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a b s t r a c t

Oxidative stress represents excessive intracellular levels of reactive oxygen species (ROS), which plays a
major role in the pathogenesis of cardiovascular disease. Besides having a critical impact on the devel-
opment and progression of vascular pathologies including atherosclerosis and diabetic vasculopathy,
oxidative stress also regulates physiological signaling processes. As a cell permeable ROS generated by
cellular metabolism involved in intracellular signaling, hydrogen peroxide (H2O2) exerts tremendous
impact on cardiovascular pathophysiology. Under pathological conditions, increased oxidase activities
and/or impaired antioxidant systems results in uncontrolled production of ROS. In a pro-oxidant en-
vironment, vascular smooth muscle cells (VSMC) undergo phenotypic changes which can lead to the
development of vascular dysfunction such as vascular inflammation and calcification. Investigations are
ongoing to elucidate the mechanisms for cardiovascular disorders induced by oxidative stress. This re-
view mainly focuses on the role of H2O2 in regulating physiological and pathological signals in VSMC.
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1. Introduction

Oxidative signaling is critical for cell homeostasis and survival.
Reactive oxygen species (ROS) are the small molecules responsible
for this signaling, and they are produced at low levels continually
during normal cell function. In particular, hydrogen peroxide
(H2O2) has become recognized as a crucial mediator of cellular
oxidative signaling [1,2]. The physiological level of H2O2 is main-
tained in the cell by a series of enzymatic actions, including
NADPH oxidases (NOX) and superoxide dismutases (SOD), through
the dismutation of superoxide anion (O2

��) [3,4]. H2O2 is essential
in signaling pathways determining cell viability, and it participates
in the cell's ability to combat bacteria and other pathogens [5].
Under pathological conditions, such as hypertension, diabetes, and
hyperlipidemia – the major risk factors of atherosclerosis, how-
ever, elevation of vascular NOX increased H2O2 production, which
leads to monocyte/macrophage infiltration, lipid oxidation, foam
cell formation that significantly contribute to vascular inflamma-
tion and lesion development [6–8].

Recent studies by our group and others have elucidated a
mechanistic link between H2O2-induced oxidative stress and vas-
cular cell homeostasis and differentiation [9,10]. We have shown
that H2O2 induces phenotypic changes of vascular smooth muscle
cells (VSMC) that lead to vascular pathologies such as calcification
[9]. This review aims to highlight the role of H2O2 as a physiolo-
gical and pathological redox signal in VSMC, as well as newly
discovered molecular signals promoting oxidative stress in cardi-
ovascular diseases.
2. Regulation of H2O2 production in VSMC

ROS can be generated following cell stimulation and function as
intracellular signaling molecules [11,12], and oxidative species
have been shown to be critical for cell homeostasis and survival
[13]. Excessive ROS generated by cellular metabolism, however,
causes cellular damage and tissue dysfunction [14]. H2O2, a cell
permeable ROS that can diffuse across biological membranes and
has a relatively long half-life among other ROS [15], has been
shown to serve as an effective redox signaling mediator that reg-
ulates intracellular signaling [16,17]. H2O2 is produced in vascular
cells by multiple enzymatic systems [18]. While mitochondria are
responsible for the majority of H2O2 production within the cell
under physiological conditions, some non-mitochondrial sources
of H2O2 have also been described, including vascular NOX, xan-
thine oxidase and uncoupled eNOS [19,20]. Under normal condi-
tions, constitutive oxidase activities and endogenous scavenger
systems, including catalase and glutathione peroxidases, maintain
steady-state H2O2 levels in vascular tissue [20,21] �H2O2 is im-
portant to maintain VSMC function under physiological conditions,
such as proliferation, migration, and differentiation [22,23]. Upon
stimulation, multiple oxidase systems in the endothelium, media,
and adventitia can produce H2O2 and contribute to elevation of
H2O2 in VSMC [24,25]. Exogenous H2O2 can further induce pro-
duction of endogenous H2O2 by activating cellular NOX [3]. In this
way, chronically accumulated H2O2 leads to VSMC dysfunction and
damage in the vasculature [26].

2.1. Mitochondrial H2O2 production

The precursor of H2O2, superoxide anion (O2
��), is produced

mainly by complexes I and III in the mitochondrial respiratory
chain [27,28]. Superoxide anion generated in the intermembrane
space can be carried across the membrane to the cytosol via anion
channels [29]. The presence of mitochondrial SOD-2, which con-
sumes superoxide anion as it is produced and converts it to H2O2,
and other similar enzymes, protects the mitochondrion itself from
the damaging effects of ROS [30]. Several studies have described
the production of superoxide anion by the mitochondrial re-
spiratory complexes [31–33]. The contributions of each of the
complexes and individual enzymes to the overall superoxide anion
production vary depending on the organ and the reduced state of
the complexes. Also the capacity of each site relies on the abun-
dance of the enzymes or complex in the mitochondria. IQ in
Complex I has been determined to be the predominant center of
production for superoxide anion and/or H2O2 in the mitochondria
during reverse electron transport [34]. Among eleven sites of su-
peroxide anion and/or H2O2 production in mitochondria, most of
the sites release superoxide anion and H2O2 exclusively in the
mitochondrial matrix due to their location in the matrix or at the
inner face of the matrix. While site IIIQo in Complex III and GQ

linked to the mitochondrial glycerol 3-phosphate dehydrogenase
generate superoxide anion and/or H2O2 to the external side of the
mitochondrial inner membrane and the matrix. The topological
differences in the release of superoxide anion and H2O2 to differ-
ent compartments in the mitochondria are likely to have sig-
nificant impact on downstream redox signaling [34]. To better
understand the role of mitochondrial ROS in oxidative damage and
redox signaling in the vasculature, state-of-the-art methods to
measure mitochondrial superoxide anion and H2O2 formation
in vivo are definitely needed as the generation within the mi-
tochondrial matrix highly depends on local oxygen concentration
and redox groups bound to relevant protein, which are all highly
variable and difficult to measure in vivo.

Non-mitochondrial H2O2 Production.
Many non-mitochondrial enzymes have been shown to pro-

duce H2O2 [35,36]. Xanthine oxidase produces H2O2 as an inter-
mediate for the reaction in which xanthine is converted to uric
acid [37,38]. Lipoxygenase produces oxidized linoleic acid and
cyclooxygenase produces prostaglandins from arachidonic acid,
each of which results in H2O2 production [39]. These systems are
known to participate in the redox signaling under physiological
conditions, while causing toxic cellular effects and diseases once
their activity is dysfunctional.

On the other hand, NOX, a multi-enzyme complex, produces
H2O2 or superoxide anion primarily, not as a part of other reactions
[35,40]. NOX exists in many different isoforms, all using NADPH as
a donor of the electron to generate H2O2 or superoxide anion [41].
In VSMC, Nox1, Nox2, and Nox4 have been linked to multiple
cardiovascular diseases, including hypertension, atherosclerosis,
and diabetic vasculopathy [42–45]. Nox1 is primarily found in
caveolae, endosomes, and plasma membranes of VSMC [46] and it
has a critical role in VSMC proliferation in response to angiotensin
II (Ang II), PDGF, and thrombin [47–49]. Nox1-deficiency inhibited
injury-induced neointimal formation, which was associated with
inhibition of VSMC proliferation and migration [50]. In contrast,
enhanced activation of Nox1 by increased NoxA1, an activator of
Nox1, in the vasculature increased superoxide anion generation in
VSMC and increased neointimal hyperplasia and atherosclerosis
[49]. Similarly, increased Nox1 expression in cultured VSMC or
aortic segments induced VSMC proliferation [51]. Although the
precise molecular mechanisms underlying Nox1-mediated pro-
liferation of VSMC are not well defined, activation of a small GTP-
binding protein ADP-ribosylation factor 6 and MAPK signaling
pathways are demonstrated in Ang II-induced VSMC proliferation
[47]. Nox2 is expressed in endosomal and phagosomal membranes
and is regulated in a similar way to vascular Nox1 [52]. Nox2 has
also been described as an important regulator of fibroblast pro-
liferation since its downregulation results in reduction of serum-
induced proliferation [122,123]. Recent report demonstrates that
ROS-derived from Nox2, an important regulator of fibroblast pro-
liferation act as a paracrine stimulus on neointimal hyperplasia
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and medial smooth muscle hypertrophy [53]. In addition, Nox4
has been shown to play an important role in focal adhesions and
maintenance of differentiated status of VSMC [54]. A recent study
suggests that Nox4 is critical for transforming growth factor beta-
regulated expression of VSMC differentiation marker, such as
smooth muscle α-actin, by activation of a p38 and serum-response
factor/myocardin-related transcription factor pathway NOX-gen-
erated H2O2 in VSMC has been shown to be extensively involved in
hypertrophy, proliferation, migration, and inflammation [55].
Therefore, the NOX enzymes have become recognized as highly
important targets in the development of therapeutic strategies for
ROS production in physiological and pathological conditions.

2.2. Physiological roles of H2O2 in VSMC

Although high levels of ROS cause cellular dysfunction and
damage in the vasculature, normal levels of ROS are important to
maintain physiological responses. In particular, H2O2 plays an
important role in cellular signaling in a range of biological pro-
cesses in many organisms. Due to its ability to travel through
membranes, H2O2 is involved in signaling in every cellular orga-
nelle. H2O2 has been well recognized as a critical mediator of
VSMC function under physiological conditions, such as prolifera-
tion, migration, and differentiation as well as modulation of vas-
cular tone.

As H2O2 activates some common signaling molecules and
pathways induced by growth factors, it has long been regarded as
an early growth signal. Brown et al. showed in an early study that
H2O2 promotes VSMC proliferation [56]. They found that over-
expression of catalase, the enzyme that hydrolyzes H2O2, reduces
H2O2 production in rat VSMC and inhibits cell growth, suggesting
that endogenously produced- H2O2 at physiological levels may
play a fundamental role in VSMC proliferation. On the other hand,
exogenous addition of H2O2 (10 nM to 100 mM) to growth-arrested
human VSMC was found to stimulate an increase in cell growth,
which was antagonized by catalase in a dose-dependent manner
[57]. Similarly, in growth-arrested rabbit VSMC, H2O2 synergisti-
cally enhanced angiotensin II-induced VSMC proliferation [58]. In
human coronary artery smooth muscle cells, H2O2 increased the
half-life and induced the expression of placenta growth factor [59],
an important mediator of arteriogenesis [60,61] that regulates
angiotensin II-induced VSMC proliferation [62]. Collectively, these
results support the notion that H2O2 is a critical regulator of VSMC
proliferation under physiological conditions.

Migration of VSMC is an important process in the development
of blood vessels as well as vascular pathology, including neointi-
mal formation and atherosclerosis. Platelet-derived growth factor
(PDGF) is one of the most potent migratory factors for VSMC.
PDGF-induced migration of VSMC was attenuated by pre-treat-
ment with antioxidants including N-acetyl-cysteine, the glu-
tathione peroxidase (GPx) mimetic, ebselen, as well as catalase,
the scavengers of H2O2, indicating an important role of H2O2 as a
cellular mediator in PDGF-induced VSMC migration [63]. In addi-
tion, insulin and insulin-like growth factor 1 signals have been
shown to play important roles in vascular remodeling. Similar to
exogenously added H2O2, H2O2-induced by insulin/insulin-like
growth factor 1 was found to elevate motility of rat VSMC, which
was blocked by catalase [64]. Recently, an elegant study by de
Rezende et al. showed that H2O2 oxidizes specific cysteine residues
within the α7 subunit of integrin α7β1, which facilitates VSMC
formation of membrane protrusions via binding to laminin-111,
thereby enhancing the binding affinity of integrin to laminin that
increases VSMC migration [65].

