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a b s t r a c t

PARP enzymes influence the immune system at several key points and thus modulate inflammatory
diseases. PARP enzymes affect immune cell maturation and differentiation and regulate the expres-
sion of inflammatory mediators such as cytokines, chemokines, inducible nitric oxide synthase and
adhesion molecules. Moreover, PARP enzymes are key regulators of cell death during inflammation-
related oxidative and nitrosative stress. Here we provide an overview of the different inflammatory
diseases regulated by PARP enzymes.
� 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Poly(ADP-ribose) polymerases (PARPs) constitute a family of 17
enzymes [1] sharing a highly conserved PARP signature motif in
the catalytic domain. The prototypical PARP enzymes (PARP-1
and -2) possess a DNA binding domain enabling them to bind to
damaged DNA and thus become activated [2]. Active PARP-1 and
PARP-2 synthesize poly(ADP-ribose) polymers from NAD+ marking
proteins near the DNA damage site. Although the characterization
of the newly discovered PARP enzymes has not yet been accom-
plished, it is already apparent that PARP enzymes perform a wide
variety of tasks ranging from DNA repair, regulation of gene
expression to cell death [3].

The anti-inflammatory properties of PARP inhibitors have been
recognized over a decade [4] and the number of publications on
these effects is still on the rise. Our aim in the present chapter is
to provide an overview of the complex role of PARP enzymes in
inflammatory processes ranging from immune cell maturation to
inflammatory gene expression and to explain the mechanism of
protection provided by the PARP knockout phenotypes or by PARP
inhibition in inflammatory tissue injury.

2. Poly(ADP-ribose) polymerases in the maturation and
differentiation of immune cells

In adult mammals immune cells are formed in the bone marrow
by the division of resident stem cells. These premature immune
cells then travel to different immune organs (thymus, the Peyer’s
patches of the gastrointestinal (GI) tract, etc.) and undergo a pro-
cess called maturation in order to yield competent, functional,
non-self reactive cells that can then exit to the periphery and per-
form adequate immune functions. Although no systematic investi-
gation took place as of yet, current data suggest that different PARP
enzymes are necessary for the maturation and differentiation of
different immune cell types.

An important point during T and B cell development is the VDJ
recombination that is responsible for the generation of a wide rep-
ertoire of immunoglobulins and T cell receptors. VDJ recombina-
tion involves DNA rearrangement and thus the resolution and
rejoining of DNA strand breaks in which the elementary role of
the DNA repair machinery has been shown [5] prompting research
to assess the role of PARPs in these processes. Only minor altera-
tions have been reported in B cells of PARP-1 knockout mice. How-
ever, PARP inhibition increased the frequency of Ig class switch [6]
leading to variations in immunoglobulin class composition [7].
Moreover, the deficient VDJ recombination in the T cells of SCID
(severe combined immunodeficiency) mice could be rescued by
knocking out PARP-1 [8] indicating the antirecombinogenic effect
of PARP-1 during T cell maturation.
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PARP-1 influences mature B cell differentiation and prolifera-
tion by binding to the Bcl6 gene in a sequence-specific manner act-
ing as a transcriptional repressor. Since Bcl6 expression is
restricted to germinal centers, where active cell division takes
place, PARP-1 binding and activation is likely to be necessary for
B cells to exit from germinal centers [9].

Both T cell function and development may be affected by PARP-
1 and -2. A recent report has described an increased number but
normal phenotype and function of Foxp3+ regulatory T cells and
consequently impaired proliferation of CD4+ T cells and suppressed
IL-2 production in PARP-1�/� mice [10]. This may partly explain
suppressed inflammation observed in PARP-1 knockout mice in
models of T cell-mediated inflammatory diseases. T cell-dependent
antibody responses were also found to be impaired in PARP-1�/�

mice [7]. PARP-2 also affects T cell number through impairing
thymopoesis. PARP-2 was abundantly expressed in the subcapsular
zone of the thymus with decreased expression towards the center
of the thymus suggestive of its involvement in thymocyte prolifer-
ation [11]. Indeed, PARP-2 deficient thymocytes die via p53-medi-
ated apoptosis that leads to decreased number of CD4+, CD8+

thymocytes in the thymus [12,13].
Impaired T cell-mediated inflammation can thus be attributed

to several factors, such as impaired inflammatory gene expression
(discussed in the next chapter) and difference in the composition
of T cell populations. Scattered data in the literature indicate that
the differentiation of other inflammatory cell types, such as mono-
cytes and dendritic cells may also be affected by PARP-1 [14,15].

3. Molecular events in inflammation regualated by poly(ADP-
ribose) polymerases

3.1. Transcription factors

PARP enzymes interact with a large number of transcription fac-
tors of which many are involved in the regulation of inflammatory
gene expression. The first one identified was NFjB [16] providing
an explanation at the molecular level for the protection of PARP-1
knockout mice from endotoxin shock. Several other transcription
factors and cofactors involved in inflammatory regulation such as
NFAT [17,18], AP-1 [19–22], YY1 [23], sp1 [24], SIRT1 [25,26] were
also found to be modulated by PARP-1. Recent data pointed towards
the involvement of other PARP enzymes in the transcriptional reg-
ulation of inflammatory processes. PARP-2 regulates the activity of
several members of the peroxisome proliferator activated receptor
family (PPARs) [27], or SIRT1 [28,29], while PARP-14 mediates
STAT6 transcription [30,31]. However, the relevance of these latter
findings in inflammations requires further investigation.

It is interesting to note that most transcription factors listed
above are also activated by oxidative stress, thus considered re-
dox-sensitive. It is debated whether PARP activity is necessary for
the proper activation of these transcription factors since in vitro
data suggest that DNA binding and PARP activity might be dispens-
able for NFjB activation [32]. In contrast, a large set of in vivo data
support the anti-inflammatory effects of PARP inhibitors. Recently
two excellent studies linked PARP1 to upstream events of NFjB
pathway by demonstrating that PARP-1 activation is necessary for
the ubiquitination and degradation of the inhibitor of NFjB kinase
(IKK) promoting NFjB activation [33,34]. The actual mode of how
PARP-1 contributes to the activation of NFjB and other transcrip-
tion factors in different models will require further investigation.

