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ABSTRACT

The endothelium is essential for the maintenanoeastular homeostasis. Central to this role
is the production of endothelium — derived nitridde (EDNO), synthesized by endothelial
isoform of nitric oxide synthase (eNOS). EndotHetlgsfunction, manifested as impaired
EDNO bioactivity, is an important early event irettievelopment of various vascular disease,
including hypertension, diabetes, genesis of tumargl atherosclerosis. Endothelial
dysfunction is an early feature of atherosclergascular disease, characterized by a decrease
in nitric oxide (NO) bioavailability and a concomuiit increase in vascular superoxide (D
formation. Loss of NO bioavailability precedes thevelopment of overt atherosclerosis and
is an independent predictor of adverse cardiovascevents. Indeed, decreased NO and
enhanced production of reactive oxygen species [Ri@&e been recognized as major
determinants of age-associated endothelial dysiumcThe degree of impairment of EDNO
bioactivity is a determinant of future vascular gications. Accordingly, growing interest
exists in the pathologic mechanism involved. Howewe is clear that immunologic
mechanisms operating in the context of common osaedicular risk factors lead to impaired
endothelial function, mainly as a consequence ofedsed NO bioavailability and excessive
oxidative stress.

The work submitted in this thesis describes on side studies aimed to investigate cellular
mechanisms underlying endothelial dysfunction aadcular damages driven by oxidative
stress in the context of aging, hypertension amerasclerosis usingn vitro models. In
addition, we desired to evaluate the efficacy afu@ng agents such as flavonoid to monitor
whether theyactually have an action to recover from the cetlokeidative damage by these
natural compounds and how real is their actionhat level of microcirculation in vitro
models. On the other side, we present studies éocusn the pathophysiology of
microcirculation as far as functional aspects anmgcerned in the context to better understand
the functioning of the Renin- Angiotensin-System particular if the Angiotensin IV is

involved in mechanisms of oxidative stress andafciOm intracellular levels.



Introduction

Modern Age has witnessed major developments ini@adcular physiology thanks to
scientists like E.H. Starling in the 1920s, whoald®ed the*fundamental properties of the
heart muscle itself and then found out how these raodified, protected, and controlled
under the influence of the - nervous, chemical arethanical- mechanisms which under
normal conditions play on the heart and blood visSsequoting his remarkable studies
[167,211].The existence of pathological cardiovascular coowkt has been recognized and
described. The atherosclerotic vascular diseaseitangain clinical manifestatiorangina
pectoriswere firstly reported in the T&entury. In parallel, the earliest descriptionsoie
attempts for a pharmacological treatment appeddacbglycerin, for example, was initially
prescribed by physicians in the late"X@ntury [172]. A number of new pharmacological
agents found to be of benefit followed, leadindhe constitution of the currently established
cardiovascular pharmacotherapy. The atherosclex@tscular disease was hypothesized to
cause ischemia and infarction of the heart andrathgans. Acute cardiovascular ischemic
events, such as stroke, myocardial infarction didsa death, were frequently associated with
localized arterial thrombus formation. However fioany decades, these conditions remained
totally mysterious and unpredictable events. Moeep\nypertension was recognized to
damage large blood vessels and the microcirculaifodifferent target organs, even if the
specific mechanisms involved were unknown.

Vascular biology, as the study of vascular cellsarmnormal and pathological conditions,
began in the 1970s. This novel research disciphas,since then enjoyed exponential growth,
allowing the comprehension of common pathophysiclogrocesses ofcardiovascular
diseases (VD). In 1980, the obligatory role of endothelial cellsraglaxation of arterial
smooth muscle by acetylcholine (Ach) was descrip@&]. A seminal event in the field of
vascular biology, which was later awarded with ltabel Prize in 1998 to Robert Furchgott,
Louis Ignarro and Ferid Murad. By means iaf vitro experiments in organ chambers,
preconstricted arterial rings were demonstratedreiax in response to the muscarinic
cholinergic agonist only if endothelial cells wgmesent. Removing the endothelium by any
means abolished the vasorelaxation, which was reetliby an undefined endothelium-
derived substance that was named endothelium dengkaxing factor (EDRF). EDRF,

subsequently, was shown to be, in large partcnitxide [153]. During the last three decades,
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Introduction

several studie®ave definitively proved that the endothelium id paly a cell monolayer
covering the lumen surface of the vascular wall, ibis involved in many key regulatory

functions for the homeostasis of cardiovasculatesys

The endothelium and vascular homeostasis

In recent years the endothelium in the literatueie heen simply classified as a biologically
inert barrier interposed between the blood andvessel wall. It was considered a uniform
layer of cells with the task of providing a proteetsurface that would prevent the adhesion
of blood cells but that would be able to carry amwey liquids, solutes and various
substances in the blood stream from this inteustitiSince a few years, detailed studies on
anatomy and physiology of endothelium have h@ewiding more information that make this
definition unacceptable. In fact, currently the etietlial tissue is considered a real organ with
the function to modulate vascular tone and extémiand flow [190] and has a primary role
in maintaining vascular homeostasis associated fgatures [178], in response to humoral,
nervous and mechanical stim{i90]. The endothelium is able to perform its fuocs only

if intact, when it establishes a balanced equililbribetween factors related to the mechanism
for inducing vasodilation and vasoconstriction ¢ast generating mechanism. When the
ability of endothelial cells is compromiséal process the substances that are produced under
physiological conditions the "endothelial dysfupatl is establishefP6]. The endothelium is
the inner face of endoluminal arteries, veins, l&pes and lymphatic vessels lined by a
continuous cell layer consisting of endothelial:eThe essential components of the walls, in

endotheliumare classified a@-ig. 1).

* tunica intima:inner layer, delimiting the lumen of the vessehsisting of a monolayer of

endothelial cells from the underlying basement nraximé and the internal elastic lamina;

« tunica mediathe middle layer consists of smooth circular bndjitudinal fibers;

stunica adventitiaouter skin consists of connective tissue andblasts, separated

from the tunica media by the external elastic lamin
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Figure 1- Endothelial wall- Nature.com

Endothelial cells are polygonal and flattened bygrescopic study (3dm x 1Qum). They
contain numerous vesicles and form junctional cexgd with other nearby cells. Cells are
welded together by means of both tight junctidghepugh gap junctions'he only type of cell

to possess Weibel-Palade bodies, structures suteduny membranes with a diameter of 0.1
um and a length of 3 mM, which are organelles ofdéposit of von Willebrand factor (VWF)
[178].

Endothelial function

Under physiological conditions, integrity of thedethelial cells is essential for normal

function of blood vessels and maintenance of hotas@sthrough secretion or display on the
membrane of different molecules that are respoasibl the continuous regulation of

vascular tone, control of blood pressure, the piggical regulation of leukocyte passage and
maintenance of antithrombotic and anticoagulaneat$f [190,177]. Endothelial paracrine

activity is directed both toward the lumen and to¥gathe vessel wall. At the vessel lumen
level, the endothelium regulates coagulation meishanand interactions with leukocytes and
platelets [177,4]. At the vascular wadlvel, endothelium plays a central role in reguigti

blood pressure



Introduction

and blood flow through a continuous modulation asaular tone, which is under the control
of local and systemic factors. Modulating vascutane and the same structure, the
endothelium plays a major role in vascular remadgbbserved in hypertension [81], the
stenosis after angioplasty [115] and atheroscler@&]. Central role in regulating endothelial
cell homeostasis and thrombosis depends on theegsipn and release of many molecules,
with autocrine and paracrine actions, such as acgstin PG}, nitric oxide (NO), platelet-
activating factor (PAF), von Willebrand factor (vVWFthrombomodulin, tissue factor
(thromboplastin) and its inhibitor (TFPI), factaissue plasminogen activator (t-PA) and its
inhibitor (PAI-1) [4]. In addition to being involeein the mechanism of activation and
aggregation of platelets, the PAF also increasespgrmeability of the endothelial barrier
and, together with the platelet adhesion moledaisdlectin), promotes leukocyte adhesion to
the vessel wall [155]. The adenosine diphosphai@P)Athat is released by the activation of
platelets, along with the thromboxane A2, promopdstelet activation and aggregation
through a more positive feedback mechanism [49;B3. VWF factor has essential functions
in homeostasis: itnediates platelet adhesion to sites of vasculamrynjmean plate-plate
interaction, promotes platelet aggregation in Vesadth high shear-stress due to the rapid
blood flow and transport coagulation factor VIII plasma [194,193]. Endothelial cells
express on their surface a protein that is thensitr membrane thrombomodulin and is found
exclusively on the endothelial luminal surface,rface that is not damaged. It has a strong
affinity to thrombin, plasma protein involved iretlmechanism of the coagulation cascade. In
particular,it is involved in the conversion from fibrinogen fibrin and also in the platelet
activation and aggregation [45,21]. When thrombindb to thrombomodulin, it causes
conformational rearrangements of the second congoeducing its affinity for fibrinogen
and activates circulating protein C which, togetiveth protein S, inactivates factors V and
VIII, inhibiting blood coagulation [65,77]. This ggests that thrombin has an anticoagulant
action in the presence of thrombomodulin [52]. Thboplastin is a main physiological
activator of coagulation. In contrast to extravdacwcells, under physiological conditions,
endothelial cells do not express the thromboplastiorder to preserve the fluidity of the
blood [50]. Howeverin vitro studies have shown that endothelial cells syntkesnd express
on the surface in response to thromboplastin thnoménd cytokine-activated platelets.
Endothelial cells also produce tissue factor irthib{Tissue Factor Pathway Inhibitor, TFPI),

which isthe most important physiological inhibitor of thrboplastin. This
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protein is secreted by endothelial cells and iswfbin plasma or bound to the cell surface
[197]. Under basal physiological conditions, enattll cells do not express molecules that
promote the adhesion of circulating leukocytes. Elosv, the activation of endothelial cells
by thrombin, endotoxin or inflammatory cytokinescBuas IL-1 and TNF, induces the
surface expression of a series of molecules treeasential for adhesion and migration of
leukocytes from the bloodstream into the damagesiié [208]. This process is mediated by
cell adhesion molecules (CAMs), glycoproteins expeel on the surface of activated cells
that are involved in cell-cell and cell-matrix bind [61]. The binding of leukocytes to
endothelium is mediated by immunoglobulin ICAM-htér cellular adhesion molecule-1)
and VCAM-1 (vascular adhesion molecule-1) thatreate with integrins on the surface of
circulating leukocytes and cause a stable relatipnsith the endothelium [19,230]. ICAM-1
is over-expressed in response to various stimah s1$ inflammatory cytokines (IL-1, TNk-
interferony). VCAM-1 is expressed by endothelial cells and sthanuscle cells of the vessel
wall, promotes cell-cell adhesion and subsequergration of inflammatory cells [62].
Locally, vascular tone is self-regulated mainly@sponse to mechanical stimuli by the power
button and the shear stress affecting the vessikt as a result of changes in blood flow
[249]. This regulation is modulated by the synthesid secretion of two potent vasodilators:
prostacyclin (PG) and nitric oxide (NO). PGlis a prostaglandin deriving from arachidonic
acid and is synthesized by the action of prostafyaRG} synthase from H(PGH,) which is
produced by the hydrolysis of arachidonic acid tigio cyclooxygenase-2 (COX-2). Nitric
oxide is a diatomic free radical generated by mitrxide synthase hetero (NOS) through the
oxidation of L-arginine to L-citrulline [84]. NO igroduced in the endothelium and is released
as a free radical and as a nitrosyl compound, pri@ent importance in controlling the tone
of the arteries and the microcirculation, both as&l conditions and after various kinds of
stimulation [74,84]. Nitric oxide has been idemdias a major anti-atherosclerosis factor [37]
because oits protective action on blood vessels [159]. Mikide induces vessel relaxation
activating the guanylate cyclase enzyme. In additiwe found that nitric oxide inhibits the
oxidation of low density lipoprotein (LDL). It islgb an antagonist of platelet aggregation by
inhibiting platelet activation [159]; moreover, népresses the expression of kB dependent
nuclear factor of adhesion molecules that reguthte recruitment of leukocytes in the
endothelium, in the early stages of atheroscler@nslothelial cells synthesize NO and PGl

in response to various substances to agonist action
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such as bradykinin, acetylcholine, serotonin, thsom adenosine triphosphate (ATP) and
adenosine diphosphate (ADP) that increases theeatrations of cytoplasmic calcium, and
also in response to mechanical stimuli, such asrdeftion of the plasma membrane due to
shear stress [74,84]. The increased shear stcesssahe endothelium promotes the release
of other agonists, vasodilators, such as ATP am$pate leading to increased cytoplasmic
calcium in adjacent cells, thus, stimulating thatkgsis of other NO. These observations are
in agreement with previous hypotheses that requiadddum levels to activate the synthesis of
NO, calcium levels are lower than those who need toatet the synthesis of PGI35]. The
endothelium also acts in the process of modulatiothe mechanism of vasoconstriction by
means of certain substances and effector molecsleh as angiotensin, endothelin,
prostaglandin H2 and thromboxane A2 [47].

The Endothelium dysfunction, atherosclerosis andsealar inflammation
"Endothelium dysfunction{Fig.2) refers to the condition in which the endotheliwads its

physiological properties [179] and is determined dy imbalance in the production of
mediators that regulate vascular tone, plateleteaggion, the coagulation and fibrinolysis .

Iwmmn ‘W:ﬂ P Coagan fon ES) encomosl ool Cxmme PN &7 moam o o L
| sl D Puatmor - Smooth rusco ool ) TSR VAT, BCAM. solectins
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Figure 2- Mechanisms of Endothelial DysfunctigRature,Review 2010)
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Endothelial dysfunction has been associated withvagsiety of processes including
hypertension, atherosclerosis, aging, heart blawk failure, coronary syndrome, obesity,
infections, sepsis, arthritis rheumatoid diseatgembosis, cigarette smoking, and type 1 and
2 diabetes [72].Oxidative stressplays a relevant role in atherosclerosis and osedicular
diseases by promoting cellular dysfunction, inflaation and lipids and lipoproteins
peroxidation, and is reducing the bioavailabilityN© [259]. The mechanisms of endothelial
dysfunction shows many unclear details, but whakenitely known is that the reduction in
the bioavailability of NO is a relevant aspect nflethelial dysfunction [175]. This reduction
of NO is followed by high levels of endothelial wasnstrictive substances such as
endothelin-1 [50]. The mechanisms by which NO bakbility acts are essentially two: the
first mechanism involves the down-regulation of the esgitm of eNOS (endothelial NO
synthase) which synthesizes nitric oxide in theogimelium through the oxidation of nitrogen
contained in the L-arginine, which is convertedLtocitrulline. The reaction requires the
presence of cofactors, such as nicotinamide adedinacleotide phosphate (NADPH),
calcium / calmodulin (CaM), flavin adenine dinudide (FAD), flavin mononucleotide
(FMN) and tetrahydrobiopterin (Bfi[74,84] that are integrated in the structure &% once
the enzymes are expressed in the cell [249]. Therahechanism involves the up-regulation

of vascular levels of ROS . It is known that highdls of ROS damage the vascular tissue, as
is known to react with NO to form peroxynitrite (@D "), thus removing NO. In fact, it was

demonstrated that the increased expression of axigermay lead to the "scavenging" of NO
and its reduced bioavailability [114,236]. The shsetess signal and activity of eNOS are
regulated by mechanisms of ¢d calmodulin-dependent [29] and €& calmodulin-
independent [15]. The eNOS is a homodimer congistihtwo monomers, each of which
contains a reductase (C-terminal) domain that bMABDPH, FAD and FMN, and a domain
which carries a heme oxygenase (N-terminal). Thkeeeme groups are required for
dimerization of both monomers to form the active N@imer and electron transfer from
flavin to heme of the opposite monomer. To beconfellg functional enzyme complex, it
binds to the oxygenase domain (6R) -5,6,7,8-tettedbjiopterin (BH), molecular oxygen
and substrate L-arginine. Finallg zinc ion binds at the interface of the dimeN&@S, and
has mainly a structural function [15]. The eNOSabates an electron transfer from NADPH

reductase domain in the heme oxygenase
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domain, by means of FAD and FMN. This electron dfanis favored by the binding of
calmodulin induced by calcium, the domain reductd$e Q is reduced and L-arginine is
oxidized by 2-step, through N-hydroxy-L-arginine ltecitrulline and NO. Once produced
NO, a short half-life gas (6-7 seconds), readilgsses the plasma membrane of smooth
muscle cells of the tunica media and activatesetimyme guanylate cyclase resulting in the
production of intracellular cyclic GMP, which cassesmooth muscle relaxation and
vasodilation through a series of mechanisms thdtiae the levels of intracellular free
calcium . The activity of eNOS is regulated by dmmcentration of intracellular calcium and
by phosphorylation of the reductase domain andcétheodulin binding domain. Depending
on the stimulus, the specific kinase can phosphteywNOS, such as Akt / protein kinase B,
protein kinase A, protein kinase 5'-adenosine mbosphate activated and calmodulin-
dependent kinase II. If the electron flow is dibed in eNOSI( vitro, this may be due to the
absence of the cofactor BH4 or substrate L-arg)niitechanges from a coupled eNOS
(dimer), which leads to the formation of NO, to ecdupled state, which generates oxygen.
the enzyme moves from an oxidant state to a redooed[133]. During the normal catalytic

function of eNOS, Bhlacts as an electron donor. Under conditions of &sige production of

oxidants, oxygen can react with NO, that forn@NOO" (peroxynitrite) [88]. It has been

shown that ONOO(peroxynitrite) oxidizes Bllin biologically inactive products that cannot
be further recycled . The formation of peroxynérithrough a process of nitration of protein
affects the function of proteins and thus endo#hdlinction;it also mediates the oxidation of
LDL, contributing to the pro-atherogenic conditidi@8]. Functions of nitric oxide include an
important role in maintaining vascular endotheirdkgrity and stability, preventing platelet
aggregation and leukocyte adhesion and maintenahtdood flow [31,179]. It is not so
surprising that the damage to NO synthasdiich is produced by the endothelium
dysfunction, has deleterious effects on blood pnesand platelet count.Thus the damage to
NO synthase allowshanges to the vessel wall, that are known to becésted with vascular
pathogenesis in general, and atherosclerosis trcplar . The reduced concentration of NO
causes an "up-regulation" of VCAM-1 in endothetialls through the expression of NF-kB ].
ROS, C-reactive protein (CRP) and oxidized LDL moe 1 (LOX-1) increase expression of
adhesion molecule$-ig.3), such as VCAM-1, ICAM-1 and E-selectins that mngortant in
the early stages of the inflammatory process . VCAM responsible for ties with monocytes
and T cells represent the first stage of

-14 -
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the invasion of the vessel wall by inflammatoryl€el Endothelial dysfunction allows the
infiltration and retention of LDL in the serum dié tunica intima of the vessel starting an
inflammatory response. Within the intima, LDL pel#is are modified by oxidation or by
promoting the enzymatic release of phospholipidg gtimulate endothelial cells to express
VCAM-1 and ICAM-1 and produce growth factors, swhgranulocyte-macrophagelony
stimulating factor (GM-CSF) [144]. The CAMs medidke entry of specific leukocytes into
the vessel wall, monocytes and lymphocytes at ttee &f endothelial damage [90,138].
Within the intima, GM-CSF stimulates monocytes sxdme macrophages, which plays an
important role in local inflammatory response byodqurcing inflammatory cytokines,
chemokines and oxygen free radicals [138,191]. dditeon, the secretion of extracellular
matrix metalloproteases (MMPs) by macrophages irigs to the remodeling of the vessel
wall and eventual plaque rupture. These molecuteglity the cellular response and begin
promoting the low-intensity vascular inflammatiathyombosis, progressive thickening of
intima and hence the formation and developmenttloérasclerotic plaque that may break
possibly causing clinical manifestations [191].

Figure 3- Different molecules involved in endothalidysfunction-

Science.com
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In 1997, the isolation of putative endothelial pFogor cells (EPCs) from human peripheral
blood has been reported [8]. Subsequently, eviddra® accumulated documenting the
presence of a population of endothelial precurstis @and/or adult stem cells, deriving from
bone marrow, with a specific role the maintenance of endothelial integrity againstcuéar

injury [34].These cells are able to home areaspiry and ischemia-induced myocardial and

peripheral neovascularization [109], healing endihintegrity .

Effects of Endothelial Dysfunction

Endothelial function has largely been investigateugh the assessment of endothelium
dependent vasomotion. Indeed, an impaired endathaliependent relaxation reflects an
extensive loss of endothelial function. Actually wtas important to characterize how
endothelial dysfunction relates to the pathogenesiatherosclerosis. Studies focusing on
these issues continue to provide remarkable evelémat the endothelial interface between
the vascular wall and the circulation is the priynaite to trigger off cardiovascular events
[55].Under pathologic conditions, the endotheliuas fa reduced availability of vasodilating
factors, in particular NO, and an augmented pradnatf vasoconstricting factors, leading to
impaired endothelium-dependent vasodilation. Funtioee, NO has demonstrated to exert a
major anti-inflammatory effect and can therefore bensidered the most important
endogenous antiatherogenic molecule. Endothelialsfudigtion promotes arterial
inflammation andvice versachronic inflammation maintains a pro-inflammatgiyenotype

of the endothelium [55]. Therefore EC dysfuncti@ems to participate in atherosclerotic
process from its inception onwards till ultimaterggications with a complex and pleiotropic
involvement of inflammation sustained by humoradl @ellular inflammatory elements. Not
only these effects are present in endothelial dygfan but other factors are involvediis

genesis.

Cardiovascular Disease and Endothelial Dysfunction

Endothelial dysfunction was first described in hanhgpertension in the forearm vasculature
in 1990 [171] Impaired vasodilation in hypertensiamas confirmed by many studies in
different vascular beds, including small resistanessels [173,201]in stage | essential

hypertension, we
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showed that ~ 60% of patients exhibit impaired small grteasodilatation when this is
studiedin vitro in vessels dissected from gluteal subcutaneoyssige [174] Impairment of
vasodilation was also described in type 1 [14] typet 2 diabetes [189,154], coronary artery
disease [122], congestive heart failure [24], ahtbic renal failure [225,255]. Moreover,
this manifestation of endothelial dysfunction natlyois associated with cardiovascular
disease but may also precede its development, awnstin a study on offspring of
hypertensive patients. The study subjects displagmdbthelial dysfunction despite being
normotensive. Another study showed endothelial Wlystion in symptom-free children and
young adults at high risk for atherosclerosis [1&f0, in normotensive, normoglycemic,
first-degree relatives of patients with type 2 @i@s, endothelial dysfunction was correlated
with insulin resistance [64]. Endothelial dysfulctihas been demonstrated in the metabolic
syndrome and in dyslipidemia and may be associateith obesity [247],
hyperhomocysteinemia , sedentary lifestylend smoking, in the absence of overt

cardiovascular disease.

The pathophysiology of endothelial dysfunctiois complex and involves multiple

mechanisms.

