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Abstract

The endothelium is essential for the maintenance of vascular homeostasis. Central to this role is the produc-
tion of endothelium-derived nitric oxide (EDNO), synthesized by the endothelial isoform of nitric oxide syn-
thase (eNOS). Endothelial dysfunction, manifested as impaired EDNO bioactivity, is an important early event
in the development of various vascular diseases, including hypertension, diabetes, and atherosclerosis. The de-
gree of impairment of EDNO bioactivity is a determinant of future vascular complications. Accordingly, grow-
ing interest exists in defining the pathologic mechanisms involved. Considerable evidence supports a causal
role for the enhanced production of reactive oxygen species (ROS) by vascular cells. ROS directly inactivate
EDNO, act as cell-signaling molecules, and promote protein dysfunction, events that contribute to the initia-
tion and progression of endothelial dysfunction. Increasing data indicate that strategies designed to limit vas-
cular ROS production can restore endothelial function in humans with vascular complications. The purpose of
this review is to outline the various ways in which ROS can influence endothelial function and dysfunction,
describe the redox mechanisms involved, and discuss approaches for preventing endothelial dysfunction that
may highlight future therapeutic opportunities in the treatment of cardiovascular disease. Antioxid. Redox Sig-

nal. 10, 1713-1765.

I. Introduction

XIDATIVE STRESS, traditionally defined as an imbalance

between oxidants and antioxidants that favors the for-
mer, is a prominent feature of vascular disease states in-
cluding atherosclerosis, diabetes, and hypertension (64, 202,
457, 480). Original interest in the role of oxidative stress in
vascular disease stems from the “oxidative-modification hy-
pothesis” of atherogenesis (454). This hypothesis proposes
that a critical initiating event of atherogenesis is the oxida-
tion of low-density lipoprotein (LDL). Despite evidence that
oxidatively modified LDL is detected in animal and human
atherosclerotic lesions, direct support for LDL oxidation
causing atherosclerosis is scarce [reviewed in detail by (457)].
In recent times, it has become increasingly apparent that ox-
idative reactions, in addition to oxidative modification of
lipoproteins, are important for the initiation and progression
of vascular disease. Of note, the generation of reactive oxy-
gen species (ROS) by cells of the blood vessel wall is cur-

rently an area of intense research focus. Diseased arteries iso-
lated from human patients show increased production of the
superoxide anion radical (O,°7), derived primarily from vas-
cular smooth muscle and endothelial cells (193, 446, 449).
Several enzymatic sources appear responsible for the ele-
vated production of ROS noted in vascular disease: NADPH
oxidase, xanthine oxidase, mitochondria, and “uncoupled”
endothelial nitric oxide synthase (eNOS) (82, 480). This in-
creased flux of ROS modulates the function and phenotype
of vascular endothelial and smooth muscle cells that together
contribute to vascular dysfunction. The current review fo-
cuses on the redox processes that influence endothelial func-
tion and dysfunction. Excellent reviews are available that
discuss the importance of redox events for the control of vas-
cular smooth muscle cell function (92, 489).

The endothelium represents a central element in the con-
trol of vascular homeostasis through maintaining the syn-
thesis of endothelium-derived nitric oxide (EDNO) from
eNOS. Convincing evidence now supports that endothelial
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dysfunction apparent in various vascular disorders, includ-
ing hypertension, diabetes, and atherosclerosis, is due, in
part, to elevated vascular ROS production (64, 480). Thus,
ROS can directly react with and inactivate EDNO, promote
protein dysfunction, and stimulate aberrant cell signaling,
actions that participate in the initiation and progression of
endothelial dysfunction. Importantly, endothelial dysfunc-
tion is associated with an increased risk of acute clinical
events, myocardial infarction, and stroke (180, 212, 291). As
such, significant interest is found in defining the oxidative
mechanisms involved. This article revises current knowledge
on how ROS mediate cell signaling, discusses the endothe-
lial sources of ROS, outlines ways through which different
oxidants affect EDNO bioactivity, and highlights strategies
that ameliorate oxidative stress-induced endothelial dys-
function that may ultimately provide clinical benefit.

Il. Redox Signaling

The generation of ROS is inevitable for aerobic organisms.
Originally, ROS were considered to be random and de-
structive agents produced as unnecessary byproducts of aer-
obic metabolism or components of the innate immune de-
fense against microorganisms. The initiation of ROS
formation requires electrons (e”), frequently generated by
the mitochondrial electron-transport chain or by NADPH ox-
idase, that mediate the univalent reduction of molecular oxy-
gen (O,) to form O,°~, which is subject to spontaneous or
enzyme-catalyzed dismutation into hydrogen peroxide
(H20,) (Reaction 1).

O, +2e =0 + 0, +2H+—)H202+ O, [1]

Although the term ROS refers to all reactive species de-
rived from the one-electron reduction of O,, it is important
to note that different ROS exhibit distinct chemical proper-
ties that have important implications from their biologic ac-
tions. For example, O,°~ contains a single electron in its outer
bonding orbital, meaning it is a free radical with a relatively
short biologic half-life. Although capable of mediating one-
electron oxidation reactions, O,°~ represents a stronger re-
ductant than oxidant (60). Also, O,°~ is charged and thus
unsuitable for crossing biologic membranes in the absence
of specific anion transporters. In contrast, H,O, is an un-
charged, two-electron oxidant that has a longer half-life in
biologic systems and is capable of diffusing across cellular
membranes, characteristics suitable for the oxidant to act as
a cell-signaling molecule (see later).

The ROS produced through the concerted action of
NADPH oxidase and myeloperoxidase (MPO) in activated
phagocytes has been considered toxic and destructive agents
necessary for the killing of microbes. However, recent stud-
ies support that proteases and not ROS act as the antimi-
crobicidal agents (413). Instead, ROS appear to act as sig-
naling molecules that stimulate protease release (413).
Similarly, macrophage-derived ROS exhibit an immune sig-
naling role by influencing T-cell selection, maturation, and
activation status (170). These important findings add to the
rapidly growing body of evidence that reduction and oxi-
dation (redox) reactions control cell-signaling pathways that
govern an array of physiologic processes, including cell
growth, transformation, senescence, and apoptosis. This has
focused interest on exploring the underlying basis through
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which redox reactions exhibit the specificity necessary to
control divergent biologic responses.

It is now appreciated that an array of biologic stimuli, in-
cluding growth factors, cytokines, hormones, and neuro-
transmitters, stimulate a transient burst of endogenous ROS
or reactive nitrogen species (RNS) production in nonphago-
cytic cells, including vascular smooth muscle and endothe-
lial cells (82, 92, 145, 319, 416, 504). Endogenous ROS and
RNS with signaling potential are frequently synthesized by
NADPH oxidase, mitochondria, or NOS and act by re-
versibly altering the function of a variety of target proteins,
including phosphatases, kinases, small GTPases, transcrip-
tion factors, ion channels, structural proteins, and metabolic
enzymes (Table 1) (82, 145, 319, 416, 504). As such, sublethal
concentrations of ROS or RNS are now recognized as ubig-
uitous and physiologic intracellular messengers. Accord-
ingly, exposure of cells to low, nontoxic concentrations of ex-
ogenous H,O, modulates cell proliferation and migration.
For example, the proliferation of cultured human endothe-
lial cells or tube formation by bovine aortic endothelial cells
is enhanced by exposure to low concentrations of H,O, (1-10
uM) (400, 557). Conversely, selective removal of endogenous
H,0, by overexpression of the peroxide catabolic enzyme
catalase inhibits endothelial cell proliferation (562) and an-
giogenesis in an in vivo dermal wound-healing model (420).
Exposure of cells to select ligands (e.g., growth factors, cyto-
kines, angiotensin II) or hemodynamic force (i.e., shear stress
or cyclic strain) induces cellular H,O, production that stim-
ulates cell signaling. Sundaresan (464) first showed that se-
lective removal of endogenous H,O, through the overex-
pression of catalase in vascular smooth muscle cells blocked
platelet-derived growth factor (PDGF)-induced ROS pro-
duction, PDGF-receptor tyrosine phosphorylation, Erk1/2
activation, plus cell proliferation and migration (464). Vas-
cular endothelial growth factor (VEGF) is required for vas-
culogenesis and angiogenesis under physiologic and patho-
logic settings. Stimulation of endothelial cells with VEGF
induces the production of NADPH oxidase-derived H,O,
that is important for activation of the tyrosine kinase activ-
ity of VEGF receptor-2 and subsequent downstream signal-
ing events important for endothelial proliferation and mi-
gration and hence angiogenesis (94, 497).

A. Molecular targets of redox signaling

Essential to characterizing the importance and scope of ac-
tion of redox cell signaling is the identification of the cellu-
lar targets that sense and transduce the redox signal. Differ-
ent redox-active species react with selected cellular targets
to modulate cell signaling. Thus, NO binds to the heme
group of an array of enzymes to modulate their activity (e.g.,
binding of NO to the heme of sGC activates the enzyme and
this signals the vasorelaxation of blood vessels; see Section
III.A.). Similarly, O,* ~ reacts with iron-sulfur clusters of key
cellular proteins to alter their activity [e.g., destabilization of
the iron-sulfur cluster of mitochondrial aconitase by O,°~
inhibits the enzyme activity, resulting in the inhibition of mi-
tochondrial respiration (164, 165)]. Another important aspect
underlying redox signaling is the reversible, covalent mod-
ification of specific cysteine thiol residues that reside within
active and allosteric sites of proteins, which results in alter-
ation of protein function (Fig. 1). Various redox modifica-
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TABLE 1. EXAMPLES OF PROTEINS SUBJECT TO REDOX CONTROL

Protein class Protein Thiol redox modification Effect on protein function
Phosphatase PTP1B Oxidation Inhibition

SHP2 Oxidation Inhibition

LMW-PTP Oxidation Inhibition

PTEN Oxidation Inhibition

MAPK phosphatase Oxidation Inhibition
Protein kinase Src Oxidation Activation

PKA Oxidation Activation

PKG Oxidation Activation

PKC Oxidation Activation

IKK S-Nitrosylation Inhibition

JNK S-Nitrosylation Inhibition

Akt S-Nitrosylation Inhibition
Small GTPase Ras S-Nitrosylation/S-Glutathiolynation Activation
Transcription factor AP-1 Reduction T DNA binding

NF-«B Oxidation T Nuclear export

Reduction T DNA binding
Nrf2 Oxidation T Nuclear export
Reduction T DNA binding

P53 Reduction T DNA binding
Ion channels TRP S-Nitrosylation Activation

SERCA S-Glutathiolynation Activation
Antioxidants Thioredoxin S-Nitrosylation Activation

Peroxiredoxin Oxidation Inhibition
Enzymes GAPDH Oxidation Inhibition

sGC S-Nitrosylation Inhibition

eNOS S-Nitrosylation Inhibition

Hsp90 S-Nitrosylation Inhibition

For references, see text.
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FIG.1. Protein thiol modifications essential for redox sig-
naling. Select cysteine thiolate anions in certain proteins are
subject to posttranslational S-oxidation, S-nitrosation,
and/or S-glutathiolynation that alter protein function and
underlie redox signaling in cells. Certain redox modifications
are reversible through the action of cellular reductants, in-
cluding glutathione (GSH), thioredoxin (Trx), glutaredoxin
(Grx), or ascorbate (AH™).

tions of cysteines alter protein function with those mediated
by HyO, of particular relevance to cell signaling. Although
it is a mild oxidant and hence relatively inert with most bio-
molecules, H,O, oxidizes cysteine residues in proteins to
produce disulfides (R-S-S-R) via formation of a sulfenic acid
(R-SOH) intermediate in what is a biologically reversible re-
action (91, 111). Disulfides occur between adjacent cysteines
within a protein (intraprotein disulfide), between two pro-
teins (interprotein disulfide), or a mixed-disulfide formed be-
tween a protein thiol and glutathione, termed S-glu-
tathionylation. Protein thiols can be further oxidized by H,O,
to higher oxidation states to form sulfinic (R-SO,H) and sul-
fonic (R-SOsH) acids. In addition to oxidation, thiols are
subject to S-nitrosation/S-nitrosylation, which describes the
covalent binding of NO to cysteine thiols to form protein-S-
nitrosothiols (R-S-NO) (217). Several enzymatic and nonen-
zymatic systems are responsible for the biologic reduction of
oxidized or nitrosated cysteine thiols. For example, thiore-
doxin (Trx) efficiently reduces sulfenic acids and protein
disulfides, whereas glutaredoxin (Grx) catalyzes the reduc-
tion of S-glutathionylated protein cysteines (226). To date,
only the enzyme sulfiredoxin has been shown to reduce
sulfinic acids (48), whereas formation of sulfonic acid is, for
now, considered to represent a biologically irreversible re-
action. Reduction of S-nitrosothiols can be achieved by Trx
or Grx (226). Reversible posttranslational modification of
specific cysteines in proteins via S-oxidation, S-nitrosylation,
or S-glutathionylation is increasingly considered to represent
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a ubiquitous, physiologic signaling modality controlling di-
verse cellular processes, analogous to protein O-phosphory-
lation (Fig. 1).

Although most proteins contain multiple cysteines, spe-
cific residues exhibit a predilection for redox modification.
Thus, H,O; reacts more readily with cysteine thiolate anions
(Cys-S7) than with protonated residues (Cys-SH). Most pro-
tein cysteines are protonated at physiologic pH (pK, ~8.5).
However, under physiologic conditions, selected proteins
contain cysteine thiolate anions that are formed through the
formation of salt bridges with surrounding positively
charged amino acid residues and exhibit pK, values of ~5.0.
Thus, an important aspect underlying the signaling proper-
ties of HyO, is its ability to target proteins containing oxi-
dation-susceptible deprotonated cysteines critical for protein
function. With respect to S-nitrosylation, a consensus se-
quence has been proposed in which a target cysteine resides
within a sequential amino acid motif containing a polar
amino acid, an acidic or basic amino acid, cysteine, and an
acidic amino acid, an environment that facilitates the
acid-base chemistry necessary for trans-nitrosation reactions
(452). A more recent study using a high-throughput pro-
teomics coupled to a bioinformatics approach failed to iden-
tify a linear Cys-flanking motif that predicts stable trans-ni-
trosation of cysteines in different proteins (201). Instead,
specificity of S-nitrosylation appears dependent on the ter-
tiary structure of proteins and how it affects the pK, and lo-
cal hydrogen bonding and electrostatic interactions. Overall,
S-nitrosylation appears to be favored for reactive cysteines
that reside in a low-pK, and hydrophobic environment, in
close proximity to aromatic amino acid residues (201). Of
note, the chemical reactions responsible for S-nitrosylation
are complex and do not represent a simple reaction between
NO and thiol. Instead, multiple redox reactions are respon-
sible for S-nitrosylation in vivo, and the chemical reaction fa-
vored appears to be a function of the target protein thiol
(217).

Several classes of signaling proteins capable of conveying
a broad spectrum of cellular signals and that contain con-
served redox-sensitive cysteines have been identified. These
include phosphatases, protein kinases, transcription factors,
ion channels, structural proteins, and metabolic and antiox-
idant enzymes (Table 1).

1. Phosphatases. Phosphatases are a family of enzymes
that remove phosphate groups from phosphorylated amino
acid residues on proteins to counteract the signaling actions
of protein kinases. Redox control of protein tyrosine phos-
phatase (PTP) activity has received considerable recent at-
tention. PTPs are characterized by the presence of a catalyt-
ically critical cysteine residue (pK, = 4.7-5.4) that, at neutral
pH, resides as a thiolate anion in a signature active-site mo-
tif, His-Cys-X-X-Gly-X-X-Arg-Ser/Thr (where X is any amino
acid) (487). This low-pK, environment underlies the cysteine
thiol function as a nucleophile important for phosphatase ac-
tivity but also renders the amino acid susceptible to oxida-
tion. Oxidation of the essential cysteine by H,O, inactivates
phosphatase activity (111). Reversible oxidative inactivation
of several phosphatases by endogenous H,O, has been iden-
tified as a key mechanism leading to the activation of re-
ceptor tyrosine kinase activation and initiation of down-
stream signaling pathways, in response to binding of various
ligands to their specific receptors. Meng et al. (350) used a
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novel redox-sensitive, in-gel PTP assay to observe reversible
oxidative inactivation of SHP-2 necessary for the activation
of the PDGF-receptor tyrosine kinase activity in vascular
smooth muscle cells stimulated with PDGF. A requirement
for inactivation of the PTP by intracellular H,O, was the re-
cruitment and binding of SHP-2 to the PDGF receptor (350).
Similarly, in endothelial cells, H,O,-induced activation of
platelet endothelial adhesion molecule (PECAM)-1/CD-31
involves the recruitment and transient inactivation of SHP-
2 to the membrane-bound glycoprotein that controls endo-
thelial-leukocyte interactions (247). In addition to PTPs,
other phosphatase family members are sensitive to redox
control. Oxidation of the active-site Cys-124 of the lipid phos-
phatase and tumor-suppressor PTEN has been documented
in different cell types stimulated with growth factors or in-
sulin (283). H,O, also inhibits MAP kinase phosphatases, al-
lowing sustained activation of JNK signaling in cells treated
with TNF-a (256).

Essential for oxidative inactivation of phosphatases to act
as a physiologic signaling modality is that the process be
chemically reversible via reduction of the oxidized cysteine
by cellular reductants (see later). Oxidation of thiolate an-
ions in phosphatases by H,O, results in the initial formation
of sulfenic acid. Rather than further oxidation and irre-
versible formation of sulfinic or sulfonic acid derivatives, the
highly unstable sulfenic acid of PTP-1B forms a cyclic
sulfenyl amide species (427, 501) (Fig. 1). Alternatively, PTP-
1B is protected from irreversible oxidation through S-glu-
tathionylation (36). For other phosphatases (i.e., LMW-PTP,
PTEN), formation of an intra-molecular disulfide with a
nearby cysteine protects from irreversible oxidation (88, 429).
Reduction of the cyclic sulfenyl amide or disulfides restores
the catalytic activity of the PTP that acts to terminate the re-
dox signal (Fig. 1).

2. Protein kinases. Certain protein kinases contain reac-
tive cysteines, important for their function, that render them
sensitive to redox control. For example, the nonreceptor ty-
rosine kinase Src has received recent attention. Integrin lig-
ation stimulates the production of endogenous H,O,, which
oxidizes Src kinase at Cys-245 in the SH2 domain and Cys-
487 in the kinase domain, resulting in activation of the en-
zyme (175). HyO, treatment or cyclic strain-induced ROS
production activates Src in endothelial cells, leading to acti-
vation of MAP kinase signaling (87). Whereas oxidative in-
activation of PTPs is considered to represent an initial event
leading to receptor tyrosine kinase trans-activation (i.e., li-
gand-independent stimulation of receptor tyrosine kinase ac-
tivity) by oxidants, recent data also indicate a role for Src ki-
nase. Thus, in H,O,-treated endothelial cells, activation of
Src kinase is necessary for the trans-activation of the EGF re-
ceptor and resultant stimulation of the JNK (83) or PI3-
K/Akt/eNOS (479) pathways that act to promote or protect
against oxidative stress-induced endothelial cell death, re-
spectively. Activation of Src is also crucial for H,O, to in-
duce nuclear export of telomerase reverse transcriptase
(TERT) into the cytosol, resulting in endothelial cell senes-
cence (196). Serine/threonine protein kinases are also sus-
ceptible to control through direct redox modification of cys-
teines. For example, the N-terminal regulatory domain of
protein kinase C (PKC) contains zinc-binding, cysteine-rich
motif that is susceptible to oxidation, leading to activation
of the enzyme (184). Conversely, modification of reactive
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cysteines in the C-terminal catalytic domain can inhibit PKC
activity (184). Oxidative activation of PKC-a by NADPH ox-
idase—-derived ROS in endothelial cells is essential for
VCAM-1-dependent transendothelial migration of lympho-
cytes (1). Recent work indicates that H,O, directly activates
cyclic GMP- (PKG) and c-AMP-dependent (PKA) protein ki-
nases in a manner independent of the cyclic nucleotides but
dependent on oxidation of critical cysteines and resultant
formation of an interprotein disulfide (54, 61). Oxidant acti-
vation of PKG represents one mechanism through which
H,0; can induce the relaxation of arteries (61). In addition
to cysteine oxidation, several protein kinases, including Akt
(558) and JNK (392), are subject to S-nitrosylation, resulting
in inhibition of their kinase activity. Small GTPase enzymes
are also subject to redox control, as exemplified by Ras that
can undergo S-nitrosylation (286) or S-glutathionylation (6)
at Cys-118, leading to activation of the enzyme and stimu-
lation of downstream signaling, including the MAP kinase
and PI3-K/Akt pathways.

3. Transcription factors. An important mechanism
through which ROS and RNS alter vascular cell function is
through redox-dependent alteration of transcriptional out-
put. In mammalian cells, numerous transcription factors are
considered to be subject to redox control, including NF-«B,
Nrf2, AP-1, HIF-1, and P53 (Table 1) (82, 319). Of these, NF-
kB, which plays a central role in the control of inflamma-
tory and immune-response genes, is considered the proto-
typical transcription factor subject to redox control. In
endothelial cells, H,O, activates NF-«xB (101), which is im-
portant for the oxidants’ ability to promote tubular mor-
phogenesis of human microvascular endothelial cells (443).
Redox-sensitive activation of NF-«B is also necessary for
VEGEF to promote endothelial gene expression of the mito-
chondrial isoform of SOD (Mn-SOD) (2) or proinflamma-
tory stimuli to induce the expression of leukocyte adhesion
molecules (VCAM-1, ICAM-1) and resultant increased en-
dothelium-leukocyte interactions (85, 334). Endothelial lev-
els of the p65 subunit of NF-«B are elevated in arteries from
aged versus young humans, and this is correlated with the
extent of increase in endothelial 3-nitrotyrosine levels and
impairment of endothelium-dependent relaxation in aged
subjects (120). Enhanced endothelial activation of NF-«B in
aged rat arteries is also linked to enhanced mitochondrial
dysfunction, resulting in an increased production of H,O,
by the organelle (494).

The nonactivated NF-«xB p50-p65 heterodimer resides in
the cytoplasm bound to its inhibitory protein, I-«B. Acti-
vation of NF-«B occurs through phosphorylation and ubiq-
uitination of I-«B (46), leading to translocation of NF-«B to
the nucleus and phosphorylation of Ser-276 on the p65 sub-
unit (174). Redox control of NF-«B is complex. An oxidiz-
ing stimulus in the cytoplasm is associated with activation
of inhibitory B kinase (IKK), leading to enhanced I-«B
degradation and nuclear translocation (314). DNA binding
of activated NF-«B requires a reducing environment within
the nucleus to ensure that Cys-62 in the DNA-binding re-
gion of the p50 subunit is reduced (342). Maintenance of a
reducing environment in the nucleus for DNA binding of
active NF-«B is mediated by thioredoxin (223) and redox
factor-1 (Ref-1) (547). Despite these factors, it is increasingly
apparent that the extent to which NF-«B activation is sub-
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ject to redox control and the mechanisms involved is stim-
ulus and cell-type specific (388). Whereas H,O, activates
NF-«B in endothelial cells (101), the oxidant inhibits NF-«B
activation in epithelial cells (415). Negative control of NF-
kB by H,O, involves inactivation of IKK through oxidation
and resultant S-glutathionylation of Cys-179 of the B-sub-
unit of the kinase (415). Similarly, IKK activity and hence
NF-«B activation is inhibited by S-nitrosylation of Cys-179
(414). NO can also inhibit NF-kB p50-p65 heterodimer DNA
binding through S-nitrosylation of cysteines in both p50
and p65 subunits (263, 332).