3.2. Cytokines and chemokines

Inflammatory cytokines such as TNFa, IL-1b, IL-6 and IL-12 are
central regulators of the inflammatory process orchestrated by Th1
cells. These cytokines boost the expression of other cytokines and

chemokines, adhesion molecules, matrix metalloproteinases,
inducible nitric oxide synthase (iNOS), and cyclooxygenase-2
(COX-2). PARP inhibition or the PARP-1 knockout genotype has
been shown to result in suppressed levels of the inflammatory
cytokines in various animal models of inflammation. Similarly,
many chemoattractant chemokines (e.g. IL-8, MIP-1, MIP-2, MCP-
1) were also found to be downregulated in animals lacking a func-
tional PARP-1 gene or treated with a PARP inhibitor. These changes
may represent the underlying mechanism for the inhibition of
inflammatory cell migration as reported in many Th1-mediated
inflammatory conditions.

PARPs other than PARP1 may also alter the production of che-
mokines and cytokines. Deletion of PARP-2 leads to alterations in
the transcriptome, notably in the expression of genes involved in
inflammatory regulation [reviewed in [35]]. Interestingly there
seems to be an overlap with the inflammatory genes dysregulated
upon PARP-1 ablation: e.g. Il-1b and TNFa levels were lowered
both in the absence of PARP-1 or PARP-2 [36,37]. Moreover, knock-
ing out PARP-14 enhances IL-4-induced STAT6-mediated gene
expression that impacts on immune processes notably in Th2-
mediated processes in the lungs [30,31].

3.3. Adhesion factors

Another important group of regulated proteins include different
adhesion proteins, such as cell adhesion molecules (I-CAM, V-CAM,
L-CAM) and selectins. Suppressed expression of adhesion mole-
cules on the surface of endothelial and immune cells decreases
the migration of inflammatory cells to the site of inflammation
and thus inhibits inflammation. In the absence, or upon inhibition
of PARP-1, the expression of these adhesion molecules is depressed
[21,38]. This effect may have a dual cause: on one hand NFjB di-
rectly regulates the expression of these genes, while on the other
hand, a secondary loop may exist, where the NFjB-regulated cyto-
kines regulate the expression of the adhesion molecules [39,40].

3.4. Inflammatory mediators: iNOS, COX-2 and MMPs

An important inflammatory gene regulated by PARP-1 is iNOS
that is responsible for NO synthesis under inflammatory conditions
[41,42]. NO derived from iNOS may combine with superoxide to
form peroxynitrite [43–45]. Interestingly, iNOS, under certain
pathological conditions, where iNOS substrates are limiting, may
become uncoupled and produce superoxide instead of nitrogen
monoxide [46]. This mechanism has been suggested to enhance
peroxynitrite production and tissue damage [47]. Although it is a
rather labile reactive nitrogen species, peroxynitrite can travel
through biological compartments, can diffuse through membranes
and can reach the nucleus to trigger oxidative and nitrative dam-
age to DNA, proteins and lipids [48].

As iNOS is regulated via NFjB activation, therefore PARP inhibi-
tion is capable of markedly reducing iNOS expression and nitrosa-
tive stress [21,39]. Cyclooxygenase-2 (COX-2) is also involved in
generating free radicals and has been shown to be regulated by
NFjB. In the case of COX-2, however, a more direct regulatory link
may be more important: PARP-1 has been demonstrated to bind to
the mouse COX-2 promoter region through interactions with the
inhibitory element resulting in the inhibition of COX-2 expression
[49].

Increased oxidative stress is capable of inducing redox-sensitive
enzymes, such as matrix metalloproteinases (MMPs). In addition to
proteolytic cleavage, MMPs can also be activated by free radical-in-
duced structural changes [50] and are indispensable for cellular
movements within tissues. Several studies have shown that MMP
activation during inflammation (e.g. MMP-9 activation in skin
inflammation) can be prevented by knocking out PARP-1 or by
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pharmacological PARP inhibition [21,51–54]. Moreover, tissue
inhibitors of MMPs (TIMPs) that keep MMP activity under control
are inversely regulated with MMPs [21,51,54]. It has not been
determined as of yet whether these effects are related to modula-
tion of MMP and TIMP gene expression by PARylation or PARyla-
tion controls MMP activation via regulation of cellular redox status.

From the above it is clear that PARP-1 plays a central role in
inflammation by influencing multiple key events such as the pro-
duction of cytokines, expression of adhesion molecules, iNOS and
COX-2 and probably MMPs and TIMPs through modulating differ-
ent transcription factors (Fig. 1.). These events form a complex sig-
naling network in which the proteins display a multilevel
interrelationship with each other. For example NFjB enhances
iNOS expression, hence oxidative stress that in turn activates both
NFjB and PARP-1/2, creating a vicious, self intensifying cycle.
Moreover, the PARP-1/2- and NFjB-dependent expression of adhe-
sion factors and MMPs contribute to inflammatory cell migration
and thus to oxidative stress which feeds back to both PARP-1/-2
and NFjB. This high level of complexity makes the in vivo dissec-
tion of causal relationships challenging. In the same time this cen-
tral role of PARP-1 in inflammatory circuitry makes these enzymes
promising targets of anti-inflammatory drug development.

4. Oxidative stress-induced activation of poly(ADP-ribose)
polymerases in inflammation

Inflammatory processes are associated with high level of oxida-
tive stress. The oxidants produced for example by iNOS, NADPH
oxidases, COX-2 or the mitochondrial respiratory chain cause
excessive DNA damage. Berger and colleagues [55] proposed that
severe DNA damage may lead to excessive PARP activation which
may deplete cellular NAD+ pools compromising cellular metabo-
lism. Under such conditions glycolytic flux slows down [56] there-
by impairing an oxygen-insensitive metabolic pathway. Moreover,

NAD+ depletion turns on NAD+ resynthesis via nicotinamide mono-
nucleotide adenylyltransferase (NMNAT) and phosphoribosyl
pyrophosphate synthetase (PPS) at the expense of ATP. The often
marked NAD+ depletion may lead to consumption of cellular ATP
[3,55]. Under low ATP, low NAD+ conditions, mitochondrial F1/F0
ATPase turns to function as ATPase rather than ATP synthase [57]
further deteriorating energy depletion. Compromised cellular
energetics may contribute to the pathological sequalae of excessive
poly(ADP-ribosyl)ation in inflammations.

In severe oxidative stress, cellular energy status also affects cell
death pathways. Failure of DNA repair initiates apoptotic cell
death. Since apoptosis also relies on ATP, cleavage of PARP-1 and
-2 by caspase-3 and -7 may be viewed as a preventive measure
aiming at the conservation of cellular ATP [58,59]. During apopto-
sis cellular content is crosslinked and cells disintegrate into mem-
brane-coated vesicles marked with the ‘‘eat-me’’ signal
phosphatidyl-serine for phagocytosis. These vesicles are then
cleared by infiltrating macrophages and resident, neighboring cells,
therefore no leakage of cellular content occurs under apoptosis.

