated by ex- vivo studies in isolated aortic rings of sham and AS animals.

The first set of experiments investigated vascular reactivity in isolated aortic rings of animals
four weeks after wire-injury. Initially, contractile reactivity was characterized by the
cumulative addition of phenylephrine. Maximal contraction and sensitivity were similar in
the absence (Figure 37 A) and presence (Figure 37 B) of cyclooxygenase inhibitor
indomethacin in sham and AS mice. Exclusively the incubation with eNOS inhibitor
L-NAME showed a mild increase in maximal contractile response in AS mice compared to
sham animals (Figure 37 C). However, the sensitivity (ECso) to phenylephrine was

comparable in both experimental groups (Table 10).

Table 10 LogEC50 values were calculated from the corresponding dose-response curves in the
absence of pharmacological inhibitors, in the presence of indomethacin and eNOS inhibitor NG-
nitro-L-arginine methyl ester (L-NAME) after four weeks.

Ach: acetylcholine, Phe: phenylephrine, AS: aortic valve stenosis

Phe AS sham p-value
Absence of inhibitors -6.585 -7.084 ns
Indomethacin -7.027 -6.689 ns
L-NAME + Indomethacin -7.282 -6.784 ns

Ach

Absence of inhibitors -7.537 -7.465 ns
Indomethacin -7.186 -7.097 ns
L-NAME + Indomethacin n.a. n.a. n.a.
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Figure 37 Effects of aortic valve stenosis on phenylephrine-induced contractile response,
four weeks after wire-injury.

Phenylephrine induced contractile responses in isolated aortic segments from sham and mice
with AS. (A) In the absence of pharmacological inhibitors. (B) In the presence of indomethacin.
(C) In the presence of indomethacin and NS-nitro-L-arginine methyl ester (L-NAME). Unpaired
t-test. Data are shown as mean = SEM, n=3-9. AS: aortic valve stenosis.
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Next, phenylephrine pre-contracted aortic rings were subjected to cumulative addition of
acetylcholine, which revealed significantly decreased maximal relaxing response in AS
mice in the presence of indomethacin (sham: 75.87 = 0.04 % vs. AS: 59.39 + 5.00 %,
p=0.0061, Figure 38 B). However, maximal relaxing response in the absence of
pharmacological inhibitors (Figure 38 A) was decreased without reaching statistical

significance.

Incubation with L-NAME abolished vasodilator response to acetylcholine to the same
extent in sham and AS mice, indicating complete eNOS dependent relaxation in the aorta
of the two groups. Additionally, both experimental groups showed similar sensitivity to

acetylcholine (Table 11).

Moreover, sensitivity (LogECso sham: -7.92 M vs. AS:-8.09 M) and maximal relaxation
response (Emax: sham: 102.80 £ 2.27 % vs. AS: 107.10 = 4.64 %) to endothelium-
independent NO donor SNP was not affected (Figure 39).
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Figure 38 Impaired aortic endothelium-dependent relaxation in mice with aortic valve
stenosis, four weeks after wire-injury
Acetylcholine induced relaxation responses in isolated aortic segments of sham and mice with
AS. (A) In the absence of pharmacological inhibitors. (B) In the presence of indomethacin.
(C) In the presence of indomethacin and N¢-nitro-L-arginine methyl ester (L-NAME).
**p<0.001. Unpaired t-test. Data are shown as mean = SEM, n=3-9. AS: aortic valve stenosis
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Figure 39 Endothelium-independent relaxation was preserved in aorta of mice with aortic
valve stenosis, four weeks after wire-injury

Sodium nitroprusside (SNP) induced relaxation responses in isolated aortic segments of sham and
mice with aortic valve stenosis. n=3-9. AS: aortic valve stenosis.

To evaluate the effect of age on ex vivo vascular reactivity in AS animals, experiments were

repeated in aortic rings of AS animals three months after wire-injury. The phenylephrine-

induced maximal contractile response was significantly enhanced in AS animals in the

absence of indomethacin (control: 92.32 + 17.17 % vs. AS: 200.00 + 45.83 %, p=0.047,

Figure 40 A). Interestingly, the maximal contractile response tends to increase in mice with

AS in comparison to sham mice in the presence of indomethacin (sham: 30.09 £+ 6.70 % vs.

AS:45.19 +5.18 %, p=0.1122, Figure 40 B). In addition, maximal contractile response after

L-NAME treatment was similar in sham and AS animals (Figure 40 C).

Table 11 LogECs values were calculated from the corresponding dose-response curves in the
absence of pharmacological inhibitors, in the presence of indomethacin and eNOS inhibitor
NG-nitro-L-arginine methyl ester (L-NAME) after three months.

Ach: acetylcholine, Phe: phenylephrine, ctrl: control (healthy WT), AS: aortic valve stenosis

Phe AS sham/ctrl p-value
Absence of inhibitors -5.526 -6.473 ns
Indomethacin -7.735 -7.403 ns
L-NAME + Indomethacin -7.055 -6.965 ns

Ach

Absence of inhibitors -6.907 -7.472 ns
Indomethacin -6.733 -6.956 ns
L-NAME + Indomethacin n.a. n.a. n.a.
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Figure 40 Effects of aortic valve stenosis on phenylephrine-induced contractile response,
three months after wire-injury.

Phenylephrine induced contractile responses in isolated aortic segments from sham and mice
with AS. (A) In the absence of pharmacological inhibitors. (B) In the presence of indomethacin.
(C) In the presence of indomethacin and NGnitro-L-arginine methyl ester (L-NAME). *p<0.05.
Unpaired t-test. Data are shown as mean + SEM, n=3-5. AS: aortic valve stenosis.
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We then obtained relaxing responses to acetylcholine in sham and AS mice, three months
after wire-injury. Maximal relaxation response was decreased by tendency in the absence
(control: 55.56 = 5.85 % vs. AS: 40.10 £+ 5.41 %, p= 0.1001, Figure 41) and presence of
indomethacin (sham: 76.04 £ 6.22 % vs. AS: 61.03 + 3.42 %, p=0.0673, Figure 41 B). In the
presence of L-NAME, relaxation response to acetylcholine was completely abolished in the
two experimental groups. However, there were no substantial changes in ECso values
between sham and AS mice in any of these experimental conditions (Table 11). In addition,
phenylephrine pre-contracted aortic rings were treated with NO donor sodium nitroprusside
to determine endothelium-independent relaxation. Maximal relaxation response and
sensitivity were similar in sham and AS mice to endothelium- independent NO donor SNP
was not affected (Emax: sham: 104.30 = 4.84 % vs. AS: 98.32 £+ 2.03 %, LogECso sham:
-7.179 M vs. AS:-7.252 M) (Figure 42).
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Figure 41 Impaired aortic endothelium-dependent relaxation in mice with aortic valve
stenosis, three months after wire-injury