Recent studies have identified the Nrf2-Keapl system,
which coordinately regulates cytoprotective gene expres-
sion via the antioxidant responsive element (ARE), as a re-
dox-sensitive transcription factor system that exhibits sim-
ilarities to the control of NF-«B (178). Under basal
conditions, the transcription factor Nrf2 is anchored within
the cytoplasm by Keap1 targeting Nrf2 for ubiquitination
and proteasome degradation. This represses the ability of
Nrf2 to induce genes possessing AREs in their promoters.
When cells are exposed to oxidative stress, distinct cys-
teines on Keapl are oxidized, leading to the dissociation
of the NrF2/Keapl complex and the nuclear translocation
of Nrf2, where it forms heterodimers with other tran-
scription factors that bind to AREs present within phase II
and antioxidant enzyme gene promoters, increasing their
transcription, including glutathione-S-transferase and
heme oxygenase-1 (178, 514, 568). Recent data show that
activation of Nrf2 has implications for endothelial homeo-
stasis. Exposure of human aortic endothelial cells to vaso-
protective laminar flow maintains Nrf2 activity, whereas
proatherogenic flow inhibits the binding capacity of Nrf2
to AREs (104, 229). Activation of Nrf2 in response to
atheroprotective shear stress is dependent on the produc-
tion of endogenous ROS and activation of the PI3-ki-
nase/Akt pathway, and these events result in the upregu-
lation of the expression of various antioxidant and
cryoprotective genes that act to maintain the redox ho-
meostasis of endothelial cells (104, 522). Finally, zinc
supplements protect endothelial cells from H,O,-induced
cytotoxicity via Nrf2-dependent stimulation of the biosyn-
thesis of glutathione (95).

Other transcription factors of relevance to vascular ho-
meostasis and disease are known to be subject to redox con-
trol (Table 1), and the control of these factors has been re-
viewed elsewhere (82, 319). Of note, a recent study highlights
that redox control of p53 influences the expression of genes
that govern the cellular redox status. Sablina et al. (424) re-
ported that under basal conditions, p53 governs the upreg-
ulation of several genes with antioxidant capacity, and this
is associated with the maintenance of intracellular ROS at
low, nontoxic levels. However, downregulation of basal p53
levels results in increased cellular oxidative stress, leading
to oxidation of DNA, increased mutation rate, and karyotype
instability, deleterious events prevented by antioxidant sup-
plements (424).

In addition to phosphatases, kinases, and transcription fac-
tors, direct redox modification of critical cysteines also rep-
resents a means of controlling ion channels and an array of
other enzymes (Table 1). Examples of the redox control of
these other proteins can be found throughout the remainder
of this article.
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B. Spatial control of redox signaling

In light of the cytotoxic potential of uncontrolled ROS and
RNS production, if these species are to mediate cell signal-
ing via redox-dependent, posttranslational modification of
proteins, it is important that their production be focused at
the intracellular site critical for signaling. Support for such
spatial control of redox signaling has emerged in migrating
endothelial cells. Site-specific ROS production linked to di-
rected endothelial cell migration in response to VEGF ap-
pears to involve the targeting of active NADPH oxidase 2
(Nox2) and the VEGF receptor-2 from plasma membrane
caveolae/lipid rafts to focal complexes/adhesions in the
lamellipodia and membrane ruffles at the leading edge of
the migrating cell (240, 496). Similar to VEGEF, treatment of
coronary artery endothelial cells with Fas ligand promotes
lipid-raft clustering and recruitment of Nox2 and its subunits
p47¢* and Racl to these plasma-membrane microdomains,
resulting in enhanced localized ROS production (564). This
suggests that, in response to certain stimuli, subcellular mi-
crodomains, such as caveolae and lipid rafts, act as signal-
ing platforms to convey redox signaling in endothelial cells.
The redox-sensitive proteins enriched in these cellular mi-
croenvironments remain to be fully characterized.

Traditionally, H>O, is thought to diffuse freely across lipid
membranes. It has been suggested that HO, can traverse
several cell diameters before reaction with its target or it is
consumed. However, recent studies suggest that certain
membranes are poorly permeable to H,O, and instead reg-
ulate transport of the oxidant through changes in lipid com-
position or by aquaporins, a group of diffusion-facilitated
channel proteins responsible for the transport of noncharged
solutes (e.g., water) (47). If true, then aquaporins or mem-
brane lipid composition or both would represent important
determinants of redox signaling and add a further level of
control to HyO, signaling. More work on subcellular H,O,
diffusion and the control mechanisms involved is warranted,
as it will likely provide novel insights into the spatial con-
trol of redox signaling.

C. Antioxidant networks and redox signaling

In addition to spatial constraints, redox signaling is sub-
ject to temporal control. To mediate reversible signaling,
H,0, must initially evade antioxidant defenses such that its
local concentration increases rapidly above a threshold nec-
essary to oxidize target proteins. On mediating its signaling
function, H,O, must be removed in a timely manner, and
the oxidized cysteine residues chemically repaired in tar-
geted signaling proteins. The local intracellular concentra-
tion of HyO, in mammalian cells is primarily governed by
the antioxidant enzymes catalase, glutathione peroxidase
(Gpx), and peroxiredoxins (Prx). Although catalase contains
a catalytic heme prosthetic group, the catalytic reduction of
H,0, by Gpx and Prx involves conserved active-site seleno-
cysteine and cysteine residues, respectively (Fig. 2). These
antioxidant proteins, including members within the same
family, are encoded by distinct genes and are targeted to dif-
ferent subcellular sites that may represent a means to con-
fine H,O, production to those cell compartments in which
the oxidant is required for signaling reactions. Whereas cata-
lase is exclusively localized to peroxisomes, Gpx1 is located
primarily in the cytosol but also in the mitochondria. With
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FIG.2. Antioxidant networks important for redox signaling.
The local concentration of H,O, available for redox signaling is
subject to control by peroxiredoxin (Prx)/thioredoxin (Trx) net-
work, glutathione peroxidase (Gpx)/glutathione reductase net-
work, and catalase. (A) The catalytic cycle of 2-Cys Prx sub-
family involves the oxidation of a conserved cysteine (Cys®!) by
H,0; to a sulfenic acid (Prx-S-OH) that subsequently reacts with
a conserved cysteine (Cys!”?) of the other subunit to form an in-
termolecular disulfide (Prx-S-S-Prx). The disulfide-linked ho-
modimer is selectively reduced by Trx, which receives reducing
equivalents from NADPH (derived from the Pentose Phosphate
Pathway) via the action of Trx reductase. When local H,O, con-
centrations increase above a certain threshold, the Prx-S-OH in-
termediate formed during the catalytic cycle is subject to further
oxidation to a catalytically inactive sulfinic acid (Prx-SO,H). This
transient inactivation of the peroxidase activity allows H,O; to
react with the cysteines of proteins to mediate redox signaling.
Reactivation of Prx involves the reduction of the sulfinic acid in
a reaction catalyzed by sulfiredoxin, which involves the hy-
drolysis of ATP and reducing equivalents donated by cellular
reductants (RSH; GSH or Trx). (B) The catalytic action of Gpx
requires the oxidation of a conserved selenocysteine (SeH) by
H,0,. Recycling of the oxidized peroxidase is performed by re-
duced glutathione (GSH), the intracellular levels of which are
maintained by glutathione reductase and NADPH. (C) The ac-
tivity of catalase and Gpx (not shown) are enhanced through ty-
rosine phosphorylation mediated by the redox-sensitive tyro-
sine kinases c-Abl and Arg. Higher H,O, concentrations cause
dissociation of the catalase/kinase protein complex and the
phosphorylated catalase is ubiquitinated and targeted for degra-
dation by the proteasome.
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respect to Prx, Prx 1 and 2 reside in the cytosol, Prx 3, in the
mitochondria, and Prx 4, in the endoplasmic reticulum and
extra-cellular space. Different Prx are subdivided into classes
based on the mechanisms and number of cysteines involved
during the catalysis; typical 2-Cys, atypical 2-Cys, or 1-Cys
Prx. For example, typical 2-Cys Prx contain two conserved
cysteine residues that both participate in peroxide reduction.
Although the antioxidant enzymes act in concert to protect
cells from the cytotoxic actions of high H,O, concentrations,
recent findings highlight that they are also active participants
in the spatial and temporal control of redox signaling. No-
tably, these antioxidant enzymes are subject to posttransla-
tional modifications that temporally control their H,O,-de-
grading activity to represent a mechanism to govern
transient changes in local H,O, levels, important for redox
signaling in response to specific stimuli or conditions.

1. Peroxiredoxins. A redox-signaling role for antioxidant
enzymes is exemplified by Prxs. Prxs show high reactivity
for H,O, when compared with other thiol oxidants and ex-
hibit a rate constant (1.3 X 107 M/sec) sufficiently high to
outcompete catalase and Gpx for H,O, (396). During the cat-
alytic reduction of H,O,, the active-site cysteine of Prxs oc-
casionally interacts with two molecules of H,O,, resulting in
hyperoxidation or sulfinylation (-SO,) and transient inacti-
vation of Prxs, thereby enabling H,O, to target cysteines of
local signaling proteins (544) (Fig. 2A). Reduction of sulfiny-
lated Prx is catalyzed by a novel ATP-dependent enzyme
termed sulfiredoxin (48). A recent study by Choi and col-
leagues (89) showed that Prx2 negatively regulates PDGF
signaling by transiently associating with the PDGF receptor
and suppressing the oxidative inactivation of PTPs by en-
dogenous H,O,. Therefore, the transient recruitment of Prx2
to a growth-factor receptor provides both temporal and spa-
tial control of local HO, concentrations at the focal point of
signaling. A role of mitochondrial Prx3 for spatial control of
local H,O, concentration is highlighted by a study showing
that depletion of Prx3 enhanced mitochondrial H,O, pro-
duction and apoptosis in cells stimulated with TNF-a (78).
A screen of the S-nitrosoproteome in cultured endothelial
cells identified Prx1 as an S-nitrosylated protein, raising the
possibility that, in addition to control through cysteine oxi-
dation, Prx1 activity is also subject to redox control by NO
(556). In a further layer of control, Prxs are subject to phos-
phorylation at Thr-90 by cyclin B-dependant kinase. In cells,
Prx1 phosphorylation is observed primarily in cells during
mitosis, implicating a role for a temporal increase in H,O,
in this phase of the cell cycle (79).

2. Catalase and glutathione peroxidase. Recent data sug-
gest that catalase and Gpx are subject to phosphorylation
that allows these antioxidant enzymes to respond to changes
in cellular H>O, concentrations to control the signaling prop-
erties of the oxidant (Fig. 2). In response to low concentra-
tions of H,O,, catalase and Gpx are subject to phosphoryla-
tion by the tyrosine kinases c-Abl and Arg, resulting in
enhanced enzyme activity (69, 70). Accordingly, cells defi-
cient in either c-Abl or Arg produce increased levels of H,O,
(69, 70). Higher levels of H,O, promote dissociation of the
tyrosine kinases from catalase, leading to ubiquitination and
degradation of the antioxidant enzyme, resulting in reduced
removal of H,O, and increased cell death (70) (Fig. 2). The
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importance of Gpx for endothelial function has been recently
highlighted. Thus, increasing Gpx expression and activity
protects endothelial cells from H;O,-induced toxicity (575)
or angiotensin II-induced impairment of EDNO bioactivity
(90). Conversely, vessels from mice with heterozygous or ho-
mozygous deficiency of Gpx show impaired EDNO bioac-
tivity and hence a dysfunctional endothelium (90, 151).

3. Thioredoxin. Reversion of redox signaling requires re-
ductive repair of reactive cysteines in proteins. An antioxi-
dant enzyme responsible for the repair of oxidized protein
cysteines is the 12-kDa oxidoreductase Trx (226). Two types
of Trx exist: Trx1 in the cytosol or Trx2 in the mitochondria,
maintained in the reduced state via electrons donated by Trx1
or Trx2 reductase enzymes, respectively. The Trx family of
proteins represents important regulators of cellular redox
signaling by using Cys-32 and Cys-35 in the conserved ac-
tive-site motif (Cys-Gly-Pro-Cys) to reduce intra- or inter-
molecular disulfides or sulfenic acids present on proteins.
For example, Trx specifically maintains the conserved active-
site cysteines of Prx in the reduced and hence catalytically
active form (Fig. 2A). Also important to the signaling prop-
erties of Trx is the ability to bind selected proteins and mod-
ulate their function. For example, Trx1 forms a complex with
apoptosis signal-related kinase-1 (ASK1), which is involved
in the activation of c-Jun N-terminal kinase (JNK) and p38
kinase, two stress-activated components of the MAP kinase
pathway that can induce apoptosis. Trx1 complex formation
inactivates ASK1 (425), and this process is reversed by ROS
produced in response to TNF-« (186). Association of Trx with
ASK1 through a single cysteine induces ASK1 ubiquitina-
tion/degradation and reduced apoptosis. Also important for
Trx1 control of ASK-1 is the stress-responsive thioredoxin-
interacting protein (TXNIP). Binding of TXNIP to Trx atten-
uates the Trx—ASK1 interaction. In endothelial cells, fluid
shear stress reduces TXNIP expression, leading to increased
Trx1 binding to ASK1 and inhibition of TNF-« activation of
JNK/p38 and VCAM1 expression (552). Trx2 also binds
ASK1 in the mitochondria, and this inhibits apoptosis with-
out interference of ASK-1-dependent activation of JNK, in-
dicating that ASK1 in the cytosol and mitochondria promotes
TNF-a—mediated apoptosis via distinct signaling pathways
(570). Cytosolic Trx1 and mitochondrial Trx2 can differen-
tially control redox signaling; whereas Trx1 stimulates Akt
and HIF-1a trans-activation, Trx2 is inhibitory (577). In the
nucleus, Trx associates with Ref-1, which reduces critical cys-
teines within various redox-sensitive transcription factors to
promote DNA binding, including AP-1, NF-«B, HIF-1, and
P53 (319). The N-terminal region of Ref-1 contains a redox
regulatory domain characterized by two critical cysteines,
Cys-65 and Cys-93, important in the redox-dependent mod-
ification of transcription factors and maintained in the re-
duced state by nuclear-translocated Trx (548).

In keeping with a central role of Trx as a regulator of re-
dox signaling governing cell phenotype and viability, recent
studies indicate that Trx itself is subject to posttranslational
control of specific cysteine residues. Trx in endothelial cells
maintains the cellular content of S-nitrosylated proteins,
which is critical for sustained endothelial viability (197). Trx
itself is subject to S-nitrosylation at Cys-69 from NO liber-
ated from eNOS, and this preserves the redox regulatory ac-
tivity of Trx and its ability to scavenge ROS to protect en-



REDOX CONTROL OF ENDOTHELIAL FUNCTION AND DYSFUNCTION

dothelial cells from apoptosis (197). Atheroprotective stim-
uli or agents such as shear stress or statins augment S-ni-
trosylation of Trx (198, 224). In addition to S-nitrosylation,
Trx is subject to redox control at the level of its expression.
Trx protein levels in endothelial cells are subject to differ-
ential control by H,O,; low concentrations (10-50 uM) en-
hance Trx expression, whereas high concentrations (100-500
uM) promote Trx degradation in a cathepsin D-dependent
process (199, 200). The antiapoptotic action of Trx in response
to low H,O, requires its nuclear transport, where it facili-
tates transcription factor binding to AREs and enhances ex-
pression of the phase 2 detoxifying enzyme, glutathione-S-
transferase (435).

4. Glutaredoxin. As noted earlier, S-glutathionylation is an
important redox-sensitive posttranslational modification
that not only protects protein cysteines from irreversible ox-
idation but also alters protein function to control cell sig-
naling. Grxs, members of the thioredoxin protein family, are
glutathione-dependent oxidoreductase enzymes primarily
responsible for reduction of S-glutathionylated proteins
(226). Two different glutaredoxins exist: Grx-1 in the cytosol
and Grx-2 in the mitochondria. Grx-2, but not Grx-1, is an
iron-sulfur protein (226). The 2Fe-2S cluster bridges two
molecules of Grx-2 to form an inactive dimer. Cluster de-
struction results in enzyme activation. As the cluster is de-
stroyed by ROS or RNS, the iron—sulfur cluster is considered
a redox sensor that ensures Grx-2 activation during oxida-
tive stress (203). In contrast, Grx-1 is inactivated by S-nitro-
sylation of critical cysteines (203). Recent work is beginning
to address the roles of Grx in endothelial cells. For example,
flow-induced activation of eNOS depends on the thiol-trans-
ferase activity of Grx-1 (517). Upregulation of Grx-1 activity
in response to TNF-a participated in the cytotoxic action of
the cytokine toward endothelial cells (387). These studies
demonstrate that Grx activity in endothelial cells can have
beneficial or deleterious actions.

This highlights how ROS and RNS can control cell sig-
naling. A key point is that although reversible redox modi-
fication of protein thiols represents a mechanism of physio-
logic signaling, malfunction in signaling pathways involving
S-oxidation, S-nitrosylation, or S-glutathionylation are likely
active participants in cellular dysfunction. Disease may re-
late to aberrations in the posttranslational redox modifica-
tion of selected proteins, leading to altered cellular function.
This aberration may reflect overproduction or impaired pro-
cessing and removal of a particular ROS or RNS. Therefore,
a better understanding of the enzymatic and nonenzymatic
mechanisms that control ROS/RNS formation, processing,
and degradation and defects that can occur in these processes
may be important for the development of treatments of vas-
cular disease states associated with aberrant redox signaling.

lll. Oxidative Stress and Endothelial Dysfunction

A. Vascular homeostasis and endothelium-derived
nitric oxide

The endothelium is critical for the maintenance of cardio-
vascular homeostasis. Fundamental for this is EDNO, syn-
thesized by eNOS, which controls vascular tone (303), arte-
rial pressure (412), and inhibits platelet aggregation (22) and
SMC growth (166). With respect to vascular tone, the extent
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to which EDNO mediates local vasodilatation differs among
blood vessels of differing size [i.e., although under physio-
logic conditions, EDNO is a primary vasorelaxant in mid- to
large-sized conduit and resistance arteries, its contribution
to vasodilatation in smaller vascular beds (e.g., coronary ar-
terioles) is comparatively less (299)]. The importance of
EDNO in vascular homeostasis is highlighted by observa-
tions with eNOS gene knockout mice that exhibit sponta-
neous hypertension, defective vascular remodeling plus en-
hanced vascular thrombosis, and leukocyte interactions (155,
234, 302, 421). Moreover, deficiency of eNOS results in ac-
celerated arterial lesion formation in atherosclerosis-prone
mice (270, 280). However, EDNO is not always beneficial. A
recent study showed that eNOS gene deficiency protects
mice against anaphylactic shock, highlighting that eNOS-de-
rived NO is a principal vasodilator in the acute hypotensive
response (74).

Critical to the paracrine signaling action or bioactivity of
EDNO in the vasculature is its binding to heme of a/f het-
erodimer of soluble guanylate cyclase (sGC) in target cells
(e.g., platelets, smooth muscle cells) (364) (Fig. 3). The heme
moiety of sGC resides in the N-terminal domain, whereas
the catalytic functions reside in the C-terminal domain. Bind-
ing of NO to the ferrous (Fe) heme of sGC results in dis-
ruption of the axial histidine ligand, leading to formation of
penta-coordinate iron that is shifted out of the plane of the
porphyrin ring (142). This conformational change results in
allosteric activation of sGC and resultant conversion of GTP
to cyclic-3',5'-guanosine monophosphate (cGMP). The pri-
mary target of cGMP in SMCs is the cGMP-dependent pro-
tein kinase (PKG), which in turn targets myosin light-chain
phosphatase. The cGMP-dependent dephosphorylation of
smooth muscle myosin signals for vasodilatation. In plate-
lets, NO-mediated increases in intracellular cGMP signals for
a reduction in intraplatelet calcium, resulting in the inhibi-
tion of platelet activation and aggregation (364). As outlined
earlier, NO also mediates its cell-signaling actions through
S-nitrosylation of critical cysteines in target proteins (217).
Studies in endothelial cells indicate that cellular S-nitrosyla-
tion is concentrated at the primary site of active eNOS (188,
244). This supports that, in addition to mediating changes in
¢GMP, EDNO bioactivity also relates to S-nitrosylation re-
actions on selected proteins. For example, stimulus-coupled
induction of EDNO synthesis results in S-nitrosylation and
activation of plasma membrane transient-receptor-potential
ion channels (TRP) and potentiated Ca?* entry that may be
important for sustained eNOS activity (560). It is, however,
important to note that aberrant S-nitrosylation has patho-
genic potential. For example, mice with targeted deficiency
of S-nitrosoglutathione reductase, an enzyme responsible for
removal of S-nitrosothiols, are hypotensive and exhibit sig-
nificant increases in cellular S-nitrosylation, tissue damage,
and mortality when subjected to a model of endotoxic shock
(321).

B. Regulation of endothelium-derived nitric
oxide production

In the endothelium, EDNO is produced constitutively by
eNOS, a 135-kDa protein that structurally consists of a C-ter-
minal reductase domain (which binds NADPH, flavin ade-
nine dinucleotide, and flavin mononucleotide) linked by a
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regulatory calmodulin-binding site to an N-terminal oxyge-
nase domain (Fig. 3). The oxygenase domain contains the
heme prosthetic group and binds (6R)-5,6,7,8-tetrahydro-
biopterin (BH4), molecular oxygen, and the substrate L-argi-
nine. The catalytic action of eNOS involves the flavin-medi-
ated transport of electrons from NADPH bound at the
C-terminal reductase domain to the N-terminal heme, where
molecular O, is reduced and incorporated into the guani-
dino group of L-arginine, resulting in the production of hy-
droxy-L-arginine. In a second catalytic step, the guanidino
nitrogen of hydroxy-L-arginine is further oxidized to form L-
citrulline, and NO is liberated.

