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Abstract: Arterial stiffening is a significant risk factor for the development of cardiovas-
cular diseases, including hypertension, atherosclerosis, and arteriopathy. The destruction
of elastic fibers, accompanied by vascular inflammatory remodeling, is a key process in
the progression of arterial stiffening and related pathologies. In young, healthy arteries,
intact elastic fibers create a resilient microenvironment that maintains the quiescence of
arterial cells. However, with advancing age, these elastic fibers undergo post-translational
modifications, such as oxidation, glycosylation, and calcification, leading to their eventual
degeneration. This degeneration results in the release of degraded peptides and the forma-
tion of an inflammatory, stiffened niche. Elastic fiber degeneration profoundly impacts the
proinflammatory phenotypes and behaviors of various arterial cells, including endothelial
cells, smooth muscle cells, macrophages, fibroblasts, and mast cells. Notably, the degraded
elastic fibers release elastin-derived peptides (EDPs), which act as potent inflammatory
molecules. EDPs activate various arterial cellular processes, including inflammatory secre-
tion, cell migration, proliferation, and calcification, by interacting with the elastin receptor
complex (ERC). These elastin-related cellular events are commonly observed with aging
and in diseased arteries. These findings suggest that the degeneration of the elastic fiber
meshwork is a primary event driving arterial inflammation, stiffening, and adverse remod-
eling with advancing age. Therefore, preserving elastic fibers and blocking the EDP/ERC
signaling pathways may offer promising therapeutic strategies for mitigating age-related
arterial remodeling and related arterial diseases.

Keywords: age; elastic fibers; elastic laminae; arterial cells; arterial remodeling; arterial
stiffness; arterial disease

1. Introduction

As we age, the arterial wall progressively stiffens [1-4]. Arterial stiffness is a major
risk factor for the onset and progression of cardiovascular diseases, including hypertension,
atherosclerosis, and arteriopathy [4-6]. The destruction of elastic fibers (EFs) and the
elastic laminae (EL, predominantly composed of contracted EFs), along with vascular
inflammatory remodeling processes such as fibro-calcification, are critical tissue events,
contributing to arterial stiffening and endothelial dysfunction [1,3-10]. In healthy elastic
arteries, intact EFs create an elastic meshwork that not only provides arterial wall elasticity
but also creates a quiescent niche for endothelial cells (ECs), vascular smooth muscle cells
(SMCs), and fibroblasts (FBs), which may help prevent the onset of inflammation [4,11-13].
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However, with advancing age, both EFs and EL in the arterial wall undergo post-
translational modifications, such as carbamylation, glycosylation, and calcification, leading
to their eventual degeneration or fragmentation [4,7,9]. This process and releases elastin-
derived peptides (EDPs), which create an inflammatory niche that significantly influences
the phenotypes and behaviors of ECs, SMCs, FBs, macrophages, and mast cells [4,7,9,14-19].
The degeneration of EFs/EL, along with the release of EDPs, initiates arterial cellular
events such as secretion, migration, proliferation, and calcification through the elastin
receptor complex (ERC) [14-23]. These EFs/EL degeneration-associated cellular events are
commonly observed in older, diseased, arteries [2,11,24-27].

These findings suggest that the destruction of the above-mentioned elastic meshwork
is a fundamental event underlying arterial inflammation with advancing age. Thus, pre-
serving intact EFs/EL and blocking EDP/ERC signaling may offer promising therapeutic
strategies for slowing age-related arterial remodeling and associated diseases.

2. Arterial Elastic Fibers/Laminae
2.1. Elastic Fibers

The intact EFs structure is a key determinant of the integrity, resilience, and elasticity
of arterial walls [1,4,9,12,28]. During the cardiac systolic—diastolic cycle, EFs alternate
between stretched and relaxed states approximately 3 billion times over the course of
a human lifetime (~70 years). EFs are primarily composed of the protein tropoelastin
(TE), encoded by the elastin (ELN) gene, along with its supporting microfibril framework
(Figure 1) [5,29,30]. TE, the core protein of EFs, has a half-life of around 70 years, with
only 1% of it being renewed per decade [31]. Intact EFs exhibit a very low Young's
modulus (an index of stiffness), ranging from 0.3 to 1.5 MPa, and can be stretched linearly
to approximately 1.5 times their original length before tearing [28]. In contrast, collagen
fibers have a much higher Young’s modulus, around 1 GPa, making arteries approximately
1000 times stiffer when age-associated collagen fibers replace EFs [32]. As a result, arteries
become much stiffer when collagen fibers predominate, as often seen in older arteries,
compared to when EFs are dominant in youth.

