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Abstract

Endothelial dysfunction is an early feature of atiselerotic vascular disease, characterized by
a decrease in nitric oxide (NO) bioavailability amd concomitant increase in vascular
superoxide (@) formation. Loss of NO bioavailability precedes tdevelopment of overt
atherosclerosis and is an independent predictoadverse cardiovascular events. Indeed,
decreased NO and enhanced production of reactiygeoxspecies (ROS) have been recognized
as major determinants of age-associated endotlag&linction.

Emerging evidence indicates a significant role ethpy the endothelium also in the onset and
progression of the cardiac allograft vasculopati@AY), a peculiar type of coronary
atherosclerosis which is considered nowadays the fimaiting factor of long-term outcome
after heart transplantation (HT). Furthermore, ptipgite common diseases, such as psoriasis
and hyperparathyroidism, although proven to benateiased risk for cardiovascular mortality
are poorly understood on a cardiovascular pointiedv. The exact pathogenesis of all these
mentioned diseases remains not completely defihesiever it is clear that immunologic
mechanisms operating in the context of common osedicular risk factors lead to impaired
endothelial function, mainly as a consequence cfadsed NO bioavailability and excessive
oxidative stress.

The work submitted in this thesis describes on st studies aimed to investigate
molecular mechanisms underlying endothelial dysioncand vascular inflammation driven by
oxidative stress in the context of aging, hypertem&nd atherosclerosis using in vitro and in
vivo models. On the other side, we present clingtatlies focused on the pathophysiology of
coronary microcirculation as far as functional a&$peare concerned in the immuno-

inflammatory context of cardiac allograft vascultipa



Introduction

The first description of basic cardiovascular catsecan be traced back to the ancient Roman
Age with Galeno (about 200 AD), “the father of espeental physiology”, who first discovered
that arteries contain blood instead of air. Lait@portant achievements were reached by other
renowned anatomists such as Vesalio (1514-1564), e Renaissance. But the foundation of
the modern knowledge of the circulation and the mlayed by the heart, as a pump, have been
established in thExercitatio Anatomica de Motu Cordis et Sanguini®nimalibus written by
William Harvey, in 1628, an English medical doctano trained in Italy, at the University of
Padua. For the first time, Harvey was able to irgegthe single isolated discoveries of his
predecessors, providing a comprehensive undersigufi the cardiovascular system as we
know it nowadays

Later, Modern Age has witnessed major developmientardiovascular physiology thanks to
scientists like E.H. Starling in the 1920s, whoalie®d the“*foundamental properties of the
heart muscle itself and then found out how thesenaodified, protected, and controlled under
the influence of the mechanisms- nervous, chenaindl mechanical- which under normal
conditions play on the heart and blood vessetgioting his remarkable studiés? On the other
side, the existence of pathological cardiovasculanditions have been recognized and
described. The atherosclerotic vascular diseaseitanthain clinical manifestation, angina
pectoris have been firstly reported in thé"X&ntury. In parallel, the earliest descriptions of
some attempts for a pharmacological treatment apgdedlitroglycerin, for example, has been
initially prescribed by physicians in the late™&entury®. A number of new pharmacological
agents found to be of benefit have followed, legdin the constitution of the currently
established cardiovascular pharmacotherapy.

The atherosclerotic vascular disease was hypo#ets cause ischemia and infarction of the

heart and other organs. Acute cardiovascular ischewents, such as stroke, myocardial
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infarction or sudden death, were frequently assediawith localized arterial thrombus
formation. However for many decades, these conditicemained totally mysterious and
unpredictable events. Moreover, hypertension wasg®ized to damage large blood vessels
and the microcirculation of different target orgaasen if the specific mechanisms involved

were unknown.

The revolutionary concepts of vascular biology

The Framingham Heart Study, a large-scale epidegiolinvestigation began in the early

1950s, demonstrated a striking association betwseeanary artery disease (CAD), stroke,
peripheral artery disease with diabetes mellitusMDand aging, forcing physicians to

investigate the possible pathophysiological conoest among those diverse clinical

conditions.

Vascular biology, as the study of vascular celldarmormal and pathological conditions, began
in the 1970s. This novel research discipline, hasesthen enjoyed exponential growth,

allowing the comprehension of common pathophysiclpgocesses afardiovascular diseases

(CVD), especially those linked to atherosclerosid &M. Translation of this knowledge to

clinical practice has profoundly influenced managatrstrategies leading to an improvement of
outcomes.

Traditionally, vascular smooth muscle cell (VSMCaswegarded as the site of control
of the vascular tone in the resistance arteriegeoipheral circulation. The same concept was
translated to the regulation of the contractility the coronary artery tree. In this view, a
coronary spasm or a state of enhanced contracbity believed to elicit angina pectoris or to
precipitate ischemia and myocardial infarction. Bdong time, the endothelium was scarcely
known and just mentioned as a simple, inert, sekecbarrier to the diffusion of

macromolecules from the lumen of the vessel taritegstitial space.



This view completely changed in 1980, when it wasatibed the obligatory role of endothelial
cells in relaxation of arterial smooth muscle betgicholine (Ach)®. A seminal event in the
field of vascular biology, which was later awardedh the Nobel Prize in 1998 to Robert
Furchgott, Louis Ignarro and Ferid Murad. By meahm vitro experiments in organ chambers,
preconstricted arterial rings were demonstratedrelax in response to the muscarinic
cholinergic agonist only if endothelial cells wgreesent. Removing the endothelium by any
means abolished the vasorelaxation, which was reetllay an undefined endothelium-derived
substance that was named endothelium derived ngldaictor (EDRF). EDRF, subsequently,
was shown to be, in large part, nitric oXidBuring the last three decades, several stuties
definitively proved that the endothelium is notyalcell monolayer covering the lumen surface
of the vascular wall, but it is involved in manyykeegulatory functions for the homeostasis of

cardiovascular system.

The endothelium and vascular homeostasis

Endothelial cells (ECs) actively regulate basal cuéer tone and reactivity under both
physiological and pathological conditions, by resiiog to mechanical forces (shear stress and
pulsatile stretch) and neuro-hormonal mediators hie release of a variety of relaxing and
contracting factor§. The endothelium has an endocrine/paracrine fomaind releases EDRFs,
now known to be endothelial autacoids like NO, faogclin (PG}) and a still elusive
endothelium derived hyperpolarizing factor (EDHR)eTlatter mediator is producdd; the
EDHF synthase cytochrome P450 2@nd together with PGmight play an important role in
the microcirculation. A these EDRFs can also inhibit platelet functiond @he proliferation of
VSMCs. On the other hand, ECs may also produceceastrictors and growth promoters, such

as angiotensin 1l (Ang 1), endothelin-1 (ET-1)rdmboxane and prostaglandin H2 (P£H



Thus, the activity of the endothelium extends faydnd the control of vascular tone and
vasomotion. Indeed, the release of vasodilatingiated clearly reflects only one aspect of its
homeostatic and protective role. In normal ECss¢hmediators are synthesized and released to
maintain vascular homeostasis, ensuring adequated bilow, nutrient delivery and waste
removal, while preventing thrombosis and leukodjitpedesis®. The EC monolayer, because
of its strategic anatomic position between theutating blood and the vessel wall components
is the crossroads of diverse signaling pathwayectffg vascular function and structure, one of
the most prominent being the L-arginine/NO pathwBND is constitutively produced by
endothelial NO synthase (eNOS, NOSIII), requirie¢rghydrobiopterin (BH4) as a cofactor,
through a 5-electron oxidation of the guanidineagéen terminal of L-arginine in response to
receptor-dependent agonists (bradykinin, Ach, asieeariphosphate (ATP) or haemodynamic
forces™’. The bioavailability of NO represents a key markvascular health. NO diffuses to
the underlying VSMCs and stimulates the second-emegs cyclic guanosine monophosphate
(cGMP) to cause relaxation. Many, if not most, whlsdor stimuli, such as flow and multiple
G-protein—coupled receptors, including those feo®min and muscarinic cholinergic agonists,
act through such endothelium-dependent mechahism

In addition, a functional endothelium is a majogukator of vascular inflammation and
remodeling. NO finely modulates integrins and otkarface signals expression. An intact
endothelial layer is critical for preventing ciratihg blood cells from exposure to
prothrombotic subendothelial matrix by mediatingl@calar signals that prevent platelet and
leukocyte interaction with the vascular wall and mhibiting VSMC proliferation and
migration'? '3 Moreover, a healthy endothelium actively inhikitserial thrombus formation.
Indeed, endothelium-derived NO limits platelet \aation, adhesion and aggregation, and
inhibits the expression of prothrombotic proteiagshinogen activator inhibitor-hodulating
the balance of profibrinolytic and prothrombotictieity **. Furthermore, platelets have been

shown to express eNOS and to produce NO that likeligs recruitment and aggregation of
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platelets. Endothelial prostacyclin productiongkly dependent on cyclooxygenase 2 (COX-2),
acts synergistically with NO to prevent plateletiaation *°.

In 1997, the isolation of putative endothelial pFogor cells (EPCs) from human peripheral
blood has been reportéd Subsequently, evidence has accumulated docurgethignpresence
of a population of endothelial precursor cells andadult stem cells, derived from bone
marrow, with a specific role in maintenance of ehetal integrity against vascular injury.
These cells are able to home areas of injury acltemsia-induced myocardial and peripheral

neovascularizatioff, healing endothelial integrity.

Endothelial dysfunction, atherosclerosis and vascat inflammation

Endothelial function has largely been investigatebugh the assessment of endothelium-
dependent vasomotion. Indeed, an impaired endathaliependent relaxation reflects an
extensive loss of endothelial function. The firstbfished studies, confirming the utmost
importance of the endothelium in the control ofarastor tone, provided substantial evidence
that endothelium-dependent responses are impairadimal models and patients with vascular
diseas®. Is endothelial dysfunction associated with thevellgoment of coronary
atherosclerosis? The results of a study evaluahisghypothesis were published by Ludmer et
al. in 1986. The authors concluded that Ach cawsease-dependent dilation of coronary
arteries in healthy subjects, while a “paradoxica$oconstriction is observed in patients with
coronary disease, indicating an impaired endotheliiependent coronary vasomotfdnLater,
Quyyumi et al. confirmed that the impaired respomseAch in patients with CAD or
cardiovascular risk factor is largely due to redliceronary availability of endothelium-derived
NO #. Abnormalities of endothelial function in vasomotontrol have been demonstrated both

in large arteries and in the microvasculature inltiple settings besides atherosclerosis,
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including congestive heart failure, systemic anthqanary hypertension. Cardiovascular risk
factors such as DM, smoking, dyslipidemia, hypesi@m, low-estrogen states, were also shown
to have synergistic effect in determining endotdélinction.

The emerging hypothesis following these observatiovas to assess whether common
mechanisms may lead to impaired endothelial ceittion in different conditions. Furthermore,
it was important to characterize how endotheliasfdgction relates to the pathogenesis of
atherosclerosis. Studies addressing these issngaw® to provide remarkable evidence that the
endothelial interface between the vascular wall #relcirculation is the primary site for the
triggering of cardiovascular everfts

A prototypical pattern of vascular changes has beeoposed in atherosclerosis and
predisposing conditions that constitutes a sorsiok vessel syndrome, with the following
hallmarks: endothelial dysfunction, preserved raten of VSMC, exaggerated vasoconstrictor
responses and structural changes/vascular remgdetitally triggered as adaptive and
protective mechanisms that turn out to be delatsrand self sustainirfg.

Under pathologic conditions the endothelium hasduced availability of vasodilating factors,
in particular NO, and an augmented production @oeanstricting factors, leading to impaired
endothelium-dependent vasodilation. Furthermoredottelium derived NO has been
demonstrated to exert a major anti-inflammatorgefind can therefore be considered the most
important endogenous antiatherogenic molecule. thetial dysfunction promotes arterial
inflammation andsice versachronic inflammation maintains a pro-inflammatg@iyenotype of
the endotheliuf?. Therefore EC dysfunction seems to participatetimerosclerotic process
from its inception onwards till ultimate complicatis with a complex and pleiotropic
involvement of inflammation sustained by humoral agllular inflammatory element§ %’

For decades, the fundamental inflammatory natureatbkrosclerosis has been known in
principle, but not fully appreciated. Atherosclasobas been clearly recognized as a chronic,

systemic, and diffuse disease with focal complmsi in different vascular beds. The
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mechanisms by which a specific site is renderecemoone to the development of symptomatic
disease with cardiovascular events were not kndlewever, the observation that all stages of
atherosclerosis may be at distant and multipletioca simultaneously but, at the same time,
this process may spare entire vascular segmentgoldd/pothesize that the interface and
interactions between the vascular wall and theutaton blood is a primary site for the
mechanisms underlying cardiovascular evéitdhe second seminal achievement has been to
understand the importance of oxidation mechanisms nmediating physiological and
pathophysiological responses in blood vessels. ifitieguing observation that only after
exposure of low density lipoprotein (LDL) to endelial cells modified LDL were taken up by
the macrophages to form foam cells led to extensiudies on lipoprotein metabolisth The
modification undergone by LDL was recognized toobe@xidative nature and the presence of
oxidized LDL (oxLDL) have been shown to exert mpiii proinflammatory activities, including
transcription of proatherogenic genes, productiomatrix metalloproteinases and tissue factor,
inhibition of NO activity, and promotion of VSMC aptosis ?°. Over the past years
hypercholesterolaemia has been consistenly asedcwith endothelial dysfunction and has
been established as a major risk factor for theeldgwment of atherosclerosis. OxLDLs
antagonize the endothelial production of NO, redgdhe expression of eNO¥ decreasing
the uptake of L-arginine and enhancing the levelsyimmetric dimethylarginine (ADMAY..In
both coronary and peripheral circulation, hyperebtdrolaemia is associated with impaired
endothelium-derived NO bioavailability, even whése tcoronary arteries are angiographically
normal®2. There is evidence that cholesterol levels evetiénnormal range may be inversely
related to endothelium-dependent vasodilation, d@hd finding has important clinical
implications. This suggests that lowering choledtévels even when it is within the normal
range may improve the production and release ofbtetium-dependent NO and hence
improve endothelial functidi Indeed, lowering of cholesterol levels in patientith

documented CAD leads to decreased rates of myatandarction, and this protective effect
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may in part be due to improvement in endotheliaicfior®™. Recent evidence suggest that
chronic exposure to increased plasma cholesteraldemight also impair the repair of
lipoprotein-mediated endothelial injury, possibly teducing the availability and function of

circulating endothelial progenitor3

Endothelial dysfunction and cardiac allograft vasciopathy: a

paradigmatic immuno-inflammatory vascular disease

Heart transplantation is the treatment of choice datients with refractory end-stage heart
disease. Numerous advances have been achievedien¢ selection, tissue preservation,
surgical techniques as well as in post-transplamhunosuppression, improving short-term
outcomes after H*f' 3" Although the procedure is nowadays considereettffe in extending
and improving quality of life, the onset of CAV rams the major limiting factor of long-term
survival after HT. According to the 25th reporttbé Registry of the International Society for
Heart and Lung Transplantation, CAV is the leadiagse of death between 1 and 3 years after
transplantation. After year 3, CAV accounts for 18%deaths. Angiographic CAV occurs in
54% of all heart transplant patients 10 years aftarsplantation. Intravascular ultrasonography
(IVUS), a more sensitive technique, detects CAWH86 of patients at 3 yedfs The presence
of allograft vasculopathy, is not unique to cardi@nsplantation, but it is a key feature of most
chronic rejection syndromes, limiting long-term fyrsuccess of other solid organ transplants
(e.g. kidney, liver and lung allograft€fX Recent evidence defines CAV as a peculiar
accelerated and aggressive form of CAD, howeveexact pathogenesis remains unciear
Emerging data indicate that the endothelium plagsgaificant role in the onset, progression
and complication of this multifactorial diseasethwboth immunologic and non-immunologic

risk factors contributing to its development. Inygirg our understanding of the integral role of
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the endothelium in CAV is of crucial clinical inest since it could provide further insights into
the related pathophysiological mechanisms and plessew strategies for CAV prevention and
therapy.

CAV is a fibroproliferative vascular disease resgitfrom “chronic rejection” of the cardiac
allograft *® 3" %2 As transplanted patients increase in number aedldnger, non-transplant
physicians need to be familiar with the pathophggjg and clinical presentation of CAV. The
disease is a wholly peculiar arteriosclerotic gntlany features are similar to both traditional
atherosclerosis and arteritis, but there are atsdmae time important differences in both
pathology and distribution of the disease. CAV @&sed by immunologic mechanisms that
combine with non-immunologic factors leading togistent endothelial injuf§ ** The result is
intimal thickening and VSMC proliferation. Intimélyperplasia progresses towards coronary
obstruction, which ultimately ends up in graft teaé.

The pathogenesis of the disease is complex, stnoealves a peculiar, chronic, progressive
immune-mediated insidious injury, refractory to eentional immunosuppression, intertwining
with non-immunologic factors such as older donoe,agex, obesity, diabetes mellitus,
hypertension, hyperhomocysteinemia (HHcy), cytorfmgaus (CMV)  infectior”,
ischemia/reperfusion (I/R) injury, brain de&thand prothrombogenicity. Along with
hyperlipidemia and insulin resistance, which are thost significant non-immunologic risk
factors, occurring in 50% to 80% of the HT populaif. The recent evidence demonstrates that
both the fibroproliferative disease resulting froohronic rejection and the classical
atherosclerosis, arise secondary to endotheligudgsor’°. The endothelium seems to be
initially a target, but lately an active playertie CAV process. The current accepted paradigm
suggests that an initial specific immune-mediatgdry trigger a following chronic non-specific
inflammatory response due in part to conventionsk factors and in part to continuous
repetitive immune damage. As a consequence ofrthisfactorial injury, the endothelium may

become first activated and afterwards dysfunctior@ note, once the injury has been
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sufficiently strong and prolonged, the balanceefirdtively tipped towards stable endothelial

damage and fibroproliferative modifications of thessel wall. Then, the vicious circle becomes
self-sustaining and autonomous, leading to CAV mssjon towards clinical complicatidfis

0 Understanding the exact role of endothelial dysfion in the initiation and progression

CAV is important in order to achieve insight inteetoccurrence of late heart failure after HT.

Evaluation of endothelial function

Since endothelium plays a central role in the pgehesis of cardiovascular disease, to establish
a reliable, accurate and easily reproducible assm#sof endothelial function represents a
cardinal goal for clinical cardiology. Endotheliinction may be tested by 2 main methods.
These tests are based on the concept that cetiauulistrigger the release of NO from the
endothelium to mediate vascular relaxation. End@theasomotor testing may be performed in
the coronary circulation by use of quantitative iaggaphy with measurement of coronary
artery diameter, before and after infusion of vatiwa substances, i.e. acetylcholine. Whereas
acetylcholine caused a dose-dependent dilationoobnary arteries in healthy subjects, a
“paradoxical” vasoconstriction was observed in oese to acetylcholine in patients with
coronary disease, indicating an impaired endotheliependent vasomotith Later, Quyyumi

et al confirmed that the impaired response to acetyiicbon patients with coronary disease or
cardiovascular risk factor was largely due to reducoronary availability of endothelium-
derived NG? Although quantitative angiography is still coresied the gold standard for the
evaluation of endothelial function, it is an inwasiand time consuming procedure. Hence, it is
not suitable to detect early onset of endothelitdrations or to be repeated many times to
monitor therapeutic interventions. Unfortunatelye trecently introduced IVUS, which allows
not only endothelial function evaluation, but alsatremely promising measurement of

atheroma burden beyond mere angiographical lunmaglowing, shares the same limitations
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described for coronary angiography. The alternagmdothelial vasomotor tests involve the
peripheral circulation. Venous occlusion pletisnagry permits assessement of endothelial
function measuring vasodilator capacity of the #&one resistance vessels when venous outflow
is stopped by blood pression cuff inflation; vasoac drugs can be administered directly
through brachial artery cannulation. It is a pragedreproducible and accurate, but still
moderately invasive and though, not suitable feogdascale applications. Among recently
alternative methods, the measurement of flow medidtlation (FMD) of the brachial artery in
response to increased shear stress during hyperewiita high-resolution ultrasound was
introduced in 1992 by Celermajer et®alas a non-invasive endothelial function test.
Accordingly, it was demonstrated that flow-depend®glation of the radial and brachial arteries
is largely sustained by NO synthasend therefore provides a valuable “read-out” cfcudar
NO availability. This approach has now been useduoyerous groups throughout the world to
monitor endothelial function, with demonstratiomatttthe major cardiovascular risk factors
impair FMD in a progressive manner, so that a nsmeere impairment of flow-dependent
vasodilation is observed with increasing numbensstf factors®. Several, but not afl, studies,
show a comparable predictive value of FMD and cargrendothelial function to detect the
presence and extent of CAD*® Furthermore, a recent study evidenced a corogldietween
results of FMD and cardiac stress single photonssiom computed tomography imaging
(SPECT), which is another well established andabdi method to assess flow-limiting CAD
However, the presence of controversial observationsthe possibility to correlate FMD
findings with other endothelial vasomotor tests, maly in different vascular beds, but also in
the same vascular distfitnd the evidence of some intrinsic methodolodicaitations, such
as high variability, lack of standardized proto¢catsra/interobservers variability, still preveot t

validate FMD as a clinical established tool, altiowery promisinty.
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Assessment of coronary flow reserve to investigathe
pathophysiology of coronary microcirculation in heat

transplantation

Early clinical diagnosis of CAV is difficult, owintp the denervation of the transplanted heart.
Patients with CAV do not usually experience cheshpbut typically are asymptomatic until
they present with sudden death or congestive liaéute, including fatigue, impaired exercise
toleranc& and ventricular arrhythmifls Several noninvasive screening methods such as
dobutamine stress echocardiograhgnulti-slice computer tomograpty magnetic resonance
imaging® have not proved yet fully reliable even if encaing results have been achieved
% Therefore, periodic coronary angiography are gveréd for routine CAV diagnosis and
surveillance in most transplant centers, however gbnsitivity of this procedure, except for
significant focal stenosis, is quite low. Coronamygiography frequently underestimates the
extent and severity of the disease; by the commweolvement of small intramyocardial vessels
and by the occurrence of functional coronary aliens early before morphological changes are
preserft’. IVUS technology is more sensitive than angiogy/@pHVUS, using an intracoronary
catheter with a transducer at its tip, uniquelpwal to visualize distinctively the 3 layers of the
vessel wall, the intima, media, and adventitia. 8/bas been helpful in addressing the role of
donor transmitted coronary artery diseaseCAV arisingde novo Using this method, it has
been shown that CAV (as coronary intimal thickehicgn be demonstrated in almost all
patients, being as high as 75% at 1 year aftef ldifd occurs most rapidly during the initial 2
years after transplafit Usually only 1 of the major epicardial vesselgtsged, when imaging
of all 3 vessels is performed the percentage aéptst with CAV is even higher. The incidence
of angiographically-diagnosed CAV is 42% at fiveas& while using multi-vessel IVUS, 58%
of HT patients have CAV at 1 year, 71% at 2 years] 74% at 3 yeals Intimal thickening
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diagnosed by IVUS predicts later angiographic CAYd is associated with impaired survival
even in patients with normal angiographyProgression of intimal thickening during the fiirs
year after heart transplantation detected with IM&& reliable surrogate marker for subsequent
adverse events The widespread use of IVUS is limited by seveseblems. The cost is
markedly more than angiography alone. The procedutéme-consuming and increases the
complexity and risks of an invasive angiogram. Laflextensive expertise is also a limiting
factor. Finally, complete evaluation of the entiaonary tree is not feasible due to the physical
size of the IVUS catheter, leaving the secondanguiary vessels unexplored.

