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Poly(ADP-ribosyl)ation, attaching the ADP-ribose poly-
mer chain to the receptor protein, is a unique posttrans-
lational modification. Poly(ADP-ribose) polymerase-1
(PARP-1) is a well-characterized member of the PARP
family. In this review, we provide a general update on
molecular structure and structure-based activity of this
enzyme. However, we mainly focus on the roles of
PARP-1 in inflammatory diseases. Specifically, we dis-
cuss the signaling pathway context that PARP-1 is
involved in to regulate the pathogenesis of inflam-
mation. PARP-1 facilitates diverse inflammatory re-
sponses by promoting inflammation-relevant gene
expression, such as cytokines, oxidation-reduction–
related enzymes, and adhesion molecules. Excessive ac-
tivation of PARP-1 induces mitochondria-associated cell
death in injured tissues and constitutes another mech-
anism for exacerbating inflammation. (Am J Pathol

2011, 178:946–955; DOI: 10.1016/j.ajpath.2010.12.004)

There are many posttranslational protein modifications
(eg, phosphorylation, acetylation, methylation, and ubiq-
uitylation) that are involved in a wide scope of cellular
processes, including chromatin remodeling, transcrip-
tional regulation, and signal transmission response to
extracellular stimulation. Poly(ADP-ribosyl)ation (PARyla-
tion) is one of such essential protein modifications,
whereby polymers of ADP-ribose (PARs) are formed from
donor NAD� molecules and covalently attached via an
ester linkage to glutamic acid and less commonly to
aspartic acid or lysine of target proteins.1–3 The target
proteins generally contain a PAR-binding consensus mo-
tif that frequently overlaps with a functional domain, such
as a protein- or DNA-binding domain (DBD), and thus
accounts for PAR modification, altering the functional

properties of the targets.4
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The process of PARylation is catalyzed by the poly-
(ADP-ribose) polymerase (PARP) family of enzymes that
consists of 18 members.5 The PARPs, historically known
as poly(ADP-ribose) synthases and poly(ADP-ribose)
transferases,6,7 show different structure, cellular location,
and functions.8,9 Only two members of this family (ie,
PARP-1 and PARP-2) are DNA damage related; and
PARP-1, the best-understood member, is an abundant
nuclear enzyme and accounts for at least 85% of the
cellular PARP activity.10

Since the discovery of PAR synthesis and PARP-1 de-
cades ago,11,12 new discoveries have been consistently
published related to their structure, property, and func-
tions. PARP-1 is a multifunctional enzyme and has a key
role in the spatial and temporal organization of DNA re-
pair, thus maintaining genome integrity and facilitating
cell survival. PARP-1 catalyzes the synthesis and attach-
ment of highly negatively charged PARs to target pro-
teins, including histones, topoisomerases, DNA heli-
cases, and single-strand break repair and base excision
repair factors; and facilitates relaxation of the chromatin
superstructure, protein-protein interaction, and DNA-
binding ability of the members of the DNA repair machin-
ery. A recently published article13 reviews the role of
PARP-1 in DNA repair. In addition, the importance of poly-
(ADP-ribose) synthesis has been established in many other
cellular processes, such as chromatin replication, tran-
scriptional regulation, and cell death, some of which will
compose the main content of the present review. We will
address the significant role of PARP-1 in inflammatory
disorders and the precise signaling mechanisms by
which PARP-1 regulates the pathogenesis of inflamma-
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tion. We hope that positioning PARP-1 in the context of a
well-described signaling pathway provides directions for
new strategies to the PARP-1–targeted therapy of inflam-
mation.

PARP-1 Structure, Properties, and Activation

PARP-1 is a large protein composed of 1014 amino acids
(mol. wt., 116 kDa). It has three main domains: the DBD,
the automodification domain (AMD), and the catalytic
domain (NAD�-binding domain).14 The N-terminal 46-
kDa DBD contains three zinc-finger motifs, of which the
first two were described as “nick sensors” because early
studies found that these zinc fingers recognize DNA
damage and direct PARP-1 binding to the damaged
DNA.10,15 More recently, the third zinc-finger motif in the
DBD facilitated interdomain contact and assembly of the
DNA-activated conformation of PARP-116; therefore, it
was considered essential for DNA-dependent PARP-1
activity.16–18

The central AMD (mol. wt., 22 kDa) serves as a regu-
latory segment and consists of a breast cancer suscep-
tibility protein C-terminus motif that is found in many other
DNA repair and cell cycle proteins. There are several
glutamic acid residues in this domain that are suggested
to be the site for covalent binding with poly(ADP-ribose)
on PARP-1 activation.19,20 However, other groups argue
that individual lysine residues, not glutamic acid, serve as
acceptor sites for ADP ribosylation in the AMD.21 The
PAR modification of glutamic residues in the NAD�-bind-
ing domain and the DBD has also been noted.19,20 Irre-
spective of the site, automodification is accepted as a
mechanism for regulating PARP-1 activity and control
PAR synthesis19; however, the exact impact and mech-
anisms of automodification on enzyme function need fur-
ther investigation.

