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Abstract

and treatment.

L

Cardiovascular disease is the high incidence of disease in the world and has the high rate of mortality and morbidity.
Therefore, researching new mechanisms of cardiovascular disease has been received the widespread attention. A
large number of studies have shown that oxidative stress is one of the main mechanisms of cardiovascular disease
occurrence and development. Excessive reactive oxygen species cause an imbalance in the body of oxidation and
anti-oxidation, which causes tissue damage. NADPH oxidase is the principal source of reactive oxygen species,
thereby, studying clearly the role of NADPH oxidase in cardiovascular disease has important clinical significance for
preventing and treating cardiovascular diseases via controlling oxidative stress. We summarized the newest studies
on the relationship between NADPH Oxidases and cardiovascular diseases, which provide an idea that NADPH
Oxidases play an important role in cardiovascular disease occurrence and development. This idea may illustrate
the new cardiovascular disease pathogenesis and discovering new methods for cardiovascular diseases prevention
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Introduction

Cardiovascular disease (CVD) is one of the important diseases
in the world and damages human health. The major risk factors of
cardiovascular disease occurrence include age, gender, unhealthy diet,
smoking, drinking, a high degree of mental stress and lack of exercise.
A growing number of studies indicate that oxidative stress is an
important factor for the occurrence and development of cardiovascular
disease via vascular endothelial dysfunction, inflammation, apoptosis,
cell migration, fibrosis, and angiogenesis in relation to vascular
remodeling of hypertension [1,2]. Highly reactive molecules include
reactive oxygen species (ROS), such as anion (O?°), hydroxyl free
radical (OH ) and hydrogen peroxide (H,0,), and reactive nitrogen
free radicals (RNS) such as nitric oxide (NO), nitrogen dioxide (NO,)
and nitrite peroxide (ONOO -) [3]. Researchers have found that the
levels of reactive oxygen species are important for maintaining the
normal physiological function of body and excessive levels of reactive
oxygen species can cause body oxidative damage [4]. In mammalian
cells, potential enzymatic sources of ROS include mitochondrial
electron transport, lipoxygenase and cyclooxygenase enzymes of the
arachidonic cascade, cytochrome p450 enzymes, xanthine oxidase,
NADH/NADPH oxidase, nitric oxide synthase (NOS), peroxidases
and other hemoproteins. While the important sources of ROS,
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases play
a central role [5] in this process. Therefore, it is important to research
the role of NADPH oxidase in cardiovascular disease occurrence and
development.

NADPH oxidases

NADPH oxidaseswerefirstlyfoundinneutrophilsand macrophages,
and these two types of cells can produce a large number of ROS in the
inflammatory response. The ROS was originally described as cytotoxic
molecules and mainly protect the defense of the body by killing bacteria
[3]. A number of studies indicated that NADPH oxidases located in
the cytoplasm membrane of phagocytes. The NADPH oxidases, with
cytochrome C and FAD group, are composed by two membrane-
bound subunits 22phox and NOX2 (formerly known as gp91phox)
which form cytochrome b558 as the catalytic core of this enzyme. Other

important components of this enzyme are cytosolic subunits p40phox,
p47phox, p67phox and the small GTP-binding protein Rac. In addition
to the above five main subunits, the activation process of enzyme needs
the low molecular weight of G protein arcZ (sometimes racl) and the
participation of raPIA [6-9]. A range of catalytic subunit NADPH
oxidases were later found in different kinds of cells, such as NOX1,
NOX2 (gp91phox), NOX3, NOX4, NOX5, DUOX1, DUOX2, which
are belonged to NOX protein family. NOX can maintain physiological
levels of O* and H,O, with low expression and activity. When NOX is
influenced by innate and acquired immune response or blood vessels
injury in atherosclerosis, diabetes, obesity, high blood pressure and
anoxia, the expression of NOX is increased and activated quickly to
produce large quantities of ROS (Figure 1), which can mediate oxidative
stress [7,10,11]. Studies have shown that ROS production is mediated
by NADPH oxidases and ROS is an important signal molecule in the
processes of controlling some key pathological activities including cell
proliferation, amplification, migration, mutation, apoptosis, immune
response, and signal transduction pathways [11]. The occurrence and
development of diseases including cardiovascular disease, diabetes,
obesity and cancer are associated with the ROS production mediated
by NOX [8,9,12]. Lots of evidences showed that carotenoids, which
were inversely associated with inflammatory cytokines, not only can
take effect on anti-hypertension, but also delay the onset of well-
established cardiovascular risk factors [13]. In recent years, researchers
have found that the NADPH oxidases not only exist in phagocyte,
but different NOX enzymes also constitutively expressed in vascular
cells (such as endothelial cells, smooth muscle cells, fibroblasts, and
pericytes), cardiomyocytes, and immune cells in circulating and tissue
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Figure 1: When NOX is influenced by innate and acquired immune response or blood vessels injury in atherosclerosis, diabetes, obesity, high blood pressure and
anoxia, and the expression of NOX is increased and activated quickly to produce large quantities of ROS [14].