Early CAV diagnosis remains the key for identifioat of recipients who are prone to develop
the disease and suffering subsequent allografir&ailGrowing interest is receiving the early
assessment of the microcirculatory function in¢beonary vascular bed, since at this level it is
provided the primary control over myocardial tisp@gfusion. Thus, the study of microvascular
function may be more physiologically relevant thalterations in epicardial arteries. Most
studies suggest that these 2 entities are distittictdifferent implications.

A body of literature demonstrating impaired endbtime-dependent vasomotor function and a
derangement of the eNOS system in coronary arterieslT patient8® ** 2 shows that
endothelial dysfunction can be observed early aft@nsplantation and predicts subsequent
development of CAY? as well as adverse clinical outcorffeMicrocirculatory aberrations tend
to be present across all coronary territories irdiea transplant recipients and are associated
with poor survival, suggesting a generalized miasoular involvement even in the presence of
a normal angiografm Other investigators have found heterogeneousidision in endothelial
dysfunction according to the vessel section exathamwell a as the drug u$&dPredominant
allograft microvascular dysfunction is detectabiearound 15% of patients after HT Very
recently, stenotic microvasculopathy (detectediop$y samples) has been characterized as a

prognostic factor for long-term survival after FBven if not in all studi€d
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Coronary flow reserve (CFR) is an important functib parameter commonly used to
investigate the pathophysiology of coronary cirtola The available methodologies in
assessing CFR have been either invasive such asttheoronary Doppler flow wire (IDFW),
or expensive and scarcely available such as thérgosmission tomography. In fact the
evaluation of endothelial function in many studlesve been investigated with an invasive
Doppler flow wird” hence, not suitable to detect early onset of drediai alterations or to be
repeated many times to monitor therapeutic intdrean. The ability to detect and distinguish
changes in epicardial and microvascular functiomlyeand non invasively may aid in
identifying modifiable factors that lead to CAV. Ogroup has focused on the use of contrast-
enhanced transthoracic echocardiography (CE-TTEssessing CFR. We demonstrated that
blood flow velocity and flow reserve recording a$tal left anterior descending artery (LAD),
having a superficial course close to the anterfast wall, is possible during a transthoracic
Doppler study and can be greatly improved usingtrash and second harmonic Doppler
technolog{®. CFR by CE-TTE is a noninvasive, reproduciblesfiele and reliable method for
the CFR assessment. It has been validesedn independent reference method such as IDFW
showing close correlation in patients with and withCAD?. We®? studied 73 patients a mean
of 8 years after HT and found that using a CFR f€utd 2 or less, the specificity for
angiographic luminal irregularities or more sigc#int disease was 100% (sensitivity of only
38%). Using a ROCderived cutoff of 2.7, the spetii and sensitivity were 87% and 82%,
respectively. Latéf we showed that a CFR of 2.6 or less was assooithd 3.1 relative risk
of death, myocardial infarction, congestive heaiufe, or need for percutaneous intervention

at a mean of 19 months. This technique, howevéajrly new and further data are required.
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Outline of the thesis

Based on the background presented above, the wbrkited in this thesis describes on one
side the studies aimed to investigate molecularhar@isms underlying endothelial dysfunction
and vascular inflammation driven by oxidative sirés the context of hypertension and
atherosclerosis using in vitro and in vivo mod@lsese studies have been performed during the
Fellowship | have spent in the Cardiovascular Resedivision at the Department of
Cardiology and Physiology at the University Hospitand at the University of Zdirich,
Switzerland.

On the other side | present clinical studies ainwedrovide novel understanding of the
pathophysiology of coronary microcirculation as & functional aspects are concerned in
conditions such as cardiac allograft vasculopathynlammatory disease i.e. psoriasis and
hormon disorders, like primary hyperparathyroidishthese studies have been built up along
with clinical and echocardiographic follow up ofeie patients, clinical data collection and
database maintenance in parallel with the developraad validation of new non invasive
imaging techniques to provide functional assessroétiie coronary microvasculature. These
studies have been performed during my residentlgeaDepartment of Cardiac, Thoracic and

Vascular Sciences, Cardiovascular Unit of the Ursitg of Padova, Italy.
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PART 1. UNDERSTANDING MOLECULAR PATHWAYS OF

ENDOTHELIAL DYSFUNCTION AND ATHEROSCLEROSIS

ORIGINAL DATA

Experimental studies
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c-Jun N-Terminal Kinase 2 Deficiency Protects Against
Hypercholesterolemialnduced Endothelial Dysfunctiorand

Oxidative Stress

Atherosclerosis is a systemic immunoinflammatorgedse that develops in response to
endothelial injury: Indeed, the endothelium is a key determinant ofcular integrity.
Hypercholesterolemia, a well-known risk factor faardiovascular disease, leads to
accumulation and oxidation of low-density lipopiateholesterol within the intima of the
vessel wall, triggering endothelial dysfunction gmoinflammatory milieu as crucial steps in
the early phase of the atherosclerotic proéedsidative stress, resulting from an imbalance
between reactive oxygen species (ROS) and the xafaiat defense system, is a crucial
mediator of hypercholesterolemia-induced endothdljafunction®* Indeed, ROS interact and
inactivate nitric oxide (NO) and lead to proteitraiion and lipid peroxidation. The c-Jun N-
terminal kinases (JNKs), also known as stress-aietil protein kinases, are serine/threonine
protein kinases belonging to the mitogen-activatentein kinase superfamifyJNKs play a
fundamental role in stress responses, cell survaral apoptosis. The JNK pathway is activated
by stress factors such as ultraviolet radiatiopertision injury, ceramides, and inflammatory
cytokines® The dimerization of JNK leads to activation of ethkinases, their nuclear
translocation, and subsequent modulation of theigcof different transcription factors such as
c-Jun, ATF-2, Elk-1, p-53, and c-mycThree distinctINK genes have been describdK1,
JNK2 andJNKS3 encoding for different isoformgNK3 expression is restricted to brain, heart,
and testis, wherea3NK1 and JNK2 proteins are ubiquitously expresge@oth JNK1- and
JNK2-deficient mice are viable, indicating that neitlBiK1nor INK2 plays an essential role in
development and normal cellular functions; howewganetic disruption of botlINK1 and
JNK2 is lethal? Studies using gene targeting as well as JNK itdibi demonstrated the
involvement of INK1 and JNK2 genes in several pathological conditions includaamcer,
immune diseases, and neurological diseases asawetietabolic disorders and inflammatory
conditions such as arthritis and atherosclerfsisKs are expressed in vascular smooth muscle
cells and endothelial cells and activated by a walege of stimuli such as oxidative stress,
mechanical stretch, hypertensiBi> hyperglycemia, apoptost$and inflammatiort® A recent
study suggested a role of JNK in endothelial dysfiom: short-term exposure of coronary

arterioles to tumor necrosis factm+induced endothelial dysfunction through activaidddNK
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signal transduction pathway and generation of sigiée anion> We recently reported a
critical role of INK2 in atherogenesis showing th#it{{K2 is required for foam cell formation
within the atherosclerotic plaque by activating $itavenger receptor R.The role ofJNK2in
the early stage of atherosclerosis related to éetlat dysfunction as it occurs under
hypercholesterolemic conditions remains unknownusTtwe comparedNK2deficient with
wild-type (WT) mice exposed to a high-cholester@tHCD) or a normal diet (ND). We
found that endogenouBNK2 is critically involved in hypercholesterolemia-inckd endothelial

dysfunction and oxidative stress.

Methods

Animals and Diets

JNK2-/- and WT mice (both in a C57BL/6J background) wetd#aimed from Jackson

Laboratory (Bar Harbor, Maine) and kept on a regdiat. Mice were housed in temperature-
controlled cages (20°C to 22°C), fed ad libitumd anaintained on a 12/12-hour light/dark
cycle. At the age of 8 weeks, mice were fed a NDaddCD (D12108 containing 1.25%
cholesterol; Research Diets, New Brunswick, NJ) Idr weeks, respectively. All animal

experiments were approved by the local instituti@mémal care committee.

Plasma Lipid Measurements

At the time of tissue harvesting, 0.5 to 1 mL obdd was drawn from the right ventricle with
heparinized syringes and immediately centrifuged°&, and the plasma was stored at -80°C.
Total cholesterol, triglycerides, and free fattydacwere analyzed with the reagents TR13421,
TR22421 (both Thermo Electron Clinical Chemistry akutomation Systems, Thermo Fisher
Scientific, Waltham, Mass), and 994-75409 (Wako Bicals GmbH, Neuss, Germany), as
recommended by the manufacturer. The lipid distrdouin plasma lipoprotein fractions was
assessed by fast-performance liquid chromatogrgpghfiltration with a Superose 6 HR 10/30
column (Pharmacia, Basking Ridge, NJ).

Tissue Harvesting

Mice were euthanized by intraperitoneal adminigirabf 50 mg/kg sodium pentobarbital. The
entire aorta from the heart to the iliac bifurcatwas excised and placed immediately in cold
modified Krebs-Ringer bicarbonate solution (pH B4;C, 95% 02, 5% CO2) of the following
composition (mmol/L): NaCl (118.6), KCI (4.7), C&C(2.5), KH2PO4 (1.2), MgS0O4 (1.2),
NaHCO3 (25.1), glucose (11.1), and calcium EDTAO028). The aorta was cleaned from

23



adhering connective tissue under a dissection wooe and either snap-frozen in liquid

nitrogen and stored at -80°C or used immediatelpfgan chamber experiments.

Organ Chamber Experiments

For endothelial function experiments, aortas weitdarto rings (2 to 3 mm long). Each ring was
connected to an isometric force transducer (Mulyielgraph 610M, Danish Myo Technology
A/S, Aarhus, Denmark), suspended in an organ charfibed with 5 mL Krebs-Ringer
bicarbonate solution (37°C, pH 7.4), and bubbletth\®b% 02, 5% CO2. Isometric tension was
recorded continuously. After a 30-minute equililmatperiod, rings were gradually stretched to
the optimal point of their length-tension curvedegermined by the contraction in response to
potassium chloride (100 mmol). Concentration-respocturves were obtained in a cumulative
fashion. Several rings cut from the same arteryewstudied in parallel. Responses to
acetylcholine (18 to 10° mol/L; Sigma-Aldrich, St Louis, Mo) in the presenor absence of
polyethylene glycol-superoxide dismutase (PEG-SABQ U/mL, Sigma-Aldrich) were
recorded during submaximal contraction to norepfiniege (10° mol/L). The NO donor sodium
nitroprusside (18° to 10° mol/L; Sigma-Aldrich) was added to test endothalitndependent

relaxation. Relaxations were expressed as a pagewf the precontracted tension.

Measurements of NO, O2-, and ONOO-

Concurrent measurements of NO, O2-, and ONOO- eréormed with 3 electrochemical
nanosensors combined into 1 working unit with altdiameter of 2.0 to 2.5 um. Their design
was based on previously developed and well-charaete chemically modified carbon-fiber
technology**"*®* Amperometry was performed with a computer-basedni@aVFP600
multichannel potentiostat. A current at the peakeptal characteristic for NO (0.65 V)
oxidation and ONOO- (-0.40 V) or O2- (-0.23 V) retlan was directly proportional to the
local concentrations of these compounds in the idiate vicinity of the sensor. Linear
calibration curves (current versus concentratiogyevconstructed for each sensor from 10
nmol/L to 2 umol/L before and after measurementthvaliquots of NO, O2-, and ONOO-
standard solutions, respectively. At a constantadie of the sensors from the surface of the
endothelial cell, the reproducibility of measurenseis high (5% to 12%). The consumption of
redox species by nanosensors depends on the afeaeectrode (<0.12 umq) and the duration
time of electrolysis %5 to 10 seconds). For the amperometric measurenusets, it varied
between 0.04% and 0.1% of the NO, O2-, and ONOQ@K pmncentration. This value is

negligible compared with the experimental error.eThosition of nanosensorsy, z
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coordinates) versus the endothelial cell was estadd with the help of a computercontrolled
micromanipulator. To establish a constant distafioen cells, the module of sensors was
lowered until it reached the surface of the celimbeane. After that, the sensors were slowly
raised 4+1 um Z coordinates) from the surface of cells. The senseese then moved
horizontally &, y coordinates) and positioned above a surface oforahd chosen single
endothelial cells in an aortic ring. Acetylcholinas then injected with a nanoinjector that was
also positioned by a computer-controlled micromalafor.

Western Blotting

Frozen samples of aortas were pulverized and aisddh lysis buffer (120 mmol/L sodium
chloride, 50 mmol/L Tris, 20 mmol/L sodium fluorid@ mmol/L benzamidine, 1 mmol/L
dithiothreitol, 1 mmol/L EDTA, 6 mmol/L EGTA, 15 mollL sodium pyrophosphate, 0.8
ug/mL leupeptin, 30 mmol/Lp-nitrophenyl phosphate, 0.1 mmol/L phenylmethylsnif
fluoride, and 1% NP-40) for immunoblotting. Celllalis was removed by centrifugation (12
00Qg) for 10 minutes at 4°C. The samples (20 ug) wezatéd with x5 Laemmli’'s SDS-PAGE
sample buffer (0.35 mol/L Tris-Cl, pH 6.8, 15% S[36,5% glycerol, 0.0075% bromophenol
blue), followed by heating at 99°C for 5 minutesd dhen subjected to 10% SDS-PAGE gel for
electrophoresis. The proteins were then transfeoreéd Immobilon-P filter papers (Millipore
AG, Bedford, Mass) with a semidry transfer unit @fgr Scientific, San Francisco, Calif). The
membranes were then blocked by use of 5% skim milkBS-Tween buffer (0.1% Tween 20;
pH 7.5) for 1 hour at room temperature and incubatih anti total JINK and p-JNK; (1:1000
dilution; Santa Cruz Biotechnology, Inc, Santa Cralif), anti-NOS3 rabbit polyclonal
antibody (1:1000 dilution; Santa Cruz Biotechnoldgg), anti-phospho (Serl1177)— endothelial
NO synthase (eNOS) rabbit polyclonal antibody (D;26ell Signaling), anti-Mn-SOD rabbit
polyclonal antibody (1:2000; Upstate USA Inc, Chtdsville, Va), anti-Cu/Zn-SOD rabbit
polyclonal antibody (1:2000; Upstate Biotechnologppke Placid, NY) and antiextracellular
(EC)-SOD (1:1000; Upstate Biotechnology) for 1 hatroom temperature. Membranes were
then incubated with the secondary antibody (hodigia peroxidase—conjugated anti-
mouse/rabbit immunoglobulin antibody; Amersham Biesces, Piscataway, NJ) at a dilution
of 1:2000. Prestained markers (Bio-Rad LaboratpHescules, Calif) were used for molecular
mass determinations. The immunoreactive bands wedetected by an enhanced
chemiluminescence kit (Amersham Biosciences). Antitbulin mouse monoclonal antibody
(2:2000) or antm-actin (1:1000; Sigma-Aldrich) was employed as adiag control. Western
blots were quantified densitometrically (Nationastitutes of Health Image 1.6, Bethesda, Md).
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Immunohistochemistry and Superoxide Detection

Freshly isolated aortic segments were immediateipezided in OCT medium and snap-frozen
in pentane/liquid nitrogen. Cryosections of 6-untkhess were mounted on SuperFrost glass
slides and incubated at 37°C for 30 minutes witbhniol/L dihydroethidium for superoxide
detection. To stain for protein-bound nitrotyrosoreMin-SOD, sections were fixed in 4% PBS-
buffered formalin for 5 minutes, blocked with 10968 in PBS, and incubated with polyclonal
anti-nitrotyrosine antibody (1:50; Upstate) andi-M-SOD antibody (1:250; StressGen,
Victoria, Canada) at 4°C overnight, respectivelpr Wisualization, the secondary antibody
(Alexa568 anti-rabbit 1gG; 1:300; Molecular Prob€srlsbad, Calif) was incubated for 1 hour
at room temperature. Slides were then rinsed, eddaknh glycerin-PBS, and examined under a
fluorescent microscope (DM-IRB; Leica, Heerbruggyit®erland) connected to a digital
imaging system (Spot-RT; Diagnostic Instrumentsfxoa Systems, Puchheim, Germany).
Pictures were obtained with identical camera anctascope settings. Dihydroethidium-stained
specimens were background-corrected for autofleerese of elastic fibers and the basal

lamina with the use of ImageJ/ National Instituésiealth (rsb.info.nih.gov/ij/).

Thiobarbituric Acid Reactive Substances Assay

In vitro assessment of aortic levels of lipid pedation was performed with the use of the
thiobarbituric acid reactive substances (TBARShagdst (OXItek, ZeptoMetrix Corp, Buffalo,
NY), according to the manufacturer’s instructioBsiefly, snap-frozen tissue was crushed in a
prechilled mortar and pestle and resuspended an@eatration of 50 mg/mL in PBS. Then 100
uL of homogenate was added to SDS solution anddrtixeroughly. After TBA/buffer reagent
addition, samples were incubated at 95°C for 60ubem and centrifuged at 3000 rpm at room

temperature for 15 minutes. Absorbance was re&8zanm.

Statistical Analysis

Results are expressed as meantSEM, and n indivatelser of experiments. Statistical analysis
was performed with Studertttest for simple comparisons between 2 values. Foltipte
comparisons, results were analyzed by ANOVA folldviyy Bonferroni post hoc correction. A
value ofP<0.05 was considered statistically significant. Bug¢hors had full access to and take
full responsibility for the integrity of the datall authors have read and agree to the manuscript

as written.
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Results

Lipid Profiles

We determined plasma cholesterol, triglyceridesl, faee fatty acids idNK2-/-and WT mice
fed either a HCD or a ND (Table). BothiNK2-/- and WT mice developed significant
hypercholesterolemia after 14 weeks of HCD. Intémgl/, JNK2-/- mice had slight but
significantly increased levels of total plasma estérol compared with WT mice on either ND
or HCD (Table). No difference in plasma triglycexsdor free fatty acids was observed between

the groups (Table).

Hypercholesterolemia Activates Aortic INK

To determine the effect of hypercholesterolemialdK activation, we compared Western blot
analyses of aortic lysates from normocholesterateand hypercholesterolemic WT mice using
a phosphospecific JNK antibody. Aortas from WT mime HCD showed increased JNK

phosphorylation compared with vessels from WT on(RQure 1).

JNK2 Deletion Protects From Hypercholesterolemia-Inducedendothelial Dysfunction
Isometric tension studies demonstrated no diffex@nosascular contractions to norepinephrine
between aortas obtained from WT 6rmice fed either a HCD or ND (data not shown).
Endothelium-dependent relaxations to acetylcholvere impaired in WT mice on HCD
compared with WT mice on ND. Interestingly, endditira-dependent relaxations remained
normal inJNK2-/-HCD mice, suggesting a preserved NO bioavailabiéitzored by the lack of
JNK2 (Figure 2A). Concurrent with this notion, additiohthe free radical scavenger PEG-SOD
(150 U/mL) significantly improved endothelium-depgent relaxations in HCD WT mice
(Figure 2B). Endothelium-independent relaxationsadium nitroprusside were similar in all

groups (data not shown).

Preserved Endothelial NO Release in Hypercholestdemic JNK2-/- Mice

For assessing NO bioavailability at the level ofl@helial cells, we determined NO in single
endothelial cells using nanosensors. After stinmatvith acetylcholine (16 mol/L), maximal
NO levels were 242+10 nmol/L in WT mice on ND aretceased50% in WT mice on HCD
(Figure 3A). In contrast, similar levels of NO rade were found IINK2-/- mice on ND or
HCD (Figure 3A).
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Decreased Oxidative Stress in HypercholesterolemiiNK2-/- Mice

To determine the effect of hypercholesterolemiaogidative stress in endothelial cells, we
measured superoxide anion (O2-) and peroxynit@®@O-) production in single aortic
endothelial cells. A significant increase in O2ncentration was observed in WT mice exposed
to HCD compared with WT mice on ND, whereas no ificgmt hypercholesterolemia-induced
changes were observedJNK2-/- mice (Figure 3B and 3C). In agreement with presgO
bioavailability and O2- findings, ONOO- concentoais were increased only in WT but not in
JNK2-/- mice fed a HCD (Figure 4A). Because ONOO- leadsntweased 3-nitrotyrosine—
containing proteins, we performed in situ immuntdgbiemistry with a polyclonal antibody
against 3-nitrotyrosine in aortic cross sectiali$ék2-/-HCD mice showed a markedly reduced
immunoreactivity both in the endotheliumand in thedia compared with diet-matched WT
mice (Figure 4B). This favorable redox profile weenfirmed by measuring aortic TBARS
levels. After HCD exposure]NK2-/- mice did not exhibit an increase in lipid peroxida

compared with WT mice (Figure 4C).

Free Radical Scavenger Expression and Activity

Protein expression of 3 pivotal free radical scgees was assessed to determine whether an
upregulation of antioxidant defense mechanisms t@gplain the preserved NO bioavailability

in hypercholesterolemigNK2-/-mice. Cu/Zn-SOD was similar in all experimentadgps (data

not shown), whereas aortic expression of MNn-SODEGeSOD was significantly decreased in
WT mice fed a HCD compared with WT mice on a NDy(fFe 5A and 5B). By contrast, levels
of Mn-SOD and EC-SOD idNK2-/- HCD were similar to WT ND mice (Figure 5A and 5B).
Unexpectedly,JNK2-/- ND mice exhibited a reduced expression of both Sid@forms
compared with diet-matched WT mice (Figure 5A amj.5Accordingly, immunofluorescent

stainings for Mn-SOD showed similar results in moctoss sections (Figure 5C).

Increased eNOS Expression idNK2-/- Mice

To obtain more insight into the mechanisms of prese NO bioavailability inJINK2-/- mice
with hypercholesterolemia, we quantified eNOS eggian in aortic lysates. ENOS expression
was not affected by HCD in WT mice, whereldK2-/- HCD mice showed a significantly
increased expression of eNOS (Figure 6A). Furtheemim determine whether NO production
was also regulated by eNOS activity, we performdditeonal blotting of phosphorylated

Serl177-eNOS in pooled samples. pS1177-eNOS prieeals were similar in aortic lysates
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from JNK2-/- on either diet and WT mice on ND. In contrast, feend reduced eNOS
phosphorylation in WT mice on HCD (Figure 6B).

