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Preface

This book is composed of 26 chapters contributed by numerous outstanding
basic, translational, and physician scientists in the fields of pulmonary vascu-
lature redox signaling in health and disease; thus, it offers a widespread and
comprehensive overview for academic and industrial scientists, postdoctoral
fellows, and graduate students who are interested in redox signaling in health
and disease and/or normal and pathological functions of the pulmonary vas-
culature. The book may also be very valuable for clinicians, medical students,
and allied health professionals.

Redox signaling is a major molecular process involved in almost every
physiologic cellular response in the pulmonary vasculature including energy
metabolism, host defense, gene expression, contraction, proliferation, and
migration. Aberrancy in this important signaling pathway leads to a critical
role in the development of nearly all pulmonary diseases, such as pulmonary
hypertension, cor pulmonale, pulmonary edema, and vasculitis, among oth-
ers. These well-recognized concepts with recent advances have been compre-
hensively described by Prof. Jeremy Ward in his chapter “From Physiological
Redox Signalling to Oxidant Stress.”

Key members of redox signaling are reactive oxygen species (ROS), e.g.,
superoxide and hydrogen peroxide. These well-known molecules usually
participate in specific oxidation or reduction modifications of one or more
targeted molecules in order to mediate pulmonary vasculature cellular
responses. ROS can be produced by mitochondria, NADPH oxidase (Nox), or
other sources. In the chapter “Crosstalk Between Mitochondrial Reactive
Oxygen Species and Sarcoplasmic Reticulum Calcium in Pulmonary Arterial
Smooth Muscle Cells,” Dr. Tengyao Song et al. have delivered detailed infor-
mation with respect to the contribution and crosstalk of mitochondria and
Nox in hypoxia-induced ROS production in pulmonary artery smooth muscle
cells (PASMCs). These authors have further reported new data demonstrating
that reciprocal interplays between mitochondrial ROS and sarcoplasmic
reticulum Ca’" signaling are important to hypoxic cellular responses in
PASMCs and hypoxic pulmonary hypertension. In support, Drs. Qiujun Yu
and Stephen Chan have highlighted the importance of mitochondrial ROS in
pulmonary vascular endothelial cells to mediate the development of pulmo-
nary hypertension in their chapter titled “Mitochondrial and Metabolic
Drivers of Pulmonary Vascular Endothelial Dysfunction in Pulmonary
Hypertension.” In the chapter “Adventitial Fibroblast Nox4 Expression and
ROS Signaling in Pulmonary Arterial Hypertension,” Profs. Scott Barman
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and David Fulton have further provided emerging evidence that Nox4-
mediated ROS signaling in adventitial fibroblasts plays an important role in
pulmonary hypertension. Similarly, Drs. Megha Sharma and Adeleye
Afolayan have meticulously presented convincing evidence for the critical
roles of mitochondrial and Nox-mediated redox in the development of pul-
monary hypertension of newborns in their chapter “Redox Signaling and
Persistent Pulmonary Hypertension of the Newborn.”

Typically, ROS are metabolized and degraded by superoxide dismutase
(SOD), glutathione peroxidase, catalase, or other antioxidant enzymes. This
fact, together with the view that increased ROS production may cause cardio-
vascular disease development and progression, has led to preclinical and
clinical trials of antioxidant interventions for cardiovascular disorders includ-
ing pulmonary hypertension. Prof. Nozik-Grayck and her associates have
provided a thorough overview of the roles of different SOD isoforms in the
physiological and pathological cellular responses in the pulmonary circula-
tion in their chapter titled “Redox regulation of the superoxide dismutases
SOD3 and SOD?2 in the pulmonary circulation.” Consistent with the thera-
peutic roles of endogenous antioxidant enzymes, Dr. Gerald Maarman has
reported new and ample data to draw notable attention to the potential effec-
tiveness of melatonin as a natural antioxidant pulmonary hypertension ther-
apy in his chapter “Natural Antioxidants as Potential Therapy, and a Promising
Role for Melatonin Against Pulmonary Hypertension.”

The potential roles of sophisticated redox signaling in the pulmonary vas-
culature are further reinforced by the recent experimental indications that
reactive nitrogen species (e.g., NO) and reactive sulfur species (e.g., H,S) are
likely to be important for a number of physiological and pathological pulmo-
nary vascular cellular responses. In the chapter “A Brief Overview of Nitric
Oxide and Reactive Oxygen Species Signaling in Hypoxia-Induced
Pulmonary Hypertension,” Profs. Ariel Jaitovich and David Jourd’heuil have
provided a systemic summary of the interactive roles of NO and ROS in the
development of pulmonary hypertension. Largely based on their own
research, Prof. You-Yang Zhao and his colleague have articulated new molec-
ular mechanisms for the roles of NO and relevant nitrative stress in pulmo-
nary hypertension in their chapter “Molecular Basis of Nitrative Stress in the
Pathogenesis of Pulmonary Hypertension.” In complement, the chapter
“Redox Mechanisms Influencing cGMP Signaling in Pulmonary Vascular
Physiology and Pathophysiology” from Prof. Michael Wolin’s group has sys-
tematically elaborated the functional importance of redox-mediated,
NO-dependent cGMP signaling in physiological and pathological cellular
responses in the pulmonary vasculature. Equally interestingly, Drs. Jesus
Prieto-Lloret and Philip I Aaronson have contributed an excellent chapter,
“Hydrogen Sulfide as an O, Sensor: A Critical Analysis,” that provides a
comprehensive indication that H,S may function as an O, sensor and play an
important role in hypoxic responses in pulmonary vascular cells.

Redox signaling may mediate cellular responses in a temporally and spa-
tially dynamic manner. Redox molecular processes can also occur in a spe-
cific fashion, dependent on cell type. The pulmonary vasculature is composed
of different types of cells including smooth muscle cells, endothelial cells,
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adventitial cells, fibroblasts, neutrophils, macrophages, lymphocytes, and
stem/progenitor cells. Thus, each of these distinctive types of cells may pro-
duce its own specific redox signaling in response to distinctive stimuli. The
functional crosstalks within and among individual cells are likely to further
make redox signaling more effective and specific in the pulmonary vascula-
ture. In addition to the aforementioned chapters, Dr. Karthik Suresh and
Larissa Shimoda elegantly review the reciprocal roles of ROS and Ca* sig-
naling in endothelial cells as key players in mediating pulmonary hyperten-
sion in their chapter “Endothelial Cell Reactive Oxygen Species and Ca*
Signaling in Pulmonary Hypertension.” Another well-written chapter,
“Metabolic Reprogramming and Redox Signaling in Pulmonary
Hypertension” by Dr. Lydie Plecitd-Hlavata et al., has provided a systemic
overview of redox-dependent metabolic reprogramming in almost all types of
cells in the pulmonary vasculature and their contributions in the development
of pulmonary hypertension.

Redox molecules have their own intrinsic physicochemical properties
(e.g., redox potential, life time, and diffusive ability), diverse physiological
functions, unique spatial and temporal profiles, and also distinctive metabolic
products. The contribution of specific redox molecules and relevant cellular
processes may vary with the development and progression of different pul-
monary vascular diseases. The complexity and diversity of redox systems
indicate that general antioxidants may not have sufficient accessibility to tar-
get molecules to produce specific actions. These may well explain the rela-
tively low efficiency of generalized antioxidants in clinical trials. In the
chapter titled “Subcellular Redox Signaling,” Prof. Qinghua Hu’s team has
provided broad and detailed discussions on the subcellular ROS signaling in
PASMC:s, with particular focus on the mechanisms of subcellular ROS pro-
duction and potential use of exogenous mitochondria in the treatment of pul-
monary hypertension. Compatibly, Drs. Ryota Hashimoto and Sachin Gupte
have further dedicatedly depicted the significance of interactive roles of redox
molecules between the cytosol and mitochondria in pulmonary hypertension
in their chapter “Pentose Shunt, Glucose-6-Phosphate Dehydrogenase and
NADPH Redox, and Stem cells in Pulmonary Hypertension.”

Indubitably, innovative state-of-the-art methods and techniques are very
helpful in the elucidation of redox functions and processes in the cell. For
instance, the use of the powerful electron paramagnetic resonance (EPR)
spectrometry makes in vitro and in vivo studies of previously indescribable
redox molecules possible. Recently identified redox biosensors may specifi-
cally and clearly outline changes of redox molecule levels in cells and even in
separate cellular compartments, collecting important data that would clarify
previously conflicting results. Similarly, novel and highly selective labeling
agents are now available to investigators to help detect uncommon redox
modifications within and outside the cell. Furthermore, innovative proteomic,
gene mapping and other methods have been introduced to monitor posttrans-
lational modifications of redox proteins and enzymes as well as complex
redox responses. These modern approaches and techniques have opened the
door to entirely new areas of redox studies, and more importantly, will pave
the way for life-saving interventions. Very appreciatorily, Prof. Steven Qian
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and his associate have updated the current techniques and methods for mea-
surements of intracellular ROS in their chapter “Techniques for Detecting
Reactive Oxygen Species in Pulmonary Vasculature Redox Signaling.”

The precise functional roles, signaling processes, and molecular mecha-
nisms of redox molecules, particularly in the formation and progression, are
very complex and still remain mostly elusive. Further basic and translational
research on redox signaling in the pulmonary vasculature will significantly
promote discoveries of new and more effective antioxidants and redox-
regulatory drugs for treatment of pulmonary vascular diseases. Dr. Annarita
Di Mise along with Prof. Yun-Min Zheng has detailed the current knowledge
on the possible essential roles of transcription factors for the initiation and
progression of pulmonary hypertension in the chapter “Role of Transcription
Factors in Pulmonary Artery Smooth Muscle Cells: Focus on Pathogenesis of
Hypoxia Pulmonary Artery Hypertension.” The chapter that Prof. Laura Bosc
and his colleagues have written, “Altered Redox Balance in the Development
of Chronic Hypoxia-Induced Pulmonary Hypertension,” expounds the sig-
nificant contribution of redox-dependent activation of the nuclear factor acti-
vated T-cells in pulmonary hypertension. Moreover, my own group has
composed a chapter titled “Emerging Role of MicroRNAs and Long
Noncoding RNAs in Health and Disease Pulmonary Vasculature” to further
elucidate the functional impacts of the transcriptional and nontranscriptional
regulation of various key molecules by microRNAs and long noncoding
RNAs in physiological and pathological responses in pulmonary vascular
cells.

Recent studies reveal that redox signaling is necessary for the normal
function and development of the pulmonary vasculature. Prof. Christina
Pabelick and her associates fully explicate the importance of redox-mediated
hyperoxic signaling in postnatal vascular and alveolar development in their
chapter titled “Effects of Hyperoxia on the Developing Airway and Pulmonary
Vasculature.” In complement, the chapter by Dr. Michael Thompson et al.
with a title “Hypoxia and Local Inflammation in Pulmonary Artery Structure
and Function” exquisitely delineates whether and how redox signaling medi-
ates the effects of hypoxia and inflammation on pulmonary structure and
function.

In addition to the well-documented pulmonary hypertension as described
above, a series of recent studies demonstrate that redox signaling plays a key
role in several other acute and chronic pulmonary diseases; the role of redox
singling in each disease is mediated by one or more unique molecular mecha-
nisms. Prof. Stephen Black’s team has provided a full review highlighting
how the Nox4-relied ROS signaling in endothelial cells and fibroblasts con-
tributes to acute lung injury and respiratory distress syndrome, two of the
most common and severe pulmonary illnesses, in the chapter titled “ROS
Signaling in the Pathogenesis of Acute Lung injury (ALI) and Acute
Respiratory Distress Syndrome.” The chapter “Lung Ischemia/Reperfusion
Injury: The Role of Reactive Oxygen Species,” written by Prof. Norbert
Weissmann and his colleagues, includes an extensive review about the actions
of ROS and reactive nitrogen species with Nox, xanthine oxidases, nitric
oxide synthases, and mitochondria to involve in ischemia/reperfusion-mediated



Preface

lung injury. The two excellent laboratories led by Prof. Yunchao Su and Li
Zuo, respectively, contribute the chapter “Redox-Dependent Calpain
Signaling in Airway and Pulmonary Vascular and Remodeling in COPD” and
“Reactive Oxygen Species in COPD-Related Vascular Remodeling.” The for-
mer chapter focuses on the role of reactive oxygen and nitrogen species-
reliant calpain signaling in the development of airway and pulmonary vascular
remodeling in COPD, while the latter chapter emphasizes the potential utili-
zation of anti-inflammatory and antioxidative agents against ROS-mediated
impairments of pulmonary functions in treatments of COPD.

A major cause of death in pulmonary diseases, particularly COPD, is right
ventricular failure. It is not surprising that Prof. Yuichiro Suzuki’s laboratory
has conducted a series of excellent investigations with respect to the func-
tional significance of right ventricular redox signaling for many years. As
such, he and his associate have written an elegant chapter “Redox Signaling
in the Right Ventricle,” in which they thoughtfully deliberate the current com-
pelling molecular and biochemical understandings of redox signaling-
mediated right ventricular functional abnormalities and failure in pulmonary
hypertension.

Finally, I sincerely express my wholehearted gratitude to all of the authors
for their dedicated and diligent contributions. Many of the authors of this
book have played a unique role as well as the reviewers; as such, their addi-
tional efforts are further highly appreciated. I also wish to thank Ms. Dana
Bigelow, Associate Editor at Springer Nature in New York, and Mr.
Silembarasan Panneerselvam, Project Coordinator (Books) for Springer
Nature, for their kind patience and assistance.

Albany, NY, USA Yong-Xiao Wang
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Adventitial Fibroblast Nox4
Expression and ROS Signaling
in Pulmonary Arterial

Hypertension

Scott A. Barman and David Fulton

1 Pulmonary Arterial
Hypertension

Pulmonary arterial hypertension (PAH) is a pro-
gressive disease of the lung vasculature, which is
characterized by sustained pulmonary arterial
pressure, resulting in increased pulmonary vascu-
lar resistance, with eventual right heart failure [1].
Vascular remodeling caused by the medial hyper-
plasia of pulmonary artery (PA) smooth muscle
cells is a hallmark feature of PAH [2], which
causes occlusion of the vessels [2]. In most forms
of PAH, muscularization of small distal PA occurs
[3], and is further characterized by excessive vas-
cular cell proliferation, inward remodeling, rar-
efaction, and a loss of compliance of the
pulmonary blood vessels [3-5]. Increased resis-
tance to blood flow and more rigid blood vessels
(loss of vascular compliance) leads to failure of
the right ventricle and eventual death. PAH is
more frequent in women than men, and left
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untreated has a survival time of 5-7 years post
diagnosis [6]. From a therapeutic standpoint,
there are a number of vasodilator drugs that are
indicated for the treatment of PAH, but none of
the current therapeutics offers long-term success
for survival due to limited effectiveness and
unwanted side effects [7], and more importantly,
do not address the underlying causes of the dis-
ease [1].

2 Reactive Oxygen Species,
NADPH Oxidase and PAH

The generation of reactive oxygen species (ROS)
is well recognized as a pathophysiological mech-
anism underlying the vascular remodeling and
proliferation that occurs in PAH. The major ROS
that are produced in the pulmonary vasculature
are superoxide (O,"), hydrogen peroxide (H,0,),
hydroxyl radical (OH), and hydroperoxyl radical
(HO",) [8]. Of these ROS, both O, and H,0,
activate multiple signaling pathways that cause
cell proliferation and apoptosis, elevated vascular
tone, fibrosis, and inflammation, which are all
hallmark signs of PAH [8]. However, the cellular
origin and functional significance of ROS in PAH
remain poorly delineated. Elevated levels of ROS
in PAH occur because there is increased produc-
tion and decreased enzymatic degradation of the
ROS moieties, of which, evidence exists for both
phenomena in the underlying etiology of elevated
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pulmonary arterial pressure and pulmonary arte-
rial resistance [9-13]. The major intracellular
sources of ROS include the mitochondrial electron
transport chain, abnormal oxygenase activity, and
the NADPH oxidase family (Noxes) [14, 15]. The
human genome encodes five Nox isoforms, and
four of these isoforms, Nox1, Nox2, Nox4, and
NoxS5 are expressed in vascular cells. In relation to
other sources of ROS, Nox enzymes are regarded
as professional ROS generators and are capable of
generating high levels of ROS in a spatial and
temporal manner. Nox1, Nox2, Nox3, and Nox4
are bound to p22phox, and NoxI and Nox2 are
activated by binding numerous cytosolic subunits,
including p47phox, p67phox or NOXOI and
NOXAL. In contrast, Nox4 is regarded as a consti-
tutively active enzyme with ROS levels primarily
controlled by changes in gene expression [16, 17].
In mice, genetic deletion of Nox2 has been shown
to reverse hypoxia-initiated PAH [10], and Nox1
has been shown to be an important signaling medi-
ator for both systemic and pulmonary arterial
hypertension [18, 19].

Specific to the scope of this review, increased
expression of Nox4 has been reported in human
PAH [20]. However, despite these observations,
the functional significance of Nox4 in the devel-
opment of PAH is poorly understood. Nox4 is
expressed in all three layers of the vascular wall
[21, 22], is constitutively active [23], and whose
expression is increased by a plethora of diverse
stimuli including angiotensin II, TGF-p, TNF-a,
y and hypoxia [24, 25]. In addition to human
PAH, Nox4 expression is upregulated in the pul-
monary vasculature of hypoxia-exposed mice,
and in rat models of PAH [20, 22]. Evidence sug-
gests that Nox2 may be involved in the induction
of Nox4 to cause ROS production and subsequent
pulmonary arterial smooth muscle cell (PASMC)
proliferation that is characteristic of PAH [20].
Specifically, it is thought that initial activation of
Nox2 induces the production of Nox4 in pulmo-
nary endothelium to initiate events that cause
pulmonary arterial remodeling [20].

Evidence also suggests that Nox4-derived
ROS mediates both rodent and human PASMC
proliferation under hypoxic conditions [25, 26].
In particular, during hypoxia, Nox4 is induced by
TGF-B, which promotes smooth muscle cell pro-

liferation in pulmonary arteries, a major cause of
pulmonary arterial remodeling [27], and specific
growth factors such as insulin-like growth factor
binding protein (IGFBP-3) increases Nox4 gene
expression, resulting in PASMC proliferation and
subsequent medial thickening [27]. Further, Nox4
has been shown to be important in hypoxia-
inducible factor 2o (HIF-2a) expression and tran-
scription, which suggests an important relationship
exists between Nox4 and HIF-2a, as well as TGF-3
in pulmonary vascular remodeling in PAH [8].

3 Nox4 Expression in PAH

As stated above, reactive oxygen species (ROS)
are important regulators of pulmonary vascular
remodeling, and abundant evidence supports a
prominent role for Nox4 in the pathogenesis of
PAH [20, 28]. Nox4 is the major NADPH oxi-
dase homolog expressed in human PASMCs [29],
and its expression both at the mRNA and protein
level is significantly increased in lungs from
patients with idiopathic pulmonary arterial
hypertension (IPAH) compared to healthy lungs
[20], which suggests a correlation between Nox4
and the onset of PAH. In experimental rodent
models of PAH, Nox4 expression is increased.
Specifically, Nox4 is upregulated in chronic
hypoxia-induced PAH in mice [20, 28, 30], and
monocrotaline (MCT)-treated rats [22, 31]. Nox4
mediates the hypoxia-induced growth of human
PASMCs [27], and silencing Nox4 expression by
RNA interference decreases human PASMC and
fibroblast proliferation [30, 32, 33]. Severe forms
of PAH are associated with plexiform lesions,
which are comprised of proliferating endothelial
cells and elevated levels of angiogenic factors
such as VEGF [34, 35]. Pneumonectomy
increases the severity of PAH in animals treated
with MCT, and has been shown to stimulate the
formation of lesions that are morphologically
similar to plexiform lesions [36]. Pneumonectomy
also further increases the expression of Nox4 in
MCT-treated animals [31] but it is not currently
known whether Nox4 expression contributes to
the formation of these lesions. Collectively, these
findings support the premise for Nox4 expression
being inherently involved in pulmonary vascular
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remodeling by promoting arterial medial smooth
muscle proliferation and adventitial fibroblast
activation in PAH. Reports on the location of
Nox4 expression in pulmonary arteries varies as
Nox4 has been observed in the media of both nor-
motensive and hypertensive pulmonary arteries
[20], as well as in endothelial cells and fibroblasts
[21, 22, 37, 38].

4 Enzymatic Properties
of Nox4

Nox4 is unique in that it is the only Nox enzyme
which is constitutively active. Nox4 colocalizes
with and directly binds the integral membrane
protein p22phox, which is essential for the Nox4
activity [39] to stabilize p22phox expression [40].
The binding and activation of Nox4 by p22phox
does not depend on the proline rich region of
p22phox, which is important in the regulation of
Nox1, Nox2, and Nox3 [41]. A further distinction
is that Nox4 does not require the binding of cyto-
solic proteins for ROS production [40], and
instead produces ROS constitutively. This is due
to unique characteristics of the C-terminus of
Nox4 that facilitates the constitutive transfer of
electrons from NADPH to FAD [16]. Another
distinguishing feature of Nox4 compared to the
other Nox enzymes is that robust production of
H,0, can be detected which contrasts from a mix-
ture of superoxide and H,O, from Nox1, Nox2,
Nox3, and Nox5 [40, 42, 43]. The mechanism
underlying the preferential production of H,0,
versus superoxide is related to the presence of a
highly conserved histidine residue in the E-loop
of Nox4 that promotes the rapid dismutation of
superoxide before it leaves the enzyme [44].

