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SUMMARY

SUMMARY/ ZUSAMMENFASSUNG

This work was based on the hypothesis that vascular endogenous reactive oxygen and nitrogen species (ROS/RNS)
are not only involved in the development of oxidative stress, but have distinct signaling properties and serve important
regulatory functions. To test this hypothesis, the steady-state levels of hydrogen peroxide, superoxide and NO were
modified in vivo by a vascular specific overexpression of proteins regulating their availability (catalase, wild-type
endothelial NO-synthase (eNOS) and destabilized eNOS).

Studies in a mouse model with vascular-specific overexpression of catalase revealed that endogenous hydrogen
peroxide contributes to maintenance of vascular tone and blood pressure but does not influence NO-bioavailability
(§3.1). While singularization impairs endothelial function and reduces vascular eNOS expression in healthy mice
(§3.2), in exercise training vascular hydrogen peroxide is crucial for the upregulation of arterial eNOS protein (§3.3)
and inhibits the exercise-induced mobilization of endothelial progenitor cells from the bone marrow (§3.4). In striking
difference to arterial vessels, in venous tissues the exercise-induced upregulation of vasoprotective proteins is

prevented by physiological activity of catalase (§3.5).

Experiments in mice and rabbits treated with NO-donors and mice with an endothelial specific overexpression of
eNOS showed that endogenous and exogenous NO regulates soluble guanylyl cyclase (sGC) activity by its
posttranslational S-nitrosylation, without changing sGC protein level (§3.6-3.7) and increases expression of important
proteins of antioxidant defense and RAAS (§3.8, §3.9). Studies in double transgenic mice re-expressing wild-type
eNOS in eNOS-deficient endothelium surprisingly revealed that endothelial-specific eNOS rescue normalized
vascular reactivity in conduit and resistance arteries but did not lower blood pressure (§3.10). This paradox finding
suggested the existence of a previously unrecognized but likely important role for non-endothelial eNOS in the
regulation of blood pressure and put forward a new hypothesis that impairment of non-endothelial NO generation
might contribute to the development of hypertension. More recently, the importance of the red blood cell eNOS-
dependent pathway in the regulation of NO metabolism and blood pressure has been demonstrated using endothelial

cell- and red blood cell-specific transgenic mice (§3.11).

As there was ongoing intensive scientific interest on the role of eNOS itself as a source of oxidant stress in
hypertension and atherosclerosis (“uncoupled” eNOS), several mutant eNOS transgenic mouse models were
generated. A plasmid with a cysteine 101 alanine mutant (C101A) was used to express C101A-eNOS in cells and
mice. This mutation destabilizes the normal dimer configuration of eNOS which results in reduced NO and increased
superoxide production in a close proximity to each other. This resembles the in vivo situation where the parts of
eNOS molecules are uncoupled while the others function normally. Examination of mutant young mice
overexpressing C101A-eNOS in the endothelium revealed no apparent abnormalities despite selective impairment
of blood pressure reducing activity of vascular eNOS (§3.12).
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Introduction of mutant C101A-eNOS in eNOS knockout mice (C101A-eNOS-Tg/KO) caused an increase in
superoxide and peroxynitrite formation in the aorta and myocardium which was completely blunted by
pharmacological inhibition of NOS. Surprisingly, despite greatly reduced eNOS expression, endothelial function in
the mutant C101A-eNOS/KO mice was almost normal while blood pressure was similar to eNOS deficient mice
(§3.13). Further detailed investigations showed correct localization and preserved vascular signaling in the conduit
arteries and negligible effects of destabilized eNOS on vascular remodeling and neointima formation. These data
suggest that increased ROS/RNS generation by destabilized eNOS is unlikely a pathologic factor promoting

endothelial dysfunction and intima hyperplasia as long as concomitant production of NO is present.

This research also identified a novel modulator of NO signaling, namely hyaluronan (HA). HA and specifically the HA
synthase 3 (HAS3) was shown to critically interconnect NO and HA-mediated signaling pathways in mechanosensing
and collateral vessels growth. HA, an unbranched glycosaminoglycan and major component of extracellular matrix,
synthesized by HAS3 in medial vascular smooth muscle in the course of inflammatory disease has been found to
enhance intimal hyperplasia (§3.14), whereas the HA matrix within endothelial glycocalyx is vasoproprotective
(§3.15). The vascular protective effects of HAS3-derived HA are mediated via endothelial HA/eNOS axis: HAS3-
derived HA appears to function as mechanosensor and contributes to acute (flow-mediated dilation) and chronic
(hindlimb ischemia) changes in blood flow by hyaluronan/CD44-mediated stimulation of eNOS phosphorylation at
Ser1177.

Taken together, these studies provided novel insights into the control of vascular function by endogenous hydrogen

peroxide, NO, superoxide and HA in health and disease.
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ZUSAMMENFASSUNG

Diese Arbeit basiert auf der Hypothese, dass vaskulare endogene reaktive Sauerstoff- und Stickstoffverbindungen
(reactive oxygen species, ROS/reactive nitrogen species, RNS) nicht nur an der Entstehung von oxidativem Stress
beteiligt sind, sondern dartiiber hinaus unterschiedliche Signaltransduktionseigenschaften besitzen und auf diese
Weise wichtige regulatorische Funktionen erfiillen. Um diese Hypothese zu testen, wurden die endogenen Steady-
State-Spiegel von Wasserstoffperoxid, Superoxidradikalanion und Stickstoffmonoxid (NO) modifiziert, indem
wichtige, die Bioverfiigbarkeit dieser ROS/RNS regulierenden Proteine (Katalase, endotheliale NO-Synthase (eNOS)

und destabilisierte eNOS), gefaRspezifisch tberexprimiert wurden.

In einem Mausmodell mit gefaRspezifischer Uberexpression der Katalase konnte gezeigt werden, dass endogenes
Wasserstoffperoxid zur Aufrechterhaltung des Gefalktonus und des Blutdrucks beitragt, aber die NO Bioverfligharkeit
nicht beeinflusst (§3.1). Wéhrend eine Einzelhaltung gesunder Mause die Endothelfunktion beeintrachtigt und
Expression vaskularer eNOS reduziert (§3.2), wird diese bei korperlichem Training durch Wasserstoffperoxid
hochreguliert (§3.3). Weiterhin konnte gezeigt werden, dass Wasserstoffperoxid die durch Bewegung induzierte
Mobilisierung endothelialer Vorlauferzellen aus dem Knochenmark hemmt (§3.4). Im Gegensatz zu arteriellen
Gefalen wird in vendsen Geweben die bewegungsinduzierte Hochregulation vasoprotektiver Proteine durch die

physiologische Aktivitat der Katalase verhindert (§3.5).

Untersuchungen an Mausen und Kaninchen, die mit NO-Donatoren behandelt wurden, sowie an Mausen mit
endothelspezifischer Uberexpression der eNOS zeigten, dass exogenes und endogenes NO die Aktivitat der
[6slichen Guanylylcyclase (soluble GC, sGC) durch posttranslationale S-Nitrosylierung reguliert, ohne den sGC-
Proteinspiegel zu verandern (§§ 3.6-3.7). Zudem wurde die Expression wichtiger Proteine der antioxidativen Abwehr
und des Renin-Angiotensin [I-Systems erhoht (§§3.8-3.9). Experimente an transgenen Mausen, die Wildtyp-eNOS
in eNOS-defizientem Endothel reexprimierten, zeigten iberraschenderweise, dass eine Wiederherstellung der
endothelspezifischen eNOS die vaskulére Reaktivitat in Leitungs- und Widerstandsarterien normalisierte ohne
jedoch den Blutdruck zu senken (§3.10). Dieser paradoxe Befund deutete auf die Existenz einer bisher unbekannten,
aber wichtigen Rolle fir nicht-endotheliale eNOS bei der Regulierung des Blutdrucks hin und filhrte zu der
Hypothese, dass eine Beeintréchtigung der nicht-endothelialen NO Synthese zu Hypertonie beitragen kdnnte.
Tatsachlich wurde vor kurzem die Existenz eines erythrozytaren eNOS-abhangigen Signalweges bei der Regulation
des NO-Metabolismus und des Blutdrucks unter Verwendung von endothelzell- und erythrozytenspezifischen

transgenen Méusen nachgewiesen (§3.11).

Um die Forschung zur Bedeutung der eNOS-Entkopplung als unabhéngige Quelle oxidativen Stresses im Kontext
von Bluthochdruck und Atherosklerose voranzutreiben, wurden weitere transgene eNOS-Mausmodelle entwickelt.
Ein Plasmid mit einer Cystein-101-Alaninmutante (C101A) wurde verwendet um C101A-eNOS in Zellen und M&usen
zu exprimieren. Diese Mutation destabilisiert die normale Dimerkonfiguration der eNOS was zu einer reduzierten
NO- und erhéhten Superoxidproduktion in unmittelbarer raumlicher Nahe zueinander flhrt. Dies ahnelt der Situation

in vivo, in der ein Teil der eNOS-Molekiile entkoppelt ist, wahrend andere normal funktionieren. Die Untersuchung
6
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junger mutierter Mause, die C101A-eNOS im Endothel (iberexprimierten, ergab keine offensichtlichen
phanotypischen Unterschiede trotz selektiver Beeintrachtigung der blutdrucksenkenden Aktivitat der vaskularen
eNOS (§3.12).

Die Expression der mutierten C101A-eNOS im Endothel von eNOS-Knockout-Mausen (C101A-eNOS-Tg/KO)
verursachte einen Anstieg der Superoxid- und Peroxynitritbildung, welche durch pharmakologische NOS-Hemmung
vollstandig inhibiert werden konnte. Uberraschenderweise war die Endothelfunktion in C101A-eNOS/KO-Mausen
trotz stark reduzierter eNOS-Expression fast normal, wahrend der Blutdruck dem von eNOS-defizienten Mausen
&hnelte (§ 3.13). Weitere detaillierte Untersuchungen zeigten sowohl eine korrekte Lokalisation als auch eine
erhaltene vaskuldre Signaltransduktion in den Leitungsarterien und geringfiigige Auswirkungen von destabilisierter
eNOS auf vaskuldres Remodelling und Neointimabildung. Diese Daten deuten darauf hin, dass eine erhdhte
ROS/RNS-Generierung durch destabilisierte eNOS wahrscheinlich kein pathologischer Faktor ist, der endotheliale

Dysfunktion und Intimahyperplasie fordert, zumindest solange die NO-Produktion erhalten bleibt.

Im Weiteren konnte ein neuer Modulator des NO Signalweges identifiziert und im kardiovaskularen Kontext genauer
charakterisiert werden. Hyaluronsaure (hyaluronic acid, HA) und spezifisch die HA-Synthase (HAS)3 wurde hier als
wichtiges Molekiil im Zusammenspiel von NO- und HA-vermittelten Signalwegen beim Mechanosensing identifiziert,
was die Ausbildung von Kollateralen modulierte. HA ist eine wichtige Komponente der extrazellularen Matrix und
wird in arteriellen LeitgefalRen insbesondere im Rahmen inflammatorischer Erkrankungen durch HAS3 in der
medialen glatten Muskulatur synthetisiert. In einem Modell der Karotisstenose tragt die durch HAS3 synthetisierte
HA-Matrix zur Ausbildung einer Intimahyperplasie bei (§ 3.14), wahrend die HA-Matrix innerhalb der endothelialen
Glykokalyx vasoprotektive Eigenschaften besitzt (§3.15). Untersuchungen konnten zeigen, dass die vaskuldren
Schutzwirkungen von HA, welche durch HAS3 synthetisiert wird, tber eine endotheliale HA/eNOS-Achse vermittelt
werden: HAS3-assoziierte HA, scheint als Mechanosensor zu fungieren und trégt durch HA/CD44-vermittelte
Stimulation der eNOS-Phosphorylierung an Ser1177 zu akuten (flussvermittelte Vasodilatation) und chronischen

(Hinterlaufischdmiemodell) Veranderungen des Blutflusses bei.

Zusammengefasst liefern diese Studien neue Erkenntnisse zur Regulation der GefaRfunktion durch endogenes

Wasserstoffperoxid, NO, Superoxid und HA im Kontext physiologischer und pathophysiologischer Bedingungen.
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1. INTRODUCTION

“Truth in science can be defined as the working hypothesis best suited
fo open the way to the next better one”.

Konrad Lorenz, 1973

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) summarize several small highly reactive
molecules including 1) radicals such as superoxide anion radical and hydroxyl radical, 2) non-radical species
hydrogen peroxide and adducts such as hypoclorous acid and 3) nitrogen-containing species including
peroxynitrite and nitrogen dioxide form by the reaction of superoxide and nitric oxide (NO). The main sources of
vascular ROS are NAD(P)H oxidase (NOX) (1), mitochondrial-derived superoxide (2), uncoupled nitric oxide
synthase (uncNOS) (3) and to a lesser extent xanthine oxidase (4), cyclooxygenase (5), myeloperoxidase (6), and
some other enzymes (reviewed in (7)) while three forms of superoxide dismutases convert superoxide to hydrogen
peroxide and oxygen (8). Catalase, thioredoxin peroxidase and glutathione peroxidases regulate steady state
levels of hydrogen peroxide by conversion to water. Antioxidant defence system (SOD, peroxidases, antioxidants
and vitamins) maintain oxidation-reduction (redox) state by preventing ROS accumulation (9). The stoichiometry
of the chemical reactions underlying generation and metabolism of ROS is a subject of tight enzymatic regulation

resulting in well balanced steady-state concentrations throughout the healthy organism (10, 11).

Based on the oxidative stress theory of disease (12, 13), an increase of vascular ROS production was considered
as important pathogenic factor. According to this theory aberrant ROS formation may trigger disease state in the
condition of oxidative stress, when ROS/RNS production exceeds the capacity of cellular antioxidant defense
mechanisms (SOD, peroxidases, low molecular weight antioxidants etc.). Although clinical evidence for
associations (but not causality) of oxidative stress with cardiovascular disease are strong (14-16), antioxidant
therapies have provided disappointing results (reviewed in (11, 17)). It became evident recently that the oxidative
stress theory of disease has been over-simplified, in fact, ROS/RNS have a complex metabolism and functions

and are generated by different enzymes at diverse cites and at different times (9, 11, 18, 19).

Within the vascular wall a delicate ROS balance can be either beneficial or deleterious, depending on the source
of ROS or the mechanisms of ROS capture or quenching (20). ROS-associated proteins and their expression
profiles vary depending on vessel location within the vascular tree and tissue origin (20). Vascular smooth muscle
cells, endothelial cells, immune cells, and other cell types have different expression patterns for the various ROS-

related proteins which can be also changed in disease state (21-24).

Similar to ROS, RNS, specifically NO and its derivatives, play pivotal roles in vascular function. Nitric oxide (NO),
a liable free radical gas, is a structurally simple diatomic molecule with a highly diverse biological profile (25, 26)
including vasodilation, antiaggregation, antiapoptosis, antiantiadhesion, antiproliferation and antioxidation (27).
As with ROS, excess NO production can have harmful effects on the vasculature and promote cardiovascular

imbalance (20, 28). This depends on the microenvironment in which NO is produced and on the chemical reaction
8



INTRODUCTION

partners (20), e.g. reaction between NO and pathological superoxide. Similar to ROS production, NO generation

requires tight regulation to avoid pathologies of insufficient or excess RNS for homeostasis (20, 28, 29).

Accumulating evidence has provided a basis for a paradigm shift from the roles of ROS as pathological detriments
to physiological signaling molecules (7, 30, 31). ROS/RNS and redox signaling have fundamental role in
pathophysiology of hypertension, vascular dysfunction, endothelial damage, immune cell activation and
cardiovascular remodelling. Recent advances in proteomics delivered new informations on the role of redox
regulation, defined as oxidation-reduction posttranslational moifications of downstream signaling molecules
induced by ROS/RNS, with recent studies focusing on cysteine oxidation of proteins (32). This also led to a
definition of “oxidative stress” to include the importance of redox regulation, which is now described as “an
imbalance between oxidants and antioxidants in favor of the oxidants, leading to a disruption of redox signaling,
and control and molecular damage” (9, 33). The results of the studies presented here contributed to the different

stages of development of the current view on ROS/RNS as important redox regulators of vascular homeostasis.

1.1. Vascular Effects of Hydrogen Peroxide

Hydrogen peroxide is a non-radical uncharged oxidant produced in many different cell types in the human body
including vascular endothelial and smooth muscle cells (34). For many years, hydrogen peroxide was viewed as
the inevitable but unwanted by-product of an aerobic existence. Given the damage inflicted by hydrogen peroxide,
it was assumed that the faster the elimination of this toxic waste, the better for the cell (35). Hydrogen peroxide is
chemically more stable than other ROS and can permeate through the vascular wall. It was suggested that
hydrogen peroxide can also accumulate extracellularly in the tissue and survive long enough to induce numerous
paracrine functions, even in more distant cells. Under normal conditions, the level of hydrogen peroxide is
maintained at steady-state level in the vasculature by constitutive oxidase activities and endogenous scavenger
systems. While hydrogen peroxide is mainly formed by superoxide dismutases, it is rapidly degraded by catalase,
glutathione peroxidase and thioredoxin peroxidases. These antioxidant enzymes play important roles as molecular
sensors and biological modulators of the effects exerted by hydrogen peroxide on cellular signaling events (10,
35). Recent revision of the oxidative stress theory supports the role of hydrogen peroxide as the major redox
metabolite operative in redox sensing, signaling and redox regulation (36) and the concept of constitutive cellular

low-level hydrogen peroxide steady-states has gained increased recognition (10, 37).

In vascular smooth muscle cells hydrogen peroxide is known to play an important role in cellular proliferation,
migration, and differentiation (reviewed in (38)). A number of early reports demonstrated the role of hydrogen
peroxide in regulation of vasomotor function (39-43). For instance, Gao et al. showed that in rat mesenteric arteries
hydrogen peroxide caused a biphasic effect, a transient constriction followed by the relaxation response (43). In
human coronary arterioles, shear stress increases endothelial cell-derived hydrogen peroxide resulting in smooth
muscle hyperpolarization and relaxation (42). Furthermore, hydrogen peroxide has been considered as a possible
candidate for endothelium-derived hyperpolarizing factor (EDHF (44))(28). However, there was no general

agreement on the mechanisms involved in the vascular effects of hydrogen peroxide. It was suggested that
9
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hydrogen peroxide more likely indirectly affect the other pathways responsible for relaxation by interactions with

other vascular mediators such as NO and/or arachidonic acid (41, 45).

The steady state concentration of hydrogen peroxide in human plasma, blood cells and vascular cells is unknown.
Basal hydrogen peroxide level in extracellular fluids is most likely in the lower micromolar range (1-5 uM) (34, 46)
or less (47). Spatial distribution of hydrogen peroxide in cells is not uniform (48) with physiological intracellular
pools in the nanomolar range (37). The vast majority of early studies investigated vasomotor effects of exogenous
hydrogen peroxide at much larger concentrations (up to 10 mM) and both vasodilator and vasoconstrictor effects
were reported (40, 41, 49, 50). Vasodilator effects of hydrogen peroxide have been suggested to be mediated by
activation of K*-channels (44), activation of endothelial NO production (51, 52), decreased myosin phosphorylation
(53) and inhibition of myosin ATPase (54), while vasoconstriction was attributed to an increase of intracellular Ca2+
(55), generation of arachidonic acid metabolites with vasoconstrictor activity (43) and direct Ca2*-independent tonic
effects on the smooth muscle contractile apparatus (56, 57). Thus, the vasomotor responses to hydrogen peroxide
ex vivo were complex and depended on different conditions such as the type of vessel tested, the species studied
and the concentration range used. These data stimulated interest to the role of endogenous hydrogen peroxide in
vascular tone regulation and led to a hypothesis that the vasomotor effects of endogenously produced hydrogen

peroxide may contribute to blood pressure homeostasis and NO bioavailability (Ref. § 3.1).

1.2. Molecuar Mechanisms of Vascular Adaptation to Exercise Training

Regular physical activity is a promising inexpensive approach for prevention of cardiovascular disease (58-60).
Human epidemiological studies demonstrated that regular exercise reduces the risk of death after acute myocardial
infarction (reviewed in (59, 61)). According to the current guidelines of the American Heart Association (62) and
the European Society of Cardiology (63) regular exercise training along with weight loss and healthy diet belongs

to the best proven nonpharmacological interventions for prevention and treatment of hypertension.

Regular exercise induces a reduction of heart rate and blood pressure, increases maximal myocardial oxygen
uptake and leads to several physiological adaptations involving skeletal muscle, cardiac muscle, circulating blood
volume and a variety of metabolic and anti-inflammatory modifications (59, 64-67). One of the main vascular
adaptation to exercise training is an upregulation of eNOS (68, 69). Shear stress induced eNOS-activation by
exercise is known to increase NO production (68, 70-73) and this process requires two intact eNOS alleles (74).
In humans exercise-induced physiological stimulation of eNOS activity is mirrored by the increased levels of
circulating NO metabolites: Plasma nitrite/nitrate levels were reported to be significantly increased after acute and

chronic exercise training (75-80).

Furthermore, shear stress was shown to increase the generation of ROS by an endothelium-dependent

mechanism (81, 82). Analysis of this phenomenon revealed an activation of endothelial NADPH oxidase as a

possible underlying cause (82, 83). A hypothesis to explain beneficial effects of regular exercise training in the

vasulature has been put forward (84). Accordingly, each bout of exercise induces a considerable but transient
10



INTRODUCTION

increase of ROS levels which lasts not much longer than exercise itself. These peaks of oxidant stress induce the
expression of antioxidant enzymes such as eNOS, CuZnSOD or ecSOD in the vascular cells. If the time span
between each bout of exercise is shorter than the duration of increased expression of these enzymes, e.g. 2448
hours, the total antioxidative capacity of the vascular wall likely increases. Thus, while acute exercise training
transiently increases ROS/RNS levels, regular exercise presumably provides protection against permanent

oxidative stress as present in atherosclerosis, hypertension, diabetes and heart failure.

Another important vascular adaptation to exercise is a mobilization of endothelial progenitor cells (EPCs) (85-87).
Asahara and colleagues first published that circulating CD34*-angioblasts within human peripheral blood are able
to differentiate to endothelial phenotype (88). EPCs were reported to participate in endothelial homeostasis by
contribution to re-endothelialization and improve organ blood flow by homing into ischemic regions and forming
entirely new vessels or by releasing angiogenic factors in a paracrine manner (89-91). These beneficial effects are
impaired when the number and/or functional activities of EPCs are reduced. Clinical trials revealed that the number
of circulating EPCs is decreased in subjects with cardiovascular risk factors, such as age, hypercholesterolemia,
diabetes and smoking (92) and a similar situation likely holds true for EPC homing (93). Since these pathologies are
associated with increased ROS/RNS, depletion of circulating EPCs was considered as a marker of the progression
of cardiovascular disease (94). PI3K/Akt/eNOS pathway is reported to be important for EPC mobilization, migration
and homing (87, 95, 96). It is also known that proliferative EPCs showed a decreased clonogenic capacity after
treatment with oxidants including hydrogen peroxide (97) and an increase of ROS is crucially involved in the
regulation of vessel growth (98). Therefore, ROS/RNS may directly affect stem cell-induced vascular repair

mechanisms by influencing the EPCs mobilisation and functions in response to exercise training.

Our understanding of the mechanisms and mediators leading to the positive effects of exercise (and on the
opposite, negative effects of sedentary lifestyle) in the vasculature is incomplete. The effects of exercise training
on eNOS expression and phosphorylation profile are influenced by a number of factors such as training time,
exercise intensity, basal level of physical (in)activity, and eNOS gene polymorphisms (58, 64, 65, 99, 100).
Furthermore, since blood flow and hemodynamic shear forces strongly depend on the localization and morphology
of the vessels along the vascular tree (101, 102), the effect of exercise on vascular eNOS may differ in various
regions. Previous investigations, showing that physical activity increases the expression of eNOS in animals and
humans have been performed almost exclusively in large conduit arteries such as aorta or coronary arteries. In
striking contrast, little is known about the effect of exercise in veins and/or low-pressure tissues such as the vena

cava and lung.

1.3. Vascular Effects of Nitric Oxide

Under physiological conditions vascular NO is mainly produced by endothelial NO-synthase (eNOS, EC
1.14.13.39), a major isoform of NOS in the cardiovascular system (103, 104). eNOS is a heme-containing protein,
which utitilize L-arginine and molecular oxygen as substrates and require the cofactors reduced nicotinamide-

adenine-dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), and
11
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(6R-)5,6,7,8-tetrahydrobiopterin (BHs) to catalyse the five-electron oxidation of the guanidine-nitrogen of L-arginine
to NO and citrulline (26). Structurally, eNOS is a homodimer with a C-terminal reductase and N-terminal oxygenase
domain. NADPH binds to the reductase domain and electrons are transferred to the heme in the oxygenase
domain, catalazyd by FAD, FMN and calmodulin. After reduction of the heme-iron, oxygen is able to bind and the

products NO and L-citrulline are formed from the substrate L-arginine (105).

Vasodilatory effects of NO for the most part are mediated by activation of soluble guanylyl cyclase (sGC), formation
of cyclic guanosine monophosphate (cGMP), activation of protein kinase G (PKG) and phosphorylation of various
downstream cellular proteins regulating calcium homeostasis (25, 106, 107). The sGC enzyme is a heterodimeric
protein composed of two subunits, a and B, and a prosthetic heme group. The majority of vascular sGC is formed
by the subunits as (sGC-ax) and B+ (sGC-B1) (108, 109). The heme-free form of sGC is unresponsive to NO and
prone to ubiquitin-mediated degradation (Stasch et al. 2006; Schmidt 2009).

Studies with NO-donors in cultured aortic smooth muscle cells have provided evidence for a NO-dependent
downregulation of sGC protein expression suggesting a negative feedback loop, where NO acts as a signaling
molecule regulating sGC expression (110). In contrast, overexpression of eNOS in mice with endothelil
preproendothelin-1 promoter showed partial resistance to endothelium-dependent and NO-induced vasodilation
but no decrease of sGC expression (111). Inhibition of NOS also had no effect on vascular sGC expression, but
potentiated the aortic cGMP response to the exogenous NO (112). Likewise, no changes of aortic sGC expression
(113) but increased sensitivity of sGC to activation by exogenous NO was found in eNOS deficient mice (113,
114). In addition to classical NO/sGC/cGMP signaling through binding to heme (as in the case of cGMP) NO can
also modulate hundreds of proteins (including sGC itself) through S-nitrosylation occurring in a spatially confined
manner (115, 116). In view of controversial data described above and the complexity of NO-signaling, effects of

endogenously formed NO vs NO donors on sGC regulation remained largely unclear.

NO has also important antioxidative properties in the vasculature. Previous investigations have shown that NO is
an essential stimulus of ecSOD expression in large conductance vessels, and that an increase of eNOS expression
by exercise results in a consecutive overexpression of ecSOD (72). ecSOD is expressed in vascular smooth
muscle cells and is subsequently secreted to the interstitium (117). It binds to polyanionic sites such as heparin
sulphates at the outer membrane of endothelial cells and is suggested to be protective for NO while it traverses to
the smooth muscle cell layer of the vascular wall (118). The highest ecSOD concentrations are found between the
endothelial cell layer and the smooth muscle, and 99% of ecSOD s tissue-bound (118). Hence, driving the

expression of ecSOD appears to be an important mechanism underlying the antioxidative effects of NO.

Increasing vascular NO levels following up-regulation of endothelial nitric oxide synthase (eNOS) is considered
beneficial in cardiovascular disease. Whether such beneficial effects exerted by increased NO levels include the
vascular renin—angiotensin |l-aldosterone (RAAS) system was not elucidated. Activation of Ang Il type 2 (AT2)
receptors is known to counter-regulate many effects mediated by Ang Il type 1 (AT1) receptors and is
vasculoprotective (119). For example, stimulation of AT2 was shown to induce the prekallikrein activator

prolylcarboxypeptidase (120, 121) and thereby increases generation of bradykinin and subsequently endothelial
12
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NO. AT2 was also shown to inhibit degradation of bradykinin by the angiotensin converting enzyme (ACE) (122).
However, it remained uninvestigated whether NO impacts the AT2 signaling and what is an underlying mechanism

of these interactions.

1.4. eNOS on the Guard against Hypertension: Role for Non-endothelial eNOS?

Among all other functions, NO-dependent regulation of vascular tone is the most important. Based on findings
following intrabrachial infusion of NOS-inhibitor L-monomethyl arginine (L-NMMA) Vallance et al. concluded as
early as 1989 that NO is likely to be a key determinant of arterial blood pressure (123). In accordance, i.v. L-NMMA
application increased mean arterial blood pressure in healthy volunteers (124). Forte et al. showed that basal NO
synthesis is reduced in patients with essential hypertension accentuating the importance of NO synthesized by the

vascular endothelium for the control of blood pressure in humans (125).

Based on the high expression of eNOS in endothelial cells, role of eNOS in vascular homeostasis was assessed
using several independently generated eNOS deficient (eNOS KO) models. The most obvious phenotype in 4
different strains of eNOS KO mice is increased blood pressure (126-129) suggesting that other homeostatic
mechanisms do not compensate for the absence of eNOS. Hypertension in eNOS KO is assumed to be caused
by “the lack of vasorelaxing pathway mediated by endothelium-derived NO on smooth muscle cells” or by “the
absence of inhibitory effects of NO on renin release from the kidney into blood stream” (127). Alternatively,
diminution in activity of RAAS and autonomic nervous system, which serve as a defence against hypertension
and/or involvement of NOS in establishing the baroreceptor setpoint were proposed as an explanation of
hypertensive phenotype (126). However, studies on nNOS-deficient mice revealed that they are normotensive
(130, 131). Furthermore, triple e/iinNOS knockouts have hypertension similar to that in the eNOS-gene disrupted
single and double e/nNOS KO (132). Taken together, these results demonstrate that among NO-synthases eNOS
plays the major role for blood pressure regulation. Thus, it is frequently assumed that hypertension in eNOS KO

mice is caused by the lack of endothelium-derived NO and a resulting increase in peripheral resistance.

However, other observations suggest that this explanation is too simple. There was virtually no evidence from
knockout models clearly linking eNOS activity in endothelial cells to blood pressure. In contrast to large arteries of
eNOS KO, where no compensation for the lack of eNOS is observed, other endothelium-dependent vasodilators
compensate for the lack of eNOS in resistance arteries. For example, while endothelium-dependent vasodilation
in isolated conductance arteries such as the aorta (126, 133) or the carotid artery (134) is completely inhibited in
eNOS KO, the dilatory response of coronary arteries to acetylcholine is preserved by compensatory generation of
cyclooxygenase products (128, 135). Furthermore, preservation of endothelium-dependent vasodilation has been
demonstrated in femoral and mesenteric vessels (136), in cerebral arteries (137, 138) and in small skeletal muscle
arterioles (139) of eNOS KO mice. These data indicate that different vascular-bed specific mechanisms may be
activated to regulate arterial tone in the absence of vascular eNOS and raise the question if or to what extend
hypertension in eNOS KO is caused by the lack of endothelial eNOS expression. Furthermore, non-endothelial

eNOS expression was suggested in RBCs (140), kidney (141) and astrocytes of the brain stem (142).
13



INTRODUCTION

Development of Cre/LoxP technology made possible tissue-specific knocking-out and knocking-in of different
proteins incuding eNOS. First floxed eNOS mouse line (eNOS/o¥fox) was generated by Jiang et al. in 2012 (143).
The targeting vector was designed to allow conditional deletion of exons 9-12 of the mouse eNOS gene, removing
the calmodulin-binding site and resulted in non-functional eNOS protein. As a proof of concept, this flox allele was
globally deleted by mating eNOSfovflox mice to Sox2-Cre (Cre Deleter) mouse strain, which express Cre
recombinase under the control of the mouse Sox2 (SRY-box containing gene 2) promoter and drives Cre
recombinase in all epiblast cells at an early embryonic stage (144). These experiments demonstrated that floxed
eNOS allele behaves as wild type allele and it can be converted to deleted allele through Cre-loxP recombination,
completely abolishing eNOS activity and exhibiting significant hypertension comparable to hypertension of global
eNOS KO strains (126-128).

This mouse model was used to elucidate a role of non-vascular eNOS localized in the kidney. To accomplish this,
eNOSfefiox mice harbouring the floxed eNOS allele were bred with mice transgenic for aquaporin-2 Cre
recombinase to obtain collecting duct-specific knockout of eNOS, however blood pressure measured via telemetry
was not affected by this collecting duct-specific deletion of eNOS (145). In contrast, mice with doxycycline-inducible
nephron-wide deletion of eNOS had significantly elevated blood pressure as compared with control mice and
impaired urinary Na*-excretion during salt loading (146). These data demonstrate that renal eNOS-derived NO in
the distal tubule appears to be involved in the regulation of blood pressure. Unfortunately, systemic NO-
bioavailability and endothelial function were not assessed in the nephron-specific eNOS KO model. Likewise, the

role of eNOS expressed in other cell types remained unknown.

1.5. Uncoupled eNOS and eNOS-generated ROS/RNS: The Proverbial Chicken or the Egg?

NO produced by eNOS represents a key vasoprotective regulator of endothelial function under physiological
conditions. However, for several reasons, eNOS may become dysfunctional under pathophysiological conditions.
A popular term for dysfunctional eNOS has emerged to describe a reduced enzymatic production of NO is
“‘uncoupled” eNOS. This term describes early findings with purified NOS protein showing increased production of
superoxide/hydrogen peroxide as a consequence of uncoupling of the electron transfer to O, yielding superoxide
rather than hydroxy-L-arginine, which is the most important intermediate for NO-synthesis. The result is a
generation of ROS primarily within the eNOS oxygenase domain which may further promote endothelial
dysfunction and vascular pathology. Likewise, this reduces NO production and facilitates pre-existing oxidative
stress (147, 148). Many oxidative enzymes have been implicated in vascular pathologies (21, 149-151) and this
makes it difficult to define the relative contribution of eNOS-dependent formation of superoxide and peroxynitrite.

A number of mechanisms of eNOS uncoupling has been reported including 1) oxidative depletion of (6R-)5,6,7,8-
tetrahydro-L-biopterin (BH.), 2) reduced L-arginine transport and/or competition of eNOS with other arginine-
utilizing enzymes such as arginase, 3) oxidative disruption of the dimeric eNOS complex, 4) S-glutathionylation
and adverse phosphorylation at Thr495/Tyr657 as well as 5) ROS and RNS triggered increases in levels of

asymmetric dimethylarginine (ADMA) (reviewed in (152)).
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According to the crystal structure of the heme
domain (oxygenase domain) of bovine eNOS
(153), binding and correct orientation of BH4 is
critically dependent on the three-dimensional
structure of the homodimeric protein.
Dimerization itself depends on a zinc ion
tetrahedrally coordinated to pairs of cysteine
residues, i.e. Cys96 and Cys101 of bovine eNOS
in each monomer. Thus, genetic disruption of the
Zn ion complex would be expected to decrease
dimer stability, impair correct BH4 orientation and
NO synthesis and increase eNOS-dependent
superoxide and peroxynitrite formation. For
example, replacement of cysteine 99 to alanine
in human eNOS resulted in a reduction of BH4

affinity, enzyme stability and citrulline formation

and an irreversible loss of heme (154).

Therefore, an impairment of the correct dimer

Figure 1: The ZnS. metal center and its relationship with tetrahydrobiopterin (red).
The central zinc ion (grey) coordinates the dimerization two eNOS monomers formation likelv resul in iminish N
(yellow and green) via the binding cysteines 96 and 101. Reproduced from (153) ormatio ely resu ts d shed 0
with permission from Elsevier.

synthesis and favours generation of superoxide.
Whether this impairment of eNOS function had a pathophysiological significance in the absence of the concomitant
complex disease processes occurring in hypertension, atherosclerosis and/or diabetes — under otherwise healthy

conditions, was important to estimate.

1.6. NO and Hyaluronan: Interrelated Signaling?

Endothelial dysfunction and reduced bioavailability of NO is a hall-mark of many cardiovascular risk factors and
diseases including peripheral artery disease (PAD), restenosis and atherosclerosis. The marked upregulation of
hyaluronan (HA) production and accumulation in the neointima of restenotic vessels and atherosclerotic lesions
generated an interest to the role of HA matrix in these diseases (155-157). Likewise, inhibition of HA synthesis
leads to disturbance of endothelial glycocalyx, endothelial dysfunction, hypertension and the reduction of vascular
NO-bioavailability (158). In contrast, interstitial HA has been shown to promote neocintima hyperplasia and
atherosclerosis (155, 157), affect the phenotype of immune cells (159-161) and had profound effect on phenotypic

switching of SMCs and plaque stability in an animal model of atherosclerosis (162).

HA is a linear glucosaminoglycan which is synthesized by three hyaluronan synthase (HAS) isoforms (HAS1-3)

that assemble UDP (uridinediphosphate)-glucuronic acid and UDP-N-glucosamine at the plasma membrane.

Afterward, HA is extruded to the extracellular space where it exerts an important role for tissue structural integrity,
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contributes to the matrix microenvironment of cells and acts as a direct signaling agent via HA-binding receptors
(163, 164).

In PAD, HA appears to be a critical player in mechanosensing and collateral artery growth. Ex vivo studies
suggested a role for HA in endothelial NO production in response to shear stress (Mochizuki et al., 2003; Kumagai
et al., 2009). For instance, enzymatic degradation of hyaluronan in isolated canine (165) and porcine femoral
arteries (166) coincided with impaired NO production. Likewise, interaction of HA receptor cluster of differentiation
44 (CD44) with ankyrin and the IP; receptor promoted Ca?* signaling and NO production in vitro (167). Modification
of glycocalyx with 4-methylesculetin, which inhibits all 3 HAS isoenzymes renders the endothelium unresponsive
to altered hemodynamic conditions (induced by femoral artery ligation) (168) suggesting that HA synthesis likely
interferes with its mechanosensory properties. However, whether this also reflects the in vivo situation in health
and disease context and which HAS isoenzyme(s) is/are crucial for mechanosensing, mechanotransduction and

NO-release was largely unknown.

Defining a role of HA in vascular disease is difficult in view of the multitude of HA synthases and hyaluronidases
involved in its metabolism (159, 164). Although each HAS isoform produces structurally identical HA, the
expression pattern of each isoform and their differential regulation in vascular health and disease states may differ.
Furthermore, the molecular weight of HA appears to be important for vascular function: Longer high molecular
weight HA supports vascular homeostasis and immune health, while under inflammatory conditions, HA is
degraded into smaller fragments in a context-dependent manner (159, 169, 170). Of interest, HA breakdown is
mediated not only by special enzymes hyaluronidases, but also non-enzymatically by ROS/RNS and UV radiation

(171) and this might be of particular importance after tissue damage and during inflammation (169, 170).

With its simple structure, HA regulates biological responses in a highly complex manner. This attributes to its high
abundance and rapid turnover, the generation of different-sized HA fragments, due to its localization outside and
inside the cell, binding to different surface receptors and offers insights to divergent, and in part, opposing roles of
hyaluronan in different cell types. Particularly, understanding of cellular origin and specific role of different HA
synthesis as well as interconnections between HA and NO-signaling in the development of neointimal hyperplasia
and collateral arteries growth promise important informations in the future. Keeping in mind the well-established
antioxidative, antithrombotic, antiproliferative, antrihypertensive properties of NO, the involvement of endothelial
glycocalyx HAS/HA/eNOS axis in vascular protection seemed to be reasonable and indeed a close

interrelationship between both signaling pathways was identified (Ref §3.15).
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1.7 Open Questions

“To know that we know that we know, and to know that we do not
know that we do not know, that is true knowledge”

Nicolaus Copernicus (1473-1543)

Previous studies were mainly focused on the examination of chemically reactive oxygen and nitrogen species and
their interactions with other molecules and enzymes that lead to vascular pathology. Likewise, HA was thought to
have a mere structural role. However, it became obvious that ROS/RNS and HA have also important signaling

properties in the vasculature. Among others, several open questions remained:

1. What are the effects of endogenous steady state levels of hydrogen peroxide on vascular tone and

blood pressure?
2. What is a role of ROS/RNS in vascular adaptation to exercise training?

3. How endogenous and exogenous NO regulates its receptor sGC and other vasoprotective proteins of

antioxidative defence and RAAS?

4. What is a specific contribution of endothelial and non-endothelial eNOS to the regulation of vascular

tone, NO-bioavailability, and blood pressure?

5. How endothelial ROS/RNS generation by destabilized eNOS influences endothelial function,

expression and activity of vasoprotective proteins, arterial remodeling and blood pressure?

6. What is a role for HAS3-mediated HA synthesis in the development of neointimal hyperplasia and
collateral arteries growth and whether and how HA-mediated effects interreact with changes of vascular

NO-signaling?
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2. AIMS AND RESEARCH APPROACHES

“The important thing in science is not so much to obtain new facts as

to discover new ways of thinking about them”.

William Bragg, (1862-1942)

This work was based on the hypothesis that ROS and RNS are not only involved in the development of oxidative
stress and disease states, but have distinct signaling properties and serve important regulatory functions in the
vasculature. The overall purpose of this study was to further explore the roles of endogenous hydrogen peroxide,
NO and superoxide in the regulation of vascular function in health and disease state. Another focus of this study
was on the significance of HA synthesis in neointima formation and possible interconnection of NO and HA-

mediated signaling pathways in collateral vessels growth.

To test these hypotheses, the vascular levels of endogenous hydrogen peroxide, superoxide and NO were
modified by Tie-2 driven overexpression of vasoactive proteins regulating their bioavailability (catalase,
destabilized C101A-eNOS and wild-type eNOS) (Figure 2).

pronuclear microinjection . . .
Mice with vascular specific

A i ;
8 WQOK & overexpression of transgene (Tg):
Tie-2-Tg

CAT-Tg (catalase)

C57BLI6J »  eNOS-Tg (endothelial NO-synthase)

C101A-eNOS-Tg (destabilized eNOS)

B 7 NL I
>< ,A@) —> A‘g Double transgenic mice
(g (o - C101A-eNOS-Tg/KO
— + eNOS-Tg/KO
eNOS KO Tg/KO

Figure 2: Transgenic mouse models with the Tie-2 driven overexpression of key vasoprotective proteins. (A)
Transgenic mice with vascular specific overexpression of human catalase (CAT-Tg), eNOS (eNOS-Tg) and destabilized
C101A-eNOS (C101A-eNOS-Tq). (B) Breeding strategy to obtain double transgenic mice with expression of the transgene
(eNOS and C101A-eNOS) exclusively in vascular endothelial cells, mice overexpressing normal eNOS and its destabilized
form (C101-eNOS) were crossed with global eNOS knock-out mice (127) (eNOS KO). Figure created by author.

The Cre/LoxP technology was used to create endothelial cell (EC) and red blood cell (RBC) specific eNOS KO
and knock-in (KI) mice by deleting exon 2 of eNOS (Figure 3). Cell-specific KO or KI of eNOS was achieved using
a hemoglobin B-chain (Hbb-Cre) or Cdh5 expressing Cre-ERT2 recombinase for erythrocyte or endothelial cell-

specific eNOS KO and Kl, respectively.
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8 Mice with eNOS KO exclusively
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Figure 3: Endothelial cell (EC) and red blood cell (RBC) eNOS KO and knock-in (KI) mice. (A) Transgenic mice with EC
and RBC specific deletion of eNOS and (B) EC and RBC knock-in (KI) eNOS. To generate EC eNOS KO mice and RBC
eNOS KO, the founder eNOSfoxfiox mice were crossed with endothelial-specific tamoxifen-inducible Cdh5-Cre/ERT2ros or
erythroid-specific Hbb-Creros mice. To create EC eNOS KI mice, eNOSvinv mice = conditional eNOS KO were crossed with
endothelial-specific tamoxifen-inducible Cdh5-Cre/ERT2res or erythroid-specific HobCreros mice. Figure created by author.

To study a role of HAS3-mediated HA synthesis in vascular remodeling, mechanisensing and collateral athery

growth, mice with global deletion of HAS3 and EC specific deletion of HAS3 KO were used (Figure 3).

Mice with HAS3 knock-out (KO):
r end—SCL-_CrE‘”
and *+ tamoxifen + inall cells (global): HAS3 KO
@ * in endothelial cells: EC HA3 KO
global HAS3 KO EC HAS3 KO

Figure 4: Global and endothelial cell specific HAS3 defieient mice. Transgenic mice expressing Cre recombinase under
control of the tamoxifen-inducible 5' endothelial enhancer of the stem cell leukemia locus (end-SCL-CreERT) were used to
generate EC-specific HAS3-deficient mice. Figure created by author.

In details, the following experimental approaches were applied:

- The effects of endogenous hydrogen peroxide on vascular tone, blood pressure, adaptation to exercise in arterial
and venous vasculature and exercise-induced EPCs mobilization were studied in mice with vascular specific

overexpression of catalase (CAT-Tg mice) using voluntary running and forced exercise training.

- Effects of exogenous and endogenous NO on its receptor sGC and other important vasoprotective proteins of
antioxidative and RAAS were studied in murine, bovine and human cells, mice and rabbits treated with long-acting

NO-donors and mice with endothelial specific overexpression of eNOS (eNOS-Tg).

- The specific role of endothelial and non-endothelial eNOS in the regulation of NO-bioavailability, vascular tone

and blood pressure was investigated in mice with endothelial-specific overexpression of eNOS (eNOS-Tg), with
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endothelial specific rescue of eNOS (eNOS Tg/KO) and in EC- and RBC eNOS KO and Kl mice.

- The role of destabilized eNOS and eNOS-dependent oxidative stress in the regulation of endothelial function,
blood pressure, expression of vasoprotective proteins was investigated in mice with endothelial overexpression of
mutated C101A-eNOS (C101A-eNOS-Tg) and mice expressing only destabilized form of eNOS in the endothelium
(C101A-eNOS-Tg/KO mice).

- Significance of eNOS-dimer dependent oxidative stress and HAS3-mediated HA synthesis for neointima
hyperplasia were studied in wild types, eNOS-knockouts (eNOS KO), C101A-eNOSTg/KO and HAS3-deficient
mice (HAS3 KO) subjected to the carodid ligation. Hind limb ischemia model was used for unraveling the role of
HA and HAS3 for collateral arteries growth in HAS3 KO and EC HAS3 KO mice.
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The order of selected research papers reflects the flow in Introduction and Discussion

3.1. Endogenous Vascular Hydrogen Peroxide Regulates Arteriolar Tension in vivo

Published in Circulation 2005, 112, 2487-2495
by Suvorava T, Lauer N, Kumpf S, Jacob R, Meyer W, Kojda G.

Objective: The reactive oxygen species hydrogen peroxide (H20,) showed vasoconstrictor and vasodilator effects

in vitro but little is known about vascular H,O, effects in vivo.

Methods and Results: We have generated mice overexpressing human catalase driven by the Tie-2 promoter to
specifically target this transgene to the vascular tissue. Vessels of these mice (CAT-Tg) expressed significantly
higher levels of catalase mRNA, protein and activity. The overexpression was selective for vascular tissue as
evidenced by immunohistochemistry in specimens of aorta, heart, lung, and kidney. Quantitation of reactive oxygen
species by fluorescence signals in CAT-Tg vs. wild-types showed a strong decrease in aortic endothelium and left
ventricular myocardium but not in leucocytes. Awake male CAT-Tg at 3-4 months of age had a significantly lower
systolic blood pressure (sBP, 102.7+2.2 mmHg, n=10) compared to their transgene- negative littermates (WT,
115.6+£2.5 mmHg, P=0.0211) and C57BL/6 (118.4£3.06 mmHg, n=6). Treatment with the catalase inhibitor
aminotriazole increased sBP of CAT-Tg to 117.3+4.3 mmHg (P=0.0345), while having no effect in WT (118.4£2.4
mmHg, n=4, P>0.05). In contrast, treatment with the NO-synthase inhibitor nitro-L-argininemethylester (100 mg/kg
BWi/day) increased sBP in CAT-Tg and C57BI/6 to a similar extent. Likewise, phosphorylation of vasodilator-
stimulated phosphoprotein (VASP) in skeletal muscle, left ventricular myocardium and lung was identical in CAT-
Tg and WT. Endothelium- and NO-dependent aortic vasodilations were unchanged in CAT-Tg. Aortic KCl-

contractions were significantly lower in CAT-Tg and exogenous H20, (10 umol/L) induced vasoconstriction.

Conclusions and Significance: These data suggest that endogenous H.0- is a vasoconstrictor in resistance

vessels in vivo and contributes to the regulation of blood pressure.
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3.2. Physical Inactivity Causes Endothelial Dysfunction in Healthy Young Mice

Published in Journal of the American College of Cardiology; 2004, 44(6), 1320-1327.
by Suvorava T, Lauer N, Kojda G.

Objective: Recent studies have linked exercise training to increased bioavailability of vascular nitric oxide (NO)
and to improved endothelial function in patients with cardiovascular disorders. The effects of physical inactivity on
normal vascular endothelial function are not known. We sought to determine if physical inactivity affects endothelial

function in young healthy individuals.

Methods and Results: Healthy young male C57BI/6 mice living in groups of five in large cages, where they were
running, climbing, and fighting during their active cycle, were randomly assigned to stay there or to live alone in
small cages where they were predominantly resting. After five and nine weeks citrate synthase activity, heart
weight/body weight ratio, vascular reactivity, and protein expression of endothelial nitric oxide synthase (eNOS)

were assessed.

Singularized mice showed a reduction of citrate synthase activity (p < 0.05), of endothelium-dependent
vasorelaxation (to 65 +/- 5% of control levels; p < 0.001), and of eNOS protein expression (to 53 +/- 8% of control
levels; p < 0.01). In striking contrast, vascular responses to potassium chloride, phenylephrine, and the NO-donor
racemic S-nitroso-N-acetylpenicillamine were unchanged. The alterations of vascular eNOS-activity were
completely reversible when singularized mice underwent exercise. In mice living in groups, exercise showed only
a small effect on aortic eNOS expression.

Conclusions and Significance: In young healthy individuals physical inactivity induces endothelial dysfunction,
which is completely reversible by a short period of moderate exercise training. We suggest that physical inactivity,
the so-called sedentary lifestyle, increases cardiovascular risk in young healthy individuals by inducing endothelial

dysfunction.
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3.3. Critical Involvement of Hydrogen Peroxide in Upregulation of eNOS Induced by
Exercise

Published in Cardiovascular Research, 2005, 65, 254-262.
by Lauer N, Suvorava T, Riither U, Jacob R, Meyer M, Harrison DG, Kojda G.

Objective: Recent studies from our groups have indicated that endothelial nitric oxide synthase (eNOS)
expression is increased in cell culture by both shear stress and by hydrogen peroxide (H202). In vivo, exercise
training, known to increase both endothelial shear stress and oxidative stress, also increases eNOS expression. It

is unclear if H2O2 contributes to an increase in eNOS expression in response to exercise training.

Methods and Results: To address this question, we generated mice overexpressing human catalase (CAT) driven
by the murine Tie-2 promoter to specifically target this transgene to the vasculature (CAT-Tg). Vessels of CAT-Tg
expressed significantly higher levels of catalase mRNA and catalase protein and activity but normal levels of eNOS.
Exercise alone had no effect on catalase expression in C57BL/6. Wild-type littermates of CAT-Tg showed an
increase in eNOS expression with 3 weeks of exercise (2.53+/-0.42-fold) comparable to C57BL/6 (2.93+/-0.45-
fold). In striking contrast, 3 weeks of exercise had no effect on aortic (1.33+/-0.32-fold) and myocardial (1.1+/-0.2-

fold) eNOS expression in catalase transgenic mice.

Conclusions and Significance: These data suggest that endogenous H.0, plays a key role in the endothelial

adaptation to exercise training by stimulating an up-regulation of eNOS.
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3.4. Hydrogen Peroxide Inhibits Exercise-Induced Increase of Circulating Stem Cells with
Endothelial Progenitor Capacity

Published in Free Radic Res; 2010, 44(2):199-207
by Suvorava T, Kumpf S, Rauch BH, Dao VT, Adams V, Kojda G.

Objective: The number of circulating stem cells with endothelial progenitor capacity (EPCs) inversely correlates
with the number of cardiovascular risk factors. In this study we sought to investigate the effects of vascular H,0.

on circulating EPC levels.

Methods and Results: In C57BL/6 mice 3 weeks of freely moving or forced physical activity or voluntary exercise
failed to increase circulating EPCs defined as double positive for Flk-1 and CD34, CD133 or Sca-1. Likewise,
neither vascular overexpression of catalase (CAT-Tg) or eNOS (eNOS-Tg) nor eNOS knock-out changed EPCs in
resting mice. In striking contrast, inhibition of catalase by aminotriazole strongly reduced circulating EPCs in
sedentary CAT-Tg and their transgen-negative littermates, while forced or voluntary exercise training of C-Tg mice
significantly increased the number of circulating EPCs. The latter effect was completely inhibitable by

aminotriazole.

Conclusions and Significance: These data suggest that endogenous vascular H,O; likely contributes to the

impairment of important stem cell-induced vascular repair mechanisms in cardiovascular disease.
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3.5. Catalase Activity Prevents Exercise-Induced Up-regulation of Vasoprotective Proteins

in Venous Tissue

Published in J Cell Mol Med, 2010, 15(11):2326-34.

by Dao VT, Floeren M, Kumpf S, Both C, Peter B, Balz V, Suvorava T, Kojda G.

Objective: Physical activity induces favourable changes of arterial gene expression and protein activity, although
little is known about its effect in venous tissue. Although our understanding of the initiating molecular signals is still
incomplete, increased expression of endothelial nitric oxide synthase (eNOS) is considered a key event. This study
sought to investigate the effects of two different training protocols on the expression of eNOS and extracellular
superoxide dismutase (ecSOD) in venous and lung tissue and to evaluate the underlying molecular mechanisms.

Methods and Results: C57BI/6 mice underwent voluntary exercise or forced physical activity. Changes of
vascular mRNA and protein levels and activity of eNOS, ecSOD and catalase were determined in aorta, heart,
lung and vena cava. Both training protocols similarly increased relative heart weight and resulted in up-regulation
of aortic and myocardial eNOS. In striking contrast, eNOS expression in vena cava and lung remained unchanged.
Likewise, exercise up-regulated ecSOD in the aorta and in left ventricular tissue but remained unchanged in lung
tissue. Catalase expression in lung tissue and vena cava of exercised mice exceeded that in aorta by 6.9- and 10-
fold, respectively, suggesting a lack of stimulatory effects of hydrogen peroxide. In accordance, treatment of mice
with the catalase inhibitor aminotriazole for 6 weeks resulted in significant up-regulation of eNOS and ecSOD in

vena cava.

Conclusions and Significance: These data suggest that physiological venous catalase activity prevents
exercise-induced up-regulation of eNOS and ecSOD. Furthermore, therapeutic inhibition of vascular catalase
might improve pulmonary rehabilitation.

25



SELECTED RESEARCH PAPERS

3.6. Regulation of Vascular Guanylyl Cyclase by Endothelial Nitric Oxide-Dependent

Posttranslational Modification

Published in Basic Res Cardiol; 2011, 106(4):539-49.
by Oppermann M*, Suvorava T*, Freudenberger T, Dao VT, Fischer JW, Weber M, Kojda G. (2011).
*contributed equally

Objective: In isolated cells soluble guanylyl cyclase (sGC) activity is regulated by exogenous nitric oxide (NO) via
downregulation of expression and post-translational S-nitrosylation. The aim of this study was to investigate
whether such regulatory mechanism impact on endothelium-dependent vasodilation in a newly developed mouse

strain carrying an endothelial-specific overexpression of eNOS (eNOS-Tg).

Methods and Results: Compared to transgene negative controls (eNOS-n), eNOS-Tg mice showed a 3.3-fold
higher endothelial specific aortic eNOS expression, increased vascular cGMP and VASP phosphorylation, a L-
nitro-arginine(L-NA)-inhibitable decrease of systolic blood pressure but normal levels of peroxynitrite and
nitrotyrosine formation, endothelium-dependent aortic vasodilation and vasodilation to NO donors. Western blot
analysis for sGC showed similar protein levels of sGC-a1 and sGC-$1 subunits in eNOS-n and eNOS-Tg. In striking
contrast, the activity of isolated sGC was strongly decreased in lungs of eNOS-Tg. Semiquantitative evaluation of
sGC-B1-S-nitrosylation demonstrated that this loss of sGC activity is associated with increased nitrosylation of the

enzyme in eNOS-Tg, a difference that disappeared after L-NA-treatment.

Conclusions and Significance: Our data suggest the existence of a physiologic NO-dependent posttranslational
regulation of vascular sGC in mammals involving S-nitrosylation as a key mechanism. Since this mechanism can

compensate for reduction of vascular NO-bioavailability, it may mask the development of endothelial dysfunction.
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3.7. Effect of Oral Organic Nitrates on Expression and Activity of Vascular Soluble

Guanylyl Cyclase

Published in Br. J. Pharmacol 2008, 115(3): 335-42.
by Oppermann M, Dao VT, Suvorava T, Bas M, Kojda G.

Objective: The regulation of vascular soluble guanylyl cyclase (sGC) expression by nitric oxide (NO) is still under
discussion. In vitro, NO has been shown to downregulate the expression of sGC but it is unclear if this mechanism

is operative in vivo and occurs during nitrate treatment.

Methods and Results: We investigated whether high dose isosorbide mononitrate (ISMN) or pentaerythrityl
tetranitrate (PETN) treatment changes vascular sGC expression and activity in vivo. New Zealand white rabbits
received a standard diet, 2 or 200 mg ISMN kg(-1) d(-1) for 16 weeks, and C57BI/6 mice received a standard diet,
6, 60 or 300 mg PETN kg(-1) d(-1) for four weeks. Absorption was checked by measuring the plasma levels of the
drug/metabolite. Western blots of rabbit aortic rings showed similar protein levels of sGC alpha1- (P=0.2790) and
beta1-subunits (P=0.6900) in all groups. Likewise, ANOVA showed that there was no difference in the expression
of sGC in lungs of PETN-treated mice (P=0.0961 for alpha1 and P=0.3709 for beta1). The activities of isolated
sGC in response to SNAP (1 microM -1 mM) were identical in aortae of ISMN-treated rabbits (P=0.0775) and lungs
of PETN-treated mice (P=0.6348). The aortic relaxation response to SNAP slightly decreased at high ISMN but
not at high PETN.

Conclusions and Significance: These data refute the hypothesis that therapeutic treatment with long acting NO

donors has a significant impact on the regulation of vascular sGC expression and activity in vivo.

27



SELECTED RESEARCH PAPERS

3.8. Pharmacological Induction of Vascular Extracellular Superoxide Dismutase
Expression in vivo.

Published in J Cell Mol Med. 2009 Jul;13(7):1271-8.
by Oppermann M, Balz V, Adams V, Dao VT, Bas M, Suvorava T, Kojda G.

Objective: Pentaerythritol tetranitrate (PETN) treatment reduces progression of atherosclerosis and endothelial
dysfunction and decreases oxidation of low-density lipoprotein (LDL) in rabbits. These effects are associated with
decreased vascular superoxide production, but the underlying molecular mechanisms remain unknown. Previous
studies demonstrated that endogenous nitric oxide could regulate the expression of extracellular superoxide

dismutase (ecSOD) in conductance vessels in vivo.

Methods and Results: We investigated the effect of PETN and overexpression of endothelial nitric oxide synthase
(eNOS-Tg) on the expression and activity of ecSOD. C57BL/6 mice were randomized to receive placebo or
increasing doses of PETN for 4 weeks and eNOS-Tg mice with a several fold higher endothelial-specific eNOS
expression were generated. The expression of ecSOD was determined in the lung and aortic tissue by real-time
PCR and western blot. The ecSOD activity was measured using inhibition of cytochrome C reduction. There was
no effect of PETN treatment or eNOS overexpression on ecSOD mRNA in the lung tissue, whereas ecSOD protein
expression increased from 2.5-fold to 3.6-fold (P < 0.05) by 6 mg PETN/kg body weight (BW)/day and 60 mg
PETN/kg BW/day, respectively. A similar increase was found in aortic homogenates. eNOS-Tg lung cytosols
showed an increase of ecSOD protein level of 142 +/- 10.5% as compared with transgene-negative littermates (P
<0.05), which was abolished by N(omega)-nitro-L-arginine treatment. In each animal group, the increase of ecSOD

expression was paralleled by an increase of ecSOD activity.

Conclusions and Significance: Increased expression and activity of microvascular ecSOD are likely induced by
increased bioavailability of vascular nitric oxide. Up-regulation of vascular ecSOD may contribute to the reported

antioxidative and anti-atherosclerotic effects of PETN.
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3.9. Nitric Oxide Up-regulates Endothelial Expression of Angiotensin Il type 2 Receptors

Published in Biochemical Pharmacology, 2016, 112:24-36.
by Dao VT, Medini S, Bisha M, Balz V, Suvorava T, Bas M, Kojda G.

Objective: Increasing vascular NO levels following up-regulation of endothelial nitric oxide synthase (eNOS) is
considered beneficial in cardiovascular disease. Whether such beneficial effects exerted by increased NO levels

include the vascular renin-angiotensin system remains elucidated.

Methods and Results: Exposure of endothelial cells originated from porcine aorta, mouse brain and human
umbilical veins to different NO-donors showed that expression of the angiotensin-II-type-2-receptor (AT2) mRNA
and protein is up-regulated by activation of soluble guanylyl cyclase, protein kinase G and p38 mitogen-activated
protein kinase without changing AT2 mRNA stability. In mice, endothelial-specific overexpression of eNOS
stimulated, while chronic treatment with the NOS-blocker L-nitroarginine inhibited AT2 expression. The NO-
induced AT2 up-regulation was associated with a profound inhibition of angiotensin-converting enzyme (ACE)-
activity. In endothelial cells this reduction of ACE-activity was reversed by either the AT2 antagonist PD 123119 or
by inhibition of transcription with actinomycin D. Furthermore, in C57BI/6 mice an acute i.v. bolus of L-nitroarginine
did not change AT2-expression and ACE-activity suggesting that inhibition of ACE-activity by endogenous NO is
crucially dependent on AT2 protein level. Likewise, three weeks of either voluntary or forced exercise training
increased AT2 expression and reduced ACE-activity in C57BI/6 but not in mice lacking eNOS suggesting
significance of this signaling interaction for vascular physiology. Finally, aortic AT2 expression is about 5 times
greater in female as compared to male C57BlI/6 and at the same time aortic ACE activity is reduced in females by

more than 50%.

Conclusions and Significance: Taken together, these findings imply that endothelial NO regulates AT2

expression and that AT2 may regulate ACE-activity.
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3.10. Sustained Hypertension despite Endothelial-Specific eNOS Rescue in eNOS-

Deficient Mice

Published in Biochemical and Biophysical Research Communications; 2015, 458: 576-583.
by Suvorava T, Stegbauer J, Thieme M, Pick S, Friedrich S, Rump LC, Hohlfeld T, Kojda G.

Objective: The aim of the study was to evaluate the possible contribution of non-endothelial eNOS to the regulation

of blood pressure (BP).

Methods and Results: To accomplish this, a double transgenic strain expressing eNOS exclusively in the vascular
endothelium (eNOS-Tg/KO) has been generated by endothelial-specific targeting of bovine eNOS in eNOS-
deficient mice (eNOS-KO). Expression of eNOS was evaluated in aorta, myocardium, kidney, brain stem and
skeletal muscle. Organ bath studies revealed a complete normalization of aortic reactivity to acetylcholine,
phenylephrine and the NO-donors in eNOS-Tg/KO. Function of eNOS in resistance arteries was demonstrated by
acute i.v. infusion of acetylcholine and the NOS-inhibitor L-NAME. Acetylcholine decreased mean arterial pressure
in all strains but eNOS-KO responded significantly less sensitive as compared eNOS-Tg/KO and C57BL/6.
Likewise, acute i.v. L-NAME application elevated mean arterial pressure in C57BL/6 and eNOS-Tg/KO, but not in
eNOS-KO. In striking contrast to these findings, mean, systolic and diastolic BP in eNOS-Tg/KO remained
significantly elevated and was similar to values of eNOS-KO. Chronic oral treatment with L-NAME increased BP
to the level of eNOS KO only in C57BL/6, but had no effect on hypertension in eNOS-KO and eNOS-Tg/KO.

Conclusions and Significance: Taken together, functional reconstitution of eNOS in the vasculature of eNOS
KO not even partially lowered BP. These data suggest that the activity of eNOS expressed in non-vascular tissue

might play a role in physiologic BP regulation.
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3.11. Red Blood Cell and Endothelial eNOS Independently Regulate Circulating Nitric
Oxide Metabolites and Blood Pressure

Published in Circulation. 2021; 144(11):870-889.

by Leo F*, Suvorava T*, Heuser SK, Li J, LoBue A, Barbarino, F, Piragline E, Schneckmann R, Hutzler B, Good
ME, Fernandez BO, Vornholz L, Rogers S, Doctor A, Grandoch M, Stegbauer J, Weitzberg E, Feelisch M,
Lundberg JO, Isakson BE, Kelm M, Cortese-Krott MM.

*contributed equally

Objective: Current paradigms suggest that nitric oxide (NO) produced by endothelial cells (ECs) through
endothelial nitric oxide synthase (eNOS) in the vessel wall is the primary regulator of blood flow and blood pressure.
However, red blood cells (RBCs) also carry a catalytically active eNOS, but its role is controversial and remains
undefined. This study aimed to elucidate the functional significance of RBC eNOS compared with EC eNOS for

vascular hemodynamics and nitric oxide metabolism.

Methods and Results: We generated tissue-specific loss- and gain-of-function models for eNOS by using cell-
specific Cre-induced gene inactivation or reactivation. We created 2 founder lines carrying a floxed eNOS
(eNOSfoxfix) for Cre-inducible knockout (KO), and gene construct with an inactivated floxed/inverted exon
(eNOSvinv) for a Cre-inducible knock-in (KI), which respectively allow targeted deletion or reactivation of eNOS in
erythroid cells (RBC eNOS KO or RBC eNOS Kl mice) or in ECs (EC eNOS KO or EC eNOS Kl mice). Vascular
function, hemodynamics, and nitric oxide metabolism were compared ex vivo and in vivo.

The EC eNOS KOs exhibited significantly impaired aortic dilatory responses to acetylcholine, loss of flow-mediated
dilation, and increased systolic and diastolic blood pressure. RBC eNOS KO mice showed no alterations in
acetylcholine-mediated dilation or flow-mediated dilation but were hypertensive. Treatment with the nitric oxide
synthase inhibitor Ny-nitro-L-arginine methyl ester further increased blood pressure in RBC eNOS KOs,
demonstrating that eNOS in both ECs and RBCs contributes to blood pressure regulation. Although both EC eNOS
KOs and RBC eNOS KOs had lower plasma nitrite and nitrate concentrations, the levels of bound NO in RBCs
were lower in RBC eNOS KOs than in EC eNOS KOs. Reactivation of eNOS in ECs or RBCs rescues the
hypertensive phenotype of the eNOSinv/inv mice, whereas the levels of bound NO were restored only in RBC
eNOS Kl mice.

Conclusions and Significance: These data reveal that eNOS in ECs and RBCs contribute independently to blood

pressure homeostasis.
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3.12. Selective Impairment of Blood Pressure Reduction by Endothelial Nitric Oxide
Synthase Dimer Destabilization in Mice

Published in J. Hypertens. 2017 Jan; 35(1):76-88.
by Suvorava T*, Pick S*, Kojda G.

*contributed equally

Objective: Endothelial dysfunction and oxidative stress are associated with hypertension but whether endothelial
superoxide may play a role in the early development of essential hypertension remains uncertain.
The aim of this study was to elucidate whether eNOS-derived endothelial oxidative stress is involved in the

regulation of blood pressure.

Methods and Results: Wild-type eNOS (eNOS-Tg) or a novel dimer-destabilized eNOS-mutant harboring a
partially disrupted zinc-finger (C101A-eNOS-Tg) was introduced in C57BL/6 in an endothelial-specific manner.
Mice were monitored for aortic endothelium-dependent relaxation, systolic blood pressure, levels of superoxide
and several post-translational modifications indicating activity and/or increased vascular oxidative stress. Some

groups of mice underwent voluntary exercise training for 4 weeks or treatment with the SOD mimetic Tempol.

C101A-eNOS-Tg showed significantly increased superoxide generation, protein- and eNOS-tyrosine-nitration,
eNOS-S-glutathionylation, eNOS'767% phosphorylation and AMP kinase (AMPKa) phosphorylation at Thr172 in
aorta, skeletal muscle, left ventricular myocardium and lung as compared to eNOS-Tg and wildtype (WT)-controls.
Exercise training increased phosphorylation of eNOS at Ser''767 and AMPKa in WT. These physiologic
adaptations were absent in C101A-eNOS-Tg. Aortic endothelium-dependent relaxation was similar in all strains.
C101A-eNOS-Tg displayed normal blood pressure despite higher levels of eNOS, while eNOS-Tg showed
significant hypotension. Tempol completely reversed the occurring protein modifications and significantly reduced
blood pressure in C101A-eNOS-Tg but not in WT.

Conclusions and Significance: Oxidative stress generated by endothelial-specific expression of genetically
destabilized C101A-eNOS selectively prevents BP reducing activity of vascular eNOS, while having no effect on
aortic endothelial-dependent relaxation. These data suggest that oxidative stress in microvascular endothelium

may play a role for the development of essential hypertension.

32



SELECTED RESEARCH PAPERS

3.13. Impact of eNOS-dependent Oxidative Stress on Endothelial Function and Neointima
Formation

Published in Antioxidants & Redox Signaling 2015; 23(9):711-23.
by Suvorava T, Nagy N, Pick S, Lieven O, Ruether U, Dao VT, Fischer JW, Weber M, Kojda G.

Objectives: Vascular oxidative stress generated by uncoupled endothelial NO-synthase (eNOS) was observed in
experimental and clinical cardiovascular disease but its relative importance for vascular pathologies is unclear. We
investigated the impact of eNOS-dependent vascular oxidative stress on endothelial function and on neointimal

hyperplasia.

Methods and Results: A dimer-destabilized mutant of bovine eNOS where cysteine 101 was replaced by alanine
(C101A-eNOS-Tg) was cloned and introduced into an eNOS-deficient mouse strain (eNOS-KO) in an endothelial-
specific manner (C101A-eNOS-Tg/KO). Destabilization of mutant eNOS in cells and eNOS-KO was confirmed by
the reduced dimer/monomer ratio. Purified mutant eNOS and transfected cells generated less citrulline and NO,
respectively, while superoxide generation was enhanced. In eNOS-KO introduction of mutant eNOS caused a
significant increase in superoxide and peroxynitrite formation in aorta and myocardium. This was completely
blunted by a NOS-inhibitor. Nevertheless, expression of mutant eNOS in eNOS-KO completely restored maximal
aortic endothelium-dependent relaxation to acetylcholine. Neointimal hyperplasia induced by carotid binding was
much larger in eNOS-KO than in mutant C101A-eNOS-Tg/KO and C57BL/6, while the latter strains showed

comparable hyperplasia. Likewise, vascular remodeling was blunted in eNOS-KO only.

Conclusions and Significance: Our results provide the first in vivo evidence that eNOS-dependent oxidative
stress is unlikely to be an initial cause of impaired endothelium-dependent vasodilation and/or a pathologic factor
promoting intimal hyperplasia. These findings highlight the importance of other sources of vascular oxidative stress
in cardiovascular disease. eNOS-dependent oxidative stress is unlikely to induce functional vascular damage as
long as concomitant generation of NO is preserved. This underlines the importance of current and new therapeutic

strategies in improving endothelial NO generation.
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3.14. Deletion of Hyaluronan Synthase 3 Inhibits Neointimal Hyperplasia in Mice

Published in Atheroscler Thromb Vas Biol. 2016;36(2):€9-16.
by Kiene LS, Homann S, Suvorava T, Rabausch B, Miiller J, Kojda G, Kretschmer |, Twarock S, Dai G, Deenen
R, Hartwig S, Lehr S, Kohrer K, Savani RS, Grandoch M*, Fischer JW*

*contributed equally

Objective: Hyaluronan (HA) is a polymeric glucosaminoglycan that forms a provisional extracellular matrix in
diseased vessels. HA is synthesized by 3 different HA synthases (HAS1, HAS2, and HAS3). Aim of this study was

to unravel the role of the HAS3 isoenzyme during experimental neointimal hyperplasia.

Methods and Results: Neointimal hyperplasia was induced in HAS3-deficient mice by ligation of the carotid artery.
HA in the media of HAS3-deficient mice was decreased 28 days after ligation, and neointimal hyperplasia was
strongly inhibited. However, medial and luminal areas were unaffected. Cell density, proliferation, and apoptosis
were not altered, suggesting a proportional decrease of both, the number of cells and extracellular matrix. In
addition, endothelial function as determined by acetylcholine-induced relaxation of aortic rings, immunoblotting of
endothelial nitric oxide synthase, and arterial blood pressure were not affected. Furthermore, the oxidative stress
response was not affected as determined in total protein extracts from aortae. Transcriptome analysis comparing
control versus ligated carotid arteries hinted toward a mitigated differential regulation of various signaling pathways
in Has3-deficient mice in response to ligation that were related to vascular smooth muscle cell (VSMC) migration,
including focal adhesions, integrins, mitogen-activated protein kinase, and phosphatidylinositol signaling system.
Lentiviral overexpression of HAS3 in VSMC supported the migratory phenotype of VSMC in response to platelet-
derived growth factor BB in vitro. Accordingly, knockdown of HAS3 reduced the migratory response to platelet-

derived growth factor BB and in addition decreased the expression of PDGF-B mRNA.

Conclusions and Significance: HAS3-mediated HA synthesis after vessel injury supports seminal signaling
pathways in activation of VSMC, increases platelet-derived growth factor BB-mediated migration, and in turn

enhances neointimal hyperplasia in vivo.
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3.15. Endothelial Hyaluronan Synthase 3 Augments Postischemic Arteriogenesis through
CD44/eNOS Signaling

Published in Atheroscler Thromb Vasc Biol. 2021;41(10):2551-2562.
Schneckmann R., Suvorava T, Hundhausen C, Schuler D, Lorenz C, Freudenberger T, Kelm M, Fischer JW,
Flégel U, Grandoch M.

Objective: The dominant driver of arteriogenesis is elevated shear stress sensed by the endothelial glycocalyx
thereby promoting arterial outward remodeling. Hyaluronan, a critical component of the endothelial glycocalyx, is
synthesized by 3 HAS isoenzymes (hyaluronan synthases 1-3) at the plasma membrane. Considering further the
importance of HAS3 for smooth muscle cell and immune cell functions we aimed to evaluate its role in collateral

artery growth

Methods and Results: Male HAS3-deficient (HAS3 KO) mice were subjected to hindlimb ischemia. Blood
perfusion was monitored by laser Doppler perfusion imaging and endothelial function was assessed by
measurement of flow-mediated dilation in vivo. Collateral remodeling was monitored by high resolution magnetic
resonance angiography. A neutralizing antibody against CD44 (clone KM201) was injected intraperitoneally to
analyze hyaluronan signaling in vivo. After hindlimb ischemia, HAS3 KO mice showed a reduced arteriogenic
response with decreased collateral remodeling and impaired perfusion recovery. While postischemic leukocyte
infiltration was unaffected, a diminished flow-mediated dilation pointed towards an impaired endothelial cell
function. Indeed, endothelial AKT (protein kinase B)-dependent eNOS (endothelial nitric oxide synthase)
phosphorylation at Ser1177 was substantially reduced in HAS3 KO thigh muscles. Endothelial-specific HAS3 KO
mice mimicked the hindlimb ischemia-induced phenotype of impaired perfusion recovery as observed in global
HAS3-deficiency. Mechanistically, blocking selectively the hyaluronan binding site of CD44 reduced flow-mediated

dilation, thereby suggesting hyaluronan signaling through CD44 as the underlying signaling pathway.

Conclusions and Significance: In summary, HAS3 contributes to arteriogenesis in hindlimb ischemia by
hyaluronan/CD44-mediated stimulation of eNOS phosphorylation at Ser1177. Thus, strategies augmenting
endothelial HAS3 or CD44 could be envisioned to enhance vascularization under pathological conditions.
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4. CONCLUSIONS

“A conclusion is simply the place where someone got tired of
thinking.”
Albert Einstein (1879-1955)

The main results of these studies are summarized graphically in Figure 5 and in the following chapers. The full
texts are attached to this document.
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Figure 5: Graphic summary of the main results. 3.1 - 3.15 selected research papers as listed in Chapter 3. EC - endothelial
cells, VSMC - vascular smooth muscle cells, EPC - endothelial progenitor cells, eNOS — endothelial NO-synthase, ecSOD -
extracellular superoxide dismutase, AT2R - angiotensin Il type 2 receptor, HA — hyaluronan, HAS3 - hyaluronan synthase 3,
FMD - flow-mediated dilation, CD44 - cluster of differentiation 44. Figure created by author.

The main findings of these studies are:

1. Endogenous steady state levels of hydrogen peroxide contribute to maintenance of arteriolar tone and blood

pressure.

2. Vascular hydrogen peroxide is a crucial player in exercise-induced mobilization of EPCs, upregulation of eNOS

and other vasoprotective proteins in arterial but not venous tissue.

3. Endogenous and exogenous NO increases vascular ecSOD, angiotensin type 2 receptors expression and

regulates sGC activity by its posttranslational S-nitrosylation.

4. Non-endothelial eNOS in red blood cells is an important regulator of NO metabolism and blood pressure

homeostasis.

5. Increased generation of vascular superoxide and peroxynitrite by destabilized eNOS plays is unlikely a

pathological factor promoting endothelial dysfunction and intima hyperplasia.
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6. The vascular smooth muscle cell-associated HA synthesyzed by HAS3 enhances neointima hyperplasia;
endothelial HAS3-derived HA contributes to mechanosensing and arteriogenesis in hindlimb ischemia by
HA/CD44-mediated stimulation of eNOS phosphorylation at Ser1177.

4.1. Endogenous Hydrogen Peroxide and Blood Pressure Homeostasis

The main finding of the study (Ref. § 3.1) is that a reduction of steady-state concentrations of vascular hydrogen
peroxide induced by a vascular-specific overexpression of catalase resulted in a marked reduction of systolic blood
pressure in mice. This hypotension was completely reversible by the catalase inhibitor aminotriazole. In contrast
to the reports in unspecific catalase overexpressing mice, which showed normal blood pressure (172), specific
targeting of catalase overexpression to the vasculature was important to unmask a vasotonic effect of endogenous

hydrogen peroxide.