Discussion

The present study demonstrates for the first tina¢ genetic deletion afNK2 protects against
hypercholesterolemiainduced and ROS-mediated eali@thdysfunction. The following
findings support our conclusidntong-term exposure of WT mice to a HCD inducesti@or
JNK phosphorylatioh In contrast to WT mice, long-term exposureJhi2-/-to HCD did not
impair endothelium-dependent relaxation to acetfick®. Lower ONOO- levels in
hypercholesterolemidNK2-/- mice were associated with decreased protein ioitrand lipid
peroxidation. Accordingly* expression of the antioxidant enzymes Mn-SOD a@eSBD was
increased IINK2-/-mice. In contrast, we observed a downregulatiothese enzymes after 14
weeks of HCD in WT mice. Genetic deletion of JNK2d dnot affect severity of
hypercholesterolemia, althougiNK2-/- mice had slightly but significantly increased lsvef
total cholesterol compared with WT mice fed witther ND or HCD. Thus, we could rule out
that differences observed among the 2 groups warsed by different experimental conditions.
In contrast to our findings, a recent study showadilar total plasma cholesterol levels in
IJNK2-/- and WT controfS. Preserved bioavailability of NO is a key marker wascular
integrity. In vivo, activity of the L-arginine/NOgthway is determined by a balance between
synthesis and breakdown of NO for its reaction w@R-. This balance is impaired in
hypercholesterolemia and atherosclefd$ts Endothelial dysfunction, reflected by impaired
endothelium-dependent relaxation, occurs in expamtad models of hypercholesterolemia, as
was confirmed in WT mice of this study> Similarly, many clinical studies reported abnokma
endothelium-dependent vasodilation in hyperchoteltmic patients’. Hypercholesterolemia
induces a series of molecular events that incrdas@roduction of ROS and inactivate NO to
form ONOO?°, In this study, acetylcholine-induced relaxatidd dot differ betweerdNK2-/-
and WT mice in control conditions of normocholestemia following ND. However, on
chronic hypercholesterolemia induced by 14 week8l©GD, WT mice but notINK2-/- mice
developed endothelial dysfunction. The finding thdtlition of the free radical scavenger PEG-
SOD restored endothelium-dependent relaxation in Mide on HCD suggests an important
role of ROS in this context. Hypercholesterolenmdticed oxidative stress has been attributed
to activation of oxidases in the vasculature andirifiltrating leukocytes? Moreover,

hypercholesterolemia has been shown to impair @dBot defense mechanisms against
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ONOO- formatior?> To investigate whether preserved endothelial fonct in
hypercholesterolemidNK2-/- mice was associated with increased bioavailabdityNO, we
assessed NO release from single endothelial cé#s atimulation with acetylcholine. In
hypercholesterolemic control mice, NO levels desedaby=50%, whereas they remained
unchanged iNJNK2-/- mice. Because O2- is the main inactivator of N@, tested whether
decreased endothelial production of O2- contribtdescreased NO bioavailability iNK2-/-
mice. We found enhanced O2- production in hypeesterolemic WT mice compared with
mice on ND, whereas no significant dietinduced desnwere detected iGNK2-/- mice.
Dihydroethidium stainings of aortic segments conéd these findings.In aortas exposed to
chronic hypercholesterolemia, the reaction of N@ @2- leads to enhanced ONOO- formation
and, in turn, increased nitrotyrosine residues,ciiare typical end products of the reaction of
ONOO- with biological compounds?® Tyrosine nitration is responsible for inactivatiofi
several enzyme¥.Our group has shown that nitration of Mn-SOD andsfacyclin synthase
occurs in aged and diabetic mice, respecti?&fy.In agreement with the notion thaNK2
deficiency induces preserved NO bioavailability betluced O2- production, we found that
ONOO- concentrations were increased in WT but naNK2-/- mice fed a HCD. In parallel,
nitrotyrosine immunoreactivity was detected in betidothelium and smooth muscle cells of
hypercholesterolemic mice, as shown previously hy group®® However, aortas from
hypercholesterolemic WT mice exhibited enhanced umostaining compared with diet-
matchedINK2-/- mice. ONOO- contributes to atherogenesis by prargdipid peroxidatior?*

In contrast to hypercholesterolemic WT micH\K2-/- mice were protected against lipid
peroxidation, as determined by TBARS in aortic tgsa To investigate whether antioxidant
defense mechanisms contribute to the preservedtteridd function in hypercholesterolemic
JNK2-/-mice, we assessed protein expression of 3 pi@Ralscavengers. Aortic expression of
Mn-SOD and EC-SOD was decreased in hypercholestarol WT mice compared with
normocholesterolemic controls. By contrast, both DD and EC-SOD were induced after 14
weeks of hypercholesterolemia dNK2-/- mice. Furthermore, in situ immunohistochemistry
showed that changes in Mn-SOD expression occuugffaut the aortic vascular wall. These
findings suggest that the ability of the SOD scaweg system to respond to oxidative stress
remains intact iINK2-/- mice. Unexpectedly, normocholesterolerdidK?2-/- mice exhibited a
reduced expression of Mn-SOD and EC-SOD compar#uddiet-matched WT mice. However,
these changes did not translate into differencesndothelium-dependent, NO-mediated
responses, as shown by organ chamber experimehia aitu measurements of NO release. At

low concentrations, O2- diffusion is slow, and Q2-scavenged by highly diffusible NO.
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Therefore, at low O2- iIINK2-/-mice on ND, SOD may be less competitive for OzantiNO.
This process may change under high O2 and low N@Ide as found in the context of
hypercholesterolemia, in which the role of SOD lees more substantial. Accordingly, the
reduced expression of Mn-SOD and EC-SODINK2-/- mice on ND did not translate into
changes of NO, O2-, and ONOO- production. To obtaore insight into the mechanisms of
preserved NO bioavailability in hypercholesterolendNK2-/- mice, we assessed eNOS
expression in aortic lysates. Western blot analysigealed higher eNOS expression in
hypercholesterolemidNK2-/- compared with WT mice. Conflicting data have beeported
related to the regulation of eNOS during hypercétel®lemia. Evidence exists of reduced
transcription and enhanced breakdown of eNOS trgatscon increasing concentrations of
oxidized lowdensity lipoprotein. Long-term stimudat with oxidized lowdensity lipoprotein
may also lead to a decrease in the amount of N@®iprthrough induction of cytokinés.
Experimental atherosclerosis is associated withirammeased eNOS expression and NO
production, whereas decreased eNOS expression @netldase are found in advanced human
atherosclerosi¥’ To determine whether NO production was also regdlaly eNOS activity, we
determined eNOS phosphorylation. Interestingly,dhserved upregulation of eNOS protein in
JNK2-/-on HCD did not translate into increased eNOS phospation, justifying unchanged
NO concentrations and endothelium-dependent retmsatn INK2-/- mice. On the other hand,
decreased eNOS phosphorylation in WT HCD mice neataleduced NO levels found in this
group. Because deletion oJNK2 in hypercholesterolemic mice was associated with
upregulation of SOD, it is likely that this antiod&int defense system contributes to protect
against hypercholesterolemia-mediated oxidativesstrin JNK2-/- mice. Thus, our findings
suggest thalNK2is involved in the pathways regulating vascularathdlial ROS production
and antioxidant defense systems under hyperchodstec conditions. Our results are in
accordance with previous studies that associate Hd#yation with increased levels of
oxidative stress and ROS-mediated cell d&4th.particular, JNK is known to play a major role
in cardiovascular disease and is activated on nmécdla stress, hypertensioh;*® and
ischemia/reperfusioft. JNK has also been reported to be activated inrasbchatherosclerotic
plagues in rabbits as well as in hunfrend to activate matrix proteases involved in disea
progression of abdominal aortic aneurysm in micd homans® Along this line, INK2 is
necessary for scavenger receptor A— or CD36-meatliateam cell formation in
atherogenesi®®"*® JNK2 has also been demonstrated to be involved in tisuf type |
diabetes mellitud’ Pharmacological JNK inhibition is a promising stgy given its beneficial

effects in mouse models of atherogen&siabdominal aneurysti, and cerebral ischemfa.
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JNK inhibition may even be more rewarding consiagiits critical role in obesity and insulin
resistancé&’ Thus, JNK inhibition could represent a attractiherapeutic target to prevent
progression of atherosclerosis and metabolic des€asr findings suggest that INK may also be

a promising target for preventing atherosclerositsaarly stage of endothelial dysfunction.
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Figures and table

Table. Plasma Lipids From JMKZ2~— and WT Littermates After
14 Weeks of ND or HCD

WT JNKZ
ND HCD WD HCD

Total cholesternol, 3.3+0.2 T1+x24° 3.9+0.31 96-1.2"F
mmal/L

Trighycerides, 134045 079+018 140=0.6 1.35=0.27
mmal/L

Free fatty acid, 054+=0.34 033007 035005 0.34=0.09
mmal/L

Values are mean+5EM. n=4 o 6 in each group.
*P=0.05 vs ND WT and JNKZ mice, respectively; t1P<=0.05 vs diet-
matched WT mice; $P<0.05 vs HCD WT mice.
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Figure 1. Representative Western blots show phosphorylaté&d(pNNK) protein expression in
aortic lysates from WT mice after 14 weeks of NODH&D. Expression of total JNK was used as a

loading control.
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Figure 2
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Figure 2. A, Hypercholesterolemiainduced changes in endathmlependent relaxation of aortas
isolated from WT andNK2deficient JNK2-/9 mice after 14 weeks of ND or HCD. Line graphs
show concentration-response curves to acetylchdlikeh) during submaximal contraction to
norepinephrine (NE) (I®mol/L). B, Effect of PEG-SOD on the endotheliunpdrdent relaxation

to acetylcholine in all experimental groups. Resualte presented as meatzSEM; n=4 to 6 in each

group. *#<0.05 for WT HCD vs all other groups.
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Figure 3
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Figure 3. Bar graphs show the concentration of NO (A) andesoyide (O2-) (B) produced by a
single aortic endothelial cell of WT aniNK2-/- mice after 14 weeks of ND or HCD. Peak
concentrations were measured after stimulation veitetylcholine (18 mol/L). Results are

presented as mea8EM; n=4 to 6 in each groupP¥0.05 vs WT ND. C, Similar results were
obtained by fluorescence detection of O2- (red diibgthidium staining) in freshly isolated aortic

segments of WT andNK2-/-mice after ND or HCD, respectively.
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Figure 4

A WT JNK T B
— 1560+ WT SN
i .
£
g 100 I__ ND
2 )
- L
o
2
ﬁ 50
2 HCD
=
9 o
ND HCD ND  HCD
WT JNH
'C 1.“"

ol | | -_.__
HED ND HCD

ND

Figure 4. A, Bar graphs show peroxynitrite (ONOO-) concemdraproduced by a single aortic
endothelial cell of WT andNK2-/-mice after 14 weeks of ND or HCD. ONOO- was meadur
simultaneously with NO and O2- after stimulatiorthwécetylcholine (10 mol/L). B, In aortas
of WT andJNK2-/-mice after ND or HCD, immunostaining for nitrotgine (red staining) was
detected in both the endothelium and in the medj@ar graphs show TBARS levels in aortas
of WT andJNK2-/- mice after ND or HCD, respectively. Results arespnted as meaSEM,;
n=4 to 6 in each groupP<0.05 vs WT ND.

39



Figure 5
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Figure 5. Mn-SOD (A) and EC-SOD (B)protein expression fromrta® of WT andINK2-/-
mice after 14 weeks of ND or HCD. Representativesté® blots and densitometric
guantification are shown. Results are presentetheas*SEM of Mn-SOD and EC-SO/
tubulin expression ratio; n=4 to 6 in each group<®.05 vs ND WT; *P<0.05 vsINK2-/-
ND; tP<0.05 vs diet-matched WT. C, In aortas of WT aiNK2-/- mice after ND or HCD,

immunostaining for Mn-SOD (red staining) was degdcin both the endothelium and the

media
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Figure 6
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Figure 6. eNOS protein expression and phosphorylation inatysates from WT andNK2-/-
mice after 14 weeks of ND or HCD. A, RepresentatiMestern blot and densitometric
guantifications are shown for eNOS expression. Resare presented as meantSEM of
eNOSA-tubulin expression ratio; n=4 to 6 in each grotip<0.05 for INK2-/- HCD vs all
other groups. B, Western blot of eNOS phosphomytafpooled samples of n=3 mice in each

group) witha-actin used as a loading control.
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Inhibition of Protein Kinase C Prevents Foam Cell Formation by
Reducing Scavenger Receptor A Expression in Human

Macrophages

Protein kinase C (PKC) comprises several strudiuralated serine/threonine kinases classified
into 3 groups. The conventional or classic PKCsumhe PKQ1, PKC31, PK(2, and PKG.
These isoforms can be activated by Ca2+ and/owldiigcerol, as well as by phorbol esters.
The novel PKG@, PKCe, and PK® also are activated by diacylglycerol and phorlstees but
are Ca2+ independent. The atypical PKCs, whiclugelPKE& and PKG, are unresponsive to
Ca2+/diacylglycerol and phorbol estér®articularly interesting is the modulation of PKC
activity by phosphorylation of serine and threonameino acid residues within its catalytic and
regulatory domainé. Both conventional and novel PKC isoforms can taose to the
membranous compartment of the cell to elicit biaah actions in the presence of
diacylglycerol, the de novo synthesis of which risreased by hyperglycemiandeed, the
activation of PKC pathway, especially the AKiSoform, has been shown extensively to cause
diabetic vascular dysfunctidn’ Because nonselective PKC inhibition is associatid lethal
side effects, isoformspecific inhibitors have be#veloped. The macrocyclic bis (indolyl)
maleimides like ruboxistaurin (LY333531), LY379196)Y317615, and LY290181 are
competitive inhibitors of ATP binding sites withihe PKC molecul® The advantage of
macrocyclic bis (indolyl) maleimides is their higelectivity for PK@ compared with other
isoforms of PKC™ Treatment of diabetic patients for 3 months wittiO812, a multitarget
kinase inhibitor that also acts as a nonselectiWaC Anhibitor, resulted in significant
gastrointestinal side effects such as nausea, wmniand diarrhea, as well as liver toxicity.
On the contrary, a multicenter, randomized clinit@l with the selective PKE inhibitor
ruboxistaurin in patients with diabetic retinopatieyealed that its oral administration was well
tolerated and did not cause any adverse eventatiangs with diabetes at doses up to 16 mg
twice daily for 28 day$? Furthermore, in patients with type 1 and 2 diabetad minimal
retinopathy, retinal blood flow was increased by tAK@ inhibitor in a dose-dependent
fashion®® Treatment for >1 year with ruboxistaurin has shdeneficial effects in delaying the
progression of diabetic nephropatifyThese studies provided the first demonstration ¢ha
PKCpB isoform—selective inhibitor can be used for loeg#t clinical treatment of diabetic
microangiopathy with minimal side effects.However, increasing evidence suggests that

activation of PK@ is involved in many mechanisms promoting atheerssiis'® Interestingly,
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phorbol 12-myristate 13-acetate (PMA), a structablogue of diacylglycerol, which is a
natural activator of PKC, can trigger transformatiof monocytes to macrophagésThe
accelerated atherosclerd§isnd chronic activation of PKCin vascular tissues of diabetic
patients, including the retina, heart, aorta, airdutating monocytes®**?° prompted us to
hypothesize that, among all PKC isoforms, BKg©uld be involved in foam cell formation.

The present study was designed to investigate whatective pharmacological inhibition of
PKCpB prevents modified LDL uptake and hence foam aainfation. Our findings unmask an
antiatherosclerotic effect of PKCinhibitors, extending their application far beyodibetic

vascular complications.

Methods

Cell Culture

Peripheral blood mononuclear cells were isolatennfrhealthy control subjects by density
centrifugation in BD Vacutainer cell preparatiotés with sodium heparin (Becton Dickinson,
Franklin Lakes, NJ) and further purified by mageetctivated cell separation sorting with anti—
human CD14 antibody (Miltenyi Biotec, Cologne, Gamy) conjugated with magnetic beads.
After density centrifugation, highly purified mondges were recovered. Human monocyte
purity was assessed by flow cytometry (FACSCant, Beidelberg, Germany) using FITC-
conjugated anti-human CD14 antibody (Miltenyi Be)teThe human monocytic THP-1 cell
line was obtained from the American Type Culturdl€xion (Rockville, Md). Monocytes were
cultured in RPMI 1640 medium containing 25 mmol/EPES buffer (supplemented with 10%
FCS, 1% L-glutamine 200 mmol/L, penicillin 100 U/mand streptomycin 100 ug/mL) in
humidified air, 5% CO2 at 37°C. Freshly isolatednasn monocytes and THP-1 monocytes
were differentiated into monocyte-derived macrogsaMDMSs) in vitro by treatment with 0.1
umol/L PMA (Calbiochem, Darmstadt, Germany) ovehtigh starvation medium, 0.5% FCS
RPMI 1640. During starvation, the cells were expoge LY379196 (10 mol/L), a
nonselective inhibitor of both PK¥soforms, and CGP53353 ($@nol/L), a PK@2-selective
inhibitor, and then incubated for another 24 houarghe presence of 10 ug/mL Dil-labeled
acetylated low-density lipoprotein (Dil-acLDL) aridil-labeled oxidized LDL (Dil-oxLDL)
(Intracel, Frederick, Md). Human MDMs also were tprated with myristoylated cell-
permeable myr-PKC peptide (1@nol/L) based on the pseudosubstrate motif of pKghich
keeps the enzyme in an inactive state by intergatith the substrate binding site of PKC
catalytic domairf® In another set of experiments, MDMs were pretatith the 2 PK®
inhibitors or myr-PKC and stimulated for 24 hourghal00 ng/mL lipopolysaccharide (Sigma,
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Buchs, Switzerland). Afterward, tumor necrosis dact (TNFa) levels were measured in cell
supernatant by ELISA (R&D Systems, Minneapolis, MinTo exclude cytotoxicity, a
colorimetric assay for detection of lactate dehgerase in cell supernatant was performed
according to the manufacturer's recommendationgifRoBasel, Switzerland).

SsiRNA Transfection

Transfections were performed with INTERFERIn (PélgpTransfection, Basel, Switzerland)
according to the manufacturer’s instructions in hBanMDMs (THP-1 cell line). Commercially
available human PK& and GAPDH- (Santa Cruz, Heidelberg, Germany) ifipesiRNAs
were used for transfecting. The MDMs were trang@ctafter 24 hours of seeding.
INTERFERIn transfection reagent (8 uL) was added@0 uL OptiMEM serum-free medium
containing 80 nmol/L of each siRNA oligo, incubatied 10 minutes, and added to the 3-cm
plate containing 2 mL medium. GAPDH siRNA was useda negative control. The FITC-
labeled (Santa Cruz) control sSiRNA A was used asasker for transfection efficiency. Gene
silencing was measured after 48 hours by Westettiriy. The transfected cells were incubated
for an additional 24 hours in the presence of nlgDil-acLDL (Intracel), and acLDL uptake
was measured by flow cytometry. Another set of sfacted MDMs were used for Western
blotting.

Real-Time Polymerase Chain Reaction

Total RNA was extracted from MDMs (THP-1 cell lingjth Trizol reagent (Invitrogen, Basel,
Switzerland) according to the manufacturer’'s recemdations. The total cellular RNA was
converted to cDNA with Moloney murine leukemia \@rveverse transcriptase and random
hexamers (Amersham Bioscience, Otelfingen, Swénet) in a final volume of 35 uL, using 4
ug cDNA according to the manufacturer's recommeandat Real-time polymerase chain
reaction (PCR) was performed in a MX3000P PCR cy@&atagene, La Jolla, Calif). All PCR
experiments were performed in triplicate using 8¥BR Green JumpStart kit provided by
Sigma. Each reaction (25 uL) contained 2 uL cDNAnol of each primer, 0.25 uL internal
reference dye, and 12.5 uL JumpStart Tag Readykbxtéining buffer, dNTPs, stabilizers,
SYBR Green, Taq polymerase, and JumpStart TagadyjbThe following primers were used:
for scavenger receptor A (SR-A): sense primer, GAGGGACATGGGAATGCAA-3’;
antisense primer, 5CAGTGGGACCTCGATCTCC-3’; and fouman L28: sense primer,
5'GCATCTGCAATGGATGGT-3’; antisense primer, 5-TGTTTGCGGATCATGTGT-3".
The amplification program consisted of 1 cycle &t® for 10 minutes, followed by 40 cycles
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with a denaturing phase at 95°C for 30 secondghaealing phase of 1 minute at 60°C, and an
elongation phase at 72°C for 1 minute. A meltingveuanalysis was performed after
amplification to verify the accuracy of the amphcoFor verification of the correct
amplification, PCR products were analyzed on ardetin bromide—stained 1% agarose gel. In
each real-time PCR run for F3 and L28, a calibratarve was included that was generated
from serial dilutions (2x10 2x1¢, 2x1@F, 2x1¢f, 2x17, and 2x16 copies per reaction for SR-
A; 2x107, 2x1@, 2x10, 2x1d, 2x10, and 2x16 copies per reaction for L28) of purified
amplicons for SR-A and L28.

Western Blotting

Human MDMs, THP-1 cell line, and freshly isolateldddl monocytes (when indicated) were
washed twice with PBS and harvested in the extradiuffer (120 mmol/L sodium chloride, 50
mmol/L Tris, 20 mmol/L sodium fluoride, 1 mmol/L bzamidine, 1 mmol/L DTT, 1 mmol/L
EDTA, 6 mmol/L EGTA, 15 mmol/L sodium pyrophospha®e8 ug/mL leupeptin, 30 mmol/L
p-nitrophenyl phosphate, 0.1 mmol/L phenyl-methankenyl fluoride, and 1% NP-40) for
immunoblotting. All cell debris was removed by aé&ngation (12 00Q) for 10 minutes at 4°C.
The protein extracts (20 ug) were treated with &erbmli's SDS-PAGE sample buffer (0.35
mol/L Tris-Cl, pH 6.8, 15% SDS, 56.5% glycerol, /6% bromophenol blue), followed by
heating at 99°C for 5 minutes, and then applied168 SDS—polyacrylamide gel for
electrophoresis. The proteins were then transfeoréd Immobilon-P filter papers (Millipore
AG, Bedford, Mass) with a semidry transfer unit @fr Scientific, San Francisco, Calif). The
membranes were then blocked by use of 5% skim milkBS-Tween buffer (0.1% Tween 20,
pH 7.5) for 1 hour and incubated overnight withidmiman SR-A (1:500, TransGenic, Kobe,
Japan), anti-human lectin-like oxLDL receptor 1 ¥-O@; 1:4000, R&D Systems, Bad
Nauheim, Germany), anti—-phospho-Thr-642 B{Q1:1000, Biosource, Nivelles, Belgium),
anti-PK(1 (1:1000, Santa Cruz), and anti-CD14 (1:1000, DaRgtomation, Baar,
Switzerland) antibodies in 0.5% BSA PBS. Antigetedgon was performed with an enhanced

chemiluminescence detection system (Amersham Rinses, Otelfingen, Switzerland).