2.2. Elastic Laminae

The EL are the predominant compact microstructure of EFs found in elastic arteries,
muscular arteries, and some small resistance arteries. The intact meshwork formed by
the EFs/EL imparts elasticity to SMCs, which is crucial for maintaining their structural
integrity and functional capacity under healthy normal conditions in both humans and
rats (Table 1 and Figure 2, left panels) [1,12,33]. This elasticity may allow arterial SMC to
efficiently expand and recoil in response to blood pressure fluctuations during the cardiac
cycle, ensuring stable and continuous blood flow throughout the body.
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Figure 1. Illustration of assembly and degradation of elastic fibers. Elastic fiber formation and
degradation, modified from Kim SH et al. [29] and created with BioRender.com. Notably, inside-out
indicates ELN gene expression and translation in the arterial cells and TE secretion and EF assembly
in the extracellular space; out-inside indicates EF degeneration, released EDPs and others signaling
to the neighboring arterial cells via ERC, EBP = elastin binding protein; ECs = endothelial cells;
EDPs = elastin-derived peptides; ELN = elastin gene; ERC = elastin receptor complex; FBs = fibroblasts;
SMCs = vascular smooth muscle cells; LTBP-1 = latent TGF binding protein-1; NEU-1 = membrane-
bound neuraminidase Neu-1; PPCA = protective protein cathepsin A; PM = plasma membrane;
TGEF-p1 = transforming growth factor betal.

Two distinct elastic lamina layers are recognized: the internal elastic lamina (IEL),
which separates the tunica intima from the tunica media, and the external elastic lamina
(EEL), which separates the tunica adventitia from the tunica media in large elastic and
muscular arteries (Table 1). Clearly defined IEL, EL, and EEL structures are observed in
elastic arteries, such as in 2-month-old rat aorta (Figure 3B, left upper panel), and the IEL
is also clearly defined in small muscular arteries, such as epicardial coronary arteries in
2-month-old rats (Figure 4B, left upper panels) [34,35]. In contrast, stiffer collagen fibers (as
indicated by the increase in red under a conventional microscope and green or yellow and
red fibers under a polarizing microscope) begin to accumulate, seemingly replacing the
lost elastic fibers in 30-month-old rat aortae and epicardial coronary artery (Figures 3 and 4,
middle and right lower panels) [34,35].
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Figure 2. The meshwork of aortic elastic fibers/laminae. Scanning electronic micrograms of normal
and degenerated aortic walls in humans (A) and rats (B), modified from Nakashima Y [12] and created
with BioRender.com. Note: It is reasonable to assume that contractile-like SMCs encapsulated in the
black enclosure with intact EFs/EL (white) in the normal aortic wall (left panels) and synthetic-like

cells embedded in destructed EFs/EL (right panels) in the degenerated aortic wall in both humans
and rats. SMCs = smooth muscle cells.

Arteries are categorized into two types: elastic arteries and muscular arteries, which
differ primarily in the composition of the tunica media. The tunica media of elastic arteries
consists predominantly of EFs/EL, while that of muscular arteries is mainly composed
of SMC. Muscular arteries may contain only two defined elastic layers within the tunica
media: the IEL and EEL, as seen in arteries such as the mesenteric, internal and external
carotid, and tibial arteries. The EEL, situated between the collagen fibers/sheets of the
adventitia and the muscle layers of the media, is a well-defined structure in elastic and
some muscular arteries.

Notably, both the IEL and EEL play crucial roles in preserving the arterial media’s
structural integrity and function and preventing arterial diseases [33,36—44]. These elastic
layers not only provide mechanical, structural, and functional support to the arterial medial
wall but also act as protective barriers for arterial cells. By controlling medial SMC exposure
to inflammatory molecules originating from both the intimal and the adventitial areas, the
intact IEL and EEL may help maintain arterial cellular quiescence and functions [33,36—42].
This dual role underscores the importance of the IEL and EEL in maintaining normal
arterial cell function, promoting arterial health, and potentially preventing arterial diseases.



