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Abstract

Abstract

Background and hypothesis. It is well known that nitric oxide (NO) produced in the vessel wall by an
endothelial nitric oxide synthase (eNOS) regulates vascular tone and blood pressure (BP). Besides their
role as oxygen transporters, red blood cells (RBCs) are known as scavengers of NO bioactivity. However,
it has been shown that RBCs, similar to endothelial cells (ECs), carry an active and functional eNOS. The
physiological role and involvement of red cell eNOS in NO metabolism and regulation of vascular tone and
BP are not known. The hypothesis of this study was that red cell eNOS contributes to the regulation of NO
metabolites, vascular tone, and BP.

Aim and Goals. This study aimed to elucidate the functional significance and specific role of red cell eNOS
as compared to endothelial eNOS in controlling vascular hemodynamics and systemic NO metabolism.
The goals of this study were the following: (1) The creation and characterization of tissue-specific eNOS
knock-out (KO) and knock-in (KI) mice by using tissue-specific Cre-induced gene inactivation or
reactivation; (2) the analysis of systemic hemodynamics of the generated mice; (3) the evaluation of NO
metabolites distribution at baseline and after administration of nitrate.

Methods. Tissue-specific “loss” and “gain-of-function” models for eNOS were generated using tissue-
specific Cre-induced gene inactivation or reactivation. These mice were characterized for Cre-induced
DNA recombination by polymerase chain reaction (PCR), for eNOS expression by real-time quantitative
PCR and immunoblotting, for ex vivo and in vivo vascular endothelial function by determining ACh-
induced responses in an organ bath and flow-mediated dilation (FMD) by ultrasound. BP and peripheral
resistance were assessed by Millar catheter and echocardiography. Blood count was determined by a coulter
counter.

Results. KO and KI models for eNOS in the ECs and RBCs were successfully generated and showed tissue-
specific DNA recombination and lack or presence of eNOS expression in the targeted tissues. EC eNOS
KO mice showed a loss in endothelial function, decreased NO metabolites, and increased BP, with no
effects in cardiac parameters. Vice versa, reactivation of eNOS in the endothelium fully rescued the global
eNOS KO from hypertension. Interestingly, RBC eNOS KO mice were hypertensive with decreased
circulating NO metabolites but a fully preserved endothelial function. Notably, reactivation of eNOS
specifically in the RBCs rescued the mice from hypertension and increased NO-heme levels in RBCs.
Nitrate administration determines an increase in circulating nitrite levels and a BP decrease in EC eNOS
KO and control mice but no changes in the BP of RBC eNOS KO mice.

Summary and conclusion. These data demonstrate that red cell eNOS plays an important role in the

modulation of BP and systemic hemodynamics, which is independent of the role played by vascular eNOS.
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Zusammenfassung

Zusammenfassung

Hintergrund und Hypothese: Es ist bekannt, dass Stickstoffmonoxid (NO), welches in der Gefdfiwand
durch die endotheliale Stickstoffmonoxid-Synthase (eNOS) produziert wird, den GefaBtonus und den
Blutdruck reguliert. Neben ihrer Rolle als Sauerstofftransporter, sind Erythrozyten (RBCs) als Scavenger
der NO-Bioaktivitdt bekannt. Es wurde jedoch gezeigt, dass Erythrozyten, &hnlich wie Endothelzellen (EC),
eine aktive und funktionelle eNOS tragen. Die physiologische Rolle und der Einfluss der erythrozytéren
eNOS auf den NO Metabolismus, die Regulation des Gefafitonus, sowie den Blutdruck ist unbekannt. Die
Hypothese dieser Arbeit war, dass die erythrozytire eNOS zur Regulation des NO Metabolismus, dem
Gefédfitonus und dem Blutdruck beitrégt.

Ziele: Hauptziel dieser Studie war es, die funktionelle Bedeutung und spezifische Rolle der Ertythozyten-
eNOS, im Vergleich zur endothelialen eNOS, bei der Kontrolle der vaskuldren Himodynamik und des
systemischen NO-Stoffwechsels zu kldren. Die Zielsetzungen dieser Studie waren die folgenden: (1) Die
Entwicklung und Charakterisierung von gewebespezifischen knock-out (KO) und knock-in (KI)
Mausmodellen durch die Verwendung von gewebespezifischer Cre-induzierter Gen-Inaktivierung bzw. —
Reaktivierung; (2) die Analyse der systemischen Himodynamik der Mauslinen des Interesses; (3) Die
Untersuchung der Verteilung der NO-Metaboliten zu Beginn und nach der Gabe von Nitrat.

Methoden: Durch gewebespezifische Cre-induzierte Gen-Inaktivierung oder — Reaktivierung wurden
gewebespezifische “loss” und “gain-of-function”-Modelle fiir eNOS generiert. Im Rahmen der
Charakterisierung dieser Mause erfolgte die Untersuchung auf Cre-induzierte DNS-Rekombination durch
Polymerase-Kettenreaktion (PCR), auf eNOS-Expression durch quantitative Echtzeit-PCR und
Immunoblotting und der vaskuléren Endothelfunktion ex vivo und in vivo durch Bestimmung der ACh-
induzierten Reaktion in einem Organbad, sowie der Fluss-vermittelten Dilatation (FMD) durch Ultraschall.
Blutdruck und peripherer Widerstand wurden mittels Millar-Katheter und Echokardiographie analysiert.
Die Erstellung des Blutbilds erfolgte mit einem Coulter-Zéhler.

Ergebnisse. KO und KI Modelle fiir eNOS in Endothelzellen und Erythrozyten wurde erfolgreich generiert
und zeigte gewebespezifische DNS-Rekombination bzw. das Fehlen oder Vorhanden sein von eNOS-
Expression in den Zielgeweben. EC eNOS KO Maéuse zeigten einen Verlust der Endothelfunktion,
verminderte NO-Metaboliten und erhohten Blutdruck, ohne Auswirkungen auf kardiale Parameter.
Umgekehrt bewahrte die Reaktivierung von eNOS im Endothelium die globalen KO Méiuse vor
Bluthochdruck. Interessanterweise waren RBC eNOS-KO Maiuse hypertensiv mit verminderten
zirkulierenden NO-Metaboliten, jedoch einer vollstindig erhaltenen Endothelfunktion. Bemerkenswert ist,

dass eine Reaktivitdt von eNOS ausschlieBlich in den Erythrozyten die Méuse vor Hypertonie schiitzt und
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Zusammenfassung

es zu einer Erh6hung von NO-Hém in den Erythrozyten kommt. Die Gabe von Nitrat bewirkt einen Anstieg
der zirkulierenden Nitritspiegel und eine Senkung des Blutdrucks in EC eNOS KO- und Kontrollméusen,
aber keine Verdnderung im Blutdruck der RBC eNOS-KO Miuse

Zusammenfassung und Schlussfolgerung: Diese Daten zeigen, dass die erythrozytire eNOS eine
wichtige Rolle bei der Regulation des Blutdruckes und der systemischen Himodynamik spielt, welche

unabhéngig von der Rolle der vaskuldren eNOS ist.
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Introduction

1. Introduction

1.1 Hypertension and cardiovascular disease

Hypertension is a frequent, chronic, age-related disorder characterized by increased arterial blood pressure
(BP). It often is a determinant of debilitating cardiovascular and renal complications, and it is considered a
significant risk factor for coronary artery disease (CAD), acute myocardial infarction (AMI), and stroke.
Cardiovascular disease (CVDs) still represent one of the leading causes of death globally [1] and include
pathological conditions that have severe repercussions on heart function, like stroke, heart failure, and heart
rhythm abnormalities. Other CVDs affect the vasculature; few examples are peripheral artery disease,
thromboembolic disease, and venous thrombosis. High BP is usually noted in combination with other
cardiovascular risk factors [2].

A recent study carried by the Global Burden of Disease (GBD) examined the burden of CVDs among the
US States and found that a large proportion of CVDs is attributable to (in decreasing order of contribution)
diet, high systolic BP, high body mass index, high total cholesterol levels, high fasting plasma glucose
level, and tobacco smoking [1]. For this reason, the symptoms developed because of a pathological
condition vary according to the patient’s daily habits (poor diet, alcohol consumption, smoke, lack of
physical exercise) [3] or due to other previous pathologies (hypertension, diabetes mellitus, obesity).
Hypertension is estimated to account for about 13% of CVD deaths [4]. It is possible to intervene in a
preventive manner by treating risk factors, such as hypertension, blood lipids, and diabetes. Primary
hypertension, also defined as “essential hypertension,” accounts for about 4.5% of all causes of diseases in
most countries worldwide, causing about 7 million deaths every year [5]. Most patients with hypertension
die from the cardiovascular consequences of this disease.

Physicians rely on Riva-Rocci’s technique and the auscultation of the Korotkoff sounds in a non-invasive
way using the sphygmomanometer to diagnose hypertension. However, in some cases, it is necessary to
proceed with invasive measurements by arterial catheterization; in many animal experiments, this procedure
involves the carotid artery catheterization; for human patients, the brachial artery is commonly used [6].
BP modulation is strictly dependent on vascular function. Blood circulates through the body in blood
vessels. Blood vessels can be classified according to the amount of oxygen that is carried by the blood.
Arteries transport oxygen-rich blood from the heart to smaller arterioles and capillaries or sinusoids,

promoting oxygen exchange to the different organs and tissues. Poor-oxygenated blood is then taken up by
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the venules that transport it to the veins and return it back to the heart. This cycle represents the

“macrocirculation” (Figure 1).

"7 Respiratory ‘- -

\' - capillaries
SvC
(-t
IVC
VEINS 8 ARTERIES
NS
Venules Arterioles
=3
Systemic
capillaries

Figure 1 - Circulatory system

Abbreviations: SVC, superior vena cava; [IVC, inferior vena cava.

Essential components of the human cardiovascular system are the heart, blood, and blood vessels. The systemic circulation can be
seen to function in two parts: macrocirculation, which provides oxygenated blood to the peripheries (organs and tissues),
and microcirculation, or pulmonary circulation, where blood is oxygenated. The cardiovascular systems of humans are closed,
meaning that the blood never leaves the network of blood vessels. In contrast, oxygen and nutrients diffuse across the blood vessel
layers and enter interstitial fluid, which carries oxygen and nutrients to the target cells, and carbon dioxide and wastes in the

opposite direction.

A further classification of the blood vessels can be done based on their diameter and structural composition
[7]. Blood vessels are organized into three different layers, known as tunica intima, media, and externa.
Blood vessels are classified according to the composition and abundance of these three layers (Figure 2).
Arteries can be divided into elastic arteries and muscular arteries. Elastic arteries are the largest arteries
near the heart (the aorta and its major branches), with diameters ranging from 2.5 - 1 cm. Their large lumen
allows them to serve as low-resistance conduits and promotes blood flow between the heart and the
medium-sized muscular arteries. For this reason, elastic arteries are also called conductive vessels. The
major component of the wall of the conductive vessels is elastin.

Muscular arteries lie distal to the elastic arteries and supply the different organs or parts of them. They
range in diameter from 1 - 0.3 cm. By actively changing the artery's lumen, the tunica media regulates the

amount of blood flowing to an organ according to the specific needs of that organ. The smooth muscle of
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the tunica media of muscular arteries is packed between two thick sheets of elastin. These elastic
membranes help to dampen the pulsatile pressure produced by the heartbeat.

Arterioles are the smallest arteries (3 mm - 10 um). Arterioles show the most remarkable difference in
pressure; for this reason, they are also known as resistive vessels, and their funica media contains only one
or two layers of smooth muscle cells (SMCs). The diameter of each arteriole is rather regulated by local
factors (pH, oxygen tension) or by the sympathetic nervous system (hormones). Arteriolar resistance
depends on the contraction of vascular SMCs. Structural changes in the wall-to-lumen ratio are termed
vascular remodeling [8].

Capillaries are the smallest blood vessels, with a diameter of 8 - 10 um. In capillaries, erythrocytes pass
through in a single line. Capillaries are composed of only a single layer of endothelial cells (ECs)
surrounded by a basement membrane and allow the exchange of oxygen, carbon dioxide, and nutrients
between blood and the fluid between cells.

Venules are the smallest veins and are 8 - 100 um in diameter. The smallest venules are called postcapillary
venules, and they function very much like capillaries. Larger venules have a tunica media that consists of
one or two layers of SMCs and a thin tunica externa.

Veins are also elastic vessels that transport blood from the peripheral tissues to the heart. Veins differ from
arteries structurally because of their larger lumen with a diameter varying from 2 - 9 mm (small to medium-
size veins) until more than 2.5 cm (large veins). Their funica externa is thicker than the tunica media, and
inside the lumen, there are special valves necessary for the proper return of the blood to the heart. The
largest vein of the body is the vena cava, which returns systemic blood to the heart. Veins have less elastin
in their walls than arteries because veins do not need to dampen any pulsations that are smoothed out by
arteries before the blood reaches the veins. As a result, the wall of a vein is thinner than that of a comparable

artery (Figure 2).
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Figure 2 — Structural characterization of blood vessels

(A) This diagram indicates the composition of tunica intima, media, and externa of arteries and veins. Arteries are richer in elastin,
the major component of the elastic lamina. Veins have a larger diameter and contain valves inside the lumen to guarantee a proper
venous return to the heart. (B) Arterioles and venules are the medium size vessels directly connected to arteries and veins. From
arterioles, the blood moves to capillaries, venules, veins, and back to the heart. Capillaries are composed only of a single layer of
endothelial cells, with a basement membrane keeping them together. Capillaries are the smallest vessels and are responsible for gas

exchanges within the different organs and tissues.

The functional differences of the pathway in red blood cells (RBCs) or the vasculature may become
prominent under specific pathophysiological conditions such as endothelial dysfunction or blood disorders.
Endothelial dysfunction is observed in the early stage of CVDs [9]; for example, endothelial dysfunction
has been identified in normotensive young adults with a family history of hypertension [9].

In addition, essential hypertension is often accompanied by an increase in systemic vascular resistance
(SVR); in this context, the diameter of the resistive vessels is one of the main determinants of systemic BP.
Therefore, it is crucial to understand the pivotal role of the endothelium as it has a high prognostic value in

the early detection of diseases and classification of cardiovascular risk factors.
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1.2 Regulation of vascular tone and blood pressure

BP homeostasis is primarily regulated at distal conduit arteries, proximal and distal resistance arteries, and
pre-capillary sphincter arteries. BP declines substantially while blood passes through the high-resistance
arterioles and capillary beds; thus, BP in the veins is much lower than in the arteries.

The inner wall of the vasculature is composed of a layer of endothelial cells that regulate multiple vascular
functions, such as vascular tone, circulation of blood cells, inflammation, and platelet activity [10], by
releasing numerous dilatory and constrictor substances [11].

One of the main substances with vasodilatory function released by the endothelium is nitric oxide (NO), a
short-live signaling molecule identified initially as “endothelium-derived relaxing factor” (EDRF) for its
ability to induce relaxation of pre-constricted aortic vascular preparations [12-14]. NO is relatively stable
compared to other endogenously produced free radicals like superoxide anion radical (O,*") and hydroxyl
radical (OH®). Its half-life and reactivity in cells and tissues depend on the localization of NO
enzymatic/non-enzymatic source, the local availability of substrates, the flux/rate of production, and the
presence of molecules efficiently reacting with NO [15]. NO plays a crucial role in regulating vascular tone
and blood flow [16] and is a central signaling entity in the cardiovascular system [12]. Moreover, it is a
critical player in neurotransmission [17], cellular proliferation, host defense, leukocyte adhesion, platelet
aggregation, and inflammatory processes [18].

NO is highly reactive, and it is able to diffuse from ECs into the adjacent SMCs, where it mediates
vasodilator effects in a complex intracellular signaling pathway [19].

NO is biosynthesized endogenously by the nitric oxide synthase (NOS) that catalyzes the conversion of L-
arginine (L-Arg) to equimolar amounts of NO and L-citrulline in the presence of oxygen and the cofactors
calcium, calmodulin, tetrahydrobiopterin (BH.), and nicotinamide adenine dinucleotide phosphate
(NADPH), in its reduced form [20].

In mammals, there are three different isoforms for the gene encoding NOS: NOS1 is coding for the neuronal
nitric oxide synthase (nNOS), which is expressed in specific neurons of the brain; NOS2 for the inducible
nitric oxide synthase (iNOS), which is expressed in macrophages and under pro-inflammatory conditions
in a wide range of cells and tissues; and NOS3 for endothelial nitric oxide synthase (eNOS).

eNOS and nNOS are also known as constitutive NOS (cNOS) and are activated after stimulation of specific
receptors by various agonists and mechanical forces, like shear stress [21].

The NOS isoform that is constitutively expressed in the vascular endothelial cells of the blood vessels is
eNOS and is responsible for NO production and modulation of the vascular tone [12]. NO produced by

eNOS in ECs is considered the central regulator of vascular tone and systemic hemodynamics [22].
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As already mentioned, the funica intima of the blood vessels is formed by a single layer of vascular
endothelial cells that communicate on one side (luminal or apical side) with the vessel lumen and on the
other side with the tunica media via the internal elastic lamina (abluminal or basal side). In the vessel wall,
eNOS is found both at the apical and basal side of the ECs. The NO produced by eNOS is mainly released
abluminally from ECs to the SMCs, and only a minor amount is released into the bloodstream.

In addition, in resistance arteries (arterioles, pre-, and postcapillaries), NO goes through myoendothelial
junctions (MEJs), and it is transferred from ECs to SMCs depending on the redox state of hemoglobin alpha
[23, 24] (Figure 3).

The importance of vascular eNOS for the cardiovascular system and the regulation of vascular tone and
systemic hemodynamics became clear when global eNOS KO (eNOS~-) mice were analyzed. Different
eNOS™~ lines were generated and used, evidencing a strong impact of eNOS in modulating coronary
hemodynamics and systemic BP; all strains of eNOS~~mice showed a hypertensive phenotype [25-27].

In the SMCs, the target of NO is the guanylyl cyclase (GC). NO binds reversibly to the Fe** of the heme
group of the GC (heme-nitrosylation), inducing a conformational change and activating the enzyme [28].
This leads to an increase of intracellular cyclic guanosine-3-5-monophosphate (cGMP), produced from
guanosine-5-triphosphate (5°GTP) [29, 30]. In the vessel wall, GC mediates smooth muscle relaxation.
c¢GMP binds to protein kinase G (PKG) in the SMCs and inhibits intracellular calcium (Ca?*) entry, causing
inactivation of myosin light-chain kinase (MLCK), accompanied by dephosphorylation of myosin light
chain by the myosin light-chain phosphatase (MLCP) [31, 32]. This process leads to smooth muscle
relaxation and vasodilatation (Figure 3). The signal is shut down by phosphodiesterase (PDE) intervention
that promotes the reconversion of cGMP into its precursor 5’GTP.

GC exists as a heterodimer, and there are two isoforms known, a.1-GC and a2-GC. The distribution and
biological function of the two isoforms of GC was investigated by Mergia and colleagues, using mice
deficient in either al- or a2-GC [33]. In platelets, a.1-GC is the only isoform present, responsible for NO-
induced inhibition of aggregation. Comparable levels of a.1-GC and a2-GC were identified in the brain. In
aortic tissue, o.1-GC was recognized as the major isoform (94%), mediating vasodilation.

An essential regulator of NO production is arginase 1 (Argl), an enzyme that competes with eNOS for the
same substrate L-Arg, catalyzing the hydrolysis of L-Arg to ornithine (L-Orn) and urea [34, 35]. It exists
in two different isoforms (types I and II), which differ in tissue distribution, subcellular localization, and
physiological function. Intervention on Argl activity may modulate the pool of L-Arg available for NO
production by limiting it, for example, during hypoxia or in the presence of reactive oxygen species [34].
On the other hand, inhibition of Argl activity may increase endothelium-derived NO formation and

improve endothelium-dependent vasodilatation, for example, in CAD conditions [35-37].
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Figure 3 — NO pathway to vasodilation in smooth muscle cells

After its formation from L-Arg, the NO produced by eNOS is primarily released abluminally from ECs to the extracellular space
and to the adjacent SMCs, where it binds to the GC and activates the production of cGMP from 5’GTP. cGMP binds to PKG and
activates MLCP, inhibiting intracellular Ca** entry and leading to a decreased activity of a MCLK. Myosin phosphorylation state
gets reduced, leading to smooth muscle relaxation and vasodilatation and thus regulating blood pressure. A minor amount of NO
is released into the bloodstream. In resistance arteries (arterioles, pre- and postcapillaries), NO goes through myoendothelial

junctions (MEJs) and is transferred from ECs to SMCs.
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1.3 Systemic NO metabolism and the nitrate/nitrite/NO pathway

Other regulatory components of BP are the nature, distribution, and kinetics of the several NO-metabolites
found in plasma, RBCs, and vascular tissues [38-40]. Under normal physiological conditions, the primary
enzymatic source of NO in the body is thought to be eNOS [41, 42], with lesser contributions of the nNOS
and the iNOS (in monocytes/macrophages). It was suggested that eNOS-derived NO might exert endocrine
effects, which are thought to be mediated mainly by nitrite and other semi-stable circulating metabolites.
These include nitrate, nitroso compounds, and possibly nitro fatty acids [38-40] formed in blood and tissues
by several reactions.

There are two primary sources of nitrite and nitrate: endogenous, which involves the direct synthesis of NO
by eNOS from L-Arg and its further oxidation into nitrite and nitrate; and an exogenous source, through
the diet.

Inorganic nitrite and nitrate introduced with the diet were considered toxic substances for the body, leading
to the development of gastric cancer [43,44]. However, in the last decades, numerous studies have focused
on the beneficial possibilities that the intake of these substances can promote.

Administration of inorganic nitrite or nitrate increases NO-like bioactivity, promoting vasodilation, blood
flow increase, and arterial pressure lowering through the generation of cGMP. Nitrite shows significant
bioactivity under low oxygen tension conditions and acidic conditions, leading to the conversion of nitrite
into NO and promoting a series of cGMP-dependent down signaling events [39, 45].

Under low oxygen tension conditions, nitrite was recognized as a possible source of NO through a nitrite
reductase activity operated by deoxyhemoglobin (deoxyHb). The challenges to the nitrite reductase
hypothesis are many; the first is how NO could escape from red blood cells after its formation, considering
the rich hemoglobin content in the cytoplasm. Moreover, the dissociation of NO from deoxyHb is regulated
by a slow dissociation rate constant [46, 47].

Under normal physiological conditions, nitrite is an effective nitrosating and nitrosylating entity regardless
of'its route of administration [48]. Once the exogenous nitrate is introduced into the organism, it enters the
entero-salivary circulation directly, where a fundamental role is played by commensal bacteria [49, 50].
Both nitrite and nitrate from the diet can be a source of NO [51], especially in pathological conditions where
a NO deficiency is recognized [52]. The introduction of nitrate generally induces an increase in its
circulating plasma levels. Subsequently, up to 25% of the nitrate present in the circulation (representing the
nitrate derived from the diet and the NOS-derived form) is recovered by the salivary glands and
concentrated in the saliva [53-55]. Commensal bacteria catalyze the conversion to nitrite in the oral cavity

[56]. Once reached the acidic gastrointestinal tract (pH 1-1.5), nitrite is protonated to HNO, and further
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decomposed into NO and other species [57, 58] (Figure 4). In addition to the gastrointestinal path described,
nitrate can follow other metabolic pathways, such as on the skin [59] or in the urine [60].

Vasodilatory functions and the essential physiological role of nitrate in modulating BP have been
controversial [61]. However, its active role as a bioactive molecule has been recognized in promoting a

lowering of BP [48, 56].

Gastrointestinal
Salivary glands Tract (pH 1-1.5)

NO;
circulating
levels

Oral cavity

Figure 4 — Oral administration of nitrate and NO formation
After external nitrate administration, circulating nitrite/nitrate levels increase. Nitrate is uptaken by the salivary glands in the oral
cavity. Commensal bacteria catalyze the conversion to nitrite. The acidic pH (1-1.5) of the stomach leads to the protonation of

nitrite to form HNO: and in the gut NO, through a direct action of commensal bacteria.
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1.4 Role of RBCs in the regulation of vascular tone

RBCs are highly specialized cells that descend from hematopoietic stem cells in the bone marrow (BM).
Their precursor cells are called erythroblasts, and before being released into the bloodstream, they lose their
nuclei, mitochondria, and endoplasmic reticulum, losing the ability to synthesize proteins. Maturation of
RBC progenitor cells lasts approximately one week before becoming fully functional RBCs. RBC half-life
is of approximately 120 days in humans [62].

