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Abstract
Arterial remodeling over time is a cornerstone of normal systemic aging. The age-associated
arterial structural and functional changes in the intima, the media, and the adventitia are closely
linked to angiotensin II (Ang II) signaling. A growing line of evidence indicates that essential
elements of Ang II signaling, which encompasses milk fat globule epidermal growth factor-8,
calpain-1, transforming growth factor-β1, matrix metalloproteinase-2/9, monocyte chemoattractant
protein-1, nicotinamide adenine dinucleotide phosphate-oxidase, and reactive oxygen species, are
upregulated within the central arterial wall in rats, nonhuman primates, and humans during aging.
In vitro studies show that the elevation of Ang II signaling induces the accumulation of collagen
and advanced glycated end-products, the degradation of elastin, and the increased cell cycle
disorder, invasion, and hypertrophy of endothelial and vascular smooth muscle cells. Further, in
vivo studies demonstrate that increased Ang II signaling accelerates arterial aging. Conversely,
attenuating Ang II signaling via an inhibition of angiotensin conversing enzyme or a blockade of
AT1 activation retards age-associated arterial remodeling. This review attempts to integrate
complex facts of Ang II signaling within the aged central arterial wall and may shed light on new
therapeutic targets for arterial aging.
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Introduction
Central arteries are composed of the tunica intima, tunica media, and tunica adventitia. The
cellular components and ground materials of each layer constantly remodeled as a result of
changes in the intrinsic and extrinsic microenvironment throughout a lifetime [1–3]. Within
the aged arterial wall, the luminal-lined endothelial cells (EC) become frail, decreasing in
number, capability of attachment, replication, and mobility, with concurrent increases in
cellular size and secretion of inflammatory and adhesion molecules [1–3]. The intramurally
predominant contractile arterial smooth muscle cells (VSMC) become synthetic, exhibiting
enhancement in the capability of migration/invasion, proliferation, and secretion [4–9].
Elastic laminae fatigue, collapse, and fracture while collagen glycosylates, accumulates, and
deposits [1].
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Age-associated changes in the intramural and extramural signals within arterial walls govern
the behavior of vascular cells and their interaction with extracellular matrices [1–3]. These
changes orchestrate arterial remodeling with aging, and may result from proinflammatory
angiotensin II (Ang II) signaling cascades, including increases in milk fat globule epidermal
growth factor-8 (MFG-E8), calpain-1, matrix metalloproteinase type -2/-9 (MMP-2/9),
monocyte chemoattractant protein-1 (MCP-1), transforming growth factor-beta 1 (TGF-β1)
activation, nicotinamide adenine dinucleotide phosphate-oxidase(NAD[P]H) expression, and
reactive oxygen species (ROS) (Table 1) [1–13]. Augmentation of these Ang II biosignals
appear to be the foundation of the molecular mechanisms of age-associated arterial
structural remodeling, resulting in intima-media thickening, elastin fragmentation, collagen
deposition, and functional contraction/relaxation alterations [1–13].

In this article, we review the role of molecular cascades that involve Ang II signaling
pathways in rats, nonhuman primates, and humans during aging both in vivo and in vitro.
We also discuss the progress of interventions for arterial aging, e.g., inhibition of Ang II
signaling. This growing body of evidence provides a complex picture of Ang II signaling
within the aged central arterial wall, and may shed light on new therapeutic targets for
arterial aging.

Arterial aging in humans
Arterial pressure

Arterial pressure is the maximal aortic pressure following cardiac ejection of blood into
arteries and is determined by the interplay between the heart and the vasculature. With
advancing age, systolic blood pressure rises until the eighth or ninth decade, while diastolic
blood pressure increases until the fifth decade, after which it plateaus or decreases [14].
Consequently, pulse pressure continually increases while mean arterial pressure increases
and ultimately levels off with advancing age due in large part to increased arterial stiffness
[14].

Arterial dilatation
The vascular endothelium is a single layer of cells lining all blood vessels in the body, and it
has emerged as a pivotal player in vascular aging. The intact endothelium is an essential
element for vasodilatation in response to an increase in blood flow-associated shear stress
[15]. Endothelial function of brachial or coronary arteries determined by flow-mediated
vasoreactivity has been shown to decline with advancing age and is nitride oxide (NO)
signaling-dependent (Figure 1A) [15]. Notably, this age-related decline appears to occur
earlier in men than in women [15]. In women, however, a steep decline commences at
around the time of the menopause [15].

Pulse wave velocity
Arterial stiffness depends on intrinsic stress/strain relationships that are affected by
structural properties of the blood vessel wall and smooth muscle tone. Among the various
indexes of arterial stiffness, carotid-femoral pulse wave velocity (PWV) has emerged as the
“gold-standard” for the non-invasive evaluation of large arterial stiffness. PWV is measured
as the distance between the carotid and femoral sampling sites divided by the time delay for
the onset of the pressure wave between these two sites. The increase in arterial wall blood
pressure and reduction in endothelial function with increasing age are accompanied by an
increase in PWV (Figure 1B) [16]. Interestingly, improvement of aerobic capacity by
exercise reduces PWV, and may mitigate the stiffening of the artery that accompanies
normative aging [16].
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Arterial structure
Alterations in blood pressure, endothelial function, and arterial stiffness with advancing age
accompany structural remodeling in the central arterial system. Central elastic arteries
become dilated with age, which may, depending on the level of intimal thickening, lead to
an increase in lumen size [17]. Arterial intimal medial thickness (IMT) also increases with
advancing age (Figure 1C) [18]. Post-mortem studies indicate that in humans, this increase
is mainly due to intimal rather than medial thickening [19].