Biomolecules 2025, 15, 153 50f 18

A Aortic Wall
---% |EL
----- » EEL
B Elastin van Gieson (E.V.G.) Picrosirius Red Picrosirius Red

Conventional Microscope Polarizing Microscope

2mo

8 mo

30 mo

Figure 3. Age-related large arterial remodeling. Illustration of aortic wall (A) and the arterial elastic
laminae/fibers (dark blue) were stained via Elastic van Gieson (E.V.G.) staining in the large aortic walls
of rats, which change with age (from 2 months to 8 months to 3 months) (left panels) (B), adapted from
Wang M et al. [34]. Notably, Picrosirius Red dye collagen stain shows red color under conventional light
microscope (middle panels), and under a polarizing microscope, type I collagen shows red or yellow,
and type III shows green color (right panels). IEL = internal elastic lamina; EEL = external elastic lamina.

Table 1. Aging and the Elastic laminae in the Arterial Wall.

Feature Young Old

Abundant, thick, evenly distributed, = Decrease in number and thickness, fragmentation

Elastic lami EL . . I -
astic laminae (EL) interwoven with smooth muscle cells and calcification, less organization.

Internal Elastic Lamina  Sharply defined, continuous, elastic =~ Fragmented, thickened, and calcified, losing

(IEL) fibers distinct boundary with thickened intima.

External Elastic Lamina Prominent, well-defined, separates Thinned, fragmented, and calcified, often obscured
(EEL) media and adventitia by adventitial thickening.

Overall effect on arterial Highly elastic, compliant, able to Stiffened, less compliant, decreased recoil,

wall recoil effectively increased risk of arterial diseases.
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Figure 4. Age-related small arterial remodeling. Illustration of wall (A) and epicardial coronary
arteries at 2 months, 8 months, and 30 months of age in rats (B), adapted from Wang M et al. [35].
Changes in elastic laminae-stained dark blue by Elastic van Gieson; increased collagen stained with
Picrosirius Red dye shows red color under conventional light microscope; and under a polarizing
microscope, type I collagen shows red or yellow and type III shows green color (right panels).
IEL = internal elastic lamina.

3. Arterial Elastic Fibers/Elastin Laminae with Aging and Disease
3.1. Young, Healthy, Arteries

Under young and healthy conditions, intact EFs/EL play critical structural, func-
tional, and physiological roles in the arterial wall (Table 1). These intact EFs/EL create a
quiescent microenvironment that is essential for maintaining the anti-inflammatory and
anti-thrombotic properties of overlying ECs and preserving the contractile phenotype of
enclosing SMCs within the arterial wall [13]. Additionally, the intact EFs/EL (main TE pro-
tein) may provide a stable, resilient, and elastic niche that promotes re-reendothelialization
and prevents SMC injuries, thereby supporting arterial homeostasis [13,29].

The IEL, primarily generated from both ECs and SMCs, serves a dual function [39].
First, it acts as a buffer or cushion, orienting both ECs and SMCs to withstand the circum-
ferential and longitudinal strains experienced during the cardiac cycle [13,45]. Second,
the IEL forms a physical barrier that prevents the migration and invasion of SMCs and
monocytes into the intima-media and mediates communication between ECs and SMCs
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through fenestrations [13,39,40,42,46-52]. This barrier function is crucial for preventing
endothelial dysfunction, inflammation, intimal-medial thickening, and medial weakening.

The EEL, primarily produced by SMCs, along with other EL, likely plays a
key role in limiting medial expansion, bearing longitudinal stress, and restricting
inflammation [37-39,41,53]. Along with other EL, the EEL organizes arterial components
and may prevents excessive arterial wall expansion during the systolic phase of the cardiac
cycle [44,54,55]. Additionally, the EEL may prevent the migration and invasion of adventi-
tial fibroblasts, thereby counteracting both medial and intimal thickening [36,44,54,56,57].

Furthermore, the EEL may act as a physical barrier that confines arterial FBs to the
adventitia, where they contribute to the production of extracellular matrix (ECM) compo-
nents and interact with immune cells such as mast cells and macrophages [36,43,44,56,58].
This barrier function may help maintain immune quiescence within the intima and me-
dial wall, preventing the infiltration of immune cells, foam cell formation, and adverse
arterial remodeling [38,41,44,58].