NO

One of the most important vasodilating substaneksased by the endothelium is NO, which
acts as a vasodilator, inhibits growth and inflarioma and has anti-aggregant effects on
platelets. Reduced NO has often been reported enptiesence of impaired endothelial
function. It may result from reduced activity ofdethelial NO synthase (eNOS; as a result of
endogenous or exogenous inhibitors or reductiorthm availability of its substrate, L-
arginine) and from decreased bioavailability of NROS are known to quench NO with
formation of peroxynitrite [119]which is a cytotoxic oxidant and through nitratiomh
proteins, thewwill affect protein function and therefore endothkfunction. Peroxynitrite is
an important mediator of oxidation of LDL, emphasigits proatherogenic role . Moreover,
peroxynitrite leads to degradation of the eNOS dofatetrahydrobiopterin (Bi) [148],
leading to "uncoupling” of eNOS. Using a novel pgratrite decomposition catalyst, FP15,
endothelial and cardiac dysfunction could be preseim diabetic mice . Oxidant excess will

also result in reduction of BHvith increase in Bkl When this occurs, formation
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of the active dimer of eNOS with oxygenase actiatyd production of NO is curtailed
(uncoupling of eNOS). The reductase function of &N activated and moreOSs are
formed, so NO synthase goes from its oxygenasetitm@roducing NO to its reductase
function producing ROS, with the consequent exaaggar of oxidant excess and deleterious
effect on endothelial and vascular function [22Z)xidative excess is linked to a
proinflammatory state of the vessel wall. ROS uplatg adhesion (VCAM-1 and ICAM-1)
and chemotactic molecules (macrophage chemoattitacpeptide-1 [MCP-1]) [87].
Inflammation decreases NO bioavailability. Inde€ereactive protein (CRP) has been shown
to decrease eNOS activity [244]. The main sourceofadative excess in the vasculature is
NAD(P)H oxidase [245,89 Other sources include xanthine oxidase [88], tti@chondria
[234] and uncoupled NOS.

Asymmetric Dimethylarginine

A relatively new and attractive mechanism that $edd reduced NO is asymmetric
dimethylarginine (ADMA), an endogenous competitivédibitor of eNOS, that has been
linked to endothelial dysfunction. In human endbé#hecells, which were stimulated with

plasma from patients with chronic renal diseaskibition of eNOS correlated with plasma
ADMA levels [60]. ADMA levels were inversely relateto endothelium-dependent
vasodilation [254] in subjects with hypercholestentia, and infusion of L-arginine, the

substrate of eNOS and competitor of ADMA, normalizndothelial function. It has been
suggested that accumulation of this endogenous ei@iBitor leads to reduced effective
renal plasma flow and increased renovascular eggistand BP [20]. Intravenous low-dose
ADMA reduced heart rate and cardiac output andemeed mean BP . ADMA is a product of
protein turnover and is eliminated by excretionotlgh the kidneys or metabolism to
citrulline by the enzyme dimethylarginine dimethyiaohydrolase (DDAH). Recently,

overexpression of DDAH was shown in transgenic nicdecrease ADMA, increase eNOS
activity, and reduce BP [2], underlining the pathggiologic importance of ADMA. Because
ADMA is eliminated through renal excretion and degtation by DDAH, it is not surprising

that it is increased in patients not only with chicorenal failure [51,111] but also with other
diseases such as hepatic dysfunction [240]. Newrast is focusing not only on the

elimination but also on the generation of ADMA. fin-arginine methyltransferases, which
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produce methylated arginines, namely protein-angimethyltransferase-1, were shown to be
upregulated by shear stress, and this upregulatiasm associated with enhanced ADMA
generation . Hypercholesterolemia is a risk fackor atherosclerosis, associated with
endothelial dysfunction [168], and there is nowoasidence that elevated ADMA levels are
associated with hypercholesterolemia . Plasma ADB\&Ils were also increased in elderly
hypertensive patients [20] and correlated with agd BP [110]. ADMA levels have been
associated with increased cardiovascular risk facto renal failure, such as CRP, carotid
intima-media thickness, concentric left ventriculaypertrophy, and left ventricular
dysfunction [110,150]. Moreover, it was found to &eoredictor of acute coronary events
[262], overall mortality of patients with chronienal failure[239], and mortality of critical ill
patients [240].

Oxidative Excess

In animal models of hypertension, oxidative excessldeto endothelial dysfunction as
evidenced by improvement of the impaired endotheldependent relaxation after use of
antioxidants [260]. Oxidative excess in hyperteagatients leads to diminished NO [57] and
correlates with the degree of impairment of endathedependent vasodilation and with
cardiovascular events [226]. In patients with clicoenal failure, markers of oxidative excess
also correlated with endothelial dysfunction [98ihdings in animal models of chronic renal
failure suggest that enhanced generation of RO&s léa decreased NO bioavailability and
endothelial dysfunction, which may be improved byti@idant pretreatment [5,92]. In

humans with chronic renal failure, tlegministration of vitamin C improved endothelial
dysfunction of resistance arteries but not of canduteries [243]. In animal models of

diabetes, increased oxidative excess also leddotkelial dysfunction [46]. ROS also seem
to be involved in the mediation of endothelial nyjueading to programmed cell death or
apoptosis and to a form of apoptosis charactetmedetachment of endothelial cells called
anoikis [76]. Apoptosis is induced by the loss @fl-matrix interactions, but its exact

mechanisms and pathophysiological role in cardiowias disease are not fully understood.
Eicosapentaenoic acid, a polyunsaturated fatty @mndained in fish oil, was shown to protect
endothelial cells from anoikis [113], which may tdoute to the antiatherogenic and
cardioprotective effects of fish oil.
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Ang lI

Ang Il has been implicated in the pathophysiolo§iyypertension and chronic renal failure.
Ang Il infusion induces endothelial dysfunctionriais [227], increases ROS by stimulating
NAD(P)H oxidase [89,182], and promotes vasculatamfmation [233]. In hypertensive
humans, interruption of the renin-angiotensin sysigith angiotensin-converting enzyme
inhibitors or angiotensin receptor blockers rest@edothelial function in contrast to a similar
degree of BP lowering with &-blocker, which has no effect on endothelium-depend
vasodilation [201,233,203].

Hyperhomocysteinemia

A non traditional cardiovascular risk factor thaadls to endothelial dysfunction is
hyperhomocysteinemia. This has been evidenced inyghmodels of hyperhomocysteinemia
[202]. Normotensive patients with hyperhomocysteirge display endothelial dysfunction .
Folic acid supplementation was able to reduce hgsteme levels and improved endothelial
dysfunction in children with chronic renal failureCellular [248], animal [202], and human
studies suggest that homocysteine reduces NO dilahility by oxidative excess. There is
now also evidence that homocysteine may cause AD&Aumulation by inhibition of
DDAH . Experimental studies in humans have confantieat hyperhomocysteinemia may
lead to endothelial dysfunction via accumulation ADDMA [257,218]. However, not all
studies support this link [219]. These mechanismay explain the increased cardiovascular
risk of patients with hyperhomocysteinemia. Thisoisspecial importance for patients with
chronic renal failure, who often have increased toysteine levels, which were shown to

predict cardiovascular outcomes in a recent study .

Diabetes

In diabetes, additional mechanisms may trigger #redial dysfunction. In states of insulin
resistance, such as in type 2 diabetes, insulmasigg is altered, differently affecting the two
major pathways emerging from the insulin receptdihe pathway leading via
phosphoinositide 3-kinase, phosphoinositide-depainkiease-1, and Akt/protein kinase B to
phosphorylation and activation of eNOS is dramdticdownregulated, whereas the pathway
leading via mitogen activated protein kinases ttoganic effects and growth is unaffected
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[141,251]. Moreover, hyperglycemia leads to advdmglgcation end products (AGE), which
were shown to quench NO and impair endothelial tion¢ as evidenced by inhibition of
advanced glycosylation with aminoguanidine [48]. A@®duce ROS and promote vascular
inflammation, with enhanced expression of interletix VCAM-1, and MCP-1. This turns
into a vicious circle in diabetic nephropathy, hesain renal failure, clearance of AGE is
delayed, which further promotes vascular and ranpaty [28]. Finally, acute hyperglycemia
itself can reduce NO [258] and attenuate endotheliependent vasodilation in humans
vivo. Endothelial dysfunction has been proposed to rbealy event of pathophysiologic
importance in the atherosclerotic process andigesvan important link between diseases
such as hypertension, chronic renal failure, obeti@s and the high risk for cardiovascular
events that patients exhibit with these conditidosw NO bioavailability can upregulate
VCAM-1 in the endothelial cell layer via inductiai NF-xB expression. ROS, CRP, CD40
ligand, and lectin-like oxidized LDL receptor-1 (XEl) also upregulate endothelial
expression of adhesion molecules. The expressidCaiv-1, ICAM-1, and E-selectin plays
a role in the initiation of the inflammatory prosesVCAM-1 binds monocytes and T
lymphocytes, the first step of invasion of the wtsgall by inflammatory cells. NO inhibits
leukocyte adhesion .Reduction in NO results in atiden of MCP-1 expression, which
recruits mononuclear phagocytes. Monocytes aresfibamed into lipid-loaded foam cells.
Oxidized LDL, for example, is scavenged through L-OXwvhich is highly expressed in blood
vessels in hypertension, diabetes, and dyslipide@uwadized LDL uptake by LOX-1 triggers
a variety of actions: it reduces eNOS expressiah farnther stimulates adhesion molecule
expression. LOX-1 expression can be stimulated mg Al and endothelin-1. As the
atherosclerotic plague progresses, growth factecseted by macrophages in the plaque
stimulate vascular smooth muscle cell growth andratitial collagen synthesis. The event
that initiates a majority of myocardial infarctioms the rupture of the fibrous cap of the
plaque, inducing thrombus formation. Decreased N@ axidative excess may activate
matrix metalloproteinases (MMP) [82,140], namely MM and MMP-9, which weaken the
fiborous cap. Because NO inhibits platelet aggregati reduced NO contributes to
thrombogenicity and to the severity of the everitug, endothelial dysfunction with reduced
NO bioavailability, increased oxidant excess, andgression of adhesion molecules
contributes not only to initiation but also to pregsion of atherosclerotic plaque formation

and triggering of cardiovascular events [220].
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Renin — Angiotensin- System :
from Angiotensin | to Angiotensin IV

concerning endothelial dysfunction

1.1 Renin Angiotensin System (RAS)

New components and functions of the renin-angiateegstem (RAS) have already been
completely revealed and described in full detailse classical RAS as it appeared in 1970
included renin, which acts on angiotensinogen lier groduction of Angiotensin I, which in
turn is converted into Angiotensin Il by Angiotemsionverting enzyme (ACE ) [78].

For decades, the Angiotensin Il was regarded aditia¢ product and the only bioactive
peptide of the renin-angiotensin system (RAS) [224{giotensin Il was still considered the
main effector of RAS, it was consideranhly as a circulating hormone that acted via
angiotensin receptors, Angiotensin type 1 {A&nd Angiotensin type 2 (AJ receptors, on
endothelial cells. Since then, a broad view of R&S has gradually emerged. The RAS
(local) tissue is identified in most organs. Reberan intracellular RAS was reported.
Therefore, the RAS endocrine function, and paragrintacrine [78] were described. Other
peptides of RAS denote those biological actions, lieptapeptide Angiotensin 2f88] or
heptapeptide Des AspAng Il (Ang Ill) possess actions similar to those Ang II. In
addition, the hexapetidengiotensin 3-8 [78], or hexapeptide Des Afpes Asp>Arg Ang ||
(Ang 1V), exerts its action through the receptosulin-regulated aminopeptidase. Finally,
Angiotensin 1-7 or hheptapeptide Des Bhng Il (Ang 1-7), act through the receptor Mas
[78]. Among these fragments of Angiotensin I, Ayhas attracted more attention since it
was unveiled to exercise a wide variety of effettsluding, the ability to enhance learning
and preserving the memory, anticonvulsant and emteptogenic properties, protection
against cerebral ischemia, vascular activity anlrement in atherogenesis. Some of these
effects are mediated by ATeceptor but others are more likely by bindingAoiy IV to the
insulin-regulated aminopeptidase (IRAP), althoulglé éxact mechanism that mediates these

actions is not yet well known [224]. In fact, thiegootheses have been proposed:
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I. since Ang IV is an inhibitor of the catalytic adtivof IRAP, its effectsan vivo could
result from an accumulation of the peptide substrat IRAP;
II. IRAP is co-located with the glucose transpo@UT4 in several kinds of tissue and
therefore, Ang IV may also interact with the uptakelucose;
lll.  a final and more interesting hypothesis ascribescaptor function to IRAP and thus

an agonist role to Ang 1V [224].

The discovery of ACE2 receptors and renin indubedperception of the RAS system as an
unexpectedly complex on&he importance of this system in cardiovasculagase has been
demonstrated by clinical benefit of ACE inhibitoand AT, receptor antagonists. Great
expectations were created by the introduction efitthibitors, currently renin. In fact, the

RAS regulates many more functions than previoustyght [78].
1.2 The "Classical RAS"

Many researches on the renin-angiotensin systemdone way for a better understanding of
its physiology and pathophysiology. In early 19%t main components of the "classical"
RAS assets were identified and there was no comgnevidence for important functions in
the systemic water balance and blood pressure hsias®. At that time, however, there was
widespread skepticism about the role that the RA&dcplay in cardiovascular diseases.
Only after the discovery of ACE inhibitors acting bral administration, among which the
first one was captop@, the fundamental importance of the RAS in cardscuar
homeostasis was understood. The introduction ohitas, the first Angiotensin Il type 1

receptor active and effective antagonist, furthesrgthened this concept [78].
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1.3 Formation of Angiotensin ligands

The vision of the relatively simple "classical RAS8Iitculating with the angiotensinogen
(AGT) synthesized by the liver, renin by the kidsegnd the main effector peptide,
Angiotensin Il (Ang Il) generated by the ACE in thascular system, was completed with the
cloning of AT, and AT, receptors [78, 121]. The Angiotensinogen protenvas as a
precursor of Angiotensin peptides aagbrimarilyformed and constitutively secreted by liver
cells into the circulation. Following its releaggasma active renin [170] is an aspartil-
protease [224] which hydrolizes Angiotensinogen0O]lat the amino terminal to form the
decapeptide, Ang | [9]. The circulating renin atglprecursor, pro-renin, are released mainly
by juxtaglomerular cells located in the affererdrgérular arterioles. However, other tissues
secrete pro-renin into the bloodstream, and caoobeerted into pro-renin renin by limited
proteolysis [170]. Ang | is a substrate for bolle tAngiotensin converting enzyme (ACE)
(dipeptidyl carboxypeptidase) , a zinc metal-preggahe serine protease chymotrypsin-like

chimase [58], that hydrolyzes the carboxy termutipeptide His-Leu away to form Ang Il
(Fig.4).

Angiotensinogen
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Figure 4 - Schematic synthesis of renin angiotensipstem (Ras)-
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The circulating Angiotensinogen is plentiful (50066nM), 1,000 times higher than Ang |
(50-150 pM) and Ang Il (50-100 pM ) ones. Therefaenin activity determines the rate of
formation of Angiotensins from the plasma enormaascentration of Angiotensinogen
reservoir. That is, even a small change in plasenanractivity can make a big difference in
circulating levels of Ang | and Ang Il [170]Ang Il is converted by glutamyl
aminopeptidase A (AP-A) that cleaves the N-termiAap residue of Ang Il.The alanyl
aminopeptidase N membrane (AP-N) divides the temhmftArg of Ang Il to form Ang IV
Although Ang lll, Ang IV and Ang 1-7 have biologikactivities, their plasma levels are
much lower than those of Ang 1l [170].

Ang IV may be further converted in Ang (3-7) bylmaxypeptidase P (Carb-P) and propyl
oligopeptidase (PO) that break the link Pro-Pheddpeptidases such as chymotrypsin are
able to separate the residue of Val, Tyr, and tagetwvith the dipeptidyl carboxypeptidase
that cuts the link His-Pro reduces the Ang IV anyA3-7) to inactive peptide fragments and
individual amino acids (4,40). Ang |l can also lmmeerted to Ang (1-7) by cutting the Carb-
P Phe, the mono-peptidase ACE2 recently discovaré@A, which splits the dipeptide Phe-
His from Ang (1-9), and can be further convertedAtw (2-7) by AP-A acting on the bond
Arg-Asp. Over time it was revealed that in additim the "RAS assets”, there is a local
"tissue RAS" in several organs and studied tisstredact, it has also been reported to
generate intracellular Ang Il [127]. In additionné\1 is inactive , while both the heptapeptide
Angiotensin 2-8 (Ang Ill) and the hexapeptide 38ng IV) have been shown to be
biologically active. In particular, the heptapepti@ngiotensin 1-7 (Ang 1-7) seems to play an
important role in counteracting many of the actiofsAng Il . There are three recognized
subtypes of receptors for Angiontensin, two strradty similar, and a third that is different.
Subtypes AT and AT, are coupled to protein G. Instead, since the se@b#yp, is a much
larger proteirand is insensitive to the guanine nucleotitlss not associated with a G protein.
The actions of Ang Il and Il are mediated onlyregeptors AT and AT, [78]. New findings
indicate that Ang IV binds with low affinity Adand AT, receptors, but with high affinity and
specificity with AT, receptor. Nowadays there is a dispute about tkatity of insulin-
regulated amino peptidase of ATRAP) or growth factor receptor c-Met. A specifimding
site for Ang (1-7) waseported but not fully defined and even more ssipgly a receptor for
renin / pro-renin. For all these properties, today vision gives a quite articulate overview of
the RAS [253].
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1.4 Angiotensin I

Angiotensin |l exerts its action through A@nd AT, receptors, which in principle but not
always, exert opposing functions. Afeceptors mediate actions with potentially damagin
consequences, if not adequately balanced: w€eptors mediate protective action, whose
clinical relevance has not yet been clearly esthbtil [78]. Most actions are attributed to
hypertensive Ang Il AT receptor [121]. AT receptor is widely expressed in various tissues
of kidney and mediate cardiovascular diseases.@nother hand, Adreceptor is highly
expressed in the mesenchyme during fetal life awledises dramatically after birth [170]; in
fact, in adulthood, an increase in receptor agtiip-regulation) may occur in most tissues
after injury [224]. Angiotensin Il is the main ndgtor of water balance and salt-
hemodynamics, but also cell growth and cardiovasctemodeling. Thus, ATreceptors
mediate vasoconstriction process, thirst and thease of vasopressin and aldosterone,
growth and cell migration [78], the cycle of repuative hormones and sexual behavior. Ang
Il causes the generation oxidant radicals through the same receptor and is involved in the
processes of inflammation, including atherosclerasiscular aging [78]. The prevention of
the hypertensive action and trophic Ang Il, hasvproto be among the most successful
strategies for the treatment of hypertension anjestive heart failure. To this end, ACE
inhibitors were administered to reduce plasma tewd#l Ang Il and, at a later stage, non-
peptide antagonists were developed to selectivelgkithe AT, receptor [224]. AT receptors
are used for the vasodilatation, the release oicniixide (NO) and normally the vascular

growth inhibition [78] as well as apoptosis and ol differentiation [224].

1.5 AT, and AT, Receptors

AT, receptor is a G protein-coupled receptor with the signalpaghway of phospholipase C
and calcium. Thus, the ligand binds to the AngistenAT; receptor and induces a
conformational change of the receptor protein #uitvates G proteins, and in turn, mediates
signal transduction. This involves several transidac mechanisms associated with the
plasma membrane such as phospholipase,@né D-adenylate cyclase, more channels as T
and L-type voltage-sensitive calcium [53] ones.sTheceptor (designated AA) is also
coupled to intracellular signaling cascades thgulae gene transcription and expression of

proteins involved in cell proliferation and growthmany target tissues. Cloning in
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expression vectors was adopted to isolate the c-[BNéoding this receptor protein, and it
was discovered that ltas 7 trans-membrane domains and consists of 38 auids with a
mass of about 41KDa. Subsequently, a second subfyfA€; was discovered and designated
as AT;B and has been cloned in rats, mice and humans. stiitype, has for about 92-95%
homology with the amino acid sequence, is;ATsubtype. Of these two isoforms, A
subtype appears to be responsible for the clasatarfes associated with the brain angiotensin
system [241]AT , receptor has been cloned and sequenced using an expréibsay made
from fetal rat. In common with the ATsubtype, this receptor protein has seven trans-
membrane domains characteristic of G protein-calpeeptors, however, it shows only 32-
34% identity with the amino acid sequence of rat Adceptor . The AJ receptor protein
includes a sequence of 363 amino acids (40kDa)athatit 99% is common in rats and mice,
and 72% homologous in humans [53]. Although this, Adceptor has structural features in
common with members of the family of receptors witlrans-membrane domains, it shows
little or no functional similarities with this grpu although it seems to be coupled to the G
protein.

1.6 New functions mediated by the A@nd AT, receptors

Infusion of Angiotensin I, due to the decreasepiasma adiponectin, an insulin sensitizer,
apparently acts via ATreceptors in rats [78]. The deletion of adiponectiay represent a
mechanism by which Ang Il causes impaired glucoterance [188]. Other metabolic actions
of Ang Il include the pro-inflammatory modulatiof increased insulin secretion , apoptosis
of B cells, reduced gluconeogenesis, hepatic glucoseuption [78] and increased plasma
triglycerides [186]. Angiotensin type 2 receptorynaso mediate neurotrophic effects in the
central nervous system. In addition, the A&ceptor up-regulated in the ischemic brain, may
exert protection against such damage [132]. Thbaaasitspeculate that the latter effect is
mediated by the Adreceptor and may in part explain the superiorqutidn against stroke in
patients treated with Losartan compared to thosatdd with atenololp¢blocker) [78].
Another explanation may be that Losartan lowergsdlpressure (BP) more effectively in the
middle of atenolol [205]. In rat kidney, Ang Ill bmot Ang Il, has been reported to induce
natriuresis, mediated by the ATreceptor [176]. The increased natriuresis bloths
aminopeptidase N, an enzyme that metabolizes Antp IAng IV. The authors speculated

that amino-peptidase blockers weleveloped for the treatment of
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diseases characterized by fluid retention and sedsuch as hypertension and heart failure.
In theory, these inhibitors may also exert benafiections by reduced tissue levels of Ang
IV. Interestingly, the renal interstitial fluid ctains higher concentrations of about 1000 times
the plasma Ang Il and Ang lll ones [78]. The effeof AT, receptor stimulation are slightly
controversial [33]. Therefore, the beneficial effeinclude the effects of bradykinin-NO
vasodilatory, natriuretic and antifibrotic effect8otentially harmful effects are apoptosis,
signal transduction of nuclear factor-kappa B (NB)-nd the induction of chemokine [78].
Although many experimental results suggest posdsteons of the AT stimulation [33], the
results at the clinical level are lacking. Althougieatment with AT1 receptor blockers
(ARBs) substantially increase plasma levels of Ahgand probably cause increased
stimulation of AT, receptors [78].

