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Q Abstract——Poly(ADP-ribose) polymerase-1 (PARP-1) PARP-1 and several recently identified novel poly(ADP-
0 is a member of the PARP enzyme family consisting of ribosylating) enzymes. PARP-1 is an abundant nuclear
m protein functioning as a DNA nick-sensor enzyme. Upon
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scription factors, and PARP itself. Poly(ADP-ribosylation)
contributes to DNA repair and to the maintenance of
genomic stability. On the other hand, oxidative stress-in-
duced overactivation of PARP consumes NAD™* and conse-
quently ATP, culminating in cell dysfunction or necrosis.
This cellular suicide mechanism has been implicated in
the pathomechanism of stroke, myocardial ischemia, dia-
betes, diabetes-associated cardiovascular dysfunction,
shock, traumatic central nervous system injury, arthritis,
colitis, allergic encephalomyelitis, and various other forms
of inflammation. PARP has also been shown to associate

with and regulate the function of several transcription
factors. Of special interest is the enhancement by PARP of
nuclear factor kB-mediated transcription, which plays a
central role in the expression of inflammatory cytokines,
chemokines, adhesion molecules, and inflammatory medi-
ators. Herein we review the double-edged sword roles of
PARP in DNA damage signaling and cell death and sum-
marize the underlying mechanisms of the anti-inflamma-
tory effects of PARP inhibitors. Moreover, we discuss the
potential use of PARP inhibitors as anticancer agents, ra-
diosensitizers, and antiviral agents.

I. Poly(ADP-Ribose) Metabolism
A. Structure and Function of PARP-1

Poly(ADP-ribose) polymerase-1 (PARP-1'; EC
2.4.2.30) [also known as poly(ADP-ribose) synthetase
and poly(ADP-ribose) transferase] is a nuclear enzyme
present in eukaryotes. PARP-1 is a 116-kDa protein
consisting of three main domains: the N-terminal DNA-
binding domain containing two zinc fingers, the auto-
modification domain, and the C-terminal catalytic do-
main (Mazen et al., 1989; de Murcia and Menissier de
Murcia, 1994; de Murcia et al., 1994; Schreiber et al.,
1995; Szabo, 2000; Smith, 2001) (Fig. 1). The primary
structure of the enzyme is highly conserved in eu-
karyotes (human and mouse enzyme have 92% homol-
ogy at the level of amino acid sequence) with the cata-
lytic domain showing the highest degree of homology
between different species; the catalytic domain contains
the so-called PARP signature sequence, a 50-amino acid
block showing 100% homology between vertebrates.

PARP-1 functions as a DNA damage sensor and sig-
naling molecule binding to both single- and double-
stranded DNA breaks. Upon binding to damaged DNA
mainly through the second zinc-finger domain, PARP-1

1 Abbreviations: PARP-1, poly(ADP-ribose) polymerase-1; A-T,
ataxia telangiectasia; bNOS, brain nitric-oxide synthase; BRCT,
breast cancer susceptibility protein C terminus; caspase, cysteinyl
aspartate-specific protease; CLP, cecal ligation and puncture; CNS,
central nervous system; DBD, DNA binding domain; EAE, experi-
mental allergic encephalomyelitis; eNOS, endothelial nitric-oxide
synthase; GPI 6150, 1,11b-dihydro-[2H]benzopyranol4,3,2-de]iso-
quinolin-3-one; HBV, hepatitis B virus; HIV, human immunodefi-
ciency virus; HOCI, hypochlorous acid; ICAM-1, intercellular adhe-
sive molecule 1; IFN, interferon; IL, interleukin; INH,BP, 5-iodo-6-
amino-1,2-benzopyrone; iNOS, inducible nitric-oxide synthase; LPS,
bacterial lipopolysaccharide (endotoxin); MAP, mitogen-activated
protein; MLDS, multiple low-dose streptozotocin; AIF, apoptosis-
inducing factor; MNNG, N-methyl-N'-nitro-N-nitrosoguanidine;
NMDA, N-methyl-p-aspartate; MPTP, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; MRC, multiprotein replication complex; MS,
multiple sclerosis; NF-«B, nuclear factor kB; NLS, nuclear localiza-
tion signal; NO, nitric oxide; NOD, nonobese diabetic; NOS, nitric-
oxide synthase; PARG, poly(ADP-ribose) glycohydrolase; PARP,
poly(ADP-ribose) polymerase; PARP '~ cells/mice, cells/mice ho-
mozygous for disrupted poly(ADP-ribose) polymerase genes;
PARP** cells/mice, cells/mice with undisrupted poly(ADP-ribose)
polymerase genes; PJ34, the hydrochloride salt of N-(6-0x0-5,6-dihy-
dro-phenanthridin-2-yl)-N,N-dimethylacetamide; TNF-a, tumor ne-
crosis factor «; TRF, telomere repeat-binding factor.
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Fic 1. Comparison of the domain structures of some PARP enzymes.
PARP-1 consists of three main domains: the N-terminal DBD, the auto-
modification domain (AMD), and the C-terminal catalytic domain. Within
the DBD, two zinc fingers are responsible for DNA binding and some
protein-protein interactions. The DBD also contains an NLS within
which the caspase-cleavage site (DEVD) can be found. The automodifica-
tion domain contains a BRCT motif, which is common in many DNA
repair and cell-cycle proteins. PARP-1 participates in various protein-
protein interactions through the BRCT motif. The active site of the
enzyme found in the C-terminal part is highly conserved in eukaryotes,
and this 50-amino acid sequence is also known as “the PARP signature”.
PARP-2 differs from PARP-1 in the structure of its DBD. Vault PARP
(vPARP) has no DBD, and the N terminus is occupied by a BRCT motif.
The enzyme has an NLS residing in the C-terminal part. The N terminus
of tankyrase-1 and -2 has a histidine-, proline-, and serine-rich (HPS)
region or N-terminal domain (NTD), respectively. The remaining parts
[ankyrin repeats, sterile alpha motives (SAM), and catalytic domains] are
basically the same.

TANK1

TANK2

forms homodimers and catalyzes the cleavage of NAD™"
into nicotinamide and ADP-ribose and then uses the
latter to synthesize branched nucleic acid-like polymers
poly(ADP-ribose) covalently attached to nuclear accep-
tor proteins (de Murcia et al.,, 1994; de Murcia and
Menissier de Murcia, 1994; Lindahl et al., 1995; Schre-
iber et al., 1995; Burkle, 2001; Smith, 2001). The size of
the branched polymer varies from a few to 200 ADP-
ribose units. Because of its high negative charge, the
covalently attached ADP-ribose polymer dramatically
affects the function of target proteins. In vivo, the most
abundantly poly(ADP-ribosylated) protein is PARP-1 it-
self, and auto-poly(ADP-ribosylation) represents a major
regulatory mechanism for PARP-1 resulting in the
down-regulation of the enzyme activity. In addition to
PARP-1, histones are also considered to be major accep-
tors of poly(ADP-ribose) (Tanuma et al., 1985; Nagele,
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1995). Poly(ADP-ribosylation) confers negative charge to
histones, leading to electrostatic repulsion between
DNA and histones. This process has been implicated in
chromatin remodeling, DNA repair, and transcriptional
regulation. Several transcription factors, DNA replica-
tion factors, and signaling molecules [NF-«B (Oliver et
al., 1999), AP-2 (Kannan et al., 1999), Oct-1, YY1 (Oei
and Shi, 2001a,b), B-MYB (Cervellera and Sala, 2000),
DNA-dependent protein kinase (Ariumi et al., 1999), p53
(Wesierska-Gadek et al., 1996; Kumari et al., 1998;
Malanga et al., 1998; Simbulan-Rosenthal et al., 1999b,
2001b; Mendoza-Alvarez and Alvarez-Gonzalez, 2001,
Wesierska-Gadek and Schmid, 2001; Tong et al., 2001),
topoisomerase I, lamin B, and B23] have been shown to
become poly-ADP-ribosylated by PARP-1. The effect of
PARP-1 on the function of these proteins is carried out
by noncovalent protein-protein interactions and by co-
valent poly-ADP-ribosylation. Poly-ADP-ribosylation is
a dynamic process, indicated by the short (<1 min) in
vivo half-life of the polymer (Whitacre et al., 1995). Two
enzymes—poly(ADP-ribose) glycohydrolase (PARG) and
ADP-ribosyl protein lyase—are involved in the catabo-
lism of poly(ADP-ribose), with PARG cleaving ribose-
ribose bonds of both linear and branched portions of
poly(ADP-ribose) and the lyase removing the protein
proximal ADP-ribose monomer (Davidovic et al., 2001).

The regulation of PARP-1 activity is established
through different mechanisms. The best characterized
mechanism is the down-regulation of enzyme activity
through auto-poly-ADP-ribosylation (Kawaichi et al.,
1981). Furthermore, nicotinamide, the smaller cleavage
product of NAD™, also exerts inhibitory effect on
PARP-1, allowing negative feedback regulation. Re-
cently, the purines hypoxanthine, inosine, and adeno-
sine also were identified as another class of endogenous
PARP inhibitors (Virag and Szabo, 2001). The regula-
tion of PARP activity by purines is possibly relevant
under pathophysiological conditions in which intracellu-
lar levels of these metabolites reach levels that are high
enough to efficiently inhibit PARP. Phosphorylation of
PARP by protein kinase C also results in enzyme inhi-
bition (Tanaka et al., 1987; Bauer et al., 1992). The
abundance of PARP may also change under certain con-
ditions, suggesting a transcriptional or posttranscrip-
tional regulation (Bergeron et al., 1997; Tramontano et
al., 2000; Doucet-Chabeaud et al., 2001). It is not yet
clear whether PARP induction significantly alters the
poly-ADP-ribosylating capacity of the cells, because
even in resting cells, PARP-1 is one of the most abun-
dant nuclear proteins. The interconnection of PARP ac-
tivation and signal transduction pathways is supported
by a report describing DNA strand break-independent
PARP activation via the phospholipase C-inositol-1,4,5,-
trisphosphate-calcium route (Homburg et al., 2000). The
physiological or pathophysiological relevance of this
pathway is poorly understood at present.

The biological role of poly(ADP-ribose) is complex and
involves nine main functions. First, PARP-1 has been
implicated in DNA repair and maintenance of genomic
integrity (de Murcia and Menissier de Murcia, 1994; de
Murcia et al., 1994,1997; Schreiber et al., 1995; Chatter-
jee et al., 1999b; Shall and de Murcia, 2000). This
“guardian angel” function is indicated by delayed DNA
base-excision repair and by a high frequency of sister
chromatid exchange in PARP-1-deficient cells exposed to
ionizing radiation or treated with alkylating agents (de
Murcia et al., 1997). High levels of ionizing radiation
and alkylating agents elicit higher lethality in PARP-1-
deficient mice when compared with wild-type ones (de
Murcia et al., 1997).

Second, PARP-1 also regulates the expression of var-
ious proteins at the transcriptional level. Of special im-
portance is the regulation by PARP-1 of the production
of inflammatory mediators such as the inducible nitric-
oxide synthase (iINOS) (Hauschildt et al., 1992; Le Page
et al., 1998; Szabo et al., 1998¢c; Oliver et al., 1999),
intercellular adhesion molecule 1 (ICAM-1) (Zingarelli
et al., 1998; Szabo et al., 2001b), and major histocom-
patibility complex class II (Otsuka et al., 1991). NF-«B is
a key transcription factor in the regulation of this set of
proteins, and PARP has been shown to act as a coacti-
vator in the NF-«B-mediated transcription (Oliver et al.,
1999). There is currently no consensus in the literature
regarding whether the modulation of NF-«B-mediated
transcription by PARP is dependent on the catalytic
activity of the enzyme or, alternatively, on its physical
presence (Hassa and Hottiger, 1999; Kameoka et al.,
2000; Chang and Alvarez-Gonzalez, 2001; Hassa et al.,
2001). Poly(ADP-ribosylation) of histones may also con-
tribute to the transcription-promoting effect of PARP-1,
because poly(ADP-ribose) confers negative charge to hi-
stones, leading to electrostatic repulsion between his-
tones and DNA. Thus, poly(ADP-ribosylation) can loosen
the chromatin structure and can thereby make genes
more accessible for the transcriptional machinery. Nu-
clear receptor-mediated transcription is regulated by
PARP-1 in a different manner: PARP-1 seems to sup-
press nuclear receptor-mediated transcription (Miy-
amoto et al., 1999).

Third, PARP-1 regulates replication and differentia-
tion. The involvement of PARP-1 in the regulation of
replication is supported by observations that poly(ADP-
ribose) metabolism is accelerated in the nuclei of prolif-
erating cells (Tanuma et al., 1978; Kanai et al., 1981;
Leduc et al., 1988; Bakondi et al., 2002a). Furthermore,
PARP-1 is part of the multiprotein replication complex
(MRC) (Simbulan-Rosenthal et al., 1996), indicated by
copurification of PARP-1 with key components of MRC
(Simbulan-Rosenthal et al., 1996; Dantzer et al., 1998).
Moreover, several replication factors and centromere
proteins have been shown to serve as substrates for
PARP (Simbulan-Rosenthal et al., 1996; Saxena et al.,
2002). Another mechanism by which PARP may regu-
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late nuclear processes is poly(ADP-ribosylation) of hi-
stones facilitating the assembly and deposition of hi-
stone complexes on DNA during replication (Boulikas,
1990).

Fourth, poly(ADP-ribosylation) has been implicated
in the regulation of telomerase activity. The overex-
pression of tankyrase-1, a recently discovered PARP
enzyme, in telomerase-positive human cells resulted
in a gradual and progressive elongation of telomeres
(Smith and de Lange, 2000). Besides tankyrase-1,
PARP-1 has also been implicated in the maintenance
of telomere length. Genetic ablation of PARP-1 has
been shown to result in telomere shortening (d’Adda
di Fagagna et al., 1999) but others found no difference
in telomere length of PARP-proficient and -deficient
cells (Samper et al., 2001).

Fifth, PARP-1 activation has been proposed to rep-
resent a cell-elimination pathway (Berger et al., 1983,
1986; Schraufstatter et al., 1986b; Sims and Ben-
jamin, 1987; Schreiber et al., 1995; Kleczkowska and
Althaus, 1996) through which severely damaged cells
are removed from tissues. PARP-1-mediated cell
death occurs in the form of necrosis (Schreiber et al.,
1995; Virag et al., 1998a,b), which is probably the
least desirable form of cell death. During necrotic cell
death, the cellular content is released into the tissue,
exposing neighboring cells to potentially harmful at-
tacks by proteases and other released factors. This
scenario (Fig. 2) is best exemplified by cells that have
been exposed to DNA-damaging stimuli. Mild geno-
toxic noxa cause PARP activation that facilitates DNA
repair and cell survival. Severe DNA damage, how-
ever, causes overactivation of PAR,P resulting in the
depletion of NAD" and ATP and consequently in ne-
crotic cell death (Fig. 2).

ONOO”

S-mustard

uv

H,0,

Alkylating agents
NAD, ATP L

Ionizing radiation
Necrosis @

Fic 2. DNA-damage-induced PARP activation: a kiss of life or a kiss
of death? DNA-damaging stimuli cause PARP activation. Activated
PARP cleaves NAD™" into nicotinamide and ADP-ribose and polymerizes
the latter on nuclear-acceptor proteins. Poly(ADP-ribosylation) facilitates
DNA repair and thus permits cell survival. Severe DNA damage, how-
ever, leads to overactivation of PARP, resulting in NAD" and ATP de-
pletion and necrotic cell death.

Sixth, poly(ADP-ribose) polymer has been identified
recently as an emergency source of energy used by the
base-excision machinery to synthesize ATP (Maruta et
al., 1997; Oei and Ziegler, 2000).

Seventh, similarly to ubiquitination, poly(ADP-ribose)
may also serve as a signal for protein degradation in
oxidatively injured cells (Ciftci et al., 2001; Ullrich and
Grune, 2001; Ullrich et al., 2001a). Hydrogen-peroxide
treatment of K562 cells caused a PARP-1-dependent
up-regulation of 20S proteosome activity. During this
process, the proteosome becomes poly(ADP-ribosylated),
resulting in the enhanced degradation of poly(ADP-ribo-
sylated) histones (Ullrich and Grune, 2001). Immuno-
precipitation experiments demonstrated a protein-pro-
tein interaction of the functionally active PARP with the
proteasome in correlation with the proteasome activity
(Ullrich et al., 2001a).

Eighth, in addition to PARP-catalyzed covalent poly-
(ADP-ribosylation), poly(ADP-ribose) polymers can non-
covalently bind to specific (ADP-ribose), binding motifs
in proteins, such as histones, XRCC1, p53, and DNA
polymerase €, and thereby modify their function (Al-
thaus et al., 1993; Pleschke et al., 2000). Such (ADP-
ribose) polymers can be formed during the catabolism of
poly(ADP-ribose) by poly(ADP-ribose) glycohydrolase
(Davidovic et al., 2001).

In the ninth and final function, poly(ADP-ribosyla-
tion) may also be involved in the regulation of cytoskel-
etal organization. A recent study reported morphological
alterations in Drosophila overexpressing PARP-1
(Uchida et al., 2001). The overexpression of PARP-1
disrupted the organization of cytoskeletal F-actin, re-
sulting in aberrant cell and tissue morphology. Further-
more, heat-induced PARP expression disrupts the orga-
nization of cytoskeletal F-actin in embryos and tissue
polarity in adult flies. Whether these morphological al-
terations are indeed related to PARP-1 function or, al-
ternatively, whether PARP-1 overexpression interferes
with the function of cytoplasmic PARP enzymes remains
to be seen.

B. PARP Homologs

Until recently, PARP activity was believed to result
from the function of a single enzyme. After the observa-
tion that PARP-1-deficient cells have some residual
PARP activity (Shieh et al., 1998), intensive research
began to identify enzymes responsible for this activity.
In the last 2 years, several other enzymes possessing
poly(ADP-ribosylation) activity have been described
(Smith, 2001) with the founding member of the PARP
enzyme family now designated as PARP-1. Although
research on the biological role of these novel PARP en-
zymes is in the embryonic stage, interesting differences
in domain structure (Fig. 1), subcellular localization,
tissue distribution, and ability to bind to DNA have
already been established.
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PARP-2 is a 62-kDa protein of unknown function
(Ame et al., 1999). Human and mouse PARP-2 genes
were mapped to 14q11.2 and 14C1, respectively. These
loci are different from PARP-1 loci. The automodifica-
tion domain is missing from PARP-2, and the DNA bind-
ing domain (DBD) is very different from that of PARP-1
(Ame et al., 1999). Somewhat surprisingly, even though
the putative DBD of PARP-2 is devoid of any known
DNA binding motifs, DNase I-treated DNA induced
PARP-2 activation. DNA binding of PARP is facilitated
by the high ratio of basic amino acids in the PARP-2
DBD. Moreover, PARP-2 is capable of auto-poly(ADP-
ribosylation); however, it could not poly(ADP-ribosylate)
histones, which are prototypical PARP-1 substrates. The
enzyme localizes to nuclei and becomes activated in cells
upon methylmethanesulfonate-induced DNA damage.
PARP-2 has been shown recently to be cleaved by cys-
teinyl aspartate-specific protease (caspase)-8 (Benchoua
et al., 2002).

Vault PARP has been found in vaults (Kickhoefer et
al., 1999). Vaults are barrel-shaped ribonucleoprotein
particles of arched morphology reminiscent of the
vaulted ceilings of cathedrals (Kickhoefer et al., 1996).
Their biological role is unknown at present. Vaults were
proposed to be part of the nuclear pore complex and have
also been implicated in multidrug resistance (Kickhoefer
et al., 1996). Vault PARP has been found to associate
with and poly(ADP-ribosylate) the major vault protein.
The functional significance of this cytoplasmic PARP is
as elusive as the biological role of vaults.

Tankyrase-1. The chromosomal end-replication prob-
lem has been fascinating researchers for some years.
The observation that tumor cells but not untransformed
cells can prevent the shortening of their chromosomes by
using a ribonucleoprotein enzyme named telomerase
opened a new target area for anticancer drug develop-
ment. Therefore, it is not surprising that among the
novel PARPs, tankyrase, a telomere-associated enzyme
(Smith et al., 1998), has attracted much attention.
Tankyrase-1, a protein containing 24 ankyrin repeats,
binds to and poly(ADP-ribosylates) telomere repeat-
binding factor 1 (TRF1), a negative regulator of telom-
erase (Smith et al., 1998). Tankyrase-1 was also found to
auto-poly(ADP-ribosylate) itself. Poly(ADP-ribosylation)
probably releases TRF from telomeres and inhibits TRF
function because overexpression of tankyrase-1 in-
creased telomere length. Like vault PARP, tankyrase
does not require DNA for activity. Overexpression of
tankyrase-1 in the nucleus diminished the level of un-
modified TRF1 in immunoblots and led to reduced im-
munofluorescence of TRF1 at interphase telomeres
(Smith and de Lange, 2000). Long-term overexpression
of tankyrase-1 in telomerase-positive human cells re-
sulted in a gradual and progressive elongation of telo-
meres (Smith and de Lange, 2000). A PARP-deficient
form of tankyrase-1 failed to affect TRF1 and did not
alter telomere length dynamics, which is consistent with

ADP-ribosylation of TRF1 being the main cause of al-
tered telomere homeostasis. Recently, a new
tankyrase-1 binding protein has been identified (Se-
imiya and Smith, 2002). TAB182, a 182-kDa protein has
been shown to coimmunoprecipitate with tankyrase-1
from human cells and to serve as an acceptor of poly-
(ADP-ribosyl)ation by tankyrase-1 in vitro. Like TRF1,
TAB182 binds to the ankyrin domain of tankyrase-1
(Seimiya and Smith, 2002).

Tankyrase-2, an extranuclear PARP, was originally
described as a Golgi-associated protein also referred to
as TNKL (Chi and Lodish, 2000; Lyons et al., 2001).
Tankyrase-2 is ubiquitously expressed in all tested tis-
sues. The enzyme has a unique N-terminal domain, but
the rest of the enzyme (ankyrin repeat, sterile alpha
motif, catalytic domain) shows 85% homology to
tankyrase-1 at the amino acid level (Kaminker et al.,
2001). During subcellular fractionation, tankyrase-2 as-
sociates with low-density microsome fraction (Lyons et
al., 2001). Similarly to tankyrase-1, tankyrase-2 local-
izes predominantly to the perinuclear region in a pat-
tern consistent with localization to the Golgi apparatus.
Currently available antibodies, however, cannot differ-
entiate between the two tankyrase enzymes. Therefore,
upon the availability of specific tankyrase-1- and -2-
specific antibodies, intracellular localization may need
to be reevaluated. Both tankyrases interact with TRF1,
as suggested by two-hybrid analysis and coimmunopre-
cipitation. In contrast to tankyrase-1, overexpression of
tankyrase-2 triggered a 3-aminobenzamide-inhibitable
necrotic-type cell death (Kaminker et al., 2001).

Tankyrase-3 has recently been identified in Gilbert de
Murcia’s laboratory (G. de Murcia, personal communi-
cation).

Using differential display, a novel inducible PARP
enzyme termed TcPARP has been identified in 2,3,7,8-
tetrachlorodibenzo-p-dioxin-treated cells (Ma et al.,
2001). Expressed 2,3,7,8-tetrachlorodibenzo-p-dioxin-in-
ducible PARP, a 75-kDa protein exhibited PARP activity
toward histones and was found to be homologs to RM1
and TIL, which are proteins induced during long-term
potentiation (memory formation) and in tumor-infiltrat-
ing lymphocytes, respectively.

Poirier’s group has isolated a ¢cDNA from PARP-1-
deficient fibroblasts that encodes a 55-kDa protein iden-
tical with the catalytic domain of PARP-1 (Sallmann et
al., 2000). Based on currently available data, the possi-
bility that short PARP represents a splice variant of
PARP-1 cannot be excluded.