5 Role of the Adventitial
Fibroblast and Nox4 in PAH

Remodeled pulmonary arteries in PAH are charac-
terized by increased stiffness [45, 46], secondary
to collagen and elastin deposition, a process which
is regulated by the adventitial fibroblast. The fibro-
blast, a primary cell type of the adventitia, contrib-
utes to the perpetual reorganizing of the

extracellular matrix, secretion of growth factors
and chemokines, as well as inflammatory cytokines.
Studies show that TGF-f1 induces Nox4 expres-
sion in pulmonary fibroblasts and adventitial
fibroblasts surrounding pulmonary vessels, sug-
gesting that Nox4 is a component of the TGF-f1
signaling pathway [29, 47, 48]. TGF-f1 via Nox4
may contribute toward disease pathology through
transcriptional activation of extracellular matrix
components such as collagen and through a num-
ber of mediators known to exacerbate the extent
of fibrosis and vascular remodeling, including
PAI-1 and HIF-la [49]. TGF-B1 is known to
induce PAI-1 expression in fibroblasts through
Nox4-dependent ROS production and increased
activation of p38 MAPK and JNK [50]. In addition,
NOX4 promotes myofibroblast secretion of extra-
cellular matrix (ECM) proteins and production of
fibronectin via TGF-P1 signaling, which promotes
cellular fibrogenesis [47]. In vascular diseases
such as PAH, an increase in collagen and ECM
matrix proteins would promote increased tissue
fibrosis as well as vascular stiffness through a
decrease in tissue and vessel compliance [45, 46].
Recent studies show that the pulmonary arterial
remodeling that occurs in hypoxia-induced PAH is
characterized by the emergence of adventitial
fibroblasts, which recruit inflammatory cells and
adhesion proteins, promoting a pro-inflammatory
and proliferative environment, leading to vascular
remodeling [51]. Fibroblasts also influence and
promote the inflammatory response by manipulat-
ing leukocyte recruitment, survival, and behavior
[52], a phenomenon that appears to be regulated
by Nox [53]. In addition, a subset of circulating
bone marrow derived cells termed fibrocytes that
possess genetic markers and behaviors consistent
with both fibroblasts and macrophages can also be
found in the adventitia [54, 55], and fibrocytes
have the capability to differentiate into collagen-
producing fibroblasts and myofibroblasts [56-58].
It has been shown that Nox enzymes and elevated
ROS stimulate fibroblast proliferation [30, 47, 59];
however, the contribution of specific Nox isoforms
to adventitial fibroblast proliferation and the
development of PAH is still poorly understood.
Cultured pulmonary adventitial fibroblasts
express Nox4 [30], and Nox4 expression is
upregulated by many different stimuli including
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hypoxia, inflammatory mediators, and fibrotic
moieties such as TGF-f, and TNF-a, which con-
tribute to pulmonary fibroblast activation and
proliferation [8]. Further, Nox4-induced ROS
production by TGF-f in human fibroblasts occurs
extracellularly, which is in contrast to that
observed in human PASMC, where Nox4 activa-
tion by TGF-f leads to intracellular ROS produc-
tion [29]. The cellular effects and mechanisms of
extracellular versus intracellular generation of
Nox4 are poorly understood in PAH. In many cell
types, Nox4 generates low-level, predominantly
intracellular ROS constitutively and in response
to a variety of stimuli [60]. For example, in vas-
cular smooth muscle cells (VSMC), ROS genera-
tion is predominantly intracellular [61], and in
vascular endothelial cells (VEC), many NAD(P)
H oxidase subunits are located in the nucleus,
with ROS production occurring in a “nucleus-
rich” fraction [62]. This prominent labeling of
Nox4 in the nucleus provides a source of ROS
that can potentially activate many downstream
targets, which include transcription factors such
as AP-1 proteins c-Fos and c-Jun, implicated in
growth and differentiation processes, and NF-xB,
which is involved in inflammatory reactions and
apoptosis [63]. Extracellularly, TGF-p1 increases
ROS release (presumably through Nox4) by
human fetal lung fibroblasts in a transcriptionally
mediated manner, and the ROS produced by this
NADPH oxidase activity is H,O, [15, 64]. In
addition, ROS production in human pulmonary
arterial smooth muscle cells (HPASMC) via
TGF-B1 is mediated by transcriptional induction
of Nox4 expression [29]. However, in contrast to
lung fibroblasts [15, 64], TGF-f1 stimulation in
HPASMC induces intracellular generation of
ROS derived from Nox4 localized to the endo-
plasmic reticulum, which does not result in extra-
cellular release of H,O, [29].

Studies done with siRNA to knockdown Nox4
has lead to the conclusions that Nox4-mediated
ROS production stimulates cellular proliferation
and inhibits apoptosis in pulmonary fibroblasts
[30]. Interestingly, Nox4 upregulation by TGF-f
is inhibited by N-acetylcysteine and DPI, which
suggests that Nox4-induced ROS production regu-
lates Nox4 gene expression [48]. Further, specific

inhibition of Nox4 prevents pulmonary fibroblasts
from mediating TGF-p-induced myofibroblast dif-
ferentiation as well as producing collagen [48].

In a recent study, Barman et al. [22] did immu-
nofluorescence staining of lung sections from
MCT-treated rats and in lungs from normal (con-
trol) and human PAH (Fig. 1). In control rat pul-
monary arteries (PA), Nox4 was primarily detected
in the adventitial cells with secondary labeling on
the intima (endothelial cells) (Fig. 1; top panel). In
4-week MCT-treated rats, using two different anti-
bodies that are selective for Nox4 (Epitomics and
Abcam), there was a dramatic increase in Nox4-
positive cells in the adventitia (Fig. 1; MCT, left
panels). In PA from MCT-treated rats, Nox4-
positive cells were also detected in the remodeled
medial layer agreeing with previous studies [20].
Nox4 also exhibited a staining pattern in sections
of human lung from normal individuals and PAH
(Fig. 1, lower panels) that was consistent with
Nox4 expression in the MCT-treated rat lungs. In
lung sections from animals treated with the spe-
cific Nox4 inhibitor (VCC202273; C) [22], MCT-
stimulated pulmonary arterial remodeling and
Nox4 adventitial expression were significantly
attenuated (Fig. 1; MCT + C).

Barman and colleagues [22] also determined
the location of ROS production in hypertensive
PA using immunofluorescence imaging for
8-hydroxydeoxyguanosine (8-OHdG), a DNA
nucleoside that is generated by ROS. As shown in
Fig. 2, the highest signal for ROS was observed in
the adventitia, which overlapped significantly
with the fibroblast marker, fibroblast activating
protein (FAP) (Fig. 2a; MCT). ROS levels in the
adventitial layer was decreased in lung sections
treated with the Nox4 inhibitor VCC202273 (C)
(Fig. 2a; MCT + C), suggesting that the elevated
adventitial ROS production in hypertensive PA
derives from increased Nox4 expression. In
addition, there was significant overlap between
Nox4-positive cells in the adventitia and cells
expressing fibroblast markers (cellular fibronectin,
CD90) as well as the monocytic cell marker
CD11B (Fig. 2b).

Nox4 also modifies fibroblast function in human
lung. Using an adenovirus that expresses Nox4,
Barman et al. [22] showed that Nox4-transduced



Adventitial Fibroblast Nox4 Expression and ROS Signaling in Pulmonary Arterial Hypertension 5

Fig.1 Nox4 expression
is upregulated in the
adventitia in rat and
human PAH. Confocal
images of lung sections
from control,
experimental PAH
(4-week MCT), and
human PAH (IPAH
undergoing lung
transplant). Sections
were stained with Nox4
and w-actin antibodies.
Nox4 is highly
expressed in cells of the
adventitia (and intima)
in 4-week MCT-treated
rats and human

PAH. There is also an
abundance of Nox4-
expressed cells present
in the remodeled PA
medial layer but devoid
of a-actin expression in
the MCT and human
PAH. In the presence of
Nox4 VCC202273 (C),
(MCT + C), Nox4
expression is similar to
vehicle-treated PA in the
MCT-treated group.
(Reproduced from
Barman et al. (2014)
Arterioscler Thromb
Vasc Biol
34:1704-1715)

Nox4 a-actin Overlay

Vehicle

MCT

MCT
MCT +C Nox4 pAb (Abcam) Nox4 mAb (Epitomics)

Human (Control)

Human PAH

50 ym

fibroblasts exhibited a robust increase in cellular adenovirus displayed increased cell proliferation
proliferation as demonstrated by real-time changes  (total cell number, Fig. 3b), and the number of via-
in electrical impedance using electric cell-substrate ~ blecellsasmeasured viathe 3-(4,5-dimethylthiazol2-
impedance Sensing arrays (ECIS) (Fig. 3a). In yl)-2,5-diphenyletrazolium bromide (MTT) assay
addition, fibroblasts transduced with the Nox4- (Fig. 3c).



Fig.2 Nox4 expression
and reactive oxygen
species (ROS)
production is localized
in the adventitia. (a)
Sections of control and
4-week MCT-treated rat
lungs co-stained for
fibroblast activation
protein (FAP), 8
Hydroxy-
2’dexoyguanosine (ROS
marker) and DAPI. (b)
Co-staining for Nox4
and cellular fibronectin,
CD90 and CD11b ROS
production is elevated in
PA adventitia from
4-week MCT-treated
rats, which overlapped
significantly with the
fibroblast marker
fibroblast activating
protein (FAP) (a;
MCT). ROS are
decreased to control
(vehicle) levels by the
Nox4 inhibitor
VCC202273 (c) (As
MCT + C). In
MCT-treated PA, there is
significant overlap
between Nox4-positive
cells in the adventitia
and cells expressing
fibroblast markers
(cellular fibronectin,
CD90) as well as the
monocytic cell marker
CDI11B (b). (Reprinted
from Barman et al.
(2014) Arterioscler
Thromb Vasc Biol
34:1704-1715)
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Fig. 3 Nox4 stimulates fibroblast proliferation and
migration (a) Electrical impedance (ECIS) of human lung
fibroblasts in the presence/absence of Nox4 adenovirus.
Nox4-transduced fibroblasts exhibit a robust increase in
cellular proliferation in real time using ECIS. (b) Nox4

robust than those observed in fibroblasts.

The functional relevance of Nox4 in adventi-
tial cells is not well described especially in the
realm of PAH. The tunica externa or adventitia is
a loosely defined collection of cells including
fibroblasts and immune cells, collagen, and elas-
tic fibers that encircle the tunica media and intima
layers of the blood vessel [66]. The adventitia
orchestrates inflammation and vascular prolifera-
tion in response to injury, atherosclerosis and
both pulmonary and systemic hypertension [67].
The fibroblast is a primary cell type of the adven-
titia, responsible for the continual reorganization
of the extracellular matrix via matrix deposition
and secretion of growth factors, chemokines and
inflammatory cytokines [68]. Aberrant vascular
remodeling in PAH occurs through increased
inflammation, proliferation, and fibrosis, pro-
cesses that collectively yield more muscular and
less compliant pulmonary blood vessels [69].
Fibroblasts promote PAH by actively secreting
matrix proteins, growth factors as well as pro-
moting the inflammatory response by manipulat-
ing leukocyte recruitment and behavior [52, 70].
Supportive of this phenomenon, Barman et al.
[22] observed that increased expression of Nox4,
in the absence of other stimuli, was sufficient to
increase fibroblast migration and proliferation.
Similarly, it has been shown that silencing
Nox4 in fibroblasts decreases the ability of stim-
uli such as TGF-f to increase matrix and induce
contractile gene expression, which is consistent
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increases fibroblast cell number, and (c¢) the number of
viable cells using MTT assay. * Significantly different
from Lac Z, p < 0.05 (n = 3-6 per group). (Reprinted from
Barman et al. (2014) Arterioscler Thromb Vasc Biol
34:1704-1715)

the number and behavior of adventitial fibro-
blasts that are inherently involved in PAH.

TGF-B1, a proliferative autocrine growth factor
implicated in the pathophysiological vascular
remodeling in PAH [73] robustly increases both
Nox4 mRNA and protein levels in human lung
fibroblasts. When comparing the ability of TGF-f1
to drive Nox4 expression in intimal cells (endothe-
lial), medial cells (smooth muscle), or adventitial
cells (fibroblasts), the greatest expression of Nox4
occurs in fibroblasts [22]. This observation by
Barman and colleagues [22] is in agreement with
previous studies [29, 74], and others have shown
that TGF-B1 can upregulate Nox4 expression in
other cell types including human cardiac fibro-
blasts, airway smooth muscle and vascular smooth
muscle [29, 65, 75]. A role for fibroblasts in patho-
logic remodeling in PAH is further supported by
studies in transgenic mice with fibroblast specific
activation by TGF-B1 signaling, which develop
mild PAH with medial hypertrophy, inflammation
and fibrosis [76]. While studies strongly support a
role for fibroblast TGF-p1 signaling in aberrant
pulmonary vascular remodeling, PAH can be fur-
ther exacerbated with additional stress on the
endothelium and reflects the important contribu-
tions of multiple cell types in the development of
PAH in addition to adventitial signaling.

In summary, Nox4 has gained considerable
attention as a primary source of ROS, and cellular
proliferation in the pathogenesis of both idiopathic
pulmonary fibrosis and PAH, and connects Nox4
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as a common variable in fibroblasts (and other peri-
vascular cells) that contributes to the proliferation
and remodeling of hypertensive pulmonary arteri-
oles. The remodeling of pulmonary blood vessels
requires the “joint effort” of all three vascular lay-
ers and while numerous studies have proposed a
central role for endothelial cells (“inside out”
remodeling), it is also readily apparent that vascu-
lar remodeling can be driven by changes in the
adventitia (i.e., “outside in” remodeling). In both
humans and animal models of PAH, prominent
inflammation, activation and restructuring of the
adventitia is observed [58]. The adventitial location
of Nox4 is therefore highly suited to orchestrate the
changes in vascular inflammation, matrix deposi-
tion, and subsequent vascular remodeling that
occur in PAH. From a therapeutic standpoint, cur-
rent treatments for PAH are ineffective in the long
term, and merely prolong the disease, with a focus
on ameliorating increased pulmonary vascular tone
and improving quality of life. The development of
more efficacious Nox4 inhibitors may be a viable
direction to pursue in the quest to halt the morpho-
logical progression of PAH. It remains to be deter-
mined whether modalities that target adventitial
Nox4 and the production of ROS in combination
with current therapeutic approaches will have
superior efficacy, as well as newly found success in
the continuing battle against PAH and other pulmo-
nary vascular diseases.
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1 Introduction

Hypoxia-induced or related pulmonary hyperten-
sion (PH), is a mysterious killer that is character-
ized by tremendous pathologic complexity. It is a
considerable cause of morbidity and mortality in
many respiratory diseases. The limited under-
standing of the basic cellular and molecular
mechanisms governing PH is the major reason
for the lack of effective therapeutic interventions
and the subsequent unchanged morbidity and
mortality of this disease [1].

With regard to underlying mechanisms, recent
evidence suggests that inflammation plays an impor-
tant role in the pathogenesis of PH [2-6]. In particu-
lar, acute and chronic alveolar and/or bronchial
inflammation are thought to be central to the patho-
genesis of many lung disorders such as asthma,
chronic obstructive pulmonary disease (COPD),

Hypoxia

et A

+

Mitochondrion

adult respiratory distress syndrome, and idiopathic
pulmonary fibrosis. These disorders may cause
acute hypoxia that induces pulmonary artery vaso-
constriction, whereas chronic hypoxia promotes pul-
monary arterial wall remodeling via the induction of
cell proliferation in all three layers, particularly in
the pulmonary arterial smooth muscle cells
(PASMCs) of the tunica media [7, 8]. These obser-
vations suggest that the pulmonary vasculature in
PH patients is phenotypically different from that in
normal subjects because of inheritable or acquired
mutations (or polymorphisms) of certain genes that
are specifically involved in regulating proliferation,
apoptosis, and differentiation in PASMCs and pul-
monary arterial endothelial cells (Fig. 1).

It is now recognized that transcription factors
(TFs) are instrumental in immune and inflamma-
tory responses during lung diseases and
PH. Understanding the function and regulation of
TFs is fundamental to the investigation of lung
diseases and may provide novel therapeutic strat-
egies. In this book chapter we focus on recent
progress in our understanding of the vital roles of
the TFs in the functional and structural modula-
tions of PASMCs, and in the development of PH.
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2 Roles of Transcription
Factors in Lung Diseases
2.1 NF-xB
A key element of immune and inflammatory
responses is a family of pleiotropic transcription
factors termed nuclear factor x-light-chain-
enhancer of activated B cells (NF-xB). The mam-
malian NF-xB family consists of five proteins,
RelA (also known as transcription factor p65),
RelB, cRel, NF-xB1 (also known as p105/p50)
and NF-xB2 (also known as p100/p52). All of
these proteins share the N-terminus of a related
DNA-binding, dimerization and nuclear localiza-
tion domain, the Rel homology domain. This
domain enables the association with either one of
the members of the IkB (inhibitor of NF-xB) pro-
tein family, IkBa, IkBf, or IkBe. The C-terminus
of RelA, RelB and cRel contains transcriptional
activation domains, which mediate interactions
with basal transcription factors and cofactors, such
as TATA binding protein (TBP), the transcription
factor II B (TFIIB), adenovirus early region 1A
(E1A)-binding protein 300kD (EP300, also known
as p300) and CREB binding protein (CBP) [9, 10].
The other two members, NF-kB1 and NF-kB2,
encode longer precursor proteins that can be pro-
cessed, either during translation or through phos-
phorylation-induced partial proteolysis, in order to
the activate respective DNA-binding forms p50
and p52 [11].

NF-kB activity can be induced by numerous
and various stimuli such as tumor necrosis fac-
tor (TNF), interleukin-1 (IL-1), lipopolysaccha-
ride, and DNA damage or hypoxia. NF-xB
activation triggers signaling pathways that ulti-
mately initiate a complex transcriptional pro-

<

gram, allowing the cell to
environmental stress [12].

In unstimulated cells, NF-xB dimers are
retained in their inactive cytoplasmic form by
binding to a member of the IxB family, ensuring
low basal transcriptional activity. Following
inflammatory stimuli, the IxkB kinase (IKK)
complex phosphorylates IkBa at serines 32 and
36, leading to its ubiquitination and degradation
through the 26S proteasome pathway. This
exposes the nuclear localization sequence of
NF-kB, allowing its entry into the nucleus,
where it binds to specific 9-10 base pair DNA
sequences (kB sites) and upregulates the tran-
scription of genes downstream of the kB motif
[12, 13].

It was discovered that transforming growth
factor activating kinase 1 (TAK1), a member of
the mitogen-activated protein kinase family, was
required for IKK activation [14]. Upon exposure
to hypoxia, Ca?* is released from cellular com-
partments such as the sarcoplasmic reticulum
(SR). This increase in [Ca**]; activates calcium/
calmodulin-dependent kinase II (CaMKII) that
leads to the activation of TAKI1. Subsequently,
TAK1 forms a complex with its binding protein
and then is brought to the IKK complex by the
K63-ubiquitin chains (promoted by Ubc13-XIAP
complex), leading to IKK activation and hence
phosphorylation of IxkBa [14, 15].

In lung pathologies, NF-kB has the important
role of regulating the expression of inflammatory
mediators such as cytokines, chemokines and cell
adhesion molecules. Regulation of their expres-
sion influences the type and quantity of inflam-
matory cells that infiltrate airway tissue in chronic
obstructive pulmonary diseases. NF-kB activa-
tion in asthma and COPD occurs mostly in
response to IL1p and TNF-a or elicited by the

respond to

<

Fig. 1. A schematic diagram illustrating the signaling
mechanism for ROS-dependent activation of various tran-
scription factors in pulmonary artery smooth muscle cells
to mediate the development of pulmonary hypertension.
Hypoxia induces a rise in [ROS];, opens RyR2 (ryanodine
receptor-2/Ca®* release channel) and IP;R (inositol tri-
phosphate receptor/Ca* release channel) on the SR (sar-
coplasmic reticulum), activates TRPCC (transient
receptor potential canonical channel) and VDCC (voltage-
dependent Ca®* channel) on the plasmalemmal membrane,

inhibits KyC (voltage-dependent K* channel), and
increases [Ca*];. The increased [ROS]; and [Ca®*]; syner-
gistically cause activation of various TFs (transcription
factors) including NF-«xB (nuclear factor-kB), AP-1 (acti-
vator protein-1), CREB (cAMP response element-binding
protein), HIF-1a (hypoxia inducible factor-1a), and other
transcription factors. The activated TFs result in the
increased transcription of the contractile, proliferative,
and pro-inflammatory genes to mediate the development
of pulmonary hypertension
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activation of toll like receptors during bacterial
or viral exacerbation [16, 17]. Cell-based studies
of normal PASMCs demonstrate that NF-kB
mediates cytokine-induced release of endothelin-
1 [18]. Concerning NF-kB implications in PH
development, interesting studies have demon-
strated that NF-xB inhibition attenuates PH in the
monocrotaline model in rats [19, 20].

Furthermore, asthmatic patients were shown
to display enhanced p65 nuclear expression in
bronchial epithelial cell, increased p65 DNA
binding in lung tissue and elevated levels of
NF-kB-regulated inflammatory mediators [21].
The ability of NF-kB to enhance expression of
inflammatory mediators is regulated by post-
translational modifications of p65 [22]. However,
the degree of NF-kB phosphorylation and acety-
lation in asthma is unknown yet.

