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Abstract

Oxidative stress is a molecular dysregulation in reactive oxygen species (ROS) metabolism, which
plays a key role in the pathogenesis of atherosclerosis, vascular inflammation and endothelial
dysfunction. It is characterized by a loss of nitric oxide (NO) bioavailability. Large clinical trials
such as HOPE and HPS have not shown a clinical benefit of antioxidant vitamin C or vitamin E
treatment, putting into question the role of oxidative stress in cardiovascular disease. A change in
the understanding of the molecular nature of oxidative stress has been driven by the results of
these trials. Oxidative stress is no longer perceived as a simple imbalance between the production
and scavenging of ROS, but as a dysfunction of enzymes involved in ROS production. NADPH
oxidases are at the center of these events, underlying the dysfunction of other oxidases including
eNOS uncoupling, xanthine oxidase and mitochondrial dysfunction. Thus NADPH oxidases are
important therapeutic targets. Indeed, HMG-CoA reductase inhibitors (statins) as well as drugs
interfering with the renin-angiotensin-aldosterone system inhibit NADPH oxidase activation and
expression. Angiotensin-converting enzyme (ACE) inhibitors, AT1 receptor antagonists (sartans)
and aliskiren, as well as spironolactone or eplerenone, have been discussed. Molecular aspects of
NADPH oxidase regulation must be considered, while thinking about novel pharmacological
targeting of this family of enzymes consisting of several homologs Nox1, Nox2, Nox3, Nox4 and
Nox5 in humans.

In order to properly design trials of antioxidant therapies, we must develop reliable techniques for
the assessment of local and systemic oxidative stress. Classical antioxidants could be combined
with novel oxidase inhibitors. In this review, we discuss NADPH oxidase inhibitors such as
VAS2870, VAS3947, GK-136901, S17834 or plumbagin.

Therefore, our efforts must focus on generating small molecular weight inhibitors of NADPH
oxidases, allowing the selective inhibition of dysfunctional NADPH oxidase homologs. This
appears to be the most reasonable approach, potentially much more efficient than non-selective
scavenging of all ROS by the administration of antioxidants.

1. Introduction

Reactive oxygen species (ROS) are important molecules regulating numerous physiological
and pathological processes in the cell. As with every mechanism involved in both normal
cell function and the development of disease, strategies to counteract ROS must take into
account their critical importance in the normal functioning of the organism. However, we
now have clear evidence that overproduction of ROS is involved in the development of a
number of diseases, which range from neurological such as Parkinson’s (Mythri et al., 2011)
and Alzheimer’s disease (Shaerzadeh et al., 2011), to psychiatric disorders such as
schizophrenia (Powell et al., 2011) and bipolar disorder (Steckert et al., 2010), and to a
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majority of cardiovascular diseases (Guzik and Griendling, 2009; Szuldrzynski et al., 2010);.
Many studies in experimental models and clinical reports show a link between
overproduction of ROS in the vessel wall and the development of atherosclerosis, heart
failure, hypertension and plaque instability (Bauersachs and Widder, 2008; Drummond et
al., 2011; Guzik and Harrison, 2006). This was initially demonstrated in animal models and
more recently confirmed in clinical studies of cardiovascular disorders (Berry et al., 2000;
Guzik et al., 2011; Guzik et al., 2000b). Therefore, numerous attempts have been made to
overcome oxidative stress in the vascular wall and to use this as a therapeutic strategy.
These studies will be discussed in the present review.

In general, two ways of eliminating free radicals are possible. The first method is by
scavenging, either through the administration of antioxidants or the stimulation of
endogenous antioxidant systems. The second approach is more complex, but interferes with
the cause of oxidative stress by inhibiting enzymes that generate ROS. While the former has
been most widely used so far in both basic and clinical studies, it has not fulfilled the
predicted promise of cardiovascular protection. The latter, in turn, appears to bring new
possibilities in the improvement of vascular function but requires a clear understanding of
the mechanisms and true nature of oxidative stress.

2. Why is oxidative stress harmful and so difficult to treat?

The pathological effects of ROS in the cardiovascular system result simultaneously from
their direct actions modifying vascular cell functions and from their ability to scavenge and
remove several beneficial vasoprotective compounds such as nitric oxide. The interaction
between endothelium-derived relaxing factor (EDRF) and superoxide anion (O,"™) was
described for the first time by the polish scientist Professor Richard Gryglewski in 1986
(Gryglewski et al., 1986). It occurs so rapidly that it makes it impossible for NO to have any
biological effects. This interaction is now thought to represent the most prevalent
mechanism of endothelial dysfunction, where endothelial cells are unable to provide
vasoprotective agents for the vessel wall. Numerous studies in cell culture, animal models
and human vessels have shown that oxidative stress, in particular superoxide anion
production, is the single most important mechanism for endothelial dysfunction (Guzik and
Harrison, 2006; Montezano and Touyz, 2012). While this is the case, we must not overlook
the direct effects that ROS exert on vascular smooth muscle cells and fibroblasts, which are
also important in the early stages of cardiovascular disease (Griendling et al., 2000). These
include the direct vasoregulatory effects of individual ROS species, while others are
regulated through toxic oxidation of proteins, lipids and DNA (Cai and Harrison, 2000).
Overproduction of ROS activates pro-oxidative genes such as hypoxia inducible factor-1a,
leading to angiogenesis and cell proliferation (Gao and Mann, 2009) as well as number of
pro-inflammatory genes discussed below.

Recent studies suggest that excess production of ROS is harmful. On the other hand, they
also have a role in key signaling pathways, which are important for proper cell functioning
(Guzik and Harrison, 2006). At physiological concentrations they activate receptor tyrosine
kinases and transcriptional factors such as NF-E2-related factor-2 (Nrf-2). This leads to
antioxidant gene expression, along with many other redox sensitive transcription factors that
affect the function of numerous cells and tissues (Gao and Mann, 2009). This may partially
explain why the direct scavenging of ROS by antioxidant vitamins do not demonstrate a
clinical benefit in the majority of large trials (Widder and Harrison, 2005).

Thus, antioxidant strategies must be carefully designed, with a strong understanding of how
ROS is involved in physiologic and pathologic processes. This would help to avoid some of
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the adverse outcomes of these treatments such as the recently reported increase in mortality
associated with high-dose vitamin E trials (Miller et al., 2005).

3. Antioxidant vitamins — a failed promise

Vitamins E, C and A have been shown to have antioxidant properties both in /n vitroand in
animal research studies (Anderson and Phillips, 1999; Traber and Stevens, 2011). Therefore,
considering the important role that ROS play in cardiovascular disease, it was reasonable to
introduce them into vascular pharmacology studies. While in most observational studies
antioxidant vitamins have beneficial effects, the data from randomized clinical trials are
conflicting. Observational studies must be interpreted with great caution, because
individuals who use vitamin supplements usually lead healthier lifestyles than those who do
not.

Flow mediated dilatation (FMD), a clinical measure of endothelial dysfunction, can be
improved by administration of antioxidants in patients with diabetes mellitus,
hypercholesterolemia, hyperhomocysteinemia and in smokers (Celermajer et al., 1994;
Heitzer et al., 2001). One of the initial trials, the CHAOS (Cambridge Heart AntiOxidant
Study) trial revealed a significant decrease in the incidence of cardiovascular events in
patients treated with vitamin E (400-800 1U/day). In contrast, further studies have shown
that the simple scavenging of ROS is not effective in preventing the development of
cardiovascular diseases (Harrison et al., 2007). Multicenter clinical studies (HOPE,
SECURE, GISSI and HPS) have not confirmed the protective effects of vitamin E on
atherosclerosis progression or major cardiovascular events. In fact, a meta-analysis revealed
that administration of vitamin E in doses over 400 1U/day may increase the risk of death
from any cause, and as such, is currently not recommended (Miller et al., 2005).

Major antioxidant vitamin clinical trials and their outcomes are shown in Table 1 (Katsiki
and Manes, 2009). These studies mainly report no effect of antioxidative vitamins on
cardiovascular diseases and events, and are supported by recent systematic reviews and
meta-analyses (Bjelakovic et al., 2007).

The apparent lack of clinical usefulness of ROS-scavenging approaches is not entirely
explained. It appears that ROS-scavengers partially remove the selected harmful end-
products, but they do not eliminate the overproduction of ROS, and the whole pathogenic
process is allowed to continue. Furthermore, antioxidants, including vitamins, react with
superoxide anions one billion times slower than NO. As a result, a reaction of superoxide
radical with NO is thermodynamically preferred, leading to a loss of NO bioavailability, a
major hallmark of vascular dysfunction. There are also studies indicating that vitamins do
not penetrate into the vascular wall sufficiently, hence they may reach therapeutic levels in
the plasma but are unable to do so in tissues (Micheletta et al., 2004). Finally, a
tocopheroxyl radical, a strong oxidant, is formed as a product of the reaction between
vitamin E and O,*". This radical can be reconverted into vitamin E in the presence of vitamin
C or coenzyme Q (Gazdikova et al., 2000). However, studies such as HPS (Heart Protection
Study, Table 1), which used both vitamin E and C, were unable to demonstrate any
enhanced clinical usefulness of this approach.