This list of novel PARP enzymes is far from complete.
Gilbert de Murcia’s laboratory has recently cloned a
total of 16 novel PARP ¢cDNAs (G. de Murcia, personal
communication), indicating that PARP research soon
faces a stimulating challenge to determine the likely
distinct or sometimes overlapping biological roles of
these new PARP homologs.
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C. Poly(ADP-Ribose) Catabolism: Poly(ADP-Ribose)
Glycohydrolase

Poly(ADP-ribosylation) is a dynamic process because
poly(ADP-ribose) polymer is rapidly degraded by poly-
(ADP-ribose) glycohydrolase and ADP ribosyl protein
lyase. The half-life of the polymer is estimated to be less
than 1 min, indicating a concerted activation of poly-
(ADP-ribose)-synthesizing and -degrading enzymes.
Since its discovery by Miwa and Sugimura in 1971
(Miwa and Sugimura, 1971; Miwa et al., 1974), PARG
has not been investigated nearly as intensively as
PARP-1. This is mostly because of difficulties in obtain-
ing pure PARG enzyme. The difficulty lies in the low
cellular abundance of the enzyme and its sensitivity to
proteolytic degradation during purification (Davidovic et
al., 2001). PARG is capable of hydrolyzing both terminal
ADP-ribose units from poly(ADP-ribose) polymers via
exoglycosidic activity and of removing larger oligo(ADP-
ribose) fragments via endoglycosidic cleavage (Brochu et
al., 1994; Davidovic et al., 2001). Because the K, value
of PARG is much lower for larger (ADP-ribose), poly-
mers than for smaller ones (Hatekayama et al., 1986),
the enzyme probably removes and catabolizes bigger
fragments first. PARG then switches to exoglycosidic
mode and removes ADP-ribose units one by one. The
proximal ADP-ribose moiety is removed from the accep-
tor proteins by ADP-ribosyl protein lyase (Oka et al.,
1984). The high specific activity of PARG compensates
for the low abundance of the enzyme. Nearly 90% inhi-
bition of PARG activity is required (by heat shock) for
cellular poly(ADP-ribose) accumulation (Jonsson et al.,
1988a,b). The rat and bovine PARG ¢DNA-s cloned by
Sugimura’s (Shimokawa et al., 1999) and Jacobson’s
groups (Lin et al., 1997), respectively, encode 109- to
111-kDa proteins sharing no homology with other pro-
teins other than a protein sequence from Caenorhabditis
elegans that is likely to be the PARG enzyme of this
organism. Expressed PARG formed stable dimers
through leucin zipper-like dimerization domains even
under SDS-polyacrylamide gel electrophoresis condi-
tions. PARG contains both a nuclear localization signal
(NLS) and a nuclear export signal, providing support for
the idea that PARG may shuttle between the nucleus
and the cytoplasm (Shimokawa et al., 1999). A PARG
shuttle may serve regulatory functions and may also
allow PARG to participate in the digestion of poly(ADP-
ribose) synthesized by cytoplasmic PARP enzymes.

Contrary to the plethora of articles reporting cellular
and in vivo effects of PARP inhibition, there are very few
articles on the biological role of PARG. Tannin deriva-
tives have been most frequently used to inhibit PARG in
vitro. The heterogeneous composition and significant
vendor-to-vendor and batch-to-batch variation of tannin
represents a major obstacle in PARG pharmacology.
Nonetheless, oenothein B, a macrocircular ellagitannin
PARG inhibitor, has been shown to suppress mouse

mammary tumor virus transcription and to activate tu-
mor-suppressing macrophages (Aoki et al., 1995). Fur-
thermore, gallotannin and nobotanin B have been
shown by Swanson’s group to protect murine astrocytes
from oxidative injury (Ying and Swanson, 2000). More-
over, the same PARG inhibitors and the PARP inhibitor
3-aminobenzamide have been tested in parallel for their
cytoprotective effect in hydrogen peroxide, N-methyl-D-
aspartate (NMDA), and DNA alkylating agent-induced
neuronal and astrocyte cell death model (Ying et al.,
2001). Even though inhibition of PARG and PARP had
opposing effects on poly(ADP-ribose) formation, both ap-
proaches provided remarkable protection to the cells
(Ying et al., 2001). We have also observed the cytopro-
tective effect of gallotannin in oxidatively stressed A549
lung epithelial cells and HaCaT keratinocytes (L. Virag,
manuscript in preparation). These findings may open
new avenues for pharmacological interventions target-
ing poly(ADP-ribose) metabolism. However surprising it
may sound, it now seems that inhibition of both the
poly(ADP-ribose) synthesizing enzyme (PARP) and the
catabolizing enzyme (PARG) has similar cytoprotective
effect in oxidatively stressed cells. The likely solution for
this paradox is that removal of inhibitory poly(ADP-
ribose) residues by PARG from the automodification do-
main of PARP is required for PARP to maintain its
active state (Fig. 3.). The inhibition of PARG results in
hyper-auto-poly(ADP-ribosylation) of PARP and inhibi-
tion of the enzyme. In addition, PARG activity seems
necessary for the high poly(ADP-ribose) turnover result-
ing in NAD™ depletion and cell death triggered by DNA-
damaging stimuli. These intriguing new data raise sev-
eral questions: Is PARG inhibition a viable strategy for
the treatment of diseases (reperfusion injury, inflamma-
tion, shock) in which PARP inhibitors proved useful?
How does PARG inhibition and nontransient poly(ADP-
ribosylation) affect DNA repair? Are PARP-assisted
transcription machineries differentially regulated by

PARP
(active)

(inactive)

NADJF\/'—- ADP-ribose @

Fic 3. The role of PARG in the reactivation of PARP. PARP activa-
tion leads to automodification of PARP, resulting in PARP inhibition. By
removing poly(ADP-ribose) from PARP, PARG reactivates PARP and
allows for continuous NAD turnover.

——— nicotinamide [}
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PARG and PARP? To address these issues, specific and
potent PARG inhibitors as well as efficient molecular
biology tools to overexpress or genetically delete PARG
are required. Considering the intense effort in this field
of research, it is likely that PARG-deficient mice will
soon become available and will certainly accelerate
PARG research.

D. PARP in DNA Repair

The assumption that PARP-1 may be involved in DNA
repair was born simultaneously with the identification
of the enzyme as a DNA binding protein. Several studies
using various pharmacological PARP inhibitors have
concluded that PARP-1 plays a role in DNA repair
(Burkle, 2001; Ziegler and Oei, 2001). It has been shown,
for example, that the PARP inhibitor 3-aminobenzamide
retarded the rejoining of DNA strand breaks and en-
hanced the frequencies of unscheduled DNA synthesis
and sister chromatide exchanges in MNNG-treated Chi-
nese hamster ovary and HeLa S3 cells (Park et al.,
1983). Furthermore, PARP inhibition rendered cells
more sensitive to cytotoxicity induced by DNA-damag-
ing stimuli (Szabo, 2000). Later, using random mutagen-
esis, Berger’s group generated cell lines having low
PARP activity and showed that these mutants were
hypersensitive to ionizing and UV irradiation, topoisom-
erase I inhibitors, and a series of different alkylating
agents, including alkylsufonates, alkylnitrosoureas, and
nitrosoguanidine (Chatterjee et al., 1989, 1990a,b).
When molecular biological manipulation has allowed
dominant negative inhibition, depletion, or genetic ab-
lation of PARP-1 by overexpression of its DNA binding
domain, by expression of antisense PARP-1 RNA, or by
homologous recombination, respectively, a contribution
of PARP-1 in DNA repair and maintenance of genomic
integrity becomes apparent (Molinete et al., 1993; Stevn-
sner et al., 1994; Schreiber et al., 1995; Shall and de
Murcia, 2000; Smulson et al., 2000). Many studies using
pharmacological inhibitors of PARP have problems as-
sociated with limited selectivity or specificity of many of
the compounds used. Thus, from the large number of
publications, we restrict our current discussion to what
we have learned from the PARP-1-deficient mice and
cells derived from them. However, the results obtained
from studies using PARP-deficient experimental sys-
tems usually do not distinguish between findings related
to the physical absence of the enzyme (i.e., “scaffolding”
functions) and the lack of PARP’s catalytic activity (i.e.,
the “enzymatic” function).

PARP knockout mice generated in de Murcia’s labo-
ratory were highly sensitive to death induced by ionizing
radiation or monofunctional alkylating agents (de Mur-
cia et al., 1997). Furthermore, exposure to methylmeth-
anesulfonate or N-methyl-N-nitrosourea of embryonic
fibroblasts derived from PARP ™/~ mice but not from
PARP " mice exhibited a reduced rate of proliferation
because of their cell-cycle block in Go/M (de Murcia et

al., 1997; Trucco et al., 1998). PARP-deficient cells also
exhibited genomic instability, as evidenced by an in-
creased number of micronuclei (chromatin fragments
indicating chromosomal damage) with or without meth-
ylmethanesulfonate treatment. Furthermore, PARP '~
fibroblasts exhibited slower rejoining of DNA breaks, as
measured with use of the comet (single-cell gel electro-
phoresis) assay indicating deficient ligation. It has also
been investigated whether the short-patch repair sys-
tem responsible for the replacement of a single mutated
nucleotide or the long-patch repair system capable of
replacing 7 to 14 nucleotides is more affected by the
absence of PARP-1. It was found that lysates from
PARP-1-deficient fibroblasts had no long-patch repair
activity, and their short-patch repair activity was also
reduced by approximately 50%, as compared with
PARP-1-proficient cell lysates (Dantzer et al., 2000).
From these data, the conclusion can be drawn that
PARP-1 contributes to the maintenance of genomic in-
tegrity and also enhances base-excision repair in irradi-
ated or alkylating agent-treated cells. The involvement
of PARP-1 in genomic surveillance is also indicated by
the interaction of PARP-1 with other nick sensors such
as DNA ligase III, adaptor factors such as XRCC1 (Mas-
son et al., 1998), and DNA repair effectors such as DNA
polymerase B and DNA ligase III, components of the
base-excision repair complex. Through the zinc-finger
domains or the breast cancer susceptibility protein C
terminus (BRCT) motif of the automodification domain,
PARP-1 physically associates with these proteins, as
indicated by the two-hybrid system or coimmunoprecipi-
tation. Regulation of the activity of these proteins by
PARP-1 is carried out both via physical interaction and
poly(ADP-ribosylation). The exact nature of the regula-
tory role of PARP-1 within the base-excision repair com-
plex, however, requires further investigation.

E. PARP-1 in Cell Death

In the last decade, PARP-1 has become widely known
among cell biologists as the “death substrate” (Tewari et
al., 1995). Indeed, PARP-1 was one of the first identified
substrates of caspases, the main executioners of apopto-
sis (Kaufmann et al., 1993). Therefore, a role for PARP-1
in the regulation of apoptosis has been suggested. Even
though there are data in the literature pointing toward
a possible role of PARP-1 in apoptosis, more convincing
evidence suggests the involvement of PARP-1 in necro-
sis. Here, we summarize the current knowledge on the
role PARP-1 plays in the two main pathways of cell
death: apoptosis and necrosis. Most of the studies re-
lated to PARP and cell death are likely to pertain to the
major PARP isoform, PARP-1. Studies related to the
potential role of the other PARP isoforms in cell death
are scarce; in one such recent study, nevertheless, it was
shown that overexpression of tankyrase-2 is able to in-
duce cell death in fibroblasts (Kaminker et al., 2001).
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1. Apoptosis. During apoptosis, caspase-7 and caspase-3
cleave PARP-1 into two fragments: p89 and p24 (Tewari et
al., 1995; Germain et al., 1999). These proteases recognize
a DEVD motif in the nuclear localization signal of PARP-1
(Lazebnik et al., 1994), and cleavage at this site separates
the DNA binding domain from the catalytic domain, re-
sulting in the inactivation of the enzyme. Cleavage frag-
ments contribute to the suppression of PARP activity be-
cause p89 and p24 inhibit homoassociation and DNA
binding of intact PARP-1, respectively (Kim et al., 2000a,b;
D’Amours et al., 2001). The existence of this positive feed-
back loop in caspase-mediated PARP-1 inactivation sug-
gests that blocking PARP-1 activation is vital for the
proper function of the apoptotic machinery. According to
this concept PARP cleavage aims at preventing the activa-
tion of PARP by the ensuing DNA fragmentation and
thereby aims at preserving cellular energy for certain ATP-
sensitive steps of apoptosis. Experimental evidence sup-
porting this hypothesis was provided by Herceg and Wang
(1999), showing that the expression of a caspase-uncleav-
able, modified version of PARP in TNF-a-treated PARP-1
knockout fibroblasts leads to NAD ™" depletion and necro-
sis. Inhibition of PARP activity by 3-aminobenzamide
blocked both NAD™ depletion and cell death. Recent work
indicates that PARP-1 cleavage during apoptosis is not
simply required to prevent excessive depletion of NAD and
ATP, but it is also necessary to release the human Ca?"-
and Mg?*-dependent endonuclease (DNAS1L3) from poly-
(ADP-ribosyl)ation-mediated inhibition (Boulares et al.,
2001). Although caspase-mediated PARP-1 cleavage is
well documented, little is known about the possible cleav-
age of novel PARP enzymes and PARG. Recently PARP-2
has been shown to be cleaved by caspase-8, a caspase
which was considered to be an initiator caspase, the pro-
form of which associated with cell-surface death receptors.
In ischemia-induced neuronal apoptosis, caspase-8 trans
locates into the nucleus and cleaves PARP-2 at a LQMD
sequence. PARP-2 cleavage, similar to PARP-1 cleavage,
separates the DNA binding end-catalytic domains and in-
activates the enzyme (Benchoua et al., 2002). In addition to
PARP-1 and PARP-2, PARG also becomes cleaved at a
relatively early stage of apoptosis (Affar et al., 2001). How-
ever, the biological role of the cleavage of PARP-2 and
PARG has not yet been investigated in detail.

The question arises whether poly(ADP-ribosylation)
by PARP-1 affects the apoptotic process. Because the
caspase-cleaved form of PARP-1 is catalytically inactive,
such an apoptosis-modifying effect could only be exerted
in the early phase of apoptosis, i.e., before caspase acti-
vation occurs. Data obtained with the use of pharmaco-
logical PARP inhibitors ranged from inhibition (Tanaka
et al., 1995b; Kuo et al., 1996; Shiokawa et al., 1997; Guo
et al., 1998; Richardson et al., 1999) to a lack of effect
(Watson et al., 1995) and augmentation of apoptosis
(Ray et al., 1992; Ghibelli et al., 1995; Payne et al., 1998;
Tentori et al., 1999, 2001a,b; Berry et al., 2000) depend-
ing on cell type, culture condition, and apoptosis induc-

ers used. A transient burst of poly(ADP-ribosylation)
has been observed in various models of apoptosis, such
as in camptothecin-treated HL-60 cells, anti-Fas plus
cycloheximide-treated 3T3-L1 cells, and anti-Fas-
treated Jurkat cells (Rosenthal et al., 1997; Simbulan-
Rosenthal et al., 1998). Depletion of PARP-1 by anti-
sense RNA expression or genetic ablation of PARP-1
gene in PARP-1"/" fibroblasts blocked poly(ADP-ribosy-
lation) and also inhibited Fas-induced apoptosis (Simbu-
lan-Rosenthal et al., 1999a). These data indicate that
PARP-1-mediated poly(ADP-ribosylation) of nuclear
proteins is required for apoptosis. However, several lines
of evidence support the idea that PARP-1 is dispensable
for apoptosis. In addition to pharmacological data, ex-
periments on various PARP-1-deficient cells proved the
proficiency of these cells to undergo apoptosis. Soon after
PARP-1 knockout mice became available, a comprehen-
sive series of experiments compared the sensitivity of
PARP™* and PARP ™/~ hepatocytes, thymocytes, and
primary neurons with Fas-, TNF-a—, etoposide-, dexa-
methasone-, and ceramide-induced apoptosis and found
no difference between the knockout and the wild-type
cells (Leist et al., 1997b). Wang et al. (1997) also found
that cells lacking PARP underwent apoptosis normally
in response to treatment with anti-Fas, TNF-a, y-irra-
diation, and dexamethasone. Our group reported no dif-
ference in the apoptotic response of thymocytes in re-
sponse to dexamethasone or anti-Fas treatment. Normal
development of PARP knock out mice also argues
against an essential role of PARP-1 in apoptosis (Wang
et al., 1995). From these data, PARP seems to be dis-
pensible for most forms of apoptosis; however, PARP
cleavage is vital for the appropriate function of the ap-
optotic machinery.

Recent data indicate that PARP-1 also plays a central
role in a caspase-independent apoptosis pathway medi-
ated by apoptosis-inducing factor (AIF) (Yu et al., 2002).
Translocation of AIF from the mitochondria to the nu-
cleus is dependent on PARP activation in neurons and
fibroblasts treated with various DNA-damaging stimuli
such as MNNG, NMDA, or hydrogen peroxide (Yu et al.,
2002).

2. Necrosis. Various stimuli can trigger both apoptotic
and necrotic cell death. It is important to note that
necrosis is not simply another type of cell death; it rep-
resents a more severe form of cell demise compared with
apoptosis. Viewing cell death from the point of view of
the tissue or organ in which cell death takes place, such
a distinction makes sense. In addition to numerous bio-
chemical and morphological differences between apopto-
sis and necrosis, probably the most distinctive feature of
necrosis is the disintegration of the plasma membrane,
as opposed to the compaction of apoptotic cells. Leakage
of cell content from necrotic cells into the surrounding
tissue may contribute to organ injury, whereas apoptotic
cells are rapidly cleared from the tissues by macro-
phages. Using NMDA- or peroxynitrite-treated neurons,
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Lipton’s and Nicotera’s groups elegantly demonstrated
that apoptosis and necrosis are at two ends of a contin-
uum in which apoptosis is caused by mild stimuli and
necrosis is triggered by severe stimuli (Bonfoco et al.,
1995; Nicotera et al., 1999). Furthermore, it has also
been suggested that both ATP and NAD™ are important
determinants of the mode of cell death, especially in
oxidatively injured cells (Coppola et al., 1995; Klaidman
et al., 1996; Leist et al., 1997a, 1999a; Mukherjee et al.,
1997; Lelli et al., 1998; Lieberthal et al., 1998; Nicotera
et al., 1998; Ran et al., 1999; Crowley et al., 2000). From
these observations, it was plausible to hypothesize that
PARP as a NAD"-catabolizing enzyme may serve as a
molecular switch between apoptosis and necrosis. The
initial studies on the role of PARP and cell death were
performed using pharmacological inhibitors of PARP
(most frequently, 3-aminobenzamide and nicotinamide)
and have been previously reviewed (Szabo and Dawson,
1998). These agents can have additional actions, such as
acting as free-radical scavengers. More recent studies
using cells from PARP knockout animals confirmed the
role of the PARP pathway in oxidant-mediated cell in-
jury. In the first such study, Heller and coworkers
(Heller et al., 1995; Wang et al., 1995) observed that
islets of the PARP/~ mice are resistant to NO and
oxidant-related injury when compared with the re-
sponse in islets of the wild-type mice. Similarly, we
observed that pulmonary fibroblasts from the PARP~/~
mice are protected from peroxynitrite-induced cell injury
when compared with the fibroblasts of the corresponding
wild-type animals (Szabo et al., 1998¢c). Furthermore,
Eliasson et al. (1997) demonstrated protection by
PARP/~ phenotype in brain slices exposed to various
oxidants. Thus, the more definitive studies using PARP
knockout cells have now fully confirmed the conclusions
of the earlier pharmacological studies. With respect to
the mode of cell death, the earlier studies provided some
clues that it is the necrotic type (e.g., in the Heller study,
lactate dehydrogenase release was blocked in PARP-
deficient islets), but direct investigations have not been
conducted to characterize the mode of cell death. In
hydrogen peroxide-treated HT-29 epithelial cells, the
inhibition of PARP by 3-aminobenzamide inhibited ne-
crosis but not apoptosis (Watson et al., 1995). One year
later, Palomba et al. (1996) found that inhibition by
3-aminobenzamide of hydrogen peroxide-induced necro-
sis in U937 myeloma cells was associated by increased
apoptotic DNA fragmentation and cell blebbing. Later,
our group provided evidence for the possible role of
PARP-1 in switching default apoptosis to necrosis in
oxidatively injured cells. In our experiments, we used
thymocytes from PARP-1*'* and PARP-1"/~ mice and
compared their responses to peroxynitrite and hydrogen
peroxide (DNA-damaging stimuli) as well as dexameth-
asone and anti-Fas treatment (non-DNA-damaging
agents). While nongenotoxic stimuli (dexamethasone
and anti-Fas) triggered equal apoptotic responses, as

evidenced by phosphatidylserine exposure, caspase acti-
vation, and DNA fragmentation, in wild-type and PARP-
1-deficient thymocytes, marked differences could be ob-
served with DNA-damaging oxidative agents. Low
concentrations of peroxynitrite and hydrogen peroxide
induced apoptosis in both PARP-1""* and PARP-1"/~
cells, with 3-aminobenzamide having no effect on the
responses. At higher concentrations of the oxidants, ne-
crotic cell death occurred as indicated by propidium io-
dide uptake, and necrosis was accompanied by de-
creased output of the apoptotic parameters caspase
activation and especially DNA fragmentation. Necrosis
and decrease of apoptosis could be prevented by 3-ami-
nobenzamide, indicating that PARP activation was re-
sponsible for the apoptosis-to-necrosis switch in severely
damaged cells. Furthermore, PARP-1 knockout cells re-
sponded to oxidative challenge with a concentration-
dependent apoptosis and showed no switch to necrosis.
Using pharmacological PARP inhibitors, we found sim-
ilar biphasic responses in other cell types, including
lymphoma cells, pancreatic acinar cells (L. Virag and C.
Szabo, unpublished data), and HaCaT keratinocytes
(Szabo et al., 2001), and other groups also reported pro-
tection by PARP inhibition from necrotic but not from
apoptotic cell death (Ha and Snyder, 1999; Filipovic et
al., 1999; Palomba et al., 1999; Tentori et al., 2001a).
Comparison of PARP™* and PARP /" fibroblasts pro-
vided further support for the existence of PARP-1-medi-
ated apoptosis-to-necrosis switch in oxidatively chal-
lenged cells (Ha and Snyder, 1999). Recently, Moroni et
al. (2001) published a series of investigations demon-
strating that PARP activation may serve as a cell-death
switch in vivo in oxygen-glucose deprivation-based mod-
els of cerebral ischemia. A role of PARP activation in
necrosis is also consistent with the fact that the inhibi-
tion or absence of PARP provides the most remarkable
protection in disease models such as stroke, myocardial
infarction, or mesenteric ischemia-reperfusion injury,
which are characterized predominantly by necrotic-type
cell death (Miesel et al., 1995; Schreiber et al., 1995). It
is noteworthy here that, in addition to the process of
NAD™ depletion and the induction of mitochondrial dys-
function, part of the PARP overactivation-induced cell
necrosis may be related to intracellular acidification:
when PARP catabolizes NAD", the “by-product” of the
reaction is H", which directly induces intracellular acid-
ification, having direct consequences for cell viability
(Affar et al., 2002). It is still a widely held view that
necrosis is a futile process that cannot be influenced by
pharmacological means (although apoptosis is the so-
phisticated process which is under the control of a com-
plex cellular machinery and is amenable to pharmaco-
logical intervention). The above-listed observations—
demonstrating protection against cell necrosis by
inhibition or inactivation of PARP-1—prove that the
necrotic process, indeed, is amenable to pharmacological
interventions. In fact, the massive protection seen in
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many inflammatory models and in models of reperfusion
injury in the absence of functional PARP (see below)
may indicate that necrosis and not apoptosis is the prob-
able predominant form of cell death and organ dysfunc-
tion in many diseases.

Moderate PARP activation may decrease cellular
NAD™" content without being fatal to the cells. Such
moderately compromised cellular energetics may cause
cell dysfunction. It seems that pharmacological inhibi-
tion of PARP, by improving cellular energetics, may
rescue cells from this dysfunctional stage and thereby
can restore cell function. Examples of such a restorative
effect were found in ex vivo experiments in endothelial
cells producing high levels of endogenous oxidants dur-
ing diabetes (Soriano et al., 2001b) and in intestinal
epithelial cells from colitic guts (Jijon et al., 2000).
PARP-mediated dysfunction of intestinal epithelial cells
manifesting in increased permeability has also been
demonstrated in monolayers of peroxynitrite-treated
CaCo-2BBe cells (Kennedy et al., 1998; Forsythe et al.,
2002). Moreover, stress-induced immunosuppression
could also be suppressed by genetic ablation of PARP-1,
indicating the involvement of PARP-1 in stress-induced
immune-cell dysfunction (Drazen et al., 2001).

