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Cardiovascular diseases with hypertension as a significant risk factor are the major
contributors to global morbidity and mortality. The prevalence of hypertension appears
to be around 30-45% of the population overall and escalates with an increase in age [1].
Environmental and genetical factors seem to play a role in the development of
hypertension, but also several secondary factors like chronic kidney diseases, diseases
of the thyroid gland, pheochromocytoma, sleep apnea, pharmacotherapy (e.g.
corticosteroids), or aortic coarctation can cause hypertension which makes its genesis
multifactorial. In only about 10% of the cases a cause can be identified (secondary
hypertension), but in more than 90% no etiology can be found and this is referred to as
essential hypertension [2]. Vascular oxidative stress is considered to be a
pathophysiological factor that promotes cardiovascular diseases like coronary artery
disease, heart failure, diabetes, and hypertension [3,4]. It has been suggested, that the
impairment of endothelial function at the level of resistance vessels may precede the
development of cardiovascular disease and, therefore, be an additional risk factor [5].
For example, endothelial dysfunction at this level of vessels has been identified in
normotensive young adults with a family history of hypertension [6]. Another clinical
study showed that the magnitude of the impairment of endothelium function, as
measured by flow-dependent vasodilation in the right forearm, may predict the onset of
essential hypertension in postmenopausal women [7]. Though, this study assessed the
dilator response of the brachial artery to increased flow. However, as a recent thorough
review pointed out [8], hypertension is also likely to induce endothelial dysfunction
associated with increased vascular oxidative stress. Therefore, the authors concluded,
that the interconnection between endothelial dysfunction and essential hypertension is

two-sided, that is, both may worsen and/or improve the other.

1.1. ENDOGENOUS NITRIC OXIDE

In 1980, Robert F. Furchgott discovered that blood vessels relax only in response to the

vasodilator acetylcholine if the endothelial layer is intact [9]. He postulated that the
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endothelium must be releasing a substance, which is responsible for this effect. This
endothelium-derived relaxing factor (EDRF) was independently identified in 1987 by
Louis Ignarro, Robert Furchgott and Salvador Moncada to be nitric oxide (NO) [10]. Two
years later, the responsible enzyme was discovered to be the endothelial nitric oxide
synthase (eNOS) [11].

1.2. ENDOTHELIAL NO-SYNTHASE

Within the endothelial layer, which lines the inner wall of the vasculature and forms the
junction between blood and tissue, eNOS synthesizes NO. In this redox reaction L-
arginine is specifically transformed into L-citrulline [12], depending on nicotinamide
adenosine diphosphate (NADPH) and essential cofactors like heme, flavin adenine
dinucleotide (FAD), flavin adenine mononucleotide (FMN), Ca%*/calmodulin, and (6R)-
5,6,7,8-tetrahydro-L-biopterin (BH,) (see fig. 1.1) [13].

NH
H2N~/< H2N~/<
NH NH
NOS .
+ N=O
NADPH  NADP* +H*
NH, NH,

o o

OH OH
L-Arginine L-Citrulline

Fig. 1.1: Scheme on the catalyzed reaction by nitric oxide synthases: L-Arginine is

transformed into L-citrulline, and nitric oxide is formed.

In mammals, three isozymes of NO synthases (NOS) have been identified: inducible NOS
(iNOS), neuronal NOS (nNOS) and endothelial NOS (eNOS). All NOS are enzymes with a
reductase domain at the carboxy-terminus and an oxygenase domain at the amino-
terminus [14]. After binding of NADPH to the reductase domain [15], electrons are

transferred via the cofactors FAD and FMN to molecular oxygen, bound to the iron atom
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in the heme center in the oxygenase domain. Binding of oxygen to the heme iron is
enabled by the reduction of Fe3* to Fe?*. The electron flux itself depends on the binding
of calmodulin [16]. Molecular oxygen is activated by reduction and reacts with the
guanidine group of the substrate L-arginine. The intermediate N®-hydroxy-L-arginine is
formed. In a second reaction cycle this interstate product serves as the substrate and is
transferred into L-citrulline under separation of nitrogen from the guanidine group. Thus,
NO is released [17].

Homodimer . Oxygenase Domains

Fig. 1.2: Scheme on the enzymatic reaction catalyzed by eNOS under normal conditions

[18].

The functional homodimer is stabilized by a zinc-cluster. As fig. 1.3 shows, the central
zinc ion is coordinated in its tetrahedral conformation with pairs of symmetrically

oriented cysteine residues: cysteines 96 and 101 of each monomer [19].

Within the endothelial cell, eNOS is locked in caveolae. After the influx of Ca%*, eNOS is

released [20]. Ca?* binds to calmodulin and this construct to eNOS [21]. This activates
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the electron flux on eNOS, and NO can be released. If caveolin-1 binds to the reductase
domain of eNOS, the electron flux is interrupted, and eNOS is inactivated and locked
back in caveolae [22]. This step seems to be crucial as in mice with a caveolin-1 small
interfering ribonucleic acid (siRNA)-induced knockdown plasma NO concentrations are
2.5 fold higher [23] and, in murine lung vascular endothelial cells with a caveolin-1
knockout, the deficiency leads to a 4-fold increase in NO production [24], both indicating
a permanent eNOS activation. A recent study on endothelial-specific caveolin-1
knockout mice revealed increased eNOS expression, an enhancement of the NO-cGMP
pathway, suppression of endothelium-dependent hyperpolarization-mediated
responses in resistance vessels, coronary microcirculatory dysfunction and cardiac

hypertrophy, and enhanced nitrative stress [25].

Fig. 1.3: The ZnS,; metal center and its
relationship  with tetrahydrobiopterin
(red) [19]. The central zinc ion (grey)
coordinates the dimerization two eNOS
monomers (yellow and green) via the

binding cysteines 96 and 101.

An essential cofactor of eNOS is BH,. It is one of the most potent naturally occurring
reducing agents and is highly sensitive to oxidation by peroxynitrite [18] and modestly
by superoxide anion radical (0,7*) [26]. A lack of BH,4, as occurring in states of oxidative
stress, is likely to be a cause for so-called eNOS-‘uncoupling’ [26]. Crucial for its binding
within the oxygenase domain and, thus, the coupling of eNOS is the ability to coordinate

two monomers via a Zn-finger [19]. If eNOS acts in the ‘uncoupled’ state, monomers can
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still bind calmodulin. But no binding of BH, or L-arginine is possible and eNOS cannot
produce NO [14]. Rather, the electrons leak from their transport within the reductase
domain or directly from the oxy-iron complex and are transferred to molecular oxygen,
which is reduced to O,7° [27]. Studies have shown, that in these states, adding BH, or
enhancing its regeneration by ascorbic acid can rescue the dimerization and, thus, the
function of eNOS and shifts the reaction from producing O,* back towards that of NO
[18].

The expression eNOS ‘uncoupling’, as widely used in the literature, may mislead the
reader, as it is not meant, that an isolated monomer can be active. Still two monomers
have to be sterically associated in order to enhance oxidative stress by either an
increased degradation of NO by its reaction with O,7°, or a conversion of eNOS from an
enzyme generating NO to one that produces O, [14]. In this work, the expression
‘uncoupled’ is used as in the literature for physiologically occurring states and solely
employed in quotation marks to point out on this miswording. To distinguish the state
of the genetically modified C101A-eNOS variant used in this study, this is referred to as
‘destabilized’ (see chapter 1.5).

eNOS is transcriptionally upregulated by certain growth factors (vascular endothelial
growth factor, transforming growth factor beta 1) and hormons (insulin, estrogen).
Another important stimulus is shear stress caused by the laminar flow of blood along
endothelial cells. Additionally, oxygen radicals, e.g. hydrogen peroxide, and hypoxia as

well as pharmaceutical drugs (statins) can enhance eNOS expression [28].

The activity of the enzyme is regulated by Ca?*-activated calmodulin, which enforces
eNOS to synthesize NO in a pulsatile manner [14]. eNOS can be phosphorylated on
several serine (Ser), threonine (Thr), and tyrosine (Tyr) residues. Phosphorylation at
Ser1177 activates eNOS by stimulating the electron flow within the reductase domain
and increasing Ca?* sensitivity. This can be elicited by shear stress and the activation of
protein kinase A [14]. The serine residue at 1177 in humans corresponds to Ser1176 in

murine and Ser1179 in bovine species. With elevated intracellular Ca?* concentrations,
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dephosphorylation at Thrd95 comes along with an increase of eNOS activity and the
binding of calmodulin [14]. The phosphorylation by proline-rich tyrosine kinase 2 on
Tyr657 directly inhibits eNOS [29]. In vitro studies have shown that this phosphorylation

results in a complete loss of the ability of eNOS to generate L-citrulline, NO or O,
[29,30].

1.3. ENOS SIGNALING

After its formation, the endogenous transmitter NO is able to diffuse freely across
membranes and has several effects. The most prominent is vasodilation [20], but it also
has an antiaggregatory effect on thrombocytes [31], an antiadhesive on leucocytes [32],

and it is supposed to be antiproliferative [33] and antioxidative [34-36].

cGMP

0, o~ L-Arginine | *
Bil, PKGs
o, - L-Clirullise l@ *@ @l

@ } NO* K'-channels IRAG Phospholamban
HZOZ “

\ NOO' y
A L 7 endothelial cell - J
Hyperpolarization SERCA-activation

smooth muscle cell‘ - :;hihit::n;n; J
< -mediate
; £ \\ decreased Ca*-release increased Ca®*-
/ P A Ca*-entry sequestration
| |
GTP  PKG VASP * * *
Q| s6C 4
< o
— cGMP e decreased intracellular Ca%*-concentration

Fig. 1.4: eNOS and NO/cGMP-signaling pathway: (a) After release of NO by endothelial
cells the NO/cGMP-pathway is induced in smooth muscle cells. Here, upon activation of
sGC, cGMP is formed, which stimulates cGMP-dependent protein kinases (PKG). One of
the enzymes being phosphorylated and thus serving as a marker for eNOS activation is
VASP. (b) Vasodilation is triggered by phosphorylation of three important proteins

resulting in a decrease of the intracellular Ca?* concentration [36].
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All these effects including vasodilation are mostly mediated by activation of soluble
guanylyl cyclase (sGC). This activation leads to formation of cyclic guanosine
monophosphate (cGMP) from guanosine triphosphate (GTP), which, in turn, activates
cGMP-dependent proteinkinase G (PKG) (see fig. 1.4). This PKGs then phosphorylate
different enzymes yielding in the effects mentioned above. cGMP is deactivated by
phosphodiesterase V under formation of guanosine monophosphate (GMP). In addition
to the classical NO-sGC-cGMP signaling, NO can also exert its regulatory effects via post-
translational protein modification and changes in function through S-nitrosylation of

cysteine thiols [37].

1.4. ENDOTHELIUM-DEPENDENT VASODILATION

One of the effects of released NO upon activation of eNOS is vasodilation. The activation
of PKG by cGMP seems to play a central role here: Phosphorylation of either
phospholamban, 1,4,5-inositoltriphosphate receptor associated cGMP kinase substrate
(IRAG) or potassium channels result in decreased intracellular Ca?* concentration. In
dephosphorylated states, phospholamban monomers inhibit sarcoplasmatic reticulum
adenosine triphosphatase (SERCA) by binding to its cytoplasmic and membrane domains
which causes a Ca?* pump aggregation. Upon phosphorylation by PKG, phospholamban
pentamers are formed and the inhibition of SERCA is reversed. This results in an
increased sequestration of intracellular Ca?* and in turn diminishes the influx of
extracellular Ca?* into the sarcoplasmatic reticulum. By phosphorylation of IRAG, 1,4,5-
inositoltriphosphate (IP3)-mediated Ca?*-release is inhibited. And, by activation of Ca?*-
dependent potassium channels, the increase of outward K* current is increased which
leads to a cell membrane hyperpolarization. Besides, a cGMP-independent effect of NO
on potassium channels in smooth muscle cells has been described, too [38]. Taken
together, all these mechanisms result in a decrease of intracellular calcium
concentrations and a diminishing effect of depolarizing signals, which lead to an
impairment of actin/myosin-interactions within smooth muscle cells and finally result in

vasodilation. Other effects of vascular NO generation include antiaggregatory,
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antiadhesive, antioxidative and antiapoptotic effects, all of which confer vasoprotection

and endothelial dysfunction [36].

1.5. OXIDATIVE STRESS

We know that rats with hereditary hypertension have increased O, levels and show an
impaired endothelium-dependent relaxation [39]. Already more than 30 years ago, it
was postulated that O, seems to be involved in the breakdown of EDRF [40]. The
imbalance of O,™ and NO is associated with endothelial dysfunction. There are
indications, that, in this situation, eNOS activity could be reduced, which may partly be
dependent on the NO-cGMP-pathway [40].

In resistance vessels, endothelium-dependent vasorelaxation to acetylcholine is different
from that of conductance vessels like aorta or coronary arteries. Resistance vessels
possess many options to compensate for a loss of NO produced by eNOS by other
endothelium-dependent vasodilators like prostaglandins, by neuronal NOS expression or

by endothelium-derived hyperpolarizing factor [41-44].

Certainly, increased vascular oxidative stress is linked to a conversion of eNOS activity,
leading to an ‘uncoupled’ state in which eNOS produces more O,™* and less NO. In
addition to the deficiency of the cofactor BH,;, mechanisms underlying this process
include the depletion of L-arginine, the accumulation of endogenous asymmetrical
dimethylarginine, and eNOS-S-glutathionylation [14]. In detail, the catalytic domains of
eNOS consist of a flavin-containing NADPH-binding reductase and a heme-binding
oxygenase, which is the binding site for the substrate L-arginine and the redox labile
cofactor BH,4 [45]. There are several sources of O, in vascular smooth muscle and
endothelial cells [46)].

1.6. ENOS AND BLOOD PRESSURE

The specific role of endothelial oxidative stress in the regulation of blood pressure before

overt hypertension occurs — that is, under otherwise healthy conditions — remains
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uncertain. One study showed that increased O, generation, induced by a very strong
eight-fold endothelial-specific overexpression of bovine eNOS and presumably caused by
a shortage of the essential cofactor BH,, does reduce blood pressure, and concomitant
overexpression of guanosine triphosphate cyclohydrolase 1 to increase the endothelial
generation of BH, in a double transgenic strain did change O,~° levels but had no effect
on blood pressure [47]. However, in both transgenic mouse models, there is clear
evidence of an impairment of vascular NO signaling, which may also have an impact on
blood pressure. For example, the magnitude of hypotension observed in another mouse
model characterized by endothelial-specific overexpression of eNOS, that is, a reduction
of systolic blood pressure of about 15 mmHg, is already achievable by a 3.3-fold
overexpression of bovine eNOS. In this model, no impairment of NO signaling, and no

increase of vascular oxidative stress is evident [37,48].

eNOS significantly contributes to the regulation of blood pressure as, in four different
strains of eNOS-deficient mice (eNOS-KO) [49-52], hypertension is the most evident
phenotype. It is generally assumed that the lack of vasodilation by endothelial NO, more
precisely, the lack of endothelium-dependent NO-induced vasodilation, is an important
underlying cause [49,50] for hypertension in eNOS-KO. Obviously, other physiologic
systems cannot compensate the absence of eNOS in these animals. Similarly, after
treatment with NOS inhibitors like L-N®-monomethyl arginine or L-NA, rabbits [53], mice
[49,54], and humans [53,55] develop hypertension. Among all three NOS isoform, eNOS
appears to play the key role in blood pressure regulation, as nNOS-deficient mice are
normotensive [56], and triple e/i/nNOS-knockouts have similar hypertension to that in
single eNOS- and double e/nNOS-deficient animals [57].

1.7. AIM OF THE STUDY

The aim of this study is to investigate the influence of eNOS dimer stability on the
regulation of blood pressure. In the states in which eNOS is ‘uncoupled’, one mechanism

is that the balance between NO and O, shifts towards O, [26]. It remains to be
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elucidated whether a partial impairment of the catalytic function of eNOS and, thus, the
generation of endothelial oxidative stress in otherwise healthy conditions might support

the development of hypertensive disease states like essential hypertension.

A mutant eNOS was generated in this work group in which one of the two essential
cysteines that are required for the coordination with the central Zn-ion, correct dimer
formation and normal activity [19] is replaced by alanine [bovine eNOS destabilized by
the replacement of cysteine (Cys) 101 to alanine (Ala) (C101A-eNQS)]. The expression of
this mutant eNOS in human embryonic kidney cells 293 (HEK 293) resulted in a
substantial reduction of L-citrulline formation in cell homogenates and similar data are
obtained following the investigation of purified C101A-eNOS. At the same time, O,™*
generation detected by electron spin resonance was strongly increased [58]. This mutant
eNOS was used to generate a novel transgenic mouse model [mice with endothelium-
specific overexpression of destabilized C101A-eNQOS (C101A-eNOS-tg)] characterized by
endothelial-specific overexpression of C101A-eNOS on a C57BL/6 background. In this
novel transgenic mouse strain, largely increased vascular oxidative stress can be
observed but no impairment of vascular NO signaling, suggesting that this transgenic
model might help to clarify whether oxidative stress induced by the impairment of the
catalytic function of eNOS may have an impact on blood pressure. To accomplish this,
another newly generated mouse model characterized by an about 2.4-fold increase in
endothelial-specific overexpression of normal bovine eNQOS, is used for comparison

purpose (eNOS-tg).
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2.1. SUBSTANCES AND SOLUTIONS

All substances and solvents are either purchased from Sigma-Aldrich Laborchemikalien
GmbH (Seelze, Germany), Merck KGaA (Darmstadt, Germany), or Carl Roth GmbH + Co.
KG (Karlsruhe, Germany). They are of the best quality available. For the preparation of

buffers and solutions demineralized and freshly distilled water is used.

