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Abstract

Epidemiological studies have shown that advancing age is associated with an increased prevalence of cardio-
vascular disease (CVD). Vascular smooth muscle cells (VSMC) comprise the major arterial cell population, and
changes in VSMC behavior, function, and redox status with age contribute to alterations in vascular remodeling
and cell signaling. Over two decades of work on aged animal models provide support for age-related changes in
VSMC and/or arterial tissues. Enhanced production of reactive oxygen species (ROS) and insufficient removal
by scavenging systems are hallmarks of vascular aging. VSMC proliferation and migration are core processes in
vascular remodeling and influenced by growth factors and signaling networks. The intrinsic link between gene
regulation and aging often relates directly to transcription factors and their regulatory actions. Modulation of
growth factor signaling leads to up- or downregulation of transcription factors that control expression of genes
associated with VSMC proliferation, inflammation, and ROS production. Four major signaling pathways related
to the transcription factors, AP-1, NF-«xB, FoxO, and Nrf2, will be reviewed. Knowledge of age-related changes in
signaling pathways in VSMC that lead to alterations in cell behavior and function consistent with disease
progression may help in efforts to attenuate age-related CVD, such as atherosclerosis. Antioxid. Redox Signal. 12,

641-655.

Introduction

FOR MORE THAN HALF A CENTURY, scientists have suspected
that reactive oxygen species (ROS) play a major role in the
aging process and the pathogenesis of age-related diseases.
Investigators have examined the role of the redox state in
vascular smooth muscle cells (VSMC) in the pathogenesis of
vascular disease (16, 68). Numerous studies underscore the
importance of dysregulated oxidant and antioxidant balance
in advancing age (77) and in the development and progres-
sion of atherosclerosis in both animal models and in humans
(119). Vascular smooth muscle cells present in atherosclerotic
lesions often proliferate and show increased expression of
genes for growth factors and other molecules involved in
extracellular matrix remodeling (83, 101). Proliferation of
VSMC is part of the initiation and the progression of athero-
sclerosis (97) and may occur in response to injury or as a result
of aberrant apoptosis (15). This review will focus on several
redox-sensitive signaling pathways known to change with
age and to influence VSMC growth and behavior.

The study of age-related changes in VSMC redox status,
behavior, and function has primarily been conducted in ani-
mal models of aging using the monkey, rabbit, rat, or mouse.
These models permit extrapolation to the human, especially in

the case of age-associated changes in arterial remodeling. The
Fischer 344 /Brown Norway F1 hybrid (F344xBN) rat, a well-
characterized rat strain approved for aging research by the
National Institutes on Aging (NIH-NIA), has been widely
used to collect data from arterial tissues where VSMC repre-
sent the majority of the cell population. Furthermore, it has
been well-established that early passages of explanted VSMC
from these models retain their in vivo age-related character-
istics (41, 105).

Redox Status with Advancing Age

A role for ROS in many aspects of age-related vascular
remodeling has been described. VSMC contain numerous
sources of ROS with the major forms being superoxide anion
(Oz"7), which targets heme groups, Fe-S clusters, cysteine
residues, or other electron transfer units, and hydrogen per-
oxide (H,O,). The short half-life of O," limits the likelihood
that it serves a paracrine role in the vasculature; however, its
more stable metabolite, H,O,, is a viable candidate for this
role due to its ability to diffuse freely across the vascular wall.
To determine the influence of aging on multiple markers of
oxidative stress in the aorta, young and aged experimental
animals were studied. Significant increases in O,"" were
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observed in aortas of old F344xBN rats (93), Wistar-Kyoto rats
(WKY) and stroke-prone spontaneously hypertensive rats
(SHRSP) (40). These findings were highly correlated with in-
creases in medial thickness, total protein nitration, and
NADPH oxidase, suggesting that the aging rat aorta may be
suitable for unraveling the molecular events that lead to age-
associated oxidative stress. Recently, an interesting longest-
living rodent, the naked mole rat (NMR), was used in a study
of vascular aging. The maximum lifespan potential of the
NMR is over 28 years compared to ~ 3 years for the F344xBN
rat. O,"" and H,O, production significantly increased with
age in 24-month F344 rat arteries whereas they did not change
substantially in vessels from NMR animals of the same age
(17), implying that successful clearance of O,"" and H,O, in
vessels may contribute to the delay in vascular aging in the
NMR.

A correlation between aging and the accumulation of oxi-
datively damaged proteins, lipids, and nucleic acids has been
reported (106). This raises the possibility that the accumula-
tion of oxidized proteins during aging reflects a loss of apo-
ptotic capacity (i.e.,, oxidatively modified proteins persist
mainly in cells that have escaped apoptosis). Oxidative
modification of proteins causes the introduction of a carbonyl
group into the protein, leading to loss of catalytic or structural
function of the affected proteins. Therefore, increased levels of
oxidatively modified proteins during aging will have delete-
rious effects on cellular and organ function (57). Figure 1
shows the increased protein carbonyl content in VSMC iso-
lated from old compared to young F344 rats.

In young healthy cells, the accumulation of oxidatively
damaged proteins is prevented by the rapid elimination of
such proteins through proteolytic systems, including the ly-
sosomal cathepsins, calcium-activated calpains, and the 20S
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FIG. 1. Protein carbonyls in VSMC from young and old
rats. In the upper panel, representative blots show protein
carbonyl staining obtained with the OxyBlot™ kit in VSMC
explanted from a young (6 mon) and an old (24 mon) rats.
lane 1: VSMC grown in control medium with 5 mM glucose;
lane 2: 3h exposure to TNF-o (5ng/ml); lanes 3 and 4: 4 days
of exposure to 12.5 or 25mM of glucose to induce oxidative
stress; lane 5: 3h exposure to 30 uM of H,O,. The lower panel
shows the total protein on the same membranes stained with
India ink.
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and 26S proteasomes. However, aging causes a dramatic de-
crease in the ability of cell lysates to degrade damaged protein
because of an impairment in proteasome structure and func-
tion (103). There is still a need to confirm the existence of age-
related changes in proteasome function in VSMC.