RBCs represent the most abundant cell type of the whole blood and are responsible for the exchange and
transport of gas and nutrients to the various tissues of the organism. RBCs’ biochemical, biophysical, and
mechanical properties and their structural characteristics are optimized for their function.

RBC ability to transport oxygen is due to the presence in their cytosol of 10 mM concentration of a
metalloprotein called “hemoglobin” (Hb), a tetramer composed of two a and two  subunits containing
respectively a prosthetic heme group with a central iron ion in its reduced form (Fe®*) [63]. This complex
can reversibly bind oxygen in the lungs and allows it to be transported in circulation and released in tissues.
RBCs are characterized by a biconcave “donut” shape that provides them with an extensive surface for gas
exchange and contributes to the deformability of RBCs. The term deformability refers to the ability of RBCs
to modify their structure to squeeze through blood vessels smaller than their diameter (8 um) [64]. Cellular
deformability is of high importance and affects oxygen delivery to the tissues [65].

An essential regulator for RBC deformability is blood viscosity. Blood viscosity is strictly connected with
systemic hemostasis and depends on the concentration of RBCs and the intracellular Hb content; higher Hb
levels increase intracellular viscosity and modify RBC deformability [66].

Changes in the RBC rheological properties within the microcirculation may profoundly affect tissue
perfusion.

In addition to their role as gas transporters and exchangers, RBCs have been recognized to possess more
non-canonical functions, and an active role of RBCs was proposed in the modulation of vascular tone [67].
Because of the high Hb levels contained within RBCs, they were considered for a long time simply NO
scavengers, inactivating endothelium-derived NO via rapid reaction with Hb to form methemoglobin and
nitrate, thereby limiting NO available for vasodilatation [28, 52, 54, 68, 69]. In particular, the reaction of
NO with Hb leads to the formation of a nitrosylated Hb (NO-heme) with a high-speed reaction rate of 107
M-t [70], whereas the dissociation to Hb and NO is extremely slow [46].

However, in the last decades, RBCs have been proposed to actively control the vascular tone by transporting
and releasing vasoactive molecules in response to hypoxia and shear forces. Mechanisms of release and
potential sources of NO in RBCs are still a matter of debate, but candidates include iron-nitrosyl-

hemoglobin [71], S—nitrosohemoglobin [72-74], and nitrite [75, 76].

10
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Similar to ECs, RBCs express a functional eNOS producing NO [77-80], but as mentioned, the high amount
of Hb makes it controversial whether a significant amount of NO is formed and exported as a result of
eNOS activity [81, 82]. One possibility is that although one single RBC produces 9.8 fmol/min of NO, the
abundance of erythrocytes in the bloodstream might be significant for a physiologically relevant role of
RBCs on blood pressure regulation [77].

Moreover, a hypothesis particularly investigated to explain a possible escape of NO from RBCs suggests
the formation of intermediate species that can later promote the release of NO; among these, N>Os or
possible isomers can be found [83-85].

Particular interest as a possible transmembrane channel for NO species, and in particular nitrite has aroused
in the anion exchanger-1 (AE-1), a membrane protein that accounts for 25% of the RBC membrane and has
attracted much attention in the last decade. The first evidence on the ability of AE-1 to transport nitrite was
observed in 1997 [86]. Furthermore, a study dating back to 2009 has shown that AE-1 appears to be
involved in the export of nitrite from RBCs [75], and this hypothesis has been more recently strengthened
by other working groups [87, 88].

In addition, RBCs are thought to contribute to the regulation of systemic NO bioavailability by releasing
ATP when subjected to hypoxia or shear stress, which seems to be dependent on the activation of
erythrocytic pannexin-1 channels [89-91], inducing eNOS-dependent vasorelaxation and an increase in
blood flow [91-95].

To investigate the functional significance and specific role of red cell eNOS in a direct comparison of
endothelial eNOS, tissue-specific eNOS lines are necessary.

The hypertensive phenotype previously observed in the eNOS™" lines was attributed to the absence of eNOS
in the ECs [25-27]. However, the discovery of the existence of a functional eNOS in the blood cells (BCs)
made necessary a reevaluation of these findings and further investigations to evaluate a possible role of red
cells eNOS in the modulation of blood pressure and thus investigate the possibility that the hypertensive
phenotype was due to eNOS expressed in the blood rather than the one expressed in the endothelium [77,
78,96-101].

In 2013 chimera mice were generated supporting a role for an eNOS expressed in the blood cells (BC
eNOS) in the regulation of BP and nitrite homeostasis [67]. Chimera animals resulted from a BM cross-
transplantation strategy between WT and eNOS~~ mice to elucidate the contribution of circulating BC
eNOS to intravascular nitrite formation and physiological BP regulation in vivo. Chimera mice showed a
significant increase in BP after localized eNOS removal from the blood compartment. Platelets or leukocyte
depletion from the whole blood did not impact the high BP of the mice, suggesting RBCs as responsible
cell type for the hypertensive phenotype. High BP was correlated with decreased circulating nitrite levels,

supporting the previous findings on eNOS~~ mice [25-27].
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Although these studies provided strong evidence for BC eNOS in control of BP and nitrite production, the
use of BM from chimera mice presented severe methodological limitations, such as lack of specificity for
erythroid cells and the irradiation-dependent activation of inflammatory pathways, that might cause up-
regulation of iNOS [102], contributing to the general pool of NO metabolites.

However, conditional transgenic models allowing examination of the specific role of endothelial eNOS,
compared to eNOS expressed in RBCs in systemic hemodynamics control, are still lacking.

An approach avoiding the disadvantages encountered by previous studies [67] will enable the identification
of the mechanisms responsible for blood pressure changes and will allow indicating EC eNOS or RBC

eNOS as primarily responsible for BP modulation.

1.5 Red blood cells as regulators of the systemic NO metabolism

As already mentioned, RBC:s for a long period were considered scavengers of NO due to the reaction of the
central Fe** in the heme group of Hb with NO, leading to the formation of nitrate and methemoglobin.
Therefore, it was controversial whether significant amounts of NO were formed and exported from the
RBCs due to eNOS activity.

Different mechanisms have been proposed to mediate NO signaling across the RBC membrane despite the
high Hb levels. One proposed mechanism occurring under normoxic conditions is based on the
compartmentalization of NO synthesis in RBCs. One theory focuses on the synthesis of NO directly in the
proximity of the RBC membrane and the immediate diffusion of the hydrophobic NO through the
membrane to escape the fast scavenging reaction with Hb [103].

Another possible mechanism to avoid Hb inhibition of NO signaling could be the mediation by NO
metabolites.

Under hypoxic conditions, RBCs have been shown to induce vasodilation, and these findings were
attributed to different NO metabolites [71, 73, 104-106] and bioactivation mechanisms [105, 107, 108].
One of the proposed mechanisms involved the nitrosylation of the heme group of Hb followed by NO
transfer to cysteine-93 of the Hb S-chain [73]. According to this proposed mechanism, NO release was
regulated by conformational changes of Hb tetramer structure. However, multiple further findings have
questioned the proposed mechanism [82, 109-111].

The more accepted mechanism is the NO-dependent vasorelaxation, derived by a nitrite reductase activity
of deoxyHb that produces NO from nitrite [48, 77, 78, 104, 105]. In support of this finding, RBCs store

high concentrations of nitrite [76]. Moreover, a gradient of nitrite from arterial to venous plasma supports
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the theory according to which nitrite is used for hypoxic vasodilation [112]. DeoxyHb was shown to be
essential for the reduction of nitrite to NO under hypoxic conditions [113].

Despite the discovery of an active eNOS inside the RBCs, its physiological role and involvement in RBC
physiology, NO metabolism, BP modulation, and vascular tone remains controversial [28, 69, 114-117].
Human RBCs also express the enzyme Argl [118]. Endothelial cell Argl has emerged as an important
regulator of NO production by competing with eNOS for their common substrate L-Arg [34, 35]. The role
of Argl in RBCs is unknown; it has been hypothesized a role of Argl in the regulation of eNOS and export
of NO bioactivity [119]. However, further investigations are still needed.

Recently an active GC was also identified in RBCs, indicated as “soluble” guanylyl cyclase (sGC) [120].
The localization of sGC in direct vicinity to eNOS could mediate NO downstream signaling, supporting the
theory of compartmentalization of NO synthesis in RBCs [120].

To summarize, a complete pathway involving Argl-eNOS-sGC has been identified within RBCs [118-
120]. However, the role of eNOS in RBCs and how the NO produced is released into the circulation,

avoiding Hb scavenging, is still unknown (Figure 5).

Figure 5 — Argl-eNOS-sGC pathway in RBCs
A complete pathway involving Argl, eNOS, and sGC has been identified in RBCs. It remains unclear how the NO produced is

released into the circulation, avoiding the scavenging of the hemoglobin.
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1.6 The use of a loxP-Cre method for tissue-specific gene targeting

The first steps for the generation of tissue-specific gene alterations emerged with introducing the transgenic
Cre expression model [121, 122].

The advent of the bacteriophage P1 Cre-LoxP site-specific recombination system allowed the gene-
targeting approach to study gene function in mice. Using this technology, tissue-specific gene knock-out
(KO) or knock-in (KI) models can be produced [123, 124].

Cre recombinase catalyzes site-specific DNA recombination between 34 bp recognition (loxP) sites. If two
loxP sites are introduced in the same orientation into a genomic locus, the presence of Cre results in the
deletion of the DNA sequence flanked by the loxP sites. Cre-mediated gene manipulation requires transient
transfection of the mutant loxP-containing endothelial stem (ES) cells with a vector encoding Cre
recombinase. An additional round of selection is necessary to verify if ES cell clones carry the desired
deletion. This additional manipulation of the cells in culture might affect the ability of ES cells to generate
germ cells in chimeric mice, which is a severe problem in gene targeting technology.

The Cre-loxP recombination system has also been used to manipulate genes in a cell type-specific [125,
126] or inducible [127] manner.

When two loxP sites are introduced into the genome, flanking an essential part of a target gene without
affecting its function, Cre-mediated deletion of the loxP-flanked fragment will lead to the inactivation of
the gene. It is also possible to restrict gene inactivation in vivo to a particular cell type by crossing mice
with a loxP-flanked target gene with transgenic mouse strains expressing Cre recombinase under the control
of a cell type-specific or inducible promoter.

In 2004, a first gene inactivation model restricted to erythroid tissues was generated [121]. Transgenic
mouse lines expressing Cre recombinase only in erythroid cell lineages were generated by placing Cre
transcription under the control of the human S-globin gene promoter and S-globin locus control region to
restrict Cre expression to erythroid cell lineages.

Generation of tissue-specific mouse models will be essential to investigate the specific role of eNOS in the

endothelium or the RBCs.
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Figure 6 — Graphical abstract

The hypothesis of this study was that red cell eNOS contributes to the regulation of NO metabolites, vascular tone, and BP. This
study aimed to elucidate the functional significance and specific role of red cell eNOS directly compared to endothelial eNOS in
controlling vascular hemodynamics and systemic NO metabolism. To accomplish this, we generated tissue-specific “loss” and
“gain-of-function” models for eNOS by using tissue-specific Cre-induced gene inactivation or reactivation. The goals of this study
are the following: (1) The creation and characterization of tissue-specific eNOS KO and KI mice by using tissue-specific Cre-
induced gene inactivation or reactivation; (2) the analysis of systemic hemodynamics of the strains of interest; (3) the evaluation

of NO metabolites distribution before and after administration of nitrate.
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Aim of the study

Endothelial cells (ECs) express an active eNOS that regulates NO metabolites and vascular tone.

Next to their classical role of gas transporters, numerous studies suggested that red blood cells (RBCs)
possess more non-canonical functions in the cardiovascular system. RBCs express an active eNOS, but the
role of eNOS expressed in RBCs in the regulation of vascular tone is unknown.

This study hypothesized that red cell eNOS contributes to the regulation of NO metabolites, vascular tone,
and BP.

Therefore, the aim was to elucidate the functional significance and specific role of red cell eNOS directly
compared to endothelial eNOS in controlling vascular hemodynamics and systemic NO metabolism. To
accomplish this, we generated tissue-specific “loss” and “gain-of-function” models for eNOS by using

tissue-specific Cre-induced gene inactivation or reactivation.

This work is focused on three main goals:
1- The creation and characterization of tissue-specific eNOS KO and KI mice.
To verify the successful generation of tissue-specific eNOS KO and tissue-specific eNOS KI mice,
the proper removal/reintroduction of eNOS in RBCs (BM) or ECs (aorta) will be evaluated, both
via quantitative polymerase chain reaction (QPCR) and western blot (WB) analysis. Moreover, PCR

on isolated cells and tissues will be carried out.

2- The analysis of systemic hemodynamics of the strains of interest.
Next to in vivo hemodynamic measurements, the vascular endothelial function will also be
assessed ex vivo to exclude the effects of the loxP-Cre system on vessel functionality.

Cardiovascular parameters will also be investigated by high-resolution ultrasound.
3- The evaluation of NO metabolites distribution before and after administration of nitrate.

Analytical chemiluminescent detection (CLD) technique will be applied for the determination of

plasma nitrite levels.
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3. Materials and methods

3.1 Chemicals

Table 1 — List of chemicals with manufacturer and headquarter of the manufacturer

Chemical

Methanol

3 ME-Ethanol

PBS (without Ca/Mg)
Nonidet p40 Substrate
S-Deoxycholate
10% SDS ultra-pure
Isoflurane

IBMX

NaCl

KC1

KH,PO,

Na,HPO,

Triton X-100
MgSO4

CaCl,

NaHCO;

BSA

Fish skin gelatin
D-Glucose
Tamoxifen

Peanut oil

NEM

EDTA

DNAse I
Collagenase I

SDS

LDS

10X Bolt™ Sample Reducing Agent

Tween20
Glycine

Skim milk powder

2,2-dichloro-1,1-difluoroethyl methyl ether 97%

Sulfanilamide

Potassium ferricyanide

Manufacturer

VWR

Merck

Sigma-Aldrich

Fluka

Fluka

Thermo Fisher Scientific
Piramal Critical Care
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Worthington Biochemical Corporation
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Alfa Aesar
Sigma-Aldrich
Sigma-Aldrich
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Headquarter

Radnor, USA
Darmstadt, Germany
St. Louis, USA
Buchs, Switzerland
Buchs, Switzerland
Waltham, USA
USA

St. Louis, USA
Waltham, USA
Waltham, USA

St. Louis, USA
Waltham, USA

St. Louis, USA

St. Louis, USA

St. Louis, USA

St. Louis, USA

St. Louis, USA

St. Louis, USA

St. Louis, USA

St. Louis, USA

St. Louis, USA

St. Louis, USA

St. Louis, USA

St. Louis, USA
Troisdorf, Germany
St. Louis, USA
Waltham, USA
Waltham, USA

St. Louis, USA

St. Louis, USA

St. Louis, USA
Haverhill, USA

St. Louis, USA

St. Louis, USA



Todine
Sodium nitrite

Potassium hexacyanoferrate (III)

CD31 Microbeads, mouse

CD45 Microbeads, mouse

FcR Blocking Reagent, mouse

3.1.1 Solutions

Table 2 — List of solutions

Solution

Phosphate Buffer Saline (PBS)

Hanks’ Balanced Salt Solution (HBSS)

RBC permeabilization buffer

Blocking buffer for immunofluorescence

Krebs-Henseleit buffer

Tamoxifen solution

HEPES buffer

TBS 20x

Transfer buffer Bio-Rad system 10x
Stripping buffer

Tris-glycine-buffer Bio-Rad system
T-TBS 1x

Blocking buffer for WB

LDS buffer (1X)

Digesting solution for ECs isolation
Phosphate Buffer Saline/NEM/EDTA
Potassium Ferricyanide

KU/,

Sulfanilamide

Oxidative solution for NO-heme detection
Separation buffer for cells isolation
Erythrocyte lysis buffer

Separation buffer (PEB)

Materials and methods

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

St. Louis, USA
St. Louis, USA
St. Louis, USA
Milteny Biotec, Bergisch Gladbach,
Milteny Biotec
Germany
Milteny Biotec, Bergisch Gladbach,
Milteny Biotec
Germany
Milteny Biotec, Bergisch Gladbach,

Milteny Biotec
Germany

Preparation

CaCl,.2H,0 0.9 mM, MgCI2x6H,0 0.5 mM, KCI1 2.7 mM, KH,PO,4 1.5 mM, NaCl 136.9
mM, Na,HPO, 8.1 mM

NaCl0.14 M, KC1 5 mM, CaCl, 1 mM, MgS0O4x7H,0 0.4 mM, MgCLx6H,0 0.5 mM,
Na,HPO4x2H20 0.3 mM, KH,PO, 0.4 mM, D-Glucose 6 mM, NaHCO3 4 mM

PBS with NP40 0.2%

PBS with fish skin gelatin 10%, Triton X-100 0.25%), BSA 0.5% and goat serum 10%
CaCl, 1.6 mM,MgS0O4 1.2 mM,KCl 5 mM, KH,PO4 1.2 mM, NaCl 118 mM, NaHCO;24.2
mM, glucose 10 mM

Dilute in EtOH to a final concentration of 60 mg/ml. dissolve at 60°C and dilute in peanut oil
1:6.

NaCl 98.9 mM, KC1 4.7 mM, CaCl,x2H,0 1.9 mM, MgSO4x7H,0 1.2 mM, NaHCO;25 mM,
KH,PO4 1 mM, Na-Hepes 20 mM, D-Glucose 11.1 mM

Tris Base 200 mM, NaCl 2M, ddH,0O

Tris Base 250 mM, Glycine 1.92M, MilliQ Water

10% SDS, Tris 1.5M, § ME-Ethanol, MilliQ Water

Tris Base 250 mM, glycine 1.92M, SDS 35 mM, MilliQ Water

TBS 20x, MilliQ Water, tween20 0.1%

Skim milk powder 5%, T-TBS 1x

400 ul LDS 4X; 1200 ul H,O

25 mL HBSS, Collagenase (450 U/mL)/ DNAse I (60 U/mL)

0.5 mL EDTA 500 mM, 10mL NEM 100 mM, PBS to 100 mL

1.646 g in 100 mL PBS

0.404744 g of KI,0.142979 g of I, 3.75 mL of water MilliQ and 50 mL of AcOH;

0.5¢gin 10 mL, 1 M HCI

K3Fe[(CN)g] 1.6465 g dissolved in 10 mL of PBS

0.5% (v/w) BSA,2mM EDTA in PBS

Ammoniochloride 0.8% + 10 mM EDTA + DNAse 10 U/mL

BSA 0.5%,2mM EDTA in PBS 1x (pH 7 4)
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3.1.2 Antibodies

Table 3 — List of antibodies used for immunofluorescence and WB

Manufacturer
Thermo Fisher Scientific, St. Louis, USA
Cell Signaling, Denvers, USA

Antibody Code
MAS5-15559
D3X1R-#20112S

Mouse anti-eNOS
Rabbit anti-AE1

Alexa Fluor® 568 Fab goat anti-mouse IgG for eNOS A11019 Life Technologies Corporation, Eugene, USA
Alexa Fluor® 647 Fab goat anti-rabbit IgG for AE-1 A21246 Life Technologies Corporation, Eugene, USA
Mouse anti-eNOS for WB and IP 624086 Erembodegem, Belgium (custom made)
Monoclonal anti- o tubulin T6199 Sigma Aldrich, St. Louis, USA

Monoclonal anti- § actin A1978 Sigma Aldrich, St. Louis, USA

Goat anti-mouse Ig 554002 BD Pharmingen, San Diego, USA

Ter119 anti-mouse PE Milteny Biotec, Bergisch Gladbach, Germany

130-117-363

3.1.3 Commercial kits

Table 4 — List of commercial kits with manufacturer and headquarter of the manufacturer

Kit Manufacturer Headquarter
RNase-Free DNase Set Qiagen Hilden, Germany
QuantiTect Rev. Transcription Kit Qiagen Hilden, Germany
ECL Prime detection reagent kit GE Healthcare Little Chalfont, UK

Ambion DNA-free Kit

RNeasy Mini Kit

Dynabeads antibody coupling kit

SuperSignal™ West Pico Plus chemiluminescent substrate
SuperSignal™ West Femto Maximum Sensitivity Substrate

Bio-Rad Protein Assay Kit

Thermo Fisher Scientific
Qiagen

Invitrogen

Thermo Fisher Scientific
Thermo Fisher Scientific

BioRad
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Hilden, Germany
Carlsbad, (CA) USA
Waltham, USA
Waltham, USA
Hercules, USA



3.14 Equipment

Table 5 — List of equipment with manufacturer and headquarter of the manufacturer

Equipment

Microplate reader
Biomolecular imager

Full spectrum microvolume
UV-Vis analyzer
Real-Time PCR Instrument

Peristaltic pump

Blood Counter

Name

FLUOstar Optima

Image Quant LAS4000
ChemiDOC™ Imaging System

Nanodrop 2000

StepOnePlus Real-Time PCR Systems

Vet ABC ™ Hematology Analyzer

Manufacturer

BMG LABTECH

GE Healthcare

Bio-Rad Laboratories GmbH

Thermo Fisher Scientific

AB Applied Biosystems
Cole-Parmer GmbH
Scil animal care company — division

of Henry Schein Animal Health

Materials and methods

Headquarter
Ortenberg, Germany
Little Chalfont, UK

Miinchen, Germany
Waltham, USA

Waltham, USA

Wertheim, Germany
Gurnee, USA

Baden-Wiirttemberg,

Aortic rings analyzer Graz Tissue Bath System Hugo Sachs
Germany
Confocal microscope OLYMPUS IX81/FV1000 Biocompare San Francisco, USA
Blood pressure analyzer MPVS Ultra ADInstruments Sidney, Australia
Tissue homogenator for cells Bergisch Gladbach,
GentleMACS Dissociator Milteny Biotec
isolation Germany
Bergisch Gladbach,
FACS MACSQuant Analyzer 10 Milteny Biotec
Germany
3.1.1 Softwares
Table 6 — Softwares, developer and headquarters of the manufacturer
Software Developer Headquarter
Prism 9.1.1 GraphPad San Diego, CA, USA
Image Studio Lite LI-COR Biosciences Lincoln, USA
IOX - blood pressure measurements EMKA Paris, Frances
LabChart ADlInstruments Sidney, Australia

Brachial Analyzer 5

Vevo2100

Olympus Fluoview FV1000 version 4.1a
PoewerChrom

FACS Flowing Software

Medical Imaging Applications
Visual Sonics Inc.

Olympus

eDAQ

Turku Bioscience
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3.2 Animals

All experiments were approved by the LANUV according to the European Convention for the Protection
of Vertebrate Animals used for Experimental and other Scientific Purposes (Council of Europe Treaty
Series No. 123). Animals used at the University of Virginia were handled according to protocols approved
by the University of Virginia IACUC. Animal care was provided following the institutional guidelines of
the Heinrich Heine University or the University of Virginia and Emory Animal Care and Use Committees
and followed the National Institutes of Health (NIH) guidelines for the care and use of laboratory animals.
Experimental planning and execution followed the ARRIVE recommendations [128]. For experiments, 2-
6 months old male mice up to 30 g were used. Mice of the same genotype and age were randomly assigned
to experimental groups.

Immunofluorescence experiments were conducted by me at the University of Virginia (VA), USA. For
these particular experiments wildtype mice were provided by Prof. Dr. B. E. Isakson (E. Berne
Cardiovascular Research Center; Department of Molecular Physiology and Biophysics; VA, USA). WT
male mice (B6NTac) were bought from Taconic Biosciences (NY, USA).

Mice expressing Cre recombinase in erythroid cells under the control of the promoter of the hemoglobin
beta chain (C57BL/6-Tg(Hbb-Cre)12Kpe/J) [121] were obtained by Jackson Laboratory (JAX stock
#008314) and crossed for more than ten generations with C57BL/6J.

Tamoxifen (TAM)-inducible endothelial-specific Cre mice (Tg(CdhSCre/ERT2)1Rha) [129] were kindly
provided by Prof. Dr. E. Lammert (Heinrich-Heine-University of Diisseldorf, Diisseldorf, Germany). The
inducible models of endothelial-specific Cre mice were generated after a necessary treatment with TAM
(Sigma-Aldrich, St. Louis, USA). Around 200 ml of TAM (approximately 25-30 g body weight) were given
for five consecutive days every 24 hours via intraperitoneal (i.p.) injections in a concentration of 75 mg/kg.
On day 21 after the injections, the explanation of the organs took place.