NOS enzymes are unique in that they are the only heme
proteins known to contain BH, as an essential cofactor. The
pterin ensures the coupled transport of electrons through
eNOS by exhibiting allosteric and redox activities (460).
Thus, BH, stabilizes formation of the eNOS dimer, increases
NOS affinity for L-arginine, and undergoes distinct cooper-
ative redox transitions with the heme group that activate mo-
lecular O, for the two-step oxidation of L-arginine. Specifi-
cally, BH4 donates a second electron to the ferrous-dioxygen
complex in the oxygenase domain necessary for the initial
hydroxylation of L-arginine. Electron donation by BH4 re-
sults in formation of BH3*H™ (trihydropterin cation radical),
which is subsequently reduced to BH, by electrons donated
by eNOS flavins (460).

Active eNOS requires formation of a homodimer through
a linkage between the N-terminal oxygenase domains. Dimer
formation appears to be influenced by the binding of calmod-
ulin, heme, L-arginine, and BH,. Stabilization of the eNOS
homodimer and binding of BH4 also appear to depend on
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its binding to the ferrous-heme
group of soluble guanylate cyclase
(sGC) in target cells. Activation of
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integrity of a zinc-thiolate cluster formed by a Zn?" ion co-
ordinated in a tetrahedral conformation with pairs of
CysXXXXCys motifs at the N-terminal oxygenase domain
and dimer interface (84, 216, 411).

Vascular eNOS is subject to strict controls that under phys-
iologic conditions ensure appropriate tonic regulation of NO
output. In the endothelium, eNOS is subject to transcrip-
tional control [reviewed in (309)] and various forms of co-
and posttranslational regulation that include substrate and
cofactor availability, reversible enzyme acylation and sub-
cellular localization, protein—protein interactions (Table 2),
phosphorylation (Table 3), and S-nitrosylation [reviewed in
detail in (127, 128, 187, 361)].

Posttranslational control ensures that eNOS activity is sub-
ject to rapid and tonic regulation in response to vasostimuli.
Agonist stimulation of endothelial cells results in rapid en-
zyme activation through increases in the intracellular Ca%*
concentration that induces the displacement of the inhibitory
protein caveolin-1 (351) with calmodulin and the release of
an adjacent 45-amino acid autoinhibitory loop (426) that per-
mits electron flow through the enzyme. Further criteria for
the optimal activation of eNOS are the binding of heat shock
protein 90 (Hsp90) (163), coordinated changes in the phos-
phorylation status of critical Ser and Thr residues (361), and
the S-nitrosylation status of cysteines within the zinc-thio-
late cluster, a modification that inhibits enzyme activity (127,
139). For example, transient activation of eNOS by VEGF re-
quires the rapid and reversible denitrosylation that is in-
versely related to Akt-dependent eNOS phosphorylation at
Ser-1177 (human) or Ser-1179 (bovine) (139). Also essential
for optimal activity is the subcellular targeting of eNOS to
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TaBLE 2. KiNASEsS AND PHOSPHATASES THAT MODULATE THE PHOSPHORYLATION STATUS OF eNOS

Enzyme Phosphorylation site(s) eNOS activity
Kinases
Akt Ser-1177, Ser-617 Stimulatory
5'-AMP-activated kinase Ser-1177 Stimulatory
Thr-495 Inhibitory
Protein kinase C Thr-495, Ser-116 Inhibitory
Protein kinase A Ser-1177, Ser-617, Ser-635 Stimulatory
Calmodulin kinase II Ser-1177 Stimulatory
MAP kinase N.D. Inhibitory
Phosphatases
Protein phosphatase I Thr-495 Stimulatory
Protein phosphatase 2A Ser-1177 Inhibitory
Calcineurin Thr-495, Ser-116 Stimulatory

For references, see recent review articles (127, 128, 187, 361) and citations therein.

N.D., Not determined.

caveolae and Golgi membranes, governed by dual acylation
at the N-terminal domain of the enzyme [i.e., myristoylation
at Gly-2 and palmytoylation at Cys-15 and Cys-26 (320, 417)].
Accordingly, mistargeted, acylation-deficient eNOS mutants
are resistant to Ser-1177 phosphorylation or S-nitrosylation
and exhibit reduced enzyme activity (140, 160). Recent data
show that Src-dependant caveolae-mediated endocytosis of
eNOS is important for caveolin-1 dissociation and Akt-de-
pendant phosphorylation of the enzyme (331).

Studies in intact blood vessels have shown that Akt-de-
pendent phosphorylation of eNOS at Ser-1177 is essential for
acetylcholine-induced endothelium-dependent relaxation
(327), indicating that phosphorylation at this amino acid site
is a primary regulator of EDNO release in intact blood ves-
sels. Consistent with this, endothelium-specific overexpres-
sion of Akt attenuates neointima formation after carotid
artery ligation in a manner that is sensitive to inhibition of
eNOS (363). Also, transgenic mice expressing only a phos-
phomimetic (Bovine S1179D) form of eNOS exhibit enhanced
vascular reactivity, develop fewer severe strokes, and have
improved cerebral blood flow in a middle cerebral artery oc-
clusion model compared with mice expressing a form of
eNOS that is resistant to phosphorylation at Ser-1179 (20). In
addition to Akt, a recent in vivo study reported that PKCa is
important for the maintenance of eNOS phosphorylation at
Ser-1177, NO production, and control of blood flow (394).

Mechanistically, eNOS phosphorylation at Ser-1177 removes
the influence of an autoinhibitory control sequence to facil-
itate calmodulin binding and promote electron flow through
the reductase domain (294, 344). In addition to Ser-1177, hu-
man eNOS is subject to phosphorylation at Ser-617 and Ser-
633, thought to activate the enzyme, whereas phosphoryla-
tion of Ser-116 and Thr-495 is considered inhibitory (361).
Various protein kinases and phosphatase enzymes have been
reported to modulate the coordinated phosphorylation of
eNOS at these amino acid residues in endothelial cells (Table
3). The potential for these other phosphorylation sites to
modulate vascular tone remains to be established, although
mimicking phosphorylation of Ser-116 increases eNOS asso-
ciation with caveolin-1 and reduces the vascular reactivity
of intact aortic rings (307).

Hsp90 represents an important activator of eNOS through
allosteric modulation of eNOS activity (163), coupling of
NADPH-derived electrons to L-arginine oxidation (402), en-
hancing the calmodulin-induced displacement of the cave-
olin inhibitory clamp from eNOS (189), and acting as a dock-
ing site to facilitate Akt-dependent phosphorylation of eNOS
at Ser-1177 (58). Hsp90 itself is subject to posttranslational
modification that influence its ability to control eNOS. Bind-
ing of Hsp90 to eNOS in response to VEGF requires Src-me-
diated phosphorylation of the chaperone protein at Tyr-300
(134). Hsp90 is also subject to S-nitrosylation of cysteines in

TaBLE 3. REGULATORY PROTEIN INTERACTIONS OF eNOS

Protein

Action on eNOS activity

Caveolin
G protein—coupled receptors
NOSIP and NOSTRIN

Binds to eNOS via its scaffolding domain to inhibit enzyme activity
Binds to eNOS via the receptors’ intracellular domain to inhibit enzyme activity
Bind eNOS to control the redistribution of the enzyme from the plasma membrane

to intracellular compartments, resulting in the inhibition of enzyme activity

Binds eNOS in the calmodulin-binding domain to activate enzyme activity
Binds to the amino terminus of eNOS and activates enzyme activity

Binds and deacetylates eNOS at lysines 496 and 506 in the calmodulin-binding

domain to activate the enzyme (341).

Calmodulin

HSP90

Dynamin-2 Activates eNOS
SIRT-1

Porin Activates eNOS

For references, see recent review articles (127, 128, 187) and the references therein.
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its C-terminal domain responsible for interaction with eNOS.
S-nitrosylation inhibits the ATPase activity of Hsp90 and its
positive effects on eNOS activity (333). Therefore, S-nitros-
ylation of eNOS (139) and Hsp90 (333) provides a feedback
mechanism to limit EDNO production. In addition to Hsp90,
various other proteins bind eNOS to influence the enzymes
activity (Table 3).

C. Oxidative stress, superoxide anion radical, and
endothelial dysfunction

Endothelial dysfunction is an imprecise term that refers to
a loss of normal homeostatic functions of the endothelium
(e.g., vasodilatation, inhibition of platelet aggregation and
leukocyte adhesion) that is often apparent early in the course
of vascular diseases such as atherosclerosis, diabetes, and hy-
pertension. Coronary arteries of humans with cardiovascu-
lar risk factors, but lacking gross atherosclerotic disease,
vasoconstrict in response to acetylcholine (326, 512). This is
in marked contrast to endothelium-dependent vasodilatory
responses to acetylcholine exhibited by coronary arteries
from humans free of risk factors (326, 512). One important
manifestation of endothelial dysfunction is a decrease in
EDNO bioactivity. Numerous prospective studies recognize
that the reduction of EDNO bioactivity is an independent
predictor of increased risk of cardiovascular events in CAD
patients (180, 212, 431, 466). In light of the clinical implica-
tions of compromised EDNO bioactivity, it is important to
define the mechanisms involved. Considerable evidence in-
dicates that endothelial dysfunction is caused by enhanced
vascular oxidative stress (64, 480). As such, currently signif-
icant interest exists in identifying the oxidative reactions re-
sponsible. We subsequently consider the various ways in
which different oxidative reactions can affect EDNO bioac-
tivity and hence endothelial function.

Several initial findings suggested that impaired EDNO
bioactivity is not the result of attenuated production of NO
but is due, in part, to the inactivation of EDNO before reach-
ing its molecular target. Thus, diseased blood vessels from
hypercholesterolemic rabbits produce substantial amounts
of nitrogen oxides (NO oxidation products) despite the im-
pairment in NO-dependent vascular relaxation (354). Also,
eNOS protein levels are paradoxically increased rather
than reduced in diseased blood vessels (221, 300). Subse-
quent studies have established that oxidative inactivation of
EDNO frequently involves O,°~. For example, hypertension,
hypercholesterolemia, diabetes, and atherosclerosis are all
associated with an increase in the steady-state flux of O,°~
in the vascular wall (64), and O,°~ reacts with NO at near
diffusion-controlled rates (k = 1.9 x 10!° M/sec) to produce
the potent oxidant peroxynitrite (ONOO~; reaction 2) (267)

(Fig. 4).
0,°~ + *NO — ONOO~ 2]

This rate constant for peroxynitrite formation exceeds both
NO autoxidation (k = 2 X 106 M/sec) and spontaneous O,°~
dismutation (k = 5 X 10° M/sec). Moreover, the reaction of
NO with O,*~ is more rapid than either its reaction with en-
zyme-bound heme (k = 10>-10° M/sec) or the reaction of
0,°~ with SOD (k = 2 X 10° M/sec) (405). Thus, peroxyni-
trite formation is kinetically favored over other NO reactions
and likely occurs whenever both NO and O,°~ are present.
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FIG. 4. Endothelial sources of superoxide anion radical
important for the impairment of EDNO bioactivity during
vascular disease. Numerous pathogenic stimuli promote the
formation of superoxide anion radical (O,°~) from various
enzymatic sources in the vascular endothelium. The in-
creased O,°~ reacts rapidly with NO synthesized by eNOS,
resulting in the formation of the oxidant peroxynitrite
(ONOQ™), a reaction that out-competes the dismutation of
O,°~ catalyzed by SOD. The peroxynitrite formed can oxi-
dize tetrahydrobiopterin (BH4) to dihydrobiopterin (BH,),
resulting in uncoupling of the eNOS and formation of O,°~
(dashed line). These oxidative reactions impair EDNO bioac-
tivity leading to endothelial dysfunction apparent in patients
with vascular diseases.

Because peroxynitrite inefficiently activates the soluble iso-
form of guanylate cyclase (473), its formation effectively de-
creases EDNO bioactivity in the vascular wall.

Numerous studies indicate that direct inactivation of NO
by O,°~ represents a key event responsible for impaired
EDNO bioactivity. For example, the addition of O,*~ to vas-
cular bioassay systems impairs NO-dependent vessel relax-
ation (192). Exogenous SOD improves the vascular relaxation
response to EDNO under both basal and acetylcholine-stim-
ulated conditions (192). Increasing vascular SOD activity af-
fords a significant improvement in EDNO-mediated arterial
relaxation in atherosclerotic animals (362). Also, blood ves-
sels from mice deficient in Cu,Zn-SOD activity exhibit en-
hanced vascular O,°*~ production and impaired NO-medi-
ated arterial relaxation (116, 328). Similarly, resistance
vessels from hypertensive mice lacking EC-SOD (182, 251)
or carotid arteries from ApoE~/~ mice heterozygous for Mn-
SOD exhibit enhanced O,°~ and impaired EDNO bioactiv-
ity (382). Endothelium-bound EC-SOD is markedly de-
creased in CAD patients compared with healthy subjects,
and the extent of reduction closely relates to the degree of
impairment of endothelium-dependent vasodilatation ex-
hibited by these patients (292). Finally, acute intraarterial in-
fusion of ascorbate at concentrations that effectively prevent
O,°~ interaction with NO (245) improves endothelium-de-
pendent relaxation in CAD patients (212). Patients that dem-
onstrate the greatest improvement in EDNO bioactivity in
response to ascorbate also exhibit the greatest extent of car-
diovascular events; consistent with the notion that oxidative
stress—induced endothelial dysfunction is clinically impor-
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tant (212). Collectively, the evidence supports that increased
vascular O,°~ is intrinsically involved in the impairment of
EDNO bioactivity. We next consider the major sources of
0,°~ in the vascular endothelium and their role in endothe-
lial dysfunction and vascular disease. To date, several sig-
nificant endothelial sources have been identified, including
NADPH oxidase, mitochondria, xanthine oxidase, cy-
tochrome P59, and uncoupled eNOS, which, in response to
various stimuli, produce increased O,°~ capable of impair-
ing EDNO bioactivity (Fig. 4).

IV. Major Sources of Superoxide Anion Radical in the
Vascular Endothelium

A. NADPH oxidase

The NADPH oxidases are a family of enzyme complexes
that catalyze the transfer of electrons from NADPH to mo-
lecular oxygen via their catalytic Nox or Duox subunit, to
generate O,°~ and, in some instances, H,O, (43, 284, 383).
Unlike other so-called oxidases, which produce ROS as a
byproduct of their normal catalytic function (e.g., enzymes
of the mitochondrial electron transport chain, cytochrome
Pys0) or via a dysfunctional variant of the enzymes (eNOS,
xanthine oxidases), NADPH oxidases appear to be unique
in that their only known function is to generate ROS. This
function of NADPH oxidases underlies their microbicidal
role in phagocytic cells of the innate immune system, where
they are acutely activated to generate a burst of ROS that re-
cent data support play a signaling role leading to the removal
of invading pathogens (413). NADPH oxidases are therefore
strong candidates for the enzyme(s) responsible for deliber-
ate ROS production required for redox-signaling purposes,
especially those isoforms that generate moderate, noncyto-
toxic amounts of ROS in a controlled manner.

To date, a total of seven NADPH oxidase isoforms have
been identified in different cells and tissues from mammal-
ian species, characterized primarily by the catalytic subunit
that they use. These include the Nox1-, Nox2- (formerly
gp91?’h‘”‘-), Nox3-, Nox4-, and Nox5-containing oxidases, as
well Duox1- and Duox2-containing enzymes. Regarding en-
dothelial cells, four of these isoforms—Nox1, Nox2, Nox4,
and Nox5—have been identified under different states of
physiology and pathophysiology, and hence we focus on
these isoforms in this review. Of note, other cells of the vas-
cular wall (i.e., vascular smooth muscle cells and adventitial
fibroblasts) also express NADPH oxidase isoforms, as do
macrophages, neutrophils, and platelets, all of which may
reside in or on the vascular wall, especially in disease states.
Hence, the influence of these cells must be taken into account
when considering the roles of NADPH oxidases in vascular
disease.

The various Nox-containing NADPH oxidase isoforms ex-
pressed in endothelial cells rely to varying extents on dif-
ferent sets of regulatory subunits for full activity. For exam-
ple, Nox1-, Nox2-, and Nox4-dependent NADPH oxidase
activity appears to require expression of a small, integral
membrane protein, pZZP’w", which likely acts to stabilize the
catalytic subunit in different subcellular membranes. Al-
though association with p22/°* appears to be sufficient for
full Nox4-dependent NADPH oxidase activity, Nox1- and
Nox2-oxidase activity require the additional association of
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the small, isoprenylated, GTPase, Racl, as well as at least
two cytosolic regulatory subunits including an “organizer”
protein, which forms a cytosolic complex with and chaper-
ones an “activator” protein, to the membrane-bound Nox-
p2279* complex (383). For Nox2, p47P** and p67P"°* appear
to serve the function of organizer and activator, respectively.
A third cytosolic subunit, termed p40P"°*, may also associate
with the Nox2-oxidase complex; however, its precise role in
regulating NADPH oxidase function is currently unclear
(343). Recently, homologues of p47F"°* and p67V~, termed
Noxol and Noxal, respectively, were identified and dem-
onstrated to support Nox1l-dependent NADPH oxidase ac-
tivity in colon epithelial cells [i.e., the prototypical Nox1-ex-
pressing cell type (34, 471)]. Although one report
demonstrated that Noxol and Noxal are expressed in en-
dothelial cells from cerebral arteries (8), no studies have di-
rectly examined their role in regulating endothelial Nox1-de-
pendent NADPH oxidase activity. Hence, it remains to be
determined whether p47P"°* and p67P"°*, Noxo1l and Noxal,
or combinations thereof [i.e., as is the case in vascular smooth
muscle cells (14)] act as the organizer and activator proteins
for the Nox1-oxidase in endothelial cells. The only Nox that
appears to have the ability to function as a ROS-producing
enzyme in the absence of other “phox” subunits or Rac is
Nox5. Furthermore, unlike Nox1, Nox2, and Nox4, Nox5
contains an amino-terminal calmodulin-like domain with
four binding sites for Ca?"* (EF hands) (35), making it the
only Nox expressed in endothelial cells whose activity is
modulated by Ca?*. Figure 5 provides a schematic diagram
depicting the putative structures of the four Nox-containing
oxidases expressed in endothelial cells.

1. Expression and subcellular localization of NADPH
oxidase subunits in endothelial cells

a. Nox2. From the seminal observation by Griendling et
al. (190) that nonphagocytic cells-specifically vascular
smooth muscle cells—express certain subunits of the phago-
cytic NADPH oxidase, Jones et al. (249) demonstrated that
human umbilical vein endothelial cells in culture express vir-
tually all of the components of the traditional leukocytic
NADPH oxidase [i.e., Nox2, p22Phox, pA7Phox, and p67Phor—at
least at an mRNA level (249)]. These authors also provided
immunohistochemical data indicating that HUVECs express
pa7Piox and p67PiX at the protein level but questioned
whether they also express Nox2 and p22ph0x protein, on the
basis that heme-spectroscopy failed to detect the presence of
the low-potential cytochrome b558 in the plasma membrane
fractions (249). As discussed later, the reason for this find-
ing probably relates to the fact that, in contrast to phagocytic
cells, the majority of the Nox2-containing NADPH oxidase
complex in endothelial cells is localized to the nuclear and
endoplasmic reticulum membranes, which were disregarded
in the assays by Jones et al. (249). Hence, as reliable anti-
bodies became available, protein expression of p22/* and
Nox2 in endothelial cells, both in culture and in situ, was
confirmed by numerous investigators (40, 41, 185, 311). West-
ern blot analyses in many of these studies revealed that
p22P9% invariably ran as a single band at ~22 kDa, which is
identical to its predicted molecular mass based on its amino
acid sequence. By contrast, Nox2 often ran as two distinct
bands, one at ~65 kDa, corresponding to its predicted mo-
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FIG. 5. Subunit composition of the
four NADPH oxidase isoforms ex-
pressed in endothelial cells. Each
NADPH oxidase isoform is comprised
of a membrane-bound catalytic ‘Nox’
domain that contains all elements re-
quired for the transfer of electrons from
NADPH to molecular oxygen, includ-
ing an NADPH binding domain, FAD,
and two heme groups. Additionally,
Nox1, 2, and 4 require the association of
up to four additional subunits for activ-
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ity, including p22Ph°X, which serves to
stabilize the Nox subunit in the mem-
brane, a cytosolic organizer protein

Nox4-oxidase

(p47Phox or NoxOl), a cytosolic activa-
tor protein (p67P"° or NoxAl), and a
small G-protein, Racl. In endothelial
cells, Nox2, 4, and 5 appear to be pre-
dominantly expressed in the mem-
branes of the ER and nucleus. A small
proportion of Nox2 may also be present
in the plasma membrane. To date, no
studies have examined the subcellular
distribution of Nox1 in endothelial cells.

lecular size, and another at 91 kDa. This high-molecular-
weight variant has the same electrophoretic mobility as the
fully N-glycosylated protein in neutrophils, suggesting that
this posttranslational modification of Nox2 also occurs in en-
dothelial cells. However, the role N-glycosylation plays in
Nox2 expression and activity in endothelial cells, and indeed
other cell types, remains to be explored.

Unlike the phagocytic Nox2-containing oxidase, which is
unassembled and virtually inactive under basal conditions,
and generates an acute burst of ROS only in response to path-
ogenic stimuli, a large portion of the endothelial Nox2-con-
taining oxidase pool appears to be constitutively assembled
to generate ROS in a tonic fashion (312). Furthermore,
whereas the cytochrome b558 complex is localized in the
plasma membrane of phagocytic cells, in endothelial cells,
much of the Nox2 protein (i.e., ~90%) appears to colocalize
with p22Phox, pe7Phox, and pd7¢% in a perinuclear loca-
tion—probably on the membranes of the nucleus and endo-
plasmic reticulum-with only a small proportion of the pro-
tein being expressed at the plasma membrane (40, 312).

The differential distribution pattern of Nox2-oxidases in
phagocytic versus endothelial cells, together with their
markedly different biochemistries, highlights the fact that the
enzymes serve entirely different functions in the two cell
types. In phagocytic cells, the Nox2-oxidase is responsible
for producing bursts of ROS in the phagosome and extra-
cellular space to participate in the destruction of pathogens.
By contrast, Nox2 in endothelial cells does not display ap-
preciable microbicidal activity, and hence, it has been sug-
gested that Nox2-oxidases in these cells are more likely to
act as intermediates in intracellular redox-dependent signal-
ing pathways. One such signaling role for Nox2-dependent
NADPH oxidase activity is that involved in endothelial cell
proliferation and migration, essential processes in wound re-
pair and angiogenesis. Substantial evidence indicates that
Nox2-dependent NADPH oxidase activity in endothelial
cells is critical for angiogenesis. For example, in vivo angio-

genic responses induced by VEGF (497) or hindlimb isch-
emia (486) were markedly reduced in Nox2~/~ versus wild-
type mice. Likewise, overexpression of dominant-negative
Racl or transfection with Nox2 antisense inhibited the pro-
liferation and migration of cultured endothelial cells after
stimulation with VEGF (497). Recently, further evidence for
the participation of Nox2-dependent NADPH oxidase activ-
ity in angiogenesis surfaced—somewhat surprisingly—from
a line of investigation into the antiangiogenic effects of Dicer
suppression in endothelial cells. Dicer is the key enzyme in-
volved in micro-RNA synthesis, and it is well established
that downregulation of this enzyme suppresses angiogene-
sis (277, 555). Shilo et al. (439) further demonstrated that
siRNA knockdown of Dicer in human endothelial cells is as-
sociated with an increase in expression of the suppressor
transcription factor, HBP1, and a concominant reduction in
p47Pox expression and VEGF-induced ROS production. Im-
portantly, supplementation with exogenous H,O, restored
angiogenic responses in Dicer-depleted cells (439).

