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Abstract

Atherosclerosis and hypertension (HTN) are major contributors to the
development and progression of cardiovascular disease (CVD). The underlying
pathophysiology of atherosclerosis and HTN is similar in that both affect the
structural and functional properties of the vasculature as a result of enhanced
immune-inflammatory processes in the vascular wall. Vasoactive peptides such
as angiotensin (Ang) Il and endothelin (ET)-1 can contribute to vascular
inflammatory responses and damage, and have been implicated in the
progression of both atherosclerosis and HTN. We hypothesize that dysregulated
activation of immune-inflammatory mechanisms by vasoactive peptides
contributes to the progression of vascular damage in atherosclerosis and HTN.

The objectives of this thesis were 1) to determine the role of ET-1-
mediated vascular immune-inflammatory mechanisms in progression of
hyperlipidemia-induced atherosclerosis and formation of abdominal aortic
aneurysms (AAA), 2) to investigate the contribution of pro-inflammatory ET-1
signaling to small artery dysfunction in hyperlipidemia-induced atherosclerosis,
and 3) to study the role of anti-inflammatory T regulatory lymphocytes on
vascular immune-inflammatory responses in Ang ll-induced HTN.

The first study shows that endothelium-specific ET-1 overexpression in
atherosclerotic apolipoprotein E knockout (Apoe”) mice fed a high fat diet
exaggerates development of aortic atherosclerotic plaques and triggers formation
of AAA. This is accompanied by increase in aortic immune-inflammatory
responses, spleen pro-inflammatory monocytes, and expression of matrix
metalloproteinase-2 in atherosclerotic plaques. This study also suggests that the
suppressive capacity of T regulatory lymphocytes may be reduced during
atherosclerosis progression.

The second study shows that ET-1 overexpression in high fat diet-fed
atherosclerotic Apoe”- mice results in remodeling of endothelial signaling
pathways and potassium channels mediating endothelium-dependent relaxation.
Although this remodeling manifests as compensatory preservation of endothelial



function, it may in fact represent loss of regulation of endothelium-dependent
relaxation in resistance arteries.

The third study demonstrates that absence of T regulatory lymphocytes
exaggerates microvascular damage in Ang ll-induced HTN. The findings of this
study show that T regulatory lymphocytes exert vascular protection in part by
controlling innate and adaptive immune responses.

To conclude, chronic low-grade vascular inflammation in atherosclerosis
and HTN involves vasoactive peptide-mediated dysregulation of pro-
inflammatory and anti-inflammatory mechanisms in favor of the former. Targeting
immune-inflammatory mechanisms may allow us to limit the progression of

atherosclerosis and HTN, and therefore the development of CVD.



Resume

L'athérosclérose et I'hypertension (HTN) sont les causes majeures du
développement ainsi que l'aggravation des maladies cardio-vasculaires. Les
causes de ses maladies sont similaires dans les deux cas, une altération de la
structure et de la fonction des vaisseaux induites par une inflammation dans la
paroi de ceux-ci. Les peptides vaso-actifs tels que I'angiotensine (Ang) Il et
'endotheline  (ET)-1  participent aux réponses inflammatoires et
aux dommages que subissent les vaisseaux, et sont impliqués dans Ila
progression de l'athérosclérose et de I'hnypertension. Nous supposons que cette
dysfonction inflammatoire par les peptides vaso-actifs contribue aux
dommages vasculaires liés a I'athérosclérose et a I'hypertension.

Les objectifs de cette thése sont 1) de déterminer le réle inflammatoire
d’ET-1 dans les mécanismes de progression de ['hyperlipidémie induisant
I'athérosclérose et dans la formation des anévrismes de l'aorte abdominale
(AAA), 2) d’étudier la contribution pro-inflammatoire d’ET-1 dans la dysfonction
endothéliale des arteres de résistances dans l'athérosclérose induite par
'hyperlipidémie 3) d’évaluer le rdle des lymphocytes T régulateurs anti-
inflammatoires sur les réponses immunitaires vasculaires T dépendantes dans
HTN induite par 'Ang II.

La premiére étude montre, dans un modéle murin de surexpression d’ET-
1 endothélium-spécifique, sur des souris n’exprimant pas I'apolipoprotéine E
(ApoE -/-) et nourris avec un régime riche en graisses, une exagération des
plaques d'athérome aortique favorisant la formation des AAA. Ceci
s’accompagne d'une augmentation de la réponse inflammatoire dans l'aorte, et
d’'une augmentation des monocytes pro-inflammatoires dans la rate. L’ensemble
de ces mécanismes sont liés a la métalloprotéinase 2 dans les plaques
d'athérome. Cette étude suggére également que la capacité suppressive des
lymphocytes T régulateurs peut étre réduite au cours de I'athérosclérose.

La deuxieme étude montre, dans le méme modele, une altération des

voies de signalisation des canaux potassiques favorisant la relaxation



endothélium. Cependant, elle se manifeste par un remodelage compensatoire
afin de préserver la fonction endothéliale dans les artéres de résistance.

La troisieme étude démontre que I'absence de lymphocytes T régulateurs
exageére les Iésions microvasculaires dans HTN induite par 'Angll. Les résultats
de cette étude montrent que les lymphocytes T régulateurs exercent une
protection vasculaire en controlant les réponses immunitaires innées et
adaptatives.

Pour conclure, l'inflammation vasculaire chronique a bas bruit, dans
I'athérosclérose et HTN, le déréglement est médié par les peptides vaso-actifs et
leurs composantes pro-inflammatoires ce qui altére les mécanismes anti-
inflammatoires protecteurs dans ces pathologies. Cibler les mécanismes
immunitaires inflammatoires peut nous permettre de limiter la progression de
I'athérosclérose et HTN, et donc le développement des maladies cardio-

vasculaires.
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CHAPTER I: Introduction

Review of Literature and Objectives




1. Introduction

The cardiovascular system is an organ system composed of the heart and
the network of blood vessels (arteries, capillaries and veins) that allows for the
transport of oxygen, nutrients, messenger molecules and cells between
peripheral tissues via the blood. Alterations in this system result in impaired
exchange of essential nutrients and gases within the body, and is the basis for
cardiovascular disease (CVD). CVD continues to be the leading cause of
morbidity and mortality in the world [1].

Atherosclerosis and hypertension (HTN) are two pathological processes
that affect the arterial system, and thereby are major underlying contributors to
the development and progression of CVD. As multifactorial chronic conditions,
atherosclerosis and HTN have an impact on several organ systems in the human
body, and can independently or cooperatively cause CVD and associated
conditions such as cerebrovascular and coronary artery disease, peripheral
vascular disease, chronic kidney disease, congestive heart failure, renal failure,
stroke and atrial fibrillation.

Atherosclerosis and HTN are clinically distinct yet inter-related conditions.
The underlying pathophysiology of atherosclerosis and essential HTN is similar in
that both affect the structural and functional properties of the vasculature as a
result of enhanced pro-inflammatory and pro-oxidative stress processes in the
vascular wall [2]. In both conditions, signaling of vasoconstrictor peptides such as
angiotensin Il (Ang IlI) and endothelin-1 (ET-1) are known to participate in the
enhancement of vascular inflammation and, consequently, vascular damage [3,
4]. This thesis demonstrates how the dysregulated activation of immune-
inflammatory responses enhances vascular damage in ET-1 exaggerated high
fat diet (HFD)-induced atherosclerosis or in Ang ll-induced HTN, respectively.

In this chapter, a brief introduction about the structural, functional and
mechanical features of arteries and relevant vasoactive factors, and the
physiology and pathophysiology behind atherosclerosis and hypertension will be

given. Next, the various elements of vascular inflammation in context of CVD will



be described in detail. Finally the experimental animal models of atherosclerosis
and HTN relevant to research presented in this thesis will be briefly mentioned.
The review of literature will be followed by three recent studies conducted that
suggest a cooperative role of signaling of vasoactive peptides and aberrant
activation of immune-inflammatory responses in exaggerating structural and
functional vascular changes in atherosclerosis and HTN (chapters I, Ill, and V).
Finally, in chapter V, a general discussion about vascular immune-inflammatory
responses in the development and progression of atherosclerotic and
hypertensive vascular injury will be provided, linking to but also going beyond
context of the research presented in this thesis, and some novel concepts will be

addressed.

2. The arterial wall

The arterial system is the network of blood vessels that carry blood away
from the heart. Arteries of the systemic circulation carry oxygenated blood to the
organs and tissues in the body. Alterations in the systemic arterial system
negatively impacts delivery of oxygen and essential nutrients to vital organs,
which is the basis of CVD.

Systemic arteries can be broadly subdivided into large and small arteries.
Among the former, two types are found, elastic and muscular, depending on the
relative composition of elastic and muscular tissue in the vascular wall. Larger
arteries, for example the aorta, carotids, mesenteric, renal, iliac and femoral or
epicardic coronary arteries are generally elastic whereas smaller vessels issuing
from these vessels have a relatively thicker muscular media. Under pathological
conditions, such as in atherosclerosis, elastic arteries are affected, whereas in
HTN, both large and small arteries are develop lesions. An appreciation of the
pathological changes in large and small arteries in CVD requires a basic

understanding of the anatomy and physiology of normal arteries.



2.1 Structural features of the normal artery wall

The arterial wall is a well-organized connective tissue structure consisting
of three layers (or tunicae), the intima, the media, and the adventitia, with various
components of extracellular matrix in between, and the perivascular adipose
tissue (PVAT) surrounding it (Figure 1-1) [5].

Intima: Endothelial cells

Media: VSMCs,
Extracellular matrix

Adventitia: Fibroblasts,
Nerve cells,
Extracellular matrix

Perivascular adipose tissue : Adipocytes

Figure I-1: Structure of a normal artery

2.1.1 Intima

The intima is the innermost layer of the arterial wall, and acts as a physical
barrier between blood components and extravascular tissues. The intimal layer
consists of a continuous monolayer of flat cells, the endothelium, then the sub-
endothelial area, and finally the internal elastic lamina made of elastic fibers. The
endothelium layer is present on all surfaces that are in contact with the blood,
and is therefore a consistent feature throughout the circulation. A healthy
endothelium is important for the normal functionality of the arteries. Endothelial
cells (ECs) play a maijor role in controlling vascular tone by sensing mechanical
forces caused by flowing blood and extrinsic vasoactive factors circulating in the
blood, and produce and release vasoactive mediators that act on neighboring
smooth muscle cells [6] as well as at a distance. The integrity of endothelial
cytoskeletal structures and inter-endothelial junctions controls vascular
permeability to nutrients and cells [7]. During inflammation, for example, changes

in endothelial cell morphology can occur, which results in changes in cellular



junctions and endothelial cytoskeletal structures and consequently vascular
permeability to macromolecules [8]. ECs also control leukocyte trafficking to

underlying tissues; a complex process that will be discussed in section 7.

2.1.2 Media

The medial layer of arteries consists predominantly of vascular smooth
muscle cells (VSMCs) surrounded by extracellular matrix components, which
include collagen, elastin fibers and fibronectin. The extracellular matrix deposited
by VSMCs in the media account for the majority of the passive mechanical
properties of arteries. Large elastic arteries consist of more layers of VSMCs and
higher elastin content, and thus possess recoil properties, than small muscular
arteries [9]. The main function of VSMCs is to control vascular diameter via
vasoconstriction and vasodilatory processes. Signaling by vasoactive factors
from the circulation and those produced by ECs alter the polarization state of
VSMCs that determines the contractility of the artery. lon channels in VSMCs
play an important role in this regulation of vascular tone [10]. VSMCs also control
vessel diameter by detecting and reacting to mechanical forces on the vascular
wall, perhaps via their close association with extracellular matrix structures, a

process known as cellular mechanotransduction [11].

2.1.3 Adventitia

The adventitia consists predominantly of a collagen-rich extracellular
matrix produced by myofibroblast cells [12]. Vascular rupture at extremely high
pressures is prevented by the high collagen content in the adventitia [13]. This
region may also contain a network of small blood vessels, the vasa vasorum, as
well as non-myelinated nerve endings. The vasa vasorum provides nutrients to
the adventitia and media, especially in large arteries, and the nerve endings
regulate the function of medial VSMCs [5, 9]. Traditionally considered as a

structural support for vessels, the adventitial layer has more recently been



recognized as an important source of vascular inflammation. Adventitial
fibroblasts are known to produce reactive oxygen species (ROS), cellular growth
factors, and vasoactive compounds all of which influence VSMC proliferation and

vascular tone [14, 15].

2.1.4 The extracellular matrix

An important component of the vessel wall is the extracellular matrix,
primarily synthesized and organized by the VSMCs, which not only defines the
mechanical properties of the artery but also plays a role in the regulation of
immune cell activation and modulation of the effects of growth factors and other
stimuli [16]. Under physiological conditions, the extracellular matrix is highly
regulated by a careful balance between synthesis and degradation. Changes in
the extracellular matrix of arteries contribute to the pathogenesis of
cardiovascular conditions, including atherosclerosis and HTN [17].

The composition of the extracellular matrix varies with the size, the nature
and position of the vessel in the arterial tree [18, 19]. The extracellular matrix
consists predominantly of elastin fibers and collagen of various types, attached to
vascular cells via glycoproteins such as fibronectin. Elastin is found most
abundantly in the wall of the large arteries, and to a much lesser extent in small
muscular arteries [20]. Crosslinking between elastin fibers confers its principal
function, i.e. elasticity, which is essential in large arteries to cope with the large
pulsatile pressure generated by the contraction of the heart [21, 22]. In contrast
to elastin, collagen in the media provides rigidity/tensile strength to the vascular
wall. As the pressure in the artery increases, collagen fibers become aligned
circumferentially to support tension on the wall and restrict distention [23, 24].
Type | and llll collagens are the most abundant collagen fibers found in the
vasculature [25]. The glycoprotein fibronectin is another extracellular matrix
component that also contributes to the rigidity of the arterial wall by enabling
interactions between other extracellular matrix components and vascular cells
[26, 27].



2.1.4.1 Remodeling of the extracellular matrix: role

of matrix metalloproteases

Matrix metalloproteases (MMPs), released by VSMCs and also by
immune cells, are a family of zinc-dependent endopeptidases that play a key role
in remodeling of extracellular matrix [28]. Activated MMPs can degrade collagen,
elastin, and other extracellular molecules [29]. The activity of MMPs is regulated
by tissue inhibitors of metalloproteases (TIMPs). MMPs play an active role in
arterial remodeling. MMPs can degrade collagen to induce proliferation of
VSMCs leading to intima-media thickening [30], upregulate signaling of the
fibrotic transforming growth factor (TGF)-B to promote arterial fibrosis [28, 31],
and adventitial expansion [32], and also induce alkaline phosphatase activity to
cause vascular calcification [33], amongst other functions. MMP-2 and -9 have
been particularly implicated in the physiological and pathophysiological

remodeling of arteries [17].

The cells within the three layers and the various extracellular matrix
components of the vascular wall are interconnected in multiple fashions, and
interact dynamically to define the functional and mechanical properties of

arteries.

2.2 Vascular function

Arterial function is determined by the balance of vasoconstrictor and
vasodilatory signaling mediated by various factors that act on the endothelium
and VSMCs. The net result of signaling by vasoactive agents determines
whether the vessel contracts or relaxes. Vascular tone refers to the contractile
activity of VSMCs. Signaling by various vasoactive agents directly or indirectly
affects the intracellular calcium (Ca?*) concentrations in VSMCs, which in turn

determines its contractility. Increased intracellular Ca2* concentrations in VSMCs



causes calmodulin-dependent activation of myosin light chain kinase that
phosphorylates myosin light chain (MLC). Phosphorylation of MLC enhances
myosin-actin interactions resulting in VSMC contraction [34]. The endothelium is
intricately involved in the regulation of the vascular tone.

2.2.1 Factors released by ECs

The endothelium releases several factors that influence the vascular tone,
and hence control blood flow through the arteries. These factors include nitric
oxide (NO), eicosanoids (e.g. prostacyclin), endothelium-derived hyperpolarizing
factor (EDHF), and ET-1. The later will be discussed in detail in section 3. The
major endothelium-derived factors mediating VSMC relation are illustrated in

Figure |-2.
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Figure I-2: Endothelium-derived factors that mediate VSMC relaxation.



2.2.1.1 Nitric oxide

NO is the main vasodilator produced by ECs. In the endothelium, NO is
produced when the enzyme endothelial NO synthase (eNOS) catalyzes the
conversion of L-arginine to L-citrulline in a Ca?*-dependent manner [35]. NO can
also be produced by the two other isoforms of NOS: inducible NOS (iNOS) and
neuronal NOS (nNOS). During inflammatory processes, iNOS activity is induced
in ECs and macrophages, which are cells of the innate immunity, to produce
large amounts of NO [36].

The activity of eNOS is regulated by several different stimuli. Agonists
such as acetylcholine [37] and physical stimuli such as shear stress [38]
upregulate eNOS activity in ECs. On the other hand, certain inflammatory
cytokines such as tumor necrosis factor (TNF)-a can limit eNOS activity [39].

Once produced, NO passively diffuses into the underlying VSMCs where it
activates soluble guanylate cyclase (sGC), which leads to increased cyclic
guanosine monophosphate (cGMP) formation [40]. The resultant prevention of

Ca?* entry into the VSMCs produces vasorelaxation [41].

2.2.1.2 Eicosanoids

Eicosanoids are vasoactive factors formed from polyunsaturated 20-
carbon fatty acids, the most predominant precursor being arachidonic acid.
Eicosanoids include prostaglandins, thromboxanes, leukotrienes, and hydroxyl-
eicosatetraenoic acids. Arachidonic acid released from cell membrane
phospholipids is a substrate for cyclooxygenases (COX)-1 and -2, lipoxygenases,
or cytochrome P450 enzymes [42]. COX-1 and-2 convert arachidonic acid into
prostaglandin H2, a vasoconstrictor that undergoes further enzymatic conversion
into prostaglandins such as prostacyclin and thromboxane. Whereas COX-1 is
constitutively expressed in most tissues, the expression of COX-2 is increased

with cell activation, for example during inflammation [42].
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The main prostaglandin produced in ECs is prostacyclin that causes
relaxation of VSMCs by activating adenylyl cyclase, which results in increase in
intracellular levels of cyclic adenosine monophosphate (CAMP) and subsequently
a decrease in Ca?* concentration [43]. ECs can also produce thromboxane,

which mediates vasoconstriction [42].

2.21.2 Endothelium-derived hyperpolarizing

factor

Earlier evidence in the 1980s indicated that even after pharmacological or
genetic manipulations to inhibit the vasodilatory effects of NO and prostacyclin,
there was residual endothelium-dependent relaxation in response to chemical or
mechanical stimulations. This phenomenon was particularly observed in small
arteries. The unknown vasodilatory factor responsible for this effect became to
be known as “endothelium-derived hyperpolarizing factor” since it led to the
hyperpolarization of VSMCs and ECs [44]. EDHF is thought to hyperpolarize and
relax VSMCs by directly or indirectly opening the various potassium (K%)
channels on VMSCs or by hyperpolarizing ECs, which facilitates the electrical
coupling between ECs and VSMCs [45].

Although the identity of EDHF remains unknown, several factors have
been proposed. Epoxy-eicosatrienoic acids (EET), metabolites of arachidonic
acid in the cytochrome P450 pathway, synthesized by ECs show EDHF activity in
certain vascular beds by enhancing the opening of big conductance calcium-
activated potassium channels (BKca) and hyperpolarizing VSMCs [46].
Cannabinoid anandamide, another product of arachidonic acid metabolism, may
also act as an EDHF by acting through its receptors on ECs and VSMCs to
hyperpolarize the latter [47]. K* (potassium ions) has also been proposed to be
the EDHF. Stimulation of endothelial cell receptors increase the probability of
opening of small and intermediate conductance calcium-activated potassium
channels (SKca and IKca) in ECs, leading to K* efflux and increase in

extracellular K* concentration. Increase in endothelial K* can activate the inward
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rectifying pottasium channels (Kir) and the Na*-K*-ATPase found in the gap
junctions between EC and VSMCs, which results in hyperpolarization and
relaxation of VSMCs [45, 48]. Inhibitors of K* channels can be used to identify
their role in mediating vascular relaxation in physiological and pathophysiological

conditions.

2.3 Vascular mechanics

Flowing blood and blood pressure impart forces on the artery wall. Stress
is the force applied per unit area. Artery walls sustain shear stress due to flowing
blood and circumferential stress due to blood pressure [5]. Forces that cause
stress also deform the vessel wall. Strain refers to the dimensions of the
deformed vessel relative to the un-deformed vessel [49]. Arterial distensibility is
the measure of the ability of the artery to expand or contract to increasing or
decreasing intra-luminal pressures [50]. As previously described, this mechanical
property of arteries is predominantly dependent on the composition of the
extracellular matrix components deposited by the VSMCs in the media, and is
therefore different for large and small arteries. The stress-strain relationship at
different intra-luminal pressures is used to characterize the distensibility or the
“stiffness” of arteries in different vascular beds. A decrease in distensibility, or an
increase in arterial stiffness, has been associated with a number of CVDs

including atherosclerosis and HTN [51].

The vasoconstrictor peptides Ang [l and ET-1 perform important
physiological and pathophysiological roles by having direct and indirect effects on
the arterial wall.

3. Angiotensin Il and endothelin-1

Ang Il and ET-1 are two vasoconstrictors that act on the arteries to play

important homeostatic roles, including the physiological control of blood
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pressure. Alterations in these two peptide systems and their signaling have been
implicated in the development and progression of CVD. In this section, a brief

description of these two vasoconstrictors and their actions will be given.

3.1 Angiotensin Il

Ang Il is one of the main bioactive compounds of the renin-angiotensin-
aldosterone system (RAAS), which is critical for the maintenance of blood
pressure control and fluid-electrolyte balance [52]. Proteolytic cleavage of
angiotensinogen by renin, which is released by the juxtaglomerular cells in the
kidney, produces the peptide Ang I. Ang | undergoes further cleavage by the
enzyme angiotensin converting enzyme (ACE) to form Ang Il. Renin release in
the kidney is the rate-limiting step in Ang Il synthesis [53]. Ang | and Ang Il can
undergo further modifications to give rise to the other peptides of the RAAS,
including Ang (1-7), Ang lll, and Ang |V, the varying cardiovascular effects of
which are not relevant to this thesis and will not be described. In addition to the
circulating RAAS, local RAAS components have been identified in the brain,
heart, kidneys, vasculature, adipose tissue and the immune system [54-56].
Local RAAS is important for Ang Il to mediate its localized physiological and
pathological effects in these compartments.

Ang Il mediates its effects via G-protein coupled receptors (GPCRs) [52].
In humans, there are two types of Ang Il receptors: angiotensin type 1 and 2
receptors (AT1R and AT2R) [57]. In rodents, two separate genes encode for two
isoforms of the AT1R, namely AT1aR and AT1bR [58], which exhibit differential
distribution and regulation [59]. Mice knockout for both isoforms of AT1R exhibit
lower blood pressures and vascular alterations compared to wild-type mice [60],
suggesting that these receptors play a role in normal vascular function. The
vasoconstrictor and electrolyte balancing actions of Ang Il are mediated via AT1R
[61], although in rodents the contribution of each isoform may be different. Mice
knockout for AT1aR, but not AT1wR, have been shown to have lower blood

pressure at baseline compared to wild-type mice [60, 62], and impaired response
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to Ang Il infusion [63]. This suggests that AT1aR is the main receptor for
regulation of vasoconstriction and blood pressure in rodents and is responsible
for blood pressure elevation in experimental HTN caused by Ang Il infusion. In
addition to its vasoconstrictor effects, Ang Il acts via the AT1R to contribute to the
growth and hypertrophy of cardiomyocytes [64], VSMCs [65], and renal cells [66],
which is implicated in cardiovascular pathology. Ang Il is also a potent inducer of
oxidative stress and inflammatory processes associated with its signaling via the
AT1R [67].

Although less well characterized, studies indicate that AT2R-mediated Ang
Il signaling counteracts AT+R signaling. The action of Ang Il via the AT2R limits
vasoconstriction and cell growth and proliferation that occurs due to AT1R
activation [52, 68]. Knockout of AT2R in mice that are prone atherosclerosis
development resulted in exaggerated atherosclerotic lesions as a result of
enhanced vascular inflammation, indicating that this receptor also limits AT1R-
dependent pro-inflammatory responses of Ang Il [69].

Beyond its direct effects, Ang Il can also indirectly influence the
vasculature by stimulating the production and release of other vasoactive
mediators, including ET-1 [70, 71].

3.2 Endothelin-1

ET-1 belongs to a group of peptides that includes ET-2 and ET-3, each
containing 21 amino acids. ET-1 is the main isoform expressed and secreted in
the vasculature predominantly by ECs [72], but can also be produced by man
other tissues. ET-1 is the most potent vasoconstrictor currently known [73]. ET-1
expression is enhanced by many stimuli, including vasoactive peptides such as
Ang Il [71], growth factors [74], shear stress [75], lipoproteins [76, 77], and
inflammation [78]. NO [79], natriuretic peptides [80], and prostaglandins [81] are
amongst the negative regulators of ET-1 production.

Stimulation of ECs results in the production of pre-proendothelin-1, which

is converted first to proendothelin-1 and then to the biologically inactive big ET-1
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[82, 83]. Big ET-1 is cleaved by endothelin converting enzyme (ECE) to form
mature ET-1 [82]. Neutral endopeptidase (NEP) degrades mature ET-1. Big ET-1
can also be cleaved by the enzyme chymase to give rise to ET-1 (1-31), which
has weaker vasoconstrictor effects [84] and can induce vascular inflammatory
responses [85], or by MMP2 to yield the potent vasoconstrictor ET-1 (1-32) [86].
Mature ET-1 is secreted more towards the adjacent VSMCs than into the lumen
[87]. Therefore, ET-1 acts more in an autocrine and paracrine than in an
endocrine fashion.

ET-1 acts via its two G-protein coupled receptors: ETaR and ETboR. In the
vasculature, ETaR is expressed on the VSMCs, whereas ETuR is expressed on
both VSMCs and ECs [88, 89]. Binding of ET-1 to ETaR and ETsR on VSMCs
stimulates vasoconstriction. EToR on VSMCs are also involved in the clearance
of circulating ET-1 [90]. Endothelial cell ETbR activation results in vasodilation via
the production of endothelium-derived vasodilators, NO and prostacyclin [91].
The overall action of ET-1 is therefore dependent on the relative balance of ETaR
and EToR in the vascular. ET-1 receptors are also found on cells outside the
vasculature, including on immune cells, cardiomyocytes, and fibroblasts [92, 93].

Like Ang Il, ET-1 has effects on the vasculature and other tissues beyond
its classical vasoconstrictor function. ET-1 has potent mitogenic effects on
VSMCs [94], cardiomyocytes [95], and glomerular mesangial cells in the kidney
[96]. ET-1 signaling can induce local vascular inflammatory responses
independently of increase in blood pressure or systemic inflammation [97]. ET-1
signaling via the ETaR can also interact and cooperate with the RAAS to
enhance the effects on the vasculature and other tissues [98]. In various immune
cells, ET-1 signaling potentiates migration and production of pro-inflammatory
mediators [99-101].

Both  Ang Il and ET-1 signaling have been implicated in the

pathophysiology of atherosclerosis and hypertension.
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4. Pathophysiology of atherosclerosis

Atherosclerosis refers to the thickening and hardening of the arterial wall
caused as a result of pathological lipid deposition in the intima along with
infiltration of inflammatory and immune cells [102]. This phenomenon occurs
mainly in large and medium sized elastic arteries, although smaller elastic
arteries are also sometimes affected. Affected arteries develop atherosclerotic
plaques, the composition and pathobiology of which is very complex and evolves
over time. Sub-clinically, atherosclerotic lesions start to develop in childhood and
adolescence as fatty streaks [103]. However, these lesions remains
asymptomatic for decades since they do not affect blood flow. Symptomatic
atherosclerosis occurs later in life, and can lead to arterial stenosis or
thrombosis. Depending on the artery affected, atherosclerosis can result in
potentially dangerous clinical conditions such as myocardial infarction and stroke.

Atherosclerotic plagues generally contain dead and living immune cells,
lipids, VSMCs and extracellular matrix. Lipids that are pathologically deposited in
arteries to become part of the atherosclerotic plaques arise from the circulation

where they are transported in particles called lipoproteins.

4.1 Lipoproteins and lipid transport

Cholesterol and other lipids are insoluble in water, and are therefore
transported in the blood between tissues in complex particles called lipoproteins.
Lipoproteins are broadly classified into five types according to size from smallest
to largest as HDL, LDL, IDL, VLDL (high, low, intermediate, and very low density
lipoproteins), and chylomicrons. Lipoproteins also differ from each other in terms
of their protein components, which are known as apolipoproteins [104]. Alteration
in the lipid transport system results in abnormal lipid or lipoprotein levels in the
circulation, and is a critical part of the atherosclerotic process but beyond the
scope of this thesis. In context of CVD, higher levels of HDL are associated with

lower levels of heart disease, therefore higher levels of HDL are considered to be
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protective [105]. For this reason, HDL cholesterols has been termed as the ‘good
cholesterol’. In contrast, it is now well accepted that other lipoproteins in the
circulation, including VLDL, IDL, LDL, and the remnant particles, and the lipids
they carry are highly  atherogenic. High  plasma  cholesterol
(hypercholesterolemia) is a major risk factor for atherosclerosis [106]. Mice with a
genetic deletion of the LDL receptor (Ldlr”) or of apolipoprotein E (Apoe”) are
prone to atherosclerosis due to dysfunctional handling of lipids, and are the most

widely used models to understand the pathophysiology of atherosclerosis.

4.2 Vascular pathology in atherosclerosis

The process of atherosclerosis begins with early fatty streak development
(Figure 1-3) [107, 108]. An initial insult to the endothelium sets off an
inflammatory cascade in the vascular wall. The most well documented insult to
the endothelium is the accumulation of LDL in the intima of the arterial wall where
they become modified and oxidized to potent pro-inflammatory particles.
Oxidized LDL particles promote activation of ECs, which then express adhesion
molecules, and provoke the VSMCs to secrete chemokines and
chemoattractants; molecules that draw immune cells, including monocytes of the
innate immune system and lymphocytes of the adaptive immune system, into the
arterial wall. Infiltrating monocytes mature into macrophages and take up lipids to
become foam cells. Throughout this process, VSMCs also secrete extracellular
matrix components, including collagen and elastin. Early fatty streaks usually
start at branch points of arteries, where hemodynamic stresses already favor

remodeling and thickening of the arterial wall.
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Figure |-3: Progression of atherosclerosis. Adapted from Madamanchi et al.
[109].

With the constant infiltration of macrophages and other activated
inflammatory cells, fatty streaks evolve into early fibroatheroma [110, 111].
Secretion of extracellular proteoglycans by VSMCs increases lipid retention
within the arterial wall. Secreted factors promote the necrosis of macrophages
and VSMCs, which contributes further to uncontrolled inflammation. A fibrous
tissue cap forms just under the endothelium to cover the necrotic core, the basis
of the fibrous plaque lesion that develops into more advanced lesions.

As the fibrous plaque lesion evolves into advancing atheroma, proteolytic
enzymes act on the fibrous cap to make it thin and weakened [112, 113],
resulting in the formation of thin-cap fibroatheroma. This thin-cap lesion is known
as the vulnerable plaque because of the high risk of rupture and subsequent
thrombus formation. Ruptures of thin-cap fibroatheroma can be clinically silent if
they heal by forming fibrous tissue consisting of cells, collagen and extracellular
space [111, 114]. Repeated cycles of rupture and healing results in the

development of complex lesion. Vascular calcification occurs increasingly
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throughout the natural history of plaque development [115]. Increasing mass of
plaques by itself may cause stenosis of the artery.

Another vascular pathology that is frequently observed in association with
atherosclerosis progression is the development of aneurysms in the abdominal

aorta.

4.2.1 Abdominal aortic aneurysms

Aneurysm refers to the progressive dilation of the aorta due to the
weakening of the aortic wall. Aneurysms that occur in the abdominal aorta are
referred to as abdominal aortic aneurysms (AAAs). AAAs usually develop around
the region where renal arteries branch off from the abdominal aorta. Although
various definitions have been used to consider aortic dilation as an AAA [116,
117], in general it is classified as such when there is at least 50% increase in
abdominal aortic diameter above normal. The pathophysiology of AAAs is still
poorly understood. Mechanisms contributing to the initiation and progression of
AAAs have been identified from cross-sectional studies in humans and from
animal models. Inflammation, extracellular matrix degradation, stenosis,
thrombosis, and hemodynamic forces have all been implicated in the formation of
AAA [118-120]. Extracellular matrix degradation involves elastin breaks and
fragmentation. Together, these mechanisms progressively contribute directly or
indirectly to weakening the aortic wall, and the lumen of the aorta expands to
normalize shear stresses. If left untreated, this may lead to rupture at the site of
aneurysm [121].

AAAs frequently develop in association with atherosclerosis. Several
studies have linked coronary heart disease and peripheral atherosclerosis with
AAAs [121]. However, it is widely debated whether this link is causal or is due to
common risk factors that contribute to the development of both atherosclerosis
and AAAs. Evidence for the later theory is provided by the fact that the incidence
of AAA is not associated with severity of atherosclerosis [122]. Furthermore, the

effectiveness of drugs used for atherosclerosis, for example statins, in inhibiting
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AAA progression have yielded conflicting reports [123, 124]. It is possible that the
development of atherosclerosis and AAAs occurs in parallel and involves multiple
mechanisms that are interrelated as well as exclusive to each condition [125].
ET-1 signaling is one mechanism that has been implicated in pathophysiology of

both atherosclerosis and AAAs.

4.2.2 Endothelin-1, atherosclerosis, and abdominal

aortic aneurysms

Evidence from human subjects and experimental animal models have
suggested a role for ET-1 signaling in the progression of atherosclerosis and
AAAs. ET-1 levels in the plasma and coronary arteries are increased in early and
advanced atherosclerosis in humans, and there is a correlation between the
immune-reactivity of plasma ET-1 and severity of atherosclerosis [126, 127].
Plasma ET-1 levels are also increased in patients with AAAs, and are correlated
with the size of the aneurysms [128-130]. Western-type diet-fed Ldlr”- and Apoe”-
mice exhibited increased aortic ET-1 levels [131, 132], and the development of
atherosclerosis was shown to be blunted by mixed ETas and selective ETa
receptor antagonists in Western-type diet-fed Ldlr”- mice [131], Apoe” mice [132,
133], and hamsters [134]. Transgenic mice overexpressing ET-1 selectively in
the endothelium (eET-1 mice) exhibited increase in gene expression associated
with lipid biosynthesis in the vascular wall, and overexpression of ET-1 in the
endothelium of Apoe” mice exacerbated HFD-induced atherosclerotic lesions in
the descending thoracic aorta [135]. Despite all this evidence, it remains unclear
how increased ET-1 signaling in the vasculature contributes to the progression of
atherosclerosis and AAA formation. Vascular inflammatory responses induced by
ET-1 signaling could play a role in the progression of atherosclerosis and
development of AAAs under hyperlipidemic conditions. However, this has not
been demonstrated experimentally before, and was one of the objectives of this
thesis.
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Although the pathobiology of atherosclerosis is complex, several risk

factors have been associated with the progression of the disease.

4.3 Risk factors for atherosclerosis

Hyperlipidemia, HTN, diabetes, and smoking are all known to contribute
major risk towards the progression of atherosclerosis. Only hyperlipidemia and

HTN will be briefly described here as they are the most relevant to this thesis.

4.3.1 Hyperlipidemia

Alterations in lipoprotein metabolism can result in abnormal levels of lipid
and lipoproteins in the blood, a condition known as dyslipidemia. The most
common form of dyslipidemia is hyperlipidemia, which involves abnormally
elevated levels of lipids and lipoproteins in the blood. Hyperlipidemia can be
primary, which are predominantly due to genetic causes, or secondary, which are
due to underlying causes such as diabetes [136, 137]. The association between
hyperlipidemia and atherosclerosis has been appreciated for many years [138].
Primary and secondary hyperlipidemias increase the risk for atherosclerosis
usually by increasing levels of one or more of the atherogenic lipoproteins (LDL,
VLDL, chylomicrons), with a concomitant increase in plasma lipids (either
cholesterol, or triglycerides or both) [137, 139]. Some hyperlipidemias may also
cause a decrease in the good HDL cholesterol. It has been known for a long time
that increase in LDL cholesterol, which constitutes the major fraction of
cholesterol being transported in the circulation, is an independent risk factor for
the development of coronary artery disease [140-142]. More recently, however,
elevated triglyceride levels have also been considered as an important risk factor
[143, 144], while HDL cholesterol levels have been shown to have a strong
inverse correlation with the incidence of coronary artery disease [145]. Whether

ET-1 signaling affects circulating levels of lipids and lipoproteins is unknown.
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4.2.2 Hypertension

Clinical and experimental data show that high blood pressure, or HTN,
increases the risk for atherosclerosis. In clinical trials, HTN has been shown to
contribute significantly towards the risk for atherosclerosis, even after taking into
account the added risks of cholesterol and smoking [146, 147]. Induction of HTN
in Watanabe heritable hyperlipidemic rabbit resulted in a dramatic enhancement
of atherosclerotic lesion formation [148]. However, it is still unclear how HTN
plays a role in the progression of atherosclerosis. It is possible that vascular
inflammatory mechanisms that mediate vascular injury in HTN are common to
that in atherosclerosis, and, in the presence of hyperlipidemia, are responsible

for the enhanced development of atherosclerotic lesions [2].

5. Pathophysiology of hypertension

HTN is a chronic condition characterized by elevated blood pressure in the
arteries. HTN is defined as systolic blood pressure above 140 mmHg and/or
diastolic blood pressure above 90 mmHg [149], or blood pressures over 130/80
mmHg in individuals suffering from diabetes mellitus. HTN is in most cases
essential or primary and the cause for it is unknown. In rare cases, HTN occurs
secondary to an identifiable cause such as renal disorder, adrenal tumors or
pregnancy. Although the etiology of essential HTN is unknown, genetics, the
environment, diet, sympathetic hyperactivity and renal defects are all thought to
be involved [150]. The pathophysiology of essential HTN is therefore complex
and involves multiple interrelated mechanisms. Chronic HTN is characterized by
the inability of kidneys to excrete sodium and water, sympathetic hyperactivity
from the central nervous system, and importantly increased peripheral vascular
resistance [151]. Like in atherosclerosis, HTN is associated with altered structure
of large and small arteries [152]. Along with the contribution of kidneys and the
central nervous system, structural and functional vascular changes are key

processes for the development and maintenance of essential HTN.
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5.1 Blood pressure and peripheral vascular resistance

Blood pressure refers to the force exerted by the circulating blood on the
walls of the arteries. Maintenance of blood pressure is required for adequate
perfusion of organs and tissues. If the blood pressure falls too low, as it occurs in
patients with septic shock [153], perfusion to vital organs is affected and can
result in a life-threatening condition. Blood pressure is affected by the
hemodynamic effects of cardiac output and the peripheral vascular resistance to
blood flow. Although elevation of peripheral resistance is the hallmark of
essential hypertension, in some forms of hypertension increases in cardiac
output may also contribute to blood pressure elevation in HTN.

Peripheral vascular resistance refers to the total resistance opposing the
blood flow in the systemic circulation. The resistance to the blood flow across an
organ determines what fraction of cardiac output perfuses the organ [154].
Moreover, the distribution of resistances across various organs determines the
distribution of cardiac output to these organs. Therefore, a change to the
resistance to blood flow alters the distribution of blood volume by the
cardiovascular system to different tissues.

Although in isolated systolic hypertension and in the elderly, large artery
stiffness may be the main contributor to resistance to flow and blood pressure
elevation, classically, small resistance arteries are the main determinants of
vascular resistance. An increase in flow resistance is generated with the
narrowing of the lumen of resistance arteries [19]. Resistance arteries that have
a lumen diameter of <300 um when relaxed are the major site of vascular
resistance [149]. The total vascular resistance across a vessel can be

determined by the Hagen—Poiseuille equation, which is expressed as:

8 vV xL
X —
r4
i
where R is vascular resistance, v is viscosity, L is vessel length and ri is the

vessel radius. Since resistance is inversely proportional to the fourth power of the
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blood vessel radius, a small decrease in lumen diameter can cause a marked
increase in vascular resistance. Structural and functional changes in the
resistance arteries can result in decreased lumen size and, consequently,
increased resistance. Vascular tone in the walls of small arteries is the major
determinant of the resistance to blood flow through the circulation [10]. In HTN,
increased peripheral vascular resistance occurs due to vascular remodeling as a

result of structural and functional changes in the arterial wall [154].

5.2 Vascular pathology in hypertension

Structural and functional changes alter the vascular tone and stiffness of
arteries, all of which is collectively described as vascular remodeling. In HTN,
vascular remodeling is frequently characterized in terms of changes in the ratio
between media thickness and lumen diameter (media-to-lumen ratio), and the
cross-sectional area of the media. Both large and small arteries exhibit vascular

remodeling in HTN, but the type of remodeling is distinct (Figure 1-4).
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Figure I-4: Large and small artery remodeling during HTN. Adapted from Schiffrin
[158].
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Large arteries, such as the aorta, undergo outward hypertrophic
remodeling and increased stiffness with age, and this seems to be accelerated in
HTN [156, 157]. Outward hypertrophic remodeling is characterized by an
increase in media cross-sectional area along with an increase in lumen diameter.
In large arteries, VSMC hypertrophy (increase in size) occurs, as opposed to
VSMC hyperplasia (increase in number) in smaller arteries [158, 159]. Apoptosis
of VSMCs may occur to compensate or modify growth of the media in large
arteries [160, 161]. This is further accompanied by alterations in the extracellular
matrix, including elastic fiber duplication and fragmentation [162], and increased
deposition of collagen and fibronectin [162, 163], all of which contribute to
increased arterial stiffness. In HTN, large arteries also present with a
dysfunctional endothelium as a result of structural and molecular alterations in
ECs [164, 165]. Over time, increased pressure on the stiff but dysfunctional,
degenerative arterial wall causes lumen expansion, resulting in outward
hypertrophic remodeling [156, 157, 166]. Stiffening is associated with less
buffering of systolic volume and consequently systolic blood pressure elevation.
As well, changes in characteristic impedance along the vascular tree result in
wave reflection. As pulse wave velocity is increased in the stiffened vessels, the
reflected waves arrive earlier, in systole rather than in diastole as in arteries that
have not stiffened, and elevate systolic blood pressure centrally in the aorta
[167].