In addition to its roles in regulating VSMC physiological re-
sponses such as proliferation and migration, H2O2 has also been
demonstrated to regulate differentiation of VSMC from their
precursors as well as phenotypic changes between “contractile”
state and “synthetic” state. Xiao et al. found that a set of SMC-
specific genes was significantly upregulated in mouse embryonic
stem cells cultured on collagen IV-coated plates, which was cor-
related with an increased expression of NOX4, the H2O2 producing
enzyme [66]. They further demonstrated that NOX4 induced-H2O2

mediated the differentiation of stem cells into VSMC via activation
of SMC-specific transcription factors, including serum response
factor and myocardin. In contrast, inhibition of NOX4 activity due
to the deficiency of polymerase delta interacting protein 2 reduced
H2O2 production in VSMC, which resulted in an elevated secretion
of collagen I in VSMC and led to increased stiffness, reduced
compliance, and excessive extracellular matrix deposition in mice,
implicating phenotypic changes of VSMC into synthetic forms
under reduced H2O2 level [67]. On the other hand, exogenous
addition of H2O2 was found to directly induce the expression of
microRNA-145 in rat VSMC, which increased the expression and
activity of the key VSMC transcriptional factor, myocardin [68].
Consistently, increased H2O2 production in VSMC from p22phox-
over-expressing mice exhibited increased expression of synthetic
phenotypic markers concomitantly with decreased contractile
markers, supporting the regulation of H2O2 production on VSMC
phenotypic modulation [69].

In the vascular walls, endothelial cells modulate underlying
VSMC and vascular tone by releasing relaxing and contracting
factors, including nitric oxide and H2O2 [70,71]. In human coronary
arterioles, shear stress induces endothelial cell-derived H2O2 that
results smooth muscle hyperpolarization and relaxation, which
could be abrogated by polyethylene glycol catalase [71]. In rat
renal artery, acetylcholine triggers transient smooth muscle con-
traction in an endothelium-dependent manner [72]. Inhibition of
NOX, however, attenuates acetylcholine-induced smooth muscle
contraction, suggesting that acetylcholine stimulates NOX-derived
H2O2 production in endothelial cells that leads to smooth muscle
contraction [72]. Therefore, endothelial production of H2O2 may
act as endothelium-derived hyperpolarization factor that regulates
VSMC function and vascular tone.

2.3. Scavengers of H2O2

Under normal conditions, the level of H2O2 is maintained in
steady-state in the vasculature by constitutive oxidase activities
and endogenous scavenger systems, including the major families
of antioxidant enzymes: SOD, catalase, glutathione peroxidases,
and thioredoxin peroxidases. These antioxidant enzymes play
important roles as molecular sensors and biological modulators of
the effects exerted by ROS on cellular signaling events.

There are three SOD isoforms in human: cytoplasmic SOD1 (Cu-
Zn), mitochondrial SOD2 (Mn), and extracellular SOD3 (Cu-Zn).
SOD1 knockout mice exhibit increased superoxide anion while
reduced cytoplasmic H2O2 in pulmonary arteries, resulting in an
increase in the ratio of superoxide anion H2O2 in pulmonary ar-
terial SMC that led to vascular inflammation and pulmonary hy-
pertension [73]. Accordingly, fine-tuning the balance among ROS
by anti-oxidant enzymes such as SODs regulates cellular oxidative
signaling pathways in VSMC.

Catalase acts more directly to decompose H2O2 into water and
oxygen; its importance is reflected by its ubiquity in all oxygen-
consuming organisms. The expression and activity of catalase in
aortic wall were closely correlated with the formation of abdom-
inal aortic aneurysms (AAA) in mice. It was shown that the ad-
ministration of PEG-catalase prevents the loss of tunica media and
the formation of AAA induced by calcium chloride on mouse in-
frarenal aortas [74]. Similarly, over-expression of catalase in VSMC
results in enhanced VSMC survival and reduced AAA formation
through restored catalase activity and decreased matrix



Fig. 1. Regulation and function of hydrogen peroxide in modulating VSMC physiology and vascular dysfunction, such as vascular inflammation and calcification. Hydrogen
peroxide (H2O2) is produced in vascular smooth muscle cells (VSMC) through mitochondrial respiratory chain and non-mitochondrial enzymatic systems via superoxide
anion (O2

��), converted to H2O2 by superoxide dismutases (SOD). One of the major families of antioxidant enzymes, catalase directly catalyzes H2O2 into water. Glutathione
peroxidases (GPx) and peroxiredoxins (Prx) scavenge H2O2 by the use of reducing power of glutathione (GSH) and thioredoxin (Trx). Under physiological conditions,
homeostasis of cellular redox status is maintained by keeping the steady-state levels of H2O2 through the balance between oxidase systems and antioxidant machinery,
allowing H2O2 to serve as a critical modulator of cellular signaling events. Excessive accumulation of H2O2 by increased oxidase activities and/or impaired antioxidant
systems, however, leads to the pathological conditions, such as increased vascular inflammatory responses and VSMC calcification. GSH, reduced glutathione; GSSG, oxidized
glutathione; Trx (red), reduced thioredoxin; Trx (ox), oxidized thioredoxin. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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metalloproteinase activity [74]. In addition, the over-expression of
human catalase in the atherogenic ApoE� /� mice contributes to
the retarded atherosclerotic development correlated with the re-
duced F2-isoprostanes in the plasma and aortas, suggesting that
H2O2 is implicated in the formation of oxidized lipids and the
development of atherosclerosis in ApoE�/� mice [75].

More recently, studies with the use of new animal models have
demonstrated the importance of the glutathione peroxidase (GPx)
antioxidant systems in maintaining vascular redox balance. Eight
different isoforms of GPx have been currently identified in humans
and each functions as a reducing molecule of H2O2 to water. GPx1 is
the predominant glutathione peroxidase isoform in the vasculature.
VSMC from GPx1-haplodeficient mice demonstrated increased oxi-
dative stress that led to NF-κB activation, VSMC proliferation, and an
inflammatory response [76]. Global knockout of GPx1 in ApoE� /�

mice resulted in increased oxidative stress and accelerated devel-
opment of atherosclerotic lesions [77], supporting a direct role of
GPx1 in regulating the development of vascular disease.
In addition, the thioredoxin system in vascular cells has been
recognized as a critical anti-oxidizing entity and seems to mostly
depend on thioredoxin peroxidase (peroxiredoxin, Prx) for its ROS-
scavenging activities. Over-expression of Prx4 led to the attenua-
tion of atherosclerotic development in ApoE� /� mice through the
suppression of oxidative damage indicated by reduced markers of
oxidative stress (8-hydroxy-2'-deoxyguanosine and oxLDL) and
down-regulation of apoptosis [78]. Similarly, the deficiency in Prx2
results in increased production of H2O2 through enhanced acti-
vation of PDGF signaling and subsequent cell proliferation, while
the forced expression of Prx2 in VSMC attenuates PDGF-induced
activation of the PDGFR-β, possibly through inhibition of PDGF-
induced H2O2 production [79]. Accordingly, Prx 2/4 might affect
H2O2-induced mitogenic and migratory signaling, thus contribut-
ing to PDGF-induced VSMC proliferation and migration during
neointimal formation [78,79].

New findings at the subcellular level have furthered our un-
derstanding of redox balance in the vasculature. Cellular
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movement and location of antioxidant enzymes provides an effi-
cient system of control for H2O2 at its site of generation. Activities
of GPx or thioredoxin systems have been observed in several
distinct subcellular locations, depending on the isoforms and the
cellular environment. In mammals, GPx1 is found in the cytoplasm
while GPx2 and GPx3 are mainly expressed extracellularly [80].
Mammalian cells also express two thioredoxin systems: the cy-
tosolic thioredoxin 1 and the mitochondrial thioredoxin 2 [81].
Therefore, ROS, including H2O2, may be appropriately monitored
and regulated by distinctly located antioxidant systems both in-
tracellularly and extracellularly. Such a notion is supported by
recent studies with targeted expression of the antioxidant en-
zymes in specific subcellular compartments. For instance, ex-
pression of Prx 5 in the mitochondrial intermembrane space was
found to inhibit hypoxia-induced oxidative signaling in the mi-
tochondrial intermembrane space as well as the cytosol in pul-
monary arterial SMC [82]. Additionally, expression of a mi-
tochondria-exclusive variant form of GPx1 resulted in a higher
level of oxidative stress compared to cells expressing GPx1 mostly
in the cytoplasm where the natural counterpart of GPx1 [83],
further demonstrating the importance of the subcellular localiza-
tion of the antioxidant enzymes.

2.4. H2O2-regulated signaling pathways

Hydrogen peroxide is a relatively weak oxidizing agent; how-
ever, it could reversibly and covalently induce post-translational
modifications of cysteine thiolate residues resulting in changes in
activity and function of target proteins [84]. H2O2 sensors exist
throughout the cell to maintain cellular homeostasis. A variety of
protein kinases, which bear a redox-sensitive cysteine residues in
the kinases themselves or in their upstream signaling molecules,
are involved in the alteration of VSMC function by catalyzing the
phosphorylation of their target proteins. H2O2 has been implicated
in the activation of c-Src, protein kinase C (PKC), phosphatidyl
inositol (PI)3-kinase, protein kinase B (AKT), extracellular-regu-
lated kinase (ERK), c-Jun N-terminal kinases (JNK), and mitogen-
activated protein kinases (MAPK) [9,85–88]. H2O2 can induce
downstream signaling by both autocrine and paracrine mechan-
isms. Recent studies show that H2O2 may be transported through
membrane pores or by matrix vesicles [15,89], but this movement
has yet to be well characterized.

The redox-sensitive protein kinases, MAPKs, are key regulators of
signaling pathways that govern diverse cellular responses such as
proliferation, differentiation, growth, and inflammatory responses
[90]. Although MAPK are not known to be directly redox signaling
sensitive, they experience redox regulation by ROS-activated up-
stream molecules such as src-family kinases and PKC [91,92]. En-
hanced phosphorylation of ERK and p38 MAPK by H2O2 is observed
in VSMC and endothelial cells, reportedly through the activation of
an upstream src-family kinases and PKC, which results in the altered
vascular function such as VSMC constriction [93,94]. ROS-dependent
phosphorylation on Thr423 of p21-activated protein kinase has also
been shown to regulate VSMC migration induced by PDGF [63].
Emerging evidence has connected ROS to PI3K signaling. PI3K sig-
naling is activated in response to the exogenous H2O2 in various cell
types [95]. H2O2 induces NADPH oxidase-mediated ROS which is
dependent on PI3K/AKT signaling [96]. Thus, ROS activate PI3K,
which in turn promotes the process leading to ROS accumulation.
H2O2 has been shown to induce tyrosine phosphorylation of p110
(PI3K subunit) and enhances PI3K membrane recruitment to its
substrate site, thereby enabling PI3K to maximize its catalytic effi-
ciency [97]. H2O2-activated PI3K can lead to activation of AKT [98].
AKT acts as a transducer of PI3K signaling initiated by many stimuli
and activates multiple cellular signaling pathways that regulates
proliferation, differentiation, and survival [9,99,100].
On the other hand, protein tyrosine phosphatases (PTP) are
directly inhibited by ROS via thiol modifications of cysteine re-
sidues in their catalytic sites [101]. The tumor suppressor phos-
phatase and tensin homolog (PTEN), which antagonizes the sig-
naling cascade regulated by PI3K/AKT, is oxidatively inactivated by
mitochondrial NOX-produced H2O2 [95]. In SOD2-overexpressing
endothelial cells, increased mitochondrial H2O2 increases the ratio
of inactive/active PTEN, which results in enhanced PI3K/AKT sig-
naling that induces the expression of the key regulator of angio-
genesis, vascular endothelial growth factor (VEGF) [102]. Further
studies are warranted to better understand the complex system of
H2O2-mediated regulation of kinases and phosphatases in VSMC.

