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Abstract

Significance: Arterial blood vessels functionally and structurally adapt to altering hemodynamic forces in order
to accommodate changing needs and to provide stress homeostasis. This ability is achieved at the cellular level
by converting mechanical stimulation into biochemical signals (i.e., mechanotransduction). Physiological me-
chanical stress helps maintain vascular structure and function, whereas pathologic or aberrant stress may impair
cellular mechano-signaling, and initiate or augment cellular processes that drive disease. Recent Advances:
Reactive oxygen species (ROS) may represent an intriguing class of mechanically regulated second messengers.
Chronically enhanced ROS generation may be induced by adverse mechanical stresses, and is associated with a
multitude of vascular diseases. Although a causal relationship has clearly been demonstrated in large numbers
of animal studies, an effective ROS-modulating therapy still remains to be established by clinical studies. Critical
Issues and Future Directions: This review article focuses on the role of various mechanical forces (in the form of
laminar shear stress, oscillatory shear stress, or cyclic stretch) as modulators of ROS-driven signaling, and their
subsequent effects on vascular biology and homeostasis, as well as on specific diseases such as arteriosclerosis,
hypertension, and abdominal aortic aneurysms. Specifically, it highlights the significance of the various NADPH
oxidase (NOX) isoforms as critical ROS generators in the vasculature. Directed targeting of defined components
in the complex network of ROS (mechano-)signaling may represent a key for successful translation of experi-
mental findings into clinical practice. Antioxid. Redox Signal. 20, 914-928.

Introduction This review highlights reactive oxygen species (ROS) as

intriguing messengers that may link biomechanical forces

HE MAJOR FUNCTION of large arteries is to maintain an

adequate blood supply directed from the heart to pe-
ripheral organs and tissue. As such, they are subjected to
various mechanical stresses that are mainly generated by a
pulsatile blood flow. However, instead of being a merely
passive conductive system, the vasculature is able—and
required—to adapt actively to changing mechanical loads
that may arise from both physiologic and pathologic hemo-
dynamic conditions (66, 71). Consequently, arterial structure
is significantly influenced by the mechanical forces that are
imposed on the blood vessel wall. At a cellular level, this
implies that various types of vascular cells have the ability to
differentially sense mechanical stimuli (i.e., mechanosensa-
tion), and to integrate them into the cellular biochemical sig-
naling network (i.e., mechanotransduction).

to subsequent functional and structural vascular alterations.
To this end, we first provide a brief overview of ROS bio-
chemistry, including ROS-generation and elimination. We
then discuss the complex mechanical forces leading to al-
tered ROS generation and elimination in vascular endothe-
lial cells (ECs) and vascular smooth muscle cells (VSMCs),
focusing on different types of mechanical stress, such as
those hemodynamically induced by various shear profiles
(laminar vs. oscillatory) or cyclic stretch. We elucidate the role
of ROS in driving general processes of vascular function/
dysfunction (such as endothelial dysfunction, extra-cellular
matrix (ECM) remodeling, and inflammation). Finally, we
discuss the contribution of mechanically modulated ROS sig-
naling to specific vascular diseases such as arteriosclerosis,
hypertension and abdominal aortic aneurysm. The roles of

Division of Cardiovascular Medicine, Stanford University School of Medicine, Stanford, California.

2Departmen’c of Medicine, Karolinska Institute, Stockholm, Sweden.

914



ROS IN VASCULAR DISEASES

various NADPH oxidases (NOXs) isoforms are particularly
emphasized.

ROS—Substrates of Oxidative Stress and Mediators
of Redox Signaling

After the discovery of free radicals in biologic materials in
1954, ROS have long been recognized as a cause of hazardous
cellular effects (28). Via oxidative damage of cellular molecules,
lipids, proteins, or DNA, they are involved in gross cellular
damage, promotion of mutagenesis, biologic degeneration,
and aging (37). In physiologic states, ROS generation is coun-
terbalanced by various cellular anti-oxidant enzymes to pro-
mote “redox homeostasis.” However, excessive/toxic ROS
generation may induce an imbalance favoring oxidants com-
pared with antioxidant capacity—a condition summarized by
the term “oxidative stress.” However, in contrast to their
nonspecific toxic effects, ROS have been recently recognized as
specific mediators of cellular signaling. Here, acting as second
messengers, they give rise to the term “redox signaling.”

ROS as Second Messengers

Second messengers are defined as intracellular molecules
that serve as transmitters and amplifiers of chemically or me-
chanically generated information—typically at the plasma
membrane—to cytoplasmic or nuclear targets. Their regulated
production or release occurs on stimulation through an enzy-
matic or ion channel process (102, 121). The transience of the
increase in second-messenger concentration is due to signal
termination at several levels, including enzymatic removal of
the second messenger (e.g., hydrolysis of the second messenger
cAMP) or release from its downstream receptor. Furthermore,
there is specificity of second messengers for their targets, which
are most often protein kinases and protein phosphatases.

Free radicals were recognized as messenger molecules
decades ago, when it was shown that the free radical nitric
oxide (eNO) could activate soluble guanylate cyclase to pro-
duce cGMP from GTP (4). However, it took many more years
until ROS were first identified in mechanisms of cellular sig-
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naling. As summarized next, ROS provide all aforementioned
characteristics required to serve as second messengers (e.g.,
regulated generation, elimination, and target specificity).
Moreover, due to the high diversity of ROS, ROS generators,
and ROS metabolizing enzymes in specific cells and cellular
compartments (e.g., cytosol, mitochondria, endoplasmatic
reticulum), ROS-signaling features high spatial complexity.
As such, there may be regions within the cell in which ROS
accumulation is high, while other regions display diminished
ROS signaling. Thus, the steady state of ROS in a given cel-
lular compartment may be important for further downstream
signaling.

At this point, it should be noted that the term “ROS-
mediated signaling” in this review is used for both signaling
through enhanced ROS generation and via mechanisms that
decrease ROS levels.

Chemistry of ROS

The ROS family comprises various molecules that are de-
rived from the sequential reduction of molecular oxygen and
which are capable of oxidizing molecular targets (Fig. 1). Al-
though sharing the same molecular origin, ROS exhibit a
relatively wide spectrum of chemical properties (e.g., radicals
vs. nonradicals), resulting in significant heterogeneity of bio-
logic capabilities.