3. Complex Role of PARP-1 in DNA Damage-Induced
Cell Death. After more than 30 years since the discovery
of PARP-1, a considerable controversy still exists over
the role the enzyme plays in DNA-damage signaling and
especially DNA damage-induced cell death. The two
sides of the coin are represented by groups claiming that
PARP-1 is an indispensable cellular survival factor and
by other scientists viewing PARP as a perpetrator of cell
death, as described earlier in this article (Fig. 4). This
controversy mainly results from differences in experi-
mental approaches with special regard to the use of

The Yin-yang of PARP activation
Survival

«- DNA repair

PARP activation

Oxidative \ Alkylating
stress agents
Ionizing
radiation
NAD* |

ATP|
PARP activation m

Fic 4. The Yin-Yang of PARP activation. The death-promoting and
the cytoprotective effects of poly(ADP-ribosylation) represent two seem-
ingly opposing faces (the Yin and Yang) of PARP. Oxidative stress-
induced DNA breakage causes a high level of PARP activation, leading to
the depletion of NAD" and ATP and consequently to necrotic cell death.
On the other hand, poly(ADP-ribosylation) facilitates DNA repair in cells
subjected to treatment with alkylation agents or ionizing radiation.

different DNA-damaging stimuli (alkylating agents, ion-
izing radiation, or free radicals and oxidants) (Fig. 4)
and different cytotoxicity assays measuring either apo-
ptosis or necrosis. This issue now seems to be resolvable
in a unifying concept (Fig. 5). According to this concept
(Fig. 5), cells exposed to DNA-damaging agents can en-
ter three pathways determined by the intensity of stim-
ulus: 1) PARP-1 activated by mild genotoxic stimuli
facilitates DNA repair by signaling cell-cycle arrest and
by interacting with DNA repair enzymes such as XRCC1
and DNA-dependent protein kinase. As a result, DNA
damage is repaired, and cells survive without the risk of
passing on mutated genes. 2) More severe DNA damage
induces apoptotic cell death during which caspases, the
main executor enzymes of the apoptotic process, inacti-
vate PARP-1 by cleaving it into two fragments (p89 and
p24). This pathway allows cells with irreparable DNA
damage to become eliminated in a safe way. Cleavage of
PARP is believed to aim at preventing the activation of
PARP by the ensuing DNA fragmentation and thereby
preventing cells from the pathological sequelae of the
third route in which cells die by necrosis, a less con-
trolled mechanism posing danger for bystander cells. 3)
The third route is induced by extensive DNA breakage
that is usually triggered by a massive degree of oxidative
or nitrosative stress (hydroxyl radical, peroxynitrite, ni-
troxyl anion). The overactivation of PARP depletes the
cellular stores of its substrate NAD™ and consequently
ATP. The severely compromised cellular energetic state
inhibits the apoptotic cell death process to proceed, be-
cause many steps of apoptosis are known to depend on

Route 1 Route 2 Route 3
l DNA damage l
Mild Unrepairable Excessive

l : |

PARP activation PARP activation overactivation

of PARP
- - } R |
DNA repair L - - » DNA repair {insufficient) : NAD| ,ATP |
| ' ! |
1
. p53-mediated 4----- - necrosis
Cell survives apoptosis l
rapid clearence cell Ieal;age
of apoptotic cells __promotes
inflammation

by macrophages

Fic 5. The intensity of DNA-damaging stimuli determines the fate of
cells: survival, apoptosis, or necrosis. Depending on the intensity of the
stimulus, genotoxic agents can trigger three different pathways. In the
case of mild DNA damage, poly(ADP-ribosylation) facilitates DNA repair
and thus survival (route 1). More severe genotoxic stimuli activate the
p53-dependent (or possibly independent) apoptotic pathway (route 2).
The most severe DNA damage may cause excessive PARP activation,
depleting cellular NAD“/ATP stores. NAD */ATP depletion blocks apopto-
sis and results in necrosis (route 3). The inhibition of PARP in cells
entering route 1 inhibits repair and thus diverts cells to route 2 (broken
arrow). The inhibition of PARP in cells entering route 3 preserves cellular
energy stores and thus enables apoptotic machinery to operate (broken
arrow).
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ATP (Kass et al., 1996; Richter et al., 1996; Stefanelli et
al., 1997; Ferrari et al., 1998; Feldenberg et al., 1999;
Chalmers-Redman et al.,, 1999; Leist et al., 1999b).
PARP activation can quickly take predominance over
caspase activation-mediated apoptosis because the very
rapid activation of PARP that occurs within minutes
after DNA damage, as opposed to the slower kinetics of
caspase activation. Pharmacological PARP inhibition or
the absence of PARP in PARP-deficient mice preserves
cellular ATP and NAD™" pools in oxidatively stressed
cells and thereby allows them to function normally or, if
the apoptotic process has initiated, to use the apoptotic
machinery and die by apoptosis instead of by necrosis.
We and others have shown that inhibiting or deleting
PARP—in parallel with decreased necrosis—results in a
dramatic increase in the output of apoptotic parameters
(caspase activity, DNA fragmentation, phosphatidylser-
ine exposure), providing convincing support for this sce-
nario (Palomba et al., 1996; Virag et al., 1998b).
According to the above scheme, cells with mild repair-
able DNA damage as well as cells with severely dam-
aged cells are diverted by PARP inhibition to a common
pathway (route 2), which means the elimination of cells
by apoptosis (Fig. 5.). When repair of minor DNA dam-
age is halted by PARP inhibition, DNA damage will
trigger the apoptotic machinery via p53. On the other
hand, inhibition of PARP in severely injured cells (which
would normally undergo necrosis) preserves ATP for the
apoptotic system, and cell death occurs via apoptosis
instead of necrosis. Besides the severity of DNA damage,
the type of DNA injury may also be relevant, because we
have never observed sensitization by PARP inhibition to
low-level (subapoptotic degree) oxidative challenge.
Moreover, various free radicals and oxidants, but not
alkylating agents and other DNA-damaging stimuli, tar-
get mitochondrial enzymes and the electron transport
chain, exerting a direct inhibitory effect on central ele-
ments of cellular energy homeostasis (Radi et al., 1994;
Lizasoain et al., 1996; Stachowiak et al., 1998; Richter et
al., 1999; Boczkowski et al., 2001). Therefore, the ability
of oxidatively injured cells to compensate for PARP-
mediated energetic crisis is also compromised (Leist et
al., 1999a). Moreover, PARP activation, probably via
NAD™" and ATP depletion, also contributes to mitochon-
drial dysfunction, leading to the rapid deterioration of
mitochondrial integrity (Virag et al., 1998a; Chong et al.,
2002; Yu et al., 2002). Comprehending this complex role
of PARP in the cell death process is important to under-
standing how PARP inhibition can protect from or en-
hance cytotoxicity depending on the nature and severity
of DNA damage. Nevertheless, the exact reason of why
PARP activation promotes cell death in certain systems
or protects from cytotoxicity requires further investiga-
tion. The nature of genotoxic stimuli (oxidative stress,
alkylating agents, ionizing radiation, etc.) and cellular
metabolism are usually considered to be key factors in
determining the role of poly(ADP-ribosylation) in the

cell death process. Our unpublished observation that in
thymocytes and A549 lung epithelial cells, N-methyl-
N'nitro-N-nitrosoguanidine-induced cytotoxicity and ox-
idative stress-induced cytotoxicity are both mediated by
PARP activation supports the idea that regardless of the
nature of DNA-damaging noxa, PARP overactivation
leads to necrotic cell death. Moreover, cell type-specific
differences in cellular metabolism may be the key deter-
minants of sensitivity to genotoxic stimuli.

F. PARP-1 in the Regulation of Cell Proliferation and
Differentiation

To fulfill specific tasks and to function as specialized
building blocks of tissues, cells need to undergo a series
of proliferative steps during which they gain new func-
tions and lose others. This strictly controlled process
requires concerted gene activation and repression and
results in differentiation into specialized cells function-
ing as hepatocytes, neurons, renal tubular cells, and so
forth. Furthermore, many fully differentiated cell types
such as lymphocytes, fibroblasts, and hepatocytes retain
the ability to proliferate, such as in the course of im-
mune response, wound healing, or liver regeneration,
respectively. Moreover, after DNA damage, it is of pri-
mary importance to stop replications at certain check
points to allow for the repair of DNA damage. From our
current knowledge of PARP function, it is now widely
accepted that PARP-1 is involved in the regulation of
DNA replication, differentiation, and gene expression.

Involvement of PARP-1 in the regulation of replica-
tion is supported by observations that poly(ADP-ribose)
metabolism is accelerated in the nuclei of proliferating
cells (Tanuma et al., 1978; Kanai et al., 1981; Leduc et
al., 1988; Bakondi et al., 2002a). Several lines of evi-
dence suggest that PARP-1 is part of the MRC (Simbu-
lan-Rosenthal et al., 1996). PARP-1 copurifies with DNA
polymerase a and 8, DNA primase, DNA helicase, DNA
ligase, topoisomerases I and II, and key components of
MRC (Simbulan-Rosenthal et al., 1996; Dantzer et al.,
1998; Bauer et al., 2001). Furthermore, several centro-
mere proteins (Saxena et al., 2002) and replication fac-
tors such as DNA polymerase «, topoisomerase I and II,
and proliferating cell nuclear antigen have been shown
to be poly(ADP-ribosylated) (Simbulan-Rosenthal et al.,
1996). Moreover, poly(ADP-ribosylation) of histones was
also proposed to facilitate the assembly and deposition of
histone complexes on DNA during replication (Boulikas,
1990). Nonetheless, the exact role of PARP-1 in the
regulation of replication is still controversial. Inhibition
of PARP by pharmacological or molecular biological
means (anti-PARP-1 antisense, knockout cells, domi-
nant-negative PARP inhibition by overexpression of the
DNA binding domain of PARP) has been shown to in-
hibit replication, cell proliferation, and differentiation in
various experimental models (D’Amours et al., 1999).
However, PARP-1 has also been proposed to be a nega-
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tive regulator for the initiation of DNA replication (EKki,
1994).

Given that replication and differentiation are closely
coupled processes, the above-mentioned experimental data
may provide rationale for a differentiation-modifying effect
of PARP. Indeed, inhibition of PARP has been shown to
interfere with differentiation in various cellular models.
Some myeloid leukemia cell lines can be induced to un-
dergo differentiation toward the monocyte/macrophage or
neutrophil granulocyte linage. In NB4 acute promyelocytic
leukemia and HL-60 acute myelocytic leukemia cells,
PARP levels were dramatically modulated during mono-
cyte/macrophage and neutrophilic differentiation (Bhatia
et al, 1995). PARP inhibitors (5-methylnicotinamide,
3-methoxybenzamide, and 3-aminobenzamide) were found
to inhibit differentiation of human granulocyte-macroph-
age progenitor cells to the macrophage lineage (Francis et
al., 1983). Differentiation to the neutrophil-granulocyte
lineage was much less affected (Francis et al., 1983). In
other studies, overexpression of PARP arrested NB4 cells
and blocked all trans-retinoic acid-induced terminal neu-
trophilic differentiation (Bhatia et al., 1996). Furthermore,
plasmacytic differentiation of Daudi lymphoma cells was
impaired in the presence of PARP inhibitors (Exley et al.,
1987). Importance of cell type-specific differences is also
underlined by observations that benzamide PARP inhibi-
tors induced melanogenesis and differentiation of mela-
noma cells (Durkacz et al., 1992). Poly(ADP-ribosylation)
has also been implicated in erythroid differentiation (Rastl
and Swetly, 1978; Morioka et al., 1979; Terada et al., 1979;
Sugiura et al., 1984), chicken limb bud mesenchymal cell
differentiation (Nishio et al., 1983; Cherney et al., 1985),
and trophoblastic cell differentiation during tumorigenesis
(Masutani et al., 2001).

G. PARP in the Regulation of Gene Expression

A possible role of poly(ADP-ribosylation) in the regu-
lation of transcription has been indicated by findings
reporting frequent association of PARP with transcrip-
tionally active regions of chromatin (de Murcia et al.,
1986; Lindahl et al., 1995). Furthermore, suppression of
inducible-protein synthesis by PARP inhibitors has also
been reported. For example, Yamada et al. (1990a) found
that in pancreatic islet cells, nicotinamide and 3-amino-
benzamide attenuated IFN-y- and TNF-a-induced ex-
pression of class II but not class I major histocompati-
bility molecules. Similar results have also been reported
in human thyroid cells and human astrocytes (Hiro-
matsu et al., 1992; Taniguchi et al., 1993; Qu et al.,
1994). Moreover, inhibition of PARP by nicotinamide,
3-methoxybenzamide, and 3-aminobenzamide or 5-iodo-
6-amino-1,2-benzopyrone (INH,BP) has been shown to
inhibit cytokine-induced iNOS expression in various cell
types (Hauschildt et al., 1991, 1992; Pellat-Deceunynck
et al., 1994; Szabo et al., 1998). Furthermore, treatment
of interleukin-1 B-stimulated rabbit synovial fibroblasts
with 3-aminobenzamide resulted in reduced collagenase

synthesis, indicating the involvement of PARP in the
regulation of collagenase production (Ehrlich et al.,
1995). Later, the role of PARP as transcriptional regu-
lator was confirmed with PARP-deficient cells. Our
group showed defective iNOS expression both at the
protein and at the mRNA level in bacterial lipopolysac-
charide (LPS)- and IFN-y -stimulated PARP-1"/" fibro-
blasts compared with wild-type cells (Szabo et al., 1998).
Furthermore, PARP inhibition or inactivation reduces
the expression of ICAM-1, P-selectin, and E-selectin and
of mucosal addressin cell adhesion molecule-1 in cyto-
kine-stimulated human umbilical vein endothelial cells
(Zingarelli et al., 1998; Oshima et al., 2001; Sharp et al.,
2001). Moreover, decreased expression of these adhesion
molecules has also been found after reperfusion injury in
the hearts of PARP-1-deficient mice compared with their
wild-type counterparts (Zingarelli et al., 1998).

The question arises as to how PARP regulates tran-
scription. One component of the transcription-regulat-
ing activity of PARP may be the regulation of chromatin
structure and function. Poly(ADP-ribosylation) confers
negative charge to histones resulting in electrostatic
repulsion between DNA and histones. Loosening his-
tone-DNA interactions may render DNA regions more
accessible to the transcriptional machinery and thus
may enhance transcription. Indeed, it was reported that
basal PARP activity regulates histone shuttling and nu-
cleosomal unfolding (Althaus et al., 1994).

Meisterernst et al. (1997) provided further molecular
details to our understanding of how PARP regulates
transcription. Their work identified PARP-1 as a func-
tional component of the positive cofactor-1 activity.
PARP enhanced transcription by acting during preini-
tiation complex formation, but it did so at a step after
the binding of transcription factor IID. This transcrip-
tional activation was independent of DNA damage and
required the amino-terminal DNA binding domain but
not the carboxyl-terminal catalytic region (Meisterernst
et al., 1997). The coactivator function of PARP was sup-
pressed by NAD™, probably as a result of auto-ADP-
ribosylation. These results supported a model in which
the binding of PARP-1 to DNA and members of the
transcription complex facilitates transcription, whereas
catalytic activity of PARP has a transcription-inhibitory
effect.

Another important milestone in establishing PARP as
a transcriptional regulator was a report from de Mur-
cia’s laboratory (Oliver et al., 1999). Given the known
anti-inflammatory and transcription inhibitory effect of
PARP inhibition, they hypothesized a possible interac-
tion between PARP-1 and NF-kB, a key transcription
factor regulating the expression of several elements of
inflammation such as cytokines, chemokines, adhesion
molecules, and inflammatory mediators (e.g., iNOS, and
the inducible form of cyclooxygenase). They showed that
PARP-1-deficient cells were defective in NF-«kB-depen-
dent transcription activation, but not in its nuclear
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translocation, in response to TNF-« (Oliver et al., 1999).
Treating mice with LPS resulted in the rapid activation
of NF-«B in macrophages from PARP-1*/* but not from
PARP-1"/" mice. PARP-1-deficient mice were extremely
resistant to LPS-induced endotoxic shock (Oliver et al.,
1999). The molecular basis for this resistance relied on
an almost complete abrogation of NF-«B-dependent ac-
cumulation of TNF-« in the serum and a down-regula-
tion of iNOS, leading to decreased NO synthesis.

Recent studies attempted to delineate the relative
importance of PARP catalytic activity versus PARP as a
structural protein in its stimulatory role on NF-«B acti-
vation, and they yielded contrasting results. For in-
stance, Hassa et al. (2001) demonstrated that a PARP-1
mutant lacking enzymatic and DNA binding activity
interacted comparably with the wild-type PARP-1 with
p65 or p50, concluding that the enzymatic activity of the
enzyme is not essential for its interaction with NF-«B.
In contrast, Chang and Alvarez-Gonzalez (2001) con-
cluded that NF-«B p50 DNA binding was dependent on
the presence of NAD™; DNA binding by NF-«B p50 was
not efficient in the absence of NAD™ and was blocked in
the presence of 3-aminobenzamide, allowing for the con-
clusion that NF-«kB p50 DNA binding is protein-poly-
(ADP-ribosyl)ation-dependent. It is possible that these
interactions are dependent on the cell type, the model
system, and the nature of the stimulus used. Using the
hydrochloride salt of N-(6-ox0-5,6-dihydro-phenanthri-
din-2-yl)-N,N-dimethylacetamide (designated PJ34), a
potent and specific PARP inhibitor, a suppression of
NF-«B-mediated gene expression was found in immuno-
stimulated macrophages (Jagtap et al., 2002), but no
alterations in NF-«B activation were seen in endothelial
cells stimulated in the presence of high extracellular
glucose concentration (Soriano et al., 2001c).

The identification of genes, the expression of which is
regulated by PARP, has also been carried out using DNA
chip technology. In wild-type and PARP-deficient fibro-
blasts, 91 of 11,000 genes were found to be differentially
expressed (Simbulan-Rosenthal et al., 2000), suggesting
a role for PARP-1 as a basal transcriptional regulator.
This technology will hopefully be used for the systematic
delineation of genes affected by PARP in stimulated cells
and also in vivo in various forms of inflammation.

II. Pharmacological Inhibition of PARP

The endogenous inhibitor of PARP, nicotinamide, and
the compound 3-aminobenzamide have long served as
“benchmark” inhibitors of PARP, i.e., experimental
agents suitable for laboratory investigations. These com-
pounds inhibit the enzyme with a low potency, have
limited cell uptake and cellular residence time, and ex-
ert nonspecific effects, for example, antioxidants (Wilson
et al., 1984; Cantoni et al., 1987; Farber et al., 1990;
Szabo et al., 1998c). More recently, several other classes
of more potent and selective PARP inhibitors have been

synthesized. Most PARP inhibitor compounds fall into
the categories of monoaryl amides and bi-, tri-, or tetra-
cyclic lactams. A common structural feature for these
inhibitors is a carboxamide attached to an aromatic ring
or the carbamoyl group built in a polyaromatic hetero-
cyclic skeleton to form a fused aromatic lactam or imide.
Most PARP inhibitors act as competitive inhibitors of
the enzyme, i.e., the inhibitors block NAD" binding to
the catalytic domain of the enzyme, although some ben-
zamides have also been shown to exert additional ef-
fects, such as inhibition of the binding of PARP to DNA
(McLick et al., 1987). With the exception of some pre-
liminary studies comparing the inhibitory effect of
phenanthridinones on PARP-1 versus PARP-2 (Perkins
et al., 2001), the issue of isoform selectivity has not yet
been explored in detail, although considering the highly
conserved active center of PARPs, it is likely that potent
competitive PARP inhibitors will inhibit the catalytic
activity of all PARP isoforms.

In 1992, Banasik and colleagues at the Department of
Clinical Science and Laboratory Medicine, Kyoto University
Faculty of Medicine, Japan, conducted what was at the time
considered a large-scale screening of known small molecules
on the isolated PARP enzyme. This screening yielded many
interesting lead structures that subsequently were the sub-
jects of extensive structure-activity optimization (Banasik et
al., 1992). Constraining the monoaryl amide compounds by
the formation of lactam-generated bicyclic compounds, the
two-ring PARP inhibitors were found superior in potency and
specificity over the monoaryl amide series. Systemically de-
signed constrained 3-aminobenzamide analogs have been de-
veloped by using nicotinamide or 3-aminobenzamide as a
template (Griffin et al., 1995; Watson et al., 1998). The amide
group of nicotinamide or 3-aminobenzamide is free to rotate
relative to the plane of the aromatic ring. Only certain orien-
tation of the amide group with respect to the nitrogen of the
pyridine ring of nicotinamide or the substitution at the 3-po-
sition of benzamide might be accommodated for PARP inhi-
bition. The compounds 3,4-dihydro-5-methyl-isoquinolin-
1(2H)-one and benzoxazole-4-carboxamide are examples of
this approach (Griffin et al., 1995, 1996, 1998). Dihydroiso-
quinolin-1(2H)-nones, 1,6-naphthyridine-5(6H)-ones, quina-
zolin-4(3H)-ones, thieno[3,4-c]pyridin-4(5H)ones and thi-
eno[3,4-d]pyrimidin-4(3H)ones, 1,5-dihydroxyisoquinoline,
and 2-methyl-quinazolin-4[3H]-one are also potent inhibitors
of PARP (Yoshida et al., 1991; Watson et al., 1998; White et
al., 2000).

Three or more ring structure PARP inhibitors have also
been identified. 1,8-Napthalimide derivatives and (5H)-
phenanthridin-6-ones are representative of the tricyclic
family (Banasik et al., 1992; Watson et al., 1998), with
recent modifications on the latter class yielding many po-
tent compounds (Soriano et al., 2001c; Li et al., 2001;
Jagtap et al., 2002), including PJ34, a potent, water-solu-
ble, orally bioavailable compound with marked in vivo
activities (see also below). An inherent disadvantage for
these planar heteroaromatic compounds is the poor solu-
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bility in water and many organic solvents. Certain tetra-
cyclic lactams have also been identified as potent PARP
inhibitors. A member of this latter class of compounds,
1,11b-dihydro-[2H]benzopyrano  [4,3,2-delisoquinolin-3-
one (GPI 6150), inhibits PARP in vitro with a K, of 60 nM
and demonstrates efficacy in rodent models of focal cere-
bral ischemia, traumatic brain injury, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced damage to
dopaminergic neurons, regional myocardial ischemia,
streptozotocin-induced diabetes, septic shock, and arthritis
(Zhang et al., 2000; Mazzon et al., 2001). According to
Zhang and Li (2000), a common structural feature of sev-
eral classes of PARP inhibitors is either the presence of a
carboxamide or an imide group built in a polyaromatic
heterocyclic skeleton or a carbamoyl group attached to an
aromatic ring. The oxygen atom from this carbonyl group
seems to serve as a hydrogen acceptor, and the hydrogen
atom from the amide or imide group serves as a proton
donor in the hydrogen-bond interaction with the enzyme
(Zhang and Li, 2000). Consensus structural requirements
for PARP inhibitors acting at this nicotinamide-binding
site include the following: 1) amide or lactam functionality
is essential for effective interaction with the binding pock-
et; 2) an NH proton of this amide or lactam functionality
should be conserved for effective bonding; 3) an amide
group attached to an aromatic ring or a lactam group fused
to an aromatic ring has better inhibition than an amide
group attached to a nonaromatic ring or a lactam group
fused to a nonaromatic ring; 4) optimal cis-configuration of
the amide in the aromatic plane is required for maximal
inhibitory activity; and 5) constraining mono-aryl carbox-
amide into heteropolycyclic lactams usually increases po-
tency (Zhang and Li, 2000). Recently, the structural basis
responsible for PARP inhibition has been carried out in a
computational study using a docking approach into the
crystallographic structure of the catalytic domain of PARP
via the AutoDock program (version 2.4; The Scripps Re-
search Institute, La Jolla, CA) and using and comparing 46
inhibitors available through the literature. These and re-
lated data may become useful for the design of new selec-
tive and potent PARP inhibitors (Costantino et al., 2001).