DeleterCre (C57B1/6.C-Tg(CMVCre)1Cgn/J) [122] mice expressing Cre in all tissues were kindly provided
by Prof. C. Pfeffer (Heinrich Heine University of Diisseldorf).
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3.3 Creation of tissue-specific mice lines

3.3.1 Generation of eNOST¥flox jce

The eNOS™¥x mice were created in the Myocardial Infarction Research Laboratory of the Heinrich Heine
University of Diisseldorf.

For the generation of eNOS"* mice, an orphan loxP site and an FRT-neo-FRT-loxP resistance cassette
were simultaneously inserted into the eNOS genomic locus to target exon 2 for Cre-mediated excision.
Sequencing confirmed base pair-precise modification of the eNOS genomic locus and integrity of all
functional elements. The plasmid was linearized and electroporated in A9 ES cells (hybrid C57/129), 300
clones were picked, and 12 positive clones on 100 were screened by Southern Blot at 5° arm. Further
screening was done by long-range PCR because of the lack of specificity of the 3’-probe designed for
southern analysis. Two males derived from ES cells were obtained and bred with C57BL/6]J mice for at

least ten generations.

3.3.2 Generation of eNOS™"Y mice

To generate eNOS™i™¥ mice, an inverted exon 2 and two additional Lox511 sites were introduced in the
eNOSH¥ilox construct, which allowed the Cre-induced reactivation of eNOS in a tissue of interest. The
plasmids were sequenced, linearized, and electroporated in A9 ES cells (hybrid C57/129), 300 clones

picked, and positive clones were screened by Southern Blot at 5' arm and by long-range PCR.

3.3.3 Generation of EC/RBC eNOS KO mice

Homozygous eNOS™1°* mice were crossed with Cdh5Cre/ERT2P* mice to obtain eNOS™fox
Cdh5Cre/ERT2"* and eNOS™* Cdh5Cre/ERT2" mice; to induce endothelial-specific activation of the
Cre recombinase, Cre positive and negative mice of each line were treated with TAM (75 mg/kg/day) for

five consecutive days. Experiments were conducted 21 days after the last injection (Figure 7).

sﬂox/ﬂox pos

Homozygous eNO
specific eNOS KO mice (eNOS™1°* HbbCrepos, RBC eNOS KO) and their respective WT littermate
controls (eNOS™°* HbbCre").

mice were crossed with erythroid-specific HbbCre™ mice to obtain erythroid-
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8 weeks old 21 days of waiting time 12 weeks old

Dayl Day2 Day3 Day4 Day5 Experiment
5 days TAMOXIFEN Treatment

Figure 7 — Representative scheme for TAM treatment
To induce a specific removal/reintroduction of eNOS from the endothelial cells it was necessary a 5-day TAM treatment on 8

weeks old mice. Experiments were conducted 21 days after the last day of injection.

3.34 Generation of EC/RBC eNOS KI mice

Homozygous  eNOS™™ mice were crossed with Cdh5Cre/ERT2P® mice to obtain eNOSnvinv
Cdh5Cre/ERT2P* and eNOS™inv Cdh5Cre/ERT2™¢ mice. TAM treatment was necessary to induce
endothelial-specific activation of the Cre recombinase (Figure 7).

The founder line eNOS™ ™" was crossed with erythroid-specific HbbCreP mice to obtain erythroid-specific
eNOS KI mice (eNOS™inv HbbCrer*s, RBC eNOS KI) and their WT littermate controls ( eNOS™"in
HbbCre"™e).

Global eNOS KI mice were used as proof of concept to verify the functionality of the gain of function

model and the global eNOS reintroduction.

3.3.5 Generation of global eNOS KO mice

To generate global eNOS KO mice, the founder eNOS™*°* mice were crossed with DeleterCre (C57B1/6.C-
Tg(CMVCre)1Cgn/J) mice expressing Cre in all tissues.

3.4 Dietary nitrate supplementation of the mice in the drinking water

Mice were given tap water ad libitum directly from the sink of the laboratory (nitrate around 230 uM)
except when indicated. In specific experiments mice were given different nitrate concentrations dissolved
in drinking water:

1- Water containing low nitrate amount (Vittel water, source: Vittel, Vogesen, France);

2- A prepared solution containing 200 uM of nitrate, comparable to the amount present in the tap

water. Considering that an average mouse weighs 30 mg and drinks around 6 ml of water/day, the
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dose of nitrate assumed with the prepared solution is 0.074 mg, corresponding to a concentration
of 2.48 mg/kg.

Mice received the water for 24 hours and then BP was measured via Millar catheterization (Figure 8).

Water Experiment:
administration BP measurement
L ] Organs/blood
24 hours collection

Figure 8 — Representative scheme for nitrate supplementation in the drinking water
Drinking water containing different nitrate concentrations was administered for 24h to the mice before blood pressure

measurement with Millar catheterization of the right carotid artery.

3.5 Collection of blood and mouse tissues

3.5.1 Blood collection and separation of plasma and RBCs

Mice were anesthetized with isoflurane by an oral intubation (3% induction and 2% maintenance) and fixed
on a heated platform (set to 39°C, body temperature approx. 36°C) in a supine position. Whole blood was
withdrawn by cardiac puncture with a syringe coated with EDTA 0.5 M, and collected in a 2 ml tube,
containing 0.1 ml of EDTA 0.5 M, to prevent coagulation. Plasma was collected after centrifugation (800
g, 10 minutes, 4 °C) and frozen in liquid nitrogen. The buffy coat was discarded. RBCs were collected from

the bottom of the tube and placed in a separate tube for further analysis.

3.5.2 Tissues collection

Organs were explanted after systemic perfusion with cold phosphate-buffered solution (PBS) pH 7.4 and
immediately frozen in liquid nitrogen. Bone marrow was isolated from femurs and tibias of both legs and

used for DNA and RNA isolation for further analysis.
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3.6 Hematological phenotyping of tissue-specific mice models

Mice were anesthetized with isoflurane and blood was taken via retro-orbital collection, using a disposable
glass Pasteur pipette. Vet ABC ™ Hematology Analyzer was used for blood count analysis. Different
parameters were analyzed: red blood cell count (RBC), hematocrit (HCT), hemoglobin (HGB), red blood
cell distribution width (RDW), mean corpuscular hemoglobin concentration (MCHC), mean hemoglobin
concentration (MCH), mean corpuscular volume (MCV), white blood cell count (WBC), number and
percentage of lymphocytes, granulocytes and monocytes (Lymph# and Lymph%, Gra# and Gra%, Mo#
and Mo%), platelet count (PLT) and mean platelet volume (MPV).

3.7 Blood collection and separation of RBCs for immunofluorescence

To collect blood for immunofluorescence assay, mice were anesthetized with 2,2-dichloro-1,1-
difluoroethyl methyl ether 97% (Alfa Aesar, Haverhill, Massachusetts, USA) and exsanguinated via cardiac
puncture with syringes coated with EDTA 0.5 M (Sigma-Aldrich) to prevent coagulation. Whole blood was
centrifuged (2300 rpm; Fisher, accuSpin Micro 17), plasma and buffy coat were removed by aspiration.
The remaining RBC pellet was washed three times in a modified Krebs-Heinseleit (K-H) buffer and
centrifuged. Washed RBCs were then diluted at 1:200 for immunostaining.

To detect eNOS and AE-1 by immunofluorescence, diluted RBCs were mounted onto slides via cytospin
for 3 minutes at 800 g and fixed afterward with PBS/PFA 4%. After fixation, PFA was washed away, and
a permeabilization step was carried out using a 0.2% NP40 in PBS buffer. After washing RBCs were
blocked for 1 hour (PBS + fish skin gelatin 10%, Triton X-100 0.25%, BSA 0.5%, 10% goat serum).
Primaries antibodies were stained with a 1:200 dilution, and incubation took place overnight at 4°C (eNOS
anti-mouse MAS5-15559, Thermo Scientific; AE-1 anti-rabbit D3X1R, Cell Signaling). Next, RBCs were
washed with PBS, and the secondary antibodies were stained for 2 hours at dark at room temperature (Rt)
(goat anti-mouse Fab Alexa Fluor 568; goat anti-rabbit Fab Alexa Fluor 647; Invitrogen). After three more
washes, a mounting medium was added, and a coverslip was applied. Slides were imaged using an Olympus

IX81/FV 1000 confocal microscope at 100X objective.
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3.71 Immuno transmission electron microscopy (TEM)

Isolated RBCs were fixed with PBS/PFA 4%, embedded, and labeled with primary antibodies (eNOS
anti-mouse MAS5-15559, Thermo Scientific; AE-1 anti-rabbit D3X1R, Cell Signaling) and secondary
antibodies (goat anti-mouse #25133, 15nm size; goat anti-rabbit #25116, 25nm size, Electron Microscopy

Sciences). Images were taken on a Joel 1220.

3.8 Isolation of endothelial cells from lungs

Endothelial cells were extracted with the MACS-Method by two independent magnetic separation steps
consisting of a negative selection using anti-CD45 microbeads and a positive selection using anti-CD31
microbeads.

After the opening of the thorax and systemic perfusion with cold PBS, lungs were explanted entirely and
put in a C-tube filled with 10 mL of digesting solution (HBSS, Collagenase 450 U/ml, DNAse I 60 U/ml).
C-tubes were positioned in the gentle MACS for homogenization (Program: m spleen 01.01; Milteny,
Bergisch Gladbach, Germany). After 45 minutes of incubation at 37°C, homogenates were filtered through
a 70 um EASY strainer. A first centrifugation step at 300 g, 4°C for 10 minutes was carried out. The
supernatant was discarded, and RBCs contained in the cell pellet were lysed in 5 ml of lysis buffer for 5
minutes at Rt. 15 ml of PBS were added, and centrifugation was carried out (300 g, 4°C for 10 minutes).
The supernatant was removed, and the cell pellet resuspended in 180 ul of separation buffer (PEB). CD45
microbeads were added to remove leukocytes (20 pl) and let incubate for 15 minutes at 4°C. After adding
10 ml of PEB, centrifugation was carried out at 300 g, 4°C for 10 minutes, the supernatant was discarded,
and the pellet resuspended in 500 pl PEB. The cell suspension was then added to the separation columns,
and the flow was collected in a 15 ml falcon prefilled with 10 ml PEB. CD45 negative (CD45-) fraction
was collected and centrifuged at 300 g, 4°C for 10 minutes. After removal of the supernatant, the pellet was
resuspended in 180 ul PEB.

20 pl CD31 microbeads were added to the tube and let incubate in the fridge for 15 minutes. 10 ml of PEB
were added, and the tube was centrifuged at 300 g, 4°C for 10 minutes. After aspiration of the supernatant
and resuspension of the pellet in 500 pl PEB, a second separation step was conducted, collecting the flow-
through in a 15 ml falcon prefilled with 10 ml PEB. The CD31 positive (CD31*) endothelial cells were
retained in the column. The flow-through contained the CD31 negative (CD31°) fraction. To obtain
endothelial cells, columns were removed from the magnetic support and put in a 15 ml falcon prefilled with

5 ml PEB. By further adding 5 ml of PEB to the columns and flushing them with a plunger, CD31*
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endothelial cells were collected in the prefilled tube. After centrifugation (300 g, 4°C for 10 minutes) of
CD31* and CD31" fraction supernatant was discarded, and the pellet resuspended in 1 ml PEB. Next, the
cell suspension was centrifuged at 800 g at 4°C for 10 minutes. After removing the supernatant, the final
cell pellet was resuspended in 20 pl PBS and 200 pl of RNA later snap-frozen in liquid nitrogen and stored
at -80°C.

The purity and yield of cells were determined by flow cytometric analysis using specific antibodies
according to standard procedures. The percentage of CD31* cells was obtained by this method was a

minimum of 95%.

3.9 Isolation of erythroid cells from bone marrow

Bone marrow was isolated from both legs' femur and tibias, and each bone was cut at the sides to be opened.
The bones were put in a 0.5 ml tube with a hole at the bottom, placed in a 2 ml tube prefilled with 200 ul
of PEB. Centrifugation at maximal speed was carried out for 20 seconds. The small tube was discarded,
and 800 ul PEB added to the 2 ml tube. The cell pellet was resuspended and centrifuged at 400 g for 10
minutes. The supernatant was removed, and 1 ml of erythrocyte lysis buffer (ELB) was added. The solution
was then transferred to a 15 ml falcon containing 2 further ml of ELB (to reach a final volume of 3 ml),
followed by incubation on ice for 10 minutes. The cell suspension was filtered with a 40 um filter, and the
resulted solution was centrifuged at 350 g for 10 minutes at 4°C. Supernatant was discarded.

To remove CD45* cells, the cell pellet was resuspended in 210 pul PEB and 30 pl of FcR-Blocker. The
suspension was incubated in the fridge (4-8°C) for 10 minutes. Next, 60 pl of CD45 microbeads were added
and incubated in the fridge for 15 minutes. 5 ml of PEB buffer were added to wash the solution, and a
centrifugation step was carried out (350 g; 10 minutes; 4°C). The supernatant was removed and 500 ul PEB
were added to resuspend the cells.

The cell suspension was then added to the separation columns, and the flow-through was collected in a 15
ml falcon. 3 ml of PEB buffer were applied three times to wash the columns, and the flow-through was
collected in the 15 ml falcon. CD45- fraction was collected in the tube, and 5 further ml of PEB were added
to a final volume of 14 ml. The cell suspension was centrifuged at 350 g, 4°C for 10 minutes, the supernatant
was removed, and cells were resuspended in 500 pl PEB.

The separation step was repeated a second time by collecting the flow-through in a 15 ml falcon and
washing the column three times with 3 ml PEB to collect the CD45 fraction in the falcon. The CD45-

fraction was used for sorting Ter119*. The column were removed from the magnet, and 5 ml of PEB were
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added. The flow-through represented the CD45* fraction.

The cells were resuspended in 210 pl PEB and 30 pl FcR-Blocker and incubated in the fridge (4-8°C) for
10 minutes. Next, 60 pl of Ter1 19 microbeads were added (microbeads were vortexed before using) and
incubated for 15 minutes on ice. 5 ml of PEB were added to wash, and centrifugation was carried out (350
g, 10 minutes, 4°C). The supernatant was removed, and the solution was resuspended in 150 ml of PEB
buffer.

Separation columns were prepared by washing with 3 ml, and the cell suspension was added to the columns.
The membranes of the columns were washed by adding three times 3 ml of PEB buffer, and the flow-
through containing Ter119- fraction was collected. The positive fraction was collected by removing the
columns from the magnet and adding 5 ml of PEB. The Ter119* fraction was centrifuged at 350 g for 10
minutes at 4°C, the supernatant was removed, and cells were transferred into a 2 ml tube. Centrifugation
was carried out (10000 g; 10 minutes; 4 °C). The supernatant was discarded, and 20 ul PBS buffer and 200
ul of RNA were added later. Samples were stored at -80°C.

3.10 Molecular characterization of mice models of eNOS KO and eNOS KI

3.10.1 Analysis of tissue-specific DNA recombination by qPCR

The Cre recombinase-dependent genetic locus recombination was determined by extracting genomic

DNA from targeted and non-targeted tissues and analyzed by real-time polymerase chain reaction (qQPCR)
with specific primers and probes designed to recognize the floxed allele and the allele with targeted
deletion (Transnetyx, Cordova, TN). A threshold was defined by using tissues from global eNOS KO
mice obtained by the same floxed construct for data analysis.

The tissues analyzed were the aorta and BM. The analysis was carried out by Transnetyx, Cordova, TN.

Table 7 — Probes used to genotype knock-out mice, designed and used by Transnetyx

Probe Binds to Forward sequence Reverse sequence
P1  Cre Cre-Recombinase sequence TTAATCCATATTGGCAGAACGAAAACG CAGGCTAAGTGCCTTCTCTACA
P2 WT eNOS wildtype allele CCACCTCCTAAGGCTGTTGT GCCCACCCTCCTCTTCCT
P3 FLOX flox/flox allele GGCGGCCGCATAACTTC CAGACTGCCTTGGGAAAAGC
P6 EX binds if eNOS Exon2 is cut ACCTCCTAAGGCTGTTGTGAGA GCCAAAGGCTTGCTGCAATT
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Table 8 — Probes used to genotype knock-in mice, designed and used by Transnetyx

Probe Binds to Forward sequence Reverse sequence
P1  Cre Cre-Recombinase sequence TTAATCCATATTGGCAGAACGAAAACG CAGGCTAAGTGCCTTCTCTACA
ATGGGATGAGATTGGTTGCTTA
P4 WT eNOS wildtype allele AGGAAGGACCAGAGGGATCAAG GG
GCTTGCTGCAATTGATAACTTC
P5 INV inverted eNOS allele CTCCTCTTCCTGACACTTTCTGT SR

flipped eNOS allele
P7 | FLIP (cei " GGAACTTCAGATCTCCATAACTTCGT ACCCTCCTCTTCCTGACACTTT
reinverte

3.10.2 Analysis of eNOS expression in isolated cells and tissues by RT-qPCR

Extraction of total RNA, reverse transcription (RT), pre-amplification, and qPCR from ECs or mouse

tissues was carried out using commercial kits according to the manufacturer’s instructions.

3.10.2.1 RNA extraction

RNA from animal tissues was isolated and purified with RNAeasy Mini Kit (Qiagen, Hilden, Germany).
The tissues were homogenized on ice (4°C) in RLT buffer and -Mercaptoethanol (10 ml/ml) with a tissue
ruptor at full speed (Qiagen, Hilden, Germany) until the lysate was homogeneous (30-60 seconds). The
eluate was transferred to a new tube and incubated at 55°C for 10 minutes with 590 pl of RNase-free water
and 10 ml of proteinase K solution, and then cleared by centrifugation at Rt for 3 minutes at 10000 g. The
supernatant was transferred to a new tube, and ethanol was added and gently mixed by pipetting.

The sample was transferred on an RNAeasy mini spin column and centrifuged at maximal speed (10000 g)
at 15-25 °C for 15 seconds. The eluate was discarded. RW1 buffer was added twice (700 pl followed by
350 pl) to the column to wash the membrane, centrifugation was carried out (15-25 °C, 15 minutes, 10000
g), and the flow-through was discarded.

DNA was digested by using the RNase-Free DNase Set. 80 pl of DNase incubation mix (10 pl of DNase I
stock solution in 70 pl buffer RDD) were added directly to the RNAeasy mini spin column membrane and
placed at Rt for 15 minutes. RW1 buffer was used to wash the column and cleared by centrifugation (15-
25°C, 15 minutes, 10000 g); the flow-through was discarded.

Next, 500 ul of buffer RPE/ethanol solution were added to the column and centrifuged (15-25°C, 15

minutes, 10000 g), and the flow through was discarded. The column was placed in a new collection tube
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and centrifuged at full speed for 1 minute to eliminate any possible buffer RPE/ethanol carryover. 30-50 ul
of RNase-free water were added to the column to elute RNA.
The RNA concentration was determined by absorption measurement at the wavelength of 260 nm using a

NanoDrop 2000 (Thermo Fisher Scientific, Waltham, USA).

3.10.2.2 Reverse transcription
The reverse transcription of the isolated RNA samples was done with the QuantiTect Reverse Transcription
Kit (Qiagen, Hilden, Germany). Isolated RNA samples were vortexed and centrifuged. Then, the RNA

samples were diluted in 12 ml of nuclease-free water (table 9).

Table 9 — Final amount of cDNA extracted from different tissues used for reverse transcription

Tissue type Final cDNA amount
Heart 1 pgin 20 pl

Aorta 500 ng in 20 pl

BM 2 pgin 20 pl

CD31+from heart 38 ng in 20 pl
CD31+from lung 42 ng in 20 pl
Ter119+ 208 ng in 20 pl

2 pl of gDNA Wipe Out Buffer were added to the diluted samples. Afterward, samples were vortexed,
centrifuged, incubated for 2 minutes at 42°C, and immediately put on ice (4°C). 6 ul of reverse transcription
Master Mix were added to each sample. The Master Mix includes 1 pl Quantscript RT, 4 pul Quantrstript
RT-Buffer and 1 ul RT Primer Mix per RNA sample. One additional sample (pre-RT) representing the
sample control that did not undergo reverse transcription was prepared, consisting of the sample with the
highest amount of RNA. To this sample, RNase-free water was added instead of Master Mix. The samples,
including Master Mix, were vortexed and centrifuged, incubated for 15 minutes at 42°C, and afterward for
3 minutes at 95°C. The reverse transcription was completed, and the samples could be stored at -20°C for

some days or at -80°C for a longer time or used directly for qPCR.

3.10.2.3 Pre-amplification of cDNA
When necessary, the primer mix was prepared by adding 5 ml of each primer (eNOS, Cre, Rplp0), and

RNase-free water was added to a total volume of 500 pl.
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12.5 ul of the RT-product were added to 12.5 pl of the primer-mix and 25 pl PreAmp Supermix (1725160,
BioRad).
The program used for carrying out qPCR consisted of 3 minutes at 95°C, 15 seconds at 95°C, and 4 final

minutes at 58°C. The second and third steps were repeated for 10 cycles.

3.10.2.4 qPCR with TagMan-Assay
The qPCR was performed with 2x TagMan Gene Expression Fast Advanced Master Mix (Thermo Fisher
Scientific, Waltham) and different 20x TagMan Gene Expression assays (Thermo Fisher Scientific,

Waltham, USA) (Table 10).

Table 10 — TagMan Genes used for expression assays

Gene Assay ID Dye
Rplp0 MmO00725448_s1 VIC-MGB
eNOS MmO00435197_g1 FAM

Cre Mr00635245_cn FAM

The ribosomal protein large PO (rplp0) is a constitutively expressed housekeeping gene, and it was used as
an endogenous control for the qPCR analysis.

The Master Mix was prepared by adding 10 pl of Fast Advanced Master Mix per sample, 1 pl of the 20x
TagqMan probe for the Housekeeper, and 1 pl for the gene of interest. These volumes were multiplied for
the total number of the wells + 5/6. Each sample was measured in triplicates. Before performing the qPCR,
the cDNA samples were diluted in nuclease-free water, spun down, and pipetted to the wells to a final
volume of 8 pl.

The qPCR was performed using StepOnePlus Real-Time PCR Systems (AB Applied Biosystems, Waltham,
USA). The running method comprised a first holding stage of 50°C for 2 minutes, followed by 2 further
minutes at 95°C. The cycling stage (40 cycles) was carried out with 95°C for 3 seconds and 60°C for 30
seconds.

Expression data were normalized to the geometric mean of housekeeping gene rplp0 to control the
variability in expression levels and were analyzed using 2-22¢T or 2-2¢T, Ct values higher than 38 were not

included in the calculations and were considered "no signal".
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3.10.1 Western blotting

3.10.1.1 Tissue lysates/protein detection

Heart and aorta were homogenized on ice in RIPA buffer (1% NP40, 0.5% sodium deoxycholate, 0.1%
SDS in PBS pH 7.4) containing a cocktail of protease/phosphatase inhibitor mini tablet (Thermo Fisher
Scientific, Waltham, USA). Subsequently, the homogenate was vortexed for 30 seconds, followed by 30
seconds of sonification in the ultrasonic bath for three consecutive times. After 15 minutes of incubation at
4°C, while rotating, lysates were centrifuged at 400 g for 15 minutes at 4°C, and the supernatant was
separated from the pellet. Protein detection was performed with a detergent compatible (DC) protein assay
(BioRad, Hercules, USA) that uses a colorimetric method to determine protein concentration following
detergent solubilization. The principle of the assay is according to the Lowry method for protein
determination with some modifications [130]. The protein assay was measured at 650-750 nm with a

FLUOstar Optima microplate reader (BMG LABTECH, Rotenberg, Germany).