Unstable free radicals such as superoxide anion (O,° ") and
hydroxyl radical (OH®) have short biological half lives. Con-
sequently, these molecules may only act in close proximity to
the locus of their generation. The superoxide anion, in par-
ticular, is extremely reactive and will generally irreversibly
oxidize the first biomolecule it comes into contact with.
Therefore, this ROS is unlikely to act in a highly targeted
process as cellular signaling.

In contrast, hydrogen peroxide (H,O,), a nonradical, is
uncharged, comparatively stable, and unreactive, resulting in
a longer biological half life and an ability to diffuse across
lipid bilayers. The limited reactivity of H,O, enables this
molecule to act on specific molecular targets. Thus, hydrogen
peroxide may represent the most ideal second messenger
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among the group of ROS (39). In addition, it should be noted
that ROS which are produced locally may elicit long-distance
signaling via activation of other molecules, propagating
throughout cells and tissues. Thus, in the context of mechano-
sensing, the transduction of local mechanical forces by mo-
lecular entities can translate into responses far away from the
initiating force.

Generation and Elimination of ROS

Virtually all types of vascular cells, including ECs, smooth
muscle cells, and adventitial cells, are capable of producing
ROS, generated from both enzymatic and nonenzymatic
sources. It is important to emphasize that redox signaling is
dependent on enzymatic—and, therefore, inducible/control-
lable—generators. With regard to vascular ROS signaling, the
most relevant sources are NAPDH oxidase, xanthine oxidase
(XO),and (uncoupled) NO synthase (NOS) (Fig. 1).

NADPH oxidases

The first description of the production of ROS by intact
mammalian cells through an enzymatic reaction was in
phagocytes (110). In those same cells—albeit years later—the
first NOX was also identified, being responsible for the
transfer of one electron from NADPH to oxygen forming O,°.
To date, seven members (NOX1-5; DUOX1-2) have been
characterized in the NOX family with the aforementioned
phagocytic NOX2 being the prototype. NOX s the only family
of enzymes known to generate ROS as its primary function.

AIINOX enzymes utilize NADPH as an electron donor and
catalyze a transfer of electrons to molecular oxygen to gen-
erate superoxide, which may be subsequently dismutated to
hydrogen peroxide by superoxide dismutase (SOD). How-
ever, there are marked differences among the NOX homo-
logues (Table 1). NOX 1, 2, 4, and 5 are variably expressed in
different vascular cell types (93). NOX1 is predominantly
expressed in VSMCs, and, to a lesser extent, in ECs. NOX2
(gp91phox-containing oxidase) is found in ECs as well as in
vascular fibroblasts and macrophages. NOX4 is expressed in
all cardiovascular cell types, and it seems to be the major
isoform expressed in ECs and VSMC. NOX5 expression has
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been reported in ECs and VSMC. However, since it is only
found in humans and not in rodents, there is little evidence
regarding its functional relevance to date.

Apart from these cell specificities, different NOXs also have
variable requirements for additional subunits in order to form
a functional complex. All NOXs contain a name-defining
membrane-bound core catalytic unit (Nox1-5, Duox1, and
Duox2). Nox1, Nox2, and Nox4 require binding to the smaller,
membrane-bound p22phox subunit. Activation of NOX1 and
NOX2 by soluble elements (such as angiotensin II [AnglII])
and mechanical factors (further discussed in the present arti-
cle) induces the recruitment of additional cytosolic subunits
such as p47phox, p67phox, Racl, and optionally p40phox (in
the case of NOX2), or the respective homologues of p47phox
and p67phox, NOXO1, and NOXAT1 (in the case of NOX1).
NOXS5 is activated by calcium binding. In contrast, NOX4 is
constitutively active and may, therefore, be primarily regu-
lated at the transcriptional level—although Poldip2 was re-
cently discovered as a regulator of NOX4 in VSMC (113).

Finally, NOXs also differ in specific ROS production. In
contrast to NOX1, NOX2, and NOX5, which mainly generate
superoxide, NOX4 seems to primarily generate hydrogen
peroxide (30, 83).

Xanthine oxidase

As a part of purine metabolism, XO catalyzes the oxidation
of hypoxanthine and xanthine, thereby generating O,°~ and
H,0; as byproducts. XO has been identified in vascular en-
dothelium and seems to be of particular importance as an
ROS-generator in ischemia/reperfusion (53).

Uncoupled NOS

NOS is the enzyme that is best known for generation of NO
by catalyzing the reaction from L-arginine to L-citrulline.
However, all three known isoforms, endothelial NOS (eNOS),
neuronal NOS, and immunological/inducible NOS, may
potentially generate ROS. Here, in a process of “NOS un-
coupling,” the electron flow is diverted to molecular oxygen
rather than to L-arginine—thereby generating superoxide
rather than NO (2). In ECs, uncoupling can be triggered

TABLE 1. CHARACTERISTICS OF NOX ISOFORMS IN THE VASCULAR SYSTEM

NOX isoform

Characteristic NOX1 NOX2 NOX4 NOX5
Core protein Nox1 Nox2 (gp91phox) Nox4 Nox5
p22phox-associated + + + -
Regulatory subunits NOXO1 p47phox - -

NOXA1 p67phox

Rac p40phox (optional)

(p47phox)

(p67phox) Rac
Activation/regulation Regulatory subunits Regulatory subunits Transcription Calcium binding

Poldip2

Primary ROS product Superoxide Superoxide Hydrogen peroxide Superoxide
Vascular cell type VSMC EC Ubiquitous EC

(EQ) Fibroblasts VSMC

VSMC

EC, endothelial cell; NOX, NADPH oxidase; ROS, reactive oxygen species; VSMC, vascular smooth muscle cell.
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in vitro by deficiency of the co-factors tetrahydrobiopterin and
L-arginine or in a low-pH medium (126). Other enzymatic
sources of ROS include cyclooxygenase/lipoxygenase and
various amine oxidases.

Nonenzymatic ROS generators

As opposed to controllable enzymatic ROS generation,
“unintentional” nonenzymatic ROS production mainly con-
tributes to an elevation of cellular oxidative stress. None-
nzymatic ROS sources include the mitochondrial electron
chain, the cytochrome-P450 family, or free iron (Fe2+).