In addition to reports of the contribution of oxidized pro-
teins to the aging process, it is known that the absolute effects
of cholesterol on annual mortality rates from ischemic heart
disease are much greater in the older population. For exam-
ple, the absolute difference in the annual risk of death from
ischemic heart disease for a 1mmol/L difference in total
cholesterol was ~ 10 times greater at 80-89 years than at 4049
years of age (89). The central concept is that oxidative modi-
fication of low density lipoproteins (LDL) promotes a proin-
flammatory response, recruitment of macrophages, and the
development of atherosclerotic lesions. The presence of oxi-
dized products of LDL (ox-LDL) in lesions significantly in-
creases with advancing age (21).

ROS generated by the mitochondria are important in the
regulation of signaling pathways that contribute to CVD.
VSMC isolated from older animals appear to be more vul-
nerable to glucose-related mitochondrial injury independent
of osmolarity (30). Because repair of mitochondrial proteins
often requires new protein synthesis, damage to mtDNA is
likely to lower this threshold. Thus, the accumulation of
mtDNA damage over a lifetime may increase the suscepti-
bility to the development of pathology (39). Mitochondria
isolated from aortas of F344 rats exhibit higher rates of oxy-
radical production (O,"" and H,0,) in old animals than do
those from young animals. Electron microscopy and confocal
microscopy also revealed that a decline of mitochondrial
biogenesis occurs in aortas with aging. The expression of the
mitochondrial biogenesis factors (including mitochondrial
transcription factor A and peroxisome proliferator-activated
receptor-y-coactivator-1) in aged vessels was decreased. The
vascular expression of complex I, III, IV, and cytochrome c
oxidase enzyme activity were also significantly lower with
age (110). These changes all coalesce to influence mitochon-
drial function that may contribute to age-related differences in
oxidative stress.

Imbalance Between Pro-Oxidants and Antioxidants
in Vascular Aging

Cells have developed a number of antioxidant defense
systems to maintain antioxidant capacity in response to oxi-
dative stress. Under normal physiological conditions, ROS
quenching by antioxidant enzymes is sufficient to maintain
the restitution of antioxidant/pro-oxidant equilibrium fol-
lowing an oxidative challenge. Conversely, when the pro-
duction of ROS exceeds endogenous antioxidant capacity,
oxidative or nitrosative stress results in abnormal physiolog-
ical responses, with subsequent severe damage to proteins,
lipids, and DNA (68, 109). In vascular aging, upregulation of
pro-oxidants and downregulation of antioxidants results in an
imbalance leading to an increase in ROS. The age-dependent
changes in pro-oxidants and antioxidants reported in VSMC
or aortic tissues are summarized in Table 1 and described in
more detail below.

The most widely studied enzymatic sources of O,"" in the
vascular wall are NADPH oxidase (Nox) and xanthine oxi-
dase (XO). A primary source of pro-oxidants in the aortic wall
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TABLE 1. EXPRESSION OF PRO- OR ANTIOXIDANTS CHANGES WITH AGING (IN VSMC OR AORTA TISSUE)

Changes

Name Pro- /anti-oxidants Functions with aging References
Nox, Nox1,2,4 Pro- O;" production 1 71, 86
XO Pro- O," production 1 82
NOS, iNOS Pro- & Anti- Nitric oxide synthesis 1 13, 18, 25
GPx Anti- H202 - Hzo T 22
GCL, GCLC Anti- Glutathione synthesis 1 62
HO, HO1 Anti- Heme — Fe*, CO 1 81
MnSOD Anti- Oy - H,O, ! 60, 70, 120
Cu?t Zn*" dismutase Anti- O, —» H,0, l 25
Catalase Anti- H,O0, - H,O ! 22
NO Pro- & Anti- l 35,110
GSH Anti- H202 d H20 l 60, 103

is several isoforms of Nox that produce free radicals through
the reaction:

NADPH +20, «— NADP* +20,*” +H™ 1)

Most vascular cells express multiple Nox proteins, includ-
ing gp91phox (also known as Nox2), as well as Nox1, Nox4,
and Nox5 (68). In a study of aortic segments from young and
old Wistar rats, the activity and expression of Nox subunits
gp91phox and p22phox were found to increase with age (86).
Furthermore, NADPH oxidase 4 (Nox4) expression was
augmented in VSMC isolated from aortas of old rats (71). The
XO system is another source of pro-oxidants in the aorta. XO
activity in aging rats was significantly higher and paralleled
the approximately twofold increase in free radical generation
(82). Uncoupled nitric oxide synthase (NOS) (67, 73) and en-
zymes of the mitochondrial electron transport chain (113) are
other potential sources of free radicals in aortas. Nitric oxide
(NO) is unique in that it exhibits opposing functions in the
vasculature (91). Being a free radical, NO has both pro- and
antioxidant properties (88). NO can be protective against ox-
idative injury, depending on the specific conditions. The pro-
oxidant reactions of NO occur with superoxide, whereas the
antioxidant effects of NO are related to direct reactions with
alkoyl and peroxyl radical intermediates generated during
lipid peroxidation. Vascular aging is also associated with
progressively reduced NO-mediated vascular relaxation. This
is best demonstrated by decreased NO-bioavailability in
various aging rat models (35, 80, 111). For example, a clear
impairment of the NO-dependent vasodilation was observed
in old wild-type B6 (control) and B6xOla (ALDH-2"/7) mice
compared to middle-aged animals of the same type. O,", as
the primary radical generated, inactivated free endothelium-
derived NO to form the highly reactive ONOO™ that de-
creases NO bioavailability (121). VSMC are important targets
for endothelium-derived NO normally produced by vascular
endothelial cells, which constitutively express an endothelial
NO synthase, eNOS. VSMC can also produce NO through
expression of an inducible NO synthase (iNOS) under in-
flammatory conditions (123). The cytokine-regulated iNOS
converts O, and L-arginine to NO and L-citrulline. Since NO
negatively modulates nitric oxide synthesis (36, 37), decreased
NO bioavailability in VSMC from old animals is usually ac-
companied by an upregulation of signaling for iNOS ex-
pression (12, 25) through the NF-kB pathway (123).