The most potent compounds from the recent bi- and
tricyclic structures can be characterized by low-micro-
molar to mid-nanomolar inhibitory potencies in whole-
cell-based assays and by effective inhibition of PARP
and effective biological effects in the low milligram-per-
kilogram dosing range. For example, PJ34 and related
compounds inhibit PARP activation in whole-cell-based
assays in the concentration range of 10 nM to 1 uM, with
an ECg, in the 100- to 300-nM range, and they exert in
vivo anti-inflammatory and anti-reperfusion actions in
the dose range of 3 to 30 mg/kg (Mabley et al., 2001a;
Soriano et al., 2001b,c; Jagtap et al., 2002). Because
PARP-1 inhibition is an active and highly competitive
area of investigation, it is likely that the most potent and
effective compounds (i.e., the likely candidates for drug
development) are not yet available in the scientific lit-

erature but rather may ultimately emerge in the various
databases of published patents and pending patent ap-
plications. The published scientific and patent literature
has recently been overviewed by Cosi (2002).

In addition to selective, potent enzymatic inhibition of
PARP, several additional approaches have been de-
scribed to inhibit the cellular activity of PARP in cells or
in experimental animals. Somewhat surprisingly, the
initial steps of oxidant-induced DNA single-strand
breakage and PARP activation concern a step that in-
volves the mobilization of intracellular calcium. Thus
inhibition of intracellular calcium mobilization protects
against oxidant-induced PARP activation, NAD" deple-
tion, and cell necrosis, as demonstrated in thymocytes
(Virag et al., 1999) and in intestinal epithelial cells
(Karczewski et al., 1999). Similar to calcium chelators,
intracellular zinc chelators have been shown to protect
against oxidant-mediated PARP activation and cell ne-
crosis (Virag and Szabo, 1999). As mentioned earlier,
intracellular purines (inosine, hypoxanthine), in addi-
tion to a variety of effects, also exert biological actions as
inhibitors of PARP (Virag and Szabo, 2001). Calcium
chelation, zinc chelation, and purines have been shown
to exert a variety of cytoprotective and anti-inflamma-
tory effects in experimental models in vitro and in vivo.
It remains to be determined whether and to what extent
PARP inhibition contributes to these beneficial effects.

II1. Beneficial Effects of PARP Inhibition in
Various Pathophysiological States

A. Activation of PARP in Pathophysiological
Conditions

Multiple lines of evidence demonstrate that PARP
becomes rapidly activated in various pathophysiological
conditions, and its activation is prolonged and sus-
tained. For example, direct detection of poly(ADP-ri-
bose) polymer accumulation has demonstrated the acti-
vation of PARP in stroke induced by middle cerebral
artery occlusion and reperfusion (Endres et al., 1998a)
and in the heart after myocardial infarction and heart
transplantation (Liaudet et al., 2001a; Faro et al., 2002;
Fiorillo et al., 2002; Szabo et al., 2002). Similarly, PARP
activation has been demonstrated in the gut, heart, and
lung in hemorrhagic and septic shock (Liaudet et al.,
2001a; Watts et al., 2001; Goldfarb et al., 2002; Jagtap et
al., 2002; Soriano et al., 2002), in the lung of mice sub-
jected to a model of acute respiratory distress syndrome
(Liaudet et al., 2001a) as well as in the heart and blood
vessels of diabetic animals (Soriano et al., 2001c; Pacher
et al., 2002b). Although the trigger of PARP activation in
vivo is difficult to delineate, from in vitro data, we can
assume that the proximal initiator of PARP activation is
DNA single-strand breakage, which can be induced by a
variety of environmental stimuli and free radicals/oxi-
dants, most notably hydroxyl radical, peroxynitrite, and
nitroxyl anion (Table 1). In response to oxidative stress,
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TABLE 1
Pathophysiologically relevant sources of oxidant and free radical species capable of PARP activation

Reactive Oxygen or

Nitrogen Species Cellular Sources

Diffusible? Relationship to PARP Activation

Superoxide anion Mitochondrial respiratory chain, activated
neutrophils, macrophages, xanthine
oxidase, lipid peroxidation, catechol
auto-oxidation, redox cycling

Xanthine oxidase, mitochondrial
respiratory chain, catechol auto-
oxidation, redox cycling

Hydrogen peroxide

Hydroxyl radical From hydrogen peroxide, via the classic
Fenton reaction. Monoamine oxidase in
response to ionizing radiation, catechol

auto-oxidation, redox cycling

Hypochlorous acid Activated granulocytes

Nitric oxide Nitric-oxide synthases, acidification of

nitrite, non-enzymatic pathways

Peroxynitrite Reaction of nitric oxide and superoxide.
Nitric-oxide synthases can produce
peroxynitrite under conditions of low
cellular L-arginine levels

Nitroxonium anion Nitric oxide

Yes Does not induce DNA single strand breakage of
PARP activation; although not a particularly
potent oxidant, it can be cytotoxic via a
number of PARP-independent mechanisms.

Yes Potent trigger of DNA single strand breakage
and PARP activation via the generation of
hydroxyl radical in the vicinity of DNA; potent
oxidizing agent; can also be cytotoxic via a
number of PARP-independent mechanisms.

No Potent trigger of DNA single strand breakage
and PARP activation; can also be cytotoxic via
a number of PARP-independent mechanisms.
The decomposition of peroxynitrite yields a
hydroxyl radical-like intermediate, which,
however, does not appear to be “free” hydroxyl
radical.

Yes Does not induce DNA single strand breakage or
PARP activation; can be cytotoxic via a
number of PARP-independent mechanisms. At
high concentrations, it is able to directly
inactivate PARP.

Yes Does not induce DNA single strand breakage or
PARP activation, unless it combines with
superoxide to produce peroxynitrite. Although
not a particularly potent oxidant, can be
cytotoxic via a number of PARP-independent
mechanisms. It can also exert marked
antioxidant and cytoprotective actions.

Yes Potent trigger of DNA single strand breakage
through a hydroxyl radical-like intermediate.
Potent trigger of PARP-activation; can also be
cytotoxic via a number of PARP-independent
mechanisms.

Yes Trigger of DNA single and double strand
breakage; triggers PARP activation and
associated cell death; can also be cytotoxic via
a number of PARP-independent mechanisms.

DNA damage occurs; PARP becomes activated and, us-
ing NAD™ as a substrate, catalyzes the building of ho-
mopolymers of ADP ribose units, thereby triggering cells
and organ dysfunction, which can culminate in full-
fledged necrosis, as described above.

DNA single-strand breakage is an obligatory trigger
for the activation of PARP. Peroxynitrite is a labile, toxic
oxidant species produced from the reaction of superoxide
and NO (Beckman et al., 1990; Szabo, 1996). This spe-
cies, as well as the hydroxyl radical, are the key patho-
physiologically relevant triggers of DNA single-strand
breakage (Schraufstatter et al., 1986a, 1987). Moreover,
nitroxyl anion, a reactive species derived from nitric
oxide, is a potent activator of DNA single-strand break-
age and PARP activation in vitro (Chazotte-Aubert et
al., 1999; Bai et al., 2001) (Table 1).

Approximately 10 or more years ago, it was generally
assumed that triggers of DNA single-strand breakage
are restricted to severe environmental toxic agents (e.g.,
genotoxic or cytotoxic drugs) or various forms of ionizing
radiation (Gu et al., 1995; Lazebnik et al., 1995). The
research into the potential role of PARP in pathophysi-
ological processes gained a new momentum in the mid-
1990s by studies linking the formation of NO—an endo-
genously produced, reactive free-radical species

produced from L-arginine by a family of enzymes termed
NO synthases—to DNA single-strand breakage and
PARP activation, with subsequent energetic changes in
the cell (Radons et al., 1994; Zhang et al., 1994). Subse-
quent studies clarified that the actual trigger of DNA
single-strand breakage is peroxynitrite, rather than NO
(Szabo et al., 1996a): NO donors, in the absence of oxi-
dative stress, are unable to induce DNA single-strand
breakage, even at high concentrations. The identifica-
tion of peroxynitrite as an important mediator of the
cellular damage in various forms of inflammation stim-
ulated significant interest into the role of the PARP-
related suicide pathway in various pathophysiological
conditions. Endogenous production of peroxynitrite and
other oxidants has been shown to lead to DNA single-
strand breakage and PARP activation. For example, in
immunostimulated macrophages and smooth muscle
cells, which simultaneously produce NO and superoxide
and thus peroxynitrite from endogenous sources (Ischi-
ropoulos et al., 1992; Tewari et al., 1995; Zingarelli et al.,
1996a), DNA single-strand breakage has been demon-
strated, and the time course of the strand breakage was
shown to parallel the time course of NO and peroxyni-
trite production (Zingarelli et al., 1996a). Similarly, in
brain slices, activation of NMDA receptors (a trigger for
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enhanced NO, superoxide, and peroxynitrite production)
led to peroxynitrite-mediated DNA single-strand break-
age and PARP-related cell injury (Zhang et al., 1994;
Snyder, 1996). In a recent study using coculture of acti-
vated macrophages and hepatocytes, it was concluded
that activated macrophage-derived NO and its oxidative
metabolite, peroxynitrite, play key roles in hepatocyte
injury during inflammation and cause subsequent DNA
damage (including a significant degree of DNA single-
strand breakage, but also other types of DNA base mod-
ifications) in surviving hepatocytes (Watanabe et al.,
2001). Similarly, the ability of activated neutrophils to
induce DNA single-strand breakage in neighboring cells
is well documented (Shacter et al., 1988).

Recent work indicates that in intact mammalian cells,
the process of DNA single-strand breakage by peroxyni-
trite may not be a direct result of peroxynitrite interact-
ing with nuclear DNA, but it may also be related, at
least in part, to a cascade involving the endogenous
production of oxidants from the mitochondria and other
cellular sources. For instance, in thymocytes exposed to
peroxynitrite, there is a time-dependent gradual in-
crease in mitochondria-derived reactive oxygen species
generation (Virag et al., 1998a). In a study in human
hepatocytes, there is a persistent and marked increase
in DNA damage after treatment with NO or peroxyni-
trite generators that seems to come from the disruption
of electron transport in the mitochondria (D’Ambrosio et
al., 2001). Cantoni et al. (1987) proposed that peroxyni-
trite mediates the inhibition of mitochondrial complex
III and, under these conditions, electrons are directly
transferred from ubisemiquinone to molecular oxygen.
Hydrogen peroxide is produced by the dismutation of
superoxides, and this process was proposed to be the
actual species mediating the peroxynitrite-dependent
DNA cleavage (Guidarelli et al., 2000). As discussed
above, calcium- and zinc-dependent (possibly mitochon-
drial) steps may also be important in the processes trig-
gering peroxynitrite-induced DNA single-strand break-
age (Karczewski et al., 1999; Virag et al., 1999).

B. PARP Activation and Cell Necrosis: Implications for
Pathophysiology

Cochrane and colleagues have investigated in detail
the time course of PARP activation and compared and
contrasted its time course in relation to the time course
of various other free radical-induced cytotoxic processes
(Schraufstatter et al., 1986a, 1987, 1988). Various cell
types were exposed to oxidants that are generated from
stimulated leukocytes, including H,0,, superoxide, and
hypochlorous acid (HOCI). The target cells used were
P388D1 murine macrophage-like tumor cells, human
peripheral lymphocytes, GM1380 human fibroblasts,
and rabbit alveolar macrophages. In this experimental
system, cell lysis could only be prevented when catalase
was added within the first 30 to 40 min of H,0, expo-
sure, indicating that early metabolic changes deter-

mined the fate of the cell. Within seconds after the
addition of H,0, to the cells, activation of the hexose
monophosphate shunt was observed, which is indicative
of increased glutathione cycle activity. At the same time,
DNA strand breaks (determined by an alkaline unwind-
ing technique) were detected. The DNA breakage re-
sulted in the rapid activation of PARP (within minutes
after the addition of HyO,). At the same time, ATP and
NAD™ concentrations decreased and nicotinamide accu-
mulated extracellularly. Approximately 15 min after ox-
idant exposure, free intracellular Ca®* concentrations,
as determined by Quin-2 fluorescence, started to in-
crease because of the release of calcium from intracellu-
lar store. These findings collectively indicated the rapid
activation and central role of PARP in the pathogenesis
of oxidant-induced cell injury. The above-described
changes eventually culminate in the stage of cell dys-
function and, ultimately, in necrosis. When this happens
on the scale of an organ (e.g., during the ischemia and
reperfusion of the brain or the heart), necrosis on a large
scale leads to the loss of organ function and ultimately to
death. Physicians have a long history of following the
various plasma markers of cell necrosis using clinical
tests. For instance, the measurement of troponin-C or
creatine kinase (intracellular enzymes that spill into the
extracellular space during necrosis) plasma levels in the
blood of patients with myocardial infarction has long
been used in the diagnosis and follow-up of myocardial
infarction. Similarly, the measurement of plasma levels
of the so-called “liver enzymes” (alanine aminotransfer-
ase and aspartate aminotransferase) in the plasma cor-
relates with the degree of liver failure, i.e., the propor-
tion of leaky and necrotic hepatocytes in the patient
(Braunwals et al., 2001).

A good example of the transition from normal to dys-
functional and ultimately necrotic cell is the intestinal
epithelial cell. Several studies have investigated the role
of PARP in intestinal epithelial barrier function, an
active process that is highly dependent on cellular ATP
concentration. In vitro exposure of human CaCo-2BBe
enterocyte cell monolayers to peroxynitrite rapidly in-
duced DNA strand breaks and triggered an energy-con-
suming pathway catalyzed by PARP (Kennedy et al.,
1998). The consequent reduction of cellular stores of
ATP and NAD" is associated with the development of
hyperpermeability of the epithelial monolayer to a fluo-
rescent anionic tracer. Pharmacological inhibition of
PARP activity exerts no effect on the development of
peroxynitrite-induced DNA single-strand breaks, but it
attenuates the decrease in intracellular stores of NAD™
and ATP and the functional loss of intestinal barrier
function. Ultimately, this PARP-dependent epithelial
dysfunction in circulatory shock or in colitis leads to
intestinal hyperpermeability (Liaudet et al., 2000a,b)
and increased bacterial translocation through the gut
(Taner et al., 2001), thereby further exacerbating the
disease condition. However, it seems that the oxidatively
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damaged intestinal epithelial cells are not in a state of
irreversible death. For instance, Jijon and colleagues
(2000), using gut preparations from colitic mice, demon-
strated that in vitro incubation of the colitic gut seg-
ments with the PARP inhibitor 3-aminobenzamide re-
stored its normal permeability values. These epithelial
cells were probably in a state of energetic suppression
and cell dysfunction, but they had not yet reached the
stage of irreversible necrosis.

An additional trigger of PARP activation is activated
complement. In mesenteric lymphocytes exposed to sub-
lethal concentrations of activated complement (present
in zymosan-activated serum, ZAS) the concentration of
lymphocyte ATP was dramatically decreased, and the
extent of cell death could be significantly reduced by the
addition of inhibitors of PARP (Bacurau et al., 2002).
Similarly, activated complement-induced vascular in-
jury and local and systemic inflammatory responses can
be reduced by pharmacological inhibition of PARP (Cuz-
zocrea et al., 1997b, 1999; Szabé et al., 1997b).

C. PARP and Proinflammatory Signal Transduction:
Implications for Pathophysiology

The following working hypothesis summarizes our
current understanding of the role of PARP activation in
the development of inflammatory cell injury and the
activation of positive feedback cycles of inflammation
and reperfusion injury. Ischemia-reperfusion as well as
proinflammatory cytokines trigger free-radical forma-
tion by stimulating xanthine oxidase activity and also by
recruiting activated neutrophils, which express NADPH
oxidase as well as a variety of other potential cellular
sources. Baseline production of NO from constitutive
sources may be supplemented by de novo iNOS expres-
sion. As a consequence, the oxidants peroxynitrite, hy-
drogen peroxide, and hydroxyl radical are formed from
the interaction of superoxide and NO. Furthermore, un-
der conditions of oxidative stress, NO may be converted
to the more toxic nitroxyl anion (NO™). Oxidant stress
generates DNA single-strand breaks. DNA strand
breaks then activate PARP, which in turn potentiates
NF-«B activation and AP-1 expression, resulting in
greater expression of the AP-1- and NF-«kB-dependent
genes, such as iNOS, ICAM-1, MIP-1a, TNF-a, and C3.
Generation of C5a in combination with increased endo-
thelial expression of ICAM-1, recruits a greater number
of activated leukocytes to inflammatory foci, producing
greater oxidant stress. It is possible that, on a small
scale, PARP-mediated necrosis and PARP-mediated
proinflammatory gene expression are beneficial or pro-
tective processes. For example, NAD ™" depletion and cell
necrosis may help eliminate “innocent bystander”
parenchimal cells having severely damaged DNA (e.g.,
caused by a nearby occurring neutrophil attack on in-
vading microbes). It is also possible that a low-level,
localized inflammatory response may be beneficial in
recruiting mononuclear cells to an inflammatory site.

For example, invading microorganisms trigger a local
neutrophil oxidant burst, and the DNA injury and PARP
activation in nearby professional and nonprofessional
immune cells triggers proinflammatory cytokine and
chemokine production, which recruits additional mono-
nuclear cells to the site of infection to eliminate the
invading microorganisms (Fig. 6). It is important to note
that the only known mammalian cells that do not con-
tain PARP are the neutrophil and eosinophil granulo-
cytes. It is possible that the presence of PARP in these
cells is not compatible with the high levels of local oxi-
dant production that these cells frequently generate.
However, in many pathophysiological states, a multi-
tude of experimental evidence makes us conclude that
the above-described feedback cycles amplify themselves
beyond what can be considered desirable or controllable
by the body’s own defense systems. The cycle is renewed
by multiple positive-feedback cycles as the increase in
oxidant stress triggers more DNA strand breakage. The
proposed cycle of inflammatory activation will be aug-
mented in systems in which PARP-dependent MAP ki-
nase activation and NF-«B translocation contribute sig-
nificantly to free-radical and oxidant formation and
granulocyte recruitment (Fig. 7). According to this pro-
posed model, PARP occupies a critical position in a pos-
itive-feedback loop of inflammatory injury. NAD " deple-
tion induced by PARP activation is likely to accelerate
this positive-feedback cycle by preventing the energy-
dependent reduction of oxidized glutathione, the chief
intracellular antioxidant and most abundant thiol in
eukaryotic cells (Marini et al., 1993). NAD" is the pre-
cursor for NADP, a cofactor that plays a critical role in
bioreductive synthetic pathways and the maintenance of
reduced glutathione pools. The depletion of reduced glu-
tathione, as a consequence of intracellular energetic fail-
ure or overwhelming oxidant exposure, leaves further
oxidant stress unopposed, resulting in greater DNA
strand breakage. The various oxidants and free radicals
produced in inflammation frequently synergize with
each other, with respect to PARP activation (Szabo et
al., 1997a) as well as other (PARP-independent parallel)
oxidant and cytotoxic processes. HOCI, although not
inducing DNA single-strand breakage, is still cytotoxic
via PARP-independent pathways. At higher concentra-
tions, hypochlorous acid actually inactivates PARP (Van
Rensburg et al., 1991), as do high levels of hydrogen
peroxide and peroxynitrite (C. Szabd, unpublished ob-
servations). This means that under extreme levels of
oxidant stress, PARP-independent pathways of cell in-
jury take over. In fact, overwhelming cytotoxicity, both
in response to peroxynitrite and hydrogen peroxide, is no
longer completely inhibitable with PARP inhibitors or
PARP deficiency (Heller et al., 1995; Szabo et al., 1997a).
Thus, at extreme levels of oxidant stress, PARP-inde-
pendent pathways of injury may take over. The concept
of combining antioxidants with PARP inhibitors is a

2102 ‘ST aunr uo 1sanb Aq Blo sjeuinohadse Asiwreyd woiy papeojumoq


http://pharmrev.aspetjournals.org/

s
2
g
>
i
=
<
S
0
0
=
0
é
é

aspet.’

392 VIRAG AND SZABO

INVADING MICROORGANISMS
MICROBIAL PRODUCTS

Activated
neutrophils

Mitochondrial
electron chain,
other sources

DNA single
strand breaks Tyrosine
nitration
Pro-inflammatory PARP activation
signal transduction PARP N op
AP-1, MAP kinase, NAD" poly-AD™-
. . ribosy lated Oxidati
NF-xB activation \ proteins  ong ;el:r(?xli(vlitive
injury
ATy
Pro-
inflammatory
mediators

Mononuclear cell g—"

~

infil tration

INFLAMMATORY CELL
RECRUITMENT

NECROSIS OF INJURED
PARENCHIMAL CELLS

\

cellular content

Release of /

ELIMINATION OF
INVADING

MICROORGANISMS

Fic 6. Proposed physiological functions of PARP activation during the inflammatory process. PARP-mediated NAD* depletion and cell necrosis
may help eliminate “innocent bystander” parenchimal cells with severely damaged DNA (e.g., caused by a nearby-occurring neutrophil attack on
invading microbes). A low-level, localized inflammatory response may also be enhanced by PARP. This inflammatory process may be beneficial in
recruiting mononuclear cells to an inflammatory site, which will help in eliminating the invading microorganisms.

viable one and needs to be directly tested in further
studies.

The above-mentioned scheme, which is also depicted
in Fig. 7, unites a multitude of pathways of inflamma-
tion and reperfusion injury. The relative importance of
the various components of inflammation and cell injury
is dependent on the specific disease in question and also
on the stage of the disease. For instance, myocardial
reperfusion injury and stroke are considered classic ox-
idant-type reperfusion injury entities rather than in-
flammatory diseases. Nevertheless, at later stages, an
inflammatory component and mononuclear cell recruit-
ment component become evident.

In the following sections, we describe the specific role
of PARP in some of the best characterized models of
reperfusion injury and inflammation.

D. PARP in Myocardial Reperfusion Injury

Immunohistochemical detection of poly(ADP-ribose)
formation demonstrated that PARP is rapidly activated
in the reperfused myocardium (Pieper et al., 2000; Liau-
det et al., 2001b). The time course of PARP activation is
rather prolonged: it is present at 2 h after the start of
reperfusion and continues to be present as late as 24 h
after reperfusion (Pieper et al., 2000; Liaudet et al.,
2001b). This delayed pattern of PARP activation is likely
related to the continuing presence of free-radical and
oxidant production in the reperfused myocardium. It is
also conceivable that a massive, early DNA single-
strand breakage, which remains unrepaired for pro-
longed periods of time, is responsible for the prolonged
pattern of PARP activation. The site of the most pro-
nounced PARP activation is the area of necrosis and
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PRO~INFLAMMATORY STIMULI
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Fic 7. Proposed scheme of PARP-dependent and PARP-independent cytotoxic pathways involving nitric oxide (NO’), hydroxyl radical (OH"), and
peroxynitrite (ONOO™) in local and systemic inflammation. Proinflammatory stimuli trigger the release of proinflammatory mediators, which, in turn,
induce the expression of the iNOS. NO produced by iNOS and/or by constitutive sources of NO in turn combines with superoxide to yield peroxynitrite.
Hydroxyl radical (produced from superoxide via the iron-catalyzed Haber-Weiss reaction) and peroxynitrite or peroxynitrous acid induce the
development of DNA single-strand breakage, with consequent activation of PARP. Depletion of the cellular NAD™ leads to the inhibition of cellular
ATP-generating pathways, leading to cell necrosis and organ dysfunction. NO alone does not induce DNA single-strand breakage but may combine
with superoxide (produced from the mitochondrial chain or from other cellular sources) to yield peroxynitrite. Under conditions of low cellular
L-arginine, NOS may produce both superoxide and NO, which then can combine to form peroxynitrite. PARP activation promotes the activation of
NF-«B, AP-1, MAP kinases, and the expression of proinflammatory mediators, adhesion molecules, and iNOS. PARP-independent parallel pathways
of cellular metabolic inhibition can be activated by NO, hydroxyl radical, superoxide, HOCI, and peroxynitrite.

peri-infarct zone (i.e., area at risk). Most of the poly-
(ADP-ribose) staining was seen in cardiac myocytes
(Pieper et al., 2000; Liaudet et al., 2001b), indicating
that the heart tissue itself, rather than the infiltrating
mononuclear cells, is the main site of PARP activation. A
more diffuse staining pattern can be seen in the area of
necrosis: this pattern is likely to reflect the fact that the
cellular content (and thus the poly-ADP-ribosylated pro-
teins) is now more-or-less uniformly distributed in the
necrotic area because of myocardial necrosis and the
associated breakdown of the cell membrane integrity.

