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Summary

Summary

Background and hypothesis: The kidney is one of the major regulators of blood pressure by
water and sodium handling, and by the renin-angiotensin-aldosterone system (RAAS). The
NO/sGC signalling plays a crucial role in medullary blood flow and natriuresis regulation, but

the cells in which the regulation occurs are still unknown.

Aim of the study: Understand the role of eNOS in ECs and RBCs in renal function using EC
and RBC-specific eNOS knockout (KO) and knockin (KI) mice. The three main goals were to
(1) verify that eNOS™/" = CondKO construct was efficient for reactivating eNOS expression
in global eNOS KI mice as proof of concept, (2) characterize eNOS expression in targeted and
non-targeted cells of EC eNOS KO/WT, EC eNOS KI/CondKO, RBC eNOS KO/WT, and RBC
eNOS KI/CondKO mice, and (3) investigate the role of EC and RBC eNOS in kidney function.

Material and methods: The founders eNOS™*ox and eNOS™" mice were generated by
gene targeting recombination and crossed with mice expressing Cre recombinase in all cells,
or specifically in ECs or RBCs to generate global eNOS KO/WT and global eNOS KI/KO
(eNOS""/eNOS""V) mice, EC eNOS KO/WT and EC eNOS KI/CondKO mice, and RBC eNOS
KO/WT and RBC eNOS Kl/CondKO mice. The system specificity was assessed via DNA
recombination, eNOS expression, vascular endothelial function, blood pressure, and NO
metabolites. Kidney function was investigated before/after angiotensin Il (Ang Il) treatment by
measuring basal sodium and urine excretion, or after salt and volume challenge, and

glomerular filtration rate (GFR).

Results: CondKO mice (eNOS™ ) |acked eNOS, were hypertensive, and had impaired
vascular endothelial function. EC and RBC eNOS KO mice lacked eNOS respectively in ECs
or RBCs, while EC and RBC eNOS Kl mice expressed eNOS specifically in ECs or RBCs.
Both EC and RBC eNOS KO mice were hypertensive, while this phenotype was rescued in EC
and RBC eNOS Kl mice. After salt and volume challenge, EC eNOS KO mice showed
decreased sodium and urine excretion at baseline as compared to wild type (WT) mice.
Moreover, EC eNOS KI mice showed preserved sodium excretion after Ang Il as compared to
CondKO mice. RBC eNOS KO and Kl mice had the same sodium and urine excretion
with/without Ang Il as compared to respective WT and CondKO controls. CondKO mice had
lower GFR as compared to WT mice with/without Ang Il. EC eNOS KO mice showed the same
GFR as compared to WT mice with/without Ang Il, but reactivation of eNOS in ECs rescued
the GFR in EC eNOS Kl mice after Ang Il infusion. RBC eNOS KO and Kl mice showed no
changes in GFR as compared to WT and CondKO littermates with/without Angll.

Conclusion: EC and RBC eNOS independently regulate blood pressure; eNOS in ECs, but

not in RBCs, modulates sodium and urine excretion and regulates GFR.
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Introduction

1. Introduction

Hypertension is the major risk factor for premature cardiovascular diseases like coronary
heart disease, ischemic and haemorrhagic stroke, and it is the major cause of premature
deaths worldwide (World Health Organization, 2023). The prevention and control of
hypertension is therefore crucial to reduce the risk of mortality due to cardiovascular
diseases (Sudharsanan et al., 2021). The risk factors, which are correlated to hypertension,
include physiological factors like age and genetics, clinical conditions like obesity or
incorrect behaviours like high-salt diet, consumption of tobacco and alcohol, and physical
inactivity (World Health Organization, 2023).

Physiologically, two primary factors directly affect the variation in blood pressure: the
volume of intravascular fluids in the body and the different ability of the vessels to vasodilate.
These two factors are in turn regulated by multiple pathways such as the nitric oxide/cyclic
guanosine monophosphate (NO/cGMP) signalling cascade, the renin-angiotensin-
aldosterone system (RAAS), and the sympathetic system, which make the pathophysiology
of hypertension very complex (J. Ma et al., 2023).

1.1. Role of the kidney in hypertension
The kidney has a central role in the long-term blood pressure regulation via the renal-body
fluid system, and in the short-term blood pressure regulation by the RAAS (Triebel et al.,
2024). Several homeostatic mechanisms maintain the equilibrium between renal output and
intake of water and salt in order to keep the extracellular fluid volume and arterial blood
pressure constant. When the extracellular fluid volume increases, a cascade of
physiological events starts. First, the increased blood volume causes a consequent
increase in the mean circulatory filling pressure. This increased pressure enhances the
venous return of blood to the heart, leading to an increase in the cardiac output. As a result,
arterial pressure also increases due to the autoregulatory mechanism of blood flow in the

tissues, which then causes an increase in total peripheral resistance.

In this regard, salt intake assumes an important role since salt is not excreted as easily as
water, and when it is accumulated in the body, it leads to an increase in extracellular fluid
volume to restore the osmolality with a consequent increase in arterial pressure (Guyton et
al., 1972). The kidney contributes to regulating blood pressure through the RAAS. Renin is
an enzyme produced in the juxtaglomerular cells expressed mainly in the walls of the
afferent arterioles of the glomerulus in response to a decrease in blood pressure. Renin

catalyses the reaction of formation of angiotensin | from angiotensinogen, and it is then
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converted by the angiotensin converting enzyme (ACE) to angiotensin Il (Ang Il) in the lungs
and released in the circulation. Ang Il causes an increase in arterial pressure by two
mechanisms: by a direct vasoconstriction effect in the periphery arterioles, which leads to
an increase in the peripheral resistance, and by decreasing the excretion of salt and water
(Hall et al., 2020). Ang Il increases the reabsorption of salt indirectly by stimulating
aldosterone secretion and decreasing the blood flow in the efferent arterioles, and directly
by stimulating ion channels including the Na*/K* ATPase pump, the Na*/H" exchanger and
the sodium-bicarbonate co-transporter in most renal tubular segments (Liu et al., 1988,
1989; He et al., 2010; Hanna et al., 2022).

1.2. Endothelial dysfunction
The endothelium is a monolayer of endothelial cells (ECs) located between the bloodstream
and the vascular smooth muscle cells. It plays an important role in the regulation of vascular
tone and, more in general in vascular homeostasis (Gallo et al., 2021; Ambrosino et al.,
2022). In physiological conditions and in response to chemical and mechanical signals, the
ECs produce biomolecules, which work together to maintain a proper structure and function
of the vasculature. Specifically, nitric oxide (NO), endothelium-derived hyperpolarizing
factor (EDHF), and prostacyclin (PGl2) have vasodilator and antiproliferative effects,
endothelin-1 and Ang Il have vasoconstrictor and proliferative effects, while reactive oxygen
species (ROS) can have both vasodilator and vasoconstrictor effects (F. C. d. Silva et al.,
2022). In this way, the endothelium regulates vasodilation, proliferation and migration of
smooth muscle cells, adhesion and aggregation of platelets, and thrombogenesis. The
impairment of the balance among these functions leads to an endothelial dysfunction
(Davignon et al., 2004), which is usually referred to as an abnormal production of those
biomolecules, and in particular of NO. A decreased bioavailability of NO can be due to the
deficiency in NO production in the endothelium or by the reaction of NO with O>™ and
subsequently production of ONOO-, which reacts quickly with biological molecules, acting

as a potent oxidant and nitrating agent (Cyr et al., 2020).

The pathogenesis of many diseases such as hypertension, atherosclerosis, inflammatory
diseases, coronary artery diseases, and chronic kidney failures, is linked to endothelial
dysfunction (Landmesser et al., 2004; Brandes, 2014; Seliger et al., 2016). However,
intervention with the right therapy (e.g., antihypertensive) or lifestyle modifications (e.g.,
smoking cessation or physical exercise) may ameliorate endothelial dysfunction and
decrease the risk (Hambrecht et al., 2000; I. V. G. Silva et al., 2019).
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1.3. Role of eNOS in vascular function

The family of the nitric oxide synthase (NOS) enzyme converts L-arginine into L-citrulline,
and NO. Three NOS isoforms exist, which are codified by three independent genes: Nos1
(Human gene ID: 4842; MGl: 97360), Nos2 (Human gene ID: 4843; MGI: 97361), and Nos3
(Human gene ID: 4846; MGI: 97362). The names of the isoforms are based on the tissues
in which they were first discovered; NOS1 or neuronal NOS (nNOS) was isolated from
neurons, NOS2 or inducible NOS (iNOS) was isolated from monocytes, and NOS3 or
endothelial NOS (eNOS) was isolated from ECs. In the vascular endothelium, eNOS plays
a key role in the regulation of the vascular tone, systemic vascular resistance, and blood
pressure (Lundberg et al., 2022). NO produced by eNOS diffuses to vascular smooth
muscle cells, activating soluble guanylate cyclase (sGC), which converts guanosine
triphosphate (GTP) into cyclic guanosine monophosphate (cGMP); cGMP activates the
protein kinase G (PKG), which phosphorylates myosin light chains, leading to a decreased
Ca?" sensitivity of the myosin and vasodilation. Thus, basal NO production by the
endothelium helps maintain low vascular resistance in the systemic circulation. In fact,
inhibition of NO synthesis using L-NMMA (N-monomethyl-L-arginine) in healthy humans
resulted in a significant increase in systemic vascular resistance (Stamler et al., 1994;
O'Gallagher et al., 2020), demonstrating the importance of NO in maintaining normal
vascular tone. By modulating vascular resistance, NO also regulates blood pressure. The
importance of eNOS in blood pressure regulation is highlighted by studies showing that
global eNOS knock out (KO) in mice results in a hypertensive phenotype (Shesely et al.,
1996; Godecke et al., 1998; Leo et al., 2021).

NO also contributes to the circulating NO pool and can be converted into metabolites, which
mediate NO bioactivity in the blood (Pawloski et al., 2001; Rassaf et al., 2002; Wood et al.,
2013). Additionally, NO inhibits platelets aggregation and adhesion, preventing fibrous
plaques formation in the late step of atherosclerosis (Alheid et al., 1987). Moreover, NO
also inhibits leukocyte adhesion to ECs of the vessel walls, which is considered an early
event that happens in atherosclerosis development (Kubes et al., 1991). Therefore, NO is

a crucial factor in both vascular homeostasis and in the development of atherosclerosis.

1.4. Expression of eNOS in subcellular compartments of the

cardiovascular system and kidney
eNOS is mainly expressed in the ECs of the vascular wall, but it was also found to be
present in other cells including red blood cells (RBCs), cardiomyocytes, renal epithelial

cells, cardiac fibroblasts, and different subpopulations of leukocytes (LoBue et al., 2023).
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By using co-immunoprecipitation, it was shown that in mouse cardiomyocytes, eNOS is
mainly found in caveolae in association with caveolin-3 (Feron et al., 1996). Here, eNOS
modulates cardiomyocyte contractility as shown in isolated cardiomyocytes from
cardiomyocyte-specific eNOS overexpressing mice (Massion et al., 2004). Moreover,
human cardiomyocytes were shown to express eNOS in heart tissue as measured in heart
biopsies of patients with cardiac failure (Heymes et al., 1999). In mouse cardiac fibroblasts,
eNOS expression was detected by Western blotting analysis and NOS activity by citrulline
assay, and it was proposed that eNOS from cardiac fibroblasts had a protective role against
the development of cardiac fibrosis (R. S. Smith, Jr. et al., 2005; Kazakov et al., 2013).

Although the expression of eNOS in the kidney is mostly in ECs of afferent and efferent
glomerular arterioles, glomerular capillaries and medullary vasa recta (Bachmann et al.,
1995), its expression was found also in epithelial cells of the inner medullary collecting duct
and in the thick ascending limb (TAL) of the loop of Henle (Wu et al., 1999; Plato et al.,
2000; Baines et al., 2002) where it plays a role in sodium handling and therefore in the long-
term blood pressure regulation (S. Chen et al., 2002). Factors such as Ang Il, endothelin-1,
and renal perfusion pressure can affect NOS isoforms expression. Continuous
subcutaneous infusion of Ang Il has been shown to increase eNOS expression in the kidney
without altering nNOS expression in the macula densa (Tojo et al., 2000). Additionally, an
increase in renal perfusion pressure after a high-salt diet led to increased eNOS expression,
whereas a low-salt diet had the opposite effect (Sato et al., 2004). Similarly, endothelin-1

increased the eNOS expression in the TAL after a high salt diet (Herrera et al., 2005).

By immunohistochemical analysis it was shown that eNOS is expressed in the human
vascular endothelium of pulmonary arteries, veins and bronchial vessels, as well as in the
airway and in the bronchiolar and alveolar epithelial cells (Shaul et al., 1994; Giaid et al.,

1995), with a central role in the regulation of the vascular tone (Steudel et al., 1999).

eNOS is also expressed in human and rat bone cells, particularly in osteoblasts lineage
such as osteocytes (Fox et al., 1998) as well as in stromal cells and osteoclast, suggesting
a role in mediating the effect of shear stress and mechanical stress in the bone and

regulating the osteoclast function (Helfrich et al., 1997).

1.5. Role of eNOS in the kidney
NO in the kidney is a key regulator of vasculature tone and renal blood flow (RBF) in
normotensive and hypertensive conditions (Thieme et al.,, 2017; Mergia et al., 2018).

Research involving pharmacological inhibition or global eNOS KO mice has shown that
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eNOS is primarily responsible for modulating RBF and the renal response to changes in
pressure (Thieme et al.,, 2017). In addition, the deletion of sGC has been linked to
decreased RBF and increased blood pressure, showing the importance of NO signalling in
maintaining vascular homeostasis (Mergia et al., 2018). Studies using microdialysis have
demonstrated that NO production is significantly higher in the renal medulla than in the renal
cortex (Zou et al., 1997). Accordingly, intravenous administration of the NOS inhibitor L-N®-
Nitro arginine methyl ester (L-NAME) in rats showed a decrease in medullary RBF without
affecting cortical RBF, indicating that NO is particularly crucial for medullary perfusion
(Mattson et al., 1994; Nakanishi et al., 1995).

RBF is strictly maintained stable by a phenomenon defined as “autoregulation”, which is
fundamental to preserve the glomerular structure and thus avoid renal damage. The
autoregulation is mediated by two mechanisms, the myogenic response and the
tubuloglomerular feedback. The myogenic response involves constriction of preglomerular
vessels in response to increased transmural pressure, which leads to an increase in
vascular resistance and a decrease in perfusion (Edwards et al., 2022). The
tubuloglomerular feedback is activated by changes in NaCl delivery to the macula densa,
causing contraction of the afferent arteriole when NaCl concentrations rise, thereby
decreasing both RBF and glomerular filtration rate (GFR) (Edwards & Kurtcuoglu, 2022)
(Fig. 1). The regulation of tubuloglomerular feedback and the myogenic response involves
a complex interplay of vasoconstrictors, such as Ang Il and endothelins, and vasodilators
such as NO and adenosine. Specifically, NO maintains a lower basal vascular resistance in
the kidney through its vasodilatory effect, which counterbalances the effect of

vasoconstrictor molecules (Sandner et al., 1999).

The GFR is determined by the relationship between the resistance of the afferent and
efferent arterioles of the glomerulus. NO acts as a potent vasodilator preferentially on the
afferent arteriole, leading to an increase in the hydrostatic pressure inside the glomerulus,
which directly affects the GFR, causing its increase. Efferent arterioles require a higher
concentration of NO for a significant modulatory effect (Ichihara et al., 1998). It is very well
known that Ang Il also has an important effect on the afferent and efferent arterioles,
depending on its levels. In fact, Ang Il preferentially constricts the efferent arteriole, leading
to an increase in GFR. However, at a high level, Ang Il constricts both afferent and efferent
arterioles, thus reducing GFR (Denton et al., 2000; Carlstrom, 2021).

NO also plays a central role in regulating the pressure-natriuresis response (Majid et al.,
1993) by inhibiting tubular sodium transport (Majid et al., 1994). In the nephron, both eNOS

and nNOS are constitutively expressed with different localizations; nNOS is highly



Introduction

expressed in the macula densa, but also in the proximal tubule and in the collecting duct,
while eNOS is expressed in the proximal tubule and in the TAL of the loop of Henle. NO
produced by both nNOS and eNOS contributes to sodium handling regulation (Carlstrom,
2021). This occurs by the effect of NO on the activity of tubular sodium transporters.
Specifically, NO causes a decrease in Na-H exchange activity and Na*/K*ATPase activity
(Liang et al., 1999). Evidence from studies involving eNOS KO mice suggests that eNOS-
derived NO decreases NaCl absorption in the TAL of the loop of Henle (Plato et al., 1999;
Plato et al., 2000). eNOS KO mice exhibited increased blood pressure in response to high
salt intake and increased salt sensitivity, indicating that eNOS is an important regulator of
salt sensitivity and protects against salt-induced hypertension (J. Li et al., 2009). Moreover,
nephron-wide eNOS disruption in mice led to hypertension and impaired sodium excretion
after high salt intake, likely by modulation of the sodium-chloride cotransporter (NCC) and
the sodium-potassium-2chloride cotransporter type 2 (NKCC2) (Gao et al., 2018).
Furthermore, by treating isolated cortical collecting ducts from rats with NO-donors like
spermine diazeniumdiolate (NONOate) or nitroglycerin, it was shown that NO inhibits the
amiloride-sensitive epithelial sodium channel (EnaC) (Stoos et al., 1995), as well as the
antidiuretic hormone (ADH)-stimulated water and sodium reabsorption in the collecting duct
(Garcia et al., 1996). Therefore, by acting on different channels of the nephron, NO induces

an increase in water and sodium excretion (Fig. 1).
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Figure 1 — Effect of NO on sodium transporters in the nephron.



Introduction

NO produced by NOS plays a central role in sodium handling by inhibiting tubular sodium transport
along the nephron. Specifically, NO produced by eNOS and nNOS in the proximal tubule inhibits the
apical Na-H exchanger and the basolateral Na-K ATPase; NO produced by eNOS and nNOS in the
TAL inhibits the apical Na-H exchanger and the apical NKCC2; NO produced by nNOS in the
collecting duct inhibits the apical ENaC. The inhibition of the tubular sodium transport causes a
decrease in sodium reabsorption and consequent increase in natriuresis. Figure redrawn and
adapted from (Carlstrom, 2021).

Of interest, eNOS-derived NO signalling is also linked to oxygenation within the renal
medulla. Inhibition of NOS can lead to decreased RBF and oxygen delivery, and
consequently increased renal oxygen consumption (Edwards & Kurtcuoglu, 2022). The
medullary circulation is typically more resistant to the vasoconstrictory effect of Ang I,
compared to the cortical circulation. In 2002, the research group led by Cowley proposed
that NO mediates a tubulovascular crosstalk in the renal medulla (Dickhout et al., 2002).
They showed that treatment of the descending vasa recta from rats with Ang Il exerted a
vasoconstrictory effect by its action on the perycites, as shown by an increase in intracellular
Ca?* concentration. Importantly, only when the descending vasa recta were surrounded by
the outer medullary vascular bundles, the medullary TAL, they observed a concomitant
increase of intracellular NO concentration in the pericytes, which buffered the

vasoconstrictor effect of Ang Il (Dickhout et al., 2002).

The effects of NO donors and NOS inhibitors in the regulation of RBF, GFR, and sodium
and water handling have been deeply investigated. Specifically, NO donors increase RBF
and GFR by vasodilating renal vasculature and enhance sodium and water excretion by
suppressing key transporters in the nephron; contrary, NOS inhibitors reduce RBF and GFR
and enhance sodium and water reabsorption. However, the source of NO, which contributes
specifically to the regulation of renal function, is still not fully understood. Both nNOS and
eNOS are constitutively expressed in the kidney, with different localizations in the nephron.

This suggests a reciprocal involvement in the mechanisms that regulate kidney function.

Our group and others showed that RBC also carry eNOS, which contributes to blood
pressure regulation (Cortese-Krott et al., 2012; Wood et al., 2013). Therefore, research
about the role of eNOS or nNOS in specific cells in the regulation of renal function in order

to understand their specific contributions to the mechanisms involved is urgently needed.
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1.6. The Cre/loxP system

The Cre/loxP system is a site-specific DNA recombination technology, which allows specific
DNA modification in living organisms like deletion, inversion, and translocation of specific
genes. It is based on the insertion of a loxP site and a Cre recombinase, both identified for
the first time in 1981 by Sternberg in the bacteriophage P1 (Sternberg et al., 1981). The
loxP site is characterised by 34 base pairs (bp) of DNA sequences, which consist of two 13
bp inverted repeat sequences flanking an 8 bp spacer region (ATAACTTCGTATA
ATGTATGC TATACGAAGTTAT) (Abremski et al., 1983).

The Cre recombinase is a 38 kDa enzyme, which recognises the loxP site and catalyses
the recombination of the DNA sequence between the two loxP sites (Abremski et al., 1984).
In the bacteriophage P1, the loxP site and the Cre recombinase are separated by a region
of 434 nucleotides containing an open reading frame, orfl, and at least three Cre promoters,
pR1, pR2, and pR3 (Sternberg et al., 1986). Depending on the orientation of the loxP sites,
the Cre recombinase can cause the deletion, inversion, or translocation of the flanked gene.
When the two loxP sites are oriented in opposite directions, the DNA region is inverted (Fig.
2A); when they are oriented in the same direction, the DNA sequence is excised (Fig. 2B);
when they are on separate DNA molecules, the DNA sequence is translocated, resulting in
a reciprocal exchange of chromosome arms beyond the loxP sites (Fig. 2C). (Abremski et
al., 1983; A. J. Smith et al., 1995). Thanks to this characteristic, the Cre/loxP system can

inactivate (knock out or KO) or activate (knock in or KI) a specific gene in mice.
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Figure 2 - Cre/loxP system for DNA recombination.

loxP

(A) When the loxP sites are oriented in opposite directions, the gene is inverted; (B) when the loxP
sites are oriented in the same direction, the gene is excised; (C) when the loxP sites are in two

different DNA molecules, the gene is translocated.
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The Cre/loxP system method requires two strains of mice for this purpose, one expressing
Cre recombinase in all cell types or in a specific cell, and the second carrying the gene of
interest flanked (or floxed) by two loxP sites (Gu et al., 1994). To generate these two strains
of mice, a plasmid encoding the floxed exon is designed and introduced into embryonic
stem (ES) cells by electroporation or lipofection and injected into mouse blastocysts, which
are then implanted to pseudopregnant female mice, generating chimeric mice (Fig. 3A).
These are then crossed with wilde type (WT) mice to establish a stable line that carry the
floxed gene in the germline (Fig. 3B). Finally, this mouse line is crossed with Cre
recombinase expressing mice, allowing the generation of transgenic mice in which the

targeted gene is excised or inverted (Fig. 3C).
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Figure 3 - Generation of floxed mice for Cre/loxP genetic recombination.
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(A) A plasmid encoding the floxed gene is introduced into embryonic stem (ES) cells from a WT
mouse (dark brown fur) by electroporation or lipofection and injected info mouse blastocysts (light
brown fur), which are then implanted to pseudopregnant female mice (white fur), generating chimeric
mice (dark and light brown fur). (B) Chimeric mice are crossed with WT mice to establish a stable
line that carries the floxed gene. (C) Mice with the floxed gene are crossed with mice expressing Cre
recombinase to generate KO mice for the targeted gene. Abbreviations: ES, embryonic stem; KO,

knock out.

The Cre/loxP system allows the constitutive or inducible gene recombination depending on
whether the Cre recombinase is constitutively expressed or its expression is regulated
under the control of an external trigger, such as the administration of tamoxifen. The
temporal expression of Cre recombinase is useful when the constitutive deletion of a
specific gene can cause severe side effects. This approach is possible by fusing the Cre
recombinase to a mutated hormone-binding domains of the estrogen receptor (CreER),
which makes it insensitive to natural ligands and responsive to synthetic ligands (Feil et al.,
1997). Therefore, Cre recombinase, initially inactive, can be activated by the administration
of tamoxifen, which will bind the estrogen receptor, causing the translocation of the Cre
recombinase from the cytoplasm to the nucleus; here the Cre recombinase will bind to the

loxP sites, leading to DNA recombination (Metzger et al., 1995).

The Crel/loxP system offers several advantages, including its simplicity, its ability to
recognise DNA in various conformations such as supercoiled, relaxed circle or linear forms,
and it does not require the presence of additional cofactors or ATP (Abremski & Hoess,
1984). The ability to inactivate or reactivate the expression of a target gene in a specific cell
allows a better understanding of gene function or disease mechanism. As compared to a
global KO or Kl approach, a cell-specific approach avoids unspecific adaptation
mechanisms. By activating the gene only in specific cells, the phenotype can be
investigated more accurately, excluding the influences of the gene expression in other
tissues. Furthermore, this technique gives the ability to investigate the potential reversibility
of a disease by activation of a specific gene in targeted cells. On the other hand, limitations
of the Cre/loxP system include leaky Cre expression, which causes unspecific
recombination events, requiring a careful characterization of off-target effects in other

tissues.
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2. Aim of the study

The kidney is one of the major regulators of blood pressure by water and sodium handling
and by the renin-angiotensin-aldosterone system (RAAS). Lately, it was found that NO/sGC
signalling is a crucial regulator of medullary blood flow and natriuresis, but the cells in which
the regulation occurs are still unknown. In the juxtamedullary nephron, eNOS is expressed
in the vasculature of the vasa recta and in the epithelial cells of the tubule. Moreover, RBCs
also carry eNOS. NO produced in the tubulus by eNOS and nNOS can diffuse to the vasa
recta and activate the NO/sGC signalling in the pericytes to induce vasodilation and
increase RBF. On the other hand, NO produced by EC or RBC eNOS may diffuse to the
tubulus and lead to natriuresis. In this way, NO mediates the tubulovascular crosstalk in the
renal medulla. Furthermore, RBC eNOS, together with EC eNOS, may contribute to the
modulation of GFR.

The aim of this study is to understand the role of eNOS in specific cells of the kidney in renal

function.

