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ABSTRACT

In the arteries of vertebrates, evolution has given rise to resilient macromolecular structures, elastin and
elastic fibers, capable of sustaining an elevated blood pressure and smoothing the discontinuous blood
flow and pressure generated by the heart. Elastic fibers are produced only during development and
childhood, before being progressively degraded by mechanical stress and enzymatic activities during
adulthood and aging. During this period, arterial elastic fiber calcification and loading of lipids also
occur, all of these events conducting to arteriosclerosis. This leads to a progressive dysfunction of the
large elastic arteries inducing elevated blood pressure as well as altered hemodynamics and organ
perfusion, which induce more global malfunctions of the body during normal aging. Additionally, some
arterial conditions occur more frequently with advancing age, such as atherosclerosis or aneurysms,
which are called age-related diseases or pathological aging. The physiological or pathological
degradation of elastic fibers and function of elastic arteries seemed to be rather inevitable over time.
However, during the recent years, different molecules - including several ATP-dependent potassium
channel openers - have been shown to re-induce elastin production and elastic fiber assembly, leading
to improvements in the arterial structure and function or in organ perfusion. This review summarizes
the changes in the arterial elastic fibers and structure from development until aging, and presents some
of the potential pharmacotherapies leading to elastic fiber neosynthesis and arterial function

improvement.
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INTRODUCTION

The extensible tissues, such as blood vessels, lungs and skin, contain elastic fibers which endow them
with elasticity. The arteries are biological tubes, conducting blood from the heart to other organs. They
have complex histological structures with varying functions, sizes and anatomical locations, although
their walls are all composed of three layers, from the lumen to the exterior: the intima, media and
adventitia. In the mature artery, the intima is mainly composed of endothelial cells (constituting the
interface between the blood and the vascular wall) adhering to a basement membrane, a few fibroblasts,
smooth muscle cells and sparse elastic fibers. The media is mainly made of smooth muscle cells
interspersed with various amounts of elastic fibers or, in large arteries, nicely organized concentric
elastic lamellae alternating with smooth muscle cell layers with sparse microfibrils and collagen fibers.
The first elastic lamella, called the internal elastic lamina, separates the intima from the media, while
the more external elastic lamella, called the external elastic lamina, separates the media from the
adventitia, all the elastic lamellae accounting for elasticity and resistance to stretch of the wall [1,2].
Collagen fibers and fibroblasts are the major components of the adventitia, which also contains a few
microfibrils and elastic fibers [3].

According to their distance from the heart and subsequent decreasing diameters, arteries are divided
into large elastic arteries (the aorta and its proximal branches), medium-sized muscular arteries, and
smaller distal arterioles [4]. Arteries, especially large arteries, have elastic properties related to their
elastic fiber content (and organization) in the media, which decreases with the distance from the heart.
The elastic fiber core consists of elastin (90%), which is a polymer of the monomeric precursor
tropoelastin and the dominant contributor to the elastic fiber property of elasticity, while the peripheral
parts of the elastic fibers are made of fibrillin-rich microfibrils (10%) [5-7]. Elastin and, to a lesser
extent, microfibrils provide the elastic fibers and the large elastic arteries with elasticity [8—10],
allowing for distention, storage of energy and stroke volume when distended during systole, then
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diastole. This phenomenon, known as the Windkessel effect, helps to decrease the load on the heart and
smoothens the arterial blood pressure and flow by minimizing the systolic flow and maximizing the
diastolic flow in the arterioles [10—13].

Elastin is synthesized from the second half of gestation until the end of childhood, and the maximum
elastin quantity in the body is reached before adulthood [12]. During vessel development, elastin and
microfibrils are essentially synthesized by vascular smooth muscle cells (VSMC) to form the elastic
fibers through complex multistep processes. In the large artery wall, the elastic fibers are then arranged
into concentric elastic lamellae alternating with layers of circumferentially-oriented smooth muscle
cells or are present in the interlamellar spaces, an elastic lamella and its adjacent VSMC layer forming
a lamellar unit [14].

Elastic fibers are progressively altered by mechanical and enzymatic processes during adulthood and
aging. Actually, several age-dependent mechanisms contribute to the arterial stiffening, including
medial calcification and lipid deposition [15], as well as elastic fiber disruptions due to the increased
activity of elastin-degrading enzymes, such as several matrix metalloproteases (MMP), including
MMP-2 and MMP-9 [5,16]. As elastic fibers are gradually damaged, their load-bearing function is
presumably taken over by collagen which renders the vessel wall less elastic and more rigid, as observed
in the aging process [17]. The loss of elastin and elastic fibers leads to a decrease in the elastin/collagen
ratio, resulting in increased arterial stiffness and decreased arterial distensibility [16]. Many studies
have also shown that diabetes mellitus and arterial hypertension are important risk factors for functional
and structural damages to the arterial wall, resulting in early arterial stiffening [18]. Increased arterial
stiffness causes arterial wall wave reflections at the end of the systole rather than during diastole, which
increase systolic and decrease diastolic blood pressures, thus increase pulse pressure [19]. The increase
in systolic arterial blood pressure increases the systolic workload of the left ventricle (LV), leading to
increased oxygen consumption of the heart, LV hypertrophy and interstitial fibrosis. All of these events