3.10.1.2 SDS-Page/Membrane transfer and antibody incubation

Tissue lysates were separated by SDS-polyacrylamide gel (4-12% Bis-Tris and 7% Tris Acetate) (Thermo
Fisher Scientific, Waltham, USA) under denaturing conditions and transferred to 0.2 um nitrocellulose
membrane (GE Healthcare, Little Chalfont, UK). A molecular weight MagicMarker XP was applied to the
gel (Thermo Fisher Scientific, Waltham, USA). The membranes were blocked with 5% milk in T-TBS for
1 hour at Rt. Samples were incubated overnight at 4°C with primary antibodies for eNOS and the
housekeeper (a-tubulin or -actin as indicated). Membranes were washed in T-TBS six times for 5 minutes
each. Incubation with secondary antibodies was carried out for 1 hour at Rt and the membranes were finally

washed in T-TBS (table 11).

Table 11 — Antibodies concentrations used for WB and IP

Antibody Code Dilution Application
Monoclonal anti- o tubulin T6199 1:5000 in 5% BSA in T-TBS WB
Monoclonal anti- § actin A1978 1:1000 in 5% BSA in T-TBS WB

Mouse anti-eNOS for WB and IP 624086 1:100 in 5% BSA in T-TBS WB

Goat anti-mouse Ig 554002 1:7500 in in 5% BSA in T-TBS WB

Goat anti-mouse Ig 554002 1:5000 in 5% milk in T-TBS IP
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3.10.1.3 Detection of protein bands

For chemiluminescence detection, bands were detected using SuperSignal™ ECL substrates and Image
Quant (GE Healthcare Little Chalfont, UK). 1 ml of ECL Prime detection reagent mix was applied on the
membrane and incubated for 5 minutes. The ECL Prime detection reagent kit (Thermo Fisher Scientific,
Waltham, USA) includes solution A: luminol solution and solution B: peroxide solution. Solution A and B

were mixed 1:1 (v/v) immediately before use.

3.10.2 Immunoprecipitation of mouse anti-eNOS using EPOXY270 Beads

To perform immunoprecipitation (IP), the Ab was coupled to Dynabeads using a commercial Antibody
Coupling Kit (Invitrogen, Carlsbad, USA). The kit supplies all buffers needed for the coupling and washing
steps.

Ab is covalently coupled to Dynabeads® M-270 Epoxy beads, minimizing the risk of bound antibody
contaminating the final eluate. Dynabeads® M-270 Epoxy beads exhibit ultra-low background binding and
do not require blocking before use.

10 mg of Dynabeads® M-270 Epoxy were weighted in a 1.5 ml Eppendorf tube, and beads were washed
with 1 ml of C1 solution and vortexed or resuspended by pipetting (the C1 + Ab volume is equal to C2
volume. The total reaction volume (C1 + pl Ab + C2) should be 100 ul per mg beads.

The Eppendorf tube was placed on the magnet for 1 minute to allow the beads to collect at the tube wall.
The supernatant was removed. The Ab and C1 solution were added to the washed beads and mixed by
gentle vortexing or pipetting. C2 solution was added and mixed by gentle vortexing or pipetting.
The tubes were incubated on a roller at 37°C overnight (16-24 hours) to allow the proper antibody coupling.
The tubes were placed on the magnetic holder for 1 minute to allow the beads to collect at the tube wall,
and the supernatant was discarded.

800 pl of HB solution, 800 ul of LB, and 800 ul of SB solution were added to the tube in three different
steps and mixed by vortexing or pipetting. After adding every solution and before proceeding with the next
one, the tube was placed on the magnet for 1 minute, and the supernatant was removed.

The tube was incubated on a rotator at Rt for 15 minutes, placed on the magnet for 1 more minute, and the
supernatant was discarded.

Ab-coupled beads were resuspended in 100 pl of SB per mg beads to a final concentration of 10 mg/ml and
stored at 2-8°C until use.

At the end of the protocol, the beads were covalently coupled with the Ab and ready for IP.

The sample was used at a concentration of 80 mg/ml, depending on the protein concentration defined by
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BioRad protein assay. To the defined volume of the lysate, 70 ul of Ab-coupled beads and 100 pul of PBS
10X were added, and MilliQ water was further added to the tube to a final volume of 1 ml. The sample was
incubated overnight under rotation at 4°C.

The tube was placed on the magnetic holder for 1 minute to remove the supernatant. Beads were washed
with 200 pul of PBS, and the sample was resuspended in a new tube. The sample was placed for 1 more
minute on the magnet, the supernatant was discarded, and the magnet removed. After adding 100 ul of PBS
and gentle resuspension, the tube was placed on the magnet for 1 additional minute. The supernatant was
removed, and the pellet was resuspended in 20 pl of LDS buffer 4X diluted 1:4 and stored at -20°C or used
immediately.

For gel loading, 2.5 ul of LDS 1X were added with 2.5 ul of sample reducing agent 10X (SRA) and loaded
to the gel for SDS-Page.

3.11 Characterization of systemic hemodynamics

3.11.1 Measurement of vascular function in vivo

Vascular function was measured as flow-mediated dilation (FMD) with a Vevo 2100 with a 30-70 MHz
linear array microscan transducer (Visual Sonics Inc., Toronto, Canada) as described [131]. The method
analyses the changes in vessel diameter of the iliac artery in response to shear stress after vascular occlusion
by using a cuff. Isoflurane anesthetized mice were placed on a heated examining plate to maintain the core
body temperature at 37 + 1°C; heart rate was monitored to range between 400-600 bpm, and breathing rate
was maintained at 100 breaths/min. During the experiment, a nose cone was placed over the animal's nose
and mouth to deliver 2-3% isoflurane to maintain the anesthesia. Three paws of the mouse were secured to
the electrode pads with conducting gel, and the last paw was left free to perform the FMD measurements.
The hindlimb area of the mouse was first shaved, and the excess of hair was removed by using an epilation
cream (Veet) and further cleaned and disinfected with a diluted alcoholic solution (70% ethanol in MilliQ
water). To measure the FMD of the mouse, a vascular occluder was placed around the lower limb to induce
occlusion of the iliac artery for 5 minutes, followed by 5 further minutes of reperfusion.

A baseline representing picture was taken before the occlusion of the cuff, and pictures were acquired every
30 seconds for 5 minutes. Other pictures were acquired when the reperfusion started every 20-30 seconds

for the following 5 minutes. Thus, a total of 23-25 pictures were acquired in 10 minutes.
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Pictures were analyzed using Brachial Analyzer 5 software (Medical Imaging Applications, Coralville, IA)
to evaluate the diameter of the iliac artery at different time points before (baseline), during, and after
occlusion of the vessel.

Measurements were expressed as a percentage of the baseline value acquired before vascular occlusion.

3.11.2 Analysis of cardiac function by high-resolution ultrasound

Transthoracic echocardiography was performed using a high-resolution ultrasound system (18-38 MHz;
Vevo 2100, Visual Sonics Inc., Toronto, Canada) and the manufacturer's analysis software [131]. The
procedure was started by securing the isoflurane-anesthetized mouse to an animal-handling platform in a
supine position. A nose cone was placed over the animal's nose and mouth to deliver 2-3% isoflurane to
maintain the anaesthesia. The paws of the mouse were secured to the electrode pads with conducting gel.
An appropriate ECG was secured, body temperature at 37°C and respiratory rate for physiological
assessment during imaging was checked. After shaving the chest and upper abdomen of the mouse, the
procedure was started.

B-mode of the parasternal long-axis (PSLA) view, short-axis (SAX) view, and 2-D guided M-mode images
were recorded by placing the transducer along the long axis of the left ventricle (LV) and directing it to the
right side of the neck of the mouse. The transducer was rotated clockwise by 90°, and the LV short-axis
view was visualized. Trans mitral inflow Doppler spectra were recorded in an apical four-chamber view by
placing the microscan transducer at the tip of the mitral valves. Angle correction was used for accurate flow
velocity measurements. Aortic valve flow was also evaluated.

Quantification of LV volume, stroke volume (SV), cardiac output (CO), and ejection fraction (EF) were
calculated in M-mode by identification of maximal and minimal cross-sectional area. Additionally, LV
systolic function was determined as fractional shortening (FS) in the longitudinal axis. Finally, LV end-
systolic (ESV) and end-diastolic volumes (EDV) were measured by analyzing the characteristic flow profile

of the mitral valve Doppler flow, which was visualized in apical four-chamber view [131].

3.11.3 Blood pressure measurements by Millar catheterization

Mice were anesthetized with isoflurane that was kept at 2-3% during the entire procedure. Invasive
assessment of hemodynamic parameters was carried out in the aorta ascendens using a 1.4 F Millar
pressure-conductance catheter (SPR-839, Millar Instruments, Houston, TX, USA). After removing the fur

from the neck of the mouse, a 1-2 cm midline neck incision was made from just below the mandible to the

35



Materials and methods

thoracic inlet. Under a dissecting microscope, the right carotid artery was exposed and carefully separated
from other neighboring structures, including the vagus nerve. Once the carotid artery was isolated, a silk
suture was applied distally (closer to the head) for the complete ligation of the vessel. A second silk suture
was placed loosely proximally (closer to the heart) to allow secure positioning of the catheter lately. Finally,
a small clamp occluder was placed between the first two silk sutures to allow obstruction of blood flow. A
small incision (arteriotomy) was made distal to the clamp. The tip of the catheter was placed in the small
incision in the direction of the heart, the clamp was open, and after placing the catheter deeper along the
artery, it was secured in place by tying the second loose suture once that catheter was advanced past the
ligature.

Pressure data were analyzed with dedicated software (LabChart, ADInstruments, Sidney, Australia) to
determine systolic blood pressure (SBP), diastolic pressure (DBP), and heart rate (HR). In addition, mean

arterial pressure (MAP) was measured considering these two parameters:

MAp — (SBP+2+DBP)

3.11.4 Measurement of endothelial function/vascular reactivity ex vivo

Mice were anesthetized using a combination of ketamine (100 mg/kg, Pfizer Inc., New York City, USA)
and xylazine (10 mg/kg, Bayer AG, Leverkusen, Germany). After lack of pain reflexes in the hind paws,
organs were dissected, and the thoracic aorta was carefully freed from fat, isolated, and transferred into
HEPES buffer. The artery was carefully flushed to remove residual blood and cut into 2 mm aortic rings.

For each mouse, two to three aortic rings were transferred to the organ baths (Harvard Apparatus,
Cambridge, USA), which were heated to 37°C, containing Krebs-Henseleit buffer, and were constantly
gassed with carbogen (5% v/v carbon dioxide and 95% v/v oxygen). To equilibrate aortic rings, organ bath
buffer was exchanged by fresh buffer every 15 minutes for 1 hour until the vessel tension was stable at 1 g.
For receptor-independent constriction, 80 nM KCl was added. The treatment was removed by changing
buffer in the organ bath for 15 minutes until tension reached baseline values. To test for endothelium-
dependent relaxation, vessels were pre-constricted by the initial dose of phenylephrine (PE). This dose was
followed by cumulative doses of acetylcholine (ACh) starting from 0.1 nM to 10 uM. After the last dose,
treatment was again removed by changing the organ bath buffer for 5 minutes. By administering cumulative

doses of PE, resulting in a concentration of 0.1-10 uM in the organ bath, the functionality of SMCs was
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tested. This treatment was followed by sodium nitroprusside (SNP) in concentrations from 0.01 nM to 10

M.

3.11.5 Determination of nitrite levels in plasma

Biological specimens were harvested 24 hours after administration of drinking water containing different
nitrate concentrations. Moreover, the day before the experiment, Eppendorf tubes were washed in MilliQ
water to remove possible nitrate contaminations. Blood was collected by heart puncture (1 ml) and placed
in 2 ml Eppendorf tubes prefilled with 0.1 ml of NEM/EDTA solution 100 mM. After the addition of blood
in the tube, the final concentration of NEM/EDTA was 10 mM. Whole blood was centrifuged at 3000 g for
3 minutes at 4°C, plasma was collected in a nitrate-free Eppendorf tube, buffy coat was discarded, and
RBCs were collected in a separate clean tube. Every organ was immediately weighted, and wet weight was
noted. Tissues were stored at -80°C.

On the day of the experiment, tissues were diluted and homogenized in a solution of NEM/PBS/EDTA
(dilution with lysis buffer in v:v): heart, lung, liver, kidney, spleen, and skeletal muscle were diluted 1:12.5,
the aorta was diluted 1:40 in NEM/PBS/EDTA solution. Homogenization was continuously operated on
ice (4°C) for 30 seconds up to 1 minute.

To analyze RBCs, it was essential to induce hemolysis of the cells, promoting the release of NO species.
For this reason, RBC preparation was done using a dilution of 1:3 of RBCs in a lysis solution of
NEM/EDTA/MilliQ water instead of PBS.

Plasma was injected into the instrument without performing any dilution.

Nitrosyl hemoglobin (NO-heme) levels were quantified by group-specific denitrosation in an oxidative
solution of potassium hexacyanoferrate(Ill) in PBS.

The concentration of nitrite and various nitroso species was determined after reductive cleavage by an
iodide/triiodide-containing reaction mixture (45 mmol/l potassium iodide (KI) and 10 mmol/l iodine (I,) in
glacial acetic acid). Determination of the NO released into the gas phase was achieved by its
chemiluminescent reaction with ozone (O3) to form nitrogen dioxide (NO»). A proportion of nitrite arose in
an electronically excited state (NO,*), which, on decay to its ground state, emitted light in the near-infrared
region and could be quantified by a photomultiplier; the intensity of light emitted (luminescence) was
directly proportional to NO concentration.

The samples were injected first in a warm chamber at 60°C (nitrite) or 37°C (NO-heme), and the NO
released from the reductive/oxidative reaction solution passed through a cold chamber at the temperature

of 4°C.
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The outlet of the gas stream from the cold chamber traveled through a scrubbing bottle containing sodium
hydroxide (1 mol/l; 0°C) in order to trap traces of acid and iodine before the transfer into the detector (CLD
77AM sp, Eco Physics) [38, 132].

To keep baseline noise at a minimum and achieve consistent results, nitrogen flow was kept constant
throughout the entire measurement cycle, indicated by a pressure gauge placed between the outlet of the
scrubbing bottle and the detector inlet (approximately 0.05 bar).

Standards and sample aliquots (100-300 ul) were injected into the reaction mixture by gas-tight Hamilton
syringes.

For nitrosated (S-nitroso and N-nitroso) products (RXNO), the sample was transferred into a new clean
Eppendorf tube (minimum 100 pl), and sulfanilamide was added in the ratio of 1:10 (v:v). The role of
sulfanilamide is to consume free nitrite forming an azo compound allowing the measurement of RXNO
levels specifically. Incubation was done for 15 minutes at Rt.

Peak integration was accomplished with the software PowerChrom (eDAQ, Colorado Spring, USA) after
signal smoothing to eliminate high-frequency noise and baseline correction. The software operates by
converting the voltage signal from the CLD into signal intensity (usually ppb) and forms the

chromatograms.

3.12 Statistical Analyses

Sample size was calculated a priori by using G-Power V.3.1 (Heinrich Heine University of Diisseldorf).
Statistical analysis was carried out with GraphPad Prism 9 for MacOS (Version 9.1.1(223)); GraphPad
Software, San Diego, CA, USA). Normal distribution was tested by the D'Agostino-Pearson test.
Comparisons among multiple groups were performed using 1-way and 2-way analysis of variance
(ANOVA), as appropriate, followed by Tukey’s or Sidak’s post-hoc analysis, as indicated. Where indicated,
unpaired Student's t-test with Welch correction was used to determine if two groups of data were
significantly different. The Mann-Whitney test was carried out when data were not normally distributed. p
< 0.05 was considered statistically significant. Unless stated otherwise, the results are reported as means +

standard deviation (SD).
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4. Results

4.1 Analysis of eNOS and AE-1 localization on RBC membrane

Immunostaining was performed to confirm whether eNOS is expressed in the RBCs and to study its
localization on the RBC membrane. Localization of eNOS on the membrane of RBCs was determined by
visualizing the co-localization with the transmembrane protein AE-1.

As shown in figures 9A and 9B, staining was carried out with anti-eNOS and anti-AE-1 antibodies that
were highly specific for the proteins and showed overlapping signals between eNOS (yellow) and AE-1
(red). The signals of eNOS and AE-1 appeared to be co-localized on the membrane of the RBCs. Control
staining of IgG from mouse, IgG from rabbit, and secondary antibodies only was performed in parallel with
real experiments (Figure 9C).

eNOS AE-1 eNOS + AE-1

é

IgG ms 1gG rb Secondaries only

Figure 9 — Immunohistochemistry staining of RBCs from WT mice for eNOS and AE-1 identification

Confocal immunofluorescence microscopy of RBCs using anti-mouse eNOS (yellow) and anti-rabbit AE-1 (red) antibodies shows
co-expression of eNOS and AE-1 on the RBC surface. (A) immunostaining of 1:200 diluted RBCs with eNOS and AE-1 antibodies.
100x objective without zooming in. (B) Immunostaining images of 1:200 diluted RBCs with eNOS and AE-1 antibodies using a
100x objective and increased the zoom. (C) Control staining after RBCs incubation with IgG from mouse (ms), IgG from rabbit

(rb), and secondary antibodies only. Representation of n = 3 pictures.

39



Results

In addition, to observe microstructural features inside RBC samples, TEM was carried out. RBCs were
dehydrated in ethanol and embedded for sectioning. As a control staining, IgG from mouse, IgG from
rabbit, and secondary antibodies only were used in parallel with real experiments. No signal was detected,
which demonstrates the specificity of the antibodies used (Figure 10A).

eNOS and AE-1 antibodies were also used in the single staining procedure. Both proteins have been
localized along the surface of RBCs, and no signal was detected in the cytoplasm (Figure 10B). For AE-1,
the secondary antibody used presented a 25 nm size, while a 15 nm was used for eNOS. The last panel
represents the staining with both eNOS and AE-1 antibodies. As can be seen, the proteins are localized on
the borders of RBCs, and there is significant proximity of eNOS and AE-1 on the RBC membrane, as shown
by dots of different sizes (Figure 10C).

IgG ms IgG rb Secondaries only

AE-1 eNOS

Figure 10 — Transmission electron microscopy on isolated RBCs of WT mice

TEM on washed isolated RBCs evidenced co-expression and proximity of eNOS and AE-1 on RBC membrane. (A) Control staining
with IgG from mouse (ms), IgG from rabbit (rb), and secondary antibodies only. No signal was detected. (B) Immunostaining with
eNOS or AE-1 shows a specific membrane localization of the proteins. (C) Double staining with eNOS and AE-1 antibodies
confirmed the membrane localization of the proteins and evidenced the different sizes of the secondary antibodies (yellow eNOS -
red AE-1).
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4.2 Generation of tissue-specific conditional eNOS KO mice

This section aimed to create tissue-specific transgenic eNOS mice to investigate the role of vascular eNOS
and RBC eNOS in regulating vascular tone and blood pressure.
To dissect the role of eNOS expressed in different compartments, we created different models of tissue-

specific eNOS KO mice using the Cre-loxP system (Figure 11).
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Figure 11 — Genomic construct for gene deletion of eNOS
Scheme describing the gene targeting strategy showing the position of the loxP sequences (black) within the gene targeting

construct before and after exon 2 of Nos3 used to generate the founder eNOS™¥x mice.

To generate eNOS"™x mice, an orphan loxP site and a FRT-neo-FRT-loxP resistance cassette were
simultaneously inserted into the eNOS genomic locus to target exon 2 of eNOS for Cre-mediated excision.
To generate EC eNOS KO mice, eNOS™™* mice were crossed with CdhSCre/ERT2P* mice, expressing
an ERT2/Cre recombinase fusion protein under the control of a Cadherin5 (Cdh5) promoter.

To induce Cre-mediated excision, a five-day treatment with TAM (75 mg/kg) was necessary via i.p.
injections to guarantee the complete absence of eNOS from the ECs (Figure 12A).

To create erythroid-specific eNOS KO mice (RBC eNOS KO), eNOS™*fox mice were crossed with mice
constitutively expressing Cre recombinase in erythroid cells under the control of the promoter for the
hemoglobin beta chain (Hbb-Crer*) (Figure 12B).

To generate global eNOS KO mice, eNOS™¥x mice were crossed with DeleterCreP* mice expressing Cre

in all their tissues, promoting a complete ablation of eNOS from the genome (Figure 12C).
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Figure 12 — Crossing strategies for the generation of eNOS KO mice

(A) To generate EC eNOS KO mice and their respective WT control (eNOS™¥flx Chd5-Cre/ERT2"¢), the founder eNOS™* mice
were crossed with endothelial-specific TAM-inducible Cdh5-Cre/ERT2P* mice to obtain eNOS1¥1x Chd5-Cre/ERT2P*™¢ mice;
these were treated with TAM for five days and analyzed after 21 days. (B) To create RBC eNOS KO mice and their respective WT
littermate controls, the founder eNOS™¥°* was crossed with erythroid-specific (HbbCre?®). (C) The founder eNOS™¥1* mice were
crossed with DeleterCreP* mice (expressing Cre in all tissues) to generate global eNOS KO mice and their respective WT littermate

controls.
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4.3 Determination of eNOS protein expression levels to characterize global

eNOS KO and EC eNOS KO and RBC eNOS KO

Next, the aim was to characterize tissue-specific eNOS KO mice to demonstrate the validity of the models.

4.3.1 Characterization of EC eNOS KO mice

gPCR analysis was conducted to analyze the DNA recombination events in the mice genome induced by
Cre recombinase. For the qPCR analysis based on gDNA, a probe detecting the exon 2 allele floxed by
LoxP sites (FL) and a probe detecting the lack of exon 2 allele (EX) were used.

The primer pairs and a TagMan probe detected the floxed allele (FL) or detected the excised allele (EX).
Analysis with the FL probe showed that EC eNOS KO, RBC eNOS KO, and controls contain the LoxP
sequences in their genome in the proper position.

In EC eNOS KO mice and respective WT controls, DNA recombination was evaluated in aorta and BM
and showed a signal exclusively in the aortic tissue of EC eNOS KO mice (Figure 13A, blue).

To verify that lack of eNOS leads to decreased eNOS expression, expression levels of eNOS mRNA were
first tested with RT qPCR on aortic tissues. eNOS expression was significantly decreased compared to WT
littermate controls. On the other hand, Cre expression was detected exclusively in the aorta of EC eNOS
KO and not on littermate WT controls (Figure 13B).

To confirm cell-specific ablation, eNOS and Cre expression were also studied in isolated ECs extracted
from the lungs of the mice. As assessed by qPCR, this resulted in a lack of eNOS expression in lung ECs
(CD31* CD45"). No Cre recombinase was detected in tissues from WT control mice, but Cre recombinase
expression was detected in EC eNOS KOs (Figure 13C).

Immunoblotting (IB) of aortic lysates of EC eNOS KO and controls confirmed the absence of eNOS in the
endothelium of EC eNOS KO mice (Figure 13D).
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Figure 13 — Characterization of EC eNOS KO mice

(A) Real-time PCR analysis shows that tissue-specific DNA recombination occurs in the aorta of EC eNOS KO mice. No
recombination is observed in WT littermate control mice (white). 1-way ANOVA *#**%p<(0.0001; Tukey’s multiple comparison test
**p<0.01, vs. respective WT control. (B) RT qPCR analysis shows loss of eNOS expression and Cre recombinase expression in
the aorta of EC eNOS KO (blue) but not in WT littermate control mice (white). Mann-Whitney t-test; ***p<0,001, ****p<0.0001
vs. respective WT controls. (C) RT gPCR analysis shows that endothelial cells (CD31* CD45") extracted from the lung of EC eNOS
KO mice lack eNOS expression as compared to WT controls. * Mann-Whitney test, p = 0.0286. Cre recombinase is expressed in
lung endothelial cells from EC eNOS KO, but not in endothelial cells from WT (white) * Mann-Whitney test, p = 0.0286. Data
were collected by Sophia Heuser. (D) Immunoblot (IB) analysis shows loss of eNOS (135 kDa) expression in the aorta of EC eNOS
KO (eNOS¥f1oxChd5CreERT2P* + TAM) mice but not in littermate controls (eNOS1¥°*Chd5-CreERT2"¢ + TAM) after treatment
with TAM. Loading control actin (45 kDa). Note: Sample in the first lane shows a residue of eNOS expression in that particular

mouse as knockdown efficiency of this model is around 90-95%. Western blot by Lukas Vornholtz.