If the apoptotic process cannot be executed (e.g. due to lack of
sufficient amount of ATP or inhibition of caspases), then cells may
die by necrosis. Necrosis is characterized by the lack of the morpho-
logical and biochemical hallmarks of apoptosis. Most notably, plas-
ma membrane integrity is compromised early during necrosis and
cellular content may leak into the environment. Such leakage may
cause secondary tissue injury by causing further inflammation. Ini-
tially necrosis was thought to be an uncontrolled form of cell death.
However, recently programmed features and necrotic signaling
molecules (RIP kinases, non-caspase proteases, cyclophylline D)
have been identified in necrosis indicating that necrosis is not nec-
essarily beyond regulatory control [60]. Overactivation of PARP-1
has been increasingly recognized as a mediator of necrosis that is
highly amenable to pharmacological intervention. In severe oxida-
tive stress for example PARP-1-mediated necrosis serves as a

Fig. 1. PARP as a central regulator of inflammatory pathways. DNA damage triggers the activation of PARP-1 and -2. PARP activation has proinflammatory properties through
lowering the number of inhibitory T cells, enhancing antigen presentation by dendritic cells. Moreover, oxidative stress stimulates redox-sensitive transcription factors that
are co-activated by PARP-1. These transcription factors regulate the expression of chemokines, adhesion molecules, iNOS, MMP and COX-2. These effects lead to inflammatory
cell homing, tissue invasion and activation which in turn further enhances inflammation-related oxidative stress and a vicious, self-intensifying cycle of inflammation.
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backup mechanism eliminating severely injured cells even when
the apoptotic machinery is incapacitated. In fact PARP activation ac-
tively switches the default apoptotic cell death towards necrosis.
When PARP activity is inhibited or parp-1 gene is knocked out,
necrosis can be reverted to apoptosis [3,61–63].

5. Inflammatory diseases mediated by poly(adp-ribose)
polymerases

Previously we reviewed the molecular determinants for the
proinflammatory role of PARylation. These mechanisms have been
validated in a vast array of inflammatory conditions identifying a
large number of diseases where PARP inhibition may provide ther-
apeutical benefits (detailed in Table 1.). It is important to note that
almost all organs display inflammatory conditions that can be
attenuated by PARP inhibition indicating that PARP affects central
events in inflammatory signaling. The diseases listed in Table 1 are
quite diverse in terms of etiology, pathomechanism (infectious,
autoimmune, allergic, irritation-induced, etc.) being organ-re-
stricted versus generalized inflammations. Most of the conditions
listed are mediated by IL-2- and IFNc-producing Th1 cells. Others
such as asthma are typical Th2-mediated conditions dominated
by the production of Th2 cytokines such as IL-4, -5 and -14. Recent
reinterpretation of Th1/Th2 dichotomy as triggered by the identifi-
cation of the novel Th17 cell type shed light on the complexity of
immunoregulation in inflammatory diseases such as collagen-in-
duced arthritis (CIA) and experimental allergic encephalomyelitis
(EAE), animal models of the human diseases rheumatoid arthritis
and multiple sclerosis, respectively. These latter two models are
now considered as Th17 rather than Th1-mediated conditions.
(The new Th17 cell type is characterized by the production of
IL17 and 23.)

Since PARP-1 regulates such central events of inflammatory sig-
naling as the activation of NFjB and AP-1 transcription factors,

therefore it is not surprising that PARP inhibition has beneficial ef-
fects in a wide spectrum of inflammatory conditions. Nonetheless,
the mechanism of the beneficial effects of PARP inhibition may dif-
fer between Th1 and Th2-mediated conditions. Whereas the NFjB
co-activator function of PARP-1 has been made responsible for the
effects of PARP inhibitors in Th1 diseases (and this may also con-
tribute to the pathology of Th2-mediated conditions), recently a
novel mechanism has been described for asthma, a prototypical
Th2-mediated disease. Datta et al. [64] have demonstrated in a
murine model of asthma that inhibition of eosinophil migration
in PARP-1�/� mice is controlled at a step downstream of IL-4 and
upstream of IL-5. PARP-1 was found to stabilize STAT-6 protein
(without affecting mRNA) in an allergen-stimulation dependent
manner. STAT-6, a central regulator of IL-5 expression undergoes
degradation in the absence of functional PARP-1. This example ni-
cely illustrates that the role played by PARPs in inflammation is
complex and may differ in various forms of inflammation.

An inflammatory component has recently been identified as an
important pathogenetic factor in the development of several
chronic diseases of the cardiovascular system such as atherosclero-
sis, chronic heart failure and cardiovascular aging [65]. Both PARP
inhibition and knockout of PARP-1 have been shown to have ben-
eficial effects in murine models of these conditions [66–70].
Although the molecular mechanisms underlying these positive ef-
fects are not well understood, it is plausible to hypothesize that the
anti-inflammatory effects of PARP inhibition may contribute to im-
proved clinical parameters observed in these models. PARP activa-
tion is associated with numerous human inflammatory diseases
such as allograft rejection, various forms of shock, arthritis, colitis,
diabetic complications, transplant rejection, COPD [3,71,72] open-
ing the door for the possible clinical use of PARP inhibitors in these
diseases. Several clinical trials have been conducted with PARP
inhibitors demonstrating their good tolerability [73,74] and their
potential as anti-cancer agents [75]. Moreover, in the study

Table 1
Inflammatory diseases mediated by poly(ADP-ribosyl)ation. PARPi – PARP inhibition, KO – knockout, all other abbreviations in text.

Organ Disease Protection provided by Ref.