The AMD is considered important for protein-protein
interaction between PARP-1 and the members of the
DNA repair and gene transcriptional machinery, as well
as for PARP-1 homodimerization or heterodimerization
with PARP-2.22–24 Dimerization is assumed to be a pre-
requisite for PARP-1 activation25; however, the AMD de-
letion mutant is catalytically active, indicating that this
segment is not indispensable for PARP-1 activity.20 Other
studies24,25 have suggested that interaction in the N-ter-
minal region is required for PARP-1 dimerization and
activation. The structural basis and significance of PARP-
1’s dimerization for its catalytic activity are not yet clear.
Further investigation is still necessary because the block-
ing of PARP-1 dimerization might become a candidate
strategy for inhibition of PARP-1 activation.

The C-terminal region (mol. wt., 54 kDa) is the most
conserved part of the enzyme. It consists of an NAD�-
binding domain and executes the catalytic function of
PARP-1, synthesizing PARs by using NAD� as a sub-
strate. The highly conserved 50–amino acid “PARP sig-
nature” motif (NAD�-binding site) has been found in all
PARP family members discovered thus far.26,27 The influ-
ence of the automodification of the glutamic acid resi-
dues within this domain on PARP-1’s catalytic activity has

not yet been fully addressed.19,20
In addition to DNA breaks, DNA hairpins, cruciform, and
stably unpaired regions have all been considered effective
determinants of PARP-1 activation.28,29 After its binding to
DNA, PARP-1 catalyzes the formation of PARs. The
most abundant poly(ADP-ribosyl)ated protein in the
cell is PARP-1 itself, and the accumulation of PAR on
PARP-1 leads to its repulsion and dissociation from
DNA strands.30,31 The poly(ADP-ribose) glycohydro-
lase (PARG) recycles the PAR formed on PARP-1 and
thereby allows PARP-1 to enter the next action round.13

The PARs are rapidly degraded by PARG,32,33 and PARG
has both endoglycosidase and exoglycosidase activities
(endoglycosidase being greater than exoglycosidase),
producing free PAR and mono(ADP-ribose).34,35 The
amount of PAR formation and its attachment to other
proteins are controlled by PARP-1 and PARG. Thus, a
balance between the activation of PARP-1 and PARG
determines cell fate, both by influencing the level of en-
ergetic substrates (NAD� and ATP) and PAR amount and
has been investigated in recent studies.36–38

Involvement of PARP-1 in Inflammatory
Diseases

Several studies have shown the simultaneous activation
of inflammatory responses and PARP-1 in various dis-
ease models and noted that PARP-1 is rapidly activated;
in addition, its activation is prolonged and sustained in
pathophysiological conditions. PARP-1 may play an im-
portant role by up-regulating the expression of proinflam-
matory genes and/or inducing cell death in the injured
tissues.39,40 We discuss PARP-1 activation in infectious
and noninfectious diseases.

Studies in experimental models reflect the central role
of PARP-1 in various diseases. For example, in a septic
rat model, up-regulated PARP-1 expression colocalized
with DNA breaks and correlated with sepsis-induced in-
flammation and early and late stages of myocardial dys-
function.41 In pulmonary inflammation models induced by
intratracheal administration of lipopolysaccharide (LPS),
PARP-1 suppression by genetic deletion or pharmaco-
logical inhibitors was beneficial in reducing the inflamma-
tory cell recruitment to mouse airways.42,43 Likewise, the
absence of PARP-1 in a mouse model of enterocolitis
induced by Salmonella typhimurium decreased NF-�B–
mediated proinflammatory gene expression and was as-
sociated with delayed gut inflammation.44 Others showed
that PARP-1 inhibition protected the mouse brain from
LPS-evoked systemic inflammation and other confound-
ing factors, including the lowering of NAD� concentra-
tion, mitochondrial biogenesis defects, translocation of
apoptosis-inducing factor (AIF) to the nucleus, and en-
hanced lipid peroxidation.45 The role of PARP-1 in septic
peritonitis was reviewed by Liaudet and Oddo.46

In addition to bacteria, PARP-1’s involvement in the
infection induced by other pathogenic agents, such as
viruses, fungi, and parasites, has not yet been ad-
dressed. Recently, it was shown in an in vitro parasite
infection model that PARP-1 induced inflammatory cyto-

kine (IL-1) and tumor necrosis factor (TNF) � production
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in cardiomyocytes infected by Trypanosoma cruzi47 and
provided a new direction for the mechanisms involved in
Chagasic heart disease pathogenicity.