LDL Uptake Measurement by Flow Cytometry
After incubation with Dil-acLDL (10 ug/mL) and DoxLDL (10ug/mL), human MDMs both
freshly isolated and from the THP-1 cell line wetdbjected to flow cytometry to measure the

amount of internalized LDL. Adherent and nonadhecefis were harvested by gentle scraping.
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Cells were then washed twice with PBS and resusgzend0.2% BSA in PBS. Samples were

analyzed with the FACScanto Il flow cytometer ahovio software.

Measurements of Superoxide Anion Production

Superoxide production in MDMs, both freshly isothtend from the THP-1 cell line, treated
with LY379196 (10 mol/L) and silencing of PK@was determined by electron spin resonance
spectroscopy analysis using the spin trap CM-H ydrbxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine, Noxygen, Elzach, Germany)ascribed previously.22 In brief, MDMs
were centrifuged (38D for 5 minutes) and resuspended in Krebs-HEPES byffel 7.35)
containing diethyldithiocarbamate (5 umol/L) andfedlexamine (25 umol/L). Electron spin
resonance spectra were recorded using a Brukeareaectron spin resonance spectrometer
(Bruker Corp, Faellenden, Switzerland) after thditamh of the spin trap CM-H (200 umol/L)
under stable temperature conditions (37°C; tempezatontrolled system). The electron spin
resonance instrumental settings were as followstecdield, 3495 G; field sweep width, 10.000
G; microwave frequency, 9.75 GHz; microwave povi€&x.91 mW; magnetic field modulation
frequency, 86.00 kHz; modulation amplitude, 2.60c@nversion time, 10.24 ms; detector time

constant, 328 ms; and number of x scans, 10.

Confocal Fluorescent Microscopy

Human MDMs were washed once with PBS, fixed in 48taformaldehyde for 10 minutes,
washed again with PBS, blocked with 0.1 mol/L ghgcifor 5 minutes, permeabilized with
0.2% Triton 100 for 7 minutes, and incubated owgrhiwvith anti-human SR-A (Trans-Genic),
anti-PK(31 (Biosource), anti-PKB2 (Biosource), or anti-CD68 (Dako Cytomation) aatip

in 0.2% BSA. Afterward, the cells were washed 3esmwith PBS and incubated with secondary
Alexa Fluor 488—labeled antibody (Molecular Prokdeggene, Ore) in 0.2% BSA for 1 hour.
Cells were counterstained with 4’, 6 diamidino-Z2pylindol (DAPI; Vector Laboratories,

Burlingame, Calif) and analyzed with a Leica comidaser microscope.

Drugs
LY379196 was provided by Eli Lilly (Indianapoligiyd). CGP53353 was kindly provided by Dr
Doriano Fabbro (Novartis Pharma AG, Basel, Switzat). Calphostin C, PMA, and myr-PKC

were purchased from Calbiochem. Lipopolysacchaside obtained from Sigma.
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Statistical Analysis

Results are expressed as meanzSEM, and n inditegesumber of experiments. Statistical
evaluation of the data was performed with Student&sst for simple comparisons between 2
values when appropriate. For multiple comparisoeslts were analyzed by ANOVA followed
by Fisher’'s exact test. A value BK0.05 was considered statistically significant. Eughors
had full access to and take full responsibility fioe integrity of the data. All authors have read

and agree to the manuscript as written.

Results

Role of PKCB in Mediating Human MDM Foam Cell Formation

The differentiation of human primary monocytes amwbnocytic THP-1 cell line into
macrophages (MDMs) was induced by PMA (0.1 umollbfubation of human MDMs with
Dil-acLDL (10 ug/mL) led to binding of acLDL to th@lasma membrane and accumulation of
lipoproteins into the cytoplasm as assessed byrdgmnce microscopy (Figure 1A). The
nonselective inhibitor of both PK8isoforms, LY379196 (I®mol/L), abolished acLDL uptake
in MDMs as shown in Figure 1B. To identify the isoh of PK@involved, human MDMs
were exposed to selective antibodies against (AK@nd PK@2. PK@3 isoforms were
localized in the nucleus and in the cytoplasm of N showing an activated state of the
enzyme. The PKE1 isoform was distributed homogeneously within ¢htoplasm and plasma
membrane (Figure 1C), whereas HKXCwas present in the perinuclear patch and plasma
membrane (Figure 1D). Accordingly, LY379196 showaedlose-dependent decrease in both
acLDL and oxLDL uptake in MDMs by flow cytometryiffare 2A and 2B). In contrast, the
selective inhibitor of PKB32, CGP53353, did not exert any significant effelettd not shown).

Effect of PKCP Inhibition on SR-A Expression

To delineate the molecular mechanism by which LYI3® blunted modified LDL uptake,
MDM gene and protein expression of SR-A was deteechi Quiescent cells did not express
SR-A mRNA,; stimulation with PMA (0.1 umol/L) incread SR-A expression (Figure 3). A
more pronounced upregulation of SR-A expression aeiseved by the addition of acLDL (10
ug/mL) to the medium. SR-A mMRNA expression was igbeld by treatment with LY379196
(10° mol/L), whereas CGP53353 (20mol/L) did not exert any inhibitory effect on
PMA/acLDL-induced SR-A expression in human MDMsgfitie 3). In agreement with these
results, SR-A protein expression was increased afposure to acLDL as and oxLDL (Figure
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4A and 4B). Treatment with LY379196, but not withGEB53353, totally abrogated
PMA/acLDL-induced macrophage SR-A expression (Fegth). MDMs exposed to oxLDL in
the presence of LY379196 (2amol/L) showed similar results (Figure 4B). A myoglated
cellpermeable myr-PKC inhibitory peptide was useddnfirm the modulatory role of PHC
on SR-A expression. Like LY379196, the inhibitosptide myr-PKC (18 mol/L) significantly
blunted SR-A protein expression in human MDMs (FegdC). In contrast to SR-A, LOX-1
protein expression did not change after exposur&DBMs to modified LDL. Furthermore,
LY379196 (10° mol/L) did not exert any significant effect on L@Xexpression (Figure 4D).

SR-A Expression

The transfection of PKE siRNA into MDMs resulted in reduced expressiontted protein,
whereas the GAPDH and mock controls did not exgytsaagnificant effect (Figure 5A). Using
flow cytometry, we examined the DI-acLDL uptake tne transfected cells. PHCsilencing
reduced the uptake and blunted SR-A protein exjgresseproducing the same effect as the
pharmacological inhibitor LY379196 (Figure 5B and)5

Role of Thr-642 Phosphorylation in PK(B1-Mediated SR-A Expression

Western blotting with an antibody against phospladegd PK@1 at a specific amino residue
revealed that incubation of the cells with PMA/adLihcreased Thr-642 phosphorylation
within the catalytic domain of this molecule (Figug). The inhibitor of both PK&isoforms,
LY379196 (1 mol/L), and the inhibitory peptide myr-PKC (£0mol/L) blunted
PMA/acLDL-induced Thr-642 phosphorylation (Figurg Suggesting that phosphorylation of
PKCB1 at Thr-642 may thus represent a selective regylaechanism for SR-A upregulation.
Accordingly, the selective PKE2 inhibitor, CGP53353 (1® mol/L), did not affect Thr-642
phosphorylation (Figure 6).

Effect of PKCf Inhibition on Macrophage Activation and Functioning

As shown by confocal microscopy, high levels of SRxpression in MDMs stimulated with
acLDL were blunted in the presence of LY379196 (Feg7A and 7B). However, LY379196
did not exert any effect on the expression of Cl68&)arker of macrophage activation (Figure
7C and 7D). In addition, human MDMs were exposeliptapolysaccharide (100 ng/mL) to rule

out an effect of PK@ inhibition on macrophage functioning in innate iomity.
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Lipopolysaccharide elicited degradation of CD14 aedretion of TNE, crucial steps in the
activation of innate immunity (Figure 8A and 8B)ntdrestingly enough, increasing
concentrations of LY379196 did not inhibit eitherpdpolysaccharide-induced CD14
degradation (Figure 8A) or TNFrelease (Figure 8B). Treatment with LY379196 did alicit
any release of lactate dehydrogenase (data notmghaouling out that its effects on human
MDMs were due to cellular toxicity. In agreementttwthis finding, no apoptotic nuclei by
DAPI staining were observed (Figure 7). Furthermdhe effect of LY379196 (Idmol/L) on
the ability of macrophages to produce superoxiderafO2-) was measured. No significant
changes in O2- production were observed (Figure BCaddition, silencing of PK& did not

affect O2- production (data not shown).

Discussion

Accumulation of cholesterol-loaded foam cells ie #rterial intima is a hallmark and key event
of early atherogenesfs. Circulating monocytes adhere to activated endithelells and
transmigrate into the subintima to become tissuerophnages. On exposure to modified
lipoproteins such as the oxLDL and acLDL, these nmaitages become foam celfsTwo
receptors appear to be essential in foam cell foomand receptor-mediated binding/uptake of
modified lipoproteins: CD36 and SR4A.Despite increasing evidence supporting that PKC is
involved in many mechanisms promoting atheroscigf8only a few studies have examined
the role of PKC signaling in foam cell formatitf® In this study, we demonstrated that
inhibition of PKprevents uptake of modified LDL by reducing humarDM SR-A
expression. Several lines of evidence support dbigclusion. First, fluorescent-activated cell
sorter analysis revealed that the nonselectivéitdriof PK(3 isoforms blunted modified LDL
uptake of human MDMs. Second, silencing of BKI&y siRNA transfection also reduced LDL
uptake. Third, we observed a selective Thr-642 phoylation within the catalytic domain of
PKCB1 and an increase in SR-A mRNA and protein expoessi human MDMs exposed to
modified LDL. Fourth, both LY379196 and the inhdyy peptide myr-PKC blunted
phosphorylation of Thr-642 and upregulation of SRHA contrast, CGP53353, the selective
inhibitor of PK(@32,7 did not exert any significant effect. Expressiand function of
macrophage SR-A play a crucial role in the patheg&nof atherosclerosi$?® Accordingly,
SR-A gene- deficient mice bred with atherosclerpsisie ApoE -/-or LDLrec-/- mice have
been found to develop less atherosclertsisVe recently showed thaApoE-/- mice

simultaneously lacking c-Jun N-terminal kinase ApdE-/-/JNK2-/- mice) developed less
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atherosclerosis thafipoE-/-mice®® Macrophages lacking c-Jun N-terminal kinase 2 |dism
markedly decreased phosphorylation of SR-A and desuppressed foam cell formatith.
Thus, upstream signaling molecules that regulageetkpression and function of SR-A may
represent potential targets for therapeutic inteivas®* The present findings clearly indicate
that SR-A expression in human MDMs is regulatedPCB. In contrast to SR-A, LOX-1
expression did not change after stimulation of MDMg&h modified LDL. Furthermore,
LY379196 did not exert any significant effect on XQ. Because SR-A expression was
enhanced on modified LDL stimulation and not LOXwle conclude that SR-A might be the
primary receptor for modified LDL uptake. Severaldies have strongly implicated activation
of PKOB in the pathogenesis of the vascular complicatiohsliabetes’ The synthesis of
isoform-specific inhibitors for PKE has provided not only important insights into it
cardiovascular disease but also effective drugs inaga diabetic microvascular
complications:>**%* Glucose-induced activation of PRGnay lead to endothelial dysfunction
by causing activation of vascular NADPH oxidaselathelial nitric oxide synthase uncoupling,
and reactive oxygen species producfidh.Furthermore, high glucose enhances human
macrophage LOX-1 expression via PKQctivation?® Treatment with a PKE inhibitor
prevents impaired endotheliumdependent vasodilat@used by hyperglycemia.We
demonstrated that selective inhibition of HKXinhibits glucose-induced vascular cellular
adhesion molecule-1 expression in human endothedilis! Interestingly enough, our data
unmask an antiatherosclerotic effect of HKiDhibitors even in the nondiabetic condition of
hypercholesterolemia. Specific siRNA-mediated kmmskn of PK@ further supports our
conclusion. Indeed, on silencing of PBECLDL uptake was blunted, SR-A expression was
reduced, and hence foam cell formation was predefitee molecular link between the PEC
signaling pathway, SR-A upregulation, and uptakemafdified LDL might involve Thr-642
phosphorylation within the catalytic domain of PKIC Indeed, inhibition of PKE by either
LY379196 or the inhibitory peptide myr-PKC bluntin@MA/acLDLinduced Thr-642
phosphorylation abolished upregulation of SR-A abd. uptake of human MDMSs. In contrast,
the selective inhibitor of PKE2, CGP53353, did not affect any of these eventgoAting to
our results, phosphorylation of PRC at Thr-642 represents a selective regulatory ar@sm
for SR-A upregulation and foam cell formation. @frficular interest is the fact that in our study
LY379196, as a drug targeting macrophages, presteatdy foam cell formation without
affecting macrophage host defense activity. Indé&879196 blunted modified LDL uptake
but did not affect the expression of CD68, a maremacrophage activatiol.We also
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demonstrated that LY379196 did not inhibit lipogagcharide-induced CD14 degradation or
TNFa release in human MDMs. Moreover, PBE&nockdown or inhibition did not affect
superoxide anion production. These findings ruld any effect of PK@inhibition on
macrophage functioning in innate immunity. In agneat with our results, PK&deficient
mice have not been reported to present any impairrime macrophage activifi. Although
these mice show a reduced peritoneal populatioB-bflymphocytes, the absolute number of
splenic B cells is similar to wild-type animals.rthermore, the thymuses of PR&@eficient
mice were of normal size and cellularity and carmgdi CD4+CD8+ double-positive cells and
CD4+ or CD8+ single-positive cells at normal rafid&€arlier studies of the role of vascular
PKCP activation in diabetes were focused primarily oierovascular dysfunctiort’*® Indeed,

PKCB inhibitors are currently being tested in clinit@ls with microvascular end points:**

Conclusions

The results of our study suggest a role for BK@ atherogenesis even in the nondiabetic
condition and anticipate the application of HKi@hibitors as putative antiatherosclerotic drugs.
However, before deciding whether PBnhibitors deserve to be tested in clinical triafs
atherosclerosis, animal models will help evolve @urrent suggestive in vitro evidence

concerning a proatherosclerotic role of HKs€ignaling.
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Figures and table
Figure 1

Dl - acL DL uptake

PKC By PKC B,

Figure 1. A, Fluorescent confocal microscopy of human MDMgaincubation with Dil-acLDL.

Red particles in the cytoplasm represent interadliDil-acLDL. B, LY379196 (5x18 mol/L)
abolished modified LDL uptake. In human MDMs, grestaining shows intracellular distribution

of PKCB1 (C) and PK@2 (D). Nuclei stained blue with DAPI.
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Figure 2
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Figure 2. Fluorescent-activated cell sorter analysis of huld@Ms in the presence or absence of
LY379196 after 24 hours of incubation with Dil-acLPA) and DiloxLDL (B). LY379196 (5x1(§
mol/L) blunted modified LDL uptake (blue). CGP5338i8 not show any significant effect (data
not shown). LY379196 exerted a dose-dependentitidnbof acLDL (A) and oxLDL (B) uptake.
Results are presented as m&aEM; n=4 in each groupP<0.05 vs PMA plus acLDL or oxLDL.
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Figure 3
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Figure 3. Expression of SR-A in PMA-induced human MDMs antkaicubation with acLDL in
the presence and absence of LY379196°(&l/L) or CGP53353 (I6 mol/L). SR-A mRNA
expression assessed by real-time PCR is normatized?8 mRNA. Results are presented as
mearrSEM; n=3 in each group.P<0.05 vs control; *P<0.05 vs PMA alone; B#<0.05 vs PMA
plus acLDL.
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Figure 4
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Figure 4. Representative Western blot and densitometric d¢ficaiton of SR-A protein expression
in PMA-induced human MDMs and after incubation wdabhLDL (A) and oxLDL (B) in the
presence and absence of LY379196%1fol/L) or CGP53353 (1B mol/L). C, The inhibitory
effect of myristoylated cell-permeable peptide, fRC, on SR-A protein expression in PMA-
induced human MDMs after incubation with acLDL.IODX-1 protein expression in PMA-induced
human MDMs and after incubation with acLDL and oxL[h the presence and absence of
LY379196. Results are presented as m:&&M; n=4 in each groupP<0.05 vs control; *P<0.05

vs PMA alone; P<0.05 vs PMA plus acLDL or oxLDL.
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Figure 5
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Figure 5. Representative Western blot and densitometric ¢fication of PKQ3(A) and SR-A (C)
protein expression after transfection of select®€CpB siRNA into MDMs. B, Fluorescent-
activated cell sorter analysis of transfected hufdMs after 24 hours of incubation with Dil-
acLDL. On silencing of PK@, the uptake of modified LDL and SR-A expressionresluced.
GAPDH and mock served as controls. Results areepted as mea$SEM; n=4 in each group.

*P<0.05 vs mock and GAPDH.
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Figure 6
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Figure 6. Representative Western blot and densitometric guaation of PKQ31 phosphorylation
at the Thr-642 residue in PMA-induced human MDMsraiihcubation with acLDL in the presence
and absence of LY379196 (1@nol/L), CGP53353 (1® mol/L), or myr-PKC (10 mol/L). Results
are presented as masSEM; n=4 in each group.P<0.05 vs control; *P<0.05 vs PMA alone;
tP<0.05 vs PMA plus acLDL.
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Figure 7
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Figure 7. Treatment with LY379196 (IDmol/L) affects SR-A expression but not activatioh
human MDMs stimulated with acLDL. SR-A (A, B) andD&8, a marker of macrophage activation
(C, D), are shown by fluorescent confocal microgcdphe nuclei stained with DAPI are blue; SR-

A and CD68 stainings are both green.
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Figure 8
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Figure 8. LY379196 did not inhibit lipopolysaccharide-indac€D14 degradation, TNFrelease,
or O2-) production in human MDMs. Representativest¥ blot and densitometric quantification
of CD14 expression (A) and TNFlevels in supernatant (B) after 24 hours of statioh with
lipopolysaccharide (100 ng/mL). O2- production aftecubation with acLDL and oxLDL (10
ug/mL; C). Results are presented as m&&tM; n=3 to 5 in each group.
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Pulsatile Stretch Induces Release of Angiotensin 8nd Oxidative
Stress in Human Endothelial Cells Effects of ACE lhibition and

AT ;Receptor Antagonism

Under homeostatic conditions, endothelial-derivisdcroxide (NO) mantains vascular structure
and function, regulating vasomotor tone, blooddilyi and vascular cell growth. Impaired NO
bioavailability, resulting in endothelial dysfunati, intertwines with other conditions, such as
chronic inflammation, increased oxidative stressl ampaired blood flow to determine
atherosclerotic vascular disea$k The activity of endothelial NO depends on the beta
between synthesis of NO and its breakdown by sup#a@nion (Q@7). Increased production of
reactive oxygen species (ROS) is regarded as rajerminant of reduced level of N&

A whole body of evidence shows a great impact efitiierplay between altered mechanical
forces and activation of renin-angiotensin syst®ASg) to determine endothelial dysfunction in
the context of cardiovascular risk factors, suclmgsertension, as well as overt atherosclerotic
diseasé®®. Moreover, nowadays it is becoming clear that atidin of oxidative stress is the
unifying mechanism that links both mechanical stresxd RAS activation to endothelial
dysfunction®®. In pathological conditions, angiotensin Il (Anlg, Mia AT, receptor-activated
signaling, appears to be the most important faaftwencing structural and functional changes
leading to inflammation, vasoconstriction, vascul@modeling and prothrombotic state.
Different angiotensin ll-signaling pathways are atwed, but growing evidence indicates a
prominent role for the NADPH oxidase-driven genieraf ROS, namely & “°. Moreover
Ang Il via NADPH oxidase-derived £ and hydrogen peroxide ¢{B,) damaging effect, can
lead to uncoupling of eNOS resulting in reduced N@duction and NOS-dependent™O
formation ©. Accordingly, some of the beneficial long-termeefs of RAS blockade with
angiotensin I-converting enzyme (ACE) inhibitdf$ or angiotensin type 1 (AJ receptor
antagonist®’) have been correlated to the favourable influexested on NO/G balance®*?.
However, little is known about the specific linktlveen RAS and the regulation of NGQJO
balance in endothelial cells exposed to mechasicess.

Plenty of data provided over recent years inditlad¢ mechanical forces due to blood pressure
and blood flow—namely, stretch and shear stress—beaome crucial players of pathological
structural and functional modifications of endotiaetells when disturbed flow profiles occur
and persist®. Cyclic stretch applied to endothelial cells arasaular smooth muscle cells
induces oxidative stress with and H202 productibtt the influence on NADPH oxidase
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activity exerted by stretch is considered to beratial importancé®*® Interestingly, pulsatile
stretch enhanced the release of angiotensin llabgi@c myocytes’. Although we previously
reported that in human aortic endothelial cells B@A, pulsatile stretch increases production as
well as eNOS mRNA and protein expressitiit®> the contribution of cyclic strain to the
regulation of balance in human endothelial cells hat been fully defined. We investigate the
role of RAS blockade, comparing the effect of AGthibitor quinaprilat and AT1-receptor
antagonist losartan on production and NO bioavaitaln HAEC exposed to pulsatile stretch.

Materials and Methods

Cell Culture

Human aortic endothelial cells were obtained frotan€tics (San Diego, Ca) and grown in
gelatin-coated flasks in optimized endothelial gitownedium (Clonetics) supplemented with
10% fetal calf serum (Hyclone). Cells were detachgdexposure to trypsin/EDTA for about
120 sec in Hepes buffer saline, reseeded in tyjodldgen—coated plates for stretch experiments
(Flex 1). Cells were grown to confluency in humidified aif45CQO, at 37°C). Cells between

passages 2 and 6 were used for experiments.

Application of Pulsatile Stretch on Cultured Cells

Pulsatile stretch was applied to HAEC as previodsiscribed®?. Briefly, HAEC were seeded
onto type | collagen-coated Flex | (Flexcell Inteional Corp) culture plates at an initial
density of 18 cells/mL.Flex | culture plates were placed on a computerfAedcellStrain Unit
gasketed base plate in the incubator. The membvegressubjected to a deformation with -20
kPa of vacuum, respectivelgt a frequency of 50 cycles/min. A vacuoi-20 kPa causes a
deformation pattern of the membrane randgnogn 0% at the center to 24% at the periphery
(10% average strain). In parallel, other Flex ltutd plates not subjected to stresemved as
controls. The cell viability with and without stobt as assessed with trypan blue exclusion test,
was >90% throughout the experiments. Previous esutfom our laboratory demonstrated a
time-dependent increase of, Oproduction up to 60 min from HAEC exposed to piillsa
stretch (10% average elongation at a frequencyoafygles/miny% Indeed, after exposure of
endothelial cells to different concentration of iensin Il, Q™ production reaches a maximal
level after 1 h stimulatiorf®. Accordingly, a 60-minute interval was choosen & our

experiments.
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Measurement of Angiotensin Il

Aliquots of culture medium were collected from stheand control culture plates. All samples
were purified with Sep-Pak column (Sep-Pak Lightate¥s) as describef’. Levels of
angiotensin 1l were determined by radioimmunoas§diA), using a specific antibody,

according to the instruction of the manufacturemiRsula).

