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ABSTRACT

Accumulating evidence supports the importance of redox signaling in the pathogenesis and progression of hy-
pertension. Redox signaling is implicated in many different physiological and pathological processes in the
vasculature. High blood pressure is in part determined by elevated total peripheral vascular resistance, which
is ascribed to dysregulation of vasomotor function and structural remodeling of blood vessels. Aberrant re-
dox signaling, usually induced by excessive production of reactive oxygen species (ROS) and/or by decreases
in antioxidant activity, can induce alteration of vascular function. ROS increase vascular tone by influencing
the regulatory role of endothelium and by direct effects on the contractility of vascular smooth muscle. ROS
contribute to vascular remodeling by influencing phenotype modulation of vascular smooth muscle cells, aber-
rant growth and death of vascular cells, cell migration, and extracellular matrix (ECM) reorganization. Thus,
there are diverse roles of the vascular redox system in hypertension, suggesting that the complexity of redox
signaling in distinct spatial spectrums should be considered for a better understanding of hypertension. An-

tioxid. Redox Signal. 10, 1045-1059.

INTRODUCTION

SIGNAL TRANSDUCTION BY ELECTRON TRANSFER, or redox sig-
naling, has been an emerging area of investigation in the
cardiovascular field. Oxidation and reduction by loss or gain of
an electron induce changes in structural and functional charac-
teristics of molecules, thus modifying signaling processes. The
major molecules that participate in redox signaling are reactive
oxygen species (ROS) such as superoxide, hydrogen peroxide,
hydroxyl radical, nitric oxide, and peroxynitrite. Recent redox
signaling studies reveal that all the vascular constituents, in-
cluding endothelial cells, vascular smooth muscle cells
(VSMCs) and adventitial cells, as well as macrophages, gener-
ate ROS (150). ROS play key roles in signal transduction re-
lated to contraction and relaxation of blood vessels, growth,
death and migration of vascular cells, and extracellular matrix
(ECM) modifications.

Hypertension is classically defined as a chronic elevation of
blood pressure that is determined by cardiac output and total
peripheral vascular resistance. An increase in cardiac output is
predominant in the initial stage of certain forms of hyperten-

sion. In the established phase of hypertension, however, car-
diac output is near normal and peripheral resistance is elevated,
even in the case of hypertension with little alteration in sym-
pathetic activity or plasma renin activity. A major cause of en-
hanced peripheral resistance is alteration of vascular reactivity
(i.e., enhanced stiffness and decreased compliance). Dysregu-
lation of vasomotor function and structural remodeling of blood
vessels are the main contributors to this impaired vascular func-
tion.

This brief review will summarize current concepts concern-
ing vascular redox signaling involved in the pathogenesis and
maintenance of hypertension, with particular emphasis on the
role and function of ROS in the regulation of vascular tone and
remodeling. Although redox signaling in the heart, kidney, and
nervous system also contributes importantly to hypertension,
they are beyond the scope of this review, and the reader is re-
ferred to excellent recent reviews on these topics (194, 222,
247). In general, understanding the mechanisms by which re-
dox signaling regulates vascular function may provide a basis
for more specific modulation of ROS as therapy for hyperten-
sion.
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IN VIVO ANIMAL MODELS AND
CLINICAL STUDIES

A relationship between elevated ROS and hypertension has
been clearly established in animal studies including surgically-
induced and endocrine- or diet-induced animal models, as well
as genetic models (12, 15, 41, 73, 90, 97, 158, 181). Of im-
portance, similar findings were noted in clinical studies show-
ing increased ROS production and decreased activity of an-
tioxidants or ROS-scavenging enzymes in patients with
essential, renovascular, or malignant hypertension, as well as
preeclampsia (2, 75, 96, 105, 112).

Although an increase in oxidative stress as a consequence of
hypertension is widely accepted, a potential causative role of
ROS is more controversial. Indeed, oxidative stress may not ex-
plain the etiology of all types of hypertension, which is clearly
a polygenic disease that develops through diverse mechanisms.
Only a few clinical studies demonstrate a preventive effect of
antioxidants (24, 54, 193), and not all experimental animal mod-
els of hypertension are related to oxidative stress (158). Fur-
thermore, in contrast to the studies cited above, some clinical
studies show a negative correlation between oxidative stress
markers and blood pressure in patients with mild-to-moderate
hypertension (34). While it is difficult to establish a cause—ef-
fect relationship between oxidative stress and hypertension in
clinical studies, there is some evidence suggesting enhanced ox-
idative stress is a risk factor for human hypertension (2).

Animal studies, in contrast, generally support a causal link
between ROS and hypertension. Antioxidants, ROS-scaveng-
ing enzymes, and functional deletion of ROS-generating en-
zymes have all been shown to reduce blood pressure in rodents.
Chronic treatment of spontaneously hypertensive rats (SHR)
with the antioxidant N-acetylcysteine (NAC) reduces blood
pressure effectively in young (SW) rats, although it is not ef-
fective in older rats (12W) with established hypertension (153),
suggesting that ROS may play a role in the early stages of hy-
pertension development. This is supported by the observation
that chronic treatment with the superoxide scavenger tempol
also blocks the age-related development of high blood pressure
in SHR (137). Moreover, hypertension induced by angiotensin
IT (Ang II) is significantly blunted by knockout of the NADPH
oxidase components p47phox or Nox1 (40, 128). In addition,
excess oxidative stress following GSH depletion by L-buthio-
nine sulfoximine treatment is sufficient to elevate blood pres-
sure in normal Sprague—Dawley rats (12, 210). As a whole,
these studies suggest that an increase in ROS or oxidative stress
is sufficient to cause high blood pressure, even though it is not
necessary for the development of all types of hypertension.
Hence, increased oxidative stress seems to be both a cause and
a consequence of hypertension.