To this aim eNOS™¥x mice and eNOS™/" mice are generated and crossed with mice
expressing Cre recombinase in all cells (Deleter CreP®s), in ECs only, or in RBCs only, to
generate global eNOS KO/WT and global eNOS KI/CondKO mice, EC eNOS KO/WT and
EC eNOS KI/CondKO mice as well as RBC eNOS KO/WT and RBC eNOS KI/CondKO

mice.
This work has three main goals:

(1) To verify that eNOS™ = CondKO construct was efficient for reactivating eNOS
expression in global eNOS Kl mice and the effect of eNOS “gene dosage”, as proof of

concept.

(2) To characterize the expression of eNOS in targeted and non-targeted tissues of the

mouse lines as compared to the Cre-negative littermates.

(3) To investigate the role of eNOS expressed in ECs and RBCs in kidney function.

11
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Figure 4 - Graphical abstract.

NO produced by eNOS regulates GFR by its vasodilator action primarily on the afferent arteriole of

the glomerulus. Moreover, NO produced in the tubulus by eNOS and nNOS can diffuse to the vasa

recta and activate the NO/sGC signalling in the pericytes to induce vasodilation and increase RBF.

On the other hand, NO produced by EC or RBC eNOS in the vasa recta may diffuse to the tubulus

and lead to natriuresis. In this way, NO mediates the tubulovascular crosstalk in the renal medulla.

This study aims to understand the role of eNOS in ECs and RBCs in renal function regulation.

12
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3. Materials and Methods
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3.1. Materials

Table 1. Chemicals
Chemical Manufacturer Headquarter
Acetylcholine (Ach) Merck Darmstadt, Germany
Acrylamide Carl Roth Karlsruhe, Germany
Angiotensin |l Merck Darmstadt, Germany
Bovine Serum Albumin (BSA) Merck Darmstadt, Germany
Buprenovet sine, buprenorphine = Bayer Leverkusen, Germany
DNase | Merck Darmstadt, Germany
Ethylenediaminetetraacetic acid Merck Darmstadt, Germany
(EDTA)
Ethanol VWR Chemicals BDH Radnor, US
Ferricyanide Merck Darmstadt, Germany
FITC-sinisitrin MediBeacon GmbH Mannheim, Germany
Glycine Merck Darmstadt, Germany
cthaneaionts acd (HEPES)  Merck Darmstadt, Germany
lodine Merck Darmstadt, Germany
Isoflurane Piramal Munich, Germany
KCI Merck Darmstadt, Germany
Ketaset, ketamine Zoetis Parsippany, US
methanol Merck Darmstadt, Germany
NaCl, powder Carl Roth Karlsruhe, Germany
NaCl, solution Fresenius Kabi Bad Homburg, Germany
N-ethylmaleimide (NEM) Merck Darmstadt, Germany
Phosphate-buffered saline Merck Darmstadt German
(PBS) ! y
Peanut oil Merck Darmstadt, Germany
Phenylephrine (PE) Merck Darmstadt, Germany
Potassium ferricyanide Merck Darmstadt, Germany
Potassium hexacyanoferrate (Ill) Merck Darmstadt, Germany
Protease inhibitor cocktail Roche Basel, Switzerland
Proteinase K Qiagen Hilden, Germany
Sodium dodecyl sulfate (SDS) Merck Darmstadt, Germany
Skim milk powder Merck Darmstadt, Germany
Sodium nitrite Merck Darmstadt, Germany
Sodium nitroprusside (SNP) Carl Roth Karlsruhe, Germany
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Sulfanilamide

Tamoxifen

Tetramethylethylenediamine
(TEMED)

Tris base
Tween 20
Rompun, xylazine
B-mercaptoethanol

Table 2. Commercial kits
Kit
Dynabeads antibody coupling kit

Lowry assay

QuantiTect reverse transcription kit

RNAeasy kit
RNase-Free DNase Set

Merck
Merck

Carl Roth

Merck
Merck
Bayer
Merck

Manufacturer

Thermo Fisher Scientific

BioRad
Qiagen
Qiagen
Qiagen

SuperSignal™ West Femto Maximum

chemiluminescent substrate
SuperSignal™ West Pico Plus

chemiluminescent substrate

Table 3. Antibodies used for Western

Protein Antibody

Purified Mouse anti-
eNOS

eNOS/NOS Type IlI

Purified Mouse anti-
eNOS

eNOS/NOS Type llI
Goat anti-

Goat anti-mouse 1gG
mouse IgG
a-tubulin Mouse anti-alpha-tubulin
B-actin Mouse anti-beta actin

Thermo Fisher Scientific

Thermo Fisher Scientific

blots

Dilution

1:100 in 5% BSA

1:100 in 5% BSA

1:5000 in 5% milk

1:5000 in 5% BSA
1:1000 in 5% BSA
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Darmstadt, Germany
Darmstadt, Germany

Karlsruhe, Germany

Darmstadt, Germany
Darmstadt, Germany
Leverkusen, Germany
Darmstadt, Germany

Headquarter
Waltham, USA
Hercules, US
Hilden, Germany
Hilden, Germany

Hilden, Germany

Waltham, USA
Waltham, USA
Manufacturer Code
BD
o 610297
Biosciences
BD
o 624086
Biosciences
BD
o 554002
Biosciences
Sigma T6199
Sigma A1978
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Table 4. Composition of solutions

Solution
Angiotensin Il
solution

Blocking buffer for
WB

FITC-sinistrin
Tri-iodide reductive
solution
NEM/EDTA/PBS

solution
PBS

Potassium

ferricyanide

RIPA buffer

Running buffer 10X

Stripping buffer

Sulfanilamide
Tamoxifen injection
solution

TBS 20X

Transfer buffer 10X
Tris-buffer

T-TBS

Composition

8.182 mg Ang Il in 1 mL 0.9 %NaCl

Skim milk powder 5%, T-TBS 1x

15 mg per 100 g in 0.9% NaCl
0.405 g Kl, 0.143 g Iz, 3.75 mL dd H»0, 50 mL glacial acetic

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

8.54 mM NaxHPO4and 1.46 mM KH2HPO4, 2.7 mM KCI and
137 mM NaCl

1.646 g in 100 mL PBS

1 mL NP40, 500 mg sodium deoxycholate, 1 mL SDS 10%,
PBS to 100 mL

30.29 g 250 mM Tris base, 144 g 1.92 mM glycine, 10 g 35 mM
SDS, dd H:0to 1L

10 mL SDS 10%, 3.33 mL 1.5 M Tris pH 8.8, 390 pL 2-
mercaptohetanol, dd H.O to 50 mL

0.5gin 10 mL 1 M HCI

60 mg tamoxifen in 1 mL EtOH at 60°C until dissolved, diluted
1:6 with peanut oil

200 mM Tris base, 2 M NaCl in dd H.O

30.29 g 250 mM, 1.92 Glycine, dd HO to 1 L

50 mM Tris base

TBS 20X, Tween20 0.1% dd H2O

Table 5. Table of instruments

Instrument

ChemiDOC™ Imaging System

FLUOstar OPTIMA

GeneExplorer

Manufacter Headquarter

Bio-Rad Laboratories
GmbH

BMG LABTECH
BIOER TECHNOLOGY

Hercules, CA, USA

Ortenberg, Germany
Hangzhou, China
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iBright™ CL1500 Imaging
Thermo Fisher Scientific Waltham, USA

System

Millar pressure catheter AD Instruments Dunedin, New Zealand

MPVS ULTRA AD Instruments Dunedin, New Zealand

Nanodrop One Thermo Fisher Scientific Waltham, USA

Osmotic minipumps 1004 Alzet Cupertino, CA, USA

PowerLab 16/35 AD Instruments Dunedin, New Zealand

StepOnePlus Real-Time PCR . .

System AB Applied Biosystems Waltham, USA

Transdermal Mini GFR Monitor MediBeacon Mannheim, Germany
Table 6. Table of softwares

Software Manufacturer Headquarter

ImageJ National Institutes of Health Rockville Pike

Bethesda, MD, USA

Image Lab Software Bio-Rad Laboratories GmbH  Munich, Germany

MediBeacon (MB Lab 2.26) MediBeacon Mannheim, Germany

Prism 10.4.2 (633) GraphPad San Diego, CA, USA

StepOne Software AB Applied Biosystems Waltham, USA

Table 7. Primers for DNA recombination.

Specific primers and probes for real-time PCR analysis designed by Transnetyx (Cordova, TN).

Allele Forward Primers Reverse Primers Probes

eNOSvinv mice

ACCTCCTAAGGCTGT | CTCCTCTTCCTGACACTT

eNOS™ CCCTCACTAAAGGGCG
TGTGAGA TCTGT
NOS' CTCCTCTTCCTGACA A GCTTGCTGCAATTGATAA CAGCTCATAACTTCGTAT
e
CTTTCTGT CTTCGTA AGCAT
int diate AGGAAGGACCAGAG GGAACTTCAGATCTCCA  GCAAGAACTTATAACTTC
ntermediate
GGATCAAG TAACTTCGT GTATAGTAT
GGAACTTCAGATCTC  ACCCTCCTCTTCCTGAC
Intermediate2 CTGTCAGCTCATAACTTC
CATAACTTCGT ACTTT
TTAATCCATATTGGCA CAGGCTAAGTGCCTTCT
Cre CCTGCGGTGCTAACC
GAACGAAAACG CTACA

eNQSfloxfflox mice
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GGCGGCCGCATAACT CAGACTGCCTTGGGAAA

eNOSx CCGGTAGAATGAAGTTC
TC AGC
ACCTCCTAAGGCTGT A GCCAAAGGCTTGCTGCA

A-allele CCCTCACTAAAGGGCG
TGTGAGA ATT
TTAATCCATATTGGCA CAGGCTAAGTGCCTTCT

Cre CCTGCGGTGCTAACC
GAACGAAAACG CTACA

Table 8. Primers for mRNA expression

Gene Assay ID Manufacturer Headquarter
Rplp0 MmO00725448 s1 Thermofisher Waltham, USA
Nos3 MmO00435197 g1 ThermoFisher Waltham, USA

3.2. Animals

All experiments were approved by the Landesamt flr Natur, Umwelt und Verbraucherschutz
(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), under the 030/16, G406/21 and G488/24 project numbers. Animal care was provided
according to the institutional guidelines. Tamoxifen-inducible endothelial-specific Cre mice
(Tg(Cdh5-Cre/ERT2)1Rha; MGI:3848982) (Pitulescu et al., 2010) were kindly provided by
Prof Dr E. Lammert (Heinrich-Heine-University of Dusseldorf). Mice expressing Cre
recombinase in erythroid cells under the control of the promoter of the globin B-chain
(C57BL/6-Tg(Hbb-Cre)12Kpe/J; MGI: J:89725) (Peterson et al., 2004) were obtained by
Jackson Laboratory (JAX stock No. 008314) and crossed for >10 generations with
C57BL/6J. DeleterCre (C57BI/6.C-Tg(CMVCre)1Cgn/J) (DelCre) (Schwenk et al., 1995)
mice expressing Cre in all cells were kindly provided by Prof Claus Pfeffer (Heinrich Heine
University of Disseldorf). Experimental planning and execution followed the ARRIVE
recommendations (Animal Research: Reporting of In Vivo Experiments) (Kilkenny et al.,
2010). For experiments, 2- to 31-month-old male mice up to 40 g were used. Mice of the

same genotype and age were randomly assigned to the experimental groups.

3.2.1. Generation of eNOSMo¥flox mice
To generate eNOS™*x mice, exon 2 of the Nos3 genomic locus was targeted for Cre-
mediated excision by inserting simultaneously an orphan loxP site and an FRT-neo-FRT-
loxP resistance cassette, oriented in the same direction. The plasmid encoding the floxed
gene was sequenced, linearized, and electroporated in A9 ES cells (hybrid C57/129), 100
clones were picked, and positive clones were screened by Southern blot at the 5" arm and

by long-range polymerase chain reaction (PCR). The ES cells were then injected into
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mouse blastocysts and implanted into pseudopregnant female mice, generating chimeric
mice. These mice were then backcrossed with C57BL/6J mice for 10 generations and finally
crossed to generate eNOS"x mice. By crossing eNOS"ox mice with Deleter CrePs

(DelCreP°) mice, exon 2 was excised, generating global eNOS KO mice (A-eNOS)

3.2.2. Generation of eNOS™/ "V mice
To generate the eNOS™ allele, a loxP-eNOS construct was generated by simultaneously
inserting an orphan loxP site and an FRT-neo-FRT-loxP resistance cassette into the Nos3
genomic locus to target exon 2 of Nos3 by Cre recombinase-mediated excision; an inverted
exon 2 was inserted in Nos3, and two additional loxP511 sites were inserted in the loxP-
eNOS construct to generate a loxP-eNOS™ construct. The plasmid was 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 PCR. Heterozygous
C57/129Sv chimera eNOS"" mice were obtained from two independent clones, and two
independent homozygous eNOS™ " mouse lines were generated. Genotyping was carried
out by PCR. One line was selected by testing the efficiency of breeding, Cre-mediated
recombination, and blood pressure response. These were then backcrossed for 10
generations with C57BL/6J mice. Homozygous eNOS™ " mice were then crossed with
DelCref°s mice to generate eNOS™ CrePos/"ed mice. After further crossing with eNOS™v/inv
Cre™9 mice, eNOS" Cre™¢ mice were generated and used for experiments described

here.

3.2.3. Generation of EC eNOS KO/WT and EC eNOS Kl/CondKO mice
To generate EC-specific eNOS KO and EC eNOS KI mice, eNOS™x mice or eNOS"/nv
mice were crossed with Cdh5Cre/ERT2P°S mice to generate eNOS™/ox Cdh5-Cre/ERT2P°S
and eNOS"¥ox Cdh5-Cre/ERT2"9 mice or eNOS™ Cdh5-Cre/ERT2P°¢ and eNOS"/nv
Cdh5-Cre/ERT2™¢ mice, respectively. To induce the EC-specific activation of Cre
recombinase, the mice were treated by i.p. injection with tamoxifen for five consecutive days

(75 mg/kg) and a waiting time of 21 days before experimentation was initiated.

3.2.4. Generation of RBC eNOS KO/WT and RBC eNOS KIl/CondKO mice
To generate erythroid cell-specific eNOS KO mice (RBC eNOS KO/WT) and RBC eNOS
K1I/CondKO mice, eNOS™*x mice or eNOS™ " mice were crossed with erythroid-specific
Hbb-CreP°s mice to generate eNOS¥ox Hpb-Cref°s (RBC eNOS KO) and eNOSo¥lox Hpp-
Cre™9 (WT) mice or eNOS™ " Hbb-CreP*s (RBC eNOS Kl) and eNOS™" Hbb-Cre"?
(CondKO), respectively.
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3.3. Collections of mouse tissues, blood and cells

3.3.1. Tissues collection
The mice were i.p. injected with buprenorphine (0.1 mg/kg), anesthetized with 3%
isoflurane, and killed by exsanguination. Organs were explanted after perfusion with
phosphate-buffered saline (PBS) (Tab. 4), snap frozen in liquid nitrogen, and kept at -80°C

until use.

3.3.2. Isolation of bone marrow
Bone marrow was isolated from the tibia and femur (4 bones per mouse) by placing the
bones in a 0.5 mL tube with a small hole in the bottom, which was then mounted on a 2 mL
tube, and centrifuged at max speed for 1 min. The bone marrow collected in the 2 mL tube

was snap frozen in liquid nitrogen and kept at -80°C until use.

3.3.3. Blood collection and RBCs isolation
Blood was collected by heart puncture and transferred to tubes containing
ethylenediaminetetraacetic acid (EDTA) as anticoagulant (final concentration 5 mM EDTA).
Blood was centrifuged at 800 g for 10 min at 4°C. The supernatant (upper layer), the plasma,
was collected and frozen. The second layer, the buffy coat, containing white blood cells and
platelets, was discarded. The lowest layer, the RBCs, was collected and frozen or

processed to obtain RBC membranes (ghosts).

3.3.4. Removal of white blood cells
RBCs used for immunoprecipitation of eNOS (see § 3.4.4) were first cleaned from white
blood cells (WBCs) contamination by using Acrodisc WBC Filters (AP-4952, Pall
Corporation, NY, USA). In detail, the filter (without the plunger) was attached to a 10 mL
syringe and placed on top of a sterile 50 mL Falcon tube. 2 mL of PBS were used to wet
the the membrane of the filter and afterwards 1 mL of blood was transferred to the empty
syringe to proceed with filtration by gravity. 10 mL of PBS was added and filtered by gravity
to wash the membrane. The washing step was repeated two times. The leukocyte-depleted
filtrate was centrifuged at 250 g for 10 min at 4 °C, and the supernatant was discarded.

Leukocyte-depleted RBCs were frozen at -80°C until use.

3.3.5. Ghost preparation
Ghosts were prepared from 250-350 ul fresh RBC pellet. RBCs were suspended at 40% Ht
in a cold hypotonic buffered solution (PBS diluted 1:27) to a final volume of 2000 pL and
incubated on ice (mixed with ethanol) at 0-2°C for 20 min. The ghosts were centrifuged for
10 min at 20000 g at 4°C, and the supernatant was discarded. The pellet was then carefully

resuspended in the starting volume of hypotonic buffered solution and incubated for 20 min.
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The washing steps were repeated in total three times. After the last centrifugation, the
supernatant was discarded, and the ghosts were snap frozen in liquid nitrogen and kept at
-80°C until use.

3.4. Molecular characterization of the transgenic mice lines

3.4.1. Analysis of DNA recombination
Recombination of the DNA locus by Cre recombinase was determined by extracting
genomic DNA from targeted and non-targeted tissues and analyzed by real-time PCR
conducted by Trasnetyx (Cordova, TN). Specific primers and probes were designed to
recognize the WT allele (eNOS"T"), the floxed allele (eNOS™), the allele with targeted
deletion (eNOS?), the floxed/inverted allele (eNOS™), the flipped allele (eNOS"), as well as
the two intermediates of partial recombination (intermediate 1 and 2) (Transnetyx, Cordova,
TN) (Tab. 7). Relative copies number (RCN) of the target gene was normalized to cJun as

a housekeeping gene.

RCN1 = 2—(Target Ctl—-Average Housekeeping gene Ct)

RCN2 = 2—(Target Ct2—Average Housekeeping gene Ct)

Reported raw signal = Average (RCN1,RCN?2)

3.4.2. Analysis of eNOS expression in tissues by real-time RT-PCR
Extraction of total RNA, retrotranscription (RT), and real-time PCR were carried out on aorta
and kidney lysates. In detail, the tissues were lysed and homogenized by using
TissueRuptor in 400 yL or 3 mL (respectively for aorta and kidney) RLT Buffer (Qiagen,
Hilden, Germany) containing 2-mercaptoethanol, followed by homogenization with a
QlAshredder homogenizer and treatment with 10 uL of proteinase K for 10 min at 55°C.
The total RNA was extracted by using RNAeasy Minikit and DNase | digestion (Qiagen).
After treatment with ethanol (96-100%), the sample lysates were loaded into RNeasy Mini
Spin columns to bind the total RNA and washed 3 times with RW1 and RPE/ethanol buffers.
The total RNA was finally eluted with RNase-free water. RNA concentration and quality
were assessed by using a NanoDrop spectrophotometer (Thermo Scientific) and an RNA
NanoChip Agilent 2100 Bioanalyser (Santa Clara, CA, USA), respectively. The samples
were incubated with gDNA wipe-out buffer for 2 min at 42°C to remove the remaining DNA.
RT was carried out with QuantiTec reverse transcription kit (Qiagen). cDNA was generated

from RNA MasterMix containing reverse transcriptase, RT-primers, and RT-buffer. The
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samples were incubated for 15 minutes at 42°C, followed by incubation at 95°C for 3 min.
To measure mRNA expression, cDNA was mixed with MasterMix containing 10 L TagMan
Gene Fast Advanced Master Mix and 1 uL TagMan Gene Expression Assay (Tab. 8). The
gPCR run was built out of 2 minutes at 50°C and 2 minutes at 95°C, followed by 40 cycles
consisting in 3 seconds at 95°C and 30 seconds at 60°C and was performed using the
Applied Biosystems StepOnePlus Real-time PCR System. Data were analysed using the
AACt method, as described previously (Livak et al., 2001). The mRNA expression of the
gene of interest was normalized to that of Rp/p0 by subtracting the Ct of the housekeeping
gene from the Ct of the gene of interest. The mean of Ct of the WT group was used to

normalise the data according to the following calculation:
ACt = Gene Ct — Housekeeping Gene Ct

AACt = Sample ACt — Average Control Group ACt

Z—AACt

3.4.3. Determination of eNOS protein level in ghosts and tissues by
immunoblotting

Kidneys, heart, lung and liver were lysed in 1 mL of RIPA buffer (150 pL for aorta),
containing a cocktail of protease inhibitors (Roche, Basel, Switzerland), homogenized on
ice by using Tissue Ruptor (Qiagen, Hilden, Germany), sonicated for 1 min at 4°C, and
centrifuged at 10000 g for 10 min at 4°C. Ghosts were lysed in 2 volumes of RIPA buffer
and then centrifuged at 10000 g for 10 min at 4°C. The total protein concentration of the
supernatant was determined by the Lowry assay (Biorad). Lysates were loaded on a 10%
Bis-Tris gel (Carl Roth, Karlsruhe; Germany) and transferred onto a nitrocellulose
membrane (Amersham Biosciences, Munich, Germany). The membranes were blocked for
1 hour with 5 % Milk (Bio-Rad, Dusseldorf, Germany) in T-TBS and incubated overnight at
4°C with a mouse anti-eNOS (1:100), or monoclonal mouse anti-a-tubulin (1:5000) primary
antibody in T-TBS. After washing for 1 hour in T-TBS, the membranes were incubated with
HRP-conjugated goat anti-mouse secondary antibodies (1:5000), and bands were detected
using West Pico or Femto Chemiluminescence Detection Reagents and detected by a
ChemiDoc (Biorad) or by an iBright FL1000 (Thermo Fisher Scientific). Band intensity of
eNOS was quantified by using ImagedJ (National Institutes of Health, USA).

3.4.4. Determination of eNOS expression in RBC lysates by
immunoprecipitation/immunoblotting
Lysis and extraction of eNOS from RBCs were carried out by immunoprecipitation by using

Epoxy-Dynabeads cross-linked to an antibody anti-eNOS (dynabeads antibody coupling kit
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#143.11D, Thermo Fisher Scientific; anti-eNOS/NOS type Ill antibody free from glycerol
custom made from #624086, stock: 1 mg/mlin PBS pH 7.4, BD Bioscience, Erembodegem,
Belgium BD Bioscience). After several washing steps of 10 mg of magnetic beads with
solution C1, the antibody anti-eNOS was added to the beads. After washing with solution
C2, the beads and the antibody were incubated on a roller at 37°C overnight to allow the
coupling. The beads cross-linked to the antibody were washed with solutions HB, LB, and
SB and resuspended in SB solution to a final concentration of 10 mg/mL and stored at 2-
8°C until use. RBCs were lysed with 2 volumes of RIPA buffer, and the total protein
concentration of the supernatant was determined by the Lowry assay (Bio-Rad,
Feldkirchen, Germany). The lysate was diluted to a concentration of 100 pug/mL and
incubated overnight with the Epoxy-Dynabeads crosslinked with an antibody anti-eNOS;
after magnetic separation, proteins were eluted with LDS sample buffer and loaded on a 6-
12 % Tris-Acetate pre-cast gels (Invitrogen, Carlsbad, US) and transferred onto
nitrocellulose (Amersham Biosciences, Munich, Germany). The membranes were blocked
for 1 hour with 5 % Milk (Bio-Rad, Feldkirchen, Germany) in T-TBS (10 mM Tris, 100 mM
NaCl, 0.1% Tween) and incubated overnight at 4 °C with a mouse anti-eNOS (1:100)
primary antibody in T-TBS. After washing for 1 hour in T-TBS (steps of 5-10 minutes), the
membranes were incubated with HRP-conjugated goat anti-mouse secondary antibodies
(1:5000; BD Biosciences, St Hose, CA) and bands were detected using West Femto

Chemiluminescence Detection Reagent in a ChemiDoc (Bio-Rad, Feldkirchen, Germany).

3.4.5. Determination of eNOS by immunotransmission electron microscopy
RBCs were isolated by cardiac puncture and fixed in 4% PFA plus 0.05% glutaraldehyde.
RBCs were spun down, embedded in LR White, and sectioned at 70 nm sections. Rabbit
eNOS antibody (Abcam cat #ab199956) was added at 1:50 overnight, with donkey anti-
rabbit secondary gold beads (18 nm; Jackson Labs cat #711-2125-152) used to resolve

protein localization on the RBCs.

3.4.6. Determination of NO metabolites in blood and tissues
Nitrite, nitrate, nitrosyl heme (NO-heme), and nitrosated (S-nitroso and N-nitroso) product
(RXNO) concentrations were measured in tissues, cells, and plasma using a
chemiluminescence detector, as described previously (Bryan et al., 2004) and reviewed
recently by us (J. Li et al., 2024).

In detail, blood was collected by heart puncture and transferred to a 2 mL tube containing
0.1 mL NEM/EDTA solution (100 mM). Whole blood was centrifuged at 3000 g for 2 minutes
at 4°C. Plasma and RBCs were separated and frozen in liquid nitrogen. Organs were

perfused with NEM/EDTA solution, weighed after collection, snap frozen in liquid nitrogen,
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and stored at -80°C until use. The organs and tissues were homogenized in
NEM/EDTA/PBS lysis buffer (Tab. 4), with a lysis factor of 1:12.5 (mg/uL) for all the organs,
except the aorta 1:40 (mg/uL). RBCs were lysed in 2 volumes of NEM/EDTA/MilliQ water
as lysis buffer. Plasma was injected without any further dilution. Nitrite was determined by
reductive cleavage in 20 mL of tri-iodide solution (0.405 g Kl, 0.143 g I», 3.75 mL Milli-Q
water, 50 mL glacial acetic acid, Tab. 4) in a 60°C chamber. The NO released from these
reactions was detected by chemiluminescent reaction with ozone. NO-heme levels were
quantified by denitrosylation in 10 mL potassium hexacyanoferrate (lll) solution (1.646 g in
100 mL PBS, Tab. 4) in a 37°C chamber. To detect nitroso species, sulfanilamide was
added at a ratio of 1:10 and incubated for 15 minutes at room temperature, and then
measured in a tri-iodide reductive solution in a 60°C chamber. For the quantification of
nitrate levels, the samples were deproteinated with ice-cold methanol (1:1 v/v), cleared by
centrifugation, and analysed by high-pressure liquid chromatography using a nitrite/nitrate
analyzer (ENO20, Eicom).