4.3.2 Characterization of RBC eNOS KO mice

In RBC eNOS KO mice, recombination occurred exclusively in the BM, with a significant difference as
compared to WT control mice. In addition, Cre-dependent deletion of exon 2 was confirmed by qPCR in
DNA extracted from the bone marrow of RBC eNOS KO mice but was not found in the aorta of the mice
(Figure 14A).

eNOS mRNA levels were tested with RT qPCR in aortic tissues. No differences in eNOS expression nor
Cre recombinase were detected as compared to WT littermate controls (Figure 14B).

Analysis of isolated CD31* ECs extracted from lung tissue showed that eNOS expression was fully
preserved in lung ECs of RBC eNOS KO, with no differences as compared to littermate WT controls
(Figure 14C).

To characterize RBC eNOS KO, erythroid cells were isolated from BM. RT qPCR analysis showed that
Cre recombinase was expressed in the BM of RBC eNOS KO mice but not in WT controls (Figure 13D,
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bottom panel). IB of aortic lysates of RBC eNOS KO and controls showed no differences of eNOS
expression in RBC eNOS KO mice (Figure 14E, 14F). IP of RBC lysates showed eNOS expression in WT
mice and lack of eNOS in global eNOS KO mice (gKO) and RBC eNOS KO mice.
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Figure 14 — Characterization of RBC eNOS KO mice

(A) qPCR analysis shows that tissue-specific DNA recombination occurs in the BM of RBC eNOS KO mice (0.08 +0.06 for RBC
eNOS KO; n = 14). No recombination is observed in WT littermate control mice (white). 1-way ANOVA ***#¥p<0.0001; Tukey’s
multiple comparison test **p<0.01, ****p<0.0001 vs. respective WT control. (B) RT qPCR analysis shows no significant changes
in eNOS expression in the aorta of RBC eNOS KO. No Cre is expressed in the aorta of RBC eNOS KO nor WT controls. Mann-
Whitney t-test. (C) Expression of eNOS in lung EC (CD31* CD45") from RBC eNOS KO is not different from WT control. Cre
recombinase is not expressed in lung endothelial cells from RBC eNOS KO and WT mice. Mann-Whitney t-test. Data collected by
Sophia Heuser. (D) Real-time RT PCR analysis shows eNOS expression and Cre recombinase expression in the bone marrow of
RBC eNOS KO mice. Cre-recombinase is expressed in the bone marrow of RBC eNOS KO mice but not in the BM of WT littermate
controls. Similar levels of eNOS expression were detected in the BM of RBC eNOS KO, and WT controls due to the high abundance
of endothelial cells in the bone marrow. ***¥p<0.0001 Mann-Whitney test vs. WT mice. (E) Immunoblot of the aorta of RBC
eNOS KO mice and WT littermate controls, showing that eNOS expression is not different in these two groups. Western blot by
Lukas Vornholtz. (F) Immunoprecipitation (IP) of eNOS (135 KDa) from RBC lysates show eNOS expression in WT mice and
lack of eNOS in global eNOS KO mice (gKO) and RBC eNOS KO mice. The IgG (120 kDa) is seen in the IP samples. Western

blot by Sivatharsini Thasian-Sivarajah.

To summarize, tissue-specific eNOS KO mice were generated and characterized by different molecular
biology techniques. EC eNOS KO mice were characterized by specific deletion of eNOS from the vascular
compartment; RBC eNOS KO mice showed DNA recombination exclusively in the BM and were

characterized by specific removal of eNOS from erythroid cells.
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4.4 Blood count

Results

Blood count analysis was carried out to investigate possible changes in the hematology of EC eNOS KO
and RBC eNOS KO upon specific eNOS deletion.
Blood parameters were analyzed (Table 12). EC eNOS KO were compared with WT controls (eNOSox/flox
Cdh5Cre/ERT22 + TAM); RBC eNOS KO mice were compared with the founder line eNQSflox/flox,

The analysis showed no significant differences and thus unaltered hematology in mice lacking eNOS,

specifically in ECs or RBCs.

Table 12 — Blood count parameters evaluated in EC eNOS KO and RBC eNOS KO mice
The table summarizes the blood count parameters measured in EC eNOS KO, RBC eNOS KO mice, and WT controls.
Abbreviations: RBC, red blood cells; HCT, hematocrit; HGB, hemoglobin; RDW, RBC distribution width; MCHC, mean

corpuscular hemoglobin concentration; MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; WBC, white blood

cells; Lymph, lymphocytes; Mo, monocytes; and Gra, granulocytes; PLT, platelet count; MPV, mean platelet volume. All data are

expressed as mean + SD. T-test.

RBC (105/ul)
HCT (%)
HGB (g/dl)

RDW (%)
MCHC (g/dl)
MCH (pg)
MCV (Hm?)

WBC (10%/pl)
Lymph (103/pl)
Lymph (%)
Mo (103/ul)
Mo (%)
Gra (103/pul)
Gra (%)

PLT (10%/p1)
MPV (Hm?)

WT

eNOStoxfloxChd5Cre/E
RT2r2+TAM

9

9.93+1.94
50.78+10.11
14.90+3.50

15.10+0.88
29.19+2.18
14.91+1.24
51.22+1.86

9.73+2.20
5.14+1.76
70.63+7.74
0.32+0.16
5.00+1.78
2.27+0.81
24 .33+8.41

1134.90+479.51
5.11+£0.25

EC eNOS KO

eNOSfoxfloxChd5Cre/E
RT2pes +TAM p

15
Red blood cell count

11.29+1.60 0.0745
56.93+8.87 0.1324
16.75+2.75 0.1639
Red blood cell indexes
14.87+0.37 0.3720
2941+1.34 0.7568
14.87+£0.67 0.9234
50.67+0.72 0.3068
White blood cell count
6.70+0.85 0.1727
4.04+1.49 0.1231
70.80+11.64 0.9700
0.29+0.07 0.6504
597+1.74 0.2045
1.99+0.61 0.4893
23.24+11.11 0.8018
Platelet count
1144.07+334.80 0.9575
5.34+0.33 0.1257
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WT
eNQOSflox/flox

6

9.26x1.65
47.95+7.79
15.03+2.85

16.06+1.46
31.25+1.21
16.22+0.44
52.00+0.89

7.93+£2.35
5.13+2.05
65.15+12.82
0.40+0.25
5.73+£3.27
2.40+0.98
28.95+9.80

1770.67+13.18

5.78+0.34

RBC eNOS KO

eNQSflox/flox
HbbCreres

12

9.64+1.58
47.51+5.20
14.99+3.06

15.14+0.61
30.05+1.83
15.49+0.93
51.50+1.57

6.91+2.77
4.34x1.71
65.36+13.90
0.31+0.24
4.95+1.85
2.23x1.50
29.69+103.18

1570.00+348.28
5.78+0.61

0.6477
0.8902
0.9782

0.2625
0.0613
0.0907
0.4829

0.4498
0.3974
0.9759
0.4671
0.5212
0.8097
0.9084

0.1957
0.9956
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4.5 Evaluation of the impact of the absence of EC eNOS and RBC eNOS on

cardiovascular homeostasis and systemic hemodynamics

To analyze the specific role of vascular eNOS and red cell eNOS in the regulation of vascular function,
cardiovascular hemodynamics, and blood pressure, analysis of flow-mediated dilation (FMD),

echocardiography, and blood pressure in vivo, and aortic rings relaxation ex vivo were evaluated.

4.5.1 Vascular endothelial function is lost in EC eNOS KO and preserved in RBC eNOS
KO mice

Ex vivo measurements of vascular endothelial function in aortas of eNOS KO and WT mice were executed.
Aortic rings of EC eNOS KO and RBC eNOS KO mice and their respective WT littermate controls were
mounted on the organ bath system, and measurements were started after injections of acetylcholine (ACh),
phenylephrine (PE), and sodium nitroprusside (SNP).

The selective removal of eNOS from the endothelium caused a complete loss of NO-dependent vascular
endothelial function in EC eNOS KO mice, as demonstrated by the lack of ACh-induced vasodilation of
aortic rings ex vivo (Figure 15A). On the other hand, RBC eNOS KO mice showed no changes in ACh-
mediated vasodilation of aortic rings (Figure 15D).

The responses to the constrictor PE and the NO donor SNP were fully preserved in the aorta of both mouse
strains (Figure 15B, 15C, 15E, 15F). In EC eNOS KO, we observed a significant leftward shift in the SNP-
mediated response, which indicates an increased sensitivity to NO donors; this response has been observed

upon inhibition of NOS activity and in different strains of global eNOS KO mice [133-135].
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Figure 15 — Vascular endothelial dilator function is lost in EC eNOS KO and preserved in RBC eNOS KO

NO-dependent vascular endothelial function is fully abolished in EC eNOS KO and fully preserved in RBC eNOS KO. (A) Pre-
constricted aortic rings from EC eNOS KO lacks acetylcholine (ACh)-induced vasodilation (2-way repeated measurement (RM)-
ANOVA p<0.0001; Sidak’s *** p<0.001 vs. WT control for concentrations of ACh> 10-6.5 M (n= 6 per group). (B) The contractile
response of aortic rings to increasing phenylephrine (PE) concentrations is not different in EC eNOS KO. (C) The vasodilatory
response of aortic rings to increasing sodium nitroprusside (SNP) concentrations is increased in EC eNOS KO. (D) In aortic rings
from RBC eNOS, KO (orange) ACh-induced vasodilation was not different from WT littermates (white). 2-way RM-ANOVA
p<0.0001. n = 5 per group. (E) The contractile response of aortic rings to increasing PE concentrations is not different in RBC
eNOS KO. (F) The vasodilatory response of aortic rings to increasing concentrations of the NO donor sodium nitroprusside (SNP)
is fully preserved in RBC eNOS KO mice, as compared to their littermate WT controls. 2-way-ANOVA p<0.0001; Sidak’s
**p<0.01 10-9>SNP > 10-7.5 M. Data collected in collaboration with Lukas Vornholtz.

45.2 FMD is lost in EC eNOS KO and preserved in RBC eNOS KO mice

FMD was evaluated in EC eNOS KO mice before and after TAM treatment. Before TAM injection, EC
eNOS KO had an FMD profile comparable to WT littermate controls (Figure 16A). TAM treatment induced
a loss of eNOS in the ECs. This is accompanied by an abrogated FMD response in the iliac artery as
determined by ultrasound in vivo compared to WT littermate controls (Figure 16B).

RBC eNOS KO mice, on the other hand, showed a normal FMD, with no significant differences, as

compared to WT littermate controls (Figure 16C).
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These results are consistent with fully preserved eNOS expression and activity in the vasculature.
Furthermore, preservation of eNOS activity and function in conductance vessels of RBC eNOS KO mice

indicates no off-target effects of genetic knockdown in vascular tissue.
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Figure 16 — Flow-mediated dilation evaluation in EC eNOS KO and RBC eNOS KO mice

(A) FMD of the iliac artery assessed in vivo by ultrasound before TAM treatment is fully functional in EC eNOS KO (n = 13) and
WT controls (n = 6). (B) After TAM, flow-mediated dilation (FMD) of the iliac artery assessed in vivo by ultrasound is abolished
in EC eNOS KO (blue) (2-way RM-ANOVA p<0.0001; Sidak’s ** p<0.01 vs. WT control (white) for t >6.3 min; n= 10 per group).
(C) FMD of the iliac artery is fully preserved in RBC eNOS KO mice (2-way RM-ANOVA p<0.0001. n = 8 per group). (D)
Endothelium-dependent relaxation in response to ACh (calculated as the percentage of the maximal ACh response) is significantly
impaired in EC eNOS KO and fully preserved in RBC eNOS KO compared to their respective WT controls. (E) Maximal FMD
(corresponding to the percentage of maximal flow-mediated dilator response) is significantly decreased in EC eNOS KO mice and
fully preserved in RBC eNOS KO mice compared to their respective WT controls. Lines represent means + standard deviation
(SD).

To conclude, eNOS expressed in the endothelium plays a major role in modulating vascular endothelial
function. FMD was completely lost in EC eNOS KO as well as ACh response of aortic rings.
On the other hand, FMD and vascular function were fully preserved in RBC eNOS KO as compared to WT

littermate controls.
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453 EC eNOS KO mice and RBC eNOS KO mice are hypertensive

To evaluate the role of EC eNOS and RBC eNOS in the modulation of BP, Millar catheterization of the
right carotid artery was performed (Figure 17).

Global eNOS KO (gKO) mice were used as control, HbbCre mice were used to evaluate a possible effect
of Cre on mean arterial pressure (MAP). HbbCre"® and HbbCre? mice showed no difference in MAP,
indicating that the presence/absence of Cre was not affecting blood pressure measurements. HbbCre™ mice
were compared to WT mice(C57BL/6J), and no differences were detected (Figure 17A).

Measurements of BP using a pressure catheter demonstrated that EC eNOS KO mice have a significantly
higher MAP (Figure 17B, blue) as compared to their WT littermates, and it was characterized by a
difference of 15-18 mmHg in both systolic blood pressure (SBP) and diastolic blood pressure (DBP).
However, neither difference in heart rate (HR) was detected in both groups (Table 13).

MAP was also significantly increased in RBC eNOS KO mice as compared to their WT littermates (figure
17B, orange), and it was characterized by a 14 mmHg increase in SBP, § mmHg increase in DBP, and no
differences in HR (Table 13).

gKO mice were generated from the founder line eNOS"™* crossed with DeleterCreP®. An increase of 17-

23 mmHg in SBP and DBP was detected as compared to WT mice (Figure 17B, gKO, red).
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Figure 17 — Red cell eNOS and endothelial eNOS both contribute to blood pressure homeostasis
(A) Invasive measurements of blood pressure (BP) in anesthetized mice show that HbbCre™# mice (76 + 5 mmHg, n = 6) and
HbbCrer* mice (73 =4 mmHg, n = 10) have blood pressure comparable with the one observed in WT control mice (74 + 5 mmHg,
n=38). 1-way ANOVA p<0.001; Tukey *p<0.05; ****p<0.0001. (B) Invasive measurements of blood pressure (BP) in anesthetized
mice show that both EC eNOS KO (MAP =83 + 7 mmHg, n = 19) and RBC eNOS KO mice (MAP = 80 + 8§ mmHg, n = 16) have
increased MAP as compared to their respective WT littermate controls. Global eNOS KO mice (gKO = eNOS™!x DeleterCre)
are hypertensive and show significantly higher MAP (91 + 1 mmHg; n = 10) as compared to EC eNOS KO and RBC eNOS KO.

1-way ANOVA p<0.001; Tukey *p<0.05; ****p<0.0001.
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Table 13 — Blood pressure and heart rate in all the eNOS KO strains investigated

Results

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; SVR, systemic vascular

resistance; RPP, rate pressure product.

Strain

HbbC
reneg
Hbb
Crepos

EC
eNOS
KO

RBC
eNOS
KO

6 gKoO

Genotype
C57BL/6J

HbbCrere

Hbb Crepos

eNQSflox/flox

eNQSflox/flox
Cdh5Cre/ERT2
neg +TAM
eNQSflox/flox
Cdh5Cre/ERT2
pos +TAM
eNQSflox/flox
HbbCrenrez

eNQSflox/flox
HbbCrepros

eNOSﬂnx/l‘lnx
DeleterCreres

Litter
size
6+3

6+3

T+2

6+2

6+2

4+2

Body
weight (g)

29.7£1.9

33.0+2.1

33.3+32

30.3+£2.5

29.3+3.6

29.4+3.1

29.1+2.1

29.7+2.6

30.2+£2.6

SBP
(mmHg)

92494

95+5

91+5

92+8

865

DBP
(mmHg)

59+10

67+5

64+4

6249

57+8

61+1

69+7

79+1

MAP
(mmHg)

74+5.2
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454 No differences are detected in cardiac parameters in EC eNOS KO and RBC eNOS

KO mice but significant increase in systemic vascular resistance

To evaluate the impact of the absence of eNOS from the ECs or the RBCs, respectively, echocardiography

was performed in a sub-cohort of mice.

Cardiac function and BP were evaluated in parallel in the same mouse.

No changes in cardiac output (CO) or HR were observed in EC eNOS KO or RBC eNOS KO mice as

assessed by echocardiography (Figure 18A, 18B), as well as for stroke volume (SV), ejection fraction (EF),

end-diastolic volume (EDV), and end-systolic volume (ESV). HR assessed invasively by a Millar catheter

was also not different between the groups (Table 14).

Systemic vascular resistance (SVR), estimated as the ratio between MAP and CO, was higher in both strains

than their respective WT controls (Figure 18C).

These results demonstrated that EC eNOS and red cell eNOS contribute independently to BP homeostasis.
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Figure 18 — RBC eNOS has an impact on SVR

SVR was estimated in a sub-cohort of mice by measuring MAP and cardiac output (CO) by ultrasound in the same animal (SVR =
MAP/CO) and was significantly increased in both EC eNOS KO and RBC eNOS KO as compared to their respective controls. 1-
way-ANOVA *p = 0.0149; T-test Welch *p < 0.05. A: The heart rate depicted here represents the values measured by cardiac

ultrasound. B: Cardiac output. See also Table 12 for other cardiac parameters.
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Table 14 — Systemic hemodynamics assessed in a sub-cohort of mice by measurements of echocardiography and Millar in
the same individual

T-test vs. respective control group. *p<0.05; **p<0.01;***p<0.001; ****p<0.0001 Abbreviations: HR, heart rate; CO, cardiac
output; SV, stroke volume; EDV, end diastolic volume; ESV, end systolic volume; Millar: SBP, systolic blood pressure; DBP,

diastolic blood pressure; MAP, mean arterial pressure; SVR, systemic vascular resistance; RPP, rate pressure product.

WT EC eNOS KO WT RBC eNOS KO
flox/flox flox/flox
CANSCR/ERT I | CANSCARRT I p o v o o p
+TAM +TAM
n 10 1 1 9
Echocardiography
HR (bpm) 46138 487482 04743 47644 44850 02514
CO (ml/min) 1943 1844 0.7426 2044 1945 0.4979
SV (ul) 4128 3725 0.1274 4247 41211 0.8748
EDV (() 6422 6614 0.8169 79417 8333 0.7287
ESV (1) 2321 29+15 0.3386 37216 42225 0.6154
EF (%) 67+1 58215 0.1740 5514 52411 05152
Millar
HR (bpm) 555455 537456 0.4586 511453 487101 05381
SBP (mmHg) 8624 103210 <0.0001% 9116 105213 0.0107
DBP (mmHg) 5747 7129 0.0007 63+8 7128 0.0464
MAP (mmHg) 676 8229 0.0002 7347 829 0.0176
SVR (mmHg/ml/min) 3706 48:13 0.0220% 37408 48+15 00797
RPP (mmHg*bpm) 47 41824 152 5524847061 00063 4630244099 5095110 560 02412

To summarize, this set of experiments demonstrated that EC eNOS KO mice had impaired FMD and
vascular endothelial function caused by an efficient KO of the eNOS protein.

On the other hand, RBC eNOS KO mice showed a fully preserved FMD and vascular functionality
following ACh administration.

Interestingly both EC eNOS KO and RBC eNOS KO mice showed significantly increased MAP as
compared to the respective WT controls, but no differences in cardiac parameters were detected.

These results indicate an independent role of vascular eNOS and red cell eNOS in the modulation of

vascular tone and blood pressure.
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4.6 Generation of tissue-specific conditional eNOS KI mice

Conditional tissue-specific eNOS KI mice were generated to analyze the effect of reactivation of eNOS in

ECs or RBCs in an otherwise global eNOS KO construct.

4.6.1 Test of the efficiency of the gene reactivation construct

A Cre-inducible eNOS knock-in (KI) gene construct (eNOS™i") was generated by inserting an inverted
exon 2 and two additional LoxP511 sites in the eNOS genomic construct. These mice are conditional eNOS
KO mice (CondKO), and the construct allows Cre-induced activation of eNOS in the tissue of interest

(Figure 19).

a. (A Jeoee 2 Joe 3 (4] eNOS WT

|I|’>”m1> 7 3 -4]

b. |I|>0_l>rz74|2|<1|3||4| eNosinvin
|I|Flzl<19 {_J<1 (3 4] Intermediate 1
C. |1|F12i<f|3||4| eNOS KI

Figure 19 — Genomic construct for gene reactivation of eNOS
Scheme describing the gene targeting strategy showing the position of a loxP (black) and loxP511 (green) sequences within the

gene targeting construct used to generate eNOS™ " mice, which are conditional eNOS KO mice (CondKO).

To test the efficiency of the construct in vivo, CondKO mice were crossed with DeleterCre?* mice (Figure
20).

= CondKO
X DeleterCre

»
»

eNOSinvinv Globa eNOS Ki

Figure 20 — Test efficiency of the gene reactivation construct
To test the efficiency of the eNOS gene reactivation construct, CondKO mice were crossed with DeleterCre mice, and global

eNOS KI mice were generated.
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The generation of global eNOS KI mice as proof of concept for the efficiency of the gene reactivation
model required different crossing steps. A specific crossing strategy was necessary to generate the inv/inv
allele (-), the WT allele (+), and the flipped allele (FL) (Figure 21).

The different generations obtained also comprised heterozygous mice for the FL allele, indicated as fl/-.
Heterozygous mice served to evaluate a possible gene dosage behavior of eNOS as compared to CondKO
controls and homozygous fl/fl mice. Four different generations were created to get fl/fl and fl/- mice, as
shown in table 15. P3 and P4 were the final necessary progenitor lines crossed to generate the lines of

interest in a high percentage (Table 15).

= Inverted allele 4+ WrTalelle FL flipped alelle

-I- Cre neg +I+ Cre pos fl/fl cre pos

CondKO ‘ Global eNOS KI ‘

Figure 21 — Representation of the three alleles used to test the generation of the KI model

@ e

The inverted allele is represented as a “-* and homozygous -/- mice represent the CondKO mice. The “+” symbol represents the

WT allele, and the “FL” represents the flipped allele. fl/fl Cre positive mice are global eNOS KI mice.

Table 15 — Generation of heterozygous and homozygous global eNOS KI
eNOS™/inv Cre™e were crossed with different murine lines generated from three different progenitor lines (P1, P3, P4) to generate

the lines of interest: heterozygous (fl/-) and homozygous global eNOS KI (fl/fl). When Cre is present, the negative allele (-) is

flipped.
Progenitor line Crossing Final line Resulting generation
-/+ Cre pos = fl/+ Cre pos
P1 -/- Cre neg X +/+ Cre pos F1
-/+ Cre neg = -/+ Cre neg
fl/- Cre pos = fl/fl Cre pos
-/- Cre neg X fl/+ Cre pos fl/- Cre neg = fl/- Cre ne
P2 g p - g 2
+/- Cre pos = +/fl Cre pos
+/- Cre neg = +/- Cre neg
fl/- Cre pos = fl/fl Cre pos
P3 -/- Cre neg X fl/fl Cre pos F3
fl/- Cre neg = fl/- Cre neg
fl/- Cre pos = fl/fl Cre pos
P4 -/- Cre neg X fl/- Cre pos F4 fl/- Cre neg = fl/- Cre neg

-/- Cre neg = -/- Cre neg
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4.6.2 eNOS gene dosage effect in global eNOS KI mice

gPCR analysis was conducted to analyze Cre-induced recombination of the eNOS gene. Two different
probes were used for the qPCR analysis based on gDNA to detect recombination events: an Inv-probe
(INV) that recognized the inverted allele and a Flip-probe (FLIP) to recognize the flipped allele. Aortic
samples were collected and analyzed.

The global eNOS KI line was analyzed to identify a correlation between the genotype of the mice and eNOS
expression levels. The efficiency of the mice model to induce a global eNOS reintroduction from the
founder line eNOS™ i was evaluated by RT qPCR. eNOS expression was studied in the aorta of the mice
of interest (Figure 22A). Heterozygous fl/- and homozygous fl/fl were analyzed. 1-way ANOVA, multiple
comparisons evaluated statistical significance among the groups. A significant difference was detected in
fl/- heterozygous mice (n = 4) compared to the eNOS™ i founder line. However, because only an n of 1
was analyzed for fl/fl mice, no statistical difference could be evaluated between fl/- and fl/fl mice, even if
a tendency of increased values can be speculated (Figure 22A).

