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Abstract

Each step in angiogenesis is regulated by the extracellular matrix (ECM). Accumulating evidence indicates that age-
ing-related changes in the ECM driven by cellular senescence lead to a reduction in neovascularisation, reduced
microvascular density, and an increased risk of tissue ischaemic injury. These changes can lead to health events

that have major negative impacts on quality of life and place a significant financial burden on the healthcare sys-
tem. Elucidating interactions between the ECM and cells during angiogenesis in the context of ageing is neceary

to clarify the mechanisms underlying reduced angiogenesis in older adults. In this review, we summarize ageing-
related changes in the composition, structure, and function of the ECM and their relevance for angiogenesis. Then,
we explore in detail the mechanisms of interaction between the aged ECM and cells during impaired angiogenesis
in the older population for the first time, discussing diseases caused by restricted angiogenesis. We also outline
several novel pro-angiogenic therapeutic strategies targeting the ECM that can provide new insights into the choice
of appropriate treatments for a variety of age-related diseases. Based on the knowledge gathered from recent reports
and journal articles, we provide a better understanding of the mechanisms underlying impaired angiogenesis

with age and contribute to the development of effective treatments that will enhance quality of life.
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Introduction

Angiogenesis is the process by which new capillaries
form by sprouting from pre-existing ones [1]. This pro-
cess involves the migration, proliferation, and differentia-
tion of endothelial cells (ECs) and pericytes and results in
elongation of the initial tip, followed by anastomosis with
other blood vessels to form perfused vascular branches.
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Accumulating evidence indicates that angiogenesis is
impaired in older adults, contributing to cardiovascular
and cerebrovascular disease and delayed wound healing,
reducing the quality of life and causing a significant bur-
den for healthcare systems [2].

Changes in the extracellular matrix (ECM) may con-
tribute to impaired angiogenesis in older adults. The
ECM is a crucial part of the vascular wall and com-
prises an array of macromolecules, with the two main
classes being fibrous proteins (collagen and elastin) and
glycoproteins (laminin, fibronectin (FN), and proteo-
glycans). The ECM plays a crucial regulatory role in all
phases of angiogenesis, interacting with cells and acting
as a scaffold within which cytokines regulate cell behav-
iour, promote vascular morphogenesis, and maintain
the stability and maturity of the vascular system [3]. Cel-
lular senescence affects transcription, translation, and
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post-translational modification of ECM components, giv-
ing rise to changes in the ECM that can directly or indi-
rectly affect interactions between the ECM and cells and
result in impaired angiogenesis.

A summary of the effects of ageing on the ECM and
angiogenesis has been lacking to date. In this review,
we first present the facts supporting the impairment of
angiogenesis with ageing. Then, we summarize in detail
ageing-related changes in the composition, structure, and
function of the ECM, and explore in detail mechanisms
of interaction between ageing-affected ECM and cells
during impaired angiogenesis in older adults for the first
time. Finally, we address ageing-related diseases involving
restricted angiogenesis and propose several novel pro-
angiogenic therapeutic strategies targeting ECM, which
can provide new insights into the systemic treatment of
various age-related illnesses.

Impaired angiogenesis during ageing

Angiogenesis is a crucial element in wound healing and
hemodynamic recovery from ischaemic tissue injury. An
increasing number of studies have demonstrated that
angiogenic capacity declines drastically with age. Wound
healing occurs at a slower rate in older individuals, and a
failure of healing may also occur owing to reduced vas-
cular sprouting [4]. In older mice with hindlimb hypoxia/
ischaemia, angiogenesis and capillary density at the
wound site have been found to be significantly reduced
relative to those in younger mice [5, 6]. In older rats, there
is a significant decrease in neovascular branching and an
increase in the number of free ends in already-formed
vascular branches, resulting in a discontinuous vascular
network, as seen from studies in vitro (Fig. 1) [7]. In older
organisms, the maturation and stability of the neovascu-
lature decrease, the EC lumen width increases, and the
vessel structure becomes tortuous [8, 9].
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Impaired angiogenesis in older individuals is con-
firmed by poor blood circulation. In older adults with
poor blood flow recovery following acute limb ischaemia,
there were considerably higher rates of amputation and
mortality [10]. Ageing reduces the endogenous angio-
genic response, inhibits the ability to heal injured tissue,
and produces ischaemic injury. Ageing and impaired
angiogenesis result in higher rates of myocardial ischae-
mia and infarction, stroke, and peripheral artery disease
[11]. An imbalance between myocardial development
and angiogenic damage has been shown to be fundamen-
tal in contractile dysfunction and heart failure [12]. Addi-
tionally, ageing-related angiogenic damage leads to brain
microvascular thinning and reduced tissue perfusion,
which contribute to the pathogenesis of neurodegenera-
tive disorders, including Alzheimer’s disease (AD). It is
clear that ageing has negative effects on angiogenesis,
and impaired angiogenesis is a major risk factor for sev-
eral diseases, including cardiovascular disease. Therefore,
understanding the mechanisms of impaired angiogenesis
in the context of the development and exacerbation of
disease is important for effective management.

Effects of the ECM on angiogenesis during ageing

The ECM is understood to play an important role in
regulating angiogenesis. The ECM binds ECs by interact-
ing with integrins present on the cell surface. This regu-
lates EC activity and initiates vascular sprouting, sending
signals to the EC cytoskeleton that promote the forma-
tion of vascular cords. ECM remodelling promotes the
development of luminal structures and provides peri-
cyte-guiding tunnels to support the construction of the
vascular basement membrane, which impacts vascular
stability. The ECM also functions as a growth factor res-
ervoir, releasing growth factors in a controlled manner
to modulate cellular behaviour during angiogenesis [13].
Hence, the ECM regulates each stage of angiogenesis by

Fig. 1 The tube-forming ability of microvascular endothelial cells (ECs) isolated from 3-month-old F344xBN rats (A) is greater than that of cells

isolated from 24-month-old rats (B) [141]
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influencing the behaviour of cells. The ECM is secreted
by cells and surrounds cells within tissues to form the
extracellular microecological environment. The struc-
ture, composition, and physicochemical characteristics
of the ECM change in the context of senescence in cells.
Senescent cells can affect the ECM composition, but the
ECM has also been shown to regulate senescent cells.
Understanding the bidirectional relationship between the
ECM and senescent cells is important for comprehending
pathological ageing processes. In the following sections,
we discuss ageing-related changes in the ECM and the
impact of these changes on cells during angiogenesis.

Changes in the ECM associated with senescent cells
Cellular senescence is a biological process underlying
ageing. Factors that contribute to ageing can cause cells
to enter a stable and irreversible state of proliferative
arrest, characterized by cell cycle arrest, macromolecu-
lar damage, metabolic dysregulation, development of a
senescence-associated secretory phenotype (SASP), and
altered cell morphology [14].