50 mM Tris, 100 mM EDTA, 100 mM NaCl, 1% SDS, pH 8.0

10 mM Tris, 1 mM EDTA, pH 8.0

40 mM Tris, 0.1% acetic acid, 10 mM EDTA, pH 8.0

Agarose gels are prepared by boiling 2% agarose in TAE buffer for dissolution. GelRed™
(10,000x stock; Biotium Inc., Hayward, CA, USA) is added before pouring the gel. The
probes and additionally a 100 bp DNA ladder (Fermentas, Thermo Fisher Scientific,
Schwerte, Germany) are mixed 1:1 with a blue staining solution (aqueous solution
containing 30% glycerol and 0.005% bromphenol blue). Gel electrophoresis is
performed in a Bio-Rad chamber (Bio-Rad, Munich, Germany) at 90 V for about 30 min
in TAE buffer, serving as a running buffer. Evaluation is carried out under UV light
(254 nm).
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99.0 mM NacCl, 4.69 mM KCl, 1.87 mM CaCl,, 1.20 mM MgSQ,, 25.0 mM NaHCOs;, 1.03
mM K;HPO4, 20.0 mM Na-Hepes, 11.1 mM D-glucose, pH 7.4

118.07 mM NacCl, 4.70 mM KCl, 1.60 mM CaCl,, 1.18 mM MgSQ,, 25.0 mM NaHCOs;,
1.18 mM K,;HPO,, 5.55 mM D-glucose, pH 7.4

5 mM Tris, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM B-glycerol
phosphate,
1 mM sodium orthovanadate, 5 mM sodium fluoride, 1 mM PMSF, protease inhibitors

(10 pg/ml of each antipain, aprotinin, benzamidine and leupeptin)

0.02% Coomassie Blue G 250, 5% (v/v) ethanol, 10% (v/v) phosphoric acid

50 mM Tris, 2% SDS, 10% glycerol, 0.005% bromphenol blue, 15% B-mercaptoethanol

1.5 M Tris, 0.4% SDS, pH 8.8

250 mM Tris, 0.2% SDS, pH 6.8
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25 mM Tris, 200 mM glycine, 0.1% SDS

25 mM Tris, 200 mM glycine, 20% (v/v) methanol

1.059 mM KH;PO4, 0.155 M NaCl, 2.966 mM Na,HPO,, pH 7.4

1.059 mM KH;,PQy4, 0.155 M NaCl, 2.966 mM Na,HPO,, 1% (v/v) Tween 20, pH 7.4

25 mM glycine, 1% SDS, pH 2.0

5% bovine serum albumine, 10% D-glucose, 0.137 M NaCl, 2.683 mM KCl, 3.560 mM
KH,POg4, 0.010 M NayHPO,, pH 7.4

2.2. LABORATORY ANIMALS

The animal experiments described in this study are conducted following §8 TierSchG
[in its judgement of 18th May 2006 (last modified on 9th December 2010)] and have
been approved by the district government of Disseldorf (“Bezirksregierung Disseldorf,”
AZ 8.87-51.04.20.09.383, AZ 84-02.04.2013.A213). The mice are kept and bred under
standardized conditions (room temperature 20°C, relative humidity 55 £+ 5%, 12-hrs

day-night rhythm with the wuse of artificial light) in the animal facility

This work was published in

Suvorava T*, Pick S*, and Kojda G. (* equal contribution)
Selective impairment of blood pressure reduction by endothelial nitric oxide synthase dimer destabilization in mice.
J Hypertens 2017;35(1):76-88. journals.lww.com/jhypertension/

word-for-word citations within the running text stand out in italic type

25



(“Tierversuchsanlage”) of Heinrich-Heine-University, Disseldorf. The mice receive

germ-free drinking water (pH 3) ad libitum and are kept under veterinary supervision.

2.2.1. TRANSGENIC ANIMALS

In order to investigate the effect of eNOS derived oxidative stress, a transgenic mouse
model established at the local institute (“Institute of Pharmacology und Clinical
Pharmacology”) is used. As this model has an endothelial specific overexpression of a
destabilized eNOS variant (C101A-eNOS-tg) a transgenic model with an endothelial

specific overexpression of native eNOS (eNOS-tg) is used for comparison.

XhoI HindIII

eNOS 4,1 kb Mlu 1
Sall
Sal I
Hind III
BamH I 445 6,2 Hind IIT
Promotor 2,1 kb 16 8.8 Enhancer 10,6 kb
Spel _| 0.5 Tle 2 eN()S 0.8 S
, ) an
—» 1. I)_Iclﬁgllm —5— 1.0 1975 kb .
Sal I 12.5
Xhol
pbI2SK+2,9 kb\ 16.8 |5 1535
Q Hind III
Spe I Hind TIT

Sal I

Fig. 2.1: Schematic illustration of the plasmid serving for the generation of mouse
models overexpressing eNOS provided by the local working group (eNOS-tg and C101A-
eNOS-tg). Bovine eNOS, which could be either native or destabilized, has been cloned
in between the murine Tie-2-promoter and a Tie-2-enhancer fragment. In this figure,
the restriction sites are also shown. A linearization was achieved by Spe | in order to

restrict the construct from vector parts [59].

Both strains were generated using bovine eNOS complementary deoxyribonucleic acid
(cDNA) (4.1 kb). This cDNA was cloned in between the murine Tie-2 promoter (2.1 kb)
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and a Tie-2 intron fragment, which served as a Tie-2 enhancer in order to achieve the
expression within the vasculature. Destabilization was accomplished by replacing Cys

101 by Ala, using primer overlap extension polymerase chain reaction (PCR) [59].

Transgenic positive mice (eNOS-tg and C101A-eNOS-tg) were backcrossed at least
seven times to C57BL/6-mice in order to achieve the genetic background of this
particular strain. Those eNOS-tg mice used in this study are backcrossed with C57BL/6
mice in the 17t"-23"d generation and those C101A-eNOS-tg mice in the 15%-20%
generation. Thus, transgenic negative littermates can be considered as C57BL/6 and
are used as the controls for all experiments. All mice used in this study are of male

gender and 3-6 months old.

Fig. 2.2: Both animal strains ( and C101A-eNOS-tg) produced vital and healthy

offsprings of normal size, weight and litter size.

2.2.2. GENOTYPING OF TRANSGENIC ANIMALS

Genomic deoxyribonucleic acid (DNA) is prepared from tail biopsies, which are excised

from the mice at the age of three weeks and provided by the local animal facility.

750 pl of lysis buffer, including Proteinase K (final concentration 0.5 pl/ml; Qiagen,
Hilden, Germany), are added to the tips of the tails and these are then incubated for

16 hours over night at 55°C. After complete lysis of all proteins, 250 ul of concentrated
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NaCl solution (6 M) are added. The probe is mixed thoroughly and then incubated at
room temperature for 5 minutes before centrifugation at 16,000xg for 10 minutes.
600 ul of cold ethanol (96%, -20°C) are added to the supernatant and after incubation
for 10 minutes centrifugated for 30 minutes at 16,000xg and 4°C. The pellet is washed
with cold ethanol (70%) by centrifuging it again at 16,000xg and 4°C for 5 minutes. The
pellet is then dried and dissolved over night at room temperature in 100 pl of TE-buffer.
In random samples, the obtained concentration is determined at a wavelength of 260

nm with a BioPhotometer (Eppendorf, Hamburg, Germany).

Genotyping is then carried out by using PCR. The primers are chosen in a manner that
only transgenic positive animals could give a signal, as the detected sequence is not
present in wild-type mice. Thus, the sense primer binds within the Tie-2-promoter and
the antisense primer within the bovine eNOS-DNA to give a product of 351 bp. As the
antisense primer does not bind within the genetically modified region of C101A-eNOS-
tg, the same primers could be used for the detection of the transgene in both

investigated animal strains.

sense primer: 5-GGG AAG TCG CAA AGT TGT GAG-3’

antisense primer: 5’-GCT CCC AGT TCT TCA CGC GAG-3’

To ensure breeding correctness in the long term, a transgene-specific PCR is done at
regular intervals to distinguish between mutated and wild-type bovine eNOS by
specific primers giving a product of 310 bp for C101A-eNOS or one of 326 bp for wild-
type eNOS.

C101A-eNOS-specific:

sense primer: 5-TTG AAG AGT GTG GGC CAG GA-3’
antisense primer: 5’-ACA CCA GGG AGC CCA GGG C-3’

wild-type bovine eNOS-specific:

sense primer: 5’-CAG CGA CAT GGG CAA GA-3’
antisense primer: 5’-ACA CCA GGG AGC CCA GGC A-3’
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The PCRs themselves are performed with 1 ug of genomic DNA using “Mastermix 2.5x”
(Eppendorf, Hamburg, Germany) and 0.4 pl of each of the primers (synthesis by MWG,

Ebersberg, Germany).

PCR conditions: step 1 95°C, 3 min
step 2 95°C, 1 min 10 sec
step 3 54°C, 1 min 15 sec
step 4 72°C, 2 min 7 sec 35 repeats of steps 2-4
step 5 4°C, hold

For visualization of the PCR products an agarose gel electrophoresis with a 2% gel is
used. Therefor, the complete reaction volume was applied on the gel. DNA of probes
characterized earlier serve as positive and negative controls during all the experiments

perfomed.

2.2.3. PHYSICAL EXERCISE TRAINING

In order to determine the effects of physical activity on the expression of ROS in-vivo,
C101A-eNOS-tg mice as well as their transgenic negative littermates are trained in
acoordance with a voluntary training protocol [60]. Mice at the age of two months are
singularized for six weeks. After randomization, one group of each strain remain in the
small cages of singularization (360 cm?), whereas the other group is placed in special
cages (510 cm?) with integrated running wheels (diameter: 0.025 m, Tecniplast,
Hohenpeillenberg, Germany). The mice are allowed to enter and use the wheel ad
libitum. The efficacy of training is controlled by recording the running distance every
day. Voluntary training is performed for four weeks. To ensure training efficacy not
only running distances per 24 hours are determined but also exercise parameters
(heart weight/body weight, soleus weight/body weight, soleus weight/tibia length) are
calculated [60].
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Fig. 2.3: Physical
exercise equipment for

voluntary training.

2.2.4. BLOOD PRESSURE AND HEART RATE

Blood pressure and heart rate are determined in awake male mice using tail-cuff
method [61]. Here, the mouse tail is passed through a cuff and by a light source above
and a photoresistor below the tail, the blood flow is evaluated photo electrically by
recording oscillating waveforms using an automated system (BP-2000 Blood Pressure
Analysis System, Visitech Systems, Apex, USA) and its software (“Blood Pressure
Analysis,” Visitech Systems, Apex, USA). The waveform amplitude is reduced as a result
of the increasing pressure in consequence of cuff inflation. The systolic blood pressure
is defined as the cuff inflation pressure at which the amplitude falls below 10% of the

original amplitude for 10 waveform cycles.

Measurements are performed every day at the same time during the active phase of
the mice. After an adaptation period of seven days measurements are performed for
a period of 10 days with three cycles and 10 measurements per cycle. Then mice
receive oral treatment of Tempol® (see 2.2.5) for two weeks. To ensure that the
observed effects are a result of the treatment a wash-out phase of three weeks is
subsequently affiliated. Measurements are carried out during the entire duration of

treatment and washing out.
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Fig. 2.4: Equipment for
measuring blood
pressure and heart rate
using tail-cuff method.
Four mice are sitting in a
black box each, their

tails are visible.

2.2.5. TREATMENT WITH TEMPOL®

A group of each C101A-eNOS-tg and their transgenic negative littermates are treated
with the antioxidant Tempol® (for chemical structure see fig. 2.5). It is applied orally
for three weeks by dissolving Tempol® in the drinking water at a concentration of
1 mmol/L. Assuming that mice usually drink 2 ml per day and have a body weight of
about 25 g, this corresponds to a dosage of 80 umol/kg BW/day [62]. The drinking

water is replaced every day.

OH

Fig. 2.5: Chemical structure of the SOD-

mimetic Tempol®.

2.2.6. PREPARATION AND ORGAN REMOVAL

The mice are euthanized by inhalation of CO, and fixed on a preparation table. After
removing the fur, the thorax is opened by discission of the rib cage. Heart and lungs

are removed after puncture of the ventricle to rinse out the blood. They are then
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placed into Krebs-Hepes buffer. The abdominal cavity is further opened and the
complete intestine is shifted to one side in order to expose the aorta, which is then
dissected from the aortic arch until bifurcation. After being transferred into Krebs-
Hepes buffer, it is trimmed from any adhering fat and connective tissue. The remaining
blood is rinsed out by washing the lumen with the buffer. Aortic preparation is carried
out carefully without stretching or clenching in order not to damage the endothelial
layer. Rings of 5 mm are applicable for functional organ bath experiments or
measurements of O,°. Finally, skeletal muscle tissue is removed from the upper leg of
the mice. Pieces of organs used for the lucigenin assay are immediately excised and
transferred into pre-gassed and pre-warmed Krebs-Henseleit buffer. All remaining
organs are shock frozen in liquid nitrogen and then kept at -80°C until they are used

for preparation of ribonucleid acid (RNA) or protein.

2.3. FUNCTIONAL STUDIES ON ISOLATED MOUSE AORTA

2.3.1. EQUIPMENT AND CALIBRATION

Aortic vascular reactivity is determined using organ bath equipment. The apparatus
consists of four water jacketed glass vessels with a total volume of 20 ml. For
experiments, exact 10 ml of Krebs-Henseleit buffer are used per vessel and aeration
with carbogen gas (95% oxygen, 5% carbon dioxide; Linde Gas Therapeutics,
UnterschleiBheim, Germany) is accomplished through sintered-glass filters. Using a
circulating water bath with constant temperature (NB-22; Haake, Karlsruhe, Germany),
the buffer can be held on 37°C. A likewise double-walled but 1.5 L containing vessel

served as a reservoir for the pre-warmed and pre-gassed buffer.

Aortic constriction is registered via force sensors (Straham, USA) which are connected
to intensifiers (DCB-4B, ifd). These intensifiers transfer the signals to the recorder (SE-
120; ABB, Mannheim, Germany).
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MATERIALS AND METHODS

For calibration and standardization of experimental conditions the apparatus has to be
calibrated with standard weightings before every single trial. The baseline value is set

to the weight of 1 g, which corresponds to a resting tension of 9.81 mN.

Fig. 2.6: Organ bath
apparatus with  four
double-walled vessels,
each equipped with a
force sensor, which are
then  connected to

intensifiers.

After calibration, aortic rings are placed between two triangles of stainless steel made
of wires with a diameter of 0.1 mm. The lower element is fixed, whereas the upper

element is connected to the force sensor by a polyester filament.

For every single mouse, two aortic rings are investigated. The buffer contains 10 uM

diclofenac.

force sensor

Fig. 2.7: Schematic illustration of an
organ bath vessel showing the aortic
ring placed on triangles in gassed Krebs-
Henseleit buffer.

|

aortic ring
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2.3.2. EXPERIMENTAL PROTOCOL

After being placed, aortic rings are allowed to equilibrate for 60 minutes. During this
phase the buffer is changed every 20 minutes and the initial tension is constantly set
to zero using micrometer calipers. Finally, the vasotonus no longer changes

spontaneously.

In order to check for the functionality of the aortic rings these are depolarized twice
with 80 mM potassium chloride (final concentration in organ bath) and hence
constricted. This test serves as equilibration for smooth muscle cells as the extent is
considered to be the maximal possible constriction. After washing out several times,
the initial tension is again adjusted. A further testing in terms of constriction is carried
out by applying 10 uM phenylephrine. Then, in order to investigate endothelium-
dependent relaxation, a preconstriction with 0.2 uM phenylephrine is performed and
subsequently, increasing doses of acetylcholine (1 nM to 10 uM) are successively
applied whenever a plateau was reached. Thus, a dose-response curve is obtained.
Washing out and equilibration is performed as described above. Thereafter, to check
reactivity to exogenous NO the NO-donor S-nitroso-N-acetyl-D,L-penicillamine (SNAP,
own synthesis within the institute according to [63]), is applied in cumulative doses (1

nM to 10 uM) after preconstricting with 0.2 uM phenylephrine.

2.4. ENOS MRNA-EXPRESSION

Quantification of murine and bovine eNOS messenger RNA-expression is determined
by real-time PCR utilizing TagMan® technology. RNA of frozen thoracic aortic probes is
extracted by RNeasy® Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany) using the
TissueRuptor® (Qiagen, Hilden, Germany) in accordance with the manufacturer’s
protocol. The concentration of RNA is determined by a NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific, Schwerte, Germany) and the supplier’s
software in its version 3.7.0. Following this, synthesis of cDNA is performed with 500

ng RNA using the QuantiTect® Reverse Transcription Kit (Qiagen, Hilden, Germany),
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also pursuant to the manufacturer’s protocol. This ¢cDNA is then introduced in a

concentration of 2 ng/ul as a template for real-time PCR applying TagMan® Gene

Expression Assay (Life Technologies GmbH, Darmstadt, Germany). The principle of this

technology is described in fig. 2.8.

TAQMAN® PROBE-BASED ASSAY CHEMISTRY

1.  Polymerization: A fluorescent reporter (F)
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Fig. 2.8: Principle of TagMan® real-time
PCR chemistry mechanism [64]. Each
TagMan® probe consists of an
oligonucleotide probe with a fluorophore
covalently attached to the 5-end and a
quencher at the 3’-end. Here 6-
carboxyfluorescein (acronym: FAM) s
used as the fluorophore. The quencher
inhibits  the

emitted by the

molecule fluorescence
fluorophore  via
Fluorescence Resonance Energy Transfer
as long as the fluorophore and the
quencher are in proximity. If the target
sequence is present the probe anneals
downstream to single stranded DNA.
Owing to the 5’ to 3’ exonuclease activity,
the Taq polymerase extends the primer
and the nascent strand is synthesized.
Thus, the polymerase degrades the probe,
releasing the fluorophore, and breaking
the close proximity to the quencher.
Thereby the quenching effect is relieved
allowing fluorescence of the fluorophore
to be detected as directly proportional to

the amount of DNA template introduced.
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Commercially available primers are chosen from Life Technologies GmbH, Darmstadt,
Germany for murine and bovine eNOS mRNA, making sure that there is no cross-
reactivity vice versa with either Bos taurus or Mus musculus. This is additionally ensured
by applying the primers to appropriate negative controls. To allow internal
standardization, RNA of murine large ribosomal protein (RPLPO, Life Technologies GmbH,
Darmstadt, Germany), serving as an endogenous housekeeping control, is been

coamplificated.

murine primer:

Mm01134920_m1 amplicon length: 69 (probe spans exons 23-24)

bovine primer:

Bt03217671_m1 amplicon length: 110 (probe spans exons 20-21)

housekeeping primer:
Mm01974474 gH amplicon length: 89 (probe binds within exon 3)

10 ng of cDNA are introduced to the total reaction volume of 25 ul containing 2x
TagMan® Gene Expression Master Mix (Life Technologies GmbH, Darmstadt, Germany)
and 20x TagMan® primer mix. The experiments are then performed using Abi Prism
7900HT Sequence Detector System (Applied Biosystems, Weiterstadt, Germany) under

the following conditions:

stage 1: 50°C 2 min
stage 2: 95°C 10 min
stage 3: 95°C 15 sec
60°C 1 min 40 repeats within stage 3

In order to evaluate the relative murine eNOS mRNA-expression, the comparative Ct
method is used. The Cr value is defined as the PCR cycle at which the fluorescent signal

crosses an arbitrarily placed threshold. The ACy is obtained by subtracting the internal
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control value from the value of the gene of interest. By comparing a sample, e.g.

transgenic mouse, with a control, e.g. wild-type animal, the AAC; is given as follows:

AACr = [(Cr gene of interest — Cy internal control)sgmpie — (Cr gene of interest — Cr internal control) controrl

As in every cycle the concentration of DNA is doubled, the relative expression is finally

obtained by the following equation:
Fold change = 2724¢r

Evaluation of the bovine eNOS expression cannot be standardized to a control as wild-

type animals do not express bovine eNOS. Here individual data points are calculated by

274 [65].