To further confirm the exclusive presence of eNOS on protein level in the endothelium of global eNOS KI
mice after TAM treatment, the aorta of the mice was collected and lysed, and western blot experiments
were performed. Figure 22B shows the representative western blot for eNOS protein in the aortic tissue of
global eNOS KI and eNOS™™inv controls. In the aorta of the founder line, no eNOS protein was expressed
(position 3, 4, 5), while clear bands were detected in global eNOS KI mice (well 6,7, 8) and WT controls
(well 1, 2). Actin served as a loading control (Figure 22B).
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Figure 22 — Characterization of global eNOS KI mice

(A) eNOS expression levels were analyzed in the aorta of global eNOS KI. Heterozygous fl/- mice (0.83 +0.22; n = 4) and fl/f]
(1.27,n=1), showing a tendency to a gradual reintroduction of eNOS in heterozygous fl/- and homozygous fl/fl. A significant
difference is detected in fl/- heterozygous mice (n=4) as compared to eNOS™ ™ founder line; **p=0.0036. Because of a reduced
number of samples, only speculations are possible. T-test, *p<0.05, **p<0.01, ****p<0.0001. (B) Western blot analysis
demonstrating eNOS expression after Cre-dependent reactivation of eNOS expression. Wells 3-5 and 6-8 are representatives of 3

independent analyses. Western blot by Wiebke Liickstédt.
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4.6.3 Tissue-specific eNOS KI mice

To generate endothelial-specific eNOS KI mice, eNOS™i™ mice were crossed with Cdh5Cre/ERT2P* mice
to obtain eNOS™™ Cdh5Cre/ERT2P* and eNOS™/ " Cdh5Cre/ERT2™¢ mice (CondKO). To induce
endothelial-specific activation of the Cre recombinase, TAM was injected for five days at the dose of 75
mg/kg/day (Figure 23A).

Homozygous eNOS™¥i¥ mice were crossed with erythroid-specific HbbCreP** mice, to obtain erythroid-
specific eNOS KI mice (eNOS™iv HbbCreP*; RBC eNOS KI) and their CondKO littermate controls
(eNOS™/nv HbbCrer<¢) (Figure 23B).

. eNOQSinvinv
Tamoxifen
0.75 mg/day i.p. X X
W |cdn5cre/ERT2 | Hbb-Cre

do d21

EC eNOS RBC eNOS
KI

Figure 23 — Generation of tissue-specific eNOS KI mice

Schematic representation of the crossing strategy. (A) To create EC eNOS KI mice, eNOSinv/inv mice were crossed with
endothelial-specific TAM-inducible Cre mouse (Cdh5Cre/ERT2P*) and treated with TAM for five days and analyzed after 21
days. (B) To create RBC eNOS KI mice, eNOS™ ™ mice were crossed with erythroid-specific (HbbCreP*) mice.
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4.7 Determination of eNOS protein expression levels in EC eNOS KI and
RBC eNOS KI mice

The next aim was to characterize tissue-specific eNOS KI mice to demonstrate the validity of the models.

4.7.1 Characterization of tissue-specific eNOS KI mice

Significant DNA recombination was detected in the aorta and BM of EC eNOS KI as compared to CondKO
littermate controls (Figure 24A).

Organs were harvested 21 days after TAM treatment, and eNOS and Cre mRNA levels were evaluated with
RT gPCR in the aorta of EC eNOS KI after RNA isolation (Figure 24B, upper panel). No Cre was detected
in the tissues from CondKO control mice, but significantly higher eNOS levels were detected in EC eNOS
KI. eNOS expression was significantly higher in EC eNOS KI as compared to the respective CondKO
littermate controls, where no eNOS was detected (Figure 24B, bottom panel).

To analyze eNOS protein expression, IB was performed. As shown, eNOS reintroduction occurred
exclusively in the aortic tissue of EC eNOS KI (well 2), while no eNOS was expressed in the aorta of
CondKO controls (well 3). WT mice and tissue-specific eNOS KO mice were loaded on the same blot;

actin served as loading control (Figure 24C).
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Figure 24 — Characterization of EC eNOS KI mice

(A) gPCR analysis shows that tissue-specific DNA recombination occurs in the aorta (0.07 +0.03,n=9) and BM (0.05 +0.02, n
= 8) of EC eNOS KI mice (green). No recombination is observed in CondKO littermate control mice (black). 1-way ANOVA
p<0.0001; Tukey’s multiple comparison test *p<0.05, ****p<0.0001 vs. respective CondKO control. (B) RT qPCR analysis shows
eNOS (1.31 £0.68,n=11) and Cre (0.98 +0.36,n=9) expression in the aorta of EC eNOS KI mice, but not in CondKO littermate
control mice. Mann-Whitney t-test. (C) Representative immunoblot analysis demonstrating eNOS expression after Cre-dependent
reactivation of eNOS in aorta EC eNOS KI mice compared to CondKO, EC eNOS KO RBC eNOS KO, and WT controls. Actin

was used as loading control (45 KDa).
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No recombination was observed in aortic tissue when evaluating DNA recombination in RBC eNOS KO
and CondKO controls. On the other hand, a significant difference was detected in the BM of RBC eNOS
KT and the respective CondKO littermate controls (Figure 25A).

eNOS mRNA levels were evaluated with RT qPCR in the aorta of the mice after RNA isolation, and no
eNOS was expressed in RBC eNOS KI and CondKO controls (Figure 25B).

Erythroid cells were isolated from BM. RT qPCR analysis showed that eNOS was expressed in the BM of
RBC eNOS KI mice but not in CondKO controls (Figure 25C).

IB of aortic lysates of RBC eNOS KI and CondKO controls showed a lack of eNOS expression (Figure
25D), EC eNOS KI mice were used as positive control. IP of RBC lysates showed eNOS expression in
RBC eNOS KI mice and lack of eNOS in gKO mice and CondKO control mice (Figure 25E).
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Figure 25 — Characterization of EC eNOS KI and RBC eNOS KI mice

(A) DNA recombination occurred in BM of RBC eNOS KI (0.03 + 0.04, n = 8). 1-way ANOVA p<0.0001; Tukey’s multiple
comparison test *p<0.05, ****p<0.0001 vs. respective CondKO control. (B) Real-time RT PCR analysis shows lack of eNOS
expression in the aorta of RBC eNOS KI mice and CondKO controls. (C) RT qPCR analysis shows that erythroid cells (Ter119*
CD71* CD45") extracted from the bone marrow of RBC eNOS KI mice (n = 3) express eNOS mRNA as compared to CondKO
controls, where we could not detect any eNOS mRNA (n = 3) *p = 0.05 (exact) Mann-Whitney test. Data collected by Sophia
Heuser. (D) Representative immunoblot analysis demonstrates eNOS absence in aorta RBC eNOS KI mice compared to CondKO.
EC eNOS KI mice were used as positive control. Western blots were performed by Anthea Lo Bue. (E) Representative western
blot analysis demonstrating lack of eNOS expression in the aorta of RBC eNOS KI mice and CondKO mice. Western blots were
performed by Anthea Lo Bue.
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To summarize, tissue-specific eNOS KI mice were generated and characterized by different molecular
biology techniques. Global eNOS KI mice were used as a proof of concept to verify the functionality of the
models, and EC eNOS KI mice were characterized by the specific reintroduction of eNOS in the ECs. RBC
eNOS KI mice showed DNA recombination exclusively in the BM and were characterized by the specific

reintroduction of eNOS in erythroid cells.
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4.8 Blood count

Blood count analysis was carried out to investigate any possible changes in the hematology of EC eNOS
KI and RBC eNOS KI after eNOS reintroduction in the different compartments.

EC eNOS KI were compared with CondKO controls (eNOS™"™ Cdh5Cre/ERT2™¢ + TAM) and no
differences were detected.

RBC eNOS KI mice were compared with the founder line eNOS™"™. Significant differences were detected
in platelet number (PLT), granulocytes percentages (Gra%), and RBC distribution width (RDW),

indicating an increased variability in the dimension of RBCs (Table 16).

Table 16 — Blood count parameters evaluated in EC eNOS KI and RBC eNOS KI mice
The table summarizes the blood count parameters measured in EC eNOS KO, RBC eNOS KO mice, and WT controls. All data are

expressed as mean + SD.

WT EC eNOS KI WT RBC eNOS KI
eNQSinv/inv eNQSinv/inv eNQSinv/inv
P eNQSinv/inv P
Chd5/ERT2Cre s +TAM Chd5Cre/ERT2ps +TAM HbbCreres
n 4 5 10 4

Red blood cell count

RBC (105/p1) 53+1.0 5.1+1.7 0.8507 9.9+1.6 9.3+0.5 0.4809
HCT (%) 259+4 4 25.4+8.6 0.9234 47.7+8 .4 45.9+3.0 0.6922
HGB (g/dl) 7.8+1.3 73+29 0.7445 14.4+2.4 13.9+09 0.6947
Red blood cell indexes
RDW (%) 14.9+0.6 14.8+0.5 0.8258 13.9+0.7 15.4+04 0.0022%%*
MCHC (g/dl) 30.5+0.5 50.2+0.8 0.0969 30.2+0.8 30.2+0.2 >0.9999
MCH (pg) 15.1+0.5 143+1.2 0.2207 14.5+0.4 15.0+0.3 0.0830
MCYV (um?3) 51.8+3.5 50.2+0.8 0.3634 48.2+1.1 49.5+0.6 0.0532
White blood cell count
WBC (10%/pl) 2.1£0.5 2.1+£0.7 09914 49+29 8.2+5.1 0.1341
Lymph
(10u) 1.8+0.4 1.9+0.6 0.8823 3.5+2.1 3.7+0.8 0.9259
Lymph (%) 87.6+4 .4 89.4+4.3 0.5350 74.0+13.1 56.4+27.9 0.8453
Mo (10%/pl) 0.1+0.1 0.1+0.1 05113 0.3+0.3 0.7+0.7 0.0517
Mo (%) 6.0+2.5 4.6£2.0 0.3803 6.8+2.9 7.7+3.6 0.3244
Gra (10%/pul) 0.2+0.1 0.2+0.1 0.7524 1.1£1.1 3.9+39 0.0538
Gra (%) 6.4+2.0 59425 0.7524 19.3+10.3 36.0+24.3 0.0451*

Platelet count
PLT (103/pl) 1012.0+590.7 647.2+61.4 0.2053 1330.0+363.5 2003.3+103.1 0.0039%*
MPV (um3) 5.4+0.2 5.3+0.3 0.3934 5.5+04 5.9+0.1 0.0853
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4.9 Evaluation of the impact of eNOS on cardiovascular homeostasis and

systemic hemodynamics after tissue-specific eNOS reactivation

This section aimed to investigate the role of vascular eNOS and red cell eNOS in regulating vascular

function, cardiovascular homeostasis, and blood pressure.

4.9.1 Vascular endothelial dilation to acetylcholine is reestablished in EC eNOS KI mice

Ex vivo measurements of vascular endothelial function in aortic rings of EC eNOS KI and CondKO control
mice were performed. Different cohorts were analyzed in order to have information about vascular
functionality before and after TAM treatment.

Before TAM treatment, all mice were gKO as they did not express eNOS in any tissue. In this case,
treatment with ACh or PE showed no vascular relaxation/contraction of aortic rings (Figure 26A, 26B). On
the other hand, SNP administration promoted vasodilation by downstream stimulation of sGC, bypassing
the eNOS step (Figure 26C).

A second cohort of mice was subjected to a five-day treatment with TAM and 21 days after the
measurements were performed. Of note, TAM treatment of EC eNOS KI mice induced a fully restored
vascular endothelial dilator response to ACh as determined ex vivo, indicating reactivation of eNOS
specifically in ECs (Figure 26D). Furthermore, the vascular contraction was decreased after PE treatment
(Figure 26E). In addition, the vasodilatory response of aortic rings to increasing concentrations of the NO
donor SNP was not significantly different in EC eNOS KI mice from the response in littermate CondKO
mice (Figure 26F).
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Figure 26 — Vascular endothelial function is restored in EC eNOS KI mice after TAM treatment

(A, B, C) The vascular function of EC eNOS KI is completely absent before TAM injections. (D) Pre-constricted aortic rings from
CondKO mice (black, n = 2) lacks acetylcholine (ACh)-induced vasodilation, while reactivation of eNOS fully restore ACh
response in EC eNOS KI (green, n = 3). 2-way (RM)-ANOVA concentration p<0.0001; KI vs. KO p = 0.0461; Sidak’s ** p<0.01
vs. CondKO control for concentrations of ACh> 10-7 M. (E) The contractile response of aortic rings to increasing concentrations
of phenylephrine (PE) is decreased in EC eNOS KI mice as compared to CondKO mice. 2-way-ANOVA p<0.0001; Sidak’s
**p<0.01 PE > 10-7.5 M. (F) The vasodilatory response of aortic rings to increasing concentrations of the NO donor sodium
nitroprusside (SNP) is not significantly different from the response in littermate CondKO mice. (G) The administration of the NOS
inhibitor L-NAME fully blocks the ACh-induced vasorelaxation in EC eNOS KI mice (green). (H) The administration of the NOS
inhibitor L-NAME increase PE-induced contractile response in EC eNOS KI to the level of the CondKO mice. (I) No difference
in SNP-dependent relaxation between CondKO and EC eNOS KI after L-NAME administration. Data were collected by Lukas

Vornholtz.
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49.2 FMD is restored in EC eNOS KI mice

To test the vascular function of EC eNOS KI and CondKO controls, FMD was evaluated in vivo before and
after TAM treatment.

Before TAM injection, EC eNOS KI mice had a phenotype comparable to the respective CondKO mice.
No FMD was detected, indicating the iliac artery's inability to overcome the temporary occlusion of the

vessel (Figure 27A). eNOS reactivation in the endothelium fully restored FMD (Figure 27B).
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Figure 27 — FMD is restored in EC eNOS KI after tamoxifen treatment

(A) FMD of the iliac artery assessed in vivo by ultrasound is abolished in CondKO mice (n = 9, black) as well as EC eNOS KI (n
= 11, green) before tamoxifen treatment. (B) Flow-mediated dilation (FMD) of the iliac artery assessed in vivo by ultrasound is
abolished in CondKO mice (2-way RM-ANOVA time p = 0.0007 KI vs. KO p = 0.329; Fisher’s Test ** p<0.01 vs. CondKO

control for t >6.3 min).; and restored in EC eNOS KI mice (green).

To summarize this set of experiments, vascular eNOS plays an important role in the modulation of vascular
endothelial function. FMD was completely restored after TAM treatment and EC-specific eNOS
reintroduction. ACh response of aortic rings was also fully restored in EC eNOS KI and, administration of

a NOS inhibitor showed a complete loss of vascular function.

49.3 EC eNOS KI mice and RBC eNOS KI show decreased BP

To evaluate the role of reactivation of vascular eNOS and red cell eNOS in the modulation of the blood
pressure, Millar catheterization of the right carotid artery was performed.

In EC eNOS KI mice, reactivation of eNOS specifically in ECs decreased BP by 23-28 mmHg (Table 17)
as compared to CondKO littermate controls (Figure 28, green). However, HR was not significantly different
(Table 17).
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An important finding was that reactivation of eNOS specifically in erythroid cells fully rescued the global
eNOS KO (eNOS™ ™) from hypertension with a significant decrease in BP of 19-24 mmHg in the RBC
eNOS KI as compared to their CondKO littermate controls (Figure 28, yellow, Table 17).

These data provided additional evidence for an independent role of vascular eNOS and red cell eNOS to

BP homeostasis.
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Figure 28 — Red cell eNOS and endothelial eNOS both contribute to blood pressure homeostasis

Invasive BP analysis in anesthetized mice shows that reactivation of eNOS expression significantly decrease MAP in EC eNOS KI
(MAP =70 = 7 mmHg, n = 13), and RBC eNOS KI (MAP = 69 + 8 mmHg, n = 10), mice as compared to their littermate CondKO.
1-way ANOVA p<0.001; Tukey’s ****p<0.0001.

Table 17 — Blood pressure and heart rate in all the eNOS KI strains investigated
The table summarizes the litter size, body weight, SBP, DBP, MAP, HR, and RPP of global eNOS KI, EC eNOS KI. RBC eNOS

KI and respective CondKO littermate controls. All data are expressed as mean + SD.

Body

Strain Genotype Litter weight SBP DBP MAP HR RPP n
yp size (g% (mmHg) (mmHg) (mmHg) (bpm) (mmHg*bpm)

1 CondKO eNQSinv/inv 5+3 27.8+1.8 127+1 84+1 98+1 465+44 59 046+8 299 11
inv/inv

2 fl/- (het) eNOS 442 29.9+1.5 106+6 737 8446 466+65 49 546+7 555 20
DeleterCre
eNOSinv/inv

fI/fl (homo) 28.8+2.8 100+6 68+6 7945 498+72 49 724+7 308 11
DeleterCre
eNOSinv/inv

3 CondKO Cdh5Cre/ 442 28.7+2.2 122+6 811 94+9 547+49 66 562+5 285 11

ERT2res+TAM

eNOSinv/inv

EC eNOS KI Cdh5Cre/ 28.3+2.2 94+7 58+8 70+7 540+48 50 849+5 346 13

ERT2ros +TAM

eNOSinv/inv

4 CondKO 442 28.7+1.2 119+1 75+1 90+1 494+45 58 845+5 542 18
HbbCrenres
RBC eNOS eNOQSinv/iny

KI HbbCrepos 31.1+2.5 95+8 5649 69+8 469+67 47 022+7 322 10
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494 No differences are detected in cardiac parameters and systemic vascular resistance

in EC eNOS KO and RBC eNOS KO mice

To evaluate the impact of vascular eNOS and red cell eNOS in cardiac function, echocardiography was
performed in a sub-cohort of mice.

Systemic hemodynamics and cardiac parameters were evaluated in parallel on the same mouse.

No changes in CO or HR were observed in EC eNOS KI and RBC eNOS KI mice as assessed by
echocardiography (Figure 29A, 29B), as well as in SV, EF, EDV, and ESV. HR assessed invasively by
Millar catheter was also not different between the groups (Table 18). In addition, no significant differences

were observed in the SVR of EC eNOS KI and RBC eNOS KI mice as compared to CondKO controls
(Figure 29C).
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: ¥ =°
£ 400 -
o £
T 200; £
; £ 10 o S
_ T )
CondKO Kl CondKO Ki E 5]
B. 30, E
£ 20 04
£ , : : :
o10{ e Y CondKO KI CondKO KI
o
0.

CondKO KI CondKO KI

Figure 29 — No differences in SVR are detected after tissue-specific eNOS reintroduction
SVR was estimated in a sub-cohort of mice by measuring MAP and CO by ultrasound in the same animal (SVR = MAP/CO). The
heart rate depicted here represents the values measured by cardiac ultrasound. SVR is decreased in EC eNOS KI compared to

CondKO mice; t-test Welch * p<0.05. See also Table 3 for other cardiac parameters. Refer to table 15 for additional values.
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Table 18 — Systemic hemodynamics as assessed in a sub-cohort of mice by measurements of echocardiography and Millar

in the same individual
The table summarizes cardiac parameters and blood pressure of EC eNOS KI, RBC eNOS KI, and respective CondKO controls.

All data are expressed as mean + SD. T-test vs. respective control group. *p<0.05, **p<0.001.

CondKO EC eNOS KI CondKO RBC eNOS KI
eNOSinv/inv eNOSinv/inV eNOSinv/inv eNOSinv/inv
Cdh5Cre/ERT2%¢  CdhSCre/ERT2pos . HbbCrene HbbCrevs .
n 7 7 8 8
Echocardiography
HR (bpm) 442483 458281 07227 516252 521438 0.8430
CO (ml/min) 1745 1745 09999 2126 166 0.1791
SV (ul) 3848 3747 08177 4021 3121 0.1368
EDV (ul) 5921 64+1 05246 6222 512 02668
ESV (ul) 2121 2741 0.4061 2241 20+1 07158
EF (%) 6722 59+1 03514 6722 6321 0.6033
Millar
HR (bpm) 531256 51455 05795 508240 50780 0.9663
SBP (mmHg) 12544 9548 <0.0001 %5 12047 9845 <0.0001 ¥+
DBP (mmHg) 841 5748 0.0009%+* 85+5 676 <0.0001 %5
MAP (mmHg) 989 7048 <0.0001 %5 9745 7745 <0.0001 %5
(mmHSg\/]nI:l i) 6.2+2 43412 0.0475% 52419 5.542.1 07331
RPP (mmHg bpm) 66 2926 396 48 7936 236 00002%%% 605894 805 49 43946 941 0.0027%+
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4.10 Summary

Taken together, tissue-specific mouse models for vascular eNOS and red cell eNOS were successfully
generated and tested for their endothelial function, blood pressure, and cardiovascular hemodynamics.
Removal of eNOS from the vascular compartment (EC eNOS KO) determined a complete loss of ACh
dilator response and PE vascular constriction that was instead fully preserved in RBC eNOS KO mice.
FMD was also completely lost in EC eNOS KO, and no differences were detected in RBC eNOS KO mice.
Hemodynamic measurements evidenced an increased BP in both lines, and cardiac function was not altered
in EC eNOS KO and RBC eNOS KO mice.

On the other hand, EC eNOS KI mice demonstrated a fully restored vascular endothelial function after ex
vivo treatment with ACh and PE. In addition, FMD was also completely restored. Moreover, reintroducing
eNOS specifically in ECs or RBCs determined a decrease in BP as compared to CondKO littermate controls
that showed a significant hypertensive phenotype.

In conclusion, it was demonstrated that vascular eNOS and red cell eNOS play an important and

independent role in the modulation of vascular tone and blood pressure.

68



Results

4.11 Evaluation of NO metabolites concentration in blood and tissues

To analyze the impact of cell-specific eNOS deletion/reintroduction on the concentration of NO
metabolites, blood, and tissues of EC eNOS KO/KI and RBC eNOS KO/KI were collected and analyzed
by CLD 77AM sp (Eco Physics).

4.11.1 Circulating nitrite decreases in EC eNOS KO and RBC eNOS KO, and NO-heme
levels change in RBC eNOS KO/KI mice.

Analysis of EC eNOS KO mice showed a decrease in circulating nitrite and nitrate levels in plasma (Figure
30A, blue, Table 19), and no significant changes were detected in circulating RXNO levels in all the
different compartments, except for RBCs, where a significant decrease of RXNO was detected (Figure 30C,
blue, Table 19).

Moreover, total NO species, evaluated as the sum of all NO species (RSNO + RNNO) in a specific
compartment, were decreased in all the tissues of EC eNOS KO mice as compared with their WT littermate
controls, but not in the liver (Table 19), where a significant increase was instead detected. However, the
decrease in total NO species was statistically significant only in the lung of EC eNOS KO mice.

RBC eNOS KO mice showed decreases in nitrite and nitrate concentrations in plasma together with an
increase in nitroso species (Figure 30A, 30C, orange, Table 19), and a significant decrease of nitrite levels
was also detected in the aorta (Table 19) as compared to WT littermate controls. Total NO species were
significantly decreased in plasma and liver of RBC eNOS KO mice, but no changes were detected in other
tissues (Table 19).

NO metabolites measured in CondKO mice showed an overall decrease in the different compartments as
compared to WT mice (compare Table 19, WT with Table 20, Cond KO), with a decrease in circulating
nitrite levels of almost 50% (compare figure 30A, white with figure 30B, black). However, no significant
difference was detected in nitrite and RXNO levels in the plasma of EC eNOS KI or RBC eNOS KI as
compared with their respective littermate CondKO controls (Figure 30B, 30D, green and yellow).
Interestingly, NO-heme levels measured in RBCs were fully preserved in EC eNOS KO mice and EC eNOS
KI mice (Figure 30E, blue and figure 30F, green).