The accumulation of senescent cells directly influences
the synthesis, secretion, and remodelling of the ECM.
In senescent cells, upregulation of the cell cycle repres-
sor proteins P16 and P21 contributes to arrest in the G1
phase [15], rendering cells incapable of replication and
affecting the transcription and translation of ECM genes
to cause changes in the composition and structure of
the ECM. Fibroblast models showed low expression of
mRNA encoding collagen Ial, Ia3, and Illal, accompa-
nied by a significant reduction in collagen synthesis [16].
In senescent parenchymal cells, mitochondrial dysfunc-
tion leads to decreased ATP production and generation
of reactive oxygen species, leading to oxidation of amino
acid side chains, protein cross-linking, and oxidation of
the protein backbone, resulting in protein fragmenta-
tion. In parallel, proteins can be modified by products of
sugar and lipid oxidation [17, 18], leading to dysregulated
post-translational modification and altered conforma-
tion, which contributes to increased ECM stiffness. Fur-
thermore, metabolic changes in senescent immune cells
promote the proliferation of inflammatory macrophages
and effector T cells. Matrix metalloproteinases (MMPs),
including MMP2 and MMP?9, are secreted by inflamma-
tory macrophages, which affect the degradation process
of ECM. Senescent cells display the SASP phenotype [14]
and secrete pro-inflammatory and catabolic substances,
including cytokines, chemokines, growth factors, and
MMPs. These substances activate intracellular signalling
pathways in an autocrine and paracrine manner, produc-
ing an inflammatory microenvironment and initiating
angiogenic signalling. Senescent cells affect the struc-
ture and content of the ECM through the corresponding
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secretory phenotype, particularly by releasing MMPs and
tissue inhibitors of metalloproteinases (TIMPs), which
directly affect ECM degradation (see Table 1 for details).
Compared with the young, the MMP/TIMP ratio and
net MMP activity of older adults are lower, resulting in
a weakening of the degradation ability of ECM, which
directly affects the various steps of angiogenesis in older
adults [19]. The contribution of MMPs to vascular matu-
ration and stability is a new and innovative concept that
will open up a new way to maintain vascular maturation

and stability.

Effect of the ECM on angiogenesis

Collagen

Collagen comprises approximately 20-40% of the ECM
in the vessel wall [20], and it is primarily responsible for
vessel mechanical resistance. Ageing changes the struc-
ture of the collagen monomer and reduces protofibril
assembly (Fig. 2), resulting in the production of a less
dense and more heterogeneous structure in older adults
[21]. Total collagen density in vessels increases with age-
ing, despite a decline in collagen synthesis, as collagen
has a long half-life [22]. The degradability of collagen
declines with time as a result of enhanced resistance to
proteolysis due to cross-linking and modification by
advanced glycation end-products (AGEs). AGEs reduce
cysteine protease-mediated collagen degradation by
approximately 20% [23], and these changes limit the rate
of neointima formation. Total vessel length was found to
increase by approximately 11-, 6-, and fourfold, respec-
tively, when microvascular fragments isolated from rat
epididymal fat pads were incubated for 6 days with 2.0,
3.0, and 4.0 mg/mL collagen, at the same time that the
integrity of the vascular network decreased with increas-
ing collagen density [24].

Collagen assembly into protofibrils is followed by
cross-linking catalysed by lysyl oxidase (LOX) [25, 26].
Increased covalent cross-linking of molecules within
collagen protofibrils over time provides a high degree
of mechanical and chemical stability in the ECM [27],
resulting in a decreased rate of new vessel branch forma-
tion and reduced vascular sprouting. Collagen remains in
the body for an extended period and is hence prone to
ageing-related alterations, such as oxidation, carbonyla-
tion, carbamylation, and glycation. Collagen undergoes
non-enzymatic modification to form AGEs (Fig. 2), which
give rise to cross-linking during ageing [28], forming a
network of longer and thicker fibrils [21]. These changes
alter the ECM physical and mechanical properties and
hence interactions with cells. During the initial phase
of elongation, AGE cross-linking increases the tensile
Young’s modulus of collagen molecules by 3.0-8.5% [29];
however, AGE accumulation also increases protofibril
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Table 1 Effect of ageing on angiogenesis-related factors
Ageing-related change Impact Refs.
ECM
Collagen  Longer and thicker fibrillar structures; formation Decreased integrity of the vascular network and reduced vascular [21,24,28]
and cross-linking by AGEs sprouting
Elastin Thinner, more fractured, and disordered structure, Increased ECM stiffness and interference with angiogenesis [37-39]
with a higher degree of calcification
Laminin  Increased LAMBT and decreased LAMB2 expression  Impaired EC formation and migration, disrupting vascular cord [42]
formation
FN Glycation and changes in globular structure Increased ECM stiffness, disrupting vascular cord formation [45, 78]
Perlecan  Decreased levels Disruption of vascular morphogenesis [47]
Decorin  Shorter GAG length Increased ECM stiffness, hindering angiogenesis [51,52]
HA Decreased levels Increased ECM stiffness, hindering angiogenesis [47]
MMPs and inhibitors
MMP-1 Unknown Unknown
MMP-2 Increased levels Endovascular thickening and remodelling [142]
MMP-3 Unknown Unknown
MMP-7 Increased levels Promotion of fibrosis [143]
MMP-8 No significant change - [143]
MMP-9 Increased levels Enhanced proliferation and migration of parietal cells; intimal hyper-  [144, 145]
plasia, leading to atherosclerosis; upregulation of endothelial statin,
impairing angiogenesis
MMP-12 Decreased levels Reducing arterial elastin and altering axial arterial mechanics [146]
MT1-MMP  Decreased levels Inhibiting of lumen formation and reducing of pericyte chemotactic [142]
proliferation in ECs
TIMP-1 Increased levels Inhibiting the activity of MMPs, imbalance of MMPs and TIMPs [143]
TIMP-2 Increased levels Inhibiting the activity of MMP-2 and MT1-MMP, impairing ageing- [142]
related angiogenesis
TIMP-3 Increased levels Inhibiting normal matrix remodelling, limiting neovascularisation [147]
Angiogenic growth factor
VEGF Decreased levels Imbalance of pro- and anti-angiogenic factors, impairing angiogen-  [73, 148, 149]
PDGF Decreased levels esis [150]
FGF-2 Decreased levels [151]
TGF-B Decreased levels [152]
Ang-1,-2  No change [148]
Anti-angiogenic growth factor
TSP-1 Increased levels Imbalance of pro- and anti-angiogenic factors, impairing angiogen-  [73, 153]
TSP-2 Increased levels esis [74]
TNF-a Increased levels [154]

stiffness [17]. These structural changes alter ECM func-
tion and indirectly regulate angiogenesis by modifying
interactions with cellular receptors, such as the receptor
for advanced glycation end products (RAGE) [30]. This
in turn affects the signalling cascade initiated by RAGE,
leading to changes in cellular behaviour, phenotype, and
the release of inflammatory mediators.

