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ARTICLE INFO ABSTRACT

Keywords: The extracellular matrix (ECM) is an intricate network that provides structural and anchoring support to cells in
Integrin order to stabilize cell morphology and tissue architecture. The ECM also controls many aspects of the cell’s
Fibronectin

dynamic behavior and fate through its ongoing, bidirectional interaction with cells. These interactions between
the cell and components of the surrounding ECM are implicated in several biological processes, including de-
velopment and adult tissue repair in response to injury, throughout the lifespan of multiple species. The present
review gives an overview of the growing evidence that cell-matrix interactions play a pivotal role in the aging
process. The focus of the first part of the article is on recent studies using cell-derived decellularized ECM, which
strongly suggest that age-related changes in the ECM induce cellular senescence, a well-recognized hallmark of
aging. This is followed by a review of findings from genetic studies indicating that changes in genes involved in
cell-ECM adhesion and matrix-mediated intracellular signaling cascades affect longevity. Finally, mention is
made of novel data proposing an intricate interplay between cell-matrix interactions and the renin-angiotensin

Cellular senescence
Reactive oxygen species
Arterial stiffness

system that may have a significant impact on mammalian arterial stiffness with age.

1. Introduction

Human average life expectancy in developed countries has in-
creased dramatically in the last century through reductions in infant
mortality and improvements in public health, nutrition, and general
living standards (Crimmins, 2015). A continued increase in life ex-
pectancy is also predicted over the next 10 years in many industrialized
countries (Kontis et al., 2017). However, the rise in life expectancy has
been accompanied by an increase in prevalence of chronic disorders,
such as cancer and Type 2 diabetes, which are the major causes of
disability and mortality (Crimmins, 2015). This phenomenon poses
major economic and social challenges for nations and families (Harper,
2014), and more research initiatives that have the potential to increase
healthspan and compress morbidity have been recently proposed to
address these concerns (Kennedy et al., 2014). Are disease and dis-
ability an inescapable result of aging in humans? The observation that a
minority of individuals are able to reach a very advanced age in good
clinical conditions indicates that healthy aging is possible (Franceschi
and Bonafe, 2003). Over the last three decades, numerous studies have
been performed in both model systems and humans to reveal the un-
derlying mechanisms of aging and longevity assurance (reviewed re-
cently in (Aunan et al., 2016; Carmona and Michan, 2016; Khan et al.,
2017)). These studies have clearly shown that the ability to live a long
and healthy life depends on highly interconnected and evolutionary
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conserved mechanisms of aging affecting mitochondrial function, nu-
trient-sensing/growth signaling pathways, chromatin silencing, telo-
mere integrity, protein homeostasis, immune response, and the ability
to maintain a balance between formation and detoxification of reactive
oxygen species. The identification of cellular and molecular hallmarks
of aging indicates the potential for lifestyle-behavioral and/or phar-
macological interventions to improve health and extend longevity in
humans (Kennedy et al., 2014). Promising strategies to slow human
aging, such as the development of caloric restriction mimetics that may
enhance nutrient sensing, have been recently summarized (Longo et al.,
2015). In this review I would like to draw attention to the growing
literature suggesting that cell-matrix interactions are major con-
tributors to the aging process. Over the past few years, there has also
been an upsurge of interest in the role played by the renin-angiotensin
systems (RAS) in tissue degeneration and functional decline occurring
with advancing age. In this regard, the final section of this review
summarizes recent studies suggesting an intricate interplay between
cell-matrix interactions and RAS that might promote vascular aging.
Pharmacological and lifestyle strategies targeting vascular aging pro-
cesses that are influenced by this interplay may have great potential to
improve healthspan.
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2. Dynamic interactions between the cell and ECM
2.1. Overview of cell adhesion to ECM and mechanosensing

