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Asthma, acute lung injury (ALI), and chronic obstructive pulmonary disease (COPD) are
lung inflammatory disorders with a common outcome, that is, difficulty in breathing.
Corticosteroids, a class of potent anti-inflammatory drugs, have shown less success in
the treatment/management of these disorders, particularly ALl and COPD; thus, alterna-
tive therapies are needed. Poly(ADP-ribose)polymerases (PARPS) are the post-transla-
tional modifying enzymes with a primary role in DNA repair. During the last two decades,
several studies have reported the critical role played by PARPs in a good of inflammatory
disorders. In the current review, the studies that address the role of PARPs in asthma,
ALl, and COPD have been discussed. Among the different members of the family,
PARP-1 emerges as a key player in the orchestration of lung inflammation in asthma and
AL In addition, PARP activation seems to be associated with the progression of COPD.
Furthermore, PARP-14 seems to play a crucial role in asthma. STAT-6 and GATA-3 are
reported to be central players in PARP-1-mediated eosinophilic inflammation in asthma.
Interestingly, oxidative stress—PARP-1-NF-kB axis appears to be tightly linked with
inflammatory response in all three-lung diseases despite their distinct pathophysiologies.
The present review sheds light on PARP-1-regulated factors, which may be common
or differential players in asthma/ALI/COPD and put forward our prospective for future
studies.

Keywords: asthma, acute lung injury, chronic obstructive pulmonary disease, lung inflammation, poly(ADP-ribose)
polymerase, NF-kB, STAT-6

INTRODUCTION

Pulmonary inflammatory diseases, including asthma, chronic obstructive pulmonary disease
(COPD), and acute lung injury (ALI) constitute a huge socio-economic burden on present society.
Asthma alone affects around 300 million people globally, which include both the elderly and
young individuals (1). About 14% children across the globe experience symptoms of the disease
(2). Asthma is a chronic inflammatory disease and patients present episodic symptoms, such as
wheezing, cough, chest tightness, and shortness of breath. Owing to the inflammation, inhaled
corticosteroids and long-acting P, agonists remain the major therapies available for the disease.
Although the majority of asthmatics respond well to steroids, the treatment is still ineffective in
5-10% of the patients (3). Moreover, the long-term use of steroids is associated with numerous
side effects (4, 5). Similarly, COPD is also a chronic disease characterized by persistent and usually
progressive airflow limitation along with an enhanced inflammatory response (6). Currently, it is
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the fourth leading cause of worldwide deaths and is projected to
become the third highest by 2020 (6, 7). However, there are only
a limited number of pharmacological therapies available (8-11).
Surprisingly, the steroids, which act as potent anti-inflammatory
agents in asthma, have been found to be less effective in con-
trolling COPD-associated inflammation (12-14). Till date, no
drug that actually modifies the progressive nature of the disease
is available. In contrast to asthma and COPD, ALI is an acute
inflammatory disease of the lung. It is diagnosed based on its
acute onset, pulmonary inflammation, increased vascular per-
meability, and hypoxemia (15). Data from the developed world
show that the incidence of ALI varies from 10.1 to 86.2 cases per
100,000 person per year (16). Despite the advances in treatment
modalities, the mortality rate in patients with ALI is still 36-44%
(17). The currently available therapies include lung-protective
ventilation, high-frequency oscillatory ventilation, conservative
fluid strategies, and prone positioning that only mitigate the
symptoms of the disease. So far, there is no pharmacotherapy
available to cure the disease. Therefore, alternative therapeutic
targets need to be identified for effective management/treatment
of asthma, ALI, and COPD.

Poly(ADP-ribose)polymerases (PARPs) constitute an 18-
member family of proteins that play an important role in DNA
repair (18, 19). In addition, a more intricate physiological role
of PARPs in fundamental cellular processes such as chromatin
remodeling, transcription, and regulation of the cell cycle have
been reported (20-22). Various studies have shown that excessive
reactive oxygen species (ROS)/reactive nitrogen species (RNS)
induced DNA damage that occurs during inflammatory condi-
tions leads to an over activation of PARPs (23-26). Extensive
activation of PARPs results in energy crisis due to depletion of
their substrate, i.e., nicotinamide adenine dinucleotide (NAD™),
thus leading to necrosis (27). In addition, PARPs interact with
various cellular proteins and transcription factors that aid inflam-
mation (28-33). In the last decade, significant research has been
conducted to evaluate the role of PARP-1 in lung inflammation
associated with asthma and ALI, using experimental models.
Also, some reports hint at potential connection between PARP-1
and COPD. Given the fact that inflammation plays a critical role
in these diseases, we have tried to underline the cellular and
molecular factors that are regulated by PARP-1 in the orches-
tration of inflammation. We hope that positioning PARP-1 in
context of lung inflammation associated with asthma, ALI, and
COPD would provide better understanding and might enable us
to develop new drugs in the area.

PARP-1 AND ITS PRO-INFLAMMATORY
ROLE

Poly(ADP-ribose)polymerase-1 belongs to a family of 18 proteins
exhibiting mono(ADP-ribosyl) or poly(ADP-ribosyl) transferase
activities. Mammalian PARP-1 is a 116-kDa protein which
comprises of an N-terminal DNA-binding domain, a nuclear
localization sequence (NLS), a central automodification domain,
and a C-terminal catalytic domain (Reviewed comprehensively)
(34). The C-terminal region is the most conserved part of the

PARPs family. It executes catalytic function by synthesizing
poly(ADP)ribose (PAR) using NAD* as a substrate (35, 36) and
transferring such PAR moieties to several proteins, including
histones, DNA repair proteins, and transcription factors resulting
in their covalent modification (18, 37). Such post-translational
modifications ultimately alter the structure and functions of the
acceptor proteins. Under genotoxic stress conditions, PARP-1
binds itself to the nucleosomes containing intact (38) as well
as damaged DNA structures (e.g., nicks and double-strand
breaks); thus, leading to the activation of DNA repair enzymes
(39). The covalently attached PAR can be hydrolyzed to free PAR
or mono(ADP-ribose) by PAR glycohydrolase (PARG) (40).
Synthesis and degradation of PAR chains is tightly controlled
in vivo and PAR residues have a very short half-life in the cell (few
minutes) (34). Free or protein-bound PAR polymers also work as
signal transducers by binding other proteins (41, 42).

It is quite clear that PARP-1 gets activated in response to DNA
damage induced by ROS/RNS under inflammatory conditions
(43, 44) Although, the primary aim of PARP-1 is to maintain
the genome integrity but its over activation under extensive
and persistent DNA damaging environment promote inflam-
matory conditions. As stated earlier, over activation of PARP-1
depletes its substrate, i.e., NAD*, bringing the cell to an energy
deficient state, thus leading to necrosis (45). Recently, PARP-1
has been reported to cause cell death by suppressing the activity
of hexokinase-1 (an essential enzyme of glycolysis), through its
posttranscriptional modification (by adding PAR chains) (46).
Apart from inducing cellular death, PARP-1 has been reported to
promote inflammation by influencing chromatin remodeling and
expression of several pro-inflammatory factors. Since the DNA
is negatively charged, poly(ADP)ribosylation (also negatively
charged) of histones results in relaxing of nucleosomal structures
and, hence, aids the transcription of pro-inflammatory genes
(47, 48). PARP-1 regulates the expression of several NF-«xB-
dependent cytokines, chemokines, adhesion molecules, inducible
nitric-oxide synthase (iNOS), required for the manifestation of
inflammatory cycle (49-55). It is quite evident that PARP-1 gene
deletion or its pharmacological inhibition results in suppressed
migration of leukocytes to the inflammatory sites (56). Overall,
PARP-1 plays a pro-inflammatory role by inducing cellular death
and upregulating the expression of various inflammatory genes,
via interaction with NF-kB (28, 29). Figure 1 gives an overview
of the role of PARP-1 in inducing inflammatory conditions under
stress environment.

Numerous review articles have highlighted the pro-
inflammatory role of PARP-1 in various extra-pulmonary
inflammatory diseases, including sepsis, arthritis, atheroscle-
rosis, diabetic nephropathy, allergic encephalomyelitis (EAE),
and contact hypersensitivity (43, 56-61). Importantly, PARP-1
inhibitors have already entered the clinical phase for testing their
therapeutic potential in different types of cancers (62-64). In
addition, encouraging results have been reported in a clinical
trial involving patients with ST elevation myocardial infarction
which is the most severe form of heart attack. Results show that
pharmacological inhibition of PARP-1 with INO-1001 reduced
plasma levels of C-reactive proteins (CRP) and IL-6, which are
well-known inflammatory markers. Furthermore, no serious
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FIGURE 1 | DNA damage induced poly(ADP-ribose)polymerase-1 (PARP-1) activation and its consequences on the cell fate/inflammation: (A) Under mild DNA
damage conditions PARP-1 facilitates DNA repair; thus, promoting the survival of cell (indicated by green colored arrows). (B) Under severe DNA damage
conditions, PARP-1 become over-active, thus causing cell death by either NAD* dependent (i.e., ATP depletion/necrosis) or independent (i.e., glycolysis inhibition)
manner (indicated by black colored arrows). (C) In addition, PARP-1 plays a pro-inflammatory role by regulating the expression of inflammatory genes through

adverse effect associated with the drug was noticed (65). Based
on these, it would be logical to test such FDA-approved PARP-1
inhibitors in other human inflammatory diseases in order to
shorten our journey from bench to bedside in search of new
therapeutic agents. Therefore, we reviewed the role PARP-1 in
the context of asthma, ALIL, and COPD with a special focus on
inflammation.

PARP-1 IN ASTHMA

Asthma is a chronic inflammatory lung disorder characterized by
airway inflammation, hyper-reactivity, and remodeling (66). The
disease is recognized as Type-I hypersensitivity disorder (allergic
disease), and various mediators, such as immune cells (T lym-
phocytes, eosinophils, macrophages, and monocytes), structural
cells (epithelial cells, endothelial cells, and smooth muscle cells),
cytokines, and transcription factors play an important role in
its establishment (66, 67). Since the susceptible individuals are
repeatedly exposed to allergens, recurring allergic attacks lead
to the development of persistent inflammatory conditions in the
lungs. Excessive production of ROS/RNS by inflammatory cells
induces DNA damage and, consequently, results in increased
activity of PARP-1 (32, 68, 69).

In 2003, Boulares et al. first reported that ROS-mediated DNA
damage results in PARP-1 activation in the lungs of ovalbumin
(OVA) exposed mice. Furthermore, it was discovered that PARP-1
inhibition (pharmacological or genetic) prevented OVA-induced
lung inflammation (32). Similar results were reported by Suzuki
etal. in a study conducted using guinea pig model of asthma (70).
Oumouna et al. later identified that PARP-1 promotes asthma-
associated inflammation by influencing the expression of Th2
cytokines, primarily IL-5 (71). In a follow-up study, we identi-
fied that PARP-1 activity was a requisite for maintaining STAT-6
integrity, which subsequently controls expression of GATA3 and
IL-5 (72). Also, we observed that PARP-1 contributes toward
both airway inflammation and airway hyper-reactivity (AHR)
(33, 73). In addition, PARP-1 activity has been reported to be
required for splenic CD4* T cells maturation and the inhibition
of PARP-1 results in marked increase in T regulatory (Treg) cells
(73). Recently, we have reported that PARP-1 inhibition blocks
asthma-like traits in mice when exposed to house dust mite
(HDM) which is an important human allergen (74). Apart from
the aforementioned preclinical evidences, we have demonstrated
that enhanced PARP-1 activity correlates with asthma phenotype
in humans. Analysis of the lung specimens and peripheral blood
mononuclear cells (PBMCs) derived from healthy and asthmatic
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patients showed that PARP-1 indeed is activated substantially in
asthmatics (74). Besides, other recent studies have indicated a
role of PARP-1 in airway remodeling traits possibly by modu-
lating the function of structural cells that line the airways (33,
73). Given the multifaceted role of PARP-1 in asthma, we have
discussed its role in immune cells and structural cells along with
the signaling mechanism influenced by the protein in the fol-
lowing section.

Role of PARP-1 in Asthma-Associated

Immune Cell Recruitment and Functioning

Different immune cells, such as CD4* T cells, eosinophils, and
dendritic cells (DCs), play a critical role in orchestrating asthma-
associated inflammation (75, 76). Large numbers of reports
confirm the active involvement of PARP-1 in modulating recruit-
ment and functioning of these cells as discussed below.

PARP-1 and Lymphocytes
The CD4* T cells [also referred to as T helper (Th) cells] play an
important role in asthma pathogenesis (76, 77). In fact, the disease
is classically known as Th2 cell-associated inflammatory disorder
as it is marked with the increased presence of these cells in the
airways of patients. Th2 cells are the primary source for cytokines,
such as IL-4, IL-5, and IL-13, and are responsible for antigen-
induced AHR and pulmonary eosinophilia (78, 79). Interestingly,
we have recently observed that PARP-1 activity modulates splenic
CD4* T cell subpopulation. It was noticed that PARP-1 inhibition
(genetically or pharmacologically) prevents the increase in the
splenic CD4* T cells in OVA-challenged mice. Such reduction
in CD4* T cells was associated with declined production of Th2
cytokines; eotaxin, IL-4, IL-5, and IL-13 as expected. In addition,
(pharmacological inhibitor of PARP) downregulates the CD3/
CD28-induced expression of GATA-3 and IL-4 mRNA in CD4*
T cells skewed toward Th2 phenotype. Furthermore, adoptive
transfer of Th2-skewed OT-II CD4'T cells was found to be
sufficient to reverse Th2 cytokines production in OVA exposed
PARP-1""mice (73). We extended our findings by stimulating
the T-cell receptor (TCR) of CD4" T cells derived from humans
(isolated from PBMCs of healthy subjects) and our data indeed
confirm that PARP-1 inhibition suppresses the production of Th2
cytokines and expression of GATA-3 in cells of human origin (74).
Interestingly, the percentage of Treg cells was found to be
increased upon PARP-1 inhibition. Such increase in splenic Treg
cell population might be an added protective trait in controlling
asthma-associated inflammation by PARP-1 inhibition (73).
Zhang et al. studied the interaction of PARP-1 with TGF-f
signaling in CD4* T cells and observed that it regulates TGF-3
signaling by altering the expression of its receptors, i.e., TPRs
type Il and L. It was reported that PARP-1 inhibits the expression
of TPRII by binding directly to its promoter region and that of
TPRI through its enzymatic activity. Indeed, PARP-1 inhibition
enhances the expression of TBRs and activation of TGF-f signal-
ing, which directs the binding of Smad3 at enhancer of FOXP3
gene and, consequently, increases its expression (80). The FOXP3
gene is essential for the differentiation and functioning of Treg
cells (81). In addition, a direct interaction between PARP-1 and

FOXP3 has been reported in another study. It was found that
PARP-1 activity results in poly(ADP-ribosyl)ation of FOXP3,
which reduces its stability and regulatory function. Certainly,
the inhibition of PARP-1 enhances the stabilization of FOXP3
and consequent expression of its dependent genes required for
immune-suppressive function of Treg cells (82).

CD4* cells can also differentiate into Th17 cells through the
expression of RAR-related orphan receptor y (ROR-yt) and
ensuing production of IL-17 (83). It is important to mention that
IL-17 has been linked with severe asthma given its role in the
recruitment of neutrophils (84, 85). Several recent studies using
animal models of inflammatory diseases and in in vitro systems
have shown conflicting findings on the relationship between
PARP-1 and IL-17. Whereas some reports show an increase
in IL-17 production (80), others showed no change (86) or a
decrease in the cytokine upon PARP-1 inhibition (87). Therefore,
we examined the effect of PARP-1 on IL-17 expression using
experimental model(s) relevant to asthma. We observed that
PARP-1 gene deletion results in an increased production of IL-17
upon TCR stimulation of CD4* cells. Repeated administration of
PARP inhibitor Olaparib in chronic HDM-exposed mice resulted
in modest increase in BALF IL-17 levels but, no such increase was
observed in HDM-exposed PARP-1~'~ mice. Overall, our data did
not lead us to any concrete conclusion, as IL-17 increase observed
in vitro system was not consistent with our results obtained using
animal model. Nevertheless, we noticed that the increase in levels
of IL-17 was accompanied by a complete abrogation of BALF
neutrophilia upon PARP-1 inhibition either by Olaparib or gene
deletion in HDM-treated mice. Furthermore, such increase in
IL-17 levels coincided with a significant increase in the percentage
of Treg cell population in spleens of HDM-exposed animals; thus,
underlines the dual role of PARP-1 in differentiation of Treg and
Th17 cells (74). It is possible that differentiation of CD4* T cells
toward Th17 phenotype may be a counter-regulatory action to
control immune-suppressive function of Treg cells upon PARP-1
inhibition. These results suggest that the relationship between
IL-17, its effects, and PARP-1 is complex and requires further
investigations.