Elastin

Elastin is the most abundant ECM protein in the arterial
wall, accounting for 50% by weight. It is composed of 90%
elastic fibres and 10% microfibrils and provides elasticity

and ductility [31]. Across the lifetime, elastin fibres
undergo approximately three billion stretch and retrac-
tion cycles. Elastin fibres can rupture and fragment under
the influence of stress fatigue, post-translational modi-
fications, and calcification [32]. Stress fatigue caused
by repeated stretching and retraction can cause elastin
to rupture mechanically [33], while post-translational
modifications such as glycation and carbamylation can
lead to a decrease in elasticity and an increase in stiffness
[34]. At a higher degree of elastin calcification, there is a
higher risk of rupture, and ageing-dependent changes in
the conformation of elastin may give rise to an increased



Xiao et al. Journal of Translational Medicine (2023) 21:457

Stiffness

R, Collagen #" %  Senescent collagen =<z Fibronectin $453¢- Senescent fibronectin W

% Laminin p2 =~ Proteoglycans =

Senescent pericyte T

- Pericyte -~
Macrophages @ Adipocytes 0
&% Elastin Basement membrane

Page 5 of 18

e —— e —— & —— 8 = — = & —— & ——
Hypertension

s =0T T S a0 wTT |

/\ *% \}“
/XV
SO

— e e

zw/\/

Laminin 1
ECs Lymphatic vessel ‘ MMPs
Neuron 5% Blood vessel ~=@@&>— Fibrocast
VEGFs &> Senescent ECs \ Blood cells

Fig. 2 Normal and ageing-affected extracellular matrix (ECM). As compared with normal ECM (left), the composition and structure

of ageing-affected ECM (right) are altered, and the matrix stiffness is greater

Ca”?" content [35, 36]. The binding of Ca*" to elastin
reduces elasticity, thereby increasing ECM stiffness and
interfering with angiogenesis [37].

The incidence of elastin fracture and degradation
remodelling increases with ageing and results in signifi-
cant morphological and structural changes. Aortic tis-
sue from younger donors has thick parallel elastic fibres,
while tissue from older donors shows thinner and frac-
tured elastic fibres (Fig. 2), with the fibrous network
topology changing from circumferential to disordered
[38]. The elastin-to-collagen ratio decreases with age,
which shifts the mechanical load to collagen, which is
100-1000 times stiffer than elastin [33], accounting for
increased arterial stiffness [39].

Laminin

Laminin is a heterotrimeric glycoprotein composed of
a-, B-, and y-chains [40] and is a modulator of cell migra-
tion, differentiation, and adhesion [41]. Laminin B-chain
(LAMB) expression is affected by ageing, with LAMBI

expression increasing and LAMB2 expression decreas-
ing (Fig. 2). This change in the ratio of laminins p; and 3,
affects EC function and phenotype. Compared to laminin
B;, laminin B, activates integrin ; more efficiently to
mediate EC adhesion. With ageing-associated changes,
integrin [, activation is thus reduced, and short-term
adhesion of ECs is reduced, impairing EC migration and
blood vessel formation. Compared to ECs cultured on
laminin 421 (containing LAMB?2) substrates, those cul-
tured on laminin 411 (containing LAMBI) substrates
showed increased expression of mesenchymal mark-
ers, including calmodulin, SM22, and vimentin. At the
same time, endothelial markers, including VE-cadherin,
showed lower expression and fewer tight junctions
between ECs [42], a phenotypic change that can disrupt
vascular cord formation.

FN
FN is a major component of the ECM and is a dimer
composed of homologous repeating structural motifs
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comprising type-I, -II, and -III modules. The soluble
dimers fold to form a closed globular structure with
binding sites for other ECM proteins and cells [43]. The
EN globular structure changes with ageing, and this
affects angiogenesis signalling pathways and results in
tissue failure. ECM stiffness increases with age; how-
ever, the secondary structure of individual FN proteins,
when deposited on a rigid matrix, shows more stretch-
ing and unfolding when compared with the structure on
a soft matrix (Fig. 2). Cells utilize the ageing matrix as a
scaffold, and under tension, the FN secondary structure
gradually stretches and unfolds, thereby allowing con-
tinuous remodelling of the matrix [44]. FN conforma-
tional change alters the direction of arrangement of fibres
from the original parallel arrangement to an anisotropic
form [45], which increases the stiffness of the matrix and
affects interaction between cells and the ECM, ultimately
affecting vascular cord formation.

In addition, with ageing, FN becomes glycated. Gly-
cated FN has an altered conformation and binds to
RAGE, which blocks FN binding to integrins, greatly
reducing vascular endothelial growth factor (VEGEF)-
stimulated signalling (discussed in more detail below),
and diminishing the pro-angiogenic effects of FN.

Proteoglycans (PGs) and glycosaminoglycans (GAGs)

PGs are complex macromolecules made up of a core pro-
tein and one or more covalently linked glycosaminogly-
can (GAQG) chains. GAGs can be classified based on the
core disaccharide units and include heparan sulphate,
dermatan sulphate, keratan sulphate, and chondroitin
sulphate. Due to their complex composition and capac-
ity to interact with different receptors, heparan sulphate
proteoglycans (HSPGs) and chondroitin sulphate proteo-
glycans have diverse effects on cancer and angiogenesis
[46].

Perlecan is a component of HSPG. During ageing, per-
lecan levels decrease [47], which influences EC activ-
ity by altering the activation of pro-angiogenic growth
factors and thus influencing vascular morphogenesis.
Furthermore, during ageing, the level of GAG sulfation
is reduced, which restricts pericyte recruitment and
impairs vascular maturation [47, 48].

Decorin is the prototype molecule of the small leucine-
rich proteoglycan (SLRP) family [46] and plays an impor-
tant role in angiogenesis. SLRPs bind to type-I and -VI
collagen and FN, control the formation of collagen fibrils,
and affect FN stability and biomechanical properties,
thus influencing the majority of processes in angiogenesis
[49]. The main difference between normal and ageing-
affected core proteoglycans in skin tissues is a shorter
GAG length in older adults. This is caused by partial
GAG degradation in core proteoglycans associated with
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extracellular glycosidase activity, which reduces the dis-
tance between collagen fibrils, reduces grid porosity in
the matrix, and limits the flexibility of cells in the ECM
[50]. The levels of the core proteoglycan GAG and total
amounts of sulphated GAG are much lower in the skin
of older individuals than in the skin of younger individu-
als [51]. These changes alter the assembly of collagen
protofibrils, increase ECM stiffness, and hinder angio-
genesis [52].

Hyaluronic acid (HA) is the only GAG that is not cova-
lently linked to proteins and acts in angiogenesis pri-
marily by influencing the behaviour of ECs [53, 54]. HA
synthesis declines with age [47], and this may influence
angiogenesis by increasing ECM stiffness and altering EC
binding and proliferation (Fig. 2). Varying HA molecular
weights differentially affect angiogenesis; high-molecu-
lar-weight HA has an anti-vascular-growth effect, while
low-molecular-weight HA has a pro-vascular-growth
effect [55]. The effects of ageing on HA metabolism in
high- or low-molecular-weight forms and total HA tis-
sue content remain poorly understood. Although the
skin of middle-aged rats was shown to contain higher-
molecular-weight HA [56], the effect of ageing on the
ratios of high- to low-molecular-weight HA has not been
determined. It is possible that different organs regulate
HA expression differently, and this should be the focus of
future research.