1.7 Alternative generation of Ang Il

Angiotensin Il can be generatedyemtically by chimase in some pathological
conditions. Chimase is stored in a macromolecutanpgiex with heparin proteoglycan in
secretory granules of mast cells. In order to becenzymatically active, complexed chimase
must be released from the granules of mast cellswimg example to vascular damage.
Therefore, the chimase is inactive in normal vemctissue and can produce Ang Il only in
atherosclerotic or damagediterial walls. Note that inhibitors of endogensesine proteases
present in the interstitial fluid, are potent intobs of chimase [78]. Inhibitors of chimase
prevent injuries and later vein graft and arted#htion in dogs, while ACE inhibitors are
ineffective [160]. However, the effects of inhibomay depend on the effects of other
compounds, such as decreased synthesis by trams¢prgnowth facto8 (TGF$), the
stabilization of the granules of mast cells and eroidecreasing the formation of Ang Il. In
addition, ARBs, block the actions of Ang Il regast of the enzyme that creates this
hormone, but are not superior to ACE inhibitors,dasnonstrated in several clinical trials
[78]. Although the results of the experimental aalirwith inhibitors are attractive [160], the
possible importance of the synthesis of Ang Il tilgio chimase is unclear and the inhibitors

that are safe and useful for human experimentatene not yet developed .
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1.8 Angiotensin Il (2-8 heptapetide)

Angiotensin 1l is well known, since 1970, to causgsoconstriction and release of
aldosterone. It is generated from Ang Il betweennanpeptidase A. Ang Il exerts actions
similar to those of Ang Il, ATand AT, receptors pathways. While Ang Il is considered the
main effector of RAS, Ang lll may be equally andeavmore important in some actions
mediated by the Afreceptor, such as the release of vasopressinTp8kystemic infusion
of Ang Il or Ang Il in conscious dogs at the saomcentration, produced equipotent effects
on Blood pressure (BP), on the secretion of aldosts sodium excretion and plasma renin
activity, indeed all inhibited by Candesartan ¢ATagonist) [106]. This study showed that
Ang Il plays a dominant role as an effector of thessical "RAS assets" .

1.9 Angiotensin IV (3-8 hexapeptide)

Angiotensin IV can be generated by aminopeptidaseyMing lll. This biologically active
peptide, has attracted a growing interest in tisealiery and cloning of the insulin receptor-
regulated aminopeptidase (IRAP), a binding site l&adly Ang IV receptor (AT) [78]. Many
studies demonstrate that Ang IV produces functiarthe central nervous system suggesting
its role as a neuropeptide or neuromodulator. Titeal interest of Ang IV arises from its
ability to improve memory recall and learning [224]rodents (role models). It even pours
out the memory deficits caused by scopolamine, mgtzamine, alcohol abuse, or destruction
of ischemia on hippocampal piercinig. vitro andin vivo improve long-term potentiation
(LTP) . In addition to its role in favour of memorng IV (depending on the dose) [224]
attenuates seizures induced by pentilentetrazo{RifZ) and pilocarpine [246] and plays an
antiepileptic effect. It is also skilled in influeing dopaminergic neurotransmission in the
striatum and in protecting brain ischemia causedéyrological damage. It also promotes
cell survival in the hippocampus [224]. Ang IV iease of renal blood flow is blocked by the
antagonist of A7, divalinal - Ang IV, and is not affected by ATeceptor antagonists. This
effect is also accompanied by an increase in wie&cretion of sodium. In other conflicting
findings, Ang IV decreases renal blood flow andré@ases blood pressure. These effects are
AT, dependent and in fact are repressed by the antsdgaiithis receptor [246]. This peptide
also regulates cell growth of cardiac fibroblastsjothelial cells and vascular smooth muscle
cells. It seems that the Ang IV is involved in valsc and inflammatory response so that it

could play a role in cardiovascular pathophysiolpg8]. Ang IV participates in various
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stages of atherogenesis including the initial aaterl stages of plaque suel the plaque
rupture and thrombus formation [195]. In atherasitle lesions, the average Ang IV binding
increases in the neointima and in the layer ofrrée¢helialization cells, suggesting a role for
the hexapeptide in vascular remodelling in respaisselamage [224]. In particular, the
angiotensin 3-8 hexapeptide decreases superoxigi@aation with AL, and therefore, plays
an important role in reducing oxidative stressinitreases the expression of nitric oxide
synthase by endothelial post-transcriptional mathia it increases the release of NO, which
in turn stimulates solublguanylciclase by accumulation of cGMP (effector ecale). It also
gives increments of the endothelium-dependentdikgimn. The phenomena just mentioned,
derived from the interaction with the ATeceptor and AJ Consequently, the Ang IV
evokes an obvious vasoprotective effect [253]. Amgip-regulates several pro-inflammatory
factors. In vascular smooth muscle cells, Ang I¢r@ases the production of chemotactic
protein for the monocytes-1 (MCP-1), the main chemokine used in ré@uitment of
monocytes and the expression of ICAM-1 (intracaluhdhesion molecule) responsible for
attachment and transmigration of circulating cefio the damaged tissue. Ang IV also
increased cytokines such as interleukin-6 and tunemrosis factor: and stimulates the
production of the prothrombotic factor plasminogaativator inhibitor-1 (PAI-1) and could
thus participate in the perpetuation of the inflambony response and thrombus formation.
Finally, Ang IV activates NF-kB, a transcriptionctar implicated in inflammatory diseases
and central immune responses. The mechanism byhwing IV produces these effects in
vascular smooth muscle cells is unclear but thelirement of the AT receptor was

excluded, since the same effects occur in Knockauaé for the AT receptor [224].
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and cellular mechanisms of regulation

2.1 Oxidative stress and Endothelial Dysfunction

The endothelium is essential for the maintenanceas€ular homeostasis. Central to this role
is the production of endothelium-derived nitric @i (EDNO), synthesized by endothelial
isoform of nitric oxide synthase (eNOS). EndotHatigsfunction represents impaired EDNO
bioactivity and it isan important early event in the development of maascular diseases as
hypertension, diabetes and atherosclerosis. Caasi@eevidence supports a casual role for
enhanced production of reactive oxygen species jRi@Svascular cells. ROS directly
inactivate EDNO act as cell — signaling moleculed aromote protein dysfunction, events
that contribute to the initiation and developmenitendothelial dysfunction [1]JOxidative
stressis defined as an imbalance between oxidants andxatants that favors the former,
whichis a prominent feature of vascular disease st&®9],213,232] in the role of oxidative
stress in vascular disease. Sies, who introducedetim in the title of the book he edited in
1985, Oxidative Stressdefined it in 1991 as disturbance in the prooxidant-antioxidant
balance in favor of the former, leading to potehti@mage.Such damage is often called
oxidative damage Original interest in the role of oxidative stressvascular disease stems
from the “oxidative — modification hypothesis” otharogenesis [212]. This hypothesis
proposed that a critical initiating event of atlggpesis is the oxidation of low-density
lipoprotein (LDL). In recent times, it has becommcreasingly apparent that oxidative
reactions, in addition to oxidative modificationlgfoproteins, are important for the initiation
and progression of vascular disease. The generaticgactive oxygen species (ROS) by cells
of the blood vessel wall is currently an area démse research focus. Several enzymatic
sources appear responsible for the elevated produof ROS noted in vascular disease:
NADPH oxidase, xanthine oxidase, mithocondria amacbupled” endothelial
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nitric oxide synthase (eNOS) [232].This increaskedt bf ROS modulates the function and
phenotype of vascular endothelial and smooth musdle that together contribute to vascular
dysfunction.

REDOX SIGNALING

The generation of ROS is inevitable for aerobicanigms. Originally, ROS were considered
to be random and destructive agents produced agcassary byproducts of aerobic
metabolism or components of the innate immune defeagainst microorganisms. The
initiation of ROS formation requires electrons)( &equently generated by the mitochondrial
electron-transport chain or by NADPH oxidase, thadiate the univalent reduction of

molecular oxygen (&) to form Q'-, which is subject to spontaneous or enzyme-catdlyz

dismutation into hydrogen peroxide &%) (Reaction L
O4+26 —> @ +0, +2H—> H,0,+0, [1]

Although the term ROS refers to all reactive spederived from the one-electron reduction
of Oy, it is important to note that different ROS exhithistinct chemical properties that have
important implications from their biologic actiohstead, ROS appear to act as signaling
molecules that stimulate protease release [70]sd aportant findings add to the rapidly
growing body of evidence that reduction and oxmatiredox) reactions control cell-signaling
pathways that govern an array of physiological esses, including cell growth,
transformation, senescence and apoptosis. Endog@&08 and RNS with signaling potential
are frequently synthesized by NADPH oxidase, mitociria, or NOS and act by reversibly
altering the function of a variety of target proti including phosphatases, kinases, small
GTPases, transcription factors, ion channels, &tracproteins and metabolic enzyme (Table
1). Exposure of cells to select ligandsg, growth factors, cytokines, Angiotensin Il) or
hemodynamic forcei.€., shear stress or cycling strain) induces celldigd, production that

stimulates cell signaling.

Molecular_target of redox signalingessential to characterize the importance and dim o

action of redox cell signaling is the identificatiof the cellular targets that
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sense and transduce the redox signal; another iamaspect underlying redox signaling is
the reversible, covalent modification of specifigsine thiol residues that reside within
active and allosteric sites of proteins, which hssin alteration of protein function. Under
physiological conditions, selected proteins contiateine thiolate anions that are obtained
through the formation of salt bridges with surromgdpositively charged amino acid residues
and exhibit pkvalues ~ 5.0.Thus, an important aspect underlymegstgnalingoroperties of
H,0, is its ability to target proteins containing oxida-susceptible deprotonated cysteines,
critical for protein function [209]. Several classa signaling proteins capable of conveying a
broad spectrum of cellular signals and that contaimserved redox-sensitive cysteines have
been identified. Theskatter include phosphatases, protein kinases, drgati®n factors, ion
channels, structural proteins and metabolic anidxadant enzyme.

2.2 Vascular homeostasis and endothelium —derivédamoxide

The endothelium is critical for the maintenancecafdiovascular homeostasis. Important for
this function is EDNO, synthesized by eNOS, whidmteols vascular tone [129], arterial
pressure [187], and inhibits platelet aggregati®] pnd smooth muscular cells growth [79].
With respect to vascular tone, the extent to wiiEINO mediates local vasodilatation differs
among blood vessels of differing sizes [ i. eh@ligh under physiological conditions, EDNO
is a primary vasorelaxant in mid- to large-sizedndugt and resistance arteries, its
contribution to vasodilatation in smaller vasculbeds (e.g., coronary arterioles) is
comparatively less [125]. The importance of EDMvascular homeostasis is highlighted by
observations with eNOS gene knockout mice thattekbpontaneous hypertension, defective
vascular remodeling plus enhanced vascular thrombasd leukocyte interactions
[75,102,128]. Moreover, deficiency of eNOS resuitaccelerated arterial lesion formation in
atherosclerosis-prone mice [118]. However, EDN@as$ always beneficial. A recent study
showed that eNOS gene deficiency protects micenaganaphylactic shock, highlighting that
eNOS derived NO is a principal vasodilator in tiata hypotensive response [36]. Studies in
endothelial cells indicate that cellular Snitrosiga is concentrated at the primary site of
active eNOS [85,105].This support that, in addittormediating changes in cGMP, EDNO
bioactivity also relates to S-nitrosylation and ietion of plasma membrane

transientreceptorpotential ion channels (TRP) astdrgiated C&
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entry that may be important for sustained eNOSvigt[256]. It is important to note that

aberrant Snitrosylation has pathogenic potentiat. &xample, mice with targeted deficiency
of S-nitrosoglutathione reductase, an enzyme resplenfor removal of S-nitrosoglutathione
reductase and of S-nitrosothiols, is hypotensiveé exhibits significant increases in cellular

S-nitrosylation, tissue damage and mortality whanjexted to a model of endotoxic shock.
2.3 Regulation of endothelium — derived nitric oxdgroduction

In endothelium, EDNO is produced constitutively BWNOS, a 135 kDa protein that
structurally consists of a C-terminal reductase a@ongwhich binds NADPH, flavin adenine
dinucleotide and flavin mononucleotide) linked byegulatory calmodulin-binding site to an
N-terminal oxygenase domaifki¢.5). The oxygenase domain contains the heme prostheti
group and binds (6R)-5,6,7,8-tetrahydrobiopteriiti{B molecular oxygen and the substrate
L-arginine. The catalytic action of eNOS involvé tflavin-mediated transport of electron
from NADPH bound at the C-terminal reductase dontairthe N-terminal heme, where
molecular Q is reduced and incorporated into the guanidinagraf L-arginine, resulting in
the production of hydroxy-L-arginine. In a secoratatytic step, the guanidino nitrogen of

hydroxy-L-arginine is further oxidized to form Ltailline, and NO is liberated.

Endothelial cell Vascular smooth muscle cell

GTP cGMP

S
NO-haem GC

0, Citrulline
b S

L-arginine ——* NO

NOS
\ 4

(Figure 5)- Synthesisd bioactivity of EDNO —
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Active eNOS requires formation of a homodimer tlglowa linkage between the N-terminal
oxygenase domains. Dimer formation appears to theéemced by the binding of calmodulin,
heme, L-arginine and BH Stabilization of the eNOS homodimer and bindiid3él, also
appear to depend on the integrity of a zincthiothtster formed by a Zfi" ion coordinated
in a tetrahedral conformation with pairs of CysXX&¥s motifs at the N-terminal oxygenase
domain and dimer interface [40,95,183].Vascular 8N©subject to strict controls, that under
physiological conditions ensure appropriate tonggutation of NO output. In the
endothelium, eNOS is subject to transcriptionaltem134] and various forms of co- and
post-transitional regulation that include substaatd cofactor availability, reversible enzyme
acylation and subcellular localization, proteinteio interactionsTable 1 , phosphorylation
and S-nitrosylation [58, 59,84,156]. Further critefor the optimal activation of eNOS are
the binding of heat shock protein 90 (Hsp90) , dowmted changes in the phosphorylation
status of critical Ser and Thr residues (361) anir&ylation status of cysteines within the
zinc-thiolate cluster, a modification that inhibiehzyme activity [58,69]. For instance,
transient activation of eNOS by VEGF requires ty@a and reversible denitrosylation that is
inversely related to Akt-dependent eNOS phosphmitaat Ser-1166 (human) or ser-1179

(bovine).
2.4 Oxidative stress, superoxide anion radical and etidsial dysfunction

Endothelial Dysfunctionis an imprecise term that refers to a loss of anabhomeostatic
function of endothelium (e.g. vasodilatation, inhdn of platelet aggregation and leukocyte
adhesion) that is often apparent early in the @uofs/ascular disease such as atherosclerosis,
diabetes and hypertension. One important manifestaif endothelium dysfunction is a
decrease in EDNO bioactivity. Considerable evidandecates that endothelial dysfunction is
caused by enhanced vasculaidative Stres$30,232]. As such, currently significant interest
exists in identifying the responsible oxidative aans. It exists different ways in which
different oxidative reactions can affect EDNO bibaty and hence endothelial function.
Several initial findings suggested that impaired NED bioactivity is not the result of
attenuated production of NO but is padiye, to the inactivation of EDNO before reachirsg it
molecular target. Thus, diseased blood vessels tgpercholesterolemic rabbit produce
substantial amount of nitrogen oxides (NO oxidapooducts) despite the impairment of NO-

dependent vascular relaxation [149]. Also eNOSegindevels are paradoxically increased
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rather than reduced in diseased blood vessels]26D,Subsequent studies have established
that oxidative inactivation of EDNO frequently idves G “.Hypertension,

Hypercholesterolemia, diabetes and atheroscleeassigall associated with an increase in the
steady-state flux of © in the vascular wall (64), and,O reacts with NO at near diffusion
controlled rates (k=1.9 x 18 M/sec) to produce the potent oxidant peroxynitf@NOO" )
reaction 1[117]

,O + NO —» ONOO

This constant ratéor peroxynitrite formation exceeds both NO autatidn ( k = 2x18
M/sec) and spontaneous O dismutation ( k = 5x10M/sec). Thus, peroxynitrite formation
Is kinetically favored over other NO reactions dikeély occurs whenever both NO and O
are present. Because peroxynitrite inefficientlyivates the soluble isoform of guanylate
cyclase [228], its formation effectively decreadgeBNO bioactivity in the vascular wall.
Numerous studies indicate that direct inactivatainNO by Q ~ represents a key event
responsible for impaired EDNO bioactivity.

-37 -



Chapter Il Radical Oxidative Stress

2.5 Interaction of oxidative pathways in endothdlizells

The preceding data indicate that increased endakh® ~ can be derived from various
enzymatic sources. As such, it is likely that thecgse sources of pathologic superoxide anion
production may depend on the nature of the vasalitsase, the type of blood vessel in
question and the stage of disease progression.edsiciy evidence supports cross
communication between different oxidative enzymesendothelial cells, where an initial
minor increase in ROS production from one enzyme iatiate a feed-forward, self-
propagating pathway of amplified ROS production @rdothelial dysfunction. NADPH
oxidase derived pD, signals for the enhanced expression and acti¥iganthine oxidase in
endothelial cells exposed to oscillatory shearsstrfl45,146] or Angiotensin 1l [124].
NADPH oxidase-initiated reactions can also undeescenhanced mitochondrial ROS
production [56] or the reduction of cellular BHevels in endothelial cells, resulting in an
amplification of ROS production by uncoupled eNO8,123]. Also HO, or mitochondria-
derived ROS activate NADPH oxidase in endotheliallsg which may lead to a self-
perpetuating cycle of enzyme activation [135,19¢cent studies, however, support that
overstimulation of local endothelial ROS productiomm NADPH oxidase acts to initiate and
expand the uncontrolled production of pathogenicSRm dysfunctional cellular sources,
including uncoupled eNOS in hypertensive mice [1@B8kanthine oxidase in CAD patients
[124], leading to endothelial dysfunction.
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Asymmetric Dimethyl Arginine
and Oxidative Stress

In Endothelial Dysfunction

3.1.Asymmetric Dimethyl arginine (ADMA): structurand functionality
Asymmetric dimethyl arginine (ADMA) represents aural amino-acid that circulating in
plasma, releases in urine and is present in tigadecells [240,261] . ADMA revealed many
interests because inhibits nitrix oxide synthad®$) [20] so itinduces many biological
effects, in particular matter on cardiovascularteys Fig.6). Recently, different studies
suggest that plasmatic concentration of ADMA ararahcator of endothelial dysfunctional
risk and cardiovascular disease [ 23, 240,261].

I N
HN NH HN N — CH HaC— N NH
N N7 ° ? N
. N ™~
NH NH NH
~ ~
CH: CH CH
\CH \:ZCH \QCHQ
o i ~
CH2 CH2z CHz
™~ >~ ™~
CH CH /C\H
HZN/\T=O HZN/\C:O HaMN i:=0
OH I|DH OH
L-arginine N¢, N¢- dimethyl- N¢, N® - dimethyl-
L-arginine L-arginine
(ADMA,) (SDMA)

(Figure 6) -. Chemical Structure of L-arginine, ofsymmetric dimethyl arginine (ADMA)
and symmetric dimethyl arginine (SDMA) L-arginine is a natural substrate of NO
synthaseADMA is a competitor inhibitor of NO synthas, on thattary SDMA is

biologically inactive .
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3.2 Biosyntesis ofADMA

ADMA is synthetized when arginin residues of progeiare methylated by action of
methyltransferasy arginin protein (PRMTs) [44,14Bhe methylation of arginin is a post
translational modification that addition 1 or 2 mgtgroups to guanydinic nytrogens of

arginine. It exists two types of PRMTSs:

* type 1 catalysed the ADMA formation ;
* type2 methyl both guanidinic atoms and generated faonabf symmetric dimethyl
arginine

e symmetric (SDMAFig.7).

L-methionine ‘\‘

S-adenosylmethionine

N-methyitransferases
-CH,
: »CHs
~

S-adenosylhomocysieine L-arginine

e

L-arginine

o E 3

ECATN

e endothelial dysfunction
L-gitrulline

urinary J
excretion
vascular disease

(Figure 7) - Scheme of biochemical process refaysADMA -
After proteolitic degradation of proteins, ADMA &as present in cytoplasmic compartment
It can be present circulating in plasma portindiman blood. ADMA acts as inhibitors of
NO synthetase to compete with L-arginine, it caubesendothelial dysfunction mechanisms
and, successful atherosclerosis. ADMA is elimindigdbrganism between urinary excretion
or alternatively, between enzyme metabolism of diylaminohidrolasy dimethylarginin

(DDAH) in citrullin and dimethylammina. Both type$ PRMT, of which different isoforms
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exist, can be also mono-methylated, to producedhmation of N®-Monomethyl-L-Arginin
(L-NMMA) [3,143]. When the proteins are hydrolysddee methylarginine appear in the
cytosol. Asymmetric methylated arginin (ADMA andNIMMA) are inhibitors of the NOS,
on the contrary SMA is not.The role of methylatmiarginine residues of the protein is not
currently clear, but this process is implicatedthie regulation of RNA in transcriptional
regulation, DNA repair, protein localization, prioigorotein interactions, signal transduction,
and recycling or desensitization of cellular recept However, methylarginine free only
appears after the degradation of the proteinsearcttioplasm; for now, no direct synthesis of
ADMA from free arginine has been identified. Theref, the amount of ADMA generated
within a cell depends on the degree of methylabbmarginine in proteins and the speed of
protein turnover. Due to the complex process thiades the generation of free ADMA, it is
unclear whether the generation of ADMA appeardyfaionstant, if the activity of PRMT is
altered or if the rate of protein turnover is thestnimportant. Recently, studies with relatively
non-specific PRMT inhibitors and low power have gesjed that the activities of PRMT 24
to 48 hours helps to generate free ADMA and tharehis a relationship between the
expression levels of PRMT and ADMA production afdrradicals [26]. Further studies are
needed to identify more clearly the likely changethe rate of production of ADMA. In the
cardiovascular system, PRMTs type 1 are expressedeart, smooth muscle cells and
endothelial cells. The pattern of expression hdfren documented in detail, but the PRMT
-1, 3, 4, and 6 (all PRMTs type 1) are all exprdsse vascular cells. Interestingly, the
expression of PRMT-1 in endothelial cells increasemsponse to shear stress and this effect
can be blocked by the suppression of IKB kinasas Bitered expression of PRMT-1 was
associated with corresponding changes in the rleds ADMA, suggesting that the
generation of ADMA in the vessel wall should betlyaregulated by the alteration of the
expression of PRMT. The expression of PRMTL1 is dis® increased expression of low
density lipoprotein (LDL), also in this case thdéeef seems to be correlated with impaired
production of ADMA [26].

3.3 Molecular Target of ADMA

The ADMA inhibits all three isoforms of NOS and @pproximately equipotent with L-
NMMA . In addition to blocking the formation of N@Q-NMMA NOS and itsreleases can
lead to the generation of superoxide, and it kelyi that ADMA does the same. The
‘decoupling’ of 'catalytic activity of NOS was obsd in experimental conditions in which
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NOS is able to catalyze two-electron oxidation eérginine to nitric oxide, both in the
presence of a suboptimal concentration of L-ar@irjirl6], and when the enzyme is deprived
of essential cofactors such as tetrahydrobioptéhrder these conditions, the optimal flow of
electrons within the two catalytic domains of NOS impaired and molecular oxygen
becomes the sole electron acceptor, making thdersi a generator NOS superoxide radical
(‘detachment NOS activity'F{g.8)

A [nx genase-][ reductase-J

omain domain

L-arginine
0z

NO FAD ‘__NAIJPH
L-citrulline Y d 0,
he Mo
- |% -‘JJ'/
& ]
NADP*
H,0

(Figure 8). - NO synthase is a dimer formed by an oxygenase aaductase domain. Under
the idealcatalytic conditions (i.e. in the presence of optficoncentrations of the substrate L-
arginine and co-factors (tetrahydrobiopterin (BH€Qalmodulin (CaM), NADPH, FMN and
FAD), there is a transfer of electrons (e-) fromlecalar oxygen, along the cascade of co-
factors to L-arginine (a). L-Citrulline and nO atbe products of this reaction. in suboptimal
conditions (e.g. relative deficiency of L-arginimethe presence of cholesterol LDL or L-
NMMA), the catalytic mechanism is 'off '(B). Themal flow of electrons is disturbed, the
molecular oxygen acts as an electron acceptor, whsequent formation of superoxide
radical (O2-). The relative deficit L-arginine mayso be the result of high levels of ADMA,
the competitive NOS inhibitor. Further tests arquieed to test whether a high concentration
of ADMA also leads to 'decoupling’ of NO synthasesuggested in this figure-
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Although NOS is the most obvious target of ADMA, de not know yetvhether it is the
only one. At very high concentrations, ADMA and SBNhay compete with arginine for
transport through the transport system gnd millimolar concentrations, guanidine
compounds can inhibit the NaK® ATPase [142]. The effects of the system Methyl
arginine probably only have at too high concertradito be physiologically relevant. One
potential target of 'ADMA may be the arginine-glyeiamidino transferase, an enzyme with a
structure similar to that of dimethylarginine ditmgaminohydrolase (DDAHSs) that
metabolizes ADMA [157]. Many microbes produce ADMWAd express the enzymes needed
to metabolize not expressing NOS, suggesting ailgessiechanism of action of additional
unknown 'ADMA.