related to the increase in arterial stiffness favor cardiovascular morbidity and mortality [20] and



predispose to the development of aging-heart failure [21,22]. Arterial stiffness increases with age in
both men and women, as measured by carotid to femoral pulse-wave velocity (PWV), a biomarker of
arterial stiffness [23,24], although vascular aging does not follow the same chronology in both sexes
[25]. Prepuberal females present higher arterial stiffness than boys whereas, during their fertile years,
females exhibit equal (central large elastic arteries) or lower (peripheral muscular arteries) arterial
stiffness and reduced risk of cardiovascular disease, compared to males [26,27]. This female-related
cardiovascular protection might be due to the presence of different isoforms of collagen and sex
hormones - mainly estrogens [21]. Estrogens protect the endothelium by increasing endothelial nitric
oxide synthase (eNOS) expression and NO production, and modulating prostacyclin and tromboxane
A2 releases [25]. Later on, during the post-menopausal phase, female aortic distensibility declines
sharply and becomes similar to that of males by the age of 60, correlating with hypertension and
increased cardiovascular risk in older women [27-30].

This review presents the major determinants of an appropriate structure and function of elastic fibers
in large arteries during development and normal aging, as well as two major age-related vascular
diseases, i.e. atherosclerosis and aneurysms. The perspective of pharmacotherapies aiming at repairing

the damaged elastic fibers is also illustrated.

FROM DEVELOPMENT UNTIL MATURITY - ROLE OF ELASTIC FIBERS IN THE
ARTERIAL STRUCTURE AND FUNCTION.

In mammals, the systemic blood pressure is regularly increasing with the developmental stage, from -
for instance in sheeps, rats or humans- a few mmHg during early gestation to several dozens of mmHg
at birth, and around 100 mmHg or above during adulthood [11]. On the contrary, the blood pressure in

the pulmonary circulation decreases at birth from, for example in humans and pigs, a foetal blood



pressure of 40-60 mm Hg, to 20-30 mmHg one day after birth and 10-15 mm Hg a few days after birth
and until adulthood [11].

In order to sustain these developmental blood pressure changes, which modify the mechanical stresses
applied to the blood vessel and stimulating the vascular cells by mechanosensing / mechanotransduction
[31], the arteries undergo a progressive remodeling throughout the developmental process, until
adulthood. These changes include an increase in diameter and wall thickness of the systemic arteries
[32] and, conversely, a decrease in wall thickness at birth regarding the pulmonary arteries [33].
During the development of most mammalians, transcription factors such as SOX7 trigger the
constitution of the aorta [34], which is first an endothelium-based tube supported by extracellular matrix
(ECM), before being surrounded by mesenchymal cells, myoblasts then smooth muscle cells, under the
influence of major factors and pathways, including EphB/ephrin-B2 signaling [35]. Around mid-
gestation, the elastogenic vascular cells (mainly VSMCs in the media) then produce microfibril-based
fibers rich in fibrillins associated to numerous proteins which are important for the structure and
function of these fibers. Arterial microfibril assembly requires fibronectin, integrins and heparan
sulphate proteoglycans, and starts with the N- and C-terminal processing -by furin- of fibrillins, which
then homotypically interact to form microfibrils. Microfibril-associated proteins, most of them
presenting different isoforms, then bind to this initial structure, including in particular: latent TGF-f-
binding proteins (LTBPs, implicated in microfibrilar latent TGF-B sequestration), microfibril-
associated glycoproteins (MAGPs, participating to elastin deposition onto microfibrils and binding
TGF-f and fibronectin) and a disintegrin-like and metalloprotease (reprolysin-type) with
thrombospondin type-I motif-like (ADAMTSL, involved at least in fibrillin-1 biogenesis, deposition or
assembly) [7]. Some of these constituents are, however, not essential for elastic fiber assembly and
function. It is the case for MAGP-1 and -2, although they are more generally regulators of normal
vascular development. and their mutation or deficiency is associated with arterial dilation/aneurysm

[36]. Microfibril fibers possess elastic properties and are sufficient to smoothen the blood flow and
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pressure and bear the limited stress applied by a low blood pressure during early gestation [11].
However, they are unable to exert these functions under stresses of higher amplitude, when the blood
pressure increases throughout the gestation. Therefore, during the last third of gestation and under the
influence of different factors, including TGF- [37], VSMCs synthesize and secrete tropoelastin, the
precursor of elastin. Tropoelastin is extracellularly assembled with microfibrils to form mature elastic
fibers, which are able to accommodate the forces applied to the arterial wall by higher blood pressures
[6,7,12,38]. After exportation, tropoelastin may bind to integrins, at least of the o3 type, and self-
associates to form microaggregates that are then cross-linked (between lysine residues) by lysyl
oxydase (LOX). At this stage, fibulin-5 contributes to the limitation of the size of the microaggregates,
while fibulin-4 allows for elastin cross-linking by LOX. The microaggregates are later deposited onto
microfibrils, where they first align and self-assemble (through a reversible process called coalescence)
before being cross-linked by LOX or lysyl oxidase-like-1 (LOXL1), which stabilizes the structure.
Fibulin-5 is again involved in this process since it facilitates elastin microaggregate deposition onto
microfibrils and, together with fibulin-4, elastin cross-linking. The completion of this step leads to
stable and insoluble elastin polymers, which will be the major component of the mature elastic fiber,
composed of an elastin core (90%) surrounded by microfibrils (10%) [7].