3.5. Characterization of systemic hemodynamics and vascular

function

3.5.1. Blood pressure measurements by Millar catheterization
Systemic hemodynamics were measured by invasive catheterization using a 1.4F Millar
pressure-conductance catheter (SPR-839, Millar Instrument, Houston, TX, USA). The mice
were intubated and anesthetized with 3% isoflurane controlled by using an anesthesia unit
equipped with an isoflurane vaporizer, a flowmeter for compressed air with a flow of 0.2
L/min (Hugo Sachs Elektronik, Harvard Apparatus GmbH, March-Hugstetten, Germany).
The respiration rate was controlled by a Minivent (Hugo Sachs). After neck incision and
isolation of the right carotid, the Millar catheter was placed into the artery and fixed with silk
sutures. Isoflurane was decreased to 2.5% before the measurement started. Mice were i.p.
injected with buprenorphine (0.1 mg/kg) 30 minutes before surgery. The measurements of
systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate (HR) were
recorded for 5 minutes with a Millar box, and LabChart 7 (AD Instruments, Oxford, UK) was

used for analysis. Mean arterial pressure (MAP) was calculated with the following formula:

SBP + 2 * DBP
MAP = —————

3.5.2. Measurement of endothelial function ex vivo
Functional activity of the thoracic aorta was analyzed in an organ bath as described before

(Suvorava et al., 2005). The thoracic aorta was isolated, transferred into HEPES buffer, and
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cut into 2 mm aortic rings. After a 60-min equilibration phase, the aortic rings were treated
with 80 mM KCI. The vasoconstriction that developed during the last KCI application was
taken as the maximal receptor-independent vasoconstriction. After submaximal
precontraction with phenylephrine (PE), aortic rings were treated with cumulative
concentrations of acetylcholine (ACh) (1 nM, 3 nM, 10 nM, 30 nM, 100 nM, 300 nM, 1 puM,
3 uM, 10 uM), followed by treatment with PE (1 nM, 3 nM, 10 nM, 30 nM, 100 nM, 300 nM,
1 UM, 3 uM, 10 uM), and subsequently with sodium nitroprusside (SNP) (0.1 nM, 0.3 nM, 1
nM, 3 nM 10 nM, 30 nM, 100 nM, 300 nM, 1 uM, 3 uM, 10 uM).

3.6. Characterization of renal function

3.6.1. GFR measurement
GFR was measured in mice by a noninvasive clearance device (NIC-Kidney Device;
MediBeacon, Mannheim, Germany), which can detect fluorescent molecules. In detail, the
fur was removed from the back of the mice by using an electric shaver and depilatory cream,
and the skin was cleaned with warm water. The device was fixed on the depilated back of
isoflurane-anesthetized mice (3-4% isoflurane for induction + 2.5% for maintenance) by
using a double-sided adhesive patch. Baseline was recorded for 1 minute. FITC-sinistrin
(15 mg per 100 g in 0.9% NaCl; MediBeacon) was injected intravenously, and
transcutaneous measurement was carried out in awake mice for at least 60 minutes. Half-
life value of the FITC-sinistrin was calculated by MediBeacon software (MB Lab Ver. 2.26),

and GFR was calculated as follow (Schreiber et al., 2012):

uL
16416.8[rrtet ]
GFR [uL * min* 100 g BW] = 100g BW

% (FITC — sinistrin)[min]

3.6.2. Preparation and filling of osmotic minipumps with Ang Il
Ang Il was dissolved in saline buffer (8181.82 ng/uL in 0.9% NacCl). Osmotic minipumps
(model 1004, Alzet) were filled with around 100 pL of Ang Il solution (the mean fill volume
changes depending on the LOT). To verify that the minipumps were filled correctly, they
were weighed before and after the filling. The difference in weights gives the net weight of
the solution loaded, which must be over 90% of the reservoir volume (mean fill volume).
Minipumps were then incubated in saline buffer at 37°C for at least 48 hours before

implantation.
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3.6.3. Osmotic pumps implantation
The mice were anesthetised with a combination of i.p. injection of ketamine/xylazine
(100mg/kg and 10 mg/kg) and 1.5-2% of isoflurane. The minipumps were implanted
subcutaneously on the back of anesthetized mice through a mid-scapular incision, which
was finally sutured with a silk suture thread (18501G, Ethicon, New Jersey, US). Ang Il
(dose of 500 ng/kg/min) was delivered for 13 days.

3.6.4. Overnight urine collection in metabolic cages
Mice were placed individually in metabolic cages for overnight (14 hours) urine collection,
with water and food ad libitum. Urines were collected throughout the period, weighed, and
stored at -80°C until use. Urinary sodium concentrations were measured by the Central
Laboratory of the Universitatsklinikum of Diisseldorf using a modular analyzer (Cobas 8000,

Roche, Basel, Switzerland) and sodium excretion was normalized to the total urine volume.

3.6.5. Sodium excretion after salt and volume challenge
Mice were loaded with a volume of 0.9% NaCl equivalent to 10% of their body weight. Each
mouse was placed in metabolic cages, and the urines were collected in two 2 mL collecting
tubes. The collecting tubes were changed every hour for five hours. Urines were weighed
and stored at -80°C until use. Sodium concentration in the urine was measured by the
Central Laboratory of the Universitatsklinikum of Dusseldorf using a modular analyzer
(Cobas 8000, Roche, Basel, Switzerland), and accumulated results of sodium (1) and
urinary volume (2) excretion were expressed as a percentage of sodium and volume load
injected. The sodium concentration in urine or the urinary volume at each point was added
to the previous value to generate the accumulated curve, which was ultimately expressed

as percentage.

mmol of Nat excreted

Na'texcretion (%) = *100 (1)

mmol of Nat injected

) = mLof urine excreted

Urine excretion (9
( /o mLof NaCl injected

£100 (2)

3.7. Statistical analysis
Unless otherwise specified, all results are presented as mean * standard deviation (SD).
Statistical analysis was carried out with GraphPad 10 for Windows (Version 10.4.2 (633)).
Normal distribution was tested by D’Agostino-Pearson test. Unpaired Student’s t-test with
Welch’s correction was used to determine statistical significance between two independent

groups. For multiple comparisons, 1-way or 2-way ANOVA and Tukey post-hoc test were
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used as indicated in the legends. Differences were considered statistically significant at p <

0.05. Specific statistic tests and numbers are indicated in the figure legends.
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4. Results

4.1. Generation of the founder lines eNOSfo¥flox agpnd eNOS!NV/inv
mice
4.1.1. Gene-targeting strategy for the generation of eNOS/flox mice.,
To generate eNOS"™™x mice, exon 2 of the Nos3 genomic locus was targeted for Cre-
mediated excision by inserting simultaneously an orphan loxP site and an FRT-neo-FRT-
loxP resistance cassette, oriented in the same direction. The plasmid encoding the floxed
gene was sequenced, linearized, and electroporated in A9 ES cells (hybrid C57/129). 100
clones were picked, and positive clones were screened by Southern blot at the 5' arm and
by long-range PCR. These were then injected into mouse blastocysts and implanted into
pseudopregnant female mice to generate chimeric mice, which were then backcrossed with
C57BL/6J mice for 10 generations to generate eNOS"1x mjce. By crossing eNQSlo¥/flox
mice with mice expressing Cre recombinase, exon 2 is excised, generating global eNOS
KO mice (A-eNOS) (Fig. 5).

eNOSWT (1T} 2 Joe[ 3 Je[4]
construct 1} B {NeoR}{ 2 |- 3 |{4]
eNOSflox/flox (1 = .I Vi (3[4}

+ Cre recombinase

A-eNOS (1] > (31-(4]

Figure 5 - Scheme describing the gene-targeting strategy for the generation of eNQSlox/flox
mice.

To generate eNOS™xox mijce, exon 2 of the Nos3 genomic locus was targeted for Cre-mediated
excision by inserting simultaneously an orphan loxP site and an FRT-neo-FRT-loxP resistance
cassette, oriented in the same direction. The plasmid encoding the floxed gene was sequenced,
linearized, and electroporated in A9 ES cells (hybrid C57/129). 100 clones were picked, and positive
clones were screened by Southern blot at the 5" arm and by long-range PCR. These were then
injected into mouse blastocysts and implanted into pseudopregnant female mice, generating
chimeric mice. These mice were then backcrossed with C57BL/6J mice for 10 generations to
generate eNOSToxflox mjce. By crossing eNOSfoxfiox mijce with mice expressing Cre recombinase,

exon 2 is excised, generating global eNOS KO mice (A-eNOS).
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4.1.2. Gene-targeting strategy for the generation of eNOS"/"V mice
To generate eNOS ™"V mice, a gene-targeting construct was designed, in which an inverted
(or “flipped”) exon 2 was inserted, followed by a second copy of a correctly oriented exon
2. Both copies were flanked by two pairs of loxP and loxP511 sequences (Fig. 6, Construct).
After removal of the neomycin resistance cassette, this plasmid construct was used to
generate eNOS™" mice by gene targeting replacement. The generated mice were
backcrossed for 10 generations with C57BL/6J mice and then crossed with each other to

generate eNOS™" mice.

In the presence of a Cre recombinase, two possible recombination reactions can occur,
depending on which couple of loxP sites is targeted by the Cre recombinase. One reaction
leads to the “flipping” of the inverted exon 2 (intermediate 1) (green), followed by the
removal of the second exon 2 (black). The second type of reaction leads to the flipping of
the whole sequence containing both the first and the second copy of exon 2 (intermediate
2) followed by the removal of the flipped exon (black). Both reactions lead to a final construct
where only one exon 2 oriented in the correct direction remains, resulting in the

“reactivation” of the gene (Fig 6).

(4 Jomweel 2 e 3 = 4]} eNOSWT

(1 )5-4NeoR>-{  re[ 21 3)-{4]

(A2 ha{2]<i{3}{a]  eNOS™
(A7 2 k442 }<-(314} | Intermediate 1
+ Cre recombinase (1] P ' [>|I} P 2 ‘4 (34} Intermediate 2

~
\
N

(bl 2 <t 3 4] eNOS

Figure 6 - Scheme describing the gene-targeting strategy for the generation of eNOS"/inv
mice.

To generate the eNOS™ allele, exon 2 was targeted by the loxP-eNOS construct generated before;
an inverted exon 2 was inserted in Nos3, and two additional loxP511 sites were inserted in the loxP-
eNOS construct to generate a loxP-eNOS™ construct. Homozygous eNOS"™nv mice were then

crossed with DelCrer°s mice to generate eNOS™ Creros/ned mice.
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4.1.3. Proof of concept: generation of eNOS" " Cre"9 and eNOS" Crenes

mice
As a proof of concept to see whether eNOS could be reactivated in vivo by the presence of
a Cre recombinase, eNOS™ ™ mice were crossed with DelCre® mice. The goal was to
generate eNOS" ™ Cre"9 and eNOS™"" Cre™9 mice, which are respectively heterozygous

and homozygous for eNOS for the “flipped” allele, i.e., with the reactivated gene.

The generation of eNOS™" mice required many crossing steps; in particular, four different
generations of progeny were created (F1-4). As shown in Table 9, by crossing eNOS"V/nv
Cre™9 mice with WT (eNOS"*") CreP°s mice, the first generation (F1) are heterozygous
eNOSWnv CrePos or eNOS""V Cre"9 mice. Only when the Cre recombinase is present, the
eNOS™ allele is flipped, resulting in eNOS" CreP°s mice and eNOS™" Cre™9 mice. The
F2 was generated by crossing eNOS™ " Cre"®9 mice with eNOS" CreP°s mice (from F1).
In this case, four different results are possible: eNOS" ™ Cref*s or Cre"9 mice, and
eNOS™™t CreP°s or Cre™9d mice. Again, when the Cre recombinase is expressed, the
eNOS™ allele is “flipped”, leading to a F2 characterized by: eNOS" CreP°s mice, eNOS""
Cre"9 mice, eNOS™™ CreP°s mice, and eNOS™"t Cre"9 mice. At this point (F3), eNOS"nv
Cre™? mice can be crossed between them to obtain the mice needed for the experiments,

i.e., eNOS" Cre™9 mice, eNOS"™ Cre"? mice, and eNOS™ " Cre"®9 mice (F4).

Table 9. Generation of heterozygous and homozygous eNOS Kl mice.
eNOS™inv were crossed with DelCrer°s mice to generate heterozygous (eNOS"nv) and homozygous
(eNOS™) eNOS Kl mice.

Pairing | Crossing Progeny Frequency
inv/inv n
P1 ?(NOSNOSv(v%/a?Cegrepos F1 1 | eNOS™ Crer>s — eNOS"™ CrePos 172
2 | eNOSinvwt Creneg 1/2
inv/inv neg -
P2 ?(NOSN OsfﬁvrteCrePOS F2 |1 | eNOSWn Creros — eNOSHf Crepes 114
2 | eNOS™inv Crenes 1/4
3 | eNOS"M™t Creros — eNOSM ¥t Crepos 1/4
4 | eNOSnvwt Crenes 1/4
inv/inv ne
2 | eNOS™inv Crenes 1/2
fl/inv ne
P4 Nogim o X |Fa |1 | eNOS™ Crems 13
2 | eNOS™inv Crenes 1/3
eNOSnV/inv Creneg 1/3
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4.2, Characterization of eNOS™™/"Y mice
The recombination of the Nos3 DNA locus was analysed in ear tissue from eNOS™/inv,
eNOS"m. and eNOS" mice by real-time PCR using specific primers and probes
recognising the eNOS™ and the eNOS" alleles (Fig. 7), and the recombined DNA locus was
expressed as 2-(Target ACt - Average Housekeeping gene ACt)  Thjg analysis demonstrated the presence of
the recombined eNOS" DNA locus only in eNOS"" and eNOS"" mice (Fig. 7A). Vice versa,

eNOS™ allele was present in eNOS"™ and eNOS™™ mice, and not in the eNOS"" mice.

Further characterization was done by immunoblotting of eNOS in aorta lysates from
eNOS" eNOS" ™ eNOS™ " mice, and WT mice (Fig. 7B-D). eNOS" and eNOS"" mice
expressed eNOS in the aorta, while in eNOS™" mice, eNOS was absent (Fig. 7C, D
representative Western blot). Moreover, the eNOS expression was at the same level in
eNOS"" and eNOS™™ mice as compared to the WT controls (Fig. 7B, semiquantitative
analysis). Taken together, these results showed that eNOS was successfully reactivated in
the aorta of the eNOS" and eNOS"™ mice and that the presence of one allele can

compensate for the lack of eNOS in the other allele by up-regulation of eNOS expression.
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Figure 7 - Characterization of eNOS™™i"v, eNOS™"v and eNOS" mice.

eNOSninv. eNOS"nv. and eNOS™ mice were characterized by (A) real-time PCR in ear tissue and
(B-D) immunoblotting of aorta lysates, showing the expression of eNOS in eNOS"nv and eNOS™
mice and demonstrating that the reactivation of eNOS in eNOS™nv and eNOS™ mice was successful.
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DNA recombination: eNOS"inv (n = 4), eNOS™inv (n = 4), eNOS™ (n = 4). Protein quantification: WT
(n = 6), eNOS"inv (n = 5), eNOS¥inv (n = 14), eNOS™ (n = 11). One-way ANOVA p < 0.0001; post
hoc Tukey; »#p < 0.01, =+#p < 0.001. C) Representative Western blot of three independent

experiments; D) Representative Western blot of two independent experiments.

Vascular endothelial function of eNOS™/"v eNOS" and eNOSY " and mice was also
investigated. Aortic rings from eNOS" and eNOS"™ mice showed a fully restored
endothelium-dependent relaxation (EDR) in response to ACh as compared to eNOS™/"v
mice, which instead showed a lack of ACh-induced vasodilation (Fig. 8A, B). The contractile
response to PE was decreased in eNOS™ and eNOS"" mice as compared to eNOS™/nv
mice (Fig. 8C). The vasodilatory response to the NO donor SNP was increased in eNOS"f
and eNOS"™ mice as compared to eNOS™" mice (Fig. 8D). These findings demonstrate

that the vascular endothelial function is fully restored in eNOS" and eNOS"" mice.

A 200- B 150 ¥ k¥ k
1604 17 %k %k %k %k
< 120 < 100 * %
2 * | % =
g (14
2 804 a
w504
40
0deeii LR | gss
T T T T T 1 & & &
9 8 7 6 5 4 &g
e & &
ACh [log M] & S
c _ D
5 120- 120-
E 100+
g '_'100-
< 801 & 80
S c
T anl 5 <l
.S 60 @ 60
‘g 404 2 401
§ 20 20
04- 04
T T T T T 1 I L] T T L] 1 1
9 8 7 6 5 4 -10 9 8 7 6 5 4
PE [log M] SNP [log M]

. eNosinv.ﬂnv . eNOSfI/ﬂ O eNOSﬂ”nV

Figure 8 - Vascular endothelial function in aortic rings of eNOS™ eNOS™i"v and eNOS"v/inv
mice.

(A) eNOS™ and eNOS™nv mice showed a fully preserved endothelium-dependent relaxation (EDR)
in response to ACh as compared to eNOS™/nv mijce. Two-way ANOVA concentration p = 0.0003,
genotype p = 0.0003; post hoc Tukey »p < 0.05 vs. eNOS"nv. (B) EDR in response to ACh
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(calculated as the percentage of the maximal ACh response) is fully preserved in eNOS™ and
eNOS"nv mice. One-way ANOVA p < 0.0001; post hoc Tukey; =+xp < 0.001. (C) The contractile
response to PE was decreased in eNOS™ and eNOS"nv mice as compared to eNOS™/nv mijce. (D)
The vasodilatatory response to SNP was increased in eNOS™ and eNOS"v mijce as compared to
eNOS"nv_mijce, as shown in the shift of the curves of eNOS™ and eNOS"nv mice to the right.
Unpaired t-test with Welch's correction; no correction for multiple comparisons; #p < 0.05. ACh,

acetylcholine; PE, phenylephrine; SNP, sodium nitroprusside.

To analyse whether the reactivation of eNOS in one or both alleles may rescue the
hypertensive phenotype of global eNOS KO mice (gene dosage effect), blood pressure was
determined in anesthetised eNOS" eNOS"™ and eNOS™ " mice by Millar catheter. As
expected, eNOS™" mice showed high blood pressure, while eNOS"™ and eNOS™"" mice
showed a significant decrease in SBP as compared to eNOS™" mice. For comparison,
also WT (eNOS™¥flx mice) and global eNOS KO (eNOS”2) are shown in the same graph.
Moreover, HR was the same among all lines (Fig. 9 B). These results demonstrate that the
reintroduction of eNOS in only one allele is enough to rescue the hypertensive phenotype,

as the SBP is comparable to the WT mice (Fig. 9A).
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Figure 9 - SBP of eNOS™ eNOS""v and eNOS"¥inv mice.

(A) SBP measurements were assessed in anesthetized eNOS™, eNOSinv, eNOS™inv. mice as well
as in WT and global eNOS KO mice by using a Millar catheter; both eNOS™"n and eNOS™ mice
showed a decrease in SBP as compared to eNOS™"v mijce. The data show that eNOS"nv had
higher SBP as compared to WT mice, while eNOS"" and eNOS"" mice had the same SBP as WT
mice. (B) No differences in HR were shown among eNOS"inv, eNOS"inv, eNOS™, WT, and eNOSY2
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mice. One-way ANOVA p < 0.0001; post hoc Tukey; ##p < 0.01; »+xp < 0.001. SBP, systolic blood

pressure; HR, heart rate.

4.3. Generation and characterization of EC eNOS KO and Ki
mice

To generate EC-specific eNOS KO mice, eNOS™¥x mice were crossed with
Cdh5Cre/ERT2P mice (Sorensen et al., 2009), expressing Cre recombinase under the
control of a Cadherin5 promoter. In this case, the Cre recombinase is fused to a muted
hormone-binding domains of the estrogen receptor to make it insensitive to natural ligands
and responsive to synthetic ligands like tamoxifen, in order to keep the Cre recombinase
inactive in the cytoplasm (Feil et al., 1997). The activation of the Cre recombinase can occur
as soon as tamoxifen binds to the estrogen receptor, causing the translocation of the Cre
recombinase to the nucleus. Thus, to induce the removal of the floxed exon 2, the mice
were treated by i.p. injection with tamoxifen for five consecutive days (75 mg/kg) (Fig. 10A).
Real-time PCR was performed with specific primers and probes designed to recognise the
eNOS-A-allele, and the recombined DNA locus was quantified as 2-(Target ACt - Average Housekeeping
gene ACH  Real-time PCR analysis carried out on DNA extracted from aorta lysates showed
that DNA recombination occurred only in the EC eNOS KO mice, while the WT mice did not
show any DNA recombination (Fig. 10B). These data demonstrate that the tamoxifen-
inducible eNOS deletion occurred only in the mice expressing Cre recombinase (EC eNOS
KO Cre-positive), while the mice that did not express Cre recombinase were phenotypically
WT (EC eNOS KO Cre-negative).
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Figure 10 - Generation of EC eNOS KO mice.

A) To generate EC eNOS KO mice, eNOS"oxfox mijce were crossed with Cdh5Cre/ERT2r°s mice. At
8 weeks of age, mice underwent a five-day-treatment with tamoxifen (75 mg/kg). (B) Real-time PCR
analysis performed on DNA extracted from aorta lysates showed DNA recombination only in the EC
eNOS KO mice as compared to the WT control mice. WT (n = 5), EC eNOS KO (n = 6). Unpaired t-

test with Welch's correction, **p < 0.01.

To generate EC-specific eNOS Kl mice, eNOS™"™ mice were crossed with
Cdh5Cre/ERT2P°® mice, following by five-day treatment with tamoxifen (75 mg/kg) to induce
the flipping of exon 2 (Fig. 11A). Real-time PCR analysis, with specific primers and probes
designed to recognise the eNOS™ allele, was performed on aorta lysates of EC eNOS Ki
mice showing that DNA recombination occurred only in the EC eNOS KI mice and not in
the CondKO control mice (Fig. 11B), demonstrating that the reactivation of eNOS was

successful.
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Figure 11 - Generation of EC eNOS KI mice.

To generate EC eNOS Kl mice, eNOS™nv mjce were crossed with Cdh5Cre/ERT2r°s mice, followed
by 5-day tamoxifen treatment (75 mg/kg). Real-time PCR analysis on DNA extracted from aorta
lysates showed DNA recombination only in the EC eNOS Kl mice as compared to the control
CondKO mice. CondKO (n = 6), EC eNOS KI (n = 9). Unpaired t-test with Welch's correction, *p <
0.05.

In this study, the cell-specific eNOS KO and Kl models will be used for kidney function
analysis; thus, the major characterization of these lines was done on aorta (tissue rich in
ECs) and kidney. To investigate whether the treatment with tamoxifen altered the mRNA
expression of eNOS in the kidney, real-time RT-PCR of total mRNA extracted from kidney
lysates of tamoxifen-treated WT mice was compared to the one from tamoxifen-untreated
WT mice (Fig. 12). The results show that tamoxifen treatment significantly decreased the

eNOS expression in the whole kidney in WT mice.
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Figure 12 - Effect of tamoxifen on eNOS mRNA expression in kidney of WT mice.

Real-time RT-PCR performed on total mRNA extracted from kidneys of tamoxifen-treated WT (n =
10) and untreated WT (n = 7) mice showed that tamoxifen significantly decreased mRNA eNOS
expression in the kidney. Unpaired t-test with Welch's correction, **p < 0.01. Abbreviations: w/o TAM,

without tamoxifen; TAM, tamoxifen.

EC eNOS KO and Kl mice were characterized by real-time RT-PCR carried out on total
mRNA extracted from aorta and kidney lysates, as well as by Western blot in the same
tissues (Fig. 13). Western blot of aorta lysates showed lack of eNOS in EC eNOS KO mice
and CondKO mice, while WT and EC eNOS Kl mice expressed eNOS. This was confirmed
by real-time RT-PCR analysis (Fig. 13A). Immunoblotting of kidney lysates showed the
presence of eNOS also in EC eNOS KO mice, but at a lower level as compared to WT mice.
This is due to the expression of eNOS in non-ECs, likely tubular epithelial cells (Wu et al.,
1999; Plato et al., 2000; Baines & Ho, 2002). CondKO mice did not show any presence of
eNOS in kidney lysates as assessed by Western blot, while EC eNOS KI mice expressed
eNOS. Real-time RT-PCR analysis was also performed, confirming the expression of eNOS
only in EC eNOS KI mice and not in the CondKO controls (Fig. 13B).
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Figure 13 - Characterization of EC eNOS KO and Kl mice.

(A) Immunoblotting and real-time RT-PCR of aorta lysates showing the lack of eNOS in EC eNOS
KO mice and the reactivation of eNOS in EC eNOS KI mice. (B) Immunoblotting of kidney lysates
showed a low level of eNOS in EC eNOS KO mice due to its expression in non-ECs; CondKO mice
did not show eNOS expression, while eNOS was reactivated in EC eNOS K| mice as assessed by
immunoblot and real-time RT-PCR. Each Western blot is representative of three independent
experiments. mRNA eNOS in aorta: WT (n =9), EC eNOS KO (n =7), CondKO (n = 3), EC eNOS
Kl (n = 7). One-way ANOVA p < 0.0001, post hoc Tukey, ***p < 0.001; Unpaired t-test with Welch's
correction, #p < 0.05. mRNA expression in kidney: WT (n = 9), EC eNOS KO (n = 6), CondKO (n =
5), EC eNOS Kl (n = 6). One way ANOVA p = 0.0002, post hoc Tukey, *p < 0.05, **p < 0.01, ***p <
0.001.