Ageing-affected ECM proteins are expected to show
higher levels of cross-linking and post-translational
modification, resulting in a stiffer matrix and affect-
ing signal transduction in angiogenesis. The conforma-
tion of ECM proteins may also change; for example, the
globular conformation of FN becomes more expanded,
exposing the binding site and affecting vascular sprout-
ing and cord formation. ECM remodelling also becomes
unbalanced during ageing, affecting the formation of the
vascular lumen and vascular maturation. Epithelial-mes-
enchymal transformation (EMT) is a trans-differentiation
process in which ECs lose unique characteristics during
ageing and differentiate to mesenchymal phenotypes
with a capability for migration and invasion [57]. EMT
is the main driving factor for mechanical and structural
changes in the ECM during ageing. The EMT-inducing
transcription factor ZEB1 can increase the levels of mem-
bers of the LOX family of enzymes, especially LOX2,
leading to increased cross-linking of collagen fibres in
the ECM, which increases matrix stiffness [58, 59]. Dur-
ing angiogenesis, ECs convert to secretory mesenchymal
cells with a substantially increased production of ECM
[60], activating the hexosamine biosynthesis pathway
(HBP) via X-box-binding protein 1 (XBP1), an upstream
transcription regulator of EMT and HBP. This then
upregulates the N-glycation of ECM proteins [61, 62],
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protects ECM proteins against hydrolysis, and increases
ECM deposition. Upregulation of N-glycosylation pro-
motes the secretion of ECM proteins [61], and leads to
further increases in the deposition, cross-linking, and
modification of the ECM, resulting in a highly fibrotic
microenvironment with increased rigidity. In addition,
EMT can also stimulate the production of MMP, tissue
remodelling [63], and release of soluble factors, affecting
all processes of angiogenesis. EMT affects the mechani-
cal properties of the ECM and is affected by these prop-
erties in a feedback loop. For example, increased matrix
stiffness can activate transcriptional factors for EMT or
promote the nuclear localisation of transcription factors,
thereby promoting EMT [64]. The feedback between
EMT and ECM is tightly regulated in healthy tissues but
is often dysregulated in disease or ageing, and this may
contribute to impaired angiogenesis in older adults.

Mechanisms by which the ECM affects
angiogenesis

Interaction between ageing-affected ECM and ECs regu-
lates vascular morphology, and interaction with pericytes
can regulate the maturation and stability of blood vessels.
In addition, the ECM interacts with immune cells and
macrophages in tissues to participate in the regulation of
the immune microenvironment in angiogenesis.

Dynamic crosstalk between ageing-affected ECM and ECs
In older adults, inflammatory factors stimulate the
release of pro-angiogenic signals from resting vessels,
causing pericytes to be released from the basement
membrane by proteolysis catalysed by MMPs, relaxing
EC connections, and promoting neovascularisation. ECs
are stimulated by ECM signals to proliferate and migrate
to develop vascular sprouts and promote neovascularisa-
tion. In the earliest stage of vascular morphogenesis, the
morphology of ECs changes, and ECs arrange to form
cord-like structures with aggregated polygonal networks
[65]. Subsequently, under the influence of matrix ele-
ments, including collagen I, vacuoles are formed and
arranged inside ECs, and then through integrin- and
Cdc42/Racl-dependent endocytosis, the vacuoles in
these cells fuse into cellular cavities for initial formation
of new vascular cavities [66].

Impact on vascular sprouting

Tip cells rely on myosin-II contractility to expand fila-
mentous pseudopod branches and remodel the micro-
tubule cytoskeleton, a process that is dependent on the
physical properties of the ECM [67, 68]. In soft, deform-
able matrices, local downregulation of myosin-II contrac-
tion drives platelet pseudopod formation and initiates EC
branching [68]. As described, ECM stiffness increases
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significantly in ageing-affected vessels, which enhances
myosin-II activity, increases the growth persistence of
microtubules (MT) and decreases the rate of MT assem-
bly. This, in turn, reduces the rate of EC branch forma-
tion [67, 69] and reduces the total vessel length formed
[70]. The number of free ends on each vascular unit also
increases, resulting in the formation of a discontinu-
ous vascular network [24]. Once tip cells are selected,
the branching tip EC binds to a more distant ECM via
an exploratory lamellar foot. The physical properties of
the ECM pull the newly created vascular bud in a new
direction, with a stiffer matrix providing a more stable
and continuous pull. While the number of newly formed
branches is modest in ageing-affected vessels, the direc-
tional persistence of formed branches is considerably
higher, and EC migration polarity is higher [68]. Beyond
the mechanical direction, EC migration is influenced by
chemotactic gradients of angiogenic cytokines and other
ECM components [71]. Levels of angiogenic cytokines,
including VEGEF, fibroblast growth factor 2 (FGEF-2),
platelet-derived growth factor (PDGF), and transform-
ing growth factor p (TGEF-P), are downregulated in the
ageing body, whereas levels of anti-angiogenic factors,
including thrombospondin (TSP) and tumour necrosis
factor (TNF)-a, are upregulated. An imbalance between
pro- and anti-angiogenic factors thus arises, along with
a decrease in cytokine-driven chemotaxis and EC migra-
tion [72-74]. Furthermore, independent of cytokines, a
gradient of immobilized ECM components can directly
promote EC migration [75]. A reduction in the gradi-
ent of immobilized ECM components during ageing can
thus inhibit EC chemotaxis. Therefore, even though the
directional persistence of EC migration is high during
angiogenesis in ageing-affected organisms, EC migration
is diminished under the combined influence of the mech-
anisms mentioned above, resulting in reduced vascular
sprouting. At the same time, the increased tension allows
stem cells (proliferating endothelial cells) to implant into
the developing bud and proliferate indefinitely, thereby
extending the vascular bud [76, 77].

EN undergoes a non-enzymatic glycation reaction dur-
ing ageing, and glycated FN readily binds to RAGE, com-
peting with the receptor VEGFR2 for c-Src binding and
thereby directly inhibiting the formation of the VEGFR2-
c-Src complex and affecting the activation of down-
stream angiogenic signals, such as those of Rac and MEK,
required for EC proliferation. As a result, ageing-affected
EN directly inhibits EC proliferation [78].