Because PARP activation triggers cellular necrosis
caused by cellular energetic collapse, the primary mode
of the PARP inhibitors’ cardioprotective effects is related
to a direct inhibition of myocyte necrosis. The peri-in-
farct zone, which contains viable cells, in which PARP is
markedly activated is the likely site of the PARP inhib-
itors’ beneficial effects. Activation of PARP has also been
demonstrated ex vivo in an isolated perfused heart sys-
tem after ischemia and reperfusion (Szabados et al.,
1999a; Pieper et al., 2000). As discussed earlier, one of
the enzymes that undergoes poly(ADP-ribos)ylation is
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PARP itself (auto-ribosylation). This ischemia-reperfu-
sion-induced self-ADP-ribosylation of PARP can be at-
tenuated by pharmacological inhibitors of PARP (Szaba-
dos et al., 2000).

Various cultured cells, including cultured rat cardiac
myoblasts, are protected against hydrogen peroxide- and
peroxynitrite-mediated cell necrosis by PARP inhibitors
(Gilad et al., 1997). From these in vitro observations and
from our emerging data implicating the pathogenetic
role of PARP activation in circulatory shock (Szabo et
al., 1996b), in 1996 we proposed and subsequently eval-
uated the role of PARP in an acute model of myocardial
reperfusion injury in the rat (Zingarelli et al., 1997a).
Peroxynitrite formation was evidenced by plasma oxida-
tion of dihydrorhodamine-123 and formation of nitroty-
rosine in the ischemic and reperfused portions of the
heart (Zingarelli et al., 1997a). Myocardial reperfusion
resulted in a marked cellular injury, as measured by an
increase of plasma creatine phosphokinase activity and
development of a large infarcted area. Pharmacological
inhibition of PARP with 3-aminobenzamide significantly
improved the outcome of myocardial dysfunction, as ev-
idenced by a reduction in creatine phosphokinase levels,
diminished infarct size, and preserved the ATP pools
(Zingarelli et al., 1997a). Other investigators confirmed
our results in similar experimental models of myocardial
reperfusion. In rabbit and pig models of myocardial in-
farction, pharmacological inhibitors of PARP such as
nicotinamide and 3-aminobenzamide dramatically re-
duced the infarct size (Thiemermann et al., 1997; Bowes
et al., 1998b). The cardioprotection afforded by the
PARP inhibitors was caused by a selective inhibition of
PARP, because the structurally related but inactive
agents, such as 3-aminobenzoic acid and nicotinic acid,
did not cause a reduction in infarct size (Thiemermann
et al., 1997). Over the last several years, a multitude of
studies demonstrated the cardioprotective effects of var-
ious pharmacological PARP inhibitors in cultured myo-
cytes, in perfused heart systems, and in various in vivo
models of myocardial reperfusion injury (Janero et al.,
1993; Bhatnagar, 1994, 1997; Gilad et al., 1997; Thi-
emermann et al., 1997; Zingarelli et al., 1997a, 1998;
Bowes et al., 1998a, 1998b, 1999; Docherty et al., 1999;
Grupp et al., 1999; Szabados et al., 1999a, 2000; Pieper
et al., 2000; Yang et al., 2000; Liaudet et al., 2001b; Faro
et al., 2002) (Table 2).

The transgenic mice lacking the functional gene for
PARP have provided the unique opportunity to unequiv-
ocally define the role of PARP in myocardial injury and
also to investigate some of the cellular mechanisms un-
derlying this disease. Using a murine model of myocar-
dial injury after early reperfusion, we found that the
absence of a functional PARP gene resulted in a signif-
icant prevention of reperfusion injury. Wild-type mice
subjected to 1-h ligation and 1-h reperfusion of the left
anterior descending branch of the coronary artery in-
duced massive myocardial necrosis and triggered neu-

trophil infiltration (Zingarelli et al., 1998). When the
reperfusion after 1-h ischemia was prolonged to 24 h,
wild-type mice also developed high mortality (Yang et
al., 2000). In PARP ™/~ mice, plasma levels of creatine
phosphokinase activity were significantly reduced, the
histological features of the myocardium were improved,
and neutrophil infiltration was reduced and survival
improved (Zingarelli et al., 1998; Yang et al., 2000).
Protective effects of PARP deficiency can also be demon-
strated in isolated perfused hearts. We reported that at
the end of the reoxygenation in hearts from wild-type
animals, there is a significant suppression in the rate of
intraventricular pressure development and in the rate of
relaxation (Grupp et al., 1999). In contrast, in the hearts
from the PARP knockout animals, no significant sup-
pression of the rate of intraventricular pressure devel-
opment and relaxation was observed (Grupp et al.,
1999). Our findings, both in isolated perfused hearts and
in the in vivo models, were recently confirmed by Pieper
and colleagues (2002) using PARP-deficient mice. In
vivo PARP activation in heart tissue slices was assayed
through conversion of [**P]NAD™ into poly(ADP)ribose
and also was monitored by immunohistochemical stain-
ing for poly(ADP-ribose). Cardiac contractility, NO and
reactive oxygen species production, and NAD* and ATP
levels were measured (Pieper et al., 2000). Ischemia
reperfusion augmented the formation of NO, oxygen-
free radicals, and PARP activity. Ischemia reperfusion
decreased cardiac contractility and NAD™ levels, effects
that were attenuated in PARP-deficient animals (Pieper
et al., 2000). The protective effect of PARP deficiency in
myocardial infarction has also been repeated using var-
ious pharmacological inhibitors of the enzyme. Table 2
gives an overview of the protection afforded by benz-
amides, isoquinolinones, phenanthridinones, and other
classes of PARP inhibitors and compares the effects with
that of genetic PARP deficiency. Taken together, there
are multiple lines of clear evidence underlining the im-
portance of PARP pathway in the pathogenesis of myo-
cardial ischemia-reperfusion injury. It is likely that both
an inhibition of the energetic component of PARP-medi-
ated cell dysfunction (Docherty et al., 1999; Grupp et al.,
1999; Szabados et al., 1999a; Pieper et al., 2000) and the
suppression of various proinflammatory pathways—in-
cluding suppression of proinflammatory cytokine and
chemokine formation and adhesion receptor expression,
as well as prevention of neutrophil recruitment and
protection against the loss of endothelial function (Zin-
garelli et al., 1997a, 1998; Yang et al., 2000; Faro et al.,
2002)—contribute to these cardioprotective effects.
Recent work from our laboratory also demonstrates
that PARP is necessary for the phenomenon of ischemic
myocardial preconditioning (cardioprotective effect of
mild ischemic episodes against subsequent ischemia-
induced damage of the heart). Using a combined ap-
proach (pharmacological inhibition of PARP-proficient
and PARP-deficient mice), we observed that the protec-
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Protection against various forms of cardiac injury by pharmacological inhibition or genetic inactivation of PARP in vitro and in vivo
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Experimental Model

Inducer of Injury

Mode of PARP Inhibition

Effect of PARP Inhibition

References

Rat cardiomyocytes

Rat cardiomyoblasts

H,0,

H,0,, peroxynitrite,
hypoxia

3-AB

3-AB, nicam, ISQ

Improved cellular ATP levels, protection

against the reduction of action
potential durations

Reduction of cell necrosis, improvement

of mitochondrial respiration

Reduction of cell death

Reduction of NAD™ consumption,
suppression of LV dysfunction

Reduction of NAD" and ATP
catabolism, reduction of LV
dysfunction

Improved ATP and CK recovery

Reduction of myocardial damage

Decrease of infarct size

Decrease of infarct size, reduction of LV

dysfunction

Decrease of infarct size, neutrophil
infiltration, and circulating IL-10,
TNFea, and nitrate; reduction of P-
selectin/ICAM-1 expression

Suppression of the benefit of IPC

Preservation of myocardial ATP stores,
decrease of infarct size, reduction of
LV dysfunction, reduction of
neutrophil infiltration

Reduction of infarct size

Improved contractile function reduced
ICAM-1 expression

Improved contractile function

Improved contractile function

Reduced myocyte death, improved

Bhatnagar, 1997

Gilad et al., 1997; Bowes
et al., 1999

Bowes et al., 1998a,b

Grupp et al., 1999; Pieper
et al., 2000

Docherty et al., 1999;
Szabados et al., 2000

Halmosi et al., 2001
Szabados et al., 1999a
Bowes et al., 1999
Thiemermann et al., 1997

Zingarelli et al., 1998;
Yang et al., 2000

Liaudet et al., 2001c
Zingarelli et al., 1997a;
Pieper et al., 2000;

Liaudet et al., 2001b

Wayman et al., 2001
Szabo et al., 2002

Pacher et al., 2002b
Pacher et al., 2002b
Pacher et al., 2002a

reoxygenation
Human cardiomyoblasts H,0, 3-AB, nicam, ISQ
Mouse heart Global I/R PARP /" phenotype
Rat heart Global I/R BGP-15, ISQ
Rat heart Global I/R BGP-15,3-AB, nicam
Rat heart Global I/R Lipoamide (antioxidant)
Rat heart Regional I/R 3-AB
Rabbit heart Global I/R 3-AB
Mouse Regional I/R PARP /" phenotype
Mouse IPC PARP /" phenotype
Rat Regional I/R 3-AB, GPI 6150
Rat Regional I/R 5-AIQ
Rat Heart transplant 5-AlQ, PJ34
Rat STZ diabetes PJ34
Mouse NOD diabetes PJ34
Rat Doxorubicin PJ34
Mouse Doxorubicin PARP /" phenotype
Rabbit Regional I/R 3-AB, nicam, ISQ
Pig Regional I/R 3-AB, PJ34
Rat Chronic ischemia PJ34

contractile function, protection from
mortality

Improved contractile function

Decreased infarct size

Decreased infarct size, improvement of
LV function

Reduced hypertrophy improved cardiac
function

Pacher et al., 2002a

Thiemermann et al., 1997

Bowes et al., 1998b; Faro
et al., 2001

Pacher et al., 2002e

LV, left ventricle; 3-AB, 3-aminobenzamide; 5-AIQ, 5-aminoisoquinolone; nicam, nicotinamide; I/R, ischemia-reperfusion; STZ, streptozotocin; IPC, ischemic precondi-

tioning.

tive effect of preconditioning disappears in PARP '~

mice or in response to the PARP inhibitor 3-aminoben-
zamide (Liaudet et al., 2001c). The protection against
reperfusion injury by preconditioning is associated with
partially preserved myocardial NAD™ levels, indicating
that PARP activation is attenuated by preconditioning.
This conclusion is further strengthened by poly(ADP-
ribose) immunohistochemical measurements, demon-
strating that ischemic preconditioning markedly inhib-
its PARP activation during reperfusion (Liaudet et al.,
2001c). Because ischemic preconditioning itself induces
low levels of nitrosative and oxidative stress (Csonka et
al., 2001; Liaudet et al., 2001c) and a low degree of PARP
activation, we proposed that the low level of PARP acti-
vation during preconditioning may lead to autoribosyla-
tion (i.e., autoinhibition) of PARP. This process could, in
turn, protect against the deleterious effects of ischemia
and reperfusion via the inhibition of the subsequent,
massive activation of PARP, which occurs in naive (non-
preconditioned wild-type) animals during reperfusion
(Liaudet et al., 2001c).

E. PARP in the Pathogenesis of Cardiomyopathy and
Toxic Myocardial Injury

Most published studies in the area of PARP and the
heart focused on myocardial injury induced by acute
occlusion and reperfusion of the coronary artery. Cur-
rently, there is emerging evidence that PARP activation
is also present in cardiomyopathy. As a first example, in
diabetic cardiomyopathy models that spontaneously de-
velop in the nonobese diabetic mice and in the strepto-
zotocin-induced models of diabetes, the marked depres-
sion of myocardial contractile function is associated with
a significant increase in poly(ADP-ribosyl)ation in the
cardiac myocytes (Pacher et al., 2002b). The myocardial
contractile dysfunction can be effectively restored by
pharmacological inhibition of PARP (Pacher et al.,
2002b). Further work remains to be conducted to deter-
mine whether PARP activation also plays a pathogenetic
role in other forms of cardiomyopathy, e.g., the one in-
duced by long-term ischemia.

Some information is also available on the activation of
PARP in the heart in various experimental models of
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drug-induced forms of cardiac dysfunction (iatrogenic or
toxic cardiomyopathy). In a recent study, 2',3’-dideoxy-
cytidine and 3'-azido-3'-deoxythymidine were found to
induce PARP activation in the heart, and the PARP
pathway has been proposed to play a role in the cardio-
myopathy induced by these compounds; PARP inhibitors
exerted significant therapeutic benefits (Skuta et al.,
1999; Szabados et al., 1999b). In addition, the cytotoxic
drug doxorubicin induced cardiomyopathy and involved
the activation of PARP in the cardiac myocytes. In a
recent study (Pacher et al., 2002a) using a dual approach
of PARP-1 suppression by genetic deletion or pharmaco-
logical inhibition with the phenanthridinone PARP in-
hibitor PJ34, the role of PARP-1 in the development of
cardiac dysfunction induced by doxorubicin was demon-
strated. PARP-1*/* and PARP-1"/" mice received a sin-
gle injection of doxorubicin. Five days after doxorubicin
administration, left-ventricle performance was signifi-
cantly depressed in PARP-1"/" mice but only to a
smaller extent in PARP-1"/~ animals. Similar experi-
ments were conducted in BALB/c mice treated with
PJ34 or vehicle. Treatment with PJ34 significantly im-
proved cardiac dysfunction and increased the survival of
the animals. In addition, PJ34 significantly reduced the
doxorubicin-induced increase in the serum lactate dehy-
drogenase and creatine kinase activities but not metal-
loproteinase activation in the heart. Further work is
needed to determine whether appropriately selected
PARP inhibitors may become useful adjunctive thera-
pies to protect against various forms of iatrogenic car-
diomyopathies.

F. PARP in Stroke

The involvement of superoxide and the protective ef-
fect of superoxide-neutralizing strategies (Lafon-Cazal
et al., 1993; Fagni et al., 1994) and the involvement of
NO and the protective effect of NOS inhibition (Tewari
et al., 1995) have been well established in various forms
of central nervous system injury, including the reperfu-
sion of the ischemic brain (stroke). Infarct volume after
vascular stroke is markedly diminished in animals
treated with NOS inhibitors and in mice with bNOS
gene disruption (Tewari et al., 1995). Using chemical
considerations, it was proposed more than a decade ago
that peroxynitrite and not NO or superoxide separately
is the major cytotoxic mediator in the neuronal injury
during stroke (Gu et al., 1995). Reperfusion injury in the
central nervous system is associated with the activation
of NMDA receptors, which are now believed to play a key
role in the pathogenesis of stroke, which triggers the
simultaneous production of superoxide and NO. There is
now indirect evidence suggesting that activation of the
NMDA receptor is associated with a marked increase in
a hydroxyl radical-like reactivity in the brain which may
be blocked by the inhibition of NOS (Hammer et al.,
1993) and which is presumably caused by peroxynitrite
generation.

Ischemia-reperfusion injury of the brain can be mod-
eled in the laboratory by exposing primary neuronal
cultures to glutamate or its agonists; to various reactive
oxygen species, NO donors, or peroxynitrite; or by com-
bined oxygen-glucose deprivation. In cerebellar granule
cells, glutamate induces a rapid increase in poly(ADP-
ribose) immunoreactivity (Cosi et al., 1994). PARP in-
hibitors have been shown to protect in these models of
brain injury, both in models in which injury was induced
by glutamate and in response to chemical compounds
that generate NO. The rank order of potency of different
classes of PARP inhibitors correlates with the degree of
protection (Zhang et al., 1994). Moreover, the protection
by PARP inhibition is not associated with changes in
calcium influx induced by glutamate. In addition, pri-
mary cortical cultures from PARP /™ mice were found to
be resistant to toxicity from NMDA, compounds which
generate NO, and combined oxygen-glucose deprivation
(Wallis et al., 1993, 1996; Cosi et al., 1994; Zhang et al.,
1994, 1995; Tewari et al., 1995; Didier et al., 1996;
Snyder, 1996; Eliasson et al., 1997). Delaying the treat-
ment of PARP inhibition relative to the stimulus of
neuroinjury produced a significant therapeutic window
of opportunity in vitro, as demonstrated in a model
system consisting of primary rat hippocampal neurons
exposed to the NO donor NOC-9 and the peroxynitrite
generator compound SIN-1, with nicotinamide being
used to block the activity of PARP (Lin et al., 2000). As
opposed to NMDA-mediated neuronal injury, which is
PARP-dependent, a non-NMDA receptor-mediated form
of neuroinjury such as the one induced by the excitatory
amino acid AMPA does not involve the PARP pathway
(Mandir et al., 2000).

Naturally, the above-discussed in vitro systems only
model a component of the complex chain of events initi-
ated in vivo after an ischemic insult or stroke. Never-
theless, the pathophysiological relevance of these obser-
vations is supported by the observation that increased
poly(ADP-ribosylation) has been demonstrated in the
reperfused brain (Endres et al., 1998a). In PARP-1/~
mice, a markedly reduced infarct volume is observed
after transient middle cerebral artery occlusion (Elias-
son et al., 1997; Endres et al., 1997). The reduction in
infarct volume was observed in PARP-1"/~ mice that
had either a genetic background identical with the wild-
type strain (Endres et al., 1997) or a mixed 129/C57B6
genetic background (Eliasson et al., 1997). Thus, the
reduction in infarct volume was caused by the absence of
the PARP gene product and not by other genetic vari-
ables. PARP activation was examined after focal isch-
emia in the ipsilateral hemisphere by the evaluation of
ADP-ribose polymer formation or levels of NAD*. This
observation also demonstrates that from the multiple
isoforms of PARP, PARP-1 seems to play the main role
in the enhanced poly(ADP-ribosylation) in the brain dur-
ing stroke. ADP-ribose formation was increased and
NAD™" was decreased after focal ischemia in wild-type
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tissue, whereas no ADP-ribose formation was observed
in PARP ™/~ tissue (Eliasson et al., 1997), and NAD™"
levels were spared (Endres et al., 1997). PARP activa-
tion is mainly related to NO production by the neuronal
isoform of NOS because in mice deficient in this enzyme,
when subjected to middle cerebral artery occlusion/
reperfusion, PARP activation was found to be markedly
diminished (Endres et al., 1998a). The protection ob-
served in the PARP™/~ mice exceeds the degree of pro-
tection reported for any other transgenic model, includ-
ing the bNOS™/~ mice. This observation suggests a
common role for PARP activation by other excitotoxic
mechanisms, in addition to the production of free radi-
cals and NO. In PARP ™/~ mice that were also treated
with viral transfection of wild-type PARP-1, the protec-
tion from middle cerebral artery occlusion was lost with
restoration of the gene product (Goto et al., 2002).

The protective effect of PARP deficiency in stroke has
also been repeated using various pharmacological inhib-
itors of the enzyme. Table 3 gives an overview of the
protection afforded by benzamides, isoquinolinones,
phenanthridinones, and other classes of PARP inhibi-
tors and compares their effects with that of genetic
PARP deficiency. Taken together, there are multiple
lines of clear evidence suggesting the importance of
PARP pathway in the pathogenesis of stroke injury. It is
important to emphasize that the therapeutic window of
intervention is rather large (up to 4—6 h after the onset
of ischemia in the middle cerebral artery ischemia-
reperfusion models), as demonstrated with the use of
both nicotinamide (Ayoub and Maynard, 2002) and a
phenanthridinone derivative (Abdelkarim et al., 2001).
It is also important to emphasize that the protective
effect of PARP inhibition on neurological function is a
lasting one that remains significant even after 5 or 21
days of ischemia reperfusion (Ding et al., 2001). In many
studies in which more potent PARP inhibitors were used
and full dose-response curves were obtained, the protec-
tion provided by PARP inhibitors diminishes when the
dose of the agent is increased, i.e., a bell-shaped dose-
response is observed (Takahashi et al., 1997). This ob-
servation may be related to intrinsic neurotoxic effects of
the particular compounds used, or it may suggest that
the nonselective and complete inhibition of all PARP
isoforms may not be a more desirable future therapeutic
approach. Although the correlation between cerebrocor-
tical NAD" and ATP levels and neuronal injury in
stroke is far from being understood (Paschen et al., 2000;
Plaschke et al., 2000b), it is likely that the energetic/cell
necrosis pathway is the main mode of the PARP inhib-
itors’ acute neuroprotective actions in stroke. Findings
such as the suppression of NMDA-induced glutamate
efflux and overall neurotransmitter dysregulation by
PARP inhibitors (Lo et al., 1998) may be a direct conse-
quence of an overall maintenance of cellular energetic
status and a reduction of cell necrosis. Nevertheless, it is
important to note that there may also be some mild

levels of injury (e.g., in a model of 15-min ischemia in the
rat) in which a mild degree of PARP activation without
NAD depletion may even be beneficial, and its inhibition
may not be desirable (Nagayama et al., 2000). Also,
although the oxygen-glucose deprivation-induced cell
necrosis can be largely prevented by PARP inhibitors (as
demonstrated in mixed cortical cell cultures), the same
approach is unable to reduce primarily apoptotic-type
cell death (such as the CA1l pyramidal cell loss in orga-
notypic hippocampal slices) (Moroni et al., 2001). The
notion that PARP inhibition in stroke should be reserved
for the most severe forms of the disease—and ones that
are associated with predominantly necrotic-type cell
death—should certainly be considered and explored fur-
ther in future studies.

In addition to the acute neuroprotective effects that
are probably mediated by energetic changes and preven-
tion of cell dysfunction and cell death, it is also conceiv-
able that modulation by PARP of inflammatory molecule
expression may also contribute to protection. As dis-
cussed above, PARP inhibitors suppress the expression
of proinflammatory cytokines and chemokines, thereby
interrupting positive-feedback cycles of mononuclear
cell migration. An additional mechanism specifically rel-
evant for the pathogenesis of central nervous system
(CNS) injury may involve the regulation by PARP of the
expression of integrin Cl1la, with subsequent suppres-
sion of microglial migration (Ullrich et al., 2001b).