3.4 Degradation of ADMA: DDAHs

The methylarginine is partly eliminated by renatmetion. However, although the SDMA
(the methylarginine that does not inhibit NOS)lim@st completely eliminated by the kidney,
ADMA and L-NMMA are extensively metabolized [2,163h fact, in some species, more
than 90% of the product, ADMA is metabolized ratkiean excreted [2,163,164,165]. The
main metabolic pathway is mediated by L-citrullawed dimethylamine, a reaction catalyzed
by DDAH [116]. The reaction probably involves a hagphilic attack on the guanidine
portion of the ADMA molecule by a cysteine in ariae state seal in the tertiary structure of
the enzyme [13]. This cysteineusdoubtedly involvedbecause its replacement with a serine
residue inactivates the enzyme [13,23]. In addjtibris susceptible to oxidation and the
regulation of nitric oxide . It is not yet clear ether oxidative stress produces irreversible
inhibition of the DDAH activity, but certainly theitrosation involves reversibility. Thus, the
production of NO, high capacity (for example, themession of INOS) inhibits the nitrous
and the DDAH activity. This provides a potentialigportant homeostatic mechanism that
increases or changes in the redox of NO where NIk is generated can stop a further
generation of NOKig.9). The DDAHs seem to be predominantly cytosolicyemz with no
obvious subcellular localization. No clear call fw-factor has been identified, even if the
activity is inhibited by some divalent cations [21]
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(Figure 9) - The metabolism of 'methylated argininmay be directly regulated by nitric
oxide -NOS catalyzes the conversion of L-arginine and ocutée oxygen into citrulline and
NO. The NOS enzymes are catalytically active asodomers and require the binding of
cofactors (flavin adenine dinucleotide [FAD], flavimononucleotide [FMN], heme, and
tetrahydrobiopterin [BH4]) and calmodulin for optah activity. Each of the NOS dimer
coordinates a single zinc atom. NO inhibits DDAIledtly via S-nitrosation of the active site
cysteine residue. Inhibition of DDAH results frone taccumulation of ADMA and inhibition
of NOS. Insert: structural model of the active sitntaining DDAH ADMA. E shows the
triad catalytic residues of glutamine, histidinendacysteine. The S-nitrosation of sulfur atom
(green) active site cysteine residue and may desdlhis even occasionally hindering the
binding of ADMA .

The DDAHs are highly conserved during theirolution [235] and have been identified in
primitive organisms including bacteria. In higheganisms, including humans, 2 isoforms of
DDAH, encoded by genes located on chromosome 1 (BRAand 6 (DDAH-2) have been
identified [235,130]. The two isoforms have distirtissue distributions, but apparently
similar activities [130]. Studies of literature dabed an overlap between the expression of
DDAH-1 with neuronal NOS and DDAH-2 with endoth¢INOS (eNOS), but it is clear that
both are widely expressed and DDAHBI not limited to cells or tissues that expressSNO
[26]. Both isoforms have been identified within tbardiovascular system, although more
DDAH-2 is expressed, at least at the level of mRM#alysis of the promoter region of

DDAH-2 suggests that this gene has many of theachewistics of a gene known as "house-
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keeping”. However, even if that gene is highly egsed in many cells under basal
conditions, it is also transcriptionally regulatexhd its expression levels can vary
considerably. For example, treatment of endothel&ls with retinoic acid increases the
expression of DDAH-2 2-fold. The fragmentation diet promoter of DDAH-2 has

highlighted a number of control elements; a regibat seems to promote basal gene
expression was also identified, at least in sorpegyof endothelial cells. Overall, available
data suggest that the genes are widely expre€3BédHs still regulated at the transcriptional

level.
3.5 ADMA and Disease

Several clinical and scientific studies have alsovwa that elevated plasma levels of ADMA
are found in diseases such as chronic renal failur@ypertension,
diabetes,hyperhomocysteneimia and they looking to identify this molecule as a possible
marker for these conditions. Increased levels oM¥Dhas been identified in animal models
of type 1 and 2 diabetes and in patients with t2peiabetes . Although the mechanisms
leading to this increase in relation to diabetesrant yet known. In patients with heart failure
ADMA levels are high and this may reduce the camioa of heart rhythm [43], but it
remains unclear whether there is a causal reldtipnsith cardiac and endothelial function.
The cardiac output arrest as well as that undamstran be attenuated following infusion of
ADMA suggesting a role similar to the pathophysgy®f heart failure [2]. ADMA levelsre
low during normal gestation, but increase in wonveith pre-eclampsia [43]. In these
patients,it has been demonstrated a clear correlation betwee levels of ADMA in early
pregnancy and endothelial dysfunction [130], sutiggshat ADMA may represent a new
marker for early diagnosis of this anomaly of tlestgtional cycle. The precise mechanism by
whichit produces an increased concentrations of ADMA@seen set yet but it is thought
that changes in renal function may explain the eddhces observed between normal

pregnancy and those of patients with pre-eclampsia.
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Antioxidant networks
and redox signaling

1.1 New definition of Antioxidant

Antioxidant, like oxidative damage and oxidativeess, is a widely usederm but
surprisingly difficult to define clearly. Food temblogists use antioxidants to inhibit lipid
peroxidation and consequent rancidity in foodsth&y often define an antioxidant as a good
inhibitor of lipid peroxidation. Polymer scientistsse ‘antioxidants’ to control process of
polymerization in the manufacture of rubber, ptasfand paint and for the protection of clear
plastics against ultraviolet light. Combustion ifre@e-radical process: the oil industry makes
extensive use of antioxidant and leknowledge of free-radical mechanism in the design
better fuels and lubricating oils[162]. All thesaestists have their own views on what a good
antioxidant should be. When radical species (reaatixygen and nitrogen species, RS) are
generatein vivo andin vitro, many antioxidants come into play. Their relatingportance

depends upon:

* which RS is generated;
* how itis generated;
* where itis generated and

* what target of damage is measured.

So anantioxidantscan be defined aafiy substance that, when present at low conceotrati
compared with those of an oxidizable substrateqii@antly delays or prevents oxidation of
that substrate”This definition emphasizes the importance ofdamage target studied and

the source of RS used when antioxidant action asrixed.
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1.2 Cellular defense systems

The body fights againghe presence of free radicals (ROS and RNS) bytbesence of an
anti-free radical system defined by its own natargioxidant Fig.10);

Electron
Donation

Free Radical

(Figure 10)- Néeular Actions of an Antioxidant-

Antioxidants are chemicals (molecules, ions, rddjcar physical agents that slow or prevent
the oxidation of other substances. Oxidation is@nucal reaction of electron transfer from a
molecular substance that gives electrons to a anbstwhich acquires electrons. Oxidation
reactions can produce free radicals, responsibighie initiation of a chain reaction that
damages cells. The radical intermediates are géndaffered by antioxidant systems.
Therefore, it follows that antioxidants are chertjcdefined as reducing agents - thiols or
polyphenols - as catalyzing oxidation-reductionctems [237]. A paradox in cellular
metabolism is represented by the fact that the mtyjof complex organisms requires a
certain amount of oxygen for its existence. Howewgygen is only compounahder certain
conditions, rather than a reactive molecule thatmaduce, if not well balanced, some of the
cellular system damages leading to an increaseatliption of reactive oxygen species [162].
Consequently, organisms contain a complex netwbnkeatabolites and enzymes that work

synergistically to prevent oxidative damage toudaH components such as DNA, proteins and
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lipids. In general, antioxidant systems either prévthe formation of oxidizing species or are

removed before they can damage vital componerdslisf Fig.11).
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Figure 11 — Antioxidant effects at intracellular ieels in Human cells-

The antioxidant system includes mechanisms to xaddot enzyme activity and not
enzymatic activity. There is the involvement of thezyme superoxide dismutase (SOD),
catalase and glutathione peroxidase. Substancesotiinclude the enzyme-tocopherol
(vitamin E), ascorbic acid (Vitamin C), carotengig®lyphenols, anthocyanins, etc.. [238].
The action of an antioxidant may depend on theecofunctionality of the other members of

the antioxidant system. The amount of protectiavigled by an antioxidant depends on:
. its concentration;

II. its reactivity towards reactive oxygen spedieguestion;

[ll. state of the antioxidants with which it inteta .

Non — enzymatic antioxidant activity

The non-enzymatic antioxidant function includes:

a) some compounds that contribute to antioxidarferd® mechanisms, able to chelate

transition metals thus preventing the catalytieetfthey provide in the production of free
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radicals in the cell. Particularly important is taleility to sequester iron, functional proteins
used as its transport in the human transferrinfandin ;

b) non-protein fat-soluble antioxidants such aandih E and coenzyme Q10. Vitamin E has a
pool of eight related tocopherols and tocotrienalmong them, which are fat-soluble
antioxidant vitamins Kig.12). The a-tocopherol is the most studied isoform for its hig
bioavailability in the body. This protective effechodulates damages on cell membranes,
removal of free radicals by intermediates and gisom in the chain propagation mechanism
of the reaction during the process of lipid peration [97].
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w-tocopherol, Ry = Ry = Ry = CH, -tocopherol, Ry = R; = CHy R, =H
ce-tocotrienod, Ry = R; = Ry = CHy wlocolnenal. Ry, = Ra = CHy Ry = H
fi-tocopheral, Ry = Ry = CHy Ry = H Aetocopherl, Ry =Ry =Ry = H
[Hlocoinanal, Ry = Ry =CHy R = H t-tocotrienal, By = Rz =R, =H

(Figure 12) — Different molecular conformation ofTocopherol-

Coenzyme Qo (Ubiquinol) form a family of compounds synthesizieg the body able to
accept and donate electrons. Coenzyme QXdsapresent in three oxidants states.

c) water-soluble antioxidant compounds, includingdagenous, such as uric acid and
bilirubin; food-borne factors, such agamin C and a variety of flavonoids and polyphenols.
Uric acid is the main product of purine catabolidmvitro anti-radical role has only recently
been discovered . It is assumed that uric acidbeagficial effects as it acts preserving the
oxidation of vitamin C in plasma, complexing metahs such as iron and copper. The
flavonoids and polyphenols, widely present in thenp kingdom (fruit, wine and other),
including compounds for which in vitro have repdrteeneficial effects on vascular function.
But these are poorly absorbed from the intestinenhbetabolized in the body and have a
modest antioxidant activity. [137]. Ascorbic acuit@émin C) is a monosaccharide antioxidant

found in both animals and plantsg.13).
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In humans, it cannot be synthesized and it musttbeduced for the diet .
It neutralizes reactive oxygen species such asoggth peroxide [169] andig a substrate
for the enzyme ascorbate peroxidase [204].
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(Figure 13) — Example of Antioxidant effects of \amin C-
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Antioxidant defense enzyme activities

As with the chemical antioxidants, cells are prtgdcagainst oxidative stress, thanks to an
interactive network of antioxidant enzyme [237]p8toxide anion derived from the process
of oxidative phosphorylation is at first converteml hydrogen peroxide and subsequently
reduced to water. This detoxification pathway ise tlesult of the synergic action of more
enzymes, with superoxide dismutase (SOD) thatyzagdhe first stage, and then catalase and
peroxidase which remove any hydrogen peroxide enshcond stage. As with antioxidant
metabolites, the contributions of these enzymesgliffiieult to separate from each other [101].
The superoxide dismutase (SOD) represents a cfasetalloproteins containing metal ions

as cofactors (copper, zinc, manganese or iron).

(Figure 14)- Molecular structure of SOD enzyme-

The SOD enzymegFig.14)are present in almost all aerobic cells and imaeeilular fluids. In

the blood vessels, there are also three isoforn®d dismutation that is in the O2-H202;

= SOD copper / zinc (SOD1) is localized mainly ie ttytosol and nucleus and Dismas
superoxide derived from eNOS, increasing the li@faéf nitric oxide. It represents
50-80% of the overall activity of SOD;

» the manganese-SOD (SOD?2) is present in the mitatfemand Dismas superoxide

derived from the respiratory chain. It represer$olof the total activity of SOD
[147];
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= The third form of SOD in extracellular fluids (SG] which contains copper and
zinc in its active sites [162], extracellular supade Dismas thus protecting nitric
oxide from degradation. It accounts for 20-50% hed bverall activity of superoxide
dismutase. Vessels in the SOD3 is maislnthesized by smooth muscle cells.
Endothelial cells do not produce this type of SAidt bind to heparan sulfate
proteoglycans on the surface and can possiblyteeniaized only like this [75].

The Catalase enzymés unusual because, although hydrogen peroxids isnly substrate,
followed by a ping-pong mechanism: its cofactooxsdized by one molecule of hydrogen
peroxide and then regenerated by transferring #tygen bound to a second molecule of
substrate [99].

The Glutathione peroxidasgare hemoproteins containing one heme oxidized*\rand
selenium applicants for their activities. There aréeast four types and thagt together with
glutathione reductase . The glutathione peroxidasethe most abundant and is an efficient
scavenger of hydrogen peroxide, while glutathioeeopidase 4 is very active with lipid
hydroperoxides. Surprisingly, glutathione peroxeldsis not essential, because mice lacking
this enzyme have a normal course of life [101], lite a hypersensitivity to oxidative stress
induced.

Antioxidants can eliminate the damaging effectd fiee radicals have on cells [237] and
people who eat fruits and vegetables, rich in potywls and anthocyanins have a lower risk

of cancer, cardiovascular diseases and neurologieahses [210].
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Flavonoids:
Epigallocatechin-gallate

and its effects ‘in vitro” and “in vivo”

A growing interest exists in dietatavionoid agents as protective agents against
cardiovascular disease . Polyphenols are enriahegiious dietary sources, including oils,
fruits, nuts, vegetables, wine and tea. Mechamilyic flavonoid may improve endothelial
function via their action as water — soluble antiexts. However, the beneficial actions of
polyphenol consumption on endothelial function atignts do not correspond to a reduction
in plasma concentrations of F2-isoprostanes, maokesystemic lipid peroxidation, or 8-
hydroxydeoxyguanosine, a marker of DNA oxidationoggesting that actions other than
antioxidant activity are involved . Instead, thenékcial activities of black tea flavonoid or
polyphenols may relate to their ability to immedligtactivate eNOS. Activation of eNOS
involved changes in the eNOS phosphorylation statusSer-1177 and Thr-495 [185].
Signaling studies identified p38 MAPK as an upstreaomponent of PI3-kinase/Akt-
mediated eNOS activation in response to polypheriaterestingly, polyphenol-mediated
induction of MAPK in endothelial cells occurs vietigation of the estrogen receptor. Recent
studies indicate that the green tea polyphenolgadipicatechin gallate, or red wine
polyphenols induce endothelium-dependent vasotidataof isolated arteriewvia redox-
sensitive PI3-kinase/Akt-dependent phosphorylaibeNOS. Also, the ability of resveratrol
to alleviate cardiac dysfunction in diabetic rakated to the polyphenols’ ability to stimulate
Akt-dependent activation of eNOS. In addition tamiediate effects, long term exposure of
endothelial cells to red wine polyphenols enhared®S expression .Phenols on red wine
were found to inhibit LDL oxidationn vitro and it was suggested that they could exert
cardioprotective effects by limiting LDL oxidatiom vivo. This was proposed as an
explanation of the lower incidence of heart disemse&ertain areas of FranceFfench
paradox) despite the high prevalence there of risk fagteteh as smoking and high fat
intake.

However, alcohol alone has cardioprotective efféat
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moderate intakes) and the debate continues asdthaihwine has any additional benefit due
to its flavonoid content; an epidemiological stuily the NetherlandsZlutphen study)
suggested an inverse correlation between the incedef coronary heart disease and stroke
and the dietary intake of flavonoids which origedhimainly from tea, fruits e.g. apples) and
vegetables (e.g. onions) in the population examirgidce then, many studies have used
biomarkers of oxidative damage, for example F2dpdg 80hdG, to see if flanoids exert
antioxidant effecten vivoin humans. Some positive effects using these hioens have been
found , for example with several studies involvogrgen tea, soya, chocolate, dealcoholized
wine, garlic extracts and grape juice and with samelving individual phenols, for example
hydroxytyrosol. Since plasma levels of unconjugdtadonoids rarely exceed @M and the
metabolites tend to have lower antioxidant actiégcause of the blocking of —OH groups by
methylation, sulphation or glucuronidation, it seedifficult to image a powerful antioxidant
effectin viva. However, high levels of phenols exist in the stolm small intestine and colon

and could conceivably exert antioxidant, and ofitetective effects there.
2.1 The Epigallocatechin-gallate: polyphenol antimbants.

Polyphenols are a diverse group of natural substrgarticularly known for their positive
action on human health. In nature, the polypheamdsproduced by secondary metabolism of
plants, where in relation to the chemical diverghwat characterizes them cover different
roles: defense against herbivores (impart unpleéateste) and pathogens (phytoalexins),
mechanical support (lignins) and barrier againstratiial invasion, attracting pollinators and
dispersal of the fruit (anthocyanins), inhibitorfsptant growth in competition [7]. From the
chemical point of view, the polyphenols are molesulcomposed of multiple cycles
condensed phenolic (organic compounds that posses®r more hydroxyl groups - OH -
bound to an aromatic ring). Depending on theircétme, they can be schematically divided

into three different classes .

TheSIMPLE PHENOL : in this class phenolic acids, coumarins and berecids. They can
result in condensation polymers such as lignin arel widely distributed in foods and
beverages (e.g. caffeic acid in coffee).
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TANNINS: belong to that class of two categories: hydrdiesatannins and condensed

tannins. The former are also known as proanthodyasibecause of strong acids by

hydrolysis originate anthocyanidins. The latter dreterogeneous polymers containing

phenolic acids (eg. Gallic acid) and simple sugars.

FLAVONOIDS : the largest class of natural phenols have alfréference structure as the 2-

phenyl benzopirone (or flavonone). Structural clesng the aromatic rings allow you to

subdivide the flavonoids into several familiesvéiaols, flavones, isoflavones, anthocyanins

and other .

In nature exist many kinds of polyphenols, whicé enaracterized by a marked structural and

functional variability. In principle, however, tlaetivity of polyphenols can be summarized as

follows:

Antioxidant polyphenols protect cells from damage caused leyrdicals, which are
developed with the normal cellular metabolism aadawuse of stressful events such as
radiation, smoke, pollutants, UV rays, physical amchotional stress, chemical
additives, bacterial and viral attacks, etc.

Anticarcinogenic generally shows an impact on the initiation step caincer
development, protecting the cells against the tia#tack by carcinogens or altering
the mechanism of activation in vitro. Experimerdgaidence explaining the existence
of a correlation between the consumption of fresfpetables and reduced incidence of
certain cancers (skin, lung, stomach, esophaguslesthum, pancreas, liver, breast and
colon).

Antiatherogenic lipid oxidation of LDL in particular is the causé development of
atherosclerosis and its related diseases (strbkembosis and cardiovascular disease
in general). The main mechanism is the reductioplatelet clotting blood and LDL,
other mechanisms are the inhibition of the oxidabblipoproteins, the elimination of
the radicals and the modulation of eicosanoid nadistin.

Anti-inflammatory: the process of inhibiting the arachidonic acidsceale.
Antibacterial and antiviral [7].
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Catechins are the major tea flavonoid with poweafuioxidant, which actually belong to the
flavonoid family. Catechins are antioxidant substsnextremely important to counteract the
action of free radicals by acting specifically ontlb hydroxyl radicals and peroxyl. In
addition, they neutralize environmental radicalgl gsromote the regeneration of other
antioxidants such as vitamin E .The catechins d@ahoétes of plant origin, such as Flavon 3-
oils, are abundantlgresent in many plant species but also in tea ardesivative of green tea
Camellia sinensis in chocolate, fruits, vegetablese, etc.., they are present in trace amounts
. These epimers (stereoisomers), where (-) Epioateand (+) catechins are the optical
isomers common in nature . Catechin was extracbedhfe first time from a compound
catechu, which takes its name. If you heat thecbatepast its degradation, we get the
formation of pyrocatechol .