Among the cellular pathways involved in the protection
against oxidative and nitrosative stress, antioxidant enzymes
[such as the superoxide dismutase (SOD) family of CuZnSOD
(SOD1), MnSOD (SOD2), and ECSOD (SOD3)], catalase, and
glutathione-related enzymes, all actively operate to counter-
act deleterious consequences of free radical damage. In ad-
dition, the vifagene system has been invoked as the group of
genes that control maintenance and repair processes in the
body in a network that promotes processes associated with
longevity (10). The vitagenes encode for cytoprotective heat
shock protein 70 (Hsp70), heme oxygenase-1 (HO-1), thior-
edoxin reductase (TrxR), peroxiredoxin (Prx), and Sirtuin, all
of which are actively involved in the process of detoxification.

A reduction in SOD is a sign of vascular aging. Studies of
the rat aorta of male Wistar rats revealed significantly higher
levels in O,"" and significantly lower levels in SOD activity at
18 and 24 months of age (70). We also reported down-
regulation of MnSOD expression and activity in explanted
VSMC from old F344 rats (62). In addition to the family of
SOD, catalase was reduced with aging in aortic tissue from
old F344 rats (22).

GSH is a cysteine-containing tripeptide with reducing and
nucleophilic properties that plays an important role in cellular
protection against oxidative damage. GSH-related enzymes
include glutathione peroxidase (Gpx) and glutathione-S-
transferase (GST), as well as the enzymes for GSH synthesis.
Most of these enzymes belong to the group of Phase II de-
toxification enzymes, shown in Fig. 2. Reduction of GSH
content has been reported in the aorta and VSMC from aged
animals (104). However, this was accompanied by an increase
in GSH-related phase Il enzyme activity, such as Gpx (22, 104)
in the aorta and y-glutamate cysteine ligase catalytic subunit
(GCLC) in VSMC (60).

Age-Related Changes in VSMC Function
During Vascular Remodeling

Besides the evidence for age-related changes in redox status
and the possible contribution of oxidant-antioxidant im-
balance in VSMC described above, another specific patho-
physiological mechanism that underlies atherosclerosis is
remodeling of the vasculature. In healthy humans (carefully
screened to exclude cardiovascular disease), the large elastic
arteries become dilated with advancing age and the intima
thickens. The thickness of the arterial wall, as indexed by the
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FIG. 2. GSH-related enzymes. GSH synthesis: First, y-
glutamylcysteine is synthesized from L-glutamate and cys-
teine via the enzyme GCL, containing GCLC and GCLM
subunits. Second, glycine is added to the C-terminal of glu-
cys via the enzyme GS. GSH exists in two forms: reduced
(GSH) and oxidized (GSSG). In the reduced state, the thiol
group of cysteine is able to donate an electron to other un-
stable molecules, such as ROS to form H,O,, or it may
readily react with another GSH to form glutathione disulfide
(GSSG). Gpx catalyzes the GSH-dependent reduction of
H,0, to harmless H,O. GSH can be regenerated from GSSG
by the NADPH-dependent enzyme glutathione reductase
(Gr). GSH also reacts with various electrophiles, physiolog-
ical metabolites, and xenobiotics. These reactions are initi-
ated by GST where GSH serves as a cofactor in conjugation
reactions to form a glutathione S-conjugate (GSX).
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thickness of the intimal and medjial layers, increases in a linear
fashion nearly threefold between the ages of 20 and 90 years,
even in the absence of atherosclerotic plaques (79). In seeking
evidence from a nonhuman primate, Wang and his colleagues
studied aged (20.0+1.9 years) male monkeys without ath-
erosclerosis compared to young (6.4 & 0.7 years) monkeys and
found that intimal thickness increased by threefold with nu-
merous VSMC and increased extracellular matrix in the old
(116). Similar results were described recently in human aortic
samples obtained from those who died of noncardiovascular
events (117). The described age-related pathology in the tho-
racic aorta of the F344 rat is similar to that found in humans.
VSMC comprise the medial layer of blood vessels and re-
present a dynamic component of the vasculature. Aortic me-
dial VSMC from older rats are larger in size and fewer in
number than those in the aorta from young adult rats. Some of
these cells appear to have undergone an age-associated phe-
notypic modulation toward a dedifferentiated and synthetic
state. VSMC migration from the medial to the intimal com-
partment is a plausible mechanism for the increased number
of VSMC within the diffusely thickened intima of central ar-
teries as animals age (74) (Fig. 3). The distribution of actively
growing explanted VSMC from young and old animals
through the cell cycle was examined at 24 hs after subcul-
tivation. The VSMC from older animals showed a higher
percentage of their population in the S phase compared to
young VSMC (~20% vs. ~9%, respectively) and a signifi-
cantly decreased percentage in the GO/GI phase (~76% uvs.
~ 83% respectively) (41).

FIG. 3. Effects of progressive aging in
rat aorta. Representative micrographs
showing cross sections of 3-, 6-, 12-, 18-,
and 24-month-old Fischer 344/Brown
Norway F1 hybrid (F344xBN) rat tho-
racic aorta. Sections from plastic-
embedded tissues were stained with
Lee’s methylene blue. The internal elastic
lamina was identified as the innermost
continuous elastic lamina, which sepa-
rated the intima from the media. The
outer boundary of media is defined by
dense staining of smooth muscle relative
to adventitial connective tissue. Note the
increasing thickness of the tunica intima
and media and irregularity of the intimal
surface with age. Arrows indicate typical
intimal protrusions, which are first ob-
served at 6 months of age. Reproduced
with permission from AJP-Heart Circ
Physiol 293: H2634-H2643, 2007. www
.ajpheart.org
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Exaggerated responsiveness to injury is also commonly
found in old age. From a study that assessed the development
of the neointima in a model of mechanical injury to vessels in
aging (18 months) and young (2 months) mice, older age was
associated with exaggerated neointimal formation (112). An
increase in stiffness of the central arterial wall was also ob-
served and accompanied by an increase of central arterial wall
thickness after arterial injury. The stiffness of the arterial wall
was also modulated by interactions between VSMC and the
extracellular matrix (79). Although a decline in many func-
tions seen during aging has been correlated with a decrease in
growth capacity of many cells, VSMC have been shown to
proliferate excessively with aging (85), synthesizing excess
extracellular matrix and inflammatory cytokines. These events
occurred simultaneously with the well-documented age-
dependent endothelial dysfunction in vascular beds. These
key changes in VSMC function during age-related vascular
remodeling coalesce to increase susceptibility to the devel-
opment of atherosclerosis. The next important consideration
is the identification of potential mechanisms responsible for
these changes during age-related vascular remodeling.