Oxidative stress can result not only from increased ROS pro-
duction, but also from decreased ROS scavenging ability. The
vascular system possesses diverse antioxidant systems, includ-
ing the superoxide dismutase (SOD) family, catalase, the glu-
tathione (GSH) system, thioredoxin, peroxiredoxin, and ROS
scavengers such as vitamins A, C, and E (191). Hypertension
is reported to be associated with decreased antioxidant systems
as well as enhanced production of ROS. The activity of SOD,
catalase, and GSH peroxidase is significantly lower, and the
GSSG/GSH ratio is higher, in whole blood and peripheral

LEE AND GRIENDLING

mononuclear cells from hypertensive patients compared with
those of normotensive subjects (162), and all of these parame-
ters are restored after antihypertensive treatment (169). Similar
results have been reported in other studies that show decreased
SOD activity in red blood cells or plasma from patients with
essential hypertension (180, 240). However, these observations
do not answer the question of whether an impaired antioxidant
system contributes to the development of hypertension, or is a
consequence of excess oxidative stress related with hyperten-
sion. Recently, genetic variations in the promoter region of the
catalase gene were found to be related with increased suscep-
tibility to essential hypertension (242). Moreover, inhibition of
GSH synthesis leads to elevation of blood pressure in nor-
motensive rats (243), and extracellular-SOD (EC-SOD) knock-
out in mice is enough to elevate baseline blood pressure in the
absence of any other treatment (221). These results raise the
possibility that a decrease in antioxidant capacity is sufficient
to cause hypertension.

A broad range of mediators of hypertension has been inves-
tigated, including the renin—angiotensin system and hormones
such as vasopressin and glucocorticoids. With regard to ROS,
Ang II has been the most widely investigated factor, although
recently, endothelin (ET) was proposed to be an important me-
diator of hypertension (156, 163) that requires ROS. ET is a
potent vasoconstrictor and mitogen that has been implicated in
hypertension by studies showing that renal or plasma levels of
ET-1 are increased in hypertensive animal models, including
Ang Il-induced hypertensive rats (3, 171), stroke-prone SHR
(SHRSP), deoxycorticosterone acetate-salt (DOCA-salt)-in-
duced hypertensive rats, and one kidney-one clip hypertensive
rats (1). More importantly, ET-1 treatment is sufficient to in-
duce hypertension (175), and administration of an ET 4 recep-
tor antagonist improves high blood pressure and endothelial
dysfunction in DOCA-salt- and Ang Il-induced hypertension
(4, 35, 107, 147, 159), although some controversy exists (43,
215). In clinical studies, ET-1 has been suggested to contribute
to the development and maintenance of hypertension in a salt-
sensitive population (44). Recently, oxidative stress markers
such as thiobarbituric acid reactive species (TBARS) and uri-
nary 8-isoprostaglandin F2a were found to be increased in ET-
1-induced hypertension (175), and ET-1 was reported to in-
crease superoxide generation in pulmonary arterial smooth
muscle cells (SMCs) (219), isolated rat aorta (117), and the vas-
culature of DOCA-salt-induced hypertensive rats (21, 107). A
contribution of ROS to ET-1-induced hypertension is supported
by the antihypertensive effect of tempol on ET-1-induced hy-
pertension (175). An ET4 receptor antagonist, BMS 182874,
also decreases both ROS and blood pressure in DOCA-salt hy-
pertension (21). Activation of NADPH oxidases, eNOS un-
coupling, and mitochondrial generation of ROS have been sug-
gested as mechanisms for ET-1-induced ROS production in
different experimental systems (20, 43, 107, 117), and ROS are
known to be responsible for increased ET-1 production in hy-
pertension (45, 53, 84, 171). Excess ET-1 production is also re-
sponsible for telomerase-deficient hypertension, in which en-
dothelin-converting enzyme-1 (ECE-1) overexpression caused
by NADPH oxidase-derived ROS is suggested as a potential
mechanism (154). A more comprehensive understanding of re-
lationship between ROS and ET-1 is needed for elucidation of
mechanisms underlying ET-1-mediated blood pressure control.
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GENERATION OF ROS
IN THE VASCULATURE

Virtually all vascular cells produce ROS, which then have
the potential to contribute to the pathogenesis of cardiovascu-
lar diseases. Although numerous enzyme systems generate
ROS, several of them are known to be predominant in patho-
logic processes. These include NADPH oxidases, uncoupled en-
dothelial nitric oxide synthase (eNOS), xanthine oxidase (XO),
myeloperoxidase, lipoxygenase, cyclooxygenase, cytochrome
P450, heme oxygenase, and the mitochondrial respiratory chain.
Some of these systems have been proven to be relevant to hy-
pertension.

NADPH oxidases

NADPH oxidases (Nox) are enzymes composed of multi-
protein complexes, which produce superoxide by electron trans-
fer from NADPH to molecular oxygen. Nox proteins (gp91phox
homologues), combined with p22phox, represent the mem-
brane-bound catalytic complex. Noxl, Nox2 (gp91phox),
Nox4, and Nox5 (which does not bind p22phox) are the major
NADPH oxidase constituents in vasculature. Their expression
and distribution are variable, depending on the segment of vas-
cular bed and cell type, and even in the same cell, distribution
is not uniform but is compartmentalized in specific subcellular
regions (76). Regulatory mechanisms and signaling pathways
for activation are also different, which is in part due to the di-
versity of cytosolic regulatory subunits, including p47phox,
p67phox, Rac, Noxol, and Noxal. In addition, protein disul-
fide isomerase (PDI), a dithiol/disulfide oxidoreductase chap-
erone of the thioredoxin superfamily, was recently shown to be
a new regulator of Nox activity by affecting subunit traffick-
ing/assembly (80). With such diversity in distribution and reg-
ulatory mechanisms, it is not surprising that NADPH oxidases
with different homologues of Nox have distinct functions.