NO Measurements

Direct in situ measurements of NO were carried asidescribed®. Immediately before NO
measurements, the active tip of the L-shaped poibyNO microsensor was placed directly
on the surface of the endothelial cell monolayer faximal stimulation of eNOS calcium
ionophore A23187 was injected into the cell cultdieh to yield a final concentration of 1

umol/L in all our experiments, as previously esti#d?.

Measurement of Q" Production

O,” production was measured as the SOD-inhibitableatizh of cytochromec %2 Briefly,
HAECs were preincubated in DMEMithout phenol red for 30 minutes at 37°C, and then
cytochromec (final concentration, 1 mg/mL) with or without SOfinal concentration500
U/mL) was added in a COncubator. After 60 min, the medium was removemhirthe cells,
and the absorbanees read at 550 nm against a distilled water blRaductiorof cytochrome

c in the presence of SOD was subtracted fromviidees without SOD. The portion of,O
specific reduction ofytochromec- was between 20% and 35% according to the expetanen
Theoptical density difference between comparable weith orwithout SOD was converted to
equivalent @ production by usef the molar extinction coefficient for cytochromg21.0x16

(mol/L)*-cm?] %.

Expression of eNOS by Western blot

eNOS protein was analyzed by Westglotting using an anti-human endothelial NOS ardibo
(TransductionLaboratory). The antibody was used at 250x dilutigkfter the stretch
experiments, HAECs were detach®dtrypsin-EDTA, and the cell number was determibgd
Coultercounter (Coulter Electronics). Then, 100 pL of $ysolutioncontaining 10% glycerol,
2.3% SDS, Tris-HCI, pH 6.8, 62.5 mmolL.01% bromophenol blue, and 5% mercaptoethanol
was added to fxcells. The lysate was then heated at 95°C to 1@0%minutes. Next, 30 pL
of cell lysates containing 3.3x1@ells was subjected to 7.5% single percentagegReady
Gel,BIO RAD). The separated proteins were electropicaky transferred to Immunobilon-P
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membranes and then incubated with anti-huMd@$ 11l antibody for 1 hour as previously
described®. The membranasere finally visualized by the ECL kit (Amershanfd.iSciences).
Densitometric measurements were performed by Fomdyisionary documentation system

(Fotodyne, Bio Cell Consulting Research).

Statistical Analysis

Results are expressed as mearSEM and n indicates number of experiments. Siedist
evaluation of the data was performed with Studentésts for simple comparison between two
values when appropriate. For multiple comparisesuits were analyzed by ANOVA followed

by Fisher’s test. £0.05 was considered statistically significant.

Results

Pulsatile Stretch and Release of Angiotensin Il

Levels of angiotensin Il were determined in cultamredium collected from the stretch plates
after 60 min. Interestingly, pulsatile stretch e&sed angiotensin Il immunoreactivity (Ang II-
ir) (Figure 1). The mean concentrations of the Ang ll-ir in timedia were 0.29+ 0.01 and

0.42+0.03 ng/mL for control and stretched cellsspextively (n=6; P<0.05). Accordingly,

stretch-induced increase of Ang ll-ir was bluntgdACE inhibitor quinaprilat, whereas AT

receptor antagonist losartan did not exert anyifsigimt effect (Figure 1).

RAS Blockade and Stretch-Induced Superoxide Produin

To clarify the relationship between RAS and strémmhuced Q" production, we studied
whether inhibition of angiotensin Il system at diffnt levels may modulate stretch-induced O
production. We measured,Oin cells exposed to pulsatile stretch with anchaitt quinaprilat
or losartan (18-10° mol/L). Stretch-induced production of,Owas blunted by both drugs
(Figure 2).

RAS Blockade and Stretch-Induced Modulation of NO Rthway

Because eNOS can be influenced by mechanical foveesietermined the effect of pulsatile
stretch on eNOS protein expression in the absendepaesence of quinaprilat or losartan.
Densitometric analysis showed a significant upragomh of eNOS in cells exposed to
mechanical stress (Figure 3). Both drugs aboliskiedich-induced upregulation of eNOS
expression (Figure 3). Neither quinaprilat nor ftea affected eNOS expression in non-
stretched control cells (data not shown).
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Despite pulsatile stretch-induced increase of eN@fein levels, NO release after stimulation
with calcium ionophore A23187 (10 umol/L) was reedcin endothelial cells exposed to
mechanical stress (n= 10; P<0.05; Figure 4). A®etaul, N-nitro-L-arginine methyl ester (L-
NAME; 10°mol/L) abolished A23187-induced NO production (nB80.05; Figure 4).
Interestingly, quinaprilat and losartan blunted ihieibitory effect of pulsatile stretch on NO
release in a concentration-dependent manner (nR%0;05; Figure 4). However, an higher
concentration of losartan was necessary to inlsb#tch-induced eNOS upregulation and
restore NO production (Figure 3 and 4). Both quiitaip and losartan did not affect NO
production in non-stretched control cells (data stadwn). These findings indicate a close link

between stretch-induced increase i Production and upregulation of eNOS.

RAS Blockade and NO/Q™ Balance

Furthermore, we characterized the role of bradyki{B,) and angiotensin type 2 (AJlreceptor
activation on NO/@ balance in this context. As expected, the proteatole of quinaprilat on
NO release was abolished by the-rBceptor antagonist Hoel40 (Figure 5). Interebfing
enough, the preservation of NO release exertecbdgrian was blunted not only by the AT
receptor antagonist (PD123319) but also by Hoe d4dfgesting that kinins, acting through AT
receptors, also contribute to the vascular protecéffects of AT-receptor antagonists. The
inhibitory effect of quinaprilat and losartan omesth-induced ¢ production was blunted by
Hoel40 and PD123319 in a similar fashion (datashatvn). However, PD 123319 and Hoe

140 alone did not affect NO release in cells exgdseulsatile stretch (Figure 5).

Discussion

The present study demonstrates for the first tina mechanical stretch of human endothelial
cells triggers the autocrinelease of Ang Il, which in turn unfavourably aftehe balance of
NO and Q". The novelty of this work is the simultaneous neement of @ and NO, with
the evidence that in cells exposed to pulsatiletctr; in spite of eNOS upregulation, NO release
was significantly reduced by increaseg @roduction. Under these conditions we evaluated th
effects of the ACE inhibitor quinaprilat and Afeceptor antagonist losartan.

Both quinaprilat and losartan abolished stretchs#edl Q™ production and upregulation of
eNOS. Accordingly, quinaprilat and losartan bluntieel inhibitory effect of pulsatile stretch on
NO release. These findings indicate a close ralakipp between stretch-induced increase jh O

production, via angiotensin Il, and upregulation @NOS, the latter may represent a
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compensatory mechanism attempting to counterbaldrecangiotensin ll-induced depletion of
endothelial NO, through enhanced oxidative stf&3s*

The restoring effects of quinaprilat and losartanttee balance of NO and,Owere abolished
by B,- or AT,-receptor antagonists, respectively. In particutae effect of losartan on NO
release was blunted not only by PD 123319 but histhe B-receptor antagonist Hoe 140,
suggesting that kinins, via ATreceptors, may participate in the vascular protectffect of

AT -receptor antagonists (Figure 6).

Although it is well established that mechanicakts cause a variety of effects on the structure
and function of cells, little is known about how chanical stimuli regulate cell function and
gene expressioff> This is particularly relevant for endothelial Isaflirectly exposed to shear
stress and pulsatility for their strategic anat@hjosition between the circulating blood and
vascular smooth muscf&. Pulsatile stretch is involved in the developmehatherosclerosis
that primarily affects the aorta and its branché®ne this force is prominent. Indeed, cyclic
strain increasing the production of endotheliumivaiel vasoactive substances, including
endothelin-1 and growth factot&’, leads to smooth muscle cell proliferatibtf® In vitro
models, replicating the major geometric featuredlobd vessels, have shown a 5-6% wall
excursion at peak systole under control conditiowhich can increase to 10% under
pathological conditions such as hypertensfon

Previous studies from our laboratory demonstratiedt tpulsatile stretch increases; O
production via NADPH oxidase and upregulates eN®@&eassion as a scavenger mechanism
for O, ?>%3 In the present study, we report that mechaniceich induces the release of Ang II
in human endothelial cells as shown in cardiac iy Such an activation of local RAS,
tipping the balance of NO and,On favour of the latter, exerts oxidative and ostitive stress,
contributing to endothelial dysfunction, the iniitiéep in developing of atherosclero¥is

The inhibition of RAS either with quinaprilat or dartan, restores NO bioavailability by
reducing Q" production and stimulating bradykinin-mediated Ké&lease. The reduction of
stretch-induced production of,elow control levels elicited by micromolar congatibns of
both quinaprilat and losartan can be attributedth® blunting of angiotensin ll-sensitive,
NAD(P)H-dependent @producing enzymes. However, recent studies indicate that both
treatment strategies not only inhibit Adlependent activation of NAD(P)H oxidase but also
increase antioxidant activity of superoxide disrsafa 2

Our present findings may provide the molecular$asiexplain the improvement of endothelial
function observed with these drugs. QuinaprilaansACE inhibitor with high affinity to tissue

ACE, whose vasodilator effects in the human foreartarial circulation have been shown to be
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largely mediated by N&**°. Furthermore, it has also been reported that guilaa increases
flow-mediated dilation of the brachial artery intipats with essential hypertensidh In
addition the Trial on Reversing Endothelial Dysflime (TREND) has shown that quinaprilat
improves coronary endothelium-dependent vasomotmiction in patients with coronary
diseas&.

Most vascular effects of ACE inhibitors have bedtitauted to the reduced generation of
angiotensin 1. However, an inhibition of the breakdown of braitjk by kininase II, which

is synonymous with ACE, plays a role in the benaficesponse to ACE inhibitors, since
bradykinin stimulates the endothelial productionNs® ***> This raised the possibility that
ACE inhibition might have a superior effect on etiadial function compared with AT
receptor antagonists. However, recent experimelatial seem to weaken this hypotesis showing
that AT, receptor antagonism may reverse endothelial dysuman humans not only through
improvement of NO availability by reducing Alinduced oxidative stress, but also via arpAT
mediated increase in NO synthe$f§® Losartan and its metabolites have been recently
demonstrated to possess ABceptor-independent actioffs The AT, receptor exerts a tonic
negative influence on ACE activity, suggesting tAdYy receptors blockers may reduce ACE
activity by stimulation of AF receptors®®. Our findings indicate that, in the presence of
losartan, pulsatile stretch-induced autocrine sdeaf Ang Il stimulates Adreceptors and
activation of the bradykinin/NO cascade. Indeed, réstoring effects of ATreceptor blockade
on NO release are abolished byBceptor antagonist Hoe 140.

According to the dose-dependent responses observaar experimental setting, the restoring
effect on NO release was obtained by using a higbecentration of losartan as compared with
quinaprilat. The pro-drug nature of this compouwith marked lower AT1 receptor affinity
compared to its active metabolite (E3174) may iketplain such a differencé

In conclusion, the modulation of RAS either by AQtibition or angiotensin Il receptor
antagonism affects the crucial balance between M@ @ . Quinaprilat improves NO
bioavailability by blunting stretch-induced, Ang-dépendent @production as well as
bradykinin degradation. Losartan exerts comparadffects involving AT receptors with
subsequent Breceptors activation.

These results define the link between mechanigak® Ang Il and redox state in endothelial
cells, but also provide the molecular basis to vstdaed the vascular protective effects of ACE
inhibition and AT-receptor antagonism.
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Figure 1. Stretch-induced increase in angiotensin Il in haraartic endothelial cells. Culture

media were obtained after 60 min of pulsatile stredr at the same time point from nonstretched

endothelial cells (control). Data are me&&EM; (n=6); *p<0.05 vs control.
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Figure 2. Bar graphs showing stretch-induced production ¢fi® human aortic endothelial

cells in the absence and in the presence of qulaapr losartan, respectively. Data

are mean * SE; (n= 6). *P<0.05 vs control.

76



Figure 3
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Figure 5
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Figure 5. Bar graphs showing the effects of-Beceptor antagonist (Hoe140;
10’mol/L) and AT-receptor antagonist (PD123319; hiol/L) on the restoration of
NO release in the absence and in the presenceirwdpyilat or losartan (Ifmol/L)
in HAEC exposed to pulsatile stretch. Data are mead®EM (n=8). *P<0.05 vs

control, **P<0.05 vs stretch alone.
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Figure 6. Schematic representation of stretch-induced autecglease of angiotensin 1l which

in turn unfavourably alters the balance of NO and Please note that activation of
bradykinin/NO cascade is the common link to understthe protective effects of
ACE inhibition and AT receptor antagonism. ATand AT,, angiotensin type 1 and
type 2 receptor subtypes;,Bbradykinin receptor; NADPH ox, NADPH oxidase;
eNOS, endothelial nitric oxide synthase; cGMP, icyglianosine monophosphate.
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PART 2. INSIGHTS INTO THE PATHOPHYSIOLOGY OF
CORONARY MICROCIRCULATION IN CARDIAC
ALLOGRAFT VASCULOPATHY

ORIGINAL DATA

Clinical studies
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Determinants of Coronary Flow Reserve in Heart Trarsplantation:

A Study Performed With Contrast-enhanced Echocardigraphy

Cardiac allograft vasculopathy (CAV) is the maimiting factor of long-term survival in heart
transplantation (H)J* In CAV, both epicardial coronary vessels and theraviasculature may
be affected Coronary flow reserve (CFR) measurements may peoftidctional assessment of
the microvasculature in patients with CA¥.We have recently applied a new non-invasive
technique based on contrast-enhanced transthagabmcardiography (CE-TTE) for assessing
CFR in the left anterior coronary descending ar(eAD) in HT patients®* CFR by CE-TTE

is a simple, readily available, objective, non-isive diagnostic tool for the detection of early
and severe CAV* It has been shown in several studies that CFRdsced in patients with
angiographically advanced vasculopatfiyntravascular ultrasound has been used to stugly th
influence of angiographically silent intimal thickag on CFR Furthermore, the prognostic
impact of CFR has been demonstratétbwever, few reports have focused on the detemtsna
of CFR in HT! Therefore, the aim of the present study was totifjedlinical and functional

determinants of CFR in HT patients and, aboverallhhose without coronary occlusive disease.

METHODS

Study Patients

We studied 119 consecutive HT recipients (97 ménw@men; median age 55 years at HT,
range 9 to 73 years). Median post-HT follow-uptatlg entry was 8.5 years (range 13 months
to 19 years). Our immunosuppression protocol ctesi®f cyclosporine, azathioprine and
steroids (triple therapy), as previously detaflédCytomegalovirus (CMV) serostatus (IgG-
positive or IgG-negative) of all donors and recaysewas analyzed before HT. The study was

approved by the institutional ethicemmittee, and all patients gave written, inforrsedsent.

Acute Rejection Scores

Acute graft rejection was monitored by endomyocrdbiopsy following established
protocols® A rejection score was assigned based on a modificaf the International Society
for Heart and Lung Transplantation (ISHLT) gradisgsten? The following scores were
calculated for each patient: rejection score ialtttllow-up (TRS); rejection score in the first

year (RS 1yr); rejection score including only sevgradesX3A) (sev TRS); and first-year
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rejection score including only severe grades (s8v1Rr). All scores were normalized for the

number of biopsies taken in each patient.

Cumulative Immunosuppressive Doses

Cumulative doses (milligrams per killigram) of aysporine, azathioprine, prednisone and
methylprednisolone at 3, 6 and 12 months, and catimel total steroid load in the first year
were calculated. Cumulative prednisone load fohgaatient in the first year (PDN 1yr) was
calculated (in milligrams per kilogram), as was cletive methylprednisolone (MethPD 1yr)
and total steroid load (TotCORT 1yr = PDN 1yr +Meih 1yr), following conversion of each
methylprednisolone dose to an equivalent prednisimse (4 mg of methylprednisolone =5 mg

of prednisonef.

CMV pp65 Antigen Detection

The CMV pp65 antigenemia immunofluorescence assas/ wsed for the qualitative detection
and identification of the lower matrix protein pp@b CMV in isolated peripheral blood
leukocytes. The immediate-early CMV antigen pp6s waestigated in all patients at 1, 6 and
12 months post-HT. Antigen detection was perforraedny given time if CMV infection was

clinically suspected.

Echocardiography

An echocardiogram was obtained from all patienthiwi24 hours of coronary angiography. M-
mode measurements of the end-diastolic thicknessh@finterventricular septum and left
ventricular posterior wall were taken from the p&eanal long-axis view. Left ventricular

hypertrophy was defined as diastolic septal orgyast wall thickness >11 mm. Measurements
were performed independently by two observers Blintb clinical history and experimental

data.

Angiography/Diagnosis of CAV

Cardiac catheterization was performed within 24re@i CFR evaluation by CE-TTE in all 119
patients. Angiograms were reviewed by a cardiotogibo was unaware of clinical and

echocardiographic findings. Data were analyzedgusie following qualitative grading system:
Grade |, normal angiogram; Grade IlI, luminal irriegities, diameter reduction <30%; Grade
lll, diameter reduction <50%; Grade IV, diameteduetion<50% and/or diffuse narrowing of

small vessel8.CAV was defined as presence of angiographic chanfy&rade Il or greater,
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and significant CAV as Grade IV changes. Stenosis eonsidered critical if it reached(0%.
In an attempt to better quantify the extent of CAMe following indexes were computed and
used as markers of CAV diffusion/severity: totaflem of stenosis (SDI), and total index of

stenosis normalized for the number of diseased segnfSDI/nS), as previously descrilfed.

Coronary Flow Velocity Reserve Assessment

We used CE-TTE for coronary flow evaluation befanel after adenosine infusion This method
has been described in detail in our previous repdrt’ Briefly, a modified apical 2-chamber
view was applied to carefully search for color-cddéood flow as a guide to obtain a pulsed-
wave Doppler diastolic flow recording in the dispadrtion of the LAD, at baseline and after
intravenous infusion of adenosine (140 ug/kg/man,5 minutes). In most patients, an optimal
Doppler signal can be detected even in the casa sifib-optimal color imaging, allowing
reliable coronary flow definition. In rare caselthe Doppler signal is visualized with poor
definition, the same procedure can be attemptedgusievovist (Schering AG, Berlin,
Germany) as a Doppler signal enhancer, infusectaheentration of 300 mg/ml, at a rate of 0.5
to 1 ml/min. Cardiac drugs were not interruptedobeftesting, although all methylxanthine-
containing substances or medications were withi#&dhours before the study. CFR was
determined as the ratio of maximum diastolic hypecepeak flow velocity to diastolic resting
flow velocity, based on studies by an experienagweardiographer (F.T.) who was blinded to
the angiographic and clinical data (Figure 1). Quevious studies demonstrated a high
reproducibility for measurement of CFR by TTE° A cutoff point of >2.5 was selected to
define a normal CFR in the present study. Thisstho&l was based on the results of studies that
demonstrated a prognostic impact of this value botiHT recipients as well as in patients

having undergone successful coronary angioplasty.

Statistical Methods

Continuous variables are expressed as mean * sthrdiviation. Student's-test for
independent samples, chi-square test and Fisheast ¢est were used as appropriate. When
comparing several groups, 1-way analysis of vagg@dNOVA) was followed by the Student—
Newman-Keuls post hoc test for statistisanificance. Pearson’s test was used for bivariate
correlations of CFR with clinical conditions. Mydte linear regression analysis was performed
between CFR and significant or marginally significap <0.1) risk factors or clinical
conditions upon univariate analysis. Intra- andemabserver measurement variability and

reproducibility of CFR were evaluated by linearresgion analysis. This was expressed by the
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correlation coefficientr values and standard error of estimates (SEE),bgnoheans of the
intraclass correlation coefficients (ICCs), witlpreducibility being considered satisfactory if
the ICC was between 0.81 and 1.0. Data were ardhlyath SPSS software, version 13.0
(SPSS, Inc., Chicago, IL). Statistical significarveas assumed if the null hypothesis could be
rejected ap < 0.05. The investigators had full access to tha dat take full responsibility for

its integrity.

Results

Baseline Clinical and Diagnostic Features

The baseline features of recipients and donorstaye/n inTable 1. Echocardiographic regional
wall motion abnormalities were not detected. Agel aime from HT were comparable in
patients with and without abnormal angiography£49l vs 51 + 13 year[=0.5] and 8 + 3 vs

7 + 3 yearsp = 0.4], respectively). Ejection fraction was norrmabll patients (73 + 8%). All
patients studied were maintained on a cyclospg@b@o) or tacrolimus (5%) and azathioprine
(70%) or mycophenolate mofetil-based (30%) immuppsession protocol. Steroids were
withdrawn in 53% of patients at 12 months aftensantation. Eighty-five percent of patients
were treated with statins, 63% with aspirin, 10%thwiticlopidine, 40% with calcium
antagonists, 19% with beta-blockers and 42% witgicensinconverting enzyme (ACE)
inhibitors. Forty-five (38%) angiograms were cléissi as abnormal, of which 21 (47%) had
Grade Il lesions, 9 (20%) Grade Il lesions and33%) Grade IV lesions. Ten (22%) patients
had LAD critical stenosis and 12 (26%) had diffussrowing of small vessels. The left
circumflex and right coronary artery were involved 30 (66%) and 21 (46%) patients,

respectively. The mean values for SDI and SDI/ngw& + 13 and 7.2 + 5, respectively.

CFR Evaluation

CE-TTE studies were always well tolerated and ggsdrformed, with a need for Levovist
infusion in only 11 (9%) patients to obtain an aml Doppler signal. Overall, during adenosine
infusion, heart rate increased compared with basgl92 + 13 vs 86 + 11 beats/mip,<
0.0001) and systolic blood pressure decreasedfPA6vs 136 + 19 mm Hgy < 0.0001) as did
diastolic blood pressure (80 = 13 vs 85 £ 12 mm pigs 0.0001), whereas peak diastolic
velocity in the LAD increased (75 = 23 vs 28 £ 9/syp < 0.0001). In the entire patient group
CFR was 2.79 £ 0.8 (range 1.08 to 4.9).
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Relation Between CFR and Clinical Characteristicsn Entire Patient Study Group

CFR was lower in men, in patients with CAV andhioge with LAD stenosis70%, as well as
in patients with ischemic heart disease pre-HT fg@g2A, top panel). CFR was inversely
related to time from HT, SDI, SDI/nS, left ventdauend-diastolic pressure and interventricular
septum thickness (Table 2). CFR was directly rdldte ejection fraction and tended to be
related to cumulative cyclosporine doses (TableN®).relation was found between CFR and

rejection scores (Figure 3A, top panel).