Age-Related Upregulation of Growth Factor
and Hormone Signaling in VSMC

In general, growth factors and hormones are the most po-
tent activators that stimulate VSMC growth, migration, and
extracellular matrix synthesis. These include platelet-derived
growth factor receptor (PDGFR), angiotensin II (Ang II),
transforming growth factor-f (TGF-f), insulin-like growth
factor receptor (IGF-1R), epidermal growth factor receptor
(EGFR), and fibroblast growth factor (FGF). ROS also act as
second messengers and mediate many pathophysiological
processes that coordinate activation of multiple growth
factors/hormones and their respective receptors through di-
rect activation of redox-sensitive signaling networks (16, 68)
or indirectly modulate the activation of growth factors
through promotion of global DNA hypomethylation or
changes in sirtuin-dependent histone modification (26, 27, 34,
95). However, direct evidence that these latter functions are
operable in VSMC is still needed.

Ang II signaling has been widely linked to an age-associated
increase in the migratory capacity of VSMC and to the pro-
inflammatory features of arterial aging. Ang II increases
within the aged arterial wall and activates matrix metallo-
proteinase type II (MMP2) (50, 116). Ang II appears to initiate
growth-promoting signal transduction through ROS-sensitive
tyrosine kinases. Previous findings suggest a transactivation
of tyrosine kinases cross-talk by Ang II, including the EGFR
(28), IGF-1R (108), and PDGFR (45).

PDGEF and its receptor (PDGFR) are potent mitogenic and
migratory factors that regulate tyrosine phosphorylation of
a variety of signaling proteins via activation by intracellular
ROS, namely H,0.. In a study to examine the effect of aging
on neointimal formation in a mouse model of mechanical
vascular injury, aging mice were found to have exaggerated
neointimal development after injury. Medial VSMC from
aging aortas expressed more PDGFR-« compared to VSMC
from young counterparts (112). It was also shown that there
was a progressive increase with age in aortic mRNA levels of
PDGFR-f in aged Wistar rats (99). PDGEFR signaling trans-
activates the release of FGF2 and subsequently activates the
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FGFRI1 transduction pathways in human VSMC in an autocrine
and paracrine fashion. Both contribute to the second wave of
extracellular signal-regulated kinase (ERK) activation (75).

Both active TGF-f1 and its receptor increase within the
aged aortic wall, particularly within the thickened intima of
F344xBN rats. TGF-f1 receptor-mediated SMAD signaling is
also increased in VSMC from old rat aortas; phosphorylated
SMAD2/3 and 4 increased, whereas the level of the inhibitory
SMAD? protein decreased with age (118). These growth fac-
tors (Ang II, PDGF, and TGF-p) also differentially contribute
to the regulation of Nox activity through Nox1, Nox2, and
Nox4 (16, 56, 68) and thereby influence the production of ROS
in VSMC.

IGF-1 is another potent mitogen for VSMC. Several in vitro
studies of both animal and human VSMC show that IGF-1
induces cell cycle changes leading to proliferation and mi-
gration. The action of IGF-1 is mediated through specific
membrane receptors, IGF-1 receptor (IGF-1R), which is highly
expressed in VSMC of intact arteries and in cultured VSMC. A
2.8-fold increase of IGF-IR mRNA based on a microarray
analysis done during the development of progressive aortic
vasculopathy in aged aortas has been described in the F344 rat
model of aging (74). Recently, constitutive activation of IGF-
1R (B-chain) expression and its tyrosine kinase activity was
also reported in VSMC explanted from the old F344 rats (59).
IGF-1/IGF-1R stimulates VSMC proliferation and migration
by activating both mitogen-activated protein kinase (MAPK)
and phosphatidylinositol 3-kinase (PI3K) pathways (90).

In addition to the IGF-1/IGF-1R axis, IGF-1 can also act
synergistically with PDGFR (72) and basic fibroblast growth
factor (6) to stimulate VSMC proliferation. IGF-1R also has a
transactivation effect to mediate Ang II-signaling (5). In
contrast, estrogen has been shown to downregulate IGF-1/
IGF-1R expression in VSMC (100), and this may account for
the higher age-related IGF-1R level in women after meno-
pause because postmenopausal women have lower levels of
estrogen.

Redox-Sensitive Signaling Pathways in VSMC:
Influence of Age

Aging naturally involves all life processes and multiple
subtle changes work in concert to elicit the characteristics of
aging. Thus, a broad range of biological information can be
expected to contribute to our understanding of the aging
process. The signaling networks that modulate all the key
changes in VSMC during the aging process, including those
we have reviewed above, may give insight into the mecha-
nisms responsible for vascular aging. We will focus on four
related transcriptional regulatory pathways that most often
contribute to changes in VSMC redox status and function.

Activator protein-1 (AP-1): role in VSMC proliferation
and migration

c-fos and c-jun are early response genes that are induced by
a variety of external stresses and encode protein subunits (Jun
homodimers or Jun/Fos heterodimers) that comprise the AP-1
transcription factor (3). The AP-1 transcription factor is im-
portant in regulating genes involved in cell cycle progression,
inflammation, and apoptosis. For example, activation of early
response genes is involved in the transition from the GI into
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FIG. 4. Aging-related upregulation of AP-1 signaling in VSMC. Aging is associated with an increase in growth factors
that bind to receptors and lead to phosphorylation of the Shc/RAS pathway or the p85 regulatory subunit of the PI3K. This in
turn leads to phosphorylation of ERK1/2. Activated ERK1/2 is translocated into the nucleus to either phosphorylate, and
thereby potentiate the transcriptional activity of TCF that can bind to fos promoters and initiate Fos transcription, or directly
phosphorylate the Fos proteins. Regulation of the JNK pathway is influenced by many MKKKs. After phosphorylation by
MKK4/7, JNK also enters the nucleus. The combination of Fos and Jun proteins forms the AP-1 transcription factor, which
regulates a wide range of genes for cellular processes involved in VSMC proliferation, migration, ROS production, and

extracellular matrix degradation.

the S phase of the cell cycle (53). Upregulation of c-fos and
c-jun, as reflected by increases in mRNA, protein, or AP-1
DNA binding activity, are markers of the immediate early
gene response that plays a key role in the control of terminal
cell differentiation, proliferation and apoptosis in a number of
cell types (52).