Recently, new evidence implicated PARP-1 in cyto-
toxic agent-induced inflammation. Asbestos is toxic to
human mesothelial cells, and asbestos exposure acti-
vates human mesothelial cell PARP-1 associated with
H2O2 secretion, ATP depletion, and translocation of high-
mobility group box 1 protein from the nucleus to the
cytoplasm and into the extracellular space.48 Experimen-
tal studies in mice and hamsters injected with asbestos
validated the release of high-mobility group box 1 protein
in the extracellular space of mesothelial cells and inflam-
matory cells around asbestos deposits. A contact hyper-
sensitivity reaction is a form of a delayed type of hyper-
sensitivity caused by allergens. Brunyanszki et al49

reported that PARP-1 inhibition reduces the extent of
inflammation by modulating oxidative stress and impair-
ing the activation of NF-�B and activator protein (AP) 1 in
an oxazolone-induced contact hypersensitivity model.

The role of PARP-1 in inflammation associated with
tissue injuries in stroke and trauma has been studied in
detail. For example, in a spinal cord trauma model, the
infiltration of neutrophils in spinal cord tissue was asso-
ciated with a marked increase in immunoreactivity for
PARs, an index of PARP activation; and treatment with
PARP-1 inhibitors reduced the tissue inflammation and
injury events associated with spinal cord trauma.50 In
another study,51 PARP-1– deficient or wild-type mice
treated with PARP-1 inhibitors [PJ34 (N-[6-oxo-5,6-di-
hydro-phenanthridin-2-yl]-N,N-dimethylactamide) or
3AB (3-aminobenzaminde)] were subjected to heat ex-
posure as a model to study heat stroke. The PARP-1
inhibition increased the expression of 27- and 70-kDA heat
shock proteins, and heat stroke–induced liver injury was
attenuated in PARP-1–deficient mice when compared with
findings in wild-type mice. The role of PARP-1 in sports
injury was demonstrated by the observations that eccentric
exercise-induced skeletal muscle damage was associated
with protein oxidative and nitrosative adducts, leukocyte
infiltration, PARP-1 up-regulation, and increased gene ex-
pression for inflammatory mediators (ie, cyclooxygenase-2,
IL-1�, IL-6, TNF-�, and monocyte chemotactic protein-1).52

These symptoms were ameliorated by treatment with a Chi-
nese herb (honokiol) that suppressed the PARP-1 activity
and inflammation-mediated damage to muscle cells.52

The involvement of PARP-1 in noninfectious inflamma-
tion was noticed in the murine colitis and ischemia-rep-
erfusion model in the 1990s.53,54 In succession, PARP-1
activation accompanied with depressed left ventricular
function was demonstrated in chronic heart failure mod-
els.55,56 The key role of PARP-1 in many immune-abnor-
mal conditions (eg, atherosclerosis, arthritis, lung injury,
nephritis, diabetic complications, and spinal inflamma-
tion) attracted intensive attention. Atherosclerosis, a
chronic inflammatory disease, is the leading cause of
death in Western societies. PARP-1 enhances the ex-
pression of adhesion molecules and activates endothelial
cells; it also contributes to the infiltration of inflammatory
cells, inducing features of plaque vulnerability.57 An im-

balance of tissue inhibitor of metalloproteinases and ma-
trix metalloproteinases in the extracellular matrix may
constitute a critical contributing factor to atherogenesis.
Boulares and coworkers58,59 found that PARP-1 inhibition
provides stability to atherosclerotic plaques associated
with increased expression of tissue inhibitor of metallo-
proteinases 2, decreased activity of matrix metalloprotei-
nase 9, and extracellular matrix degradation in a high-fat,
diet-induced, dyslipidemic, dilated cardiomyopathy
model. Rheumatoid arthritis is characterized as inflam-
mation with synovial hyperplasia, pannus formation, and
progressive destruction of cartilage and bone. PARP-1–
deficient mice showed decreased transcription and ex-
pression of IL-1�, monocyte chemotactic protein-1, and
TNF-� cytokines, providing evidence for the contribution
of PARP-1 to the progression of arthritis.60 Inflammation
plays a key role in lung injury and in the pathogenesis of
asthma. In ovalbumin-challenged mice models, PARP-1
protein expression and its activity were greatly increased.
Pharmaceutical inhibition and gene deletion of PARP-1 re-
duced inflammation by preventing eosinophilic infiltration
into the airways of ovalbumin-challenged mice. In addition,
the production of IL-5, IL-10, IL-13, and granulocyte mac-
rophage colony-stimulating factor was completely inhibited
in ex vivo ovalbumin-challenged lung cells derived from
these animals, implying the role of PARP-1 in allergy-asso-
ciated inflammation.61,62 Endothelial dysfunction leads to
diabetic patients experiencing retinopathy, nephropathy,
neuropathy, and accelerated atherosclerosis (so-called
diabetic complications). PARP-1 is an important factor in
the pathogenesis of endothelial dysfunction in diabe-
tes63,64 and regulates the progression of autoimmune
nephritis65 and spinal inflammation,64 indicative of its
participation in autoimmune disorders.66 In summary, the
studies presented in this section highlight the participa-
tion of PARP-1 in activation or sustenance of inflammatory
processes in various diseases.