The ECM is the non-cellular component present within all tissue and
organs that provides structural and anchoring support to the cells in
order to stabilize cell morphology and tissue architecture (Frantz et al.,
2010). Most normal tissue-derived cells require adhesion to the ECM for
growth and survival, a phenomenon known as anchorage dependence
(Stoker et al., 1968). Cell to matrix adhesion occurs through structures,
called focal adhesions, that link the ECM to the actin cytoskeleton.
Focal adhesions are dynamic protein complexes that consist of ~150
different molecules, including vinculin, talin, paxillin, and mechan-
osensors signaling molecules, such as integrin receptors and focal ad-
hesion kinase (FAK) (Zhou et al., 2015). It is through the mechan-
osensors signaling pathways that cells exert actin cytoskeleton-
mediated traction forces to sense their physical surrounding, such as
matrix “stiffness” (e.g. the mechanical resistivity of the ECM), and re-
spond to it. ECM stiffness, which plays a prominent role in the main-
tenance of mechanically-stressed tissues, like skeletal muscle, bone,
blood vessels, and adipose, is now emerging as a crucial regulator of cell
behavior and thereby tissue formation and homeostasis (Zhou et al.,
2015). This is not intended to be an in-depth review of this area, and
the reader is directed to excellent reviews that have been published
recently for a comprehensive information on ECM molecular composi-
tion and function, cell-matrix attachment, and mechanotransduction
cellular processes (Cox and Erler, 2011; Jaalouk and Lammerding,
2009; Kular et al., 2014; Seong et al., 2013).

2.2. ECM composition and remodeling

The ECM is an intricate network composed of two main classes of
macromolecules, soluble proteoglycans and fibrous structural proteins,
such as collagens, fibronectins, laminins, and elastins, produced and
secreted by resident fibroblasts (reviewed by (Daley et al., 2008; Frantz
et al., 2010; Iozzo and Schaefer, 2015). Specialized sheets of ECM are
represented by the basement membranes (BM) that surround epithelial,
endothelial, muscle, fat, and Schwann cells (Jayadev and Sherwood,
2017). The major components of the BM are type IV collagens, nidogen,
heparan sulfate proteoglycans (HSPG), and laminins.

The secretion of ECM components starts at the earliest stages of
embryogenesis; however, it is constantly rebuilded and remodeled
during normal physiological processes, such as tissue repair (the fi-
brotic response) (Lu et al., 2011). ECM remodeling is mediated by
specific proteinases that are responsible for ECM degradation. These
include matrix metalloproteinases (MMPs), A Disintegrin and Metallo-
proteinases (ADAM), ADAMs with thrombospondin motifs (ADAMTS),
and their inhibitors (tissue inhibitor of MMPs or TIMPs) (Cox and Erler,
2011). The properties of the ECM are also controlled by post-transla-
tional modifications of ECM components that occur through enzymatic
cross-linking processes catalyzed by lysyl oxidases, and non-enzymatic
cross-linking processes involving glycation and transglutamination
(Erler and Weaver, 2009). Furthermore, growing evidence suggests that
cell-ECM attachment influences the cell production of reactive oxygen
species (ROS), which, in turn, affect the production, assembly, and
turnover of the ECM during matrix remodeling (recently reviewed by
(Eble and de Rezende, 2014).

Excess deposition of ECM components without reciprocally ba-
lanced degradation (e.g. pathological fibrosis) can lead to organ dys-
function as a consequence of the perturbation of signals mediated by
ECM (Lu et al., 2011). Together with excess ECM deposition, increased
cross-linking contributes to increased tissue stiffness, which is asso-
ciated with a diverse array of pathologies (Lampi and Reinhart-King,
2018).
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2.3. Cell-matrix interactions and mechanochemical signaling

As mentioned above, the ECM profoundly influences many aspects
of the cell’s dynamic behavior, including cell proliferation and growth,
cell shape, migration, and differentiation (Zhou et al., 2015), and cell
fate choices (Trappmann et al., 2012). This is achieved through the
binding of ECM components to cell surface receptors. The most abun-
dant cell surface receptors belong to the integrin and syndecan families.

Integrins are heterodimeric molecules composed of two transmem-
brane subunits, a and . In mammals, there are 18 a-subunits and 8 f3-
subunits and to date 24 different aff heterodimers have been identified
at the protein level, with each of them having specificity for different
ECM ligands, like fibronectins (e.g., a531, avp3, a431), collagens (e.g.,
alPl1, a2p1), and laminins (e.g., a2p1, a3p1, a6p1) (Humphries et al.,
2006). A dynamic cooperation exists between ECM components and
integrins to regulate several growth factors signaling pathways. This
interplay is crucial in the establishment of stem cell niches and in the
maintenance and differentiation of stem cells (Brizzi et al., 2012).