In HTN, small arteries exhibit inward remodeling whereby there is
reduction in lumen diameter. This type of remodeling can be eutrophic in which
media-to-lumen ratio is increased but media cross-sectional area is unaltered, or
hypertrophic in which both parameters are increased [168, 169]. Eutrophic
remodeling occurs in small arteries isolated from experimental rodent models of
HTN associated with an activated RAAS [170] and from individuals with essential
HTN [171]. Inward eutrophic remodeling may be a consequence of a balance
between apoptosis of outer peripheral cells and inward growth, resulting in
decreased lumen diameter without altering the media cross-sectional area [19].

Hypertrophic remodeling, on the other hand, is observed in patients with
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secondary HTN [172] and in animal models of salt-sensitive hypertension [173,
174], where the ET-1 system is activated. Extracellular matrix deposition, or
vascular fibrosis, also occurs as part of remodeling of small arteries in HTN.
Clinical and experimental data show that there is accumulation of collagen [175-
177] and fibronectin [178-180], as well as increase in cell-matrix attachment sites
(integrins) [177] in resistance arteries, which collectively contribute to stiffening of
the arteries over time. Altered expression of MMPs/TIMPs by VSMCs and
immune cells may be involved in the pathological remodeling of the extracellular
matrix in the small arteries during HTN [181]. Inflammation, characterized by
infiltration of immune cells and increased oxidative stress, plays a key role in
vascular remodeling by promoting a pro-inflammatory, pro-fibrotic milieu that

contributes to vascular growth, dysfunction and fibrosis [163, 182].

5.2.1 Angiotensin Il and vascular remodeling in HTN

Large and small artery remodeling is reversed in part by Ang |l receptor
blockade in both rodents and humans [163], indicating that Ang Il signaling is
intricately involved in arterial remodeling during HTN.

In addition to its growth effects on VSMCs, Ang Il can trigger apoptosis,
predominantly by signaling via its AT2R. Normotensive rats infused with Ang Il
exhibit increased apoptosis in the thoracic aorta via activation of AT1R and AT2R
[160]. In another study, treatment with an AT1R blocker in spontaneously
hypertensive rats (SHRs), a model of genetic hypertension, has been shown to
enhance apoptosis of aortic VSMCs, an effect blunted by AT2R antagonism
[183].

Ang Il also contributes to vascular fibrosis by stimulating the production of
collagen | in VSMCs. Ang Il signaling increases the secretion of TGF- in an
AT1R-dependent manner, which in turn triggers collagen synthesis [184, 185]. In
resistance arteries of SHRs, ACE inhibition or AT1R blockade normalizes the
relative content of collagen [177], most likely independently of the blood pressure

lowering effect of these treatments [186]. AT1R receptor antagonism also
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reduces collagen |, lll, and IV mRNA in large and small vessels in other rat
models of hypertension [187, 188]. Ang Il also stimulates the production of
fibronectin via AT1R-dependent signaling [170].

Importantly, the actions of Ang Il that most influence arterial remodeling
during HTN are through stimulation of pro-oxidant and pro-inflammatory
responses in the vasculature. Specifically, Ang Il signaling upregulates
production of ROS and activates redox-sensitive genes, such as nuclear factor
kappa B (NFkB) in vascular cells [189]. Endothelial injury and activation, or
endothelial dysfunction, as a consequence of Ang Il signaling leads to increased
expression of chemokines and adhesion molecules that promote infiltration of
immune cells [190]. It is now widely accepted that infiltrating immune cells are
key contributors to the pro-inflammatory milieu in the vasculature that causes
structural and functional changes in large and small arteries. This will be

addressed in detail in section 7.

Endothelial dysfunction is a key process that is observed early on in the
pathogenesis of both atherosclerosis and HTN. It is a pathological change that
contributes to the initiation of vascular inflammation, which is involved in the

remodeling of the vascular wall.

6. Endothelial dysfunction

Endothelial dysfunction is characterized by pathological change in the
actions of the endothelium towards an impaired vasodilatory, and increased pro-
inflammatory and pro-thrombotic state [190]. A dysfunctional endothelium
initiates processes including vasoconstriction, vascular remodeling, and
inflammation that have been implicated in the development of atherosclerosis
and HTN. Reduced NO bioavailability and enhanced oxidative stress are the key
molecular changes that define the pathological properties of a dysfunctional

endothelium.
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In both atherosclerosis and HTN, ROS production is increased in the
vascular wall [2]. ROS are powerful inhibitors of endothelium-dependent
vasodilatory pathways mediated by NO and prostacyclin. Impaired vasodilatory
responses have been reported in several vascular beds in both atherosclerosis
and hypertension [190, 191]. As described previously, NO is the main vasodilator
produced by eNOS in ECs. It acts on the neighboring VSMCs to induce
vasodilation by inhibiting influx of Ca?* ions into the VSMCs. NO interacts with
superoxide anion (*O27), a form of ROS, to form peroxynitrite (ONOO-). ONOO" is
highly reactive, and can induce the tyrosine nitration of prostacyclin synthase to
inhibit the formation of another potent vasodilator prostacyclin [192]. ONOO- also
activates thomboxane A2 synthase and COX, which can then potentiate
vasoconstriction [193]. Moreover, ONOO- can uncouple eNOS by oxidizing its
key cofactor tetrahydrobiopterin (BH4) into the *BHs radical [192]. Uncoupled
eNOS produces <Oz instead of NO thereby further reducing NO bioavailability
and enhancing oxidative stress production.

Elevated levels of asymmetric dimethylarginine (ADMA), an endogenous
competitive inhibitor of eNOS, have been associated with endothelial dysfunction
and atherosclerosis [194]. In context of HTN, blood pressure can be modulated
by eNOS expression and eNOS activity [195]. Together, this evidence provide
support for a role of endothelial dysfunction in atherosclerosis and HTN.

In addition to its vasodilatory effects, NO has potent anti-inflammatory and
anti-growth properties. NO can inhibit platelet aggregation [195], expression of
adhesion molecules [196], and oxidative modification of LDL [195]. Moreover, NO
signaling also inhibits growth of VSMCs [197]. Therefore, reduced NO
bioavailability as a consequence of enhanced oxidative stress not only perturbs
vasodilation but also promotes the initiation of vascular inflammatory and
remodeling responses. Enhanced oxidative stress is linked to a pro-inflammatory
state of the vessel wall. ROS upregulate the expression of adhesion and
chemotactic molecules [198], thereby facilitating the infiltration of immune cells
into the vasculature. Ample evidence shows that both Ang Il and ET-1 contribute

to endothelial dysfunction, associated with reduced NO and increased ROS
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production [199, 200]. However, the role of ET-1 in atherosclerosis-induced
vascular dysfunction is unknown.

Under normal circumstances, inflammation is part of a complex healing
process involving interaction between circulating cells and vascular cells to
regulate hemodynamic changes that affect the homeostasis of the vascular wall
[201]. However, inflammation is harmful when it becomes chronic, as in the case

of atherosclerosis and HTN.

7. Vascular inflammation

Vascular inflammation is an essential component of the vascular
pathology in atherosclerosis and HTN. Increased expression of chemokines and
adhesion molecules, immune cell infiltration, cytokine production, increased
oxidative stress, and activation of pro-inflammatory signaling pathways in arteries
from atherosclerotic or hypertensive rodents is evidence for a role of vascular
inflammation in the pathophysiology of atherosclerosis and hypertension [202,
203].

Inflammation involves a complex series of events that begins with the
activation of the endothelium as a result of an injury, infection or other stimuli,
which can include Ang Il or ET-1 [204-206]. Subsequent events leads to increase
in vascular permeability, leukocyte extravasation and tissue repair [207]. Under
physiological conditions, this process is tightly regulated and reversible.
Activation and set up of inflammatory responses is followed by a resolution
phase whereby inflammation is down-regulated. However, in pathological
conditions, inflammatory responses are not regulated and persist to cause tissue
damage.

Induction of inflammatory responses leading to plaque formation in
atherosclerosis has been well described. The concept of low-grade vascular
inflammation in HTN has however evolved over the last two decades or so, and

may share similarities with the initial steps observed in atherosclerosis [208]. In
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this section, the key cellular and molecular mechanisms involved in vascular

inflammation will be described in context of atherosclerosis and HTN.

7.1 Immune cells

Detection of immune cell infiltrates in the vasculature during
atherosclerosis and HTN was first suggestive of their role in the progression of
these diseases. More recently, evidence from genetic or pharmacological
targeting of specific subsets of immune cells or their functions have broadened
our understanding of their role in the pathophysiology of vascular pathology in
atherosclerosis and HTN. Immune cells can contribute to vascular damage by
producing ROS and other pro-inflammatory mediators such as cytokines [209].

The immune system is broadly divided into innate and adaptive immunity
[210, 211]. Innate immunity is the dominant host defense that is triggered non-
specifically in response to stimuli including external pathogens or endogenous
damage signals. Cells of the innate immune system include monocytes and
macrophages, antigen-presenting cells (APCs, including dendritic cells), mast
cells, eosinophils, basophils, and natural killer (NK) cells. Innate cells either
respond to pathogen-associated or damage signals themselves, or process them
as antigens for the activation of adaptive immunity. Adaptive immunity refers to
specific immune response and results from immunological memory. T and B
lymphocytes participate in adaptive immunity, performing a variety of functions. B
lymphocytes produce antibodies against specific antigens in affected cells to
label them for later clearance by phagocytes or complement activation. For the
purpose of this thesis, only monocyte/macrophages, antigen-presenting cells and
T cells will be described in context of CVD. The evidence provided here is not
meant to be exhaustive but to give a general idea of the literature supporting a
role for various immune cell subsets in the progression of atherosclerosis and
HTN. The various immune cells and their hematopoietic origin are illustrated in

Figure I-5.
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Figure I-5: Immune cells and their origin. Adapted from Imhof et al. [212].

7.1.1 Monocytes and macrophages

Monocytes are cells of the innate immunity that originate in the bone
marrow from hematopoietic stem cells via a series of differentiation stages, under
the control of mainly macrophage-colony stimulating factor (M-CSF) [213]. Once
formed, monocytes enter the circulation and form a systemic reservoir for tissue-
specific innate cells. Circulating monocytes respond and are attracted to
chemical signals released locally to infiltrate into tissues, a process known as
chemotaxis, and differentiate into macrophages and dendritic cells. Macrophages
are identifiable via their specific expression of proteins including cluster of
differentiation (CD)-14, CD11b, F4/80 (mice), Mac-1/Mac-3, and CD68 [214].
Dendritic cells express CD11c. Together, monocytes, macrophages, and
dendritic cells contribute to inflammatory responses by performing phagocytosis,

antigen presentation, ROS production, and cytokine release.
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Monocytes and macrophages are a heterogeneous population of cells
consisting of various activation states, which may interchange depending on the
surrounding microenvironment [213, 215]. Murine monocytes are generally
divided into inflammatory Ly6C* monocytes (similar to human CD14* classical
monocytes) or patrolling Ly6C- monocytes (similar to human CD16* alternate
monocytes). Like monocytes, macrophages also exhibit functional diversity. Of
the several subsets, two are most important. Macrophages can polarize towards
a pro-inflammatory/killing phenotype (M1) in response to cytokines interferon
(IFN)-y"and TNF-a, or an immune-modulatory/wound healing phenotype (M2) in
response to IL-4. M1 macrophages have upregulated expression of proteins such
as iNOS and maijor histocompatibility complex (MHC)-II, and produce ROS and
pro-inflammatory cytokines such as interleukin (IL)-1B, IL-12, IL-6, and TNF-a.
M2 macrophages express CD206 (mannose receptor) and sometimes arginase
(Arg)-1, and produce IL-10. Inflammatory Ly6C* monocytes have been
hypothesized to be precursors to M1-type macrophages in tissues while Ly6C-
monocytes acquire an M2-type phenotype [213, 216, 217], although trans-
differentiation from inflammatory monocytes into M2 macrophages has also been
observed [218, 219]. It is possible that differentiation of infiltrating monocytes is
influenced by the microenvironment that they face.

The role of monocytes/macrophages in lipid uptake, foam cell formation,
vascular inflammation and development and progression of atherosclerotic
lesions has been extensively studied and reviewed in the literature [220], and
was also alluded to in section 4.2. During atherosclerosis, Ly6C* inflammatory
monocytes preferentially infiltrate into the vascular wall and differentiate into
macrophages that resemble the M1 phenotype. These macrophages uptake
modified lipoproteins via scavenger receptors and other mechanisms to become
foam cells. Accumulation of oxidized lipids and other cellular debris causes many
macrophages to apoptose. If these apoptotic cells are not cleared by neighboring
phagocytes, they may undergo secondary necrosis, which leads to the formation
of necrotic core in atherosclerotic lesions. Although Ly6CMs" monocytes have

been most implicated for their atherogenic potential, recruitment of Ly6C'*% may
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also be important [221]. Although ET-1 is known to induce potent vascular
inflammatory signaling, a demonstration of a link between enhanced ET-1
signaling and increased atherogenic monocyte/macrophage infiltration in the
aorta is lacking. Moreover, it is unknown if ET-1 can alter systemic proportions of
monocyte subsets towards the more pro-atherosclerotic Ly6C"9" monocytes. ET-
1-induced vascular monocyte/macrophage infiltration could contribute to AAA
formation; however this has never been shown before.

A role for monocyte/macrophages in HTN has also been identified. It has
been previously shown that osteopetrotic mice, which have a mutation within the
M-CSF gene and accordingly a generalized deficiency of macrophage
subpopulations, exhibit blunted vascular remodeling and oxidative stress when
they are infused with Ang Il [222], treated with DOCA-salt [223], or when they
have endothelium specific overexpression of ET-1 [224]. In a mouse model
where Lysozyme M* monocytes express the diphtheria toxin receptor, Wenzel et
al. demonstrated that toxin-mediated depletion of circulating monocytes
attenuates Ang ll-induced HTN, vascular remodeling and oxidative stress, and
up-regulation of pro-inflammatory mediators and macrophage infiltration [224].
Adoptive transfer of monocytes but not neutrophils restored the Ang Il phenotype
in these mice following depletion. Recently, a protective role for macrophages in
salt-sensitive HTN was described in studies conducted by Machnik et al. [225,
226]. They showed that, following salt-loading or DOCA salt treatment,
macrophages accumulate in the skin and secrete vascular endothelial growth
factor C (VEGF-C) to stimulate subcutaneous lymphatic proliferation and
promote interstitial Na* clearance. Clodronate liposome-mediated depletion of
macrophages reduced macrophage infiltration, failure of interstitial Na* buffering,
leading to salt-sensitive blood pressure elevation. These differing roles of
monocytes/macrophages may be mediated by different subsets described above,
although the exact roles of inflammatory vs patrolling monocytes and M1 vs M2
macrophages in HTN remains to be clarified. The role of different subsets of T
cells on monocyte and macrophage polarization in context of HTN is also

unknown.
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7.1.2 Antigen presenting cells

Antigen presentation by a specialized subset of innate cells, the APCs, is
a key step for the activation of adaptive immunity including T cells. Dendritic cells
are the most potent APCs, although macrophages can also perform this function
[227]. APCs activate T cells by providing an activation signal, which involves
presentation of the antigenic peptides via the MHC-I or Il molecules to the T cell
receptor, and simultaneous co-stimulatory signals [228]. Costimulatory signals,
such as interaction between CD28 and CD40 ligand (CD40L) on T cells with B7
ligands (CD80 and CD86) and CD40 on APCs respectively, provide strong
stimulus for T cell activation and expansion.

The role of antigen presentation by APCs in the progression of
atherosclerosis is supported by evidence showing that genetic disruption of B7
costimulatory molecules blunts atherosclerosis in Ldlr~ mice [229]. Moreover,
mice lacking the MHC-Il-associated protein invariant chain, CD74, also exhibit
reduced atherosclerosis [230]. Dendritic cells have been detected near T cells
within unstable plaques [231-233]. In the aortic wall of Apoe” mice, Koltsova et
al. [234] recently demonstrated that fluorescent-labelled CD11c* cells interact
with and activate CD4* T cells (discussed further on), leading to cell proliferation
and secretion of IFN-y and TNF-a. These pro-inflammatory cytokines then
enhanced uptake of modified LDL in macrophages.

Recently, Vinh et al. [235] showed a role for T cell-costimulation by B7
ligands in the development of HTN. In their study, pharmacological inhibition of
the B7-CD28 axis blunted Ang Il and DOCA-salt induced HTN, also preventing T
cell activation and aortic T cell infiltration. Mice lacking B7 ligands CD80 and
CD86 presented a similar blunting effect in Ang ll-induced HTN, which was
restored by bone marrow transplant from wild-type mice. Activated dendritic cells
(CD11c*CD86*) were increased in secondary lymphoid organs of hypertensive
mice. It is unknown whether macrophages play a similar antigen presenting

function to activate T cells in HTN.
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7.1.3 T cells

T lymphocytes are cells of the adaptive immunity that express the T cell
receptor (TCR) consisting of two TCR chains, a CD3 co-receptor, and a {-chain
accessory molecule [236]. During development in the thymus, T cells undergo
further differentiation to express CD4" or CD8*, which are co-receptors for the
TCR complex and mediate activation of downstream signaling pathways when
the TCR engages with an antigen presented by APCs. Stimulation by antigen
presentation, co-stimulation and cytokines polarizes the naive CD4* T helper
(Th) cells into predominantly Th1, Th2, T regulatory lymphocytes (Treg), or Th17
subsets, each of which produce their own panel of cytokines and perform specific
functions (Figure 1-6). CD8" T cells differentiate into cytotoxic T cells upon

activation.



35

IFNY, IL-2 IL4.IL-5, IL- IL-17,1IL-22, 1L, IL-10, TGF$, Perforin,
TNF 10,IL-13 IL-6, TNF IL-35 Granzyme B
Macrophage B cell activation, Acute Immune &
activation, Th1 suppression inflammation suppression | Apoptosis |
Th2 suppression

Figure 1-6: Various subsets of T cells, differentiation signals, and their functions.
Adapted from Idris-Khodja et al. [236].

A role for T cells has been demonstrated in atherosclerosis and HTN.
Mice deficient in T and B cells exhibit significantly blunted atherosclerotic lesion
development [237, 238]. Adoptive transfer of CD4* T cells from Apoe 7~ mice into
immunodeficient Apoe”/scid mice has been shown to restore atherosclerotic
plaque development to levels comparable to immunocompetent controls [239].
Ang ll-induced hypertension, vascular dysfunction, and oxidative stress was
shown to be blunted in recombination activating gene-1 knockout mice (Rag17),
which are deficient in T and B cells [240]. The Ang lI-induced vascular phenotype
in these immunodeficient mice was restored by the adoptive transfer of CD3* T
cells from wild-type mice. Whereas this evidence implicates T cells in the
vascular pathology of atherosclerosis and HTN, the roles of various subsets of T

cells are still under investigation.
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7.1.3.1 Th1/Th2 response

In the presence of cytokines IL-12 and IFN-y, naive CD4* T cells polarize
towards Th1 phenotype [236, 241, 242]. Polarized Th1 cells produce pro-
inflammatory cytokines IFN-y, IL-2, TNF-a and TNF-B, and participate in cell-
mediated defense against intracellular microorganisms, macrophage activation,
and suppression of Th2 response. IL-4 polarizes naive CD4* T cells into Th2
cells, which produce IL4, IL-5, IL-10, and IL-13. Th2 cytokines suppress Th1-type
responses and activate B cell-mediated immunoglobulin production. IL-4
suppresses Th1 polarization whereas IL-10 counteracts Th1 cytokine production
[243]. Therefore, Th1 response is weak during Th2 polarized response and vice
versa.

Vascular pathology observed in atherosclerosis and HTN has been
associated with a shift in Th1/Th2 balance towards the former. Studies have
shown that Th cells in atherosclerotic lesions polarize towards Th1 phenotype
with increased IFN-y and IL-2 production whereas Th2 cytokines IL-4 andIL-10
are less detectable [244]. As well, cells within the lesions are known to produce
Th1 stimulating cytokines such as IL-12 [244]. Deficiency of IFN-y or its receptor
reduced lesion development, and increased plaque collagen content in
atherosclerosis-prone mice [245, 246], while intra-peritoneal IFN-y" infusion
enhances lesion development [245]. Whether ET-1 contributes to activation of
effector T cells and polarization towards Th1 phenotype during atherosclerosis
and AAA formation is unknown. In the context of HTN, Ang ll-infused rats have
been shown to exhibit increased Th1-mediated responses, evidenced by
increased production of Th1 cytokine IFN-y; and decreased Th2 mediated
responses in an AT1aR-dependent manner [247, 248]. Knockout of IFN-y in mice
blunted Ang ll-induced vascular dysfunction independently of blood pressure
effects [249]. Deficiency of chemokine ligand 16 (CXCL16), which binds to C-X-C
chemokine receptor type 6 characteristically found on Th1-type T cells, prevents
Ang ll-induced infiltration of macrophages and T cells in the kidney [250]. Thus,

polarization towards Th1-type responses may be important in the progression of
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both atherosclerosis and HTN. It must be noted, however, that other studies have
implicated IL-4 in the development of HTN and IFN-y in the maintenance of
normal blood pressure in hypertensive mice [251, 252]. This discrepancy may be

due to use of different models of HTN or species in these studies.

7.1.3.2 Treg response

Treg are anti-inflammatory T cells that suppress the activity of T effector
subsets (Th1, Th2, Th17) and other immune cells. Treg normally develop in the
thymus (natural [n]Treg ), but T cells can also be induced in the periphery to
become Treg (induced [i]Treg) [253]. Several subsets of T cells exhibit T cell-
suppressive activity, but regulatory activity has been described to be most in cells
expressing CD4, the IL-2 receptor alpha chain (CD25), and the transcription
factor forkhead box P3 (FOXP3). Treg also express cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4), L-selectin, CD134 (OX40), and glucocorticoid-
induced tumor necrosis factor receptor (GITR). Several studies support a role for
FOXP3 as the master regulator of Treg development and function [254]. FOXP3
interacts with other transcription factors such as nuclear factor activated in T cells
(NFAT) and acute myeloid leukemia 1 (AML1), represses genes involved in T cell
activation such as IL-2, and induces expression of CD25 and CTLA-4 [255].
Mutation in the FOXP3 gene results in the autoimmune disorder
Immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) syndrome
in humans and Scurfy phenotype in mice [253]. Regulatory function has also

been observed in activated CD8+ cells during inflammatory processes [256, 257].

7.1.3.2.1 Mechanisms of Treg action

Treg exert their immune-suppressive effects via several mechanisms
(Figure 1-7). Treg produce anti-inflammatory cytokines IL-10, TGF-B, and IL-35.
IL-10 signaling via its receptor suppresses cytokine secretion by macrophages,

Th1 and Th2 cells, promotes cell survival, and impairs APC activity [258, 259].
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TGF-B can induce generation of T suppressor cells in the periphery [260, 261],
but is not required for nTreg activity [262]. Besides inhibiting immune cells, TGF-
B also suppresses proliferation and migration, and stimulates apoptosis of
VSMCs and ECs [263]. However, TGF-3 has a dual role in the vasculature in that
it can also induce fibrosis. IL-35 is a relatively novel anti-inflammatory cytokine
that is known to inhibit Th17 development [264].

Treg express galectin-1, which binds to CD45 and other glycoproteins on
immune cells and promotes cell-cycle arrest, apoptosis, and inhibition of pro-
inflammatory cytokine release [265]. Treg also eliminate activated T effector cells
by producing granzyme A and B, which induce apoptosis in target cells via
mechanisms that remain to be fully elucidated [266, 267]. Treg inactivate
extracellular pro-inflammatory ATP released during tissue damage via CD39,
which works with CD73 to degrade ATP and produce adenosine [268, 269].
Adenosine acts via A2a adenosine receptors to inhibit T effector cells.

Treg also inhibit T effector activation by limiting APC responses. In vitro, it
has been shown that the expression of co-stimulatory molecules on dendritic
cells is downregulated by Treg partially via the anti-inflammatory signaling of
TGF-B [270]. Moreover, CTLA-4 expressed on the surface of Treg blocks co-
stimulation by interacting with B7 ligands (CD80 and CD86) on dendritic cells,
which leads to reduced expression of these ligands [271]. Treg also interact with
dendritic cells via Neuropillin-1, thereby preventing the interaction of the latter
with T effector cells [272]. Finally, fibrinogen-like protein 2 (FGL2) produced by

Treg inhibits dendritic cell maturation and proliferation [273].
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Figure I-7: Mechanisms of Treg action. Adapted from Schiffrin [274].

7.1.3.2.2 Treg and cardiovascular disease

Depletion of Treg by anti-CD25 antibody was shown to enhance
atherosclerosis lesion size, inflammation, and vulnerability in Apoe”- mice [275].
Apoe” mice adoptively transferred with CD4*CD25* Treg population exhibited
reduced lesion size compared to mice injected with saline or CD4*CD25 T
effector cells [275, 276]. The production of IL-10 and TGF- by Treg is important
for their anti-atherogenic effects. Disrupting the function or gene for either
cytokine in atherosclerosis-prone mouse models accelerated lesion development
(studies reviewed in [277]). Recently, Klingenberg et al. [278] elegantly
demonstrated a mechanistic role for transcription factor FOXP3 in Treg-mediated
athero-protection. In their study, lethally irradiated LdIr-/- mice were transplanted
with bone marrow from DEREG mice, which expresses the diphtheria toxin
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receptor under control of the FOXP3 promoter. Diphtheria toxin-mediated
depletion of FOXP3* Treg in transplanted mice enhanced atherosclerosis without
increasing vascular inflammation. These mice exhibited altered lipoprotein
metabolism and clearance, resulting in increased cholesterol-rich particles in the
circulation, which explained the exaggeration in plaque formation.

A protective role for Treg during HTN was first suggested using consomic
rats, which had chromosome 2 from normotensive Brown Norway rats on a
genetic background of the hypertensive Dahl salt-sensitive rats [279].
Chromosome 2 contains many pro-inflammatory genes, including IL-2, IL6,
fibroblast growth factor 2, and vascular cell adhesion molecule (VCAM)-1 [280].
The vessels from consomic rats exhibited reduced production of pro-
inflammatory cytokines, compared with Dahl salt-sensitive rats, which was
associated with enhanced aortic expression of FOXP3 and increased
CD4*CD25* and CD8*CD25" lymphocytes and their activity [279]. Adoptive
transfer of CD4*CD25* Treg was shown to blunt HTN, small artery stiffness, Oz
production, and infiltration of vascular immune cells in Ang ll-infused mice [281].
In a previous study, Ang ll-induced cardiac remodeling was reversed by
CD4*CD25* Treg transfer in a blood pressure independent manner [282].
Aldosterone-infused mice adoptively transferred with CD4+ CD25+ Treg
exhibited reduced small artery remodeling and oxidative stress, and vascular and
renal immune cell infiltration without changing blood pressure [283]. IL-10-
deficient mice (//107) treated with Ang Il exhibited increased *O2 production and
enhanced impairment of acetylcholine-induced relaxation in vessels compared
with wild-type mice [284]. Systolic blood pressure, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase activity and endothelium-dependent
relaxation was improved in Angll-infused //707~ mice receiving cultured Treg from
control mice [285]. Together, this evidence provides preliminary support for a
protective role for Treg in HTN via IL-10 production. However, this does not
conclusively prove the protective role of Treg in HTN and associated vascular
injury since adoptive transfer of Treg could have had pharmacological effects that

are non-physiological. To unambiguously demonstrate the role of Treg in HTN,
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the use of a model in which this regulatory component of adaptive immunity is

absent is mandatory. This demonstration has never been provided before.

7.1.3.3 Th17 response

Th17 cells are a relatively novel subset of CD4*" T helper cells [286].
Cytokines TGF- and IL-6 promote Th17 polarization whereas IL-23 plays a role
in the maintenance of Th17 cells. Th17 cells and Treg can interchange
phenotypes, depending on the ensuing cytokine milieu, since TGF-B also induces
differentiation of naive T helper cells into Treg. The presence of absence of IL-6
is critical in determining whether naive or effector T cells differentiate into Treg or
Th17 cells. Th17 cells produce cytokines such as IL-17 and IL-22 and participate
in acute inflammatory responses against extracellular bacteria and fungi. Th17
cells are key contributors to chronic inflammation associated with autoimmune
diseases. IL-17 can mediate strong pro-inflammatory responses by promoting
leukocyte proliferation and chemotaxis [287]. As well, IL-17 can be anti-
inflammatory by inhibiting expression of adhesion molecules and
chemoattractants on fibroblasts [288]. Increased plasma concentrations of IL-17
in coronary artery disease patients suggests a pro-atherogenic role for Th17 cells
in atherosclerosis [289]. However, experimental studies in atherosclerosis have
yielded conflicting results on the roles of Th17 cells and IL-17 signaling in
disease progression [290]. This discrepancy may be due to the dual role of IL-17
described above.

Ang II- [291] and DOCA-salt-induced [292] HTN is associated with
increased Th17 cell activity. IL-17 knockout mice (/L-177) infused with Ang Il
exhibit blunted HTN, superoxide production and aortic collagen deposition,
stiffening and T cell infiltration [291, 293]. Placental ischemic rats have been
shown to have increased numbers of Th17 cells [294]. Administration of IL-17
soluble receptor C in reduced-uterine perfusion pressure (RUPP) rats, a model of
preeclampsia, reduced HTN, oxidative stress, and circulating Th17 cells [295].
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Together, this evidence supports a pathological role for Th17 cells and IL-17 in
HTN.

7.1.3.4 Cytotoxic T cells

CD8* cells polarize to cytotoxic T cells upon activation by APCs [296].
Cytotoxic T cells secrete pro-inflammatory cytokines IFN-y" and TNF-a, and
perform cytolytic activity in target cells by producing perforin and granzyme B.
Perforin binds to target cell membranes, forming a pore through which granzyme
B enters the cell and induces apoptosis [296]. Cytotoxic T cells can also trigger
apoptosis via the Fas ligand on CD8" cells, which binds to FAS on target cells to
initiate apoptotic signals [296]. Accumulation of cytotoxic T cells has been
reported to occur from early stages in mouse lesions [297, 298] and in advanced
human plaques [237]. Kyaw et al. [299] recently demonstrated that antibody-
mediated depletion of CD8* cells in HFD-fed Apoe’” mice reduced
atherosclerosis, macrophage accumulation, necrotic cores, and expression of
pro-inflammatory cytokines IL-18 and IFN-y. Transfer of CD8" T cells into
lymphocyte-deficient Apoe”- mice restored plaque progression and pro-
inflammatory responses. The role of cytotoxic T cells in HTN and associated
vascular injury is less well understood. Adoptive transfer of wild-type bone
marrow into inhibitor of differentiation 2 knockout mice, which are deficient in
specialized CD8* dendritic cells, natural killer cells and CD8* T memory
lymphocytes, was unable to restore Ang Il-mediated pressor responses,
suggesting that cytotoxic T cells do not play a role in Ang ll-induced HTN [300].
In another study, Ang ll-induced arteriolar thrombosis in cremaster arterioles was
found to be blunted in Rag7”- and CD4* T cell-deficient mice, while CD8* T cell-
deficient mice had an intermediate phenotype [301]. Thus, CD8* T cells may

participate to some extent in Ang ll-induced microvascular thrombosis.

Studies mentioned above suggest an important role for several immune

cells in the vascular pathology associated with atherosclerosis and HTN.
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Inflammatory response in the vascular wall begins with recruitment of immune

cells to target regions.

7.2 The inflammatory response

In atherosclerosis, accumulation of oxidized LDL within the vascular wall is
thought to be the primary initiator of inflammatory responses that leads to plaque
formation [302]. Mechanisms that initiate vascular inflammatory responses
observed in HTN are less well understood [303]. However, certain elements of
the inflammatory response are common to the vascular pathology in both
atherosclerosis and HTN, suggesting that similar mechanisms may be involved.
In this section, the general features of leukocyte infiltration and initiation of the
vascular inflammatory cascade will be described, and evidence for involvement
of some of these features in CVD provided.

Leukocyte trafficking is an important mechanism of immune surveillance
that allows immune cells to migrate between peripheral tissues and provide
immune responses where required [304]. Immune cell infiltration involves a

sequence of steps mediated by various interactions with ECs.

7.2.1 Leukocyte capturing, rolling and firm adhesion

Leukocyte infiltration is initiated by pro-inflammatory stimuli such as
chemokines secreted by affected vascular cells, especially ECs (Figure [-8).
Chemokines are secondary mediators of inflammation that stick to
glycosaminoglycans on the surface of ECs and bind to specific receptors on
immune cells to initiate leukocyte recruitment [305]. Perhaps the most studied
chemokine is monocyte chemoattractant protein (MCP)-1, which binds to
chemokine receptor (CC) R2 to promote the recruitment of monocytes, and T
and B cells to the vascular wall [306]. MCP-1 has been shown to be upregulated
in the vascular wall during both atherosclerosis [307] and HTN [308]. IL-8,

produced by homed macrophages and other cells in the vascular wall, is another
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important chemotactic factor that causes migration of neutrophils to the sites of
inflammation [306].

Leukocyte capturing is followed by cell rolling, which occurs due to
dissociation of old bonds and the formation of new bonds between ECs and
infiltrating immune cells [309]. Leukocyte rolling is mediated by interaction
between special adhesion molecules called selectins and their respective
ligands. These adhesion molecules include P-selectin, E-selectin, and L-selectin.
The expression of P-selectin and E-selectin is upregulated on ECs during
inflammatory conditions, while L-selectin is constitutively expressed by
leukocytes [310]. Whereas our understanding of the involvement of L-selectin in
CVD is incomplete, knockout studies have revealed a role for P-selectin and E-
selectin in atherosclerosis progression [311]. As well, soluble forms of P-selectin
and E-selectin have been shown to be increased in patients with HTN and may
contribute to vascular damage by facilitating leukocyte recruitment [312].

Following cell rolling, leukocytes undergo firm adhesion to the inflamed
ECs. This step involves the interaction between integrins expressed on infiltrating
leukocytes and their ligands on ECs. Integrins studied most include lymphocyte
function-associated antigen-1 (LFA-1) and very late antigen-4 (VLA-4) that bind
to their ligands intracellular adhesion molecule-1 (ICAM-1) and VCAM-1,
respectively. Inflammatory mediators such as TNF-a increase the expression of
both ICAM-1 and VCAM-1 on ECs [313]. Vascular injury during atherosclerosis
and HTN is associated with upregulation of ICAM-1 and VCAM-1 expression
[279, 314].
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Figure |-8: Steps in leukocyte recruitment.

Integrin-immunoglobulin  complex formation also triggers intracellular
signaling pathways. Binding of VCAM-1 to VLA-4 leads to activation of Rac1 and
p38 mitogen-activated protein kinase (p38 MAPK), ROS production and actin
skeleton rearrangement [315, 316]. ROS can cause the proteolytic degradation
of junctions between ECs via the induction of MMP activity [315]. Moreover,
downstream signaling by ICAM-1 mediates intracellular Ca?* release and Rho
GTPase activation, which can break down homophilic interactions [317].
Collectively, these signaling pathways increase endothelial permeability to

facilitate leukocyte transmigration.

7.2.2 Leukocyte transmigration

Intracellular free Ca?* concentrations regulate leukocyte transmigration to
the sub-endothelial layer. Increase in free Ca?* indirectly results in unfolding of
myosin Il and retraction of endothelial cell [318]. Leukocyte transmigration is the
least well understood step of the leukocyte recruitment cascade, and occurs
either via the paracellular pathway or the transcellular pathway (Figure 1-9). The
pathway adopted by infiltrating immune cells is likely influenced by the stimulus
for migration, the prevailing inflammatory conditions and the vascular bed
involved [319].
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Most of leukocyte transmigration occurs via the paracellular route [320].
This pathway involves the destabilization of cell-cell junctions followed by
migration of leukocytes through inter-endothelial contacts. The molecules that
regulate leukocyte transmigration via the paracellular pathway include vascular
endothelial (VE)-cadherin, platelet-endothelial adhesion molecule-1 (PECAM-1),
CD99 and the junctional adhesion molecules (JAM)-A, -B, and -C. VE-cadherins
on neighboring ECs complex together in a Ca?*-dependent manner to maintain
endothelial junction integrity [321]. Proteolytic cleavage of the extracellular
domain of VE-cadherins decreases junctions between ECs thereby increasing
vascular permeability [322]. As well, binding of leukocytes to the luminal side of
ECs can stimulate downstream signaling that results in the destabilization and
disassembly of VE-cadherin complexes [323, 324]. Leukocytes then migrate
through the gaps that are formed, facilitated by homophilic or heterophilic
interactions between adhesion molecules PECAM-1, CD99, and the JAMs on
ECs and infiltrating immune cells [325-327].

A fraction of leukocyte transmigration occurs through the endothelium at
non-junctional sites, which is referred to as the transcellular pathway.
Transcellular migration occurs specifically where the endothelium is thin and is
dependent on intracellular events triggered by LFA-1 binding to ICAM-1 [328,
329]. Interaction of LFA-1 with ICAM-1 stimulates translocation of ICAM-1 to
regions that are rich in caveolae (vasiculo-vacuolar organelles) and F-actin
(cytoskeleton), forming an intracellular channel via which caveolae transports

leukocytes along with caveolin-1 through ECs [329].
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Figure 1-9: Pathways of leukocyte transmigration through the endothelium. Figure
adapted from Ley et al. [309].

7.2.3 Inflammatory responses within the vascular wall

Following transmigration through the endothelial layer, leukocytes migrate
within the vascular wall. Chemoattractants such as RANTES (CC-chemokine
ligand 5, CCL5), IL15, MCP-1, and IL-8 are produced by ECs, VSMCs and/or
macrophages to attract and facilitate the migration of immune cells that express
the corresponding receptors for these molecules. RANTES attracts cells
expressing CCR1 and CCR5 including macrophages, dendritic cells,
lymphocytes, and natural killer cells [238]. IL-15 is released in response to IFN-y
and stimulates the migration of T cells [330]. MCP-1, as discussed previously,
attracts macrophages and lymphocytes that express CCR2. Finally, IL-8 is a
chemoattractant for cells expressing CX-chemokine receptor (CXCR) 1 and
CXCR2 including leukocytes [331].

Within the medial layer, leukocytes undergo differentiation, growth or
activation [238]. Monocytes differentiate into mature macrophages and produce a
range of pro-inflammatory cytokines. T cells undergo peripheral activation by

dendritic cells and macrophages to differentiate into Th1 or Th2 phenotype,
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depending on the ensuing cytokine microenvironment. Activated T cells also
produce pro-inflammatory cytokines. Pro-inflammatory mediators in turn have
multiple effects on the vasculature. Cytokines enhance expression of adhesion
molecules (endothelial cell activation), disrupt cell-cell junctions to increase
vascular permeability, increase MMP expression to promote extracellular matrix
remodeling, and also stimulate VSMC migration and proliferation [202, 238, 332].

T cells also undergo differentiation into the anti-inflammatory Treg when
they are activated by immature dendritic cells [238, 333]. Treg counteract Th1
and Th2 responses to reduce the pro-inflammatory cytokine microenvironment.
Macrophages can also elicit anti-inflammatory properties by producing cytokines
such as IL-10 and TGF-B that further blunt Th1 responses and induce Treg
differentiation. Anti-inflammatory mechanisms serve to moderate inflammatory
responses, and play a role in resolution of inflammation after injury repair [334].
The role of anti-inflammatory macrophages in context of vascular inflammation in

atherosclerosis and HTN is still unclear.

7.3 Oxidative stress

ROS are biologically active derivatives of O2 that are known to be
important regulators of vascular function by modulating cell growth, apoptosis,
inflammation, and extracellular matrix production [335]. Oxidative stress is the
consequence of imbalance in pro-oxidant and anti-oxidant capacities in favor of
the former, resulting in excess ROS. There is ample evidence that oxidative
stress contributes to the progression of hypertension and atherosclerosis [335-
337]. Anti-oxidants counter the development of atherosclerosis [338], and reduce
blood pressure in experimental [339] and human HTN [340]. Oxidative stress can
upregulate intracellular inflammatory signaling pathways and modify proteins,
lipids, and DNA resulting in altered structure and function [341]. Oxidative stress
is a potent inductor of endothelial dysfunction, vascular inflammation, and

vascular remodeling.
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Oxidative stress occurs predominantly as a consequence of increased
production of Oz, which can be further converted to other forms of ROS
including hydrogen peroxide (H202), hypochlorus acid (HOCI) and hydroxyl
radicals (*OH) or reactive nitrogen species such as ONOO- (Figure 1-10) [342].
*O2” has a short half-life and is quickly converted into H202 by the enzyme
copper/zinc superoxide dismutase. H202 is then converted into water, a reaction
that is catalyzed by catalase, glutathione peroxidase or thioredoxin reductase. As
well, H202 can be catalyzed to HOCI by the enzyme myeloperoxidase, or be
transformed to *OH in the presence of Fe3*. As mentioned previously, *O2" can
also react with NO to form ONOO-. ONOO- can interact directly or indirectly with
lipids, DNA, and proteins to trigger a range of cellular responses from minor
modulation in cell signaling to excessive oxidative injury that causes necrosis or
apoptosis [343]. ONOO- generation is a hallmark pathogenic mechanism in

chronic inflammatory diseases, CVDs, and cancer.
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Figure I-10: ROS and their sources. Adapted from Madamanchi et al. [109].
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Both vascular and immune cells contribute to ROS formation in the
vasculature via the activity of several enzymes. The major sources of vascular
ROS include NADPH oxidase, xanthine oxidoreductase, uncoupled eNOS, and
the mitochondria. COX, lipoxygenases, and cytochrome P450 are other enzymes

that also contribute to ROS production but to a lesser extent.