2.5. WESTERN BLOT

2.5.1. PREPARATION OF ORGANS

Protein fractions from aortic, myocardial, lung and skeletal muscle tissue are isolated in
order to determine the protein expression by Western Blot analysis. The frozen organs
are pulverized by using a metal mortar pre-cooled in liquid nitrogen. An adequate
amount of cold lysis buffer is added immediately, and the tissue powder dispersed
thoroughly therein. Further homogenization is achieved by utilizing an Ultra-Turrax (T8,
Ika Labortechnik, Staufen, Germany) at its highest liquidizing level. In order to break up
cell membranes, the probes are additionally placed in an ultrasonic bath at 4°C for 10
minutes. After centrifugation for 10 minutes at 100xg and 4°C, the supernatant is used

for the further experiments.

2.5.2. DETERMINATION OF PROTEIN CONCENTRATIONS

Protein concentrations are determined by the use of the Bradford method [66]. 100 pl
of different dilutions of the protein solution (1:20 to 1:800) and 400 ul of Bradford

reagent are measured at 595 nm in a spectrophotometer (DU 640 Spektrophotometer,
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Beckman, Krefeld, Germany) in standard cuvettes, applicable for the visible wavelength
range. Prior to every single series of measurements, a calibration is carried out with
various concentrations of bovine serum albumin (10 pug/ml to 140 pg/ml in 5 mM Tris,
pH 7.6; see fig. 2.9). The calibration line is achieved by linear regression. Those dilutions
of the protein fractions, which are inherent in the linear range of the calibration curve,

are used for analysis.

1.00-
0.754 Fig. 2.9: Exemplary calibration curve for
'§ 0,50 increasing  bovine serum albumin
concentrations (10 ug/ml to 90 ug/ml)
%259 measured by  Bradford method
0.00 y ' ' ) photometrically at 595 nm.
0 25 50 75 100
c [ug/ml]
2.5.3. GENERAL WESTERN BLOT PROTOCOL

The protein fractions are mixed 1:1 with sample buffer and denaturated by incubation
at 95°C for 5 minutes. The same amount of total protein (20-100 ug) is loaded onto the
gel of those probes that are supposed to be compared to each other. The separation of
the proteins is achieved by a discontinuous and denaturating polyacrylamide gel
electrophoresis [67,68]. 7.5%-10% acrylamide/bisacrylamide (37.5:1) containing
running gels are used, depending on the size of the desired protein. Polymerization is
achieved by adding 0.8 pg/ml ammonium persulfate and 0.6 pl/ml
tetramethylethylenediamine. A stacking gel of 4.5% acrylamide/bisacrylamide (37.5:1)
is poured above the running gel. Preparation of the gels, using Western Blot running gel
buffer or Western Blot stacking gel buffer, and the following gel electrophoresis, are
performed in equipment obtained from Bio-Rad (Munich, Germany). One slot on each

gel is loaded with a pre-stained protein marker (PageRuler Plus Prestained Protein
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Ladder; Thermo Fisher Scientific, Schwerte, Germany). Running of the gel is carried out
in Western Blot tank buffer at 150 V for about 60 minutes.

The separated proteins are then transferred from the gel to a nitrocellulose membrane
(Immobilon-NC Membrane, pore size 0.45 um; Merck Millipore, Darmstadt, Germany)
in Western Blot blotting buffer at 90 V for about 90 min using a Bio-Rad apparatus
(Munich, Germany).

Membranes are then transferred into and blocked with Odyssey® Blocking Buffer (LI-
COR Biosciences, Lincoln, NE, USA) in accordance with the manufacturer’s protocol.
Antibody incubations are performed herein as well. These are used in concentrations as
shown in chapter 2.5.5. Detection and quantification of the signals are carried out at 680
nm and 800 nm on Odyssey® Infrared Imager 9120 (LI-COR Biosciences, Lincoln, NE, USA)
with the supplier’s software (Odyssey® Application Software Version 3.0.29). If stripping
is necessary, the procedure followed the protocol provided with the Odyssey®

equipment.

2.5.4. NATIVE GEL ELECTROPHORESIS

In order to determine eNOS dimer/monomer-ratio, 6% running gels are prepared and
pre-cooled to 4°C. The probes are mixed 1:1 with the Western Blot sample buffer
without B-mercaptoethanol. Thus, the probes are not denaturated but loaded
immediately onto the gel. Running of the gel is performed at 30 mA for about 3 hours at

4°Cin a cold room. The apparatus was additionally placed in an ice-bath.

2.5.5. ANTIBODIES

Here all antibodies employed in this study are shown including the size of the detected
protein and the dilution used during incubation. Except for the secondary antibodies,
the host organism is specified. Whether the antibody is of monoclonal or polyclonal

design is also specified.
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Purified Mouse Anti-eNOS/NOS Type I
(BD Biosciences, Franklin Lakes, NJ, USA)

Polyclonal Rabbit Anti-eNOS/NOS Type Il
(BD Biosciences, Franklin Lakes, NJ, USA)

phospho eNOS (Ser1177) (C9C3) Rabbit mAb
(Cell Signaling Technology Inc., Danvers, MA, USA)

Anti-phopho-VASP (Ser239) Antibody, clone 16C2
(Merck Millipore, Darmstadt, Germany)

Anti-VASP
(Merck Millipore, Darmstadt, Germany)

Phospho-AMPKa (Thr172) Antibody
(Cell Signaling Technology Inc., Danvers, MA, USA)

AMPKa (K6) Antibody
(Cell Signaling Technology Inc., Danvers, MA, USA)

Phospho Akt (Ser473) (587F11) Mouse mAb
(Cell Signaling Technology Inc., Danvers, MA, USA)

Akt Antibody
(Cell Signaling Technology Inc., Danvers, MA, USA)

Anti-Nitro tyrosine antibody [HM.11]
(abcam plc, Cambridge, UK)

Mouse SOD3/EC-SOD Affinity Purified Polyclonal Ab
(R&D Systems, Minneapolis, MN, USA)

Anti-Actin antibody produced in rabbit
(Sigma-Aldrich®, St. Louis, MO, USA)
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IRDye 680LT Goat anti-Mouse I1gG (H + L) 1:10,000
(LI-COR Biosciences, Lincoln, NE, USA)

IRDye 800CW Goat anti-Rabbit IgG (H + L) 1:10,000
(LI-COR Biosciences, Lincoln, NE, USA)

IRDye 680RD Donkey anti-Goat IgG (H + L) 1:10,000
(LI-COR Biosciences, Lincoln, NE, USA)

2.6. IMMUNOPRECIPITATION AND FLUORESCENCE DETECTION (DYNABEADS®)

Immunoprecipitation of eNOS is carried out by using Dynabeads® M-280 Sheep anti-
Rabbit IgG (Life Technologies GmbH, Darmstadt, Germany) following the manufacturer’s
protocol, using a DynaMag™-2 magnet (Life Technologies GmbH, Darmstadt, Germany).
In detail, 1 pug of polyclonal rabbit anti-eNOS antibody (BD Biosciences, Franklin Lakes,
NJ, USA) is loaded on 107 beads. Per analysis 10° beads and 500 ug of total protein from
whole tissue lysates are used. Neither cross-linking nor elution was performed. The
analysis was then accomplished by a 1:1,000 incubation with phospho eNOS (Ser1177)
rabbit monoclonal antibody (Cell Signaling Technology Inc., Danvers, MA, USA) in order
to detect phosphorylated eNOS, with anti-Glutathione monoclonal antibody (Virogen,
Watertown, MA, USA) to determine gluthathionylated eNOS or with anti-nitrotyrosine
antibody (abcam plc, Cambridge, UK) to seek tyrosine-nitrated eNOS. Mouse anti-eNOS
antibody (BD Biosciences, Franklin Lakes, NJ, USA) is used additionally to allow
standardization to total eNOS protein. Finally, fluorescent detection on 96 well plates is
achieved by labeling with either IRDye 680LT Goat anti-Mouse IgG or IRDye 800CW Goat
anti-Rabbit IgG (both LI-COR Biosciences, Lincoln, NE, USA) at a concentration of 1:3,000,

used during incubation.

To ensure the specificity of the method several negative control experiments are
performed during each set. Thus, incubations with dyes, which should not give a signal,

and which are used during the following procedure, are carried out. These controls also
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ensure binding of the particular target in its step as certain dyes might give a signal if no
binding is achieved. For example, after binding of eNOS protein from tissue lysate, no
signal is achieved after application of anti-rabbit dye, whereas this particular dye gives a
signal on the beads themselves or the bound anti-eNOS pAb respectively. This control

experiment thus ensures saturated binding. Details are shown in fig. 2.10.

Dynabeads®
(sheep anti-
rabbit)
I
I |
anti-eNOS pAb anti-mouse
(rabbit) IRDye 680LT
I
I |
protein from anti-mouse
tissue lysate IRDye 680LT
I
I I ] ' I |
anti-peNOS mAb anti-GsHmAp ~ 2NTTMTONTOSINE  antieNOS mAD anti-rabbit
(rabbit) (mouse) (mouse) (mouse) IRDye 800CW

e =

Fig. 2.10: Experimental scheme of Dynabeads® immunoprecipitation and the subsequent
fluorescent detection of phosphorylated, glutathionylated or tyrosine-nitrated eNOS.
Negative controls give no signal and are marked in gray, whereas the fluorescing probes

are marked in red or green, depending on the dye.

Additionally, the whole Dynabeads® construct is mixed with Western Blot sample buffer
containing B-mercaptoethanol and incubated at 95°C for 5 min. The supernatant is
applied on a Western Blot as described above. A band at 140 kDa indicates that eNOS
protein is detected, as presented in fig. 2.11A. To ensure detection of tyrosine-nitrated
eNOS, a costaining of 3-nitrotyrosine and eNOS is performed after elution and running

a Western Blot. Results are shown in fig. 2.11B.
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Fig. 2.11: Western Blot experiments of both immunoprecipitated eNOS (IP; 500 ug total
protein on 10° beads) and whole tissue lysate from the same lung tissue (100 ug total
protein) of a C57BL/6 mouse. A quantization is not feasible because different amounts of
protein are loaded. A eNOS is detected at 140 kDa by mouse anti-eNOS antibody (BD
Biosciences, Franklin Lakes, NJ, USA). As a negative control, lung lysate (100 ug total
protein) of an eNOS-knockout mouse [50] was used. B Co-staining with eNOS polyclonal
antibody, finally detected in green, and anti-nitrotyrosine antibody, finally detected in
red. In an overlay, red and green give a total signal in yellow, indicating a detection of

tyrosine-nitrated eNOS after immunoprecipitation.

2.7. DETECTION OF SUPEROXIDE ANION RADICAL

Generation of O,° radicals by mouse thoracic aorta, myocardium and skeletal muscle is
measured by use of lucigenin-enhanced chemiluminescence assay [69,70]. The tissue
probes are equilibrated in Krebs-Henseleit buffer (pH 7.4, 37°C) gassed with carbogen
for at least 30 minutes, or until use. The measurements of O,™* radicals are performed
at 37°C in PBSGA enriched with lucigenin (5 uM). Vials containing this buffer are
preheated to 37°C by placing them in the luminometer (Packard Luminometer Analyzer,
Picolite A6112, Packard, Downers Grove, IL, USA). A background measurement of 20
minutes is then performed before placing the tissue segments into the vials. Then the
measurement itself is carried out for another 20 minutes. O,~* production in the vessel
segment is analyzed by correction for background radiation and calculated per mg

weight of dry tissue, which is obtained by drying the tissue over night at 100°C.
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‘/Sg 0,

(0-0-CI"

Fig. 2.12: Lucigenin reaction. In alkaline solution, lucigenin reacts with hydrogen
peroxide, a divalently reduced molecular oxygen, but only weakly in neutral or acid pH
range. If lucigenin is reduced univalently, a reaction with O,~* in a radical-radical or in an
anion-cation annihilation manner can take place. After divalent reduction, lucigenin can
react with singlet oxygen. All three possibilities end up in formation of the dioxetane
interstate, which finally disintegrates in one excited and one ground state of N-
methylacridone [70].

To ensure that O, is eNOS-derived, the NOS-blocker L-NAME is applied to the organ

bath during equilibration. A final concentration of 0.1 mM was used [71]. In order to
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check for the effect of the antioxidant Tempol®, a similar incubation for at least 20

minutes is carried out with an organ bath concentration of 1 mM [72].

2.8. STATISTICS

All results are presented as arithmetic mean + standard error, in which n indicates the
numbers of experiments performed. Statistical and graphical evaluations are performed
with the software Graph Pad Prism, version 4.03 (GraphPad Software, San Diego, USA).
In order to check different experimental conditions, unpaired t-tests are performed.
Only if parameters are determined in one individual before and after intervention, a
paired t-test is used. If more than two groups had to be compared, analysis of variance
(one-way ANOVA) is carried out, including a following Newman-Keuls post-test. A
statistically confirmed difference is achieved by a level of significance defined as p < 0.05
and marked by * if p < 0.05, ** if p < 0.01 and *** if p < 0.005 (and # respectively), or
n.s. if p > 0.05. Proportional relations are characterized by determination of the

correlation coefficient r2.

Dose-response curves obtained by organ bath experiments are given as the remaining
vessel tension in percent of the preconstruction value. This initial value is set to 100%.

The curves are compared by a two-sided analysis of variance (two-way ANOVA).

This work was published in

Suvorava T*, Pick S*, and Kojda G. (* equal contribution)
Selective impairment of blood pressure reduction by endothelial nitric oxide synthase dimer destabilization in mice.
J Hypertens 2017;35(1):76-88. journals.lww.com/jhypertension/

word-for-word citations within the running text stand out in italic type

45



46



3.1. OVEREXPRESSION OF ENOS

3.1.1. GENOTYPING

Genotyping is carried out with primers that only detect the transgenic construct but
give no amplification product in wild-type probes. Visualized on an agarose gel the
band is estimated at a size of 351 base pairs. Fig. 3.1 shows an exemplary PCR result
carried out with DNA obtained from mouse tail biopsies. Transgenic positive mice show
a discrete band at the right size whereas transgenic negative littermates do not give a
signal. According to the PCR result mice are classified to be eNOS-tg or transgenic

negative littermates (eNOS-tgn) and C101A-eNOS-tg or C101A-eNOS-tgn respectively.

Fig. 3.1: Results of a genotyping PCR
visualized on an agarose gel. Transgenic
mice show a band at 351 bp (eNOS-tg
and C101A-eNOS-tg). Those animals

C101A-eNQOS-tg
C101A-eNQS-tgn
100 bp DNA ladder

eNOS-tgn

[
+
[%2]
o
=
[

showing no band are characterized to
be transgenic negative littermates

351bp (eNOS-tgn and C101A-eNQOS-tgn).

Fig. 3.2: Results of a specific transgene
genotyping PCR visualized on an

agarose gel. eNOS-tg mice show a band

100 bp DNA ladder

C101A-eNOS-tgn

C101A-eNOS-tg

at 326 bp for wild-type bovine eNOS and
C101A-eNOS-tg mice show a band at
310 bp for C101A-mutated eNOS

310 bp . .
whereas the transgenic animals don’t

326 bp

show a band vice-versa.
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In order to ensure that the right mouse strains are used for experiments, a transgene-
specific PCR is carried out at regular intervals. Here the native bovine eNOS gives a
band at 326 bp whereas C101A-mutated eNOS shows a band at 310 bp (see fig. 3.2).
Vice-versa no cross-reactivity could be detected. This ensures the specificity of the

primers.

3.1.2. ENOS PROTEIN EXPRESSION

Western Blot analysis reveals the level of overexpression in aortic (50 pg total protein
loaded), myocardial, lung and skeletal muscle tissue (100 pg total protein loaded) of
both transgenic mouse strains. In all different kinds of tissue a significant increase as
compared to C57BL/6 is detectable. Overall, there is always a significantly larger
expression of eNOS in eNOS-tg than in C101A-eNOS-tg (see figs. 3.3-3.6).

IS
o
=]

* %

3001 Fig. 3.3: Evaluation of Western Blot

results on aortic eNOS expression in
eNOS-tg (224.6 + 36.88%, n=6, p<0.001)
and C101A-eNOS-tg (147.3 +9.796%,

aortic
eNOS expression
[% vs.C57BL/6 and actin]
N
o
o

@l ,c; o n=12, p<0.05; p<0.01 vs. eNOS-tg).
‘\06 K
) ,\V'Q
&
400+
300+ - Fig. 3.4: Evaluation of Western Blot
1
200- % results on myocardial eNOS expression

myocardial
eNOS expression
[% vs. C57BL/6 and actin]

in  eNOS-tg (223.6+29.74%, n=6,
p<0.001)  and  C101A-eNOS-tg
& © © (156.5 + 9.722%, n=10, p<0.05; p<0.01
's\v‘ vs. eNOS-tg).