Relation Between CFR and Clinical Characteristicsn Patients Without CAV

In patients without CAV, CFR was lower in diabepatients (Figure 2B, bottom panel),
inversely related to TRS and sev TRS (Figure 3Bitobo panel), and was marginally
significantly related to RS 1yr, sev RS lyr anditatumber of rejections (Table 2). TRS and
sev TRS were higher in patients with normal corgraargiography and abnormal CFR (Figure
4).

Relation Between CFR and CMV

In all patients, CFR is not significantly altered@MVnegative HT recipients of CMV-positive
hearts p = 0.6) (Figure 5). CFR was also comparable in p&igith and without documented
CMV infection ( = 0.8) (Figure 6). Similar results were found inipats with normal coronary

angiograms (data not shown).

Determinants of CFR by Multivariate Analysis

In the multivariate analysis, determinants of CFRrevCAV diagnosis, SDI and SDI/nS,
interventricular septum thickness and ischemic thdeease pre-HT (Table 3). In patients
without angiographic CAV, only sev TRS was indepantty related to CFR (Table 4). If some
variables are forced in the multivariate model lseaof their well-known documented effect
on CFR (i.e., diabetes, hypertension, left ventaicend-diastolic pressure, etc.), then sev TRS
remains the only independent determinant of CFpairents with normal coronary angiography

(data not shown).

Intra- and Inter-observer Reproducibility
Intra- and inter-observer reproducibilities of CRRasurements were assessed by repeating the

CFR evaluation twice, 1 hour apart, by the sameatpe(F.T.) in a subgroup of 35 patients and
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by another operator (E.O.) in a subgroup of 58 epéddi respectively. The intra-observer
reproducibility was high r€0.97, SEE=0.12); ICC was 0.985. The inter-observer
reproducibility was also high£0.96, SEE=0.14); intraclass correlation coefficias 0.976.

Discussion

This study demonstrates, for the first time, tleg¢ction score is an independent determinant of
CFR in HT patients. In addition, recognized deteranis of CFR have been confirmeGAV

is a diffuse process involving the entire coronairgulation, including microvessefsin the
present study, CFR impairment in patients with CAway have been related by
hemodynamically significant LAD stenosis. Indeedhas been shown in several studies that
endothelium-dependent and -independent CFR is eedlicpatients with CAV:***We found
that, although CFR reduction was associated withDL#tenosis of>70% according to
univariate analysis, a flow-limiting stenosis wast @n independent determinant of CFR. A
major contribution of non-significant LAD stenose overall CFR reduction is unlikely, since
epicardial coronary arteries physiologically detexnonly <10% of the overall coronary
vascular resistancé This suggests that CFR reduction may reflect misoular involvement,
even in angiographically visible CAV. Potential &mtions for the increased coronary
resistance include: a reduced cross-sectionalianesistance vessels as CAV progresses; or an
insufficient collateral function, as collateral sets are not common in HT patiefitd/ascular
lesions are the result of cumulative endotheligirininduced both by alloimmune responses
and by non-specific alloimmune-independent insults.

Male gender and ischemic heart disease pre-HT hette CFR determinants. These findings
may reflect the influence of recipient pro-ischemicisk factors in CAV
progression/modulatioh Classic cardiovascular risk factors, such as déehemay enhance
vascular inflammation by inducing endothelial dysftion. A novel finding in our study is that
severe rejection scores were independently asedcwith CFR redugn in patients without
angiographic CAV. Others investigators failed teritify such a relationshif};*® which may
have been due to the small number of pati€rghort follow-up®® and lack of quantification of
individual rejection burden in terms of rejecticrpee’® In addition, multivariate analysis was
either not usel or applied to inadequate numbers of patiéh®ur findings show that early
graft vascular lesions seem to be confined mostlgmall coronary arteries and arterioles. Our
novel finding supports the hypothesis that microuéspathy is an immune-mediated

phenomenon, similar to epicardial CA\CFR reduction seems to have been due to a previous
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rejection crisis, which could have induced sma#aar of fibrotic scars in the myocardium,
resulting in an impairment of the capacity of ddir vasodilation by extravascular
compression, or medial fibrosis or reduction of tlaenber of vessels.

Assessment of microvascular function has been shimwibe of predictive value after HT.
Predominant allograft microvascular dysfunctionditectable in 15% of patients after HT.
The ability to detect and distinguish changes ircapial and microvascular function may aid
in identifying modifiable factors that lead to CA.oronary angiography and intravascular
ultrasound are not well suited to detect such ababties. Conversely, microvascular changes
may be easily monitored by CE-TTE. In keeping withr results, Fearon et al recently
demonstrated that, in HT recipients without angapiically significant CAV, predominant
microcirculatory dysfunction was present, based rmrmal fractional flow reserve and
abnormal CFR! Insults contributing to endothelial injury after Hifay include pathogens such
as CMV! Our finding that CFR was independent of both CMYosetus and previous CMV
infection is not surprising if we consider that adsine is an endothelium-independent
vasodilator. In support of our findings, other istigators found that endothelium-independent
vasomotor function was not significantly altered @MV-negative HT recipients of CMV-
positive hearts. Those same investigators fountdGR& was comparable between patients with
and without documented CMV infectidh. However, CMVseronegative recipients of
seropositive hearts are of highest risk for deuwalept of endothelial dysfunction in small
coronary vessels and have more cardiovasculardelents and death during follow-tf.
Documented CMYV infection episodes are associatéial déteioration of epicardial endothelial
function, whereas endothelial dysfunction extendstihte microcirculation in patients with
symptomatic infection®® The recruitment of circulating monocytes infectedhwCMV into
allograft coronary vessels is the most likely metsim by which CMV becomes associated

with endothelial dysfunction.

Study Limitations

According to some but not all studies, acute r@eacmay affect CFR>?°In the present study
on stable, long-term HT patients with preservedtaa fraction, no endomyocardial biopsies
were taken. The possibility that our CFR findingaynioe related to undetected acute rejection
seems unlikely. Acute rejection frequency is loweathe first year, and in none of our patients
was acute rejection clinically suspected or diagdas the following months. The measurement
of coronary flow velocity by CE-TTE is only applige to the distal part of the LAD, although

a recent study reported the feasibility of meagu@#R in the posterior descending coronary
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artery?* However, CE-TTE—derived CFR measurements relatei¢oocirculatory function, and
thus the choice of the sample vessel would not Inafigenced the results. Some studies have
considered intravascular ultrasound as the “godshdard” for CAV diagnosi$?% however,
intravascular ultrasound is often technically diii or not feasible in advanced disease and is
certainly unsuited for long-term follow-up. Moreaysome investigators demonstrated that, in
patients without angiographically overt coronargedise, the degree of epicardial intimal
thickening as quantified by intravascular ultrasbuioes not predict the adenosine vasodilator
response, when determined by commonly used paresmeieh as CFR:** Routine detection

of the immediate-early CMV antigen pp65 was perfednonly during the first 12 months. It is
therefore possible that some sub-clinical CMV itiflet episodes could have been detected with
a longer follow-up. In conclusion, the measuremeint lower coronary flow rate has been
shown to be a reliable marker for CAV-related majardiac event$!* The identification of
CFR determinants, as shown here, should make giljesto design and test new therapeutic
and preventive strategies aimed at modifying threetdependent CFR reduction post-HT. This

may lead to improved outcomes for patients.
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Figure 1
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Figure 1: Coronary flow response to adenosineCoronary flow velocity

during adenosine infusion (right) by transthoragbocardiography

at rest (left) and
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Figure 2: Relation between CFR and clinical characteristicsn the entire patients study
group and in patients without CAV- CFR in the whole patient population (A) and irigats
with normal coronary angiography (B) divided acdogdto the presence (+) or the absence (-)

of risk factors and clinical conditions considenedhe study protocol. *n=45
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Figure 3
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Figure 3: Relation between CFR and rejection scoreBivariate correlations of CFR with
TRS and sev TRS in the whole patient population ¢Adl in patients with normal coronary

angiography (B).

94



Figure 4
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Figure 4: Rejection scores in patient without CAV and with almormal CFR- Levels of TRS

and sev TRS in patients without allograft vascutbpalivided according to CFR2.5 or >2.5
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Figure 5
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Figure 5. CFR and CMV serostatus CFR is not significantly altered in CMV-negative

transplant recipients of CMV-positive hearts.
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Figure 6
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Figure 6: CFR and previous CMV infection- CFR was comparable between patients with and

without documented CMV infection.

97



TABLE 1: Recipient and donor characteristics

All patients (n=119)

Time from HT (v1) 8=5
Ischemic time (min) 170 =46
Cholesterol {mmolL) 54=00
Trglycenides (mmol/L) 1.76=08
Age at HT (w) 50=12
Male gender (%) 81
Interventricular septum thickness (mm) 12=05
Posterior wall thickness (mm) 11=08
LVEDP (mm/Hg) 11=4
LVEF (%) 738
Diabetes (%) 15
Hypertension (%) 64
Heart rate (beats/min) 86=11
Systolic blood pressure (mm/Hg) 136=19
Diastolic blood pressure (mm/Hg) 8=12
CAV (% 38
SpI’ 1513
SDIS 7225
TRS 121205
RS Iyr 1306
sev IRS 0.14=01
sev RS Iyr 0.16=01
Total number of rejections 3125
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Rejections in the first year 26£22

Donor age (yr) 35+12
Donor male gender (%) 62
Gender mismatch (%) 25
IHD pre-HT (%) 33
CsA at 3 months (mg/Kg) 508 =207
CsA at 6 months (mg/Kg) 1063 =432
CsA at 12 months (mg/Kg) 1970 = 788
Aza at 3 months (mg/Kg) 143276
Aza at 6 months (mg/Kg) 266 = 158
Aza at 12 months (mg/Kg) 524 =337
PDN at 3 months (mg/Kg) 4=13
PDN at 6 months {(mg/Kg) 25+19
PDN at 12 months (mg/Kg) 40 =31
MethPD lyr (mg/Kg) 72+ 60
TotCORT 1yr (mg/Ky) 14292
Donor CMV (-)/Recipient CMV(-) (%) 29
Donor CMV (-)Recipient CMV(+) (%) 29
Donor CMV (+)/Recipient CMV(-) (%) 25
Donor CMV (+)/Recipient CMV(+) (%) 17
CMV pp65 Ag + (%) 8

*Data m patients with angiographic cardiac allograft vasculopathy (nw4§)

Aza= Azathioprine; CsA= Cyclosporine A; IHD= ischemic heart disease; LVEDP= left ventricular
end-diastolic pressure; LVEF= left ventricular ejection fraction; PDN= Prednisone. See text for
other abbreviation




TAEBLE 2: Bivanate comrelations of CFR with clinical conditions

All partients (n=119)

Patients without CAV (n=74)

r P r P
Time from HT -0.248 0.01 006 06
SDI -0.350 =0.0001
SDI/nS -0.366 =(0.0001

LVEDP -0.201 0.01 -0.001 0o

LVEF 0323 0.002 -0.011 09

Heart rate -0.185 0.07 0.072 05
Interventricular septum thickness  -0.308 0.007 -0.077 06
Posterior wall thickness 0.121 02 -0.124 04
Ageat HT 0.007 09 -0.007 09
Cholesterol -0.04 07 -0.128 03
Triglycenides -0.134 02 0.020 08
Donor age -0.178 01 -0.137 03
Ischemmic time -0.033 07 -0.062 0.6

TRS -0.057 03 -0.269 0.02

RS Iyr -0.078 03 -0.214 0.06

sev TRS 0.009 09 -0.275 0.01

sev RS 1yr -0.034 07 -0.203 0.08

Total munber of rejections -0.085 03 -0.261 0.05
Rejections in the first year 0111 02 -0.157 02
Systolic blood pressure -0.120 02 -0.156 0.2
Ddiastolic blood pressure 0127 02 -0.153 02
CsA at 3 months 0.200 0.07 0.208 01
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CsA at 6 months
CsA at 12 months
Aza at 3 months
Aza at 6 months
Aza at 12 months
PDN at 3 months
PDN at 6 months
PDN at 12 months
MethPD 1yr

TotCORT Ivr

0.191
0.192
0.072
0.157
0.132
0.0335
0.056
0.030
-0.169

-0.013

0.09
0.00

0.1
02
0.7
06
0.7
0.1

09

0.267
0.260
0.138
027
0.261
0.026
0.114
0.070
-0.046

0.146

0.09
0.1
03

0.08
01
08
04
0.6

0.7

Abbreviations as in table 1 and in the text
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TABLE 3: Multiple linear regression analysis between CFR (dependent variable) and risk factors

or clinical conditions (independent variables) (n=119)

Variable B+SE p P
CAV 0.736+020 -0.489 0.001
SDI -0.054+ 0013 -0.855 <0.0001
SDL'nS 0.110+0.035 -0.720 0.003
Time from HT -0.007+0.017 -0.043 06
Male gender -0.054+ 0251 -0.024 08
Heart rate 0.003 + 0.007 0.046 0.6
IHD pre-HT -0.363 + 0.154 -0222 0.02
Interventricular septum thickness 0.167 £ 0.067 0233 0.01
LVEF 0.007 +£ 0.008 0.101 03
LVEDP -0.005 + 0.016 -0.030 07
LAD stenosis > 70% -0.340+ 0251 -0.146 02
ANOVA p <0.0001
R’ 0.542

Abbreviations as in table 1 and in the text
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TABLE 4: Multple linear regression analysis between CFR (dependent variable) and nisk factors

or clinical conditions (independent variables) in patients with normal coronsry angiograms {n=74)

Varisbie B+ SE it P
TRS -0.101 = 0.363 -0.057 07
RS 1yr -0.008 £ 0.849 -0.004 09
sev TRS -2805* 1137 -0.318 0.01
sev RS Iyr 28112383 0363 02
Total pumber of rejections D004 20119 -0.011 o9

ANOVAYD 0.01
R 0.136

Abbreviations as in the text
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Coronary Flow Reserve by Transthoracic Echocardiogaphy
Predicts Epicardial Intimal Thickening in Cardiac A llograft

Vasculopathy

Cardiac allograft vasculopathy (CAV) is the leadircquse of mortality after heart
transplantation (HTY. In CAV both epicardial coronary vessels and therovasculature may
be affected®. Histopathologically CAV is characterized by dister intracellular endothelial
changes and diffuse concentric intimal thickeninGoronary angiography is the most common
tool of screening for CAV; however it is limited idetecting diffuse intimal thickeniflg
Intravascular ultrasound (IVUS) is more sensitivet it requires some degree of expertise to
perform and interpret the images, it is time consignand expensive, and it only interrogates
the epicardial coronary system. Coronary flow resglCFR) measurements by intracoronary
Doppler flow wire may provide functional assessmeftthe microvasculature in CAV;
however, coronary angiography, IVUS and intracorgnBoppler flow wire are invasive
procedures. We have recently applied a new noniveaschnique based on contrast-enhanced
transthoracic echocardiography (CE-TTE) for assgs€£FR in the left anterior coronary
descending artery (LAD) in HT patiert& CFR by CE-TTE has been shown to correlate with
angiographically detectable coronary artery lessenerity as well as intracoronary Doppler
flow wire measurement§ and to stratify the risk of cardiac events in igatients® . We
assessed the diagnostic potential of CFR by CE-RTEAV detection defined by IVUS and to
test whether the extent of intimal thickening aféecoronary flow velocity during adenosine

infusion in HT recipients with normal coronary amgyiams.

Methods

Study Patients

We studied 22 consecutive HT recipients with noromabnary angiogram (20 male, aged+50
7 years at HT, range 36 to 61, mean ischemia ti@®+137 minutes), at 6 + 4 years post-HT.
Our immunosuppression protocol consisted of CyddspA, Azathioprine or Mycophenolate
mofetil, and steroids (triple therapy) as previgudktailed' 8 Twenty-four healthy control
subjects, matched for age and gender, were redrfiiten local community. In the control

subjects, the absence of cardiovascular diseasssewaluated by a clinical history and
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examination and, when available, echocardiograpityaronary angiography. The study was

approved by the institutional ethics committee, alhghatients gave written, informed consent.

Echocardiography

An echocardiogram was obtained in all patients wi/8 hours of coronary angiography. From
the parasternal long axis view, M-mode measuremerte performed to determine the end-
diastolic thickness of the interventricular septand the left ventricular posterior wall. Left
ventricular hypertrophy was defined as a septa$ plosterior wall thickness 24 mm®. Left
ventricular ejection fraction was measured using@@on’s method. CFR was evaluated using
CE-TTE before and after adenosine infusion. Thehottthas been previously described in
detail .

Contrast-Enhanced Transthoracic Doppler Echocardiogaphy

Echocardiography was performed for coronary flowleation using CE-TTE before and after
adenosine infusion, with an ultrasound system (8eqC256, Acuson, Mountain View,
California) connected to a broad-band transducén second harmonic capability (3vV2c). All
studies were continuously recorded on 0.5-in. (@] S-VHS videotape. Briefly, CFR was
measured in the distal portion of the LAD, firstiptaining a modified foreshortened two-
chamber view or, if a distal LAD flow recording wast feasible, using a low parasternal short-
axis view of the base of the heértf the angle between color flow and the Doppleain was
>2(, angle correction was performed using the softypaickage included in the software unit.
Administration of the contrast agent (Levovist, &thg AG, Berlin, Germany) was performed
both before and during adenosine intravenous adtrétion”.

Coronary Flow Velocity Reserve Assessment

All patients had Doppler recordings of the LAD wabenosine infusion at a rate of 0.14 mg/kg
per min for 5 min°. Cardiac drugs were not interrupted before testialjhough all
methylxantine-containing substances or medicatwae withheld 48 h before the study. CFR
in the LAD was calculated, as the ratio of hypereto basal diastolic flow velocity, by an
experienced echocardiographer, blind to angiogcaghd clinical data. For each variable in the

CFR calculation, the highest 3 cycles were averdged
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IVUS/Diagnosis of CAV

After anti-coagulation with 5000—10 000 units ophen and infusion of 20Qg intra-coronary
nitroglycerin, standard coronary angiography (eatihg at least six planes of left coronary
artery) was performed in order to exclude LAD s&sowhich might contraindicate 1IVUS
performance®. IVUS images were obtained using a commerciallgilable 3F IVUS catheter
(Volcano Corporation, Rancho Cordova, CA or AtlarBiR Pro 2, Boston Scientific, Natick,
Massachusetts, USA) placed under fluoroscopic quielato the periphery of the LAD.
Automatic pullback (1 mm/sec motorized device) wasformed and images were stored in a
CD-ROM for subsequent analysis off-line by an eigrered observer, who was always blinded
to the patients’ characteristics and echocardidgcafindings. External elastic membrane and
lumen cross-sectional areas were identified andsared by manual planimetry. Following
American College of Cardiology recommendatidhsve measured maximal intimal thickness
(MIT); the average MIT was derived by averaging M from the all sites examined. CAV
was defined as MIT0.5 mm*" The area bounded by the external elastic membnas
considered the external vessel wall area and tfferelice between the external elastic
membrane area and the lumen area was calculatgi/déothe intimal (otherwise known as
intima-media) area. An intimal index was calculassdintima area/(intima + lumen area). The
luminal, vessel and plaque volumes (in cubic m#iers) of each segment were calculated as
cross-sectional areas (lumen area, vessel areplamae area) x segment length of 2 mm. Total
plaque volume was obtained by adding up the meamnts of all vascular segments. Sidee
novograft atherosclerosis often has a diffuse distrdmytunlike focal donor-related lesions, we
averaged the measurements obtained from seriad-sextional images taken every 2 mm of
proximal 30 mm of LAD to minimize bias in the maitatp of individual sites in artery wall
evaluation? Vascular sites with major side branches or dafions occupying a vessel
circumference of more than 30% were excluded fromangfication. To assess the
reproducibility of IVUS measurements, we performte® subsequent motorized pullbacks of
the IVUS catheter during the same IVUS examinatMean values of total vessel and lumen
areas were calculated on the basis of these tvaodiegs, matching 28 coronary segments. The
intra-observer error for vessel and lumen areayaisalvas 0.46 = 0.61% and 1.95 + 1.14%,
respectively. The correlation coefficient betwebe two sets of measurements was 0.95 for
vessel wall and 0.92 for lumen areas. The inteentes error for vessel and lumen analysis was
1.66 = 1.25% and 3.01 + 2.2%, respectively. Theretation coefficient between the
measurements performed by two different observers W99 for both vessel wall and lumen

areas. These reproducibility assessments aredmiitih previous reports.,
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Fractional Flow Reserve Measurements

Fractional flow reserve (FFR), defined as the meiatal coronary pressure, measured with the
pressure wire (Radi Medical Systems), divided bg thean proximal coronary pressure,
measured with the guiding catheter, at maximum teyp&, was measured after administering

48 ug of intracoronary adenosine. The lower limit of thormal range for FFR was below 0.94
14.

Statistical Analysis

Results are expressed as mean +* standard devi@fidh distribution was assessed by Shapiro-
Wilk test, and it was not significantly differemofn normality (p=0.142). Student’s t test and
chi-square test were used as appropriate. Sehgitigpecificity, positive and negative
predictive values were determined according todseh definitions. IVUS evidence of CAV
was taken as the positive reference standard. Raceperating characteristics (ROC) curve
analysis was generated to test the predictive idigzation of patients with and without CAV.
Correlation were sought by use of least-squaresessgpn analysis. Intraobserver and
interobserver reproducibilities of CFR were evaddatby linear regression analysis and
expressed as correlation of coefficients (r) armhdard error of estimates (SEE), and by the
intraclass correlation coefficient. Reproducibility considered satisfactory if the intraclass
correlation coefficient is between 0.81 and 1.@ralobserver and interobserver reproducibility
measurements were calculated in all 22 patientsbdility levels of <0.05 were considered
statistically significant. Data were analyzed Ww8RSS software version 13.0 (Chicago, SPSS,
Inc., Chicago, lllinois). The authors had full asseto and take full responsibility for the

integrity of the data. All authors have read anceado the manuscript as written.

Results

Baseline Clinical and Diagnostic Features

All patients had normal coronary angiograms. Of #2eIVUS 10 (45%) were classified as
abnormal (MIT=0.5 mm) (group A), 12 (55%) had normal coronari$T(<0.5 mm) (group
B). Time from HT was longer in group A B8 3 vs 6% 2 years, p=0.042). Group A was
associated with donor male gender (76% vs 46%,0230Recipient age at HT, male recipient
gender, incidence of gender mismatch and donomwage similar in the two groups. Incidences
of hypertension, diabetes and hypercholesterolafté HT were comparable between the two

groups. End diastolic dimensions, ejection fracaod mass were similar in the two groups. No
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regional wall motion abnormalities were detectetl.patients were on aspirin and statins. No

differences in immunosuppressive and cardiovasth&apies were observed.

Comparison Between HT Recipients and Control Subjds

CFR in HT recipients was comparable to control scigj (3.1+ 0.8 vs 3.4 0.7, p=0.3). CFR in
HT patients with MIT0.5 mm was lower than in controls (250.6 vs 3.4+ 0.7, p=0.001).
CFR in HT patients without ME0.5 mm was comparable to controls (2.0.3 vs 3.4+ 0.7,
p=0.2). The prevalence of CER.5 was higher in HT patients compared to contf®d’k3% vs
4.3%, p=0.04) and CFR is significantly lower in lg&tients with CFR2.5 compared with the
remaining patients’ population (2 + 0.4 vs 3.5 4,(0<0.0001).