Hypoxia can directly activate NF-xB through a
pathway involving prolyl hydroxylase (PHD)-
mediated hydroxylation and activation of IKK},
leading to IkBa degradation and NF-xB nuclear
localization [23, 24]. Within its activation loop,
IKK} contains an evolutionarily conserved consen-
sus motif (LXXLAP, where X is any amino acid)
for hydroxylation by PHDs. Under normoxic con-
ditions, PHD1 and PHD2 hydroxylate the LXXLAP
motif that suppresses IKK activity [23].

NF-kB is activated in COPD lungs, particu-
larly in alveolar macrophages and airway epithe-
lial cells, and further activates multiple
inflammatory genes that contribute to persistent
inflammation and oxidative stress [25, 26], even
after the discontinuation of smoking.

Moreover, it has been shown that NF-xB sig-
naling is redox sensitive being influenced by the
changes in the oxidant—antioxidant balance that
occurs in the airways diseases [27].

2.2 AP-1

During hypoxia, an increase in [Ca**]; has a pivotal
role in PASMCs contraction and consequent
PH. Moreover, an increase in calcium has been
demonstrated to enhance expression of various
TFs including activator protein-1 (AP-1) that regu-
lates expression of genes involved in cell prolifera-

tion/differentiation, transformation, apoptosis,
pulmonary defense, inflammation and immune
responses [28]. This family of proteins includes
sequence-specific DNA-binding transcription fac-
tors and consists of homodimers or heterodimers
that are formed by Jun (c-Jun, JunB, and JunD),
and Fos (c-Fos, FosB, Fra-1, and Fra-2), and binds
the promoters of target genes [29]. These proteins
are also referred to as “immediate-early genes”
and “early response proto-oncogenes,” due to their
capability to be activated transiently and rapidly in
response to various external mitogenic and toxic
stimuli [30]. In general, the mRNA levels of c-Jun,
JunB, JunD, c-Fos, and FosB reach a peak within
15-30 min of stimulation and returns to basal level
within 1-2 h [31]. The expression of Fra-1 and
Fra-2 mRNA mainly occurs between 30 and
60 min, peaking at 90-180 min. However, the
mRNA expression remains elevated above basal
level for 2-24 h, depending upon the stimuli [31].

Regulation of AP-1 activity is critical for the
determination of cell fate, and occurs at various
levels, including dimer composition, transcrip-
tional and posttranslational, and interaction
with accessory proteins [32]. It has been
reported that hypoxia-induced AP-1 can activate
the transcription of the vascular endothelial
growth factor (VEGF) [33, 34]. It was also
found that the elevation of [Ca*']; caused an
increase in expression and phosphorylation of
c-Jun protein. Notably, the appearance of func-
tional AP-1 was proved by the stimulation of
AP-1-dependent transcription  (AP-1-Luc).
Using the K252a protein kinase inhibitor, it was
demonstrated that increased [Ca?*]; induced
AP-1 transcriptional activity and that the expres-
sion of the two hypoxic genes was coupled. The
protein kinase inhibitor K252a, abolished c-Jun
induction and AP-1-dependent reporter expres-
sion caused by [Ca?*]; or hypoxia [35].

AP-1 may be activated via protein kinase C
(PKC) and by various cytokines, including
TNF-o and IL-1f, via several types of protein
tyrosine kinase and mitogen-activated protein
kinases, which themselves activate a cascade of
intracellular kinases [29]. Certain cytokine sig-
nals rapidly increase the transcription of the fos-
gene, resulting in increased synthesis of Fos
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protein. Other signals lead to activation of kinases
that phosphorylate c-Jun, which in turn results in
its increased activation. Specific Jun and Fos
kinases are now recognized and suspected to play
a key role in the regulation of cellular responsive-
ness to cytokine signals.

c-Fos and c-Jun were first identified as onco-
genic genes activated by the FBJ murine osteo-
sarcoma virus [36] and avian sarcoma virus [37],
respectively. Thus, they were shown to have a
high relevance in cancer development and pro-
gression [38]. While c-Fos and c-Jun are the most
studied TFs in the cancer field, their role and con-
tribution to PH are still not fully addressed. In a
recent study, it was shown that they are involved
in vascular remodeling underlying PH [39].
Various growth factors involved in vascular
remodeling such as interleukin-6 (IL-6) [40] or
platelet derived growth factor-BB (PDGF-BB)
[41] have been reported to lead to c-Jun expres-
sion increase. It was also observed that c-Jun and
c-Fos were highly expressed in the smooth mus-
cle layer of the vessel wall in lungs in both ani-
mal models and human PH samples [39].
Furthermore, exposure of mice to hypoxia
enhanced the lung/pulmonary artery expression
of c-Fos after only 3 h, but not in the primary
human PASMCs [39]. This implies that the
changes in c-Fos expression are not a direct effect
of hypoxia, but rather a secondary response.
Therefore, presumably hypoxia activates c-Fos
expression in human PASMCs by intermediate
factors since hypoxia has been reported to
increase levels of factors such as PDGF-BB,
TGF-p, connective tissue growth factor (CTGF),
and endothelin-1 (ET-1) both in vitro and in vivo
[42]. Accordingly, it was found that very short
exposures (3 h) of mice to hypoxia led to upregu-
lation of ET-1 mRNA in mouse lung homoge-
nates that was not evident in chronic conditions.
Moreover, increased expression of ¢-Fos in bron-
chial epithelial cells had been reported in asth-
matic airways [43] and in patients with severe,
treatment-insensitive asthma [44, 45]. In con-
trast, expression of c-Jun was neither altered in
pulmonary arteries from hypoxia-exposed mice,
nor in human PASMCs exposed to hypoxia or
ET-1 [39]. However, similar to c-Fos, the

increased c-Jun expression was observed in the
lungs of patients with idiopathic pulmonary
artery hypertension. This supports the notion that
multiple signaling molecules are involved in the
development of PH [46]. In the MCT rat model,
which is also an inflammatory and lung injury
model [42], c-Jun was upregulated, further sup-
porting the need of more initiating stimuli to
develop vascular remodeling.

Recent studies showed that sirtuin 1 (SIRT1)
decreased c-Fos and c-Jun acetylation induced by
p300 and inhibited the transcriptional activity of
AP-1 and subsequent cyclo-oxygenase-2 expres-
sion and PGE2 generation [47]. Thus, AP-1 may
play a critical role in mediating expression of
various inflammatory proteins. There is evidence
that many of the stimuli relevant to asthma that
activate NF-xB will also activate AP-1 [48].

Moreover, inhibitors of c-Jun N-terminal pro-
tein kinases (JNKs) are being developed [49] that
show effectiveness against bronchial hyperre-
sponsiveness, bronchoalveolar lavage (BAL)
inflammatory cells, and airway remodeling in
animal models of asthma [50]. Interestingly,
JNKs are also involved in T-cell class switching,
and their inhibitors may also have a profound
immunomodulatory role [49].

2.3 STAT

Signal transducers and activators of transcription
(STAT) is a family of cytoplasmic transcription
factors. Today, seven STAT members have been
identified: STATS 1, 2, 3, 4, 5a, 5b, and 6. STAT1,
STAT3, STAT4, STATSa, and STAT5b all form
homodimers, whereas STAT1 and STAT2, and
STAT1 and STAT3 may also form heterodimers,
depending on the concentration and nature of the
activating ligand. The STATSs are latent cytoplas-
mic proteins that are promptly activated by tyro-
sine phosphorylation by the cytokine receptor
associated JAK (Janus) kinases after cytokine
exposure. This event leads to the recruitment of
inactive STAT monomers through interaction
with their Src homology 2 (SH2) domains, and
subsequent dimerization. The resulting functional
STAT dimer is then capable of migrating directly
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to the nucleus where it can bind DNA and directly
activate cytokine responsive gene transcription.
Among STATs proteins, STAT6 has been
identified as a potential therapeutic target for
allergic asthma [51, 52]. It undergoes tyrosine
phosphorylation by JAKs in response to cyto-
kines interleukin-4 (IL-4) and interleukin-13
(IL-13) exposure. IL-4 and IL-13 each bind to
two receptor complexes and shares receptor
subunit. IL-4 binds to its cognate receptor com-
plex consisting of the IL-4 receptor o chain
(IL-4Rar) and the common gamma chain (yc) to
form the type I receptor [53]. IL-4 first binds to
IL-4Ra subunit with high affinity followed by
dimerization with yc receptor subunit and sub-
sequent JAK-STAT6 activation [54]. Both IL-4
and IL-13 bind to the shared type II receptor
complex made up of IL-4Ra and IL-13Ral,
resulting in the activation of the STAT6-
mediated signaling pathway. This pathway is
critical to the development of Th-2 type inflam-
mation characteristic of asthma and antipara-
sitic responses [55, 56]. Once phosphorylated,
STAT6 is transported to the nucleus where it
regulates gene expression in various cell types,
a critical event for the balance between host
immune defense and allergic inflammatory
responses [57]. The principle lung cells that are
profoundly altered by STAT6 signaling during
inflammatory responses include T and B lym-
phocytes, macrophages, and structural cells
including airway epithelial and PASMs. In lung
epithelium, STAT6 mediates the effect of IL-13
to induce airway hyperreactivity and mucus pro-
duction [52]. The expression and activation of
STAT6 have been observed in primary human
bronchial epithelium indicating that STAT6
contributes to the function in these cells [58].
The generation of mice lacking STAT6
(STAT67") has led to an intensive investigation
into the role of STAT6 in numerous lung disease
models. STAT6 knockout mice have no response
to IL-4, do not develop Th2 cells in response to
IL-4, and fail to produce IgE, bronchial hyperre-
sponsiveness, or bronchoalveolar lavage eosino-
philia and Treg induction after allergen
sensitization, indicating the critical role of
STATG in allergic responses [59, 60]. Moreover,

mice expressing a constitutively active STAT6
are predisposed toward allergic disease [61].

Another consequence of STAT6-dependent
activation of the IL-14/IL13 receptor complex is
Pendrin-induced expression of MUCS5SAC (Mucin
5A), a major mucin in asthma, in bronchial epi-
thelial cells [62, 63]. The expression of MUCS5A
and the calcium-dependent chloride channel 1
(hCLCA1) or mouse homolog Gob 5 (mCLCA3),
is increased in airway mucus-producing cells in
patients with asthma [64]. The induction of
MUCSA and Gob 5 in airway epithelial cells was
shown to be completely abrogated in STAT6
knockout mice [65].

The suppressor of cytokine signaling (SOCS)
family of proteins downregulate specific cytokine
signals [66]. SOCS2 inhibits Th2 development,
and its absence enhances STATS and STATG6 acti-
vation favoring Th2 polarization [67]. In animal
models of allergen-induced airway inflammation,
the expression of the chemokines CCLI11,
CCL17, and CCL22 involves regulation by
STAT6 [68]. STAT6 has been reported to be over-
expressed in bronchial biopsies from asthmatic
patients in some [58], but not all [69] studies. In
addition, STAT6 gene polymorphisms are associ-
ated with asthma-related symptoms, but not with
the risk of developing asthma [70, 71]. Genistein,
a flavonoid in legumes and some herbal medi-
cines, decreases airway inflammation in animal
models of allergic asthma and this is associated
with a downregulation of erythroid transcription
factor (GATA)-3 and STAT6 and the upregulation
of T-bet [72].

In order to induce an efficient gene expres-
sion, the multiple actions of several enhancer
binding proteins are required, some activated by
distinct signaling pathways. This paradigm is
also true for STAT6-dependent transcription [51].
As mentioned above, STAT6 plays an important
role in the expression of several chemokines,
included the chemoattractant eotaxin or CCL11.
Eotaxin is induced by NF-kB, which is activated
by TNF-a, and IL-4 activated STAT6 in an air-
way epithelial cell line [73]. STAT6 and members
of the NF-kB family of proteins act in conjunc-
tion with each other to regulate transcription of
multiple IL-4-induced genes.
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Furthermore, the signal peptide of eosinophil
cationic protein functions as a regulator for
enhancing macrophage migration through the
upregulation of the transcriptional factors STAT1
and STAT?2 [74]. In vitro CCL5 expression in air-
way epithelial cells is STAT1 dependent [75] and
IL-4 and IL-13 activate STAT1 in bronchial
SMCs, lung epithelium, endothelium, and fibro-
blasts [76, 77]. Thymic stromal lymphopoietin
(TSLP) is a cytokine which may be involved in
the pathogenesis of bronchial asthma. The TSLP
receptor (TSLPR) mediates gene regulation not
only through STATS and STAT3 but also via
STAT1 [78]. Also STAT is a critical intracellular
signaling molecule for the production of type I
interferons (IFNs) (o/f3) and IFN-y and resistance
to viral respiratory infections [79, 80]. SOCSI
gene polymorphisms associated with an increased
susceptibility to adult asthma enhance the tran-
scriptional level of SOCS1 in human airway epi-
thelial cells, and induce higher levels of protein
expression of SOCS1 and lower phosphorylation
of STAT1 stimulated with IFN-f [81]. STAT1
expression is elevated in animal models of asthma
[82] and in the lower airways of stable asthmat-
ics, but not of COPD patients [83, 84].

An interesting study indicated that STAT3 is a
substrate for calpain, a critical mediator of cell
death that is triggered by calcium signals. The
ability of calpain to cleave a growing number of
substrates also suggests a potentially important
role for this enzyme in the regulation of cell
death. Both in vivo and in vitro experiments have
demonstrated that calpain-mediated cleavage is a
common feature of STAT3 and STATS [85].
Given that calpain has been implicated in many
cellular processes, including cell proliferation,
apoptosis, and differentiation [86], cleavage of
STAT5 by activated calpain may also inhibit
STATS-mediated signaling in additional situa-
tions. For example, strong T cell receptor (TCR)
signaling, which is likely to increase intracellular
free calcium and thereby induce more calpain
activation, is well known to drive Thl polariza-
tion [87]. As mentioned before, since STATS has
been suggested to play a critical role in Th2 cell
differentiation [88], it is possible that TCR-
mediated calpain activation induces STATS

cleavage, thereby impairing Th2 cell differentia-
tion [89].

24 TCF7

Transcription factor 7 (TCF7) is involved in the
pathogenesis of lung diseases. The expression of
TCF7 gene is regulated by a number of factors
through multiple signaling pathways. TCF7 is
enhanced by p-catenin and TCF7L2 (also known
as TCF4) as a downstream target gene of Wnt
pathway [90]. At least 16 different protein iso-
forms have been found that present distinct func-
tional properties due to the presence of two
different promoters. Thus, the mRNAs tran-
scribed can be translated into two groups of pro-
teins with different functions. The first promoter
generates mRNA encoding a full-length activat-
ing form (FL-TCF7) (42-60 kDa), while the sec-
ond intronic promoter produces a truncated,
dominant-negative isoform of TCF7 (dnTCF7)
(2540 kDa) [91, 92]. FL-TCF7 acts as a tran-
scription activator, while dnTCF7 works as a
transcription repressor. Both isoforms of TCF7
could bind with Groucho corepressors and func-
tion as a transcription repressor without p-catenin
signaling. When p-catenin accumulates in the
nucleus, FL-TCF7 could interact with it and
induce the transcriptional activation. The dnTCF7
isoform lacks the N-terminal B-catenin binding
domain and was proposed to play a negative role
in transcription regulation [93]. The FL-TCF7
was considered to have dual functions in
regulating gene transcription through the interac-
tion with different proteins. In addition to
Groucho family proteins, the p-catenin/TCF7-
mediated transcription process could also be
interfered directly by a multidomain protein, Ber
(breakpoint cluster region), to dissociate
p-catenin/TCF7 complex and downregulate the
level of pB-catenin/TCF7 target genes such c-Myc
[94, 95].

TCF7 resides on human chromosome 5q31.1,
where was proposed as a candidate locus associ-
ated with asthma and allergy through genome-
wide screens [96]. A recent study has
demonstrated that TCF7 is required for the
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development of ILC2 cells (Group 2 innate lym-
phoid cells), a type of innate lymphocyte that
produces Th2 cell-associated cytokines and
innate type 2 immunity [97]. Notably, both Th2
cells and ILC2 cells were found to be involved
in asthma. In an experimental model of ovalbu-
min-induced asthma, it was demonstrated that
TCF7 was required in the production of the Th2
cytokine, IL-4. These TCF7-deficient mice pro-
duced less IL-4 and showed less airway inflam-
mation, while the normal mice showed more
inflammatory cell infiltration in perivascular
and peribronchial areas after asthma induction.
A diminished GATA3-1b expression was also
detected in TCF7-deficient mice, suggesting
that TCF7 induce IL-4 through GATA-3 path-
way and contribute the development of airway
inflammation [98]. ILC2 induced by TCF7 also
contributes to Th2 response, and is closely
related to asthma. A recent study found that dur-
ing experimental asthma, ILC2 proliferates and
produces IL-13, which contributes to allergy
and the worsening of asthma [99]. The lack of
TCF7 will lead to the deficiency of ILC2, and
contributes relieving type 2 inflammations.
Thus, it is reasonable to assume that inhibition
of TCF7 in the airway may play a protective role
in allergic asthma, and might be considered as a
promising target for the future treatment of
asthma [90].

TCF was also found correlated to COPD and
Whnt/B-catenin signaling was found to be related
with lung development and repair after lung
injury. Based on these findings, it was proposed
that the Wnt/B-catenin signaling pathway is asso-
ciated with emphysema, a main feature of COPD
with alveolar airspace enlargement, parenchymal
tissue destruction, and impaired pulmonary
regeneration [100]. The end results of the Wnt/p--
catenin signaling pathway and the expression of
its target genes, such as TCF/LEF genes family,
were decreased in lung tissues of patients/ani-
mals with COPD where TCF7 even was not
expressed [101, 102]. Increased activation of
Whnt/B-catenin showed therapeutic effects in
experimental emphysema by increasing pulmo-
nary repair and decreasing airspace enlargement,

and restored the structure and function of alveo-
lar epithelial cells [101]. These studies suggest
that the upregulation of the Wnt signaling path-
way might be a therapeutic strategy for
emphysema.

25 NRF2

The transcription factor NRF2 controls the
expression of the antioxidant response element
(ARE)-regulated antioxidant and cytoprotective
genes. Thus, it has an essential protective role in
the lungs against oxidative airway diseases [103].
Studies in animal models as well as human stud-
ies of cigarette smoke (CS)-induced COPD, con-
firmed the antioxidant and anti-inflammatory role
of NRF2. Some of these studies have shown the
presence of decreased activity and/or expression
of NRF2 in the airway and lung cells of patients
with stable COPD [104, 105] or pulmonary
emphysema [106]. For this reason, NRF2 prom-
ises to be an attractive therapeutic target for inter-
vention and prevention in COPD.

NRF?2 is a Cap‘n’collar basic region leucine
zipper (CNC-bZIP) TF [107]. Its expression is
abundant in tissues where detoxification reac-
tions commonly occur such as the intestine, lung
and kidney [108]. In the lung, NRF2 is mainly
expressed in alveolar macrophages and epithelial
cells. Under normal conditions, NRF2 is seques-
trated in the cytosol where its expression is main-
tained at low basal levels through the specific
binding of the evolutionarily conserved
N-terminal Neh?2 regulatory domain of NRF2 to
its cytosolic inhibitor Kelchlike ECH associated
protein 1 (KEAPI) [109]. This event leads to the
ubiquitination of NRF2 through the cullin-3
(CUL3) E3 ubiquitin ligase complex and to its
proteasomal degradation [103, 108]. By contrast,
the protein DJ-1 stabilizes NRF2 by preventing
its association with KEAP1 [110].

Upon exposure to oxidative stress, NRF2 is
released from KEAPI and translocates into the
nucleus where it forms heterodimers with other
bZIP transcription factors including small Maf
proteins, c-Jun, activating transcription factor-4,
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c-Fos, and Fra-1. Subsequently, it binds to a cis-
element ARE in target gene promoters, upregu-
lating their expression [108, 111]. Coactivator
proteins CREB-binding protein/p300 (CBP/
p300) and ARE-binding protein-1 are supposed
to bind NRF2 heterodimers leading to the regu-
lation of ARE-dependent genes expression such
as glutathione S-transferases (GSTs), NADPH,
quinone oxidoreductase 1 (NQO1), HOI1, and
UDP-glucuronyl transferase 1a6, which are
responsible for the antioxidant and detoxifica-
tion response [103].

Chronic CS exposure for 6 months increases
NRF2 mRNA and protein expression in the ter-
minal bronchiolar epithelium in mouse lungs.
This correlates with the induction of antioxidant
and detoxification genes, including cytochrome
P450 1bl, glutathione reductase, thioredoxin
reductase, and members of the GST family [112].
NRF2 knockout mice exhibit a higher suscepti-
bility to CS-induced pulmonary emphysema
[113, 114]. Compared with wild-type littermates,
NRF2~~ mice show more pronounced inflamma-
tion, increased numbers of apoptotic endothelial
and alveolar type II epithelial cells and decreased
antioxidant and antiprotease gene expression in
alveolar macrophages [103, 115]. The available
data underline the protective effects of NRF2,
which activates the transcription of antiproteases
as well as antioxidants in alveolar macrophages,
thereby maintaining a balance between proteases
and antiproteases, as well as oxidants and
antioxidants.