100+
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*%

_sgm_ 1 Fig. 3.5: Evaluation of Western Blot
gégm . results on lung eNOS expression in
= § % eNOS-tg (301.4 + 47.96%, n=7, p<0.001)

T and C101A-eNOS-tg (172.5 + 21.85%,

n=7, p<0.05; p<0.01 vs. eNOS-tg).

& &
r\“\vg’
[¢)
-E-400- *k
- § *k%
§ £ 5 300 I Fig. 3.6: Evaluation of Western Blot
s5g° * %k
E %’g results on skeletal muscle eNOS
s 5 2 200
é § E 1004 expression in eNOS-tg (284.3 + 26.75%,
°2 n=6, p<0.001) and C101A-eNOS-tg
S o . .
R I I (188.4 + 26.96%, n=6, p<0.01,
O O
e ¥ p=0.0128; p<0.01 vs. eNOS-tg).
®
3.1.3. ENOS DIMER FORMATION

Loading 100 ug total protein of aortic samples of C101A-eNOS-tg on a native gel reveals
a larger monomer signal than in transgenic negative littermates whereas the dimer
signal remains nearly unchanged (see fig. 3.7). This indicates that the introduced
mutated eNOS (see 2.2.1) in C101A-eNOS-tg mice has been successfully destabilized.

Wt Cl01A-eNOSTg Fig. 3.7: Representative native Western
- 250 kba Blot showing increased aortic eNOS-

tissue of C101A-eNOS-tg as compared

e e — W J
= monomer formation at 142 kDa in aortic
— 130 kDa

100 kDa
to a transgenic negative littermate.
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3.1.4. ENOS MRNA EXPRESSION

Both introduced eNOS variants in the transgenic animal strains are of bovine origin. In
order to determine the effect on murine eNOS expression a real-time PCR is carried
out with aortic tissue by applying specific primers for either murine or bovine eNOS.
Indeed, the additionally introduced bovine eNOS has an effect on the expression of

native eNOS and significantly reduces the murine eNOS expression as seen in fig. 3.8.

1.0

o Fig. 3.8: Evaluation of real-time PCR
—I_ *kk

results on aortic murine eNOS
expression in eNOS-tg (0.6090 + 0.1002,
n=6, p<0.01 vs. C57BL/6) and C101A-
eNOS-tg (0.4777 + 0.06365, n=6,
p<0.001 vs. C57BL/6; n.s. vs. eNOS-tg).

0.5+

murine
eNOS mRNA expression
[2 AACt]

0.0

As expected, bovine eNOS in is not detectable in C57BL/6, giving further evidence for
the specificity of the bovine primers. In accordance to those results observed by
Western Blot analysis (see 3.1.2) mRNA expression of bovine eNOS is much larger in
eNOS-tg than in C101A-eNOS-tg (fig. 3.9).

Fkk
15+

s T
g Fig. 3.9: Evaluation of real-time PCR
ggé"m- results on aortic bovine eNOS
gnZE: = 5 expression in eNOS-tg (12.40 + 1.549,
é - i n=6) and C101A-eNOS-tg
0 @' ’\é o (1.975 + 0.4677, n=6, p<0.001 vs. eNOS-
eéog P tg). No expression is detectable in

S C57BL/6 (ND).
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3.2. OXIDATIVE STRESS

3.2.1. SUPEROXIDE ANION RADICAL

Detection of O,™* by lucigenin-enhanced chemiluminescence assay is carried out with
aortic, myocardial and skeletal muscle tissue (see figs. 3.10-3.12). Whereas in eNOS-tg
there is no difference as compared to C57BL/6, the introduction of the destabilized
eNOS variant significantly increases the level of 0,7 in C101A-eNOS-tg. Application of
the NOS-inhibitor L-NAME during calibration completely inhibits this increase
indicating mutated eNOS being a source of ROS.
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Fig. 3.10: Evaluation of lucigenin assay results on aortic O, production in C57BL/6
(508.2 + 76.33 counts/mg/min, n=5), eNOS-tg (496.9 + 112.9 counts/mg/min, n=5,
p>0.05 vs. C57BL/6) and C101A-eNOS-tg (1584 + 225.2 counts/mg/min, n=5, p<0.001
vs. C57BL/6 and eNOS-tg). Incubation with L-NAME blunts the difference indicating O,™*
being produced by NOS: C57BL/6 (739.0+99.77 counts/mg/min, n=5), eNOS-tg
(652.4 +82.41 counts/mg/min, n=5) and C101A-eNOS-tg (619.2+ 135.0
counts/mg/min, n=5, p<0.001 vs. C101A-eNOS-tg).
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Fig. 3.11: Evaluation of lucigenin assay results on ventricular O,~* production in C57BL/6
(294.8 + 81.05 counts/mg/min, n=5), eNOS-tg (297.3 + 82.05 counts/mg/min, n=5,
p>0.05 vs. C57BL/6) and C101A-eNOS-tg (1341 + 34.05 counts/mg/min, n=5, p<0.001
vs. C57BL/6 and eNOS-tg). Incubation with L-NAME blunts the difference indicating O,™*
being produced by NOS: C57BL/6 (421.5+ 67.27 counts/mg/min, n=5), eNOS-tg
(470.7 + 115.3  counts/mg/min, n=5) and C101A-eNOS-tg (486.1+ 145.8
counts/mg/min, n=5, p<0.001 vs. C101A-eNOS-tg).
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Fig. 3.12: Evaluation of lucigenin assay results on skeletal muscle O, production in
C57BL/6 (396.3 + 124.3 counts/mg/min, n=5), eNOS-tg (390.2 + 77.46 counts/mg/min,
n=5, p>0.05 vs. C57BL/6) and C101A-eNOS-tg (1761 + 277.5 counts/mg/min, n=5,
p<0.001 vs. C57BL/6 and eNOS-tg). Incubation with L-NAME blunts the difference
indicating O,* being produced by NOS: C57BL/6 (671.0 *+ 85.95 counts/mg/min, n=5),
eNOS-tg (556.2 + 86.03 counts/mg/min, n=5) and C101A-eNOS-tg (593.3 + 104.6
counts/mg/min, n=5, p<0.001 vs. C101A-eNOS-tg).

3.2.2. GLUTATHIONYLATED ENOS

Immunoprecipitation of aortic, myocardial, lung and skeletal muscle eNOS and
subsequent detection with an antibody against S-glutathionylated protein reveals
increased S-glutathionylation of eNOS in C101A-eNOS-tg as compared to transgenic
negative littermates, but no difference in eNOS-tg (see figs. 3.13-3.16). This is regarded
as a hint for successful destabilization, achieved by the replacement of Cys 101 by Ala,

as S-glutathionylation is considered to be a marker for eNOS ‘uncoupling’ [73].
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Fig. 3.13: Evaluation of fluorescence
results on immunoprecipitated aortic S-
glutathionylated eNOS in eNOS-tg
(110.5 + 11.98%, n=6, n.s.) and C101A-
eNOS-tg (178.4 + 23.12%, n=6,
p=0.0194).

Fig. 3.14: Evaluation of fluorescence
results on immunoprecipitated
myocardial S-glutathionylated eNQOS in
eNOS-tg (95.71 + 7.272%, n=6, n.s.) and
C101A-eNOS-tg (144.6 + 12.29%, n=6,

p=0.0151).

Fig. 3.15: Evaluation of fluorescence
results on immunoprecipitated lung S-
glutathionylated eNOS in eNOS-tg
(115.4 + 12.60%, n=5, n.s.) and C101A-
eNOS-tg (171.0 + 23.26%, n=5,
p=0.0194).
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. g 150- ok
03538 Fig. 3.16: Evaluation of fluorescence
% EE 1999 results on immunoprecipitated skeletal
g é % 50. muscle S-glutathionylated eNOS in
w58 eNOS-tg (91.32 + 9.969%, n=6, n.s.) and

“% 0 - C101A-eNOS-tg (141.2 +5.207%, n=6,

N oo,«°\> p=0.0005).
3.2.3. PROTEIN TYROSINE-NITRATION

Upon formation of peroxynitrite out of O, and nitric oxide, proteins can undergo
nitration by a nucleophilic aromatic substitution at a tyrosine residue giving 3-
nitrotyrosine. This is considered to be a marker for nitrosative stress [74]. As expected,
3-nitrotyrosine levels are increased in aortic (50 ug total protein loaded), myocardial,
lung and skeletal muscle tissue (100 pg total protein loaded) of C101A-eNOS-tg as
compared to their transgenic negative littermates, and not in eNOS-tg (see figs. 3.17-
3.20).

= 250+
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2o 2] Fig. 3.17: Evaluation of Western Blot
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2 §§ 1501 results on aortic 3-nitrotyrosine in
o -
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Fig. 3.18: Evaluation of Western Blot
results on myocardial 3-nitrotyrosine in
eNOS-tg (114.6 + 16.24%, n=8, n.s.) and
C101A-eNOS-tg (176.1 +23.74%, n=5,
p=0.0076).

Fig. 3.19: Evaluation of Western Blot
results on lung 3-nitrotyrosine in eNOS-
tg (91.78 +5.574%, n=7, n.s.) and
C101A-eNOS-tg (165.2+23.5%, n=6,
p=0.0391).

Fig. 3.20: Evaluation of Western Blot
results on  skeletal muscle  3-
nitrotyrosine in eNOS-tg
(101.9 + 31.77%, n=6, n.s.) and C101A-
eNOS-tg (204.6 + 29.76%, n=6,
p=0.0170).
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3.2.4. PHOSPHORYLATION OF ENOS AT SER1176/9

Phosphorylation of eNOS at Ser1176/9 is connected to the activity of eNOS, i.e. the

production of nitric oxide or, in case of ‘uncoupling’, O, respectively. In C101A-eNOS-

tg an augmentation in phosphorylation at Serl176/9 is detectable after

immunoprecipitation of eNOS, whereas in eNOS-tg there is no effect as compared to

C57BL/6 (see figs. 3.21-3.24). Experiments are performed with aortic, myocardial, lung

and skeletal muscle tissue.
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Fig. 3.21: Evaluation of fluorescence
results on immunoprecipitated aortic
phosphorylated eNOS at Ser1176/9 in
eNOS-tg (102.3 + 8.822%, n=6, n.s.) and
C101A-eNOS-tg (153.1+ 13.75%, n=6,
p=0.0119).

Fig. 3.22: Evaluation of fluorescence
results on immunoprecipitated
myocardial phosphorylated eNOS at
Ser1176/9 in eNOS-tg (86.60 + 6.634%,
n=>5, n.s.) and C101A-eNOS-tg

(149.3 + 15.36%, n=6, p=0.0238).
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Fig. 3.23: Evaluation of fluorescence
results on immunoprecipitated lung
phosphorylated eNOS at Ser1176/9 in
eNOS-tg (88.45 + 4.881%, n=6, n.s.) and
C101A-eNOS-tg (138.6 + 13.63%, n=6,
p=0.0365).

Fig. 3.24: Evaluation of fluorescence
results on immunoprecipitated skeletal
muscle  phosphorylated eNOS at
Ser1176/9 in eNOS-tg (94.03 + 15.05%,
n=6, n.s.) and C101A-eNOS-tg
(196.2 + 21.23%, n=6, p=0.0062).

Phosphorylation of eNOS at Ser1176/9 can be either driven by AMPKa [75] or Akt

[76,77] which are both themselves phosphorylated upon activation. AMPKa is

phosphorylated at Thr472 in stages of oxidative stress, mainly by peroxynitrite [78].

Indeed, in CLO1A-eNOS-tg an increased phosphorylation can be detected whereas total

AMPKa expression is not changed (see figs. 3.25-3.28). Experiments are performed

with 50 pg of aortic and 100 pg of skeletal muscle tissue total protein.
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Fig. 3.28: Evaluation of Western Blot
results on skeletal muscle AMPKa
C101A-eNOS-tg
(92.87 + 6.077%, n=6) showed no

difference.

expression in

No changes, neither in phosphorylation of Akt at Ser473 nor in total expression are

detectable in aortic (50 ug total protein loaded) or skeletal muscle tissue (100 ug total

protein loaded) of C101A-eNOS-tg as compared to transgenic negative littermates (see

figs. 3.29-3.32). This indicates that increased phosphorylation of eNOS in these

transgenic animals is not driven by activation of Akt but of AMPKa (see 3.2.4.1).
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Fig. 3.29: Evaluation of Western Blot
results on aortic Akt phosphorylation at
Ser473 in C101A-eNOS-tg
(116.7 + 19.10%, n=6, n.s.).
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Fig. 3.30: Evaluation of Western Blot
results on aortic Akt expression in
C101A-eNOS-tg (101.9 + 2.080%, n=6)

showed no difference.

Fig. 3.31: Evaluation of Western Blot
results on skeletal muscle Akt
phosphorylation at Ser473 in C101A-
eNOS-tg (102.4 + 2.923%, n=6, n.s.).

Fig. 3.32: Evaluation of Western Blot
results on skeletal muscle Akt
expression in C101A-eNOS-tg
(106.6 + 4.877%, n=6) showed no

difference.
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3.3. FUNCTIONAL STUDIES

3.3.1. ENDOTHELIUM-DEPENDENT RELAXATION

Functional studies on isolated mouse aorta are performed using organ bath equipment.
Here, endothelium-dependent relaxation after preconstriction with 0.2 uM
phenylephrine is determined by cumulative doses of acetylcholine (1 nM-10 uM).
Augmented eNOS expression has no effect on acetylcholine induced relaxation, neither
by native bovine eNOS in eNOS-tg (see fig. 3.33), nor by the destabilized eNOS variant
in CLO1A-eNOS-tg (see fig. 3.34).

100- —a_ _ —a— C57BL/6, n=5
i eNOS-tg, n=5
80+
60+

tension [%]

40~ l\
20+

10 -9 8 7 6 -5 -4
acetylcholine [log mol/l]

Fig. 3.33: Endothelium-dependent relaxation determined by cumulative doses of
acetylcholine after preconstriction with 0.2 uM phenylephrine reveales no difference in
eNOS-tg as compared to C57BL/6.
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Fig. 3.34: Endothelium-dependent relaxation determined by cumulative doses of
acetylcholine after preconstriction with 0.2 uM phenylephrine reveales no difference in
C101A-eNOS-tg as compared to C57BL/6.

3.3.2. ENDOTHELIUM-INDEPENDENT RELAXATION

Responses to exogenous NO are achieved by cumulative doses of the NO donor SNAP
(1 nM-10 mM) after preconstiction with 0.2 uM phenylephrine. Similar to the results
obtained by endogenous NO release by acetylcholine (see 3.3.1), here no effect is

obtainable either in both transgenic strains (see figs. 3.35-3.36).

1004 M —a— C57BL/6, n=7
\K eNOS-tg, n=5
— 80+
X
c 60+
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2
5 40
20+
0 L] L] L] L] L]
-10 -9 -8 -7 -6 -5 -4
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Fig. 3.35: Relaxation to cumulative doses of the NO-donor SNAP after preconstriction

with 0.2 uM phenylephrine reveals no difference in eNOS-tg as compared to C57BL/6.
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Fig. 3.36: Relaxation to cumulative doses of the NO-donor SNAP after preconstriction
with 0.2 uM phenylephrine reveals no difference in C101A-eNOS-tg as compared to
C57BL/6.

3.3.3. BLOOD PRESSURE AND HEART RATE

Systolic blood pressure and heart rate are measured by tail-cuff method in awake mice
over a period of six days. As expected and due to increased endogenous NO
bioavailability, a reduction in blood pressure is determined in eNOS-tg mice (see fig.
3.37). Heart rate is measured simultaneously and not changed in these animals (see fig.
3.38).
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Fig. 3.38: Heart rate results in eNOS-tg
(621.3 + 12.21 beats per minute, n=6)
and  their
littermates (C57BL/6: 623.2 +23.87

beats per minute, n=5) showing no

transgenic  negative

difference.

Surprisingly, and notwithstanding increased eNOS expression, in C101A-eNOS-tg no

changes are determinable, neither for blood pressure (see fig. 3.39), nor for heart rate

(see fig. 3.40). This may indicate that the destabilized eNOS variant is not producing

enough endogenous NO to lower blood pressure.
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Fig. 3.39: Blood pressure results in
C101A-eNOS-tg (118.0 + 0.8447 mmHg,
n=6) and their transgenic negative
littermates (C57BL/6: 118.3 + 0.9899

mmHg, n=8) showing no difference.
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3.3.4. PHOSPHORYLATION OF VASP AT SER239

In order to seek for NO/cGMP-pathway activation [79] and thus for NO bioavailability

in all transgenic animal strains used, phosphorylation of VASP at Ser239 is measured

by Western Blot analysis. In figs. 3.41-3.44 the phosphorylation relative to total VASP

expression is shown for aortic (50 pg total protein loaded), myocardial, lung and
skeletal muscle tissue (100 pg total protein loaded) in eNOS-tg and C101A-eNOS-tg.
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Fig. 3.41: Evaluation of Western Blot
results on aortic VASP phosphorylation
at Ser239 in eNOS-tg (153.3+ 7.276%,
n=7, p=0.0003) and C101A-eNOS-tg
(102.2 + 17.69%, n=6, n.s.).
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Fig. 3.42: Evaluation of Western Blot
myocardial VASP
phosphorylation at Ser239 in eNOS-tg
(154.2 + 11.6%, n=7, p=0.0055) and
C101A-eNOS-tg (87.19 +5.337%, n=6,

n.s.).

results on

Fig. 3.43: Evaluation of Western Blot
results on lung VASP phosphorylation at
Ser239 in eNOS-tg (156.1 +4.069%,
n=10, p<0.0001) and C101A-eNOS-tg
(94.56 + 5.786%, n=7, n.s.).

Fig. 3.44: Evaluation of Western Blot
results on skeletal muscle VASP
phosphorylation at Ser239 in eNOS-tg
(165.6 + 12.41%, n=6, p=0.0032) and
C101A-eNOS-tg (108.3 +21.34%, n=6,

n.s.).
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3.3.5. ECSOD EXPRESSION

As NO is an important mediator in its regulation [80], ecSOD expression is determined

in both transgenic animal strains by Western Blot analysis. Experiments are done with

50 pg total protein loaded of aortic, and 100 ug of myocardial, lung and skeletal muscle

tissue.
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Fig. 3.45: Evaluation of Western Blot
results on aortic ecSOD expression in
eNOS-tg  (192.8 + 21.68%, n=>5,
p=0.0128) and C101A-eNOS-tg
(86.76 + 12.79%, n=5, n.s.).