Moreover, levels of NO-heme significantly decreased in RBCs from RBC eNOS KO mice as compared to
WT controls (Figure 30F, orange) and significantly increased in RBCs from RBC eNOS KI mice (Figure

30F, yellow) as compared to the respective CondKO littermates.
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Figure 30 — Red cell eNOS and endothelial eNOS both contribute to plasma nitrite, but red cell eNOS is the major
determinant of circulating NO-heme

(A) A significant decrease in plasma nitrite is observed in EC eNOS KO (blue) and RBC eNOS KO (orange), as compared to their
respective WT controls (white). Welch’s t-test *p<0.05 ** p<0.01. (B) Plasma nitrite in EC eNOS KI (green) or RBC eNOS KI
(yellow) is not different from CondKO mice (black), but CondKO mice show lower plasma nitrite levels compared to WT mice
(white, see also Table 21 and Table 22). (C) The levels of nitroso species (RXNO = RSNO + RNNO) were unchanged in EC eNOS
KO (blue) and significantly higher in the plasma of RBC eNOS KO mice (orange) as compared to their respective WT controls
(white). Welch’s t-test *p<0.05. (D) RXNO levels in the plasma of EC eNOS KI, RBC eNOS KI, and CondKO mice are not
different. (E) NO-heme concentrations in RBCs were unchanged in EC eNOS KO mice (blue) and decreased in RBC eNOS KO
mice (orange). Welch’s t-test *p<0.05 (F) Concentrations of NO-Heme were unchanged in EC eNOS KI mice (green) but higher
in RBC eNOS KI mice (yellow) as compared to CondKO control mice (black), indicating that RBC eNOS is the major determinant
of circulating NO-heme. Welch’s t-test *p<0.05.
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Table 19 — NO metabolites in blood and organs of EC eNOS KO, RBC eNOS KO, and corresponding WT littermate controls

t-test between the groups. *p<0.05, **p<0.01m ***p<0.001. T one value excluded as outlier according to Tuckey’s test or not

determined/available. ftwo values were not determined/available, or one was excluded as an outlier according to Tuckey’s test.

Metabolite

n
Heart
Nitrite
Nitrate
RXNO

NO-heme

Total NO
species

Lung

Nitrite
Nitrate
RXNO

NO-heme

Total NO
species

Liver
Nitrite
Nitrate
RXNO

NO-heme

Total NO
species

Aorta
Nitrite
Nitrate

RXNO

Total NO
species

Plasma
Nitrite
Nitrate

RXNO

Total NO
species

RBCs
Nitrite
Nitrate
RXNO

NO-heme

Total NO
species

uM
uM
nM

nM

uM

uM
uM
nM
nM

uM

uM
uM
nM
nM

uM

uM
uM
nM

uM

uM
uM
nM

uM

uM
uM
nM
nM

uM

WT

eNQSflox/flox
Cdh5/ERT2Crenes

5

1.10+0.30
93.86+26.51
81.94+26.31

475.21+320.85

95.09+26.43

0.88+0.517
35.62+6.74%
94.01£19.947
228.44+92.187

34.25+5.57%

0.63+0.34
38.47+22.34
1378.28+749.29
1190.08+722.98

40.65+22.39

138.12+62.10
10191.95+7764.94
2058.42+1653.39

10331.13+£7805 .42

0.81+0.18
41.35+15.75
22.24+4.58

36.66+11.28

0.49+0.16
35.23+14.27
475.06+158.27
62.92+9 991

32.02+21.797

EC eNOS KO

eNQSflox/flox
Cdh5/ERT2Crer

5

1.27+0.25
77.84+14.97
102.74+37.20

97.74+24 20

79.31+1491

0.71+0.11
19.49+5.52
79.43+20.31
463.51+121.30

20.74+5.62

0.83+0.15
71.02+20.84
1038.64+283.33
310.85+104.09

73.20+21.08

141.36+39.21
5473.15+4015.51
1870.34+1002.49

5616.38+4052.67

0.44+0.10
20.65+4.25
16.34+11.15

21.11+4.30

0.43+0.16
17.64+3.14
225.04+76.99
83.12+39.12

18.38+3.33

p

0.3557
0.2818
0.3406

0.0579%*

0.2871

0.5100
0.0035%%*
0.3173
0.0131%*

0.0096**

0.2798
0.0445%
0.3857
0.0523

0.0456*

0.9243
0.2730
0.8344

0.2758

0.0065%*
0.0402%*
0.3268

0.0642

0.6088
0.0880
0.0201%*
0.3209

0.2999

71

WT

eNQSflox/flox
HbbCrenrez

7

0.69+0.15
65.16+19.11
54.00+£19.06

125.04+37.83

66.02+19.14

0.71+0.24
44.01+13.20
62.99+29 .43
282.16+166.87

45.06+13 .40

0.20+0.06
57.69+17.70
366.42+71.71
1149.31+323 .81

59.41£17.54

57.57+16 447
2931.00+1184.007
2103.00+980.107

3020.34+1181.837

1.52+0.42
57.63+£9.22
9.39+1.57%

59.96+9.07%

0.94+0.147
67.95+15.61
196.32+123.29
74.76+24.84

56.34+31.65%

RBC eNOS KO

eNQSflox/flox
HbbCrepros

6

0.92+0.607
86.82+54.70
43.81+1047

38.82+20.11

87.66+54.33

0.50+0.137
40.10+22.66
122.80+106.3
104.77+61.72

33.78+16.50%

0.16+0.047
33.88+7.057
1836.38+1541.77
494.14+573.76

36.68+8.857

118.71+42.34
3408.00+1888.00
3067.00+1737.00

2455.27+1651.94

0.78+0.07
25.40+10.93
39.65+22.64

26.22+1091

1.09+0.35%
68.43+29.82
125.32+28.68
45.06+13.31

75.91+28.537

0.4463
0.3914

0.2528
0.0005%%*

*

0.3890

0.0801
0.7202
0.2331
0.0316*

0.2450

0.2483
00116*
0.0666
0.0396*

0.0159%*

0.0147*
0.6357
0.2712

0.5126

0.0031%%*
0.0002%%*

*

0.0220%*
0.0003%*%*

*

0.4063
0.9727
0.1846
0.0220%*

0.3097
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Table 20 — NO metabolites in blood and organs of EC eNOS KI, RBC eNOS KI, and corresponding CondKO littermate

controls

t-test between the groups *p<0.03, **p<0.01. fone value excluded as outlier according to Tuckey’s test, or not determined/available.

two values were not determined/available, or one was excluded as an outlier according to Tuckey’s test. N.D. non-determined.

Metabolite

n
Heart
Nitrite
Nitrate
RXNO

NO-heme

Total NO
species

Lung

Nitrite
Nitrate
RXNO

NO-heme

Total NO
species

Liver

Nitrite
Nitrate
RXNO

NO-heme

Total NO
species

Aorta
Nitrite
Nitrate
RXNO

NO-heme

Total NO
species

Plasma
Nitrite
Nitrate

RXNO

Total NO
species

RBCs
Nitrite
RXNO

NO-heme

Total NO
species

uM
uM
nM
nM

uM

uM
uM
nM
nM

uM

uM
uM
nM
nM

uM

uM
uM
nM
nM

uM

uM
uM
nM

uM

uM
nM
nM

uM

CondKO

eNQSinv/inv
Cdh5/ERT2Crenee

8

2.27+0.14%
N.D.
34.86+16.40
26.57+12.00

N.D.

2.42+0.52%
N.D.
71.73+35.40
27.62+14.30

N.D.

3.32+1.44
N.D.
617.11+336.52
118.74+46.907

N.D.

9.56+4.74
N.D.
79.10+46.81
11.49+£3 97+

N.D.

0.45+0.23
N.D.
15.67+15.77

N.D.

0.15+0.04
88.78+47.89
3.06+0.66

N.D.

EC eNOS KI

eNQSinv/inv
Cdh5/ERT2Crepes

7

2.24+0.48
N.D.
32.50+3.38
32.67+8.46

N.D.

3.05+0.62
N.D.
54.26+12.34
29.86+7.76

N.D.

2.72+0.36"
N.D.
496.28+193.14
79.44+3 42%

N.D.

6.20+2.06
N.D.
55.80+47.50
21.28+5.55

N.D.

0.28+0.137
N.D.
12.89+13.12

N.D.

0.21+0.10
103.57+72.60
2.67+0.41

N.D.

0.8745

0.7043
0.2865

0.0626

0.2237
0.7090

0.2921

0.4046
0.0686

0.0995

0.3579
0.0037%%*

0.1218

0.7160

0.2011
0.6562
0.1904

72

WT

eNQSinv/inv
HbbCrenrez

8

0.64+0.23
13.86+6.27
15.54+4 .38
6.94+1.49

14.52+6.31

0.70+0.26
28.75+14.78
3783.51+2023.74%
425.90+238.141#

39.21+16.11%

0.65+0.52
17.56+9.23
672.09+412.26
342.06+207.87

19.23+9 .47

2.90+1.05

126.67+104.88
141.72+106.74
129.71+105.59

N.D.

0.32+0.12
55.72+48.50
34.46+11.52

56.06+48.53

3.29+1.24%
1.26+0.52
23.89+8.89+

4.66+1.43%

RBC eNOS KI

eNQSinv/inv
HbbCrepres

8

0.67+0.18%
13.98+6.08%
20.65+6.23
8.40+2.09

14.68+6.09%

0.70+0.65*%
21.31£9.03#
3666.83+2476.96
443.89+88.30%

25.28+9.53+

0.31+0.08
14.68+5.38
377.99+47 .68%
353.56+136.61

14.52+4 20+

2.28+1.21%
100.97+97 .25%
191.45+106.22%
67.44+48 22%

N.D.

0.24+0.097
43.47+21.12
29.16+7.14

44.71+22.627

2.94+1.51%
0.72+0.25
41.54+12.947

3.78+1.72%

0.7817
09715
0.0810
0.1303

0.9628

0.9796
0.2674
0.9244
0.8792

0.1378

0.1050
0.4606
0.0842
0.8981

0.2389

0.3407
0.6451
0.3834
0.1780

0.1542
0.5279
0.2909

0.5668

0.6435
0.0253*
0.0150%*

0.3425



Results

To summarize, circulating plasma nitrite levels were significantly decreased in EC eNOS KO and RBC
eNOS KO mice than WT littermate controls. However, no differences were detected in EC eNOS KI, RBC
eNOS KI, and CondKO mice. Moreover, CondKO mice showed significantly reduced plasma nitrite levels
as compared to WT mice, of approximately 50%.

Total NO species were significantly decreased in all the different EC eNOS KO mice tissues, but a statistical
significance was observed only in the lung. On the other hand, nitrate levels were found to significantly
increase in the liver of EC eNOS KO mice, contributing to an overall increase in total NO species.

RBC eNOS KO mice showed a significant decrease of total NO species in liver and plasma, while no
significant differences were detected in EC- and RBC eNOS KI mice.

Of particular interest, no differences in NO-heme levels were detected in RBCs of EC eNOS KO and EC
eNOS KI mice, but a significant increase of NO-heme was observed in RBCs of RBCs eNOS KO. On the
other hand, RBC eNOS KI mice showed a significant decrease in NO-heme levels in RBCs.

These data show that the levels of NO-heme in RBCs depend on the presence/absence of eNOS in RBCs.
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4.12 Effects of nitrate supplementation on systemic hemodynamics

Mice were given tap water ad libitum directly from the sink of the laboratory (nitrate around 230 uM)
except when indicated. In specific experiments, mice were given different nitrate concentrations dissolved
in drinking water:

1- Water containing low nitrate amount (Vittel water, source: Vittel, Vogesen, France);

2- A prepared solution containing 200 uM of nitrate, comparable to the amount present in the tap
water. Considering that an average mouse weighs 30 mg and drinks around 6 ml of water/day, the
dose of nitrate assumed with the prepared solution is 0.074 mg, corresponding to a concentration
of 2.48 mg/kg.

Mice received the water for 24 hours, and then BP was measured via Millar catheterization (Figure 8).

4.12.1 Blood pressure and NO metabolites in EC- and RBC eNOS KO after nitrate

supplementation

The amount of nitrate in the drinking water of the mice was detected by ENO-20. Vittel water contains a
very low nitrate amount and represented the control within the cohorts; tap water contains around 230 pM
nitrate (237 = 36 uM) (Figure 31).

These results indicated that one mouse assumed a dose of around 0.088 mg/day by drinking tap water,

corresponding to a concentration of 2.93 mg/kg/day.

300

200 %

100

Nitrate (uM)

Figure 31 — Measurement of nitrate concentration in Tap water and Vittel water
Nitrate content was measured in different water solutions by ENO-20. Tap water contains an amount of 237.46 + 36.00 uM (n =
3). The amount of nitrate evaluated in Vittel water is 1.11 + 0.35 uM (n = 3). Data were collected by Carina Nihlén (Karolinska

Institute, Stockholm, Sweden).
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To verify whether the dose of nitrate in tap water might affect systemic hemodynamics, mice were treated
with water containing 200 uM nitrate, with a similar dose to the amount of nitrate in tap water.

- low-nitrate water (~ 0 uM);

- tap water (~ 200 pM);

- Vittel + nitrate (200 uM).

As already shown, EC eNOS KO and RBC eNOS KO mice drinking tap water had a hypertensive phenotype
as compared to their respective WT controls (Figure 32A, 32B, Table 21).

Administration of low-nitrate water to EC eNOS KO and WT mice induced an increase of MAP, to a
significant extent in EC eNOS KO mice. However, no significant differences were detected in RBC eNOS
KO mice when drinking low-nitrate water as compared to tap water.

To verify whether the lower BP observed in WT and EC eNOS KO mice drinking tap water as compared
to low-nitrate water was attributable to the dose of nitrate contained in the tap water, mice were
supplemented with a prepared solution of the low-nitrate water with the addition of nitrate, to a final
concentration of 200 uM, with a comparable dose of nitrate to the amount of nitrate in tap water.
Administration of the nitrate-enriched water to WT mice and EC eNOS KO mice caused a significant BP
decrease (Figure 32A, 32B).

On the other hand, the high BP in RBC eNOS KO mice was confirmed after administration of nitrate-
enriched water, showing no differences as compared to mice drinking tap water or low-nitrate water (Figure

32B, Table 21).
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Figure 32 — The nitrate concentration in the tap water affects BP in WT and EC eNOS KO but not in RBC eNOS KO mice
(A) Invasive BP measurements in anesthetized mice show that nitrate supplementation causes a decrease in BP in control mice and
EC eNOS KO mice. Tap water administration shows the hypertensive phenotype of EC eNOS KO mice as compared to WT
littermate controls. Low-nitrite water (Vittel) determines an increased MAP in WT and EC eNOS KOs as compared to mice
drinking tap water. To verify if the lower BP detected after tap water administration was caused by the dose of nitrate in the tap
water, mice were administered with a solution of Vittel water with the addition of nitrate, to a final concentration of 200 uM, similar
to the dose of nitrate in the tap water. After administering the nitrate-enriched water (Vittel + nitrate), BP decreases, and no
differences are detected between mice treated with tap water and those drinking the Vittel + nitrate solution. All data are expressed
as mean + SD. 1-way ANOVA p<0.001; Tukey’s ****p<0.0001. t-test # p<0.05. (B) WT controls for RBC eNOS KO, drinking
low-nitrate water, showed a significant increase of MAP as compared to mice drinking tap water. A decrease in MAP is detected
when nitrate-enriched water is administered. When eNOS is not expressed in the RBCs, no differences are detected when different
nitrate concentrations are supplemented in the drinking water. All data are expressed as mean + SD. 1-way ANOVA p<0.001;
Tukey’s ****p<(0.0001. t-test # p<0.05. Refer to table 17 for additional information.
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Table 21 — Blood pressure parameters and heart rate measured by Millar catheterization after supplementation of different
nitrate concentrations to tissue-specific eNOS KO mice
Summary of all hemodynamic parameters evaluated by Millar catheterization of tissue-specific eNOS KO mice. All data are

expressed as mean £ SD.

Strain Genotype Drinking water SBP DBP MAP HR PP n
eNOSﬂox/ﬂnx
WT Cdh5Cre/ERT2neg
+TAM
Tap 86+5 57+8 67+7 564+53 48 4135018 12
Vittel 94+3 65+6 7545 549+53 5137943 418 4
Vittel + nitrate 8745 58+3 68+3 574+75 50 12748 230 8
eNOSﬂox/ﬂnx
EC eNOS KO Cdh5Cre/ERT2pos
+TAM
Tap 104+8 7247 83+7 535+58 55 696+6 929 19
Vittel 111+6 79+6 90+6 549+58 60 993+8 198 6
Vittel + nitrate 1016 7245 8243 545+53 55 156+6 012 6
eNOSﬂox/ﬂnx
WT
HbbCreres
Tap 8949 611 70+1 528+56 46 622+5 306 15
Vittel 100+6 70+7 80+7 525+67 52 95749 271 8
Vittel + nitrate 98+6 57+10 718 581+61 570168 414 5
RBC eNOS KO eNOSflox/flox
HbbCrepros
Tap 103+1 69+7 80+8 476+93 48 5069 392 16
Vittel 100+8 69+7 79+7 525+77 52 196+6 022 14
Vittel + nitrate 104+3 68+5 80+4 608+68 63 406+8 347 7
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4.12.2 Plasma nitrite levels are increased in EC eNOS KO and WT controls but not in RBC

eNOS KO mice after nitrate supplementation

To investigate the effect of nitrate supplementation in the drinking water on circulating nitrite levels, mice
were treated with nitrate dissolved in drinking water (at low nitrate concentration), and organs and plasma
were collected.

Plasma nitrite levels of EC eNOS KO mice, RBC eNOS KO mice, and WT controls were analyzed, and as
can be seen in figure 33, administration of nitrate caused a significant increase in circulating nitrite levels
in EC eNOS KO (blue) and WT mice (grey) (Figure 33A).

Interestingly RBC eNOS KO mice showed a slight increase in circulating nitrite levels after nitrate
administration, but not in a significant way (Figure 33A, orange; Table 22).

The heatmap graph of plasma nitrite levels (Figure 33B) also shows that nitrate administration increased
circulating plasma nitrite levels in WT controls and EC eNOS KOs, with a lower extent in RBC eNOS
KOs, indicated by a brighter shade of grey (Figure 33B).

No differences were detected between RBC eNOS KO mice and WT controls when drinking the same water
(low-nitrate water or low-nitrate + nitrate water) and between EC eNOS KO mice and WT littermate

controls in the same conditions (Figure 33B; Table 22).

1 WT Vittel 1 EC eNOS KO Vittel RBC eNOS KO Vittel
1 WT Vittel + NO; BBl EC eNOS KO Vittel + NO;  EZ1 RBC eNOS KO + NO;-
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Z 504 RBC-WT
©
g 1 RBC eNOS KO
= 2.5
o 257 é E
£==3 %g
0.0-

T T T T T T T T
EC- EC- EC- EC- RBC- RBC- RBC- RBC-
WT WT KO KO WT WT KO KO
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Figure 33 — Plasma nitrite is increased in EC eNOS KO and WT mice. No differences are detected in RBC eNOS KO mice
(A) A significant increase in plasma nitrite levels is observed in WT mice (grey) and EC eNOS KO mice (blue). RBC eNOS KOs
represent the only group where external nitrate administration does not affect circulating nitrite levels. All data are expressed as
mean + SD. t-test *p<0.05, **p<0.01. (B) Correlation heatmap of plasma nitrite in RBC eNOS KO, EC eNOS KO, and respective
littermate controls. Administration of external nitrate determines a significant increase in plasma nitrite levels, with a lower extent

in RBC eNOS KOs. All data are expressed as mean + SD.
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Table 22 — Plasma circulating nitrite levels and MAP of EC eNOS KO, RBC eNOS KO, and corresponding WT littermate

controls before and after nitrate supplementation

The table gives an overview of the circulating nitrite levels and MAP of EC eNOS KO, RBC eNOS KO, and WT littermate controls

before and after nitrate supplementation in the drinking water. All data are expressed as mean + SD. t-test *p<0.05, **p<0.01,

*EF*p<0.0001.
Vittel
WT
n 8
Nitrite 1.17+
(uM) 0.63
n 4
MAP 75+5
(mmHg)

EC
eNOS
KO

149+
0.57

90+6

p WT
15
0.2892 0.45+
0.16
8
0.0023*%* 80+7

RBC
eNOS
KO
23
0.48+
0.26
14
79+7

0.6655

0.7032

79

Nitrate (200 pM)
WT EC P
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KO
4 6
3.92+ 433+ 0.7673
2.61 3.03
8 6
68+3 82+3 <0.000 1 ***3*

WT

15

1.26+
0.88

RBC p
eNOS
KO

16

1.56+
2.08

0.6056

80+4 0.0254*
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Discussion

The aim of this study was to elucidate the functional significance and specific role of red cell eNOS directly
compared to endothelial eNOS in controlling vascular hemodynamics and systemic NO metabolism.

The initial hypothesis of this study was that red cell eNOS contributes to the regulation of NO metabolites,
vascular tone, and BP.

It was possible to determine the independent contribution of vascular eNOS and red cell eNOS in
controlling vascular hemodynamics and systemic NO metabolism by creating and comparing tissue-
specific eNOS KO and eNOS KI mice with targeted mutations specifically in the endothelium or in the

erythroid cells.

The main findings are the following: (1) knock-out (KO) and knock-in (KI) models for eNOS in the ECs
and RBCs have been successfully generated, and the functionality of the model has been demonstrated; (2)
removal of eNOS from ECs and RBCs determines increased BP and no changes in cardiac parameters.
Vascular function is lost only in EC eNOS KO mice and fully preserved in RBC eNOS KO. Reactivation
of eNOS in the endothelium or RBCs fully rescues the CondKO from hypertension. (3) Nitrate
administration determines an increase in circulating nitrite levels and a BP decrease in EC eNOS KO and

control mice, but no changes in the BP of RBC eNOS KO are detected.

Therefore, it can be concluded that red cell eNOS plays an important role in the modulation of BP and

systemic hemodynamics, which is independent of the role of vascular eNOS.
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5.1 New functional models of tissue-specific eNOS KO and eNOS KI mice

were generated

It is well known that eNOS is a protein constitutively expressed in the vascular endothelial cells of the
blood vessels and is responsible for NO production and modulation of the vascular tone [12]. NO produced
by eNOS in ECs is considered the central regulator of vascular tone and systemic hemodynamics [22]. An
active eNOS has also been recognized in the RBCs [77].

To investigate the role of vascular eNOS and red cell eNOS in the modulation of vascular tone, BP, and
cardiac hemodynamics, eNOS™f°* and eNOS™ " mice were crossed with Cdh5Cre/ERT2P** mice and
HbbCrer* mice, resulting in EC eNOS KO/KI, RBC eNOS KO/KI mice, respectively, and controls.

To confirm the functionality of the loxP-Cre reintroduction model, eNOS™ "™ mice were crossed with
ubiquitous expressing Cre mice (DeleterCrer).

EC eNOS KO mice showed specific deletion of eNOS from the endothelium, EC eNOS KI mice were
characterized by the specific reintroduction of eNOS in the ECs.

RBC eNOS KO and RBC eNOS KI mice showed DNA recombination exclusively in the BM and were
characterized by specific absence/presence of eNOS in erythroid cells, respectively.

Western blot analysis further confirmed the absence/presence of eNOS in the tissues of interest.

Blood count analyses were also carried out to evaluate whether eNOS signaling in erythroid and endothelial
bone marrow cells plays a role in controlling the differentiation of erythroid cells and hematopoiesis [136].
No changes were observed in the hematological phenotype of the mice: RBC count, HCT, and RBC
deformability were not significantly different in EC eNOS KO nor RBC eNOS KO mice, limiting the role
of rheological changes in BP phenotype in those mice.

Hematological parameters were also evaluated in EC eNOS KI mice and respective CondKO controls. The
values detected were lower than those observed for EC eNOS KO and WT mice. In particular, significantly
lower values were observed in parameters related to the RBC count: RBC, HCT, and HGB. These results
could be attributed to the different genomic construct that characterizes the KI models: the CondKO
controls used in this case are global eNOS KO mice, and the absence of eNOS from all the tissues, coupled
with TAM treatment, could have determined changes in the hematological phenotype of these mice.
However, eNOS reintroduction specifically in the endothelium did not show any difference in blood
parameters in EC eNOS KI mice as compared to CondKO controls.

Furthermore, blood count was carried out on RBC eNOS KI mice that were compared in this case to the
founder line eNOS™™, The parameters evaluated in eNOS™™ mice were not as low as the values

observed in the CondKO controls for EC eNOS KI mice.
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Blood count analysis of eNOS™ ™ mice showed values comparable to those observed for WT controls of
the tissue-specific eNOS KO strains. Moreover, the parameters observed were not significantly different
from those detected in EC eNOS KO and RBC eNOS KO.

Both CondKO and eNOS™™ mice are born as global eNOS KO mice. For this reason, the difference
between hematological parameters observed in CondKO and eNOS™ ™ mice could be attributed to TAM
treatment, which was performed exclusively in CondKO controls for the EC eNOS KI model and not in the
founder line eNOS™ ™, However, only speculations are possible, and further investigations on the blood
properties of the lines of interest need to be done.