IVUS and FFR Analysis

IVUS was performed successfully in all patientse Thean MIT was 0.Z 0.1 mm (range 0.03-
1.8 mm) and intimal index was 0.%30.11 (range 0.05-0.55). MIT was higher in grouplAL6

+ 0.3 mm vs 0.34 0.07 mm, p<0.0001). FFR was successfully measuredl patients. The
mean FFR was 0.98 0.05. In 64% of cases, the FFR was less than dhmal threshold of
0.94. In only one patient (4.5%), FFR wa$.80, the upper boundary of the gray zone of the
ischemic threshold, and in none the FFR w&s75 (15). FFR was inversely related to MIT (r=-
0.399, p=0.054).

Noninvasive CFR Evaluation

CE-TTE studies were always well tolerated. Overdllying adenosine infusion heart rate
increased compared to baseline §9@3 beats/min vs 83 14 beats/min, p<0.0001), systolic
blood pressure decreased (1218 mmHg vs 13% 22 mmHg, p=0.04), as well as diastolic
blood pressure (7# 13 mmHg vs 82 15 mmHg, p=0.03), whereas peak diastolic velocity
the LAD increased (82 27 cm/s vs 2& 7 cm/s, p<0.0001). CFR was 310.8 in the whole
patient group. Adenosine peak diastolic velocityd &FR were lower in group A (6828 cm/s
vs 100+ 13 cm/s, p=0.01 and 2450.6 vs 3.4 0.3, p<0.0001, respectively) (Figure 1). Figure
2 shows two representative examples.Severe (<2) @fRirment was found in 3 out of 10
(30%) patients with MI0.5 mm, but in none of those with MIT <0.5 mm ([B34).
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Diagnostic Power of CFR by CE-TTE in the Identificdion of MIT =0.5 mm

ROC analysis for separation of the presence ornalesef MIT >0.5 mm was performed. The
area under the ROC curve (AUC) of 0.903 has a SB.@22, yielding a 95% confidence
interval of 0.941 to 1.026 (p<0.0001) (Figure 3)c#tpoint of< 2.9, identified as optimal by

ROC analysis, was 100% specific and 80% sensiggsifjve predictive value= 100%, negative
predictive value= 89%) (OR=8, p=0.007). Accuracys\8a%.

Intra and Interobserver Reproducibility of CFR by CE-TTE

Intraobserver and interobserver reproducibilitifs GFR measurements were assessed by
repeating CFR evaluation twice, 1 h apart, by #@mes operator (F.T.) in all patients and by
another operator (E.O.) in all patients as welle Tihtraobserver reproducibility was high
(r=0.95, SEE=0.11); intraclass correlation coeéiti was 0.976. The interobserver

reproducibility was also high (r=0.94, SEE=0.1R}raclass correlation coefficient was 0.968.

Relation Between CFR and Risk Factors for CoronanAllograft Vasculopathy

No relation between CFR and number or severity wdvipus rejections was observed.
Moreover, there was no correlation between CFR ayomegalovirus status or

cytomegalovirus infection after HT. CFR was unredhto pre-HT risk factors for coronary
artery disease, donor/recipient gender, gender at@dmand donor/recipient age at HT. The
time from HT to CE-TTE and IVUS was unrelated te ttegree of intimal thickening, resting

and hyperaemic coronary flow velocity or CFR, anthWwFR.

Relation between CFR by CE-TTE and MIT

CFR was inversely related to MIT (y=-1.35x + 410/296; SEE=0.23; p<0.0001) (Figure 4), to
intimal index (y=-2.5x + 4. r=0.454; SEE=0.72; p@D) (Figure 5) and to plaque volume (y=-
0.009x + 4.2. r=0.775; SEE=0.52; p<0.0001 (Figyre 6

To determine whether the intimal hyperplasia ofcemlial arteries contributed to the CFR
reduction, we separately analyzed patients wittmabit>0.94) FFR. In these patients CFR by
CE-TTE was correlated with MIT (y=-0.91x + 4.0. @814; SEE=0.26; p=0.01). The
correlation between CFR and MIT was no more presepatients with FFR <0.94 (p=0.151).
MIT is minor and CFR is higher in patients with BR0.94 (0.26 + 0.1 vs 0.81 + 0.1, p=0.01
and 3.7 £ 0.3vs 2.7 £ 0.7, p=0.002, respectively).
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Relation between CFR by CE-TTE and FFR

CFR by CE-TTE correlated weakly with FFR (r=0.4860.048). In 14% of cases , CFR by
CE-TTE was<2. CFR and FFR were normal in 8 (36%) patients. AR abnormal and CFR
normal in 11 (50%), and FFR and CFR were both ahabm 3 (14%) patients. In one patient
FFR was almost normal (0.93) and CFR was sevesglyaed (1.9), suggesting predominant

microcirculatory dysfunction (Figure 7); in thistfgant MIT was 1 mm.

Discussion

This study demonstrates, for the first time, th&RQy CE-TTE in the LAD is a feasible and
accurate noninvasive tool for the detection of NHO.5 mm identified by IVUS, the gold
standard for the diagnosis of CAV in BT Many authors studied the relation between CFR and
angiographic CAV. Some studies, mainly using invadDoppler flow wire and endothelial-
independent vasodilatation, showed that coronaspditatatory capacity is preserved in HT
patients without angiographic CA\*"and is impaired in patients with mild CAV Our group
demonstrated that CFR by CE-TTE may offer promsa aimple, readily available, objective,
noninvasive diagnostic tool for the detection afieand severe CAV, and that a lower CFR
is the main independent predictor of poor outcomming-term clinically stable HT patients
However, to the best of our knowledge, the presamdy is the first on CFR by CE-TTE and
CAV in epicardial arteries defined by IVUS.

Echocardiography for the diagnosis of CAV definedy IVUS

Dobutamine for the assessment of wall motion aftd/entricular size and function is the most
frequently used technique. Spes et al. analyzeddithgnostic value of dobutamine stress
echocardiography for noninvasive assessment of CAVThey found that resting 2D
echocardiography detects CAV defined by IVUS witkeasitivity of 57% and a specificity of
88%. Dobutamine stress echocardiography incredsesansitivity to 72%. Moreover, M-mode
analysis increased the sensitivity of 2D rest atrdss analysis to 85% but reduced the
specificity to 8292, In other studies, the sensitivity of stress eandiography ranged between
15% and 79%, and the specificity ranged between 8B86685%. In some, but not all studies,
the accuracy was comparable to CFR by CE-TTE. Hewewobutamine stress
echocardiography depends on image quality and ¢admased in all patients. Furthermore,
dobutamine echocardiography requires more expearitran CFR by CE-TTE'® CFR by CE-
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TTE is also more accurate for predicting cardiaenés® and for verifying the functional
significance of CAV.

Tissue Doppler imaging is another growing practicethe nontransplant population. The
limited data in HT showed that there are significahanges for both systolic and diastolic
parameters. Compared with patients without CAV,netleose with CAV defined by IVUS
showed significant differences for all parametérsin particular, sensitivity for systolic and
diastolic parameters ranged between 83% and 93&sthenspecificity between 92% and 96%
19 However this methodology have some limitationk.pArameters should be corrected to the
heart rate and this is time consuming. Moreoveg, réproducibility of measurements can be

very high for clinical use.

Influence of Intimal Thickening On Coronary Flow Reserve

The relation between CFR and epicardial intimatkbning has been previously studied by
other method$®*. CFR was not reduced in our whole patients pojmriaand in HT patients
without MIT >0.5 mm. According with these results, previous igsiddescribed a normal
endothelium-independent flow response in HT reaigiausing 1IVUS, intracoronary Doppler
flow wire, or PET?92,

In our study, CFR was reduced in patients with Cdéfined by IVUS, and average maximal
intimal thickness and coronary flow reserve wegniicantly correlated. By using histology or
Doppler flow wire, previous studies investigatinghether microvasculopathy occurs in
concordance with intimal hyperplasia in epicardialeries yielded conflicting resultd>2
However, these studies enrolled patients with eiimgiographic stenosis or with abnormal
epicardial coronary physiology’ > The inverse correlation between MIT and CFR islem

in our patients with functionally normal epicardiabronary arteries (FER.94). This
correlation may indicate that, in the early stage GAV, both epicardial arteries and
microvasculature are concordantly involved. Tolikst of our knowledge, this is the first study
showing a relation between MIT and CFR by CE-TTH afentifying a CFR cutoff for the
diagnosis of CAV defined by IVUS. However, CFR mbgates the entire coronary circulation
(25% epicardial function and 75% microvascular esygt Therefore, the concordance between
CFR and MIT could be because there was little migsoular dysfunction, as evidenced by the
fact that there were no patients with normal FFFi abnormal CFR (<2). The only way to
distinguish between epicardial and microvasculafutyction would be to have a simultaneous,
invasive and independent assessment of the emtadery by measuring FFR and of the

microvasculature by calculating the index of miaseular resistance (IMR) with a single
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coronary pressure wire, as suggested in the PITAtuty ?* However this independent
assessment is, by now, noninvasively impossible.

The combination of FFR and CFR by CE-TTE may previdformation about the functional
status of the coronary system that would not béata with either each measurement alone or
coupled with IVUS. In particular, the combinatiohEFR and CFR by CE-TTE may identify
patients with prevalent microvasculopathy. Thisdiing is clinically relevant because the
presence of microvascular dysfunction has beenelated with future development of
epicardial allograft vasculopathy and cardiac es&rit. Fearon et al., evaluating a new method
for simultaneously measuring FFR and CFR with glsinwire, achieved similar result$ In
this very elegant study Fearon et al. showed tie &ssessment of FFR and CFR
simultaneously help us to distinguish between atmabr epicardial and microvascular
physiology and revealed that a different proportdmpatients have predominant microvascular
dysfunction. They conclude that the ability to @étend distinguish changes in epicardial and
microvascular function in HT patients may aid irentifying modifiable factors that lead to
transplant arteriopathy. We think that PITA studyai milestone on this topic. However these
authors applied, even if very valid, an invasivethnd to study the coronary circulation. We
aimed to identify a noninvasive method that allowss to reduce the number of coronary
angiography and IVUS, and at the same time allosviolthave information about the function
of the coronary circulation. While remaining thedigputed superiority of invasive methods,
every cardiac transplant group feels the need fooranvasive method that can be applied to
large populations of patients and at a lower costgared to costs of invasive procedures and
with low risk to the patient. We do not believe ttilae noninvasive CFR measurement may
replace the invasive one, which allows us to havermation also on FFR, but certainly it can

be very useful in the clinical follow up of HT peautits.

Study limitations

The sample size is relatively small, even if simia previous studie&®?°. Nevertheless, our
study represent the largest CE-TTE and IVUS stuthr & T reported to date. A recent study
suggests that progression of maximal intimal thiokg > 0.5 mm in the first year after HT
appears to be a reliable marker for subsequenbm&t®. In the current study, without serial
examinations, the progression of intimal thicknesd CFR can not be estimated. Therefore a
larger study, with serial measurements would prvad better insight into the correlation
between macro- and microvasculopathy. Currently avgefollowing these patients for cardiac
events and by repeating IVUS and CFR by CE-TTEinitiation of this study is that the 1
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mm/sec pull back of the IVUS catheter does notvalés accurate a determination of intimal
thickening as 0.5 mm/sec.

CFR was not quantify invasively. Therefore we domve a comparison of an invasive method
of calculating CFR with the noninvasive method. leer, CFR by CE-TTEn the LAD has
already been validated against Doppler flow wireasueements by our group, thus the
validation was beyond the aim of our stud3/.

The individual therapeutic protocol might have eféel CFR. However, no differences in CFR
were detected between patients who were takingucalentagonists or ACE inhibitors and in
patients with different immunosuppressive regim@oute rejection may affect CFR. In the
current study, on stable long term HT recipientghwgreserved ejection fraction, no biopsies
were taken. The possibility that CFR impairments @alated to undetected acute rejection is
unlikely. Acute rejection prevalence is low aftee ffirst year, and in none of our patients acute

rejection was clinically suspected or diagnosethéfollowing months.

Conclusions

CFR assessment by CE-TTE is a novel noninvasivgndgtic tool in the detection of CAV
defined as MIT=0.5 mm. The microvascular dysfunction, as asselg&dFR, correlates with
intimal hyperplasia measured by IVUS in patientgshwphysiologically normal epicardial
coronary arteries, suggesting the possible conotrdavolvement of both macro- and
microvascular system in early CAV. CFR by CE-TTauygled with IVUS, may help to detect
and distinguish epicardial disease and microvascdigsfunction, emerging as a new
noninvasive, useful tool to monitor the course @&\C Thus, our data provide a rationale for
including CFR by CE-TTE in future clinical trialsn@ed at assessing short-term or long-term

pharmacological interventions for CAV preventionstabilization.
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Figure 1. Coronary flow velocity reserve by CE-TTE in patie with and without MI®0.5 mm.
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Figure 2: (A) MIT <0.5 mm (upper left panel). Coronary floxelocity assessed by CE-TTE on the
same day of IVUS increased from baseline (uppedhaiganel) to post-adenosine administration
(upper right panel), with a calculated CFR of 4B.MIT >0.5 mm (lower left panel). Coronary
flow velocity assessed by CE-TTE on the same ddyOf increased from baseline (lower middle

panel) to post-adenosine administration (lowertrggnel), with a calculated CFR of 2.3.
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Figure 3: ROC analysis for separation of the presence serade of CAV. True-positive rate
(sensitivity) in the ordinate is plotted againdséapositive rate (100-specificity) on the abscissa
The AUC of 0.903 has a SE of 0.022, yelding a 998#fidence interval of 0.941 to 1.026,
indicating that this area is significantly diffetérom the area of 0.500 under the diagonal idgntit

line (p<0.0001).
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Figure 4: CFR by CE-TTE (y axis) as a function of averageximal intimal thickness (x axis) in
the territory of the LAD. Increases in intimal tkiess were associated with decreases in CFR. The

relation was y=-1.35x + 41. r=0.796; SEE=0.23; 0€01.
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Figure 5: CFR by CE-TTE (y axis) as a function of intimatlex (x axis) in the territory of the

LAD. Increases in intimal index were associatechwi¢creases in CFR. The relation was y=-2.5x +

4.1=0.454; SEE=0.72; p=0.01.
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Figure 6: CFR by CE-TTE (y axis) as a function of plaquéuwee (x axis) in the territory of the
LAD. Increases in plague volume were associateld gdecreases in CFR. The relation was y=-

0.009x + 4.2. r=0.775; SEE=0.52; p<0.0001.

119



1.004
0954 s Yoo
] M
0.907 s W09
0.857 ()
E : s ot
0,807 -
0754
]
0,707
D.ES: i 3
o 2 1 ]
CFR

Figure 7: Scatterplot of FFR and CFR by CE-TTE values ichgaatient. Dashed lines represent

FFR and CFR normal cutoff values.
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Table 1: Recipient and Donor Characteristics

Group A (MIT 20.5 mm) Group B (MIT<0.5 mm)

(n=12) (n=10) i
Age at HT, years 48+ 6 91+ 7 0.6
Male gender, n (%) 11 (92) 9 (90) 0.8
Ischemic time, min 170 £ 37 183 £ 30 0.5
Time from HT, years 83 6+ 2 0.04
Hypertension, n (%) 8 (66) 8 (80) 0.2
Diabetes, n (%) 2 (16) 2 (20) 0.7
Hypercholesterolemia, n (%) 4 (33) 3 (30) 0.6
Donor age, years 35+12 3710 0.5
Donor male gender, n (%) 9 (75) 4(40) 0.02
Gender mismatch, n (%) 3 (25) 3 (30) 0.5
End-diastolic diameter, mm 46 + 6 48 +5 0.9
End-systolic diameter, mm 25+3 27+ 2 0.7
LVEF (%) 68+5 66 + 3 0.7
Interventricular septum thickness, mm 12+0.5 3 0.8
Posterior wall thickness, mm 11+0.4 11+0.3 0.9
IHD pre-HT, n (%) 4 (33) 3 (30) 0.6
3.1+25 32 0.5

Total numbers of rejections

Unless specified otherwise, the values are mee8d

HT = heart transplantation; IHD = ischemic heasedise; LVEF = left ventricular ejection fraction
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Endothelial Progenitor Cells Are Decreased In Blooénd in The

Graft of Heart Transplant Patients With Microvasculopathy

Cardiac allograft vasculopathy (CAV) is the mamiting factor of long-term survival in heart
transplantation (HTY. In CAV both epicardial coronary vessels and therovasculature may
be affected, but in about 15% of patients only microvasculbyatan be detectet! Coronary
flow reserve (CFR) by contrast-enhanced transthorachocardiography (CE-TTE) may
provide functional assessment of the microvascidain HT patients*>. Nowadays, the
pathogenesis of CAV remains poorly understood, oalghh alloimmune-dependent and—
independent factors have been recognized to plajmgortant role’. Emerging evidence
indicates that bone marrow-derived endothelial pnitgr cells (EPCs) take part in postnatal
neovascularizatio. The EPCs co-express surface markers of both lopoiatic stem cells
(CD34 and CD133) and endothelial cells (VEGF-RXo0aknown as KDR)® There is
increasing evidence of reduced availability andaimgdl EPCs function in the presence of both
cardiovascular disease and associated risk factafs previous small study suggested that
angiographically evidenced CAV is associated wéHuction in EPCs (10). However, to the
best of our knowledge, no data about the relatipnsétween EPCs and microvascular function
in patients with normal angiograms have been regoiThus, we investigated the relationship

between EPCs, their incorporation into allograftd aoronary microvascular damage in HT.

Methods

Study Patients, Blood Sampling and Endomyocardial Bpsy

We studied 29 consecutive HT recipients with noromabnary angiogram (24 male, age at HT
50 £ 12 years) at 5 £ 2 years from HT. Angiograpéwvadence of CAV was defined as >20%
stenosis in a main, branch epicardial, or intraraydi@l coronary artery’. No evidence of
CAV was defined as normal-appearing coronary arégrgtomy. CFR by CE-TTE to evaluate
coronary microvascular function was performed in pétients within 24 hours from
catheterization. The immunosuppression protocolsisbed of cyclosporine, azathioprine ,
mycophenolate mofetil or everolimus, and sterosipreviously detailed*. Fresh blood was
collected by venipuncture and anticoagulated imat@t phosphate dextrose solution (CPD)
(Baxter). Biopsies of the first year, at 2 differéime points, were examined in each patient.
Immunohistochemistry for the stem cells marker tdid the EPC markers, CD34 and KDR
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was performed in serial sections in all biopsiesll<positive for each marker were counted in
all biopsy area-section and the number obtainedoeascted by area-section. HT patients were
compared with 40 healthy subjects, matched for ag@ gender, recruited from the local

community. In control subjects, the absence of @pdiabetes mellitus and impaired glucose
tolerance was documented by means of fasting gtuaosl 2-h glucose determination or oral
glucose tolerance test. The absence of cardiowasditeases was evaluated by a clinical
history and examination, carotid ultrasonograpmd,avhen available, echocardiography and
coronary angiography. The study was approved byirtbitutional ethics committee, and all

patients gave written, informed consent.

Quantification of Circulating Progenitor Cells

Human progenitor cells were analyzed for the exgoesof surface antigens with direct three
color flow cytometry as previously describédl using fluorescein isothiocyanate (FITC)-
conjugated anti-CD34, PE-conjugated anti-KDR, agtivated protein C (APC)-conjugated
anti-CD133 mAbs. Cells within the mononuclear malplgical gate were first assayed for
CD34 and CD 133 expression and then for KDR exmprs$Hx105 events were always
acquired. EPCs were defined as CD34+KDR+ cellspralieg to recent population-based
studies™!* CD133+KDR+ and CD34+CD133+KDR+ were also consideas putative EPC

phenotypes. Total CD34+, CD133+ cells as well as3€GECD133+ cells were considered
generic circulating progenitor cells (CPCs). Thmsarained operator (I.B.), who was blinded

to the subjects’characteristics, performed alhef tests throughout the study.

EPC Immunohistochemistry

The antibody clones, used alone or in combinatioidéntify EPCs in the biopsy sections, were
the same to the direct flow cytometry ones. EPCskena were CD34 (Immunotech, Marseilles,
France) and VEGFR2/KDR (Santa Cruz, UK). Brieflydes were treated with 0.3% hydrogen
peroxide in methanol to block endogenous peroxidaseity, washed with phosphate-buffered
saline, and incubate in buffered normal horse semmmrevent unspecific antibody binding.

Sections were incubated with the primary antibodasl hour at room temperature. After
washing, a biotin-labelled secondary antibody wagliad, followed by an avidin-peroxidase

conjugate. As chromogen DAB was used. Slides weunterstaining with haematoxylin.

Immunostaining on serial section was performed waithibodies against KDR and CD34.
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Interphase Fluorescent In Situ Hybridization

We prepared pm sections from formalin-fixed, paraffin-embeddessie blocks from biopsy
specimens and subjected them to immunohistochensiz@hing and in situ hybridisation
techniques as previously describéd. Immunohistochemical analyses were performed to
discriminate EPC phenotypes. The Y chromosome wetected by fluorescence in situ
hybridization in nuclei in interphase by use of ¢mned CEP X /CEP Y (alpha) SO DNA
probes (Vysis Inc, Downers Grove, IL) consisting tafo different probes specific for the
centromeric region of the X (orange) and Y (greeimjomosomes, respectively. A human Y
chromosome centromeric-painting biotin conjugatebpr (Star*FISH, Cambio, Cambridge,
UK) was also used to confirm the in situ hybridiaatby optical microscope analysis. After
overnight hybridization and stringent washes, thebp was visualized with a peroxidase-

conjugated avidin-biotin complex using DAB (Dakamytation).

Tissue Analysis

Morphologic evaluation of the hematoxylin and eoaimd immunostained sections was done
under the light microscope. The fluorescent hylgdisections were analyzed with a confocal
Leica TCS SL microscope (Leica Microsystems, Wetzlzermany). Sections were scanned
under identical imaging parameters. For conventibnght-field microscopy, rigorous criteria
were used to determine whether a Y-chromosome Iswgas indeed within the nucleus of the
cell and whether that nucleus resided within a lladecell population. Staining for Y
chromosome was regarded as positive if a punctiad-brown signal was present within a

given blue-stained nucleus and in the same foeaepl

Cell Counting

Each antibody was analyzed separately in all tleticges. The count of positive cells was
performed with the same criteria employed for i $iybridization analyses. For each antibody
cells positive count was done on the entire biog®a. Cells number for each antibody was

normalized for the total area and expressed as/iceti2.