Arterial aging in experimental models
Studies of experimental animal models have greatly enhanced our understanding of age-
associated alterations in arterial structure and function in humans and the pathogenesis of
age-associated arterial disease. The age-associated cellular and molecular alterations of the
central arteries of rats, rabbits, and nonhuman primates in the absence of clinical arterial
diseases are quite similar to those observed in “grossly normal arterial segments” in humans
(Table 1) [2,4].

Intima
The intima between the luminal surface and the internal elastic lamina of the artery is a
“frontline battle field” of human vascular diseases such as hypertension, atherosclerosis,
restenosis, and stroke. A series of studies show that age dramatically alters the property of
this zone, and its interaction with the medial layer in various species including rats,
nonhuman primates, and humans [1–13].

Endothelium
Endothelial structure

The numerous proinflammatory molecular and cellular alterations in arterial heterogeneous
EC that occur with aging are likely implicated in age-associated endothelial disorder and
age-associated atherosclerosis [13,20–23]. Electron micrographs show that end-to-end inter-
EC conjunctions increase, but stronger and more complicated overlapping or interdigital
junctions decrease with advancing age. The immunostaining reveals that the aortic
connexins CX37 and CX43 progressively decrease with increasing age. This suggests their
involvement with aging-impaired phenomena such as dynamic intercellular material and
signaling communication and homeostatic flux involving endothelial cellular inclusions,
which are enhanced with aging [22,24]. Furthermore, EC become senescent, which appears
flattened, enlarged, and enriched with inflammatory mediators [22,23]. The decreased EC
replicatve capacity that occurs with aging is linked to proinflammation and telomere
shortening and increases susceptibility to apoptosis [13,20,22,23].

Endothelial regeneration
The maintenance of an intact arterial endothelium over a lifetime may involve circulating
endothelial progenitor cells (EPC), which are recruited to patch damaged regions via
differentiation into mature endothelial cells [25–32]. Aging retards arterial
reendothelialization after balloon injury, suggesting that aging affects the ability of
progenitor cells to repair the damaged endothelium [26,28]. Increasing age was shown to be
associated with a reduction of the number and self renewable capacity of circulating EPC in
subjects [29–31]. Additionally, the colony-forming unit and migratory capacity of blood-
derived EPC become significantly declined with advancing age; this effect can be prevented
by treatment with insulin growth factor-1 (IGF-1) or by aerobic exercise [28,29].
Furthermore, age may interfere with the survival of circulating stem/progenitor cells since
EPC telomere length declines with aging [30–32]. Edelberg et al. reported that only
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transplantation of young bone marrow-derived cells into aged mice restored myocardial
angiogenesis and vascular function, whereas aged mice bone marrow was ineffective [33].
These findings provide the first circumstantial evidence of dysfunctional regulation of EPC
in elderly individuals. Interestingly, the capacity of reendothelization by transplanted old
EPC at injured sites of young animals was significantly greater than their old counterparts,
suggesting that a young niche partially restores reduced function of old EPC via the IP3/Akt
signaling pathway [34]. These findings support the idea that the dysfunction of the EPC
must be stimulated in vivo and most likely expanded ex vivo to improve regeneration and
impaired arterial function with aging [25].

Endothelial dilatation
In old rats, NO- and O2-mediated endothelium-dependent relaxation to acetylcholine was
markedly reduced compared with young and middle-aged rats, due to a decrease of NO
release and an increase of O2− generation [35,36].

Endothelial permeability
Age alters endothelial cell integrity, shape, and population density, sugar coating of
glycocalyx, magnitude of negative charge surface characteristics, and endothelial-
endothelial communication [13,20,22–24,37]. Those alterations affect the endothelial cell
surface’s physical and chemical “barrier” [37], contributing to an increase in endothelial
permeability. This may lead to a chain of aberrant fluid and macromolecule albumin
interstitial mass transport within the aged arterial wall [22,38]. These changes in
macromolecular transport suggest that the entry of plasma macromolecules in the aged
arterial wall might be enhanced, whereas the efflux through the media may be impeded. As a
result, these molecules may become trapped in the subendothelium, forming a fertile
microenviroment for the pathogenesis of age-associated arterial disease.

Subendothelium
The arterial subendothelial region progressively grows with age in various species, including
humans.

In FXBN rats, small disoriented VSMC with enriched nuclei are found within the thickened
intima of old rats. The number of arterial intimal VSMC and amount of intimal collagen
types I and III and elastin-like materials are markedly increased with aging [6,7,12,13].
Notably, inflammatory cells, i.e. macrophages and lymphocytes, are not detected in the
thickened intima [7].

Old monkeys (~20 yrs) have a thicker intima than young (~7 yrs) [11], and electron
microscopy of these thickened intimal regions reveals infiltrated cells and matrix connective
tissue deposition between an intact endothelium and fragmented internal elastic lamina [13].
Nearly all of these intimal cells stained positively for α-SMA, a marker of VSMC [11]. As
in rats, inflammatory cells have not been observed in the old thickened intima in nonhuman
primates [11].

Grossly normal aortic intimal thickness and cell infiltration of specimens from older human
donors (over 65 yrs) is markedly increased compared to those from younger donors (~20
yrs) with an absence of the aggregated lipid deposition in either age group [8]. The vast
majority of cells within the intima also stained positively for α-SMA [8], and SMemb, a
marker for the fetal-type VSMC. In addition, aging increased intimal collagen type I, type
III, and other ground materials in the human aortic wall [8]. Unlike aged rats and monkeys,
sporadic clusters of macrophages (CD-68 positive cells) were more numerous within aortic
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walls of older versus younger human subjects, and activated mast cells were also
occasionally detected in the intima of older rather than younger samples [8].

