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ABSTRACT

Cardiovascular disease development is significantly influenced by the effects of reactive species (RS). By
virtue of their controlled production, regulation, and reactive nature, RS play important roles in the modula-
tion of cellular signaling, growth, and death in the vasculature. Concentration gradients are important in de-
termining the effects of RS. Low to moderate concentrations of RS act as mediators in signaling cascades and
gene regulation, whereas high levels of RS cause cellular damage and death. Because a dual redox regulation
state seems to exist in several signaling cascades, e.g., RS often induce upstream initiating events, whereas
downstream events are reliant on reductive processes, alterations in cellular redox states influence the activa-
tion/inactivation of signaling events and transcription factors. In this review, the relationships between RS,
specific signal transduction pathways, and aspects of cell-cycle control are discussed. Antioxid. Redox Signal. 7,

726-740.

INTRODUCTION

SEVERAL DISEASE STATES, including cardiovascular disease
(CVD), are significantly influenced and perhaps initiated
by altered regulation of reactive species (RS) (for review, see
30). The increasing importance of RS in the development of
vascular diseases has become a focus of many recent articles,
and RS play essential roles in modulation and mediation of
cell function and damage (30, 43). For example, RS play a
significant role in the development of atherosclerosis, a
chronic inflammatory disease of the arterial intima, charac-
terized by the formation of fibrous plaques composed of vas-
cular smooth muscle cells (VSMCs), lipids, leukocytes, and
extracellular matrix. Endothelial cell injury and dysfunction
are thought to be the first step in the development of athero-
sclerosis, which ultimately leads to arterial wall thickening,
plaque rupture, and occlusion that result in myocardial isch-
emia and infarction (90). Although there is a degree of con-
troversy regarding the precise nature and sequence of in vivo
events that mediate atherogenesis, it is clear that RS are com-
ponents of the process (90). In this review, the relationships
between RS, specific signal transduction pathways, and as-

pects of cell-cycle control that are believed to be important
factors in the development of vascular disease are discussed.

REACTIVE OXYGEN AND
NITROGEN SPECIES

RS or free radicals are atoms or groups of atoms with one
or more unpaired electrons. They are often grouped into two
categories: reactive oxygen species (ROS) and reactive nitro-
gen species (RNS). Both are produced during several physio-
logical processes, including oxidative respiration and inflam-
mation. Superoxide (O, ~) and nitric oxide ("NO) represent
the fundamental or “building block™ species for ROS and
RNS, respectively. Their generation and the resultant species
related to their formation are important factors in vascular
cell function and damage.

Superoxide (0, ~) generation

O,'~ is a negatively charged free radical that usually repre-
sents the first step in ROS production. It can be produced en-
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FIG. 1. Potential sources and actions of ROS and RNS. Superoxide (O,"~) is generated from various sources and can enzy-
matically be converted to hydrogen peroxide (H,0,) by superoxide dismutase (SOD). H,O, can act as a signaling molecule, be
dismutated by catalase, or be reduced by glutathione (GSH) to form water. Myeloperoxidase (MPO) degrades H,O, to water and
oxygen, producing hypochlorous acid (HOCI), a potent oxidant and reactant. MPO also reacts with O,"~ in reduction reactions
that increase HOCI production (dashed line). In the presence of transition metals, H,O, can produce hydroxyl radicals (*OH) and
hydroxide anion (OH~). Nitric oxide ("NO) is produced by nitric oxide synthase (NOS), can act as a signaling molecule, or can
react with O,"~ to produce peroxynitrite (ONOO~), which is capable of mediating a variety of biological effects, including cell

damage and apoptosis.

zymatically or as a metabolic by-product (Fig. 1). However,
the relative contribution of each O, ~ production pathway to-
ward the pathobiology of vascular disease has not been firmly
established. The following discussion is not intended to be a
comprehensive treatise on cellular sources of O,"~, but pro-
vides examples of commonly investigated sources.

The NADPH oxidases are some of the more widely exam-
ined sources of enzymatically produced O,"~. The NADPH
oxidase found in phagocytic cells is a membrane-bound
flavohemoprotein that produces low levels of O,"~ until the
cell becomes activated via signaling events that significantly
increase NADPH oxidase activity (52). In this respect, the en-
zyme is probably an important source of O, = in inflamma-
tion. Although both endothelial cells and VSMCs contain
their own forms of NADPH oxidase (107), it is not yet appar-
ent whether these isoforms are regulated and function in the
same fashion as the phagocytic cell oxidase. Induction of
NADPH oxidase and related O, ~generation have significant
impact on the expression of the genes regulating signaling
pathways in both vascular endothelium and smooth muscle
cells (52, 78, 107). Increased ROS produced by NADPH oxi-
dase may contribute to the oxidation of tetrahydrobiopterin
(BH,), a required cofactor for nitric oxide synthase (NOS) ac-
tivity (Fig. 2). Loss or oxidation of BH, can result in produc-
tion of O,"~ by NOS via a NADPH oxidase-like activity (64).
Studies in animal models lacking vascular endothelial NADPH

oxidase activity show decreased atherosclerotic lesion forma-
tion (9). However, other studies examining the effects of de-
creased NADPH oxidase activity failed to show significant
differences in atherogenesis, suggesting that other factors
may play roles in influencing the onset of CVD (45, 58). Re-
gardless, NADPH oxidase is a potentially important source of
O,'~ and, therefore, vascular oxidative stress.

Xanthine oxidase (XO) is derived from xanthine oxidore-
ductase, an enzyme that typically exists as xanthine dehydro-
genase (XDH). Upon thiol oxidation, XDH is rapidly con-
verted to XO (Fig. 2), by an enzyme involved in purine
degradation that yields O,"~ and hydrogen peroxide (H,0,),
typically in a 1:2 ratio (85, 105, 114). Increased NADPH oxi-
dase activity has been associated with increased XO activity,
suggesting that NADPH oxidase may play a role in the con-
version of XDH to XO (78, 120). Increased levels of circulat-
ing XO have been noted in a variety of diseases, including
CVD (105). Circulating XO can specifically bind vascular
endothelium, giving rise to the possibility that non-endothe-
lial derived XO can contribute to increased vascular oxidant
production (114).