Syndecans belong to the HSPGs, a remarkable family of glycosa-
minoglycans (GAGs), that also include glycosylphosphatidylinositol-
anchored glypicans and secreted proteoglycans found in BMs (agrin,
collagen XVIII, and perlecan) (Sarrazin et al., 2011). Across species, all
HSPGs are characterized by an extracellular domain with attachment
sites for GAGs that mediate interactions with soluble growth factors,
morphogens, chemokines, and cytokines among others (Sarrazin et al.,
2011). However, unlike the other HSPGs, syndecans also contain highly
conserved transmembrane domains and short cytoplasmic tails
(Sarrazin et al., 2011). Because of their cytoplasmic domain, which
includes binding sites for cytoskeletal proteins and protein kinases,
members of the syndecan family can function independently and/or in
synergy with the integrin-mediated signaling to control cell adhesion
and ECM stiffness (Morgan et al., 2007; Xian et al., 2010). Although
invertebrates have only one Syndecan (Sdc) gene and protein, there are
four genes (SDC1, SDC2, SDC3, and SDC4) and corresponding proteins
in vertebrates (Chakravarti and Adams, 2006). Syndecan-4 is widely
expressed in most adult tissues and is the only mammalian syndecan
that promotes focal adhesion assembly around pre-existing integrin
clusters on fibronectin (Woods and Couchman, 2001). In addition,
novel functions have recently been suggested for syndecan-4 as reg-
ulator of cytosolic cation influx, through the control of transient re-
ceptor potential canonical (TRPC) calcium channels (Gopal et al.,
2015), and as “linker” between cell-cell and cell-ECM interactions
(Gopal et al., 2017).

Engagement of ECM components to integrins and/or syndecans
triggers mechanical and biochemical alterations (mechanotransduc-
tion), such as changes in intracellular calcium concentration or acti-
vation of the steroid receptor coactivator-FAK complex, the phospha-
tidylinositol 3-kinase (PI3K)/Akt cascade, and the mitogen-activated
protein kinase (MAPK)/extracellular-signal-related kinase (ERK)
pathway (Jaalouk and Lammerding, 2009; Schwartz and Assoian,
2001). The mechanochemical pathways then convey a signal from the
cell membrane through the cytoskeleton to the nucleus. This leads to
chromatin remodeling and changes in expression of genes (some of
which are regulated by circadian clocks) that in turn reorganize and
remodel the ECM (Dupont et al., 2011; Maya-Mendoza et al., 2016).
Therefore, an ongoing, bidirectional interaction (“dynamic re-
ciprocity”) exists between the cell and the ECM through which the
cellular information can markedly impact the tissue microenvironment
and vice versa (Xu et al., 2009). This close relationship enables cells to
adapt to ongoing stresses imparted upon them and ultimately maintain
correct tissue homeostasis under normal conditions. For instance, lack
of ECM contact through loss of integrin engagement or the engagement
with inappropriate ECM has been shown to inhibit both ERK and PI3K/
Akt signaling and to stimulate “apoptotic activators” leading to anoikis
execution (a specialized form of apoptosis) (Le Gall et al., 2000; Qi
et al., 2006). However, when a persistent imbalance in the relationship
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between the cell and ECM occurs, essential cellular functions become
disrupted, significantly altering the way in which cells can respond to
their environment.

3. The role of cell-ECM interactions in aging and longevity
3.1. Cellular senescence is influenced by age-related ECM alterations

There are several publications indicating that the biochemical
composition and mechanical properties of ECM are altered with age.
The reader is referred to (Phillip et al., 2015) for a comprehensive and
critical review of the primary biophysical changes occurring in cells and
tissues that accompany the aging process.

Collagen is the largest component of the ECM. Several studies have
reported age-related changes in BM collagen synthesis and MMP-
mediated degradation rate in both animal models and humans (Mays
et al., 1991; Stephens and Grande-Allen, 2007). Together with ECM
remodeling, the proportion of collagen subtypes also changes with age
across species (Gazoti Debessa et al., 2001; Mays et al., 1988). More-
over, it is well established that an increase in collagen fibers cross-
linking occurs in aging tissues (Snedeker and Gautieri, 2014).