Acetylcholine induced relaxation responses in isolated aortic segments from sham and mice with
AS. (A) In the absence of pharmacological inhibitors. (B) In the presence of indomethacin. (C)
In the presence of indomethacin and NS-nitro-L-arginine methyl ester (L-NAME). Unpaired t-
test. Data are shown as mean = SEM, n=3-5. AS: aortic valve stenosis.
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Figure 42 Endothelium-independent relaxation was preserved in aorta of mice with aortic
valve stenosis, 3 months after wire-injury

Sodium nitroprusside (SNP) induced relaxation responses in isolated aortic segments of sham and
mice with aortic valve stenosis, n=3-5. AS: aortic valve stenosis

To summarize, we observed impaired acetylcholine-induced relaxation responses in mice
with AS. Addition of pharmacological inhibitor indomethacin unmasked the acetylcholine-
induced release of COX products. The incubation with eNOS inhibitor L-NAME completely
abolished relaxation response to acetylcholine, indicating NO as the major factor in
endothelium-dependent relaxation in the aortic vessel in our model. Relaxation response to
acetylcholine in older mice tends to be decreased, while we observed a markedly stronger
response to the phenylephrine-induced contraction in the absence of indomethacin in these
animals. Endothelium-independent relaxation responses to NO donor SNP showed no
alterations in sham or AS animals at both time points. No changes were found in ECso values

in all groups, indicating unaltered sensitivity to the pharmacological substances.
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4.10 Aortic eNOS expression was altered in animals with aortic valve stenosis

To investigate whether the decrease in endothelium-dependent relaxation in AS animals
results in modified expression of key enzymes of NO-dependent relaxation, immunoblotting
was used to analyze expression levels of total eNOS, AKT, and sG¢f1 in aortic tissue of
sham and AS animals. The total eNOS expression was significantly up-regulated by 4.12 +
0.60-fold in AS mice compared to sham mice (Figure 43 B). There was no difference in

expression levels of sGCB1 or total AKT (Figure 43 C, D).
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Figure 43 Aortic eNOS expression was enhanced in mice with aortic valve stenosis
Immunoblotting was used to assess protein expression levels in aortic lysates of sham mice and
mice with aortic valve stenosis (AS). (A) Representative western blots of (B) total eNOS
expression (C) total AKT and (D) sGCB1 expression. **p<0.05. Unpaired t-test. The values were
normalized to the mean value of controls. Data shown as mean = SEM, n=4-6.
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In order to analyze if changes in eNOS expression at protein level were also present at the
mRNA expression level, quantification of Nos3 gene expression in the aorta was performed
using real-time PCR. In contrast to western blot results, mRNA expression of Nos3 did not

differ between sham and stenotic mice (Figure 44).
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Figure 44 Aortic mRNA expression levels remained unchanged between sham and mice
with aortic valve stenosis.

Relative mRNA expression levels of endothelial nitric oxide synthase (NOS3) were assessed in
aortic lysates four weeks after wire-injury or sham surgery, respectively. Data were evaluated
using RT-PCR. The value of each gene was normalized to the mean of controls. Statistical
analysis was performed using unpaired t-test. Data shown as mean £ SEM, n=5-6. AS: aortic
valve stenosis.

It is known that EC activation by proinflammatory cytokines could precede endothelial
dysfunction. Therefore, markers for EC activation Icaml, Vcaml, as well as inflammatory

markers such as /16, Tnfo, 1110, and TGfp} were analyzed in AS and sham mice.

Analysis of relative expression of lcam! and Vecaml at mRNA level showed no significant
differences in stenotic mice compared to sham mice (Figure 45 A, B). 1l6 and Tnfo,
proinflammatory cytokines known to be involved in EC activation and leucocyte adhesion,
showed no relevant alterations (Figure 31 C, D). There were no statistically significant

differences observed in expression levels of //10 or TGfp (Figure 45 E, F).
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Figure 45 Quantification of aortic mRNA expression levels of genes involved in endothelial
cell activation.

Relative mRNA expression levels of (A-B) adhesion molecules Icaml, Vcaml and (C-F) 116,
TNfa, 1110 and TGfp. The value of each gene was normalized to the mean of controls. Statistical
analysis was performed by unpaired t-test. Data shown as mean + SEM, n=5-6. AS: aortic valve
stenosis.

Taken together, the presented data revealed that aortic eNOS protein expression levels
showed an upregulation in AS animals. Further analysis of the aortic vessel showed no

changes in mRNA expression levels of enzymes involved in EC activation.
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4.11 Wire-induced AS altered antioxidant capacity in aortic vessel

To evaluate changes in antioxidant capacity in mice suffering from AS, analysis of GSH and
GSSG were performed in plasma, heart and aortas four weeks after wire-injury. The
GSH/GSSG ratio was significantly decreased to 0.76 = 0.21-fold in aortic tissue from AS
animals (Figure 46). The GSH/GSSG ratio was not significantly altered in plasma. However,

there was a trend towards a lower GSH/GSSG ratio in the heart.
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Figure 46 Aortic GSH/GSSG ratio was increased in stenotic mice

Levels of reduced glutathione (GSH) and oxidized glutathione (GSSG) were determined in
plasma, heart and aortic tissue of sham and mice with aortic valve stenosis (AS), four weeks after
wire-injury or sham surgery, respectively (A-C). Values are expressed as ratio of GSH to GSSG.
*p<0.05, unpaired t-test. Data shown as mean + SEM, n=3-4.
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Interestingly, mRNA expression levels of enzymes involved in the antioxidant defense
remained unchanged, apart from catalase, which was increased to 1.2 + 0.1-fold in aortic

tissue of AS mice (Figure 47).
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Figure 47 Changes of catalase expression levels in aortic tissue of AS animals

RT-PCR was used to assess relative mRNA expression levels of enzymes involved in antioxidant
defence in aortic tissue of sham mice and mice with aortic valve stenosis (AS). Relative
expression of (A) catalse (Cat), (B) superoxide dismutase 1 (Sodl), (C) glutathione reductase
(Gsr) and (D) glutathione peroxidase 1 (Gpx/). The value of each gene was normalized to mean
of controls. *p<0.05, unpaired t-test. Data shown as mean = SEM, n= 5-6.

Vascular oxidative stress was further assessed by checking expression levels of 3-
Nitrotyrosine in aortas, a marker for ONOO". Four weeks after wire-injury, there was no
significant difference in expression levels of 3-Nitrotyrosine between sham and mice with

AS (Figure 48).
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Figure 48 3-Nitrotyrosine levels were unaltered in aorta
Western Blot analysis of aortic tissue lysate from sham mice and aortic valve stenosis (AS) mice.

