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ARTICLE INFO ABSTRACT

Article history: The vascular endothelium is a critical interface, which separates the organs from the blood and its contents. The
Received 22 April 2016 endothelium has a wide variety of functions and maintenance of endothelial homeostasis is a multi-dimensional
Accepted 8 August 2016 active process, disruption of which has potentially deleterious consequences if not reversed. Vascular injury pre-

Available online 9 August 2016 disposes to endothelial apoptosis, dysfunction and development of atherosclerosis. Endothelial dysfunction is an

end-point, a central feature of which is increased ROS generation, a reduction in endothelial nitric oxide synthase

g}ggf}qgﬂum and increased nitric oxide consumption. A dysfunctional endothelium is a common feature of diseases including
Vascular injury rheumatoid arthritis, systemic lupus erythematosus, diabetes mellitus and chronic renal impairment. The endo-
Shear stress thelium is endowed with a variety of constitutive and inducible mechanisms that act to minimise injury and fa-
Cytoprotection cilitate repair. Endothelial cytoprotection can be enhanced by exogenous factors such as vascular endothelial
Endothelial dysfunction growth factor, prostacyclin and laminar shear stress. Target genes include endothelial nitric oxide synthase,

heme oxygenase-1, A20 and anti-apoptotic members of the B cell lymphoma protein-2 family. In light of the im-
portance of endothelial function, and the link between its disruption and the risk of atherothrombosis, interest
has focused on therapeutic conditioning and reversal of endothelial dysfunction. A detailed understanding of
cytoprotective signalling pathways, their regulation and target genes is now required to identify novel therapeu-
tic targets. The ultimate aim is to add vasculoprotection to current therapeutic strategies for systemic inflamma-
tory diseases, in an attempt to reduce vascular injury and prevent or retard atherogenesis.
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1. Introduction

The importance of endothelial homeostasis for health is often
underestimated. The vascular endothelium provides an effective, regu-
lated barrier between the circulating blood and the tissues, which sus-
tains blood flow and an anti-coagulant, anti-adhesive surface. This
constitutive role is combined with a rapid response mode. The latter re-
quires endothelial activation. This process, which has been reviewed
elsewhere in detail, comprises Type I and Type II activation [1]. Type I
is an acute response independent of new gene transcription, with typical
mediators including histamine and thrombin. In contrast, Type II activa-
tion is more delayed, longer in duration and requires gene transcription.
It is well represented by endothelial responses to tumour necrosis factor-
« (TNF-a) and interleukin-1 (IL-1) and leads to the upregulation of cel-
lular adhesion molecules E-selectin, vascular cell adhesion molecule
(VCAM)-1 and intercellular adhesion molecule (ICAM)-1. These endo-
thelial responses facilitate the coagulation cascade, angiogenesis, control
of vascular tone and permeability and regulation of the leukocyte adhe-
sion cascade [1,2]. Therefore it is unsurprising that factors which com-
promise endothelial function predispose to vascular diseases.

Endothelial dysfunction is an imprecise term and represents the
common end-point of a variety of upstream insults [3]. It is a recognised
feature of diseases as diverse as diabetes mellitus, familial hyperlipid-
emia, sepsis, chronic renal impairment, rheumatoid arthritis (RA)
and systemic lupus erythematosus (SLE). Dysfunction follows excessive
endothelial cell injury, which predisposes to apoptosis and impaired
homeostatic responses. A common feature is the excess generation
of reactive oxygen species (ROS) that consume nitric oxide (NO).
This in turn generates peroxynitrite and leads to the oxidation of
tetrahydrobiopterin and its subsequent uncoupling from endothelial nitric
oxide synthase (eNOS) [4]. Additional disease-specific factors that may
contribute to endothelial dysfunction include hyperglycemia, advanced
glycation end-products, pathogenic antibodies, complement-mediated in-
jury, modified-low-density lipoprotein (LDL), inflammatory cytokines
such as TNF-a¢ and activated leukocytes. The associated local inflammatory
response drives a vicious cycle of events which, if uncontrolled, leads to
barrier breakdown and increased endothelial permeability to monocytes
and LDL, which accumulate in the sub-intimal space and initiate fatty
streak formation [5,6]. Post-transplantation, immune-mediated endotheli-
al dysfunction results in accelerated arteriosclerosis [7].