PARP-1 and Eosinophils

Eosinophils are granulocytes and their number is increased in
air spaces and sputum of asthmatics. Thus, they are used as an
important marker of the disease (88, 89). The clonal expansion
of Th2 cells, during the disease development is responsible for
eosinophilia. Th2 cells are source for cytokines, such as IL-4, IL-5,
and GMCSE, which facilitate eosinophil recruitment and survival
(90). A number of studies have shown that PARP-1 inhibition
reduces the asthma-associated eosinophilia (71, 91, 92). We
also found that PARP-1 inhibition (genetic or pharmacological)
prevents the infiltration of eosinophils into the airways of OVA-
challenged mice specifically by the suppression of IL-5 (71). In
addition, we have reported that PARP-1 modulates the expression
of ICAM-1, a key factor known to facilitate trans-diapedesis of
leukocytes into the airways (93). There is a strong possibility that
PARP-1 inhibition modulates the recruitment of eosinophils in
the lung by altering expression of the Th2 cytokines as well as
adhesion molecules.
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PARP-1 and DCs

Dendritic cells are primary antigen-presenting cells (APCs)
that are present throughout the pulmonary tract. They process
and present foreign antigens to CD4* T cells, and polarize them
toward Thl, Th2, or T regulatory cell type (75, 94) and, thus,
decide the nature of immune response. Interestingly, an in vitro
study conducted by Aldinucci et al. showed that the increased
PARP-1 activity is a requisite for the differentiation of human
monocytes to DCs. They observed that PARP-1 inhibition [by
Penanthridinone/thieno[2, 3-c]isoquinolin-5-one (TIQ-A)]
reduces the expression of DC specific markers CD86 and CD83
in monocytes isolated from PBMCs when exposed to lipopoly-
saccharide (LPS). In addition, PARP-1 modulates the function
of DCs, as inhibition of its enzymatic activity reduces the T cell
allostimulatory activity of matured DCs (95). In a separate study,
it was discovered that PARP-1 inhibition adversely regulates the
maturation and functioning of DCs derived from mouse bone
marrow. Furthermore, the effects of PARP-1 on the functioning
of DCs were analyzed in mouse model of encephalomyelitis and
data confirmed that PARP-1 inhibition reduces the DC number
as well as their APC function (96). It is noteworthy that both the
aforementioned studies were not conducted in the context of
asthma. Considering the role of DCs in asthma-associated antigen
presentation, more studies using classical models of experimental
asthma may be required for a better conclusion.

PARP-1 and Structural Cells

Airway remodeling is a key pathogenic feature of asthma that
results in irreversible airway obstruction (97). It occurs because
of persistent inflammatory conditions, recurring bronchial
epithelium damage, and deregulated repair mechanism (98).
Airway remodeling is marked with changes, such as, detach-
ment of epithelial cells, sub-epithelial fibrosis, goblet-cell
hyperplasia and metaplasia, airway smooth muscle thickening,
and angiogenesis (99-104). Contradictory reports are available
in literature regarding the role of PARP-1 in asthma-associated
airway remodeling. Havranek et al. reported that PARP-1 activity
is associated only with OVA-induced airway inflammation in
mice but not with goblet-cell metaplasia (GCM), a characteristic
feature of airway remodeling (105). It was observed that a single
intratracheal instillation of IL-13 results in manifestation of
GCM in mice lungs without altering the PARP-1 activity, thus
suggesting PARP-1 activity is not necessary for IL-13-mediated
GCM. In contrast to the aforementioned study, there are reports
suggesting the protective effects of PARP-1 inhibition against
allergen-induced mucus production and AHR in animal models
of asthma (33, 73). Recently, it was reported that HYDAMTIQ, a
selective PARP inhibitor, significantly attenuated lung inflamma-
tion as well as features of airway remodeling in OVA-challenged
guinea pigs (92). However, this study highlights the initial phase
of airway remodeling, as the guinea pigs underwent only two
OVA challenges (once a week for two consecutive weeks), which
is not sufficient to develop all the aspects of airway remodeling.
In another study, Zaffini et al. evaluated the therapeutic effects of
PARP-1 inhibition on airway inflammation and remodeling using
HDM-induced mouse model of chronic asthma (established by
challenging the mice for 5 days/week for five consecutive weeks).

They observed that PARP-1 inhibition affects airway remodeling
partly as sub-epithelial collagen deposition was reduced; however,
a-smooth muscle actin (a-SMA) thickening remained unaffected
(106). It is important to mention that IL-5 mediated eosinophil
production can lead to airway remodeling through the release
of TGF-p, a pro-fibrotic factor (88, 107). However, it is not clear
whether PARP-1 inhibition modulates the TGF-B/IL-13 linked
pro-fibrotic signaling mechanism(s) in structural cells (such as
epithelial, fibroblasts, or smooth muscle cells) or suppression in
airway remodeling features is simply an outcome of lesser TGF-f
release due to reduced eosinophil number.

Epithelial-mesenchymal transition (EMT) is an important
phenomenon that is associated with airway remodeling in chronic
asthma. During EMT, epithelial cells lose their characteristics
(such as polarity as well as cell-cell adhesion) and acquire features
of mesenchymal cells (like becoming migratory and secretory)
(108). Different studies have shown that TGF-p plays a crucial
role in EMT. TGF-f is known to downregulate the expression
of E-cadherin (epithelial cell marker) and upregulate the expres-
sion of N-cadherin, fibronectin (FN-1), vitronectine, and MMPs
(mesenchymal cell marker) via activation of snail (a transcrip-
tional repressor of epithelial genes) (108, 109). In addition,
participation of NF-xB in EMT is reported (110). In epithelial
cells, p65 subunit of NF-kB is associated with E-cadherin. During
EMT, levels of E-cadherin are reduced, which freed the p65 to
form dimer complex(s) with other NF-kB subunits. NF-«B then
occupies the promoters of various mesenchymal genes for their
enhanced expression (111). Stanisavljevic et al. have reported that
PARP-1 plays an important role in the formation and binding of
ternary complex (along with Snaill and p65 NF-«B) to the FN-1
promoter region for its efficient expression (112). It is possible
that PARP-1 regulates airway remodeling in chronic asthma
partly by modulating EMT process.

PARP-1-Associated Signaling Pathways in
Modulating Asthma-Associated Cytokines

Production

A vast network of cytokines, primarily Th2 cytokines, is known
to regulate asthma-associated inflammation. Among the different
members of Th2 cytokines family, IL-4, IL-5, and IL-13 contribute
primarily in asthma (113). IL-4 is responsible for expansion and
activation of Th2 lymphocytes, activation of B cells to produce
antigen specific IgE, and stimulation of IL-5 expression. IL-5
participates in the recruitment, activation, and degranulation
of eosinophils in the lungs of an individual exposed to allergen
(114-118). IL-13 plays an important role in airway remodeling
as it contributes in IgE synthesis, mucus hyper secretion, and
fibrosis (119-121).

Different studies have been carried out by our research group
to evaluate the role of PARP-1 in modulating asthma-associated
cytokines production. We have reported that PARP-1 inhibition
(genetic or pharmacological) significantly reduces the eosinophil
infiltration into the airway of OVA-challenged mice. Interestingly,
eosinophilia was reversed in lungs of PARP-1~~ mice upon intra-
nasal replenishment of IL-5 but not IL-4 or IgE, which indicates
a direct regulatory relationship between PARP-1 and IL-5 (71).
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We further elucidated the potential mechanism by which PARP-1
regulates the IL-5 expression during allergic conditions. Analysis
of the various steps in IL-5 production revealed that PARP-1
modulates the expression of IL-5 at mRNA level. PARP-1 inhibi-
tion downregulates IL-5 expression by promoting STAT-6 degra-
dation without alerting JAK1/JAK3 activation (72). In addition,
we observed that PARP-1 gene deletion significantly increases
the production of Th1 cytokines (IL-2 and IL-12, but not IFN-y)
in OVA-restimulated splenocytes derived from OVA-challenged
PARP-17"~ mice. Overall, PARP-1 gene deletion tilts the Th1/Th2
balance toward Th1 in favor of anti-allergic response (71).

Different transcription factors, such as STAT-6, GATA-3,
activator protein 1 (AP-1), and NF-kB, are involved in the
pathogenesis of asthma (122). Among them, STAT-6 is involved
in the development of Th2 cell-mediated immune response,
immunoglobulin (Ig) class switching (IgE and IgG1 in B cells),
mucus production (in lung epithelial cells), cell contractility, and
eotaxin production (in smooth muscle cells), as well as regulation
of GATA-3 expression (a master regulator of Th2 cells differentia-
tion) (123-128). Our data indicate that PARP-1 activity is one
of the requisites for maintaining the integrity of STAT-6. It was
observed that PARP-1 inhibition downregulated the expression
of STAT-6 at the protein level without altering its gene expression.
Lack of STAT-6 stability results in reduced expression of GATA-3
and its dependent gene, IL-5. Overall, PARP-1 seems to modulate
recruitment of eosinophils in the lungs of allergen exposed ani-
mals by influencing the STAT-6-GATA-3-1L5 axis (72).

Poly(ADP-ribose)polymerase-14, another member of the
PARP family with intracellular mono-ADP-ribosyltransferase
activity, has been shown to be associated with asthma pathogen-
esis. PARP-14 is expressed in lymphoid organs and lymphocyte
cell lines and plays an important role in the signal transduction
(129, 130). Mehrotra et al. have shown that PARP-14 acts as a
transcriptional switch for STAT-6-dependent gene induction.
In the absence of IL-4, PARP-14 acts as a transcriptional repressor
by recruiting histone deacetylases (HDACs) (HDACs 2 and 3) to
IL-4 responsive promoters. By contrast, in the presence of IL-4,
the catalytic activity of PARP-14 facilitates the release of HDACs,
which allows the binding of STAT-6 to the promoter region of
its target genes, thereby activating STAT-6-dependent transcrip-
tion (131). In a subsequent study by the same group, the role of
PARP-14 in OVA-induced lung inflammation and reactivity was
analyzed in mice. It was reported that PARP-14 participates in
differentiation of naive T cells toward Th2 phenotype without
affecting Th1 cytokine INF-y. PARP-14 gene deletion leads to a
substantial decrease in IgE and Th2 cytokines levels. In addition,
it was found that pharmacological inhibition of PARP-14 during
sensitization or challenge stage ameliorated the asthmatic inflam-
mation effectively (132). These aforementioned studies indicate
that other members of the PARP family (besides PARP-1) might
play a role in asthma pathogenesis. Considering the structural
and functional homology among the different members of PARP
family, more studies are required for better understanding.

In addition to the involvement of PARP-1 in modulating
the STAT-6/GATA-3 mediated trans-activation, several studies
suggest the critical role of PARP-1 in the activation of NF-kB,
a redox-sensitive transcription factor. It is well established

that NF-xB regulates the transcription of a wide array of gene
products (cytokines, chemokines, adhesion molecules, growth
factors, etc.) that are involved in the molecular pathobiology of
the lung (133, 134). It has been reported that PARP-1 secures its
position upstream of NF-kB signaling pathway as it is required
for the activation of IKK and NF-kB (135, 136). Hassa et al. have
reported that neither the DNA binding nor the enzymatic activ-
ity of PARP-1 is required for the activation of NF-kB. However,
they found that direct protein—protein interaction of PARP-1
with both subunits of NF-xB is required for activation of NF-xB
(137). In contrast to this, Liu et al. have found that enzymatic
activity of PARP-1 is required for activation of NF-xB in LPS-
stimulated murine macrophage (138). We also have observed
that PARP-1 activity might be responsible for the retention of
NF-xB in nucleus as PARylation of p65 NF-kB subunit decreases
its interaction with Crm1, a nuclear exporting protein (28). The
dependency of NF-kB on PARP-1 for its efficient activation
correlated well under asthmatic conditions, as nuclear localiza-
tion of p65NF-kB was also found to be defective in lung tissue
sections derived from PARP-17~ mice given allergen exposure
(49). Overall, there is strong evidence that PARP-1 modulates
NF-kB activation directly or indirectly. Based on the fact that
NF-kB signaling is influenced by oxidant/antioxidant imbalance
inairways (139, 140) and the reported role of transcription factor
on the expression of GATA-3 and subsequent Th2 differentiation
in allergic airway inflammation (141), it is highly plausible that
PARP-1 plays a central role in asthmatic airway inflammation
potentially through activation of NF-kB. As multiple signal
transduction pathways in inflammation converge on the NF-xB
complex, various strategies targeting NF-kB signaling are being
pursued for asthma treatment. It is important to mention that
therapeutics that target NF-kB/IkBa complex dissociation or
NF-xB/DNA binding has the potential to treat even steroid-
insensitive airway disease.

Activator protein 1 is another transcriptional factor that plays
an important role in the pathogenesis of asthma (122, 142, 143).
Despite the fact that PARP-1 has been reported to play a role in
AP-1 activation in several inflammatory disorders, including ALI
(144-146), we could not find any study in literature addressing
the PARP and AP-1 interrelationship in asthma.

PARP-1 Polymorphism in Asthma

Genetic composition of an individual plays an important role in
deciding predisposition or protection against asthma (147, 148).
A study in Turkish population involving 112 asthmatic patients
and 180 normal controls have shown that individuals with
PARP-1 762Val/Val allele were at five times higher risk of devel-
oping asthma while those with PARP-1 762Ala/Ala genotype
conferred a 3.4-fold reduction in this risk, and individuals having
762Val/Ala genotype (heterozygous) conferred an even greater
level of protection (149). A separate study has indicated that
PARP1 Val762Ala polymorphism reduced the enzymatic activity
of PARP-1 by around 40% (150). Accordingly, it is reasonable
to speculate that such PARP-1 polymorphism diminishes the
susceptibility to asthma by reduction in catalytic activity of the
enzyme. However, we did not find other such studies on humans
of different genetic background, which may prove or negate the
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findings of this study. Considering all, PARP-1 polymorphism
may be an added risk factor in the disease development; more
studies are required before we could conclude anything.

Overall, work conducted in past 14 years certainly place
PARP-1 as a critical player in the orchestration of inflammatory
response in asthma. We feel that future studies should consider
testing PARP inhibitors in experimental models of severe asthma,
a steroid non-responsive condition. Potential success of PARP
inhibitors in steroid non-responsive asthma can open the venues
for their clinical testing.

Figure 2 summarizes the effect(s) of PARP-1 in asthma, and
Table 1 presents compilation of various studies on the role of
PARP-1 in asthma highlighting key finding(s) of each study.

PARP-1 IN ALI

Acute lung injury is another important pulmonary inflamma-
tory disorder that is associated with high mortality (17, 151).
Although, the pathophysiology of the disease is entirely different
from asthma, neutrophilic inflammation in lungs seems to be a
common factor in both ALI and steroid-resistant severe asthma.
It is believed that neutrophils play a critical role in promoting

steroid resistance in severe asthma (152-154). Since alternative
medications are required in ALI and steroid non-responsive
asthma, we next compile various studies addressing the role of
PARP-1 in ALI with a focus on neutrophilic inflammation. We
believe that the knowledge gathered may be applied in finding
new therapies not only for ALI but also severe asthma. PARP-1
has been reported to play a key role in the manifestation of ALI
induced by biological as well as mechanical insult. Accordingly,
we next discuss the role of PARP-1 in ALI mediated by biological
or mechanical agents separately.