The expression of eNOS in both models was also measured by immunoblotting in heart,
liver, and lung, showing again a lack of expression of eNOS in all three compartments of
EC eNOS KO and CondKO mice, while EC eNOS Kl and WT mice expressed eNOS (Fig.
14). In the lung lysates, a faint band was detectable also in the EC eNOS KO mice lines.
This is likely due to the presence of eNOS not only in the ECs of pulmonary arteries and
veins, but also in the airway and in the bronchiolar and alveolar epithelial cells (Shaul et al.,
1994; Giaid & Saleh, 1995). These data show that the removal and reactivation of eNOS in

ECs was successful and specific.
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Figure 14 - Expression of eNOS in different tissues of EC eNOS KO and Kl mice.

Immunoblotting of heart, liver, and lung lysates of EC eNOS KO and Kl mice, and their WT and
CondKO littermate control mice, showing the lack of eNOS in the EC eNOS KO and its reactivation
in the EC eNOS KI mice. A faint band of eNOS was also detectable in the lung lysates of EC eNOS
KO mice due to its expression in non-ECs. Each Western blot is representative of three independent

experiments.

4.4, Generation and characterization of RBC eNOS KO and Ki
mice

To generate erythroid cell-specific eNOS KO mice (RBC eNOS KO) and their respective
WT littermates, eNOS™"™1°x mice were crossed with erythroid-specific Hob-CreP°s'"9 mice,
expressing the Cre recombinase under the control of the human beta haemoglobin
promoter (HBB) (Peterson et al., 2004), resulting in the generation of RBC eNOS KO mice
and the Cre-negative WT littermates (Fig. 15A). Real-time PCR was carried out on DNA
extracted from bone marrow by using specific primers and probes designed to recognise
the eNOS-A-allele. The data showed that DNA recombination occurred only in RBC eNOS
KO mice and not in WT mice (Fig. 15B).
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Figure 15 - Generation of RBC eNOS KO mice.
To generate RBC eNOS KO mice, eNOSoxflox mice were crossed with Hbb-CrePos"ed mice. Real-time
PCR analysis in bone marrow showed DNA recombination only in the RBC eNOS KO mice as

compared to the WT controls. WT (n = 10), RBC eNOS KO (n = 14). Unpaired t-test with Welch's
correction, ***p < 0.001.

To generate RBC-specific eNOS Kl mice and the CondKO littermates, eNOS™'" mice were
crossed with erythroid-specific Hbb-CreP*s™9 mice (Fig. 16A). Real-time PCR was
performed by using specific primers and probes designed to recognise the eNOS™ allele,
and the recombined DNA locus was expressed as 2-(Target ACt - Average Housekeeping gene ACH  RB(C
eNOS KI mice showed DNA recombination in bone marrow, whereas no DNA
recombination was detected in the same tissue of CondKO mice (Fig. 16B). These data

show the specificity of reactivation of eNOS in Cre-positive mice in bone marrow.
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Figure 16 - Generation of RBC eNOS KI mice.

To generate RBC eNOS Kl mice, eNOS"/nv mice were crossed with Hbb-Crerored mice. Real-time
PCR analysis of DNA extracted from bone marrow showed DNA recombination only in RBC eNOS
Kl mice and not in CondKO mice. CondKO (n = 6), RBC eNOS KI (n = 8). Unpaired t-test with Welch's
correction, *p < 0.05.

To further characterize these models, Western blotting of ghost lysates from RBC eNOS
KO mice was carried out, showing a lack of eNOS in RBC eNOS KO mice and its presence
in WT mice (Fig. 17A). Additionally, immunoprecipitation of eNOS was performed on RBC
lysates of RBC eNOS KO and KI mice, as well as of the WT and global eNOS KO (gKO or
eNOS*%) controls (Fig. 17B, C). The data showed the lack of eNOS expression in RBCs of
RBC eNOS KO mice and gKO mice, while eNOS was detectable in aorta of RBC eNOS KO
mice and WT used as a positive control (Fig. 17B). Taken together, the data show that the
removal of eNOS from RBCs was successful. RBC lysates from RBC eNOS Kl mice showed
a band at 135 kDa corresponding to eNOS, while this band was not detected in CondKO
mice (Fig. 17C), showing that eNOS was specifically reactivated in RBCs. Immunoblotting
was carried out also on kidney lysates, showing the expression of eNOS in RBC eNOS KO
mice, but not in RBC eNOS KI mice (Fig. 17D). These findings were further confirmed by
performing real-time RT-PCR on kidney lysates, showing expression of mRNA eNOS in
RBC eNOS KO mice as well as in WT controls, and the absence of eNOS in RBC eNOS KI
mice and CondKO littermates (Fig. 17E). Taken together, these data showed that the
deletion or reactivation of eNOS was successful and specific for RBC in Cre-positive mice

(the specificity for RBC is shown in the next set of experiment).

40



Results

RBC lysates RBC lysates

Aorta Aorta Cond Cond
MWM . 9KO (3 51g) (2.5 pg) ko ko VWM

RBC lysates Aorta 1 i 2 3 4 1 2 3 4 5

RBCRBC RBC RBC BCRBC WTR KO hEC
MWM KO K MWM WT gko 0" o > 9 s
<NOS I
1 2 3 la 5 6 7 B 9
‘WkD
T “ 90405 |
120 kDa — - p—— qB:IgG

‘ﬁﬂﬁ eNOS  jp; sNOSP
100 kDa -» — 100 koa
80kDa{ ™ © — 1P eNos D 1B:eNOSP .‘;*I:kzuos
IUU kD‘ 100 kDa
80 kDA~ |l Ll

RBC ghosts

< 1B: eNos> 4> [“ip:enos

— LG kDa

«4 186 ) —— ‘mokn

D Kidney E Kidney
6.0
CondKO w
mwm RBC-WT KO MWM [ 1 KO 1 EC-KI %
15348878 5% 12345678910 < 4.04 i
220kDay = . 7
120 kow > S S TR = «IB:eNOS  u104-= IB:eNOS O
BOKDS] o o «IB:IgG S0 L0 S ——- g IB:lg6  §200 O
R 2 o %
e R - =z
_______ «IB:Tub [ LSS e LS +IB:Tub nE:,)o- bm
1 T T

L
WT RBC KO CondKO RBCKI

Figure 17 - Characterization of RBC eNOS KO and Kl mice.

(A) Western blot carried out on ghosts lysates showed lack of eNOS in RBC eNOS KO mice; (B, C)
Immunoprecipitation of eNOS from RBC lysates of RBC eNOS KO and K| mice showed lack of eNOS
in RBC eNOS KO mice and its expression in RBC eNOS KI mice. (D) Immunoblot performed on
kidney lysates showed the presence of eNOS in RBC eNOS KO mice, while it was not detected in
RBC eNOS KI mice. (E) Real-time RT-PCR performed on kidney lysates showed eNOS expression
in RBC eNOS KO mice but not in RBC eNOS Kl mice. mRNA eNOS: WT (n=7), RBC eNOS KO (n
=7), CondKO (n = 5), RBC eNOS KI (n = 7). One way ANOVA p < 0.0001, post hoc Tukey, **p <

0.01. Each Western blot is representative of three independent experiments.

Immunotransmission electron microscopy was also performed on RBCs of RBC eNOS KO
and Kl mice, as well as on the respective WT and CondKO littermate control mice (Fig. 18).
In this way, it was possible to visualize and localize eNOS in RBCs of WT and RBC eNOS
Kl mice, while eNOS was not detectable in RBC eNOS KO and CondKO mice. This data
definitely demonstrated the specificity of the KO/KI mouse models.
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Figure 18 - Imnmunotransmission electron microscopy in RBC eNOS KO and Kl mice.

(A) Immunotransmission electron microscopy was performed on RBCs of RBC eNOS KO, RBC
eNOS Ki, WT, and CondKO mice. (B) The quantification showed eNOS expression in WT and RBC
eNOS KI mice, while RBC eNOS KO and CondKO mice showed a lack of eNOS. One way ANOVA
p = 0.0006; post hoc Tukey *p < 0.05; **p < 0.01; ***p < 0.001. Each data point is the average of 5
fields of view from one mouse.

To exclude “off-target effects”, the two lines were further investigated by immunoblotting of
tissues such as heart, aorta, lung, and liver lysates. The RBC eNOS KO mice showed the
presence of eNOS in all the tissues at the same level as WT mice, while eNOS was not
detected in tissues from RBC eNOS KI mice and CondKO mice (Fig. 19). These data show
that the removal and reactivation of eNOS specifically in RBCs of RBC eNOS KO and RBC

eNOS Kl mice were specific for the targeted cells and there were no off-target effects.
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Figure 19 - Expression of eNOS in different tissues of RBC eNOS KO and KI mice.
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Immunoblotting of heart, aorta, lung, and liver lysates from RBC eNOS KO and Kl mice, showing the
presence of eNOS in the tissues of RBC eNOS KO mice and the WT controls, and the lack of eNOS
in RBC eNOS KI mice and the CondKO littermates. Each Western blot is representative of three

independent experiments.

4.4.1. Determination of NO metabolites in EC eNOS KO and EC eNOS KiI
mice

To test whether the deletion or reactivation of eNOS in RBCs or ECs influenced NO
bioavailability, the concentrations of NO metabolites in blood and tissues of all KO and Ki
lines were analysed. A decrease in nitrite and nitrate levels in plasma was found in EC
eNOS KO mice, as well as a decrease in total NO species in plasma, aorta, and lung as
compared to the WT controls. Nitrate was increased only in the liver. CondKO mice showed
a decrease in NO metabolites in plasma and tissues as compared with WT mice. Instead,

the reactivation of eNOS specifically in ECs did not restore nitrite levels in plasma.

NO-heme levels were fully preserved in EC eNOS KO mice as compared to WT littermates
and did not show any changes in EC eNOS Kl mice or CondKO mice (Tab. 10). These data
show that EC eNOS contributes to the level of systemic NO metabolites, but not of NO-

Heme.

Table 10. NO metabolites in EC eNOS KO, EC eNOS Kl and relative WT and CondKO littermate.
t-test vs respective control group. * p < 0.05, **p < 0.01, *** p < 0.001, § One value excluded as
outlier according to the Tukey test, or not determined/available, t+ two values were not

determined/available, or one was excluded as an outlier according to Tukey test.

WT EC eNOS KO CondKO EC eNOS KI
] eNosflox/ﬂox eNosﬂox/ﬂox eNosinv/inv eNosinv/inv

Metabolite P P

Cdh5Cre/ERT2"8 Cdh5/ERT2CrePo® Cdh5/ERT2Cre™? | Cdh5/ERT2CreP*
n 5 5 8 7

Heart

Nitrite,

1.10+0.30 1.27+0.25 0.3557 2.27+0.148 2.24+0.48 0.8745
pmol/L
Nitrate,

93.86+26.51 77.84£14.97 0.2818 N.D. N.D.
pmol/L
RXNO,

81.94126.31 102.74£37.20 0.3406 34.86+£16.40 32.50+3.38 0.7043
nmol/L
NO-heme,

475.21£320.85 97.74+24.20 0.0579* 26.57+12.00 32.67+8.46 0.2865
nmol/L
Total NO
species, 95.09+26.43 79.31£14.91 0.2871 N.D. N.D.
pumol/L

43




Results

Lung
Nitrite,
0.88+0.518 0.71+0.11 0.5100 2.42+0.528 3.05+0.62 0.0626
umol/L
Nitrate,
35.6246.748 19.49+5.52 0.0035** | N.D. N.D.
umol/L
RXNO,
94.01£19.948 79.431£20.31 0.3173 71.73+£35.40 54.26+12.34 0.2237
nmol/L
NO-heme,
228.44+92.18% 463.51£121.30 0.0131* 27.62+14.30 29.86+7.76 0.7090
nmol/L
Total NO
species, 34.2545.578 20.7445.62 0.0096** | N.D. N.D.
umol/L
Liver
Nitrite,
0.63+0.34 0.831£0.15 0.2798 3.32+1.44 2.72+0.36% 0.2921
umol/L
Nitrate,
38.47+22.34 71.02+20.84 0.0445* N.D. N.D.
umol/L
RXNO,
" 1378.28+749.29 1038.64+283.33 0.3857 617.11+£336.52 496.28+193.14 0.4046
nmo
NO-heme,
WL 1190.08+722.98 310.85+104.09 0.0523 118.74+46.908 79.44+3.421 0.0686
nmo
Total NO
species, 40.65+£22.39 73.20£21.08 0.0456* N.D. N.D.
umol/L
Aorta
Nitrite,
138.12+£62.10 141.36+£39.21 0.9243 9.56+4.74 6.20+£2.06 0.0995
umol/L
Nitrate,
10191.95+7764.94 | 5473.15+4015.51 0.2730 N.D. N.D.
pmol/L
RXNO,
oL 2058.42+1653.39 1870.34+£1002.49 0.8344 79.10+£46.81 55.80+47.50 0.3579
nmo
NO-heme,
N.D. N.D. 11.49+3.971 21.28+5.55 0.0037**
nmol/L
Total NO
species, 10331.13+7805.42 | 5616.38+4052.67 0.2758 N.D. N.D.
umol/L
Plasma
Nitrite,
0.81+£0.18 0.44+0.10 0.0065** | 0.45+0.23 0.28+0.138 0.1218
pmol/L
Nitrate,
41.35£15.75 20.6514.25 0.0402* N.D. N.D.
pmol/L
RXNO,
22.24+4.58 16.34+11.15 0.3268 15.64+15.77 12.89+13.12 0.7160
nmol/L
Total NO
species, 36.66+£11.28 21.11£4.30 0.0642 N.D. N.D.
umol/L
RBCs
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Nitrite,
0.49+0.16 0.43+0.16 0.6088 0.15+0.04 0.21+£0.10 0.2011
umol/L
Nitrate,
35.23+14.27 17.64+3.14 0.0880 N.D. N.D.
umol/L
RXNO,
oL 475.06+£158.27 225.04+76.99 0.0201* | 88.78+47.89 103.57+72.60 0.6562
nmo
NO-heme,
62.9249.998 83.12439.12 0.3209 3.06+0.66 2.67+0.41 0.1904
nmol/L
Total NO
species, 32.02421.798 18.38+3.33 0.2999 N.D. N.D.
umol/L

4.4.2. Determination of NO metabolites in RBC eNOS KO and RBC eNOS
Kl mice

RBC eNOS KO mice showed a significant decrease in nitrite and nitrate levels in plasma
and increased nitrite concentration in the aorta. On the other hand, they also showed an
increase in RXNO compared to WT mice. The total NO species in plasma of RBC eNOS
KO mice were decreased as compared to WT mice. Surprisingly, RBC eNOS KO mice
showed an increase in nitrite in the aorta compared to WT mice, but no significant changes
in the other tissues. Also in this case, CondKO mice showed a decrease in NO metabolites
as compared to WT mice. These results show that RBC eNOS is involved mainly in the

regulation of circulating NO metabolites.

To analyse NO bioavailability in RBCs, the level of NO-heme was significantly lower in
RBCs of RBC eNOS KO mice and CondKO mice as compared to WT mice. Accordingly,
the NO-heme levels were completely restored in RBC eNOS KI mice as compared to the
CondKaO littermate controls. This shows that the levels of NO-heme in RBCs depend on the
presence of eNOS in RBCs and not on EC eNOS (Tab. 11).

Table 11. NO metabolites in RBC eNOS KO, RBC eNOS Kl and relative WT and CondKO
littermates.

t-test vs. respective control group. *p < 0.05, **p < 0.01, ***p < 0.001, § one value excluded as outlier
according to the Tukey test, or not determined/available, 1 two values were not determined/available,

or one was excluded as an outlier according to Tukey test.

WT RBC eNOS KO CondKO RBC eNOS Ki
Metabolit eNosflox/ﬂox eNosflox/ﬂox eN()sinv/inv eNosin\//inv
etapolite
HbbCre"* HbbCreP P HbbCre"*9 HbbCreP P

n

7

6

8

8

Heart
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Nitrite,
0.69+0.15 0.92+0.608 0.4463 0.64+0.23 0.67+0.18" 0.7817
umol/L
Nitrate,
65.16+19.11 86.82154.70 0.3914 13.8616.27 13.98+6.08" 0.9715
umol/L
RXNO,
54.00£19.06 43.81+£10.47 0.2528 15.54+4.38 20.6516.23 0.0810
nmol/L
NO-heme,
125.04+37.83 38.82+20.11 0.0005*** 6.94+1.49 8.40+2.09 0.1303
nmol/L
Total NO
species, 66.02+19.14 87.66+54.33 0.3890 14.5246.31 14.68+6.097 0.9628
umol/L
Lung
Nitrite,
0.71+0.24 0.50£0.138 0.0801 0.7040.26 0.70+0.65" 0.9796
umol/L
Nitrate,
44.01+£13.20 40.10+22.66 0.7202 28.75+14.78 21.31£9.03F 0.2674
umol/L
RXNO,
L 62.99+29.43 122.80+106.30 0.2331 3783.51+2023.74" | 3666.83+2476.96 0.9244
nmo
NO-heme,
L 282.16+166.87 104.77461.72 0.0316* 425.90£238.141S 443.89+88.30" 0.8792
nmo
Total NO
species, 45.06+13.40 33.78+16.508 0.2450 39.21+16.111 25.28+9.53F 0.1378
umol/L
Liver
Nitrite,
0.20+0.06 0.16£0.048 0.2483 0.65+0.52 0.31+0.08 0.1050
umol/L
Nitrate,
57.69+17.70 33.88+7.05% 0.0116* 17.56+9.23 14.68+5.38 0.4606
umol/L
RXNO,
" 366.42+71.71 1836.38+1541.77 0.0666 672.09+412.26 377.99+47.687 0.0842
nmo
NO-heme,
UL 1149.31+£323.81 494.14+£573.76 0.0396* 342.06+207.87 353.56+136.61 0.8981
nmo
Total NO
species, 59.41+17.54 36.68+8.85% 0.0159* 19.23+9.47 14.52+4.207 0.2389
pmol/L
Aorta
Nitrite 57.57+16.448 118.71£42.34 0.0147* 2.90%£1.05 2.28+1.21% 0.3407
Nitrate 2931.00+1184.008 | 3408.00+1888.00 0.6357 126.67+104.88 100.97+97.257 0.6451
RXNO 2103.00+980.108 3067.00+1737.00 0.2712 141.72+106.74 191.45+106.228 0.3834
NO-heme,
N.D. N.D. 129.71£105.59 67.44+48.221 0.1780
nmol/L
Total NO
_ 3020.34+1181.835 | 2455.27+1651.94 0.5126 N.D. N.D.
species
Plasma
Nitrite,
" 1.52+0.42 0.78+0.07 0.0031* 0.3240.12 0.24+0.098 0.1542
pUmo
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Nitrate,

57.631£9.22 25.40+£10.93 0.0002** 55.72+48.50 43.47+21.12 0.5279
umol/L
RXNO,

9.39+1.577 39.65+22.64 0.0220* 34.46+11.52 29.1617.14 0.2909
nmol/L
Total NO
species, 59.96+9.071 26.22+10.91 0.0003** 56.06+£48.53 44.71422.628 0.5668
umol/L

RBCs

Nitrite,

0.94£0.148 1.09+0.35% 0.4063 3.29+1.248 2.94+1.518 0.6435
umol/L
Nitrate,

67.95+15.61 68.43+29.82 0.9727 N.D. N.D.
umol/L
RXNO,

196.32+123.29 125.32+28.68 0.1846 1.26+0.52 0.72+0.25 0.0253*
nmol/L
NO-heme,

74.76+24.84 45.06+13.31 0.0220* 23.86+8.897 41.547+12.948 0.0150*
nmol/L
Total NO
species, 56.34+31.65% 75.91+28.53% 0.3097 4.661.438 3.78+1.72f 0.3425
umol/L

4.4.3. Blood pressure and hemodynamics in EC eNOS KO/KI and RBC
eNOS KO/KI mice

To verify whether the presence or absence of eNOS specifically in ECs or RBCs may affect
the blood pressure and systemic hemodynamics, measurements were performed in all the
mouse lines by Millar catheter (Tab. 12). As expected, EC eNOS KO mice showed high
blood pressure, confirming the well known role of endothelial eNOS in controlling blood
pressure. Surprisingly, also RBC eNOS KO mice were hypertensive. Moreover, CondKO
mice showed hypertension as expected (as compared to WT mice). The reactivation of
eNOS specifically in ECs or RBCs rescued the hypertensive phenotype, as EC eNOS Ki
and RBC eNOS Kl were normotensive (Tab. 12). These results show that eNOS expressed

in ECs and RBCs independently contribute to blood pressure regulation.

Table 12. Blood pressure and heart rate in all strains investigated.
All mice investigated were 4-6 month old. Abbreviations: SBP, systolic blood pressure; DBP, diastolic

blood pressure; MAP, mean arterial pressure; HR, heart rate; RPP, rate pressure product.

Strain Genotve Body SBP DBP MAP HR RPP
yP weight(g) | (mmHg) | (mmHg) | (mmHg) | (bpm) | (mmHg*bpm)
WT eNOSovox 30.3+2.5 9248 629 711 | 543%67 | 495915512 | 14
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eNosflox/ﬂox
WT (TAM) Cdh5Cre/ERT2" | 29.3+3.6 8615 57+8 6747 | 564+53 | 484135018 | 12
+TAM
eNosflox/ﬂox
ECENOS | cynscre/ERT2 | 204431 | 10428 7247 83+7 | 535458 | 55696£6929 | 19
KO
+TAM
eNosflox/ﬂox
WT HbbOre™ 29.1+2.1 899 6121 70:1 | 528456 | 46622+5306 | 15
RBC eNOS eNOSfloxox
o HbbOrer 297126 1031 697 808 | 476%93 | 48506+9392 | 16
gKo eNOS™Mx De|Cre™s | 30.2+ 2.6 11541 7921 91+1 | 516476 | 56275+20504 | 10
CondKO eNOSsminv 27818 12741 8421 98+1 | 465+44 | 5904618299 | 11
CondKO eN()S\nv/inv
Cdh5Cre/ERT27 | 28.7+2.2 12246 8141 04+9 | 547+49 | 66562+5285 | 11
(TAM)
+TAM
eNOS‘”V“”"
EC f;’l"os Cdh5Cre/ERT2P | 28.3+2.2 9417 5848 70:7 | 540+48 | 508495346 | 13
+TAM
CondKO | eNOS™inHbhCre™s | 28.7 +1.2 11941 7541 90+11 | 494+45 | 58845+5542 | 18
RBC}ZNOS eNOS™ HpbCre?s | 31.1+2.5 95:8 5649 69+8 | 469467 | 47022+7322 | 10
4.5. Role of eNOS in renal function

NO in the kidney is a key molecule in the renal function regulation. Specifically, NO plays a

role in the renal autoregulatory mechanism and in the pressure-natriuresis response. Both

mechanisms are activated in response to an increase in blood pressure to maintain stable

RBF and GFR (autoregulatory mechanism) and induce sodium and water excretion

(pressure-natriuresis response). The cell-specific role of eNOS as source of NO in the

regulation of renal function is still not fully understood and needs further investigation.

In this part of the thesis, the aim is to investigate renal function in all cell-specifc eNOS KO

and Kl lines. The same experimental setting was used for all the cohorts, and it is depicted

in Fig. 20.
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Ang Il (500 ng/kg/min)

MC o/n or salt MC o/n or salt
and volume and volume
GFR challenge GFR challenge
| | ] | |
| | | | |
day -7 day -3 day O day 11 day 13

Figure 20 - Experimental setting.

Basal GFR and overnight sodium excretion or after salt challenge were investigated at day -7 and
day -3, respectively. Osmotic minipumps releasing Ang Il (600 ng/kg/min) were subcutaneously
implanted at day O, followed by GFR and overnight sodium excretion or after salt challenge
measurements at day 11 and day 13, respectively. Abbreviations: Ang I, angiotensin Il; GFR,

glomerular filtration rate; MC o/n, metabolic cage overnight.

Mice were treated with Ang Il (500 ng/kg/min), and GFR and sodium excretion (basal and
after salt and volume challenge) were measured before and after Ang Il treatment. In detail,
GFR was measured at baseline (day -7) followed by overnight urine collection or after salt
and volume challenge (day -3) to investigate sodium and urine excretion. At day 0, osmotic
minipumps filled with Ang Il in 0.9% NaCl (500 ng/kg/min) were implanted subcutaneously.
GFR and overnight sodium excretion or after salt and volume challenge were again

investigated after respectively 11 and 13 days of Ang Il infusion.

4.5.1. Effect of Ang Il on heart weight index in EC eNOS KO/KI and RBC
eNOS KO/KI mice

Ang Il plays a significant role in cardiac hypertrophy, and thus in an increase in heart weight

index, via the combination of its direct effect on cardiomyocytes and the elevation of blood

pressure (Geisterfer et al., 1988; Dostal et al., 1992; Crowley et al., 2006; Xu et al., 2010).

To understand whether the total or a cell-specific deletion of eNOS may worsen the
hypertrophy effect of Ang Il, a comparison of the heart weight indexes (heart weight/body
weight) before and after 13 days of Ang Il treatment was done in all the cell-specific eNOS
KO and Kl mice and the littermate control groups (Tab. 13). 4-6-month-old mice were used

for comparisons with Ang ll-treated mice.

To understand whether tamoxifen may have an effect on heart weight index per se, a first
comparison was done between tamoxifen-treated and untreated WT mice. The results
showed that at baseline, the tamoxifen-treated group had a significantly lower heart weight
index as compared to the untreated WT group. However, after Ang Il infusion, there were

no differences between the two groups, as Ang Il led to a significant increase in heart weight
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index only in the tamoxifen-treated WT mice. Tamoxifen-treated CondKO mice showed the
same heart weight index as the untreated control group at baseline and after Ang Il
treatment. However, Ang Il led to an increase in heart weight index only in tamoxifen-treated
CondKO mice. CondKO mice treated with tamoxifen, showed a significantly higher heart
weight index as compared to tamoxifen-treated WT mice at baseline. After Ang Il treatment,
both CondKO and WT mice showed increased heart-to-body weight ratio, which was similar
in both groups. These results show that at baseline, tamoxifen decreases heart weight
index, while after Ang Il it leads to an increase in heart weight index, which is independent
from eNOS.

