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Abstract
The study of reactive oxygen species (ROS) and oxidative stress remains a very active area of
biological research particularly in relation to cellular signaling and the role of ROS in disease. In
the cerebral circulation, oxidative stress occurs in diverse forms of disease and with aging. Within
the vessel wall, ROS produce complex structural and functional changes that have broad
implications for regulation of cerebral perfusion and permeability of the blood–brain barrier.
These oxidative stress-induced changes are thought to contribute to the progression of
cerebrovascular disease. Here, we highlight recent findings in relation to oxidative stress in the
cerebral vasculature, with an emphasis on the emerging role for NADPH oxidases as a source of
ROS and the role of ROS in models of disease.

Introduction
The roles of reactive oxygen species (ROS) and oxidative stress continue to be a very active
area of research in vascular biology, with broad implications in both health and disease. In
general, low concentrations of ROS function as mediators and modulators of cell signaling
(1, 2). By contrast, higher levels of ROS commonly contribute to vascular disease (2–4).
Oxidative stress can be broadly defined as an imbalance between generation of ROS, and
degradation or metabolism of ROS by the various antioxidant defense mechanisms, leading
to excessive levels of ROS. The overall effects of ROS depend on local concentrations,
subcellular localization, and the proximity of ROS to other target molecules.

Cerebral blood vessels are relatively more difficult to study and historically have received
less attention from researchers in vascular biology. Thus, our overall understanding of the
importance of ROS and oxidative stress in the cerebral circulation lags substantially behind
work on vascular cells outside of the brain. Recently there has been a focus into this area of
study however. This review highlights some recent findings on the role of oxidative stress in
the cerebral vasculature, with an emphasis on NADPH oxidases (Nox enzymes) as a source
of ROS. We will summarize evidence that ROS contribute to complex structural and
functional changes within the vessel wall in the brain. Some of these changes might
contribute to mechanisms of vascular protection, but many more could underlie and promote
the progression of vascular disease.
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What chemical species are involved?
The study and impact of redox signaling and oxidative-related mechanisms is complex in
part because there are multiple, highly interactive chemical species and mechanisms
involved (4, 5) (Figure 1). The ROS that are generally of most interest in the present context
include the superoxide radical (O2

−), hydroxyl radical (OH.) and hydrogen peroxide (H2O2).
In addition, a closely related reactive nitrogen species (RNS) – peroxynitrite – also exerts
important effects in the vasculature (5).

Superoxide can have direct effects, such as reacting with enzymes containing iron–sulphur
centers (aconitase in mitochondria, for example) resulting in release of free iron and
subsequent formation of the highly reactive hydroxyl radical (4, 5). In addition, the
formation of multiple other biochemical species is dependent on production of superoxide,
including H2O2, peroxynitrite and lipid-peroxidation products known as isoprostanes (4–7)
(Figure 1). Superoxide dismutases (SOD) convert superoxide to H2O2. Nitric oxide (NO)
reacts extremely efficiently with superoxide to form peroxynitrite, whereas isoprostanes are
formed by the interaction of arachidonic acid and superoxide. In addition to being
considered reliable markers of oxidative stress, both isoprostanes and peroxynitrite have
direct effects on vascular cells (5, 6).

How common is oxidative stress in the vasculature?
All vascular cells have the potential to produce ROS. In many models of disease and aging,
there is evidence that levels of ROS and/or RNS are increased and functionally important in
cerebral blood vessels (Table 1). Thus, oxidative stress in the vasculature appears to be a
common feature in diverse models of cerebral vascular disease and injury. As will be
disussed below, oxidative stress very often negatively impacts the vessel wall. Thus, these
findings have broad implications in relation to mechanisms that regulate cerebral blood flow
and control permeability of the blood-–brain barrier. Importantly, many of these findings
were obtained using models of major risk factors for vascular disease, stroke and cognitive
decline such as hypertension and aging, indicating that the impact on brain function and
viability is potentially very great.