Taken together, these findings suggest that unique human age–associated subendothelial
remodeling may be an underlying molecular and cellular mechanism for the increased
prevalence of arterial diseases in the elderly.

Media
The media, nestled between the internal and external elastic lamina of larger arteries,
provides the vessel’s second line of defense. It is composed of an arrangement of VSMC,
the predominant cell type around the elastic lamina.

VSMC in situ
The aorta of aged rats contains an increased number of intimal VSMC, but medial VSMC
appear to be reduced in number. Aged VSMC exhibit greatly heterogeneous features [2].
One subset of old medial cells appear polyploid and larger in size than those in the aorta
from young adult rats [5,39,40]. Interestingly, the majority of those polyploid cells with
enriched NAD(P)H oxidase ultimately reach a cell-cycle arrest status [40]. Another subset of
cells, like intimal VSMC, appear tiny in size and may have powerful invasiveness [8,11].

The principal physical barriers to cell movement in the intact vessel are the elastic laminae
and basement membrane (BM). The BM surrounds each VSMC, providing a
microenviroment, and is mainly composed of type IV collagen, laminin, and fibronectin.
VSMC are surrounded by and embedded in a variety of matrix protein barriers that must be
restructured for proliferation and migration to occur. The detailed properties of fresh,
enzymatically dissociated single medial VSMC from old rat aortae compared to the cells
from young rats are described later on the section of Ang II signaling and arterial cell aging
in vitro.

Extracellular matrix
The deposition of collagen within all arterial compartments and elastin fiber fracture is a
hallmark of age-associated arterial remodeling [12]. The close association of elastin,
collagen, glycoaminoglycans, and VSMC in the mammalian aortic wall causes alterations in
viscoelastic characteristics that account for many of its static and dynamic mechanical
features [13,41,42]. The elastin lamella, and the contents of its adjacent interlamellar zone
(which includes VSMC), represent the unit of structure and function of the mammalian
aortic wall, and is closely linked to elasticity, which progressively deteriorates with
advancing age [12,42].

Amount of elastin, composed of tropoelastin and mcrofibrils and constituting ~30% of the
dry weight of larger arteries, decreases with aging [43]. An imbalance of synthesis and
degradation of tropoelastin and mirofibrils leads to a reduction in the mature elastin
formation within the aged arterial wall [44,45]. The steady-state level of aortic tropoelastin
mRNA decreases dramatically with increasing age [44]. Furthermore, precursor tropoelastin
molecules are secreted from VSMC into the extracellular region and attach to microfibrils,
but do not form a meshwork of mature elastin fibers due to insufficient cross-linking
resulting from age-declined lysyl oxidase [46].

A change in the solubility and distribution of degenerated and glycated collagen as
“matricrine” also occurs with age, and it has been proposed that age-associated changes
involve tighter collagen fiber packing, increased stiffness, and increased tensile strength
[4,12,45–48].
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Although the total mucopolysaccharide “ground substance” is unaltered with aging,
biglycan, dermatan sulphate, and chondroitin sulfate increase, hyaluronic acid decreases,
and chondroitin-4,6-sulphate and heparan sulphate remain constant [4,48–50]. Chondroitin
sulfate B is associated with coarse collagen and elasticity changes, and its increased relative
abundance to the A and C mucopolysaccharides lend credence to its role in strengthening
the arterial wall with age [50].

With increasing age, free amino groups on these collagen proteins become more susceptible
to nonenzymatic glycation, oxidation, and nitration [47,51]. As a result, even in euglycemia,
they have a propensity to form advanced glycated end-products (AGEs) via the Maillard
reaction due to local glucose metabolism disorders [47,51]. A summary of the role of AGEs
in age-associated arterial remodeling is illustrated in Figure 2 [52].

With aging, the glycoprotein component of elastic fibrils decreases and eventually
disappears, and concurrently bound Ca2+ content increases [47,53]. This increased
biomineralization accompanies a gradual accretion of collagen-like protein, which is
associated with an increase in the content of more polar amino acids [54]. Recent studies
also indicate that cross-linked collagen and elastin contribute to the development of vascular
calcification, which increases with aging [55,56]. The expression of the procalcification
genes calpain-1, bone morphogenetic protein (BMP)-2, osteopontin, osteonectin, matrix Gla
protein, and periostin (osteoblast-specific factor 2, OSF-2) increase while the
anticalcification genes fetuin-A and B decrease within the arterial wall with aging [10,55–
57]. These molecules bind Ca2+ and enable both osteogenic and chondrogenic
transdifferentiation of VSMC, myo-fibroblasts, and pericytes, thus contributing to arterial
ectopic calcification [55,56].

Adventitia
The adventitia serves as the artery’s final line of defense, and functions as a dynamic
compartment for trafficking across the artery wall. It is composed of bundles of thick
collagen, disordered elastin fibers, vasa vasorum, nerve bundles, lymphoid organization,
sporadic fibroblasts, and smooth muscle progenitor cells [58–63]. The adventitia and
adjacent perivascular white adipose tissue, similar to the intima, is a major sources of matrix
metalloproteinase, vasoactive factors, including cytokines/chemokines, reactive oxygen
species (ROS), and growth factors [58–63]. A growing body of evidence indicates that
adventitial remodeling intertwines with VSMC growth, proliferation/invasion,
differentiation, and proinflammation [58–63]. Changes occurring in the adventitia could be a
signal of impending vascular disorders [58,59,61–63]. With increasing age T lymphocytes
infiltrate the adventitia and the vasa vasorum continues to develop, resulting in increased
vascularity, and possibly facilitating both intima and adventitia inflammation, which is
closely associated with atherogenesis [59]. Other studies suggest that in the arterial wall, the
adventitia serves as the site of local immune responses during arterial aging and
atherogenesis, and is the primary compartment of T cells, which grow in number with age
and promote medial VSMC invasion to the intima [63].