Age-related differences in the activation of AP-1 have been
shown to contribute to the age-dependent increase in VSMC
proliferation and migration. As depicted in Fig. 4, binding of
growth factors to their receptors induces receptor dimeriza-
tion and autophosphorylation, which, in turn, leads to the
activation of transcription factors, such as AP-1, via activation
of ERK1/2. Activation of growth factor receptors also leads to
tyrosine phosphorylation of src-homology?2/collagen-a (Shc)
proteins, followed by activation of oncogenic Ras, which then
phosphorylates Raf (c-Rafl, B-Raf, or A-Raf) and ERK kinase
(MEK) to activate ERK1/2 (51). ERK can also be activated
through association with the p85 regulatory subunit in the
PI3K pathway (84). Regardless of the initiating pathway, ac-
tivated ERK1/2 is translocated into the nucleus to either
phosphorylate, and thereby potentiate the transcriptional

activity of ternary complex factors (TCF), which can bind to
fos promoters and initiate Fos transcription, or directly phos-
phorylate the Fos proteins (102). Regulation of the Jun
N-terminal kinase (JNK) pathway is extremely complex and
influenced by many MAPK kinase kinases (MKKK). The di-
versity of MKKK allows for a wide range of stimuli leading to
differential responses in the activation of Jun proteins. Ulti-
mately, the combination of Fos and Jun proteins in the AP-1
transcription factor complex regulates a wide range of cellular
processes, including cell proliferation, death, survival, and
differentiation. It is well known that AP-1 promotes cell
proliferation through upregulation of its target genes for GI
cyclins, such as cyclin D1 (102), cyclin E (120), and their cor-
responding CDKs and through downregulation of a CDK
inhibiter, p21cip-1 (p21) (46). Proliferating cell nuclear antigen
(PCNA), a cell cycle-regulated protein possessing DNA-
polymerase-o ability (107), is also a target for AP-1 regulation
(65). In addition to the cyclins, the MMPs, key regulators of
cell migration, are direct targets of the ERK/Fos pathway, and
include membrane-typel MMP (MT1-MMP) (47) MMP-2,
and MMP-9 (7, 76). MMPs influence VSMC behavior through
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cleavage of both matrix and nonmatrix substrates (83). AP-1is
also related to transcriptional upregulation of Nox, p22 phox
subunit in human VSMC (69).

Gennaro et al. (32) have observed in VSMC isolated from
the aorta of young and old rabbits that the proliferative index
after serum stimulation was significantly increased in old
compared to young and associated with a significant and
specific age-dependent increase in ERK1/2 activation. These
results were further confirmed in vivo using a model of bal-
loon injury in rabbit iliac arteries (32). The activation of
ERK1/2 but not JNK and p38 was also observed in explanted
VSMC from old F344 rats compared to young rats (61). An
age-dependent increase in c-fos activity and cyclin A expres-
sion was found in VSMC from young and old New Zealand
rabbits (96). An age-dependent increase in cyclin D in aortas
from F344 rats (74), as well as an increase aortic MMP-2 and
MT1-MMP activities in aging primates (116), have also been
reported. In summary, these findings confirm an age-related
activation of the ERK/AP-1 pathway leading to upregulation
of a number of target genes associated with the promotion of
VSMC proliferation and migration.

Nuclear factor-kappa B (NF-xB):
Role in VSMC inflammatory responses

NF-«B is a transcription factor encoded by members of the
Rel gene family. The transcription factor resides in the cyto-
plasm, where it is sequestered as a complex with IxB, a family
of inhibitory proteins that mask the NF-«B nuclear localiza-
tion signal (NLS) and prevents its activity. Currently five
members of the NF-xB family of transcription factors: p50,
p52, p65 (RelA), c-Rel, and RelB, and six IxkBs have been
identified (43), emphasizing the complex mechanisms for
NF-«B regulation. NF-xB regulates the expression of genes
encoding multiple functions that include inflammatory and
immune modulatory proteins, as well as genes that regulate
cellular differentiation, survival, and proliferation (43).

In most cells, activation of the NF-xB pathway is mediated
by an IxB kinase (IKK) complex, which phosphorylates IxB
and targets it for proteasomal degradation (42). The NF-xB
complex then enters the nucleus to modulate target gene
expression. Signaling to IKK proceeds through the TNF Re-
ceptor Associated Factor family (TRAF) and TRAF-interacting
protein (RIP) complexes, generally in conjunction with TGF-f
activated kinase 1 (TAK1), leading to canonical NF-«xB sig-
naling, or through TRAFs and NF-xB-inducing kinase (NIK),
leading to the noncanonical NF-xB pathway (43).

Age-related differences in the activation of the NF-«xB path-
way in VSMC have been described by a number of investiga-
tors. Greater activation of NF-«B (93) and NIK/IKK/IxB
pathways (124) were found in the aortas of old F344 rats
compared to young rats. The increase in NF-xB activity in re-
sponse to proinflammatory stimuli was significantly higher in
VSMC explanted from old rats compared to their young
counterparts (31, 123).