Downstream of a number of the signaling cascades, ROS-sen-
sitive transcription factors determine gene expression in response
to changes in redox balance. NF-κB is a critical transcription factor
for the proliferation, survival, and inflammatory responses in
VSMC. Enhanced H2O2 in GPx1-deficient VSMC induces activation
of NF-κB in quiescent VSMC, and thus leading to VSMC prolifera-
tion [76]. The nuclear factor erythroid 2-related factor 2 (Nrf2), a
redox sensitive transcription factor, has also been shown to in-
crease the expression of antioxidant enzymes that protect VSMC
against oxidative stress [105,106]. Under low oxidative stress, Nrf2
is sequestered by Kelch-like ECH Associated Protein 1 and targeted
for proteasomal degradation [107]. In high oxidative stress con-
ditions, such as atherosclerotic and diabetes, activation of Nrf2-
regulated antioxidant systems has been demonstrated in vascular
endothelial cells and VSMC [108]. In addition, Furthermore, H2O2

has also been shown to induce phosphorylation of the cyclic AMP
response element–binding protein (CREB), a transcription factor
that is known to play an important role in neuron cell survival
[103]. In contrast, hypoxia increases intracellular H2O2 via in-
creased expression of NOX in pulmonary arterial smooth muscle
cells (PASMC), thus inhibiting CREB and increasing PASMC pro-
liferation [104]. The cell type-dependent differential regulation of
CREB by H2O2 indicates the fine-tuning of cellular H2O2 signaling.

2.5. Pathological effects of hydrogen peroxide on vascular smooth
muscle cells

Excessive generation of ROS induced-oxidative stress is a pre-
dominant factor that accelerates the progression of cardiovascular
diseases, including atherosclerosis and vascular calcification [109–
111]. Multiple risk factors associated with pathogenesis of ather-
osclerosis including hypercholesterolemia, diabetes, hypertension,
smoking, and family history of heart attacks are all unequivocally
linked to increased oxidative stress in the vasculature [112]. Pa-
thological impact exerted by H2O2 on VSMC most relevant to the
onset and aggravation of the disease will be further discussed.

2.6. H2O2 induces VSMC inflammation

Atherosclerosis has been well characterized as a prolonged
inflammatory state within the cardiovascular system, in which a
variety of cell types, including VSMC, endothelial cells, macro-
phages, and immune cells interact with each other and elicit po-
tent inflammatory reactions in response to a variety of cellular
stimuli. Recruitment and infiltration of blood-borne monocytes/
macrophages into the arterial wall plays an important role in the
development of atherosclerosis [113,114]. The infiltrated in-
flammatory cells produce tumor necrosis factor-alpha (TNF-α), a
major pro-inflammatory cytokine in the development of athero-
sclerosis, which promotes the generation of ROS such as H2O2 via
NOX- or mitochondria-dependent pathways [115–117]. Local H2O2

production from both vascular cells and infiltrated cells initiates a
signaling cascade which leads to the inflammatory response
through the expression of inflammatory cytokines and adhesion
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molecules [118,119]. The critical role of inflammatory responses in
VSMC during the development of atherosclerosis has also been
well documented. In response to TNF-α, NF-κB signaling is acti-
vated in VSMC, which leads to increased expression of pro-in-
flammatory molecules such as vascular cell adhesion molecule-1,
monocyte chemoattractant protein-1 (MCP-1), and fractalkine
[120]. In rat VSMC, H2O2 treatment induces an increase in in-
tracellular and extracellular osteopontin, an important mediator of
inflammation and generation of atherosclerotic lesions [121]. In
contrast, transgenic mice overexpressing VSMC-specific catalase,
the enzyme that hydrolyzes H2O2, exhibit significant reduction in
inflammatory molecules in the vessel walls, including TNF-α along
with other inflammatory markers such as TGF-β, osteopontin, IL-
1β, and MCP-1 [74]. These observations support a critical role of
H2O2 produced by VSMC in regulating vascular inflammation.
Furthermore, lowered macrophage infiltration into the arterial
wall is observed in these catalase-overexpressing mice [74].
Therefore, VSMC-produced H2O2 may contribute to the overall
progression of atherosclerosis by regulating the expression of in-
flammatory molecules in the vascular cells as well as the infiltra-
tion of inflammatory cells. In addition, studies from our group
have demonstrated that H2O2 induces the expression of the re-
ceptor activator of nuclear factor kappa-B ligand (RANKL) in VSMC,
which promotes macrophage infiltration [122,123]. The expression
of RANKL is low in normal arteries, but increased in athero-
sclerosis and vascular calcification [124]. Our finding has sup-
ported a novel role of H2O2-stimulated RANKL elevation by VSMC
in promoting macrophage infiltration in the pathogenesis of
atherosclerosis. As indicated above, the infiltrated monocytes/
macrophages induce production of inflammatory molecules as
well as H2O2 from the activated inflammatory cells, forming a vi-
cious cycle of H2O2 and inflammatory cytokine production in the
vasculature.

2.7. H2O2 induces VSMC calcification

One of the characteristic features of atherosclerosis is the de-
velopment of vascular calcification, which reduces the elasticity
and decreases the compliance of vessel walls [125]. Although the
presence of vascular calcification has long been recognized, we
have only begun to understand the underlying mechanisms that
regulate the development of vascular calcification in the last two
decades. It is now well accepted that vascular calcification is not
simply a passive precipitation of hydroxyapatite crystals but a
regulated process that vascular cells differentiate into bone-like
cells, a process resembling embryonic osteogenesis [126,127].

We and others have shown that oxidative stress is a major
cause of vascular calcification [9,128–130]. Increased oxidative
stress has been well documented in human atherosclerotic lesions.
Studies by Terentis et al. have demonstrated oxidation of toco-
pherol along with LDL oxidation early in lesion formation [131].
Several studies have proven that oxidative stress signaling is pa-
thologically increased in many cell types involved in athero-
sclerosis, including platelets [132], endothelial cells [133], macro-
phages [134], and VSMC [129]. We have reported that increased
oxidative stress is associated with vascular calcification in
atherogenic ApoE� /� mice [122,123]. Increased oxidative stress
induces the expression of Runx2, a protein normally expressed in
osteoblasts [135]. The critical role of Runx2 in vascular calcification
is highlighted using mice with smooth muscle cell-specific genetic
deletion of Runx2, which exhibit decreased vascular calcification
and even show attenuation in overall atherosclerosis [122]. In vitro
studies with human VSMC further show that many of the com-
ponents causing atherosclerosis such as cholesterol and hy-
perglycemia, increase oxidative stress and associated signaling
[136,137]. Sustained elevation in oxidative stress ultimately results
in atherosclerosis. The observation that oxidant generation is
predominant near the calcifying foci [129] suggests the regulation
of vascular calcification by redox signaling. Increased ROS, parti-
cularly H2O2, found around calcifying foci, may be attributed to
enhanced expression of the oxidases, including Nox2, p22phox,
and Nox4 [129], or may be due to reduced antioxidant systems
such as catalase and SOD in calcified aortic valve [130].

Increased oxidative stress is also manifested in diabetic sub-
jects [138] and in the vasculature of diabetic animals [139], where
vascular calcification is predominantly identified in the media of
VSMC. Specific mechanisms may be responsible for the oxidative
stress observed in diabetes, independent of atherosclerosis or
other cardiovascular diseases. Recent studies have shown that
advanced glycation end products (AGEs) cause VSMC calcification
in vitro through increased oxidative stress [139,140]. Diabetic pa-
tients and murine models exhibit increased expression of AGEs,
which bind to the receptor for advanced glycation to increase
oxidative stress [141,142]. This is a non-enzymatic mechanism of
oxidative stress generation, caused by an excessive glucose which
is characteristic of diabetes [143]. The levels of AGEs are elevated
in diabetic patients as well, and are correlated with increased
vascular calcification in these patients [144]. According to previous
in vitro studies, the oxidative stress produced by the AGEs may be
the causative factor in diabetic vascular calcification in diabetic
patients [139,140,142].

In vitro studies have also shown that AGEs, which accumulate
in diabetic patients, induce VSMC calcification, via increased oxi-
dative stress by Nox4 and p22phox-dependent signals [140]. Our
recent studies have highlighted the novel function of protein
O-linked β-N-acetylglucosamine modification (O-GlcNAcylation)
in regulating vascular calcification in diabetes [145]. O-GlcNAcy-
lation plays crucial roles in the pathogenesis of human diseases,
especially chronic diseases, including diabetes and cardiovascular
diseases [146,147]. Elevation of O-GlcNAcylation is found in hu-
man diabetic carotid plaques [148] and diabetic mouse vasculature
[149]. Coincidently, increased calcified plaques have been identi-
fied in diabetic patients [150] and diabetic mouse models [151].
Elevated glucose and insulin resistance, two hallmarks of diabetes,
have been associated with increased intracellular stress and
O-GlcNAcylation [152]. Using low dose-streptozotocin-induced
mouse model of diabetes, we have demonstrated a novel causative
link between chronic increases in vascular O-GlcNAcylation and
vascular calcification in diabetes mellitus [145]. This finding adds
to our current growing knowledge on how oxidative stress may
regulate vascular calcification in different disease models.

Recent studies by our group and others have elucidated some
of the mechanisms linking oxidative stress and vascular calcifica-
tion. Demer and colleagues have shown that xanthine/xanthine
oxidase induces osteogenic differentiation of bovine calcifying
vascular cells via H2O2-activated signals [128]. Using primary
mouse VSMC, we have demonstrated that H2O2 directly induces
VSMC calcification, which is associated with the inhibition of
VSMC-specific markers and the upregulation of bone-specific
markers, indicating a phenotypic change of VSMC phenotype to an
osteogenic phenotype [9]. Of note, oxidative stress modulates os-
teogenic differentiation of vascular cells and bone cells in an op-
posite manner [128,153], increasing VSMC calcification but in-
hibiting osteoblast differentiation. In VSMC, increased oxidative
stress converted LDL into OxLDL, which promoted VSMC calcifi-
cation [154]. In contrast, minimally oxidized low-density lipopro-
tein (mmLDL) and H2O2 increased intracellular oxidative stress
and inhibited osteogenic differentiation of pre-osteoblasts or bone
marrow stromal cells [128]. Consistently, we demonstrated that
oxidative stress induced VSMC calcification by up-regulation of
Runx2, which is mediated by the activation of the AKT/FOXO1/3
signaling axis via inhibiting Runx2 ubiquitination that leads to
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increased Runx2 transactivity [9,155]. Interestingly, the in vitro
oxidative stress in VSMC activates AKT by phosphorylation, nor-
mally a survival signal. The inhibition of AKT activation blocks
Runx2 expression and osteogenic differentiation of VSMC [9].
These observations support the notion that activation of oxidative
stress signaling while beneficial for VSMC within a short time
frame, can be detrimental when chronically activated.