Transthoracic Doppler Echocardiography

An echocardiogram was obtained in all patients wi/8 hours of coronary angiography. From
the parasternal long axis view, M-mode measuremeste performed to determine the end-
diastolic thickness of the interventricular septand the left ventricular posterior wall. Left
ventricular hypertrophy was defined as a septas plosterior wall thickness 24 mm*®. Left

ventricular ejection fraction was measured usingn@@ion’s method. Once the routine echo
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Doppler examination was completed, the CFR wasuetadl using CE-TTE before and after

adenosine infusion. The method has been previalesigribed in detatf’.

Coronary Flow Velocity Reserve Assessment

All patients had Doppler recordings of the left eaidr descending coronary artery with
adenosine infusion at a rate of 0.14 mg/kg per fom5 min *. Cardiac drugs were not

interrupted before testing, although all methylxagcontaining substances or medications
were withheld 48 h before the study. CFR in thé defterior descending coronary artery was
calculated, as the ratio of hyperemic to basal tdiiasflow velocity, by an experienced

echocardiographer, blind to angiographic and dihidata. For each variable in the CFR

calculation, the highest 3 cycles were averdged

Statistical Analysis

Data are expressed as mean + SEM. Results fromcypometry are expressed as cells per 106
cytometric events. Comparison between 2 groupspegermed with a 2-tailed Student'sest.
Correlations between 2 variables were assessedehyséh’s coefficient (r). The variables
included in the multiple linear regression analyfgis the determinants of CFR were CPCs,
EPCs, time from HT, diabetes, hypertension and trgehy. Statistical significance was
accepted if the null hypothesis could be rejecte@<®.05. Data were analyzed with SPSS
software version 13.0 (Chicago, SPSS, Inc., Chic#ltinois). The authors had full access to
and take full responsibility for the integrity dfe data. All authors have read and agree to the

manuscript as written.

Results

Circulating Progenitor Cells in Patients vs Controk

Flow cytometry was used to determine the numbetirgulating peripheral blood progenitor
cells (CD133+ and CD34+) and EPCs (CD34+KDR+, CDBKI33R+, and
CD34+CD133+KDR+). Because only 0.02% to 0.07% oitevhlood cells were CD34+, EPCs
and CPCs counts were expressed for one millionnogtoc events. CD133+ and CD34+
progenitor cells were reduced in HT recipients (P80 In parallel, EPCs were profoundly
reduced in HT patients (p<0.05) (Figure 1).

Circulating EPCs in Patients With Microvasculopathy

CFR was abnormal (<2) in 6 patients (group A) aodnal in 23 patients (group B). Patients

characteristics are presented in the Table. Brieflly study subjects were nonsmokers, were
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treated with statins at equivalent dosages andshmtiar systolic and diastolic blood pressure.
Subjects were well matched for all other risk fastand for other determinants of CFR,
including recipient age, donor age, gender mismatchnumber of previous rejection episodes.
There was no statistically significant differencgvieeen the two groups in any of the clinical or
laboratory parameters studied. There was also grofisant difference between groups in the
time interval between initial transplantation anBRCmeasurement with EPCs isolation. CFR
was lower in group A (1.5 + 0.1 vs 3.3 = 0.8, p<m0). CD34+KDR+, CD133+KDR+, and
CD34+CD133+KDR+ cell count were lower in group A<Qu05) (Figure 2). At multivariable
analysis, adjusted for time from HT, diabetes, migesion and hypertrophy, only CD34+-CPCs
were independently related to CHR={0.773, p=0.006).

Endothelial Progenitor Cells in Endomyocardial Biogsies

The number of CD34+KDR+ EPCs in biopsy sectionsiéeinto be lower in group A (p=0.06)
and were correlated with circulating CD133+KDR+,daD34+CD133+KDR+ counts
(r=0.752, p=0.003 and r=0.513, p=0.05, respectjugiigure 3).

Detection of Recipient EPC in Gender-Mismatched Hea Transplantation Recipients

Four subjects who had undergone gender-mismatcbad transplantation were studied using
combined endothelial marker immunohistochemistrg &iSH. The biopsy specimens from
nontransplanted female subjects (used to testethstssity of the probes) showed 59.29 + 5.9%
of cells with the X-chromosome and no orange flsoemt signals indicative of the Y-
chromosome, whereas the biopsies of non-transplantde subjects (positive male controls)
showed a high percentage of cells with the Y-chreonwe (69.71 + 4.47%). No evidence of
opposite-sex chimerism was detected in same-gétfiieecipients (data not shown). To further
characterize the potential angioblastic lineageeaipient endothelial cells in donor vessels,
combined FISH for Y chromosome and CD34, and KD&ngtg was performed. Recipient
male endothelial cells within female donor micraads were positive for each of these markers
(Figure 4).

Discussion

Our study demonstrates, for the first time, thanho EPCs in the circulation and in the graft
are significantly decreased in HT recipients wittrmal angiogram and microvasculopathy,
defined as a severe impairment of CFR. We also shatvCPCs and EPCs are reduced in HT
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patients compared with healthy subjects, matchedafge and gender. The reduction of
circulating CPCs and EPCs in HT patients as congptrecontrols can be explained by the
effect of immunosuppressive therapy. Immunosuppesa the setting of heart transplantation
causes a severe reduction in progenitor cells ¢apatbdifferentiating into endothelial and
smooth muscle cell$® which can be explained by the inhibitory effect @fclosporine.
Cyclosporine alters the proliferation, migrationdadifferentiation capacity of endogenous
vascular progenitors with consequences for allograélothelial biology'®. Cyclosporine was
seen to affect a range of vascular progenitor gioldunctions. Cyclosporine has previously
been shown to inhibit endothelial cell proliferation the context of increased interleukin-6
protein and mMRNA expressibh and decreased nitric oxide productibn Other
immunosuppressive drugs, such as mTOR inhibitaas, ltave a potent inhibitory effect on
circulating vascular progenitor cells as WelThe in vivo effect of sirolimus has been also
evaluating in a model of neointimal hyperplasiahwitone marrow chimeric mice. Results
suggest that sirolimus has a potent inhibitoryctften both smooth muscle progenitor cell and
endothelial progenitor cell incorporation at theesiof vascular lesiorfS. It was also observed,
in the clinical setting of stent implantation, tleatl administration of everolimus, a macrolide
of the same family of sirolimus, results in delay@ulothelial coverage over the stent surface
with loose endothelial cell junction, although terst neointimal growth was suppreséédrhe
immunosuppressive protocol we used in these pat@sb included a dose of steroids, which
could have also altered progenitor cells nuntfieFo the best of our knowledge, we present the
first data showing differential levels of circulagi EPCs in subjects who have developed
transplant microvasculopathy and a different erngramt of recipient endothelial cells into the
donor microvasculature. It is possible that EPGs mwobilized from bone marrow of the
recipient and engrafted into the donor coronary rogicculation during immunologic
myocardial injury over timé>. Previous anim&f and human datd support such an endothelial
recruitment from the recipient circulation. In kéepwith our findings, Simper et & provided
evidence that circulating EPCs are decreased inerat with angiographic allograft
vasculopathy compared with matched transplantadidoects without evidence of disease and
that these cells are of recipient origin. In costtrahese authors also showed a significant
seeding of recipient endothelial cells in largesetsumen and adventitial microvessel lumen of
arteriopathic vessels. This result is not in casttraith our study maybe because the authors
studied circulating and tissue EPC in patients aitgiographic evidence of CAV. Although the
study of chemokine and chemokine receptors is kebyom aim, a possible explanation for the

EPCs reduction in patients with microvasculopattayrmvolve humoral factors that influence
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mobilization, migration and cell survival as mayppan in the context of chronic low grade
rejection’®. Recently, it has been demonstrated that apoArisfer increases the number of
EPCs in hypercholesterolemic apoE-/- mice, enharbesincorporation of bone marrow-
derived EPCs into transplanted arteries in apaiiée, promotes endothelial regeneration, and
attenuates neointima formation in a murine modehlfgraft vasculopathy™. Soluble Kit-
ligand induces the release of stromal cell-derif@cdor (SDF)-1 from platelets, enhancing
neovascularization through mobilization of CXCR4togenitors?*. Using a mouse aortic
transplantation model, some authors showed that-B¥-a critical molecular target for the
progenitor homing. In support of a functional rébe these molecules, in vivo neutralization of
SDF-1 inhibited stem cell homirf§ This confirms that bone marrow is the main sowfcgtem
cells participating in endothelial repair afteroathmune-induced endothelial loss in grafted
vessels. However, it was also reported that a lprgportion of EPCs in circulating blood is of
non-bone marrow origin. For example, the spleemesparenchymatous organs and the blood
vessels themselves are particularly rich in EFC# has been recognized that EPCs number
may be a surrogate marker of vascular function. &anthors showed an inverse correlation
between the circulating EPCs and endothelial dygfon or cardiovascular risk Our findings
showing EPCs number reduction in HT patients withravascular dysfunction are consistent
with these data and extend to allograft vasculgptitt concept of abnormal EPCs mobilization

and homing in the presence of microvascular disease

Study limitations

This study has certain limitations. First, thereaidack of consensus in the field of EPCs
research regarding the precise definition of theisc We accordingly quantified cells with
phenotypes which have been frequently used to el&RCs in clinical cardiovascular studies.
However this study shares with existing literatarck of mechanistic certainty regarding the
identity of the most important specific cell typevolved in vascular repair. It therefore remains
possible that there are other cell populations VEBC properties which were not identified
using our immunophenotyping techniques. Anotheritéition is that biopsies and blood
samples for EPCs counts were not simultaneous. Henvee can speculate that EPCs present
in the biopsies of the first year could also benfbin the next years of follow up. In support of
this concept, it has been demonstrated by our #mel groups that the recruitment of EPCs to
sites of endothelial injury or dysfunction in thrarisplanted heart is an ongoing proc8ss It

is conceivable that EPCs are recruited early atel Me can specualate that EPCs may be
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continuously engrafted to areas of donor endothéyisfunction in a cycle of continuous repair

and in the context of ongoing alloimmune interacs$io

Conclusions

EPCs are decreased in the circulation and in th# gf HT patients with microvasculopathy.
Cells mobilization and engrafting after HT seem pi@serve microvascular function. Our
findings may be crucial in understanding the pa#imegis of allograft vasculopathy and in
establishing new strategies for therapeutic inteiea. If we could learn to control chimerism,
it might be possible to delay or prevent this déggavhich is the most common cause for failure
of transplanted hearts. However, further studies \aarranted to elucidate the nature and
mechanism of circulating EPCs patrticipation in Cpathophisiology.
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Table and Figures

TABLE 1: Baseline Clinical and Laboratory Characteristics of Endothelial Progenitor Study

Patients
CFR>2 CFR<2
Characteristics P
(n=23) (n=6)
Age.y 50=10 49=9 0.8
Male sex. No. (%) of patients 19 (83) 5(83) 09
Time from transplantation. y 51 6=1 0.7
Systolic blood pressure. mmHg 145 =13 135=14 0.6
Diastolic blood pressure, mmHg 85=5 784 0.7
Echo ejection fraction. % 63+6 62+7 0.8
Interventricular septum thickness. mm 12+1 12+1 0.7
Posterior wall thickness. mm 11+09 11+0.8 0.7
Total cholesterol, mg/dL 160+ 8 165+ 9 0.6
LDL cholesterol. mg/dL 83+10 785 0.6
HDL cholesterol. mg/dL 44.7=+3.1 3915 04
Triglycerides. mg/dL 150 +18.3 235537 0.3
Haemoglobin, mg/dL 14=1 14=+1 0.9
Diabetes mellitus. No. (%0) of patients 0 10017 0.2
Smokers. No. (%) of patients 0 0 09
Donor heart age. y 40=10 43 =8 0.7
Gender mismatch. No. (%) patients 6 (26) 2(33) 04
Ischemic time, min 175+ 44 169 £ 28 0.5
Number of rejections in the 1 year 26402 2.53+0.6 0.8
Total number of rejections 319202 3.07+0.7 0.8
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EPCs/10"¢ Events

Figure 1

Figure 1
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Figure 1. EPCs in HT recipients and controls Heart transplant patients have lower levels of

circulating endothelial progenitor cells when comgabto control subjects.
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Figure 2
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Figure 2. EPCs in HT patients Levels of endothelial progenitor cells in headansplant
patients divided according to CFR with cutoff ofmality (CFR<2).
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Figure 3

Figure 3

Figure 3: KDR positive cells on monitoring endomyocardial bipsies Brightfield
micrographs representing: a)Circulating KDR+ endb#h progenitor cells in the myocardium
interstitium (black arrows). Original magnificati®20X; b) close up view of KDR+ endothelial

progenitor cells (black arrow). Original magnificat 600X.
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Figure 4

Figure 4: Recipient endothelial progenitor cells a) Brightfield micrograph chromogenic in
situ hybridization for Y-chromosome. Recipient maedothelial cell (black arrow) within

endomyocardial biopsy tissue showing Y-chromosobmewn punctate dot in the blue nuclei)
and positive for endothelial progenitor marker CDS8tining (red cytoplasm). Original
magnification 64X. The inlet represent a close ugwvof Y-chromosome positive cell; b)
Confocal photomicrograph depicting fluorescence situ hybridization (FISH) for X/Y

chromosome showing the presence of two male prtagesndothelial cells (yellow square) in
the endomyocardial biopsy vessel. Cells has onehrgmsosome (red dot) and one X-
chromosome (green dot). Original magnification 49XCD34 staining on the same biopsy.
Note as the male progenitor Ychromosome positivis ¢gellow square) are CD34 positive.

Original magnification 40X.
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Conclusion

The body of evidence collected up to date, cleemtijcates that an impairment of endothelial
function has profound and independent prognosti@igations associated with cardiovascular
events*® Nevertheless, it has to be noted that at preffeere is still a void in a prospective
randomized trial, which demonstrates that improvent endothelial function is associated
with a reduction in cardiovascular events and atiéon of the disease process. The ongoing
prospective studies analyzing the additive value stdndardized endothelial function
measurements to predict cardiovascular risk, sectha PREVENT-it study, should provide
important insight§’.

Currently there is also no gold standard treatnf@néndothelial dysfunction, however several
pharmacological and non pharmacological approablaee been proved to be effective like
statin, ACE inhibitors, physical exercise and soBmdothelial dysfunction can be regarded as a
syndrome that exhibits various systemic manifestgtiassociated with significant morbidity
and mortality rather than a localized vascular @isn The concept of endothelial dysfunction
should be extended beyond the conduit vesselstimovascular wall and even to the bone
marrow and the progenitor endothelial cells. Theichl correlation between certain markers of
inflammation and an increased rate of cardiovasc@aents represents an intriguing
confirmation of the inflammation-derived endothkligury framework. This concept has been
nicely illustrated by a recent study in patientshméhronic periodontitis. Indeed, after intense
treatment of periodontitis associated with chromitammation, endothelial dysfunction was
substantially improved, strongly suggesting thatonit inflammation promotes endothelial
dysfunction®. These findings have further stimulated interashivestigating mechanisms that

underlie endothelial dysfunction and, more speaifj; reduced NO availabilit$’.

137



Current molecular data link aging, diabetes, engl@hdysfunction, inflammation, traditional
atherosclerosis but also cardiac allograft vasatlop Indeed, common mechanisms underlying
these conditions have been described suggestiagimdntal role of ROS.

Vascular biology successfully brought together dasid clinical sciences unmasking the key
unifying role of oxidative stress in endothelialsflynction and vascular inflammation. We
believe that future efforts should be finalized ttanslate our current knowledge into the
development of new therapeutic strategies to prevedmmgnose and cure atherosclerotic
cardiovascular disease and the allograft vasculypatttransplanted hearts.

With this motivation | have been working on my PfdDthe past 3 years

Future perspectives

All forms of cardiovascular disease show highegtiency with age, even in the absence of
cardiovascular risk factorS®2 These observations prompted research effortsdosfon the
vascular biology of aging to define mechanisms thay underlie the increased risk conferred
by aging per se. Recently, in view of its repontel@ in determining the redox state of the cells
and their responses to free radicals, we investijtite age-related endothelial dysfunction in a
JunD deleted mouse model.

There are quite common diseases, such as psodadisprimary hyperparathyroidism,
proven to be at increased risk for cardiovasculartatity, however poorly understood on a
cardiovascular point of view. As a consequencestitgseases still have inappropriate screening
and diagnosis of associated cardiovascular conlita as well as risk factors assessment,
inadequate patient counselling and follow-up protec
We though to evaluate coronary microcirculatory ction in psoriasis and primary
hyperparathyroidism to investigate the earliesppsténvolved in the pathophysiology of

cardiovascular diseases associated to such diseases
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The following are preliminary data collected so fagarding the above mentioned ongoing

projects.
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Enhanced age-related endothelial dysfunction in getic deletion of

JunD

Background: JunD is a transcription factor that regulates gemeslved in antioxidant defense.
This study aimed to investigate whether JunD deficimice JunD’) are more prone to age-
related, oxidative stress-mediated endothelial wWydfon in comparison to age-matched wild

type (WT) mice

Methods. Thoracic aortic rings from young (3 months old)ddie aged (6 months old) and old
(22 months old) maldunD” and WT mice were suspended for isometric tensemording.

Endothelium-dependent relaxation to acetylcholideh( 10°-10°mol/L) was assessed after
submaximal contraction with norepinephrine fl/L). Calcium ionophore stimulated nitric
oxide (NO), superoxide anion {® and peroxynitrite (ONOQD were measured with

electrochemical nanosensors placed near the sUa2@m) of a single endothelial cell.

Results. The age-associated impairment of endothelium-dig@relaxations to Ach (Ach, 10
°.10°® mol/L) was significantly enhanced iunD” as compared to age-matched WT. Maximal
relaxations were 555 vs 78+4% at 6 months and 3&t30+2% at 22 months for JunD-/- and
WT mice, respectively (n=6-8, p<0.05 vs age-matclggdup). Endothelium-independent
relaxations to sodium nitroprusside ¢Pa0° mol/L) did not differ in JunD” and WT of
different age groups (n=6-8, p<NS). Age-inducedrelase of NO production was higher in
JunD” as compared with WT (47532 vs 350+28 nmol/L aB8+26 vs 220+23 nmol/L for 6
and 22 months old WT andunD”, respectively; n=3-5, p<0.05 vs age-matched group)
(Figurel). @ and ONOOgeneration increased with age in WT and more figmitly in JunD’"
mice (@, 67+6 vs 103+8 nmol/L and 116%9 vs 210 +16 nmdgFigure2).; ONOQ 224+17 vs

319422 nmol/L and 313+21 vs 492+29 nmol/L for 6 a2 months old WT andlunD",
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respectively; n= 3-5, p<0.05 vs age-matched gretyOS and MnSOD protein expression was
downregulated ifdlunD”™ mice as compared with WT controls (n=3-5, p<0.85age-matched
group). Relaxations to Ach i#unD’ mice were restored by free radical scavengersrexioe

dismutase (SOD) (150 U/ml) and catalase (1200 U/ml)

Conclusion Our results indicate that JunD protects agaiastular oxidative stress providing

new insights into the pathophysiology of age-asded endothelial dysfunction.

Figurel
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Coronary microvascular dysfunction in Primary
Hyperparathyroidism patients: a hint for their incr eased

cardiovascular risk.

Background: Primary hyperparathyroidism (pHPT) increases i$le for myocardial infarction
(MI). We evaluated coronary flow reserve (CFR) gnsthoracic Doppler echocardiography

(TDE), as an index of coronary microvascular fumatin pHPT.

Methods: 100 pHPT patients (pts) (80 F, aged 58+12 yeaitjowt clinical evidence of heart
disease, and 50 controls matched for age and geraterstudied. Coronary flow velocity in the
left anterior descending coronary artery was detedty TDE at rest and during adenosine
infusion. CFR was the ratio of hyperaemic diastdlioav velocity (DFV) to resting DFV. A
CFR <2.5 was considered abnormal. The median time frétRTp diagnosis was 6 months

(range 1-109).

Results: In pHPT pts, CFR was lower than in controls (3.8+@s 3.6+£0.7, p<0.0001) (Figure
A). CFR was<2.5 in 27 (27%) pts compared with controls (4%)Q®901). CFR was inversely
related to parathyroid hormone (PTH) levels (FigByeln pts with CFR<2.5, PTH was higher
(410 £95 vs 207£16 ng/L, p=0.01) while calcium lsweere similar (2.7+0.2 vs 2.9£1 mmol/L,
p=0.7). At multivariable linear regression analyagjusted for age, gender and cardiovascular
risk factors, PHT and age were the only determmahiCFR (PHTB=-0.230, p=0.03; agp-=-
0.272, p=0.01 respectively). At multiple logistiegression analysis only PHT increased the
probability of CFR<2.5 (OR 2.5, p=0.03). Out of 27 pHPT pts with ppexative CFR<2.5, 9

pts were evaluated 6months after parathyroidectamy all surprisingly showed a complete

CFR normalization (CFR 2+0.4 vs 3.2+0.9 p<0.00@%pectively).
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Conclusions: Coronary microvascular function is impaired by gH&hd quickly restored after

parathyroidectomy. PTH independently correlateswaibnormal CFR, suggesting a negative

effect on coronary microcirculation that may cdmiite to the increased cardiovascular risk of

pHPT.
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Psoriasis Impairs Coronary Flow Reserve: new Insigis into the

Clinical Value of Early Coronary Microvascular Dysfunction

Background:Psoriasis (Ps) is a recently recognized independetgrminant for myocardial
infarction (M), associated with cardiovascularkrimctors.We investigated whether coronary
flow reserve (CFR), an index of coronary microvdacuunction, was impaired in young
patients with Ps and the relationship betweenadininarkers of Ps activity and coronary blood

flow abnormalities.

Methods: 56 patients (pts) with Ps (42 M, aged 377 yeaiiff)out clinical evidence of heart
diseases, and 48 controls matched for age and sexstudied. Coronary flow velocity in the
left anterior descending coronary artery was detkctby transthoracic Doppler
echocardiography at rest and during adenosine ioffulCFR was the ratio of hyperaemic
diastolic flow velocity (DFV) to resting DFV. A CFR2.5 was considered abnormal. Mean

time from diagnosis of Ps was 1747 years.

Results: In pts with Ps, CFR was lower than in controls2€8.9 vs 3.7+0.7, p=0.02).
(FigurelA) CFR was abnormakZ.5) in 12 pts with Ps (22% vs 0% controls, OR 1.27
p<0.0001). Moreover, in CFR2.5 pts Psoriasis Area Severity Index (PASI), aicdl grade of
Ps severity, was higher (1116 vs 7£3, p=0.006) dundtion of the disease was longer (13+6 vs
915 years, p=0.03). (FigurelB) The highest proligifibr patients with psoriasis to have a CFR
<2.5 occurred in those patients with higher PASfj{Fe2) At multivariable analysis adjusted

for age, smoke, hypertension and gender, PASI nasrtly determinant of CFR2.5 (p=0.03).

Conclusions: CFR is often reduced in pts with Ps, suggestingreclinical coronary
microvascular impairment. This microvascular dystion seems to be related to the severity,

145



extension and duration of Ps. Our findings may &xpthe increased risk of MI conferred by

Ps.
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