Multiorgan diseases Sepsis PARPi [82]
Endotoxic shock PARP-1 K.O., PARPi [16,83]
Heamorrhagic shock PARP-1 K.O. [84]

Central nervous system Allergic encephalomyelitis PARPi [85]
Meningitis-related central nervous system complications PARP-1 K.O., PARPi [86]
Myelitis PARPi [87]
Astrocyte activation PARP-1 KO

PARP-2 KO
PARP-3 KO

[36]

Joints Arthritis [88]
Temporomandibular joint disorder PARPi [89]

Bones Cherubism Tankyrase activation [79]
GI tract Colitis PARP-1 and -2 K.O. [37,38]

Pancreatitis PARP-1 K.O. (PARP-2 has no effect), PARPi [90]
Peritonitis PARP-1 K.O. [91]

Respiratory system Asthma PARPi [64,92–94]
PARP-14 activation [31]

COPD – [95]
Pleuritis PARPi [96]
ARDS PARP-1 K.O., PARPi [97]
Ventilation-induced inflammation PARPi [98]
Rejection of tracheal allografts PARPi [99]

Skin Contact hypersensitivity PARP-1 K.O., PARPi [21,51,100]
Irritative dermatitis PARP-1 K.O., PARPi [21,51]
Sunburn-related dermal inflammation PARPi [101]

Eye Uveitis PARPi [102]
Ear Cochlear lateral wall damage PARP-1 K.O. [103]
Skeletal muscle Movement-induced damage associated inflammation [104]
Kidneys Renal hypertrophy PARPi [105]

Cisplatin-induced kidney inflammation PARPi, PARP-1 K.O. [106]
Diabetic nephropathy PARPi [107,108]

Cardiovascular system Atherosclerosis PARPi [54,109–111]
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utilizing the PARP inhibitor INO1001, Morrow and colleagues have
shown that administration of INO1001 resulted in a tendency to
reduce IL-6 and CRP levels pointing towards suppressed inflamma-
tion [73].

In addition to the beneficial effects of PARP inhibitors and pro-
tection provided by knockout phenotypes, the role of PARPs in
inflammation is also indicated by association of certain PARP-1
promoter haplotypes and SNPs with diseases. Such associations
have been reported for systemic lupus erythematosus [76], auto-
immune nephritis [76] or rheumathois arthritis [77] further sup-
porting a possible link between PARP-1 and autoimmune
inflammation.

6. Conclusion

As detailed above, PARP activation is a key event in the propa-
gation of inflammation and PARP inhibition suppresses inflamma-
tion at multiple molecular events (for overview, see Fig. 1). Key
components of the anti-inflammatory effects of PARP inhibition
are the following: (1) Members of the PARP family may be neces-
sary for the maturation and differentiation of cells of the immune
system with PARP-1 and -2 playing a role in the regulation of T cell
function. (2) PARPs are integral and central players of the self
intensifying circle of inflammation by regulating the expression
of inflammatory mediators such as cytokines, chemokines, adhe-
sion molecules, iNOS and COX-2. A key molecular event in this reg-
ulation is the interaction of PARP-1 with transcription factors such
as NFjB and AP-1. (3) Free radicals may cause DNA damage and
activate PARP-1 and -2. In case of severe DNA damage, PARP over-
activation may cause cell dysfunction and cell death which may
contribute to inflammation accompanying severe conditions such
as shock and ischemia–reperfusion injuries.

Several open questions concerning PARP-related inflammatory
diseases remain to be resolved. These include but are not limited
to the mechanism of gender bias described in the role of PARP in
inflammations [78]. Furthermore, it will be important to determine
the involvement of further members of the PARP family in the reg-
ulation of inflammatory processes. Some of them have already been
shown to associate with inflammatory pathologies: such as PARP-2
(reviewed in [35]), PARP-3 [36], tankyrases [79], or PARP-14 [30,31].
Moreover, poly(ADP-ribose) glycohydrolase has been implicated in
the regulation of immune functions [80,81] underlining the central
role of poly(ADP-ribosyl)ation in inflammation. A key question is
whether the powerful anti-inflammatory effects of PARP inhibitors
as observed in animal models can be translated to human diseases
and to determine the risk benefit ratio of acute and chronic
administration of PARP inhibitors in non-cancer patients.

Acknowledgements

This work was supported by Bolyai fellowship to P.B., Grants
from the National Innovation Office (TéT_09-2010-0023, Baross
program Seahorse Grant, TÁMOP-4.2.1./B-09/KONV-2010-0007,
TÁMOP-4.2.2. A-11/1/KONV-2012-0025, TÁMOP-4.2.2/B-10/1-
2010-0024, TÁMOP-4.2.2/B-10/1-2010-0024), from OTKA
(CNK80709, K82009, K75864, PD83473, K105872) and from the
University of Debrecen, Medical and Health Science Center (Mec-
8/2011).

References

[1] Ame, J.C., Spenlehauer, C. and de Murcia, G. (2004) The PARP superfamily.
BioEssays 26, 882–893.

[2] Benjamin, R.C. and Gill, D.M. (1980) Poly(ADP-ribose) synthesis in vitro
programmed by damaged DNA. A comparison of DNA molecules containing
different types of strand breaks. J. Biol. Chem. 255, 10502–10508.

[3] Virag, L. and Szabo, C. (2002) The therapeutic potential of poly(ADP-ribose)
polymerase inhibitors. Pharmacol. Rev. 54, 375–429.

[4] Weltin, D., Picard, V., Aupeix, K., Varin, M., Oth, D., Marchal, J., Dufour, P. and
Bischoff, P. (1995) Immunosuppressive activities of 6(5H)-phenanthridinone,
a new poly(ADP-ribose)polymerase inhibitor. Int. J. Immunopharmacol. 17,
265–271.

[5] Taccioli, G.E., Rathbun, G., Oltz, E., Stamato, T., Jeggo, P.A. and Alt, F.W. (1993)
Impairment of V(D)J recombination in double-strand break repair mutants.
Science 260, 207–210.

[6] Shockett, P. and Stavnezer, J. (1993) Inhibitors of poly(ADP-ribose)
polymerase increase antibody class switching. J. Immunol. 151, 6962–6976.

[7] Ambrose, H.E., Willimott, S., Beswick, R.W., Dantzer, F., de Murcia, J.M.,
Yelamos, J. and Wagner, S.D. (2009) Poly(ADP-ribose) polymerase-1 (Parp-1)-
deficient mice demonstrate abnormal antibody responses. Immunology 127,
178–186.

[8] Morrison, C., Smith, G.C., Stingl, L., Jackson, S.P., Wagner, E.F. and Wang, Z.Q.
(1997) Genetic interaction between PARP and DNA-PK in V(D)J
recombination and tumorigenesis. Nat. Genet. 17, 479–482.

[9] Ambrose, H.E., Papadopoulou, V., Beswick, R.W. and Wagner, S.D. (2007) Poly-
(ADP-ribose) polymerase-1 (Parp-1) binds in a sequence-specific manner at
the Bcl-6 locus and contributes to the regulation of Bcl-6 transcription.
Oncogene 26, 6244–6252.

[10] Nasta, F., Laudisi, F., Sambucci, M., Rosado, M.M. and Pioli, C. (2010) Increased
Foxp3+ regulatory T cells in poly(ADP-Ribose) polymerase-1 deficiency. J.
Immunol. 184, 3470–3477.