Interestingly, several studies have shown the
presence of decreased activity and/or expression
of NRF?2 in the airway and lung cells of patients
with stable COPD [104, 105] or pulmonary
emphysema [106]. In alveolar macrophages from
patients with COPD, S-nitrosylation of Histone
deacetylase 2 (HDAC?2) is increased and this
abolishes its GR-transrepression activity promot-
ing glucocorticoid resistance [116]. Treatment
with sulforaphane, a small-molecule activator of
NREF?2 is able to denitrosylate HDAC?2, restoring
glucocorticoid sensitivity in alveolar macro-
phages obtained from patients with stable COPD
[116], suggesting the potential role of NRF2

activators for the treatment of COPD [117, 118].
However, large genetic studies have been unable
to find a significant association between poly-
morphisms in the NRF2 pathway and the rate of
decline of lung function [119]. Moreover, the
antibody used in the previous studies using
COPD tissues, does not appear to be specific for
NRF2 [120]. This highlights the necessity of fur-
ther human studies in this area using validated
specific antibodies.

2.6 HIF-1

Hypoxia inducible factor (HIF) senses and coor-
dinates cellular responses to hypoxia. HIF is a
heterodimer consisting of one of three a subunits
and a 3 subunit. HIF-f is constitutively expressed,
whereas HIF-ais induced by hypoxia. HIF-1a is
the most well-established member of the HIF
family.

HIF-1a is a transcriptional activator that regu-
lates the expression of genes involved in the
response to hypoxia in most mammalian cells
[121]. Under normoxia, HIF-1a is prolyl hydrox-
ylated at P402 and P564 in its oxygen-dependent
degradation domain (ODD). This leads to its deg-
radation through the binding of the HIF-a unit to
the E3 ubiquitin ligase von Hippel-Lindau pro-
tein (pVHL) at L574 [122, 123]. Hypoxic condi-
tions stabilize the a-subunit and lead to its nuclear
translocation, formation of a dimer with HIF-1p,
and recruitment of transcriptional coactivators
[124]. This complex binds to an enhancer domain
of the hypoxia responsive element (HRE) located
either at the 5’ or 3’ region of target genes, includ-
ing heme oxygenase-1, VEGE, glucose trans-
porter (GLUT)-1, and GLUT-4 [125].

HIF-1B is expressed constitutively, whereas
HIF-1a expression in the lung is regulated by the
inspired O, concentration [126]. Homozygous-
null knockout mice that completely lack HIF-1a
expression die at mid-gestation owing to the fail-
ure of embryonic vascularization [127-129].
Mice heterozygous for the null allele HIF-1o"~,
and thus partly deficient for HIF-1a expression,
develop normally and are indistinguishable from
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their wild-type littermates under normoxic condi-
tions. Wild-type mice exposed to 10% O, devel-
ops PH in response to chronic hypoxia. Medial
wall thickening in pulmonary arterioles results in
increased pulmonary arterial pressure and right
ventricular hypertrophy. The remodeling is pro-
gressive and eventually leads to cor pulmonale. In
HIF-1o~ mice, the hypoxia-induced muscular-
ization of pulmonary arterioles is significantly
impaired, resulting in significantly less medial
wall thickening, PH, and right ventricular hyper-
trophy after 3 weeks at 10% O, [130]. Although
the pathophysiology of PH is complex [131], a
major component is the actions of peptides, such
as endothelin-1 (ET-1) and angiotensin II that
induces SMC contraction and hypertrophy. ET-1
expression is induced within the pulmonary vas-
culature of hypoxic rats [132], and ETA receptor
antagonists prevent/reverse chronic hypoxic PH
[133]. A HIF-1-binding site in the ET-1 gene pro-
moter is required for hypoxia-induced transcrip-
tion [134], suggesting that ET-1 mRNA expression
by hypoxic PAECs is mediated by HIF-1. ET-1
increases [Ca**]; in PASMCs [135] and induces
generation of ROS and activation of extracellular
signal-regulated kinase (ERK)1/2 in a variety of
vascular smooth muscle preparations [136, 137].
It was verified that ET-1 increased ROS levels and
activated ERK1/2 in PASMCs and that increased
[Ca’*]; was necessary for both responses. The
activation of ERKI1/2 depended on increased
ROS levels, since antioxidants blocked ET-1-
dependent ERK1/2 activation. ET-1 also increased
[Ca*]; and ROS levels in aortic smooth muscle
cells, consistent with previous reports [138], but
did not activate ERK1/2 or induce HIF-1a protein
accumulation. It has been demonstrated that ET-1
is essential for induction of HIF-1a in PASMCs
during moderate hypoxia via a mechanism requir-
ing Ca?* influx through VGCCs, increased ROS
levels, and activation of ERK1/2, even if the
mechanism by which ROS lead to ERK1/2 acti-
vation in PASMCs is still unclear [139].
Expression of angiotensin-converting enzyme,
which converts angiotensin I to angiotensin II, is
also induced within the pulmonary vasculature of
hypoxic rats [140]. The administration of capto-
pril, an inhibitor, orlosartan, a type 1 angiotensin

receptor antagonist, also attenuates the develop-
ment of hypoxic PH [141]. Angiotensin II, which
induces vascular SMC hypertrophy, has recently
been shown to induce HIF-1a expression [142].
These results suggest that HIF-1 might be required
for the angiotensin-induced hypertrophy of vas-
cular SMCs in the hypoxic lung.

Forkhead box M1 (FoxM1) is a transcription
factor that regulates cell cycle progression, and it
has been implicated in cancer cell lines [143—
145]. In response to proliferative signaling, it
translocates to the nucleus and promotes G1/S
and G2/M transitions, leading to the progression
of mitosis via its downstream targets [146].
Recent evidence suggests that the FoxM1 pro-
moter contains HIF response elements, and that
hypoxia induces FoxM1 in some cancer cell lines
[143-145, 147]. In the lung, FoxM1 was reported
to be required for normal pulmonary vascular
development [148, 149]. The loss of FoxM1 also
attenuates epithelial and endothelial repair after
lung injury [148-151]. The lungs of Rosa26-
FoxM 1B mice exhibit earlier nuclear localization
of FoxM1 with its downstream targets, and
increased cell proliferation, in response to butyl-
ated hydroxytoluene-induced lung injury [152].
Recently, forkhead transcription factor (FOXO)
isoforms have been identified as key regulators
of cellular proliferation [153, 154], and a
decreased FOXO1 expression has been demon-
strated in pulmonary vessels and PASMCs of
human and experimental PH lungs [155].

3 Redox-Sensitive Signaling
in SMC Regulation: Role
of TFs

The cellular and molecular mechanisms underly-
ing the unique hypoxic pulmonary vasoconstric-
tion and associated PH, remains largely elusive.
However, many investigators recently provided
extensive evidence showing that hypoxia ele-
vates intracellular ROS in PASMCs [156-167].
This is consistent with the contribution of ROS to
the initiation or maintenance or both of numerous
physiologic and pathologic cellular responses in
virtually all types of cells. Intracellular ROS can
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be generated by multiple resources including the
mitochondrial electron-transport chain (ETC),
NADPH oxidase (Nox), xanthine oxidase, cyclo-
oxygenase, and cytochrome P450. Among these
resources, the mitochondrial ETC and Nox [160—
164, 166, 168—172] have been shown to be essen-
tial for the hypoxic increase or decrease in
intracellular ROS in PASMCs. A number of pub-
lications suggest that the hypoxic increase or
decrease in intracellular ROS can directly affect
the activity of ion channels, leading to a large
increase in intracellular Ca** concentration [Ca®*];
in PASMCs. For instance, hypoxia may inhibit
voltage-dependent K*(Ky) channels by affecting
intracellular ROS [168, 170, 173]. Presumably,
hypoxic inhibition of Ky channels would result in
membrane depolarization, activation of voltage-
dependent Ca** (Cay) channels, and extracellular
Ca?* influx, resulting in an increase in [Ca*].
ROS also may trigger ryanodine receptors/Ca*
release channels (RyRs) to induce Ca** release
from the SR, contributing to the hypoxic increase
in [Ca*]; in PASMCs [174, 175]. Increased
[Ca?*]; is a most important factor for cell contrac-
tion, and recent studies have demonstrated that
the hypoxia-induced increase in [Ca®*]; and cell
contraction are intimately related in PASMCs
[175-177]. Pharmacologic and genetic interven-
tions that inhibit or eliminate the hypoxic increase
in [Ca?]; can correspondingly inhibit or elimi-
nate the hypoxic contraction [162, 163, 178,
179]. However, it has been found that hypoxia
normally causes neither an increase in [Ca?*]; nor
a contraction in systemic (e.g., cerebral and mes-
enteric) artery SMCs [162, 180, 181]. In addition
to the direct effect, ROS also may activate inter-
mediate signaling molecules, such as PKCe, to
regulate specific ion channels in concert with
ROS, contributing to the hypoxic increase in
[Ca*]; and associated contraction in PASMCs
[162]. Recent work demonstrates that mitochon-
drial ROS-dependent activation of PKCe can sig-
nificantly augment Nox activity and lead to a
further increase in intracellular ROS generation.
This provides a positive-feedback mechanism
that augments intracellular ROS generation fur-
ther, and thus contribute to the hypoxic increase
in intracellular ROS and [Ca®*]; [163]. It has also

been reported that serotonin [182] and ET-1 [136]
cause the production of ROS via Nox in PASMCs.
GATA4 plays an important role in the regulation
of growth of PASMCs, and antioxidants inhibit
serotonin-induced GATA4 phosphorylation and
activation [183]. The serotonin signal for the
nuclear translocation of ERK and subsequent
GATA4 phosphorylation are dependent on the
activation of RhoA and Rho kinase [184]. In
response to serotonin, ERK has also been shown
to activate GATA4 via monoamine oxidase-A-
dependent production of hydrogen peroxide
(H,0,), which promotes the translocation of
phosphorylated ERK to the nucleus [185]. All of
these above studies indicate that [Ca’]; is an
important second messenger in SMCs.
Therefore, vascular SMCs (VSMCs) exercise
tight control of the [Ca®*]; by expressing a wide
repertoire of Ca*" channels and transporters. In
these cells, [Ca?*]; is tightly associated with gene
transcription in a stimulus-specific manner, so
that different Ca?* signaling patterns activate dis-
tinct TFs and yield specific functional outcomes.
Transcription regulation in VSMCs modulates
the expression of patterns of genes, including
genes coding for contractile and cytoskeleton
proteins, and those promoting proliferation and
cell growth. Depending on their gene expression,
VSMCs can exist in different functional states or
phenotypes. The majority of healthy VSMCs
show a contractile phenotype, characterized by
high contractile ability and a low proliferative
rate. However, VSMCs can undergo phenotypic
modulation with different physiological and
pathological stimuli, whereby they start to prolif-
erate, migrate, and synthesize excessive extracel-
lular matrix. CREB is a TF that regulates gene
expression by binding to cAMP response ele-
ments (CREs) in the promoter regions of target
genes in a variety of tissues, including VSMCs
[186-190]. In VSMCs, CREB activation is initi-
ated by a rise in [Ca*]; and the subsequent
recruitment of CaMKII or CaMKIV [187].
Interestingly, both CaMKII and CaMKIV phos-
phorylate CREB at Ser133 and thereby induce
CREB activation, but CaMKII can also phos-
phorylate CREB at the second site, Ser142, and
thereby induce negative regulation [191].
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Moreover, Pulver et al. [192] showed that Ca**
depletion of the SR by thapsigargin and subse-
quent store-operated Ca** entry (SOCE) via SOC
channels (SOCCs) increased phospho-CREB
nuclear content and the transcription of CREB-
dependent genes in both cultured and intact
VSMCs. In line with these findings, small
interfering RNA downregulation of stromal inter-
action molecule-1 decreases thapsigargin-
induced CREB phosphorylation in human
coronary artery SMCs [193]. IP;R-dependent
Ca?* release from the SR has also been shown to
activate CREB [194]. In contrast, RyR-dependent
Ca?* release suppresses CREB phosphorylation
by a negative feedback mechanism involving
voltage-dependent Ca** channels (VDCCs)
[187]. RyR Ca?* release causes activation of BK,
channels and thereby membrane hyperpolariza-
tion and subsequent closure of VDCCs [195].

NFAT is a hyperphosphorylated cytosolic pro-
tein, dephosphorylation of which by the Ca?*!/
calmodulin-dependent serine phosphatase calci-
neurin permits nuclear translocation of active
NFAT.

In the nucleus, NFAT associates with tran-
scription coactivators, which include activator
protein 1 (API), myocyte enhancer factor 2
(MEF2), and members of the GATA family, and
promotes gene expression [196]. Regulation of
NFAT activity in VSMCs is highly dependent on
temporal and spatial aspects of Ca’" signaling.
Sustained depolarization and subsequent Ca*
influx through VDCCs alone fail to produce
NFAT nuclear accumulation, both in ileal and
vascular SMCs [197, 198]. The inositol
triphosphate-dependent Ca** release from the SR
has been shown to induce NFATc3 activation
[197]. It has also been shown that Ca?* sparks
originating from RyRs have an inhibitory effect
on UTP-induced NFATc3 activation, which is
independent on BKc, channel-mediated mem-
brane hyperpolarization. Thus, the mechanism
for the inhibitory action of Ca®* sparks differs
between CREB and NFAT signaling. Strong evi-
dence has been provided that SOCE activates
NFAT in PASMCs, where a disrupted SOCE
pathway reduces hypoxia-induced NFAT nuclear
translocation [199, 200]. There is solid evidence

that NFAT activation is strongly involved in the
vascular remodeling accompanying the develop-
ment of HPH, largely because of its positive
effect on VSMC proliferation, and also possibly
hypertrophy [199-201]. Moreover, this role of
NFAT as the proliferative TF contrasts with
other data showing that the VSMC contractile
phenotype marker genes, encoding components
of the Ca?* signalosome as well as Ca’*-dependent
and KV channels, are also regulated by NFAT
[202-206]. The reason for these contrasting find-
ings is unclear, but this indicates that NFAT tran-
scription signaling could be further fine-tuned to
mediate specific changes in the vascular wall.

SREF is a protein that binds to CArG elements
in the DNA and regulates the expression of genes
containing CArG boxes in their promoter regions.
SRF plays an important role in VSMC transcrip-
tion control, because the majority of genes encod-
ing contractile proteins, such as smooth muscle
myosin heavy chain, smooth muscle «-actin,
h-caldesmon, and desmin, contain one or more
CArG boxes in their promoters [207, 208].
Myocardin is a potent SRF transcription coacti-
vator, and highly specialized in induction of
expression of all CArG-dependent VSMC con-
tractile phenotype marker genes, whereas it does
not activate an early response c-fos gene that is
also CArG element/SRF-dependent [209, 210].
SRF and its cofactor myocardin are thus the key
players in VSMC differentiation and the onset of
a VSCMC contractile phenotype. Unlike CREB
and NFAT Ca?*-dependent TFs, SRF is not
directly activated by Ca?*-dependent kinase/
phosphatase, but it is indirectly regulated by Ca*
influx. Ca®* entry through VDCCs and subse-
quent activation of the RhoA-ROCK kinase
pathway promotes binding of SRF to the CArG
promoter regions of VSMC contractile protein
genes but not c-fos genes. The SRF transcription
pathway can therefore lead to expression of genes
that maintain the contractile phenotype or those
that mediate cell growth.

Other than those described above, the PPARs
(PPAR-a, —f, —v, and -8), which belong to the
nuclear receptor superfamily, are established
vasoprotective TFs in systemic atherosclerotic
diseases [211]; however, its role in pulmonary
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vascular disease has not been explored incompa-
rable depth. Upon ligand activation, PPARY het-
erodimerizes with the retinoid X receptor and
regulates multiple target genes, such as those
encoding adiponectin, interleukin-6 (IL-6),
monocyte chemotactic protein-1 (MCP-1), ET-1,
and the endogenous endothelial nitric oxide (NO)
synthase (eNOS) inhibitor asymmetric dimethyl-
arginine (ADMA), many of which are strongly
implicated in the pathobiology of PH [212].
PPARY activation ultimately inhibits the G1 — S
phase transition that is mandatory for cell cycle
progression and VSMC proliferation, e.g., by sta-
bilizing the cyclin-dependent kinase inhibitor
p27%P1 [213] or inhibiting telomerase [214]. By
blocking important survival pathways down-
stream of activated PDGFR-f such as those regu-
lated by phosphatidylinositol 3-kinase (PI3K),
PPARY agonists also induce apoptosis of prolif-
erating SMCs [211].

4 Conclusion and Future
Perspective

Oxidative stress and increased Ca* signaling are
critical to the hypoxia-induced cellular responses
in PASMCs. Together, they make significant con-
tributions to the pathological changes in the func-
tion and structure of the lung vasculature. The
subsequent pathologic pulmonary vascular
changes are mediated by the upregulation or
downregulation of redox and Ca**-sensitive TFs.
Indeed, experimental evidence indicates that the
regulated TFs and gene expression play a vital
role in pro-inflammatory, immunological, and
other multiple cellular responses, leading to
PH. Additional studies are required to further elu-
cidate the specific interactions, signaling path-
ways, and molecular processes of oxidative
stress- and Ca’*-dependent TFs and associated
genes. These studies may provide important
information regarding the molecular pathogene-
sis of PH and other chronic pulmonary diseases.
Furthermore, verification of the roles of known
TFs and genes and identification of new candi-
dates may create novel and effective therapeutic
treatments for lung diseases and PH.

References

1. Gomberg-Maitland, M., et al. (2011). Compelling
evidence of long-term outcomes in pulmonary arte-
rial hypertension? A clinical perspective. Journal
of the American College of Cardiology, 57(9),
1053-1061.

2. Dorfmuller, P, et al. (2002). Chemokine RANTES
in severe pulmonary arterial hypertension. American
Journal of Respiratory and Critical Care Medicine,
165(4), 534-539.

3. Perros, F,, et al. (2007). Fractalkine-induced smooth
muscle cell proliferation in pulmonary hypertension.
The European Respiratory Journal, 29(5), 937-943.

4. Sanchez, O., et al. (2007). Role of endothelium-
derived CC chemokine ligand 2 in idiopathic pul-
monary arterial hypertension. American Journal of
Respiratory and Critical Care Medicine, 176(10),
1041-1047.

5. Voelkel, N. F,, et al. (1994). Interleukin-1 receptor
antagonist treatment reduces pulmonary hyperten-
sion generated in rats by monocrotaline. American
Journal of Respiratory Cell and Molecular Biology,
11(6), 664-675.

6. Savai, R., et al. (2012). Immune and inflammatory
cell involvement in the pathology of idiopathic pul-
monary arterial hypertension. American Journal of
Respiratory and Critical Care Medicine, 186(9),
897-908.

7. Kato, M., & Staub, N. C. (1966). Response of small
pulmonary arteries to unilobar hypoxia and hyper-
capnia. Circulation Research, 19(2), 426—440.

8. Stenmark, K. R., Fagan, K. A., & Frid, M. G. (2006).
Hypoxia-induced pulmonary vascular remodeling:
Cellular and molecular mechanisms. Circulation
Research, 99(7), 675-691.

9. Wan, F,, & Lenardo, M. J. (2010). The nuclear sig-
naling of NF-kappaB: Current knowledge, new
insights, and future perspectives. Cell Research,
20(1), 24-33.

10. O'Shea, J. M., & Perkins, N. D. (2008). Regulation of
the RelA (p65) transactivation domain. Biochemical
Society Transactions, 36(Pt 4), 603—-608.

11. Hayden, M. S., & Ghosh, S. (2008). Shared princi-
ples in NF-kappaB signaling. Cell, 132(3), 344-362.

12. Biddlestone, J., Bandarra, D., & Rocha, S. (2015).
The role of hypoxia in inflammatory disease (review).
International Journal of Molecular Medicine, 35(4),
859-869.

13. Poynter, M. E., Irvin, C. G., & Janssen-Heininger,
Y. M. (2002). Rapid activation of nuclear factor-
kappaB in airway epithelium in a murine model of
allergic airway inflammation. The American Journal
of Pathology, 160(4), 1325-1334.

14. D'Ignazio, L., & Rocha, S. (2016). Hypoxia induced
NF-kappaB. Cell, 5(1), 10.

15. Melvin, A., Mudie, S., & Rocha, S. (2011). Further
insights into the mechanism of hypoxia-induced
NFkappaB. [corrected]. Cell Cycle, 10(6), 879-882.



26

A.Di Mise et al.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

. Schuliga, M.

Edwards, M. R., et al. (2009). Targeting the
NF-kappaB pathway in asthma and chronic
obstructive pulmonary disease. Pharmacology &
Therapeutics, 121(1), 1-13.

(2015). NF-kappaB signaling in
chronic inflammatory airway disease. Biomolecules,
5(3), 1266-1283.

Wort, S. J., et al. (2009). Synergistic induction of
endothelin-1 by tumor necrosis factor alpha and
interferon gamma is due to enhanced NF-kappaB
binding and histone acetylation at specific kappaB
sites. The Journal of Biological Chemistry, 284(36),
24297-24305.

Kimura, S., et al. (2009). Nanoparticle-mediated
delivery of nuclear factor kappaB decoy into lungs
ameliorates monocrotaline-induced pulmonary arte-
rial hypertension. Hypertension, 53(5), 877-883.
Huang, J., et al. (2008). Pyrrolidine dithiocarbamate
restores endothelial cell membrane integrity and
attenuates monocrotaline-induced pulmonary artery
hypertension. American Journal of Physiology.
Lung Cellular and Molecular Physiology, 294(6),
L1250-L1259.