There are also a number of other considerations which could help us understand the lack of
effectiveness of antioxidant vitamins. It could partially result from patients being in the late
stages of atherosclerosis (less sensitive to antioxidant influence), non-optimal vitamin
dosage, and isomer-specific properties of investigated vitamins. Additionally, some clinical
trials did not report participants’ dietary habits and physical fitness, which can also be
important. Although studies have failed to demonstrate the effectiveness of antioxidant
vitamins in the treatment of cardiovascular disease, we should not omit them when thinking
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about cardiovascular pharmacology. In addition, we should explore different administration
strategies and/or target patient groups.

4. Revised concept of oxidative stress —implications for antioxidant
strategies

The absence of clinically effective classical antioxidant strategies led to the notion that our
current understanding of oxidative stress may not be entirely accurate (Guzik and Harrison,
2006; Jones, 2006). Classically, oxidative stress has been defined as an imbalance between
the endogenous production of reactive oxygen compounds (such as superoxide radical,
hydrogen peroxide, hydroxyl radical) and the antioxidative potential of cells, which is
related to the overall activity of enzymes such as superoxide dismutase, glutathione
peroxidase and thioredoxins (Gongora et al., 2008; Halliwell, 1993). Here, the imbalance is
considered on the level of the whole cell or even the whole organism. However, this may be
a critical oversimplification, as it does not take into account complex molecular events that
are involved in the development of oxidative stress. Moreover, it fails to acknowledge that
cellular events leading to disease primarily occur in individual cellular compartments (Guzik
and Harrison, 2006). Thus, measuring oxidant status in plasma or even whole cell lysates
may not accurately reflect the pathogenic events, which should be inhibited and treated. In
order to design successful antioxidant strategies to correct the molecular abnormalities
underlying oxidative stress, we must first understand these mechanisms in detail.

5. Molecular complexity of oxidative stress generation — the central role of
NADPH oxidases

The main sources of ROS include redox enzymes such as NADPH (Nicotinamide Adenine
Dinucleotide Phosphate) oxidase, xanthine oxidase, lipooxygenase and cyclooxygenase. It is
also important to note that these sources are continuously interacting with each other.
NADPH oxidases and flavin oxidases that convert atmospheric oxygen (O,) to superoxide
radical (O,*), are at the center of these events. ROS produced by these enzymes have been
shown to modify virtually all other possible sources of ROS. Changes in the structure of
several oxidases caused by the overproduction of ROS from NADPH oxidases led to their
dysfunction and to a further increase in ROS generation, forming a vicious cycle of
oxidative stress (Figure 1). For example, reversible oxidation of sulfhydryl residues with
subsequent irreversible proteolytic modification, transforms xanthine dehydrogenase
(involved in purine metabolism) into ROS-generating xanthine oxidase. This conversion
leads to a visible change in molecular weight (Figure 1). This phenomenon has been
observed in numerous vascular disease states, diabetes, atherosclerosis (Cai and Harrison,
2000), and has also been demonstrated by us in human vasculature.

Another example of local modification of individual enzymes involved in ROS metabolism
is endothelial nitric oxide synthase (eNOS). Primarily involved in nitric oxide (NO)
production, eNOS might be harmful in pathological conditions, where it generates ROS
rather than NO (Guzik et al., 2006; Pacher et al., 2007; Vasquez-Vivar et al., 2003).
Oxidation of tetrahydrobiopterin (BH4), a cofactor for eNQOS, or lack of its substrate L-
arginine, lead to eNOS uncoupling, in which eNOS monomers generate superoxide anion
rather than NO. Oxidation of BH4 to BH2 is dependent on peroxynitrite production, which
results in an overproduction of superoxides by NADPH oxidases (Landmesser et al., 2003).
Reaction of superoxide radicals with NO causes the production of peroxynitrite (ONOO-),
resulting in a further decrease of NO concentration and oxidation of the zinc-thiolate center
of NOS. Additionally, this prevents BH4 from binding to its binding site. Also, oxidation of
calmodulin, which is a NOS regulator, further decreases NOS activity, contributing to
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oxidative stress and the molecular dysfunction of NOS (Gryglewski et al., 1986; Guzik and
Harrison, 2006).

Tetrahydrobiopterin, in part through its ability to correct eNOS uncoupling, and in part
through direct ROS scavenging, may be an important antioxidative compound, which has
been found to be effective in some recent clinical trials (Antoniades et al., 2011b).

Folates are known to improve endothelial function and have been linked to the maintenance
of BH4 bioavailability. The circulating form of folic acid is 5-methyltetrahydrofolate and
has been shown to have beneficial effects on endothelial function and vascular superoxide
production in human atherosclerosis. This is accomplished by preventing peroxynitrite-
mediated BH4 oxidation and improving eNOS coupling (Antoniades et al., 2006).

Similar to xanthine oxidase and NOS, increased O, generation by NADPH oxidase induces
mitochondrial oxidative damage via structural changes to the inner mitochondrial membrane
and disturbs flow in the electron transport chain which enhances ROS production (Doughan

et al., 2008; Ray and Shah, 2005).

Mice or cells lacking the p47phox molecule are deficient in functional NADPH oxidases and
have been valuable in demonstrating NADPH oxidase involvement in the dysfunction of the
previously described enzyme pathways (Landmesser et al., 2003). NADPH oxidases are
found in virtually every tissue and are the major source of superoxide anions observed in the
vasculature (Guzik et al., 2000b). Thus, in parallel to the two-way actions of ROS, Nox
proteins have both beneficial and harmful effects. They are important signaling molecules
which regulate vascular tone, expression, proliferation, migration and differentiation (Takac
et al., 2012). On the other hand, cardiovascular risk factors and vascular diseases increase
ROS and contribute to atherosclerosis, vascular dysfunction, hypertension, vascular
hypertrophy and thrombosis (Guzik et al., 2000b; Takac et al., 2012). To successfully inhibit
NADPH oxidase, it is important to understand its structure, activation and function.

6. NADPH oxidase structure and activation

The NADPH oxidase family includes several homologs, which differ in their expression,
structure and function. Detailed molecular aspects of NADPH oxidases have been
extensively reviewed elsewhere (Amanso and Griendling, 2012; Bedard and Krause, 2007;
Morawietz, 2011; Muller and Morawietz, 2009; Takac et al., 2012). In brief, these homologs
include: Nox1, Nox2, Nox3, Nox4, Nox5, Duox1 and Duox 2. The Nox isoforms contain an
FAD and NADPH binding site, two heme molecules and six transmembrane domains (Table
2) (Bedard and Krause, 2007). The Duox isoforms also contain the same domains; however,
a seventh transmembrane domain and peroxidase homology are present. The NADPH
oxidase system contains additional key components, which include modulatory subunits
(such as p22phox), two cytosolic adaptor proteins, organizer subunits (p47phox and its
homolog NoxO1 or p40phox) and two activator subunits that bind GTP-Rac (p67phox and
its homolog NoxA1). Two maturation factors specific for Duox (DuoxAl and DuoxA2)
have been described (Bedard and Krause, 2007). NoxO1 and NoxA1 regulate Nox1 and
Nox3, while activation of Nox2 requires p40phox, p47phox and p67phox. Moreover,
Nox1-4 activity is not directly dependent on intracellular calcium (Guzik et al., 2002a; Leto
et al., 2009). In contrast, Nox5, Duox1 and 2 are activated by intracellular calcium (Banfi et
al., 2001; Guzik et al., 2008). There are also vital differences in the nature of interaction
between Nox homologues and the p22phox subunit, which may be useful in designing
specific inhibitors of individual Nox enzymes (Ambasta et al., 2004; von Lohneysen et al.,
2008).
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7. NADPH oxidase localizations and functions