(including monocytes, macrophages dendritic cells and mast cells).
In these cells, the NADPH oxidase is one of the important sources of
producing reactive oxygen species [7,8,11]. Some studies have shown
that the C242T polymorphism, the p22phox subunit of NADPH
oxidase is related with coronary heart disease (CAD) and ischemic
cerebrovascular disease (ICVD) and is an independent risk factor in
high blood pressure, diabetes, hyperlipidemia and smoking [8,14].

The roles of NADPH oxidases in cardiovascular disease

NOX1 and cardiovascular disease: NOX1 (Mox1, NOH1) hasbeen
identified as the first homologue of NOX2 and shares a 60% amino-acid
sequence identity with NOX2. NOX1 expresses in endothelial, smooth
muscle and adventitial cells of the vasculature. Lots of studies showed
localization of NOX1 in cell membranes, particularly in the plasma
membrane, by using recombinant NOX1 protein. The activity of
NOXI1 requires p22phox, NoxO1 (or possibly p47phox in some cases),
NoxAl and the small GTPase Rac. NOX1-dependent ROS generation
has been shown to play a pivotal role in cell signaling, cell growth,
angiogenesis and cell motility [15]. Some studies confirm that NOX1
plays an important role in the initial injury of coronary atherosclerosis.
Barry - Lane and others found that total aortic atherosclerotic area
was reduced in p47phox knockout mice, which suggested that NOX1 /
NOX2 may be involved in atherogenesis [12]. Studies have also shown
that the expression of NOXI protein in myocardial cell after hypoxia
was significantly increased, compared with the control group, and ROS
produced in the cell also increased [16]. Via observing the expression
of NOX1 and NOX4 in different time and location in the mice injured
by focal cerebral ischemia reperfusion, researchers found that NOX1
expression in early ischemia increased obviously, which may be
closely associated with early pathological damage process [17]. NOX1
mediating the expressions of vascular endothelial growth factor (VEGF)
and the matrix metalloproteinase (MMPS) may increase the formation
of reactive oxygen species, then NOXI promotes angiogenesis and
tumor formation [18]. NOX1 is also expressed in vascular smooth
muscle cells, uterus, and glands. The main physiological function
of NOXI1 is involved in cell proliferation and angiogenesis and the

occurrence and development of the hepatic fibrosis [19,20]. The role
of NOX1 plays in the development of cardiovascular disease should be
further researched.

NOX2 and cardiovascular disease: NOX2, originally called
gp91phox, expresses in vascular smooth muscle cells (VSMCs), outer
membrane fibroblast, endothelial cells and the fat cells around blood
vessels. The main physiological functions of NOX2 are involved in
immune defenses, oxidative stress and blood pressure regulation. There
are six subunits of NOX2 including gp91phox, p22phox, p47phox,
p67phox, p40phox and GTPase Racl. Gp91phox and p22phox locate
in the cytoplasm vacuoles and the plasma membrane, via membrane
combination; form the cytochrome b558.The structure of this oxidase
in vascular cells is similar to that in phagocytes. Nox organizer protein
1 (NoxO1) and Nox activator protein 1 (NoxAl) may have modest
activating properties for Nox2 [21]. In human, the lack of NOX2 can
strengthen endothelium-dependent flow-mediated vasodilatation and
reduce vascular aging and oxidative stress [22]. Studies have shown that
the mitochondria O?~ mediated by ATP sensitive channels depending
on NADPH can activate the NOX2 in the cytoplasm, which promotes
the development of oxidative stress production in endothelial cell and
high blood pressure disease [23,24]. The myocardial infarction area is
significantly reduced in the NOX1, NOX2 and NOX1/ NOX2 knockout
mice, which suggested that NOX1 and NOX2 can mediate oxidative
damage during reperfusion [25]. Other studies have reported that
in the early stages of the atherosclerotic plaque development, NOX2
seems to play a key role in the progress of atherosclerosis occurrence
and development [26].