Bartlett, N. W., et al. (2012). Defining critical roles
for NF-kappaB p65 and type I interferon in innate
immunity to rhinovirus. EMBO Molecular Medicine,
4(12), 1244-1260.

Perkins, N. D. (2006). Post-translational modifi-
cations regulating the activity and function of the
nuclear factor kappa B pathway. Oncogene, 25(51),
6717-6730.

Cummins, E. P, et al. (2006). Prolyl hydroxylase-
1 negatively regulates IkappaB kinase-beta, giving
insight into hypoxia-induced NFkappaB activity.
Proceedings of the National Academy of Sciences of
the United States of America, 103(48), 18154—18159.
Cockman, M. E., et al. (2006). Posttranslational
hydroxylation of ankyrin repeats in IkappaB pro-
teins by the hypoxia-inducible factor (HIF) aspa-
raginyl hydroxylase, factor inhibiting HIF (FIH).
Proceedings of the National Academy of Sciences of
the United States of America, 103(40), 14767-14772.
Yang, S. R., et al. (2006). Cigarette smoke induces
proinflammatory cytokine release by activation of
NF-kappaB and posttranslational modifications
of histone deacetylase in macrophages. American
Journal of Physiology. Lung Cellular and Molecular
Physiology, 291(1), L46-L57.

Lapperre, T. S., et al. (2006). Relation between dura-
tion of smoking cessation and bronchial inflamma-
tion in COPD. Thorax, 61(2), 115-121.
Rajendrasozhan, S., et al. (2008). Deacetylases and
NF-kappaB in redox regulation of cigarette smoke-
induced lung inflammation: Epigenetics in patho-
genesis of COPD. Antioxidants & Redox Signaling,
10(4), 799-811.

Angel, P., & Karin, M. (1991). The role of Jun, Fos
and the AP-1 complex in cell-proliferation and trans-
formation. Biochimica et Biophysica Acta, 1072(2-
3), 129-157.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Vesely, P. W., et al. (2009). Translational regulation
mechanisms of AP-1 proteins. Mutation Research,
682(1), 7-12.

Shaulian, E., & Karin, M. (2001). AP-1 in cell prolif-
eration and survival. Oncogene, 20(19), 2390-2400.
Hazzalin, C. A., & Mahadevan, L. C. (2002).
MAPK-regulated transcription: A continuously vari-
able gene switch? Nature Reviews. Molecular Cell
Biology, 3(1), 30-40.

Eferl, R., & Wagner, E. F. (2003). AP-1: A double-
edged sword in tumorigenesis. Nature Reviews.
Cancer, 3(11), 859-868.

Shi, Q., et al. (2001). Constitutive Spl activity is
essential for differential constitutive expression of
vascular endothelial growth factor in human pan-
creatic adenocarcinoma. Cancer Research, 61(10),
4143-4154.

Damert, A., Ikeda, E., & Risau, W. (1997).
Activator-protein-1 binding potentiates the hypoxia-
induciblefactor-1-mediated hypoxia-induced
transcriptional activation of vascular-endothelial
growth factor expression in C6 glioma cells. The
Biochemical Journal, 327(Pt 2), 419-423.
Salnikow, K., et al. (2002). The regulation of hypoxic
genes by calcium involves c-Jun/AP-1, which coop-
erates with hypoxia-inducible factor 1 in response
to hypoxia. Molecular and Cellular Biology, 22(6),
1734-1741.

Silbermann, M., et al. (1987). In vitro induction of
osteosarcomalike lesion by transformation of differ-
entiating skeletal precursor cells with FBR murine
osteosarcoma virus. Calcified Tissue International,
41(4), 208-217.

Nishimura, T., & Vogt, P. K. (1988). The avian cel-
lular homolog of the oncogene jun. Oncogene, 3(6),
659-663.

Healy, S., Khan, P, & Davie, J. R. (2013). Immediate
early response genes and cell transformation.
Pharmacology & Therapeutics, 137(1), 64-77.
Biasin, V., et al. (2014). Endothelin-1 driven prolif-
eration of pulmonary arterial smooth muscle cells
is c-fos dependent. The International Journal of
Biochemistry & Cell Biology, 54, 137-148.

Lin, H. Y, et al. (2011). Peptidoglycan induces
interleukin-6 expression through the TLR2 recep-
tor, JNK, c-Jun, and AP-1 pathways in microglia.
Journal of Cellular Physiology, 226(6), 1573-1582.
Biasin, V., et al. (2014). Meprin beta, a novel media-
tor of vascular remodelling underlying pulmonary
hypertension. The Journal of Pathology, 233(1),
7-17.

Stenmark, K. R., et al. (2009). Animal models of pul-
monary arterial hypertension: The hope for etiologi-
cal discovery and pharmacological cure. American
Journal of Physiology. Lung Cellular and Molecular
Physiology, 297(6), L1013-L1032.

Demoly, P, et al. (1992). C-fos proto-oncogene
expression in bronchial biopsies of asthmatics.
American Journal of Respiratory Cell and Molecular
Biology, 7(2), 128-133.



Role of Transcription Factors in Pulmonary Artery Smooth Muscle Cells: An Important Link to Hypoxic... 27

44,

45.

46.

47.

48.

49.

Adcock, I. M., & Lane, S. J. (2003). Corticosteroid-
insensitive asthma: Molecular mechanisms. The
Journal of Endocrinology, 178(3), 347-355.

Loke, T. K., et al. (2006). Systemic glucocorticoid
reduces bronchial mucosal activation of activator
protein 1 components in glucocorticoid-sensitive but
not glucocorticoid-resistant asthmatic patients. The
Journal of Allergy and Clinical Immunology, 118(2),
368-375.

Yuan, J. X., & Rubin, L. J. (2005). Pathogenesis of
pulmonary arterial hypertension: The need for mul-
tiple hits. Circulation, 111(5), 534-538.

Zhang, R., et al. (2010). SIRT1 suppresses activa-
tor protein-1 transcriptional activity and cyclooxy-
genase-2 expression in macrophages. The Journal of
Biological Chemistry, 285(10), 7097-7110.

Barnes, P. J., & Adcock, 1. M. (1998). Transcription
factors and asthma. The European Respiratory
Journal, 12(1), 221-234.

Manning, A. M., & Davis, R. J. (2003). Targeting
JNK for therapeutic benefit: from junk to gold?
Nature reviews. Drug Discovery, 2(7), 554-565.

50 Nath, P, et al. (2005). Potential role of c-Jun NH2-

51.

52.

53.

54.

55.

56.

57.

58.

59.

terminal kinase in allergic airway inflammation
and remodelling: Effects of SP600125. European
Journal of Pharmacology, 506(3), 273-283.
Goenka, S., & Kaplan, M. H. (2011). Transcriptional
regulation by STAT6. Immunologic Research, 50(1),
87-96.

Kuperman, D. A., & Schleimer, R. P. (2008).
Interleukin-4, interleukin-13, signal transducer
and activator of transcription factor 6, and aller-
gic asthma. Current Molecular Medicine, 8(5),
384-392.

Nelms, K., etal. (1999). The IL-4 receptor: Signaling
mechanisms and biologic functions. Annual Review
of Immunology, 17, 701-738.

Mueller, T. D., et al. (2002). Structure, binding,
and antagonists in the IL-4/IL-13 receptor system.
Biochimica et Biophysica Acta, 1592(3), 237-250.
Hershey, G. K. (2003). IL-13 receptors and signaling
pathways: An evolving web. The Journal of Allergy
and Clinical Immunology, 111(4), 677-690. quiz
691.

Zimmermann, N., et al. (2003). Chemokines in
asthma: Cooperative interaction between chemo-
kines and IL-13. The Journal of Allergy and Clinical
Immunology, 111(2), 227-242. quiz 243.

Waurster, A. L., Tanaka, T., & Grusby, M. J. (2000).
The biology of Stat4 and Stat6. Oncogene, 19(21),
2577-2584.

Mullings, R. E., et al. (2001). Signal transducer and
activator of transcription 6 (STAT-6) expression and
function in asthmatic bronchial epithelium. The
Journal of Allergy and Clinical Immunology, 108(5),
832-838.

Chapoval, S. P, et al. (2011). STAT6 expression
in multiple cell types mediates the cooperative
development of allergic airway disease. Journal of
Immunology, 186(4), 2571-2583.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Tomkinson, A., et al. (1999). The failure of STAT6-
deficient mice to develop airway eosinophilia and
airway hyperresponsiveness is overcome by inter-
leukin-5. American Journal of Respiratory and
Critical Care Medicine, 160(4), 1283—-1291.

Sehra, S., et al. (2008). IL-4 is a critical determi-
nant in the generation of allergic inflammation ini-
tiated by a constitutively active Stat6. Journal of
Immunology, 180(5), 3551-3559.

Nakao, I., et al. (2008). Identification of pendrin as
a common mediator for mucus production in bron-
chial asthma and chronic obstructive pulmonary dis-
ease. Journal of Immunology, 180(9), 6262-6269.
Nofziger, C., et al. (2011). STAT6 links IL-4/IL-13
stimulation with pendrin expression in asthma and
chronic obstructive pulmonary disease. Clinical
Pharmacology and Therapeutics, 90(3), 399—405.
Hoshino, M., et al. (2002). Increased expression of
the human Ca2+—activated cl- channel 1 (CaCCl)
gene in the asthmatic airway. American Journal of
Respiratory and Critical Care Medicine, 165(8),
1132-1136.

Thai, P, et al. (2005). Differential regulation of
MUCSAC/Muc5ac and hCLCA-1/mGob-5 expres-
sion in airway epithelium. American Journal of
Respiratory Cell and Molecular Biology, 33(6),
523-530.

Inoue, H., et al. (2007). Role of endogenous inhibi-
tors of cytokine signaling in allergic asthma. Current
Medicinal Chemistry, 14(2), 181-189.

Knosp, C. A, etal. (2011). SOCS2 regulates T helper
type 2 differentiation and the generation of type 2
allergic responses. The Journal of Experimental
Medicine, 208(7), 1523-1531.

Fulkerson, P. C., et al. (2004). Pulmonary chemo-
kine expression is coordinately regulated by STAT1,
STAT6, and IFN-gamma. Journal of Immunology,
173(12), 7565-7574.

Tomita, K., et al. (2012). STAT6 expression in T
cells, alveolar macrophages and bronchial biop-
sies of normal and asthmatic subjects. Journal of
Inflammation, 9, 5.

Beghe, B., et al. (2010). Polymorphisms in IL13
pathway genes in asthma and chronic obstructive
pulmonary disease. Allergy, 65(4), 474—481.
Kavalar, M. S., et al. (2012). Association of
ORMDL3, STAT6 and TBXA2R gene polymor-
phisms with asthma. International Journal of
Immunogenetics, 39(1), 20-25.

Gao, F., et al. (2012). Genistein attenuated aller-
gic airway inflammation by modulating the tran-
scription factors T-bet, GATA-3 and STAT-6 in a
murine model of asthma. Pharmacology, 89(3-4),
229-236.

Matsukura, S., et al. (1999). Activation of eotaxin
gene transcription by NF-kappa B and STAT6 in
human airway epithelial cells. Journal of
Immunology, 163(12), 6876-6883.

Liu, Y. S., et al. (2012). Chemoattraction of macro-
phages by secretory molecules derived from cells



28

A.Di Mise et al.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

expressing the signal peptide of eosinophil cationic
protein. BMC Systems Biology, 6, 105.

Homma, T., et al. (2010). Cooperative activation
of CCL5 expression by TLR3 and tumor necrosis
factor-alpha or interferon-gamma through nuclear
factor-kappaB or STAT-1 in airway epithelial cells.
International Archives of Allergy and Immunology,
152(Suppl 1), 9-17.

Chiba, Y., Todoroki, M., & Misawa, M. (2009).
Activation of signal transducer and activator of
transcription factor 1 by interleukins-13 and -4 in cul-
tured human bronchial smooth muscle cells. Journal
of Smooth Muscle Research, 45(6), 279-288.

Wang, I. M., et al. (2004). STAT-1 is activated by
IL-4 and IL-13 in multiple cell types. Molecular
Immunology, 41(9), 873-884.

Wohlmann, A., et al. (2010). Signal transduction
by the atopy-associated human thymic stromal
lymphopoietin (TSLP) receptor depends on Janus
kinase function. Biological Chemistry, 391(2-3),
181-186.

Hashimoto, K., et al. (2005). Respiratory syncytial
virus infection in the absence of STAT 1 results in
airway dysfunction, airway mucus, and augmented
IL-17 levels. The Journal of Allergy and Clinical
Immunology, 116(3), 550-557.

Strengell, M., et al. (2003). IL-21 in synergy with
IL-15 or IL-18 enhances IFN-gamma production
in human NK and T cells. Journal of Immunology,
170(11), 5464-5469.

Harada, M., et al. (2007). Functional polymor-
phism in the suppressor of cytokine signaling 1 gene
associated with adult asthma. American Journal
of Respiratory Cell and Molecular Biology, 36(4),
491-496.

Chiba, Y., Todoroki, M., & Misawa, M. (2011).
Antigen exposure causes activations of signal trans-
ducer and activator of transcription 6 (STAT6) and
STAT1, but not STAT3, in lungs of sensitized mice.
Immunopharmacology — and  Immunotoxicology,
33(1), 43-48.

Diez, D., et al. (2012). Network analysis identifies
a putative role for the PPAR and type | interferon
pathways in glucocorticoid actions in asthmatics.
BMC Medical Genomics, 5, 27.

Sampath, D., et al. (1999). Constitutive activation of
an epithelial signal transducer and activator of tran-
scription (STAT) pathway in asthma. The Journal of
Clinical Investigation, 103(9), 1353-1361.

Oda, A., Wakao, H., & Fujita, H. (2002). Calpain
is a signal transducer and activator of transcrip-
tion (STAT) 3 and STATS protease. Blood, 99(5),
1850-1852.

Glading, A., Lauffenburger, D. A., & Wells, A.
(2002). Cutting to the chase: Calpain proteases in
cell motility. Trends in Cell Biology, 12(1), 46-54.
Constant, S., et al. (1995). Extent of T cell receptor
ligation can determine the functional differentiation
of naive CD4+ T cells. The Journal of Experimental
Medicine, 182(5), 1591-1596.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Kagami, S., et al. (2001). Stat5a regulates T helper
cell differentiation by several distinct mechanisms.
Blood, 97(8), 2358-2365.

Kim, K. A., et al. (2014). Degradation of the tran-
scription factors NF-kappaB, STAT3, and STATS
is involved in Entamoeba Histolytica-induced cell
death in Caco-2 colonic epithelial cells. The Korean
Journal of Parasitology, 52(5), 459-469.

Zhu,Y., Wang, W., & Wang, X. (2015). Roles of tran-
scriptional factor 7 in production of inflammatory
factors for lung diseases. Journal of Translational
Medicine, 13,273.

Hurlstone, A., & Clevers, H. (2002). T-cell factors:
Turn-ons and turn-offs. The EMBO Journal, 21(10),
2303-2311.

Willinger, T., et al. (2006). Human naive CD8 T cells
down-regulate expression of the WNT pathway tran-
scription factors lymphoid enhancer binding factor
1 and transcription factor 7 (T cell factor-1) follow-
ing antigen encounter in vitro and in vivo. Journal of
Immunology, 176(3), 1439-1446.

Eastman, Q., & Grosschedl, R. (1999). Regulation of
LEF-1/TCF transcription factors by Wnt and other
signals. Current Opinion in Cell Biology, 11(2),
233-240.

Ress, A., & Moelling, K. (2006). Ber interferes with
beta-catenin-Tcf1 interaction. FEBS Letters, 580(5),
1227-1230.

Ress, A., & Moelling, K. (2005). Ber is a negative
regulator of the Wnt signalling pathway. EMBO
Reports, 6(11), 1095-1100.

Ober, C. (2001). Susceptibility genes in asthma and
allergy. Current Allergy and Asthma Reports, 1(2),
174-179.

Yang, Q., et al. (2013). T cell factor 1 is required for
group 2 innate lymphoid cell generation. Immunity,
38(4), 694-704.

Yu, Q., et al. (2009). T cell factor 1 initiates the T
helper type 2 fate by inducing the transcription
factor GATA-3 and repressing interferon-gamma.
Nature Immunology, 10(9), 992-999.

99 Scanlon, S. T., & McKenzie, A. N. (2012). Type 2

100.

101.

102.

103.

innate lymphoid cells: New players in asthma and
allergy. Current Opinion in Immunology, 24(6),
707-712.

Minai, O. A., Benditt, J., & Martinez, F. J. (2008).
Natural history of emphysema. Proceedings of the
American Thoracic Society, 5(4), 468—474.
Kneidinger, N., et al. (2011). Activation of the
WNT/beta-catenin pathway attenuates experimental
emphysema. American Journal of Respiratory and
Critical Care Medicine, 183(6), 723-733.
Godtfredsen, N. S., et al. (2008). COPD-related mor-
bidity and mortality after smoking cessation: Status
of the evidence. The European Respiratory Journal,
32(4), 844-853.

Kensler, T. W., Wakabayashi, N., & Biswal, S. (2007).
Cell survival responses to environmental stresses via
the Keapl-Nrf2-ARE pathway. Annual Review of
Pharmacology and Toxicology, 47, 89—116.



Role of Transcription Factors in Pulmonary Artery Smooth Muscle Cells: An Important Link to Hypoxic...

29

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Malhotra, D., et al. (2008). Expression of concern:
Decline in NRF2-regulated antioxidants in chronic
obstructive pulmonary disease lungs due to loss of
its positive regulator, DJ-1. American Journal of
Respiratory and Critical Care Medicine, 178(6),
592-604.

Suzuki, M., et al. (2008). Down-regulated NF-E2-
related factor 2 in pulmonary macrophages of
aged smokers and patients with chronic obstruc-
tive pulmonary disease. American Journal of
Respiratory Cell and Molecular Biology, 39(6),
673-682.

Goven, D, et al. (2008). Altered Nrf2/Keap1-Bachl
equilibrium in pulmonary emphysema. Thorax,
63(10), 916-924.

Kaspar, J. W., Niture, S. K., & Jaiswal, A. K.
(2009). Nrf2:INrf2 (Keapl) signaling in oxidative
stress. Free Radical Biology & Medicine, 47(9),
1304-1309.

Sykiotis, G. P., & Bohmann, D. (2010). Stress-
activated cap'n'collar transcription factors in aging
and human disease. Science Signaling, 3(112), re3.
Itoh, K., Mimura, J., & Yamamoto, M. (2010).
Discovery of the negative regulator of Nrf2, Keap1:
A historical overview. Antioxidants & Redox
Signaling, 13(11), 1665-1678.

Clements, C. M., et al. (2006). DJ-1, a cancer- and
Parkinson's disease-associated protein, stabilizes the
antioxidant transcriptional master regulator Nrf2.
Proceedings of the National Academy of Sciences of
the United States of America, 103(41), 15091-15096.
Niture, S. K., et al. (2010). Nrf2 signaling and cell
survival. Toxicology and Applied Pharmacology,
244(1), 37-42.

Adair-Kirk, T. L., et al. (2008). Distal airways in
mice exposed to cigarette smoke: Nrf2-regulated
genes are increased in Clara cells. American Journal
of Respiratory Cell and Molecular Biology, 39(4),
400-411.

lizuka, T., et al. (2005). Nrf2-deficient mice are
highly susceptible to cigarette smoke-induced
emphysema. Genes to Cells, 10(12), 1113-1125.
Ishii, Y., et al. (2005). Transcription factor Nrf2 plays
a pivotal role in protection against elastase-induced
pulmonary inflammation and emphysema. Journal
of Immunology, 175(10), 6968-6975.

Yoshida, T., & Tuder, R. M. (2007). Pathobiology
of cigarette smoke-induced chronic obstructive
pulmonary disease. Physiological Reviews, 87(3),
1047-1082.

Malhotra, D., et al. (2011). Denitrosylation of
HDAC2 by targeting Nrf2 restores glucocortico-
steroid sensitivity in macrophages from COPD
patients. The Journal of Clinical Investigation,
121(11), 4289-4302.

Barnes, P.J. (2012). New drugs for asthma. Seminars
in Respiratory and Critical Care Medicine, 33(6),
685-694.

Boutten, A., et al. (2011). NRF2 targeting: A prom-
ising therapeutic strategy in chronic obstructive

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

pulmonary disease. Trends in Molecular Medicine,
17(7), 363-371.

Sandford, A. J., et al. (2012). NFE2L2 pathway
polymorphisms and lung function decline in chronic
obstructive  pulmonary disease. Physiological
Genomics, 44(15), 754-763.

Lau, A., et al. (2013). The predicted molecular
weight of Nrf2: It is what it is not. Antioxidants &
Redox Signaling, 18(1), 91-93.

Semenza, G. L. (1999). Regulation of mammalian
02 homeostasis by hypoxia-inducible factor 1.
Annual Review of Cell and Developmental Biology,
15,551-578.

Huang, L. E., et al. (2002). Leu-574 of HIF-1alpha is
essential for the von Hippel-Lindau (VHL)-mediated
degradation pathway. The Journal of Biological
Chemistry, 277(44), 41750-41755.

Kageyama, Y., et al. (2004). Leu-574 of human HIF-
lalpha is a molecular determinant of prolyl hydrox-
ylation. The FASEB Journal, 18(9), 1028-1030.
Kallio, P. J., et al. (1998). Signal transduction in
hypoxic cells: Inducible nuclear translocation
and recruitment of the CBP/p300 coactivator by
the hypoxia-inducible factor-lalpha. The EMBO
Journal, 17(22), 6573-6586.