NADPH oxidases differ in their expression in various vascular cells. Nox1 and Nox5 are
expressed primarily in smooth muscle and endothelial cells respectively. Nox2 is found in
endothelial cells and adventitial fibroblasts as well as in vascular smooth muscle cells.
Similarly, Nox4 has been detected in all the above mentioned cell types (Takac et al., 2012).
Importantly it seems that in certain conditions more than one Nox isoform contributes to
oxidative stress in individual cell types, and in some cases different Nox isoforms may
physically interact (Briones et al., 2011). Nox3 is an NADPH oxidase present mainly in the
inner ear, including spiral ganglion and vestibular and cochlear epithelia (Banfi et al., 2004).
Duox1 and Duox2 are highly expressed, particularly in the thyroid where they participate in
oxidation of thyroid hormones (Bedard and Krause, 2007; De Deken et al., 2000). Different
predominant locations of individual homologs may in part be related to differences in their
primary functions in health and disease. NADPH oxidase present in leukocytes is needed for
the respiratory burst, producing oxygen free radicals, which kill bacteria. Loss of leukocyte
NADPH oxidase Nox2 leads to chronic granulomatous disease, emphasizing the importance
of this enzyme for immune defense (Gallin et al., 1992). However, as recently indicated,
NADPH oxidase (Nox2 and Nox5 predominantly) presence in T cells or dendritic cells may
also be important for adaptive immunity (Jackson et al., 2004). NADPH oxidases have also
been described in the gastrointestinal tract and airways. Nox1 is present in colon epithelium,
which produces ROS and is activated by lipopolysaccharide (LPS). Overexpression of this
homologue has been reported in colon cancer (Laurent et al., 2008). In bronchial epithelial
cells, Duox1 and Duox2 isoforms are involved in the generation of antimicrobial
hypothiocyanite ions (Rada and Leto, 2008), although other homologs are also expressed
and may be important in airway obstructive disorders (T. Guzik unpublished data). VVascular
NADPH oxidases, especially Nox1, 2 and 5, produce ROS through single electron transfer
and thus yield predominantly superoxide anion. An exception is Nox4, which because of a
specific alteration in its E-loop, appears to be able to produce hydrogen peroxide, although
this aspect of Nox4 biology is still under discussion (Dikalov et al., 2008; Takac et al.,
2011). Hydrogen peroxide is an important vasodilator, which promotes endothelium-
dependent relaxation and reduces blood pressure in mice (Ray et al., 2011). H,O, increases
endothelial NOS expression and activity and directly oxidizes protein kinase Gla.,
promoting vasodilatation (Takac et al., 2012). This may partially be responsible for the
differential expression of Nox homologues during the development of atherosclerosis. Nox4
expression appears to increase stability of atherosclerotic plaques, while at earlier stages of
plaque development Nox2 seems to predominate contributing to atherosclerosis progression.
(Sorescu et al., 2002). This led to the conclusion that Nox4 might be involved in the
maintenance of the differentiated vascular smooth muscle cell phenotype (Clempus et al.,
2007). Nox5 in turn seems to be co-expressed at sites of human plaque instability (Guzik et
al., 2008). The aspects discussed above point to the complex nature of NADPH oxidase
regulation and their role in disease. It is also clear, that we must be cautious while thinking
about pharmacological targeting of these enzymes in humans. This picture is further
complicated by the fact that genetic variation of NADPH oxidase components, which is
related to differential ROS production, is involved in atherosclerosis and vascular
dysfunction. Genetic variation of the p22phox subunit encoding gene CYBA has been
discussed in this context, however, it is warranted that all other subunits should be carefully
examined, also in the context of pharmacokinetics and immunogenetics. (Guzik et al., 2008;
Guzik et al., 2007; Guzik et al., 2000a; Madhur et al., 2010; Sorescu et al., 2002).

8. Complexity of regulation and signaling of NADPH oxidases

It is not the goal of this paper to provide a comprehensive review of NADPH oxidase
regulation and its role in signaling. This has been described at length in respect to both
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physiology and pathology elsewhere (Morawietz, 2011; Muller and Morawietz, 2009). We
will however, briefly outline the major regulatory mechanisms, which may be important
when considering pharmacological targeting of this family of enzymes.

NADPH oxidase activity is regulated by factors such as cytokines (TNF-a, BNF-B, IL-1),
growth factors (EGF, FGF-B, IGF-1, PDGF, TGF-p1, VEGF) and hormones (e.g. insulin)
(Guzik and Harrison, 2006). In addition, shear stress, flow cessation, thrombin, serotonin,
endothelin-1, angiotensin-11, histamine, bradykinin, lysophosphatidic acid, phorbol 12-
myristate 13-acetate (PMA), prostaglandin F,, (PGF5,) and sphingosine 1-phosphate are
known to have an influence on NADPH oxidase activity (Rhee et al., 2003). Recent studies
emphasize the stimulating effect of glucose, advanced glycation end-products (AGE), non-
esterified fatty acids (NEFAS) and oxidized low density lipoproteins (ox-LDL) on NADPH
oxidase activity as well (Ray and Shah, 2005).

Activation of NADPH oxidases may result from the stimulation of a number of cell surface
receptors, such as the angiotensin Il receptor, which is particularly important in hypertension
and heart failure (Morawietz et al., 2001). AT1 receptor stimulation by angiotensin Il may
lead to phospholipase C and D (PLC and PLD) activation, both of which produce
diacylglycerol (DAG). PLC also produces inositol triphosphate (IP3). DAG and IP3
mediated calcium release activate protein kinase C (PKC) (Lyle and Griendling, 2006).
Phosphorylation of the p47phox subunit by PKC is required to enable binding of this subunit
with others and activate NADPH oxidase (Massenet et al., 2005). NADPH oxidase may also
be activated via the production of lipid second messengers, Rac (Ras superfamily of small
GTPases) and guanine nucleotide exchange factors (GEF) such as Sos (son-of-sevenless).
Sos may be stimulated by c-Abl (tyrosine kinase) and hypothetically by phosphatidylinositol
3,4,5-triphosphate (PIP3) (Lyle and Griendling, 2006). The last process is thought to bind
Rac1 to the p67phox subunit and activate the oxidase (Ray and Shah, 2005).

There are also several feedback mechanisms which make the regulation of NADPH oxidases
even more complex. For example, hydrogen peroxide activates c-Src (tyrosine kinase,
cellular counterpart of v-Src), which may amplify NADPH oxidase activity through
activation of c-Abl or leading to epidermal growth factor receptor (EGFR) transactivation
(activates PI3-kinase which produces PIP3), thereby creating positive feedback in ROS
generation. It is also worth emphasizing that while NADPH oxidases affect ROS production
from other cellular sources, their own activity may be influenced by other ROS sources
including those in the mitochondrial electron transport chain, cytochrome P450
monooxygenase, cyclooxygenases, lipooxygenases, peroxidases and heme oxygenases.

9. Molecular consequences of NADPH oxidase activation

Superoxide anion, a major product of NADPH oxidases, reacts with NO causing
peroxynitrite generation, which is the major and best characterized mechanism of
endothelial dysfunction (Guzik et al., 2002b) (Figure 1). Superoxide anion also interacts
with other enzymes and is spontaneously or enzymatically dismutated to a more stable H,0,
(Rhee et al., 2003). Hydrogen peroxide may then be converted into reactive nitrogen and
reactive chlorine, which attack both LDL and HDL, contributing to plaque formation (Lyle
and Griendling, 2006; Nicholls and Hazen, 2004). H,O, influences key intracellular
signaling components, affecting both protein kinases and phosphatases. HoO, modulates
protein phosphorylation by inactivating phosphatases and activating some protein kinases
through active site cysteine oxidation (Rhee et al., 2000). An accepted paradigm is that an
increase in intracellular ROS production may inhibit tyrosine phosphatases and tip the
balance toward tyrosine kinase activation. This would lead to the phosphorylation of
mitogen-activated protein kinases (MAPKS), also known as extracellular signal-regulated
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kinases (ERKSs), serine-threonine kinases and stress-activated protein kinases (SAPKS)
(Irani, 2000). Akt kinase (downstream of IP 3-kinase) and caspase-3 activity are both
involved in the apoptosis process, and are regulated by ROS (Irani, 2000).

ROS regulates transcription factors primarily via the formation of disulfide bonds at DNA
binding domains in critical amino acid residues or indirectly by modulating redox signaling
pathways (phosphorylation/dephosphorylation) (Kregel and Zhang, 2007). Both activator
protein-1 (AP-1, via MAPKSs pathway, especially ERK1/2 and c-Jun N-terminal protein
kinases (JNKs), (Abe and Berk, 1998; Kunsch and Medford, 1999)) and NF-xB (Kunsch
and Medford, 1999) have been found to be activated under oxidative stress conditions and
lead to the expression of pro-inflammatory genes along with cytokine and chemokine
production (Kregel and Zhang, 2007; Piette et al., 1997; Yao et al., 1994). Moreover NF-xB
is involved in E-selectin, intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) expression causing monocyte adhesion to endothelial cells
and their activation (Abe and Berk, 1998).