PARP-1 in Biological Insult-Induced
ALl i.e., Infection

Lipopolysaccharides-induced ALI models are the most common
animal models that are used to understand the pathophysiol-
ogy of the disease (155-157). These models mimic the human
conditions where biological insults lead to lung injury. The
various studies utilizing such models have shown that PARP-1
plays an important role in pathogenesis of ALI (138, 158, 159).
Liaudet et al. have reported that PARP-1 plays a central role in
LPS-mediated ALI in mice (160). Indeed, PARP-1 inhibition
(genetic and pharmacological) effectively ameliorated infiltration
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FIGURE 2 | Overview of the poly(ADP-ribose)polymerase-1 (PARP-1) participation in asthma: PARP-1 primarily modulates the asthma pathogenesis by influencing
the T cells and epithelial cells. In T cells, PARP-1 upregulates the clonal expansion of mature Th2 cells. In addition, PARP-1 activity reduces naive T cells associated
TGF-p signaling and FOXP3 stability; thus, eventually reducing Treg cells development. Apart from the increase in Th2 cells number, the functioning of these cells is
also modulated by PARP-1 activity. PARP-1 influences transcription factors such as NF-kB and STAT-6; thus, modulating expression of cell adhesion molecules and
Th2 cytokines such as IL-5. Furthermore, PARP-1 contributes in epithelial-mesenchymal transition (EMT) (part of airway remodeling) by influencing formation and
binding of ternary complex.
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TABLE 1 | Studies on the role of poly(ADP-ribose)polymerase-1 (PARP-1) in asthma.

Study model Mode of PARP  Effects of PARP inhibition Significance Reference
inhibition
ASTHMA
(1). In vitro model: Genetic: In vitro model: pharmacological inhibition First study to report the role of (82)
H.0, induced Human ~ PARP-1-- mice | LDH activity P ?Rm '?. asthma-associated ainway
A549 cells . 1 ROS generation inflammation
Pharmacological: T
In vivo model: 1 NF-xB activation
3-AB 1 IL-8 gene expression
OVA-induced mouse
In vivo model: genetic and pharmacological inhibition:
model
Strain: | Inflammatory cells recruitment (in BALF and lung tissue)
(SV129 X C57BL/6) | PARP activation (in lung tissue)
1 iINOS expression (in lung tissue)
(2). In vivo model: Pharmacological: | Severity of cough Reported that several (70)
OVA-induced guinea 3-AB and 5-AIQ 1 Oocurrence.gf dyspneg alIergen—Fnduced respiratory
pig model | PARP-1 activity (lung tissue) dysfunctions are modulated
| Mast cell degranulation (lung tissue) by PARP-1
1 MPO activity (lung tissue)
| MDA level (lung tissue)
| TNF-o level (BALF)
| Nitrites level (BALF)
(3). In vivo model Genetic: Genetic and pharmacological inhibition: Showed that PARP-1 modulates (71)
OVA-induced mouse  PARP-1-- mice | Eosinophil recruitment (in lung tissue and BALF) iar:)eszfpr:ISSSiroe:r:;tsznt by influencing
model .. 1 Th2 cytokine production (in lung cells): IL-4, IL-5, IL-13 P
) Pharmacological: " .
Strain: | OVA-specific IgE (in BALF)
(SV129 X C57BL/6) TIQ-A 1 Mucus production (in lung tissue)
4). In vivo model Pharmacological: | Eosinophils recruitment (in BALF and lung tissue) Reported the therapeutic potential (83)
OVA-induced mouse ~ TIQ-A 1 Th2 cytokine production (in BALF cells): IL-4, IL-5, IL-13 of PARP inhibitors when given after
model | OVA-specific IgE level (in BALF cells) allergen exposure in acute asthma
Strain: l Z\/I:;us production (in lung tissue)
(8V129 X C57BL/6) v
(5). In vivo model: Genetic: 1 IL-5 gene expression (in spleen) Explained the underlying mechanism (72)
OVA-induced mouse  PARP-1-" mice | STAT-6 protem expression (in spleer?) . behind F’ARP—1 mediated IL-5
model | GATA-3 protein and mRNA expression (in spleen) expression. It was reported that
Strain: PARP-1 activity is required for
v 2'9 X C57BL/6) maintaining STAT6 integrity
(6). In vivo model: Genetic: Genetic and pharmacological inhibition: First study to show the involvement of (132)
OVA-induced mouse ~ PARP-14-/~ | Inflammatory cells recruitment (in BALF) PARP-14 In asthma pathogenesis
model C57BL/6 mice | AHR
Strain: Pharmacological: | Total IgE level (in BALF and serum)
C57BL/6 and BALB/c 1 OVA-specific IgE level (in serum)
PJ34 . | Th2 cytokine mRNA expression (in lung tissue): IL-4, IL-5, IL-13
(BALB/c mice 1 Chemokine expression (in lung tissue): CCL11, CCL17, CCL24
used for this) | Binding of STAT6 to Gata3 promoter
(7). In vivo model: Pharmacological: | PARP-1 activation (in lung tissue and BAL cells) Reported that PARP-1 inhibition (92)
OVA-induced guinea  HYDAMTIQ | Severity of cough protects against some of airway
pig model 1 AHR remodeling traits in acute asthma
| Smooth muscle thickness
| Goblet-cell hyperplasia (in lung tissue)
| Collagen content (in lung tissue)
1 MDA level (in lung tissue)
1 MPO activity (in lung tissue)
| 8-hydroxy-2'deoxyguanosine level (in lung tissue)
1 MnSOD activity (in lung tissue)
| Cytokines production (in lung tissue) TNF-a, IL-1p, IL-5, IL-6, IL-18
| Mast cell degranulation (in lung tissue)
(Continued)
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TABLE 1 | Continued

Study model Mode of PARP  Effects of PARP inhibition Significance Reference
inhibition
(8). In vivo model: Genetic: Pharmacological and genetic inhibition: Explored the efficacy of Olaparib (73)
OVA-induced mouse  PARP-1-- mice | Inflammatory cells recruitment (in BALF and lung tissue) |r1‘|b|o§k|r?g the'a]lclready e:tabhshedn
model ) | Mucus production (in lung tissue) a erg|§ arnwayin lamma lon as wetl as
Pharmacological: . ) AHR via modulating the CD4(+) T cell
Strain: | OVA-specific IgE (in BALF and serum) function
Olaparib 1 AHR
(SV129 X C57BL/6) | Th2 cytokine production (in BAL cells): eotaxin, IL-4, IL-5, IL-13
| CD4(+) T cell population (in spleen)
1 Th1 cytokine (in BAL cells): IFN-y
1 Treg cell population (in spleen)
9). Clinical samples:  Genetic: Clinical samples: Increased the clinical significance of (74)
. i tudies as for the first time
Human lun PARP-1-"- mice ivation i i previous s
SpeCimensgand 1 PARP activation in PBMCs and lung tissues it was reported that the PARP-1 is
PBMCs Pharmacological:  in vivo model (genetic and pharmacological inhibition): activated in human asthma. Further,
Olaparib | Inflammatory cells recruitment (in BALF) it was seen that PARP-1 inhibition

In vivo model:

| AHR
HDM-induced mouse
model | CD4(+) T cell population (in spleen)
Strain: 1 Treg cell population (in spleen)
(SV129 X C57BL/6)

| Th2 cytokine production (in BAL cells): eotaxin, IL-4, IL-5, IL-13

effectively blocked HDM, a human
allergen, induced asthma in mice

OVA, ovalbumin; 3-AB, 3-aminobenzamide; LDH, lactate dehydrogenase; 5-AlQ, 5-aminoisoquinolinone; TIQ-A, thieno[2,3-cJisoquinolin-5-one; Treg, T regulatory; AHR,
airway hyper-responsiveness, HYDAMTIQ, hydroxyl-dimethylaminomethyl-thieno[2,3-cjisoquinolin-5(4H)-one; HDM, house dust mite; MPO, myeloperoxidase activity; MDA,

malondialdehyde; SOD, superoxide dismutase; PBMCs, peripheral blood mononuclear cells.

of neutrophils in the lungs by modulating expression of several
NEF-kB-dependent cytokines and chemokines, NO production,
and associated lipid peroxidation. Similar results were also
observed in a study conducted by our group. It was observed
that LPS-induced neutrophil and macrophage accumulation in
lungs was reduced remarkably in PARP-17~ mice. In addition,
expression of neutrophils-specific (mKC and MIP-2) and mac-
rophage-specific (MCP-1 and MIP-1a) chemokines were found
to be decreased (158). Liu et al. further explored the underlying
mechanism by which PARP-1 regulates the LPS-induced airway
inflammation by conducting cell culture-based study employing
murine macrophages. They observed that LPS stimulation of
cells enhance the binding of PARP-1 with p65 resulting in its
ribosylation and ultimately increased NF-kB transcriptional
activity. They have also reported that apart from DNA damage,
extracellular signal-regulated kinases (ERK) pathway also play
an important role in PARP-1 activation (138). The connection
between PARP-1 and NF-xB signaling was further examined
by Wang et al. through their in vivo (using LPS-induced mouse
model of ALI) and in vitro (using mouse peritoneal macrophages)
studies. They observed that PARP-1 inhibition with 3,4-Dihydro-
5[4-(1-piperindinyl) butoxy]-1(2H)-isoquinoline (DPQ) blocks
LPS-induced phosphorylation and degradation of IkBa, and
subsequent activation of NF-kB under both in vivo and in vitro
conditions (161). Veres et al. have shown that PARP inhibitor,
4-hydroxyquinazoline (4-HQN) protects against LPS-induced
lung inflammation by attenuation of both NF-kB and AP-1 (162).
Kiefmann et al. confirmed the earlier findings that PARP-1 medi-
ates the LPS-induced ALI by inducing the expression of iNOS.
However, they concluded that PARP-1 modulates the expression
of iNOS through activation of AP-1 but not NF-xB (146).

Acute lung injury-induced secondary organ damage, specifi-
cally acute kidney injury (AKI), is another important feature of the
disease that results in increased mortality (163, 164). Few studies
have shown that PARP-1 inhibition is beneficial in ameliorating
ALI-associated AKI. Si et al. examined the role of PARP-1 in ALI
and associated AKI using rat model of LPS-induced lung injury.
It was found out that PARP-1 inhibition (using 3-AB) reduces
the lung inflammation via suppression of NF-kB activation,
and restored the altered renal functions toward normal (165).
Recently, we have also reported that Olaparib reduces the neu-
trophil infiltration and edema in lungs of LPS-administered mice
potentially by downregulation of NF-kB-dependent genes such as
TNF-a, IL-1f, and VCAM-1. In addition, increased serum levels
of urea, creatinine, and uric acid upon LPS-mediated lung injury
were restored toward normal, reflecting protective effects of the
drug against ALI-associated secondary AKI (159).

PARP-1 in Mechanical Insult Induced AL,
i.e., Ventilator-Induced Injury

Mechanical ventilation (MV) is one of the life saving therapies
for patients with ALI, however, it can also damage the lungs by
causing ventilator-induced lung injury (VILI) (166). VILI is an
outcome of the interaction of mechanical forces with the lung
structural cells, such as epithelial cells, endothelial cells, mac-
rophages, and extracellular matrix (167). Increased permeability
of endothelial and epithelial layer, air leaks, and increased level
of pulmonary as well as systemic inflammatory mediators are the
characteristics of VILI (168, 169). Studies have shown that repeti-
tive mechanical stretch and shearing stress are responsible for
ROS generation in endothelial cells (170-173). Also, mechanical
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stretch results in elevation of ROS levels in epithelial cells, which
further alter cell permeability via activation of NF-xB (174). In
2008, Vaschetto et al. confirmed the participation of PARP-1 in
VILI using rat model of the disease. They have reported that treat-
ment with PARP-1 inhibitor, PJ-34, results in reduced lung injury,
inflammatory response, and degree of apoptosis in kidneys of rats
subjected to MV following LPS treatment (175). Although their
experimental model is clinically relevant to the mechanism of
VILI, it was difficult to identify whether this PARP-1 activation
occurs because of MV, LPS, or both. Hence, uncertainty remains
whether PARP-1 inhibition protect from LPS, MV, or both inju-
ries. However, a later study resolved the issue as it was shown
that PARP-1 is activated by MV itself, without the requirement
of primary insult of LPS. Interestingly, they found that myelop-
eroxidase (MPO) activity (marker of neutrophils recruitment)
was increased in response to injurious MV and correlated closely
with PARP-1 activity. In addition, it was found that pre-treatment
with PARP-1 inhibitor (PJ34) prevented lung injury associated
with MV (176). Several studies have highlighted the importance
of activation of NF-kB in VILI (177, 178). As expected, PARP-1
acts as a co-activator of NF-xB in VILI (175, 176). PARP-1 has
also been linked with VILI-associated kidney dysfunction.
Vaschetto et al. observed that VILI leads to kidney dysfunction
via peroxynitrite-induced PARP-1 activation and treatment with
PARP-1 inhibitor attenuates both the injuries, i.e., lung as well as
kidney injury (179).

Overall, there is strong evidence that PARP-1 orchestrates the
AlLl-associated lung neutrophilic inflammation by modulating
NF-xB activation and associated expression of several pro-
inflammatory cytokines, chemokines, adhesion molecules, etc.
in response to both biological and mechanical injuries. However,
it is yet to be explored whether such neutrophilic inflammation
can be modulated by PARP-1 inhibition in severe asthma and/
or COPD.

PARP IN COPD

The persistent and progressive nature, increasing prevalence,
limited pharmacological therapies, and ineffectiveness of ster-
oids, make it is imperative to find new drug targets in COPD.
Since neutrophils-associated chronic inflammation, oxidative/
nitrosative stresses, and DNA damage are known to play an
important role in the disease progression, there is a possibility that
PARP-1 activity might be modulated during COPD pathogenesis
(180, 181). Therefore, we tried to gather studies addressing the
role of PARP-1 in the pathogenesis of COPD; however, we could
only find a limited literature associated with PARP-1 and COPD.
We used the keywords, “Cigarette smoke, COPD and PARP-1,
“PARP-1 and COPD;” “Emphysema and PARP-1,” and “Elastase
induced emphysema and PARP-1” and searched Pub Med and
scholarly Google articles.

Despite the fact that the role of PARP-1 in experimental COPD
has not been addressed well, studies on human samples, indicate
an implication of PARP-1-related activity in COPD pathogen-
esis. In 2003, Hageman et al. reported the systemic activation of
PARP-1 in stable COPD patients. Immuno-fluorescent detection
of the PAR polymers was conducted to estimate the PARP-1

activity in the peripheral blood lymphocytes. A higher percent-
age of PAR positive lymphocytes were observed in patients with
COPD compared to the age-matched controls. Increased levels of
pro-inflammatory mediators (IL-6, IL-8, and ICAM-1), reduced
antioxidant capacity, uric acid, and NAD* level in the plasma were
also reported in patients with COPD (182). Another study con-
ducted on PBMC:s isolated from blood samples of non-smokers,
non-obstructive smokers, and patients with COPD of all stages,
including exacerbation, showed that levels of the DNA damage,
PARP-1 activity and PARP-1 mRNA expression were found
to be increased with progression of the disease. Furthermore,
pre-incubation of PBMCs with UPF17 (4-methoxy-L-tyrosinyl-
a-L-glutamyl-L-cysteinyl-glycine), a novel tetra peptide analog
of glutathione (GSH), strongly reduced mRNA expression of
PARP-1 in patients with COPD as compared to non-obstructive
individuals. Interestingly, in non-obstructive smokers, higher
PARP-1 activity was found as compared to patients with mild
COPD (183). Overall, these two studies conducted on human
samples strongly suggest occurrence of systemic oxidative
stress induced DNA damage and PARP-1 activation in COPD
pathogenesis.