Essential components of Ang II signaling cascades within the arterial wall
A growing body of evidence demonstrates that the molecules of the Ang II signaling
cascade, including MFG-E8, calpain-1, MMP-2/-9, MCP-1, TGF-β1, PDGF-BB, and ROS,
are upregulated within the aged arterial wall, and may play causal roles in age-related
arterial structural and functional remodeling (Table 1 and Figure 3) [1–3,52].
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Ang II
The vast majority of circulating Ang II is the product of Ang I cleavage by angiotensin
converting enzyme (ACE). ACE is secreted from the lung epithelial cells, while Ang I is an
enzymatic fragment of angiotensinogen (via renin), which is generated from the
juxtaglomular apparatus in the kidney. These components have been found to increase
within the aged arterial wall in various species [4,6,8,10,11]. It is known that local Ang II is
over 1000-fold more abundant than circulating Ang II, is independently regulated, and plays
an important role in vascular pathophysiology with aging [64,65]. Levels of Ang II protein
increase in the aged aortic wall in rats (Figure 4A, red color, right panel) [10]. Further,
studies from nonhuman primates also show that Ang II (Figure 4B), ACE (Figure 4C), and
adventitial chymase (Figure 4D) staining are increased in the thickened intima of older
monkey aortae [11]. In humans, Ang II (Figure 5A), AT1 (Figure 5B), ACE (Figure 5C),
and chymase immunofluorescence increase within the grossly normal aortic wall of samples
from older donors [8]. Additionally, double staining reveals that intimal Ang II co-expresses
with ACE staining in older aortae [8]. Consecutive section staining reveals that most of the
chymase was located around or within the granules of mast cells, which also could
effectively convert Ang I into Ang II in primates [8,11,66].

MFG-E8
MFG-E8 is a major component of the milk fat globule and may play a diverse role in various
developmental homeostatic processes [67]. By supporting cell-cell and cell-lipid
interactions, it also facilitates tissue remodeling in various organs and in the vasculature
during pathophysiological conditions [4,67]. Cloned MFG-E8 cDNA encodes 66/53-kDa
soluble, heavily glycosylated proteins comprised of an N-terminal signal peptide, two EGF-
like repeat domains (EGF1 and EGF2), and two discoidin domains (C1 and C2) found in
blood clotting factors V and VIII [67]. MFG-E8 is a secretory adhesion protein with
potential acceptor sites, one for αvβ3 and αvβ5, and others for aminolipids such as
phosphatidylserine [67]. Importantly, a recent study indicates that MFG-E8 mRNA and
protein levels increase with aging in several mammalian species including humans, as
determined by 2D DIGE (Figure 6A), iTRAQ (Figure 6B), and immunostaining (Figure 6C)
[4]. Dual immunolabeling shows that MFG-E8 colocalizes with both Ang II and MCP-1
within VSMC of the thickened aged aortic wall [4]. The data suggest that arterial MFG-E8
significantly increases with aging and is a potential relay element within the Ang II/MCP-1/
VSMC signaling cascade [4].

MMP-2/-9
MMP-2/-9 belongs to the zinc-containing endopeptidases, degrades native type IV, V, VII
and X collagen, denatured collagen, and elastin, promotes matrix protein degradation in
arterial wall, and facilitates VSMC migration. Enhanced MMP-2/-9 expression and activity
are linked to increased Ang II signaling, and occur during arterial aging in various species
[4,6,8,10]. Aortic MMP-2 activation in situ is progressively elevated with aging, and is
mainly localized to the intima, the internal elastic lamina, and elastin fibers in the innermost
tunica media. It colocalizes with EC and VSMC [12]. Age-associated MMP-2 activation
also occurs in nonhuman primates (Figure 7A) and colocalizes with EC and VSMC [11].
Increased MMP-2 activation is largely confined to the thickened intima of old monkey
aortae (Figure 7A, lower middle panel) [11]. In humans, both MMP-2 and MMP-9 activity
in situ are enhanced in the grossly normal aortic segments with aging (Figure 7B) [8].

Modulators of MMP-2 activation
In VSMC, cleavage and activation of MMP-2 can be achieved by a novel membrane-type
matrix metalloproteinase (MT1-MMP). MT1-MMP is synthesized as a proform, which can
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be activated via cleavage by the intracellular protease furin or by extracellular plasmin
serving as an activator of MMP-2. TIMP-2, one of the endogenous tissue inhibitors of
MMP-2, has a role in the formation of a membrane-bound ternary complex consisting of
MT1-MMP, TIMP-2, and latent MMP-2. “Free” MT1-MMP located in proximity to this
complex is presumed to cleave proMMP-2 bound to the MT1-MMP/TIMP-2 as “cognitive
receptor”. At high concentrations TIMP-2 inhibits MMP-2 activation, presumably by
blocking the activity of MT1-MMP [12].

Dysregulation of MMP-2 activation has been observed in arterial walls in rats and
nonhuman primates with aging [11,12]. In rats, intimal and medial MMP-2 increase with
aging; intimal MT1-MMP increases while medial MT1-MMP remains constant, and intimal
TIMP-2 remains constant while medial TIMP-2 decreases. Thus, ratios of MMP-2/TIMP2
and MT1-MMP/TIMP2 are enhanced, contributing to increased MMP-2 activation within
the aging arterial wall [12]. As in rats, the ratios of intimal MMP-2 and MT-1 MMP to
TIMP-2 also increase in nonhuman primates with age [11].