(Fig.15).
OH OH
= OH OH
HO, = | _.-"'G & | HO__ = | j OH
N "OH = “OH
H H
{-)-Epicatechin (-1-Epigallocatechin
OH
@r <
HD HD J
S G, o S,
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(-)-Epicatechin gallate (-)-Epigallocatechin gallate

(Figure 15) — Different Conformation of Catechins
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The epigallocatechin gallate (ECG) is a type ofechin, the most abundant in tea.
Antioxidants can help in protecting the skin fromnthge induced by ultraviolet radiation,
and by the formation of tumors . Tea contains almmof bioactive substances, represented
by its catechins, of which the ‘epigallocatechidlaga (ECG) is the most abundant. Tea
catechins and polyphenols are effective scavergfersactive oxygen species (RO8)vitro
and may function indirectly as antioxidants medigtiheir effects on transcription factors and
enzyme activities. Catechins are rapidly metabdlieatensively and this underlines their
functional importancén vivo. Through studies in humans, it has been showrctitathin has

a positive effect on metabolic syndromes such assigh type Il diabetes mellitus and
cardiovascular disease [231]. In animal modelsyeth&as a progressive reduction of
atherosclerotic plaques. In the last few years,hieeficial effects of green teéwmve been
increasingly recognized for health. Among the adiwges offered in recent scientific studies,
there is the maintenance of vascular endotheliaktian properly in the presence of
flavonoids and especially of catechins. Epigallechin-gallatete have antioxidant activity
against free radicals, metal ions activate, inhtb#nscription factors and induce redox
reactions of the antioxidant enzymes. They are ldapaf inhibiting the key enzymes
involved in lipid biosynthesis, thereby reducing timtestinal absorption and improving the
quantity present in the bloodstream. These substamatso have the ability to regulate
vascular tone by activating endothelial nitric axieNOS),which prevents the process of
vascular inflammation that plays a critical roletire progression of atherosclerotic lesions.
The anti-inflammatory activity may be due to ingation of the accession of leukocytes to
the endothelium and subsequent migration throughinhibition of nuclear transcription
factor NF-kb [98].
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for treatment of Endothelial Dysfunction

3.1 Antioxidants

Enhanced vascular oxidative stress sgmts a primary mechanism underlying
endothelial dysfunction. Therefore, it is not sisimg that many researchers have attempt to
normalize EDNO synthesis and bioactivity in thetisgt of vascular disease through the
administration of various antioxidant strategiespcluding small-molecular-weight
antioxidants or inhibitors of ROS-producing enzym@ther strategies include treatment with
eNOS substrate and cofactors to enhance EDNO piioduoovel drugs that target heme free
sGC or improving endothelial progenitor cell (ER@mber/function to aid in the repair of
dysfunctional endothelium. It is also becoming @asingly apparent that pharmacological
agents known to improve clinical outcome in cardsaular disease patients may act, in part,
by ameliorating endothelial dysfunction. Next, wiscdss in more details the mode through
which specific strategies act to improve endothdlaction that may provide therapeutic

potentials.
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3.2 Polyphenols

Mechanistically, polyphenols may improve endatiefunction via their action as water-
soluble antioxidants. However, the beneficial awioof polyphenol consumption on
endothelial function in patients do not corresptma reduction in plasma concentrations of
F2-isoprostanes, markers of systemic lipid perdioda or 8-hydroxydeoxyguanosine, a
marker of DNA oxidation, suggesting that actiondeot than antioxidant activity are
involved.[185,198,39,210] Instead, the beneficiaelivities of black tea polyphenols may
relate to their ability to immediately activate eSQActivation of eNOS involved changes in
the eNOS phosphorylation status at Ser-1177 andt38r Signalling studies identified p38
MAPK as an upstream component of PI3-kinase / Akthated eNOS activation in response
to polyphenols .Interestingly, polyphenol-mediateduction of MAPK in endothelial cells
occurs via activation of the estrogen receptor.Restudies indicate that the green tea
polyphenols induce endothelium —dependent vasamtlabf isolated arteries via redox-
sensitive PI3-kinase /Akt-dependent phosphorilatioh eNOS. Also, the ability of
epigallocatechin gallate or of resveratrol to alw cardiac dysfunction in diabetic rats
related to the polyphenols ability to stimulate édgppendent activation of eNOS. In addition
to immediate effects, long-term exposure of end@heells to red wine polyphenols
enhances eNOS expression . The extent to whicle threchanisms are important for the
beneficial activities of dietary polyphenols also patients with vascular complications is

currently unknown.
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and Angiotensin IV involved In stress
pathway
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Angiotensin IV and

Renin Angiotensin-System

In vitro,, models

1.1 Angiotensin IV (3-8 esapeptide)

Angiotensin IV can be generated by apéptidase M in Renin Angiotensin System
by degradation of Angiotensin Ill. This biologicalactive peptide, has attracted a growing
interest in the discovery and cloning of the insuéceptor-regulated aminopeptidase (IRAP),
a binding site of Ang IV and likely receptor (4T[246]. Many studies indicate that Ang IV
have different functions in the central nervoudeys suggesting its role as a neuropeptide or
neuromodulator. The initial interest about Angdtééms from its ability to improve the recall
of memory and learning [215] in rodents (behavionaldels). Even reverses memory deficits
caused by scopolamine, mecamylamine, alcohol almrselestruction of ischemia on
hippocampal piercing. In vitro and in vivo improtree long-term potentiation (LTP) [241]. In
addition to its title in favor of memory, Ang IV égending on dose) [215], reduces seizures
induced by pentilentetrazolo (PTZ) and pilocardia¢l] and plays an antiepileptic effect. It
is also skilled in influencing dopaminergic neuastsmission in the striatum and in protecting
brain ischemia caused by neurological damage. 9b glromotes cell survival in the
hippocampus [215]. Ang IV increases renal blooavflarhich is blocked by the antagonist of
AT,, divalinal-Ang 1V, and is not affected by ATeceptor antagonists. This effect is also
accompanied by an increase in urinary excretiosooium. In other discordant results, Ang
IV decreases renal blood flow and increases blaedsore. These effects are dependent on
AT, and in fact they are repressed by the antagooiigtss receptor [241]. This peptide also
regulates cell growth of cardiac fibroblasts, eheébal cells and vascular smooth muscle

cells. It seems that Ang IV is involved in vascudad inflammatory response could play a
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role in cardiovascular pathophysiology [246]. Ang participates in various stages of
atherogenesis including the initial formation ofguie and subsequent stages such as plaque
rupture and thrombus formation [192]. In atherastle lesions, the bond increases in the
average of Ang IV, in the neointima and in the tagkcells re-endothelialization, suggesting
a role for this in hexapeptide vascular remodelingesponse to damage [215]. In particular,
angiotensin 3-8 hexapeptide interacting with ATZrdases superoxide, therefore plays an
important role in reducing oxidative stress. ltregses the expression of nitric oxide synthase
by endothelial post-transcriptional modulationjtsocreases the release of NO which in turn
stimulates solublguanilciclasi by the accumulation of cGMP (effectoolecule). Then, it
increments the endothelium-dependent vasodilailitbe. phenomena just mentioned, derived
from the interaction with the AfTreceptor of Ang IV and Adreceptor.Consequently, the
Ang IV evokes a clear vasoprotective effect [248hg IV up-regulates several pro-
inflammatory factors. In vascular smooth muscléscéing IV increases the production of the
protein chemotactic for monocytes-1 (MCP-1), themtdiemokine used in the recruitment of
monocytes and the expression of ICAM-1 (intracall@dhesion molecule) responsible attack
and transmigration of circulating cells into thendaed tissue. Ang IV also increases
cytokines such as interleukin-6 and tumor necrtaitora and stimulates the production of
the prothrombotic factor plasminogen activator lmtoir-1 (PAI-1) and could thus participate
in the perpetuation of the inflammatory responseé #mombus formation. Finally, Ang IV
activates NF-kB, a transcription factor centrallywalved in inflammatory and immune
responses. The mechanism by which Ang IV produbeset effects in vascular smooth
muscle cells is unclear but the involvement of Ael receptor was excluded since the same

effects occur in mice Knock-out for the AT1 reced@i5].
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1.2 The AT, receptor subtype

Before 1988, the shorter Angiotensins IV were ctdeisd biologically inactive and

therefore of little physiological importance. Thigpothesis was based on two events [253]:

1. Ang IV revealed very low affinity for the ATand AT; sites [158] becausé? 1] Ang IV
does not displace agonists or antagonists of therédeptor and AJ, as Sarl, lle8-Ang lI,
Losartan and PD123319 [241] ;

2. Ang IV and shorter fragments, are considerabss Ipowerful of Ang Il and Ang Il in

triggering the classic angiotensin-dependent fomsti{253].

Two discoveries have changed this hypothesis.,Brsiszko et al(1988) have reported that
Ang |V facilitates the acquisition of a conditionestoidance response in rats. Secondly, a
distinct binding site for Ang IV has been identifiand subsequently classified as subtype
AT, because it binds ligands known for the;Ahd AT, sites. This subtype was originally
isolated bovine adrenal membranes used [25Fwgnson et al(1992). It was established
that the }#1] Ang IV binds reversibly all AT receptor, saturating it with high affinity. The
AT, site was found [253] in various tissues of diffargpecies of mammals (uterus, lung,
aorta , heart, adrenal gland, bladder, colon, Kidrgrostate, brain, spinal cord) [253].
Incubation of 3] Ang IV in brain slices of guinea pig, revealsatha predominant
distribution of binding sites is localized in thgpocampus, thalamic nuclei, cerebral cortex,
cerebellum and brain stem. A similar distributionasv observed by radioreceptor
autoradiography, in both sections of the brairviaicaca fascicularisand man [241]. As a
small peptide is able to activate the /AJite, and as the vast majority of the small size o
peptides receptors are coupled to G proteins, & Mgical to expect that the ATeceptor
could be a receptor protein associated with seipe@. However, it is nahe case, because
the link to that site was found to be insensitiwegtianine nucleotides. In addition, the AT
receptor subunit has a molecular weight of 100kDa tihe range determined by
polyacrylamide gel electrophoresis in the presaic@DS. A molecular weight equivalent for
this receptor has been reported in other bovingudis including heart, thymus, kidney,

bladder, aorta, and hippocampus. In additiernier et al. (1995;1998jliscovered a m

-63 -



Chapter I AngiotentV andAT, receptor

olecular weight similar to the Alreceptor binding subunit in bovine aortic endatiedells.
The absence of coupling to G proteins is also sdpgdy the observation that Gy¥ (non-
hydrolysable analogue) fails to alter the lifkl] Ang IV in the heart of rabbit, pig brain and
rat vascular smooth muscledlin et al. have shown that G inhibits the binding of the
receptor in renal cell Afpossum. Thus, to date there is little evidenckirip the AT,
receptor to G proteins; however, as already ocduioe the AT2 receptor, for a definitive

conclusion, we must await the sequencing of theeptor protein [253].

2.1 The AT, receptor is the receptor c-Met or insulin-regulate

aminopeptidase (IRAP)?

A potentially important turning point in the undinsding of the A7 receptor system was the
identification of the receptor as insulin-regulatedinopeptidase, an enzyme associated with
the membrane that co-distributes with the trangpdBlL.UT4. This assumption based initial
sequence homology between a tryptic fragment derik@n human brain AJreceptor and
human IRAP, and masses almost identical proteimrstg of the AT4 receptor involved in
binding and IRAP. The subsequent expression of IRAPHEK293T cells resulted in a
binding site similar to the native ATeceptor with affinity for Ang IV . IRAP has diffent
names such as gp60, vpl65, P-LAP, or cystine araptagase,which is an integral
membrane protein type Il homologous to A aminojggse (AP-A), aminopeptidasi N (AP-
N), and ZR" -aminopeptidase to other employees who belonghw large family of
aminopeptidase gluzincine. It is a protein of 916ire acid residues, which includes an
intracellular region (109A) followed by a hydrophotransmembrane segment (22akelix)

and an extracellular domain of 785aa containing HEeXXH-XE motif highly conserved
zinc-binding andthis is the reason wh@XMEN exopeptidase are central to the business.
IRAP is skilled in the amino acid N-terminals, wihicleave several bioactive peptidewitro
including oxytocin, vasopressin, lys-bradykinin,treekephalin, dynorphin 1-8, neurochinina
A, neuromedina B, somatostatin and cholecystok#ir-ately, Wallis et al. (2007)have

shown that vasopressin injected intravenouslydaved from IRARN vivo[241].
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1.4 Evaluation of IRAP as the Afreceptor

After the identification of IRAP as a binding sa€AT,4, we tried to understand the molecular
mechanism of this enzyme bound to the membrane dbald mediate the intracellular
signaling as well as a variety of biological efeat vivo, triggered by the ligands of AT
three mechanisms mediated IRAP are briefly hypatkdsto explain these effecend
illustrated in Fig. 16;17; 18;19 [241]. The first mechanism that supports the ipigdof
ligands at AT, causes an accumulation of different neuropepfigés]. So it was proposed
that the multiple physiological actions of AT4 rpter ligands are due to their ability to
inhibit competitively the activity of peptidase IRAthat prevent their degradation [241]. This
model predicts that the effectiveness of all tlgardids of the receptor in question, Ang IV,
LVV-H7 and Nlel-Ang IV , must be equivalent in ginalas their action is due to binding
with 'IRAP and IRAP to prevent the ability to cabéibe endogenous peptides vitro [241].

At the moment, there is no evidence that suppdrits ltypothesisn vivo. However, in a
recent study, it was reported that the anticonvitleffect of Ang IV and the increase in the
concentration of extracellular dopamine in theastmin of rats can be inhibited by a
somatostatin receptor antagonist, suggesting tlatinaulation"in vivo " somatostatin
average these effects. In line with this hypothasisas also been shown that IRAP helps in

the metabolism of vasopressin Viva' [241].

Neuropaptide
degradation
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(Figure 16) - lllustration of possible mechanism hyhich Ang IV and AT;ligands mediate

their effects-

Inhibition of the enzymatic activity of IRAP by AndVv causes the accumulation of
extracellular substrates neuropeptide.There arerakeyproblems with this first mechanism
[253]: (1) This concept is difficult to reconcileittv the results obtained from compounds
which are agonists and antagonists opposing plogcal actions;
(2) the beginning of the physiological effects mbst slow since this action requires an
accumulation of the endogenous ligand of;AThis prediction agrees with the observation
that the ligands of AJ have rapid effects on signaling molecules. Formegda, the AT,
receptor activation can lead to increased 20-falivation of extracellular signal regulated
kinases (ERK) in C6 glioma cells within 30s. Simyain vivo studies indicate rapid changes
of AT, mediated blood flow, renal oxygen consumption, ond)-term potentiation (LTP),
which typically occur in less than 1 min. It is ikely that the peptide accumulates
sufficiently to trigger physiological responses sanch a short period of time. In fact, the
typical time in which they act in vivo peptidasee anhibitors of hours or days, not seconds.
(3) The concentrations of the ligandd AT, are necessary to make the changes in
physiological function and are of the order of safwmolar subpicomolare: concentrations
much lower than those reported for any known enziyribitor. This concern is relevant for
IRAP as the reported Ki (inhibition constant) ofelltAng IV (Ang IV-Norleucinel:
metabolically stable derivative of Ang IV and tagonist peptide) for IRAP (> QuB1) is
several orders of magnitude higher than the bichity effective dose of Af ligands.
(4) It is also questioned whethtire ligands function as substratesAdf,, competitive in a
study byCaron et al. (2003)ndicating that the allosteric ligands Ang IV irdet with IRAP

at a site distinct from the active site. The speaharacteristics of the structure of Ang 1V, of
its analogues and other Angiotensins such as Angdhh not make them substrates of IRAP,
but still able to bind, thegre currently unclear. (5) This proposal is in casitto earlier work
by Tsujimoto et al. (1992)n which it was shown that Ang Il is an excellesubstrate for
human placental leucine aminopeptidase (IRAP hogmle rat).The discrepancy between

the primary mechanism for IRAP and laboratory osgons suggests two likely
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possibilities. First, IRAP is not responsible ftietAT, receptor signal transduction, but is
involved in the regulation of extracellular levelsendogenous receptor ligands A%econd,
IRAP may be a signal transduction receptor, bubased on activities that go beyond its
ability to aminopeptidase. If the second possipikt correct then IRAP should possess in its
short hydrophilic segment with 109 amino acid reeg] the N-terminal, the information
required for signal transduction [253]. It givegdence to this possibility, a previous study
indicating that the N-terminus of IRAP contains tditeucine motifs and several regions of
the acid, which play important roles in vesicldftc&ing [253]. A peptide consisting of 55-82
residues to the N-terminus, containing one of dasons AA dileucine and acidic groups, has
proved sufficient to cause translocation of GLUT#addition,Ryu et al. (2002khowedin
vitro phosphorylation of serine in position 80 (Ser80)IRAP, which is involved in the
regulation of insulin to stimulate translocation ®LUT4 [24]. The binding of ligands to
AT4, may prolong the superficial location of IRAP a4 and therefore the resulting

increase in glucose uptake could be responsibltnébiological effects oAT,4 [22].

(Figure 17) - lllustration of possible mechanism hwyhich Ang IV and AT, ligands mediate
their effects.IRAP is co-localized with insulin-redated glucose transporter-

The binding of Ang IV to IRAP may increase thengkcation of IRAP and GLUT4 on the
cell surface, causing an increase in intake ofagady the cells.
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The poly (ADP-ribose) polymerase tankirasi was idiend in a yeast two-hybrid system and
aa96-100 interacts with IRAP. It is interesting twmte that the acyl-coenzyme A
dehydrogenase (ACD), identified by the fusion aftgthione-S-transferase (GST) with IRAP
(GST-IRAP55-82), is probably involved in maintaigirvesicles containing GLUT4 in
intracellular compartments designated [253]. IRABN cincrease the concentration of
intracellular calcium, some modular MAPK kinasetiate the signaling of NF-kappaB,

increase production of cGMP and downstream to ereahges in DNA synthesis [253].

Intracellular signalling

(Figure 18)- Illustration of possible mechanism lwhich Ang IV and AT, ligands mediate
their effectstRAP could be a membrane-bound receptor. The bindirAng IV can activate

signaling pathways.

No matter the exact role of IRAP in ABignaling ligands, the affinity of IRAP for thettiar
suggests that its function is somewhat importantthiermore, it was assumed the hypothesis
that Ang IV and its analogues, should have strectuwsmology with one or more natural
ligands that work through similar receptors to naggliphysiological actions triggered by
those who remember similar of Ang IV. Based on silnthking asearch has been done for
homology, which produced a partial match with th&-angiogenic protein, angiostatin, and
hepatocyte growth factor (HGF) [253]. HGF is a plmpic factor with mitogenic activity,
motogena, morphogenic acting through the typedptar tyrosine kinase, c-Met [217]. c-Met
is the membrane-bound and ligand binding triggées trans-phosphorylation of specific

tyrosine residues, resulting in activation of npl#isignaling pathways downstream. [253].
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(Figure 19)- lllustration of possible mechanism by which Ang I1&hd AT4 ligands mediate
their effects. Ang IV can bind and activate the HG#Eceptor called c-Met-

Classically it has been noted for its ability toedt the proliferation and differentiation of
stem cells, to induce tubular morphogenesis in mamgans including the kidney and to
support angiogenesis by activating vascular endlatheells [132]. Recently, c-Met has
attracted considerable attention because of its iroimultiple cancers [106], weakening its
ability to neurodegenerative changes and its piateimvolvement in learning and memory
consolidation [205,206]. The known ability of amgles of Ang IV to alter cognitive
function, increased the development of neurites aitvated vascular endothelial cells that
direct the angiogenic process, encouragedoitstudy how similar Ang IV exert their
biological activity through the system HGF / c-Met.

The results of the experiments reported that thig receptor antagonist, Norleucine (Nle-
Tyr-Leu-(CH2-NH2) 3-4-His-Pro-Phe), is able to ibii the proliferation, the 'HGF-

dependent invasion and spread in different cekdimt concentrations pmol. In addition,
Norleucine crashes'{1]-HGF bound to c-Met with a Ki of 3pm, while themtrary can

effectively block the HGF 'fl]-norleucine in the membranes of HEK cells (human
embryonic kidney). As anticipated from these resuthe norleucine shows potent anti-
angiogenic and anti-tumor activity. In particuldre norleucine inhibits the growth of cells in
vivo murine myeloma B-16, cancer murine c-Met-defmm, and induces apoptosis of human
glioblastoma cells U-87 and survival is highly degent on the active system c-Met signaling
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Angiotan$V andAT receptor

Characteristies

AT,

AT,

AT j—c-Met

Affinity
Selective antagonists
Coupling to

Signal transduction

Structure

Molecular siza
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Sre, JAR/STAT, TProstaglandins, FL-

A -Coand -D
359 amine acids; 7 transmembrane
domaims

4142 kDa

Anglll == Angll = Angl

CGP421124, PDI23177,
PDN21981, FD123319,
PD 124125

G-protam
LeGMPE/TeGMP,

TProstaglandins PL-A,, NO

363 amine acids; 7
transmembrans domains

40-41 kDa

Wle!, Lenal®-AnglV = HGF =
AngIV = LVV-H7?

e, Lanal™-AngIV, Divalinal-
AnsglV

Tyrosme kmase

Gabl, Grb2, Grb10, PI3K,
PLC-8, SHPZ, She

dimer linked by disulfide bonds

a 50kDa; § 140kDa

Adapted from Birchmeier at al. (2003), de Gaspare et al (2000}, Ma et al. (2003), Mehta and Grisndling (2007), Speth et 2l {2003) and Wright and
Harding (1597, 2004).

3.1Relationship between structure and activity of coetiive ligands

(Pharmacological profile)

The above association has helped to define thetstal requirements of the angiotensin-
derived peptides to compete with the binding B Ang IV. It was revealed that
deletion of the N-terminal valine of Ang IV, the tirminal extension and replacement of
L-valine with D-valine completely prevent the bindi The same study found that the C-
terminal extension with the corresponding aminalscofAngiotensinogen or deletion of
amino acids at the C-terminus only gradually desgethe binding affinity. So it was
noticed that the three residues to the N-termiriusng 1V are essential for the binding of
the ligand, while the C-terminal domain has a @uale [241]. In this regard, the recent
isolation and identification of proAngiotensin-12utd serve as a possible precursor to
generate peptides elongated C-terminal end . litiaddAng-Nlel IV has been identified
as an excellent and powerful ATeceptor ligand. The Vall.3-Ang IV obtained witlet
introduction of two methylene bonds, appears talblthe cognitive improvement, the
long-term potentiation and release of acetylchotimeked by K, mediated by Ang IV.
Similarly, this compound inhibits the increase Inda flow in rat renal cortex as well as
the increase in urinary excretion of sodium caubgd Ang IV. This peptide called
divalinal-Ang IV does not bind the ATreceptor or A%, and is therefore known as the

first AT, receptor antagonist [241]. However, the intriregtvity of the Ang IV-
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divalinal (agonist or antagonist) appears to depemthe physiological processes and / or
cell types. In bovine kidney epithelial cells anghtan, the Ang IV-divalinal as Ang IV
causes a rapid increase in intracellular calciumthe same way the divalinal-Ang IV
exerts a partial agonistic effect in the insulinocedl line of rat (INS-1) which is caused
by the uptake of extracellular calcium. In addititme local perfusion divalinal-Ang IV or
Ang IV in the striatum of rats causes a similarré@ase in the concentration of
extracellular dopamine in the brain structures. efalvstudies showing differences is
unclear, but the existence of an Afeceptor, yet to be defined, cannot be excluded. O
the other hand, there is recent evidence obtaimech fthe receptors with seven
transmembrane domains that a particular ligand Ineagble to stimulate receptor activity
without affecting other activities triggered by te@me receptor. These so-called "partial
ligands" may well be able to expound an agonisiiégtin a tissue or cell type, while
being an antagonist in another [241].Another peptdrived from Ang IV, a fragment
structurally distinc chain of hemoglobin, emorfina LVV-7 (LVV-H7) wasalated from
the brains of sheep and competes with the highigffbinding of [lodine-125] Ang IV
[54]. LVV-H7 is clearly an AT, receptor agonist which originates the same effasts
central of Ang IV, as the facilitation of cholinécgneurotransmission in hippocampal
slices, the cognitive improvement and increasdchellular dopamine in the striatum of
rats [216].

3.2 The ligand activates the intracellular signaily in cell culture

An important property for a receptor is ®adble to transduce the binding of endogenous
ligand (ie, the agony) into a signal that includbe cell and causes it to produce a
physiological response. In this regard, many edfdiave been made to characterize the
intracellular signalling in various cell types ohé IV. The signalling induced b&ng IV is
heterogeneous but is highly dependent on cell $ypeied. These effects can be grouped into
categories. The first is an effect on intracelldalcium concentration or by the rapid release
from intracellular stores or influx from the extedlalar medium. The secondly Ang IV has an
impact on cell proliferation shown especially bye tlextent of incorporation of [3H]-
thymidine. The third Ang IV appears to influence tactivation of some MAPK (mitogen-
activated protein kinase). MAPK is a family of sexi/ threonine kinase that responds

normally to a variety of intracellular signals sweth cellular stress, inflammatory signals and
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different cellular responses to mitogens as welbasse expression, mitosis, differentiation
and survival / apoptosis. In addition, a numbedifierent responses are observed and include
the activation of NF-kB, activation of tyrosine kses, formation of cAMP and cGMP
accumulation (related to the release of NO). lfagipular effect induced cell by Ang IV is

mediated through the ATin a right way, it is important that:

1. it should not be inhibited by the ATor AT, receptor antagonists. This is certainly
important because Ang IV at micromolar concentretis a full agonist for the ATreceptor;

2. a similar effect is mediated by different ligandhcluding analogues of AMNIel-IV as
well as Ang IV LVV-H7. In addition, the correspondi EG, values (concentrations that
produce 50% maximal effect) must be correlated withcorresponding values of Ki binding

experiments;

3. it is obvious that these functional experiments an#legkin determining the intrinsic
activity of some ligands. As mentioned above, isi@nd that the Ang IV-divalinal inhibits
the in vivo effects of Ang IV. In agreement with this, atdeaome of the cellular effects
generatedby Ang IV are inhibited by the fact divalinal-Ang NOn the other hand, in other
cells such as those of Mardin-Darby bovine kidn#pBK) and the human proximal tubule
epithelial (HK-2), the Ang IV-divalinal behaves éikan AT, receptor agonist [253].