The advantages of PARP inhibitors as agents for the
treatment of stroke (as well as myocardial infarction)
include the relatively short duration of treatment (an
important safety concern when inhibiting an enzyme
that regulates nuclear integrity) and the possibility of
effective delayed treatment because PARP inhibitors
target a delayed process of cell death. Most PARP
inhibitors in the therapeutic dose range tend to have
little influence on hemodynamic parameters, which
can also be considered an advantage. It is clear that
PARP is not the only factor involved in the pathogen-
esis of cell and organ injury in response to oxidant or
nitrosative stress. The relative importance of PARP in
mediating oxidant injury is dependent on cell type.
Furthermore, the protection wanes when cells are
challenged with extremely high concentrations of ox-
idants that trigger cytotoxic effects independent of
PARP, such as direct inhibitory effects on the mito-
chondrial respiratory chain or inhibitory effects on
other intracellular energetic or redox processes. Fi-
nally, direct interactions of the oxidants with pro-
teins, lipids, arachidonic acid, and other molecules
may also play a significant role in the development of
cellular injury. It is likely that there are important
synergistic interactions between PARP activation and
these other cellular processes of cytotoxicity. Never-
theless, from the evidence presented here, it seems
that inhibition of PARP alone can “tip the end of the
balance” and significantly influence the outcome of
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TABLE 3

Protection against various forms of neuronal injury by pharmacological inhibition or genetic inactivation of PARP in vitro and in vivo

Experimental Model

Inducer of Injury

Mode of PARP Inhibition

Effect of PARP Inhibition

Reference

Rat hippocampal neurons
Rat cortical cultures
Cerebellar granule cells
Rat cortical cultures
NSC39 spinal cord line
Cerebellar granule neurons
Rat cortex

C6 astrocytoma cells

Rat motoneurons

Rat hippocampal neurons
Rat hippocampal neurons

Mouse neurons and
astrocytes

Mixed rat cortical cells
Mixed rat cortical cells
Hippocampal slices
Hippocampal slices

Rat cortical slices
Human A72 glioma

Mouse BV-2 microglia mouse
hippocampal cultures

Mouse

Rat

Rat

Rat
Mouse

Rat

Neonatal rat

Mouse, rat

Rat

Rat

Rat

Rat

Mouse

Nitric oxide

NMDA, SNAP

Glutamate

NMDA, SNAP, SIN-1

Peroxynitrite, H,0,

3-Acetylpyridine

H,0,

Peroxynitrite

OGD

Homocysteine

SIN-1, NOC-9

H,0,, NMDA, MNNG

OGD

OGD

OGD

Fluid percussion
injury

H,0,

NMDA

MCAo /'R

MCAo, BCo, I/R

MCAo I/R

MCAo
MCAo, I/R

MCAo I/R

MCAo I/R

MCAo I/R

MCAo

Global brain ischemia

MCAo I/R

MCAo

Cortical trauma

3-AB, nicam

Benzamide, 3-AB, ISQ

Benzamide, 3-AB, 3-APH

PARP/~ phenotype,
benzamide, DHQ

Benzamide, nicam, 3-AB,
PHT

3-AB

Benzamide, nicam

INH,BP

3-methoxybenzamide

3-AB

Nicam

Benzamide, PARG inhibitors
gallotannin and nobotanin
B

Benzamide, PHT, DPQ

PJ34

Benzamide, PHT, DPB

3-AB

Benzamide, 3-AB, ISQ
3-AB

PARP /" phenotype

PARP/~ phenotype, 3-AB

DPQ

3-AB

INH,BP

3-AB, nicam

PJ34
PJ34
3-AB

3-AB

Nicam

PARP '/~ phenotype

Improved neuronal conductance
Reduced cell death
Reduced cell death
Reduced cell death

Reduced cell death

Protection against cell death

Reduced cell death

Reduced cell death

Reduction of ATP depletion

Reduction of NAD depletion and
cell necrosis

Reduction of cell necrosis and
apoptosis

Reduction of cell necrosis

Reduction of cell necrosis
Reduction of cell necrosis

No effect on apoptotic death
Improved neuronal conductance

Reduced LDH leakage

Reduced cell death, maintained
ATP

Amelioration of glial migration
and of secondary neuronal
injury

Reduced infarct size,
maintained NAD, improved
neurological function, both
short-term and after several
days

Reduced infarct size, improved
neurological status; at high
doses DPQ loses protective
effect

Reduced infarct size,
attenuation in glutamate and
PEA release

Reduced infarct size

Reduced infarct size, improved
neurological status

Reduced infarct size, improved
neurological status; at high
doses nicam becomes
detrimental

Reduced infarct size, improved
neurological status both
short- (2 days) and long-term
(17 days), reduced neutrophil
infiltration, reduced
nitrosative stress

Reduced infarct size, improved
neurological status

Reduced infarct at 4 h
permanent MCAo

Reduced infarct, improved
cortical NAD and
phosphocreatine levels, no
change in ATP

Long-term (28 days)
improvement in neurological
status and reduced infarct
volume

Reduced infarct size, improved
neurological status both with
short-term (1 day) and
delayed (7 days)
determinations; the protective
effect diminishes at higher
doses of the compound

Improved neurological function

Wallis et al., 1993
Zhang et al., 1994
Cosi et al., 1994
Eliasson et al., 1997

Cookson et al., 1998
Waullner et al., 1997
Hivert et al., 1998
Endres et al., 1998b
Tasker et al., 1998
Kruman et al., 2000
Lin et al., 2000

Ying and Swanson, 2000,
Ying et al., 2001

Moroni et al., 2001
Abdelkarim et al., 2001
Moroni et al., 2001
Wallis et al., 1996

Oka et al., 2000
Lee et al., 2001

Ullrich et al., 2001b
Eliasson et al., 1997;

Endres et al., 1997,
Goto et al., 2002

Takahashi et al., 1997,
1999

Lo et al., 1998

Tokime et al., 1998
Endres et al., 1998b

Sun and Cheng, 1998

Ducrocq et al., 2000

Abdelkarim et al., 2001
Abdelkarim et al., 2001

Plaschke et al., 2000a

Ding et al., 2001

Ayoub et al., 1999;
Mokudai et al., 2000;
Sakakibara et al.,
2000; Ayoub and
Maynard, 2002

Whalen et al., 1999
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Experimental Model

Inducer of Injury

Mode of PARP Inhibition

Effect of PARP Inhibition

Reference

Rat Cortical trauma GPI 6150 Reduced lesion size, protection  LaPlaca et al., 2001
from cell death

Mouse Intrastriatal NMDA PARP /" phenotype Protection from cell death Mandir et al., 2000

Mouse intrastriatal AMPA PARP/~ phenotype No protection from cell death Mandir et al., 2000

Mouse t-BuOOH (i.c.v.) Nicam Maintenance of NAD, NADP, Klaidman et al., 1996,
and NADPH levels in many 2001
brain regions

Gerbil Short BCo Benzamide, PHT, DPB-ISQ No effect on hippocampal Moroni et al., 2001
apoptotic death

Rat Short global ischemia 3-AB Enhancement of CA1 Nagayama et al., 2000

and hypothermia hippocampal apoptotic death

Mouse Monocular deprivation PARP ™/~ phenotype Protection from cell death in Nucci et al., 2001
dLGN

Rat CCI Benzamide Reduced neuronal death, Mao et al., 1997
reduced hyperalgesia and
mechano-allodynia

Rat Soman Benzamide Reduction in neuronal deficit, Meier et al., 1999
improved survival

Mouse MPTP PARP ™/~ phenotype Reduced cell death, improved Mandir et al., 1999
function, protection against
dopamine loss

Mouse MPTP Benzamide, ISQ Maintained striatal NAD and Cosi et al., 1996; Cosi
ATP protection against and Marien, 1999
dopamine loss

Rat MPP(+) 3-AB No protection against the Barc et al., 2001
impairment of neuronal
dopamine transporter activity

Mouse Nigral grafting PARP/~ phenotype No improvements in implanted = Kaminski et al., 1999
cell survival or graft recipient
status

Guinea pig I/R of the cochlea 3-AB Improved neuronal conductance Tabuchi et al., 2001

Rat I/R of the retina 3-AB Reduced cell death Lam, 1997; Chiang and

Lam, 2000
Newborn piglet E. coli meningitis 3-AB Decrease in lactate production, Park et al., 2001

Mouse, rat E. coli meningitis

Rabbit SAH 3-AB

3-AB, PARP/~ phenotype

neutrophil infiltration, TNF
production, peroxidation and
ATP depletion

Decrease in inflammatory
mediator production,
improved survival and CNS
function

Attenuated vasospasm

Koedel et al., 2002

Satoh et al., 2001

3-AB, 3-aminobenzamide; nicam, nicotinamide; I/R, ischemia-reperfusion; SNAP, S-nitroso-N-acetylpenicillamine; SIN-1, 3-morpholinosydnonimine; LDH, lactate
dehydrogenase; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; MPP, 1-methyl-4-phenylpyridium; ISQ, 1,5-dihydroisoquinoline; PHT, 6(5H)-phenanthridi-
none; DPQ, 3,4-dihydro-5-[4-1(1-piperidinyl)buthoxy]-1(2H)-isoquinolinone; OGD, oxygen-glucose deprivation; MCA, middle cerebral artery; H/R, hypoxia-reoxygenation;
BCo, bilateral carotid occlusion; PEA, phosphoethanolamine; SAH, subarachnoidal hemorrhage; ¢-BuOOH, tert-butylhydroperoxide; CCI, chronic constriction injury.

stroke, myocardial infarction, and various other isch-
emia-reperfusion states (see below).

G. PARP in Neurotrauma

There is experimental evidence that PARP activation
contributes to the pathogenesis of other forms of brain
injury and neurodegenerative disorders. For instance, it
has been reported that in spinal cord sections taken
after traumatic spinal cord injury, there is evidence of
peroxynitrite formation and activation of PARP (Scott et
al., 1999). PARP inhibitors provide protection in an in
vitro model of traumatic brain injury (Wallis et al.,
1993), although at present there are no in vivo studies
available on the outcome of spinal cord trauma in ani-
mals in which PARP was inhibited or genetically inac-
tivated. On the other hand, there are in vivo studies
available showing that genetic inactivation of PARP
markedly improves the functional outcome in traumatic
brain injury (Whalen et al., 1999, 2000). This protective
action has recently been confirmed using a potent novel

PARP inhibitor GPI 6150 (La Placa et al., 2001). Al-
though PARP deficiency did not affect the actual size of
the primary cortical necrosis, pharmacological inhibi-
tion did.

Another area that is directly relevant to neurotrauma is
represented by the secondary retinal ganglion cell death
model, which develops in response to rat optic nerve tran-
section. Recent studies demonstrated a transient, retinal
ganglion cell-specific PARP activation and increased reti-
nal PARP expression early after optic nerve axotomy. In
addition, intravitreal injections of 3-aminobenzamide
blocked PARP activation in retinal ganglion cells and re-
sulted in an increased number of surviving retinal gan-
glion cells (Weise et al., 2001). Thus, secondary degenera-
tion of a subset of axotomized retinal ganglion cells results
from a necrotic-type cell death mediated by PARP activa-
tion. Taken together, a body of evidence indicates that in
addition to stroke, PARP inhibition may constitute a rele-
vant strategy for the clinical treatment of various forms of
traumatic brain injury.
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H. PARP in Reperfusion Injury of the Gut, Eye,
Kidney, and Skeletal Muscle

Probably because of the relative simplicity of the ex-
perimental design involved, the role of PARP activation
was investigated fairly early on in splanchnic occlusion-
reperfusion, a convenient experimental model which,
nevertheless, does not represent a medical problem com-
parable to heart attacks or stroke in humans. In a series
of studies in anesthetized rodents, splanchnic occlusion
shock was induced by clamping both the superior mes-
enteric artery and the celiac trunk followed by release of
the clamp (reperfusion). There was a marked increase in
the oxidation of dihydrorhodamine-123, which is a
marker of oxidative processes induced by peroxynitrite,
in the plasma of these animals after reperfusion, but not
during ischemia alone (Cuzzocrea et al., 1997a; Liaudet
et al., 2000b). Immunohistochemical examination
showed a marked increase in the immunoreactivity to
nitrotyrosine, indicating the presence of peroxynitrite,
in the reperfused necrotic ileum and demonstrated the
activation of PARP both by enzyme activity measure-
ments and by immunohistochemical techniques (Cuzzo-
crea et al., 1997a; Liaudet et al., 2000b). In addition, in
ex vivo measurements in aortic rings from shocked rats,
there was a PARP-dependent reduction in the contrac-
tions caused by norepinephrine and also impaired re-
sponsiveness to the relaxant effect of acetylcholine,
which means vascular hyporeactivity and endothelial
dysfunction, respectively. PARP knockout mice sub-
jected to splanchnic occlusion and reperfusion also
showed reduced alterations in remote organs, as shown
by lesser lipid peroxidation (malondialdehyde forma-
tion) and neutrophil infiltration in the lung and liver
when compared with their wild-type counterparts (Liau-
det et al., 2000b).

Splanchnic artery ischemia and reperfusion also re-
sulted in a marked increase in epithelial permeability.
Inhibition of PARP with 3-aminobenzamide or PJ34 or
its genetic inactivation significantly reduced ischemia/
reperfusion injury in the bowel as evaluated by histolog-
ical examination and functional measurements (Cuzzo-
crea et al., 1997a; Liaudet et al., 2000b; Jagtap et al.,
2002). PARP inhibition also prevented the infiltration of
neutrophils into the reperfused intestine, as evidenced
by reduced myeloperoxidase activity, and improved the
histological status of the reperfused tissues. The free
radical/oxidant basis of PARP activation in this model is
underlined by studies showing that free-radical scaven-
gers such as tempol and N-acetylcysteine inhibit the
activation of PARP in the reperfused gut (Cuzzocrea et
al., 2000a,c). Taken together, the results demonstrate
that PARP inhibition exerts multiple protective effects
in splanchnic artery occlusion/reperfusion injury and
suggest that peroxynitrite and/or hydroxyl radical, pro-
duced during the reperfusion phase, cause DNA strand
breaks, PARP activation, and subsequent cellular dys-

function. The vascular endothelium may be an impor-
tant site of protection by PARP inhibition in shock
caused by splanchnic occlusion. The reduced neutrophil
infiltration and the reduced nitrotyrosine after inhibi-
tion or inactivation of PARP may be related to the in-
terruption of positive feedback cycles, similar to that
already described in relation to the reperfused heart.

Relatively less information is available on the role of
PARP in other ischemic and reperfused organs. Immu-
nohistochemical studies showed elevated poly(ADP-ri-
bose) levels at the retinal ganglion cell layer and the
inner nuclear layer in the ischemic-reperfused retina
(Chiang and Lam, 2000). Intracameral infusion of
3-aminobenzamide dose-dependently reduced the reti-
nal injury in albino Lewis rats (Kupper et al., 1995). In
a follow-up study, intravital administration of 3-amino-
benzamide was able to improve the morphology of the
retina even when the start of treatment was delayed to
12 and 18 h after reperfusion, which can be considered a
remarkable therapeutic window (Chiang and Lam,
2000). In addition to the reperfusion injury of the retina,
there is also some circumstantial in vitro evidence im-
plicating the pathogenic contribution of PARP activation
in hyperbaric oxygen-induced eye damage (Padgaonkar
et al., 1993).

The kidney is known to be extremely sensitive to
various forms of ischemic and oxidant-mediated injury.
In vitro studies in various experimental models demon-
strated the importance of PARP activation in the dys-
function and death of kidney epithelial cells in vitro. In
rat renal proximal tubular cell cultures, the hydrogen
peroxide (but not the tert-butyl hydroperoxide) -induced
cell death was blocked by various inhibitors of PARP
(Chatterjee et al., 1999a; Jung et al., 2000; Min et al.,
2000). In LLC-PK1-cultured renal epithelial cells, the
mode of hydrogen peroxide-induced cell death was in-
vestigated in detail, and it was confirmed that it is the
necrotic- and not the apoptotic-type cell death which is
blockable by PARP inhibition (Filipovic et al., 1999).
With respect to the molecular mode of protection: in
Madin-Darby canine kidney cells exposed to hydrogen
peroxide PARP inhibitors prevented the occludin junc-
tional damage (Cuzzocrea et al., 2000b). In the LLC-
PK1, the improvement in cell survival seen with 3-ami-
nobenzamide has been suggested to be related to
inhibition of histone H3 phosphorylation (Tikoo et al.,
2001). The role of the PARP pathway has also been
demonstrated in kidney dysfunction induced by isch-
emia and reperfusion in vivo. In rat models of renal
ischemia-reperfusion injury, PARP inhibitors acceler-
ated the recovery of normal renal function, as assessed
by monitoring the levels of plasma creatinine and blood
urea nitrogen and fractional excretion of sodium; pre-
vented the ischemia-reperfusion-induced reduction in
glomerular filtration rate; increased cell proliferation at
1 day postinjury, as assessed by proliferating cell nu-
clear antigen; improved the histopathological appear-
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ance of kidneys examined at 7 days postinjury; and
increased ATP levels measured at 24 h postischemia
(Martin et al., 2000). The free-radical/oxidant basis of
PARP activation in this model is underlined by studies
showing that free radical scavengers such as tempol and
desferrioxamine inhibit the activation of PARP in the
reperfused kidney (Chatterjee et al., 2000). The thera-
peutic window of intervention has not yet been investi-
gated in this model.

There is also some evidence to implicate the role of
PARP activation and the protective effect of PARP inhi-
bition in the reperfused skeletal muscle (Thiemermann
et al., 1997), liver (Chen et al., 2001), and cochlea (Ta-
buchi et al., 2001).

1. PARP in Arthritis

Recent studies have clearly demonstrated the role of
PARP activation in various forms of local inflammation
induced by the prototypical inflammatory stimuli zymo-
san and carrageenan. For example, in carrageenan-in-
duced paw edema, inhibition of PARP with 3-aminoben-
zamide reduced paw swelling and inhibited the
infiltration of neutrophils into the inflamed paw (Szabo
et al., 1997b). Furthermore, in a model of acute local
inflammation (carrageenan-induced pleurisy), 3-amino-
benzamide inhibited the inflammatory response (pleural
exudate formation, mononuclear cell infiltration, histo-
logical injury) (Cuzzocrea et al., 1998a,b). Similar to the
effect of the pharmacological inhibitors, PARP~/~ ani-
mals were found to be resistant against zymosan-in-
duced inflammation and multiple organ failure when
compared with the response of wild-type mice (Szabo et
al., 1997b). GPI 6150, a novel potent PARP inhibitor,
was also found to be very effective in attenuating joint
swelling and various parameters of inflammation in ro-
dent models of carrageenan-induced paw edema and
zymosan-induced multiple organ failure (Mazzon et al.,
2001).

Inhibition of PARP also reduced the formation of ni-
trotyrosine, an indicator of the formation of peroxyni-
trite, in the inflamed tissues (Szabo et al., 1997b; Cuz-
zocrea et al., 1998a). This finding was at first
unexpected because PARP activation is distal to the
generation of oxidants. The explanation for this finding
is likely related to the fact that PARP~/~ phenotype or
pharmacological inhibition of PARP reduces the infiltra-
tion of neutrophils into inflammatory sites (Szabo et al.,
1997b, 1998c; Cuzzocrea et al., 1998a). Thus the reduc-
tion in tissue injury by PARP inhibitors may result from
a decreased inflammatory infiltrate, which would be
associated with a reduction in both oxygen- and nitro-
gen-centered free-radical production (hence, reduced ni-
trotyrosine staining). The basis for PARP-inhibitable
neutrophil infiltration is not yet defined, but it may
relate to the effect of PARP activation on the expression
of intercellular adhesion molecules and/or to the modu-
lation by PARP of a postadhesion event (Roebuck et al.,

1995; Szabo et al., 1997b; Cuzzocrea et al., 1998a,b;
Mazzon et al., 2001). Other mechanisms by which PARP
modulates neutrophil tissue infiltration cannot be ex-
cluded, including an effect on endothelial integrity
(Szabo et al., 1997a; Soriano et al., 2001c¢).

Oxygen-derived free radicals and oxidants are mas-
sively overproduced in arthritis (Oyanagui, 1994; Santos
and Tipping, 1994; Kaur et al., 1996). Furthermore,
several lines of evidence suggest a role for NO overpro-
duction in the pathogenesis of arthritis. The expression
of iNOS and the production of large amounts of NO have
been demonstrated in chondrocytes from experimental
animals and humans (Hauselmann et al., 1994; Murrell
et al., 1995; Sakurai et al., 1995; Grabowski et al., 1996;
Hayashi et al., 1997). An increase in the circulating
levels of nitrite/nitrate (the breakdown products of NO)
has been demonstrated in patients with arthritis (Far-
rell et al., 1992; Stichtenoth et al., 1995). Increased
plasma and synovial fluid levels of nitrotyrosine, a
marker of peroxynitrite formation have been demon-
strated in patients with arthritis (Kaur and Halliwell,
1994). Similarly, increased nitrotyrosine formation was
observed in the joints of mice suffering from collagen-
induced arthritis (Szabo et al., 1998¢). The development
of the disease has been shown to be ameliorated by
various nonisoform-selective inhibitors of NO synthase
in various animal models of adjuvant-induced arthritis
(TIalenti et al., 1993; McCartney-Francis et al., 1993;
Stefanovic-Racic et al., 1994, 1995; Weinberg et al.,
1994). Mercaptoethylguanidine, an anti-inflammatory
agent with a combined mechanism of action (inhibition
of the inducible isoform of NO synthase, scavenging
peroxynitrite, and inhibition of cyclooxygenase) also pro-
vided marked beneficial effects in collagen-induced ar-
thritis (Brahn et al., 1998).

Several series of experiments directly implicate the
key role of PARP activation in the pathophysiology of
arthritis. In murine models of arthritis, inhibition of
PARP with nicotinamide reduced the onset of the dis-
ease (Ehrlich et al., 1995; Miesel et al., 1995; Kroger et
al.,, 1996b). The onset, progression, and remission of
arthritis positively correlated with the phorbol ester-
activated respiratory burst of neutrophils and mono-
cytes (Miesel et al., 1995). Inhibition of PARP not only
prevented the development of arthritis, it also inhibited
the progress of established collagen-induced arthritis
(Kroger et al., 1996b). The combined application of tha-
lidomide (as a drug that inhibits tumor necrosis factor «
expression in arthritis) and nicotinamide provided a
powerful synergistic inhibition of arthritis (Kroger et al.,
1996b). Furthermore, studies with 5-iodo-6-amino-1,2-
benzopyrone, a novel PARP inhibitor that lacks oxyradi-
cal scavenging properties, also protected in a mouse
model of collagen-induced arthritis: the PARP inhibitor
reduces both the incidence of arthritis and the severity
of the disease throughout the experimental period
(Szabo et al., 1998c). Histological evaluation of the paws
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in the vehicle-treated arthritic animals revealed signs of
severe suppurative arthritis with massive mixed (neu-
trophil, macrophage, and lymphocyte) infiltration. In
the animals treated with the PARP inhibitors, the de-
gree of arthritis was significantly reduced: a moderate,
primarily neutrophil infiltration into several of the
larger joints, coupled with mild-to-moderate necrosis
and hyperplasia of the synovium (Szabo et al., 1998¢c).
GPI 6150, another potent poly(ADP-ribose) polymerase
inhibitor, was also found to be highly effective in a
rodent model of adjuvant-induced arthritis (Mazzon et
al., 2001). PJ34, another potent novel PARP inhibitor,
was found to be highly effective in a murine model of
collagen-induced arthritis (Mabley et al., 2001a). Fi-
nally, PARP-1-deficient mice were found to be resistant
against collagen-induced joint swelling and inflamma-
tion when compared with wild-type animals (J.G. Mab-
ley and C. Szabo, unpublished data). As in the other
forms of inflammation, hydroxyl radical and peroxyni-
trite are the most likely triggers of PARP activation in
arthritis.

PARP activation has not yet been directly demon-
strated in samples from arthritic patients. Nevertheless,
in a human study analyzing DNA single-strand break-
age in peripheral mononuclear cells from arthritic pa-
tients, a significant elevation was found when compared
with healthy volunteers (Bhusate et al., 1992). Studies
conducted approximately a decade ago in humans re-
ported increased frequency of circulating antibodies
against PARP, chiefly in patients with systemic lupus
erythematosus as well as rheumatoid arthritis (Negri et
al., 1990; Lee and Axelrod, 1995; Decker et al., 1998). It
is likely that these antibodies do not directly reflect on
the potential PARP activation in these patients but,
rather, may be related to disease-associated increased
cell necrosis, followed by systemic spillage of PARP from
the nucleus and sensitization against PARP (as well as
numerous other components of nuclear and cytoplas-
matic debris) in these patients. In another study, pa-
tients with systemic lupus erythematosus showed an
approximately 70% decrease in poly(ADP-ribose) syn-
thesis; this decreased synthesis persisted even with the
addition of histones or DNase (Decker et al., 1998). The
findings of increased DNA strand breakage coupled with
decreased ex vivo PARP activity may be related to either
an earlier increase in PARP activation followed by auto-
ADP-ribosylation of the enzyme and eventual inactiva-
tion or to massive cleavage and inactivation of PARP by
caspases during the apoptotic process followed by the
release of the cellular content via postapoptotic necrosis
(Wu et al., 2001).