(A) For quantification, levels of 3-Nitrotyrosine (3-NT) were normalized to the mean value of
controls (B) Representative western blots. Unpaired t-test. Data shown as mean + SEM, n=4.

To sum up, we observed decreased ratio of GSH/GSSG in aorta, but no significant changes
in heart and plasma. Further analysis revealed increased expression of catalase in aorta.

At this stage, we did not observe changes in nitrotyrosine levels in aorta.
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5 Discussion

This work aimed to characterize the model of wire-induced AS and its effect on NO-
dependent vascular endothelial function irrespective of confounding comorbidities being
present in humans. We raised the hypothesis that turbulent blood flow in AS disrupts NO
bioavailability, which is essential for the homeostasis of systemic endothelial function. To
explore our hypothesis, the following aims were investigated: 1.) Characterization of the
wire-injury model regarding turbulent blood flow alterations in the ascending aorta, left
ventricular function adaptions and morphological changes of the aortic valve 2.)
Investigation of the role of AS on RBC integrity. 3.) Analysis of the systemic consequences
of AS on NO-dependent vascular endothelial functional properties in the aorta and femoral

artery with regard to eNOS function.

89



Discussion

Left ventricular adaptions Histological changes

. LV hypertropy: IVSd 4 Thickening 4
Aortic VE!'VE ’ SV <> EF «» Fibrosis 4
stenosis HR <+ CO « Inflammation4
VSMC
‘e e e e - %i B
RBC integrity Cell-free
. ‘ . LY + Hemoglobinf I‘I?-l)éNO
® '} 0,0 . & NO; 0
® o ’

— |
MO scavenir

T

Endothelial function ex vivoy
eNOS expression 4
redox imbalance

aorta

Figure 49 Overview Findings

The experimental model of aortic valve stenosis (AS) based on wire-injury, were characterised with
a significant increase in aortic peak velocities, pressure gradients, restricted valve opening and
turbulent blood flow in the ascending aorta. Left ventricular function was preserved, but the
myocardium was identified with significant hypertrophy. Histological analysis of the aortic valve
revealed thickening of the aortic valve cusps, fibrosis and infiltration of macrophages. 2.) AS
significantly increased plasma levels of cell-free hemoglobin and the amount of Annexin V positive
RBCs four weeks after wire-injury. Plasma nitrate, nitrite and RXNO remained unaltered. Femoral
arterial flow-mediated dilation was significantly impaired. 3.) Aortic endothelium-depdendent
relaxation was decreased in mice with AS. Further, aortic eNOS expression was enhanced, while a
reduction of aortic GSH/GSSG ratio was observed. CO: cardiac output, COX: cyclooxygenase,
c¢cGMP: cyclic guanosine monophosphate, EF: ejection fraction, EC: endothelial cell, eNOS:
endothelial nitric oxide synthase, GC: guanylate cyclase, GSH: glutathione, GSSG: oxidized
glutathione (glutathione disulfide), GTP: guanosine triphosphate, Hb: hemoglobin, HR: heart rate,
LV: left ventricle, NO: nitric oxide, RXNO: sum of nitrosothiols and nitrosoamines, VSMC: vascular
smooth muscle cell.
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The major findings of this study are following:

1. Manipulation of the aortic valve by wire-injury caused relevant aortic valve stenosis
with narrowed aortic valve area, fibrotic valve thickening, turbulent blood flow
conditions in the ascending aorta, and left ventricular hypertrophy.

2. Mice suffering from aortic valve stenosis showed altered red blood cell integrity with
a concomitant increase in cell-free hemoglobin, but preserved RBCs deformability.
The levels of NO metabolites remained unaltered.

3. Mice suffering from aortic valve stenosis showed imapired FMD responses.

In addition, ex-vivo NO-dependent endothelial relaxation response was impaired in

the aorta with concomitant increase in aortic eNOS expression.

5.1 Wire-injury induced morphological and functional adaptions of the aortic valve

A murine model was employed based on wire-injury of the aortic valve to investigate the
characteristics of experimental AS and its effects on vascular endothelial function. To this
end, it was essential to use a mouse model, which features human pathophysiology regarding
valve morphology and turbulent blood flow in the ascending aorta. Previously characterized
mouse models of AS are mainly based on diet-induced, genetically modified animals or a
combination of both (Sider et al., 2011). In 2006 Weiss et al. introduced a mouse model of
calcific AS in genetically hypercholesterolemic mice. In their study, low-density lipoprotein
receptor-deficient apolipoprotein B-100-only (LDLr ~ApoB'*”1%) mice were fed a chow diet
for 17 to 22 months to study calcific AS. Likewise, Tanaka and colleagues investigated the
age-associated valvular degeneration in an apolipoprotein E (4poe””) mouse model (Tanaka
et al., 2005). Even though these models demonstrated sclerotic, calcific, or inflammatory
changes in the aortic valve, the number of mice developing significant hemodynamic
stenosis were relatively low (<2% in Apoe” and <30% in LDLr "ApoB'*”1% mice), and
require a long study period of up to 24 months, considered challenging because of the
necessity of long study periods. In addition, in these mouse models, a detailed consideration
of systemic consequences attributable only to AS is challenging, as diet and genetic

intervention lead to globally relevant changes in the metabolism.
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Honda et al. (2014) established a new approach for experimental AS, which is based on
mechanical injury of the aortic valve. Their approach was supported by the response- to-
tissue injury theory, a widely accepted theory in developing valve diseases. This is of
particular interest considering the growing number of studies leading to a reconsideration of
AS initiation as an active cellular mechanism through endothelial alterations (Rajamannan
et al., 2011). With their experimental approach, Honda and colleagues showed that
mechanical manipulation of the aortic valve leads to fibro-proliferative, osteochondrogenic
and inflammatory changes, and hemodynamically significant stenosis (Honda et al., 2014).
In addition, they focused on valvular consequences investigated by markers related to
osteochondrogenic signaling (BMP-2, Sox9, Runx2), inflammation (Mac3, TNFa, TGFp,
IL-1B), and oxidative stress (DHE, p-22phox).

We used the wire-injury model with a modified protocol regarding the number of rotations
to induce moderate AS. In contrast to the original published protocol, we increased the
number of rotations from 50 to 100 and pushed the wire back and forward 50 times instead
of 20 times with a straight wire. This protocol adjustment resulted in a reproducible induction
of moderate AS evidenced by a significant increase in maximal peak velocity, mean and

maximal pressure gradients validated by echocardiography (Niepmann et al., 2019).