[11] Schreiber, V., Ame, J.C., Dolle, P., Schultz, I., Rinaldi, B., Fraulob, V., Menissier-
de Murcia, J. and de Murcia, G. (2002) Poly(ADP-ribose) polymerase-2 (PARP-
2) is required for efficient base excision DNA repair in association with PARP-
1 and XRCC1. J. Biol. Chem. 277, 23028–23036.

[12] Yelamos, J. et al. (2006) PARP-2 deficiency affects the survival of CD4+CD8+
double-positive thymocytes. EMBO J. 25, 4350–4360.

[13] Nicolas, L. et al. (2010) Loss of poly(ADP-ribose) polymerase-2 leads to rapid
development of spontaneous T-cell lymphomas in p53-deficient mice.
Oncogene 29, 2877–2883.

[14] Selle, A., Ullrich, O., Harnacke, K. and Hass, R. (2007) Retrodifferentiation and
rejuvenation of senescent monocytic cells requires PARP-1. Exp. Gerontol. 42,
554–562.

[15] Aldinucci, A. et al. (2007) A key role for poly(ADP-ribose) polymerase-1
activity during human dendritic cell maturation. J. Immunol. 179, 305–312.

[16] Oliver, F.J. et al. (1999) Resistance to endotoxic shock as a consequence of
defective NF-kappaB activation in poly (ADP-ribose) polymerase-1 deficient
mice. EMBO J. 18, 4446–4454.

[17] Olabisi, O.A. et al. (2008) Regulation of transcription factor NFAT by ADP-
ribosylation. Mol. Cell. Biol. 28, 2860–2871.

[18] Valdor, R. et al. (2008) Regulation of NFAT by poly(ADP-ribose) polymerase
activity in T cells. Mol. Immunol. 45, 1863–1871.

[19] Zingarelli, B., Hake, P.W., Burroughs, T.J., Piraino, G., O’Connor, M. and
Denenberg, A. (2004) Activator protein-1 signalling pathway and apoptosis
are modulated by poly(ADP-ribose) polymerase-1 in experimental colitis.
Immunology 113, 509–517.

[20] Ha, H.C. (2004) Defective transcription factor activation for proinflammatory
gene expression in poly(ADP-ribose) polymerase 1-deficient glia. Proc. Natl.
Acad. Sci. USA 101, 5087–5092.

[21] Brunyanszki, A. et al. (2010) Genetic ablation of PARP-1 protects against
oxazolone-induced contact hypersensitivity by modulating oxidative stress.
J. Invest. Dermatol. 130, 2629–2637.

[22] Erdelyi, K. et al. (2009) Dual role of poly(ADP-ribose) glycohydrolase in the
regulation of cell death in oxidatively stressed A549 cells. FASEB J. 23, 3553–
3563.

[23] Oei, S.L., Griesenbeck, J., Schweiger, M., Babich, V., Kropotov, A. and Tomilin,
N. (1997) Interaction of the transcription factor YY1 with human poly(ADP-
ribosyl) transferase. Biochem. Biophys. Res. Commun. 240, 108–111.

[24] Ha, H.C., Hester, L.D. and Snyder, S.H. (2002) Poly(ADP-ribose) polymerase-1
dependence of stress-induced transcription factors and associated gene
expression in glia. Proc. Natl. Acad. Sci. USA 99, 3270–3275.

[25] Bai, P. et al. (2011) PARP-1 inhibition increases mitochondrial metabolism
through SIRT1 activation. Cell Metab. 13, 461–468.

[26] Bai, P. and Canto, C. (2012) The role of PARP-1 and PARP-2 enzymes in
metabolic regulation and disease. Cell Metab. 16, 290–295.

[27] Bai, P. et al. (2007) Poly(ADP-ribose) polymerase-2 controls adipocyte
differentiation and adipose tissue function through the regulation of the
activity of the retinoid X receptor/peroxisome proliferator-activated
receptor-gamma heterodimer. J. Biol. Chem. 282, 37738–37746.

[28] Bai, P. et al. (2011) PARP-2 regulates SIRT1 expression and whole-body
energy expenditure. Cell Metab. 13, 450–460.

[29] Szanto, M. et al. (2011) Poly(ADP-ribose) polymerase-2 depletion reduces
doxorubicin-induced damage through SIRT1 induction. Cardiovasc. Res. 92,
430–438.

[30] Mehrotra, P., Riley, J.P., Patel, R., Li, F., Voss, L. and Goenka, S. (2011) PARP-14
functions as a transcriptional switch for Stat6-dependent gene activation. J.
Biol. Chem. 286, 1767–1776.

[31] Mehrotra, P., Hollenbeck, A., Riley, J.P., Li, F., Patel, R.J., Akhtar, N. and Goenka,
S. (2012) Poly (ADP-ribose) polymerase 14 and its enzyme activity regulates
T(H)2 differentiation and allergic airway disease. J. Allergy Clin. Immunol.
2012, 25. <http://dx.doi.org/10.1016/j.jaci.2012.06.015>.

P. Bai, L. Virág / FEBS Letters 586 (2012) 3771–3777 3775



Author's personal copy

[32] Hassa, P.O., Covic, M., Hasan, S., Imhof, R. and Hottiger, M.O. (2001) The
enzymatic and DNA binding activity of PARP-1 are not required for NF-kappa
B coactivator function. J. Biol. Chem. 276, 45588–45597.

[33] Hinz, M., Stilmann, M., Arslan, S.C., Khanna, K.K., Dittmar, G. and Scheidereit,
C. (2010) A cytoplasmic ATM-TRAF6-cIAP1 module links nuclear DNA
damage signaling to ubiquitin-mediated NF-kappaB activation. Mol. Cell 40,
63–74.

[34] Stilmann, M., Hinz, M., Arslan, S.C., Zimmer, A., Schreiber, V. and Scheidereit,
C. (2009) A nuclear poly(ADP-ribose)-dependent signalosome confers DNA
damage-induced IkappaB kinase activation. Mol. Cell 36, 365–378.

[35] Szanto, M., Brunyánszki, A., Kiss, B., Nagy, L., Gergely, P., Virag, L. and Bai, P.
(2012) Poly(ADP-ribose) polymerase-2: emerging transcriptional roles of a
DNA repair protein. Cell. Mol. Life Sci., http://dx.doi.org/10.1007/s00018-
012-1003-8.

[36] Phulwani, N.K. and Kielian, T. (2008) Poly (ADP-ribose) polymerases (PARPs)
1–3 regulate astrocyte activation. J. Neurochem. 106, 578–590.