Mitochondria are the primary cellular sources of O, (108)
(Fig. 3). Whereas the majority of oxygen consumed by the
mitochondrion is converted to water at complex IV, oxygen
can pick up electrons directly from the flavin dehydrogenases
and ubiquinol (CoQH,) to generate O, ~ (119). Deficiencies
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FIG. 2. NADPH oxidase in cell damage and regulation.
Low to moderate ROS production mediated by NADPH oxi-
dase can influence the expression of redox response genes,
whereas high ROS production contributes to cell damage
directly, or indirectly by converting xanthine dehydrogenase
(XDH) to xanthine oxidase (XO) via thiol oxidation. Likewise
NADPH oxidase-produced ROS are capable of oxidizing BH,,
which can increase O,"~ production by NOS.
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in mitochondrial antioxidants that scavenge O,*~ can promote
the onset of CVD in vivo, whereas their overexpression can
be cardioprotective, suggesting that mitochondrial generated
oxidants may play a role in atherogenesis (7, 21). Several fac-
tors, including ‘NO concentration, cytokines, and electron
transport efficiency, play important roles in modulating mito-
chondrial O, ~ production (18, 84, 94).

*NO generation

In the presence of molecular oxygen, NOS oxidizes one
of the guanidino nitrogens of L-arginine to yield ‘NO and
L-citrulline (Fig. 1). There are three isoforms of NOS; all re-
quire L-arginine, O,, NADPH, FAD, FMN, heme, and BH, for
activity. Endothelial and neuronal NOS (eNOS and nNOS, re-
spectively) are constitutively expressed and are regulated by
cellular Ca2* concentrations, whereas inducible NOS (iNOS)
appears to be transcriptionally regulated (73).

The constitutive forms of NOS function as regulators of
cell growth and function. Physiologically, *NO diffused from
the vascular endothelium is a strong endogenous vasodilator
and plays important roles in cell proliferation, platelet aggre-
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FIG. 3. Mitochondrial effects of ROS/RNS. ‘NO can impair electron flow at cytochrome oxidase (complex IV) by oxidizing
the heme group of cytochrome aa3, and is competitive with O,. "NO also inhibits the bcl segment of complex III, resulting in in-
creased autooxidation of ubisemiquinone and O, ~ production. At low "NO concentrations, the dismutation of O,"~ and formation
of H,0, are favored, which can subsequently diffuse from the mitochondrion and act as a signaling molecule or be reduced by
GSH to form H,0. At higher "NO concentrations, O, ~ reacts with "NO to form ONOO-, which may promote cytochrome c release
and apoptosis, inhibit complexes I and V, and inactivate aconitase. In the presence of CO,, ONOO- yields nitrosoperoxycarbonate
(ONOOCO,~), which has been proposed to diminish oxidation and increase nitration reactions. Increased levels of ROS cause
mitochondrial DNA (mtDNA) damage and also reduce the transport and exchange of adenine nucleotides across the inner mem-
brane by inactivating the adenine nucleotide translocase (ANT). Hence, modulation of ROS/RNS concentrations within the mito-
chondrion contributes to altered mitochondrial function, damage, and apoptosis.
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gation, VSMC regulation, and leukocyte adhesion (16). The
regulation of vascular blood flow and tone by endothelial de-
rived *NO is related to its binding of heme groups of soluble
guanylate cyclase, resulting in its activation and production
of cyclic GMP, with subsequent VSMC relaxation (91). ‘NO
has been shown to inhibit RNA and protein synthesis in
VSMCs and inhibit VSMC proliferation (34, 91). In contrast,
suppression of *“NO synthesis is associated with increased en-
dothelin-1 (ET-1) and platelet-derived growth factor (PDGF)
expression, which are strong activators of VSMC growth and
proliferation (103). Similarly, long-term suppression of *NO
formation in rats induces VSMC proliferation (104). Loss of
eNOS activity causes hypertension in mice and renders them
more susceptible to CVD, potentially due to a noted increase
in iNOS activity (46).

In contrast, in response to inflammatory stimuli, iNOS
rapidly generates ‘NO at levels several times greater than its
constitutive counterparts to affect cells in seconds (73). Al-
though iNOS can be expressed at low levels in normal
VSMCs, its expression can be significantly induced by cellu-
lar stress; activation of iNOS in atherosclerotic lesions can
be stimulated in macrophages and VSMCs by several cy-
tokines, including interleukin-1, tumor necrosis factor-o
(TNF-a), and interferon (73). VSMC infiltration and iNOS
overexpression have been observed in the intima of athero-
sclerotic vessels of long-term cholesterol-fed rabbits (10),
and similar studies in human atherosclerotic tissues have
also shown the overexpression of iNOS mRNA in macro-
phages and VSMCs (73). Animals lacking iNOS activity are
more resistant to atherosclerotic lesion formation, indicating
that iNOS activation and inflammatory response are impor-
tant in atherogenesis (61, 74). Therefore, derangement in the
release or production of *NO contributes to altered vasoregu-
lation and the initiation and development of atherogenic
events in the vasculature.

RS derived from O, and *NO

Peroxynitrite (ONOQO~-). Production of O,"~ and 'NO
results in the generation of additional RS that can contribute to
cellular damage or modulate signaling molecules (Fig. 1). One
of the more studied effects of O, is its diffusion-limited reac-
tion with ‘NO to form ONOO-, a molecule that has been impli-
cated in the initiation of a number of deleterious biological ef-
fects, including protein modification, DNA damage, and lipid
peroxidation (6, 66). The reactivity and biological effects of
0, =, 'NO, and ONOO- formation are influenced by several
factors, including the relative concentrations of O,"~ and ‘NO,
antioxidant concentration gradients, and local cellular phasic
(e.g., hydrophobic versus hydrophilic environments) and com-
partmentalization (e.g., organelles) characteristics (40). For ex-
ample, in the mitochondrion, it is likely that ONOO~- reacts
with CO, to form a nitrosoperoxycarbonate intermediate
(ONOOCO,") (Fig. 3), which efficiently mediates nitration re-
actions (ONOOCO, - leads to diminished oxidation yields with
a concomitant increase in nitration reactions) (40, 49). The
observations that 3-nitrotyrosine levels (a marker for RNS) are
increased in atherogenic tissues and that CVD risk factor expo-
sure increases their levels provide evidence that ONOO- can be
an atherogenic factor (60, 66).