We propose that a perinuclear location of Nox2 under
physiologic conditions may be additionally important in en-
dothelial cells for compartmentalizing of redox signaling to
ensure that O,°~ is generated away from NO, which is pre-
dominantly generated near the plasma and Golgi mem-
branes by eNOS. Such compartmentalization would limit the
potential for the near-diffusion limited reaction between
O,°~ and NO, which not only reduces the bioavailability of
each species, but also gives rise to the powerful oxidizing
species, peroxynitrite.

b. Nox4. Nox4 was identified independently by two sep-
arate laboratories as a protein with similar homology (~40%)
and overall structure (i.e., conserved transmembrane do-
mains and motifs for NADPH, FAD, and heme binding) to
Nox2 that was critical to the NADPH oxidase activity of kid-
ney cells from mice and humans (169, 441). Soon after, Nox4
mRNA was shown to be expressed in endothelial cells at


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2027&iName=master.img-003.jpg&w=330&h=124
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2027&iName=master.img-004.jpg&w=330&h=94

REDOX CONTROL OF ENDOTHELIAL FUNCTION AND DYSFUNCTION

markedly higher levels than Nox2 (20- to 5,000-fold) and
Nox1 (>300-fold) and, based on siRNA and dominant-neg-
ative gene expression studies, to be a primary contributor to
intracellular ROS production in these cells (9, 106, 446, 498).

Western blot studies suggest that, in endothelial cells,
Nox4 is likely to be expressed as a 65-kDa protein. This ap-
parent molecular mass is predicted based on the amino acid
composition of Nox4 and assuming that the protein does not
undergo significant posttranslational modifications. Indeed,
sequence alignment of Nox4 with Nox2 reveals that it lacks
at least two (Asn148 and Asn239) of the three asparagine
residues required for N-glycosylation and the slower elec-
trophoretic mobility of the latter homologue (86, 515). Nev-
ertheless, similar to Nox2, Nox4 appears to be expressed pre-
dominantly in a perinuclear location in endothelial cells (282,
498). Co-immunostaining studies with specific endoplasmic
reticulum markers (397, 498), plus cell fractionation and con-
focal microscopy studies focusing on the nucleus (282), re-
veal that Nox4 localizes primarily to the membranes of these
organelles.

Studies indicate a role for Nox4 in endothelial prolifera-
tion and migration. First, Nox4 protein expression is
markedly upregulated in proliferating versus quiescent en-
dothelial cells. For example, TGF-B-induced increases in
ROS production and cytoskeletal arrangement (filopodia for-
mation and F-actin organization) in HUVECs was blocked
by overexpression of dominant-negative Nox4 (232). Like-
wise, both basal and VEGF-stimulated endothelial cell mi-
gration and proliferation are inhibited by both Nox4 siRNA
and a dominant-negative construct (106). By contrast, over-
expression of wild-type Nox4 increased these measures
(106). Accordingly, tube formation in Matrigel and wound
healing in an in vitro scrape model were inhibited and po-
tentiated, respectively, by overexpression of dominant-neg-
ative and wild-type Nox4 (106).

c. Nox1. Relatively few studies have investigated a role
for Nox1 in endothelial cell biology and pathobiology. Com-
pared with Nox2 and Nox4, which appear to be ubiquitously
expressed in all endothelial cell types and preparations (i.e.,
cultured or in situ), Nox1 often goes undetected or is ex-
pressed at very low levels. For example, human cultured
coronary artery endothelial cells expressed mRNA for Nox1,
although at much lower levels than Nox4 (0.3%) or Nox2
(7%) (446), as did rat aortic endothelial cells (9), whereas cul-
tured HUVECs do not appear to express this homologue
(498). Nox1 protein expression was detected in endothelial
cells of the rat basilar artery (8) and the placental vascula-
ture from normotensive pregnant women (103). Interest-
ingly, Nox1 expression appeared to be elevated in placental
endothelial cells from women with severe preeclampsia (103)
or in endothelial cells in response to oscillatory shear stress
(447). To date, no studies have characterized the subcellular
distribution of Nox1 within endothelial cells.

d. Nox5. A most recent report identified the expression of
Nox5 in primary cultures of HUVECs and in an immortal-
ized human microdermal cell line (HMEC) (44). RT-PCR re-
vealed that these cells actually express two mRNA splice
variants of Nox5, termed Nox58 and Nox56, which differ
from one another in the sequences of their Ca?*-binding do-
mains. Furthermore, Western blotting revealed specific
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bands of 75 kDa and 60 kDa, the former size corresponding
to the predicted molecular mass of the two mRNA splice
variants described earlier, and the latter to a truncated pro-
tein variant of Nox5 (Nox5S), which lacks a Ca?*-binding
domain. When overexpressed in HMEC-1, both protein vari-
ants caused a similar increase in basal ROS levels; however,
only the activity of full-length Nox5 could be further en-
hanced by a Ca?* ionophore. Both proteins were associated
with p22V°¥, although this association was not necessary for
activity, and both proteins were colocalized with calreticulin
in an intracellular compartment surrounding the nucleus,
suggesting that, like Nox2 and Nox4, they reside in the en-
doplasmic reticulum.

2. NADPH oxidase regulation by proatherogenic stimuli
and roles in endothelial dysfunction and vascular disease. In
vivo animal models generally support the concept that vas-
cular proinflammatory/proatherogenic states, such as hy-
pertension, diabetes, and hypercholesterolemia, are associ-
ated with elevated expression and activity of Nox2 (and
possibly Nox1)-containing oxidases within the vessel wall,
and with either no change or even downregulation of Nox4
expression (45, 357, 389, 532). Furthermore, in human arter-
ies from coronary artery disease patients, Nox2 appears to
be upregulated in endothelial cells and macrophages,
whereas expression of Nox4 is either unchanged or dimin-
ished across the vessel wall (194, 446). Studies in “Nox” and
“phox” -knockout mice suggest that upregulation of Nox1
and Nox2 is not merely a symptom but is an active partici-
pant of vascular disease. For example, infusion of an-
giotensin II into wild-type mice caused increases in systolic
blood pressure and aortic medial thickening, which were as-
sociated with marked elevations in aortic O,°~ generation
and 3-nitrotyrosine staining in both the endothelium and ad-
ventitia (516). Although angiotensin II caused a similar in-
crease in blood pressure in Nox2~/~ mice, it failed to in-
crease O,°~ and 3-nitrotyrosine levels in these animals or to
induce medial thickening (516). Likewise, the impairment in
endothelium-dependent vasorelaxation responses that is
normally associated with renovascular hypertension in-
duced by renal artery clipping in wild-type mice was not ev-
ident in Nox2~/~ mice, despite the surgery having a similar
effect on blood pressure in both strains (252). Hence, al-
though Nox2 may not play a significant role in modulating
blood pressure—at least in response to elevated plasma lev-
els of angiotensin II—it does appear to be an important me-
diator of the associated vascular pathology.

Three separate studies, examining the effect of global dele-
tion of Nox1 on vascular function and hemodynamic re-
sponses after angiotensin II infusion in mice, similarly sug-
gest an important pathophysiologic role for this isoform in
the setting of hypertension. Deletion of Nox1 significantly
blunted the pressor response to angiotensin II in mice (167,
340). Nox1 deletion also prevented the angiotensin II-in-
duced increase in ROS production in the aorta, the impair-
ment in endothelium-dependent vasorelaxation responses to
acetylcholine, and the incidence of aortic dissection (167, 168,
340). However, Nox1 deletion had little or no effect on
smooth muscle cell proliferation and medial hypertrophy af-
ter angiotensin II infusion (167, 340). This is somewhat sur-
prising, given that targeted overexpression of human Nox1
in smooth muscle cells of mice on its own led to a thickened
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medial layer and also potentiated the vascular hypertrophic
responses to angiotensin infusion (119). Hence, it is possible
that the effects of Nox1 deletion in the knockout studies de-
scribed earlier were due to its absence in the endothelial cells
rather than in the vascular smooth muscle.

The potential role of NADPH oxidases in hypercholes-
terolemia-induced atherogenesis has also been examined by
using apolipoprotein-deficient (ApoE~/~) mice crossbred
with mice lacking p47rho¥ (pA7Phox=/=). Although no signifi-
cant difference was found between the extent of atheroscle-
rosis in the ascending aortae of ApoE~/~ versus ApoE~/~/
p47Pox=/= mijce, lesion burden in the descending aorta was
markedly reduced in the double-knockout animals (37, 230).
Interestingly, similar findings have been reported in
ApoE™/~ mice treated with antioxidant supplements (481).
Mice lacking p47P"* would be expected to have markedly
reduced Nox2- (and possibly Nox1-) dependent NADPH ox-
idase activity, but normal Nox4- and Nox5-dependent
NADPH oxidase activity. Nevertheless, only one study has
examined the impact of Nox2 deletion on atherogenesis in
ApoE~/~ mice. As predicted from the aforementioned stud-
ies using p47 pPhox_deficient animals, lesion cross-section area
in the aortic sinus was similar between ApoE~/~ and
ApoE~/~/Nox2~/~ mice (266). However, these authors fo-
cused only on lesion burden at this site, and hence it remains
to be determined if Nox2 deletion, like p47/° deletion, af-
fects atherogenesis in the descending aorta, or indeed in any
other regions of the vascular tree.

In all of the whole-animal studies described, it is difficult
to ascertain the relative contribution of individual cell types
(i.e., endothelial vs. phagocytic, vascular smooth muscle, and
adventitial fibroblasts) to the overall changes in Nox-ex-
pression profiles across the blood vessel wall. However, as
discussed later, studies investigating the effects of known
proatherogenic stimuli on Nox-expression profiles in cell-
culture models suggest that many of these changes do in-
deed occur at the level of the endothelium.

Mechanical forces. Within the vasculature, branch points are
most susceptible to the development of atherosclerotic lesions,
and it is thought that the turbulent flow profiles, resulting in
disturbed shear forces on the endothelium, may be an early
trigger for atherogenesis in these regions. A number of stud-
ies have examined the effects of in vitro models of disturbed
(i.e., oscillatory) versus laminar or pulsatile flow on Nox-ex-
pression profiles in endothelial cells. Short-term exposure to
oscillatory flow (i.e., <6 h) appears to result in upregulation
of Nox2 and Nox4 alike (236). However, this is not the case
for more physiologically relevant longer-term exposure to dis-
turbed shear forces (i.e., >18 h), which is likely to have op-
posing effects on the expression of Nox1 and Nox2 versus
Nox4. For example, in mouse aortic endothelial cells (MAECs),
oscillatory shear stress increased the expression of both Nox1
and Nox2, while reducing that of Nox4 (447). Shear-induced
elevations in ROS production and monocyte binding to the
endothelial cell monolayer were markedly attenuated after
gene silencing of Nox1 with specific siRNA (447) or in endo-
thelial cells isolated from p47¢"°*~/~ mice (239), suggesting a
proinflammatory role for Nox1- and Nox2-dependent oxi-
dases, respectively, in this model. In a separate study on
bovine aortic endothelial cells (BAECs), oscillatory shear stress
similarly resulted in upregulation of Nox2 expression. How-
ever, additionally, Nox4 levels were increased in these stud-
ies, which potentially confounds the conclusions drawn (236).
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These changes in Nox-expression profiles were accompanied
by increases in ROS production, as measured by dihy-
droethidium fluorescence, as well as an increase in the ability
of the cells to oxidize native LDL, which was included in the
incubating medium throughout the experiment (236). This lat-
ter finding is important, as it highlights a major difference be-
tween this study in BAECs and the previously mentioned
studies in MAECs and may provide an explanation for the
contrasting findings with regard to Nox4 expression. One way
of rationalizing these independent findings is that exposure
to oscillatory shear stress initially caused an increase only in
Nox2 expression and that the associated increase in ROS pro-
duction and LDL oxidation was ultimately responsible for up-
regulating the expression of Nox4. Indeed, as discussed later,
treatment of endothelial cells with certain components of
modified LDL has been shown to cause upregulation of Nox4
expression. To our knowledge, no studies examined the ef-
fects of various flow profiles on expression of Nox5.
Proatherogenic lipids. Elevated levels of circulating lipids
are recognized as a major risk factor for atherosclerosis. In
cultured human umbilical vein and coronary artery endo-
thelial cells, treatment with oxidized LDL or remnant
lipoprotein particles (RLPs) isolated from the plasma of hy-
perlipidemic patients increased both ROS production and ex-
pression of Nox2 (105, 440). Although the expression of other
Nox isoforms was not examined specifically in these stud-
ies, the oxidized phospholipids oxidized-1-palmitoyl-2-
arachidonoyl-sn-glycero-3-phosphorylcholine (ox-PAPC), a
biologically active component of minimally modified LDL,
was shown to increase expression of Nox4 in BAECs (419).
No studies examined the effects of atherogenic lipid parti-
cles on endothelial expression of Nox1 or 5.
Proinflammatory cytokines, hormones, and infectious agents.
Much of this discussion focused on expressional regulation
of NADPH oxidase activity. However, some evidence sug-
gests that certain proatherogenic/proinflammatory stimuli
may, in addition to affecting Nox-isoform expression, di-
rectly modulate the activity of these enzymes. For example,
prolonged treatment of HUVECs with angiotensin II for up
to 10 h caused an increase in Nox2 mRNA and protein ex-
pression and a corresponding three- to fourfold increase in
DPI-inhibitable ROS production over the same time course
(423). Shorter-term incubations with angiotensin II (5-60
min) also increase ROS production in endothelial cells, al-
beit to a far lesser extent (i.e., ~1.5-fold) (313). Such short-
term effects of angiotensin II are unlikely to be associated
with significant changes in protein expression of any
NADPH oxidase subunits. Rather, over this period, an-
giotensin II appears to act by increasing serine phosphory-
lation of p47P"°* and its association with p22P"%, leading to
increased NADPH oxidase activity (313). TNF-a also has
been shown to increase endothelial ROS production by in-
ducing the association of PKC-{ and TNF-a receptor—associ-
ated factor, TRAF4, with p47’”’wx (157, 310). These interac-
tions facilitate phosphorylation of the NADPH oxidase
organizer protein and its targeting to the Nox2-p22F°* het-
erodimer (310), possibly in lipid-raft domains of the plasma
membrane (553). Finally, a growing body of evidence sug-
gests that bacterial infection is a novel risk factor for endo-
thelial dysfunction and atherosclerosis. Recently, Park et al.
(391) demonstrated that, in human aortic endothelial cells,
Nox4 colocalizes via the COOH-terminal domain (amino
acids 451-530) with TLR4 (391), a known receptor for the LPS
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of gram-negative bacteria, which include pathogens associ-
ated with coronary artery disease in patients, such as Chlamy-
dia pneumoniae and Helicobacter pylori. Downregulation of
Nox4 with siRNA or overexpression of the Nox4 COOH-ter-
minus (i.e., to act as a decoy) prevented LPS-induced in-
creases in ROS production, inflammatory markers (NF-«B,
ICAM-1, MCP-1, and IL-8) and monocyte adhesion (391).

B. Xanthine oxidase

The molybdoenzyme, flavoprotein xanthine oxidase, is de-
rived from the posttranslational oxidation or proteolytic con-
version or both of xanthine dehydrogenase. The oxidative
pathway involves reversible oxidation of critical cysteine
sulfhydryls (372). Xanthine oxidase catalyzes the metabolism
of NADH, O,, and hypoxanthine/xanthine to produce O,°~
and H,O,. Studies with human coronary arteries from CAD
patients indicate that xanthine oxidase, but not xanthine de-
hydrogenase, expression and activity are elevated, and this
contributes to increased levels of O,°~ produced by diseased
human vessels (194, 449). Perhaps more important, several
clinical studies have reported that pharmacologic inhibition
of xanthine oxidase partially improves endothelial function
in patients with type 2 diabetes (62), CAD (29, 71, 171, 293),
and chronic heart failure (143). A mechanism potentially re-
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sponsible for these observations is derived from studies with
rabbits fed a high-cholesterol diet that exhibit increased cir-
culating levels of xanthine oxidase that bind to heparan sul-
fate-glycosaminoglycans expressed on the endothelial cell
surface and mediate O,°~ production and endothelial dys-
function (536). Indeed, endothelium-bound xanthine oxidase
is significantly increased in CAD patients (449). Studies with
cultured endothelial cells support that increased H,O, de-
rived from NADPH oxidase in response to angiotensin II or
oscillatory shear stress may also contribute to the elevation
of xanthine oxidase in CAD patients (293, 348). Consistent
with a role of angiotensin II in promoting xanthine oxi-
dase-mediated endothelial dysfunction, endothelium-
bound xanthine oxidase activity was reduced by the AT1-re-
ceptor antagonist losartan, and xanthine oxidase inhibition
with oxypurinol improved endothelium-dependent vasodi-
latation before, but not after, losartan therapy (293).

C. Mitochondria

During normal respiration, partial reduction of molecular
O, by a reduced component of complex I (NADH dehydro-
genase) or semiquinone radical produced by complex III
(ubiquinone-cytochrome bcl) of the electron-transport chain
results in production of O,°~ (Fig. 6). Estimates predict that

Outer membrane
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FADH, FAD* 02/

0,

FIG.6. Mitochondria and ROS production. Respiring mitochondria transfer electrons (e ~) from NADH or FADH, through
complexes I or 1II, respectively, then complex III via reduced coenzyme Qg (Q). The transfer of electrons from complex III
and IV is mediated by cytochrome c, resulting in the reduction of O, to H,O. Concomitant with the transfer of electrons is
the transport of protons (H") across the inner mitochondrial membrane at complexes I, III, and IV to establish an electro-
chemical gradient (¥). Re-entry of protons into the mitochondrial matrix via complex V provides the protomotive force for
ATP generation and ANT-mediated ATP-ADP exchange. Leakage of electrons at complex I and III leads to the reduction
of molecular oxygen (O,) and resultant formation of O,*~. Superoxide formed at complex I is directed to the matrix, while
O,°~ formed at complex III can be directed to both the matrix and intermembrane space. Mitochondrial formation of O,*~
can also be achieved by p66°"°, which, upon phosphorylation by PKCB and Pinl-dependent recruitment to the organelle,
subtracts electrons from cytochrome c in the intermembrane space. Mitochondrial uncoupling proteins (UCP) reduce O,°~
formation by facilitating the re-entry of protons into the matrix. Superoxide formed in the mitochondrial matrix is dismu-
tated to HyO, by MnSOD. The H,O, produced in the mitochondria is reduced to H,O by glutathione peroxidase (Gpx1) or
peroxiredoxin 3 (Prx3)/thioredoxin 2 (Trx2) antioxidant systems.
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1-2% of the total O, consumed is converted to ROS (76).
Therefore, mitochondrial generation of O,°~ represents a
major intracellular source of ROS under physiologic condi-
tions. The steady-state levels of mitochondrial O,°~ are in-
fluenced by the local O, concentration and efficiency of mi-
tochondrial electron transport or electrochemical gradient
(AW); the higher the AW, the greater the mitochondrial ROS
production (445). The rationale for this is that at high AW,
protons are not pumped out of the matrix against the elec-
trochemical gradient, meaning that the electron-transport
chain slows, and this increases the half-life of reduced in-
termediates and the chance that electrons escape to reduce
molecular O,. Mitochondria levels of O,°~ are also governed
by the activities of MnSOD, located in the matrix of the or-
ganelle, and uncoupling proteins (UCPs), inner mitochon-
drial membrane anion transporters that, when activated, fa-
cilitate the transport of protons back into the mitochondrial
matrix, resulting in decreased ¥ and capacity to produce
O,°~. Dismutation of O,*~ by MnSOD results in the forma-
tion of the H,O, available to mediate redox signaling that is
subject to control by mitochondrial Trx-2, Grx-2, Prx-3, or a
combination of these. In endothelial cells, VEGF upregulates
the gene expression of MnSOD by inducing H,O, produc-
tion that signals for activation of NF-«B (2, 3).

Although mitochondria are responsible for steady-state
cellular ROS production, it is becoming increasingly appar-
ent that ROS production by the organelle can also be en-
hanced in response to numerous stimuli or alterations in the
cellular environment, resulting in physiologic or pathologic
consequences. Various metabolites and ligands can stimu-
late mitochondrial ROS generation, resulting in activation of
redox-signaling cascades that act to relate mitochondrial sta-
tus to cell function and phenotype (227). For example, mito-
chondrial metabolism of pyruvate stimulates the production
of Hy,O, by the organelle required for the activation of JNK
in the cytosol that acts to feedback inhibit metabolic en-
zymes, glycogen synthase kinase 383, and glycogen synthase
(369). In endothelial cells, angiotensin II-mediated activation
of NF-«kB and VCAM-1 expression (404) or TNF-a—induced
cytotoxicity (113, 183) involves enhanced generation of mi-
tochondrial ROS. Treatment of bovine aortic endothelial cells
with the adipokine leptin stimulates mitochondria O,°~ pro-
duction by increasing FFA oxidation via activation of PKA
(550). In aortic endothelial cells, angiotensin II (121) or CD40
(108) promotes mitochondrial O,*~ production, and this de-
creases NO bioactivity in these cells. Integrin engagement
can also stimulate mitochondrial ROS production that me-
diates changes in gene expression that signals for changes in
cellular shape (534).

Oxidative and metabolic stresses also promote mitochon-
drial ROS production in endothelial cells. For example, hy-
poxia-induced ROS generation and decreased AP-1 tran-
scriptional activity are inhibited by the mitochondrial
complex III inhibitor myxothiazol, confirming a signaling
role of mitochondria-derived ROS during hypoxia (77). Mi-
tochondrial ROS also signal for stabilization of the redox-
sensitive transcription factor HIF-1a in hypoxic endothelial
cells (195) and cell death of detached endothelial cells via
anoikis (306). Exposure of endothelial cells to cyclic strain
(11), H,O; (114), oxLDL (578), 1lysoPC (527), or electrophilic
lipid oxidation products (285) promotes mitochondria-de-
pendent ROS production. H,O, appears to act by enhancing
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the transport of redox-active iron into the mitochondria
(114), the organelles responsible for biosynthesis of heme and
iron—sulfur centers. Similarly, prolonged exposure of endo-
thelial cells to high concentrations of NO increases liberation
of redox-active iron from iron—sulfur proteins present in the
mitochondria (409).