Given that endothelial dysfunction is an early adverse biomarker
that can be detected by non-invasive techniques [8], therapeutic rever-
sal represents a key clinical goal. However, effective strategies for this
have not been easy to identify. This review aims to integrate basic
science advances in the understanding of molecular mechanisms regu-
lating endothelial protection, with potential clinical therapeutic strate-
gies aimed at optimising endothelial function and repair.

2. Inflammation and cardiovascular disease

The integral role of chronic inflammation in atherosclerotic plaque
development is well recognised [9]. In addition to acting as a catalyst

for intense research efforts, this pathogenic observation has encouraged
different clinical disciplines to share their insights with respect to ath-
erosclerosis. Thus cardiologists liaise more closely with rheumatolo-
gists, renal physicians, endocrinology/metabolic medicine experts and
imaging specialists. The recognition that patients suffering from RA or
SLE, chronic renal failure, diabetes mellitus and the metabolic syndrome
are at risk from premature cardiovascular events provides an opportunity
to advance understanding of the underlying molecular mechanisms.

2.1. Pathology of atherogenesis

Excellent recent reviews have described in detail the complex cellu-
lar interactions, immune and inflammatory processes that drive athero-
genesis and atherothrombosis [9-11]. Pro-inflammatory cytokines
including TNF-a and interleukin-1 (IL-1) induce expression of endothe-
lial adhesion molecules including VCAM-1, and act in concert with
chemoattractants such as monocyte chemotactic protein-1 (MCP-1,
CCL-2) to facilitate the egress of monocytes and T cells from the
bloodstream into the developing atherosclerotic plaque. Subsequent
proliferation and maturation of monocytes into macrophages is
followed by their uptake of LDL via cell surface scavenger receptors
to create foam cells [11]. Locally activated vascular smooth muscle
cells (VSMC), dendritic cells, mast cells and B cells are present in
the developing atherosclerotic plaque. Subsequent apoptosis of
VSMC and foam cells leads to the accumulation of cell debris and
cholesterol crystals to create a necrotic lipid core which is retained
by an overlying fibrous cap.

The importance of cellular adaptive immunity and particularly the
pivotal regulatory role of T cells in atherogenesis has emerged over
the last decade. Interferon-vy (IFNvy) is a critical pro-atherogenic cyto-
kine. In contrast, the regulatory T cell subset may work in the opposite
direction [12]. Similarly B cells may be important, with outcomes
reflecting the balance between B1 cells, which are reported to be protec-
tive, and B2 cells which may accelerate atherogenesis [9,13,14].

2.2. Atherothrombosis - endothelial erosion and plaque rupture

Atherosclerotic plaques may impair arterial blood flow and in-
duce tissue ischemia. Life-threatening events are typically the result
of atherothrombosis leading to myocardial infarction or stroke, with
the latter due to plaque embolisation and occlusion of a distal
cerebral artery [5].

Changes in the plaque that predispose to atherothrombosis include
endothelial erosion and plaque rupture. Plaques are typically covered
by arterial endothelium, which is exposed to high levels of shear stress,
and circulating pro-inflammatory mediators including TNF-, IL-1(3 and
eicosanoids. The inflammatory milieu predispose to endothelial cell ap-
optosis and loss of endothelial monolayer integrity. Endothelial erosion
is a recognised feature of plaques obtained from up to 40% of patients
suffering coronary thrombosis [ 15]. Erosion exposes the pro-thrombotic
basement membrane. Plaques with this phenotype are typically less
inflamed, incorporate proliferating VSMC and undergo significant
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