729

H,0,, hydroxyl radical (*OH), and hypochlorous
acid (HOCI). Superoxide dismutase (SOD) converts O,"~
into H,0,, which is a relatively stable species that is freely dif-
fusible and, depending on its concentration and duration of
production, can serve as a signaling molecule or damaging
agent (Fig. 1). Studies have implicated H,0, in the induction of
a number of signaling events and expression of proteins, in-
cluding aspects of vasoregulation and the stimulation of sGC
(4, 20, 39, 56). High levels or chronic production of H,0, has
been shown to cause oxidation of protein and lipids, and induce
DNA damage in the cell (6). In the presence of transition met-
als, H,O, can yield highly reactive *OH (48). Oxidative stress
mediated by H,0, and "OH has been suggested as a primary ef-
fector in the age-related decrement of mitochondrial oxidative
phosphorylation efficiency and adenine nucleotide translocase
(ANT) activity (116). In the presence of myeloperoxidase
(MPO), H,0, is degraded to water and oxygen, also producing
HOCI, which is a potent oxidant and at physiologic doses re-
acts rapidly with a myriad of biological molecules (41). HOCI
inactivates enzymes, cross-links proteins, and depletes cells of
glutathione, ATP, and ascorbate. Halogenated proteins are sec-
ondary products of the reaction of HOCI (or HOBr) with
amines (41). MPO also reacts rapidly with O, ~ in reduction re-
actions that increase the production of HOCI (86).

ROS and RNS effects on the mitochondrion

Mitochondria are important cellular organelles with criti-
cal functions related to energy production, cell signaling,
growth, death, and thermogenesis. Somewhat paradoxically,
mitochondria are both significant sources and targets of ox-
idative and nitrosative stress (Fig. 3).

Whereas ROS and RNS are capable of targeting a variety
of subcellular components, the mitochondrial membranes,
proteins, and mitochondrial DNA (mtDNA) are particularly
sensitive to oxidative and nitrosative damage (108, 115). The
mtDNA is sensitive to RS-mediated damage due to the lack
of both protective histone and nonhistone proteins, a rela-
tively limited DNA repair capability compared with the nu-
cleus (7, 33), and its proximity to the inner membrane, making
it especially susceptible to lipophilic species, and electro-
philes generated within the membrane. Both O,’~ and ‘NO
are present in the mitochondrion, providing the fundamental
species for further ROS and RNS generation within the mito-
chondrion (35).

In vitro studies have shown that RS induce a variety of ef-
fects, including preferential and sustained mtDNA damage,
altered mitochondrial transcript levels and mitochondrial pro-
tein synthesis, and lowered mitochondrial redox potentials in
vascular cells (6). Nitration of specific adducts on the SOD2
protein results in its inactivation (75), and decreased vascular
SOD2-specific activities are associated with increased expo-
sure to CVD risk factors (60). Several other important mito-
chondrial proteins are inhibited by RNS, including the mito-
chondrial electron transport complex proteins (18). Increased
oxidative stress has been shown to inhibit ANT and aconitase
activities (116); ex vivo studies in rat heart have shown that
ischemia reduces myocardial ANT activity, and reperfusion
further contributes to the loss of both ANT and oxidative
phosphorylation capacities (31).



730

In vivo studies have shown that chronic ischemia in-
creases both mtDNA deletions in human heart tissue (23)
and cardiac mitochondrial sensitivity to inhibitors of cellular
respiration (15). CVD patients have increased mtDNA dam-
age compared with healthy controls in both the heart (23)
and aorta (7). CVD risk factors increase aortic mitochondrial
damage and, when combined, can act synergistically on mi-
tochondrial damage and function (60). Cardiotoxic RS gen-
erators increase mtDNA deletions and lipid peroxidation in
the myocardial mitochondria, and decreased SOD2 activity
hastens atherosclerotic lesion development and increases
aortic mtDNA damage in hypercholesterolemic mice (7, 31)
Hence, it appears that mitochondrial damage and dysfunc-
tion can hasten CVD development, and that factors that
make mitochondria more resistant to RS-mediated stress will
be cardioprotective (7, 21). The demonstration that ‘NO
modulates mitochondrial electron transport through a re-
versible inhibition of complex IV, which influences ATP pro-
duction, O, - generation, and oxygen diffusion, suggests that
the relative balance between "NO, O,~, antioxidants, and ad-
ditional factors (e.g., mitochondrial uncoupling proteins,
which can reduce mitochondrial ROS production) within the
mitochondrion probably play an important role in regulating
mitochondrial functions (18). Any factors that alter this bal-
ance can modify mitochondrial performance and impact cel-
lular function.

SIGNALING PATHWAYS

Changes in the redox status of the cell

The interrelationships between the reductive and oxidative
events that occur within the cell play an important role in the
proper functioning of proteins and signaling molecules. In
many cases, redox changes appear to be mediated through ox-
idation or reduction of protein sulfydryls, which can alter
protein conformation and reduce or enhance DNA-binding
activities and protein complex formations necessary for many
signaling events (59, 102). In this regard, changes in the ratio
of reduced glutathione (GSH) to oxidized glutathione (GSSG)
can influence the oxidation of protein cysteinyl thiols (59).
Physiologically, SOD enzymes convert O,"~ into H,0,, which
can be metabolized to H,0 by GSH and glutathione peroxi-
dase. This reaction increases the intracellular levels of GSSG,
which may be converted back to GSH by NADPH-mediated
GSH reductase (Figs. 1 and 3).

Increased oxidative stress can enhance the intracellular
concentration of GSSG at the expense of GSH, potentially al-
tering cellular redox status. For example, cellular redox sig-
naling pathways may induce the oxidation of the sulfhydryl
groups of cysteine residues on proteins to form chemical
structures such as disulfide bonds (RSSR), sulfinic acid
(RSO,H) or sulfenic acid (RSOH) (106). The reduction of
disulfides and the conversion to their previous conformation
are enzymatically mediated by thiol reductants such as GSH,
thioredoxin (TRX), and glutaredoxin (106). Restoration of
GSSG and oxidized TRX to their reduced forms is reliant on
NADPH-dependent GSH and TRX reductases (Fig. 4) (106).
Consequently, alterations in cellular thiol redox status can in-
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fluence the cellular redox state and the activation or inactiva-
tion of signaling pathways.