With respect to endothelial dysfunction, complications of
diabetes are increasingly linked to an enhanced mitochon-
drial ROS flux. Insulin resistance during diabetes is charac-
terized by hyperglycemia and elevated circulating concen-
trations of FFAs. Exposure of endothelial cells to diabetic
glucose or FFA concentrations promotes mitochondria O,°~
production (371). Overproduction of O,°~ by the mitochon-
drial electron-transport chain is linked to a number of patho-
logic changes in endothelial cells characteristic of diabetes,
such as formation of advanced glycation end products
(AGEs), activation of PKC or NF-«B, plus the inactivation of
the glycolytic enzyme GAPDH, eNOS, and prostacyclin syn-
thase (124, 125, 371). Interruption of mitochondrial O,°~,
through overexpression of MnSOD or UCPs ameliorates
many of the deleterious consequences of hyperglycemia or
elevated FFAs (126, 301, 371). A role for mitochondrial dys-
function in diabetes is consistent with a relation between in-
creased genetic alterations in mitochondrial energy metabo-
lism and a predisposition to glucose intolerance and diabetes
(335, 444).

Recent evidence shows that changes in the mitochondrial
redox status and ROS production have important implica-
tions for endothelial dysfunction during atherosclerosis. For
example, MnSOD deficiency enhances endothelial dysfunc-
tion noted in atherosclerotic, ApoE~/~ mice (382). Endothe-
lial cell-specific transgenesis of the mitochondrial Trx2 gene
in mice attenuates endothelial production of ROS, preserves
EDNO bioactivity, and inhibits atherosclerosis in ApoE‘/ -
mice (569).

Organic nitrates represent effective antiischemic drugs for
treating patients with stable angina, acute myocardial in-
farction, and heart failure. However, long-term therapy with
these agents leads to the rapid development of nitrate tol-
erance associated with adverse consequences in human
patients, including impaired endothelium-dependent re-
sponses (436). Recent data suggested that reduced EDNO
bioactivity afforded by prolonged nitrate treatment is linked
to the enhanced production of mitochondrial ROS and sub-
sequent inactivation of mitochondrial complex I (141) and
aldehyde dehydrogenase (468), a mitochondrial enzyme re-
sponsible for nitrate reduction and biotransformation in vivo.

Recent insights have been gained into the potential mech-
anisms controlling pathologic mitochondrial ROS produc-
tion. These studies highlight a role of the 66-kDa isoform of
growth-factor adaptor Shc (p66°"), which controls cellular
responses to oxidative stress; mice lacking this protein ex-
hibit increased resistance to oxidative stress and a prolonged
life span (352). Other studies show that p66°"° translates ox-
idative damage into apoptosis by promoting the production
of ROS within the mitochondria (177). In response to oxida-
tive stress, activated PKC-B phosphorylates p66°", which
triggers its recruitment to the mitochondria after it is recog-
nized by the prolyl isomerase, Pinl (398). Mitochondrial
p66°" then uses reducing equivalents derived from the mito-
chondrial electron-transfer chain through oxidation of cyto-
chrome c to generate ROS (177, 368) (Fig. 6). Recent evidence
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indicates PKC-B and p66°"° have important implications for
vascular complications. A selective PKC-$ inhibitor alle-
viates impaired endothelium-dependent vasodilatation in
healthy humans exposed to hyperglycemia (42). Deficiency
of the p66°" gene protects against atherosclerosis in mice
fed a high-fat diet (366) and ROS-induced impairment of
EDNO bioactivity and endothelial dysfunction associated
with aging (152, 551) and hyperglycemia (68). In addition to
promoting endothelial oxidative stress, p66°" may also pro-
mote endothelial dysfunction by inhibiting eNOS activity
through attenuating Ser-1177 phosphorylation of the enzyme
(551). Together, these studies support that targeting of p665"*
represents a potential strategy to reduce mitochondria ROS
production to restore endothelial function.

Although it is clear that mitochondrial ROS production
can affect on EDNO bioactivity, several studies indicate that
NO controls mitochondrial content and ROS production,
particularly in endothelial cells. For example, eNOS-derived
NO signals for mitochondrial biogenesis in response to calo-
rie restriction, which may be important for extension of the
mammalian life span (373, 374). Paxinou and colleagues (395)
demonstrated that the protective action of eNOS-derived NO
for endothelial cells exposed to oxidative stress is dependent
on functional mitochondria (395). Therefore, it is likely that
dynamic control of mitochondrial respiration by NO repre-
sents an important line of defense against oxidative stress.
In endothelial cells, mitochondria represent a subcellular fo-
cal point of protein S-nitrosylation and tyrosine nitration re-
actions (272, 556). Elimination of functional mitochondria or
inhibitors of mitochondrial electron transport reduce intra-
cellular S-nitrosothiol content, indicating that functioning
mitochondria are required for optimal S-nitrosoprotein for-
mation in cultured endothelial cells (556). These various
studies support an intimate relation between mitochondrial
function and NO signaling. Consistent with this, several in-
dependent studies report that NO is produced within the or-
ganelle by a putative mitochondrial isoform of NOS (172).
Also, in endothelial cells, eNOS can associate with the outer
membrane of the mitochondria (162), and inhibitors of the
mitochondria respiratory chain attenuate NO production in
BAECs (109). Generation of NO within mitochondria can in-
hibit the electron-transport chain at multiple sites to promote
O,°~ and hence to increase H,O, production (410). Physio-
logic NO modulates mitochondrial respiration by competing
with O, and reversibly inhibiting the activity of heme-con-
taining cytochrome c oxidase, the terminal enzyme in the
electron-transport chain. Such transient inhibition is thought
to respond to changing cellular energy and oxygen require-
ments. Transient modulation of mitochondrial H,O, pro-
duction by NO may therefore underlie the redox-signaling
activity of the organelle (53). Dysfunction of this signaling
pathway can result in the mitochondria exhibiting charac-
teristics of hypoxia that favor the formation of peroxynitrite,
leading in turn to the irreversible modification and dys-
function of mitochondrial proteins (442).

Another factor influencing the redox control of mitochon-
drial respiratory chain proteins is S-glutathionylation (474).
For example, S-glutathionylation of complex I increases O,°~
production by the complex that is primarily converted into
H,0O, (474). Such reversible control of O,°~ production by
complex I may represent a further mechanism underlying
the redox-signaling role of this organelle. It is becoming in-
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creasingly apparent that a variety of redox-sensitive signal-
ing proteins can be recruited to the mitochondria in response
to stimuli to mediate redox signaling (227). This is exempli-
fied by a study in TNF-a-stimulated endothelial cells, show-
ing that the anchorage protein Dok-4 recruits Src to the mi-
tochondrion, which in turn stimulates mitochondrial ROS
production and resultant activation of NF-«B (243).

In addition to acting as a significant cellular source of ROS,
recent data indicate that mitochondria can sense and trans-
duce the redox signal. Chen and colleagues (81) showed that
functioning mitochondria are a proximal event in cell sig-
naling induced by H,O, exposure. Thus, HyO,-induced
trans-activation of growth-factor receptors (i.e., EGF, PDGF,
and VEGEF receptors) and resultant stimulation of distal sig-
naling events, including JNK, p53, and Akt, were attenuated
in cells deficient in respiring mitochondria or exposed to
pharmacologic inhibitors of the mitochondrial respiratory
chain (81). In contrast to H,O, as a stimulus, inhibition of
mitochondria did not affect growth factor-receptor activa-
tion in response to the relevant ligand or to UV light (81).
The mechanism through which mitochondria sense and
transduce oxidative signaling remains unknown, although it
appears to involve redox reactions, as mitochondria-targeted
antioxidants abrogated H,O,-induced cell signaling in a
manner similar to inhibition of mitochondrial function.

Oxidative damage to mitochondrial proteins, lipids, and
nucleic acid, leading to mitochondrial dysfunction, are in-
creasingly recognized as important events in cardiovascular
diseases. Mitochondrial DNA (mtDNA), which encodes for
the majority of protein products that are essential compo-
nents of the mitochondrial respiratory chain, is particularly
sensitive to oxidative damage. Exposure of endothelial cells
to HyO, or peroxynitrite results in preferential damage to
mtDNA over nuclear DNA, resulting in decreased mito-
chondrial protein synthesis and mitochondrial dysfunction
(33). Sensitivity to oxidative damage relates to the location
of mtDNA in the inner mitochondrial membrane in close
proximity to ROS production and absence of protective his-
tones and repair enzymes that are afforded to the nuclear
genome. Damage to mtDNA and the resulting mutation of
respiratory-chain proteins can lead to aberrant ROS produc-
tion (31). Considering that the repair of mitochondrial pro-
teins is dependent on de novo protein synthesis and eNOS-
derived NO signals for mitochondrial biogenesis, a further
consequence of impaired EDNO bioactivity during vascular
disease may be the buildup of dysfunctional mitochondria
in the endothelium. Consistent with this, atherosclerotic ves-
sels display increased mtDNA damage when compared with
nondiseased vessels (32, 269), and MnSOD deficiency corre-
lates with increased mtDNA damage and accelerated ath-
erosclerosis in ApoE-deficient mice (32).

D. Uncoupled eNOS

In the presence of sufficient substrate and cofactors, eNOS
efficiently transports the electrons from NADPH bound at
the C-terminal reductase to the N-terminal heme for O, re-
duction and incorporation into the guanidine group of L-
arginine to produce NO and L-citrulline. However, studies
with purified enzyme demonstrate that eNOS, under condi-
tions of limiting L-arginine or BHy concentrations or both,
can exhibit NADPH oxidase activity to produce O,°~, a pro-
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cess known as “uncoupling” (503) (Fig. 7). In this process,
O; acts as the terminal electron acceptor (rather than r-argi-
nine), resulting in the production of O,°~. Initial studies in-
dicated that BHj-depleted eNOS generates O,°~ in a
Ca?*/calmodulin-dependent manner by the oxygenase do-
main via dissociation of the ferrous—dioxygen complex (503).
Therefore, the intracellular BH concentration represents an
important determinant of the NO to O,°~ ratio generated by
eNOS (433). Other studies conclude that eNOS interaction
with Hsp90 protects against eNOS uncoupling (385, 401, 402,
461), although others have challenged this conclusion (118,
537). The phosphorylation status of eNOS at Thr-495 may
also represent a determinant of the extent of eNOS uncou-
pling; a Thr495Ala variant of eNOS produced increased O,°~
compared with the wild-type enzyme, suggesting that de-
phosphorylation at Thr495 may promote eNOS uncoupling
(318).

Numerous reports support that eNOS uncoupling is an
important mechanism of pathologic O,°~ production in the
vascular endothelium. Evidence for eNOS-derived O,°~ pro-
duction has been documented in blood vessels derived from
experimental animals with atherosclerosis (300), hyperten-
sion (98, 289), diabetes (221), myocardial ischemia (131), and
angiotensin II treatment (357). Notably, evidence for eNOS
uncoupling has also been recognized in humans with endo-
thelial dysfunction in the pathologic settings of hypercho-
lesterolemia (459), diabetes (211), hypertension (219), and
smoking (209). As such considerable interest exists in defin-
ing the stimuli and biochemical mechanism(s) responsible
for eNOS uncoupling in vivo.

A number of pathophysiologically relevant stimuli have
been implicated in promoting eNOS uncoupling in cultured
endothelial cells, including native LDL (403), oxidized LDL
(506), angiostatin (273), high glucose (580), ceramide (308),
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homocysteine (488), ONOO™ (580), and HOCI (456, 549). A
recent in vivo study identified angiotensin II as an import
mediator of eNOS uncoupling in diabetic mice (378).

It is increasingly apparent that limitation of BH, avail-
ability for eNOS represents the primary mechanism leading
to uncoupling of the enzyme during vascular disease. Thus,
BH, levels are reduced in diseased versus healthy vessels in
animal models of diabetes, hypertension, or atherosclerosis
(13). A recent study by d"Uscio and colleagues (132) reported
that although BH, in healthy aortas from wild-type mice was
largely localized to the endothelium, ex vivo denudation of
the endothelium from aortas isolated from ApoE~/~ mice
had little impact on vascular BHy levels, indicating lesion
cells other than endothelial cells (e.g., immune-stimulated
macrophages or SMCs) contained the BHy (132). These find-
ings support that endothelial BHy levels are selectively de-
pleted during atherogenesis. Consistent with this contention,
impaired endothelium-dependent relaxation exhibited by
diseased vessels can be reversed on restoration of vascular
BH, levels through supplementation (209, 329). Similarly, en-
dothelium-targeted, transgenic overexpression of GTP cy-
clohydrolase I (GTPCH-1; the initial and rate-limiting en-
zyme of the de novo BHy biosynthesis pathway) in ApoE~/~
or streptozotocin-treated diabetic mice results in increased
aortic BHy levels, reduced eNOS uncoupling and preserved
endothelium-dependent vasorelaxation compared with con-
trols (12, 13). The successful restoration of endothelial func-
tion after provision of BH4 supplements to patients with hy-
percholesterolemia, diabetes, hypertension, and cigarette
smoking (209, 211, 219, 459) highlights that eNOS uncou-
pling is also likely a feature of human vascular disease. This
indicates that maintenance of the endothelial intracellular
BH4 concentration represents a key determinant of the NO-
to-O,°~ ratio generated by eNOS (96-98).
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FIG.7. Uncoupling of eNOS. (A) In the presence of adequate amounts of substrate and co-factors, eNOS efficiently chan-
nels the transport of electrons from NADPH bound at the C-terminal reductase to the N-terminal heme for O, reduction
and incorporation into the guanidine group of L-arginine to produce NO and L-citrulline. (B) Under conditions of limiting
concentrations of L-arginine or BH4 and the oxidation of BHy to BH, and/or the Zn?*-thiolate cluster, eNOS exhibits NADPH

oxidase activity to produce O,° .
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Endothelial levels of BHy likely reflect the level of de novo
synthesis and recycling versus the degree of oxidative degra-
dation. In endothelial cells, biosynthesis of BH, is governed
by the expression level and activity of GTPCH-1. Physiologic
laminar shear stress increases and maintains the enzymatic
activity of GTP cyclohydrolase (GTPCH)-1 in endothelial
cells (538). However, some evidence indicates that decreased
vascular BHy levels are related to reduced expression of GT-
PCH-1 in animal models of hypertension (355, 576). Several
recent studies also point to oxidation of BH4 as a primary
reason for limiting the levels of the biopterin in diseased
blood vessels. Thus, Laursen et al. (300) provided evidence
that peroxynitrite-mediated oxidation of endothelial BHy is
responsible for eNOS uncoupling and impaired endothe-
lium-dependent relaxations of mouse atherosclerotic vessels.
The two-electron oxidation of BHy yields BH», which is not
a cofactor for eNOS and can compete with BHy for binding
to the oxygenase domain of the enzyme. However, BH, can
be reduced to BH, via DHFR. Recent work indicates that se-
lective inhibition of DHFR in endothelial cells with RNA in-
terference results in a marked reduction in intracellular BHy
levels and eNOS uncoupling (75). Also, angiotensin II treat-
ment downregulates endothelial expression of DHFR and
BH, levels, resulting in eNOS uncoupling, changes pre-
vented by overexpression of DHFR (75). These various stud-
ies support that prevention of BH, oxidation and sustained
recycling of BH, to BH, via DHEFR represent suitable strate-
gies to reduce eNOS uncoupling during vascular disease.

A recent study by Zou and colleagues (580) led to the pro-
posal that eNOS uncoupling can be achieved by oxidative re-
actions, independent of BHy4 oxidation (580). They reported
that peroxynitrite-mediated oxidative destruction of the Zn?*-
thiolate cluster resulted in Zn?" ion release and formation of
a disulfide-linked eNOS dimer, and this led to uncoupling of
the enzyme. As peroxynitrite concentrations required to dis-
rupt the Zn?*-thiolate complex in eNOS were at least 10-fold
lower than those required to oxidize BHy, the authors con-
cluded that oxidation of the Zn?*-thiolate cluster was pri-
marily responsible for enzyme uncoupling (580). However,
caution is warranted with such a conclusion. This is because
Cys-99 present in the thiolate cluster is also essential for the
correct binding of BH, (84). Oxidation of this cysteine is also
likely to result in release of BH, from the enzyme that is ex-
pected to contribute to eNOS uncoupling (Fig. 7).

Studies into the molecular signals leading to eNOS un-
coupling indicate a central role for PKC. Thus, pharmaco-
logic inhibition of PKC in vessels from diabetic or an-
giotensin II-treated animals showed reduced eNOS
uncoupling (193, 221, 357). The same in vivo studies provided
support that an important molecular target of PKC leading
to eNOS uncoupling is NADPH oxidase (193, 221, 357). In
support of this, in hypertensive mice, a deficiency of the
NADPH oxidase subunit p47/°% attenuates eNOS uncou-
pling (288). Also, the ability of angiotensin II to downregu-
late the expression of DHFR, resulting in reduced BH4 lev-
els and eNOS uncoupling, is reversed by a pharmacologic
inhibitor of the Nox subunit, Racl (75). Together, these find-
ings support that PKC-mediated NADPH oxidase activation
represents a critical initial event leading to eNOS uncoupling
in certain vascular disorders.

Recent studies support that eNOS uncoupling can ulti-
mately lead to increased atherosclerosis. Thus, an initial
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study reported that transgenic overexpression of eNOS in
ApoE’/ ~ mice promoted atherosclerosis, and this correlated
with enhanced endothelium- and eNOS-dependent O,°~
production (386). Augmenting BHy levels in the endothelium
through dietary supplements or overexpression of GTP-cy-
clohydrolase I reduced the rate of lesion formation in
ApoE~/~/eNOS transgenic mice, and this was associated
with decreased vascular O,°~ generation from uncoupled
eNOS (386, 469).

E. Cytochrome P50

Arachidonic acid metabolism by cytochrome P59 (CYP)
enzymes expressed within the cardiovascular system is in-
creasingly recognized as playing an important role in gov-
erning vascular homeostasis and tone (147). Epoxye-
icostrienoic acids (EETs) produced by CYP2 epoxygenases
expressed in endothelial cells account for the NO- and
prostacyclin-independent vasodilatation in several vascular
beds, including resistance and coronary arteries (146). As
such, EETs represent an important endothelium-derived hy-
perpolarizing factor (EDHF). More recently, CYP 2C9 ex-
pressed by coronary artery endothelial cells has been iden-
tified as a significant source of ROS responsible for impaired
EDNO bioactivity and redox signaling, leading to the acti-
vation of NF-«B (148). In support of this, a CYP 2C9 inhibi-
tor, sulfaphenazole, improves endothelium-dependent va-
sodilatation in CAD patients (148).

F. Interaction of oxidative pathways in endothelial cells

The preceding data indicate that increased endothelial
O,°~ can be derived from various enzymatic sources. As
such, it is likely that the precise sources of pathologic O,°~
production may depend on the nature of the vascular dis-
ease, the type of blood vessel in question, and the stage of
disease progression. Increasing evidence supports cross-
communication between different oxidative enzymes in en-
dothelial cells, where an initial minor increase in ROS pro-
duction from one enzyme can initiate a feed-forward,
self-propagating pathway of amplified ROS production from
other enzymes that has important implications for endothe-
lial dysfunction. For example, NADPH oxidase-derived
H,0; signals for the enhanced expression and activity of xan-
thine oxidase in endothelial cells exposed to oscillatory shear
stress (348, 349) or angiotensin II (293). NADPH oxidase—-ini-
tiated reactions can also underscore enhanced mitochondr-
ial ROS production (121) or the reduction of cellular BH, lev-
els in endothelial cells, resulting in an amplification of ROS
production by uncoupled eNOS (75, 289). Also, H,O, or mi-
tochondria-derived ROS activate NADPH oxidase in endo-
thelial cells, which may lead to a self-perpetuating cycle of
enzyme activation (315, 432). Finally, increased H,O, en-
hances extracellular iron uptake or liberation of intracellular
labile iron to promote iron-dependent oxidative reactions in
endothelial cells (339, 472, 483). The extent to which the dif-
ferent oxidative enzymes or events act in concert to promote
endothelial cell oxidative reactions during vascular disease
requires further attention. Recent studies, however, support
that overstimulation of local endothelial ROS production
from NADPH oxidase acts to initiate and expand the un-
controlled production of pathogenic ROS from dysfunctional
cellular sources, including uncoupled eNOS in hypertensive
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mice (289) or xanthine oxidase in CAD patients (293), lead-
ing to endothelial dysfunction.

V. Endothelial Dysfunction and Other Forms of
Oxidative Stress

Although it is clear that EDNO bioactivity is dependent
on the local vascular concentration of O,°~, the full extent
of endothelial dysfunction associated with vascular disease
is only partially explained by this ROS. For example, in-
creasing vascular SOD activity only partially improves
EDNO bioactivity (362), and the effect of SOD is dependent
on the stage of vascular disease. Reducing the O,°*~ flux with
SOD treatment improves EDNO bioactivity more effectively
in the early (362) compared with advanced stages of athero-
genesis (254). Subsequently, we consider in more detail how
different forms of oxidative stress can affect on EDNO bioac-
tivity to influence endothelial dysfunction during vascular
disease.

A. Hydrogen peroxide

Diseased vessels produce increased levels of H,O, (356),
and this oxidant is also produced in significant concentra-
tions by activated leukocytes (322). Numerous studies report
that H,O, represents an important vasoactive substance ca-
pable of modulating vascular tone, although its mode of ac-
tion is complex. Thus, H,O; can elicit contractile or relaxant
responses, depending on the animal species, vascular bed,
contractile state, and disease status of the vessel (18). A re-
cent study using mice overexpressing a catalase transgene
targeted to blood vessels reported that these mice exhibited
significantly reduced blood pressure compared with wild-
type controls, consistent with an overall contractile in vivo
action of H,O, in mice (465). The various complex mecha-
nisms by which HO, can directly elicit smooth muscle con-
traction were recently the subject of an excellent review (18)
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and are not discussed here. We focus on the implications of
elevated endothelial H,O, for eNOS activity and EDNO
bioactivity.