The major part of the elastic fibers are ultimately structured, in the arterial wall, into thicker concentric
elastic lamellae before birth [39,40], resembling in some ways to the elastic lamina present in the pleura
of the developing lung [41]. The interplay between VSMCs and elastin/elastic fibers is of major
importance in the arterial development since VSMCs produce elastin, which has been shown to be an
important regulator of VSMC proliferation as well as intracellular (contractile components) and
extracellular (migration) organization [42—44]. After birth, with the continuing augmentation of the
blood pressure, elastin and, more slowly, collagen contents increase, together with elastic fiber
thickness and the number of elastic lamellae [45]. Collagen I and elastin expressions peak during post-

natal growth then return to low levels, while elastin content reaches a plateau before the end of growth


https://www.zotero.org/google-docs/?4KrpO2

[6,12]. Conversely, despite cell proliferation and because of the increase in elastin and collagen
contents, the cellularity (= relative cell content) of the large artery wall decreases during the postnatal
period [46—48].

The remodeling of the developing elastic artery wall results in a modification of its mechanical
properties, which need to be adapted to the increasing blood pressure and, subsequently, the augmented
forces applied to the wall, to permit an appropriate hemodynamics. For instance, the large arteries of
the developing sheep are less distensible at low pressure, as compared to vessels from adults [46],
whereas the wall thickness and stiffness increase from the prenatal life until adulthood at the
corresponding physiological blood pressures or above. On the contrary, by comparison with the
situation in the fetus, it has been shown in the pig that the pulmonary arteries become less distensible
while their walls are thinning during the period following birth, concomitantly with the postnatal
decrease in blood pressure [49].

All the structural components of the arterial wall and their organization account for the mechanical
properties of the artery. The endothelial cells do not have a clear direct or structural role in the arterial
mechanics. However, they indirectly impact the mechanical properties of the arteries through the
secretion of different mediators which modulate the VSMC function. Besides regulating the contraction
of VSMCs, therefore vasomotricity, endothelium-derived agents such as NO also stimulate the
production of elastin by VSMCs, therefore impacting the arterial mechanics [50,51]. In resting
conditions, VSMCs do not seem to account -as structural components- for much of the elastic properties
of elastic and muscular arteries, except in the microcirculation [52-55]. However, they are able to
regulate the arterial mechanics, resistance and capacity, through their ability to constrict [52,54] as well
as to produce and organize extracellular matrix components, like elastin and collagen [56].

Regarding the extracellular matrix components, the poorly distensible collagen fibers (elastic modulus,
indicative of stiffness, ~1 GPa) are a major contributor to the arterial wall mechanics. Their resilience

and stiffness confer to the arterial wall their resistance to over-extension and therefore protects them



against alterations at high strains [12,53]. Vascular microfibrils, mainly made of fibrillins - especially
fibrillin-1 - [7], also play a role in the arterial wall mechanics. Their removal from the pig aorta induces
stiffness reduction at low strain and increase at high strain [9]. Elastin is present in substantial amounts
in the elastic fibers of the elastic lamellae and interlamellar spaces of the large artery walls (>50 % of
the proximal aorta dry weight), endowing them with elastic properties [12,57]. The elastic fiber can
extend up to ~140%, with an elastic modulus of ~0.4 MPa [53,58], ~1000 times lower than that of
collagen fibers, while the lamellar unit, which is the functional unit of the wall from a mechanical point
of view, presents a slightly higher elastic modulus of 0.5-0.7 MPa because of the minor contribution of
VSMCs. The elastic fibers have been shown to impart a compressive stress on the collagen, the
interplay between these two components explaining the mechanical properties of the composite arterial
wall [59]. The mechanical properties of the elastic fibers and lamellar units below or in the
physiological blood pressure range explain the ability of the large arteries to smoothen the blood
pressure and flow by maintaining a high blood pressure during the diastole [53,60].

The number of concentric elastic lamellae/lamellar units in the arterial wall is also adapted to sustain
the mechanical stress imposed by the blood pressure, to maintain the tension per lamella around 1-3
N.m! [14]. Therefore, the number of elastic lamellae decreases downstream the vascular tree (from the
elastic to the muscular arteries), when the blood pressure, vessel diameter and subsequent mechanical
stress imposed to the arterial wall decrease. For instance, in the rat, 10-13 concentric lamellar units are
present in the ascending aorta, 1-3 in the iliac-femoral arteries and 0 in smaller arteries [61]. It has also
been shown that lamellar and interlamellar elastic fibers might contribute differentially to the arterial
wall mechanical properties [57,62].