3.3 Future Prespectives

It is evident that Ang IV is not only a metabol@géthe hormone Ang II, but cardiovascular
exercises have interesting biological effects. \&/Bbme of these effects are mediated by the
AT receptor, an important number of effects could betblocked by the AfTand AT,
receptor antagonists [241]. These effects inclingeimnprovement of learning and memory ,
anticonvulsant effects (in animal models of epiigd214, 229], protection against cerebral
ischemia [184,186,188] and improvement of endadhdlinction in animal models with
atherosclerosis [83,241]. These observations inbooation with the description of the
binding sites of Ang IVhave high affinity with a clear distinct pharmaagitmal profile ands
consistent with the concept of the Arfeceptor. Despite these observations, the bioaami
and cellular mechanism by which these effects amdyred, is not yet completely
established. In this regard, three possible mesh@have been advanced and are based on
the binding of ligandsof AT, to aminopeptidasi insulin-regulated (IRAP). It isvious that

further work is required to identify which cell typ and under what mechanism is responsible
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for different biological effects mediated by Anyg [241]. In this connection it may be
important to use the newly synthesized ligandADf that instead of Ang IV are more stable

and exert an improved selectivity for IRAP and;A&ceptors [9, 42,136].
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MATERIALS AND METHODS

4. Cell Culture

Human umbilical vein endothelial cells (HUVECs) weharvested from fresh human
umbilical cord veins and cultured until the thirdsgage, as previously described. Purity of
the endothelial cell monolayer was confirmed by ¢bbblestone morphological pattern and
by cell staining with a specific monoclonal antilgdoly von Willebrand factor. When the
HUVECSs, after microscopy observation, are in a luarft state on flasks surfaces they are
trypsinized under a laminar flow hood, so the altture medium is eliminated and the cells
were washed with a specific posphate saline bufRBS) that present a value of ph ~ 7.4 at
37° C and after resuspended in a new culture mediiter HUVECs put to a sterile falcon
(10 ml) and cell suspension was centrifuged (1308 over a period of 10 minutes at +
20°C), the supernatant was removed and HUVECs vesaspended in culture medium (3
mL EGM2® Bullet Kit) (Lonza,Basel, CH). The cell loures were maintained at 37 °C in a
humidified atmosphere of 5% GGn air. Confluent cells were trypsinized and rekszkin
culture medium in a specif sterile flasks peated with factors of adhesion on surfaces
Cells used were at passages 2-8. Cells at diffengies of trypsinization were seeded in
multi-well plates at a density of about 2 x*1@ells/well and used for the described

experiments.[17]
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4.1 Chemicals
Study |

Reagents

Angiotensin Il; Losartan (AJR antagonist); PD123319(AR antagonist); Asymmetric
Dymethil Arginine (ADMA):Apocynin (NADPH oxidase Hibitor) (Calbiochem®
Merck KgaA, Darmstadt, Germany) ; Epigallocatecpattate (all from Sigma St. Louis,
MO, USA).

Label and Reagents

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazoliumbromide], Acridin Orange
(AO); 2'-7'-dichlorofluorescein-diacetate;PICF-DA ( all from Sigma St. Louis, MO,
USA) and DiidroEthidium (DHE: 2,7-Diamino-10-eth®4phenyl-9,10-
dihydrophenanthridine) (CalbiochéfhnMerck KgaA, Darmstadt, Germany) ; DAF-2DA
(Alexis Biochemicals, Lausanne, Switzerland); Ma@atdehyde and Propidium lodide
(Sigma St. Louis, MO, USA).

Study |

Reagents:

Angiotensin IV)(Enzo BIOCHEMICAL, Vinci-Biochem slr, Italy ); Losartan (ATR
antagonist); PD123319(AR antagonist) (Sigma St. Louis, MO, USA);

Label and Reagents

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetzaliumbromide], Acridin Orange
(AO); H.DCF-DA(Sigma St. Louis, MO, USA) and AK-171 Kit forDetection of
Conjugates Dienes(Enzo BIOCHEMICAL, Vinci-Biocheni., Italy );
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4.2 Experiment Protocol

4.2.1 Study 1. Evaluation of Angiotensin Il effects on Endothell
Dysfunction in HUVEC's protocol

Study 1.1
MTT

Cell viability is assessed by JASCO v.630 Spettovpmeter using the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazoliumbroneldat a final concentrations of 5 mg /ml
that is dissolved in a EGM Bullet Kit without retienol ( incomplete medium) according to
Bernas T. Et al 20qFig.21)HUVECSs are plated in 24 wells and after elimingtspecific
culture medium are incubated with the MTT (ImL} 2ax10* cells/well. After four hour of
incubation at the HUVECSs is additioned a stedienethylsulphoxide (DMSO) (30¢L) and
incubated for another hour. The cells are stutiyg JASCO Spectrophotometer and the
program used is defined SpectraManager measurenidr@slata evaluation is after 1, 3 and
7 days of culture in the presence of Ang Il eithwth or without Losartan or PD 123319 at
107 M. An aliquot of cells after damaging in a sterivatherbath under a laminar flow hood
for a specific period of time (30 min) in Hypegtimic (40°-41°C) or Hypothermic (33°-
34°C) conditions and after subjected to MTT cedibiiity assay.
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(Figure 21) - Mitochondrial Structure and reactioin the development of MTT test-

Reactive Oxygen Species Assay

Reactive oxygen species (ROS) are a by productmimaber of natural cellular processes
such as oxygen metabolism and inflammation. ROS gmeerally ‘kept in check’ by
antioxidant proteins and systems within cells, buerproduction of ROS can lead to cell
death. ROS are highly reactive and can damage K#ein and lipids. DCF-DA has been
used as a detector of ROS for a number of yeamsany applications such as fluorescence
microscopy and flow cytometry. But actually is ussederivativ dye similar to DCF-DA
defined HDF-DA. The generation processes of reactive oxygpaties (ROS) are monitored
using fluorescence methods. The intracellular R@&eration of cells can be investigated
using the 2’,7’-dichlorofluorescein-diacetate ,QMCF-DA). The conversion of the non
fluorescent 2’,7’- dichlorodihydrofluorescein — daate (HDCF-DA) to the highly
fluorescent compound dichlorfluorescein (DCF) haygpi@ several steps. FirstBICF-DA is
transported across the cell membrane and secatetigetylated by esterases to form
dichlorfluorescein (DCF) with the loss of two hgden groups. Third, this compound is
trapped inside the cells and when binding reaabixggen species becomes fluorescent, so
this label is defined fluorogenic. The label wascited at 502 nm whereas emitted

fluorescence was recorded at 523 nm.
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The protocol for ROS detection by this dye isigtrHorward:

1) Human umbilical endothelial vein cells were plated well plates at 2 x fan full

serum media;

2) Then after 1, 3 or 7 days, the cells were teeatdHyperthermia or Hypothermia for

30 minutes (as a positive control);

3) Later HUVECs were incubated also with Ang Il presence or absence of Adr

AT, receptomntagonists at 10M .

4) Untreated and treated cells were harvested inskrum media, spun down for 5
minutes at 1000 rpm and resuspended in cultureumedoghether to PBS containing
10uM HyDCFDA,;

5) Cells were maintained at 37°C in the dark in iratob for 2 hours to ‘load’ the dye
(N.B. Untreated cells not loaded with dye were uag@ negative control to examine

cellular autofluorescence.)

6) Analysis by microfluorymetry with reverted micoape Olympus IX 50 (objective
20X, oculare 10X).

Biomarkes of lipid peroxidation: The TBA assay

Malondialdehyde (MDA) is a naturally occuring pratiuof lipid peroxidation. Lipid
peroxidation is a well-estabilished mechanism diuta injury in both plants and animals
and is used as an indicator of Oxidative Stresseils and tissue [1,2]. Lipid peroxides,
derived from polyunsatured fatty acids, are unstand decompose to form a complex series
of compounds, which include reactive carbonyl coomus, such as MDA. The

measurements of thiobarbituric acid reactive wrtes (TBARS) is a well-estabilished
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method for screening and monitoring lipid peroxiolat. Modification of the TBARs assay
by many researchers has been used to evaluatelssyes of samples including human and
animals tissue and fluids, drugs and food. Evemighahere remains a controversy cited in
literature regarding the specificity of TBARs towacompounds other than MDA, it still
remains the most widely employed assay used tardete lipid peroxidation. Lipid with
greater unsaturation will yield higher TBARs valueMalondialdehyde reacts in the TBA test
to generate a coloured product, a (MDA- TBA add(f€i).22).

oH

& o ! NODH W N B
T [ " E - -~
|I’HJL“"#J‘H":1 2 ,J.:: = TT \T:-Ij = 'J?':I
LW ‘*«T’ EH—r Q“'Tr"

UH

MDA IBA MDA-TBA Adduct

(Figure 22)- Molecular reaction in MDA Assay-

The MDA-TBA adduct formed by reaction of MDA afiBA at high temperature (90°-
100°C) and acid conditions is measured coloriroallsyt at 586 nm according to (Gérard-
Monnier D et al. 1998).

MDA protocol

= HUVECs, at mean number of 1@ells for a single spectrophotometric determimgtare
washed to removed protein and other costituenta thee media in PBS, then lysed by 2 or 3
freeze/thawing cycles. Cell debris are removeddntrdfugation at 3000 x g for 10 minutes at
4°C.

Preparation of TMOP (MDA) Standard

A MDA standard is provided as tetramethoxyprop@dOP) because MDA is not stable.
The TMORP is hydrolyzed during the acid incubatitepsat 45°C, wich will generate MDA.
The TMOP Standard is provided as a 10mM stock solutlust prior to use is diluted 1/500
(v/v) in water to give 20M stock solution and is placed at 0°- 4°C until .&®e the standard
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curve, pipet the indicatedvolumes of Standard aatem(or buffer) to the reaction tube to
give a total of 20QuL. Final Concentration value is the MDA concentratin the reaction

mixture (1 mL total volume).

Assay

=

Add 10 L of probucol to each assay tube;
2. Add 200 L of sample to the respective assaysube

3. Add 640 L of diluted N-methyl-2-phenylindole icetonitrile (R1 reagent) to each
tube.

4. Mix by briefly vortexing each tube;

5. Add 150 L of Hydrochloric acid (R2 reagent);

6. Stopper each tube and mix well by vortexing;

7. Incubate at 45°C for 60 minutes;

8. Centrifuge turbid samples (e.g. 10,000 x g for rhihutes) to obtain a clear

supernatant;
9. Transfer the clear supernatant to a cuvette;
10.Measure absorbance at 586 nm, (Color is stableafdeast two hours at room

temperature).[80]
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Study 1.2

SuperOxide Evaluation

Superoxide production was assessed in HUVECs (2*xfar each tested samples) by the
dihydroethidium fluorescent method. Dihydroethidiisra cell — permeable compound that
can undergo a 2-electron oxidation to form the DblAding fluorophore EB [30]. Cytosolic
dihydroethidium displays blue fluorescence, howg¥elfowing oxidation to ethidium and
subsequent intercalation to DNA, a bright red fasmence is achieved. It is used to determine
the level of Superoxide anion in cells by microlowetry or flow cytometry.

SuperOxide Protocol

» Human umbilical endothelial vein cells were pthte 12 well plates at 2 x fn full
serum media;after 1, 3 or 7 days, the cells wexated in Hyperthermia or Hypothermia
for 30 minutes ; Huvecs were incubated also Witly Il in presence or absence of AT
or AT, receptoriantagonists at 10M in a first series of experiments. In a secoad p
HUVECs were incubated with two different concettma of Asymmetric
DymethilArginine [10* and 0.5* 1¢f mol/L] containing PSS alone or in presence of Ang
ll, Losartan or PD123319[10M] or Apocynin [10° M] for 30 minutes .PSS is a
physiological salt solution composed of (in nrhp£10.0 NaCl, 5.0 KCI, 2.5 Cagl 1.0
MgS0O4, 1.0 KHPO4, 5.5 glucose and 24.0 NaHCO3 equilibrated withas mixture
balanced with nitrogen a pH 7.4. This solution iciwis diluited ADMA is preparated on
the day of each experiment. Then, dihydroethid{usnx 10-6 mol/L) was added to the
vials and incubated for a further 10 minutes. Isiignof EB fluorescence of HUVECs
culture was measured and quantified by NIH Imageftivare. Relative EB fluorescence
intensity was counted by extracting the intensitypackground from a standar HUVECs
control culture. Measurements was repeated 6 tiraed, relative intensity of EBJ...]

fluorescence was presented as the percentagenioblco
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Study 1.3

Cells continuously produce free radicals and reacboxygen species (ROS) as part of
metabolic processes. These free radicals areatieett by an elaborated antioxidant defense
system consisting of enzyme such as catalase,®u@er dismutase , glutathione peroxidase
and numerous non-enzymatic antioxidant, includirigmins A, E and C, ubiquinone and
flavonoids [20]. In this study is considered ancsfie flavonoid asEpigallocatechin gallate
(ECG), also known as epigallocatechin 3-gallatat ths the ester of epigallocatechin and
gallic acid and it is a type of catechin that e tmost abundant in tea and is a potent
antioxidant that may have therapeutic applicationghe treatment of many disorders (e.g.
cancer). The aim is to evaluate effects of epigallechin gallate on HUVECs treated in
Hyperthermia or Hypothermia in free radicals getienaand nuclear cellular damage. In this
study, beside considering aformentioned protocnl®RO®S assay after addition an important
compound with function of a natural antioxidard epigallocatechin-gallate, were evaluated
also the effect of this flavonoid on Nitrix Oxidgeneration and also in nuclear damage

development in HUVECs .
ROS protocol

» Human umbilical endothelial vein cells were pthte 6 well plates at 2 x 6n full
serum media; after 1, 3 or 7 days, the cells wexaed in Hyperthermia or Hypothermia
for 30 minutes (as a positive control); later HU\VE@ere incubated also with Ang Il in
presence or absence of Adr AT, receptoriaiintagonists at 10M and in presence of
50 uM of epigallocatechin-gallate for each samples [21])ntreated and treated cells
were harvested in full serum media, spun down fommmutes at 1000 rpm and
resuspended in culture medium toghether with B@faining 1QuM H,DCFDA,; Cells
were maintained at 37°C in the dark in incubator2ftours to ‘load’ the dye. Analysis by
microfluorymetry with reverted microscope Olympis50.
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Nitrix Oxide Evaluation

For Nitrix Oxide evaluation experiments were paried with a specific label :DAF-
2DA. Diaminofluorescein —2 Diacetate (DAF-2DA) is @ll permeable reagent that can
measure free Nitric Oxide (NO) in living cells umdeghysiological conditions. Once
inside the cell, the diacetate groups on the DAR2Bagent are hydrolyzed by cytosolic
esterases thus releasing DAF -2 and sequesteengagent inside the cell. Production of
nitric oxide converts the non-fluorescent dye, DAHRe its fluorescent triazole derivative,
DAF-2T.

L-Arg

Fig.23- Functionality mechanisms of DAF-2DA-

Thus, in the present study, the DAF-2T fluorescemuensity will reflect the NO

concentration in EC.
NO protocol

» The label was dissolved in DMSO (1 mg/ 0.45 ml) alldted to 10uM in a phosphate
buffer (0.1M, pH 7.4). After 1, 3 or 7 days, thells were treated in Hyperthermia or
Hypothermia for 30 minutes. Then the cells wareubated in EGM2 culture buffer
containing DAF-2DA at 18M. To this medium was added Ang Il [10V] with either
AT:R or ATLR antagonists at ’0M and 50 pM of epigallocatechin -gallate . After 2h
incubation in one of these reaction media the #aoence from the reaction of DAF-2DA
with NO released under theeffect of Ang Il and dalibcatechin-gallate was studied on
Olympus IX 50 fluorescence microscope calibratadefaitation at 495 nm and fluorescence

emission at 515 nm.
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Nuclear Damage Generation

Propidium lodide Protocol

* Propidium iodide (or PI) is an intercalating agent and a fluoreseealecule that can be
used to stain cells. When excited with 488 nm wengh light, it fluoresces red. Propidium
iodide is used as a DNA stain for both flow cytormedo evaluate cell viability or DNA
content in cell cycle analysis [1] and microscdpyvisualise the nucleus and other DNA
containing organelles. It can be used to diffesgatnecrotic, apoptotic and normal cells [2].
After 1, 3 or 7 days, HUVECs were treated in Hypermia or Hypothermia for 30 minutes.
Then the cells were incubated in EGM2 culture buféend later incubated in a solution
containing 16:M Propidium lodide. To this medium was added Angl0™’ M] with either
AT:R or AT,R antagonists at 10M and 50 uM of Epigallocatechin -gallate . After 1 hour

of incubation the samples are analyzed by micoofinetry.
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4.2.2. Study 2: Evaluation of Angiotensin IV and AT receptor effects on
Endothelial Dysfunction in HUVEC's protocol

Study 2.1

MTT

Cell viability is assessed by JASCO v.630 Spettovpmeter using the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazoliumbroneldat a final concentrations of 5 mg /ml
that are dissolved in a EGM Bullet Kit withoutrphenol ( incomplete medium) according
to Bernaas T.HUVECs are plated in 24 wells multiwvehd after discarding specific culture
medium are incubated with the MTT (ImL) at 2 *1Ccells/well. After four hours of
incubation to the HUVECs are additioned witheritg dimethylsulphoxide (DMSO) (300
ul) and incubated for another hour. The cellssuglied by JASCO Spectrophotometer
and the program used is SpectraManager. The dalaagwon is after 1, 3 and 7 days of
culture in the presence of Ang IV at three différenncentrations [18 10° and 1G M]
either with or without Losartan and PD 1233191&[M].

Reactive Oxygen Species Assay
The protocol for ROS detection is described Wwelo

= Human umbilical endothelial vein cells were plated well plates at 2 x f0n full

serum media;

= Then after 1, 3 or 7 days, the cells were treatddyperthermia or Hypothermia for

30 minutes (as a positive control);

= Later HUVECs were incubated also with Ang IV tlatee different concentrations
[10° 107 and 13 M] either with or without Losartan and PD 1233910’ M] ;
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= Untreated and treated cells were harvested ins&rum media, spun down for 5
minutes at 1000 rpm and resuspended in cultureumedoghether to PBS containing
10Mm H,DCFDA,

= Cells were maintained at 37°C in the dark in iratob for 2 hours to ‘load’ the dye
(N.B. Untreated cells not loaded with dye were use@ negative control to examine

cellular autofluorescence.)

= Analysis by microfluorymetry with reverted micomgpe Olympus IX 50.

Nitrix Oxide Evaluation

NO protocol

» The label was dissolved in DMSO (1mg / 0.45ml) aildted to 10um in a phosphate
buffer (0.1M, pH 7.4). After 1, 3 or 7 days, thells were treated in Hyperthermia or
Hypothermia for 30 minutes. Then the cells wereubated in EGM2 culture buffer
containing DAF-2DA at 18M. To this medium was added Ang IV at three differe
concentrations [16 107 or 10° M] either with or without Losartan and PD 12334910’

M]. After 2h incubation in one of these reactioedia the fluorescence from the reaction of
DAF-2DA with NO released under the effect of Ang I'dnd AT and AT ;, receptorial
antagonists was studied on Olympus IX 50 fluoronscope calibrated for excitation at 495

nm and fluorescence emission at 515 nm.
Calcium Intracellular Production

[C&"i levels in HUVECSs were determined using the laBlelo-3AM. Fluo-3 acetoxymethyl

(AM) ester was used as the fluorescent indicatas. & fluorescent chelator excited by visible
light (488 nm) emits a yellowish green fluorescef&25 nm) when bound to one calcium
ion[4]. Fluo-3 does not fluoresce unless bound dlziom ions and because it is a water-
soluble regent it cannot pass through the cell nman# Fluo-3 AM ester is a derivative of

fluo-3, it is a fat-soluble reagent and is also-flanrescent. In contrast to fluo-3, this ester
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can be passively loaded into the cell across themmmbrane. Once introduced into the cell,
intra cellular esterases break down the Fluo-3 Akéreinto acetoxymethyl and fluo-3 which
can then readily combine with free intracellulalcaum ions. This acetoxymethyl ester
loading technique significantly reduces the timeedesl for carrying out the calcium
fluorescence observations.[5].The cells are treaté¢d the label for a period of 2 hours
before observation to determine®aThe cells were observed after 1, 3 or 7 days amly
presence of Ang IV at three different concentrati¢h0® 107 or 10° M] either with or
without Losartan and PD 123319 at 18] at physiological conditions.

Cell Viability (Acridine Orange)

Cell viability is assessed by fluorescence micrpgaasing the label Acridin Orange at 0,2%
that is dissolved in PBS stain according to Darsgwicz Z. Acridine Orange (AO) is a
nucleic acid selective metachromatic stain useful €ell cycle determination. AO interacts
with DNA and RNA by intercalation or electrostatattraction, respectively. DNA not
intercalated AO fluoresces green (525nm); damagBid\ Intercalated and RNA electro
statically bound AO fluoresces red (>630nm). AOogtzes the quiescent phase and the
activated one, during the cells proliferation, andhay also allow differential detection of
multiple G1 compartments. AO staining may also Beful as a method for evidencing

apoptosis, and for detecting pH gradients.[3].
AO protocol

= HUVECSs are plated in 24 wells multiwell and ameubated with the label and EGM2®
Bullet Kit medium at 2x1b cells/well. After 10 minutes the cells are studibgt
microfluorometry (200x). The data evaluation iseaff,, 3 and 7 days of culture in the
presence of Ang IV at three different concentrati¢h0® 107 and 10° M either with or
without Losartan and PD123319 at T1M]. An aliquot of the cells was treated in
Hyperthermia or Hypothermia for 30 minutes (asoaifive control) and after addition of
Ang IV at three different concentrations [30.0" or 10® M] either with or without Losartan
and PD123319 at [10M].

Conjugates Dienes Assay
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Chapter 1V Materials and Methods

Lipid peroxidation is a well-estabilished mechanisincellular injury in both plants and
animals, and is used as an indicator of OxidatitresS in cells and tissue. Lipid peroxides,
derived from polyunsaturated fatty acid are unstald decompose to form a complex series
of compounds. These include reactive aldehydes afh wthe most abundant is
malondialdehyde (MDA). The AK-171 method is desdrto assay free MDA or, after a
hydrolysis step, total MDA ( i.e. free and protéiodnd Schiff base conjugates) . The assay
conditions are useful to minimize interferencesrfrather lipid peroxidation products, such as
4-hydroxyalkenals [80].