[37] Popoff, I., Jijon, H., Monia, B., Tavernini, M., Ma, M., McKay, R. and Madsen, K.
(2002) Antisense oligonucleotides to poly(ADP-ribose) polymerase-2
ameliorate colitis in interleukin-10-deficient mice. J. Pharmacol. Exp. Ther.
303, 1145–1154.

[38] Zingarelli, B., Szabo, C. and Salzman, A.L. (1999) Blockade of poly(ADP-ribose)
synthetase inhibits neutrophil recruitment, oxidant generation, and mucosal
injury in murine colitis. Gastroenterology 116, 335–345.

[39] Haddad, M., Rhinn, H., Bloquel, C., Coqueran, B., Szabo, C., Plotkine, M.,
Scherman, D. and Margaill, I. (2006) Anti-inflammatory effects of PJ34, a
poly(ADP-ribose) polymerase inhibitor, in transient focal cerebral ischemia
in mice. Br. J. Pharmacol. 149, 23–30.

[40] Espinoza, L.A., Smulson, M.E. and Chen, Z. (2007) Prolonged poly(ADP-
ribose) polymerase-1 activity regulates JP-8-induced sustained cytokine
expression in alveolar macrophages. Free Radical Biol. Med. 42, 1430–
1440.

[41] Lowenstein, C.J., Dinerman, J.L. and Snyder, S.H. (1994) Nitric oxide: a
physiologic messenger. Ann. Intern. Med. 120, 227–237.

[42] Moncada, S., Palmer, R.M. and Higgs, E.A. (1991) Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol. Rev. 43, 109–142.

[43] Ischiropoulos, H., Zhu, L. and Beckman, J.S. (1992) Peroxynitrite formation
from macrophage-derived nitric oxide. Arch. Biochem. Biophys. 298, 446–
451.

[44] Ischiropoulos, H., Zhu, L., Chen, J., Tsai, M., Martin, J.C., Smith, C.D. and
Beckman, J.S. (1992) Peroxynitrite-mediated tyrosine nitration catalyzed by
superoxide dismutase. Arch. Biochem. Biophys. 298, 438–445.

[45] Szabo, C., Ischiropoulos, H. and Radi, R. (2007) Peroxynitrite: biochemistry,
pathophysiology and development of therapeutics. Nat. Rev. Drug Discovery
6, 662–680.

[46] Xia, Y. and Zweier, J.L. (1997) Superoxide and peroxynitrite generation from
inducible nitric oxide synthase in macrophages. Proc. Natl. Acad. Sci. USA 94,
6954–6958.

[47] Mungrue, I.N. et al. (2002) Cardiomyocyte overexpression of iNOS in mice
results in peroxynitrite generation, heart block, and sudden death. J. Clin.
Invest. 109, 735–743.

[48] Pacher, P., Beckman, J.S. and Liaudet, L. (2007) Nitric oxide and peroxynitrite
in health and disease. Physiol. Rev. 87, 315–424.

[49] Lin, Y., Tang, X., Zhu, Y., Shu, T. and Han, X. (2011) Identification of PARP-1 as
one of the transcription factors binding to the repressor element in the
promoter region of COX-2. Arch. Biochem. Biophys. 505, 123–129.

[50] Le, N.T., Xue, M., Castelnoble, L.A. and Jackson, C.J. (2007) The dual
personalities of matrix metalloproteinases in inflammation. Front Biosci.
12, 1475–1487.

[51] Bai, P. et al. (2009) Poly(ADP-ribose) polymerase mediates inflammation in a
mouse model of contact hypersensitivity. J. Invest. Dermatol. 129, 234–
238.

[52] Kauppinen, T.M. and Swanson, R.A. (2005) Poly(ADP-ribose) polymerase-1
promotes microglial activation, proliferation, and matrix metalloproteinase-
9-mediated neuron death. J. Immunol. 174, 2288–2296.

[53] Koh, S.H. et al. (2005) Effect of 3-aminobenzamide, PARP inhibitor, on matrix
metalloproteinase-9 level in plasma and brain of ischemic stroke model.
Toxicology 214, 131–139.

[54] Oumouna-Benachour, K. et al. (2007) Poly(ADP-ribose) polymerase inhibition
reduces atherosclerotic plaque size and promotes factors of plaque stability
in apolipoprotein E-deficient mice: effects on macrophage recruitment,
nuclear factor-kappaB nuclear translocation, and foam cell death. Circulation
115, 2442–2450.

[55] Berger, N.A. (1985) Poly(ADP-ribose) in the cellular response to DNA damage.
Radiat. Res. 101, 4–15.

[56] Ying, W., Garnier, P. and Swanson, R.A. (2003) NAD+ repletion prevents PARP-
1-induced glycolytic blockade and cell death in cultured mouse astrocytes.
Biochem. Biophys. Res. Commun. 308, 809–813.

[57] Ha, H.C. and Snyder, S.H. (1999) Poly(ADP-ribose) polymerase is a mediator
of necrotic cell death by ATP depletion. Proc. Natl. Acad. Sci. USA 96, 13978–
13982.

[58] Tewari, M. et al. (1995) Yama/CPP32 beta, a mammalian homolog of CED-3, is
a CrmA-inhibitable protease that cleaves the death substrate poly(ADP-
ribose) polymerase. Cell 81, 801–809.

[59] Benchoua, A. et al. (2002) Active caspase-8 translocates into the nucleus of
apoptotic cells to inactivate poly(ADP-ribose) polymerase-2. J. Biol. Chem.
277, 34217–34222.

[60] Cho, Y.S., Park, S.Y., Shin, H.S. and Chan, F.K. (2010) Physiological
consequences of programmed necrosis, an alternative form of cell demise.
Mol. Cells 29, 327–332.

[61] Bai, P., Bakondi, E., Szabo, E., Gergely, P., Szabo, C. and Virag, L. (2001) Partial
protection by poly(ADP-ribose) polymerase inhibitors from nitroxyl-induced
cytotoxity in thymocytes. Free Radical Biol. Med. 31, 1616–1623.

[62] Virag, L., Salzman, A.L. and Szabo, C. (1998) Poly(ADP-ribose) synthetase
activation mediates mitochondrial injury during oxidant-induced cell death.
J. Immunol. 161, 3753–3759.

[63] Bai, P., Hegedus, C., Erdelyi, K., Szabo, E., Bakondi, E., Gergely, S., Szabo, C. and
Virag, L. (2007) Protein tyrosine nitration and poly(ADP-ribose) polymerase
activation in N-methyl-N-nitro-N-nitrosoguanidine-treated thymocytes:
implication for cytotoxicity. Toxicol. Lett. 170, 203–213.