What is the impact of oxidative stress?
Superoxide

The effects of superoxide in vascular cells are multifaceted. For example, in relation to
regulation of vascular tone, superoxide can produce vasodilation or vasoconstriction (6).
Superoxide may increase vascular tone by direct effects on vascular muscle or by
interference with vasodilator mechanisms, including by the interaction with NO, a potent
vasodilator. NO reacts with superoxide at a rate faster than the dismutation of superoxide by
SOD enzymes (4, 5). Thus, the local concentration of superoxide is a key determinant of the
biological half-life of NO (4, 5). The reaction of NO with superoxide results in the loss of
normal NO-mediated signaling (Figure 1). As NO plays a major role in cerebral vascular
biology, the loss of NO bioavailability has far-reaching implications.

The wall of larger blood vessels consists of three major components: an inner endothelium, a
thicker middle layer comprised mainly of vascular muscle, and an outer adventitia which
includes perivascular nerves and fibroblasts. In almost all the models shown in the Table,
superoxide-mediated vascular dysfunction has been described, with many of these studies
focusing on regulation of vascular tone by means of endothelium-dependent mechanisms
(8–31). This same basic mechanism of dysfunction has been observed in human cerebral
arteries (32).
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Blood vessels are constitutively exposed to NO from two sources – endothelial and neuronal
isoforms of NO synthase (eNOS and nNOS, repectively). A third source of NO is inducible
NO-synthase (iNOS) which is not expressed normally but can be expressed in all vascular
cells in response to a variety of stimuli (primarily proinflammatory stimuli). NO produced
by eNOS is the major endothelium-derived relaxing factor in the cerebral circulation (33,
34). The impact of endothelial dysfunction in brain is particularly far reaching as eNOS-
derived NO affects vascular muscle and blood elements, but also neuronal signaling and
neurogenesis (34). Impairment of endothelial function and NO-signaling may contribute to
cognitive decline (21).

In addition to responses that are dependent on endothelial cells, other vasodilator
mechanisms are inhibited by superoxide (or other ROS). These include vascular responses to
glutamate (35), activators of potassium channels (13, 28, 36), hypercapnia (23), hypoxia
(29), reductions in arterial pressure (37), and neurovascular coupling (19–21, 25, 38).
Vasoconstrictor responses, which may or may not be modulated by endothelium, can be
impaired (24, 27) or augmented by ROS (11). Superoxide-mediated constriction of cerebral
blood vessels has been described in models of vasospasm (39, 40).

The consequences of oxidative stress extend beyond the regulation of vascular tone. In both
in vivo and in vitro models, superoxide or other ROS increase permeability of the blood–
brain barrier (BBB) (41–43). For example, levels of superoxide, activation of matrix
metalloproteinases, and increases in permeability of the BBB to large molecules are
augmented in SOD-deficient mice following ischemia with reperfusion (42, 44).

In blood vessels outside the brain, many studies have shown that ROS affect vascular
structure or growth (2). Angiotensin-II-induced oxidative stress, via activation of NADPH
oxidase and potentially other sources of ROS (3), is thought to be a key mediator of the wall
thickening known as vascular hypertrophy in some forms of hypertension (3). Similarly,
hypertrophy of cerebral arterioles occurs in several forms of disease, including models of
hypertension (Figure 2). Studies of SOD-deficient animals, which would be predicted to
exhibit increased levels of superoxide, provide a relatively simple model to evaluate the
impact of ROS on the structure of cerebral blood vessels. Genetic deficiency in the CuZn
isoform of SOD produces increases in vascular superoxide, impaired NO-mediated
regulation of vascular tone (due to the very efficient reaction between superoxide and NO),
and hypertrophy of cerebral arterioles in the absence of increases in arterial pressure (15,
16). The effect on vascular structure is especially prominent as a deficiency in CuZn-SOD
produced more vascular hypertrophy than that observed in models of hypertension, NOS
deficiency or hyperhomocysteinemia (16, 17, 45–47). ROS might produce hypertrophy by
inactivation of NO [which normally inhibits vascular growth (46)], or through direct
activation of signaling cascades involved in growth of vascular muscle including growth
factors, kinases, and transcription factors. These mechanisms have been reviewed previously
(2, 3). Such structural changes may have functional consequences because vascular
hypertrophy can encroach on the vessel lumen and impair maximal vasodilator capacity by
increasing vascular resistance.