Elimination of ROS

Analogous to the dual role of ROS in mediating both oxi-
dative stress and cellular signaling, ROS-reducing enzymes
may be considered cellular “detoxifying” agents, altering ROS
signal transduction as well as providing redox-homeostasis.
Furthermore, antioxidants may also be categorized into an
enzymatic as well as a nonenzymatic group.

Enzymatic antioxidants include superoxide dismutases
(SOD1-3; which catalyze the dismutation of superoxide
(0,°7) into H,O, and O,), and two major types of enzymes
metabolizing H,O,: catalase (which dismutates H,O, into
water and molecular oxygen) and peroxidases such as glu-
tathione (GSH) peroxidases, thiol-dissulfide oxidoreductases,
and peroxiredoxins (all of which eliminate H,O, by using it as
an oxidant for another substrate, generating water) (Fig. 2).
Many of these enzymatic antioxidants are present in vascular
cells—albeit in different cellular compartments (40).

In addition to enzymatic antioxidants, there are several
low-molecular-weight compounds that contribute to the an-
tioxidant defense systems. These include endogenously syn-
thesized (e.g., uric acid, bilirubin, and coenzyme Q;) as well
as dietary substances (vitamin C, vitamin E) (118).

With regard to overall ROS homeostasis, low amounts of
ROS can contribute to physiological cellular functions via ac-
tivation of signaling cascades or engagement of receptors that
drive various cellular pathways (leading to growth prolifer-
ation, dilatation etc.), or can (when generated at high levels, or
under sustained production) damage biological molecules.
The damage can be contained when pathways are activated to
suppress ROS production (antioxidants, efc.), repair ROS-
mediated damage (nucleotide and base excision repair), or
degrade the oxidative products formed (elimination by au-
tophagosomy). Damage occurs when the oxidative load ex-
ceeds the capacity of the cell to enact these responses.

FIG. 2. Hemodynamic im-
pact on vascular mechanical
stimulation. Regular laminar

Laminar flow = laminar shear stress
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ROS in the Transmission of Hemodynamic Signals

Blood vessels are continuously exposed to mechanical stress
induced by various types of hemodynamic forces (Fig. 2). The
viscous drag of blood flow results in a tangential frictional
force acting on the vascular luminal surface, thereby gener-
ating shear stress. Shear stress is proportional to flow rate
and inversely proportional to the third power of the vessel’s
radius. This implies that an increase in vascular diameter
effectively reduces shear stress. As discussed in subsequent
sections, shear stress may appear in two distinct forms: lam-
inar and nonlaminar (oscillatory, turbulent). In addition, the
pulsatile nature of blood flow generates cyclic changes of
hydrostatic intravascular pressure, inducing a (mainly cir-
cumferential) cyclic stretch/strain—where strain is generally
defined as the ratio of total deformation related to the initial
dimension of the vessel. In contrast to shear stress, which
mainly acts on the luminal surface of the endothelium, cyclic
stretch may affect all vascular layers, including VSMC.

At the cellular level, these mechanical forces initially acti-
vate numerous sensors (e.g., molecular moieties on the plasma
membrane or other cellular components). As will become
apparent in the following sections, ROS subsequently play a
significant role in the downstream transmission of these me-
chanical signals, resulting in both physiological and patho-
physiological responses.

Shear stress

Shear stress arising from blood flow in the vasculature is
determined by the local vascular topology. Depending on the
geometric characteristics of the vessel, lumen flow may ap-
pear laminar or nonlaminar (oscillatory). Laminar shear stress
typically occurs in straight vessels, whereas oscillatory shear
stress is found at vascular branch points, or in other regions of
complex vascular geometry such as atherosclerotic plaques or
aneurysmal dilatations (Fig. 2).

Overall, shear is sensed by the endothelium and mechan-
otransduced into various biochemical and signaling path-
ways via a multistep process. The initial step is flow-induced
deformation of the cell surface, followed by transmission of
stress via biochemical changes, leading to changes in gene
expression and remodeling of the vessels.

Unidirectional laminar shear stress

Flow-induced vasodilation represents a classical auto-reg-
ulatory mechanism that regionally adapts tissue perfusion to
changes in (systemic) cardiac output (e.g., during physical
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exercise). At the endothelial level, this effect is promoted by
laminar shear stress triggering the release of the “endothelium-
derived relaxing factor”—since 1987 better known as NO (99).
In addition to NO, ROS signaling is also involved in mediat-
ing the effects of laminar flow. Application of elevated in-
traluminal flow to intact vessel segments stimulates O,°~
production both in vivo and ex vivo (68). Subsequent in vitro
studies confirmed enhanced—but transient—ROS generation
after the abrupt onset of laminar shear flow via the NOX
system (58). In this acute setting, enhanced ROS generation
mediates flow-induced vasodilation in coronary and cerebral
arteries—with hydrogen peroxide being specifically respon-
sible (88, 100). Interestingly, the acute cessation of flow /shear
stress has also been demonstrated to trigger prolonged
(NOX2-mediated) ROS generation in the pulmonary endo-
thelium and circulation (20, 129). Taken together, ROS seem to
be signaling messengers that are particular sensitive to acute
changes in flow conditions. Their specific relevance in the
context of chronically alternating flow conditions (i.e., oscil-
latory flow) is discussed in the next section.

In addition to transiently inducing ROS generation, lami-
nar shear potently stimulates the expression of the cytosolic
copper/zinc-containing superoxide dismutase (Cu/Zn SOD),
a major cytoplasmic O,°“scavenger (61). Laminar flow also
increases expression and intracellular levels of GSH peroxi-
dase as well as cellular catalase activity, which are responsible
for H,O, scavenging in mammalian cells (58, 91). From a
signaling perspective, the transcription factor nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) seems to be critically in-
volved in mediating the anti-oxidant effects of pulsatile lam-
inar shear stress [reviewed in Takabe et al. (124)]. Nrf2 is
activated by pulsatile laminar shear stress in ECs, and, subse-
quently, binds to the antioxidant response element in the pro-
moter region of a variety of genes, thereby enhancing the
expression of antioxidant enzymes, such as heme oxygenase 1,
NADPH quinone oxidoreductase 1, as well as glutamate-
cysteine ligase catalysis and glutamate-cysteine ligase modi-
fier, which regulate GSH synthesis. In addition, Nrf2 is
involved in the down-regulation of endothelial NOX4 in
response to long-term laminar shear (47). Anti-oxidant Nrf2
activation by pulsatile laminar shear stress seems to be de-
pendent on NOX-derived ROS-generation, which implies
(negative) feedback regulation. Underscoring the critical
protective effect of Nrf2 function, Nrf2-loss-of-function stud-
ies have revealed detrimental ROS accumulation even in the
presence of (normally protective) laminar shear stress (124).