[64] Datta, R. et al. (2011) PARP-1 deficiency blocks IL-5 expression through
calpain-dependent degradation of STAT-6 in a murine asthma model. Allergy
66, 853–861.

[65] Kalogeropoulos, A.P., Georgiopoulou, V.V. and Butler, J. (2012) From risk
factors to structural heart disease: the role of inflammation. Heart Fail. Clin.
8, 113–123.

[66] Ungvari, Z., Gupte, S.A., Recchia, F.A., Batkai, S. and Pacher, P. (2005) Role of
oxidative-nitrosative stress and downstream pathways in various forms of
cardiomyopathy and heart failure. Curr. Vasc. Pharmacol. 3, 221–229.

[67] Soriano, F. et al. (2001) Diabetic endothelial dysfunction: the role of
poly(ADP-ribose) polymerase activation. Nat. Med. 7, 108–113.

[68] Soriano, F.G., Pacher, P., Mabley, J., Liaudet, L. and Szabo, C. (2001) Rapid
reversal of the diabetic endothelial dysfunction by pharmacological
inhibition of poly(ADP-ribose) polymerase. Circ. Res. 89, 684–691.

[69] Pacher, P., Liaudet, L., Mabley, J., Komjati, K. and Szabo, C. (2002)
Pharmacologic inhibition of poly(adenosine diphosphate-ribose)
polymerase may represent a novel therapeutic approach in chronic heart
failure. J. Am. Coll. Cardiol. 40, 1006–1016.

[70] Pacher, P., Liaudet, L., Mabley, J.G., Cziraki, A., Hasko, G. and Szabo, C. (2006)
Beneficial effects of a novel ultrapotent poly(ADP-ribose) polymerase
inhibitor in murine models of heart failure. Int. J. Mol. Med. 17, 369–375.

[71] Pacher, P. and Szabo, C. (2008) Role of the peroxynitrite-poly(ADP-ribose)
polymerase pathway in human disease. Am. J. Pathol. 173, 2–13. Epub 2008
Jun 5.

[72] Virag, L., Szabo, E., Bakondi, E., Bai, P., Gergely, P., Hunyadi, J. and Szabo, C.
(2002) Nitric oxide-peroxynitrite-poly(ADP-ribose) polymerase pathway in
the skin. Exp. Dermatol. 11, 189–202.

[73] Morrow, D.A. et al. (2009) 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
intervention: results of the TIMI 37 trial. J. Thromb. Thrombolysis 27, 359–
364.

[74] Fong, P.C. et al. (2009) Inhibition of poly(ADP-Ribose) polymerase in tumors
from BRCA mutation carriers. N. Engl. J. Med. 361 (2), 123–134.

[75] Javle, M. and Curtin, N.J. (2012) The potential for poly (ADP-ribose)
polymerase inhibitors in cancer therapy. Ther. Adv. Med. Oncol. 3, 257–267.

[76] Hur, J.W., Sung, Y.K., Shin, H.D., Park, B.L., Cheong, H.S. and Bae, S.C. (2006)
Poly(ADP-ribose) polymerase (PARP) polymorphisms associated with
nephritis and arthritis in systemic lupus erythematosus. Rheumatology
(Oxford) 45, 711–717.

[77] Pascual, M., Lopez-Nevot, M.A., Caliz, R., Ferrer, M.A., Balsa, A., Pascual-
Salcedo, D. and Martin, J. (2003) A poly(ADP-ribose) polymerase haplotype
spanning the promoter region confers susceptibility to rheumatoid arthritis.
Arthritis Rheum. 48, 638–641.

[78] Mabley, J.G., Horvath, E.M., Murthy, K.G., Zsengeller, Z., Vaslin, A., Benko, R.,
Kollai, M. and Szabo, C. (2005) Gender differences in the endotoxin-induced
inflammatory and vascular responses: potential role of poly(ADP-ribose)
polymerase activation. J. Pharmacol. Exp. Ther. 315, 812–820.

[79] Levaot, N. et al. (2011) Loss of Tankyrase-mediated destruction of 3BP2 is the
underlying pathogenic mechanism of cherubism. Cell 147, 1324–1339.

[80] Rapizzi, E., Fossati, S., Moroni, F. and Chiarugi, A. (2004) Inhibition of
poly(ADP-ribose) glycohydrolase by gallotannin selectively up-regulates
expression of proinflammatory genes. Mol. Pharmacol. 66, 890–898.

[81] Genovese, T. et al. (2004) Treatment with a novel poly(ADP-ribose)
glycohydrolase inhibitor reduces development of septic shock-like
syndrome induced by zymosan in mice. Crit. Care Med. 32, 1365–1374.

[82] Jagtap, P. et al. (2002) Novel phenanthridinone inhibitors of poly (adenosine
50-diphosphate-ribose) synthetase: potent cytoprotective and antishock
agents. Crit. Care Med. 30, 1071–1082.

[83] Albertini, M., Clement, M.G., Lafortuna, C.L., Caniatti, M., Magder, S.,
Abdulmalek, K. and Hussain, S.N. (2000) Role of poly-(ADP-ribose)
synthetase in lipopolysaccharide-induced vascular failure and acute lung
injury in pigs. J. Crit. Care 15, 73–83.

[84] Liaudet, L., Soriano, F.G., Szabo, E., Virag, L., Mabley, J.G., Salzman, A.L. and
Szabo, C. (2000) Protection against hemorrhagic shock in mice genetically
deficient in poly(ADP-ribose)polymerase. Proc. Natl. Acad. Sci. USA 97,
10203–10208.

[85] Scott, G.S., Hake, P., Kean, R.B., Virag, L., Szabo, C. and Hooper, D.C. (2001) Role
of poly(ADP-ribose) synthetase activation in the development of
experimental allergic encephalomyelitis. J. Neuroimmunol. 117, 78–86.

[86] Koedel, U., Winkler, F., Angele, B., Fontana, A. and Pfister, H.W. (2002)
Meningitis-associated central nervous system complications are mediated by

3776 P. Bai, L. Virág / FEBS Letters 586 (2012) 3771–3777



Author's personal copy

the activation of poly(ADP-ribose) polymerase. J. Cereb. Blood Flow Metab.
22, 39–49.

[87] Kaplin, A.I. et al. (2005) IL-6 induces regionally selective spinal cord injury in
patients with the neuroinflammatory disorder transverse myelitis. J. Clin.
Invest. 115, 2731–2741.