Some in vitro studies have been conducted to examine the
effects of PARP inhibition on cigaret smoke extract (CSE)-
mediated cell death. Autophagy is a cellular process that plays a
protective role by eliminating damaged proteins and organelles,
thus maintains cellular homeostasis (184, 185). But prolonged
and excessive autophagy might lead to cell death (186, 187).
Furthermore, it has been reported that autophagy increases in
COPD patients and cells exposed to CSE (185, 188, 189). To find
the underlying mechanism behind CSE-induced autophagy,
Hwang et al (185)., exposed human bronchial epithelial cells
(H292), human fetal lung fibroblasts (HFL1), and human mono-
cyte/macrophage cells to CSE (0.5-5%) and reported dose as
well as time dependent increase in autophagy. In addition, it was
shown that pre-treatment of cells H292 with Sirtuin 1 (SIRT1)
activator (resveratrol) attenuated CSE-induced autophagy
whereas SIRT1 inhibitor, sirtinol, augmented CSE-induced
autophagy. SIRT1 is a histone deacetylase protein with physio-
logical role in gene silencing, anti-aging, and anti-inflammation.
Since, SIRT1 and PARP compete for the same substrate NAD*;
the effects of PARP-1 inhibition on CSE-induced autophagy
were also explored. It was reported that PARP-1 inhibition (with
3-AB) in HFLI attenuates CSE-induced autophagy. The authors
concluded that excessive PARP-1 activation leads to NAD*
depletion that causes autophagy through NAD* dependent
SIRT1 deactivation (185). In contradiction to abovementioned
study, Kovacs et al. (190) reported survival-promoting role of
PARP-1 in CSE-induced cell death. They exposed A549 lung
epithelial cells to different concentration of CSE (0-20%). It was
observed that CSE caused concentration-dependent cell death
and impairment of proliferative capacity in A549 lung epithelial
cells. Interestingly, silencing of PARP-1 or PARG using lentiviral
vectors further sensitized the cells toward decreased survival as
increased cell death and decreased proliferative capacity were
observed at even lower concentrations of CSE. Furthermore, it
was reported that delay in DNA repair was responsible for this
enhanced sensitization. Overall, it was concluded that PARP-1
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TABLE 2 | Studies on the role of poly(ADP-ribose)polymerase-1 (PARP-1) in acute lung injury (ALI) and chronic obstructive pulmonary disease (COPD).

Study model Mode of PARP inhibition Effects of PARP inhibition Significance Reference
ALI
(1). In vivo model: Genetic: Pharmacological and genetic inhibition: Showed the crucial role of (160)
LPS-induced mouse PARP-1-/~ | Neutrophil recruitment (in BALF) Pﬁ;':;am Ii_an)Ii ;nr::fis:
model C57BL/6 mice | Cytokines level (in BALF): TNF-a, IL-6, IL-1p P v
Strain: Pharmacological: | Chemokines level (in BALF): MIP-1a, MIP-2
1 NO production (in BALF)
Balb/c and C57BL/6 PJ-34 1 MPO activity (in BALF)
(BALB/c mice used for this) 1 MDA level (in lungs)
1 Lung injury
(2). In vivo model: Pharmacological: | PARP activation (in lung tissue) Reported that PARP-1 modulates (146)
LPS-induced rabbit model 3-AB L iINOS protem and mRNA expression iINOS expression (via agtwahon
(in lung tissue) of AP-1 not NF-xB) during LPS-
| Plasma nitrite concentration induced ALI
| MDA level (in plasma and lung tissue)
| AP-1 activation (in lung tissue)
(3). In vivo model Pharmacological: | Lung injury score Confirmed the involvement of (176)
Ventilator-induced PJ 34 | PARP aclt|yat|§>n (in lung tissue) PARF’—1 in pathpgene&s of
| MPO activity (in BALF) VILI (induced without any LPS
mouse model L T
1 NO concentration (in BALF) priming)
Strain: | Cytokines level (in BALF): TNF-a, IL-6
C57BL/6 | NF-kB-DNA binding (in lung tissue)
(4). In vivo model Pharmacological: | Plasma levels of lactate, creatinine and potassium PARP-1 inhibition protected (165)
LPS-induced rat model! 3-AB | Cytokine .mRNA. expressions: TNF-a, IL-1p, IL-6 against ALI—assoolat.ed AKI
(lung and kidney tissue) by affecting expression of
Strain: | PARP protein expression pro-inflammatory cytokines
Spragus-Dawley rat (lung and kidney tissue) dependent on NF-kB activation
| NF-xB protein expression
(lung and kidney tissue)
Preserved the renal function
(5). In vivo model Pharmacological: 1 Neutrophils recruitment (in lung tissue) Showed that PARP-1 plays (161)
LPS-induced mouse model DPQ 1 MPO §Ct|V|ty (in lung t|ssu§) . . lacr|t|oa| r(l)le |nl LPS»mdu'ced
| Cytokines mRNA expression (in lung tissue) inflammation via modulation
Strain: TNF-a, IL-1p, IL-6 of NF-kB signaling
C57BL/6 | Chemokines mRNA expression (in lung tissue)
) MIP-2, CXCL-1
In vitro model: 1 iINOS gene expression (in lung tissue)
Peritoneal macrophages | Vascular permeability
isolated from mice | Degree of apoptosis (in lung tissue)
| Degradation of IkB-« (in lung tissue)
1 NF-kB activation (in lung tissue)
COPD
(1). Clinical samples: - 1 Percentage of PAR polymer-positive First report to highlight (182)
lymphocytes that PARP-1 activity is
plasma and PBMCs 1 Cytokine level (in Plasma): IL-6, IL-8 systematically increased during
isolated from COPD 1 Adhesion molecule level (in Plasma): ICAM-1 the pathogenesis of COPD in
patient’s blood | Plasma TEAC humans
| Plasma uric acid
| Blood and lymphocyte NAD level
(2). In vitro model: By using Flavones In MNNG-treated A549 and RF24: Explored the PARP inhibiting (193)
(1). MNNG-treated | PARP-1 activity properties of flavones
A549 human lung
s 1 NAD level
epithelial cells | PAR polymers formation
(2). LPS-treated Poly
RF24 Vascular In LPS-treated A549:
endothelial cells | IL-8 production
1 IkBa transcription
(Continued)
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TABLE 2 | Continued

Study model Mode of PARP inhibition Effects of PARP inhibition Significance Reference
(). In vivo model: Pharmacological: In vivo model: Explored the therapeutic potential (161)
LPS-induced mouse model  caffeine metabolite: | MPO activity (in lung tissue) of TAEPIt1 inhibiting caffeine
Strain: 1,7-dimethylxanthine | Cytokines mRNA expression (in lung tissue): metaboiite
' TNF-a, IL-6
C57BL/6 | Chemokines mRNA expression (in lung tissue):
Ex vivo model: MIP-Ta, MIP-2
| Plasma IL-6 level
Blood samples of hea\fthy | IkBa transcription (in lung tissue)
control and COPD patients 1 PAR polymer formation (in lung tissue)
ex vivo model:
| LPS-induced production of cytokine: TNF-a, IL-6
(4). Clinical samples: By using UPF17, | PARP-1 mRNA expression Showed that the DNA damage (183)

PBMCs isolated form
COPD patient’s blood

Tetrapeptide antioxidant

and subsequent PARP-1
activity is increased during the
progression of COPD

LPS, lipopolysaccharide; 3-AB, 3-aminobenzamide; DPQ), 3, 4-Dihydro-5[4-(1-piperindinyl)butoxy]-1(2H)-isoquinoline; TEAC, Trolox equivalent antioxidant capacity; MNNG,
N-methyl-N'-nitro-N-nitrosoguanidine; PAI-1, plasminogen activator inhibitor; VILI, ventilator-induced lung injury; AKI, acute kidney injury; MPO, myeloperoxidase activity; MDA,

malondialdehyde; PBMCs, peripheral blood mononuclear cells.

and PARG play a survival-promoting role in CSE-induced cell
damage (190). The contradictory role of PARP-1 as observed in
the two studies could possibly be due to the difference in cell
lines and/or CSE concentrations that were used. In addition,
it is not clear whether the survival-promoting role of PARP-1
as observed by Kovacs et al. is beneficial or detrimental. The
survived cells after CSE-induced DNA damage (with PARP-1
help) may have repaired DNA completely or partially. Later case
(partially repaired DNA) may render the cells prone to undesired
mutations and, thus, survival-promoting role of PARP-1 may not
be beneficial. Accordingly, further studies are required for better
clarification.

In addition, some studies have shown the beneficial effects
of several phytochemicals in COPD by exhibiting their PARP-1
inhibiting properties. Geraets et al., through their different stud-
ies reported that caffeine, its metabolites (1,7-dimethylxanthine,
3-methylxanthine, and 1-methylxanthine), and certain dietary
flavonoids (flavone, myricetin, tricetin, gossypetin, delphinidin,
quercetin, and fisetin) have PARP-1-inhibiting properties (191-
193). Furthermore, they evaluated the protective effects of flavone,
fisetin, morin, or tricetin on expression of pro-inflammatory
cytokines, such as IL-6 and TNF-a, using an ex vivo system after
procurement of blood samples from healthy men and patients
with COPD and type 2 diabetes (T2D). In whole blood assays,
samples from each participant were exposed to 1 ug/L LPS with or
without pre-incubation with 10 pmol/L of flavone, fisetin, morin,
or tricetin. It was observed that pre-incubation with fisetin and
tricetin, reduced the LPS-induced TNF-a and IL-6 production in
all groups with more pronounced effects in patients with COPD
and T2D (194). In another study, anti-inflammatory effects of a
previously stated PARP-1 inhibitor, i.e., 1, 7-dimethylxanthine
was also reported using both mouse model as well as ex vivo
system utilizing blood samples from COPD patients. It was found
that 1,7-dimethylxanthine significantly attenuated MPO activity,
cytokine (IL-6, TNF-a, MIP-1a, and MIP-2) production,and PAR
polymer formation in LPS-exposed mouse model. Under ex vivo

conditions too, 1,7-dimethylxanthine mitigated the production
of cytokines (IL-6 and TNF-a) in LPS-exposed blood samples of
patients with COPD (195). Considering the PARP-1 inhibiting
effects of the abovementioned compounds (flavonoids and caf-
feine metabolites), there is a possibility that PARP-1 activity may
directly or indirectly influence the pro-inflammatory cytokine
production in COPD. Given the fact that PARP-1 has ability to
alter NF-kB activation and that several pro-inflammatory factors
involved in COPD pathogenesis are dependent on activation of
NF-kB, we speculate that decreased levels of TNF-a and IL-6
upon PARP inhibition as observed by Geraets et al. might be
through suppression of NF-kB activation.

Nitrosative stress is another factor that has been associated
strongly with COPD pathogenesis. Numbers of studies have
shown that nitrosative stress plays an important role in the dis-
ease and might be linked with steroid resistance (153, 196, 197).
Interestingly, Seimetz et al. (198) have reported that iNOS
inhibition prevented tobacco-smoke-induced structural and
functional alterations of both the lung vasculature and alveoli
and even reversed the already established disease (198). Since the
expression of iNOS is reported to be modulated by PARP-1, the
protein may contribute to COPD pathogenesis via iNOS depend-
ent nitrosative stress (49). Accordingly, it would be reasonable to
explore the contribution of PARP-1 in nitrosative stress mediated
COPD pathogenesis.

Altogether, the abovementioned studies strongly suggest that
the PARP-1 activity is modulated during the pathogenesis and
progression of COPD. However, evidence is meager to draw
complete conclusions about the role of PARP-1 in the disease
pathogenesis. Most of the studies have been conducted on patient
blood samples, and none of them have used established animal
models of COPD. Moreover, the available potent PARP inhibitors
have not been used in any of the studies to evaluate effects of
PARP inhibition on the disease progression. Hence, further stud-
ies are required to clarify the role of PARP in COPD using both
in vitro and in vivo experimental systems. Table 2 summarizes
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chronic obstructive pulmonary disease (COPD): PARP-1 may contribute to the steroid resistance by generation of excessive nitrosative stress through enhanced and
persistent expression of inducible nitric-oxide synthase (INOS) due to infiltration of neutrophils. Nitrosative stress ultimately results in nitration of proteins such as
histone deacetylases (HDACs) and causes steroid resistance through their altered functions (hampered deacetylation of histones). PARP-1 inhibition may restore the
function of HDAC2 by reducing their nitration and, thus, ameliorates expression of pro-inflammatory genes in severe asthma and COPD. Abbreviations: CS, cigaret
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the findings of various studies on the role of PARP in ALI and
COPD.

CONCLUSION

Based on the outcome of preclinical studies, we can safely say
that PARP-1 inhibition is a beneficial strategy to block lung
inflammation at least in asthma and ALI. However, clinical
efficacy of the strategy focusing on PARP-1 inhibition in humans
afflicted with lung inflammatory disorders remains to be tested.
The steroids are the most efficacious therapy for asthma till date.
Considering the side effects of steroids and their lack of effective-
ness in severe asthma and COPD, the therapeutic potential of
new drug candidates in the area must be tested. It is important
to note that primary inflammation associated with the moder-
ate asthma is eosinophilic; while, in severe asthma and COPD,
it is neutrophilic in nature. Incidentally, neutrophils have been
critically linked with steroid resistance in asthma and COPD.
Therefore, targeting steroid resistance neutrophilic inflammation
in chronic lung pathologies would be a logical extension of previ-
ously reported work. Accordingly, it would be interesting to test
the PARP-1 inhibitors (alone or in combination with steroids) in
chronic respiratory disorders such as severe asthma and COPD
with an aim to block recruitment of neutrophils into the airways.
In view of the studies reported by us and others that PARP-1 inhi-
bition protects against not only eosinophilic inflammation but

also against lung neutrophilia by blocking activation of NF-xB
(pro-inflammatory transcription factor), the chances of success
of these compounds in treatment/prevention of severe form of
asthma and/or COPD would be high (Figure 3 depicts potential
model). Once these compounds pass this preclinical phase, it may
open up new avenues for translational research in the area.

AUTHOR CONTRIBUTIONS

GSS and VD have contributed equally to this paper. GSS and VD
have compiled various studies and wrote the paper. ASN is the
principal investigator who has conceptualized the idea of review
paper, contributed in preparation of final draft and training of
co-authors.

ACKNOWLEDGMENT

The publication grant from Panjab University is acknowledged.

FUNDING

The present work was supported by funds from Department of
Biotechnology, GovernmentofIndia (BT/RLF/Re-entry/36/2012),
DST-PURSE and UGC-SAP to ASN. We also ackowledge the
Junior Research Fellowships to GSS and VD from UGC and
CSIR, respectively.

Frontiers in Immunology | www.frontiersin.org

September 2017 | Volume 8 | Article 1172


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Sethi et al.

PARP-1 in Lung Inflammation

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Global Initiative for Asthma, 2015, Pocket Guide for Health Professional.
(2015). Available from: http://ginasthma.org/wp-content/uploads/2016/01/
GINA_Pocket_2015.pdf

The Global Asthma Report, 2014. Auckland, New Zealand: Global Asthma
Network (2014). Available from: http://www.globalasthmareport.org/
resources/Global_Asthma_Report_2014.pdf

Barnes PJ. New therapies for asthma: is there any progress? Trends Pharmacol
Sci (2010) 31:335-43. doi:10.1016/j.tips.2010.04.009

Lipworth BJ. Systemic adverse effects of inhaled corticosteroid therapy:
a systematic review and meta-analysis. Arch Intern Med (1999) 159:941-55.
doi:10.1001/archinte.159.9.941

Mak VH, Melchor R, Spiro SG. Easy bruising as a side-effect of inhaled
corticosteroids. Eur Respir J (1992) 5:1068-74.