NOX3 and cardiovascular disease: NOX3 is located in
chromosome 6 and primarily expresses in the inner ear (including
spiral ganglion, ear chamber and the epithelial cells of the cochlea), fetal
kidney, spleen, bone, brain and Hep G2 in cancer cell line [10]. Previous
studies have shown that cisplatin exposure is associated with reactive
oxygen species (ROS) increase in the cochlea and cisplatin , a widely
used chemotherapeutic agent, causes significant hearing loss. However,
knockdown of NOX3 by pretreatment with siRNA prevented cisplatin
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ototoxicity, which is detected by examining preservation of hearing
thresholds and inner ear sensory cells [27]. In addition, researchers
have found that NOX3 is a very important susceptibility genes in the
hearing loss induced by noise via a genome-wide association analysis
[28]. Studies have also shown that NOX3 mRNA is related with the
occurrence and development of gastric cancer [29]. However, whether
NOX3 plays a role in the development of cardiovascular disease need
to be investigated in the future.

NOX4 and cardiovascular disease: The NOX4 protein shares a
39% of amino acid fragment with NOX2. NOX4 was initially found in
the kidney, therefore, NOX4 was named kidney oxide (KOX). Then,
it was soon found in vascular wall (especially in vascular smooth
muscle cells, fibroblasts and endothelial cells), heart, skeletal muscle
and brain, but the expression of NOX4 mRNA in mononuclear cells
is low. The main physiological function of NOX4 is regulation of
the synthesis of erythropoietin and oxygen sensors. In some studies,
researches have reported that NOX4 in kidney and smooth muscle cells
may play an important role in stressing signal transduction. NOX4 can
adjust the differentiation induced by the transforming growth factor
beta (TGF-B), insulin signal transduction, transcriptional regulation
and myocardial differentiation [12]. NOX4 mainly locates in the
endoplasmic reticulum and nucleus, and the activity of NOX4 mainly
depends on the levels of NOX4 and p22phox expressions. But, recent
studies have not shown clearly which type of ROS is predominantly
generated by NOX4. Unlike NOX1 and NOX2 mainly producing O?
*, NOX4 mainly produce hydrogen peroxide (H,0,). It is likely for a
highly conserved histidine residue in the E-loop of NOX4 promoting
rapid dis-mutation of O* [2]. NOX4 is increased after ischemia,
which may be related with the process of pathological repairing after
ischemia - reperfusion [17]. In addition, the up-regulation of NOX4
expression can cause endothelial cell damage mediated by ROS, which
is associated with hypertension, hyperlipidemia, and ischemic diseases
[30-33]. Active NOX4 also can increase the formation of ROS, ERK1/2
and JNK phosphorylation and collagen synthesis increase, which
contribute to the process of myocardial fibrosis. Thus, myocardial
remodeling is improved by reducing the myocardial oxidative stress
and the myocardial fibrosis via NOX4 intervening [34]. In human
coronary artery endothelial cells, oxidized low-density lipoprotein (ox-
LDL) can promote the generation of ROS by activating NOX4 [18].
In a recent study, a novel nuclear-localized NOX4 splice variant with
a size of 28-kDa protein, NOX4D, has been identified and NOX4D
lacks putative transmembrane domains. Over expression of NOX4D
can result in the increase of NADPH-dependent ROS production
and phosphorylation of extracellular signal-regulated kinasel/2 and
the nuclear transcription factor Elk-1 [35]. Therefore, NOX4D may
take important pathophysiologic effects on the modulation of nuclear
signaling and DNA damage [35]. The recent study about NOX4 also
shows that NOX4 takes the effect on anti-atherosclerosis [36,37].
However, NOX4 expression is decreased in human abdominal aortic
aneurysm (AAA), although NOX4 greatly promote the progress of
oxidative stress occurrence in abdominal aortic aneurysm walls [38].