NADPH oxidases are well known to be important sources of
ROS in blood vessels. Increased expression and activity of
NADPH oxidase or its subunits have been described in hyper-
tensive animal models, including Ang II-induced hypertensive
rats (52), SHR (233), DOCA-salt hypertensive rats, and two-
kidney two-clip renovascular hypertensive rats (15, 99, 158).
Furthermore, NADPH oxidase inhibition by gp91ds-tat attenu-
ates blood pressure as well as ROS production (164). Deletion
of p47phox, the cytosolic regulatory subunit of several of the
NADPH oxidases, renders mice resistant to Ang II-induced hy-
pertension (97, 106) and blunts the increase in ROS produc-
tion. Additionally, Racl overexpressing mice develop moder-
ate hypertension that is suppressed by NAC treatment,
suggesting that an increase in ROS generation by NADPH ox-
idases predisposes to hypertension (71). This interpretation is
consistent with the finding that p47phox expression is already
increased in young (4W), prehypertensive SHR, as well as adult
SHR (25). According to recent studies, genetic deletion of Nox|1
and conditional overexpression of Nox1 in VSMCs diminishes
or augments blood pressure elevation induced by Ang II infu-
sion, respectively, without affecting basal blood pressure (40,
128). Further research will be needed to clarify the contribu-
tion of each Nox isoform or regulatory subunit to hypertension.

The involvement of NADPH oxidases in hypertension is also
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well documented in clinical studies that report an increase in
NADPH oxidase and/or NADPH oxidase-derived ROS in tis-
sues derived from hypertensive patients (50, 155, 207). Re-
cently, a genetic polymorphism in CYBA, the gene encoding
p22phox, was reported to be associated with hypertension. In
particular, the -930A/G polymorphism has been suggested to
be a novel marker which determines the genetic susceptibility
of hypertensive patients to oxidative stress (234). This supports
a possible causative role of NADPH oxidases in the develop-
ment of hypertension.

Uncoupled endothelial nitric oxide
synthase (eNOS)

eNOS produces NO by oxidizing L-arginine to L-citrulline
in normal conditions. For complete function, eNOS requires
homo-dimerization, the substrate L-arginine, and essential co-
factors such as tetrahydrobiopterin (BH4). Under certain cir-
cumstances, however, eNOS transfers electrons from NADPH
to the oxygen molecule instead of L-arginine, resulting in the
formation of superoxide instead of NO, which is called ‘un-
coupling’ of eNOS. Uncoupling of eNOS in hypertension has
been observed in the endothelium of peroxynitrite-treated rat
aorta (103), and in blood vessels of SHR (32), SHRSP (88),
and Ang II- (132) and DOCA-salt induced hypertensive rats
(98), all of which show eNOS-dependent superoxide produc-
tion.

Although eNOS uncoupling is attributed to diverse mecha-
nisms in experimental conditions, a decrease in BH, bioavail-
ability is the most important mechanism in physiological or
pathological conditions (49). Indeed, a decrease in BHy levels
is found in vascular tissue from DOCA-salt hypertensive rats
(98). BHy is highly susceptible to oxidation by ROS such as
peroxynitrite; hence, oxidative stress is a major mechanism for
uncoupling of eNOS (94). Considering the rapid reaction of su-
peroxide and NO to form peroxynitrite, eNOS uncoupling may
amplify further uncoupling via a feed-forward mechanism by
generation of peroxynitrite. In fact, it has been proposed that
initial activation of NAPDH oxidases provides superoxide that
reacts with eNOS-derived NO and leads to eNOS uncoupling
in hypertension (98). Another mechanism underlying decreased
BH, bioavailability is impaired biosynthesis and/or increased
degradation. Decreased vascular BHy levels and impaired en-
dothelial function in low renin hypertensive rats can be restored
by gene transfer of guanosine 5’-triphosphate cyclohydrolase I,
one of the rate-limiting enzymes involved in BH, biosynthesis
(239). In addition, it was reported recently that Ang II treat-
ment causes eNOS uncoupling via induction of BHy deficiency
by the downregulation of dihydrofolate reductase, another crit-
ical enzyme in synthesis of BH4. This downregulation is caused
by NADPH oxidase-derived H,O, (26), suggesting another
mechanism for cross-talk between these enzyme systems. This
study also raises the possibility that the contribution of eNOS
uncoupling to ROS production might be underestimated in ex-
periments measuring endothelial ROS generation by NADPH
oxidase. At any rate, oral administration of BH4 improves en-
dothelial dysfunction and high blood pressure effectively in
DOCA-salt hypertensive mice and hypertensive individuals,
suggesting that eNOS uncoupling contributes importantly to
some forms of hypertension (74, 98).
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Xanthine oxidase

Xanthine oxidase (XO) is another potential source for ROS
in vasculature (133). XO is a form of xanthine oxidoreductase
that occurs in two different forms. The predominant form, xan-
thine dehydrogenase (XDH), can be converted into XO re-
versibly by direct oxidation of critical cysteine residues or ir-
reversibly by proteolysis (14, 70, 170). XO is expressed mainly
in the endothelium, and its expression and activity are increased
by Ang II or oscillatory shear in a NADPH oxidase-dependent
manner (100, 129). A role for XO in hypertension has been de-
duced from the presence of high serum urate levels, a marker
for XO activity, in long-term essential hypertension (22). Un-
like NADPH oxidases, however, the general importance of XO
in hypertension has not been clearly established. Increased XO
activity has been suggested to be a risk factor for hypertension
(140), and is found in gestational hypertensive patients (139).
Oxypurinol, a XO inhibitor, however, fails to improve impaired
endothelial function in essential hypertensive patients (23). In
animal experiments with SHR, dexamethasone-induced hyper-
tensive rats and Dahl salt-sensitive rats, hypertension is im-
proved effectively by treatment with XO inhibitors such as al-
lopurinol, (-)BOF4272, and tungsten (138, 188, 190, 213). In
contrast, another study found that allopurinol treatment does
not affect blood pressure of SHR despite elevated XO activity
in the SHR kidney (95). The potential role of XO in hyperten-
sion thus remains unclear.