We have further demonstrated that oxidative stress-induced
Runx2 promotes the expression of RANKL in calcifying VSMC, via
direct binding to the RANKL promoter that enhances RANKL
transcription [123]. The RANKL/RANK system is critical for the
formation of osteoclasts, the bone-resorbing cells. Enriched OxLDL
in atherosclerotic plaques was found to increase oxidative stress in
VSMC and lead to increased RANKL in the atherosclerotic area
[156]. Consistently, we have shown that Runx2 upregulates
RANKL, which can attract osteoclast-like cells into the calcified
area [123]. In atherosclerosis-prone ApoE�/� mice, increases in
ROS were associated with up-regulation of Runx2 and RANKL in
the calcified atherosclerotic lesions, accompanying the presence of
tartrate-resistant acid phosphatase (TRAP)-positive osteoclast-like
cells in this area [122,123]. On the contrary, smooth muscle-spe-
cific Runx2 deficiency down-regulated the expression of RANKL
and was accompanied by decreased macrophage infiltration and
reduced formation of osteoclast-like cells in the calcified lesions
[122]. TRAP-positive cells have been previously observed in
atherosclerotic lesions [157,158], however, their origin and func-
tions are unknown. Our studies provided the evidence that VSMC-
derived RANKL promoted macrophage migration and differentia-
tion into osteoclasts [122,123], suggesting potential roles of
RANKL-induced macrophage-derived osteoclasts in the athero-
sclerotic lesions [159]. Accordingly, oxidative stress plays a critical
role in regulating VSMC function as well as VSMC crosstalk with
macrophages and others within the cellular milieu that promote
pathogenesis of vascular diseases.
3. Conclusion remarks

As a signaling second messenger as well as a durable and ro-
bust oxidizing agent, hydrogen peroxide exerts a wide array of
effects on the physiology and pathology of the cardiovascular
system, particularly in VSMC (Fig. 1). Nonetheless, therapeutic
strategies are not established for the use of antioxidant regimen in
clinical practice. As ROS, especially H2O2, at low physiological
concentrations play an important role in intracellular signaling
pathways for maintaining homeostasis of vascular cells, the use of
antioxidants may not be as effective as expected. Future studies to
comprehensively understand vascular redox biology, especially
different spatiotemporal regulation of H2O2 production in VSMC
under physiological and pathological conditions, should elucidate
precise mechanisms by which this small redox molecule regulates
VSMC inflammatory responses in the pathogenesis of cardiovas-
cular diseases. In addition, unveiling H2O2–regulated signaling
molecule profiles in VSMC and other vascular cells may provide
novel molecular insights into the signaling cascades that mediate
the pathogenic effects of H2O2, and thus leading to identification of
molecular targets. Further investigation of the regulatory roles of
VSMC in response to ROS including hydrogen peroxide involved in
the interplay among other cell types are clearly required as well to
develop therapeutic intervention targeted to cardiovascular
pathologies.
Acknowledgments

Due to the scope and limitation, we apologize for not being able
to include all the important work in the field. The authors thank
Jay M McDonald, MD and Victor Darley-Usmar, PhD (University of
Alabama at Birmingham, UAB) for critical review. The original re-
search programs of the authors are supported by grants from the
National Institutes of Health, HL092215, DK100847 and Veterans
Administration BX000369 and BX001591 (project 2) to YC.
References

[1] D.X. Zhang, L. Borbouse, D. Gebremedhin, S.A. Mendoza, N.S. Zinkevich, R. Li,
D.D. Gutterman, H2O2-induced dilation in human coronary arterioles: role of
protein kinase G dimerization and large-conductance Ca2þ-activated Kþ
channel activation, Circ. Res. 110 (3) (2012) 471–480.

[2] T. Matoba, H. Shimokawa, M. Nakashima, Y. Hirakawa, Y. Mukai, K. Hirano,
H. Kanaide, A. Takeshita, Hydrogen peroxide is an endothelium-derived hy-
perpolarizing factor in mice, J. Clin. Investig. 106 (12) (2000) 1521–1530.

[3] K. Satoh, S. Godo, H. Saito, B. Enkhjargal, H. Shimokawa, Dual roles of vas-
cular-derived reactive oxygen species–with a special reference to hydrogen
peroxide and cyclophilin A, J. Mol. Cell. Cardiol. 73 (2014) 50–56.

[4] H. Sumimoto, Structure, regulation and evolution of Nox-family NADPH
oxidases that produce reactive oxygen species, FEBS J. 275 (13) (2008)
3249–3277.

[5] E.I. Zubko, M.K. Zubko, Co-operative inhibitory effects of hydrogen peroxide
and iodine against bacterial and yeast species, BMC Res. Notes 6 (2013) 272.

[6] D. Sorescu, D. Weiss, B. Lassegue, R.E. Clempus, K. Szocs, G.P. Sorescu,
L. Valppu, M.T. Quinn, J.D. Lambeth, J.D. Vega, et al., Superoxide production
and expression of nox family proteins in human atherosclerosis, Circulation
105 (12) (2002) 1429–1435.

[7] C.P. Judkins, H. Diep, B.R. Broughton, A.E. Mast, E.U. Hooker, A.A. Miller,
S. Selemidis, G.J. Dusting, C.G. Sobey, G.R. Drummond, Direct evidence of a
role for Nox2 in superoxide production, reduced nitric oxide bioavailability,
and early atherosclerotic plaque formation in ApoE�/� mice, Am. J. Physiol.
Heart Circ. Physiol. 298 (1) (2010) H24–H32.

[8] L. Loffredo, F. Martino, R. Carnevale, P. Pignatelli, E. Catasca, L. Perri, C.
M. Calabrese, M.M. Palumbo, F. Baratta, M. Del Ben, et al., Obesity and hy-
percholesterolemia are associated with NOX2 generated oxidative stress and
arterial dysfunction, J. Pediatr. 161 (6) (2012) 1004–1009.

[9] C.H. Byon, A. Javed, Q. Dai, J.C. Kappes, T.L. Clemens, V.M. Darley-Usmar, J.
M. McDonald, Y. Chen, Oxidative stress induces vascular calcification through
modulation of the osteogenic transcription factor Runx2 by AKT signaling, J.
Biol. Chem. 283 (22) (2008) 15319–15327.

[10] T. Sutra, M. Morena, A.S. Bargnoux, B. Caporiccio, B. Canaud, J.P. Cristol, Su-
peroxide production: a procalcifying cell signalling event in osteoblastic
differentiation of vascular smooth muscle cells exposed to calcification
media, Free Radic. Res. 42 (9) (2008) 789–797.

[11] E. Panieri, M.M. Santoro, ROS signaling and redox biology in endothelial cells,
Cell. Mol. Life Sci. 72 (17) (2015) 3281–3303.

[12] K.M. Holmstrom, T. Finkel, Cellular mechanisms and physiological con-
sequences of redox-dependent signalling, Nat. Rev. Mol. Cell Biol. 15 (6)
(2014) 411–421.

[13] G. Filomeni, D. De Zio, F. Cecconi, Oxidative stress and autophagy: the clash
between damage and metabolic needs, Cell Death Differ. 22 (3) (2015)
377–388.

[14] R. Yue, X. Xia, J. Jiang, D. Yang, Y. Han, X. Chen, Y. Cai, L. Li, W.E. Wang,
C. Zeng, Mitochondrial DNA oxidative damage contributes to cardiomyocyte
ischemia/reperfusion-injury in rats: cardioprotective role of lycopene, J. Cell.
Physiol. 230 (9) (2015) 2128–2141.

[15] G.P. Bienert, J.K. Schjoerring, T.P. Jahn, Membrane transport of hydrogen
peroxide, Biochim. Biophys. Acta 1758 (8) (2006) 994–1003.

[16] J.R. Stone, S. Yang, Hydrogen peroxide: a signaling messenger, Antioxid.
Redox Signal. 8 (3–4) (2006) 243–270.

[17] M. Schafer, C. Schafer, N. Ewald, H.M. Piper, T. Noll, Role of redox signaling in
the autonomous proliferative response of endothelial cells to hypoxia, Circ.
Res. 92 (9) (2003) 1010–1015.

[18] S.W. Ballinger, C. Patterson, C.N. Yan, R. Doan, D.L. Burow, C.G. Young, F.
M. Yakes, B. Van Houten, C.A. Ballinger, B.A. Freeman, et al., Hydrogen per-
oxide- and peroxynitrite-induced mitochondrial DNA damage and dysfunc-
tion in vascular endothelial and smooth muscle cells, Circ. Res. 86 (9) (2000)
960–966.

[19] K.K. Griendling, D. Sorescu, M. Ushio-Fukai, NAD(P)H oxidase: role in car-
diovascular biology and disease, Circ. Res. 86 (5) (2000) 494–501.

[20] N. Ardanaz, P.J. Pagano, Hydrogen peroxide as a paracrine vascular mediator:
regulation and signaling leading to dysfunction, Exp. Biol. Med. 231 (3)
(2006) 237–251.

[21] C. Michiels, M. Raes, O. Toussaint, J. Remacle, Importance of Se-glutathione
peroxidase, catalase, and Cu/Zn-SOD for cell survival against oxidative stress,
Free Radic. Biol. Med. 17 (3) (1994) 235–248.

[22] K.K. Griendling, M. Ushio-Fukai, Redox control of vascular smooth muscle
proliferation, J. Lab. Clin. Med. 132 (1) (1998) 9–15.

[23] N.N. Deshpande, D. Sorescu, P. Seshiah, M. Ushio-Fukai, M. Akers, Q. Yin, K.
K. Griendling, Mechanism of hydrogen peroxide-induced cell cycle arrest in
vascular smooth muscle, Antioxid. Redox Signal. 4 (5) (2002) 845–854.

http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref1
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref1
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref1
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref1
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref1
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref1
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref1
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref1
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref1
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref1
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref1
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref2
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref2
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref2
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref2
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref3
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref3
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref3
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref3
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref4
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref4
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref4
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref4
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref5
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref5
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref6
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref6
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref6
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref6
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref6
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref7
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref7
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref7
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref7
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref7
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref7
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref7
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref7
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref7
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref8
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref8
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref8
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref8
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref8
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref9
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref9
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref9
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref9
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref9
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref10
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref10
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref10
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref10
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref10
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref11
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref11
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref11
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref12
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref12
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref12
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref12
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref13
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref13
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref13
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref13
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref14
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref14
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref14
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref14
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref14
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref15
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref15
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref15
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref16
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref16
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref16
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref17
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref17
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref17
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref17
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref18
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref18
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref18
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref18
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref18
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref18
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref19
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref19
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref19
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref20
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref20
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref20
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref20
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref21
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref21
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref21
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref21
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref22
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref22
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref22
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref23
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref23
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref23
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref23


C.H. Byon et al. / Redox Biology 9 (2016) 244–253 251
[24] C.R. Triggle, S.M. Samuel, S. Ravishankar, I. Marei, G. Arunachalam, H. Ding,
The endothelium: influencing vascular smooth muscle in many ways, Can. J.
Physiol. Pharmacol. 90 (6) (2012) 713–738.

[25] D.N. Meijles, P.J. Pagano, Nox and Inflammation in the Vascular Adventitia,
Hypertension 67 (1) (2016) 14–19.

[26] A.C. Montezano, R.M. Touyz, Reactive oxygen species, vascular Noxs, and
hypertension: focus on translational and clinical research, Antioxid. Redox
Signal. 20 (1) (2014) 164–182.

[27] S. Raha, B.H. Robinson, Mitochondria, oxygen free radicals, disease and
ageing, Trends Biochem. Sci. 25 (10) (2000) 502–508.

[28] A. Sanz, P. Caro, J. Ibanez, J. Gomez, R. Gredilla, G. Barja, Dietary restriction at
old age lowers mitochondrial oxygen radical production and leak at complex
I and oxidative DNA damage in rat brain, J. Bioenerg. Biomembr. 37 (2)
(2005) 83–90.

[29] D. Han, F. Antunes, R. Canali, D. Rettori, E. Cadenas, Voltage-dependent anion
channels control the release of the superoxide anion from mitochondria to
cytosol, J. Biol. Chem. 278 (8) (2003) 5557–5563.

[30] V.C. Culotta, M. Yang, T.V. O'Halloran, Activation of superoxide dismutases:
putting the metal to the pedal, Biochim. Biophys. Acta 1763 (7) (2006)
747–758.

[31] S. Pitkanen, B.H. Robinson, Mitochondrial complex I deficiency leads to in-
creased production of superoxide radicals and induction of superoxide dis-
mutase, J. Clin. Investig. 98 (2) (1996) 345–351.