Role of PARP-1 in Inflammatory Gene
Expression

PARP-1 facilitates diverse inflammatory responses by
promoting inflammation-relevant gene expression. Vari-
ous studies47,65,67–69 have shown that PARP-1 influences
the expression of proinflammatory cytokines (eg, IL-1�,
TNF-�, and monocyte chemotactic protein-1), enzymes
involved in the deleterious effects of inflammation [eg,
inducible nitric oxides synthase (iNOS), cyclo-oxygen-
ase-2, and NAPDH oxidase],52,57,65,70 and inflamma-
tion-promoting adhesion molecules, such as intercellu-
lar adhesion molecule-1, P-selectin, and E-selectin.57,71

PARP-1 can influence inflammatory gene expression at
three levels (ie, chromatin remodeling regulation, tran-
scriptional activity regulation, and mRNA posttranscrip-
tional stability regulation), as illustrated in Figure 1A.

The effects of PARP-1 on chromatin structure and tran-
scriptional regulation were recently reviewed60 and dis-
cussed in the context of inflammatory gene expression
herein. For function on chromatin-remodeling regulation,
it is suggested that in the presence of saturating NAD�,

PARP-1–dependent attachment of PARs to core histones
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and the linker histone H115,72 introduces massive nega-
tive charges and facilitates relaxation of the chromatin
superstructure and recruitment of transcription machin-
ery to the promoter or enhancer of target genes.73,74

The literature provides evidence that the effects of
PARP-1 on transcription factors regulating inflammatory
cytokine gene expression vary diversely, depending on
the stimuli and cell and tissue types. For example,
PARP-1 has been implicated in the activation of NF-�B,
AP-1, and heat shock factor protein 1 transcription fac-
tors, classically known to signal inflammatory gene ex-
pression.47,67,75–77 Rel A (p65), the v-reticuloendotheliosis on-
cogene homolog A, an important subunit of activated
NF-�B dimers (p65/p50, p65/p65, and p65/c-Rel), was
poly(ADP-ribosyl)ated in an in vitro assay using recombi-
nant protein as substrate.78 Poly(ADP-ribosyl)ation of p65
was a critical determinant for its interaction with nuclear
export protein Crm1 (exportin 1), promoting nuclear re-
tention of NF-�B and downstream events for cytokine
gene expression.79 Others78,80–82 have reported that
PARP-1 directly binds with NF-�B, and inhibition of
PARP-1 attenuated the proinflammatory cytokine re-
sponse via decreased assembly of transcription activa-
tion complex. However, it is not clear if enzymatically
active PARP-1, nascent PARP-1, or both are capable of
interacting with NF-�B and promoting DNA binding of

NF-�B and cytokine gene expression.83 We did not de-
tect either the interaction between PARP-1 and p65 or
PARylation of p65 in cardiomyocytes infected by T.
cruzi.47 Instead, PAR modification of p65-interacting nu-
clear proteins appeared to promote assembly of a trans-
activation-competent complex and cytokine gene ex-
pression in infected cardiomyocytes. In addition, PARP-1
may control inflammatory gene expression via regulation
of cellular oxidation-reduction status. Nuclear respiratory
factor (NRF) 1 is a key transcriptional activator of nuclear-
encoded genes involved in mitochondrial biogenesis and
function. Nuclear respiratory factor 1 participates in cellular
oxidation-reduction signaling of inflammatory responses by
increasing cytochrome c expression and mitochondrial re-
spiratory capacity.84 The interactions of PARP-1 with NRF-1
and NRF-1 activation were regulated by automodification of
PARP-1 and PARylation of NRF-1,84 suggesting that
PARP-1 plays a regulatory role in NRF-1–dependent mi-
tochondrial biogenesis, function, and cellular oxidation-
reduction status. Conversely, PARP-1 may promote in-
flammation via negatively regulating other transcription
factors. For example, the specificity protein 1 (Sp1) tran-
scription factor mediates the transcriptional expression of
hundreds of housekeeping genes whose products are
anti-inflammatory mediators, and Sp1 activity is consid-
ered protective against systemic inflammation. A physi-
cal interaction of PARP-1 with Sp1 enhanced PARylation