NOX5 and cardiovascular disease: NOX5 expresses in all
embryonic organization and a weak expression of NOXS5 is in the
ovary, placenta, pancreas and human microvascular endothelial
cells. NOX5 protein was found in the endoplasmic reticulum of
human microvascular endothelial cells (HMEC-1) and the vascular
wall [10,35]. HMEC-1 cells expressed NOX5B and NOX58 as well
as a variant lacking calcium-binding domain (NOX5S). NOX5f and
NOX5S increase basal ROS levels. NOX5, different with the other
NOX proteins, has a unique N-terminus which encodes four calcium-

binding EF hands. NOX5 conformation will be changed when the
calcium-binding EF hands combined with Ca**, which caused the
intramolecular interaction in the catalysis between N- terminus and C-
terminus, and then the free Ca?* will promote the ROS production. Four
splicing variants have been confirmed as NOX5a, NOX5p, NOX5y and
NOXS586 [39]. NOX5a was found in spleen, and NOX5p was found in
testis whereas the cellular presences of NOX5y and NOX58 have not
been shown [40], in addition, NOX5 mRNA was found in the stomach
and cardiac fibroblasts [7]. NOX5 also exists in vascular structures,
especially endoplasmic reticulum of endothelial cells and vascular
smooth muscle cells, which mainly produces superoxide and H,0,.
Some studies have suggested that the different subtypes of NOX located
in different positions during the development of atherosclerosis, and
NOXS5 is mainly expressed in human unstable atherosclerotic plaque
[26]. In the coronary artery disease, levels of NOX5 protein and
mRNA expression increase in human coronary artery, especially in
the early stages of endothelial injury [12]. Another study indicated that
NOXG5S contributed to endothelial ROS generation, proliferation and
angiogenesis. However, the role of NOX5 in vascular cells has not been
fully elucidated [7,41].

The roles of DUOX1 and DUOX2 in cardiovascular disease:
DUOX1 and DUOX2 mainly exist in thyroid tissue and express
lowly in the others tissues including salivary glands, bronchial, lung
and prostate. The H,O, expression mediated by DUOX2 can induce
oxidative stress, which results in the intestinal tissue injury [10,12,26].
Enhanced reactive oxygen species production in allergic airways are
well described and correlated with airway contractions increase,
inflammatory cell infiltration, goblet cell metaplasia and mucus hyper
secretion. DUOX activity is regulated by cytokines including IL-4 and
1L-13,and DUOX-mediated H,0, influences several important features
of allergic asthma including mucin production, IL-8 secretion and
wound healing [42]. In the thyroid gland, H,O, mediated by DUOX2
is the important material of thyroid hormone biosynthesis. Several
patients with the gene mutations of DUOX2 or its maturation factor,
DUOXAZ2, have serious organic iodine machine function defect [43]

Conclusion

Oxidative stress, one of the important pathogenesis of
cardiovascular disease, interacts with other pathogenesis directly or
indirectly involved in the occurrence and development of the disease,
such as hypertension, heart failure, atherosclerosis and myocardial
injury [44]. In recent years, a large number of experimental studies
found that NADPH oxidase is the main source of ROS in the blood
vessel cells, however, the relationship between NOX and cardiovascular
disease has not yet fully elucidated. We summarized the newest
researches results about NOX and cardiovascular diseases and provide
an idea that NOX play an important role, which may illustrate the new
cardiovascular disease pathogenesis and discover new methods for
cardiovascular diseases prevention and treatment. In clinic, there is still
lack of effective antioxidant drug for inhibiting NADPH oxidase, thus,
further studies about the role and mechanism of NADPH oxidase in
heart vascular disease will be investigate.
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