Depending on blood vessel size and physiologic or patho-
logic status of the vessel, H,O, is capable of inducing en-
dothelium-dependent and -independent vasorelaxation
(Fig. 8). Endothelium-dependent relaxations can be EDNO
dependent or independent. Exposure of large-sized arteries
to H,O, induces their relaxation in an endothelium-depen-
dent manner that involves activation of eNOS and increased
EDNO production (479, 563). For example, H>O,-induced
vasorelaxation of preconstricted rabbit aorta is inhibited by
removal of the endothelium or inhibition of eNOS activity
with L-NAME (479, 563). Accordingly, H,O, treatment
acutely enhances eNOS activity and NO production in cul-
tured aortic endothelial cells (65, 479). Acute activation of
eNOS by HyO, requires the induction of a redox-signaling
pathway involving Src kinase-dependent trans-activation of
the EGF receptor and resultant stimulation of PI3-kinase sig-
naling, resulting in the phosphorylation of the enzyme at
Ser-1177 and dephosphorylation at Thr-495 (83, 479, 483)
(Fig. 8). HyO,-induced eNOS phosphorylation at Ser-1177 is
dependent on Akt, whereas the PI3-kinase-dependent
events leading to dephosphorylation at Thr-495 remain to
be defined (479). A more recent study indicates that, in ad-
dition to PI3-K/ Akt signaling, maximal activation of eNOS
by H,O, also requires stimulation of the MAP kinase,
ERK1/2 (65). Activation of eNOS with high H>O, concen-
trations can also involve Src kinase-dependent phosphory-
lation of the enzyme at Tyr-83 (159). Endogenous H,O, pro-
duced by NADPH oxidase also activates eNOS in cultured
endothelial cells stimulated with angiotensin II (66), likely
through phosphorylation at Ser-1177 (467, 559). Together,
these studies support that endogenous H,O, represents an
important signal for eNOS activation induced by certain ag-
onists in endothelial cells.

Diseased Vessels

FIG. 8. Vasorelaxant mechanisms of H,O,.
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In addition to acute stimulation of enzyme activity, H,O,
upregulates endothelial expression of eNOS via stimulation
of mRNA transcription and enhancing mRNA stability (123)
(Fig. 8). These effects of H,O, on eNOS expression have been
linked to activation of Ca2*/calmodulin kinase II and Janus
kinase 2 signaling pathways (63). Oxidant-induced eNOS
upregulation is consistent with observations that the eNOS
promoter contains an ARE and consensus sequences for the
redox-sensitive transcription factors (i.e., AP-1, NF-«xB, and
SP-1). The ability of H,O, to upregulate eNOS expression
may, in part, explain the consistent finding that the expres-
sion levels of eNOS protein are paradoxically increased dur-
ing atherosclerosis, hypertension, and diabetes, conditions
associated with increased vascular oxidative stress (221, 300).
Also, exercise training of mice (297) or therapeutic agents
such as cyclosporin A and doxorubicin elevate eNOS ex-
pression in an H,O,-dependent manner (255). The ability of
H,0, to induce redox-signaling pathways that enhance
eNOS activity and expression may represent a compensatory
and beneficial response of endothelial cells to maintain
EDNO production in the face of oxidative stress. Consistent
with this proposal are studies demonstrating that eNOS-de-
rived NO protects endothelial cells against H,O»-induced
toxicity (395, 478). The protective action of NO in endothe-
lial cells relates to control of mitochondrial respiration (395)
or enhanced proteasomal activity necessary for the degra-
dation of nitrated transferrin receptor and subsequent abro-
gation of cellular uptake of redox-active, labile iron (275, 478)
(Fig. 8).

H>0, and EDHF. In addition to EDNO and PGI,, the en-
dothelium mediates vasodilatation via an additional mecha-
nism characterized as the hyperpolarization-mediated re-
laxation of smooth muscle that remains after the inhibition
of the synthesis of NO and prostaglandins. This mechanism
is due to the action of EDHF and is dependent on the release
of diffusible factor(s). Whereas the role of EDNO is domi-
nant in larger vessels, the importance of EDHF appears to
increase with decreasing vessel size. The chemical nature and
mechanism of action of EDHF is a contentious issue, al-
though it may vary depending on the stimuli, vascular beds,
species, and gender, plus during development, aging, and
disease (137, 491).

Several recent studies reported that in certain vessels, and
in response to selected stimuli, H,O, can act as an EDHF
(Fig. 8) [see, however (137, 491), that question the extent to
which H,O, represents an EDHF of physiologic relevance].
For example, Matoba and colleagues (338) first reported that
H,0, derived from uncoupled eNOS mediates the relaxation
of mouse small mesenteric arteries stimulated with acetyl-
choline. Consistent with this initial report, a subsequent
study using Cu,Zn-SOD-deficient mice provided support for
the contention that SOD isoforms can acts as an EDHF syn-
thase by catalyzing the dismutation of O,°~ into H,O; (360).
EDHEF activity of H,O, has also been reported in human
mesenteric arteries (337) and coronary arterioles (356). Ex-
posure of isolated coronary arterioles from human CAD pa-
tients to shear stress stimulates flow-induced dilatation that
is dependent on the EDHF activity of H,O, derived from
respiring mitochondria (356). Recent data indicate that the
EDHEF activity of HyO, relates to the oxidants” ability to di-
rectly activate PKG-a and the resultant phosphorylation and
activation of Ca?>*-activated K™ channels (BKc,) in vascular
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smooth muscle cells (61, 323). Activation of PKG-a by H,O,
involves oxidation of critical cysteines in the kinase, result-
ing in enzyme dimerization (61). Wolin and Burke (543) pro-
vided evidence that H,O, also promotes smooth muscle cell
relaxation via a cGMP-dependent mechanism dependent on
the formation of catalase compound I that stimulates guany-
lyl cyclase to increase intracellular cGMP (543) (reactions 3
and 4) (Fig. 8).

Catalase-Fe3* + H,O, —
H,O + Compound I — 1 cGMP [3]
Compound I + HyO, — /5,0, + HyO + Catalase- Fe3*  [4]

The ability of H,O, to mediate vasorelaxation may par-
tially explain the redundancy of endothelium-dependent re-
laxation caused by EDHF and EDNO (258) and the inhibitory
action of EDNO on EDHEF activity (358). Therefore, under
certain conditions, SOD isoforms may act to preserve endo-
thelium-dependent relaxation, not only by increasing the
half-life of EDNO through removal of O,°~, but also by con-
verting O,°~ into H,O, that can exhibit EDHF activity (360).
The precise contributions of H,O, versus NO to vasodilation
are not clear. However, under pathologic conditions, when
BH, levels are limited, leading to eNOS uncoupling, the en-
dothelium can switch from EDNO to H,O, as a vasodilator
(97). This paradigm is exemplified in a study using mice that
display a 90% reduction in GTPCH activity and hence sig-
nificantly reduced tissue BHy levels than do wild-type con-
trols. In these mice, arterial relaxation in response to acetyl-
choline is mediated by H,O, derived from uncoupled eNOS
(96). Similarly, deoxycorticosterone acetate-salt (DOCA-salt)
hypertensive mice showed equivalent endothelium-depen-
dent relaxation responses to acetylcholine compared with
control mice in a manner that is mediated by H,O, produced
by uncoupled eNOS (289). Importantly, however, whereas
ex vivo endothelium-dependent relaxations remain essen-
tially intact in the hypertensive mice, this study provided ev-
idence that eNOS uncoupling and enhanced endothelial pro-
duction of H,O, participates in the long-term elevation in
blood pressure noted in DOCA-salt mice. In further support
of this contention, mice overexpressing catalase in the vas-
cular wall exhibit decreased blood pressure indicative of a
vasoconstrictive role of HyO, (465). Therefore, although
H,0, may mediate endothelium-dependent relaxations in
vivo in the short term, long-term overproduction of the oxi-
dant can elicit pathogenic consequences, either through its
ability to catalyze oxidative reactions (see later) or by in-
ducing aberrant cell signaling that alters vascular cell func-
tion and phenotype (e.g., induction of SMC hypertrophy and
vascular remodeling important for the progression of hy-
pertension) (18).

H,0; and impaired EDNO bioactivity. Growing evidence in-
dicates that elevated endothelial H,O, has detrimental con-
sequences for overall EDNO bioactivity and endothelial
function (Fig. 9). Thus, although H,O, does not appreciably
react with NO, and treatment of endothelial cells with the
oxidant promotes eNOS activity (479), several studies have
reported that pretreatment of cultured endothelial cells or
isolated arteries with HO, inhibits agonist-stimulated
EDNO bioactivity and endothelium-dependent relaxation
(246, 483). Recent studies report that exposure of isolated ves-
sels or cultured arterial endothelial cells to H,O, impairs
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FIG. 9. Potential mechanisms through
which elevated vascular H,O, concentra-
tions can impair EDNO bioactivity. Ele-
vated endothelial H,O, impairs EDNO
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eNOS. (3) H,O, upregulates arginase ex-
pression, leading to reduced L-Arginine
substrate for eNOS and hence reduced NO
production. (4A) H,O, activates iron-regu-

latory protein-1 (IRP1), which signals for in-

creased expression of the transferrin receptor (TfR) and enhanced endothelial iron uptake. (4B) NO inhibits the ability of
H,0, to promote iron uptake by mediating tyrosine nitration of TfR, which signals for the increased proteasomal removal
of the receptor. (5) H>O, induces the release of iron likely from lysosomal stores and this labile iron catalyses the forma-

tion of free radicals (R*) capable of scavenging NO.

EDNO bioactivity and that SOD mimetics or cell-permeable
forms of SOD reverse H,O,-induced impairment of EDNO
bioactivity and endothelium-dependant relaxation, implying
a role for O,°~ (483, 531, 542). Consistent with this, H,O,
treatment of endothelial cells increases O,°~ production (99,
542). Various cellular sources of O,°~ have been proposed,
including NADPH oxidase, mitochondria, xanthine oxidase,
and uncoupled eNOS (52, 99, 542). Treatment of endothelial
cells with H,O, can activate NADPH oxidase or xanthine ox-
idase activities (99, 349) and promote mitochondrial O,®~
production (115). With respect to uncoupled eNOS, whereas
H,0, itself is not a potent oxidant of BHy, repeated H,O, treat-
ment of endothelial cells can coactivate eNOS and NADPH
oxidase, resulting in the simultaneous production of NO and
O,° " necessary for the formation of peroxynitrite that read-
ily oxidizes BH4, leading to eNOS uncoupling (52).

Recent evidence indicates that, in addition to O,°~, alter-
ations in endothelial iron homeostasis in response to H,O,
have important implications for EDNO bioactivity (Fig. 9).
Thus, increased endothelial oxidative stress in response to
H,0O; treatment is accompanied by an acute increase in in-
tracellular levels of labile iron (483). Chelation of intracellu-
lar iron in cultured endothelial cells with desferrioxamine
not only prevents intracellular oxidative reactions induced
by HO, but also significantly reverses the impairment of
EDNO bioactivity afforded by the oxidant (483). Similarly,
iron chelation with desferrioxamine prevents the Hy,O-in-
duced impairment of vasodilation of porcine coronary arte-
rioles in response to adenosine (476). The subcellular source
of acutely released labile iron in H,O,-treated endothelial
cells is currently unknown, although recent studies in T cells
support reversible and dynamic release from endosomes or
lysosomes (475). Studies by Kalyanaraman and colleagues
(472) also noted that H,O, has important implications for in-
tracellular iron status in endothelial cells; treatment of en-
dothelial cells with H;O, in the presence of serum enhances
the transferrin-mediated uptake of iron that is important for
the oxidant to promote intracellular oxidative stress and en-

dothelial apoptosis (472). Enhanced endothelial iron uptake,
oxidative stress, and apoptosis in response to H,O, are all
inhibited by mitochondria-targeted antioxidants, implying a
role for ROS production by the organelle (114, 115). This has
led to a proposal that H,O,-mediated upregulation of endo-
thelial iron uptake involves oxidative inactivation of cytoso-
lic and mitochondrial aconitase activity, and activation of
iron-regulatory protein-1 (IRP-1), leading to increased
mRNA binding to iron-responsive elements (IREs) present
in the transferrin receptor promoter that signals for its in-
creased expression (274) (Fig. 9). Interestingly, NO inhibits
H,0,-induced iron signaling and oxidative stress in endo-
thelial cells by promoting proteasomal degradation of tyro-
sine nitrated transferrin receptor, thereby reducing the in-
tracellular flux of labile iron (275).

The studies outlined using cultured endothelial cells or
isolated arteries are consistent with observations that vas-
cular iron is important for endothelial dysfunction in hu-
mans. Thus, infusion of desferrioxamine improves endothe-
lium-dependent vasodilation in CAD (129) and diabetic (375)
patients. These clinical data support a recent study using
noninvasive, electron paramagnetic resonance spectroscopy,
which reported a significantly increased content of low-mo-
lecular-weight labile iron complexes in human atheroscle-
rotic arteries (451). In light of these findings, an increase in
vascular H>O, content during atherosclerosis may, in part,
be responsible for increases in labile iron present in diseased
vessels, which in turn promotes oxidative reactions with im-
plications for EDNO bioactivity and hence endothelial dys-
function. Intracellular iron signaling also appears important
for the increased endothelial expression of leukocyte adhe-
sion molecules in response to proinflammatory cytokines
(573).

Additional mechanisms through which H,O, may impair
EDNO bioactivity may relate to the oxidants” ability to acti-
vate poly(ADP-ribose) polymerase (336, 406) or upregulate
arginase activity, leading to a decreased levels of L-arginine
available for eNOS (476). Although oxidant-induced activa-
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tion of poly(ADP-ribose) polymerase depletes endothelial
energy resources through cellular loss of NAD* and ATP,
inhibition of the enzyme maintains these energy reserves and
activates a cell-survival pathway involving VEGF receptor
2, Akt, and Bad (336). Elevation of endothelial ADP-ribose
levels is also linked to the oxidants’ ability to promote en-
dothelial barrier dysfunction. Thus, a recent study reports
that H,O,-induced increases in ADP(ribose) can activate
Ca?" entry via transient receptor potential melastatin
(TRPM)2 ion channels, resulting in increased endothelial per-
meability (208). The extent to which H,O, mediates the im-
pairment of EDNO bioactivity during different vascular
pathologies and the mechanisms involved require further at-
tention.

A deleterious role of H,O, on EDNO bioactivity is con-
sistent with a study reporting that treatment with polyeth-
ylene glycolated-catalase or transgenic overexpression of
Gpx protects mice against angiotensin II-induced impair-
ment of endothelium-dependent relaxation (90). Accord-
ingly, mice with heterozygous or homozygous Gpx defi-
ciency exhibit impaired EDNO bioactivity compared with
control mice (90, 151). In addition to removing H>O,, Gpx
may also improve EDNO bioactivity by detoxifying lipid hy-
droperoxides or catalyzing the decomposition of endoge-
nous S-nitroso-glutathione or both, thereby liberating
bioavailable NO (154).

Together these studies indicate that elevated H,O, has im-
portant implications for endothelial dysfunction in arteries.
Although H,O, has the ability to promote cell-signaling
pathways that modulate eNOS phosphorylation, enzyme ac-
tivation, and increased EDNO production, elevated levels of
the oxidant can also promote oxidative reactions and aber-
rant signaling events in endothelial cells capable of impair-
ing EDNO bioavailability. The propensity for H,O, to cat-
alyze oxidative reactions in endothelial cells may increase in
pathologic settings such as atherosclerosis, in which vascu-
lar concentrations of small-molecular-weight iron complexes
increase (451). Therefore, inhibition of deleterious H,O,-cat-
alyzed oxidative and signaling reactions in endothelial cells
represents a potential intervention strategy aimed at pre-
serving EDNO bioactivity and hence endothelial function
during cardiovascular disease.

H>0, and atherosclerosis. Recent animal studies indicate
that increased vascular levels of HO, have important im-
plications for the atherosclerosis; overexpression of catalase
in apolipoprotein E gene knockout mice attenuates the ex-
tent of atherosclerosis, indicative of a proatherogenic role for
the oxidant (554). Because of the pleiotropic oxidative and
signaling actions of H,O,, the proatherogenic mechanisms
through which the oxidant act are potentially numerous. As
alluded to earlier, increased vascular production of H,O; is
capable of amplifying ROS production from other sources in
diseased blood vessels. In particular, H,O, derived from
NADPH oxidase appears to have significant pathogenic con-
sequences, in that it can activate endothelial xanthine oxi-
dase (349), uncouple eNOS (75, 288), and promote iron-de-
pendent oxidative reactions (472, 483).

B. Oxidized lipoproteins

The oxidative-modification hypothesis of atherogenesis
states that oxidation of LDL is an important early event in
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the pathogenesis of the disease (454, 457). As a consequence,
many studies have examined the effects of oxidized LDL on
eNOS activity and EDNO bioactivity. Exposure of vascular
rings to oxidized LDL impairs endothelium-dependent re-
laxation (261, 278). Prolonged exposure of endothelial cells
to copper-oxidized LDL impairs EDNO bioactivity through
various mechanisms, including increased endothelial O,°~
production (149, 506), modulation of eNOS expression and
phosphorylation status (149, 179, 222, 316), promotion of
eNOS uncoupling (149), inhibition of Akt-dependent eNOS
activation (80), displacement of eNOS from plasmalemmal
caveolae or Golgi to intracellular membranes (493), and re-
duction in eNOS substrate availability (506). Antiathero-
genic, high-density lipoprotein (HDL) antagonizes the ad-
verse effects of oxidized LDL by donating cholesterol to the
caveolae, thereby preserving caveolae structure and function
and preventing the intracellular mislocalization of eNOS
(493). HDL binding to the scavenger receptor Bl induces
Src/PI3K/ Akt and MAP kinase signaling pathways that lead
to eNOS activation and endothelium-dependent vasorelax-
ation (353, 561). The beneficial actions of HDL may relate, in
part, to lipid factors that associate with the lipoprotein, in-
cluding sphingosine 1-phosphate (376) and estrogen (181),
which activate eNOS in endothelial cells.

Although the precise oxidants responsible for LDL modi-
fication in early atherogenesis are not known with certainty,
increasing evidence implicates hypochlorous acid (HOCI) in
this process (205, 206). Notably, exposure of endothelial cells
to in vitro HOCl-oxidized LDL inhibits eNOS activity by in-
ducing mislocalization of the enzyme away from the plasma
membrane caveolae and Golgi membranes (377), cellular
sites where eNOS is optimally activated (160).

C. Lipid peroxidation

Because of its small molecular radius and uncharged na-
ture, *NO readily diffuses through the hydrophilic surface
to accumulate preferentially within the hydrophobic core of
lipid membranes. Vascular diseases such as atherosclerosis
are characterized by increased levels of oxidized lipids in the
vessel wall (457), and the process of lipid peroxidation has
potential consequences for EDNO bioactivity. Similar to its
reaction with O,°~, NO undergoes rapid radical-radical
combination reactions with lipid alkoxyl (L*) or lipid per-
oxyl radicals (LOO®) (k = 2 X 10° M/sec), resulting in the
formation of nitrated lipid derivatives (379). The endothe-
lium expresses several enzymes that catalyze the oxidation
of unsaturated lipids, predominantly arachidonic acid, to
generate lipid hydroperoxides and other lipid signaling mol-
ecules. These include constitutive and inducible isoforms of
prostaglandin H synthase (PGHS), 15-lipoxygenase (LOX),
and cytochrome Pys50. A feature of these enzymes is the tran-
sient formation of lipid radicals during their catalytic cycle.
Several studies indicate that generation of lipid radicals by
these enzymes can result in catalytic consumption of NO, re-
sulting in impaired bioactivity (93, 380, 381). In the context
of vascular disease, lipoxygenase appears to have important
implications for EDNO bioactivity; 15/12-lipoxygenase
gene—deficient mice are resistant to angiotensin II-mediated
impairment of EDNO bioactivity and hypertension (15). In-
terestingly, inhibition of cyclooxygenase activity with aspirin
improves NO bioactivity in platelets from healthy blood
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donors, but the NSAID beneficial effects on NO bioactivity
may be compromised in hypercholesterolemic patients (539).

Although scavenging of EDNO by lipid radicals may be
problematic during vascular disease, emerging evidence
supports that nitrated lipid derivatives formed under phys-
iologic conditions serve as cell-signaling molecules (317). For
example, the nitroalkene derivative of linoleic acid (LNO,)
mediates cGMP-dependent vascular relaxation, induces en-
dothelial expression of heme oxygenase-1, attenuates NF-
kB-dependent VCAM-1 expression and monocyte adhesion
in endothelial cells, and stimulates peroxisome prolifera-
tor-activated receptors (PPARs), a class of nuclear hormone
receptors that modulate the expression of metabolic, cellu-
lar differentiation, and inflammation-related genes (24, 102,
317, 434, 545). The signaling properties of nitrated lipid de-
rivatives is thought to involve the reversible, electrophilic ni-
troalkylation of cysteine residues in target proteins (38).
Compared with other NO-derived species, such as nitrite, ni-
trosothiols (RSNO), and heme-nitrosyl complexes, LNO; has
been proposed to represent a significant pool of bioactive ox-
ides of nitrogen in the healthy vasculature (25).

Lipid peroxidation also has indirect implications for
EDNO bioactivity. Oxidized lipids can induce cell signaling
that can affect EDNO bioactivity through interruption of G
protein—dependent signal transduction (278). Oxidized phos-
pholipids, in particular, may have important implications for
endothelial function. Atherosclerotic plaques contain oxi-
dized phospholipids that are formed by nonenzymatic oxi-
dation of esterified polyunsaturated fatty acids (529). Simi-
lar to that with HyO, (479), exposure of endothelial cells to
oxidized phospholipids promotes eNOS phosphorylation at
Ser-1177 via a PI3K/Akt-dependent mechanism and de-
phosphorylation at Thr-495, events expected to enhance
eNOS activity and production of NO (173). Despite this, ox-
idized phospholipids appear to uncouple eNOS, leading to
enhanced O,°~ production (173). In addition to effects on
EDNO, the formation of oxidized lipids has important con-
sequences for redox signaling in endothelial cells. For ex-
ample, exposure of endothelial cells to oxidized phospho-
lipids activates various signal-transduction pathways,
leading to enhanced tissue factor (49) and IL-8 (50) expres-
sion, angiogenesis (50), and enhanced endothelial expression
of adhesion molecules and monocyte binding to the endo-
thelium (235, 529). Several signaling pathways have been im-
plicated in the actions of oxidized phospholipids on endo-
thelial function and phenotype, including elevation of
intracellular cAMP and Ca2*, activation of Src, PKA, PKC,
PI3-K/Akt, and MAP kinases (Erk1/2, p38), which can in-
duce various transcription factors, notably Egr-1, NFAT,
CREB, and PPAR but not NF-«B (253). The extent and mech-
anisms by which oxidized lipids contribute to endothelial
dysfunction during vascular disease remain largely un-
known.

A consequence of insulin resistance during diabetes is the
elevation of circulating free fatty acids (FFAs) because of the
enhanced lipolytic activity of adipocytes. Numerous studies
indicate that exposure of endothelial cells to diabetic FFA
concentrations impairs endothelial function. Increased 3-ox-
idation of FFAs in the mitochondria of human aortic endo-
thelial cells promotes O,°~ production by the organelles’
electron-transport chain that results in the induction of
proinflammatory signals, inhibition of eNOS activity, and in-
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activation of prostacyclin synthase (124). The latter enzyme
is responsible for the production of prostacyclin, which acts
in concert with EDNO to promote vasorelaxation and pre-
serve vascular homeostasis; deficiency of the prostacyclin re-
ceptor promotes atherogenesis in ApoE~/~ mice (271).
Therefore, elevated plasma glucose and FFAs both represent
important stimuli leading to the pathologic production of
ROS by the mitochondria in endothelial cells that contribute
to the vascular complications apparent in diabetic, insulin-
resistant patients.