Figure 1. A: Potential routes of PARP-1 stimula-
tion of inflammatory gene expression. First, at the
level of chromatin remodeling, the modification of
histone H1 by PARP-1 (1) relaxes the highly com-
pacted chromatin fibers and facilitates transcription
machinery access to the target genes (2). Second,
at the level of transcription, activated PARP-1 either
directly binds to the promoter region of target
genes (3) or acts on transcription factors and reg-
ulates their transcriptional activity (4). Third, at the
level of posttranscription, activated PARP-1 affects
p38 (MAPK) and then regulates the posttranscrip-
tional stability of mRNAs (5). B: Potential routes of
nuclear-mitochondrial cross talk in PARP-1–de-
pendent cell death pathways. 1: Extensive PARP-1
activation leads to depletion of NAD� from the
cytosol and accumulation of poly(ADP-ribose) in
the nucleus. NAD� depletion can block glycolysis
and thereby block the delivery of glucose-derived
substrates to the mitochondria. 2: Poly(ADP-ri-
bose) formed in the nucleus might be transported
out of the nucleus and act directly on mitochon-
drial membranes. 3: Pro-apoptosis protein Bcl-2–
associated X protein (Bax) is activated and trans-
locates to mitochondrial membranes. The actions
of both poly(ADP-ribose) and Bax on mitochon-
drial membrane lead to cell death through a
process involving mitochondrial depolarization
(��m), MPT, and mitochondrial release of AIF and
cytochrome c (Cyto c). 4: Blocking the receptor-
interacting protein (RIP) 1–TNF receptor (TRAF)–
associated factor 2–c-Jun NH2-terminal kinase
(JNK) signal transduction pathway can also inhibit
PARP-1–induced mitochondrial events and resul-
tant cell death. It remains to be established
whether these three pathways are interrelated or
are independent of each other. 5: The localization
of PARP-1 and the formation of PARs in mitochon-
dria (mt) as mechanisms for impaired membrane
potential (�m), NAD� content, cellular respiration,
and cell death factors (ie, Cyto c and AIF) remain to
be examined in future studies.
of Sp1 and resulted in its reduced binding to a consensus



950 Ba and Garg
AJP March 2011, Vol. 178, No. 3
DNA target site.85 Interestingly, the AP-2� transcription
factor is dually regulated by PARP-1 with distinct oppos-
ing outcomes.86 Separate regions of PARP-1 interact with
AP-2� and independently control its transcriptional acti-
vation. The AMD domain of PARP-1 binds AP-2� with low
affinity, enhancing the transcription rate. A high-affinity
interaction of the catalytic domain of PARP-1 catalyzed
poly-(ADP-ribosyl)ation of AP-2� and impaired its DNA-
binding capacity and activity. The researchers propose
that PARP-1 enhances the transcriptional activity of
AP-2� in normal circumstances, whereas its enzymatic
activity is used as a temporary shutoff mechanism during
unfavorable conditions, to be validated in future studies.
The complexity of PARP-1’s regulation of various tran-
scription factors in different cell types seems to indicate
that use of PARP-1 inhibitors to block different types of
inflammation should be tested on a case-by-case basis.

Another mechanism by which PARP-1 regulates cytokine
gene expression is by direct binding to promoters. Poly-
(ADP-ribose) polymerase-1, in its inactive state, attaches
to specific sequences in the C-X-C-motif chemokine li-
gand 1 promoter and prevents NF-�B (p65/p50) binding
and transcription activation.87 In stress conditions,
PARP-1 activation and PAR modification resulted in a loss
of its binding to the CXC ligand 1 promoter, thus allowing
NF-�B binding and enhanced CXC ligand 1 expres-
sion.87 Others88 showed that PARP-1 binding to the iNOS
promoter enhances NO production, and s-nitrosylation of
PARP-1 by NO negatively regulated the PARP-1 transac-
tivation of the iNOS gene, likely by altering its binding
and/or action at the iNOS promoter.

Although the study of the regulation of gene expres-
sion by PARP-1 has mainly focused on mechanisms that
culminate in the control of transcription, a possible role of
PARP-1 in the regulation of inflammatory gene expression
at the posttranscriptional level has also been explored. A
recent study68 indicated that PARP-1 might influence the
posttranscriptional stability of mRNAs of inflammat-
ory mediator interferon (IFN)–inducible protein 10. The
PARP-1 deficiency in murine fibroblasts resulted in dimin-
ished IFN-�–induced protein 10 expression that was as-
sociated with a defect in mitogen-activated protein ki-
nase (MAPK) p38 activation. Whether PARP-1 regulation
of mRNA stability constitutes a novel mechanism for tight
regulation of chemokine expression in inflammatory dis-
eases remains to be seen.