Aside from modulating intracellular signaling pathways, ROS contributes to DNA, lipid and
protein damage. ROS-induced DNA damage activates poly(ADP-ribose) polymerase
(PARP), leading to PKC activation and a further increase in NF-xB activity (Brownlee,
2005).

In the signaling pathways described above, it is very likely that other intermediate proteins
such as intracellular reducing agents (ie. glutathione, catalase, peroxidases and SOD) are
involved (Guzik et al., 2005).

Through these molecular mechanisms, ROS influences platelet aggregation, monocyte
migration, lipid peroxidation and redox-sensitive gene expression. ROS is also involved in
the mediation of endothelial cell dysfunction, vascular smooth muscle cell (VSMC) growth,
proliferation, differentiation, apoptosis and migration, as well as immune responses
(Griendling and FitzGerald, 2003; Lyle and Griendling, 2006). Elucidation of these
underlying mechanisms is an important first step in the development of novel treatments
against atherosclerosis and vascular dysfunction (Griendling et al., 1994; Harrison et al.,
2003; Pagano et al., 1998) (Figure 1, 2).

of targeting

Due to the complex mechanisms involved in the activation of NADPH oxidases, these
enzymes can be targeted on several different levels of their activity. Firstly, decreasing
NADPH oxidase expression can inhibit them. Also, the activation of NADPH oxidase can
be decreased by blocking the translocation of its cytosolic subunits to the membrane.
Another possibility is inhibition of the p47phox subunit, either by preventing its
phosphorylation using PKC inhibitors, or by blocking its binding to other subunits. A
decrease of signal transduction and inhibition of Rac 1 translocation have also been
demonstrated to decrease ROS generation (Guzik and Harrison, 2006). Finally, it is
important to note that strategies should not aim to inhibit all known oxidases at the same
time, but rather to inhibit specific NADPH oxidase isoforms (Figure 3). These “points of
targeting” can help guide the search for novel inhibitors of NADPH oxidases. However,
several drugs currently used clinical in practice have been shown to decrease NADPH
oxidase function.

10.1 Renin-angiotensin-aldosterone system blockade

The well characterized renin-angiotensin-aldosterone system (RAAS) is critical in the
regulation of NADPH oxidase function. Angiotensin I1 increases the activity of NADPH
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oxidase and production of superoxide radical (Griendling et al., 1994). Moreover, in
angiotensin l1-dependent hypertension, an increase of Nox enzyme oxidase activity,
especially Nox1, is observed. Activation of these pathways can be interrupted by inhibiting
renin, inhibiting angiotensin-converting enzyme or by blocking angiotensin Il receptors.

10.1.1 Angiotensin-converting enzyme inhibitors—The significant role of
angiotensin and angiotensin-converting enzyme (ACE) in the pathogenesis of
atherosclerosis and the beneficial clinical effects of their inhibitors have been demonstrated
in many investigations (Ennezat et al., 2011). ACE inhibitors improve the function of
endothelium by several mechanisms including: antioxidative properties, beneficial effects on
fibrinolysis, lowering of angiotensin Il and an increase in bradykinin. The protective effects
of ACE inhibitors are not limited to states classically related to increased Ang Il, like
hypertension or heart failure. A recent study suggests that advanced glycation end products
(AGE) play a role in NADPH oxidase signaling involved in diabetic vascular changes.
Addition of AGE to cultured rabbit aortic smooth muscle cells increased ACE mRNA
levels, expression of the receptor for advanced glycation end products (RAGE), Racl and
p47phox membrane translocation and NF-xB activation, which led to the production of
ROS. (Kamioka et al., 2010) Levels of matrix metalloproteinase (MT-MMP1 and MMP9),
monocyte chemoattractant protein-1 (MCP-1) and plasminogen activator inhibitor-1 (PAI-1)
were also raised. All of these effects were inhibited in the presence of temocaprilat (ACE
inhibitor) or olmesartan (angiotensin Il receptor antagonist) (Kamioka et al., 2010).

There is also evidence that ACE inhibition affects several mechanisms of NADPH oxidase
activity, including p22phox expression, enzyme activation and even AT1 receptor levels
(Miguel-Carrasco et al., 2010).

Combined treatment with enalapril, an ACE inhibitor (30 mg/l in water solution) and
paricalcitol, a vitamin D analog (200 ng 3 times a week) has been demonstrated to reduce
the development of atherosclerotic plaques in ApoE-deficient (ApoE-/-) mice better than
monotherapy alone (Husain et al., 2010). Studies discussed above serve the purpose of brief
exemplification of various beneficial effects of ACE inhibitors on oxidative stress. There are
many more studies available, which are not reviewed here.

10.1.2 Angiotensin Il receptor antagonists (ARBs)—Angiotensin Il receptor
antagonists appear to be more effective than ACE inhibitors in vasoprotection on the
molecular level. However, this does not seem to be accompanied by enhanced benefits in
clinical trials. Blockade of AT1-R causes inhibition of NADPH oxidase and a decrease in
O,* production with noticeable improvement of endothelial function (Berry et al., 2000;
Warnholtz et al., 1999; Zhang et al., 1999). Olmesartan (1 mg/kg) caused an increase in
acetylcholine-induced vascular relaxation and was more potent in inhibiting expression of
the p22phox NADPH oxidase subunit when compared to the low-affinity ARB valsartan (3
mg/kg) in stroke-prone spontaneously hypertensive rats (SHR-SP) (Takai et al., 2009a).

The effects of ARBs on NADPH oxidases are superior to those exerted by ACE inhibition.
Morawietz et al compared the impact of preoperative ACE inhibition with that of AT1
receptor blocker therapy before CABG surgery on vascular gp91phox expression in internal
mammary arteries in patients with coronary artery disease. Long-term treatment with ACE
inhibitors had, at the prescribed dosages, no effect on vascular gp91phox expression. In
contrast, pharmacological treatment with AT1 receptor antagonists resulted in significant
reduction of gp91phox expression. These data suggest an antioxidative and vasoprotective
effect of AT1 receptor blocker therapy by the downregulation of endothelial NADPH
oxidase expression (Rueckschloss et al., 2002).
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Another investigation, performed on mesenteric artery rings from male Wistar rats, suggests
a role of connexins Cx37, Cx40, Cx43 in decreasing vasodilatation under the influence of
endothelium-derived hyperpolarizing factor (EDHF), which was followed by higher
NADPH oxidase subunit and eNOS expression. This effect was inhibited by apocynin, an
NADPH oxidase inhibitor, or losartan, an ARB (Dal-Ros et al., 2010).

A recent study emphasized the role of cathepsin-S activity suppression and macrophage
migration to the atherosclerotic plaque by the treatment of ApoE-deficient mice with
olmesartan (3 mg/kg per day) and apocynin (Sasaki et al., 2010).

The beneficial effect of combined treatment with candesartan (1 mg/kg/day) and
pioglitazone (10 mg/kg/day) has been recently described in diabetic db/db mice. In this
investigation, activity of NADPH oxidase (expression of gp91phox and p22phox subunits)
and vascular dysfunction were further inhibited by combined treatment than by monotherapy
alone. This treatment increased Cu/Zn-SOD and EC-SOD activity and caused eNOS
phosphorylation (Fukuda et al., 2010).

Hence, AT1 receptor blockers can be considered as one of the most potent drugs currently
clinically available for inhibiting the activation of NADPH oxidase. However, since they act
on the mechanisms of activation rather than on the oxidase themselves, their effects may not
be adequately focused.

10.1.3 Renin inhibitors—Numerous studies have confirmed the antihypertensive
properties of renin inhibitors such as aliskiren. A recent study suggests that this renin
blocker upregulates pro-angiogenic cells and reduces atherogenesis in mice. Aliskiren (25
mg/kg/day s.c.) reduced vascular NADPH oxidase activity to 41.6% and atherosclerotic
plaque area in the aortic sinus by 58% in ApoE-deficient mice (Poss et al., 2010).

In addition, studies of combined treatment with aliskiren and valsartan on mice were
performed. The combination of a half-dose of both drugs (aliskiren-12.5 mg/kg/day and
valsartan-4 mg/kg/day) was more successful in the attenuation of tissue oxidative stress
when compared with monotherapy using either aliskiren (25 mg/kg/day) or valsartan (8 mg/
kg/day) in NOS-deficient mice (Yamamoto et al., 2009). This may be particularly important
in the ongoing discussion regarding the use of aliskiren in clinical practice in light of the
early termination of the ALTITUDE study due to side effects related to double Ang-11
signaling blockade in diabetic subjects (Harel et al., 2012).

10.1.4 Mineralocorticoid receptor blockers—Aldosterone antagonism has been used
clinically for many years to treat conditions often related to oxidative stress. It has been
established that spironolactone exhibits significant effects on the inhibition of oxidative
stress, predominantly through the inhibition of NADPH oxidases (Virdis et al., 2002).