[32] J.F. Turrens, Superoxide production by the mitochondrial respiratory chain,
Biosci. Rep. 17 (1) (1997) 3–8.

[33] D. Han, E. Williams, E. Cadenas, Mitochondrial respiratory chain-dependent
generation of superoxide anion and its release into the intermembrane
space, Biochem. J. 353 (Pt 2) (2001) 411–416.

[34] M.D. Brand, Mitochondrial generation of superoxide and hydrogen peroxide
as the source of mitochondrial redox signaling, Free Radic. Biol. Med. (2016).

[35] J.D. Lambeth, NOX enzymes and the biology of reactive oxygen, Nat. Rev.
Immunol. 4 (3) (2004) 181–189.

[36] T.C. Pithon-Curi, A.C. Levada, L.R. Lopes, S.Q. Doi, R. Curi, Glutamine plays a
role in superoxide production and the expression of p47phox, p22phox and
gp91phox in rat neutrophils, Clin. Sci. 103 (4) (2002) 403–408.

[37] C.C. Huang, K.L. Chen, C.H. Cheung, J.Y. Chang, Autophagy induced by ca-
thepsin S inhibition induces early ROS production, oxidative DNA damage,
and cell death via xanthine oxidase, Free Radic. Biol. Med. 65 (2013)
1473–1486.

[38] T. Nishino, K. Okamoto, B.T. Eger, E.F. Pai, T. Nishino, Mammalian xanthine
oxidoreductase - mechanism of transition from xanthine dehydrogenase to
xanthine oxidase, FEBS J. 275 (13) (2008) 3278–3289.

[39] W. Droge, Free radicals in the physiological control of cell function, Physiol.
Rev. 82 (1) (2002) 47–95.

[40] B.M. Babior, J.D. Lambeth, W. Nauseef, The neutrophil NADPH oxidase, Arch.
Biochem. Biophys. 397 (2) (2002) 342–344.

[41] M. Katsuyama, NOX/NADPH oxidase, the superoxide-generating enzyme: its
transcriptional regulation and physiological roles, J. Pharmacol. Sci. 114 (2)
(2010) 134–146.

[42] R.P. Brandes, N. Weissmann, K. Schroder, NADPH oxidases in cardiovascular
disease, Free Radic. Biol. Med. 49 (5) (2010) 687–706.

[43] S.R. Datla, K.K. Griendling, Reactive oxygen species, NADPH oxidases, and
hypertension, Hypertension 56 (3) (2010) 325–330.

[44] T.J. Guzik, K.K. Griendling, NADPH oxidases: molecular understanding finally
reaching the clinical level? Antioxid. Redox Signal. 11 (10) (2009)
2365–2370.

[45] H.C. Williams, K.K. Griendling, NADPH oxidase inhibitors: new anti-
hypertensive agents? J. Cardiovasc. Pharmacol. 50 (1) (2007) 9–16.

[46] L.L. Hilenski, R.E. Clempus, M.T. Quinn, J.D. Lambeth, K.K. Griendling, Distinct
subcellular localizations of Nox1 and Nox4 in vascular smooth muscle cells,
Arterioscler. Thromb. Vasc. Biol. 24 (4) (2004) 677–683.

[47] M. Bourmoum, R. Charles, A. Claing, The GTPase ARF6 controls ROS pro-
duction to mediate angiotensin ii-induced vascular smooth muscle cell
proliferation, PLoS One 11 (1) (2016) e0148097.

[48] K.P. Lee, G.W. Sudjarwo, S.H. Jung, D. Lee, D.Y. Lee, G.B. Lee, S. Baek, D.Y. Kim,
H.M. Lee, B. Kim, et al., Carvacrol inhibits atherosclerotic neointima forma-
tion by downregulating reactive oxygen species production in vascular
smooth muscle cells, Atherosclerosis 240 (2) (2015) 367–373.

[49] X.L. Niu, N.R. Madamanchi, A.E. Vendrov, I. Tchivilev, M. Rojas,
C. Madamanchi, R.P. Brandes, K.H. Krause, J. Humphries, A. Smith, et al., Nox
activator 1: a potential target for modulation of vascular reactive oxygen
species in atherosclerotic arteries, Circulation 121 (4) (2010) 549–559.

[50] M.Y. Lee, A. San Martin, P.K. Mehta, A.E. Dikalova, A.M. Garrido, S.R. Datla,
E. Lyons, K.H. Krause, B. Banfi, J.D. Lambeth, et al., Mechanisms of vascular
smooth muscle NADPH oxidase 1 (Nox1) contribution to injury-induced
neointimal formation, Arterioscler. Thromb. Vasc. Biol. 29 (4) (2009)
480–487.

[51] B. Stanic, M. Katsuyama, F.J. Miller Jr., An oxidized extracellular oxidation-
reduction state increases Nox1 expression and proliferation in vascular
smooth muscle cells via epidermal growth factor receptor activation, Arter-
ioscler. Thromb. Vasc. Biol. 30 (11) (2010) 2234–2241.

[52] D.I. Brown, K.K. Griendling, Nox proteins in signal transduction, Free Radic.
Biol. Med. 47 (9) (2009) 1239–1253.

[53] M.J. Haurani, P.J. Pagano, Adventitial fibroblast reactive oxygen species as
autacrine and paracrine mediators of remodeling: bellwether for vascular
disease? Cardiovasc. Res. 75 (4) (2007) 679–689.
[54] A.N. Lyle, N.N. Deshpande, Y. Taniyama, B. Seidel-Rogol, L. Pounkova, P. Du,
C. Papaharalambus, B. Lassegue, K.K. Griendling, Poldip2, a novel regulator of
Nox4 and cytoskeletal integrity in vascular smooth muscle cells., Circ. Res.
105 (3) (2009) 249–259.

[55] A. Martin-Garrido, D.I. Brown, A.N. Lyle, A. Dikalova, B. Seidel-Rogol,
B. Lassegue, A. San Martin, K.K. Griendling, NADPH oxidase 4 mediates TGF-
beta-induced smooth muscle alpha-actin via p38MAPK and serum response
factor, Free Radic. Biol. Med. 50 (2) (2011) 354–362.

[56] M.R. Brown, F.J. Miller Jr., W.G. Li, A.N. Ellingson, J.D. Mozena, P. Chatterjee, J.
F. Engelhardt, R.M. Zwacka, L.W. Oberley, X. Fang, et al., Overexpression of
human catalase inhibits proliferation and promotes apoptosis in vascular
smooth muscle cells, Circ. Res 85 (6) (1999) 524–533.

[57] J.M. Herbert, F. Bono, P. Savi, The mitogenic effect of H2O2 for vascular
smooth muscle cells is mediated by an increase of the affinity of basic fi-
broblast growth factor for its receptor, FEBS Lett. 395 (1) (1996) 43–47.

[58] T. Watanabe, R. Pakala, T. Katagiri, C.R. Benedict, Mildly oxidized low-density
lipoprotein acts synergistically with angiotensin II in inducing vascular
smooth muscle cell proliferation, J. Hypertens. 19 (6) (2001) 1065–1073.

[59] J.H. Shaw, P.G. Lloyd, Post-transcriptional regulation of placenta growth
factor mRNA by hydrogen peroxide, Microvasc. Res. 84 (2) (2012) 155–160.

[60] T. Odorisio, C. Schietroma, M.L. Zaccaria, F. Cianfarani, C. Tiveron,
L. Tatangelo, C.M. Failla, G. Zambruno, Mice overexpressing placenta growth
factor exhibit increased vascularization and vessel permeability, J. Cell Sci.
115 (Pt 12) (2002) 2559–2567.

[61] A. Luttun, M. Tjwa, L. Moons, Y. Wu, A. Angelillo-Scherrer, F. Liao, J.A. Nagy,
A. Hooper, J. Priller, B. De Klerck, et al., Revascularization of ischemic tissues
by PlGF treatment, and inhibition of tumor angiogenesis, arthritis and
atherosclerosis by anti-Flt1, Nat. Med. 8 (8) (2002) 831–840.

[62] P. Pan, H. Fu, L. Zhang, H. Huang, F. Luo, W. Wu, Y. Guo, X. Liu, Angiotensin II
upregulates the expression of placental growth factor in human vascular
endothelial cells and smooth muscle cells, BMC Cell Biol. 11 (2010) 36.

[63] D.S. Weber, Y. Taniyama, P. Rocic, P.N. Seshiah, M.A. Dechert, W.T. Gerthoffer,
K.K. Griendling, Phosphoinositide-dependent kinase 1 and p21-activated
protein kinase mediate reactive oxygen species-dependent regulation of
platelet-derived growth factor-induced smooth muscle cell migration, Circ.
Res. 94 (9) (2004) 1219–1226.

[64] D. Zhuang, A.C. Ceacareanu, Y. Lin, B. Ceacareanu, M. Dixit, K.E. Chapman, C.
M. Waters, G.N. Rao, A. Hassid, Nitric oxide attenuates insulin- or IGF-I-sti-
mulated aortic smooth muscle cell motility by decreasing H2O2 levels: es-
sential role of cGMP, Am. J. Physiol. Heart Circ. Physiol. 286 (6) (2004)
H2103–H2112.

[65] F.F. de Rezende, A. Martins Lima, S. Niland, I. Wittig, H. Heide, K. Schroder, J.
A. Eble, Integrin alpha7beta1 is a redox-regulated target of hydrogen per-
oxide in vascular smooth muscle cell adhesion, Free Radic. Biol. Med. 53 (3)
(2012) 521–531.

[66] Q. Xiao, Z. Luo, A.E. Pepe, A. Margariti, L. Zeng, Q. Xu, Embryonic stem cell
differentiation into smooth muscle cells is mediated by Nox4-produced
H2O2, Am. J. Physiol. Cell Physiol. 296 (4) (2009) C711–C723.

[67] R.L. Sutliff, L.L. Hilenski, A.M. Amanso, I. Parastatidis, A.E. Dikalova, L. Hansen,
S.R. Datla, J.S. Long, A.M. El-Ali, G. Joseph, et al., Polymerase delta interacting
protein 2 sustains vascular structure and function, Arterioscler. Thromb.
Vasc. Biol. 33 (9) (2013) 2154–2161.

[68] S. Chettimada, H. Ata, D.K. Rawat, S. Gulati, A.G. Kahn, J.G. Edwards, S.
A. Gupte, Contractile protein expression is upregulated by reactive oxygen
species in aorta of Goto-Kakizaki rat, Am. J. Physiol. Heart Circ. Physiol. 306
(2) (2014) H214–H224.

[69] H.J. Sung, S.G. Eskin, Y. Sakurai, A. Yee, N. Kataoka, L.V. McIntire, Oxidative
stress produced with cell migration increases synthetic phenotype of vas-
cular smooth muscle cells, Ann. Biomed. Eng. 33 (11) (2005) 1546–1554.

[70] M. Feletou, P.M. Vanhoutte, Endothelium-derived hyperpolarizing factor:
where are we now? Arterioscler. Thromb. Vasc. Biol. 26 (6) (2006)
1215–1225.

[71] Y. Liu, A.H. Bubolz, S. Mendoza, D.X. Zhang, D.D. Gutterman, H2O2 is the
transferrable factor mediating flow-induced dilation in human coronary ar-
terioles, Circ. Res. 108 (5) (2011) 566–573.

[72] Y.J. Gao, R.M. Lee, Hydrogen peroxide is an endothelium-dependent con-
tracting factor in rat renal artery, Br. J. Pharmacol. 146 (8) (2005) 1061–1068.

[73] J.M. Ramiro-Diaz, W. Giermakowska, J.M. Weaver, N.L. Jernigan, L.V. Gonzalez
Bosc, Mechanisms of NFATc3 activation by increased superoxide and reduced
hydrogen peroxide in pulmonary arterial smooth muscle, Am. J. Physiol. Cell
Physiol. 307 (10) (2014) C928–C938.