Mitochondrial electron transport

Mitochondrial electron transport generates superoxide as a
side product of electron transport during oxidative phosphory-
lation. Most superoxide never escapes the highly reducing state
of the mitochondrial matrix. If the superoxide generation is ex-
cessive, however, superoxide can escape to the intermembra-
neous space and cytosol via anion channels (9). Although ROS
originated from mitochondria are reported to contribute to en-
dothelial dysfunction, atherosclerosis, hyperglycemia, and ag-
ing (11, 142, 161, 174), few data relevant to hypertension are
available. Partial deficiency of SOD2, the mitochondrial SOD
isoform, induces spontaneous hypertension in aged mice and
accelerates the development of high salt-induced hypertension
(167). Additionally, the basal blood pressure of transgenic mice
that conditionally over-express mitochondrial thioredoxin
(Trx), Trx2, in the endothelium is lower than that of control
mice (237). These results imply a possible contribution of mi-
tochondria-originated ROS to blood pressure regulation, but ad-
ditional work is needed.

ROLE OF ROS IN VASCULAR
TONE REGULATION

Alteration of vascular reactivity characterized by augmented
contractility and impaired relaxation is a prominent feature in
hypertension. It contributes to an elevation of vascular tone,
which, in turn, results in enhancement of peripheral arterial re-
sistance. The effects of ROS on vascular tone are not uniform
because of the diversity of signaling molecules involved in tonal
regulation. They are also dependent upon the concentration and
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species of reactive oxygen, vascular beds, species, experimen-
tal conditions, and other incompletely defined conditions. Both
VSMC contraction and endothelial regulatory functions are di-
rectly or indirectly modified by oxidative stress. As a whole,
superoxide and H,O, seem to favor vasoconstriction and at-
tenuate endothelium-dependent dilation (87); however, there is
abundant opposing evidence as well. In the mesenteric artery
(51, 55, 125), coronary artery (172, 203), and pulmonary artery
(19) of various species, H,O, induces vasodilation, and, even
in the same artery, either constriction or relaxation can be in-
duced depending on experimental conditions (118).

ROS can inhibit the two major endothelium-derived relax-
ing factors, NO and prostacyclin (Fig. 1). As noted previously,
superoxide reduces the bioavailability of NO by reacting with
NO to generate peroxynitrite (136, 157), which is a major
mechanism for endothelial dysfunction caused by ROS. Re-
duction of NO bioavailability in hypertension has been dem-
onstrated in various types of experimental animal models as
well as clinical studies (48). Peroxynitrite contributes to eNOS
uncoupling by oxidizing BH, (246), inactivates prostacyclin
synthase by tyrosine nitration of its active site (244, 245), and
further enhances oxidative stress by inhibiting superoxide dis-
mutase (5). In addition, superoxide and peroxynitrite inhibit
expression and activity of guanylate cyclase, an effector mol-
ecule of NO in VSMCs (136), which is well correlated with
the finding that endothelium-independent vasodilation as well
as endothelium-dependent dilation are impaired in hyperten-
sive animals (158).

Hyperpolarization of VSMCs is also an important mecha-
nism for vasodilation, which is mainly achieved by the open-
ing of K™ channels (Fig. 1). VSMCs express several different
types of K* channels, including Ca?*-activated K* channels
(Kca), ATP-sensitive K* channels (Katp), and voltage-depen-
dent K* channels (K,) (204). Activation of K¢, is known to be
a negative feedback mechanism limiting Ca®*-induced vaso-
constriction and mediates the response to endothelium-derived
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FIG. 1. Regulation of endothelium-dependent vasodilation
by ROS. Superoxide not only inactivates NO, but also in-
hibits prostacyclin, decreases guanylate cyclase expression, and
blocks Karp and K, channels. In contrast, H;O, opens these
channels. By interacting with NO to form peroxynitrite, super-
oxide also oxidizes the eNOS cofactor tetrahydrobiopterin and
inhibits K¢, and K, channels.
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hyperpolarization factor (EDHF) (204). Katp limits myogenic
depolarization and controls myogenic reactivity (201), and K,
contributes to resting vasomotor tone and cAMP-mediated va-
sodilation (67). K* channels have differential sensitivity to ox-
idative stress, depending on the species of oxidant and types of
channels. Superoxide inhibits the opening of K rp and Ky, and
the activity of K¢, and Ky are impaired by peroxynitrite, which
would tend to lead to depolarization and contraction (67, 114).
In contrast, H,O, mainly acts on K¢, to induce either inhibi-
tion or activation (13, 16, 78, 182, 195, 203), although the de-
terminant of these opposite effects has not been elucidated
clearly. Based on its ability to activate K™ channels, several in-
vestigators proposed H,O, as an EDHF (125-127, 225). Al-
tered VSM depolarization has been reported in different mod-
els of hypertension such as essential hypertension, SHR,
DOCA-salt- and NOS-inhibition-mediated hypertension, and a
change in K* channel activity has been demonstrated as major
contributor to impaired relaxation or exaggerated contraction
(6, 17, 33, 59, 120, 121). Decreased K* channel activity or im-
paired K™ channel activation may thus contribute to increased
vascular contractility, which is well correlated with the en-
hanced contraction or impaired vasorelaxation to H,O; in hy-
pertension (56, 168).