Mineralocorticoid receptor antagonism using eplerenone improved endothelial dysfunction
and inhibited expression of the NADPH oxidase subunit p22phox in the early post-MI phase
(Sartorio et al., 2007). Moreover, it has recently been suggested that eplerenone may
specifically affect Nox4 expression in the kidney (Bayorh et al., 2011).

These findings were corroborated by numerous studies, which also included conditions of
possible paracrine production of aldosterone independently of the RAAS. The examination
of rat aortic smooth muscle cells, which were subjected to uniaxial cyclic stretching,
revealed increased activity of NADPH oxidase, level of cytochrome P450 aldosterone
synthase (CYP11B2) and local production of aldosterone (Ohmine et al., 2009). Eplerenone
(10 wmol/l), a selective mineralocorticoid receptor antagonist, inhibited this process more
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effectively than olmesartan, an angiotensin 11 receptor blocker (Ohmine et al., 2009) (Figure
3).

Thus, the potential for mineralocorticoid receptor inhibition in the regulation of NADPH
oxidases in cardiovascular diseases is promising and should be further investigated in
clinical studies (Figure 3).

Numerous studies on HMG-CoA reductase inhibitors (statins) have been performed and
their beneficial influence on the prevention of endothelial dysfunction has been determined
(Biasucci et al., 2010). This is due to lowering of LDL-cholesterol level which enhances
NO-dependent vasodilatation and inhibits oxidative stress in the vessel wall (Anderson et
al., 1995). At the same time, the pleiotropic effects of statins (Takemoto and Liao, 2001)
involve their ability to directly limit oxidative stress in blood vessels (Wassmann et al.,
2002) (Rueckschloss et al., 2001). Multiple studies indicate the role of NADPH oxidase
inhibition as a major mechanism of the pleiotropic effects of statins. HMG-CoA reductase
inhibitors reduce both the activity and expression of Nox1 (Wassmann et al., 2002) and
Nox2 (Rueckschloss et al., 2001). Other Nox homologs may also be affected. The effects on
activation are related to the fact that membrane association of rac1-GTPase, required for
NADPH oxidase activation, is dependent on geranylgeranylation (Wassmann et al., 2002). A
sine qua non condition of rac1-GTPase (NADPH oxidase component) activity is its
geranylation. Statins inhibit geranyl phosphate production, which has influence on Rho and
Ras protein-dependent processes and thus NADPH oxidase activity (Wassmann et al.,
2002). Martin et al. also showed that inhibition of Rho protein geranylation causes
stimulation of peroxisome proliferator-activated receptors alpha (PPRA alpha). Activation
of these receptors causes an increase in apolipoprotein A gene transcription and improves
HDL synthesis in the liver (Martin et al., 2001).

At the same time statins have been shown to decrease expression of numerous NADPH
oxidase subunits and homologues (Nox1, Nox2, p22phox). Thus statin effects on NADPH
oxidases are multi-focal. This has been reflected by observation of their effects in numerous
models of vascular disease associated with oxidative stress.

Spontaneously hypertensive rats treated with atorvastatin have reduced aortic ROS
production, p22phox and Nox1 expression, as well as Racl translocation (Wassmann et al.,
2002). Similar observations have been described in mammary arteries from atherosclerotic
patients (Rueckschloss et al., 2001). To date, atorvastatin, simvastatin, rosuvastatin and
fluvastatin have all been shown to inhibit NADPH oxidase activity (Guzik and Harrison,
2006).

The effects of atorvastatin have recently been compared in ApoE-deficient, atheroscleraotic,
mice and angiotensin ll-infused, hypertensive, mice. ROS generation and NADPH oxidase
activity in both groups receiving atorvastatin was reduced (Cui et al., 2009). In ApoE-
deficient mice, treatment with atorvastatin reduced levels of Nox2 and Nox4 subunit
mRNA, while in angiotensin ll-induced hypertensive mice, only expression of Nox4 was
reduced. In the latter group, membrane translocation of Racl was also diminished.
Antihypertensive effects of atorvastatin were observed in both animal models (Cui et al.,
2009).

In another investigation also focused on atorvastatin, inhibition of homocysteine-induced
ROS generation diminished NADPH oxidase activation. Additionally, a decrease in Nox4
mRNA and p-p38MAPK protein expression was seen. Apoptosis of endothelial progenitor
cells (EPCs) also decreased after treatment (Bao et al., 2010).
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Inhibitory effects of pitavastatin on NADPH oxidase activity and rac1-GTPase activity has
been shown (Yagi et al., 2010) in endothelial NOS (eNOS-/-) mice infused with angiotensin
I1. Perivascular fibrosis and thrombogenic abnormalities were decreased along with
inhibition of ROS generation by NADPH oxidases independently from eNOS-dependent
statin effects (Yagi et al., 2010). Perivascular ROS production, in part modulated by
sympathetic nervous system, may be responsible for the regulation of perivascular
inflammation (Lob et al., 2010) and therefore direct “anti-NADPH oxidase” effects of
statins may in part contribute to their anti-inflammatory properties.

Studies in human vessels are in agreement with observations in animal models. After
administration of either atorvastatin, simvastatin, rosuvastatin or fluvastatin, a decrease in
ROS production and expression of p22phox and Nox1 subunits were observed in the internal
mammary arteries of patients who underwent coronary artery bypass grafting (CABG)
(Rueckschloss et al., 2001). Lowering of the ROS level improves endothelial function,
increases NO bioavailability and limits atherogenic effects of LDL-cholesterol, the last of
which is more susceptible to phagocytosis by macrophages when oxidized. In a group of
patients suffering from diabetes with or without hyperlipidemia, administration of
cerivastatin for 3 days caused an improvement of endothelial function. This was represented
by flow-dependent dilation of the brachial artery accompanied by a noticeable increase of
cGMP and NO level (Tsunekawa et al., 2001). In hypercholesterolemia, an independent
mechanism of endothelial dysfunction is related to a disturbance in eNOS activation. This is
attributed to changes in lipid composition of the cell membrane (Blair et al., 1999) and a
deficiency of BH4 leading to eNOS uncoupling (Cosentino et al., 2001). While the majority
of statins’ effects have been characterized in either model systems or clinical trials, only
recently have the direct effects of statin treatment on the vascular wall been shown. These
were related primarily to the reduction of vascular NADPH oxidases and a decrease in
vascular superoxide production. Interestingly, part of the vasoprotective effect was
dependent on tetrahydrobiopterin-mediated endothelial NO synthase coupling (Antoniades
et al., 2011a; Antoniades et al., 2010).

Moreover, a strong independent association between myocardial superoxide production and
in-hospital complications after cardiac surgery has been found by Antoniades et al.
Importantly, oxidative stress was reduced by pre-operative statin treatment, through a Rac1-
mediated suppression of NADPH oxidase activity. Taken together, these findings suggest
that the inhibition of myocardial NADPH oxidases may contribute to the beneficial effects
of statins (Antoniades et al., 2012).

10.3 Calcium channel blockers

An investigation comparing the anti-atherosclerotic effect of two calcium channel blockers
(CCB), benidipine and cilnidipine, has recently been performed on stroke-prone
spontaneously hypertensive rats (SHR-SP) (Yamamoto et al., 2010). Cardiac and renal
NADPH oxidase activity was more inhibited by benidipine than by cilnidipine, followed by
a lower level of superoxide production, decreasing oxidative stress. Additionally, only
benidipine lowered the serum level of aldosterone (Yamamoto et al., 2010).

Azelnidipine, a dihydropyridine CCB, also has an antagonistic effect on mineralocorticoid
receptors. The effects of azelnidipine were examined on uninephrectomized rats, which had
been administered with aldosterone. In this model, treatment with azelnidipine (3 mg/kg/
day) decreased NADPH oxidase activity and levels of p22phox and gp91phox (Nox2)
mMRNA expression (Fan et al., 2009).

Vascul Pharmacol. Author manuscript; available in PMC 2012 June 19.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Schramm et al.

Page 13

The effects of another calcium channel blocker, nifedipine, were investigated in type 2
diabetic KK-A(y) mice. Nifedipine (1.5 mg/kg/day) decreased the activity of NADPH
oxidase and increased NOS expression in white adipose tissue (Iwai et al., 2011).

The effects of calcium channel blockers have been discussed in the context of Nox5, which
is a calcium dependent NADPH oxidase, and its activity has recently been demonstrated by
our group in human atherosclerosis, in particular at shoulder regions of atherosclerotic
plaques. However, as NOXG5 is expressed predominantly, although not exclusively, in
endothelial cells (BelAiba et al., 2007), concerns have been raised that endothelium lacks
the channels where Ca-antagonists may work. This aspect of action of Ca-channel
antagonists should be addressed by additional studies.