Fig. 3.46: Evaluation of Western Blot
results on myocardial ecSOD expression
in eNOS-tg (203.6+ 19.63%, n=5,
p=0.0033) and C101A-eNOS-tg
(86.76 + 12.79%, n=5, n.s.).
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According to the evidences for increased NO bioavailability in eNOS-tg, obtained by
blood pressure data (see 3.3.3) and VASP Ser239 phosphorylation results (see 3.3.4),
ecSOD expression is increased in this strain as compared to transgenic negative
littermates (see figs. 3.45-3.48). No changes can be found in C101A-eNOS-tg, giving

another hint for no increased bioavailability despite increased eNOS expression levels.

3.4. EFFECTS OF TEMPOL®

In C101A-eNOS-tg increased levels of oxidative stress are determined (see 3.2.1). In

order to distinguish the effects of O,7°, the SOD-mimetic Tempol® is applied orally in
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C101A-eNOS-tg mice as well as in their transgenic negative littermates for a period of

three weeks.

3.4.1. NOS PROTEIN EXPRESSION

Expression of total eNOS is not influenced by Tempol® treatment, neither in C101A-
eNOS-tg (see figs. 3.49,3.50), nor in C57BL/6 (see figs. 3.51,3.52).
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Fig. 3.49: Evaluation of Western Blot
results on aortic eNOS expression in
C101A-eNOS-tg after
treatment (101.6 + 6.798%, n=6, n.s.).

Tempol®

Fig. 3.50: Evaluation of Western Blot
results on skeletal muscle eNOS
expression in C101A-eNOS-tg after
Tempol® treatment (100.8 + 11.80%,

n=6, n.s.).
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Experiments are carried out in aortic (50 ug total protein loaded) and skeletal muscle

(100 pg total protein loaded) samples.

3.4.2. DETECTION OF SUPEROXIDE ANION RADICAL

After one week of oral Tempol® treatment already, O,* ss not detectable by lucigenin
method any longer. In order to ensure the measurement itself, Tempol® is added to
tissue of non-treated mice during calibration (1 mM). Here no quantification is possible

either.
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3.4.3. GLUTATHIONYLATED ENOS

The effect of Tempol® treatment on S-glutathionylated eNOS is determined in aortic,

myocardial, lung and skeletal muscle tissue after immunoprecipitation of eNOS. The

previous results shown in 3.2.2 are reproducible in non-treated control mice: There is

a significant augmentation in S-glutathionylated eNOS detectable in C101A-eNOS-tg.

This effect is abrogated by the treatment with Tempol® (see figs. 3.53-3.56).
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Fig. 3.53: Evaluation of fluorescence
results on immunoprecipitated aortic S-
glutathionylated eNOS in C101A-eNOS-
tg (185.4 + 30.06%, n=6, p=0.0362) and
their transgenic negative littermates
(C57BL/6) before and after Tempol®
(C101A-eNOS-tg:
99.18 + 17.63%, n=6, p<0.05 vs. C101A-
eNOS-tg by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:
99.18 + 17.63%, n=6).

treatment

Fig. 3.54: Evaluation of fluorescence
results on immunoprecipitated
myocardial S-glutathionylated eNOS in
C101A-eNOS-tg (150.3 + 18.37%, n=6,
p=0.0410) and their transgenic negative
littermates (C57BL/6) before and after
Tempol® treatment (C101A-eNOS-tg:
93.22 + 6.891%, n=6, p<0.01 vs. C101A-
eNOS-tg by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:

97.02 + 11.00%, n=6).
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Fig. 3.55: Evaluation of fluorescence
results on immunoprecipitated lung S-
glutathionylated eNOS in C101A-eNOS-
tg (215.5 + 20.41%, n=6, p=0.0024) and
their transgenic negative littermates
(C57BL/6) before and after Tempol®
(C101A-eNOS-tg:
99.77 £9.281%, n=6, p<0.001 vs.
C101A-eNOS-tg by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:
99.53 + 8.140%, n=6).

treatment

Fig. 3.56: Evaluation of fluorescence
results on immunoprecipitated skeletal
muscle S-glutathionylated eNOS in
C101A-eNOS-tg (175.1+23.66%, n=6,
p=0.0247) and their transgenic negative
littermates (C57BL/6) before and after
Tempol® treatment (C101A-eNOS-tg:
104.7 + 5.726%, n=6, p<0.01 vs. C101A-
eNOS-tg by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:
113.2 +10.94%, n=6).

The effect of Tempol® treatment on eNOS tyrosine-nitration is determined in aortic,

myocardial, lung and skeletal muscle tissue after immunoprecipitation of eNOS. The

previous data obtained by Western Blot analysis on total protein nitration shown in

3.2.3 give similar results in non-treated control mice: There is a significant
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augmentation in tyrosine-nitrated eNOS detectable in C101A-eNOS-tg. This effect is
abolished by the treatment with Tempol® (see figs. 3.57-3.60).
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Fig. 3.57: Evaluation of fluorescence
results on immunoprecipitated aortic
tyrosine-nitrated eNOS in C101A-eNOS-
tg (200.1 + 32.76%, n=6, p=0.0282) and
their transgenic negative littermates
(C57BL/6) before and after Tempol®
(C101A-eNOS-tg:
112.9 +16.93%, n=6, p<0.01 vs. C101A-
eNOS-tg by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:
97.78 + 10.60%, n=6).

treatment

Fig. 3.58: Evaluation of fluorescence
results on immunoprecipitated
myocardial tyrosine-nitrated eNQOS in
C101A-eNOS-tg (160.8 + 13.83%, n=6,
p=0.0153) and their transgenic negative
littermates (C57BL/6) before and after
Tempol® treatment (C101A-eNOS-tg:
96.44 + 5.384%, n=6, p<0.01 vs. C101A-
eNOS-tg by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:

118.7 + 11.54%, n=6).
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4 Fig. 3.59: Evaluation of fluorescence

8; zﬁg . results on immunoprecipitated lung
% % :;ﬁ tyrosine-nitrated eNOS in C101A-eNOS-
= o 125 T tg (183.3 + 19.83%, n=6, p=0.0084) and
3-‘3% 132 their transgenic negative littermates
g% :g (C57BL/6) before and after Tempol®
g — - - ) treatment (C101A-eNOS-tg:
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\v.e“o 6;&‘& &«0‘(& eNOS-tg by 1-way ANOVA and
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o Fig. 3.60: Evaluation of fluorescence
” § 250+ * results on immunoprecipitated skeletal
o %5 2004 muscle tyrosine-nitrated eNOS in
g g E 1504 _ C101A-eNOS-tg (213.8 + 31.22%, n=6,
g E % 1004 p=0.0148) and their transgenic negative
%%g 504 littermates (C57BL/6) before and after
E’%’ ol . Tempol® treatment (C101A-eNOS-tg:
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¢ S & eNOS-tg by 1-way ANOVA and
0@"? éq,&x éoe"& Newman-Keuls post test; C57BL/6:
¢ 0@” 123.5 + 15.16%, n=6).
3.4.5. PHOSPHORYLATION OF ENOS AT SER1176/9

The effect of Tempol® treatment on phosphorylated eNOS at Ser1176/9 is determined
in aortic, myocardial, lung and skeletal muscle tissue after immunoprecipitation of

eNOS. The previous results shown in 3.2.4 are reproducible in non-treated control
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mice: There is a significant augmentation in phosphorylated eNOS detectable in C101A-
eNOS-tg. This effect is abrogated by the treatment with Tempol® (see figs. 3.61-3.64).
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Fig. 3.61: Evaluation of fluorescence
results on immunoprecipitated aortic
phosphorylated eNOS at Ser1176/9 in
C101A-eNOS-tg (162.3 + 16.78%, n=6,
p=0.0138) and their transgenic negative
littermates (C57BL/6) before and after
Tempol® treatment (C101A-eNOS-tg:
94.80 + 12.40%, n=6, p<0.01 vs. C101A-
eNOS-tg by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:
98.94 + 8.992%, n=6).

Fig. 3.62: Evaluation of fluorescence
results on immunoprecipitated
myocardial phosphorylated eNOS at
Ser1176/9 in C101A-eNOS-tg
(145.4 + 14.27%, n=6, p=0.0245) and
their transgenic negative littermates
(C57BL/6) before and after Tempol®
(C101A-eNOS-tg:
98.73 + 10.57%, n=6, p<0.05 vs. C101A-
eNOS-tg by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:

99.28 + 7.801%, n=6).

treatment
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Fig. 3.63: Evaluation of fluorescence
results on immunoprecipitated lung
phosphorylated eNOS at Ser1176/9 in
C101A-eNOS-tg (133.0+ 19.70%, n=6,
n.s.) and their transgenic negative
littermates (C57BL/6) before and after
Tempol® treatment (C101A-eNOS-tg:
90.17 +13.39%, n=6, n.s. vs. C101A-
eNOS-tg by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:
92.32 + 5.250%, n=6).

Fig. 3.64: Evaluation of fluorescence
results on immunoprecipitated skeletal
muscle  phosphorylated eNOS at
Ser1176/9 in C101A-eNOS-tg
(160.8 £+ 22.77%, n=6, p=0.0444) and
their transgenic negative littermates
(C57BL/6) before and after Tempol®
treatment (C101A-eNOS-tg:
92.43 + 9.398%, n=6, p<0.05 vs. C101A-
eNOS-tg by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:
96.49 + 11.77%, n=6).

Phosphorylation of AMPKa at Thrl72 is previously (see 3.2.4.1) identified as being
responsible for phosphorylation of eNOS at Ser1176/9 in C101A-eNOS-tg. These results

are reproduced by this particular set of Western Blot experiments achieved by loading
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50 ug of aortic and 100 pug of skeletal muscle tissue. As this augmented phosphorylation

of AMPKa is abrogated after Tempol® treatment (see figs. 3.65-3.68) there is growing

evidence that this finding is dependent on oxidative stress.
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Fig. 3.65: Evaluation of Western Blot
results on aortic AMPKa
phosphorylation at Thr172 in C101A-
eNOS-tg (168.7 + 7.982%, n=6,
p=0.0003) and their transgenic negative
littermates (C57BL/6) before and after
Tempol® treatment (C101A-eNOS-tg:
96.86 +9.052%, n=6, p<0.001 Vvs.
C101A-eNOS-tg by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:
109.6 + 17.15%, n=6).

Fig. 3.66: Evaluation of Western Blot
results on aortic AMPKa expression in
C101A-eNOS-tg (104.2 + 3.154%, n=6,
n.s.) and their transgenic negative
littermates (C57BL/6) before and after
Tempol® treatment (C101A-eNOS-tg:
93.68 +5.756%, n=6, n.s.;, C57BL/6:
107.5 £ 4.614%, n=6, n.s.).
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i Fig. 3.67: Evaluation of Western Blot

N
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* results on skeletal muscle AMPKa
phosphorylation at Thr172 in C101A-
— eNOS-tg (185.6 + 22.79%, n=6,
p=0.0132) and their transgenic negative
littermates (C57BL/6) before and after
Tempol® treatment (C101A-eNOS-tg:
& o e ¢ 120.7 + 21.64%, n=6, p<0.01 vs. C101A-
g x < eNOS-tg by 1-way ANOVA and
'eeog Newman-Keuls post test; C57BL/6:
109.7 + 7.329%, n=6).
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120- Fig. 3.68: Evaluation of Western Blot

100- results on skeletal muscle AMPKo

804 expression in C101A-eNOS-tg

60- (92.87 + 6.077%, n=6, n.s.) and their

40-

total AMPKq,
[% vs. C57BL/6 and actin]

transgenic negative littermates
(C57BL/6) before and after Tempol®
treatment (C101A-eNOS-tg:
104.3 + 10.69%, n=6, n.s.;, C57BL/6:
108.8 + 7.449%, n=6, n.s.).

skeletal muscle

204

As already shown in 3.2.4.2 there is no influence on phosphorylation of eNOS at
Ser1176/9 of Akt and its activation by phosphorylation at Ser473. This is confirmed by
the data of this set of experiments. Western Blot results are shown for aortic (50 g

total protein loaded) and skeletal muscle (100 pg total protein loaded) probes of
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C101A-eNOS-tg and their transgenic negative littermates before and after Tempol®

treatment, which itself also has no effect on the expression of total Akt or the extend

of its phosphorylation (see figs. 3.69-3.72).
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Fig. 3.69: Evaluation of Western Blot
results on aortic Akt phosphorylation at
Ser473 in C101A-eNOS-tg
(116.7 +£ 19.10%, n=6, n.s.) and their
transgenic negative littermates
(C57BL/6) before and after Tempol®
(C101A-eNOS-tg:
108.2 +9.662%, n=6, n.s.; C57BL/6:

109.8 + 5.552%, n=6, n.s.).

treatment

Fig. 3.70: Evaluation of Western Blot
results on aortic Akt expression in
C101A-eNOS-tg (101.9 £ 2.080%, n=6,
n.s.) and their transgenic negative
littermates (C57BL/6) before and after
Tempol® treatment (C101A-eNOS-tg:
98.08 +6.891%, n=6, n.s.; C57BL/6:
116.6 + 6.965%, n=6, n.s.).
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Fig. 3.71: Evaluation of Western Blot
results on skeletal muscle Akt
phosphorylation at Ser473 in C101A-
eNOS-tg (102.4 + 2.923%, n=6, n.s.) and
their transgenic negative littermates
(C57BL/6) before and after Tempol®
treatment (C101A-eNOS-tg:
96.75 +3.475%, n=6, n.s.;, C57BL/6:
107.2 + 4.488%, n=6, n.s.).

Fig. 3.72: Evaluation of Western Blot
results on skeletal muscle Akt
expression in C101A-eNOS-tg
(106.6 + 4.877%, n=6, n.s.) and their

transgenic negative littermates
(C57BL/6) before and after Tempol®
treatment (C101A-eNOS-tg:

104.0+9.751%, n=6, n.s.; C57BL/6:
97.89 +5.213%, n=6, n.s.).

BLOOD PRESSURE AND HEART RATE

By treatment with the antioxidant and SOD-mimetic Tempol® blood pressure is

significantly reduced in C101A-eNOS-tg, but not in their transgenic negative littermates

(see figs. 3.73-3.75). This can be due to reduced O,™* levels and therefore reduced

peroxynitrite formation which can finally result in increased bioavailable NO. After a
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wash-out phase of two weeks, blood pressure is back to normal values again (see fig.

3.75). Heart rates are not changed by the antioxidative treatment (see figs. 3.76-3.77)
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Fig. 3.73: Blood pressure results in
C57BL/6 (117.9 + 1.823, n=6) and in the
same animals during (117.3+1.515
mmHg, n=6) and after (117.6 £ 2.079
mmHg, n=6) Tempol® treatment

showing no difference.

Fig. 3.74: Blood pressure results in
C101A-eNOS-tg (118.3%0.7112, n=6)
and in the same animals during
(113.3 + 1.234 mmHg, n=6, p=0.0019)
and after (117.4 + 1.495 mmHg, n=6)

Tempol® treatment.
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Fig. 3.75: Time dependent blood pressure results in C57BL/6 (n=6) and C101A-eNOS-tg
(n=6) without and during Tempol® treatment showing a significant decrease in C101A-

eNOS-tg as compared to their transgenic negative littermates (see also Fig. XX).
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Fig. 3.77: Heart rate results in C101A-
eNOS-tg before (621.6 + 11.99 beats per
minute, n=6), during (623.4 +11.32
beats per minute, n=6) and after
(624.9 + 7.653 beats per minute, n=6)

heart rate
[beats/min]

Tempol® treatment showing no

difference.

A correlation of systolic blood pressure in different transgenic strains (eNOS-KO,
C57BL/6, another transgenic strain with a higher overexpression of eNOS [37] and
eNOS-tg) and their eNOS expression as detected by Western Blot analysis is performed
to predict the expected blood pressure reduction in C101A-eNOS-tg (see fig. 3.86). The
resulting equation is highly significant (R>=0.9992) and given by

systolic blood pressure = 35.92e¢70907267X 4 102.0 [mmHg]

wherein X is the percentage of aortic eNOS expression related to wild-type animals.
Given the eNOS expression value in C101A-eNOS-tg of 147.3%, the equation yields a

systolic blood pressure of 114.3 mmHg.

If the same approximation is carried out with values of eNOS expression in the skeletal

muscle, the resulting equation is still significant (R?=0.992):
systolic blood pressure = 35.56e0007202X 4 102.3 [mmHg].

Given the eNOS expression value measured in skeletal muscle with 188.4%, the

calculated expected systolic blood pressure is 111.5 mmHg.
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Fig. 3.78: Correlation of systolic blood pressure in different transgenic strains (eNOS-
KO, C57BL/6, eNOS-tg, eNOS-tg(F2) [37]) and their A aortic and B skeletal muscle eNOS

expression as detected by Western Blot analysis.

3.4.7. PHOSPHORYLATION OF VASP AT SER239

Matching the results on blood pressure (see 3.4.6), VASP is stronger phosphorylated at
Ser239, possibly due to increased endogenous NO bioavailable (see figs. 3.79-3.82).
Data are obtained from Western Blots achieved by loading 50 pg of aortic or 100 pg of

skeletal muscle tissue.
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Fig. 3.80: Evaluation of Western Blot
results on skeletal muscle VASP
phosphorylation at Ser239 in C101A-
eNOS-tg after Tempol® treatment
(149.0 + 14.07%, n=6, p=0.0177).

Fig. 3.81: Evaluation of Western Blot
results on aortic VASP phosphorylation
at Ser239 in C57BL/6 after Tempol®
treatment (99.70 + 10.65%, n=6, n.s.).
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3.4.8. ECSOD EXPRESSION

Fig. 3.82: Evaluation of Western Blot
results on skeletal muscle VASP
phosphorylation at Ser239 in C57BL/6
after Tempol®

(98.70 + 11.68%, n=6, n.s.).

treatment

Despite all hints for increased NO bioavailability after Tempol® treatment in C101A-

eNOS-tg, as lowered blood pressure (see 3.4.6) and increased VASP phosphorylation at

Ser239, there is no difference obtainable in ecSOD expression by Western Blot analysis,

neither in aortic (50 pg total protein loaded), nor in skeletal muscle (100 pg total

protein loaded) tissue (see figs. 3.83-3.86).
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Fig. 3.83: Evaluation of Western Blot
results on aortic ecSOD expression in
C101A-eNOS-tg after
treatment (89.23 + 10.73%, n=6, n.s.).