An extracellular stimulus causes a variety of responses by
inducing several signaling molecules, including receptor ty-
rosine kinases (RTKs), serine/threonine kinases, phospholi-
pases, and Ca2* (53). By virtue of their diffusibility, con-
trolled production, and regulation, ROS and RNS can serve as
facile signaling molecules in the regulation of VSMCs by
modulating several signaling cascades.

ROS generation by signaling pathways:
ligand-activated stimulation

Several cytokines and growth factors induce the produc-
tion and release of ROS that mediate signaling events in the
vasculature (Fig. 4). The RTKs are directly linked to intracel-
lular enzymes and phosphorylate their substrate proteins on
tyrosine residues. Binding of growth factors to the extracellu-
lar domains of these receptors induces their cytosolic kinase
domains, leading to phosphorylation of the receptor and in-
tracellular target proteins. Growth factor or cytokine stimula-
tion of membrane-bound RTKs, such as the epidermal growth
factor (EGF) receptor (EGFR), causes rapid and significant
elevation of ROS, which act as second messengers that alter
signaling cascades (53, 102).

The production of ROS mediated by ligand-activated re-
ceptor signaling mechanisms and their stimulatory role as
second messengers in VSMCs have been reported (37). Sev-
eral growth factors and cytokines [e.g., EGF, PDGF, vascular
endothelial growth factor (VEGF), endothelium-derived con-
stricting factors, endothelium-derived hyperpolarizing fac-
tors, phosphatidylinositol 3-kinase, protein kinase A, throm-
bin, G-protein Rac-1, ET-1, TNF-a, interleukin-13, and
angiotensin-II] can induce cellular ROS production via enzy-
matic and metabolic pathways resulting in hypertrophic re-
sponse and induction of additional signaling pathways in
VSMCs (1, 5, 30, 93). ET-1 induces growth factor release
from VSMCs and ROS production by macrophages and
causes the expression of adhesion molecule in endothelial
cells (81). Angiotensin II promotes vascular growth and tone
and may increase O,’~ production by activating NADH and
NADPH oxidases (37). O,~ and H,0, produced by XO in-
duce proliferation of rat aortic smooth muscle cells (88).
PDGF activates flavoenzyme-dependent O, ~ production in
human aortic smooth muscle cells by protein kinase C
(PKC)-sensitive cascades (77). Similarly, PDGF and VEGF
increase the production of mitochondrial and/or NADPH oxi-
dase generated ROS in VSMCs to induce endothelial cell
growth and proliferation (1, 77).

ROS as signaling molecules: ligand-independent
stimulation of receptor kinase activity

Reversible protein phosphorylation is the main feature of
cellular signaling pathways, and ROS-mediated signal trans-
duction pathways are also involved in phosphorylation events.
ROS can activate protein tyrosine kinases and protein
serine/threonine kinases via a process known as receptor “trans-
activation,” which involves ligand-independent stimulation of
receptor kinase activity (Fig. 4). For example, H,O, transacti-
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FIG. 4. Growth factor and ROS-mediated signal transduction pathways. Several growth factors induce the activation of
redox-sensitive genes via MAPK pathways. MAPKSs, a family of serine/threonine protein kinases, are involved in several cellular
functions, including cell proliferation, cell differentiation, cell movement, and cell death. ROS transactivate protein tyrosine ki-
nases and protein serine/threonine kinases to induce MAPK pathway. Autophosphorylation of the receptors results in their associ-
ation with Ras guanine nucleotide exchange factors (GEF or SOS) as a result of SH2-mediated protein (Grb2) interactions. This
interaction recruits SOS to the plasma membrane, where it activates Ras, which then binds to the Raf family protein kinases. c-
Raf activates a dual specificity kinase called MAPK/ERK (MEK 1/2), and MEK 1/2 activation leads to the phosphorylation of
both threonine and tyrosine residues of members of the ERK family. Stress-activated protein kinases (SAPK)/c-Jun N-terminal
kinases (JNK) are members of the MAPK family and are induced by a variety of environmental stresses, including ROS. Stress
signals are delivered to this cascade by members of small GTPases of the Rho family (Rac, Rho, cdc4). ROS or Ras-induced Rac
activates MEKK1/4, which activates MKK4 (SEK) or MKK?7, the SAPK/JNK kinases. The p38 MAPKSs, another member of the
MAPK family, may also be activated by MKK4 (dashed line). Activated MAPKs may phosphorylate a variety of target proteins
and other protein kinases. Importantly, some fractions of activated MAPKSs translocate to the nucleus to activate transcription fac-
tors and redox-sensitive genes for cell growth, proliferation, and apoptosis. ROS may also activate phospholipase C (PLC), inducing
the PKC pathway, which then may activate MAPK pathway. ROS indirectly activate MAPK by oxidizing phosphatases (inactive
PP ), whereas "NO blocks MAPK pathway by activating phosphatases (active PP ). Thioredoxin (TRX) and NADPH-mediated
Ref-1 induces the activation of transcription factors that initiate cell growth, proliferation, survival, and apoptosis.

vates the EGFR with subsequent induction of both c-Jun N-ter-
minal kinase (JNK) and eNOS activation (20, 65). H,0, also
stimulates the association of the She-Grb2-SOS complex with
the EGFR that is required for induction of the downstream sig-
naling pathways (87). Likewise, angiotensin II-mediated activa-
tion of the mitogen-activated protein kinase (MAPK) pathway
involves H,0,-mediated EGFR transactivation (111). The
transactivation of EGFR by ROS appears to be different from
regular EGF-mediated receptor activation because tyrosine
phosphorylation sites between these two types of receptor acti-
vation processes are not similar and may alter the recruitment of
regulatory proteins (89). Oxidative stress can also activate dis-
tinct signaling cascades by altering the phosphorylation pat-
terns of specific signaling proteins, as is the case of tyrosine
versus serine phosphorylation of the p66 adaptor protein, a fac-

tor that is part of the signal transduction pathway that regulates
stress-induced apoptosis (83). EGF induces tyrosine phospho-
rylation of p66, whereas ultraviolet light (UV) and H,O, induce
serine phosphorylation of p66, increasing susceptibility to oxi-
dant-induced apoptosis (82). Hence, redox mechanisms are crit-
ical components of many signaling cascades involved in the en-
zymatic activation of cellular processes that can also be
activated by growth factors or other stimuli.