During adulthood, the elastic fibers exert their action despite progressive degradation by different
enzymes, such as matrix metalloproteinases-2 and -9 (MMP-2 and MMP-9) [5], leading to the release
of elastin peptides in tissues and the circulation [63]. These peptides bind to high affinity receptors in

many cell types [64] and, in particular, trigger signals leading to intracellular calcium elevation in



VSMCs and endothelial cells, and subsequent endothelium- and NO-dependent vasodilation [65—68].
Finally, genetic deficiency in the major components of elastic fibers results in discontinuous and
irregular elastic fibers, as well as alterations of the arterial wall in mouse models and humans. In the
arteries, genetic deficiency in elastin leads to VSMC proliferation, increased number of elastic lamellae
and/or stenotic remodeling (Supravalvular aortic stenosis or Williams syndrome) [42,69—72] whereas

deficiency in fibrillin-1 leads to aneurysmal pathologies (Marfan syndrome) [73,74].

NORMAL ARTERIAL AGING AND ELASTIC FIBERS

Age-related alterations of elastic fibers lead to impairments of the vessel mechanical properties and
have profound effects on the morbidity and mortality in humans [16,75,76].

Elastic fibers are extremely stable over time (elastin half-life of several decades) [77] and particularly
resistant to chemical and physical attacks (pH changes, heat, stretching) [78,79]. For these reasons,
despite the end of their synthesis after adolescence and their slow alteration throughout adulthood and
aging, elastic fibers can endow the arteries with some elasticity until an advanced age [30]. However,
the high resistance of elastic fibers is not sufficient to ensure their optimal function throughout life,
since the gradual deterioration of these fibers during normal aging progressively alters their elastic
properties. Three main alteration mechanisms are involved:

I) The cyclic mechanical strain imposed over a lifetime by about 3 billions cardiac cycles induces a
progressive accumulation of molecular ruptures which progressively modify the elastic fiber structure
and lower its elasticity (arterial fatigue) [80],

II) The binding of several environmental factors (mainly glucose, lipids and calcium) over time
modifies the molecular arrangement and interactions, and stiffens the elastic fibers [16]. The
progressive calcification of the arterial wall elastin during aging [5] has a potentiating effect on the

retention and fixation of cholesterol on the surface of elastic fibers. This contributes to the loss of
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elasticity of the arterial wall and constitutes an important risk factor involved in atherosclerosis and
myocardial infarction [81,82]. Also, non-enzymatic glycation, during which glucose slowly and
spontaneously reacts over time with the free -NH> groups of the amino-acids, generates Advanced
Glycation End products (AGEs) which bridge the residues, therefore altering the protein structure-
function. Also, AGE-mediated crosslinking between adjacent proteins leads to the lysis of elastic fibers
and their replacement by other matrix components, especially collagen. This phenomenon, particularly
affecting the proteins with a long half-life -such as collagen and elastin- which becomes more rigid,
participates in the alteration of the cellular responses and leads to arterial stiffening [83—86]. Aging
also increases the contents of Milk fat globule-EGF-8 (MFG-ES), a highly glycosylated protein, and its
fragment, medin, in the arterial wall. Medin strongly binds to elastic fibers and induces elastolysis and
amyloidosis in the arterial wall, affecting vascular elasticity and increasing stiffness and calcification
[87].

IIT) The dysregulation of the balance between elastic fibers homeostasis and degradation [88]. Actually,
elastin and the other components of elastic fibers can be degraded by elastase-type proteases belonging
to different classes of proteolytic enzymes (matrix metalloproteinases - MMPs-, as well as serine-,
cysteine- and aspartyl-proteases) whose syntheses and activations are modulated by many intrinsic and
extrinsic factors [77,88]. In particular, the elastase activity is normally counterbalanced by the
constitutive presence of inhibitors in the vascular wall, like the tissue inhibitors of metalloproteases
(TIMPs), which limit the degradation of elastic fibers [89,90]. However, during aging, the progressive
imbalance between proteases and protease inhibitors contributes to increased elastolysis in the arterial
wall, inducing a decrease in the elastin/collagen ratio and rigidification [5]. Elastic fibers appear
gradually disorganized, thinner and frequently fragmented, which leads to arterial enlargement under
the influence of blood pressure as well as parietal thickening because of, at least in part, compensatory

collagen production, and decreased elasticity [62,88,91-93].
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Furthermore, the degradation of elastin releases elastin peptides, some of them reaching the circulation
and being measurable in the serum [63]. Elastin peptides are able to induce multiple biological effects
on various cellular targets through their binding to the elastin receptor complex (ERC) [64,94], such as
vasodilation when binding to the endothelial ERC [66—68,95]. The number of these receptors does not
vary with age [96], but a decoupling of some of their downstream signaling pathways progressively
occurs during aging [97]. This phenomenon also contributes to the alteration of the vascular functions,
in particular vasomotricity [98] as well as modulation by the extracellular glucose level of calcium
homeostasis- and/or NO-related vasodilation and signaling pathways [99]. Nevertheless, during aging,
the activation of ERC by elastin peptide continues to trigger the production of elastase and free radicals,
enhancing the alteration of the tissues [97,100].