7.3.1 NADPH Oxidase

NADPH oxidase is the major source of *O2  production in vascular and
immune cells. This enzyme generally consists of a heterodimer of two
membrane-bound subunits, gp91Ph°* and p22°P"°X and up to three cytosolic
components p47P"ox p67P"ox and G-protein rac1 or rac2 that regulate the activity
of the enzyme [344]. The cytoplasmic subunits are recruited upon activation to
the membrane-bound gp91Phox/p22rhox heterodimer to form a multi-protein
complex of NADPH oxidase that produces *O2". gp91P"°*, otherwise known as
Nox, is the catalytic subunit of the enzyme and exists as different isoforms (Nox1,
Nox2, Nox 3, Nox4 and Nox5) depending on cell type. Nox2 and all other
components of the enzyme are present in phagocytic cells, ECs and adventitial
fibroblasts [344-346]. VSMCs, on the other hand, have the gp91°P"* homologues
Nox1, Nox2, Nox4 and/or Nox5 (present only in humans) depending on the
vascular bed studied [344]. In addition, VSMCs do not appear to possess the
cytosolic subunit p67Phox [347]. Vascular oxidases produce several orders of
magnitude less *O2" than phagocytic oxidases [348].

Production of «O2- by NADPH oxidase occurs in normal metabolism, but
sustained activation can ensue in response to agonists such as Ang Il and ET-1
[349-351]. Oxidative stress as a consequence of sustained NADPH oxidase
activity is important in progression of atherosclerosis and HTN.
Hypercholesterolemic Apoe™ mice lacking the p47Ph°* gene exhibited
significantly fewer lesions in their descending aortas compared with Apoe™~ mice

[352]. Treatment of hypercholesterolemic rabbits prone to atherosclerosis with
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AT1R antagonists normalized vascular NADPH oxidase activity and reduced
early plaque formation [353], suggesting that Ang ll-induced NADPH oxidase
activity plays an important role in the early stages of atherosclerosis. In context of
HTN, deletion of the Nox1 gene, which is expressed in VSMCs, blunted Ang II-
induced blood pressure rise [354]. Beyond the activity of vascular oxidases,
NADPH oxidase in immune cells also play an important role in pathophysiology
of vascular diseases. Guzik et al. demonstrated that while reconstitution of T
cells into immunodeficient Rag7”- mice restored Ang ll-induced HTN and
vascular dysfunction, adoptive transfer of T cells lacking the p47°P"* subunit was
unable to fully reinstate the Ang Il phenotype [240]. Thus, NADPH oxidase
activity may be critically involved in the vascular damage observed in the course

of progression of atherosclerosis and HTN.

7.3.2 Xanthine oxidoreductase

Xanthine oxidoreductase (XOR) is a molybdoflavoenzyme consisting of
two interchangeable forms, xanthine dehydrogenase (XDH) and xanthine
oxidase (XO). XOR generates <Oz while catalyzing the conversion of
hypoxanthine and xanthine to uric acid. Transcription factors NFkB and activator
protein (AP)-1 regulate the activity of XOR. Pro-inflammatory stimuli including
lipopolysaccharide and cytokines as well as phosphorylation by p38 MAPK
upregulate the expression of XOR [355]. XO exists in plasma and ECs but not in
VSMCs [337].

XOR is an important source of oxidative stress under pathophysiological
conditions. Ang Il increases the expression and activity of XO in cultured ECs
[356]. Increased activity of XO was associated with endothelial dysfunction as a
consequence of enhanced vascular *O2 production by the enzyme [357]. XO
inhibitor  oxypurinol normalized <Oz production in the vessels of
hypercholesterolemic rabbits [358]. In coronary artery disease patients,
endothelial XO expression and activity were shown to be increased [357, 359,

360], and were correlated with endothelial dysfunction [357]. In animal models of
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genetic and salt-sensitive HTN, XO inhibitors allopurinol and oxypurinol
prevented blood pressure rise [361]. Treatment with ETAR antagonist was shown
to reduce XO-mediated *O2" production in mesenteric arteries of DOCA-salt rats,
indicating that ET-1 signaling activates XO in salt-induced HTN [362].

7.3.3 Mitochondria

Mitochondria are important organelles that produce energy in the form of
adenosine triphosphate (ATP) through oxidative phosphorylation [109]. Electron
transport carriers within the mitochondria transfer electrons from NADH or
FADH2 to molecular oxygen, forming ATP in the process. The electron transport
chain consists of complex | (NADH-ubiquinone oxidoreductase), complex |l
(succinate-ubiquinone oxidoreductase), complex Ill (ubiquinol-cytochrome c
reductase), and complex IV (cytochrome c oxidase). Normally, some electrons
escape the electron transport chain to form <Oz, which is immediately
sequestered by mitochondrial superoxide dismutase (SOD2). Under
pathophysiological conditions, however, uncoupling of the electron transport
chain leads to increased *O2 production by complexes | and Il [363, 364].

Enhanced mitochondrial ROS formation may contribute to the progression
of atherosclerosis and HTN. Atherosclerosis development in Apoe”- mice was
correlated with mitochondrial DNA damage [365], which occurs as a
consequence of enhanced mitochondrial ROS production [366]. Moreover, Apoe-
~ mice deficient in SOD2 exhibited increased early mitochondrial DNA damage
as well as an accelerated atherogenesis [365]. Partial or complete SOD2
deficiency was also associated with salt-sensitive hypertension and accelerated
renal senescence [367]. However, the direct evidence for exactly how
mitochondrial ROS contributes to the development of atherosclerosis and HTN is
lacking. Mitochondrial ROS act as signal-transducing molecules that provoke
endothelial dysfunction, enhance infiltration and activation of inflammatory cells,
and increase apoptosis of ECs and VSMCs [368]. It is likely that the role of



53

mitochondrial ROS in these processes enables them to contribute to vascular

pathology in CVD.

7.3.4 Other sources of ROS

Other enzymes can also produce ROS in the vasculature, Uncoupled
eNOS is a major source of *O2 that has already been described in the previous
section. The inducible COX2 is another source of ROS that is increased during
inflammatory responses. COX2 is implicated in the pathogenesis of
atherosclerosis and HTN. Selective COX-2 inhibition has been shown to reduce
atherosclerosis in female Apoe” mice [369]. Moreover, deletion of the COX-2
gene resulted in blunted Ang ll-induced oxidative stress and hypertension [370].
Lipoxygenases can also contribute to vascular ROS during atherosclerosis and
HTN. Activated T cells require lipoxygenases for the production of ROS [371].
Disruption of the 12/15-lipoxygenase gene diminished atherosclerosis in ApoE-
deficient mice [372], and inhibition of lipoxygenase pathway reduced blood
pressure in renovascular hypertensive rats [373]. The role of cytochrome P450
superfamily in cardiovascular physiology and disease is less well understood.
However, evidence from inhibition studies suggest a role for cytochrome P450 in
enhancing endothelial dysfunction in coronary artery disease patients [374], as

well as in the development of Ang ll-induced HTN [375].

7.3.5 Oxidative stress, inflammation and vascular

damage

ROS can mediate inflammatory responses in the vasculature in a number
of ways (Figure 1-11) [340]. Intracellular ROS activate redox-sensitive
transcription factors (NFkB, AP-1 and hypoxia-inducible factor-1 (HIF-1)) to
upregulate the expression of pro-inflammatory cytokines, chemokines and
adhesion molecules. ROS can also enhance the activity of several kinases that

influence cell proliferation and growth. Inactivation of phosphatases through
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oxidation by ROS further amplifies signaling via kinases. Activation of MMPs and
TIMPs by ROS can lead to extracellular matrix remodeling thereby altering the
vascular structure and mechanical properties. ROS can affect vasoactivity
directly by stimulating Ca?* and K* channels on the plasma membrane or
indirectly by reducing NO bioavailability. ROS can also cause cell cycle arrest,
which may influence cell growth and apoptosis. Uncontrolled activation of redox-
sensitive cellular responses as a result of enhanced ROS production could
therefore contribute to vascular inflammation and damage observed in
atherosclerosis and HTN [340]. It is, however, unknown if ET-1-induced ROS

production is a mechanism that contributes to atherosclerosis progression and

AAA formation.
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7.4 Signaling pathways in vascular inflammatory responses

During inflammatory conditions, activation of signal transduction pathways
propagate vascular inflammatory responses. Signal transduction pathways
involved in vascular inflammation are complex and interlinked, and are mediated
by the activity of multiple factors that include kinase families such as MAPK and
phosphoinositide 3-kinase (PI3K), transcription factors (e.g. NFkB) and nuclear
receptors (e.g. mineralocorticoid receptor (MR) and peroxisome proliferator-
activated receptors (PPARs)). Some of these factors will be briefly described

here to reflect the importance of signaling pathways in vascular inflammation.

7.4.1 Kinases

Kinases are enzymes that catalyze the transfer of phosphate groups from
high-energy, phosphate-donating molecules to specific substrates [376]. The
activity of these enzymes are critical for several cellular processes including
metabolism, cell signaling, protein regulation, cellular transport, and secretion.
MAPK and PI3K are two super-families of kinases that are important mediators in
vascular inflammatory responses.

MAPK are member of the serine/threonine kinases and consist of seven
sub-families [377]. Extracellular signal regulated kinase (ERK) 1/2, p38 MAPK,
and c-jun N-terminal protein kinase (JNK)/stress-activated protein kinase (SAPK)
are the three major classes of MAPK in mammals. Activation of MAPK is
dependent on upstream activation of threonine/tyrosine kinases by small G
proteins and other molecules. Stimuli that engage the MAPK signaling pathways
include growth factors, peptides such as Ang Il and ET-1, and pro-inflammatory
mediators (e.g. cytokines) [378-381]. The activity of MAPK is associated with
hypertrophy, proliferation, contraction and inflammatory responses in vascular
cells [378, 382, 383]. MAPK signaling pathways are also important in immune
cells. p38 MAPK is a critical mediator of leukocyte endothelial transmigration and

production of inflammatory mediators [378]. Peritoneal macrophages treated with
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oxidized LDL exhibited enhanced signaling through ERK1/2, p38 MAPK and JNK
[384], suggesting a role for MAPK signaling in foam cell formation during
atherosclerosis. Treatment of macrophages with JNK inhibitors [384] or p38
MAPK inhibitors [385] blocked oxidized LDL-induced foam cell formation. In
context of HTN, p38 MAPK inhibition has been shown to blunt endothelial
dysfunction and blood pressure rise in Ang ll-infused [386] and diabetic [387]
rats.

PI3K constitutes a lipid kinase family divided into three classes [388].
Classes IA and IB are expressed in the heart and the vasculature, whereas Class
Il is expressed in cardiac and hepatic tissues. PI3K are activated either by
GPCRs, in response to stimuli such as Ang Il and ET-1, or by tyrosine kinase
receptors [388, 389]. Upon activation, PI3K phosphorylates phosphatidylinositols
to yield lipid byproducts that can activate another important signaling mediator
protein kinase B (PKB/Akt). The PI3K/Akt/PKB signaling axis mediates several
cellular responses including proliferation, differentiation, chemotaxis, and survival
[390]. Activity of PI3K is associated with vascular remodeling [391] and
endothelial dysfunction [392]. As well, PI3K signaling plays an important role in
inflammatory responses in vascular and immune cells. PI3K signaling has been
implicated in T cell activation and neutrophil migration [393], macrophage
migration and pro-inflammatory cytokine production [394, 395], and expression of
VCAM-1 and ICAM-1 in ECs [396]. The PI3K/Akt signaling also indirectly
activates NFkB, a strong pro-inflammatory transcription factor that will be

discussed next.

7.4.2 Transcription factors

The transcription factor NFkB is a critical mediator of inflammatory
responses. NFkB functions as a heterodimer, with the p50/p65 complex most
abundantly found [397]. In its inactive state, NFkB is bound to the natural inhibitor
of kappa B (IkB), which sequesters the transcription factor in the cytosol by

preventing its translocation into the nucleus. Under inflammatory conditions, kB
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is phosphorylated by IkB kinase (IKK) and degraded by the proteasome, leaving
NFkB free to translocate to the nucleus. Within the nucleus, NFKB upregulates
the expression a many pro-inflammatory genes, which include chemokines and
chemoattractants, adhesion molecules, cytokines, MMPs, iINOS, COX2, and
MHC class | and Il molecules, in a stimulus and cell-type specific manner [398,
399]. Other functions of NFkB include control of cell survival, differentiation and
proliferation [399, 400]. Multiple signaling pathways mediated by cytokines, ROS
and GPCRs can lead to NFkB activation. Vasoactive peptides such as Ang Il and
ET-1 are known to activate vascular NFkB [97, 401].

NFkB activity is strongly implicated in CVD, including atherosclerosis and
HTN. Endothelium-specific inhibition of NFKB p65 activation led to decreased
expression of adhesion molecules, cytokines and chemokines, reduced
macrophage infiltration, and blunted plaque development in the aorta of Apoe”
mice [402]. In advanced atherosclerotic lesions, nuclear localization of NFkB was
observed in not only ECs but also VSMCs, macrophages and T cells [403]. In
addition, NFkB activation in ECs has been associated with hypertension, and
endothelial cell-specific NFkB suppression attenuated hypertension-induced
renal damage [404].

Other transcription factors that are involved in inflammatory responses
include AP-1 and NFAT, which play a role in cell differentiation and proliferation,

and pro-inflammatory cytokine production [405-408].

7.4.3 Nuclear receptors

Nuclear receptors are transcription factors broadly divided into three
families: steroid (e.g. MR) and thyroid hormone receptors, orphan receptors and
adopted orphan receptors (PPARs) [409]. Upon binding of their ligand, nuclear
receptors translocate from the cytoplasm, where they exist in complexes with
chaperone proteins, into the nucleus to exert pro-inflammatory or anti-
inflammatory effects, depending on the receptor family studied. Only the MR and

PPARs will be briefly described here for completeness.
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The main physiological function of MR is in the kidneys to regulate salt-
water balance. However, MR activation has also been demonstrated to
contribute to tissue oxidative stress and vascular inflammation [410]. Some of the
target genes of MR include ACE and ET-1, which are involved in inflammatory
responses. The pro-inflammatory activity of MR has been implicated in CVD.
Activation of MR by aldosterone, one of the best known agonists, increases
blood pressure and induces vascular inflammation, remodeling, hypertrophy, and
fibrosis in animal models [411, 412]. Antagonism of MR has been shown to
reduce blood pressure and vascular damage in human [413] and experimental
HTN [414]. Aldosterone infusion in Apoe” mice increased early atherosclerosis
and promoted an inflammatory plaque phenotype [415]. Moreover, MR
antagonism improved endothelial function and reduced <Oz  production in diet-
induced atherosclerosis [416]. Together, this evidence shows that MR signaling
contributes to vascular inflammation and damage during atherogenesis and HTN.

PPARs are a family of adopted orphan receptors that exist as three
isoforms: PPARa, PPARB/d and PPARY. Upon ligand binding, PPARs interact
with the nuclear receptor 9-cis retinoic acid receptor (RXR) and other co-
activators to exert various effects [417]. PPARa has anti-inflammatory effects in
vascular tissues that include interaction and repression of the pro-inflammatory
transcriptional activity of NFkB and AP-1 [418], and reduction in the activity of
vascular NADPH oxidase [419]. PPAR/®, which is expressed ubiquitously, has
both deleterious and anti-inflammatory properties. While this PPAR can stimulate
endothelial cell proliferation and angiogenesis [420], its effects also include
reduction of expression or activity of MCP-1 and NFkB in macrophages and ECs
[421, 422] as well as decrease in ROS generation in the vasculature [422].
PPARY is most well-known for regulating genes that are involved in adipogenesis
and insulin sensitivity [423, 424]. In addition, PPARY is a strong suppressor of
vascular inflammation, can mediate a range of anti-inflammatory effects in ECs,
VSMCs, and immune cells in a cell-type specific manner [425]. The anti-
inflammatory properties of PPARY have been particularly well studied in context

of CVD. Disruption of endothelial PPARY enhanced diet-induced atherogenesis
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in LDL-R" mice [426]. Treatment with PPARY agonist rosiglitazone suppressed
vascular inflammation and development of atherosclerosis in LDL-R"- mice fed a
Western-type diet [427] and in diabetic Apoe”- mice [428]. Recent clinical trials
have also demonstrated the beneficial effects of PPARY agonists in preventing
atherosclerotic disease [429, 430]. Inducible inactivation of PPARY exaggerated
Ang ll-induced vascular remodeling, vascular inflammation, and endothelial
dysfunction [431]. The protective role of VSMC PPARY'in Ang llI-induced vascular
injury could be mediated in part by regulation of Ang Il stimulated MAPK and
PI3K signaling pathways by the nuclear receptor [432].

8. Experimental animal models

Experimental animal models of atherosclerosis and HTN have been
developed to mimic the human forms of these diseases. Pharmacological,
genetic, and surgical manipulations of animal models help to dissect the
underlying pathophysiological mechanisms that contribute to the progression of
CVD. In this section, the animal models used for the research presented in this

thesis will be briefly described.

8.1 Induction of atherosclerosis: the Apoe”- mouse model

Mice are inherently resistant to the development of atherosclerosis as a
result of rapid murine hepatic LDL clearance and HDL being the main carrier of
cholesterol in the plasma [433, 434]. Mouse models of atherosclerosis have
therefore been developed by disrupting a critical anti-atherogenic gene product
involved in cholesterol metabolism. One of the most widely used murine models
of atherosclerosis is the Apoe”- mouse. These mice have spontaneous elevations
of total plasma cholesterol and triglycerides and reduced HDL. Atherosclerotic
plaque development in this mouse model resembles that of natural history of
atherosclerosis progression in humans. Chow-fed Apoe”- mice exhibit

development of fatty streaks in the proximal aorta in as early as 3 months of age,
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with intermediate lesions occurring around 15 weeks and advanced fibrous
plaques appearing at 20 weeks of age [435]. The development of atherosclerosis
in Apoe” mice is accelerated by a Western-type diet. Atherosclerotic plaques in
Apoe” mice increase in both complexity and size with age [436]. Vascular
remodeling, including wall calcification and thinning and elastic lamina
fragmentation as well as inflammation are characteristic of atherosclerotic
plaques in this mouse model [433, 436]. AAA formation in Apoe” mice is induced
when the RAAS is activated such as by Ang Il infusion [437].

Our lab previously generated transgenic mice overexpressing ET-1 in the
endothelium (eET-1 mice) [135]. These mice exhibited increased expression of
genes associated with lipid metabolism in the vascular wall. We further crossed
eET-1 with Apoe” mice to yield eET-1/ Apoe” mice. eET-1/ Apoe”- mice have
exaggerated plaque development compared to their Apoe” counterparts,
suggesting a role for ET-1 in atherosclerosis progression. However, it is unclear
whether ET-1 contributes to atherosclerosis progression beyond increasing lipid

metabolism genes by also enhancing vascular inflammation.

8.2 Induction of hypertension: Ang Il infusion

Various animal models are used to mimic and understand the
heterogeneous etiology of human HTN [438]. Models of HTN include
renovascular, renal parenchymal, pharmacologically-induced, environmentally-
induced, and genetic models. Ang ll-induced HTN in rodents is one of the most
frequently used models to understand the pathophysiology of essential HTN
associated with an activated RAAS. HTN is induced by Ang Il infusion using
osmotic mini-pumps to deliver the vasoactive peptide at a constant rate. Blood
pressure elevation in this model is a consequence of VSMC contraction, sodium
retention, activation of central and peripheral nervous systems, and increased
synthesis of aldosterone [439]. Vascular pathology in Ang ll-induced HTN is
characterized by inward remodeling, endothelial dysfunction, and chronic low-

grade inflammation [152, 182, 207]. Increased expression of adhesion
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molecules, infiltration of immune cells, and enhanced ROS production signifies
the inflammation in the vasculature in this model. Cardiac hypertrophy and renal

damage are also observed in this form of HTN [440, 441].

9. Hypothesis and objectives

Under physiological conditions, inflammation is a highly regulated process.
Pro-inflammatory and pro-oxidative mechanisms are counterbalanced to prevent
tissue injury. The observation of vascular inflammatory responses in
atherosclerosis and HTN suggests that homeostatic control of inflammation is
impaired during disease progression. Autoimmune conditions are characterized
by aberrant pro-inflammatory activation signals that persistently induce an
inflammatory response and loss of anti-inflammatory moderation such as the
immunosuppressive function of Treg. It is likely that analogous pathological
mechanisms that result in chronic low-grade vascular inflammation are occurring
during atherosclerosis and HTN. Ang Il and ET-1 have been implicated in the
pathophysiology of vascular damage in atherosclerosis and HTN. Both, Ang Il
and ET-1 are potent inducers of inflammation, and can promote activation and
migration of pro-inflammatory immune cells into the vasculature. The vascular
protective effect of increasing Treg population by adoptive transfer has been
demonstrated in experimental models of atherosclerosis and HTN, suggesting
that loss of Treg immune-moderation could be a contributing factor to enhanced
vascular inflammatory responses during CVD. With this evidence in mind, we

hypothesize that:

Dysregulated activation of immune-inflammatory mechanisms contributes

to the progression of vascular damage in atherosclerosis and HTN

The main objectives of this thesis include:
e To determine whether ET-1 signaling enhances aortic injury and

resistance artery dysfunction by promoting immune-inflammatory
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responses in hyperlipidemia-induced atherosclerosis. We will use
Apoe”- mice with endothelium-restricted overexpression of ET-1 as
a model of enhanced ET-1 signaling in atherosclerosis.

To determine whether deficiency of anti-inflammatory Treg
exaggerates microvascular injury by promoting immune-
inflammatory responses in Ang Ill-induced HTN. We will use T and
B cell-deficient Rag7/ mice adoptively transferred with wild-type or
FOXP3-deficient T cells, which lack Treg.
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CHAPTER II: Activation of vascular immune-
inflammatory responses by ET-1 signaling contributes
to the progression of atherosclerosis and development
of aortic abdominal aneurysms in hypercholesterolemic

Apoe’ mice
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Hypothesis and objectives

Enhanced ET-1 signaling has been associated with the severity of
atherosclerosis and incidence of aortic abdominal aneurysms (AAAs) in clinical
and experimental studies. We previously showed that enhanced endothelial ET-1
expression exaggerates atherosclerosis in Apoe”- mice [135]. However,
mechanistic evidence of how ET-1 contributes to aortic injury in hyperlipidemic
conditions is lacking. Transgenic mice overexpressing ET-1 specifically in the
endothelium exhibit enhanced vascular inflammatory responses, characterized
by increased infiltration of immune cells and enhanced oxidative stress
production [135]. ET-1 can enhance vascular <O2- production by activating
enzymes NADPH oxidase and XO. Moreover, ET-1 can also stimulate various
pro-inflammatory signaling pathways within vascular cells. In immune cells, ET-1
promotes migration and production of pro-inflammatory mediators [99-101]. It is
possible to propose that vascular inflammatory responses induced by ET-1
signaling plays a role in the progression of atherosclerosis and development of

AAAs under hyperlipidemic conditions. Therefore, we hypothesize that:

Activation of vascular immune-inflammatory responses by ET-1 signaling
contributes to the progression of atherosclerosis and development of AAAS in

hypercholesterolemic Apoe” mice.

The specific objectives of this study include:

e To characterize plasma lipids, aortic atherosclerotic plaques and AAA in
our previously established model of exaggerated atherosclerosis as a
result of endothelial ET-1 overexpression in hypercholesterolemic (HFD-
fed) Apoe” mice.

e To determine whether ET-1-exaggerated atherosclerotic vascular injury is

associated with enhanced vascular immune-inflammatory responses.
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To determine whether ET-1-exaggerated atherosclerotic vascular injury is
associated with enhanced expression of activation/pro-inflammatory
markers in splenic T cell subsets and monocytes.

To identify potential vascular inflammatory mechanism(s) induced by ET-1

that could explain the enhanced atherosclerotic aortic injury.
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Abstract

Objective: Endothelin (ET)-1 plays a role in vascular reactive oxygen species
production and inflammation. ET-1 has been implicated in human atherosclerosis
and abdominal aortic aneurysm (AAA) development. ET-1 overexpression
exacerbates high-fat diet—induced atherosclerosis in apolipoprotein E™~ (Apoe™")
mice. ET-1-induced reactive oxygen species and inflammation may contribute to

atherosclerosis progression and AAA development.

Approach and Results: Eight-week-old male wild-type mice, transgenic mice
overexpressing ET-1 selectively in endothelium (eET-1), Apoe™~ mice, and eET-
1/Apoe™ mice were fed high-fat diet for 8 weeks. eET-1/Apoe™~ had a 45%
reduction in plasma high-density lipoprotein (P<0.05) and presented =2-fold more
aortic atherosclerotic lesions compared with Apoe™ (P<0.01). AAAs were
detected only in eET-1/Apoe™ (8/21; P<0.05). Reactive oxygen species
production was increased =2-fold in perivascular fat, media, or atherosclerotic
lesions in the ascending aorta and AAAs of eET-1/Apoe™ compared with
Apoe™~ (P<0.05). Monocyte/macrophage infiltration was enhanced 22.5-fold in
perivascular fat of ascending aorta and AAAs in eET-1/Apoe™~ compared with
Apoe~ (P<0.05). CD4* T cells were detected almost exclusively in perivascular
fat (3/6) and atherosclerotic lesions (5/6) in ascending aorta of eET-1/Apoe~-
(P<0.05). The percentage of spleen proinflammatory Ly-6CPM monocytes was
enhanced 26% by ET-1 overexpression in Apoe” (P<0.05), and matrix
metalloproteinase-2 was increased 2-fold in plaques of eET-1/Apoe~~ (P<0.05)

compared with Apoe™".

Conclusions: ET-1 plays a role in progression of atherosclerosis and AAA
formation by decreasing high-density lipoprotein, and increasing oxidative stress,
inflammatory cell infiltration, and matrix metalloproteinase-2 in perivascular fat,

vascular wall, and atherosclerotic lesions.
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Introduction

Endothelin (ET)-1 is a 21-aa peptide discovered in endothelium but also
produced by many other tissues. It is one of the most potent endogenous
vasoconstrictors [1]. ET-1 plays an important role in the pathophysiology of
cardiovascular disease by causing vascular damage [2, 3]. We have previously
generated transgenic mice overexpressing ET-1 selectively in endothelium (eET-
1) that exhibit increased ET-1 plasma levels, endothelial dysfunction and
vascular remodeling, oxidative stress, and inflammation [4, 5]. ET-1 has also
been implicated in the progression of atherosclerosis. ET-1 may participate in
atherosclerosis by acting as a mitogen on vascular smooth muscle cells and
potentiating cytokine release in atherosclerotic lesions [6-9], or by mediating
vascular inflammation and neointima formation [10, 11]. Plasma and coronary
artery ET-1 levels are elevated in early and advanced atherosclerosis in humans,
and there is a relationship between plasma ET immune reactivity and severity of
atherosclerosis [12, 13]. Aortic ET-1 levels are increased in Western diet—
induced atherosclerosis in apolipoprotein E knockout (Apoe™-) mice [14] and low-
density lipoprotein receptor knockout (Ldlr”") mice [15]. Consistent with these
observations, the development of atherosclerosis has been shown to be reduced
by mixed ETas and selective ETa receptor antagonists in Western-type diet—fed
Apoe™ mice [14, 16], LdIr”’- mice [15], and hamsters [17].

Recently, we reported using DNA microarrays that eET-1 mice present
changes in the expression of genes involved in lipid biosynthesis in the vascular
wall [18]. In pilot experiments, to demonstrate the biological significance of this
alteration in gene expression, we found that increased ET-1 expression in the
endothelium of Apoe™ mice exacerbates high-fat diet (HFD)—induced lipid—
containing lesions in the descending thoracic aorta. However, it remains unclear
how increased ET-1 expression worsens atherosclerosis progression in HFD-fed
Apoe™~ mice.

Inflammation in PVAT may play a role in atherosclerosis [19, 20].

Angiotensin (Ang) Il and aldosterone induce oxidative stress and T lymphocyte
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and monocyte/macrophage infiltration in PVAT [21-23]. It is unknown, however,
whether ET-1 has similar effects.

ET-1 plasma levels are increased in patients with abdominal aortic
aneurysms (AAAs) [24-26]. Patients with larger AAAs displayed higher levels of
ET-1 [25, 26]. Accordingly, a role for ET-1 has been suggested in the
development of AAAs in humans. Whether ET-1 overexpression indeed causes
AAAs has not been demonstrated.

We hypothesized that ET-1-induced PVAT and vascular oxidative stress
and inflammation contribute to the progression of atherosclerosis and increased
incidence of AAAs. To test this hypothesis, we crossed eET-1 with Apoe™~ mice,
to determine whether ET-1 overexpression exaggerates HFD-induced
atherosclerosis in the latter, and establish whether this is associated with
enhanced PVAT and vascular oxidative stress and inflammation, and whether

increased incidence of AAAs will occur.

Materials and methods

Materials and Methods are available in detail in the online-only

Supplement.

Results

Physiological Parameters

HFD decreased body weight gain by 8%, 9%, 21%, and 24% in wild-type
(WT), eET-1, Apoe™, and eET-1/Apoe™ mice, respectively (Table II-S1 in the
online-only Data Supplement). This was not attributable to decreased growth
because tibia length (TL) was similar in all groups. The eET-1/Apoe™~ mice
presented a 20% increase in heart weight and heart weight/TL compared with
WT. HFD decreased heart weight and heart weight/TL by =10% in WT and eET-1
mice and 25% in Apoe~~ and eET-1/Apoe~~ mice. HFD decreased kidney weight
by 32% and 56% and kidney weight/TL by 31% and 37% in Apoe™~ and eET-
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1/Apoe™ mice, respectively. HFD resulted in increased spleen weight and
spleen weight/TL by 38% in eET-1 mice. Spleen weight/TL was increased by 9%
in Apoe™ mice, and spleen weight and spleen weight/TL were augmented by
14% in eET-1/Apoe~ mice fed a HFD compared with regular chow.

As previously reported [4, 5] circulating ET-1 levels were >10-fold higher in
eET-1 mice (Figure II-1A) compared with WT mice fed a regular chow. The
increase in plasma ET-1 was not affected by crossing eET-1 with Apoe™ mice or
by the diet. Systolic blood pressure (BP) and heart rate were not affected by
genotype or diet (Figure 11-1B; Figure 1I-S2 in the online-only Data Supplement).
However, when regular chow and HFD groups were combined, systolic BP was
10 to 15 mm Hg higher in eET-1, Apoe™, and eET-1/Apoe~~ compared with WT
mice (Figure |I-1B). Plasma cholesterol was unaltered in eET-1 mice but was
increased 2.6- and 3-fold in Apoe™~ and eET-1/Apoe™-, respectively, compared
with WT mice fed a regular chow (Figure [I-1C). HFD increased plasma
cholesterol 1.5- and 1.8-fold in WT and eET-1 mice, respectively. As expected,
HFD increased plasma cholesterol 7-fold in Apoe™~ mice, which was not affected
by ET-1 overexpression. Triglyceride levels were unaffected by ET-1
overexpression, Apoe knockout, or both in regular chow—fed animals (Figure II-
S3 in the online-only Data Supplement). However, triglyceride levels were
decreased =50% in WT and eET-1/Apoe™ mice and tended to be lower in eET-1
and Apoe™~ mice in HFD-fed animals compared with regular chow. High-density
lipoprotein (HDL) levels were unchanged by ET-1 overexpression, Apoe
knockout, or both in regular chow—fed animals (Figure 1I-1D). HDL levels were
unaffected by the HFD in WT, eET-1, or Apoe™~ mice but were decreased 45% in
eET-1/Apoe™ mice.

ET-1 Overexpression Exacerbated HFD-Induced Atherosclerosis and
Triggered AAA Formation in Apoe™~ Mice

HFD-induced atherosclerotic lesions were characterized in cyrosections of
aortic sinus and 4 cryosections at 80-um intervals of ascending aorta. No

atherosclerotic lesions were detected in the aortic sinus and ascending aorta
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sections of WT or eET-1 mice (Figure II-2A and 1I-2B). Minor lipid deposition was
observed in the aortic sinus of 2 of 9 WT and 3 of 9 eET-1 mice (Figure II-S4 in
the online-only Data Supplement). Atherosclerotic lesions were detected in
cryosections of aortic sinus and ascending aorta of HFD-fed Apoe™~ mice. HFD-
induced an additional 2- and 6-fold increase in lesion size in the aortic sinus and
ascending aorta, respectively, of eET-1/Apoe™ mice compared with Apoe™"
mice. Atherosclerotic plaques in aortic arch sections of HFD-fed Apoe™~ and
eET-1/Apoe” mice were further characterized by determining collagen
distribution. Atherosclerotic plaques were observed in all 8 eET-1/Apoe™ mice
examined compared with 3 of 7 Apoe~~ mice (P<0.05). Plaques in eET-1/Apoe™~
mice contained necrotic cores surrounded by a fibrous cap (Figure 1I-S6 in the
online-only Data Supplement).

AAAs were found at the suprarenal level in 8 of 21 eET-1/Apoe™~ mice fed
a HFD (Figure 1I-3A; Table II-1). No AAAs were detected in the other groups fed
a regular chow or HFD. All AAAs were associated with atherosclerosis plaques
(Figure 1I-3A). Aortic circumference at the suprarenal aortic level was 2-fold
greater in eET-1/Apoe™~ mice with AAAs than in other groups fed a HFD (Figure
[I-3B). Stretching and fragmentation of elastin was detected only in AAAs of eET-
1/Apoe~ mice (Figure 1I-4A). The media collagen fraction was decreased 57% in
HFD-fed Apoe™ mice, which was not further changed by ET-1 overexpression
(Figure 1I-S5 in the online-only Data Supplement). Fibronectin expression in the
media tended to decrease in HFD-fed Apoe™~ mice, and was decreased by 42%
in HFD-fed eET-1/Apoe™~ mice (Figure 1I-4B).

ET-1 Overexpression in HFD-Fed Apoe™ Mice Exacerbated Superoxide
Production in Ascending and AAAs

In HFD animals, reactive oxygen species (ROS) generation measured as
dihydroethidium fluorescence tended to be higher in the media and PVAT of
ascending and abdominal suprarenal aorta in eET-1 compared with WT mice
(Figure 1I-5A and 11-5B). ROS production was increased 4.6- and 3.3-fold in the
media and PVAT of ascending aorta, respectively, in Apoe™~ compared with WT



73

mice (Figure 1I-5A). ROS production was also detected in atherosclerotic plaques
of Apoe™ mice. The increase in ROS production was exaggerated 2.7-fold in the
media and 1.9-fold in the PVAT and atherosclerotic lesions in eET-1/Apoe™~
compared with Apoe™ mice. Similar changes in ROS generation were observed
in abdominal suprarenal aorta (Figure 1I-5B). ROS production was increased =6-
fold in the media and PVAT in Apoe™~ compared with WT mice. This was further
elevated 3.4- and 2.8-fold in the media and PVAT, respectively, in eET-1/Apoe™~
compared with Apoe™ mice. Comparable levels of ROS were detected in
atherosclerotic plaques at the level of abdominal suprarenal aorta and ascending
aorta in eET-1/Apoe™~ mice (Figure 1I-5A and 11-5B).

ET-1 Overexpression in HFD-Fed Apoe”~ Mice Exacerbated Vascular
Inflammation in Ascending and Abdominal Suprarenal Aorta
Monocyte/macrophage infiltration, measured in HFD-fed animals, was
minimal in the ascending aorta of WT and eET-1 mice (Figure II-6A).
Monocyte/macrophage infiltration was detected in 2%, 8%, and 52% of the
surface of media, PVAT, and atherosclerotic plaques, respectively, in Apoe™"
mice. In the ascending aorta of eET-1/Apoe™ mice, monocyte/macrophage
infiltration was further increased 5.2- and 8.3-fold in the media and PVAT,
respectively, compared with Apoe™ mice. The level of monocyte/macrophage

infiltration in atherosclerotic lesions was similar in eET-1/Apoe™ and Apoe™-
mice. In abdominal suprarenal aorta of Apoe™ mice, monocyte/macrophage
infiltration was detected in 212% of the surface of the media and PVAT (Figure II-
6B). This was further exaggerated 2.6-fold in the PVAT but not in the media of
abdominal suprarenal aorta in eET-1/Apoe™~ mice compared with Apoe™~ mice.
Similar levels of monocyte/macrophages were found in atherosclerotic lesions at
the level of the abdominal suprarenal aorta and ascending aorta in eET-1/Apoe™~
mice (Figure |I-6A and 11-6B).

CD4* cells, measured in HFD-fed animals, were undetectable in
ascending or abdominal suprarenal aorta of WT and eET-1 mice (Table II-2).

Very few CD4* cells were found in ascending aortic plagues of Apoe™ mice.
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CD4* infiltration was present more frequently in ascending and abdominal
suprarenal aorta sections of eET-1/Apoe™ mice. CD4+ cells were detected in
ascending aorta sections of media in 3 of 6 and PVAT in 5 of 6 eET-1/Apoe™~
mice (Figure II-6C; Table 11-2). CD4" cell infiltration was also found in abdominal
suprarenal aortic plaques of 4 of 6 eET-1/Apoe~ mice (Figure 11-6D; Table 1I-2).

However, few CD4" cells were detected in PVAT.

ET-1 Overexpression in HFD-Fed Apoe” Mice Exacerbated Spleen
Proinflammatory Ly-6C" Monocytes but Did Not Affect Plasma Cytokine
Levels or T Cell Subsets

Plasma interleukin (IL)-6 was decreased by 61%, whereas tumor necrosis
factor-a and monocyte chemotactic protein-1 tended to be lower, and IL-10 was
unchanged in HFD-fed eET-1 compared with WT mice (Figure 11-S7 in the online-
only Data Supplement). Plasma tumor necrosis factor-a, IL-6, and monocyte
chemotactic protein-1 levels were unchanged, whereas IL-10 tended to be
increased in Apoe™~ compared with WT mice. ET-1 overexpression in Apoe™~
mice did not further alter the levels of IL-6, monocyte chemotactic protein-1, and
IL-10, and tended to decrease tumor necrosis factor-a compared with Apoe~~
mice. The percentage of spleen CD3* T cells tended to be decreased in Apoe™~
and eET-1/Apoe™~ compared with WT mice (Figure |I-S8 in the online-only Data
Supplement). The percentage of spleen CD4* T cells was unaffected by either
ET-1 overexpression, Apoe knockout, or both. The percentage of spleen CD8* T
cells was decreased by 41% in Apoe™~ compared with WT mice, and tended to
be increased in eET-1/Apoe” compared with Apoe™ mice. The percentage of
spleen anti-inflammatory CD4*CD25*FOXP3* T regulatory cells was increased 2-
fold in Apoe™~ and eET-1/Apoe~~ compared with WT mice. The percentage of
spleen-activated CD4*CD69* T cells was increased 3.3-fold in Apoe™ and eET-
1/Apoe™~ compared with WT mice. The percentage of spleen-activated
CD8*CD69* T cells was 2.4-fold higher in Apoe™~ compared with WT mice, and
tended to be further increased in eET-1/Apoe~~ mice. The percentage of spleen

proinflammatory Ly-6C" monocytes was increased 1.7-fold in Apoe™~ compared
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with WT mice, and was further increased 26% in eET-1/ Apoe™~ mice (Figure II-
S9 in the online-only Data Supplement). ET-1 overexpression alone did not alter

spleen T cell and monocyte subtype profiles.

ET-1 Overexpression Increased Matrix Metalloproteinase-2 Expression in
Atherosclerotic Plaques

There was a 2-fold increase in matrix metalloproteinase-2 (MMP2)
expression in atherosclerotic plaques of ascending aorta in eET-1/Apoe™~

compared with Apoe™ mice (Figure [I-S10 in the online-only Data Supplement).

Discussion

Our study extends our previous findings by demonstrating that increased
expression of ET-1 in endothelium, in addition to exaggerating HFD-induced
atherosclerosis [18], triggers AAA formation in Apoe™ mice, an atherosclerosis-
prone model that resembles human disease. These phenomena were associated
with decreased plasma HDL, elevated oxidative stress in the media, plaque, and
PVAT, increased monocyte/macrophage infiltration primarily in the PVAT, CD4*
T cell infiltration in plaque and PVAT, and greater percentage of spleen
proinflammatory Ly-6C" monocytes. Our findings provide support to the
hypothesis that ET-1 overexpression worsens the progression of atherosclerosis
and contributes to the pathogenesis of AAAs via pro-oxidant and inflammatory
mechanisms, and lowering of HDL.

Plasma ET immunoreactivity in patients with early and advanced
atherosclerosis has been shown to be >2-fold higher than in healthy subjects [12,
13], and has been correlated with the extent of atherosclerosis, indicating a
possible role of ET-1 in atherogenesis. Animal studies have shown that ET-1 is
increased in plasma and the vessel wall from Apoe~~ [14, 16] and Ldlr’- mice
[15], and in pigs [27] fed a HFD. Increased ET-1 expression in the vascular wall
has also been associated with atherosclerosis development in 1-year-old Apoe~~
mice fed a regular chow [26, 28]. In the present study, 8 weeks of HFD induced

an increase in plasma ET-1 levels in WT and Apoe™ mice, but this was not
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sufficient to accelerate the development of atherosclerosis. The increase in
plasma ET-1, however, did not reach the levels observed in previous pig and
human studies. Consistent with our previous reports, both eET-1 and eET-
1/Apoe™~ mice demonstrated 10-fold elevation in plasma ET-1 [4, 29]. However,
only eET-1/Apoe™~ mice presented advanced atherosclerosis. This suggests that
increased ET-1 levels exaggerate the progression of atherosclerosis only in
conditions predisposed toward the development of atherosclerosis. In agreement
with this, it has been shown that ET-1 infusion inducing a similar increase in
plasma levels caused worsening of the intimal hyperplastic response after
mechanical injury in rats [11]. Interestingly, plasma ET immunoreactivity is higher
in patients with AAAs and correlates with AAA size, suggesting a role for ET-1 in
AAA pathogenesis [25, 26]. In this study, exaggeration of atherosclerosis in HFD-
fed eET-1/Apoe™~ mice was accompanied by increased incidence of AAAs,
indicating that elevated ET-1 levels could contribute to the development of AAAs
in an atherosclerotic setting.