One of the major conceptual advances in our understand-
ing of the pathogenesis of age-associated CVD has been the
insight that age-related oxidative stress may promote vascu-
lar inflammation. The role of inflammation and white blood
cells in vascular remodeling has become increasingly appar-
ent (55). Inflammation is considered to be a critical initial step
in the development of atherosclerosis during aging (20).
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Csiszar et al. (20) have reported that plasma levels of the
proinflammatory cytokine, tumor necrosis factor-alpha (TNEF-
a), significantly increased with aging. Gene expression pro-
filing from coronary arteries isolated from young adult and
aged rats also showed that expression of TNF-o, interleukin
(IL)-1p, IL-6, IL-6Ra, and IL-17 genes were all significantly
increased in aged compared to young vessels. Immuno-
fluorescent double labeling demonstrated that in aged vessels,
IL-1f and IL-6 are predominantly localized in the endothe-
lium, whereas TNF-« and IL-17 are localized in VSMC (19).
Furthermore, anti-TNF-o treatment in old rats exerted an anti-
aging, vasculoprotective effect (18). As depicted in Fig. 5,
TNF-« signaling via members of the TNF receptor super-
family, such as TNFR1, bind to TRAF, and induce TRAF and
NIK degradation, thereby activating IKK. IKK, in turn, in-
duces processing of the NF-«xB family member p100 into p52
and, thus, activation of p52-containing NF-kB complexes
(heterodimer of RelB and p52). Activation of NF-xB could
also be initiated through Toll-like receptors (TLRs) bound
to ligands, recruiting Toll/IL-IR (TIR)-containing adaptor
molecules, MyD88 and/or TIR domain-containing adaptor
inducing interferon (TRIF), and subsequently activating the
IKK complex (44). TLRs are not only expressed in immune
cells but also expressed in the vascular system. Therefore,
TLRs could be a key link between vascular remodeling and
the immune system (29). These receptors of innate immunity
recognize multiple ligands including bacterial lipopolysac-
charide (LPS). In the vascular system, TLRs are thought to be
activated by oxidized products of LDL (ox-LDL) (29). In ad-
dition, Ang II has been reported to stimulate NF-«xB nuclear
translocation in VSMC via Ang II type-I receptor (AT1) and
Ang II type-II receptor (AT2) (38). Ang IV, a product of an-
giotensin degradation, was reported to activate the NF-xB
pathway via AT4 receptors and this activation increased
expression of NF-xB-relevant proinflammatory factors (14,
38, 98).

There are a considerable number of genes regulated by NF-
kB and whose products will influence VSMC. These include
cyclooxygenase-1 (Cox), which converts lipid from LDL par-
ticles into inflammatory lipids; chemokines, which attract
monocytes; MMP-9 adhesion molecules that may facilitate
VSMC migration; and tissue factor plasminogen activator
inhibitor 1 (PAI-1). NF-«B is also a primary regulator of the
expression of the iNOS (33). All three isoforms of NOS are
expressed in the vasculature. The predominant isoform of
NOS detectable in VSMC is iNOS that replaces eNOS as the
main source of NO production after endothelial dysfunction
(54). As noted earlier, a role for ERK1/2 in the regulation of
NF-«B has been elucidated in VSMC. Jiang et al. reported that
IL-1p induced expression of NF-xB-dependent genes such as
iNOS in the presence of growth factors and was dependent on
ERK1/2 enhancement of NF-xB activation (48). These studies
were extended to show that ERK activation could differen-
tially affect NF-xB dependent genes (iNOS, Cox-2, vascular
cell adhesion molecule, and MnSOD) by modulating the
IL-1f-induced persistent NF-«B activation (49). Aortic VSMC
from old rats have much higher basal levels of INOS mRNA or
show a much greater increase in iNOS mRNA when exposed
to the pro-inflammatory cytokine IL-18, as compared to
VSMC from the aortas of young animals (13). Migration and
proliferation of VSMC are also mediated by a family of low-
molecular-weight cytokines that are under NF-xB control and
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FIG. 5. Aging-related upre-
gulation of NF-kB signaling
in VSMC. Inactive NF-xB
resides primarily in the cyto-
plasm as a complex with in-
hibitory IxB proteins. When
the pathway is activated, the
IkB protein is degraded and
the NF-xB complex enters
the nucleus. NF-xB can be
activated by proinflammatory
cytokines, such as TNF-u that
increases with age. TNF sig-
naling via members of the TNF
receptor superfamily, such as
TNFR1, leads to binding and
induction of TRAF and sub-
sequently, to IKK activation,
which phosphorylates IkB and
in turn, induces processing of
the NF-«B family member
pl00 into p52, and the for-
mation of the RelB and p52
heterodimers. On the other
hand, growth factors may
enhance IL-1f-induced per-
sistent activation of NF-xB
through enhancing ERK phos-
phorylation. Furthermore,

hemokines

b

urvival signal

NF-kB could be activated

through TLRs bound to a ligand, such as ox-LDL, which is increased in the vascular wall with aging. This recruits adaptor
molecules, MyD88 and/or TRIF, and subsequently activates the IKK complex and induces processing of the p65 and p50
heterodimer. Finally, NF-«xB can be activated through Ang II ligation with AT1 and AT?2 receptors. Ultimately, translocation
of NF-«B into the nucleus leads to modulation of gene expression, including those involved in the synthesis of inflammatory
chemokines, adhesion molecules, survival signals, and multiple enzymes.

implicated in many aspects of vascular biology. For example,
rat aortic monocyte chemoattractant protein-1 (MCP-1) and
its receptor CCR2 increase with age and alter vascular smooth
muscle cell function in F344 rats (105). The same age-related
change of MCP-1 was reported to occur within the human
arterial wall (117). Inflammation-related adhesion molecules
are considered to be another NF-«B target related to vascular
inflammation and have been shown to increase with age in
humans. The gene products of these molecules were demon-
strated to be increased with age in rodent coronary arteries
and the aorta, specifically, intercellular adhesion molecule
(ICAM-1) (123) and vascular cell adhesion molecule (VCAM-1)
(63,74, 124). Finally, increased expression of PAI-1 contributes
to VSMC survival and resistance to apoptosis (14).

Forkhead box O (FoxO): Role in antioxidant defense

FoxO transcription factors are emerging as a convergence
point for signaling in response to stimulation by growth fac-
tors, nutrients, and oxidative stress. FoxO factors primarily
act as important downstream targets of the insulin/IGF-1
signaling pathway that control FoxO protein levels, subcel-
lular localization, DNA-binding, and transcriptional activity.
FoxO factors consist of four members, FoxO 1 (FKHR), FoxO 3
(FKHRL1), FoxO 4 (AFX), and FoxO 6. Together, they coor-
dinate a wide range of cellular functions related to the control
of the cell cycle, apoptosis, DNA repair, defense against oxi-
dative stress, and aging per se.