Treatment with Ang Il did not affect the heart weight index in EC eNOS KO mice. These
results suggest that the lack of eNOS in ECs did not affect the heart-to-body weight ratio.
Moreover, there were no differences in heart weight index between them before and after
Ang Il treatment. Tamoxifen-untreated WT and CondKO mice did not show any difference
in heart weight index at baseline. Moreover, Ang Il treatment did not lead to any changes in
either group. RBC eNOS KO mice did not show any difference as compared to WT mice at
baseline and after Ang Il treatment. Additionally, Ang Il infusion did not affect the heart
weight index in both RBC eNOS KO and WT mice. Surprisingly, RBC eNOS KI mice showed
a lower heart weight index as compared to CondKO littermates at baseline. However, after
treatment with Ang Il, the two groups did not show any differences. Moreover, Ang Il did not
affect the heart to body weight index in both RBC eNOS Kl and CondKO mice as compared
to baseline. However, due to the limited sample size, these results need further

investigation.

Table 13. Heart weight indexes.

The heart weight index was calculated in all cell-specific eNOS KO and Kl lines and the relative
control mice, before and after Ang Il treatment. For RBC eNOS KO, RBC eNOS KI mice, and their
respective WT and CondKO controls, only data from 4-6 months old groups are shown. Statistical
analyses are referred to the heart weight indexes. unpaired t-test with Welch’s correction; @ Baseline
vs. Ang II; » CondKO (TAM) vs. WT (TAM) at baseline; ¢ WT (w/o TAM) vs. WT (TAM) at baseline; ¢
RBC eNOS Kl vs. CondKO at baseline; *p < 0.05, **p < 0.01.

Baseline Ang Il
Heart Heart
Strain Genotype wBeci'g)I:t n(EETS eI wBe(:gzt InfETRE g p
weight (n) | index weight (n) | index
(n) (n) (n) (n)
9 mg mg/g ¢ mg mg/g
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eNOSrox/rox
wT Cdn5- | 303417 | 155.6+12.8 | 5.240.5 | 31119 | 192.5419.2 | 6.2£05 | ,( (1a7s
(TAM) | Cre/ERT28 | (7) 7) (7) 7 (7) (7) :
+ TAM
eNosflox/flox
hos Cdhs- | 20.5:21 | 167.9621.0 | 5.7:05 | 20.8:32 | 189.5524.9 | 6.441.0 | ,( e
ko> | Cre/ERT2ee= | (7) 7 7) (8) (8) (8) :
+ TAM
eNOSinv/inv
CondKO |  Cdh5- | 31.4+2.9 | 188.6:23.0 | 6.0:0.4 | 26.8+3.9 | 182.130.8 | 6.8+1.0 | 20.0176*
(TAM) | Cre/ERT2"8 |  (12) (12) 12) | (15) (15) (15) | ©0.0025*
+ TAM
EC eNosinv/inv
oGS CdnS- | 32.042.1 | 189.4£19.0 | 5.940.5 | 30.424.0 | 189.0437.5 | 6.3+15 | , 0 o
S| Cre/ERT2ms | (11) (11) an | @ 21) 21) :
+ TAM
WT (wio | eNOS™ 4o | 31.1x1.6 | 181.2¢21.2 | 5.8:0.7 | 33.042.3 | 199.14155 | 6.1£0.6 | 20.3725
TAM) | HbbCrens |  (11) (11) (11) (7) (7) (7) | ©0.0333*
RBC | enOSTontox | 32,4113 | 186.1x2 197.8+1
Nog | eNos 324413 | 186.1226.9 | 5.740.8 | 33.836 | 197.8419.5 | 59803 | 0 4o
ko> | HbbCrems | (13) (13) (13) (7) (7) (7) :
CCZC\%O eNosmm | 908 | 191.0423.7 | 6.260.6 | 29.842.9 | 185.7£185 | 6.3£0.8 | L goe1
ne: - .
Sy | HobCrens | EES (11) (11) (6) (6) (6)
SOC | eNOS™I | 295533 | 160.0£19.1 | 5.5£0.7 | 26.742.2 | 186.5£26.5 | 7.0413 | #0.0652
W HbbCrepes (8) 8) (8) (10) (10) (10) | 90.0259*

4.5.2. The role of eNOS in sodium and urine excretion: basal measurements
NO has a central role in sodium and water handling by regulating the pressure-natriuresis

response and, therefore, the long-term blood pressure.

To investigate whether tamoxifen has a role in sodium excretion in basal conditions,
tamoxifen-treated and untreated WT mice were compared. As shown in Tab. 14, tamoxifen
did not affect sodium excretion as the two groups of WT mice showed similar natriuresis
before and after Ang Il treatment. Also tamoxifen-treated and untreated CondKO mice
showed the same sodium excretion with/without Ang Il. These results show that tamoxifen

does not have an effect on sodium excretion under a normal sodium intake.

To analyse whether the lack of eNOS might have an impact on sodium excretion under
basal conditions, the urine of all the cell-specific eNOS KO and Kl lines was collected
overnight, and excreted sodium concentrations were analysed before and after Ang Il
treatment, as shown in Table 14. Ang Il did not affect sodium excretion in WT mice as
compared to baseline. Moreover, also EC eNOS KO mice did not show any difference in
sodium excretion after treatment with Ang Il. EC eNOS KO mice showed the same basal
overnight sodium excretion as WT control mice before and after Ang Il treatment. CondKO

mice did not show any difference as compared to WT mice before and after Ang Il in both
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tamoxifen-treated and untreated groups. Also EC eNOS KI mice showed similar sodium
excretion as CondKO littermates with/without Ang Il (Tab. 14). These data suggest that

eNOS in ECs does not play a significant role in sodium excretion in regular sodium intake

conditions.

RBC eNOS KO mice showed the same overnight sodium excretion as WT control mice
with/without Ang Il, and no changes in both groups after Ang Il as compared to baseline.
RBC eNOS Kl mice showed no difference in basal sodium excretion as compared to the

CondKaO littermates, both before and after Ang Il. However, due to the limited sample size,

these results need further investigation.

Table 14. Overnight urinary sodium excretion.

Basal urinary sodium excretion was analysed in all the cell-specific eNOS KO and Kl lines, as well

as in the respective WT and CondKO control mice at baseline and after Ang Il treatment. t-test with

Welch’s correction; @ Baseline vs. Ang |.

Urinary sodium excretion overnight (mmol)

(4)

®)

Strain Genotype Baseline (n) Ang Il (n) p
eNOSfloxflox Cdh5-Cre/ERT2"e9 + 0.152 £ 0.083 0.194 + 0.099 a().8296
WT (TAM) TAM (11) 4) '
eNOSfoxflox Gdh5-Cre/ERT2POS + 0.144 + 0.061 0.168 + 0.056 202023
EC eNOS KO TAM (10) (4) .
eNOSMVinv Cdh5-Cre/ERT2"9 + 0.140 + 0.060 0.173 +0.123 20.8119
CondKO (TAM) TAM (4) (3) .
o 0.162 + 0.086 0.116 £ 0.078 20.0678
EC eNOS KI eNOS"Vinv Cdh5-Cre/ERT2PS + TAM (14) (10) .
0.143 £ 0.055 0.207 £ 0.089
WT (w/o TAM) eNOSoxflox HpbCrenes ) (5) #0.4060
0.144 + 0.061 0.133 £ 0.036
RBC eNOS KO eNOS"o¥lox HpbCreros ) (5) #0.4036
CondKO (wfo . ) 0.177£0.070 | 0.230£0.034 | .o
TAM) eNOS"Vinv HbpCrenes (5) 3)
o 0.101 £ 0.044 0.168 + 0.046 (2282
RBC eNOS Kl eNOS"Vinv Hpb CrePos .
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To investigate whether tamoxifen influences urine excretion, urines from tamoxifen-treated
and untreated WT mice were collected overnight, before and after Ang Il treatment.
Tamoxifen did not have any effect on urine excretion, both before and after Ang Il infusion,
as treated WT mice showed the same urine excretion as the untreated group with/without
Ang Il. Similarly, tamoxifen did not affect urine excretion in CondKO mice, as treated and
untreated groups showed the same urine excretion before and after Ang Il. These data
show that tamoxifen did not have any effect on basal sodium excretion in both WT and
CondKO mice.

To analyse whether the lack of eNOS specifically in ECs or RBCs has an effect on basal
urine excretion, urines from all the cell-specific eNOS KO and KIl lines were collected
overnight, before and after Ang Il (Tab. 15). EC eNOS KO mice did not show any difference
in basal urine excretion as compared to WT mice at both baseline and after Ang Il infusion.
Furthermore, Ang Il treatment did not affect urine excretion in both EC eNOS KO and WT
mice as compared to baseline. EC eNOS Kl mice did not show any difference in urine
excretion as compared to CondKO mice, before and after Ang Il infusion. Moreover, Ang Il
treatment did not have any effect, as both EC eNOS Kl and CondKO mice showed
unchanged urine excretion as compared to baseline. Additionally, CondKO mice (which are
treated with tamoxifen) had the same urine excretion as compared to tamoxifen-treated WT
mice with/without Ang Il. These results show that eNOS in ECs does not modulate basal

urine excretion and that Ang Il affected only WT mice.

RBC eNOS KO mice showed the same urine excretion as compared to WT littermates
with/without Ang Il treatment (Tab. 15). However, Ang |l treatment led to a decrease in urine
excretion only in RBC eNOS KO mice and not in WT controls. RBC eNOS Kl mice showed
lower urine excretion as compared to CondKO littermates at baseline, but this difference
was abolished after treatment with Ang Il. However, Ang Il did not affect urine excretion in
both RBC eNOS KI and CondKO mice, as both groups showed unchanged urine excretion
as compared to baseline. Moreover, tamoxifen-untreated CondKO and WT mice had the
same urine excretion both with/without Ang II. These results were unexpected, and further

investigations are needed as the sample size was limited.

Table 15. Overnight urinary excretion.

Basal urinary excretion was analysed in all the cell-specific eNOS KO and Kl lines, as well as in the
respective WT and CondKO control mice at baseline and after Ang Il treatment. t-test with Welch’s
corrections. @ Baseline vs. Ang II; ®RBC eNOS Kl vs. CondKO at baseline; *p < 0.05.
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Urinary excretion overnight (mL)

Strain Genotype Baseline (n) Ang Il (n) p
eNOSfoxflox Cdh5-Cre/ERT2"9 + 1.278 £+ 0.637 1.696 + 0.947 .
WT (TAM) 0.6855
TAM (12) (7)
eNOSfoxflox Cdh5-Cre/ERT2POS + 1.186 + 0.405 1.322 + 0.553 .
EC eNOS KO 0.9126
TAM (11) 9)
eNOSVinv Cdh5-Cre/ERT2"9 + 1.393 £ 0.546 2.395 £ 1.671 .
CondKO (TAM) 0.2787
TAM (6) (7)
eNOSVinv Gdh5-Cre/ERT2P0S + 1.460 +£1.235 1612 +£1.629 .
EC eNOS KI 0.7587
TAM (16) (14)
1.040 £ 0.550 2.204 £0.879 a
WT (w/o TAM) eNOSoxfox HphCrenes 0.1754
(4) ()
1.618 £0.719 1.264 £ 0.624 . "
RBC eNOS KO eNOSoxflox HpbCrepos 0.0037
(4) ()
2.251 £1.096 3.840 £ 1.032 .
CondKO (w/o TAM) eNOS™"" HpbCrenes 5) 3) 0.1278
0.876 £ 0.405 3.461 £ 2.088 20.1110
inv/inv
RBC eNOS Kl eNOS bec:repoS (4) (5) b 00463*

4.5.3. The role of eNOS in sodium excretion: salt and volume challenge

Cumulative urinary sodium and urine volume excretion were analysed after salt and volume
challenge before and after treatment with Ang Il. To perform the experiment, mice were
injected with 0.9% NaCl i.p. (volume corresponding to 10% of the body weight) and urines

collected every hour for five hours.

4541
As a first step, the effect of tamoxifen on sodium excretion was investigated in WT mice.
eNOSf¥floxHhhCrem? mice were used as untreated WT controls, while eNOS"¥floxCdh5-

Cre/ERT2"9 mice were used as tamoxifen-treated WT group. Tamoxifen treatment induced

Effect of tamoxifen on sodium and urine excretion

a very weak increase in sodium excretion, which was only significant at the third hour of
urine collection and was not significant for all other time points (Fig. 21A). The effects of
tamoxifen were investigated also after treatment with Ang II, which challenges the kidney
both locally and systemically, because of its vasoconstrictor and hypertensive effects. There
was no difference between the groups in sodium excretion after Ang Il treatment (Fig. 21B).

Moreover, by comparing the results before and after Ang Il for each group (data in Fig. 21A
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vs. B), the data show that treatment with Ang Il did not affect sodium excretion in WT mice
with or without tamoxifen as determined by paired t-test corrected for Holm-Sidak multiple
comparisons. Therefore, these data show that tamoxifen did not affect sodium excretion in

WT mice before or after Ang Il treatment.

A B
© WTBL (TAM) © WT Angll (TAM)

100% O WTBL 100% - O WT Angll

80% 80% -]

60% 60%+

40%+ 40%-]

(% injected)
(% injected)

20% 20%

Accumulated Na* excretion

Accumulated Na* excretion

0 ‘Vﬂ

0%

Figure 21 - Effect of tamoxifen on sodium excretion in WT mice after salt and volume

challenge.

Cumulative sodium excretion in urine was measured at (A) baseline and (B) after Ang Il infusion in
tamoxifen-treated and untreated WT mice, showing a significant increased sodium excretion in WT
mice treated with tamoxifen at baseline. Baseline: WT TAM (n =9), WT (n = 11); Ang Ill: WT TAM (n
=7), WT (n = 8). 2-way ANOVA, baseline: time p < 0.0001, TAM treatment p = ns, subject p < 0.0001,
Ang IlI: time p < 0.0001, TAM treatment p = ns, subject p < 0.0001; Welch’s t test (non-adjusted for
multiple comparison), * p < 0.05. Abbreviations: Ang ll, angiotensin II; BL, baseline; ns, not
significant; TAM, tamoxifen;, WT, wild type.

The effect of tamoxifen on urine volume excretion was investigated in tamoxifen-treated
and untreated WT mice as well. Before Ang Il, tamoxifen-treated WT mice showed a higher
volume of urine excretion as compared to the untreated WT mice. These data show that
tamoxifen has an effect on urine excretion at baseline (Fig. 22A). By comparing the data
obtained after Ang Il treatment (panel B) with baseline data (panel A) Ang Il treatment did
not show any effect on urine excretion both in tamoxifen-treated and untreated WT mice as
determined by paired t-test corrected for Holm-Sidak multiple comparisons. Taken together,
tamoxifen affects urine excretion at baseline but not after Ang Il treatment; this needs to be

taken into account for the interpretation of data in tamoxifen-treated mice.
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© WTBL (TAM) © WT Ang Il (TAM)

100% O WTBL 100% - O WTAng il
80%— 80%—

60%- 60%—

(% injected)

40%— 40%

20% 20% -]

0%

0%

Accumuleted urine excretion
(% injected)
Accumuleted urine excretion

Figure 22 - Effect of tamoxifen on urine volume excretion in WT mice after salt and volume
challenge.

Cumulative urine excretion was measured at (A) baseline and (B) after Ang Il infusion in tamoxifen-
treated and untreated WT mice, showing a significant increased urine excretion in WT mice treated
with tamoxifen only at baseline. Baseline: WT TAM (n=9), WT (n=11); Ang Il: WT TAM (n=7), WT
(n = 7). 2-way ANOVA, baseline: time p < 0.0001, treatment p = 0.0009, subject p < 0.0001, Ang II:
time p < 0.0001, TAM treatment p = ns, subject p < 0.0001; post hoc Tukey, *p < 0.05, **p < 0.01,
***p < 0.001. Abbreviations: Ang Il, angiotensin Il; BL, baseline; ns, not significant; TAM, tamoxifen;
WT, wild type.

To understand whether the effect of tamoxifen on sodium excretion was eNOS dependent,
tamoxifen-treated and untreated CondKO mice were used for this purpose.
eNOS™"HbbCre"? mice were used as untreated control group, while eNOS™"™Cdh5-
Cre/ERT2"9 mice were used as tamoxifen-treated group. Treatment with tamoxifen led to
an increase in sodium excretion at baseline, which was not statistically significant (2h, p =
0.0795; 3h, p = 0.0618; 4h, p = 0.0574) (Fig. 23A). After Ang Il, treated and untreated
CondKO mice showed the same sodium excretion (Fig. 23B). Moreover, the comparison
between baseline (panel A) and Ang Il (panel B) data showed that Ang Il decrease sodium
excretion only in tamoxifen-treated CondKO mice, but it was statistically significant only if
not corrected for Holm-Sidak multiple comparisons. These results show that tamoxifen had

a weak effect on sodium excretion in CondKO mice after Ang Il treatment.

56



Results

>
w

O CondKO BL (TAM) © CondKO Angll (TAM)

100%— 4 CondKO BL 100% = €@ CondKO Angll
80% 80%
60% 60%~

40% 40%+

(% injected)
(% injected)

20% - 20%

Accumulated Na* excretion

Accumulated Na* excretion

0% 0%

Figure 23 - Effect of tamoxifen on sodium excretion in CondKO mice after salt and volume
challenge.

Cumulative sodium excretion in urine was measured (A) at baseline and (B) after Ang Il infusion in
tamoxifen-treated and untreated CondKO mice, showing an increase in sodium excretion in
tamoxifen-treated CondKO mice at baseline, which was not statistically significant. Baseline:
CondKO TAM (n = 11), CondKO (n = 8); Ang Il: CondKO TAM (n = 19), CondKO (n = 6). 2-way
ANOVA, baseline: time p < 0.0001, TAM treatment p = ns, subject p < 0.0001, Ang II: time p < 0.0001,
TAM treatment p = ns, subject p < 0.0001; Welch’s t test (non-adjusted for multiple comparison) ns.
Abbreviations: Ang I, angiotensin II; BL, baseline; CondKO, conditional eNOS knock out or

eNOS"nv; ns, not significant; TAM, tamoxifen.

The effect of tamoxifen on urine excretion in the absence of eNOS was also investigated.
Tamoxifen-treated CondKO mice showed a significant increased urine volume excretion as
compared to the untreated control group at baseline (Fig. 24A) but not after Ang Il treatment
(Fig. 24B). Moreover, by comparing the urine excretion data at baseline (panel A) and after
Ang Il (panel B), Ang Il treatment did not cause any change in both treated and untreated
groups ad determined by paired t-test corrected for Holm-Sidak multiple comparison. These

data show that tamoxifen has an effect on urine excretion, which is independent from eNOS.
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Figure 24 - Effect of tamoxifen on urine excretion in CondKO mice after salt and volume

challenge.
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Cumulative urine excretion was measured (A) at baseline and (B) after Ang Il infusion in tamoxifen-
treated and untreated CondKO mice, showing a significant increase in urine excretion in tamoxifen-
treated CondKO mice at baseline. Baseline: CondKO TAM (n = 11), CondKO (n =9); Ang Il: CondKO
TAM (n = 10), CondKO (n = 6). 2-way ANOVA, baseline: time p < 0.0001, TAM treatment p = 0.0250,
subject p < 0.0001; Ang II: time < 0.0001, TAM treatment = ns, subject p < 0.0001; post hoc Tukey,
*p < 0.05. Abbreviations: Ang Il, angiotensin Il; BL, baseline; CondKO, conditional eNOS knock out

or eNOS"inv; TAM, tamoxifen; ns, not significant.

4.5.4.2 Sodium and urine excretion in EC eNOS KO mice and WT littermates

To better understand the role of eNOS in ECs, sodium excretion after salt and volume
challenge was investigated in EC eNOS KO and littermate WT mice. EC eNOS KO mice
showed a significant decreased sodium excretion as compared to WT control mice at
baseline (Fig. 25A). After the administration of Ang Il, there were no differences in sodium
excretion between the groups (Fig. 25B). By comparing the sodium excretion before (panel
A) and after Ang Il (panel B), there were no significant differences in the EC eNOS KO or
WT mice as tested by paired t-test corrected for Holm-Sidak multiple comparisons (Fig. 25A
vs. B). This data show that eNOS in ECs plays a role in sodium reabsorption/excretion when
the kidney is challenged with a high sodium load, and that Ang Il does not have an effect in
the absence of eNOS.
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Figure 25 — Accumulated sodium excretion in EC eNOS KO mice after salt and volume
challenge.

Cumulative sodium excretion in urine was measured at (A) baseline and (B) after Ang Il treatment in
EC eNOS KO and WT mice, showing a significant decreased sodium excretion in EC eNOS KO mice
as compared to WT mice at baseline. Baseline: WT (n = 7), EC eNOS KO (n=9); Ang Il: WT (n =
5), EC eNOS KO (n = 6). 2-way ANOVA, baseline: time p < 0.0001, genotype p = 0.0492, subject p
< 0.0001, Ang lI: time p < 0.0001, genotype p = ns, subject p < 0.0001; post hoc Tukey, *p < 0.05.
Abbreviations: Ang Il, angiotensin Il; BL, baseline; EC eNOS KO, endothelial cell eNOS knock out;
ns, not significant; WT, wild type.
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Cumulative urine excretion was also analysed in EC eNOS KO and WT mice before and
after Ang Il treatment. EC eNOS KO mice showed a significant decrease in urine excretion
(3h, 4h, and 5h) as compared to WT control mice at baseline (Fig. 26A), but no difference
after administration of Ang Il (Fig. 26B). As shown before in Figure 22A, tamoxifen caused
an increase in urine excretion in WT mice; thus, the lower urine excretion in EC eNOS KO
mice as compared to the WT control mice is not a tamoxifen artifact but it is due to the lack
of eNOS in ECs.
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Figure 26 — Accumulated urine excretion in EC eNOS KO mice after salt and volume challenge.
Cumulative urine excretion was measured at (A) baseline and (B) after Ang Il treatment in EC eNOS
KO and WT mice, showing a significant decreased urine excretion in EC eNOS KO as compared to
WT mice at baseline. Baseline: WT (n =7), EC eNOS KO (n =9); Ang Il: WT (n =5), EC eNOS KO
(n = 6). 2-way ANOVA, baseline: time p < 0.0001, genotype p = 0.0492, subject < 0.0001, Ang II:
time p < 0.0001, genotype p = ns, subject p < 0.0001; post hoc Tukey, *p < 0.05. Abbreviations: Ang
I, angiotensin II; BL, baseline; EC eNOS KO, endothelial cell eNOS knock out; ns, not significant;
WT, wild type.

454.3 Sodium and urine excretion in EC eNOS Kl mice and CondKO littermates
To better understand the role of EC eNOS in the regulation of sodium excretion, in the
absence of eNOS expression in other cellular compartments, urine from EC eNOS Kl mice
and CondKO littermates was collected after salt and volume challenge, and the sodium
concentration in urine was analysed before and after Ang Il infusion. The cumulative urinary
sodium concentration was the same between EC eNOS KI mice and CondKO control mice
at baseline (Fig. 27A). After administration of Ang Il only CondKO mice showed a weak
decrease in sodium excretion, while natriuresis was preserved in EC eNOS Kl mice (Fig.
27B). As shown above, the decreased sodium excretion after Ang Il in CondKO mice is a

tamoxifen artifact, which is counterbalanced by the reactivation of eNOS in ECs, as EC
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eNOS Kl showed a preserved sodium excretion after Ang Il treatment. However, the
differences between the CondKO before (panel A) and after Angll (panel B) were only
significant if Holm-Sidak t-test was carried out without correction for multiple comparisons,

indicating that the effect was weak.
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Figure 27 — Accumulated sodium excretion in EC eNOS Kl mice after salt and volume
challenge.

Cumulative sodium excretion was measured at (A) baseline and (B) after Ang Il treatment in EC
eNOS Kl and CondKO mice, showing no changes in sodium excretion between EC eNOS Kl mice
and CondKO mice at baseline. After Ang Il administration, sodium excretion was preserved in EC
eNOS Kl mice. Baseline: CondKO (n =11), EC eNOS Kl (n =9); Ang II: CondKO (n = 10), EC eNOS
Kl (n = 8). 2-way ANOVA, baseline: time p < 0.0001, genotype p = ns, subject p < 0.0001, Ang II:
time p < 0.0001, genotype p = ns, subject p < 0.0001;, Welch’s t test (non-adjusted for multiple
comparison) ns. Abbreviations: Ang I, angiotensin II; BL, baseline; CondKO, conditional eNOS
knock out or eNOS™nv; EC eNOS KI, endothelial cell eNOS knock in; ns, not significant.

Cumulative urine excretion was analysed in EC eNOS KI and CondKO mice before and
after Ang Il infusion (Fig. 28). EC eNOS Kl and CondKO control mice did not show any
difference between them both before (Fig. 28A) and after Ang Il (Fig. 28B). Also the
comparison of urine excretion of CondKO before (panel A) or after Angll treatment (panel
B) or EC eNOS KIl before (green, panel A) or after Ang Il (green, panel B) were not
significant as tested by paired t-test Holm-Sidak multiple comparisons. Also, the comparison
of CondKO (data in Fig. 28) with WT (data in Fig. 26) before and after Ang Il did not show

any difference as tested by paired t-test corrected for Holm-Sidak multiple comparisons.
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Figure 28 - Accumulated urine excretion in EC eNOS Kl mice after salt and volume challenge.
Cumulative urine excretion was measured at (A) baseline and (B) after Ang Il treatment in EC eNOS
Kl and CondKO mice, showing no changes between the two groups at both baseline and after Ang
Il treatment. Baseline: CondKO (n = 12), EC eNOS KI (n = 9); Ang Ill: CondKO (n = 10), EC eNOS
Kl (n = 8). 2-way ANOVA, baseline: time p < 0.0001, genotype p = ns, subject p < 0.0001; Ang Il:
time p < 0.0001, genotype p = ns, subject p < 0.0001; Welch’s t test (non-adjusted for multiple
comparison) ns. Abbreviations: Ang I, angiotensin Il; BL, baseline; CondKO, conditional eNOS

knock out or eNOS™nv; EC eNOS KI, endothelial cell eNOS knock in; ns, not significant.