The ECM plays a role in EC survival and death, and
when EC binding to the ECM is lost, focal adhesions and
paxillin are degraded, and FAK is inactivated. As a result,
RhoA is activated and induces anoikis via a kinase cas-
cade from ROCK to MKK4/MKK?7 to JNK. Additionally,
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inactive FAK prevents activation of the PI3K-AKT signal-
ling pathway, affecting EC proliferation, migration, and
survival [79]. EC proliferation, migration, and survival are
thus primarily facilitated by EC binding to the ECM dur-
ing vascular sprouting. Normally, endothelial cells bind to
EN in the ECM via a,f,/a5p, integrins, however, during
ageing, changes in FN conformation facilitate binding to
RAGE, which inhibits FN-integrin binding and disrupts
EC-ECM adhesion. Moreover, senescent ECs express
approximately 50% lower levels of integrins than younger
ECs, and it has been reported that f-subunit maturation
in some integrins is defective, resulting in diminished
endothelial cell binding to FN [54, 80]. In addition, pro-
teoglycans and type-I collagen play a vital role in adhe-
sion. However, type-I collagen is glycated in the ageing
organism, and glycated collagen disrupts EC-ECM adhe-
sion in two ways [81]. First, the EC surface is enriched in
PGs, which bind electrostatically to the collagen matrix,
but the net positive charge of glycated collagen is reduced
by neutralisation of the basic charge of lysine residues,
which reduces the electrostatic interaction with anionic
PGs [81-83]. Second, EC o;B1l/a2p1 integrins, which
are major receptors for type-I collagen, normally bind
to the six-residue sequence GFOGER of collagen, which
is about 10 nm away from the main protofibril glycation
site [84, 85]. Thus, collagen glycation disrupts integrin-
collagen junctions and reduces EC binding to the ECM,
resulting in decreased EC proliferation and migration.
The motility of ECs cultivated on ageing-affected colla-
gen is reduced by 65%, and this could be a major cause
of diabetic retinopathy [83]. Viscoelastic GAGs, including
HA, directly mediate EC binding to the ECM; therefore,
an ageing-related reduction in HA levels impairs EC-
ECM binding [54].

In summary, ageing influences the formation of EC
branches as well as EC proliferation, migration, adhe-
sion, and other cellular behaviours by changing the physi-
cal properties and composition of the ECM. Ageing also
reduces the number of vascular sprouting events, ulti-
mately resulting in impaired angiogenesis (Fig. 3).

Impact on the development of vascular cords

The ECM influences vascular cord formation primarily
through two mechanisms, the most important of which
involves the interaction of the ECM with cell surface inte-
grins via collagen I. During the vascular sprouting phase,
ECs degrade the basement membrane and are exposed
to the interstitial matrix, binding to type-I collagen via
cell surface o;fB,/a,B, integrins. cAMP levels drop and
hence cAMP-dependent protein kinase A (PKA) activity
is inhibited and actin polymerisation induced, leading to
the formation of stress fibres that drive EC contraction
[86]. Src kinase and GTPase RhO are also activated, and
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this contributes to the formation of actin stress fibres and
disrupts endothelial VE-calmodulin linkage complexes
among ECs. This, in turn, disrupts intercellular junc-
tions and promotes multicellular reorganisation, whereby
ECs rearrange into a cord-like structure [87, 88]. In con-
trast to the effects of collagen I, the binding of basement
membrane laminin-1 (laminin-111) suppresses Src and
Rho activity and stimulates persistent activation of PKA
and the GTPase Rac to maintain EC integrity, which is
important for vascular maturation [89, 90]. In ageing-
affected vessels, glycated collagen I affects vascular mor-
phology via disruption of integrin-collagen binding [84,
85], which inhibits the activation of signalling pathways
that drive cytoskeletal reorganisation (Fig. 3). Simultane-
ously, expression of the laminin ( chain is altered during
vascular ageing, with an increase in LAMBI expression
and a decrease in LAMB2 expression, promoting conver-
sion of ECs to a mesenchymal phenotype [42], inhibiting
Src/Rho and promoting PKA/Rac activation, resulting
in decreased EC contraction, reduced formation of actin
stress fibres (Fig. 3), and formation of stable connections
between ECs. These changes in ECs are not conducive to
multi-cell assembly or rearrangement into vascular cords,
but rather facilitate a high degree of vascular maturation
and stability [41].

The ECM functions as a malleable 3D scaffold, allow-
ing ECs to orchestrate the construction of multi-cel-
lular structures, an atypical mode of EC intercontact.
A guiding path is generated in EC clusters by means of
mechanical contractile force with the ECM, and this
force is transferred from a single EC to more distant
ECs, facilitating the development of vascular cords [91,
92]. However, in ageing vessels, a significant increase in
matrix stiffness alters the morphology of endothelial pre-
cursor cells from a spindle shape to an isotropic diffuse
state [18]. Increased matrix stiffness also activates Rho
kinase, leading to myosin phosphorylation and enhanced
EC actin-mediated contractility. This contractility is dis-
tinct from the collective contraction of endothelial cells
in a soft matrix; in a stiff matrix, ECs contract individu-
ally [93]. Furthermore, contraction traction is unevenly
distributed within the endothelial monolayer, which
causes damage to the EC monolayer, resulting in a loss of
EC integrity, wider gaps, and poor connections between
ECs [18, 93, 94]. This directly affects the transmission
of mechanical force within the ECM between EC clus-
ters, weakening the domino effect of force transfer. The
endothelial barrier is disrupted by this monolayer driving
force mechanism, which makes it impossible to form vas-
cular cord-guided routes between EC clusters. Increased
matrix stiffness enhances force transduction between cel-
lular junctional complexes, such as that of VE-calmod-
ulin. The number and size of cell-cell adhesion patches
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also increases with increased matrix stiffness [93, 94],
which stabilizes intercellular connections. Even though
the cell-cell connections are not tight, they are relatively
stable and difficult to disrupt. Reassembly and the for-
mation of multiple-cell arrangements are thus inhibited,
ultimately resulting in a significant reduction in the num-
ber of vascular cords created (Fig. 1).

The Cdc42 signalling pathway and membrane type 1
matrix metalloproteinase (MT1-MMP)-dependent pro-
tein hydrolysis contribute to the development of lumi-
nal structures in ECs; thus, ageing-related alterations in
MMPs influence ECM remodelling and directly affect the
formation of vascular luminal structures (Table 1).

Dynamic crosstalk between ageing-affected ECM

and pericytes

The EC lumens are initially made up entirely of ECs and
are unstable and require mural cell support and ECM
redeposition at the periphery before maturing into sta-
ble and functioning conduits. The original 3D collagen
matrix at the periphery of the EC lumen is degraded by
MT1-MMP-mediated protein hydrolysis to generate
vascular guidance tunnels and serve as a surface for EC
migration, permitting EC movement and MMP-inde-
pendent lumen remodelling. Simultaneously, factors
including PDGEF-P recruit pericytes from the surround-
ing ECM and allow migration along the EC surface out-
side the artery lumen. The interaction between ECs and
pericytes stimulates the deposition of vascular basement
membrane matrix proteins, promoting vascular matura-
tion and stabilisation.