Vestbo J, Hurd SS, Agusti AG, Jones PW, Vogelmeier C, Anzueto A, et al.
Global strategy for the diagnosis, management, and prevention of chronic
obstructive pulmonary disease: GOLD executive summary. Am ] Respir Crit
Care Med (2013) 187:347-65. doi:10.1164/rccm.201204-0596PP

Vogelmeier CE Criner GJ, Martinez FJ, Anzueto A, Barnes PJ, Bourbeau J,
et al. Global strategy for the diagnosis, management, and prevention of
chronic obstructive lung disease 2017 report: GOLD executive summary.
Eur Respir ] (2017) 49:1700214. doi:10.1183/13993003.00214-2017

Qaseem A, Wilt TJ, Weinberger SE, Hanania NA, Criner G, van der Molen T,
et al. Diagnosis and management of stable chronic obstructive pulmonary
disease: a clinical practice guideline update from the American College of
Physicians, American College of Chest Physicians, American Thoracic Society,
and European Respiratory Society. Ann Intern Med (2011) 155:179-91.
doi:10.7326/0003-4819-155-3-201108020-00008

Montuschi P, Malerba M, Santini G, Miravitlles M. Pharmacological treat-
ment of chronic obstructive pulmonary disease: from evidence-based med-
icine to phenotyping. Drug Discov Today (2014) 19:1928-35. doi:10.1016/j.
drudis.2014.08.004

Babu KS, Morjaria JB. Emerging therapeutic strategies in COPD. Drug
Discov Today (2015) 20:371-9. doi:10.1016/j.drudis.2014.11.003

Woodruft PG, Agusti A, Roche N, Singh D, Martinez FJ. Current concepts in
targeting chronic obstructive pulmonary disease pharmacotherapy: making
progress towards personalised management. Lancet (2015) 385:1789-98.
doi:10.1016/50140-6736(15)60693-6

Barnes PJ. Mediators of chronic obstructive pulmonary disease. Pharmacol
Rev (2004) 56:515-48. doi:10.1124/pr.56.4.2

Suissa S, Barnes PJ. Inhaled corticosteroids in COPD: the case against. Eur
Respir J (2009) 34:13-6. d0i:10.1183/09031936.00190908

Sin DD, Man SE. Steroids in COPD: still up in the air? Eur Respir ] (2010)
35:949-51. doi:10.1183/09031936.00006710

Bernard GR, Artigas A, Brigham KL, Carlet ], Falke K, Hudson L, et al. The
American-European Consensus Conference on ARDS. Definitions, mech-
anisms, relevant outcomes, and clinical trial coordination. Am ] Respir Crit
Care Med (1994) 149:818-24. doi:10.1164/ajrccm.149.3.7509706

Buregeya E, Fowler RA, Talmor DS, Twagirumugabe T, Kiviri W, Riviello ED.
Acute respiratory distress syndrome in the global context. Glob Heart (2014)
9:289-95. doi:10.1016/j.gheart.2014.08.003

Dushianthan A, Grocott MP, Postle AD, Cusack R. Acute respiratory
distress syndrome and acute lung injury. Postgrad Med J (2011) 87:612-22.
doi:10.1136/pgm;j.2011.118398

Ame JC, Spenlehauer C, de Murcia G. The PARP superfamily. Bioessays (2004)
26:882-93. doi:10.1002/bies.20085

Beck C, Robert I, Reina-San-Martin B, Schreiber V, Dantzer E. Poly(ADP-
ribose) polymerases in double-strand break repair: focus on PARPI,
PARP2 and PARP3. Exp Cell Res (2014) 329:18-25. doi:10.1016/j.yexcr.
2014.07.003

Masutani M, Nozaki T, Wakabayashi K, Sugimura T. Role of poly(ADP-
ribose) polymerase in cell-cycle checkpoint mechanisms following gamma-
irradiation. Biochimie (1995) 77:462-5. doi:10.1016/0300-9084(96)88161-2
Muthurajan UM, Hepler MR, Hieb AR, Clark NJ, Kramer M, Yao T, et al.
Automodification switches PARP-1 function from chromatin architectural
protein to histone chaperone. Proc Natl Acad Sci U S A (2014) 111:12752-7.
doi:10.1073/pnas.1405005111

22.

23.

24.

25.

26.

27.

28.

29.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Lans H, Marteijn JA, Vermeulen W. ATP-dependent chromatin remod-
eling in the DNA-damage response. Epigenetics Chromatin (2012) 5:4.
doi:10.1186/1756-8935-5-4

Deslee G, Woods JC, Moore C, Conradi SH, Gierada DS, Atkinson J], et al.
Oxidative damage to nucleic acids in severe emphysema. Chest (2009)
135:965-74. doi:10.1378/chest.08-2257

Althaus FR, Kleczkowska HE, Malanga M, Muntener CR, Pleschke JM,
Ebner M, et al. Poly ADP-ribosylation: a DNA break signal mechanism.
Mol Cell Biochem (1999) 193:5-11. doi:10.1023/A:1006975002262

Pereira C, Gracio D, Teixeira JP, Magro F Oxidative stress and DNA damage:
implications in inflammatory bowel disease. Inflamm Bowel Dis (2015)
21:2403-17. doi:10.1097/MIB.0000000000000506

Palmai-Pallag T, Bachrati CZ. Inflammation-induced DNA damage and
damage-induced inflammation: a vicious cycle. Microbes Infect (2014)
16:822-32. doi:10.1016/j.micinf.2014.10.001

Ha HC, Snyder SH. Poly(ADP-ribose) polymerase is a mediator of necrotic
cell death by ATP depletion. Proc Natl Acad Sci U S A (1999) 96:13978-82.
doi:10.1073/pnas.96.24.13978

Zerfaoui M, Errami Y, Naura AS, Suzuki Y, Kim H, JuJ, et al. Poly(ADP-ribose)
polymerase-1 is a determining factor in Crm1-mediated nuclear export and
retention of p65 NF-kappa B upon TLR4 stimulation. J Immunol (2010)
185:1894-902. doi:10.4049/jimmunol.1000646

Hassa PO, Hottiger MO. The functional role of poly(ADP-ribose)polymerase
1 as novel coactivator of NF-kappaB in inflammatory disorders. Cell Mol Life
Sci (2002) 59:1534-53. d0i:10.1007/s00018-002-8527-2

. Kraus WL, Lis JT. PARP goes transcription. Cell (2003) 113:677-83.

doi:10.1016/S0092-8674(03)00433-1

Berger NA. Poly(ADP-ribose) in the cellular response to DNA damage.
Radiat Res (1985) 101:4-15. d0i:10.2307/3576299

Boulares AH, Zoltoski AJ, Sherif ZA, Jolly P, Massaro D, Smulson ME. Gene
knockout or pharmacological inhibition of poly(ADP-ribose) polymerase-1
prevents lung inflammation in a murine model of asthma. Am J Respir Cell
Mol Biol (2003) 28:322-9. doi:10.1165/rcmb.2001-00150C

Naura AS, Hans CP, Zerfaoui M, You D, Cormier SA, Oumouna M, et al.
Post-allergen challenge inhibition of poly(ADP-ribose) polymerase harbors
therapeutic potential for treatment of allergic airway inflammation. Clin Exp
Allergy (2008) 38:839-46. doi:10.1111/j.1365-2222.2008.02943.x

Luo X, Kraus WL. On PAR with PARP: cellular stress signaling through
poly(ADP-ribose) and PARP-1. Genes Dev (2012) 26:417-32. doi:10.1101/
gad.183509.111

Kraus WL. Transcriptional control by PARP-1: chromatin modulation,
enhancer-binding, coregulation, and insulation. Curr Opin Cell Biol (2008)
20:294-302. doi:10.1016/j.ceb.2008.03.006

Krishnakumar R, Kraus WL. The PARP side of the nucleus: molecular
actions, physiological outcomes, and clinical targets. Mol Cell (2010) 39:8-24.
doi:10.1016/j.molcel.2010.06.017

Schreiber V, Dantzer F, Ame JC, de Murcia G. Poly(ADP-ribose): novel func-
tions for an old molecule. Nat Rev Mol Cell Biol (2006) 7:517-28. d0i:10.1038/
nrm1963

Kim MY, Mauro S, Gevry N, Lis JT, Kraus WL. NAD+-dependent modulation
of chromatin structure and transcription by nucleosome binding properties
of PARP-1. Cell (2004) 119:803-14. d0i:10.1016/j.cell.2004.11.002

D’Amours D, Desnoyers S, D’Silva I, Poirier GG. Poly(ADP-ribosyl)ation
reactions in the regulation of nuclear functions. Biochem J (1999) 342(Pt 2):
249-68. doi:10.1042/bj3420249

Min W, Wang ZQ. Poly (ADP-ribose) glycohydrolase (PARG) and its therapeu-
tic potential. Front Biosci (Landmark Ed) (2009) 14:1619-26. doi:10.2741/3329
Wang Y, Kim NS, Haince JE Kang HC, David KK, Andrabi SA, et al.
Poly(ADP-ribose) (PAR) binding to apoptosis-inducing factor is critical for
PAR polymerase-1-dependent cell death (parthanatos). Sci Signal (2011)
4:ra20. doi:10.1126/scisignal.2000902

Barkauskaite E, Brassington A, Tan ES, Warwicker ], Dunstan MS, Banos B,
et al. Visualization of poly(ADP-ribose) bound to PARG reveals inherent bal-
ance between exo- and endo-glycohydrolase activities. Nat Commun (2013)
4:2164. doi:10.1038/ncomms3164

Ba X, Garg NJ. Signaling mechanism of poly(ADP-ribose) polymerase-1
(PARP-1) in inflammatory diseases. Am ] Pathol (2011) 178:946-55.
doi:10.1016/j.ajpath.2010.12.004

Frontiers in Immunology | www.frontiersin.org

September 2017 | Volume 8 | Article 1172


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://ginasthma.org/wp-content/uploads/2016/01/GINA_Pocket_2015.pdf
http://ginasthma.org/wp-content/uploads/2016/01/GINA_Pocket_2015.pdf
http://www.globalasthmareport.org/resources/Global_Asthma_Report_2014.pdf
http://www.globalasthmareport.org/resources/Global_Asthma_Report_2014.pdf
https://doi.org/10.1016/j.tips.2010.04.009
https://doi.org/10.1001/archinte.159.9.941
https://doi.org/10.1164/rccm.201204-0596PP
https://doi.org/10.1183/13993003.00214-2017
https://doi.org/10.7326/0003-4819-155-3-201108020-00008
https://doi.org/10.1016/j.drudis.2014.08.004
https://doi.org/10.1016/j.drudis.2014.08.004
https://doi.org/10.1016/j.drudis.2014.11.003
https://doi.org/10.1016/S0140-6736(15)60693-6
https://doi.org/10.1124/pr.56.4.2
https://doi.org/10.1183/09031936.00190908
https://doi.org/10.1183/09031936.00006710
https://doi.org/10.1164/ajrccm.149.3.7509706
https://doi.org/10.1016/j.gheart.2014.08.003
https://doi.org/10.1136/pgmj.2011.118398
https://doi.org/10.1002/bies.20085
https://doi.org/10.1016/j.yexcr.
2014.07.003
https://doi.org/10.1016/j.yexcr.
2014.07.003
https://doi.org/10.1016/0300-9084(96)88161-2
https://doi.org/10.1073/pnas.1405005111
https://doi.org/10.1186/1756-8935-5-4
https://doi.org/10.1378/chest.08-2257
https://doi.org/10.1023/A:1006975002262
https://doi.org/10.1097/MIB.0000000000000506
https://doi.org/10.1016/j.micinf.2014.10.001
https://doi.org/10.1073/pnas.96.24.13978
https://doi.org/10.4049/jimmunol.1000646
https://doi.org/10.1007/s00018-002-8527-2
https://doi.org/10.1016/S0092-8674(03)00433-1
https://doi.org/10.2307/3576299
https://doi.org/10.1165/rcmb.2001-0015OC
https://doi.org/10.1111/j.1365-2222.2008.02943.x
https://doi.org/10.1101/gad.183509.111
https://doi.org/10.1101/gad.183509.111
https://doi.org/10.1016/j.ceb.2008.03.006
https://doi.org/10.1016/j.molcel.2010.06.017
https://doi.org/10.1038/nrm1963
https://doi.org/10.1038/nrm1963
https://doi.org/10.1016/j.cell.2004.11.002
https://doi.org/10.1042/bj3420249
https://doi.org/10.2741/3329
https://doi.org/10.1126/scisignal.2000902
https://doi.org/10.1038/ncomms3164
https://doi.org/10.1016/j.ajpath.2010.12.004

Sethi et al.

PARP-1 in Lung Inflammation

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Pacher P, Szabo C. Role of the peroxynitrite-poly(ADP-ribose) polymerase
pathway in human disease. Am ] Pathol (2008) 173:2-13. doi:10.2353/
ajpath.2008.080019

Islam BU, Habib S, Ahmad P, Allarakha S, Moinuddin, Ali A. Pathophysiological
role of peroxynitrite induced DNA damage in human diseases: a special focus
on Poly(ADP-ribose) polymerase (PARP). Indian ] Clin Biochem (2015)
30:368-85. doi:10.1007/s12291-014-0475-8

Fouquerel E, Goellner EM, Yu Z, Gagne JP, Barbi de Moura M, Feinstein T,
et al. ARTD1/PARP1 negatively regulates glycolysis by inhibiting hexokinase
1 independent of NAD+ depletion. Cell Rep (2014) 8:1819-31. doi:10.1016/j.
celrep.2014.08.036

Martinez-Zamudio R, Ha HC. Histone ADP-ribosylation facilitates gene
transcription by directly remodeling nucleosomes. Mol Cell Biol (2012)
32:2490-502. doi:10.1128/MCB.06667-11

Martinez-Zamudio RI, Ha HC. PARP1 enhances inflammatory cytokine
expression by alteration of promoter chromatin structure in microglia. Brain
Behav (2014) 4:552-65. doi:10.1002/brb3.239

Naura AS, Datta R, Hans CP, Zerfaoui M, Rezk BM, Errami Y, et al.
Reciprocal regulation of iNOS and PARP-1 during allergen-induced eosino-
philia. Eur Respir ] (2009) 33:252-62. doi:10.1183/09031936.00089008
Chiang J, Shen YC, Wang YH, Hou YC, Chen CC, Liao JF, et al. Honokiol
protects rats against eccentric exercise-induced skeletal muscle damage
by inhibiting NF-kappaB induced oxidative stress and inflammation.
Eur ] Pharmacol (2009) 610:119-27. doi:10.1016/j.ejphar.2009.03.035

von Lukowicz T, Hassa PO, Lohmann C, Boren ], Braunersreuther V, Mach F,
et al. PARP1 is required for adhesion molecule expression in atherogenesis.
Cardiovasc Res (2008) 78:158-66. doi:10.1093/cvr/cvm110

Park EM, Cho S, Frys K, Racchumi G, Zhou P, Anrather J, et al. Interaction
between inducible nitric oxide synthase and poly(ADP-ribose) polymerase
in focal ischemic brain injury. Stroke (2004) 35:2896-901. doi:10.1161/01.
STR.0000147042.53659.6¢

Zingarelli B, Salzman AL, Szabo C. Genetic disruption of poly (ADP-ribose)
synthetase inhibits the expression of P-selectin and intercellular adhesion
molecule-1 in myocardial ischemia/reperfusion injury. Circ Res (1998)
83:85-94. doi:10.1161/01.RES.83.1.85

Sharp C, Warren A, Oshima T, Williams L, Li JH, Alexander JS. Poly ADP
ribose-polymerase inhibitors prevent the upregulation of ICAM-1 and
E-selectin in response to Thl cytokine stimulation. Inflammation (2001)
25:157-63. doi:10.1023/A:1011032313445

Ullrich O, Diestel A, Eyupoglu IY, Nitsch R. Regulation of microglial expres-
sion of integrins by poly(ADP-ribose) polymerase-1. Nat Cell Biol (2001)
3:1035-42. doi:10.1038/ncb1201-1035

Rosado MM, Bennici E, Novelli E Pioli C. Beyond DNA repair, the immu-
nological role of PARP-1 and its siblings. Immunology (2013) 139:428-37.
doi:10.1111/imm.12099

Pacher P, Szabo C. Role of poly(ADP-ribose) polymerase 1 (PARP-1) in
cardiovascular diseases: the therapeutic potential of PARP inhibitors. Cardio-
vasc Drug Rev (2007) 25:235-60. doi:10.1111/j.1527-3466.2007.00018.x
Mangerich A, Burkle A. Pleiotropic cellular functions of PARP1 in longevity
and aging: genome maintenance meets inflammation. Oxid Med Cell Longev
(2012) 2012:321653. doi:10.1155/2012/321653

Giansanti V, Dona F, Tillhon M, Scovassi AI. PARP inhibitors: new tools
to protect from inflammation. Biochem Pharmacol (2010) 80:1869-77.
doi:10.1016/j.bcp.2010.04.022