In addition to producing hypertrophy, angiotensin-II-dependent hypertension is associated
with inward remodeling in microvessels that supply the brain (45). Inward vascular
remodeling represents a rearrangement of the vessel wall resulting in a smaller lumen Figure
2). It is noteworthy that, although CuZn-SOD deficiency produced marked hypertrophy of
cerebral arterioles, inward remodeling was not present in the same blood vessels (16). These
findings and others (45) suggest that mechanisms that produce vascular hypertrophy differ
from those that produce inward vascular remodeling. While increased superoxide can
produce vascular hypertrophy (Figure 2), increases in superoxide might not be sufficient to
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produce inward vascular remodeling in the absence of angiotensin II, increased blood
pressure, or other factors. Thus, through both direct and indirect effects, superoxide may
produce diverse effects on vascular structure and regulation of vascular tone.

Hydrogen peroxide
Compared with superoxide, H2O2 is chemically more stable and diffuses much more readily
across cell membranes (7). Thus, H2O2 is thought to have greater importance as a signaling
molecule (7) (Figure 1). In cerebral blood vessels, H2O2 is usually a vasodilator acting
directly on vascular muscle (6). H2O2 mediates vascular responses to varied stimuli,
including select endothelium-dependent agonists and arachidonic acid, and seems to
function in vessels as one of a family of endothelium-derived hyperpolarizing factors (4, 6,
48). H2O2 may also mediate increases in cerebral blood flow during meningitis (49).

In addition to directly altering vascular tone, H2O2 can impair vascular function, perhaps
after its conversion to hydroxyl radicals (7). Endothelial dysfunction in human cerebral
arteries in response to activated neutrophils is mediated by H2O2 (32). H2O2 can stimulate
NADPH oxidase in vascular cells (Figure 1)and thus further increase levels of superoxide
(5, 7) (Figure 1). These increases in superoxide might activate a feed-forward mechanism
that further amplifies oxidative stress (7) (Figure 1).

Many studies support the concept that NO produced by eNOS affects basal tone and
mediates responses to endothelium-dependent stimuli in the cerebral circulation (33, 34). By
contrast, a condition known as eNOS ‘uncoupling’ may occur in which the normal flow of
electrons within the enzyme is diverted such that superoxide rather than NO is produced (3,
4) A recent study suggested that eNOS is uncoupled under normal conditions in cerebral
arteries and that H2O2 (produced from superoxide by SOD) is the mediator of endothelium-
dependent relaxation (50). The overall importance of this latter finding and mechanism is
difficult to assess, however, as results from many other studies suggest that the responses of
cerebral blood vessels in several species to endothelium-dependent agonists are mediated by
NO and not by ROS (see 24, 33, 51, 52 for examples). Uncoupled eNOS might contribute to
oxidative stress in vascular disease (3) (Figure 1), but there has been little evidence to date
showing that this form of dysfunction occurs under otherwise-normal conditions in vivo.