3.2. Old, Diseased, Arteries

As aging progresses, EFs/EL undergo erosion and even breakdown, with insuffi-
cient repair mechanisms in place to restore them (Table 1, Figures 3B and 4B left lower
panels) [2,7,29,34,35,54]. The degradation of the elastic meshwork leads to a loss in elasticity
and resilience, resulting in the generation of EDPs and releasing latent transforming growth
factor 1 (LTBP-1) and transforming growth factor beta 1 (TGF-31) (Figure 1). This is a major
molecular event that promotes inflammatory remodeling, including cellular phenotypic
shifts and extracellular matrix restructuring, such as fibrosis, that ultimately contributes to
arterial stiffening [1,2,4-9,29].

The degradation of EFs/EL releases inflammatory EDPs, which belong to the matrikine
family and are primarily located in the intima and media [21]. The most typical EDP is a
hexapeptide repeat, VGVAPG. Notably, EDPs are potent pro-inflammatory ligands that
interact with ECs and SMCs as well as other vascular inflammatory cells by binding to
the ECR (Figure 1), an unusual cell surface receptor [29]. The ECR is a heterotrimeric
structure composed of an elastin-binding protein, the membrane-associated protective
protein cathepsin A (PPCA), and the membrane-bound neuraminidase Neu-1 (NEU-1)
(Figure 1). Notably, ERC activation can be inhibited by galactolatin/galactosugars via
induction of EDPs release and dissociation of this complex. Other potential EDP receptors
include integrin av33 and galectin-3 in various cell types [20,59].

Upon activation by EDPs, the ECR on the plasma membrane of vascular cells
triggers alterations in cellular phenotypes, leading to inflammatory changes such as
increased migration, invasion, proliferation, and calcification of SMCs (Table 2 and
Figure 5). Of note, these phenotypic shifts, along with EFs/EL degeneration, facilitate the
onset and progression of cardiovascular diseases, including hypertension, atherosclerosis,
and arteriopathy [8,14,16,23,29,46]. Additionally, post-translational modifications, such
as the formation of advanced glycation end products, oxidation, calcification, and renin—
angiotensin system activation, further increase inflammation, stiffening and weaking of
arterial wall [23,29,45,60-62].
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Table 2. Effects of Elastin Fiber Degeneration on the Phenotype and Behavior of Arterial Cells.

Cell Type

Effects of Elastic Fiber Degeneration and Its Derived Peptides

Endothelial Cells (ECs)

Increase LDL oxidation
Increase monocyte adhesion
Increase MMP activity
Effect on NO production

Smooth Muscle Cells (SMCs)

Stimulate proliferation and migration or invasion
Increase vascular tone

Increase MMP activity, fibrosis and calcification
Impair matrix remodeling

Fibroblasts (FBs)

Stimulate proliferation and migration or invasion
Increase collagen deposition and fibrosis
Increase senescence, oxidative stress, inflammation

Trigger degranulation and release inflammatory mediators

Mast Cells such as chymase, MMP2/9, and CCR2 etc.
Increase M1/M2 polarization and inflammatory cytokine production
Macrophages Effect on phagocytosis

Promote foam cell formation, oxidize stress, and inflammation

Elastic Fiber Events

Cellular Events

l

Major Arterial
Histologic Events

Major

Cardiovascular
Clinical Events

Aging
|
Internal Elastic Lamina Elastic Laminae External Elastic Lamina
Degeneration Degeneration Degeneration
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Figure 5. Cellular, histological, and clinical events derived from EFs/EL degeneration in the arterial
wall with aging. The schematic representation illustrates the pathophysiological processes involved in
arterial aging. It highlights the transition from EFs/EL degeneration events to chronic inflammation
through various cellular and histologic changes within the arterial wall. Key components include EL
degeneration, endothelial and smooth muscle inflammatory phenotypic transformation, monocytes
infiltrating into macrophages, fibroblast activation, and major arterial histologic events. These
changes contribute to chronic inflammation and cardiovascular clinical events. This illustration is
created with BioRender.com. ECs = endothelial cells; SMCs = vascular smooth muscle cells.



Biomolecules 2025, 15, 153

90f18

4. Effect of Age-Associated Elastic Degeneration on Phenotypic Shifts of
Arterial Cells

Aging or disease accelerates the destruction of EFs/EL. As aging progresses, the
arterial wall’s intima and media thicken, and the adventitia expands, leading to an increased
presence of EDPs in these regions [4,21,63]. The degradation of EFs/EL and the resulting
EDPs serve as potent signaling molecules, driving the inflammatory response in various
vascular cells, including ECs, SMCs, FBs, macrophages, and mast cells (Table 2). This
process contributes to the initiation and progression of age-related vascular remodeling
and associated diseases (Table 3 and Figure 5).