MAPK

The MAPK pathway plays an important role in the modula-
tion of several physiological events, including cell-cycle regula-
tion, proliferation, and apoptosis. The MAPK pathway is in-
volved in the phosphorylation of key enzymes and nuclear
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transcription factors, and thus regulates their function. The asso-
ciation of the MAPK signaling pathway with oxidative stress has
been demonstrated in numerous reports (Fig. 4) (39, 87, 102).

The MAPK pathway comprises three subgroups: the extra-
cellular signal-regulated kinases 1 and 2 (ERK 1/2), the p38
MAPK, and the stress-activated protein kinase or c-Jun N-ter-
minal kinase (SAPK/INK) (95). The MAPK pathway can be ac-
tivated by several growth factors, including EGF and PDGE,
which bind to RTKs (Fig. 4). Many signals initiate the MAPK
pathway through the activation of the small GTP-binding pro-
tein, Ras. In the ERK 1/2 pathway, EGFR activation by EGF
leads to Ras activation, resulting in the phosphorylation of ser-
ine and threonine residues of Raf kinase, which activates a dual
specificity kinase called MAPK/ERK (MEK 1/2). MEK 1/2 ac-
tivation leads to the phosphorylation of both threonine and tyro-
sine residues of members of the ERK family (95). Once phos-
phorylated, activated ERK phosphorylates a variety of target
proteins and other protein kinases. Simultaneously, ERK can
translocate to the nucleus where it interacts with target genes or
binds to serum response elements on the different promoters to
induce immediate early response genes such as c-myc, c-jun,
c-fos, and Elk-1 to stimulate cell growth and proliferation. Sev-
eral growth factors induce the activation of ERK 1/2, which is
typically associated with cell survival, and exposure of cells to
UV and other environmental stressors induce the JNK and p38
subfamilies, which often mediate apoptotic events.

Various oxidative stressors, including O,-, H,0,, and
ONOO-, activate RTKs followed by the induction of down-
stream signaling pathways, including the MAPK pathway (Fig.
4) (39, 87). In VSMCs, the ERK 1/2 pathway is highly sensi-
tive to O,"~, whereas the JNK and p38 MAPKs are sensitive to
high amounts of H,0, (4, 110). ROS increases VSMC differen-
tiation and maturation via a MAPK pathway in human aortic
VSMCs (100). Antioxidants inhibit PDGF stimulation of
MAPK in VSMCs, suggesting that ROS play a significant role
in the MAPK signaling pathway (101). Similarly, heat-shock
protein-mediated induction of MAPK signaling by ROS in
VSMCs has also been reported (71). H,O, stimulates PKC ac-
tivity through oxidative modification at its amino regulatory
domain, whereas oxidative modification of the carboxylic ter-
minal domain results in complete inactivation of PKC. H,0,
activates phospholipase C, which produces inositol triphos-
phate and diacylglycerol from phosphatidylinositol 4,5-bis-
phosphate. Inositol triphosphate stimulates Ca2* release into
the cytoplasm, and Ca2* is bound by calmodulin, which can ac-
tivate Ca2*-dependent protein kinases, whereas diacylglycerol,
along with phosphatidylserine, activates PKC, which phospho-
rylates serine and threonine residues (12).

MAPK pathways can also be influenced by RNS. For exam-
ple, nitrosylation of the cysteine residue of Ras by RNS causes a
conformational change and stimulates a GDP/GTP exchange
leading to activation of MAPK pathways (Fig. 4) (63). Activated
Ras protein can modulate several target proteins and signaling
molecules involved in cell-cycle regulation, including PKC, pro-
tein kinase B, Raf, phosphatidylinositol 3-kinase, and MEK 1/2
(26). "NO-mediated activation of ERK 1/2 and the associated
nuclear factor-kB (NFkB) response are Ras-dependent (63).
ONOO- activates JNK in endothelial cells following shear stress
(36), whereas *NO inhibits activation of ERK 1/2, JNK, and p38
by angiotension II and PDGF in rat cardiac fibroblasts (113).
Overall, the balance of MAPK pathway activation will dictate
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the impact of RS and resultant transcription factor induction, and
thus promotion of cell survival or death.

Transcription factors

Activated signaling pathways lead to the induction of nu-
clear transcription factors, including c-fos and c-jun, both of
which can associate as heterodimers (c-jun/c-fos) or a c-jun
homodimer to constitute the activator protein-1 (AP-1) that
binds DNA and activates cell-cycle regulatory genes (Fig. 4)
(96). Growth factor-induced activation of the AP-1 complex
involves the ERK subgroup of the MAPK pathway, whereas
redox-induced activation involves the JNK and p38 sub-
groups of the MAPK pathway (19). In endothelial cells, H,0,
induces the JNK pathway, which activates c-jun, causing
transactivation of the AP-1 complex, and concomitantly stim-
ulates transcription factor ATF-2, which increases c-Jun ex-
pression (20, 38). The oxidative signaling cascades also acti-
vate the c-myc transcription factor that can induce VSMC
proliferation, because suppression of c-myc expression with
antisense oligonucleotides inhibited rat aortic VSMC prolif-
eration, and led to cell-cycle arrest (11).

Recently, redox factor-1 (Ref-1, or AP endonuclease), a bi-
functional enzyme involved in both DNA repair (base excision
repair) and redox regulation of transcription factors (e.g., AP-
1), has been identified (Fig. 4) (54). The DNA repair and redox
regulatory activities are in physically distinct domains of the
Ref-1 protein, suggesting that repair of oxidative DNA damage
and regulation of transcriptional response to oxidative stress
may be related. Ref-1 regulates the DNA-binding activity of
several nuclear transcription factors, including p53, AP-1, and
NFkB through the modifications of cysteine residues of the
target protein (44). For example, cysteine residues of Ref-1 in-
teract with conserved cysteines within the DNA-binding do-
mains of AP-1 and act as reductants, stimulating AP-1 activity.
Oxidized Ref-1 can be regenerated via reaction with thiol re-
ductants. Overexpression of Ref-1 increases VSMC prolifera-
tion by causing an increase in the cell-cycle S phase, whereas
its suppression decreases PDGF-induced AP-1 activity and
DNA synthesis (42), suggesting that Ref-1 may regulate the
cell-cycle progression of VSMCs by modulating the redox acti-
vation of AP-1 and other transcription factors.