[74] I. Parastatidis, D. Weiss, G. Joseph, W.R. Taylor, Overexpression of catalase in
vascular smooth muscle cells prevents the formation of abdominal aortic
aneurysms, Arterioscler. Thromb. Vasc. Biol. 33 (10) (2013) 2389–2396.

[75] H. Yang, L.J. Roberts, M.J. Shi, L.C. Zhou, B.R. Ballard, A. Richardson, Z.M. Guo,
Retardation of atherosclerosis by overexpression of catalase or both Cu/Zn-
superoxide dismutase and catalase in mice lacking apolipoprotein E, Circ.
Res. 95 (11) (2004) 1075–1081.

[76] M. Takapoo, A.H. Chamseddine, R.C. Bhalla, F.J. Miller Jr., Glutathione peroxidase-
deficient smooth muscle cells cause paracrine activation of normal smooth
muscle cells via cyclophilin A, Vasc. Pharmacol. 55 (5–6) (2011) 143–148.

[77] M. Torzewski, V. Ochsenhirt, A.L. Kleschyov, M. Oelze, A. Daiber, H. Li,
H. Rossmann, S. Tsimikas, K. Reifenberg, F. Cheng, et al., Deficiency of glu-
tathione peroxidase-1 accelerates the progression of atherosclerosis in
apolipoprotein E-deficient mice, Arterioscler. Thromb. Vasc. Biol. 27 (4)
(2007) 850–857.

http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref24
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref24
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref24
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref24
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref25
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref25
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref25
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref26
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref26
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref26
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref26
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref27
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref27
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref27
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref28
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref28
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref28
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref28
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref28
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref29
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref29
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref29
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref29
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref30
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref30
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref30
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref30
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref31
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref31
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref31
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref31
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref32
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref32
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref32
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref33
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref33
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref33
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref33
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref34
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref34
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref35
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref35
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref35
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref36
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref36
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref36
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref36
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref37
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref37
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref37
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref37
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref37
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref38
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref38
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref38
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref38
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref39
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref39
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref39
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref40
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref40
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref40
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref41
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref41
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref41
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref41
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref42
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref42
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref42
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref43
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref43
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref43
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref44
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref44
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref44
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref44
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref45
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref45
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref45
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref46
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref46
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref46
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref46
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref47
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref47
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref47
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref48
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref48
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref48
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref48
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref48
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref49
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref49
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref49
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref49
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref49
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref50
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref50
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref50
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref50
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref50
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref50
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref51
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref51
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref51
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref51
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref51
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref52
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref52
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref52
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref53
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref53
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref53
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref53
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref54
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref54
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref54
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref54
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref54
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref55
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref55
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref55
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref55
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref55
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref56
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref56
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref56
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref56
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref56
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref57
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref57
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref57
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref57
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref58
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref58
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref58
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref58
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref59
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref59
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref59
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref60
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref60
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref60
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref60
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref60
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref61
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref61
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref61
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref61
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref61
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref62
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref62
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref62
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref63
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref63
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref63
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref63
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref63
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref63
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref64
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref64
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref64
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref64
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref64
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref64
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref65
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref65
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref65
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref65
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref65
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref66
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref66
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref66
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref66
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref67
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref67
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref67
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref67
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref67
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref68
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref68
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref68
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref68
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref68
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref69
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref69
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref69
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref69
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref70
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref70
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref70
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref70
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref71
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref71
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref71
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref71
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref72
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref72
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref72
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref73
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref73
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref73
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref73
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref73
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref74
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref74
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref74
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref74
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref75
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref75
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref75
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref75
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref75
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref76
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref76
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref76
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref76
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref77
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref77
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref77
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref77
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref77
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref77


C.H. Byon et al. / Redox Biology 9 (2016) 244–253252
[78] X. Guo, S. Yamada, A. Tanimoto, Y. Ding, K.Y. Wang, S. Shimajiri, Y. Murata,
S. Kimura, T. Tasaki, A. Nabeshima, et al., Overexpression of peroxiredoxin
4 attenuates atherosclerosis in apolipoprotein E knockout mice, Antioxid.
Redox Signal. 17 (10) (2012) 1362–1375.

[79] M.H. Choi, I.K. Lee, G.W. Kim, B.U. Kim, Y.H. Han, D.Y. Yu, H.S. Park, K.Y. Kim, J.
S. Lee, C. Choi, et al., Regulation of PDGF signalling and vascular remodelling
by peroxiredoxin II, Nature 435 (7040) (2005) 347–353.

[80] R. Brigelius-Flohe, Tissue-specific functions of individual glutathione per-
oxidases, Free Radic. Biol. Med. 27 (9–10) (1999) 951–965.

[81] Z.A. Wood, E. Schroder, J. Robin Harris, L.B. Poole, Structure, mechanism and
regulation of peroxiredoxins, Trends Biochem. Sci. 28 (1) (2003) 32–40.

[82] S.S. Sabharwal, G.B. Waypa, J.D. Marks, P.T. Schumacker, Peroxiredoxin-5
targeted to the mitochondrial intermembrane space attenuates hypoxia-in-
duced reactive oxygen species signalling, Biochem J. 456 (3) (2013) 337–346.

[83] S. Bera, F. Weinberg, D.N. Ekoue, K. Ansenberger-Fricano, M. Mao, M.
G. Bonini, A.M. Diamond, Natural allelic variations in glutathione peroxidase-
1 affect its subcellular localization and function, Cancer Res. 74 (18) (2014)
5118–5126.

[84] E.A. Veal, A.M. Day, B.A. Morgan, Hydrogen peroxide sensing and signaling,
Mol. Cell 26 (1) (2007) 1–14.

[85] H. Sato, M. Sato, H. Kanai, T. Uchiyama, T. Iso, Y. Ohyama, H. Sakamoto,
J. Tamura, R. Nagai, M. Kurabayashi, Mitochondrial reactive oxygen species
and c-Src play a critical role in hypoxic response in vascular smooth muscle
cells, Cardiovasc. Res. 67 (4) (2005) 714–722.

[86] N.L. Chaplin, G.C. Amberg, Stimulation of arterial smooth muscle L-type
calcium channels by hydrogen peroxide requires protein kinase C, Channels
6 (5) (2012) 385–389.

[87] H.J. Song, T.S. Lee, J.H. Jeong, Y.S. Min, C.Y. Shin, U.D. Sohn, Hydrogen per-
oxide-induced extracellular signal-regulated kinase activation in cultured
feline ileal smooth muscle cells, J. Pharmacol. Exp. Ther. 312 (1) (2005)
391–398.

[88] Z. Hong, J.A. Cabrera, S. Mahapatra, S. Kutty, E.K. Weir, S.L. Archer, Activation
of the EGFR/p38/JNK pathway by mitochondrial-derived hydrogen peroxide
contributes to oxygen-induced contraction of ductus arteriosus, J. Mol. Med.
92 (9) (2014) 995–1007.

[89] C. Schmitt, A.H. Lippert, N. Bonakdar, V. Sandoghdar, L.M. Voll, Compart-
mentalization and transport in synthetic vesicles, Front. Bioeng. Biotechnol.
4 (2016) 19.

[90] M. Qi, E.A. Elion, MAP kinase pathways, J. Cell Sci. 118 (Pt 16) (2005)
3569–3572.

[91] A. Blanc, N.R. Pandey, A.K. Srivastava, Distinct roles of Ca2þ , calmodulin, and
protein kinase C in H2O2-induced activation of ERK1/2, p38 MAPK, and
protein kinase B signaling in vascular smooth muscle cells, Antioxid. Redox
Signal. 6 (2) (2004) 353–366.

[92] F. Tabet, E.L. Schiffrin, R.M. Touyz, Mitogen-activated protein kinase activa-
tion by hydrogen peroxide is mediated through tyrosine kinase-dependent,
protein kinase C-independent pathways in vascular smooth muscle cells:
upregulation in spontaneously hypertensive rats, J. Hypertens. 23 (11) (2005)
2005–2012.

[93] G.D. Frank, S. Eguchi, T. Yamakawa, S. Tanaka, T. Inagami, E.D. Motley, In-
volvement of reactive oxygen species in the activation of tyrosine kinase and
extracellular signal-regulated kinase by angiotensin II, Endocrinology 141 (9)
(2000) 3120–3126.

[94] R.A. Oeckler, P.M. Kaminski, M.S. Wolin, Stretch enhances contraction of
bovine coronary arteries via an NAD(P)H oxidase-mediated activation of the
extracellular signal-regulated kinase mitogen-activated protein kinase cas-
cade, Circ. Res. 92 (1) (2003) 23–31.

[95] J. Kwon, S.R. Lee, K.S. Yang, Y. Ahn, Y.J. Kim, E.R. Stadtman, S.G. Rhee, Re-
versible oxidation and inactivation of the tumor suppressor PTEN in cells
stimulated with peptide growth factors, Proc. Natl. Acad. Sci. USA 101 (47)
(2004) 16419–16424.

[96] C.E. Schreiner, M. Kumerz, J. Gesslbauer, D. Schachner, H. Joa, T. Erker, A.
G. Atanasov, E.H. Heiss, V.M. Dirsch, Resveratrol blocks Akt activation in
angiotensin II- or EGF-stimulated vascular smooth muscle cells in a redox-
independent manner, Cardiovasc. Res. 90 (1) (2011) 140–147.

[97] S. Qin, P.B. Chock, Implication of phosphatidylinositol 3-kinase membrane
recruitment in hydrogen peroxide-induced activation of PI3K and Akt, Bio-
chemistry 42 (10) (2003) 2995–3003.

[98] K. Niwa, O. Inanami, T. Yamamori, T. Ohta, T. Hamasu, M. Kuwabara, Redox
regulation of PI3K/Akt and p53 in bovine aortic endothelial cells exposed to
hydrogen peroxide, Antioxid. Redox Signal. 5 (6) (2003) 713–722.

[99] K.R. Brunt, K.K. Fenrich, G. Kiani, M.Y. Tse, S.C. Pang, C.A. Ward, L.G. Melo,
Protection of human vascular smooth muscle cells from H2O2-induced
apoptosis through functional codependence between HO-1 and AKT, Arter-
ioscler. Thromb. Vasc. Biol. 26 (9) (2006) 2027–2034.

[100] Y. Lang, D. Chen, D. Li, M. Zhu, T. Xu, T. Zhang, W. Qian, Y. Luo, Luteolin in-
hibited hydrogen peroxide-induced vascular smooth muscle cells prolifera-
tion and migration by suppressing the Src and Akt signalling pathways, J.
Pharm. Pharmacol. 64 (4) (2012) 597–603.

[101] T.C. Meng, S.F. Hsu, N.K. Tonks, Development of a modified in-gel assay to
identify protein tyrosine phosphatases that are oxidized and inactivated
in vivo, Methods 35 (1) (2005) 28–36.