All the above-described age-related changes in the arterial structure, called arteriosclerosis, increase
the heart afterload, therefore heart work, and result in left ventricular hypertrophy, possibly fatigue and
ultimately failure, in parallel to chronic ischemia of the peripheral tissues, causing a progressive
deterioration of the organic functions [80,81,101]. These features of normal cardiovascular aging are
rather universal, although a change in the initial availability of the elastic fiber component could modify
some main consequences of physiological aging or lead to alternative aging. For instance, mice
presenting an heterozygous deletion in the fibrillin-1 gene (Fib-1 +/mgA) undergo premature aortic
aging, including decreased elastin/collagen ratio and increased stiffness [102]. Also, surprisingly,
heterozygous mice genetically deficient for elastin (Eln+/-) exhibit some signs of premature aging in
adults, such as early increased aortic stiffness, together with the absence -in aged animals- of some
other main features of aging, such as aorta wall thickening [103].

Besides normal aging, some deleterious arterial changes appear more frequently with age in some
individuals of a given species only, under the influence of environmental factors or genetic

predisposition. Two of these age-related diseases will be presented below.
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ALTERATION OF ELASTIC FIBER STRUCTURE AND FUNCTION DURING
PATHOLOGICAL AGING OF ARTERIES: THE EXAMPLES OF ATHEROSCLEROSIS
AND ANEURYSMS AS MAJOR AGE-RELATED DISEASES.

Aging is considered as an evident risk factor of cardiovascular diseases due to the physiological
alteration of the arterial structure. However, some people are more susceptible to the occurrence of
additional arterial or venous diseases in an early "chronological" age [104]. The existence of such a
pathological vascular aging suggests that there is a dissociation between biological and chronological
age of vessels. In some patients, an "early vascular aging" (EVA) could take place because of genetic
defects or exposure, at an early age, to environmental events triggering oxidative stress and
inflammation [105,106]. Multiple blood vessel pathologies which present a serious public health
problem are related to elastic fiber degradation and have a prevalence / incidence which is clearly
increasing with age, such as varicose veins [107], aneurysms [108—110], and atherosclerosis [111], the
latter being a major cause of coronary disease and stroke [112]. These two atherosclerosis-related
cardiovascular diseases, involving substantial elastic fiber degradation, are the first and third
causes of death worldwide, respectively. They nearly cause 250 deaths/100,000 persons/year,
which is about 85% of cardiovascular and 28% of total mortality [111]. Aneurysms are caused by
elastic fiber degradation and are a major threat to life, i.e. the 18th cause of death in the general
population (15th cause of death in people older than 65) in the USA, with about 3 fatal ruptured
aneurysms per 100,000 persons per year [110] Because of their important morbidities, increased
occurrence and aggravation during aging, severe impact on public health and close relation to arterial
elastic fiber degradation, atherosclerosis and aneurysms will be further described in the following

sections.

Atherosclerosis
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Atherosclerosis is characterized by the formation, in large and medium-sized arteries, of plaques
composed of lipids, calcified regions, immune and foam cells, together with vascular smooth muscle
and endothelial cells. Plaque formation starts with circulating LDL-cholesterol diffusion and
accumulation in the arterial wall, due to endothelial dysfunction. These lipids are oxidized and
subsequently stimulate vascular inflammation and monocyte recruitment in the vascular wall. The
monocytes then load the oxidized lipids to form foam cells. Further, accumulation of necrotic debris
and ECM components, together with VSMC migration and formation of a fibrous cap, cause the plaque
progression. Ultimately, under the influence of the forces applied by the blood flow, plaques can
rupture, resulting in thrombus formation and clinical manifestations such as tissue hypoxia and acute
ischemic events (e.g. myocardial infarction and stroke) [113]. Conversely, intermittent hypoxia, the
major consequence of obstructive sleep apnea, induces oxidative stress elevation, sympathetic
activation and inflammation, which favor endothelial dysfunction, elastic fiber disorganization,
hypertension and atherosclerosis [114,115]. Structural and physiological changes related to aging of
the arterial wall also predispose to or favor atherosclerosis. Some of these major modifications are
inflammation, oxidative stress, endothelial dysfunction, formation of collagen bridges, disorganization
of elastic fibers and decrease in the elastin/collagen ratio [106,116—118].

The most described event involving the elastic fibers in atherosclerosis is the alteration of the
elastin/collagen ratio, due to elastic fiber degradation under the atheroma plaque by elevated elastase-
type protease levels [119]. Also, age related-interlamellar collagen accumulation and -elastin
association with insoluble fibrillar material promote arterial stiffening [92], the intimal rigidification
inducing a disruption of endothelial barrier integrity and increasing endothelial permeability. This
enhances the transmigration of inflammatory molecules, monocytes and lipids, promoting the
development of atherosclerotic lesions [120]. Besides, collagen I, a prominent participant to the aging
processes, seems to be involved in endothelial dysfunction, by decreasing NO synthesis [121], as well