It is known that vascular hydrogen peroxide has many associations to the vascular NO/cGMP pathway (41, 173,
174). However, profound hypotension in CAT-Tg mice was not dependent on endogenous nitric oxide
bioavailability. There was no difference in vascular eNOS protein content, eNOS activity and the efficiency of the
NO/cGMP pathway between CAT-Tg and wild type mice. Thus, these data did not support the hypothesis that
vascular hydrogen peroxide impairs endogenous NO production and bioavailability in blood pressure-regulating

skeletal resistance vessels.

Investigation of endothelial function and vascular tone in aortic tissue of CAT-Tg and WT mice revealed no
difference in concentration-dependent vasoconstriction to phenylephrine. However, inhibition of catalase activity
unmasked a potentiation of adrenergic vasoconstriction by phenylephrine in aortic rings of WT mice which was
attenuated in CAT-Tg. When exogenous hydrogen peroxide was applied, small vasoconstrictor effects were
observed in wild type mice only, while higher concentrations induced strong and irreversible vasodilator effects in
both WT and CAT-Tg, suggesting that concentrations of hydrogen peroxide which likely resemble in vivo conditions
potentiate adrenergic vasoconstrictor effects. Interactions of hydrogen peroxide with some proteins of a1A/C-
receptors signal transduction pathway such as phospholipase C, protein kinase C and phosphoinositide 3-kinase
(175) might explain the molecular mechanisms of hydrogen peroxide-induced increases of vascular tone. These
results are consistent with a previous report showing that increases of blood pressure in response to
vasoconstrictor agents such as norepinephrine and angiotensin Il were less pronounced in mice with an unspecific

overexpression of catalase (172).

Early studies suggested that elevated hydrogen peroxide levels may contribute to pathologic events resulting in
hypertension. Lacy et al. showed that in hypertension the plasma concentration of hydrogen peroxide is increased
and is positively correlated to plasma renin activity and systolic blood pressure, while negatively correlated to

cardiac contractility and renal function (46). The direct demonstration of hypotension in mice carrying a vascular-
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specific overexpression of catalase argued for the vasoconstrictor effects of endogenous hydrogen peroxide on

resistance vessels and possible contribution of these effects to the development of hypertension.

In recent years, the view on the signaling properties of hydrogen peroxide has been greatly changed by the
implication of redox signaling (10, 35, 37, 176, 177) in regulation of different physiological and pathological
processes. Hydrogen peroxide is now undoubtly considered as an important redox regulatory molecule. Biological
reactions catalysed by hydrogen peroxide typically involve the reversible oxidation of cysteine residues of the key
signaling proteins, which may affect vascular proteins function to enable homeostatic regulation (10, 35, 176-178).
For instance, an importance of hydrogen peroxide for vascular redox signaling was shown in a study using mice
with “redox dead” version of protein kinase G l-alpha. The inability of resistance vessels to sense, transduce and
relax in response to hydrogen peroxide resulted in a hypertensive phenotype (179). Activation/deactivation cycles
of hydrogen peroxide production coordinate the spatiotemporal organization of redox signaling (10, 178). Future
studies are emerged to define the components and mechanisms involved in performing vascular redox chemistry
as well as how the cells spatially and temporally channel hydrogen peroxide into specific signaling pathways to

achieve the desired cellular outcomes.

4.2. Endogenous Hydrogen Peroxide, eNOS and Exercise Training

The studies described here (Ref. §3.2-3.5) were focused on the effects of endogenous hydrogen peroxide and NO
in the vascular adaptation to exercise training. Activation of redox sensitive regulatory by transient ROS/RNS
generation in acute exercise may stimulate the longer lasting expression of certain antioxidants enzymes and
thereby increases antioxidant capacity of the vascular wall. More extended periods of exercise results in a
stimulation of radical scavenging systems that include copper-zinc-containing superoxide dismutase (180),
extracellular superoxide dismutase (72), and glutathione peroxidase (181) as well as reduced expression of
NADPH oxidase (99). These effects contribute to improved endothelial function and are beneficial for vascular
health.

In contrast to moderate exercise, sedentary lifestyle decerases NO-bioavailability and induces endothelial
dysfunction (Ref. § 3.2, (67, 182)). In general, the mechanism of endothelial dysfunction is multifactorial and
depends on the underlying pathological process (183-185). Here (§ 3.2.) the development of endothelial
dysfunction was found in healthy mice that had been subjected to singularization. At the same time, the protein
expression of eNOS was reduced by one-half, whereas activation of the NO/cGMP pathway was equally effective
in singularized and control mice. Downregulation of eNOS expression appears to be a key mechanism underlying
the impairment of endothelial function in sedentary mice. In accordance, we demonstrate that exercise reversed
endothelial dysfunction induced by singularization. However, other mechanisms decreasing the bioavailability of
endothelial NO in sedentary mice, such as post-translational modification of eNOS activity or other proteins might

also play a role.
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Regarding the wildlife habits, singularization of mice is an artificial situation. This holds also true for mice being
caged in groups. Interestingly, we found identical endothelium-dependent vasodilation in exercised and group
living mice, although there was a large and significant difference concerning citrate synthase activity, which was
shown to correlate with physical activity (186, 187). This suggests that low-intensity physical activity may be
sufficient to maintain normal endothelial function in young healthy individuals. Furthermore, vigorous exercise has
no further impact on endothelium-dependent vasodilation and eNOS expression in normally active mice. Thus, it
seems likely that the differences in physical activity in the experimental setup described above mimic to a certain
extent the situation in humans. For example, it was shown that there is an identical rate of cardiovascular events
between women who simply walked for exercise and those who underwent vigorous exercise (188). Interestingly,
only leisure time but not occupational physical activity is shown to improve cardiorespiratory and metabolic fitness
and health (189).

Using the transgenic mouse model with vascular-specific overexpression of catalase, contribution of endogenously
produced hydrogen peroxide in eNOS upregulation by exercise training was established supporting the concept
that ROS/RNS play an important role as second messengers for the adaptations to exercise (Ref. §3.3). The
mechanism of exercise-induced up-regulation of eNOS activity appears to be multifactorial (65, 66, 190, 191).
Regular bouts of increased laminar flow along the endothelium increase eNOS expression and eNOS
phosphorylation at Ser1177 and improve antioxidative protection. Experimental evidence suggested that activation
of ¢-Src (192) and vascular hydrogen peroxide (Ref. §3.3, (193) are critically involved. The increase of eNOS
activity in response to hydrogen peroxide comes along with an Akt-dependent eNOS phosphorylation at Ser 1177
and is thought to be an acute cellular adaptation to an increase in oxidant stress (52, 99, 194). Likewise, exercise
increases expression of vascular ecSOD, which could enhance formation of hydrogen peroxide (72), which could,
in its turn, also contribute to the upregulation of eNOS expression. Physical training also results in activation of
AMP-activated protein kinase (AMPK) as global (195) and endothelial-specific deletion of AMPK (196) prevented

eNOS upregulation by exercise.

Furthermore, exercise increases not only oxygen consumption but also the generation of ROS such as superoxide
and hydrogen peroxide (81, 197) and shear stress has been shown to increase the vascular generation of ROS
by an endothelium-dependent mechanism (81, 82). In a physiological context, increased generation of ROS by
acute bout of exercise could be important to avoid excessive dilation. Interestingly, antioxidants appear to prevent
health-promoting effects of physical exercise in humans (198). Thus, ROS generation by acute exercise could be
part of a hormetic response that is known to mediate benefits to physical training, in which redox signaling

prevention by improved antioxidant capacity abrogates the favourable health effects.

Mobilization of EPCs from the bone marrow is another important adaptation to exercise. Numerous studies
provided evidence of the exercise-induced mobilization of EPCs from the bone marrow to the circulation (199) or
improved functional capacities of EPCs after exercise (200). Experimental data have shown that mobilization of

EPCs in vivo from the bone marrow is substantially eNOS dependent (201, 202), and is due to activation of matrix
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metalloproteinases 2 and 9 (203). Using training protocols of different intensities and several approaches to assess
peripheral EPCs levels, we found that 4 week exercise apparently doesn't change circulating EPCs in young
healthy wild type mice (Ref. § 3.4). In striking contrast, exercise strongly increased EPCs in mice with vascular
specific overexpression of catalase and this was completely abolished by a catalase inhibitor. Likewise, inhibition
of catalase decreased circulating EPCs in both CAT-Tg and their wild type littermates independent of exercise.
Our data provide a new pathophysiologic role for endogenous hydrogen peroxide, i.e. a reduction of the number
of circulating EPCs and inhibition of exercise-induced EPCs mobilization from the bone marrow.This finding was
supported by other studies showing involvement of ROS, especially hydrogen peroxide and the ROS-regulated
bone marrow microenvironment in the regulation of stem and progenitor cell functions such as self-renewal,

differentiation, survival/apoptosis, proliferation, and mobilization (204).

Little was known about the exercise-induced expression and activity of eNOS in low-pressure vasculature. In one
investigation there was a small increase of eNOS after 1 week of exercise in pulmonary arteries of miniature pigs
(205) and another study showed similar effects after an acute bout of exercise in rats (206). To understand the
importance of exercise in venous vascular biology, effects of exercise on the expression of eNOS and ecSOD in
low pressure vasculature such as vena cava or the lung circulation were investigated in Ref. § 3.5 using forced
and voluntary exercise approaches. The major new finding is that — in contrast to arterial tissue — exercise had no
effect on the expression of eNOS and ecSOD in venous tissue, however, inhibition of catalase resulted in up-

regulation of these proteins in vena cava after exercise training.

These data might be helpful to explain why pulmonary rehabilitation programs do not improve lung mechanics and
gas exchange, while exercise improves arterial functions such as endothelium dependent vasodilation and organ
perfusion (73, 207). In view of the significance of lung perfusion for blood arterialization, exercise induced up-
regulation of eNOS in the pulmonary circulation could theoretically improve pulmonary gas exchange. Furthermore,
upregulation of eNOS might reduce the transmural pressure of pulmonary blood vessels by shear-induced
endothelium-dependent vasodilation and this might have a protective effect on the blood gas barrier (208). Taking
together, the results of Ref. §3.5 suggest that physiological venous catalase activity prevents exercise-induced up-
regulation of eNOS and ecSOD and that the effect of exercise on these protein expression does not occur in a

similar manner in the venous vessels.

4.3. NO-dependent Regulation of Vasoprotective Proteins in vivo

NO-dependent regulation of sGC protein and activity In the study (Ref. §3.6) a new mouse strain with
endothelial-specific overexpression of eNOS (eNOS-Tg) was applied to unravel the effects of endogenous NO on
the expression and activity of vascular sGC. In contrast to another existing mouse model for endothelial specific
eNOS overexpression (209), eNOS-Tg showed a relative moderate increase of vascular eNOS protein level. The

overexpressed eNOS protein was functionally active as indicated by a significant reduction of blood pressure,
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which was inhibited by treatment with the NOS-inhibitor. Moreover, there was no evidence of nitrosative stress in
these mice as vascular levels of superoxide and peroxynitrite measured by electron spin resonance as well as the
abundance of protein nitrotyrosine residues were identical to the transgene negative littermates. Likewise, no

evidence for a resistance to vasodilator effects of endogenous NO and NO-donors were found.

The major new finding in eNOS-Tg is that endothelial NO-bioavailability triggers S-nitrosylation of its key receptor
sGC and thereby negatively regulates sGC activity in vivo in a reversible manner. Despite significant changes of
aortic NO-bioavailability, the functional efficacy of the vascular NO/cGMP pathway is maintained over a
considerable range of vascular NO-levels. This study demonstrates that S-nitrosylation of sGC is an important
physiologic posttranslational modification, which regulates sGC activity in an NO-dependent manner and provide
experimental evidence that downregulation of sGC expression, which can be shown by treating isolated cells or
arteries with NO (110, 210), appears not to occur in vivo as also found in PETN-treated mice and ISMN-treated
rabbits (Ref. §3.7).

S-nitrosylation of sGC is likely a physiologic response to changes of vascular NO-bioavailability in both directions.
Thus, S-nitrosylation of sGC by endothelial NO likely compensates for limited changes of vascular NO-
bioavailability. For example, acetylcholine-dependent vasodilation was identical in eNOS-Tg and WT although one
would have expected that a moderate increase in endothelial eNOS expression would potentiate thisresponse. In
accordance, this compensatory mechanism might contribute to explain why exercise training, another approach to
increase endothelial eNOS expression and vascular NO-bioavailability, is not consistently associated with
improved endothelium-dependent vasodilation in healthy mammals (Ref. §3.2). On the other hand, a reduction or
lack of vascular NO-bioavailability as accomplished by NOS-inhibition or eNOS depletion, respectively potentiates
vascular sGC activity (113, 133). The reduction of NO-bioavailability might be masked and therefore not be
detected until the NO-levels fall beyond the potentiator effect on sGC activity induced by reversal of sGC S-
nitrosylation (Ref. §3.6).

The results of this research indicate that downstream of eNOS, the NO-cGMP pathway has a great capacity which
ensures full functional activity even in the setting of strong desensitization of the central enzyme sGC. These
results are in line with reports demonstrating that the majority of NO-sensitive sGC is not required for cGMP-
forming activity (106, 211). In these studies, a complete NO-dependent vasodilation was achieved in aortic rings
of sGC-ai1 deficient mice. This vasodilation occurred despite a low increase in vascular cGMP and was mediated

by the sGCa.2/sGC-B+ heterodimer which accounts for only 6% of total vascular sGC.

In summary, our results (Ref. §3.6-3.7) do not support the hypothesis that therapeutic and endogenous NO play a
significant role in regulation of vascular sGC protein expression. Feedback signaling by NO on vascular sGC-
expression did not occur in vivo, not even at continuous treatment with long-acting NO-donors (Ref. §3.7) or
increased endogenous NO production (in eNOS-Tg, Ref. § 3.6). The activity of the key enzyme of the NO-cGMP

pathway, the sGC is a subject of redox regulation via S-nitrosylation.
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Regulation of vascular ecSOD by NO in vivo The study (Ref. §3.8) aimed to investigate whether vascular
expression of an important antioxidant ecSOD is affected by NO. Applying genetic and pharmacological
approaches to increase NO levels it was found that an exogenous NO donor, the organic nitrate PETN increases
the expression and activity of microvascular and macrovascular ecSOD in mice in vivo, and a similar increase was
observed in untreated eNOS-transgenic mice. Our data extend previous observations that increased bioavailability
of vascular NO upregulates ecSOD expression, and that this effect might contribute to the antioxidative and anti-

atherosclerotic effects of PETN observed previously (212, 213).

This is also the first study demonstrating that NO donor the organic nitrate PETN can induce the expression of
ecSOD. There was some debate whether NO is indeed the pharmacologically active principle of organic nitrates
(214). This study (Ref. § 3.8) demonstrated that neither PETN nor its trinitrate metabolite (PETrN) appears in
blood plasma, suggesting that PETN and PETrN undergo extensive hepatic metabolism following intestinal
absorption, the so-called first-pass effect (215) and that vascular NO formation from pentaerythritol dinitrate
(PEDN) and pentaerythritol mononitrate (PEMN) is a prerequisite for the therapeutical efficacy of PETN. This was
further substantiated using the eNOS-Tg mouse model were a significant up-regulation of ecSOD protein
expression and activity has been found, suggesting that NO is the active mediator. In line with this findings, a
strong down-regulation of ecSOD protein expression was measured after NOS-inhibition in eNOS-Tg and wild-

type mice.

In human vascular smooth muscle cells, NO was shown to increase the transcription but not the half-life of ecSOD
mRNA, and the effect on transcription was critically dependent on the activity of p38 mitogen activated protein
(MAP) kinase (72). In contrast to these findings, in the present study (Ref. §3.8) no detectable changes in mMRNA
levels of the enzyme were found in murine lung and aortic tissue after PETN treatment and in eNOS-Tg mice as
well. ecSOD is the only extracellular scavenger of superoxide anion that is secreted from the producing cells into
the extracellular space and is bound to cell surface and extracellular matrix through its heparin-binding domain.
One alternative pathway is that ecSOD is produced in other organs or tissues and reaches the lungs by travelling
through the circulation. In this case, one would expect an increase of circulating ecSOD protein, which was indeed
measurable (Ref. §3.8). However, it remains unclear whether this moderate increase of circulating ecSOD is

sufficient to account for the increase of ecSOD found in the aorta and lungs.

Alternatively, a yet unresolved, solely post-translational in vivo regulation of ecSOD protein expression by NO
might occur. ecSOD may undergo various posttranslational modifications through the secretory pathway, including
N-glycosylation (216), disulfide bond formation (217), proteolytic cleavage (218, 219), cathepsin A-mediated
degradation of EC-SOD protein (220) and a recent proteomics study showed ecSOD S-gluthathionylation (221).
Peng et al. found an NO-induced inhibition of the ubiquitin—proteasome system in murine primary cortical neurons
(222). Given this, one could speculate that the increase of ecSOD protein expression and activity in vivo could be
a yet undiscovered effect of NO that needs to be substantiated further. However, other studies on this matter have
suggested that NO rather increases proteasomal degradation of proteins (223). Taken together, established

mechanisms of ecSOD regulation like the influence of proteolytic removal of the heparin-binding domain (218) and
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inflammatory cytokines (117) might extend to a NO-dependent mechanism that deserves further interest and

investigation.

The upregulation of AT2 expression by NO Among vascular mediator systems, the NO-cGMP, the kallikrein-
kinin and RAAS are of major importance. The upregulation of AT2 expression by NO is predominantly mediated
by the classical NO-cGMP pathway, i.e. activation of sGC, generation of cGMP and activation of PKG as was
shown in vitro in mouse, porcine and human endothelial cell lines (Ref. § 3.9). The increase of AT2 by NO was
found to be completely dependent on transcription suggesting that posttranscriptional regulation of AT2
expression, which has been described previously (224), is not altered by NO in endothelial cells. Importantly, the
NO-induced AT2 up-regulation was associated with a profound inhibition of ACE-activity. In addition, study on the
effects of exercise revealed a new vasoprotective pathway contributing to beneficial effects of physical training.
Using two different training protocols, e.g. high-intensity forced exercise or low-intensity (voluntary running)

protocols it was shown that exercise NO-dependently increases AT2 expression (Ref. § 3.9).

Taken together, NO increases the expression of AT2 in cells and mice by a transcriptional mechanism involving
the activation of PKG and p38 MAPK and up-regulation of AT2 was associated with a reduced activity of ACE.
This sequence of molecular events describing a feed-forward mechanism likely contributes to vasoprotective
mechanisms of endothelial NO and the beneficial effects of exercise. In addition, it might play a role to the
pathophysiology of angioedema induced by AT1-blockers, as these drugs increase vascular NO levels in
cardiovascular patients (225), which might contribute to elevated AT2 expression levels with subsequent reduction

of ACE. However, future studies are necessary to substantiate this hypothesis.

4.4. Non-endothelial eNOS in Blood Pressure Homeostasis

The relative importance of endothelium-derived NO for the regulation of blood pressure was first questioned in the
study in which the bovine eNOS was re-expressed in the endothelium of eNOS-KO mice (Ref. §3.10 (226). The
endothelium-dependent relaxation in aortic rings was completely rescued in these transgenic mice demonstrating
a functionally active enzyme in the conduit arteries. Likewise, vasodilation in resistance arteries displayed a NOS
inhibitor-sensitive component. Surprisingly, not even a partial reduction of blood pressure in eNOS-KO has been
found. The mice with reconstituted eNOS had sustained hypertension as evidenced by elevated mean, systolic
and diastolic blood pressure that was similar to hypertension recorded in the eNOS KO (126-128). These data
pointed to the importance of eNOS expressed in non-endothelial cells for physiological regulation of blood

pressure.

Non-endothelial eNOS expression was found in kidney (141), red blood cells (140) and astrocytes of the brain
stem (142). A study, using cross-transplant chimera models suggested a role for a blood-borne eNOS in the
regulation of blood pressure and nitrite homeostasis (227). However, the use of bone marrow chimeric mice

present serious methodological limitations such as irradiation-dependent activation of inflammatory pathways, the
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possibility of protein transfer from the blood to the endothelium (through the EPCs) or the lack of erythroid lineage
targeting specificity. This maked it difficult to discriminate the blood cell population(s) carrying eNOS that might

affect the tone of resistance arteries in chimeric mice (227).

More recently, red blood cell (RBC) and or endothelial cell (EC) specific eNOS KO and Kl mice were created using
Cre/LoxP technology by deleting exon 2 of eNOS (Ref § 3.11). Cell-specific deletion or re-introduction of eNOS
was achieved using a hemoglobin -chain or Cdh5 expressing Cre recombinase for RBC or EC-specific eNOS KO
and KI, respectively. As expected, mice lacking eNOS only in ECs were hypertensive suggesting the central role
of vascular endothelium in eNOS-mediated control of vascular function and blood pressure. Surprisingly, also RBC
eNOS KO mice had a mild hypertension, although eNOS activity and function at the level of conduit and proximal
resistance arteries were fully preserved. When eNOS was re-introduced into either ECs or RBCs of conditional
global eNOS KO, it successfully rescued the hypertensive phenotype in both cases. These data strongly affirm the
role of eNOS in both cell types being essential for blood pressure regulation. Likewise, both eNOS and RBC eNOS
contribute to the levels of systemic NO metabolites, especially NO-heme, which was proposed to be an indicator
of systemic NO-bioavailability (228, 229), but RBC eNOS and not EC eNOS was the major contributor to the level
of NO-heme.

It is well known that eNOS protein expression and activity are significantly lower in RBCs than in ECs (140, 230).
However, according to a recent estimate of the total number of cells in human body, RBCs were the largest
contributor to the overall cell number (231). Thus, total RBC numbers with their extensive surface area may provide
sufficient NO-bioavailability to contribute to BP regulation, especially at the distal sites of the arterial circulation,
where eNOS expression is low (232). The contact of RBCs with the vessel wall there becomes closer and the
smaller distance to the endothelial surface may facilitate the eNOS-dependent export of NO-bioactivity from

erythrocytes.

In vascular endothelium eNOS is present on the luminal side of the EC and the basal side of the EC. NO is released
from EC towards the vascular smooth muscle in immediate proximity and, to a lesser extent as a spillover into the
blood at its luminal site. In resistance arteries NO transfer from the endothelium to the SMC occurs via
myoendothelial junctions and is controlled by the redox state of hemoglobin alpha (29, 233). Thus, the contribution
of ECs or RBCs to the circulating NO and regulation of vascular tone may differ substantially along the arterial
circulation, and RBC-mediated release of NO bioactivity and its vasodilatory potential may critically depend on the

diameter of the respective arterial segment.

The data present here (Ref. §3.11) also show that EC eNOS and RBC eNOS contribute to the level of systemic
NO metabolites in different ways. In EC eNOS KO the amount of NO metabolites was decreased mainly in plasma,
lung and heart, whereas in the RBC eNOS KO mice clear changes were detected in the blood. The data also show
that the lack of eNOS in the RBCs and concomitant decrease of NO levels in RBCs (in form of NO-heme) and
plasma correspond to an increase in blood pressure without affecting functional activity of eNOS in the

endothelium.

44



SUMMARY AND CONCLUSIONS

These findings demonstrate the existence of RBC eNOS-dependent pathway in regulation of NO metabolism and
blood pressure homeostasis. However, how exactly does RBC eNOS export NO-bioactivity and contribute to blood

pressure regulation is yet to be determined.

4.5. Effects of Destabilized eNOS on Endothelial Function, Blood Pressure and

Vascular Remodeling

Although essential hypertention is known to be associated with impairment of endothelium-dependent vasodilation
in many different animal models, experimental hypertension was usually observed in coincidence with vascular
ROS/RNS formation (150, 185, 234, 235). The initial formation of superoxide (for instance from NADPH-oxidase)
and subsequent formation of peroxynitrite represent a mechanism of ROS-induced eNOS uncoupling. In contrast,
little was known about the specific effects of eNOS-dependent formation of ROS (e.g. superoxide) on endothelial

function and blood pressure in healthy state.

The studies Ref. § 3.12-3.13 were focused on the impact of the impairment of eNOS-activity induced by dimer-
destabilization (and subsequent increase in superoxide production) on endothelial function, blood pressure and
neointima formation. Genetic destabilization of eNOS in mutant mice and the alteration of activity of C101A-eNOS
resemble the features of uncoupled eNOS (236). Mutant C101A-eNOS produces less NO and more superoxide
(measured by electron spin resonance) which is likely the result of impairment of binding and correct orientation of
BH4 (153).

The novel transgenic mouse model C101A-eNOS-Tg is characterized by the coexistence of normal and dimer-
destabilized eNOS and increased generation of ROS in the endothelium (Ref. § 3.12). Increase of ROS levels
induced by dimer destabilization of eNOS in an otherwise healthy, without any signs of cardiovascular disease
mouse strain had no effect on endothelial function but prevented the expected blood pressure reduction by eNOS.
C101A eNOS transgenic mice display normal systolic blood pressure despite higher levels of eNOS whereas mice
overexpressing wild type eNOS are hypotensive. However, a significant and reversible reduction of blood pressure
was observed during treatment with the antioxidant Tempol in C101A-eNOS-Tg but not in their controls. Thus,
dimer destabilization of eNOS and the resulting increase of endothelium-specific superoxide levels in

microvascular endothelium may play a role in the development of essential hypertension.

Increased vascular ROS/RNS levels induced by eNOS dimer destabilization cause nitration and S-glutathionylation
of vascular proteins, as well as Ser1177-hyper-phosphorylation of eNOS which is presumably mediated by AMP-
activated protein kinase a (AMPKa). The post-translational protein modifications were associated with the
resistance of eNOS to Ser1177 -phosphorylation by physical forces, such as shear stress in exercise training.
These finding suggest that shear-dependent activation of eNOS is diminished by either dimer-destabilization itself,
subsequently increased endothelial superoxide or both. Antioxidant treatment with Tempol completely corrected

hyperphosphorylation of eNOS at Ser 1177 and AMPKa pointing to a close relationship between superoxide,
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hyper-phosphorylation at Ser1177 and eNOS-mediated blood pressure reduction. However, a diminished eNOS
activity may play a role as well, since eNOS S-githathionylation and tyrosine-nitration of the eNOS was observed

in C101A eNOS mutant with impaired zunk-sulfur complex forming ability.

A somewhat surprising finding of a study using double transgenic mice obtained by re-introduction of destabilized
C101A-eNOS in endothelium of eNOS deficient mice was a normal endothelial function despite reduced NO-
formation, decreased eNOS expression and increased levels of vascular ROS/RNS (Ref. § 3.13). The relaxation
developed at tissue levels of superoxide and/or peroxynitrite which resemble those occurring in various animal
models with the clearly detectable impairment of eNOS function (237-241). However, in each of these studies,
concomitant conditions such as atherosclerosis, severe hypertension, diabetes or disruption of certain genes were
present which might have contributed to endothelial dysfunction beside oxidative and/or nitrosative stress. It might
be argued that the lack of effect of C101A-eNOS on mild hypertension in eNOS KO demonstrates an effect of
increased ROS/RNS levels on resistance vessels and blood pressure. One would expect a blood pressure lowering
effect of endothelial expression of functional eNOS as reported previously (209) However, this data are in line with
the results of our study, which have shown that even endothelial-specific expression of normal eNOS does not
reduce the hypertension of eNOS-KO (Ref. 3.10). Thus, the persistence of hypertension in C101A-eNOS-Tg/KO
is probably not provoked by C101A-eNOS-dependent redox dysregulation and unlikely represents a specific
phenotype caused by pronounced vascular oxidative stress in this mouse model. On the other hand, our data
certainly don’t exclude that increased ROS levels due to an impairment of eNOS activity influence blood pressure,

e.g. in more severe hypertensive cardiovascular disease state (242).

Expression of C101A-eNOS-Tg in the endothelium of eNOS KO mice has been found to correct the accelerated
neointimal hyperplasia and the abnormal vascular remodeling observed in eNOS-deficient mice (Ref. §.3.13).
Smooth muscle proliferation is an obvious event during the development of atherosclerosis and restenosis (243-
245) and ROS/RNS play a crucial role in this process (151, 246). This pathologic role is closely linked to a
downregulation of vascular NO bioavailability (247). In the study (Ref. §3.13) neointima formation was significantly
more pronounced in eNOS KO than in wild type mice and C101A-eNOS-Tg/KO confirming the protective effects
of vascular eNOS in the setting of carotid ligation (248). Another important role of NO is to mediate vascular
remodeling in response to changes in flow, however the vascular remodeling was similar in the wild type and
mutant mice with the destabilized eNOS. These data obtained from the carotid ligation experiments indicate that
the increased neointima formation in eNOS KO is caused by the lack of endothelial NO formation and not by the

presence of mild hypertension.

Taken together the results of this study (Ref. §3.13) provided the first in vivo evidence that vascular ROS/RNS
generated by an impairment of eNOS activity is unlikely an initial cause of impaired endothelium-dependent
vasodilation and/or a pathologic factor promoting intimal hyperplasia and highlight the contribution of other

enzymatic sources of ROS, such as vascular NADPH-oxidases to vascular pathologies (21, 149, 234, 243, 249).
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4.6. Interrelationships of HA and NO Signaling: Role for HAS3

HA-matrix has a strategically important position in the vasculature and complex and context-specific biological
functions. In healthy vessels the HA is mainly limited to the endothelial glycocalyx and adventitia and is protective
against adhesion of platelets at the endothelium, leukocytes rolling, adhesion and extravasation and thus
contributes to vasoprotection and vascular homeostasis. HA is shed from the glycocalyx in response to pathological
factors such as ROS, hyperglycemia, smoking and inflammatory cytokines (250-252) and our previous study has
shown that systemic inhibition of HA synthesis induces endothelial dysfunction (158). On the contrary, the marked
upregulation of HA production and its accumulation are observed during neointima thickening in the atherosclerotic
plaques and restenotic lesions (155, 157), where HA contributes to volume expansion and supports proliferative
and secretory phenotype of VSMCs. The expression pattern of HA synthesis differs and HAS 1-3 isoforms are
differently regulated in homeostasis and pathological states. Here (Ref. §3.14 - §3.15), we hypothesized an
interconnection between HAS3-mediated HA- and NO-signaling pathways and tested the significance of

HAS3/HA/eNOS axes for the development of neointimal hyperplasia and collateral arteries growth.

Hyaluronan Synthase 3-mediated HA Synthesis Enhances Neointima Hyperplasia Consistent with the HA-
driven promotion of hyperplastic VSMC phenotypes, substantial reduction of neointima hyperplasia was found in
mice lacking HAS3 isoform after carotid artery ligation (Ref. §3.14). No differences in medial and intimal cell
density, proliferation and apoptosis were found, however, HAS3 deletion resulted in a dramatical reduction of
vascular HA content in the media rather than neointima, suggesting that HAS3 is involved in the induction of
provisional HA-rich extracellular matrix in the intima of ligated artery and thus promotes VSMC migration. Various
regulatory pathways including integrins, focal adhesion, mitogen-activated protein kinases and phosphatidylinositol
signaling were identified to be related to VSMCs proliferation in HAS3-deficient mice, especially migratory
response to platelet-derived growth factor BB and decreased expression of its mRNA (Ref. §3.14). These data
clearly demonstrate a role of HAS3 in VSMC phenotypic changes. Interestingly, inflammatory response was not
affected in HAS3-deficient mice. Expression of the genes representing the inflammatory responses were

upregulated in both genotypes as compared to unligated controls, but there was no effect of HAS3-deletion.

Previous study showed that systemic inhibition of HA synthesis with 4-methylumbelliferone significantly reduced
endothelial gycocalyx, induced endothelial dysfunction and mild hypertension pointing out to the reduction of NO-
bioavailability and/or impaired NO-signaling after perturbance of glycocalyx. To clarify whether global deletion of
HAS3 isoform affects vascular functions vascular NO-bioavailability, aortic endothelium- and NO-dependent
relaxation, constriction to phenylephrine, blood pressure and eNOS expression were assessed in healthy HAS3-
KO mice and their controls and no difference was found in all measured parameters. Likewise, evaluation of the
markers of oxidative protein modification and genes, related to oxidative-stress response revealed no effect of
global HAS3 deletion. These data suggest that endothelial dysfunction and altered inflammatory response is
unlikely the mechanism underlying reduced neointima formation in HAS3 deficiency and highlight the role of HAS3

in the phenotypic activation of medial VSMC during neointimal hyperplasia.
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HAS3 Mediated HA Signaling in Endothelial Glycocalyx: Mechanosensing, FMD and Collateral Artery
Growth The endothelial glycocalyx, building the top surface layer of endothelial cells is a highly dynamic hub for
intra- and extracellular signals (253, 254) is perturbated in several disease states including hypertension, diabetes
and atherosclerosis (159, 160, 255, 256) and close interconnection between damaged endothelial glycocalyx and

progression of endothelial dysfunction has progressively been recognized (158, 252, 254).

HA is the second most abundant glycosaminoglycan in the glycocalyx and lack of HA synthesis appears to interfere
with its mechanosensory properties. Enzymatic degradation of HA ex vivo in isolated femoral arteries reduced
shear-induced NO-production in canine (165) and porcine (166) femoral arteries (166). Potter et al. (168) showed
that complete depletion of the endothelial hyaluronan matrix by 4-methylesculetin  suppressed
mechanotransduction as well as arteriogenesis in mice. However, 4-methylesculetin inhibits all 3 isoenzymes and
in addition might exhibit pleiotropic effects as described for the HAS-inhibitor 4-methylumbelliferone (257). In this
study (Ref. § 3.15) an important question whether and how global and EC specific deletion of HAS3-mediated HA
synthesis affects mechanosensing/mechanoransduction, in vivo endothelial function and collateral artery growth

was addressed.

Endothelial HAS3 deficiency has been shown to impair shear stress induced activation of eNOS measured in vivo
by flow-mediated dilation (FMD), a clinical method used in patients to evaluate endothelial (dys)function. FMD is
an endothelium-dependent dilation of the conduit artery in response to increased blood flow that activates eNOS,
increases NO production and subsequent relaxation of vascular smooth muscle cells (258). A decreased AKT
(protein kinase B)-mediated phosphorylation of eNOS at Ser1177 was determined as underlying mechanism of
impaired FMD in global and EC-specific HAS3 deficient mice (Ref. §3.15). While total eNOS content was
unchanged, eNOS phosphorylation at Ser1177 and AKT phosphorylation at Ser473 were substantially reduced
giving rise to a massive decline in peak FMD. Importantly, treatment of wild type mice with anti-CD44 antibody
impaired vascular response to acute increase in blood flow suggesting that CD44 represents a link between HAS3-

derived HA and eNOS signaling.

Consequently, flow-mediated AKT/eNOS phosphorylation at Ser1177 is a major trigger for collateral artery growth
and exactly this pathway was found to be strongly impaired in global and endothelial-specific HAS3-deficient mice.
Similar to impairement of blood recovery after femoral artery ligation in eNOS-deficient mice (259), lack of
endothelial HAS3 (Ref. § 3.15) caused disturbed collateral growth and worsened perfusion recovery despite
unaltered leukocyte recruitment in a mouse model of PAD. Strikingly, blocking of CD44 also mimicked the FMD
phenotype of eNOS-deficient mice (258) pointing towards a high relevance of HA/CD44-dependent signaling for
endothelial function and flow-induced mechanosignaling in vivo as well as arteriogenesis post-femoral artery

occlusion.

HA mediates its effects via certain receptors such as RHAMM (receptor of HA-mediated motility) or CD44. In the
context of hyaluronan-dependent eNOS signaling, CD44 was attributed a specific role due to its high abundance

in plasmalemmal caveolae (260). These cholesterol rich scaffolds are mechanosensitive microdomains enriched
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in signaling molecules such as G protein coupled receptors,(tyrosine) kinases, phosphatases, ion channels and,
most importantly, eNOS (261). Since clustering of these molecules facilitates signal transduction, it is possible that
hyaluronan-mediated clustering of CD44 gives rise to enhanced activation of kinases involved in eNOS
phosphorylation at Ser1177. CD44 itself lacks intrinsic kinase activity (262) needed for AKT phosphorylation at
Ser473. However, CD44 is known to recruit intracellular kinases and adaptor molecules upon shear stress-
mediated receptor clustering. The cytoplasmic tail of CD44 was reported to contain crucial binding motifs for PI3K
(263), a major activator of AKT. Thus, enhanced HA-dependent clustering of CD44 might activate the PI3K/AKT

pathway which gives rise to eNOS phosphorylation at Ser1177 and its activation.

Although it is widely accepted that elevated shear stress is a major trigger of collateral arteries growth after arterial
occlusion, it is still a matter of debate how flow is exactly sensed. Here it is demonstrated that (Ref. §3.15)
endothelial HAS3-derived HA functions as mechanosensor mediating its beneficial effects via a modulation of NO-
signaling pathways with functional significance in vivo for acute (FMD) and chronic (hindlimb ischemia) changes
in blood flow. Furthermore, this is the first study reporting the CD44’s role in endothelial function in vivo highlighting

its specific function as a mechanotransducer for HA-derived signals.
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5. SIGNIFICANCE

“The important thing is not to stop questioning”
Albert Einstein (1879-1955)

The studies presented here provided novel insights into the role of endothelial hydrogen peroxide, NO, superoxide
and HA as important mediators of vascular function in health and disease. Experimental approaches such as
exercise training and singularization allowed not only to reveal new mechanisms of exercise-induced upregulation
of vasoprotective proteins, but also suggested that unfavourable change of endothelial function by sedentary
lifestyle can be prevented or remarkably delayed by either a daily short-lasting forced exercise or continuous
voluntary physical activity. These findings are important for the use of antioxidants and drugs that suppress the
production of ROS in vivo: suppression of cellular production of ROS might lead to a loss of important vascular

signaling events, e.g. an inability to increase eNOS and other vasoprotective proteins in response to exercise.

Demonstration of the previously unrecognized role of non-endothelial eNOS in the blood pressure homeostasis
opens a perspective that non-endothelial eNOS impairment may contribute to the pathogenesis of hypertension.
Along with endothelial eNOS, red cell eNOS was found to be an important regulator of NO metabolism, systemic
hemodynamics, and blood pressure homeostasis. These findings might have significant implications in
understanding of the interrelationship between hematological and cardiovascular disease, might enable us to refine

the criteria for blood banking and transfusion and reveal novel therapeutic approaches to improve tissue perfusion.

Findings on the limited importance of eNOS-dependent oxidative stress for functional vascular damage suggest
that other enzymatic sources of vascular oxidative stress such as the many known oxidases appear to be more
important. Concomitant generation of NO by eNOS which is a fundamental difference to oxidases, substantiated
the importance of vasoprotection conferred by endothelial NO, which appears to be able to cope with redox
dysbalance. These data support previous observations on beneficial effects of therapeutic interventions associated
with increased eNOS protein expression and improvement of endothelial NO production such as regular exercise

training, pharmacotherapy with statins and treatment with inhibitors of the RAAS.

Unravelling dual and opposite roles of hyaluronan matrix in vascular pathologies, such as vascular remodelling
and peripheral artery disease significantly contributed to our knowledge on regulation of vascular function by HA
and HAS3. The intimal vascular smooth muscle cells - associated HA matrix enhances neointima hyperplasia,
whereas the HA matrix of endothelial cells is vasoprotective. Importantly, for the first time the direct interrelation
between HA, HAS3 and NO could be demonstrated in vivo identifying HAS3-derived HA as a novel modulator of
NO signaling. Activation of the HAS3-HA-CD44-NO signaling pathway contributes to arteriogenesis in hindlimb
ischemia, thus, strategies augmenting endothelial HAS3 (e.g. using anti-sense oligonucleotide approach) or CD44

could be envisioned to enhance vascularization under pathological conditions.



SIGNIFICANCE

Our understanding of how ROS/RNS serve as signals or modulators of vascular function in health and disease
continues to evolve, as it was an active research topic at the time of performimg this work. Instead of interpreting
oxidation events merely as damage that culminates in disease the data provided here contributed to the

development of the current view on the role of ROS/RNS and HA in vascular biology.
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BACKGROUND: Current paradigms suggest that nitric oxide (NO) produced by endothelial cells (ECs) through endothelial nitric
oxide synthase (eNOS) in the vessel wall is the primary regulator of blood flow and blood pressure. However, red blood cells
(RBCs) also carry a catalytically active eNOS, but its role is controversial and remains undefined. This study aimed to elucidate
the functional significance of RBC eNOS compared with EC eNOS for vascular hemodynamics and nitric oxide metabolism.

METHODS: We generated tissue-specific loss- and gain-of-function models for eNOS by using cell-specific Cre-induced gene
inactivation or reactivation. We created 2 founder lines carrying a floxed eNOS (eNOS™") for Cre-inducible knockout (KO), and
gene construct with an inactivated floxed/inverted exon (eNOS™™) for a Cre-inducible knock-in (KI), which respectively allow
targeted deletion or reactivation of eNOS in erythroid cells (RBC eNOS KO or RBC eNOS Kl mice) or in ECs (EC eNOS KO or
EC eNOS Kl mice). Vascular function, hemodynamics, and nitric oxide metabolism were compared ex vivo and in vivo.

RESULTS: The EC eNOS KOs exhibited significantly impaired aortic dilatory responses to acetylcholine, loss of flow-mediated
dilation, and increased systolic and diastolic blood pressure. RBC eNOS KO mice showed no alterations in acetylcholine-
mediated dilation or flow-mediated dilation but were hypertensive. Treatment with the nitric oxide synthase inhibitor -
nitro-L-arginine methyl ester further increased blood pressure in RBC eNOS KOs, demonstrating that eNOS in both ECs
and RBCs contributes to blood pressure regulation. Although both EC eNOS KOs and RBC eNOS KOs had lower plasma
nitrite and nitrate concentrations, the levels of bound NO in RBCs were lower in RBC eNOS KOs than in EC eNOS KOs.
Reactivation of eNOS in ECs or RBCs rescues the hypertensive phenotype of the eNOS™ ™ mice, whereas the levels of
bound NO were restored only in RBC eNOS Kl mice.

CONCLUSIONS: These data reveal that eNOS in ECs and RBCs contribute independently to blood pressure homeostasis.

Key Words: blood circulation ® blood pressure ® hypertension ® models, animal ® nitric oxide synthase

Editorial, see p 890

form of nitric oxide synthase (eNOS) in endo- ics." All strains of global eNOS knockout (KO) mice are

N itric oxide (NO) produced by the endothelial iso-  regulator of vascular tone and systemic hemodynam-
thelial cells (ECs) is considered to be the central hypertensive,>* and some show decreased levels of the
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Clinical Perspective

What Is New?

We generated endothelial cell- and red blood cell
(RBC)-specific endothelial nitric oxide synthase
(eNOS) knockout and eNOS knock-in mice
Endothelial cell eNOS knockout mice show hyper-
tension, endothelial dysfunction, and increased sys-
temic vascular resistance, whereas reactivation of
eNOS in endothelial cells restores endothelial func-
tion and normotension.

RBC eNOS knockout mice show hypertension, a
preserved arterial endothelial function, and reduced
levels of bound nitric oxide in RBCs, whereas reac-
tivation of eNOS in RBCs restores nitric oxide bio-
availability in RBCs and rescues the hypertensive
phenotype.

What Are the Clinical Implications?

Both endothelial cells and RBCs are important reg-
ulators of blood pressure through eNOS.

RBC eNOS contributes to the regulation of nitric
oxide metabolism, systemic hemodynamics, and
blood pressure.

These findings may have important pathophysi-
ological implications in our understanding of the
interrelationship between hematologic and cardio-
vascular disease and may reveal novel therapeutic
approaches to improve tissue perfusion.

Nonstandard Abbreviations and Acronyms

BP blood pressure
CondKO

conditional global eNOS knockout
mice

DBP diastolic blood pressure

EC endothelial cell

EC eNOS KI  endothelial-specific eNOS knockin
mice

EC eNOS KO endothelial-specific eNOS knock-
out mice

eNOS endothelial nitric oxide synthase

KO knockout

L-NAME Ny-nitro-l-arginine methyl ester

MAP mean arterial pressure

NO nitric oxide

NO-heme nitrosylheme

NorNOHA N-hydroxy-nor-L-arginine

PCR polymerase chain reaction

RBC red blood cell

RBC eNOS KI RBC-specific eNOS knock-in mice

RBC eNOS KO RBC-specific eNOS knockout mice

SBP systolic blood pressure

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606
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circulating nitric oxide (NO) oxidation products, nitrite
and nitrate.>™”

However, eNOS is also expressed in other cell types,
including red blood cells (RBCs).2° The functional signifi-
cance of eNOS in RBC physiology, systemic NO metab-
olism, and tissue protection remains controversial.'o~'6
There are indications that eNOS in the blood may par-
ticipate in the regulation of circulating nitrite levels and
blood pressure (BP) homeostasis,® but its specific con-
tribution is unknown. One way to test the physiological
effect directly would be through genetic manipulation of
eNOS in ECs versus RBCs.

This study aimed at elucidating the specific role of
eNOS in RBCs in direct comparison with the role of
eNOS in ECs in controlling systemic NO metabolism and
BP regulation. To accomplish this, we generated tissue-
specific loss- and gain-of-function models for eNOS by
using tissue-specific Cre-induced gene inactivation or
reactivation. To our knowledge, these studies are the first
performed on tissue-specific eNOS KO/knock-in (KI)
mice providing compelling evidence that eNOS in RBCs
contributes to the regulation of systemic NO bioavailabil-
ity and systemic hemodynamics, independently of eNOS
in the endothelium. Altogether, these findings suggest
the existence of a noncanonical RBC eNOS-dependent
pathway for regulation of BP homeostasis independent
of the eNOS expressed in the vessel wall.

METHODS

A detailed description of the methods is available in the Data
Supplement. The data that support the findings of this study are
available from the corresponding author on reasonable request.

Materials

Unless otherwise specified, chemicals were purchased from
Sigma-Aldrich Co LLC.

Animals

All experiments were approved by the Landesamt fir Natur,
Umwelt und Verbraucherschutz (LANUV) according to the
European Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes (Council
of Europe Treaty Series No. 123). Animal care was provided
according to the institutional guidelines. Tamoxifen-inducible
endothelial-specific Cre mice (Tg(Cdhb-Cre/ERT2)1Rha;
MGI:3848982)"" were kindly provided by Prof Dr E. Lammert
(Heinrich-Heine-University of Dusseldorf). Mice expressing
Cre recombinase in erythroid cells under the control of the
promoter of the hemoglobin B-chain (C57BL/6-Tg(Hbb-
Cre)12Kpe/J; MGI: J:89725)'® were obtained by Jackson
Laboratory (JAX stock No. 008314) and crossed for >10
generations with C57BL/6J. DeleterCre (C57BI/6.C-
Tg(CMVCre)1Cgn/J)' mice expressing Cre in all tissues were
kindly provided by Prof Claus Pfeffer (Heinrich Heine University
of Disseldorf). Experimental planning and execution followed
the ARRIVE recommendations (Animal Research: Reporting
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of In Vivo Experiments).?° For experiments, 2- to 6-months-old
male mice up to 30 g were used. Mice of the same genotype
and age were randomly assigned to the experimental groups.
The evaluation of data obtained by ultrasound was performed
by a blinded researcher.

Generation of EC/RBC eNOS KO and EC/RBC
eNOS KI Mice

We generated 2 independent founder lines carrying a floxed
eNOS (eNOS™ ) or a gene construct with an inactivated
floxed/inverted exon (eNOS™™) for a Cre-inducible KI.
Phenotypically eNOS™* are wild-type (WT) mice, and
eNOS™™ are conditional global eNOS KO (CondKO) mice.
These founder lines respectively allow targeted removal or
reactivation of eNOS in either ECs or RBCs, or all cells. To
generate eNOS™x mice, we designed a loxP eNOS target-
ing construct by simultaneously inserting an orphan loxP site
and an FRT-neo-FRT-loxP resistance cassette inserted into
the Nos3 genomic locus to target exon 2 of Nos3 by Cre-
mediated excision. To generate eNOS™™ mice, we inserted
an inverted exon 2 of Nos3 and 2 additional Lox511 sites
in the loxP-eNOS construct, which allowed the Cre-induced
reactivation of eNOS in a cell type of interest. The plasmids
were sequenced, linearized, and electroporated in A9 embry-
onic stem cells (hybrid C57/129), 300 clones were picked,
and positive clones were screened by Southern blot at the
5" arm and by long-range polymerase chain reaction (PCR).
Homozygous eNOS™x mice or eNOS™ ™ mice were crossed
with Cdhb-Cre/ERT2r° mice to obtain eNOS™x Cdh5-Cre/
ERT2r and eNOS"fox Cdhb-Cre/ERT2%9 mice or eNOS-
/v Cdhb-Cre/ERT2P and eNOS™™ Cdhb-Cre/ERT2"9
mice, respectively. To induce EC-specific activation of the Cre
recombinase, we treated Cre-positive and Cre-negative mice
of each line with tamoxifen (33 mgkg™-d"") for 5 consecu-
tive days and allowed a 21-day waiting period after the last
injection, which generated EC eNOS KO (eNOS'*¥x Cdhb-
Cre/ERT2r+TAM) mice and EC eNOS Kl (eNOS™™ Cdhb-
Cre/ERT2r*+TAM) mice and their respective Cre-negative
controls. Homozygous eNOS™fo< mice or eNOS™™ mice
were also crossed with erythroid-specific Hbb-Cre®* mice to
obtain erythroid-specific eNOS KO mice (eNOSovox Hbb-
CreP>=RBC eNOS KO) and their respective WT littermate
control (eNOS'¥x Hpb-Cre"9) or erythroid-specific eNOS KI
mice (eNOS™ ™ Hbb-Crer*>=RBC eNOS KI) and their WT lit-
termate control (eNOS™™ Hpb-Cre"9). In addition, eNOS ¥
flo mice were crossed with DelCre mice to create global eNOS
KO (gKO). For a structured list of the lines and nomenclature
used in the figures and the text please refer to Table 1. For
further details on the genetic strategy and selection see the
Methods and Figures | and Il in the Data Supplement Methods.

Analysis of Tissue-Specific Loss-of-Function or

Gain-of-Function

The Cre recombinase—dependent genetic locus recombina-
tion was determined in targeted and nontargeted tissues by
real-time PCR with specific primers and probes designed to
recognize the floxed allele and the allele with targeted deletion
(Transnetyx). The eNOS and Cre recombinase expression was
analyzed by TagMan real-time reverse transcriptase PCR in EC
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(CD31+ CD45) magnetically isolated from lung homogenates
or in erythroid cells (Ter119* CD71+ CD45") magnetically iso-
lated from the bone marrow of the mice, and in targeted or
nontargeted tissues, as explained in detail in the figures and
Data Supplement. The expression of eNOS in RBCs, in RBC
membrane preparations (ghosts), and in targeted and nontar-
geted tissues, was analyzed by immunotransmission electronic
microscopy,?’ Western blot analysis, and quantitative ELISA
according to the manufacturer's protocol (Abcam). The expres-
sion of eNOS in RBC lysates was also measured by immuno-
precipitation and Western blot analysis according to published
procedures.®

Measurements of BP and Systemic
Hemodynamics

Invasive assessment of hemodynamic parameters was per-
formed by using a 1.4F Millar pressure-conductance cath-
eter (SPR-839, Millar Instrument) placed into the left ventricle
through the right carotid artery according to the closed chest
method as described.?? Transthoracic echocardiography was
performed as previously described.?? Left ventricular end-sys-
tolic and end-diastolic volumes, left ventricular ejection fraction,
fractional shortening, cardiac output, stroke volume, and sys-
temic vascular resistance were calculated. Left ventricular dia-
stolic function was assessed by analysis of the characteristic
flow profile of the mitral valve Doppler, which was visualized in
an apical 4-chamber view, as described.?? For the assessment
of hemodynamic responses in awake mice, we used radiote-
lemetry with a microminiaturized electronic monitor (PA-C10;
Data Sciences International) attached to an indwelling aortic
catheter. After 3 days of baseline measurements, we measured
hemodynamic responses to nitric oxide synthase (NOS) inhibi-
tion by the administration of N¥-nitro-L-arginine methyl ester
(L-NAME; 1 mg/mL in drinking water for 3 days; we deter-
mined that mice drink 5 mL/d independently of the presence
of L-NAME, thus resulting in a dose of 166 mgkg™"d™"); these
were followed by hemodynamic responses to increased L-argi-
nine bioavailability achieved by administration of the arginase
inhibitor  N-hydroxy-nor-L-arginine  (NorNOHA, 10 mg/kg
intraperitoneally for 3 days).

Measurement of Endothelial Function/Vascular

Reactivity Ex Vivo and In Vivo

Thoracic aortas were excised and their functional reactivity
analyzed in an organ bath as previously described.?® Vascular
function in vivo was measured as flow-mediated dilation with a
Vevo 2100 with a 30 to 70 MHz linear array microscan trans-
ducer (VisualSonics) as described.?2

Determination of NO Metabolites in Blood and
Tissues

Nitrosated (S-nitroso and N-nitroso) products (RXNO), and
nitrosylheme (NO-heme) were quantified by gas phase che-
miluminescence as described.?* For nitrite and nitrate analysis,
samples were deproteinized with ice-cold methanol (1:1 v/v),
cleared by centrifugation, and subjected to analysis by high-
performance liquid chromatography using a dedicated nitrite/
nitrate analyzer (ENO20, Eicom).?®
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Table 1. Blood Pressure and Heart Rate in All Strains Investigated
Systolic Diastolic Mean arteri- Rate pres-
Litter | Body- blood pres- | blood pres- | al pressure, | Heart sure product,
No. Strain Genotype size weight,g | sure, nmHg | sure, nmHg | mmHg rate, bpm | mmHgxbpm n
1 WT eNQ Sflov/flox 712 30.3+2.5 92+8 6219 71+1 543167 4959115512 14
2 WT eNOSfolox Cdh5-Cre/ | 62 29.31+3.6 8615 5718 6717 564153 4841315018 12
ERT2"9 +TAM
EC eNOS KO eNOSo¥lx Cdh5-Cre/ 29.4+3.1 10448 72+7 8317 535158 5569616929 19
ERT2rs +TAM
3 WT eNOS oo HpbCres | 612 29.1+2.1 8919 61+1 70+1 528156 4662215306 15
RBC eNOS eNO S olx HhbCreres 29.7+2.6 103+1 6917 80+8 476193 4850619392 16
KO
4 gKO eNOSofox DelCrer 412 30.2+2.6 115+1 79+1 91+1 516176 56275+20504 | 10
5 CondKO eNOS/inv 513 27.8%+1.8 127+1 84+1 98+1 465144 5904618299 11
6 CondKO eNOS"'n Cdh5-Cre/ | 4£2 28.712.2 12216 81%1 9419 547149 66562+5285 11
ERT2"9 +TAM
EC eNOSKI eNOS™n Cdh5-Cre/ 28.31+2.2 94+7 5818 7017 540148 5084915346 13
ERT2r +TAM
7 CondKO eNOS"i" HbbCre"e9 412 28.7+1.2 119%1 75%1 901 494145 5884515542 18
RBC eNOS Kl | eNOS™™ HbbCrero 31.1+25 9518 5619 6918 469167 4702217322 10

CondKO indicates conditional global eNOS knockout mice; EC, endothelial cell; eNOS, endothelial nitric oxide synthase; Kl, knock-in; KO, knockout; RBC, red

blood cell; and WT, wild type.

Statistical Analysis

Sample size was calculated a priori by using G-Power V.3.1
(Heinrich Heine University of Disseldorf). Statistical analysis
was performed with GraphPad Prism 9 for macOS (Version
9.0.2(134)). Unless stated otherwise, the results are reported as
meanstSD. Normal distribution was tested by the D'Agostino-
Pearson test. Comparisons among multiple groups were per-
formed using 1-way and 2-way ANOVA or 2-way repeated
measures ANOVA, as appropriate, followed by Tukey or Sidak
post hoc analysis, as indicated. Where indicated, unpaired
Student ttest with Welch correction was used to determine if 2
groups of data were significantly different. The Mann-Whitney
Utest was performed when data were not normally distributed.
<0.05 was considered statistically significant.

RESULTS

Generation of Endothelial and Erythroid-
Specific eNOS KO Mice

To obtain mice specifically lacking eNOS in ECs (EC
eNOS KO) or erythroid cells (RBC eNOS KO), we ap-
plied the loxP-Cre approach to delete exon 2 of the
Nos3 gene. Therefore, an orphan loxP site and an FRT-
neo-FRT-loxP resistance cassette were simultaneously
inserted into the Nos3 genomic locus to target exon 2 of
Nos3 for Cre-mediated excision (Figure 1A). Sequencing
confirmed base pair—precise modification of the Nos3
genomic locus and integrity, whereas stable transfection
of the construct in embryonic stem cells was assessed
by Southern blotting/long-range PCR (see Figure |
in the Data Supplement). Two male mice fully derived
from A9 embryonic stem cells (hybrid C57/129) were
obtained and backcrossed with C57/BL6j mice for at
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least 10 generations. The eNOS™ " mice were crossed
with  tamoxifen-inducible EC-specific Cre-expressing
mice (Cdhb-Cre/ERT2P* mice)'”; once activated by
tamoxifen, the Cre recombinase expressed in eNOS™
flox Cdhb-Cre/ERT2rs mice removed the floxed segment
(Figure 1A), creating EC-specific eNOS KO mice (EC
eNOS KO; Figure 1B). In WT (eNOS"flx Cdhb-Cre/
ERT2%9) littermate mice lacking the Cre recombinase,
tamoxifen does not lead to genetic recombination.

Tamoxifen-induced Cre expression, DNA recombina-
tion, and the resulting genetic deletion of exon 2 of Nos3
in eNQSfovflox Cdhb-Cre/ERT2P mice (EC eNOS KO)
and the lack thereof in eNOS"fx Cdhb-Cre/ERT2"¢
mice (control) were confirmed by real-time PCR analysis
of DNA extracted from vascular tissue (aorta) of the mice
(Figure 1C, blue). This resulted in a lack of eNOS expres-
sion in lung EC (CD31*+ CD457; Figure 1D, blue), and in
the aorta, as assessed by real-time PCR (Figure 1E, blue)
and immunoblot analysis of aortic lysates (Figure 1F). In
EC eNOS KO mice, we also found that eNOS expression
was nondetectable in highly vascularized tissues such
as the lungs, the heart, and the kidney, as assessed by
immunoblot analysis (Figure IIl in the Data Supplement)
and quantitative ELISA (Figure 1J).

To create erythroid-specific eNOS KO mice (RBC
eNOS KO), eNOSfovflox mice were crossed with mice
constitutively expressing Cre recombinase in erythroid
cells under the control of the promoter for the hemo-
globin B-chain (Hbb-Cre*'8; Figure 1B). Cre-dependent
deletion of exon 2 was confirmed by real-time PCR in
DNA extracted from the bone marrow of the mice (Fig-
ure 1C, orange) but was not found in the aorta or other
tissues. Cre expression was found in the bone marrow
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Figure 1. Generation and characterization of EC eNOS KO or RBC eNOS KO mice.

A, Scheme describing the gene-targeting strategy showing the position of the loxP sequences (black) within the gene-targeting construct before

and after exon 2 of Nos3 was used to generate the founder eNOS™"x mice. B, To generate EC eNOS KO mice and their respective WT control
(eNOS'¥fex Cdhb-Cre/ERT2"9), the founder eNOS™> mice were crossed with endothelial-specific tamoxifen (TAM)-inducible Cdh5-Cre/ERT2p
mice to obtain eNOS"1ox Cdhb-Cre/ERT2P"*9 mice; these were treated with TAM for 5 days and analyzed after 21 days. To create RBC eNOS KO
mice or global eNOS KO mice and their respective WT littermate controls, the founder eNOS™o was crossed with erythroid-specific (Hbb-Crere)
mice or with Deleter-Cre™* mice (expressing Cre in all tissues). C, Real-time PCR analysis shows that tissue-specific DNA recombination occurs in
the aorta of EC eNOS KO mice (blue), whereas in RBC eNOS KO mice, DNA recombination occurs in the bone marrow, (Continued)
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Figure 1 Continued. but not in the aorta (orange). No recombination is observed in WT littermate control mice (white). ¢ test *P<0.01,
***P<0.0001 vs respective WT control. D, Top, Real-time reverse transcriptase PCR analysis shows that endothelial cells (CD31* CD45")
extracted from the lung of EC eNOS KO mice (blue) have a significant loss of eNOS expression compared with WT controls. “Mann-Whitney U
test P=0.0286. Instead, the expression of eNOS in lung EC (CD31* CD45") from RBC eNOS KO (orange) is not different from WT control. It

is notable that TAM increased the expression of eNOS in lung EC from WT (eNOS™"*Cdh5-Cre/ERT2"9) mice. Bottom, Cre recombinase is
expressed in lung endothelial cells from EC eNOS KO (blue) but not in endothelial cells from WT (white) or RBC eNOS KO (orange) mice. "Mann-
Whitney U test P=0.0286. E, Top, Real-time reverse transcriptase PCR analysis shows loss of eNOS expression and Cre recombinase expression
in the aorta of EC eNOS KO (blue), but not in WT littermate control mice (white). TAM increased mRNA eNOS expression in the aorta of the WT
(eNOS™*Cdh5-Cre/ERT2"9) mice, but the protein levels are not different from WT mice (see also I, ELISA). One-way ANOVA P<0.0001;
Tukey multiple comparison test **P<0.01,** P<0.001, ***P<0.0001 vs respective WT control. F, Top, Inmunoblot (IB) analysis shows loss of
eNOS (135 kDa) expression in the aorta of EC eNOS KO (eNOS™"*Cdh5-Cre/ERT2,+TAM) mice but not in littermate controls (eNOS
fxCdh5-Cre/ERT279+TAM) after treatment with TAM. Loading control actin (45 kDa). Note: Sample in the first lane shows a residue of eNOS
expression in that particular mouse because the knockdown efficiency of this model is *90% to 95%. Bottom, Inmunoblot of aorta of RBC
eNOS KO mice and WT littermate controls, showing that eNOS expression is not different in these 2 groups. G, Real-time reverse transcriptase
PCR analysis shows eNOS expression and Cre recombinase expression in the bone marrow of RBC eNOS KO mice. Cre-recombinase is
expressed in the bone marrow of RBC eNOS KO mice, but not in the aorta. Note that, although eNOS deletion was specifically detected in the
bone marrow of RBC eNOS KO mice, we determined similar eNOS expression levels in the RBC eNOS KO mice compared with WT littermates;
this is attributable to the high abundance of endothelial cells in the bone marrow. ***P<0.0001 Mann-Whitney U test vs WT mice. H, Upper,
Immunoblot of membrane preparations of RBCs (ghosts) showing the presence of eNOS in WT RBCs and its absence in RBCs from RBC eNOS
KO mice. Bottom, Immunoprecipitation (IP) of eNOS (135 KDa) from RBC lysates shows eNOS expression in WT mice and lack of eNOS

in global eNOS KO mice (gKO) and RBC eNOS KO mice. The IgG (120 kDa) is seen in the IP samples. I, Electron scanning microscopy with
immunogold staining of eNOS in WT (eNOSx HbbCrer*s) mice (Upper) and RBC eNOS KO (Bottom). J, The quantification of eNOS protein
expression in multiple organs by ELISA shows a significant loss of eNOS in multiple tissues of EC eNOS KO mice compared with WT littermate
controls. The differences between the WT control groups are not significant, except in the spleen. Data were analyzed according to mixed-effect
model with Geisser-Greenhouse correction (variables: strain, tissue); P<0.0001; multiple comparisons of eNOS levels among the groups within
the same tissue were assessed by a Tukey test *P<0.01; **P<0.001; ***P<0.000. Lines represent means+t SD. EC indicates endothelial cell;
eNOS, endothelial nitric oxide synthase; KO, knockout; MWM, molecular weight marker; RBC, red blood cell; and WT, wild type.

of RBC eNOS KO (Figure 1G, orange), but not in the
aorta or other tissues. In RBC eNOS KO we did not
detect any eNOS in membrane preparations of RBCs
(ghosts) by immunoblotting, in RBC lysates by immu-
noprecipitation + immunoblotting (Figure 1H), and by
scanning electron microscopy and immunogold staining
(Figure 11). On the other hand, in RBC eNOS KO mice,
we found that eNOS expression was fully preserved in
lung EC (CD31+ CD45; Figure 1D, orange), aorta (Fig-
ure 1E, orange; Figure 1F, Bottom), and all other tissues
of RBC eNOS KO analyzed, including lung, kidney, heart,
spleen, skeletal muscle, and liver (Figure 1J; Figure Il in
the Data Supplement).

Hematologic Characterization of EC eNOS KO
and RBC eNOS KO Mice

Blood counts and rheological parameters remained un-
changed in all strains (Table | in the Data Supplement).
However, hemoglobin oxygen affinity was significantly
higher and oxygen-binding cooperativity significantly
lower in RBC eNOS KO mice compared with their WT
littermate controls; this difference progressed as pH was
lowered within the physiological range (from 7.6 to 7.2;
Figure IV in the Data Supplement).

Vascular Endothelial Function and eNOS
Expression Are Compromised in EC eNOS KO
but Fully Preserved in RBC eNOS KO Mice

As expected, we found a loss of NO-dependent vascu-
lar endothelial function in EC eNOS KO mice, as dem-

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606

onstrated by the lack of acetylcholine (ACh)-induced
vasodilation of aortic rings ex vivo (Figure 2A and 2E;
Figure V in the Data Supplement), and an abrogated
flow-mediated dilation response in the iliac artery as
determined by ultrasound in vivo (Figure 2B; Figure
VI in the Data Supplement). RBC eNOS KO mice, on
the other hand, showed no changes in ACh-mediated
vasodilation of aortic rings (Figure 2C and 2E) and
a normal flow-mediated dilation (Figure 2D and 2F;
Figure VI in the Data Supplement). These results are
consistent with fully preserved eNOS expression and
activity in the vasculature (Figure 1F and 1J; Figure Il
in the Data Supplement). Preservation of eNOS activ-
ity and function in conductance vessels of RBC eNOS
KO mice also indicates that there were no off-target
effects of genetic knockdown in vascular tissue. The
responses to the constrictor phenylephrine and the NO
donor sodium nitroprusside were fully preserved in the
aorta of both mouse strains (Figure V in the Data Sup-
plement). In EC eNOS KO, we observed a significant
leftward shift in the sodium nitroprusside—mediated re-
sponse, which indicates an increased sensitivity to NO
donors. This response has been observed on inhibition
of NOS activity and in different strains of global eNOS
KO mice.25-28

Loss of RBC eNOS Leads to Hypertension and
an Increase in Systemic Vascular Resistance

In line with the general knowledge on the role of vascu-
lar endothelial eNOS in the regulation of BP, we found
that EC eNOS KO mice have significantly higher mean
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Figure 2. Vascular endothelial dilator function is lost in EC eNOS KO mice and preserved in RBC eNOS KO mice.

Nitric oxide—dependent vascular endothelial function is fully abolished in EC eNOS KO mice and fully preserved in RBC eNOS KO mice
compared with the respective littermate controls. A, Preconstricted aortic rings from EC eNOS KO lack acetylcholine (ACh)-induced
vasodilation (2-way repeated measurement [RM]J-ANOVA P<0.0001; Sidak ***P<0.001 vs WT control for concentrations of ACh>1075%
mol/L (n= 6 per group). B, Flow-mediated dilation (FMD) of the iliac artery assessed in vivo by ultrasound is abolished in EC eNOS KO
(blue; 2-way RM-ANOVA P<0.0001; Sidak **P<0.01 vs WT control [white] for £6.3 minutes; n=10 per group). C, In aortic rings from RBC
eNOS KO (orange), ACh-induced vasodilation was not different from WT littermates (white). Two-way RM-ANOVA P<0.0001. n=5 per
group. D, FMD of the iliac artery is fully preserved in RBC eNOS KO mice, 2-way RM-ANOVA P<0.0001. n=8 per group. E, Endothelium-
dependent relaxation (EDR) in response to ACh (calculated as the percentage of the maximal ACh response) is significantly impaired in
EC eNOS KO and fully preserved in RBC eNOS KO compared with their respective WT controls. One-way ANOVA P<0.0001; Tukey test

Hkkk

P<0.0001. F, Maximal FMD (corresponding to the percentage of maximal flow-mediated dilator response) is significantly decreased in EC

eNOS KO mice and fully preserved in RBC eNOS KO mice, compared with their respective WT controls. Lines represent meanstSD. One-
way ANOVA P<0.0001; Tukey test **P<0.001. EC indicates endothelial cell; eNOS, endothelial nitric oxide synthase; KO, knockout; RBC,

red blood cell; PCR, polymerase chain reaction; and WT, wild type.

arterial pressure (MAP; Figure 3A, blue) compared with
their WT littermates, which is characterized by a differ-
ence of 15 to 18 mmHg in both systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP), where-
as heart rate (HR) was similar in both groups (Table 1).
RBC eNOS KO mice also had significantly higher MAP
than their WT littermates (Figure 3A, orange), charac-
terized by a 14 mmHg increase in SBP and 8 mm Hg
in DBP and no differences in HR (Table 1). In global
eNOS KO mice, we measured a 17 to 23 mmHg in-
crease in SBP and DBP compared with WT mice (Fig-
ure 3A, gKO, red). The effect size of eNOS deletion
on BP (calculated as A% changes in BP versus the re-
spective WT controls) was more prominent in the global
eNOS KO (28%—-31% increase) and the EC eNOS KO
(20%-26% increase) compared with RBC eNOS KOs
(13%—16%). Thus, the knockout of eNOS in RBCs mod-

876  September 14, 2021

ulates vascular tone at the level of smaller resistance ar-
teries, whereas endothelial function in the large conduit
arteries is fully preserved.

In a subcohort of mice, we characterized systemic
hemodynamics by measuring in the same mouse both
cardiac function by echocardiography and BP by Millar
measurements. We did not observe changes in cardiac
output or HR in EC eNOS KO or RBC eNOS KO mice,
as assessed by echocardiography (Figure 3B, Inset).
HR assessed invasively by a Millar catheter was also
not different between groups (Table 2). However, sys-
temic vascular resistance, which was estimated as the
ratio between MAP and cardiac output, was higher in
both strains than in their respective WT controls (Fig-
ure 3B). These results clearly demonstrate that both
RBC eNOS and EC eNOS contribute independently to
BP homeostasis.

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606
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Figure 3. RBC eNOS and EC eNOS both contribute to blood pressure homeostasis.

A Invasive measurements of blood pressure (BP) in anesthetized mice show that both EC eNOS KO and RBC eNOS KO mice have increased

mean arterial pressure (MAP) compared with their respective WT littermate controls. Global eNOS KO mice (gKO=eNOS™ Deleter Cre)

are hypertensive and show significantly higher MAP than EC eNOS KO and RBC eNOS KO mice. One-way ANOVA P<0.001; Tukey *P<0.05;
“**P<0.0001. B, Systemic vascular resistance (SVR) was estimated in a subcohort of mice by measuring MAP and cardiac output (CO) by ultrasound
in the same animal (SVR ~ MAP/CO) and was significantly increased in both EC eNOS KO and RBC eNOS KO mice compared with their respective
controls. One-way-ANOVA P=0.0149; Welch t test P<0.05. Inset Top, The heart rate (HR) depicted here represents the values measured by
cardiac ultrasound. Inset Bottom, Cardiac output. See also Table 2 for other cardiac parameters. C, Mean of MAP measurements performed in
awake EC eNOS KO (n=7) and WT littermates (n=5) by radiotelemetry showing the diurnal and nocturnal variation of blood pressure with highest
values during the night. KO (SD = £10 mmHg) vs WT (SD = £8 mmHg); Welch t test *P<0.001. Refer also to Figure VIl in the Data Supplement for
mean diurnal values. D, Mean of MAP measurements performed in awake RBC eNOS KO (n=8) and WT littermates (n=8) by radiotelemetry. KO (SD
=115 mmHg) vs WT (SD = 13 mmHg); Welch ¢ test correction *F<0.001. Refer also to Figure VIl in the Data Supplement for mean diurnal values.
E, Telemetric measurements of changes in systolic BP (SBP) in awake EC eNOS KO mice (n=7) show that NOS inhibition by L-NAME or increase

in arginine availability by the administration of the arginase inhibitor NorNOHA did not affect SBP in awake EC eNOS KO mice (blue) compared with
WT mice (n=5). Two-way RM ANOVA P<0.001; Holm-Sidak *P<0.05 vs baseline. See Figure IV in the Data Supplement for data on diastolic BP and
HR. F, Radiotelemetric measurements of changes in SBP in a subcohort of awake RBC eNOS KO mice (n=5) show that treatment with L-NAME
further increases SBP in RBC eNOS KO and WT littermate (n=3) to the same extent as in the WT controls (although the baseline levels between
RBC eNOS KO and WT controls were significantly different, see € and D, this figure); increase of arginine bioavailability by the administration of
NorNOHA rapidly restored BP to the baseline levels. Two-way RM ANOVA P<0.001; Holm-Sidak *P<0.05 vs baseline. BL indicates baseline; EC,
endothelial cell; eNOS, endothelial nitric oxide synthase; i.p,, intraperitoneally; KO, knockout; L-NAME, N-nitro-L-arginine methyl ester; NorNOHA,
N-hydroxy-nor-L-arginine; p.o, orally; RBC, red blood cell; RM, repeated measures; TAM, tamoxifen; and WT, wild type.

Hypertension in Awake RBC eNOS KO Mice regulation of eNOS activity/arginine availability. There-

Can Be Further Increased by NOS Inhibition fore, we monitored BP and HR with radiotelemetry in
awake mice under untreated conditions for 3 days (Fig-

Next, we aimed to confirm the BP/HR phenotypg in ure 3C and 3D; Figure VIl in the Data Supplement). Mice
awake mice and analyze the effects of pharmacological ¢ nocturnal animals, and, as expected, baseline radio-
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Table 2. Systemic Hemodynamics as Assessed in a Subcohort of Mice by Measurements of Echocardiography and Millar in

the Same Individual

WT EC eNOS KO WT RBC eNOS KO
eNOSfovfox Cdh5- | eNOSHox/flex Cdh5- eNQSfioflox eNOSfio/flox
Systemic hemodynamics Cre/ERT2"es Cre/ERT2res P value HbbCre nee HbbCre res P value
n 10 11 11 9
Echocardiography
Heart rate, bpm 46118 487182 0.4743 476144 448159 0.2514
Cardiac output, mL/min 19+3 18+4 0.7426 20+4 1915 0.4979
Stroke volume, pL 4118 375 0.1274 4217 4111 0.8748
End-diastolic volume, pL 6412 66+14 0.8169 79+17 83+33 0.7287
End-systolic volume, pL 23+1 29+15 0.3386 37116 42+25 0.6154
Ejection fraction, % 671 58+15 0.1740 5514 52411 0.5152
Millar
Heart rate, bpm 555155 537+56 0.4586 511453 487+101 0.5381
Systolic blood pressure, mmHg 86+4 103+10 <0.0001§ 916 1056+13 0.0107*
Diastolic blood pressure, mmHg 5717 7119 0.0007# 6318 7118 0.0464*
Mean arterial pressure, mmHg 6716 8249 0.0002% 7317 8219 0.0176*
Systemic vascular resistance, mmHg/ | 3.71£0.6 4.8+1.3 0.0220* 3.710.8 48115 0.0797
mL per min
Rate pressure product, mmHgxbpm | 47418+4152 55248+7061 0.0063t 46302+4099 50951+10560 0.2412

ttest vs respective control group. EC indicates endothelial cell; eNOS, endothelial nitric oxide synthase; KO, knockout; RBC, red blood cell; and WT, wild type.

*P<0.05.
+F<0.01.
$P<0.001.
§F<0.0001.

telemetry traces show higher BP levels during the night;
it is important to note that diurnal BP levels in awake
mice (Figure VIl in the Data Supplement) are higher than
in anesthetized mice (which were measured during the
day), but in awake mice differences between groups re-
mained overall comparable to the one measured in an-
esthesia (Figure 3C, EC=AMAP=20 mm Hg; Figure 3D
A%=20%; RBC AMAP=10 mmHg; A%=10%), con-
firming hypertension in both EC eNOS KO and RBC
eNOS KO mice.

The effects of regulation of eNOS activity on BP in
these mice were determined by the administration of a
NOS inhibitor (L-NAME) in the drinking water for the
next 3 days, which was followed by daily intraperitoneal
administration of the arginase inhibitor NorNOHA for
the last 3 days of the protocol; NorNOHA was given
to the mice to increase the availability of L-arginine to
restore eNOS activity after NOS inhibition (Figure 3E
and 3F; Figure VIII in the Data Supplement). In EC
eNOS KOs, the administration of L-NAME was lethal
in b of 11 mice tested, but in the mice that survived,
it did not significantly affect BP (but decreased HR,
see Figure VIl in the Data Supplement) compared with
baseline measurements (Figure 3E). In RBC eNOS KO
mice, the administration of L-NAME increased SBP by
20 mmHg (Figure 3F) and decreased HR, whereas
DBP was not significantly affected (Figure VII in the
Data Supplement). In the WT controls (Figure 3E, white,
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tamoxifen-treated control; Figure 3D, white, untreated
control) L-NAME administration increased SBP by 12
to 20 mmHg and decreased HR without affecting DBP
(Figure VIII in the Data Supplement). Administration of
NorNOHA decreased BP by 5 to 10 mmHg in all mice,
thereby restoring BP levels to baseline levels, before
L-NAME administration. These data further corroborate
that both EC eNOS and RBC eNOS contribute inde-
pendently to BP regulation in a manner dependent on
the availability of the substrate L-arginine.

Reactivation of eNOS Specifically in RBCs
Rescues Global eNOS KO Mice From
Hypertension

To induce cell type—specific reactivation of eNOS in
RBCs or ECs in a global eNOS KO mouse, we created
a Cre-inducible eNOS knock-in (KI) gene construct
(eNOS™i™) by inserting an inverted exon 2 and 2 ad-
ditional Lox511 sites in the loxP-eNOS construct (Fig-
ure 4A and Figure VIII in the Data Supplement) This
construct allows a Cre-induced reactivation of eNOS in
any cell type of interest; therefore, these mice were de-
fined as conditional global eNOS KO mice (CondKO).
As shown in Figure 4B, by breeding eNOS™™ with
Cdhb-Cre/ERT2r° mice and after tamoxifen treatment,
we obtained EC eNOS Kl (eNOS™™ Cdhb-Cre/ERT-
2r%) with tissue-targeted reactivation of eNOS in ECs

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606
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Figure 4. Reactivation of eNOS expression in either ECs or RBCs rescues global eNOS KO mice from hypertension.