Peroxynitrite
The interaction of NO with superoxide results in the formation of peroxynitrite, which can
affect cerebral vascular tone and alter responses to other vasoactive stimuli (6, 53).
Peroxynitrite is not simply a marker of oxidative stress but on its own can produce cellular
dysfunction and injury (5). For example, peroxynitrite reduces the activity of prostacyclin
synthase, soluble guanylate cyclase and the mitochondrial isoform of SOD (Mn-SOD) (4, 5).
Peroxynitrite activates the nuclear enzyme poly (ADP-ribose) polymerase (PARP-1) and
increases expression of iNOS – additional mediators of vascular and cellular dysfunction (4,
5). Peroxynitrite also oxidizes tetrahydrobiopterin (a crucial enzyme cofactor for eNOS),
thus promoting the uncoupling of eNOS, Because of its ability to inactivate Mn-SOD,
oxidize tetrahydrobiopterin and uncouple NOS, peroxynitrite might further amplify
oxidative stress (Figure 1). In addition to superoxide (discussed above), peroxynitrite might
contribute to impairment of neurovascular coupling and endothelial function in response to
angiotensin II (25) and thus may play a role in hypertension-induced effects on the
vasculature. Although detrimental effects are evident (6, 25, 53), peroxynitrite may also
have protective effects on the vasculature such as contributing to preconditioning-based
mechanisms (54).
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NADPH oxidase as a source of superoxide
NADPH oxidase is best described in phagocytes, where it comprises a membrane-bound
flavocytochrome b558 [formed by p22phox and gp91phox [also referred to as Nox2)], up to
three cytosolic subunits, p47phox, p67phox and p40phox, and the small G-proteins Rac1, or
Rac2, and Rap1A. Once activated, the cytosolic components translocate to the plasma
membrane, where they associate with the membrane-bound subunits, thus enabling electron
transfer from the enzyme complex to molecular O2 and generation of superoxide (2, 3, 55).
Glucose-6-phosphate dehydrogenase is a major source of the substrate NADPH within the
cytosol. By contrast, although the understanding of the precise molecular makeup of the
vascular NADPH oxidase is incomplete, all subunits of the phagocytic NADPH oxidase are
present in vascular cells (2, 3, 56, 57). The catalytic domain of NADPH oxidase resides in
the Nox2 subunit. There are several homologs of Nox2, of which Nox1, Nox4 and Nox5
appear most important for vascular cells (3) (Figure 3). Although Nox4 is expressed in all
vascular cells (2), it does not require the presence of cytosolic subunits for activation (58)
(Figure 3), implying unique regulatory mechanisms relative to some other Nox isoforms
(59). Nox4 might also predominantly produce H2O2, rather than superoxide (59) (Figures 1
and 3). The expression of these isoforms, including their subcellular distribition, varies
according to function, cell type, and tissue (2). There is much less known about the
expression pattern of Nox’s in the cerebral circulation versus the systemic vasculature.

NADPH oxidase in the cerebral vasculature
Expression of components of NADPH oxidase has been reported in cerebral blood vessels at
the level of both mRNA (Nox1, Nox2, Nox4, p22phox, p47phox and p67phox) and protein
(Nox1, Nox2 and Nox4) (13, 26, 38, 60–63). At the cellular level, immunoreactivity for
Nox2 was described in endothelium and adventitia of cerebral arterioles as well as in in vitro
cultured endothelium from the basilar artery (where mRNA for p47phox and p67phox was
also detected) (63). Nox4 mRNA expression was more abundant than expression of Nox2 or
Nox1 (63). In the basilar artery, Nox1 protein levels were greater in endothelial and
adventitial cells than in smooth muscle (63).

Compared to systemic blood vessels, there may be unique aspects with regard to Nox
expression in the cerebral vasculature. Levels of Nox1 and Nox4 mRNA are higher than
levels of Nox2 mRNA in cerebral endothelium (63), and Nox4 protein levels are greater in
the basilar artery than in several extracranial blood vessels (61). Male rats express greater
levels of Nox1 and Nox4 protein in the basilar artery than do female rats (62).

Changes in expression of various NADPH oxidase subunits in the brain vasculature have
been described in several disease models. These changes include increases in subunit
expression with hypertension (60), insulin resistance (13), diabetes (14, 64) and aging (12),
as well as in response to ischemia (65), subarachnoid hemorrhage (66), salt-loading (67) and
isoprostanes (67). Thus, changes in expression of components of NADPH oxidase occur
under a variety of disease conditions and would be expected to contribute to increased
superoxide levels.