ROS also directly regulate smooth muscle contraction by
mechanisms other than K* channel modulation. These include
CaZ™ mobilization, MAPK activation, and Ca2"-sensitization
of the contractile machinery. Experimentally, the function of
most Ca?™ transport systems can be affected by ROS, which
has been demonstrated in various types of cells (93). Molecu-
lar mechanisms include direct oxidative modification of the
sulfhydryl groups in the active site of the transport protein, in-
direct control of transport activity by modification of regula-
tory subunits or molecules, and alteration of intracellular ATP
levels, influencing energy-dependent transport activity (206).
Both superoxide and H>O, can increase intracellular Ca>" by
mobilizing extracellular Ca®>* via activation of L-type voltage-
gated Ca’" channels (192). L-type voltage-gated Ca’>* chan-
nel-mediated promotion of Ca>* influx by superoxide contrib-
utes to spontaneous aortic tone in Ang II-induced hypertensive
rats. In addition to an increase in its activity, elevated expres-
sion of this channel by H,O, is also a potential mechanism for
enhanced cytosolic Ca?" levels in VSMCs isolated from SHR
(192). Likewise, superoxide or H,O, can mobilize Ca>* from
the sarcoplasmic reticulum (SR) through activation of ryan-
odine receptor (RyR) or the inositol 1,4,5-trisphosphate (IP3)
receptor (IP3R) (46, 63, 189). In addition, several studies dem-
onstrated an inhibitory effect of ROS on the plasma membrane
Ca?"-ATPase (PMCA) (64, 232) and the sarco/endoplasmic
reticulum Ca2?*-ATPase (SERCA) (63-65, 85). PMCA and
SERCA extrude cytosolic Ca>* across plasma membrane and
mediate Ca>* mobilizaton back into the sarcoplasmic reticu-
lum, respectively. Hence, inhibition of PMCA or SERCA would
result in an increase in cytosolic Ca>" by superoxide and H,O,.
Taken together, these studies show that ROS favor cytosolic
Ca®" accumulation through modulation of Ca?* transport sys-
tems, thereby leading to direct contraction or potentiation of
contractility of VSMCs.

Contraction of VSMCs is mainly achieved via phosphoryla-
tion of the myosin light chain (MLC), which is mediated by the
Ca?*/CaM-dependent MLC kinase (MLCK), followed by acti-
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vation of the actin-activated myosin Mg>"-ATPase, triggering
cross-bridge cycling. In addition to MLCK, MLC phosphory-
lation is regulated by myosin phosphatase, which in turn is
regulated by Rho/Rho-kinase. Activation of Rho/Rho-kinase in-
activates myosin phosphatase, resulting in enhanced phospho-
rylation of MLC and Ca?"-independent contraction, which is
known as Ca?"-sensitization of VSMCs. Augmented activity
of Rho-kinase is implicated in the increased peripheral vascu-
lar resistance in human hypertension (123). Increased expres-
sion and activity of Rho-kinase accompanied by myosin phos-
phatase inactivation is also described in experimental animal
models, including SHR, DOCA-salt- and Ang II-induced hy-
pertensive rats, renal hypertensive rats, and SHRSP (81, 134,
176, 220). Functional upregulation of Rho-kinase is related to
hyperactivity of hypertensive blood vessels (134). ROS gener-
ated by X/XO induce Ca?*-sensitization through activation of
Rho/Rho-kinase in rat aorta (82), and the same mechanism is
implicated in the contraction of veins by H,O, (202). Recently,
the Rho-kinase inhibitor, Y27632 was shown to suppress the
spontaneous tone of endothelium-denuded aortas from Ang II-
induced hypertensive rats (81). In addition, treatment with the
NADPH oxidase inhibitors DPI and apocynin abolishes such
spontaneous tone, suggesting NADPH oxidase-derived ROS are
responsible for RhoA/Rho-kinase-mediated development of
vascular tone in hypertension (81).

As noted previously, NADPH oxidase-derived H,O, or ex-
ogenous H,O, sometimes induce vasoconstriction, which is me-
diated by mitogen-activated protein kinases such as ERK1/2
(145, 146) and p38 (118). Both MLCK activation and myosin
phosphatase inactivation can be induced by ERK1/2 and p38,
leading to an increase in MLC phosphorylation. In addition,
caldesmon, integrin-linked kinase (ILK), and zipper-interact-
ing-like kinase (ZIP kinase) have been suggested to be involved
in ROS-induced, MAPK-mediated vasoconstriction (10).