The serine protease plasmin can induce a complete conversion of the intermediate MMP-2
form to the mature form, and can also inactivate TIMP-2. Pro-MMP-2 activation is inhibited
by plasminogen activator inhibitors-1 (PAI-1) or anti- urokinase plasminogen activator
(uPA) antibodies. Tissue plasminogen activator (tPA) and uPA bind to the endogenous uPA
receptor (uPAR), resulting in the conversion of plasminogen to plasmin. Thus, a delicate
balance among activators and inhibitors of plasmin may control the activation status of
MMP-2 and its potential impact on arterial remodeling with aging [12]. Indeed, intimal tPA,
uPA, and uPAR progressively increase with aging, but intimal PAI-1 remains constant.
Medial tPA and uPA remain constant with aging, but uPAR increases while PAI-1 decreases
[7,12]. Thus, ratios of tPA/PAI-1 and uPA/PAI-1 both increase in the intima and the media,
which also contribute to age-associated arterial MMP-2 activation.

TGF-β1
Arterial TGF-β1 is a pluripotent growth factor implicated in various aspects of vascular
development and structural remodeling in health and disease via a regulation of collagen and
fibronectin expression [6,7]. TGF-β1 transcription, translation, and activity increase within
the aorta of old rats compared to young animals [7]. Three TGF-β1-related components have
been found in PAGE gels of rat aortic protein, corresponding to the molecular weights of
activated TGF-β1 (~20 kDa), latent associated protein (LAP)-bound TGF-β1 (~75 kDa), and
the latent TGF binding protein-1 (LTBP-1)-bound to precursor TGF-β1 (190–250 kDa)
(Figure 8A) [7]. Aortic TGF-β1 was mainly present (98%) in the latent form, bound to
LTBP and LAP, and all bands, including that of the active form of TGF-β1, increased with
aging [7]. The abundance of TGF-β1, LAP, and LTBP-1 proteins increased within the aged
aortic wall, particularly within the thickened intima (Figure 8B) [7]. TGF-β1 expression
within the aortic walls of aged rats was dramatically increased in both intracellular and
extracellular regions. Interestingly, the stronger immunostaining signal for TGF-β1 protein
was present within the nuclei and the perinuclear area of vascular cells (Figure 8B, right
bottom panel, star), suggesting an increased de novo synthesis of cellular TGF-β1 protein
within the aged arterial wall [7].

Activated TGF-β1 via MMP-2 activation exerts its biological effects by binding its TβRII
receptor [7]. Aortic TβRII transcription and translation is also increased with aging [7].
Increases in TβRII are widely distributed within the wall of the aged aorta. The increase in
active TGF-β1/TβRII may result in the activation of the SMAD signaling pathways [7].
Indeed, the receptor-regulated phosphorylated p-SMAD2/3, and the common-mediator
SMAD4, were increased within the aged aortic wall while the antagonistic or inhibitory
SMAD7 protein decreased by 20% with age within the arterial media [7].
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MCP-1
Monocyte chemoattractant protein-1 (MCP-1/CCL2) can induce migration of VSMC
through the activation of CCR2 in the aortic wall. Aortic MCP-1 and CCR2 transcriptome,
and their protein abundance, increase in rats with aging (Figure 9 A & B) [9]. Increased
MCP-1 and CCR2 protein expression within the old rat aorta was localized mainly in the
intimal region (Figure 9C) [9]. In humans, the increased MCP-1 within the old aorta resides
predominantly within the intima, resulting in a markedly increased, age-associated intimal-
medial gradient of the chemoattractant MCP-1 (Figure 9D and Figure 9E) [8].

PDGF-BB
Ang II increases platelet-derived growth factor-BB (PDGF-BB) expression within the
arterial wall [6]. PDGF is a chemokine, as well as a potent mitogen for VSMC, and is
increased in the old thickened intima containing infiltrated VSMC in rats [6]. Further,
increased PDGF-BB, like the increased MCP-1, within the old aorta resides predominantly
within the intima. This results in a markedly increased, age-associated intimal-medial
gradient of the chemoattractant PDGF-BB, which can be substantially reduced by chronic
calorie restriction [4,6,8,68].

Calpain-1
Calpain-1, a ubiquitous, cytosolic Ca2+ activated neutral protease, is a heterodimeric
molecule consisting of a large 80 kDa catalytic and a small 30 kDa regulatory subunit.
Calpain-1 activation is linked to the cellular Ca2+ loading status in a dose–dependent
manner within living cells and increases in the aged arterial wall [10]. The levels of
calpain-1 transcripts (Figure 10A) and protein abundance (Figure 10B) are increased with
age, and this increased calpain-1 protein within old rats co-localizes with VSMC (Figure
10C) [10]. Furthermore, calpain-1 activity increases within the aged aorta (Figure 10D) [10].

NO bioavailability and ROS
As in humans, NO dependent mechanical and agonist-mediated endothelial vasodilation is
attenuated in older rats [13,16,35,36,69–73]. In rats, arterial arginase activity increases with
age and may deplete local substrates for NOS, particularly L-arginine, a precursor for NO
[72]. The impairment of endothelial-mediated vasodilitation with aging in humans can, in
part, be prevented by L-arginine administration. These findings suggest that NO production
becomes reduced with aging [73]. The activity of the endothelial nitric oxide synthase
(eNOS) isoform has been shown to be markedly reduced with aging [71]. In other studies in
rats, a large age-associated reduction in NO bioavailability occurs in the context of an
increase in eNOS expression in the aged aorta [70]. This has been interpreted to reflect
enhanced mitochondrial superoxide production coupled to enhanced peroxynitrite formation,
as evidenced by increased levels of nitrosylated proteins [70].