Garcia S, Conde C. The role of Poly(ADP-ribose) polymerase-1 in rheumatoid
arthritis. Mediators Inflamm (2015) 2015:837250. doi:10.1155/2015/837250
Bai P, Virag L. Role of poly(ADP-ribose) polymerases in the regulation
of inflammatory processes. FEBS Lett (2012) 586:3771-7. doi:10.1016/j.
febslet.2012.09.026

Tutt A, Robson M, Garber JE, Domchek SM, Audeh MW, Weitzel JN,
et al. Oral poly(ADP-ribose) polymerase inhibitor olaparib in patients with
BRCAL1 or BRCA2 mutations and advanced breast cancer: a proof-of-concept
trial. Lancet (2010) 376:235-44. d0i:10.1016/S0140-6736(10)60892-6
Domchek SM, Aghajanian C, Shapira-Frommer R, Schmutzler RK,
Audeh MW, Friedlander M, et al. Efficacy and safety of olaparib monotherapy
in germline BRCA1/2 mutation carriers with advanced ovarian cancer and
three or more lines of prior therapy. Gynecol Oncol (2016) 140:199-203.
doi:10.1016/j.ygyno.2015.12.020

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Ledermann J, Harter P, Gourley C, Friedlander M, Vergote I, Rustin G, et al.
Olaparib maintenance therapy in platinum-sensitive relapsed ovarian cancer.
N Engl ] Med (2012) 366:1382-92. doi:10.1056/NEJMoal105535

Morrow DA, Brickman CM, Murphy SA, Baran K, Krakover R, Dauerman H,
et al. A randomized, placebo-controlled trial to evaluate the tolerability,
safety, pharmacokinetics, and pharmacodynamics of a potent inhibitor of
poly(ADP-ribose) polymerase (INO-1001) in patients with ST-elevation
myocardial infarction undergoing primary percutaneous coronary interven-
tion: results of the TIMI 37 trial. ] Thromb Thrombolysis (2009) 27:359-64.
doi:10.1007/s11239-008-0230-1

Djukanovic R. Asthma: a disease of inflammation and repair. J Allergy Clin
Immunol (2000) 105:5522-6. doi:10.1016/S0091-6749(00)90055-1

Taher YA, Henricks PA, van Oosterhout AJ. Allergen-specific subcutaneous
immunotherapy in allergic asthma: immunologic mechanisms and improve-
ment. Libyan ] Med (2010) 5:5303. doi:10.3402/1jm.v5i0.5303

Andreadis AA, Hazen SL, Comhair SA, Erzurum SC. Oxidative and nitro-
sative events in asthma. Free Radic Biol Med (2003) 35:213-25. doi:10.1016/
S0891-5849(03)00278-8

Dozor AJ. The role of oxidative stress in the pathogenesis and treatment of
asthma. Ann N'Y Acad Sci (2010) 1203:133-7. doi:10.1111/j.1749-6632.2010.
05562.x

Suzuki Y, Masini E, Mazzocca C, Cuzzocrea S, Ciampa A, Suzuki H, et al.
Inhibition of poly(ADP-ribose) polymerase prevents allergen-induced
asthma-like reaction in sensitized Guinea pigs. ] Pharmacol Exp Ther (2004)
311:1241-8. doi:10.1124/jpet.104.072546

Oumouna M, Datta R, Oumouna-Benachour K, Suzuki Y, Hans C,
Matthews K, et al. Poly(ADP-ribose) polymerase-1 inhibition prevents
eosinophil recruitment by modulating Th2 cytokines in a murine model of
allergic airway inflammation: a potential specific effect on IL-5. ] Immunol
(2006) 177:6489-96. doi:10.4049/jimmunol.177.9.6489

Datta R, Naura AS, Zerfaoui M, Errami Y, Oumouna M, Kim H, et al. PARP-1
deficiency blocks IL-5 expression through calpain-dependent degradation of
STAT-6 in a murine asthma model. Allergy (2011) 66:853-61. doi:10.1111/j.
1398-9995.2011.02549.x

Ghonim MA, Pyakurel K, Ibba SV, Al-Khami AA, Wang J, Rodriguez P, et al.
PARP inhibition by olaparib or gene knockout blocks asthma-like manifes-
tation in mice by modulating CD4(+) T cell function. J Transl Med (2015)
13:225. doi:10.1186/s12967-015-0583-0

Ghonim MA, Pyakurel K, Ibba SV, Wang J, Rodriguez P, Al-Khami AA, et al.
PARP is activated in human asthma and its inhibition by olaparib blocks
house dust mite-induced disease in mice. Clin Sci (Lond) (2015) 129:951-62.
doi:10.1042/CS20150122

Gill MA. The role of dendritic cells in asthma. J Allergy Clin Immunol (2012)
129:889-901. doi:10.1016/j.jaci.2012.02.028

Larche M, Robinson DS, Kay AB. The role of T lymphocytes in the patho-
genesis of asthma. J Allergy Clin Immunol (2003) 111:450-63; quiz 464.
doi:10.1067/mai.2003.169

Kay AB. The role of T lymphocytes in asthma. Chem Immunol Allergy (2006)
91:59-75. doi:10.1159/000090230

DurrantDM, Metzger DW.Emergingrolesof Thelpersubsetsinthepathogenesis
of asthma. Immunol Invest (2010) 39:526-49. d0i:10.3109/08820131003615498
Lloyd CM, Hessel EM. Functions of T cells in asthma: more than just T(H)2
cells. Nat Rev Immunol (2010) 10:838-48. d0i:10.1038/nri2870

Zhang P, Nakatsukasa H, Tu E, Kasagi S, Cui K, Ishikawa M, et al. PARP-1 reg-
ulates expression of TGF-beta receptors in T cells. Blood (2013) 122:2224-32.
doi:10.1182/blood-2013-05-503250

Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development
by the transcription factor Foxp3. Science (2003) 299:1057-61. doi:10.1126/
science.1079490

Luo X, Nie J, Wang S, Chen Z, Chen W, Li D, et al. Poly(ADP-ribosyl)ation
of FOXP3 protein mediated by PARP-1 protein regulates the function of
regulatory T cells. J Biol Chem (2015) 290:28675-82. doi:10.1074/jbc.M115.
661611

Hirota K, Ahlfors H, Duarte JH, Stockinger B. Regulation and function of
innate and adaptive interleukin-17-producing cells. EMBO Rep (2011)
13:113-20. doi:10.1038/embor.2011.248

Linden A. Role of interleukin-17 and the neutrophil in asthma. Int Arch
Allergy Immunol (2001) 126:179-84. doi:10.1159/000049511

Frontiers in Immunology | www.frontiersin.org

15

September 2017 | Volume 8 | Article 1172


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.2353/ajpath.2008.080019
https://doi.org/10.2353/ajpath.2008.080019
https://doi.org/10.1007/s12291-014-0475-8
https://doi.org/10.1016/j.celrep.2014.08.036
https://doi.org/10.1016/j.celrep.2014.08.036
https://doi.org/10.1128/MCB.06667-11
https://doi.org/10.1002/brb3.239
https://doi.org/10.1183/09031936.00089008
https://doi.org/10.1016/j.ejphar.2009.03.035
https://doi.org/10.1093/cvr/cvm110
https://doi.org/10.1161/01.STR.0000147042.53659.6c
https://doi.org/10.1161/01.STR.0000147042.53659.6c
https://doi.org/10.1161/01.RES.83.1.85
https://doi.org/10.1023/A:1011032313445
https://doi.org/10.1038/ncb1201-1035
https://doi.org/10.1111/imm.12099
https://doi.org/10.1111/j.1527-3466.2007.00018.x
https://doi.org/10.1155/2012/321653
https://doi.org/10.1016/j.bcp.2010.04.022
https://doi.org/10.1155/2015/837250
https://doi.org/10.1016/j.febslet.2012.09.026
https://doi.org/10.1016/j.febslet.2012.09.026
https://doi.org/10.1016/S0140-6736(10)60892-6
https://doi.org/10.1016/j.ygyno.2015.12.020
https://doi.org/10.1056/NEJMoa1105535
https://doi.org/10.1007/s11239-008-0230-1
https://doi.org/10.1016/S0091-6749(00)90055-1
https://doi.org/10.3402/ljm.v5i0.5303
https://doi.org/10.1016/S0891-5849(03)00278-8
https://doi.org/10.1016/S0891-5849(03)00278-8
https://doi.org/10.1111/j.1749-6632.2010.05562.x
https://doi.org/10.1111/j.1749-6632.2010.05562.x
https://doi.org/10.1124/jpet.104.072546
https://doi.org/10.4049/jimmunol.177.9.6489
https://doi.org/10.1111/j.1398-9995.2011.02549.x
https://doi.org/10.1111/j.1398-9995.2011.02549.x
https://doi.org/10.1186/s12967-015-0583-0
https://doi.org/10.1042/CS20150122
https://doi.org/10.1016/j.jaci.2012.02.028
https://doi.org/10.1067/mai.2003.169
https://doi.org/10.1159/000090230
https://doi.org/10.3109/08820131003615498
https://doi.org/10.1038/nri2870
https://doi.org/10.1182/blood-2013-05-503250
https://doi.org/10.1126/science.1079490
https://doi.org/10.1126/science.1079490
https://doi.org/10.1074/jbc.M115.661611
https://doi.org/10.1074/jbc.M115.661611
https://doi.org/10.1038/embor.2011.248
https://doi.org/10.1159/000049511

Sethi et al.

PARP-1 in Lung Inflammation

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Wang YH, Wills-Karp M. The potential role of interleukin-17 in severe
asthma. Curr Allergy Asthma Rep (2011) 11:388-94. doi:10.1007/s11882-011-
0210-y

Nasta F, Laudisi E Sambucci M, Rosado MM, Pioli C. Increased Foxp3+
regulatory T cells in poly(ADP-ribose) polymerase-1 deficiency. J Immunol
(2010) 184:3470-7. doi:10.4049/jimmunol.0901568

Ahmad SE, Zoheir KM, Bakheet SA, Ashour AE, Attia SM. Poly(ADP-ribose)
polymerase-1 inhibitor modulates T regulatory and IL-17 cells in the preven-
tion of adjuvant induced arthritis in mice model. Cytokine (2014) 68:76-85.
doi:10.1016/j.cyto.2014.04.006

Possa SS, Leick EA, Prado CM, Martins MA, Tiberio IE. Eosinophilic
inflammation in allergic asthma. Front Pharmacol (2013) 4:46. doi:10.3389/
fphar.2013.00046

Busse WW, Sedgwick JB. Eosinophils in asthma. Ann Allergy (1992)
68:286-90.

Spencer LA, Weller PE Eosinophils and Th2 immunity: contemporary
insights. Immunol Cell Biol (2010) 88:250-6. doi:10.1038/icb.2009.115
Virag L, Bai P, Bak I, Pacher P, Mabley JG, Liaudet L, et al. Effects of
poly(ADP-ribose) polymerase inhibition on inflammatory cell migration in
a murine model of asthma. Med Sci Monit (2004) 10:BR77-83.

Lucarini L, Pini A, Gerace E, Pellicciari R, Masini E, Moroni E. Poly(ADP-
ribose) polymerase inhibition with HYDAMTIQ reduces allergen-induced
asthma-like reaction, bronchial hyper-reactivity and airway remodelling.
J Cell Mol Med (2014) 18:468-79. doi:10.1111/jcmm.12197

Zerfaoui M, Suzuki Y, Naura AS, Hans CP, Nichols C, Boulares AH. Nuclear
translocation of p65 NF-kappaB is sufficient for VCAM-1, but not ICAM-1,
expression in TNF-stimulated smooth muscle cells: differential requirement
for PARP-1 expression and interaction. Cell Signal (2008) 20:186-94.
doi:10.1016/j.cellsig.2007.10.007

Gaurav R, Agrawal DK. Clinical view on the importance of dendritic cells
in asthma. Expert Rev Clin Immunol (2015) 9:899-919. doi:10.1586/17446
66X.2013.837260

Aldinucci A, Gerlini G, Fossati S, Cipriani G, Ballerini C, Biagioli T, et al.
A key role for poly(ADP-ribose) polymerase-1 activity during human den-
dritic cell maturation. J Immunol (2007) 179:305-12. doi:10.4049/jimmunol.
179.1.305

Cavone L, Aldinucci A, Ballerini C, Biagioli T, Moroni F, Chiarugi A.
PARP-1 inhibition prevents CNS migration of dendritic cells during EAE,
suppressing the encephalitogenic response and relapse severity. Mult Scler
(2011) 17:794-807. doi:10.1177/1352458511399113

Broide DH. Immunologic and inflammatory mechanisms that drive asthma
progression to remodeling. J Allergy Clin Immunol (2008) 121:560-70; quiz
571-2. d0i:10.1016/j.jaci.2008.01.031

Postma DS, Timens W. Remodeling in asthma and chronic obstructive
pulmonary disease. Proc Am Thorac Soc (2006) 3:434-9. doi:10.1513/pats.
200601-006AW

Halwani R, Al-Muhsen S, Al-Jahdali H, Hamid Q. Role of transforming
growth factor-beta in airway remodeling in asthma. Am J Respir Cell Mol
Biol (2011) 44:127-33. d0i:10.1165/rcmb.2010-0027TR

Tanaka H, Yamada G, Saikai T, Hashimoto M, Tanaka S, Suzuki K,
et al. Increased airway vascularity in newly diagnosed asthma using a
high-magnification bronchovideoscope. Am ] Respir Crit Care Med (2003)
168:1495-9. doi:10.1164/rccm.200306-7270C

Naylor B. The shedding of the mucosa of the bronchial tree in asthma.
Thorax (1962) 17:69-72. doi:10.1136/thx.17.1.69

Brewster CE, Howarth PH, Djukanovic R, Wilson ], Holgate ST,
Roche WR. Myofibroblasts and subepithelial fibrosis in bronchial asthma.
Am ] Respir Cell Mol Biol (1990) 3:507-11. doi:10.1165/ajrcmb/3.5.507
Aikawa T, Shimura S, Sasaki H, Ebina M, Takishima T. Marked goblet
cell hyperplasia with mucus accumulation in the airways of patients who
died of severe acute asthma attack. Chest (1992) 101:916-21. doi:10.1378/
chest.101.4.916

Carroll N, Elliot J, Morton A, James A. The structure of large and small
airways in nonfatal and fatal asthma. Am Rev Respir Dis (1993) 147:405-10.
doi:10.1164/ajrccm/147.2.405

Havranek T, Aujla PK, Nickola TJ, Rose MC, Scavo LM. Increased
poly(ADP-ribose) polymerase (PARP)-1 expression and activity are asso-
ciated with inflammation but not goblet cell metaplasia in murine models

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

of allergen-induced airway inflammation. Exp Lung Res (2010) 36:381-9.
do0i:10.3109/01902141003663360

Zaffini R, Di Paola R, Cuzzocrea S, Menegazzi M. PARP inhibition treat-
ment in a nonconventional experimental mouse model of chronic asthma.
Naunyn Schmiedebergs Arch Pharmacol (2016) 389:1301-13. doi:10.1007/
500210-016-1294-7

Makinde T, Murphy RE, Agrawal DK. The regulatory role of TGF-beta in
airway remodeling in asthma. Immunol Cell Biol (2007) 85:348-56.
doi:10.1038/sj.icb.7100044

Pain M, Bermudez O, Lacoste P, Royer PJ, Botturi K, Tissot A, et al.
Tissueremodelling in chronicbronchial diseases: from the epithelial to mesen-
chymal phenotype. Eur Respir Rev (2014) 23:118-30. doi:10.1183/09059180.
00004413

Johnson JR, Roos A, Berg T, Nord M, Fuxe J. Chronic respiratory aeroal-
lergen exposure in mice induces epithelial-mesenchymal transition in the
large airways. PLoS One (2011) 6:¢16175. doi:10.1371/journal.pone.0016175
Min C, Eddy SE Sherr DH, Sonenshein GE. NF-kappaB and epithelial
to mesenchymal transition of cancer. J Cell Biochem (2008) 104:733-44.
doi:10.1002/jcb.21695