J. PARP in Inflammatory Bowel Disease

Recent studies in a variety of rodent models of exper-
imental colitis [induced by trinitrobenzene sulfonic acid,
dextrane sulfate solution or genetic interleukin (IL)-10
deficiency] support the role of PARP activation in the

pathogenesis of the disease (Zingarelli et al., 1999; Jijon
et al., 2000; Mabley et al., 2001a). Intraluminal admin-
istration of the trinitrobenzene sulfonic acid in 50% eth-
anol induced mucosal erosion and ulceration associated
with increased neutrophil infiltration, lipid peroxida-
tion, an intense staining for nitrotyrosine, and progres-
sive weight loss. Genetic ablation of the PARP gene or
pharmacological inhibition of PARP with 3-aminobenz-
amide resulted in significant resistance to the damage
induced by trinitrobenzene sulfonic acid administration,
reduced nitrotyrosine formation and tissue levels of mal-
ondialdehyde, and reduced neutrophil recruitment into
the injured tissue (Zingarelli et al., 1999). Similarly,
PJ34 exerts marked protective effects against the histo-
logical damage, lipid peroxidation, neutrophil infiltra-
tion, and mortality in a dextrane sulfate colitis model in
the mouse (Mabley et al., 2001a). These in vivo data are
in good agreement with in vitro studies demonstrating
protection by pharmacological inhibition of PARP
against intestinal epithelial cell injury (necrosis) in-
duced by hydrogen peroxide (Watson et al., 1995) or
peroxynitrite (Kennedy et al., 1998). One recent study
assessed the role of PARP in the colitis seen in IL-10
gene-deficient mice. IL-10 gene-deficient mice demon-
strated significant alterations in colonic cellular energy
status in conjunction with increased permeability,
proinflammatory cytokine release, and nitrosative
stress (Jijon et al., 2000). After 14 days of treatment
with 3-aminobenzamide, IL-10 gene-deficient mice dem-
onstrated normalized colonic permeability; reduced
TNF-«a and IFN-v secretion, iNOS expression, and nitro-
tyrosine levels; and significantly attenuated inflamma-
tion. Time-course studies showed that 3-aminobenz-
amide rapidly altered cellular metabolic activity and
decreased cellular lactate levels. This was associated
with the normalization of colonic permeability and was
followed by a down-regulation of proinflammatory cyto-
kine release (Jijon et al., 2000). Importantly and unex-
pectedly, not only the deterioration of the intestinal
epithelial function was prevented by PARP inhibition in
vitro, but ex vivo incubation of intestinal segments was
able to restore some of the intestinal epithelial function
(Jijon et al., 2000). As discussed earlier, this latter find-
ing may indicate that the intestinal epithelial cell pop-
ulation is not yet necrotic or dead, but it rather persists
in a state of metabolic and functional suppression that
can be reversed by inhibition of PARP.

K. PARP in Inflammatory Diseases of the Central
Nervous System: Allergic Encephalomyelitis to Multiple
Sclerosis

Increased oxygen-derived free-radical production and
oxidative injury has been reported in central nervous
system tissues from animals subjected to experimental
allergic encephalomyelitis (EAE), and oxidative and ni-
trosative injury has been implicated in the pathogenesis
of chronic CNS inflammatory disorders such as multiple
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sclerosis. The overproduction of NO and oxyradicals in
EAE leads to the generation of peroxynitrite. Accord-
ingly, increased nitrotyrosine staining has been re-
ported in humans with multiple sclerosis (MS), as well
as in the active EAE lesions (Koprowski et al., 1993;
Cross et al., 1997; van der Veen et al., 1997). Further-
more, putative peroxynitrite scavengers have been
shown to improve the outcome of EAE in mice (Hooper et
al., 1998, 2000; Cross et al., 2000). Emerging data di-
rectly implicate the role of the peroxynitrite-PARP axis
in the pathogenesis of EAE. In a rat model of EAE in
male Lewis rats, 3-aminobenzamide and 5-iodo-6-ami-
no-1,2-benzopyrone delayed the course of the disease
(Scott et al., 2001). PARP inhibition resulted in both a
delay in the onset and a reduction in the incidence and
severity of disease signs. Increased poly(ADP-ribose) im-
munoreactivity was associated with the development of
the brain lesions in vehicle-treated rats, whereas inhi-
bition of PARP with 5-iodo-6-amino-1,2-benzopyrone
eliminated the development of the lesions and abolished
poly(ADP-ribose) immunoreactivity (Scott et al., 2001).
Similarly, pharmacological inhibition of PARP with the
novel potent PARP inhibitor PJ34 potently reduces neu-
rological signs and improves survival in a murine model
of EAE (G. S. Scott, D. C. Hooper, and C. Szabo, unpub-
lished data). The mechanism by which the inhibition of
PARP suppresses the course of EAE has not been clari-
fied. Undoubtedly, one of the major features of MS and
EAE is demyelination. EAE (and presumably MS) is
triggered and amplified by a variety of interrelated im-
munological events. Immunological, clinical, and patho-
logical studies suggest that T lymphocytes directed
against myelin antigens are involved in the pathogene-
sis of MS. It is now clear that myelin-basic protein-
specific T cells mediate the destruction of CNS myelin in
EAE. Although the autoimmune disease is initiated by
antigen-specific autoreactive T cells, there is accumulat-
ing evidence that CNS injury is essentially mediated by
CNS-infiltrating inflammatory cells, and inhibition of
cell infiltration can suppress the course of EAE (Kent et
al., 1995; Eng et al., 1996; Miyagishi et al., 1997). In
addition, it is established that activated inflammatory
mononuclear cells contribute to tissue damage in several
inflammatory diseases by releasing highly reactive oxy-
gen metabolites (Malfroy et al., 1997), nitrogen metabo-
lites (see above), and subsequent activation of matrix
metalloproteinases (Gijbels et al., 1994). It is therefore
possible that demyelination associated with EAE and
MS results from oxidative injury caused by a cascade of
reactive oxygen and nitrogen metabolites produced by
CNS-infiltrating activated macrophages and other in-
flammatory cells. The infiltration of mononuclear cells
into the CNS is a process that is closely linked to the
breakdown of the blood-brain barrier, a process related
to the production of oxidants and free radicals in EAE
(Tewari et al., 1995). Once mononuclear cells infiltrate
the CNS, and myelin degradation begins, a variety of

positive-feedforward cycles initiate. For instance, phago-
cytosis of opsonized myelin can trigger the expression of
iNOS in macrophages, which can, in turn, further en-
hance the process of demyelination during multiple scle-
rosis or EAE (van der Laan et al., 1996). The induction
of iNOS and induction of proinflammatory cytokines
may enhance each other during EAE. This is supported
by the finding that aminoguanidine, an inhibitor of the
inducible NO synthase, reduced the expression of TNF-«
in EAE (Brenner et al., 1997). Although the exact cell
types involved have not yet been identified, recent data
indicate that the activation of NMDA receptors also
plays an important role in the pathogenesis of EAE. In
fact, antagonists of these receptors has been shown to
suppress the course of disease (Kupper et al., 1995;
Wallstrom et al., 1996). Possibly this process is related
to the decreased metabolism of glutamate in astrocytes
during EAE (Hardin-Pouzet et al., 1997). Considering
the abundant evidence for a role of PARP activation in
the pathogenesis of NMDA-mediated neuroinjury (see
Section III.F.), the above-mentioned studies lend further
support to our working hypothesis that PARP activation
plays a role in EAE, and the inhibition of PARP has
beneficial effects.

Currently, the cellular and molecular targets in
which the inhibition of PARP would interrupt the
inflammatory cascade leading to demyelination in
EAE are unclear. Nevertheless, several possibilities
can be considered by which PARP inhibition prevents
myelin degradation in EAE: 1) protection against oli-
godendrocyte death and improved myelin synthesis; 2)
protection against astrocyte death; 3) protection
against the breakdown of the blood-brain barrier and
the related 4) inhibition of mononuclear cell infiltra-
tion into the CNS; 5) inhibition of the expression of the
inducible NO synthase during EAE and 6) inhibition
of NMDA activation-related cell injury; and finally, as
discussed earlier (see Section III.F.) 7) PARP inhibi-
tion may suppress microglial migration (Ullrich et al.,
2001b) and can thereby down-regulate the consequent
encephalitogenic T-cell proliferation. With respect to
oligodendrocyte death, there are direct in vitro data
showing that oligodendrocytes and astrocytes are sus-
ceptible to NO-induced or hydrogen peroxide-induced
mitochondrial damage and death, and this cell death
can be partially inhibited by PARP inhibitors
(Mitrovic et al., 1994; Ying and Swanson, 2000). It is
also noteworthy that the turnover of oxidatively dam-
aged nuclear proteins in microglial cells has been
shown to be linked to the activation state of poly(ADP-
ribose) polymerase (Ullrich et al., 2001a). Taken to-
gether, it is conceivable that oligodendrocytes and
astrocytes would be injured and develop dysfunction
in a PARP-dependent fashion during the course of
EAE.
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L. PARP in Systemic Inflammation and Circulatory
Shock

Circulatory shock is associated with the enhanced for-
mation of oxyradicals and with the expression of iNOS,
resulting in the overproduction of NO. NO and superox-
ide react to form peroxynitrite, and all three species
have been implicated in the pathogenesis of cardiovas-
cular dysfunction and multiple organ failure in various
forms of systemic inflammation and shock. In isolated
cells and tissues, authentic peroxynitrite is capable of
mimicking many of the pathophysiological alterations
associated with shock (endothelial and epithelial dys-
function, vascular hyporeactivity, and cellular dysfunc-
tion), and these alterations are, in part, related to PARP
activation (Tewari et al., 1995).

In studies in anesthetized rats, the inhibition of PARP
with 3-aminobenzamide and nicotinamide reduced the
suppression of the vascular contractility of the thoracic
aorta ex vivo (Szabo et al., 1996b; Zingarelli et al.,
1996b). In another recent study in pigs injected with
Escherichia coli endotoxin, pretreatment with 3-amino-
benzamide eliminated the LPS-induced increase in pul-
monary and total respiratory resistance, indicating that
PARP activation plays an important role in the changes
of lung mechanics associated with endotoxin-induced
acute lung injury (Albertini et al., 2000).

Peroxynitrite production has been suggested to con-
tribute to endothelial injury in circulatory shock (Zin-
garelli et al., 1997b). Peroxynitrite can impair the endo-
thelium-dependent relaxations (Villa et al., 1994). Data
demonstrating the protective effects of 3-aminobenz-
amide against the development of endothelial dysfunc-
tion in vascular rings obtained from rats with endotoxic
shock (Szabo et al., 1996b) suggest that DNA strand
breakage and PARP activation occur in endothelial cells
during shock and that the subsequent energetic failure
reduces the ability of the cells to generate NO in re-
sponse to acetylcholine-induced activation of the musca-
rinic receptors on the endothelial membrane. It is pos-
sible that this impairment is related to endothelial
depletion of NADPH (an essential cofactor of NO syn-
thase) because of PARP overactivation (Soriano et al.,
2001b,c,d).

Activation of the PARP pathway has also been impli-
cated in the pathophysiology of the cellular energetic
failure associated with endotoxin shock by demonstra-
tion of increased DNA strand breakage, decreased intra-
cellular NAD™" and ATP levels, and mitochondrial res-
piration in peritoneal macrophages obtained from rats
subjected to endotoxin shock (Zingarelli et al., 1996a,b).
This cellular energetic failure was reduced by pretreat-
ment of the animals with the PARP inhibitors 3-amino-
benzamide or nicotinamide (Zingarelli et al., 1996a,b).
In contrast to these results in peritoneal macrophages, it
seems that the PARP pathway only plays a limited role
in the hepatic dysfunction associated with endotoxin

shock. In an endotoxic shock model in the rat, the inhi-
bition of PARP with 3-aminobenzamide and nicotin-
amide did not affect the alterations in most parameters
of liver injury. Inhibition of PARP with 1,5-dihydroxy-
isoquinoline resulted in a small protective effect (Wray
et al., 1998), whereas PJ34 treatment resulted in signif-
icant protection against liver and kidney dysfunction in
endotoxic shock in the rat (Jagtap et al., 2002). Another
water-soluble, potent PARP inhibitor, 5-aminoisoquino-
linone, significantly reduced the circulating aspartate
aminotransferase, alanine aminotransferase, and y-glu-
tamyl-transferase levels (indicators of liver injury and
dysfunction) in hemorrhagic shock (McDonald et al.,
2000).

There is a clear and pronounced protection by PARP
inhibition against the shock-induced intestinal epithe-
lial permeability changes. In endotoxic shock in rats and
mice, inhibition of PARP activation by 3-aminobenz-
amide or by PJ34 protects against the intestinal hyper-
permeability, and so does genetic depletion of PARP in
hemorrhagic shock (Liaudet et al., 2000a; Jagtap et al.,
2002).

The role of PARP activation in the pathogenesis of
hemorrhagic shock was recently further investigated in
a murine model by comparing the response to hemor-
rhage and resuscitation in wild-type and PARP-deficient
mice (Liaudet et al., 2000a). Animals were bled to a low
but tolerable mean blood pressure of 45 mm Hg and
subsequently resuscitated with isotonic saline. There
was a massive activation of PARP, detected by poly-
(ADP-ribose) immunohistochemistry, which localized in
the areas of the most severe intestinal injury, i.e., the
necrotic epithelial cells at the tip of the intestinal villi,
and colocalized with tyrosine nitration, which is an in-
dex of peroxynitrite generation (Liaudet et al., 2000a).
The finding that in various forms of shock, most of the
PARP activation localizes to the tip of the villi is espe-
cially interesting because it markedly contrasts with the
normal (baseline, noninflammatory) conditions, where
the majority of PARP activation in intestinal villi is
localized to the lower villi: nondividing but differentiat-
ing and maturing cells in the upper crypts and on the
villi contain no more than approximately 10% of the
synthetase activity of lower-crypt cell nuclei (Porteous et
al., 1979). Intestinal PARP activation during hemor-
rhagic shock results in gut hyperpermeability, which
developed in the wild-type but not in the PARP-deficient
mice. PARP-deficient mice were also protected from the
rapid decrease in blood pressure after resuscitation and
showed an increased survival time, as well as reduced
pulmonary neutrophil sequestration (Liaudet et al.,
2000a). The beneficial effects of PARP suppression were
not related to a modulation of the NO pathway or to a
modulation of signaling through IL-6, which increased
to the same degree in both wild-type and knockout mice
exposed to hemorrhagic shock. There was no evidence of
severe oxidant stress (no increase in tissue malondial-
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dehyde levels and no depletion in reduced glutathione
levels in any of the organs studied) (Liaudet et al.,
2000a), which was indicative that PARP activation does
not require prior oxidant stress or low antioxidant sta-
tus in this particular experimental model, and it seems
to develop at a relatively early stage of shock. In a large
animal model of hemorrhagic shock, treatment with
3-aminobenzamide significantly ameliorated the de-
crease in blood pressure, cardiac output, and stroke
work; slightly increased left atrial pressure during re-
suscitation; and significantly prolonged survival (Szabo
et al., 1998a). PARP activation and associated cell injury
probably plays crucial roles in the pathogenesis of intes-
tinal injury, cardiovascular failure, and multiple organ
damage associated with endotoxic and septic shock, as
well as resuscitated hemorrhagic shock.

Pharmacological inhibition of PARP, either with
3-aminobenzamide (Szabo et al., 1998a), 5-iodo-6-amino-
1,2,-benzopyrone (Szabo et al., 1997c), or PJ34 (Jagtap
et al., 2002) improves survival rate in mice challenged
with high-dose endotoxin. Also, several recent studies
compared the survival times of wild-type and PARP-
deficient mice in response to high-dose endotoxin and
compared the degree and nature of liver damage in the
two experimental groups. In one study, all PARP-defi-
cient animals survived high-dose (20 mg/kg) LPS-medi-
ated shock, which killed 60% of wild-type animals (Ku-
hnle et al.,, 1999). Similar results were obtained by
another independent group led by de Murcia (Oliver et
al., 1999). Moreover, LPS-induced necrotic liver damage
was significantly reduced in the PARP-deficient mice
(Kuhnle et al., 1999). In contrast, when apoptotic liver
damage was induced via injection of low concentrations
of LPS (30 pwg/kg) into D-galactosamine-sensitized mice
or via activation of hepatic cell-death receptors, PARP-
deficient animals were not protected (Kuhnle et al.,
1999). Thus, PARP activation is involved in systemic
LPS toxicity, whereas it plays a minor role in apoptotic
liver damage mediated by TNF or CD95.

As far as the mechanism of the protective effects of
PARP inhibitors are concerned, two main pathways
have been identified: PARP, in its basal, constitutive
state, can act as a coinducer of proinflammatory gene
expression in shock; and PARP activation can mediate
inflammatory cell dysfunction and ultimately cell necro-
sis (see above). These two pathways may actually be
interrelated in shock, because by reducing the produc-
tion of inflammatory chemokines and cytokines, PARP
inhibition actually reduces the amount of tissue-infil-
trating mononuclear cells and thus results in the pro-
duction of less genotoxic oxidants and free radicals,
thereby attenuating the degree of DNA single-strand
breakage and PARP activation and ultimately prevent-
ing cell dysfunction and/or necrosis (Fig. 7).

Most of the above-mentioned studies of endotoxic and
hemorrhagic shock used pharmacological inhibitors of
PARP. These studies are inherently problematic be-

cause of dosing issues, nonspecific actions, and vehicle
problems. For instance, in a study by Wray and col-
leagues (1998), the PARP inhibitor 1,5-dihydroxyiso-
quinoline seemed to have exerted beneficial effects, but
similar protective effects were also seen in the vehicle-
controlled animals treated with the drug vehicle di-
methyl sulfoxide alone. Recently, it became apparent
that dimethyl sulfoxide is actually an inhibitor of PARP,
an effect which may have influenced the outcome of the
above-referenced study (Banasik and Ueda, 1999). Also,
as discussed earlier, 3-aminobenzamide and nicotin-
amide possess antioxidant effects that are unrelated to
PARP inhibition. These effects may have contributed to
some of the beneficial effects observed in prior studies.
The pharmacological studies using various PARP inhib-
itors were followed by more recent studies comparing
wild-type and PARP-deficient mice subjected to circula-
tory shock. These latter studies have confirmed these
findings and demonstrated that PARP-deficient mice
are markedly protected from the lethality and organ
dysfunction induced by these insults (Kuhnle et al.,
1999; Liaudet et al. 2000a; Oliver et al., 1999).
Because endotoxin-induced shock does not share
many characteristics of human sepsis—in fact, in many
instances, novel therapeutic strategies that were protec-
tive in endotoxic shock were subsequently found to be
not protective or even detrimental in sepsis induced by
live bacteria—the next logical step of the investigation
was to explore the potential role of the PARP pathway in
sepsis induced by live bacteria. Using PJ34, we have
observed that pharmacological inhibition of PARP im-
proves survival in a porcine model of severe hypody-
namic sepsis induced by E. coli clot implantation (Jagtap
et al., 2002; Goldfarb et al., 2002). PJ34 is also effective
in rodent models of endotoxic shock, as well as in a
rodent model of cecal ligation and puncture (CLP)-in-
duced mortality (Soriano et al., 2001a; Jagtap et al.,
2002). In addition, we have recently compared the re-
sponse to cecal ligation and puncture-induced severe
polymicrobial sepsis in wild-type and PARP-deficient
mice (Soriano et al., 2002). We have found that mice
genetically deficient in PARP had significantly lower
plasma levels of various cytokines (TNF-qa, IL-6, IL-10)
and exhibited a reduced degree of organ inflammation,
indicated by decreased myeloperoxidase activity in gut
and lung. Furthermore, there was a significant improve-
ment of the survival rates of PARP ™/~ mice subjected to
CLP when compared with the wild-type controls (Sori-
ano et al., 2002). In contrast to severe models of septic
shock, in a mild model of resuscitated CLP-induced sep-
tic shock in rats (characterized by no hemodynamic al-
terations, undetectable degree of oxidative and nitrosa-
tive stress, no changes in organ NAD" and ATP levels,
and low level of organ failure), inhibition of PARP with
3-aminobenzamide did not affect any of the outcome
variables studied (Baechtold et al., 2001). As discussed
earlier [see Poly(ADP-Ribose) Polymerase in Stroke], it is
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possible that PARP only becomes activated in the most
severe forms of disease, and this is when its inhibition
can be expected to offer significant therapeutic benefit.

Although it has been hypothesized for several years
that PARP activation and the related energetic impair-
ments contribute to the diminished tissue-oxygen ex-
traction in shock (e.g., Szabo, 1996; Liaudet et al., 2001a;
Fink, 2002), the first direct evidence to prove this hy-
pothesis appeared recently and only in a reductionist in
vitro system. In immunostimulated CaCo-2 intestinal
epithelial cells, the impairment of cellular oxygen use
has been shown to be preventable by inhibition of PARP
with PJ34 (Khan et al., 2002). Similar studies in various
experimental models of circulatory shock are required to
directly test this attractive hypothesis.

From the above-described observations, one can con-
clude that in response to pharmacological inhibition or
genetic deletion of PARP, the improved hemodynamic
status in shock and sepsis is caused by improved cardiac
and vascular function and possibly by the improved cel-
lular energetic status in some organs. These improve-
ments, in turn, result in an overall survival benefit in
this condition. Despite the impressive number of pub-
lished studies, it is obvious that much further work is
required to delineate the exact role of PARP in sepsis.
For example, to date, there are no reports with PARP
inhibitors in large animal models of hyperdynamic sep-
sis. We believe that future work in this area of research
should use appropriate, clinically relevant, and fairly
severe models of bacterial sepsis rather than ones with
mild injury. Subjects to be addressed in these further
studies should include the best dosing regimen to be
used and the identification of the therapies that work
additively or synergistically when coadministered with
PARP inhibitors. Also, future studies must examine the
degree, tissue and disease heterogeneity, and time
course of PARP activation in humans.

M. PARP in the Pathogenesis of Diabetes

Type 1 or insulin-dependent diabetes mellitus is an
autoimmune disease occurring predominantly in chil-
dren and young adults resulting in the destruction of the
pancreatic 3 cells but not the other endocrine islet cells.
The actual trigger for the process of 3-cell destruction is
poorly characterized but is either an external factor
(viral, chemical) or an internal stimulus (cytokines, free
radical) that damages a proportion of the B cells leading
to the release of specific B-cell proteins, which can be
taken up by antigen-presenting cells and processed to
antigenic peptides. The process involves the transcrip-
tion of cytokine genes including interferon-vy, which can
feed back onto the antigen-presenting cells to increase
expression of IL-18 and TNF-a. The T-helper cells also
activate B-lymphocytes, which produce islet cell autoan-
tibodies, and this is followed by cytotoxicity by killer cell
activation. In the serum of a large proportion of individ-
uals having an increased risk of developing type 1 dia-

betes, autoantibodies against specific B-cell antigens
such as insulin (Atkinson et al., 1986), proinsulin (Kug-
lin et al., 1988), and glutamic acid decarboxylase
(Baekkeskov et al., 1990) have been detected. Cytotoxic
T-lymphocytes are also activated via the T-helper cells.
The products of immune cell activation including cyto-
kines and free radicals are the direct participants in
inducing B-cell death. The final event in the autoim-
mune process is the removal of cell debris by macro-
phages.

The pathogenesis of type 1 diabetes has been mostly
investigated in rodent models of type 1 diabetes. Initial
models used B-cell toxins such as streptozotocin, which
was found to be able to induce diabetes either directly or
via an immune cell-mediated mechanism depending on
whether a single large dose (Rerup, 1970) or multiple
low doses (Rossini et al., 1977; Kolb, 1987) were admin-
istered. The latter model is widely known as multiple-
low-dose streptozotocin (MLDS) diabetes. Destruction of
the B cells in diabetes has been attributed to the produc-
tion of various immune-cell mediators such as cytokines
and free radicals produced in the islet itself. Major me-
diators of B-cell death seem to be NO and various related
free-radical and oxidant species. High concentrations of
NO are produced in the islet directly from the infiltrat-
ing macrophages (Kleemann et al., 1993) and indirectly
from the induction of iNOS in various cell types of the
islet after exposure to immune cell-derived proinflam-
matory cytokines. The induction of iNOS and production
of free-radical species have been implicated in the devel-
opment of diabetes in many of the animal models, with
iNOS-deficient mice being protected from streptozoto-
cin-induced diabetes (Flodstrom et al., 1999) and iNOS
being detected in the pancreas of the nonobese diabetic
(NOD) mouse (Rabinovitch et al., 1996) along with evi-
dence of peroxynitrite formation (Suarez-Pinzon et al.,
1997). Isolated rat, mouse, and human islets of Langer-
hans have frequently been used to identify the events
involved in B-cell dysfunction and death in diabetes.
Exposure of islets to appropriate combinations of proin-
flammatory cytokines results in the inhibition of insulin
secretion (Southern et al., 1990; Corbett et al., 1993;
Eizirik et al., 1994), which is mediated by NOS induction
and subsequent free-radical formation (Southern et al.,
1990; Corbett et al., 1993). Cytokines also inhibit islet
DNA synthesis (Khatim et al., 1988) and glucose oxida-
tion through the inhibition of the mitochondrial enzyme
aconitase (Green et al., 1994). Cytokines were also found
to decrease islet ATP (Green et al., 1994), cAMP (Green
et al., 1994), and NAD™ levels (Fehsel et al., 1993; Bo-
laffi et al., 1994; Radons et al., 1994) and to inhibit
insulin biosynthesis (Green et al., 1994). Cytokine com-
binations also cause DNA damage, an effect that is me-
diated by NO and related radicals and oxidants (Delaney
et al., 1993; Fehsel et al., 1993). The final outcome of
exposure of islets to cytokines is cell death: necrosis
(Kroncke et al., 1991) and/or apoptosis (Kaneto et al.,
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1995). Many of the effects induced in islet cells by cyto-
kine treatment have been duplicated using chemically
generated free radicals such as NO, oxygen-free radi-
cals, and peroxynitrite. Inhibition of insulin secretion
(Cunningham et al., 1994, Eizirik et al., 1996), induction
of DNA damage (Delaney et al., 1993; Fehsel et al., 1993;
Hadjivassiliou et al., 1998), and islet cell lysis (Heller et
al., 1994) and apoptosis (Kaneto et al., 1995) have all
been observed in rat and human islets exposed to NO,
reactive oxygen species, or peroxynitrite in vitro. The
consequences to the B-cell of this cellular dysfunction
are multiple and involve a variety of oxidant-mediated
protein and lipid modifications.