ROLE OF ROS IN
VASCULAR REMODELING

Vascular remodeling is defined as modification of structure
leading to alteration in wall thickness and lumen diameter. It
can be induced through passive adaptation to chronic changes
in hemodynamics and/or through neurohumoral factors in-
cluding Ang II and ROS. The progression of hypertension in-
volves two different types of vascular remodeling: inward eu-
trophic remodeling and hypertrophic remodeling (173).
Eutrophic remodeling is characterized by reduced lumen size,
thickening of the media, increased media:lumen ratio and, usu-
ally, little change in medial cross-sectional area. In this case,
the change in VSMC size is negligible (92), and medial growth
toward the lumen is mainly mediated by reorganization of cel-
lular and noncellular material of the existing vascular wall,
accompanied by enhanced apoptosis in the periphery of the
blood vessel (166). This is common in small resistance arter-
ies of essential hypertensive patients and SHR (92, 135). On
the other hand, hypertrophic remodeling characterized by an
increase in wall cross-sectional area predominates in conduit
arteries of secondary hypertension, such as those of renovas-
cular hypertensive patients or Ang Il-infused hypertensive
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rats. An increase in cell size and enhanced accumulation of
ECM proteins such as collagen and fibronectin are specific
features of hypertrophic remodeling (42, 165). Hence, VSMC
hypertrophy and ECM synthesis are required for hypertrophic
remodeling. Both mechanical wall stress and humoral media-
tors such as Ang II contribute to hypertrophic remodeling (72,
116, 165, 205).

Both forms of remodeling frequently coexist in different vas-
cular beds and at different stages of hypertension, even in the
same individual. Although the determinants of each type of re-
modeling have not been elucidated clearly, the reorganization
of media mediated by phenotype modulation of VSMCs, mi-
gration, cellular growth, apoptosis, and ECM production and
rearrangement is thought to be common to both processes (Fig.
2). These events occur cooperatively and simultaneously; there-
fore, it is not easy to distinguish contributions of each compo-
nent in vivo. Vascular remodeling is improved by treatment with
tempol, antioxidant vitamins (27), Ang II receptor antagonists,
or NADPH oxidase inhibitors in animal experimental models,
as well as in clinical trials (101, 241), emphasizing the role of
ROS.

Phenotype modulation

VSMCs within mature blood vessels express a unique
repertoire of contractile proteins, and possess low prolifera-
tive capability and synthetic activity. During development or
in pathological conditions such as vascular injury, highly dif-
ferentiated VSMCs exhibit structural and functional changes,
including loss of their contractile machinery and a high rate
of cellular growth, migration, and production of ECM com-
ponents such as collagen and fibronectin, which together de-
scribe ‘phenotype modulation’ (148). This phenotypic change
of VSMCs predisposes them to hypertrophy, exaggerated pro-
liferation, and increased production of ECM proteins in hy-
pertension. The primary evidence for the involvement of
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FIG. 2. ROS-mediated contribution of vascular smooth
muscle cells to vascular remodeling in hypertension. Phe-
notypic modulation of vascular smooth muscle is central to the
development of remodeling in hypertension. ECM, extracellu-
lar matrix; MMPs, matrix metalloproteinases.
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phenotype switching in hypertension is the enhanced prolif-
eration (68, 77) and hypertrophy accompanied by polyploidy
(149) of VSMCs derived from SHR. Hyperplasia of aortic
SMC:s is also seen in renovascular hypertensive rabbits (152).
In addition, in an animal study using SHRSP (31) and in a
clinical report of primary pulmonary hypertension (131), phe-
notype changes of VSMCs have been detected using mark-
ers for the proliferative phenotype (fibronectin and nonmus-
cle myosin). Although the driving forces for phenotype
switching are not fully understood, physical and chemical
changes in the environment have been suggested as causes of
phenotypic modulation, including humoral factors such as
growth factors (PDGF, TGFB-1), contractile agonists (Ang
II, ET-1), and neuronal signals. In addition, chemically- or
physically-induced vascular injury, and changes of mechan-
ical forces inducing alteration of cell-cell interaction and
ECM structure, can induce phenotype switching (148).

The role of ROS in phenotypic modulation in hypertension
has not been examined in detail. Superoxide is reported to en-
hance collagen production in VSMCs, which suggests that ROS
favor the synthetic property of VSMCs (151). Indeed, hyper-
trophy, proliferation, and migration, functions characteristic of
the synthetic phenotype, are enhanced in VSMCs that have el-
evated H,O, production resulting from overexpression of
p22phox (187). However, catalase and NAC block the induc-
tion of calponin, SM «a-actin, and smooth muscle myosin heavy
chain in response to serum withdrawal in VSMCs, suggesting
that H,O, also mediates differentiation in these cells (184). A
possible explanation for this paradox may lie in the subcellular
localization of the ROS signal. A recent study demonstrated
that Nox4-derived ROS are critical for the maintenance of the
differentiated phenotype of VSMCs, whereas Nox1 expression
is inversely correlated with the expression of differentiation
markers (29). This implies that localization of ROS signal is a
critical determinant of cellular response, which is supported by
two previous papers showing differential subcellular localiza-
tion of Nox1 and Nox4 in VSMCs (76), and a positive role for
Nox1 (but not Nox4) in serum-induced proliferation and Ang
[I-stimulated hypertrophy in VSMCs (102, 185). Further in-
vestigation into the spatial diversity of redox signaling is
needed.

Extracellular matrix reorganization

Vascular remodeling also entails degradation and reorgani-
zation of the ECM in the vasculature. Although several classes
of proteases have been suggested to be associated with ECM
reorganization, the most important enzymes are matrix metal-
loproteinases (MMPs). MMPs are a group of zinc-dependent
endopeptidases that are capable of degrading most ECM pro-
teins in blood vessels, such as collagen, gelatin, and fibronectin.
Existing within the ECM, MMPs play crucial roles in the dy-
namics of the ECM by degrading, or “loosening” the ECM
structure. A decrease in MMPs was postulated to increase vas-
cular fibrosis (104), and high levels of MMPs were proposed
to be related with vascular remodeling through active turnover
of ECM (183). Several studies have focused on the relationship
between hypertension and MMPs, but there seems to be con-
flicts over clinical data. Plasma levels and activity of MMP-2
and MMP-9 are decreased in patients with essential hyperten-
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sion (104, 111, 235, 236) and with pulmonary hypertension
(58), whereas increased circulating levels have been described
in other studies investigating patients with essential hyperten-
sion (36, 122, 198, 199) and gestational hypertension (197). In-
creased levels of MMP-2 and MMP-9 in serum are reported to
be well correlated with arterial stiffness in hypertensive patients
(228), and in aortic tissue from SHR, there is a significant in-
crease in activity and expression of MMP-2 (183). More work
is clearly necessary to resolve this issue.