[102] K.M. Connor, S. Subbaram, K.J. Regan, K.K. Nelson, J.E. Mazurkiewicz, P.
J. Bartholomew, A.E. Aplin, Y.T. Tai, J. Aguirre-Ghiso, S.C. Flores, et al., Mi-
tochondrial H2O2 regulates the angiogenic phenotype via PTEN oxidation, J.
Biol. Chem. 280 (17) (2005) 16916–16924.
[103] T. Ichiki, T. Tokunou, K. Fukuyama, N. Iino, S. Masuda, A. Takeshita, Cyclic
AMP response element-binding protein mediates reactive oxygen species-
induced c-fos expression, Hypertension 42 (2) (2003) 177–183.

[104] D.J. Klemm, S.M. Majka, J.T. Crossno Jr., J.C. Psilas, J.E. Reusch, C.V. Garat,
Reduction of reactive oxygen species prevents hypoxia-induced CREB de-
pletion in pulmonary artery smooth muscle cells, J. Cardiovasc. Pharmacol.
58 (2) (2011) 181–191.

[105] S.J. Chapple, R.C. Siow, G.E. Mann, Crosstalk between Nrf2 and the protea-
some: therapeutic potential of Nrf2 inducers in vascular disease and aging,
Int. J. Biochem. Cell Biol. 44 (8) (2012) 1315–1320.

[106] T. Ishii, K. Itoh, S. Takahashi, H. Sato, T. Yanagawa, Y. Katoh, S. Bannai,
M. Yamamoto, Transcription factor Nrf2 coordinately regulates a group of
oxidative stress-inducible genes in macrophages, J. Biol. Chem. 2200075 (21)
(2000) 16023–16029.

[107] K. Itoh, N. Wakabayashi, Y. Katoh, T. Ishii, K. Igarashi, J.D. Engel, M. Yamamoto,
Keap1 represses nuclear activation of antioxidant responsive elements by
Nrf2 through binding to the amino-terminal Neh2 domain, Genes Dev. 13 (1)
(1999) 76–86.

[108] Z. Ungvari, C. Parrado-Fernandez, A. Csiszar, R. de Cabo, Mechanisms un-
derlying caloric restriction and lifespan regulation: implications for vascular
aging, Circ. Res. 102 (5) (2008) 519–528.

[109] C. Zoccali, F. Mallamaci, G. Tripepi, Novel cardiovascular risk factors in end-
stage renal disease, J. Am. Soc. Nephrol. 15 (Suppl 1) (2004) S77–S80.

[110] A.M. Schmidt, O. Hori, J.X. Chen, J.F. Li, J. Crandall, J. Zhang, R. Cao, S.D. Yan,
J. Brett, D. Stern, Advanced glycation endproducts interacting with their en-
dothelial receptor induce expression of vascular cell adhesion molecule-1
(VCAM-1) in cultured human endothelial cells and in mice. A potential me-
chanism for the accelerated vasculopathy of diabetes, J. Clin. Investig. 96 (3)
(1995) 1395–1403.

[111] J.L. Witztum, The oxidation hypothesis of atherosclerosis, Lancet 344 (8925)
(1994) 793–795.

[112] R. Stocker, J.F. Keaney Jr., Role of oxidative modifications in atherosclerosis,
Physiol. Rev. 84 (4) (2004) 1381–1478.

[113] M. Namiki, S. Kawashima, T. Yamashita, M. Ozaki, T. Hirase, T. Ishida, N. Inoue,
K. Hirata, A. Matsukawa, R. Morishita, et al., Local overexpression of mono-
cyte chemoattractant protein-1 at vessel wall induces infiltration of macro-
phages and formation of atherosclerotic lesion: synergism with hypercho-
lesterolemia, Arterioscler. Thromb. Vasc. Biol. 22 (1) (2002) 115–120.

[114] D. Ye, Y. Zhao, R.B. Hildebrand, R.R. Singaraja, M.R. Hayden, T.J. Van Berkel,
M. Van Eck, The dynamics of macrophage infiltration into the arterial wall
during atherosclerotic lesion development in low-density lipoprotein re-
ceptor knockout mice, Am. J. Pathol. 178 (1) (2011) 413–422.

[115] S.S. Deshpande, P. Angkeow, J. Huang, M. Ozaki, K. Irani, Rac1 inhibits TNF-
alpha-induced endothelial cell apoptosis: dual regulation by reactive oxygen
species, FASEB J.: Off. Publ. Fed. Am. Soc. Exp. Biol. 14 (12) (2000) 1705–1714.

[116] T.K. Mukherjee, S. Mukhopadhyay, J.R. Hoidal, The role of reactive oxygen
species in TNFalpha-dependent expression of the receptor for advanced
glycation end products in human umbilical vein endothelial cells, Biochim.
Biophys. Acta 1744 (2) (2005) 213–223.

[117] S. Chatterjee, S.I. Feinstein, C. Dodia, E. Sorokina, Y.C. Lien, S. Nguyen,
K. Debolt, D. Speicher, A.B. Fisher, Peroxiredoxin 6 phosphorylation and
subsequent phospholipase A2 activity are required for agonist-mediated ac-
tivation of NADPH oxidase in mouse pulmonary microvascular endothelium
and alveolar macrophages, J. Biol. Chem. 286 (13) (2011) 11696–11706.

[118] J.G. Park, J.Y. Yoo, S.J. Jeong, J.H. Choi, M.R. Lee, M.N. Lee, J. Hwa Lee, H.C. Kim,
H. Jo, D.Y. Yu, et al., Peroxiredoxin 2 deficiency exacerbates atherosclerosis in
apolipoprotein E-deficient mice, Circ. Res. 109 (7) (2011) 739–749.

[119] M.E. Pueyo, W. Gonzalez, A. Nicoletti, F. Savoie, J.F. Arnal, J.B. Michel, Angio-
tensin II stimulates endothelial vascular cell adhesion molecule-1 via nuclear
factor-kappaB activation induced by intracellular oxidative stress, Arter-
ioscler. Thromb. Vasc. Biol. 20 (3) (2000) 645–651.

[120] K.G. Park, K.M. Lee, Y.C. Chang, J. Magae, K. Ando, K.B. Kim, Y.N. Kim, H.S. Kim,
J.Y. Park, K.U. Lee, et al., The ascochlorin derivative, AS-6, inhibits TNF-alpha-
induced adhesion molecule and chemokine expression in rat vascular
smooth muscle cells, Life Sci. 80 (2) (2006) 120–126.

[121] T. Hu, R. Luan, H. Zhang, W.B. Lau, Q. Wang, Y. Zhang, H.C. Wang, L. Tao,
Hydrogen peroxide enhances osteopontin expression and matrix metallo-
proteinase activity in aortic vascular smooth muscle cells, Clin. Exp. Phar-
macol. Physiol. 36 (7) (2009) 626–630.

[122] Y. Sun, C.H. Byon, K. Yuan, J. Chen, X. Mao, J.M. Heath, A. Javed, K. Zhang, P.
G. Anderson, Y. Chen, Smooth muscle cell-specific runx2 deficiency inhibits
vascular calcification, Circ. Res. 111 (5) (2012) 543–552.

[123] C.H. Byon, Y. Sun, J. Chen, K. Yuan, X. Mao, J.M. Heath, P.G. Anderson, Y. Tintut,
L.L. Demer, D. Wang, et al., Runx2-upregulated receptor activator of nuclear
factor kappaB ligand in calcifying smooth muscle cells promotes migration
and osteoclastic differentiation of macrophages, Arterioscler. Thromb. Vasc.
Biol. 31 (6) (2011) 1387–1396.

[124] C.R. Dhore, J.P. Cleutjens, E. Lutgens, K.B. Cleutjens, P.P. Geusens, P.J. Kitslaar, J.
H. Tordoir, H.M. Spronk, C. Vermeer, M.J. Daemen, Differential expression of
bone matrix regulatory proteins in human atherosclerotic plaques, Arter-
ioscler. Thromb. Vasc. Biol. 21 (12) (2001) 1998–2003.

[125] L.L. Demer, Effect of calcification on in vivo mechanical response of rabbit
arteries to balloon dilation, Circulation 83 (6) (1991) 2083–2093.

[126] S.A. Steitz, M.Y. Speer, G. Curinga, H.Y. Yang, P. Haynes, R. Aebersold,
T. Schinke, G. Karsenty, C.M. Giachelli, Smooth muscle cell phenotypic
transition associated with calcification: upregulation of Cbfa1 and

http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref78
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref78
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref78
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref78
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref78
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref79
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref79
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref79
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref79
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref80
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref80
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref80
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref81
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref81
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref81
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref82
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref82
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref82
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref82
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref83
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref83
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref83
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref83
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref83
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref84
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref84
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref84
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref85
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref85
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref85
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref85
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref85
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref86
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref86
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref86
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref86
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref87
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref87
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref87
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref87
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref87
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref88
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref88
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref88
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref88
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref88
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref89
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref89
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref89
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref90
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref90
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref90
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref91
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref91
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref91
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref91
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref91
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref91
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref91
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref91
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref92
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref92
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref92
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref92
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref92
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref92
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref93
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref93
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref93
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref93
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref93
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref94
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref94
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref94
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref94
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref94
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref95
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref95
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref95
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref95
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref95
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref96
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref96
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref96
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref96
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref96
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref97
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref97
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref97
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref97
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref98
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref98
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref98
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref98
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref99
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref99
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref99
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref99
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref99
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref100
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref100
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref100
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref100
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref100
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref101
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref101
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref101
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref101
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref102
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref102
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref102
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref102
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref102
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref103
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref103
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref103
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref103
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref104
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref104
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref104
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref104
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref104
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref105
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref105
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref105
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref105
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref106
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref106
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref106
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref106
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref106
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref107
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref107
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref107
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref107
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref107
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref108
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref108
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref108
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref108
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref109
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref109
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref109
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref110
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref110
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref110
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref110
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref110
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref110
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref110
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref111
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref111
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref111
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref112
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref112
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref112
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref113
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref113
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref113
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref113
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref113
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref113
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref114
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref114
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref114
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref114
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref114
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref115
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref115
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref115
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref115
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref116
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref116
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref116
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref116
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref116
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref117
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref117
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref117
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref117
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref117
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref117
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref118
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref118
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref118
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref118
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref119
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref119
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref119
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref119
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref119
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref120
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref120
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref120
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref120
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref120
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref121
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref121
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref121
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref121
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref121
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref122
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref122
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref122
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref122
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref123
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref123
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref123
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref123
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref123
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref123
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref124
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref124
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref124
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref124
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref124
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref125
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref125
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref125
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref126
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref126
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref126


C.H. Byon et al. / Redox Biology 9 (2016) 244–253 253
downregulation of smooth muscle lineage markers, Circ. Res. 89 (12) (2001)
1147–1154.

[127] Y. Tintut, F. Parhami, K. Bostrom, S.M. Jackson, L.L. Demer, cAMP stimulates
osteoblast-like differentiation of calcifying vascular cells. Potential signaling
pathway for vascular calcification, J. Biol. Chem. 273 (13) (1998) 7547–7553.

[128] N. Mody, F. Parhami, T.A. Sarafian, L.L. Demer, Oxidative stress modulates
osteoblastic differentiation of vascular and bone cells, Free Radic. Biol. Med.
31 (4) (2001) 509–519.

[129] M. Liberman, E. Bassi, M.K. Martinatti, F.C. Lario, J. Wosniak Jr., P.
M. Pomerantzeff, F.R. Laurindo, Oxidant generation predominates around
calcifying foci and enhances progression of aortic valve calcification, Arter-
ioscler. Thromb. Vasc. Biol. 28 (3) (2008) 463–470.