Further, endothelial NO release directly contributes to anti-
oxidant effects, as it causes an increase in expression of ex-
tracellular SOD in the adjacent VSMCs (42). Taken together,
increased laminar shear stress may initially enhance ROS
production, but reduces ROS levels in the long term due to a
sustained up-regulation of anti-oxidant enzymes. In contrast,
supra-physiologically elevated laminar flow (as experimentally
induced by arterio-venous fistulas) was shown to enhance ROS
synthesis in a p47phox-dependent, but gp91phox-independent
fashion—thereby indicating a potential role for NOX1 in this
specific context of mechanotransduction (22).

Oscillatory shear stress

In contrast to physiological unidirectional laminar flow,
various vascular pathologies are associated with focally dis-

RAAZ ET AL.

turbed flow patterns. Most evidence is derived from studies
investigating the pathophysiology of atherosclerosis, which
typically occurs at (and also generates) locations of disturbed,
nonuniform, oscillating flow (67). In this scenario of disturbed
flow, ROS levels are markedly elevated. Exposure of ECs to
oscillatory shear causes a sustained increase in the production
of ROS which is greater than that caused by laminar shear
(29). This finding is consistent with studies demonstrating
that oscillatory shear stress results in an up-regulation of
subunits of the NOX complex, such as p47phox, gp91phox,
and Nox4 in bovine aortic ECs (59). In contrast, physiologic
pulsatile flow down-regulated gp91phox, as well as Nox4
expression, accompanied by reduced superoxide production
(59). Additional studies found that NOX (p47phox)-derived
ROS production in oscillatory shear stress may trigger further
ROS generation by XO, thus implying a mechanism for signal
amplification (85).

Increasing the relevance of the in vivo results, others dem-
onstrated ex vivo that pathologic flow reversal (equivalent to
oscillatory flow) in porcine common femoral arteries induced
superoxide production, and reduced nitrite production and
endothelium-dependent vasodilation—all of which could be
reversed by NOX/gp91phox inhibition (45).

In summary, oscillatory shear promotes a pro-oxidant mi-
lieu (enhanced ROS-generation); whereas chronic laminar flow
creates an anti-oxidant environment, reducing ROS levels.

Cyclic stretch

Cyclic stretch represents another significant vascular me-
chanical stimulus that results from pulsatile hemodynamics.
In contrast to shear stress, which typically affects the endo-
thelial layer of the vasculature, cyclic stretch is relevant to the
entire vessel wall. Therefore, cellular studies investigating
the effects of cyclic stretch also include VSMC. Similar to the
aforementioned opposing effects of shear stress on vascular
health, cyclic stretch also has a role in both physiological and
pathological vascular processes.

Physiologic levels of cyclic stretch may contribute to vas-
cular homeostasis by inhibiting VSMC proliferation and en-
dothelial apoptosis (24, 55). On the other hand, cyclic stretch is
chronically elevated in pathological conditions such as hy-
pertension. In this regard, cyclic stretch has been shown to
activate vascular cell proliferation or ECM synthesis—both of
which are features of hypertensive vascular remodeling (131).

In terms of vascular redox signaling, increased production
of ROS in response to cyclic mechanical stretch was reported
in ECs as well as in VSMCs (56, 84). This finding was also
reproduced in a model of arterial stretch (97). Various po-
tential sources for increased ROS production in response to
mechanical stretch have been identified in ECs and VSMC,
including the NOX system (Fig. 1). Mechanical stretch in
VSMC induced Nox1 expression, and subsequent ROS gen-
eration was completely abrogated in p47phox knockout
conditions (49). In ECs, cyclic stretch enhanced p22phox ex-
pression, and ROS production was sensitive to NOX inhibi-
tion with diphenyl iodonium (84). In contrast, physiological
levels of cyclic strain down-regulated Nox4 expression and
superoxide anion formation, accompanied by an increase in
NO release and eNOS expression (46).

The mitochondrial system has also been identified as a
stretch-responsive ROS generator (1). At an ex vivo level, high
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intravascular pressure (180 mmHg) was shown to induce in-
creased NOX activity, superoxide production, and, eventu-
ally, impaired endothelium-dependent vasorelaxation (127).
Although not specifically studied, one could speculate that, in
fact, vascular stretch secondary to elevated intraluminal
pressure induced subsequent mechanotransduction (involv-
ing the integrin-linked kinase ILK-1, and Rac-1).

In addition to hemodynamic forces, the pulmonary mi-
crovasculature is also subjected to cyclic stretch during
breathing or mechanical ventilation. Here, cellular over-
distension may result in endothelial damage, contributing to
distinct pathologies such as ventilator-induced lung injury
(104). Specific aspects of ROS-mediated mechanotransduction
in the pulmonary vasculature are beyond the scope of this
article and have been extensively reviewed recently (15).

ROS-Sensitive Processes of Vascular Biology

The next section highlights ROS as universal regulators of
vascular biology, including endothelial and VSMC homeo-
stasis, ECM remodeling, and inflammatory control (Fig. 3).
Pathological alterations of those specific features are implied
in virtually all vascular diseases. Therefore, ROS a priori
qualify as significant signaling molecules for vascular pa-
thologies.