FoxO regulation is achieved through post-translational
modification of the FoxO proteins, including phosphoryla-
tion, acetylation, ubiquitination (11) (Fig. 6). Akt (protein ki-
nase B) has been shown to directly phosphorylate FoxO
factors. The FoxO factors are also phosphorylated by serum
glucocorticoid-inducible kinase-1 (SGK1) and IKK. Akt and
SGK1 both phosphorylate Thr-32; SGK1 preferentially phos-
phorylates Ser-315, whereas Akt phosphorylates Ser-253 (8).
These characteristics emerge as the mechanism whereby dif-
ferential activation of FoxO factors in response to a variety of
stimuli occurs. Phosphorylation at these three conserved sites
by Akt and SGK causes the sequestration of FoxO factors in
the cytoplasm, thereby preventing FoxO factors from trans-
activating their target genes. FoxO proteins are also phos-
phorylated by other protein kinases, such as JNK, which
phosphorylates FoxO under conditions of oxidative stress and
is mediated by the small GTPase Ral (24). This phosphoryla-
tion causes the translocation of FoxO from the cytoplasm to
the nucleus, thus opposing Akt’s action (115). FoxO proteins
also bind to co-activator or co-repressor complexes and be-
come acetylated or deacetylated [i.e., acetylation by CBP/p300
and deacetylation by Sirtuin 1(Sirt1) (9)]. Sirtl, a mammalian
homolog of Sir2, has been shown to promote resistance to
environmental stress and suppress apoptosis through a FoxO-
dependent mechanism in mammalian cells (66). The deace-
tylase Sirt1 increases FoxO DNA binding ability that promotes
the expression of p27 and MnSOD and changes FoxO-
dependent responses from apoptosis-promoting to cell cycle
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FIG.6. Aging-related down-
regulation of FoxO signaling
in VSMC. FoxO factors pri-

marily reside in the nucleus
where they transactivate tar-
get genes related to cell cycle
arrest, apoptosis, and the syn-
thesis of antioxidant enzymes.
Akt has been demonstrated to
directly phosphorylate FoxO
factors. In addition, FoxO fac-
tors can be phosphorylated by
SGK1 and IKK at different
residues. Phosphorylation of
FoxO causes the sequestration
of FoxO factors in the cyto-
plasm and in turn, degrada-
tion by ubiquitination, thereby
preventing FoxO factors from
transactivating their target
genes. FoxO proteins are also
phosphorylated by other pro-
tein kinases, such as JNK,
which phosphorylate FoxO
under conditions of oxidative
stress and mediated by the
small GTPase, Ral. This phos-
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phorylation causes the trans-
location of FoxO from the
cytoplasm to the nucleus, thus

opposing Akt’s action. Age-related activation of growth factor receptors, such as IGF-1R, and Akt signaling causes the export of
FoxO from the nucleus, thereby downregulating FoxO functions. There is no apparent age effect on JNK signaling. Secondarily,
FoxO may be deacetylated by Sirtl, which switches FoxO-dependent responses from apoptosis-promoting to cell cycle arrest

and stress-resistance in response to oxidative stress.

arrest and stress-resistance in response to oxidative stress.
Finally, FoxO proteins can be poly-ubiquitinated and targeted
for protein degradation (4). The unique phosphorylation,
acetylation, and ubiquitination status of FoxO under specific
environmental conditions may provide a triple layer control
of specificity in the regulation of subsets of FoxO target genes.

FoxO factors regulate multiple aspects of cellular function
in vascular tissues. Recent studies elucidated the role of FoxO
in the maintenance of vascular homoeostasis and suppression
of aberrant vascular outgrowth. An inhibitory role of FoxO
proteins was found in injury-induced neointimal hyperplasia
in vivo through the expression of p27 (2, 87). As age-related
vascular dysfunction and damage are closely correlated with
increased oxidative stress and increased growth factor levels,
FoxO transcription factors were among the usual suspects in
the search for key regulators of vascular cell function under
these conditions (23). Akt content and phosphorylation were
found to be significantly increased in aortic tissue (92, 94) and
in explanted VSMC (62) from aged compared to young F344
rats. Because FoxO upregulates several antioxidant and cy-
toprotective enzymes, such as MnSOD, catalase, and
GADD45, an increase in Akt activity, but not JNK activity,
with advancing age is likely responsible for the down-
regulation of FoxO, as well as antioxidant capacity in VSMC
(59). Interestingly, the age-dependent increase in IGF-1R sig-
naling in VSMC seems to preferentially inhibit MnSOD.
Suppression of IGF-1R with a specific inhibitor, AG1024,
upregulated MnSOD expression, but inhibition of PI3K by
LY294002, which blocks most growth factor signaling, failed

to change MnSOD levels (59). This provides additional sup-
port that FoxO factors respond differently to different stimuli.

Nuclear factor E2—related factor-2 (Nrf2):
Role in detoxification of ROS

During vascular aging, ROS generated by Nox, uncoupled
eNOS, XO, and other enzymatic sources or occurring as a
byproduct of mitochondrial respiration are increased,
whereas antioxidant capacity appears limited by reduced
antioxidants and related enzymes, including MnSOD, cata-
lase, and GSH. This leads to ROS accumulation and VSMC
dysfunction. Fortunately, cells have a feed-back system for
detoxification to help in the maintenance of homeostasis. The
transcription factor, Nrf2, initiates antioxidant and cytopro-
tective responses upon oxidative and electrophilic stress. Al-
though this detoxification mechanism may not be expected to
restitute the whole antioxidant capacity, it plays a role in
delaying the aging process and its study has shed light on
cellular protection during aging.