Phosphatases

The dephosphorylation of kinases by phosphatases is a
common mechanism for protein activities. Phosphatases are
crucial elements in most signaling cascades by virtue of their
regulatory functions on the protein kinases, including MAPK.
Failure to reverse phosphorylation events modulated by
MAPK will result in impaired cellular function and cell-cycle
progression (47).

Both phosphotyrosine phosphatases (PTPs) and serine/
threonine phosphatases are redox-sensitive (Fig. 4) (25, 80).
The active sites of PTPs include cysteine and arginine
residues separated by five amino acids, which creates a low
pK,, making the cysteine residue more susceptible to oxida-
tion that results in PTP inactivation (8). For example, H,0,
oxidizes the active site of redox-sensitive cysteine residues
and, thus, is a potent inhibitor of PTPs. In this manner, ROS
inhibit the dephosphorylation of MAPK (inactivation of
PTPs), yet can also activate MAPK and, thus, influence the
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expression of the transcription factors that regulate several
signaling cascades. In contrast, the *‘NO donor, SNAP, low-
ered the cytosolic concentration of Ca2?* and induced phos-
photyrosine dephosphorylation of aortic smooth muscle cells
(55). Similarly, SNAP induces protein tyrosine phosphatase
activity and inhibits VSMC growth and proliferation (28).

CELL CYCLE

Cyclins, cyclin-dependent kinases (CDKs), and
CDK inhibitors (CKls)

Cell-cycle pathways are the end points of the signaling
cascades and are defined as the program for cell growth and
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cell proliferation. The four broad phases of the cell cycle
(Gyy» S, G,, and M) are regulated by extracellular stimuli,
which in turn induce a number of proteins that regulate and
control cell growth and proliferation (Fig. 5) (97). The pro-
teins involved in controlling the cell cycle are the cyclins (cy-
clins A, D, and E), the CDKs (CDK2, 4, and 6), the CKIs
(pl6, p21, and p27), and other negative regulators, including
the retinoblastoma protein (Rb) and p53, that regulate the ef-
fects of both CKI p21 and cyclin A protein (98). Cyclins D and
E control S-phase entry, and many growth factor-mediated
signaling pathways can activate their transcripts.

Certain events occur in early G, that influence cell-cycle
progression (S phase) or entry into G, (Fig. 5). Growth fac-
tors can promote transcription of cyclin D protein, which as-
sociates with preexisting CDK4/6, forming active cyclin

CDK2
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FIG. 5. Cell-cycle regulation. The MAPK pathway can induce cyclin D, which forms a cyclin D/CDK4/6 complex that phospho-
rylates the retinoblastoma (Rb), resulting in the release of E2F, which mediates gene expression and the induction and formation of

cyclin E/CDK2 complex. The cyclin E complex phosphorylates

a broad variety of proteins, including Rb, and promotes cell-cycle

progression to late G, leading to the induction and formation of the cyclin A/CDK2 complex, which promotes cell-cycle progression
through the G,/S phase into S (DNA synthesis), and late S, S/G, interphase (cyclin A/CDK1). Cyclin B/CDKI1 regulates G, to M
phase progression in conjunction with the cyclin A/CDK1 complex. The cyclin B complex is inactive due to phosphorylation of Tyr!s
residue, and is activated in its hypophosphorylated state (phosphorylated Thr!¢?), a process regulated by Cdc25 (dephosphorylation

of Tyr!5). The active cyclin B complex promotes cell division (M

phase). CDK inhibitor p16 induces early G, arrest by inhibiting cy-

clin D complex action, preventing phosphorylation of Rb. p21 can be induced by ‘NO, leading to inhibition of cyclin E complex ac-
tion, as can p27 (resulting in entry into G ). In G,, p53 can induce late G, arrest (inhibition of active cyclin B action) or mediate early
G, arrest via p21 inhibition of Cdc25. In general, low to moderate ROS can induce MAPK pathways that lead to cell growth and pro-
liferation, whereas high ROS induce DNA damage and/or MAPK pathways that activate p53, cell arrest, and apoptosis.
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D/CDK4/6 complexes that phosphorylate Rb, which, when
hypophosphorylated, sequesters several important factors re-
quired for cell-cycle progression (e.g., transcription factor
E2F) (29). Rb phosphorylation results in the release of these
factors and promotes cell-cycle progression via activation of
cyclin E transcription. Cyclin E associates with existing
CDK2, forming an active complex that regulates several pro-
teins, including E2F, to activate expression of cyclin A, which
associates with CDK2 or 1 (Cdc2) to form active complexes
that phosphorylate targets involved in the initiation of DNA
synthesis, required for cell-cycle progression from G,/S tran-
sition to S/G, (cyclin A/CDK2) and S/G, to M phase (cyclin
A/CDK1) (68). Cyclin A/CDK2 may contribute to phospho-
rylation of Rb and histone H1, whereas cyclin A/CDK1 ap-
pears to phosphorylate histone H1 (29). Cdc7, a protein ki-
nase unrelated to CDKs, is required for DNA synthesis
during the S phase. Cyclin A accumulates during S phase, and
its activation initiates transition to G,. The synthesis of cyclin
B begins during S phase, but the cyclin B/CDK1 complex is
inactive due to phosphorylation of Tyr!5. The transition from
G, to M is mediated via Cdc25 (a phosphatase) dephosphory-
lation (Tyr!5) of the cyclin B/CDK1 complex. Activated cy-
clin B complex catalyzes the phosphorylation of histone H1
and lamins, and is involved in the regulation of cellular events
preceding cell division. Cyclin B/CDKI1 regulates the pro-
gression of G, to M phase in conjunction with the cyclin A
complex (97).