In conclusion, the reactivation of eNOS in ECs in a global eNOS KO mouse contributes to
preserving sodium excretion in global eNOS KO mice after Ang Il treatment but does not

affect urine excretion.

4544 Sodium and urine excretion in RBC eNOS KO and RBC eNOS KI mice

To determine whether eNOS in RBCs has a role in sodium excretion, salt and volume
challenge was performed in RBC eNOS KO and WT mice at baseline and after Ang Il
administration. As shown before in Figure 25, Ang Il has no effect on sodium excretion in
WT mice. RBC eNOS KO mice did not show any difference in sodium excretion as
compared to WT littermates at both baseline (Fig. 29A) and after Ang Il treatment (Fig. 29B).
Moreover, Ang Il did not affect sodium excretion also in RBC eNOS KO mice, as determined
by paired t-test corrected for Holm-Sidak multiple comparisons. These findings show that

RBC eNOS is not involved in the regulation of sodium excretion in mice.
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Figure 29 - Accumulated sodium excretion in RBC eNOS KO mice after salt and volume
challenge.

Cumulative sodium excretion was measured at (A) baseline and (B) after Ang Il treatment in RBC
eNOS KO and WT mice, showing no differences between the two groups at both baseline and after
Ang Il treatment. Baseline: WT (n = 11), RBC eNOS KO (n = 10); Ang Il: WT (n = 8), RBC eNOS KO
(n =12). 2-way ANOVA, baseline: time p < 0.0001, genotype p = ns, subject p < 0.0001, Ang II: time
p <0.0001, genotype p = ns, subject p <0.0001; Welch’s t test (non-adjusted for multiple comparison)
ns. Abbreviations: Ang Il, angiotensin Il; BL, baseline; ns, not significant; RBC eNOS KO, red blood
cell eNOS knock out; WT, wild type.

Cumulative urine excretion was also investigated in RBC eNOS KO mice and WT
littermates after salt and volume challenge at baseline and after the administration of Ang
II. Ang Il did not affect sodium excretion in both WT and RBC eNOS KO mice (Fig. 30A vs.
B) as tested by paired t-test corrected for Holm-Sidak multiple comparisons. Moreover, RBC
eNOS KO mice showed the same urine excretion as WT control mice both before and after
Ang |l treatment (Fig. 30).
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Figure 30 — Accumulated urine excretion in RBC eNOS KO mice after salt and volume

challenge.
Cumulative urine excretion was measured in RBC eNOS KO and WT mice at (A) baseline and (B)

after Ang Il treatment, showing no differences between the two groups at both baseline and after
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Ang Il. Baseline: WT (n = 11), RBC eNOS KO (n = 10); Ang Il: WT (n = 8), RBC eNOS KO (n=12).
2-way ANOVA baseline: time p < 0.0001, genotype p = ns, subject p < 0.0001, Ang II: time p <
0.0001, genotype p = ns, subject p < 0.0001; Welch’s t test (non-adjusted for multiple comparison)
ns. Abbreviations: Ang Il, angiotensin II; BL, baseline; ns, not significant; RBC eNOS KO, red blood
cell eNOS knock out; WT, wild type.

To further understand the role of RBC eNOS in the regulation of sodium
reabsorption/excretion, in the absence of eNOS expression in other cellular compartments,
cumulative sodium excretion after salt and volume challenge was investigated in RBC
eNOS Kl mice and CondKO littermates at baseline and after treatment with Ang Il. RBC
eNOS Kl mice did not show any difference as compared to CondKO mice at baseline (Fig.
31A) and after Ang Il treatment (Fig. 31B). By comparing the data of baseline (panel A) and
after Ang Il (panel B), Ang Il did not affect both CondKO and RBC eNOS Kl mice as
determined by paired t-test corrected for Holm-Sidak multiple comparisons. These results

show that eNOS in RBC does not modulate sodium excretion.
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Figure 31 — Accumulated sodium excretion in RBC eNOS KI mice after salt and volume
challenge.

Cumulative sodium excretion was measured at (A) baseline and (B) after Ang Il treatment in RBC
eNOS Kl and CondKO mice, showing no difference in sodium excretion between RBC eNOS Kl mice
and CondKO littermates at baseline, as well as after Ang Il. Baseline: CondKO (n = 8), RBC eNOS
Kl (n=11); Ang ll: CondKO (n =6), RBC eNOS KI (n = 10). 2-way ANOVA, baseline: time p < 0.0001,
genotype p = ns, subject p < 0.0001, Ang lI: time p < 0.0001, genotype p = ns, subject p < 0.0001,
Welch’s t test (non-adjusted for multiple comparison) ns. Abbreviations: Ang Il, angiotensin II; BL,
baseline; CondKO, conditional eNOS knock out or eNOS™nv; ns, not significant; RBC eNOS KI, red
blood cell eNOS knock in.
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Cumulative urine excretion was also analysed in RBC eNOS Kl mice and CondKO mice
after sodium and volume challenge with/without Ang Il. RBC eNOS Kl mice showed no
difference in cumulative urine excretion as compared to the CondKO mice at baseline (Fig.
32A), as well as after Ang Il treatment (Fig. 32B). Moreover, Ang Il did not affect both
CondKO and RBC eNOS Kl mice as tested by paired t-test corrected for Holm-Sidak
multiple comparisons. These data show that eNOS in RBCs does not play any role in urine

excretion.
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Figure 32 — Accumulated urine excretion in RBC eNOS Kl mice after salt and volume
challenge.

Cumulative urine excretion was measured in RBC eNOS Kl and CondKO mice at (A) baseline and
(B) after Ang Il treatment, showing no differences in urine excretion between the two groups at both
baseline and after Ang Il infusion. Baseline: CondKO (n =9), RBC eNOS Kl (n=11); Ang Il: CondKO
(n = 6), RBC eNOS Kl (n = 10). 2-way ANOVA baseline: time p < 0.0001, genotype p = ns, subject
p <0.0001, Ang Il: time p < 0.0001, genotype p = ns, subject p < 0.0001, Welch’s t test (non-adjusted
for multiple comparison) ns. Abbreviations: Ang Il, angiotensin II; BL, baseline; CondKO, conditional
eNOS knock out or eNOS™inv; ns, not significant; RBC eNOS Ki, red blood cell eNOS knock in.

4.5.4. Role of eNOS in GFR
The aim of this set of experiments was to understand whether the presence or the absence
of eNOS specifically in ECs or RBCs may influence the GFR. To this aim, control
experiments to determine the effect of tamoxifen on GFR were also performed. Moreover,
also the role of age in GFR in WT, CondKO, RBC eNOS KO, and RBC eNOS Kl mice

models was also investigated.

The EC eNOS KO/KI mice and their littermate controls could not be used for this purpose
since in these models the activation of the Cre recombinase is tamoxifen-inducible and
transient; thus, all the experiments have to be performed on 12-week-old mice within three

weeks.
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To have an overview in order to better understand the role of eNOS on GFR regulation as
well as the effect of tamoxifen treatment, data from all the mouse lines are summarized in
Table 16. For RBC eNOS KO and KI mice and the respective WT and CondKO littermates,
only data from 4-6-month-old groups are reported for comparison (Tab. 16). Here, statistical
comparisons were performed using t-test with Welch’s correction as indicated in the legend.
For a comprehensive statistical analysis (2-way ANOVA) among cell-specific eNOS KO/KI
mice with their respective Cre-negative littermates, both before and after Ang Il treatment,

refer to the respective figures.

Table 16. Glomerular filtration rate.

GFR was investigated in all cell-specific eNOS KO and KIl lines, and the respective littermate control
mice at baseline and after Ang Il treatment. For RBC eNOS KO, RBC eNOS Kl mice, and their
respective WT and CondKO controls, only 4-6-month-old groups are shown. t test with Welch’s
corrections. @ Baseline vs. Ang II; ® CondKO (TAM) vs. WT (TAM) after Ang II; ¢ EC eNOS Kl vs.
CondKO (TAM) after Ang II; ¢ CondKO (w/o TAM) vs. WT (w/o TAM) at baseline; ¢ CondKO (w/o
TAM) vs. WT (w/o TAM) after Ang Il. *p < 0.05, **p < 0.01, ***p < 0.001.

Glomerular filtration rate (GFR), uL/min/gBW
Strain Genotype Baseline (n) Ang Il (n) p
WT (TAM) eNOST¥1ox Ch5-Cre/ERT2"%9 + TAM 6'383(2%)1 651 8'304(3)2'752 20.0156*
ECeNOSKO | eNOS™ox Cdh5-Cre/ERT2°o + TAM 7'56‘?2*7)2'44 1 7'79‘? 115)2'016 20.8434
. 6.026 + 1.468 | 4.431+1.592 | 20.1470
U -
CondKO (TAM) | eNOS™inv Cdh5-Cre/ERT279 + TAM ) 7 WIseS
. 6.524 +1.662 | 7.403+2.152 | 20.0758
U -

ECeNOSKI | eNOS™in Cdh5-Cre/ERT2%%5 + TAM 140) 1 £ 0.0003%*
WT (W/o TAM) | eNOSfexfiox HpbCrenes 7'272(1*5)1 355 8'34?110)2'671 20.8355
RBC eNOS KO | eNOS¢fox HpbCrepos 6'723(1*5)1 509 6'81‘?12)2'522 20.8461

20.0878

CondKO (w/o TAM) | eNOS™in HbbCrenes 6'052(1i6)1 70 4'38?1*1)1'915 40.0124*
©0.0013**
RBC eNOS KI | eNOS™n HpbCress 5'83‘1115)1 252 3'82‘1110)1 283 120 0006***
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4541 Effect of tamoxifen on GFR

To understand whether treatment with tamoxifen may influence the GFR, a comparison
between tamoxifen-treated and untreated WT mice was done before and after Ang Il
infusion. The eNOS" *HbbCre"9 (4-6 months old) were used as untreated control group,
while eNOS™¥1xCdh5-Cre/ERT2"9 mice were used as tamoxifen-treated WT group for this

comparison.

Tamoxifen-treated WT mice showed the same GFR as compared to the untreated group at
baseline (Fig. 33). Ang Il increased GFR only in the WT mice treated with tamoxifen, while
GFR did not change in WT without tamoxifen after the administration of Ang Il (Fig. 33).
These results show that the use of tamoxifen increases GFR after administration of Ang Il

in WT mice.
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Figure 33 - Effect of tamoxifen on GFR in WT mice before and after Ang Il treatment.

GFR measurements were performed on tamoxifen-treated and untreated WT mice before and after
Ang Il treatment. Ang Il treatment led to a significant increased GFR only in tamoxifen-treated WT
mice. Baseline: WT w/o TAM (n = 22), WT TAM (n = 20). Ang II: WT w/o TAM (n = 10), WT TAM (n
= 9). Mixed-effect 2-way ANOVA, Ang Il treatment p = 0.0135, TAM treatment = ns, uncorrected
Fisher's LSD, *p < 0.05. Abbreviations: Ang ll, angiotensin Il; GFR, glomerular filtration rate; ns, not

significant; TAM, tamoxifen; w/o TAM, without tamoxifen; WT, wild type.

The same comparison was also done in CondKO mice in order to understand whether
tamoxifen could exacerbate or ameliorate the GFR in global absence of eNOS.
eNOS™"HbbCre"™9 mice were used as untreated control group, while eNOS™"Cdh5-
Cre/ERT2"9 mice were used as tamoxifen-treated group. Tamoxifen-treated CondKO mice
showed the same GFR as CondKO mice not treated with tamoxifen at baseline (Fig. 34).

Treatment with Ang Il decreased GFR in both treated and untreated CondKO mice in a
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similar way. These results show that tamoxifen does not affect GFR in CondKO mice, both

with/without Ang IlI.

% %k %k
15—
@ CondKO (w/o TAM)
S *k © CondKO (TAM)
(11]
> 10
£ ® © |
£
_3 ’
x O]
L
o
@)
0 I I
Baseline Angli

Figure 34 - Effect of tamoxifen on GFR in CondKO mice before and after Ang Il treatment.

Baseline GFR measurements were performed on tamoxifen-treated and untreated CondKO mice,
showing no difference in GFR between the two groups of CondKO mice at baseline. After Ang Il
treatment, both groups showed a decreased GFR without any difference between each other.
Baseline: CondKO TAM (n = 37), CondKO w/o TAM (n = 16); Ang Il CondKO TAM (n = 17), CondKO
w/o TAM (n = 11). Mixed-effect 2-way ANOVA Ang Il treatment p < 0.0001, TAM treatment p = ns,
uncorrected Fisher’s LSD, **p < 0.01, *** p < 0.001. Abbreviations: Ang Il, angiotensin II; CondKO,

conditional eNOS knock out or eNOS™/nv; GFR, glomerular filtration rate; ns, not significant.

4542 GFRin EC eNOS KO and EC eNOS Kl mice

To understand whether eNOS in ECs is involved in the regulation of the GFR, basal
measurements as well as after Ang Il treatment were carried out on EC eNOS KO and EC
eNOS Kl mice, and their WT and CondKO control mice, respectively. As mentioned before,
the investigation of the age effect was not possible with these mouse models because of
the transient effect of tamoxifen. Thus, the mice used for this experiment were about 3
months old. EC eNOS KO mice did not show any difference compared to WT mice at
baseline. After Ang Il treatment, only WT mice showed an increase in GFR while EC eNOS
KO mice showed a lack of the compensatory response to Ang Il (Fig. 35). However, there
was no difference between the groups after Ang Il treatment; therefore the effect was weak.
These results are probably confounded by the unspecific effects of tamoxifen treatment. As
shown in Fig. 33, the increase in GFR in the WT is measurable only in WT treated with

tamoxifen and not observed in untreated WT mice.
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Figure 35 - GFR in EC eNOS KO mice before and after Ang Il treatment.

GFR was measured before and after Ang Il treatment in EC eNOS KO and WT mice. EC eNOS KO
mice did not show any difference as compared to WT mice at baseline. Ang Il increased GFR only
in WT mice, while EC eNOS KO mice lacked this compensatory response. Baseline: WT (n = 20),
EC eNOS KO (n=27); Ang Il: WT (n =9), EC eNOS KO (n = 15). Mixed-effect 2-way ANOVA Ang
Il treatment p = 0.0372, TAM treatment p = ns, uncorrected Fisher’'s LSD, *p < 0.05. Abbreviations:
Ang Il, angiotensin Il; EC eNOS KO, endothelial cell eNOS knock out; GFR, glomerular filtration rate;
ns, not significant; WT, wild type.

GFR was also measured in EC eNOS KI mice and CondKO littermates at baseline and after
Ang |l infusion. GFR in basic conditions was the same between EC eNOS Kl mice and the
littermate CondKO mice. After Ang Il administration, only CondKO mice showed a
significant decrease in GFR, while the phenotype was preserved in EC eNOS KI. These
data show that EC eNOS is involved in the regulation of GFR (Fig. 36).
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Figure 36 - GFR in EC eNOS KI mice before and after Ang Il treatment.

GFR was measured in EC eNOS Kl and CondKO mice at baseline and after Ang Il treatment. EC
eNOS KI mice did not show any difference as compared to CondKO controls at baseline. After Ang
Il administration, the GFR was preserved in EC eNOS Kl mice. Baseline: WT (n = 37), EC eNOS KI
(n=40); Ang Il: CondKO (n =17), EC eNOS Kl (n = 14). Mixed-effect 2-way ANOVA Ang Il treatment
p = ns, genotype p < 0.0001, treatment x genotype p = 0.0007; uncorrected Fisher's LSD, **p < 0.01,
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****n < 0.0001. Abbreviations: Ang I, angiotensin Il; CondKO, conditional eNOS KO or eNOSnv/inv;
EC eNOS KI, endothelial cell eNOS knock in; GFR, glomerular filtration rate; ns, not significant.

4543 GFRin RBC eNOS KO and RBC eNOS Kl mice

To understand whether eNOS in RBCs plays a role in GFR regulation, basal measurements
were carried out on RBC eNOS KO and RBC eNOS Kl mice, and their WT and CondKO
control mice, respectively, as well as after Ang Il treatment. The role of age in GFR was
also investigated. Three different sets of RBC eNOS KO and WT mice grouped by age (4-
6 month old, 9-12 month old, and 21-31 month old mice) were analysed. Age did not affect
GFR in WT mice. Similarly, the lack of eNOS specifically in RBCs did not affect the GFR
with age. Moreover, the deletion of eNOS from RBCs did not affect the GFR as there were
no changes among all three groups of RBC eNOS KO mice and their respective age-

matched WT mice controls (Fig. 37).
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Figure 37 - GFR in different sets of RBC eNOS KO and WT mice grouped by age.

Baseline GFR measurements were performed on three different RBC eNOS KO and WT groups (4-
6-month-old (M), 9-12 M, and 21-31 M mice), showing no differences in GFR with aging. 4-6 M: WT
(n =22), RBC eNOS KO (n = 23); 9-12 M: WT (n = 24), RBC eNOS KO (n = 22); 21-31 M: WT (n =
10), RBC eNOS KO (n = 10). Mixed-effect 2-way ANOVA age p = ns, genotype p = ns. Abbreviations:
GFR, glomerular filtration rate; M, month old; ns, not significant; RBC eNOS KO, red blood cell eNOS
knock out; WT, wild type.

The effect of Ang Il was investigated only in 4-6-month-old and 9-12-month-old groups of
RBC eNOS KO mice and WT littermates. 21-31-month-old mice were excluded from the
experiment due to high mortality following Ang Il treatment. 4-6 month old RBC eNOS KO
mice did not show any difference in GFR as compared to WT mice at both baseline and
after Ang Il treatment (Fig. 38A). Also 9-12 month old RBC eNOS KO mice did not show
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any phenotype as compared to WT before and after Ang Il infusion (Fig. 38B). These data
show that eNOS in RBCs does not play any role in GFR regulation.
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Figure 38 - GFR in different sets of RBC eNOS KO and WT mice grouped by age, before and
after Ang Il treatment.

GFR measurements were performed on two different RBC eNOS KO and WT groups (4-6 month old
(A) and 9-12 month old (B)) before and after Ang Il treatment. Both RBC eNOS KO groups showed
no difference in GFR as compared to WT mice before and after Ang Il treatment. 4-6 M, baseline:
WT (n = 22), RBC eNOS KO (n = 23); 4-6 M, Ang Il: WT (n = 10), RBC eNOS KO (n =12); 9-12 M,
baseline: WT (n = 25), RBC eNOS KO (n = 22); 9-12 M, Ang II: WT (n = 10), RBC eNOS KO (n = 8).
Mixed-effect 2-way ANOVA, 4-6 M: Ang Il treatment p = ns, genotype p = ns; 9-12 M: Ang Il treatment
p = ns, genotype p = ns. Abbreviations: Ang Il, angiotensin Il; GFR, glomerular filtration rate; M,
month old; ns, not significant; RBC eNOS KO, red blood cell eNOS knock out; WT, wild type.

To further investigate the role of age and eNOS in RBCs on GFR, two different sets of RBC
eNOS Kl and CondKO mice grouped by age were used (4-6-month-old and 9-12-month-old
mice). Surprisingly, RBC eNOS KI mice showed a significant decrease in GFR with age,

but they did not show any changes as compared to the CondKO control mice (Fig.39).
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Figure 39 - GFR in different sets of RBC eNOS Kl and CondKO mice grouped by age.

Basal GFR measurements were performed on two different RBC eNOS Kl and CondKO groups (4-
6-month-old and 9-12-month-old mice), showing a decreased GFR in RBC eNOS K| mice with age.
4-6 M: CondKO (n = 16), RBC eNOS KI mice (n = 15); 9-12 M: CondKO (n = 15), RBC eNOS Kl (n
= 17). Mixed-effect 2-way ANOVA, age p = 0.0040, genotype p = ns; uncorrected Fisher’s LSD *p <
0.05. Abbreviations: CondKO, conditional eNOS knock out or eNOS"nv; GFR, glomerular filtration
rate; M, month old; RBC eNOS KiI, red blood cell eNOS knock in.

The effect of Ang Il was investigated in both sets of RBC eNOS Kl and CondKO mice
grouped by age. RBC eNOS KI mice showed the same GFR as compared to CondKO mice
at baseline in both groups (Fig. 40). After administration of Ang Il, both 4-6-month-old RBC
eNOS KI and CondKO mice showed a significant decrease in GFR as compared to
baseline, but there were no differences between RBC eNOS Kl and CondKO controls (Fig.
40A). 9-12-month-old RBC eNOS KI mice did not show any difference in GFR as compared
to CondKO at baseline, as well as after Ang Il treatment. However, the administration of
Ang Il decreased GFR in the RBC eNOS KI mice but not in the CondKO mice (Fig. 40B).
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Figure 40 - GFR in different sets of RBC eNOS Kl and CondKO mice grouped by age, before

and after Ang Il treatment.
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GFR measurements were performed on two different RBC eNOS Kl and CondKO groups (4-6-
month-old and 9-12-month-old mice). (A) 4-6-month-old RBC eNOS Kl and CondKO mice showed a
decreased GFR after Ang Il. (B) In the group of 9-12-month-old mice, only RBC eNOS Kl showed a
decrease in GFR as compared to baseline. 4-6 M, baseline: CondKO (n = 16), RBC eNOS Kl (n =
15); 4-6 M, Ang Il: CondKO (n = 11), RBC eNOS KI (n = 10); 9-12 M, baseline: CondKO (n = 15),
RBC eNOS Kl (n = 17); 9-12 M, Ang II: CondKO (n = 9), RBC eNOS KI (n = 9). Mixed-effect 2-way
ANOVA, 4-6 M: Ang Il treatment p < 0.0001, genotype p = ns; 9-12 M: Ang Il treatment p = 0.0089,
genotype p = ns; uncorrected Fisher's LSD, *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: Ang
Il, angiotensin Il; CondKO, conditional eNOS knock out or eNOS"inv; GFR, glomerular filtration rate;
M, month old; RBC eNOS Ki, red blood cell eNOS knock in.

454.4 Role of age in GFR

The effect of age on basal GFR was investigated in WT and CondKO mice. To exclude any
effect of tamoxifen, the eNOS"*HbbCre™9 mice were used as WT group, and
eNOS™"HpbbCre™? mice were used as CondKO group. Two different sets of WT and
CondKO mice grouped by age were used: 4-6 month old mice and 9-12 month old mice.
The results show that age did not affect GFR between the two groups of WT mice. CondKO
mice showed a significant decrease in GFR in both groups as compared to the respective
WT control mice, but there were no changes in GFR between the two groups of CondKO
mice. These data show that age does not affect GFR in WT mice and the absence of eNOS

does not worsen the phenotype with age (Fig. 41).
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Figure 41 - GFR in different sets of CondKO and WT mice grouped by age.

Basal GFR measurement were performed on two different CondKO and WT groups (4-6 month old
and 9-12 month old mice), showing a significant decreased GFR in both groups of CondKO mice as
compared to age-matched WT mice, but no differences in GFR with age. 4-6M: WT (n = 22), CondKO
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(n=16). 9-12M: WT (n = 10), CondKO (n = 15). Mixed-effect 2-way ANOVA, age p = ns, genotype
< 0.0001, uncorrected Fisher's LSD, **p < 0.01. ***p < 0.001. Abbreviations: CondKO, conditional
eNOS knock out or eNOS™nv: GFR, glomerular filtration rate; M, month old; ns, not significant; WT,

wild type.

A comparison among these groups after Ang Il treatment was also performed. Ang Il
treatment exacerbated the difference in GFR between WT and CondKO mice as compared
to baseline in both sets of mice (Fig. 42). Moreover, the 4-6 month old CondKO mice
showed a significant decreased GFR after Ang Il infusion as compared to baseline (Fig.

42A), as also shown in Figure 41.
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Figure 42 — GFR in different sets of CondKO and WT mice grouped by age before and after
Ang Il treatment.

GFR was measured before and after Ang Il treatment in (A) 4-6 month old and in (B) 9-12 month old
WT and CondKO mice. Ang Il worsened the GFR in CondKO as compared to WT mice in both sets
of mice. Moreover, the 4-6 month old CondKO mice showed a decreased GFR as compared to
baseline. 4-6 M, baseline: WT (n = 22), CondKO (n = 16). 4-6 M, Ang II: WT (n = 10), CondKO (n =
11). 9-12 M, baseline: WT (n = 10), CondKO (n = 15). 9-12 M, Ang II: WT (n = 10), CondKO (n = 9).
Mixed-effect 2-way ANOVA 4-6 M: genotype < 0.0001, Ang Il treatment p = ns, Ang Il treatment x
genotype p = 0.0080; 9-12 M: Ang Il treatment p = ns, genotype p = 0.0002; uncorrected Fisher’s
LSD, **p <0.01. ***p <0.001. Welch’s t-test WT vs. CondKO (4-6M, baseline), #<0.05. Abbreviations:
Ang Il, angiotensin Il; CondKO, conditional eNOS knock out or eNOS"v; GFR, glomerular filtration
rate; M, month old; WT, wild type.
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5. Discussion

The aim of this study was to investigate the cell-specific role of eNOS in the control of kidney
function. To this aim, eNOS"1* mice and eNOS™ " mice were generated and crossed
with DeleterCreP® (DelCreP°®) mice, expressing Cre recombinase in all cells, or with mice
expressing Cre recombinase only in ECs or RBCs to generate KO and Kl mice and their
respective WT and CondKO (global eNOS KO) control littermates. After these crossing
procedures, the following lines were generated: global eNOS KO/WT (eNQSfloxflox
DelCrer°s"9) and global eNOS KI/CondKO (eNOS"" and eNOS™") mice, EC eNOS
KO/WT and EC eNOS KI/CondKO mice, as well as RBC eNOS KO/WT and RBC eNOS
K1l/CondKO mice. While the global and RBC-specific lines are constitutive, the EC-specific
lines are inducible, and a treatment with tamoxifen is required to induce the gene-targeted

modification.