Table 3. Elastic fiber Degeneration and Arterial disease.

Elastic Fiber Impairment

Arterial Disease Mechanism

Reduced elastin production

Impair endothelial function, promote fibrosis and
Hypertension weakened vessels become less elasticity, contributing to
chronically blood pressure increase.

Damage fragments and released inflammatory mediators
MMP-2/9, contributing to oxidative stress, monocyte

Fragmented elastic fibers Arteriosclerosis migration, and foam cell aggregation, plaque buildup
and narrowing.
Loss of elasticity weakens vessel walls, promoting
Loss of elastin Arteriopathy- oxidative stress and inflammatory mediators MMP-2/9
Aneurysm/Dissection and TGF-31 activation, eventually leading to ballooning

and potential rupture.

4.1. Endothelial Cells

Under normal conditions, arterial ECs are positioned over the IEL via a basement
membrane. ECs interact with the IEL, covering its fenestrae, and communicating with me-
dial SMCs likely through direct contact, gap junctions, or extracellular vesicles [13,40,52,64].
These cellular interactions are crucial for maintaining the physiological functions of the
endothelium, such as reendothelialization, anti-vasoconstriction, and anti-inflammation, as
well as for regulating the contractile state of medial SMCs. This coordination ensures nor-
mal vascular tone and blood pressure, both of which are essential for vascular homeostasis
and health [13,40,52,64].

Conversely, damage to the EFs/EL and the accompanying release of EDPs generate
inflammatory signals [14,16,23]. In human aortic EC, treatment with EDPs triggers the
release of proteinases, such as matrix metalloproteinase-1 (MMP-1) [18]. Critically, damage
to elastin compromises the endothelium’s ability to release nitric oxide, a gas molecule
that plays a key role in promoting SMC relaxation and exerting anti-inflammatory effects,
thereby significantly impacting endothelial function [65]. Additionally, EDPs promote
the oxidation of low-density lipoproteins (LDLs), enhance monocyte adhesion to the
endothelium, and contribute to the development of atherosclerosis [15,24].

Notably, an intact elastin microstructure is essential for EC adhesion, spreading, and
cell cycle entry and for ECs communication with SMCs, which are vital for the active repair
of endothelial damage and impact of blood flow throughout life [13,48].

4.2. Vascular Smooth Muscle Cells

Aging alters the phenotype of SMCs, characterized by a decline in x-smooth muscle
actin (x-SMA) and an increase in cellular stiffness and EL degeneration in the arterial wall,
which leads to a higher proliferative capacity in older versus younger SMCs determined
by in vivo immunochemistry plus histochemistry (Figure 6A) and in vitro proliferative
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assay (Figure 6B) and atomic force microscope (ATM) (Figure 6C). The degeneration of
EFs/EL, the release of EDPs, or elastin deficiency significantly influence SMC behavior,
including inflammatory responses, extracellular matrix secretion, proliferation, migration,
and invasion [19,22,30,39,40,42,46,49,50].
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Figure 6. Aging SMCs in the aortic walls. (A) Young (left panel) and old (right panel) rat aortic walls
stained with E.V.G. for EFs/EL (dark blue) plus immunostaining «-SMA (a SMC marker, brown color)
modified from Zhu W et al. [27]. (B) Proliferative capacity increases in early passage SMCs isolated
from old vs. young FXBN aortic walls. (C) Increased stiffness is observed when old vs. young SMCs
are compared. L = lumen; M = medium. SMCs = smooth muscle cells; FBS = fetal bovine serum.
*p <0.05; % p <0.01; ***p < 0.001.

The migration and invasion of media SMCs into the intima through the enlarged
fenestrae of the IE is a primarily events to the intimal medial thickening and neointima
formation [40]. The altered IEL structure is crucial in facilitating the migration and prolif-
eration of medial SMC into the intima, ultimately leading to arterial stenosis [40]. Addi-
tionally, EFs/EL degeneration or the released EDPs induce SMC trans-differentiation into
osteo-chondrogenic cells, marked by increased MMP-2 and TGF-{31 activation, runt-related
transcription factor 2 (RUNX2), and alkaline phosphatase (ALP) while decreased matrix Gla
protein (MGP), which contribute to calcification and elastin biomineralization [19,62,66].