[130] J.D. Miller, Y. Chu, R.M. Brooks, W.E. Richenbacher, R. Pena-Silva, D.
D. Heistad, Dysregulation of antioxidant mechanisms contributes to in-
creased oxidative stress in calcific aortic valvular stenosis in humans, J. Am.
Coll. Cardiol. 52 (10) (2008) 843–850.

[131] A.C. Terentis, S.R. Thomas, J.A. Burr, D.C. Liebler, R. Stocker, Vitamin E oxi-
dation in human atherosclerotic lesions, Circ. Res. 0090 (3) (2002) 333–339.

[132] R. Carnevale, S. Bartimoccia, C. Nocella, S. Di Santo, L. Loffredo, G. Illuminati,
E. Lombardi, V. Boz, M. Del Ben, L. De Marco, et al., LDL oxidation by platelets
propagates platelet activation via an oxidative stress-mediated mechanism,
Atherosclerosis 237 (1) (2014) 108–116.

[133] V. Mollace, M. Gliozzi, V. Musolino, C. Carresi, S. Muscoli, R. Mollace,
A. Tavernese, S. Gratteri, E. Palma, C. Morabito, et al., Oxidized LDL attenuates
protective autophagy and induces apoptotic cell death of endothelial cells:
role of oxidative stress and LOX-1 receptor expression, Int. J. Cardiol. 184
(2015) 152–158.

[134] Y. Wang, G.Z. Wang, P.S. Rabinovitch, I. Tabas, Macrophage mitochondrial
oxidative stress promotes atherosclerosis and nuclear factor-kappaB-medi-
ated inflammation in macrophages, Circ. Res. 114 (3) (2014) 421–433.

[135] P. Ducy, R. Zhang, V. Geoffroy, A.L. Ridall, G. Karsenty, Osf2/Cbfa1: a tran-
scriptional activator of osteoblast differentiation, Cell 89 (5) (1997) 747–754.

[136] A.E. Jimenez-Corona, S. Damian-Zamacona, A. Perez-Torres, A. Moreno,
J. Mas-Oliva, Osteopontin upregulation in atherogenesis is associated with
cellular oxidative stress triggered by the activation of scavenger receptors,
Arch. Med. Res. 43 (2) (2012) 102–111.

[137] E. Dragomir, I. Manduteanu, M. Calin, A.M. Gan, D. Stan, R.R. Koenen,
C. Weber, M. Simionescu, High glucose conditions induce upregulation of
fractalkine and monocyte chemotactic protein-1 in human smooth muscle
cells, Thromb. Haemost. 100 (6) (2008) 1155–1165.

[138] B.K. Tiwari, K.B. Pandey, A.B. Abidi, S.I. Rizvi, Markers of Oxidative Stress
during Diabetes Mellitus, J. Biomark. 2013 (378790) (2013).

[139] Q. Wei, X. Ren, Y. Jiang, H. Jin, N. Liu, J. Li, Advanced glycation end products
accelerate rat vascular calcification through RAGE/oxidative stress, BMC
Cardiovasc. Disord. 13 (2013) 13.

[140] Y. Tada, S. Yano, T. Yamaguchi, K. Okazaki, N. Ogawa, M. Morita, T. Sugimoto,
Advanced glycation end products-induced vascular calcification is mediated
by oxidative stress: functional roles of NAD(P)H-oxidase, Horm. Metab. Res.
¼Horm.- und Stoffwechs. ¼Horm. et. Metab. 45 (4) (2013) 267–272.

[141] K. Nowotny, T. Jung, A. Hohn, D. Weber, T. Grune, Advanced glycation end
products and oxidative stress in type 2 diabetes mellitus, Biomolecules 5 (1)
(2015) 194–222.

[142] M.R. Brodeur, C. Bouvet, S. Bouchard, S. Moreau, J. Leblond, D. Deblois,
P. Moreau, Reduction of advanced-glycation end products levels and inhibi-
tion of RAGE signaling decreases rat vascular calcification induced by dia-
betes, PLoS One 9 (1) (2014) e85922.

[143] P.P. Nawroth, A Bierhaus, G.E. Vogel, M.A. Hofmann, M Zumbach, P Wahl,
R Ziegler, Non-enzymatic glycation and oxidative stress in chronic illnesses
and diabetes mellitus, Med. Klin. 94 (1) (1999) 29–38.
[144] M.G. van Eupen, M.T. Schram, H.M. Colhoun, J.L. Scheijen, C.D. Stehouwer, C.
G. Schalkwijk, Plasma levels of advanced glycation endproducts are asso-
ciated with type 1 diabetes and coronary artery calcification, Cardiovasc.
Diabetol. 12 (2013) 149.

[145] J.M. Heath, Y. Sun, K. Yuan, W.E. Bradley, S. Litovsky, L.J. Dell'Italia, J.
C. Chatham, H. Wu, Y. Chen, Activation of AKT by O-linked N-acet-
ylglucosamine induces vascular calcification in diabetes mellitus, Circ. Res.
114 (7) (2014) 1094–1102.

[146] C. Xu, G. Liu, X. Liu, F. Wang, O-GlcNAcylation under hypoxic conditions and
its effects on the blood-retinal barrier in diabetic retinopathy, Int. J. Mol.
Med. 33 (3) (2014) 624–632.

[147] S.A. Marsh, P.C. Powell, L.J. Dell'italia, J.C. Chatham, Cardiac O-GlcNAcylation
blunts autophagic signaling in the diabetic heart, Life Sci. 92 (11) (2013)
648–656.

[148] M. Federici, R. Menghini, A. Mauriello, M.L. Hribal, F. Ferrelli, D. Lauro,
P. Sbraccia, L.G. Spagnoli, G. Sesti, R. Lauro, Insulin-dependent activation of
endothelial nitric oxide synthase is impaired by O-linked glycosylation
modification of signaling proteins in human coronary endothelial cells, Cir-
culation 106 (4) (2002) 466–472.

[149] V.V. Lima, F.R. Giachini, F.S. Carneiro, Z.N. Carneiro, Z.B. Fortes, M.H. Carvalho,
R.C. Webb, R.C. Tostes, Increased vascular O-GlcNAcylation augments re-
activity to constrictor stimuli - Vasoactive Peptide Symposium, J. Am. Soc.
Hypertens.: JASH 2 (6) (2008) 410–417.

[150] J.J. Carr, T.C. Register, F.C. Hsu, K. Lohman, L. Lenchik, D.W. Bowden, C.
D. Langefeld, J. Xu, S.S. Rich, L.E. Wagenknecht, et al., Calcified atherosclerotic
plaque and bone mineral density in type 2 diabetes: the diabetes heart study,
Bone 42 (1) (2008) 43–52.

[151] M. Koga, A. Yamauchi, Y. Kanaoka, R. Jige, A. Tsukamoto, N. Teshima,
T. Nishioku, Y. Kataoka, BMP4 is increased in the aortas of diabetic ApoE
knockout mice and enhances uptake of oxidized low density lipoprotein into
peritoneal macrophages, J. Inflamm. 10 (1) (2013) 32.

[152] W.B. Dias, G.W. Hart, O-GlcNAc modification in diabetes and Alzheimer's
disease, Mol. Biosyst. 3 (11) (2007) 766–772.

[153] F. Parhami, A.D. Morrow, J. Balucan, N. Leitinger, A.D. Watson, Y. Tintut, J.
A. Berliner, L.L. Demer, Lipid oxidation products have opposite effects on
calcifying vascular cell and bone cell differentiation. A possible explanation
for the paradox of arterial calcification in osteoporotic patients, Arterioscler.
Thromb. Vasc. Biol. 17 (4) (1997) 680–687.

[154] E. Farrokhi, K.G. Samani, M.H. Chaleshtori, Oxidized low-density lipoprotein
increases bone sialoprotein expression in vascular smooth muscle cells via
runt-related transcription factor 2, Am. J. Med. Sci. 349 (3) (2015) 240–243.

[155] L. Deng, L. Huang, Y. Sun, J.M. Heath, H. Wu, Y. Chen, Inhibition of FOXO1/3
promotes vascular calcification, Arterioscler. Thromb. Vasc. Biol. 35 (1) (2015)
175–183.

[156] C. Maziere, V. Salle, C. Gomila, J.C. Maziere, Oxidized low density lipoprotein
increases RANKL level in human vascular cells. Involvement of oxidative
stress, Biochem. Biophys. Res Commun. 440 (2) (2013) 295–299.

[157] M. Jeziorska, C. McCollum, D.E. Wooley, Observations on bone formation and
remodelling in advanced atherosclerotic lesions of human carotid arteries,
Virchows Arch.: Int. J. Pathol. 433 (6) (1998) 559–565.

[158] S. Cappelli, M.C. Epistolato, A. Vianello, A. Mazzone, M. Glauber, M. Franzini,
V. Ottaviano, A. Pompella, A. Paolicchi, P. Tanganelli, Aortic valve disease and
gamma-glutamyltransferase: accumulation in tissue and relationships with
calcific degeneration, Atherosclerosis 213 (2) (2010) 385–391.

[159] J.C. Kovacic, G.J. Randolph, Vascular Calcification – Harder Than It Looks,
Arterioscler. Thromb. Vasc. Biol. 31 (6) (2011) 1249–1250.

http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref126
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref126
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref126
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref127
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref127
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref127
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref127
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref128
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref128
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref128
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref128
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref129
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref129
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref129
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref129
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref129
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref130
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref130
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref130
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref130
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref130
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref131
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref131
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref131
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref132
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref132
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref132
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref132
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref132
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref133
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref133
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref133
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref133
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref133
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref133
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref134
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref134
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref134
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref134
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref135
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref135
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref135
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref136
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref136
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref136
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref136
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref136
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref137
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref137
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref137
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref137
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref137
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref138
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref138
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref139
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref139
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref139
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref140
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref140
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref140
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref140
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref140
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref140
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref140
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref140
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref140
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref140
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref141
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref141
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref141
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref141
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref142
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref142
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref142
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref142
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref143
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref143
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref143
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref143
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref144
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref144
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref144
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref144
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref145
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref145
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref145
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref145
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref145
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref146
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref146
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref146
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref146
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref147
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref147
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref147
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref147
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref148
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref148
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref148
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref148
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref148
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref148
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref149
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref149
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref149
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref149
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref149
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref150
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref150
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref150
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref150
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref150
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref151
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref151
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref151
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref151
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref152
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref152
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref152
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref153
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref153
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref153
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref153
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref153
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref153
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref154
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref154
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref154
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref154
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref155
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref155
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref155
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref155
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref156
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref156
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref156
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref156
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref157
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref157
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref157
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref157
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref158
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref158
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref158
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref158
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref158
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref159
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref159
http://refhub.elsevier.com/S2213-2317(16)30126-4/sbref159

	Redox signaling in cardiovascular pathophysiology: A focus on hydrogen peroxide and vascular smooth muscle cells
	Introduction
	Regulation of H2O2 production in VSMC
	Mitochondrial H2O2 production
	Physiological roles of H2O2 in VSMC
	Scavengers of H2O2
	H2O2-regulated signaling pathways
	Pathological effects of hydrogen peroxide on vascular smooth muscle cells
	H2O2 induces VSMC inflammation
	H2O2 induces VSMC calcification

	Conclusion remarks
	Acknowledgments
	References