Pugh, C. W, et al. (1997). Activation of hypoxia-
inducible factor-1; definition of regulatory domains
within the alpha subunit. The Journal of Biological
Chemistry, 272(17), 11205-11214.

Yu, A. Y, et al. (1998). Temporal, spatial, and
oxygen-regulated expression of hypoxia-inducible
factor-1 in the lung. The American Journal of
Physiology, 275(4 Pt 1), L818-L826.

Iyer, N. V., et al. (1998). Cellular and developmental
control of O2 homeostasis by hypoxia-inducible fac-
tor 1 alpha. Genes & Development, 12(2), 149-162.
Kotch, L. E., et al. (1999). Defective vascularization
of HIF-lalpha-null embryos is not associated with
VEGF deficiency but with mesenchymal cell death.
Developmental Biology, 209(2), 254-267.

Ryan, H. E., Lo, J., & Johnson, R. S. (1998). HIF-1
alpha is required for solid tumor formation and
embryonic vascularization. The EMBO Journal,
17(11), 3005-3015.

Yu, A. Y, et al. (1999). Impaired physiologi-
cal responses to chronic hypoxia in mice partially
deficient for hypoxia-inducible factor lalpha. The
Journal of Clinical Investigation, 103(5), 691-696.
Stenmark, K. R., & Mecham, R. P. (1997). Cellular
and molecular mechanisms of pulmonary vascu-
lar remodeling. Annual Review of Physiology, 59,
89-144.

Li, H., et al. (1994). Enhanced endothelin-1 and
endothelin receptor gene expression in chronic
hypoxia. Journal of Applied Physiology, 77(3),
1451-1459.

DiCarlo, V. S., etal. (1995). ETA-receptor antagonist
prevents and reverses chronic hypoxia-induced pul-
monary hypertension in rat. The American Journal
of Physiology, 269(5 Pt 1), L690-L697.



30

A.Di Mise et al.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

Hu, J., et al. (1998). Hypoxia regulates expres-
sion of the endothelin-1 gene through a proximal
hypoxia-inducible factor-1 binding site on the anti-
sense strand. Biochemical and Biophysical Research
Communications, 245(3), 894-899.

Shimoda, L. A., Sylvester, J. T., & Sham, J. S.
(2000). Mobilization of intracellular Ca(2+) by
endothelin-1 in rat intrapulmonary arterial smooth
muscle cells. American Journal of Physiology.
Lung Cellular and Molecular Physiology, 278(1),
L157-L164.

Wedgwood, S., Dettman, R. W., & Black, S. M.
(2001). ET-1 stimulates pulmonary arterial smooth
muscle cell proliferation via induction of reactive
oxygen species. American Journal of Physiology.
Lung Cellular and Molecular Physiology, 281(5),
L1058-L1067.

Kawanabe, Y., Hashimoto, N., & Masaki, T.
(2002). Extracellular Ca2+ influx and endothelin-
1-induced intracellular mitogenic cascades in rab-
bit internal carotid artery vascular smooth muscle
cells. Journal of Cardiovascular Pharmacology,
40(2), 307-314.

Kyaw, M., et al. (2002). Antioxidants inhibit endo-
thelin-1 (1-31)-induced proliferation of vascular
smooth muscle cells via the inhibition of mitogen-
activated protein (MAP) kinase and activator pro-
tein-1 (AP-1). Biochemical Pharmacology, 64(10),
1521-1531.

Pisarcik, S., et al. (2013). Activation of hypoxia-
inducible factor-1 in pulmonary arterial smooth
muscle cells by endothelin-1. American Journal
of Physiology. Lung Cellular and Molecular
Physiology, 304(8), L549-L561.

Morrell, N. W, et al. (1995). Angiotensin converting
enzyme expression is increased in small pulmonary
arteries of rats with hypoxia-induced pulmonary
hypertension. The Journal of Clinical Investigation,
96(4), 1823-1833.

Morrell, N. W., Morris, K. G., & Stenmark, K. R.
(1995). Role of angiotensin-converting enzyme and
angiotensin II in development of hypoxic pulmonary
hypertension. The American Journal of Physiology,
269(4 Pt 2), H1186-H1194.

Richard, D. E., Berra, E., & Pouyssegur, J. (2000).
Nonhypoxic pathway mediates the induction of
hypoxia-inducible factor lalpha in vascular smooth
muscle cells. The Journal of Biological Chemistry,
275(35), 26765-26771.

Kim, I. M., et al. (2006). The Forkhead box m1 tran-
scription factor stimulates the proliferation of tumor
cells during development of lung cancer. Cancer
Research, 66(4), 2153-2161.

Park, H. J., et al. (2009). FoxM1, a critical regulator
of oxidative stress during oncogenesis. The EMBO
Journal, 28(19), 2908-2918.

Wu, Q. F, et al. (2010). Knockdown of FoxM1 by
siRNA interference decreases cell proliferation,
induces cell cycle arrest and inhibits cell invasion

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

in MHCC-97H cells in vitro. Acta Pharmacologica
Sinica, 31(3), 361-366.

Wang, I. C., et al. (2008). FoxM1 regulates transcrip-
tion of JNKI1 to promote the G1/S transition and
tumor cell invasiveness. The Journal of Biological
Chemistry, 283(30), 20770-20778.

Xia, L. M., et al. (2009). Transcriptional up-
regulation of FoxM1 in response to hypoxia is medi-
ated by HIF-1. Journal of Cellular Biochemistry,
106(2), 247-256.

Kalin, T. V., et al. (2008). Forkhead box ml tran-
scription factor is required for perinatal lung func-
tion. Proceedings of the National Academy of
Sciences of the United States of America, 105(49),
19330-19335.

Kim, I. M., et al. (2005). The forkhead box m1 tran-
scription factor is essential for embryonic devel-
opment of pulmonary vasculature. The Journal of
Biological Chemistry, 280(23), 22278-22286.
Ustiyan, V., et al. (2009). Forkhead box M1 tran-
scriptional factor is required for smooth muscle
cells during embryonic development of blood ves-
sels and esophagus. Developmental Biology, 336(2),
266-279.

Zhao, Y. Y., et al. (2006). Endothelial cell-restricted
disruption of FoxMI1 impairs endothelial repair
following LPS-induced vascular injury. The Journal
of Clinical Investigation, 116(9), 2333-2343.
Kalinichenko, V. V., et al. (2003). Ubiquitous expres-
sion of the forkhead box M1B transgene accelerates
proliferation of distinct pulmonary cell types follow-
ing lung injury. The Journal of Biological Chemistry,
278(39), 37888-37894.

Hosaka, T., et al. (2004). Disruption of forkhead
transcription factor (FOXO) family members in mice
reveals their functional diversification. Proceedings
of the National Academy of Sciences of the United
States of America, 101(9), 2975-2980.

Tran, H., et al. (2003). The many forks in FOXO's
road. Science's STKE: Signal Transduction
Knowledge Environment, 2003(172), RES.

Savai, R., et al. (2014). Pro-proliferative and inflam-
matory signaling converge on FoxOl transcription
factor in pulmonary hypertension. Nature Medicine,
20(11), 1289-1300.

Brennan, L. A., et al. (2003). Increased superoxide
generation is associated with pulmonary hyperten-
sion in fetal lambs: A role for NADPH oxidase.
Circulation Research, 92(6), 683-691.

Jernigan, N. L., Resta, T. C., & Walker, B. R.
(2004). Contribution of oxygen radicals to altered
NO-dependent pulmonary vasodilation in acute and
chronic hypoxia. American Journal of Physiology.
Lung Cellular and Molecular Physiology, 286(5),
L947-1.955.

Killilea, D. W., et al. (2000). Free radical production
in hypoxic pulmonary artery smooth muscle cells.
American Journal of Physiology. Lung Cellular and
Molecular Physiology, 279(2), L408-L412.



Role of Transcription Factors in Pulmonary Artery Smooth Muscle Cells: An Important Link to Hypoxic... 31

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Liu, J. Q., et al. (2003). Hypoxic constriction and
reactive oxygen species in porcine distal pulmo-
nary arteries. American Journal of Physiology.
Lung Cellular and Molecular Physiology, 285(2),
L322-1.333.

Marshall, C., et al. (1996). Pulmonary artery
NADPH-oxidase is activated in hypoxic pulmonary
vasoconstriction. American Journal of Respiratory
Cell and Molecular Biology, 15(5), 633—644.
Paddenberg, R., et al. (2003). Essential role of
complex Il of the respiratory chain in hypoxia-
induced ROS generation in the pulmonary vas-
culature. American Journal of Physiology. Lung
Cellular and Molecular Physiology, 284(5),
L710-L719.

Rathore, R., et al. (2006). Mitochondrial ROS-
PKCepsilon signaling axis is uniquely involved in
hypoxic increase in [Ca2+]i in pulmonary artery
smooth muscle cells. Biochemical and Biophysical
Research Communications, 351(3), 784-790.
Rathore, R., et al. (2008). Hypoxia activates NADPH
oxidase to increase [ROS]i and [Ca2+]i through the
mitochondrial ROS-PKCepsilon signaling axis in
pulmonary artery smooth muscle cells. Free Radical
Biology & Medicine, 45(9), 1223-1231.

Wang, Q. S., et al. (2007). Role of mitochondrial
reactive oxygen species in hypoxia-dependent
increase in intracellular calcium in pulmonary artery
myocytes. Free Radical Biology & Medicine, 42(5),
642-653.

Wang, X., et al. (2006). Hypoxia-induced reac-
tive oxygen species downregulate ETB receptor-
mediated contraction of rat pulmonary arteries.
American Journal of Physiology. Lung Cellular and
Molecular Physiology, 290(3), L570-L578.

Waypa, G. B., Chandel, N. S., & Schumacker, P. T.
(2001). Model for hypoxic pulmonary vasocon-
striction involving mitochondrial oxygen sensing.
Circulation Research, 88(12), 1259—1266.

Waypa, G. B., et al. (2006). Increases in mito-
chondrial reactive oxygen species trigger hypoxia-
induced calcium responses in pulmonary artery
smooth muscle cells. Circulation Research, 99(9),
970-978.

Archer, S. L., et al. (1993). A redox-based O2 sensor
in rat pulmonary vasculature. Circulation Research,
73(6), 1100-1112.

Leach, R. M., et al. (2001). Divergent roles of gly-
colysis and the mitochondrial electron transport
chain in hypoxic pulmonary vasoconstriction of the
rat: Identity of the hypoxic sensor. The Journal of
Physiology, 536(Pt 1), 211-224.

Michelakis, E. D., et al. (2002). Diversity in mito-
chondrial function explains differences in vascu-
lar oxygen sensing. Circulation Research, 90(12),
1307-1315.

Waypa, G. B., et al. (2002). Mitochondrial reactive
oxygen species trigger calcium increases during
hypoxia in pulmonary arterial myocytes. Circulation
Research, 91(8), 719-726.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Weissmann, N., et al. (2003). Effects of mitochon-
drial inhibitors and uncouplers on hypoxic vaso-
constriction in rabbit lungs. American Journal of
Respiratory Cell and Molecular Biology, 29(6),
721-732.

Firth, A. L., Yuill, K. H., & Smirnov, S. V. (2008).
Mitochondria-dependent regulation of Kv cur-
rents in rat pulmonary artery smooth muscle cells.
American Journal of Physiology. Lung Cellular and
Molecular Physiology, 295(1), L61-L70.

Lin, M. J., et al. (2007). Hydrogen peroxide-induced
Ca2+ mobilization in pulmonary arterial smooth
muscle cells. American Journal of Physiology.
Lung Cellular and Molecular Physiology, 292(6),
L1598-L1608.

Pourmahram, G. E., et al. (2008). Constriction of
pulmonary artery by peroxide: Role of Ca2+ release
and PKC. Free Radical Biology & Medicine, 45(10),
1468-1476.

Robertson, T. P., Aaronson, P. 1., & Ward, J. P.
(1995). Hypoxic vasoconstriction and intracellular
Ca2+ in pulmonary arteries: Evidence for PKC-
independent Ca2+ sensitization. The American
Journal of Physiology, 268(1 Pt 2), H301-H307.
Robertson, T. P., et al. (2000). Voltage-independent
calcium entry in hypoxic pulmonary vasoconstriction
of intrapulmonary arteries of the rat. The Journal of
Physiology, 525(Pt 3), 669—680.

Li, X. Q., et al. (2009). Genetic evidence for func-
tional role of ryanodine receptor 1 in pulmonary
artery smooth muscle cells. Pflugers Archiv :
European Journal of Physiology, 457(4), 771-783.
Zheng, Y. M., et al. (2005). Type-3 ryanodine recep-
tors mediate hypoxia-, but not neurotransmitter-
induced calcium release and contraction in
pulmonary artery smooth muscle cells. The Journal
of General Physiology, 125(4), 427-440.

Vadula, M. S., Kleinman, J. G., & Madden, J. A.
(1993). Effect of hypoxia and norepinephrine on
cytoplasmic free Ca2+ in pulmonary and cere-
bral arterial myocytes. The American Journal of
Physiology, 265(6 Pt 1), L591-1.597.

Wang, Y. X., et al. (2003). Metabolic inhibition with
cyanide induces calcium release in pulmonary artery
myocytes and Xenopus oocytes. American Journal of
Physiology. Cell Physiology, 284(2), C378-C388.
Lee, S. L., Wang, W. W., & Fanburg, B. L. (1998).
Superoxide as an intermediate signal for serotonin-
induced mitogenesis. Free Radical Biology &
Medicine, 24(5), 855-858.

Suzuki, Y. J., et al. (2003). Activation of GATA-4
by serotonin in pulmonary artery smooth muscle
cells. The Journal of Biological Chemistry, 278(19),
17525-17531.

Liu, Y., et al. (2004). Rho kinase-induced nuclear
translocation of ERKI/ERK2 in smooth muscle
cell mitogenesis caused by serotonin. Circulation
Research, 95(6), 579-586.

Lawrie, A., et al. (2005). Interdependent serotonin
transporter and receptor pathways regulate S100A4/



32

A.Di Mise et al.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Mtsl, a gene associated with pulmonary vascular
disease. Circulation Research, 97(3), 227-235.
Bito, H., Deisseroth, K., & Tsien, R. W. (1997).
Ca2+—dependent regulation in neuronal gene
expression. Current Opinion in Neurobiology, 7(3),
419-429.

Cartin, L., Lounsbury, K. M., & Nelson, M. T.
(2000). Coupling of Ca(2+) to CREB activation
and gene expression in intact cerebral arteries from
mouse : Roles of ryanodine receptors and voltage-
dependent Ca(2+) channels. Circulation Research,
86(7), 760-767.

Garcin, 1., & Tordjmann, T. (2012). Calcium signal-
ling and liver regeneration. International Journal of
Hepatology, 2012, 630670.

Martianov, 1., et al. (2010). Cell-specific occupancy
of an extended repertoire of CREM and CREB bind-
ing loci in male germ cells. BMC Genomics, 11, 530.
Sassone-Corsi, P. (1995). Transcription factors
responsive to cAMP. Annual Review of Cell and
Developmental Biology, 11,355-377.

Sun, P, et al. (1994). Differential activation of CREB
by Ca2+/calmodulin-dependent protein kinases type
1T and type IV involves phosphorylation of a site that
negatively regulates activity. Genes & Development,
8(21), 2527-2539.

Pulver, R. A., et al. (2004). Store-operated Ca2+
entry activates the CREB transcription factor in vas-
cular smooth muscle. Circulation Research, 94(10),
1351-1358.

Takahashi, Y., et al. (2007). Functional role of stro-
mal interaction molecule 1 (STIMI1) in vascular
smooth muscle cells. Biochemical and Biophysical
Research Communications, 361(4), 934-940.
Barlow, C. A., et al. (2006). Excitation-transcription
coupling in smooth muscle. The Journal of
Physiology, 570(Pt 1), 59—-64.

Wellman, G. C., & Nelson, M. T. (2003). Signaling
between SR and plasmalemma in smooth muscle:
Sparks and the activation of Ca2+—sensitive ion
channels. Cell Calcium, 34(3), 211-229.
Hill-Eubanks, D. C., et al. (2003). NFAT regula-
tion in smooth muscle. Trends in Cardiovascular
Medicine, 13(2), 56-62.

Gomez, M. F, et al. (2002). Opposing actions of
inositol 1,4,5-trisphosphate and ryanodine recep-
tors on nuclear factor of activated T-cells regula-
tion in smooth muscle. The Journal of Biological
Chemistry, 277(40), 37756-37764.

Stevenson, A. S., et al. (2001). NFAT4 movement in
native smooth muscle. A role for differential Ca(2+)
signaling. The Journal of Biological Chemistry,
276(18), 15018-15024.

Bierer, R., et al. (2011). NFATc3 is required for
chronic  hypoxia-induced pulmonary hyperten-
sion in adult and neonatal mice. American Journal
of Physiology. Lung Cellular and Molecular
Physiology, 301(6), L872-L880.

Hou, X., et al. (2013). Silencing of STIM1 attenu-
ates  hypoxia-induced PASMCs proliferation

201.

202.

203.

204.

20s.

206.

207.

208.

209.

210.

211.

212.

213.

214.

via inhibition of the SOC/Ca2+/NFAT pathway.
Respiratory Research, 14, 2.

de Frutos, S., et al. (2007). NFATc3 mediates
chronic hypoxia-induced pulmonary arterial remod-
eling with alpha-actin up-regulation. The Journal of
Biological Chemistry, 282(20), 15081-15089.
Amberg, G.C.,etal. (2004). NFATc3 regulates Kv2.1
expression in arterial smooth muscle. The Journal of
Biological Chemistry, 279(45), 47326-47334.
Gonzalez Bosc, L. V., et al. (2005). Nuclear factor of
activated T cells and serum response factor coopera-
tively regulate the activity of an alpha-actin intronic
enhancer. The Journal of Biological Chemistry,
280(28), 26113-26120.

Layne, J. J., et al. (2008). NFATc3 regulates BK
channel function in murine urinary bladder smooth
muscle. American Journal of Physiology. Cell
Physiology, 295(3), C611-C623.

Lee, M. Y, et al. (2011). Genome-wide microarray
analyses identify the protein C receptor as a novel cal-
cineurin/nuclear factor of activated T cells-dependent
gene in vascular smooth muscle cell phenotypic modu-
lation. Arteriosclerosis, Thrombosis, and Vascular
Biology, 31(11), 2665-2675.

Wada, H., et al. (2002). Calcineurin-GATA-6 path-
way is involved in smooth muscle-specific transcrip-
tion. The Journal of Cell Biology, 156(6), 983-991.
Miano, J. M. (2003). Serum response factor:
Toggling between disparate programs of gene
expression. Journal of Molecular and Cellular
Cardiology, 35(6), 577-593.

Parmacek, M. S. (2007). Myocardin-related tran-
scription factors: Critical coactivators regulating car-
diovascular development and adaptation. Circulation
Research, 100(5), 633-644.

Owens, G. K., Kumar, M. S., & Wambhoff, B. R.
(2004). Molecular regulation of vascular smooth
muscle cell differentiation in development and dis-
ease. Physiological Reviews, 84(3), 767-801.
Wambhoff, B. R., Bowles, D. K., & Owens, G. K.
(2006). Excitation-transcription coupling in arte-
rial smooth muscle. Circulation Research, 98(7),
868-878.

Duan, S. Z., Usher, M. G., & Mortensen, R. M.
(2008). Peroxisome proliferator-activated receptor-

gamma-mediated effects in the vasculature.
Circulation Research, 102(3), 283-294.
Hansmann, G., & Zamanian, R. T. (2009).

PPARgamma activation: A potential treatment for
pulmonary hypertension. Science Translational
Medicine, 1(12), 12ps14.

Wakino, S., et al. (2000). Peroxisome proliferator-
activated receptor gamma ligands inhibit retino-
blastoma phosphorylation and Gl— S transition
in vascular smooth muscle cells. The Journal of
Biological Chemistry, 275(29), 22435-22441.
Ogawa, D., et al. (2006). Activation of peroxisome
proliferator-activated receptor gamma suppresses
telomerase activity in vascular smooth muscle cells.
Circulation Research, 98(7), e50-e59.



Molecular Basis of Nitrative Stress
in the Pathogenesis of Pulmonary

Hypertension

Colin E.Evans and You-Yang Zhao

1 Introduction

Pulmonary hypertension (PH) is a progressive
condition that was responsible for 5.5 deaths per
100,000 people in the USA in 2001, a number
that increased to 6.5 deaths per 100,000 people in
2010 (National Vital Statistics System, Centers
for Disease Control and Prevention, USA) [1].
The pathogenesis of PH is characterized by pro-
gressive increases in pulmonary vascular resis-
tance and pulmonary artery pressure (>25 mmHg
atrest). Features of PH include pulmonary vascu-
lar remodeling, endothelial dysfunction, impaired
vasoconstriction, and intravascular thrombosis
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[2—4]. Causes of PH have been classified in an
expert consensus as class [ to V (Table 1) [2]. In
severe cases of PH (e.g., idiopathic pulmonary
arterial hypertension, IPAH), treatment options
are limited, and lack of treatment can lead to right
heart failure and premature lethality. Current
pharmacological therapies targeting abnormali-
ties in the prostacyclin, nitric oxide, and endothe-
lin pathways can improve IPAH symptoms and
lead to modest survival benefits, but do not
reverse the disease pathogenesis [5, 6]. Lung
transplantation remains the best option for this
devastating disease.