Tempol®
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Fig. 3.84: Evaluation of Western Blot
results on skeletal muscle ecSOD
expression in C101A-eNOS-tg after
Tempol® treatment (94.77 +9.692%,

n=6, n.s.).

Fig. 3.85: Evaluation of Western Blot
results on aortic ecSOD expression in
C57BL/6 after Tempol® treatment
(99.81 + 9.996%, n=6, n.s.).
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3.5. MECHANISTICAL STUDIES

In order to get further insights into the regulation of eNOS activity and the influence of
oxidative stress, voluntary exercise training in C101A-eNOS-tg and their transgenic

negative littermates is performed.

3.5.1. EXERCISE PARAMETERS

The efficacy of exercise training can be ascertained by daily running distance and by
heart weight/body weight ratio. The running distance in C101A-eNOS-tg is
5,596 + 82.21 m/day and does not differ to the running distance of C57BL/6
(5,421 + 82.21 m/day). According heart weight/body weight ratio results are shown in
fig. 3.86. Hereby, training efficacy is further ensured as the ratio is significantly higher

in the exercised groups.
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E 0.5 . o 0,0 Fig. 3.87: Heart weight/body weight
§E ol . o - results after three weeks of voluntary
= © 0.4 o
5 E n : S o exercise training in C57BL/6
2 0] " -t (0.4635 + 0.01417 mg/g, n=6, p=0.0032
g ., vs. C57BL/6 sed) and C101A-eNOS-tg
& & & & (0.4635 + 0.02218 mg/g, n=6, p=0.0148
3 S o~ o
Qq,& ®9° Qeﬁ %@“ vs. C101A-eNOS-tg sed) as compared to
) -} Q
& v’§\0 & vﬁ‘o sedentary controls (C57BL/6:
N\ N
o® ® 0.3884 +0.02157 mg/g, n=6, C101A-
eNOS-tg: 0.3827 + 0.02697 mg/g, n=6).
3.5.2. ENOS PROTEIN EXPRESSION

Expression of total eNOS is significantly increased after voluntary exercise (see figs.

3.88-3.91) as determined by Western Blot analysis in aortic and skeletal muscle tissue

(50 pg and 100ug total protein loaded respectively).

-

[3)]

o
]

1004

aortic
eNOS expression
[3)]
o
'l

[% vs. C101A-eNOS-tg and actin]

This work was published in

Suvorava T*, Pick S*, and Kojda G. (* equal contribution)

Fig. 3.88: Evaluation of Western Blot
results on aortic eNOS expression in
C101A-eNOS-tg after voluntary exercise
(142.6 + 7.111%, n=6, p=0.0019.).
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Fig. 3.89: Evaluation of Western Blot
results on skeletal muscle eNOS
expression in C101A-eNOS-tg after
voluntary exercise (145.8 + 16.99%, n=6,
p=0.0430).

Fig. 3.90: Evaluation of Western Blot
results on aortic eNOS expression in
C57BL/6 after voluntary exercise
(142.6 + 17.89%, n=6, p=0.0021).

Fig. 3.91: Evaluation of Western Blot
results on skeletal muscle eNOS
expression in C57BL/6 after voluntary
exercise (134.9 + 5.872%, n=e6,
p=0.0019).
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3.5.3. GLUTHATHIONYLATED ENOS

Fluorescence staining after immunoprecipitation of eNOS reveals a significant

reduction for S-glutathionylated eNOS in C101A-eNOS-tg and transgenic negative

littermates after voluntary training in aortic, myocardial, skeletal muscle tissue, and in

C101A-eNOS-tg lung samples (see figs. 3.92-3.95). This suggests a possible reduction

of oxidative stress by exercise. Only in lung tissue of C57BL/6 no effect is measurable.

The results obtained in sedentary mice are similar to those presented earlier in 3.2.2.
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Fig. 3.92: Evaluation of fluorescence
results on immunoprecipitated aortic S-
glutathionylated eNOS in sedentary
C101A-eNOS-tg (182.4 + 20.80%, n=6,
p=0.0107) and their transgenic negative
littermates (C57BL/6) as well as after
voluntary (C57BL/6:
56.92 £ 7.371%, n=6, p= 0.0043; C101A-
eNOS-tg: 59.01 £ 5.818%, n=6,
p=0.0009, p<0.001 vs. C101A-eNOS-tg
sed by 1-way ANOVA and Newman-
Keuls post test).

exercise
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Fig. 3.93: Evaluation of fluorescence
results on immunoprecipitated
myocardial S-glutathionylated eNQOS in
C101A-eNOS-tg
(160.5 + 22.20%, n=6, p=0.0415) and
their transgenic negative littermates
(C57BL/6) as well as after voluntary
exercise (C57BL/6: 67.30 + 10.91%, n=6,
p=0.0302; C101A-eNOS-tg:
58.47 + 11.10%, n=6, p=0.0134,
p<0.001 vs. C101A-eNOS-tg sed by 1-
way ANOVA and Newman-Keuls post

test).

sedentary

Fig. 3.94: Evaluation of fluorescence
results on immunoprecipitated lung S-
glutathionylated eNOS in sedentary
C101A-eNOS-tg (164.1 + 14.02%, n=6,
p=0.0060) and their transgenic negative
littermates (C57BL/6) as well as after
(C57BL/6:
97.91 + 14.93%, n=6, n.s.; C101A-eNOS-
tg: 96.07 + 11.23%, n=6, n.s., p<0.01 vs.
C101A-eNOS-tg sed by 1-way ANOVA

and Newman-Keuls post test).

voluntary exercise
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Fig. 3.95: Evaluation of fluorescence

§§:: d - results on immunoprecipitated skeletal
é%% 1254 muscle S-glutathionylated eNOS in
g g% 100- s m sedentary C101A-eNOS-tg
%éé : (150.9 + 16.22%, n=6, p=0.0257) and
"’;3,:‘3 254 their transgenic negative littermates
@ g o0 T T (C57BL/6) as well as after voluntary
&y"’b eefb 640\5"’6 40\5"6 exercise (C57BL/6: 77.41 + 6.8%, n=6,
& ‘\o& oé& ’?06’9 p= 0.0211; C101A-eNOS-tg:
0\3" S 79.66 +4.206%,  n=6,  p=0.0047,
p<0.001 vs. C101A-eNOS-tg sed by 1-
way ANOVA and Newman-Keuls post

test).

3.5.4. ENOS TYROSINE-NITRATION

Evaluation of tyrosine-nitrated eNOS after immunoprecipitation of eNOS gives similar

results in sedentary mice as described in the previous chapter 3.2.3. After voluntary

exercise, tyrosine-nitration is significantly reduced in C101A-eNOS-tg and C57BL/6 in

aortic, myocardial and skeletal muscle tissue. In contrast to the results in transgenic

animals, where a significant reduction in tyrosine-nitrated eNOS is detectable after

exercise, in C57BL/6 lung tissue no effect is apparent (see figs. 3.96-3.99).
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Fig. 3.96: Evaluation of fluorescence
results on immunoprecipitated aortic
tyrosine-nitrated eNQOS in sedentary
C101A-eNOS-tg (172.0 + 14.34%, n=6,
p=0.0040) and their transgenic negative
littermates (C57BL/6) as well as after
voluntary (C57BL/6:
51.93 + 5.848%, n=6, p= 0.0004,; C101A-
eNOS-tg: 59.58 +4.723%, n=6,
p=0.0004, p<0.001 vs. C101A-eNOS-tg
sed by 1-way ANOVA and Newman-

exercise

Keuls post test).

Fig. 3.97: Evaluation of fluorescence
results on immunoprecipitated
myocardial tyrosine-nitrated eNOS in
C101A-eNOS-tg
(172.3 + 18.88%, n=6, p=0.0123) and

their transgenic negative littermates

sedentary

(C57BL/6) as well as after voluntary
exercise (C57BL/6: 71.17 + 10.70%, n=6,
p=0.0430; C101A-eNOS-tg:
84.58 + 6.898%, n=6, n.s., p<0.001 vs.
C101A-eNOS-tg sed by 1-way ANOVA

and Newman-Keuls post test).
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Fig. 3.98: Evaluation of fluorescence

#i
g 175+ * results on immunoprecipitated lung
§§ 1501 tyrosine-nitrated eNOS in sedentary
gé S T C101A-eNOS-tg (160.5+12.81%, n=6,
2 ‘E g 754 p=0.0053) and their transgenic negative
g é :Z littermates (C57BL/6) as well as after
= § 0 . voluntary exercise (C57BL/6:
AN R 103.8 + 13.88%, n=6, n.s.; C101A-eNOS-
(,°3\e 06:9& ,\Q,O"’A 091@4 tg: 96.56 + 7.815%, n=6, n.s., p<0.01 vs.
Q\\f < 's\v"é C101A-eNOS-tg sed by 1-way ANOVA
< © and Newman-Keuls post test).

gzso- st Fig. 3.99: Evaluation of fluorescence
. § § 200 * results on immunoprecipitated skeletal
g é% 5o muscle tyrosine-nitrated eNOS in
% .g s o0, sedentary C101A-eNOS-tg
géé _ i % (187.5 + 22.78%, n=6, p=0.0121) and
28 their transgenic negative littermates
£ ° f. & & & (C57BL/6) as well as after voluntary
& LS exercise (C57BL/6: 65.64 + 6.375%, n=6,
¢ ﬁe°g &° ;\& p= 0.0030; C101A-eNOS-tg:
o'\*v o&\\» 80.88+7.001%, n=6, p=0.0412,
p<0.001 vs. C101A-eNOS-tg sed by 1-
way ANOVA and Newman-Keuls post

test).

3.5.5. PHOSPHORYLATION OF ENOS AT SER1176/9

Activation of eNOS is investigated by determination of phosphorylated eNOS at
Ser1176/9. In C57BL/6 mice an increase is observable after voluntary training, whereas

in C101A-eNOS-tg the basal augmented phosphorylation as compared to transgenic
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negative littermates could not be further enhanced (see figs. 3.100-3.103).
Experiments are carried out using aortic, myocardial, lung and skeletal muscle samples
after immunoprecipitation of eNOS and subsequent fluorescence detection.

Fig. 3.100: Evaluation of fluorescence
07 . 3|*— results on immunoprecipitated aortic
150+ phosphorylated eNOS at Ser1176/9 in
100- sedentary C101A-eNOS-tg
(146.3 + 17.99%, n=6, p=0.0499) and

their transgenic negative littermates

50+

aortic
phospho-eNOS (Ser1176)
[% vs. total eNOS and C57BL/6 sed]

o © o (C57BL/6) as well as after voluntary
exercise (C101A-eNOS-tg:
oé°\> red 139.9+14.34%,  n=6,  p=0.0395;
NJ o C57BL/6: 169.9 + 16.91%, n=6,
p=0.0090).

Fig. 3.101: Evaluation of fluorescence
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Ser1176/9 in sedentary C101A-eNOS-tg
(156.7 £ 21.60%, n=6, p=0.0469) and
their transgenic negative littermates
(C57BL/6) as well as after voluntary
exercise (C101A-eNOS-tg:
161.7 £ 10.48%, n=6, p=0.0020;
C57BL/6: 157.2 + 10.20%, n=6,
p=0.0025).
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Fig. 3.102: Evaluation of fluorescence

200 T results on immunoprecipitated lung
150+ T T phosphorylated eNOS at Ser1176/9 in
1004 sedentary C101A-eNOS-tg

(139.9 + 10.21%, n=6, p=0.0113) and

their transgenic negative littermates

50+

lung
phospho-eNOS (Ser1176)
[% vs. total eNOS and C57BL/6 sed]

zb. i ,,6' 5 (C57BL/6) as well as after voluntary

&&e \Q&b‘\ &40\”0 @4"\”‘\ exercise (C101A-eNOS-tg:

N & &L & 133.4+12.31%, n=6,  p=0.0419;

oS S C57BL/6:  176.9+22.27%,  n=6,
p=0.0181).

7 Fig. 3.103: Evaluation of fluorescence

§§ ﬁﬁﬁ ek results on immunoprecipitated skeletal

éé% :;ﬁ muscle  phosphorylated eNOS at

: § & :ﬁz Ser1176/9 in sedentary C101A-eNOS-tg

§é§ 7S (183.4 + 14.59%, n=6, p=0.0023) and

§§ 251 their transgenic negative littermates

Qé 0 06' P (C57BL/6) as well as after voluntary

&&e \qu, s exercise (C101A-eNOS-tg:

© ;06 & 184.4+10.41%, n=6,  p=0.0005;

s C57BL/6:  186.5£20.13%,  n=6,

p=0.0077).

Activation of eNOS by phosphorylation at Ser1176/9 is likely to be driven by AMPKa
activation. This is confirmed by results obtained on its own phosphorylation at Thr172.
In aortic (50 pg total protein loaded) and skeletal muscle (100 ug total protein loaded)
tissue of C57BL/6 an increase in phosphorylation of AMPKa is detectable by Western
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Blot analysis, whereas total expression remains unchanged. Similar to the results
obtained on phosphorylation of eNOS at Ser1176/9 (3.5.5), in C101A-eNOS-tg, a

further increase of the already augmented basal level of AMPKa phosphorylation

seems to be not possible (see figs. 3.104-3.107). Total expression is as well not affected

at all in the transgenic strain.
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Fig. 3.104: Evaluation of Western Blot
results on aortic AMPKa
phosphorylation at Thr172 in sedentary
C101A-eNOS-tg (168.7 + 7.982%, n=6,
p=0.0003) and their transgenic negative
littermates (C57BL/6) as well as after
voluntary exercise (C101A-eNOS-tg:
160.3 + 13.76%, n=6, p=0.0071;
C57BL/6: 172.9+14.97%, n=6,

p=0.0046).

Fig. 3.105: Evaluation of Western Blot
results on aortic AMPKa expression in
sedentary C101A-eNOS-tg
(104.2 + 3.154%, n=6) and their
transgenic littermates
(C57BL/6) as well as after voluntary
(C101A-eNOS-tg:
97.89 +5.213%, n=6, n.s.;, C57BL/6:
93.52 +13.91%, n=6, n.s.).

negative

exercise
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Fig. 3.106: Evaluation of Western Blot

= 250-
o Eg 200 * o " results on skeletal muscle AMPKa
é EE 150 - phosphorylation at Thr172 in sedentary
5 % 2 0l C101A-eNOS-tg (185.6 + 22.79%, n=6,
%2 :‘g 0. p=0.0132) and their transgenic negative
gg . . . littermates (C57BL/6) as well as after
- 065/" Qb«‘{,e o\«({/b o\?//b voluntary exercise (C101A-eNOS-tg:
@&9 oy &&‘ 09,@: 166.3+12.50%, n=6,  p=0.0032;
SN A C57BL/6:  169.3+14.74%,  n=6,
c* ¢® p=0.0053).

12 — Fig. 3.107: Evaluation of Western Blot
o % 100+ results on skeletal muscle AMPKa
2 g,‘% 80+ expression in C101A-eNOS-tg
EEE 601 (92.87 + 6.077%, n=6, n.s.) and their
% §§ ::- transgenic negative littermates
= c- _ (C57BL/6) as well as after voluntary
6&/" afb o\~°b s exercise (C101A-eNOS-tg:
Q&* oy &&“ 09,\@“ 89.91+13.49%, n=6, n.s.; C57BL/6:

& Q\\f P o 110.9 + 8.656%, n=6, n.s.).

A o

As already observed previously (3.2.4.2 and 3.4.5.2), no changes in phosphorylation of
Akt at Serd73 is detectable. After voluntary training this fact is as well the case,
suggesting Akt not being involved in shear-dependent activation of eNOS. Results are
obtained by performing Western Blots analysis using 50 ug of total aortic protein and
100 ug of total skeletal muscle protein of C101A-eNOS-tg and their transgenic negative
littermates. Neither for phosphorylation nor for total expression of Akt changes are
detectable (see figs. 3.108-3.111).
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Fig. 3.108: Evaluation of Western Blot
results on aortic Akt phosphorylation at
Ser473 in sedentary C101A-eNOS-tg
(116.7 + 19.10%, n=6, n.s.) and their
transgenic littermates
(C57BL/6) as well as after voluntary
exercise (C101A-eNOS-tg:
98.08 + 6.891%, n=6, n.s.; C57BL/6:

95.20 + 15.74%, n=6, n.s.).

negative

Fig. 3.109: Evaluation of Western Blot
results on aortic Akt expression in
sedentary C101A-eNOS-tg
(101.9 + 2.080%, n=6, n.s.) and their
transgenic littermates
(C57BL/6) as well as after voluntary
(C101A-eNOS-tg:
103.2 +3.567%, n=6, n.s.;, C57BL/6:
98.49 + 10.67%, n=6, n.s.).

negative

exercise

Fig. 3.110: Evaluation of Western Blot

results on skeletal muscle Akt
phosphorylation at Ser473 in sedentary
C101A-eNOS-tg (102.4 + 2.923%, n=6,
n.s.) and their transgenic negative
littermates (C57BL/6) as well as after
voluntary exercise (C101A-eNOS-tg:
110.6 + 13.97%, n=6, n.s.;, C57BL/6:

111.6 + 6.965%, n=6, n.s.).
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Fig. 3.111: Evaluation of Western Blot

120+
o % 1004 T results on skeletal muscle Akt
§ £ g e0- expression in sedentary C101A-eNOS-tg
E<e
53 g 60+ (106.6 + 4.877%, n=6, n.s.) and their
525 4.
% ; % transgenic negative littermates
> 204
= o (C57BL/6) as well as after voluntary
60’3’ 65\,/6 \f‘lp exercise (C101A-eNOS-tg:
O O
Q’&*" Q\J Q\y‘ Y 99.46 + 5.264%, n=6, n.s.; C57BL/6:
A O A O
S 95.27 + 15.84%, n=6, n.s.).
o"& 0"Q
3.5.6. PHOSPHORYLATION OF VASP AT SER239

In order to check if an activation of the NO/cGMP-pathway plays a role in this study,

phosphorylated VASP at Ser239 is investigated by performing Western Blot analysis.