Fluorescence microscopy and Spectrophotometric Kses.

Cell fluorescence is observed by means of fluoreseanicroscope Olympus IX50 (Japan)
with UV source (20X objective, 10X oculars). Emdssiis acquired by UC30 digital camera
and Cell-A program (Olympus) and Images analgsekdata elaboration are performed by
NIH ImageJ programv.1.61 For evaluation of Cellular state of HUVECSs is disen optical
microscope MOTIC AEZ21(China).For spectrophotonsetrieasurements is used JASCO
Spectrophotometer v.630and for elaboration of data acquisitions is uskeé program
SpectramanagefJasco, Japanall instruments are present in Laboratory of Gdlysiology

and in Department of Cell Biology, UNICAL.

Statistics
For statistical Analysis are used two differentses

= One-way ANOVA

= Two-ways ANOVA
both statistical analyses are performed by Boafertest for multiple comparison between
all samples. All data analized during experimgoteare reported as means + SEM
The values are considered significant for a lefgb < 0.05.Data are shown as means *
SEM. The n values indicate the number of indepeneeperiments. Statistical Analysis was

performed by a statistical progran@&aph Pad Prism v.5
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RESULTS AND DISCUSSIONS

Study 1

5.1 Effects of Angiotensin lin Hyperthermia and Hypothermia on Cellular
Viability

In a firts series of experiment conducted,biiy test with MTT is performed. Analysis
Is based on evaluation of effects of stimulatigrAlmgiotensin Il and receptorial antagonists
(Losartan and PD123319) in HUVECSs placed in culforea time of 1, 3 and 7 days. Cells
are to be considered in normal condition and afser ghysical thermic damages. In this
experimentation thermic treatments concerns Hypotlee(40°- 41°C) or Hypothermia (33°-
34°C). They are achieved through a thermostatidlestevaterbath situated under sterile
laminar flow hood. When the cells are in a conflustate, after microscope observation, are
tripsinized and setting up (2x4pfor each sample, a number of ten replicas ifopaed.
Heat treatment used on our cells lasts a timeDahButes, at the end of this period the cells
are incubated after stimulation with Angiotensin [LO’ M]and receptorial antagonists
(Losartan and PD123319) [1M] with MTT .

The(Fig.24a) and (Fig. 24b)shows the results obtained:

MTT
BCTR
08
T
el T PR OCTR+Ang I
5 =il BT (Hyperthermia)
; 04 3t
Hil mT+Angll
0,2 3t
©i| @T+Ang I+ LOSARTAN
0l .
1 3 7 O T+Ang I1+PD123319
CULTURE TIME (days)

(Fig.24a)- MTT cell proliferation assay HUVECs healthy arthmaged cells by
hyperthermia after 1,3 or 7 days {One way ANOVA) no significant difference
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Chapter V Results and Discussion

As can be seen from the figure Hypothermia is aditton that not influenced HUVECs

viability and in presence of Angiotensin al@mal in presence of Losartan or PD123319.

0.2 - MTT

mCTR
OCTR+ Ang I

O T (Hypothermia)

O.D.

BT+ Ang ll

BT + Ang Il + LOSARTAN

DT+ Angll + PD 123319

CULTURE TIME (days)

(Fig.24b) Cell viability evaluation in healthy and damagedrsgales after 1, 3 or 7 days of
culture.
- p< 0,05 (comparison 1-3 is significant in Ang tleated samples);
A p< 0,05 (comparison 1-3 is significant in Ang linel PD 123319 treated samples);
8 p< 0,05 (comparison 3-7 is significant in Ang #nd Losartan treated samples).
( One way- ANOVA)

Viability of HUVECs in Hypotermia, after stimulah with Angiotensin Il or receptorial
antagonists, increases cell proliferation betwkesnd 3 days of culture in samples damaged
and stimulated with Angiotensin Il alone. Espegidtll appears to be modulated by the

Angiotensin type 1 receptor pathway.
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Chapter V Results and Discussion

5.1.1 Effects of Angiotensin Ibn ROS generation in Hyperthermia and
Hypothermia

For ROS evaluation, analysis is based on obsezffedts of stimulation by Angiotensin I
and receptorial antagonists (Losartan and PD123819UVECs in culture for a time of 1,

3 or 7 days. Cells are considered in normal comaliind after physical thermic damages. In
this experimentation thermic treatments concern ditygrmia or Hypothermia, they are
achieved by a thermostatic waterbath under stiemiiénar flow hood. When the cells are in a
confluent state, after microscope observation,t@psinized and setting up (2x¥)0for each
sample, a number of ten replicas are performeeht Hreatment used on our cells lasts a time
of 30 minutes, at the end of this period the celfe incubated after stimulation with
Angiotensin I [10' M]and receptorial antagonists (Losartan and PB12B[10° M] with

a specific label EDCF-DA to detect of reactive oxygen species.

The(Fig.25 a) show results obtained:

200 - ROS Generation BCTR
4 ° * 0
=160 A é L OCTR+Ang I
> T T, o
120 T o F 0

OT (Hyperthermia)

Fluorescence
S

S
S
L

CmT g

| T+Ang i+ LOSARTAN

1 3 7 [ T+Ang I+PD123319
CULTURE TIME (days)

o
I

(Fig.25 a)- Fluorescence microscopy Analysis of HUVECS in prthermia.
A°*0p<0.05 (significant difference in comparison withetated cells and treated cells in

presence of Ang Il, Losartan, PD 123319©ne way ANOVA)
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In this figure is present an significant increas ROS generation in samples damaged by
Hypothermia between 1 and 7 days of culture, angeaally in samples treated in
Hypothermia after stimulation with Angiotensinalbne and in combination with Losartan or
PD123319 between 3 and 7 days of HUVECSs culture.

In (Fig.25b) are reported the obtained results:

B CTR
ROS Generation
OCTR+ANg Il
200

g 1601 + <+ s O T (Hypothermia)
8 .
g 120 r b |4t
g eo- 1 L e ) mTrAngl
g 40 & :
- B i T + Ang Il + LOSARTAN

0 A L] 34k

1 3 7

O T+ Ang Il + PD123319

CULTURE TIME (days)

- (Fig.25b) Fluorescence microscopy Analysis of HUVECs in Hypetmia
p<0.05 (control and cells with Ang Il after 1-3-@ays comparison is significant)
A°p<0.05(treated cells with or without Ang II, Losian, PD 123319 comparison after 3-7
days is significant).
(One way ANOVA)

Reactive Oxigen Species production decreases otHgrmic condition but after 7 days of
culture in samples treated and stimulated with Atggisin Il and Losartan or Angiotensin Il
and PD123319 final levels of ROS increase.

5.1.2Effects of Angiotensin lbn Lipid peroxidation products in

Hyperthermia and Hypothermia

To test formation of Lipid Peroxidation produc@nd evaluate effect of Angiotensin I
stimulation in presence or absence of receptorighgonist, after Hyperthermic or

Hypothermic treatments and in normal conditiangsed a specific Kit to monitoring
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Chapter V Results and Discussion

Malondialdehyde generation in culture cells. Steraf, 3 and 7 days of culture HUVECs
are analyzed with different assays performed WRBCO Spectrophotometer v.630.

Results are reported (fig.26a) and in(Fig.26b).

Malonyldialdeide Assay
BCTR

i @T (Hyperthermia)

BET+Ang Il

@ T+Angll + LOSARTAN

B T+Ang Il + PD123319
CULTURE TIME (days)

(Fig.26a) Assessment of ROS effects by MDA method for 1-8ag/s:
*p <0.05 (comparison between damaged cells and dged cells in the presence of Ang I,
Losartan, PD 123319)One way ANOVA)

Maloryldialdeide Assay

0,6 - .
|
— WCIR

? O T{Hypotheria)
=l
: aT+Angl
)
= 0T+ Ang I +LOSARTAN

0- , , 8T+ Ang I +PD123319

1 3 7
CULTURE TIVE {days)

(Fig.26b) Evaluation of ROS effects by MDA method for 173-days in hypothermic
conditions:
*p <0.05 (comparison between damaged cells and dgeaacells in the presence of Ang Il,
Losartan, PD 123319)(One way ANOVA)
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In Hyperthermic conditions malondialdehyde isduced by HUVECs and in all samples
treated after stimulation of Angiotensin Il alorei presence of both receptorial antagonist it
increase during the time confirming results of Feszence microscopy.

Malondialdehyde, as adduct of lipid peroxidatioreamanisms in HUVECS, in Hypothermic
conditions increases after 1, 3 and 7 days dtiriin samples stimulated with Angiotensin

Il alone, Angiotensin Il and Losartan, Angiotendiand PD123319.

5.2 Effects of ADMA on Angiotensin Il pathways Hyperthermic and

Hypothermic conditions in HUVECs

Asymmetric Dymethil Arginine (ADMA) is a structdranalogue of L-Arginine aminoacid
and is an inhibitor of eNOS, is considered to eatduthe interaction with Angiotensin Il
pathways in presence of Hyperthermia (40°-41° Gjgpothermia (33°-34°C). ADMA is
tested alone at two different final concentragiofil0? M], [0.5x10* M] and after
stimulation with Angiotensin Il [10 M], Losartan [10], PD123319 [10] or Apocynin
(NADPH oxidase inhibitors) [1OM] .
The (Fig.27 a) and(Fig.27b) reported the results for evaluation of ADMA at T1®1] in
Hyperthermia and Hypothermia:

Fluorescence (%o}

14tl~| -
120 H
I
I

100

50
E0
40

*
*
-
*
-
>
§

o}

ANGI ADMA
mCTR O CTR+ANGII = CTR+ADMA [10~F mold]
mT (Hypothermia) mT +ANG I =T+ LOSARTAN
=T+ PD123319 HT+ APOCYNIN

(Fig.27a Evaluation of SUPEROXIDE production :*p <0.05 sigficant difference after
10 minutes in the hyperthermic preparations in tpeesence of Ang Il and A3R in the

presence of ADMA [18* mol ] in comparison to the same preparationsithout ADMA.
(Two ways ANOVA)
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Fluorescence (%o)

200 -
130
160 4
140 A
120
T
80 1
60
40 A
20 1

D -t

g
-
-
-
-
-
*
-
-+
-
4
3
-4
*

ADMA

mCTR O CTR+ ANGH BCTR +ADMA ["ID“ll moll]
O T {Hypothermia) BT+ ANG I = T+ LOSARTAN
BT +PD123313 1 T+ APOCYNIN

(Fig.27b) Analysis of Superoxide production in hgghermic treatments with
Ang Il [10-7 M], Losartan [107 M], PD 123319 [16/ M], Apocynin [10 M],
ADMA [10-4M] after 10 and 40 minutes of incubation.

p< 0,05 (significant comparison in thermic treatexhmples with Ang Il or Losartan or
PD123319 or Apocynin after 10 and 40 min respectdontrol samples in presence of

ADMA [10-4 M]).
¢ p< 0,05 (significant comparison in thermic treateshmples with Ang Il after 40 min in

comparison to thermic treated samples in presentEADMA [10-4 M] after 40 min).
(Two ways ANOVA).

Considering results, reported(ifrig.27a)and(Fig.27b), we observed that:

In Hyperthermic conditions is present an interactiat 10 minutes of observation with
Dihydroethidium label, between ADMA [TOM] and Angiotensin 1l [10 M] confirmed by
Superoxide generation in HUVECs ;

Also in Hypothermic condition this effect is evidex but interactions regards samples
stimulated with Angiotensin Il alone and both reogjal antagonist and samples stimulated
with addition of ADMA [10* M] after 10 and 40 minutes of label expositiamthis case is
present an increase of Superoxide productionin eoisgn to control samples with idem
final concentration of ADMA .
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After idem analysis is performed with ADMA [0.5x10M] and in (Fig.28a), (Fig.28b) are

reported results obtained:

" Fluorescence (%)
il

120 -
00 - i B

an -

Sy

&0

40

20

R e e e e

i
| B
i I

0 -

ANGI ADMA
4
EmCTR O CTR+ANGIH B CTR+ADMSA [0.5%10 moll]
ET (Hyperthermia)mT +ANGII 2T +LOSARTAM
oT +PD123319 OT +APOCYNIN

(Fig.28a) Evaluation of SUPEROXIDE production:
*p <0.05 significant difference after 10 minutes the hyperthermic preparations in the

presence of ADMA [0.5 x T8 mol Jin comparison to the same preparations withou
ADMA. (Two ways ANOVA)

Fluorescence (%)
200 -
180 - -
160 %
140 - . . -
2| TILIL L il
100 A w i i f:
33 -
a0 ';
g |- >
60 i 3
40 |8 1
b . a2
20 g | : 1
Sy b
0 - L L Lo lked o ]
1" 40 a0
ANG IO ADNA
mCTR OCTRANGH m CTR+ADMA .8 m"mm 1
T (Hypothermia) mT +ANG I 1T HLOSARTAM
OT +POI23319 DT +APOCYNIN

(Fig.28 b)Analysis of Superoxide production in hy{hermic conditions with Ang Il

[10-7 M], Losartan and PD123319 [1# M], Apocynin [10° M], ADMA [5x10-4 M] after
10 and 40 min of incubation:

+p<0,05 (significant difference between treated sdespwith Ang Il after 10 and 40 min
and treated samples in presence of Ang Il + ADMA);

» p<0,05 (significant difference between sampleshwiing 1l and PD123319 after 10 and

40 min and samples with Ang Il + PD123319 + ADMAtaf 40 min; (Two ways ANOVA)
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Superoxide levels in samples subjected at Hyparilt shock in presence of ADMA [0.5
x10* M] alone show an increase  at 10 and 40 minotéseatments; samples subjects at
Hypothermic shock stimulated with Angiotensin HdaADMA [0.5x 10* M] decrease

superoxide levels after 10 minutes of observation.

5.3 Effects of Epigallocatechin-gallate on ROS gaation in Hyperthermia
and Hypothermia in HUVECs

In a second experimetal phase HUVECs are testegpresence of a powerful natural
reductan: Epigallocatechins-gallate to evaluate tree radical generations (ROS and RNS)
and to analyze nuclear damage if observabldectsf of Epigallocatechin-gallate are
analyzed on Angiotensin Il pathways in presenéeHgperthermia (40°-41° C)or
Hypothermia (33°-34°C). Epigallocatechin-gallateused at a final concentration of 5
and after stimulation with Angiotensin 1l [TOM], Losartan [10] or PD123319 [10.The
(Fig.29a) and(Fig.29b) reported the results for evaluation of Epigaltechin-gallate in
Hyperthermia and Hypothermia:

Evaluation Antioxidant ECG effect

B CTR OCTR+Angll
= T (Hyperthermia) BT +Angll
@ T+ Ang I+ LOSARTAN OoT+Angll+PD123319
BT+ECG BT+ Angll+ ECG
200 BT+ Ang I+ LOSARTAN+ECG BT+ Angll+PD123319 + ECG
180
g 160
o 140 4
2 120 4 v O
$ 100 - ——
g Bﬂ 7 AR
S 60 4 Fl -E-
i 40
20 = o
0 4 BE " 8 "] H
1 3 7

CULTURE TIME (days)

(Fig.29a)Evaluation ROS production in hyperthermiavith Ang Il
[10-7 M], Losartan and PD123319 [1¥ M] and natural flavonoid Epigallocatechin-
gallate
.04 p<0.05 (comparison between treated samples witlg&pocatechin or ECG and
PD123319-Angiotensin Il in comaprison to all treadesamples after 1-3-7 days of culture.
(Two ways ANOVA)
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Evaluation Antioxidant ECG effect

BCTR OCTR +Angll
=@T(Hypothermia) mT+Angll

BT+ Ang ll+Losartan BT+Ang I+PD123319
mT+ECG ET+ Ang I+ ECG

BET+Ang ll+Losartan +ECG BT+Ang I+PD123319 + ECG
200 -

180 - -4

160 -
140 -
120 -
100 -
80 ~
60 -
40 4
20 4

0 .

Fluorescence (°

1 3 7

CULTURE TIME {days)

(Fig.29b)Evaluation ROS effects in Hypothermia wittavonoid:
p<0.05 (comparison between treated samples withgglbbcatechin or Angiotensin Il or
Losartan or PD123319 and ECG in comparison to akated samples with or without ECG
after 1,3 or 7 days of culture.
(Two ways ANOVA)

Previously was also assessed cell viability of HWgEN presence of this natural reductants
cultured for 1, 3 or 7 days, and the data, thatewet reported graphically showed that:
Hyperthermia increases HUVECs viability especialysamples treated in presence of
Epigallocatechin-gallate after stimulation with Awoignsin Il alone, also Hypothermia
increases HUVECS viability for the samples treatéti Angiotensin Il and PD123319 . Then
, our data show that Hypertermia modulates ROS rgénas infacts this parameter
decreases in damaged samples in presence of tAngio Il stimulation or Losartan or
PD123319 so in this mechanisms are involved botgi&ansin Il pathways. In Hypothermia

ROS levels are also modulate and decrease instdidesamples
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For Nitric Oxide evaluation is used a specific laDAF-2DA and the data obtained show
that:

NO Generation ECTR

OCTR+Angll

|_|

E T (Hyperthermia)
BT +Angll

° ¥

(2h) T +Ang Il + LOSARTAN

ET+Angll+PD123319

BT +ECG

ET+ Angll+ ECG

‘ ' BT +Ang Il + LOSARTAN + ECG

90 120
BT +Angll+PD123319 + ECG

Fluorescence (%)

(Fig.30a)Evaluation of NO production levels in HUVECs
° p<0.05 (comparison between Hyperthermic sampitwr without Ang Il and ATiR a,
AT,Ra respect to samples treated with Epigallocateshamd ECG + Ang Il +PD123319.
(One way ANOVA)

NO Generation

B CTR
OCTR+Ang

B T (Hypothermia)
BT+Angll

T + Ang Il + LOSARTAN
OT+Angll +PD123319

BT +ECG
BT+ Ang Il + ECG
‘ ‘ ‘ ‘ ‘ ‘ ‘ T+ Ang Il + LOSARTAN + ECG

0 30 60 90 120 150 180
BT+Angll+PD123319 + ECG
Fluorescence (%)
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(Fig.30b ) Evaluation of NO production levels in HUVECs
A p<0.05 (comparison between Hypothermic sampled samples treated with Ang II)
+p<0.05 (comparison between Hypothermic sample whtig Il respect to samples treated
with ECG.
(One way ANOVA)

In (Fig.30a) and(inFig.30 b) are reported Nitric Oxide levels generated :

in Hypothermia  Nitrix Oxide production levelseamodulates by presence of ECG by
Angiotensin type 1 receptor pathway; in Hypothermi@ levels increase in presence of
Angiotensin Il and decrease in presence of ECGllirsamples tested with this specific
antioxidant.Consecutively, effects of Epigallochia-gallate are monitored with the aim of
research a presence of a nuclear damage in HUVEESs Hyperthermic or Hypothermic
damage in presence of hormone and Losartan or 3192 and effects of riparation or

rigeneration at nuclear level.
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ECG and Nuclear Damage

200 - BCTR
180 A OCTR+Ang I
160 7 @ T (Hyperthermia)
< 140 - A O
g BT +Angll
g AQ
S j T+ Ang Il + LOSARTAN
o
[%]
()
,g O OT+Angll+PD123319
[ BT +ECG

BT+ Ang Il + ECG

OT+Angll+ LOSARTAN + ECG

BT+Angll+PD123319 + ECG
Time of Incubation

(Fig.31a) Analysis of Propidium lodide for nuclear damage:
A p<0.05 (comparison between hypertermic sample witty Il and hyperthermic sample
with Ang Il, Losartan or PD123319 and ECG );
0p<0.05 (comparison between treated sample with Aregnd PD123319 and
hyperthermic sample with ECG or Ang lI+ Losartaor PD123319 and ECG).
( Two ways ANOVA)
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ECG and Nuclear Damage

m CTR

200 -

+

- N 0 CTR+Ang Il

180 4 = O T (Hyp othermia)
< 140 - L O mT+Angl
g 1201 © [ T+ Ang Il + LOSARTAN
S 100 - o
5 g0 0T+ Ang Il + PD123319
3 60 mT+ECG
[T

40 - ET+ Ang ll+ ECG

20 -

o T+ Ang I+ LOSARTAN + ECG
0| mam 9

10 BT+Angll+PD123319 +ECG

Time of Incubation

(Fig.31b) Analysis of lodide Propidium for nucleatamage:
¢ p<0.05 (comparison between samples with Angril PD123319- hypothermic samples
with ECG and Ang Il +Losartan or PD123319 and EC5
°p<0.05 (comparison between treated sample witly Arand PD123319 and hypothermic
sample with ECG or Ang Il+ Losartan or PD123319 atCG);
Ap<0.05 (comparison beetween hypothermic sampleb witg Il and idem samples and

PD123319).
(Two ways ANOVA)

Our analysis confirme that exisist a nucear damiagHyperthermic and Hypothermic
conditions on HUVECSs nuclei but it is less presensamples treated with Epigallocatechin-
gallate after stimulation of Angiotensin Il and baeceptorial antagonists. In tfféig.31a) is
reported this effect specially for both Angiotensirpathways; in thgFig.31b) nuclear
damage in HUVECs after 10 minutes of incubatiothviddide Propidium is attenuated with

the addition of Epigallocatechin-gallate.
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Study 2

5.4 Effects of Angiotensin 1\on Cellular Viability

In a third series of experiments conducted,ability test with MTT is performed.
Analysis is based on evaluation of effects of station by Angiotensin IV and receptorial
antagonists (Losartan and PD123319)of Angiotenisin HUVECs placed in culture for a
time of 1, 3 and 7 days. Cells are consideredhgsiplogical condition .When the cells are in
a confluent state, after microscope observatianripsinized and setting up (2X1)0for each
sample, a number of ten replicas are performetlVELCs are incubated after stimulation
with Angiotensin IV considering three different din concentration [1§ 107; 10® M]and
receptorial antagonists (Losartan and PD123319) MpPwith MTT .

The(Fig. 32 a) and (Fig. 32b)shows the results obtained:

1.4 1.4

*

1.2 1.2 4
/ :
1 1
ANG IV [10-8M]
(LOSARTAN+PD12

3319)

08 0.8
) ) ——ANG IV [10-7V]
——ANGIV[10-8M] ] i (LOSARTAN+PD12
—s— ANG IV [10-7 M| 3319)

0.8 ANGIV [10-6 M 0.8 —m—ANG IV [10-6M]
{(LOSARTAN+PD12
— .
0'4 /1 - o / o

[

Q.D

N ‘__’_//’ 827
[a] T T a T
1 3 7 1 3 7
CULTURE TIME (DAYS} CULTURE TIME (DAYS)

(Fig,32a) Evaluation of HUVECSs Viability (Fig.3b)Evaluation of HUVECSs Viability
in physiological conditions in presence of in physiological conditions in presence of

Angiotensin IV: Losartan and PD123319- Angioten$in :
*p<0.05(comparison between Ang IV[T] 4p<0.05(comparison between Ang IV

after 7 days and all samples). [10® M] after 1-3 and 7 days with samples is
(Two way ANOVA) significant. (Two ways ANOVA)
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This data show that only Angiotensin at a final @amtration of [18 M] increase HUVECs
viability after 7 days of culture in physiolocicadnditions and this effect is confirmed by

Losartan and PD123319 in addition to Ang IV f14d] stimulations in the same samples at
1, 3 and 7 days.