It is noteworthy that superoxide and H,O, increase the ex-
pression and activation of MMP-2 and MMP-9 in VSMCs (66,
160). X/XO activates MMP-2, and the redox cycler, 2,3-
dimethoxy-1,4-naphthoquinone (DMNQ), induces MMP-1 in
VSMCs (18, 113). Ang II stimulates secretion of MMP-1,
MMP-3, and MMP-9 in human saphenous vein SMCs in a
NADPH oxidase- and ROS-dependent manner (18). NADPH
oxidase-derived ROS are also responsible for the increase in
expression and release of MMP-2 by mechanical stretch, a hall-
mark of arterial hypertension (62). Taken together, in vitro stud-
ies raise the possibility that ROS may contribute to ECM reor-
ganization through enhancing expression and activity of
members of the MMP family, although the clinical or in vivo
relevancy of these observations to hypertension remains to be
clarified.

Migration

Vascular remodeling involves migration of VSMCs along
with phenotype change and ECM reorganization. VSMC mi-
gration can be induced by a diverse range of chemoattractants,
including PDGF, VEGF, thrombin, Ang I, MCP-1, arachidonic
acid, and a-adrenoceptor agonists such as phenylephrine. ROS
is involved in migration by acting as a second messenger, as
demonstrated by the inhibitory effects of catalase, SOD, NAC,
pyrrolidine dithiocarbamate, and ebselen (60, 115, 143, 186,
216, 217). Indeed, H,O, treatment is sufficient to induce SMC
migration (89), and internal mammary arterial SMCs, which
possess a high antioxidant capacity, resist migration induced by
PDGF and Ang II (119). Additionally, in coronary SMCs, phys-
ical pressure promotes migration, and HMG-CoA reductase in-
hibitors prevent migration through potentiation and suppression
of oxidative stress, respectively (229, 230). The particular in-
volvement of NADPH oxidases has been demonstrated in re-
cent studies. PDGF-stimulated migration is inhibited by a
newly-developed Nox inhibitor, VAS2870 (200), and similar
effects are obtained with DPI and apocynin in Ang II-, MCP-
1-, or thrombin-induced migration (224, 227). In parallel with
these findings, genetic knockout of Noxl or Nox4 impairs
PDGF-induced migration in rodent VSMCs (unpublished data),
and p22phox overexpressing cells show an enhanced migratory
activity (187), suggesting a pivotal role of NADPH oxidases in
VSMC migration.

The mechanisms underlying ROS-mediated VSMC migra-
tion are poorly understood. Signaling molecules including non-
receptor tyrosine kinases, Src, PKC, PLD, MAPKSs such as
ERK1/2 and p38, NF-«B, and Akt have been suggested as key
mediators of ROS-mediated migration (57, 89, 115, 216, 217,
224). Recently, the Src/PDK1/PAKI1 signaling axis was iden-
tified as a major signaling route in PDGF-stimulated, ROS-sen-
sitive VSMC migration (218).
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Cellular growth and apoptosis

Redox signaling is also associated with cellular growth,
senescence, and death (30, 108). Exogenous treatment with
ROS results in diverse effects on VSMCs, inducing prolifera-
tion, growth arrest, or apoptosis in different studies. It is gen-
erally accepted that cellular growth is induced at exposure to
low concentrations of ROS, whereas a greater extent of ROS
treatment results in death. In other studies, superoxide was
found to induce proliferation, but H,O, treatment resulted in
growth arrest or apoptosis in VSMCs (109, 141), suggesting
that different oxidant species may have different functions.

ROS function as mediators of VSMC growth contributing to
vascular remodeling during hypertension (40, 214, 231, 238).
Although both hypertrophy and hyperplasia are associated with
the remodeling process, the roles of ROS in hyperplasia and
hypertrophy are complicated and are not clearly distinguished.
Superoxide generated by the X/XO system is known to stimu-
late VSMC proliferation (108, 141), but, in a recent study, a
much lower level of superoxide than that inducing proliferation
was found to lead to hypertrophy instead of proliferation in
VSMCs, characterized by enhanced cell size and protein syn-
thesis (124). Apparently, ROS serve as an intracellular signal-
ing messenger to stimulate growth via mechanisms common to
natural growth factors (223). For example, H,O, treatment in-
duces phosphorylation of the PDGEp receptor, Akt, and MAPK
p42/44, which can be blocked by NAC (86), and NADPH ox-
idase-derived superoxide mediates Ang II-induced hypertrophy
of VSMCs (231). Overexpression of Cu/Zn-SOD and/or cata-
lase efficiently inhibits epidermal growth factor (EGF)-induced
VSMC proliferation (179). ERK1/2 (186), p38 (208), JNK, and
Akt/PKB are known to be the key redox-sensitive signaling
molecules related to VSMC growth (61, 179, 209).

Apoptosis contributes to modification of vascular wall struc-
ture, and occurs with spatio-temporal diversity within vascula-
ture during the development and progression of hypertension
(69, 130). Enhanced apoptosis has been found in the vascula-
ture of SHR (166, 211), DOCA-salt rats (178) and Ang II-in-
fused rats (38). Additionally, it was found that VSMCs isolated
from SHRSP are more susceptible to apoptotic stimuli (37). Di-
verse mechanisms are involved in apoptosis in hypertension:
activation of Ang II type 2 receptor (226), ETy receptor, L-type
Ca®" channel (196), and PPAR-« have been suggested to be
associated with enhanced apoptosis. ROS are known to regu-
late such apoptotic pathways (79, 83, 108-110).