In the initial model, Honda et al. demonstrated that flow velocities and pressure gradients
increased up to 16 weeks after surgery. However, in our model, no further increase in flow
velocities or pressure gradients between four weeks and three months after surgery were
observed. One possible explanation might be the different methodological approach
regarding the spring wire diameter used during surgery, which likely induced greater
endothelial injury of the valvular tissue (0.36 mm vs. 0.14 mm). Moreover, we separated the
groups based on the characteristic of pure AS or AS mice with concomitant AR, assessed by
color Doppler. In contrast, Honda et al. did not report about the number of mice suffering

from concomitant AR during the serial echocardiographic assessment.

In our modified wire-injury model, we were able to show that the degree of injury can define
the severity of AS. This graded injury can induce a mild, moderate and severe AS. For
induction of severe AS, the coronary wire was used with a 15° angled tip and rotated up to
200 times. Of note, the severity of injury showed a positive correlation with the incidence of
AR, which accounts for a greater number of mice with mixed vitium when they underwent
severe wire-injury. The adjustment of wire-injury allows the investigation of different

disease severities, which is essential regarding the unperceived development of AS and fatal
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outcome once symptoms occur. Overall these findings are in accordance with the original
publication (Honda et al., 2014), validating wire-injury as a promising experimental model
for AS. Furthermore, taking into consideration the limitations of diet and genetic
manipulation based AS models, surgically induced AS could be used to study disease
progression in the presence of comorbidities such as diabetes, hypertension, renal
dysfunction etc., to name a few of the most abundant comorbidities found in patients with

AS (Rezzoug et al., 2015; Salinger et al., 2018, Rudolph et al., 2020).

In addition, it was demonstrated that WT mice that underwent wire-injury showed preserved
left ventricular systolic and diastolic function. The restricted valve opening area induced an
increase in pressure gradient and triggered mild hypertrophic adaption of LV to chronic
pressure overload. As a consequence, increased diastolic wall thickness of the myocardium
was observed. These data are consistent with the results of left ventricular catheterization,

indicating a significant increase in maximum pressure rise.

In addition to the evaluation of aortic flow and valvular alterations, MRI was used to assess
fibrotic changes in the myocardium non-invasively in our AS model. The finding of reduced
T1 and T2 times substantiate the absence of myocardial edema and fibrosis. Interestingly, in
humans, myocardial interstitial fibrosis, described as the transition from myocardial
hypertrophy to heart failure, was described to correlate with severity of AS, indicated by an
increase in T1 (Bohbot et al., 2020; Everett et al., 2018) and might predict prognosis (Dweck
etal., 2011; Park et al., 2021). However, this might be attributable to different stages of the
disease and to different acquisition periods. Patients suffering from AS show considerable
variations in the degree of hypertrophy and fibrosis, which can also be attributed to
comorbidities (Dweck et al., 2012; Kupari et al., 2005). Therefore future research should
consider comorbidities and differences in disease stages to further evaluate myocardial tissue

texture in murine AS.
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5.2 Wire-injury-based AS showed narrowed aortic valve orifice with fibrotic valve
thickening and turbulent blood flow conditions in the ascending aorta

Echocardiography is the standard diagnostic tool in serial AS evaluation in humans.
However, accurate echocardiographic assessment of murine valve morphology is
challenging due to the small size of the murine valve. The additional MRI assessment of the
wire-injury model allows for a higher informative value regarding valve morphology and
valve function. MRI analysis of our AS model demonstrated an impaired valve opening and
valve thickening due to valvular remodeling. Furthermore, in line with previous studies, it
was shown that MRI is a reliable tool to quantify narrowing and valvular functional
impairment in a murine model of AS in LDLr""ApoB'?"1% mice (Weisell et al., 2019). They
and others extensively studied the pathological changes in murine aortic valves during
stenotic thickening (Aikawa et al., 2007; Miller et al., 2010). The fibrotic changes of the
valve, assessed during MRI, were further evidenced by histological evaluation. The
histological analysis of the valve shows significant fibrotic thickening and inflammation in
AS animals. These data are consistent with the findings of Honda et al. (2014). In addition
they observed increased oxidative stress and the involvement of Sox9, Runx2, BPM-2 in

osteochondrogenic remodeling.

Furthermore, studies have demonstrated the crucial role of NO in aortic valve sclerosis (T.
C. Lee et al., 2000; Richards et al., 2013a). In line with this concept, eNOS-deficient mice
were identified with accelerated profibrotic activity of VICs and an increase in the
prevalence of bicuspid aortic valves that were more prone to calcification (El Accaoui et al.,
2014). In addition, we previously showed the spontaneous development of AS in twelve-
month-old global eNOS-deficient mice accompanied by aggravated cardiac function and
shorter lifespan (unpublished data). Nevertheless, these observations were limited to old
mice, not young eNOS KO animals. Surprisingly, eNOS-deficient mice did not show
significantly faster AS progression compared to WT mice four weeks post-wire-injury. Our
findings imply that the NO-dependent mechanism, accelerating valvular fibrosis in trileaflet
aortic valves, becomes more relevant with aging. Aging is long known to be the leading risk
factor for AS in humans (Coffey et al., 2016). Therefore, future research will be focussed to

investigate wire-injury-based induced AS progression in older WT and eNOS KO mice.
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Overall these findings are consistent with research from human aortic valves, showing that
fibrosis, inflammation, and calcification are the key aspects of valvular pathology (Lerman
et al., 2015). Subsequently, these changes lead to a significant increase in maximal peak

velocities and asymmetric turbulent blood flow conditions in the ascending aorta.

It was shown that these turbulent flow conditions determine structural and functional
changes in the ascending aorta, indicated by significantly increased circumferential strain in
AS animals, which is associated with increased aortic wall thickness. Several studies focused
on consequences of structural remodeling in the aorta due to modified hemodynamic
environment in AS, e.g., increase in aortic rigidity and its consequences for LV function
(Rosca et al., 2011), aortic dilation, and rise of WSS in the ascending aorta (Suwa et al.,
2020; van Ooij et al., 2017). Recently, Garcia, Barker and Mark (2019) described advanced
flow quantification and visualization of aortic hemodynamic by 4D flow MRI data depicted
by 3D streamlines in AS patients, which allows for assessment of flow patterns, wall shear
stress, pressure gradients, and flow displacement. To summarize, the results suggest that AS
alters hemodynamic and WSS in the ascending aorta, a stimulus for aortic wall remodeling.
One limitation of these findings is that the impact of the wire on the integrity of the vessel

should be considered.