4.3. Fibroblasts

Arterial FBs are a predominant cell type in the tunica adventitia [67]. Adventitial FBs
are activated in responding to the degeneration of EFs/EL, contributing to the production
of senescence-associated secretory phenotype, oxidative stress, inflammation, collagen
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deposition, and intimal medial thickening within the arterial wall [11,36,56,57,68]. Acti-
vated FBs become myofibroblasts, which migrate to the media and intima, promoting the
intimal medial thickening, inflammation, fibrosis, and calcification [36,57,69-71]. Thus,
adventitial FBs play a significant role in age-associated adverse cellular and molecular
arterial remodeling [2,11,68].

4.4. Mast Cells

Mast cells are a type of immune cell predominantly found in the arterial adventitia
and thickened intima [43,72,73]. Mast cells are activated by various stimuli, including an
age-associated micro-environment [43,72,73]. Upon activation, mast cells release granules
containing these inflammatory molecules such as chymase, MMP-2 and MMP-9, monocyte
chemoattractant protein1(MCP-1), and C-C chemokine receptor 2 (CCR2) [43,73]. These
molecules likely further contribute to the degradation of EFs/EL, exacerbating arterial
damage and remodeling [43,72,73]. Notably, mast cells have been observed to infiltrate
walls through fragmented Els/EL via CCR2 [74].

4.5. Macrophages

Macrophages are immune cells within the arterial wall that differentiate from circulat-
ing monocytes and perform various functions, including phagocytosis of pathogens and
cellular debris, regulation of inflammation, tissue repair, and modulation of immune re-
sponses [75-77]. EDPs induce circulating monocytes to adhere to the endothelium, migrate
into the subendothelial space, and differentiate into macrophages [15]. These macrophages
produce reactive oxygen species (ROSs), which facilitate the oxidation of LDL [15,24].

Resident macrophages are observed in the adventitia of aged arteries [78]. These
adventitial macrophages secrete proteinases such as MMP-2, MMP-3, and MMP-12, which
may degrade EFs/EL, thus releasing EDPs [58]. The life cycle of macrophages, including
their inflammatory responses, chemotaxis, and M1/M2 polarization, can be modulated
by EDPs, influencing their behavior and function [14,16,17,55,57]. This process promotes
the recruitment of macrophages to sites of injury within the intima, media, or adventitia
through the enlarged fenestrations or breaks in the elastic meshwork of arteries [17,58].

The degradation of EFs/EL, the release of EDPs, and the formation of foam cells are
critical steps in the initiation and progression of atherosclerosis and arteriopathy [14,16,55].
Foam cells, typically derived from macrophages, are immune cells that have engulfed large
amounts of lipids, mainly oxidized LDL [77].

The destruction of EFs/EL likely promote atherosclerosis by inducing phenotypic
changes in adventitial macrophages, making them more prone to foam cell formation via
vasa vasorum angiogenesis [16,57,76]. While the exact mechanisms linking EFs/EL degen-
eration to foam cell formation are still under investigation, studies suggest that changes in
macrophage behavior—such as increased macrophage infiltration and inflammation within
the arterial wall due to elastin degeneration may play a significant role in the processes
leading to foam cell formation [14,16,55,57,60,75,76].

5. Arterial Diseases Associated with Elastic Fiber Degeneration

The reduced elastin production, fragmented EFs/EL, and loss of elastin are closely
associated with several arterial diseases, including hypertension, atherosclerosis, and
arteriopathy, such as aneurysms or dissections (Table 3 and Figure 5). Impaired endothe-
lial function and weakened vessels become less resistant to pressure, contributing to
chronic blood pressure increase; fragments damage other cells and matrix components,
contributing to foam cell aggregation, plaque buildup, and narrowing; and loss of elas-
ticity weakens arterial walls, leading to ballooning and potential rupture. These changes
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result in arterial stiffening, reducing the ability of arteries to adapt to fluctuations in
blood pressure and flow and lowering the threshold for harmful stimuli such as increased
pressure and hyperlipidemia. Consequently, the promotion of inflammation is a pri-
mary risk factor for several arterial diseases, including hypertension, atherosclerosis, and
aneurysms/ dissections [4,6,8,12,14,15,41,43,47,55,60,63,74,76,79-83].