We found a minor increase in total plasma cholesterol in HFD-fed WT and
eET-1 mice. A similar increase in cholesterol levels was previously reported in
WT C57BL/6 mice fed the same HFD as in this study for 12 or 18 weeks [30, 31].
It has also been shown that the increase in plasma cholesterol reaches a plateau
after =2 weeks of HFD feeding [31]. Therefore, it is not surprising that the plasma
cholesterol levels were increased in HFD-fed WT and eET-1 mice, which are on
a C57BL/6 background. A large increase in plasma cholesterol was observed in
HFD-fed Apoe” and eET-1/Apoe”~ mice. However, aggravation of
atherosclerotic lesions and formation of AAAs occurred only in eET-1/Apoe™~
mice. This was accompanied by a decrease in plasma HDL. HDL levels are
inversely correlated with the risk for coronary vascular disease [32, 33]. HDL
mediates the reverse transport of cholesterol from the vasculature to the liver
[33]. It has also been shown that, in addition to apolipoprotein A-I, HDL carry
several proteins including a1-antitrypsin with anti-elastase activity, which can
counteract the development of AAAs [34]. Therefore, it is plausible that ET-1

overexpression—induced decrease in HDL contributed to the enhanced damaging
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effects of increased plasma cholesterol on the induction of atherosclerosis and
triggering of AAAs, as observed in HFD-fed eET-1/Apoe™ mice. Further studies
are required to determine the mechanisms by which ET-1 overexpression
decreases plasma HDL.

Previous studies have shown that the development of atherosclerosis in
Apoe™~ mice can be accelerated by Ang Il infusion [35] or deoxycorticosterone
acetate-salt treatment [36]. Although Weiss et al. [35] and others have
demonstrated that BP elevation by norepinephrine (40 mmHg) does not
accelerate the development of atherosclerosis to the same extent as Ang Il (40—
60 mmHg), elevated BP may contribute to development of atherosclerotic
lesions. In the present study, BP was unaltered by ET-1 overexpression, Apoe
knockout, the combination of both, or by HFD feeding. A 10 to 15 mm Hg BP rise
was found in eET-1, Apoe™-, and eET-1/Apoe™” mice compared with WT mice
only when regular chow and HFD data were combined. Thus, exacerbation of
atherosclerosis and triggering of AAAs found in HFD-fed eET-1/Apoe™ mice
occurred in absence of significant BP elevation. This new animal model
combining genetically modified mice overexpressing human ET-1 on a genetic
background of atherosclerosis-prone Apoe™- provides novel evidence that
pathological effects of ET-1 on atherosclerosis and AAA development are BP-
independent.

AAAs were observed in *40% of the eET-1/Apoe™ mice fed a HFD,
whereas none were detected in the other groups of mice. AAAs were observed at
the suprarenal aortic level, as reported previously for Ang ll-infused Apoe™~ mice
37-39]. As observed in humans, AAAs in HFD-fed eET-1/Apoe™ mice were
characterized by elastin breaks and flattening, and decreased media collagen
fraction [40]. However, a decrease in media collagen fraction was also observed
in HFD-fed Apoe™ mice. Consequently, although collagen degradation lowers
aortic tensile strength and therefore weakens the aortic wall [41], it predisposes
to but is not sufficient for AAA development in Apoe™~ mice. Incidentally, ET-1

overexpression in Apoe™”  mice caused a decrease in media fibronectin
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expression that could contribute to the development of AAAs by further
weakening the aortic wall.

Recently, Suen et al. [42] reported that treatment with a mixed ETas
receptor antagonist reduced Ang ll-induced atherosclerosis in young (4 weeks)
but not in old (6 months) Apoe™ mice fed a Western-type diet, and failed to
protect against Ang ll-triggered AAAs. It is possible that blocking ET receptors
only partially inhibits Ang Ill-mediated vascular inflammation and signaling
pathways involved in the development of atherosclerosis and aneurysms. It is
also possible that the increase in ET-1 expression might be suboptimal to induce
AAAs in this model because Ang Il did not cause a significant increase in plasma
ET-1. Therefore, our findings suggest a novel mechanism of AAAs mediated by
ET-1. The exact mechanism for aneurysm formation remains to be established.
However, it is likely that oxidative stress and low-grade inflammation triggered by
ET-1 overexpression [5] aggravate oxidative stress and inflammation already
present in Apoe™~ mice, thereby playing a role in development of aneurysms.

We have previously reported that blood vessels in eET-1 mice are
characterized by increased oxidative stress compared with WT mice [4]. Our
current data show that ET-1 overexpression exaggerates ROS generation not
only in the vascular wall but also in atherosclerotic plaques and PVAT in
ascending aorta and AAAs of eET-1/Apoe” mice. This enhancement of
oxidative stress could be attributable to increased activity of reduced
nicotinamide adenine dinucleotide oxidase or uncoupling of endothelial NO
synthase, or both [43, 44]. Kuhlencordt et al. [45] previously showed that double
Apoe and Nos3 knockout mice on a Western style diet exhibit increases in
atherosclerotic lesions compared with Apoe™ mice. In addition, Gao et al. [46]
demonstrated a role for tetrahydrobiopterin deficiency—induced endothelial NO
synthase uncoupling causing *O2— production and reduced NO availability in AAA
formation. Ang ll-induced AAAs are increased in hyperphenylalaninemia (hph)-1
mice deficient in endothelial NO synthase cofactor tetrahydrobiopterin
biosynthetic enzyme guanosine triphosphate cyclohydrolase 1, which can be

prevented by restoring tetrahydrobiopterin levels by treatment with folic acid or
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endothelium-targeted dihydrofolate reductase gene therapy. These data are
consistent with our findings, suggesting a key role of ET-1-induced oxidative
stress in the development of atherosclerosis and AAA formation. In addition, our
results suggest a participation of ET-1-induced ROS production by PVAT in
atherosclerosis and AAA development.

The concept that atherosclerosis is an inflammatory disease is now well
accepted [47-50]. Monocyte/macrophage and T cell infiltration play roles in the
pathogenesis of atherosclerosis [51] and AAA formation [52]. ET-1 can also be
produced by macrophages [53], which could further contribute to inflammation.
Heavy ET-1 staining has been reported in foam cells within atherosclerotic
lesions, and in vascular smooth muscle cells of the intima and media [28]. Here,
ET-1 overexpression exaggerated monocyte/macrophage infiltration primarily in
the PVAT of ascending aorta and AAAs in eET-1/Apoe™- compared with Apoe™~
mice. However, monocyte/macrophage infiltration was equally high in plaques
from eET-1/Apoe” and Apoe™ mice. Because atherosclerotic plaques are
larger in eET-1/Apoe™~ compared with Apoe™ mice, and the cell infiltration is
expressed as percentage of total surface, these data can also be interpreted as
eET-1/Apoe~~ mice having more atherosclerotic plaque
monocytes/macrophages. Interestingly, ET-1 overexpression exaggerated the
increase in the percentage of spleen proinflammatory Ly-6CM monocytes in
Apoe™~ mice, suggesting that there is an increase in circulating proinflammatory
Ly-6C" monocytes that can contribute to the increase in monocyte/macrophage
infiltration in the PVAT and, hence, to the development of atherosclerotic
plaques. It should be noted that the monocyte subtype profile was unchanged by
ET-1 overexpression in absence of Apoe knockout. MMP2, which could be
secreted by macrophages, was higher in plaques from eET-1/Apoe~- than from
Apoe™~ mice. The increase in MMP2 could contribute to plaque development and
rupture, and AAA formation. However, the mechanisms by which ET-1
overexpression increases MMP2 expression in the plaques are unknown and
could be mediated in part by monocytes and macrophages. It has been shown
that the severity of atherosclerosis is reduced in Apoe™  mice that are lacking
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functional monocyte/macrophages [54] or are deficient in MMP2 [55]. Recently,
we reported that ET-1 overexpression—induced vascular remodeling and
oxidative stress, which is associated with monocyte/macrophage infiltration in the
adventitia and PVAT, is prevented by crossing eET-1 with mice carrying an
osteopetrotic mutation in the macrophage colony-stimulating factor (Csf1%0/%)
gene [29]. Increased expression of ET-1 in endothelial cells of eET-1/Apoe™"
mice could act in paracrine fashion to stimulate the production of proinflammatory
monocytes in the periphery, increase the recruitment of monocytes to
atherosclerotic plaques, and promote the differentiation of monocytes into
macrophages. Whether ET-1 overexpression directly increases the expression of
MMP2 in macrophages remains to be determined.

In this study, the eET-1 mice did not present signs of systemic
inflammation because plasma cytokines and spleen T cells and monocyte
subtype profiles were unaltered. Apoe™  mice fed a HFD for 8 weeks presented
low levels of systemic inflammatory mediators. Plasma tumor necrosis factor-a,
IL-6, monocyte chemotactic protein-1, and IL-10 levels were unchanged, and the
percentage of spleen-activated CD4*CD69*, CD8*CD69" T cells, and
CD4*CD25*FOXP3* T regulatory cells, which are suppressor T cells, were
elevated. The increase in T regulatory cells could probably be a compensatory
mechanism counteracting the increase in activated T cells. ET-1 overexpression
did not change the plasma cytokine levels and the T cell profile and, therefore,
did not alter the systemic inflammation in Apoe™ mice. CD4* T cell infiltration
was barely detectable in atherosclerotic plaques of Apoe” mice. ET-1
overexpression induced CD4* T cell infiltration in atherosclerotic plaques and
PVAT in ascending aorta, and in plaques in AAAs of eET-1/Apoe™ mice on
HFD. CD8" T cells could not be detected in media, atherosclerotic plaque or
PVAT of Apoe™ or eET-1/Apoe™~ mice (data not shown). Interestingly, crossing
Apoe™ mice with severe combined immunodeficiency (Scid) mice lacking T and
B cells has been shown to reduce atherosclerosis. Adoptive transfer of CD4* T
cells abolished this protection and increased atherosclerotic lesions in
immunodeficient Apoe™~ mice [56]. Therefore, previous data are consistent with
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our findings and suggest an important role for ET-1-induced infiltration of
monocyte/macrophages and CD4* T cells in development of atherosclerosis and
AAA formation. In addition, our results indicate an important role for ET-1—
induced inflammatory cell infiltration in PVAT for both atherosclerosis and AAA
development. However, the mechanisms of ET-1-induced T cell infiltration
remain to be determined.

There is evidence that PVAT plays a role in atherosclerosis [19, 20]. In
humans and mice, PVAT presents a higher inflammatory state compared with
subcutaneous and epididymal fat [57]. HFD induced ROS production in PVAT,
which caused endothelial dysfunction [58]. PVAT is a source of vascular
inflammatory cells that play a role in hypertension and vascular damage [22].
PVAT surrounding atherosclerotic aorta has chemotactic properties through
secretion of cytokines, thereby attracting macrophages and T cells [59].
Accumulation of macrophages and T cells at the interface between PVAT and
adventitia of human atherosclerotic aorta has been previously reported. In
Apoe~ mice fed HFD, PVAT transplantation next to the common carotid artery, a
site normally devoid of atherosclerotic lesions, impairs vascular relaxation and
causes local formation of an atherosclerotic plaque [60]. So far, there has been
no evidence of a role of PVAT in AAA formation. However, the previously cited
results are consistent with our finding that increased ET-1 enhances ROS
production and monocyte/macrophage and CD4* T cell infiltration in PVAT, which
then plays a role in progression of atherosclerosis and in AAA formation.

Recently, we showed that there was an increase in expression of genes
associated with lipid biogenesis, including elongation of very long chain fatty
acids family member 6 (Elovi6) that is responsible for the final step in saturated
fatty acid synthesis, which could lead to excess accumulation of lipids within the
vascular wall and, hence, contribute to vascular remodeling, endothelial
dysfunction, and development of atherosclerosis [18]. Saito et al. [61] have
suggested a role for ELOVL6-induced elongation of saturated and
monounsaturated fatty acids in foam cell formation and atherosclerosis

progression. In their study, Western diet—-induced atherosclerotic lesions and
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monocyte/macrophage infiltration were reduced in irradiated LdlIr’”~ mice
transplanted with bone marrow cells from Elovi6~- versus cells from WT mice. It
is possible that higher levels of ET-1 might increase the expression of Elov/6 in
macrophages resulting in exaggeration of foam cell formation, progression of
atherosclerosis, and development of AAA formation.

A limitation of the present study is that the eET-1 mice presented a greater
increase in plasma levels of ET-1 than that observed in humans with
atherosclerosis or aneurysms. However, by achieving greater increase in ET-1
expression, and thereby exaggerating the activity of a biological system such as
ET-1, we were able to reveal the underlying pathophysiological mechanisms by
which ET-1 contributes to the development of atherosclerosis and aneurysms.
Nevertheless, additional studies might be necessary to confirm the importance

for humans of the present findings.

Conclusions and Perspectives

We have demonstrated that ET-1 overexpression exerts a potent
proatherogenic effect and triggers AAA formation in Apoe™ mice on a HFD,
possibly through pro-oxidant and inflammatory mechanisms and decrease in
HDL. We also suggest that PVAT plays a prominent role. Clinically, our results
underscore the importance of ET-1 in human atherosclerosis and AAA formation.
ETa or ETas receptor blockers and ET converting enzyme inhibitors could be
potential pharmacological candidates for treatment of atherosclerosis and
prevention of growth of AAAs. In support, Yoon et al. [62] have recently showed
that long-term ETa receptor blocker treatment attenuates the progression of

coronary plaques in patients with early atherosclerosis.
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Significance

A role for the vasoconstrictor peptide, endothelin-1, has been suggested in
the development atherosclerosis and aneurysms in humans and animal models.
In this study, we show that overexpressing endothelin-1 in the endothelium of
apolipoprotein E knockout (Apoe™") mice fed a high-fat diet exaggerated the
development of atherosclerosis and triggered abdominal aortic aneurysms. This
was associated with increased vascular oxidative stress and immune cell
infiltration, mostly monocytes/macrophages, which could be mediated in large
part by perivascular fat. An exaggerated increase in spleen proinflammatory Ly-
6CM  monocytes was also present, which could contribute to the
monocyte/macrophage infiltration in perivascular fat and ultimately in the
atherosclerotic plaque. A decrease in plasma high-density lipoprotein, which is a
risk factor for coronary vascular disease, also accompanied endothelin-1—
induced exaggeration of atherosclerosis and abdominal aortic aneurysms. This
could contribute to atherosclerotic plaque enlargement and abdominal aortic
aneurysms development. These observations establish the mechanisms
whereby endothelin-1 could contribute to atherosclerosis and abdominal aortic

aneurysms in humans.



84

References

1. Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M,
Mitsui Y, Yazaki Y, Goto K, Masaki T. A novel potent vasoconstrictor peptide
produced by vascular endothelial cells. Nature. 1988; 332:411-415.

2. Rautureau Y, Schiffrin EL. Endothelin in hypertension: an update. Curr
Opin Nephrol Hypertens. 2012; 21:128—136.

3. Schiffrin EL. Vascular endothelin in hypertension. Vascul Pharmacol.
2005; 43:19-29.

4. Amiri F, Virdis A, Neves MF, Iglarz M, Seidah NG, Touyz RM,
Reudelhuber TL, Schiffrin EL. Endothelium-restricted overexpression of human
endothelin-1 causes vascular remodeling and endothelial dysfunction.
Circulation. 2004; 110:2233-2240.

5. Amiri F, Paradis P, Reudelhuber TL, Schiffrin EL. Vascular
inflammation in absence of blood pressure elevation in transgenic murine model
overexpressing endothelin-1 in endothelial cells. J Hypertens. 2008; 26:1102—
1109.

6. Brown KD, Littlewood CJ. Endothelin stimulates DNA synthesis in Swiss
3T3 cells. Synergy with polypeptide growth factors. Biochem J. 1989; 263:977—
980.

7. Hirata Y, Takagi Y, Fukuda Y, Marumo F. Endothelin is a potent mitogen
for rat vascular smooth muscle cells. Atherosclerosis. 1989; 78:225-228.

8. Komuro |, Kurihara H, Sugiyama T, Yoshizumi M, Takaku F, Yazaki Y.
Endothelin stimulates c-fos and c-myc expression and proliferation of vascular
smooth muscle cells. FEBS Lett. 1988; 238:249-252.

9. Yoshizumi M, Kim S, Kagami S, Hamaguchi A, Tsuchiya K, Houchi H,
Iwao H, Kido H, Tamaki T. Effect of endothelin-1 (1-31) on extracellular signal-
regulated kinase and proliferation of human coronary artery smooth muscle cells.
Br J Pharmacol. 1998; 125:1019-1027.

10. Anggrahini DW, Emoto N, Nakayama K, Widyantoro B, Adiarto S,
Iwasa N, Nonaka H, Rikitake Y, Kisanuki YY, Yanagisawa M, Hirata K.



85

Vascular endothelial cell-derived endothelin-1 mediates vascular inflammation
and neointima formation following blood flow cessation. Cardiovasc Res. 2009;
82:143-151.

11.  Trachtenberg JD, Sun S, Choi ET, Callow AD, Ryan US. Effect of
endothelin-1 infusion on the development of intimal hyperplasia after balloon
catheter injury. J Cardiovasc Pharmacol. 1993; 22 suppl 8:S355-S359.

12. Lerman A, Edwards BS, Hallett JW, Heublein DM, Sandberg SM,
Burnett JC Jr.. Circulating and tissue endothelin immunoreactivity in advanced
atherosclerosis. N Engl J Med. 1991; 325:997-1001.

13. Lerman A, Holmes DR Jr., Bell MR, Garratt KN, Nishimura RA,
Burnett JC Jr.. Endothelin in coronary endothelial dysfunction and early
atherosclerosis in humans. Circulation. 1995; 92:2426—2431.

14. Barton M, Haudenschild CC, d’Uscio LV, Shaw S, Miinter K, Liischer
TF. Endothelin ETA receptor blockade restores NO-mediated endothelial function
and inhibits atherosclerosis in apolipoprotein E-deficient mice. Proc Natl Acad Sci
U S A. 1998; 95:14367-14372.

15. Babaei S, Picard P, Ravandi A, Monge JC, Lee TC, Cernacek P,
Stewart DJ. Blockade of endothelin receptors markedly reduces atherosclerosis
in LDL receptor deficient mice: role of endothelin in macrophage foam cell
formation. Cardiovasc Res. 2000; 48:158—-167.

16. Iwasa S, Fan J, Miyauchi T, Watanabe T. Blockade of endothelin
receptors reduces diet-induced hypercholesterolemia and atherosclerosis in
apolipoprotein E-deficient mice. Pathobiology. 2001; 69:1-10.

17. Kowala MC, Rose PM, Stein PD, Goller N, Recce R, Beyer S,
Valentine M, Barton D, Durham SK. Selective blockade of the endothelin
subtype A receptor decreases early atherosclerosis in hamsters fed cholesterol.
Am J Pathol. 1995; 146:819-826.

18. Simeone SM, Li MW, Paradis P, Schiffrin EL. Vascular gene expression
in mice overexpressing human endothelin-1 targeted to the endothelium. Physiol
Genomics. 2011; 43:148-160.



86

19. Campbell KA, Lipinski MJ, Doran AC, Skaflen MD, Fuster V,
McNamara CA. Lymphocytes and the adventitial immune response in
atherosclerosis. Circ Res. 2012; 110:889-900.

20. Stern N, Marcus Y. Perivascular fat: innocent bystander or active player
in vascular disease? J Cardiometab Syndr. 2006; 1:115-120.

21. Barhoumi T, Kasal DA, Li MW, Shbat L, Laurant P, Neves MF, Paradis
P, Schiffrin EL. T regulatory lymphocytes prevent angiotensin Il-induced
hypertension and vascular injury. Hypertension. 2011; 57:469-476.

22. Guzik TJ, Hoch NE, Brown KA, McCann LA, Rahman A, Dikalov S,
Goronzy J, Weyand C, Harrison DG. Role of the T cell in the genesis of
angiotensin Il induced hypertension and vascular dysfunction. J Exp Med. 2007;
204:2449-2460.

23. Kasal DA, Barhoumi T, Li MW, Yamamoto N, Zdanovich E, Rehman A,
Neves MF, Laurant P, Paradis P, Schiffrin EL. T regulatory lymphocytes
prevent aldosterone-induced vascular injury. Hypertension. 2012; 59:324-330.
24.  Flondell-Sité D, Lindblad B, Kolbel T, Gottsater A. Cytokines and
systemic biomarkers are related to the size of abdominal aortic aneurysms.
Cytokine. 2009; 46:211-215.

25. Flondell-Sité D, Lindblad B, Gottsater A. High levels of endothelin (ET)-
1 and aneurysm diameter independently predict growth of stable abdominal
aortic aneurysms. Angiology. 2010; 61:324-328.

26. Treska V, Wenham PW, Valenta J, Topolcan O, Pecen L. Plasma
endothelin levels in patients with abdominal aortic aneurysms. Eur J Vasc
Endovasc Surg. 1999; 17:424-428.

27. Lerman A, Webster MW, Chesebro JH, Edwards WD, Wei CM, Fuster
V, Burnett JC Jr.. Circulating and tissue endothelin immunoreactivity in
hypercholesterolemic pigs. Circulation. 1993; 88:2923-2928.

28. Kobayashi T, Miyauchi T, lwasa S, Sakai S, Fan J, Nagata M, Goto K,
Watanabe T. Corresponding distributions of increased endothelin-B receptor
expression and increased endothelin-1 expression in the aorta of apolipoprotein
E-deficient mice with advanced atherosclerosis. Pathol Int. 2000; 50:929-936.



87

29. Javeshghani D, Barhoumi T, Idris-Khodja N, Paradis P, Schiffrin EL.
Reduced macrophage-dependent inflammation improves endothelin-1-induced
vascular injury. Hypertension. 2013; 62:112-117.

30. Paigen B. Genetics of responsiveness to high-fat and high-cholesterol
diets in the mouse. Am J Clin Nutr. 1995; 62:4585-462S.

31. Zhang SH, Reddick RL, Burkey B, Maeda N. Diet-induced
atherosclerosis in mice heterozygous and homozygous for apolipoprotein E gene
disruption. J Clin Invest. 1994; 94:937-945.

32. Badimon L, Vilahur G. LDL-cholesterol versus HDL-cholesterol in the
atherosclerotic plaque: inflammatory resolution versus thrombotic chaos. Ann N
Y Acad Sci. 2012; 1254:18-32.

33. Sorci-Thomas MG, Thomas MJ. High density lipoprotein biogenesis,
cholesterol efflux, and immune cell function. Arterioscler Thromb Vasc Biol. 2012;
32:2561-2565.

34. Ortiz-Muiioz G, Houard X, Martin-Ventura JL, Ishida BY, Loyau S,
Rossignol P, Moreno JA, Kane JP, Chalkley RJ, Burlingame AL, Michel JB,
Meilhac O. HDL antielastase activity prevents smooth muscle cell anoikis, a
potential new antiatherogenic property. FASEB J. 2009; 23:3129-31309.

35. Weiss D, Kools JJ, Taylor WR. Angiotensin llI-induced hypertension
accelerates the development of atherosclerosis in apoE-deficient mice.
Circulation. 2001; 103:448-454.

36. Weiss D, Taylor WR. Deoxycorticosterone acetate salt hypertension in
apolipoprotein E-/- mice results in accelerated atherosclerosis: the role of
angiotensin Il. Hypertension. 2008; 51:218-224.

37. Daugherty A, Manning MW, Cassis LA. Angiotensin |l promotes
atherosclerotic lesions and aneurysms in apolipoprotein E-deficient mice. J Clin
Invest. 2000; 105:1605-1612.

38. Daugherty A, Cassis LA. Mouse models of abdominal aortic aneurysms.
Arterioscler Thromb Vasc Biol. 2004; 24:429-434.

39. Manning MW, Cassis LA, Daugherty A. Differential effects of

doxycycline, a broad-spectrum matrix metalloproteinase inhibitor, on angiotensin



88

ll-induced atherosclerosis and abdominal aortic aneurysms. Arterioscler Thromb
Vasc Biol. 2003; 23:483-488.

40. Ailawadi G, Eliason JL, Upchurch GR Jr.. Current concepts in the
pathogenesis of abdominal aortic aneurysm. J Vasc Surg. 2003; 38:584-588.

41. Cho BS, Roelofs KJ, Ford JW, Henke PK, Upchurch GR Jr..
Decreased collagen and increased matrix metalloproteinase-13 in experimental
abdominal aortic aneurysms in males compared with females. Surgery. 2010;
147:258-267.

42. Suen RS, Rampersad SN, Stewart DJ, Courtman DW. Differential roles
of endothelin-1 in angiotensin llI-induced atherosclerosis and aortic aneurysms in
apolipoprotein E-null mice. Am J Pathol. 2011; 179:1549-1559.

43. Lil, Fink GD, Watts SW, Northcott CA, Galligan JJ, Pagano PJ, Chen
AF. Endothelin-1 increases vascular superoxide via endothelin(A)-NADPH
oxidase pathway in low-renin hypertension. Circulation. 2003; 107:1053—1058.
44. Sedeek MH, Llinas MT, Drummond H, Fortepiani L, Abram SR,
Alexander BT, Reckelhoff JF, Granger JP. Role of reactive oxygen species in
endothelin-induced hypertension. Hypertension. 2003; 42:806—810.

45.  Kuhlencordt PJ, Gyurko R, Han F, Scherrer-Crosbie M, Aretz TH,
Hajjar R, Picard MH, Huang PL. Accelerated atherosclerosis, aortic aneurysm
formation, and ischemic heart disease in apolipoprotein E/endothelial nitric oxide
synthase double-knockout mice. Circulation. 2001; 104:448—-454.

46. Gao L, Siu KL, Chalupsky K, Nguyen A, Chen P, Weintraub NL, Galis
Z, Cai H. Role of uncoupled endothelial nitric oxide synthase in abdominal aortic
aneurysm formation: treatment with folic acid. Hypertension. 2012; 59:158-166.
47. Libby P, Ridker PM, Hansson GK. Inflammation in atherosclerosis: from
pathophysiology to practice. J Am Coll Cardiol. 2009;54:2129-2138

48. Ross R. Atherosclerosis—an inflammatory disease. N Engl J Med. 1999;
340:115-126.

49. Binder CJ, Chang MK, Shaw PX, Miller YIl, Hartvigsen K, Dewan A,
Witztum JL. Innate and acquired immunity in atherogenesis. Nat Med. 2002;
8:1218-1226.



89

50. Glass CK, Witztum JL. Atherosclerosis. the road ahead. Cell. 2001;
104:503-516

51. Stoll G, Bendszus M. Inflammation and atherosclerosis: novel insights
into plaque formation and destabilization. Stroke. 2006; 37:1923-1932.

52. Shimizu K, Mitchell RN, Libby P. Inflammation and cellular immune
responses in abdominal aortic aneurysms. Arterioscler Thromb Vasc Biol. 2006;
26:987-994.

53. Ehrenreich H, Anderson RW, Fox CH, Rieckmann P, Hoffman GS,
Travis WD, Coligan JE, Kehrl JH, Fauci AS. Endothelins, peptides with potent
vasoactive properties, are produced by human macrophages. J Exp Med. 1990;
172:1741-1748

54. Smith JD, Trogan E, Ginsberg M, Grigaux C, Tian J, Miyata M.
Decreased atherosclerosis in mice deficient in both macrophage colony-
stimulating factor (op) and apolipoprotein E. Proc Natl Acad Sci U S A. 1995;
92:8264—8268.

55. Kuzuya M, Nakamura K, Sasaki T, Cheng XW, Itohara S, Iguchi A.
Effect of MMP-2 deficiency on atherosclerotic lesion formation in apoE-deficient
mice. Arterioscler Thromb Vasc Biol. 2006; 26:1120—1125.

56. Zhou X, Nicoletti A, Elhage R, Hansson GK. Transfer of CD4(+) T cells
aggravates atherosclerosis in immunodeficient apolipoprotein E knockout mice.
Circulation. 2000; 102:2919-2922.

57. Chatterjee TK, Stoll LL, Denning GM, Harrelson A, Blomkalns AL,
Idelman G, Rothenberg FG, Neltner B, Romig-Martin SA, Dickson EW,
Rudich S, Weintraub NL. Proinflammatory phenotype of perivascular
adipocytes: influence of high-fat feeding. Circ Res. 2009; 104:541-549.

58. Ketonen J, Shi J, Martonen E, Mervaala E. Periadventitial adipose
tissue promotes endothelial dysfunction via oxidative stress in diet-induced
obese C57BI/6 mice. Circ J. 2010; 74:1479-1487.

59. Henrichot E, Juge-Aubry CE, Pernin A, Pache JC, Velebit V, Dayer
JM, Meda P, Chizzolini C, Meier CA. Production of chemokines by perivascular



90

adipose tissue: a role in the pathogenesis of atherosclerosis? Arterioscler
Thromb Vasc Biol. 2005; 25:2594—-2599.

60. Ohman MK, Luo W, Wang H, Guo C, Abdallah W, Russo HM, Eitzman
DT. Perivascular visceral adipose tissue induces atherosclerosis in
apolipoprotein E deficient mice. Atherosclerosis. 2011; 219:33-309.

61. Saito R, Matsuzaka T, Karasawa T, et al. Macrophage Elovl6 deficiency
ameliorates foam cell formation and reduces atherosclerosis in low-density
lipoprotein receptor-deficient mice. Arterioscler Thromb Vasc Biol. 2011;
31:1973-1979.

62. Yoon MH, Reriani M, Mario G, Rihal C, Gulati R, Lennon R, Tilford JM,
Lerman LO, Lerman A. Long-term endothelin receptor antagonism attenuates
coronary plaque progression in patients with early atherosclerosis. Int J Cardiol.
January 3, 2013. doi: 10.1016/j.ijcard.2012.12.001.
http://www.internationaljournalofcardiology.com/article/S0167-
5273%2812%2901629-4/abstract. Accessed July 30, 2013.



91

Figures and tables

A C]Ctrl B

EHFD 150+ .
- 12 & - e, S—
'_l . * % 9+ a T - L d
w - i 1t 1004
W] £ 84 %% E
E D E
» Q i
g = 4. % 50
(A 0
OJom LR ol oJLM LM LIm L
eET-1: - + - + eET-1: - + - +
Apoe”: - - + + Apoe”: - - + +
C s &» D
© 241 1 5 S 12+
§ j %% -~ l " .
= 0O Bal §
% g,16 i %8 I +
5 & o E :
x
£ 8 81 + B+t 8 oH '
w *% 0O ~
© ~ § 8§ *%
o 0- ol ol D D 0 - L -
eET-1: - + - + eET-1: - + - +
Apoe”: - - + + Apoe”: - - + +

Figure 1l-1: Plasma endothelin (ET)-1 (A), systolic blood pressure (SBP; B), and
plasma total cholesterol (C) and high-density lipoprotein (HDL; D) levels were
determined in 16-week-old wild-type (WT), transgenic mice overexpressing ET-1
selectively in endothelium (eET-1), Apoe™, and eET1/Apoe™ mice fed a high-fat
diet (HFD) or regular chow (Ctrl) for 8 weeks starting at age 8 weeks. Values are
mean+SEM, n=6 to 13 for A, 6 to 10 for B, and 7 to 12 for C and D. *P<0.05 and
**P<0.001 vs WT on same diet, 1P<0.05 and 11P<0.001 vs eET-1, £P<0.05 and
$1P<0.001 vs Apoe™ on same diet and §P<0.05 and §§P<0.001 vs Ctrl.
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Figure 11-2: Endothelin (ET)-1 overexpression exacerbated high-fat diet—-induced
aortic atherosclerosis in Apoe” mice. Atherosclerotic lesion areas were
determined by oil red O staining in aortic sinus (A) and ascending aorta
cryosections (B) of same groups as in Figure II-1. Representative images of oil
red O-stained and Mayer's hematoxylin—counterstained aortic sinus (A) and
ascending aorta cryosections (B) are shown. Lesion sizes were calculated as
pm2 for the aortic sinus and mean ym2 of 4 sections at 80-um intervals of
ascending aorta. Values are meantSEM, n=9 to 11 for A and 4 to 5 for B.
*P<0.01 and 11P<0.001 vs wild type (WT), tP<0.01 and 11P<0.001 vs
transgenic mice overexpressing ET-1 selectively in endothelium (eET-1) and
1P<0.05 vs Apoe™"-.
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Figure 11-3: Endothelin (ET)-1 overexpression increased incidence of abdominal
aortic aneurysms (AAAs) in Apoe™ mice fed a high-fat diet. A, Example of AAAs
in transgenic mice overexpressing ET-1 selectively in endothelium (eET-
1)/Apoe™~ mouse is presented. The top left picture shows whole aorta containing
AAAs. A magnification of AAAs is presented in bottom left picture. The bottom
right picture shows an oil red O-stained section of AAAs. Arrowheads indicate
AAAs. Incidence of AAAs is shown in Table 1I-S1. B, The abdominal suprarenal
aorta circumference was determined in the same groups as in Figure IlI-1.
Representative images of Sirius red-stained aorta sections and abdominal
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suprarenal aorta circumference for each individual (closed circle) and mean
circumference for wild type (WT), eET-1, Apoe™, and eET1/Apoe™~ with normal
circumference (open circle), and eET1/Apoe™ with circumference >1.5-fold of
WT mean circumference indicated by the dashed gray line (gray-filled circle) are
shown. Values are meantSEM, n=8 to 13. *P<0.001 vs WT, 1+P<0.001 vs eET-1,
and $P<0.001 vs Apoe™".
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Figure [lI-4: Endothelin (ET-1) overexpression—induced abdominal aortic
aneurysms are associated with elastic laminae disruption and flattening and
decreased media fibronectin expression. The structure of elastin (A) and
expression of fibronectin (B) were determined in abdominal suprarenal aorta of
the same groups as in Figure II-1. Representative images of Verhoeff’s elastic—
stained sections (A) and fibronectin immunofluorescence (red; B) are shown.
Blue and green fluorescence represent nuclear DAPI staining and
autofluorescence of elastin, respectively. RFU indicates relative fluorescence
units. Values are mean+SEM, n=4 to 5 for A and 4 to 6 for B. *P<0.001 vs wild
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type (WT), tP<0.001 vs transgenic mice overexpressing ET-1 selectively in
endothelium (eET-1), and $P<0.001 vs Apoe™-.
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Figure II-5: Endothelin (ET-1) overexpression exacerbated high-fat diet—-induced
reactive oxygen species (ROS) production in ascending and abdominal
suprarenal aorta of Apoe” mice. ROS were determined using dihydroethidium
(DHE) staining in ascending (A) and abdominal suprarenal (B) aortic sections of
the same groups as in Figure IlI-1. Representative images of DHE-stained
ascending (A) and abdominal suprarenal (B) aortic sections with quantification of
DHE fluorescence in media, perivascular fat, and atherosclerotic plaques are
shown. Red fluorescence indicates DHE fluorescence, and green fluorescence

represents the autofluorescence of elastin. The lumen (Lu), plaque (Pl), and
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perivascular fat (Fat) are indicated. Values are meantSEM, n=4 to 6 for A and 4
to 5 for B. *P<0.05 and **P<0.01 vs wild type (WT), 1P<0.05 vs transgenic mice
overexpressing ET-1 selectively in endothelium (eET-1), and 1P<0.05 and
11P<0.01 vs Apoe™.
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Figure [I-6: Endothelin (ET-1) overexpression exaggerated high-fat diet—-induced
monocyte/macrophage and CD4* T cell infiltration in perivascular fat of
ascending and abdominal suprarenal aorta of Apoe™ mice. Infiltration of
monocytes/macrophages (A and B; red fluorescence) and CD4* T cells (C and
D; red fluorescence) was determined by immunofluorescence in ascending (A
and C) and abdominal suprarenal (B and D) aortic sections of same groups as in
Figure II-1. Representative images of monocyte/macrophage (MOMA-2)—stained
ascending (A) and abdominal suprarenal (B) aortic sections with quantification of

percentage of MOMA-2 staining per area in media, perivascular fat, and plaques
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are presented. Representative MOMA-2 staining in the plaque, media, and
perivascular fat of transgenic mice overexpressing ET-1 selectively in
endothelium (eET-1)/Apoe™ mice is shown in 2 separate images using different
exposures. Representative images of CD4* cell infiltration in plaques and
perivascular fat of ascending aorta and in plaque (C) and perivascular fat of
abdominal suprarenal aorta (D) of eET1/Apoe™~ mice. Frequency of occurrence
of CD4" cell infiltration in ascending and abdominal suprarenal aortic perivascular
fat and atherosclerotic plaques is shown in Table |I-S2. Blue and green represent
nuclear DAPI staining and autofluorescence of elastin, respectively. Lu indicates
lumen; and PI, plaque. Values are meantSEM, n=4 to 5 for A and B. *P<0.05
and **P<0.01 vs wild type (WT), 1P<0.05 and t1P<0.01 vs eET-1, and 1P<0.05
and 11P<0.01 vs Apoe™".
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Table 1l-1: ET-1 overexpression increased the prevalence of abdominal aortic

aneurysm in Apoe”- mice.

Groups Ctrl HFD*
WT 0/7 0/15
eET-1 0/6 0/17
Apoe™” 0/8 0/20
eET-1/4poe” 0/9 8/21

The prevalence of abdominal aortic aneurysm was determined in 16-week old
wild-type (WT), eET-1, Apoe”- and eET1/Apoe”- mice fed regular chow (Ctrl) or a
high-fat diet (HFD) for 8 weeks. Values are ratios of number of animals with
aneurysms over total number of mice studied. *Higher rate of abdominal aortic

aneurysm in eET-1/Apoe” with P<0.01 by .
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Table 1I-2: CD4* cell infiltration in ascending and abdominal suprarenal aortic
perivascular fat and atherosclerotic plaques of wild-type, eET-1, Apoe” and
eET1/Apoe” mice fed a high-fat diet.

Ascending aorta Abdominal aorta
Groups Perivascular fat* Plaques™ Perivascular fat Plaques
WT 0/6 NP 0/5 NP
eET-1 0/6 NP 0/4 NP
Apoe” 0/5 1/6 0/5 NP
eET-1/Apoe™ 3/6 5/6 2/6 4/6

CD4* cell infiltration was determined in 16-week old wild-type (WT), eET-1, Apoe-
~ and eET1/Apoe” mice fed a high-fat diet for 8 weeks. Values are ratios of
number of animals with CD4* cells over total number of mice studied. NP, no

plaques. *Greater CD4" cell infiltration in eET-1/Apoe”-, P<0.05 by 2.
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Expanded Materials and Methods

Generation of eET-1/Apoe” mice and study design

The study was approved by the Animal Care Committee of the Lady Davis
Institute for Medical Research and McGill University, followed recommendations
of the Canadian Council for Animal Care and was in agreement with the Guide
for the Care and Use of Laboratory Animals published by the US National
Institutes of Health. C57BL/6 transgenic mice overexpressing the human ET-1
(eET-1) driven by the Tie2 promoter conferring endothelial-specific expression
were described previously [1]. It should be noted that the human ET-1 signal
peptide is very well conserved and the peptide processing sites necessary for the
maturation of the proET-1 and the mature ET-1 peptide are identical to those
found in mouse ET-1 (Figure II-SI in the online-only Data Supplement) [2].
C57BL/6 Apoe”- mice were obtained from The Jackson Laboratory (B6.129P2-
Apoet™tUncd  Bar Harbor, ME, USA). The eET-1/Apoe”- mice were generated by
crossing eET-1 mice with Apoe” mice and then eET-1/Apoe*- mice with eET-
1/Apoe” mice. Eight-week old male wild-type (WT), eET-1, Apoe”, and eET-
1/Apoe’”- mice were fed a high-fat, cholesterol rich diet (35% fat, 1.25%
cholesterol, D12336, Research Diets Inc., New Brunswick, NJ, US) (n = 11-15) or
regular chow (n = 9-13) for 8 weeks.

At the end of the protocol, systolic blood pressure was measured by the
tail-cuff method using a MC4000 blood pressure analysis system (Hatteras
Instruments, Cary, NC, USA). Body weight was measured and mice anesthetized
with 3% isoflurane (mixed with O2 at 1 L/mL, depth of anesthesia confirmed by
rear foot squeezing). One mL of blood was collected by cardia puncture, on
heparin for measurement of plasma cholesterol, high-density lipoprotein (HDL)
and triglycerides or on EDTA for ET-1 and cytokines. In one group of animals,
the whole aorta was excised from the root to the iliac bifurcation for study of
abdominal aortic aneurysms (AAA), and heart, kidneys and spleen were
harvested and weighed. Tibia length was measured. In another group of mice,

the top part of the heart and thoracic aorta with perivascular fat (PVAT) were
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dissected to characterize atherosclerotic plaques, and the abdominal suprarenal
aorta with PVAT was collected to study AAA. The spleen was used to determine
T cells and monocyte subtype profiles. Atherosclerotic plaques, reactive oxygen
species (ROS) production, and monocyte/macrophage and CD4" cell infiltration
were determined in cryosections of aortic sinus and ascending aorta. Matrix
metalloproteinase-2 (MMP2) expression was determined in cryosections of
ascending aorta. Collagen content was examined in paraffin sections of aortic
arch and abdominal suprarenal aorta. Elastin structure and fibronectin
expression were determined in paraffin sections of the abdominal suprarenal

aorta.