Although the clinical translation of data obtained in mice is always challenging, the AS
model based on wire-injury showed to be meaningful to mimic human disease considering

the similarities regarding valvular, blood flow, and LV adaptions in our model.
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5.3 Decreased NO bioavailability determines endothelial dysfunction in mice
suffering from aortic valve stenosis

The association of decreased endothelial dysfunction and AVS was described for the first
time by Poggianti et al. (2003). They identified a significant impairment of FMD in AVS
patients compared to patients with a morphologically normal aortic valve (Poggianti et al.,
2003). In 2006 Chenevard et al. extended the research in this field by investigating FMD in
patients with relevant AS (Chenevard et al., 2006). They found impaired FMD in patients
with AS. Interestingly, a further study showed that FMD was indeed significantly decreased
in AS patients, but different from the previous findings of a persistent decrease in FMD, they
found improvement of FMD in AS patients after TAVI (Horn et al., 2014). It is important to
discuss the fact that impaired FMD in patients with AS might be an additional attempt to
explain the high onset of cardiovascular events in these patients (Otto et al., 1999; Owens et
al., 2012; Lee et al., 2021). In multiple studies, endothelial dysfunction measured by FMD
was suggested as an independent predictor for future cardiovascular events (Brevetti et al.,

2003; Gokce et al., 2003).

As mentioned previously, most animals studies of AS have focused on pathophysiological
alterations of the valve. To the best of our knowledge, none of these models investigated
vascular endothelial function in AS. For this reason one of the major aims of the present
work was to evaluate the systemic effects of AS by a comprehensive analysis of vascular
endothelial function with special regard to NO bioavailability, preceding with in vivo
analysis by FMD in the left femoral artery. FMD is a reliable method to assess endothelial-
dependent vasomotor function. The stimulus for in-vivo assessment of endothelium-
dependent dilation was identified as flow associated shear stress, which induce signal
transduction by mechanosensitive structures resulting in rapid synthesis of NO by eNOS
(Celermajer et al., 1992; Rubanyi et al., 1986). Therefore, FMD is widely used as a read-out
for NO bioavailability. Our data indicate that mice suffering from AS are characterized by a
dysfunction of endothelium-mediated relaxation of VSMCs, identified by significantly
impaired FMD. This deterioration was clearly attributable to the presence of AS, considering
the impaired FMD before and after wire-injury, as well as the comparison to animals which
underwent sham surgery. In addition, baseline femoral artery diameters, baseline blood flow
and blood flow during hyperemia did not differ between sham and AS animals after four

weeks. Consequently, it can be assumed that the stimulus to trigger the release of NO, the
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increase in vascular wall shear stress, was not altered in peripheral arteries. Moreover,
administration of eNOS inhibitor L-NAME prior to FMD abolished relaxation response
within the first minutes after vessel reperfusion in sham and AS mice. These data implies
that maximal relaxation response during FMD in the femoral artery is completely facilitated

by NO triggered relaxation of VSMCs.

Next, mice identified with impaired FMD were also subjected to ex-vivo vascular reactivity
studies of the femoral artery to elucidate whether receptor-induced endothelium-dependent
relaxation was also affected in these animals. We observed unaltered endothelium-dependent
relaxation, as well as endothelium-independent response to SNP compared to sham animals
after four weeks. These findings provide evidence that receptor-mediated, intracellular NO
release and sensitivity of VSMCs was fully preserved in AS animals. However, in line with
previous findings from different investigators, we found acetylcholine-induced relaxation
responses were only partly NO-dependent in these arteries. As reported in the previous
section, with the decrease in vessel size, the contribution of the major vasodilators shifts
from NO and PGI, towards EDHF-dependent vasodilation (Luksha et al., 2009).

5.3.1 Cell-free Hb mediated scavenging of NO is likely to determine impaired FMD

in AS animals

At this stage of understanding, we were able to identify mice with AS with an impaired
relaxation response during FMD studies. The key difference between sham and mice with
AS was the presence of high turbulent flow in the ascending aorta due to valve orifice
narrowing. High transvalvular velocity jet in stenotic aortic valves results in asymmetrical,
disturbed flow patterns in the ascending aorta, with eccentrically elevated shear stress
(Garcia et al., 2019; von Knobelsdorff-Brenkenhoff et al., 2016). Several lines of evidence
suggest that alterations in blood flow velocities go along with high turbulent shear forces
above the physiological level, which likely induce RBC damage. Depending on the
magnitude of shear forces, this can induce immediate rupture of RBC or damage in the range
of subhemolytic trauma (Baskurt, 2012). The compartmentalization of Hb within the RBCs
is essential to limit the reaction with NO (Liu et al., 1998). Intravascular hemolysis-triggered
release of cell-free Hb limits endothelium-mediated vasorelaxation by preventing NO
diffusion to VSMCs resulting in altered vasomotor response (Rother et al., 2005). This
reduction in NO bioavailability due to scavenging effects primarly takes place in the
subendothelial space after dimerization and translocation of cell-free Hb (Kim-Shapiro et

al.,2006).
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The NO consumption by cell-free Hb in plasma was described as the deoxygenation reaction
to form methemoglobin and NO3™ via the iron-containing heme group. Moreover, NO

reaction with deoxyhemoglobin induces nitrosylation.

Equation 3 NO consumption by oxyhemoglobin described as the deoxygenation reaction
Hb-Fe?" (02)+ NO = Hb-Fe’" +NO5’
Hb-Fe* + NO - Hb(NO)

The scavenging of NO by cell-free Hb explains the multiple adverse effects, including acute
hypertension, vasoconstriction, and vascular injury following the infusion of cell-free Hb in
animal models (Boretti et al., 2009; Schaer et al., 2016; Hugelshofer et al., 2019). Moreover,
infusion of stored RBCs increased cell-free Hb and vasoconstriction response

(Baek et al., 2012).

Moreover, a broad range of studies reported the hematological consequences of prosthetic
heart valves, but only a few studies investigated the consequences of native AS on RBC
functional properties. Sugiura and colleagues demonstrated that AS is associated with
intravascular hemolysis induced by high blood flow velocities in patients suffering from
moderate to severe AS (Sugiura et al., 2016). They found that patients with AS showed
higher values of erythrocyte creatine, which is a sensitive marker for erythrocyte survival.
Additionally, they observed that erythrocyte creatine correlates positively with the peak flow
velocity. Moreover, these patients were identified with increased levels of lactate
dehydrogenase (LDH), decrease in RBC count, total Hb, and Hp compared to control
patients. Despite several studies describing intravascular hemolysis in AS patients, the

systemic effects of hemolytic conditions in AS are not very well understood.