First proposed by Johan Bjorkstein in 1942, the cross-linking theory
of aging postulates that aging results from accumulation of intra-in-
termolecular covalent bond (cross-links”) between molecules with a
slow turnover, such as collagen and elastin (Bjorksten and Tenhu,
1990). This accumulation produces alterations of the physical, che-
mical, and biological properties of the cell that can ultimately lead to
significant dysfunction of multiple organ systems and thereby increased
risk of death (Bjorksten and Tenhu, 1990). Cross-linking between mo-
lecules occurs slowly with normal aging (Snedeker and Gautieri, 2014),
but it is accelerated under hyperglycaemic stress due to the formation
of advanced glycation end products (AGEs) that occur from a reaction
(Maillard reaction or glycation) between reducing sugars and matrix
proteins (Miyata et al., 1997). In recent years, AGEs have received
particular attention in the context of skin aging and the idea of using
skin AGEs as biomarkers of aging has been proposed (Gkogkolou and
Bohm, 2012). Support for the cross-linking theory of aging lately came
from findings of a solid and comprehensive literature review (Semba
et al., 2010). However, compelling evidence from culture decellularized
ECM (DECM) studies (see below) suggest that perturbations of cell-ECM
interactions and matrix-mediated mechanochemical signaling networks
could be the culprit behind the aging process. This idea is further
supported by data mining/systems biology studies performed to iden-
tify proteins highly connected (“hubs”) in interaction networks under-
lying both human longevity and multiple age-related diseases (Wolfson
et al., 2009). Among the most enriched pathways in the common net-
works revealed by these studies, there are those involved in growth
signaling and cell-ECM interactions, such as focal adhesion and reg-
ulation of actin cytoskeleton, with hubs that include FAK, fibronectin,
paxillin, and vinculin (Wolfson et al., 2009). Notably, focal adhesion is
also among the most enriched pathways in the common networks for
longevity, age-related diseases, and cellular senescence (Tacutu et al.,
2011).

Cellular senescence is an evolutionary conserved tissue damage
response in adult individuals that also plays an important role during
mammalian embryonic development (Munoz-Espin et al., 2013; Storer
et al., 2013). It consists in a state of irreversible growth arrest that is
used by the cell to limit its proliferation (Campisi, 2013; Neves et al.,
2015). Senescent cells remain metabolically active, but are resistant to
mitogenic stimulation (Shelton et al., 1999). While the growth arrest is
achieved via either p16™*Aor p21<®las key executers of cell-cycle
arrest, senescent cells are characterized by increased production of ROS
and ECM-modifying proteases, as well as widespread changes in chro-
matin organization and gene expression that ultimately lead to the se-
cretion of numerous pro-inflammatory cytokines, chemokines, and
growth factors (a phenotype termed the “senescence associated
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secretory phenotype” or SASP) (Campisi, 2013). The number of senes-
cent cells increases exponentially with age (Campisi, 2013) and signals
from the ECM can induce cellular senescence. This has been shown by a
very elegant study from Choi et al. (2011) who were the first to use the
DECM technology (in which the ECM is removed from its natural cells
to produce a scaffold for other cells) to investigate this issue. They re-
ported that seeding aged, senescent cells onto DECM derived from
young human fibroblasts was sufficient to induce a youthful state in the
senescent cells (Choi et al., 2011). Consistent results were also found by
Sun et al. (2011) who revealed that exposure of aged mesenchymal
stem cells from female mice to DECM from young donors generated a
significant increase in the expression of the gene encoding the cellular
reverse transcriptase telomerase and a decrease in ROS levels.

Various studies have reported that ECM affects ROS production
through integrins and vice versa (Boin et al., 2014; Eble and de Rezende,
2014), it is, therefore, plausible that persistent changes in cell-ECM
interactions occurring with advanced age may increase ROS production
and deregulate redox-sensitive transcription factors and signaling
pathways that, ultimately, contribute to cellular senescence (reviewed
in (Davalli et al., 2016). Senescent cells, in turn, produce and secrete
active MMPs and the ECM molecule fibronectin (Coppe et al., 2010). In
this regard, there is plenty of evidence suggesting that aging is asso-
ciated with increased activity of MMPs in several tissues/organs (Geng
et al., 2017; Lopez-Luppo et al., 2017; Oelusarz et al., 2013). Further-
more, an increased expression of fibronectin has been shown in human
aging fibroblasts and vascular endothelial cells (Kumazaki et al., 1993)
as well as in the vasculature of old mice (Yoon et al., 2016) and skeletal
muscle of human elderly subjects (Parker et al., 2017).