In healthy individuals, the prevention of pul-
monary vascular remodeling and the preservation
of a normal pulmonary tension appear to be con-
trolled by cyclic guanosine monophosphate
(cGMP)-dependent activation of protein kinase G
(PKG); this occurs downstream of nitric oxide
(NO) production and subsequent activation of
soluble guanylate cyclase (sGC) (Fig. 1). Genetic
deletion of PKG-1a induces PH in mice [7], dem-
onstrating the causal role of PKG dysfunction in
the pathogenesis of PH. Therapeutic agents tar-
geting this pathway by either inhibiting phospho-
diesterase type 5 (PDES)-dependent cGMP
degradation or activating sGC-derived cGMP
production have been shown to be effective in
improving the symptoms of PH in humans. Early
PH typically involves dysregulation of vasoactive
pathways including reduced vasodilator pathway
signaling (e.g., through impaired bioavailability
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of NO and downregulation of prostaglandin sig-
naling), and enhanced vasoconstrictor pathway
signaling (e.g., through increased production of
endothelin-1 and reactive oxygen species, ROS)
[8]. Nevertheless, the precise molecular mecha-
nisms that are responsible for aberrant pulmo-
nary vascular remodeling and vasoconstriction in
PH patients have not been fully defined.
Reactive nitrogen species (RNS) are usually
unstable nitrogen-centered free radicals contain-
ing unpaired electrons (Table 2). RNS regulate
many physiological processes including differen-
tiation, metabolism, migration, and proliferation.
These messenger molecules are also heavily
involved in the nitrative modification of proteins
that regulate PH pathogenesis. NO, for example,

Table 1 Clinical categories of pulmonary hypertension

Class | Name

I Pulmonary arterial hypertension

11 Pulmonary hypertension owing to left heart
disease

I Pulmonary hypertension associated with lung
disease and/or hypoxemia

v Pulmonary hypertension due to chronic
thrombotic and/or embolic disease

\Y Pulmonary hypertension with unclear
multifactorial mechanisms

sGC Activator

-_’*‘—’-C-_,-/

is formed by the NO synthase (NOS) enzymes
and is stable under anoxic conditions. In the pres-
ence of excessive superoxide anion (O,") (i.e.,
oxidative stress), however, NO is converted to
peroxynitrite (ONOO~) (i.e., nitrative stress)
(Fig. 2a). In general, when superoxide formation
occurs at a threefold greater rate than NO synthe-
sis, NO is being quantitatively converted to per-
oxynitrite, which leads to decreased NO
bioavailability, and induces posttranslational
modifications (e.g., nitrates tyrosine residues) of
proteins and resultant dysregulation of protein
functions [9]. Nitrative stress-induced dysregula-
tion of molecular signaling pathways have been
implicated in the pathogenesis of PH in both ani-
mal models and patients [10-12].

Given that the lung tissue of patients with
severe PH demonstrate prominent levels of nitra-
tive as well as oxidative stress [13, 14], delinea-
tion of the mechanistic role of oxidative/nitrative
stress in the pathogenesis of PH and the signaling
pathways regulating oxidative/nitrative stress in
the pulmonary vasculature has become an
actively pursued area of research. The aim of this
chapter is to review mechanisms that mediate
nitrative stress-induced PH, delineate molecular
sources of ROS and RNS in the context of PH,
and describe evidence of nitrative stress in PH
patients.

Vasorelaxation

» Vascular
R .

emodeling

PDE5 Inhtbltor—l PDE5

Fig. 1 Nitric oxide signaling maintains vascular homeo-
stasis and inhibits the development of pulmonary hyper-
tension. eNOS generates basal levels of NO, which
activate sGC; this in turn leads to cGMP production and
subsequent activation of cGMP-dependent PKG.
Activated PKG causes vasorelaxation and inhibits pulmo-
nary vascular smooth muscle cell proliferation which
underlies the mechanisms of pulmonary vascular remod-
eling, and thereby preserves normal pulmonary tension.
Decreased NO bioavailability leading to impaired PKG

activity is a common feature of PH. FDA-approved drugs
by activating sGC (Riociguat) or inhibiting PDES-
mediated cGMP degradation (Sildenafil, Tadalafil) have
been shown effectiveness in improving the symptom of
PH and promoting modest survival, demonstrating the
fundamental role of this signaling pathway in maintaining
pulmonary vascular homeostasis. cGMP cyclic guanosine
monophosphate, eNOS endothelial nitric oxide synthase,
GTP guanosine triphosphate, NO nitric oxide, PKG pro-
tein kinase G, sGC soluble guanylate cyclase
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Table 2 Reactive nitrogen species

Name Formula
Dinitrogen trioxide N,O;
Nitric oxide ‘no
Nitrite NO,~
Nitrogen dioxide ‘NO,
Nitronium ion NO,*
Nitrosothiols RSNOs
Nitrosyl cation No*
Nitrosyl chloride NO,Cl
Nitrous acid HNO,
Nitrous oxide N,O
Nitroxyl anion No~
Peroxynitrite ONOO~
A
‘NO + O, == ONOO-
B eNOS
Uncoupling
Inacilvated
SODs
Cav1 eNOS
Deficiency Activation

Inflammation —»

Hypoxia /

Fig.2 Molecular basis of nitrative stress in the pathogen-
esis of PH. (a) Generation of peroxynitrite. In the pres-
ence of excessive superoxide anion (i.e., oxidative stress),
nitric oxide and the reactive oxygen species, superoxide
anion, react to form the potent, diffusible and damaging
oxidant peroxynitrite. O,", superoxide anion; ONOO™,
peroxynitrite. (b) Peroxynitrite induces tyrosine nitration
of proteins leading to endothelial dysfunction, vasocon-
striction and vascular remodeling and contributes to the
pathogenesis of PH. Under various conditions, such as tis-
sue inflammation, hypoxia, and Cavl deficiency, exces-
sive NO is generated because of increased expression
of NOS or activation of eNOS (secondary to Cavl

2 Molecular Mechanisms
of Nitrative Stress
in the Pathogenesis
of Pulmonary Hypertension

Selectivity for tyrosine nitration by peroxynitrite.
As mentioned above, excessive increases in NO
and ROS levels give rise to peroxynitrite, a
potent, diffusible, and damaging oxidant [15-
17]. It has been shown that high levels of per-
oxynitrite are cytotoxic and induce death of
vascular endothelial cells and smooth muscle
cells, which may contribute to the pathogenesis
of PH [18, 19]. Even at sublethal concentration,

Mitochondrial
Dysfunct!on

deficiency). Under these conditions, excessive superoxide
is also generated, which is attributable to increased activi-
ties of NOX (mainly NOX2 and NOX4) and xanthine oxi-
dase (XO), and decreased antioxidant enzyme (SODs)
activities, as well as eNOS uncoupling and mitochondrial
dysfunction. Excessive NO and supeorxide anion leads to
generation of peroxynitrite which induces tyrosine nitra-
tion of proteins and resultant dysfunction. For example,
PKG nitration leads to impaired PKG activity which in
turn induces vasoconstriction and vascular remodeling
and thereby PH. The roles of nitration of other proteins in
the pathogenesis of PH are listed in Table 3. NT tyrosine
nitration
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Table 3 Proteins modified by peroxynitrite and involved with pulmonary hypertension

Name Action of nitration Pathological function of nitration Refs

PKG Inhibition Pulmonary vasoconstriction and remodeling [10, 11]

Prostacyclin synthase | Inhibition Decreased production of vasodilator [25, 26]
prostacyclin and increased production of
vasoconstrictors

eNOS Inhibition Induction of eNOS uncoupling generating [11,55,59]
superoxide and decreasing NO production

Mitochondrial SOD Inhibition Increased oxidative and nitrative stress [30, 31]

ERK Activation Vascular cell proliferation: Vascular [33, 39]
remodeling

PKC Activation Vascular cell proliferation: Vascular [36, 39]
remodeling

p85PI3K Inhibition (of PI3K) Endothelial cell apoptosis and endothelial [40]
dysfunction

Src kinase Activation Vascular cell proliferation and migration: [41]
Vascular remodeling

eNOS endothelial nitric oxide synthase, ERK extracellular signal-related kinase, PI3K phosphoinositide 3 kinase, PK

protein kinase, SOD superoxide dismutase

peroxynitrite reacts with amino acids leading to
protein modifications such as tyrosine nitration.
Nitration of tyrosine residues involves the addi-
tion of a nitro group (—NO,) to the hydroxyl
group on the tyrosine residue. Peroxynitrite-
induced tyrosine nitration is selective for certain
tyrosine residues, which is not directed by spe-
cific tyrosine-containing signatures within the
primary sequences, by the abundance of the pro-
teins, or by the total amount of tyrosine. Instead,
itis attributable to the local environment in which
the tyrosine residue resides and the proximity of
the protein to the nitrating agents [20]. The pres-
ence of a proximal negatively charged Glu or Asp
residue promotes the selective nitration of tyro-
sine, provided there is no Cys or Met near the
tyrosine residue, as Cys or Met would otherwise
preferentially react with nitrating agents [21].
Additionally, the presence of enzymatic metal
cofactors near the tyrosine residue is likely to
confer specificity to nitration due to the metal-
catalyzed formation of NO, from ONOO™.
Tyrosine nitration can be enhanced by the pres-
ence of heme-containing proteins (e.g., prostacy-
clin synthase) or in the presence of hydrogen
peroxide through the generation of the nitrogen
dioxide free radical by heme-peroxidases (e.g.,
myeloperoxidase) [22, 23]. Specific molecules

that can be modified by peroxynitrite and could
be involved in the pathogenesis of PH are given
in Table 3.

Nitration of protein kinase G impairs its activity
and induces PH. In the lungs of Caveolin 1
(Cavl)-deficient mice that develop PH, there are
enhanced levels of nitrotyrosine (a surrogate
marker for peroxynitrite) [11]. Tyrosine nitration
of PKG is also enhanced in the lung of these mice
versus wild types, while PKG activity is impaired
at baseline or with its activator, cGMP [11]. In
the same study, authors demonstrated that altera-
tions in PKG activity that are induced by Cavl
deficiency are eNOS-dependent and occur at
least partly through nitration of PKG-1a tyrosine
residues 345 and 549, which results in decreased
kinase activity (Fig. 2b). Genetic deletion of
eNOS in Cavl null mice results in normalization
of the hypertensive pulmonary phenotype.
Finally, this study also showed that PH pheno-
types observed in Cavl null mice could be
reversed by treatment of these mice with either a
superoxide dismutase mimetic (MnTMPyP,
which scavenges superoxide) or the NOS inhibi-
tor, L-NAME [11]. Additionally, in Cavl null
mice, restoration of PKG activity through
increased expression of PKG attenuates PH.
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Another genetic study also demonstrated the
causal role of impaired PKG activity in the
pathogenesis of PH by showing that Prkgl
(encoding PKG-1) knockout mice develop PH
[7]. Decreased PKG activity induces vasocon-
striction and vascular remodeling partly through
activation of Rho A/Rho kinase signaling [7].
Together, these studies provide unequivocal evi-
dence for the role of nitrative stress-induced tyro-
sine nitration of PKG and the resultant inhibition
of its activity in the pathogenesis of PH.

In another study, it has been shown that nitra-
tion of tyrosine 247 in PKG-la results in
decreased cGMP binding and thereby decreased
PKG activity in pulmonary artery smooth muscle
cells [12]. Tyrosine nitration of PKG has also
been shown to occur in ovine fetal intrapulmo-
nary veins in a hypoxia-dependent manner that is
endothelial NOS (eNOS)-independent but
through increased levels of nitrite and nitrate
[10]. As little as 30 min exposure to hypoxia
induces PKG tyrosine nitration and inhibition of
its activity, which is attributable to hypoxia-
induced impairment of pulmonary vessel vasore-
laxation [10].

Nitration and inactivation of prostacyclin syn-
thase induces vasoconstriction. Prostacyclin,
generated primarily by the vascular endothelium,
is a potent vasodilator through activation of ade-
nylate cyclase in vascular smooth muscle cells,
which increases synthesis of cyclic adenosine
monophosphate (cCAMP). It has been shown that
prostacyclin synthase can be nitrated at residue
430 and that this results in impairment of its activ-
ity [24]. Prostacyclin synthase nitration was also
observed to be increased in pulmonary arterial
endothelial cells from newborn lambs with persis-
tent PH [25]. Inactivation of prostacyclin syn-
thase through tyrosine nitration impairs production
of the potent vasodilator prostacyclin, but also
promotes the generation of the vasoconstrictors
prostaglandin H2 (PGH2) and thromboxane A2,
and thereby contributes to vasoconstriction and
development of PH [26, 27].

Nitration of endothelial nitric oxide synthase leads
to endothelial nitric oxide synthase uncoupling

and endothelial dysfunction. Studies show that
eNOS can be modified by peroxynitrite through
tyrosine nitration, which results in impairment of
eNOS activity and diminished synthesis of the
vasodilator, NO [27]. Furthermore, peroxynitrite-
mediated damage to eNOS induces eNOS uncou-
pling, which occurs when eNOS is not coupled
with its cofactors or substrate, and the synthase
activity is redirected away from generation of NO
to superoxide [28, 29]. In eNOS uncoupling,
superoxide is generated by dissociation of the fer-
rous-dioxygen complex from the oxygenase
domain [28, 29]. eNOS uncoupling has been
shown to be involved in eNOS-dependent tyrosine
nitration of prostacyclin synthase. Thus, nitration
of eNOS and its resultant uncoupling leads to
decreased bioavailability of the vasodilators, NO
and prostacyclin, and augmented oxidative/nitra-
tive stress.

Nitration of the antioxidant enzyme manganese
superoxide dismutase contributes to oxidative
stress and PH. Given that the reaction between
NO and superoxide anion leads to generation of
the potent oxidant peroxynitrite, dysregulation of
antioxidant enzymes that scavenge and reduce
levels of superoxide will enhance oxidative and
nitrative stress and thereby contribute to the
pathogenesis of PH. It has been shown that the
mitochondrial manganese superoxide dismutase
(MnSOD) is nitrated at residue 34, which results
in inactivation of its activity [30]. Tyrosine nitra-
tion of MnSOD has been demonstrated in vivo in
fetal lambs with persistent PH [31]. This study
shows that decreased MnSOD activity contrib-
utes to oxidative stress and resultant endothelial
dysfunction and thereby facilitates the develop-
ment of persistent PH.

Nitration of key signaling molecules involved in
pulmonary vascular remodeling. Extracellular
signal-related kinase (ERK), p38 mitogen-
activated protein (MAP) kinase, and protein
kinase C (PKC) are important mediators of pul-
monary vascular cell proliferation underlying
pulmonary vascular remodeling. It has been
shown that peroxynitrite can activate these key
signaling molecules [32-36]. Peroxynitrite also
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activates nuclear factor kappa B (NF-kB), which
in turn induces transcription of inducible NOS
(iNOS, see Sect. 3). NF-kB is activated in the
pulmonary vessels of end-stage IPAH patients
[37], while NF-kB inhibition reduces experimen-
tal PH in mice [38]. Importantly, another study
demonstrates that peroxynitrite activates pulmo-
nary artery smooth muscle cell and endothelial
cell proliferation through activation of ERK and
PKC [39]. Additionally, it has been shown that
peroxynitrite induces nitration of p85, the regula-
tory subunit of phosphatidylinositol 3-kinase
(PI3K) [40], and Src kinase [41]. Nitration of p85
inhibits its binding to the catalytic domain of
PI3K and thereby attenuates PI3K activity,
whereas nitration of Src kinase leads to Src acti-
vation. These signaling molecules play an impor-
tant role in pulmonary vascular cell survival,
migration and proliferation. However, tyrosine
nitration of these molecules in pulmonary vascu-
lar cells or in lung tissue from animal models of
PH or from patients with PH has not yet been
reported. Future study is warranted to assess the
role of tyrosine nitration of these molecules in the
regulation of pulmonary vascular remodeling.

3 Molecular Sources
of Reactive Nitrogen Species
in Pulmonary Hypertension

Induced expression of endothelial nitric oxide
synthase. While controversy exists regarding the
expression levels of eNOS in the lungs of PH
patients compared with controls, eNOS is
robustly expressed in the plexiform lesions of
IPAH lungs [42], which may contribute to nitra-
tive stress in these lesions. Animal models of PH
have also consistently demonstrated increases in
the levels of eNOS mRNA, protein, and activity
[43-46]. Despite these inconsistent findings,
which may be a product of the different stages of
disease progression being assessed, it is widely
believed that NO signaling is impaired in PH
patients. It has been suggested that impaired NO
bioavailability and activity during PH is a result
of diminished NOS cofactor availability [47] or
eNOS uncoupling [48], as opposed to reductions

in NOS levels per se. Reducing intracellular tet-
rahydrobiopterin levels, for example, reduces NO
synthesis and enhances superoxide generation in
endothelial cells and isolated blood vessels [49],
while administration of tetrahydrobiopterin
inhibits superoxide production in a dose-
dependent manner [50].

Activation of endothelial nitric oxide synthase
secondary to Caveolin 1 deficiency. eNOS-
derived NO is in general considered to be benefi-
cial and plays an important role in maintaining
vascular homeostasis through the activation of
PKG (Fig. 1). Activity of eNOS is regulated by
its interaction with effector molecules including
Cavl. It has been shown that eNOS activity is
negatively regulated by Cavl binding to eNOS
[51]. Administration of the Cavl scaffolding
domain inhibits eNOS activity [52]. In Cavl-
deficient mice compared with wild type controls,
eNOS is activated in blood vessels [53], NO lev-
els in plasma and lung are increased [11, 54].
Cavl deficiency induces PH as shown by
increased pulmonary vascular resistance, medial
thickness, and muscularization, along with
enhanced right ventricle: left ventricle plus sep-
tum weight ratio [11, 54]. PH did not occur, how-
ever, when both Cav1 and eNOS were genetically
deleted, or when NOS was inhibited pharmaco-
logically by administration of L-NAME to Cavl
knockout mice [11, 55]. These experimental
studies together demonstrate the essential
requirement for eNOS activation secondary to
Cavl1 deficiency in the pathogenesis of PH. Cavl
deficiency has been shown in several animal
models of PH [56-58] and in the lungs of IPAH
patients, which is associated with eNOS activa-
tion and tyrosine nitration of other proteins
including PKG [11, 57, 59, 60].

Induced expression of inducible nitric oxide
synthase and neuronal nitric oxide synthase.
Studies of hypoxia-induced PH have shown
increased levels of iNOS mRNA and protein in
the lungs of rats exposed to hypoxia compared
with normoxia [61-64]. Inhibition of iNOS
attenuates hypoxia-induced PH in rats [64], indi-
cating the pathogenic role of iNOS-derived NO
in hypoxia-induced PH. Another study has shown
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similar increases in the levels of neuronal NOS
(nNOS) gene and protein expression in the lungs
of rats following exposure to hypoxia [47].
Furthermore, nNOS-derived NO is the source of
peroxynitrite that causes neuron damage in isch-
emic stroke [65].

Dietary nitrite. Along with the L-arginine-NO
signaling pathway, the diet is a major source of
nitrite in humans [8]. The enterosalivary circula-
tion of nitrate originates from intake of leafy
greens and vegetables, along with food additives
and preservatives. Salivary glands also concen-
trate nitrates from the plasma and secrete them
into the mouth. Symbiotic bacteria in the mouth
then reduces nitrate to nitrite, which enters the
gastrointestinal tract. From here, nitrite can be
absorbed into the circulation or reduced to form
NO in the stomach. The enzymatic and nonenzy-
matic formation of NO from nitrite has been
reviewed elsewhere [8]. Nonenzymatic produc-
tion of NO, for example, is enhanced by copper,
ascorbate, and polyphenols, while enzymatic NO
generation has been shown in metal-containing
proteins such as carbonic anhydrase, hemoglo-
bin, and myoglobin [8]. Little is known, how-
ever, about the role of dietary nitrite-derived NO
in nitrative stress-induced pathogenesis of PH. In
fact, several studies show that inhalation of a low
dose of nebulized sodium nitrite is protective
from PH in animal models [66, 67].

4 Molecular Sources
of Reactive Oxygen Species
in Pulmonary Hypertension

Nicotinamide adenine dinucleotide phosphate
oxidases. Nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases (NOX) exist in
numerous isoforms, namely NOXI1, NOX2,
NOX3, NOX4, NOXS5, dual oxidase 1, and dual
oxidase 2. NOX enzymes reduce oxygen to
superoxide anion (O,). NOXS is not present in
rats or mice, and only NOX2 and NOX4 are
expressed in the lungs [68]. NOX enyzmes are
the predominant source of ROS in endothelial
cells [69], fibroblasts [70], and vascular smooth

muscle cells [71]. In pulmonary artery smooth
muscle cells, for example, NOX4 expression and
O," levels are increased by treatment with trans-
forming growth factor § [72]. In chronic hypoxia
models of rodent PH, pulmonary vascular remod-
eling and PH are caused by NOX2- and NOX4-
dependent generation of ROS [73, 74], while
NOX2 and NOX4 deletion reverses PH through
decreases in ROS levels [75]. In a rat model of
monocrotaline-induced PH, however, induction
of PH was dependent on NOX1 but not NOX4
[76]. Although the type of hypertensive insult
may determine which NOX isoform is activated,
their dysregulation is well established in the
pathogenesis of PH [77].