PARP-1 Activation and Cell Death

A second outcome resulting from PARP-1 activation is
cell death, which triggers inflammatory reactions by mul-
tiple mechanisms. Necrosis, one type of cell death, in-
cites an exudative inflammatory response in damaged
tissue. Apoptosis and autophagy, two forms of pro-
grammed cell death, generally result in cell and nuclear
shrinkage and fragmentation without colliquative cytoly-
sis and inflammatory response. However, myocytes,
probably because of their large size, elongated shape,
and the presence of sarcomere, fail to manifest classic

apoptotic morphological features and finally trigger the
inflammatory process after undergoing apoptosis in in-
jured hearts.89

PARP-1 acts on mitochondria and, depending on the
extent of oxidative stress, DNA damage, and PARP-1
activation, different cell death pathways may be triggered
(Figure 1B). A mild-to-moderate level of oxidative stress
and PARP-1 activation may initiate cell death through a
process involving mitochondrial depolarization/mem-
brane permeability transition (MPT), resulting in the re-
lease of cytochrome c, second mitochondria-derived ac-
tivator of caspase/direct inhibitor of apoptosis-binding
protein with low PI (Smac/Dablo), or AIF/endonuclease G
from the mitochondrial intermembrane space into the cy-
tosol.90,91 The AIF released from mitochondria moves to
the nucleus and induces DNA fragmentation, which is
considered an irreversible step in cell death and is
caspase independent.92 Some studies93,94 have pro-
vided evidence for PARP-1–dependent cytochrome c
and endonuclease G release from damaged mitochon-
dria, inducing caspase-dependent apoptotic cell death.
How PARP-1 activity is communicated to mitochondria is
not known, and PARP-1 activation and the transport and
binding of PARs to mitochondrial membranes catalyze
mitochondrial MPT and initiate cytochrome c– or AIF/
endonuclease G–dependent cell death pathways.95,96

However, this hypothesis should be experimentally cor-
roborated in future studies. In most severe or sustained
oxidative stress situations, excessive DNA damage re-
sulting in hyperactivation of PARP-1 switches the mode of
cell death from apoptosis to necrosis. This can possibly
occur because of PARP-1–mediated excessive PARyla-
tion of apoptosis machinery and other essential proteins,
resulting in their degradation and cell death. Alterna-
tively, detachment of PAR from PARP-1 (by PARG) may
allow the activated PARP-1 to bind DNA breaks again
and use more NAD� to continue the cycle. The NAD�

content is replenished by a nicotinic acid mononucle-
otide adenylyl transferase-1 enzyme that synthesizes
NAD� from nicotinamide mononucleotide and ATP.97 If
not replenished or excessively used by hyperactive
PARP-1, the depletion of NAD� and the exhaustion of ATP
result in impaired energy metabolism and, conse-
quently, cell necrosis.98 Moreover, depletion of cyto-
solic NAD� by PARP-1 activation blocks glycolysis at
the NAD�-dependent glyceraldehyde-3-phosphate
dehydrogenase step, thereby limiting glucose-derived
substrate flow to the mitochondria.99,100 In summary, the
cross talk between PARP-1 and mitochondria governs the
fate of cells (ie, survival, apoptosis, or necrosis); and, de-
pending on the extent of mitochondrial dysfunction and
PARP-1 activation, inflammation and possibly other degener-
ative changes101,102 accrue in various diseases.

PARP-1–Related Signaling Pathways

Although accumulating data have indicated the important
roles of PARP-1 in various inflammatory diseases, the
signaling events that lead to PARP-1 activation and those
modulated by PARP-1 have received attention in only the
last decade. Herein, we aim at building up a framework to

place PARP-1 in context to signaling pathways in inflam-
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matory diseases. For those interested in the therapeutic
application of PARP-1 inhibition, recent articles103–105

shed light on PARP-1 inhibitors and their use in human
diseases.

Many intracellular and extracellular stimulators have
been addressed as the signal “triggers” in different cell
types. These include oxidative agents (eg, H2O2 and
peroxynitrite),106,107 a DNA-alkylating agent (N-methyl-
N=-nitro-N-nitrosoguanidine),107,108 excitotoxic injury (N-
methyl-D-aspartic acid and glutamate),107,109 ethanol,110