Quantification of atherosclerosis and abdominal aortic aneurysm

To study atherosclerotic plaques in the aortic sinus and ascending aorta,
the top part of the heart and a section of ascending aorta were embedded in
VWR Clear Frozen Section Compound (VWR International, West Chester, PA,
USA). Five pym cryosections of aortic sinus and four cryosections at 80-um
intervals of ascending aorta were air-dried for 30 min and fixed 5 min with 4%
paraformaldehyde (PFA) solution in phosphate buffered saline (PBS). Sections
were rinsed in three changes of distilled water, immersed in 100% propylene
glycol for 5 min, and then stained with pre-warmed Oil Red O solution (Electron
Microscopy Sciences, Hatfield, PA, USA) for 10 min at 60 °C. Excess stain was
removed with 85% propylene glycol for 5 min, after which the sections were
rinsed with two changes of distilled water and then counterstained with Mayer’s
hematoxylin (Sigma-Aldrich, St Louis, MO, USA) for 10 min. The sections were
washed thoroughly in running tap water, adjusted to RT, for 3 min, and then
mounted using aqueous mounting medium (Thermo Scientific, Pittsburgh, PA,
USA).

To study abdominal aortic aneurysms, a section of the abdominal
suprarenal aorta was embedded in Tissue-Tek OCT (Sakura, Torrance, CA,
USA). Five um cryosections were fixed for 5 min in 4% PFA followed by rinsing
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with water. The sections were stained with 0.5% oil red O working solution for 30
min. The sections were rinsed 3 times for 5 min with water and mounted with
Immu-Mount mounting solution (Thermo Scientific, Pittsburgh, PA). In a second
set of samples, sections of the abdominal suprarenal aorta were fixed in 4% PFA
at 4°C for 48 h and embedded in paraffin. Sections were stained with Sirius red
as indicated below.

Images were captured with Infinity capture imaging software (Luminera
Corp., Ottawa, ON, Canada). Atherosclerotic plaques and abdominal suprarenal
aorta circumference at abdominal aortic aneurysm level were quantified using
ImageJ [3]. The atherosclerotic plaques were expressed in um? for aortic sinus

and in mean um? of the four sections at 80-um intervals for ascending aorta.

Reactive oxygen species production

Dihydroethidium (DHE) was used to evaluate the in situ production of
reactive oxygen species (ROS) as previously described [4]. Ascending and
abdominal suprarenal aortas containing the perivascular fat were embedded in
Tissue-Tek OCT. Five um sections of unfixed frozen ascending and abdominal
suprarenal aorta were thawed, air dried for 30 min at RT and incubated in DHE
(2 ymol/l) at RT for 5 min. Fluorescent images were captured as above using a
CY3 filter. The fluorescence was quantified in media, perivascular fat and plaque
separately using Imaged. DHE fluorescence per unit of surface was normalized
to fluorescence in the media of wild-type (WT) mice acquired on the same day
and expressed as % of WT media. This was done to eliminate any variation due

to changes in the oxidative environment on any given day.

Monocyte/macrophage and CD4* cell infiltration and fibronectin and matrix
metalloproteinase-2 expression

Infiltration of monocyte/macrophage (MOMA-2) and CD4* cells (CD4) in
ascending aorta and abdominal suprarenal aorta, and the expression of MMP2 in
the ascending aorta were determined by immunofluorescence microscopy on 5

Mm cryostat sections. Fibronectin expression in abdominal suprarenal aorta was
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determined in 5 um paraffin sections. All the aortic sections contained
perivascular fat. Tissue cryosections were air-dried for 30 min and then fixed in
4% paraformaldehyde for 20 min at RT (for MOMA-2, and MMP2) or in ice cold
acetone for 10 min at RT (for CD4). Thereafter, sections were washed with PBS
twice for 5 min. Sections were blocked for 1 h at RT with TBS (50 mM Tris pH
7.4, 150 mM NaCl) containing 1% bovine serum albumin, 0.4% Triton X-100 and
20% fetal bovine serum for MOMA-2 and CD4 or PBS containing 10% normal
donkey serum (Jackson ImmunoResearch Laboratories, West Grove, PA) for
MMP2. Sections were incubated overnight at 4°C with a rat anti-
monocyte/macrophagespecific antigen MOMA-2 (1:50, Abcam, Cambridge, MA)
or a rat anti-CD4 (1:20, BD Biosciences, Mississauga, ON, Canada) antibody in
TBS blocking solution, or with a goat anti-MMP2 antibody (1:50, Santa Cruz
Biotechnology, Santa Cruz, CA), or normal goat IgG as negative control for
MMP2 immunofluorescence in PBS. The sections were washed 3 times with TBS
containing 0.1 % Tween-20 (TBST) for MOMA-2 and CD4 or with PBS for MMP2.
Sections were incubated with Alexa Fluor® 555 goat anti-rat (1/200) (Invitrogen
Corp., Carlsbad, CA, USA), Alexa Fluor® 568 goat anti-rat (1:400) or Alexa
Fluor® 555 donkey anti-goat (1:200) antibody for 1 h at RT, and then washed 3
times with TBST for MOMA-2 and CD4 or with PBS for MMP2. Sections were
mounted with Vectashield containing 4',6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories, Burlingame, CA, USA) or stained with 3 yM DAPI
(Invitrogen) in PBS, washed 3 times with PBS and mounted with Fluoromount
(Sigma-Aldrich). Paraffin sections were deparaffinized with two 5 min xylene
baths, rehydrated in successive 3 min baths of ethanol (100%, 100%, 95%, 90%,
80%, 70% and 50%) followed by 5 min incubation in PBS. Sections were blocked
with 10% normal goat serum (NGS) for 1 h, and then incubated with rabbit anti-
mouse fibronectin antibody (1:200, EMD Millipore, Billerica, MA, USA) overnight
at 4 °C. Sections were then washed three times using TBST and incubated with

Alexa® Fluor 568 goat anti-rabbit antibody (1:200, Life Technologies, Burlington,
ON, Canada) for 1 h at RT. After, sections were counterstained with DAPI and

mounted as above. Images were captured using a fluorescent microscope Leica
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DM2000 (Leica Microsystems, Richmond Hill, ON, Canada) and analyzed with
ImagedJ. MOMA-2 expression and CD4* cells were determined in the media,
perivascular fat and atherosclerotic lesions separately. MOMA-2 was expressed
as % of studied area and presence or absence of CD4* cells determined. MMP2
was determined in atherosclerotic plaques, and expressed as the relative

fluorescence unit (RFU) per um? of atherosclerotic lesion.

Collagen content and elastin structure

Collagen content in abdominal suprarenal aortic media and in aortic arch
atherosclerotic plagues was determined in 5 ym paraffin sections as follows.
Paraffin sections were deparaffinized with two 5 min xylene baths, rehydrated in
successive 3 min baths of ethanol (100%, 100%, 95%, 95% and 70%) followed
by 5 min incubation in water. Sections were stained with 0.1% Sirius red solution
(Sigma-Aldrich, St. Louis, MO, USA) prepared in saturated picric acid for 60 min
at RT. Excess stain was removed by rinsing in 100 mM acetic acid for 3 min.
Sections were then de-hydrated in successive 3 min baths of ethanol (95%,
100%, 100% and 100%) and immersed in two baths of xylene for 3 min. Sections
were then mounted using Eukitt Mounting Medium (Electron Microscopy
Sciences, Hatfield, PA, USA). Images were acquired by light microscopy using a
Leica DM2000 microscope, and analyzed by color RGB thresholding using
Northern Eclipse software (EMPIX Imaging, Missisauga, ON, Canada).
Abdominal suprarenal aorta media collagen fraction was defined as the ratio of
the media stained area to the total media area and expressed as a percentage.

Elastin structure in abdominal suprarenal aortic media was determined in
5 um paraffin sections as follows. Paraffin sections were deparaffinized with two
2 min xylene baths, rehydrated in successive 1 min baths of ethanol (100%,
95%, 90% and 70%) followed by 3 min incubation in water. Sections were
stained with freshly prepare Verhoeff’s solution for 30 min at RT. Verhoeff’s stain
was made by mixing 2.5 part of of 0.17 M hematoxylin BSC (Fisher Scientific,
Fair Lawn, NJ, USA) in ethanol, 1 part of 10% ferric chloride solution (Fisher, Fair

Lawn, NJ, USA) and 1 part of Lugol solution (Sigma-Aldrich). Excess stain was
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differentiated using 2% ferric chloride solution for ~3 min. Sections were then
washed in running tap water for 30 sec at RT, and dipped in 5% sodium
hyposulphite solution (Fisher Scientific). Sections were then dehydrated in
successive 3 min baths of ethanol (70%, 90%, 95% and 100%) and, and cleared
by immersing in three changes of xylene for 1 min each. Sections were then

mounted and imaged as above.

Flow cytometry profiling of splenic T cells and monocytes

Profile of T cells and monocyte subtypes was determined by flow
cytometry as follows. The technique of monocyte profiling has previously been
described [5]. Single splenocyte suspension was obtained by releasing the
splenocytes by forcing pieces of spleen through a 70 ym nylon mesh cell strainer
(BD Biosciences, Durham, NC, USA) pre-wet with PBS supplemented with 5%
fetal bovine serum (FBS) with the back of a 3 mL syringe plunger. The cell
strainer was washed with PBS/5% FBS to flush the cells through the nylon mesh.
The two previous steps were repeated until only connective tissue remained in
the cell strainer. Cells were centrifuged at 300 x g for 10 min at RT. Cells were
resuspended in 5 mL of Red Blood Cell lysis buffer (Sigma-Aldrich) and
incubated at RT for 3 min with occasional gentle mixing to eliminate red blood
cells. The mixture was diluted with 30 mL of PBS/5% FBS, filtered through a 70
Mm nylon mesh cell strainer, and centrifuged at 300 x g for 5 min at RT. Cells
were resuspended in 2 mL of PBS/5% FBS and counted using a Z2 Coulter®
Counter (Beckman-Coulter, Mississauga, ON, Canada). Two million cells were
stained with a fixable viability dye eFluor® 506 (eBioscience, San Diego, CA,
USA) in PBS, incubated with rat anti-mouse CD16/CD32 Fc receptor block (clone
2.4G2, BD Biosciences), and stained with specific antibodies or appropriate
isotype control antibodies in PBS/5% FBS. Specific antibody-fluorochrome
staining panel and example of the general gating procedure used for analysis are
included in Table 1I-S2 and Figure 1I-S8 in the online-only Data Supplement for
profiling of T cells and Table 1I-S3 and Figure 1I-S9 in the online-only Data

Supplement for profiling of monocytes. Flow cytometry was performed on the the
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BD LSRFortessa cell analyzer (BD Biosciences). Fluorescence minus one
controls were used to determine fluorescence background and positivity. Data
analysis was performed using FlowJo software (Tree Star Inc., Ashland, OR,
USA). Data are expressed as indicated in Figure. VIII and IX legends in the

online-only Data Supplement.

Plasma determinations

Blood samples were centrifugation at 1,000 x g for 15 min at 4°C to
remove blood cells followed by a centrifugation at 10,000 x g for 10 min at 4°C to
remove platelets. Plasma samples were stored at -80°C until tested. Plasma
cholesterol, triglycerides and HDL were measured using a J&J Vitros 250
chemistry analyzer by Diagnostic Research Support Services at the Comparative
Medicine and Animal Resource Centre of McGill University. The concentration of
ET-1 was determined in plasma on EDTA using a human ET-1 QuantiGlo ELISA
Kit (R&D Systems Inc., Minneapolis, MN, USA). Plasma levels of interleukin (IL)-
6, IL-10, monocyte chemotactic protein-1 (MCP-1) and tumor necrosis factor
(TNF)-a were measured using micro-bead multiplex immunoassays on a Bio-
Plex 200 (Bio-Rad Laboratories).

Statistical analysis

Data are shown as means + SEM. Comparisons were made by one- or
two-way ANOVA as appropriate, followed by a Student—Newman—Keuls or
Dunnett's T3 post-hoc test, as appropriate. Comparisons between two groups
were made using an unpaired t-test. Percent prevalence was compared using a
chi-square test or a Fisher Exact test, as appropriate. A value of P<0.05 was

considered significant.
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Supplemental figures and tables

Table 1I-S1: Body and organ weights of animals.

111

Description WT eET-1 Apoe” eET-1/Apoe”

Diet Ctrl HFD Ctrl HFD Ctrl HFD Ctrl HFD

n 16 19 8 15 10 25 7 13

BW (g) 303409 2794065 30.0+1.1 274407 308406 244+ 12%51ES§  30.0£0.6  22.9% 045 §18§
TL (mm) 182+0.2 18.0+£0.2 17.8+0.1 17.5+0.2 17.8+0.1 17.5+0.1 182+0.2 17.6 £0.1

HW (mg) 129+ 4 117+3§ 1375 121445 13844 103 £ 2%,1,§§ 155413%  112+4§§
HW/TL (mg/mm)  7.1+02 6501 77403  70£02  77+£02 5901518 85+08%  64=0.28§

KW (mg) 36811 3668 365£15 35349 306413 269+ 11%+,8§ 404+ 18 249 £ 20%* 11,88
KW/TL (mg/mm) 202405  204+04 20509  205+0.5 222407 154061188 223 L1 14.1+0.6% 18§
SW (mg) 78+ 12 85+5 67+7 92 £ 6§ 98 +9 105+5 107 £ 11F 123 &+ 8**
SW/TL (mg/mm) 43+0.6 4.7+0.2 3.8+0.4 53 +0.4§ 55+0.5 6.0 +0.3* 59+0.6 6.7+ 0.5*%

Body and organ weights were determined in 16-week old wild-type (WT), eET-1,

Apoe” and eET-1/Apoe” mice fed a regular chow (Ctrl) or a high-fat diet (HFD)

for 8 weeks starting at 8 weeks of age. Values are means + SEM, *P<0.05 and
**P<0.01 vs. WT, tP<0.05 and 1t1P<0.01 vs. eET-1, $P<0.05 and $1P<0.01 vs.
Apoe”-, §P<0.05 and §§P<0.01 vs. Ctrl. BW, body weight; TL, tibia length; HW,
heart weight; KW, kidney weight; SW, spleen weight.
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Table 1I-S2: Antibodies for flow cytometry profiling of T cells.

Antibodies Description Clone, company
CD3 A700-conjugated rat anti-mouse CD3 antibody 17A2, eBioscience
CD3 isotype A700-conjugated rat IgG2b k isotype control antibody eB149/10H5, eBioscience
CD4 PerCP-¢710-conjugated rat anti-mouse CD4 antibody RM4-5, eBioscience
CD4 isotype PerCP-¢710-conjugated rat IgG2a « isotype control antibody e€BR2a, eBioscience
CD8a APC-¢780-conjugated rat anti-mouse-CD8a antibody 53-6.7, eBioscience
CD8a isotype APC-e780-conjugated rat IgG2a k isotype control antibody ~ eBR2a, eBioscience
CD25 e450-conjugated rat anti-mouse-CD25 antibody PC61.5, eBioscience
CD25 isotype e450-conjugated rat IgG1 x isotype control antibody eBRG1, eBioscience
FOXP3 APC-conjugated rat anti-mouse-FOXP3 antibody FJK-16s, eBioscience
FOXP3 isotype = APC-conjugated rat I[gG2a k isotype control antibody eBR2a, eBioscience
CD69 PE-conjugated hamster anti-mouse CD69 antibody H1.2F3, BD Biosciences

CD69 isotype PE-conjugated hamster IgG1 A1 isotype control antibody

G235-2356, BD Biosciences

A700, Alexa Fluor® 700, APC, allophycocyanin, APC-e780, APC-eFluor® 780,
€450, eFluor® 450, FOXP3, transcription factor X-linked forkhead/winged helix,

PE, phycoerythrin, PerCPe710, PerCP-eFluor® 710.
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Table 1I-S3: Antibodies for flow cytometry profiling of monocytes.

Antibodies

Description

Clone, company

CD90

CD90 isotype
B220

B220 isotype
CD49b

CD49b isotype
NK1.1

NK1.1 isotype
Ly-6G

Ly-6G isotype
CD11b

CD11b isotype
Ly-6C

Ly-6C isotype

PE-conjugated rat anti-mouse CD90.2 (Thy-1.2) antibody
PE-conjugated rat IgG2a « isotype control antibody
PE-conjugated rat anti-human/mouse CD45R (B220) antibody
PE-conjugated rat IgG2a « isotype control antibody
PE-conjugated anti-mouse CD49b (Integrin alpha 2) antibody
PE-conjugated rat IgG2M k isotype control antibody
PE-conjugated mouse anti-mouse NK1.1 antibody
PE-conjugated mouse IgG2a « isotype control antibody
PE-conjugated rat anti-Ly-6G (Gr-1) antibody

PE-conjugated rat IgG2b « isotype control antibody
APC-conjugated rat anti-mouse CD11b antibody
APC-conjugated rat IgG2b « Isotype control

eFluor® 450 conjugated anti-mouse Ly-6C antibody

Not available

53-2.1, eBioscience
eBR2a, eBioscience
RA3-6B2, eBioscience
eBR2a, eBioscience

DXS5, eBioscience

eBRM, eBioscience
PK136, BD Biosciences
G155-178, BD Biosciences
RB6-8CS5, eBioscience
eB149/10H5, eBiosciences
M1/70, eBioscience
eB149/10H5, eBioscience
HK1.4, eBioscience
eBioscience

APC, allophycocyanin, PE, phycoerythrin. No antibody was used in replacement

of Ly-6C isotype control antibody since this latter was not available.
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Figure 11-S1: Alignment of the human and mouse preproendothelin-1 amino acid

sequence. Human and mouse amino acid sequences were obtained from UCSC

Genome Bioinformatics web site (http://www.genome.ucsc.edu/) and

the

sequences were compared using the multiple sequence alignment software

ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/#). An asterisk (*) indicates

positions which have a single, fully conserved residue. A colon (:) indicates

conservation between groups of strongly similar properties with a scoring > 0.5 in

the Gonnet PAM 250 matrix. A period (.) indicates conservation between groups

of weakly similar properties with a scoring < 0.5 in the Gonnet PAM 250 matrix.
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Figure 1I-S2: Heart rate was determined in 16-week old wild-type (WT), eET-1,
Apoe”- and eET1/Apoe’ mice fed a high-fat diet (HFD) or regular chow (Ctrl) for
8 weeks starting at age 8 weeks. Values are means + SEM, n = 6 for WT, 9 for
eET-1, 9 for Apoe” and 9 for eET1/Apoe” mice fed regular chow, and 6 for WT,
8 for eET-1, 10 for Apoe”- and 6 for eET1/Apoe”- mice fed HFD.
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Figure 11-S3: Plasma triglyceride levels were determined in 16-week old wild-type
(WT), eET-1, Apoe” and eET-1/Apoe mice fed a regular chow (Ctrl) or a high-
fat diet (HFD) for 8 weeks starting at 8 weeks of age. Values are means + SEM,
n =7 for WT, 7 for eET-1, 9 for Apoe” and 8 for eET1/Apoe” mice fed a regular
chow, and 9 for WT, 12 for eET-1, 8 for Apoe”- and 11 for eET1/Apoe~ mice fed
a HFD. §P<0.05 and §§P<0.001 vs. Ctrl.
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Figure 1lI-S4: Representative images of oil red O-stained and Mayer’s

hematoxylin counterstained aortic sinus of wild-type (WT) and eET-1 mice.
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Figure 1I-S5: Collagen content is decreased to the same extent in Apoe” and
eET-1Apoe” mice. Collagen content was determined in the media of abdominal
suprarenal aorta by Sirius red staining in 16-week old wild-type (WT), eET-1,
Apoe” and eET-1/Apoe” mice fed a high-fat diet (HFD) for 8 weeks starting at 8
weeks of age. Representative RGB thresholded images of Sirius red-stained
sections of abdominal suprarenal aorta. Collagen was quantified as the % of red
staining contained in the aortic media in the RGB thresholded images. Values
are means * SEM, n = 4 for WT, 3 for eET-1, 5 for Apoe”- and 6 for eET1/Apoe™
mice. *P<0.05 and **P<0.01 vs. WT and 1P<0.05 vs. eET-1.
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Bright field Thresholded image

Figure 11-S6: Collagen content was determined in atherosclerosis plaques of
aortic arch of 16-week old Apoe”- and eET-1/Apoe” mice fed a high-fat diet
(HFD) for 8 weeks starting at 8 weeks of age. Representative bright field and
RGB thresholded images of Sirius red stained sections are shown. Collagen is
visualized as the red staining contained in the aortic media and the plaques in

the RGB thresholded images. n = 7 for Apoe”- and 8 for eET-1/Apoe” mice.
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Figure II-S7: ET-1 overexpression did not alter plasma cytokine levels in Apoe™”
mice. Plasma levels of tumor necrosis factor (TNF)-a (A), interleukin (IL)-6 (B),
monocyte chemotactic protein-1 (MCP-1, C) and IL-10 (D) were measured in 16-
week old wild-type (WT), eET-1, Apoe” and eET1/Apoe” mice fed a high-fat diet
for 8 weeks. Values are means + SEM, n = 7 for WT, 8 for eET-1, 9 for Apoe™
and 12 for eET1/Apoe” mice. *P<0.01 vs. WT and 1P<0.01 vs. eET-1.
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Figure 11-S8: Flow cytometry profiling of splenic T cells. The profile of CD3",
CD4*, CD8*, CD4*CD25*FOXP3*, CD4*CD69* and CD8*CD69" cells were
determined by flow cytometry in the spleen of 16-week old wild-type (WT), eET-
1, Apoe” and eET1/Apoe” mice fed a high-fat diet for 8 weeks. Splenocytes
were stained with Fixable Viability Dye eFluor® 506 (€506), Alexa Fluor® 700
(A700)-conjugated anti-mouse CD3, PerCP-eFluor® 710 (PerCP-e710)-
conjugated anti-mouse CD4, allophycocyanin (APC)-eFluor® 780 (APC-e780)-
conjugated antimouse CD8a, eFluor® 450 (e450)-conjugated anti-mouse CD25,
phycoerythrin (PE)-conjugated hamster anti-mouse CD69 and APC-conjugated
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anti-mouse Foxp3 antibodies, and analyzed by flow cytometry. Fluorophores
were respectively excited and analyzed with appropriate laser and bandpass filter
(BP) (e450: 405 nm with 450/50 BP, €506: 405 nm with 525/50 BP, A700: 640
nm with 730/45 BP, PerCP-eFluor® 710: 488 nm with 695/40 BP, APC-e780:
640 nm with 780/60 BP, APC: 640 nm with 670/14 BP, PE: 561 nm with 582/15
BP). Representative Flow cytometry profile of splenocytes (A-H) with the gating
strategy (I) and the % of cells are showed for an eET-1/Apoe”- mouse. A.
Lymphocytes were gated in the side scatter (SSC)/forward scatter (FSC) plot. B.
Singlet lymphocytes were gated using FSC height (FSC-H) over FSC area
(FSCA). C. Live lymphocytes were gated in the viability dye/FSC-A plot. D. CD3*
cells were gated in the CD3/SSC-A plot. E. CD3*CD4" and CD3*CD8" were
gated in the CD8/CD4 plot from the CD3" cells population. F. Gated CD3*CD4*
cells were further characterized for CD25 and FOXP3 expression in the
CD25/FOXP3 plot. Gated CD3*CD4* and CD3*CD8" cells were further examined
for CD69 expression in CD4/CD69 (G) and CD8/CD69 (H) plots, respectively.
The % CD3* cells in lymphocytes (J), % of CD4* (K) and CD8" (L) cells in CD3*
cells, % of CD4*CD25"FOXP3* cells in CD4* cells (M), % of CD4*CD69* cells in
CD4* cells (N) and CD8*CD69* cells in CD8* cells (O) are presented. Values are
means + SEM, n = 3 for WT, 4 for eET-1, 5 for Apoe” and 7 for eET1/Apoe”
mice. *P<0.05 and **P<0.001 vs. WT and tP<0.05 and 11P<0.001 vs. eET-1.
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Figure II-S9: Flow cytometry profiling of splenic monocytes. The profile of
monocytes and monocyte subset Ly-6C" in the spleen of 16-week old wild-type
(WT), eET-1, Apoe” and eET1/Apoe” mice fed a high-fat diet for 8 weeks was
determined by flow cytometry as previously described [3]. Splenocytes were
stained with Fixable Viability Dye eFluor® 506 (e506), phycoerythrin (PE)-
conjugated rat anti-mouse CD90.2 (T cells), PE-conjugated rat human/mouse
B220 (B cells), PE-conjugated anti-mouse CD49b (NK cells), PE-conjugated
NK1.1  (NK anti-Ly-6G

(granulocytes), allophycocyanin (APC)- conjugated rat anti-mouse CD11b

mouse anti-mouse cells), PE-conjugated rat

(myeloid cells) and eFluor® 450 conjugated anti-mouse Ly-6C (monocyte

subsets) antibodies, and analyzed by flow cytometry. Fluorophores were
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respectively excited and analyzed with appropriate laser and bandpass filter (BP)
(PE: 561 nm with 582/15 BP, APC-e780: 640 nm with 780/60 BP, €450: 405 nm
with 450/50 BP, e€506: 405 nm with 525/50 BP). As presented in Table 1I-S3,
lymphocytes were gated in the side scatter (SSC)/forward scatter (FSC) plot,
singlet lymphocytes were gated using FSC height (FSC-H) over FSC area (FSC-
A) and live lymphocytes were gated in the viability dye/FSC-A plot. Monocytes
(CD11b"NCD90°B220°CD49b°NK1-1°Ly-6G°) were gated in CD90 B220 CD49b
NK1-1 Ly-6G/CD11b plot (A), which was further divided into Ly-6Clo (B and D)
and Ly-6Chi subsets (B and E). Representative dot plots (A) and histograms (B)
for WT, eET-1, Apoe” and eET1/Apoe”- mice fed a HFD are shown. Values are
means + SEM, n = 9 for WT, 5 for eET-1, 5 for Apoe” and 9 for eET1/Apoe”
mice. *P<0.05 and **P<0.001 vs. WT, 1tP<0.05 and 11P<0.001 vs. eET-1 and

P<0.05 vs. Apoe” mice.
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Figure 1I-S10: ET-1 overexpression increased MMP2 expression in aortic
atherosclerotic plaques of Apoe” mice. MMP2 expression was determined by
immunofluorescence in ascending aortic sections of 16-week old Apoe” and
eET1/Apoe” mice fed a high-fat diet for 8 weeks. Representative images of
MMP2-stained ascending aortic sections of Apoe”- and eET1/Apoe” mice with
quantification of relative fluorescence unit (RFU)/um? of atherosclerotic plaque
are presented. Blue, green and red fluorescence represent nuclear DAPI
staining, autofluorescence of elastin and MMP2 staining, respectively. Values are
means = SEM, n = 5. $P<0.05 vs. Apoe™.
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CHAPTER Illl: Endothelial ET-1 overexpression in Apoe™
mice induces a worsening of endothelium-dependent

relaxation in resistance arteries
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Hypothesis and objectives

Endothelial dysfunction is associated with the development of
atherosclerosis. One of the key features of endothelial dysfunction is impaired
endothelium-dependent relaxation (EDR). EDR is a consequence of activation of
pathways mediated by several endothelium-derived relaxing factors, including
NO and EDHF. Impaired EDR has been reported in several vascular beds in
atherosclerosis [191]. Decreases in NO-mediated EDR in conduit vessels of
Apoe’ mice were restored by ETAR blockade [132, 442]. In resistance arteries,
an EDHF mechanism may substitute reduced NO-mediated EDR [443]. Although
ET-1 is known to impair endothelium relaxation [200], exactly how ET-1 modifies
resistance artery EDR pathways during development of atherosclerosis has not
been studied. In the study addressed in chapter Il, we observed that ET-1-
exaggerated atherosclerosis in Apoe”- mice was associated with enhanced
vascular inflammatory responses, including increased ROS production. ROS can
contribute to endothelial dysfunction in several ways, which were alluded to in
section 6 of chapter |. Since Apoe” mice with endothelial ET-1 overexpression

exhibit enhanced vascular ROS production, we hypothesize that:

Endothelial ET-1 overexpression in Apoe” mice will induce a worsening of

EDR in resistance arteries.

The specific objectives of this study include:
e To determine whether ET-1-exaggerated atherosclerosis is associated
with worsening of EDR in resistance arteries.
e To characterize the role of ET-1 on various EDR pathways in

atherosclerosis.
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Abstract

In human atherosclerosis, which is associated with elevated plasma and
coronary endothelin (ET)-1 levels, ETa receptor antagonists improved coronary
endothelial function. Mice overexpressing ET-1 specifically in the endothelium
(eET-1) crossed with atherosclerosis-prone apolipoprotein E knockout mice
(Apoe”) exhibit exaggerated high-fat diet (HFD)-induced atherosclerosis. Since
endothelial dysfunction often precedes atherosclerosis development, we
hypothesized that mice overexpressing endothelial ET-1 on a genetic
background deficient in apolipoprotein E (eET-1/Apoe”) would have severe
endothelial dysfunction. In order to test this hypothesis, we investigated
endothelium-dependent relaxation (EDR) to acetylcholine in eET-1/Apoe” mice.
EDR in mesenteric resistance arteries from 8- and 16-week-old mice fed a
normal or HFD was improved in eET-1/Apoe” compared to Apoe’- mice. NO
synthase (NOS) inhibition abolished EDR in Apoe”. EDR in eET-1/Apoe’- was
resistant to NOS inhibition irrespective of age or diet. Inhibition of
cyclooxygenase, the cytochrome P450 pathway and endothelium-dependent
hyperpolarization (EDH) resulted in little or no inhibition of EDR in eET-1/Apoe™,
compared to wild-type (WT) mice. In eET-1/Apoe” mice, blocking of EDH or
soluble guanylate cyclase (sGC) in addition to NOS inhibition, decreased EDR by
36 and 30% respectively. The activation of 4-aminopyridine sensitive voltage-
dependent potassium channels (Kv) during EDR was increased in eET-1/Apoe™
compared to WT mice. We conclude that increasing eET-1 in mice that develop
atherosclerosis results in decreased mutual dependence of endothelial signaling
pathways responsible for EDR, and that NOS-independent activation of sGC and
increased activation of Kv are responsible for enhanced EDR in this model of

atherosclerosis associated with elevated endothelial and circulating ET-1.
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Introduction

Endothelin (ET)-1 is an endothelium-derived contracting peptide with
potent vasoconstrictor effects. Endothelin type A (ETa) and type B (ETs)
receptors are responsible for its physiological effects on the vasculature. In
vascular smooth muscle cells (VSMC), ETa activation and, to a lesser extent,
ETs activation can induce contraction and proliferation of VSMC, although the
main role of ETs is in the endothelium to stimulate release of vasorelaxant agents
[nitric oxide (NO) and prostacyclin (PGl2)] [1]. ET-1 is involved in the
pathophysiology of cardiovascular disease. In hypertension, ET-1 induces
hypertrophic remodeling of small arteries [2-4]. In the coronary circulation there is
a correlation between the severity of atherosclerosis and plasma ET-1
concentration [5]. ET-1 antagonists have been shown to decrease the size of
atheroma in humans [6]. In a mouse model of endothelial ET-1 overexpression
(eET-1), we showed that ET-1 is associated with vascular injury characterized by
enhanced vascular remodeling, increase in reactive oxygen species formation,
and inflammation [7, 8]. In eET-1 mice we demonstrated an increase in
expression of genes associated with lipid synthesis in the vasculature [9]. This
change in gene expression was associated with an exacerbation of high-fat
diet(HFD)-induced aortic atherosclerotic lesions when eET-1 mice were crossed
with apolipoprotein E knock-out mice (Apoe”), a model to study progression of
atherosclerosis [10]. We proposed that eET-1-induced lipids synthesis could be
involved in its pro-atherosclerotic effect [9].

Endothelial dysfunction is associated with the development of
atherosclerosis [11, 12]. One of the main consequences of endothelial
dysfunction is impairment of endothelium-dependent relaxation (EDR) [11]. EDR
is dependent on the activation of several signaling pathways resulting in the
production of endothelium-derived relaxing factors (EDRFs) by endothelial cells
and leading to relaxation of VSMC. These signaling pathways include production
of NO by endothelial nitric oxide synthase (eNOS), PGl2 by cyclooxygenase
(COX), and epoxyeicosatrienoic acids (EETs) by the cytochrome P 450
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epoxygenase [13]. Endothelium-dependent hyperpolarization (EDH) [14] is an
additional vasorelaxation mechanism involving the activation of endothelial small
(SKca) and intermediate conductance (IKca) of calcium-activated potassium
channels (Kca), which are known to be inhibited by apamin and TRAM-34 [1-[(2-
chlorophenyl)diphenylmethyl]-1H-pyrazole], respectively [15]. Opening of SKca
and IKca increases extracellular potassium, which activates inward rectifier K*
channels (Kir) and the Na*/K* exchanger to hyperpolarize and relax VSMC [16].
In general, endothelium signaling pathways lead to the activation of several
classes of K* channels that are important effectors of EDR as they are
responsible for repolarization of membrane potential and the decrease in calcium
concentrations in VSMC [17].

In conduit vessels of Apoe” mice, there is a decrease of NO-mediated
EDR [18] that is restored by blockade of ETa receptor [19, 20]. In resistance
arteries, decreased NO-mediated EDR may be substituted by an EDH
mechanism [21]. Although it is known that ET-1 impairs EDR, a specific role of
ET-1 on EDR signaling pathways during development of atherosclerosis is
unknown. We examined EDR in Apoe”- mice overexpressing eET-1 (eET-1/Apoe
) and observed that these mice have a restored EDR compared to Apoe”’- mice.
This enhanced EDR in eET-1/Apoe” mice was predominantly resistant to NOS,
COX and EDH inhibitors. Therefore, we investigated the mechanisms for the
restoration of EDR in eET-1/Apoe’”~ mice, which exhibit transgenic
overexpression of ET-1, resulting in high levels of ET-1 in endothelial cells and in

the circulation.

Materials and Methods

Generation of eET-1/Apoe” mice and procedures

Protocols were approved by the Animal Care Committees of the Lady
Davis Institute for Medical Research and McGill University, followed the
guidelines of the Canadian Council for Animal Care, and were in agreement with

the recommendations for the Care and Use of Laboratory Animals published by
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the US National Institutes of Health. Mice were housed in the Lady Davis Institute
for Medical Research Animal Facility. Transgenic mice generated in our
laboratory and overexpressing human preproET-1 (eET-1) in endothelial cells
were described previously [7]. Human ET-1 is processed similarly to the
endogenous protein as the consensus sequences necessary for the maturation
of the prepropeptide are identical in mice and humans [22]. Apolipoprotein E
knockout (Apoe”) mice were obtained from The Jackson Laboratories
(B6.129P2-Apoet™tUncd  Bar Harbor, ME, USA). Apoe” mice were crossed with
eET-1 mice to obtain eET-1/Apoe’ mice. An additional cross of eET-1/Apoe™
with Apoe’- mice produced the mice used in the present experiments. Eight-
week-old male eET-1, Apoe’-, eET-1/Apoe™, and littermate wild-type (WT) mice
were used for experiments or were fed either a high-fat, cholesterol-rich diet
(HFD; 35% fat, 1.25% cholesterol, D12336, Research Diets Inc., New Brunswick,
NJ, US) or regular chow (normal diet, ND) for 8 weeks. All mice were on
C57BL/6 genetic background.

Drugs

Apamin and TRAM-34 were purchased from Tocris Bioscience
(Minneapolis, MN). Acetylcholine (ACh), 4-aminopyridine (4-AP), iberiotoxin
(Ibtx), BaClz, fluconazole, L-NAME (N®-Nitro-L-arginine methyl ester)
hydrochloride, sodium salt of meclofenamic acid (meclo), norepinephrine (NE),
OoDQ (1H- [1, 2, 4]oxadiazolo[4, 3-a]quinoxalin-1-one) and TEA were purchased
from Sigma-aldrich (St. Louis, MO). 14,15-epoxyeicosa-5(Z)-enoic acid (14,15-
EE5ZE) was purchased from Cayman Chemical (Ann Arbor, MI). Stock solutions
(102 M) of ODQ and TRAM-34 were made in ethanol. Stock solution (6.7 x 103
M) of fluconazole was made in DMSO. All the other products were dissolved in

water.
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Collection of tissues and study of vascular reactivity on a pressurized
myograph

Second order mesenteric vessels were dissected and mounted on a
pressurized myograph system to study vascular reactivity, as previously
described [23, 24]. Mice were anesthetized using isoflurane, and the complete
mesenteric arterial bed was collected and placed in cold Krebs’ solution, pH 7.4,
containing (in mM): NaCl (120), NaHCOs (25), KCI (4.7), KH2PO4 (1.18), MgSOa4
(1.18), CaCl2 (2.5), EDTA (0.026) and glucose (5.5). Second-order mesenteric
arteries (150-250 uym, 2 mm long sections) were cleaned of surrounding fat,
mounted on glass micropipettes on a pressurized myograph, and perfused with
Krebs’ solution at an intraluminal pressure of 45 mmHg. Pressurized vessels
were kept in a chamber with a superfusion flow of warmed (37°C) and
oxygenated (95% air—5% CO2) control solution (Krebs’) or Krebs’ containing the
pharmacological agents. After mounting, vessels were equilibrated for 60 min in
Krebs solution. The lumen diameter was measured using a computer-based
video imaging system (Living Systems Instrumentation, Burlington, VA). All
vessels were initially constricted with Krebs solution containing 10° M NE and
120 mM KCI. Only vessels constricting at least 60% of the initial resting diameter
were used for further studies. Viable vessels were used to perform concentration-
response curves to NE, or were pre-constricted in presence of 5 x 10°M NE to
study concentration-responses to ACh or sodium nitroprusside (SNP). For some
concentration-response studies, vessels were pretreated with inhibitors before
NE constriction, as indicated in Table I1lI-1. In presence of inhibitors,
preconstriction levels were similar between different strains. Vessels were
allowed to rest for 30-40 minutes with Krebs’ superfusion between concentration-
response studies. For studies in presence of 14,15-EESZE, response to a single

concentration of ACh (10 M) was obtained on NE pre-constricted arteries.

Data analysis
The percentage of contraction is expressed relative to the diameter of the

lumen of the vessel in the resting state before application of the first
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concentration of NE. The percentage of relaxation is expressed relative to the
pre-constriction induced by NE. Results are presented as means + S.E.M.; n
refers to the number of experimental animals. pECso and area-under-the-curve
(AUC) values of concentration-response curves were calculated using Sigma
Plot 12.0 (Systat Software Inc. Chicago, IL). The effects of strain, diet or
pharmacological inhibitors were analyzed by comparing the AUCs, pECsos, and
Emax of concentration-response curves using one-way ANOVA with Sigma Plot
12.0. Unless otherwise specified, only statistical analyses of the AUCs of
concentration-response curves are discussed or represented. Emax differences of
concentration-response curves were calculated as the difference between the
percentage of maximum relaxation of each curve. The effect of apamin + TRAM-
34 treatment in WT and eET-1/Apoe” was determined using two-way analysis of
variance for repeated measures. P values less than 0.05 were considered

significant.

Results

eET-1 restores EDR in atherosclerotic mice.

NE-induced contraction of mesenteric arteries from 8-week-old mice and
16-week-old mice on ND or HFD was similar in WT, eET-1, Apoe™ and eET-
1/Apoe”- mice (Figure 11I-S1 and Figure 1lI-S2A). EDR to ACh 10* M in
mesenteric arteries of 8-week-old (Emax: 84.2 + 6.5%), 16-week-old ND (82.5 +
5.6%) and HFD wild-type (WT) mice (88.0 + 2.6%) was comparable (Figure Ill-
1A, 1lI-1B; Figure 111-S2B). Eight-week- (Figure 111-S2B) and 16-week-old (Figure
[1I-1A) eET-1 mice presented similar ACh-induced vasorelaxation when fed an
ND (Emax: 72 + 7.4%) compared with WT mice (82.5 + 5.6%). ACh-induced
vasorelaxation was significantly inhibited in eET-1 mice fed a HFD (eET-1: 51.8 +
5.6%, WT 88.0 + 2.6%, P<0.05). In Apoe”~ mice, relaxation was decreased by
30.5% in 8-week-old (Figure 111-S2B) and by 43.5 and 64.2 % (Figure IlI-1A, llI-
1B) in 16-week-old mice fed a ND or HFD, respectively, compared with the

corresponding WT mice (P<0.01). In Apoe™ mice overexpressing eET-1 (eET-
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1/Apoe-/-), ACh-induced EDR was restored at 8 weeks (74.0 £ 13.0%, Figure IlI-
S2B), 16 weeks ND (88.3 + 4.2%, Figure IlI-1A), and 16 weeks HFD (70.9 +
9.8%, Figure IlI-1B), compared with Apoe” mice (P<0.01). NO-dependent,
endothelium-independent relaxation of VSMC in response to the NO donor SNP
was similar in WT, eET-1, Apoe’, eET-1/ Apoe’ mice at 8 weeks (Suppl.
Fig.2C), and 16 weeks on ND (Figure 1lI-1C). In 16-week-old mice fed a HFD,
WT, eET-1 and eET-1/Apoe”’- presented similar SNP-induced relaxation (Figure
l1I-1D). Only arteries from Apoe” mice presented a decreased sensitivity to SNP
(PECs0: 5.7 £ 0.1), compared with WT (6.3 + 0.1) (P<0.01, Figure l1lI-1D).
However, Emax values were not significantly different (WT, 98.1 + 1.2%, Apoe™,

87.2 + 5.8%, Figure I1-1D),

EDR in mesenteric arteries from eET-1/Apoe’ is resistant to eNOS
inhibition.