A, Scheme describing the gene-targeting strategy showing the position of a loxP (black) and loxP511 (green) sequences within the gene-
targeting construct used to generate eNOS™™ mice, which are conditional eNOS KO mice (CondKO). B, Schematic representation of the
crossing strategy. To create EC eNOS Kl mice (green), eNOS™ " mice=CondKO mice (black) were crossed with endothelial-specific tamoxifen-
inducible Cre mouse (Cdh5-Cre/ERT2) and treated with tamoxifen for 5 days and analyzed after 21 days. To create RBC eNOS Kl mice
(yellow), eNOS"" mice=CondKO mice (black) were crossed with erythroid-specific (HbbCre?*) mice. C, Real-time polymerase chain reaction
analysis shows that tissue-specific DNA recombination occurs in the aorta of EC eNOS KI mice (blue), whereas in RBC eNOS Kl mice (yellow),
DNA recombination occurs in the bone marrow, but not in the aorta. No DNA recombination is observed in CondKO littermate control mice
(white). t test *P<0.05, ***P<0.0001 vs respective CondKO control. D, Real-time reverse transcriptase polymerase chain reaction analysis eNOS
expression in the aorta of EC eNOS Kl mice (green) but not in CondKO littermate control mice (black). One-way ANOVA P<0.0001; Tukey
multiple comparisons test *P<0.05 vs respective CondKO control. E, Representative immunoblot analysis demonstrating eNOS expression

after Cre-dependent reactivation of eNOS expression in aorta EC eNOS Kl mice, compared with CondKO, EC eNOS KO, RBC KO, and WT
controls. Refer also to J (eNOS expression by ELISA) and Figure IX in the Data Supplement for immunoblot analysis from other tissues. F,
Representative Western blot analysis demonstrating lack of eNOS expression in the aorta of RBC eNOS Kl mice and CondKO mice. See Figure
[X'in the Data Supplement for immunoblot analysis from other tissues. G, Real-time reverse transcriptase polymerase chain reaction analysis
shows that erythroid cells (Ter119*CD71+CD45") extracted from the bone marrow of RBC eNOS Kl mice (yellow, n=3) express eNOS mRNA
compared with CondKO controls, where we could not detect any eNOS mRNA (n=3) *P=0.05 (exact) Mann-Whitney U test. H, ELISA detection
of eNOS expression in RBC membrane preparations (ghosts) from RBC eNOS Kl mice (n=4) compared with CondKO controls (n=4), where we
could not detect any eNOS protein. *P=0.0286 (exact) Mann-Whitney U test. I, Low (Upper) and high (Lower) contrast images representing
immunoprecipitation (IP) and immunoblot (IB) analysis of eNOS (135 kDa) from RBC lysates show eNOS expression in RBC eNOS Kl mice and
lack of eNOS in global eNOS KO mice (gKO) and CondKO mice. The IgG (120 kDa) is seen in the IP samples. J, The quantification of eNOS
protein expression in multiple organs by ELISA shows a significant eNOS expression in multiple tissues of EC eNOS Kl mice, whereas no eNOS
was detected in RBC eNOS Kl or littermate CondKO mice. Data were analyzed according to the mixed-effect model with Geisser-Greenhouse
correction; P<0.0001; multiple comparisons of eNOS levels among the groups within the same tissue were assessed by a Tukey test; P<0.0001;
Tukey *P<0.001. Lines represent meanst SD. EC indicates endothelial cell; eNOS, endothelial nitric oxide synthase; Kl, knock-in; KO, knockout;
MWM, molecular weight marker; RBC, red blood cell; and WT, wild type.

only or their littermate global eNOS KO controls (eNOS™
i Cdhb-Cre/ERT2"9), Tamoxifen-induced DNA recom-
bination and the resulting genetic inversion of exon 2 of
Nos3 in eNOS™n Cdh5-Cre/ERT2 mice (EC eNOS
Kl), and the lack thereof, in eNOS™/" Cdhb-Cre/ERT-
2mes mice (CondKO control), were all confirmed by real-
time PCR analysis of DNA extracted from vascular tissue

(aorta) of these mice (Figure 4C, green). This resulted
in the reactivation of eNOS expression in the aorta and
other tissues, as assessed by real-time reverse transcrip-
tase PCR (Figure 4D), immunoblot (Figure 4E; Figure IX
in the Data Supplement), and ELISA of multiple tissues
(Figure 4J). In CondKO littermate mice, eNOS expres-
sion was nondetectable in any of the tissues analyzed.
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In addition, by crossing eNOS™ " with Hbb-CreP* 28 mmHg (corresponding to a 25% decrease in MAP;
mice, we created RBC eNOS Kl (eNOS™ ™ Hbb-Cre)  Table 1) and increased systemic vascular resistance (Fig-

mice (Figure 4B). These mice are characterized by a tar- ure 5D, Table 3) with no significant differences in HR. An
geted eNOS reactivation in bone marrow erythroid cells,  important finding was that reactivation of eNOS specifi-
as determined by analyzing DNA recombination in the  cally in erythroid cells fully rescued the global eNOS KO
bone marrow (Figure 4C), and eNOS expression in iso- (eNOS™™) from hypertension with a significant decrease

lated erythroid cells (Ter119+ CD71* CD457; Figure 4G), in BP of 19 to 24 mmHg (23% decrease in MAP) in the
RBC ghosts (Figure 4H), and RBC lysates (Figure 41), RBC eNOS K, as compared with their CondKO littermate
as well, whereas the littermate CondKO mice did not controls (Table 1 and Table 3). These data provide addi-
show DNA recombination (Figure 3C, black) or express tional evidence for our finding that RBC eNOS and EC
any eNOS in bone marrow erythroid cells or RBCs (Fig- ~ eNOS contribute independently to BP homeostasis.

ure 4G, 4H, and 4l). In all other tissues and cells ana-

lyzed, we did not detect any eNOS expression (Figure 4F  Girculating Nitrite Is Decreased in Both EC eNOS
and 4J; Figure IX in the Data Supplement). KO and RBC eNOS KO and the Levels of NO-

Of note, in EC eNOS KI mice, reactivation of eNOS . .
specifically in ECs fully restored vascular endothelial dila- Heme Are Changed in RBC eNOS KO/KI Mice

tor function as determined ex vivo (Figure bA; Figure X Next, we aimed to analyze the impact of cell-specific
in the Data Supplement) and in vivo (Figure 5B; Figure ~ eNOS deletion on the concentrations of NO metabolites
VI in the Data Supplement), and decreased BP by 23 to  in blood and tissues of all KO and Kl lines. In EC eNOS KO

@ CondKO @ ECeNOSKI (O RBCeNOSKI
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Figure 5. Reactivation of eNOS expression in either ECs or RBCs rescues global eNOS KO mice from hypertension.

A and B, Vascular endothelial dilator function is fully restored in EC eNOS KI. A, Preconstricted aortic rings from CondKO mice (black, n=2) lack
acetylcholine (ACh)-induced vasodilation, whereas reactivation of eNOS fully restores ACh response in EC eNOS Kl (green, n = 3). Two-way repeated-
measures ANOVA concentration P<0.0001; Kl vs KO P=0.0461; Sidak “P<0.01 vs CondKO control for concentrations of ACh>10"" mol/L. B,
Flow-mediated dilation of the iliac artery assessed in vivo by ultrasound is abolished in CondKO mice (black; 2-way repeated-measures ANOVA

time P=0.0007 Kl vs KO P=0.329; Fisher least significant difference test *P<0.01 vs CondKO control (black) for ¢ >6.3 minutes); and restored in
EC eNOS KI mice (green). C, Invasive blood pressure analysis shows that reactivation of eNOS expression in ECs in EC eNOS Kl mice significantly
decreases MAP compared with their littermate conditional eNOS KO mice (CondKO). One-way ANOVA P<0.001; Tukey ***P<0.0001. D, Systemic
vascular resistance (SVR) was estimated in a subcohort of mice by measuring MAP and cardiac output (CO) by ultrasound in the same animal (SVR
~ MAP/CO). The heart rate depicted here represents the values measured by cardiac ultrasound. SVR is decreased in EC eNOS Kl compared with
CondKO mice; t test Welch *P<0.05. See also Table 3 for other cardiac parameters. CondKO, conditional global eNOS knockout mice; EC, endothelial
cell; eNOS, endothelial nitric oxide synthase; Kl, knock-in; KO, knockout; MAP, mean arterial pressure; RBC, red blood cell; and WT, wild type.

880  September 14, 2021 Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606



20T ‘€ yorey uo Aq S1o0°syewmnoleye//:dyy woly pepeorumo ]

Leo et al

Red Blood Cell eNOS and Blood Pressure Control

Table 3. Hemodynamics of EC eNOS KI and RBC eNOS KI mice and Their respective Controls

CondKO EC eNOS KI CondKO RBC eNOS KI
eNOS"/in Cdh5- eNOS™/inv Cdh5- eNQosSinv/in eNQosinv/inv

Systemic hemodynamics Cre/ERT2¢ + TAM | Cre/ERT2s + TAM | P value HbbCre"es HbbCrer°s P value

n 7 7 8 8

Echocardiography
Heart rate, bpm 442183 458+81 0.7227 516152 521+38 0.8430
Cardiac output, mL/min 1715 1715 0.9999 2116 1616 0.1791
Stroke volume, pL 3818 377 0.8177 401 31%1 0.1368
End-diastolic volume, uL 59+1 64+1 0.5246 6212 51+2 0.2668
End-systolic volume, pL 21%1 2741 0.4061 22+1 20%1 0.7158
Ejection fraction, % 6712 59+1 0.3514 6712 63+£1 0.6033

Millar
Heart rate, bpm 531156 514455 0.56795 508140 507+80 0.9663
Systolic blood pressure, mmHg 1254 9548 <0.00018§ 12017 98+5 <0.00018§
Diastolic blood pressure, mmHg | 84+%1 5718 0.0009% 85+5 6716 <0.00018§
Mean arterial pressure, mmHg 9819 7018 <0.0001§ 9715 775 <0.0001§
Systemic vascular resistance, 6.2+2 4.3%+1.2 0.0475* 5.2+1.9 5.5+2.1 0.7331
mmHg/mL per min
Rate pressure product, 66292+6396 48793+6236 0.0002% 60589+4805 4943916941 0.00271
mmHgxbpm

ttest. CondKO indicates conditional global eNOS knockout mice; EC, endothelial cell; eNOS, endothelial nitric oxide synthase; K, knock-in; RBC, red blood cell;

and WT, wild type.
*F<0.05.
1P<0.01
$FA<0.001.
§F<0.0001.

mice, we found a decrease in circulating nitrite and nitrate
levels in plasma (Figure 6A and 6B; Table 4), without sig-
nificant changes of these 2 metabolites in RBCs or aorta
(Table 4). We also found a decrease in total NO species
(ie, the sum of all NO species assessed in a specific com-
partment) in plasma, aorta, and lung of EC eNOS KO mice,
compared with their WT littermates (Table 4); however,
decreases in the aorta and plasma were not statistically
significant. In the liver, on the other hand, we found an in-
crease in nitrate, contributing to an overall increase in total
NO species (Table 4). This is consistent with the observa-
tion that the liver may act as a reservoir of nitrate.?® Similar
changes as observed in EC eNOS KO were observed in
global eNOS KO mice by us and others before.562430

RBC eNOS KOs showed alterations in nitrite and
nitrate concentrations in plasma and aorta. Specifically,
we found a significant decrease in nitrite and nitrate in
plasma (Figure BA, Table 4), together with an increase in
nitroso species (Figure 6C) compared with WT control
mice. In the RBC eNOS KO mice, we observed a signifi-
cant decrease in total NO species in plasma (Table 4),
but no other significant changes in any other tissues,
except for an increase in nitrite in the aorta compared
with WT controls (Table 4).

CondKO mice showed an overall decrease in NO
metabolites in plasma and tissues compared with WT
mice (compare Table 4, WT with Table 5, Cond KO),
with an almost 50% decrease in circulating nitrite levels

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606

(Figure 6B, black). However, nitrite levels in the plasma
of EC eNOS Kl or RBC eNOS Kl were not different from
their littermate global eNOS KO mice (Figure 6B, green
and yellow triangles). These data show that plasma nitrite
levels depend on the presence of eNOS in both the ECs
and the RBCs and decrease in the global absence of
eNOS, but the reintroduction of eNOS in ECs or RBCs
does not restore nitrite levels (as it does with BP; see
also Figure Xll in the Data Supplement).

The levels of bound NO (measured as NO-heme
concentrations) were fully preserved in RBCs from EC
eNOS KO mice (Figure 6C, blue) but significantly lower
in RBCs from RBC eNOS KOs (Figure 6C, Right, orange)
and CondKO mice (Figure 6C, black). Accordingly, levels
of NO-heme were not altered in RBCs from EC eNOS K
mice (Figure 4C, green), but elevated in RBCs from RBC
eNOS Kl mice (Figure 4C, yellow), compared with the
respective CondKO littermates. These data show that the
levels of bound NO in RBCs depend on the presence/
absence of eNOS in RBCs.

DISCUSSION

In this work, we were able to determine the independent
contribution of vascular ECs and RBCs to NO metabo-
lism, vascular function, and BP homeostasis by creating
and comparing tissue-specific eNOS KO and eNOS Ki
mice in ECs or RBCs. As expected, we find that eNOS in
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Figure 6. RBC eNOS and EC eNOS both contribute to plasma nitrite, but red cell eNOS is the major determinant of circulating

NO-heme.

A A significant decrease in plasma nitrite is observed in both EC eNOS KO (blue) and RBC eNOS KO (orange), compared with their respective
WT controls (white). Welch ¢ test *P<0.05; **P<0.01. B, Plasma nitrite in EC eNOS Kl (green) or RBC eNOS K (yellow) is not different from
CondKO mice (black), but CondKO mice show lower plasma nitrite levels than WT mice (white; see also Table 4). C, The levels of nitrosospecies
(RXNO=RSNO+RNNO) were unchanged in EC eNOS KO (blue) and significantly higher in the plasma of RBC eNOS KO (orange) mice,
compared with their respective WT control (white). Welch ¢ test *P<0.05. D, The levels of RXNO in plasma of EC eNOS KI, RBC eNOS KI, and
CondKO mice are comparable. E, NO-heme concentrations in RBCs were unchanged in EC eNOS KO mice and decreased in RBC eNOS KO
mice. Welch t test *P<0.05. F, Accordingly, concentrations of NO-heme were unchanged in EC eNOS Kl mice (green) but higher in RBC eNOS
Kl mice (yellow) compared with CondKO mice (black), indicating that RBC eNOS is the major determinant of circulating NO-heme. Welch ¢

test *P<0.05. CondKO, conditional global eNOS knockout mice; EC, endothelial cell; eNOS, endothelial nitric oxide synthase; Kl, knock-in; KO,
knockout; NO, nitric oxide; RBC, red blood cell; RXNO, nitrosospecies (nitrosothiols+nitrosamines); and WT, wild type.

the vascular wall is the main determinant of endothelial
function in conduit and resistance arteries. It is surpris-
ing that eNOS in RBCs effectively contributes to BP ho-
meostasis, tissue perfusion, and systemic circulatory NO
bioavailability independently of vascular eNOS.

Previous work relied solely on the use of global eNOS
KOs or pharmacological inhibition with drugs targeting
all 3 NOS isoforms. By creating mice lacking eNOS only
in ECs, we can now ultimately confirm the suggested
central role of these cells in eNOS-mediated control
of cardiovascular function as originally proposed when
endothelium-derived relaxing factor was discovered.®'
The fact that RBC eNOS KO mice were also hyperten-
sive was definitely more surprising, although a role for

882  September 14, 2021

blood cell eNOS had been suggested in 1 study using
chimeric mice obtained by transplanting bone marrow
from eNOS KO mice into irradiated WT mice, and vice
versa.® The functional significance of eNOS in RBCs has
been a matter of intense debate for some time.'011.143233

We previously demonstrated that eNOS is present
and active in RBCs.#3* The data presented here show
that genetic deletion of eNOS specifically in erythroid
cells leads to significant increases in SBP and DBP.
These changes were not accompanied by changes in HR
and cardiac output, but by increases in systemic vascular
resistance. In RBC eNOS KO mice, eNOS activity and
function at the level of conduit and proximal resistance
arteries were fully preserved. In line with these observa-

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606
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Table 4. NO Metabolites in Blood and Organs of EC eNOS KO, RBC eNOS KO, and Corresponding WT Littermate Controls

t test between the groups. EC indicates endothelial cell; eNOS, endothelial nitric oxide synthase; KO, knockout; NO, nitric oxide; RBC, red blood cell; RXNO,

nitrosospecies (nitrosothiols+nitrosamines); and WT, wild type.

*<0.05.
1A<0.01.
$£<0.001.

§One value excluded as outlier according to the Tukey test or not determined/available.
ITwo values were not determined/available, or one was excluded as an outlier according to the Tukey test.

WT EC eNOS KO WT RBC eNOS KO g
eNOSfevflex Cdh5- eNOQSfevflex Cdh5- eNOSflovflex eNQSflox/flex = 2
Metabolites Cre/ERT2"ee Cre/ERT2r>s P value HbbCreres HbbCreres P value = =
n 5 5 7 6 ,§ ™
m o
Heart E
=
Nitrite, pmol/L 1.10+0.30 1.27+0.25 0.3557 0.69+0.15 0.9240.608 0.4463 2
Nitrate, pmol/L 93.86+26.51 77.84+14.97 0.2818 65.16+19.11 86.82+54.70 0.3914
RXNO, nmol/L 81.94+26.31 102.74£37.20 0.3406 54.00+19.06 43.81+10.47 0.2528
NO-heme, nmol/L 475.21+£320.85 97.74+£24.20 0.0579* 125.04£37.83 38.82+20.11 0.0005%
Total NO species, pmol/L 95.09+26.43 79.31+£14.91 0.2871 66.02+19.14 87.66+54.33 0.3890
Lung
Nitrite, pmol/L 0.88+0.51§ 0.71+0.11 0.5100 0.71+0.24 0.50+0.13§ 0.0801
Nitrate, pmol/L 35.6216.74§ 19.49+5.52 0.0035% 44.01+£13.20 40.10+22.66 0.7202
RXNO, nmol/L 94.01£19.948 79.43+20.31 0.3173 62.99+29.43 122.80+£106.3 0.2331
NO-heme, nmol/L 228.44+92.18§ 463.51+121.30 0.0131* 282.16+166.87 104.77161.72 0.0316*
Total NO species, umol/L 34.25+5.57§ 20.74%+5.62 0.0096t 45.06+13.40 33.781£16.508 0.2450
Liver
Nitrite, pmol/L 0.63+0.34 0.83+0.15 0.2798 0.20%0.06 0.16+0.048§ 0.2483
Nitrate, pmol/L 38.47+22.34 71.02+20.84 0.0445* 57.69+17.70 33.88+7.05§ 0.0116*
RXNO, nmol/L 1378.28+749.29 1038.64+283.33 0.3857 366.42+71.71 1836.38+1541.77 0.0666
NO-heme, nmol/L 1190.08+722.98 310.85+104.09 0.0523 1149.31+323.81 494.141573.76 0.0396*
Total NO species, umol/L 40.65+22.39 73.20+21.08 0.0456* 59.41+17.54 36.68+8.858 0.0159*
Aorta
Nitrite, pmol/L 138.12+£62.10 141.36+£39.21 0.9243 57.57+16.448§ 118.71+£42.34 0.0147*
Nitrate, pmol/L 10191.95+7764.94 5473.15+4015.51 0.2730 2931.00+1184.008 3408.00+£1888.00 0.6357
RXNO, nmol/L 2058.42+1653.39 1870.34£1002.49 0.8344 2103.00+980.108 3067.00+£1737.00 0.2712
Total NO species, umol/L 10331.13+£7805.42 5616.38+4052.67 0.2758 3020.34+1181.83§ 2455.27£1651.94 0.5126
Plasma
Nitrite, pmol/L 0.81+0.18 0.44+0.10 0.0065t 1.52+0.42 0.78%0.07 0.0031%
Nitrate, pmol/L 41.35+15.75 20.65+4.25 0.0402* 57.6319.22 25.40+10.93 0.0002%
RXNO, nmol/L 22.24+4.58 16.34+£11.15 0.3268 9.39+1.57I 39.65+22.64 0.0220*
Total NO species, pmol/L 36.66+11.28 21.11+£4.30 0.0642 59.96+9.07I 26.22+10.91 0.0003%
RBCs
Nitrite, pmol/L 0.491+0.16 0.43%+0.16 0.6088 0.941+0.148§ 1.09+0.35§ 0.4063
Nitrate, pmol/L 35.23+14.27 17.6413.14 0.0880 67.95+15.61 68.43+29.82 0.9727
RXNO, nmol/L 475.06+158.27 225.04+76.99 0.0201* 196.32+£123.29 125.32+28.68 0.1846
NO-heme, nmol/L 62.9219.99§ 83.12+39.12 0.3209 74.76124.84 45.06+13.31 0.0220*
Total NO species, pmol/L 32.02+21.79§ 18.38+3.33 0.2999 56.34+31.658§ 75.91128.53§ 0.3097

tions, the administration of a NOS inhibitor increased BP
further in RBC eNOS KO mice. Moreover, the administra-
tion of an arginase inhibitor to restore arginine availabil-
ity counteracted the effect of NOS inhibition and quickly
restored baseline conditions, showing that, in RBC

eNOS KO mice, both regulatory components are active
and can be modulated by pharmacological intervention.
Last, when eNOS was reintroduced into either ECs or
RBCs of conditional global eNOS KO mice, it success-
fully rescued the hypertensive phenotype in both cases.
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Table 5. NO Metabolites in Blood and Organs of EC eNOS KI, RBC eNOS KI, and Corresponding Conditional Global eNOS
Knockout Mouse Littermate Controls

=
= CondKI EC eNOS KI WT RBC eNOS Kl
E eNOS™in Cdh5- eNOS"inv Cdh5-
— Metabolite Cre/ERT2"ee Cre/ERT2r>s P value eNOS™ " HbbCre"s | eNOS™/™ HbbCref>s | P value
% n 8 7 8 8
CI:: Heart
Nitrite, pmol/L 2.27+0.14% 2.24+0.48 0.8745 0.64+0.23 0.67%0.188 0.7817
Nitrate, pmol/L ND ND 13.86+6.27 13.9816.08§ 0.9715
RXNO, nmol/L 34.86+£16.40 32.50+3.38 0.7043 15.54+4.38 20.65+6.23 0.0810
NO-heme, nmol/L 26.57+£12.00 32.67+8.46 0.2865 6.94+1.49 8.40+2.09 0.1303
Total NO species, pmol/L ND ND 14.52+6.31 14.68+6.09§ 0.9628
Lung
Nitrite, pmol/L 2.42+0.52% 3.05+0.62 0.0626 0.70+0.26 0.70+0.658 0.9796
Nitrate, pmol/L ND ND 28.75+14.78 21.311£9.038§ 0.2674
RXNO, nmol/L 71.73+35.40 54.26+12.34 0.2237 3783.511+2023.748 3666.83+2476.96 0.9244
NO-heme, nmol/L 27.62+14.30 29.86+7.76 0.7090 425.901238.144§ 443.89+88.30§ 0.8792
Total NO species, ymol/L ND ND 39.21+16.114§ 25.28+9.53§ 0.1378
Liver
Nitrite, pmol/L 3.32+1.44 2.72+0.36% 0.2921 0.65+0.52 0.31+0.08 0.1050
Nitrate, pmol/L ND ND 17.56+9.23 14.68+5.38 0.4606
RXNO, nmol/L 617.11+336.562 496.28+193.14 0.4046 672.09+412.26 37799147688 0.0842
NO-heme, nmol/L 118.741£46.90% 79.44+3.428 0.0686 342.06+207.87 353.56+136.61 0.8981
Total NO species, pmol/L ND ND 19.23+9.47 14.52+4.208 0.2389
Aorta
20 Nitrite, pmol/L 9.56+4.74 6.20+2.06 0.0995 2.90+1.05 2.28+1.218§ 0.3407
;’T Nitrate, pmol/L ND ND 126.67+104.88 100.97£97.258§ 0.6451
(=%
g RXNO, nmol/L 79.10+46.81 55.80+47.50 0.3579 141.72+106.74 191.45+106.22% 0.3834
§ NO-heme, nmol/L 11.49+3.978 21.28+5.55 0.0037t 129.71+£105.59 67.44148.22§ 0.1780
3 Total NO species, pmol/L ND ND
% Plasma
5
%- Nitrite, pmol/L 0.45%+0.23 0.284+0.13# 0.1218 0.32+0.12 0.2410.09% 0.1542
§ Nitrate, pmol/L ND ND 55.72+48.50 43.47£21.12 0.5279
g RXNO, nmol/L 15.67+15.77 12.89+£13.12 0.7160 34.46+11.62 29.16+7.14 0.2909
l;‘ Total NO species, pmol/L ND ND 56.06+£48.53 44.71+22.62% 0.5668
g RBCs
§ Nitrite, pmol/L 0.15+0.04 0.21+0.10 0.2011 3.29+1.24% 2.94+1.51% 0.6435
; RXNO, nmol/L 88.781+47.89 103.57£72.60 0.6562 1.26+0.52 0.72+0.25 0.0253*
§ NO-heme, nmol/L 3.061+0.66 2.67+0.41 0.1904 23.89+8.898 41.54+12.94% 0.0150*
h Total NO species, pmol/L ND ND 4.66+1.43% 3.78+1.72§ 0.3425

ttest between the groups. EC indicates endothelial cell; eNOS, endothelial nitric oxide synthase; Kl, knock-in; ND, nondetermined; NO, nitric oxide; RBC, red blood

cell; RXNO, nitrosospecies (nitrosothiols+nitrosamines); and WT, wild type.

*<0.05.
1A<0.01.

#One value excluded as outlier according to the Tukey test, or not determined/available.
§Two values were not determined/available, or one was excluded as an outlier according to Tukey test.

These data strongly affirm the role of eNOS in both cell
types as being essential to BP regulation.

BP homeostasis is primarily regulated at the level of
distal conduit, proximal and distal resistance, and pre-
capillary sphincter arteries. Our findings underscore

unequivocally that an L-arginase-eNOS signaling cas-
cade is effectively expressed in ECs and RBCs and, by
comparing the phenotype of the 4 mice lines presented
here, it becomes clear that, depending on its localization,
this pathway exerts distinct and complementary physi-
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ological effects on NO metabolism and BP control. This
may be because of the specific (sub)compartmentaliza-
tion of eNOS within the vessel wall and its cellular com-
ponents,3*~% the unique anatomy and function of the
vascular tree® and its relationship with the circulating
blood cells,'* and the different half-life and distribution
kinetics of the NO metabolites within the blood and the
tissues. 2162440742 The functional differences of the path-
way in RBCs or the vasculature may become prominent
under specific pathophysiological conditions such as
endothelial dysfunction or blood disorders.

It is well known that eNOS protein expression and activ-
ity in RBCs are both significantly lower than in the endo-
thelium.® However, according to a recent estimate of the
total number of cells in the human body, RBCs were the
largest contributor to the overall number.*® Thus, total RBC
numbers may compensate for lower eNOS activity per cell.
Therefore, the high density of RBCs and extensive surface
area might provide sufficient eNOS-derived NO signaling/
export of NO bioactivity to contribute to blood flow and BP
regulation where arterial vessel size decreases.

Moreover, it has been shown previously that endothe-
lial eNOS expression declines from proximal to distal sites
of the arterial and coronary circulation.*® Conversely, RBCs
carry eNOS uniformly along the vascular tree, and their
contact with the vessel wall becomes more intimate as
they travel from proximal to distal sites of the arterial cir-
culation. The smaller distance to the endothelial surface
may facilitate the effectiveness of the eNOS-dependent
export of NO bioactivity from RBCs. This may explain in part
the distinct size effects of induction and rescue of arterial
hypertension using our cell-specific eNOS KO/KI mice in
the absence and presence of NOS/Arg inhibitors (L-NAME
and NorNOHA) and, in particular, the apparent lack of effect
of L-NAME in EC eNOS KO mice (which was accompanied
by increased mortality in this group only). This points to the
existence of 2 fundamental and complementary eNOS-
dependent pathways controlling BP hemostasis.

Further regulatory components are the nature, distri-
bution, and kinetics of the several NO metabolites found
in plasma, RBCs, and vascular tissues.?*4%4* Under nor-
mal physiological conditions, the main enzymatic source
of NO in the body is thought to be the endothelial
eNOS24" with lesser contributions of the neuronal NOS
and the inducible NOS (in monocytes/macrophages). It
was suggested that eNOS-derived NO may exert endo-
crine effects that are thought to be mediated mainly
by nitrite and other semistable circulating metabolites;
these include nitrate, nitroso compounds, and possibly
nitro fatty acids,>*%4* which can be formed in blood and
tissues by several reactions. Based on ex vivo experi-
ments, RBC eNOS is proposed to control the release of
NO metabolites from RBCs.%103445

The data presented here show that both EC eNOS
and RBC eNOS contribute to the levels of systemic
NO metabolites, albeit in different ways. In EC eNOS
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KO mice, the overall amount of NO metabolites was
decreased mainly in plasma, lung, and heart, whereas in
the RBC eNOS KO mice clear changes are observed
only in the blood, which further supports the notion of
differential regulation of the circulating NO pool and NO
bioactivity affecting vascular tone as generated from
either EC or RBC eNOS. The levels of RXNO in plasma
or RBCs show some variability (which was not observed
in the other groups) and show no correlation with the
presence/absence of eNOS in these models.

When looking specifically at the levels of NO-heme in
RBCs, which has been proposed to be a good indicator
of EC eNOS-derived NO and systemic NO bioavailabil-
ity,*® we surprisingly found that RBC eNOS rather than
EC eNOS was the major contributor, as clearly demon-
strated by comparing the levels of NO-heme in the 4
mouse lines analyzed. This indeed suggests that eNOS
in the RBCs is functional and is 1 important source of
NO bound in RBCs.

Signaling by eNOS in both erythroid and endothelial
bone marrow cells has been proposed to control the dif-
ferentiation of erythroid cells and hematopoiesis.”” We
did not observe any changes in the hematologic phe-
notype in our mice: blood count, hematocrit, and blood
RBC deformability were not significantly different in
RBC eNOS KO mice or EC eNOS KO mice, limiting the
role of rheological changes in BP phenotype in those
mice. However, oxygen affinity was significantly higher
and oxygen-binding cooperativity was significantly lower
in the RBC eNOS KO mice; this difference progressed
when pH was lowered within the physiological range
(from 7.6 to 7.2), indicating a role of RBC eNOS in the
Bohr effect, which had earlier been proposed to occur by
S-nitrosation of Band 3/Anion exchanger 1.%8

The specificity of gene-targeting deletion or reactiva-
tion of eNOS in 1 specific cell type relies on the specificity
of the promoter regulating the Cre recombinase. Both the
cadherin-5 promoter and the promoter for the hemoglo-
bin B-chain were previously characterized as being highly
specific for the endothelial'” and erythroid'® compart-
ment, respectively. It is important to point out that some
chimerism was observed for the expression of Cre recom-
binase in megakaryocytes,'® the precursors of platelets.
Although the presence and role of eNOS in megakaryo-
cytes and platelets is still highly controversial and its role
in BP regulation unknown, it cannot be excluded a priori.
Nevertheless, the efficiency and specificity of EC or RBC
targeting were verified here by multiple independent
techniques ranging from detection of DNA recombination
to cell- and tissue-specific expression of eNOS and Cre
recombinase in isolated cells and tissues.

How then does RBC eNOS contribute to BP reg-
ulation? At the moment, this question can only be
speculated on. Numerous studies suggest that RBCs
are capable of exporting NO bioactivity under hypoxic
conditions,*484% although the identity of the species
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released responsible for carrying and exerting NO-like
bioactivity is yet to be determined.

The finding of decreased NO-heme levels in RBC
eNOS KO mice and increased NO-heme levels in RBC
eNOS Kl mice is very interesting. The main heme protein
in RBCs is hemoglobin (Hb) and nitrosyl-Hb (heme iron-
bound NO, Fe?*-NO) is the central precursor in 2 hypoth-
eses related to the export of NO bioactivity from RBCs;
the one involving nitrosation of Cys-$93 in Hb*® and the
other one involving deoxyhemoglobin-mediated reduc-
tion of nitrite to NO.*® The key point of the controversy
is how nitrosyl-Hb is formed and whether nitrosyl-Hb is
simply an inert biomarker for NO levels in the RBCs, or
rather it is a reservoir of NO, if it could be released.®!

During NO inhalation, NO-heme forms in the pulmo-
nary vasculature and is rapidly metabolized from artery
to vein, suggesting its ability to undergo an oxidative
denitrosylation along the vascular tree (ie, its conversion
into Fe?*-NO to Fe® and release of NO). The proposed
mechanism consists of concerted reactions of oxyHb
and nitrite generating oxidative intermediates (H,O, and
NOQ) that convert Fe?*-NO to Fe®*+NO and N,O, that
can escape Hb autocapture®? As RBCs deoxygenate,
nitrosyl-Hb and nitrite participate in reactions that gen-
erate NO, NO,, and N,O,. A further mechanism for bio-
activity related to nitrosyl-Hb is the recently proposed
release of the entire NO-heme complex to function as
a signaling entity,®® but its functional significance is still
under investigation.

Nevertheless, here, we presented genetic evidence
linking the presence of eNOS in RBCs with the levels of
NO bound to RBCs. If one considers that eNOS-derived
NO formation from L-arginine requires O, and the forma-
tion of nitrosyl-Hb may result from RBC eNOS activity,
these data indicate that in RBCs an interesting interplay
of eNOS-dependent NO formation, formation of nitrosyl-
Hb, and export of NO bioactivity related to Po, may occur.

Another possibility is that the RBC is a net exporter of
nitrite, which has been shown to act as a vasodilator and
regulator of vascular tone independently of EC eNOS*®
through mechanisms including myoglobin- or xanthine
oxidase—mediated nitrite reduction in the vessel wall.*+54
Nitrite and iron-nitrosyl-Hb likely relate inversely to BP
changes, as suggested by independent groups™®#5%6 and
confirmed with recent translational human studies.>*%®

The data presented here show that the lack of eNOS
in the RBCs and concomitant decrease in NO levels in
RBCs (in form of NO-heme) and plasma correspond to
an increase in BP, without affecting the activity or func-
tion of eNOS in the endothelium. They could indicate a
paracrine role of nitrite/NO metabolites in the regula-
tion of BP* and demonstrate a central role of eNOS-
dependent signaling in RBCs. Further confirmation of
this hypothesis is the observation that conditional global
eNOS KO mice show a ~50% decrease of circulating
nitrite compared with the WT mice. However, eNOS
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reactivation in either compartment did not restore cir-
culating nitrite levels in these models, although BP was
comparable to that in WT mice. These findings suggest
that in a global eNOS KO the mechanism governing the
regulation of plasma nitrite is only in part dependent on
vascular/RBC eNOS—derived NO production.

A common uncertainty when trying to explain RBC
export of NO bioactivity relates to where the NO is origi-
nating from. Most authors would suggest that the endo-
thelium is the major source and that NO is first picked
up by the RBCs.'*® Despite being present at very low
levels, the data presented here actually show that RBC
eNOS plays a role both in regulating circulating levels of
nitrite/nitrate and NO-heme levels in the RBCs, and BP
homeostasis, as well. It is most important that we could
demonstrate that NO bioactivity exported from RBCs is
effective in the regulation of vascular function at the level
of resistance arteries, although it does not affect conduit
arteries, because RBC eNOS KO mice have increased
MAP but preserved function of conduit arteries.

These distinct effects of eNOS on arterial macro- and
microcirculation are in line with the concept that multiple
layers of compartmentalization are in place to regulate
eNOS-derived NO bioactivity, as presented by indepen-
dent authors.*®2° |n the bloodstream, RBCs are located
closer to the endothelium downstream in the circulation,
whereas, in the large elastic conduit arteries, RBCs are
aligned mainly in the central bloodstream far away from the
endothelial lining, thus limiting NO scavenging upstream
and allowing the release of NO bioactivity downstream.'*'®

In the vessel wall, eNOS is found both at the lumi-
nal side of ECs (apical EC) and the basal side of ECs.
Endothelial NO is released abluminally from ECs toward
the vascular smooth muscle, and, to a lesser extent, as a
spillover into the blood at its luminal site. In addition, spe-
cifically in resistance arteries, NO goes through myoen-
dothelial junctions, and its transfer from ECs to smooth
muscle cells depends on the redox state of hemoglobin
alpha.®™¥® Accordingly, the contribution of ECs or RBCs
to the circulating NO pool and regulation of vascular tone
may differ substantially along the arterial circulation, and
RBC-mediated release of NO bioactivity and its vasodi-
latory potential may critically depend on the diameter of
the respective arterial segment.

A further aspect that contributes to the complexity of
the interplay between ECs and RBCs is the nature and
stability of NO metabolites carrying NO bioactivity, their
kinetics, and their longitudinal and transversal gradients
within arterial segments that may affect their vasodilatory
bioactivity. The complexity of these 3 components con-
trolling arterial NO bioactivity (the blood, the vessels, and
the NO metabolites) underscores the need for biochemi-
cal and functional assessment in vivo of cell-specific
eNOS activity from either ECs or RBCs, which, according
to our data, may represent the 2 major cell types involved
in the regulation of tissue perfusion.
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In summary, we created a series of novel mouse
models for tissue-specific gene targeting of eNOS. The
comparison of mice lacking eNOS specifically in the
endothelium or erythroid cells demonstrates that eNOS
plays independent roles in these 2 cellular compart-
ments. We present here, for the first time, compelling
evidence demonstrating that RBC eNOS directly contrib-
utes to systemic NO bioavailability and BP homeostasis,
independently of vascular endothelial eNOS. The data
provided herein, and the availability of the mice models,
will allow for a better understanding of the specific role
that RBC eNOS plays in normal physiology and in dis-
ease conditions, as well. These include coronary artery
disease and chronic kidney disease, where RBC eNOS is
decreased,2%9% hematologic diseases and hemoglobin-
opathies, which are characterized by a systemic decrease
in NO bioavailability and defects in eNOS signaling, like
in sickle cell disease.®’ Moreover, our data and models
may also help understanding how RBC eNOS signaling
affects RBC function, NO scavenging, NO/sulfide cross-
talk, and oxygen transport® and may enable us to refine
the criteria for blood banking and transfusion.®®
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Endothelial Hyaluronan Synthase 3 Augments
Postischemic Arteriogenesis Through CD44/
eNOS Signaling

Rebekka Schneckmann(®, Tatsiana Suvorava, Christian Hundhausen, Dominik Schuler, Christin Lorenz,
Till Freudenberger®®, Malte Kelm®, Jens W. Fischer, Ulrich Flogel®, Maria Grandoch

OBJECTIVE: The dominant driver of arteriogenesis is elevated shear stress sensed by the endothelial glycocalyx thereby
promoting arterial outward remodeling. Hyaluronan, a critical component of the endothelial glycocalyx, is synthesized by 3
HAS isoenzymes (hyaluronan synthases 1-3) at the plasma membrane. Considering further the importance of HAS3 for
smooth muscle cell and immune cell functions we aimed to evaluate its role in collateral artery growth.

APPROACH AND RESULTS: Male Has3-deficient (Has3-KO) mice were subjected to hindlimb ischemia. Blood perfusion was
monitored by laser Doppler perfusion imaging and endothelial function was assessed by measurement of flow-mediated
dilation in vivo. Collateral remodeling was monitored by high resolution magnetic resonance angiography. A neutralizing
antibody against CD44 (clone KM201) was injected intraperitoneally to analyze hyaluronan signaling in vivo. After hindlimb
ischemia, Has3-KO mice showed a reduced arteriogenic response with decreased collateral remodeling and impaired
perfusion recovery. While postischemic leukocyte infiltration was unaffected, a diminished flow-mediated dilation pointed
towards an impaired endothelial cell function. Indeed, endothelial AKT (protein kinase B)-dependent eNOS (endothelial
nitric oxide synthase) phosphorylation at Ser1177 was substantially reduced in Has3-KO thigh muscles. Endothelial-specific
Has3-KO mice mimicked the hindlimb ischemia-induced phenotype of impaired perfusion recovery as observed in global
Has3-deficiency. Mechanistically, blocking selectively the hyaluronan binding site of CD44 reduced flow-mediated dilation,
thereby suggesting hyaluronan signaling through CD44 as the underlying signaling pathway.

CONCLUSIONS: In summary, HAS3 contributes to arteriogenesis in hindlimb ischemia by hyaluronan/CD44-mediated stimulation
of eNOS phosphorylation at Ser1177. Thus, strategies augmenting endothelial HAS3 or CD44 could be envisioned to
enhance vascularization under pathological conditions.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: arteriogenesis ® eNOS ® flow-mediated dilation ® perfusion

disease caused by atherosclerosis and stenosis of

peripheral arteries in the leg."? Upon occlusion of
a conduit artery, native collateral anastomoses remodel
into functional arteries supplying blood to the ischemic
tissue. Indeed, this arteriogenic response may explain
why patients with early-stage disease have no or only
mild symptoms of leg ischemia and barely any functional
restrictions. However, already the presence of PAD is

Peripheral artery disease (PAD) is a highly prevalent

indicative for an overall increased atherosclerotic bur-
den and increased cardiovascular risk.** Consequently,
PAD is an independent and strong predictor of cardio-
vascular events such as myocardial infarction or stroke.
Early diagnosis of PAD as well as novel strategies to
improve therapeutic vessel growth are, therefore, highly
desirable.

A clinical tool to identify patients with PAD long before
symptoms appear is the measurement of flow-mediated
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Nonstandard Abbreviations and Acronyms

Highlights

BW body weight

CD cluster of differentiation

EC endothelial cell

eNOS endothelial nitric oxide synthase
FAL femoral artery ligation

FMD flow-mediated dilation

HAS hyaluronan synthase

MR magnetic resonance

NO nitric oxide

PAD peripheral artery disease
SMC smooth muscle cell
WT wild type

dilation (FMD).5> FMD is an endothelium-dependent dila-
tion of the conduit artery in response to elevated shear
stress that activates eNOS (endothelial nitric oxide [NO]
synthase) with increased NO production and relaxation
of vascular smooth muscle cells (SMCs).? Of note, PAD
is often associated with reduced FMD as a surrogate for
endothelial dysfunction related to altered eNOS signal-
ing and impaired NO bioavailability.”® Interestingly, clini-
cal studies confirmed a strong correlation between FMD
and flow-induced arterial remodeling suggesting that
shear stress-mediated NO signaling is indispensable for
collateral artery growth.°

The discovery of factors that are involved in shear
stress-mediated NO signaling could help to (1) predict
the underlying cardiovascular risk, (2) provide reliable
biomarkers for PAD, and (3) identify novel therapeutic
targets to enhance collateral artery growth in patients. In
this context, the endothelial glycocalyx has been attrib-
uted a key role due to its function as a delicate shear
stress sensor that is involved in mechanotransduction
and NO-related pathways.” It is tempting to speculate
that also hyaluronan, an integral component of the endo-
thelial glycocalyx, is a critical player in endothelial mecha-
nosignaling and collateral artery growth.

Hyaluronan is synthesized by 3 HAS (hyaluronan
synthase) isoforms (HAS1, -2 and -3) at the plasma
membrane and extruded into the extracellular space.
Besides its association with hyaladherins like versican,
hyaluronan signals via receptors such as cluster of differ-
entiation (CD) 44 and RHAMM (receptor for hyaluronan-
mediated motility)."!

There are studies suggesting a role of hyaluronan
and CD44 for endothelial NO production: enzymatic
degradation of hyaluronan ex vivo in isolated femoral
arteries coincided with impaired NO production' and
interaction of CD44 with ankyrin and the IP3 receptor
promoted endothelial NO release in vitro.”®'* However,

2552  October 2021

+ HASS3 (hyaluronan synthase 3) is involved in shear
stress dependent AKT (protein kinase B)/eNOS
(endothelial NO synthase) activation in endothelial
cells giving rise to flow-mediated dilation in vivo.

* Hyaluronan-mediated effects on flow-mediated
dilation are critically dependent on hyaluronan/
CD44 interaction.

* Endothelial HAS3 promotes arteriogenesis after
femoral artery occlusion.

ex vivo isolated vessel preparations do not fully resem-
ble the in vivo situation. Furthermore, glycocalyx forma-
tion in cultured endothelial cells (ECs) is either weak
or even absent under static conditions, a fact that fur-
ther complicates interpretation of the results obtained
by in vitro techniques. A recent study reported on the
importance of hyaluronan in response to shear stress
conditions. Here, these effects in human umbilical vein
ECs were reported to be mediated by HAS2." How-
ever, whether this also reflects the in vivo situation in
PAD and whether HAS isoenzymes might represent a
promising and novel therapeutic target in this context,
is currently unknown.

Of note, HAS3 has been reported to be critically
involved in immune cell responses and SMC migration
in cardiovascular diseases such as atherosclerosis or
neointima formation.'®'” Since both processes are also
relevant for collateral artery growth, we hypothesized
that HAS3 plays an important role in arteriogenesis. In
the present study, we used high-resolution imaging tech-
niques in vivo and HAS3-defcient mice to unravel the
role of HAS3 in collateral artery growth as an attempt to
identify novel therapeutic targets for PAD.

MATERIALS AND METHODS

The authors declare that all supporting data are available within
the article and in the Data Supplement.

Mice

For all experiments male hyaluronan synthase 3 (Has3)-
deficient mice (Has3-KO) and wild-type (WT) littermate
controls (on CB7BL/6JR] background, Janvier Labs, Le
Genest-Saint-lle, France) at 16 to 18-weeks of age were
used. Male 18-weeks old Cb7BL/6J WT mice from Janvier
Labs were used to determine HAS expression in thigh and
calf muscle. Transgenic mice expressing Cre recombinase
under control of the 5’ endothelial enhancer of the stem
cell leukemia locus were used to generate EC-specific
Has3-deficient mice (EC Has3-KO) as follows. 5" endothe-
lial enhancer of the stem cell leukemia locus-Cref™ mice
(cre-controls)™® provided by PD Dr J.R. Géthert (University

Arterioscler Thromb Vasc Biol. 2021;41:25561-2662. DOI: 10.1161/ATVBAHA.121.315478
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Hospital Essen, Germany) were crossed with floxed HAS3
knockin mice, as described by Kiene et al,'” and Cre recom-
bination was induced via intraperitoneal injections of 2
mg tamoxifen, every second day for 2 weeks followed by
a 3-week washout phase. Prof. Dr A. Godecke (Heinrich-
Heine-University of Dusseldorf, Germany) provided homo-
zygous endothelial NOS-knockout mice. Mice were kept on
a 12-hour dark/light cycle with access to normal laboratory
diet (Ssniff, Soest, Germany) and water ad libitum. Starting
at 12 weeks of age, Apoe™~/Has3~~ mice and respective
littermate Apoe™~ control mice were fed a Western-type diet
containing 21% fat and 0.15% cholesterol (S8200-E010;
Ssniff Spezialdiaten GmbH, Soest, Germany). To avoid
variations caused by fluctuating estrus cycle in female
individuals, all experiments were performed in male mice.
Animal experiments were performed according to the
German Animal Welfare Law and were authorized by the
local Animal Ethics Committee (LANUV; State Agency for
Nature, Environment and Consumer Protection). Mice were
excluded from the experiment when certain criteria of suf-
fering were observed. These included weight loss >20% of
body weight (BW), cessation of food and water ingestion
or lack of voluntary movement. Blinded data collection and
analysis were performed in following experiments: magnetic
resonance (MR) angiography, Western blot analysis, flow
cytometry of cardiac blood, CD44 blocking antibody test,
and FMD measurements.

CD44 Blocking Experiments

C57BL6/J WT mice were administered 100 ug of low
endotoxin/azide free anti-CD44 antibody (clone KM201,
Southern Biotech, Birmingham, AL, No. 1500-14) or rat
IgG1 Isotype Control (Southern Biotech, Birmingham, AL,
No. 0116-14) by intraperitoneal injection at time points O
and 24 hours (Table | in the Data Supplement). At 25 hours,
FMD was measured. Following FMD measurements, mice
were euthanized and cardiac blood was collected for flow
cytometric analysis of CD44 blocking using the antibody
combination depicted in Table Il in the Data Supplement. An
APC-labeled anti-CD44 antibody (clone KM201, Southern
Biotech, Birmingham, AL, No. 1500-11) detected CD44*
cells. Two mice were excluded due to insufficient CD44
blocking as determined by flow cytometric analysis. To
test the impact of temporary CD44 inhibition on long-term
perfusion recovery, Has3-KO and WT mice were treated
with Rat IgG isotype or anti CD44 clone KM201 one hour
before, 24 and 48 hours after femoral artery ligation (FAL).
Perfusion recovery was determined immediately and 21
days post-FAL.

Determining FMD and Flow Velocity

Endothelial function was assessed in vivo by measuring FMD
of the femoral and iliac artery using Vevo 2100 with a 30
to 70 MHz linear array microscan transducer (Visual Sonics
2100, Toronto, Canada). The artery was identified by its char-
acteristic blood flow pattern using the duplex ultrasound
method. Distal hindlimb ischemia and subsequent reactive
hyperemia were induced by placing an inflatable cuff around
the lower limb for 5 minutes and deflating it for 3 minutes, as
previously described.'®%

Arterioscler Thromb Vasc Biol. 2021;41:2561-2662. DOI: 10.1161/ATVBAHA.121.315478
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Hindlimb Ischemia Model

Mice were anesthetized by intraperitoneal injection of mid-
azolam (8 mg/kg BW, Actavis, Muenchen, Germany), medeto-
midine (0.4 mg/kg BW, Orion, Hamburg, Germany), and fentanyl
(0.08 mg/kg BW, Ratiopharm, Ulm, Germany). During surgery,
mice were placed on a heating plate to maintain temperature
at 37 °C. FAL was induced proximal to the superficial epigastric
artery and the anterior tibialis artery branch by electrocoagula-
tion.2! After surgery, anesthesia was antagonized by subcuta-
neous injection of flumazenil (0.7 mg/kg BW, Ratiopharm, Ulm,
Germany) and atipamezole (3.3 mg/kg BW, Orion, Hamburg,
Germany). For postoperative analgesia, buprenorphine was
administered (0.2 mg/kg BW, Temgesic, Indivior UK Ltd,
Slough, United Kingdom).

Experimental Design

Hindlimb perfusion was monitored by laser Doppler perfusion
imaging. After 14 days, mice were euthanized and muscles
were harvested for histology. Twenty-four hours and 3 days
after FAL, flow cytometric analyses were performed. To assess
collateral growth, an additional group underwent MR angiogra-
phy 21 days after FAL.

Statistical Analysis

Sample size estimation was based on previous results in com-
parable studies, assuming 80% power at a significance level
of 0.05. Specific details on how many independent biological
samples or mice were included in an experiment or how many
times experiments were repeated independently are given in
the corresponding figure legends. Sample size is given in the
figure legends and data are presented as mean=SEM. For con-
tinuous variables, normality and homogeneity of variance were
assessed by Shapiro-Wilk and Brown-Forsythe tests, respec-
tively. After confirming homogeneous variances and normality,
2-group comparisons for means were performed by 2-sided
unpaired Student t test. In case of inhomogeneous variances,
Mann-Whitney U test was performed. Multi-group comparisons
for means were performed by 2-way ANOVA with Sidak mul-
tiple comparison test. A/<0.05 was considered statistically sig-
nificant. Statistical analyses mentioned above were performed
using Graph Pad Prism version 9.1.0.

RESULTS

Has3-Deficiency Impairs Shear Stress Induced
Activation of eNOS

Considering the thigh muscle as the main compartment
of collateral artery growth after FAL?? we first deter-
mined HAS isoforms’” mRNA expression profile in male
CB7BL/6J WT mice. Baseline characterization revealed
that expression of Has3 mRNA accounted for #2/3 of the
total Has expression in thigh muscle, while Has 7 and Has2
expression were at comparably low levels (Figure IA and
IB in the Data Supplement). Analysis of the calf muscle
revealed similar expression patterns (Figure IC and ID in
the Data Supplement). Since Has3 turned out to be the
main isoenzyme in thigh muscle at baseline and also in
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response to FAL (Figure IE in the Data Supplement), 16
to 18-week-old Has3-deficient (Has3-KO) mice and WT
littermate controls were used for further experiments.
Importantly, there was no compensatory upregulation of
Has 1 or Has2 mRNA in Has3-KO mice in neither the thigh
(Figure IIA and 1B in the Data Supplement) nor the calf
muscle (Figure IIC through IIF in the Data Supplement).
To analyze the impact of hyaluronan and specifically
HAS3-derived hyaluronan on vascular reactivity and endo-
thelial function, we measured FMD of the femoral artery
in vivo. Employing this clinical method frequently used in
patients to evaluate vascular endothelial function, we did
not observe any differences in flow velocity (Figure 1A).
However, FMD was substantially impaired in Has3-KO

Hyaluronan Synthase 3 in Arteriogenesis

mice (Figure 1B). This finding clearly demonstrates that
the Has3-deficient endothelium was characterized by a
compromised shear stress response. Importantly, reduced
FMD coincided with impaired eNOS phosphorylation at
Ser1177 in ischemic hind limbs of Has3-KO mice: While
hindlimb shear stress resulted in an increased ratio
of eNOS phosphorylation Ser1177 to total eNOS in
WT controls, this response was strongly blunted in the
mutants (Figure 1C and 1D). Similarly, upstream signaling
cascades were affected in that AKT (protein kinase B)
phosphorylation at Ser473 was substantially reduced in
Has3-deficient mice (Figure 1E and 1F). In contrast, total
eNOS protein expression was unaffected in thigh muscle
(data not shown) in line with previously published data on
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ni i ni i M - '
peNOS [0 ' kDa &8 1.57 @
Ser 1177 8% 101 o
eNOS Z 057
< 00l—
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ni i ni i M «Da E 2.0
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Ser473|h E o "".ull 60 sk =
c < 1.0 o WT
AKT [S o s e 60 < :lo
== 0'0 s ® Has3-KO

Figure 1. Has3 (hyaluronan synthase 3)-deficiency impairs vascular response to shear stress by decreased AKT (protein kinase
B)-mediated phosphorylation of eNOS (endothelial NO synthase) at Ser1177.

A, Flow-velocity at baseline and over a time period of 180 seconds (s) during reactive hyperemia. B, Flow-mediated dilation (FMD) of the
femoral artery 60s after cuff release following 5 min distal ischemia of the lower limb in Has3-deficient (Has3-KO) and wild-type (WT) mice;
n=4-5. C and D, Representative Western blots showing the level of (C) peNOS (eNOS phosphorylation) at Ser1177 and total eNOS and

(E) AKT phosphorylation (pAKT) at Ser473 and total AKT and in ischemic (i) and nonischemic (ni) thigh muscles and respective densitometric
analyses, (D) phospho-Ser1177 eNOS (normalized to total eNOS) and F, phospho-Ser473 AKT (normalized to total AKT) in ischemic thigh
muscles after vascular occlusion in Has3-KO and WT mice; n=5-6. In (E) eNOS-deficient thigh muscle lysate (eNOS-KO) was used as
negative control for eNOS signal. Values are shown as fold of nonischemic thigh muscles. Data represent meantSEM. Statistical significance
was assessed by unpaired Student t test in B, D, and F. M indicates marker.
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Figure 2. Impaired blood flow recovery and collateral growth in Has3 (hyaluronan synthase 3)-deficient mice.

A, Coronal maximum intensity projections (MIP) of 'H time-of-flight (TOF) MR angiographies from wild-type (WT; left) and Has3-deficient
(Has3-KO; right) mice. Arrows indicate the area of collateral formation (top), which is color-accentuated in the zoomed regions at the bottom.
The reduced collateral formation in Has3-KO leads to an overall decreased blood supply of the left hindlimb as compared with WT mice, as
can be clearly recognized in the overview images (top). B, Determination of collateral blood volume; n=5-6. C, Hindlimb perfusion determined
by laser Doppler perfusion imaging (LDPI) before, directly after, and 3, 7, and 14 days after femoral artery ligation (FAL) in Has3-KO and WT
mice. Perfusion was calculated as the percentage of ischemic over nonischemic hindlimb; n=7. Staining of capillaries in calf muscle sections of
Has3-KO and WT mice using anti-CD31 (red). Representative images of capillaries (D) at baseline and (E) 14 days after FAL. Quantification

of capillary density (F) at baseline and (G) 14 days after FAL shown as capillaries per muscle fiber; n=6. Bars represent 50 ym. Data represent
meantSEM. Statistical significance was assessed by unpaired Student t test in B, and 2-way ANOVA and Sidak post hoc test in C.

unchanged eNOS expression in aortas of Has3-deficient
mice as compared with WT mice."”

Has3-Deficiency Impairs Collateral Formation
After Hindlimb Ischemia

To confirm our hypothesis that impaired FMD and endo-
thelial dysfunction in Has3-deficient mice correlates with
poor collateral remodeling, we used a murine model of
hindlimb ischemia. In this model, the chronic increase
in flow induces outward arterial remodeling leading to

Arterioscler Thromb Vasc Biol. 2021;41:2561-2662. DOI: 10.1161/ATVBAHA.121.315478

collateral arteries growth, feeding arteries growth, and
arteriogenesis. Twenty-one days after FAL, Has3-KO,
and WT mice underwent 3-dimensional MR time-of-
flight angiography to monitor collateral development in
vivo. Notably, representative coronal MR angiograms of
both groups’ hind limbs are displayed in Figure 2A as
maximum intensity projections, showing in great detail
the entire vessel tree with the femoral arteries and its
branches into the popliteal artery (Movies | and Il in the
Data Supplement). These images clearly show the ori-
gin, course, and diminished perfusion of the left hindlimb
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as well as remodeled collateral vessels' re-entry zones
(highlighted in the zoomed sections at the bottom). Col-
laterals are characterized by their corkscrew morphology,
typical for arteriogenesis, during which growth in length
outpaces increase in diameter?® The MR angiograms
indicate reduced arteriogenesis and less collateralization
in Has3-KO compared with WT mice. Collateral vessel
volume quantification via surface rendering, segmenta-
tion, and voxel count demonstrated significantly less
collateralization in Has3-KO mice (Figure 2B). Laser
Doppler perfusion imaging confirmed that hindlimb
perfusion recovery was substantially impaired in Has3-
deficient as compared with WT mice underlining the
functional relevance of this vessel recruitment deficit
(Figure 2C). While basal perfusion did not differ, impaired
blood flow recovery was already detectable after 3 days
and persisted during the entire follow-up period. Nota-
bly, we also determined the angiogenic response in calf
muscle sections 14 days after FAL. However, neither at
baseline (Figure 2D and 2F) nor after FAL (Figure 2E
and 2G), we could determine any differences in capillary
density when comparing Has3-KO to WT mice.

Reduced Perfusion Recovery and Arteriogenic
Response in Apoe™~ Has3-KO Mice

Since PAD is characterized by atherosclerosis and
gradual narrowing of peripheral vessels in humans, we
next sought to repeat our experiment in apolipoprotein E
(Apoe™-)-deficient mice, a well-established mouse model
of hypercholesterolemia and accelerated atherosclero-
sis. Therefore, male 12 weeks old Apoe”~Has3-KO and
Apoe”~-Has3-WT mice were fed a cholesterol rich West-
ern diet for 4 weeks followed by FAL (Figure IIl in the
Data Supplement).

Here, we show that Apoe”~Has3-KO mice respond
in a similar way to FAL than Has3-deficient mice on
C57BL6/J background. Despite similar perfusion imme-
diately post-FAL, Apoe”~Has3-KO mice showed signifi-
cantly and strongly reduced hindlimb perfusion after 3
days of FAL as compared with controls (Figure I1ID in the
Data Supplement). By trend, perfusion recovery remained
compromised but converged at 20 days post-FAL and
beyond. Furthermore, we assessed collateral blood vol-
ume via MR angiography at 21 days post-FAL (Figure
lIIE in the Data Supplement). Similar to mice lacking
Has3 on C57BL/6J background, Apoe”-Has3-KO mice
showed a significantly reduced collateral blood volume
indicating an insufficient arteriogenic response as com-
pared with control mice.

Endothelial and Not Immune Effectors Are
Mediating Has3 Effects After FAL

There is compelling evidence that immune cells accu-
mulate in close proximity to growing collaterals where

25566  October 2021
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they release large amounts of proarteriogenic factors
triggering both endothelial and SMC proliferation.?* In
this context, it was reported that the number of circu-
lating monocytes correlates well with collateral artery
remodeling after FAL.?® To this end, we used flow cyto-
metric analysis to reveal the effect of Has3 deletion on
immune cell recruitment to the thigh muscle after isch-
emia. Surprisingly, we did not detect any differences in
the postischemic inflammatory response at 24 hours
(Figure IV in the Data Supplement) and 72 hours post-
FAL. Neutrophil (CD11b*/Ly6G*) as well as monocyte
(CD11b*/CD115%)/macrophage  (CD45*/CD11b*/
F4/80%) numbers did not differ between mutant and
control mice, neither in the blood (Figure 3A through
3C, Figure IV in the Data Supplement) nor in thigh
muscle (Figure 3D through 3G, data for neutrophils not
shown, Figure IV in the Data Supplement). Also, circu-
lating lymphocytes were not altered (Figure V in the
Data Supplement) suggesting that mechanisms inde-
pendent of the immune response were the predominant
drivers of decreased collateral formation in Has3-KO
mice as presented above.

Impaired FMD in Has3-deficient mice pointed
towards an important role of endothelial HAS3 for the
observed phenotype. To investigate the role of endo-
thelial HAS3 in collateral vessel growth, we used a
tamoxifen inducible Has3-KO model, recently gener-
ated by us (a validation of the mouse model is found
in Figure VI in the Data Supplement). Using these
mice, we aimed to study the impact of EC-specific
Has3-deficiency in our FAL model (Figure 4). Of note,
the hindlimb ischemia-induced phenotype of global
Has3-KO mice could be mimicked in EC-specific
Has3-deficient mice in that perfusion recovery was
impaired to an almost identical extent in both strains
(Figure 4A through 4E, [endothelial-specific Has3-
KQ] versus Figure 2C [global Has3-KQ]). Furthermore,
we assessed collateral blood volume via MR angiog-
raphy at 21 days (Figure 4F) and found a strong cor-
relation between impaired perfusion recovery, reduced
collateral blood volume, and compromised arterio-
genic response (Figure 4G) as indicated by reduced
collateral artery growth in EC-specific Has3-KO mice.
In contrast, the number of arterioles (Figure 4H) as
well as capillary density were not affected (Figure 4l
and 4K) confirming altered collateral artery remodel-
ing rather than neovessel formation as the underlying
mechanism for reduced perfusion in EC-Has3-KOs.

CD44 Is a Link Between HAS3-Derived
Hyaluronan and eNOS Signaling

AKT-dependent eNOS phosphorylation at Ser1177 is the
underlying mechanism for rapid shear responses,'®?6-28

and we found this pathway to be strongly impaired in
global and EC-specific Has3-deficient mice (Figure 1

Arterioscler Thromb Vasc Biol. 2021;41:25561-2662. DOI: 10.1161/ATVBAHA.121.315478
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Figure 3. No differences in inflammatory response after femoral artery ligation (FAL).

Flow cytometric analysis of circulating leukocytes 72 h after electrocoagulation of the femoral artery in Has3-deficient (Has3-KO) and
wild-type (WT) mice determined as cells per microliter blood with (A) leukocytes (CD45%), (B) neutrophils (CD11b*Ly6G*), (C) monocytes
(CD11b*CD115*) and monocyte subpopulations (CD11b*CD115*Ly6C?, CD11b*CD115*Ly6C", CD11b*CD115*Ly6C"); n=6-11. Flow
cytometric analysis of leukocyte infiltration in nonischemic (ni) and ischemic (i) thigh muscles 72 h after electrocoagulation of the left femoral
artery shown as cells per mg muscle tissue with (D and E), leukocytes (CD45*) and (F and G) macrophages (CD45*CD11b*F4/80%); n=6-7.
Representative plots are gated on (D) living cells, (E) CD11b*Ly6G- cells. Data represent mean+SEM. SSC indicates side scatter.

and Figure BA and BB, Figure VIl in the Data Supple-
ment). However, the exact mechanism by which extra-
cellular HAS3-derived hyaluronan triggers intracellular
AKT/eNOS signaling was still missing. Studies sug-
gested enrichment of CD44 in plasmalemmal caveolae,
one of the main compartments of eNOS phosphorylation
at Ser11772° Thus, we hypothesized that HAS3-derived
hyaluronan needs CD44 as a signaling partner to stimu-
late AKT-dependent eNOS phosphorylation at Ser1177,
the pathway which mediates rapid FMD responses.

To test this hypothesis, we administered a CD44 neu-
tralizing antibody (clone KM201), designed to specifi-
cally block the hyaluronan binding epitope, to C57BL6/J
mice followed by FMD measurements. Since CD44 was
reported to be highly expressed on leukocytes,*® we

Arterioscler Thromb Vasc Biol. 2021;41:2561-2662. DOI: 10.1161/ATVBAHA.121.315478

performed flow cytometric analyses on blood cells to test
antibody efficiency and found that antibody injections
were sufficient to almost completely block CD44 on leu-
kocytes (Figure VIII in the Data Supplement) allowing
us to investigate FMD in the context of CD44 inhibition:
Despite unaltered flow-velocity (data not shown), the
FMD response was completely abolished in C57BL6/J
mice treated with the CD44 blocking antibody as com-
pared with isotype-treated controls (Figure 5C and 5D).
Notably, CD44 blocking resembled the phenotype of
EC-specific Has3-KO and eNOS-deficiency in that FMD
responses were also strongly inhibited in EC-Has3-KO
(Figure BA and 5B) and completely abolished in eNOS-
deficient mice as compared with control mice (Figure 5E
and 5F).
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Figure 4. Endothelial hyaluronan synthase 3 is the major driver of blood flow recovery after femoral artery ligation (FAL).
A-E, Hindlimb perfusion determined by laser Doppler perfusion imaging (LDPI; A) overtime and at (B) 3, (C) 7, (D) 14, and (E) 20 days after
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mouse showing arterioles. H, Quantification of a-SMA-positive vessels in whole ischemic thigh muscle sections. shown as fold of Cre-control
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meant+SEM. Statistical significance was assessed by 2-way ANOVA and Sidak post hoc test in A, and unpaired Student ¢ test in B—F, H.

Role of the HAS3-Hyaluronan/CD44 Axis in the
Arteriogenic Process

Since elevated shear stress is the dominant driver of arte-
riogenesis, intact endothelial flow-sensing is a prereg-
uisite for induction of collateral artery remodeling after
hindlimb ischemia. Having shown its crucial relevance
in FMD we suggested a critical role of the endothelial
HAS3-hyaluronan/CD44 axis for long-term perfusion
recovery post-FAL.

Therefore, we treated Has3-KO and WT mice with Rat
IgG isotype or anti CD44 clone KM201 one hour before,
24 and 48 hours after FAL (Figure 6A). Laser Doppler
perfusion imaging measurements served to control per-
fusion. While we could not detect any differences imme-
diately after FAL (Figure 6B), perfusion recovery was

25568  October 2021

significantly impaired after 21 days in anti-CD44 treated
WT mice as compared with isotype controls (mean: 63%
versus 92%); Figure 6C). Thus, we confirmed the high
relevance of early hyaluronan/CD44 signaling for long-
term perfusion recovery in the setting of FAL.

Assuming this hyaluronan/CD44 interaction as the
underlying mechanism for Has3-mediated effects, we
repeated this experiment in Has3-KO mice: In line with
our findings in WT mice, we did not find any differences
in hindlimb perfusion immediately post-FAL (Figure 6D).
Strikingly, Has3-KO deficiency reduced perfusion to a
similar extent as CD44 blocking in WT mice (Figure 6E
versus BC): Has3-KO+iso: 68% and WT+anti-CD44:
63% versus WT+iso: 91%. Remarkably, we did not
observe any additional reduction in blood flow recovery
after blocking CD44 in Has3-KO mice (Figure 6E).

Arterioscler Thromb Vasc Biol. 2021;41:26561-2562. DOI: 10.1161/ATVBAHA.121.315478
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Figure 5. Treatment of C57BL6/J mice
with anti-CD44 antibody clone KM201
impairs vascular response to acute
increase in blood flow.

A and B, Flow-mediated dilation (FMD)
of the iliac artery in endothelial-specific
Has3-KO (EC Has3-KO) and respective
cre-control mice. A, Overtime and (B)
60s after cuff release following 5-minute
distal ischemia of the lower limb; n=7 and
8. C57BL6/J wild-type (WT) mice were
injected with anti-CD44 antibody clone
KM201 or isotype control at time points
0 and 24 h. At 25 h, FMD was measured.
C and D, Flow-mediated dilation (FMD)
of the iliac artery in CD44-antibody- and
isotype-treated mice (C), overtime and
(D) 60s after cuff release following 5 min
distal ischemia of the lower limb; n=6. E
and F, FMD of the iliac artery in eNOS-
knockout (KO) mice and WT controls E,
overtime and F, 60s after cuff release
following 5 min distal ischemia of the
lower limb; n=5 and 6. Data represent
meantSEM. Statistical significance was
assessed by 2-way ANOVA and Sidak
post hoc test in A, C, E and unpaired
Student t test in B, D, and F.
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To our knowledge, this is the first study elucidating the impact
of HAS3 on endothelium-dependent FMD and collateral
artery growth in vivo. Our data demonstrate that endothelial
HAS3 is involved in shear stress dependent AKT/eNOS acti-
vation in ECs and contributes to FMD of the conduit arteries
in mice. We determined that hyaluronan-mediated effects on
FMD are critically dependent on hyaluronan/CD44 interac-
tion. Furthermore, we provide evidence that endothelial the
HAS3/hyaluronan-CD44 axis is a crucial determinant for
collateral artery formation after hindlimb ischemia. Consider-
ing eNOS activation as a major driver for arteriogenesis, we
conclude that HAS3 promotes collateral artery remodeling
through endothelial eNOS signaling.

Under baseline conditions, native collaterals are only
poorly perfused. However, after femoral artery occlusion,
blood flow is redirected through these small anastomoses
leading to a dramatic increase in fluid shear stress which
marks the very first step in the arteriogenic cascade.® Fol-
lowing recognition via mechanosensory complexes, fluid
shear stress activates intracellular kinases such as AKT
(protein kinase B [PKB]), PKA (protein kinase A), or AMPK
(adenosine  monophosphate-activated protein  kinase)
leading to eNOS phosphorylation at Ser1177 and NO
mediated SMC relaxation.?® Among all kinases described
to target eNOS at Ser1177, PI3K (phosphoinositol-3-ki-
nase) dependent AKT is considered the most relevant for
flow-mediated responses in vivo.27-298132

Arterioscler Thromb Vasc Biol. 2021;41:2561-2662. DOI: 10.1161/ATVBAHA.121.315478

Consequently, flow-mediated AKT/eNOS phosphory-
lation is a major trigger for collateral artery growth and
exactly this pathway was found to be strongly impaired
in global and endothelial-specific Has3-deficient mice:
While total eNOS content was unchanged, eNOS phos-
phorylation at Ser1177 and AKT phosphorylation at
Ser4'73 were substantially reduced giving rise to a mas-
sive decline in peak FMD as an expression of endothelial
dysfunction.

Importantly, eNOS/NO signaling is not only respon-
sible for shear stress-mediated vasodilation but also
contributes to EC and SMC proliferation/migration dur-
ing collateral artery growth. Therefore, impaired eNOS
signaling shapes the SMC response in that expansion of
the SMC-rich layer is strongly delayed.®® Indeed, studies
revealed severely impaired blood flow recovery after FAL
in eNOS-deficient mice.3* Mechanistically, impaired acti-
vation of cell cycle genes such as Ki67 in eNOS-deficient
mice contributed to reduced EC and vascular smooth cell
proliferation in growing collaterals. In contrast, leukocyte
recruitment and inflammatory response genes were not
affected. Similar to eNOS-deficient mice, lack of endo-
thelial HAS3 caused disturbed collateral growth and
impaired perfusion recovery despite unaltered leukocyte
recruitment,

A possible explanation for the observed effects are
changes in endothelial mechanosensing, which them-
selves are likely to be mediated by alterations of the
endothelial glycocalyx, a highly dynamic meshwork
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Figure 6. Impaired perfusion recovery in C57BL6/J mice
treated with anti-CD44 antibody clone KM201.

A, Experimental scheme. C57BL6/J wild type (WT; group A) and
Has3-deficient (Has3-KO) mice (group B) were injected with anti-
CD44 antibody clone KM201 or isotype control one hour before, 24
and 48 h after femoral artery ligation (FAL). Hindlimb perfusion was
measured via laser Doppler perfusion imaging (LDPI) immediately
(B-D) and 21 days after FAL (C—E); n=6. Data represent
meantSEM. Statistical significance was assessed by unpaired
Student ¢ test in C and E.

consisting of glycoproteins, proteoglycans, and associ-
ated glycosaminoglycans.®® Importantly, the glycocalyx
not only serves as a protective coat against platelet adhe-
sion and inflammation but is also involved in transmitting
shear stress to the underlying endothelium. According
to the so-called bumper car model even small changes
in glycocalyx composition can have severe effects on
mechanotransduction.® Considering hyaluronan as the
second most abundant glycosaminoglycan in the glycoc-
alyx following heparan sulfate, lack of hyaluronan synthe-
sis likely interferes with its mechanosensory properties.
Indeed, Potter et al*” showed that complete depletion
of the endothelial hyaluronan matrix by 4-methylescu-
letin suppressed mechanotransduction as well as arte-
riogenesis in mice. However, 4-methylesculetin inhibits
all 3 isoenzymes and in addition, might exhibit pleiotro-
pic effects as described for the HAS-inhibitor 4-MU.3®
Therefore, care should be taken when drawing conclu-
sions on HAS-specific effects from this study.

Arecent study reported on the role of HAS2-mediated
biosynthesis of the endothelial glycocalyx in response to
shear in the aortic arch as well as in human umbilical
vein EC, a process crucially dependent on EC glycoly-
sis.’® Given the high heterogeneity of ECs,* it might be
assumed that this process likely differs depending on the
vascular bed as well as the stimulus itself. Further, since
the stimulus differs in various pathological conditions (eg,
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acute versus chronic development of shear stress) also
the response might diverge. In murine hindlimb muscles,
HAS3 was shown to be the major isoenzyme suggest-
ing a significant role in the adaptive response to arterial
occlusion. Indeed, our study demonstrates for the first
time that endothelial HAS3 is critically involved in mech-
anosignaling and flow-responses in vivo.

It is assumed that components of the glycocalyx such
as syndecan facilitate mechanotransduction by their
direct connectivity to both the endothelial glycocalyx and
the cytoskeleton.®® Based on the fact, that hyaluronan
lacks this connectivity, hyaluronan needs to be attached
to a membrane protein with associations to the cytoskele-
ton. As mentioned before, hyaluronan mediates its effects
via certain receptors such as RHAMM or CD44. In the
context of hyaluronan-dependent eNOS signaling, CD44
was attributed a specific role due to its high abundance
in plasmalemmal caveolae.*' These cholesterol rich scaf-
folds are mechanosensitive microdomains enriched in
signaling molecules such as G protein coupled receptors,
(tyrosine) kinases, phosphatases and, most importantly,
eNOS.*24% Since clustering of these molecules facilitates
signal transduction, it is possible that hyaluronan-medi-
ated clustering of CD44 gives rise to enhanced activation
of kinases involved in eNOS phosphorylation at Ser1177.
Therefore, we concluded that elevated shear stress is
sensed by HAS3-derived hyaluronan using CD44 as a
signaling partner to mediate AKT and eNOS activation.

CD44 itself lacks intrinsic kinase activity*® needed
for AKT phosphorylation at Ser473. However, CD44 is
known to recruit intracellular kinases and adaptor mole-
cules upon shear stress-mediated receptor clustering. Of
note, the cytoplasmic tail of CD44 has been reported to
contain crucial binding motifs for PI3K,** a major activa-
tor of AKT. Thus, enhanced hyaluronan-dependent clus-
tering of CD44 might activate the PISK/AKT pathway
which gives rise to eNOS activation.

To further investigate this potential mechanism, we
blocked CD44 in vivo using a specific CD44 blocking
antibody (clone KM201) and tested its impact on FMD.
Of note, blocking of CD44 completely abolished FMD
response as compared with isotype control, thereby mim-
icking the phenotype of global and endothelial Has3-KO. In
contrast to other CD44 antibody clones such as IM7, clone
KM201 is highly specific for the hyaluronan binding site of
CD44. Thus, the observed antibody mediated effects on
FMD were likely hyaluronan dependent and other effects
such as CD44 receptor shedding as a possible confounder
could be excluded. Strikingly, CD44 blocking also mimicked
the phenotype of eNOS-deficient mice pointing towards a
high relevance of hyaluronan/CD44-dependent signaling
for endothelial function and flow-induced mechanosignal-
ing in vivo as well as arteriogenesis post-FAL.

The significance of CD44 for arteriogenesis has been
suggested in studies showing a strong increase in CD44
expression during collateral artery growth and impaired
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arteriogenic response in CD44-deficient mice.*® How-
ever, as glycoprotein with many interaction partners
including hyaluronan, ECM proteins, growth factors or
cytokines,*® systemic lack of CD44 is likely to disrupt
multiple signaling pathways in different cell types, making
it challenging to draw conclusions about the underlying
mechanism. Here, we provide novel mechanistic insight
by identifying endothelial HASS derived hyaluronan as an
important mediator for CD44'’s effects in arteriogenesis.

First, we showed that reduced blood flow recovery in
Has3-deficient could not be further decreased by block-
ing CD44-hyaluronan interaction in these mice. This
finding strongly suggests that the effects of Has3 on
reperfusion recovery are fully mediated by the Has3-
hyaluronan/CD44 axis and that other potential CD44
ligands such as osteopontin are not involved. In addition,
also in FMD measurements similar responses to blocking
CD44 and endothelial-specific HASS-deficiency were
observed thereby further highlighting the crucial role of
CD44 in mediating HAS3 effects. Since an increase in
FMD of only 1% decreases the risk for future cardiovas-
cular events by already 13% in humans,*” our findings of
>20% change in FMD point towards a high translational
relevance of the HAS3-hyaluronan/CD44 axis for endo-
thelial function and vascular health.