Nrf2 is a member of CNC (cap ‘n’ collar) family of b-Zip
transcription factors and an indispensable positive regulator
of many antioxidant and phase II detoxifying enzymes. As
shown in Fig. 7, under physiological conditions, reduced
kelch-like ECH-associated protein 1 (Keap1) binds Nrf2 and
retains it in the cytosol, where it has a short half-life and un-
dergoes ubiquitination. Upon exposure to oxidants or elec-
trophilic stress, several reactive cysteine residues in Keapl
are covalently bonded to the electrophiles (64, 122). With the
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FIG.7. Aging-related upregulation of Nrf2 signaling in VSMC. Under physiological conditions, reduced kelch-like ECH-
associated protein 1 (Keapl) binds Nrf2 and retains it in the cytosol, where it has a short half-life and undergoes ubiquiti-
nation. Age-related imbalance between pro-oxidants and antioxidants leads to exposure of Keap1 to accumulated oxidants or
electrophilic stress. Keapl possesses several reactive cysteine residues that are covalently bonded with electrophiles. Upon
oxidation or adduction of the crucial thiol residues of Keapl, Nrf2 escapes from Keapl, translocates to the nucleus where it
interacts with small Maf or other partners (such as Jun or Fos proteins) and binds to the ARE/EpRE to enhance transcription
of Phase II or other adaptive response genes, including enzymes involved in GSH metabolism, NQO1,2, and HO-1.

oxidation or adduction of the crucial thiol residues of Keap1,
Nrf2 escapes from Keapl-mediated proteasomal degradation,
translocates to the nucleus, where it interacts with a RNA
polymerase III transcriptional repressor, small Maf protein, or
other partners (such as Fos or Jun proteins) and binds to the
antioxidant response element/electrophile response element
(ARE/EpRE), to cause enhanced transcription of Phase II
enzymes (involved in metabolite conjugation) and adaptive
response genes (78). ARE/EpRE is a common regulatory ele-
ment found in the 5'-flanking regions of antioxidant and de-
toxification enzymes.

An increase in nuclear Nrf2 was found in VSMC from old
compared to young F344 rats (60). There are a large number of
genes regulated by Keap1-Nrf2-ARE, and some of the phase II
enzymes were also found to be upregulated in VSMC with
aging, including the enzymes involved in GSH metabolism
and heme oxygenasel (HO1) (81), as shown in Table 1. Re-
cently, the Nrf2 factor has been widely investigated as a
therapeutic target to reduce VSMC oxidative stress and
thereby inhibit VSMC proliferation. For example, transfer of
Nrf2 by an adenovirus to a rabbit balloon injury model has

resulted in increased antioxidant defenses (58). In the same
study, Nrf2 gene transfer effectively reduced oxidative stress
determined by an antibody against ox-LDL and inhibited the
recruitment of macrophages into the vessel wall. Reduction of
inflammation and ox-LDL accumulation might thereby in-
fluence neointimal formation. The inhibitory effect of ni-
troalkene derivatives of linoleic acid (nitrolinoleate) on VSMC
proliferation was also reported to act through activation of the
Keap1/Nrf2 signaling pathway (114).

In summary, the available data in the literature support an
independent effect of age on specific redox-sensitive signaling
pathways in VSMC. An age-related imbalance between pro-
oxidants and antioxidants leads to changes in redox status
and thereby to activation of specific redox-sensitive signaling
pathways. In turn, changes in signaling pathways promote
alterations in VSMC proliferation, migration, and extracellu-
lar matrix remodeling. The series of events lead to increased
vessel wall thickness, inflammation, and vulnerability to the
development of atherosclerosis. To date, the major gaps in this
area of research are the demonstration that these mechanisms
are operable in the human. Furthermore, investigation of
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targeted interventions needs to consider the integrated effects
on other cells and tissues that interact in the final pathogenesis
of disease.
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Abbreviations Used

ALDH-2 = aldehyde dehydrogenase
Ang Il = angiotensin II
AP-1 = activator protein-1
ARE/EpRE = antioxidant response element/electrophile
response element
AT1 = Ang II type-I receptor
CNC =cap ‘n’ collar
Cox =cyclooxygenase-1
COX = cytochrome ¢ oxidase enzyme
CVD = cardiovascular diseases
EGFR = epidermal growth facor receptor
eNOS = endothelial NO synthase
ERK = extracellular signal-regulated kinase
FGF = fibroblast growth factor
FoxO = forkhead box O
F344xBN = Fischer 344 /Brown Norway F1 hybrid rat
GCLC = y-glutamate cysteine ligase catalytic subunit
GCLM = y-glutamate cysteine ligase modulatory
subunit
Gpx = glutathione peroxidase
Gr = glutathione reductase
GS = glutathione synthetase
GSSG = oxidized GSH
GST = glutathione-S-transferase
HO1 =heme oxygenasel
H,0, =hydrogen peroxide
Hsp70 =heat shock protein 70
ICAM-1 = intercellular adhesion molecule-1
IGF-1R = insulin-like growth factor receptor
IxB = inhibitor of NF-xB
IKK =1IxB kinase
IL =interleukin
iNOS = inducible NO synthase
JNK =Jun N-terminal kinase
Keap1 = Kelch-like ECH-associated protein 1
LPS = lipopolysaccharide
MAPK = mitogen-activated protein kinase
MCP-1 =monocyte chemoattractant protein-1

MEK = MAPK/ERK kinase
MKKK =MAPK kinase kinase
MMP = matrix metalloproteinases
MT1-MMP = membrane-typel MMP
NF-xB =nuclear factor-kappa B
NIK = NF-xB-inducing kinase
NMR = naked mole rat
NO =nitric oxide
Nox =NADPH oxidase
NQO =NADPH: quinone oxidoreductase
Nrf2 =nuclear factor E2-related factor 2
O,*~ =superoxide anion
Ox-LDL = oxidized products of LDL
P21 = p21cip-1
PAI-1 = plasminogen activator inhibitor 1
PCNA = proliferating cell nuclear antigen
PDGEFR = platelet-derived growth factor receptor
PI3K = phosphatidyl inositol 3-kinase
Prx = peroxiredoxin
RIP = TRAF-interacting protein
ROS =reactive oxygen species
Shc = Src homologous and collagen-like protein
SHRSP = stroke-prone spontaneously hypertensive rats
Sirt 1 =sirtuin 1
SKG1 = serum glucocorticoid-inducible kinase-1
SOD = superoxide dismutase
TAK1 =TGF-beta activated kinase 1
TCF = ternary complex factors
TGF-p = transforming growth factor-f
TIR = Toll/IL-1R
TLR =Toll-like receptors
TNEF-o. = tumor necrosis factor-u
TRAF = TNF Receptor Associated Factor family
TRIF = TIR domain-containing adaptor inducing
interferon
TrxR = thioredoxin reductase
VCAM-1 =vascular cell adhesion molecule-1
VSMC = vascular smooth muscle cells
WKY = Wistar-Kyoto rats
XO =xanthine oxidase
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