immunological challenge (LPS and IL-1),67,75 Ca2�,111

angiotensin II,112 elevated extracellular glucose concen-
tration,113 vitamin A depletion,114 and infection by the
parasite T. cruzi.47 The activation of PARP-1 under most
of these conditions directly results from final DNA dam-
age by oxidants or genotoxicity; yet, how the DNA dam-
age signal is transmitted to PARP-1 remains under further
investigation. Duan et al109 recently elucidated a detailed
pathway from an upstream stimulus to PARP-1 activation
and mitochondrial release of AIF and cytochrome c in
neurons. The researchers showed that glutamate excito-
toxicity activates the N-methyl-D-aspartic acid receptor
that leads to mitochondrial Ca2� overload and increased
reactive oxygen species (ROS) production and PARP-1
activation. Treatment with pharmacological inhibitors to
block mitochondrial Ca2� uptake or prevent the mito-
chondrial release of ROS, but not with inhibitors of cyto-
solic phospholipase A2 or xanthine oxidase (cytosolic
ROS producers), inhibited mitochondrial ROS produc-
tion, DNA damage, and PARP-1 activation. This study
suggested that Ca2� uptake and mitochondrial ROS pro-
duction might be the early signaling events in the activa-
tion of PARP-1.109 Recent studies115 in an in vitro model
of cardiomyocyte infection by T. cruzi support the previ-
ously described notion because we found that invasion
by parasites triggered MPT and loss of membrane po-
tential, which resulted in an inefficiency of the electron
transport chain and increased ROS production. The
ROS-induced DNA damage elicited PARP-1 activation;
the latter, in turn, led to an increased formation of PARs.47

The T. cruzi attachment and invasion of host cells altered
intracellular Ca2�,116,117 although whether Ca�2 flux by
invading parasites was the key event initiating MPT/��,
electron leakage, and the superoxide anion formation
that triggered PARP-1/PAR activation in cardiomyocytes
remains to be determined.

In addition to ROS and DNA damage, phosphorylation
of PARP-1 may result in its maximal activation. The ob-
servation of blockage of PARP-1 activity in extracellular
signal–regulated kinase (ERK) 1/2-inhibited neuron
cultures led Kauppinen et al107 to identify putative phos-
phorylation sites of PARP-1 by mass spectrometry. Trans-
fection of PARP-1–deficient mouse embryonic fibrobla-
sts with the mutant PARP-1 species (Ser372Ala and
Thr373Ala) showed that a lack of phosphorylation at
Ser372 and Thr373 impaired PARP-1 activation, whereas
mutation to glutamate (S372E and T373E) to mimic con-
stitutive phosphorylation increased PARP-1 activity and
eliminated the effect of ERK1/2 inhibitors on PARP-1 ac-
tivation.107 Others have shown that the Tec (Tyrosine

kinase expressed in hepatocellular carcinoma) family ty-
rosine kinase, known to regulate type 1 helper T-cell
cytokine production, also regulates PARP-1 phosphory-
lation. Maruyama et al118 demonstrated that Tec family
tyrosine kinase phosphorylates PARP-1 and elongation
factor-1 alpha (EF-1�) and that the resultant triprotein
complex binds to the IFN-� gene promoter in vitro. The
N-terminal DBD of PARP-1 was important for triprotein
complex formation. Several mutants of Tec family tyrosine
kinase that lacked kinase activity were unable to form the
trimolecular complex and stimulate cytokine expres-
sion.118 These data imply that phosphorylation of
PARP-1 in response to different stimuli has diverse
functional roles ranging from maximal PARP-1 activa-
tion/PAR formation to PARP-1 binding with DNA and
proteins and modulation of gene expression of inflam-
matory mediators.

Few studies have examined the downstream signal
events of PARP-1 in inflammatory disorders. Yet, it is
widely accepted that PARP-1 signals the MAPK pathway
by modulating the phosphorylation of ERK1/2, p38, and
c-Jun NH2-terminal kinase.75,94,108 Andreone et al75

showed that PARP-1 signaled phosphorylation of c-Jun
NH2-terminal kinase and c-Jun, leading to increased
DNA binding of AP-1 transcription factor in murine fibro-
blasts. Receptor-interacting protein 1 and TNF receptor–
associated factor 2 were essential for signal transfer from
PARP-1 to c-Jun NH2-terminal kinase.108 Recently, it was
reported that p38 MAPK is a downstream effector of
PARP-1, accounting for mRNA stability of cytokine IFN-
inducible protein 10.68 Conversely, others94 have shown
that PARP-1 activation inhibited phosphorylation of
ERK1/2 and Bcl-2–associated X protein and, thereby,
promoted Bcl-2–associated X protein translocation to mi-
tochondria and release of cytochrome c and AIF. Subse-
quently, it led to cell death. Thus far, the studies on the
relationship between PARP-1 and MAPK suggest that
PARP-1 and MAPK might stimulate each other in a pos-
itive feedback cycle to propagate the responses to the
long-lasting stress signals. Overall, these studies show
the complexity of PARP-1’s role in interlinked signaling
networks and require researchers interested in using
PARP-1 inhibitors as a therapy for target inflammatory
disorders to be attentive to the potential impact of
PARP-1 blockage on different cellular processes.