10.4 Cholinergic agonists/antagonists, hydralazine

The cholinergic system has been implicated in the development of atherosclerosis and
endothelial dysfunction. It has been demonstrated that stimulation of the cholinergic system
is associated with the inhibition of NF-xB activation. Moreover, anti-atherosclerotic effects
have been observed in ApoE-knockout mice treated with donepezil, a selective reversible
acetylcholinesterase inhibitor, possibly through antioxidative and anti-inflammatory effects
(Inanaga et al., 2010). On the other hand, nicotine, a nicotinic acetylcholine receptor agonist,
was reported in the same animal model to induce endothelial dysfunction and accelerate
atherosclerosis (Heeschen et al., 2001). Hydralazine, in spite of initial suggestions to the
contrary, also inhibits O,* production independently of blood pressure reduction
(Rajagopalan et al., 1996) by antioxidative effects (Munzel et al., 1996). It is difficult
however, to clearly separate inhibitory effects toward NADPH oxidases and the ROS
scavenging effects in this case.

10.5 Cannabinoid receptor antagonism

10.6 Protein

Recent studies have focused on the role of the cannabinoid receptor (CB1-R) in
cardiovascular diseases including hypertension and atherosclerosis. Importantly, CB1-R
activation is associated with increased NADPH oxidase activity, in part, through the
regulation of the AT1 receptor (AT1-R) (Tiyerili et al., 2010). In ApoE-deficient mice that
rimonabant, a selective CB1-R antagonist, caused improved endothelium-dependent
vasodilatation, reduced NADPH oxidase activity and ROS generation in the aorta.
Administration of rimonabant to cultured vascular smooth muscle cells (VSMCs) caused a
decrease in AT1-R expression, NADPH oxidase activity and angiotensin Il-mediated ROS
generation. Treatment with the CB1-R agonist, CP55940, increased the expression of AT1
receptor confirming the link between cannabinoid and angiotensin 11 signaling (Tiyerili et
al., 2010). These studies suggest that CB1 receptor antagonism could be a new method to
affect NADPH oxidases. Indeed, CB1 blockade has been shown to reduce body weight,
blood pressure and insulin resistance, improve lipid levels (Despres et al., 2005; Van Gaal et
al., 2008b), limit hepatic steatosis (Tam et al., 2010) and to increase daily physical activity
in mice (Zhang et al., 2011). Due to these beneficial effects, rimonabant seemed to be a
perfect drug for the treatment of metabolic syndrome. Unfortunately, adverse psychiatric
effects such as depressed mood disorders and anxiety (Christensen et al., 2007), irritability
and aggression (Rucker et al., 2007), nausea, dizziness, diarrhea and insomnia (Van Gaal et
al., 2008a) diminished hopes for the clinical use of CB1-R antagonism. Furthermore, with
the recent withdrawal of rimonabant from the market, this therapeutic option is currently
questionable.

kinase C inhibition

Numerous studies have confirmed that PKC is a strong NADPH oxidase activator and has
significant influence on endothelial dysfunction. Chelerythrine, a PCK inhibitor, decreases
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the activity of this enzyme by phosphorylation of NADPH oxidase cytoplasmic subunits
(Hamilton et al., 2002). It was observed that some of vascular complications of
hyperglycemia are related to increased PKC activity (Tesfamariam et al., 1990).

Moreover, clinical studies have revealed that inhibition of PKC by its selective inhibitor,
LY333531, causes a decrease in O,* generation and decreased hyperglycemia-induced
endothelial dysfunction (Gutterman, 2002; Guzik et al., 2002a). This pathway could have a
significant role in the development of endothelial dysfunction caused by hyperlipidemia and
diabetes (Gutterman, 2002; Guzik et al., 2002a). Even though a clinical application of this
knowledge will be difficult due to the divergent roles of PKCs in the regulation of various
cellular functions, further studies are unquestionably warranted, narrowin down isoforms
involved in this process.

10.7 Naturally occurring antioxidants

While the search for novel and specific Nox inhibitors continues, the use of natural
antioxidants represents a promising new approach. Polyphenoals, representing more than
10000 compounds occurring naturally in foods, reduce oxidative stress and LDL oxidation
(Badimon et al., 2010). As a result, the recommendation for a polyphenol rich (fruits/
vegetables/whole grain foods) diet in the prevention of cardiovascular disease is still valid
(Munzel et al., 2010). It was found that polyphenols, apart from their well-known
superoxide radical scavenging abilities, decrease NADPH oxidase activity (Al-Awwadi et
al., 2005). The ability to inhibit NADPH oxidases has been confirmed in various
polyphenols in a number of tissues including vessels and platelets (Ryszawa et al., 2006).
Moreover, novel polyphenolic compounds are being investigated which lack typical
superoxide scavenging properties and directly inhibit NADPH oxidase, which will be
discussed in the next section. The beneficial effects on cardiovascular disease reported in
several studies, although not all, may partly explain the protective role of polyphenol-
containing foods and beverages such as fruits, vegetables, green tea and red wine (Badimon
et al., 2010). Recent studies revealed an inhibition of NADPH oxidase activity and reduction
of gp91phox mRNA expression in macrophages treated with berberine (10-50 wmol/L), a
plant alkaloid (Sarna et al., 2010). Also, emodin, an active component extracted from
rhubarb and rhein, reduced ROS generation (Heo et al., 2010). Similar effects were observed
by treatment with 3-(4"-hydroxyl-3”,5"-dimethoxyphenyl)propionic acid (HDMPPA), the
active ingredient in kimchi, ellagic acid, a polyphenol present in fruits and nuts (Lee et al.,
2010), apocynin (Guzik and Harrison, 2006; Liu et al., 2010) and dihomo--y-linolenic («w—6 )
acid (Takai et al., 2009b).

Two things should be kept in mind when designing new antioxidant strategies based on
polyphenols. First, additional randomized studies with dietary interventions are needed. The
second is that there exists the possibility that certain NADPH oxidase-inhibiting compounds
may be extracted from plants, rather than synthesized de novo. However, we should always
remember that the fact of an herbal origin of a pharmacological compound by no means
indicates its safety, which should always be studied with great caution.

10.8 Direct NADPH oxidase inhibitors

Several compounds have the ability to directly inhibit NADPH oxidases. While their effects
have been confirmed in vivo, major problems with currently availablt inhibitors include low
specificity, associated toxicity, or their peptide character. The search for successful
inhibitors continues as it would enable us to introduce our molecular knowledge of oxidative
stress into clinical practice (Guzik and Griendling, 2009).
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One of the first inhibitors used in model studies was diphenyliodonium, which is very potent
(although in micromoolar range) but lacks specificity. It inhibits flavin oxidases, thus affects
the activation of numerous enzymes including mitochondrial oxidases (Wind et al., 2010).
Its greatest drawback is however toxicity. Later studies involved apocynin, a naturally
occurrning NADPH oxidase inhibitor originally isolated from the roots of Picrorhiza kurroa.

Apocynin is an orally active agent that can block NADPH oxidase assembly but requires a
reaction with peroxidase for its activation, and therefore does not work immediately (Stolk
et al., 1994). Apocynin reduces ROS production when tested in animal models of arthritis
and asthma. Oral treatment with apocynin blunted the development of hypertension,
abolished the increase in vascular O,*" and prevented endothelial dysfunction in DOCA-salt
hypertensive rats (Ghosh et al., 2004). However, effects of apocynin are not specific, as it
has been reported to affect arachidonic acid metabolism (Engels et al., 1992), increase
glutathione synthesis and to activate the AP-1 transcription factor (Lapperre et al., 1999). In
addition, it has recently been shown to be a direct ROS scavenger in certain experimental
conditions (Heumuller et al., 2008).

Another chemical inhibitor of NADPH oxidase, which has been used for a while is
aminoethyl benzenesulphonyl-fluoride (AEBSF) (Diatchuk et al., 1997), although its effects,
and in particular, specificity towards NADPH oxidases have not been satisfactory.