Indeed, by voluntary exercise training an increased phosphorylation is detectable in

C101A-eNOS-tg and as well in C57BL/6. In sedentary mice there is no difference

between the transgenic mice and their transgenic negative littermates (see figs. 3.112-

3.113), which fits to the results presented in 3.3.4.
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Fig. 3.112: Evaluation of Western Blot
results on aortic VASP phosphorylation at
Ser239 in sedentary C101A-eNOS-tg
(102.2 + 17.69%, n=6, n.s.) and their
transgenic negative littermates (C57BL/6)
as well as after voluntary exercise (C101A-
eNOS-tg: 163.3 + 18.42%, n=6, p=0.0186,
p<0.05 vs. C101A-eNOS-tg sed by 1-way
ANOVA and Newman-Keuls post test;
C57BL/6:173.2 + 20.44%, n=6, p=0.0159).

Fig. 3.113: Evaluation of Western Blot
results on skeletal muscle VASP
phosphorylation at Ser239 in sedentary
C101A-eNOS-tg (108.3 %+ 21.34%, n=6,
n.s.) and their transgenic negative
littermates (C57BL/6) as well as after
voluntary  exercise  (C101A-eNOS-tg:
151.2 + 6.529%, n=6, p=0.0005, p<0.05 vs.
C101A-eNOS-tg sed by 1-way ANOVA and
Newman-Keuls post test; C57BL/6:
156.9 + 8.778%, n=6, p=0.0013).
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Essential hypertension is associated with an impairment of endothelium-dependent
vasodilation, one of the characteristics of a state known as endothelial dysfunction. This
is a multifactorial phenomenon in which the so-called eNOS ‘uncoupling’, the
desensitization of sGC, the nitration, the inactivation of prostacyclin synthase (CYP8A1),
the oxidative activation of endothelin-1, and the direct inactivation of NO by O,™* play a
concomitant role [81]. In this study, the focus is on the increase in oxidative stress and,
thus, the decrease in NO bioavailability — more precisely, the reaction of endogenous
NO with O, by the formation of peroxynitrite within the endothelium [4,46]. This
reduction of bioavailable NO further results in a lower efficacy of NO/cGMP-signal
transduction pathway in smooth muscle cells, leading to an impact on vasorelaxation.
Here, NO has an effect on sGC, which is further inhibited in expression and activity by
O,~* and peroxynitrite [82]. Additionally, peroxynitrite oxidizes BH4, which has an impact
on eNOS dimer formation [83]. This ‘uncoupling’ leads to an increased production of ROS,
like O,~*, again scavenging proximate vasodilating NO under formation of peroxynitrite,
ending up in a vicious cycle and potentiating oxidative stress. In several animal studies
with experimental hypertension, for example, by angiotensin Il infusion,
deoxycorticosterone-acetate-salt treatment or genetic modification, a coincidence of
elevated ROS was evidenced [46]. But, so far, nothing is known about the role of vascular
oxidative stress in normotensive states. eNOS plays a key role in the endogenous
synthesis of the radicals NO and O,~* within the endothelium, which is indispensable for
the physiological regulation of the vascular tone and, thus, for the regulation of blood
pressure [84]. But the specific role of eNOS-dependent formation of O,™* and thus the

impact of endothelial oxidative stress on the regulation of blood pressure are still unclear.

The aim of this study is to investigate the influence of eNOS dimer stability on the
regulation of blood pressure. In the states in which eNOS is ‘uncoupled’, one mechanism
is that the balance between NO and O,* shifts towards O,™* [26]. Therefore, an animal

model with an endothelial-specific overexpression of a dimer-destabilized eNOS mutant
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in C57BL/6 is used to determine the generation of oxidative and nitrosative stress and
their influence on blood pressure, as well as the effect of shear-dependent activation of
eNOS.

In this experimental study, it is shown that endothelial-specific 1.5-fold overexpression
of a dimer-destabilized eNOS mutant in C57BL/6 (C101A-eNOS-tg), proven by the
colocalization of CD31 (PECAM-1) and eNOS [85], generates endothelial oxidative stress,
as evidenced by an increased formation of O,™°, as well as posttranslational protein
modifications like eNOS tyrosine-nitration and S-glutathionylation. As a result of
increased oxidative stress, eNOS is hyperphosphorylated at Ser1176/9 in C101A-eNOS-
tg. This presumably prevents eNOS-induced reduction of blood pressure but has no
effect on endothelium-dependent relaxation in an otherwise healthy and normotensive
mouse strain. Hyperphosphorylation is driven by an activation of AMPKa and cannot be
further increased by shear-dependent forces via Akt. Treatment with the antioxidant
Tempol® reveals a significant and reversible reduction of blood pressure indicating a
causal role for ROS generated by dimer-destabilized eNOS here, whereas Tempol® has

no effect in C57BL/6.

These data strongly suggest that the dimer-destabilization of eNOS and the resulting
increase of endothelium-specific O,~° generation are involved in the regulation of blood
pressure in C101A-eNOS-tg. Thus, alterations in eNOS activity, which induce the
production of oxidative and nitrosative stress within the endothelium of resistance

vessels, might contribute to the initiation of essential hypertension.

4.1. ENOS MUTATION

The transgenic mouse model C101A-eNOS-tg is characterized by the coexistence of
normal and dimer-destabilized eNOS. Active eNOS is a dimer that is coordinated via two
cysteines, each binding to a central Zn-ion [19]. This study is based on a mutant eNOS in
which one of the essential cysteine residues, Cys101, is replaced by alanine. As expected,

this C101A-eNOS cannot form a stable dimer, and this cannot even be rescued by the
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application of supraphysiological levels of the potentially rescuing cofactor BH, to the
isolated enzyme [58,59]. The destabilization of eNOS is further proven by native gel
electrophoresis, which shows a more prominent monomer band in C101A-eNOS-tg and

an equal dimer band as compared to transgenic negative littermates.

Mutations of these residues responsible for the Zn-finger coordination have been shown
to inhibit dimeriziation and, thus, the generation of NO: For example, in a human eNOS
mutation of cysteine 99 to alanine, a reduction of BH, affinity, enzyme stability, citrulline
formation and an irreversible loss of heme were observable [45]. The decreased stability
of the human eNOS C99A mutant could be confirmed by gel filtration analysis, in which
the mutant enzyme appeared as a mixture of dimer and monomer [86]. Another
investigation on C94A, C99A and C94A plus C99A mutations of human eNOS also
confirmed the destabilization of dimer formation and showed a small catalytic activity
(<10 %) of the purified mutated enzymes [87]. In contrast, it was found that a
C96S/C101S double mutant of bovine eNOS expressed in COS-7 cells showed about 50 %
of the catalytic activity of wild-type eNOS despite strong dimer-destabilization with no
dimer appearance following low-temperature gel separation [88]. These reports are
consistent with previous findings of this workgroup in stably transfected HEK 293 in
which the mutant C101A-eNOS activity was 45 % lower than that in the wild-type
enzyme [58,59]. Moreover, in this study, it was observed that O, generation by C101A-
eNOS in HEK 293 as measured with electron-spin-resonance was doubled, suggesting
that the idea of mutation was successfully implemented considering dimer-

destabilization and a shift in ROS formation.

4.2. ENOS PROTEIN OVEREXPRESSION

The protein sequences of murine and bovine eNOS show a consistency of 90.9%.
Therefore, the used antibodies could detect eNOS of both species. Total eNOS is
significantly overexpressed in eNOS-tg and C101A-eNOS-tg as shown by Western Blot

analysis in aortic, myocardial, lung and skeletal muscle tissue.
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Of note, the mRNA expression of native murine eNOS is decreased in eNOS-tg as well as
in C101A-eNOS-tg, and additionally, there is a stronger expression of bovine eNOS-
MRNA in eNOS-tg than in C101A-eNOS-tg. This suggests that murine eNOS is
downregulated by the introduced bovine eNOS, presuming that the content of bovine
eNOS protein, native or destabilized, is greater than the amount of detected

overexpression.

4. 3. ENOS AND OXIDATIVE STRESS

The transgenic mouse model used in this study, C101A-eNOS-tg, is characterized by the
coexistence of normal and dimer-destabilized eNOS in the endothelium of otherwise
healthy mice without any signs of cardiovascular disease. Likewise, such concomitant
generation of NO by wild-type enzyme and O,~° by C101A-eNOS itself might resemble the
situation in endothelial cells of pathologic vessels in which dysfunctional ‘uncoupled’ and
functional coupled eNOS molecules can exist in the same cell at the same time [89]. The
dimer-destabilization of eNOS is evidenced by an increase of eNOS monomer appearance
while separating aortic homogenates on low-temperature gels. Cold conditions of 4°C
have to be obeyed carefully here, as proteins can denaturate on the gel. Therefore, the
running speed has to be downregulated in order to prevent a temperature rise, but it
should not be too slow as blurring increases due to diffusion effects. To prevent from
erroneously detected increased monomer levels by accidently denaturating conditions
on the gel itself, probes of C101A-eNOS-tg are compared with wildtype probes which
show a more prominent dimer band. This also proves the fact, that eNOS dimers are

resistant to denaturating effects of SDS [83].

Furthermore, an increase in O,~° formation by C101A-eNOS is evident in C101A-eNOS-tg.
This can be abolished by the NOS-inhibitor L-NAME, identifying C101A-eNOS as the
underlying source. In addition, the strong increase of 0, *-dependent protein
modifications, such as protein phosphorylation, tyrosine-nitration, and S-

glutathionylation in C101A-eNOS-tg demonstrate the biological relevance of increased
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0O,™*. To investigate protein modifications, eNOS has to be accumulated by
immunoprecipitation. This is carried out by using magnetical antibody-preloaded beads.
The analysis is accomplished by incubation with specific antibodies to detect
phosphorylated eNOS, S-gluthathionylated eNOS or tyrosine-nitrated eNOS. Finally, the
detection is done with fluorescent dye antibodies: To ensure the specificity of the
method, several negative control experiments are performed on each set. Thus,
incubation with dyes, which would not give a signal, and which are used during the
following procedure, is done. These controls also ensure the binding of the particular
target in its step, as certain dyes might give a signal if no binding is achieved. For example,
after the binding of eNOS protein from tissue lysate, no signal can be achieved after the
application of anti-rabbit dye, whereas this particular dye gives a signal on the beads
themselves or the bound polyclonal anti-eNOS antibody respectively. This control
experiment, thus, ensures saturated binding. Additionally, the whole on-bead-construct
is denaturated and applied on a Western Blot. A band at 135 kDa indicates that eNOS
protein is present. Finally, to ensure the detection of eNOS-tyrosine-nitration, a
costaining of 3-nitrotyrosine and total eNOS is performed after elution and running a
Western Blot (see fig. 2.11B).

In contrast, the overexpression of wild-type eNOS in eNOS-tg does not increase O,™*
formation, tyrosine nitration or S-glutathionylation, which further indicates that the
impairment of eNOS dimerization is the cause of oxidative stress in C101A-eNOS-tg.
Similar results, that is the absence of increased oxidative stress, were obtained by
investigating another colony harboring a stronger endothelium-specific overexpression
of wild-type eNOS [37]. Furthermore, S-glutathionylation does not only seem to be an
outcome of increased oxidative stress but also a mechanism leading to eNOS ‘uncoupling’
itself as it reversibly decreases NO generation and increases O, production. In
endothelial cells, eNOS S-glutathionylation comes along with impaired endothelium-
dependent vasorelaxation as seen in blood vessels of hypertensive animals: Here, S-
glutathionylation is increased and endothelium-dependent vasorelaxation is decreased
[14].

This work was published in

Suvorava T*, Pick S*, and Kojda G. (* equal contribution)
Selective impairment of blood pressure reduction by endothelial nitric oxide synthase dimer destabilization in mice.
J Hypertens 2017;35(1):76-88. journals.lww.com/jhypertension/

word-for-word citations within the running text stand out in italic type

109



Superoxide dismutases are enzymes that catalyze the reaction of O, to hydrogen

peroxide:
20, + 2H* -> H,0, + O,

This reaction competes with the formation of peroxynitrate from O, and NO, which is
actually 5 times faster. The catalytic reaction is favorized upon increased expression
levels of SOD [36].

There are three known major groups of SODs, depending on the protein fold and the
metal cofactor in the reactive center: the mostly eukaryotic Cu/Zn-type, binding both
copper and zinc, the prokaryotic and mitochondrial Fe- and Mn-type, binding either iron
or manganese, and the prokaryotic Ni-type, binding nickel. In humans, three forms of
SOD are present: The soluble SOD1 is located in the cytoplasm, SOD2 in the mitochondria,
and SOD3 is extracellular and in this study referred to as ecSOD. The dimeric SOD1 and
the tetrameric SOD3 contain copper and zinc, whereas the mitochondrial and also
tetrameric SOD2 contains manganese. The antioxidant and SOD-mimetic Tempol®

catalyzes the enzymatic reaction mentioned above.

ecSOD is expressed in the vasculature by smooth muscle cells and secreted to the
interstitium subsequently [90,91]. Here, between the endothelial layer and the smooth
muscle, the highest concentrations of ecSOD occur. 99% can be found tissue-bound, e.g.
to polyanionic sites such as heparin sulphates at the outer membrane of endothelial cells.
It is suggested to be protective for NO while it traverses from the endothelium to the

layer of smooth muscle cells on the vascular wall [91,92].

Regarding the enzyme ecSOD itself, the outcome of this study is consistent with the
previous findings, e.g. in eNOS overexpressing mice [91], which describe an upregulation
due to the higher bioavailability of NO, as it is existent in eNOS-tg [80]. High levels of its
substrate O, do not seem to have an effect on ecSOD expression levels, as seen in
C101A-eNOS-tg. Thus, expression levels of ecSOD are supposedly a marker for NO
bioavailability. Surprisingly, after the treatment of C101A-eNOS-tg with Tempol® and
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shifting the balance towards NO, no increase can be seen in the expression of ecSOD.

Supposedly, there is a leveling effect of the SOD-mimetic Tempol®.

C101A-eNOS mutation provokes a shifted balance in the production of either NO or O,°.
As shown by lucigenin-enhanced chemiluminescence, an increase in O, * is measurable
in C101A-eNOS-tg. This method is very sensitive, but the reaction conditions have to be
obeyed carefully: A concentration of 5uM should not be exceeded, otherwise eNOS and
its substrate NADPH can likely reduce lucigenin which in succession reduces oxygen to
0,7°[93]. To ensure that eNOS is the source of O,7*, the NOS-inhibitor L-NAME is applied
to the reaction. This masks the generation of photons as well as the application of the
antioxidant Tempol®. The former inhibits the generation of O, itself and the latter

scavenges O, * already generated by eNOS.

4.4. ENOS DIMER-DESTABILIZATION AND AORTIC REACTIVITY

Surprisingly, aortic endothelium-dependent relaxation by endogenous NO in response to
acetylcholine is normal in C101A-eNOS-tg despite considerable oxidative stress, whereas
endothelium-dependent relaxation impairment was clearly detectable in various animal
models with similar oxidative stress: in stroke-prone spontaneously hypertensive rats
[39,94], in rats with hypertension after 5-day angiotensin ll-infusion [95], in arteries of
interleukin 10-deficient mice after overnight angiotensin ll-incubation [96], in apoE-
deficient mice [97], and in mice with renovascular hypertension after renal artery
clipping [98]. Although the reasons for this somewhat contradictory finding are not
known, it seems likely that concomitant disease processes, such as atherosclerosis, overt
hypertension, or diabetes contributed to endothelial dysfunction in these studies. For
example, pharmacological normalization of increased aortic O,~° generation in a rabbit
model of atherosclerosis did only partially restore the aortic endothelium-dependent
relaxation and the reduced sensitivity to NO-donors [99]. In this study, an unchanged
endothelium-independent vasodilator response to exogenous NO by the NO-donor SNAP

in the aortic rings of C101A-eNOS-tg is also observed. This indicates that the signal
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transduction in response to NO via the cGMP pathway is proceeding normally. These
data confirm that increased O,~° formation in C101A-eNOS-tg had little impact on NO-

induced vasodilation of conductance arteries in otherwise healthy adult mice.

4.5. ENOS AND BLOOD PRESSURE

The effect of eNOS on blood pressure is undeniable. On the one hand, in mice, eNOS
deficiency [50] as well as oral treatment with the NOS-inhibitor L-NAME [54] result in
significant hypertension and on the other hand, as shown in eNOS-tg, eNOS
overexpression leads to a decrease in blood pressure. This indicates a functional enzyme,
hence, the production of NO. This increase in NO bioavailability can be inhibited with
the NOS-inhibitor L-NA specifying eNOS as the source of blood pressure-reducing NO
[37]. Additionally, an increase in VASP-phosphorylation can be taken as evidence for
enhanced eNOS functionality and, thus, NO production. VASP is an actin regulatory
protein of the group eNA/VASP-proteins, which have a prolin-rich central region and are
substrates for the protein kinases A and G in vertebrates [100]. VASP is phosphorylated
by various proteins at three different sites: Protein kinase A mainly phosphorylates at
Serl57, whereas PKG preferably phosphorylates at Ser239, and Thr278 is
phosphorylated nonspecifically [79]. In order to determine the PK G activity and, thus,
the activity of the NO-cGMP-signaling pathway, phosphorylation of VASP at Ser239 can
be detected by using a specific antibody [101]. This is reversible by the treatment with
L-NA, giving another hint for being dependent on NOS activity [37]. As seen in this study,
phosphorylation is enhanced in tissues like aorta, skeletal muscle, lung and myocardium
of eNOS-tg, but not of C101A-eNOS-tg, indicating that the overexpression of eNOS does

not result in an increase in NO bioavailability here.