D. Peroxynitrite

Peroxynitrite, the reaction product of NO and O,°~, is a
strong oxidant capable of promoting oxidative damage and
endothelial dysfunction. Peroxynitrite oxidizes BH, via a tri-
hydrobiopterin radical to BH, with a rate-constant of k = 6 X
10% M/sec, severalfold higher than reactions with ascorbate,
glutathione, or protein thiols. Peroxynitrite-mediated oxida-
tion of BH4 promotes eNOS uncoupling and endothelial dys-
function in aortic segments from apoE~/~ mice (300). Perox-
ynitrite has also been reported to promote eNOS uncoupling
by inducing the oxidation of the Zn?*-thiolate cluster pres-
ent in the enzyme, resulting in Zn?" release and destabi-
lization of eNOS dimers (580). The production of O,°~ by
uncoupled eNOS may also be enhanced in the presence of
peroxynitrite, as the oxidant promotes eNOS phosphoryla-
tion at Ser-1177 via stimulation of 5'-AMP-activated kinase
(579), an event that stimulates electron flow through the en-
zyme (344). Therefore, by inducing oxidation of BH4 and
Zn?"-thiolate cluster and promoting eNOS electron flow,
peroxynitrite may act as a potent stimulus for eNOS-derived
O,°~ production. In addition to eNOS, prostacyclin synthase
represents a sensitive protein target for peroxynitrite pro-
duced within endothelial cells, resulting in tyrosine nitration
and inactivation of the enzyme (108). Inactivation of these
two atheroprotective enzymes, eNOS and prostacyclin syn-
thase, in endothelial cells represents a primary mechanism
through which peroxynitrite can promote endothelial dys-
function.

Although peroxynitrite production within endothelial
cells may have deleterious consequences, a recent study in-
dicates that production of low, physiologic levels of the ox-
idant in vascular smooth muscle cells is important for me-
diating vasorelaxation. Adachi and colleagues (7) reported
that intracellular production of peroxynitrite induces re-
versible S-glutathionylation of Cys-674 of sarco/endoplas-
mic reticulum Ca?* ATPase (SERCA) activity, resulting in
decreased intracellular Ca?* levels and relaxation of vascu-
lar smooth muscle. Moreover, the same study provided ev-
idence that irreversible oxidation of Cys-674 of SERCA to
sulfonic acid may represent an important mechanism un-
derlying impaired NO-dependent relaxation during athero-
sclerosis (7). In addition to oxidation of critical cysteines in
SERCA, elevated smooth muscle concentrations of peroxy-
nitrite can also impair NO-mediated vasorelaxation through
direct inactivation of sGC. Stasch and colleagues (453) re-
ported that endothelial dysfunction during vascular disease
states involves the accumulation of oxidized and/or heme-
free sGC in diseased blood vessels, refractory from activa-
tion by NO (453). Exposure of intact vessels to peroxynitrite
produces a state of NO resistance in which both NO-depen-
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dent cGMP accumulation and vasodilatation are impaired,
and evidence indicates that the oxidant acts through oxida-
tion of the heme in sGC to a ferric, NO-insensitive state (453).
In addition to heme oxidation, a recent study indicates that
S-nitrosylation of Cys-243 or Cys-122 present in the @ and 8
subunits, respectively, desensitizes sGC to activation by NO
(430). Peroxynitrite may also impair vascular smooth mus-
cle relaxation through inhibition of the calcium-activated
potassium channels important for the action of EDHF (324).

E. Myeloperoxidase

Myeloperoxidase (MPO) is a member of the heme perox-
idase family that is abundantly expressed in phagocytes, in-
cluding polymorphonuclear neutrophils, monocytes, and
subpopulations of tissue macrophages. On leukocyte activa-
tion, MPO is secreted from the azurophilic granules into both
the extracellular milieu and the phagolysosome, where it
uses its co-substrate H,O, and physiologic chloride to cat-
alyze the formation of the potent, two-electron oxidant,
HOCI. MPO is capable of generating several other oxidants
capable of initiating lipid peroxidation and modification of
amino acid residues in proteins, including halogenation, ni-
tration, cross-linking, and carbamylation. In the presence of
the NO-oxidation product nitrite (NO, ), the levels of which
are elevated in inflammatory tissues, MPO catalyzes the for-
mation of the free radical nitrogen dioxide (*NO,) (136, 499).
Similar to peroxynitrite, *“NO, catalyzes the formation of 3-
nitrotyrosine, and recent studies using MPO gene knockout
mice indicate that the peroxidase significantly contributes to
the increased levels of 3-nitrotyrosine measured in inflam-
matory tissues (57). Studies with MPO knockout mice also
support a significant role of the enzyme for mediating in vivo
lipid peroxidation during acute inflammation (572). More
recent studies indicate that when exposed to physiologic
chloride ion and thiocyanite concentrations (100 uM), MPO
preferentially uses the latter as a substrate to generate hy-
pothiocyanate, which appears to have potent signaling ac-
tivities when exposed to endothelial cells, leading to en-
hanced expression of leukocyte adhesion molecules (518,
519). A recent study highlights that MPO in the presence of
H,0; converts thiocyanite to cyanate capable of reacting with
lysine groups of proteins to form e-carbamyllysine in a pro-
cess called protein carbamylation (521). MPO-catalyzed re-
actions appear to underlie the increase in carbamylated pro-
teins apparent during atherosclerosis (521).

Human atherosclerotic lesions contain active MPO (107)
and evidence of protein and lipid oxidation products char-
acteristic of MPO (205, 206). Immunoreactive MPO and
HOCI-modified epitopes in human atherosclerotic lesions
are detected not only inside monocytes/macrophages but
also associated with endothelial cells (28, 205, 330, 463). Myo-
cardial tissue from human patients with acute myocardial
infarction exhibit intense recruitment of MPO-positive
leukocytes and deposits of free MPO in the endothelium of
infarct-related vessels (28).

Although it is clear that MPO is present in diseased hu-
man vessels and that the enzyme contributes to the oxida-
tive reactions apparent in such tissue, the situation in murine
models of atherosclerosis is more complex. Thus, the LDL
receptor (LDLr)/MPO double-gene knockout mouse unex-
pectedly revealed increased atherosclerosis relative to the
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LDLr knockout mouse (55). Atherosclerotic lesions from
LDLr gene knockouts are devoid of MPO and markers of
MPO-mediated oxidative reactions. It is thought that the dif-
ference between human and murine atherosclerotic lesions
relates to the content of MPO in murine versus human leuko-
cytes; murine neutrophils express 10-20% of the content of
MPO expressed by human neutrophils. Consistent with this
notion, a recent study reported that repopulation of irradi-
ated LDLr knockout mice with bone marrow derived from
a transgenic mouse overexpressing MPO resulted in in-
creased development of atherosclerosis compared with irra-
diated LDLr knockout mice receiving wild-type bone mar-
row (347). This discussion therefore suggests that the
commonly used mouse models of atherosclerosis are not
suitable models to examine the role of MPO during athero-
sclerosis.

Clinical evidence indicates a pathologic role of MPO in
cardiovascular disease and endothelial dysfunction in hu-
mans. Thus, circulating MPO levels are elevated in CAD pa-
tients (571) and represent a strong, independent predictor of
cardiovascular clinical events (27, 56) and endothelial dys-
function (510). With respect to the latter, Vita and colleagues
(510) reported a strong inverse correlation between serum
MPO levels and flow-mediated, endothelium-dependent di-
latation of the brachial artery. After adjustment for cardio-
vascular risk factors, medications, and prevalence of cardio-
vascular disease, patients with MPO levels in the fourth
quartile were >6 times more likely to exhibit endothelial dys-
function when compared with subjects in the bottom quar-
tile (510).

Studies with experimental animals also strongly support
that MPO represents an important determinant of endothe-
lial dysfunction during inflammatory vascular disease. Thus,
recent studies indicate that MPO released by activated
phagocytes interacts with and deposits into the vascular en-
dothelium, where the enzyme is anatomically positioned to
promote endothelial dysfunction (26, 135). Eiserich and col-
leagues (135), by using a mouse model of acute vascular in-
flammation, reported that endotoxin challenge of wild-type
mice induced the accumulation of MPO into the aortic en-
dothelium and significantly impaired endothelium-depen-
dent relaxation in response to acetylcholine, whereas arter-
ial rings from MPO gene—deficient mice exhibited normal
vasorelaxation. Infusion of MPO into cannulated arteries re-
sults in deposition of enzyme into the vascular endothelium,
and this affords a greater impairment of endothelium-de-
pendent relaxation in response to elevation of vascular ROS
production through angiotensin II treatment (566). Elevated
vascular levels of MPO are also detected in the arteries of di-
abetic Zucker rats, in which the enzyme contributes to the
impairment EDNO bioactivity apparent when these vessels
are exposed to diabetic glucose concentrations ex vivo (567).

The cellular processes leading to endothelial internaliza-
tion of MPO are currently being explored. Exposure of en-
dothelial cells to MPO results in the rapid binding of the
cationic enzyme to the anionic heparan sulfate (HS) glycos-
aminoglycans expressed on the endothelial cell surface (26)
(Fig. 10). Such binding is required for the subsequent inter-
nalization and transcytosis of MPO through the endothelial
cell, resulting in the deposition of the enzyme into the suben-
dothelial space (26). In addition to HS, binding of MPO to
other proteins facilitates endothelial transcytosis. Thus, Ma-
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FIG.10. Myeloperoxidase and endothe-
lial dysfunction. (A) Myeloperoxidase
(MPO) liberated by activated leukocytes
can bind to heparan sulfates expressed on
the endothelium, resulting in the enzymes
transcytoses to the subendothelial space
where the enzyme is positioned to catal-
yse oxidative reactions that can impair
EDNO bioactivity. Several MPO reactions
attenuate EDNO bioactivity: (B) MPO in

PKC

0, +—Nox2

the presence of H,O, catalytically con-
sumes NO through the production of sub-

strate radicals (R*) generated by compound I or II of the enzyme. (C) HOCI produced by active MPO chlorinates L-argi-
nine and these chlorination products represent inhibitors of eNOS activity. HOCI can oxidize the zinc-sulfur cluster of eNOS

leading to uncoupling of the enzyme and O,°~

production. HOCI may also increase endothelial O,°~
ducing the protein kinase C (PKC)-dependent activation of NADPH oxidase (Nox). The O,°~

production by in-
produced reacts with NO to

form peroxynitrite (ONOO™) that itself can oxidize the zinc-sulfur cluster of eNOS and BHj, leading to enzyme uncoupling.

lik and colleagues (485) reported that MPO binds serum al-
bumin via positively charged residues 425 to 454 present in
the MPO heavy chain, and this facilitates endothelial MPO
binding and transcytosis via the caveolae. A recent study has
identified cytokeratin 1 as an endothelium-expressed bind-
ing protein of MPO that facilitates the internalization of the
oxidant enzyme (19). Complete endothelial transcytosis re-
sults in the deposition of MPO into the endothelial basement
membrane, where the enzyme associates with the extracel-
lular matrix protein fibronectin, which is a target for nitra-
tion by active MPO (26, 135).

Endothelium-localized MPO can promote the impairment
of EDNO bioactivity and hence endothelial dysfunction in
various ways (Fig. 10). First, active MPO can act as a cat-
alytic sink to consume NO avidly through scavenging by
compound I or II of the enzyme or by substrate radicals pro-
duced during the enzyme’s catalytic cycle (4, 135). Physio-
logic substrate radicals include the ascorbyl radical and ty-
rosyl radical (135). Second, MPO produces HOCI, which
itself can mediate endothelial dysfunction. Thus, HOClI treat-
ment inhibits endothelium-dependent relaxation in isolated
vessels or receptor-dependent activation of NO production
in cultured endothelial cells (246, 456, 549, 565). Such inhi-
bition may relate to reaction of HOCI with L-Arg to produce
chlorinated products that inhibit eNOS activity (565) or the
ability of the oxidant to oxidize eNOS cofactors such as
NADPH (21) and enhance eNOS dimer instability and un-
coupling, resulting in O,°~ production (456, 549). HOCl may
also promote endothelial O,°~ production by stimulating
PKC-mediated activation of NADPH oxidase, leading to
formation of peroxynitrite, which itself impairs EDNO bioac-
tivity (see earlier) (549). Moreover, HOCl may promote
endothelial dysfunction through activation of poly(ADP-
ribose) polymerase; inhibitors of poly(ADP-ribose) poly-
merase improve endothelial function in vessels exposed to
HOCI (407). Together these findings point toward an im-
portant causal role of MPO-catalyzed oxidative reactions for
the impairment of EDNO bioactivity noted during vascular
inflammation.

MPO may also promote the inflammatory and thrombotic
phenotype of the endothelium. Exposure of endothelial cells
to low levels of HOCI enhances the expression and activity
of tissue factor and promotes endothelial cell apoptosis (462).
MPO may also promote vascular inflammation via binding

to CD11b/CD18 integrins expressed on neutrophils, result-
ing in activation of these cells (296).

VI. Therapeutic Opportunities for Treatment of
Endothelial Dysfunction

Enhanced vascular oxidative stress represents a primary
mechanism underlying endothelial dysfunction. Therefore,
it is not surprising that many researchers have attempted to
normalize EDNO synthesis and bioactivity in the setting of
vascular disease through the administration of various anti-
oxidant strategies, including small-molecular-weight antiox-
idants or inhibitors of ROS-producing enzymes. Other strate-
gies include treatment with eNOS substrate and cofactors to
enhance EDNO production, novel drugs that target heme-
free sGC or improving endothelial progenitor cell (EPC)
number/function to aid in the repair of dysfunctional en-
dothelium. It is also becoming increasingly apparent that
pharmacologic agents known to improve clinical outcome in
cardiovascular disease patients may act, in part, by amelio-
rating endothelial dysfunction. We next discuss in more de-
tail the modes through which different strategies act to im-
prove endothelial function that may provide therapeutic
potential.

A. L-Arginine and tetrahydrobiopterin

Numerous studies have reported that dietary and intra-
venous administration of L-arginine increases EDNO bioac-
tivity and endothelium-dependent relaxation in humans
(100, 122). This is despite the fact that plasma (~100 uM) and
endothelial cell (mM range) L-arginine concentrations exceed
the K, for eNOS (~2 uM). The mechanisms behind the ben-
eficial activity of L-arginine are unknown. One explanation
for this “arginine paradox” relates to the observations that
eNOS more avidly catalyzes the oxidation of recently trans-
ported r-arginine, and the L-arginine transporter (y+ or
CAT1) is located in close proximity to eNOS present in the
plasmalemmal caveolae (345). This paradox may also relate
to the upregulation of endothelial arginases that compete
with eNOS for its substrate. Increased expression and activ-
ity of arginase is noted in animal models of vascular disease
(418) or in endothelial cells exposed to H,O, and high glu-
cose (418, 476). Enhanced expression of the inducible isoform
of NOS (iNOS, NOS2) promotes S-nitrosylation of arginase,
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increasing the enzyme’s Ky, for L-arginine, and this contrib-
utes to age-related endothelial dysfunction in rats (428). The
beneficial effects of L-arginine supplements may also indi-
cate the presence of endogenous inhibitors of NOS. For ex-
ample, vascular disease is associated with increased levels
of the eNOS inhibitor asymmetric-dimethyl arginine
(ADMA) (51), suggesting that increased L-arginine may ef-
fectively compete with ADMA for eNOS. It remains to be es-
tablished, however, whether in vivo ADMA concentrations
are sufficient to compete with r-arginine for eNOS. Finally,
a recent study highlights that improved endothelial function
elicited by L-arginine supplements may relate to the amino
acid ability to bind membrane receptors in endothelial cells
to stimulate eNOS activity and EDNO production (250).
Asnoted earlier, BH4 supplements can successfully restore
endothelial function in human patients with hypercholes-
terolemia, diabetes, hypertension, or cigarette smoking (209,
211, 219, 459). These studies support the proposal that eNOS
uncoupling is a common feature of human vascular disease,
that augmenting endothelial BHy levels in vascular disease
patients has therapeutic potential, and that clinical studies
on the effects of long-term BH, supplements are warranted.

B. Antioxidants

1. Water-soluble antioxidants. Ascorbate (vitamin C) is a
most efficient aqueous extra- and intracellular antioxidant.
Numerous studies have consistently reported a beneficial ef-
fect of short- and long-term ascorbate administration on the
bioactivity of EDNO in human subjects. Both intraarterial in-
fusion and oral supplementation of ascorbate improves en-
dothelium-dependent vasodilation in human patients with
atherosclerosis, diabetes, hypertension, and cigarette smok-
ing [e.g., (210, 305)]. It was initially proposed that ascorbate
improves EDNO bioactivity by scavenging of O,°~. How-
ever, the rate constant for the reaction of ascorbate with O,°~
is ~105 M/sec, 10*-fold slower than the reaction of NO with
0,°~ (267). As such, supraphysiologic concentrations of
ascorbate are required to compete effectively with the bi-
molecular reaction of O,°~ and NO. In support of this, ex
vivo vessel studies determined that millimolar concentrations
of ascorbate are required to prevent O,° ~-mediated impair-
ment in EDNO bioactivity (245). Therefore, although direct
scavenging of O,°~ may explain the beneficial actions of in-
traarterial infusion of supraphysiologic concentrations of
ascorbate (1-10 mM), other mechanisms explain the benefit
afforded by physiologic doses of ascorbate (50-100 uM).

Mechanistic studies in cultured endothelial cells have pro-
vided insights into the beneficial actions of ascorbate on
EDNO bioactivity. Cultured cells are typically scorbutic, as
ascorbate added to culture media is frequently oxidized. Two
independent studies have reported that incubation of cul-
tured endothelial cells with physiologic ascorbate concen-
trations results in a time- and concentration-dependent ac-
cumulation of the vitamin and this enhanced EDNO
bioactivity (214, 233). The mechanism underlying these ob-
servations relates to the ability of ascorbate to elevate endo-
thelial levels of BHy4 (233) and maintain the eNOS cofactor
in its reduced and hence active state (215). Similarly, an in
vivo study reported that ascorbate supplements preserved
vascular BHy levels and eNOS activity in ApoE~/~ mice
(133). Consistent with the notion that ascorbate acts viz main-
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tenance of endothelial BHy levels in humans, Heitzer and
colleagues (209) reported that whereas administration of BHy
or ascorbate alone to CAD patients improves EDNO bioac-
tivity, the combination does not provide an additive effect.
It is important to note that despite the clear benefits of ascor-
bate with respect to endothelial dysfunction, large-scale ran-
domized clinical trials examining the potential benefits of
ascorbate supplements on cardiovascular end points after
several years of follow-up have been overall disappointing
[e.g., (191)]. The reasons for this may relate to the prescrip-
tion of a suboptimal dose of the vitamin or initiation of in-
tervention too late in the progression of the vascular disease
to provide significant clinical benefits.

Glutathione, present in cells at millimolar concentrations,
is a major determinant of the intracellular redox status. GSH
levels are reduced in arteries from hypercholesterolemic rab-
bits, and supplementation with glutathione ester signifi-
cantly improves EDNO bioactivity in these vessels (5). In
CAD patients, treatment with L-oxo-4-thiazoldine carboxy-
late, an agent that selectively increases intracellular glu-
tathione concentrations, improved EDNO bioactivity in the
brachial artery (511). Similarly, intraarterial infusion of glu-
tathione improves endothelium-dependent relaxation in re-
sponse to acetylcholine (279). The clinical utility of prolonged
augmentation of endothelial GSH levels remains unclear.

2. Lipid-soluble antioxidants. Vitamin E, the major biologic
and chemical active form of which is a-tocopherol, is an im-
portant lipid-soluble antioxidant. Although vitamin E can
scavenge O,°~ (k = 5 X 10% M/sec), it is unlikely to compete
with NO for O,°~ in vivo. Despite this, increasing vascular
vitamin E levels can improve endothelium-dependent re-
laxation in experimental animal models of vascular disease
(259, 260). This beneficial action appears independent of
changes in lipid oxidation (260) and instead may relate to
the vitamin’s ability to inhibit PKC-dependent O,°~ pro-
duction (261). Although a consistent beneficial action of vit-
amin E supplements for endothelium-dependent relaxation
is consistent in experimental animals, the situation in hu-
mans is contradictory; some studies report that vitamin E
supplements improve endothelium-dependent vasodilata-
tion in hypercholesterolemic or CAD patients (213, 370), but
others report no effect of the vitamin (176, 346). The reasons
for the contradictory findings in animals and humans are un-
known but may reflect the stage of disease when interven-
tion is applied. Intervention typically occurs in experimen-
tal animals early in the disease process, whereas human
studies involve patients with established vascular disease.
Similarly, large-scale clinical trials aimed at examining the
ability of vitamin E supplements to prevent cardiovascular
disease have been overall disappointing (276). Therefore, a
clear therapeutic benefit of vitamin E supplements for en-
dothelial dysfunction and cardiovascular disorders in hu-
mans is yet to be established.

Coenzyme Qjo, in its reduced and antioxidant form
(ubiquinol-10, CoQqoHy), represents an effective lipid-solu-
ble antioxidant defense against lipoprotein lipid peroxida-
tion ex vivo and in vivo (455, 481, 482). Dietary supplemen-
tation with coenzyme Qg increases plasma and artery levels
of ubiquinol-10 and inhibits atherosclerosis in ApoE~/~ mice
(481, 540). Several studies have examined the effect of coen-
zyme Qjo supplements on endothelial dysfunction. Coen-
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zyme Qjo supplements provided no apparent benefit in
hypercholesterolemic young adults with endothelial dys-
function (408), but supplementation of type II diabetics im-
proved endothelial function of the brachial artery, indepen-
dent of changes in plasma Fr-isoprostanes levels, an index
of in vivo lipid peroxidation (530). Consistent with the ben-
efits to diabetic patients, a recent study reported that treat-
ment of cultured endothelial cells with coenzyme Qo pro-
tects against numerous abnormalities afforded by exposure
to diabetic glucose concentrations (492).

Probucol is a lipid-soluble, lipid-lowering compound with
antioxidant properties; it consistently inhibits the develop-
ment of atherosclerosis in animal models (72, 541). Probucol
also preserves EDNO bioactivity in animal models of vas-
cular disease, independent of its lipid-lowering properties
(262). The mechanisms underlying this protective activity of
probucol may relate to a reduction in the vascular O,*~ flux
in cholesterol-fed rabbits (262) or an ability to promote re-
endothelialization (295). More recently, the beneficial actions
of probucol have been ascribed to the drug’s ability to up-
regulate the expression of heme oxygenase-1, which exhibits
an array of beneficial vasoprotective properties (110, 546).