How functionally important are NADPH oxidases? Many of the early studies examining the
role of NADPH oxidase in the cerebral circulation used the pharmacological inhibitors
apocynin and diphenyleneiodonium (DPI) (see Refs 10, 12, 14, 22, 41, 60, 62, 64, 66, 67 for
examples). However, neither of the compounds is selective for NADPH oxidase. DPI affects
other flavin-containing enzymes (some of which are potential sources of ROS) (58).
Apocynin is thought to inhibit NADPH oxidase assembly (58), but might have other
antioxidant effects and is reportedly not a specific inhibitor of NADPH oxidase in vascular
cells (68). Thus, although the use of these compounds has frequently implicated NADPH
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oxidase as a key source of superoxide, these studies also have potential limitations. Nox2-
deficient mice (19–21, 25, 26, 38, 41, 69, 70) and a gp91ds-tat peptide (19–21, 26, 38) that
inhibits the enzyme complex (58) have been used as more-selective approaches to define the
role of NADPH oxidase. The gp91ds-tat peptide affects the interaction of Nox2 with
p47phox and thus inhibits assembly and activation of the oxidase complex (58). Based on
sequence homology and site of action, this peptide inhibitor might also affect Nox1, but it is
unlikely to affect Nox4 or Nox5 (58). Although not widely used to date, results obtained
with the gp91ds-tat peptide in cerebral circulation have generally been similar to those seen
in the Nox2-deficient mouse (19–21, 26, 38). Overall, this work suggests that Nox2 is a key
catalytic subunit in relation to superoxide-mediated vascular dysfunction in brain in models
of hypertension, Alzheimer’s disease, sickle cell disease, hypercholesterolemia and aging
(19–21, 26, 38, 69, 70). Preliminary studies suggest that hypertrophy of cerebral arterioles
during hypertension is also dependent on expression of Nox2 (71).

It is noteworthy that, although Nox2 might be expressed at lower levels than either Nox1 or
Nox4 in vascular cells in the cerebral circulation (63), mice that are deficient in expression
of Nox2 are protected from diverse stimuli that produce vascular dysfunction (see above).
For example, angiotensin II does not produce endothelial dysfunction in carotid artery or
cerebral blood vessels in Nox2-deficient mice (26, 38, 72, and S.C. and F.M.F.,
unpublished). To date, we are unaware of studies testing the functional importance of Nox1,
Nox4 or Nox5 in the cerebral circulation. Considering how commonly such experimental
studies are performed using rodents, it is important to recognize that while Nox5 is
expressed in humans, rats and mice lack the gene for Nox5 (73). The observations that Nox4
protein expression is relatively high in cerebral arteries (61), including in males (62) and
during hypertension (60), suggest that this isoform might be especially important in this
vascular bed. Considering the relative higher levels of expression of Nox1 and Nox4 in
cerebral vascular cells noted above (63), it will be important to define the importance of
these Nox subunits in relation to vascular function and vascular growth in brain.

NADPH oxidase versus other sources of ROS
Although there has been increasing focus on defining the role of NADPH oxidases in
cerebral circulation, there is still little known regarding the relative importance of this
enzyme complex. While the discussion here has dealt mainly with NADPH oxidase, there
are multiple potential sources of superoxide, including mitochondria, cyclooxygenases
(COX), uncoupled NOS, among others (2–4). Mitochondria generate superoxide as a side
product of oxidative phosphorylation and might be a particularly important source of
superoxide in brain vasculature as the content of this organelle in cerebral endothelium is
much greater than in other cells (74). COX has been shown repeatedly to be an important
source of superoxide in brain and cerebral circulation. For example, although arachidonic-
acid-induced superoxide production in aortic vascular muscle is dependent on NADPH
oxidase (75), increases in superoxide and changes in tone in cerebral vessels in response to
arachidonic acid are dependent on the activity of COX (48, 76). A major unanswered
question is in defining what the relative importance of NADPH oxidase, mitochondria,
COX, and other enzymes are as sources of ROS in the cerebral circulation. To what extent
do these mechanisms interact? There are examples in cerebral blood vessels where both
NADPH oxidase and COX are implicated as key mediators of dysfunction in the same
model (64, 77). Because NADPH-oxidase-derived ROS might regulate expression of COX
(78), and COX activity might be a determinant of NADPH oxidase expression (79), these
underlying mechanisms might be more complex than was initially appreciated.
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Vascular protection
Considering the major role for ROS and the emerging role for NADPH oxidase in cerebral
vascular disease, it is logical to predict that interventions that inhibit expression or activity
of the vascular NADPH oxidase might be beneficial for cerebrovascular disease. Effective
and selective targeting of ROS sources such as NADPH oxidase might help in delaying or
halting the progression of vascular disease in the brain. At present, few specific inhibitors of
NADPH oxidase are available, and agents that do have some selectivity, such as the gp91ds-
tat peptide (58), might be difficult to deliver chronically to desired sites of action in the brain
vasculature. Because NADPH oxidase is expressed in many cells types and is a key player
in the immune system, inhibitors that specifically target vascular cells should be particularly
useful but also much more difficult to develop. Because angiotensin II is a prominent
activator of NADPH oxidase (2, 3), drugs that affect the renin–angiotensin system can be
effective regulators of NADPH oxidases. Inhibitors of angiotensin converting enzyme
(ACE, which converts angiotensin I into the more active angiotensin II form) and inhibitors
of angiotensin II receptors (AT1 receptors) have beneficial effects in cerebral blood vessels
in patients with cerebral vascular disease and in various experimental models (see [80] for
an example), but it is not known to what extent these changes are mediated through effects
on NADPH oxidase.