Several other molecules are currently being studied and have been reviewed elsewhere
recently (Kim et al., 2011). These include Nox inhibitors such as VAS 2870, VAS 3947,
GK-136901, plumbagin, as well as polyphenolic derivative S17834. VAS 2870 is a cell-
permeable thiotriazolopyrimidine compound that is reported to act as a rapid and reversible
inhibitor of NADPH oxidase activity. VAS 2870 has also been shown to efficiently abolish
agonist-induced ROS generation and to offer protection against oxidative stress, with no
effect on basal ROS production. VAS 2870 does not seem to have direct ROS scavenging
properties, nor does it affect xanthine oxidase-mediated superoxide production. In recent
studies it has been demonstrated to attenuate PDGF-dependent smooth muscle cell
chemotaxis, but not proliferation (ten Freyhaus et al., 2006). Furthermore, it modifies T
regulatory cell function (Efimova et al., 2011) and induces apoptosis of tumor cells (Sancho
and Fabregat, 2011). A recently introduced triazolopyrimidine, VAS 3947, has also been
shown to be relatively specific for NADPH oxidases. However, its usage has been limited
(Wind et al., 2010). GK-136901 is an interesting candidate, as it has been suggested to be a
selective Nox1/4 inhibitor. A recent study showed that it may prevent high glucose-induced
ROS-dependent changes in the kidney (Sedeek et al., 2010). Plumbagin, in turn inhibits
NADPH-dependent superoxide production in cell lines that express NOX4 oxidase.
Although its exact mechanism of action remains unclear, the inclusion of a napthoquinone
structure within the molecule may be responsible for its ROS scavenging abilities
(Drummond et al., 2011).

Finally, a very promising molecule is the benzo(b)pyran-4-one derivative, S17834. It was
demonstrated that S17834 inhibited NADPH oxidase activity in endothelial cell membranes,
displayed anti-atherosclerotic properties, and exhibited potent anti-inflammatory properties
including the ability to reduce expression of redox sensitive genes such as VCAM-1
(Cayatte et al., 2001). Its major mechanism of action involves prevention of cytosolic
(mainly p47phox) binding to membrane complex of the enzyme. Also, S17834 had no effect
on superoxide produced by xanthine oxidase, indicating that it does not have significant
superoxide scavenger properties (Cayatte et al., 2001). Recent studies show that S17834,
decreases acetylation of the sirtuin-1-dependent lysine-382 on p53 and thus, apoptotic
signaling (Xu et al., 2011).
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Use of these antagonists has been limited to model studies. Although we were unable to
discuss all studies using various small molecule inhibitors of NADPH oxidases, it is evident
that they have little to no efficacy in human vasculature or disease. In fact, the majority of
these compounds may possess unspecific off-target effects, which need to be carefully
reviewed and dissected. Therefore, focus has been shifted to the development of peptide
inhibitors, which have been shown to truly and successfully inhibit NADPH oxidase
activation, but their low stability and lack of oral availability makes them clinically
unattractive.

10.9 Selective peptide NADPH oxidase inhibitors

The selective peptide NADPH oxidase inhibitor, gp91ds-tat, binds to the p47phox subunit
and prevents its interaction with other subunits. Inhibition of Nox1 and Nox2, but not Nox4,
was observed since Nox4 activity is p47phox-independent. So far, a decrease in O,
production and inhibition of angiotensin Il-induced blood pressure increase have been
demonstrated only in animal models (Rey et al., 2001). The fact that this novel inhibitor is a
peptide might limit its use to parenteral administration.

Similarly, PR39 protein, an NADPH oxidase inhibitor isolated from swine digestive tract
and present in macrophages and neutrophils, binds to the SH3 domain of p47phox subunits,
limiting NADPH oxidase activity (Diatchuk et al., 1997; Shi et al., 1996). However, PR39 is
not completely NADPH oxidase selective and can influence other proteins possessing the
SH3 domain. Finally, similar to other peptide inhibitors, PR39 cannot be administered
orally.

10.10 Nuclear factor-kB inhibition

Nuclear factor kappa B (NF-xB) is a protein complex localized in the cell nucleus, involved
in regulating DNA transcription. Recent studies emphasize its key role in inflammatory
responses including infections, autoimmune diseases, atherosclerosis and cancer
development. Moreover, NF-xB is involved in synaptic plasticity. NF-xB function depends
on regulating factors such as cytokines, ROS, UV and oxidized LDL (Guzik and Harrison,
2007).

The role of NF-xB in inflammation accompanying hypertension in blood vessels was
demonstrated in several investigations on animals. Miguela-Carrasco showed recently that
administration of captopril (ACE inhibitor, 80mg/kg/day) normalized the expression of IL-1
beta, IL-6 and ACE mRNA levels, AT1-R and p22phox in heart ventricle muscle cells of
spontaneously hypertensive rats (SHR). Additionally, increased expression and activity of
NF-xB was noticed. This effect was neutralized by administration of ACE inhibitors
(Miguel-Carrasco et al., 2010). Thus NF-xB can constitute a possible target for oxidative
stress regulation in the context of NADPH oxidase inhibition although this requires much
more data.

11. Conclusions

Oxidative stress is a molecular dysregulation in ROS production, which plays a key role in
the pathogenesis of atherosclerosis and vascular dysfunction. Endothelial dysfunction is
caused by overproduction of ROS, leading to a decrease in NO bioavailability. Numerous
studies have shown improvement of endothelial dysfunction and oxidative stress using
different treatment strategies, which include the use of statins, ACE inhibitors and
angiotensin Il receptor blockers.

Enthusiasm was raised by the great efficacy of antioxidant vitamins in animal models.
Unfortunately, this did not translate into clinical usefulness. As a result, skeptics have been
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critical of the significance that oxidative stress may have in the development of certain
vascular disease states. However, the failures of classical antioxidant therapies demonstrate
that they are insufficient to inhibit oxidative stress. Simply ignoring the importance of ROS
will never lead to the achievement of clinical benefits. Indeed, further research into selective
molecular inhibitors of vascular ROS generation, particularly those that interfere with
NADPH oxidase activation, are warranted.

Another important question which must be answered is whether or not antioxidant vitamins
are in fact clinically beneficial. Increased dietary consumption of vitamins and polyphenols
appear to convey some protective effects. Thus, is it justifiable to completely discard a
simple and relatively safe antioxidant strategy? Further studies could concentrate on treating
only patients with very high levels of oxidative stress and the use of more aggressive
interventions. In order to do so, it is imperative that we develop reliable techniques to
evaluate local and systemic oxidative stress. Moreover studies must take into account dietary
vitamin consumption of studied patients. Classical antioxidants could also be combined with
novel pro-oxidant enzyme inhibitors. Finally, new formulations could be designed which
would allow antioxidant vitamins, along with enzyme inhibitors, to effectively reach sites of
high oxidative stress.

In summary, our efforts must focus on generating small molecular weight inhibitors of
NADPH oxidases. The selective inhibition of dysfunctional NADPH oxidase homologs
appears to be the most reasonable approach at present, with the potential to be far more
efficient than non-selective scavenging of ROS by the administration of antioxidants.
However we must be aware that this is a very difficult task.
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Figure 1. Central role of NADPH oxidase in the pathogenesis of vascular oxidative stress and
endothelial dysfunction

Numerous factors such as angiotensin 11, endothelins, oxidized LDL (Ox-LDL), growth
factors, cytokines, chemokines and disturbed blood flow increase NADPH oxidase activity,
resulting in superoxide radical generation. Increased levels of O,* cause changes in vessel
walls and the development of endothelial dysfunction. ROS production also depends on the
activity of other cellular oxidases such as xanthine oxidase or eNOS (Guzik and Harrison,

2006).
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Figure 2. NADPH oxidase regulation and intracellular ROS signaling pathways

Activation of growth factor receptors (GFR), lectin-like ox-LDL receptor-1 (LOX-1),
angiotensin type 1-receptor (AT1-R) and other G protein-coupled receptors (GPCR), various
cytokines and other receptors lead to Racl and/or protein kinase C (PKC) activation and/or
lipid messenger production, which induces NADPH oxidase. Superoxide anion and
hydrogen peroxide change intracellular protein phosphorylation, regulate redox sensitive
gene expression, induce damage, mediate cell survival, growth, proliferation, migration and
numerous other processes. MAPKs — mitogen-activated protein kinases ; AP-1 - activator
protein-1; NF-xB - Nuclear factor-xB; (R)AGE — (receptor of) advanced glycation end-
products; VCAM-1 - vascular cell adhesion molecule — 1; ICAM-1 - intercellular adhesion
molecule — 1; MCP-1 — monocyte chemoattractant protein —1.
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Figure 3. Points of targeting of NADPH oxidase activity

The influence of the renin-angiotensin-aldosterone system on NADPH oxidase activity can
be stopped by inhibiting renin, inhibiting angiotensin converting enzyme or by blocking
angiotensin receptors. NADPH can be also blocked directly by gp91ds-tat, PR39 protein,
apocynin, PKC inhibitors, calcium-channel blockers, statins and polyphenols. Antioxidative
vitamins and polyphenols can deactivate superoxide radicals generated by NADPH oxidase.
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Table 1

Summary of major antioxidant studies in cardiovascular health.

Clinical trials

Effects

Ref.