Additionally, and notwithstanding eNOS overexpression, C101A-eNOS-tg are
normotensive despite destabilization of the protein. A reduction in blood pressure
following the endothelial-specific overexpression of normal eNOS has been
demonstrated by different groups: The expression levels of eNOS, ranging between a

three-fold [37,48] and an eight-fold increase [102], resulted in a comparable reduction
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in blood pressure, suggesting that the effect of endothelial eNOS overexpression on blood
pressure regulation is limited. But in C101A-eNOS-tg neither blood pressure nor VASP-
Ser239-phosphorylation, a measure for PKG activity and a surrogate for NO
bioavailability [103], are altered. One may presume that in C101A-eNOS-tg, an
overexpression of eNOS does not result in an increase in NO bioavailability due to the
destabilization of the protein. Since the only difference between normal eNOS and
C101A-eNOS is the generation of increased endothelial O, and oxidative protein
modifications, wild-type and C101A-eNOS-tg are treated with Tempol®, a low molecular

superoxide dismutase mimetic with known efficacy in hypertensive animal models [104].

Indeed, the observed reversible blood pressure reduction of approximately 5 mmHg
induced by Tempol® resembles the calculated reduction (see fig. 3.78) and is consistent
with the hypothesis that oxidative stress generated by destabilized eNOS in C101A-
eNOS-tg inhibits the hypotensive effects of NO by eNOS overexpression.

These data extend the previous findings on impaired eNOS activity induced by dimer-
destabilization in overt experimental hypertension [105-107] to the physiological blood
pressure regulation. They suggest that the dimer-destabilization of eNOS, for example,
induced by known cardiovascular risk factors, might contribute to the pathophysiology

of essential hypertension.

4.6. ENOS AND PHYSICAL ACTIVITY

eNOS phosphorylation at Ser1177/9 stimulates the electron flow within the reductase
domain, increases Ca?* sensitivity and, thus, activates the enzyme [108,109]. Moreover,
shear stress elicits phosphorylation by the activation of protein kinase A, which is why
exercise training is performed. It has been shown to increase the phosphorylation of
either eNOS or AMPKa in C57BL/6 [110]. Mice undergo a voluntary treadmill training
after singularization for six weeks. This training protocol is chosen because of its
similarity to endurance training, as it matches individually preferred training time, speed

and duration. Furthermore, the mice do not suffer from additional stress factors, such
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as undergoing the experimental procedure of forced physical activity or mice moving
freely in groups due to the aggressive nature of the C57BL/6 strain [60]. The running
distance does not differ between C57BL/6 and C101A-eNOS-tg and training efficacy is
evidenced by the measurement of the heart weight/body weight ratio, which increases
significantly after training in both strains, indicating cardiovascular adaptation. This
exercise training induces no alterations in C101A-eNOS-tg blood pressure or the

phosphorylation state.

4.7. POSTTRANSLATIONAL ENOS MODIFICATIONS

Although there is no inhibition of aortic endothelium-dependent relaxation, oxidative
stress induced by dimer-destabilization might impair the activation of eNOS by physical
forces, including shear stress, which has been shown not only to increase the vascular
generation of reactive oxygen species [111], but also to activate endothelial NO
production and to increase vascular eNOS expression [112,113]. This activation is largely
mediated by eNOS-Ser1176/9-phosphorylation and is considered to be the most
important physiological stimulus for the continuous generation of vascular NO in vivo
[76,77]. A significantly increased phosphorylation of eNOS at Ser1176/9 and of AMPK«
at Thr172 is observed in sedentary C101A-eNOS-tg, both of which are driven by
increased levels of peroxynitrite [78]. Exercise training induces increased eNOS-
Ser1176/9-phosphorylation in C57BL/6, but in striking contrast no alterations in C101A-
eNOS-tg blood pressure or the phosphorylation state, suggesting that the shear-
dependent activation of eNOS is diminished by either dimer-destabilization itself, or
subsequently increased endothelial 0,7, or both. Tempol®treatment completely corrects
the hyperphosphorylation of eNOS and AMPKea, pointing at a close relationship between
0O,~*, hyperphosphorylation and eNOS-mediated blood pressure reduction. In addition, a
mouse model expressing a mutant phosphomimetic S1179D (serine residue changed to
aspartic acid)-eNOS on an eNOS-KO background showed almost normal endothelium-
dependent relaxation but hypertension similar to eNOS-KO, that is, no reduction in blood

pressure [114]. These data are consistent with the observations reported here,
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suggesting an inhibitory effect of eNOS-Ser1176/9-hyperphosphorylation on eNOS-
mediated blood pressure reduction. In C101A-eNOS-tg elevated levels of S-
glutathionylated eNOS are found, which is caused by the increased oxidative stress in
these animals. This is consistent with reports that describe S-glutathionylation of eNOS
at two cysteine residues in between the FMN- and FAD-binding site as a trigger for
‘uncoupling’; eNOS activity is decreased via S-glutathionylation and this comes along
with an increase in O,7° generation [73]. However, a diminished eNOS activity induced
by the detected tyrosine-nitration of the enzyme due to the increased bioavailability of
peroxynitrite is expected and may play a role as well. Tyrosine nitration occurs in states
of dissociation of trans-peroxynitrite to nitrogen dioxide and hydroxyl radical. Tyrosine
itself is oxidized to a tyrosine radical by the hydroxyl radical and finally reacts with

nitrogen dioxide under the formation of 3-nitrotyrosine [74].

4 8. ENOS AND THE ROLE OF RESISTANCE VESSELS

Taking all presented findings together, it seems that the conductance and the resistance
vessels have to be considered separately. The aorta as a conductance artery seems to
be not affected in its contribution to systolic blood pressure regulation after the
introduction of mutated and dimer-destabilized C101A-eNOS. The endothelium-
dependent relaxation measured here is most likely triggered by an increase of
Ca?*/calmodulin binding caused by mediators. Thus, at the level of conductance vessels,
the insertion of dimer-destabilized eNOS causes no alterations. But, to look at blood
pressure regulation more precisely, resistance vessels, substituted in this study by
investigation of skeletal muscle tissue, have to be taken into consideration, too. Here,
phosphorylation of eNOS at Ser1176/9 seems to play a key role. In C101A-eNOS-tg
hyperphosphorylation at this site is presumably caused by increased levels of
peroxynitrite, which is formed spontaneously under diffusion control if NO and O,™* are
in proximity. In this state of high concentrations of peroxynitrite, the enzyme partially
increases its formation of O, but the formation of NO is decreased due to the

destabilization of the enzyme [83]. Along with dimer-destabilization and increased
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oxidative stress, C101A-eNOS-tg is an acceptable model for this condition, and the
hyperphosphorylation of eNOS at Ser1176/9 falls into place. A further phosphorylation
induced by physical activity and shear is not possible in C101A-eNOS-tg, and at the level
of resistance arteries no reduction in systolic blood pressure can be induced. But, if
oxidative stress is eliminated by Tempol®, hyperphosphorylation of eNOS and AMPKa is
corrected. This indicates a close interaction of O,™*, hyperphosphorylation and eNOS-
mediated blood pressure reduction. Regarding eNOS-tg, no increase in oxidative stress
is present from the outset, and thus no hyperphosphorylation occurs. Physical forces
can induce the phosphorylation of eNOS at Ser1176/9 via AMPKa and lead to a

reduction in systolic blood pressure (see fig. 4.2).

physical forces mediators mediators physical forces
; \ wildtype eNOS
wildtype eNOS
+
stable dimerization
low superoxide unstable dimerization
normal Ser1176/79 increased superoxide
phosphorylation
Ser1176/79
hyperphosphorylation
[ resistance arteries ) [conductance ar‘teries{) [ resistance arteries )
increase in increase in no increase in
Ser1176/79 Ca?*/Calmodulin Ser1176/79
phosphorylation binding phosphorylation
reduction of endothelium- no reduction of
blood pressure dependent relaxation blood pressure

Fig. 4.2: Hypothesis of eNOS hyperphosphorylation at Ser1176/9 after the introduction
of C101A-eNOS.
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4.9. CLINICAL ASPECTS

Endothelial dysfunction in resistance vessels was already identified in normotensive
young adults with hypertensive parents [6]. In addition, endothelial dysfunction in
resistance vessels was demonstrated in other disease states such as in young adults with
insulin-dependent diabetes mellitus despite the normalization of plasma glucose [115].
Or, it might result from the prolonged effect of passive smoking on endothelial
progenitor cells [116]. Although there are no single-nucleotide-polymorphisms of eNOS-
Zn-finger cysteines, eNOS-Ser1177-hyperphosphorylation by oxidative stress might
contribute to endothelial dysfunction in resistance arteries of otherwise healthy humans,
which is considered to be a risk factor for the development of overt hypertension later in
life [116]. With respect to essential hypertension, the findings may provide another piece
of mechanistic insight in this multifactorial disease. In conclusion, the data presented in
this work suggest that vascular oxidative stress induced by eNOS dimer-destabilization
causes nitration and S-glutathionylation of several proteins, as well as Ser1177-
hyperphosphorylation of eNOS, which is presumably mediated by AMPK . These
posttranslational protein modifications are associated with the resistance of eNOS to
phosphorylation at Ser1177 induced by physical forces like shear. Furthermore, this
C101A-eNOS-dependent oxidative stress selectively prevented the blood pressure-
reducing activity of vascular eNOS. These data suggest that eNOS-dependent oxidative
stress in the microvascular endothelium may play a role in the development of essential

hypertension.
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5.1. ABSTRACT

Objectives: Essential hypertension is associated with endothelial dysfunction and
reactive oxygen species are considered to play a role here. But whether endothelial
superoxide anion radical (O,~°) may play a role in the early development of hypertension
remains uncertain. The aim of this study is to investigate whether endothelial nitric oxide
synthase (eNOS)-derived endothelial oxidative stress is involved in the regulation of

systolic blood pressure.

Methods: In order to investigate whether dysfunctional vascular eNOS might contribute
to the regulation of blood pressure, two different eNOS variants are overexpressed by
the endothelial specific tie-2 promoter. Wild-type eNOS [mice with endothelium-specific
overexpression of bovine eNOS (eNOS-tg)] or respectively a novel dimer-destabilized
eNOS-mutant harboring a partially disrupted zinc-finger [mice with endothelium-specific
overexpression of destabilized bovine eNOS (C101A-eNOS-tg)] was introduced in the
vasculature of C57BL/6 mice. Destabilization of eNOS was induced via replacement of
cysteine 101 residue by alanine, resulting in impaired eNOS dimer stability, increased
O,~*, and decreased nitric oxide (NO) bioavailability in stably transfected human
embryonic kidney cells 293 (HEK 293). Mutant mice are monitored for aortic
endothelium-dependent relaxation, systolic blood pressure, levels of O,°, and several
posttranslational modifications indicating activity and/or increased vascular oxidative
stress. Some groups of mice underwent voluntary exercise training for four weeks or

treatment with the superoxide dismutase mimetic Tempol®.

Results: Western blot analysis in aortic, left ventricular myocardium, lung, and skeletal
muscle tissue proves the vascular-specific overexpression of eNOS in C101A-eNOS-tg
and eNOS-tg. O,~° levels are increased in C101A-eNOS-tg but not in eNOS-tg; and this
elevation is blunted by incubation with the nitric oxide synthase (NOS) inhibitor L-

nitroarginine suggesting destabilized eNOS to be a source of O,*. Likewise, peroxynitrite
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levels measured by protein-tyrosine-nitration and eNOS-tyrosine-nitration are increased
in C101A-eNOS-tg but unchanged in eNOS-tg. Protein kinase G activity is evaluated by
vasoactive stimulated protein (VASP) phosphorylation at Ser239, showing no difference
in both strains vs. controls, indicating a normal NO/cGMP-pathway activation. Organ
bath experiments reveal normal aortic reactivity to acetylcholine, phenylephrine, and
NO-donor S-nitroso-N-acetyl-D,L-penicillamine (SNAP) in both animal strains. C101A-
eNOS-tg show significantly increased eNOS-S-glutathionylation, eNO0OS1176/9
phosphorylation and adenosine monophosphate activated protein kinase (AMPK) «
phosphorylation at Thr172 in the aorta, skeletal muscle, left ventricular myocardium, and
lung as compared to eNOS-tg and wild-type controls. Exercise training increases the
phosphorylation of eNOS at Ser1176/9 and AMPKa in wild-types. These physiological
adaptations are absent in C101A-eNOS-tg. C101A-eNOS-tg displayes normal systolic
blood pressure (measured in awake mice by tail-cuff method) despite higher levels of
eNOS, whereas eNOS-tg shows significant hypotension. The antioxidant Tempol®
completely reverses the occurring protein modifications and significantly reduces systolic

blood pressure in C101A-eNOS-tg but not in wild-types.

Conclusion: Oxidative stress generated by endothelial-specific expression of genetically
destabilized C101A-eNOS selectively prevents the systolic blood pressure-reducing
activity of vascular eNOS, while having no effect on aortic endothelium-dependent
relaxation. These data suggest that a decrease of eNOS dimer stability associated with
increased vascular oxidative stress in the microvascular endothelium might directly
contribute to the regulation of blood pressure and may play a role in the development

of essential hypertension.

This work was published in

Suvorava T*, Pick S*, and Kojda G. (* equal contribution)
Selective impairment of blood pressure reduction by endothelial nitric oxide synthase dimer destabilization in mice.
J Hypertens 2017;35(1):76-88. journals.lww.com/jhypertension/

word-for-word citations within the running text stand out in italic type

119



5.2. ABSTRACT (DEUTSCH)

Hintergrund: Essentielle Hypertonie steht in Zusammenhang mit endothelialer
Dysfunktion und reaktive Sauerstoffverbindungen scheinen dabei eine Rolle zu spielen.
Inwiefern endotheliales Superoxid-Radikal-Anion (O,°) im Frithstadium der Entwicklung
einer Hypertonie eine Rolle spielt, ist bisher nicht bekannt. In dieser Studie wird
untersucht, ob durch endotheliale Stickstoffmonoxid Synthase (eNOS) im Endothel

vermittelter oxidativer Stress an der Regulation des systolischen Blutdrucks beteiligt ist.

Methoden: Um zu untersuchen, ob dysfunktionale vaskuldare eNOS an der Regulation
des Blutdrucks beteiligt sein kénnte, werden zwei verschiedene eNOS Varianten
endothelspezifisch mittels des Tie-2 Promotors Uberexprimiert. Wildtyp eNOS [Mause
mit einer endothelspezifischen Uberexpression boviner eNOS (eNOS-tg)] oder ebenso
eine neue dimerdestabilisierte eNOS Mutante mit einem teilweise zerstorten Zinkfinger
[Mause mit endothelspezifischer Uberexpression destabilisierter boviner eNOS (C101A-
eNOS-tg)] wird im GefaRsystem von C57BL/6-Mdusen exprimiert. Die Destabilisierung
der eNOS wird durch einen Austausch von Cystein 101 durch Alanin erreicht, was in einer
verminderten eNOS  Dimerstabilitat, vermehrter 0, und verringerten
Stickstoffmonoxid (NO) Bioverfiigbarkeit in stabil transfizierten humanen embryonalen
Nierenzellen 293 (HEK 293) fiihrt. Die mutierten Mause werden auf endothelabhangige
Aortenrelaxation, systolischen Blutdruck, O, Konzentration und verschiedene
posttranslationale Modifikationen, die auf Aktivitdit und/oder erhdhten vaskuldren
oxidativen Stress hindeuten, untersucht. Einige Gruppen von Mausen werden
freiwilligem  korperlichen  Training oder einer Behandlung mit dem

Superoxiddismutasemimetikum Tempol® unterzogen.

Ergebnisse: Westernblot Untersuchungen in Aorten-, linksventrikularem Myokard-,
Lungen- und Skelettmuskelgewebe belegen die vaskuldar spezifische eNOS
Uberexpression in C101A-eNOS-tg und eNOS-tg. O, Level sind in C101A-eNOS-tg,

allerdings nicht in eNOS-tg, erhéht und dies kann durch Inkubation mit dem
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Stickstoffmonoxid Synthase (NOS)-Inhibitor Nitro-L-arginin maskiert werden, was ein
Hinweis dafir ist, dass die destabilisierte eNOS als eine Quelle fiir O,~* fungiert. Ebenso
sind Peroxynitritkonzentrationen, gemessen durch Protein-Tyrosin-Nitrierung und
eNOS-Tyrosin-Nitrierung, in C101A-eNOS-tg erhoht, allerdings unverandert in eNOS-tg.
Die Proteinkinase G Aktivitat, evaluiert durch Phosphorylierung an vasoaktiv
stimuliertem Protein (VASP) an Ser239, ist in beiden Linien im Vergleich zu Kontrollen
unverandert, was auf eine normale Aktivierung des NO/cGMP-Signaltransduktionswegs
hindeutet. Organbadexperimente zeigen eine normale Aortenreaktivitdit auf
Acetylcholin, Phenylephrin und den NO-Donor SNAP in beiden Tierlinien. In C101A-
eNOS-tg kann signifikant verstarkte eNOS-S-Glutathionylierung, eNOS-Ser1177/9-
Phosphorylierung und Adenosinmonophosphatkinase (AMPK) @ Phosphorylierung an
Thrl72 in Aorta, Skelettmuskel, linksventrikularem Myokard und Lunge im Vergleich zu
eNOS-tg und Wildtypkontrollen gezeigt werden. Korperliches Training verstarkt die
Phosphorylierung der eNOS an Ser1177/9 und AMPK a in Wildtyptieren. Diese
physiologischen Adaptionen konnen in C101A-eNOS-tg nicht beobachtet werden.
C101A-eNOS-tg zeigen sich, gemessen an wachen Tieren durch die Tail-Cuff Methode,
trotz einer eNOS Uberexpression systolisch normoton, eNOS-tg signifikant hypoton. Das
Antioxidans Tempol® kann die auftretenden Proteinmodifikationen vollstandig
aufheben und reduziert signifikant den systolischen Blutdruck in C101A-eNOS-tg, nicht
aber in Wildtyptieren.

Schlussfolgerung: Oxidativer Stress durch endothelspezifische Uberexpression genetisch
destabilisierter C101A-eNOS verhindert selektiv die blutdruckvermindernde Wirkung
vaskularer eNOS, wohingegen kein Effekt auf endothelabhangige Relaxation in der Aorta
besteht. Diese Daten weisen darauf hin, dass eine verringerte eNOS Dimerstabilitat, die
mit vaskularem oxidativen Stress im mikrovaskularen Endothel im Zusammenhang steht,
direkt an der Regulation des Blutdrucks beteiligt sein und somit bei der Entstehung der

essentiellen Hypertonie eine Rolle spielen kénnte.
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