as in leukocytes recruitment, by increasing SMC expression of vascular cell adhesion molecule
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(VCAM)-1 [122]. Furthermore, elastin peptides released during age-related elastolysis by overactive
elastases could initiate atherogenesis process through several mechanisms. They modulate intracellular
calcium level and NO liberation in endothelial cells, promote LDL oxidation, monocyte and leucocyte
recruitment through a chemoattractive effect, and modulate the differentiation of lymphocytes present
in the plaques [94,123,124]. In parallel, tropoelastin is re-expressed and accumulates in atheroma
plaques, and has recently been suggested to be a biomarker for atherosclerotic plaque progression and
instability [125]. Finally, in the context of the atherosclerotic plaque, the combined stimulations of
VSMCs by disturbed hemodynamic forces applied to the wall, oxidized LDLs and proinflammatory
molecules such as IL-1p and TNF-a induce a phenotypic switch of these cells, from quiescent and
contractile to a dedifferentiated proliferative, proinflammatory, migratory and synthetic state. VSMCs
then produce different ECM proteins as well as tissue inhibitor of MMP (TIMP) and MMPs, including
MMP-2 and MMP-9. The inflammatory cells present in the plaque also produces MMPs and other
elastases which, together with the MMPs released by VSMCs, contribute to the remodelling of the
extracellular matrix, including elastic fiber degradation [126,127]. The age-related activation of MMP-
2 and MMP-9, two key enzymes that enhance the destabilization of atheromatous plaques, is a major

aggravating factor for atherosclerosis progression [128,129].

Aneurysms

An aneurysm is a permanent and localized dilation of an artery presenting at least a 50% increase in
diameter compared to the expected normal diameter of the artery [130]. In the large elastic arteries,
abdominal aorta aneurysm (AAA) is much more common than thoracic aorta aneurysm (TAA), the
prevalence of AAA being 0-5% in females, and between 1-12% in males [109]. The associated
mortality is high due to aneurysm rupture and subsequent hemorrhage [131], the mortality rate of
ruptured AAA being five times higher than that of ruptured TAA [110]. TAAs are often caused by rare

gene mutations (see below) with an occurrence early in life (30% of all cases), sporadic with an
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occurrence increased with aging, or associated with bicuspid aortic valves. The etiology of AAAs,
occurring mostly in later life, is related to both environmental factors (smoking habit, older age, male
gender, coronary heart disease, hyperlipidemia, hypertension and chronic obstructive pulmonary
disease (COPD)) and familial genetic factors different from the rare gene mutations cited for TAAs
[132,133].

An aneurysm is not a simple passive dilation, it is rather resulting from an active multifactorial process
whose development is triggered by a dynamic wall remodeling. This involves inflammation, oxidative
stress, VSMC apoptosis or switch from the differentiated contractile state to an undifferentiated
synthetic state. In TAAs, the TGF-b stimulation of VSMCs enhances the synthesis of fibrillar ECM,
antiproteases, proteases (such as MMP-9) as well as clearance of protease/antiprotease complexes. In
AAAs, switched VSMCs also secrete MMPs (such as MMP-2 and -9) whose proteolytic activities are
combined with those from MMPs and other elastolytic proteases secreted by immune cells (leukocyte
elastase) or exfiltrated from the circulation (plasmin, MMP-8, MMP-9) [132—-135]. The changes in
VSMC synthesis of ECM and the proteases present in the aneurysmal wall induce major extracellular
matrix modifications, which include elevated collagen deposition and an extensive destruction of elastic
fibers [136,137]. MMPs activation, in particular of MMP-2, MMP-9 and MMP-12, induces substantial
elastic fiber degradation in aneurysmal aortic tissues [136] and other organs, such as the
emphysematous lung [138]. Aneurysmal regions of the artery present a wall stiffening which results
from early ECM disorganization, including elastin and elastic fiber damage, enhanced collagen
deposition and disruption of elastin-contractile units. However, the wall elastic modulus (i.e. stiffness)
in arterial aneurysms decreases with age [ 139]. These structural modifications of the arterial wall seem
to precede the aneurysmal dilation [137,140,141] and are enhanced by aging, which explains the
significant influence of age on aneurysm risk [139,142,143], in addition to genetic predisposition [141].
In particular, genetic deficiencies in some microfibril components have been linked to altered elastic

fibers and aneurysmal syndromes, especially TAA in the ascending aorta. For instance, patients with

16



Marfan syndrome -caused by mutations in fibrillin-1 [7,74]- and mice genetically altered for the
fibrillin-1 gene develop ascending aorta aneurysms, which even worsen during aging [74,102,144].
Similar aneurysms have also been found in syndromes involving mutations in other microfibril
components, such as fibulin-4 or LTBP-4 (cutis laxa), or elastic fiber assembly-related molecules such
as LOX, while the corresponding murine models feature similar arterial aneurysms [ 145—148]. Thoracic
aneurysmal pathologies has also been linked to abnormalities in TGF-f signalling, including mutations
in the TGF-B2 (TGFB2), TGF-$3 (TGFB3), TGF-B receptor 1 (TGFR1) and TGF-B receptor 2
(TGFBR2) (Loeys-Dietz syndrome) [147]. Because microfibrils are a TGF-J reservoir, the occurrence
of aneurysms in humans or mice presenting mutations in microfibrilar components, therefore
microfibrilar abnormalities, may be due to a dysregulation of TGF-p signalling. However, a recent work

has shown that mice genetically deficient for fibrillin-1 (Fbn1¢10396/*

) present thoracic aorta aneurysms
that are unrelated to TGF- signaling, which indicates that the onset of thoracic aorta aneurysms might

have more complex origins [149].