Xanthine oxidase. Xanthine oxidase converts
purine to uric acid under normoxia, but under
hypoxic conditions that commonly occur in PH
patients, hypoxanthine is formed from adenosine
triphosphate, and oxygen is reduced to hydrogen
peroxide and superoxide anion [78]. Xanthine
oxidase level is enhanced in the circulation of
PAH patients, along with increased xanthine oxi-
dase activity in the pulmonary arteries [79].
Furthermore, xanthine oxidase activity is
enhanced in a rodent model of PH and blood
pressures can be restored by treatment of these
animals with specific xanthine oxidase inhibitors
[80, 81].

Endothelial nitric oxide synthase
pling. Paradoxical decreases in NO signaling
that occur while eNOS expression is unaltered or
even raised during PH may be a result of eNOS
uncoupling. In this process, electrons being
transferred to the NOS oxygenase domain from
the reductase domain to form L-arginine are
instead diverted to molecular oxygen, which
results in the generation of superoxide anion
instead of NO (for detailed review, see [48]).
eNOS uncoupling is associated with changes in
the quaternary structure of the enzyme, i.e.,
decreased assembly of the homodimer but
increased assembly of the monomer. Uncoupling
of eNOS is stimulated by depletion of cofactors
L-arginine and tetrahydrobiopterin (BH4), or
increased dihydrobiopterin (BH2) [82]. Mice that

uncou-
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have low levels of BH4 or decreased BH4:BH2
ratios exhibit PH [83]. Administration of BH4 or
a BH4 analogue attenuates PH in rat models chal-
lenged with monocrotaline or hypoxia [82, 84].
These studies provide strong evidence for a
pathogenic role of eNOS uncoupling-derived
ROS in PH.

Mitochondrial electron transport chain dysfunc-
tion. Abnormal function of the mitochondrial
electron transport chain leads to increased ROS
generation in PH [85]. Elevated levels of pyru-
vate dehydrogenase kinase lead to reduced levels
of acetyl-CoA and a shift to aerobic glycolysis,
which promotes pulmonary hyperproliferation
[86]. It has also been suggested that removal of
mitochondrial hydrogen peroxide leads to
hypoxic pulmonary vasoconstriction, and never-
theless, increased levels of mitochondrial ROS
contribute to hypoxic pulmonary vasoconstric-
tion and hypoxic PH [87, 88].

Antioxidant enzyme dysfunction. Given that the
reaction between NO and superoxide anion
leads to generation of the potent oxidant per-
oxynitrite, enzymes that scavenge and reduce
levels of superoxide will reduce peroxynitrite-
induced injury. While NO reacts with oxyhemo-
globin and is rapidly converted to nitrate in
erythrocytes, superoxide is removed by SOD
enzymes [89]. Mitochondrial SOD is rendered
inactive, however, under conditions of nitrative
stress when increases in peroxynitrite lead to
nitration of tyrosine residue 34 in vitro [30].
Tyrosine nitration of SOD has also been demon-
strated in vivo in newborn lambs with persistent
PH [31]. Although mitochondrial SOD nitration
is seen in human renal allografts [30], it is
unknown whether mitochondrial SOD is nitrated
and inactivated in lung tissues of patients with
severe PH such as IPAH. However, one study
has shown decreased activities of SOD isoforms
(including CuZnSOD, ECSOD, and MnSOD)
in airway epithelial cells and in bronchial tis-
sues of IPAH patients [90], suggesting that lev-
els of superoxide could be increased in IPAH
lung tissue.

5 Nitrative Stress in Pulmonary
Hypertension Patients

Human studies that provide evidence for a role of
nitrative stress in the pathogenesis of PH can be
observational studies of nitrative stress factors in
PH patients or studies showing an impact of ther-
apies that target nitrative stress signaling path-
ways on clinical outcome. For example, levels of
peroxynitrite are elevated in the lungs of patients
with severe PH, and these levels are thought to be
raised in part by conditions of tissue hypoxia and
inflammation [13, 80]. Prominent tyrosine nitra-
tion, a hallmark of nitrative stress, is evident in
lung tissues of severe PH patients including [IPAH
patients [13]. Increased tyrosine nitration of
PKG, for instance, is observed in lung tissues of
IPAH patients [12]. The activity of eNOS is
markedly increased in the lungs of IPAH patients
compared with healthy controls, without signifi-
cant change in its protein levels [11]. There is
also evidence of high levels of eNOS in the plexi-
form lesions of lungs from IPAH patients [42],
although eNOS levels have been reported to be
upregulated [43], unaltered [91], or downregu-
lated [92] in the lungs of PH patients versus con-
trol subjects. 8-hydroxyguanosine, the product of
the reaction between superoxide and guanine, is
markedly increased in the endothelium of plexi-
form and concentric lesions from IPAH patients
but not in control subjects [13]. In the lungs of
the same IPAH patients, the amount and activity
of MnSOD was lower compared with controls.
Another study also shows marked decreases in
the expression and activity of all three of the
SOD isoforms in lungs of IPAH patients [90]. In
contrast, expression and activity of some of the
ROS-generating enzymes are markedly increased
in lung tissues of IPAH patients compared with
controls; NOX4 expression was markedly
increased in the pulmonary vasculature of IPAH
patients (i.e., predominantly in the thickened
medial layer of pulmonary arteries) [93].
Xanthine oxidase level is also enhanced in the
circulation of IPAH patients, along with increased
xanthine oxidase activity in the pulmonary arter-
ies [79]. Together these studies demonstrate
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increased oxidative and nitrative stress in PH
patients, especially in IPAH patients.

The presence of nitrative and oxidative stress
in PH patients suggests that antioxidant therapy
could prove beneficial in the clinic. Despite
examples of antioxidant therapy suppressing PH
in animal models, such treatments in human PH
have proven to be predominantly ineffective [94].
The antioxidant, coenzyme Q, for instance, gave
rise to a modest improvement in right ventricle
function, without lengthening 6-min walking
time [95]. Large-scale randomized clinical
studies of therapies that reduce nitrative stress
will continue to improve our understanding of the
importance of the nitrative stress pathways in the
pathogenesis of PH in humans.

6 Conclusions

Increased oxidative/nitrative stress is a hallmark
of severe PH in patients including those with
IPAH. Peroxynitrite, nitrotyrosine, and nitration
of specific proteins are prominent in lung tissues
of IPAH patients. Recent studies have demon-
strated that increased nitrative stress induces
cytotoxicity in pulmonary vascular cells, post-
translational modification (tyrosine nitration) of
proteins and resultant dysregulation of their func-
tions (Table 3), and decreased bioavailability of
vasodilators NO and prostacyclin. Nitrative
stress-induced tyrosine nitration of PKG results
in impairment of its function (via decreased
kinase activity or cGMP binding), which causes
vasoconstriction and vascular remodeling lead-
ing to PH. Nitration of prostacyclin synthase
inhibits its ability to synthesize the vasodilator,
prostacyclin, while eNOS nitration induces
eNOS uncoupling leading to decreased NO pro-
duction and increased superoxide generation.
Nitration-mediated inhibition of antioxidant
enzymes such as MnSOD enhances superoxide
levels and oxidative/nitrative stress. Nitrative
stress also leads to activation of key signaling
molecules such as ERK and PKC, which pro-
motes pulmonary vascular cell proliferation that
underlies pulmonary vascular remodeling. Thus,
nitrative stress plays an important role in the
pathogenesis of PH by inducing vasoconstriction

and pulmonary vascular remodeling (Fig. 2b, and
Table 3). Although current approaches that
restore aberrant nitrative signaling and alleviate
nitrative stress can reduce PH in animal models,
the potential benefit of such treatments on patient
survival is yet to be conclusively proven.
Development of novel pathologically relevant
animal models of PH [91] and of therapies that
inhibit nitrative stress (thereby normalizing the
functions of key proteins such as PKG) could
ultimately lead to improved clinical outcome in
patients with PH.
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Pentose Shunt, Glucose-6-
Phosphate Dehydrogenase,
NADPH Redox, and Stem Cells
in Pulmonary Hypertension

Ryota Hashimoto and Sachin Gupte

1 Pulmonary Hypertension

Pulmonary hypertension is classified into five
groups: pulmonary arterial hypertension (PAH,
Group 1), pulmonary hypertension due to left
heart disease (Group 2), pulmonary hypertension
due to chronic lung disease and/or hypoxia
(Group 3), chronic thromboembolic pulmonary
hypertension (Group 4), and pulmonary hyper-
tension due to unclear multifactorial mechanisms
(Group 5) [1].

Pulmonary hypertension is a progressive dis-
ease characterized by pulmonary vasoconstriction
and vascular remodeling, which cause increased
pulmonary vascular resistance and ultimately
right ventricular failure [2-4]. Both ‘“unusual
endothelial cells” and “unusual smooth muscle
cells” with apoptosis-resistant proliferative prop-
erties appear in pulmonary hypertension and
cause pulmonary vasoconstriction and vascular
remodeling that includes: intimal thickening,
medial hypertrophy, and adventitial muscularity.

It appears that one of the first hits to occur in
pulmonary hypertension is disruption of the
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endothelial layer, which triggers the release of
growth factors and cytokines to promote prolif-
eration and survival of remained endothelial cells
(Fig. 1). However, these factors also change the
cells to “unusual endothelial cells” and “unusual
smooth muscle cells.” In this context, we use the
term “unusual cells” as no-usual cells in healthy
state, although “unusual cells” might be essential
for repair and may be normal in pathological
state. For example, expression of platelet-derived
growth factor (PDGF) and its receptor is
increased in lung tissue with PAH [5]. In addi-
tion, isolated smooth muscle cells (SMCs) from
patients with PAH show a higher rate of growth
inresponse to PDGF stimulation [6]. Endothelin- 1
(ET-1) signaling is mediated through two recep-
tor subtypes, ET type A receptor (ET,R) and ET
type B receptor (ETgR). ET-1 induces contrac-
tion and proliferation of SMCs through ET4R,
which is highly expressed in SMCs but not in
endothelial cells (ECs). On the other hand, ET-1
accelerates the production of vasodilators such as
nitric oxide (NO) and prostaglandin I, (PGI,) in
ECs via ETgR, which is mostly expressed in ECs
[7, 8]. In pulmonary hypertension, expression of
ET-1 increases in lung vascular endothelial cells
[9, 10], ET, increases [11] and ETzR decreases
[12] in lung. These reports suggest that increased
ET-1 in pulmonary hypertension enhances con-
traction of pulmonary artery SMCs (PASMCs)
through increased ET,R and indirectly through
decreased ETzR in ECs. Increased ET-1 and
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PDGEF also enhances proliferation of PASMCs
through increased ET,R and PDGF receptor.

Increased inflammation is another significant
contributor to the pathogenesis of pulmonary
hypertension. Inflammatory cells (such as T and
B lymphocytes, mast cells, and macrophages)
and inflammatory cytokines (such as tumor
necrosis factor-o (TNF-a) and interleukin-6 (IL-
6)) are increased in pulmonary hypertension [13,
14]. For example, TNF-a contributes to change
PASMCs to a proliferative and apoptosis-
resistant phenotype [15]. IL-6 promotes polar-
ization of alveolar macrophages to M2 phenotype
through T cell activation. M2 macrophages
enhance the proliferation of PASMCs by releas-
ing soluble factors such as CXCL12 [16]. To this
regard, pro-inflammatory perivascular fibro-
blast-derived IL-6 activate M2 macrophages and
PASMCs leading to outside-in remodeling of
pulmonary arteries [17]. Because pulmonary
hypertension is a multifaceted disease and many
other factors, cells, and signaling are involved in
the pathogenesis of pulmonary hypertension, we
recommend referring to other review articles [2,
4, 13, 14] for more information about pulmonary
hypertension.
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and vascular remodeling
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~

right ventricular failure

2 Warburg Effect
and Pulmonary
Hypertension

One hallmark of cancer is the metabolic switch,
which is known as the Warburg effect and leads
to greater glucose uptake and aerobic glycolysis
[18, 19]. Furthermore, glucose flux is diverted
into the pentose phosphate pathway (PPP) due to
inhibition of phosphofructose kinase-1 and
increased expression of the pyruvate kinase
M2 in cancer cells and in hypoxic cells [20].
Aerobic glycolysis is observed in human pulmo-
nary endothelial cells isolated from PAH [21].
Some studies have shown a greater lung glucose
uptake (measured by glucose analogue, fluorine-
18-labeled 2-fluoro-2-deoxyglucose (‘*FDG)) in
PAH patients when compared with the control
subjects [22, 23]. In addition, glucose uptake is
also observed in rats with pulmonary hyperten-
sion and glucose transporter-1 (Glutl) upregula-
tion is observed in both pulmonary endothelial
cells and smooth muscle cells [24]. Aerobic gly-
colysis is upregulated in macrophages of hypoxic
calves and iPAH patients [25]. These reports
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suggest that the Warburg effect exists in pulmo-
nary hypertension. Based on these and other
observations, it has been proposed that a repro-
gramming of metabolism plays a critical role in
the pathogenesis of pulmonary hypertension and
is a druggable target.

3 Glucose Metabolism,
Pentose Shunt, and Glucose-
6-Phosphate Dehydrogenase
in Pulmonary Hypertension

Glucose Metabolism is Altered
in Pulmonary Hypertension

3.1

Glycolysis, glucose flux through the pentose phos-
phate pathway (PPP), and the activity of NADPH
producing isocitrate dehydrogenase-1 and -2 are
increased in endothelial cells with BMPR2 muta-
tion and in PAs of idiopathic- and heritable-PAH
patients [26-28]. Expression of enzymes in the
glycolytic pathway (e.g., hexokinase-1, 6-phos-
phofructokinase and pyruvate kinase M2) and the
PPP (e.g., 6-phosphogluconolactonase, transaldol-
ase-1 and transketolase) is increased in PASMCs of
PAH patients with BMPR2 exonl-8 deletion [27].
Studies suggest that the expression and activity of
glucose-6-phosphate dehydrogenase and PPP are
increased in: (1) endothelin-1 treated PASMCs
from PAH patients with BMPR2 exonl-8 deletion
[27]; (2) lung fibroblasts from idiopathic PAH
patients and calves with HPH [25]; (3) hypoxic rat
PASMC:s [29]; (4) PASMCs derived from 4-week-
old lambs exposed to increased pulmonary blood
flow [30]; and (5) lungs of HPH and monocrota-
line-induced PH rat models [29, 31]. Interestingly,
PPP activity is increased before PH develops [29,
32]. This suggests that an increase of glucose-
6-phosphate dehydrogenase (G6PD) activity has a
temporal relationship with PH. G6PD, the rate-
limiting enzyme in the PPP, is a major supplier of
cellular NADPH (60% by G6PD + 40% by isoci-
trate dehydrogenase and other sources) for: ana-
bolic reactions and NADPH oxidases-derived
superoxide production [33]. Excess NADPH gen-
eration contributes to pathogenic “reductive stress”
in the cardiovascular system [34].

3.2 Glucose-6-Phosphate
Dehydrogenase Inhibition
Relaxes Pulmonary Arteries,
Reduces Inflammatory
Cytokines and Cell
Proliferation, and Induces Cell

Apoptosis

GO6PD is the rate-limiting enzyme in the PPP,
which is a metabolic pathway parallel to glycoly-
sis. GOPD catalyzes the conversion of glucose-6-
phosphate to 6-phosphogluconolactone and the
formation of NADPH from NADP*. Thus,
NADPH is mainly produced by G6PD and 6-phos-
phoglucoronate dehydrogenase in the oxidative
branch of the PPP. The NADPH in turn maintains
the supply of reduced glutathione [35, 36].

We originally found that G6PD-derived
NADPH redox plays a critical role in regulating
function of voltage-gated Ca’>* and K* channels
through redox reaction and modulates intracellu-
lar Ca®* in vascular smooth muscle cells and that
inhibition of G6PD with dehydroepiandrosterone
and epiandroterone (noncompetitive inhibitors)
and 6-aminonicotinamide (a competitive inhibi-
tor) relaxes precontracted aorta and pulmonary
arteries [37]. We recently found that: (1) hypoxia-
induced contraction of isolated PAs from G6PD-
deficient, as compared to wild-type, mice is
blunted [38]; and (2) 6-aminonicotinamide, a
competitive inhibitor of G6PD, prevents hypoxia-
induced downregulation of contractile protein
expression in isolated bovine PAs [39] and
reduces expression of pro-inflammatory TNFa in
hypoxic bovine PAs and rat PASMCs [40].

The PPP produces ribose sugar that is essen-
tial for de novo synthesis of RNA and
DNA. G6PD-derived NADPH catalyzes fatty
acid metabolism and lipid synthesis. Lipids are
required for the formation of membranes in pro-
liferating cells. Activation of the PPP supports K
ras-induced, anchorage-independent cellular
growth [41]. Conversely, Inhibition of G6PD
increases the rate of apoptosis of Xenopus laevis
oocytes, HEK293 cells, esophageal squamous
cell carcinoma, and melanoma cells [42-45]. The
NADPH redox also controls the activities of cell
cycle enzymes and caspases that trigger apoptotic
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cell death. Therefore, G6PD-derived NADPH
plays a key role in stimulating proliferation and
inhibiting apoptosis of cells [46]. Ectopic expres-
sion of GOPD increases rat PASMC proliferation
[29] and contributes to the HIF1a-induced endo-
thelial cell growth [47].

3.3 Glucose-6-Phosphate
Dehydrogenase Inhibitor
Treatment Reduces

Pulmonary Hypertension

We and others have shown that dehydroepian-
drosterone, which potently inhibits G6PD activ-
ity among other actions in the cell [48-50],
reduces pulmonary vascular resistance in HPH
and PAH rats [29, 51-54], and arterial elastance
and heart failure in PAH rats [52, 55].
Interestingly, low levels of dehydroepiandros-
terone sulfate are associated with severity of PAH
in humans [56], and an ongoing Phase III clinical
trial (NCTO00581087) reports that dehydroepian-
drosterone improves pulmonary hemodynamics
in patients with COPD-associated PH [57].

4 G6PD and CD133 (+) Cells
in Pulmonary Hypertension
4.1 CD133 (+) Cells
CD133 is a transmembrane pentaspan protein
and is also known as Prominin-1 or AC133. As
CD133 was first identified in neuroepithelial
stem cells in mice [58] and in the same year in
human hematopoietic stem cells (HSCs; [59]),
CD133 is one of the stem cell (and/or progenitor)
markers (Fig. 2). Accordingly as the CD133 stud-
ies proceed, relationships between CD133 posi-
tive cells (CD133 (+) cells) and some diseases
have been revealed gradually. The hottest field of
CD133 in medical research may be cancer stem
cells. Singh et al. [60, 61], have identified CD133
(+) cell subpopulation from human brain tumors
as brain tumor stem cells. Injection of these
CD133 (+) cells produced a tumor in transplanted
mouse brain and was a phenocopy of the patient’s

R.Hashimoto and S. Gupte

original tumor. CD133 (+) cancer stem cells have
also been found in several other tumor types
including gastric, colon, liver, pancreatic, pros-
tate, ovarian, breast, and lung cancer [62, 63]. For
more information about structural properties of
CD133 and cancer stem cells, we recommend
referring to the article by Shmelkov et al. [64].

4.2 Glucose Metabolism

and G6PD in CD133 (+) Cells

Metabolism plays a significant role in progenitor
cell phenotypic fate. It is well known that the
metabolic status of HSCs is distinct from that of
their differentiated progeny [65]. Like cancer
cells, HSCs derive their energy from aerobic gly-
colysis instead of mitochondrial oxidative phos-
phorylation and Meis1 regulates HSC metabolism
through transcriptional activation of HIFla [66].
GO6PD activity is increased in hypoxic CD133 (+)
cells and increased GOPD activity upregulates
expression of HIFla, cyclin A, and phospho-
histone H3 [67]. This maintains the CD133 (+)
cells in highly proliferative state. Increased
GO6PD plays a critical role in CD133 (+) cell pro-
liferation and growth, and co-localizes with
CD133 (+) cells in the perivascular region of
lungs from rats with hypoxia-induced pulmonary
hypertension. Inhibition of G6PD by dehydroepi-
androsterone in pulmonary arterial hypertensive
rats nearly abolished CD133 (+) cell accumula-
tion around pulmonary arteries and the formation
of occlusive lesions [67].

4.3 CD133 (+) Cells Increase

in Pulmonary Hypertension

The evidence of relationship between pulmonary
hypertension and CD133 (+) progenitor cells has
accumulated for the past decade. CD133 (+) cells
accumulate around the pulmonary artery in
hypoxia-induced  pulmonary  hypertension
(Fig. 3). Papa et al. reported that systemic sclero-
sis patients, about 30% of whom show pulmo-
nary hypertension, have more circulating CD133
(+) progenitor cells in peripheral blood [68, 69].
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Fig.2 Multipotent bone marrow-derived CD133 (+) stem cells give rise to endothelial, smooth muscle, immune, and
fibroblast cells and play a critical role in the pathogenesis of pulmonary artery remodeling and hypertension
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Fig.3 CD133 (+) cells appear in perivascular region and particularly around the vessel wall before pulmonary artery
remodels and pressures increase in mice exposed to hypoxia (10% O2) as compared to normoxic control

Others also have reported that CD133 (+) cell
numbers are increased in blood from patients
with other forms of pulmonary hypertensions as
compared to healthy controls [70-73]. Not just in
humans, CD133 (+) cells increase in blood of
beagle dogs after treatment of monocrotaline,
which is used to induce pulmonary hypertension
[74]. We also observe that hypoxia increases the
number of CD133 (+) cells in mice blood (manu-

script in preparation). CD133 (+) cells are also
in