This study had three main goals: (1) to verify that eNOS™ "' = CondKO construct was
efficient for reactivating eNOS expression in global eNOS Kl mice and the effect of eNOS
“gene dosage”, as proof of concept; (2) to characterize the expression of eNOS in targeted
and non-targeted tissues of the mouse lines as compared to the Cre-negative littermates;

(3) to investigate the role of eNOS expressed in ECs and RBCs in kidney function.
The main findings were:

1. In the first part of the study, the reactivation of eNOS in global eNOS KI mice was
analysed as a proof of concept. The results show that eNOS was successfully reactivated
in both alleles (eNOS" mice) or only in one allele (eNOS" mice). Reactivation of eNOS in
one or both alleles rescued vascular function and blood pressure. Homozygous Kl (eNOS")
and heterozygous Kl (eNOS"") mice showed similar SBP as WT mice, and a preserved

vascular response to ACh, PE, and SNP as WT mice.

2. The expression of eNOS was specific in the targeted cells. EC eNOS KO mice showed
a loss of eNOS expression in aorta and a significant decreased eNOS expression in kidney
as assessed by real-time RT-PCR, while EC eNOS Kl mice expressed eNOS at the same
level as WT mice. Western blot analysis showed a lack of eNOS in aorta, heart, and liver of
EC eNOS KO and CondKO mice, while a very low expression of eNOS was detected in
kidney and lung of EC eNOS KO mice, but not in CondKO mice, due to the presence of
eNOS in non-ECs. EC eNOS KI mice showed eNOS in all tissues at the same level as WT
mice as assessed by Western blotting as well as by ELISA and published in Leo et al. (Leo
et al.,, 2021). Moreover, tamoxifen induced downregulation of eNOS expression in the

kidney. RBC eNOS KO mice showed the lack of eNOS specifically in RBCs as assessed
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by Western blot of ghosts, immunoprecipitation of eNOS from RBCs, and
immunotransmission electron microscopy analysis in RBCs, while RBC eNOS Kl mice
showed a preserved eNOS expression. Moreover, eNOS was detected by Western blot in
aorta, kidney, heart, lung, and liver lysates of RBC eNOS KO mice at the same level as WT
mice, but not in RBC eNOS Kl mice, which are phenotypically global eNOS KO. The results
show that the deletion/reactivation of eNOS from/in ECs or RBCs was cell-specific and

successful.

3. In the third part of this study, the role of eNOS in ECs and RBCs for kidney function was
investigated. The results show that EC eNOS modulates sodium excretion and GFR.
Specifically, after salt and volume challenge, lack of eNOS in ECs caused a reduction in
sodium and urine excretion at baseline, while its reactivation preserved the phenotype in
EC eNOS KI mice after Ang Il treatment. The reactivation of eNOS specifically in ECs
rescued the GFR in EC eNOS KI mice after Ang Il infusion.
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Figure 43 - Role of EC and RBC eNOS in kidney function.

1) After salt and volume challenge, the lack of eNOS in ECs leads to a decrease in sodium and urine
excretion at baseline. 2) Reactivation of eNOS specifically in ECs preserves sodium excretion in
global eNOS KO mice after Ang Il treatment. 3) The reactivation of eNOS specifically in ECs rescued
the GFR in global eNOS KO mice after Ang Il infusion. 4) RBC eNOS does not regulate GFR, while
its role in sodium and urine excretion needs to be further investigated (direct interactions indicated
by dashed lines).
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5.1. Part 1: Reactivation of eNOS in all cells of CondKO mice

rescues vascular function and blood pressure: a proof of concept
The aim of this part of the study was to test the effects of reactivation of eNOS in global
eNOS KO mice as proof of concept to verify that eNOS™ " = CondKO construct was

efficient for reactivating eNOS expression. Moreover, gene dosage was also investigated.

To this aim, eNOS™" mice were crossed with DelCre°s mice, expressing Cre recombinase
in all cells. Three different genotypes were generated, depending on how many alleles
expressed eNOS: eNOS" mice, which are homozygous eNOS KI mice; eNOS¥™ mice,
which are heterozygous eNOS Kl mice; and eNOS™" mice, which are global eNOS KO

mice. These results were published in LoBue et al. (LoBue et al., 2024).

To test the efficiency of the reactivation of eNOS in all cells, the protein levels of eNOS in
aorta were investigated by Western blotting. The expression of eNOS in eNOS" mice was
found to be comparable to WT mice. Specifically, the quantification of protein levels of eNOS
showed that heterozygous eNOS" " and homozygous eNOS™ mice had comparable levels
of eNOS expression as compared to WT (eNOS"X) mice. Previously, heterozygous
eNOS Kl mice generated by Huang showed a 48 £ 13% of eNOS protein levels in lung
lysates as compared to WT control mice (n = 3) (Fagan et al., 1999). Accordingly, cardiac
tissue homogenates from heterozygous eNOS Kl mice generated by Shesley showed a
reduction of eNOS protein levels of 50% as compared to WT mice (4-6 mice for each group).
These different findings may be due to the different strains and tissues investigated, and

the smaller sample size used as compared to this thesis.

Moreover, homozygous eNOS" and heterozygous eNOS"™ mice also showed a fully
preserved EDR in response to ACh and endothelium-independent vasorelaxation in
response to SNP, as well as a decreased contractile response to PE, while eNOS™" mice
showed a lack of vascular function. This was consistent with previous reports showing that
eNOS KO mice exhibited no response to ACh-treatment in aortic rings (Huang et al., 1995),
as well as no dilatory response to shear stress following occlusion of the iliac artery (Erkens
et al., 2015). Moreover, heterozygous eNOS Kl mice showed a preserved endothelial-
dependent vasodilation and vasoconstriction responses to serotonin and PE (Kojda et al.,
1999; Kojda et al., 2001). These results showed that heterozygous eNOS Kl compensates

for the lack of eNOS, preserving vascular function.

The decreased blood pressure in homozygous eNOS™ mice was consistent with the
reactivation of eNOS in the whole body as well as with the preserved vascular function.
Indeed, while the founder eNOS™ ™ mice were hypertensive, the eNOS" mice showed

normotension. Moreover, even the reactivation of eNOS in a single allele was sufficient to
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completely rescue the hypertensive phenotype, as the blood pressure levels of the
heterozygous eNOS"" mice were not different from the homozygous eNOS™ or the WT
(eNOS™¥x) mijce. These findings are in agreement with the global eNOS KO strains
generated in the past, which showed to have high blood pressure (Huang et al., 1995;
Shesely et al., 1996; Godecke et al., 1998). Moreover, studies carried out on global eNOS
KO mice demonstrated that under basal conditions, heterozygous eNOS KO mice have a
blood pressure similar to that of WT mice (Kojda et al., 1999; Kojda et al., 2001). Taken
together, the reactivation of eNOS only in one allele rescued the hypertensive phenotype
of eNOS KO mice.

Several global eNOS KO mouse strains have been generated in the past, but to the best of
my knowledge, this was the first time that exon 2 of the NOS3 genome was targeted. One
of the earliest eNOS KO strains was developed by Huang, in which the Hindlll-Sall
fragment containing the exons that encode the NADPH ribose and adenine binding sites
was replaced (Huang et al., 1995). Another strain was the one generated by Shesely (now
available from Jackson Laboratory, JAX stock #002684), where exon 12 of the eNOS gene
was targeted, disrupting the calmodulin-binding site (Shesely et al., 1996). Godecke’s strain
involved deletion of exons 24 and 25, which encode the essential NADPH binding domain
(Godecke et al., 1998). Additionally, Morishita generated a strain in which all three NOS
isoforms (eNOS, nNOS, and iNOS) were disrupted; this was achieved by crossing the
Huang strain with nNOS KO and iNOS KO mice (Morishita et al., 2005).

The eNOS1ox gnd eNOS™™ mouse models described in this thesis offer a distinct
advantage. By targeting exon 2, neither the eNOS? allele (resulting from Cre-mediated
deletion in eNOS™) nor the eNOS™ allele leads to the production of a coding mMRNA or
truncated protein. This is particularly important because some eNOS KO strains, such as
the commercially available model from Jackson Laboratory, produce a ~70 kDa truncated
eNOS protein, which may cause unspecific or misleading phenotypes like the formation of
dominant-negative complexes that interfere with proteins targeting the N-terminal region of
eNOS.

The first time that the Cre/loxP system was used for gain-of-function studies was in 2002,
when point mutations in the CREB-binding domain were introduced in bacteria and stem
cells (Z. Zhang et al., 2002). However, not always gene reactivation by the Cre/loxP system
led to successful results. As reported in literature, the generation of two CondKO mice for
the Impad1 and Clcn7 genes caused a severe lethal phenotype due to the synthesis of non-
functional protein (Capulli et al., 2019). Contrary, this study showed that the reactivation of

eNOS in all cells was successful.
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In summary, the characterization of the CondKO model, as well as the homozygous and
heterozygous eNOS Kl mice, showed that the reactivation of eNOS in all cells by the use
of the Cre/loxP system was successful. Moreover, eNOS expression and function exhibit a
clear dosage effect, as the reactivation of eNOS only in one allele is sufficient to
compensate for lack of eNOS and to rescue vascular function and blood pressure (data
published in (LoBue et al., 2024)).

5.2. Part 2: Characterisation of eNOS expression in gene
targeted eNOS KO and Kl mice

The results show that the deletion/reactivation of eNOS from/in ECs or RBCs by using the

Cre/loxP system was cell-specific and successful.

5.2.1. EC eNOS KO and KI mice

To characterize the changes in eNOS expression in targeted and non-targeted tissues of
the Cre-positive mice as compared to the Cre-negative littermates, tissues from EC eNOS
KO and their WT control mice were analysed by real-time PCR, real-time RT-PCR, and
immunoblotting. Real-time PCR analysis carried out on DNA extracted from aorta showed
DNA recombination only in EC eNOS KO mice and not in WT littermates. Real-time RT-
PCR showed a lack of mRNA expression of eNOS in EC eNOS KO mice in aorta (see
results §4.3) and heart (Cortese-Krott et al., 2022). Accordingly, Western blot analysis of
aorta, heart, and liver lysates of EC eNOS KO mice showed a complete lack of eNOS.
Previously, other studies suggested the presence of eNOS in human and murine
cardiomyocytes and cardiac fibroblasts as assessed by using respectively co-
immunoprecipitation (Feron et al., 1996), and immunoblotting and NOS activity assay (R.
S. Smith, Jr. et al., 2005; Kazakov et al., 2013). Thus, the lack of eNOS in the heart lysates
of EC eNOS KO mice was unexpected.

In the kidney, eNOS mRNA was still partially expressed in EC eNOS KO mice as compared
to WT mice, but it was significantly (2.5-fold) downregulated. However, in these models, the
use of tamoxifen for gene modification showed non-specific effects as it induced
downregulation of eNOS expression in the kidney in WT mice. According to the eNOS
MRNA expression in the kidney, Western blot analysis also showed eNOS protein levels in
kidney lysates of EC eNOS KO mice, but significantly lower than in WT mice. Contamination
derived from non-ECs may confound the characterization of EC eNOS KO mice. In fact, in
the kidney, eNOS is not only expressed in the vasculature of the vasa recta and glomerula,
but also in the tubular epithelial cells of the proximal tubule, the inner medullary collecting
duct (IMCD), and the TAL of the loop of Henle (Wu et al., 1999; Plato et al., 2000; Baines
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& Ho, 2002). Similarly, Western blot of lung lysates from EC eNOS KO mice showed a low
expression of eNOS. In the lung, eNOS is expressed in ECs of pulmonary arteries and veins
the most, but it is also expressed in the airway, specifically in the bronchiolar and alveolar
epithelial cells (Shaul et al., 1994; Giaid & Saleh, 1995). Thus, the faint bands indicating the
presence of eNOS in the immunoblotting of kidney and lung lysates of EC eNOS KO mice

are likely due to the expression of eNOS also in other cell types.

The same kind of characterization was carried out in EC eNOS Kl mice and CondKO
littermates. Real-time PCR performed on DNA extracted from aorta showed DNA
recombination only in EC eNOS Kl and not in the CondKO littermates. Real-time RT-PCR
showed mRNA eNOS expression in aorta and kidney lysates of EC eNOS Kl mice at the
same level as WT mice. Accordingly, heart, aorta, lung, liver, and kidney showed preserved
protein levels of eNOS in EC eNOS Kl mice as assessed by Western blotting as well as by
ELISA (published in (Leo et al., 2021)). Contrary, CondKO mice completely lack eNOS in

the same tissues as assessed by real-time RT-PCR and Western blotting.

Taken together, these results show that the deletion or reactivation of eNOS in ECs was

cell-specific and successful.

5.2.2. RBC eNOS KO and Kl mice
RBC eNOS KO mice were also characterized by real-time PCR and Western blotting. Real-
time PCR analysis carried out on DNA extracted from bone marrow showed DNA
recombination only in RBC eNOS KO mice and not in the WT control mice.
Immunoprecipitation of eNOS from RBCs as well as Western blot of ghosts and
immunotransmission electron microscopy of RBCs showed a lack of eNOS in RBC eNOS

KO mice as compared to WT littermates.

The potential off-target effects of Cre recombinase were also analyzed in these mice. Real-
time RT-PCR of kidney lysates, as well as Western blotting of aorta, kidney, heart, liver,
and lung lysates, showed a preserved eNOS expression in RBC eNOS KO mice at the
same level as WT mice. Off-target effects of gene-targeted recombination are sometimes
found in constitutive models generated by the Cre/loxP system. These are caused mainly
by recombination at cryptic/pseudo-loxP sites, and overexpression of Cre recombinase
(Thyagarajan et al., 2000; Loonstra et al., 2001). This is also the reason why tamoxifen-
inducible models were chosen for EC eNOS KO and Kl mice. Importantly, in these
constitutive mouse models described here, no evidence of such off-target effects was

observed, suggesting that Cre recombinase activity was specific and well tolerated.
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The same characterization was carried out in RBC eNOS Kl mice, which showed DNA
recombination in DNA extracted from bone marrow and lack of eNOS expression in aorta,
kidney, heart, lung and liver lysates as assessed by Western blotting, while eNOS was
present specifically in RBCs as assessed by immunoprecipitation of eNOS from RBCs and

immunotransmission electron microscopy.

The characterization of eNOS expression in RBCs of RBC eNOS KO mice is challenged by
the expression of eNOS also in other cell types like ECs and WBCs, which may contaminate
the RBCs and confound the characterization. To avoid this, RBCs from RBC eNOS KO and
Kl mice were cleaned from WBC contamination before performing immunoprecipitation of
eNOS. Also erythroid cells (Ter119%) used for mMRNA expression analysis were isolated from
the bone marrow of RBC eNOS Kl mice and cleaned from WBC contamination, as published
in Leo et al. (Leo et al., 2021). These considerations highlight the importance of the cell-

type isolation in order to reliably determine the role of eNOS in the targeted compartment.

All together, these results demonstrate that the generation of EC or RBC-specific eNOS KO

and Kl models by using the Cre/loxP system was successful.

To conclude, the combined use of KO and KI models allows the precise distinction of the
role of eNOS in ECs, RBCs, or in other cell types. Moreover, EC eNOS KO mice clearly
revealed the presence of eNOS in non-ECs, allowing the possibility to “unmask” the effect
of eNOS in non-ECs. Furthermore, the preserved expression of eNOS in other cell types

confirms the specificity and validity of the genetic targeting strategy.

5.2.3. eNOS in ECs and RBCs contribute to blood pressure regulation and
to the levels of systemic NO metabolites

EC eNOS KO mice showed a significant increase in blood pressure as compared to their
relative WT littermates. Additionally, the reactivation of eNOS specifically in ECs of CondKO
mice rescued the phenotype. It is very well known that eNOS is tightly regulated in
resistance vessels, which regulate blood pressure through their control of vascular
resistance. Previous studies showed the crucial role of eNOS in blood pressure regulation
by using only global eNOS KO mice or pharmaceutical inhibitions of eNOS (Rees et al.,
1990; Huang et al., 1995; Shesely et al., 1996; Godecke et al., 1998). By knocking out
eNOS specifically in ECs, for the first time, it was possible to confirm the specific role of EC

eNOS in blood pressure regulation.

Surprisingly, RBC eNOS KO mice also showed a hypertensive phenotype, which was

rescued by the reactivation of eNOS specifically in RBCs. It was previously demonstrated
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that RBCs also carry an active eNOS, which contributes to the regulation of systemic blood
pressure (Cortese-Krott et al., 2012; Wood et al., 2013). With this study, for the first time, it
was shown that eNOS in RBCs plays an independent role in the regulation of blood
pressure, challenging the traditional view that only EC eNOS is crucial for blood pressure

regulation (Leo et al., 2021).

The data presented in this study showed that the total amount of NO metabolites was
decreased in plasma, lung, and heart of EC eNOS KO mice, as well as the circulating nitrite
and nitrate in plasma. Nitrate was instead increased in liver, confirming the observation that
the liver may act as a reservoir of nitrate (Eriksson et al., 2018). A similar phenotype was
observed in the CondKO mice, supporting previous observations done using global eNOS
KO mice (Erkens et al., 2018). On the other hand, RBC eNOS KO mice showed decreased
nitrite and nitrate in plasma, and increased nitrite only in the aorta. NO-heme concentrations
were fully preserved in EC eNOS KO mice, while they were significantly lower in RBC eNOS

KO mice. Moreover, RBC eNOS Kl mice did not show any alteration in NO-Heme levels.

From these observations, it is clear that both ECs and RBCs eNOS contribute to regulating
the systemic NO metabolite levels, but in different ways. While EC eNOS is the major
contributor to the overall amount of NO metabolites in the tissues, RBC eNOS is a

necessary source of NO bound in RBCs (these results were published in (Leo et al., 2021)).

5.3. Part 3: Characterisation of kidney function in gene targeted
mice

In this part of the study, the aim was to characterize the kidney function of the mouse lines

as compared to the Cre-negative littermates. For this purpose, basal sodium and urine

excretion and after salt and volume challenge as well as GFR were investigated before and

after Ang Il treatment in EC eNOS KO and Kl mice and in RBC eNOS KO and KI mice and

their respective Cre-negative control littermates.

Ang Il plays a key role on blood pressure regulation by multiple mechanisms: direct
vasoconstrictor effect on arterioles, renal effects such as stimulating sodium and water
retention and aldosterone secretion, activation of the sympathetic nervous system, which
leads to an increase in HR and contractility, and promoting structural changes in blood
vessels and heart, such as hypertrophy and fibrosis (J. C. Li et al., 2023; Nadasy et al.,
2024; Triebel & Castrop, 2024).

The interplay between Ang Il and NO in renal function regulation is very complex but

necessary to maintain renal hemodynamic stability. In this part of the study, Ang Il was used
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to challenge the kidney to “unmask” a potential role of eNOS in ECs and/or in RBCs in renal
function. Previous studies investigating the role of Ang Il in mice lacking eNOS were carried
out on global eNOS KO mice, showing an exacerbation of the hypertensive phenotype after
low dose (10 ng/min) and high dose (25 ng/min) of Ang Il (Whiting et al., 2013). For the first
time, this study focused instead on the interaction between Ang Il and EC or RBC eNOS-
derived NO by using cell-specific eNOS KO mice models, which allowed for a better

understanding of the specific role of eNOS in ECs and RBCs.

5.3.1. Analysis of Ang Il effect on heart weight index
When the preload (blood volume) and/or afterload (blood pressure) increase, the heart
undergoes compensatory hypertrophy in order to maintain the cardiac output stable and
reduce the wall stress (Caturano et al., 2022). Ang Il plays a significant role in cardiac
hypertrophy via the combination of direct effect on cardiomyocytes and the elevation of
blood pressure (Geisterfer et al., 1988; Dostal & Baker, 1992; Crowley et al., 2006; Xu et
al., 2010). Thus, the effect of Ang Il on the heart weight index (a parameter for increased

heart size) was investigated here.

EC and RBC eNOS KO mice, as well as tamoxifen-treated and untreated CondKO mice,
exhibit hypertension. Additionally, Ang Il was used to challenge the kidney and allow for
investigation of renal function in all the mouse models. Thus, the heart weight index of all
the cell-specific eNOS KO and Kl mice was investigated at baseline and after the treatment
with Ang Il.

WT mice treated with tamoxifen showed a lower heart weight index as compared to
untreated WT mice at baseline. Similarly, a previous study showed that subcutaneous
treatment with tamoxifen for 12 weeks inhibited cardiac hypertrophy in ovariectomized
spontaneously hypertensive rats (Pelzer et al., 2005). Moreover, oral treatment with
tamoxifen had a beneficial effect on both isoproterenol and partial abdominal aortic
constriction-induced cardiac hypertrophy in Wistar rats (Patel et al., 2014). After treatment
with Ang I, the treated and untreated WT mice did not show any difference, as Ang Il
increased the heart weight index of the tamoxifen-treated WT mice only. Tamoxifen-treated
CondKO mice did not show any difference in heart to body weight ratio as compared to the
untreated group. However, Ang Il led to an increase in heart weight index only in tamoxifen-
treated CondKO mice. These data show that Ang Il led to an increase in heart weight index
only in the presence of tamoxifen, which is not dependent on eNOS. Moreover, CondKO
mice treated with tamoxifen had a higher heart weight index as compared to tamoxifen-

treated WT mice at baseline, but not after Ang Il infusion.
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EC eNOS KO mice showed the same heart weight index as compared to WT mice at
baseline and after Ang Il treatment. Moreover, at baseline, they did not show changes in
cardiac output, stroke volume, HR, ejection fraction, and fractional shortening as compared
to WT mice, as assessed by echocardiography and published in Cortese-Krott et al.
(Cortese-Krott et al., 2022). However, Ang Il caused an increase in heart weight index only
in WT mice. However, the reactivation of eNOS specifically in ECs did not rescue the
phenotype in CondKO mice. Moreover, also in this case, left ventricular function was

unchanged in EC eNOS KI mice as compared to CondKO mice (Cortese-Krott et al., 2022).

WT and CondKO mice not treated with tamoxifen showed the same heart to body weight
ratio at baseline and after Ang Il treatment. Similarly, a previous study showed that 18-23
week old global eNOS KO mice showed the same heart weight index as compared to age-
matched WT mice. The difference in the ratio significantly increased with age, as both 27-
30 week old and 40 week old global eNOS KO mice showed higher heart weight index as
compared to the respective age-matched WT mice (Flaherty et al., 2007). In the present
study, 4-6 month old mice were used for comparison, corresponding to the 18-23 week old

group examined in the previous study.

RBC eNOS KO mice did not show any difference in heart weight index as compared to WT
control mice with/without Ang Il. Moreover, both RBC eNOS KO and WT mice showed
similar cardiac output, stroke volume, HR, ejection fraction, and fractional shortening as
assessed by echocardiography and published in Cortese-Krott et al. (Cortese-Krott et al.,
2022). Furthermore, Ang Il did not affect the heart to body weight ratio in both groups.
Surprisingly, RBC eNOS KI mice showed a lower heart to body weight ratio as compared
to CondKO mice at baseline, but the same left ventricular function (Cortese-Krott et al.,
2022). However, Ang Il did not affect the heart to body weight ration in both RBC eNOS KiI

and CondKo control.

Taken together, these data show that Ang Il leads to an increase in heart weight index in
the presence of tamoxifen, which is not dependent on eNOS. However, to define this
phenotype as cardiac hypertrophy, further investigations on other key parameters like
molecular markers (e.g., atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP),
and B-myosin heavy chain (B-MHC)), and functional assessment via echocardiography or
pressure-volume loop analysis are needed (Coelho-Filho et al., 2013; Erkens et al., 2015;
Sarzani et al., 2022).
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5.3.2. Analysis of the off-target effects of tamoxifen on sodium and urine
excretion

EC eNOS KO and KI models are transient, and treatment with tamoxifen (75 mg/kg) was

necessary to induce the targeted gene modification. However, tamoxifen may have off-

target effects. In fact, it was shown that estrogens have effects in regulating water and salt

balance, which can vary depending on physiological condition, dosage, and duration

(Brunette et al., 2001; X. Zhang et al., 2019). Therefore, the role of tamoxifen per se on

sodium and urine excretion was investigated in WT and CondKO mice.

The results showed that tamoxifen does not have an effect on sodium excretion under a
regular sodium intake. In fact, tamoxifen-treated WT mice showed the same basal sodium
excretion as compared to the untreated WT group, both before and after Ang Il treatment.
Also CondKO mice showed unchanged basal sodium excretion when treated with tamoxifen
before and after Ang Il infusion. Similarly, tamoxifen did not have any effect on sodium
excretion after salt and volume challenge, both before and after Ang Il treatment in WT and
CondKO mice. Previous studies showed that treatment with tamoxifen at doses of 25 mg/kg
and 50 mg/kg ameliorated the lithium-induced natriuresis in rats with nephrogenic diabetes
insipidus, likely due to the attenuation of the decrease in BENaC and yENaC expression in
the cortical and outer medullary collecting ducts (Tingskov et al., 2018). The doses of
tamoxifen used (25 mg/kg and 50 mg/kg) are both smaller than the one used in the present
study (75 mg/kg). However, it is important to note that this happened in a pathological
context, not a physiological condition, as tamoxifen was used as a therapeutic approach
against lithium-induced natriuresis in rats, while in the present study, tamoxifen was used
to induce gene-targeted recombination. Importantly, in the study carried out by Tingskov
and colleagues, the tamoxifen effect on sodium excretion was studied during administration,
while in this thesis all the experiments, and therefore the investigation of the tamoxifen
effects, were performed 21 days after the end of the tamoxifen treatment. The unchanged
sodium excretion in basal condition and after sodium challenge both before and after Ang

Il treatment in WT and CondKO mice shows that tamoxifen does not influence natriuresis.

Tamoxifen did not have any effect on water handling in basal conditions, both before and
after Ang Il treatment, as there were no differences between treated and untreated WT

mice, as well as between treated and untreated CondKO mice in physiological conditions.