ROS are important mediators of NO bioavailability [74]. The NAD(P)H oxidase is a major
source of ROS in vascular cells, and is composed of 6 subunits: Rho guanosine
triphosphatase (a GTPase, usually Rac1 or Rac20), and five "phox" units of p90, p22, p40,
p47, and p67. Among NAD(P)H subunits, p22 phox is higher in the aortic endothelium of
old rats compared to that in the young [74]. Within the arterial wall, NADH-driven O 2 −

generation increases with aging. The effect of aging on the arterial wall activities of Cu/Zn
SOD (SOD1), Mg SOD (SOD2), extracellular matrix superoxide dismutase (ECM-SOD/
SOD3), catalase, and glutathione peroxidase-1 remains controversial [75–77]. While
superoxide levels increase with age, the abundance and activity of these antioxidant
enzymes likely rely on their metabolic environment, and their delicate balance with
proxidant factors [75–77].
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Ang II signaling and arterial cell aging in vitro
Endothelial cells

An increase in the number of circulating endothelial cells have been observed in older rats,
possibly reflecting an enhancement of endothelial cell turnover with age [20,23]. Endothelial
cells have a finite cell lifespan and eventually enter an irreversible growth arrest, also termed
cellular senescence [22,23]. Both ACE and Ang II have been found in arterial endothelial
cells and are increased with aging [8,11]. The survival capability of endothelial cells isolated
from polymorphic ACE II subjects with lower secreted Ang II is 20-fold higher than in cells
from polymorphic ACE DD subjects with higher secreted Ang II [78]. The survival
capability of ACE DD cells mimics that of ACE II cells after the ACE inhibition by
Captopril [78]. Further, a recent study shows that Ang II treatment affects endothelial cell
viability in a concentration-dependent manner [79]. Noticeably, Ang II-induced endothelial
cells appear flattened, enlarged, and stain positive for senescence associated β-galactosidase
(SA β–gal) [79]. The vast majority of these cells remain in the G0–G1 phase, while a small
portion stay at the S and G2/M phases [79], suggesting entry into a growth-arrested status.
Electronic micrographs show that chromatin is condensed at the periphery of the nuclei, the
nuclear membrane is invaginated, and the cytoplasm is vacuolized [79]. These findings
suggest that increased Ang II signaling may contribute to endothelial senescence with aging.

VSMC morphology and cytoskeleton remodeling
The diameter of fresh VSMC isolated from old rat aortae was 52.4% larger than that of cells
from young animals [5]. Old cells also exhibit decreases in the intensities of smooth muscle
myosin, α-SMA, and intact vimentin, and increases in desmin and tubulin compared to their
young counterparts.

Cytoskeleton remodeling within VSMC likely results from increasing activity of
intracellular proteases, i.e., calpain-1, with advancing age. Fig 11A demonstrates that in old
VSMC, increased calpain-1 colocalizes with vimentin (lower right panel, yellow color) and
α-SMA. Casein zymography (upper panel) confirms that calpain-1 but not calpain-2
activity in VSMC increases with age. Over-expression of calpastatin decreases calpain-1
activity in old cells [10]. In addition, an intact vimentin protein is only observed in early
passage young VSMC while old cells solely exhibit small vimentin fragments (Fig. 11B)
[10].

This characteristic age-associated shift of vimentin fragments suggests that arterial wall
calpain-1 may cleave the intact vimentin, generating multiple proteolytic fragments. Indeed,
infection of adenoviruses harboring calpain-1 (CANP1) into young VSMC dramatically
increases calpain-1 activity (Fig. 11B, upper panel), and generates a multiple proteolytic
fragment pattern (Fig. 11B, lower panel, 8 mo), similar to old uninfected or CANP-1
infected young cells (Fig. 11B, lower panel, 30 mo) [10]. Remarkably, infection of old
VSMC with a CAST adenovirus does indeed inhibit calpain-1 activity (Fig. 11B, upper
panel) and generates a pattern of proteolytic products of vimentin resembling that of
untreated young cells (Fig.11B, lower panel, 30 mo) [10].

VSMC proinflammatary responses
Ang II protein expression increases in aged VSMC (Figure 12A), and its signaling function
results in a cellular inflammatory cascade, which is a central molecular event of VSMC
aging (Figure 12B) [1–3, 6]. Ang II treatment of VSMC from young rats increases MFG-E8,
MMP2, calpain-1 activity, and MCP-1 expression up to the level of untreated VSMC from
old rats [6, 8, 10]. These Ang II- and age-associated effects were reduced by Losartan, an
AT1 blocker [4, 6, 8, 10]. Interestingly, MFG-E8 treatment increases MCP-1 activity in both
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young and old VSMC [4]; the increased MMP2 activity induced by Ang II or aging itself is
also abolished by Ci 1, a Calpain inhibitor [10]. Transcriptome and protein abundance of
MCP-1 and CCR2, key inflammatory molecules which relay Ang II signaling, also
increased in VSMC with aging [9].

VSMC Proliferation
Intimal cell proliferation is a "hallmark" of arterial aging. The myointimal hyperplasia that
results from vascular transplantation injury and endothelial denudation is age-dependent
[80,81]. Myointimal thickening is more severe in older rats, and aortic segments from old
rats transplanted into young syngeneic hosts have a greater proliferative response to injury
than in their original environment [80,81]. This suggests that old VSMC may have higher
proliferative capability. The number of cultured VSMC from young and old rats were
counted at day 3, 7, and 14 and a growth curve was constructed (Figure 13A) [5]. As early
as 3 days, cultured VSMC from old rats displays faster growth rates. This trend continued at
day 7 and up to day 14 [5]. Compared to young VSMC, old VSMC have a greater
percentage of their population in the S phase and a lower percentage in the G0/G1 phase.
These differences may be indicative of the cellular kinetic changes in VSMC via ERK1/2
signaling observed during aging [81,82].