Although it is widely accepted that elevated shear
stress is a major trigger for collateral artery growth after
arterial occlusion, it is still a matter of debate how flow
is exactly sensed. Here, we report that endothelial HAS3
derived hyaluronan likely functions as mechanosensor
and demonstrate that this has a functional significance
in vivo for acute (FMD) and chronic (hindlimb ischemia)
changes in blood flow. Furthermore, to our knowledge
this is the first study reporting on CD44's role in endo-
thelial function in vivo highlighting its specific function
as a mechanotransducer for hyaluronan-derived signals.

In summary, our study demonstrates that endothelial
HASS contributes to arteriogenesis in hindlimb ischemia
by hyaluronan/CD44-mediated stimulation of eNOS
phosphorylation at Ser1177. In the future, either hyaluro-
nan application or pharmacological CD44 agonists might
be considered in translational studies to improve thera-
peutic options in PAD.
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Selective impairment of blood pressure reduction
by endothelial nitric oxide synthase dimer
destabilization 1n mice

Tatsiana Suvorava®®*

Objectives: Endothelial dysfunction and oxidative stress
are associated with hypertension but whether endothelial
superoxide may play a role in the early development of
essential hypertension remains uncertain. We investigated
whether endothelial nitric oxide synthase (eNOS)-derived
endothelial oxidative stress is involved in the regulation
of SBP.

Methods: Wild-type eNOS [mice with endothelium-specific
overexpression of bovine endothelial NO-synthase (eNOS-
Tg)] or a novel dimer-destabilized eNOS-mutant harboring
a partially disrupted zinc-finger [mice with endothelium-
specific overexpression of destabilized bovine eNOS
destabilized by replacement of Cys 101 to Ala (C101A-
eNOS-Tg)] was introduced in C57BL/6 in an endothelial-
specific manner. Mice were monitored for aortic
endothelium-dependent relaxation, SBP, levels of
superoxide and several posttranslational modifications
indicating activity and/or increased vascular oxidative stress.
Some groups of mice underwent voluntary exercise
training for 4 weeks or treatment with the superoxide
dismutase mimetic Tempol.

Results: C101A-eNOS-Tg showed significantly increased
superoxide generation, protein-tyrosine-nitration and
eNOS-tyrosine-nitration, eNOS-S-glutathionylation,
eNOS''7®79 phosphorylation and AMP kinase-a
phosphorylation at Thr172 in aorta, skeletal muscle, left
ventricular myocardium and lung as compared with eNOS-
Tg and wild-type controls. Exercise training increased
phosphorylation of eNOS at Ser''”®”° and AMP kinase-a
in wild-type. These physiologic adaptations were absent in
C101A-eNOS-Tg. Maximal aortic endothelium-dependent
relaxation was similar in all strains. C101A-eNOS-Tg
displayed normal SBP despite higher levels of eNOS,
whereas eNOS-Tg showed significant hypotension. Tempol
completely reversed the occurring protein modifications
and significantly reduced SBP in C101A-eNOS-Tg but not
in wild-type.

Conclusion: Oxidative stress generated by endothelial-
specific expression of genetically destabilized C101A-eNOS
selectively prevents SBP-reducing activity of vascular eNOS,
while having no effect on aortic endothelium-dependent
relaxation. These data suggest that oxidative stress in
microvascular endothelium may play a role for the
development of essential hypertension.

www.jhypertension.com

, Stephanie Pick®*, and Georg Kojda®

Keywords: blood pressure, endothelial oxidative stress,
endothelial nitric oxide synthase, superoxide, transgenic
mice

Abbreviations: C101A-eNOS, bovine eNOS destabilized
by replacement of Cys 101 to Ala; C101A-eNOS-Tg, mice
with endothelium-specific overexpression of destabilized
C101A-eNOS; EDR, endothelium-dependent vasorelaxation;
eNOS, endothelial NO-synthase; eNOS-KO, eNOS-deficient
mice; eNOS-Tg, mice with endothelium-specific
overexpression of bovine endothelial NO-synthase; L-
NAME, N(G)-nitro-t-arginine methyl ester; sGC, soluble
guanylyl cyclase; SNAP, S-nitroso-N-acetyl-p,L-penicillamine

INTRODUCTION

ascular oxidative stress is considered as a patho-

\ / physiologic factor promoting cardiovascular dis-
eases such as coronary artery disease, heart
failure, diabetes and hypertension [1,2]. It has been
suggested that an impairment of endothelial function at
the level of resistance vessels may precede the develop-
ment of cardiovascular disease and therefore is likely an
additional risk factor [3]. For example, endothelial dysfunc-
tion at this level of vessels was identified in normotensive
young adults with a family history of hypertension [4]. In
another clinical study, it was shown that the magnitude of
the impairment of endothelium function as measured by
flow-dependent vasodilation in the right forearm may pre-
dict the onset of essential hypertension in postmenopausal
women [5], although in this study the dilator response of the
brachial artery to increased flow was assessed. However, as
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pointed out in a recent thorough review [0], hypertension
also likely induces endothelial dysfunction associated with
increased vascular oxidative stress. Therefore, the authors
conclude that the interconnection between endothelial
dysfunction and essential hypertension is two-sided, that
is that each may worsen and/or improve the other.

In resistance vessels, endothelium-dependent vasorelax-
ation (EDR) to acetylcholine is different from that of con-
ductance vessels such as aorta or coronary arteries.
Resistance vessels possess many options to compensate
for a loss of nitric oxide (NO) produced by endothelial
NO synthase (eNOS) by other endothelium-dependent vaso-
dilators such as prostaglandins, by neuronal NOS expression
or by endothelium-derived hyperpolarizing factor  [7-10].
Certainly, increased vascular oxidative stress is linked with a
conversion of eNOS activity leading to a so-called uncoupled
state in which eNOS produces more superoxide and less NO.
In addition to deficiency of the cofactor tetrahydrobiopterin,
mechanisms underlying this process include depletion of -
arginine, accumulation of endogenous asymmetrical dime-
thylarginine and eNOS-S-glutathionylation [11]. There are
several sources of superoxide in vascular smooth muscle
and endothelial cells [12] but the specific role of endothelial
oxidative stress in the regulation of blood pressure (BP)
before overt hypertension occurs, that is under otherwise
healthy conditions, remains uncertain. Of note, one study
showed that increased superoxide generation induced by a
very strong eight-fold endothelial-specific overexpression of
bovine eNOS and presumably caused by a shortage of the
essential cofactor tetrahydrobiopterin does not change BP, as
concomitant overexpression of guanosine triphosphate
cyclohydrolase 1 to increase the endothelial generation of
tetrahydrobiopterin in a double transgenic strain had no
effecton BP [13]. However, in both transgenic mouse models,
there is clear evidence for an impairment of vascular NO
signaling, which might impact on BP as well. For example,
the magnitude of hypotension observed in another mouse
model characterized by endothelial-specific overexpression
of eNOS, that is a reduction of SBP of about 15mmHg, is
achievable already by a 3.3-fold overexpression of bovine
eNOS, and in this model no impairment of NO signaling and
no increase of vascular oxidative stress is evident [14,15].
Therefore, it remains to be elucidated whether partial impair-
ment of the catalytic function of eNOS and thus generation of
endothelial oxidative stress in otherwise healthy conditions
might support the development of hypertensive disease
states such as essential hypertension.

We generated a mutant eNOS in which one of the two
essential cysteines that are required for the coordination
with the central Zn-ion, correct dimer formation and nor-
mal activity [16] is replaced by alanine [bovine eNOS
destabilized by replacement of Cys 101 to Ala (C101A-
eNOS)]. Expression of this mutant eNOS in human embry-
onic kidney cells 293 (HEK cells) resulted in a substantial
reduction of citrulline formation in cell homogenates and
similar data were obtained following investigation of puri-
fied C101A-eNOS, whereas at the same time superoxide
generation detected by electron spin resonance was
strongly increased [17]. This mutant eNOS was used to
generate a novel transgenic mouse model [mice with
endothelium-specific overexpression of destabilized
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C101A-eNOS (C101A-eNOS-Tg)] characterized by endo-
thelial-specific overexpression of C101A-eNOS on a
C57BL/6 background. In this novel transgenic mouse
strain, we observed largely increased vascular oxidative
stress but no impairment of vascular NO signaling
suggesting that this transgenic model might help to clarify
whether oxidative stress induced by impairment of the
catalytic function of eNOS may impact on BP. To accom-
plish this, another newly generated mouse model charac-
terized by an about 2.4-fold increased endothelial-specific
overexpression of normal bovine eNOS was used for
comparison purpose.

METHODS

Transgenic mice

Endothelial-specific overexpression of wild-type bovine
eNOS (eNOS-Tg) [14,15] or a dimer-destabilized C101A-
mutant eNOS [17] (C101A-eNOS-Tg) was achieved using
the Tie-2 promoter. Mice were backcrossed to C57BL/6
for at least 13 generations. As for eNOS-Tg, lines from three
founders were established [15]. In this study, mice from
colony 5 were used. Transgene-negative littermates served
as wild-type controls. Mice were sacrificed by inhalation of
carbon dioxide, and tissues were either used for organ bath
or lucigenin studies or immediately frozen in liquid nitro-
gen. Permission for the animal studies was provided by the
regional Government of Germany (AZ 8.87-51.04.10.09.383
and AZ 84-02.04.2013.A213), and the experiments were
performed according to the guidelines for the use of exper-
imental animals, as given by the German ‘Tierschutzgesetz’
and the Directive 2010/63/EU of the European Parliament.

Western blot analysis

A total of 50-100 pg protein was loaded on discontinuous
and denaturating 7.5—-10% SDS-PAGE gels. After blotting on
nitrocellulose membranes antibodies detecting total eNOS,
Ser239-phospho-vasoactive stimulated protein (VASP), total
VASP, Thr172-phospho-AMP kinase (AMPKa), total AMPKe,
Ser473-phospho-protein kinase B (AKT), total AKT, a-actin
and fluorescence dye-coupled secondary antibodies were
used. Final detection and quantification was performed
using Odyssey Infrared Imager 9120 (LI-COR Biosciences
GmbH, Bad Homburg, Germany). As for eNOS dimer visual-
ization, low-temperature native gels (6%) were used.

Real-time PCR

Quantification of murine and bovine eNOS-mRNA was
carried out with species-specific primers using TagMan
(Thermo Fisher Scientific, Schwerte, Germany) technology.
For murine eNOS, the comparative Cr-method was used for
quantification, whereas for bovine expression no wild-type
control was applicable. Here, individual data points were
calculated [18].

Immunohistochemistry

Colocalization of eNOS and the endothelial-specific
marker, CD31, in aortas of eNOS-deficient mice (eNOS-
KO) and C101A-eNOS-Tg was performed as described
previously [17,19].
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Lucigenin-enhanced chemiluminescence
Superoxide was detected in tissue probes of aorta, left
ventricular (LV) myocardium and skeletal muscle by luci-
genin-enhanced chemiluminescence as described pre-
viously [20]. To ensure that superoxide is NOS-derived,
the NOS blocker — MG)-nitro-i-arginine methyl ester
(1-NAME) — was applied additionally.

On-bead immunoprecipitation and fluorescence
detection

By the use of Dynabeads M-280 Sheep anti-Rabbit IgG (Life
Technologies GmbH, Darmstadt, Germany) loaded with a
polyclonal total eNOS antibody, an immunoprecipitation of
eNOS and related proteins was performed (Supplemental
Fig. S1a and b, http://links.Ilww.com/HJH/AG678). Detection
and quantification were achieved by application of fluor-
escence dye-coupled secondary antibodies on Odyssey
Infrared Imager 9120 (LI-COR Biosciences). A more
detailed description is given in Supplementary material,
http://links.Iww.com/HJH/A678.

Vasorelaxation studies

After preconstriction of aortic rings with 0.2 wmol/l phenyl-
ephrine, accumulating concentrations (1 nmol/1-10 pmol/D
of acetylcholine were applied in an organ bath apparatus
as described previously [21]. The contractile response of
aorta to alphal-agrenergic stimulation was assessed by a
cumulative application of phenylephrine (0.01-10 wmol/D.
As for the NO-donor S-nitroso-N-acetyl-p,L-penicillamine
(SNAP, 1nmol/1-10 pmol/D), preconstriction was induced
by 10 pwmol/1 phenylephrine.

Blood pressure and heart rate measurements
SBP and heart rate (HR) were obtained using the tail-cuff
method as described previously [21].

Antioxidative treatment

The superoxide dismutase-mimetic Tempol was applied
orally for 3 weeks in drinking water (1 mmol/D), which
corresponds to a dosage of 80 pmol/kg body weight/day
[22]. The drinking water was replaced daily.

Voluntary exercise training

Mice (12 =6 per group) underwent voluntary exercise train-
ing for 4 weeks on running wheels as described previously
[23]. Briefly, mice were housed individually in cages
equipped with running wheels (0.25 m in diameter, Tecni-
plast, Germany) and with counters to record the daily
running distance. The efficacy of exercise training was
ascertained by daily running distance and by heart
weight/body weight ratio. The running distance in
C101A-eNOS-Tg was 5596 + 82.21 m/day and did not differ
to the running distance of C57BL/6 (5421 +82.21 m/day).

Statistics

All results are presented as arithmetic mean=+ SEM, n
indicates the number of animals. Statistical comparisons
between groups were performed by £ tests, Newman—Keuls
multiple comparisons post-hoc test following one-way
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analysis of variance (ANOVA, for more than two groups)
or two-way ANOVA (concentration—response curves). For
the comparison of pD2-values, that is half-maximal effective
concentration (ECsp-value) in —log M, and heart weight/body
weight ratios, an unpaired two-tailed ¢ test was used. For BP
evaluation in one individual before and after intervention
(Tempol treatment), a paired ¢ test was used. All calculations
and statistical evaluations were done using GraphPad Prism 6
(GraphPad Software, Inc., La Jolla, California, USA). A Pvalue
<0.05 was considered statistically significant.

Supplementary material, http://links.lww.com/
HJH/A678

A more detailed description of Methods is provided in
Supplementary material, http://links.lww.com/HJH/AG78.

RESULTS

Expression of eNOS in eNOS-Tg and C101A-
eNOS-Tg

Western blot analysis revealed a significantly increased
eNOS protein expression in aorta, skeletal muscle, lung
and LV myocardium of C101A-eNOS-Tg and, to a signifi-
cantly greater extent, in eNOS-Tg (Fig. 1a and b; Supple-
mental Fig. Slc and d, http://links.lww.com/HJH/A678).
Separation of aortic homogenates of C101A-eNOS-Tg on
low-temperature gels demonstrated a considerable eNOS
dimer destabilization, as evidenced by the strong monomer
signal at 133 kDa (Fig. 1c) compared with transgene-nega-
tive littermates. Analysis of mRNA expression showed a
significant downregulation of murine eNOS-mRNA in
C101A-eNOS-Tg and eNOS-Tg and a stronger expression
of bovine eNOS in eNOS-Tg than in C101A-eNOS-Tg,
whereas there was no bovine signal in wild-type (Fig. 1d
and e). The endothelial-specific localization of mutant
eNOS is shown in Fig. 1f. There was a clearly visible
endothelial-specific signal for CD31 [platelet endothelial
cell adhesion molecule (PECAM-1)] but no signal for eNOS
in eNOS-KO, whereas eNOS and CD31 were colocalized in
C101A-eNOS-Tg.

Oxidative stress

Increased generation of superoxide quantified by lucige-
nin-enhanced chemiluminescence was evident in C101A-
eNOS-Tg, and this was completely inhibited by 1-NAME
demonstrating NOS-dependency in aorta, skeletal muscle
(Fig. 2a and b) and LV myocardium (Supplemental Fig. S2a,
http://links.lww.com/HJH/A678). Likewise, we observed
an increase of markers of oxidative stress such as eNOS-
S-glutathionylation (Fig. 2c and d) and protein tyrosine-
nitration in C101A-eNOS-Tg (Fig. 2e and ). Western blots
using immune-precipitated eNOS protein revealed that
eNOS itself is subject of tyrosine-nitration as evidenced
by an overlay of the fluorescence signals generated with
an eNOS antibody and a three-nitrotyrosine antibody
(Supplemental Fig. S2b, http://links.Iww.com/HJH/A678).
Similar changes of eNOS-S-glutathionylation and protein
tyrosine-nitration were observed in lung and myocardium
of C101A-eNOS-Tg (Supplemental Fig. 2c—f, http://links.
lww.com/HJH/AG78). These data demonstrate significant
endothelial oxidative stress in C101A-eNOS-Tg.
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FIGURE 1 Expression of eNOS in eNOS-Tg and C101A-eNOS-Tg. eNOS protein expression in (a) aorta of wild-type, eNOS-Tg ("P< 0.001 vs. wild-type, n=6 each, one-way
analysis of variance) and C101A-eNOS-Tg (P < 0.05 vs. wild-type, n=12), and (b) in skeletal muscle of eNOS-Tg and C101A-eNOS-Tg (*P< 0.01 vs. wild-type, n=6 each,
one-way analysis of variance). Results are given as mean 4 SEM percentage relative to wild-type (upper panel). The figure underneath shows representative Western blots
for eNOS including B-actin expression as loading control. (c) Representative low-temperature gel showing a much more prominent monomer but similar dimer bands in
aortic tissue of C101A-eNOS-Tg compared with wild-type. (d) Aortic murine eNOS mRNA-expression (fold change) in eNOS-Tg (*P< 0.01 vs. wild-type, n=6 each, one-
way analysis of variance) and C101A-eNOS-Tg (P< 0.001 vs. wild-type, n=6 each, one-way analysis of variance) and (e) bovine eNOS mRNA-expression (individual data
points) in eNOS-Tg (n=6) and C101A-eNOS-Tg (*P<0.001 vs. eNOS-Tg, t test, ND, not detectable, n=6 each). (f) Images showing immunofluorescent staining for eNOS
(red) and CD31 (pseudocolored in green) in the aorta of eNOS-KO and C101A-eNOS-Tg mice. Nuclei are stained with 4’,6-diamidino-2-phenylindole (DAPI, blue). There
was no eNOS signal in the aorta of eNOS-deficient mice, whereas C101A-eNOS-Tg showed an endothelial-specific expression of eNOS as evident by its overlay with CD31
(yellow).

Functional studies wild-types. However, a direct comparison of the half-
To evaluate whether oxidative stress in C101A-eNOS-Tg maximal vasodilator concentration of acetylcholine
impacts on aortic EDR, concentration—response curves for ~ expressed as pD; values revealed a small but significant
acetylcholine were constructed in rings of thoracic aorta.  difference between eNOS-Tg (7.006+0.09) and CI101A-
The concentration-dependent dilatory response to acetyl- ~ eNOS-Tg (6.717£0.09, P=0.047), which was increased
choline was almost identical in all three strains studied  for the direct comparison of the respective transgene-nega-
(Fig. 3a and b), that is there was no detectable difference  tive littermates (wild-types) of eNOS-Tg (7.152+0.09) and
between eNOS-Tg, C101A-eNOS-Tg and their respective ~ C101A-eNOS-Tg (6.595+0.08, P=0.0011). Therefore,

Journal of Hypertension www.jhypertension.com 79

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



Suvorava et al.

@ 2500

2000 -
L-NAME

w1 I |

1500 -

Aortic
lucigenin-enhanced

chemiluminesence

1000 A

500

(counts/mg per min)

225
200
175
150
125
100
75
50
25

(c)

Aortic
S-glutathionylated eNOS
(% vs. total eNOS and C57BL/6 sed)

(e) 250
200

150

Aortic
3-nitrotyrosine

(% vs.C57BL/6 and actin)

100

50

50 kD

37kD
a—

—~
(=2}
~

Skeletal muscle
lucigenin-enhanced

chemiluminesence

—
)
=

3-NT

actin

[ Wt Bl eNOS-Tg

200 1 o C101A-eNOS-Tg
*

2000
L-NAME

Hisl |

1500

1000

500

(counts/mg per min)

(1

150

-

150

50

Skeletal muscle
S-glutathionylated eNOS
(% vs. total eNOS and C57BL/6)

250

200

150

100

Skeletal muscle
3-nitrotyrosine
(% vs.C57BL/6 and actin)

50

—==dsom

e . —
7 kD

FIGURE 2 Oxidative stress and posttranslational protein modifications. Superoxide levels in (a) aorta and (b) skeletal muscle of wild-type, eNOS-Tg and C101A-eNOS-Tg
(P<0.001 vs. wild-type and eNOS-Tg, n=5 each, one-way analysis of variance). N(G)-nitro-L-arginine methyl ester blunted the difference in both organs investigated
indicating superoxide being produced by eNOS. (c) Aortic and (d) skeletal muscle eNOS-S-glutathionylation in eNOS-Tg and C101A-eNOS-Tg (P< 0.01 vs. wild-type and
eNOS-Tg, n=6 each, one-way analysis of variance) following on-bead immunoprecipitation and staining. Western blot analysis on 3-nitrotyrosine in (e) aorta and (f)
skeletal muscle of eNOS-Tg and C101A-eNOS-Tg (n=5-6 each, P<0.05 vs. wild-type and eNOS-Tg, one-way analysis of variance). Results are given as mean & SEM
percentage relative to wild-type. The figure underneath shows representative Western blots for nitrotyrosine (all three bands at 55kD were evaluated as described in our

previous publication [15]) including B-actin expression as loading control.

increased superoxide in C101A-eNOS-Tg was obviously
insufficient to induce an impairment of aortic EDR as the
small differences between the two strains occurred in wild-
types as well. Likewise, there was no difference between
the concentration-dependent dilatory response to the NO-
donor SNAP in eNOS-Tg, C101A-eNOS-Tg and their
respective transgene littermates (Fig. 3¢ and d). Again, a
direct comparison of the half-maximal vasodilator concen-
tration expressed as pD, values revealed a small but sig-
nificant difference between the respective transgene-
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negative  littermates  (wild-types) of  eNOS-Tg
(6.813+0.058) and C101A-eNOS-Tg (6.4484+0.063,
P=0.001) but no significant difference was observed
between eNOS-Tg (6.661+0.123) and C101A-eNOS-Tg
(6.389+0.065, P=0.0609). Taken together, these data
suggest that neither transgene impacted on the sensitivity
of the NO-cGMP pathway in these strains. This is in line
with the results obtained for vasoconstrictor effects of
phenylephrine which did not differ at all (Fig. 3e and f).
However, we observed almost identical SBP in C101A-

Volume 35 e Number 1 e January 2017

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



100 LN - w
eNOS-Tg

25
0
-0 -9 -8 -7 -6 -5 -4
Acetylcholine (log mol/l)
C
© 100

P,
'\ﬁ\'l

Tension (%)
N (42 ~
o (4] o (4]

—~
@
~
[=2]

v

n
=

Contraction (mN)
o ~
Nal
b
N
b

Phenylephrine (log mol/l)

(9)
195 1 Wt 3 eNOS-Tg

o Bl C101A-eNOS-Tg

5 120

g

g 115

= *

E::ﬂo

= £105

°Q

S 100

%100

cowf | [
0

Endothelial nitric oxide synthase stability and blood pressure

(b)

—¥ C101A-eNOS-Tg
-- Wt

-
o

Tension (%)
<

25
0
-10 -9 -8 -7 -6 -5 -4
Acetylcholine (log mol/l)
(d) 100

Tension (%)
g

25
0
-0 -9 -8 -1 -6 -5 -4
SNAP (log mol/l)
() 8
=2
E 6
5
= 4
13}
©
S
e 2
S
0
-0 -9 -8 -1 -6 -5 -4
Phenylephrine (log mol/l)
(h) Skeletal muscle -l Aorta
5} 150
5
eNOS-KO
% 140
;—la 130 C10A-NOS-Tg
BT 120 cs
el > ~
o< 110 \:\:\\ %Nos Tg2
© 100 4 Prediction for i
@ C101A-eNOS-Tg| !
a0 ; R = 09992

0 50 100 150 200 250 300 350 400
eNOS protein expression (% of C57BL/6)
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C101A-eNOS-Tg (n=7 each) nor sensitivity to exogenous NO by application of the NO-donor S-nitroso-N-acetyl-p,L-penicillamine differed in (c) eNOS-Tg (n=5 each) and
(d) C101A-eNOS-Tg (n =7 each) compared with the respective wild-type and (e and f) similar results were obtained for vasoconstrictor effects of phenylephrine (P> 0.05
for all comparisons, two-way analysis of variance). (g) Blood pressure measurements revealed a significant variation (*P< 0.0001, n =4, one-way analysis of variance) that
was dependent on a significant reduction of blood pressure in eNOS-Tg vs. wild-type (P< 0.0001, n= 10, Newman-Keuls) and vs. C101A-eNOS-Tg (P< 0.0001, n=86,
Newman—Keuls). Blood pressure values of the different transgene-negative littermates strains (wild-type) were combined. The mean blood pressure values for each wild-
type strain were 118.3 £+ 1.42 and 118.3 +2.8 mmHg. (h) Correlation of SBP with eNOS protein expression in aorta and skeletal muscle of eNOS-KO, C57BL/6, eNOS-Tg2
[15] and eNOS-Tg. The calculation of the expected blood pressure reduction was accomplished using the equation underlying the correlation [R? =0.9992, ‘blood
pressure = 35.92 x e{~0:907267%) 1 102 0 mmHg'], for aortic eNOS expression, where x is the percentage of aortic eNOS expression related to C57BL/6, and the equation
underlying the correlation (R? =0.992) for skeletal muscle eNOS expression [blood pressure = 35.56 x e~0097202 %X 4 102.3 mmHg]. Given the aortic expression value for

eNOS in C101A-eNOS-Tg of 147.3% and the skeletal muscle expression value 188.4% [Fig. 1a and b], the equations yielded a SBP value of 114.6 mmHg (angled black
arrow) and of 112 mmHg (angled black dotted arrow), respectively. The red arrow indicates measured SBP in C101A-eNOS-Tg.

eNOS-Tg and wild-type, although overexpression of nor-
mal eNOS in eNOS-Tg resulted in a BP reduction (Fig. 3g),
which confirms previous observations [15]. This difference
appeared to be associated with a lower stimulation of
protein kinase G in C101A-eNOS-Tg as estimated by
VASP-Ser239-phosphorylation in aorta, skeletal muscle,
lung and myocardium (Supplemental Fig. 3, http://links.
lww.com/HJH/AG78). We estimated the expected BP

Journal of Hypertension

reduction induced by the magnitude of endothelial eNOS
overexpression in C101A-eNOS-Tg. Significant correlations
between resting SBP values and the expression of eNOS in
skeletal (R* = 0.992) and aortic (R* = 0.9992) tissue of differ-
ent transgenic strains with variations of eNOS expression
were obtained (equation and plot are shown in Fig. 3h).
The strains used for this comparison were eNOS-Tg,
another eNOS-Tg colony (eNOS-Tg2) [15], eNOS-KO [24]
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and C57BL/6. Calculation of the expected SBP based on the
correlation with skeletal muscle values and the expression
value for skeletal muscle eNOS in C101A-eNOS-Tg of
188.4% (Fig. 1b) vyielded a wvalue of 111.5mmHg
(Fig. 3h). Similarly, calculation of the expected SBP based
on the correlation with aortic expression of eNOS and the
expression value for aortic eNOS in C101A-eNOS-Tg of
147.3% (Fig. 1a) yielded a value of 114.3 mmHg (Fig. 3h).

Tempol treatment

As increased superoxide generation in C101A-eNOS-Tg
appears to be the trigger for protein modifications
(Fig. 2c—f), C101A-eNOS-Tg and wild-type mice received
the superoxide dismutase mimetic Tempol by oral treat-
ment. As shown in Fig. 4a and b, Tempol treatment had no
effect on HR in all strains and significantly reduced the BP in
C101A-eNOS-Tg but not in wild-type. The BP reduction
observed in C101A-eNOS-Tg from 118.3£0.71 to
113.3 £ 1.23 mmHg closely resembles the calculated values
given above (Fig. 3h). Moreover, the cessation of Tempol
treatment for 2 weeks restored the initial BP in C101A-
eNOS-Tg confirming that the BP reduction was due to
Tempol treatment. Lucigenin-enhanced chemilumines-
cence was no longer detectable in tissues of C101A-
eNOS-Tg under Tempol treatment. In addition, the activity
of Tempol was evident by inhibition of eNOS-S-glutathio-
nylation (Fig. 4c and d) and eNOS-tyrosine-nitration (Fig. 4e
and f). The extent of these posttranslational modifications
induced by vascular oxidative stress was normalized in
aorta and skeletal muscle, as well as in lung and myocardial
tissue (Supplemental Fig. 4a—d, http://links.lww.com/HJH/
AG78). Likewise, Tempol treatment significantly increased
VASP-Ser239 phosphorylation in aortic and skeletal muscle
tissue of C101A-eNOS-Tg (Fig. 4g and h). None of these
changes occurred in wild-type (Supplemental Fig. 4e and f,
http://links.Ilww.com/HJH/A678).

Hyperphosphorylation of eNOS at Ser1176/79

Phosphorylation of eNOS at Ser1176/79 was increased in
C101A-eNOS-Tg compared with wild-type but not in eNOS-
Tg (Fig. 5a and b). Similar changes of eNOS-Ser1176/79-
phosphorylation were observed in lung and myocardium
of C101A-eNOS-Tg (Supplemental Fig. S5a and b, http://links.
Iww.com/HJH/A678). Based on the observation that eNOS in
C101A-eNOS-Tg is hyperphosphorylated at Ser1176/79 and
that this is sensitive to Tempol treatment (Fig. 5¢c and d), we
sought to evaluate whether AKT (protein kinase B) or AMPK
mediates this phosphorylation. Although the activity of AKT,
as estimated by phosphorylation at Ser473, remained
unchanged (Supplemental Fig. 5S¢ and d, http://links.
Iww.com/HJH/AG78), the activity of AMPKa, as estimated
by phosphorylation at Thrl172, was strongly increased in
C101A-eNOS-Tg (Fig. S5e and ). This increase was completely
abolished following Tempol treatment suggesting that acti-
vation of AMPKa is dependent on increased oxidative stress.
Total AMPK was not changed in both strains (data not shown).

Exercise
To investigate whether increased eNOS Ser1176/79-phos-
phorylation in C101A-eNOS-Tg vs. C57BL/6 (Fig. 5a and b)
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could be further elevated at this site, we subjected both
strains to 4 weeks of voluntary exercise as a model for
increased shear stress in vivo as described previously [23].
This intervention significantly increased heart weight/body
weight ratio in comparison with sedentary mice. In sedentary
C57BL/6, heart weight/body weight ratio was
0.3884 4+ 0.02157 mg/g, whereas in exercised C57BL/6, heart
weight/body weight ratio was 0.4635 £ 0.01417 mg/g (n =06
each, P=0.0032). Likewise, in sedentary C101A-eNOS-Tg,
heart weight/body weight ratio was 0.3827 4= 0.02697 mg/g,
whereas in exercised C101A-eNOS-Tg, heart weight/body
weight ratio was 0.4635+0.02218 mg/g (n =06, P=0.0148).
These data indicate the efficacy of the training protocol.
Exercise strongly increased AMPKa-Thrl72-phosphoryl-
ation and eNOS-Ser1176/79-phosphorylation in aortic and
skeletal muscle tissue of wild-type, but not in C101A-eNOS-
Tg (Fig. 6a—d). There was no difference in total AMPKa-
expression (data not shown). In contrast, AKT-phosphoryl-
ation remained unchanged in both strains (Supplemental
Fig. 6a and b, http://links.Iww.com/HJH/AG78). Exercise
training also reduced eNOS-S-glutathionylation and eNOS-
tyrosine-nitration in both wild-type and C101A-eNOS-Tg,
and this reduction was much more pronounced in C101A-
eNOS-Tg and not significant in wild-type (Supplemental Fig.
6e and f, http://links.Iww.com/HJH/AG78).

DISCUSSION

Essential hypertension is associated with an impairment of
endothelium-dependent vasodilation, and in many different
animal models, experimental hypertension was observed in
coincidence with vascular oxidative stress [12]. In contrast,
little is known about the specific role of eNOS-dependent
formation of superoxide and thus the impact of endothelial
oxidative stress on the regulation of BP. Here, we report that
endothelial-specific 1.5-fold overexpression of a dimer-
destabilized eNOS mutant in C57BL/6, proven by colocali-
zation of CD31 (PECAM-1) and eNOS, generates endothelial
oxidative stress as evidenced by increased formation of
superoxide as well as posttranslational protein modifications
such as nitration of tyrosine and S-glutathionylation in both
aorta and in skeletal muscle tissue that primarily contains
arterioles. Of note, mRNA expression of native murine eNOS
was decreased, suggesting that the content of C101A-eNOS
protein is greater than about one-third of total eNOS expres-
sion. Oxidative stress had no effect on aortic EDR but
prevented the expected BP reduction by endothelial eNOS
in an otherwise healthy and normotensive mouse strain.
However, a significant and reversible reduction of BP was
observed during treatment with the antioxidant Tempol
indicating a causal role for dimer destabilization—induced
oxidative stress, whereas Tempol showed no effect in
C57BLO. These data strongly suggest that dimer destabiliza-
tion of eNOS and the resulting increase of endothelium-
specific superoxide generation is involved in the regulation
of BP in C101A-eNOS-Tg.

Dimer destabilization of eNOS and oxidative
stress

Mutation of eNOS at its Zn-binding cysteines has been
shown to inhibit dimerization and generation of NO. For
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FIGURE 4 Tempol treatment. Time-dependent changes of (a) blood pressure and (b) heart rate in wild-type and in C101A-eNOS-Tg before, during and after Tempol
treatment. Although there was no difference in heart rate between wild-type and C101A-eNOS-Tg before (day) and after Tempol treatment (P> 0.05, n=6), a significant
reduction of blood pressure occurred during Tempol treatment starting at the third day of treatment. The statistical analysis compared the mean blood pressure values of
C101A-eNOS-Tg for the last 8 days before treatment with the mean blood pressure values during the last 8 days of Tempol treatment (*P=0.0088, paired one-tailed t
test, n=6). The levels of eNOS-S-glutathionylation significantly differed both in (c) aorta (P=0.014, n=6, one-way analysis of variance) and (d) skeletal muscle
(P<0.0001, n=6, one-way analysis of variance). Before Tempol treatment, there was a significant difference between C101A-eNOS-Tg and wild-type in both tissues
(*P<0.01, Newman—Keuls), which disappeared during Tempol treatment. The levels of eNOS-tyrosine-nitration significantly differed both in (e) aorta (P=0.003, n=6,
one-way analysis of variance) and (f) skeletal muscle (P=0.003, n=#6, one-way analysis of variance). Before Tempol treatment, there was a significant difference between
C101A-eNOS-Tg and wild-type in both tissues (*P<0.01, Newman-Keuls), which disappeared during Tempol treatment. The levels of vasoactive stimulated protein
phosphorylation at Ser239-VASP significantly increased during Tempol treatment both in (e) aorta ("P<0.0001, n=6, two-tailed ¢ test) and (f) skeletal muscle (*P=0.006,
n=6, two-tailed t test) of C101A-eNOS-Tg.
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FIGURE 5 eNOS-Ser1176/79-hyperphosphorylation. Increased Ser1176/79 phosphorylation of eNOS in (a) aortic tissue (P<0.0001, n=6 each, one-way analysis of
variance, *P<0.01 vs. wild-type and eNOS-Tg, Newman—Keuls) and (b) skeletal muscle (P< 0.0001, n=6 each, one-way analysis of variance, *P< 0.001 vs. wild-type and
eNOS-Tg, Newman—Keuls) of C101A-eNOS-Tg. Treatment with Tempol had no effect in wild-type tissues, but significantly reduced eNOS Ser1176/79-phosphorylation in
() aortic tissue (P=0.001, n=6 each, one-way analysis of variance, #P<0.01 vs. no treatment, Newman—Keuls) and (d) skeletal muscle tissue of C101A-eNOS-Tg
(P=0.0058, n=6 each, one-way analysis of variance, *P < 0.05 vs. no treatment, Newman—Keuls). Increased Tempol sensitive Thr172-phosphorylation of AMP kinase-a in
(e) aortic tissue (P<0.001, n=6 each, one-way analysis of variance, *P< 0.0001 vs. wild-type and *P < 0.0001 vs. Tempol treatment, Newman—-Keuls) and (f) skeletal
muscle tissue (P=0.0053, n=6 each, one-way analysis of variance, *P< 0.01 vs. wild-type and #P<0.01 vs. Tempol treatment, Newman—Keuls) AMP kinase-a-Thr172-
phosphorylation of C101A-eNOS-Tg at baseline (*P< 0.01 vs. wild-type) and after Tempol treatment.

example, a C99A mutation of human eNOS resulted in a
reduction of BHy affinity, enzyme stability and citrulline
formation and an irreversible loss of heme [25]. 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 [20).
Another investigation on C94A, C99A and C94A plus C99A
mutations of human eNOS also confirmed the destabiliza-
tion of dimer formation and showed a small catalytic activity
(<10%) of the purified mutated enzymes [27]. In contrast, a
C96S/C101S double mutant of bovine eNOS expressed in
CV-1 (simian) in Origin and carrying the SV40 genetic
material cells (COS-7 cells) showed about 50% of the

84 www.jhypertension.com

catalytic activity of wild-type eNOS despite strong dimer
destabilization [28]. These reports are consistent with our
previous findings in stably transfected HEK cells in which
the mutant C101A-eNOS activity was 45% lower compared
with normal eNOS, whereas superoxide detected by elec-
tron-spin-resonance was doubled [17].

The novel transgenic mouse model, C101A-eNOS-Tg, is
characterized by the coexistence of normal and dimer-desta-
bilized 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
superoxide by C101A-eNOS itself might resemble the situation
in endothelial cells of diseased vessels in which dysfunctional
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FIGURE 6 Voluntary exercise significantly increased eNOS-Ser1176/79 phosphorylation in (a) aortic tissues of wild-type but not of C101A-eNOS-Tg (P=0.0195, n=6 each,
one-way analysis of variance, *P < 0.05 vs. sedentary wild-type, Newman—Keuls) and in (b) skeletal muscle tissue of wild-type but not of C101A-eNOS-Tg (P=0.0003,
n=6 each, one-way analysis of variance, *P<0.01 vs. sedentary wild-type, Newman—Keuls). Likewise, voluntary exercise significantly increased AMP kinase-a-Thr172-
phosphorylation in (c) aortic tissues of wild-type but not of C101A-eNOS-Tg (P=0.0004, n=6 each, one-way analysis of variance, *P< 0.001 vs. sedentary wild-type,
Newman—Keuls) and in (d) skeletal muscle tissue of wild-type but not of C101A-eNOS-Tg (P=0.0032, n=6 each, one-way analysis of variance, *P<0.01 vs. sedentary

wild-type, Newman-Keuls).

‘uncoupled’ eNOS molecules and coupled eNOS molecules
can exist in the same cell at the same time [29]. Dimer
destabilization of eNOS was evidenced by the increase of
eNOS monomer appearance when separating aortic hom-
ogenates on low-temperature gels. Furthermore, an increase
of superoxide formation by C101A-eNOS was evident in
C101A-eNOS-Tg. This was abolished by L-NAME identifying
C101A-eNOS as the underlying source. In addition, the strong
increase of superoxide-dependent protein modifications such
as tyrosine-nitration and S-glutathionylation in C101A-eNOS-
Tg demonstrates the biological relevance of increased super-
oxide. In contrast, overexpression of wild-type eNOS in
eNOS-Tg did not increase superoxide formation, tyrosine-
nitration or S-glutathionylation, which further indicates that
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 [15].

Dimer destabilization of eNOS and aortic
reactivity

Surprisingly, aortic EDR in C101A-eNOS-Tg was normal
despite considerable oxidative stress, whereas EDR impair-
ment was clearly detectable in various animal models with
similar oxidative stress [30—37]. Although the reasons for
this somewhat contradictory finding are not known, it
appears likely that concomitant disease processes such as
atherosclerosis, overt hypertension or diabetes likely con-
tributed to endothelial dysfunction in these studies. For
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example, pharmacologic normalization of increased aortic
superoxide generation in a rabbit model of atherosclerosis
did only partially restore aortic EDR and the reduced
sensitivity to NO-donors [38]. We also observed an
unchanged vasodilator response to the NO-donor SNAP
in aortic rings of C101A-eNOS-Tg. These data confirm that
increased superoxide formation in C101A-eNOS-Tg had
little impact on NO-induced vasodilation of conductance
arteries in otherwise healthy adult mice.

Dimer destabilization of eNOS and blood
pressure

The comparable BP reduction following endothelial-
specific overexpression of normal eNOS has been demon-
strated by different groups. In addition, expression levels of
eNOS ranging between a three-fold [14,15] and a eight-fold
increase [39] resulted in a comparable reduction of BP,
suggesting that the effect of endothelial eNOS overexpres-
sion on BP regulation is limited. In striking contrast, neither
BP nor VASP-Ser239-phosphorylation, a measure of protein
kinase G activity and a surrogate for NO bioavailability [40],
were altered in tissues of C101A-eNOS-Tg such as aorta,
skeletal muscle, lung and myocardium. As the only differ-
ence between normal eNOS and C101A-eNOS is the gener-
ation of increased endothelial superoxide and oxidative
protein modifications, we treated wild-type and C101A-
eNOS-Tg with Tempol, a low molecular superoxide dis-
mutase mimetic with known efficacy in hypertensive
animal models [22]. The observed reversible BP reduction
of approximately 5mmHg induced by Tempol resembles
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the calculated reduction and is consistent with the view that
oxidative stress in C101A-eNOS-Tg inhibits hypotensive
effects of NO. These data extend previous findings on
impaired eNOS activity induced by dimer destabilization
in overt experimental hypertension [41-43] to the physio-
logic BP regulation and suggest that dimer destabilization of
eNOS, for example induced by known cardiovascular risk
factors, might contribute to the pathophysiology of
essential hypertension.

Posttranslational eNOS modification

Although there was no inhibition of aortic EDR, oxidative
stress induced by dimer destabilization might impair acti-
vation of eNOS by physical forces including shear. This
activation is largely mediated by eNOS-Ser1176/79-phos-
phorylation and is considered to be the most important
physiologic stimuli for the continuous generation of vas-
cular NO in wvivo [44,45]. We observed a significantly
increased phosphorylation of eNOS at Ser 1176/79 and
of AMPK at Thr172 in sedentary C101A-eNOS-Tg. More-
over, exercise training, which has been shown to increase
such phosphorylation of both enzymes in C57BL/6 [40],
induced no change in C101A-eNOS-Tg, suggesting that
shear-dependent activation of eNOS is diminished by either
dimer destabilization itself, subsequently increased endo-
thelial superoxide or both. Tempol treatment completely
corrected hyperphosphorylation of eNOS and AMPKa,
pointing to a close relationship between superoxide, hyper-
phosphorylation and eNOS-mediated BP reduction. In
addition, a mouse model expressing a mutant phosphomi-
metic S1179D-eNOS on an eNOS-KO background showed
almost normal EDR but hypertension similar to eNOS-KO,
that is no reduction of BP [47]. These data are consistent
with the observations reported here suggesting an inhibi-
tory effect of eNOS-Ser1176/79-hyperphosphorylation on
eNOS-mediated BP reduction. However, a diminished
eNOS activity induced by the detected tyrosine-nitration
of the enzyme may play a role as well.

Clinical aspects

Endothelial dysfunction in resistance vessels was already
identified in normotensive young adults having hyperten-
sive parents [4]. In addition, endothelial dysfunction in
resistance vessels was demonstrated in other disease states
such as in young adults with insulin-dependent diabetes
mellitus despite normalization of plasma glucose [48] or
might underlie the prolonged effect of passive smoking on
endothelial progenitor cells [49]. Although there are no
single-nucleotide-polymorphisms of eNOS-Zn-finger cys-
teines, eNOS-Ser1177-hyperphosphorylation by oxidative
stress might contribute to endothelial dysfunction in resist-
ance arteries of otherwise healthy humans, which is con-
sidered to be a risk factor for the development of overt
hypertension in later life [49]. With respect to essential
hypertension, our findings may provide another piece of
mechanistic insight in this multifactorial disease.

In conclusion, taken together, our data suggest that
vascular oxidative stress induced by eNOS dimer destabi-
lization causes nitration and glutathionylation of several
proteins as well as Ser1177-hyperphosphorylation of eNOS,

86 www.jhypertension.com

which is presumably mediated by AMPKa. These posttrans-
lational protein modifications were associated with resist-
ance of eNOS to phosphorylation at Ser1177 induced by
physical forces such as shear. Furthermore, this C101A-
eNOS-dependent oxidative stress selectively prevented the
BP-reducing activity of vascular eNOS. These data suggest
that eNOS-dependent oxidative stress in microvascular
endothelium may play a role for the development of
essential hypertension.
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The authors conclude that deficiencies in eNOS
function may play a role in sustained high blood pressure
through superoxide-mediated microvascular constriction, a
view consistent with a facultative role for increased per-
ipheral resistance following initially increased cardiac
output, known to occur in animal and human hypertension.

Reviewer 2

This study tested effects of endothelial nitric oxide syn-
thase (eNOS)-derived endothelial oxidative stress on
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blood pressure. The model involved a mouse with
endothelial-specific expression of a dimer-destabilized
C101A-mutant eNOS (C101A-eNOS-Tg). In CI101A-
eNOS-Tg mice, hypotension - that is normally reported
in mice overexpressing eNOS in the endothelium - was
no longer present.

88 www.jhypertension.com

This was associated with increased aortic superoxide,
although aortic endothelium-dependent relaxation was unch-
anged. The superoxide scavenger, tempol, reduced blood
pressure in C101A-eNOS-Tg mice only. Investigating super-
oxide generation and endothelial function in a resistance artery
would be an important subsequent study in this mouse model.
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Deletion of Hyaluronan Synthase 3 Inhibits
Neointimal Hyperplasia in Mice

Lena S. Kiene, Susanne Homann, Tatsiana Suvorava, Berit Rabausch, Julia Miiller, Georg Kojda,
Inga Kretschmer, S6ren Twarock, Guang Dai, René Deenen, Sonja Hartwig, Stefan Lehr,
Karl Kohrer, Rashmin C. Savani, Maria Grandoch,* Jens W. Fischer*

Objective—Hyaluronan (HA) is a polymeric glucosaminoglycan that forms a provisional extracellular matrix in diseased
vessels. HA is synthesized by 3 different HA synthases (HAS1, HAS2, and HAS3). Aim of this study was to unravel the
role of the HAS3 isoenzyme during experimental neointimal hyperplasia.

Approach and Results—Neointimal hyperplasia was induced in Has3-deficient mice by ligation of the carotid artery. HA
in the media of Has3-deficient mice was decreased 28 days after ligation, and neointimal hyperplasia was strongly
inhibited. However, medial and luminal areas were unaffected. Cell density, proliferation, and apoptosis were not altered,
suggesting a proportional decrease of both, the number of cells and extracellular matrix. In addition, endothelial function
as determined by acetylcholine-induced relaxation of aortic rings, immunoblotting of endothelial nitric oxide synthase,
and arterial blood pressure were not affected. Furthermore, the oxidative stress response was not affected as determined in
total protein extracts from aortae. Transcriptome analysis comparing control versus ligated carotid arteries hinted toward
a mitigated differential regulation of various signaling pathways in Has3-deficient mice in response to ligation that were
related to vascular smooth muscle cell (VSMC) migration, including focal adhesions, integrins, mitogen-activated protein
kinase, and phosphatidylinositol signaling system. Lentiviral overexpression of HAS3 in VSMC supported the migratory
phenotype of VSMC in response to platelet-derived growth factor BB in vitro. Accordingly, knockdown of HAS3 reduced
the migratory response to platelet-derived growth factor BB and in addition decreased the expression of PDGF-B mRNA.

Conclusions—HAS3-mediated HA synthesis after vessel injury supports seminal signaling pathways in activation of
VSMC, increases platelet-derived growth factor BB—mediated migration, and in turn enhances neointimal hyperplasia in
vivo. (Arterioscler Thromb Vasc Biol. 2016;36:¢9-¢16. DOI: 10.1161/ATVBAHA.115.306607.)

Key Words: carotid arteries B extracellular matrix ® hyaluronan ® neointima ® smooth muscle cells

Hyaluronan (HA) is considered to be a key constitu-
ent of permissive extracellular matrices (ECMs) that
supports tissue remodeling in response to physiological
and pathophysiological stimuli. HA is composed of repeat-
ing nonsulfated disaccharides [- (1,4)-glucuronic acid -f
(1,3)-N-acetylglucosamine-] ~ assembled into polymers of
high molecular weight ranging from 1 to 10x10° Da by HA
synthase (HAS1-3) isoenzymes.

See accompanying editorial on page 224

RHAMM has been attributed an important role in the control
of division fidelity during neointimal hyperplasia.* Lack of
RHAMM prevents constrictive vascular remodeling after ves-
sel injury.’ Therefore, inhibition of interstitial HA synthesis by
VSMC seems to be a promising target to inhibit restenosis.®®
Studying the regulation of HAS isoenzyme expression in
vitro in human VSMC revealed that HAS/ and HAS2 tran-
scription are strongly responsive to cAMP-activated signal-
ing by prostaglandins/prostaglandin receptors.” Furthermore,

HAS?2 is known to be responsive to platelet-derived growth
factor BB (PDGF-BB), transforming growth factor {3 1, and
thrombin-mediated protease activated receptor 1 signaling.'®
In addition, HAS1 is upregulated by adenosine A2A and A2B
receptors in VSMC.!"!

HA activates receptor for HA-mediated motility
(RHAMM)-and CD44-mediated signaling' in vascular smooth
muscle cells (VSMC), which in turn causes increased VSMC
proliferation and migration in vitro and in vivo.>* Recently,
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Nonstandard Abbreviations and Acronyms
ECM extracellular matrix
HA hyaluronan
HAS hyaluronan synthase
PDGF-BB platelet-derived growth factor BB
RHAMM receptor for HA-mediated motility
VSMC vascular smooth muscle cell
WT wild-type

Functionally, it was shown in these studies that HAS2-
mediated HA synthesis increases proliferation and migration
of VSMC. Recently, it was discovered that HAST1 is involved in
migratory responses of VSMC as well.!! In addition, overexpres-
sion of HASI promotes adhesion of monocytes to the pericellu-
lar HA matrix suggesting that the HA matrix formed by HAS1
is involved in inflammatory responses.'? Interestingly, in the
study by Wilkinson et al'?> overexpression of all HAS isoforms
led to decreased proliferation and migration rates, which is in
contrast with the results of knocking down endogenous HAS!
and HAS? that also inhibited proliferation and migration.>!

Has?2 knockout mice die at midgestation due to disturbed
cardiac and vascular morphogenesis and defects in endothe-
lial mesenchymal transition, suggesting that HAS2 fulfills
critical physiological functions.”> A fascinating example
of physiological HA-driven neointimal hyperplasia is the
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closure of the ductus arteriosus Botalli. Here, prostaglandin
E-mediated activation of the prostaglandin E receptor 4 pro-
motes induction of Has2 and subsequently VSMC migration
and the formation of an HA-rich intimal cushion.'* However,
the dilatory effect of prostaglandin E 2 keeps the ductus open.
This remodeling process is essential in preparing the timely
and rapid closure of the ductus arteriosus after cessation of
prostaglandin E synthesis. In contrast to the lethal genetic
deletion of Has2, deletion of Has! or Has3 did not result in
an obvious phenotype without pathophysiological challenge.

HAS2 probably represents an attractive target to inhibit
neointimal hyperplasia because in vivo studies revealed that
overexpression of Has2 in VSMC led to increased athero-
sclerosis in apolipoprotein E—deficient mice and to increased
cuff-mediated neointimal hyperplasia in C57BL/6 mice.'>!¢
However, a limitation that needs to be considered is that
those results reflect increased HA synthesis in medial VSMC
because of Has2 overexpression in differentiated VSMC, and
do not specifically reflect the physiological function of HAS2
during neointimal hyperplasia.

Because of the embryonic lethality of Has2-deficient mice
and the importance of HAS2 for proper development of the
cardiovascular system as well as for endothelial mesenchy-
mal transition, it is doubtful that HAS2 represents a suitable
therapeutic target. Therefore, the other HAS isoenzymes are
of great interest with respect to their specific role in vascu-
lar pathologies. Whether HAS1 and HAS3 play a role in

Figure 1. Neointimal hyperplasia is reduced in
Has3-deficient mice. Neointimal hyperplasia was
induced by carotid artery ligation in wild-type (WT)
and Has3-deficient mice and analyzed after 4
weeks. A, Representative images of hematoxylin
and eosin-stained sections of WT (left) and Has3-
deficient (right) mice. B, Neointimal hyperplasia
was characterized by morphometry. The neointimal
area is plotted as function of the distance to liga-
tion (left). Mean area under the curve (AUC) and
the neointimal/medial (NI/M) ratio are given as well
(right). C, Mean medial and luminal area, mean
circumference of the external elastic lamina (EEL),
and D, cellular density in the neointima. Data are
mean+SEM, n=9, *P<0.05 versus WT.

I



20T ‘€1 1oqueydes uo Aq S10°spewnoleye//:dyy woiy papeoumo(

neointimal hyperplasia is not known. Similarly, other than the
knowledge that HAS3 is upregulated in aged VSMC and that
oxidized low-density lipoprotein and cholesterol induce HAS3
in human VSMC little is known about its regulation and func-
tion in VSMC.!7!8 Hence, the aim of this study was to test the
effect of loss of HAS3 during neointimal hyperplasia in vivo
using mice with targeted deletion of Has3 and to study the
underlying mechanisms in vitro.

Materials and Methods

Materials and Methods are available in the online-only Data
Supplement.

Results

Inhibition of Neointimal Hyperplasia

in Has3-Deficient Mice

Has3-deficient mice displayed no differences with respect to
body weight, blood glucose, and total cholesterol (Figure [
in the online-only Data Supplement). To address the role of
HAS3 for VSMC phenotype in vivo, left carotid arteries of
Has3-deficient mice and wild-type (WT) mice were ligated to
induce neointimal hyperplasia driven by VSMC proliferation
and migration.” In Has3-deficient mice, the neointimal area
and neointimal/medial ratio were strongly reduced compared
with WT mice (Figure 1A and 1B). In contrast, the medial
and luminal areas were not changed (Figure 1C). A small
reduction of the circumference of the external elastic lamina
of ligated carotid arteries was observed (Figure 1C), indicat-
ing constrictive remodeling. Determination of cell density
in the neointima suggested that both cell number and ECM
declined proportionally in Has3-deficient mice after liga-
tion (Figure 1D). Analysis of HA staining in control carotid

Kiene et al
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arteries versus ligated WT carotids revealed an accumulation
of HA both in the media and in the neointima after 28 days
(Figure 2A). Quantitative image analysis revealed less HA
accumulation in the whole vessel (Figure 2A and 2B) in Has3-
deficient mice after ligation. Interestingly, the difference was
pronounced in the media (Figure 2B). In addition, after liga-
tion expression of Hasl and Has2 were not further upregu-
lated in Has3-deficient mice compared with WT, thereby
excluding a compensatory counter regulation in response to
Has3 deficiency (Figure 2C and 2D). Has3 mRNA was not
detected in Has3-deficient mice (not shown).

To gain further mechanistic insight, ligated carotid arter-
ies were investigated 5 days after ligation. As evidenced by
5-bromo-2’-deoxyuridine staining, the proliferation rate was
not affected in the neointima of Has3-deficient compared with
WT controls (Figure 3A). In addition, neither apoptotic rate
(Figure 3B) nor immunostaining of o smooth muscle actin
were affected (Figure 3C) 5 days after ligation. Furthermore,
mRNA of Acta2 and SM22alpha were determined. Both
markers of differentiated VSMC were strongly downregu-
lated in response to ligation as expected. However, the extent
of this downregulation was not different between genotypes
(Figure 3D).

Next, it was addressed if Has3 deficiency might have
general effects on endothelial function that might result in
changes of ligand-induced vasodilatation and blood pres-
sure. First, expression of endothelial nitric oxide synthase was
found to be unaffected in aortas of WT versus Has3-deficient
mice (Figure 4A). Likewise, acetylcholine-induced vasore-
laxation was not affected (Figure 4B) as well as relaxation in
response to an exogenous NO donor (S-nitroso-N-acetyl-o,.-
penicillamine) and contraction in response to phenylephrine
(Figure 4C and 4D).

Figure 2. Carotid arteries from Has3-deficient
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mice show reduced hyaluronan (HA) accumula-
tion and no compensatory regulation of Has1
and Has2. Neointimal hyperplasia was induced
by carotid artery ligation in wild-type (WT) and
Has3-deficient mice. Histological sections were
analyzed for HA content after 4 weeks. A, rep-
resentative images of uninjured vessel (left) and
WT (middle) and Has3-deficient (right) carotid
arteries after ligation stained with hyaluronan-
binding protein. B, Area fraction quantified in
media and intimal layer, and in media and intima
separately, n=9, *P<0.05 versus WT. C and D,
Has1 and Has2 mRNA expression were ana-
lyzed after 5 days. C, Has7 gene expression.

D, Has2 mRNA expression; n=7 to 9, *P<0.05
versus respective nonligated controls analyzed
using Kruskal-Wallis test with Dunn post hoc
test. Data are mean+SEM.

O WT B Has3"



20T ‘€1 1oqueydes uo Aq S10°spewnoleye//:dyy woiy papeoumo(

el2 Arterioscler Thromb Vasc Biol

1ODm

February 2016

0.15

0.10

0.05

BrdU+/neointimal cells

—

0.00
0.05

TUNEL+/neointimal cells
o
o
R

=
D [ 207 * %
<]
L E gg
7] 2.0 * a
07 g0
g 8 oL
3 5 1.5 =
2 ¢ gt
Z S 1.0 E2
E « 2w
o~ 2 -Q‘L'U
& B 0.57 5
é-:‘ = g =
0.0 %}
non-ligated  ligated

0.00
i 100
8
Pie 80
o 25 e 8
35 60
3
L
BE 40
o ® 20
¥ =)
=3
“’ o) |
2.57
* O WT B Has3'"
2.01
*
1.51
1.01
0.51
0.0
non-ligated  ligated

Figure 3. Characterization of vascular smooth muscle cell proliferation, apoptosis, and differentiation in the neointima of Has3-deficient
mice. Five days after ligation 5-bromo-2’-deoxyuridine (BrdU) incorporation, terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining, and mRNA expression were analyzed. A, Representative images of immunostaining of incorporated BrdU (yellow), pro-
liferative index calculated as the ratio of BrdU* nuclei to total nuclei within the neointimal layer; n=11. B, Representative images of TUNEL
staining (red) and quantification of apoptosis as TUNEL-positive cells per total neointimal nuclei; n=13. Original magnification 200-fold,
nuclei are stained in blue, elastic laminae are indicated by autofluorescence (FITC [fluorescein isothiocyanate] channel, green), pictures
from wild-type (WT) are shown on the left, images from Has3-deficient mice on the right. C, Representative images of a smooth muscle
actin-stained sections of WT (left) and Has3~~ (right) mice harvested 4 weeks after ligation and quantification of intimal area fraction, n=8
to 9. D, mRNA expression of a smooth muscle actin (Acta2) and SM22alpha; n=8 to 9, *P<0.05 versus respective nonligated controls ana-
lyzed using Kruskal-Wallis test with Dunn post hoc test. Data are presented as mean+SEM.

Furthermore, arterial blood pressure of Has3-deficient
mice was similar to WT mice (Figure 4E). To address the
question whether the observed phenotype might involve
changes in the oxidative stress response, oxyblot analysis was
performed. No differences in oxidative protein modifications
were observed between genotypes (Figure 4F).

All things considered, an effect of Has3-deletion on vas-
cular tone and reagibility can be excluded as the mechanism
underlying reduced neointimal hyperplasia in Has3-deficient
mice.

Attenuated Transcriptional Response in Has3-
Deficient Mice After Carotid Artery Ligation

In search of the underlying mechanisms, genome-wide tran-
scriptome analysis of control and ligated carotids was per-
formed 5 days after ligation. In WT mice, 8006 transcripts

were differentially regulated when comparing ligated carotid
arteries to nonligated control carotids (Figure II in the online-
only Data Supplement). In contrast, using identical experi-
mental settings in Has3-deficient mice only 3635 transcripts
were affected by the ligation suggesting a strong influence of
Has3 deficiency on transcriptional responses to vessel injury.
The dampened response in Has3-deficient mice can also be
seen in the hierarchical clustering and the volcano plots shown
in Figure III in the online-only Data Supplement. Next, the
transcriptome data were analyzed for Kyoto Encyclopedia of
Genes and Genomes pathways that were only significantly reg-
ulated in response to ligation in carotid arteries from WT and
not in carotids from Has3-deficient mice (Table I in the online-
only Data Supplement). Of note, various pathways related to
the migratory SMC phenotype, ECM signaling, and general
signaling leading to phenotypic activation were identified,
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Figure 4. Endothelial nitric oxide synthase (eNOS) expres-
sion and endothelial function is not altered by Has3 deficiency.
Thoracic aortae were harvested from Has3-deficient mice and
wild-type (WT) controls. A, eNOS protein expression in aortas of
Has3-deficient and WT mice. Top, Representative Western blots
for eNOS in aortic tissue. Bottom, Densitometric quantification of
the signals normalized to actin; n=4 to 5. B, Endothelium-depen-
dent relaxation to acetylcholine, C, endothelium-independent
relaxation to the NO donor S-nitroso-N-acetyl-o,.-penicillamine
(SNAP) and D, contractile response to phenylephrine in aortic
rings of Has3-deficient and WT mice, not significant (n.s.), n=3
to 4. E, Systolic blood pressure; n=5. F, Representative Western
blot of carbonyl groups as a marker for oxidative protein modi-
fications and densitometric quantification of the signals normal-
ized to B-tubulin; n=4. Data are means+SEM.

such as regulation of actin cytoskeleton (mmu04810), vas-
cular smooth muscle contraction (mmu04270), calcium-sig-
naling pathway (mmu04020), focal adhesion (mmu04510),
ECM-receptor interaction (mmu04512), phosphatidylinositol
signaling system (mmu04070), inositol phosphate metabolism
(mmu00562), and mitogen-activated protein kinase—signaling
pathway (mmu04010). Expression of genes representing the
oxidative stress response did not seem to be differentially reg-
ulated between the genotypes confirming the results from the
Oxyblot analysis as indicated above (Figure 4F).

HAS3-Mediated HA Synthesis Promotes

Migration and Proliferation

Analysis of the neointima as presented in Figures 1-3
revealed decreased neointimal hyperplasia in Has3-deficient
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mice because of proportional decrease in cells and matrix.
Because neither 5-bromo-2’-deoxyuridine incorporation nor
apoptosis were changed in Has3-deficient mice, it is likely
that primarily migratory responses are affected. In line with
this assumption was the finding that Pdgf-b mRNA, known
to promote VSMC migration,™* was upregulated in WT
after carotid artery ligation but not in Has3-deficient mice
as determined by gene array analysis (NCBI GEO accession
number GSE70410). To complement the results obtained in
Has3-deficient mice in vitro, lentiviral shRNA was used to
specifically knockdown HAS3 (shHAS3, Figure 5A) in human
VSMC. Lentiviral shHAS3 efficiently reduced HAS3 mRNA
expression and reduced HA secretion into the cell culture
medium (Figure 5A). As observed in the gene array analy-
sis, PDGF-B mRNA expression was significantly reduced in
shHAS3 cells (Figure SA). Importantly, migration was dimin-
ished in shHAS3 as determined in a microchemotaxis cham-
ber (Figure 5B). Neither the mitogenic response to PDGF-BB
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Figure 5. HAS3 supports the migratory and proliferative pheno-
type of human coronary vascular smooth muscle cell (VSMC). A,
HAS3 mRNA was reduced using lentiviral ShRNA compared with
nontargeting shRNA (sh-cont) in VSMC, leading to a diminished
hyaluronan (HA) secretion, and a downregulation of PDGF-B
mRNA. B, shHAS3 inhibited migration as determined by a modi-
fied Boyden-chamber microchemotaxis assay on collagen type
1-coated membranes and proliferation as determined by cell
count. *P<0.05 versus control. C, shHAS3 reduced mRNA expres-
sion of a variety of migration-associated genes in VSMCs stimu-
lated with platelet-derived growth factor BB (PDGF-BB; 10 ng/mL)
for 24 hours. *P<0.05 versus sh-cont (control); 1-way ANOVA with
Dunnett multiple comparison test; n=3 to 6. Data are mean+SEM.
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(Figure 5B) nor the apoptotic rate (data not shown) was sig-
nificantly altered in shHAS3. The gene array and the in vitro
migration data strongly suggested a role of HAS3-mediated
HA synthesis in migration. In line with this assumption, the
expression of a panel of genes involved in the migratory
response was downregulated after knockdown of HAS3 in
VSMC as determined by quantitative polymerase chain reac-
tion (Figure 5C). Accordingly, the migratory response of
VSMC to PDGF-BB was strongly increased in HAS3 over-
expressing (HAS3oe) cells (Figure IV in the online-only Data
Supplement). Proliferation was quantified by DNA-synthesis,
as determined by [*H]-thymidine incorporation, and was
slightly increased in HAS3oe cells compared with controls
(Figure IV in the online-only Data Supplement).

Finally, it was considered whether the inflammatory
response was affected in Has3-deficient mice. Importantly,
neointimal hyperplasia in normocholesteremic mice is
considered mainly a model of VSMC-driven neointimal
hyperplasia.?

In the gene array analysis, expression of genes represent-
ing the inflammatory response was upregulated in both geno-
types and also inflammatory Kyoto Encyclopedia of Genes
and Genomes pathways were regulated in both genotypes.

mRNA expression of Tnfa, Ccl2 (monocyte chemotactic
protein 1), and //1b as determined by quantitative polymerase
chain reaction in ligated carotid arteries, showed a strong
increase compared with unligated controls. However, no dif-
ferences between genotypes were observed (data not shown).
Likewise, circulating cytokines were mostly unaffected except
increased interleukin (IL)-13 and granulocyte—-macrophage
colony-stimulating factor (Figure 6). Importantly, IL-13-
primed macrophages are characterized by a more anti-inflam-
matory M2 phenotype and suppress proinflammatory type 1
macrophages,” which in turn have been shown to substantially
promote neointima formation via promotion of VSMC prolif-
eration and migration.?* In contrast, granulocyte—macrophage
colony-stimulating factor is thought to promote inflammation
so that both proinflammatory and primarily anti-inflammatory
cytokines seem to be induced in Has3 deficiency and the net
outcome remains unknown. Taken together, reduced inflam-
mation is unlikely the mechanism underlying reduced neointi-
mal hyperplasia in Has3-deficient mice.
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Figure 6. Multiplex cytokine immunoassay. Plasma samples were
collected 5 days after carotid artery ligation. Determination of
multiple cytokines in the plasma by a commercially available mul-
tiplex bead-based immunoassay. Expressed as fold of respec-
tive wild-type (WT) control; mean+SEM vs WT; n=4 to 5, *P<0.05
Kruskal-Wallis test with Dunn post hoc test.
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Discussion

This study is the first to address the specific role of HAS3 during
experimental neointimal hyperplasia in vivo and shows a sub-
stantial reduction of neointimal hyperplasia in Has3-deficient
mice. In response to the arterial injury, strong accumulation
of HA was observed within the neointimal layer, in line with
earlier results.>® In healthy vessels, HA matrix is mainly lim-
ited to the adventitial layer and the endothelial glycocalyx.
Because HAS2 is pivotal for development of the cardiovas-
cular system as well as endothelial mesenchymal transition, it
is likely not a suitable therapeutic target with favorable ben-
efit/risk ratios. Therefore, therapeutic strategies specifically
inhibiting HAS3-mediated HA expression might be consid-
ered in the prevention of restenosis after surgical intervention.
On the basis of the unaltered cell density in the neointima in
vivo, a proportional decrease of both cell number and ECM is
suggested in Has3-deficient mice. Gene expression of Acta2
and SM22alpha was reduced 5 days after ligation, indicating
dedifferentiation of VSMC. However, Has3 deficiency did not
affect the expression of differentiation markers. In addition,
immunostaining of o smooth muscle actin and determination
of proliferation and apoptosis revealed no changes between
the genotypes 5 days after ligation. In search of the underlying
mechanisms, effects of Has3-deficiency on endothelial func-
tion, blood pressure, inflammation, and the oxidative stress
response were excluded.

Importantly, HA accumulation in the ligated vessels was
reduced in Has3-deficient mice. Analysis of medial and inti-
mal HA accumulation revealed that reduction of HA occurred
also in the media of ligated carotids from Has3-deficient mice.
In this context, it is important to consider that migration of
VSMC from the media into the intima is one of the first steps
during neointimal hyperplasia. PDGF-BB has been shown to
promote formation of pericellular HA matrix in VSMC that,
in turn, strongly promotes migration.> Therefore, HAS3 may
be involved in the induction of the provisional HA-rich ECM
in the media and neointima of ligated carotid arteries and, in
turn, promotes VSMC migration. In this context, it may be
important that Pdgf-b mRNA expression as assessed by gene
array analysis was significantly upregulated in ligated WT
carotids but not in Has3-deficient carotids in response to liga-
tion. Furthermore, PDGF-B was reduced in VSMC after lenti-
viral knockdown of HAS3. This may represent a feed forward
mechanism that further inhibits migratory responses in the
absence of HAS3. On the basis of these findings and the lit-
erature, it is likely that HAS3 expression in VSMC promotes
neointimal hyperplasia as opposed to HAS3 expression by
other cell types, such as endothelial cells. This is also sup-
ported by the differentially regulated Kyoto Encyclopedia of
Genes and Genomes pathways that point toward VSMC but
not endothelial cells, and the in vitro results. In future stud-
ies, VSMC-specific deletion of Has3 may be used to further
confirm the role of VSMC.

To further understand the underlying cellular mecha-
nisms, mRNA expression in the uninjured and ligated carot-
ids was analyzed in an unbiased genome-wide approach
using gene array technology. This analysis revealed that in
WT mice about twice as many transcripts are regulated after
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ligation when compared with Has3-deficient mice (8006
versus 3635). Furthermore, a variety of Kyoto Encyclopedia
of Genes and Genomes pathways were identified, which
were only differentially regulated in WT mice in response
to carotid ligation but not in Has3-deficient mice. Among
these pathways those related to the migratory VSMC phe-
notype (contractility and actin cytoskeleton), ECM signal-
ing (focal adhesion kinase and ECM-receptor interactions),
and general signaling (mitogen-activated protein kinase and
phosphatidylinositol signaling system) seemed particularly
interesting because they could represent avenues of phe-
notypic activation of VSMC in WT that were dampened in
Has3-deficient mice. In line with these effects on transcrip-
tional programs in vivo, we detected corresponding func-
tional differences in VSMC after knockdown of HAS3 in
vitro. Lentiviral knockdown of HAS3 inhibited migration in
VSMC and proliferation was not altered. Conversely, over-
expression of HAS3 also revealed that HAS3-mediated HA
synthesis augmented mainly migration and to a lesser extent
proliferation in human VSMC.

The in vivo role of RHAMM and CD44 in neointimal
hyperplasia has been demonstrated before. With respect to
RHAMM, a role in both migration but also proliferation and
cell division fidelity has recently been proposed in vivo.*? In
Rhamm-deficient mice, constrictive artery wall remodeling
was reduced after carotid artery ligation improving the lumen
caliber, but surprisingly did not alter the neointimal area itself.’
Similarly, a role of CD44 in promoting neointimal hyperpla-
sia has been proposed.?’ Although, this has not directly been
shown by the use of knockout mice. Strong evidence however
suggests that CD44 orchestrates also inflammatory responses
in vivo, for example, during atherosclerosis.?®* Interestingly,
it is known that inflammatory stimuli induce CD44 expres-
sion in VSMC.**3 Toll-like receptors are also involved in
neointimal hyperplasia.’>*3 However, from the data presented
here it cannot be concluded which of the receptors CD44 or
RHAMM or even alternative HA receptors, such as toll-like
receptor 2, toll-like receptor 4, LYVE1 (lymphatic vessel
endothelial hyaluronan receptor), and HARE (hyaluronan
receptor for endocytosis) are involved in the in vivo response
and the inhibition of neointimal hyperplasia. For this purpose,
future in vivo studies using the respective receptor knockouts
or pathway inhibitors are needed.

Collectively, it is demonstrated here (1) that Has3 dele-
tion inhibits neointimal hyperplasia and (2) that loss of HAS3-
dependent synthesis of HA decreases PDGF-BB-mediated
migration of VSMC. We conclude that HAS3 is a critical player
in the phenotypic activation of medial VSMC during neointimal
hyperplasia and may represent a suitable therapeutic target.
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Significance

Intimal thickening causes luminal narrowing after stent implantation, balloon catheter—based revascularization, by-pass grafting, and during
atherosclerosis. Accumulation of extracellular matrix is critically involved in these pathologies because it directly contributes to neointimal
volume expansion and regulates smooth muscle cell responses. As therapeutic targets hyaluronan (HA) synthases seem attractive because
3 different isoenzymes exist, which rapidly generate the hyaluronan matrix and might be targeted specifically in the future. Here, we show
that genetic deletion of Has3 inhibits neointimal hyperplasia and that HA synthase 3—dependent HA synthesis increases platelet-derived
growth factor BB—-mediated migration. These results suggest that inhibition of HA synthase 3—mediated HA synthesis may be used to limit
neointimal hyperplasia.
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ABSTRACT

Increasing vascular NO levels following up-regulation of endothelial nitric oxide synthase (eNOS) is con-
sidered beneficial in cardiovascular disease. Whether such beneficial effects exerted by increased NO-
levels include the vascular renin-angiotensin system remains elucidated. Exposure of endothelial cells
originated from porcine aorta, mouse brain and human umbilical veins to different NO-donors showed
that expression of the angiotensin-II-type-2-receptor (AT2) mRNA and protein is up-regulated by activa-
tion of soluble guanylyl cyclase, protein kinase G and p38 mitogen-activated protein kinase without
changing AT2 mRNA stability. In mice, endothelial-specific overexpression of eNOS stimulated, while
chronic treatment with the NOS-blocker L-nitroarginine inhibited AT2 expression. The NO-induced AT2
up-regulation was associated with a profound inhibition of angiotensin-converting enzyme (ACE)-
activity. In endothelial cells this reduction of ACE-activity was reversed by either the AT2 antagonist
PD 123119 or by inhibition of transcription with actinomycin D. Furthermore, in C57BI/6 mice an acute
i.v. bolus of L-nitroarginine did not change AT2-expression and ACE-activity suggesting that inhibition of
ACE-activity by endogenous NO is crucially dependent on AT2 protein level. Likewise, three weeks of
either voluntary or forced exercise training increased AT2 expression and reduced ACE-activity in
C57BI/6 but not in mice lacking eNOS suggesting significance of this signaling interaction for vascular
physiology. Finally, aortic AT2 expression is about 5 times greater in female as compared to male
C57BI1/6 and at the same time aortic ACE activity is reduced in females by more than 50%. Together these
findings imply that endothelial NO regulates AT2 expression and that AT2 may regulate ACE-activity.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction

of putatively vasoprotective genes such as extracellular superoxide
dismutase [7]. In striking contrast, little is known about the impact

Clinical trials on the effects of exercise have provided a large
body of evidence demonstrating a reduction of morbidity and mor-
tality in cardiovascular disease [1-4]. A variety of underlying
molecular mechanisms in response to exercise have been evalu-
ated in cardiovascular tissues [1,5]. As for the vasculature, an
increase of endothelial NO-synthase (eNOS) expression and
activity, which has been demonstrated in many species including
cardiovascular patients [6], appears to be a hallmark of regular
physical activity [1]. Subsequently, NO increases the expression
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of exercise on the vascular renin-angiotensin-system. In coronary
artery disease patients, Adams et al. observed an increase of angio-
tensin II type 2 receptor (AT2) mRNA levels following exercise
training [8] but the underlying molecular mechanisms are
unknown. Nevertheless, activation of AT2 is known to counter reg-
ulate many effects mediated by angiotensin II type 1 receptor
(AT1) and thus is viewed as vasoprotective target for future thera-
peutic interventions [9,10]. For example, stimulation of AT2 was
shown to induce the prekallikrein activator prolylcarboxypepti-
dase [11,12] and thereby increases generation of bradykinin and
subsequently endothelial NO. AT2 was also shown to inhibit degra-
dation of bradykinin by the angiotensin converting enzyme (ACE)
[13]. Hence, activation of AT2 stimulates the kallikrein kinin as
well as the NO system in vascular endothelial cells. In addition,
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Non-standard abbreviations and acronyms

ACE angiotensin converting enzyme 1

ANGII  angiotensin II

AT2 angiotensin II type 2 receptor

AT27/~  angiotensin II type 2 receptor knock out mice
AT1 angiotensin II type 1 receptor

b.END3 mouse brain endothelial cells

cGMP  cyclic guanosine monophosphate

DEA/NO diethylamine nonoate (PubChem CID: 9920715)
DETA/NO diethylenetriamine nitric oxide adduct (PubChem CID:
4518)

endothelial nitric oxide synthase

endothelial nitric oxide synthase transgene positive
mice

eNOS~/~ endothelial nitric oxide synthase knockout mice

eNOS
eNOS'®

eNOS" endothelial nitric oxide synthase transgene negative
mice
HUVEC human umbilical vein endothelial cells

1-NA L-nitroarginine (PubChem CID: 28360916)
NO nitric oxide

obQ 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (PubChem
CID: 1456)

PAEC porcine aortic endothelial cells

p38 MAPK p38 mitogen-activated protein kinase

PKG protein kinase G

SNAP S-nitroso-N-acetyl-pi-penicillamine  (PubChem CID:
5231)

sGC soluble guanylate cyclase

increased levels of bradykinin [14] are most likely involved in the
beneficial effects of drugs such as ACE-inhibitors [15] and AT1
blockers [16]. While these data likely provide a reasonable molec-
ular basis to explain vasoprotective effects in response to AT2 stim-
ulation, it remains unknown whether exercise increases AT2
signaling. We hypothesized that a link between exercise, NO and
angiotensin receptors might present a possible molecular interac-
tion underlying beneficial cardiovascular effects of exercise. The
aim of this study was to investigate the role of NO and of exercise
for AT2 expression.

2. Materials and methods
2.1. Compounds

All chemicals were purchased from Sigma-Aldrich (Munich,
Germany) or Merck (Darmstadt, Germany), except otherwise sta-
ted in the text.