In order to exert their pleiotropic actions, ROS interfere
with various signaling molecules. The heterogeneous group
of redox-sensitive targets includes protein kinases, such as
mitogen-activated protein (MAP) kinases (associated with
signaling cascades controlling cell proliferation, differentia-
tion, and death), protein phosphatases (which are critical
regulators in a multitude of signaling pathways and are
particularly susceptible to oxidative inactivation), small G
proteins (Rac, Rho), ion channels, or transcription factors
(such as NF-xB, activator protein-1 [AP-1], and Nrf2).
Although it is beyond the scope of the present review to
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comprehensively dissect ROS downstream signaling at a
molecular level, the large variety of available targets clearly
indicates the great potential of ROS to interfere with nearly
any cellular function.

Endothelial homeostasis

As discussed earlier, the vascular endothelium is a crucial
sensor of mechanical stress (especially shear stress), subse-
quently initiating ROS-mediated mechanotransduction.
However, ECs also represent targets of ROS signaling.

Besides modulating vascular smooth muscle tone and
growth, the messenger NO is most strongly related to the
maintenance of endothelial homeostasis; for example, by
inhibiting platelet aggregation, and leukocyte binding to
endothelium—thereby preventing crucial features of “endo-
thelial dysfunction” (99). In a reduced definition, the term
“endothelial dysfunction” is used in reference to impaired
endothelium-dependent vasorelaxation, caused by a loss of
NO bioactivity. Thus, on the one hand, endothelial dysfunc-
tion may obviously be a sequel of reduced NO production. On
the other hand, NO levels may be low due to accelerated NO
degradation. In this regard, there is evidence that ROS (su-
peroxide) seem to be of critical significance. Even before it was
identified as NO, the endothelium-derived vascular relaxing
factor (EDRF) was shown to be inactivated by superoxide
anion and to be stabilized by SOD (50). In line with those early
findings were animal studies which suggested that impaired
endothelium-dependent vascular relaxation in atherosclerotic
arteries was not due to an impaired release of NO/EDREF, but
rather a consequence of an accelerated inactivation by ROS—
which, therefore, was partially restorable by SOD treatment
(87,92). Those studies helped define the role of ROS as agents
promoting endothelial dysfunction. Subsequent animal and
also human studies further promoted the significance of ROS-
enhanced NO inactivation as an underlying mechanism of
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endothelial dysfunction in various diseases (e.g., hyperten-
sion, hypercholesterolemia, and diabetes) (21).

Apart from merely decreasing the (protective) bioavail-
ability of NO, the rapid reaction of superoxide with NO also
forms a highly reactive intermediate, peroxynitrite (ONOO ™).
Peroxynitrite in turn—being a strong cytotoxic oxidant—
causes oxidative damage, nitration, and S-nitrosylation of
biomolecules, such as proteins, lipids, and DNA, and thereby
may be involved in the pathogenesis of virtually all major
cardiovascular diseases (e.g., stroke, myocardial infarction,
and heart failure) (10, 98). Moreover, peroxynitrite may un-
couple eNOS (via oxidation of tetrahydrobiopterin), thus
leading to further superoxide generation, resulting in a
vicious cycle that contributes to enhanced NO depletion (41).
Only recently, oxidative stress-induced S-glutathionylation
of eNOS was identified as another molecular mechanism
leading to eNOS uncoupling and subsequent impaired
endothelium-dependent vasodilation, which can be restored
by thiol-specific reducing agents (25).

The current understanding of ROS-eNOS interaction has
recently been complicated by findings demonstrating para-
doxical activation of eNOS due to endothelial Nox5 over-
expression and subsequent superoxide generation (134).
However, since this putatively protective feedback regulation
is not effective in increasing the total amount of biologically
active NO, it may instead contribute to deleterious, enhanced,
ROS-triggered peroxynitrite generation.

Given the importance of NOXs as ROS generators in the
vasculature, it seems obvious that these proteins may be
crucial in inducing/mediating endothelial dysfunction. In-
deed, various studies assign such a role to Nox1 as well as
Nox2 (11, 32, 63). The immediate clinical relevance of im-
paired Nox2 signaling has been shown in patients suffering
from a hereditary disorder called chronic granulomatous
disease (X-CGD)—a disease affecting innate immunity and
predisposing to life-threatening infections due to a functional
deficiency of gp91phox. These patients, however, exhibit en-
hanced endothelium-dependent flow-mediated vasorelaxa-
tion, along with increased NO levels, compared with healthy
subjects. In addition, CGD patients are protected from ex-
perimental ischemia/reperfusion-induced endothelial dys-
function (76).

The rather uniform picture of NOXs as mediators of
vascular dysfunction has recently been challenged by exper-
imental data gathered in transgenic mice with endothelium-
targeted Nox4 overexpression. Those animals not only failed
to exhibit endothelial dysfunction but—on the contrary—also
demonstrated enhanced endothelium-dependent vasor-
elaxation primarily via increased hydrogen peroxide genera-
tion and subsequent H,Or-induced (K+-dependent)
hyperpolarization (108). These findings have refined the im-
pact of superoxide as a crucial ROS-promoting vascular
dysfunction (via NO depletion and simultaneous peroxyni-
trite generation), and highlighted the unique role of Nox4 as
an NOX that primarily produces H,O,, bypassing detrimental
superoxide generation (17).

Direct evidence for the significance of mechanically in-
duced ROS generation in the context of endothelial function
and dysfunction is provided by studies demonstrating that
not only NO, but also hydrogen peroxide may serve as a
mechano transducer promoting flow-induced vasodilatation
by means of cellular hyperpolarization (88, 100). With chronic
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flow overload and chronically enhanced shear or pathological
flow reversal, however, increased ROS production (via up-
regulation of NOX subunits p22phox, p47phox, Nox2, and
Nox4 or enhanced activation of the NOX system) contributes
to impaired endothelium-dependent vasorelaxation (77).
Finally, in addition to their impact on endothelial function,
ROS have also been identified as inducers and mediators of
endothelial apoptosis. From a biophysical perspective, it
should be noted that physiologic laminar shear stress exhibits
anti-apoptotic properties via anti-oxidant mechanisms (33).