Solanas G, Porta-de-la-Riva M, Agusti C, Casagolda D, Sanchez-Aguilera F,
Larriba MJ, et al. E-cadherin controls beta-catenin and NF-kappaB
transcriptional activity in mesenchymal gene expression. J Cell Sci (2008)
121:2224-34. d0i:10.1242/jcs.021667

Stanisavljevic ], Porta-de-la-Riva M, Batlle R, de Herreros AG, Baulida
J. The p65 subunit of NF-kappaB and PARPI assist Snaill in activating
fibronectin transcription. J Cell Sci (2011) 124:4161-71. doi:10.1242/
jcs.078824

Kips JC. Cytokines in asthma. Eur Respir ] Suppl (2001) 34:24s-33s.
doi:10.1183/09031936.01.00229601

Hamelmann E, Gelfand EW. IL-5-induced airway eosinophilia - the key to
asthma? Immunol Rev (2001) 179:182-91. doi:10.1034/j.1600-065X.2001.
790118.x

Lampinen M, Carlson M, Hakansson LD, Venge P. Cytokine-regulated accu-
mulation of eosinophils in inflammatory disease. Allergy (2004) 59:793-805.
doi:10.1111/j.1398-9995.2004.00469.x

Watt AP, Schock BC, Ennis M. Neutrophils and eosinophils: clinical
implications of their appearance, presence and disappearance in asthma
and COPD. Curr Drug Targets Inflamm Allergy (2005) 4:415-23.
doi:10.2174/1568010054526313

Steinke JW, Borish L. Th2 cytokines and asthma. Interleukin-4: its role in
the pathogenesis of asthma, and targeting it for asthma treatment with
interleukin-4 receptor antagonists. Respir Res (2001) 2:66-70. doi:10.1186/
rr40

Robinson DS. T-cell cytokines: what we have learned from human
studies. Paediatr Respir Rev (2004) 5(Suppl A):S53-8. doi:10.1016/S1526-
0542(04)90011-5

Firszt R, Francisco D, Church TD, Thomas JM, Ingram JL, Kraft M.
Interleukin-13 induces collagen type-1 expression through matrix
metalloproteinase-2 and transforming growth factor-betal in airway
fibroblasts in asthma. Eur Respir ] (2014) 43:464-73. doi:10.1183/09031936.
00068712

Nagashima H, Nakamura Y, Kanno H, Sawai T, Inoue H, Yamauchi K. Effect
of genetic variation of IL-13 on airway remodeling in bronchial asthma.
Allergol Int (2011) 60:291-8. doi:10.2332/allergolint.10-OA-0259

Rael EL, Lockey RE. Interleukin-13 signaling and its role in asthma. World
Allergy Organ ] (2011) 4:54-64. doi:10.1097/WOX.0b013e31821188e0
Barnes PJ, Adcock IM. Transcription factors and asthma. Eur Respir ] (1998)
12:221-34. doi:10.1183/09031936.98.12010221

Zheng W, Flavell RA. The transcription factor GATA-3 is necessary and suffi-
cient for Th2 cytokine gene expression in CD4 T cells. Cell (1997) 89:587-96.
doi:10.1016/50092-8674(00)80240-8

Takeda K, Tanaka T, Shi W, Matsumoto M, Minami M, Kashiwamura S,
et al. Essential role of Stat6 in IL-4 signalling. Nature (1996) 380:627-30.
doi:10.1038/380627a0

Goenka S, Kaplan MH. Transcriptional regulation by STAT6. Immunol Res
(2011) 50:87-96. doi:10.1007/s12026-011-8205-2

Shimoda K, van Deursen ], Sangster MY, Sarawar SR, Carson RT, Tripp RA,
et al. Lack of IL-4-induced Th2 response and IgE class switching in

Frontiers in Immunology | www.frontiersin.org

September 2017 | Volume 8 | Article 1172


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1007/s11882-011-0210-y
https://doi.org/10.1007/s11882-011-0210-y
https://doi.org/10.4049/jimmunol.0901568
https://doi.org/10.1016/j.cyto.2014.04.006
https://doi.org/10.3389/fphar.2013.00046
https://doi.org/10.3389/fphar.2013.00046
https://doi.org/10.1038/icb.2009.115
https://doi.org/10.1111/jcmm.12197
https://doi.org/10.1016/j.cellsig.2007.10.007
https://doi.org/10.1586/1744666X.2013.837260
https://doi.org/10.1586/1744666X.2013.837260
https://doi.org/10.4049/jimmunol.179.1.305
https://doi.org/10.4049/jimmunol.179.1.305
https://doi.org/10.1177/1352458511399113
https://doi.org/10.1016/j.jaci.2008.01.031
https://doi.org/10.1513/pats.200601-006AW
https://doi.org/10.1513/pats.200601-006AW
https://doi.org/10.1165/rcmb.2010-0027TR
https://doi.org/10.1164/rccm.200306-727OC
https://doi.org/10.1136/thx.17.1.69
https://doi.org/10.1165/ajrcmb/3.5.507
https://doi.org/10.1378/chest.101.4.916
https://doi.org/10.1378/chest.101.4.916
https://doi.org/10.1164/ajrccm/147.2.405
https://doi.org/10.3109/01902141003663360
https://doi.org/10.1007/s00210-016-1294-7
https://doi.org/10.1007/s00210-016-1294-7
https://doi.org/10.1038/sj.icb.7100044
https://doi.org/10.1183/09059180.
00004413
https://doi.org/10.1183/09059180.
00004413
https://doi.org/10.1371/journal.pone.0016175
https://doi.org/10.1002/jcb.21695
https://doi.org/10.1242/jcs.021667
https://doi.org/10.1242/jcs.078824
https://doi.org/10.1242/jcs.078824
https://doi.org/10.1183/09031936.01.00229601
https://doi.org/10.1034/j.1600-065X.2001.
790118.x
https://doi.org/10.1034/j.1600-065X.2001.
790118.x
https://doi.org/10.1111/j.1398-9995.2004.00469.x
https://doi.org/10.2174/1568010054526313
https://doi.org/10.1186/rr40
https://doi.org/10.1186/rr40
https://doi.org/10.1016/S1526-0542(04)90011-5
https://doi.org/10.1016/S1526-0542(04)90011-5
https://doi.org/10.1183/09031936.00068712
https://doi.org/10.1183/09031936.00068712
https://doi.org/10.2332/allergolint.10-OA-0259
https://doi.org/10.1097/WOX.0b013e31821188e0
https://doi.org/10.1183/09031936.98.12010221
https://doi.org/10.1016/S0092-8674(00)80240-8
https://doi.org/10.1038/380627a0
https://doi.org/10.1007/s12026-011-8205-2

Sethi et al.

PARP-1 in Lung Inflammation

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

mice with disrupted Stat6 gene. Nature (1996) 380:630-3. doi:10.1038/
380630a0

Kuperman DA, Schleimer RP. Interleukin-4, interleukin-13, signal trans-
ducer and activator of transcription factor 6, and allergic asthma. Curr Mol
Med (2008) 8:384-92. doi:10.2174/156652408785161032

Turner J, Jones CE. Regulation of mucin expression in respiratory diseases.
Biochem Soc Trans (2009) 37:877-81. doi:10.1042/BST0370877

Iwata H, Goettsch C, Sharma A, Ricchiuto P, Goh WW, Halu A, et al.
PARPY and PARP14 cross-regulate macrophage activation via STAT1 ADP-
ribosylation. Nat Commun (2016) 7:12849. doi:10.1038/ncomms12849

Cho SH, Goenka S, Henttinen T, Gudapati P, Reinikainen A, Eischen CM,
et al. PARP-14, a member of the B aggressive lymphoma family, transduces
survival signals in primary B cells. Blood (2009) 113:2416-25. doi:10.1182/
blood-2008-03-144121

Mehrotra P, Riley JP, Patel R, Li F, Voss L, Goenka S. PARP-14 functions
as a transcriptional switch for Stat6-dependent gene activation. ] Biol Chem
(2011) 286:1767-76. doi:10.1074/jbc.M110.157768

Mehrotra P, Hollenbeck A, Riley JP, Li F, Patel RJ, Akhtar N, et al. Poly (ADP-
ribose) polymerase 14 and its enzyme activity regulates T(H)2 differentiation
and allergic airway disease. J Allergy Clin Immunol (2013) 131:521-31.
el-el2. doi:10.1016/j.jaci.2012.06.015

Schuliga M. NF-kappaB signaling in chronic inflammatory airway disease.
Biomolecules (2015) 5:1266-83. doi:10.3390/biom5031266

Lawrence T. The nuclear factor NF-kappaB pathway in inflammation.
Cold Spring Harb Perspect Biol (2009) 1:a001651. doi:10.1101/cshperspect.
2001651

Hinz M, Stilmann M, Arslan SC, Khanna KK, Dittmar G, Scheidereit C.
A cytoplasmic ATM-TRAF6-cIAP1 module links nuclear DNA damage
signaling to ubiquitin-mediated NF-kappaB activation. Mol Cell (2010)
40:63-74. doi:10.1016/j.molcel.2010.09.008

Stilmann M, Hinz M, Arslan SC, Zimmer A, Schreiber V, Scheidereit C.
A nuclear poly(ADP-ribose)-dependent signalosome confers DNA
damage-induced IkappaB kinase activation. Mol Cell (2009) 36:365-78.
doi:10.1016/j.molcel.2009.09.032

Hassa PO, Covic M, Hasan S, Imhof R, Hottiger MO. The enzymatic and
DNA binding activity of PARP-1 are not required for NF-kappa B coactivator
function. J Biol Chem (2001) 276:45588-97. doi:10.1074/jbc.M106528200
Liu L, Ke Y, Jiang X, He E, Pan L, Xu L, et al. Lipopolysaccharide activates
ERK-PARP-1-RelA pathway and promotes nuclear factor-kappaB transcrip-
tion in murine macrophages. Hum Immunol (2012) 73:439-47. doi:10.1016/j.
humimm.2012.02.002

Morgan MJ, Liu ZG. Crosstalk of reactive oxygen species and NF-kappaB
signaling. Cell Res (2011) 21:103-15. doi:10.1038/cr.2010.178

Kabe Y, Ando K, Hirao S, Yoshida M, Handa H. Redox regulation of
NEF-kappaB activation: distinct redox regulation between the cytoplasm
and the nucleus. Antioxid Redox Signal (2005) 7:395-403. doi:10.1089/
ars.2005.7.395

Das J, Chen CH, Yang L, Cohn L, Ray P, Ray A. A critical role for
NF-kappa B in GATA3 expression and TH2 differentiation in allergic airway
inflammation. Nat Immunol (2001) 2:45-50. doi:10.1038/83158

Adcock IM, Lane SJ, Brown CR, Lee TH, Barnes P]. Abnormal glucocorticoid
receptor-activator protein 1 interaction in steroid-resistant asthma. J Exp
Med (1995) 182:1951-8. doi:10.1084/jem.182.6.1951

Barnes PJ. Transcription factors in airway diseases. Lab Invest (2006)
86:867-72. doi:10.1038/labinvest.3700456

Zingarelli B, Hake PW, Burroughs TJ, Piraino G, OConnor M,
Denenberg A. Activator protein-1 signalling pathway and apoptosis are
modulated by poly(ADP-ribose) polymerase-1 in experimental colitis.
Immunology (2004) 113:509-17. doi:10.1111/j.1365-2567.2004.01991.x
Zingarelli B, Hake PW, O’Connor M, Denenberg A, Wong HR, Kong S,
et al. Differential regulation of activator protein-1 and heat shock factor-1
in myocardial ischemia and reperfusion injury: role of poly(ADP-ribose)
polymerase-1. Am ] Physiol Heart Circ Physiol (2004) 286:H1408-15.
doi:10.1152/ajpheart.00953.2003

Kiefmann R, Heckel K, Doerger M, Schenkat S, Kupatt C,
Stoeckelhuber M, et al. Role of PARP on iNOS pathway during endotoxin-
induced acutelunginjury. Intensive Care Med (2004) 30:1421-31.doi:10.1007/
$00134-004-2301-x

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Wiesch DG, Meyers DA, Bleecker ER. Genetics of asthma. ] Allergy Clin
Immunol (1999) 104:895-901. doi:10.1016/S0091-6749(99)70065-5
Holloway JW, Beghe B, Holgate ST. The genetic basis of atopic asthma. Clin
Exp Allergy (1999) 29:1023-32. doi:10.1046/j.1365-2222.1999.00599.x
Tezcan G, Gurel CB, Tutluoglu B, Onaran I, Kanigur-Sultuybek G. The
Ala allele at Val762Ala polymorphism in poly(ADP-ribose) polymerase-1
(PARP-1) gene is associated with a decreased risk of asthma in a Turkish
population. J Asthma (2009) 46:371-4. doi:10.1080/02770900902777791
Wang XG, Wang ZQ, Tong WM, Shen Y. PARP1 Val762Ala polymorphism
reduces enzymatic activity. Biochem Biophys Res Commun (2007) 354:122-6.
doi:10.1016/j.bbrc.2006.12.162

Dzierba AL, Abel EE, Buckley MS, Lat I. A review of inhaled nitric oxide
and aerosolized epoprostenol in acute lung injury or acute respiratory dis-
tress syndrome. Pharmacotherapy (2014) 34:279-90. doi:10.1002/phar.1365
Ricciardolo FL, Di Stefano A. Corticosteroid resistance in smokers with
asthma. Am ] Respir Crit Care Med (2004) 169:1252; author reply 1252-3.
doi:10.1164/ajrccm.169.11.950

Kharitonov SA, Barnes PJ. Nitric oxide, nitrotyrosine, and nitric oxide mod-
ulators in asthma and chronic obstructive pulmonary disease. Curr Allergy
Asthma Rep (2003) 3:121-9. doi:10.1007/s11882-003-0024-7

Cross L], Matthay MA. Biomarkers in acute lung injury: insights into
the pathogenesis of acute lung injury. Crit Care Clin (2011) 27:355-77.
doi:10.1016/j.ccc.2010.12.005

Brigham KL, Meyrick B. Endotoxin and lung injury. Am Rev Respir Dis
(1986) 133:913-27.

Matute-Bello G, Frevert CW, Martin TR. Animal models of acute lung
injury. Am J Physiol Lung Cell Mol Physiol (2008) 295:1379-99. doi:10.1152/
ajplung.00010.2008

Wang HM, Bodenstein M, Markstaller K. Overview of the pathology of
three widely used animal models of acute lung injury. Eur Surg Res (2008)
40:305-16. doi:10.1159/000121471

Zerfaoui M, Naura AS, Errami Y, Hans CP, Rezk BM, Park J, et al. Effects of
PARP-1 deficiency on airway inflammatory cell recruitment in response to
LPS or TNF: differential effects on CXCR2 ligands and duffy antigen receptor
for chemokines. J Leukoc Biol (2009) 86:1385-92. doi:10.1189/j1b.0309183
Kapoor K, Singla E, Sahu B, Naura AS. PARP inhibitor, olaparib ameliorates
acute lung and kidney injury upon intratracheal administration of LPS
in mice. Mol Cell Biochem (2015) 400:153-62. doi:10.1007/s11010-014-
2271-4

Liaudet L, Pacher P, Mabley JG, Virag L, Soriano FG, Hasko G, et al.
Activation of poly(ADP-Ribose) polymerase-1 is a central mechanism of
lipopolysaccharide-induced acute lung inflammation. Am J Respir Crit Care
Med (2002) 165:372-7. doi:10.1164/ajrccm.165.3.2106050

Wang G, Huang X, Li Y, Guo K, Ning P, Zhang Y. PARP-1 inhibitor, DPQ,
attenuates LPS-induced acute lung injury through inhibiting NF-kappaB-
mediated inflammatory response. PLoS One (2013) 8:€79757. doi:10.1371/
journal.pone.0079757

Veres B, Radnai B, Gallyas F Jr, Varbiro G, Berente Z, Osz E, et al. Regulation
of kinase cascades and transcription factors by a poly(ADP-ribose) poly-
merase-1 inhibitor, 4-hydroxyquinazoline, in lipopolysaccharide-induced
inflammation in mice. ] Pharmacol Exp Ther (2004) 310:247-55. doi:10.1124/
jpet.104.065151

Liu KD, Matthay MA. Advances in critical care for the nephrologist: acute
lung injury/ARDS. Clin ] Am Soc Nephrol (2008) 3:578-86. doi:10.2215/
CJN.01630407

Singbartl K. Renal-pulmonary crosstalk. Contrib Nephrol (2011) 174:65-70.
doi:10.1159/000329237

Si MK, Mitaka C, Tulafu M, Abe S, Kitagawa M, Ikeda S, et al. Inhibition
of poly (adenosine diphosphate-ribose) polymerase attenuates lung-kidney
crosstalk induced by intratracheal lipopolysaccharide instillation in rats.
Respir Res (2013) 14:126. doi:10.1186/1465-9921-14-126

Uhlig U, Uhlig S. Ventilation-induced lung injury. Compr Physiol (2011)
1:635-61. doi:10.1002/cphy.c100004

Silva PL, Negrini D, Rocco PR. Mechanisms of ventilator-induced lung
injury in healthy lungs. Best Pract Res Clin Anaesthesiol (2015) 29:301-13.
doi:10.1016/j.bpa.2015.08.004

Tremblay LN, Slutsky AS. Ventilator-induced injury: from barotrauma to
biotrauma. Proc Assoc Am Physicians (1998) 110:482-8.