Cell-cycle progression is regulated by cyclin production and
degradation, the phosphorylation of CDKs, cyclins, and other
factors (e.g., Rb), the association of cyclin/CDK complexes,
and inhibition of the CDKs. Damage sustained during the cell
cycle can induce a delay in the cell cycle, or a cell-cycle check-
point. Cell-cycle checkpoints are actively induced pauses in
progression through the cell cycle after exposure to damaging
agents that allow for cellular repair of damage before reengag-
ing the cell cycle. Severe damage results in apoptosis or per-
manent entry into G,. In general, cells are very sensitive to
DNA damage to induce cell-cycle arrest. In this regard, the
timing of cell injury events and cell-cycle phases are important
in determining which checkpoint is initiated. For example, if
cell damage is incurred during the late phase of a cycle, the cell
cycle will often progress into the next phase before arrest.
Most cell checkpoints involve inhibition of cyclin/CDK com-
plexes. Because CDK activities are regulated by CKlIs, CKlIs
also influence cyclin activities and the cyclin/CDK-mediated
(cyclin D/CDK4/6, cyclin E/CDK2) phosphorylation of the Rb
protein that causes G, arrest (98). In proliferating cells, CKI
p21 regulates the CDK complexes, whereas CKI p27 appears
to be involved in CDK regulation during the G, phase and can
be modulated by growth factors and mitogens (22).

ROS, RNS, and cell cycle

The regulation of the VSMC growth includes both apop-
totic and proliferative pathways, and the balance between
each determines the degree and level of cell growth. Several
studies have shown that the cell cycle can be arrested in re-
sponse to ROS and/or RNS (50, 92). Alteration of cellular
redox state by depletion of GSH (increased ROS) results in
delayed progression through G, and S phases, as well as G,
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arrest (Fig. 5). For example, peroxides inhibit cyclin E/CDK2
function and the related S phase entry in a dose-dependent
manner (31) and can induce a G, or G, checkpoint through
the inhibition of cyclin E/CDK2 and cyclin B/CDK1 activi-
ties, respectively (31). The G, checkpoint results in the delay
in activation of cyclin B/CDKI1 at the G,/M border, poten-
tially due to the checkpoint-activated kinase (Chk1)-mediated
phosphorylation of Ser2!® on Cdc25 phosphatase, leading to
its inactivation (62).

At the nuclear level, p53 tumor suppressor gene regulates
apoptosis and is a negative regulator of the cell cycle (Fig. 5).
In response to environmental stress, oxidants, and UV irradi-
ation, p53 induces CKI expression in pre-S-phase cells, in-
hibiting cyclin/CDK action and cell-cycle progression; or, in
post-S-phase cells, p53 initiates apoptosis. p53 function is
critical for G, checkpoint function, and acts as a transcrip-
tional activator of numerous genes, including p21, which in-
hibits CDKs (118). Overexpression of p21 results in G, ar-
rest, whereas inactivation of p53 results in the loss of the G,
checkpoint. Suppression of p53 in VSMCs results in cellular
proliferation in human coronary restenosis, whereas overex-
pression of p53 increases intracellular ROS/RNS in cultured
cells (99) and blocks cellular growth of human VSMCs.
These observations suggest that ROS/RNS-mediated apopto-
sis may protect the vascular wall by inducing an apoptotic
cascade that is RS-dependent (51).

*NO protects the vessel wall from proliferating VSMCs by
blocking the cell cycle at the S-phase entry and causing an ar-
rest at the G, phase of the cell cycle (Fig. 5) (92). Studies
have demonstrated that "NO induces CKI p21, which suggests
that "NO blocks the G,/S transition by suppressing cyclin/
CDK-dependent cell-cycle progression (50). Similarly, ‘NO
transiently activates the level of the CKI p21 after vascular
injury, resulting in G, arrest in VSMCs to protect the vessel
wall (117). *NO also inhibits the enzyme ribonucleotide re-
ductase, which is essential for DNA synthesis, and its inhibi-
tion results in G, arrest (67). These observations suggest that
‘NO plays an important role in the regulation of VSMC cell
cycle, potentially by modulating CKI expression.

APOPTOSIS

Apoptosis, or programmed cell death, is a highly regulated
cell function that is essential for normal development of an
organism (79). Specific signals can initiate apoptosis, upon
which several biochemical and morphological changes occur
within the cell.

Caspases

Caspases are cysteine-dependent proteases that are acti-
vated in the early stages of apoptosis and cleave major struc-
tural proteins of the cytoplasm and nucleus. In normal cells,
caspases are present as inactive zymogens called procaspases
that can be induced by other enzymes in response to apoptotic
signals. The proapoptotic caspases play a crucial role in the
apoptotic-signaling pathway and are divided into two groups:
initiator caspases, which include procaspases-2, -8, -9, and -10;
and executioner caspases, which include procaspases-3, -6, and
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-7 (32). Caspases are activated by specific ligands that bind to
cell-surface receptors called death receptors that relay apop-
totic signals (14). Death receptors belonging to the TNF gene
superfamily play a crucial role in both the induction of apopto-
sis and activation of caspase cascades within seconds of ligand
binding. Caspases are induced either in response to ligand
binding to death receptors (extrinsic apoptosis) or in response
to signals originating from inside the cell (intrinsic apoptosis).
In extrinsic apoptosis, a ligand binds to the death receptor, re-
cruits adaptor molecules through its cytoplasmic death do-
mains, and activates procaspase-8 by autoproteolytic cleavage,
forming active caspase-8 that cleaves and activates additional
caspases for the initiation of apoptosis (24).

Intrinsic apoptosis involves procaspase-9 and is induced
downstream of mitochondrial proapoptotic events. During in-
trinsic apoptosis, cytochrome ¢, a key protein in the electron
transport chain, forms a complex with apoptosis-activating fac-
tor-1 (APAF-1), a protease, which activates procaspase-9, and
initiates the activation of downstream caspases (24). Once the
initiator caspases have been induced, they can immediately acti-
vate the executioner procaspases-3, -6, and -7 that cleave protein
substrates, leading to the stimulation of the apoptotic cascade.