As a result of the dynamic reciprocity between the cell and ECM
components, the enhanced senescence-induced secretion of MMPs and
fibronectin is likely to produce ECM reorganization and changes in cell
behavior of surrounding cells that can lead to cell stiffness. Given that
the protein cross-linking transglutaminase 2 supports the association of
fibronectin and integrin on the cell surface (Oh et al., 2017), increased
transglutaminase 2 may then contribute to the stiffening of aged tissues
(Oh et al., 2017; Steppan et al., 2017). The proposed process (Fig. 1)
can potentially promote normal age-related changes in function of tis-
sues and organs, but also frailty phenotypes and chronic disorders if
factors, such as hypertension, hyperglycemia-induced accumulation of
AGEs, and lipid peroxidation, exacerbate ECM remodeling and sustain
the fibrotic process, thereby causing irreversible tissue dysfunction
(Ingles et al., 2014; Konstam et al., 2011; Phillip et al., 2015). In fact,
advanced age is associated with an increased incidence of pathological
fibrosis in many human organs (Harvey et al., 2016; Raghu et al.,
2006). The mechanisms behind this association remain mostly elusive,
but recent work revealed that sustained fibrosis in the lungs of 18-
month-old mice leads to accumulation of senescent myofibroblasts
(Hecker et al., 2014). This study also showed that the senescent phe-
notype was elicited by alterations in cellular redox homeostasis re-
sulting from enhanced expression of the nicotinamide adenine dinu-
cleotide phosphatase (NADPH) oxidase-4 (Nox-4) and an impaired
capacity of the nuclear factor erythroid 2 (NF2)-related factor 2 (Nrf2)-
antioxidant response element system (Hecker et al., 2014).

The regenerative capacity of multiple tissues also declines with age,
thereby leading to tissue degeneration, malfunction, and potentially
pathology (Yun, 2015). Altered ECM architecture and matrix stiffness
can influence this process. This has been recently suggested by Stearns-
Reider et al. (2017) who reported that muscle stem cells seeded on
DECM scaffolds from 24 month old mice acquired an increased ten-
dency to differentiate into a fibrogenic lineage, at the expense of
myogenicity.

3.2. Genetic perturbations in cell-matrix interactions influence longevity

Several genetic studies in animal models and humans suggest that
genes encoding ECM components and molecules involved in cell-matrix
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interactions influence longevity. Experiments in both Caenorhabditis
elegans and Drosophila melanogaster have revealed that loss-of function
mutations and knockdown of genes encoding components of the in-
tegrin-signaling complex improve performance in functional activities
impaired with aging and extend lifespan (Goddeeris et al., 2003;
Hansen et al., 2005; Kumsta et al., 2014). Furthermore, in a recent
study performed in C. elegans, Ewald et al. (2015) found that a decline
in collagen expression, mediated by the Protein skinhead-1/Nrf2 stress
response pathway, occurs during aging in adult worms. This work
further showed that various genetic, nutritional, and pharmacological
longevity-promoting interventions can delay this decline, thereby sug-
gesting that ECM remodeling is a longevity-assurance mechanism
(Ewald et al., 2015). Significant associations of variants in the COL5A1
(encoding the collagen type V alpha 1 chain), ITGA1 (encoding the
integrin subunit alpha 1), and PTK2 (encoding FAK1) genes with
longevity have also been described in humans (Garatachea et al., 2014;
Sebastiani et al., 2012; Yashin et al., 2010).