There are agents that, while designed and utilized primarily for other purposes, might affect
NADPH oxidase through pleiotropic effects. Examples of this are the ‘statin’ inhibitors of 3-
hydroxy-3-methylglutaryl coenzyme A reductase (HMDH) and activators of the
transcription factor peroxisome proliferator activated receptor-γ (PPARγ/PPARG). Taking
each of these in turn, in cerebral blood vessels, statin treatment reduced basal superoxide,
activity of NADPH oxidase and improved vascular function in a model of insulin resistance
(13). Furthermore, a statin protected the BBB from glutamate-induced oxidative stress and
disruption that appeared to be mediated by NADPH oxidase (81).

Regarding the second class of agents, activation of PPARγ decreases expression of NADPH
oxidase and AT1 receptors in vascular cells outside the brain (82, 83). However, in cerebral
blood vessels, interference with PPARγ signaling (through genetic expression of a
dominant-negative variant of PPARγ) increases superoxide, impairs endothelial function and
causes vascular hypertrophy and inward remodeling (Table) (17). Thus, it might be
anticipated that activation of PPARγ with synthetic agonists would have beneficial vascular
effects. Indeed, PPARγ agonists reduce superoxide and improve endothelial function in
carotid artery in hypertensive mice and rats (84, 85). These agents also reduce superoxide
and activity of NADPH oxidase in brain and prevent part of the vascular remodeling that
occurs during hypertension (85).

Concluding remarks
In summary, ROS play a major and diverse role in vascular biology, including vascular
disease in brain. There are multiple sources of ROS, and an important role for NADPH
oxidase is emerging. Some of the most important areas for future investigations concern
evaluating the functional importance of NADPH oxidases relative to other sources of ROS
and identifying the potential interactions between these mechanisms. Further development
of therapeutic agents and delivery systems which target vascular NADPH oxidase may have
beneficial effects in relation to cerebral vascular disease.
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Figure 1.
Schematic illustration of the interrelationships of various ROS and NO. NO produced by
endothelial eNOS is normally a major signaling molecule. Superoxide (O2