5.1. Hypertension

Aging significantly increases the incidence of hypertension, particularly advanced
hypertension, and is closely linked to the degeneration of arterial elastin or
EFs/EL [4,8,34,47,83-87]. In a mouse model of homozygous deficient in elastin (EIn—/—)
mice, arterial development is comparable to wild-type (WT) mice until approximately day
17.5 of gestation [85]. Beyond this time point, a marked increase in the number, disorganiza-
tion, and proliferation of SMC, eventually obstructing the arterial lumen, is observed [85].
Postnatally, the systolic blood pressure (SBP) in ElIn—/— mice is double that of WT mice,
with a significant increase in arterial stiffness [85]. In addition, heterozygous deficient in
elastin (Eln+/—) mice also exhibit hypertension with aging [8,47,84], and Eln+/— mice
exhibit higher blood pressure (20-30 mmHg more) than their WT counterparts [46,47,86].
The bioavailability of TGF-f31, modulated by emilin-1, a protein associated with EFs, also
influences SBP in mice [5], further suggesting that EFs/EL degeneration may play an
important role in the pathogenesis of hypertension.

Notably, an elegant study involving a mouse model expressing human elastin in mice
produced a spectrum of elastin expression levels ranging from 30% to 100% of normal [86].
In the mice, the level of elastin was found to be inversely related to arterial stiffness and
SBP [84,86]. In addition, in these elastin-deficient mice, vascular stiffening is detectable
seven days after birth, but hypertension does not manifest until around the 14th day [5,83].
These findings suggest that changes in mechanical properties may precede changes in SBP
and further underscore the pivotal role of elastin in the development of hypertension.

5.2. Atherosclerosis

Atherosclerosis is an arterial metabolic disorder closely associated with the degener-
ation of EFs/EL and can be observed under the microscope [25,88]. The degradation of
EFs/EL permits the deep infiltration of lipids and immune cells, such as monocytes, into
the aortic wall, leading to the formation of macrophage foam cells and activation of MMP-2
and MMP-9; all of which contribute to or are associated with the formation and disruption
of atherosclerotic plaques [25,38,41].

The role of EFs degradation in atherosclerosis has been substantiated by animal models
(LDLR—/— and ApoE—/—), particularly through the crossbreeding of mice deficient in
MMP-2 and MMP-9 with the atherogenic models [15,89,90]. These findings clearly demon-
strate that the degradation of EFs/EL is an element in the development of atherosclerosis.

In LDLR—/— mice fed an atherogenic diet and in obese mice, the degradation of
EFs/EL correlates with the formation of atherosclerotic plaques [4,15]. Notably, chronic
treatment with EDPs in a mouse model of atherosclerosis has been shown to directly
increase the size of atherosclerotic plaques in both LDLR—/— and ApoE—/— mice [15].
Similar effects were observed following the injection of the VGVAPG peptide [15]. More-
over, the absence of phosphoinositide-3-kinase gamma (PI3Ky) in bone marrow-derived
cells prevented EDP-induced atherosclerosis development, demonstrating that PI3Ky is
crucial for EDP-induced arterial lesions [15]. In vitro studies have shown that PI3KYy is
required for EDP-induced monocyte migration and ROS production and that this effect
is dependent on NEU-1 activity [15]. Furthermore, the absence of the PPCA-NEU-1 com-
plex in hematopoietic lineage cells abolished the progression of atheroma plaque size and
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decreased leukocyte infiltration, clearly demonstrating the role of this complex in atheroge-
nesis and suggesting the involvement of endogenous EDPs [15]. This research identifies
EDPs as enhancers of atherogenesis and defines the NEU-1/PI3Ky signaling pathway as
a key mediator of this process both in vitro and in vivo, suggesting that these effects are
mediated by ERC [15].

5.3. Arteriopathy

An aneurysm is a bulge or weakened area in the wall of an artery, which can oc-
cur in any artery in the body, such as those in the brain, but is most common in the
aorta. Dissection occurs when a tear forms within the aortic wall and causes blood
to flow between the laminal layers, thereby creating a false lumen. This can further
weaken and expand the artery, significantly increasing the risk of rupture. Notably,
dissections most commonly occur in the aorta but can also affect other arteries, such
as the coronary arteries. Histologically, both aneurysms and dissections are associ-
ated with the degeneration or destruction of EFs/EL, conditions collectively known as
elastin-associated arteriopathy [12,14,23,55,58,63,80,81,91].