[88] Peralta-Leal, A., Rodriguez-Vargas, J.M., Aguilar-Quesada, R., Rodriguez, M.I.,
Linares, J.L., de Almodovar, M.R. and Oliver, F.J. (2009) PARP inhibitors: new
partners in the therapy of cancer and inflammatory diseases. Free Radical
Biol. Med. 47, 13–26.

[89] Morisugi, T., Tanaka, Y., Kawakami, T. and Kirita, T. (2010) Mechanical stretch
enhances NF-kappaB-dependent gene expression and poly(ADP-ribose)
synthesis in synovial cells. J. Biochem. 147, 633–644.

[90] Mota, R.A. et al. (2005) Inhibition of poly(ADP-ribose) polymerase attenuates
the severity of acute pancreatitis and associated lung injury. Lab. Invest. 85,
1250–1262.

[91] Soriano, F.G., Liaudet, L., Szabo, E., Virag, L., Mabley, J.G., Pacher, P. and Szabo,
C. (2002) Resistance to acute septic peritonitis in poly(ADP-ribose)
polymerase-1-deficient mice. Shock 17, 286–292.

[92] Virag, L. et al. (2004) Effects of poly(ADP-ribose) polymerase inhibition on
inflammatory cell migration in a murine model of asthma. Med. Sci. Monit.
10, BR77–BR83.

[93] Boulares, A.H., Zoltoski, A.J., Sherif, Z.A., Jolly, P., Massaro, D. and Smulson,
M.E. (2003) 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. 28, 322–329.

[94] Oumouna, M., Datta, R., Oumouna-Benachour, K., Suzuki, Y., Hans, C.,
Matthews, K., Fallon, K. and Boulares, H. (2006) 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. J. Immunol. 177, 6489–6496.

[95] Hageman, G.J., Larik, I., Pennings, H.J., Haenen, G.R., Wouters, E.F. and Bast, A.
(2003) Systemic poly(ADP-ribose) polymerase-1 activation, chronic
inflammation, and oxidative stress in COPD patients. Free Radical Biol.
Med. 35, 140–148.

[96] Cuzzocrea, S. et al. (2002) Pyrrolidine dithiocarbamate attenuates the
development of acute and chronic inflammation. Br. J. Pharmacol. 135, 496–
510.

[97] Huang, H., McIntosh, J.L., Fang, L., Szabo, C. and Hoyt, D.G. (2003) Integrin-
mediated suppression of endotoxin-induced DNA damage in lung endothelial
cells is sensitive to poly(ADP-ribose) polymerase-1 gene deletion. Int. J. Mol.
Med. 12, 533–540.

[98] Kim, J.H. et al. (2008) Inflammatory and transcriptional roles of poly
(ADP-ribose) polymerase in ventilator-induced lung injury. Crit. Care 12,
R108.

[99] Farivar, A.S. et al. (2004) Poly (ADP) ribose synthetase inhibition reduces
obliterative airway disease in rat tracheal allografts. J. Heart Lung Transplant.
23, 993–1002.

[100] Szabo, E. et al. (2001) Peroxynitrite production, DNA breakage, and
poly(ADP-ribose) polymerase activation in a mouse model of oxazolone-
induced contact hypersensitivity. J. Invest. Dermatol. 117, 74–80.

[101] Farkas, B., Magyarlaki, M., Csete, B., Nemeth, J., Rabloczky, G., Bernath, S.,
Literati Nagy, P. and Sumegi, B. (2002) Reduction of acute photodamage in
skin by topical application of a novel PARP inhibitor. Biochem. Pharmacol. 63,
921–932.

[102] Mabley, J.G. et al. (2001) Anti-inflammatory effects of a novel, potent
inhibitor of poly (ADP-ribose) polymerase. Inflamm. Res. 50, 561–569.

[103] Shi, X. and Nuttall, A.L. (2007) Expression of adhesion molecular proteins in
the cochlear lateral wall of normal and PARP-1 mutant mice. Heart Res. 224,
1–14.

[104] Chiang, J. et al. (2009) Honokiol protects rats against eccentric exercise-
induced skeletal muscle damage by inhibiting NF-kappaB induced oxidative
stress and inflammation. Eur. J. Pharmacol. 610, 119–127.

[105] Drel, V.R., Pacher, P., Stavniichuk, R., Xu, W., Zhang, J., Kuchmerovska, T.M.,
Slusher, B. and Obrosova, I.G. (2011) Poly(ADP-ribose)polymerase inhibition
counteracts renal hypertrophy and multiple manifestations of peripheral
neuropathy in diabetic Akita mice. Int. J. Mol. Med. 28, 629–635.

[106] Mukhopadhyay, P., Horvath, B., Kechrid, M., Tanchian, G., Rajesh, M., Naura,
A.S., Boulares, A.H. and Pacher, P. (2011) Poly(ADP-ribose) polymerase-1 is a
key mediator of cisplatin-induced kidney inflammation and injury. Free
Radical Biol. Med. 51, 1774–1788.

[107] Shevalye, H. et al. (2010) Poly(ADP-ribose) polymerase (PARP) inhibition
counteracts multiple manifestations of kidney disease in long-term
streptozotocin-diabetic rat model. Biochem. Pharmacol. 79, 1007–1014.

[108] Szabo, C., Biser, A., Benko, R., Bottinger, E. and Susztak, K. (2006) Poly(ADP-
ribose) polymerase inhibitors ameliorate nephropathy of type 2 diabetic
Leprdb/db mice. Diabetes 55, 3004–3012.

[109] Martinet, W., Knaapen, M.W., De Meyer, G.R., Herman, A.G. and Kockx, M.M.
(2002) Elevated levels of oxidative DNA damage and DNA repair enzymes in
human atherosclerotic plaques. Circulation 106, 927–932.

[110] Benko, R., Pacher, P., Vaslin, A., Kollai, M. and Szabo, C. (2004) Restoration of
the endothelial function in the aortic rings of apolipoprotein E deficient mice
by pharmacological inhibition of the nuclear enzyme poly(ADP-ribose)
polymerase. Life Sci. 75, 1255–1261.

[111] Hans, C.P., Zerfaoui, M., Naura, A.S., Troxclair, D., Strong, J.P., Matrougui, K. and
Boulares, A.H. (2009) Thieno[2,3-c]isoquinolin-5-one, a potent poly(ADP-
ribose) polymerase inhibitor, promotes atherosclerotic plaque regression in
high-fat diet-fed apolipoprotein E-deficient mice: effects on inflammatory
markers and lipid content. J. Pharmacol. Exp. Ther. 329, 150–158.

P. Bai, L. Virág / FEBS Letters 586 (2012) 3771–3777 3777