Positiveresults

ATBC

Marginal effect on the incidence of fatal coronary heart disease in
male smokers with no history of myocardial infarction of
supplementation with 50mg/day of alpha-tocopherol for median
follow-up of 6.1 years.

(Virtamo et al., 1998)

ASAP

Significant retard of progression of common carotid atherosclerosis
in men when taken twice daily 91 mg (136 1U) of d-alpha-tocopherol
and 250 mg of slow-release vitamin C for three years. No effect in
women and lower atherosclerosis inhibition by individual vitamins
use.

(Salonen et al., 2000)

CLAS

Less carotid atherosclerosis progression among nonsmoking men
after coronary artery bypass graft surgery was found for high
supplementary vitamin E (=100 1U per day) use when compared with
low vitamin E use. No effect of vitamin E with colestipol/niacin, as
well as no effect of vitamin C (=250 mg per day) with
colestipol/niacin or placebo was found.

(Azen et al., 1996)

CHAOS

Reduction of non-fatal myocardial infarction in patients with
angiographically proven coronary atherosclerosis with alpha-
tocopherol (capsules containing 800 1U daily for first 546 patients;
400 U daily for remainder). Non-significant excess of cardiovascular
deaths.

(Stephens et al., 1996)

Fang et al.

Retardation of the early progression of transplant-associated coronary
arteriosclerosis after cardiac transplantation with supplementation of
vitamin C (500 mg) plus vitamin E (400 1U), each twice daily.

(Fang et al., 2002)

IEISS

Lower infarct size and oxidative stress in patients with suspected
acute myocardial infarction on combined treatment with the
antioxidant vitamins A (50,000 1U/day), vitamin C (1,000 mg/day),
vitamin E (400 mg/day), and beta-carotene (25 mg/day).

(Singh et al., 1996)

SPACE

Reduction of composite cardiovascular disease endpoints and
myocardial infarction in haemodialysis patients with prevalent
cardiovascular disease with 800 1U/day of vitamin E
supplementation.

(Boaz et al., 2000)

WACS

Marginally significant reduction in the combined outcome of
myocardial infarction, stroke, coronary revascularization, or CVD
death among women with prior CVD with active vitamin E (600 1U
every other day) treatment was observed. Fewer strokes were
experienced in female with a history of CVD or 3 or more CVD risk
factors with supplementation of ascorbic acid (500 mg/d) and
vitamin E (600 U every other day) for ~9.4 years.

(Cook et al., 2007)

No effect

ATBC

No primary preventive effect in male smokers with no history of
myocardial infarction of 20mg/day of beta-carotene on major
coronary events and no influence of 50mg/day of alpha-tocopherol
on nonfatal myocardial infarction for median follow-up of 6.1 years.
No significant differences in the number of major coronary events in
male smokers with previous myocardial infarction receiving
50mg/day of alpha-tocopherol and/or 20mg/day of beta-carotene for
median follow-up of 5.3 years.

(Rapola et al., 1996;
Virtamo et al., 1998)

CARET

No benefits in smokers, former smokers and workers exposed to
asbestos from combination of 30 mg of beta-carotene per day and
25,000 1U of retinol (vitamin A) in the form of retinyl palmitate per
day for ~4.0 years

(Omenn et al., 1996)

GISSI

No benefit in patients surviving recent (<3 months) myocardial
infarction from 300 mg daily of vitamin E (alpha-tocopherol)
supplementation

(1999)

HATS

No significantly lower atherosclerosis progression in patients with
coronary disease and low plasma levels of HDL from vitamins E (d-

(Brown et al., 2001)
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Clinical trials

Effects

Ref.

alpha-tocopherol, 400 U twice daily), C (500 mg twice daily) and b-
carotene (12,5 mg of natural beta-carotene) and 50 microg of
selenium. Atenuation of benefits from simvastatin-niacin treatment.

HOPE

No apparent effects in patients at high risk for cardiovascular events
from 400 U of vitamin E for ~4.5 years treatment.

(Yusuf et al., 2000)

HPS

No significant reductions in mortality from or incidence of any type
of vascular disease, cancer or other major outcome among adults
with coronary disease, other occlusive arterial disease or diabetes
receiving 600 mg of vitamin E, 250 mg of vitamin C, and 20 mg of
beta-carotene daily for 5 years.

(2002)

MICRO-
HOPE

No effect on cardiovascular outcomes or nephropathy in middle-aged
and elderly people with diabetes and CV disease and/or additional
coronary risk factor(s) from daily administration of 400 1U of
vitamin E for ~4.5 years.

(Lonn et al., 2002)

MVP

No significant reduction in luminal diameter reduction and restenosis
rates per segment in patients after angioplasty, receiving (30,000 IU
of beta carotene, 500 mg of vitamin C, and 700 1U of vitamin E, all
given twice daily for four weeks before and six months after
angioplasty with extra 2000 U of vitamin E 12 hours before
angioplasty). Attenuation of beneficial probucol effects.

(Tardif et al., 1997)

PHS

No early or late differences in the overall incidence of cardiovascular
disease, malignant neoplasms or death from all causes among healthy
men with supplementation of 50 mg of beta-carotene on alternate
days for 12 years.

(Hennekens et al., 1996)

PPP

No beneficial effects in primary prevention of cardiovascular events
in people with at least one major risk factor of 300 mg/day of vitamin
E.

(de Gaetano, 2001)

SCPS

No support for a strong effect in reducing mortality from
cardiovascular disease or other causes of 50 mg per day of beta-
carotene supplementation during median follow-up of 8.2 years.

(Greenberg et al., 1996)

SU.VI.MAX

No beneficial effects on carotid atherosclerosis and arterial stiffness
in free of symptomatic chronic diseases and apparently healthy
people of combination of daily antioxidants (120 mg vitamin C, 30
mg vitamin E, 6 mg beta-carotene, 100 microg selenium, and 20 mg
zinc) supplementation for over ~7.2 years.

(Zureik et al., 2004)

VEAPS

Null results to the IMT progression in people at low risk for CVD of
400 IU daily of vitamin E (DL-alpha-tocopherol) supplementation.

(Hodis et al., 2002)

WACS

No overall effect on the myocardial infarction, stroke, coronary
revascularization, or CVD death considered single or combined in
female with a history of CVD or 3 or more CVD risk factors of
ascorbic acid (500 mg/d), vitamin E (600 IU every other day) or beta
carotene (50 mg every other day) for ~9.4 years.

(Cook et al., 2007)

WAVE

No cardiovascular benefit in postmenopausal women with coronary
stenosis from 400 U of vitamin E twice daily plus 500 mg of vitamin
C twice daily. Potential for harm.

(Waters et al., 2002)

Negative
results

ATBC

Increased risk of fatal coronary heart disease in male smokers with
previous myocardial infarction that received either 20mg/d of beta-
carotene or the combination of 50mg/d of alpha-tocopherol and
20mg/d of beta-carotene for median follow-up of 5.3 years.

(Rapola et al., 1996)

CARET

May have had an adverse effect on the incidence of lung cancer and
on the risk of death from lung cancer, cardiovascular disease and any
cause in smokers, former smokers and workers exposed to asbestos
from combination of 30 mg of beta-carotene per day and 25,000 1U
of retinol (vitamin A) in the form of retinyl palmitate per day for ~4.0
years.

(Omenn et al., 1996)

WAVE

Increased risk of death in postmenopausal women with coronary
stenosis receiving 400 1U of vitamin E twice daily plus 500 mg of
vitamin C twice daily.

(Waters et al., 2002)
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ATBC - Alpha-Tocopherol, Beta-Carotene Trial; ASAP - Antioxidant Supplementation in Atherosclerosis Prevention Study; CLAS - Cholesterol
Lowering Atherosclerosis Study; CHAOS - Cambridge Heart Antioxidant Study; IEISS - Indian Experiment of Infarct Survival Study; SPACE -
Secondary Prevention with Antioxidants of Cardiovascular disease in Endstage renal disease; WACS - Women’s Antioxidant and Cardiovascular
Study; CARET - B -Carotene and Retinol Efficacy Trial; GISSI - Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto miocardico; HATS
- HDL-Atherosclerosis Treatment Study; HOPE - Heart Outcomes Prevention Evaluation Study; HPS - Heart Protection Study; MICRO-HOPE -
Microalbuminuria, Cardiovascular, and Renal Outcomes in the HOPE study; MVP - MultiVitamins and Probucol Trial; PHS - Physicians’ Health
Study; PPP - Primary Prevention Project; SCPS - Skin Cancer Prevention Study; SU.VI.MAX - Supplementation in Vitamins and Mineral
Antioxidants trial; VEAPS - Vitamin E Atherosclerosis Prevention Study; WAVE - Women’s Angiographic Vitamin and Estrogen Trial.
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