Mitochondria in the regulation of
intrinsic apoptosis

Besides amplifying and mediating intrinsic apoptotic
pathways, mitochondria also play a crucial role in the initia-
tion of apoptosis induced by DNA damage and oxidative
stress (Fig. 3). Mitochondria regulate apoptosis by: (a) pro-
viding ATP required for the initiation of apoptosis; (b) releas-
ing cytochrome ¢ and apoptosis-inducing factors (AIF) that
are involved in caspase activation; and (c) releasing proteins
that neutralize endogenous inhibitors of apoptosis (72, 112).
Cytochrome ¢ and AIF initiate proteolytic activity that leads
to nuclear damage and apoptosis. Because mitochondria play
an important role in the regulation of cell death, a number of
antiapoptotic and proapoptotic molecules and mechanisms
associated with mitochondria have been identified.

The Bcl-2 family of proteins that are located in the outer mi-
tochondrial membrane regulates cell survival and death. The
sensitivity of cells to apoptotic stimuli can depend on the bal-
ance of pro- and antiapoptotic Bcl-2 proteins. Bel-2 and Bcl-
XL are antiapoptotic, whereas Bad and Bax are proapoptotic
(13). The up-regulation of Bcl-2 and Bel-XL proteins inhibits
apoptosis by suppressing the generation of ROS, stabilizing
mitochondrial membrane potential, preventing permeability
transition pore formation, and blocking the release of cy-
tochrome ¢, thereby suppressing the activation of the caspase
cascade and apoptosis (3). On the other hand, the Bad and Bax
proteins act as sensors of cellular damage or stress, and relo-
cate to the surface of the mitochondrion following cellular
stress, disrupting the normal function of the antiapoptotic pro-
teins, leading to the formation of the “apoptosome” and the ac-
tivation of the caspases to initiate apoptosis (2).

The membrane receptor-derived signaling pathways induced
by low levels of ROS or the pathways inducing ROS produc-
tion can stimulate cell proliferation and survival, whereas high
levels of ROS levels are apoptotic and/or necrotic (17). Higher
concentrations of ROS induce the oxidation of several lipids,
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proteins, and nucleic acids and the release of cytochrome c, en-
hancing apoptosis. Most apoptosis-inducing conditions and
factors disrupt the mitochondrial membrane potential and per-
meability transition leading to cellular dysfunction: ATP syn-
thesis is blocked, redox molecules such as NADH, NADPH,
and glutathione are oxidized, and ROS are increasingly pro-
duced. In vascular cells, the activity of caspase-3 is regulated
by ROS (69). TNF-a stimulates mitochondrial ROS production
that is important in mediating cell death; mitochondrial com-
plex I and II inhibitors reduce TNF-a-mediated mitochondrial
ROS production and, thus, inhibit apoptosis (94). Likewise,
up-regulation of SOD2 inhibits intrinsic apoptotic pathways,
which underlines the importance of mitochondrial ROS gener-
ation in apoptosis (76).

*NO and apoptosis

Depending on the concentration and location, *NO can in-
duce or inhibit apoptosis (Fig. 5). Atlow concentrations, ‘NO
blocks apoptosis, whereas high levels are proapoptotic (109).
The antiapoptotic effects of *NO are mediated via a number
of mechanisms, including nitrosylation or inactivation of
many of the caspases, including caspases-1, -3, and -8 (70).
Other mechanisms include the activation of heat shock pro-
tein 70, which prevents the recruitment of procaspase-9 to the
APAF-1 apoptosome, the activation of Bcl-2 and Bcl-XL, the
activation of cyclic GMP signaling, which mediates the acti-
vation of cyclic GMP-dependent protein kinases, and the sup-
pression of caspase activity and increased expression of anti-
apoptotic proteins (57, 70).

SUMMARY

The steady-state levels of oxidative and nitrosative species
are important factors in the regulation of several signaling
pathways and, thus, cell-cycle control. At low concentrations,
RS can act as mediators in signaling cascades and gene regula-
tion, whereas at high levels RS induce cell death and apoptosis.
Signaling mechanisms regulated by RS are crucial in the con-
trol of vascular function, and this regulation is influenced by
the relative concentrations of different RS within the vascular
microenvironment. Under oxidative stress, cycling cells will
show cell-cycle checkpoint responses using several different
mechanisms to block or repair the damage caused by RS to
maintain genomic stability. These mechanisms consist of ox-
idative response enzymes such as SOD, catalase, and glu-
tathione peroxidase, antioxidants, DNA repair enzymes, and
cell-cycle checkpoint systems. However, high levels of unregu-
lated RS can severely impair cellular functions by inducing
DNA damage and signaling cascades. Consequently, derange-
ment of these steady-states potentially alters the regulation of
these pathways and leads to chronic diseases, including CVD.
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ABBREVIATIONS

AIF, apoptosis-inducing factors; ANT, adenenine nu-
cleotide translocase; AP-1, activator protein-1; APAF-1,
apoptosis-activating factor-1; BH,, tetrahydrobiopterin; CDK,
cyclin-dependent kinase; CKI, CDK inhibitor; CVD, cardio-
vascular disease; EGF, epidermal growth factor; EGFR, EGF
receptor; eNOS, endothelial nitric oxide synthase; ERK, ex-
tracellular signal-regulated kinase; ET-1, endothelin-1; GSH,
reduced glutathione; GSSG, oxidized glutathione; H,0,, hy-
drogen peroxide; HOCI, hypochlorous acid; iNOS, inducible
nitric oxide synthase; JNK, c-Jun N-terminal kinase; MAPK,
mitogen-activated protein kinase; MEK, MAPK/ERK; MPO,
myeloperoxidase; mtDNA, mitochondrial DNA; NFkB, nu-
clear factor-kB; *NO, nitric oxide; NOS, nitric oxide syn-
thase; O, -, superoxide; *OH, hydroxyl radicals; ONOO-,
peroxynitrite; ONOOCO,, nitrosoperoxycarbonate; PDGF,
platelet-derived growth factor; PKC, protein kinase C; PTP,
phosphotyrosine phosphatase; Rb, retinoblastoma protein;
Ref-1, redox factor-1; RNS, reactive nitrogen species; ROS,
reactive oxygen species; RS, reactive species; RTK, receptor
tyrosine kinase; SOD, superoxide dismutase; TNF-a, tumor
necrosis factor-a; TRX, thioredoxin; UV, ultraviolet light;
VEGE, vascular endothelial growth factor; VSMC, vascular
smooth muscle cell; XDH, xanthine dehydrogenase; XO, xan-
thine oxidase.
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