VSMC invasion
Intimal VSMC infiltration is a key cellular event in arterial aging, assumed to be the result
of the migration/invasion of VSMC from the tunica media to the intima in various species,
including humans [8]. Electronic microscopy demonstrates that medial VSMC are able to
invade the intima [83]. Early passage aortic VSMC of old rats exhibit an exaggerated
chemotactic PDGF-BB response, whereas cells from young aortae require several additional
passages in culture to generate an equivalent response (Figure 13B) [84]. Furthermore,
exposure of young aortic medial VSMC to the proinflammatory molecules Ang II, MFG-E8,
MCP-1, or calpain-1 induces an increase in invasion ability in a dose-dependent manner, up
to the level of untreated, old medial VSMC [4,6,9,10]. VSMC isolated from old aortae
exhibit increased invasion relative to young VSMC, chemoattracted by a gradient of PDGF-
BB or MCP-1. This age difference is abolished or substantially reduced by Losartan, an AT1
atagonist, vCCI, an inhibitor of CCR2 signaling, GM 6001, an MMP inhibitor, Ci 1, a
Calpain inhibitor, and by silencing MFG-E8 [4,6,9,10].

Ang II signaling and arterial aging in vivo
Emerging evidence shows that increased Ang II signaling plays a causal role in arterial
aging and lifespan in normotensive or hypertensive rodents. Disruption of the Agtr 1a gene
that encodes AT1A markedly increases life span in mice [85]. Agtr1a−/− mice develop less
oxidative arterial injury [85]. Lifelong treatment with the AT1 blocker fonsartan in young,
stroke-prone, spontaneously hypertensive rats (SHR-sp) from the age of one month onward
doubles the lifespan to 30 months, which was comparable to the lifespan of normotensive
Wistar-Kyoto rats [86]. These effects were correlated with increased eNOS expression in the
carotid artery and with markedly decreased tissue ACE expression/activities [86].
Furthermore, lifespan extension and cardiovascular protection by long-term AT1 blockade
with fonsartan leads to similar beneficial effects, as observed with long-term ACE inhibition
[87,88]. Further, recent studies show that in vivo chronic infusion of Ang II at
concentrations sufficient to elicit an increase in arterial pressure in FXBN rats similar to that
associated with age, increases MMP2, calpain-1, and TGF-β1 activity [6,10]. This infusion
also imparts to the central arteries of young rat structural and molecular characteristics of
arteries of old, untreated rats [6,10]. A subpressor infusion of Ang II also increased MMP2
expression and activity, and increased collagen production within the arterial wall [6].
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Interestingly, the administration of Phenylephrene, an α-adrenergic agonist to young rats
increases arterial Ang II production, and reproduces Ang II effects [6]. These results
demonstrate that Ang II signaling can indeed mediate structural, biochemical, and functional
features of aging within the arterial wall of young rats. In addition, prior studies that have
demonstrated that chronic ACE inhibition, AT1 receptor blockades, and treatment with
resveratrol, a blocker of Ang II signaling and a Sirtuin 1 agonist, at an early age markedly
delays the progression of age-associated arterial remodeling [87–91]. Studies show that
AT1a deficiency effectively protects apoE−/−mice from the intiation and progression of
atherogenesis, which is closely associated with the inhibition of age-associated increases in
the expression or activation of collagen, 22phox, and MMP-2/9 [92]. Thus, these results
support the idea that Ang II signaling is a central pathway which mediates cellular and
molecular mechanisms that underlie arterial aging and age-associated arterial diseases.