2.2. Cell culture

Porcine aortic endothelial cells (EC) were isolated from aortas of
freshly slaughtered 7- to 9-month-old pigs, and cultured in M199
medium containing 10% FCS (PAA, Kolbe) until passage 3. Brain
endothelial cells (b.END3) were provided from the department of
Pharmaceutical Chemistry II of the Pharmaceutical Institute, Bonn,
Germany (passage 32-35) and purchased from ATCC® (CRL2299™,
Wesel, Germany, passage 24-28). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen, Carlsbad CA) con-
taining GlutaMAX™ (Gibco, Darmstadt, Germany). Human umbili-
cal vein endothelial cells (HUVEC) were purchased from (ATCC®
PCS-100-013, Wesel, Germany) and cultured in Vascular Cell Basal
Medium (ATCC® PCS-100-030™, Wesel, Germany) supplemented
with Endothelial Cell Growth Kit-BBE (ATCC® PCS-100-040™,
Wesel, Germany) (passage 3-5). The rationale for selecting the
time points used in cell culture studies was evaluated during the
course of the study (please refer to Section 3).

2.3. Animals

C57Bl1/6 mice (male, 3-4 months old, 24-28 g) were purchased
from JANVIER LABS (France). Transgenic mice (male, 3-4 months
old, 24-28 g) such as eNOS'® mice [17,18], eNOS~/~ [19] and their
transgenic negative littermates (eNOS"), backcrossed> 20 times
to C57Bl/6 background as well as male, 3-4 months old

(24-28 g) mice deficient of AT2 (AT2~/~, generously provided by
Michael Bader, PhD, Max-Delbriick-Center for Molecular Medicine,
Berlin, Germany), backcrossed >20 times to FVB/N background
were bread and housed in the animal facility (ZETT, UKD Duessel-
dorf, Germany). The experiments were performed according to the
guidelines for the use of experimental animals, as given by the Ger-
man ‘Tierschutzgesetz’ (approval references: 50.05-230-18/06,
8.87-51.04.20.09.383) and the ‘Guide for the Care and Use of
Laboratory Animals’ of the US National Institutes of Health.

2.4. Quantitative real-time PCR experiments

Total RNA from mouse aortic tissue, HUVEC and bEND.3 was
isolated using the QIAshredder and RNeasy kit (Qiagen, Hilden,
Germany), including an on-column DNAse digestion. Complemen-
tary DNA was synthesized from 1 pig total RNA by Turbo™ DNase
(Ambion, Carlsbad, USA) according to the manufacturers’ protocol.
Quantitative real-time PCR experiments were performed with Taq-
Man® Gene Expression Assays (Applied Biosystems, Weiterstadt
Germany) using Mm01341373 and Hs00169126 for mouse AT2
and human AT2 detection, respectively. For normalization purpose,
co-amplification of hypoxanthine guanine phosphoribosyl trans-
ferase (hprtl) cDNA was performed with the TagMan® Gene
Expression Assay for mouse hprtl (MmO00446968) and human
hprt1 (Hs02800695). Quantitative real-time PCR experiments were
carried out on a 7300 Real-Time PCR System (Applied Biosystems,
Weiterstadt, Germany). AT2 mRNA expression levels relative to
hprt1 were determined using the 2“Ct method and expressed in
arbitrary units [a.u] relative to paired controls.

2.5. Western blot analysis

AT2, AT1, ACE1, and eNOS [20,21] protein expression as well as
p38 MAPK phosphorylation and total p38 MAPK ratio were deter-
mined in membrane fractions of aortic mouse tissues prepared as
described previously [20,22]. Membrane fractions from endothelial
cells were obtained after lysis in RIPA buffer containing 150 mM
NaCl, 50 mM Tris/HCI, 1% Nonidet-40, 0.1% SDS, and PIC™ (Roche,
Mannheim, Germany) and centrifuged at 100xg at 4 °C to obtain
the supernatant. 20 ug of total protein were loaded for
immunoblotting. Western blotting was performed using commer-
cially available polyclonal antibodies against AT2 (1:1000)
(AB15554, Millipore, Darmstadt, Germany and sc-9040, Santa Cruz,
Heidelberg, Germany), AT1 (1:1000) (sc-1173, Santa Cruz), p38
MAPK (1:500) (9212, Cell Signaling), phospho-p38 MAPK (1:500)
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(9211, Cell Signaling, Frankfurt am Main, Germany) and mono-
clonal antibodies against ACE1 (1:300) (ab75762, Abcam, Cam-
bridge, UK) and eNOS (1:1000) (610297, BD Transduction,
Heidelberg, Germany). It was found that the Millipore antibody,
which served to detect AT2 protein in mouse tissue homogenates,
gave a signal related to actin which was 10.2% for AT2~/~ mice as
compared to wildtype mice (100%, n =4, P <0.0001) suggesting a
useful specificity. In case of the sc-9040 Santa Cruz antibody, we
weren’t able to detect the expected signal for AT2 in aortic tissue
of AT27/~ mice at all. Blots were subsequently challenged either
with a horseradish peroxidase-conjugated anti-mouse antibody
(Biorad, Munich, Germany), anti-rabbit antibody (Calbiochem,
Darmstadt, Germany), or with IRDye® 800CW-conjugated anti-
rabbit antibody and IRDye® 680LT-conjugated anti-mouse anti-
body (LI-COR, Bad Homburg, Germany), respectively. All blots of
cell homogenates were standardized to polyclonal anti-B-actin
(Sigma-Aldrich, Munich, Germany) following a stripping proce-
dure. Blots of tissue homogenates were standardized with mono-
clonal anti-glycerinaldehyd-3-phosphat-dehydrogenase (GAPDH)
(Sigma-Aldrich, Munich, Germany) or beta-tubulin (Abcam, Ger-
many) to avoid a stripping procedure. Blots were developed using
ECL (Roche, Mannheim, Germany) and exposed to X-ray film to
quantify by densitometry (Gel Doc 1000; Bio-Rad, Munich, Ger-
many) or by infrared fluorescence (Odyssee Imagine System CLX,
LI-COR, Bad Homburg, Germany). Protein bands were quantified
using the Imagine Studio software (LI-COR, Bad Homburg, Ger-
many). Comparative quantitative evaluation was performed with
signals appearing on the same blot only.

2.6. ACE-activity assay

ACE-activity was quantified by measuring the reduction of
absorption in the presence of the specific ACE-substrate furylacry
loyl-phenylalanyl-glycyl-glycine (FAPGG, Sigma-Aldrich, Munich,
Germany), which was hydrolyzed time-dependently to FAP and
GG [23]. Briefly, aortic mouse tissues were lysed in buffer contain-
ing 150 mM NaCl, 50 mM Borax 10 pg/ml protease inhibitors
(antipain, benzamidine, leupeptin, aprotinin), 0.2 mM phenyl-
methylsulfonylfluoride (PMSF), ZnCl, (1 uM) and 0.1% triton
X-100. Homogenates were centrifuged at 100xg for 10 min and
subsequently at 10,000xg for 5 min. The supernatant was taken
for spectrophotometrical measurements at 340 nm at 37 °C for
45 min. The reaction was started by addition of the specific ACE-
substrate FAPGG to the reaction mix. To determine ACE-activity
in HUVEC, cells were lysed in buffer containing 10 mM Tris/HCl,
150 mM NaCl; 1 uM ZnCly; 2 pg/ml protease inhibitors (antipain,
leupeptin, aprotinin, Pepstatin A), 10 pg/ml trypsin inhibitor, 1%
Nonidet-40 and 44 pg/ml PMSF for 10 min on ice. Samples were
centrifuged at 100xg for 10 min and the supernatant was taken
for ACE-activity measurements as described above. Mouse aortic
tissues and endothelial cells were lysed and homogenates were
centrifuged. The reaction was started at 37 °C by addition of FAPGG
to the supernatant and ACE-activity was continuously monitored at
340 nm for 45 min.

2.7. Pharmacological treatment of C57BL/6 and transgenic mice

Transgenic eNOS'™ mice and their negative littermates eNOS"
(male, 3-4 months old) received L-nitroarginine (1-NA) in the
drinking water (100 mg -NA/kg BW/day) [24] or placebo for
3 weeks. The bottles were changed daily. After the experimental
period mice were sacrificed and organs were snap frozen in liquid
nitrogen. In another set of experiments C57BL/6 mice received a
bolus intravenous injection of 32 mg 1-NA/kg BW [25,26]. After this
30 min acute intervention mice were sacrificed and organs were
taken for further experiments.

2.8. Exercise training

All mice were singularized for 8 weeks prior exercise training.
Thereafter C57Bl/6 mice (male, 4 months old) were randomized
into three groups, sedentary, forced exercise and voluntary run-
ning group. Mice underwent exercise training following two exer-
cise training protocols, i.e. voluntary running and forced exercise,
as described previously [20,21]. For control experiments eNOS~/~
mice (male, 4 months old) were randomized into voluntary run-
ning group and sedentary group (n=6 mice, each group). After
three weeks of exercise training, mice were sacrificed and their
organs were taken for further experiments. To quantify training
efficacy their heart weight, body weight, soleus weight and tibia
length were determined [20,27].

2.9. Statistical analyses

All data were analyzed by standard computer program (Graph-
Pad Prism PC software, version 4.00) and are expressed as
mean + S.E.M. of n individual samples. Statistical calculations are
based on a minimum of 4 experimental replications as for endothe-
lial cells and a minimum of 5 mice per experimental set. Statistical
comparisons between groups were performed by either Student’s t
tests or Newman-Keuls multiple comparison post-hoc test follow-
ing one-way ANOVA (for more than two groups). To compare the
time-course of three treatment groups two-way ANOVA was used.
P <0.05 was considered statistically significant.

3. Results
3.1. NO-dependent up-regulation of AT2 expression in endothelial cells

Treatment of porcine aortic endothelial cells (PAEC) and brain
derived endothelial cells (bEND.3) with increasing concentrations
of the NO-donor diethylamine nonoate (DEA/NO, 1-100 uM) for
3 h increased AT2 protein expression to about 2.0-2.5-fold as com-
pared to vehicle and 1 M DEA/NO (Fig. 1A). Likewise exposure of
PAEC to diethylenetriamine nitric oxide adduct (DETA/NO) for 3 h,
a NO-donor leading to a sustained release of NO over 24h,
increased AT2 protein in a concentration-dependent manner
(Fig. 1B). Using the quick releasing NO-donor SNAP, up-regulation
of AT2 protein was found in PAEC at 3 h as well (Fig. 1C). In addi-
tion, a time-dependent increase of AT2 protein could be observed
with 10 puM DETA/NO in PAEC and bEND.3 (Fig. 1D) and a similar
effect occurred in PAEC and bEND.3 at a higher concentration of
DETA/NO (1 mM) (data not shown). To exclude species specific
effects and to be able to study AT2 mRNA expression in different
cell types human umbilical vein endothelial cells (HUVEC) were
exposed to DEA/NO (10 puM) that resulted in an increased AT2 pro-
tein (Fig. 1E). In contrast, there was no effect of exogenous NO on
the expression of angiotensin II type 1 receptor (AT1) expression
(Fig. 1F) suggesting that NO selectively regulates the AT2
expression.

3.2. Effect of NO on AT2 mRNA expression and stability

AT2 protein up-regulation in response to exogenous NO was
paralleled by an increase in AT2 mRNA expression at 3 h and 6 h
in both HUVEC (Fig. 2A) and b.END 3 (Fig.2B). To investigate
whether transcriptional or translational mechanisms or both lead
to an increased AT2 expression in response to NO, de novo tran-
scription was blocked by exposing bEND.3 with actinomycin D
and cells were subsequently incubated with DEA/NO (10 uM) to
determine AT2 mRNA expression. In another set of experiments
cells were treated with DEA/NO alone (10 uM). There was a rapid
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decay of AT2 mRNA to about 50% of the initial value within the first of AT2 mRNA level, while DEA/NO itself did not change the half-
3 hin the two groups treated with actinomyosin D (Fig. 2C). Acti- live of AT2 mRNA that was observed following inhibition of tran-
nomycin D completely inhibited the DEA/NO-induced elevation scription with actinomycin. Furthermore, the increase of AT2
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mRNA induced by DEA/NO rapidly declined between 6 h and 9 h of
incubation time. These data suggest that the NO-induced increase
of AT2 mRNA level in endothelial cells appears to result from an
elevated transcription rate, whereas direct effects of NO on AT2
mRNA stability could not be observed.

3.3. NO-induced AT2 up-regulation is mediated by cGMP-signaling

To investigate the underlying mechanism mediating NO-
dependent up-regulation of AT2 expression, PAEC were incubated
with the soluble guanylyl cyclase (sGC)-inhibitor ODQ. While
0ODQ itself had no effect, it completely inhibited AT2 up-
regulation induced by either DEA/NO or SNAP (Fig. 3A). Inhibition
of cGMP degradation using the phosphodiesterase (PDE)-V inhibi-
tor sildenafil (PubChem CID: 5212) showed only a trend for an
increase of AT2 protein both in the presence and absence of SNAP
(Fig. 3B). In contrast, direct stimulation of protein kinase G (PKG) in
PAEC with the cGMP analog 8-pCPT-cGMP (Biolog, Bremen,
Germany, PubChem CID: 123969) for 3 h significantly increased
AT2 protein expression (Fig. 3C), while inhibition of PKG with the
inhibitor RP-pCPT-cGMP (Biolog, Bremen, Germany, PubChem
CID: 6426630) reversed the 2.0-fold up-regulation of AT2 protein
level induced by DEA/NO (Fig.3D). To study the involvement of
downstream signaling molecules, which can be phosphorylated
by PKG, PAEC were incubated with 8-pCPT-cGMP to stimulate
directly PKG. This intervention increased phosphorylation of p38
mitogen-activated protein kinase (p38MAPK) (Fig. 3E). Likewise,
treatment of PAEC with DEA/NO increased phosphorylation of
p38MAPK whereas co-incubation of PAEC with the PKG-inhibitor

RP-pCPT-cGMP reversed this effect (Fig. 3F). Similar results were
observed using the (MAPK)-inhibitor SB203580 (PubChem CID:
176155) following co-incubation with DEA/NO (Fig. 3G) emphasiz-
ing the crucial involvement of PKG mediated p38MAPK phosphory-
lation. To study a possible linkage of these signaling events to the
up-regulation of AT2 upon stimulation with exogenous NO, PAEC
were exposed to the (MAPK)-inhibitor SB203580 following co-
incubation with SNAP (Fig. 3H). While SNAP increased AT2 protein
level, inhibition of p38MAPK reversed this effect supporting the
finding that up-regulation of AT2 by NO is mediated by the classi-
cal NO-sGC-cGMP-PKG pathway and involves phosphorylation of
the transcription mediator p38 MAPK.

3.4. NO-dependent up-regulation of AT2 in transgenic mice

Transgenic mice overexpressing eNOS (eNOS'®) [18,28] and
their negative littermates (eNOS") were used to study the NO-
dependent changes of AT2 expression in-vivo. The endothelial
specific overexpression of eNOS was visualized by confocal micro-
scopy and the 3.5-fold higher eNOS protein expression was associ-
ated with a strong blood pressure reduction indicating functional
activity [18]. Quantification of aortic AT2 mRNA (Fig. 4A) showed
a significant increase in eNOS'® as compared to eNOS" mice. To ver-
ify the NO-dependency of AT2 up-regulation, aortic AT2 expression
in mice deficient of eNOS (eNOS~/~) was determined. Surprisingly,
AT2 mRNA (Fig. 4B) level was not altered in eNOS~/~ as compared
to their negative littermates (eNOS"). A similar pattern was
observed with AT2 protein expression which was increased in
eNOS'8 (Fig. 4C) and unchanged in eNOS~/~ (Fig. 4D). To mimic a
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transient dysfunction of eNOS rather than a constitutive gene abla- NA) treatment (100 mg 1-NA/kgBW/day) [24]. This three weeks
tion, that may induce a battery of compensatory events, mice intervention resulted in a decreased aortic AT2 protein expression
underwent pharmacologic inhibition of NOS by L-nitroarginine (L- in eNOS™ and eNOS'® mice as compared to placebo-treated eNOS"
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and eNOS'® mice (Fig. 4C), respectively. According to the in-vitro (Fig. 4E), although it was reported that AT1 expression is increased
results, increased bioavailability of NO selectively changed aortic in AT27/~ [29]. Together, these data suggest that increased
AT2 but not AT1 protein level in eNOS'® as compared to eNOS" mice bioavailability of NO up-regulates vascular AT2 expression in-vivo.
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Table 1

Quantitation of AT2 expression, ACE expression and ACE activity in aortic tissues of
male and female C57BI/6 mice. Data are mean + S.E.M. (P-values were determined
using Student’s t test).

Measure Male Female P-value
AT2 mRNA expression [%] 100.0 572.8+108.4 =0.0120
AT2 protein expression [%] 100.0 420.2 +12.40 <0.0001
ACE-activity [%] 100.0 42.80 + 6.608 <0.0001
ACE expression [%] 100.0 207.3+19.63 =0.0016

3.5. Effect of NO-dependent AT2 signaling on ACE-activity

AT2 knock out (AT2~/~) mice demonstrated a tonic inhibitory
effect of AT2 on ACE-activity (Fig. 5A) and similar results have been
reported previously [13]. To study whether augmentation of the
NO-AT2 signaling interaction may alter ACE-activity, HUVEC,
which have been previously evaluated for ACE expression (data
not shown), were incubated with DEA/NO (10 uM) for 3 h. This
intervention resulted in a strong inhibition of ACE-activity
(Fig. 5B). To investigate a possible direct effect of NO on ACE-
activity [30] HUVEC were incubated with DEA/NO (10 uM) for
15 min. At this time point the release of NO from DEA/NO is
already completed [31]. There was no detectable change of ACE-
activity (Fig.5B) and ACE expression (95.50% +6.632%, n=6,
P> 0.05). Furthermore, HUVEC which were incubated with DEA/
NO for 3h and pretreated with actinomycin D to prevent an
increase of AT2 protein expression showed also no change of
ACE-activity (Fig. 5B), suggesting a minor, if any, direct effect of
NO on ACE-activity. To further elucidate the involvement of AT2
in ACE-activity reduction in HUVEC, AT2 was directly stimulated
using a combination of angiotensin II and the AT1-blocker telmis-
artan (Fig. 5C). In response to this treatment there was a strong
reduction of ACE-activity that was blocked by the full AT2 antago-
nist PD123319 (PubChem CID: 176155) which itself had no effect
suggesting a significant involvement of AT2 (Fig. 5C). In line with
these data, NO-dependent AT2 up-regulation was associated with
a reduction of aortic ACE-activity in eNOS' as compared to eNOS"
mice (Fig. 5D) while aortic ACE protein expression did not change
(108.8% £ 23.42%, n =6, P> 0.05). We have done additional experi-
ments using another model of different AT2 expression levels.
Briefly, aortic AT2 expression is about 5 times greater in female
as compared to male C57Bl/6 and at the same time aortic ACE
activity is reduced in females by more than 50%, despite a 2-fold
increase in ACE expression (Table 1).

To further investigate whether changes in vascular ACE-activity
are triggered by endogenous NO, ACE-activity was measured in
mice lacking eNOS (eNOS /) [32]. Surprisingly, but in accordance
to previously mentioned unaltered aortic AT2 mRNA and protein
expression, these mice showed no change of aortic ACE-activity
(Fig. 5E) suggesting that changes of ACE-activity are closely linked
with an AT2 up-regulation induced by NO in-vivo. To further verify
this hypothesis NOS was pharmacologically inhibited by adminis-
tering C57Bl/6 mice an intravenous bolus of L-NA (32 mg/kg BW)
[25,26,33] or aqueous 0.9% saline solution. This 30 min treatment
period had no effect on AT2 protein (125 + 22.5%, n=6, P> 0.05),
ACE protein expression (138 +38.7%, n=6, P>0.05) and accord-
ingly, ACE-activity remained unchanged (Fig. 5F). Together these
data indicate that increased NO bioavailability leads to inhibition
of ACE-activity via up-regulation of AT2.

3.6. Inhibition of ACE-activity by exercise training

Exercise training is known to promote up-regulation of arterial
eNOS and subsequent elevated NO-release in C57BIl/6 [34]. To eval-
uate whether up-regulation of endogenous NO impact on AT2

expression and ACE-activity, mice underwent exercise training fol-
lowing two different protocols, i.e. voluntary running and forced
exercise training [21]. Both training methods are known to up-
regulate aortic eNOS expression and activity in C57Bl/6 mice
[20,34,35]. This was confirmed in 6 mice which underwent
3 weeks of forced exercise training. In these mice the expression
of eNOS increased to 235.6% +30.52%, n=6 (P<0.05). After
3 weeks of exercise, AT2 mRNA expression was significantly
increased in aortic tissues of voluntarily running mice as compared
to sedentary controls (Fig. 6A). Likewise, aortic AT2 protein expres-
sion of mice following both exercise training types was signifi-
cantly increased as compared to sedentary controls (Fig. 6B). As
there was no difference in upregulation of AT2 induced by volun-
tary running or forced exercise, expression of AT2 mRNA was mea-
sured following the voluntary exercise training protocol only.
Moreover, this up-regulation was not present in eNOS~/~ mice
(Fig. 6C) despite efficient training (Table 2) demonstrating the
importance of eNOS to mediate changes in AT2 expression. As
shown already in endothelial cells (Fig. 1F), AT1 protein expression
did not change in response to NO (Fig. 6D). In accordance to an
increase of NO-induced AT2 expression by exercise training, aortic
ACE-activity was significantly reduced following forced exercise as
compared to sedentary controls (Fig. 6E).

4. Discussion

Among vascular mediator systems, the NO-cGMP, the
kallikrein-kinin and the renin angiotensin aldosterone system are
of major importance. To our knowledge this is the first finding
demonstrating a crucial involvement of NO in the regulation of
AT2 expression identifying NO as an indirect ACE-inhibitor in-
vivo. Our data provide significant evidence to demonstrate a new
interaction between these three players mediating vascular signal-
ing cascades that may contribute to vasoprotective mechanisms of
NO.

The up-regulation of AT2 expression by NO is predominantly
mediated by the classical NO-cGMP pathway, i.e. activation of
sGC, generation of cGMP and activation of PKG. Although the
involvement of other pathways cannot be excluded, the complete
inhibition of AT2 up-regulation by each inhibitor of this pathway
including inhibition of p38 MAPK by SB203580 proofs the involve-
ment of this proposed signaling pathway. It was shown that p38
MAPK is activated by Thr180/Tyr182 phosphorylation at the
canonical dual phosphorylation site TGY [36,37] suggesting kinases
other than PKG such as mitogen-activated protein kinase kinase
(MKK) 3 and MKK 6, which are known to specifically phosphory-
late p38 MAPK [38], are likely involved. In accordance, studies in
mouse embryonic fibroblasts have shown that MKK3 and MKK6
are activated upon phosphorylation at serine 189 and serine 207,
respectively [39] but whether activation of PKG results in phospho-
rylation of MKK3 and/or MKK®6 is currently not known [37]. It has
been further reported that p38 MAPK mediates nuclear signaling of
NO via phosphorylation of the transcription factor Nrf2 [40] which
is a representative of the antioxidant defense system and analysis
of the AT2 promotor revealed the presence of this transcription fac-
tor binding site [41]. Further studies are needed to clarify whether
Nrf2 may be one mechanism mediating up-regulation of AT2 by
NO.

The increase of AT2 by NO was found to be completely depen-
dent on transcription suggesting that posttranscriptional regula-
tion of AT2 expression, which has been described previously [42],
is not altered by NO in endothelial cells. The long half-life of AT2
mRNA reported in this study confirms previous observations in
PC12 cells [43]. In line with in-vitro results, the effect of NO on
AT2 expression was observed in mice as well. To determine the sig-
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Fig. 6. Effect of exercise training on ACE-activity. (A) Up-regulation of AT2 mRNA expression in aortic tissue homogenates of voluntary running C57BI/6 mice (n=7) as
compared to sedentary control mice (‘P < 0.05, n = 6). (B) Increased AT2 protein in aortic tissue homogenates of forced exercised (f-ex, n = 6), voluntary running (vol, n = 6) as
compared to sedentary C57Bl/6 mice (sed, n=6) ('P<0.05, n = 6). (C) In contrast, unchanged aortic AT2 protein expression in voluntary running eNOS~/~ mice (P> 0.05 vs.
sedentary eNOS /-, n = 5; one tissue sample dismissed) as compared to sedentary controls and (D) similar unchanged aortic AT1 protein expression in forced exercised C57Bl/
6 mice (P > 0.05 vs. sedentary controls, n = 4). (E) Exercise-induced AT2 up-regulation was associated with a reduction of aortic ACE-activity [mU/pg] in forced exercise C57BI/
6 mice (‘P < 0.05 vs. sedentary controls, n = 8). Data are mean + S.E.M. (‘P < 0.05, one-way-ANOVA and Newman-Keuls Multiple Comparison Test (B) or Student’s t test (A, C, D,
E); n indicates the individual sample number. Forced exercise training of C57Bl/6 mice has been performed twice. AT2 (41 kDa), AT1 (41 kDa) and GAPDH (35 kDa) p-tubulin
(50 kDa) proteins are depicted at the bottom of the corresponding graphs; n indicates the individual sample number.
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Table 2

Quantitation of training efficacy of voluntary running eNOS/~ mice (n=6) as
measured by heart weight (HW) body weight (BW) ratio, heart weight tibia length
(TL) ratio, soleus weight (SW) vs. body weight and soleus weight tibia length. Data are
mean + S.EM. (‘P < 0.05, using Student’s t test).

Measure Sedentary Voluntary running P-value
HW [g] 0.1506 +.0063 0.1363 + 0.0051 ns
BW [g] 29.65 +0.9599 25.65 +0.5942 *0.0069
SW [mg] 8.88+0.6 10.1+0.5 ns
TL [cm] 1.898 + 0.0428 1.878 £ 0.0576 ns
HW/TL [mg/cm] 79.22 +2.380 72.60 +1.731 ns
SW/BW [mg/g] 0.2982 £ 0.0176 0.3942 £0.0176 *0.0026
SW/TL [mg/cm] 4.444 +0.2643 5.400 +0.2777 *0.0302

nificance of NO for the up-regulation of AT2 we assessed AT2
expression in eNOS' mice [18]. In contrast to a study reporting
no change of AT2 mRNA expression after one week of oral .-NA
treatment in rat adrenal glands [44], in the present study chronic
pharmacological inhibition of NOS reversed the up-regulation of
aortic AT2 expression in our eNOS'® mouse strain. Moreover, this
long-term but reversible intervention decreased aortic AT2 protein
expression also in negative littermates (eNOS") indicating the
importance of endogenous NO formation for AT2 expression. Sur-
prisingly, eNOS~/~ mice appear to maintain physiologic AT2 level
similar to their transgene negative littermates. The reason for this
discrepancy is unclear but might involve mechanisms occurring in
vascular cells of eNOS™/~ mice which might increase translation,
e.g. by stabilizing AT2 mRNA. For example, it is well known that
several endothelium-dependent vasodilators such as prostaglan-
dins, nNOS or endothelium-derived hyperpolarizing factor com-
pensate for lack of eNOS in coronary, femoral, mesenteric,
cerebral and skeletal resistance arteries [45-50].

Activation of AT2 has been linked to a tonic inhibitory effect on
ACE-activity [13]. Similar results were obtained in this study in
HUVEC treated with a combination of telmisartan and angiotensin
II demonstrating that AT2 activation was associated with ACE-
activity inhibition that could be reversed by the AT2 antagonist
PD123319. Likewise, cells and mice with increased AT2 protein
expression showed a significant reduction of ACE-activity, while
ACE-activity was largely increased in AT2~/~. It has been reported
that 0.1-100 pM of DEA/NO directly inhibits the activity of isolated
rabbit ACE protein [30]. DEA/NO releases NO within 5 min and a
peak concentration of about 3 uM [31]. Thus, ACE-activity was
measured following incubation of HUVEC with DEA/NO for
15 min but this intervention had no effect. Similarly, a 3 h treat-
ment with DEA/NO in the presence of actinomycin D to prevent
AT2 up-regulation failed to change ACE-activity. These data are
in good agreement with unchanged aortic ACE-activity in
C57Bl/6 receiving a high dose i.v. bolus L-NA treatment for
30 min. This short-term intervention completely inhibits endoge-
nous vascular NO formation [25,26,33] but had no effect on the
expression of AT2 and ACE. Together, it appears that direct inhibi-
tion of ACE by NO, which has been shown in-vitro, does not occur
in C57Bl/6 mice in-vivo. The signaling pathways initiating ACE-
inhibition by AT2 remain unclear and are currently investigated
further.

Exercise is well known to increase vascular expression of eNOS
and generation of endothelial NO which is believed to improve
organ blood flow by inducing angiogenesis [1]. It was demon-
strated as well that up-regulation of eNOS drives the expression
of other anti-oxidative proteins such as ecSOD [7]. This study
shows that exercise NO-dependently increases AT2 expression
and decreases ACE-activity. Thus, exercise training potentiates
the activity of eNOS resulting in ACE-inhibition via NO-
dependent up-regulation of AT2. This newly discovered pathway
might contribute to the beneficial effects of exercise training,
thereby extending the findings of this study to a clinically relevant

situation, i.e. that endothelial NO initiates signaling cascades
involving the AT2 and ACE which might contribute to maintain car-
diovascular health.

NO-induced up-regulation of AT2 and subsequent inhibition of
ACE may also have a pathophysiological role. Clinical studies have
demonstrated that increased activation of the constitutively
expressed bradykinin type 2 receptor (B2) induced by ACE inhibi-
tors significantly contributes to both the reduction of blood pres-
sure [51] and important side effects of these drugs such as cough
[52] and angioedema [53,54]. In contrast, angioedema induced by
AT1-blockers which occurs at a lower frequency are not fully
explained mechanistically [55]. Regarding this, it has been
reported that hypertensive patients treated with the AT1-blocker
losartan showed increased plasma levels of bradykinin, while
levels of bradykinin metabolites were reduced [14]. These data
are consistent with an inhibitory effect of losartan treatment on
ACE-activity, which the authors ascribed to increased stimulation
of AT2 following blockade of AT1, because these very selective
drugs inhibit AT1 mediated reduction of renin release and thereby
increase circulating angiotensin II. In this context, it should be
noted that activation of AT2 has also been shown to inhibit the
amiloride-sensitive Na*/H* exchanger and to up-regulate the pre-
kallikrein activator prolylcarboxypeptidase in cultured vascular
smooth muscle and endothelial cells [11,12,56,57]. These activities
likely increase the generation of bradykinin and subsequently the
generation of endothelial NO [58], but an increase of bradykinin
generation in response to AT1-blockers is not consistent with the
clinical observation of a reduction of bradykinin metabolites [14].
In view of the clinical finding that AT1-blockers increase vascular
NO levels in cardiovascular patients [59] and of the known increase
of endothelial NO production by bradykinin [58], it appears possi-
ble that NO induced up-regulation of AT2 and subsequent inhibi-
tion of ACE might be involved in angioedema caused by AT1-
blockers. However, further studies are necessary to substantiate
this hypothesis.

Our study has some limitations. First, we used transgenic mice
which overexpress eNOS protein by 3.5-fold that was associated
with a strong blood pressure reduction indicating functional activ-
ity, while aortic endothelium-dependent was unchanged [17,18].
This overexpression might downregulate native murine eNOS
expression. However, the exercise studies revealed an up-
regulation of eNOS protein level as well, that was associated with
higher AT2 expression and ACE activity inhibition, indicating that
auto-inhibition of NO under these in-vivo conditions is rather unli-
kely and would have little effect on AT2 regulation. Another limi-
tation is that the molecular mechanism of AT2 induced inhibition
of ACE is not yet known. However, our results show clearly by
using in-vitro and in-vivo models that NO can up-regulate AT2
expression that is associated with a reduction of ACE-activity.

Taken together, it was found that NO increases the expression
of AT2 in cells and mice by a transcriptional mechanism involving
the activation of PKG and p38 MAPK and up-regulation of AT2 was
associated with a reduced activity of ACE. This sequence of molec-
ular events describing a feed-forward mechanism might contribute
to vasoprotective mechanisms of endothelial NO and the beneficial
effects of exercise training. In addition, it might contribute as well
to the pathophysiology of angioedema induced by AT1-blockers, as
these drugs increase vascular NO levels in cardiovascular patients
which might contribute to AT2 expression levels.
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The aim of the study was to evaluate the possible contribution of non-endothelial eNOS to the regulation
of blood pressure (BP). To accomplish this, a double transgenic strain expressing eNOS exclusively in the
vascular endothelium (eNOS-Tg/KO) has been generated by endothelial-specific targeting of bovine eNOS
in eNOS-deficient mice (eNOS-KO). Expression of eNOS was evaluated in aorta, myocardium, kidney,
brain stem and skeletal muscle. Organ bath studies revealed a complete normalization of aortic reactivity
to acetylcholine, phenylephrine and the NO-donors in eNOS-Tg/KO. Function of eNOS in resistance
arteries was demonstrated by acute iv. infusion of acetylcholine and the NOS-inhibitor -NAME.
Acetylcholine decreased mean arterial pressure in all strains but eNOS-KO responded significantly less
sensitive as compared eNOS-Tg/KO and C57BL/6. Likewise, acute i.v. .-NAME application elevated mean
arterial pressure in C57BL/6 and eNOS-Tg/KO, but not in eNOS-KO. In striking contrast to these findings,
mean, systolic and diastolic BP in eNOS-Tg/KO remained significantly elevated and was similar to values
of eNOS-KO. Chronic oral treatment with .L-NAME increased BP to the level of eNOS-KO only in C57BL/6,
but had no effect on hypertension in eNOS-KO and eNOS-Tg/KO. Taken together, functional reconstitution
of eNOS in the vasculature of eNOS-KO not even partially lowered BP. These data suggest that the activity
of eNOS expressed in non-vascular tissue might play a role in physiologic BP regulation.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Among NO-synthases (NOS) the endothelial isoform (eNOS)
significantly contributes to the regulation of BP as hypertension is
the most obvious phenotype in 4 different strains of eNOS-deficient
mice (eNOS-KO) suggesting that other physiologic systems
regulating BP cannot compensate for the absence of eNOS [1—4].
Likewise, hypertension develops following treatment with
NOS-inhibitors such as monomethyl arginine (L-NMMA) or
L-nitroarginine (L-NA) in rabbits [5], mice [1,6], and humans [5,7].
Based on these findings it is generally assumed that the lack
of vasodilation by endothelial NO is an important underlying cause
[1,2], i.e. that hypertension in eNOS-KO is caused by the lack
of endothelium-dependent NO-induced vasodilation.

Anaesthetized mice of one eNOS-KO strain showed a paradox-
ical decrease in blood pressure (BP) in response to i.p.

* Corresponding author. Fax: +49 211 81 14781.
E-mail address: kojda@uni-duesseldorf.de (G. Kojda).
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administration of the NOS-inhibitor L-NA suggesting a role for
non-endothelial isoforms of NOS in maintaining BP [1]. Alterna-
tively, diminution in the activity of the renin-angiotensin system
and the autonomic nervous system, which serve as a defense
against hypertension and/or involvement of NOS in establishing the
baroreceptor setpoint were proposed as an explanation of
hypertensive phenotype [1]. However, studies on nNOS-deficient
mice revealed that they are normotensive [8]. Furthermore, triple
e/i/nNOS knockouts have hypertension and the degree of hyper-
tension is similar to that in the eNOS-gene disrupted single and
double e/nNOS-KO [9]. These results clearly demonstrate that
among NO-synthases eNOS plays by far the most important role in
BP regulation. However, in contrast to large arteries of eNOS-KO
where no compensation for the lack of eNOS is observed [1,6,10],
other endothelium-dependent vasodilators such as prostaglandins,
nNOS or endothelium-derived hyperpolarizing factor compensate
for the lack of eNOS in coronary, femoral, mesenteric, cerebral and
skeletal resistance arteries [11—16]. These data indicate that
different vascular-bed specific mechanisms regulate arterial tone in
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the absence of vascular eNOS and raise the question to what extent
hypertension in eNOS-KO is caused by the lack of endothelial eNOS
expression.

The aim of this study was to evaluate the contribution of
non-vascular eNOS expression and function in physiologic regula-
tion of BP. To distinguish the relevance of endothelial and non-
endothelial eNOS, we generated a novel double transgenic mouse
model lacking eNOS in all organs except the vascular endothelium
(eNOS-Tg/KO) and found that these mice were as hypertensive as
eNOS-KO. These data establish the necessity of functional non-
endothelial eNOS expression for BP regulation.

2. Methods
2.1. Transgenic mice

We generated a double transgenic mouse strain expressing
wild-type eNOS only in vascular endothelial cells by crossing mice
with an endothelial-specific overexpression of bovine eNOS driven
by the Tie-2 promoter on a C57BL/6] background (eNOS-Tg) [17]
with eNOS knockouts (eNOS-KO) [2] on a C57BL/6] background.
All experiments were performed using 3—4 months old male mice.
Permission for the animal studies was provided by the regional
government of Germany (AZ 50.05-230-3-94/00, AZ 50.05-230-18/
06, AZ 8.87-51.04.20.09.383), the experiments were performed
according to the guidelines of German ,.Tierschutzgesetz* and the
,Guide for the Care and Use of Laboratory Animals“ of the U.S.
National Institutes of Health.

2.2. Measurement of systolic blood pressure

Systolic blood pressure and heart rate was measured in awake
C57BL/6, eNOS-KO, and C101A/eNOS-KO mice using an automated
tail cuff system (Visitech Systems, Apex, North Carolina) as
described [6]. In some experiments establishment of basal blood
pressure was followed by L-NA treatment (100 mg L-NA/kg
BW/day) with the drinking water and blood pressure recordings
were continued for 3 weeks [6,17,19] (refer also to Fig. S1).

2.3. Acute infusion of .-NAME and acetylcholine

Measurements of mean arterial (MAP), systolic (sBP) and dia-
stolic (dBP) blood pressure (BP) and .-NAME-induced changes of BP
were performed invasively [18]. Briefly, eNOS-Tg/KO, eNOS-KO and
C57BL/6 mice were anesthetized by i.p. injection with ketamine
(100 mg/kg) and xylazine (5 mg/kg) and placed on a heating plate
to ensure constant body temperature (36—37 °C). Right carotid
artery was cannulated for continuous measurement of MAP, sBP
and dBP. Right jugular vein was cannulated for drug administration
and changes in BP were detected using a pressure transducer and
PowerLab data acquisition system (ADInstruments, Spechbach,
Germany). Hypotensive responses to acetylcholine (0.02—2 uM/kg
BW) were recorded as a transient fall in MAP and calculated as % fall
in MAP with respect to baseline MAP before each response. In a
separate set of mice, hypertensive responses to a bolus application
of NOS-inhibitor .-NAME (32 mg/kg BW) were evaluated.

2.4. Vasorelaxation studies

I[solated aortic arteries were cannulated and pressurized as
described previously [6,19,20]. Function of the endothelium was
examined in aortic rings of C57BL/6, eNOS-KO and C101A/eNOS-KO
by cumulative addition of acetylcholine (0.01—10 pmol/L) after
submaximal precontraction with 0.2 umol/L phenylephrine [20].
Thereafter, vasorelaxation to the NO donor S-nitroso-N-acetyl-

D,.-penicillamine (SNAP, 1-10 umol/L) or diethylamine/nitric oxide
(DEA/NO 1-10 pmol/L) was measured. In some experiments the
NOS inhibitor .-NAME (1 mM) or the colloidal Fe(DETC), spin trap
(0.5 mM) were administrated 30 min before application of
acetylcholine.

2.5. Real-time PCR

RNA of frozen tissues was extracted by RNeasy® Fibrous Tissue
Mini Kit (Qiagen, Hilden, Germany) using the TissueRuptor®
(Qiagen, Hilden, Germany). Synthesis of cDNA was performed with
500 ng RNA using the QuantiTect® Reverse Transcription Kit
(Qiagen, Hilden, Germany). Quantification of bovine eNOS mRNA
was carried out with bovine-specific primer (Bt03217671_m1,
TagMan®, Life Technologies GmbH). No cross-reactivity for this
bovine primer with Mus musculus was detected in wild type
probes. Experiments were performed using Abi Prism 7900HT
Sequence Detector System (Applied Biosystems, Weiterstadt, Ger-
many). Samples were analyzed in triplicate and normalized to the
housekeeping gene RPLO (Mm01974474_gH (TaqMan®, Life Tech-
nologies GmbH) as described [21].

2.6. SDS—PAGE and immunoblotting

Western blots for eNOS, nNOS, ecSOD, sGCB1, sGCa1, nitro-
tyrosine residues, and actin were performed in different mouse
tissues using standard techniques as described previously
[6,17,19,20,22].

2.7. Immunohistochemistry

Endothelium specific overexpression was analyzed by eNOS/
CD31-double staining as described previously [17].

2.8. Statistics

All data are expressed as mean =+ s.e.m. of n individual samples.
Statistical comparisons between groups were performed by t-tests,
Newman—Keuls multiple comparisons post-hoc test following one-
way ANOVA (more than two groups) or two-way ANOVA (con-
centration—response curves). P < 0.05 was considered statistically
significant.

3. Results
3.1. eNOS expression in eNOS-Tg/KO mice

Real-time PCR using bovine-specific primers confirmed eNOS
mRNA expression in aorta and brain stem of eNOS-Tg/KO, while
no signal for bovine eNOS mRNA was detectable in C57BL/6
(Fig. S2a). Western blot demonstrated eNOS protein expression in
a variety of organs of eNOS-Tg/KO as depicted in Fig. 1A. How-
ever, in each organ of eNOS-Tg/KO expression of eNOS was
significantly lower than in C57BL/6 (Fig 1A, Fig. S2b—f). There
was no Tie-2-driven eNOS protein expression in circulating or
bone marrow mononuclear cells or in whole bone marrow ex-
tracts (data not shown) and only an infinitesimal eNOS mRNA
content not exceeding 1% of that detected in aortic tissue was
found in blood and bone marrow mononuclear cells (Fig. S3).
These findings are consistent with previous data [17,22,23]. In
addition, we comparatively analyzed the expression of several
other proteins which were shown to be associated with vascular
bioavailability or function of NO such as the vascular NO receptor
soluble guanylyl cyclase (sGC) B1- and a1-subunits, extracellular
superoxide dismutase (ecSOD) protecting NO from interstitial
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Fig. 1. Characterization of eNOS-Tg/KO mice. (A) Protein expression of eNOS in aorta (n = 11), skeletal muscle (n = 10), kidney, brain stem and myocardium (n = 4, each) of eNOS-Tg/
KO (*P < 0.05 vs. C57BL/6). The control values referring to eNOS protein expression in every tissue of C57BL/6 was set to 100% and is reflected by just 1 bar. (B) Aortic and skeletal
muscle ecSOD expression (*P < 0.05 vs. C57BL/6, #P < 0.05 vs. eNOS-KO n = 4—7, One-way ANOVA). (C) nNOS protein in aorta (n=5) and skeletal muscle (n = 7) of eNOS-Tg/KO,
eNOS-KO and C57BL/6 mice (P > 0.05, One-way ANOVA). (D) Images showing immunofluorescent staining for eNOS (red) and CD31 (pseudocolored in green) in the aorta of
C57BL/6, eNOS-KO and C101A/eNOS-KO mice. Nuclei are stained with DAPI (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

oxidation [24], neuronal NOS (nNOS) and protein nitrotyrosine changes in these tissues comparing C57BL/6, eNOS-Tg/KO and
residues. Expression of ecSOD was significantly higher in aorta eNOS-KO (Fig. 1C; Fig. S4). The localization of eNOS-Tg was
and skeletal muscle of eNOS-Tg/KO then in eNOS-KO and similar restricted to endothelium as evidenced by the overlay with an
to that of C57BL/6 (Fig. 1B). There were no other expression endothelial-specific marker CD31 (Fig. 1D).
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3.2. Conductance vessel reactivity of eNOS-Tg/KO

Aortic relaxation in response to acetylcholine was identical in
C57BL/6 and eNOS-Tg/KO, while a slight vasoconstriction occurred
in eNOS-KO (Fig. 2A). Preincubation of aortic rings with the NOS-
inhibitor L-NAME abolished acetylcholine-induced vasodilation in
eNOS-Tg/KO and C57BL/6 and induced a slight vasoconstriction as
observed in eNOS-KO (Fig. 2B). Likewise, the cell membrane
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acetylcholine-induced aortic dilation of eNOS-Tg/KO and C57BL/6
suggesting that it was mediated by NOS-derived NO (Fig. 2C).
Furthermore, the strongly increased sensitivity of aortic tissue of
eNOS-KO or C57BL/6 treated with -NAME to alpha-adrenergic
stimulation by phenylephrine [6] was completely reversed in
eNOS-Tg/KO which showed a concentration-dependent vasocon-
striction similar to C57BL/6 (Fig. 2D). We also observed that the
hypersensitivity of aortic rings of eNOS-KO to NO-donors [6] was
completely abolished in eNOS-Tg/KO (Fig. 2E and F). Taken together,
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Fig. 2. Aortic reactivity of eNOS-Tg/KO. (A) Aorta of eNOS-Tg/KO (n = 8) showed a complete restoration of endothelium-dependent relaxation to acetylcholine (P = 0.311 vs C57BL/6,
n=11). (B) Effects of the NOS-inhibitor .-NAME (1 mM), and (C) the NO-scavenger Fe(DETC), (0.5 mM) on acetylcholine-induced relaxation of aortic rings of eNOS-Tg/KO and
C57BL/6 (*P < 0.05 vs. C57BL/6, Two-way ANOVA, n=4). Aortic reactivity to (D) phenylephrine (*P < 0.0001, n=5-7, Two-way ANOVA), (E) NO-donors diethylamine/NO
(*P < 0.0001, n =4-5, Two-way ANOVA) and (F) S-nitroso-N-acetyl-D,L-penicillamine (*P < 0.0001, n = 11, Two-way ANOVA) vs. C57BL/6 in all investigated strains.
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these data suggest a normal function of eNOS in conductance
vessels of eNOS-Tg/KO.

3.3. Resistance vessel reactivity of eNOS-Tg/KO

In all mice iv. acetylcholine caused a dose-dependent and
substantial reduction of MAP but the sensitivity to acetylcholine
was significantly different between the strains (Fig. 3A). The fall of
MAP occurring during infusion of 0.0002—0.02 pg/kg BW of
acetylcholine is likely eNOS-dependent since it is absent in eNOS-
KO. Higher concentrations of acetylcholine induced BP reduction

T. Suvorava et al. / Biochemical and Biophysical Research Communications 458 (2015) 576—583

in eNOS-KO as well. Data analysis by Two-way ANOVA revealed a
significant decrease in sensitivity to acetylcholine-induced hypo-
tension in eNOS-KO (P=0.0003). We observed a hypotensive
response to acetylcholine in eNOS-Tg/KO that was almost similar to
C57BL/6 (P =0.376) but significantly more sensitive than that of
eNOS-KO (P=0.012, Fig. 3A). In accordance, i.v. injection of the
NOS-inhibitor .L-NAME caused a rapid increase of sBP, dBP and MAP
in C57BL/6 and eNOS-Tg/KO but not in eNOS-KO. Original tracings
and mean values are shown in Fig. 3B—E. These data suggest that
reintroduced eNOS in resistance arteries of eNOS-Tg/KO was as
functional as in aortic rings.
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Fig. 3. Resistance vessel reactivity of eNOS-Tg/KO. (A) Acetylcholine-induced fall in mean arterial pressure (MAP) measured invasively in C57BL/6, eNOS-KO and eNOS-Tg/KO
(*P < 0.05 vs. C57BI/6, #P < 0.05 eNOS-Tg/KO vs. eNOS-KO, n = 3—4, Two-way ANOVA). (B) Representative original recordings of .--NAME-induced increase of MAP in C57BL/6,
eNOS-KO, eNOS-Tg/KO and mean summary of .-NAME-induced changes of (C) systolic (sBP), (D) diastolic (dBP) and (E) MAP (*P < 0.001 vs. C57BL/6, n =4, #P < 0.001 vs. eNOS-Tg/

KO, n =6, One-way ANOVA).
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3.4. Hypertension and bradycardia in eNOS-Tg/KO

Our findings demonstrate that bovine eNOS of eNOS-Tg/KO is
functional in both conductance and resistance arteries. Thus, we
expected that hypertension occurring in eNOS-KO would not be a
phenotype of eNOS-Tg/KO but this was not the case. Using a well-
established tail-cuff system [19,25], we observed hypertension in
eNOS-Tg/KO that was indistinguishable from eNOS-KO (Fig. 4A). In
addition, bradycardia occurring in eNOS-KO was evident in eNOS-
Tg/KO as well (Fig. 4B). The finding of sustained hypertension in
eNOS-Tg/KO was confirmed by invasive BP measurement with a
pressure transducer placed into the right carotid artery (Fig. 4C).
Long-term oral treatment with L-NA caused an increase of BP only
in C57BL/6 so that there was no BP difference between the 3 strains
anymore (Fig. S5a). Likewise, the significant reduction of heart rate
induced by L-NA was similar in eNOS-KO and eNOS-Tg/KO but more
pronounced in C57BL/6 (Fig. S5b). These data suggest that
endothelial-specific reintroduction of functionally active eNOS is
not sufficient to rescue hypertension and bradycardia of eNOS-KO.

4. Discussion

Accumulating evidence, including observations that mice lack-
ing the eNOS gene are hypertensive, has demonstrated that eNOS-
derived NO plays an important role in the regulation of BP.
Although it is generally assumed that hypertension in eNOS-KO is
caused by the lack of endothelium-dependent NO induced
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vasodilation, there is in fact no evidence from knockout models
clearly linking eNOS activity in endothelial cells to the regulation of
BP. To address this question we have reintroduced eNOS into eNOS-
KO in an endothelium-specific manner. Surprisingly, we found not
even a partial reduction of BP in eNOS-KO. Therefore, our data
suggest that the activity of eNOS expressed in non-vascular tissue
might play a role in physiologic BP regulation.

Endothelial-specific reintroduction of eNOS in eNOS-KO resul-
ted in a lower eNOS protein expression in different tissues of eNOS-
Tg/KO. Therefore, we investigated vascular eNOS activity by
acetylcholine-induced endothelium-dependent vasodilation in
conductance and resistance vessels, i.e. in aortic rings and in mice
in-vivo. We observed no aortic response to acetylcholine in eNOS-
KO [1,6] but a complete and indistinguishable dilation in C57BL/6
and eNOS-Tg/KO. Thus, aortic eNOS in eNOS-Tg/KO appears to be
functionally active and the lower level of expression didn't impair
the magnitude and sensitivity of endothelium-dependent aortic
relaxation. Previous investigations have shown that the sensitivity
of the NO-receptor sGC likely adapts to variations of eNOS
expression and tonic vascular NO generation inasmuch as NO can
induce nitrosylation of sGC which inhibits its activity. This was
demonstrated in smooth muscle and endothelial cells upon treat-
ment with the NO-donors or vascular endothelial growth factor
[26] and in aortic and lung tissues of eNOS-Tg or of C57BL/6 treated
with L-NA [17]. Such sGC S-nitrosylation might also underlie the
hypersensitivity of aortic rings of eNOS-KO to organic nitrates such
as glycerol trinitrate [6], and the spontaneous NO-donor spermine-
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Fig. 4. Sustained hypertension in eNOS-Tg/KO. (A) sBP and (B) heart rate measured by tail-cuff method in eNOS-Tg/KO (n =31), eNOS-KO (n = 26) and C57BL/6 (n =32, P < 0.001

vs.C57BL/6, One-way ANOVA) (C) sBP, dBP and MAP measured invasively in all strains (*P < 0.05, n = 4—7, One-way ANOVA). (D) Non-linear correlation between aortic and skeletal
muscle eNOS protein expression and sBP measured by tail cuff method in eNOS-KO, C57BL/6 and two different colonies of eNOS-Tg (F2 and F5). Endothelial-specific targeting of
eNOS in eNOS-KO to 61.1% of the aortic level of C57BL/6 was expected to lower sBP in eNOS-Tg/KO to appr. 124.5 mmHg (black dotted lines and an arrow). 54.2% of the skeletal
muscle eNOS expression (as compared to C57BL/6) was expected to reduce sBP to 126 mmHg (grey dotted line).
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NONOate [27]. Thus, correction of the NO-hypersensitivity occur-
ring in eNOS-KO can be viewed as further evidence for normal
aortic eNOS function in eNOS-Tg/KO. In accordance, the increased
sensitivity of aortic tissue of eNOS-KO to alpha-adrenergic stimu-
lation by phenylephrine as described previously [6] was completely
reversed in eNOS-Tg/KO which showed a concentration-dependent
vasoconstriction similar to C57BL/6. Taken together, these data
suggest a normal function of eNOS in conductance vessels of eNOS-
Tg/KO.

To investigate endothelium-dependent vasodilation of resis-
tance arteries in-vivo we invasively monitored BP of mice subjected
to increasing doses of i.v. acetylcholine as performed previously in
rabbits [5] and rats [18]. Acetylcholine produced a dose-dependent
and strong fall of BP in all strains including eNOS-KO albeit with a
lower sensitivity to acetylcholine. Therefore, other endothelium-
dependent vasodilators appear to compensate for the lack of
eNOS in resistance arteries. For example, the dilatory response of
coronary arteries to acetylcholine is preserved by compensatory
generation of e.g. cyclooxygenase products [11,12]. Furthermore,
preservation of endothelium-dependent vasodilation has been
demonstrated in femoral and mesenteric vessels [13], cerebral ar-
teries [14,16] and small skeletal muscle arterioles [15] of eNOS-KO
mice. While these data indicate compensation for the lack of
endothelial generation of NO in eNOS-KO, our data suggests that
endothelial-specific reintroduction of eNOS to eNOS-KO partially
reverses such compensation since there was no statistically sig-
nificant difference in sensitivity to acetylcholine between eNOS-Tg/
KO and C57BL/6. Furthermore, the strong and comparable increase
of systolic, diastolic and mean arterial pressure to i.v. .-NAME in
C57BL/6 and eNOS-Tg/KO suggests the reversion of compensatory
mechanisms and indicates a functional eNOS enzyme in resistance
arteries of eNOS-Tg/KO as observed in aortic rings.

In view of the hypotensive effect of endothelial-specific over-
expression of eNOS [17,19,28] we correlated skeletal muscle eNOS
expression with sBP including data on colony 5 of eNOS-Tg [17]
which was used to generate eNOS-Tg/KO (Fig. 4D). We found a
highly significant one phase exponential decay (R*> =0.992)
described by the equation Y =SPAN-e("XX) | Plateau (Y = sBP;
SPAN = 35.56; X =Expression; K=0.00720; Plateau = 102.3) and
similar values were found for the correlation of aortic eNOS
expression and sBP (R? =0.9992; SPAN =35.92; K=0.00727;
Plateau = 102.0). Using these equations the expected sBP calculated
for eNOS-Tg/KO was 126.0 and 124.5 mmHg, respectively. Hence,
the predicted reduction of >12 mmHg of sBP in eNOS-Tg/KO did not
occur. Moreover, we observed not even a part of this expected
reduction of sBP regardless of the method of measurement sug-
gesting that endothelial-specific and thus vascular expression of
eNOS alone appears not sufficient to reduce BP in eNOS-KO.

It has been shown that both expression and activity of vascular
extracellular SOD (ecSOD) are dependent on bioavailability of
vascular endogenous NO and are largely reduced in eNOS-KO
[24,29]. Likewise, upregulation of eNOS by exercise triggers in-
duction of ecSOD expression [24]. In striking contrast to lower
expression levels of ecSOD in eNOS-KO, the expression of ecSOD in
eNOS-Tg/KO was elevated to the levels observed in aorta and in
skeletal muscle of C57BL/6. We observed also no difference in the
expression of other important proteins which may modify and/or
compensate for the activity of vascular NO. For example, there was
no change in the expression of the NO receptor sGCB1- and al1-
subunits which confirms previous results on sGC expression and
activity in eNOS-KO [6] as well as eNOS-Tg [17]. Despite the small
amount of nNOS present in blood vessel nerves, it has been re-
ported that low levels of nNOS-derived NO could compensate for
the lack of eNOS when eNOS activity is compromised. For instance,
nNOS-cGMP-dependent pathways dilated pial arterioles [14] and

nNOS—derived NO contributed to the flow-induced responses in
coronary arteries of eNOS-KO [30]. However, there was no
compensatory upregulation of nNOS protein in aortic and skeletal
muscles of eNOS-Tg/KO as compared to C57BL/6 suggesting that
such effects unlikely contributed in eNOS-Tg/KO to the effects of
acetylcholine and 1-NAME in aortic rings and in vivo. Finally, we
investigated whether eNOS-Tg/KO show an increase of protein
tyrosine nitration which likely reduces vascular NO-bioavailability
[31] and found no differences between the strains. Thus, exami-
nation of the expression levels of important proteins associated
with vascular NO-activity showed no alterations which would call
into question a normal vascular NO activity.

Taken together our data demonstrate a previously unrecognized
obligatory role of extra-endothelial eNOS in the physiologic regu-
lation of BP. They open the perspective that non-endothelial eNOS
impairment may contribute to the pathogenesis of hypertension
which is complex, multifactorial and incompletely understood [32].
Several extra-endothelial locations of eNOS might be of particular
importance [33—35]. For example, there is considerable evidence
that NO in the central nervous system affects sympathetic nerve
activity and modulates BP and heart rate [36,37]. Our novel mouse
model might also be a useful tool to study whether current anti-
hypertensive treatments are similarly effective if non-endothelial
eNOS is missing.
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Abstract

Aims: Vascular oxidative stress generated by endothelial NO synthase (eNOS) was observed in experimental
and clinical cardiovascular disease, but its relative importance for vascular pathologies is unclear. We inves-
tigated the impact of eNOS-dependent vascular oxidative stress on endothelial function and on neointimal
hyperplasia. Results: A dimer-destabilized mutant of bovine eNOS where cysteine 101 was replaced by alanine
was cloned and introduced into an eNOS-deficient mouse strain (eNOS-KO) in an endothelial-specific manner.
Destabilization of mutant eNOS in cells and eNOS-KO was confirmed by the reduced dimer/monomer ratio.
Purified mutant eNOS and transfected cells generated less citrulline and NO, respectively, while superoxide
generation was enhanced. In eNOS-KO, introduction of mutant eNOS caused a 2.3-3.7-fold increase in su-
peroxide and peroxynitrite formation in the aorta and myocardium. This was completely blunted by an NOS
inhibitor. Nevertheless, expression of mutant eNOS in eNOS-KO completely restored maximal aortic endo-
thelium-dependent relaxation to acetylcholine. Neointimal hyperplasia induced by carotid binding was much
larger in eNOS-KO than in mutant eNOS-KO and C57BL/6, while the latter strains showed comparable
hyperplasia. Likewise, vascular remodeling was blunted in eNOS-KO only. Innovation: Our results provide the
first in vivo evidence that eNOS-dependent oxidative stress is unlikely to be an initial cause of impaired
endothelium-dependent vasodilation and/or a pathologic factor promoting intimal hyperplasia. These findings
highlight the importance of other sources of vascular oxidative stress in cardiovascular disease. Conclusion:
eNOS-dependent oxidative stress is unlikely to induce functional vascular damage as long as concomitant
generation of NO is preserved. This underlines the importance of current and new therapeutic strategies in
improving endothelial NO generation. Antioxid. Redox Signal. 23, 711-723.

Introduction

O sYNTHESIS BY NOS enzymes is known to strictly require

several cofactors, such as flavin adenine dinucleotide, fla-
vin mononucleotide, and (6R-)5,6,7,8-tetrahydro-L-biopterin
(BH4) (10). According to the crystal structure of the heme
domain (oxygenase domain) of bovine endothelial NO syn-
thase (eNOS) (44), binding and correct orientation of BH, is
critically dependent on the three-dimensional structure of the
homodimeric protein. Dimerization itself depends on a zinc
ion tetrahedrally coordinated to pairs of cysteine residues,
that is, Cys96 and Cys101 of bovine eNOS in each monomer.

Thus, genetic disruption of the Zn ion complex would be
expected to decrease dimer stability, to impair correct BHy
orientation and NO synthesis, and to increase eNOS-dependent
superoxide and peroxynitrite formation. For example, replace-
ment of cysteine 99 to alanine in human eNOS resulted in a
reduction of BH, affinity, enzyme stability, citrulline formation,
and an irreversible loss of heme (5).

BH, plays a key role for normal NOS function inasmuch as
it inhibits the generation of superoxide instead of NO by auto-
oxidation of the intermediate oxyferrous complex (14). En-
dothelial BH, deficiency has been shown to be associated
with eNOS-dependent vascular oxidative stress in several
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Innovation

The results of this study provide the first in vivo evidence
that oxidative stress generated by an impairment of endo-
thelial NO synthase (eNOS) activity is unlikely to be an
initial cause of impaired endothelium-dependent vasodila-
tion and/or a pathologic factor promoting intimal hyper-
plasia. Therefore, other important enzymatic sources of
vascular oxidative stress such as the many known oxidases
appear to be more important. Our findings might be ex-
plained by concomitant generation of NO by eNOS, which
is a fundamental difference from oxidases. They are in line
with beneficial effects of therapeutic strategies improving
eNOS expression and/or activity and substantiate the im-
portance of vasoprotection conferred by endothelial NO.

models of cardiovascular disease, such as hypertension,
atherosclerosis, and diabetic endothelial dysfunction (10, 13,
17, 61). Moreover, supplementation of BH4 was reported to
improve endothelial function in human studies (38), although
clinical trials with BH, analogs revealed contradictory results
(6, 13).

Many oxidative enzymes have been implicated in vas-
cular pathologies and in a variety of cardiovascular dis-
eases, including those mentioned above and stroke (18, 22,
29, 35, 43). This makes it difficult to define the relative role
for eNOS-dependent formation of superoxide and perox-
ynitrite in cardiovascular pathologies using animal models.
The aim of this study was to investigate the impact of eNOS-
dependent vascular oxidative stress on endothelial function
and on neointimal hyperplasia. To accomplish this, a mutant
of bovine eNOS where cysteine 101 was replaced by alanine
was cloned and introduced into eNOS-KO in an endothelial-
specific manner.

Results
C101A mutation of eNOS increases oxidative stress

Despite having similar protein levels of the respective
wild-type bovine eNOS (WT-eNOS) and CI101A-eNOS
following transfection to human embryonic kidney (HEK)
cells (Supplementary Fig. S1A; Supplementary Data are
available online at www.liebertpub.com/ars), the basal WT-
eNOS activity in cell homogenates was 6-fold higher than
C101A-eNOS activity (WT: 601£233 and C101A-eNOS:
98+5pmol citrulline/mg/min, Fig. 1A). With increasing
concentrations of BHy, the specific eNOS activities increased,
but the maximal specific C101A-eNOS activity in the cell
homogenates (554 £ 173 pmol citrulline/mg/min) was signif-
icantly lower than the maximal WT-eNOS activity (927 =+
311 pmol citrulline/mg/min, p=0.0055, n=3). Similar results
were obtained using purified enzyme preparations (Fig. 1B).
Furthermore, the mutation destabilized the enzyme as evi-
denced by increased monomer formation corresponding to a
decreased dimer/monomer ratio during separation on a low-
temperature sodium dodecyl sulfate (SDS) gel (Fig. 1C). Using
electron spin resonance, it was demonstrated that basal and
stimulated C101A-eNOS produced less NO (Supplementary
Fig. S1B, C), but more superoxide (Supplementary Fig. S1D,
E), than WT-eNOS. The latter increase was completely in-
hibited by NG-nitro-L-arginine methyl ester (L-NAME), iden-
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tifying C101A-eNOS as the underlying source (Supplementary
Fig. SIF). C101A-eNOS HEK cells showed a significantly
higher amount of amino acid carbonyl groups, indicating in-
creased oxidative protein modification, while in cells transfected
with the pcDNA3 vector, carbonyl formation was identical to
that observed in WT-eNOS-transfected HEK cells (Fig. 1D, E).

C101A-eNOS activity induces vascular oxidative
stress in vivo

Mice expressing C101A-eNOS (C101A-Tg) were gener-
ated by cloning C101A-eNOS in a construct that allows
endothelium-specific expression (Fig. 2A). Western blot
analysis demonstrated increased eNOS protein signals in the
aorta (151% * 16%) and the left myocardium (135% + 16%)
of C101A-Tg (Fig. 2B and Supplementary Fig. S2A, B).
Aortic endothelium-dependent relaxation of CI01A-Tg and
their transgene-negative littermates was indistinguishable
(Fig. 2C), despite a significant increase of tyrosine nitration
in C101A-Tg (Fig. 2D), which confirms the data obtained in
HEK cells. Double transgenic mice expressing endothelial
C101A-eNOS only (C101A/eNOS-KO) were obtained by
crossing C101A-Tg with eNOS-deficient mice (eNOS-KO,
backcrossed to C57BL/6) (51). The genotype of C101A/
eNOS-KO was confirmed by sequencing the C101A muta-
tion, by polymerase chain reaction (PCR) using mutation-
specific primers, by primers binding in the neomycin cassette,
and by primers detecting the Tie-2-C101A-eNOS construct
(Supplementary Fig. S2C-E). On visual inspection, C101A/
eNOS-KO do not appear different from C57BL/6. However,
compared with C57BL/6, their litter size is lower and they
show increased blood pressure, decreased heart rate, and
myocardial hypertrophy just like eNOS-KO (Supplementary
Fig. S2F-H). Furthermore, 3 weeks of treatment with the
NOS inhibitor, N“-nitro-L-arginine (L-NA), evoked an in-
crease of blood pressure in C57BL/6 to the level observed in
eNOS-KO, while L-NA had no effect on blood pressure in
eNOS-KO and C101A/eNOS-KO (Supplementary Fig. S2F).
The localization of C101A-eNOS in vivo was restricted to
endothelial cells as evidenced by fluorescence microscopy
(Supplementary Fig. S3). Compared with C57BL/6, C101A/
eNOS-KO expressed lower levels of eNOS in the aorta, the
lung, the myocardium, and the skeletal muscle (Fig. 2E and
Supplementary Fig. S4A-D) and increased eNOS phos-
phorylation on Ser 1176 (Ser 1179 in bovine eNOS) (Sup-
plementary Fig. S4E). Similar to HEK cells, we observed
increased eNOS monomer formation during separation of
lung homogenates on a native SDS gel (Fig. 2F).

Generation of superoxide was assessed by following the
cumulative photon emission from thoracic aortic segments
(Fig. 3A) and the left ventricular myocardium (Fig. 3B) in-
cubated with 5 uM lucigenin at 37°C and found a 2.5- to 3-fold
stronger formation of superoxide in tissues of C101A/eNOS-
KO compared with C57BL/6 and eNOS-KO, while there was
no difference between the latter two strains (Fig. 3A, B).
Furthermore, this increase was dependent on C101A-eNOS as
demonstrated by complete inhibition following in vitro incu-
bation with L-NAME in the aortic (Fig. 3C) and myocardial
tissues (Fig. 3D). In striking contrast, L-NAME tended to in-
crease aortic and myocardial superoxide formation in C57BL/
6, while having no effect in eNOS-KO (Fig. 3C, D). To in-
vestigate peroxynitrite formation, we used Western blot
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detection of tyrosine nitration in aortic and myocardial ho-
mogenates. In the aorta, myocardium, and skeletal muscle of
C101A/eNOS-KO, we observed a significantly higher ni-
trotyrosine level compared with C57BL/6 and eNOS-KO
(Supplementary Fig. S4F-H). The increase of nitrotyrosine
levels was completely inhibited by oral treatment with L-NA,
demonstrating the dependence on C101A-eNOS (Fig. 3E, F).

Similar to increase of protein carbonylation in C101A-
eNOS HEK cells, a significantly higher amount of amino acid
carbonyl groups was detected in aortic and myocardial tissues
of C101A/eNOS-KO compared with wild type and eNOS-
KO (Supplementary Fig. S5).

C101A-eNOS activity restores endothelial function
in eNOS-KO

Endothelial function was studied using acetylcholine-
induced endothelium-dependent dilation of aortic rings, as
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described previously (11). We found a concentration-de-
pendent reduction of vascular tone in C101A/eNOS-KO,
while there was just a slight vasoconstriction in eNOS-KO
(Fig. 4A). These data suggest that the expression level of
eNOS in the aortic endothelium may fall by as much as 60%
without impairing maximal endothelium-dependent vaso-
dilation. Furthermore, this vasorelaxation occurred despite
a strong increase of vascular oxidative stress as shown in
Figure 3A, C, and E. There was, however, a significant
rightward shift of the concentration-response curves to
acetylcholine in C101A/eNOS-KO versus C57BL/6 (Fig.
4A). The corresponding pD, values were 6.85%0.08
(n=14) and 6.58 £0.1 (n=11, p=0.0358), respectively. To
study whether the rightward shift of the acetylcholine con-
centration—response curve is induced by increased super-
oxide generation, aortic rings of C57BL/6 and CI101A/
eNOS-KO were preincubated with 100 U/ml of pegylated
superoxide dismutase (SOD), but the pD, values for
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FIG. 2. Generation and basal characterization of C101A-Tg and C101A/eNOS-KO. (A) Construct used for insertion
into fertilized eggs of C57BL/6 to generate C101A-eNOS-expressing mice (C101A-Tg) consisting of a 2.1kb Tie-2
promoter, 4.1 kb bovine C101A-eNOS DNA, and a 10.6 kb Tie-2 enhancer. Spel restriction sites were used for linearization
of the plasmid before insertion. (B) Aortic and myocardial eNOS protein expression standardized to actin in C101A-Tg
(mean+ SEM *p<0.05 vs. controls, n=5-7). (C) No effect of C101A-eNOS overexpression on aortic endothelium-de-
pendent relaxation induced by cumulative addition of acetylcholine (ACh, p=0.5548, n=6, two-way ANOVA). (D)
Significant increase in nitrotyrosine residues as a marker for peroxynitrite formation (mean= SEM upper panel, *p <0.05,
n=06) and representative Western blot of protein nitrotyrosine residues (middle panel) standardized to actin (lower panel) in
myocardial tissue of CI01A-Tg versus C57BL/6. (E) Protein expression of eNOS in the aorta, skeletal muscle, lung, and
myocardium of C101A/eNOS-Tg (¥*p<0.05 vs. C57BL/6, n=6-12). The control values referring to eNOS protein ex-
pression in every tissue of C57BL/6 were set to 100% and are reflected by just one bar. (F) A representative experiment
showing an increase of eNOS monomer level in native and denatured lung homogenates of C101A/eNOS-KO versus
C57BL/6 (100 pg of total protein per lane). ANOVA, analysis of variance.

C57BL/6 (7.01£0.126) and C101A/eNOS-KO (6.573t
0.07) remained significantly different (*p <0.05, n=4, Fig.
4B). Likewise, a direct comparison revealed that 100 U/ml
of pegylated SOD did not change acetylcholine-dependent
vasodilation in C57BL/6 or C101A/eNOS-KO (Supple-
mentary Fig. S6A, B). Rubbing off the endothelial layer

completely inhibited acetylcholine-induced vasodilation in
C101A/eNOS-KO (data not shown).

Several approaches were accomplished to investigate the
molecular mechanism of aortic vasodilation to acetylcho-
line in C101A/eNOS-KO. First, it was observed that L-
NAME reversed endothelium-dependent vasodilation to
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vasoconstriction in C101A/eNOS-KO and C57BL/6 and
that vasoconstriction did not differ between the strains (Fig.
4C). Thus, endothelium-dependent vasodilation to acetyl-
choline in C101A/eNOS-KO is dependent on the activity of
C101A-eNOS. Second, incubation of aortic rings with 1H-
[1,2,4] oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) to inhibit
soluble guanylyl cyclase (sGC) completely abolished the
vasodilator response to acetylcholine with no difference
between both strains (Fig. 4D). These data demonstrate the
crucial involvement of the NO/cGMP pathway. Third, these
data were confirmed by subjecting aortic rings to the spin
trap Fe(DETC),. As shown in Figure 4E, scavenging of NO
completely inhibited acetylcholine-induced vasodilation in
both strains. Finally, it was investigated whether hydrogen
peroxide might be involved in endothelium-dependent va-
sodilation. However, neither conventional nor pegylated
catalase (Supplementary Fig. S6C, D) had any influence on

the vasodilation. Investigation of the sensitivity of the NO/
c¢GMP pathway confirmed the previously reported sensiti-
zation in eNOS-KO (25) and demonstrated that a similar
hypersensitivity to NO donors, such as S-nitroso-N-acetyl-
D,L-penicillamine (SNAP) (Fig. 4F) and diethylamine/ni-
tric oxide (DEA/NO) (Supplementary Fig. S6E), occurred
in C101A/eNOS-KO. There was no change of the expres-
sion of sGC subunit 1 (Supplementary Fig. S6F). In ad-
dition, aortic and skeletal muscle expression of nNOS was
not changed in C101A/eNOS-KO (Supplementary Fig.
S7A-C). Taken together, these data demonstrate that
C101A-eNOS-dependent vascular oxidative stress had no
influence on complete vasodilation to acetylcholine in aortic
rings of C101A/eNOS-KO. The relaxation was entirely
endothelium dependent and mediated by the same pathway
as in C57BL/6, that is, generation of NO by eNOS and
activation of the NO/cGMP pathway.
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C101A-eNOS activity inhibits increased neointima
formation in eNOS-KO

In an attempt to investigate whether increased vascular
oxidative stress present in C101A/eNOS-KO may play a role
in the development of vascular pathologies such as neointi-
mal hyperplasia, we subjected C57BL/6, eNOS-KO, and
C101A/eNOS-KO to ligation for 4 weeks of the left common
carotid artery proximal to the bifurcation. In C57BL/6, this

SNAP [log mol/L]

procedure resulted in a strong formation of neointima, which
declined with increasing distance from the ligation as re-
ported previously (Fig. 5SA—C) (16). Likewise, the lumen area
was largely decreased, while the media were enlarged
(Supplementary Fig. S§A, B). This pronounced development
of neointimal hyperplasia resulted in an increased intima/
media ratio, which declined with increasing distance from the
ligation (Fig. 5D, E). In eNOS-KO, neointimal hyperplasia
was much more pronounced as evidenced by a significantly
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increased neointima area (Fig. SA—C) and intima/media ratio
(Fig. 5D, E). In striking contrast, neointimal hyperplasia in
ligated carotid arteries of C101A/eNOS-KO resembled that
observed in C57BL/6. The small increase of neointima and
intima/media ratio versus C57BL/6 did not reach statistical
significance (Fig. 5C, E). In addition, neointimal hyper-
plasiain C101A/eNOS-KO significantly differed from that
in eNOS-KO. Thus, despite strongly increased vascular
oxidative stress, mild hypertension, and a low level of
C101A-eNOS expression, neointimal hyperplasia was not
accelerated in C101A/eNOS-KO. These data suggest that the
lack of NO rather than increased levels of eNOS-derived

vascular oxidative stress accelerates neointimal hyperplasia
in response to ligation.

C101A-eNOS activity partially restores vascular
remodeling in eNOS-KO

To estimate remodeling following the ligation procedure,
the left common carotid vessel area was measured 500—
1000 pm distal to the ligation and the averaged values were
compared with those obtained from the unligated right
common carotid artery. As shown in Figure 6A, there was
still considerable neointimal hyperplasia in this region of the
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FIG. 6. Effects of C101A-
eNOS on vascular re-
modeling. (A) Representative
photomicrographs of hema-
toxylin and eosin-stained
transverse sections of the right
(unligated side, A. carotis
dextra) and left (ligated side,
A. carotis sinistra) common
carotid arteries (850 um from
the ligation). Scale bar indi-
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ligated artery. In C57BL/6, there was a statistically signifi-
cant difference between the vessel area of the left and right
common carotid artery, suggesting the occurrence of vascular
remodeling induced by the reduction of flow in the ligated
and/or an increase of flow in the unligated vessels (Fig. 6B).
In striking contrast, in eNOS-KO, the vessel area distal to the
ligation was significantly increased over the vessel area of the
unligated right common carotid artery (Fig. 6C), suggesting
that vascular remodeling was inversed. In C101A/eNOS-KO,
this abnormal vascular response was partially restored, that
is, the vessel area of the ligated carotid artery was smaller
than that of the unligated right common carotid artery, al-
though the difference was not as pronounced as in C57BL/6
(Fig. 6D). In accordance, the ratio of the vessel area of the
ligated versus the unligated carotid artery, which was cal-
culated in each separate animal and then averaged for each
distance point, clearly demonstrated a mouse strain-depen-

S & & & &S &S
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dent significant increase over the investigated distance from
the ligation in eNOS-KO, while C57BL/6 and C101A/eNOS-
KO showed a decrease (Fig. 6E).

Discussion

This study aimed to investigate the impact of eNOS-
dependent vascular oxidative stress on endothelial function
and on neointimal hyperplasia. A mutant destabilized eNOS,
which was introduced in eNOS-KO in an endothelial-specific
manner, (i) largely increased vascular generation of super-
oxide and protein nitrotyrosine formation, but (ii) had little
impact on aortic endothelium-dependent vasodilation by
acetylcholine, and (iii) corrected the accelerated neointimal
hyperplasia and the abnormal vascular remodeling observed
in eNOS-KO. These data suggest that vascular oxidative
stress generated by an impairment of eNOS activity has a
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limited effect on endothelial function of conduit arteries,
presumably because of concomitant generation of NO by
eNOS.

As predicted by the crystal structure of the oxygenase
domain of eNOS, genetic disruption of its Zn ion complex
disturbs dimer formation and thereby binding and correct
orientation of BH, (44). BH, deficiency promotes the transfer
of an electron to molecular oxygen and thereby the genera-
tion of the superoxide (14). Thus, a replacement of cysteine
101 by alanine destabilizes eNOS, resulting in reduced NO
formation and increased generation of superoxide in trans-
fected HEK cells and in different tissues of C101A-Tg and
C101A/eNOS-KO. Our data on decreased catalytic activity
of C101A-eNOS are consistent with previous reports de-
scribing eNOS mutations at one or both Zn-binding cysteines
(5, 9). Of note, mutation of eNOS by replacing both Zn-
binding cysteines with serine did not abolish formation of L-
citrulline from L-arginine (9), suggesting partial preservation
of NO generation, despite decreased dimer stability as re-
ported in this study with C101A-eNOS. The destabilization
of C101A-eNOS was also evident by the decrease of the
dimer/monomer ratio following separation on native SDS
gels, and similar findings have been reported previously (45).
Moreover, increased superoxide generation induced by
C101A-eNOS in transfected HEK cells and in aortic and
myocardial tissues of C101A/eNOS-KO was abolished by L-
NAME, identifying C101A-eNOS as the underlying source
both in cells and in transgenic mice.