The EDPs play a significant role in polarizing macrophage-induced inflammation,
promoting SMC calcification, and activating matrix metalloproteinases MMP-2/9 and
TGF-p1 within the arterial wall [14,19]. These activated MMP-2 and -9 are potent en-
zymes that effectively cleave EFs both ex vivo and in vivo [92,93]. The incidence of
aneurysms, along with EFs degradation, is markedly reduced in genetic models of MMP-2
and MMP-9 knockout (KO) mice compared to WT animals [94]. Furthermore, the use of
an antibody targeting the EDP peptide, VGVAPG, significantly reduces aortic MMP-2/-
9 activation, EFs/EL fragmentation, macrophage infiltration, and TGF-31 activity, ulti-
mately mitigating the development of aortic aneurysms in this mouse model [91]. There-
fore, preserving the integrity of EFs/EL is crucial in counteracting arterial aneurysms
and dissections [55,60,65,80,82,91,94].

6. Prevention and Treatment of Elastic Fiber Degeneration

The degradation and cleavage of EFs/EL can be mitigated through both non-
pharmaceutical and pharmaceutical approaches [55,60,65,80,82,93]. Pharmaceutical treat-
ments include compounds such as resveratrol and glucagon-like peptides [60,65]. Non-
pharmaceutical strategies involve maintaining a healthy diet and regular moderate exercise,
which contribute to overall arterial health [80,93]. Additionally, pharmaceutical regimens
or gene therapy could be developed to enhance EFs/EL repair, reduce their degradation,
and suppress the inflammatory signaling induced by released EDPs [55,60,65,82].

7. Conclusions and Future Perspectives

This review emphasizes the critical role that the degeneration of the EFs/EL plays in
the progression of arterial aging, which subsequently contributes to the development of
various cardiovascular diseases, including hypertension, atherosclerosis, and arteriopathy
(Figure 5). The degradation of EFs/EL leads to the release of EDPs, which act as potent sig-
naling molecules driving inflammatory responses and adverse vascular remodeling. These
molecular and cellular changes contribute to the stiffening of arteries, loss of elasticity, and
increased vulnerability to harmful stimuli, ultimately leading to the onset and progression
of age-related arterial diseases.

We believe future research must prioritize developing and refining therapeutic strate-
gies targeting the underlying molecular mechanisms driving EFs/EL degradation and the
associated inflammatory responses. A critical direction for investigation lies in the develop-
ment of pharmacological interventions. Drugs designed to inhibit EDP production, block
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its receptor ERC signaling, or promote elastin synthesis and repair hold significant promise
in addressing the arterial dysfunction caused by elastin degradation [15,29]. Ensuring the
efficacy and safety of these compounds in preclinical and clinical settings will be a crucial
step toward translating these findings into effective therapeutic options.

We also believe that gene therapies represent a promising avenue for the future,
especially in cases where elastin insufficiency is a key factor in the development of arterial
diseases. Gene editing technologies employment, including CRISPR/Cas9, may help to
correct genetic defects responsible for elastin production impairment, thereby restoring
elastin levels in patients [86]. This approach could provide a transformative solution for
conditions lacking effective treatments.

We also consider non-pharmaceutical interventions a crucial area worth further ex-
ploration. Aspects such as lifestyle modifications, including diet and physical activity, can
indeed positively influence vascular health [80,93]. In this regard, a deeper understanding
of the molecular mechanisms involved in EFs/EL assembly/disassembly might lead to
developing more effective lifestyle recommendations to preserve arterial integrity.

Furthermore, identifying valid biomarkers for EFs/EL degradation and EDP activ-
ity would facilitate the early detection of arterial disease, providing novel and better
tools for monitoring disease progression and treatment efficacy. In this regard, pro-
teomic/metabolomic and molecular image approaches could uncover valuable insights
into the molecular changes associated with elastin degradation.

Finally, although substantial progress has been made in understanding the role of
elastin degradation in arterial aging, we believe that further research is essential to pre-
cisely uncover the involved molecular and cellular mechanisms. Understanding the in-
teractions between elastin degradation, inflammation, and arterial remodeling is critical
for developing targeted therapies addressing the underlying causes of arterial aging and
age-associated diseases.
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