Concluding remarks
The metabolic, enzymatic, cellular, and molecular alterations that have been implicated in
age-associated structural remodeling (Table 1 and Figure 3) are linked to Ang II signaling.
These effects are increasingly recognized as major role players in the genesis or promotion
of inflammatory arterial diseases such as hypertension and atherosclerosis. Many of the
same factors that underlie the age-associated structural and functional alterations of the
arterial wall are also implicated in the pathogenesis of clinical arterial disease. These and
other previously well defined factors appear to be the “culprits” that accumulate and
underlie the deleterious aspects of arterial aging, which are linked to an increased incidence
of the quintessential cardiovascular diseases such as hypertension, atherosclerosis, and
stroke in the elderly. Therefore, targeting Ang II signaling within the aged central arterial
wall is a novel and promising approach to interfere with arterial aging and age-associated
arterial disease.
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Figure 1. Age-associated changes in arterial function in humans
A. Flow mediated induced dilation in the brachial artery of apparently healthy men. From
Celermajer et al [15]. Age-associated increase in carotid-femoral pulse wave velocity (B), an
index of central arterial stiffness, and intimal medial thickness (C) in healthy men (red) and
women (blue). Best-fitting age regression curves are shown for men (solid lines) and women
(dashed lines). From Vaitkevicius PV et al [16] and Nagai Y et al [18].
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Figure 2.
A schematic depiction of the effects of AGEs and their potential role in arterial remodeling.
From Wang M et al [52].
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Figure 3.
Simplified schematic of the pleiotropic roles of increased Ang II signaling on arterial
vulnerability. An age-associated increase in Ang II induces TGF-β expression, activates the
nuclear factor κB (NF-κB) and MMP systems, promotes reactive oxygen species (ROS)
production, and decreases NO bioavailability, contributing to arterial inflammation and
fibrosis and resulting in arterial remodeling. ACE indicates angiotensin-converting enzyme;
AT1R, Ang II type 1 receptor; LTBP, latent TGF-binding proteins; LAP, latency-associated
protein; TβRII, transforming growth factor β receptor type II; VCAM, vascular cell adhesion
molecule; FasL, Fas-Fas ligand; SMAD, similar to mother against decapentaplegic; TIMP;
tissue inhibitors of metalloproteinases; MT1, membrane type 1; MFG-E8, milk fat globular
epiderminal growth factor-8, MFG-E8. Modified from Wang M et al [52].
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Figure 4. Ang II and its converting enzymes increase in aged aortic walls from rats and
nonhuman primates
A. Immunolabelled Ang II (red) in the en face medial aortic sections from young (left panel)
and old rats (right panels). From Jiang L et al [10]. B. The representative immunofluorescent
staining for AngII (red color) from monkeys. C. The representative immunostaining for
ACE (red color) with haematoxylin counter stain from monkeys. D. The representative
immunostaining for chymase in an old monkey aorta (X 50). Inset, rectangular region under
high power (X400). L=lumen, M=media, A=adventitia. L=lumen, M=media. From Wang M
et al [11].
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Figure 5. Components of renin angiotensin system in human aortic wall
Immunofluorescence staining for A, Ang II (red color), B, AT1 (green color), and C, ACE
(green color). Magnification X200. L=lumen; and M=media. From Wang M et al [8].
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Figure 6. Age-associated arterial MFG-E8 expression
A. Enlarged region of 2D DIGE gel map showing that MFG-E8 is more abundant in aged
aortae than in young adult samples. Three solid white arrows point to gel spots identified as
MFG-E8. Identifications were performed using light chromatography–MS/MS. B. iTRAQ
MS spectra showing that MFG-E8 is more abundant in aged than young adult aorta. C.
Immunohistostaining for MFG-E8 within the rat, monkey, and human thoracic aortic wall.
L=lumen; M=media. Modified from Fu Z et al [4].
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Figure 7. In situ gelatin zymograms
A. In situ gelatin zymographs of monkey aortae. Controls were from incubation in the
absence of gelatin (left panels). Protease activity (green color) is localized mainly in the
aortic intima of the old monkey (middle panel). A specific antibody to MMP-2 blocked
digestion of the substrate (right panels). From Wang M et al [11]. B. In situ gelatin
zymographs of humans. Note the markedly enhanced total gelatin activity in vivo (bright
green fluorescence) in old vs. young, and its inhibition by Anti MMP-2/-9 antibodies.
L=lumen; I=intimae; M=media, and STD= standard protein. From Wang M et al [8].
L=lumen, M=media.
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Figure 8. Rat aortic TGF-β1 protein expression
A. Western Blots for TGF-β1. B. Immunofluorescence staining for LTBP (upper panels,
FITC, green color) and LAP (middle panels), and immunohistochemical staining for TGF-
β1 (lower panels, DAB, brown color). L=lumen; M=media. From Wang M et al [7].
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Figure 9. MCP-1 transcription and translation increase in the aortic wall in rats and humans
with aging
A. A representative agarose gel showing the amplified rat aortic cDNA fragments by Real
Time PCR analysis. B Representative Western Blot analysis on protein extracts from rat
aortae. C. Immunofluorescence labeled MCP-1 (red) increases in the rat aorta with age, and
localizes mainly in the intima. From Spinetti G et al [9]. D. Immunohistochemical staining
for MCP-1, detected with DAB in human aortic sections (brown color) (X200). E.
Representative Western blots for MCP-1 (left panels), and average data of MCP-1 gradient
from intima to media of human aortae. *p <0.05, young versus old. L=lumen; and M=media.
From Wang M et al [8].
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Figure 10. Calpain-1 transcriptome, protein abundance, and activity increase in the aged aortic
wall
A. Average data of calpain-1 transcriptome. B. Western blots for calpain-1 protein of rat
intact aortae (upper panel); average data (lower panel). C. Dual en face fluorescence staining
for α-SMA (green) and calpain-1 (red) in the medial aortic sections from young (upper
panels) and old rats (lower panels). Nuclei were counterstained with DAPI (blue). Merged
image is depicted in right panel (yellow-blue). Magnification: X400. D. Western blot for
calpain substrate α-II spectrin from aortic lysates (left panels). Average cleaved spectrin
fraction (right panel). *p<0.05, old vs. young. From Jiang L et al [10].
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Figure 11. Calpain-1 and vimentin interactions within VSMC
A. Photomicrographs of dual labeling for calpain-1 (green) and vimentin (red) within VSMC
from young (left panels) and old rats (right panels); merged image (yellow bottom panels).
B. Casein zymogram of VSMC from young and old VSMC infected with a CANP1 or
CAST virus (upper panel). Western blots of vimentin from young and old VSMC infected
with CANP1 or CAST virus (lower panel). Proteolytic fragments are indicated by arrows
and designated I–V. From Jiang L et al [10].
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Figure 12. VSMC phenotypic shift during aging
A. Representative photomicrographs of VSMC with anti-Ang II antibody staining (red).
From Wang M et al [6]. B. Simplified schematic of the Ang II signaling and age-associated
phenotypic shift of VSMC. +, increase; and −, decrease.

Wang et al. Page 29

Curr Hypertens Rev. Author manuscript; available in PMC 2011 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 13. VSMC during aging
A. Growth curves of VSMC cultured from young and old rat aortae. The number of VSMC
obtained from old rats was significantly higher at days 3, 7 and 14. From Li Z et al [5]. B.
Chemotatic response to a PDGF-BB gradient is increased in early passage VSMC from the
aortic media of old rats compared with those from younger rats VSMC within the older aorta
are "primed" to respond to the growth factor. From Pauly RR et al [84].
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