In 16-week-old mice fed a ND, eNOS inhibition by L-NAME predominantly
abolished the maximal ACh-induced EDR in WT (Emax=2.8 £ 0.4%), eET-1
(Emax=3.5 = 1.1%) and Apoe” (Emax=10.4 * 5.5%) mice (Figure IlI-2A). In
contrast, ACh-induced EDR in eET-1/Apoe’- was resistant to L-NAME (Emax=68.6
+ 9.9%, P<0.01 vs Apoe”). Similar results were found for the 4 groups of mice at
8-weeks, (Figure Il1I-S2D) and in 16-week-old mice on HFD (Figure I1I-2B).

Remodeling of EDRF and EDH-mediated EDR in eET-1/Apoe’- mice.

By use of specific pharmacological inhibitors, we studied the role of
signaling pathways involved in ACh-induced EDR in 16-week-old WT and eET-
1/Apoe” mice fed an ND. In WT mice, incubation with meclofenamate, an
inhibitor of COX1, decreased maximal EDR to ACh by 27.0% to 55.7 + 3.1%
(P<0.05 vs vehicle-treated, Figure IlI-3A). In contrast, maximal EDR to ACh was
preserved in mesenteric arteries from eET-1/Apoe’- mice incubated with
meclofenamate (Emax=83.3 + 7.8%, Figure I1I-3B), compared with control
conditions. Similarly, fluconazole, which inhibits synthesis of epoxyeicosatrienoic
acids (EETs) by cytochrome P450, tended to decrease ACh-induced EDR in WT
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mice (Figure 11I-3C, nonsignificant), but did not alter it in eET-1/Apoe” mice
(Emax=83.7 £ 16.3%, Figure 111-3D). Incubation with 14,15-EE5ZE, an antagonist
of EETs [25], decreased vasorelaxation to ACh (10-° M) to the same extent in WT
(15.7%) and eET-1/Apoe’~ mice (18.3%), without, however, achieving
significance but essentially confirming fluconazole results and the minor role of
the EET signaling pathway in enhanced EDR to ACh observed in eET-1/Apoe™
mice. (Figure I11-S3)

We next investigated the role of endothelial hyperpolarization mediated by
IKca and SKca activation in EDR. Apamin and TRAM-34 incubation inhibited
maximal EDR to ACh by 46 % in WT (Figure IlI-3E). In eET-1/Apoe” mice,
apamin and TRAM-34 did not modify maximal EDR but induced a shift to the
right of the concentration-relaxation curve to ACh from a pECso0 of 7.0 £ 0.2 to 6.1
+ 0.2 (For pECso0, P<0.05, Figure IlI-3F, Table 11I-S1). In presence of apamin +
TRAM-34, ACh-induced relaxation was greater in eET-1/Apoe”- than in WT mice
(P<0.01). BaCl2 + ouabain were used to inhibit VSMC hyperpolarization activated
by the potassium cloud formed by the activation of endothelial IKca and SKca
[26]. In WT and in eET-1/Apoe’ mice, BaClz + ouabain decreased maximal ACh-
induced EDR by 30% to 52.1 £ 2.5% and 20% to 62.4 + 10.3%, respectively
(both P<0.01 versus vehicle, Figure 111-3G-H).

In eET-1/Apoe’ mice fed an HFD, we performed additional experiments
using apamin and TRAM-34 in addition to L-NAME. In presence of L-NAME,
maximal EDR to ACh was 82.8 + 8.4%. The addition of apamin + TRAM-34 + L-
NAME decreased maximal EDR to ACh by 36.3 % to 43.0 + 8.3% (Figure IlI-4A,
P<0.01 vs L-NAME alone). We also examined the role of soluble guanylate
cyclase (sGC) on EDR independent of eNOS activation. Addition of the sGC
inhibitor ODQ to L-NAME decreased EDR to ACh by 30.6 % to 48.6 + 19.2%
(Figure 111-4B, P<0.01 vs L-NAME alone, Table I1I-S2).
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The role of 4-AP-sensitive Kv channels mediating ACh-induced EDR is
enhanced in eET-1/Apoe’- mice.

Several classes of K* channels mediate EDR [27]. We used selective
inhibitors of different classes of K* channel to investigate their involvement in 16-
week-old ND WT and eET-1/Apoe’- mice. We first tested TEA, an inhibitor of
voltage-dependent (Kv) and calcium-dependent potassium channels (Kca) [17].
TEA inhibited maximal EDR to ACh by 28.3% to 54.3 £ 10.6% in WT mice
(P<0.05, Figure llI-5A). In eET-1/Apoe”’ mice, TEA inhibition also decreased
maximal ACh-induced EDR by 14.8% to 73.5% (P<0.05, Figure 11I-5B). We then
studied the effect of iberiotoxin (Ibtx), a selective inhibitor of large conductance
Kca (BKca), and 4-aminopyridine (4-AP), a selective inhibitor of Kyv. In WT mice,
Ibtx inhibited maximal EDR to ACh by 50.5% to 38 + 13.6% (P<0.05, Fig. 5C),
whereas 4-AP did not significantly modify EDR (Emax=69.3 + 8.2%, Fig. 5E),
compared with control. In contrast, both Ibtx and 4-AP significantly inhibited
maximal ACh-induced EDR by ~38 % in eET-1/Apoe’- mice. (P<0.05 for both;
Figure 111-5D and F).

Inward rectifier potassium channels (Kir) are important regulators of the
resting membrane potential and are activated by an increase in extracellular
potassium concentration [27]. We used BaClz at 100 uM to investigate selectively
the role of Kir. EDR to ACh was significantly inhibited by BaClz in WT (reduction
of 31.3 %, P<0.05) (Figure IlI-5G). In eET-1/Apoe”’- mice, Kir function appeared
relatively preserved with a nonsignificant reduction of 24.1% in the amplitude of

the response (Figure Ill- 5H).

Discussion

Our findings indicate that overexpression of eET-1 in Apoe’ mice
unexpectedly restores EDR in a model of eET-1 mediated exacerbation of
atherosclerosis. This restoration of endothelial function is associated with
remodeling of endothelial signaling pathways mediating ACh-induced EDR. We

found that overexpressing eET-1 in Apoe” mice makes ACh-induced EDR more
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resistant to eNOS, COX, cytochrome P450, and EDH inhibition compared with
WT. We propose that this endothelial remodeling could be explained by a
decrease in mutual dependence between endothelial signaling pathways. The
reduction of ACh-induced EDR in vessels treated with sGC inhibitor and L-NAME
(Figure 1l1-4B) suggests that eNOS-independent activation of sGC is involved in
ACh-induced EDR in eET-1/Apoe™-.

Unlike in the aorta and other conduit arteries, neither atheroma nor the
early-occurring fatty streaks develop in small mesenteric resistance arteries and
would not be expected nor are found in Apoe”- and in eET-1/Apoe’- used in this
study. The use of small mesenteric arteries is an established model to study
reactivity of arteries involved in the control of microvascular regional blood flow,
which can be affected by endothelial dysfunction in atherosclerosis. In aortae of
Apoe’- mice, reduction in EDR is dependent on increased production of
superoxide that reduces NO bioavailability [18, 19, 28]. A decrease in EDR has
been reported in mesenteric arteries of Apoe” mice fed a Western-type diet for
30 weeks [20]. In the latter study and in 16-week-old Apoe”’- mice on HFD in the
present work, decreased EDR was accompanied by a diminished endothelium-
independent vasorelaxation in response to a NO donor, suggesting that there is a
decreased NO relaxant response of VSMC in Apoe” mice. In other studies,
however, no modification of ACh-induced EDR in mesenteric arteries was
observed in 10-16-week old Apoe”’ mice [21, 29, 30]. It is important to point out
that our study design differed from these other studies. For example, we used NE
to pre-contract vessels whereas Morikawa et al. [29] used prostaglandin F2a,
and Beleznai et al. [21] and Ding et al. [30] used phenylephrine. Dysfunction in
az-adrenoceptor-mediated EDR has been reported in Apoe” mice [31]. The
absence of az-adrenoceptor stimulation by NE in phenylephrine-and
prostaglandin F2a-pre-constricted arteries could be related to the impaired EDR
observed.

In our study, the application of L-NAME (10 M) abolished EDR in WT and
Apoe’- mice. Whereas some groups have reported similar findings [32, 33],

others have shown that in mesenteric arteries from WT [29, 34] and Apoe”- mice
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[21], EDR to ACh is resistant to eNOS inhibition. Such discrepancies could be
explained by different housing conditions, intestinal microbiota differences, or
technical aspects of myography.

We did not observe impairment of endothelial function in 8-weeks-old eET-
1 mice, and only a minor impairment at 16 weeks, in contrast to other reports [35]
and our own previous work [36, 37]. Loss of endothelial dysfunction in eET-1
mice in this study could have been caused by additional backcrossing into the
C57BL/6 background or by accidental selection of mice resistant to eET-1-
induced endothelial dysfunction [38].

Atherosclerosis development in eET-1/Apoe” mice was much more
extensive than in Apoe” mice at comparable ages [9]. Since endothelial
dysfunction occurs early in the development of atherosclerosis, we hypothesized
that eET-1 overexpression in Apoe” would induce a worsening of endothelial
dysfunction. Unexpectedly, we observed that EDR was fully restored in eET-
1/Apoe’ mice, compared to Apoe” mice, at all endpoints. This vasorelaxation
was resistant to L-NAME inhibition. ODQ co-incubation with L-NAME decreased
ACh-induced EDR, indicating that there was eNOS-independent activation of
sGC. Several mechanisms can account for this finding. It has been previously
shown that NO stores can mediate EDR [39, 40]. Nitrite and nitrate are
endogenous sources of NO as they can be reduced to form bioactive nitrogen
oxides [41]. The heme containing proteins, myoglobin, hemoglobin, xanthine
oxidase and cytochrome P450 enzyme system, generate NO from nitrite and
nitrate. Nitrite- and nitrate-dependent generation contributes to endothelium-
dependent, eNOS-independent regulation of vascular tone [42]. S-nitrosothiols,
derived in part from S-nitrosoglutathione, have also been shown to be an eNOS-
independent source of NO that could account for ACh-mediated NO release [43].
Carbon monoxide, an endogenous weak activator of sGC produced by heme
oxygenases 2 and 3 [44], could also be involved in eNOS-independent, sGC-
mediated EDR [44]. In eET-1/Apoe’ mice, superoxide production by aorta is
significant (unpublished observations). Uncoupled eNOS produces superoxide

that can be reduced to hydrogen peroxide by superoxide dismutase [45]. NOS-
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derived hydrogen peroxide has been shown to be involved in EDR [45].
Hydrogen peroxide can mediate dimerization and activation of G-kinase [46] by
means of disulfide bridge formation [47-49]. Heterodimerization of a and (3
subunits of sGC is augmented in presence of enhanced oxidative stress [50].
Hydrogen peroxide-mediated dimerization and activation of sGC could therefore
be involved in L-NAME-resistant EDR. It has also been proposed that residual
NOS activation in response to ACh could occur in presence of L-NAME [47-49].
Since we observed complete inhibition of EDR in WT, eET-1 and Apoe” mice,
decreased affinity of eNOS for L-NAME or an increased concentration of L-
arginine, which can compete with L-NAME, could play a role in L-NAME-resistant
eNOS activation in eET-1/Apoe”- mice.

Because the eNOS pathway involved in EDR was altered in eET-1/Apoe™-
mice compared with WT mice, we investigated other endothelial pathways
mediating relaxation. By use of specific pharmacological inhibitors, we found that
COX and, to a lesser extent, cytochrome P450 pathways/EETs were involved in
EDR in WT mice. In contrast, no involvement of COX and cytochrome P450
pathways was found in eET-1/Apoe”’- mice. As inhibition of EDRF pathways was
unable to modify EDR in eET-1/Apoe”, we investigated EDH mechanisms
mediated by endothelial hyperpolarization /K* cloud?®. In WT mice, both ouabain
+ BaCl2 and apamin + TRAM-34 efficiently inhibited EDR. In eET-1/Apoe”’ mice,
ouabain + BaClz inhibition was less effective than in WT mice, and there was a
decreased sensitivity to ACh in presence of apamin + TRAM-34. Incubation with
L-NAME + apamin + TRAM-34 potentiated the inhibition of EDR (Figure IlI-4A).
This suggests that eNOS- and EDH- signaling mechanisms are less mutually
dependent in eET-1/Apoe” mice than in WT mice.

Potassium channels are major regulators of vascular tone in EDR. We
hypothesized that changes in various potassium channels involved in EDR
accompanied remodeling of endothelial function in eET-1/Apoe”- mice compared
with WT mice. In presence of TEA, a non-selective inhibitor of Kv and BKca [17],
EDR was inhibited to the same extent in WT and eET-1/Apoe” mice. We then

looked at the specific roles of BKca and Kv using selective inhibitors, Ibtx and 4-
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AP, respectively. Ibtx induced similar inhibition in both strains of mice, but the
inhibitory effect of 4-AP was potentiated in eET-1/Apoe” mice compared with
WT. Consistent with our results using BaClz + ouabain, blockade of Kir with BaCl2
induced a more pronounced inhibition in WT than in eET-1/Apoe”- mice (Figure
[1I-5G-H). Therefore, we conclude that increase in Ky and decrease in Ki
contributes to remodeling of endothelial signaling pathways in eET-1/Apoe™
mice. Inhibition of EDR by 4-AP is a hallmark of nitroxyl (HNO) action. HNO
activates sGC to induce vasorelaxation [51]. In a model of vessel injury
(angiotensin ll-treated mice), HNO-mediated relaxation has been shown to be
inhibited by 4-AP, whereas in sham mice. HNO donor-induced relaxation is
insensitive to 4-AP [52]. As L-NAME resistant EDR is partially inhibited by ODQ
in eET-1/Apoe” mice, it will be necessary in the future to investigate the role of
HNO in 4-AP-sensitive EDR in these mice.

Overall, our studies demonstrate that in a model of atherosclerosis,
exacerbation of atherosclerosis induced by overexpression of eET-1 is
accompanied by preservation and remodeling of endothelial signaling pathways
and K* channels mediating EDR. ET-1 overexpression induces development of
compensatory mechanisms in arteries of eET-1/Apoe” mice, which allows

eNOS, EDH mechanisms or the COX pathway to mediate independently EDR.
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Table 1ll-1: List of pharmacological compounds used to study signaling pathways

involved in EDR to ACh.

Concentration | Pretreatment Target
Compound
(mol/L) period (min)

4-AP 103 30 Kv
Apamin 10”7 20 SKca
BaCl2 104 30 Kir
BaClz + ouabain 3.10° 20 Kir
14,15-EE5ZE 10 30 EETs
Fluconazole 5.10° 20 Cytochrome P450
Ibtx 10”7 20 BKca
L-NAME 104 20 NOS
Meclofenamic acid 106 20 COX1
oDQ 106 20 Soluble guanylate cyclase
Ouabain 103 20 Na*/K* pump
TEA 103 30 Kca, Kv
TRAM-34 10 20 IKca
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Figure IlI-1: ET-1 overexpression restores endothelium-dependent relaxation
(EDR) in Apoe”’ mice. EDR to acetylcholine (ACh) (A and B) and endothelium-
independent relaxation to sodium nitroprusside (SNP) (C and D) of mesenteric
arteries from 16-week-old WT, eET-1, Apoe”’- and eET-1/Apoe”’- mice receiving
either ND (A and C) or HFD (B and D) for 8 weeks. Values are means + SEM.
*P<0.05 and **P<0.01 vs. WT. 11 P<0.01 vs. Apoe”- within same diet groups, n =

3-6.
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Figure 1ll-2: ET-1 overexpression increases L-NAME-resistant EDR to ACh in
Apoe”’- mice. EDR responses to ACh in the presence of L-NAME (NOS inhibitor)
of mesenteric arteries from 16-week-old WT, eET-1, Apoe” and eET-1/Apoe™
mice receiving either ND (A) or HFD, (B) for 8 weeks. Values are means + SEM.
11P<0.01 vs. Apoe™, n = 4-10.
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Figure III-3: Effect of COX-1, cytochrome P450, SKca plus IKca, Na*/K*-ATPase
plus Ki inhibition in eET-1/Apoe” compared with WT mice. EDR to ACh in
mesenteric arteries from 16-week-old WT (A, C, E, and G) and eET-1/Apoe™ (B,

D, F, and H) mice receiving ND, in the presence of inhibitors of either COX-1
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(meclofenamic acid, A and B), cytochrome P450 (fluconazole, C and D), SKca
plus IKca, (apamin + TRAM-34, respectively, E and F) or Kir plus Na*/K*-ATPase,
(BaClz2 + ouabain, respectively, G and H). Values are means + SEM. *P<0.05;
**P<0.01 vs. vehicle, n = 4-6.
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Figure Ill-4: L-NAME-resistant EDR, of mesenteric arteries from eET-1/Apoe’
mice, is blunted by inhibitors of SKca plus IKca or sGC. EDR in mesenteric
arteries from 16-week-old eET-1/Apoe”’- mice receiving HFD, in the presence of
NOS inhibitor (L-NAME) plus either inhibitors of SKca and IKca (apamin + TRAM-

34, respectively) or inhibitor of sGC. Values are means + SEM. *P<0.05 and
**P<0.01 vs. vehicle, n = 4-9.
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Figure 1lI-5: 4-AP-sensitive Kv has an increased role mediating EDR in eET-

1/Apoe” mice compared with WT mice. EDR to ACh in mesenteric arteries from
16-week-old WT (A, C, E, and G) and eET-1/Apoe”- (B, D, F, and H) mice
receiving ND, in the presence of the Kca and Kv inhibitor, TEA, (A and B), Ki
inhibitor (BaClz, C and D), BKca inhibitor, iberiotoxin (Ibtx) (E and F) and Kv
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inhibitor, 4-AP, (G and H). Values are means + SEM. *P<0.05 and **P<0.01 vs.

vehicle, n = 3-7
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Supplemental figures and tables
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Figure III-S1: Contractile responses to norepinephrine (NE) of mesenteric
arteries from 16-week-old wild type (WT), eET-1, Apoe’- and eET-1/Apoe”~ mice,
receiving normal diet (ND) (A) or high fat diet (HFD) (B) during 8 weeks, n = 3-6.
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Figure 111-S2: Contractile responses to NE (A), endothelium-dependent relaxation
responses to acetylcholine (ACh) (B), endothelium-independent relaxation
responses to sodium nitroprusside (SNP) (C) and endothelium-dependent
responses to ACh in presence of L-NAME (D) of mesenteric arteries from 8-
week-old WT, eET-1, Apoe’” and eET-1/Apoe” mice receiving normal diet.
Values are means + SEM. **P<0.01 vs. WT, 11P<0.01 vs. Apoe™, n = 4-8.
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Figure 1I-S3: Endothelium-dependent relaxation to 10 M ACh in the absence
and presence of 14,15-EE5ZE (105 M, antagonist of epoxyeicosatrienoic acids)
of mesenteric arteries from 16-week-old WT and eET-1/Apoe” mice receiving

normal diet. Values are means + SEM, n = 4.
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Table [lI-S1: pEC50, Emax and AUC of acetylcholine concentration-response

curves in mesenteric arteries from 16-week-old WT and eET-1/Apoe”’ mice

receiving normal diet, in the presence of indicated inhibitors. Values are means +

SEM. *P<0.05 and **P<0.01 vs. vehicle, 1P<0.05 and 11P<0.01vs.
corresponding WT mice, n = 3-7.
Treatment pEC50 Enmax AUC
WT eET-1/Apoe™ WT eET-1/Apoe™ WT eET-1/Apoe™

Vehicle 6.8+0.2 70402 82.6+5.6 88.3+42 233.5+28.0 | 25924267
L-NAME 6.5+1.5 73405 28405 | 68610077 | 64+01.9" |[218.5+47.4T
Meclofenamic acid 6.8+1.1 6.3+0.3 55731 | 834+78"" [ 168.7+33.17 | 214.6+28.5"
Fluconazole 6.5+0.4 74+04 64.1+16.7 83.8+163 | 160.6+53.6 | 287.2+642
Apamin + TRAM-34 | 5.7+03" 6.1+02" 358+85 | 8078177 | 1044+31.6" | 190.9+20.1
BaCl, + Ouabain 544037 6.3+0.2" 521425 | 624+103 | 8201917 | 1413+26.17"
TEA 5104 57402 543+10.6 7354200 | 84.1+143 | 1382+379"
BaCl 6.0+0.4 6.7+0.3 51.3+10.5 642+174 | 117.7£262° | 208.9+59.0
Ibtx 53+£04" 6.4+03" 382+13.6 | 503+175 | 90.0+28.0° | 136.4+33.2"
4-AP 6.8+0.4 6.4+02 693082 | 501+01.97 T | 2494+194 | 1521166




161

Table 1lI-S2: pEC50, Emax and AUC of acetylcholine concentration-response
curves in mesenteric arteries from 16-week-old eET-1/Apoe’ mice receiving

high-fat diet, in the presence of indicated inhibitors. Values are means + SEM.
**P<0.01 vs. L-NAME, n = 4-9.

eET-1/Apoe™
Treatment
pECSO Emax AUC
L-NAME 7.7+04 79.3+9.9 282.0+34.0

L-NAME + Apamin + TRAM-34 | 6.6+0.3 43.0 £ 8.3%* 113.6 = 19.8**
L-NAME + ODQ 6.8+£0.4 48.6+19.2 132.2 +£ 52.5%*
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CHAPTER IV: Adoptive transfer of FOXP3-deficient
(Scurfy) versus wild-type T cells will exacerbate Ang ll-

induced vascular damage in Rag1”’- mice
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Hypothesis and objectives

Treg are a subset of T helper cells that a defined by their anti-
inflammatory properties. Treg suppress the actions of T effector cells and other
immune cells via several mechanisms that were mentioned previously in the
introduction. The number and/or function of Treg in CVD may be affected. In our
first study, we found an increase in CD4*CD25*FOXP3* Treg population in the
spleens of Apoe” and eET-1/Apoe” mice but also an increase in numbers of
spleen activated T cells and pro-inflammatory Ly-6C" monocytes and enhanced
vascular inflammatory responses. Whereas this numeric increase in Treg
population may have been a compensatory response to enhanced systemic and
vascular inflammation, concomitant increase in inflammatory responses suggests
decreased suppressive capacity of Treg in this situation. In another study from
our lab, cultured Treg isolated from high-fructose diet-fed rats, a metabolic
syndrome-like model, were shown to produce less IL-10 also suggesting
decreased Treg function [444]. This was associated with enhanced oxidative
stress and expression of VCAM-1 and PECAM-1 in the aorta.

The protective effect of adoptive transfer of Treg on the vasculature has
been previously demonstrated in animal models of atherosclerosis and HTN.
Although these studies provide strong support of a protective effect of Treg in
CVD, gain-of-function of Treg by increasing numbers could have produced non-
physiological effects. A mechanistic understanding of the role of Treg could be
revealed using a loss-of-function approach. As mentioned in the introduction, the
transcription factor FOXP3 has been described as the master regulator of Treg
maturation and function [254]. Mutations in the FOXP3 gene cause deficiency or
absence of Treg in humans with immunodysregulation polyendocrinopathy
enteropathy X-linked (IPEX) syndrome, and in mice with the Scurfy phenotype,
which presents a lethal autoimmune syndrome [253]. In a human model of acute
inflammation due to cardiac surgery, the proportion of CD4*FOXP3* Treg and the
expression of FOXP3 in CD4*CD25"CD127"°" cells was increased, but the

potential of Treg to suppress effector T cells was reduced [445]. Diphtheria toxin-
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mediated depletion of FOXP3* Treg in LdIr’- mice transplanted with bone marrow

from DEREG mice was shown to enhance atherosclerosis by altering lipoprotein

metabolism but without increasing vascular inflammation [278]. T effector

lymphocytes contribute to vascular injury in Ang ll-induced hypertension, but the

role of Treg is unclear. Ang llI-induced hypertension is blunted in T and B cell-

deficient Rag7-- mice, and restored with reconstitution of wild-type T cells [240].

Based on this evidence, we hypothesize that:

Adoptive transfer of FOXP3-deficient (Scurfy) versus wild-type T cells will

exacerbate Ang ll-induced vascular damage in Rag1”- mice.

The specific objectives of this study include:

To confirm whether Ang ll-induced HTN and microvascular inflammation,
dysfunction and remodeling are blunted in Rag7~- mice.

To determine whether reconstitution of wild-type T cells will restore Ang Il-
induced HTN and microvascular inflammation, dysfunction and remodeling
in Rag 17 mice.

To determine whether reconstitution of Treg-deficient T cells will
exaggerate HTN and microvascular inflammation, dysfunction and
remodeling in Rag7/ mice.

To identify mechanism(s) by which Treg exert their vascular protective

effect.
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Abstract

Objective: T regulatory lymphocyte (Treg) adoptive transfer prevented
angiotensin ll-induced hypertension and microvascular injury. Scurfy mice are
deficient in Treg due to a mutation in the transcription factor forkhead box P3
gene. Enhanced angiotensin |l effects in absence of Treg would unambiguously
demonstrate their vascular protective role. We hypothesized that adoptive
transfer of Scurfy vs. wild-type T cells will exacerbate angiotensin Il-induced
microvascular damage in T and B cell-deficient recombination-activating gene 1

knockout (Rag7--) mice.

Approach and Results: Rag7” were injected with vehicle, 107 T cells from wild-
type or Scurfy mice or 10° wild-type Treg alone or with Scurfy T cells, and then
infused or not with angiotensin Il (490 ng/kg/min, s.c.) for 14 days. Angiotensin |l
increased systolic blood pressure in all the groups, but diastolic blood pressure
only in wild-type and Scurfy groups. Angiotensin Il induced endothelial
dysfunction and oxidative stress in perivascular adipose tissue (PVAT) in
mesenteric artery of wild-type T cell-injected Rag?”, whereas these were
exaggerated in Scurfy T cell-injected Rag7”. Angiotensin |l enhanced
microvascular remodeling and stiffness in vehicle- and Scurfy T cell-injected
Rag1-. Angiotensin Il increased monocyte chemotactic protein-1 expression in
the vascular wall and PVAT, monocyte/macrophage infiltration and pro-
inflammatory polarization in PVAT and the renal cortex, and T cell infiltration in
the renal cortex only in Scurfy T cell-injected Rag7--. Wild-type Treg co-injection

with vehicle or Scurfy T cells prevented or reduced the effects of angiotensin Il.

Conclusion: Treg counteract angiotensin llI-induced microvascular injury by

modulating innate and adaptive immune responses.

Keywords: Hypertension, innate immunity, adaptive immunity, oxidative stress
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Introduction

Innate and adaptive immunity play a role in the development and
progression of angiotensin (Ang) ll-induced hypertension, vascular dysfunction
and remodeling, and target-organ damage [1,2]. We and others have shown that
monocytes and macrophages, which are key innate immune cells, participate in
the development of experimental hypertension. Ang ll-induced hypertension, and
endothelial dysfunction, vascular remodeling and oxidative stress in small
resistance arteries, were prevented in osteopetrotic mice that have a mutation
within the macrophage colony-stimulating factor gene (Csf7) and an associated
decrease in functional monocyte/macrophages due to the deficiency in CSF1 [3].
Similarly, selective reduction of monocytes using low-dose diphtheria toxin in
mice with inducible expression of the diphtheria toxin receptor in lysozyme M-
positive myelomonocytic cells attenuated Ang llI-induced blood pressure (BP) rise
and aortic damage [4]. Guzik et al. have demonstrated that T lymphocytes are
adaptive immune cells that contribute to the development of experimental
hypertension by showing that mice with inactivation of the recombination-
activating gene 1 (Rag7”), which lack T and B lymphocytes, have blunted
hypertension, aortic endothelial dysfunction, vascular remodeling and oxidative
stress in response to Ang Il [5]. Reconstitution with T but not B lymphocytes from
wild-type (WT) mice restored the Ang Il responses in Rag7”- mice.

T regulatory lymphocytes (Treg) are a subset of T lymphocytes
characterized by expression of the transcription factor forkhead box P3 (FOXP3).
They exert immune-suppressive actions on T lymphocytes such as T helper
(Th)1, Th2 and Tnh17, and other immune cells such as dendritic cells, monocytes
and macrophages [1,2,6-8]. The immune-suppressive effect of Treg is mediated
mainly by two cytokines, transforming growth factor-f and interleukin (IL)-10.
Mutations in the Foxp3 gene have been shown to cause deficiency or absence of
Treg in humans with immunodysregulation polyendocrinopathy enteropathy X-
linked (IPEX) syndrome, and in the Scurfy (Sf) mouse, which presents a lethal

autoimmune syndrome [7].
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We and others have identified a protective role for Treg in animal models
of hypertension. We previously showed that chromosome 2-dependent
modulation of immune responses in genetic hypertension involves Treg [9].
Hypertensive Dahl salt-sensitive rats exhibited vascular inflammation and BP
elevation, which was associated with dysfunctional Treg. Consomic SSBN2 rats,
in which chromosome 2 from normotensive Brown Norway rats has been
introgressed on a Dahl salt genome background, presented with decreased
hypertension, reduced aortic vascular and systemic inflammation, and improved
Treg function compared to Dahl salt-sensitive rats. Recently, we observed that
Ang llI-induced BP elevation, mesenteric artery (MA) endothelial dysfunction and
vascular remodeling, oxidative stress and inflammation in aorta of WT mice were
associated with a decrease in Treg numbers in the kidney [10]. Adoptive transfer
of WT CD4*CD25" T cells, a subset of Treg, reduced or prevented Ang II-
induced hypertension and microvascular injury. Matrougui et al. observed that
Ang ll-induced BP rise, coronary arteriolar endothelial dysfunction and
inflammation and apoptosis of spleen Treg, were reduced by adoptive transfer of
Treg [11]. Although the above studies provide strong support of a protective
effect of Treg on hypertension and vascular injury, Treg gain-of-function could
have produced non-physiological effects. However, a mechanistic understanding
of the role of Treg in Ang ll-induced hypertension and vascular damage could be
revealed using a loss-of-function approach.

Given the critical role that the master transcription factor FOXP3 plays in
driving maturation of naive T lymphocytes into Treg, we investigated the role of
Treg in hypertension by examining whether FOXP3 deficiency exacerbates
hypertension and vascular damage mediated by Ang Il via absence of Treg and
its putative effect on innate and adaptive immune cells. To do so, we studied Ang
lI-induced hypertension, microvascular injury, oxidative stress, inflammation and
monocyte/macrophage polarization in Rag7”- mice reconstituted or not with T
lymphocytes isolated from WT versus FOXP3-deficient Sf mice. In addition, to

prove that the worsening of Ang ll-induced hypertension and microvascular
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damage is due to the absence of FOXP3* Treg, we assessed the end points in

Rag 17 mice after adoptive transfer of WT Treg alone or with Sf T cells.

Materials and Methods

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

Results

T cell purity and efficiency of WT and Treg-deficient T cell and WT Treg
adoptive transfers

The purity of the preparations of WT and Sf T cells used for adoptive
transfer and the efficiency of WT and FOXP3* Treg-deficient Sf T cell and WT
Treg adoptive transfers in Rag7”- mice was assessed by flow cytometry at the
end of the study (Supplemental Results and Fig. IV-S1 in the online-only Data
Supplement). A single injection of 107 WT T cells in Rag1- restored 50% of CD3*
T cell population and 100% of CD3*CD4*FOXP3* Treg compared to WT mice.
Adoptive transfer of 107 Sf T cells restored 129% of CD3* T cells but not
CD3*CD4*FOXP3* Treg. Co-injection of 108 WT CD4*CD25* Treg in vehicle
(Veh)- or Sf T cell-injected Rag?’”- mice caused the population of
CD3*CD4*FOXP3* Treg to double compared to WT mice.

Body and tissue weights of experimental groups

These are presented in the Online Data Supplement.

Ang |l effect on BP in Rag7” mice injected with WT T cells or Treg-deficient
SfT cells

Ang Il induced a similar ~35 mmHg systolic BP (SBP) rise in Veh-, WT T
cell- and Sf T cell-injected Rag7-- mice (Fig. IV-1A). However, Ang Il increased
diastolic BP (DBP) by ~24 mmHg in WT T cell- and Sf T cell-injected Rag1+-

mice, whereas it tended to increase DBP in Veh-injected Rag77- mice (Fig. IV-
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1B). Adoptive transfer of WT Treg blunted Ang llI-induced SBP rise in Veh-
injected Rag77 mice (Fig. IV-1A). Co-transfer of WT Treg delayed the onset of
SBP rise and blunted DBP rise caused by Ang Il in Sf T cell-injected Rag7/- mice
(Fig. IV-1).

Effect of Treg on Ang ll-induced MA endothelial dysfunction and oxidative
stress

There was no difference in the vasoconstrictor responses of MA to NE
between the groups (Fig IV-S2A-C in the online-only Data Supplement). Ang |l
treatment did not alter MA relaxation responses to acetylcholine in Veh-injected
Rag17- mice co-injected or not with WT Treg (Fig. IV-2A). Adoptive transfer of
WT T cells restored Ang ll-induced impairment of acetylcholine-mediated
relaxation (Fig. IV-2B). Ang ll-induced endothelial dysfunction was exaggerated
in Sf T cell-injected Rag7~- mice, but co-injection of WT Treg reduced the Ang lI-
induced endothelial dysfunction in Sf T cell-injected Rag7-- mice (Fig. IV-2C).
Acetylcholine-mediated relaxation was abrogated by the nitric oxide (NO)
synthase inhibitor N“-nitro-L-arginine methyl ester in all the groups (Fig IV-S2D-F
in the online-only Data Supplement). Sodium nitroprusside (SNP) responses
were generally unaffected by most interventions, except in Sf T cell group in
which Ang Il tended to decrease relaxation responses to SNP (Supplemental

Results and Fig. IV-S2G-I in the online-only Data Supplement)

Ang Il infusion did not affect reactive oxygen species (ROS) generation in
absence of T cells (Fig. IV-2D and IV-S3 in the online-only Data Supplement).
Ang Il increased ROS generation in the PVAT of WT T cell-injected Rag7-- mice.
Transfer of Sf T cells exaggerated Ang llI-induced ROS generation in both the
vessel wall and PVAT. Ang Il response was abrogated by co-transfer with WT

Treg.
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Effect of Treg on Ang ll-induced MA stiffness, fibronectin expression and
remodeling

Ang Il treatment increased MA stiffness in Veh-injected Rag7”- mice, as
indicated by a leftward shift of the stress-strain curve with respect to control (Fig.
IV-3A). This was also observed in Sf T cell-injected but not in WT T cell-injected
Rag1/ mice (Fig. IV-3B and C). Ang ll-induced MA stiffness in Veh- and Sf T

cell-injected Rag7-- mice was prevented by co-injection of WT Treg.

Ang Il treatment increased MA fibronectin expression, which contributes to
vascular stiffening, in Veh- and Sf T cell-injected Rag7/- mice but not in WT T
cell-injected Rag7”- mice. These effects were prevented by co-injection of WT

Treg (Fig. IV-3D and V-S4 in the online-only Data Supplement).

Ang Il increased MA media-to-lumen ratio in Veh-injected Rag7-- mice and
media-to-lumen ratio and media cross-sectional area in Sf T cell-injected mice
(Fig. IV-3E and F). These changes did not occur in Rag7” mice adoptively
transferred with WT T cells, or in Veh- and Sf T cell-injected Rag77- mice co-
injected with WT Treg.

Effect of Treg on Ang ll-induced inflammation

Monocyte chemotactic protein-1 (MCP-1) expression in MA vascular wall
and PVAT was similar in Veh-, WT T cell- and Sf T cell-injected Rag7-- mice (Fig.
IV-4A-C). Ang Il increased MCP-1 expression in MA vascular wall and PVAT only
in Sf T cell-injected Rag7”- mice, which was prevented by WT Treg co-injection.
Similarly, monocyte/macrophage infiltration in MA PVAT (Fig. IV-4D-F) and renal
cortex (Fig. IV-S5A-C in the online-only Data Supplement) was comparable in
Veh-, WT T cell- and Sf T cell-injected Rag7” injected mice. Ang Il enhanced
monocyte/macrophage infiltration in MA PVAT and renal cortex only in Sf T cell-

injected Rag77- mice, and this was prevented by WT Treg co-injection.
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Ang Il treatment did not increase CD3 T cell infiltration in MA PVAT in any
of the groups (Fig. IV-S6 in the online-only Data Supplement). However, there
was a trend to a lower CD3 T cell infiltration in mice co-transferred with Sf T cells
and WT Treg, compared to Ang lI-treated Sf T cell-injected mice. CD3 infiltration
was also detected in renal cortex of WT and Sf T cell-injected Rag7/- mice but
not in Veh-injected Rag?” mice (Fig. IV-S5D-F in the online-only Data
Supplement). Ang Il enhanced CD3 infiltration in the renal cortex of Sf T cell-
injected Rag7”- mice while this only tended to increase in WT T cell-injected
Rag 17 mice. Co-transfer of WT Treg with Sf T cells blunted Ang II-mediated CD3

infiltration in the renal cortex.

Effect of Treg on Ang ll-induced monocyte/macrophage polarization

To further characterize the protective role of Treg in Ang ll-induced
hypertension, markers of pro-inflammatory (M1) and anti-inflammatory (M2)
macrophage polarization [12] in MA PVAT were examined. M1 markers inducible
nitric oxide synthase (iNOS) and major histocompatibility complex class Il (MHC-
II) were expressed respectively in 29% and 48% of infiltrating
monocytes/macrophages in Veh-injected Rag?” mice (Fig. IV-5). Similar
proportions of infiltrating monocytes/macrophages expressing these M1 markers
were observed in WT T cell-injected Rag 7 mice, but these proportions tended to
be higher in Sf T cell-injected mice compared to WT T cell-injected Rag71-- mice.
Ang Il did not change the proportion of infiltrating monocytes/macrophages
expressing M1 markers in Veh- and WT T cell-injected Rag7/ mice. However,
Ang Il increased the proportion of infiltrating monocyte/macrophages expressing
iNOS or tended to augment those expressing MHC-II in Sf T cell-injected Rag1~
mice, both effects prevented by WT Treg co-injection. The M2 markers mannose
receptor (CD206) and arginase-1 (Arg-1) were expressed respectively in ~80% of
infiltrating monocytes/macrophages in Veh-injected Rag7”- mice. Proportions of
infiltrating monocyte/macrophages expressing these M2 markers were similar in

all groups.
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In the renal cortex, the M1 marker INOS was expressed in 5% of
monocyte/macrophages whereas MHC-II was too low to be quantified (Fig. IV-6
and IV-S7 in the online-only Data Supplement). Similar proportions of infiltrating
monocyte/macrophages expressing iINOS were observed in WT T cell- and Sf T
cell-injected Rag7/- mice, which was unaffected by Ang Il treatment in Veh- or
WT T cell-injected Rag7”- mice. However, they increased in Sf T cell-injected
Rag1/ mice; effect prevented by WT Treg co-injection. M2 markers CD206 and
Arg-1 were expressed in ~30% of infiltrating monocytes/macrophages in Veh-
and WT T cell-injected Rag7”- mice. Sf T cell-injected Rag7-- mice presented
similar proportions of infiltrating monocyte/macrophages expressing CD206,
whereas those expressing Arg1 tended to be lower compared to WT T cell-
injected Rag7” mice. Ang Il did not affect the proportion of infiltrating
monocyte/macrophages expressing CD206 and Arg1 in WT T cell-injected Rag1-
- mice or those expressing CD206 in Sf T cell-injected Rag7-- mice. However,
Ang |l decreased the proportion of infiltrating monocyte/macrophages expressing
Arg1 or CD206 in Sf T cell-injected Rag7-- mice; result prevented by WT Treg co-

injection and normalized compared to control Sf T cell-injected Rag 7~ mice.

Effect of adoptive transfer of Treg-deficient T cells in Rag7”- and co-transfer
of WT Treg on plasma cytokines

WT T cell-injected Rag7”- mice presented higher plasma interferon y
(INFy) and IL-17a but similar plasma levels of MCP-1, IL-6, tumour necrosis
factor a (TNFa) and RANTES (regulated on activation, normal T cell expressed
and secreted) compared to Veh-injected Rag7” mice (Fig. IV-S8A-G in the
online-only Data Supplement). Plasma pro-inflammatory cytokines were
unchanged by Ang Il and WT Treg injection in Veh-injected Rag7-- mice. Ang |l
decreased plasma IFNy but did not affect other pro-inflammatory cytokines in WT
T cell-injected Rag77- mice. Much higher plasma MCP-1, IFNy, IL-6, TNFa, and
RANTES but not IL-17a was observed in Sf T cell-injected Rag7-- compared to
WT T cell-injected Rag7”- mice, which was unaffected by Ang Il and normalized

by WT Treg co-injection. The anti-inflammatory IL-10 plasma levels were similar
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in Veh-, WT T cell- and Sf T cell-injected mice (Fig. IV-S8K in the online-only
Data Supplement). Ang Il treatment tended to reduce the plasma levels of IL-10

in all groups except mice co-injected with WT Treg.

Discussion

This study demonstrates for the first time that Treg counteract Ang Il-
induced resistance artery endothelial dysfunction and remodeling, oxidative
stress and inflammation by modulating innate and adaptive immune responses.
When adoptively transferred with Sf T cells lacking Treg, T and B cell-deficient
Rag17- mice presented an exaggerated response to Ang |l including pro-
inflammatory polarization of monocyte/macrophages, compared to adoptive
transfer of WT T cells, which contain Treg. In addition, co-transfer of Treg with Sf
T cells not only blunted these enhanced effects, but as previously observed, [10]
prevented all Ang Il vascular detrimental actions and delayed BP rise.
Furthermore, this study delineates a novel mechanism whereby Ang Il induces
hypertension and resistance artery remodeling in an innate immune cell-
dependent manner in Rag7”- mice, which could be counteracted by adoptive
transfer of WT Treg.