Impact on vascular maturation

Pericytes are required for the formation of capillary
networks. TGF-p1, PDGEF-p, angiopoietin (Ang) 1, and
sphingosine 1-phosphate are four main molecules that
regulate pericyte recruitment. These effectors bind to
receptors to promote pericyte proliferation, differentia-
tion, and migration towards tunnels, facilitating vascular
maturation and providing a physical template for sub-
sequent cell-cell interactions during vascular stabili-
sation. The ECM and MMPs play critical roles in these
processes. The C-terminus of PDGF-3 secreted by ECs
comprises a positively charged amino acid sequence that
binds to negatively charged sulphate groups on HSPG in
the ECM and prolongs retention of PDGE-p outside the
cell. This improves pericyte-receptor binding efficiency,
promotes pericyte recruitment to the vascular guidance
tunnel, and maintains vascular stability to later provide
a physical template [95]. During ageing, the content and
sulfation of HSPG decrease progressively [48], and this
reduces PDGF-P binding and allows PDGE-f to diffuse
freely outside the cell, ultimately diminishing the efficacy
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of contact with the receptor (Fig. 3). In addition, a pro-
gressive decrease in levels of PDGF-f receptor in the vas-
cular system of ageing tissues further weakens PDGF-3
interaction, which inhibits pericyte recruitment and dis-
rupts basement membrane assembly. The width of EC
tubules increases or becomes tortuous, and, as discussed
previously, this is a vascular feature of older adults [96].

Impact on vascular stability

The deposition of vascular basement membrane proteins,
which is required for vascular stability, represents the
final key stage in angiogenesis. The expression of inte-
grins o B;, osP;, P, and osP; is upregulated and the
vascular basement membrane is remodelled via integrin
recognition of a variety of matrix elements, including
type-IV collagen, laminin, and FN, as well as by mem-
brane protein deposition between cells [97, 98]. In addi-
tion, EC-pericyte interactions upregulate the levels of
TIMP-2 and TIMP-3. These MMP inhibitors promote
vascular basement membrane remodelling by inhibiting
MT1-MMP activity and reducing MMP-dependent deg-
radation of ECM components. TIMP-2 and -3 also inhibit
VEGF-dependent signalling responses to maintain vascu-
lar stability and reduce vascular neogenesis [99].

With ageing, EC expression of integrins decreases by
approximately 50%, and defects in [B-subunit matura-
tion in integrins have been reported [54]. These defects
change basement membrane proteins that are deposited
outside the lumen. Changes in collagen levels, increased
EN levels, decreased elastic fibre content, and decreased
elastin-to-collagen ratios have been observed in older
individuals [22, 39, 100]. In addition, laminin-B1 expres-
sion increases with age [42]. Changes in ECM protein
composition and content affect the mechanical charac-
teristics of the ECM, meaning that the ECM becomes
stiff, and since the ECM modulates cellular function,
ageing indirectly influences cellular behaviour. In addi-
tion, in the microenvironment of ageing vessels, TIMP2
and TIMP3 are significantly upregulated, which leads to
a decrease in the activity of MT1-MMP and dysregula-
tion of MMP-mediated proteolysis [101], resulting in
a decrease in ECM degradation and an increase in the
levels of ECM components deposited on the vascular
basement membrane. This is a primary cause of intimal
thickening, atherosclerosis, and other diseases, and it
shows that ageing indirectly influences or is a risk factor
in various pathologies.

Dynamic crosstalk between ageing-affected ECM

and other cells

Fibroblasts are a fundamental cell type that con-
trols ECM remodelling and coordinates angiogene-
sis. The ECM is also essential in controlling fibroblast
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behaviour. Increased ECM rigidity, observed with age-
ing, gives rise to fibroblast activation. Additionally, the
interaction of ECM AGEs with RAGE, combined with
the upregulation of integrin-mediated mechanotrans-
duction signalling during ageing, results in fibroblast
activation and the acquisition of a cancer-associated-
fibroblast-like phenotype [102]. This phenotype alters
vascular generation and gives rise to pathological
wound healing in older adults.

It is important that the ECM of tissues and organs
allow immune cells to freely move, patrol, and dwell
within tissues for immunological surveillance and
protective functions in the absence of peripheral lym-
phoid organs. Ageing-related alterations in the ECM
are significant contributors to immunological ageing.
Ageing-related ECM protein glycation alters integrin
recognition motifs and directly affects immune cell
adhesion and migration. Modest levels of AGE modi-
fication in collagen inhibit cell migration by 30%, but
high levels lower cell migration by 60% [103]. A rigid
ECM directly affects the expression of myosin II and
ratios of the nuclear matrix proteins laminin-A, -B, and
-C, whereby an increase in laminin-A and -C levels will
reduce variability in the nuclear membrane, increase
the degree of nuclear compression, and limit the move-
ment of cells [104]. For neutrophils passing through the
ageing ECM, the degree of nuclear compression is the
highest among different cell types, with the plasma and
nuclear membranes being subjected to strong mechani-
cal constraints limiting the mobility of the cell. Forced
passage of cells leads to extensive damage to the plasma
membrane and nucleus, immune cell dysfunction, and
potential cell death. When the clearance capacity of
macrophages is exceeded, apoptotic bodies leak, gener-
ating a highly inflammatory environment and causing
immune senescence [105]. Immunosenescence causes
parenchymal cell dysfunction via direct or indirect
pathways, and the cells may fail to successfully carry
out immunological monitoring and protection. Ageing-
related ECM alterations slow angiogenesis and cause a
vicious loop in the context of ageing and ECM modi-
fication. In addition, active ECM breakdown products
have chemotactic effects on monocytes. For example,
fragments of collagen, elastin, FN, and laminin pro-
duced during ECM degradation contain unique bio-
active structural sites, including the tripeptide GHK
(collagen Ia2 fragment) and the peptide k-elastin (elas-
tin fragment). These sites, defined as stromal factors,
exhibit chemotactic effects on monocytes in the tis-
sue microenvironment. These stromal factors induce
monocyte differentiation into macrophages, which may
be further enhanced by dysregulated ECM degradation
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in response to the secretory phenotype of senescent
cells.

Therapeutic strategies for promoting angiogenesis
by targeting the ECM

Clinical diseases

The morphology and composition of blood vessels in
various tissues change with age. In older individuals, sig-
nificant thickening of the vascular basement membrane,
smaller lumens, increased vascular stiffness, decreased
compliance, and weakening of contractile function in
blood vessels are observed, resulting in a gradual increase
in the diameter of blood vessels or the formation of cir-
cuitous rings. These alterations result in a reduction in
arterial perfusion, damage to the vascular wall, and the
development of atherosclerosis and other pathologies.
Evidence from animal studies with hindlimb ischaemia
suggests that when major arteries are occluded, the abil-
ity to protect tissues from ischaemic injury and generate
new blood vessels is impaired with ageing, resulting in
delayed wound healing and the development of ischae-
mic disease.