PARP-1–Targeted Therapeutic Strategies

All PARP-1 inhibitors [eg, 3-AB, 5-aminoisoquinoline, 3,4-Di-
hydro-5-(4-[1-piperidinyl]butoxy)-1[2H]-isoquinolinone, PJ34,
INO-1001, and GPI-21016] share a carboxamide group at-
tached to an aromatic ring, like the normal PARP-1 sub-
strate NAD� or a carbamoyl group built into a polyaromatic
heterocyclic skeleton; some of these inhibitors have been
tested for efficacy against different diseases in clinical tri-
als.104,119 Pharmacological inhibition of PARP-1 has pro-
vided benefits in rodent and large animal models of inflam-
matory disorders and is widely accepted as an approach in
the therapy of inflammatory diseases.120 However, as dis-
cussed in a recent review,104 most of the inhibitors that
have been in clinical trials for human use are aimed at

cancer therapy. Accordingly, the therapeutic application
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of PARP-1 inhibitors in inflammatory disorders is short of
clinical evidence.

Some non–PARP-1 inhibitor medicines have received
attention for their PARP-1–targeted curative effects. For
example, insulin, used for the treatment of hyperglycemia
after exposure to LPS in a rat model of endotoxemia,
blocked PARP-1 activation and blunted the LPS-induced
TNF-� response.121 Oral administration of honokiol to rats
1 hour before eccentric exercise significantly ameliorated
muscle damage and accelerated the recovery of limb
function that was associated with suppression of PARP-1
up-regulation, cell fragmentation, protein nitrotyrosyla-
tion, and decline in lipid peroxidation and leukocyte infil-
tration.52 Recently, the effects of PARP-1 inhibition and
the anti-inflammatory activity of some food-derived fla-
vonoids were evaluated in a mouse model of LPS-in-
duced acute pulmonary inflammation.122,123 Some of the
flavonoids, such as fisetin, were efficacious in reducing
pulmonary inflammation compared with the well-estab-
lished anti-inflammatory glucocorticoid dexamethasone.
Because the long-term intake of corticosteroids is ac-
companied by serious adverse effects, these results in-
dicate that functional foods or nutraceuticals containing
such food-derived flavonoids may be promising candi-
dates for the treatment of chronic inflammatory diseases.
In addition, the active metabolite of vitamin D acted as a
PARP-1 inhibitor. The UV irradiation–mediated PARP ac-
tivation in human keratinocytes was inhibited by treat-
ment with vitamin D, 7-dehydrocholesterol, or 1�,25-di-
hydroxyvitamin D3. Vitamin D may protect keratinocytes
against overactivation of PARP-1, resulting from expo-
sure to sunlight, suggesting the pharmacological and
anti-inflammatory effects of vitamin D.124

Conclusions

Because PARylation and PARP-1 were discovered a few
decades ago, basic research showed more solicitude for
PARP-1 structure, structure-based PARP-1 activity, and
the molecular mechanisms by which PARP-1 participates
in DNA repair, transcriptional regulation, and cell death.
However, some contradictions remain to be clarified. In
addition, further studies are necessary for an accurate
understanding of the molecular basis for automodifica-
tion, dimerization, and activation of PARP-1 to help in the
design of specific strategies for blocking PARP-1 activa-
tion in disease therapy.

Investigators have constantly noted PARP-1 activation
in various diseases; however, the involvement of PARP-1
in inflammatory disorders received significant attention
only in the last decade. The activation of PARP-1 results
in an up-regulation of proinflammatory gene expression
and mitochondria-associated cell death, accounting for
the development of inflammation. The pathomechanism
of inflammatory disorders, a consequence of integrated
responses of the immune cells involved in the inflamma-
tory foci and the local tissues/cells, is complex. The ac-
tivation of PARP-1 showed different functions in different
cell types, at least regarding signaling and activating

transcription factors. Moreover, PARP-1 regulates the
progression of autoimmune nephritis in males by induc-
ing necrotic cell death and modulating inflammation65;
PARP-1–mediated cell death is sexually dimorphic, par-
ticipating in ischemic damage in the male, but not the
female, brain.125 Because vitamin D can act as a PARP-1
inhibitor, and estrogen shares some structural properties
with vitamin D, it is possible that protection from PARP-1
overactivation is afforded by estrogen in females (to be
validated in future studies).

Current knowledge demonstrates the significance of
PARP-1 in inflammatory diseases; however, the complex-
ity of the signaling pathways linking PARP-1 in inflamma-
tion progression and the molecular mechanisms by
which PARP-1 modulates the progression of inflammation
remain to be elucidated. Yet, PARP-1 inhibitors are being
tested in experimental models of various inflammatory
diseases, with anticipation of regulating transcriptional
pathways and rescuing cells from death. The assignment
and testing of different PARP-1 inhibitors as therapy for
specific cancers in clinical trials signifies that the appli-
cation of PARP-1 inhibitors for inflammatory disorders
requires caution. More important, investigators should
analyze the signaling mechanisms affected by each
PARP-1 inhibitor and weigh the beneficial-versus-harmful
impact of each PARP-1 inhibitor before considering its
application as therapy against inflammatory disorders.
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