Previous studies with purified eNOS have demonstrated that
BH, deficiency strongly increases the eNOS-derived super-
oxide electron spin resonance (ESR) signal and that BHy
supplementation inhibits this oxidase activity in a concentra-
tion-dependent manner (57, 58). In striking contrast, citrulline
formation by purified C101A-eNOS never reached the maxi-
mal rate that was achieved with WT-eNOS, not even at BHy
concentrations of 50 uM in the reaction tube, demonstrating
that the ability of C101A-eNOS to generate citrulline and
hence NO cannot be improved by excess BH,. Taken together,
these results are in line with previous investigations on the
importance of BHy (5, 14, 17, 44) and strongly suggest that an
impairment of binding and correct orientation of BH, under-
lies the increase of superoxide production observed in cells and
tissues harboring C101A-eNOS.

A surprising finding of this study is that activation of
C101A-eNOS by acetylcholine in aortic rings resulted in
complete endothelium-dependent vasodilation in C101A-Tg
and C101A/eNOS-KO, despite reduced NO formation and
increased vascular oxidative stress induced by C101A-eNOS.
The relaxation by acetylcholine in aortic rings of C101A/
eNOS-KO was found to be mediated by NO and developed at
tissue levels of superoxide and/or peroxynitrite, resembling
those occurring in various animal models with clearly de-
tectable impairment of eNOS function and/or endothelial-
dependent vasodilation (2, 7, 15, 21, 32, 33, 61). However, in
each of these studies, concomitant conditions, such as ath-
erosclerosis, severe hypertension, diabetes, or disruption of
certain genes such as interleukin 10 or Bmall, were present,
which might have contributed to endothelial dysfunction
beside oxidative and/or nitrosative stress. Nevertheless, there
was a significant rightward shift of the acetylcholine con-
centration—response curve, indicating a reduced efficacy of
eNOS activation in aortic rings of C101A/eNOS-KO. A
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contribution of increased generation of superoxide is most
likely not involved since pegylated SOD had no impact on
acetylcholine-induced aortic dilation. It is also possible that
the reduction of eNOS expression and its ability to generate
NO in C101A/eNOS-KO compared with C57BL/6 is the
underlying cause. According to the data obtained from the
carotid-binding experiments, this small shift appears to be
rather unimportant for NO bioavailability in vivo. Taken to-
gether, our data suggest that oxidative stress generated by
eNOS appears to have little impact on endothelium-depen-
dent vasodilation in conduit arteries.

It might be argued that the lack of effect of C101A-eNOS
on mild hypertension of eNOS-KO demonstrates an effect of
oxidative stress generated by an impairment of eNOS activity
on resistance vessels and blood pressure. One would expect a
blood pressure-lowering effect of endothelial expression of
eNOS as reported previously (40, 41, 54); however, data of a
further study have shown that even endothelial-specific ex-
pression of normal eNOS does not reduce the hypertension of
eNOS-KO (55). Thus, the persistence of hypertension in
C101A-eNOS-KO is probably not provoked by CIOIA-
eNOS-dependent oxidative stress and is unlikely to represent
a specific phenotype caused by pronounced vascular oxida-
tive stress in this animal model. On the other hand, our data
certainly do not exclude that oxidative stress due to an im-
pairment of eNOS activity may have an impact on the reg-
ulation of blood pressure, for example, in more severe
hypertensive cardiovascular disease states (34).

Smooth muscle proliferation is an obvious event during the
development of atherosclerosis and restenosis (36, 39, 46). It
is generally believed that oxidative stress plays a crucial role
in this process (35, 48) and that this pathologic role of oxi-
dative stress is closely linked to a downregulation of vascular
NO bioavailability (56). Furthermore, inhibition of oxidative
stress is considered to be a key component of the overall
vasoprotective effect of endothelial eNOS activity (12). In
this study, neointima formation following carotid ligation
(26) was used to estimate the vascular bioavailability and
vasoprotective activity of endothelial NO in vivo. In this
model, neointima formation occurs in the presence of intact
endothelial lining and is directly related to the alteration of
the blood flow pattern, that is, turbulent rather than laminar
flow, as well as to the infiltration of monocytes (20). Con-
sequently, neointima formation is largest close to ligation and
becomes smaller with increasing distance (26) and a similar
pattern was observed in C57BL/6, C101A/eNOS-KO, and
eNOS-KO. However, neointima formation was significantly
more pronounced in eNOS-KO than in C57BL/6, confirming
that vascular eNOS elicits protective effects in the setting of
carotid ligation (59). Neointima formation in C101A/eNOS-
KO tended to increase in comparison with C57BL/6, but the
difference did not reach statistical significance, while the
difference compared with eNOS-KO was obvious. Further-
more, this difference was evident, despite increased oxidative
stress in C101A/eNOS-KO, which does not occur in eNOS-
KO, suggesting that C101 A/eNOS-KO generate bioavailable
NO sufficiently to inhibit smooth muscle proliferation as
observed in C57BL/6. Finally, these data obtained from the
carotid ligation experiments indicate that increased neointi-
ma formation in eNOS-KO appears to be caused by the lack
of endothelial NO formation and not by the presence of mild
hypertension.
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Another important role of NO is to mediate vascular re-
modeling in response to flow (28, 47). Although carotid li-
gation is not a good model to investigate flow-dependent
vascular remodeling due to the neointima formation, the ratio
of ligated to unligated vessel area, which indicates vascular
remodeling, was almost similar in C57BL/6 and C101A/
eNOS-KO. In these strains, the ratio decreased with in-
creasing distance from the ligation and reached values well
below one, while in eNOS-KO this was not the case. These
data again suggest a limited impairment of NO bioavail-
ability in C101A/eNOS-KO.

The alteration of activity of C101A-eNOS might resemble
the features of uncoupled eNOS, a term which has been used
to describe early findings with purified NOS protein showing
increased production of superoxide and hydrogen peroxide in
the absence of important cofactors such as BHy (19). In
contrast, mutant C101A-eNOS produces less NO and more
superoxide in response to dimer destabilization and subse-
quent impairment of binding and correct orientation of BH,.
Hence, this approach shows a direct relationship between a
reduced stability of homodimers and eNOS function. In
contrast, there is no evidence that the presence of monomers
and a reduced dimer/monomer ratio are directly related to
uncoupling of the enzyme since only the dimeric form has
been shown to be active and generate NO and superoxide
(46). Moreover, we believe that an advantage of this ap-
proach is the possibility to study the importance of eNOS
dimer destabilization and impaired BH, binding for vascular
physiology and pathophysiology in otherwise healthy ani-
mals. This largely reduces unpredictable confounding fac-
tors, such as complex disease processes occurring in
hypertension, atherosclerosis, and/or diabetes, which are as-
sociated with an impairment of eNOS cofactor availability or
proven increases of other components such as the eNOS in-
hibitor, ADMA (3). Nevertheless, concomitant generation of
NO and superoxide by C101A-eNOS probably closely re-
sembles the situation in the endothelium of diseased vessels
when uncoupled eNOS molecules and coupled eNOS mole-
cules can exist in the same cell at the same time (35).

Taken together, the results of this study suggest that vas-
cular oxidative stress generated by an impairment of eNOS
activity might not be as important as estimated previously and
rather highlight the contribution of oxidative stress to vascular
pathologies caused by other enzymatic sources (18, 22, 29, 36,
43,52). A reasonable explanation for the limited importance of
eNOS-dependent oxidative stress for functional vascular
damage might be the concomitant generation of NO by eNOS,
which is a fundamental difference from oxidases. Hence, our
findings substantiate the importance of vasoprotection con-
ferred by endothelial NO (12), which appears to be able to cope
with even larger increases of vascular oxidative stress. Similar
findings have been reported for the vasoprotective activity of
eNOS in murine atherosclerosis (42). Although it is difficult to
extrapolate our data to clinical conditions as the transgenic
approach used does not directly match clinically occurring
disease pathologies, our data support previous observations on
interventions associated with increased eNOS protein ex-
pression and improvement of endothelial NO production, such
as regular exercise training (24), pharmacotherapy with statins
(31), and treatment with inhibitors of the renin—angiotensin
system (12) have provided superior cardiovascular prevention
than targeting vascular oxidative stress (4, 18a, 37, 50, 60).

SUVORAVA ET AL.

Materials and Methods
Stable transfection of HEK 293 cells

Using primer overlap extension PCR, we genetically de-
stabilized bovine eNOS by replacement of Cys 101 to Ala
(C101A). The mutation was confirmed by sequencing. The
cDNAs for wild-type bovine eNOS (WT) and the mutant
(MT) C101A eNOS were cloned into the pcDNA3 vector
(Invitrogen Corporation, Carlsbad, CA) and stably trans-
fected in HEK 293 cells.

ESR measurements

ESR measurements were performed as described previously
(8, 27). Cellular basal and Ca>* ionophore A23187-stimulated
NO production was measured using 0.2 M of the spin trap iron/
diethyldithiocarbamic acid, Fe(DETC),. CMH (1-hydroxy-3-
methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine) at 100 uM
was used for superoxide detection in the absence and presence
of the NOS inhibitor, L-NAME (1 M).

eNOS activity

The specific activity of WT- and C101A-eNOS in cell ho-

mogenates from stably transfected HEK cells and in isolated
. . . 14

enzyme preParatlons was determined by conversion of “C-L-

arginine to ' “C-L-citrulline as described previously (49) in the
presence of increasing concentrations of BH, (0-50 uM).

Detection of oxidative protein modification

Protein modifications caused by additional carbonyl groups
were detected in C101A-eNOS and WT-eNOS-transfected
HEK cells and aortic and myocardial tissue of C57BL/6,
eNOS-KO, and C101A/eNOS-KO using the Oxyblot™ sys-
tem (Intergen, Burlington, MA).

Transgenic C101A-eNOS mice

We generated a DNA construct, in which C101A-eNOS
cDNA (4.1kb) was inserted between the murine Tie-2 pro-
moter (2.1kb) cDNA and a 10kb Tie-2 intron fragment,
designated as Tie-2 enhancer. This construct was used to
target C101A-eNOS gene expression to the vasculature, as
described previously (30). Double transgenic mice expres-
sing endothelial CI101A-eNOS only (C101A/eNOS-KO)
were obtained by crossing C101A-Tg with eNOS-deficient
mice (eNOS-KO, backcrossed >20 times to C57BL/6J) (51).
Additional groups of C57BL/6J, eNOS-KO, and C101A/
eNOS-KO received L-NA (100 mg L-NA/kg BW/day; Sig-
ma, Munich, Germany) for 3 weeks before the experiments.
Permission for the animal studies was provided by the re-
gional government of Germany (AZ 50.05-230-3-94/00, AZ
50.05-230-18/06, AZ 8.87-51.04.20.09.383), and the exper-
iments were performed according to the guidelines for the use
of experimental animals, as given by the German ‘‘Tier-
schutzgesetz”” and the Guide for the Care and Use of La-
boratory Animals of the U.S. National Institutes of Health.

Vasorelaxation studies

Function of the endothelium was examined in aortic rings of
C57BL/6, eNOS-KO, and C101A/eNOS-KO by cumulative
addition of acetylcholine (0.01 to 10 uM) after submaximal
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precontraction with 0.2 uM phenylephrine, as described
previously (53). Thereafter, vasorelaxation to the NO donor,
SNAP (1 nM to 10 uM) or DEA/NO (1 nM to 10 uM), was
studied by cumulative application. In some experiments, the
NOS inhibitor, L-NAME (1 mM), or the sGC inhibitor, ODQ
(10 uM), was administrated 30 min before application of
acetylcholine. To determine the contribution of hydrogen
peroxide to aortic relaxation in C101A/eNOS-KO, acetyl-
choline concentration-response curves were recorded in the
absence and presence of either conventional (1200 U/ml) or
pegylated catalase (1400 U/ml). To investigate a possible
interaction between endothelium-dependent relaxation in
C101A/eNOS-KO and increased aortic superoxide forma-
tion, we studied the acetylcholine concentration—response
curve in aortic segments of wild type and C101A/eNOS-KO
preincubated for 30 min with pegylated SOD (100 U/ml). In
another experimental set, aortic rings of C101A/eNOS-KO
and C57BL/6 were incubated with the colloidal Fe(DETC),
spin trap solution before application of the increasing ace-
tylcholine concentrations. The spin trap was freshly prepared
by mixing equal amounts of deoxygenated 1.6 mM FeSO,
and 3.2mM diethyldithiocarbamate (DETC) solutions
(Noxigen, Elzach, Germany). In all experiments, only one
acetylcholine concentration—response curve per aortic ring
was recorded and analyzed.

SDS-polyacrylamide gel electrophoresis
and immunoblotting

Western blots for eNOS, nNOS, immunoprecipitated eNOS
phosphorylated at Ser1176 (Ser 1179 in bovine eNOS), sGC-
f1, nitrotyrosine residues, von Willebrand factor, and actin
were performed in different mouse tissues using standard
techniques, as described previously (25, 41) (please also refer
to Supplementary Materials and Methods section).

Immunohistochemistry

Colocalization of eNOS and endothelium-specific marker,
CD31, in aortas of C57BL/6, eNOS-KO, and C101A/eNOS-
KO was performed as described previously (41) (please also
refer to Supplementary Materials and Methods section).

Lucigenin superoxide detection

Lucigenin-enhanced chemiluminescence detection of su-
peroxide in the intact aorta and left ventricular myocardium
of C101A/eNOS-KO, eNOS-KO, and C57BL/6 was mea-
sured as described previously (23).

Measurement of systolic blood pressure

Systolic blood pressure and heart rate were measured in
awake, 3—4-month-old male C57BL/6, eNOS-KO, and
C101A/eNOS-KO using an automated tail-cuff system (Visi-
tech Systems, Apex, NC), as described previously (25). In
some experiments, establishment of basal blood pressure was
followed by L-NA treatment with the drinking water, and
blood pressure recordings were continued for another 21 days.

Neointimal hyperplasia

Ten-week-old C57BL/6, eNOS-KO, and C101A/eNOS-KO
(n=9-10) were anesthetized and the left common carotid ar-
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tery was dissected and ligated near the carotid bifurcation, as
described previously (26). All animals were sacrificed 28 days
after ligation. After excision of the left and right common
carotid arteries, the vessels were fixed in 4% p-formaldehyde
for 6h, dehydrated, and embedded in paraffin. Serial 5-um
sections were cut, and sections of every 50 um were used for
morphometric analysis using hematoxylin—eosin staining
(vessels with thrombus formation were excluded). Morpho-
metric analysis was carried out using image analysis software
(Leica Microsystems, Wetzlar, Germany). The circumference
of the lumen, elastic lamina interna, and elastic lamina externa
were determined by tracing along the different vessel layers.

Statistics

All data were analyzed by standard computer programs
(GraphPad Prism PC Software, version 4.0) and are ex-
pressed as meant SEM of n individual samples. Statistical
comparisons between groups were performed by t-tests, the
Newman-Keuls multiple comparisons post-hoc test follow-
ing one-way analysis of variance (ANOVA, for more than
two groups) or two-way ANOVA (concentration—response
curves). p<0.05 was considered statistically significant.

Materials and reagents

All chemicals were purchased from Sigma or Merck
(Darmstadt, Germany), except otherwise stated.

A more detailed description of the Materials and Methods
section is provided in the online Supplementary Materials
and Methods section.
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Abstract In isolated cells, soluble guanylyl cyclase
(sGC) activity is regulated by exogenous nitric oxide (NO)
via downregulation of expression and posttranslational
S-nitrosylation. The aim of this study was to investigate
whether such regulatory mechanism impact on endothe-
lium-dependent vasodilation in a newly developed mouse
strain carrying an endothelial-specific overexpression of
eNOS (eNOS™ ). When compared with transgene negative
controls (eNOS™), eNOS™*-mice showed a 3.3-fold higher
endothelial-specific aortic eNOS expression, increased
vascular cGMP and VASP phosphorylation, a L-nitroarg-
inine (L-NA)-inhibitable decrease in systolic blood pres-
sure, but normal levels of peroxynitrite and nitrotyrosine
formation, endothelium-dependent aortic vasodilation and
vasodilation to NO donors. Western blot analysis for sGC
showed similar protein levels of sGC-al and sGC-f1
subunits in eNOS™ and eNOS™ ™. In striking contrast, the
activity of isolated sGC was strongly decreased in lungs of
eNOS*™*. Semiquantitative evaluation of sGC-f1-S-nitro-
sylation demonstrated that this loss of sGC activity is
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associated with increased nitrosylation of the enzyme in
eNOS™™, a difference that disappeared after L-NA-treat-
ment. Our data suggest the existence of a physiologic NO-
dependent posttranslational regulation of vascular sGC in
mammals involving S-nitrosylation as a key mechanism.
Because this mechanism can compensate for reduction in
vascular NO bioavailability, it may mask the development
of endothelial dysfunction.

Keywords Nitric oxide - Endothelial nitric oxide
synthase - Soluble guanylyl cyclase - S-Nitrosylation -
Endothelial dysfunction

Nitric oxide (NO) is involved in physiological processes,
such as smooth muscle relaxation, neurotransmission,
platelet aggregation, host defense mechanisms and apop-
tosis and has antioxidative effects [11, 28]. The effects of
NO greatly contribute to the physiologic vascular functions
and likely protect the vascular wall from vasotoxic com-
pounds, such as reactive oxygen species [11, 19]. In the
vasculature, the majority of NO effects are mediated by
activation of soluble guanylyl cyclase (sGC), generation of
cyclic guanosine monophosphate (cGMP), activation of
protein kinase G (PKG) and phosphorylation of various
cellular proteins regulating calcium homeostasis [15]. The
sGC enzyme is composed of two subunits, o and /3, and a
prosthetic heme group. The majority of vascular sGC is
formed by the subunits o1 (sGC-«1) and 1 (sGC-f1) [5,
35]. Studies with NO donors in cultured rat aortic smooth
muscle cells have provided evidence for a NO-dependent
downregulation of sGC protein expression suggesting a
negative feedback loop, where NO acts as a signaling
molecule regulating sGC expression [9]. In another
approach, rat pulmonary artery smooth muscle cells
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responded to treatment with lipopolysaccharide, which is
known to induce the expression of inducible nitric oxide
synthase with a downregulation of sGC mRNA levels [39].
Likewise, transfection of HEK cells with an endothelial
nitric oxide synthase (eNOS) plasmid and incubation with
NO donors reduced sGC expression [37, 42].

In contrast, a strain of mice strongly overexpressing
vascular eNOS driven by the prepro-endothelin promoter
showed partial resistance to endothelium-dependent and
NO-induced vasodilatation, but no decrease in sGC
expression [43]. Instead, the authors described a 50%
reduction of basal unstimulated sGC activity and a 20%
reduction of PKG expression. Other groups reported that
changes in PKG activity do not occur in eNOS knockout
mice, but showed that there is no change of sGC protein
expression in this animal model [4, 12, 14]. Inhibition of
NOS by chronic treatment of mice with the NOS-inhibitor
L-NAME had no effect on vascular sGC expression as
well, but potentiated the aortic cGMP response to the NO-
donor sodium nitroprusside [30]. In a recent investigation
with increasing doses of different organic nitrates, we
failed to detect a NO-dependent feedback loop controlling
sGC expression in vivo [32].

Considering these contrasting data, we aimed to inves-
tigate the regulation of sGC activity by endothelial NO in
vivo. To accomplish this, we generated a new transgenic
mouse strain characterized by moderate endothelial-spe-
cific overexpression of eNOS and studied the expression
and activity of vascular sGC under various conditions. Our
data suggest the existence of a physiologic NO-dependent
posttranslational regulation of vascular sGC involving
S-nitrosylation as a key mechanism.

Methods
Materials and reagents

All chemicals were purchased from Sigma (Munich, Ger-
many) or Merck (Darmstadt, Germany), except otherwise
stated in this section or in the Supplemental Materials and
Methods.

Transgenic eNOS™ mice

We generated a DNA construct, in which bovine eNOS
cDNA (4.1 kb) was inserted between the murine Tie-2
promoter (2.1 kb) cDNA and a 10 kb Tie-2 intron frag-
ment, designated as Tie-2-enhancer and this construct was
used to target eNOS gene expression to the vasculature as
described previously [25]. For detailed methods, please
refer to Supplemental Materials and Methods.

@ Springer

Founder mice showing high eNOS expression as com-
pared to controls were crossed ten times to C57BL/6 mice
to generate a C57BL/6 background. Three different colo-
nies were established and the strain with the highest
overexpression was used in all further experiments
(eNOS™™). Male mice were used at 12—-16 weeks of age.
Transgene negative littermates (eNOS") served as controls.
In some experiments, C57B1/6 mice served as transgenic-
negative controls. Additional groups of mice received N-
nitro-L-arginine (L-NA, Sigma, Germany) (100 mg L-NA/
kg BW/day) for 3 weeks before the experiments. Permis-
sion for the animal studies was provided by the regional
Government of Germany (AZ 23.05-230-3-77/99, AZ 23.05-
230-3-52/99, AZ 50.05-230-3-65/99, AZ 50.05-230-3-94/00
AZ 50.05-230-18/06), and the experiments were performed
according to the guidelines for the use of experimental
animals, as given by the German “Tierschutzgesetz” and
the “Guide for the Care and Use of Laboratory Animals”
of the US National Institutes of Health.

Electron spin resonance measurements

Electron spin resonance measurements were performed
together with Noxygen GmbH, Elzach, Germany, as
described previously [7, 24]. Spintrap was Fe?*(DETC),
(iron/diethyldithiocarbamic acid) at 0.2 mmol/L for NO
and CPH (l-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrro-
lidine) at 100 pmol/L for superoxide. Urate (100 pumol/L)
was used to quench peroxynitrite signals detected by CPH.

Measurement of blood pressure

Systolic blood pressure and heart rate were measured in
awake 3 to 4-month-old male eNOS™" (n = 4) and eNOS"
(n = 4) mice using an automated tailcuff system (Visitech
Systems, Apex, NC, USA) as described previously [22].
After 7 days of starting the measurement mice received
L-NA with the drinking water and blood pressure record-
ings were continued for 36 days.

Vasorelaxation studies

Mice were killed by inhalation of carbon dioxide, and
tissues were used for organ bath studies (aorta) or imme-
diately frozen in liquid nitrogen. The frozen tissues were
taken to prepare total protein for Western blotting. Func-
tion of the endothelium was examined by cumulative
addition of acetylcholine (ACh, 0.01-10 pumol/L) after sub-
maximal precontraction with 0.2 pmol/L phenylephrine as
described previously [40]. Thereafter, vasorelaxation to the
NO donor S-nitroso-N-acetyl-p,L-penicillamine (SNAP,
I nmol/L to 10 pumol/L), or diethylamine/nitric oxide
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(DEA/NO) was studied by cumulative application after
precontraction with phenylephrine (0.2 pmol/L) in both
endothelium intact and endothelium denuded thoracic
rings.

Immunohistochemistry and Western blot

Immunohistochemistry was performed in mouse carotid
arteries to characterize localization of overexpressed
eNOS. Western blots were performed in mouse tissues for
eNOS, both sGC subunits, vasodilator-stimulated phos-
phoprotein (VASP) phosphorylation, and protein nitroty-
rosines (please refer to Supplemental Materials and
Methods).

Determination of sGC activity

Specific activity of sGC was measured in aliquots of the
100,000x g supernatants of mouse lungs by formation of
[oc-3 2P]-(:GMP from [a-32P]-GTP (guanosine triphosphate)
after stimulation with increasing doses of SNAP as
described previously [21, 38]. Tissue cGMP levels were
measured by enzyme immunoassay (Cayman, Ann Arbor,
MI, US) in mouse lung according to the manufacturer’s
protocol.

Determination of S-nitrosylation of sGC-f1

S-Nitrosylation of fl-subunit of sGC was evaluated
semiquantitavely in lung cytosols of transgenic and L-NA
treated mice as described previously (please refer to Sup-
plemental Materials and Methods) [16, 17].

Statistics

All data were analyzed by standard computer programs
(GraphPad Prism PC software, version 3.0) and are
expressed as mean =+ SEM of n individual samples. Sta-
tistical comparisons between groups were performed by
t tests, Newman—Keuls multiple comparisons post hoc test
following one-way analysis of variance (ANOVA, for more
than two groups) or two-way ANOVA (concentration—
response curves). P < 0.05 was considered statistically
significant.

Results
Characterisation of eNOS™*" mice
To investigate the regulation of sGC by NO in vivo, we

established a new mouse model carrying a moderate
endothelial-specific overexpression of eNOS. As shown in

Fig. 1a, the level of overexpression as standardized to actin
varied among different colonies of eNOS™" mice. The
expression values were 166 £ 13.7% colony 1 (P > 0.05
vs. C57BL/6, n = 5, ANOVA, post hoc test), 332 £ 32.1%
for colony 2 (P < 0.001, n =7) and 229 £ 15.5% for
colony 5 (P < 0.01, n = 6). Colony 2 was used for further
experiments. In this colony, the eNOS Western blot signal
was additionally standardized to von Willebrand factor
which yielded a similar level of overexpression (please
refer to Fig. 4, Supplementary Material).

Immunohistochemical detection of eNOS in vascular
tissue of eNOS**-mice confirmed the exclusive expression
in the endothelium. The overlay in Fig. 1b reveals a yellow
coloured area which indicates a co-localization of eNOS
with the endothelial marker CD31. The green-stained
eNOS is not expressed in tissues other than endothelium
(Fig. 1c¢).

To determine whether the overexpression of eNOS was
associated with increased eNOS activity in vivo we mea-
sured blood pressure in eNOS™ and eNOS". While the
systolic blood pressure in eNOS" was 118.1 &+ 1.4 mmHg
(n = 4), it was strongly reduced to 109.6 + 2.0 mmHg in
eNOS™* mice (n =4, P =0.0126, t test, Fig. 2a). The
treatment with the NOS-inhibitor L-NA increased blood
pressure in both eNOS" and eNOS™ " mice. The difference
in blood pressure between the two groups rapidly decreased
during the treatment and was finally abolished. On day 30
of L-NA treatment, eNOS" mice had a blood pressure of
128.9 4+ 6.8 mmHg and eNOS*" a blood pressure of
1352 £ 3.9 mmHg (n =4, P = 0.1921, ¢ test, Fig. 2a).
These data suggest that the decrease in blood pressure
measured in eNOS™ mice is largely due to eNOS over-
expression in these transgenic animals.

In eNOS™** mice, lung cGMP levels were increased to
33.7 £+ 3.0 pmol/g (n = 6), when compared with eNOS"
(19.4 £ 3.5 pmol/g, n =5, P =0.0126, ¢ test, Fig. 2b).
Furthermore, relative serine-239 VASP phosphorylation
was increased in eNOS™" to 165 + 31.5% (n=4,
P < 0.05 ANOVA post hoc test, Fig. 2c). L-NA treated
eNOS" and eNOS™" mice showed a significantly
decreased VASP phosphorylation of 31.6 £ 7.7 and
40.3 £ 23.0%, respectively (n = 4, P < 0.05 vs. untreated
eNOS™). Moreover, L-NA-treatment abolished the differ-
ence between the two groups (Fig. 2¢, P > 0.05, ANOVA
post hoc test).

Direct comparative assessment of NO levels in the aorta
was accomplished by electron-spin resonance using
Fe”(DETC)Z spintrap. We found that the amount of NO
more than doubled in eNOS™*T as compared to eNOS", but
this difference did not reach statistical significance
(Table 1). Control experiments with the CPH spintrap
demonstrated that in myocardial tissue neither superoxide,
nor peroxynitrite concentration differed between the two
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strains. Similar results were obtained in aortic and lung
tissues.

ESR findings on peroxynitrite were confirmed with
Western blots of heart tissue using an antibody against
nitrotyrosine residues, a surrogate marker for tissue per-
oxinitrite levels. This antibody showed three bands at
around 50 kDa which were evaluated densitometrically.
There was no significant difference between eNOS" (100%)
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<« Fig. 1 eNOS overexpression in transgenic mice. a Protein expression

of eNOS in transgenic eNOS™ mice (aorta, *P < 0.05 vs. controls)
given as mean £+ SEM (upper panel) and representative Western blot
signals (lower panel). Colony 2 showed the highest overexpression
and was used for experiments. In this colony, the eNOS Western blot
signal was additionally standardized to von Willebrand factor which
yielded a similar level of overexpression (please refer to Fig. 4 of the
online Supplemental Materials). b Confocal image of a carotid artery
of an eNOS™*" mouse stained for eNOS (green) and CD31 (red) and
¢ stained for eNOS (green) and o-SM-actin (magenta). Nuclei are
stained with DAPI (blue). Original magnification in b x 100, original
magnification in ¢ x400

and eNOS™" mice (121.2 £ 20.6%, n = 6, P = 0.3498,
t test, Fig. 2d).

Expression and activity of sGC in eNOS*" mice

The expression levels of sGC-zl and sGC-f1 in lung
cytosolic fractions of eNOS™' were identical to those
measured in eNOS", i.e. in eNOS™™ the relative expression
of sGC-al was 103.4 4+ 10.3% (n = 11) and that of sGC-
p1 was 109.7 £ 28.6% (n =9, P = 0.2700 for both,
ANOVA, Fig. 3a).

The sGC activity (in pmol cGMP/mg protein/min) of
mouse lung cytosols showed a strong decrease in maximal
activity in eNOS*++ (P = 0.0007, two-way ANOVA,
Fig. 3b). In contrast, the sensitivity of sGC to stimulation
by the NO-donor SNAP was unchanged as indicated by
similar pD, values in eNOS" (3.144 £ 0.241) and eNOS™*™"
(3.223 + 0.488, P = 0.9170, ¢ test). The treatment of both
mouse strains with L-NA revealed that inhibition of eNOS
completely abolished the difference between eNOS" and
eNOS™™ suggesting that sGC activity in vivo is indeed
dependent on the bioavailability of endothelial NO.
Moreover, L-NA treatment increased sGC activity in both
strains (Fig. 3c) demonstrating that endothelial NO regu-
lates sGC activity in normal C57B1/6 mice as well, i.e. this
regulation likely occurs on a physiologic level. These data
suggest that endogenous NO formation does not decrease
sGC expression, but greatly reduces its response to NO.
Thus, in vivo regulation of sGC by NO appears to involve
posttranslational protein modifications rather than variation
of expression.

S-Nitrosylation of sGC-f1

To evaluate a posttranslational modification of sGC which
is associated with a decreased activity, we investigated the
magnitude of S-nitrosylation of sGC-f1. In lung tissue of
eNOS™ ™ increased S-nitrosylation of sGC-f1 was evident
(147.7 £ 12.0%, n = 6, P = 0.0106, ¢ test, Fig. 4a) when
compared with eNOS" mice (set to 100%). Additional
experiments showed that treatment of both groups with
L-NA for 3 weeks decreased this difference to a relative
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Fig. 2 Characterization of
eNOS-overexpressing mice
(eNOS™™). a Systolic blood
pressure in awake eNOS™ ™ and
their transgene negative
littermates (eNOS") before and
during treatment with the NO-
synthase inhibitor L-NA (n = 4,
P < 0.05). b cGMP levels in
lung tissue of eNOS" and
eNOS*™ (*P < 0.05).

¢ Western blot analysis of
Ser**°-V ASP-phosphorylation.
A significantly increased
phosphorylation in eNOS™*-
mice (*P < 0.05 vs. eNOS"™)
disappeared after treatment with
L-NA (n.s.). d Western blots for
nitrotyrosine residues in heart
homogenates of transgenic and
control mice showed no
difference between the groups
(P > 0.05, as for full scale blots,
please refer to Fig. 2 of the
online Supplemental Materials)
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Table 1 ROS production in (pmol/mg protein/min) measured by
ESR with Fez+(DETC)2 (nitric oxide), CPH (superoxide), CPH *
urate (peroxynitrite), n = 4-6

ROS eNOS" eNOS** P value
Aorta
Nitric oxide 19.1 + 8.7 494 + 19.7 0.1898
Superoxide 227 +£93 203 £5.7 0.8371
Peroxynitrite 52.6 + 16.1 228 £ 7.0 0.1185
Lung
Superoxide 219 £ 5.6 19.9 £ 5.8 0.8137
Peroxynitrite 275 £5.6 283 £42 0.9127
Heart
Superoxide 79.3 £ 404 53.0 £222 0.5884
Peroxynitrite 114.0 £ 479 39.8 £ 189 0.2627

sGC-f1 S-nitrosylation of 128.6 & 32.2% in eNOS*™
(n =4, P =0.4400, ¢ test). Furthermore, control experi-
ments in L-NA-treated and untreated C57Bl/6 mice
showed that this treatment decreases S-nitrosylation of
sGC-f1 as well (Fig. 4b). Taken together, these data sug-
gest that sGC is S-nitrosylated in a physiologic manner and
that this posttranslational modification is associated with
decreased sGC activity (Fig. 3b, c).

Functional activity of the vascular NO/cGMP pathway

Despite the reduction in sGC activity combined with
increased S-nitrosylation in eNOS™ ™, endothelium-depen-
dent vasodilation induced by increasing concentrations of
acetylcholine in aortic rings of eNOS'™H mice was
unchanged as compared to eNOS" (Fig. 5a). Furthermore,
the overexpression of eNOS did not lead to a significant
change of the relaxation response to the NO-donor SNAP
as indicated by identical pD, values in eNOS™™ (6.66 +
0.12) and eNOS" (6.76 £ 0.07, n=5, P = 0.5202,
Fig. 5b). Denudation of the endothelium led to a signifi-
cant leftward shift of the SNAP response in both eNOS"
and eNOS™™ mice (Fig. 5¢c, d). The corresponding pD,
value for denuded eNOS" aorta was increased to
7.12 £ 0.08 (n = 5, P = 0.0097 vs. intact eNOS" aorta,
t test, Fig. 5c), and that for eNOS*t was increased to
7.23 £ 0.08 (n = 5, P = 0.0026 vs. intact eNOS™ aorta,
t test, Fig. 5d). However, there was no difference to SNAP
responses between the strains after denudation (P =
0.1667 for pD, values of eNOS" vs. eNOS*H, ¢ test).
Similarly, pD, values obtained with the NO donor DEA/
NO were the same in eNOS" (pD, = 7.475 + 0.029,
n =5)and eNOS™Y (7.432 4 0.043, n = 6, P = 0.4480).
In addition, endothelial denudation leads to a significant
leftward shift in both the groups (Fig. Se, f). Likewise,
there was no significant difference between pD, values in
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Fig. 3 Effect of eNOS overexpression in mice (eNOS*™) on sGC.
a Protein expression of sGC-a1 and sGC-f1 (upper panel) standard-
ized to actin (lower panel) in eNOS™ e when compared with controls
(eNOS"). b Decreased activity of sGC protein in eNOS™* when
compared with eNOS" (*P = 0.0027 vs. eNOS"). ¢ The activity of
sGC protein in eNOS™*™* when compared with eNOS" after 3 weeks of
treatment with the NOS-inhibitor L-NA

endothelium denuded rings of both strains (7.944 £ 0.038,
n=>5 for eNOS", 7.920 £ 0.061, n = 6 for eNOS™™,
P = 0.7571).
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(lower panel n = 6, *: P < 0.053, ¢ test). b S-Nitrosylation of sGC-f1
in lung cytosols of normal C57Bl/6 mice with (+L-NA) and without
treatment with L-NA (-L-NA) given as mean &+ SEM (upper panel)
and representative Western blot signals (lower panel, n =15,
*P = 0.0111, ¢ test). As for full-scale Western blots, please refer to
Fig. 3 of the Online Supplemental Materials

Discussion

The aim of this study was to determine the influence of
endogenous NO on the expression and function of vascular
sGC in vivo. Our major new finding is that endothelial NO
bioavailability triggers S-nitrosylation of its key receptor
sGC and thereby negatively regulates sGC activity in a
reversible manner in vivo. Despite significant changes in
aortic NO bioavailability, the functional efficacy of the
vascular NO/cGMP pathway appeared to be maintained

over a considerable range of vascular NO levels. Our data
suggest that S-nitrosylation by endothelial NO regulates
vascular sGC activity in vivo. This posttranslational regu-
lation can compensate for a loss of vascular NO bioavail-
ability and may mask the development of endothelial
dysfunction.

We generated a transgenic animal model to investigate
long-term effects of moderately increased vascular NO
bioavailability on vascular sGC expression. This new
transgenic mouse strain showed a 3.3-fold increase in
vascular eNOS expression. The overexpressed eNOS pro-
tein was functionally active as indicated by a significant
reduction in blood pressure which was completely inhib-
ited by treatment with the NOS-inhibitor L-NA. Further
analysis confirmed that the Tie-2 promoter provided an
endothelial-specific transgene expression. Moreover, we
found no evidence for a resistance to vasodilator effects of
endothelial NO and NO donors. Likewise, there was no
evidence of nitrosative stress as vascular levels of super-
oxide and peroxynitrite, as well as the abundance of protein
nitrotyrosine residues were identical to the transgene neg-
ative littermates. Thus, this new transgenic strain shows
several important differences to the previously published
mouse strain [31]. These mice showed a pronounced
resistance to the vasodilator effects of endothelial NO and
NO donors [43] suggesting a rather pathological increase of
vascular NO bioavailability presumably associated with a
considerable increase of vascular nitrosative stress, e.g.
resulting in protein tyrosine nitration. In accordance, a later
study showed accelerated atherosclerosis in a double
transgenic strain generated by crossing the eNOS strain
with apoE knockouts demonstrating the pathophysiologic
importance of nitrosative stress [33].

In this study, we found evidence for the existence of a
regulatory mechanism in eNOS*™ which limits the effi-
cacy of vascular cGMP generation upon activation with
NO. Although intact rings of thoracic aorta of eNOS™™
showed no impairment of the vasodilator efficacy of the
NO donors SNAP and DEA/NO, we found a strong
potentiation after endothelial denudation. Evaluation of
sGC activity in lung cytosolic fractions showed an
approximately 50% reduction in the maximal activity of
sGC in eNOS™* as compared to eNOS". To further sub-
stantiate a causal role for eNOS overexpression, we treated
eNOS™ and eNOS" with L-NA for 3 weeks and found
that this completely abolished the desensitization of sGC in
eNOS™™. In addition, L-NA-treatment potentiated sGC
activity in eNOS" as well suggesting that endothelial-spe-
cific overexpression of eNOS potentiated a desensitization
mechanism of sGC which is also present in normal mice.
Of note, these experiments also demonstrate that the
physiologically occurring sGC desensitization is reversible.
In striking contrast, the expression of both subunits of sGC
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Fig. 5 Relaxation response of A B
aortic ring segments of NOS™+
and eNOS" induced by 120 1 120 -
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was not different between eNOS™' and eNOS" which
demonstrates that the downregulation of sGC activity in
our experiments was completely dependent on a post-
translational modification of the enzyme.

Several mechanisms of desensitization of sGC are
described. A rapid desensitization has been reported in
intact astrocytes and platelets [3], but this desensitization
was lost when the cells were lysed. A similar form of
desensitization might be induced by normal continuous
endothelial NO generation, but this form is associated with
a reduction in NO-dependent vasodilation [29]. Recently, a
new mechanism of sGC desensitization was described
which occurred following the stimulation of smooth
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muscle cells with nitrosocysteine [36], a compound which
releases NO, stimulates sGC and induces vasodilation [2,
34]. It was found that S-nitrosylation of cysteine-234 of the
sGC-u«1 subunit and cysteine-122 of sGC-f1 strongly cor-
related with decreased sGC activity. S-Nitrosylation of
sGC was also observed after treatment of endothelial cells
with vascular endothelial growth factor suggesting physi-
ologic relevance in endothelial cells. The authors suggested
that a change in the conformation of the heme-binding
histidine-105 may impair binding of NO and subsequent
activation of the enzyme. Furthermore, a recent study by
another group showed that a stoichiometric nitrosation in
fact results in complete deactivation of the purified enzyme
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[26]. Thus, we investigated whether S-nitrosylation might
account for the observed reversible downregulation of sGC
activity in eNOS™.

Investigation of S-nitrosylation of sGC was performed
using the biotin-switch assay in two different experimental
approaches. The comparison between eNOS" and eNOS™ ™"
demonstrated a statistically significant upregulation of sGC
S-nitrosylation in eNOS*". In addition, this difference
disappeared after the treatment of mice with the NOS
inhibitor L-NA. Of note, the treatment of normal C57B1/6
mice with L-NA profoundly reduced sGC nitrosylation as
well. Although our data are limited due to the semiquan-
titative approach, they demonstrate a correlation between
sGC S-nitrosylation and sGC activity in all experimental
procedures performed in this investigation and strongly
suggest that S-nitrosylation of sGC is a physiologic post-
translational modification which regulates sGC activity in
an NO-dependent manner. In striking contrast, downregu-
lation of sGC expression, which can be demonstrated by
treating isolated cells or arteries with high concentrations
of NO [9], is most likely unimportant in vivo.

Recently, Zhao et al. [44] reported another inactivation
mechanism of the NO-cGMP pathway in caveolin-1 defi-
cient mice which operates at increased levels of endothelial
NO only and induces pulmonary hypertension in 9-month
old mice. In this study, increased nitration of pulmonary
protein kinase G was identified as an important underlying
mechanism. It is not known whether S-nitrosylation of sGC
might contribute to increased pulmonary vascular resis-
tance in caveolin-1-deficient mice. In addition, an increase
in blood pressure has not been found consistently in
caveolin-1-deficient mice suggesting that nitration of PKG
in resistance arteries compromising the NO-cGMP path-
way does not occur [6, 8].

Denudation of aortic rings of eNO mice slightly
increased the maximal relaxation to SNAP, but not to
DEA/NO. This finding might be related to a small differ-
ence between both NO donors [23]. SNAP is a nitrosothiol
that does not release NO in solutions free of even trace
amounts of heavy metals, such as copper or iron, while in
vivo (or in isolated organs) this membrane permeable
nitrosothiol is undergoing trans-nitrosylation with endo-
genous thiols, such as reduced glutathione to form nitroso-
glutathione which spontaneous releases NO at physiologic
pH [1, 27]. In contrast, DEA/NO spontaneously degrades in
any solution at physiologic pH [18]. Thus, the ability of
SNAP to release NO is dependent on the availability of free
tissue thiols. For this reason, the release of NO in buffer
solutions, as well as activation of isolated sGC is approxi-
mately 10 times lower with SNAP than with DEA/NO,
while both drugs are equipotent vasodilators [23]. We
repeated the experiments with DEA/NO to evaluate whe-
ther the slight increase in the maximal relaxation to SNAP

S++

following endothelial denudation in eNOS™*™* can be con-
firmed using DEA/NO, but that was not the case. Thus, we
suggest that the slightly different relaxation response to
SNAP of denuded aortic rings between eNOS" and
eNOS™ ™ is not due to a difference of the response to NO
itself.

Our data suggest that sGC S-nitrosylation is a physio-
logic response to changes of vascular NO bioavailability in
both directions. Thus, S-nitrosylation by endothelial NO of
sGC likely compensates for limited changes of vascular
NO bioavailability. For example, acetylcholine-dependent
vasodilation was identical in eNOS™** and eNOS" although
one would have expected that a moderate increase in
endothelial eNOS expression would potentiate this
response. In accordance, this compensatory mechanism
might contribute to explain why exercise training, another
approach to increase endothelial eNOS expression and
vascular NO bioavailability, is not consistently associated
with improved endothelium-dependent vasodilatation in
healthy mammals [20]. On the other hand, a reduction in
vascular NO bioavailability as accomplished by L-NA
treatment potentiates vascular sGC activity. Finally, our
results may also be important for the recently reported
effects of NO on ischemia—reperfusion, e.g. by adreno-
medullin [13], eNOS gene transfer [41] and the eNOS
enhancer AVE9488 [10]. Therefore, the reduction in NO
bioavailability which is associated with the development of
endothelial dysfunction, e.g. in atherosclerosis, might be
masked and, therefore, not be detected until the NO levels
fall beyond the potentiator effect on sGC activity induced
by reversal of sGC S-nitrosylation.
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Hydrogen peroxide inhibits exercise-induced increase of circulating
stem cells with endothelial progenitor capacity
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Abstract

The number of circulating stem cells with endothelial progenitor capacity (EPCs) inversely correlates with the number of
cardiovascular risk factors. In this study we sought to investigate the effects of vascular H,O, on circulating EPC levels. In
C57BL/6 mice 3 weeks of freely moving or forced physical activity or voluntary exercise failed to increase circulating EPCs
defined as double positive for Flk-1 and CD34, CD133 or Sca-1. Likewise, neither insertion of additional genes encoding
for catalase (cat™*) or eNOS nor eNOS knock-out changed EPCs in resting mice. In striking contrast, inhibition of catalase
by aminotriazole strongly reduced circulating EPCs in sedentary cat™ ™ and their transgen-negative littermates (cat™), while
forced or voluntary exercise training of cat** mice significantly increased the number of circulating EPCs. The latter effect
was completely inhibitable by aminotriazole. These data suggest that endogenous vascular H,0, likely contributes to the

impairment of important stem cell-induced vascular repair mechanisms in cardiovascular disease.

Keywords: Hydrogen peroxide, endothelial progenitor cells, exercise, reactive oxygen species.

Introduction

Recent evidence suggests that regeneration of damaged
vascular endothelium involves the participation of stem
cells mobilized from the bone marrow. Asahara et al.
[1] demonstrated that circulating CD34*-angioblasts
within human peripheral blood are able to differenti-
ate n vitro to endothelial phenotype. These ‘endothe-
lial progenitor cells’ contribute to important vascular
repair mechanisms such as re-endothelialization and
can improve organ blood flow by homing into ischemic
regions. Here, EPCs contribute to the formation of
entirely new vessels and/or release angiogenic factors
such as vascular endothelial growth factor (VEGF)
in a paracrine manner [2—4]. These potentially ben-
eficial effects are impaired when the number and/or
functional activities of EPCs are reduced.

Clinical trials revealed that the number of circulating
EPCs and EPC homing is decreased in subjects with

cardiovascular risk factors, such as hypercholesterolae-
mia, diabetes and smoking [5,6]. All these pathologies
are associated with increased vascular oxidative stress
and it has been suggested that a lower number of cir-
culating EPCs indicates the progression of cardiovascu-
lar damage [7]. Proliferative EPCs showed decreased
clonogenic capacity after treatment with oxidants such
as H,0, [8] and an increase of reactive oxygen species
such as H,0, likely impairs vessel growth [9]. There-
fore, reactive oxygen species may directly influence stem
cell-induced vascular repair mechanisms by reducing the
number of circulating EPCs.

Exercise has been reported to increase the number
of circulating EPCs in mice [10]. Furthermore, exer-
cise is an effective anti-oxidative intervention which
can prevent acute cardiovascular events and reduce
cardiovascular mortality [11]. We hypothesized that
the strong vascular oxidant H,O, interferes with
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exercise-induced increases of circulating EPCs. In the
present study we investigated the effect of H,0, on
the number of circulating EPCs in sedentary mice
and in mice subjected to exercise. To accomplish this,
we used normal C57Bl/6 mice and mice of a trans-
genic strain carrying an endothelial-specific over-
expression of catalase [12,13].

Material and methods
Experimental animals

We generated a transgenic construct, in which human
catalase was inserted between murine Tie-2 promotor
(2.1 kb) and a 10 kb Tie-2-enhancer and this construct
was used to target catalase gene expression to the vas-
culature as described previously [13]. Founder mice
were crossed 15 times to C57BL/6 mice to generate a
C57BL/6 background. Transgene negative littermates
(cat™) served as controls. In some experiments mice
deficient for eNOS gene (eNOS™-) and new generated
mouse strain with a endothelial-specific over-expression
of bovine eNOS driven by the murine Tie-2 promotor
were used (eNOS*') [13,14]. In addition, C57Bl/6
mice were used to study the effect of different exercise
protocols on circulating levels of EPCs.

Sedentary, moving and exercised mice

All mice were bred at the university‘s animal facilities
in an SPF-area. Mice were randomly assigned to one
of four groups: (1) sedentary mice living alone for 5
weeks in small cages with a floor space of 0.3 m? (Fig-
ure 1A), (2) moving mice housed in groups of four-
to-five males in cages with a floor space of 0.9 m?
(moving mice, Figure 1A), (3) forced exercised group
(15 days lasting exercise programme on a treadmill,
Figure 1B) or (4) voluntary exercised mice (Figure 1C).
Mice living in groups were fighting, running and
climbing for the most part of their active daily cycle,
while singularized mice were predominantly resting
during their active daily cycle and showed a low phys-
ical activity as evidenced by measuring the heart
weight/body weight ratio and skeletal citrate synthase
activity [15]. In some experiments soleus weight/body
weight and soleus weight/tibia length ratios were cal-
culated as additional exercise performance measures.
Citrate synthase activity was measured in soleus mus-
cle as described previously [15].

Exercise protocols

For voluntary training, the mice were housed indi-
vidually in cages supplied with running wheels (0.25
m in diameter, Tecniplast, Germany) and equipped
with counters to record the daily running distance.
The mean running distance for C57Bl/6 was 4.65+0.3

km/24 h and did not differ significantly between
C57Bl/6, cat™ (4.725*0.15, n=6) and cat™"
(5.11%0.33, n=8). For comparison, treadmill train-
ing was performed using a previously established
protocol [16]. Afteri.p. injection of heparin (Liquemin,
Roche Pharma AG, Switzerland) mice were eutha-
nized by CO, inhalation. Blood samples were col-
lected from the heart for EPCs measurement. The
aortas and soleus muscles were immediately frozen
in liquid nitrogen and kept at —80°C for further anal-
ysis. Permission for this study was provided by the
regional government and the experiments were per-
formed according to the guidelines for the use of
experimental animals as given by ‘Deutsches Tier-
schutzgesetz’ and to the ‘Guide for the care and use
of laboratory animals’ of the US National Institutes
of Health.

Fluorescence-activated cell sorter analysis (FACS)

Circulating EPCs in mouse peripheral blood were
counted using FACS Calibur (Beckton Dickinson,
USA). Aliquots of 100 pl of mouse peripheral blood
were incubated with an antibody combination of anti
CD3-APC, anti Flk-1-PE and anti CD34-FITC or
anti CD3-APC, anti FIk1-PE and anti Sca-1-PE or
anti CD3-APC, anti Flk-1-PE (all BD Pharmingen,
USA) and anti CD133-FITC (eBioscience, Natutec,
Germany). After an incubation period of 15 min at
room temperature the erythrocytes were lysed using
FACS lysing solution (BD Biosciences, San Jose, CA)
and after several washing steps the remaining cells
were fixed for FACS analysis. Isotype specific anti-
bodies served as controls in every experiment (BD
Pharmingen, eBioscience). To quantify the amount of
EPCs in the mouse blood, only cells negative for the
marker CD3 and double positive for CD34 and Flk-1
(CD34"/Flk-17) or negative for CD3 and double
positive for Sca-1 and Flk-1 (Sca-1*/Flk-1%) or neg-
ative for CD3 and double positive for CD133 and
Flk-1 (CD133"/Flk-17) were counted as EPCs.
Another set of experiments was done for confirmation
of our results with another FACS analyser (BD
Coulter) using the same antibodies combinations
except for CD3-APC which was replaced by CD3-
PerCP (BD Bioscience, USA).

RT-PCR

Expression of transgene-specific mRNA in hearts of
cat™ ', cat® and C57Bl/6 was analysed by RI-PCR using
three different pairs specific to human catalase cDNA.
The sense primers were TTCTGTTGAAGATGCG-
GCG (S1), TTTAACGCCATTGCCACA (S2), anti-
sense-primers TGTTGTTCCGGAGCACCA (AS1),
TCCGCACTTCTCCAGAAT (AS2), 1%t primers
pair S1/AS1, 2" pair S2/AS1, 3™ pair S1/AS2.
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Figure 1. Details of the cages used to house and to exercise mice and heart weight/body weight ratio (mg/g) in sedentary and freely moving
(A), forced exercised (B) and voluntary exercised (C) C57Bl/6 and cat*™ mice. All exercise protocols significantly increased heart weight/
body weight ratio in C57Bl/6 and cat™ ™ mice almost identically when compared to sedentary singularized controls (n=6-7, p>0.05).

Western blotting

Mice thoracic aortas and bone marrow extracts were
flash frozen in liquid nitrogen, homogenized, solubi-
lized in lysis buffer [17] and centrifuged for 10 min
at 100 x g. Supernatants were stored at —80°C until
used for western blots. Western blot analysis was per-
formed as described previously [16] using a mono-
clonal antibody directed against eNOS (Transduction
Laboratories, Lexington, Kentucky) and a polyclonal
antibody for catalase (Calbiochem, Darmstadt, Ger-
many). Blots were developed using enhanced chemi-
luminescence (Roche, Mannheim, Germany) and
exposed to x-ray film. The autoradiographs were anal-
ysed by densitometry (Geldoc, Bio-Rad, Muenchen,
Germany). Total protein levels were determined by
the Bradford method [18].

Measurement of blood pressure and heart rate

Systolic blood pressure (sBP) and heart rate were
measured in awake male cat™* (n=8), cat® (n=8) and

C57Bl/6 (n=6) at 3—4 months of age using an auto-
mated tailcuff system (Visitech Systems, Apex, NC)
as described previously [19]. In some experiments
cat™ and cat® mice (n=8, each) were treated with the
catalase inhibitor aminotriazole (670 mg/kg/day, dis-
solved in drinking water) for 14 days. In another sub-
set of experiments cattt (#=6) and cat® (n=5) and
eNOS" and eNOS™ " (n=6 each) were treated for 28
days with N®-nitro-L-arginine (L-NA, 100 mg/kg
BW/day) and sBP and heart rate were recorded before,
during and after the treatment period.

Substances and solutions

All chemicals were obtained from Merck (Darmstadt,
Germany) or from Sigma (Deisenhofen, Germany) in
analytical grade.

Staristics

All data were analysed by standard computer pro-
grams (GraphPad Prism PC Software, Version 3.0,
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Analysis of Variance, ANOVA) and are expressed as
mean values and standard error of the mean (SEM).
Significant differences were evaluated using either
Newman-Keuls Multiple Comparison Test following
OneWay-ANOVA or students z-test. A p-value below
0.05 was considered as significant.

Results
Characterization of transgenic mice

Briefly, cat™ * showed human catalase mRNA expression
as evidenced by transgene-specific PCR (Figure 2A)
and increased catalase protein expression in both con-
ductance (Figure 2B) and myocardial resistance vessels
and associated with an increase of catalase mRNA, pro-
tein and activity [13]. Furthermore, there was a marked
reduction of endothelial steady-state concentration of
endogenous H,O, measured by dichlorofluoresceine
fluorescence in cat** mice [12,13]. Since Tie-2 may
also be expressed in neutrophils [20] we have measured
catalase protein expression in the bone marrow extracts
of cat®and cat™ ' and have found no difference between
the strains (Figure 2B). Furthermore, no difference
between cat” and cat™* was found by measurements of
dihydroethidine fluorescence in leucocytes using FACS
analysis suggesting absence of catalase over-expression
in non-vascular cells [12]. Taken together, these data
strongly suggest endothelial-specific over-expression of
catalase and reduction of endogenous vascular H,O, in
our transgenic cat”™ ™ mouse model.

Reduction of blood pressure is one obvious pheno-
type of cat™ [12]. In the animals used for this study,
we found a similar decrease of sBP from 116*+2.6
mmHg (cat”) to 101.4+2.5 mmHg in cat™ (n=8,
$»=0.0007). This effect was completely inhibited by
treatment of mice with aminotriazole (117.4%4.0
mmHg, =8, p=0.7653). The difference in sBP
between cat® and cat™ " remained after inhibition of
eNOS with oral L-NA treatment for 3 weeks (Figure
2C) suggesting that eNOS is not involved in sBP
reduction in cat™ . Both findings confirm previous
observations in these mice [12,13]. The eNOS** mice
used in this study showed a 3.32+0.32-fold stronger
aortic eNOS expression (=7, p<0.001) as compared
to eNOS™. This was associated with a decrease of sBP
from 118.1+2.4 mmHg in eNOS" to 105.6*+3.3
mmHg in eNOS*™* (n=6, p=0.0151). In contrast to
cat™*, this decrease of blood pressure was completely
dependent on eNOS activity as evidenced by oral treat-
ment with L-NA which increased sBP to a similar
degree in eNOS" (134.5*+3.1 mmHg, n=6) and
eNOS™* (132.9+2.1 mmHg, n=6, p=0.343).

The effect of training induced by different exercise protocols

To evaluate the efficacy of training we measured heart
weight/body weight ratio. As shown in Figure 1, all

training protocols significantly increased heart weight/
body weight ratio in C57Bl/6 mice to a comparable
extent suggesting a comparable cardiovascular adapta-
tion to the different exercise protocols. Similar effects
were observed in cat™ (Figure 1) demonstrating that
the response to the each exercise protocol was not dif-
ferent between transgenic mice and C57Bl/6. Skeletal
muscle citrate synthase activity was used as a metabolic
marker for oxidative capacity to check for the changes
in skeletal muscle energetics. While citrate synthase
activity was increased in moving mice (55.5+4.3 mU/
mg protein, n=5) and after forced physical activity
(141.3%£15.4 mU/mg protein, n=7) as compared to
sedentary controls (40.3+2.8 mU/mg protein, n=7,
$<0.05), we were unable to detect such a difference in
voluntary running mice (55.2*5 mU/mg protein,
n="T) vs sedentary controls (57.8*+1.4 mU/mg protein,
n=8, p=0.6038). However, voluntary training signifi-
cantly increased soleus weight relative to body weight
(0.356=0.03 vs 0.280£0.005 mg/g, n=4-5, p=0.027)
and relative to tibia length (5.40%0.34 vs 4.17*0.20
mg/cm, n=4-5, p=0.0126).

The effect of training on the number of EPCs in
C57Bl/6 mice

In a first set of experiments we used the stem cell
marker CD34 and the endothelial cell marker Flk-1
to detect the effect of different training protocols
on circulating EPCs. As shown in Figure 3, there
were no changes of circulating EPCs induced by
exercise. Likewise, no alterations in circulating
CD34/Flk-1 double positive cells were detected
after forced exercise (101.6*x22.2 vs 90.4+17.1,
n=8 each, p>0.05) and after voluntary running
(81.8+9.9 vs 68.9%+8.0, n=8 each, p>0.05) when
another FACS analyser (BD Coulter) and the same
antibodies combinations except for CD3-APC
which was replaced by CD3-PerCP were used to
count for EPCs.

To scrutinize this result, we investigated the effects
of the same exercise protocol (voluntary running) on
EPCs by using the three different stem cell markers
CD34, Sca-1 and CD133 in combination with Flk-1.
Again, there were no changes in EPC counts (Figure
4). Similarly, measurements using another FACS
analyser (FACS Calibur) confirmed no changes in
EPC numbers (369+109 vs 425+147 Scal/Flk-1
double positive cells, n=5-6, p>0.05 or CD34/Flk-1
double positive cells (Figure 3C)). Likewise, we
observed that the number of EPCs identified with
Sca-1/Flk-1 was unchanged in freely moving com-
pared to sedentary mice (577128 vs 425+147 per
500 000 events, n=5, p=0.4588). The same was true
when we used CD133/Flk-1 to identify EPCs in mice
which underwent forced physical activity compared
to sedentary controls (39+11 vs 3617 per 500 000
events, n=6, p=0.8988).
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Figure 2. Evidence for functionally active over-expression of human catalase in transgenic mice. (A) Transcription of human catalase in
heart of cat™ " as evident by transgene-specific RI-PCR. The expected size bands of 510, 449 and 557 bp were detected in transgene-
positive mice (cat®™t) using three different pairs of primers specific for human catalase cDNA, while there were no signals in transgene-
negative littermates (cat®). Total mRNA from heart of C57Bl/6 mice served as negative control (wt), mRNA isolated from human umbilical
vein served as positive control (c). (B) Catalase protein expression measured by western blotting in the aortic homogenates and in the
bone marrow cells of cat™ ™ and cat™. (C) Effect of NO-synthase inhibitor L-NA (100 mg/kg BW/day) on systolic blood pressure in cat™™*
and cat®. Measurements were obtained in resting awake animals using a tail-cuff method (* n=5-6, p<0.001, one way ANOVA).

The effect of eNOS and catalase on the number of
EPCs in transgenic mice

All experiments in transgenic mice were done using
CD34/Flk-1 to identify EPCs. To investigate an
effect of H,0, on the number of circulating EPCs
we compared cat®t-mice with cat®mice but found
no effect of the transgene (Figure 5A). In contrast,
treatment of these mice with aminotriazole resulted
in a large decrease of circulating EPCs suggesting
that increased H,O, is the underlying mediator of

this effect (Figure 5A). It has been published that
cat™* have hypotension and that inhibition of catalase
in these mice by aminotriazole increases sBP back to
normal values [12]. Thus, blood pressure might be a
confounding factor in our study. To further investigate
a possible role of blood pressure we used two other
strains of transgenic mice, eNOS™" having hyperten-
sion [19] and eNOS™ " having hypotension [12]. As
shown in Figures 5B and C the numbers of EPCs
were unchanged in these animal models suggesting
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Flk-1 positive cells using FACS Calibur (Beckton Dickinson) in
peripheral blood of freely moving (A), forced (B) and voluntary
(C) exercised C57Bl/6 mice (n=5-9, p>0.05).

that neither eNOS activity nor blood pressure appears
to be important for the number of circulating EPCs
in resting healthy mice.

The effect of the catalase transgene on circulating EPCs
after exercise training

A comparison of the response of cat** to two differ-
ent training protocols showed a strong and significant
increase of circulating EPCs induced by forced phys-
ical activity (Figure 6A) and voluntary exercise (Fig-
ure 6B). These data suggest that H,O, inhibits
exercise-induced augmentation of circulating EPCs
in cat® and C57Bl/6 mice (Figure 3). In accordance
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Figure 4. Voluntary exercise training had no effect on circulating
EPCs in C57Bl/6 mice as measured by FACS analyser (BD
Coulter) using different stem cell markers. Circulating EPCs were
defined (A) as CD34/Flk-1 (=8, p=0.365); (B) as Sca-1/Flk-1
(n=7-8, p=0.292) and (C) as CD133/Flk-1 (n=6-7, p=0.876)
double positive cells.

with this suggestion we found that aminotriazole
completely inhibited the augmenting effect of exercise
on circulating EPCs in cat™* (Figure 6C).

Discussion

The aim of this study was to investigate the effects of
vascular H,O, on the number of circulating EPCs
and on changes thereof in response to a 3—4 weeks
moderate exercise training period. Our major new
finding is that H,O, as an important component of
total vascular oxidative stress inhibits exercise-induced

RIGHTS LI N K



Free Radic Res Downloaded from informahealthcare.com by Universitaets & Landesbibliothek Dusseldorf on 10/04/10

For personal use only.

N
a
g

vehicle aminotriazole

7

100

o
?

CD34/Flk-1 per 500 000 events ¥>»

o
L

++ ++

cat" cat

100+

754

50

254

CD34/Flk-1 per 500 000 events O

C57BI6 eNOS,,.

100+

80

60+

40

20

CD34/Flk-1 per 500 000 events )

eNOS" eNOS*™
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p=0.358) changed EPC counts in resting mice.

upregulation of circulating hematopoietic stem cells
with endothelial progenitor capacity.

Vascular H,O, is known to be an important part of
vascular oxidative stress and exerts several deleterious
effects in the cardiovascular system such as increased
smooth muscle proliferation, stimulation of inflam-
mation, promotion of the atherosclerotic process,
generation of tissue-toxic hydroxyl radicals and alter-
ations of vascular tone [21]. Here we describe a new
and potentially hazardous activity of vascular H,O,,
i.e. a reduction of the number of circulating EPCs.
Several lines of evidence support this suggestion.
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Figure 6. Moderate forced (A) and voluntary (B) exercise training
strongly increased circulating EPCs in cat™ ™ mice and this was
completely abolished by treatment with catalase inhibitor
aminotriazole (C) (n=5-8, p<<0.05).

Aminotriazole, which inhibits catalase activity and
accumulates tissue H,O,, strongly decreased circulat-
ing EPCs in resting animals. Likewise, endothelial-
specific over-expression of catalase and subsequent
reduction of vascular H,0, [12,13] resulted in an
increased number of circulating EPCs in response to
different exercise protocols. Finally, the exercise-
induced increase of EPCs was completely abolished
in cat®™ " treated with aminotriazole. These data sug-
gest that H,0O, is involved in the physiologic non-
ischemic regulation of the number of circulating
EPCs both at rest and by exercise.

According to previous investigations, the number of
EPCs was increased by non-ischemic exercise in mice
[10] but not in patients [22,23].To further investigate the
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role of non-ischemic exercise on the number of circulat-
ing EPCs, we used several different exercise protocols.
The different protocols appear to be equally effective as
indicated by a comparable increase of heart weight/body
weight ratio. However, the distance voluntarily running
mice ran each night was almost 10 times greater than the
daily distance made by mice subjected to forced physical
activity. Furthermore, freely moving mice and those who
underwent daily forced physical activity appear to be
much more exposed to stress factors such as the aggres-
sive nature of the C57Bl/6 strain in freely moving mice
living in groups and the experimental procedure of forced
running mice in rotating wheels. While such maximal
strains are absent in singularized voluntarily running
mice, this type of exercise training rather matches endur-
ance training with a lower but more constant training
intensity. In addition, voluntary running matches the pre-
ferred running time and speed for each individual mouse.
In general, mice appear to voluntarily run in short bouts
of 2-3 min at a mean speed of 2-3 km/h for a total of
100-120 bouts per night [24]. While individual bouts
may be of high intensity, they are of short duration and
do not invoke comparable adaptation in mitochondrial
enzyme activity in slow-twitch soleus muscle. The absence
of increase in citrate synthase activity has been reported
previously [25,26]. Although we didn’t analyse voluntary
running patterns in detail, many aspects such as total
running distance, changes of heart weight/body weight,
soleus weight/ body weight and soleus weight/tibia length
ratios and daily running distance demonstrate that mice
run sufficiently in our voluntary model of exercise.

Identification of EPCs by FACS analysis relies on
the combined expression of proteins indicative for
stem cells such as CD34, CD133 and Sca-1 and for
endothelial cells such as the VEGFR2 (Flk-1). Cell
culture experiments have shown that human EPCs are
not a homogenous population of stem cells. For exam-
ple, early and late outgrowth EPCs can be differenti-
ated [27]. Furthermore, Sca-1 positive non-bone
marrow-derived progenitor cells are able to differenti-
ate into both, endothelial and smooth muscle cells
[28]. It was also noted that Sca-1 is expressed on
mature endothelial cells and this might hold true for
CD34 as well [5]. Accordingly, CD133/Flk-1 double
staining is currently considered to be the most reliable
identification for EPCs [29,30]. However, in mice the
number of these cells is extremely low and this makes
a quantitative evaluation very difficult. Therefore, we
have compared the data obtained with all three stem
cell markers and found similar results. The only trend
for an increase of circulating EPCs we have detected
was when Sca-1/Flk-1 double positive cells were
counted following voluntary running and a similar
observation has been made previously [10]. Thus, it
appears indeed important not to rely on measure-
ments with just one stem cell marker [30].

Blood pressure might [31] or might not [7] impact on
the number of circulating EPCs in humans. In mice, we
observed an exercise-induced increase of EPCs in cat™ "

only, a strain showing both decreased steady state levels
of vascular H,O, and reduced blood pressure as com-
pared to cat® and C57Bl/6. Thus, blood pressure might
have been a confounding factor in our study. However,
resting catt* and cat® treated with aminotriazole showed
a comparable decrease of EPCs, although aminotriazole
treatment increased blood pressure in cat™ but not in
cat”. In order to further clarify whether blood pressure
changed the effect of exercise on the number of EPCs
in our study, we evaluated other transgenic mouse strains.
We generated mice using the same promotor and
enhancer element as in cat™ * but inserted bovine eNOS
(eNOS*™ ™). Furthermore, eNOS knock-out mice
(eNOS™) were investigated.

While eNOS™~ have hypertension, eNOS*™™ have
hypotension which was completely dependent on treat-
ment with the NOS-inhibitor I.-NA, suggesting NO-
dependent reduction of blood pressure. All of these
different animal strains didn’t differ in terms of basal
(resting) number of circulating EPCs. These data strongly
suggest that changes of blood pressure unlikely change
the number of circulating EPCs in mice. A similar situa-
tion appears to hold true for the effects of exercise. Ami-
notriazole  completely inhibited exercise-induced
up-regulation of circulating EPCs in cat®*-mice and
increased blood pressure at the same time. However,
treatment of cat” with animotriazole didn’t change blood
pressure and EPC-response to exercise, suggesting that
changes of blood pressure had no effect on exercise-
induced increase of circulating EPCs in our strains of
mice.

Maintenance and mobilization of EPCs in the bone
marrow is determined by the local microenvironment,
which consists of fibroblasts and endothelial cells. Recently
we have found significantly increased level of vascular
MMP-9, a key matrix metalloproteinase involved in
mobilization of EPCs in cat™™ mice (our unpublished
data). H,O, is able to accumulate extracellularly in the
tissue and survive long enough to induce paracrine
functions, even in more distant cells. We speculate that
vascular H,O, can diffuse from the vascular niche to the
stem cell niche of the bone marrow and have an inhibitory
effect on the local MMP-9.This effect is abolished in mice
with endothelial-specific over-expression of catalase. Fur-
ther studies are necessary to clarify molecular mechanisms
of H,0,-dependent bone marrow MMP-9 regulation.

In summary, we reported a new and potentially
hazardous activity of vascular endogenous H,O,, i.e.
a reduction of the number of circulating EPCs. These
data suggest that H,0,, a known component of vas-
cular oxidative stress, likely contributes to the impair-
ment of important stem cell-induced vascular repair
mechanisms in cardiovascular disease.
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Abstract

Physical activity induces favourable changes of arterial gene expression and protein activity, although little is known about its effect in
venous tissue. Although our understanding of the initiating molecular signals is still incomplete, increased expression of endothelial
nitric oxide synthase (eNOS) is considered a key event. This study sought to investigate the effects of two different training protocols
on the expression of eNOS and extracellular superoxide dismutase (ecSOD) in venous and lung tissue and to evaluate the underlying
molecular mechanisms. C57BI/6 mice underwent voluntary exercise or forced physical activity. Changes of vascular mRNA and protein
levels and activity of eNOS, ecSOD and catalase were determined in aorta, heart, lung and vena cava. Both training protocols similarly
increased relative heart weight and resulted in up-regulation of aortic and myocardial eNOS. In striking contrast, eNOS expression in
vena cava and lung remained unchanged. Likewise, exercise up-regulated ecSOD in the aorta and in left ventricular tissue but remained
unchanged in lung tissue. Catalase expression in lung tissue and vena cava of exercised mice exceeded that in aorta by 6.9- and 10-fold,
respectively, suggesting a lack of stimulatory effects of hydrogen peroxide. In accordance, treatment of mice with the catalase inhibitor
aminotriazole for 6 weeks resulted in significant up-regulation of eNOS and ecSOD in vena cava. These data suggest that physiological
venous catalase activity prevents exercise-induced up-regulation of eNOS and ecSOD. Furthermore, therapeutic inhibition of vascular
catalase might improve pulmonary rehabilitation.

Keywords: physical activity @ catalase ® endothelial nitric oxide synthase e pulmonary rehabilitation

Introduction

Physical activity has been shown to reduce cardiovascular mor-
bidity and mortality and is an important non-pharmacological
strategy to prevent and treat cardiovascular diseases [1, 2].
Different exercise protocols induce favourable changes of vari-
ous cardiovascular functions such as reduction in heart rate and
blood pressure, increase of maximal myocardial oxygen uptake,
various metabolic modifications and physiologic adaptations
such as angiogenesis and arteriogenesis involving skeletal
muscle and cardiac muscle [3-6]. One of the key events in terms
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of vascular adaptations to exercise training appears to be an
up-regulation of endothelial nitric oxide synthase (eNOS). This
vascular adaptation was initially described in 1994 [7] and has
been confirmed many times in many species including human
beings [1]. Likewise, exercise was shown to increase vascular
nitric oxide bioavailability [8-10]. Furthermore, we could
demonstrate that induction of eNOS by exercise triggers induc-
tion of extracellular SOD expression [11]. The dependence of
ecSOD up-regulation by vascular nitric oxide was recently
confirmed using a transgenic animal and treatment with exoge-
nous nitric oxide [12].

The mechanism of exercise-induced up-regulation of eNOS is
multifactorial [1]. Experimental evidence suggest that activation of
cSrc [13] and vascular hydrogen peroxide [14] are critically
involved. Both conditions are closely related to increased shear
stress suggesting that activation of shear stress regulatory
cis-elements in the promoter of the eNOS gene play an important
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role [15]. However, our understanding of the signals initiating
up-regulation of arterial eNOS is still incomplete.

All these published data rely on studies in arteries and richly
arterialized tissue such as the left ventricular myocardium. In
striking contrast, little is known about the effect of exercise in
veins and/or low-pressure tissues such as the lung. In an attempt
to understand the importance of exercise on venous vascular biol-
ogy and the underlying mechanisms, we investigated whether
exercise increases the expression of eNOS and ecSOD in venous
tissue such as vena cava and lung. We used two strikingly differ-
ent training protocols to further answer the question whether the
type of exercise training, e.g. short-term high-intensity (forced
physical activity) or long-term low-intensity (voluntary running),
is important in this context.

Materials and methods

Permission for this study was provided and the experiments were per-
formed according to the guidelines for the use of experimental animals as
given by the Deutsches Tierschutzgesetz.

Animals

A total of 60 male C57BL/6 mice, 2-3 months of age were used. All mice
were bred at the university’s animal facilities in a specified pathogen-free
area and were singularized for 8 weeks prior exercise training. Sedentary
mice and forced exercise mice lived individually in small cages (0.036 m2)
for the whole experimental period of 12 weeks, voluntary running mice
were transferred after 8 weeks of singularization in 0.036 m? cages to
larger cages and remained there for 4 weeks. These cages offered a floor
space of 0.051 m? and were supplied with running wheels as described
below (Fig. 1A). Groups of sedentary mice, forced exercise mice and vol-
untary running mice (n = 8 each) were used for the initial investigation.
Additional 20 male C57BL/6 mice underwent voluntary running to obtain
further data in vena cava and 16 male C57BL/6 mice were treated with the
catalase inhibitor aminotriazole (Sigma, Munich, Germany) for 6 weeks
and 12 underwent voluntary running during the last 4 weeks. All mice were
killed and the tissues were snap-frozen in liquid nitrogen.

Exercise training

After a 5 day adaptation training program forced exercise mice were exercised
5 days a week for 30 min. at 0.25 m/sec. for 3 weeks in a self-build exercise
treadmill especially designed for mice (Fig. 1B). During exercise, control
sedentary mice were placed in small cages at the sides of the training
apparatus to expose them to the same stress, noise and vibration. Voluntary
running mice underwent training for 3 weeks in running wheels (Fig. 1B)
especially designed to record the daily running distance for each mouse
(Techniplast, Hohenpeissenberg, Germany). The adaptation to this exercise
protocol lasted 1 week (Fig. 1C). Control mice were housed in cages of the
same size but without a running wheel. Within 16 to 20 hrs after the last train-
ing mice were Killed by inhalation of carbon dioxide and the heart weight, body
weight, soleus weight and tibia length were determined (Tables 1 and 2).
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Fig. 1 (A) Image of the forced exercise machine and (B) a representative
cage equipped with running wheels as described previously and (C) activity
of voluntary running mice expressed as daily running distance (m/24 hrs).
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Table 1 Training efficacy as measured results from voluntary running
mice compared to sedentary controls

Measure Sedentary Voluntary running  P-value
HW (g) 0.1391 = 0.0029  0.1536 = 0.0024  0.0013
BW (g) 31.50 = 0.9443 28.61 + 0.5552 0.0168
SW (g) 0.009567 = 0.00039 0.01082 =+ 0.00029 0.0365
TL (cm) 1.903 + 0.03142 1.871 = 0.03736  n.s.
HW/TL (mg/cm) 75.14 = 1.96 83.60 + 1.57 0.004
SW/BW (mg/g) 0.2982 =+ 0.008 0.3756 = 0.0094  0.0001
SW/TL (mg/cm) 5.157 + 0.2 5.871 = 0.16 0.0132

Values are means + SE. BW, body weight; HW, heart weight; TL,
tibia length; SW, soleus weight.

Table 2 Measures of training efficacy in aminotriazole treated volun-
tary running mice C57BI/6 mice compared to sedentary controls

Measure Sedentary Voluntary running  P-value
HW (g) 0.09180 =+ 0.003443 0.1044 + 0.003434 0.0210
BW (g) 26.57 + 0.5615 25.76 + 0.6854 n.s.

SW (g) 0.00926 =+ 0.000305 0.01187 = 0.000327 <0.0001
TL (cm) 1.751 + 0.02597 1.696 = 0.02243 n.s.

HW/BW (mg/g) 3.456 + 0.1129 4.058 =+ 0.09696 0.0012
HW/TL (mg/cm) 52.55 + 2.254 61.60 = 1.874 0.0080
SW/BW (mg/g) 0.3484 + 0.009816 0.4618 + 0.01126  <0.0001
SW/TL (mg/cm) 5.283 = 0.1470 7.000 = 0.1598 <0.0001

Values are means + SE. BW, body weight; HW, heart weight; TL,
tibia length; SW, soleus weight.

Measurements of citrate synthase activity

Citrate synthase activity was measured in soleus muscle by the method of
Kusnetzov et al. [16] as described previously [17]. The samples were
measured at 412 nm at 30°C for 5 min. Determination of total protein in the
homogenates was done following Bradford method [18] and citrate syn-
thase activity was calculated in U/p.g.

Determination of eNOS mRNA expression

Total RNA isolation and real-time measurements were performed as
described previously [12]. Briefly, real-time PCR was performed with the
TagMan Gene Expression Assay (Applied Biosystems, Weiterstadt,
Germany) for the eNOS gene and the endogenous control hypoxanthine
guanine phosphoribosyl transferase 1.

The relative eNOS expression was determined using the AACt method.
All real-time PCR experiments were carried out on an ABI PRISM 7500
Real PCR System (Applied Biosystems).
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Immunoblotting

Western blot analysis was performed as described previously [17], using
commercially available monoclonal antibody directed against human eNOS
(BD, Heidelberg, Germany), polyclonal antibody against rabbit Ser'!7
(Santa Cruz, Heidelberg, Germany), polyclonal antibody against rabbit
catalase (Calbiochem, Darmstadt, Germany) and goat ecSOD (R&D
Systems, Wiesbaden-Nordenstadt, Germany). Blots were subsequently
challenged with a horseradish peroxidase-conjugated antibody antimouse
IgG (Biorad, Munich, Germany), anti-rabbit antibody (Calbiochem) or don-
key anti-goat (Santa Cruz). Western blot signals of eNOS phosphorylation
Ser'7 were related to total eNOS protein detected by co-incubation as
described above. All blots were standardized to polyclonal anti-actin
(Sigma). Blots were developed using ECL (Roche, Mannheim, Germany)
and exposed to X-ray film and analysed by densitometry (Gel Doc 1000;
Bio-Rad, Munich, Germany). Comparative quantitative evaluation was
performed with signals appearing on the same blot only.