PHARMACOLOGICAL REINITIATION OF ELASTIN OR ELASTIC FIBER SYNTHESIS IN
AGED PATIENTS OR ANIMALS

The challenge of restoring or increasing the elastic fiber content in aged patients or animals (or in
pathological conditions) is of particular importance and consists in stimulating the production of the
elastic fiber components at a time when the synthesis of several of them is very low.

Tropoelastin, the soluble precursor of elastin, and other elastic fiber components are synthesized in the
skin by dermal fibroblasts and in vessels by medial VSMCs. The synthesis of tropoelastin is regulated
by numerous chemokines and growth factors [150] and also by potassium (K*) and calcium (Ca*") ions.
Indeed, K* excess in the extracellular medium induces the depolarization of the plasma membrane,
which causes the opening of voltage-dependent calcium channels (CaV) and leads to an increase in

[Ca?"]i and a decrease in elastin synthesis [151,152]. Such a decrease in elastin synthesis was also
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shown in VSMCs incubated with the calcium ionophore A23187, which trigger Ca®" influx and [Ca"];

elevation [152,153]. On the contrary, K* efflux from cells leads to an increase in elastin synthesis due
to membrane hyperpolarization and CaV closing. This has been shown in experiments using the ATP-
dependent K" (Katp) channel opener, minoxidil, a potent arterial vasodilator which has long been used
to treat hypertension. Minoxidil-induced K" efflux leads to enhancement of elastin synthesis in cultured
VSMCs and skin fibroblasts [151,154]. In vivo studies have also demonstrated that the elastin content
and/or thickness of elastic lamellae are increased by minoxidil treatment in several animal models:
Spontaneously Hypertensive Rats (SHR) [155], Brown Norway (BN) rats [156], old C57BI1/6J mice
[157] and Eln+/- mice [158]. Chronic treatment of mice with minoxidil also results in improvements of
the arterial mechanics and cerebral perfusion and, at least in aged animals, in neosynthesis of elastic
fibers and protection of pre-existing elastic fibers [157-159]. Other Katp channel openers, like
diazoxide or nicorandil, exert an effect on in vivo elastin synthesis similar to those induced by minoxidil
[156,160], while pinacidil and some cromakalim or diazoxide derivatives have also been shown to
induce elastin production by cultured VSMCs in rats [156,161,162]. However, treatment of animals
with other antihypertensive drugs, either angiotensin-II type 1 receptor blocker, beta blocker or calcium
channel blocker, does not modify the elastin content in arteries [163].

Numerous cytokines which inhibit tropoelastin transcription act through the activation of the
Ras/MEK/ERK signalling pathway [150]. The increase in [Ca*']i in VSMCs also stimulates ERK1/2
phosphorylation. The inhibition of this signalling pathway could thus be a strategy to increase the
elastin content in arteries. Actually, by performing in vitro and in vivo experiments in rats, it has been
demonstrated that inhibition of the ERK1/2 phosphorylation leads to increases in elastin synthesis by
VSMCs and elastin content in the aorta [153]. The importance of this pathway in elastin metabolism
has been confirmed by the demonstration that cortistatin reduces elastin degradation, MMP-2 and -9

expressions and aneurysm progression through the inhibition of the ERK1/2 signaling pathways [164].
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Of importance, it has also previously been shown that ERK1/2 signaling is involved in elastin peptide
signaling through the elastin receptor complex (ERC) [94].

The general impact of the pharmacological treatments modulating the Katp channels-Ca?" channels-
ERK1/2 pathways described above is illustrated in Figure 1.

MEK inhibitors have also been used in order to stimulate elastin synthesis by cells isolated from patients
with Costello syndrome, a developmental disorder characterized by hyper-activation of the mitogenic
Ras-Raf-MEK/ERK pathway and inhibition of elastogenesis. The treatment of dermal fibroblasts
derived from these patients with the MEK inhibitor PD98059 leads to the concomitant inhibition of cell
proliferation and recovery of elastin production [165].

Completely different therapeutic strategies have also been tested to stimulate elastin synthesis using in
vitro or in vivo models. Cenizo and colleagues have used a dill extract to induce LOXL gene expression
in dermal fibroblasts, resulting in elastin content increase in dermal and skin equivalents as well as skin
elasticity elevation in vivo in humans [166,167].

In addition, based on a previous work which has shown that microRNA (miR)-29 mimics downregulate
the expression of elastin (ELN) as well as parts of collagen type I (COL1A1) and collagen type III
(COL3ATI) genes, the team of William C. Sessa has demonstrated that inhibition of miR-29a can
increase ELN expression in human cells (skin fibroblasts, VSMCs, bioengineered vessels) and in cells
from patients with ELN haploinsufficiencies (supravalvular aortic stenosis or Williams-Beuren
syndrome). Using the same in vitro models, it was also demonstrated that engineered zinc-finger protein
transcription factors that target the ELN gene can also be used to stimulate the expression of elastin
[168,169]. However, these potential therapeutic molecules have not been tested in vivo yet and need

additional investigations for validation of their therapeutic potential.