Cardiovascular disease

While the pathogenesis of coronary atherosclerosis is
extremely complex, the ECM plays an important role,
given that the cardiovascular system is rich in ECM.
As the vascular ECM changes with ageing, affect-
ing angiogenesis, this may lead to the development of
ischaemic cardiovascular disease. In ageing, collagen
deposits thicken the vascular basement membrane, age-
ing-dependent changes in the conformation of elastin
lead to increased Ca?* content on elastic fibres [35, 36],
and binding of elastin to Ca®" weakens elasticity and
increases lipid uptake, which exacerbates atheroscle-
rotic progression [37]. The iso-Asp-Gly-Arg (isoDGR)
motif is formed by extensive deamidation of the amino
acid sequence Asn-Gly-Arg in ageing-affected FN. The
presence of the isoDGR motif causes FN to assume a
stretched unfolded state, promoting the formation of
protofibrils and deposition of insoluble matrix, result-
ing in FN accumulation in the basement membrane and
thickening of the intima. Ageing-induced FN degrada-
tion enhances macrophage activation and monocyte
infiltration, which contribute to early atherosclerotic
pathological events [104]. The ratio of highly sulphated
to hypo-sulphated GAGs increases with age. Highly
sulphated GAGs interact with lipoproteins and may be
linked to an increase in atherosclerotic risk. The develop-
ment of atherosclerosis appears to be linked to ageing-
related changes in components of the vascular ECM,
and the ECM may thus represent a promising biological
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target for treating ischaemic cardiovascular disease in
older adults.

Neurological diseases: ischaemic stroke and AD
Cerebrovascular disease is the second largest cause of
death worldwide, with a rate 1.5% higher than that of
ischaemic heart disease [106]. Ischaemic stroke is caused
by a disturbance in blood flow to a portion of the brain,
which results in an ischaemic cascade of seizures and
eventually irreparable brain damage. Ischaemic stroke
accounts for approximately 87% of all stroke cases [107].
Age is the single unchangeable risk factor for cerebral
ischaemia. In animal models of ischaemic stroke, older
rats consistently show more blood—brain-barrier dam-
age than younger rodents, resulting in vasogenic oedema,
poorer neurological function, and higher mortality [108,
109]. The potential mechanisms underlying the increased
sensitivity of the ageing brain to neurovascular injury
are complicated and include increased oxidative dam-
age, increased levels of pro-inflammatory factors, and
decreased neovascularisation and neurogenesis due to
dysregulation of MMP activity [110]. Activity of MMP-2
and MMP-9 is significantly increased during stroke
[111], and this disrupts the balance of ECM degradation
and formation, impairs neovascularisation, relaxes the
matrix, promotes cell swelling, disrupts the blood—brain
barrier, and promotes brain oedema. High MMP levels in
the blood during the acute phase increase the risk of sec-
ondary haemorrhage and haemorrhagic stroke [112, 113].
Impaired angiogenesis reduces the number and diameter
of collateral branches and impairs cerebral collateral cir-
culation, resulting in significantly reduced blood flow
to ischaemic tissues, accelerating tissue infarction and
oedema, and affecting prognosis after ischaemic brain
injury [112, 114].

Changes in the ECM play a central role in neurodegen-
erative diseases, including AD and Parkinson’s disease.
AD is a chronic neurological disease that represents the
most common form of dementia in older adults. Patients
with advanced AD have significantly lower capillary den-
sity in the frontal and temporal lobes, with corresponding
changes in ECM components of the vessel wall, including
increased levels of type-IV collagen, perlecan, and col-
lagen; thickened basement membranes; and increased
levels of MMP-3 and decreased levels of MMP-9 in cere-
brospinal fluid. Dysregulation of MMPs leads to reduced
basal turnover, accumulation of ECM components, and
potential dysfunction of the blood—brain barrier [115].

Many strategies have been used to re-establish blood
supply to the brain to address the deleterious effects of
ischaemia, primarily the use of anti-thrombotic drugs to
improve cerebral blood circulation. In addition, neuro-
protective agents have been used to protect neurons from

Page 12 0f 18

ischaemia-induced death. However, these agents have
drawbacks, including non-specific distribution, short
half-life, and low targeting efficiency, negatively impact-
ing the effectiveness and increasing the risk of bleeding
[116]. The development of novel therapeutic approaches
will be essential for effective treatment.

Wound healing

Even in healthy individuals, ageing causes delayed wound
healing. When older mice were compared to younger
mice, re-epithelialisation, collagen synthesis, and angio-
genesis were found to be delayed, and wound healing time
was increased. Delayed wound healing is a significant
global hazard to the health of older adults, particularly in
the context of osteoporotic fractures with reduced wound
recovery. As discussed, at every step of wound healing,
ageing-related changes occur in the injury zone, includ-
ing delayed re-epithelialisation, decreased angiogenesis,
collagen deposition, and collagen remodelling, as well as
reduced capillary density. Interestingly, in animal models
and clinical investigations, exercise has been observed to
promote cutaneous wound healing by lowering levels of
pro-inflammatory cytokines in wound tissue [117]; how-
ever, the benefit is relatively limited. Several anti-ageing
natural products, including quercetin and resveratrol,
are now being used to support wound recovery in older
adults. Increasing evidence suggests that these molecules
promote wound healing in vivo and in vitro; however,
information on safety and efficacy remains limited [118].
The potential to stimulate the healing of bone and skin
defects during ageing has far-reaching clinical and eco-
nomic implications. Understanding how ageing-related
ECM changes affect angiogenesis may provide insights
into the mechanisms underlying delayed wound heal-
ing and provide a basis for therapeutic drug discovery
and development targeting the ECM for the treatment of
chronic wounds.

Therapeutic strategies
Increasing elastin and collagen content
During ageing, an increase in levels of reactive oxygen
species, along with other factors, can lead to a decrease
in elastin and collagen synthesis, affecting angiogenesis
and leading to the development of disease. Therefore,
enhancing elastin and collagen content has emerged as a
promising therapeutic approach in a variety of diseases.
Increasing the synthesis of collagen can reduce vascu-
lar stiffness and promote angiogenesis. When poly-D,L-
lactic acid was injected into the skin of older mice, the
synthesis of collagen increased significantly, and ECs
showed a greater ability to migrate, proliferate, and form
vascular tube structures [119]. The use of poly-D,L-lac-
tic acid represents a promising approach to improving
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organ perfusion. Measures to increase elastic fibre for-
mation in older adults may also ameliorate ageing-related
cardiovascular dysfunction and poor organ perfusion.
Researchers have recently begun to assess the efficiency
of pharmacological treatments aimed at increasing elas-
tin production and elastic fibre assembly, including the
use of minoxidil and dill extract (DE). Minoxidil is a K*
channel opener that reduces intracellular Ca®* levels
by inducing K* efflux and vascular smooth muscle cell
hyperpolarisation. This closes voltage-dependent mem-
brane Ca®* channels, thereby stimulating elastin expres-
sion while also reducing levels of elastin AGE products,
decreasing elastase activity, and reducing ROS produc-
tion. While minoxidil is considered a potential anti-
arterial ageing agent [120], use is limited by side effects,
including oedema and heart enlargement [121, 122], and
it will be necessary to develop agents with fewer side
effects. DE maintains pre-existing elastic lamellae, acti-
vates expression of pro-elastin and LOXL-1, stimulates
de novo production of elastic fibres, and lowers the stift-
ness of the ageing aorta wall while correcting ageing-
related cardiac hypertrophy [122], offering treatment
advantages over minoxidil. However, the mechanism of
action remains unknown, and more research is needed,
although DE appears to represent a promising new anti-
ageing drug for the cardiovascular system.