Measurements of catalase activity

Catalase activity was measured by the method of Cohen et al. [19] as
described previously [14]. The measurements were performed with 100 X
g homogenates of the aorta and the lung isolated from untrained C57BI/6
mice. The absorbance of residual KMnOg4 obtained after KMnO4 reduction
was measured spectrophotometrically at 480 nm wavelength.

Statistics

All data were analysed by standard computer program (GraphPad Prism
PC software, version 3.03) and are expressed as mean += S.E.M of
n individual samples. Statistical comparisons between groups were
performed by either Student’s t-tests or Newman-Keuls multiple
comparisons test following one-way anovA. P < 0.05 was considered
statistically significant.

Results
Efficacy of physical activity

All forced exercised mice (5.149 = 0.049 mg/g) and all voluntary
running mice (5.250 = 0.128 mg/g) showed a higher heart
weight/body weight ratio than sedentary controls (4.706 =
0.08 mg/g, P = 0.0007, Fig. 2A). There was a significant increase
in citrate synthase activity in soleus muscle of forced exercise
mice as compared to sedentary control (Fig. 2B). In contrast,
citrate synthase activity did not change in voluntary running mice
(Fig. 2B), although these mice ran a mean distance of 5.8 km/24 hrs
(Fig. 1C). However, other measures for exercise efficacy such as
the ratios heart weight/body weight, heart weight/tibia length,
soleus weight/body weight and soleus weight/tibia length were
increased in this group (Table 1) and in aminotriazole-treated
voluntary running mice (Table 2).
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Fig. 2 (A) Changes of heart weight body weight ratio induced by both exer-
cise protocols. Forced physical activity and voluntary running induced a
significant higher heart weight body weight ratio as compared to sedentary
controls (*P = 0.0007 versus sedentary controls). (B) Citrate synthase
activity of soleus muscle of sedentary and exercised mice (*P < 0.0001
versus sedentary controls).

Effect of physical activity on eNOS
and ecSOD expression in mice

Both training protocols showed a significantly higher expression
level of eNOS mRNA compared to both aortic tissue of sedentary
mice and lung tissue of exercised mice (Fig. 3). In striking con-
trast, such changes did not occur in lung tissues (Fig. 3).
Likewise, physical activity according to both training protocols
significantly increased eNOS protein expression in aorta and heart
but not in lung tissue and/or vena cava (Fig. 4). Finally, eNOS
phosphorylation at Ser”77, which is an estimate for shear stress,
was increased by both training protocols in the aorta, in lung tis-
sue and in vena cava (Fig. 5). These data demonstrate that exer-
cise activates eNOS-Ser' "7 phosphorylation in venous tissue but
initiation of the expression of eNOS does not occur.

To further assess the functional activity of exercise-induced
eNOS expression, eNOS-dependent induction of ecSOD was
measured [11]. While a higher eNOS expression level was associ-
ated with increased ecSOD expression in aortic and heart tissue,
there was no change detectable in lung tissue. This was true for
both training protocols (Fig. 6). These data suggest that exercise,
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Fig. 3 Real-time mRNA measurement of aortic and lung tissues. Aortic and
lung eNOS mRNA expression after (A) forced physical activity and (B) vol-
untary running compared to sedentary controls (set to zero) (*P < 0.05
versus controls, P < 0.05 versus aorta).

independently of its type, selectively increases eNOS and subse-
quently ecSOD expression in arterial but not in venous tissue.

Effect of exercise on catalase expression

According to the results of our previous investigations [14, 20] we
determined catalase protein expression levels in vena cava and
lung in comparison to aorta and myocardium. In sedentary mice,
we found a 4.5-fold higher catalase expression in vena cava com-
pared to aorta and after voluntary running this difference increased
to 10.5-fold (Fig. 7). Likewise, in sedentary mice we found a 2.9-
fold higher catalase expression in lung tissue compared to aorta
and after voluntary running this difference increased to 6.9-fold
(Fig. 7). In accordance, catalase activity was higher in lung tissue
than in aorta (Fig. 7D). These data suggest that high catalase activ-
ity in vena cava and lung tissue compared to aorta reduces the
steady state level of venous hydrogen peroxide which in turn may
impair exercise-induced up-regulation of eNOS expression.

Effect of aminotriazole treatment
on exercise-induced eNOS expression

To challenge the hypothesis mentioned above, catalase was blocked
by treating the mice with aminotriazole. During this treatment mice
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shown) were set to zero (#P < 0.05 versus lung and vein).

were subjected to voluntary running. Inhibition of catalase blunted
the arterio-venous difference and resulted in a significant exercise-
induced up-regulation of eNOS in vena cava and lung which equal-
ized the effect in the aorta (Fig. 8B). Furthermore, up-regulation of
eNOS in vena cava and lung tissue was associated with augmented
ecSOD expression (Fig. 8C) indicating increased NO-bioavailability.
These data suggest that physiological catalase activity in vena cava
may prevent exercise-induced up-regulation of eNOS.

Discussion

We intended to investigate the effects of two different training pro-
tocols on the expression of eNOS and ecSOD in venous and lung
tissue and to evaluate the underlying molecular mechanisms. Our
major new finding is that — in striking difference to arterial tissue
—exercise had no effect on the expression of eNOS and ecSOD in
venous tissue such as vena cava and lung. Furthermore, treatment
with the catalase inhibitor aminotriazole resulted in up-regulation
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shown) were set to zero (#P < 0.05 versus lung and vein).

of eNOS in vena cava tissue. These data suggest that physiological
venous catalase activity prevents exercise-induced up-regulation
of eNOS and ecSOD.

Previous investigations including those from our lab have
shown that physical activity increases the expression of arterial
eNOS in animals and human beings [1]. These investigations have
been performed almost exclusively in large conduit arteries such
as aorta or coronary arteries and some data suggest that this
effect does not occur in a similar manner throughout the arterial
tree [21]. In striking contrast, little is known about the expression
and activity of eNOS in low-pressure vasculature such as vena
cava or the lung circulation. In one investigation there was a small
increase of eNOS after 1 week of exercise in pulmonary arteries of
miniature pigs [22] and another investigation showed similar
effects after an acute bout of exercise in rats [23]. Thus, the lack
of eNOS up-regulation in the venous circulation following exercise
iS a new observation.

© 2011 The Authors
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It has been shown that exercise-induced up-regulation of eNOS
is completely inhibited in mice with an endothelium-specific over-
expression of catalase [14] suggesting that hydrogen peroxide
appears to be an important mediator in this process. Several
sources of hydrogen peroxide during exercise may be considered.
First, exercise increases shear—stress which has been shown to
activate endothelial NADPH oxidase and subsequent superoxide
generation [24]. In accordance, Ashton et al. demonstrated that
exercise induced an increase of a carbon-centred radical in plasma
of human beings [25]. Secondly, exercise increases ATP produc-
tion in skeletal and myocardial muscle during which the coenzyme
Q radical can transfer its unpaired electron to molecular oxygen,
thereby generating superoxide [26]. In contrast to superoxide
itself, hydrogen peroxide generated from non-endothelial superox-
ide by SODs may reach endothelial cells by diffusion, since the
molecule is uncharged. Of note, shear stress is a potent stimulus
for the expression of Cu/ZnSOD [27] and exercise has been shown
to up-regulate ecSOD in mice [11]. Thus, steady-state levels of
hydrogen peroxide likely contribute to the regulation of eNOS
expression induced by exercise.

Given this, we have comparatively measured catalase expres-
sion and found much more catalase protein in venous tissues
such as vena cava and lung. This difference was more pronounced
after training, because the expression of catalase increased in the
lung, while catalase expression in the aorta and in the heart does
not respond to exercise training with a change of catalase expres-
sion [14]. In addition, in vivo treatment of normal mice with the
catalase inhibitor aminotriazole resulted in up-regulation of eNOS
in vena cava and this finding strongly supports a crucial role of
catalase in preventing exercise-induced up-regulation of eNOS in
venous tissue. Aminotriazole has been shown to irreversibly
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inhibit human erythrocyte catalase activity in the presence of a
constant source of hydrogen peroxide [28]. The daily dose of 666
mg/kg body weight which was used in this study is likely effective
in vivoin mice. A previous study showed that this dose completely
corrected hypotension in transgenic mice characterized by a 2.5-
fold endothelium-specific overexpression of catalase [29].

Physical forces such as shear are important mediators of exer-
cise-induced regulation of eNOS expression [30]. However, blood
flow velocity, which strongly contributes to the magnitude of shear
stress on endothelial cells in vivo, largely decreases from the aorta
to the arterioles and is lowest in veins. Despite this, we could
demonstrate that Ser'"”” phosphorylation of eNOS in vena cava
and lung strongly increases in response to exercise suggesting
that increased shear is induced by exercise in these tissues.
Nevertheless, this increase of the shear signal did not induce
eNOS expression in venous tissue.

The up-regulation of eNOS mRNA and protein expression in
arterial tissue in vivo is associated with increased eNOS activity.
This has been demonstrated in animals and human beings, e.g. by
increased generation of vascular cGMP [8] and by increased
coronary flow [9]. In the present investigation we assessed eNOS
activity by monitoring the expression of ecSOD as previously
described [11]. While exercise-induced up-regulation of ecSOD
expression was detected in arterial tissues, there was no ecSOD up-
regulation in the lung. This effect is most likely not caused by an
insensitivity of venous smooth muscle cells to up-regulate ecSOD
in response to exercise, since up-regulation of lung ecSOD was
observed in non-exercised trangenic mice carrying an endothelial-
specific overexpression of eNOS [12]. Our new data suggest that
exercise-induced eNOS expression following inhibition of catalase
activity initiates ecSOD expression in venous tissue.

© 2011 The Authors
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The lack of exercise-induced up-regulation of eNOS and ecSOD
in the lung was observed with two different training protocols.
Forced physical activity is a short-term high-intensity intervention
which might be more efficient than endurance training as indi-
cated by activation of skeletal muscle adaptations [31, 32].
Likewise, we repeatedly detected profound changes in the skeletal
muscle such as an increase of citrate synthase activity [17]. In
contrast, such changes were absent following voluntary running
which is a long-term low intensity training protocol consisting of
short bouts of 2-3 min. for a total of 100-120 bouts per night
[33]. The absence of increased citrate synthase activity following
voluntary training of mice has been observed by other investiga-
tors as well [34] and many aspects such as the total running dis-
tance and changes of heart weight/body weight ratio, soleus
weight/body weight ratio and soleus weight/tibia length ratio
closely matches previously reported results and prove the efficacy
of this training protocol [33-35]. Despite these considerations,
there was no effect of the training protocol on the observed
changes of arterial and venous expression of eNOS and ecSOD.

Our data might be helpful to explain why pulmonary rehabilita-
tion programs do not improve lung mechanics and gas exchange,
while exercise improves arterial functions such as endothelium-
dependent vasodilation and organ perfusion [9, 36]. In view of the
significance of lung perfusion for blood arterialization, exercise-
induced up-regulation of eNOS in the pulmonary circulation could
theoretically improve pulmonary gas exchange. Furthermore, up-
regulation of eNOS might reduce the transmural pressure of pul-
monary blood vessels by shear-induced endothelium-dependent
vasodilation and this might have a protective effect on the blood
gas barrier [37]. According to our data, it might be possible to
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achieve exercise-induced up-regulation of eNOS in pulmonary
vessels by therapeutic inhibition of vascular catalase. This would
be accomplished by the expense of hypocatalasemia, though.
Using such a pharmacological approach, i.e. a pill that works with
exercise only [38], might be associated with some side effects
which might accelerate cardiovascular disease by increasing vas-
cular oxidative stress and accelerating atherosclerosis. Data from
patients with acatalesemia suggest that a complete loss of cata-
lase activity might be associated with a higher incidence of dia-
betes mellitus, high levels of blood lipids and hyperhomocysteine-
mia [39]. Furthermore, oral gangrene and ulceration (Takahara
disease) might occur. However, in the rare cases of acatalesemia
reported so far, only about half of the affected individuals have
mild symptoms and the comparison of patients and their non-
affected relatives showed no change in life-span, despite the
increased risk of diabetes mellitus and arteriosclerosis [39].
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Abstract

Pentaerythritol tetranitrate (PETN) treatment reduces progression of atherosclerosis and endothelial dysfunction and decreases oxidation
of low-density lipoprotein (LDL) in rabbits. These effects are associated with decreased vascular superoxide production, but the underly-
ing molecular mechanisms remain unknown. Previous studies demonstrated that endogenous nitric oxide could regulate the expression
of extracellular superoxide dismutase (ecSOD) in conductance vessels in vivo. We investigated the effect of PETN and overexpression of
endothelial nitric oxide synthase (eNOS™ ™) on the expression and activity of ecSOD. C57BL/6 mice were randomized to receive placebo
or increasing doses of PETN for 4 weeks and eNOS™* ™ mice with a several fold higher endothelial-specific eNOS expression were gener-
ated. The expression of ecSOD was determined in the lung and aortic tissue by real-time PCR and Western blot. The ecSOD activity was
measured using inhibition of cytochrome C reduction. There was no effect of PETN treatment or eNOS overexpression on ecSOD mRNA
in the lung tissue, whereas ecSOD protein expression increased from 2.5-fold to 3.6-fold (P < 0.05) by 6 mg PETN/kg body weight
(BW)/day and 60 mg PETN/kg BW/day, respectively. A similar increase was found in aortic homogenates. eNOS™ " Iung cytosols showed
an increase of ecSOD protein level of 142 + 10.5% as compared with transgene-negative littermates (P < 0.05), which was abolished
by N®-nitro-L-arginine treatment. In each animal group, the increase of ecSOD expression was paralleled by an increase of ecSOD
activity. Increased expression and activity of microvascular ecSOD are likely induced by increased bioavailability of vascular nitric oxide.
Up-regulation of vascular ecSOD may contribute to the reported antioxidative and anti-atherosclerotic effects of PETN.

Keywords: endothelial nitric oxide synthase e extracellular superoxide dismutase e nitric oxide e pentaerythritol tetranitrate

Introduction

Nitric oxide exhibits a variety of anti-atherogenic effects such as
vasodilation, anti-aggregation, anti-apoptosis, anti-adhesion, anti-
proliferation and antioxidation [1]. In common conditions such as
hypertension, coronary artery disease and type 2 diabetes, the
bioavailability of nitric oxide is reduced, as demonstrated by
blunted endothelium-dependent vasodilation [2]. Such endothelial
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dysfunction is likely a consequence of increased vascular oxidative
stress, a condition characterized by a misbalance of endogenous
production of vascular reactive oxygen species (ROS) and the vas-
cular antioxidative capacity. Although a variety of mediators have
been described to contribute to vascular oxidative stress, both the
generation and the detoxification of superoxide most likely play a
major role in this process.

Superoxide is generated as a metabolic by-product, for exam-
ple, in the mitochondria, by cytochrome P450 (CYP) oxygenases,
by xanthine oxidase, by nitric oxide synthases (NOS) and particu-
larly by NAD(P)H-oxidases [3]. It is also produced as a signalling
molecule for certain cellular processes such as hypertrophy,
smooth muscle cell growth, Ras signalling and NF«B activation
[4]. There are highly specific mechanisms to rapidly detoxify
superoxide and thereby prevent unwanted oxidative processes in

doi:10.1111/j.1582-4934.2008.00627.x
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cells and tissues. Of these, the superoxide dismutases |
(CuznSOD), Il (MnSOD) and I1I (extracellular SOD [ecSOD]) are of
utmost importance. Although CuZnSOD and MnSOD provide
intracellular and intramitochondrial protection against superoxide,
respectively, ecSOD does so in the interstitium. It is expressed in
vascular smooth muscle cells and is subsequently secreted to the
interstitium [5]. It binds to polyanionic sites such as heparin
sulphates at the outer membrane of endothelial cells and likely
protects endothelial nitric oxide while it traverses to the smooth
muscle cell layer of the vascular wall [6]. The highest ecSOD con-
centrations are found between the endothelial cell layer and the
smooth muscle, and 99% of ecSOD is tissue-bound.

Previous investigations have shown that endogenous nitric
oxide is an essential stimulus of ecSOD expression in large con-
ductance vessels such as the aorta, and that an increase of
endothelial (¢)NOS expression by exercise results in a consecutive
overexpression of ecSOD [7]. Hence, driving the expression of
ecSOD appears to be an important mechanism underlying the
antioxidative effects of nitric oxide. We have also found in several
studies that the nitric oxide donors such as pentaerythritol tetra-
nitrate (PETN) [8, 9] and isosorbide mononitrate [10] exert sub-
stantial anti-atherosclerotic effects in rabbits, as demonstrated by
a reduction in aortic plaque load, an improvement of endothelial
function and a reduction of vascular superoxide production. One
experimental study reported that PETN increases vascular
haemoxygenase expression by approximately 1.5-fold, and it is
likely that such a mechanism may play a role in the anti-athero-
sclerotic effects of PETN [11].

The aim of this study was to investigate whether PETN can
increase ecSOD expression and activity in the microvasculature and
whether such effects are induced by endogenous nitric oxide, as
generated by endothelial-specific overexpression of eNOS as well.

Materials and methods

C57BL/6 mice

A total of 39 C57BL/6 male mice were randomly assigned to three
groups and were treated with placebo (PETN-0) and 6 mg (PETN-6) or
60 (PETN-60) mg oral PETN/kg BW/day for 4 weeks. PETN was provided
by Actavis, Langenfeld, Germany. Plasma concentrations of pentaerythritol
dinitrate (PEDN) and pentaerythritol mononitrate (PEMN) were determined
by gas chromatography/mass spectrometry (GC/MS; HP6890; Hewlett-
Packard, Boelingen, Germany) after liquid-liquid extraction with ethyl
acetate, as described previously [10].

Transgenic eNOS ™ mice

Bovine eNOS complementary DNA (cDNA; 4.1 kb) was inserted between
the murine Tie-2 promoter (2.1 kb) cDNA and a 10-kb Tie-2 intron frag-
ment, designated as Tie-2-enhancer, and this construct was used to target
eNOS gene expression to the vasculature, as described previously [12, 13].
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Founder mice showing high eNOS expression (eNOS™ ™) compared with
controls were crossed eight times to C57BL/6 mice to generate a C57BL/6
background. The mice were used at 12—16 weeks of age. Transgene-nega-
tive littermates (eNOS") served as controls. Permission for the animal
studies was provided by the regional government of Germany, and the
experiments were performed according to the guidelines for the use of
experimental animals, as given by the German “Tierschutzgesetz” and the
“Guide for the Care and Use of Laboratory Animals” of the U.S. National
Institutes of Health.

Measurement of blood pressure

Systolic blood pressure and heart rate were measured in awake male
eNOS™ ™ (n = 6) and eNOS" (n = 6) mice at 3—4 months of age using an
automated tailcuff system (Visitech Systems, Apex, NC, USA), as
described previously [14]. On day 6, the mice received N*“-nitro-L-arginine
(L-NA, Sigma, Munich, Germany) with the drinking water (100 mg L-NA/kg
BW/day), and blood pressure measurement was continued for a maximum
of 30 days. Blood pressure of PETN-treated mice was measured from the
day before treatment until 6 days after treatment.

Determination of ecSOD mRNA concentration

Total RNA was isolated from snap-frozen lung tissue with the QIAshredder
and RNeasy kit (Qiagen, Hilden, Germany), including an on-column DNAse
digestion. Complementary DNA was synthesized from 1 g total RNA
using the QuantiTect Reverse Transcription Kit (Qiagen), according to the
manufacturer’s protocol. A primer/probe set directed to amplify an 82-bp
fragment overlapping the exon2/exon3 boundary was designed with the
online software provided by Qiagen (http://www.giagen.com) and it
revealed the following primers: sense: 5'-CTGACAGGTGCAGAGAA-3’,
antisense: 5’-ACATGGTGACAGAGCCACA-3’, probe: 5'-CTACGGCTTGC-
TACTGG-3'. For normalization purposes, coamplification of hypoxanthine
guanine phosphoribosyl transferase (HPRT) cDNA was performed. The
probes for ecSOD and HPRT were labelled with 6-carboxy-fluorescein and
Yakima Yellow, respectively. The relative ecSOD expression was deter-
mined using the AAGt method. A second set of normalization experiments
was based on 18S rRNA or smooth muscle actin (SMA) using 18S rRNA:
5'-ATACAGGACTCTTTCGAGGCCC-3" and 5'-CGGGACACTC AGCTAAGAG-
CAT-3' annealing at 61°C; SMA-U: 5'-AGAGCAAGAGAGGGATCCTGA-3'
and SMA-L: 5’-GTCGTCCCAGTTGGTGATGAT-3" annealing at 57°C. All real-
time PCR experiments were carried out on an ABI PRISM 7900HT
Sequence Detector System (Applied Biosystems, Weiterstadt, Germany).

Western hlot

Preparation of cytosols from mouse lungs was performed as described
previously [15]. The tissues were flash frozen in liquid nitrogen and stored
until use at —80°C. The supernatants of mouse lung and aortic
homogenates (10 g of total protein per lane) as well as blood plasma
(10 and 20 p.g) were fractionated on denaturing 12% polyacrylamide gels,
blotted on PVDF membranes (Protrans; Schleicher & Schuell, Berlin,
Germany) and stained with a monoclonal antibody (R&D Systems,
Wiesbaden, Germany) directed against ecSOD. Actin staining served as a
loading control (polyclonal anti-actin antibody; Sigma, Munich, Germany),
and autoradiographs were analysed by densitometry. For confirmation
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purpose, Western blot analyses were repeated with polyclonal antibodies
(Biomol GmbH, Stressgen, Hamburg, Germany; and R&D Systems,
Wiesbaden, Germany). Western blots for eNOS in mouse crude aortic
homogenates were done with a monoclonal eNOS antibody (Transduction
Lab, BD Biosciences, Heidelberg, Germany).

Measurement of ecSOD activity

The lungs were homogenized in 50 mM potassium phosphate (pH 7.4)
containing 0.3 mol/l potassium bromide, as described previously [16].
Chromatography of homogenates on concanavalin A sepharose (GE
Healthcare, Uppsala, Sweden) has been used to separate ecSOD from
other SOD isoenzymes [16]. The SOD activity was determined spectropho-
tometrically by monitoring the inhibition of the rate of xanthine oxidase-
mediated reduction of cytochrome C, as described previously [17]. The
effectiveness of ecSOD separation was confirmed by Coomassie native gel
staining and Western blot analysis. The lungs from 6 individual animals
were pooled and two separate pools were analysed.

Statistics

All data were analysed by a standard computer program (GraphPad Prism
PC software, version 3.03, Graphpad Software, La Jolla, CA, USA) and are
expressed as mean = S.E.M. of n individual samples. Statistical compar-
isons between the groups were performed by either the t-tests or the
Newman—Keuls multiple comparisons test following one-way analysis of
variance (anovA). P < 0.05 was considered statistically significant.

Results

PETN metabolites and blood pressure data

The plasma concentrations of PETN metabolites detectable by
GC/MS, PEDN and PEMN, rose with the daily oral dose of PETN.
PEMN increased from 167.0 = 104.8 ng/ml (PETN-6, n = 3) to
242.0 = 48.4 ng/ml (PETN-60, n = 4, P = 0.5059), and PEDN
from 17.3 = 3.3 ng/ml (PETN-6, n = 3) to 120.8 = 32.7 ng/ml
(PETN-60, n = 4, P = 0.0444), indicating successful PETN resorp-
tion. Six days of treatment with PETN had no effect on blood
pressure in awake mice. In PETN-6 mice (n = 4), the initial blood
pressure of 121.8 = 1.4 mmHg remained unchanged after treatment
(119.1 = 7.7 mmHg, P = 0.7414). Similar results were obtained
before (125.0 = 4.6 mmHg) and after (114.1 = 8.3 mmHg, P =
0.2915) treatment in PETN-60 mice (n = 4; Fig. 1A). These data
suggest that PETN, even at doses exceeding therapeutical doses by
20-fold, had no effect on resting blood pressure in mice.

Blood pressure and eNOS expression
in eNOS-overexpressing mice

Systolic blood pressure in eNOS™™ mice was reduced (Fig. 1B;
P = 0.0126, n = 4). Treatment with the eNOS-inhibitor L-NA
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increased blood pressure in both eNOS" and eNOS™ " mice, and

the difference between the two groups disappeared after 25 days
of L-NA treatment (P = 0.4407, n = 4). Western blot analysis
showed increased expression of aortic eNOS protein in eNOS™* ™
mice of 2.8 = 0.5-fold (P = 0.0369, n = 4; Fig. 1C).

ecSOD mRNA levels

The mRNA expression of lung ecSOD relative to HPRT did not
show significant changes in the PETN-treated groups compared
with the PETN-O-treated groups (each n = 6, P = 0.7558, anova;
Fig. 2A). In eNOS™ ™ mice, ecSOD mRNA expression (0.522 =
0.080) was not significant different from eNOS" mice (0.637 +
0.156, n = 6, P = 0.5238; Fig. 2B). Likewise, eNOS ™™ aortic
ecSOD mRNA levels were unchanged. Similar results on aortic
ecSOD mRNA were obtained after treatment with L-NA and when
SMA and 18S rRNA were used as standards (Fig. 2C).

ecSOD protein expression

PETN increased ecSOD protein expression in the lungs to 251 =
91.0% (n = 5) in the PETN-6 group and to 362 + 84.9% (n = 6)
in the PETN-60 group (n = 6, P = 0.0479 versus PETN-0; Fig 3A).
A comparable result was obtained with a polyclonal ecSOD anti-
body (data not shown). A post-hoc analysis revealed statistical
significance for PETN-60 versus PETN-O but not for PETN-6
versus PETN-0 (Fig. 3A). Similar data were obtained in the aortas of
the PETN-treated mice (Fig. 3B). The expression in PETN-6 mice
was 152 + 18.9% (n = 6) and that in PETN-60 was 207 + 34.7%
(n = 5) as compared with PETN-0 mice (P = 0.0116, for anova;
* = P < 0.01 for PETN-0 versus PETN-60, post-hoc analysis).
The lung tissue of eNOS*™ mice showed increased ecSOD
protein as well (142 = 10.5%, n = 5, P < 0.05 versus eNOS").
Treatment with L-NA strongly reduced ecSOD expression (P =
0.0003, anova; Fig. 3C) to 59.8 + 18.6% in eNOS" mice (n =6,
P < 0.001 versus untreated) and to 44.4 = 12.0% in eNOS™™
mice (n = 6, P< 0.001 versus untreated). Furthermore, the differ-
ence in ecSOD protein expression disappeared (Fig. 3C; P > 0.05
for eNOS™ */L-NA versus eNOS"/L-NA). Additionally, eNOS™*
mice showed increased ecSOD blood plasma levels of 122 + 5.6%
(n=3, P=0.0021) compared with eNOS" mice (Fig. 3D).

ecSO0D activity

Changes in ecSOD activity paralleled changes in ecSOD expres-
sion (n =7, P < 0.0001, anova; Fig 4A). In the lungs of the PETN-
treated mice, the ecSOD activity was 24.2 = 2.23 U/mg (PETN-6,
n =7, P < 0.05 post-hoc analysis) and 37.3 = 2.77 U/mg
(PETN-60, n = 6, P < 0.01, post-hoc analysis) compared with the
ecSOD activity of 16.1 = 1.95 U/mg in PETN-0 mice. Likewise, the
ecSOD activity was significantly increased in eNOS™™ mice
(63.5 = 4.24 U/mg, n = 6) compared with eNOS" mice (51.3 =
2.95 U/mg, n = 6, P = 0.0401; Fig. 4B).
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Fig. 1 eNOS and blood pressure in eNOS-overexpressing mice. (A)
Blood pressure in C57BI/6 mice before (initial) and after treatment with
PETN (not significant). (B) Untreated eNOS™ ™ mice have a significant
lower blood pressure than eNOS" (* = P < 0.05). After 25 days of treat-
ment with the eNOS inhibitor L-NA, this difference disappeared (P >
0.05). (C) Upper panel: Western blot for eNOS in aortic homogenates of
eNOS™*™; lower panel (n = 4): a mean of 2.8 = 0.5-fold greater eNOS
expression than in eNOS" (n = 4, * = P < 0.05).
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Fig. 2 ecSOD mRNA levels. (A) Treatment of C57BI/6 mice with
6 mg/kg/day (PETN-6) or 60 mg/kg/day (PETN-60) PETN induced no
changes in lung ecSOD mRNA expression relative to HPRT (P > 0.05
versus PETN-0). (B) eNOS™ ™ mice induced no changes in lung ecSOD
mRNA expression relative to HPRT (P > 0.05 versus eNOS"). (C)
eNOS™* mice induced no changes in aortic ecSOD mRNA expression
relative to SMA (P > 0.05 versus eNOS"), irrespective of oral treatment
with L-NA.
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Fig. 3 ecSOD protein expression. (A) Increased ecSOD protein expression in lung cytosolic fractions of C57BI/6 mice treated with 0, 6 or 60 mg/kg/day
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homogenates of PETN-treated mice (* = P < 0.01 versus PETN-0). (C) Increased ecSOD protein expression in lung cytosols of eNOS™ " versus eNOS"
mice (P < 0.05). Treatment with L-NA significantly lowered ecSOD expression in both groups (eNOS"/L-NA and eNOS™ */L-NA; each * = P < 0.05
versus eNOS") and blunted the difference between both groups (N.S. = P > 0.05). (D) ecSOD protein in blood plasma of eNOS ™™ mice was signifi-
cantly increased compared with transgene-negative littermates (eNOS", * = P < 0.01).
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Fig. 4 ecSOD activity. (A) The activity of extracellular superoxide dismu-
tase (ecSOD) in lung tissue of eNOS™* ¥ mice was significantly increased
compared with eNOS" mice (* = P < 0.05). (B) Treatment of C57BI/6
mice with 6 or 60 mg/kg/day pentaerythritol tetranitrate (PETN-6 or
PETN-60, respectively) similarly resulted in increased activities compared
with control mice (PETN-0). * = P < 0.05 versus PETN-0.

Discussion

The aim of this study was to investigate whether vascular expres-
sion of ecSOD is subject to genetic and pharmacological regula-
tion. Our findings are that the organic nitrate PETN increases the
expression and activity of microvascular and macrovascular
ecSOD in mice in vivo, and that a similar increase was observed in
untreated transgenic mice with an endothelium-specific overex-
pression of bovine eNOS. These data extend previous observa-
tions and suggest that increased bioavailability of vascular nitric
oxide regulates ecSOD expression, and that this effect might con-
tribute to the antioxidative and anti-atherosclerotic effects of PETN
observed previously.

This is the first study that demonstrates that PETN can induce
the expression of ecSOD. PETN is an organic nitrate that is known
to exert its anti-anginal effect by nitric oxide-dependent activation
of soluble guanylyl cyclase (SGC), subsequent cyclic guanosine
monophosphate (cGMP)-induced activation of protein kinase G
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and vasodilation of conductive arteries [18]. There is some debate
whether nitric oxide is indeed the pharmacologically active princi-
ple of organic nitrates [19], although spin-trap-based nitric oxide
analyses in rabbits have demonstrated vascular nitric oxide forma-
tion from glyceryl trinitrate in both venous and arterial vessels
[20]. Detailed investigations identified a novel reductase activity of
mitochondrial aldehyde dehydrogenase as the most important
pathway for glyceryl trinitrate bioactivation, whereas nitrite but no
nitric oxide was detectable as an intermediate of this reaction [21].
It has been shown that PETN and its trinitrate metabolite PETriN is
effectively metabolized by aldhyde dehydrogenase (ALDH)-2 [22],
whereas PEDN and PEMN are likely bioactivated by other path-
ways, for example, in a cytochrome P 450-dependent manner
[23, 24]. Thus, there is neither evidence nor reasons to conclude
that PETN increases vascular superoxide generation in vivo.

There is evidence that PEMN and PEDN generate nitric oxide.
PETN and all metabolites are able to release nitric oxide in a cys-
teine-dependent manner. Likewise, the activation of sGC occurs in
a cystein-dependent fashion. Furthermore, there are excellent cor-
relations between cystein-dependent nitric oxide release and in vitro
vasodilation expressed as pD2 values [18]. Neither PETN nor
PETriN appears in blood plasma, suggesting that PETN and PETriN
undergo extensive hepatic metabolism following intestinal absorp-
tion, the so-called first-pass effect [25]. Furthermore, intragastral
PETN reduced the mean aortic pressure in anaesthetized rabbits
by 20%, and the same quantitative effect was measured by intra-
venous PEDN, suggesting that PEDN is the major vasoactive
metabolite [26]. Furthermore, the plasma half-lives of PEDN and
PEMN are closely correlated with the duration of the anti-anginal
action of PETN [25]. These data strongly suggest that vascular
nitric oxide formation from PEDN and PEMN is a prerequisite for
the therapeutical efficacy of PETN.

According to the metabolism pathways discussed previously, it
seems likely that the up-regulation of ecSOD protein expression was
mediated not directly by PETN but rather by nitric oxide released
from its metabolites PEDN and PEMN. To further substantiate this,
we used our transgenic mouse model with an endothelial overex-
pression of eNOS. In these mice, overexpression of eNOS was func-
tionally active, as demonstrated by a significant reduction of blood
pressure, which was completely blunted by oral treatment with the
NOS inhibitor L-NA. We found a significant up-regulation of ecSOD
protein expression and activity in cytosols of the lungs and aorta,
suggesting that nitric oxide is the active mediator. To further chal-
lenge this hypothesis, we treated both eNOS" and eNOS™™ mice
with the NOS inhibitor L-NA and observed a strong down-regulation
of ecSOD protein expression. This result provides additional evi-
dence for a regulatory role of vascular nitric oxide for ecSOD pro-
tein expression. Likewise, this result demonstrates that the increase
of ecSOD in eNOS™™ mice is not an unspecific consequence of
genetic manipulation. Finally, the reduction of blood pressure itself
unlikely influenced the expression of ecSOD. This up-regulation was
evident either at reduced blood pressure in eNOS™ ™ mice or at
normal blood pressure following PETN treatment.

Our earlier observations with spontaneous nitric oxide donors
in smooth muscle cells and aortic organoid cultures and with
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exercise in mice in vivo [7] are consistent with the suggestion
that nitric oxide is an important mediator driving ecSOD expres-
sion. In that same study, it was shown that the effect of nitric oxide
on ecSOD expression seems to be cGMP-dependent, as it was
prevented by the selective sGC inhibitor 1H-[1,2,4]oxadiazolo[4,3-
ajquinoxalin-1-one (0ODQ) and was mimicked by a cGMP ana-
logue. So far, it is not known whether other nitric oxide/superoxide
interactions such as suppression of thioredoxin-interacting pro-
tein [27] or alterations in superoxide release by neutrophils [28]
may be involved in or modify ecSOD up-regulation.

In human vascular smooth muscle cells, nitric oxide was shown
to increase the transcription but not the half-life of ecSOD mRNA,
and the effect on transcription was critically dependent on the activ-
ity of p38 mitogen activated protein (MAP) kinase. In contrast to
these findings in cultured human cells, we were not able to detect a
change in mRNA levels in murine lung and aortic tissue after PETN
treatment and in eNOS™ ¥ mice as well. One alternative pathway
could be that ecSOD is produced in other organs or tissues and
reaches the lungs by travelling through the circulation. In this case,
one would expect an increase of circulating ecSOD protein, which
was indeed measurable. However, it remains unclear whether the
small increase of circulating ecSOD is sufficient to account for the
increase of ecSOD found in the aorta and lungs. Alternatively, a yet
unresolved, solely post-translational in vivo regulation of ecSOD
protein expression might occur. Peng et al. recently showed a nitric
oxide-induced inhibition of the ubiquitin—proteasome system in
murine primary cortical neurons [29]. Given this, one could specu-
late that the increase of ecSOD protein expression and activity
in vivo could be a yet undiscovered effect of nitric oxide that needs
to be substantiated further. However, other studies on this matter
have suggested that nitric oxide rather increases proteasomal
degradation of proteins by nitric oxide-dependent protein modifica-
tion such as S-nitrosylation [30]. Taken together, established mech-
anisms of ecSOD regulation like the influence of proteolytic removal
of the heparin-binding domain [31] and inflammatory cytokines
[32] might extend to a yet unknown nitric oxide-dependent mecha-
nism that deserves further interest and investigation.

Up-regulation of ecSOD likely appears to be a mechanism that
contributes to the antioxidative and anti-atherosclerotic effects of
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PETN observed previously. PETN was shown to reduce the devel-
opment and progression of experimental atherosclerosis [8], and
this effect was evident even in established atherosclerosis [9].
Further activities of PETN such as inhibition of endothelial dys-
function and LDL oxidation are consistent with an inhibition of
superoxide formation as well [9], although it is not sure that the
observed effect is active in a similar manner in pathological
settings. Additionally, PETN does not induce the development of
in vivo nitrate tolerance [18], which strikingly contrasts the effect
of glyceryl trinitrate, which is a well-known inducer of nitrate
tolerance associated with increased vascular oxidative stress [33].
The lack of nitrate tolerance induction by PETN was shown in
experimental [26, 34] and clinical studies [35]. Hence, the
increased expression of ecSOD might contribute to the lack of
nitrate tolerance induction by PETN as well.

By induction of ecSOD expression, PETN likely increases the
bioavailability of endogenous nitric oxide, as superoxide and nitric
oxide rapidly form peroxynitrite, a strong oxidant contributing to
vascular oxidative stress and a source for further reactive radicals.
These related products involve peroxynitrous acid or decomposi-
tion products of the carbon dioxide adduct of peroxynitrite such as
the nitrogen dioxide radical [36-38]. However, superoxide is rap-
idly detoxified to hydrogen peroxide, which has been shown to
induce both the expression and the activity of eNOS [39]. Thus, a
higher activity of ecSOD will not only reduce extracellular super-
oxide but also protect readily formed nitric oxide. By increasing
hydrogen peroxide, it most likely increases endothelial nitric oxide
synthesis as well. This effect of hydrogen peroxide has been
shown to contribute to the up-regulation of vascular nitric oxide
synthesis induced by exercise training [12].
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Background and purpose: The regulation of vascular soluble guanylyl cyclase (sGC) expression by nitric oxide (NO) is still
under discussion. In vitro, NO has been shown to downregulate the expression of sGC but it is unclear if this mechanism is
operative in vivo and occurs during nitrate treatment.

Experimental approach: We investigated whether high dose isosorbide mononitrate (ISMN) or pentaerythrityl tetranitrate
(PETN) treatment changes vascular sGC expression and activity in vivo. New Zealand White rabbits received a standard diet,
2 or 200mg ISMN kg =" d~" for 16 weeks, and C57BL/6 mice received a standard diet, 6, 60 or 300 mg PETN kg~' d~" for four
weeks. Absorption was checked by measuring the plasma levels of the drug/metabolite.

Key results: Western blots of rabbit aortic rings showed similar protein levels of sGC al1- (P=0.2790) and B1-subunits
(P=0.6900) in all groups. Likewise, ANOVA showed that there was no difference in the expression of sGC in lungs of PETN-
treated mice (P=0.0961 for o1 and P=0.3709 for 1). The activities of isolated sGC in response to SNAP (1 uM—1 mMm) were
identical in aortae of ISMN-treated rabbits (P=0.0775) and lungs of PETN-treated mice (P=0.6348). The aortic relaxation
response to SNAP slightly decreased at high ISMN but not at high PETN.

Conclusions and implications: These data refute the hypothesis that therapeutic treatment with long acting NO donors has a
significant impact on the regulation of vascular sGC expression and activity in vivo.
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Introduction

Organic nitrates are commonly used drugs for prevention
and acute treatment of coronary artery disease symptoms.
They are activated to nitric oxide (NO), which is involved in
physiological processes such as smooth muscle relaxation,
neurotransmission, platelet aggregation, host defence
mechanisms and apoptosis and has antioxidative effects
(Moncada and Higgs, 1993). The effects of NO greatly
contribute to the physiological vascular functions and
probably protect the vascular wall from vasotoxic com-
pounds such as reactive oxygen species (Gewaltig and Kojda,
2002). In the vasculature, the majority of the effects of NO
are mediated by the activation of soluble guanylyl cyclase
(sGC), generation of cyclic guanosine monophosphate (cGMP),
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activation of protein kinase G (PKG) and phosphorylation of
various cellular proteins regulating calcium haemostasis
(Ignarro et al., 1999). The sGC enzyme is composed of two
subunits, o« and B, and a prosthetic haem group. The vast
majority of vascular sGC is formed by the subunits a1 and p1
(Buechler et al., 1991; Russwurm and Koesling, 2004).

A disturbance of the NO-cGMP pathway induced by
changes of the expression of sGC has been previously
observed. The expression of vascular sGC is downregulated
in spontaneously hypertensive rats (Bauersachs et al., 1998;
Ruetten et al., 1999), in smooth muscle cells of Fischer 344
rats (Chen et al., 2000) and in aged Wistar Kyoto rats (Kloss
et al., 2000; Friebe and Koesling, 2003). Other studies have
shown a downregulation of sGC mRNA and protein
expression by endotoxin, cAMP, cytokines and oestradiol
(Shimouchi et al., 1993; Papapetropoulos et al., 1996; Kojda
et al., 1998a; Ruetten et al., 1999; Krumenacker et al., 2001;
Takata et al., 2001; Friebe and Koesling, 2003). In contrast,
hypercholesterolaemia increases the expression of rabbit
aortic vascular sGC, particularly in atherosclerotic plaques
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(Laber et al., 2002), and a qualitatively similar but smaller
effect has been observed in experimental chronic myocardial
infarction and in nitrate tolerance (Bauersachs et al., 1998;
Mulsch et al., 2001). In late-stage atherosclerosis, this may be
different, in particular in the neointima (Melichar et al., 2004).

The mechanisms underlying these changes of sGC expres-
sion are currently unknown. Studies in cultured smooth
muscle cells have suggested a crucial role of vascular NO
generation, which may downregulate sGC expression in a
negative feedback manner (Filippov et al., 1997; Weber et al.,
2001). Likewise, transfection of HEK 293 cells with an
endothelial nitric oxide synthase (eNOS)-containing plasmid
and incubation of rat aortic rings with the NO-donor N-[4
[1-(3-aminopropyl)-2-hydroxy-2-nitrosohydrazino]butyl]-1,3-
propanediamine (SPER/NO) reduced mRNA expression of
the B1 subunit (Schmidt et al., 2001; Weber et al., 2001).

To investigate whether alterations of sGC protein expres-
sion and activity may be involved in oral therapy with long-
acting NO donors such as isosorbide mononitrate (ISMN)
and pentaerythrityl tetranitrate (PETN), we sought to
determine the effect of nitrate treatment on vascular smooth
muscle sGC in vivo. To accomplish this, we measured the
vascular sGC protein expression and activity as well as NO
effects in aortic segments after treatment with different doses
of ISMN and in mice treated with different doses of PETN.

Methods

Test systems used

A total of 30 New Zealand white rabbits (10-12 weeks old)
with a mean body weight of 2105+47g were housed
individually as previously described (Kojda et al., 1995).
The rabbits were randomly assigned to three groups of 10
animals and were fed a standard diet (ISMN-0) and a diet
supplemented with ISMN to achieve a daily dose of ISMN of
2mgkg ' (ISMN-2) or 200mgkg ! (ISMN-200) for 16 weeks.
The dose of ISMN was given in two identical portions in the
morning at 0800 hours and in the early afternoon at 1500
hours. Body weight was determined weekly and the animals
were supervised by a veterinerian. Previous studies have
shown that 200mgkg~" per day of ISMN induces a nitrate
tolerance as indicated selectively by reduced vasodilator
activity of ISMN, both in normal and in hypercholestero-
laemic rabbits (Muller et al., 2003, 2004).

C57BL/6 mice (male, 5-month old) were divided into four
groups and were then randomly allocated to receive placebo
(n=8) or PETN treatment (n=12 per group) for 4 weeks.
The groups were treated with placebo (PETN-0) or 6
(PETN-6), 60 (PETN-60) or 300mgkg ' per day (PETN-300)
of PETN, according to an average body weight of 25 g and an
assumed daily amount of 5g of consumed food. According
to the manufacturer’s recommendations, PETN was given
continuously.

Permission for the animal studies was provided by the
regional government of Germany (AZ 23.05-230-3-77/99, AZ
23.05-230-3-52/99, AZ 50.05-230-3-65/99, AZ 50.05-230-3-
94/00 AZ 50.05-230-18/06). The experiments were performed
according to the guidelines for the use of experimental
animals, as given by the German ‘Tierschutzgesetz’ and the
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‘Guide for the Care and Use of Laboratory Animals’ of the US
National Institutes of Health.

Measurements of plasma levels of drug/metabolite

Plasma concentrations of ISMN, pentaerythrityl dinitrate
and mononitrate were determined by ACC GmbH
(Leidensbach, Germany) with gas chromatography/mass
spectrometry (GC/MS, HP6890, Hewlett-Packard, Germany)
after liquid-liquid extraction with ethyl acetate as previously
described (Muller et al., 2004).

Measurement of blood pressure

Systolic blood pressure and heart rate were measured in
awake male C57BL/6 (n=4 of each PETN treatment group)
at 3-4 months of age using an automated tailcuff system
as previously described (Kojda et al., 1999). On day 7, the
PETN diet was started and blood pressure measurement was
continued for a maximum of 7 days.

Vasorelaxation studies, sGC activity and western blots
Preparation of rabbit thoracic ring segments, equilibration
and relaxation to the NO-donor S-nitroso-N-acetyl-D,L-
penicillamine (SNAP) as well as preparation of cytosols from
rabbit aorta and mouse lung were performed as previously
described (Kojda et al., 1995; Laber et al., 2002). Specific
activity of sGC was measured as described by Kojda et al.
(1998a) and Schultz and Bohme (1984). Western blots for
sGC a1 and B1 subunits were performed in rabbit aorta and
mouse lung using specific antibodies. In addition, blots for
vasodilator-stimulated phosphoprotein (VASP) were per-
formed in lung and heart homogenates of PETN-treated
mice. Please refer to Supplementary information for detailed
protocols.

Data analyses and statistical procedures

All data were analysed by a standard computer programme
(GraphPad Prism PC software, version 3.03) and are ex-
pressed as mean ts.e.m. of n individual samples. Statistical
comparisons between groups were performed by Newman-
Keuls multiple comparisons test following analysis of
variance (ANOVA) for pD, values and protein expression or
two-way ANOVA for concentration-response curves. P<0.05
was considered statistically significant.

Drugs, chemical reagents and other materials

[0-32P]-GTP was obtained from PerkinElmer (Rodgau,
Germany). Antibodies against sGC al subunit (catalogue
no. G4280) and actin (no. A2066) were from Sigma (Munich,
Germany); against sGC B1 subunit (no. 160897) from Cayman
(Biozol, Eching, Germany); against rabbit immunoglobulin
G (IgG) (no. 401315) from Calbiochem (Darmstadt, Germany);
against phosphorylated and total VASP (no. 804-240 and no.
210-880) from Alexis Biochemicals (Lérrach, Germany) and
against mouse IgG (no. 170-6516) from Bio-Rad (Munich,
Germany). Polyvinylidene fluoride membranes were from



Millipore (Schwalbach, Germany). SNAP was synthesized in
our laboratory as previously described (Kojda et al., 1996).
ISMN was provided by Schwarz Pharma (Monheim,
Germany); PETN by Actavis (Langenfeld, Germany). All
other chemicals were obtained from Merck (Darmstadt,
Germany) or from Sigma in analytical grade. The stock
solutions of acetylcholine (10mM) and phenylephrine
(10mM) and ISMN (100 mMm) were prepared in distilled water.
Solutions of SNAP (200 mM) were prepared in dimethylsulph-
oxide. All stock solutions were prepared daily, diluted with
Krebs buffer as required, kept on ice and protected from
daylight until use. The blood pressure measurement system
was from Visitech Systems (Apex, NC, USA).

The molecular target nomenclature in this paper conforms
with the BJP’s Guide to Receptors and Channels (Alexander
et al., 2008).

Results

ISMN-treated rabbits

Treatment with ISMN resulted in plasma ISMN concentra-
tions of 6.2+ 1.9ngmL ™! (n=10) in ISMN-2 and 1.77 + 0.469
pgmL ™' (n=9) in ISMN-200. Densitometric analyses of the
a1l subunit revealed that its expression in the ISMN-2 and
ISMN-200 groups (each n = 10) was not different from that in
the ISMN-O group (Figure 1a). Expression of f1 in the ISMN-2
and ISMN-200 groups also showed no difference from that in
the ISMN-O0 group (Figure 1b). In addition, we measured sGC
protein expression using actin protein as a standard. These
data showed protein levels of 77.4 £ 21.0% (n=10) in ISMN-
2 and 97.5+18.9% (n=38) in ISMN-200 for a1 (P=0.1598,
ANOVA) and 105.1+17.9% (ISMN-2) or 136.7 £26.9%
(ISMN-200) for p1 (P=0.3072, each n=10, ANOVA). Thus, the
method of standardization had no influence on the main result.

Measurement of sGC activity in response to increasing
concentrations of SNAP (1uM-1mM) in aortic cytosols
showed comparable pD, values (half-maximal effective
concentrations in —logM) in ISMN-2 (3.4110.24, n=6),
ISMN-200 (3.05£0.39, n=7) and ISMN-0 (3.39 £0.26, n=6,
P=0.6524, ANOVA). Likewise, the dose-response curves
showed no significant differences between all three groups,
as determined by two-way ANOVA (Figure 1c).

The dose-response curves for SNAP-induced vasorelaxa-
tion in rabbit aortic rings were slightly shifted to the right in
the ISMN-2 and ISMN-200 groups. However, the shift was
very small and the maximal response to SNAP was not
changed. The corresponding pD, values were significantly
less in the treated groups compared to the untreated group
(Figure 2a). Measurements after removal of the endothelium
did not significantly change this SNAP response pattern or
pD> values for ISMN-0O (Figure 2b), ISMN-2 (Figure 2c) and
ISMN-200 (Figure 2d). Again, significant differences occurred
between treatment groups and ISMN-0 (P=0.0206, ANOVA)
but not between ISMN-2 and ISMN-200.

PETN-treated mice
The plasma concentrations of the PETN dinitrate (PEDN) and
mononitrate (PEMN) metabolites, which were detectable by
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Figure 1 Effect of isosorbide mononitrate (ISMN) treatment on

soluble guanylyl cyclase (sGC) in rabbits. Protein expression of (a)
sGC a1 subunit (P=0.2790) and (b) sGC B1 subunit in aortae of
ISMN-treated rabbits measured by western blot densitometry.
Neither the low-dose (ISMN-2) nor the high-dose (ISMN-200, each
n=10, P=0.6900, analysis of variance (ANOVA)) group showed a
significant change in protein expression. (c) Activity of sGC protein
measured in pmol cGMP per mg protein per min in ISMN-treated
rabbits. There was no significant difference among all three groups
(n=6-7, P=0.0775, ANOVA). Results shown represent mean *
s.e.m.
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Figure 2 Vasorelaxation experiments with rabbit aorta. (a) The nitric oxide (NO)-sensitivity of aortic rings progressively declined with
increasing isosorbide mononitrate (ISMN) dosage (n=9-10, P=0.0161, analysis of variance (ANOVA)). (b-d) Removal of the endothelium
(-endo) in all three groups did not change the responses to S-nitroso-N-acetyl-D,L-penicillamine (SNAP) in any of the groups (P=0.1999 for
ISMN-0, P=0.3706 for ISMN-2 and P=1.000 for ISMN-200, n=9-10, t-tests). All values represent mean +s.e.m.

GC/MS, increased with the daily oral dose of PETN. The
concentrations of both metabolites increased in a directly
proportional way (Figure 3).

Western blot analyses of the sGC a1 subunit standardized
by total protein revealed that its expression in the lungs of
PETN-treated mice did not differ significantly from that in
the untreated (PETN-0) group (Figure 4a). Likewise, expres-
sion of the B1 subunit showed no significant difference
between the groups (Figure 4b). Additional western blots for
Bl in aortic tissues showed an aortic expression of
109.8+25.8% in PETN-6 and 144.9+25.3% in PETN-60
group (n=35, P=0.3135, ANOVA).

Phosphorylation of VASP at serine 239 relating to total
VASP showed no difference induced by PETN treatment,
either. In lung tissue, phosphorylation was 103 +47.4%
(PETN-6, n=6) and 121+34.0% (PETN-60, n=S35,
P=0.8996, ANOVA) compared to PETN-O (n=6), in hearts
112.3+32.0% (PETN-6, n=7) and 99.7 +42.8% (PETN-60,
n=7, P=0.9460, ANOVA).

The maximal activities of sGC in response to 1 mM SNAP in
lung cytosols (in pmol cGMP per mg protein per min) did
not differ significantly between the groups (Figure 4c).
Likewise, the pD, values (in —logM) for SNAP in PETN-6
(3.84+0.07), PETIN-60 (3.89+0.15) and PETN-300
(3.73£0.14) were not significantly different from PETN-0
(3.86+0.31, each n=7, P=0.9412, ANOVA), as well as the
dose-response curves (P=0.6348, two-way ANOVA).
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Figure 3 Plasma levels of the pentaerythrityl tetranitrate (PETN)
metabolites PETN dinitrate (PEDN) and mononitrate (PEMN)
detected in PETN-treated mice. The concentrations of both
metabolites increased significantly with increased PETN dose in a
directly proportional manner; r* is 0.5606 for PEDN (significant
deviation from 0, P=0.0013) and 0.7374 for PEMN (P<0.0001,
n=7). All values represent mean +s.e.m.

The NO-dependent vasorelaxation was determined
in organ bath experiments using the NO-donor SNAP in
concentrations from 1nM up to 10mM. The dose-response
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Figure 4 Effects of pentaerythrityl tetranitrate (PETN) treatment on soluble guanylyl cyclase (sGC) in mice. Protein expression of (a) sGC a1
subunit (P=0.0961, n=8) and (b) sGC B1 subunit (P=0.3709, n=_8, analysis of variance (ANOVA)) in lungs of PETN-treated mice measured
by western blot densitometry. None of the groups treated with different doses of PETN showed a significant change in protein expression. (c)
Activity of sGC protein measured in pmol cGMP per mg protein per min in PETN-treated mice. There was no significant difference among all
four groups (P=0.6348, n=7, two-way ANOVA). (d) NO-dependent vasorelaxation in aortic rings of PETN-treated mice induced by the
NO-donor $-nitroso-N-acetyl-D,L-penicillamine (SNAP). Again, there was no significant difference between the groups (P=0.8865, two-way

ANOVA). All values represent mean +s.e.m.

patterns did not differ between the groups (Figure 4d),
and the half-maximal concentrations of SNAP in this
experiment (—logM) were similar in all four groups

(PETN-O:  6.85+0.08, PETN-6: 6.82+0.06, PETN-60:
6.81+0.07 and PETN-300: 6.84+0.09, P=0.7217,
ANOVA).

PETN had no effect on systolic blood pressure, either on
the first day (acute effect) or on days 5-7 of treatment
(chronic effect) in all three groups as compared to pretreat-
ment values (Figure 5a). Measurements of heart rate in the
three PETN-treated groups also showed no significant
differences between the groups and from the pretreatment
values (Figure 5b).

Discussion and conclusions

The aim of this study was to determine the influence of
pharmacological nitrate treatment on the expression and
function of vascular sGC in vivo. Our main finding is that
none of the conditions changed the protein expression of
sGC ol and B1 subunits and sGC activity. In addition, the
functional efficacy of the vascular NO-cGMP pathway was
maintained in all experimental models used. These data

suggest that oral therapy with long-acting nitrates does not
impair the vascular NO-cGMP pathway.

Studies in cultured rat aortic smooth muscle cells have
provided evidence for an NO-dependent downregulation of
sGC protein expression, suggesting a negative feedback loop
where NO acts as a signalling molecule regulating sGC
expression (Filippov et al., 1997). In another study, rat
pulmonary artery smooth muscle cells responded to treat-
ment with lipopolysaccharide, which is known to induce the
expression of inducible NOS, with a downregulation of sGC
mRNA levels (Scott and Nakayama, 1998). In eNOS-trans-
fected cells showing a strong western blot signal for eNOS,
we found an approximately fourfold downregulation of sGC
mRNA expression and a reduction of sGC activity (Schmidt
et al., 2001). Likewise, incubation of rat aortic rings with the
NO-donor SPER/NO at NO generation levels of approxi-
mately 2umolL ' min~! resulted in both, a reduction of
activity and of protein expression (Weber et al., 2001).
Therefore, it appears that our in vivo findings contradict the
results obtained in cultured cells (Filippov et al., 1997; Scott
and Nakayama, 1998) and isolated rat aortic rings (Weber
et al., 2001).

In contrast, our data are consistent with reports that failed
to show the existence of an NO-dependent feedback loop
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Figure 5 Effects of pentaerythrityl tetranitrate (PETN) treatment on
blood pressure and heart rate. (a) Blood pressure measurements
before and during PETN treatment of C57BL/6 mice. On day 7,
vehicle food was replaced by diets enriched with 6, 60 or
300mgkg~" per day of PETN. None of these doses showed a
significant acute or chronic effect on the blood pressure compared to
pretreatment measurements (P=0.5314, n=4, two-way analysis of
variance (ANOVA)). (b) Heart rate of PETN-treated mice before and
during treatment. The different PETN doses had no significant effect
on the heart rate compared to pretreatment measurements
(P=0.4416, n=4, two-way ANOVA). All values represent mean
s.e.m.

controlling sGC expression in vivo. Mice overexpressing
eNOS in the vasculature show a resistance to endothelium-
dependent and NO-induced vasodilatation but not a
decrease of sGC expression (Yamashita et al., 2000). Instead,
the authors describe a 50% reduction of basal unstimulated
sGC activity and a 20% reduction of PKG expression.
However, other groups have found that changes of PKG
activity do not occur in eNOS knockout mice and that there
is no change of sGC protein expression in this animal model
(Hussain et al., 1999; Brandes et al., 2000). Inhibition of
NOS by chronic treatment of mice with the NOS inhibitor
L-NAME has been shown to have no effect on vascular
sGC expression but potentiate the aortic cGMP response to
the NO-donor sodium nitroprusside (Mullershausen et al.,
2003).

There is some debate as to whether NO is indeed the
pharmacologically active principle of organic nitrates
(Kleschyov et al.,, 2003), although spin trap-based NO
analyses in rabbits have demonstrated vascular NO forma-
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tion from glyceryl trinitrate in both venous and arterial
vessels (Miilsch et al., 1995). Detailed investigations identi-
fied a novel reductase activity of mitochondrial aldehyde
dehydogenase as the most important pathway for glyceryl
trinitrate bioactivation, whereas nitrite but no NO was
detectable as an intermediate of this reaction (Chen et al.,
2002). It has been shown that PETN and its trinitrate
metabolite PETriN is effectively metabolized by ALDH-2
(Wenzel et al., 2007), whereas the PEDN and PEMN
metabolites as well as ISMN are probably bioactivated by
other pathways, for example, in a cytochrome P 450-
dependent manner to generate NO or at least an sGC
stimulating intermediate compound (McGuire et al., 1998;
Minamiyama et al., 1999). These data suggest that vascular
generation of such a compound or NO from PEDN, PEMN
and ISMN is a prerequisite for the therapeutic efficacy of
PETN and ISMN.

The apparent contradiction between the in vitro and in vivo
results (Francois and Kojda, 2004) might be caused by
various mechanisms, such as the difference between bio-
active concentrations of vascular NO, the time of exposure and
possibly associated compensatory changes of the NO-cGMP
pathway. In this study, increasing doses of the NO-donor
ISMN in rabbits causing a 280-fold increase of maximal ISMN
plasma concentrations in ISMN-200 compared to ISMN-2
and a moderate nitrate tolerance (Muller et al., 2003) had
no effect on sGC activity and protein expression, whereas
the NO sensitivity of aortic rings progressively declined
with increasing ISMN dosage. Although, the overall effect
on SNAP-induced vasodilatation was very small. These
data suggest that the bioactive concentration of vascular
NO even in the ISMN-200 group did not reach a concentra-
tion threshold necessary to induce inhibition of sGC
expression.

To confirm these results and to avoid species- or treatment-
specific artefacts, we repeated our experiments using a
different species (mice) and various doses of a different
nitrate (PETN). Although plasma concentrations of PEDN
and PEMN were detectable in a dose-dependent manner,
PETN treatment did not have an effect on sGC activity, sGC
expression, NO-dependent vasorelaxation and blood pres-
sure. However, our VASP measurements in the lung and in
the heart showed no difference as well, although the plasma
concentrations of PEDN and PEMN at 60 mgkg ™! per day of
PETN largely exceed any therapeutic plasma concentration.
So far, there is no other report available showing blood
pressure reduction in mice receiving long-term treatment
with PETN and just one paper describes a blood pressure drop
3 h after oral bolus application of 20 mgkg™" of ISMN, a dose
exceeding the human dose by approximately 80-fold (Momi
et al., 2007), whereas another newly developed nitrate had
no effect. Of the several possible explanations for the lack of
blood pressure reduction in response to PETN, physiological
adaptation to any initial arterial vasodilator effect appears to
be the most likely. Furthermore, PETN has been shown to
dilate venous vessels predominantly (Mullenheim et al.,
2001). The supine position of the animals may blunt the
blood pressure response as well.

Nevertheless, our data suggest that the bioactive concen-
tration of vascular NO even in the PETN-300 and ISMN-200



groups did not reach a concentration threshold necessary to
induce a negative feedback signalling on sGC expression that
has been described to occur in vitro. One explanation for this
phenomenon might be that vascular metabolism of organic
nitrates to NO is decreased by NO itself (Kojda et al., 1998b).
Using '*C-glyceryl trinitrate, we have previously provided
data to support this hypothesis.

In another study, chronic glyceryl trinitrate treatment
induced severe nitrate tolerance and elicited a small
upregulation of sGC that could be related to a negative
feedback signalling between NO and sGC expression (Mulsch
etal., 2001), but the results of this study and those previously
obtained in vivo (Laber et al., 2002) and in vitro (Weber et al.,
2001) rather suggest that this effect was mediated by the
increase of vascular superoxide production associated with
nitrate tolerance. Taken together, these results suggest that
treatment with NO donors does not increase vascular
bioavailable NO enough to induce a negative feedback
signalling on sGC expression.

Previous in vitro observations in cultured smooth muscle
cells expressing either sGC or PKG showed that transfection
of PKG-deficient smooth muscle cells with the catalytic
domain of PKG-I reduced protein expression of the PB1
subunit, whereas transfection of sGC-deficient smooth
muscle cells with both «1 and B1 subunits reduced protein
expression of PKG after a 48 h treatment with the NO-donor
2,2'-(hydroxynitrosohydrazono)-bis-ethanimine (DETA/NO)
(Browner et al., 2004). The effect of NO on the expression of
sGC appears to involve a post-transcriptional regulation
(Filippov et al., 1997), which might be caused by decreased
binding of the sGC-mRNA-stabilizing family protein HuR
(Kloss et al., 2003). In view of our in vivo results we suggest
such inhibition by NO of sGC expression occurs at
concentrations of NO exceeding normal in vivo concentra-
tions and which are not even achievable with extremely high
nitrate doses.
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Endogenous Vascular Hydrogen Peroxide Regulates
Arteriolar Tension In Vivo

Tatsiana Suvorava, MS*; Nadine Lauer, PharmD, PhD*; Stephanie Kumpf, BSc; Ralf Jacob, PhD;
Wilfried Meyer, PhD; Georg Kojda, PharmD, PhD

Background—Although many studies suggested direct vasomotor effects of hydrogen peroxide (H,O,) in vitro, little is
known about the vasomotor effects of H,O, in vivo.

Methods and Results—We have generated mice overexpressing human catalase driven by the Tie-2 promoter to
specifically target this transgene to the vascular tissue. Vessels of these mice (cat*™) expressed significantly higher
levels of catalase mRNA, protein, and activity. The overexpression was selective for vascular tissue, as evidenced by
immunohistochemistry in specimens of aorta, heart, lung, and kidney. Quantification of reactive oxygen species by
fluorescence signals in cat™™ versus catalase-negative (cat") mice showed a strong decrease in aortic endothelium and
left ventricular myocardium but not in leukocytes. Awake male cat™™ at 3 to 4 months of age had a significantly lower
systolic blood pressure (sBP, 102.7+2.2 mm Hg, n=10) compared with their transgene-negative littermates (cat",
115.6£2.5 mm Hg, P=0.0211) and C57BL/6 mice (118.4%3.06 mm Hg, n=6). Treatment with the catalase inhibitor
aminotriazole increased sBP of cat™ to 117.3*4.3 mm Hg (P=0.0345), while having no effect in cat"
(118.4x2.4 mm Hg, n=4, P>0.05). In contrast, treatment with the NO-synthase inhibitor nitro-L-arginine methyl ester
(100 mg - kg BW ™' . d") increased sBP in cat’* and C57Bl/6 to a similar extent. Likewise, phosphorylation of
vasodilator-stimulated phosphoprotein in skeletal muscle, left ventricular myocardium, and lung was identical in cat™*
and cat". Endothelium- and NO-dependent aortic vasodilations were unchanged in cat™. Aortic KCI contractions were

significantly lower in cat™* and exogenous H,0, (10 wmol/L)-induced vasoconstriction.
Conclusions—These data suggest that endogenous H,O, may act as a vasoconstrictor in resistance vessels and contribute
to the regulation of blood pressure. (Circulation. 2005;112:2487-2495.)

Key Words: hydrogen peroxide m blood pressure m catalase, vascular m aminotriazole m contractility

Hydrogen peroxide is a nonradical reactive oxygen spe-
cies that is produced in many different cell types in the
human body, including vascular endothelial and smooth
muscle cells.! A large number of reports during the past 20
years have suggested that hydrogen peroxide may be an
important mediator in the vasculature, eg, a regulator of
vasomotor tone.>~* However, in vitro studies have yielded
conflicting results on the effect of hydrogen peroxide on
vasomotor tone,>° suggesting that the vasomotor response to
hydrogen peroxide depends on experimental conditions, such
as the type of vessel studied, the species studied, and the
concentration range used. For example, endothelial hydrogen
peroxide has been shown to relax mouse and human mesen-
teric arteries’-8 but not human radial arteries.”

The steady-state concentration of hydrogen peroxide in
human plasma, blood cells, and vascular cells is unknown but
is most likely in the lower micromolar range or less.! In
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contrast, the vast majority of studies investigated the vaso-
motor effects of exogenous hydrogen peroxide at much larger
concentrations (up to 10 mmol/L), and both vasodilator and
vasoconstrictor effects were reported.>-51° Vasodilator effects
of hydrogen peroxide may be mediated by activation of K*
channels,” activation of endothelial NO production,'"-2 de-
creased myosin phosphorylation,'? and inhibition of myosin
ATPase,!'* whereas vasoconstriction is attributed to an in-
crease of intracellular Ca**,!s to the generation of arachidonic
acid metabolites with vasoconstrictor activity,'® and to direct
Ca’*-independent tonic effects on the smooth muscle con-
tractile apparatus.'7-18

Recent studies in mouse and rat mesenteric arteries and
mouse aorta showed vasoconstrictor effects at up to 10
pmol/L of hydrogen peroxide, whereas higher concentrations
induced sustained and almost irreversible vasodilation.!6°
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These data suggest a biphasic action of hydrogen peroxide on
the vasomotor tone of conductance and small mesenteric
arteries, in which lower micromolar concentrations induce
predominantly vasoconstrictor effects. Although there are no
data on the effects of hydrogen peroxide on the vascular tone
of small skeletal muscle resistance arteries, it seems possible
that the vasomotor effects of endogenously produced hydro-
gen peroxide contribute to the regulation of blood pressure. In
hypertension, the plasma concentration of hydrogen peroxide
is increased and is positively correlated to plasma renin
activity and systolic blood pressure (sBP) but negatively
correlated to cardiac contractility and renal function.?® To
investigate the effects of endogenous vascular hydrogen
peroxide on small skeletal resistance vessels in vivo, we
studied a transgenic mouse with a vascular-specific overex-
pression of human catalase.

Methods

Generation of Transgenic Mice

We generated a transgenic construct in which human catalase (hCat)
was inserted between murine Tie-2 Promotor (2.1 kb) and a 10-kb
Tie-2 intron fragment, designated as Tie-2 enhancer, and this
construct was used to target catalase gene expression to the vascu-
lature as described previously.?! Founder mice showing approxi-
mately 100-fold higher catalase expression were crossed 10 times to
C57BL/6 mice to generate pure C57BL/6 background (cat™"). Mice
were used at 12 to 16 weeks of age. Transgene-negative littermates
(cat") served as controls. In addition, C57BL6 mice were used as
nontransgenic controls. In some experiments, mice carrying a
vascular-specific overexpression of wild-type endothelial nitric ox-
ide synthase (eNOS) driven by the murine Tie-2 promotor were used.
Vascular overexpression of eNOS (eNOS**) was evident by a
1.66%0.13-fold eNOS protein content in the aorta (n=5, P<<0.05)
compared with transgene negative littermates (eNOS").

Ethical Statement

Permission for this study was provided by the regional government
(AZ 23.05-230-3-94/00 and 23.05-230-3-65/99), and the experi-
ments were performed according to the guidelines for the use of
experimental animals as given by the Deutsches Tierschutzgesetz
and to the Guide for the Care and Use of Laboratory Animals of the
US National Institutes of Health.

Preparation of 100g Supernatants

To prepare protein homogenates, mouse thoracic aortas were flash-
frozen in liquid nitrogen, homogenized, solubilized in lysis buffer
(50 mmol/L Tris-HCI, 1 mmol/L DTT, 1 wmol/L proteinase inhib-
itors), and centrifuged 10 minutes at 100g. Supernatants were stored
at —70°C until used for Western blots.

Western Blotting

Western blot analysis was performed in a blinded manner, as
described previously,?> using commercially available monoclonal
antibodies directed against eNOS (Transduction Laboratories), rabbit
antiserum M4 against vasodilator-stimulated protein (VASP,
Alexis), monoclonal anti-phospho-Ser239 antibody 16C2 (Vasop-
harm), and a polyclonal antibody for catalase (Calbiochem) as well.
Blots were developed by use of enhanced chemiluminescence
(Roche) and exposed to x-ray film. The autoradiographs were
analyzed by densitometry (Geldoc, Bio-Rad). Total protein levels
were determined by the Bradford method.??

Immunohistochemistry

Different organs of the mice (heart, aorta, lung, kidney) were
removed, immediately fixed in Bouin’s fluid, and embedded in
paraffin wax. Sections 8 um thick were stained for catalase (anti-

body diluted 1:100, anti-human, from rabbit; Calbiochem). After
incubation for 60 minutes at room temperature, the reaction was
detected by an ABC system (Vector Elite Kit) using biotinylated
second antibodies and PO-conjugated streptavidin. Before the reac-
tion, all sections were digested for 30 minutes with 0.1% trypsin.

Smooth Muscle Layer Thickness

Aortic rings (1 cm long) of cat™" and cat" were fixed in buffered 4%
formalin and embedded ethanol-free in the water-soluble plastic
resin Technovit 7100 (Heraeus-Kulzer) to prevent shrinkage and
lipid extraction. Sections 4 um thick were stained with 1% toluidine
blue, and intima-media thickness was measured by use of the image
analyzing system CUE-3 (Olympus Ltd, version 4.5, 1993). The
measurements were routinely performed in a double-blind experi-
mental approach by a technical assistant who had no knowledge of
the specific scientific background of the study.

Detection of Reactive Oxygen Species

The hydrogen peroxide level was monitored with 5- and 6-carboxy-
2'7'-dichlorodihydrofluorescein diacetate bis(acetomethyl)ester
(DCDHF-DA, Molecular Probes), which can be oxidized to the
fluorescent compound 2'7’-dichlorofluorescein.>* The intimal layer
of longitudinally cut mouse aortic rings was incubated with 5
pmol/L DCDHF-DA for 30 minutes at 37°C and rinsed 3 times with
PBS, and fluorescence was visualized on a Leica TCS SP2 confocal
microscope (excitation, 488 nm; emission, 525 nm). Slices of left
ventricle of cat™" and cat" mice were pretreated for 1 hour at 37°C
with vehicle or with the catalase inhibitor aminotriazole (1 mmol/L),
followed by incubation with 5 wmol/L DCDHF-DA. and quantifi-
cation of fluorescence intensity. In addition, the basal level of
oxidative stress was measured in leukocytes by means of dihydro-
ethidine fluorescence intensity as analyzed by fluorescence-activated
cell sorter (FACS).25

Measurement of Blood Pressure and Heart Rate
SBP and heart rate were measured in awake male cat™™ (n=8), cat®
(n=8), and C57Bl/6 mice (n=6) at 3 to 4 months of age using an
automated tail-cuff system (Visitech Systems) as described previ-
ously.26 In some experiments, cat™* and cat” mice (n=4 each) were
treated with aminotriazole (666 mg - kg~' - d, dissolved in drinking
water) for 14 days. In another subset of experiments, cat** (n=6)
and C57Bl/6 (n=5) mice were treated for 28 days with N“-nitro-L-
arginine (100 mg - kg BW ™' - d™"), and blood pressure and heart rate
were recorded before, during, and after the treatment period.

Organ Bath Experiments

Preparation of thoracic ring segments was performed in HEPES-
containing Krebs-Henseleit buffer, and the organ bath experiments
were performed in the same buffer lacking HEPES. After a 60-
minute equilibration period, aortic rings were repeatedly subjected to
80 mmol/L KCI. The vasoconstriction that developed during the last
of 3 KCI applications was taken as the maximal receptor-
independent vasoconstriction. The function of the endothelium was
examined by cumulative addition of acetylcholine (I nmol/L-10
pmol/L) after submaximal precontraction with phenylephrine. In
cat™* (n=4) and cat" (n=4) mice, endothelium-dependent vasodila-
tion to the NO donor DEA-NO (0.1 nmol/L-10 wmol/L) was
followed by a cumulative application of phenylephrine (1 nmol/L-10
umol/L). Thereafter, the aortic rings were incubated for 30 minutes
with aminotriazole (I mmol/L) or vehicle, and a concentration-
response curve for phenylephrine (I nmol/L-10 wmol/L) was per-
formed. Reaction to increasing concentrations of hydrogen peroxide
(10 nmol/L-10 mmol/L) was examined in endothelium-intact or
denuded aortic segments of cat™* and cat"/C57BL/6 mice after
precontraction with phenylephrine (0.1 wmol/L).

Substances and Solutions

All chemicals were obtained from Merck or from Sigma in analytical
grade. Stock solutions were prepared daily, diluted with Krebs-buffer
as required, kept on ice, and protected from daylight until use. All

Downloaded from circ.ahajournals.org at UNIV UND LANDESBIBLIOTHEK on October 4, 2010


http://circ.ahajournals.org

Suvorava et al

concentrations indicated in the text and figures are expressed as final
bath concentrations.

Statistics

All data were analyzed by standard computer programs (GraphPad
Prism PC Software, Version 3.0, ANOVA) and are expressed as
mean values and SEM. Significant differences were evaluated by use
of either the Newman-Keuls multiple comparison test after 1-way
ANOVA, 2-way ANOVA, or Student ¢ test. A probability value of
less than 0.05 was considered significant.

Results

Characterization of Catalase Overexpression
Injection of the catalase-Tie-2-promotor construct resulted in
a marked overexpression of catalase, as evidenced by South-
ern blot in the myocardium (not shown), competitive reverse
transcription—polymerase chain reaction (31.7£4.2 6 pg
mRNA/ug total RNA in cat™™ versus 4.5+0.6 pg mRNA/ug
total RNA in cat", n=3, P<0.01), Western blot (2.2%+0.3-
fold, P<0.05), and activity (43.2+11.5X107* s™'/mg protein
of cat™ versus 14.2+2.0X107* s™'/mg protein in cat”, n=4,
P<0.05) in the aorta, the lung, and the heart. Immunohisto-
chemistry performed in cross sections of the aorta, the heart,
the lung, and the kidney of cat** showed that the overexpres-
sion occurred specifically in blood vessels (Figure 1). Exam-
ination of the steady-state content of hydrogen peroxide in
endothelial cells by confocal microscopy using longitudinally
cut aortic segments pretreated with DCDHF-DA revealed a
significant reduction of the fluorescence signal in cat™*
(1973£244) compared with cat" (3808+664, n=S8§,
P=0.0021). Likewise, DCDHF-DA-induced fluorescence
was much smaller in slices of left ventricular myocardium of
cat™™ compared with cat”, whereas this difference disap-
peared in the presence of aminotriazole, which increased the
fluorescence signal to the same degree in mice of both strains
(Figure 2). In striking contrast, oxidative stress in leukocytes
as measured by dihydroethidine fluorescence using FACS
analysis was not different in cat" (436 U, n=10) and cat™™"
(44+8 U, n=9) but increased strikingly in cat*" treated with
aminotriazole (1075, n=5). These data indicate that cat™™
mice specifically overexpress catalytically active catalase
protein in vascular cells.

Smooth Muscle Layer Thickness

To evaluate a possible effect of catalase overexpression on
the media thickness of the vasculature, we measured the
smooth muscle layer thickness of different arteries. There was
no difference between cat” and cat™* (n=3, each) in the aorta
(45.18+2.37 versus 45.25+1.06 wm, P=0.978) and in arte-
rioles of the heart (5.0=0.23 versus 5.12%£0.08 wm,
P=0.642) and the lung (9.33%£0.44 versus 8.91*+0.24 um,
P=0.455). These data suggest that catalase overexpression
has no effect on vascular media thickness.

Blood Pressure and Heart Rate

sBP was significantly lower in cat™® mice (102.7=%
2.2 mm Hg, n=10) compared with their transgene-negative
littermates (cat”, 115.6=2.5 mm Hg, n=8) or C57BL/6 mice
(118.4x3.06 mm Hg, n=6, Figure 3A). Catalase overexpres-
sion had no effect on heart rate (data not shown). The
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cat™ cat"

heart

Figure 1. Demonstration of vascular-specific overexpression of
human catalase in aorta, heart, lung, and kidney of cat™* and
cat" (magnification as indicated). Arrows indicate a vascular
wall.

decrease of sBP in cat™* was identical to that in eNOS ™" mice
(105.3%2.6 mm Hg, n=6, Figure 3B). These data indicate
that overexpression of catalase causes the same degree of sBP
reduction as overexpression of eNOS.