Analysis of blood parameters of RBC eNOS KI mice showed a significant increase of RDW, PLT count,
and granulocytes percentage as compared to eNOS™ ", Moreover, a tendency of decreased monocyte
percentage was detected.

High RDW values indicate that RBCs are produced in different sizes, and there is some issue with RBC
production or survival. However, no significant differences were observed in RBC number or HTC.
Moreover, the tendency of an increase in monocytes percentage and the significant thrombocytosis and
granulocytosis could be related to an inflammatory process taking place in RBC eNOS KI mice.

Further investigations are needed to investigate the hematological phenotype observed in RBC eNOS KI

mice and the physiological mechanisms that take place following eNOS reintroduction in the RBCs.

5.2 Reintroduction of eNOS in the endothelium rescues from hypertension
and restores vascular endothelial function and FMD. Circulating nitrite

levels are decreased in EC eNOS KO mice

As shown in this study, removing eNOS specifically from the endothelium induced a complete loss of
vascular endothelial function, as demonstrated by the lack of ACh dilator response of aortic rings.
Numerous studies have demonstrated the critical role of eNOS in the endothelium in the modulation of
vascular tone [13, 25, 137, 138]. Thus, it was not surprising to find a blunted reactivity of aortic rings of
EC eNOS KO mice towards ACh.

The contractile response of aortic rings to increasing concentration of the a1-adrenergic receptor agonist
PE was not different in EC eNOS KO mice as compared to their WT littermate controls.

According to previous studies, the administration of vasoconstrictors determines a signaling cascade that
ultimately leads to the increase of intracellular Ca?* levels in the ECs and consequently the eNOS-dependent

release of NO (myoendothelial feedback response). Lack of eNOS from the endothelium would impair the
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functionality of this pathway and lead to a stronger response towards the application of vasoconstrictors
like PE [139].

Moreover, treatment with the NO-donor SNP led to a significant leftward shift in the response of the aortic
rings in EC eNOS KO mice, indicating an increased sensitivity to NO donors. This response had already
been observed upon inhibition of NOS activity and in different global eNOS KO mice [133-135, 140];
however, the mechanisms responsible for shifting the curve towards higher sensitivity to NO donors are
not understood yet.

A proposed theory that other research groups did not support relied on the up-regulation of sGC expression
levels as a compensatory mechanism to counteract the decreased sensitivity of sGC itself [133].

However, Brandes and colleagues did not find any alteration in the expression of sGC subunits and
proposed a decreased sensitivity of sGC towards NO donors after exposure to NO [134].

Another hypothesis was based on possible mutations on critical cysteines in the sGC structure (S-
nitrosation) that were causing an inhibition of the enzyme itself, serving as a negative feedback mechanism
for NO signaling [141].

These findings applied to the EC eNOS KO model would allow the conclusion that a baseline S-nitrosation
of the sGC protein is necessary to avoid the leftward shift of the dose-response curve to SNP due to higher
sensitivity to NO donors.

In vivo measurements were also carried out, and FMD was evaluated on the iliac artery after vascular
occlusion. Following the lack of eNOS from the vascular compartment, an expected complete loss of FMD
was detected in EC eNOS KO mice as compared to WT littermate controls, confirming the critical role of
endothelial eNOS in the regulation of vascular tone and vascular function.

To make visible the unbiased effects of eNOS expressed in the endothelium, a “gain-of-function” model
was generated by the reintroduction of eNOS in the endothelium of global eNOS KO mice to generate EC
eNOS KI mice.

EC eNOS KI mice showed a completely restored vascular endothelial function after TAM treatment. At
baseline (before TAM treatment), the aortic rings of EC eNOS KI mice behaved as aortic rings of global
eNOS KO mice since TAM treatment was necessary to induce the gene sequence of interest inversion and
generate the functional KI model. After TAM treatment, endothelium-dependent vasorelaxation to ACh
was reestablished.

Moreover, treatment with PE determined a decreased contractile response of aortic rings in EC eNOS KI
mice as compared to CondKO controls, indicating a reestablished eNOS-dependent feedback mechanism.
Administration of the NOS inhibitor L-NAME showed a further loss of vascular function, indicating eNOS

as the primary responsible for the vascular response.
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Endothelium-independent dilation of aortic rings of EC eNOS KI mice was evaluated after treatment with
the NO donor SNP and showed a signal shifted towards higher concentrations, as compared to respective
CondKO controls, indicating, in this case, a decreased sensitivity to NO donors.

Furthermore, reintroduction of eNOS specifically in the endothelium completely restored FMD in EC
eNOS KI mice in vivo as compared to CondKO control mice.

The results observed after FMD measurements of EC eNOS KO and EC eNOS KI mice confirm the
predominant role of vascular eNOS as a key endogenous source of NO and its role in preserving vascular
functionality following alterations of the blood flow and hypoxic stimuli. Moreover, these data confirm the
role of EC eNOS in controlling the flow-mediated diameter of conduit vessels [27, 51].

The analysis of EC eNOS in vascular functionality and integrity confirms and strongly contributes to
advancing previous findings, underlying the pivotal role of EC eNOS in preserving vascular endothelial
function and its essential role in overcoming changes in vascular function that may result from the deletion
of other proteins such as Nrf2 [131].

To investigate the role of EC eNOS in modulating BP and NO metabolism, hemodynamic measurements
were carried out invasively, and NO metabolites distribution was evaluated in tissues of EC eNOS KO and
EC eNOS KI mice.

Fitting to impaired vascular endothelial function findings, mice lacking eNOS specifically in the
endothelium exhibited increased levels of DBP and SBP.

Although an increased BP was detected, these changes were not accompanied by changes in HR and CO
as compared to WT littermate controls. However, SVR was significantly increased in EC eNOS KO mice.
The finding of an increased BP is in line with previous findings on the three global eNOS KO lines
investigated by Godecke, Huang, and Shesely [25-27]. However, in contrast, global eNOS KO mice
showed significantly decreased HR, but the mechanisms behind them are yet unknown.

One suggestion on this observation was that the decreased HR resulted from a compensatory response to
the increased BP [26].

In EC eNOS KO mice, the lack of eNOS from the ECs is induced only a few weeks before carrying out the
analysis; thus, it is reasonable to think that long-term adaptive mechanisms might not have occurred yet.
An interesting finding was that eNOS reintroduction into ECs of CondKO mice successfully rescued the
hypertensive phenotype of these mice, strongly confirming the essential role of eNOS expressed in the
endothelium as a regulator of systemic hemodynamics.

As previously observed in EC eNOS KO mice, also in this case, no changes in HR were detected. The HR
observed in EC eNOS KI mice, and respective CondKO controls is comparable to the one observed in EC

eNOS KO and WT mice. Because of TAM treatment, eNOS reintroduction in the endothelium is induced
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few weeks before carrying out the analysis, excluding also in this case adaptive mechanisms that could
have promoted a decrease of HR, according to Shesely hypothesis [26].

The measurement of NO metabolites on EC eNOS KO mice showed a significant decrease of circulating
plasma nitrite levels as compared to WT littermate controls, demonstrating the contribution of endothelial
eNOS to the circulating pool of active NO metabolites. Total NO species were significantly decreased in
all the different EC eNOS KO mice tissues, but a statistical significance was observed only in the lung
tissue. Nitrate levels were significantly increased in the liver of EC eNOS KO mice, contributing to an
overall increase of total NO species. On the other hand, CondKO controls for EC eNOS KI mice showed
significantly reduced plasma nitrite levels as compared to WT mice, of approximately 50%, indicating a
profound deficiency of circulating nitrite levels upon eNOS removal.

The rescue of eNOS exclusively in the ECs was not enough to restore circulating nitrite levels in these
models. Indeed, EC eNOS KI mice did not show any significant changes in circulating nitrite levels as
compared to CondKO controls. These findings suggest that in global eNOS KO mice, the mechanism
governing the regulation of plasma nitrite is only in part dependent on vascular/red cell eNOS-derived NO
production.

RXNO levels in plasma and RBCs of EC eNOS KO and EC eNOS KI mice showed some variability and
no correlation with the presence/absence of eNOS in the endothelium, conversely to what was previously
reported by Stamler and colleagues. Their hypothesis was that S-nitrosylation of peptides and proteins
largely mediates NO biological effects to produce bioactive nitroso species, RXNO [142-145]. After the
identification of an S-nitrosoglutathione (GSNO) reductase (GSNOR) [146, 147], they generated GSNOR
KO mice to distinguish in vivo the activity of RXNO from NO (or other reactive nitrogen species). GSNOR
deficiency led to increases in basal SNO and predisposed mice to dysregulation of BP [144]. Moreover,
they demonstrated that in cultured arterial ECS, stimulation of eNOS by ionophore-mediated Ca** influx is
coupled to increased protein S-nitrosylation. On the other hand, inhibition of red cell eNOS with the NOS
inhibitor L-NMMA eliminates RSNO levels [145].

Of particular interest are RBC levels of NO-heme, an intermediate molecule formed in the RBCs after the
reaction of NO with the iron of the heme group of the Hb (Fe*"-NO). NO-heme has been for a long time
considered a good indicator of NO derived from the eNOS expressed in the endothelium and of systemic
NO bioavailability [148].

The analysis of NO-heme levels in the RBCs of EC eNOS KO and EC eNOS KI mice surprisingly indicates
that removal/reintroduction of eNOS from the endothelium does not affect NO-heme levels, questioning
the theory mentioned above [148] and opening new possibilities on the role of NO-heme expressed in the

RBCs.
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Mice lacking the endothelial eNOS have been previously described in different global eNOS KO models
[25-27], but not confirmed in other eNOS KO strains, with the hypothesis of a potential contribution of a
compensatory increase of COX-mediated prostaglandins [149] or by other NOS isoforms like nNOS or
iNOS [150].

Because of these new EC-specific tamoxifen-inducible models (EC eNOS KO and EC eNOS KI mice), it
was possible to confirm the suggested central role of ECs in eNOS-mediated control of BP and
cardiovascular hemodynamics, as initially proposed when EDRF was discovered. The advantage of these
models is that the KO/KI is induced shortly before carrying out the analysis (21 days), thus avoiding the
possibility that long-term compensatory mechanisms occurred, as observed in all the global eNOS KO

strains [25-27].

5.3 Red cell eNOS modulates blood pressure independently from vascular
eNOS. Circulating nitrite is decreased in RBC eNOS KO mice, and the
levels of NO-heme are changed in RBC eNOS KO/KI mice

As already mentioned, a functional eNOS is also expressed in the RBCs [77, 78].

The role of red cell eNOS in the modulation of vascular function, systemic hemodynamics, and NO
metabolism was evaluated here on RBC eNOS KO and RBC eNOS KI mouse models.

RBC eNOS KO mice did not show any changes in vascular endothelial dilator function in response to ACh,
or after treatment with PE or SNP. These findings are in accordance with previous studies on chimeric mice
models generated by BM transplantation from global eNOS KO mice into irradiated WT mice and vice
versa [67].

The fully preserved vascular function of RBC eNOS KO mice upon ACh treatment of aortic rings indicates
that the genetic knockdown of eNOS in the RBCs does not cause any off-target effect in the vascular tissue.
FMD was also evaluated in vivo and showed a fully preserved vascular functionality in RBC eNOS KO
mice as compared to WT littermate controls.

Hemodynamic measurements demonstrated that the lack of eNOS in the RBCs significantly increased DBP,
SBP, and SVR without affecting cardiac parameters in vivo. These data indicate a role of red cell eNOS in
regulating SVR and/or function of resistant arteries in vivo via the regulation of circulating NO metabolites,
and it indicates the limited role of red cell eNOS in regulating cardiac performance under basal conditions.
The fact that mice lacking eNOS in the RBCs were hypertensive was surprising.

A role for a circulating blood cell-eNOS in BP regulation had already been postulated in chimera mice [67],

which showed an increased BP and decreased circulating nitrite levels.
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HR of RBC eNOS KO mice showed a tendency to decreased values as compared to WT littermate controls,
and this result was different from what was observed in EC eNOS KO mice. The reason behind this
difference may be that RBC eNOS KO mice were born with this mutation and developed high BP early on.
This would support the theory proposed by Shesely that lower HR in global eNOS KO mice is an adaptive
mechanism in response to high BP [26].

NO metabolites distribution of RBC eNOS KO mice showed a significant decrease of total NO species in
the liver and plasma.

NO-heme levels were significantly increased in RBCs of RBC eNOS KO mice as compared to WT controls.
These results could indicate a paracrine role of nitrite and, in general, NO metabolites in the regulation of
BP [104] and demonstrate a central role of eNOS-dependent signaling in RBCs.

An important finding was that reactivation of eNOS specifically in RBCs fully rescued the CondKO
controls from hypertension, and the HR of RBC eNOS KI mice was not different from the respective
CondKO controls. Conversely to what was observed for RBC eNOS KO mice, RBC eNOS KI mice showed
significantly decreased levels of NO-heme in the RBCs.

The results observed in NO-heme levels in the RBCs of RBC eNOS KO and RBC eNOS KI mice are
fascinating and suggest that eNOS in the RBCs is one crucial source of NO-heme and indicate red cell
eNOS as the major contributor to eNOS-derived NO and systemic NO bioavailability. Moreover, it appears
that NO-heme levels in RBCs depend on the presence/absence of eNOS in RBCs.

54 Administration of nitrate in the drinking water affects BP of WT and EC
eNOS KO mice and has no effects on BP and plasma nitrite levels of RBC
eNOS KO mice

Further conducted experiments focused on the possible role of RBCs in utilizing dietary nitrate to modulate
NO metabolism and systemic hemodynamics.

Tissue-specific eNOS KO mice were supplemented with low-nitrate water (Vittel) vs. nitrate-enriched
water (Vittel + nitrate, 200 pM), and BP was measured invasively by catheterization of the coronary artery
to evaluate the effects of nitrate intake on systemic hemodynamics.

Moreover, circulating nitrite levels were analyzed in EC eNOS KO and RBC eNOS KO mice to investigate
the role of vascular eNOS and red cell eNOS on NO metabolism after nitrate administration.

Addition of dietary nitrate in the drinking water induced a significant decrease in BP in WT controls and
EC eNOS KO mice. In detail, a significant decreased MAP was observed in mice drinking nitrate-enriched

water as compared to MAP levels measured after drinking the low-nitrate water. The decrease in BP was
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accompanied by a significant increase in circulating nitrite levels, suggesting that the organism used the
exogenous nitrate to produce nitrite, which promoted a decrease in MAP after its release into the circulation,
according to the following literature [39, 151].

In RBC eNOS KO mice, nitrate addition to the drinking water had no effects on MAP, and no differences
were detected as compared to RBC eNOS KO mice drinking tap water or water with low-nitrate
concentration. No differences were detected when nitrate was added to the drinking water when analyzing
the plasma nitrite levels.

These results may suggest that when eNOS is not expressed in the RBCs, there is no correlation among
nitrate administration, nitrite levels in the plasma, and BP.

These experiments speculate that red cell eNOS plays a key role in the modulation of BP by using an
exogenous source of nitrate to modulate NO metabolism and systemic hemodynamics.

However, the mechanisms underlying the role of red cell eNOS in modulating BP upon nitrate
administration in the drinking water remain still unknown, and further investigations will be necessary for
future studies. With this purpose, RBC eNOS KI mice might be a valuable tool in these investigations to
reveal the distinct role of red cell eNOS, specifically in the modulation of blood pressure upon nitrate

administration.

5.5 How does red cell eNOS regulate BP?

As observed by results on vascular function, BP measurements, and analysis of NO metabolites, we
demonstrated that endothelial eNOS and red cell eNOS both play a pivotal but independent role in the
modulation of systemic hemodynamics and contribute to the levels of systemic NO metabolites in different
ways. Moreover, red cell eNOS rather than EC eNOS was shown as the primary contributor of NO-heme
levels, as clearly demonstrated by comparing the levels of NO-heme in the four mouse lines analyzed.
However, the mechanisms by which RBCs modulate BP are unclear yet, and there are different theories.
Although it was hypothesized, a direct effect of eNOS-derived-NO on the vascular wall seems rather
difficult to achieve since this would need NO to diffuse from RBCs to the plasma avoiding the scavenging
of Hb, and then it should stimulate sGC in the SMCs through ECs. A possible mechanism to avoid Hb
inhibition of NO signaling could be the mediation by NO metabolites, and candidates include SNO-
hemoglobin [72-74], NO-heme [71], and nitrite [75, 76]. Moreover, under normoxic conditions, the
compartmentalization of NO synthesis in RBCs could mediate the direct diffusion of NO through the

membrane to escape the fast scavenging reaction with Hb [103].
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As already mentioned, Hb is a tetramer composed of two a and two [§ subunits containing a prosthetic
heme group with a central Fe** ion that can reversibly bind oxygen in the lungs and transport it to the tissues.
At the same time, NO can interact with heme groups or thiols of Hb, serving as a paradigm for NO function
in biology [73, 152-154].

The reaction of NO with thiols (cysteine-93) of the Hb -chain leads to the formation of SNO-Hb and the
further release of NO in the form of S-nitrosoglutathione [73]. This reaction is regulated by conformational
changes of Hb tetramer structure from the oxygenated relaxed (R)-state to the tensed (T)-state, and it is
proposed that SNO-Hb formation is disfavored under deoxygenated conditions in the T structure [154].
However, multiple findings have challenged these proposed mechanisms postulating that SNO-Hb is not
stable in RBCs [155] and that NO binds to the R- or T-state of Hb independently, with the same constant
rates [110]. Another opinion is that NO is degraded by Hb rather than preserved [82]. Taken all these
observations together, the formation of SNO-Hb seems unlikely a mediator of red cell eNOS-derived NO
signaling. Moreover, we did not find changes in RXNO levels in the plasma of tissue-specific eNOS KO/KI
mice.

On the other hand, we observed that RBC eNOS KO had decreased NO-heme levels in RBCs, indicating
red cell eNOS one crucial source of NO-heme and pointing at NO-heme as a good indicator of NO derived
from the eNOS expressed in the RBCs rather than the one expressed in the endothelium.

NO-heme is an intermediate formed from the reaction of NO in the RBCs with the Fe** ion of the heme
groups of Hb, and it is also considered a candidate for NO signaling.

Several physiological and experimental observations have suggested that NO-heme is not stable under
oxidizing conditions; in fact, NO-heme and nitrite are forming in the pulmonary vasculature during NO gas
inhalation and are further consumed, creating an artery-to-vein gradient, as observed by reductive
chemiluminescence and electron paramagnetic resonance (EPR) spectroscopy in humans breathing NO gas.
This experiment suggested a rapid in vivo dissociation of NO from the heme group under these conditions
[156-158].

Stamler and colleagues attributed the rapid disappearance of NO-heme to an allosteric transition of NO in
the Hb from heme groups to acceptor thiols on cysteine-93, such as glutathione [73, 159] or those in the
RBC membranes that transduce NO bioactivity [47, 159]. This transfer is favored under oxygenated
conditions, in oxygenated R-state molecules, and in the presence of high nitrite concentrations [154, 160].
On the other hand, Grubina and colleagues demonstrated that NO-heme degradation was observed
exclusively in the presence of nitrite, suggesting that the oxidative denitrosylation of NO-heme is required
for the release of NO from NO-heme [161].

The findings of this work indicate the fundamental role of NO-heme in the RBCs as an indicator of NO

derived from the eNOS expressed in the RBCs rather than the one expressed in the endothelium.
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Interestingly, a further mechanism for bioactivity related to NO-heme was proposed recently. The “NO-
heme signaling hypothesis” assumes that NO-heme is a reservoir of NO and the release of the entire
complex in the circulation as a signaling entity [162]. According to this theory, the NO-heme complex
could operate as an sGC receptor agonist and promote sGC activation. A major in vivo product of
constitutive eNOS is the exchangeable NO-(Fe*")heme that in the physiological environment can be
reversibly converted to its redox sibling, NO-(Fe*")heme. A carrier-bound NO-(Fe*")heme has the potential
to mediate the selective S- (N-) nitrosation of proteins and, thus, regulate numerous signaling pathways
[162]. However, its functional significance is still under investigation.

According to our findings, the possibility that RBCs export NO-heme cannot be excluded. However, Hb-
bound-NO is more likely to be extruded from the RBCs through membrane channels. We hypothesize the
escape of NO or its metabolites from the RBCs through the anion exchanger AE-1, which could provide
the optimal pathway for NO export through the formation of a direct complex with Hb. According to our
results, eNOS and AE-1 are co-localized on the RBC membrane, and further investigations are necessary
to evaluate the possibility of interactions between Hb and AE-1 following NO production by red cell eNOS.
eNOS expressed in the RBCs contributes to the overall pool of circulating nitrite [63, 103]. This is in
accordance with Wood, who observed eNOS deficiency in the blood cells of chimera mice and a decrease
in the circulating nitrite levels [67]. As previously shown, we also found a significant decrease in circulating
nitrite levels upon eNOS removal from both the endothelium and RBCs.

Nitrite has been demonstrated to actively participate in the modulation of vascular tone and BP in different
tissues [39, 151, 163]. Nitrite is reduced to NO by several mechanisms, including enzymatic reduction by
xanthine oxidase [164-166], NOS [167], components of the mitochondrial electron transport chain [168],
and by nonenzymatic acidic disproportionation [58]. However, these mechanisms require low pH and
oxygen saturation and, thus, do not occur under physiological hypoxia.

Under low oxygen tension conditions, RBCs have been shown to reduce nitrite to NO by reaction with
deoxyHb that exerts a nitrite reductase activity, producing NO from nitrite and promoting NO-dependent
vasorelaxation [48, 77, 78, 104, 105]. This reaction has been demonstrated to be implicated in nitrite- and
deoxyHb-dependent vasodilation in vivo [104, 169] and in vitro [104, 106], as well as in nitrite-mediated
protection after I/R injury [103, 170, 171]. In particular, studies of NO gas inhalation in humans have
demonstrated increases in red cell NO-heme and plasma nitrite concentrations associated with peripheral
NO-dependent vasodilation [104, 169].

In support of these findings, RBCs were proposed to store high nitrite concentrations, but we cannot confirm
this [76]. Moreover, a gradient of nitrite from arterial to venous plasma could support the theory that nitrite

is used for hypoxic vasodilation [112].
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To conclude, we observed a decrease of nitrite levels in RBC eNOS KO mice, which is not recovered in
RBC eNOS KI, and there is a correlation between NO-heme levels in the RBCs and red cell eNOS
expression. Nitrite and NO-heme are likely candidates to mediate BP regulation. However, future
investigations are needed to evaluate how eventually NO, or its metabolites can be released in the

circulation and how RBCs can modulate systemic hemodynamics.
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5.6 Summary and perspective

In summary, in this study, we generated and characterized a series of novel mouse models for tissue-specific
gene targeting of eNOS.

The comparison of mouse models where eNOS was specifically removed or reintroduced in the
endothelium or erythroid cells demonstrates that eNOS plays independent roles in these two cellular
compartments in the modulation of systemic hemodynamics and NO metabolism.

Importantly, for the first time, compelling evidence are presented, demonstrating that red cell eNOS directly
contributes to systemic NO bioavailability and BP homeostasis independently of vascular endothelial
eNOS. Specifically, removing eNOS from the RBCs leads to a surprisingly significant increase in BP, and
eNOS reintroduction in the RBCs restores the hypertensive phenotype of global eNOS KO mice,
demonstrating a direct link between eNOS signaling in RBCs and BP homeostasis.

Moreover, analysis of NO metabolites indicates red cell eNOS rather than EC eNOS as the primary
contributor of NO-heme levels, as clearly demonstrated by comparing the levels of NO-heme in the mouse
lines analyzed. These data suggest that eNOS in the RBCs is functional and is one crucial source of NO-
heme in RBCs.

From a future perspective, these mouse models might be essential to investigate what tissue is important
for effects attributed to eNOS and will allow a better understanding of the specific role of red cell eNOS in
pathophysiological conditions, including AMI, CAD, and chronic kidney disease, as well as hematological
diseases and hemoglobinopathies, which are characterized by a systemic decrease in NO bioavailability
and/or defects in eNOS signaling (like sickle cell disease) [172].

The expression of eNOS might play a protective role after ischemia/reperfusion (I/R) injury [173, 174].
Moreover, these data and models may also help understanding how red cell eNOS signaling may affect
RBC function and integrity (e.g., as oxygen transporters) and may enable us to refine the criteria for blood

banking and transfusion [175].
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