Recently, oxidative stress was demonstrated to be involved
in rarefaction via promotion of endothelial apoptosis (91). Rar-
efaction, defined as a reduced spatial density of microvascular
networks (8, 47), contributes to elevated peripheral resistance
in hypertension. It has been observed in hypertensive animal
models like SHR (91) and glucocorticoid hypertensive rats
(212), as well as in human essential hypertension (8, 28, 177).
Rarefaction has been reported in borderline essential hyperten-
sion and young adults with a predisposition to high blood pres-
sure, as well as in established hypertension, suggesting that it
may be both a cause and a consequence of hypertension (7, 8,
144). Accumulating evidence suggests that abnormal apoptosis
of endothelial cells causes rarefaction (166, 212). In a recent
study, chronic treatment with the superoxide scavengers tem-
pol or tiron resulted in reduction of endothelial cell apoptosis
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and improved the loss of microvessels and oxidative stress in
SHR (91).

PERSPECTIVE

Recent advances in redox signaling provide insight into the
role of ROS in the physiological and pathological processes of
the vasculature related with hypertension. At the same time,
however, they raise even more questions that need to be in-
vestigated. There are a few points to be underscored regarding
treatment for hypertension. Basically, ROS act as signaling mol-
ecules that are associated with various physiological processes
indispensable for normal function of blood vessels. Improper
regulation of ROS compromise redox signaling, which is as-
sumed to induce pathologic conditions such as hypertension.
Hence, unilateral and nonspecific scavenging of ROS may not
be efficient or adequate to improve impaired redox signaling.
This is further supported by the complexity and diversity of
ROS generating systems and antioxidant systems in the vascu-
lature. Blood vessels are composed of different types of tissues
interacting with each other—endothelium, SMCs, adventitial
cells, and extracellular matrix, all of which have distinct sources
of ROS and antioxidants. Moreover, the structure and compo-
sition of blood vessels are variable depending on the vascular
bed. Additionally, the spatial complexity of redox signaling is
complicated by subcellular compartmentalization of ROS gen-
erating enzymes and antioxidants. For example, NADPH oxi-
dases are localized within cells depending on their subtypes,
and different types of SOD, thioredoxins and peroxiredoxins
are localized in distinct regions such as cytosol, mitochondria,
endoplasmic reticulum, or extracellular space, suggesting that
each redox component has distinct roles determined by their
subcellular location, in addition to their specific chemical fea-
tures. Each ROS has different physicochemical properties (e.g.,
redox potential, half-life, diffusion capability) and has distinct
physiological roles. They are subject to metabolism, so they can
convert into other species, which makes their specific role more
complicated. In addition to the spatial complexity of redox sys-
tems, the temporal aspect of redox signaling is also important
in the pathogenesis of hypertension. The contribution of spe-
cific ROS and cellular mechanisms may be variable depending
upon the stages of hypertension, because it is unlikely that all
the redox systems are involved in pathogenesis at the same time
throughout the whole period of pathogenesis. The complexity
of redox systems makes it clear that proper modulation of re-
dox signaling for treatment of hypertension may not be achieved
by administration of antioxidants, which have limited accessi-
bility to target molecules and nonspecific modes of action. This
is supported by the disparity between the effectiveness of anti-
oxidant treatment in simple experimental systems in vitro, at
the cellular or tissue level, and their relatively low efficiency
in clinical trials. Current studies with improved forms of ROS
scavenging enzymes, specific inhibitors for different ROS gen-
erating enzymes, and redox signaling pathway blocking agents
allow subtle modulation of redox signaling and may overcome
the redundancy of general antioxidant treatments. Thus, the spa-
tial and temporal aspects of redox signaling in the vasculature
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are of much importance to understand the etiological role of
ROS and to develop better strategies to treat hypertension.
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ABBREVIATIONS

Ang 11, angiotensin II; BHy, tetrahydrobiopterin, DMNQ,
2,3-dimethoxy-1,4-naphthoquinone; DOCA-salt, deoxycorti-
costerone acetate-salt; ECE-1, endothelin-converting enzyme-
1; ECM, extracellular matrix; EC-SOD, extracellular SOD;
EDHF, endothelium-derived hyperpolarizing factor; EGF, epi-
dermal growth factor; eNOS, endothelial nitric oxide synthase;
ET, endothelin; GSH, glutathione; ILK, integrin-linked kinase;
IP3, inositol 1,4,5-trisphosphate; IP3R, inositol 1,4,5-trisphos-
phate receptor; MAPKSs, mitogen activated protein kinases;
MLC, myosin light chain; MLCK, myosin light chain kinase;
MMPs, matrix metalloproteinases; NAC, N-acetylcysteine;
Nox, NADPH oxidases; PDI, protein disulfide isomerase;
PMCA, plasma membrane Ca>"-ATPase; ROS, reactive oxy-
gen species; SERCA, sarco/endoplasmic reticulum Ca®*-
ATPase; SOD, superoxide dismutase; SHR, spontaneously hy-
pertensive rat; SHRSP, stroke prone spontaneously hyperten-
sive rat; SMCs, smooth muscle cells; TBARS, thiobarbituric
acid reactive species; VSMCs, vascular smooth muscle cells;
XDH, xanthine dehydrogenase; XO, xanthine oxidase; ZIP ki-
nase, zipper-interacting-like kinase.
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