Aminotriazole Treatment

Treatment of cat™™ (n=4) and cat" (n=4) with the catalase
inhibitor aminotriazole significantly raised sBP in cat™ mice,
whereas it had little effect on the sBP of cat" (Figure 3C).
There was no change of heart rate caused by inhibition of
catalase (data not shown). The recovery of sBP by aminotria-
zole treatment suggests that the reduction of blood pressure in
cat™ mice is caused by overexpression of catalase and a
subsequent decrease of the vascular hydrogen peroxide
steady-state concentration.

Aortic eNOS Expression

To evaluate a possible effect of catalase overexpression on
vascular eNOS expression, we compared aortic eNOS protein
levels in cat" and cat™*. As shown in Figure 4, overexpression
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Figure 2. Effect of catalase inhibitor aminotriazole on endoge-
nous hydrogen peroxide content in the slices of left ventricle of
cat** and cat". A, Endothelial hydrogen peroxide levels after
treatment with vehicle or catalase inhibitor aminotriazole

(1 mmol/L) as measured by use of dichlorofluorescein fluores-
cence. B represents the mean dichlorofluorescein fluorescence
intensity in arbitrary units (*P<0.05 vs cat**, n=4, 1-way
ANOVA).

of catalase had no effect on aortic eNOS protein content. In
contrast, Western blot analysis in eNOS™* mice demonstrated
a significantly elevated aortic eNOS protein level of
166£13.7% (n=5, P<<0.05, Figure 4). These findings indi-
cate that the reduction of sBP in cat™ mice is not caused by
an increase of aortic eNOS protein expression.

NO Bioavailability

To evaluate whether overexpression of catalase changes the
bioavailability of endogenous NO, C57BL/6 and cat™™ mice
were treated with the NO synthase inhibitor N°-nitro-L-
arginine methyl ester (L-NAME) for 6 weeks. As expected,
L-NAME elevated blood pressure significantly in C57BL/6
mice, from 118*3 to 146*5.6 mm Hg (n=6, P<<0.001,
Figure 5A). This 23.3%=4.8% increase of sBP observed in
C57BL/6 mice was almost identical to the 20.3+2.8% in-
crease of sBP in cat™ (Figure 5B), in which an elevation
from 103%2.3 to 125*4.5 mmHg occurred (n=6,
P<0.001). In both mouse strains, termination of L-NAME
treatment induced a complete restoration of sBP to pretreat-
ment values. We have also measured VASP phosphorylation
to further substantiate that the NO/cGMP system is not
involved. There was no change in the total VASP protein
content in cat”" in the lung (120+12%, n=4), the skeletal

muscle (92+10%, n=4), and the heart muscle (109£19%,
n=3), tissues known to contain mostly resistance vessels.
Likewise, phosphorylated VASP protein was also identical in
cat" and cat™ ", as indicated by the relative Western blot signal
intensity in cat™* in the lung (117+36%, n=38), the skeletal
muscle (126+=20%, n=4), and the heart (95+29%, n=4).

Studies of Isolated Aortic Segments

Aortic responses to increasing concentrations of acetylcho-
line (Figure 6A) were similar in cat™™ and cat", confirming
that the bioavailability of endothelial NO is not altered by a
reduction of vascular hydrogen peroxide levels. Likewise, the
efficiency of the NO/cGMP pathway remained in cat™", as
evidenced by aortic responses to the spontaneous NO donor
DEA-NO (Figure 6B). Thus, vascular overexpression of
catalase had no effect on endothelium-dependent and
-independent NO-mediated relaxation of conductance
vessels.

Subjection of aortic rings to a single dose of 80 mmol/L
KClI induced a strong vasoconstriction in cat" (9.65*0.34
mN, n=4). Aortic rings of cat”* showed a significantly lower
maximal response to 80 mmol/L KCl of 8.05£0.46 mN
(n=4, P=0.0322), although there was no change of the media
thickness in this vessel type (see above). These data suggest
that overexpression of catalase decreases the contractile
response of vascular smooth muscle cells caused by depolar-
ization. In contrast, concentration-dependent vasoconstriction
to phenylephrine was similar in cat" and cat** (Figure 7).
Neither the half-maximal effective concentration given as
pD, values in —log mol/L for phenylephrine in cat™*
(6.46*=0.2, n=4) and cat" (6.45+0.2, n=4) nor maximal
vasoconstrictions to phenylephrine in cat™™ (5.49+0.54 mN,
n=4) and cat" (5.48=0.54 mN, n=4) were different. How-
ever, although inhibition of catalase with aminotriazole had
only little effect on phenylephrine constrictions in cat™™, it
significantly increased phenylephrine constrictions in cat"
(P=0.023, n=4, Figure 7), suggesting a contribution of
endogenous hydrogen peroxide to adrenergic vasoconstric-
tion in conductance vessels.

To investigate vasoconstrictor effects of exogenous hydro-
gen peroxide, denuded aortic rings of cat" and cat™" were
subjected to increasing concentrations of hydrogen peroxide.
Small vasoconstrictor effects were observed up to 50 wmol/L
hydrogen peroxide in cat" only, whereas higher concentra-
tions induced strong and irreversible vasodilator effects in
cat" and cat™" (Figure 8). After washout of vasodilator
concentrations of hydrogen peroxide, aortic rings did not
respond to KCl or phenylephrine any longer (data not shown).

Discussion
The aim of this study was to determine the effect of
endogenous vascular hydrogen peroxide on the vasomotor
tone of resistance vessels in vivo. Our new finding is that a
reduction of steady-state concentrations of vascular hydrogen
peroxide induced by a vascular specific overexpression of
human catalase resulted in a marked reduction of sBP in
mice. This hypotension was completely reversed by treatment
with the catalase inhibitor aminotriazole but was independent
of vascular eNOS protein content, eNOS activity, and the
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Figure 3. Blood pressure in C57BI/6 mice,
cat™*, and cat" (A) and in C57BI/6, eNOS*",
and eNOS" (B). Measurements were
obtained in resting awake animals using a
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efficiency of the NO/cGMP pathway as evidenced by West-
ern blot analysis, chronic treatment with the NOS inhibitor
L-NAME, and organ bath experiments, respectively. These
data suggest that endogenous hydrogen peroxide is a vaso-
constrictor in resistance vessels in vivo. We assume that the
vasoconstrictor effects of hydrogen peroxide in resistance
vessels might contribute to the development of essential
hypertension.

Our data obtained in transgenic mice overexpressing cata-
lase strongly support the concept that reactive oxygen spe-
cies, such as hydrogen peroxide, generated in the vascular
wall can modulate arterial tone and are involved in the
pathogenesis of such vascular diseases as hypertension.?7.28
As predicted,? catalase overexpression driven by the Tie-2
promotor construct was vascular-specific in our mouse
model. This was evident in the aorta, the lung, the heart, and
the kidney. Vascular specificity was further investigated by
measuring dihydroethidine fluorescence in leukocytes by
FACS analysis, and no difference was found between cat" and
cat™", suggesting an absence of catalase overexpression in
nonvascular cells, as found in a variety of organs. Our cat”™*
mouse is the first transgenic animal model in which a
mammalian gene was overexpressed, driven by the Tie-2
promotor. In the original publication describing the discovery
of the Tie-2 promotor, Schlédger et al>® suggested an endothe-
lium-specific expression induced by this promotor. However,
this was not directly proved by histology of cross sections of
vascularized tissues, and our results rather suggest a vascular-
specific instead of an endothelium-specific expression pattern
induced by the Tie-2 promotor.

tail-cuff method (*P<0.01, n=6 to 10, 1-way
ANOVA). C, Restoration of sBP by treatment
with catalase inhibitor aminotriazole. Treat-
ment with aminotriazole (666 mg - kg~' - d™'
for 2 weeks) normalized sBP in cat*™ but
had no influence on blood pressure in cat"
(*P<0.01, n=4 to 8, for all comparisons with
control/cat™™).

In our animal model, catalase overexpression was associ-
ated with a substantial reduction of blood pressure in resting
awake mice, and this hypotension was completely reversible
by the catalase inhibitor aminotriazole. Recently, Yang et al3°
reported that catalase-overexpressing mice generated by
means of an 80-kb P1 clone containing the entire human
catalase gene show no change of hydrogen peroxide release
from the aorta and have normal blood pressure. Thus, specific
targeting of catalase overexpression to the vasculature ap-
pears to be important to unmask a vasotonic effect of
endogenous hydrogen peroxide.

It has been shown that vascular hydrogen peroxide has
many associations with the vascular NO/cGMP pathway.>#
For example, hydrogen peroxide may either enhance endog-
enous NO generation by increasing the activity and expres-
sion of eNOS!!-12:31 or impair endothelial production of NO in
response to such mediators as the calcium ionophore A23187,
bradykinin, and ADP.3? Hydrogen peroxide might also play a
role in flow-mediated vasodilation, and catalase most likely
consumes NO, which partially inhibits the reaction of the
enzyme with hydrogen peroxide.?33* We investigated
whether hypotension in cat™" is associated with changes of
the vascular eNOS content or the bioavailability of endoge-
nous NO. Aortic eNOS protein was not changed, suggesting
that the reduction of vascular hydrogen peroxide in cat™™ had
no impact on the regulation of endothelial eNOS expression.

The lack of influence on eNOS expression of a reduced
vascular hydrogen peroxide content probably results from the
complex regulation of vascular eNOS expression, leaving a
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Figure 4. Quantitative evaluation of aortic eNOS expression in
cat" and cat™* and in eNOS" and eNOS**. A and C, Represen-
tative blots for eNOS in cat" and cat** (A) and in eNOS" and
eNOS** (C). The plots in B and D represent the mean values of
eNOS protein expression in the aorta of cat" and cat™ (B) and
eNOS" and eNOS** (D) after densitometric analysis (n=>5, each).

lot of compensatory mechanisms.?> We were also unable to
detect differences of the bioavailability of vascular NO in
resistance and conductance vessels. Oral treatment with the
NOS inhibitor L-NAME induced an identical rise of sBP in
cat"" and cat", and the approximately 15-mm Hg difference
in sBP remained. Likewise, aortic endothelium-dependent
vasodilation in cat®™* was normal, and measurement of
serine-239—VASP phosphorylation3¢ showed a similar degree
of activation of the NO/cGMP pathway in tissues known to
contain mostly resistance vessels. These data do not support
the hypothesis that endogenous hydrogen peroxide impairs
endogenous NO production and bioavailability in BP-
regulating skeletal resistance vessels.

Previous data obtained in endothelium-denuded mouse and
rat mesenteric arteries have suggested that concentrations of
exogenous hydrogen peroxide (0.1 to 10 umol/L), which
probably resemble in vivo conditions, induce either no
response or a vasoconstriction.'®!* Such vasoconstrictor ef-
fects of hydrogen peroxide might be mediated by an increase
of intracellular Ca’*,!s the generation of arachidonic acid
metabolites with vasoconstrictor activity,'¢ and a direct Ca®*-
independent tonic effect on the smooth muscle contractile
apparatus.'”-'8 These in vitro vasocontractile activities of
exogenous hydrogen peroxide might also occur in vivo and
might explain hypotension in cat™™, which is dependent on
catalase activity, as evidenced by the complete reversal after
aminotriazole treatment. Inhibition of catalase activity by
aminotriazole also unmasked a potentiation of adrenergic
vasoconstriction by phenylephrine in aortic rings of cat" that
was attenuated in cat'”, as expected. In addition, concentra-
tions of hydrogen peroxide that most likely resemble in vivo
conditions induced vasoconstrictor effects in aortic rings
submaximally precontracted with phenylephrine. We suggest
that the vasoconstrictor and/or calcium-sensitizing effect of
hydrogen peroxide in vivo is already exploited at normal
physiological concentrations that occur in the vascular wall.
A further increase by treatment with aminotriazole does
increase blood pressure slightly but not significantly. Like-
wise, aminotriazole did increase DCDHF-DA fluorescence of
ventricular slices of cat" slightly but not significantly, while
having a much stronger effect in cat™".

Vasoconstriction to phenylephrine is mediated by ;¢
receptors on vascular smooth muscle cells.?” Activation of
these G-protein—coupled receptors results in stimulation of
different intracellular enzymes that are involved in the signal
transduction. The second messengers 1,4,5-inositol triphos-
phate (IP;) and diacyl glycerol are generated by phospho-
lipase C. Whereas IP; releases calcium from the sarcoplasmic
reticulum and thereby directly initiates vasoconstriction, dia-
cyl glycerol activates protein kinase C and supports the
intracellular calcium release.?® Hydrogen peroxide is known
to interact with some proteins of this signal transduction
pathway, such as phospholipase C, protein kinase C, and
phosphoinositide 3-kinase, which might explain the molecu-
lar mechanisms underlying hydrogen peroxide—induced in-
creases of vascular tone.® It might be argued that aortic rings
are not a suitable model to investigate the effects of hydrogen
peroxide on resistance vessels. However, our data are con-
sistent with the observed change of sBP, with the effects of
aminotriazole in vivo and in vitro, and with a previous report
showing that increases of blood pressure in response to
vasoconstrictor agents such as norepinephrine and angioten-
sin II were less pronounced in mice with an unspecific
overexpression of catalase.®® Thus, the involvement of en-
dogenous hydrogen peroxide in adrenergic constriction of
resistance vessels in vivo most likely contributes to hypoten-
sion in cat**.

We found that aortic rings of cat™* had a significantly
lower maximal vasoconstrictor response to KCl. KCI induces
a depolarization of the smooth muscle cell membrane and a
subsequent influx of calcium through L-type calcium chan-
nels.*%4! It has been shown that the increase of the intracel-
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Figure 5. Time-dependent changes of
sBP (A) and heart rate (C) in cat™ (n=6)

and C57BI/6 (n=5) mice during (4 weeks)
cat** and after (2 weeks) L-NAME (100 mg -
kg BW™" - d7") treatment. There was no
effect of L-NAME application on the dif-
ference (in % from control level) in sBP
(B) and heart rate (D) between C57BI/6
and cat™*. Application (+) and removal
(=) of the NOS inhibitor L-NAME indi-
cated by arrows.
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lular calcium concentration induced by KCl is not accompa-
nied by a calcium release from the sarcoplasmic reticulum.*?
This selective dependency of KCl-induced vasoconstrictions
on the influx of extracellular calcium is widely used to
initially evaluate the response of isolated vascular prepara-
tions to increased cytosolic calcium concentrations in smooth
muscle cells.*® Hence, our data suggest that the vascular
calcium contraction coupling might be less efficient in cat™™.
In mouse-tail arterioles, elevation in transmural pressure
causes generation of reactive oxygen species, of which
particularly hydrogen peroxide initiates myogenic
constriction.'$

It is interesting to speculate on a causal role of hydrogen
peroxide in the development of essential hypertension. Ex-
perimental as well as clinical hypertension is associated with
oxidative stress.?”#3 Furthermore, previous studies indicate
that in hypertension, the plasma concentration of hydrogen
peroxide is increased and is positively correlated to plasma
renin activity and sBP but negatively correlated to cardiac
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acetylcholine [log mol/L] DEA-NO [log mol/L]
Figure 6. Endothelium-dependent relaxation to acetylcholine (A)
and NO-dependent vasodilation to NO donor DEA-NO (B) in
aortic rings of cat™* and cat" mice. Overexpression of catalase
had no influence on these vascular responses to acetylcholine
(P=0.75, n=4) and DEA-NO (P=0.82, respectively, n=4).

cat™

contractility and renal function.?® Still, it is not known
whether vascular oxidative stress is a result of the disease or
may be one underlying cause. Treatment options that have
been shown to reduce vascular oxidative stress also reduce
blood pressure.?’*3 The direct demonstration of hypotension
in mice carrying a vascular specific overexpression of cata-
lase strongly argues for both direct vasoconstrictor effects of
endogenous hydrogen peroxide on resistance vessels and a
possible contribution of these effects to the development of
hypertension.

One might consider limitations of our study on the basis of
the fact that neither aminotriazole nor DCDHF-DA and
dihydroethidine are entirely specific compounds. Unfortu-
nately, there are no alternative chemical tools showing better
specificity.** Although DCDHF-DA detects primarily hydro-
gen peroxide, it is also oxidized by superoxide, although to a
much lesser extent. Likewise, dihydroethidine detects primar-
ily superoxide but is also known to be oxidized by hydrogen
peroxide. The DCDHF-DA signal was much lower in the
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Figure 7. Concentration-dependent constrictor response to
increasing concentrations of phenylephrine in aortic rings of
cat™™ (A) and cat" (B) after preincubation with vehicle (control) or
aminotriazole (1 mmol/L, *P<0.05, n=4, ANOVA).
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Figure 8. Vasoconstrictor response to increasing concentrations of hydrogen peroxide. A, Original recordings in endothelium-denuded
(—ET) aortic rings of cat" (top) and cat™* (bottom). B, Summary of 9 individual experiments in cat" (top) and cat** (bottom, *P<0.05 vs

0.01 umol/L hydrogen peroxide, ANOVA).

aortic endothelium and the left ventricular myocardium in
cat™" compared with cat", and this was associated with (1) a
6-fold increase of catalase mRNA expression, (2) a 2-fold
increase of catalase protein expression, (3) a 3-fold increase
of catalase activity in these tissues?!, and (4) a 2-fold increase
of the DCDHF-DA signal after treatment with aminotriazole,
leaving little room to explain the oxidation of the fluorescent
dyes by superoxide. In vitro data suggest that aminotriazole
might inhibit not only catalase but also glutathione peroxi-
dase, but the latter does not seem to occur in cardiovascular
tissue of mammals in vivo.*> These data are consistent with
our observation the aminotriazole strongly increased the
blood pressure of cat™™ but had only a small effect in cat".
However, we cannot completely rule out the possibility that
aminotriazole slightly inhibited glutathione peroxidase in
cardiovascular tissue of cat™" and cat".
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CLINICAL PERSPECTIVE
The term vascular oxidative stress denotes an increase of a great variety of reactive oxygen species generated in the
vascular wall. Although vascular oxidative stress is considered an important pathogenic factor in cardiovascular diseases,
there is some evidence for physiological or even beneficial effects. A large number of reports during the past 20 years have
suggested that the oxidant hydrogen peroxide may act as a regulator of vasomotor tone, but these in vitro studies have
yielded conflicting results. The aim of our in vivo study was to evaluate possible physiological effects of the “hair bleach”
hydrogen peroxide in the vasculature. By generation of a transgenic mouse with a vascular-specific overexpression of
catalase, we established an animal model with a strongly reduced steady-state concentration of vascular hydrogen peroxide.
In these animals, we found a profound hypotension that was completely reversed by treatment with the catalase inhibitor
aminotriazole. These observations suggest a tonic effect of hydrogen peroxide on vascular smooth muscle and might be
interpreted as a dual vascular role of hydrogen peroxide, again confirming Paracelsus’ law: “The dose determines a
poison.” We cannot tell whether this newly discovered physiological effect of hydrogen peroxide occurs in humans, but
this appears to be not entirely unlikely. We hope that our data might encourage clinical researchers to evaluate whether this
tonic effect of hydrogen peroxide might contribute to the development of essential hypertension as previously suggested

by the results of small clinical trials.
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Abstract

Objective: Recent studies from our groups have indicated that endothelial nitric oxide synthase (eNOS) expression is increased in cell culture
by both shear stress and by hydrogen peroxide (H,O,). In vivo, exercise training, known to increase both endothelial shear stress and
oxidative stress, also increases eNOS expression. It is unclear if HO, contributes to an increase in eNOS expression in response to exercise
training.

Methods: To address this question, we generated mice overexpressing human catalase (hCat) driven by the murine Tie-2 promoter to
specifically target this transgene to the endothelium (cat'™).

Results: Vessels of cat'" expressed significantly higher levels of catalase mRNA and catalase protein and activity but normal levels of eNOS.
Exercise alone had no effect on catalase expression in C57BL/6. Wild-type littermates of cat’ showed an increase in eNOS expression with
3 weeks of exercise (2.5310.42-fold) comparable to C57BL/6 (2.9340.45-fold). In striking contrast, 3 weeks of exercise had no effect on
aortic (1.3340.32-fold) and myocardial (1.1£0.2-fold) eNOS expression in catalase transgenic mice.

Conclusions: These data suggest that endogenous H,O, plays a key role in the endothelial adaptation to exercise training by stimulating an
up-regulation of eNOS.

© 2004 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.

Keywords: Oxidative stress; Hydrogen peroxide; Exercise; Endothelial nitric oxide synthase; Catalase; Vascular endothelial function

1. Introduction miles reduces the mortality of nonsmoking retired men [3].
Exercise induces a reduction of heart rate and blood

Regular physical activity is an important factor in the pressure, increases maximal myocardial oxygen uptake

prevention of cardiovascular diseases [1]. The effects of
exercise on organ function are associated with an approx-
imately 30% reduction of mortality in patients with coronary
artery disease or heart failure [2]. Even daily walking of 2

* Corresponding author. Institut flir Pharmakologie und Klinische
Pharmakologie, Heinrich-Heine-Universitat, Moorenstr. 5, 40225
Diisseldorf, Germany. Tel.: +49 211 81 12518; fax: +49 211 81 14781.

E-mail address: kojda@uni-duesseldorf.de (G. Kojda).

and leads to several physiological adaptations involving
skeletal muscle, cardiac muscle, circulating blood volume
and a variety of metabolic modifications [4—7]. In contrast,
little is known about the mechanisms leading to the positive
effects of exercise in the vasculature.

Several studies suggest an important role of endogenous
production of nitric oxide (NO) in the beneficial effects of
exercise [8]. In-vivo studies in animals and humans have
shown that exercise results in an increased vascular

0008-6363/$ - see front matter © 2004 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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expression of the endothelial cell eNOS [9-12]. This
potentially important adaptation to exercise training seems
to require two intact endothelial nitric oxide synthase
(eNOS) genes [13] and might contribute to the improvement
of endothelial function in coronary conductance and
resistance vessels of exercised coronary artery disease
patients [14]. On the other hand, exercise is associated with
increased vascular oxidative stress which is considered to be
a pathogenic factor in cardiovascular disease [15].

It is not yet known how the induction of vascular eNOS
by exercise is mediated. Increased shear stress potently
stimulates an increase in eNOS expression. In addition,
previous studies from our laboratory have shown that
hydrogen peroxide (H,O,) increases the expression and
activity of eNOS in endothelial cells [16—18]. The increase
of eNOS activity in response to HO, comes along with a
change of eNOS phosphorylation and is thought to be an
acute cellular adaptation to an increase in oxidant stress
[19,20]. This is relevant to exercise, which is associated
with an increase in oxidative stress within the skeletal
muscle and an increase in circulating levels of H,O, and
markers of lipid oxidation. We have also demonstrated that
exercise increases expression of vascular extracellular
superoxide dismutase (ecSOD) which could enhance the
formation of H,O, [21]. Given these considerations, we
hypothesized that endogenously produced H,O, would
contribute to the up-regulation of eNOS expression caused
by exercise training. Unfortunately, there is no reliable
method to directly measure vascular H,O, levels in vivo
[22]. Thus, we generated transgenic mice with vascular-

specific overexpression of human catalase (hCat) and
compared the effect of exercise training on eNOS expres-
sion in these and wild-type animals.

2. Methods
2.1. Generation of transgenic mice

To target catalase gene expression to the endothelium, we
generated a transgenic construct, in which human catalase
(hCat) was inserted between murine Tie-2 promotor (2.1 kb)
and a 10-kb Tie-2 intron fragment, designated as Tie-2
enhancer (Fig. 1A).

2.1.1. Plasmid construction

By PCR, a Sse83871 restriction site was added to
the 5’ site and a Mlul site was added to the 3’ site of hCat
cDNA. The following primers were used: sense
(5 GAGAGACCTGCAGGAGCAAACCGCACGCTATG);
antisense: (5" GAGAGAACGGCTCCAGTGATGAGCGG-
GTTAC). The resulting 1.7-kb Sse8387I-hCat-MIul frag-
ment was confirmed by restriction analysis and was
sequenced by cycle sequencing with dye terminators.
Sse83871-hCat-Mlul fragment was isolated and inserted
downstream of the Tie-2-promotor (a generous gift from T.
Schlager, M.-Planck Institut, Bad Nauheim ) and upstream of
the Tie-2-enhancer. Plasmid (PCK), confirmed by restriction
analysis, comprised pBluescriptll SK(+) backbone (Strata-
gene, La Jolla, CA), 2.1-kb Tie-2-promotor, 1.7-kb hCat-
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Fig. 1. (A) Construct inserted into fertilized eggs of C57BL/6 mice to generate catalase overexpressing mice consisting of a 2.1-kb Tie-2-promotor, 1.7-kb
hCat-cDNA, 250 bp SV40 poly A signal and 10-kb Tie-2 enhancer. Sal I restriction sites used for linearization of the plasmid and Sse83871/Mlul sites
added to catalase cDNA for ligation are indicated. PCR primers used for genotyping PCR are indicated by arrows. (B) PCR identifying 11 of 44 founder
animal harbouring the transgene. A 470 bp transgene specific fragment is amplified in transgenic animals. Plasmid-DNA (100 ng) of the construct served

as control (K).
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cDNA, 250-bp SV40 poly A signal and 10-kb Tie-2 enhancer
(see Fig. 1).

2.1.2. Microinjection

The Tie-2-promotor-hCat-Tie-2 enhancer construct
was excised from the vector, purified and microinjected
in fertilized F,-eggs of F; (C57BL/6XC3H/He) mice.
Microinjected eggs were transferred into the oviducts
of pseudopregnant mice and allowed to develop to
term.

2.1.3. PCR

Eleven of 44 founder mice were identified harboring
the transgene by PCR of genomic DNA isolated from tail
biopsies at 4-5 weeks of age. Tail DNA was extracted
after proteinase K (0.5 mg/ml) digestion by subsequent
isopropanol precipitation and purification. Subsequent
genotyping PCRs were performed using transgene specific
primers, i.e, sense primer at the 3’ end of Tie-2 promotor
(5 -GGGAAGTCGCAAAGTTGTGAGTT) and antisense
primer at the 5 end of hCat cDNA (5 -CCGATTCTC-
CAGCAACAG ) identifying a 470 bp transgene specific
fragment (Fig. 1B).

By southern blot, identifying transgenic DNA (not
shown), and by competitive PCR, using an internal
standard fragment of 364 bp, the transgene copy
numbers of different founder lines were estimated.
One line showed approximately 100-fold higher catalase
expression compared to other lines. Animals of this line
were crossed 10 times to C57/BL6 mice to generate
pure C57BL/6 background (cat'™). Mice were used at
12 to 16 weeks of age. Transgene negative littermates
(cat") served as controls. In addition, C57BL6 mice
were used as nontransgenic controls to evaluate changes
of catalase expression and of eNOS expression induced
by exercise.

2.1.4. Ethical statement

Permission for this study was provided by the regional
government (AZ 23.05-230-3-94/00 and 23.05-230-3-65/
99), and the experiments were performed according to the
guidelines for the use of experimental animals as given by
“Deutsches Tierschutzgesetz” and to the “Guide for the care
and use of laboratory animals” of the US National Institutes
of Health.

2.1.5. Competitive RT-PCR

Catalase mRNA was measured in hearts of cat’ —mice
in comparison to cat"-mice by competitive RT-PCR
specific for human, transgenic mRNA as well as murine,
native mRNA. An internal deleted standard of 444 bp was
constructed by linker-primer—PCR, cloned into pCRII-
TOPO Cloning Vector, (Invitrogene, Karlsruhe) and con-
firmed by restriction analysis. The standard was in vitro
transcribed into cRNA, (RNA Transcription Kit, Strata-
gene, Amsterdam) and quantified spectrophotometrically.

Total RNA was isolated from mice tissues with “Rneasy
Mini Kit”, (Qiagen, Hilden, Germany). In competitive RT—
PCR experiments, 500 ng of total RNA was incubated in
separate reactions with defined amounts of an internal
deleted catalase ¢cRNA standard, reverse transcribed into
cDNA (Superscript™ first-strand system for RT-PCR,
Invitrogene) and amplified by PCR; sense-primer: 5'-
GGTTTCTTTCTTGTTCAGTG, antisense-primer: 5’ -
CGGTAGGGACAGTTCACA. A 554-bp fragment results
for the native RNA, a 443 bp-fragment for the standard
RNA. Fragments were separated through agarose gel
electrophoresis, and the optical density of each fragment
was measured (Gel Doc 1000, Bio-Rad, Miinich, Ger-
many). The respective RNA amounts were calculated
using double logarithmic plots of quotients of standard to
native PCR fragment density and determining the equiv-
alence point.

2.2. Exercise protocol

Mice were exercised following a previously established
protocol [23]. Briefly, mice ran in a newly established
self-build exercise wheel treadmill especially designed for
mice. Five animals were studied simultaneously. Mice
were initially trained three times for 10 min every other
day for 10 days. The maximal velocity of the treadmill
was 0.25 m/s. After this training, mice were exercised for
3 weeks at 5 days a week for 30 min at 0.25 m/s. Thus,
8 days of training corresponds to a total time of 10 days
(2 days without training) and 15 days of training to a
total time of 3 weeks (4 days without training). The
training was executed during the active cycle of the
animals. Nonexercised controls were exposed to the same
noise and the vibration of the environment. All mice
completed the exercise protocol without signs of exhaus-
tion. There was no obvious difference in exercise
performance between the different strains of mice.
Previous experiments revealed that 3 weeks of exercise
greatly increased the activity of citrate synthase in soleus
muscle from 40.3+2.8 mU/mg protein to 141.0£18.0
mU/mg protein (n=7) [24]. Within 16 to 20 h after
termination of the last training, mice were sacrificed by
inhalation of carbon dioxide, and their aortas and hearts
were immediately frozen in liquid nitrogen. The frozen
tissues were taken to prepare total protein for Western
blotting.

2.3. Preparation of 100Xg supernatants

To prepare protein homogenates, mice tissues (thoracic
aorta, left ventricle) were flash frozen in liquid nitrogen,
homogenized, solubilized in lysis buffer (50 mM Tris—HCL,
1 mM DTT, 1 pM proteinase inhibitors) and centrifuged 10
minutes at 100X g. Supernatants were stored at —70 °C until
used for either Western blots or determination of catalase
activity.
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2.4. Western blotting

Western blotting was performed as described previously
[25]. Briefly, increasing amounts of total protein per lane
were loaded and 0.5 pg of mouse catalase (Sigma) was used
as standard. Blots were incubated with a polyclonal antibody
to catalase (Calbiochem, Darmstadt, Germany). Western
blotting for eNOS was performed using a monoclonal
antibody directed against human eNOS (Transduction
Laboratories). Blots were subsequently challenged with a
horseradish peroxidase-conjugated antibody (antimouse IgG,
Biorad, Munich, Germany, antirabbit IgG, Calbiochem).
Blots were developed using ECL (Roche, Mannheim,
Germany) and exposed to X-ray film. The autoradiographs
were analyzed by densitometry (Geldoc, Bio-Rad). The
transfer efficiency was detected by staining the gel with
Coomassie after the blotting procedure. In none of the gels,
we found visible blue bands. Comparative quantitative
evaluation was performed only with signals appearing on
same blot, and arbitrary units obtained under control
conditions were set to 100%.

2.5. Determination of catalase activity

Catalase activity was measured by KMnOy-reduction
assay, as described by Cohen et.al. [26]. 100X g supernatants
were incubated with 1.2 pmol of H,O, for 3 min. After the
reaction has been stopped with 240 pmol of HSOy, 2.8 pmol
of KMnO,4 was added. Residual KMnO, was immediately
measured spectrophotometrically at 480-nm wavelength.

2.6. Immunohistochemistry

Different organs of the mice were removed, immediately
fixed in Bouin’s fluid and embedded in paraffin wax. Eight-
micrometer sections were stained for catalase (antibody dilute
1:100, antihuman, from rabbit; Calbiochem). Following
incubation for 60 min at room temperature, the reaction
was detected by an ABC system (Vector Elite Kit) using
biotinylated second antibodies and PO-conjugated streptavi-
din. Before the reaction, all sections were digested for 30 min
with 0.1% trypsin.

The H,0, level was monitored with 5- and 6-carboxy-
2" 7" -dichlorodihydrofluoresceine diacetate bis(acetome-
thyl) ester (DCDHF-DA, Molecular Probes), which can be
oxidized to the fluorescent compound 2’ 7' -dichlorofluor-
esceine [27]. Mouse aortic slices were incubated with 5 uM of
DHCDF-DA for 30 min at 37 °C, rinsed three times with
phosphate-buffered saline and visualized on a Leica TCS SP2
confocal microscope (excitation 488 nm; emission 525 nm).

2.7. Substances and solutions
All chemicals were obtained from Merck, Darmstadt,

Germany, or from Sigma, Deisenhofen, Germany, in ana-
lytical grade. Stock solutions were prepared daily, diluted

with Krebs buffer as required, kept on ice and protected from
daylight until use. All concentrations indicated in the text and
figures are expressed as final bath concentrations.

2.8. Statistics

All data were analyzed by standard computer programs
(GraphPad Prism PC Software, Version 3.0, Analysis of
Variance, ANOVA) and are expressed as mean values and
standard error of the mean (S.E.M.). Significant differences
were evaluated using either Newman—Keuls multiple com-
parison test following one-way ANOVA (expression of
murine catalase after 10 and 15 days of exercise) or student’s
t-test. A P value below 0.05 was considered as significant.

3. Results
3.1. Characterization of catalase overexpression

Injection of the catalase-Tie-2-promotor construct resulted
in a marked overexpression of catalase as evidenced by
Southern blot (not shown), competitive RT-PCR (Fig. 2),
Western blot and activity (Fig. 3). Immunohistochemistry
performed in cross-sections of the aorta and the heart of cat™"
showed that the overexpression occurred specifically in
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Fig. 2. Quantitative evaluation of catalase mRNA expression in the mouse
aorta. The upper panel (A) shows a representative gel comparing mRNA
expression in the aorta of cat'" and of cat”. The plot in the lower panel (B)
shows the mean values of mRNA expression after densitometric analysis
based on the ratios of the optical density values for native and standard RNA-
bands (n=5). These ratios were calculated for each standard concentration
and plotted against the amount of standard mRNA (*P<0.01).
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Fig. 3. Quantitative evaluation of catalase protein expression and activity in mouse aorta and heart. The upper panel (A) shows representative gels
comparing protein expression in the aorta (upper left panel) and the left ventricular myocardium (upper right panel) of cat™" and cat”. The plots in panel
(B) show the mean values of catalase protein expression in the aorta (middle left panel) and the left ventricular myocardium (middle right panel) after
densitometric analysis (n=5, each). Comparative quantitative evaluation was performed only with signals appearing on same blot, and arbitrary units
obtained under control conditions were set to 100%. Panel (C) shows mean values of catalase activity in the aorta (lower left panel) and the left

ventricular myocardium (lower right panel; *P<0.05).

blood vessels (Fig. 4). This was also evident in the lung, liver
and kidney (not shown) and was associated with a marked
reduction of the H,O, content in the aortic endothelial layer
as measured using dichlorofluoresceine-fluorescence (in
arbitrary units, n=8) from 3808+ 664 in cat" to 1973+244
in cat”" (example given in Fig. 4, top panel). These data
indicate that these mice specifically overexpressed catalase in
vascular cells.

3.2. Effect of catalase overexpression on basal eNOS
expression

To evaluate a possible effect of catalase overexpression
on the expression of eNOS, we compared aortic eNOS

protein expression in cat” and cat"". Overexpression of
catalase had no effect on basal protein expression of
aortic eNOS (110+19% in cat'" vs. cat”, n=5). These
data suggest that there is no change of basal eNOS
expression in cat''.

3.3. Effect of exercise on basal catalase expression

To evaluate a possible effect of exercise on the
expression of aortic and myocardial catalase, we exercised
C57BL/6 mice for both 10 days (n=3) and 3 weeks (n=0).
Exercise had a small but nonsignificant effect on the
expression of catalase in C57BL/6 mice both in the aorta
and in left ventricular myocardium (Fig. 5). Thus, exercise
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Fig. 4. Demonstration of endothelial H,O, content (bright spots, top
panels, direct view on top of the endothelial layer of longitudinally cut
ring preparations); of overexpression of human catalase in the aorta
(cross-sections, middle panels) and in left ventricular myocardium
arterioles (cross-section, lower panels, identical magnification as
indicated) in mice with a vascular specific overexpression of catalase
(cat™) and their transgene negative littermates (cat"). Determination of
H,0, was accomplished by measurement of dichlorofluoreceine-fluo-
rescence, while catalase protein was visualized using a standard catalase
antibody (for details please refer to Methods).

itself does not change catalase protein content in the
cardiovascular system.

3.4. Efficiency of exercise and its effect on eNOS expression
in C57BL/6, cat" and cat™

Three weeks of exercise significantly increased the heart
weight/body weight ratio (in mg/g) of C57BL/6 mice from
5.4840.22 (control, n=11) to 6.324+0.24 (exercise, n=12,
P=0.0171), indicating efficient training. This was associated
with a significant increase of eNOS expression in the aorta of
2.93+45.2-fold (P<0.01) and the left heart ventricle of
1.88+33.1-fold (P<0.05). A similar result was obtained in
cat” (n=4, Fig. 6), where 3 weeks of exercise increased eNOS
expression by 2.5240.464-fold in the aorta and by 1.94+0.37-
fold in the left myocardial ventricle (Fig. 6). In striking
contrast, there was no effect of exercise on eNOS expression
in the aorta and the heart of cat" " (Fig. 6), although the heart
weight/body weight ratio (in mg/g) increased from
5.1540.16 to 6.04+0.22 (n=8, P=0.0056). These data sug-
gest that endogenous H,0, plays a key role in exercise-
induced up-regulation of cardiovascular eNOS.

3.5. Effect of aminotriazole exercise-induced eNOS expres-
sion in cat' "

Preliminary experiments indicated that 5 weeks of
treatment with aminotriazole at a dosage of =666 mg/kg
body weight tended to reduce the increase of aortic eNOS
expression in response to 3 weeks of exercise (P=0.3023,
data not shown). In striking contrast, aminotriazole treat-
ment resulted in a significant increase of eNOS expression
in response to 3 weeks of exercise in cat”" mice (Fig. 7B,
P<0.01) as compared to vehicle-treated cat’" mice (Fig. 7A,
P>0.05). These data show that the activity of catalase in
cat'" mice is critically involved in the inhibition of exercise-
induced vasular eNOS expression.

4. Discussion

In this study, we generated a new transgenic mouse line
with vascular-specific overexpression of human catalase to
investigate the importance of vascular H,O, for the increase
of vascular eNOS expression induced by exercise. In
striking contrast to the wild-type littermates, there was no
increase of eNOS expression when cat'' mice were
subjected to exercise. Based on these data, we suggest that
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Fig. 5. Lack of effect of exercise on the expression of catalase protein in the
aorta (A) and the left ventricular myocardium (B) of healthy 3- to 4-month
old C57BL6 mice. Comparative quantitative evaluation was performed only
with signals appearing on same blot, and arbitrary units obtained under
control conditions were set to 100%.
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endogenously produced H,O, contributes to the beneficial
effects of exercise on endothelial function.

Our data strongly support the concept that H,O, is
critically involved in up-regulation of eNOS by exercise, as
catalase prevented this response. The vascular specific
overexpression of catalase was evident in both conductance
and myocardial resistance vessels and associated with an
increase of catalase mRNA, protein and activity, as well as a
marked reduction of the endothelial steady-state concen-
tration of reactive oxygen species including H,O,. Although
vascular specific overexpression of catalase had no effect on
basal expression of eNOS, it almost completely inhibited the
increase of eNOS expression induced by exercise in the aorta
and in left ventricular arterioles. Moreover, treatment of mice
with the catalase inhibitor aminotriazole restored the up-
regulation of aortic eNOS in response of cat’ " to exercise,
strongly supporting the concept that H,O, is involved in this

physiologic vascular adaptation to exercise training. Unfortu-
nately, there is no reliable method to directly measure
vascular H,O, levels during exercise [22]. In addition,
H,0, is so fleeting that even rapid removal of vessels after
an acute bout of exercise will unlikely reveal a change in its
tissue level. This might be considered a limitation of our
study; however, taken together, the effects of catalase
overexpression and its reversal strongly support a role of
H,0, in regulation of eNOS expression during exercise.
Our current studies do not identify a specific site or source
of H,0O,. High levels of shear stress, as encountered during
exercise as a result of increased cardiac output, have been
shown to stimulate vascular superoxide production, which
would predispose to increased levels of H,O, via dismutation
[28]. Importantly, it is possible that H,O, is produced either in
adjacent tissues or in blood borne cells during bouts of
exercise. In keeping with this concept, Ashton et al. [29] have
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mg/kg body weight, [B]) for 5 weeks. Comparative quantitative evaluation
was performed only with signals appearing on same blot, and arbitrary units
obtained under control conditions were set to 100%.

shown that exercise acutely increases what appears to be a
carbon-centered radical in the plasma of humans, using
electron spin resonance spectroscopy. A variety of studies
have indicated that exercise is associated with increased ATP
synthesis in skeletal and myocardial muscle [30], and we
have found a more than threefold increase of citrate synthase
activity [24]. During ATP synthesis, the coenzyme Q radical
can transfer its unpaired electron to molecular oxygen, which
increases superoxide and subsequently the generation of
H,0, [31]. In contrast to superoxide, H,O, is not charged and
therefore able to freely diffuse within tissue. Thus, mitochon-
drial H,O, likely contributes to increased vascular oxidative
stress during exercise, particularly in myocardial and skeletal
muscle arterioles where the diffusion distance is compara-
tively small. Furthermore, exercise increases heart rate, and
this will almost certainly enhance the mechanical forces of
blood flow, such as shear stress, pressure and cyclic strain on
the vascular wall [1]. In conductance arteries, shear stress has
been shown to increase endothelial superoxide generation
[28]. Further studies have identified the endothelial NADPH
oxidase as a major source of vascular superoxide induced by
laminar and oscillatory shear [32].

Previous studies in our laboratories have shown that
exercise not only induces the expression of eNOS but also

that of ecSOD [13,21]. In addition, shear stress is a potent
stimulus for expression of the endothelial cell Cu/Zn SOD
[33]. The SODs not only reduce ambient levels of superoxide
but, in doing so, generate H,O,. Thus, superoxide generated
during exercise training may be more readily dismutated to
H,0,. The two major enzymes which detoxify H,O, are
catalase and glutathione peroxidase. Of these, glutathione
peroxidase is inhibited by NO in a concentration-dependent
manner [34]. It is also known that exercise increases
endothelial NO generation, suggesting a significant inhib-
ition of glutathione peroxidase. Therefore, catalase may be
more important for detoxification of exercise-induced gen-
eration of H,O, because exercise also increases endothelial
NO generation [13,21].

Regulation of eNOS expression is highly complex. A
variety of factors, such as shear stress, lysophosphatidylcho-
line, cGMP analogs, lipoproteins, inhibitors of protein kinase
C and different cytokines, are known to alter eNOS
expression [35,36]. In addition, previous studies in endothe-
lial cells have shown that H,O, increases eNOS expression as
well [16]. The mechanism underlying this up-regulation
includes a calcium-dependent increase of calmodulin kinase
IT phosphorylation leading to activation of janus kinase II
[17]. The latter tyrosine kinase phosphorylates other protein
kinases, such as Ras, which directly activates transcription
factors. Shear stress is also considered an important stimulus
for eNOS expression. Recent studies have shown that the
underlying signaling mechanism is completely different from
that of H,O,, involving activation of the tyrosine kinase cSrc,
which in turn initiates both eNOS transcription and eNOS
mRNA stabilization via divergent pathways [18]. In recent
studies, we have also found that mice with reduced cSrc are
unable to increase eNOS expression in response to exercise
training [37]. Taken together with our current data, it seems
that both vascular HO, and cSrc are critical in allowing
endothelial cells to increase eNOS expression during exercise
training. The manner in which these signals interact in vivo
remain poorly defined.

Our findings may have implications for the use of
antioxidants and drugs that suppress the production of
reactive oxygen species in vivo. While reactive oxygen
species produced in large quantities clearly mediate cellular
damage, it is clear that low levels of reactive oxygen species
like H,O, may have important signaling properties. Com-
plete suppression of cellular production of reactive oxygen
species would therefore likely be undesirable, as it might
lead to loss of these signaling events and, in the case
illustrated in this study, an inability to increase eNOS in
response to exercise training.

Acknowledgements
This study was supported by the Forschungskommission

of the Heinrich-Heine-Universitat, Projekt 9772 179 (to
GK) and by a research scholarship of the DAAD (to TS).



262 N. Lauer et al. / Cardiovascular Research 65 (2005) 254-262

References

[1] Gielen S, Schuler G, Hambrecht R. Exercise training in coronary
artery disease and coronary vasomotion. Circulation 2001;103:E1.
[2] O’Connor GT, Buring JE, Yusuf S, Goldhaber SZ, Olmstead EM,
Paffenbarger RSJ, et al. An overview of randomized trials of
rehabilitation with exercise after myocardial infarction. Circulation
1989;80:234—44.
[3] Hakim AA, Petrovitch H, Burchfiel CM, Ross GW, Rodriguez BL,
White LR, et al. Effects of walking on mortality among nonsmoking
retired men [see comments]. N Engl ] Med 1998;338:94-9.
Laslett LJ, Paumer L, Amsterdam EA. Increase in myocardial
oxygen consumption indexes by exercise training at onset of
ischemia in patients with coronary artery disease. Circulation
1985;71:958—-62.
Rogers MA, Yamamoto C, Hagberg JM, Holloszy JO, Ehsani AA.
The effect of 7 years of intense exercise training on patients with
coronary artery disease. ] Am Coll Cardiol 1987;10:321—6.
[6] Hagberg JM. Physiologic adaptations to prolonged high-intensity
exercise training in patients with coronary artery disease. Med Sci
Sports Exerc 1991;23:661—7.
Niebauer J, Hambrecht R, Velich T, Hauer K, Marburger C, Kélberer
B, et al. Attenuated progression of coronary artery disease after 6
years of multifactorial risk intervention—role of physical exercise.
Circulation 1997;96:2534—41.
Shen W, Zhang X, Zhao G, Wolin MS, Sessa W, Hintze TH. Nitric
oxide production and NO synthase gene expression contribute to
vascular regulation during exercise. Med Sci Sports Exerc 1995;
27:1125-34.
Sessa WC, Pritchard Jr KA, Seyedi N, Wang J, Hintze TH. Chronic
exercise in dogs increases coronary vascular nitric oxide production
and endothelial cell nitric oxide synthase gene expression. Circ Res
1994;74:349-53.
Delp MD, Laughlin MH. Time course of enhanced endothelium-
mediated dilation in aorta of trained rats. Med Sci Sports Exerc
1997;29:1454-61.
Woodman CR, Muller JM, Laughlin MH, Price EM. Induction of
nitric oxide synthase mRNA in coronary resistance arteries isolated
from exercise-trained pigs. Am J Physiol Heart Circ Physiol 1997;
273:H2575-9.
Maroun MJ, Mehta S, Turcotte R, Cosio MG, Hussain SN. Effects of
physical conditioning on endogenous nitric oxide output during
exercise. J Appl Physiol 1995;79:1219-25.
Kojda G, Cheng YC, Burchfield J, Harrison DG. Dysfunctional
regulation of endothelial nitric oxide synthase (eNOS) expression in
response to exercise in mice lacking one eNOS gene. Circulation
2001;103:2839—-44.
Hambrecht R, Wolf A, Gielen S, Linke A, Hofer J, Erbs S, et al. Effect
of exercise on coronary endothelial function in patients with coronary
artery disease [see comments]. N Engl J Med 2000;342:454—60.
Kojda G, Harrison DG. Interactions between NO and reactive oxygen
species: pathophysiological importance in atherosclerosis, hyper-
tension, diabetes and heart failure. Cardiovasc Res 1999;43:562—-71.
Drummond GR, Cai H, Davis ME, Ramasamy S, Harrison DG.
Transcriptional and posttranscriptional regulation of endothelial nitric
oxide synthase expression by hydrogen peroxide. Circ Res 2000;86:
347-54.
[17] Cai H, Davis ME, Drummond GR, Harrison DG. Induction of
endothelial NO synthase by hydrogen peroxide via a Ca(2+)/
calmodulin-dependent protein kinase Il/janus kinase 2-dependent
pathway. Arterioscler Thromb Vasc Biol 2001;21:1571—6.
Davis ME, Cai H, Drummond GR, Harrison DG. Shear stress
regulates endothelial nitric oxide synthase expression through c-Src
by divergent signaling pathways. Circ Res 2001;89:1073—80.

[4

[y

[5

=

[7

—

[8

[t

[9

—

[10

[t}

[1

—

[2

—

[3

—

[14

[}

[15

[t}

[16

[}

[18

[}

[19] Thomas SR, Chen K, Keaney Jr JE. Hydrogen peroxide activates
endothelial nitric-oxide synthase through coordinated phosphorylation
and dephosphorylation via a phosphoinositide 3-kinase-dependent
signaling pathway. J Biol Chem 2002;277:6017—24.

[20] Cai H, Li Z, Davis ME, Kanner W, Harrison DG, Dudley Jr SC. Akt-
dependent phosphorylation of serine 1179 and mitogen-activated
protein kinase kinase/extracellular signal-regulated kinase 1/2 coop-
eratively mediate activation of the endothelial nitric-oxide synthase by
hydrogen peroxide. Mol Pharmacol 2003;63:325-31.

[21] Fukai T, Siegfried MR, Ushio-Fukai M, Cheng Y, Kojda G, Harrison
DG. Regulation of the vascular extracellular superoxide dismutase by
nitric oxide and exercise training. J Clin Invest 2000;105:1631-9.

[22] Tarpey MM, Fridovich I. Methods of detection of vascular reactive
species: nitric oxide, superoxide, hydrogen peroxide, and peroxyni-
trite. Circ Res 2001;89:224—36.

[23] Kojda G, Cheng Y, Burchfield J, Harrison DG. Dysfunctional
regulation of eNOS expression in response to exercise in mice
lacking one eNOS gene. Circulation 2001;103:2839—44.

[24] Suvorava T, Lauer N, Kojda G. Physical inactivity causes
endothelial dysfunction in healthy young mice. ] Am Coll Cardiol
2004;44:1320-7.

[25] Kojda G, Laursen JB, Ramasamy S, Kent JD, Kurz S, Burchfield J,
et al. Protein expression, vascular reactivity and soluble guanylate
cyclase activity in mice lacking the endothelial nitric oxide synthase:
contributions of NOS isoforms to blood pressure and heart rate
control. Cardiovasc Res 1999;42:206—13.

[26] Cohen G, Dembiec D, Marcus J. Measurement of catalase activity in
tissue extracts. Anal Biochem 1970;34:30—8.

[27] Schwarz MA, Lazo JS, Yalowich JC, Reynolds I, Kagan VE, Tyurin
V, et al. Cytoplasmic metallothionein overexpression protects NIH
3T3 cells from tert-butyl hydroperoxide toxicity. J Biol Chem 1994;
269:15238—-43.

[28] Laurindo FRM, De Almeida Pedro M, Barbeiro HV, Pileggi F,
Carvalho MHC, Augusto O, et al. Vascular free radical release: ex
vivo and in vivo evidence for a flow-dependent endothelial
mechanism. Circ Res 1994;74:700-9.

[29] Ashton T, Rowlands CC, Jones E, Young IS, Jackson SK, Davies B,
et al. Electron spin resonance spectroscopic detection of oxygen-
centred radicals in human serum following exhaustive exercise. Eur J
Appl Physiol Occup Physiol 1998;77:498—-502.

[30] Ji LL. Antioxidants and oxidative stress in exercise. Proc Soc Exp
Biol Med 1999;222:283-92.

[31] Finkel T, Holbrook NJ. Oxidants, oxidative stress and the biology of
ageing. Nature 2000;408:239—47.

[32] De Keulenaer GW, Chappell DC, Ishizaka N, Nerem RM, Alexander
KK, Griendling KK. Oscillatory and steady laminar shear stress
differentially affect human endothelial redox state: role of a super-
oxide-producing NADH oxidase. Circ Res 1998;82:1094—101.

[33] Inoue N, Ramasamy S, Fukai T, Nerem RM, Harrison DG. Shear
stress modulates expression of Cu/Zn superoxide dismutase in human
aortic endothelial cells. Circ Res 1996;79:32—-7.

[34] Asahi M, Fujii J, Suzuki K, Seo HG, Kuzuya T, Hori M, et al.
Inactivation of glutathione peroxidase by nitric oxide. Implication for
cytotoxicity. J Biol Chem 1995;270:21035-9.

[35] Li H, Wallerath T, Munzel T, Forstermann U. Regulation of
endothelial-type NO synthase expression in pathophysiology and in
response to drugs. Nitric Oxide 2002;7:149—64.

[36] Li H, Wallerath T, Forstermann U. Physiological mechanisms
regulating the expression of endothelial-type NO synthase. Nitric
Oxide 2002;7:132—47.

[37] Davis ME, Cai H, McCann L, Fukai T, Harrison DG. Role of c-Src
in regulation of endothelial nitric oxide synthase expression during
exercise training. Am J Physiol Heart Circ Physiol 2003;284:
H1449-53.



Journal of the American College of Cardiology
© 2004 by the American College of Cardiology Foundation
Published by Elsevier Inc.

Vol. 44, No. 6, 2004
ISSN 0735-1097/04/$30.00
doi:10.1016/j.jacc.2004.06.030

Physical Inactivity Causes Endothelial
Dystunction in Healthy Young Mice

Tatsiana Suvorava, PHD, Nadine Lauer, PHARMD, PHD, Georg Kojda, PHARMD, PHD

Duesseldorf, Germany

OBJECTIVES

BACKGROUND

METHODS

RESULTS

CONCLUSIONS

We sought to determine if physical inactivity affects endothelial function in young healthy
individuals.

Recent studies have linked exercise training to increased bioavailability of vascular nitric oxide
(NO) and to improved endothelial function in patients with cardiovascular disorders. The
effects of physical inactivity on normal vascular endothelial function are not known.
Healthy young male C57Bl/6 mice living in groups of five in large cages, where they were
running, climbing, and fighting during their active cycle, were randomly assigned to stay there
or to live alone in small cages where they were predominantly resting. After five and nine
weeks citrate synthase activity (a measure of mitochondrial respiratory chain activity), heart
weight/body weight ratio, vascular reactivity, and protein expression of endothelial nitric
oxide synthase (eNOS) were assessed.

Singularized mice showed a reduction of citrate synthase activity (p < 0.05), of endothelium-
dependent vasorelaxation (to 65 = 5% of control levels; p < 0.001), and of eNOS protein
expression (to 53 = 8% of control levels; p < 0.01). In striking contrast, vascular responses
to potassium chloride, phenylephrine, and the NO-donor racemic S-nitroso-N-
acetylpenicillamine were unchanged. The alterations of vascular eNOS-activity were com-
pletely reversible when singularized mice underwent exercise. In mice living in groups,
exercise showed only a small effect on aortic eNOS expression.

In young healthy individuals physical inactivity induces endothelial dysfunction, which is
completely reversible by a short period of moderate exercise training. We suggest that physical
inactivity, the so-called sedentary lifestyle, increases cardiovascular risk in young healthy

individuals by inducing endothelial dysfunction.

(J Am Coll Cardiol 2004;44:1320-7)

© 2004 by the American College of Cardiology Foundation

Physical inactivity, the so-called sedentary lifestyle, in-
creases cardiovascular morbidity and mortality, as indicated
by studies comparing individuals with different levels of
daily exercise (1,2). Regarding the underlying molecular
mechanism, exercise training is associated with significant
physiologic adaptations involving skeletal muscle, cardiac
muscle, circulating blood volume, and a variety of metabolic
modifications (3). Recently, it has become apparent that
exercise induces an increased expression of vascular endo-
thelial nitric oxide synthase (eNOS) as well (4,5). This
adaptation most likely improves the bioavailability of en-
dogenous nitric oxide (NO) in mice and humans (5-7). At
the same time, exercise induces the expression of extracel-
lular superoxide dismutase (8), which may contribute to the
improvement of NO bioavailability.

Bioavailability of endogenous NO may determine exer-
cise capacity by its vasodilatory action. In addition, it has
been established that NO not only produces vasodilation
but also inhibits platelet aggregation and has antioxidant,
antiproliferative, and antiapototic properties (9). These
effects suggest that increased NO production induced by
exercise may also slow the progression of vascular disease
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(3). Pharmacologic inhibition of eNOS or eNOS gene
disruption has been shown to accelerate the atherosclerotic
process (10,11), whereas treatment with NO donors such as
organic nitrates can reduce lesion formation, vascular super-
oxide production, oxidation of low-density lipoprotein, and
endothelial dysfunction in cholesterol-fed rabbits (12,13).

It is unknown if physical inactivity affects endothelial
function in healthy young individuals. Most epidemiologic
and prospective clinical trials investigated the effect of
exercise on disease progression in patients with coronary
artery disease and heart failure, where endothelial function
is already impaired (14). In contrast, the Multiple Risk
Factor Interventiona Trial (MRFIT) study surveyed 12,138
men without cardiovascular disease for 16 years and found a
significantly reduced incidence of cardiovascular deaths in
men with normal daily physical activity compared to men
with a sedentary lifestyle (1). We speculated that an impair-
ment of endothelial function may be a factor associated with
a sedentary lifestyle in healthy individuals and investigated if
physical inactivity affects endothelial function in young
normal mice.

METHODS

Moving and sedentary mice. A total of 81 male C57Bl/6
mice, four to six months of age, were used for the main
study. The study consisted of three arms: 1) a pilot study to
assess potential differences in training effects on heart
weight/body weight ratio; 2) an exercise restriction arm to



JACC Vol. 44, No. 6, 2004
September 15, 2004:1320-7

Abbreviations and Acronyms

ACh = acetylcholine
ANOVA = analysis of variance

eNOS = endothelial nitric oxide synthase

KC1 = potassium chloride

NO = nitric oxide

pD, = half maximal effective concentration in —log
mol/l

PE = phenylephrine

SNAP = racemic S-nitroso-N-acetylpenicillamine

assess the effects of a sedentary lifestyle on endothelial
function and citrate synthase activity; and 3) a training
intervention arm to assess the reversibility of changes
induced by activity restriction. A total of 19 mice were used
in preliminary studies to determine changes of heart weight/
body weight ratio. Fourteen of these mice were singularized
for five weeks and seven of them underwent three weeks of
exercise. All mice were bred at the university’s animal
facilities in a specified pathogen-free area. After weaning,
mice from different litters were housed together in groups of
five males in cages with a floor space of 900 cm? (moving
mice) (Fig. 1) at a temperature of 18°C to 20°C, a humidity
of 50% to 60%, and a day-night rhythm of 12 h. Mice
received food and water (pH 3) ad libitum. Fifty-two of 81
mice were randomly assigned to live alone in small cages
(sedentary mice) with a floor space of 300 cm? (Fig. 1) for
five weeks (n = 31) and nine weeks (n = 21). Some mice of
the five-week singularized group (n = 10) and the nine-
week singularized group (n = 7) and of the moving group (n
= 5) underwent a controlled eight to 15 days’ lasting
exercise program. All other conditions were identical. Mice
living in groups were fighting, running, and climbing for the
most part of their active daily cycle, whereas singularized
mice were predominantly resting during their active daily
cycle and showed a low physical activity, as evidenced by
measuring the heart weight/body weight ratio and skeletal
and cardiac citrate synthase activity.

Permission for this study was provided by the regional

Figure 1. Details of the cages used to house mice in groups (bottom cage)
and singularized mice (top cage).
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government and the experiments were performed according
to the guidelines for the use of experimental animals as
given by “Deutsches Tierschutzgesetz” and the “Guide for
the Care and Use of Laboratory Animals” of the U.S.
National Institutes of Health.

Exercise protocol. Mice were exercised following a previ-
ously established protocol (5). Briefly, mice ran in a newly
established self-build exercise treadmill especially designed
for mice. Five animals were studied simultaneously. Mice
were initially trained three times for 10 min every other day
for 10 days. The maximal velocity of the treadmill was 0.25
m/s. After this training, mice were exercised for three weeks
at five days a week for 30 min at 0.25 m/s. Thus, eight days
of training corresponded to a total time of 10 days (2 days
without training) and 15 days of training to a total time of
three weeks. The training was executed during the active
cycle of the animals. Non-exercised controls were exposed
to the same noise and the vibration of the environment. All
mice completed the exercise protocol without signs of
exhaustion. There was no obvious difference in exercise
performance between sedentary and moving mice. Within
16 to 20 h after termination of the last training, mice were
sacrificed by inhalation of carbon dioxide and their aortas
and hearts were immediately frozen in liquid nitrogen. The
frozen tissues were taken to prepare total protein for
Western blotting.

Measurement of citrate synthase activity. Citrate syn-
thase activity was measured according to Kusnetzov et al.
(15). Briefly, soleus muscle and left ventricular cardiac
muscle were harvested and snap-frozen in liquid nitrogen.
Samples were homogenized in triton X-100 (0.1 % V/V)
containing tris buffer (0.1 M, pH 8.1) and then repeatedly
thawed and refrozen to further disrupt mitochondria. Five
pl of the homogenate was used to start the reaction
(generation of the mercaptide) in a volume of 1 ml aqueous
reaction volume containing 5,5-dithiobis(2-nitrobezoate)
(DTNB, 0.1 mM), acetyl-CoA (0.3 mM), oxaloacetate (0.5
mM) and triton X-100 (0.25 % V/V). Changes in absor-
bance at 412 nm were measured at 30°C for 5 min. Total
protein levels in the homogenate was determined by the
Bradford method (16) and citrate synthase activity is given
in mU/mg total protein.

Vasorelaxation studies. Preparation of thoracic ring seg-
ments was performed in HEPES-containing Krebs-Henseleit
buffer, whereas the organ bath experiments were done in the
same buffer lacking HEPES. After a 60-min equilibration
period, aortic rings were repeatedly subjected to 80 mmol/l
potassium chloride (KCl). The vasoconstriction that developed
during the last of three KCI applications was taken as the
maximal receptor-independent vasoconstriction. Function of
endothelium was examined by cumulative addition of acetyl-
choline (ACh) (10~? to 10> mol/l) following submaximal
precontraction with phenylephrine (PE). In moving mice and
those subjected to five weeks of singularization, endothelium-
dependent vasodilation was followed by a cumulative applica-
tion of PE (107°-10"° mol/l). Thereafter, the aortic rings



1322 Suvorava et al.
Physical Inactivity Causes Endothelial Dysfunction

JACC Vol. 44, No. 6, 2004
September 15, 2004:1320-7

A B
757 = sedentary 1757 == sedentary  *
> >
s EEE moving 5 1501 mmmm exercise
8T BT
s S E A
2 3 50- 28
© a —_ @ A 100
£ =
‘g%” soleus %‘\E 754
o E 254 muscle °E
5 < 50+
E s 254
0- 04
C D
200+ 200+
[ sedentary [ sedentary
> i > h
= 175 NN moving * 2 175 EE cxercise hd
§ < 150 ST 150
0B (<]
o 2 1254 , o 5 1254
£3 100 T cardiac £ 5 -
SE muscle £S5
o2 75 o B 757
£ 50 £ 50
o o
254 254
0- 04

Figure 2. Activity of citrate synthase in homogenates of soleus (A, B) and cardiac le

ft ventricular muscle (C, D) of singularized mice (sedentary, n = 7, all panels),

mice living in groups (moving, n = 5) (A, C) and singularized mice that underwent three weeks of endurance training (exercise, n = 7) (B, D) (*p < 0.05, unpaired

two-tailed Student # test).

were precontracted with 1-umol/l PE and a concentration-
response curve for racemic S-nitroso-N-acetylpenicillamine
(SNAP) (10 °-10"° mol/l) was performed.

Determination of aortic eNOS expression. Western blot
analysis was done in a blinded fashion. Frozen aortas from
moving, sedentary (five weeks), and exercised mice were
immersed in iced tris-buffer (5 mmol/l, pH 7.4) containing
the protease inhibitors leupeptin, benzamidine, aprotinin,
phenylmethylsulfonyl fluoride, and antipain (10 ug/ml).
The tissues were homogenized for 30 s using a polytron
homogenizer. The homogenates were then centrifuged for
10 min at 100 X g to remove particulate matter and
unbroken cells. Total protein levels were determined by the
Bradford method (16). Western blot analysis was performed
as described previously (5) using a commercially available
monoclonal antibody (Transduction Laboratories, Lexing-
ton, Kentucky) and the enhanced chemiluminescence de-
tection system (Amersham).

Substances and solutions. Racemic S-nitroso-N-acetylpen-
icillamine was synthesized in our laboratory as described
previously (17). All other chemicals were obtained from
Merck (Darmstadt, Germany) or from Sigma (Deisen-
hofen, Germany) in analytical grade. The stock solutions of
ACh (10 mmol/l), PE (10 mmol/l), and KCI (4 mol/1) were
prepared in distilled water. Solutions of SNAP (200
mmol/l) were prepared in dimethylsulfoxide. All stock
solutions were prepared daily, diluted with Krebs buffer as
required, kept on ice, and protected from daylight until use.
All concentrations indicated in the text and figures are
expressed as final bath concentrations.

Statistics. All data were analyzed by standard computer
programs (GraphPad Prism PC Software, Version 3.0;
analysis of variance [ANOVA]) and are expressed as mean
values and standard error of the mean. Significant differ-
ences were evaluated using either unpaired two-tailed Stu-
dent # test, ordinary two-way-ANOVA (without post-tests)
and one-way-ANOVA with subsequent Newman-Keuls
multiple comparison test. A p value below 0.05 was consid-
ered significant.

RESULTS

Quantitation of physical activity. There was a significant
increase of soleus muscle citrate synthase activity in moving
and exercised mice as compared with sedentary mice (Figs.
2A and 2B), and this increase was much more pronounced
after exercise. Likewise, citrate synthase activity was en-
hanced in cardiac muscle of moving and exercised mice. A
comparison between the two muscle types reveals some
differences. As expected, the citrate synthase activity was
greater in cardiac muscle of sedentary mice as compared
with soleus muscle, suggesting a higher mitochondrial
activity in the former tissue. Furthermore, the increase of
citrate synthase activity in cardiac muscle was identical in
moving and exercised mice (Figs. 2C and 2D), suggesting
an already high activity as previously reported (18). To
further quantify the level of physical activity, we determined
the body weight/heart weight ratio in sedentary mice with
(n = 7) and without (n = 7) three weeks of exercise and in
moving mice (n = 5). We found that the heart weight/body
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Figure 3. Endothelium-dependent vasodilation in aortic rings of sedentary
mice after (A) five weeks of singularization (n = 6) compared with mice living
in groups of five animals per cage (moving mice, n = 6) and (B) after nine
weeks of singularization (n = 7) compared with moving mice (n = 5) and with
sedentary (n = 7) and moving mice (n = 5) that underwent the exercise
program. Physical inactivity induced by singularization resulted in a significant
impairment of endothelium-dependent vasorelaxation (* = p < 0.001, analysis
of variance). Three weeks of exercise completely reversed this impairment,
whereas exercise training had no effect on endothelium-dependent vasodilation
in moving mice.

weight ratio (in mg/g) of sedentary mice (5.2 = 0.09) was
increased in moving mice (5.5 * 0.1; p < 0.05) and after
three weeks of exercise (6.04 £ 0.04; p < 0.01).
Endothelium-dependent vasodilation. Endothelial func-
tion of moving and sedentary mice was assessed by exami-
nation of endothelium-dependent vasodilation to ACh. The
concentration-response curves for ACh demonstrate that
five (Fig. 3A) and nine weeks (Fig. 3B) of forced physical
inactivity as initiated by singularization in small cages results
in endothelial dysfunction. After five weeks of singulariza-
tion we found a reduction of the maximal vasodilation to 10
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Figure 4. Vasoconstrictor response to increasing concentrations of phen-
ylephrine in aortic rings of singularized sedentary mice (n = 6) and moving
mice (n = 6). There was no difference between the groups (p = 0.6262,
analysis of variance).

pmol/l ACh from 99.4 = 0.3% in moving mice to 69.4 *
1.9% in sedentary mice (p < 0.0001). After nine weeks of
singularization this vasodilator response was reduced from
91.7 = 2.7% in moving mice to 64.3 = 5.5% in sedentary
mice (p = 0.0008). These data suggest that five weeks of
physical inactivity is sufficient to induce a degree of endo-
thelial dysfunction in mice that is not further aggravated by
prolonging the time period of physical inactivity. Sedentary
mice that underwent the exercise program regained their
normal ACh response, whereas exercise had no effect on
endothelium-dependent vasorelaxation in moving mice
(Fig. 3B).

Vasocontractile responses. Vasocontractile responses
were not different in moving and sedentary mice. Sub-
jection of aortic rings to a single dose of 80 mmol/l KClI
resulted in an identical rise of maximal vascular tension in
sedentary (6.4 = 0.4, n = 6) and moving mice (6.6 * 0.4,
n = 6, p = 0.728). Likewise, neither the half maximal
effective concentration in —log mol/l (pD,) values for PE
in moving (6.479 * 0.21) and sedentary mice (6.569 *
0.12, p = 0.7157) nor the maximally inducible vasocon-
strictions different (p = 0.7919) (Fig. 4).
NO-dependent vasodilation. Contrary to endothelium-
dependent vasodilation, the NO-dependent vasodilation
induced by the NO donor SNAP showed identical pD,
values in moving (7.393 = 0.071) and sedentary mice
(7.302 * 0.03422, p = 0.2180) (Fig. 5). These data
suggest that an impairment of the NO/cGMP-pathway is
most likely not involved in endothelial dysfunction in-
duced by a sedentary lifestyle in mice.

Aortic eNOS protein expression. Assessment of eNOS
protein expression showed a significant reduction in seden-
tary mice that was evident in each animal examined (relative
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Figure 5. Vasodilator response to increasing concentrations of the nitric
oxide donor racemic S-nitroso-N-acetylpenicillamine in aortic rings of
singularized sedentary mice (n = 6) and of moving mice (n = 6). There
was no difference between the groups (p = 0.4059, analysis of variance).

densities ranging from 0.31 to 0.64; p < 0.01) (Fig. 6A).
These data suggest that the overall halved expression of
eNOS contributes to the impairment of endothelium-
dependent vasodilation induced by physical inactivity.

Effect of exercise on eNOS expression in sedentary and
moving mice. Sedentary mice were exercised by a standard
protocol for eight days and 15 days. Overall, there was a
time-dependent several-fold increase of aortic eNOS-
protein expression (p = 0.0147, ANOVA) (Fig. 7A).
Subsequent Newman-Keuls multiple comparison tests of
the data depicted in Figure 7A revealed a significant
difference only for the comparison sedentary versus 15 days
of exercise. Although a similar trend was observed in left
ventricular myocardium, the increase of eNOS protein
expression was not significant in this tissue (p = 0.1637,
ANOVA) (Fig. 7B). In striking contrast, aortic eNOS
protein expression did not change after 15 days of exercise in

moving mice (p > 0.05) (Fig. 6B).

DISCUSSION

The aim of this study was to determine the influence of
physical inactivity on vascular endothelial function. We dem-
onstrate for the first time that a sedentary lifestyle, mimicked
by forced physical inactivity in young healthy mice, can induce
a specific impairment of endothelium-dependent vasodilation,
whereas vasocontractile activity and NO-donor-induced va-
sorelaxation were not changed. Further experiments showed
that a reduction of vascular eNOS protein expression most
likely contributes to this endothelial dysfunction. When sed-
entary mice underwent exercise, the expression of eNOS
increased by severalfold, whereas exercise had only a small
effect on aortic eNOS-expression in moving mice. Thus, our
data suggest that physical inactivity can reduce vascular expres-
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Figure 6. (A) Protein expression of eNOS in aortic rings of singularized
sedentary mice (n = 5) compared with moving mice (n = 5) and (B) of
moving mice (n = 4) compared with moving mice that underwent an
exercise program (n = 4). Singularization resulted in a significant reduction
of eNOS protein expression (A, p < 0.01), whereas exercise had no effect
on eNOS protein expression in moving mice (B, p > 0.05, unpaired
two-tailed Student £ test).

sion of eNOS and thereby elicit endothelial dysfunction in the
absence of other cardiovascular risk factors.

Endothelial dysfunction is a well-known pathologic con-
dition that is associated with a variety of cardiovascular
diseases such as coronary artery disease, hypertension, heart
failure, and diabetes. The mechanism of endothelial dys-
function is multifactorial and most likely depends on the
underlying pathologic process. It is generally accepted that
vascular inflammation, vascular oxidative stress, and aging
are important factors in cardiovascular diseases (19-21).
Here we describe for the first time the development of
endothelial dysfunction in healthy young mice with no signs
of vascular inflammation or oxidative stress that had been
subjected to forced physical inactivity. At the same time, the
protein expression of endothelial nitric oxide synthase was
reduced by one-half, whereas activation of the NO/cGMP
pathway by an NO donor was equally effective in sedentary
and moving mice. Therefore, downregulation of eNOS
expression appears to be a key mechanism underlying the
impairment of endothelial function in young healthy sed-
entary mice. However, in cardiovascular patients other
mechanisms such as increased eNOS phosphorylation have
been shown to follow vigorous exercise (7). Other mecha-
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Figure 7. Effect of 8 days (n = 5) and 15 days of exercise (n = 5) on eNOS-protein expression in (A) aortic rings and (B) left ventricular myocardium
of singularized sedentary mice (n = 5 for each exercise period). Although exercise induced a significant and time-dependent upregulation of eNOS protein
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(*, p < 0.05, analysis of variance).
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nisms decreasing the bioavailability of endothelial NO in
sedentary mice, such as increased oxidation by superoxide
radicals owing to a reduced expression of extracellular
superoxide dismutase, might also play a role (8).

Many different conditions, endogenous mediators, and
drugs have been shown to modulate the expression of eNOS
(22). Among these, mechanisms modifying eNOS expres-
sion in response to exercise might be particularly important,
because it seems conceivable that a reversion of these
mechanisms occurs in sedentary mice. In accordance, we
demonstrate that exercise reversed endothelial dysfunction
induced by physical inactivity. Recent reports suggest that
there are at least two different mechanisms underlying the
upregulation of eNOS expression by exercise. First, exercise
increases heart rate, which in turn increases blood flow and
most likely vascular shear stress. Besides its role as the most
important physiologic activator of endothelial NO produc-
tion, shear stress has been shown to increase vascular eNOS
expression (23,24). Further studies suggested that this
process is dependent on c-Src and involves an increase of
transcription and of messenger ribonucleic acid stability as
well (25). Thus, a decreased intensity of physiologic shear
stress, as expected in sedentary mice, might diminish vas-
cular eNOS expression by reducing the shear stress-
dependent activity of c-Src in endothelial cells.

Second, exercise increases not only oxygen consumption
but also the generation of reactive oxygen species such as
superoxide and hydrogen peroxide (26). It is well known
that superoxide generation is increased in a nonenzymatic
fashion during adenosine triphosphate synthesis by an
electron transfer from coenzyme Q_to molecular oxygen
(27). Furthermore, and likely more important, shear stress
has been shown to increase the vascular generation of
reactive oxygen species by an endothelium-dependent
mechanism (28). A later analysis of this phenomenon
showed an activation of endothelial nicotinamide adenine
dinucleotide phosphate, reduced form oxidase as a possible
underlying cause (29). Although superoxide barely traverses
cell membranes and is rapidly converted by superoxide
dismutases, the resulting product hydrogen peroxide can
diffuse through the vascular wall and is much more stable
(20). Previous data have shown that hydrogen peroxide can
increase the expression and activity of eNOS by phosphor-
ylation of Ca®"/calmodulin-dependent protein kinase 11/
janus kinase 2 (30,31). By generating transgenic mice with
an endothelial-specific overexpression of catalase, we have
recently provided evidence that hydrogen peroxide contrib-
utes to exercise-induced upregulation of eNOS. In these
transgenic mice, three weeks of exercise performed accord-
ing to the protocol used in the present study had no effect on
vascular eNOS expression (32).

Western blotting for eNOS was done in a blinded fashion,
but the organ bath studies were not. This might be considered
a limitation of our study. However, in striking contrast to the
observed endothelial dysfunction, the vascular responses to the
vasoconstrictors KCI and PE and to the vasodilatory activity of
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the NO donor SNAP were normal. These data demonstrate
that five weeks of forced physical inactivity has no impact on
receptor-independent and alpha-adrenergic vasoconstriction.
In addition, there seems to be no functionally important
impairment of the vascular NO/cGMP pathway. In contrast,
vascular oxidative stress and inflammatory stimuli such as
cytokines, which typically induce endothelial dysfunction, are
known to increase PE responses, presumably by activation of
protein kinase C (33,34). Furthermore, oxidative stress and
atherosclerosis have been shown to strongly impair the NO/
c¢GMP pathway by inhibition of the catalytic activity of soluble
guanylyl cyclase (35). In view of these studies, it is unlikely that
vascular inflammation and/or oxidative stress have caused
endothelial dysfunction induced by forced physical inactivity in
healthy young mice.

Regarding the wildlife habits, singularization of mice is
an artificial situation. This holds also true for mice being
caged in groups. Interestingly, we found identical
endothelium-dependent vasodilation in exercised and mov-
ing mice, although there was a large and significant differ-
ence concerning citrate synthase activity, which is known to
correlate with physical activity (18). This suggests that
low-intensity physical activity may be sufficient to maintain
normal endothelial function in young healthy individuals.
Furthermore, vigorous exercise has no further effect on
endothelium-dependent vasodilation and eNOS expression
in normally active mice. Thus, it seems likely that the
differences in physical activity in our experimental setup
mimic to a certain extent the situation in humans. For
example, it was shown that there is an identical rate of
cardiovascular events between women who simply walked
for exercise and those who underwent vigorous exercise (2).

Recent data suggest that endothelial dysfunction is an
independent predictor of cardiovascular event rates (36-38).
Thus, endothelial dysfunction induced by a sedentary life-
style might be an important pathophysiologic event. Our
data suggest that this unfavorable change of vascular func-
tion can be prevented or remarkably delayed in young
individuals by either a daily short-lasting high-intensity
training period or continuous low-intensity physical activity.
Based on our observations, we propose that regular physical
activity may exert beneficial effects in two different ways. In
patients with cardiovascular disease, exercise reduces the
degree of endothelial dysfunction, whereas in young healthy
individuals normal physical activity and/or moderate exer-
cise might delay the development of cardiovascular disorders
by maintaining normal endothelial function.
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