Inhibiting glycation and cross-linking of matrix proteins

Increases in the levels of AGEs and cross-linking of
matrix proteins contribute to mechanical changes in
ageing-affected ECM. It is well known that AGEs accu-
mulate during normal ageing. Non-enzymatic glycation
and cross-linking of matrix proteins increase ECM and
vascular stiffness and reduce neovascularisation [123],
compromising the structural integrity and physiologi-
cal function of multi-organ systems [124]. AGEs interact
with cell surface RAGE receptors to promote oxidative
stress and inflammatory responses and impair angiogen-
esis. AGEs thus play a role in disease states, including ath-
erosclerosis, cerebrovascular lesions, and wound healing
[125]. Disrupting the cross-linking of AGEs and reducing
the formation and interaction of matrix protein glyca-
tion products may provide a novel approach to promot-
ing angiogenesis in ischaemic contexts in older adults.
Researchers have investigated the effectiveness of several
drugs aimed at reducing the formation of matrix protein
AGEs, including angiotensin receptor blockers, met-
formin, and aminoguanidine, to determine their ability
to prevent the formation of matrix protein AGEs. How-
ever, to date, side effects have limited use of these drugs.
Natural products with possible anti-glycation effects have
attracted considerable attention. For example, anti-oxi-
dant activity and an ability to scavenge reactive carbonyl
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compounds in a neem (Azadirachta indica) leaf extract
were shown to effectively suppress the formation of
matrix protein AGEs, and this could encourage collateral
angiogenesis in the presence of ischaemia [126]. Because
AGE-based cross-linking causes vascular sclerosis and
cardiovascular injury, preventing such cross-linking may
be an effective strategy for minimizing the onset of these
ageing-related diseases. ALT-711, a 4,5-dimethylthiazole
derivative, was recently shown to disrupt glucose-derived
crosslinks in matrix proteins, including collagen, lower-
ing AGE levels by approximately 30% in aged rats [127,
128]. Animal and clinical trials using AGE-disrupting
agents, including TRC4186, C16, and KIOM-79, have
shown that these disrupt collagen cross-linking and
improve collagen solubility [129-131]. However, the
precise consequences of treatment with AGE-disrupting
drugs remain a matter of debate, and there is a need for
additional strategies to minimize matrix protein gly-
cosylation. Encouragingly, an anti-RAGE monoclonal
antibody that binds a peptide sequence in the RAGE
extracellular structural domain prevented receptor-
ligand binding and significantly improved hindlimb per-
fusion in ischaemic limbs, with greater reconstruction of
collateral circulation in occluded arteries [132]. Recombi-
nant proteins containing ELP fused to the RAGE domain
or to stromal cell-derived factor 1 can inhibit AGE-RAGE
signal transduction and promote cell proliferation and
angiogenesis [133]. Blocking the AGE-RAGE-based
response involving matrix proteins is emerging as a
promising approach for preventing the development of
ischaemic diseases in older adults.

Promoting matrix homeostasis

As discussed, MMP-2 and MMP-9, which belong to
the collagenase group of enzymes capable of dissolv-
ing basement membranes, show dysregulated expres-
sion and activity in the ageing vascular system and
have been linked to illnesses with impaired angiogen-
esis. The activity is greatly elevated in ischaemic stroke
and cardiovascular disorders, contributing directly to
poor outcomes. MMP inhibition has been shown to be
effective in the treatment of many diseases, although
MMP inhibitors typically have off-target effects involv-
ing the inhibition of other metalloenzymes. Non-zinc-
binding ligands are potential therapeutics; for example,
7-amino-phenanthridin-6-one is a recently reported drug
candidate that inhibits MMP-2 and MMP-9 in a non-
competitive manner and does not interfere with the
activities of other enzymes. The discovery of new drugs
of this kind is expected to enhance an understanding of
disease progression and improve prognosis by boosting
collateral angiogenesis. This drug candidate also dem-
onstrated neuroprotection against oxidative stress while
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maintaining MMP inhibitor activity, and activity of this
kind is critical for the treatment of neurological diseases,
including ischaemic stroke and AD [134].

Other approaches

Protein tissue engineering techniques have recently
emerged as a strategy for treating ischaemic diseases,
including the co-design of a novel ECM material for pro-
moting angiogenesis, using biomaterials as carriers of
ECM components or angiogenesis-promoting growth
factors. Novel biosynthetic materials, including matrix
proteins such as laminin, FN, and collagen, or functional
elements of these proteins, have shown efficacy in accel-
erating ischaemic tissue recovery [135-137]. Another
approach involves using biomaterials derived from ECM
as stents, for example, via decellularisation of human
or porcine aortic adventitia. With the addition of basic
fibroblast growth factor, it is possible to formulate bioma-
terials that simulate the microstructure of natural matri-
ces. Basement membrane proteins, including type-IV
collagen, laminin, and FN, which promote cell adhesion
and influence signalling cascades to modulate cell differ-
entiation and regeneration, are retained in these decellu-
larized scaffolds, which have been shown to be effective
in promoting angiogenesis [138]. Recently, cell-assem-
bled ECM has been tested as a biomaterial suitable for
promoting tissue regeneration [139]. As this bio-scaffold
degrades, growth factors that stimulate stem cell differ-
entiation are released, resulting in a unique milieu con-
ducive to tissue regeneration. ECM bio-scaffolds can be
adapted for specific tissue regeneration applications by
selecting the biological tissue of origin, density, and deliv-
ery mechanism. Such bio-scaffolds are advantageous due
to their ability to mimic specific tissues [140]. Angiogen-
esis in ECM bio-prostheses remains under-investigated,
but the ability of ECM-derived bio-prostheses to pro-
mote angiogenesis is critical for regenerative medicine
applications and warrants further investigation.

Conclusions and future perspectives

Ageing is a biological process that affects all living
beings. Increasing evidence suggests that in humans,
ageing-related alterations in the vascular ECM rep-
resent one of the mechanisms of impaired angiogen-
esis. While angiogenesis declines with age, this is not
always detrimental. For example, impaired angiogen-
esis in tumours can impede tumour growth, and some
researchers believe that this change is a protective
response to the increased occurrence of malignancies
with age. Nonetheless, older adults have a high risk of
impaired neovascularisation, with an impact on ageing-
related disease states. Following an overview of the
mechanisms, we present four prospective treatment
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approaches targeting ageing-related changes in matrix
components and cell-cell contacts. These approaches
show the potential for promoting angiogenesis in older
adults. Knowledge of safety and efficacy remains lim-
ited, however, and the development of medicines and
materials that target the ECM to treat ischaemic car-
diovascular diseases continues. This study contrib-
utes further to the understanding of the interactions
of ECM in angiogenesis as affected by ageing and aims
to provide inspiration for anti-angiogenic therapeutic
strategies for several diseases.
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