Frontiers in Immunology | www.frontiersin.org

September 2017 | Volume 8 | Article 1172


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/
380630a0
https://doi.org/10.1038/
380630a0
https://doi.org/10.2174/156652408785161032
https://doi.org/10.1042/BST0370877
https://doi.org/10.1038/ncomms12849
https://doi.org/10.1182/blood-2008-03-144121
https://doi.org/10.1182/blood-2008-03-144121
https://doi.org/10.1074/jbc.M110.157768
https://doi.org/10.1016/j.jaci.2012.06.015
https://doi.org/10.3390/biom5031266
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1016/j.molcel.2010.09.008
https://doi.org/10.1016/j.molcel.2009.09.032
https://doi.org/10.1074/jbc.M106528200
https://doi.org/10.1016/j.humimm.2012.02.002
https://doi.org/10.1016/j.humimm.2012.02.002
https://doi.org/10.1038/cr.2010.178
https://doi.org/10.1089/ars.2005.7.395
https://doi.org/10.1089/ars.2005.7.395
https://doi.org/10.1038/83158
https://doi.org/10.1084/jem.182.6.1951
https://doi.org/10.1038/labinvest.3700456
https://doi.org/10.1111/j.1365-2567.2004.01991.x
https://doi.org/10.1152/ajpheart.00953.2003
https://doi.org/10.1007/s00134-004-2301-x
https://doi.org/10.1007/s00134-004-2301-x
https://doi.org/10.1016/S0091-6749(99)70065-5
https://doi.org/10.1046/j.1365-2222.1999.00599.x
https://doi.org/10.1080/02770900902777791
https://doi.org/10.1016/j.bbrc.2006.12.162
https://doi.org/10.1002/phar.1365
https://doi.org/10.1164/ajrccm.169.11.950
https://doi.org/10.1007/s11882-003-0024-7
https://doi.org/10.1016/j.ccc.2010.12.005
https://doi.org/10.1152/ajplung.00010.2008
https://doi.org/10.1152/ajplung.00010.2008
https://doi.org/10.1159/000121471
https://doi.org/10.1189/jlb.0309183
https://doi.org/10.1007/s11010-014-2271-4
https://doi.org/10.1007/s11010-014-2271-4
https://doi.org/10.1164/ajrccm.165.3.2106050
https://doi.org/10.1371/journal.pone.0079757
https://doi.org/10.1371/journal.pone.0079757
https://doi.org/10.1124/jpet.104.065151
https://doi.org/10.1124/jpet.104.065151
https://doi.org/10.2215/CJN.01630407
https://doi.org/10.2215/CJN.01630407
https://doi.org/10.1159/000329237
https://doi.org/10.1186/1465-9921-14-126
https://doi.org/10.1002/cphy.c100004
https://doi.org/10.1016/j.bpa.2015.08.004

Sethi et al.

PARP-1 in Lung Inflammation

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Slutsky AS, Tremblay LN. Multiple system organ failure. Is mechanical ven-
tilation a contributing factor? Am J Respir Crit Care Med (1998) 157:1721-5.
doi:10.1164/ajrccm.157.6.9709092

McNally JS, Davis ME, Giddens DP, Saha A, Hwang ], Dikalov S, et al.
Role of xanthine oxidoreductase and NAD(P)H oxidase in endothelial
superoxide production in response to oscillatory shear stress. Am
] Physiol Heart Circ Physiol (2003) 285:H2290-7. doi:10.1152/ajpheart.
00515.2003

Hsieh HJ, Cheng CC, Wu ST, Chiu JJ, Wung BS, Wang DL. Increase of reac-
tive oxygen species (ROS) in endothelial cells by shear flow and involvement
of ROS in shear-induced c-fos expression. J Cell Physiol (1998) 175:156-62.
d0i:10.1002/(SICI)1097-4652(199805)175:2<156::AID-JCP5>3.3.
CO;2-G

Matsushita H, Lee KH, Tsao PS. Cyclic strain induces reactive oxygen
species production via an endothelial NAD(P)H oxidase. ] Cell Biochem
Suppl (2001) 36:99-106. doi:10.1002/jcb.1094

Cheng]JJ, Wung BS, Chao Y], Wang DL. Cyclic strain-induced reactive oxygen
species involved in ICAM-1 gene induction in endothelial cells. Hypertension
(1998) 31:125-30. doi:10.1161/01.HYP.31.1.125

Davidovich N, DiPaolo BC, Lawrence GG, Chhour P, Yehya N, Margulies SS.
Cyclic stretch-induced oxidative stress increases pulmonary alveolar epithe-
lial permeability. Am ] Respir Cell Mol Biol (2013) 49:156-64. doi:10.1165/
rcmb.2012-02520C

Vaschetto R, Kuiper JW, Chiang SR, Haitsma JJ, Juco JW, Uhlig S,
et al. Inhibition of poly(adenosine diphosphate-ribose) polymerase atten-
uates ventilator-induced lung injury. Anesthesiology (2008) 108:261-8.
doi:10.1097/01.anes.0000299434.86640.15

Kim JH, Suk MH, Yoon DW, Kim HY, Jung KH, Kang EH, et al. Inflammatory
and transcriptional roles of poly (ADP-ribose) polymerase in ventilator-
induced lung injury. Crit Care (2008) 12:R108. doi:10.1186/cc6995

Held HD, Boettcher S, Hamann L, Uhlig S. Ventilation-induced chemokine
and cytokine release is associated with activation of nuclear factor-kappaB
and is blocked by steroids. Am J Respir Crit Care Med (2001) 163:711-6.
doi:10.1164/ajrccm.163.3.2003001

Christman JW, Lancaster LH, Blackwell TS. Nuclear factor kappa B: a
pivotal role in the systemic inflammatory response syndrome and new
target for therapy. Intensive Care Med (1998) 24:1131-8. do0i:10.1007/
5001340050735

Vaschetto R, Kuiper JW, Musters R], Eringa EC, Della Corte F, Murthy K,
et al. Renal hypoperfusion and impaired endothelium-dependent vasodila-
tion in an animal model of VILI: the role of the peroxynitrite-PARP pathway.
Crit Care (2010) 14:R45. doi:10.1186/cc8932

Chung KF, Adcock IM. Multifaceted mechanisms in COPD: inflammation,
immunity, and tissue repair and destruction. Eur Respir J (2008) 31:1334-56.
doi:10.1183/09031936.00018908

Barnes PJ. The cytokine network in chronic obstructive pulmonary
disease. Am ] Respir Cell Mol Biol (2009) 41:631-8. doi:10.1165/rcmb.2009-
0220TR

Hageman GJ, Larik I, Pennings HJ, Haenen GR, Wouters EF, Bast A. Systemic
poly(ADP-ribose) polymerase-1 activation, chronic inflammation, and
oxidative stress in COPD patients. Free Radic Biol Med (2003) 35:140-8.
doi:10.1016/S0891-5849(03)00237-5

Oit-Wiscombe I, Virag L, Soomets U, Altraja A. Increased DNA damage in
progression of COPD: a response by poly(ADP-ribose) polymerase-1. PLoS
One (2013) 8:¢70333. doi:10.1371/journal.pone.0070333

Kundu M, Thompson CB. Autophagy: basic principles and relevance
to disease. Annu Rev Pathol (2008) 3:427-55. doi:10.1146/annurev.
pathmechdis.2.010506.091842

Hwang JW, Chung S, Sundar IK, Yao H, Arunachalam G, McBurney MW, et al.
Cigarettesmoke-inducedautophagyisregulatedby SIRT1-PARP-1-dependent

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

mechanism: implication in pathogenesis of COPD. Arch Biochem Biophys
(2010) 500:203-9. doi:10.1016/j.abb.2010.05.013

Shintani T, Klionsky DJ. Autophagy in health and disease: a double-edged
sword. Science (2004) 306:990-5. doi:10.1126/science.1099993

Chen Y, McMillan-Ward E, Kong J, Israels S], Gibson SB. Oxidative stress
induces autophagic cell death independent of apoptosis in transformed and
cancer cells. Cell Death Differ (2008) 15:171-82. doi:10.1038/sj.cdd.4402233
Kim HP, Wang X, Chen ZH, Lee S], Huang MH, Wang Y, et al. Autophagic
proteins regulate cigarette smoke-induced apoptosis: protective role of heme
oxygenase-1. Autophagy (2008) 4:887-95. doi:10.4161/auto.6767

Chen ZH, Kim HP, Sciurba FC, Lee SJ, Feghali-Bostwick C, Stolz DB, et al.
Egr-1 regulates autophagy in cigarette smoke-induced chronic obstruc-
tive pulmonary disease. PLoS One (2008) 3:e3316. doi:10.1371/journal.
pone.0003316

Kovacs K, Erdelyi K, Hegedus C, Lakatos P, Regdon Z, Bai P, et al. Poly(ADP-
ribosyl)ation is a survival mechanism in cigarette smoke-induced and hydro-
gen peroxide-mediated cell death. Free Radic Biol Med (2012) 53:1680-8.
doi:10.1016/j.freeradbiomed.2012.08.579

Geraets L, Moonen HJ, Wouters EF, Bast A, Hageman GJ. Caffeine metab-
olites are inhibitors of the nuclear enzyme poly(ADP-ribose)polymerase-1
at physiological concentrations. Biochem Pharmacol (2006) 72:902-10.
doi:10.1016/j.bcp.2006.06.023

Geraets L, Moonen HJ, Brauers K, Wouters EF, Bast A, Hageman GJ. Dietary
flavones and flavonoles are inhibitors of poly(ADP-ribose)polymerase-1 in
pulmonary epithelial cells. J Nutr (2007) 137:2190-5.

Geraets L, Moonen HJ, Brauers K, Gottschalk RW, Wouters EF, Bast A,
et al. Flavone as PARP-1 inhibitor: its effect on lipopolysaccharide induced
gene-expression. Eur ] Pharmacol (2007) 573:241-8. doi:10.1016/j.
ejphar.2007.07.013

Weseler AR, Geraets L, Moonen HJ, Manders R], van Loon LJ, Pennings HJ,
et al. Poly (ADP-ribose) polymerase-1-inhibiting flavonoids attenuate
cytokine release in blood from male patients with chronic obstructive
pulmonary disease or type 2 diabetes. ] Nutr (2009) 139:952-7. doi:10.3945/
jn.108.102756

Geraets L, Haegens A, Weseler AR, Brauers K, Vernooy JH, Wouters EE,
et al. Inhibition of acute pulmonary and systemic inflammation by
1,7-dimethylxanthine. Eur J Pharmacol (2010) 629:132-9. doi:10.1016/j.
€jphar.2009.11.064

Malhotra D, Thimmulappa RK, Mercado N, Ito K, Kombairaju P,
Kumar S, et al. Denitrosylation of HDAC2 by targeting Nrf2 restores gluco-
corticosteroid sensitivity in macrophages from COPD patients. ] Clin Invest
(2011) 121:4289-302. doi:10.1172/JCI45144

Kharitonov SA. NOS:molecular mechanisms, clinical aspects, therapeutic
and monitoring approaches. Curr Drug Targets Inflamm Allergy (2005)
4:141-9. d0i:10.2174/1568010053586282

Seimetz M, Parajuli N, Pichl A, Veit F Kwapiszewska G, Weisel FC,
etal. Inducible NOS inhibition reverses tobacco-smoke-induced emphysema
and pulmonary hypertension in mice. Cell (2011) 147:293-305. doi:10.1016/j.
cell.2011.08.035

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Sethi, Dharwal and Naura. This is an open-access article distrib-
uted under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

18

September 2017 | Volume 8 | Article 1172


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1164/ajrccm.157.6.9709092
https://doi.org/10.1152/ajpheart.00515.2003
https://doi.org/10.1152/ajpheart.00515.2003
https://doi.org/10.1002/(SICI)1097-4652(199805)175:2 < 156::AID-JCP5 > 3.3.CO;2-G
https://doi.org/10.1002/(SICI)1097-4652(199805)175:2 < 156::AID-JCP5 > 3.3.CO;2-G
https://doi.org/10.1002/jcb.1094
https://doi.org/10.1161/01.HYP.31.1.125
https://doi.org/10.1165/rcmb.2012-0252OC
https://doi.org/10.1165/rcmb.2012-0252OC
https://doi.org/10.1097/01.anes.0000299434.86640.15
https://doi.org/10.1186/cc6995
https://doi.org/10.1164/ajrccm.163.3.2003001
https://doi.org/10.1007/s001340050735
https://doi.org/10.1007/s001340050735
https://doi.org/10.1186/cc8932
https://doi.org/10.1183/09031936.00018908
https://doi.org/10.1165/rcmb.2009-
0220TR
https://doi.org/10.1165/rcmb.2009-
0220TR
https://doi.org/10.1016/S0891-5849(03)00237-5
https://doi.org/10.1371/journal.pone.0070333
https://doi.org/10.1146/annurev.pathmechdis.2.010506.091842
https://doi.org/10.1146/annurev.pathmechdis.2.010506.091842
https://doi.org/10.1016/j.abb.2010.05.013
https://doi.org/10.1126/science.1099993
https://doi.org/10.1038/sj.cdd.4402233
https://doi.org/10.4161/auto.6767
https://doi.org/10.1371/journal.pone.0003316
https://doi.org/10.1371/journal.pone.0003316
https://doi.org/10.1016/j.freeradbiomed.2012.08.579
https://doi.org/10.1016/j.bcp.2006.06.023
https://doi.org/10.1016/j.ejphar.2007.07.013
https://doi.org/10.1016/j.ejphar.2007.07.013
https://doi.org/10.3945/jn.108.102756
https://doi.org/10.3945/jn.108.102756
https://doi.org/10.1016/j.ejphar.2009.11.064
https://doi.org/10.1016/j.ejphar.2009.11.064
https://doi.org/10.1172/JCI45144
https://doi.org/10.2174/1568010053586282
https://doi.org/10.1016/j.cell.2011.08.035
https://doi.org/10.1016/j.cell.2011.08.035
http://creativecommons.org/licenses/by/4.0/

	Poly(ADP-Ribose)Polymerase-1 
in Lung Inflammatory Disorders: 
A Review
	Introduction
	PARP-1 and Its Pro-Inflammatory Role
	PARP-1 in Asthma
	Role of PARP-1 in Asthma-Associated Immune Cell Recruitment and Functioning
	PARP-1 and Lymphocytes
	PARP-1 and Eosinophils
	PARP-1 and DCs

	PARP-1 and Structural Cells
	PARP-1-Associated Signaling Pathways in Modulating Asthma-Associated Cytokines Production
	PARP-1 Polymorphism in Asthma

	PARP-1 in ALI
	PARP-1 in Biological Insult-Induced 
ALI, i.e., Infection
	PARP-1 in Mechanical Insult Induced ALI, i.e., Ventilator-Induced Injury

	PARP in COPD
	Conclusion
	Author Contributions
	Acknowledgments
	Funding
	References