In line with the studies depicted above, we and others reported that
hypomorphic homozygous mutations in the Sdc gene reduce lifespan in
D. melanogaster (De Luca et al., 2010; Wilson et al., 2013). Our work in
flies also showed that the Sdc mutation perturbed the whole-body
metabolism of young flies, and a parallel human genetic study found
American children homozygous for the minor G-allele of the SDC4
151981429 polymorphism having more intra-abdominal fat than those
homozygous for the T-allele (De Luca et al., 2010). Remarkably, in a
follow-up study, the rs1981429 G-allele was also observed to be sig-
nificantly associated with higher levels of fasting plasma triglycerides
(a risk factor for cardiovascular disease) and a lower likelihood of be-
coming a centenarian in a cohort of healthy elderly Italian subjects (age
64-107 years) (Rose et al., 2015). Syndecan GAG chains interact with
laminin a chains (Horiguchi et al., 2012). Thus, it is exciting that in an
independent analysis performed in the same cohort of healthy elderly
Italian subjects, we identified a significant association of the
1s4925386-T allele in the LAMAS5 gene (encoding the Laminin subunit,
alpha 5) with longevity. Moreover, the rs4925386-T allele turned out to
be correlated with shorter stature (De Luca et al., 2016). Given that the
alternate allele of LAMAS5 rs4925386 (G) is a risk factor for colorectal

=
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Fig. 1. Schematic depicting the pro-
posed mechanism through which cell-
matrix interactions contribute to aging.
Changes in hormones, growth factors,
or other physiological signals occurring
with advanced age in the tissue micro-
environment stimulate alterations in
cell-ECM interactions. The increases in
ROS production deregulate redox-sen-
sitive transcription factors and sig-
naling pathways that promote cellular
senescence. The enhanced levels of
matrix metalloproteinases (MMPs) and
fibronectin induced by the senescent
cell result in ECM reorganization and
changes in cell behavior of surrounding
cells, leading to cell stiffness. Increased
levels of transglutaminase 2 (TG2)
contribute to cross-linking and stif-
fening of aged tissues. The

ECM remodeling

TTGZ *

in-

Cross-linking/ tissue flammatory Senescence-Associated
stiffening Secretory Phenotype (SASP) can re-
* inforce the aging process.
AGING

cancer (Houlston et al.,, 2010), our findings are in agreement with
evidence suggesting that shorter stature is related to extended lifespan
and reduced risk of multiple cancers (Samaras, 2012). It is also im-
portant to point out that a decline in height occurs with age due to
changes in the bones, muscles, and joints (Fernihough and McGovern,
2015). In this regard, a recent study performed in a Canadian cohort of
more than more 20,000 subjects of age 40-70 years reported that el-
derly hypertensive individuals were shorter and displayed a lower bone
mass density and a higher rate of fractures than elderly normotensive
individuals (El-Bikai et al., 2015). We did not see any significant cor-
relation between variants in the LAMA5 and/or SDC4 genes and hy-
pertension in our cohort of healthy elderly subjects. But, the SDC4
rs1981429 polymorphism was found significantly associated with hy-
pertension and increased prevalence of coronary artery disease in a
cohort of middle-aged subjects from the Tampere adult population
cardiovascular risk study (Kunnas and Nikkari, 2014). Overall, these
observations indicate that variants in genes involved in the interaction
between the cell and the ECM may be among the factors linking adult
height, cancer, hypertension, and aging.

4. The interplay between cell-matrix interactions and RAS and its
role in the aged vasculature

4.1. RAS as a nexus between hypertension and aging

A steady increase in both systolic and diastolic blood pressure oc-
curs with advanced age (Conti et al., 2012). This increase in blood
pressure arises in part as a result of chronic activation of the circulating
RAS, which is a systemic hormonal system whose primary function is to
regulate arterial pressure as well as water and sodium homeostasis
(Griendling et al., 1993). The main effector of RAS is Angiotensin (Ang)
II that is produced by enzymatic sequential cleavage of peptides derived
from the liver-produced angiotensinogen. Angiotensinogen is converted
by renin to Ang I, which in turn is converted to the octapeptide Ang II
by the action of the angiotensin-converting enzyme (ACE) (Griendling
et al., 1993). Ang II exerts its actions by binding with equal affinity to
two main G protein-coupled receptors, type 1 receptor (AT;R) and type
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2 receptor (AT5R), which have different tissue distribution and opposite
effects on vascular tone. While the activation of AT;R is associated with
vasoconstriction, inflammation, and cellular growth and migration,
AT,R activation leads to vasodilatory, antiproliferative, and proa-
poptotic actions (Abadir, 2011). The pleiotropic effects of Ang II are
due to the fact that it induces multiple signaling pathways through
activation of its receptors. For instance, depending on cell types, Ang-II
stimulates MAPKSs, various protein kinase C isoforms, small G-proteins
(such as Ras, Rho, and Rac), and NADH/NADPH through activation of
AT;R. On the other hand, it activates protein phosphatases, the nitric
oxide-cGMP system, and phospholipase A2 through AT,R (Nouet and
Nahmias, 2000). Two drug classes inhibit RAS by directly targeting Ang
II. They are the inhibitors of the ACE enzyme (ACEi) and the angio-
tensin receptor blockers (ARBs) that antagonize the binding of Ang II to
AT R. ACEi and ARBs are widely used in clinical practice to manage
hypertension and chronic kidney disease (Abadir, 2011). In addition to
the circulating system, several RAS components exist in almost every
organ (local RAS), where they exert diverse organ-specific physiological
functions through the action of de novo synthesized Ang II. Local RASs
operate in concert with the systemic RAS, but also independently
(Brenner et al., 2000; Viberti et al., 2002).