VSMC hypertrophy, proliferation and apoptosis

VSMC biology represents another significant target for
ROS-mediated signaling. ROS have been identified as critical
transducers of Angll-induced VSMC hypertrophy, suscepti-
ble to various anti-oxidant interventions (48, 133). Further,
ROS have been implicated in pro-proliferative and anti-
apoptotic cellular responses. For example, PDGF-induced or
phenylephrine-induced proliferation and migration were
shown to be ROS (H,0,) dependent (96, 120). Overexpression
of catalase was effective in inhibiting proliferation and pro-
moting apoptosis (19). The anti-apoptotic effect of H,O, may
be mediated by canonical anti-apoptotic pathways involving
MAP kinases and Akt (120).

However, different studies found ROS inducing or en-
hancing VSMC apoptosis (38, 73). These contrary cellular re-
sponses can be explained by the extent and location of ROS
generation, as discussed in earlier sections; low levels of ROS
promote growth and survival, while high levels drive oxida-
tive stress and apoptosis.

With regard to the specific role of NOXs in governing (mal-)
adaptive responses in VSMC, NOX1 (and to some extent
NOX4) has been shown to modulate VSMC proliferation
(119). From a mechanistic point of view, it should be noted
that NOX1 seems to exert its effects via oxidative inactivation
of the phosphatase SHP-2, with subsequent augmented sig-
naling through Akt, thereby involving a central regulator of
cell proliferation and cell survival (123).

ECM remodeling

Vascular remodeling crucially involves qualitative and
quantitative alterations of the ECM (18). The vascular ECM is
synthesized by all cell types of the vascular wall and may be
regarded as a composite bioactive polymer consisting of col-
lagen and elastic fibers embedded in a viscoelastic gel of
proteoglycans, various glycoproteins, hyaluronan, and water.
The stability, resilience, and compliance of the vascular wall
are mainly dependent on collagen and elastin. Collagen and
elastin homeostasis is potently regulated by catabolic matrix
metalloproteinases (MMPs), a family of enzymes that is pro-
duced by vascular cells as well as inflammatory cells. Given
the regulatory power of MMPs, their own activity is con-
trolled at multiple levels, such as transcription, translation, or
zymogen activation. ROS signaling is able to interfere with
these stages of MMP generation.

Cyclic stretch of VSMCs increases the transcription and
release of MMP2, an effect that is dependent on p47phox (49).
Similarly, induction of MMP2 by AngllI requires a p47phox-
containing oxidase (78). Finally, ROS are also capable of
activating the proenzymes pro-MMP-9 and pro-MMP2
secreted from cultured human VSMCs (105). Mechanical
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force, specifically chronic supra-physiologically flow (in-
duced by experimental creation of arterio-venous fistulas in
mice), has been shown to activate MMP2 and MMP9 in a
p47phox-dependent manner, ultimately resulting in adaptive
vascular remodeling (22). Interestingly, gp91phox was not
necessary for flow-induced remodeling. Therefore, the NOX1
complex—which may also utilize p47phox as an organizing
subunit—may be the critical NOX isoform in that context (22).
Later studies also identified NF«B as a shear stress-responsive
transcription factor (see below) regulating MMP expression
and activity in flow-induced arterial remodeling (23).

Vascular inflammation

Inflammation plays a significant role in virtually all car-
diovascular diseases. One of the major pathomechanisms
underlying vascular inflammation is the up-regulation in the
expression of pro-inflammatory genes, such as those encoding
for chemotactic cytokines or adhesion molecules. There is
abundant evidence integrating ROS as signaling molecules in
this process.

Much evidence in this field is derived from studies in-
vestigating the inflammatory effects of AnglI stimulation.
Angll has early been known to induce ROS signaling via
activation of the NOX (48). Data from subsequent studies
then provided a link between Angll stimulation and in-
creased synthesis of inflammatory cytokines such as IL-6 and
MCP-1, or adhesion molecules such as VCAM-1 via ROS
serving as second messengers (26, 103, 112). Interestingly,
the AnglI type 1 receptor (AT1IR) has recently been reported
to be activated by shear stress. This regulation can occur
independently of Angll, although subsequent signaling is
ROS mediated (8, 107).

The specific importance of ROS as second messengers of
mechanotransduction in the field of vascular inflammation is
exemplified by studies involving central redox-sensitive “in-
flammatory” transcription factors, such as NFxB and AP-1.
NF«B is transiently activated in ECs acutely exposed to
physiological or high shear stress (14, 54, 90). In contrast
pathologically low shear stress—such as the disturbed flow
pattern occurring at atherosclerosis prone arterial segments—
induces sustained activation of NFxB (90). Mechanistically,
this phenomenon is due to a persistent activation of IKK
(IKKp in particular) that could be prevented by (upstream)
NOX inhibition (89). Activation of IKK leads to consecutive
phosphorylation of the inhibitor proteins IxBo and IxBf, al-
lowing the translocation of active NFxB into the nucleus to
activate transcription of downstream genes. In addition, in
accordance with the pathophysiologic concept of enhanced
ROS generation due to acute changes in flow profile, NFxB
and AP-1 were found to be up-regulated with acute flow
cessation in a ROS-dependent fashion (129).

Moreover, cyclic stretch as well as oscillatory shear stress
induced the expression of pro-inflammatory adhesion mole-
cules as ICAM-1, VCAM-1, or E-selectin in an ROS-dependent
manner, resulting in increased monocyte adhesion (27). In this
regard, p47phox- and Noxl-containing NOXs have been
identified as critical signaling components, leading from en-
dothelial oscillatory shear stress to subsequent monocyte
adhesion (60). However, recent in vivo studies also suggest
ROS-independent mechanisms of VCAM-1 up-regulation af-
ter the onset of oscillatory shear stress (130).
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The effect of ROS on vascular inflammation resulting from
interference with low-density lipoproteins (LDL) is discussed
next in the specific paragraph about atherosclerosis.

ROS in Specific Vascular Diseases
Atherosclerosis

The pathophysiologic impact of ROS mechanotransduction
may be best exemplified in atherosclerosis. Here, locally dis-
turbed, oscillatory shear flow (e.g., occurring at vascular bi-
furcations) provides a potent stimulus for regionally elevated
ROS generation (as discussed in earlier sections). Locally en-
hanced ROS synthesis may not only trigger subsequent sig-
naling events driving atherosclerosis but also help explain the
nonuniform appearance of atherosclerotic lesions (preferen-
tially occurring at vascular branch points) (95).