Conversely, tamoxifen affected water handling after sodium and volume challenge. In fact,
WT mice treated with tamoxifen showed a significantly higher urine excretion before Ang
treatment as compared to the untreated control group. However, CondKO mice did not

show any difference in urine excretion as compared to the untreated group, both before and
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after Ang Il treatment. These results show that the effect of tamoxifen may be eNOS-
dependent. These findings are in contrast with previous studies showing that estrogens like
estradiol or tamoxifen reduced urine output by decreasing mRNA and protein expression of
aquaporin 2 in the collecting duct of ovariectomized female rats or of male rats with lithium-
induced nephrogenic diabetes insipidus, respectively (Cheema et al., 2015; Tingskov et al.,
2018). However, as discussed above, in this case, the tamoxifen effect on urine excretion
was investigated during administration and in a pathological context, which is a condition

different from the one investigated here.

Taken together, tamoxifen had no effect on sodium excretion. However, it increased urine

excretion in WT mice following salt and volume challenge, but only before Ang Il treatment.

5.3.3. EC eNOS modulates sodium and urine excretion
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Figure 44 - EC eNOS modulates sodium and urine excretion.
The lack of eNOS in ECs led to decreased sodium and urine excretion after challenging the kidney

with high salt and volume load. The reactivation of eNOS specifically in ECs preserved the sodium
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excretion in global eNOS KO mice after Ang Il treatment. Dashed lines indicate direct interactions

that need further investigaions.

In this part of the study, the role of EC eNOS in sodium excretion was investigated at basal
conditions and after challenging the kidney with high salt and volume load, before and after

Ang Il treatment.

In order to first understand the general role of eNOS in sodium excretion, WT and CondKO
mice were analysed. For this comparison eNOS™ox Cdh5-Cre/ERT2™9 + TAM (WT) and
eNOS™"Cdh5-Cre/ERT2"9 + TAM (CondKO) mice were used. CondKO mice showed the
same basal sodium excretion as compared to WT mice. Moreover, Ang Il treatment did not
affect sodium excretion in both WT and CondKO mice as compared to baseline. NO has an
important role in sodium and water handling as a result of inhibition of sodium reabsorption
along the nephron (Mattson et al., 1994; Schneider et al., 2008; Carlstrom, 2021). It was
shown that Ang Il has a biphasic effect on the sodium handling ex vivo; in fact, at picomolar
concentration it stimulates the reabsorption of sodium, while at nanomolar concentration it
inhibits its reabsorption (Banday et al., 2011). Specifically, Ang Il at a concentration between
10"* M and 10" M stimulates Na*-K*-ATPase activity in isolated rat proximal tubule, while
at a concentration above 10'° M, the production of NO by enzymatic activation is triggered,
leading to the inhibition of the Na*-K*-ATPase activity. (C. Zhang et al., 2001). Previously,
it was shown that global eNOS KO mice from Jackson Laboratory (Shesley’s strain) had a
similar 24-hour urinary sodium excretion as compared to C57BL/6J mice after regular-salt
intake (0.4% NaCl) (Kopkan et al., 2010). Additionally, chronic infusion of Ang Il (25 ng/min)
in vivo led to decreased sodium excretion in WT mice, while all the global eNOS KO mice
died. On the other hand, a lower dose of Ang Il (10 ng/min) did not cause any changes in
urinary sodium excretion in WT mice as well as in global eNOS KO mice (Whiting et al.,
2013). Considering a body weight of 30 g, these doses correspond to 833 ng/kg/min and
333 ng/kg/min, respectively. In the present study, the dose of Ang Il used was of 500
ng/kg/min, which may explain the regular sodium excretion in both CondKO and WT mice

after Ang Il infusion.

Analysis of overnight excretion of sodium in urine showed that EC eNOS KO mice had the
same urinary sodium concentration as WT mice at baseline and after treatment with Ang Il.
This demonstrates that eNOS in ECs does not regulate sodium excretion under regular
sodium intake conditions. Consistent with these results, the reactivation of eNOS

specifically in ECs did not affect the urinary sodium concentration before and after Ang Il,
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as EC eNOS Kl and the CondKO littermates showed the same sodium concentration levels

in urine after overnight collection.

The role of eNOS on basal urine excretion was also investigated in WT and CondKO mice
before and after Ang Il treatment. WT and CondKO mice showed the same urine excretion
before and after Ang Il treatment. Moreover, Ang Il did not have any effect on urine excretion
in both EC eNOS KO and WT mice as compared to baseline. Conversely, a previous study
showed that C57BL/6J mice had increased 24-hour urine output after 7 days of Ang Il
treatment (1.6 pg/kg/min) by subcutaneous minipumps (C. C. Chen et al., 2010). This can
be explained by taking into account that high concentrations of Ang Il activate the AT>
receptors (Angiotensin Il receptor type Il), which counterbalance the antinatriuresis and
pressor effects of Ang Il via stimulation of eNOS and activation of the NO/sGC signalling
(Siragy et al., 1999; Fatima et al., 2021). Here, the lack of compensatory response to Ang
IIin WT mice may be due to the lower dose of Ang Il used (500 ng/kg/min vs. 1.6 pg/kg/min).
Furthermore, Ang Il treatment did not affect the urine excretion in either tamoxifen-treated

or untreated CondKO mice.

EC eNOS KO mice showed similar urine excretion as WT mice at both baseline and after
Ang Il. Moreover, EC eNOS KI mice had the same urine excretion as CondKO mice, both
with/without Ang Il. This suggests that, at low doses of Ang I, eNOS in ECs is not involved

in the regulation of water handling.

The role of eNOS in sodium excretion was also investigated after salt and volume challenge.
CondKO (eNOS™nCdh5-Cre/ERT2"9 + TAM) mice showed the same sodium and urine
volume excretion as WT (eNOSM¥fox Cdh5-Cre/ERT2"9 + TAM) mice. Previously, eNOS
KO mice treated with a high salt diet (4%) for two weeks showed similar sodium excretion
as WT mice treated with the same diet (Kopkan et al., 2010). Contrary, previous studies
showed that the inhibition of NOS by intravenous infusion of L-NAME at one dose (0.1, 1.0,
10.0 and 50.0 pg/kg/min) in rats as well as 30 minutes infusion of L-NA (0.4 mL/min, pH
6.8) in dogs led to a decrease in sodium excretion and fluid volume (Lahera et al., 1991;
Maijid et al., 1993). However, this is an acute effect of a pharmaceutical inhibition of NOS,

which may have different outcomes than an eNOS KO mouse model.

At baseline, lack of eNOS in ECs led to a significant decreased sodium excretion in urine
as compared to WT mice, while Ang Il did not have any effect in both groups. Similarly,
nephron-specific eNOS KO mice treated with 1.5 mL saline (i.p.) had lower sodium
excretion at the fourth hour, as compared to WT mice (Gao et al., 2018). This result might
be explained by the evidence that eNOS-derived NO affects the activity of NKCC2 in the
TAL of the loop of Henle and the NCC in the distal convoluted tubule (Gao et al., 2018;
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Carlstrom, 2021). The results in the present study also show that eNOS in ECs contributes

to modulating sodium excretion when the kidney is challenged with high salt intake.

Furthermore, EC eNOS KO mice also showed a decreased urine excretion as compared to
WT mice before Ang Il treatment. A previous study showed that eNOS KO mice (Shesely’s
strain) had a significantly lower urine excretion after a high volume load. Moreover, the
treatment with the loop diuretic bumetanide abolished the difference between eNOS KO
and WT mice, suggesting that eNOS expressed in the TAL of the loop of Henle was primarily
involved (Perez-Rojas et al., 2010). In the present study, the lack of eNOS specifically in
ECs caused a reduced urine excretion, demonstrating again the important role of eNOS in

ECs in modulating urine excretion.

As discussed above, tamoxifen treatment led to an increase in urine excretion in WT mice.
Contrary, EC eNOS KO mice showed a significantly decreased urine excretion as compared
to WT control mice, indicating that this phenotype is not a tamoxifen artifact, but rather due
to the lack of eNOS in ECs.

EC eNOS KI mice showed no difference in basal sodium and urine excretion as compared
to the CondKO littermate mice, before and after Ang Il. Similarly, also after salt and volume
challenge EC eNOS KI mice and CondKO littermates showed the same sodium and urine
excretion, both before and after Ang Il. However, Ang Il had a weak effect only in CondKO
mice, as they showed a decreased sodium excretion as compared to baseline (significant
only if the Sidak t-test was carried out with correction for multiple comparisons). Instead,
urine excretion was unchanged in CondKO mice before and after Ang Il. These results show
that the reactivation of eNOS specifically in ECs preserved the phenotype of global eNOS
KO mice.

Taken together, all the results showed that eNOS in general does not regulate sodium
excretion under regular sodium intake conditions. However, when the kidneys are
challenged with a high salt and volume load, eNOS in ECs contributes to modulating sodium

handling.

5.3.4. Effect of tamoxifen on GFR
The effect of tamoxifen on GFR was investigated in WT and CondKO mice. Tamoxifen did
not affect GFR in WT mice at baseline. However, after administration of Ang Il, only the
tamoxifen-treated WT mice showed a significant increase in GFR as compared to baseline,

but there were no differences between treated and untreated groups.
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While, to the best of my knowledge, there are no direct studies about the impact of tamoxifen
on GFR, there are evidences about its antifibrotic effect, which can ameliorate kidney injury
like albuminuria, chronic nephropathy, glomerulosclerosis, and interstitial fibrosis by the
activation of estrogen receptors (Delle et al., 2012; H. Y. Ma et al., 2021; Tingskov et al.,
2021), which are expressed in the tubular epithelial cells, ECs, mesangial cells and
podocytes of the kidney (Irsik et al., 2013; Cheema et al., 2015). However, sex can be an
important variable to take into consideration. In fact, a previous study showed that tamoxifen
treatment to induce DNA recombination, attenuated fibrosis in female obstructed mouse
kidney, but not in males (Falke et al., 2017). Previous studies suggested that treatment of
porcine coronary arteries with tamoxifen modulates eNOS activity as shown by an elevated
intracellular Ca*™ in ECs and an increased phosphorylation at Ser-1177 (Leung et al., 2006).
Additionally, tamoxifen induced dilation of bovine microvessels via Akt-dependent activation
of eNOS (Florian et al., 2004). Whether this also has consequences on volume retention

and blood pressure regulation needs to be investigated in future studies.

On the other hand, CondKO mice treated with tamoxifen had similar GFR as the untreated
group at baseline. After Ang Il treatment, both tamoxifen-treated and untreated CondKO
mice showed a significant decrease in GFR as compared to the baseline, but no differences
between the two groups. This result showed that tamoxifen did not have any effect on GFR
in CondKO mice, suggesting that the increased GFR in WT mice after Ang Il may be eNOS-

dependent.
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5.3.5. Lack of eNOS in ECs affects GFR

Efferent
arteriole

Efferent arteriole, stronger effect = GFRT

Ang i Ang I

| \
Afferent arteriole, weaker effect = GFR 1

NO

(s

Efferent arteriole, weaker effect = GFR l
eNOS

e

NO

Afferent
arteriole

eNOS Afferent arteriole, stronger effect = GFR T

Figure 45 - EC eNOS regulates GFR.
Lack of eNOS in ECs did not affect GFR before and after Ang Il treatment. Reactivation of eNOS
specifically in ECs rescued the phenotype in global eNOS KO mice after Ang Il treatment. RBC eNOS
does not play a role in GFR regulation.

To investigate the role of eNOS in GFR regulation, tamoxifen-untreated CondKO
(eNOS™inv HbbCre"®9) mice were compared to tamoxifen-untreated WT mice (eNOSox/flox
HbbCre"9). CondKO mice showed a decreased baseline GFR as compared to WT mice.
This finding is supported by previous studies in which GFR of global eNOS KO mice was
significantly lower compared to the WT mice (Schnermann et al., 2001; Kanetsuna et al.,
2007; Tao et al., 2023). In contrast, another group showed no changes in GFR of global
eNOS KO mice as compared to WT controls (Wang et al., 2004). In this case, global eNOS
KO mice from Jackson laboratory (Shesley’s) were used, and GFR was measured in
anesthetized mice by collecting plasma and urine after infusion with 0.75% FITC-inulin in
the infusion solution (2.25% BSA in normal saline), and fluorescence in plasma and urine
was detected. No changes in GFR can be explained considering that the method used is
different from the one described here. Moreover, Jackson global eNOS KO strain shows an
upregulation of nNOS, which may compensate for the lack of eNOS in the regulation of
GFR.

Treatment with Ang Il led to a decreased GFR in CondKO mice, but not in the WT mice,
thus exacerbating the difference between the two groups. These results are consistent with

previous studies, which proposed that endogenous Ang Il contributes to the decrease in
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GFR during an inhibition of NO production in rats (Takenaka et al., 1993). It was later
demonstrated that blocking the AT1-receptor (Angiotensin |l receptor type ) with
Candesartan as well as ACE inhibition in mice led to a reduction of GFR of 80% in global
eNOS KO mice, while this did not significantly affect the GFR in WT mice, suggesting that
the total lack of eNOS affected the action of Ang Il on GFR, possibly due to an enhanced
responsiveness of the glomerular arterioles to the available Ang Il (Schnermann et al.,
2001). Based on these observations, the results in the present study show that eNOS plays

a major role in GFR regulation.

To better understand the contribution of EC eNOS in the regulation of GFR, EC eNOS KO
and Kl mice and their Cre-negative littermate controls were used for measuring GFR at
baseline. Moreover, by challenging the kidney with Ang I, the influence of the
absence/presence of eNOS in ECs on the Ang ll-dependent GFR regulation was

investigated as well.

EC eNOS KO mice showed the same GFR as WT control mice at baseline. However, after
the administration of Ang Il, only the WT mice showed an increase in GFR. As already
discussed, the increased GFR after Ang Il treatment in WT mice is a tamoxifen artifact.
Moreover, the lack of response to Ang Il in EC eNOS KO mice confirmed the idea that the

effect of tamoxifen on GFR after Ang Il treatment is eNOS-dependent.

As already mentioned, CondKO mice showed a decreased GFR as compared to WT mice,
but the reactivation of eNOS specifically in ECs did not rescue the phenotype, as EC eNOS
Kl mice showed the same GFR as compared to the CondKO littermates at baseline.
Previously, Gao and colleagues showed that the nephron-specific deletion of eNOS was
not associated with a change in GFR (Gao et al., 2018), thus suggesting that the impaired
GFR in CondKO mice is due to the lack of eNOS in ECs and not to its lack in epithelial
tubular cells. Accordingly, after the treatment with Ang I, only the CondKO mice showed a
decreased GFR as compared to baseline, while in EC eNOS Kl mice, GFR was preserved,
demonstrating that the reactivation of eNOS specifically in ECs rescued the phenotype after
challenging the kidney with Ang Il. Thus, Ang Il appears to “unmask” the role of eNOS
specifically in ECs on GFR regulation. Moreover, in this case, tamoxifen had no further
effect on GFR.

5.3.6. Lack of eNOS in RBCs does not affect sodium excretion and GFR
As already fully discussed, NO is a key molecule for the regulation of medullary blood flow
and natriuresis in the kidney. Moreover, it was demonstrated that NO mediates the

tubulovascular crosstalk in the renal medulla. In fact, NO produced in the tubulus by eNOS
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and nNOS can diffuse to the vasa recta and activate the NO/sGC signalling in the pericytes
to induce vasodilation and increase RBF (Dickhout et al., 2002). The hypothesis of this
thesis is that NO produced by eNOS expressed in ECs of the vasa recta or in RBCs may

diffuse to the tubule and induce natriuresis.

To better understand the role of RBC eNOS in natriuresis, basal sodium and urine excretion,
as well as after salt and volume challenge, were investigated before and after Ang Il. RBC
eNOS KO mice showed the same basal sodium excretion as compared to WT mice before
and after Ang Il administration, and Ang Il did not have any effect in both groups. Also RBC
eNOS Kl mice showed similar basal sodium excretion as compared to CondKO littermates,
both before and after Ang Il treatment. Moreover, Ang Il had no effect on sodium excretion
as both RBC eNOS Kl and CondKO mice showed the same basal sodium excretion as
compared to baseline. These results indicate that RBC eNOS is not involved in the
regulation of sodium excretion under basal conditions. RBC eNOS KO mice and WT
littermates showed the same urine excretion at baseline. Surprisingly, Ang Il led to a
decrease in urine excretion in RBC eNOS KO, but not in WT littermates. Moreover, RBC
eNOS Kl showed a lower urine excretion as compared to CondKO mice at baseline, but this
difference was abolished after treatment with Ang Il. However, Ang |l did not affect urine
excretion, as both RBC eNOS Kl and Cond KO mice had unchanged urine excretion as
compared to baseline. These results were unexpected and may depend on the limited
sample size, which was due to the low breeding efficiency of this line, resulting in a limited
number of offspring available for experimentation. Thus, this phenotype needs further

investigation.

Similarly, after salt and volume challenge, RBC eNOS KO mice showed the same sodium
and urine volume excretion as the WT control mice before and after Ang Il treatment.
Accordingly, RBC eNOS KI mice did not show any difference as compared to CondKO

littermate mice.

Based on the data available, RBC eNOS is not involved in the regulation of sodium and

urine excretion in basal conditions and after salt and volume challenge.

The role of RBC eNOS in GFR regulation was also investigated. Since the gene modification
in these mouse models is constitutive, the investigation of the effect of age on GFR was
also possible. For this purpose, the Cre-negative controls mice (eNOS™o*HbbCre®? and
eNOS™""HbbCre"9) were first used. The results showed that age did not worsen GFR in
both WT and CondKO mice. Moreover, age did not exacerbate the difference between
CondKO and WT mice. Previously, the effect of NOS-inhibition was studied in

spontaneously hypertensive rats, which were generated in the 1960s by breeding selected
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hypertensive rats for six generations (Okamoto et al., 1963). This model had a further
decline with aging when treated with a continuous infusion of L-NAME (500 pg/kg/min)
(Kvam et al., 2000). To determine GFR, the rats were infused with '?°|-Na-iothalamate (0.5
MCi/ml) for clearance determination. However, another study showed that GFR, measured
as clearance of ®'Cr- EDTA after a single injection, was decreased in C57BL/6J and in
CBA/HT6J mice, but not in their B6CBAF hybrids with age, underlying the importance of the

background/strain in the change of renal function during aging (Hackbarth et al., 1982).

To better understand whether RBC eNOS has a role in GFR and whether age may affect
the GFR when eNOS is specifically lacking in RBCs, three different sets of RBC eNOS KO
mice grouped by age (4-6 month old, 9-12 month old mice, and 21-31 month old) were
investigated. Both RBC eNOS KO groups showed the same GFR as compared to age-
matched WT littermate mice at baseline. Moreover, Ang Il treatment in both 4-6 month old
and 9-12 month old mice did not affect the GFR.

Accordingly, RBC eNOS KI mice did not show any difference as compared to CondKO mice
at baseline. With Ang Il treatment, 4-6 month old RBC eNOS KI and age-matched CondKO
mice showed a significant decreased GFR as compared to baseline. However, only 9-12
month old RBC eNOS Kl mice showed a significant decrease in GFR after Ang Il treatment,

while it was unchanged in age-matched CondKO mice.

Taken together, these results show that RBC eNOS is not involved in the regulation of GFR,
as the lack of eNOS in RBCs did not impair GFR, and the reactivation of eNOS specifically
in RBCs did not rescue the phenotype of CondKO mice. Furthermore, age does not play a

role in the regulation of GFR in these mouse models.
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6. Summary & Perspective

Overall, this study aimed to investigate the cell-specific role of eNOS in kidney function. The
first goal was to verify that eNOS™" = CondKO construct was efficient for reactivating
eNOS expression in global eNOS KI mice as proof of concept and rescued the hypertensive
phenotype of global eNOS KO mice. The analysis showed that the reactivation of eNOS
can occur in only one allele (eNOS" ™ mice) or in both alleles (eNOS" mice), but the
expression of eNOS in both genotypes was at a similar level as WT mice. Moreover,
eNOS"" and eNOS" " mice showed a fully preserved vascular function, which was instead
impaired in eNOS™ " mice. Additionally, the reactivation of eNOS only in one allele was
sufficient to rescue the blood pressure in CondKO mice, as both eNOS" and eNOS"" mice

were normotensive. These data were published in LoBue et al. (LoBue et al., 2024).

The second goal of this study was to characterize the expression of eNOS in targeted and
non-targeted tissues of the mouse lines as compared to the Cre-negative littermates. The
investigation of EC eNOS KO/KI mice and RBC eNOS KO/KI mice, as well as of the Cre-
negative littermates, showed that eNOS was specifically deleted in ECs and RBCs of EC
eNOS KO mice and RBC eNOS KO mice, respectively. Moreover, EC eNOS Kl and RBC
eNOS KI mice showed expression of eNOS only in ECs and RBCs, respectively.
Furthermore, specific deletion or reactivation of eNOS in ECs or RBCs was specific and did

not show any off-target effects.

EC eNOS KO and RBC eNOS KO mice were hypertensive, while the reactivation of eNOS
specifically in ECs or RBCs rescued the hypertensive phenotype, as both EC eNOS Kl and
RBC eNOS KI mice were normotensive. These data demonstrate that EC eNOS and RBC
eNOS independently regulate blood pressure. Additionally, this study showed that EC
eNOS contributes to the level of systemic NO metabolites, but not of NO-Heme, which
instead depends on the presence of eNOS in RBCs. These data were published in Leo et
al. (Leo et al., 2021).

The third goal of this study was to investigate the role of eNOS expressed in ECs and RBCs
in kidney function. To this aim, all the mouse lines were treated with Ang Il (500 ng/kg/min),
and all parameters were investigated before and after the treatment. Lack of eNOS in ECs
did not worsen the hypertrophic effect of Ang Il. Surprisingly, Ang Il infusion led to an

increase in heart weight index in RBC eNOS Kl mice, but not in the CondKO controls.

Sodium and urine excretion at basal conditions and after salt challenge, as well as GFR,
were investigated before and after Ang Il treatment in all the mouse lines. The results

showed that in basal conditions, eNOS is not involved in sodium and water handling, before
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and after Ang Il treatment. When the kidney is challenged with high salt and volume intake,
EC eNOS, but not RBC eNOS, is involved in the modulation of sodium and urine excretion.
In fact, EC eNOS KO mice showed decreased sodium and urine excretion before Ang Il
treatment. Moreover, CondKO mice showed a weak decrease in sodium excretion after Ang
Il treatment, which was instead preserved in EC eNOS KI mice. Furthermore, EC eNOS is
involved in the regulation of GFR as EC eNOS Kl mice rescued the phenotype of CondKO
mice after Ang Il treatment. Thus, eNOS in ECs plays a role in the modulation of sodium
and urine excretion after high salt and volume load, and in the regulation of GFR. On the
other hand, RBC eNOS does not play any role on sodium and water handling, as RBC
eNOS KO and KI mice did not show any difference as compared to the respective WT and
CondKaO littermates. Moreover, the reactivation of eNOS specifically in RBCs did not rescue
the GFR in CondKO mice.

A limitation of this study is the limited sample size in the basal sodium and urine excretion
experiments. Thus, further investigations are required to better understand the role of eNOS

in basal sodium and urine excretion.

The use of tamoxifen to induce gene targeting modifications increased urine excretion and
GFR after Ang Il treatment in WT mice. Thus, these effects were taken into account for the
results interpretation. Moreover, tamoxifen downregulated eNOS expression in the whole
kidney. The use of constitutive EC eNOS KO and Kl models could simplify the
understanding of the role of eNOS in kidney function. However, this approach can also have
disadvantages like defects in angiogenesis/vasculogenesis during development and off-
target effects mainly due to recombination at cryptic/pseudo loxP sites, and overexpression

of Cre recombinase (Thyagarajan et al., 2000; Loonstra et al., 2001).

A further experiment that may help to better identify the role of eNOS in kidney function
regulation is the analysis of sodium and urine excretion, and GFR in WT mice after treating
them with a non-selective NOS inhibitor (e.g., L-NAME) to verify any compensatory
response by nNOS or iNOS. Also measurement of blood pressure after Ang Il by telemetry
in all the lines would give further information about the blood pressure response after Ang

[l administration in the presence or absence of eNOS only in ECs or RBCs.

The lack of eNOS in ECs or RBCs in worsening the hypertrophic effect of the Ang Il was
investigated by only comparing the heart to body weight ratios of all mouse lines before and
after Ang Il infusion. In the future, further investigations regarding morphological parameters
(e.g. cardiomyocytes cross-sectional area and fibrosis assessment), molecular markers

(e.g. ANP, BNP, and B-MHC), and functional assessment via echocardiography or
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pressure-volume loop analysis are needed (Coelho-Filho et al., 2013; Erkens et al., 2015;
Sarzani et al., 2022).

One of the key roles of NO in the kidney is to maintain the RBF stable during fluctuations in
blood pressure as well as to maintain a constant renal perfusion (Thieme et al., 2017;
Mergia et al., 2018). Thus, measurement of RBF in preglomerular arterioles, as well as
kidney perfusion analysis in all the mouse lines, would give further information about the
role of eNOS specifically in ECs and RBCs on regulating RBF and renal perfusion.
Additionally, the isolated perfused kidney system would be optimal to investigate ex vivo
the role of eNOS in regulating the reactivity of the vessels to vasoactive compounds, in an

environment isolated from systemic variables (Hering et al., 2020).

In the future, the molecular mechanism of decreased GFR in KO mice needs to be
investigated. Parameters like albuminuria (Verma et al.,, 2024), which is correlated to
glomerular damage, in combination with kidney histology, and ADMA and SDMA
concentration in plasma (Vallance et al., 1992; Fliser et al., 2005) need to be determined.
By investigating all the lines, this would reveal whether the lack of eNOS only in ECs or in

RBCs is sufficient to cause kidney disease.

Overall, these mouse models are a valid tool to investigate the role of eNOS specifically in
ECs and RBCs in kidney function. The study of EC eNOS and RBC eNOS in kidney function
may lead to the identification of new pharmacological targets for the treatment of kidney

diseases.
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