We found that our experimental model of AS was associated with alterations in RBC
integrity, indicated by an increased number of Annexin V positive RBCs and a significant
increase in cell-free Hb. Vahidkhah et al. (2016) postulated by means of computational
simulations that stenotic heart valves induce subhemolytic damage to RBCs (Vahidkhah et
al. , 2016). In line with this idea, we assume that in our experimental model of AS, RBC
damage is likely to occur in a subhemolytic manner as well. Hemolysis represents the final
stage of RBC membrane damage and goes along with significant blood count changes,
including the increase in reticulocytes, LDH, and a decrease in Hp (Bunn et al., 2010). We
did not find any substantial changes in total Hb, RBC indices, reticulocyte levels, which in

summary contradicts against severe RBC rupture and thus acute hemolysis. Moreover, the
98



Discussion

analysis of RBC deformability did not show any significant changes in mice with AS.
Several research groups have investigated the link between shear-induced RBC damage and
RBC deformability. The specific RBC membrane properties rendered by a highly organized
protein network allowing the RBC to elongate with an increase in shear stress and adapt its
morphology during circulation, i.e. passes through the lumen of capillaries. However, shear
stress beyond the physiological range can change the mechanical characteristics of RBC and
consequently decline RBC's ability to deform (Lee et al., 2004). It has been shown that RBC
deformability decrease with the magnitude of shear-induced membrane damage and with the

exposure time to the applied shear stress.

As early as 1977, it was reported that subhemolytic trauma of RBC occurs even below the
hemolytic threshold and can also go along with membrane alterations and release of cell-
free Hb into the plasma (Sutera, 1977). Subhemotylic damage of RBCs was shown to
decrease the life span of RBCs, increase trapping in the spleen, and might change their
deformability (Sandza et al., 1974; Simmonds et al., 2014; Sutera, 1977). It was suggested
that during subhemolytic damage of RBCs, Hb is released into the plasma via the temporary
formation of pores on RBC membranes, which is favored during RBC membrane
tanktreading under high shear flow (Sohrabi & Liu, 2017). Membrane tanktreading
describes “the movement of the membrane around the discoid shape without significant

changes in the shape of the whole-cell ”(Kuhn et al., 2017 p.726).

We observed a significant 2-fold increase of cell-free Hb levels in AS animals. In disease
states such as sickle-cell disease, chronic hemolysis occurs with the substantial release of
Hb into the vasculature (Kato et al., 2006). Cell-free Hb levels showed a more than 10-fold
increase compared to healthy controls in sickle-cell disease and are even reinforced during
an acute pain crisis (Naumann et al., 1971). This acute disruption of RBCs results in
substantial Hb release and thus rapid reduction in NO bioavailability. It was shown that
plasma from sickle-cell patients consumes more NO than plasma from normal volunteers
and that heme concentrations correlate with NO consumption (Reiter et al., 2002). The
massive RBC damage further explains the serious systemic effects such as occlusion of small
and large blood vessels, endothelial dysfunction, and tissue ischemia. It was shown that
vasodilation response after forearm infusion of SNP was up to 80% decreased in sickle-cell
disease patients (Reiter et al., 2002), explaining why the scavenger molecules Hp and
hemopexin are depleted in such disease states (Santiago et al., 2016). Likewise, in severe
hemolytic infections like malaria caused by plasmodium falciparum, cell-free Hb levels were
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up to 5-fold increased and were associated with severe complications, such as renal failure,
significant endothelial dysfunction and increased markers of EC activation (Yeo et al.,
2009). Hence, cell-free Hb-driven physiological consequences, such as increased blood
pressure, are expected at higher rates of cell-free Hb release than in our experiments. This
might explain why we could not detect substantial changes in mean arterial pressure (MAP)
and thus systemic vascular resistance (SVR). However, it was shown that NO is scavenged
600 times more rapidly by cell-free Hb than by RBC (Liu et al., 1998). In line with previous
studies, our data indicate that even a mild increase in cell-free Hb can lead to relevant
reduction in NO bioavailability and thus decrease VSMCs response to NO. This has been

previously shown in computational and animal studies (Jeffers et al., 2006).

By contrast, we did not find any changes in NO2™ or RXNO, but NOj tend to be increased
considering the well-known reaction of NO with oxyHb increasing the formation of NO3
and Hb(Fe*") (Olson et al., 2004). However, unaltered NO»™ limiting precise interpretation
of these results. Cell-free Hb limits slower reactions such as NO autoxidation to form S-
nitrosothiols and NO;™ (Reiter et al., 2002). In patients with sickle cell disease, S-nitrosothiols
were found to be under the limit of detection (Reiter et al., 2002).

5.3.2 Haptoglobin administration restores FMD in aortic valve stenosis
To verify that cell-free Hb accounts for decreased FMD though scavenging of NO, Hp was
administered during FMD studies. Hp is the major Hb binding protein in the plasma and
prevents Hb-induced toxicity (D. J. Schaer et al., 2014). We found that administration of Hp
induced a greater increase in diameter in AS animals within the first minute of reperfusion
than vehicle-treated AS animals. From this data, it can be concluded that Hp is able to
enhance NO mediated VSMCs relaxation by preventing NO scavenging by cell-free Hb. In
recent years, the supplementation of purified Hp gained growing attention because it was
found that Hp can effectively clear cell-free Hb from the vasculature, protect against Hb-
induced vaso-occlusion and inflammation (Belcher et al., 2018), renal injury, and

hypertension (Lipiski et al., 2013).

Furthermore, it was demonstrated that Hb, but not Hb-Hp, caused dose-dependent
vasoconstriction of isolated porcine coronary arteries, and Hp maintains NO-dependent
signaling in the vasculature (Schaer et al., 2016). However, the translocation of dimerized
Hb across endothelial barriers is still a matter of debate. It was suggested to involve active

transport mechanisms (Komarova & Malik, 2010).
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Eventually, Hp facilitates the retention of Hb in the antioxidant-rich plasma environment
(Butt et al., 2010). Consequently, the large Hp-Hb complex is unable to pass cell barriers,
thus preventing cell-free Hb-driven tissue toxicity, including heme release (Buehler et al.,
2020). Noteworthy, the secondary toxicity of cell-free Hb compromises the release of heme
from accumulated Hb(Fe®") and its transfer to proteins or lipids (Schaer et al., 2013),

promoting oxidative stress (G. Balla et al., 1991; J. Balla et al., 2005; Nagy et al., 2010).