−) is produced
from molecular oxygen (O2) by a variety of sources including NADPH oxidases (Nox).
Once formed, superoxide can directly produce injury (not shown), can be converted by SOD
into H2O2 or can react with NO to form peroxynitrite (ONOO−). The NADPH oxidase
containing Nox4 can produce H2O2 directly. H2O2 is an important signaling molecule. In
combination with Fe2+,. H2O2 can form the hydroxyl radical (OH·), a highly reactive ROS
that causes cellular injury. H2O2 can also be degraded by glutathione peroxidase (GPx) or
catalase (Cat). In addition, peroxynitrite can produce further increases in superoxide and
oxidative stress by inhibiting the activity of SOD (not shown) or by oxidizing
tetrahydrobiopterin, resulting in an uncoupling of eNOS where eNOS produces superoxide
instead of NO (see text for further detail). Superoxide can also react with arachidonic acid
and produce isoprostanes (not shown).
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Figure 2.
Schematic of structural changes in cerebral arterioles shown in cross-section. During disease
or in response to genetic manipulation, vessels can undergo hypertrophy [increase cross-
sectional area (CSA)] and/or exhibit remodeling (inward or outward changes in diameter).
During angiotensin-II-dependent hypertension and in response to interference with PPARγ
function (following expression of a dominant-negative variant in PPARγ), both hypertrophy
and inward remodeling occur. By contrast, hypertrophy occurs in the absence of inward
remodeling in models of angiotensin-II-independent hypertension (BPH-2 mice, a genetic
model of hypertension thought to be renin-independent), hyperhomocysteinemia, in
response to treatment with a NOS inhibitor (L-NAME), or genetic deficiency in eNOS or
CuZn-SOD (SOD1). See text for additional details. Illustration based on data from Refs (16,
17, 45–47).

Chrissobolis and Faraci Page 13

Trends Mol Med. Author manuscript; available in PMC 2011 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Schematic representation of components of the vascular NADPH oxidases (based on Refs 2,
55–59). Nox1 is activated by homologs ofp47phox and p67phox – Nox-organizer 1 (NoxO1)
and Nox-activator 1 (NoxA1). Nox2 requires recruitment ofp47phox and p67phox. Nox4 does
not appear to require any cytosolic subunits, and Nox5 is activated by Ca2+. Nox1, Nox2
and Nox4 require association with p22phox to function normally. Nox4 might produce H2O2
directly (58). The subcellular localization of Nox isoforms and the site of superoxide
generation varies with cell type and presumably function (2). While some isoforms are
expressed in the cell membrane, additional sites of expression include the nucleus (or
perinuclear) and the endoplasmic reticulum.

Chrissobolis and Faraci Page 14

Trends Mol Med. Author manuscript; available in PMC 2011 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chrissobolis and Faraci Page 15

Table 1

Experimental models with oxidative stress in the cerebral circulation.

Model Phenotype References

acute hypertension ↓EDR 8

chronic hypertension ↑ROS, ↑Nox, ↓EDR, ↓NVC hypertrophy 9, 25, 26, 38, 60

hyperhomocysteinemia ↑ROS, ↓EDR, hypertrophy 23, 30

insulin resistance ↑ROS, ↑Nox, ↓EDR
↓K+ channel-induced vasodilation

13, 28

hypercholesterolemia ↑ROS
↑blood cell-vessel interactions

69

diabetes/metabolic syndrome ↑ROS, ↑Nox, ↓EDR
↓hypoxia-induced vasodilation
↓glutamate-induced vasodilation

14, 29, 35, 64, 86

inflammation ↑ROS, ↓EDR, 18, 54

hypoxia ↑ROS, ↓EDR, 87

sickle cell disease ↑blood cell-vessel interactions 70

subarachnoid hemorrhage ↑ROS, ↑Nox, vasospasm 39, 40, 66

ischemia with reperfusion ↓EDR, ↓vasoconstriction 24

meningitis vasodilation 88

traumatic brain injury ↓EDR, ↓vasoconstriction 27

Alzheimer’s disease ↑ROS, ↓EDR, ↓NVC 20, 21

aging ↑ROS, ↑Nox, ↓EDR, ↓NVC, 12, 19

nicotine ↓EDR 10

alcohol ↑ROS, ↓EDR, ↓K+ channel-induced vasodilation 22, 36

methionine synthase deficiency ↑ROS, ↓EDR 31

SOD deficiency ↑ROS, ↓EDR, hypertrophy
↑vasoconstriction

11, 15, 16

PPARγ interference ↑ROS, ↓EDR, hypertrophy, 17

EDR = endothelium-dependent relaxation

NVC = neurovascular coupling

ROS = reactive oxygen species in the vasculature

Nox = activity or expression of NADPH oxidase
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