5.3.1 Effects of Angiotensin I1\6n free radicals generation (ROS and RNS)

Different final concentration of Angiotensin IVLJ®% 107;10°M] are analyzed alone or in

presence of both Angiotensin Il receptor antageni®n evaluation of reactive oxygen
species production and reactive nitrogen specispeaially Nitric Oxide generation .
HUVECSs (2x 10' M) are tested after 1, 3 and 7 days of culture:
* by H,DCF-DA label for ROS detectiofif-ig.33 a)and(Fig.33 b) encompass analysis
performed in fluorescence by Olimpus IX50 microsop

by DAF-2DA label for Nitric Oxide detectior{Fig.34a) and(Fig35 b) showresults

obtained.
ROS Generation
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(Fig.33 aEvaluation of ROS generation in presence of Ang IV physiological conditions:

#p<0.05 (comparison between Ang [10-6 M] and An@{Z M] after 7 days is significant.
(Two way ANOVA)
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ROS Generation
200 -
e ECTR
g
§ 1201 SAng V[0 M+
8 s# LOSARTAN +PD123319
[//]
[H] 4 =
o 80 uAng|V[107M]+
2 § LOSARTAN+PD123319
40 -
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0. LOSARTAN+PD123319

1 3 7
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(Fig.33 b) Evaluation of ROS generation in presence of Ang J\.osartan and PD123319
in physiological conditions:
§# p<0.05 (comparison between control and Ang[I*® M] is significant;

Ang IV [10° M] and Ang IV[10” M] after 7 days is significant) (Two ways ANOVA)

Results obtained show that ROS generation incdeaggresence of higher concentrations of
Angiotensin IV [10° and 10’ M] especially at 7 days of culture and also iesence of

Angiotensin Il receptor antagonists these ressilgsgnificant in physiological conditions in
HUVECSs.
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MNC Generation
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(Fig.34a)Evaluation of Nitric Oxide levels in HUVECs after-8 and 7 days of culture in
presence of Ang IV at different concentrations:

»p<0.05 (significant difference between control salepafter 1 and 3 days)
*p<0.05(significant difference between samples withg IV [10° M] after 1 and 3 days)

op<0.05(significant difference between control sareplafter 3 and 7 days of culture)
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(Fig 34b)Evaluation of Nitric Oxide levels in HUVECs after-B and 7 days of culture in
presence of Ang IV at different concentrations anelceptorial antagonists of Ang Il
(Losarrtan and PD123319):

*p<0.05(significant difference between control satap after 1 and 3 days)

»p<0.05 (significant difference between treated sdesin presence of Ang IV [10-8 M]+
Losartan + PD123319 after 3 and 7 days).

Observing different Nitrix Oxide levels after stilation with Angiotensin IV at three
different concentrations in HUVECs the physiotaji response at intraceolular levels
increase alone in samples stimulated with Ang 1908 M] alone and this effect is present

also in presence of Losartan and PD123319 betwesn 3 days.

5.3.2 Effects of Angiotensin I\6n Calcium Levels

Analysis of Calcium levels is based on evaluatibaftects of stimulation by Angiotensin IV
and receptorial antagonists (Losartan and PD12882Mhgiotensin 1l in HUVECSs placed in
culture for a time of 1, 3 and 7 days. Cells aritzaed at physiological condition .When the
cells are in a confluent state, after microscopseokation, are tripsinized and setting up
(2x10") for each sample, a number of ten replicas areopned. HUVECs are incubated
after stimulation with Angiotensin IV consideringrée different final concentration [$0
107; 10® MJand receptorial antagonists (Losartan and PB19B[10" M] with Fluo-3AM.

The(Fig. 35a) and (Fig.35b) shows the obtained results :
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Evaluation of Calcium levels

200 -
< 160 -
@
2 120 | : WCTR
3 . S Ang IV [10°° M]
o 801 m Ang IV [107 M]
S m Ang IV [10% M]
= 4
2 40

0

1 3 7
CULTURE TIME (days)

(Fig.35a) Analysis of Calcium generation in presence of Antgnsin IV in physiological
conditions:

*p<0.05 ( significant difference between controlrs@les after 3 days of culture and
samples treated with Ang IV [TDM]after 7 days of culture)
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Evaluation of Calcium levels ECTR
200 -

160 =Ang IV [1&75 M+

LOSARTAN+PD123319

el . = Ang IV 10”7 M] + LOSARTAN
+PD123319

mAng IV [10°8 M] + LOSARTAN
+PD123319

Fluorescence (%)
H-

CULTURE TIME (days)

(Fig.35b)Analysis of Calcium levels in presence of Angioten$V, Losartan (AT;Ra) and
PD123319 (ATRa) in physiological conditions:

#p<0.05 (significant difference between controlea 3 days with the same samples after 7
days of culture)

*p<0.05 (significant difference between samplestwing IV [10° M] after 3 days and

those with Ang IV [1¢ M] after 7 days of culture)

=p<0.05 (significant difference between samples withg IV [107 M ] after 3 days and

those after 7 days of culture)

Data show that only Angiotensin IV [fOM] increses Calcium intracellular levels after 7
days of culture if considered alone, when analyzatso interaction with Losartan and
PD123319 toghether with Angiotensin IV [10] between 3 and 7 days of culture Calcium
levels in HUVECS increase.

5.3.3 Evaluation of_Angiotensin I\étimulation in Hyperthermia and
Hypothermia on Cellular Viability

In a final series of experiment conducted, Wigbtest with Acridine Orange (AO) is
performed. Analysis is based on evaluation of ¢ffed stimulation by Angiotensin IV and
receptorial antagonists (Losartan and PD123319)ufidtensin IV on HUVECs placed in
culture for a time of 1, 3 and 7 days. Cells amesidered both at physiological condition and
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in Hyperthermia or Hypothermia after treatmentsaispecific sterile waterbath under a
laminar flow hood for 30 minutes .HUVECcs are tripsed and setting up (2x9)0for each
sample, ten replicas are performed. HUVECs araibated after stimulation with
Angiotensin IV alone considering three differeimaf concentration [16 107; 10°
M]alone with Acridine Orange .

The(Fig.36a) and (Fig.36b) shows the results obtained:

. mCTR

A A §Ang |\.f[1u“5 M]

7
N mAng IV[10~ M]
mAng IV[10° M)

OT (Hypertermia)

Fluorescence (%)

8
oT+Ang IV[10 M]

BT +Ang IV [107 M]

1 3 7
CULTURE TIME (days)

BT +Ang IV[10°M]

(Fig.36a)Evaluation of HUVECS viability in controsamples and Hyperthermic samples in
presence of several concentrations of AngiotenBinafter 1-3-7 days of culture
»p<0.05 (significativ difference between Hyperthemsamples in presence of Angiotensin

IV [10°° M] after 1 day of culture and all samples consia@erafter 3 and 7 days).

-110-



Chapter V Results and Discussion

u®0

240
200 °
SF:'?? r_)? CTR 5
5 150 | LI S Ang IV [1-D_T M]
Q mAng IV 107 M]
el m Ang IV [10° M]
E OT (Hypothermia)
S a0 - OT +Ang V108 M]
T ET+AngIV[10" M]
40 - EBT+Ang IV[108 M)
D i
1 3 7
CULTURE TIME (days) )

(Fig.36b)Evaluation of HUVECS viabilityin control samples and Hypothermic samples
in presence of several concentrations of Angioten/ after 1-3-7 days of culture.

» p<0.05 ( significantv difference between Hypothec samples in presence of Ang IV
[10-8 M] after 3 days of culture and all controbsnples considered after 1 days);
ep<0.05 (significant difference between Hypothernsiamples in presence of Ang IV [£0
M] after 3 days of culture and control samples fmesence of Ang IV [16,107 M]
considered after 3 days);
°p<0.05 ( significant difference between Hypotherriamples in presence of Ang IV [£0
M] after 3 days of culture and control samples imgsence of several concentrations of Ang

IV + Hypothermic samples + samples treated with Aivg[10° M] after 7 days).

As evidenced by the results analyzed by NIH J @ogrv.1.61 , in Hyperthermia HUVECs
viability in the time increases only in presencefojiotensin IV [1& M] in tested samples

and in treated samples. On the contrary Hypotrermmodulates HUVECs Viability in

samples stimulated with Ang IV [TOM] after hypothermic damage.
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5.3.4 Evaluation of _Angiotensin I\étimulation in Hyperthermia and

Hypothermia on ROS generations

Evaluation of ROS generation by Angiotensin IV athiotensin Il receptorial antagonists
(Losartan and PD123319) stimulation in HUVECs pthteculture for a time of 1, 3 and 7
days is performed by selective;lIHCFDA labeling. Cells are observed at physiolohgica
condition and in Hyperthermia (40°-41°C) or Hypartimia (33°-34°C) after treatments in a
steril waterbath in a laminar flow hood for 30 mies .HUVECcs are tripsinized and setting
up (2x1d.) for each sample, a number of ten replicas arfopned. HUVECSs are incubated
after stimulation with alone  Angiotensin IV consithg at three different final

concentration [18; 107; 10® M] and observed by labelling and microfluoresmeanalysis

200 - 200
180 - 180 -
~ 160 - mCR o 1601 BCTR )
£ 140 - . SAngIV[10  M] = 140 4 . . EAngIV[10° M]
g 120 - mANg V10" M] g 120 mAng IV [107 W]
2 100 - 0\ pangivio®u g 133 : mAng IV [10°8 w]
E gg : . -OT (Hyperthermia) % 60 - OT (Hyperthermia)
2 0. aT+ Ang V105 M] £ 40 BT+ Ang IV[10° M]
20 | ﬂ BT+ Ang IV[1D:; M] 20 BT+ AngIV[107 M]
0 BT+ Ang V10~ M] 0 BT+ Ang IV[108 M]
1 3
CULTURE TIME (day ) CULTURE TIVE (day |

(Fig.37a) Evaluation of ROS generation in HUVECSs in presemof several
concentrations of Angiotensin IV after 1 days aulture.

e p<0.1 ( significant difference between hyperthemsamples in presence of Ang IV
[107M] and all treated samples at different conceations of Ang IV ).

(Fig.37b) Evaluation of ROS generation in HUVECS in presesc
of several concentrations of Angiotensin IV aft8rdays of culture.
» p<0.05 (significant difference between hyperthemsamples in presence of

Ang IV [10®M] and all samples: controls and treated with fiifent concentrations of
Ang IV
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200 -

180 -

160 - ECTR

140 A 8 Ang IV[10™° M]
120 1 e N H Ang IV [10'? M]

m Ang IV [10° M]
OT (Hyperthermia)
T+ Ang IV[10€ M)
BT+ Ang IV[10°7 M]
BT+ Ang V10~ M)

Fluorescence (%)

7
CULTURE TIME (days)

(Fig.37b) Evaluation of ROS generation in HUVECS in presenoé different
concentrations of Angiotensin 1V after 7 days ofulture.

*p<0.05 ( significant difference between control spias with Ang IV [10-7M] and all
other samples).

ROS generation decreases in Hyperthermic sampl@sspecially in presence of Ang IV
[107 M] after 1 day of culture, but at 3 day of cultusamples manifested an increase in
percentage fluorescence only for treated samptes stimulation with Angiotensin IV [I®
M], finally at 7 days of culture also the contr@nsples after stimulation with Angiotensin
[107 M] show a decrease in this free radical species.
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(Graph 38)
(a)Evaluation of ROS generation in HUVECSs in presence
of different concentrations of Angiotensin IV aftel day of culture.

»p<0.05 ( significant difference between Hypothernsamples with Ang 1V [10-6M] and
all other samples).

(b)Evaluation of ROS generation in HUVECS in presence
of different concentrations of Angiotensin IV afte8 days of culture.

op<0.05 ( significant difference between Hypothernsamples with Ang IV [10-6M] and
all other samples).

(c)Evaluation of ROS generation in HUVECS in presence
of different concentrations of Angiotensin IV afte/ days of culture.

*p<0.05 ( significant difference between Hypothernsamples with Ang 1V [10-6M] and
all other samples).
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ROS generations in Hypotermia increases in cubfitdUVECs treated after stimulation of
Angiotensin IV [10° M] alone at 1, 3 and 7 days. On the basis of es¢hresults in
Hypothermia we wanted to extend our testing to kheaty damage on cell membranes of
HUVECS to verify that the stimulation with Ang I\t a final concentrations of [foM]was

really involved in the oxidative stress mechanigmidypothermia.

5.3.5 Evaluation of_Angiotensin \étimulation in Hypothermia on Lipid

peroxidation products

After Hypothermic damage induced as decribe preshowand after stimulation with
Angiotensin IV [10°%107;10% M] HUVECs are treated in base MDA and Conjugatéehbs
Protocols with AK-171 kit. Data obtained shownttha

2.5 A

s —+—[MDAJuM

0.5 A

(Fig.39 ) Plot of A586 corr vs [MDA] for the standard in theeaction
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(Fig.40)Evaluation of [MDA] formation in presence of diffieent concentrations of Ang IV

in Hypothermia.
=p<0.05 ( significant several between Hypothermiergaes with Ang IV [10 M] and all

samples);
#p<0.05 (significant several between Hypothermic sdes with Ang IV [10° M] and all

samples);
3
25 -
2 mCTR
E EAng IV[10 _ M]
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a . T mwAng IV [10° M]
< N OT (Hypothermia)
17 - N OT+Ang IV[10-6 M]
S ET+Ang IV[10-TM ]
0.5 j - mT+Ang IV[10-8M]
D _

Dienes Coniugates (M)

-116 -



Chapter V Results and Discussion

(Fig.41)Evaluation of Conjugated Dienes formation in prasee of several concentrations
of Ang IV in Hypothermia.
= p<0.05 ( significant difference between Hypothegrsamples with Ang IV [10 M] and

all samples);

Also in this experimentations results confirm tilgpresent an increase of malondialdehyde
adduct in samples treated with Ang IV [A04] in Hypothermia after 1,3 and 7 days of
culture toghether increase of Conjugates Dienexdyzt in samples treated in Hypothermia
at idem final concentrations. Further work shek the decribed methods to verify also the
contribution of Nitric Oxide and Calcium levels wrdhe action of both Ang IV and physical

or chemical oxidative stress
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Discussion

About the effects of Angiotensin Il on metaboliteghtions in the production of peroxides in
Human umbilical vein endothelial cells we obsertieat they induce a condition similar to
endothelial dysfunction, the achieved results him ¢ontext of this research thesis, show that
the induction of dysfunction by hyperthermia indethelial cells the viability does not appear
to be significantly altered, whereas after hypatiierdamage a relevant increase in cell
proliferation is observed, as evaluated by MTT.t8gtecifically the pathway that appears to
be involved is mediated by Angiotensin Il typeetaptor. In Hyperthermia the ROS levels
increased under the action of Angiotensin 11'f2a] and under the action of both ATand
AT, receptorial antagonists.

After Hypothermia the ROS levels decrease aftatay of HUVEcs culture, but tend
towards increase after 7 days under the actionrgfidgtensin 1l by AT receptor pathway.
About the mechanisms of lipid oxidation (studied MPA test) we observe an increase in
products of oxidation damage after hyperthermia,analyzed using spectrophotometric
methods, in the presence of such damage. The Hemoic effects stay unchanged as
evaluated by the aforementioned analysis on HUVER<ulture after 1-3 or 7 day3he
induction of a state similar to Endothelial dysftio, in the presence of the selective
inhibitor of eNOS. ADMA is used to determine ttantribution of the radical Nitric Oxide
response to oxidative stress. In hyperthermiclitmms and in the presence of ADMA [10
0.5 x 10* M] and Angiotensin Il [10 M] there is still an effect of increased ROS lavel
especially Superoxide radicals, in a particular way analyzed by specific probe
dihydroethidium in the cellular compartment. At tfieal concentration [0.5 x 1DM] of
ADMA in presence of Angiotensin Il we observed iaorease in SuperOxide levels. In
Hypothermia in presence of ADMA [TOM], Angiotensin Il [10° M] and both receptorial
antagonists (Losartan or PD123319) an increasepe®xide production in HUVECs also is
present. This is evidenced in HUVECs even in presaf Apocynin [1G M ] (inhibitor of
NADPH oxidase) after 10 and 40 minutes of treatm&BMA [0.5x10“ M], in combination
with Hypothermic damage and Angiotensin Il, modegata decrease of SuperOxide

generation in HUVECs especially after 40 minutesnpubation.
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In order to mitigate the damages to synthesiSoperoxide and their derivatives we chosen
to use the natural reducing agent epigallocategailate, that in the literature is regarded as
the more effectiv flavonoid for its high redugipower. In fact, the heat treatment in the
presence of Angiotensin Il and both its receptuagonists. This is also verified in the
presence of the ECG antioxidant, that allows ame@me in cell viability of HUVECs in
culture after all studied incubation times afteypdthermia. Increased Angiotensin Il
concentrations further enhanced ROS in the sanupléer the action of PD123319. A similar
heat treatment in the presence of Epigallocateghitate and Angiotensin Il evidences a
decrease in the production of ROS pathway by se&dbhibition of receptor AT The
generation of Nitric Oxide is AlTpathway mediated, so that under Epigallocateghitate
action is present a significant decrease in timeigion of this metabolite. In fact the nuclear
damage detected by Propidium lodide in the preseotEpigallocatechin-gallate furthelyr
decreases in the culture media of HUVECS.

In the second step of the study the action ofidtegsin IV, also known as Ang Il (3-8), was
analyzed. This peptide has a more specific mangbreceptor called ATeceptor. Since
in subcellular preparations the binding of AngiatienlV is effective between [T0and 13

M] probably it improves the viability of HUVECstaf 7 days of culture, we have explored
the effectiveness of Agiotensin IV between $1&hd 10®M] on HUVECs. We also tested the
Angiotensin IV [10®° M] after 7 days of culturend it still improves the viability of
HUVECs. At the same concentration Angiotensin ROS generation in HUVECs is not
altered but at higher final concentrations iases ROS levels both by Angiotensin IV
alone and Angiotensin Il receptorial antagonisisthe concentration of [1¥M] are present
increased levels of intracellular Calcium aftetdlays of culture in physiological conditions.
However Nitric Oxide generation of the same fimaincentrations of Angiotensin IV
increases after 3 and 7 days of culture. On this bafsthese preliminary data Angiotensin IV
acts on isolated viable cells without alteratton ROS levels. Nitrix Oxide levels increase
only between 3 and 7 days of culture. Then we wentheck these parameters in the
presence of heat treatment: in Hyperthermia anohgerve increased viability levels only in
samples stimulated, after thermal treatment, Witlgiotensin IV [10° M], ROS generation
decreases after stimulation with Ang IV [104] and increases with Ang IV [TOM]. In
Hypothermia viability of HUVECs increases at loviial concentration of Ang IV [1&M].
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On the contrary ROS generation increases in smmimulated with Ang IV [10 M],
condition. These data are confirmed by increagheasame concentration of Angiotensin IV

in idem samples studied for malondialdehyde pradoand Conjugates Dienes formation.
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Conclusion

In conclusion we can say that with little effecta®ll viability peptide, Angiotensin Il induces
a significant increase in ROS levels and lipid axion products in both thermal conditions,
but more effectively in Hypothermia. ConsideringeteNOS inhibitor ADMA in our
experimental data we obtained an intracellulapoese of increased superoxide radical
levels. This happens also after thermal treatnbgnboth Angiotensin Il pathways. This
effect is mainly due to the interaction of seleete NOS inhibitor ADMA and Angiotensin
II, mainly in reference to the mechanisms for teaayation of reactive oxygen species. The
contribution of Nitric Oxide and combination prodsiof ROS are negligible in the presence
of ADMA [10™“ M]. Only at a lower concentrations of ADMA is pdse to observe a
decrease in the production of Superoxi@eerall, the action of the main changes due to
thermal damage and the action of Angiotensin mhediated by AT receptor, the recovery of
such damages has been accomplished through tlom adtthe reducing natural agent ECG
even at relevant concentrations. Once again weceafirm that the peroxidative damage is
primarily mediated via AR in all tested (thermal and chemical) treatmentlzioations. The
way to reduce the effect is to add reducing agehtstural origin. If the levels used vitro
reproducedn vivo ones, however, high doses of this flavonoid shisldequired . Only the
use of many reducing agents from different soummsd achieve the equivalent effect
without causing collateral damages due to the mear®nveyance (e.g. alcohopn the
basis of the described datAngiotensin IV [10° M] is an effective binding agent and AR
improves the functionality of the HUVECSs. This segts that its action is optima vitro at
that same concentration. By using Angiotensinnhibitors of AT,R and ABLR we
confirmed the data, further suggesting that ATid¥ffective at concentration of this order.
Even under conditions similar to those of endo#ialysfunction(Yang, 2011)the range of
Angiotensin IV remains at current levels lower th@ncentrations studied as effective
vivo. The negative effects after induction of endotlelamage may be induced only at
concentrations higher[10and 10’ M] of Angiotensin IV on the processes of oxidatateess
and lipid peroxidation. Overall Angiotensin IV tedtat lower concentrations enhances the
functionality of HUVEcs while at higher concentmts appears to induce effects similar to
those of Angiotensin I, in fact, in literature thaéfinity constant of inhibitors of Angiotensin

Il is higher than the Angiotensin IV one in sevdraman cells.
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The way ATR is activated by Angiotensin IV [fM] can not be assigned to the function of
collateral pathways in the mechanisms ofi&Ahd AT, receptors in the regulation of

oxidative metabolism in target cells, but this effeappens only at higher concentrations
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LIST OF ABBREVIATIONS

ADMA: asymmetric dymethilarginine

ACD: acil-coenzyme dehydrogenase

Ach: acethylcholine

ADP: adenosine diphosphate
ADP:adenosine diphosphate

Ang Il :angiotensin Il

BH4: tetrahydrobiopterin

CaM: Calcium/Calmodulin

CAMs: cell adhesion molecules

Carb P: Carboxypeptidase

COX-2: Cyclooxygenase 2

CRP: C-reactive protein

CVD: cardiovascular disease

DDAH dimethylarginine-dimethylaminohydrolase
EDRF: endothelium derived relaxing factors
EDNO : endothelium derived nitric oxide
EGCG: epigallocatechin gallate

eNOS endothelial nitric oxide synthase
EPC: endothelial progenitor cell

ERK: extracellular signal regulated kinase
FAD: flavin adenine dinucleotide

FMN: flavin mononucleotide

GM-CSF: granulocyte-macrophage colony
ICAM-1: inter cellular adhesion molecule-1
IL-1: Interleukin-1

IRAP: insulin — regulated aminopeptidase
LDL: low density lipoprotein

LOX-1: LDL receptor 1

MCP-1 macrophage chemoattracnt peptide 1
MMPs: metalloprotease

NADPH: nicotinamide adenine dinucleotide phosphate
NADPH:dinucleotide adenin phosphate
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NO: nitric Oxide

PAF: platelet-activating factor

PAI-1: plasminogen activator inhibitor-1
PGI2: prostacyclin

PRMT: methyltransferasy arginin protein
P-selectin : platelet adhesion molecule
RNS: nitrogen reactive species

ROS : reactive oxygen species

SOD: superoxide dismutase

TFPI: tissue factor pathway inhibitor
TNF-a : tumor necrosis factou
t-PA:plasminogen activator

VCAM: vascular adhesion molecule-1
VWEF : von Willebrand factor
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