From a mechanistic point of view, in vitro studies with
unidirectional, laminar shear stress showed an induction of
gene transcript profiles that are considered athero-protective.
Those findings matched the expression of similar genes
in vivo. In contrast, oscillatory flow—as seen in atherosclero-
sis-prone regions (e.g., vascular branch points)—induces a
pro-atherogenic expression profile (95).

With regard to the particular role of ROS, apart from in-
terfering with the aforementioned redox-sensitive vascular
pathomechanisms (endothelial dysfunction, inflammation,
and remodeling—all of which contribute to atherosclerosis),
superoxide promotes atherogenesis by oxidation of LDL.
Oxidized LDL (oxLDL) enhances vascular inflammation by
augmenting intimal macrophage infiltration (e.g., through up-
regulation of chemotactic factors such as MCP-1, or enhanced
expression of adhesion molecules such as VCAM-1 and
ICAM-1), leading to subsequent foam-cell formation (12).

However, ROS not only oxidize LDL, but also mediate
subsequent downstream cellular signaling induced by
oxLDL. Macrophage activation by minimally oxidized LDL
was found to be dependent on Nox2-derived ROS generation
through expression regulation of pro-inflammatory cytokines
interleukin-1, interleukin-6, and CCL5/RANTES (7). More-
over, Nox4 has been identified as a mediator of oxLDL-
induced macrophage cell death, which itself is known to
contribute to the formation of necrotic cores in advanced
atherosclerotic plaques (69). Finally, ROS signaling also me-
diates oxLDL-induced macrophage spreading (via oxidative
inactivation of Src homology 2-containing phosphotyrosine
phosphatase [SHP-2]), a mechanism that may contribute to
macrophage trapping in arteriosclerotic lesions (101). The
complex interplay of ROS and oxLDL is further expanded by
the positive feedback regulation of oxLDL-induced NOX ex-
pression (111). With regard to aspects of mechanotransduc-
tion, it is important to emphasize that LDL oxidation has also
been shown to arise through pathologic (oscillatory) shear
stress, resulting in enhanced gp91phox expression and su-
peroxide production (59).

In line with the extensive in vitro data on the significance of
ROS in virtually all stages of atherogenesis, it has been dem-
onstrated that ROS (superoxide) production is elevated in
coronary artery disease and that the plaque shoulder in hu-
man coronary arteries exhibits increased levels of NOX sub-
units (including gp91phox, p22phox, Nox2, and Nox4) (52).
Interestingly, from a cellular perspective, gp91phox expres-
sion levels correlated with the plaque macrophage content,
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and Nox4 correlated with the content of alpha-actin—positive
cells. In addition, expression levels of gp91phox and p22phox
were positively correlated with the severity of atherosclerosis
(117). Nox5 was also identified as a generator of ROS in hu-
man coronary atherosclerosis (51).

In contrast to the predominant and consistent observations
of increased NOX expression in atherosclerotic lesions, its
functional relevance remains controversial. Atherosclerosis-
prone ApoE—/— mice with additional knockout of NOX
subunits p47phox or Nox2 exhibited reduced lesion forma-
tion, indicating a role for NOX2 in promoting atherosclerosis
(9, 62). In contrast, other reports have described no beneficial
effect of Nox2 or p47phox deficiency on plaque formation in
either ApoE — / — mice or wildtype mice on a high-fat diet (57,
65). However, with regard to the role of NOXI, Noxl
knockdown or p22phox overexpression resulted in decreased
and increased lesion size, respectively (64, 114). The reason for
the questionable functional impact of specific Nox systems on
the overall atherogenesis may be found in the complex and
redundant intertwining of redox signaling, where inhibition
of one redox pathway may be compensated for by another.

Restenosis after balloon angioplasty represents another
specific aspect of atherosclerosis that is characterized by
VSMC and myofibroblast proliferation, resulting in formation
of a lumen-obstructing neo-intima. In this context, altered
flow arising from the obstruction could presumably drive
ROS production. Indeed, increased ROS formation as well as
increased NADPH-oxidase activity has been detected in var-
ious animal models after balloon injury (6, 115). More spe-
cifically, in the setting of VSMC-dominated pathology, the
(VSMC) NOX1 seems to be of particular significance. Nox1
expression increases early after balloon injury in the rat ca-
rotid artery (122). In a mouse model of arterial wire injury,
Nox1 knockout resulted in reduced VSMC migration, prolif-
eration, and apoptosis as well as in eventual attenuated
neointima formation (70). Finally, Nox4 (and its recently
discovered regulator Poldip2) have also been shown to
modulate VSCM migration and may, therefore, qualify as
regulators of neo-intima formation/restenosis (79).

Thus, from the perspective of mechanotransduction, it is
attractive to speculate on arterial over-distension (due to
balloon inflation) as an initial stimulus of NOX activation,
with subsequent changes in the mechanical properties of the
manipulated artery resulting in fundamentally altered ROS
homeostasis.

Hypertensive arterial remodeling

Apart from hormonal stimulation with AnglI, cyclic stretch
represents a different mechanically triggered mechanism that
is used to induce ROS generation (see above). Both Angll
levels as well as cyclic stretch are elevated in various types of
hypertension, thereby potentially inducing subsequent ROS
signaling. In fact, ROS byproducts were increased in hyper-
tensive patients, which was associated with reduced activity
of anti-oxidant mechanisms (109). In addition, increased
vascular ROS production was found to be consistently ele-
vated in various animal models of hypertension (13, 72, 106).
The functional relevance of increased ROS generation be-
comes evident in hypertensive arterial remodeling. Structural
arterial remodeling initially represents an adaptive mecha-
nism, increasing wall thickness and reducing wall stress in
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chronic hypertension, but, ultimately, may become mala-
daptive, contributing to a further elevation of blood pressure.
In accordance with the critical role of ROS signaling in mod-
ulating nearly all components of the vascular architecture
(e.g., VSMC, ECM; see above), anti-oxidant interventions
(including the nonselective NOX inhibitor apocynin, and the
SOD mimetic tempol) were able to attenuate hypertensive
vascular remodeling in various experimental models (128).