A large literature points to RAS as an important contributor to the
aging process (reviewed in (Abadir, 2011; Basso et al., 2005; Carter
et al., 2005; Heudes et al., 1994; Simon et al., 2015). For instance, it has
been known for several years that ACEi or ARB administration reduces
the risk of new-onset T2D and improves cardiovascular disorders via
the ability of the drugs to attenuate Ang II signaling (Abuissa et al.,
2005). More recent evidence suggests that ARB therapy can also im-
prove episodic memory and cognitive decline in the elderly (Stuhec
et al., 2017; Trofimiuk et al., 2017). Furthermore, administration of
ACEi, ARB, or both has been shown to reduce age-associated fracture
risk (Solomon et al., 2011), and improve physical function in older
individuals with impairment of daily activities (Sumukadas et al., 2007)
and in physically independent elderly people (Coelho et al., 2016).

Genetic and pharmacological studies in rodents and C. elegans have
also shown that RAS influences longevity. Specifically, Benigni et al.
(2009) were the first to report that AT;R knockout mice lived 26%
longer than genetically matched wild-type mice. In an independent
study in rats, long-term treatment with the ACEi enalapril also led to a
significant increase in lifespan, despite the fact that the animals were
fed palatable hyperlipidic diets (Santos et al., 2009). Finally, work from
Kumar et al. (2016) showed that reducing the activity of the acn-1 gene
(encoding the C. elegans homolog of mammalian ACE) by RNA inter-
ference resulted in mean and maximum lifespan extension in worms of
21% and 18%, respectively. Pharmacological inhibition of acn-1/ACE
also extended the worm lifespan (Kumar et al., 2016).

The exact mechanism(s) by which pharmacological blockade of RAS
provides benefits on the age-related functional decline of organs and
tissues are still unclear. However, one current hypothesis is that the
age-retarding effects associated with ACEi or ARB therapy are partly
due to the capacity of these drugs to reduce ROS production and
thereby preserve the physiological phosphorylation state of the mi-
tochondria. This hypothesis is based on the fact that many of the
pathways through which Ang II/ AT;R signals involve activation of the
Nox family enzymes, which have the capacity to generate superoxide
and other downstream ROS (Dikalov, 2011). Ang II- induced ROS, in
turn, target downstream redox-sensitive pathways as well as mi-
tochondrial function and ROS production creating a vicious feed-for-
ward cycle of ROS accumulation that disrupts redox homeostasis
(Dikalov, 2011). The reader is referred to excellent review articles by
(Benigni et al., 2010; Conti et al., 2012; de Cavanagh et al., 2011; Onder
et al., 2006; Vajapey et al., 2014) for further details on this topic.