Ang Il caused similar SBP rise in Rag77- mice injected with Veh or WT T
cells, but DBP rise was blunted in Rag7”- mice injected with Veh compared to
mice adoptively transferred with WT T cells, which resembles in part previous
results of other investigators [5,13,14]. Although Rag7”- were obtained from the
same source, differences in housing conditions and gut microbiota or in the BP
determination technique could, at least in part, explain some dissimilarities.
Adoptive transfer of Sf T cells, which lack Treg, in Rag7”- mice did not affect
basal BP or exacerbate Ang llI-induced SBP and DBP rise compared to mice
injected with WT T cells. This suggests that depletion of Treg may not be
sufficient to cause further BP elevation. Interestingly, a single injection of WT
Treg completely prevented Ang ll-induced SBP and DBP rise in Rag1” mice,

whereas co-transfer of Sf T cells with Treg delayed the onset of Ang ll-induced
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SBP and DBP rise. This is in line with our previous findings [10] and those of
Matrougui et al. [11] showing Treg adoptive transfer blunts Ang ll-induced BP
elevation in WT mice. The additional protection observed with the adoptive
transfer of WT Treg might be explained in part by pharmacological effects, as
injection of Treg into Rag77 mice resulted in a greater proportion of Treg in the
spleen than found in WT T cell-injected Rag 77 mice.

This study demonstrates for the first time that Treg contained within the T
cell population counteract Ang Il-induced MA endothelial dysfunction and
oxidative stress. Ang ll-induced endothelial dysfunction and oxidative stress have
been shown to be T cell-dependent in the aorta [5]. In this study we observed a
similar effect at the level of the microvasculature since Ang Il did not alter MA
endothelial function and oxidative stress in Rag7/- mice, but adoptive transfer of
T cells restored the endothelial dysfunction induced by Ang Il. Adoptive transfer
of Sf T cells (lacking Treg) into Rag7”- mice exaggerated Ang ll-induced MA
endothelial dysfunction and ROS generation compared to Rag7”- mice injected
with WT T cells. Interestingly, co-injection of Sf T cells and WT Treg prevented
the exaggeration of these detrimental effects of Ang Il in Rag7”- mice. Ang II-
induced ROS production by immune cells might contribute to induction of
endothelial dysfunction. Beneficial effects of Treg could be mediated by
suppression of T cells involved in adaptive immunity, and innate immune cells
such as monocyte/macrophages, both of which express Ang type 1 receptors
and NADPH (reduced nicotinamide adenine dinucleotide) oxidase [13,15-17].

In Rag17- mice (with no T cells) Ang Il induced eutrophic remodeling and
stiffening, and increased fibronectin expression in MA. This finding in resistance
arteries is different from aorta, in which Ang ll-induced stiffness was blunted in
Rag1”- mice [14], which can be due to differences in Ang ll-induced BP changes
as well as the type of vessel studied. In the present study, there was a greater
pulse pressure in Ang ll-treated Veh-injected Rag7” mice. It is also possible that
innate immune cell activation in the absence of Treg, which supress innate and
adaptive immune responses (reviewed in [1,18,19]), could have contributed to
the observed effects of Ang Il in Rag7”- mice. In support of this hypothesis,
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adoptive transfer of WT T cells, which contain Treg, blunted vascular remodeling,
stiffening and increased fibronectin expression in MA compared to the Veh
injected Rag7”- mice. Adoptive transfer of WT Treg in Rag7”- mice prevented the
Ang llI-induced BP rise and resistance artery remodeling, beneficial effects which
might be mediated by suppression of innate immune cells. Consistent with these
data, Yang et al. [20] showed that coronary artery remodeling in a model of left
ventricular pressure overload caused by transverse aortic constriction (TAC),
was exaggerated in Rag7”- compared to WT mice. Despite these changes,
coronary artery function was preserved in Rag7-- but not in WT mice undergoing
TAC. It is plausible that in both studies Treg within the T cell population
counteracted microvascular remodeling induced by Ang Il independently of T cell
activation. In contrast, in presence of Sf T cells that lack Treg but not in presence
of WT T cells, Ang Il induced hypertrophic remodeling and stiffening in MA of
Rag1”- mice, changes that were BP-independent. Ang Il induced inflammation in
Sf T cell-injected Rag7”/ mice but not in Rag7”- mice injected with WT T cells.
Inflammatory effects induced by Ang Il in these mice were prevented when Sf T
cells were co-transferred with WT Treg. This could have been mediated, at least
in part, by Ang Il through BP-dependent and T cell-independent mechanisms.
Macrophages exhibit considerable plasticity in their polarization and
response, and the inflammatory state of macrophages at any given time depends
on the expression of various pro-inflammatory M1 and anti-inflammatory M2
activation markers relative to one another. This study demonstrates for the first
time that Treg control polarization of monocyte/macrophages infiltrating the MA
PVAT and renal cortex. Injection of Sf T cells lacking Treg allowed Ang Il to
cause infiltrating monocytes/macrophages to polarize toward a pro-inflammatory
phenotype, effects prevented or reduced when Sf T cells were co-transferred
with WT Treg. M1 macrophages are characterized by enhanced production of
ROS and pro-inflammatory cytokines compared to M2 macrophages [21].
Polarization of infiltrating macrophages towards a more M1 phenotype could
contribute to the exaggerated increase in ROS production and vascular damage
in Sf T cell-injected Rag7-- mice treated with Ang Il. Modulation of macrophage
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polarization by Treg could be important for prevention of other cardiovascular
diseases. Indeed, Treg control of monocyte/macrophages polarization has been
demonstrated by loss- or gain-of-Treg function that impaired or improved,
respectively, post-myocardial infarction healing [22].

Mice injected with Sf T cells had, in the absence of Treg, higher basal
plasma levels of several pro-inflammatory cytokines, suggesting a more activated
state of the adaptive immune response, and perhaps also of innate immune cells
such as monocyte/macrophages [23]. Pro-inflammatory cytokines, including
TNFa, IL-6, IL-17a, and IFNy have been previously identified as important
players in Ang ll-induced hypertension and vascular damage [5,24-28]. In the
present study, although Ang Il induced monocyte/macrophage and CD3* T cell
infiltration and pro-inflammatory polarization of monocyte/macrophages in Sf T
cell-injected Rag7”- mice, there was no further elevation in cytokine plasma
levels. However, increased infiltration of pro-inflammatory immune cells may
have resulted in higher local production of pro-inflammatory cytokines. Co-
transfer of WT Treg blunted both elevation of plasma pro-inflammatory cytokines
and MA PVAT infiltration of pro-inflammatory immune cells. This was not
unexpected, as Treg are known to suppress pro-inflammatory immune cells [19].
Rag 17 mice exhibited similar plasma IL-10 levels compared to WT and Sf T cell-
injected mice, which could be explained by the fact that innate immune cells such
as macrophages express high levels of this anti-inflammatory cytokine [29]. Ang
Il treatment tended to decrease plasma levels of the anti-inflammatory IL-10 in all
treatment groups, which tended to be restored by co-injection of WT Treg in Veh-
and Sf T cell-injected Rag7-- mice. Treg exert their protective effects in part due
to the production of IL-10, and decreases in IL-10 levels may contribute to
enhanced inflammation and vascular damage. Kassan et al. [31] showed using
1110 knockout mice that IL-10 released from Treg attenuated NADPH oxidase
activity and improved MA endothelial function in Ang ll-induced hypertension.

In conclusion, these results demonstrate a protective role of Treg that

counteract development of microvascular injury induced by Ang Il mediated by
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supression of innate and adaptive immune responses, and by polarization of

monocyte/macrophages toward an M2 anti-inflammatory phenotype.
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Significance

Our results unambiguously demonstrate a protective role of Treg
contained within the T cell population, counteracting development of
microvascular injury in a model of Ang ll-induced hypertension, via supression of
innate and adaptive immune responses. We have identified an additional
mechanism whereby Treg exert vascular protective actions controlling
polarization of infiltrating monocyte/macrophages. It remains to be determined
whether it is possible to take advantage of the anti-inflammatory and
immunosuppresive capability of Treg to develop immunomodulatory approaches

for treatment of hypertension and associated vascular injury.
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Figure IV-1: Adoptive transfer of Treg-deficient Scurfy (Sf) T cells (¢) in Rag1-
mice did not exaggerate angiotensin (Ang) ll-induced hypertension compared to
wild-type (WT) T ¢, but injection of WT Treg alone or with Sf T ¢ blunted or
delayed Ang ll-induced hypertension in Rag7”- mice. Systolic (A, SBP) and
diastolic (B, DBP) blood pressure were measured by telemetry in Rag7” mice
injected with vehicle (Veh), 10" WT T ¢ or Sf T ¢, or 108 Treg alone or with Sf T ¢,
and 2 weeks later were infused or not with Ang Il for 14 days. Values are means
+ SEM, n = 3 — 6. $P<0.01 and 11P<0.001 vs. respective control, §°<0.001 vs.
Veh + Ang Il for days 0 to 14 and {JP<0.05 vs. Sf T ¢+ Ang |l for days 4 to 8 in A
and for days 0 to 14 for in B.
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Figure IV-2: Adoptive transfer of Treg-deficient Scurfy (Sf) T cells (¢) exaggerated
Ang ll-induced endothelial dysfunction and reactive oxidative stress (ROS)
generation in mesenteric artery compared to wild-type (WT) T ¢, which was
reduced by co-transfer of WT Treg. Relaxation responses to acetylcholine (A-C)
in mesenteric arteries and ROS generation in the mesenteric artery vascular wall
and perivascular adipose tissue (PVAT) by dihydroethidium (DHE) staining (D)
were determined in the same groups as in Figure 1. Data are means + SEM, n =
7 — 11 for A-C and 5 — 7 for D. $P<0.05 and $1P<0.001 vs. respective control,
§P<0.05 01 and §§P<0.001 vs. vehicle (Veh) + Ang Il, IP<0.05 and IlIP<0.01 vs.
WT T ¢ + Ang Il and JJP<0.05 and q[{]P<0.001 vs. Sf T ¢ + Ang Il. The area-under-

the-curve for last three points was used for comparison in A to C.
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Figure IV- 3: Ang Il increased mesenteric artery stiffening and fibronectin
expression, and caused remodeling in Rag7”- mice injected with vehicle (Veh) or
Treg-deficient Scurfy (Sf) T cells (g), but not when co-injection of wild-type (WT)
Treg. Transfer of WT Treg alone or with Sf T ¢ prevented Ang ll-induced increase
in mesenteric artery stiffness and remodeling. Vascular stiffness (A, B and C),
fibronectin expression (relative fluorescence units (RFU)) in the vascular wall (D),
media/lumen (E) and media cross-sectional area (MCSA, F) were determined in

mesenteric arteries of the same groups as in Fig. 1. Data are means + SEM, n =
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9 — 11 for A-C and E-F and 5 — 6 for D. $P<0.05 and $$P<0.001 vs. respective
control, §P<0.01 and §§P<0.001 vs. vehicle (Veh) + Ang IlI, IP<0.01 and
lP<0.001 vs. WT T ¢ + Ang Il, and ]JP<0.05 and q[{]P<0.001 vs. Sf T ¢ + Ang ILI.

Strain data measured at 140 mmHg were used for comparison.
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Figure IV-4: Adoptive transfer of Treg-deficient Scurfy (Sf) T cells (¢) to Rag7”
mice allowed Ang Il to induce increase in monocyte chemotactic protein-1 (MCP-
1) expression in mesenteric artery vascular wall and perivascular adipose tissue
(PVAT) (A-C) and monocyte/macrophage infiltration in mesenteric artery PVAT
(D-F), but not when co-transferred with WT Treg. MCP-1 and
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monocyte/macrophage infiltration (MOMA-2) were determined in the same
groups as in Fig. 1. Representative MCP-1 (A and B) and MOMA-2 (D and E)
fluorescence images (red fluorescence) of mesenteric artery sections of vehicle
(veh), WT T ¢ and Sf T ¢-injected Rag 1 treated or not with Ang Il (A and D), and
of Rag1- injected with Treg alone or with Sf T ¢ (B and F) and their quantification
(C and F) are presented. Green and blue represent elastin autofluorescence and
DAPI fluorescence, respectively. Data are means £+ SEM, n =5 — 7. $P<0.05 vs.
respective control, $P<0.05 and t1P<0.01 vs. respective control, IP<0.05 vs. WT
T ¢+ Ang lland JP<0.05vs. Sf T ¢ + Ang L.
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Figure IV-5: Ang ll-induced monocytes/macrophages infiltrating the mesenteric
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artery perivascular adipose tissue (PVAT) to polarize toward a pro-inflammatory
phenotype in Rag7”- mice injected with Treg-deficient Scurfy (Sf) T cells (¢), but
not when co-transferred with WT Treg. The expression of the pro-inflammatory
M1 markers, inducible nitric oxide synthase (INOS) and the major
histocompatibility complex-Il (MHC-II), and the anti-inflammatory M2 markers,
mannose receptor (CD206) and arginase-1 (Arg-1), within
monocytes/macrophages (MOMA-2) infiltrating the mesenteric artery PVAT was
determined in the same groups as in Fig. 1. Representative immunofluorescence
images of mesenteric arteries co-staining with MOMA-2 (in red) and iNOS, MHC-

[I, CD206 or Arg-1 (in green) are presented as independent and merged images
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in A. Blue represents DAPI fluorescence. The area of each marker within MOMA-
2 stained area was measured using color RGB thresholding and expressed as %
of MOMA-2 area (B). Data are means + SEM. $P<0.05 vs. respective control,
1P<0.001 vs. WT T ¢ + Ang I, and JP<0.001 vs. Sf T ¢ + Angll. n =4 - 5.
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Figure IV- 6: Ang Il induced monocyte/macrophages infiltrating the renal cortex to
polarize toward a pro-inflammatory phenotype in Rag7*- mice injected with Treg-
deficient Scurfy (Sf) T cells (¢), but not when co-transferred with WT Treg. The
expression of the pro-inflammatory M1 marker inducible nitric oxide synthase
(INOS), and the anti-inflammatory M2 markers, mannose receptor (CD206) and
arginase-1 (Arg-1), within monocytes/macrophages (MOMA-2) infiltrating the
renal cortex was determined in the same groups as in Fig. 1. Representative
immunofluorescence images of renal cortex co-staining with MOMA-2 (in red)
and iNos, CD206 or Arg-1 (in green) are presented as independent and merged
images in A. Blue represents DAPI fluorescence. The area of each marker within
MOMA-2 stained area was measured using color RGB thresholding and
expressed as % of MOMA-2 area (B). Data are means + SEM. $P<0.05 vs.
respective control, IP<0.05 vs. WT T ¢ + Ang Il, and §P<0.05 and {[{P<0.01 vs.
SfTg+Angll.n=4-5.
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Expanded Materials and Methods

Experimental design

The study was approved by the Animal Care Committee of the Lady Davis
Institute and McGill University, and followed recommendations of the Canadian
Council of Animal Care. Eight-week old C57BL/6J male recombination-activating
gene-1 mice (Rag1/, B6.129S7-Rag1im'Mom/J) and 3- to 5-week old C57BL/6J
male wild-type (WT) mice were obtained from Jackson Laboratories (Bar Harbor,
ME). Female mice heterozygous for the Scurfy mutation (B6.Cg-Foxp3s7/J,
Jackson Laboratories) were bred with WT male mice to produce 3- to 5-week old
C57BL/6J male FOXP3* T regulatory cells (Treg)-deficient (B6.Cg-Foxp3s?/J)
Scurfy mice. Eleven-week old male Rag7”- mice were injected IV via the tail vein
with phosphate buffered saline (PBS) supplemented with 2% fetal bovine serum
(FBS) (vehicle), 107 WT or Scurfy T cells, 108 CD4*CD25* Treg alone or with 107
Scurfy T cells. Two weeks later, mice were anesthetized with 3% isoflurane
mixed with O2 at 1 L/min (depth of anesthesia confirmed by rear foot squeezing),
the non-steroidal anti-inflammatory drug carprofen (20 mg/Kg) was administered
SC to minimize the post-operation pain, then surgically implanted SC with ALZET
osmotic minipumps (Durect) infusing angiotensin Il (Ang I, 490 ng/kg/min) for 14
days, as recommended by the manufacturer. Control mice underwent sham
surgery. Nine to 11 mice per group were used. In a subgroup of Rag7” mice,
systolic (SBP) and diastolic blood pressure (DBP) was determined by telemetry
as previously described.” In brief, 10-week old mice were anesthetized with
isoflurane and injected with carprofen as above, and surgically instrumented with
PA-C10 telemetery transmitters as recommended by the manufacturer (Data
Sciences International, St. Paul, MN). Mice were allowed to recover for 7 days
and carprofen administered as above once a day for the first three days, then
treated as described above. SBP and DBP were determined every 5 min for 10
sec from two days before Ang Il minipump or sham surgery until the mice were

sacrificed. All mice were kept in sterile conditions. Five 13-week old WT C57BL/6
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mice per group were treated or not with Ang Il as above and used as reference

for determination of T lymphocyte profile by flow cytometry.

Collection of tissues

At the end of the protocol, mice were weighed, anesthetized with
isoflurane as above, and blood collected by cardiac puncture on EDTA for
cytokine determination. Blood samples were centrifuged at 1,000 x g for 15 min
at 4°C to remove blood cells, followed by centrifugation at 10,000 x g for 10 min
at 4°C to remove platelets. Plasma samples were stored at -80°C until tested.
The mesenteric artery (MA) vascular bed was dissected, and aorta, heart, lung,
spleen, liver, kidneys and tibia were harvested in ice-cold PBS. Tissues were
weighed and tibia length determined. Spleen was used for T cell profiling.
Second-order MA were used for assessment of endothelial function and vessel
mechanics and other sections of MA and kidney were embedded in VWR Clear
Frozen Section Compound (VWR international, Edmonton, AL, Canada) for
determination of ROS generation, expression of fibronectin and monocyte
chemotactic protein-1 (MCP-1) or monocytes/macrophage and CD3* T cell
infiltration. Sections of aorta were fixed with 4% paraformaldehyde for 48 h at
4°C and embedded in paraffin for quantification of collagen content. The

remaining tissues were frozen in liquid nitrogen and stored at -80°C until used.

Isolation and adoptive transfer of T cells and/or Treg

T lymphocytes for each injection were isolated from one spleen of WT or
Scurfy mouse using CD3* T cell-negative selection kit as per manufacturer’s
instructions (Stem Cell Technologies, Vancouver, BC, Canada). CD4*CD25" T
cells (Treg) for each injection were isolated from 3 spleens of 3-to-5 week old
male WT C57BL/6J mice through CD4* T cell-negative selection followed by
CD25* T cell-positive selection of splenocytes using the EasySep Mouse CD4* T
Cell Pre-Enrichment and CD25* Positive Selection kits as per manufacturer’s
instructions (Stem Cell Technologies) as previously described.'? Isolated WT or

Scurfy T cells were washed and 107 cells were resuspended in 100 pl of PBS/2%
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FBS for adoptive transfer. In some experiments, 10° Treg alone or together with
107 Scurfy T cells were resuspended in 100 ul of PBS/2% FBS for adoptive
transfer. To perform adoptive transfer, mice were placed under a heat lamp to
increase blood flow to the tail vein and then transferred to a holding device (AIMS
restrainer). The lateral tail veins were identified and cells injected using a 0.5 ml
syringe with a 26-gauge needle. The purity of isolated Treg using this technique
has been previously determined by us.? Purity of T cells and efficiency of

adoptive transfer at the time of sacrifice were determined by flow cytometry.

Determination of purity of isolated T cells and efficiency of adoptive
transfer

T cells (10°) isolated from spleen of WT and splenocytes (0.5-1 x 10°)
isolated from WT mice and Rag77- mice adoptively transferred with T cells, Treg
or both, treated or not with Ang Il, were resuspended in PBS/2% FBS. Cells were
blocked with mouse BD Fc-Block™ (1:200, clone 2.4G2, BD Biosciences,
Mississauga, ON, Canada) for 30 min at 4°C to avoid non-specific binding to
mouse Fc-gamma receptors, stained for 1 h at 4°C with phycoerythrin (PE)-
conjugated hamster anti-mouse CD3e (1:1000, clone 145-2C11, BD
Biosciences) and allophycocyanin (APC)-conjugated rat anti-mouse CD4
antibody (1:2000, clone RM4-5, BD Biosciences), washed with PBS/2% FBS,
fixed and permeabilized using the FOXP3 staining buffer set (eBioscience, San
Diego, CA) as per manufacturer’s instructions, and stained with fluorescein
isothiocyanate (FITC)-conjugated rat anti-mouse FOXP3 antibody (1:1000, clone
FJK-16s, eBioscience) for 1 h at 4°C. Additionally, cells were stained with PE-
conjugated hamster anti-mouse IgG1k, APC-conjugated rat anti-mouse IgG2ak,
and FITC-conjugated rat anti-mouse IgG2ak isotype control antibodies as per the
above protocol to control for nonspecific staining. Cells were washed,
resuspended with PBS/2% FBS, and analyzed using FACSCalibur™ flow
cytometer (BD Biosciences) and FCS Express V3 software (De Novo Software,
Los Angeles, CA).
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Assessment of Endothelial Function and Vessel Mechanics

Second-order MA, of average lumen size ~220 um, were dissected and
mounted on a pressurized myograph as previously described.® Vessels were
equilibrated for 45 min at 45 mmHg intraluminal pressure in Krebs solution (pH
7.4) containing (in mmol/L): 120 NaCl, 25 NaHCOs, 4.7 KCI, 1.18 KH2PO4, 1.18
MgSOs4, 2.5 CaClz, 0.026 EDTA and 5.5 glucose, bubbled continuously with 95%
air and 5% CO2. Media and lumen diameters were measured by a computer-
based video imaging system (Living Systems Instrumentation, Burlington,
Virginia, USA). Contractile responses to cumulative concentrations of
norepinephrine (10 to 10* mol/L) were determined. Endothelium-dependent and
-independent relaxation was assessed by measuring the dilatory responses to
cumulative concentrations of acetylcholine (10° to 10“% mol/L) or sodium
nitroprusside (SNP, 108 to 10* mol/L), respectively, in vessels precontracted
with norepinephrine (5 x 10 mol/L). To evaluate the contribution of nitric oxide
(NO) to the vascular response, the dose-response curve to acetylcholine was
determined before and after a 30-min preincubation with the NO synthase
inhibitor N@-nitro-L-arginine methyl ester (L-NAME, 10* mol/L). Thereafter,
vessels were perfused with Ca?*-free Krebs solution containing 10 mmol/L EGTA
for 30 min to eliminate the tone. Media and lumen diameters were measured at
3, 10, 20, 30, 40, 45, 60, 80, 100, 120 and 140 mmHg intraluminal pressures.
Media cross-sectional area, media/lumen, and stress and strain were calculated

as previously described.*

Generation of reactive oxygen species (ROS)

Vascular and perivascular adipose tissue (PVAT) ROS production were
assessed on 4-uym cryosections of MA by measuring fluorescence after
incubation with the ROS-sensitive fluorescent dye dihydroethidium (DHE, 2
pumol/L) in the dark for 1 min at 37°C. Fluorescence was visualized and captured
with a fluorescence microscope with a CY3 filter as previously described.® DHE
fluorescence intensity per total surface area was quantified with Imaged software
(http://rsb.info.nih.goVi/ij/).
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Assessment of monocyte chemotactic protein-1 and fibronectin
expression, monocyte/macrophage and CD3 T cell infiltration, and collagen
content

Expression of monocyte chemotactic protein-1 (MCP-1) and fibronectin in
MA, monocyte/macrophage (MOMA-2) and CD3 T cell infiltration in MA or kidney
were determined by immunofluorescence microscopy on 4-uym cryostat sections.
Monocyte/macrophage polarization was determined by co-staining for MOMA-2
and M1 (classically activated) macrophage markers inducible nitric oxide
synthase (iNOS) or major histocompatibility complex class I (MHC-II), or M2
(alternatively activated) macrophage markers mannose receptor (CD206) or
arginase-1 (Arg-1). Tissue cryosections were fixed in ice-cold acetone:methanol
(1:1) mix for 10 min at room temperature (RT) (for fibronectin, MCP-1, MOMA-2,
iINOS, MHC-Il, CD206 and Arg-1) or air-dried for 30 min and fixed in 4%
paraformaldehyde solution for 20 min at room temperature (RT) (for CD3).
Thereafter, sections were washed with PBS twice for 5 min and twice with tris-
buffered saline (TBS) containing 0.1% Tween-20 (TBST). Sections were blocked
for 1 h at RT with TBST containing 10% normal goat serum (for fibronectin), or
10% normal donkey serum (for MCP-1), or containing 1% bovine serum albumin,
0.4% Triton X-100 and 20% fetal bovine serum (for MOMA-2, iINOS, MHC-II,
CD206, Arg-1 and CD3). Sections were incubated overnight at 4°C with rabbit
anti-mouse fibronectin antibody (1:100, EMD Millipore, Billerica, MA, USA), goat
anti-mouse MCP-1 antibody (1:50, Santa Cruz Biotechnology, Santa Cruz, CA),
rat anti-mouse MOMA-2 antibody (1:50, Abcam, Cambridge, MA), rabbit anti-
mouse iNOS antibody (1:50, BD Biosciences), rabbit anti-mouse MHC-II antibody
(1:125, Abcam), goat anti-mouse CD206 antibody (1:50, Santa Cruz
Biotechnology), goat anti-mouse Arg-1 antibody (1:50, Santa Cruz
Biotechnology), or rat anti-mouse CD3 antibody (1:100, eBiosciences, San
Diego, CA). The sections were then washed 3 times with TBST, and incubated
for 2 h at RT with Alexa® Fluor 647 goat anti-rabbit antibody (1:100, Life
Technologies, Burlington, ON, Canada) for fibronectin, Alexa® Fluor 555 donkey
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anti-goat antibody (1:150) for MCP-1, CD206 and Arg-1, Alexa® Fluor 647 goat
anti-rat antibody (1:100) for MOMA-2, Alexa® Fluor 488 goat anti-rabbit antibody
for INOS and MHC-II, or Alexa® Fluor 555 goat anti-rat antibody (1:200) for CD3.
Sections were then washed 3 times with TBST, counterstained with 4',6-
diamidino-2-phenylindole (DAPI, 6 pM, Life Technologies) and mounted with
Fluoromount (Sigma-Aldrich). Images were captured using a fluorescent
microscope Leica DM2000 (Leica Microsystems, Richmond Hill, ON, Canada)
and quantified with Image J software (National Institute of Mental Health,
Bethesda, Maryland, USA). The expression of fibronectin and MCP-1 was
determined in MA wall or PVAT and was presented as relative fluorescence unit
(RFU) per um?. Monocyte/macrophage infiltration was analyzed in MA PVAT and
kidney cortex by determining the area of MOMA-2 staining using color RGB
thresholding, which was then expressed as % of studied area. Expression of M1
or M2 markers in infiltrating monocyte/macrophages was analyzed in MA PVAT
and kidney cortex by determining the area of each marker within MOMA-2
stained area using color RGB thresholding, and the area of each marker
expressed as % of MOMA-2 area. CD3 infiltration was quantified in kidney cortex

and MA PVAT as the number of cells detected per um?2.

Plama cytokines

Plasma levels of interleukin (IL)-6, IL-10, IL-17a, interferon y (INFy),
monocyte chemotactic protein-1 (MCP-1), regulated on activation, normal T cell
expressed and secreted (RANTES) and tumor necrosis factor o (TNFa) were
measured using ProcartaPlex multiplex immunoassays (eBioscience) on a Bio-
Plex 200 (Bio-Rad Laboratories).

Data Analysis

Results are presented as means + SEM. BP data were compared with
two-way analysis of variance (ANOVA) for repeated measures. Comparisons
between multiple groups for other data and areas-under-the-curve for last three

points of acetylcholine concentration-responses were by one-way ANOVA,
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followed by a Student-Newman-Keuls post-hoc test. P<0.05 was considered

statistically significant.
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Supplemental results

T cell purity and efficiency of WT and Treg-deficient T cell and WT Treg
adoptive transfers

Flow cytometry analysis revealed that the purity of the preparations of
wild-type (WT) and Scurfy (Sf) T cells used for adoptive transfer contained >85%
CD3" T cells (Fig. S1A). The purity of WT CD4*CD25* T regulatory cells (Treg)
preparations has been previously determined.! The efficiency of WT and Treg-
deficient Sf T cell and WT Treg adoptive transfers in recombination-activating
gene 1 knockout (Rag717) mice was assessed by flow cytometry profiling at the
end of the study the CD3* T cells, CD3*CD4* T cells and CD3*CD4*FOXP3*
Treg in the spleen of Rag71/ mice treated or not with angiotensin (Ang) Il and
injected with vehicle (Veh), 107" WT or Sf T cells, 106 WT CD4*CD25* Treg alone
or with Sf T cells (Fig. S1B-G). As expected, the spleen of Rag7-- mice was
deficient in CD3" T cells whereas that of WT mice contained the expected
proportion of CD3* T cells (23.5 + 0.7% of splenocytes), CD3*CD4* T cells (46.6
1 1.8% of CD3* cells) and CD3*CD4*FOXP3* Treg (6.7 £ 0.4% of CD3* cells).

Body and organ weights

The body weight (BW) of Veh- and WT T cell-injected Rag7”- mice was
similar, whereas Sf T cell-injected Rag7~ mice presented a slightly lower (8%)
BW than that of WT T cell-injected Rag7*- mice (Table S1). Ang Il treatment and
Treg adoptive transfer did not affect the BW. Tibia length (TL) was not unaltered
by adoptive transfer of immune cells or Ang Il treatment. The kidney weight-to-TL
ratio was similar in all the groups. Spleen weight-to-TL ratio (SW/TL) was 1.3-fold
higher in WT T cell-injected Rag7”- mice compared to Veh-injected Rag7- mice,
and 2.6-fold greater in Sf T cell-injected Rag7”- mice compared to WT T cell-
injected Rag7”- mice. Ang Il increased SW/TL ~1.5-fold in Veh- and Sf T cell-
injected Rag7”- mice, but not in WT T cell-injected Rag77- mice. Co-transfer of
WT Treg decreased SW/TL by 64% in Ang ll-treated Sf T cell-injected Rag71

mice.
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The small increase in spleen weight observed in Rag7-- mice injected with
WT T cells compared to Veh-injected Rag7”- mice can be explained by the
reconstitution of T cells in these mice. The greater spleen weight observed in Sf
T cell-injected Rag7-- mice could also be expected because Sf T cells, which lack
Treg immunosuppressive effects, proliferate more than WT T cells that include
Treg. In support, Sf T cell-injected Rag77- mice tended to have more CD3* T cells
compared to Rag7”’ mice injected with WT T cells. Ang Il increased spleen
weight in Sf T cell-injected Rag7-- mice could not be explained by a further
increase in CD3" T cells. It is possible that this was due to Ang ll-induced
proliferation of other immune cells such as monocyte/macrophages. Co-injection
of WT Treg prevented Ang ll-induced increase in spleen weight only in Sf T cell-
injected Rag7” mice. This suggests that WT Treg counteracts Ang ll-induced

proliferation of T cells and other immune cells.
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Table IV-S1: Body and tissue weights
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Parameters Veh Veh Treg WTTg WTTg SfTe SfT¢ SfT g+ Treg +
+ Ang 11 + Ang II + Ang II + Ang 11 Ang IT

n 11 11 11 11 11 11 11 9

BW (g) 26.6 +0.6 26.7+0.3 27.5+0.3 28.6+0.5 27.4+04 263 +0.71 26.6+0.7 26.5+0.3

TL (mm) 17.7+0.1 17.4+£0.2 17.7+0.2 17.4+£0.2 17.4+0.1 174+£0.3 174£0.3 17.5+0.1

KW/TL (mg/mm) 18.0+0.7 18.6+0.7 17.4+0.3 19.8+0.7 17.6 0.6 17.6+0.3 182+0.6 16.4+0.6

SW/TL (mg/mm) 1.2+0.1 1.9+03%% 22+03 1.6 £ 0.1%* 2.0+0.1 4.1+ 1.0%F 6.3+ 1.0%]| 2.3+0.299

Body weight, tibia length (TL) and kidney (KW) and spleen (SW) weights were
determined in Rag7”- mice injected with vehicle (Veh), 107 wild-type (WT) or
Scurfy (S) T cells (), 10° CD4*CD25* Tregs alone or with Sf T ¢, and 2 weeks
later were infused or not with angiotensin (Ang) Il for 14 days. n, number.
*P<0.05 and **P<0.01 vs. Veh, 1P<0.05 and t1P<0.01 vs. WT T ¢, $P<0.05 and
T1P<0.001 vs. respective control, §P<0.05 vs. Vehicle + Ang I, IP<0.001 vs. WT
T ¢ + Ang Il and {[P<0.05 and {[[P<0.01 vs. Sf T ¢ + Ang Il.
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Figure IV-S1: Purity of isolated T cells (¢) and efficiency of T ¢ and Treg adoptive
transfer were determined by flow cytometry. The % of CD3* T ¢ in splenocytes
and T ¢ isolated from spleen of 3-5 week-old wild-type (WT) or Scurfy (Sf) mice

(A) was determined by flow cytometry. Splenocytes were stained with
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phycoerythrin (PE)-conjugated hamster anti-mouse CD3e and PE-conjugated
hamster anti-mouse IgG1k isotype control antibodies, or subjected to negative
selection to purify CD3* T cells, and then stained as above and analyzed by flow
cytometry. Fluorophore was excited with a 488 nm laser and analyzed with a
586/24 bandpass filter (BP). All splenocytes were gated in the side scatter height
(SSC-H)/forward scatter height (FSC-H) plot. CD3* cells were divided in a
histogram and the % of CD3* T ¢ was calculated by substracting the overlapping
isotype peak. Representative histograms indicating the % of CD3* ¢ for WT T
cells or Sf T cells after isolation (in black) and the respective % of isotype overlap
(in grey) are shown in A. The profile of CD3*, CD3*CD4*, and CD3*
CD4*FOXP3* cells in the the spleen of Rag7-- mice injected with vehicle (Veh),
10" WT T ¢or SfT ¢, or 108 WT Treg alone or with Sf T ¢, and treated or not with
angiotensin (Ang) Il (B-G) were determined by flow cytometry. Splenocytes were
stained with PE-conjugated hamster anti-mouse CD3e, allophycocyanin (APC)-
conjugated rat anti-mouse CD4, and fluorescein isothiocyanate (FITC)-
conjugated rat anti-mouse FOXP3 antibodies and analyzed by flow cytometry.
Fluorophores were respectively excited and analyzed with appropriate laser and
BP (FITC: 488 nm with 530/30 BP, PE: 488 nm with 586/24 BP and APC: 633
nm with 661/16 BP). Representative flow cytometry profile of splenocytes (B)
with the gating strategy (C) and the % cells are shown from a Rag7- injected
with Sf T cells and Treg. Lymphocytes were gated in the SSC-H/ FSC-H plot.
CD3* cells were gated in the SSC-H/CD3 plot from the splenocyte population.
CD3*CD4* and CD3"CD4*FOXP3* cells were gated in the FOXP3/CD4 plot from
the CD3 cells population. Representative FOXP3/CD4 plots for the different
groups are shown (D). The % of CD3* cells in lymphocytes (E), and the % of
CD3*CD4* and CD3*CD4*FOXP3" cells in CD3* cells (F and G) are presented.
Gray rectangles in E-G panels present the values of WT mice. Values are means
+ SEM. *P<0.001 vs. Veh, tP<0.001 vs. WT T ¢, §P<0.001 vs. Veh + Ang Il,
1P<0.001 vs. WT T cells + Ang Il and {[P<0.001 vs. Sf T cells + Ang Il. n = 3 for

purity experiments, and n = 5-9 for flow cytometry profiling of T ¢.
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Figure IV-S2: Contractile responses to norepinephrine (A-C), and vasodilatory

responses to acetylcholine in the presence of NO synthase inhibitor N*-nitro-L-
arginine methyl ester (L-NAME, D-F) and to sodium nitroprusside (G-1) were
determined in mesenteric arteries in Rag7-- mice injected with vehicle (Veh), 107
wild-type (WT) T cells (¢) or Treg-deficient Scurfy (Sf) T ¢, or 108 WT Treg alone

or with Sf T ¢, and 2 weeks later were infused or not with Ang Il for 14 days. Data

are means £+ SEM, n=7 - 10.
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Figure IV-S3: Adoptive transfer of Treg-deficient Scurfy (Sf) T cells (g)
exaggerated Ang ll-induced reactive oxidative stress (ROS) generation in
mesenteric artery in mesenteric arteries compared to wild-type (WT) T ¢ (A and
C), but not when co-transferred with WT Treg (B and C). ROS generation was
determined in the mesenteric artery vascular wall and perivascular adipose
tissue (PVAT) by dihydroethidium (DHE) staining (red fluorescence) in Rag1”
mice injected with vehicle (Veh), 10’ WT T ¢ or Sf T ¢, or 108 Treg alone or with
Sf T ¢, and 2 weeks later were infused or not with Ang Il for 14 days.

Representative images of DHE stained mesenteric artery sections are shown in
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A and B. The % of DHE fluorescence expressed as % of vehicle control (Veh
CTRL) in vascular wall and PVAT is presented in C. Green represents elastin

autofluorescence.
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Figure IV-S4: Ang Il increased mesenteric artery fibronectin expression in Rag1
injected with vehicle (Veh) or Treg-deficient Scurfy (Sf) T cells (¢), but not in mice
injected with wild-type (WT) T ¢ (A, C). Transfer of WT Treg alone or with Sf T ¢
prevented Ang ll-induced increase in fibronectin expression (B, C). Fibronectin
expression (red fluorescence) was determined in mesenteric artery vascular wall
of Rag1”- mice injected with vehicle (Veh), 10" WT T ¢ or Sf T ¢, or 10° Treg
alone or with Sf T ¢, and 2 weeks later were infused or not with Ang Il for 14

days. Representative fibronectin fluorescence images (A and B) and
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quantification (C) are presented. Green and blue represent elastin

autofluorescence and DAPI fluorescence, respectively.
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Figure 1V-S5: Adoptive transfer of Treg-deficient Scurfy (Sf) T cells (g)
exaggerated Ang ll-induced monocyte/macrophage infiltration (A-C) and CD3 T ¢
infiltration (D-F) in renal cortex compared to wild-type (WT) T ¢, but not when co-
transferred with WT Treg. Monocyte/macrophage infiltration (MOMA-2) and CD3
T cell infiltration (in red) were determined in determined in Rag7/ mice injected
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with vehicle (Veh), 107 wild-type (WT) T ¢ or Sf T ¢, or 108 WT Treg alone or with
Sf T ¢, and 2 weeks later were infused or not with Ang Il for 14 days.
Representative MOMA-2 (A and B) and CD3 (D and E) fluorescence images (red
fluorescence) of renal cortex sections of vehicle (veh), WT T ¢ and Sf T g-injected
Rag1” treated or not with Ang Il (A and D), and of Rag7” injected with Treg
alone or with Sf T ¢ (B and F) and their quantification (C and F) are presented.
Green and blue represent elastin autofluorescence and DAPI fluorescence,
respectively. Data are means + SEM, n = 4 — 5. *P<0.001 vs. Veh, $P<0.05 vs.
respective control, §°<0.001 vs. Veh + Ang Il, IP<0.05 vs. WT T ¢ + Ang Il, and
1P<0.01 vs. Sf T ¢ + Ang Il.
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Figure 1V-S6: CD3* cells (¢) infiltration status in mesenteric artery perivascular
adipose tissue (PVAT). The number of CD3* ¢ was determined in the mesenteric
artery PVAT of Rag7” mice injected with vehicle (Veh), 107 wild-type (WT) T
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cells (¢) or Scurfy (Sf) T ¢, or 108 WT Treg alone or with Sf T ¢, and 2 weeks later
were infused or not with Ang Il for 14 days. Representative CD3 fluorescence
(red) images (A and B) and quantification (C) are presented. Green and blue
represent elastin autofluorescence and DAPI fluorescence, respectively. Data

are means * SEM, n =4-5.
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MERGED

Figure IV-S7: Infiltrating monocyte/macrophages in the renal cortex had very low
expression of major histocompatibility complex class Il (MHC-II),a marker of
classical activation. The proportion of MHC-II expressing
monocytes/macrophages (MOMA-2) infiltrating the mesenteric artery PVAT was
determined in Rag7”- mice injected with vehicle (Veh), 107 wild-type (WT) T cells
(2) or Scurfy (Sf) T ¢, or 108 WT Treg alone or with Sf T ¢, and 2 weeks later were
infused or not with Ang Il for 14 days. Representative immunofluorescence
images of mesenteric arteries co-staining with MOMA-2 (in red) and MHC-II (in
green) are presented as independent and merged images. Blue represents DAPI

fluorescence. n =4 - 5.
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Figure IV-S8: Adoptive transfer of Treg-deficient Scurfy (Sf) T cells increased
plasma levels of pro-inflammatory cytokines, which were not affected by Ang Il
treatment but prevented by co-transfer of wild-type (WT) Treg. Plasma levels of
pro-inflammatory cytokines MCP-1 (A), interferon y (INFy, B), interleukin (IL)-6
(C), tumor necrosis factor a (TNFa, D), regulated on activation, normal T cell
expressed and secreted (RANTES, E), and IL-17a (F), and anti-inflammatory
cytokine IL-10 were measured using micro-bead multiplex immunoassays in
Rag17- mice injected with vehicle (Veh), 10" WT T cells (¢) or Sf T ¢, or 106 WT
Treg alone or with Sf T ¢, and 2 weeks later were infused or not with Ang Il for 14
days. Data are means + SEM, n = 5 — 10. *P<0.05 vs. Veh, 1P<0.05 and
11P<0.001 vs. WT T ¢, £P<0.05 vs. respective control, IP<0.01 and lllIP<0.001
vs. WT T ¢ + Ang Il, and JJP<0.05 and {f/P<0.001 vs. Sf T ¢ + Ang Il
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CHAPTER V: Discussion and conclusion
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10. Discussion

In this thesis, we have investigated dysregulation of immune-inflammatory
responses during ET-1 exaggerated atherosclerosis and Ang ll-induced HTN in
relation to vascular damage. First, using a model of endothelium-restricted ET-1
overexpression in HFD-fed Apoe” mice, we demonstrate that pro-oxidant and
inflammatory mechanisms mediated by ET-1 worsen the progression of
atherosclerosis and contributes to the pathogenesis of AAAs. ET-1
overexpression exaggerated aortic immune cell infiltration and oxidative stress,
spleen pro-inflammatory monocytes, and expression of MMP-2 in the plaques.
Second, using the same mouse model, we show that ET-1 overexpression
results in remodeling of endothelial signaling pathways and potassium channels
mediating endothelium-dependent relaxation. Although this remodeling
preserved endothelial function, we propose that it may in fact represent loss of
normal regulation of endothelium-dependent relaxation in resistance arteries in
an atherosclerosis-prone state. Last, using T-and-B-cell deficient Rag7/ mice
adoptively transferred with wild-type or FOXP3-deficient T cells, we show that
Ang ll-induced microvascular inflammation and damage is enhanced in the
absence of Treg, thereby unambiguously demonstrating the vascular protective
role of Treg during HTN.