To sum up, the mechanisms underlying the toxicity of cell-free Hb are complex and go
beyond the scavenging of NO, even though this toxicity pathway is the most important one
considering decreased VSMCs relaxation (Schaer et al., 2016). The presented data are in line
with previous studies analyzing Hb-driven toxicity, particularly scavenging of NO and the
ability of Hp to reverse Hb-induced decrease of NO effectively. To conclude, it can be
assumed that the decrease in FMD is a consequence of limited NO bioavailability due to
cell-free hemoglobin scavenging, causing endothelium-dependent decrease in vasomotor

function.

Importantly, data collected from AS patients in our lab revealed increased cell-free Hb
levels, which correlated with helical, turbulent flow peak velocities in the aorta (unpublished
data). Notably, this increase in cell-free Hb reversed after aortic valve replacement after
TAVI. Therefore, these findings support the notion that the improvement of FMD after aortic
valve replacement, as reported previously (Horn, 2014; Takata et al., 2015), could be
attributed to decrease in cell-free Hb levels. Regardless, future research is certainly required

to disentangle these complexities in patients with AS.

5.3.3 Decreased FMD aggravated in AS animals after three months
Previous analysis revealed that AS associated decrease in FMD can be attributed to reduction
in NO bioavailability. The analysis of FMD revealed an almost abolished relaxation response
three months after wire-injury. Comparing the maximal increase in diameter of AS and sham
animals at both time points, an again substantial deterioration becomes clear (four weeks:
sham 18.93 + 1.57 % vs. AS 14.00 = 0.68 %, p=0.0085, three months: sham 17.25 + 2.15 %
vs. AS 6.18 = 1.68 %, p=0.0007). However, baseline femoral artery diameters, baseline
blood flow, nor blood flow during hyperemia was significantly altered in these animals.
Importantly, there were no substantial differences in aortic peak velocities or pressure
gradients in AS mice after four weeks or three months. Accordingly, the relative increase in
cell-free Hb levels did not substantially differ between AS animals four weeks or three

months after surgery. From the results, it becomes obvious, that not aging alone, but the
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combination of aging and AS induce a strong aggravation of endothelial function. The
analysis of PVW lead to similar conclusion, where PWV was significantly increased
compared to age-matched sham animals and AS animals from the four weeks post-surgery
time point. Aging is associated with increased arterial stiffening and is long known to be a
critical determinants of cardiovascular risk (Blacher et al., 1999). In younger individuals,
PWYV is lower due to the more elastic properties of the vessel (McEniery et al., 2005).
Therefore an increase in PWV in aging animals is not surprising. Previous research showed,
a strong correlation between femoral arterial PWV and aortic valve severity and calcification
was found in patients with AS (Liu et al., 2004). Nevertheless, our data suggest, that the
presence of AS in aging animals determine significant increase in vessel stiffness, which in
turn could affect the diameter change in FMD studies. Moreover, future research is needed
to delimitate if compensatory increases of other vasoactive substances are co-responsible for

these findings.

By contrast, ex vivo vascular reactivity studies of the femoral artery showed preserved
endothelium-dependent relaxation in AS animals after three months. Correspondingly,
VSMCs sensitivity to endothelium-independent response to SNP remained unaffected.
Therefore, endothelium-dependent NO release was not affected and sensitivity of VSMCs
was also fully preserved. Of note, vascular reactivity studies of the femoral artery showed
that the endothelium-dependent dilation was more NO-dependent in older animals,
irrespective of AS pathology. Experiments from organ bath facilitate the assessment of
receptor-mediated vascular reactivity. Noteworthy, the vessel i1s removed from the
organisms, thus important factors like the contact to the flowing blood, nervous system are
missing. Future studies could investigate the mechanisms underlying the impaired FMD in
aging AS animals by pharmacological intervention in vivo. Linking the observation that
under certain disease states, eNOS-independent mechanisms, are predominant. To conclude,
our data indicate that AS has an additive effect regarding the deterioration of NO

bioavailability in aging animals in vivo.
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5.4 Aortic endothelium-dependent relaxation was decreased in mice with aortic
valve stenosis

In the present study, we show that impaired endothelium-mediated relaxation of VSMC:s is
a common feature in AS animals in the absence of any of the common comorbidities such
as diabetes, hypertension, or CAD. However, endothelial function has been reported to vary
between different vascular beds (Chiu & Chien, 2011). Consequently, endothelial
dysfunction of one vascular tissue does not necessarily require endothelial dysfunction of

other vascular beds.

Therefore, we conducted vascular endothelial function studies on isolated aortic rings in an
organ bath setting from mice with AS. Our data suggest impaired aortic endothelium-
dependent relaxation in mice suffering from AS. This was revealed by a significantly
decreased endothelium-dependent relaxation response to acetylcholine in aortic ring assay.
The endothelium-dependent response to acetylcholine tended to be decreased in the absence
of COX inhibitor indomethacin, but only the presence of this inhibitor revealed the NO-
dependent relaxation impairment in AS animals. As has been previously reported in the
literature, decrease in synthesis and bioavailability of NO can lead to a shift in favor of the
synthesis or effect of constrictive prostanoids (Laemmel et al., 2003) and contribute to
endothelial dysfunction. These findings are in line with a considerable body of literature that
has identified concomitant impairment of NO-dependent relaxation and increased synthesis
of vasoconstrictors from the arachidonic acid pathway (Matz et al., 2000; Rodriguez-Mafias
et al., 2009; Vanhoutte et al., 2005). Particularly the role of COX-derived vasoconstrictor
products in the context of aging was pointed out previously (Kang et al., 2007). Considering
the data from three months after wire-injury, we speculate that products of the arachidonic
acid metabolism or their effect are increasing with age in mice with AS. Noteworthy, the
relative decline in relaxation response to acetylcholine was comparably equal in the presence

or absence of indomethacin in both groups after three months and four weeks.

In conclusion, the decreased efficacy of acetylcholine (maximal response) was almost
similar in all mice with AS, even though reaching only significance in the animals four weeks
after wire-injury. The observation of unaltered relaxation response to NO donor SNP
demonstrates preserved sensitivity of VSMCs, and thus it can be assumed that NO-
stimulated formation of cGMP was most likely not affected. Of note, the abolished

vasodilator response to acetylcholine in the presence of L-NAME demonstrates that
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endothelium-dependent relaxation was completely NO-dependent in aortic rings. Therefore,
it can be concluded that impaired relaxation response to acetylcholine is attributable to a
decrease of NO. This is either due to an altered eNOS-dependent formation of NO, eNOS
uncoupling or scavenging of NO.