CONCLUSION
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Elastic fibers represent a major innovation in the course of the evolution of species. Their mechanical
properties of resilience and elasticity under relatively high strain-stress, together with the protective
action of collagen fibers, have permitted the emergence of large arteries adapted for the efficient but
demanding close circulation of vertebrates. During development, the progressive expression and
assembly of the elastic fiber components adapt the structure-function of the arteries to the changing
mechanical requirements imposed by the constitution of the complex cardiovascular system. The
stopping of the production of the main constituent of elastic fibers, elastin, during childhood, therefore
preventing further assembly of elastic fibers, results in the presence of a limited and non-reconstitutable
stock of elastic fibers at the end of growth. During adulthood, the activity of proteolytic enzymes
progressively degrades the existing elastic fibers and the arterial function, progressively leading to the
deleterious elevated blood pressure, increased pulse pressure and altered hemodynamics observed
during aging (Figure 2). The impossibility to physiologically replace the degraded elastic fibers, i.e.
repair the arterial wall and re-establish a normal function of elastic arteries, questions the reasons for
the limitation in time of the elastic fiber production. Is it a simple illustration disposable soma theory
of aging, postulating that our bodies are important only until transmission of the genes to the next
generation, then become unimportant ? The answer is possibly more complex and could rely on the fact
that elastic fibers are assembled during development and, later on, are extended by the growth of the
organs, which could be necessary for reaching their mature mechanical properties [31]. A production
of arterial elastic fibers after the end of growth could result in permanently unextended fibers which
would not present normal elastic properties, then would not be completely efficient for endowing the
large arteries with the needed mechanical properties. This hypothesis is supported by the fact that
pharmacological reinduction of the expression of elastin and enzymes required for elastic fiber
assembly, in the aorta of aged animals, results in the neosynthesis of elastic fibers that are not all
normally arranged and oriented (figure 2). This has contrasted functional consequences: the important

return of the aorta stress-strain relation closer to that of young adults, although with no significant
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impact on aorta distensibility and, surprisingly, a slight increase in aorta stiffness [157]. The search for
new conditions allowing for elastic fiber arrangement and function optimization after elastin synthesis
reinduction could be a future challenge in order to substantially improve the elasticity of large arteries

in aged animals.
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FIGURE LEGENDS:

Figure 1: Cellular events and signaling pathways involved in elastic fiber neosynthesis induced
by pharmacological treatments.

Application of potassium channel openers to VSMCs leads to cell membrane hyperpolarization and
calcium channel blockade. This induces a drop in intracellular Ca** concentration and inhibition of the
ERK 1/2 pathway, resulting in the activation of the production of mRNAs involved in elastic fiber
synthesis (tropoelastin, TE ; fibulin-5, FBLN-5 ; lysyl-oxidase, LOX ; fibrillin-1, FBN-1 ; ...) and
secretion of the corresponding proteins. Treatment of the cells with an inhibitor of ERK 1/2
phosphorylation produces the same effect regarding elastin. Elastic fiber neosynthesis then precedes
their integration/aggregation into pre-existing elastic fibers and elastic lamellae. Regarding the effect

of minoxidil, a limitation of elastic fiber ruptures and AGE formation is also observed.

Figure 2: Evolution of arterial wall structure during development, adulthood, ageing and
pharmacotherapy.

During development, elastic fiber deposition takes place in short size arteries, which are later extended
by the progressive blood pressure elevation. The extension of elastic fiber leads to the conformation
providing them with their normal mechanical properties. During adulthood and aging, cyclic
mechanical stress and proteases trigger elastic fiber degradation, leading to failing mechanical
properties and increased stiffness. Pharmacological treatments (e.g. minoxidil) in adult or aged mice

stimulates the expression of the components allowing for elastic fiber assembly (e.g. tropoelastin,
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fibulin-5 and LOX), and neosynthesized elastic fibers are produced in the media, either aggregated to
the pre-existing elastic lamellae (increased thickness of the elastic lamellae) or in the interlamellar

spaces (under different orientations).
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Highlights:

« Elastin and elastic fibers are synthesized only during late pregnancy and childhood

« Elastic fibers provide the arteries with elasticity

 Arterial elasticity allows for smoothing of the pulsatile blood flow and pressure
delivered by the heart, leading to appropriate hemodynamics and organ perfusion

« During aging, elastic fibers are altered by mechanical and enzymatic processes,
leading to arterial stiffening and dysfunction, altered perfusion and organ damage

o Pharmacological treatments, in particular with the ATP-dependent potassium channel
opener minoxidil, reinitiate elastin production in vitro and in vivo

« Minoxidil treatment results in improvements of the arterial mechanics and, at least in
aged animals, in neosynthesis of elastic fibers and protection of pre-existing elastic fibers
« Minoxidil and possibly other molecules could be considered as anti-aging agents for
the arterial system
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