Vasoactive peptides such as Ang Il and ET-1 can contribute to vascular
inflammatory responses and damage, and have been implicated in the
progression of both atherosclerosis and HTN. Vascular inflammation is a
common element implicated in the vascular pathophysiology of atherosclerosis
and HTN. The vascular inflammatory responses occurring during atherosclerosis
and HTN are similar in many ways. However, certain distinctions are unique to
each condition. This section will attempt to discuss the vascular immune-
inflammatory responses that occur during atherosclerosis and HTN, in context of
the findings of the studies presented and the literature review, and to comment
on the similarities and differences between the two pathologies.
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10.1 Vascular inflammation in atherosclerosis

Classically, the endothelial denuding injury model was used to describe
atherosclerosis as a bland collection of cholesterol in the arterial wall complicated
by VSMC proliferation and extracellular matrix deposition [446]. This cellular
model extended Virchow’s simplistic model of atherosclerosis as a passive
arterial deposition of lipid debris in response to injury. Subsequent studies
identified immune cells within atherosclerotic plaques to implicate immune-
inflammatory mechanisms in the process of atherogenesis [447]. More recently,
gene-targeting has allowed scientists to identify roles for particular immune cell
subsets and inflammatory mediators in the pathogenesis and progress of
atherosclerosis.

Several triggers of inflammation have been identified in atherogenesis that
are also risk factors for atherosclerosis. The oxidation hypothesis is described
most in the literature, according to which modified LDL are retained within the
intima and become antigenic to induce adhesion molecule and chemokine
expression, monocyte infiltration and activation of T cells, thereby promoting
vascular inflammation [448]. Indeed, plasma LDL was increased in all
atherosclerosis-prone Apoe” mice fed an HFD in our first and second studies,
which could have been deposited and modified in vivo, and there was higher
vascular inflammation and plaque formation in these mice compared to mice that
did not have deletion of Apoe. Although the oxidation hypothesis is supported
very well by experimental evidence, its relevance to human atherosclerosis is
unclear, since the types of modified lipids and proteins isolated from human
atheroma do not parallel those that have been formed in an in vitro setting and
linked to inflammation, or have been implicated in animal models [448]. It is
plausible that the different microenvironment in human atherosclerosis results in
different modifications from what is observed in in vitro or in vivo animal studies.
Therefore, in this regard, care must be taken when extrapolating experimental
findings to humans. Other lipoproteins, such as VLDL and IDL, have also been

shown to possess the potential to elicit inflammatory responses in the vascular
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wall [449, 450]. These lipoproteins are increased in certain dyslipidemic
conditions and in obesity.

Diabetes is another potent trigger of inflammation since the diabetic state
promotes oxidative stress [451], and the hyperglycemia associated with diabetes
leads to modification of macromolecules, for example via the formation of
advanced glycation end products (AGE) [452]. Proteins modified by AGE can
augment inflammatory pathways in ECs. Factors classically associated with
HTN, such as Ang Il and ET-1, can also stimulate vascular inflammation and
thereby promote atherogenesis. Inflammation is therefore the link between

atherosclerosis and these other diseases.

10.1.1 Endothelin-1, inflammation and atherosclerosis

Clinical and experimental data have implicated ET-1 in the progression of
atherosclerosis and AAA formation. In the first study, we found that
overexpression of ET-1 in HFD-fed Apoe” mice exaggerated development of
atherosclerotic plaques in the aortic sinus and ascending aorta, and induced the
formation of AAAs. This was associated with increased vascular and perivascular
infiltration of monocyte/macrophages and CD4* T cells. Although the percentage
of plaque monocyte/macrophage infiltration by area was equally high in the HFD-
fed eET-1/Apoe”- and Apoe” mice, the larger atherosclerotic plaques in eET-
1/Apoe”- mice means that these mice had more plaque monocyte/macrophages.
Macrophages uptake modified LDL in the vascular wall to become foam cells,
which leads to plaque development.

ET-1 can promote vascular inflammatory responses and contribute to
plaque progression via several mechanisms. ET-1 enhances vascular
permeability in part via the activation of ETAR, a process that could facilitate the
accumulation of LDL and immune cells in the vascular wall [453]. ET-1
antagonizes the apoptosis of VSMCs [454] and acts as a mitogen to stimulate
proliferation of VSMCs [455], which further contributes to plaque progression.

ET-1 can directly cause P-selectin-dependent leukocyte rolling and adhesion
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[456]. In vessels from mice with endothelium-restricted overexpression of ET-1
(eET-1), the expression of MCP-1 and VCAM-1, infiltration of
monocyte/macrophages, and activity of pro-inflammatory transcription factors
NFkB and AP-1 was increased in a blood pressure-independent manner [97]. It
has also been shown that ET-1 increases neutrophil attachment and production
of platelet-activating factor to ET-1 stimulated human ECs [101]. In the first study,
ET-1 overexpression in HFD-fed Apoe”- mice exaggerated the increase in spleen
pro-inflammatory Ly6C" monocytes, which could have contributed to increases in
circulating Ly6CM  monocytes, monocyte/macrophage infiltration, and
atherosclerotic plaque progression and AAA formation. In hypercholesterolemic
hamsters, ETAR was shown to decrease the number and size of lipid-laden
macrophages in atherosclerotic lesions, supporting a role for ET-1 signaling in
promoting infiltration and lipid uptake by macrophages during atherosclerosis
[457]. A role for CD4* T cell in atherosclerosis was previously demonstrated
using T-andB-cell-deficient Apoe~/scid mice, which had blunted plaque formation
[239]. Adoptive transfer of CD4* T cells from Apoe 7~ mice into immunodeficient
Apoe”/scid mice restored plaque development. Mechanisms of ET-1-induced T
cell infiltration into the vasculature during atherosclerosis remain to be
elucidated, although it is likely that those discussed above are involved.

In the first study, we observed that HFD-fed eET-1/Apoe” mice had
elevated expression of MMP2 in the plaques. ET-1 is known to increase MMP2
expression in human osteosarcoma tissue [458] and in human optic nerve head
astrocytes [459]. MMP2 is involved in extracellular matrix degradation and
remodeling. Exaggerated plaque development and rupture, and AAA formation in
HFD-fed eET-1/Apoe” mice could have been mediated in part by MMP2,
perhaps produced by infiltrating macrophages. Apoe” mice deficient in MMP2
exhibit reduced severity of atherosclerosis [460]. It has also been shown that the
processed active form of MMP2 is increased in AAA wall (PMID: 8691515). Mice
knockout for MMP2 are resistant to aneurysm formation caused by abluminal
application of calcium chloride [461]. Macrophage-derived MMP2 has been

implicated in the progression of cerebral aneurysms [462].
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Thus, the findings from the first study, supported by evidence from the
literature, demonstrate that ET-1-induced vascular immune-inflammatory

responses play a role in the progression of atherosclerosis and AAA formation.

10.2 Vascular inflammation in hypertension

The etiology of HTN is complex and multifactorial. Classically, the kidneys,
the vasculature, and the central nervous system have all been implicated in the
development of elevated blood pressure. The contribution of vascular
inflammation has been underscored as a pivotal process in the development and
progression of HTN. Increased expression of vascular adhesion molecules,
infiltration of immune cells, and increased cytokine release and ROS production
have been associated with activation of RAAS and ET-1 signaling systems in
animal models of HTN. More recently, studies employing genetic or
pharmacological targeting of various immune cells have supported a role for
innate monocyte/macrophages and antigen-presenting dendritic cells and
adaptive T cells in HTN and associated vascular damage.

Activation of the adaptive immune system during HTN suggests that
antigen presentation by innate APCs occurs. However, the identity of antigens
and how and when they are formed during HTN are issues that remain
unresolved. It has been suggested that factors that cause HTN can induce
neoantigen formation early on to lead to T cell activation [235, 463]. Neoantigens,
or autoantigens, are endogenous molecules that undergo modifications such as
oxidation, and are consequently no longer recognized as self by the host’s
immune system [463]. In this regard, Kirabo et al. [464] recently demonstrated
that proteins oxidatively modified by the highly reactive isoketals accumulate
during HTN and activate dendritic cells. Activated dendritic cells stimulate T cell
proliferation and cytokine production to promote HTN.

The involvement of vascular inflammatory responses in the natural history
of human HTN is unclear, although a model has been proposed based on

experimental evidence [236, 465]. Hypertensive stimuli, which may include Ang
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II, ET-1, aldosterone, salt and genes, may act directly on the vasculature or via
enhanced sympathetic outflow through the activation of the central nervous
system to cause minimal elevation of blood pressure. This can cause mild
vascular injury, resulting in the formation of danger-associated neoantigens,
which are recognized by innate cells. Subsequent immune-inflammatory
responses mediated by activated innate and adaptive immunity results in
enhanced ROS production and cytokine release, leading to vascular damage,
end-organ damage and development of full-blown HTN. The process feeds
positively to yield a low-grade chronic inflammatory response that progresses the
disease. Activation of the innate immunity by pathogen-associated signals may
also contribute to disease progression, as is observed in the case for

periodontitis.

10.2.1 Angiotensin Il, inflammation and hypertension

Ang Il is a potent inducer of HTN and vascular inflammatory responses.
The pro-inflammatory and mitogenic effects of Ang Il in the vasculature are
mediated mainly via the AT1R. Ang |l receptors are expressed on VSMCs, ECs,
fibroblasts and on immune cells. Signaling mediated by Ang Il stimulates
expression of cytokines and adhesion molecules, ROS production and activates
transcription factors NFkB and AP-1. Ang Il receptor blockade was shown to
eliminate VEGF-mediated enhancement of vascular permeability in mice [466],
demonstrating a role for Ang Il in mediating endothelial leakage. Both innate and
adaptive immunity have been implicated in the progression of Ang ll-induced
hypertension. Previously it was shown that Ang ll-induced HTN and vascular
damage was blunted in MCSF-deficient mice, which have a generalized
deficiency of macrophage subpopulations [222].

The role of adaptive T cells in the genesis of Ang ll-induced HTN was first
demonstrated by Guzik et al. [240], who showed that T-and-B-cell deficient Rag1-
~ mice treated with Ang Il have blunted rise in systolic and diastolic blood

pressure; a phenotype corrected by the adoptive transfer of wild-type T cells. In
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our third study, we partially corroborated these findings, since vehicle-injected
Rag1” mice treated with Ang Il had only blunted diastolic blood pressure rise.
Alterations in gut microbiota have been shown to influence HTN in Dahl salt-
sensitive rats [467]. Differences in environmental conditions that influence the
intestinal microbiota may account in part for the discrepancy in our results and
those of Guzik et al. Recently, it was shown that Rag7~ mice treated with higher
doses of Ang Il had similar blood pressure rise compared to wild-type mice [468].
Thus, the pressor response of Ang Il at higher doses is T cell-independent.

Ang Il stimulates ROS production because it is a potent inducer of NADPH
oxidase activity. Impaired vascular relaxation to acetylcholine is a manifestation
of endothelial dysfunction caused by reduced NO bioavailability as a result of
enhanced oxidative stress. In the third study, we showed that adoptive transfer of
wild-type T cells into Rag7” mice increased Ang ll-induced perivascular ROS
production and tended to increase vascular ROS production, which could have
contributed to the impaired microvascular relaxation observed in this group.

The role of T cell responses in Ang ll-mediated vascular stiffness is
unclear. In our study, Ang Il treatment caused vascular stiffness in mesenteric
arteries of Rag7”- mice, which was blunted by adoptive transfer of wild-type T
cells. Wu et al. [293] demonstrated that Ang ll-induced aortic stiffness is T cell-
dependent, since Rag7”- mice treated with Ang Il exhibited blunted aortic
stiffness compared to wild-type mice. Differences in blood pressure elevation
observed in Rag71/ mice treated with Ang Il and the type of vessel studied could
account for the different results in both studies. Moreover, Treg contained within
the T cell population could have counteracted the vascular stiffness, as was
previously demonstrated [281]. Rag7” mice adoptively transferred with FOXP3-
deficient T cells, which lack Treg, exhibited exaggerated Ang ll-induced
microvascular stiffness compared to mice injected with wild-type T cells. It is
likely that inflammation and mechanical forces interplay to influence the stiffness
of the vasculature during Ang ll-induced HTN [293].

Pro-inflammatory cytokines play an important role in Ang ll-induced HTN.

Ang Il stimulates vascular and immune cells to produce cytokines by activating
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the transcription factor NFkB. Mice deficient in IL-6 [469] or TNF-a [470] do not
develop HTN in response to Ang Il. We did not observe an increase in plasma
levels of pro-inflammatory cytokines IL6, IFN-y and TNF-a in wild-type T cell-
injected Rag7”- mice treated with Ang Il. However, their local levels in the
vasculature could have been elevated.

Taken together, these data suggest that Ang Il can directly mediate effects
that initiate vascular inflammation, but propagation of vascular inflammatory
responses by immune cells perhaps plays an important role in the development

and progression of Ang ll-induced HTN and end-organ damage.

10.3 Immune dysregulation in cardiovascular disease

The immune system consists of a repertoire of cells and subsets that
perform specific functions. Inflammation is part of the normal healing process and
is tightly regulated under physiological conditions. Activation and inflammatory
phases are followed by a resolution phase. In atherosclerosis and HTN, chronic
low-grade inflammation is observed, perhaps as a consequence of persistent
stimuli, such as oxidized LDL, Ang Il, and ET-1, and defective or diminished
immunosuppressive capacity. Activation and pro-inflammatory polarization of
monocyte/macrophages and of T cells is associated with the vascular

pathologies of atherosclerosis and HTN.

10.3.1 Monocyte/macrophage infiltration and

polarization in atherosclerosis and HTN

Monocyte/macrophages are implicated in the pathogenesis and
progression of atherosclerosis and HTN. Vascular infiltration of
monocyte/macrophage is observed in both pathologies. Whereas the phenotype
of infiltrating monocyte has been somewhat characterized for atherosclerosis, our
understanding of the role of various subsets of macrophages in atherosclerosis
and HTN is rather limited.
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In our model of ET-1-exaggerated atherosclerosis, we observed infiltration
of monocyte/macrophages into plaques, and vascular and perivascular tissues
and elevated levels of spleen pro-inflammatory Ly6CM monocytes in
atherosclerosis-prone Apoe” mice, compared to wild-type and eET-1 mice that
did not develop lesions. Exaggeration of atherosclerotic lesions and induction of
AAA in eET-1/Apoe” mice, compared to Apoe’ mice, was associated with
greater number of infiltrating monocyte/macrophages detected in the vasculature
and exaggerated increase in spleen Ly6C" monocytes. Ly6C", or classically
activated, monocytes are known to preferentially infiltrate the vascular wall during
atherosclerosis, and differentiate into macrophages that possess an M1-like
phenotype [220]. Increase in spleen Ly6C" monocytes in our study could have
been reflective of increased circulating Ly6CM monocytes, which contribute to
atherosclerosis development in Apoe”- mice, and further exaggeration and AAA
formation in eET-1/Apoe” mice. Evidence suggests that Ly6C* monocytes are
precursors to M1-type macrophages in tissues [213, 216, 217]. Thus, in our
study, exaggeration of atherosclerosis and AAA formation in eET-1/Apoe” mice
could have been due to elevated M1-like polarization of vascular macrophages
derived from circulating Ly6CP" monocytes. Macrophage polarization during
atherosclerosis is not well understood. Atherosclerotic lesion macrophages in
experimental studies express markers for all polarization states [220], but M1
polarization has been previously shown to predominate over M2 polarization
[471, 472]. M1 and M2 macrophages coexist in human atheroma [473], and it is
possible that progression of atherosclerosis occurs due to imbalance in the
opposing roles of these states. Ang ll-induced AAA formation in Apoe-/- mice
was shown to be associated with increased expression of M1 marker and
decreased expression of M2 marker in infiltrated macrophages [474].
Pharmacological inhibition of Notch signaling prevented AAA progression and
macrophage pro-inflammatory polarization.

In the third study, Ang Il treatment did not alter infiltration or polarization of
vascular monocyte/macrophage in vehicle- or wild-type T-cell-injected Rag1”

mice. However, in mice injected with FOXP3-deficient T cells, which lack Treg,
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Ang Il increased monocyte/macrophage infiltration in the vasculature and the
kidney. Furthermore, infiltrating monocyte/macrophages exhibited elevated
expression of M1 marker INOS, and in the «case for kidney
monocyte/macrophages decreased expression of M2 marker Arg1. Thus, in the
absence of Treg, Ang Il not only increased monocyte/macrophage infiltration but
also pro-inflammatory polarization. Ang ll-induced M1 polarization in infiltrating
monocytes/macrophages might be mediated via ATiR expressed on
monocytes/macrophages. Transplantation of bone marrow from Agtria/Apoe
double knockout mice to Apoe’”- mice prevented renal injury-induced
atherosclerosis by polarizing the macrophage phenotype to less M1 and more
M2 [475].

This data show that monocyte/macrophages not only home to the
vasculature during atherosclerosis and HTN, but exhibit altered phenotypes that
are more pro-inflammatory. The switch in monocyte/macrophage phenotype is

likely related to progression of vascular damage in both diseases.

10.3.2 T effector cells in atherosclerosis and HTN

CD4* T effector cells include Th1, Th2, and Th17 subsets. Atherosclerosis
and HTN has been associated with imbalance in T effector subsets towards a
more Th1 polarized response. Th1 cells produce pro-inflammatory cytokines IFN-
y, IL-2, TNF-a and TNF-B, and participate in cell-mediated defense against
intracellular microorganisms, macrophage activation, and suppression of Th2
response [236].

In our atherosclerosis study, CD4* T cell infiltration was detected in the
ascending aorta plaque of only one Apoe” mouse. The frequency of CD4* T cell
infiltration was increased in eET-1/Apoe”- group, and was detected in the
perivascular tissue and plaque of both ascending and abdominal aorta. We did
not characterize the relative proportions of T effector subsets in this study.
However, we detected an increase in the percentage of activated
CD3*CD4*CD69" in the spleen of Apoe”- and eET-1/Apoe”’- mice, compared to
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wild-type mice. CD69 is a generalized marker of activation, and does not
differentiate T effector subsets. However, studies have shown that Th cells in
atherosclerotic lesions polarize towards Th1 phenotype with increased IFN- y
and IL-2 production [244]. Atheroprotection in Apoe”- mice mediated by B-cell
depletion correlated with a decrease in percentage of spleen CD4*CD69* and
IFN- y producing CD4* cells, and an increase in IL-17-producing CD4* cells
[476]. Thus, it could be postulated that activated spleen CD4*CD69* cells in
Apoe”- and eET-1/Apoe” mice polarize predominantly towards Th1 phenotype in
our study.

Circulating levels of plasma pro-inflammatory cytokines have been
previously used to characterize polarization of T cell responses [477-479]. In our
model of Ang ll-induced HTN, plasma pro-inflammatory cytokine levels were
unaffected in vehicle-, Treg-, and wild-type T cell-injected Rag7-- mice following
Ang |l treatment, compared to respective controls. Rag7”- mice injected with
FOXP3-deficient T cells, which lack Treg, exhibited significantly elevated levels
of pro-inflammatory cytokines IFN- y and TNF-a, reflective of a Th1-type
response, indicating a role for Treg in suppressing T effector cells. Ang Il tended
to further increase the plasma levels of these cytokines. Cultured T cells isolated
from Ang ll-infused rats versus normotensive control rats have been shown to
produce more IFN-y and less IL-4, suggestive of polarization towards Th1
phenotype [247]. In the same study, the number of IFN-y-secreting T cells was
increased in Ang ll-infused rats, an effect that was reversed by co-treatment with
an angiotensin receptor blocker. Thus, Ang Il is able to polarize T effectors
towards a Th1 phenotype perhaps via its receptor on T cells. The lack of cytokine
changes in wild-type T cell-injected Rag7”- mice treated with Ang Il could have
been due to the fact that the number of CD3* T cells adoptively transferred was
insufficient to elicit a response in an immunodeficient model. Interestingly, we
observed very low levels of circulating IL-17. This could be because mice on a

C57BI6/J background are a prototypical Th1-dominant strain [480].
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10.3.3 T regulatory cells in atherosclerosis and HTN

Treg are anti-inflammatory cells that counteract the actions of other T cell
subsets as well as cells of the innate immunity. The mechanisms of Treg action
were described in chapter | section 7. Several studies support a role for FOXP3
as the master regulator of Treg development and function [254]. Evidence from
our studies and the literature support the possibility the number and/or function of
Treg are affected during atherosclerosis and HTN, and diminished Treg activity is
associated with severity of vascular pathology.

In the first study, atherosclerosis development, enhanced vascular
immune cell infiltration, and increased spleen activated T cells and Ly6C"
monocytes in Apoe”- and eET-1/Apoe”- groups occurred in parallel with increase
in percentage of spleen CD4*CD25"FOXP3* Treg cells, compared to wild-type
mice. The proportion of CD3*CD4*FOXP3* cells was increased in lymph nodes
concomitantly with atherosclerosis development after 8 weeks of atherogenic diet
in LdIr’- mice transplanted with DEREG bone marrow (but not injected with
diphtheria toxin) [278]. In another study, Treg numbers were elevated with
increasing age in Apoe” mice, but the suppressive ability of Treg was diminished
[481]. Mor et al. showed that both the spleen number and functional suppressive
properties of Treg were decreased in Apoe”- mice fed a normal chow diet [276].
Together, these data suggest that Treg play a protective role in atherosclerosis.
Decrease in Treg activity, either due to reduced numbers or functional
suppressive capacity or both, occurs during atherosclerosis, which allows pro-
inflammatory responses to persist and contribute to plaque progression and AAA
development. Thus, in our atherosclerosis study, increased percentage of spleen
Treg occurring in spite of plaque development and increased vascular and
spleen inflammation was suggestive of impaired Treg function. It is also plausible
that activated innate cells and effector T cells may have become resistant to the
suppressive effects of Treg. Thus, in this situation, even a compensatory

increase in Treg numbers would have been unable to control immune responses.
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This evidence and previous studies from our lab prompted us to further
explore the vascular protective role of Treg in a model of Ang Ill-induced HTN.
We investigated the role of Treg by comparing Ang ll-induced vascular
inflammation and damage in T-and-B-cell-deficient Rag7/- mice adoptively
transferred with wild-type or FOXP3 (Scurfy, Sf)-deficient T cells, which lack
Treg. Sf-injected Rag7”- mice exhibited exaggerated Ang Il responses compared
to mice injected with wild-type T cells, including increased microvascular
endothelial dysfunction, stiffness, and monocyte/macrophage infiltration. In
addition to this, infiltrating monocyte/macrophage had elevated expression of M1
marker iINOS. Co-transfer of Sf T cells with CD4*CD25* Treg, which contain a
high proportion of FOXP3* cells, abrogated or prevented Ang Il effects,
demonstrating the protective role of Treg in suppressing innate and adaptive
immune responses and regulating vascular damage during HTN. It should be
noted that Ang ll-induced blood pressure rise was delayed in Rag7”’ mice
receiving co-transfer of Sf T cells and Treg, in contrast to mice injected with wild-
type T cells where blood pressure rise was seen from onset of Ang Il infusion.
The additional protection observed in the mice receiving a co-transfer could be
explained by reconstitution with higher proportion of Treg than normal. Indeed,
although Sf T cells and Treg were adoptively transferred in a ratio observed
normally, at the time of sacrifice the percentage of CD3*CD4*FOXP3* in co-
transfer mice was almost twice as high than in wild-type T cell-injected Rag1”
mice. Interestingly, adoptive transfer of Treg alone also reversed Ang ll-induced
blood pressure elevation and vascular stiffness that was observed in Rag7” mice
injected with vehicle. This could have been due to suppressive actions of Treg on
innate immune cells, which are present in Rag7” mice, or perhaps direct actions
on the vasculature. Ang Il treatment tended to decrease plasma level of anti-
inflammatory cytokine IL-10 in all treatment groups, which was reversed when
exogenous Treg were adoptively transferred. Systolic blood pressure, NADPH
oxidase activity and endothelium-dependent relaxation was improved in Angll-

infused /1707~ mice receiving cultured Treg from control mice [285]. Thus, our
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results and data from others support a protective role for Treg in Ang llI-induced
HTN via IL-10 production.

Altogether, our data and evidence from other studies suggest that the
functional capacity of Treg is diminished during atherosclerosis and HTN, and
this leads to dysregulated activation of pro-inflammatory responses that
contributes to vascular damage and progression of the disease. Previously,
adoptive transfer experiments suggested a protective role for Treg in
atherosclerosis and HTN. However, these data did not rule out the possibility of a
pharmacological effect of increasing Treg number, rather than the physiological
role of Treg in the natural history of these diseases. Exacerbation of vascular
pathology associated with atherosclerosis and HTN in the absence of Treg
unambiguously demonstrate their vascular protective role. Further studies are
required to understand how Treg become dysfunctional or effector cells become
resistant to Treg suppression during the progression of atherosclerosis and HTN.
A decrease in production of anti-inflammatory cytokines, such as IL-10, or
expression of suppression molecules such as CTLA-4 by Treg might explain their

reduced capacity to suppress effector immune cells.

10.4 Localization of vascular inflammation in atherosclerosis
and HTN

A key difference in the vascular immune-inflammatory response observed
in atherosclerosis and HTN is the localization of inflammation within the different
regions of the arterial structure. The vascular inflammation during atherosclerosis
development is canonically described using the popular “inside-out” theory,
whereby infiltration of immune cells begins at the intima and progressively moves
outwards [482]. Immune cell infiltration during atherosclerosis is observed in the
vascular wall, plaque, and in the perivascular adipose tissue (PVAT). In contrast,
vascular immune cell infiltration during experimental HTN has been
predominantly reported in the adventitial and PVAT regions of the vasculature

[240, 281]. The “outside-in” theory has been proposed to explain these



230

observations, which states that inflammation begins at the periphery of the
vasculature and moves towards the vascular intima [482]. Possible sources of
immune cell infiltration according to the “outside-in” theory could include the vasa
vasorum in large arteries or the venous system in the case of resistance
vasculature. Alternatively, immune cells residing in the periphery of vasculature
could respond to stimuli and become activated and proliferate to participate in
inflammatory responses. Localization of vascular immune cell infiltration in our
models of ET-1 exaggerated atherosclerosis and Ang ll-induced HTN was
observed to be similar to the above-mentioned trends.

Recent studies have shown that vasa vasorum neovascularization and
macrophage presence are increased in early atherosclerotic lesions [483-485],
supporting a role for outside-in mechanisms in initiation of atherosclerotic
disease. Descending aortae from Apoe”- mice treated with granulocyte colony-
stimulating factor or granulocyte macrophage colony-stimulating factor for 8
weeks exhibited increased adventitial vascularity and atherosclerotic lesion
extent [486]. Thus, outside-in mechanisms are applicable also during
atherosclerosis, and work in tandem with inflammatory responses arising from
the intimal end. It has been proposed that adventitial inflammation during
atherosclerosis may arise as a consequence of paracrine signaling from the
dysfunctional endothelium activated by lipoproteins, nutrient starved SMCs, and
chronic inflammation [482]. The different localization of vascular inflammation
during atherosclerosis as a consequence of the contrasting mechanisms leading
to it, compared to that in HTN, could explain how seemingly similar immune-
inflammatory mechanisms can give rise to completely different vascular
pathologies.

The role of PVAT in vascular pathologies has increasingly gained attention
over the past decade or so. Previously, the knowledge of PVAT in vascular
disease was limited since changes in the vascular wall were usually studied, and
the PVAT was either removed or ignored during post-sacrifice experiments. In
our atherosclerosis and HTN studies mentioned in this thesis, PVAT

inflammation correlated with severity of vascular pathology. In a rodent model of
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metabolic syndrome, perivascular adipose inflammation and oxidative stress was
linked to resistance artery endothelial dysfunction (impaired EDR) and
hypertrophic remodeling [487]. It could be speculated that pro-inflammatory
adipocytokines, such as leptin and resistin, released by PVAT could participate in
vacular inflammatory responses. Resistin can stimulate ECs to express VCAM-1,
ICAM-1, MCP-1 and ET-1, and also induce production of pro-inflamatory
cytokines IL-1, IL-6, IL-12, and TNF-a in several cell types [488]. Leptin can
stimulate pro-inflammatory signaling pathways including ERK1/2 and Akt/PKB,
and induce ROS generation by the mitochondria [488, 489]. However, under
physiological conditions, PVAT is known to mediate important protective
functions. Indeed, it was recently demonstrated that the thermogenic capacity of
PVAT plays an important protective role in the pathogenesis of atherosclerosis
[490]. Loss of PVAT due to VSMC PPARY deletion in mice impaired
thermogenic activity, temperature regulation, and endothelial function. Apoe”
mice with VSMC PPARY deletion exhibited atherosclerosis when exposed to cold
temperatures as a consequence of impaired lipid handling. PVAT is a source of
prostacyclin, which protects against endothelial dysfunction, and the
adipocytokine adiponectin, which has potent anti-inflammatory and anti-

atherogenic properties [491].

10.5 ROS in atherosclerosis and HTN

The vascular pathology of atherosclerosis and HTN is associated with
enhanced vascular ROS production. Under physiological conditions, ROS
production is countered by enzymes and agents that scavenge ROS, which
include SODs, catalase, glutathione and thioredoxin. Increased ROS could occur
as a result of increased production or decreased anti-oxidant capacity as a
consequence of impaired scavenging system. ROS can regulate tone, promote
vascular remodeling, and enhance inflammation via several mechanisms [340].

In our models of ET-1-exaggerated atherosclerosis and Ang ll-induced HTN, the
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severity of vascular pathology correlated with ROS production in vascular and
perivascular tissues.

Both vascular and immune cells can contribute to ROS production.
However, in our model of Ang ll-induced HTN, immune cell infiltration was
detected only in PVAT regions, whereas ROS production was observed in both
the vascular wall and the PVAT. Thus, in this model, it is possible that ROS
production in the vascular wall was predominantly derived from VSMCs. There
are several sources of ROS which have been implicated in the pathophysiology
of atherosclerosis and HTN, including NADPH oxidase, xanthine oxidase and the
mitochondria. We did not investigate the sources of vascular and perivascular
ROS in our studies. Previously, NADPH oxidase has been repeatedly been
demonstrated to be the main source of ROS in Ang ll-induced HTN [207]. The
source of ET-1-induced ROS production during atherosclerosis remains to be
investigated. In eET-1 mice, vascular oxidative stress and NADPH oxidase
activity was shown to be increased [224]. However, in hypertensive rats
associated with an activated ET-1 system, it was demonstrated that <Oz is
derived from XO and mitochondrial oxidative enzymes in an ETaR-dependent

manner [362].

10.6 Endothelial dysfunction: a common denominator in

atherosclerosis and hypertension

HTN is an independent risk factor for atherosclerosis. Indeed, vascular
inflammation is a commonality in both pathologies. However, as discussed
previously, immune cell infiltration in HTN is observed mostly in the perivascular
tissues, whereas in atherosclerosis, immune cells are detectible in the PVAT,
vascular wall and in the plaque. Endothelial dysfunction is implicated in both
atherosclerosis and HTN, and may represent the common link between these
vascular pathologies. Dysfunctional endothelium is characterized by a shift
towards a vasoconstrictive, pro-inflammatory, and pro-thrombotic state.

Enhanced oxidative stress and consequently reduced NO bioavailability are the
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main mechanisms underlying endothelial dysfunction. In our studies, we
investigated endothelial dysfunction as impairment of vasodilatory response to
acetylcholine.

Consistent with the literature, in our second study, mesenteric arteries
from atherosclerosis-prone, HFD-fed Apoe” mice exhibited impaired EDR
compared to wild-type mice. This was consistent with the findings from the first
study in which we observed higher ROS production in the vasculature of HFD-fed
Apoe” mice versus in wild-type mice, although these observations were made in
aortic tissue. Apoe” mice fed a normal diet also exhibited a certain degree of
impaired EDR, albeit less than those fed an HFD, suggesting that these mice
already had decreased production of or sensitivity to NO, or increased oxidative
stress at baseline.

Given that endothelial ET-1 overexpression in HFD-fed Apoe” mice
exaggerated atherosclerosis development and vascular ROS production, we
expected a worsening of microvascular dysfunction in eET1/Apoe”- compared to
Apoe” mice. Interestingly, ET-1 overexpression in Apoe”- mice resulted in
remodeling of endothelial signaling pathways and potassium channels, which
unexpectedly presented itself as preserved EDR. Mesenteric arteries from Apoe”
have been previously shown to be more sensitive to endothelium-dependent
vasodilators compared to wild-type mice [443]. Thus, it is possible that under
certain experimental conditions, vessel from mice predisposed to hyperlipidemia
may develop enhanced endothelium-dependent reactivity perhaps as a
consequence of uncovering or establishment of signaling pathways that are not
normally required to mediate EDR. For example, in our studies, excess
superoxide production in eET-1/Apoe”- mice could have resulted in formation of
H202 that is known to be involved in EDR [492]. It should be noted that the
preservation of EDR observed in eET-1/Apoe” mice does not necessarily mean
that endothelial dysfunction in these animals is reversed or normalized. In our
first study, we observed exaggerated vascular inflammation in HFD-fed eET-
1/Apoe”- compared to Apoe” mice, suggestive of enhanced endothelial cell

activation and dysfunction. Thus, this situation may represent a “pseudo-normal”
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condition whereby there is in fact loss of normal regulation of endothelium-
dependent relaxation and vascular resistance in an atherosclerotic setting. The
importance of this paradoxical finding within the pathology of atherosclerosis
remains to be further investigated.

Endothelial dysfunction has been implicated in Ang ll-induced HTN. In the
third study, we observed that Ang Il impaired EDR in wild-type T cell-injected
Rag17 mice, with a concomitant increase in perivascular ROS production and
tendency of increase in vascular ROS production. Mice injected with FOXP3-
deficient T cells exhibited exaggerated impairment of EDR and increase in
vascular and perivascular ROS production. Thus, in our model of Ang ll-induced
HTN, impaired EDR paralleled increase in vascular oxidative stress. It has been
previously shown that Ang Il, but not NE, infusion in rats impairs EDR to
acetylcholine by enhancing vascular NADPH oxidase activity and superoxide
production, despite producing a similar degrees of HTN [493]. Therefore, in
context of HTN, impairment of EDR is blood pressure-independent and vascular
inflammation-dependent.

Infusion of Ang Il has been shown to promote lesion and AAA formation in
Apoe” mice independently of alterations in blood pressure levels or serum
cholesterol concentrations [494]. In the first study, ET-1 overexpression in the
endothelium of HFD-fed Apoe” mice exaggerated atherosclerosis progression
and induced AAA formation compared to HFD-fed Apoe”- mice, despite having
similar LDL levels and blood pressure. In the second study, eET-1 mice fed an
HFD presented with impaired EDR compared to HFD-fed wild-type mice,
indicating a role for ET-1 signaling in promoting endothelial dysfunction in HFD-
fed conditions. Thus, factors normally associated with HTN may promote
vascular inflammation and facilitate the development of atherosclerosis and AAA
in susceptible regions of the vasculature by contributing to endothelial

dysfunction.
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11. Conclusion

Vascular inflammatory responses are important players in the vascular
pathology of both atherosclerosis and HTN. Based on the literature review and
the studies presented in this thesis, it appears that immune-inflammatory
responses are not only activated by enhanced vasoactive peptide signaling
during both vascular pathologies but also dysregulated, as indicated by impaired
regulatory functions of Treg and anti-inflammatory mediators. This perhaps
allows the low-grade inflammation to become chronic, thereby consistently
contributing to vascular damage and progression of both diseases. Similar
vascular immune-inflammatory responses are observed during atherosclerosis
and HTN. Endothelial dysfunction, immune cell infiltration, activation and
polarization, and enhanced oxidative stress are common mechanisms occurring
during both vascular pathologies. However, the composition and localization of
immune-inflammatory responses in different regions of the vascular wall is very
different in atherosclerosis and HTN, which perhaps results in the contrasting
vascular pathologies attributable to each disease but that still contributes to risk
for the development of CVD. In this regard, understanding the establishment of
vascular immune-inflammatory responses during atherosclerosis and HTN may
provide insight into how these contrasting vascular pathologies arise from similar

mechanisms.

12. Limitations

A limitation to the use of the transgenic mice constitutively overexpressing
endothelial ET-1 in the first and second studies is that these mice presented a
greater increase in plasma levels of ET-1 than what has been observed in
humans with atherosclerosis or aneurysms. Although we believe that achieving
greater increase in ET-1 expression allowed us to reveal the underlying
pathophysiological mechanisms by which ET-1 contributes to the development of

atherosclerosis and aneurysms, it is possible that such levels could have had
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some non-physiological effects. In the third study, Rag7/ mice were injected with
similar numbers of wild-type or FOXP3-deficeint T cells, which lack Treg.
However, at the time of sacrifice, mice injected with FOXP3-deficient T cells
tended to have greater reconstitution of CD3* T cells in the spleen. This was not
unexpected since in the absence of the immunosuppressive actions of FOXP3*
Treg there is an increase in the proliferation of T effector subsets. The tendency
of greater reconstitution could have contributed in part to the exaggerated Ang |l
responses observed in Rag7” mice injected with FOXP3-deficient T cells.
Nevertheless, to confirm the protective role of Treg, we studied Ang Il responses
in Rag1” mice co-transferred with FOXP3-deficient T cells and Treg. In the third
study only, we demonstrated using immunofluorescence that M1 marker iINOS
was increased in infiltrating monocyte/macrophages in FOXP3-deficient T cell-
injected Rag7”- mice treated with Ang Il. However, technical and expertise
limitations prevented us from fully exploring the polarization of
monocyte/macrophages and T effector subsets in the vasculature in our studies
using flow cytometry, which is the gold standard for characterizing -cell
phenotypes. Characterization of immune cell subsets in the vasculature, and not
only in the spleen, would allow us to better understand the role of each subset in
relation to the vascular pathology in atherosclerosis and HTN. Moreover, it would
be interesting to separately study in in vitro experiments the effects of specific
stimuli, such as Ang Il or ET-1, on the polarization and function of
monocyte/macrophages and T cells. Finally, while we observed increased ROS
to be related to the vascular pathology of atherosclerosis and HTN, we did not

further explore the sources of ROS production in our studies.

13. Perspectives

Animal models are used to better understand the pathogenesis of human
atherosclerosis and HTN. We found that elevated levels of circulating ET-1 is
associated with enhanced progression of atherosclerosis and induction of AAA

formation in hyperlipidemic conditions, finding that is relevant to human
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atherosclerosis. In addition, we identified pro-oxidant and pro-inflammatory
mechanisms as the basis for ET-1-mediated exaggeration of atherosclerosis that
could be extrapolated to human atherosclerosis. Our results provide a
mechanistic insight as to why specific ETAR or mixed ETasR inhibitors blunt
progression of experimental atherosclerosis [131-134], and advocate for the use
of these drugs in the treatment of human atherosclerosis and AAA. Enhanced
vascular immune-inflammatory responses are a consistent feature in
experimental and human atherosclerosis and HTN, and suggestive of impaired
regulation of inflammation. Diminished Treg functional capacity has been
reported in experimental atherosclerosis, and the protective role of Treg in
experimental atherosclerosis and HTN was demonstrated using an adoptive
transfer protocol. We demonstrated mechanistically a protective role for Treg
contained within the T cell population in limiting HTN and vascular damage by
studying Ang Il responses in the absence of FOXP3* Treg. The number of
circulating Treg was decreased [495] and the induction of peripheral Treg was
shown to be impaired [496] in patients suffering from preeclampsia, which
involves Ang ll-mediated mechanisms [497]; evidence that provides clinical
relevance for a protective role of Treg in human HTN.

HTN is a risk factor for atherosclerosis, and vice versa. Evidence
presented in this thesis and from the literature support a common role of
dysregulated vascular immune-inflammatory responses in the progression of
both diseases. Classical strategies employed for the treatment of atherosclerosis
(statins) and HTN (ACE inhibitors and ARBs) have been shown to exert their
effect in part via their anti-inflammatory actions [498]. The identification and use
of anti-inflammatory or immune-modulation approaches are attractive possibilities
for the treatment of atherosclerosis and HTN, especially in patients where these
diseases co-exist. An example that highlights this is that patients with
inflammatory disorders, such psoriaris, develop elevated blood pressure that can
be lowered by immunosuppressive treatment. Clinical trials using anti-oxidant
agents such as vitamins C and E have to date failed to report positive effect on

the control of atherosclerosis [499] or HTN [500], although this may be due to the
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fact that these trials did not last long enough. Further trials of non-steroidal anti-
inflammatory drugs or macrolides (antibiotics) are underway. Moreover, elevated
inflammatory mediators can be used to determine the risk for the development of
cardiovascular pathologies, and perhaps identify patients who may benefit from
early intervention strategies. Indeed, levels of C-reactive protein, a marker of
acute inflammation, have been shown to associate with prevalent and incident
hypertension, and predict risk for atherosclerotic cardiovascular disease [501,
502].
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