5.4.1 The decrease in aortic endothelium-dependent relaxation was associated

with alterations in redox balance

We observed an increase in aortic eNOS expression levels of AS mice with impaired
endothelium-dependent relaxation. Nevertheless, eNOS mRNA expression was similar in
both experimental groups. Importantly, mRNA expression levels and protein expression
levels might not necessarily correlate, considering factors such as posttranscriptional
mechanisms and the variations in half-lives of mRNA and proteins (Greenbaum et al., 2003).
Together with results from aortic rings, it becomes evident that even though aortic eNOS
expression was increased, the enzyme’s activity was not enhanced. Lacking information
about eNOS phosphorylation state, which can alter the enzymes’ activity towards increased
activation by, e.g., phosphorylation at serine residue, or decreased activation by
phosphorylation at threonine residue, limits the precise interpretation of the results.
However, many physiological stimuli are known to regulate eNOS expression and thus
influence NO generation. Several studies provide evidence of the role of enhanced vascular
Oy in the pathology of endothelial function, associated with increased eNOS expression,
e.g. in rats suffering from ischemic heart failure (Bauersachs et al., 1999). In line with these
findings, it was demonstrated that oxidative stress contributes to endothelial dysfunction in
spontaneously hypertensive rats with significantly enhanced eNOS expression (Ulker et al.,
2003). Many other groups verified the association of oxidative stress and endothelial
dysfunction in cardiovascular diseases (Brunner et al., 2005; Schulz et al., 2011; Silva et al.,
2012; Tejero et al., 2019). All these studies suggested that the enhanced generation of O>,
results in the formation of ONOO", which is known to induce the phenomena of eNOS
uncoupling by disruption of the eNOS dimer (Zou et al., 2002). Disease states, in which
control of ROS by antioxidant enzymes are diminished, eNOS contributes to oxidative stress

due to eNOS uncoupling (Fotstermann & Miinzel, 2006).

The tripeptide GSH is an abundant antioxidant (Meister, 1994), opposing harmful effects of
ROS, thereby being crucial for redox homeostasis. Therefore, the ratio of reduced (GSH)
and the oxidized forms (GSSG) are used as a marker for oxidative stress (Asensi et al., 1999;

Xiong et al., 2011). The imbalance of GSH homeostasis was also reported in patients
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diagnosed with arteriosclerosis and aortic valve sclerosis (Valerio et al., 2019) and in patients

with AS (Cavalca et al., 2013).

We found that the GSH/GSSG ratio was significantly reduced in the aorta of animals with
AS compared to sham mice, while plasma and heart ratios did not significantly differ. The
aortic mRNA expression levels of glutathione reductase and glutathione peroxidase were not
significantly different between sham and AS animals. Superoxide dismutase 1 tends to show
an increased expression, whereas catalase expression was significantly enhanced in aortic
tissue of AS animals. All of these enzymes together with SH-containing compounds and
antioxidants such as tocopherol play an important role in the antioxidant buffering system
(Sies et al., 2017). The imbalance between these antioxidant systems and excessive ROS
reflects the condition of oxidative stress, in which the final stage causes damage to proteins,
lipids and nucleic acids (Storz and Imlay, 1999). Interestingly, we observed an increase in
the aortic mRNA expression of catalase. Catalase catalyzes the reaction of H>O, formed by
superoxide dismutase from O;" to oxygen and water. Previous studies showed that H>O; is
able to increase eNOS protein expression (Drummond et al., 2000, Thomas, Chen and
Keaney, 2002). However, protein expression levels of nitrotyrosine, a posttranslational
protein modification of tyrosine residues by oxidants originated from NO (Thomson, 2015),
showed no alterations after four weeks in aortic tissue from AS mice. Thus, these results hint
for an adaptive increase in antioxidative capacity, which was limited to the vessel at this
stage. This increase in vascular ROS might be a secondary toxicity effect of cell-free Hb, as
mentioned in the previous section. The effects of ROS in vascular tone regulation are
complex and might affect both contraction and relaxation responses, but it was described to
induce chronically increased expression of contractile proteins (Chettimada et al., 2014).
However, further investigations are needed to clarify to what extent ROS contribute to

impaired endothelium-dependent relaxation response in AS.
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6 Summary and Outlook

Aortic valve stenosis is still the leading valvular heart disease in the western world,
determining cardiovascular morbidity and mortality in AS patients. Although endothelial
dysfunction in AS patients has been known for a long time, research progress was limited
due to the lack of a suitable mouse model comprising the fundamental characteristics of AS.
We hypothesized that turbulent blood flow alterations in AS trigger the release of cell-free
Hb, which leads to a reduction in NO bioavailability. Therefore, the present work aimed to
examine endothelial function in a murine model of AS induced by aortic valve injury without
further metabolic intervention. Initially, the model was characterized by evaluating the
consequences of valvular orifice narrowing on aortic blood flow, LV function and RBCs
integrity. Based on our findings, the moderate wire-injury model can be considered mild in
terms of myocardial afterload and RBCs membrane damage. However, the results of the
present work hint that AS is sufficient to induce subhemolytic trauma to RBCs with release
of cell-free Hb, consequently limits NO to activate soluble guanylyl cyclase and thus
VSMCs relaxation. Furthermore, this was supported by improvement of FMD in the
presence of the physiological scavenger of cell-free Hb, Hp. These experiments confirmed
that Hp can improve NO relaxation response during FMD studies in the femoral artery in
our AS model. In addition, we observed that older animals suffer from a substantially greater
impaired NO-dependent dilation than younger animals with AS in vivo. Furthermore, ex-
vivo vascular reactivity studies of isolated aortic segments, revealed the impairment of aortic
endothelium-dependent relaxation in AS animals. Moreover, this research illustrates altered
aortic antioxidant capacity, suggesting a potential increase in ROS in the aortic vessel, which
might contribute to the observed decrease in aortic endothelium-dependent relaxation
responses. Nevertheless, future research needs to identify the mechanisms underlying the
imbalance of antioxidants. The excess of ROS might be an additional consequence of cell-
free Hb-driven toxicity via heme release or eNOS uncoupling. For this purpose, further
vascular reactivity studies could be implemented in the presence of different antioxidants.
Further work is certainly required to disentangle the complexities in the involvement of
eNOS phosphorylation by transcriptional modifications of different protein kinases, which
are also of particular importance to understand mechanisms involved in AS-associated
endothelial dysfunction. Notably, future research needs to reconsider the role of plasma
derived Hp as a promising therapeutic tool in conditions associated with increased cell-free

Hb. Although multiple animal studies disclosed the beneficial effects of Hp by
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compartmentalization of cell-free Hb, future work needs to widen this data to clinical
application. Globally spoken, the data of the present work provide a good initiation for future
translational discussions on decreased NO bioavailability driven endothelial dysfunction in
AS patients, especially considering the high onset of cardiovascular adverse events. To our
knowledge, this is the first study that explored vascular endothelial function in an

experimental model of AS.
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