3. Iron chelators. Clinical studies have reported that infu-
sion of the iron chelator desferrioxamine improves endothe-
lium-dependent, but not endothelial-independent, vasodi-
latation in CAD (129) and diabetic (375) patients. These data
suggest that iron availability represents an important deter-
minant for EDNO bioactivity. The underlying mechanisms
by which iron chelators improve endothelial function is un-
known but may relate to recent in vitro studies indicating
that elevated H,O, promotes endothelial levels of labile iron
capable of catalyzing oxidative reactions that impair EDNO
bioactivity (472, 483).

4. Polyphenols. A growing interest exists in dietary
polyphenolic agents as protective agents against cardiovas-
cular disease (509). Polyphenols are enriched in various di-
etary sources, including oils, fruits, nuts, vegetables, wine,
and tea. Several studies have reported that polyphenol-en-
riched beverages can improve EDNO activity and endothe-
lial function in CAD patients. For example, Duffy and col-
leagues (130) reported that black tea polyphenols improved
endothelium-dependent relaxation in CAD patients (130).
Mechanistically, polyphenols may improve endothelial func-
tion via their action as water-soluble antioxidants. However,
the beneficial actions of polyphenol consumption on endo-
thelial function in patients do not correspond to a reduction
in plasma concentrations of Fp-isoprostanes, markers of sys-
temic lipid peroxidation, or 8-hydroxydeoxyguanosine, a
marker of DNA oxidation, suggesting that actions other than
antioxidant activity are involved (130). Instead, the benefi-
cial activities of black tea polyphenols may relate to their
ability to immediately activate eNOS. Activation of eNOS in-
volved changes in the eNOS phosphorylation status at Ser-
1177 and Thr-495 (17). Signaling studies identified p38
MAPK as an upstream component of PI3-kinase/Akt-medi-
ated eNOS activation in response to polyphenols (17). Inter-
estingly, polyphenol-mediated induction of MAPK in endo-
thelial cells occurs via activation of the estrogen receptor (16,
268). Recent studies indicate that the green tea polyphenol,
epigallocatechin gallate, or red wine polyphenols induce en-
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dothelium-dependent vasodilation of isolated arteries via re-
dox-sensitive PI3-kinase/ Akt-dependent phosphorylation of
eNOS (265, 367). Also, the ability of resveratrol to alleviate
cardiac dysfunction in diabetic rats related to the polyphe-
nols” ability to stimulate Akt-dependent activation of eNOS
(477). In addition to immediate effects, long-term exposure
of endothelial cells to red wine polyphenols enhances eNOS
expression (304). The extent to which these mechanisms are
important for the beneficial activities of dietary polyphenols
in patients with vascular complications is currently un-
known.

C. Clinical drugs

Key pharmacologic agents that improve clinical outcome
in high-risk patients are statins, ACE inhibitors, or an-
giotensin-receptor antagonists, and emerging data supports
that these medications are effective in improving endothe-
lial function (384).

1. HMG-CoA reductase inhibitors. Hypercholesterolemia
is a major independent risk factor for CAD and produces en-
dothelial dysfunction because of a decrease in EDNO bioac-
tivity (73). Inhibitors of the enzyme 3-hydroxy 3-methylglu-
taryl coenzyme A (HMG-CoA) reductase, the rate-limiting
enzyme in cholesterol biosynthesis, are a mainstay of ther-
apy for hyperlipidemia and CAD. These compounds reduce
total and LDL cholesterol levels and mildly elevate circulat-
ing levels of HDL, effects thought to be responsible for their
beneficial effects on cardiovascular disease. However, a body
of evidence indicates that HMG-CoA reductase inhibitors
have clinical benefit independent of the drug effects on cir-
culating lipid levels (470). One such effect of HMG-CoA re-
ductase inhibition is an improvement in EDNO bioactivity
and endothelial function (490). Studies with endothelial cells
indicate that HMG-CoA reductase inhibitors can increase
eNOS activity by increasing the enzyme expression (298), de-
creasing the binding of inhibitory caveolin-1 to eNOS (144),
and enhancing PI3-K/Akt-dependent phosphorylation of
the enzyme (281) that requires the recruitment of Hsp90 to
eNOS (59). Inhibition of HMG-CoA reductase may also im-
prove EDNO bioactivity by decreasing vascular oxidative
stress (287). These compounds decrease endothelial O,°~
production by reducing PKC- and Rac-dependent NADPH
oxidase activation (513, 526). Moreover, HMG-CoA reduc-
tase inhibitors increase the expression of GTPCH-1 and
hence endothelial BHy levels (204), leading to inhibition of
O,°~ production from uncoupled eNOS. Also, statins pro-
mote S-nitrosylation and enhance the activity of Trx in en-
dothelial cells, resulting in a reduction in intracellular ROS
production (198). Withdrawal of HMG-CoA reductase inhi-
bition is not without hazard, however, as it produces im-
paired EDNO bioactivity because of increased vascular pro-
duction of O,°~ by NADPH oxidase (505). The precise
mechanisms by which HMG-CoA reductase inhibitors im-
prove EDNO bioactivity in human cardiovascular disease
patients remains a topic for further study.

2. Angiotensin-receptor antagonists and ACE inhibitors.
Increased angiotensin II produced through the renin-an-
giotensin system represents a primary stimulus leading to
enhanced O,°~ production and endothelial dysfunction in
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diseased blood vessels (523, 524). Accordingly, angiotensin-
receptor antagonists and angiotensin-converting enzyme
(ACE) inhibitors are increasingly recognized as effective
therapeutics to ameliorate endothelial dysfunction. Indeed,
anti-renin-angiotensin system agents improve endothelial
function in patients with hypercholesterolemia and coronary
artery disease, independent of changes in blood pressure
(228, 293, 525). Hornig and colleagues (228) reported that an-
giotensin-receptor antagonists ramipril and losartan im-
prove endothelial function in patients with CAD by in-
creasing the bioavailability of NO through reduction of
oxidative stress within the arterial wall, mediated in part by
increased EC-SOD activity. More recent studies suggest that
angiotensin type 1-receptor blockers have vascular protec-
tive effects beyond blood pressure reduction. Thus, losartan
stimulates eNOS phosphorylation and suppresses TNF-a—
induced endothelial apoptosis by activating the VEGFR2/
PIBK/Akt pathway (528). These studies support the notion
that interference with the renin—angiotensin system repre-
sents a means to reduce vascular oxidative stress and im-
prove endothelial function in patients.

3. Peroxisome proliferator—activated receptors (PPARSs).
PPARs are ligand-activated transcription factors that have
been shown to mediate antiinflammatory actions in vascu-
lar cells. Recent evidence suggests that PPAR agonists may
beneficially influence endothelial function. For example, ac-
tivators of PPARa (lipid-lowering fibrate derivatives) and
PPARY (antidiabetic thiazolidinediones) can inhibit NADPH
oxidase activity by inhibiting the expression of Nox subunits
(117, 237) and can promote the production of NO in endo-
thelial cells (67, 399). Accordingly, PPAR agonists diminish
ROS production in angiotensin Il-infused rats and decrease
p22Pox expression and improve endothelial function in dia-
betic rats (117, 238).

D. Selective inhibition of superoxide-producing enzymes

1. NADPH oxidase. In light of evidence supporting Nox2
as a primary source of pathogenic ROS production during
vascular disease, one might predict that drugs that selec-
tively target Nox2 over Nox4 would be beneficial against
vascular disease. Apocynin has such a profile, being a rela-
tively potent inhibitor of Nox2 activity in isolated neu-
trophils (ICsp, ~10-20 uM) (458, 500), yet a poor inhibitor of
both Nox4-dependent (ICsy, >200 uM) (138, 437) and Nox5-
dependent (ICsp, >63 uM) (438) ROS production in other cell
types. Moreover, numerous reports in the literature describe
beneficial effects of apocynin in animal models of vascular
disease, especially hypertension. Such actions include sup-
pression of NADPH oxidase activity and markers of vascular
oxidative stress, increased NO bioavailability and restora-
tion of endothelial function, inhibition of vascular inflam-
matory markers, and reductions in blood pressure (39, 231,
248, 393, 507, 508, 574).

Given that Nox2 appears to play a critical role in endo-
thelial cell signaling, particularly in the setting of angio-
genesis, one could argue that pharmacologic inhibition
of vascular Nox2-dependent NADPH oxidase activity un-
der physiologic conditions might have deleterious effects
on the vascular wall. However, this is unlikely to be an is-
sue with apocynin, because the compound itself is unlikely
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to be a direct inhibitor of NADPH oxidase activity (218).
Rather, apocynin is a prodrug requiring conversion into
its active form—possibly a symmetric dimer-by the actions
of MPO in concert with hydrogen peroxide (458). Given
that MPO expression is normally low in the blood vessel
wall but increases in proatherogenic settings (28, 463),
one might predict that apocynin would be relatively inac-
tive against endothelial Nox2 activity during normal
physiology and would inhibit only the excessive Nox2-
dependent NADPH oxidase activity associated with
atherogenesis.

Another potential criticism of the use of Nox2-oxidase in-
hibitors as treatments for chronic disease is that they could
induce a chronic granulomatous disease-like state in patients
through systemic suppression of NADPH oxidase activity in
the cells of the immune system. Again, this does not seem
to be a problem with apocynin, as the drug appears to in-
hibit NADPH oxidase activity only at the plasma membrane
of neutrophils and not within the phagolysosome (458),
which is the site where microorganisms are killed within leu-
cocytes. Holland et al. (225) demonstrated that hypercholes-
terolemic rabbits maintained on high doses of apocynin
(~1-5 mM orally in the drinking water), even for extended
periods of 3 months, demonstrated no overt signs of ill
health. These authors reported that the rabbits gained weight
in a fashion that was comparable to that in placebo-treated
animals and did not display an increase in the incidence of
infections, which would not be predicted if apocynin inhib-
ited phagocytic NADPH oxidase activity indiscriminately.
Importantly, atherogenesis in these animals was attenuated
by apocynin (225).

No reports concern the use of apocynin in humans. How-
ever, in light of the previous discussion highlighting that
apocynin is both safe and effective at reducing Nox2-de-
pendent NADPH oxidase activity and vascular pathology as-
sociated with hypertension and hypercholesterolemia in ex-
perimental animals models, such clinical studies would
certainly seem to be warranted.

As a postscript to this section on NADPH oxidase inhibi-
tors, it is interesting to note that the two most common and
effective cardiovascular therapies currently in clinical use—
angiotensin-pathway modulators and statins-may be selec-
tive Nox1 and Nox2 inhibitors. Statins block Rac isopreny-
lation, which is required by Nox1 and Nox2 but not by Nox4
or Nox5. Likewise, Ang II, via its AT-1 receptor, appears to
upregulate Nox1 and Nox2 preferentially over Nox4. Inter-
estingly, Nox2 expression in mammary arteries from CAD
patients after prolonged treatment with AT1-receptor block-
ers or statins was lower than that seen in patients taking
other medications (359, 422, 423).

2. Xanthine oxidase. Several studies indicate that phar-
macologic inhibition of xanthine oxidase partially improves
endothelial function in patients with type-2 diabetes (62),
CAD (29, 71,171, 293), and chronic heart failure (143). In ad-
dition to direct inhibition of xanthine oxidase activity, AT;-
receptor blockade with losartan has been recently reported
to reduce endothelium-bound XO activity in CAD patients
(293). The clinical benefits of inhibitors of xanthine oxidase
for cardiovascular disease patients remain unknown, and
studies investigating the long-term effects of allopurinol on
disease appear warranted.
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3. Mitochondria. Although perhaps not as advanced as se-
lective strategies to target NADPH oxidase and xanthine ox-
idase, recent promising advances have been noted in the de-
velopment of selective mitochondria-targeted antioxidants
aimed at attenuating deleterious oxidative reactions within
the organelle (365). Design of these agents involves the conju-
gation of lipophilic cations with antioxidants (e.g., coenzyme
Q, vitamin E), resulting in synthesis of a membrane-perme-
able, positively charged agent with antioxidant potential ca-
pable of accumulating within the mitochondria up to sev-
eral-hundred-fold, driven by the membrane potential (365).
The therapeutic potential of these agents in the context of en-
dothelial dysfunction is supported by recent studies show-
ing that mitochondria-targeted coenzyme Q, vitamin E, or
SOD mimetic protects endothelial cells against oxidative
stress—induced cell death (81, 114, 115). Mitochondria-tar-
geted coenzyme Q also ameliorates mitochondrial ROS pro-
duction and tolerance to nitroglycerin in an in vivo rat model
of nitrate tolerance (141). Promising treatments for endothe-
lial dysfunction related to nitrate tolerance also include the
organic nitrate pentaerithrityl tetranitrate (PETN), which, in
contrast to other organic nitrates, does not promote mito-
chondrial ROS production and upregulates the antioxidant
enzyme heme oxygenase-1, which aids in the prevention of
tolerance (533).

E. Heparan sulfates

Heparan sulfates, the principal proteoglycans expressed
on the endothelial surface and throughout the subendothe-
lial matrix, exhibit key roles in inflammation and maintain-
ing the integrity and function of the vascular endothelium
(390). For example, heparan sulfates expressed on the endo-
thelial luminal surface act as mechanosensors to mediate
EDNO synthesis in response to shear stress (150) and are es-
sential for leukocyte binding to the endothelial surface and
subsequent extravasation into tissue sites of inflammation
(520). In addition, endothelial heparan sulfates selectively
bind various proteins, including xanthine oxidase and MPO,
two enzymes implicated in mediating oxidative stress—in-
duced endothelial dysfunction. Thus, therapeutic strategies
aimed at removal of these oxidative stress enzymes from the
endothelium represent a promising approach to alleviate en-
dothelial dysfunction promoted by these enzymes. In sup-
port of this idea, heparin is able to inhibit the binding of
MPO and xanthine oxidase to the endothelium or mobilize
enzyme deposits from the endothelium (26, 30, 536). A re-
cent clinical study reported that intravenous administration
of heparin improved EDNO bioactivity in CAD patients, and
this strongly correlated with the extent of mobilization of
MPO from the vessel wall into the circulation (30). Also, com-
pared with healthy controls, CAD patients exhibited a
greater degree of liberation of MPO into the circulation in
response to heparin (30). This study supports that heparan
sulfate-sequestered MPO deposited into the vascular endo-
thelium is causally linked to the compromised EDNO bioac-
tivity occurring in CAD patients. Heparin as a therapy is,
however, confounded by its side effects (e.g., anticoagulant
activity) and lack specificity; whereas heparin can mobilize
MPO and xanthine oxidase from the endothelium, it also can
liberate beneficial proteins such as EC-SOD (257, 292). The
recent focus has turned to the development of small heparan
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sulfate mimetics that selectively bind specific proteins (390).
This is possible, as heparan sulfates exhibit extraordinary
structural diversity that allows different heparan sulfate mol-
ecules to interact with an array of functionally distinct pro-
teins. Different proteins bind to unique structural motifs
within the heparan sulfate chains, highlighting the potential
for the design and synthesis of heparan sulfate mimetics ca-
pable of selectively preventing undesirable protein-heparan
sulfate interactions in vivo (156). For example, the heparan
sulfate mimetic phosphomannopentaose sulfate (PI-88) in-
hibits intimal thickening after arterial injury by binding FGF-
2 to inhibit the growth factor’s interaction with heparan sul-
fates expressed on smooth muscle cell (153). Novel heparan
sulfate mimetics that selectively prevent the association of
MPO and xanthine oxidase with the vascular endothelium
may represent potential therapeutics to improve endothelial
function in CAD patients.

F. Endothelial progenitor cells

Endothelial progenitor cells (EPCs) are bone marrow—de-
rived, circulating cells that express certain markers charac-
teristic of endothelial cells, including VEGFR2/KDR and
eNOS, plus hematopoietic progenitor cell markers CD34 and
CD133 (495). Compared with mature endothelial cells, EPCs
possess a superior angiogenic potential in vitro and, on trans-
plantation, enhanced capacity to improve the neovascu-
larization of ischemic tissue in vivo (495). Interestingly, the
improved function of EPCs with respect to re-endothelial-
ization is thought to relate to the increased expression of anti-
oxidant enzymes, notably MnSOD and Gpx-1 (112). Consis-
tent with this, EPCs from Gpx-l-deficient mice exhibit
reduced functional capacity compared with wild-type cells
(161), whereas overexpression of MnSOD enhances the func-
tional capacity of EPCs (158, 207). Similarly, extracellular
SOD represents an essential factor for EPC function during
reparative neovascularization induced by hindlimb ischemia
(264).

Recent data indicate that insufficient numbers of circulat-
ing EPCs correlate with both endothelial dysfunction (220)
and adverse clinical outcome (535). Also, EPCs isolated from
diabetic, CAD, or hypertensive patients exhibit decreased ca-
pacity for in vivo re-endothelialization (495) or enhanced in
vitro senescence compared with EPCs from healthy subjects
(220, 242). These findings support the contention that endo-
thelial injury and dysfunction represent a critical step for the
initiation and progression of atherosclerosis. Therefore, im-
proving EPC numbers and/or function may result in im-
proved re-endothelialization and hence endothelial function
in patients with vascular complications.

Similar to that in mature endothelial cells, EPC function
and mobilization relies on competent eNOS activity and
EDNO bioactivity (10). Recent studies have shown that oxi-
dant stress and the resulting impairment of EDNO bioactiv-
ity holds detrimental consequences for the re-endothelial-
ization capacity of EPCs. EPCs from diabetic patients
produce increased levels of O,°~ derived from NADPH ox-
idase, and treatment with a PPAR-y agonist inhibited ROS
production and improved the re-endothelialization capacity
of these cells (448). Also, EPCs isolated from diabetics pro-
duced increased O,°~ from uncoupled eNOS. Parallel in vitro
studies showed that exposure of EPCs to diabetic glucose
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concentrations promoted eNOS uncoupling in a manner de-
pendent on the activation of PKC and reduction of BHy (484).
Exposure of EPCs to pathophysiologic concentrations of C-
reactive protein impairs antioxidant enzyme ability to pro-
mote oxidative stress and apoptosis (158). Therefore, treat-
ments that inhibit EPC oxidative stress and enhance EDNO
bioactivity in these cells may prove beneficial with respect
to improving the regenerative potential of these cells and
hence endothelial function in patients with vascular compli-
cations. Indeed, HMG-CoA reductase inhibitors improve
EPC numbers and functionality in CAD patients via mecha-
nisms involving Akt-dependent activation of eNOS and NO
production (325, 450, 502). Similarly, the beneficial actions of
statins on EPC mobilization resulting in the improvement of
cardiac function and myocardial neovascularization are de-
pendent on eNOS (290). The renin—angiotensin system also
has implications for EPC function. Thus, angiotensin pro-
motes EPC oxidative stress and senescence (241), and an-
giotensin-receptor antagonists improve EPC function in
type-2 diabetics (23).

G. Activators of oxidized/heme-free sGC

Recent studies by Stasch and colleagues (453) highlight the
therapeutic potential of novel drugs capable of activating
NO-insensitive, oxidized, or heme-free sGC, the levels of
which are increased in diseased vessels (453). These studies
indicate that BAY 58-2667 has the ability to potently bind
and activate oxidized and heme-free sGC to activate the en-
zyme selectively and thereby promote vasodilatation of dis-
eased blood vessels (Fig. 11). These findings support the
notion that accumulation of oxidized, heme-free, and NO-
insensitive sGC contributes to endothelial dysfunction in dis-
eased blood vessels and that novel compounds such as BAY
58-2667 have therapeutic potential in the treatment of endo-
thelial dysfunction in human patients (142).

VIl. Conclusions

From the evidence outlined in this review, it is clear that
redox reactions represent important determinants of EDNO
bioactivity and hence endothelial function and dysfunction
in the setting of vascular homeostasis and disease. With re-
spect to disease, considerable support now indicates that dis-
turbances in intracellular redox potentials play a central role
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in the impairment of EDNO bioactivity that has prognostic
implications for cardiovascular disease patients. Initial re-
ports identified increased O,°~ production and direct scav-
enging of EDNO as a primary mechanism for oxidative
stress—induced endothelial dysfunction. However, more re-
cent findings highlight the complexity with which oxidative
reactions reduce the bioavailability of EDNO. Thus, an ar-
ray of stimuli can activate multiple enzymes that reside in
different intracellular compartments that contribute to en-
dothelial O,°~ production. These different enzymes can
cross-talk with each other to potentiate endothelial O,° ~ gen-
eration. Moreover, O,°~ production leads to the formation
of a variety of ROS and RNS capable of affecting the bioac-
tivity of EDNO via different redox reactions and involving a
variety of protein targets. Adding to this complexity is that
ROS and RNS represent important physiologic signaling
molecules, and as such, neither global removal nor altering
the overall cellular redox status appears appropriate. Such
complexity therefore highlights the need for studies that ac-
curately define the cellular sources and nature of the oxida-
tive reactions primarily responsible for impaired EDNO
bioactivity, which will likely vary with the type and stage of
vascular disease. Critical for these studies will be the use of
selective and sensitive methods to measure accurately the
cellular sources, concentrations, and identity of ROS and
RNS involved. A better understanding of the oxidative path-
ways involved should aid in the effective design of thera-
peutic strategies aimed at improving EDNO bioactivity and
potentially reducing clinical cardiovascular events. Studies
to date support that overstimulation of local endothelial ROS
production from one cellular source (e.g., NADPH oxidase)
acts to initiate and expand the uncontrolled production of
pathogenic ROS from other dysfunctional cellular sources
(e.g., xanthine oxidase, mitochondria, uncoupled eNOS).
Multiple interventions may be required to combat endothe-
lial dysfunction fully. Of note, recent support suggests that
some of the beneficial actions of agents currently in clinical
use relates to their ability to intervene with vascular ROS
production, leading to improved endothelial function. A key
goal of future research will be to determine the extent to
which current and novel drugs aimed at restoring endothe-
lial function in human patients with vascular complications
provide benefits with respect to reducing clinical cardiovas-
cular event rates.

FIG. 11. BAY 58-2667 represents a novel
agent capable of activating oxidized or
heme-free sGC that is unresponsive to NO
and present in diseased arteries. In healthy
arteries, eNOS-derived NO diffuses from
the endothelial cell into the adjacent smooth
muscle and binds to the reduced/ferrous
(Fe') heme prosthetic group of the B-sub-

unit of soluble guanylate cyclase (sGC) het- B

erodimer, activating the enzyme, which sGC B @
then converts GTP to cGMP leading to va- Heme
sodilation. Endothelial dysfunction associ-

ated with oxidative stress involves the ROS- GTP___cGMP GTP __ cGMP GTP __ cGMP

BAY 58-2667
+

NO NO

ROS 1 Ros -

induced accumulation of oxidized/ferric

(Fe'™) heme or heme-free sGC, an enzyme form that is unresponsive to NO. BAY 58-2667 represents a novel compound ca-
pable of binding to and activating oxidized and heme-free sGC to induce the formation of cGMP and hence restore vaso-
dilation. Such agents may assist in the treatment of endothelial dysfunction in patients with vascular disease.
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