With regard to the functional role of specific NOX homo-
logues in hypertensive remodeling, there exists some uncer-
tainty. Although Nox1 knockout in mice reduced the blood
pressure response secondary to Angll stimulation, Nox1 de-
ficiency was inconsistently reported to be either effective or
ineffective in preventing Angll-induced vascular hypertro-
phy (43). Still others have found Nox1 overexpression to be a
potent amplifier of Angll-induced hypertension as well as
vascular hypertrophy (31).

In the arena of pulmonary hypertension (PH), gp91phox
knockout has been shown to completely abolish structural
remodeling in small pulmonary arteries induced by chronic
hypoxia—implying a critical role for NOX/ROS signaling in
PH pathogenesis (75).

Abdominal aortic aneurysms

The pathogenesis of abdominal aortic aneurysms (AAA)
may provide an exquisite role for ROS-based mechan-
otransduction, as it exhibits significant changes in both trig-
gers and targets of ROS signaling: a profoundly altered
hemodynamic/biomechanical milieu as well as extensive in-
flammatory vascular remodeling. Segmental aortic dilation
alters the hemodynamic flow pattern, increasing oscillatory
and reducing (protective) laminar shear stress. Further, an-
eurysm formation is associated with markedly increased
segmental stiffness (reduced circumferential strain) of the
corresponding vessel wall (80). Interestingly, experimentally
increased flow in the aorta during AAA formation increased
laminar shear stress as well as cyclic strain and reduced AAA
growth in a rodent model (94).

There are multiple lines of direct and indirect evidence in-
dicating that ROS levels are elevated in human AAA. Early
studies found reduced amounts of anti-oxidants (such as
ascorbic acid, SOD, or GSH peroxidase) in AAA tissue sam-
ples compared with nonaneurysmal aorta (34, 35). Later, in-
creased ROS levels as well as increased expression of the
NOX1/NOX2 subunits p47phox and p22phox were demon-
strated as local features of AAA as opposed to nondiseased
aortic segments (86). Pointing toward a more universal rele-
vance, p22phox expression was also found to be up-regulated
in human thoracic aortic aneurysm (compared with healthy
controls) (36).

Evidence for a functional/causative role for ROS in the
pathobiology of AAA formation is derived from various an-
imal studies. Administration of the ROS-scavenger vitamin E
reduced parameters of oxidative stress, aortic macrophage
infiltration, and, ultimately, ameliorated aneurysm growth or
decreased the incidence of aneurysm rupture in different
models of murine AAA (44, 94).

Focusing on the role of NOXs in AAA pathogenesis, NOX
inhibition (by apocynin) was shown to block experimentally
induced AAA formation, accompanied by decreased levels of
MMP-2 and MMP-9 (132). Other experiments have further
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delineated the particular significance of specific NOXs in this
process. Knockout of p47phox attenuated NADPH-oxidase
activity, oxidative stress, aortic macrophage infiltration, and
MMP-2 activity and, ultimately, reduced the incidence and
severity of Angll-induced AAA in ApoE—/— mice inde-
pendently from blood pressure effects (125). In addition,
p47phox deletion was also protective in murine cerebral an-
eurysm growth (3). Although these data primarily suggest a
major role for NOX2 in aneurysm pathology, others have
found NOXI1 deficiency to be also protective in that regard,
and have offered NOX1-induced suppression of tissue in-
hibitors of metalloproteinase 1 as a possible mechanism (43).
Therefore, both NOX1 and NOX2 may promote AAA devel-
opment, while p47phox may also act as an important subunit
of NOX1 in AAA disease.

Newly discovered small noncoding microRNAs have
emerged as powerful cellular regulators involved in tissue
remodeling (116). We recently reported that AAA formation is
associated with increased expression of miR-21, a key mod-
ulator of proliferation and apoptosis, as well as a reduced
expression of miR-29b, governing ECM remodeling (81, 82).
Interestingly, Lin ef al. found that VSMC stimulation with
hydrogen peroxide also induced miR-21 upregulation and
miR-29b downregulation (74). Thus, it is tempting to specu-
late that the increased ROS generation observed in AAA may
also serve to regulate miR-based tissue remodeling.

Conclusions and Future Directions

ROS can be considered critical mediators involved in the
pathomechanism of numerous vascular diseases. This results
from findings demonstrating that (a) ROS levels are elevated
in response to pathologic hemodynamic stresses which ac-
company multiple vascular diseases, (b) ROS govern signifi-
cant processes of structural vascular remodeling (VSMC
proliferation/apoptosis, matrix remodeling, and inflamma-
tion) that characterize most vascular pathologies, and (c) ROS
levels are elevated in most vascular diseases. Therefore, despite
distinct differences between specific vascular pathologies,
ROS-based signaling represents an intriguing universal
mechanism that promotes disease (Fig. 3). Consequently vari-
ous anti-oxidative interventions “silencing” ROS-derived sig-
nals (e.g., inhibition of ROS-generating enzymes such as NOX,
application of antioxidants as vitamin C and E) have been
found to be effective in attenuating atherosclerosis, hyperten-
sive arterial remodeling, or AAA formation in animal models.

In striking contrast, randomized clinical trials have sub-
stantially failed to provide convincing evidence of a protective
effect of antioxidant treatment in human cardiovascular dis-
eases (5, 16). However, this may not necessarily be regarded
as a general failure of the ROS hypothesis but may simply
reflect the numerous open questions regarding antioxidant
treatment. These include concerns of dosage (e.g., dosage per
bodyweight in animal experiment was usually much higher
than in human trials), of specificity of anti-oxidant substance
used (e.g., antioxidant vitamins do not scavenge H,O,; dif-
fering potency of specific vitamin E isomers; and insufficient
targeting of specific cellular compartments), or of efficacy
(e.g., parameters of ROS reduction were mostly not tested as
endpoints).

Furthermore, in some cases, it might be beneficial to se-
lectively inhibit specific ROS generators (e.g., NOX1 or NOX2,

923

as opposed to NOX4, to counteract endothelial dysfunction).
However, corresponding clinically applicable agents are still
lacking. In other situations—due to the complex and redun-
dant ROS signaling network—more global approaches would
be desirable. Given the major importance of ROS-based sig-
naling in animal models of vascular diseases, these issues
should be incorporated into the design of future clinical trials.
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