4.2. Ang II and cell-matrix interactions in the vasculature

A remodeling of the arterial system progressively occurs with

70

Mechanisms of Ageing and Development 177 (2019) 66-73

advancing age. The age-associated changes in arterial structure and
function entail activation of the Ang-II signaling and changes in the
functional properties of the vascular smooth muscles cells (VSMCs)
(reviewed in (Lacolley et al., 2012). The VSMCs are the cellular com-
ponents of the normal blood vessel wall that synthesize and secrete
insoluble ECM molecules and provide structural integrity to the vessel
(Louis and Zahradka, 2010). The adult VSMCs primary function is to
maintain vascular homeostasis through active contraction and relaxa-
tion. However, mature contractile VSMCs show high plasticity (e.g.
switching from a contractile to a noncontractile/synthetic phenotype)
and can acquire the ability to migrate and proliferate in order to pro-
mote vessel repair and remodeling processes initiated by vascular wall
injury. Failure of the migrating/proliferating VSMCs to return to the
contractile phenotype can induce pathogenic vascular remodeling,
thereby contributing to vascular lesion formation and diverse vascular
diseases (Louis and Zahradka, 2010). It has been known for some time
that binding of Ang II to ATR contributes to the age-associated increase
in migration and proliferation capacity of VSMC, with chronic Ang II
exposure inducing pro-fibrotic and pro-inflammatory responses. Spe-
cifically, the Ang-II-induced formation of molecules, such as trans-
forming growth factor-f1 (TGF-B1), monocyte chemotactic protein-1
(MCP-1), and MMPs, by VSMCs leads to inflammation, accumulation of
fibronectin and collagen, decrease in elastin content, and ultimately to
arterial stiffness (reviewed in (Wang et al., 2010). Moreover, the in-
creased levels of fibronectin and calcium-dependent tissue transgluta-
minase 2 induced by the Ang II signaling may promote the calcification
of vascular cells that is responsible for age-induced changes in vessel
mechanics (Ding et al., 2006; Johnson et al., 2008). The pivotal role of
Ang II in vascular stiffness is further corroborated by the fact that in-
hibition of ACE activity can reduce arterial stiffness in old people, in-
dependently of changes in blood pressure (Hayashi et al., 2006).

Besides the well-recognized pro-fibrotic activity of Ang II in the
vasculature, some in vitro studies have also revealed a role of cell-matrix
interactions in the Ang Il-induced migration and proliferation of
VSMGCs. Tamura et al. (2001) first reported that the integrin/FAK sig-
naling pathway interacts synergistically with the Ang II signaling to
activate the ERK cascade in VSMCs. This finding has since been cor-
roborated by more recent work showing that alfl integrin and in-
tegrin-linked kinase, an intracellular serine/threonine kinase involved
in cell-matrix interactions, modulate the Ang II effects on VSMC (Bunni
et al., 2011; Moraes et al., 2015). Ang II controls vascular cell pro-
duction of ROS through various Noxs, including Nox-1 and Nox-2
(Nguyen Dinh Cat et al., 2013). Interestingly, studies by Moers and
collaborators (Moraes et al., 2015, 2016) have provided evidence that
Ang II produces ROS in the VSMC in two stages, the second of which is
mediated by the alf1 integrin signaling. Based on their data, the au-
thors propose that Ang II signaling briefly stimulates Nox-1 activity
leading to the early phase of ROS production. This is followed by ac-
tivation of the alf1 integrin/ILK signaling that, in turn, induces the
second phase of ROS production via Nox-2 activation (Moraes et al.,
2015, 2016).

5. Concluding remarks

A variety of changes in biological factors, such as hormones, growth
factors and cytokines, occur in the connective tissue surrounding the
cell with advancing age. These changes can perturb the mechanisms of
communication between the cell and ECM, thereby impacting cell be-
havior and fate choice, such as stimulating cellular senescence. In the
vasculature, Ang II is known to induce cellular senescence of VSMC by
eliciting Nox-1 and mitochondrial ROS production (Tsai et al., 2016).
Thus, the increase in activation of the local Ang II/ AT;R signaling seen
with age (Yoon et al., 2016) could be one of the cues responsible for
perturbing cell-matrix interactions through the ROS-induced stimula-
tion of collagen and integrin synthesis (Boin et al., 2014; Moraes et al.,
2015). The subsequent changes in redox-sensitive intracellular
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signaling pathways and transcription factors may then lead to cellular
senescence, ECM remodeling, and arterial thickness (Fig. 2). There is no
evidence yet that the crosstalk between Ang-II/Nox and integrin/ILK
signaling influences ROS production in aged VSMC and evidence is
necessary to prove this claim. Nevertheless, the data summarized in this
review make it a compelling area for further investigation. In addition,
the focus here has been specifically on the vasculature system. How-
ever, given the many roles that the cell-matrix interactions and local
RASs have in maintaining connective tissue homeostasis, it is likely that
the effect of their intricate interplay may impact the age-associated
degeneration of multiple tissues.
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