Okamoto and his coworkers (Uchigata et al., 1982)
proposed that the primary DNA damage and subsequent
decrease in cellular NAD™" levels are linked by activa-
tion of PARP. They proposed that the decrease in NAD™"
levels is responsible for the loss of cellular ATP and
leads to the inhibition of proinsulin biosynthesis, ulti-
mately resulting in the loss of B-cell viability and cell
death (Uchigata et al., 1982). For the last two decades,
the role of PARP activation in the process of 3-cell death
has been subject to extensive investigations in vitro.
Islets of Langerhans isolated from rat, mouse, or human
are all functionally inhibited and ultimately destroyed
by inflammatory cell mediators such as cytokines and
free radicals, as well as chemical B-cell toxins such as
streptozotocin and alloxan. The role of PARP in these
processes has been investigated in a multitude of studies
using various pharmacological enzyme inhibitors. The
application of streptozotocin to isolated mouse and rat
islets results in the formation of DNA strand breaks
(Wilson et al., 1988), activation of PARP (Wilson et al.,
1988), and a decrease in B-cell NAD" (Bolaffi et al.,
1987) and proinsulin content (Sandler et al., 1983),
along with an inhibition of insulin secretion (Masiello et
al., 1985, 1990). Application of nicotinamide, 3-amino-
benzamide, or thymidine, although not preventing the
DNA damage induced by streptozotocin, protected the
islets’ functionality by preventing the decrease in NAD™"
and proinsulin as well as by partially reversing the
inhibition of insulin secretion (Masiello et al., 1985,
1990; Bolaffi et al., 1987). The reversibility of the strep-
tozotocin-induced damage in B-cells by PARP inhibitors
is a function of the degree of preservation of intracellular
NAD™ pools. The role of PARP in the deleterious effects
of cytokines on isolated islets is not as clear as with the
chemically induced damage. This finding is possibly
caused by the use of nicotinamide for these studies,
because at the doses used, nicotinamide also acts as a
protein synthesis inhibitor and free radical scavenger (in
addition to being a PARP inhibitor). Nicotinamide has
been shown to have either no effect or a partial protec-
tive effect against cytokine-inhibited insulin release or
stimulation of NO formation from isolated islets (Fehsel
et al., 1993; Reddy et al., 1995). The use of a more potent
PARP inhibitor, INH,BP, does reverse cytokine-medi-

ated inhibition of glucose-stimulated insulin secretion,
an effect found to be independent of the inhibition of NO
formation (Mabley et al., 2001b). Nicotinamide also re-
verses the inhibitory effects of IL-18 on accumulated
insulin release and NO production (Andersen et al.,
1994). Exposure of human islets to cytokine combina-
tions also causes islet cell destruction, as determined by
islet DNA and insulin contents which decrease dramat-
ically (Rabinovitch et al., 1994); again, these effects are
reversed by nicotinamide (Rabinovitch et al., 1994). Nic-
otinamide prevented cytokine-mediated lysis of mouse
islet cells (Yamada et al., 1990b) but was unable to
protect rat, mouse, or human islets from cytokine-medi-
ated apoptosis (Hoorens and Pipeleers, 1999). This ob-
servation is in line with the evidence that the cell-death
pathway triggered by PARP activation and NAD" de-
pletion is necrosis rather than apoptosis. NO has been
shown to be the major mediator of cytokine-induced
damage, and the induction of NOS in islet cells by cyto-
kines is totally dependent on NF-«B activation (Flod-
strom et al., 1996). Reports have implicated PARP in
promoting the activation of NF-«B (Oliver et al., 1999)
but in the context of islet cell function, this promotion
seems to be due to the physical presence of the enzyme
(through molecular scaffolding functions and physical
association) rather than its catalytic activity; thus the
activation of NF-kB is less affected by pharmacological
inhibitors than by genetic disruption of the PARP gene
(Andrade et al., 1996; Oliver et al., 1999; Soriano et al.,
2001c).

Exposure of isolated islets to NO, reactive oxygen
species, or hydrogen peroxide, either generated chemi-
cally or from activated macrophages, results in the in-
hibition of insulin secretion, decrease in NAD* and pro-
insulin levels, and eventual islet cell lysis—effects
associated with the activation of PARP. Although nico-
tinamide failed to prevent the formation of primary
DNA damage in radical exposed cells, the presence of
the compound effectively inhibited the activation of
PARP, as assessed by the complete lack of poly(ADP-
ribose) formation and by the preservation of intracellu-
lar NAD" concentrations. Nicotinamide and 3-amino-
benzamide both improved the survival of rat islet cells
exposed to chemically generated NO (Kallmann et al.,
1992; Radons et al., 1994) or to reactive oxygen species
generated by xanthine oxidase (Burkart et al., 1992;
Heller et al., 1994). Nicotinamide also protected human
islets from hydrogen peroxide-induced necrosis (Hoo-
rens and Pipeleers, 1999). Nicotinamide was even able
to protect rat islet cells cocultured with syngeneic-acti-
vated macrophages from cell lysis via a nitric oxide-
dependent mechanism (Burkart and Kolb, 1993). It was
also found that nicotinamide was able to inhibit iNOS
mRNA induction in activated macrophages (Pellat-De-
ceunynck et al., 1994), an effect of the compound which
may have also contributed to the B-cell protection. A
recent study showed that peripheral blood from newly
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diagnosed diabetic patients incubated with nicotinamide
produced significantly less IL-12 and TNF-«a (Kretowski
et al., 2000). This observation suggests that nicotin-
amide is able to influence monocyte/macrophage func-
tion in peripheral human blood, thus providing another
potential mechanism of protection against the develop-
ment of diabetes.

The combined results from the in vivo and in vitro
studies using PARP inhibitors indicate that protection
from diabetes development, as observed after adminis-
tration of PARP inhibitors in rodents, is mediated by
direct protection against the necrotic damage of the
cells and may be related to the suppression of proinflam-
matory mediator production. The particularly large con-
centrations of the PARP inhibitors used in vitro to pro-
duce the protective effects, in the millimolar range, give
rise to many nonspecific pharmacological effects other
than PARP inhibition. Nicotinamide at 5- to 50-mM
concentrations used in vitro to protect the islets is able
to inhibit enzymes other than PARP (Kolb and Burkart,
1999) as well as to interfere with transcriptional (Pellat-
Deceunynck et al., 1994) and translational processes
(Hauschildt et al., 1991, 1992). Although the more po-
tent PARP inhibitors (which are active in the micromo-
lar or nanomolar range) exert protective effects similar
to those of nicotinamide and 3-aminobenzamide against
cytokine-mediated inhibition of insulin secretion and
islet cell destruction. To truly define the role of PARP in
diabetes, the engineering of a mouse deficient in the
PARP gene was required. The development of a PARP-
deficient mouse has allowed for the direct examination
of the role of PARP in type 1 diabetes. In 1995, Kolb and
colleagues (Heller et al., 1995) isolated islets from the
newly engineered PARP-deficient mouse (Wang et al.,
1995) and exposed them to nitric oxide or reactive oxy-
gen species. The islets isolated from PARP ™/~ mice had
no NAD™" depletion and were resistant to both NO and
reactive oxygen species toxicity, providing evidence that
PARP activation is responsible for most of the loss of
NAD™" after such treatment. However, PARP /" islets
were not completely resistant to lysis induced by nitric
oxide and reactive oxygen species, especially at higher
concentrations. Furthermore, application of a PARP in-
hibitor, 3-aminobenzamide, failed to protect against the
islet lysis induced by extremely high levels of NO or
reactive oxygen species, indicating the presence of an
alternative pathway of cell death independent of PARP
activation and NAD™" depletion.

Thus, the hypothesis was formulated that primary
DNA damage in the B-cell leads to activation of PARP
with subsequent depletion of intracellular NAD leading
to the inhibition of proinsulin synthesis, 3-cell necrosis,
and diabetes. Subsequently, various pharmacological in-
hibitors of PARP were tested in all animal models of
diabetes. By far the most common inhibitor used is nic-
otinamide. Other PARP inhibitors have also been used,
including benzamide analogs such as 3-aminobenz-

amide, and more recently isoquinolines, benzopyrones,
and phenanthridinones. Many in vivo studies used
chemically induced animal models of diabetes in which
diabetes is induced in the rat by a single intravenous or
intraperitoneal injection of streptozotocin. One of the
earliest studies with nicotinamide was conducted by
Schein et al. (1967). These investigators found that in-
traperitoneal injection of 500 mg/kg nicotinamide pre-
served B-cell function and prevented the development of
diabetes in rats treated with a single high dose of strep-
tozotocin. This protection from hyperglycemia was cou-
pled with a preservation of islet NAD" levels and pre-
vention of pB-cell destruction. Inhibitors of PARP,
including nicotinamide and 3-aminobenzamide injected
intravenously to rats, were found to prevent both allox-
an- and streptozotocin-induced depletion of NAD* and
inhibition of proinsulin synthesis (Yamamoto and Oka-
moto, 1980; Uchigata et al., 1982, 1983; Okamoto and
Yamamoto, 1983). Further studies with 3-aminobenz-
amide indicated that this compound prevented the de-
velopment of diabetes in streptozotocin-treated rats
(Masiello et al., 1985). PARP inhibitors have been far
less potent in protecting against the MLDS model of
diabetes, which is usually induced in mice rather than in
rats. The induction of diabetes in the MLDS model in-
volves not only the direct destruction of 3 cells by strep-
tozotocin, but the indirect destruction by induction of an
autoimmune response against the 8 cell. Nicotinamide
protected MLDS-treated mice from hyperglycemia
(Rossini et al., 1977; Bouix et al., 1995) but only had a
weak effect on the development of insulitis (Mendola et
al., 1989b). The more potent inhibitors of PARP such as
the benzopyrone INH,BP or the phenanthridinone de-
rivative PJ34 (Soriano et al., 2001c; Mabley et al.,
2001b) exert much more dramatic protective effects than
nicotinamide. These observations suggest that PARP
inhibition greatly protects pancreatic 8 cells from both
streptozotocin and immune cell-mediated destruction.
Nicotinamide has also been used to influence the on-
set of diabetes in the two genetic models of type 1 dia-
betes with varying degrees of success. In the NOD
model, recent studies provided evidence for the presence
of peroxynitrite (Suarez-Pinzon et al., 1997), a potent
NO-derived oxidant, which is able to induce pancreatic 3
cell dysfunction and death in vitro and which is a potent
activator of PARP because of its ability to induce DNA
single-strand breakage (see above). By using specific
antibodies and immunohistochemical methods, it was
found that cells positive for nitrotyrosine (an indicator of
peroxynitrite generation) were found significantly more
frequently in islets from acutely diabetic NOD mice than
in islets from normoglycemic NOD mice and control
BALB/c mice. The nitrotyrosine-positive cells in islets
were identified to be macrophages and also 3 cells. Most
of the B cells in islets from acutely diabetic NOD mice
were nitrotyrosine-positive, whereas significantly fewer
B cells were nitrotyrosine-positive in islets from normo-
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glycemic NOD mice and BALB/c mice. Also, the percent-
age of B cells in islets from NOD mice (normoglycemic
and diabetic) correlated inversely with the frequency of
nitrotyrosine positive B cells (Suarez-Pinzon et al.,
1997). In the NOD mouse nicotinamide prevents the
development of both the spontaneous (Yamada et al.,
1982; Reddy et al., 1990) and cyclophosphamide-acceler-
ated (O’Brien et al., 2000) models of type 1 diabetes.
Unlike the MLDS model of diabetes, in the NOD model,
nicotinamide was able to suppress insulitis by a signif-
icant degree (Reddy et al., 1990) as well as reduce major
histocompatibility complex class II protein expression in
the pancreas of NOD mice (Papaccio et al., 1999). These
observations indicate a role for PARP in immune-cell
infiltration in inflammatory conditions, an effect also
observed in other diseases (Szabo et al., 1997b). In fact,
the treatment of NOD mice with nicotinamide for only 5
weeks at a very early age is able to suppress diabetes
over the following 25 weeks (Kim et al., 1997), indicating
that PARP plays a fundamental role in the early stages
of diabetes development. In recent studies, long-term
treatment of NOD mice with the potent PARP inhibitor
PJ34 protected against the cyclophosphamide-acceler-
ated induction of diabetes, and when PJ34 treatment
was started at 5 weeks of age, it markedly suppressed
the spontaneous development of diabetes (Mabley et al.,
2001a). The protective effects of PARP inhibitors in the
NOD model of diabetes are possibly related to inhibiting
B-cell necrosis and preventing immune-cell activation by
proteins released from necrotizing islet cells.

In 1999, three independent groups reported (Burkart
et al., 1999; Masutani et al., 1999; Pieper et al., 1999) in
short succession the massive resistance of PARP ™/~
mice to streptozotocin-induced diabetes. In all three
studies, PARP™/~ mice were injected with a single dose
of streptozotocin, and in all cases, the control mice de-
veloped a severe hyperglycemia within 1 week of the
injection. This action was coupled with a marked de-
crease in pancreatic insulin levels and morphological
analysis showing significant atrophy of the islets caused
by a marked loss of B-cells. In contrast, the PARP ™/~
mice had normal blood glucose concentration levels,
with no evidence of islet atrophy, B-cell loss, or altered
cellular arrangement. In fact, the islets exhibited a his-
tological appearance that was similar to that of the
vehicle-treated nondiabetic mice. The complete protec-
tion of mice lacking the PARP gene from streptozotocin-
induced diabetes is remarkable and identifies PARP as
an essential downstream executor in the development of
diabetes in this animal model. The susceptibility of
PARP ™/~ mice to the MLDS model of diabetes has also
been investigated recently by our group (Mabley et al.,
2001b). As noted above, the MLDS model has a signifi-
cant immune-cell component in the B-cell destruction
and is characterized by a progressive hyperglycemia and
an insulitis similar to that observed in patients with
recent-onset type 1 diabetes. PARP™/~ mice are signifi-

cantly less susceptible to MLDS-induced diabetes, with
a lower disease incidence and decreased hyperglycemia
than the wild-type animals. This resistance against di-
abetes is coupled with a higher insulin content and
therefore increased p-cell mass in MLDS-treated
PARP ™/~ mice, as compared with treated PARP*/*
mice. However, it is notable that no complete protection
was observed when these mice were treated with a sin-
gle high dose of streptozotocin, indicating that other
pathways activated via the immune system can also lead
to B-cell destruction (Mabley et al., 2001b). This finding
is consistent with the in vitro data (Heller et al., 1995),
demonstrating the presence of a PARP-independent
pathway of islet cell death in response to nitric oxide and
reactive oxygen species.

It is interesting to note that a recent study reported
that after the introgression of a disrupted PARP-1 allele
onto the autoimmune diabetes-prone NOD mouse
strain, these mice were protected neither from sponta-
neous nor from cyclophosphamide-accelerated diabetes
(Gonzalez et al., 2002). Surprisingly, they were also
highly sensitive to the diabetes induced by a single high
dose of streptozotocin (Gonzalez et al., 2002), standing in
sharp contrast with C57BL/6 mice that bear the same
inactivated PARP-1 allele (see above). Although the
mechanism of this unexpected behavior remains clari-
fied, these results suggest that NOD mice are character-
ized not only by their immune dysfunction but also by a
peculiarity of their islets leading to a PARP-1-indepen-
dent mechanism of streptozotocin-induced B-cell death.

The studies with the PARP-deficient mice have pro-
vided strong evidence for the depletion of NAD™ result-
ing from PARP activation as the dominant metabolic
event in the destruction of the B-cell after DNA damage.
PARP inhibition improves the resistance of the B-cell
toward the deleterious effects of proinflammatory medi-
ators such as cytokines and free radicals and presents a
clear therapeutic target for the prevention of type 1
diabetes. Accordingly, the concept of protecting B-cells
from inflammatory damage by nicotinamide was intro-
duced into human clinical trials early on. The early
small-scale promising findings (Mendola et al., 1989a;
Pozzilli et al., 1989, 1996; Elliott and Chase, 1991; El-
liott et al., 1993; Kolb and Burkart, 1999) were followed
by subsequent smaller (Chase et al., 1990; Pozzilli et al.,
1994a,b; Visalli et al., 1999; Vidal et al., 2000) and larger
(Lampeter, 1993, 1998; Gale, 1996) studies that failed to
show significant therapeutic efficacy. It is important to
note that even if PARP is a valid target to prevent type
1 diabetes, nicotinamide may not be a potent enough
pharmacological agent to prevent disease development.
The development of more potent and specific inhibitors
of PARP may mean that true prevention of type 1 dia-
betes in humans occurs only when these inhibitors are
available for human use.
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N. PARP in the Pathogenesis of Diabetic
Cardiovascular Dysfunction

In established diabetic patients, the quality of life and
life expectations are determined by the complications of
diabetes rather than by the primary disease. Among
these complications, vasculopathies affecting both the
micro- and macrocirculation (evidenced clinically,
among others, by accelerated atherosclerosis, dysfunc-
tion of the eye and kidney, diminished blood flow to
extremities, and increased risk of developing a variety of
cardiovascular diseases) are probably the most domi-
nant factors. The major cause of mortality in diabetes is
macrovascular disease affecting the cardiac and cerebro-
vascular circulation, which seems to have a more com-
plex pathogenesis (Keen et al., 1999; Tooke and Goh,
1999; De Vriese et al., 2000; Schaper et al., 2000; Standl
and Schnell, 2000). The processes involved in athero-
thrombotic disease are complex and include variation in
lipid metabolism, vascular responses, cell-cell interac-
tions, and the fluid and cellular phases of coagulation
and fibrinolysis. The complex interactions between all of
these processes are crucially altered by the metabolic
milieu that characterizes diabetes mellitus, tipping the
delicate balance toward atheroma formation, platelet
aggregation, and thrombus formation (Keen et al., 1999;
Tooke and Goh, 1999; De Vriese et al., 2000; Schaper et
al., 2000; Standl and Schnell, 2000). In contrast to ma-
crovascular alterations, diabetes-associated microvascu-
lar disease has been strongly related to glycemic control.
Hyperglycemic episodes occur even in the most balanced
forms of diabetes mellitus and are closely associated
with the development of vascular failure. A significant
portion of diabetic patients will eventually develop some
degree of vascular failure.

The vascular tone is regulated by various neurohu-
moral mediators and mechanical forces acting on the
innermost layer of blood vessels, the endothelium. The
main pathway of vasoregulation involves the activation
of the endothelial isoform of NO synthase (eNOS) result-
ing in NO production (Furchgott, 1999; Ignarro, 1999).
Endothelium-dependent vasodilatation is frequently
used as a reproducible and accessible parameter to
probe endothelial function in various pathophysiological
conditions (Furchgott, 1999; Ignarro, 1999; De Caterina,
2000). It is well established that endothelial dysfunc-
tion, in many diseases, precedes and predicts as well as
predisposes for the subsequent, more severe vascular
alterations. Endothelial dysfunction has been docu-
mented in various forms of diabetes and has many
pathogenetic components, including increased polyol
pathway flux, altered cellular redox state, increased for-
mation of diacylglycerol, the subsequent activation of
specific protein kinase C isoforms, and accelerated non-
enzymatic formation of advanced glycation end products
(King, 1996; Carter and Grant, 1997). In addition, recent
studies have established that oxygen- and nitrogen-de-

rived oxidants and free radicals play a significant role in
diabetes-associated endothelial dysfunction (Giugliano
et al., 1996; Honing et al., 1998; Lyall et al., 1998; Cai
and Harrison, 2000). The cellular sources of reactive
oxygen are multiple and include advanced glycation end
products, NADH/NADPH oxidases, and the mitochon-
drial electron transport chain (Nishikawa et al., 2000).
We recently found that high glucose-induced oxidative
stress leads to DNA single-strand breakage and PARP
activation in murine and human endothelial cells (Sori-
ano et al., 2001c). The involvement of oxyradicals and
NO-derived reactive species in PARP activation and the
evidence for nitrated tyrosine residues both suggested
that peroxynitrite may be one of the final mediators
responsible for single strand-breakage and subsequent
PARP activation (Soriano et al., 2001c). To test the rel-
evance of a PARP-dependent mechanism for the high
glucose-induced cell dysfunction, we decided to measure
cellular pyridine nucleotide concentrations in the endo-
thelial cells exposed to high glucose. There was a severe
suppression of cellular high-energy phosphate levels as
well as a suppression of NAD* and NADPH levels in
endothelial cells exposed to high glucose levels for 1 to 2
days. These effects were prevented by PARP inhibition
or by PARP/~ phenotype (Soriano et al., 2001c). Be-
cause eNOS is a NADPH-dependent enzyme, we pro-
posed that the cellular depletion of NADPH in endothe-
lial cells exposed to high glucose is directly responsible
for the suppression of eNOS activity and the reduction
in the diabetic vessels’ endothelium-dependent relaxant
ability (Fig. 8). In support of this hypothesis, we subse-
quently demonstrated that there is a PARP-dependent
suppression of vascular NADPH levels in diabetic blood
vessels in vivo (Soriano et al., 2001c). In these latter
studies, we induced diabetes in mice and rats by strep-
tozotocin treatment, and PARP inhibition treatment by
PJ34 was delayed to limit its interference with the pri-
mary process of islet cell destruction. The activation of
PARP in the blood vessels was already apparent 2 weeks
after the onset of diabetes, and thus it slightly preceded
the occurrence of the endothelial dysfunction, which de-
veloped between the second and fourth week of diabetes
(Soriano et al., 2001b). Ex vivo experiments demon-
strated the loss of endothelial function, as measured by
the relaxant responsiveness of precontracted vascular
rings to acetylcholine. Delayed treatment with the
PARP inhibitor, starting 1 week after streptozotocin,
ameliorated vascular poly(ADP-ribose) accumulation
and restored normal vascular function without altering
systemic glucose levels, plasma-glycated hemoglobin
levels, or pancreatic insulin content (Soriano et al.,
2001c). Furthermore, delayed treatment of the animals
with the PARP inhibitor restored the established dia-
betic endothelial dysfunction, and even in vitro incuba-
tion of diabetic dysfunctional blood vessels with PARP
inhibitors of various structural classes (an aminobenz-
amide, an isoquinoine, and a phenanthridinone deriva-
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Fic 8. Role of PARP in the development of endothelial cell dysfunc-
tion in diabetes mellitus. PARP-dependent and PARP-independent cyto-
toxic pathways involving nitric oxide (NO’), hydroxyl radical (OH"), and
peroxynitrite (ONOO™) in the context of diabetic endothelial dysfunction.
The vascular tone is regulated by various neurohumoral mediators such
as acetylcholine, ATP, ADP, and bradykinin and mechanical forces (e.g.,
pulsatile flow and shear stress) physiologically activating the innermost
layer of blood vessels, the endothelium. The main pathway of vasoregu-
lation involves the mobilization of intracellular calcium in endothelial
cells, followed by the activation of eNOS, resulting in NO production. The
enzyme uses the substrates L-arginine and molecular oxygen to produce
NO and is dependent on a variety of substrates, including NADPH and
tetrahydrobiopterin. NO produced by eNOS then diffuses to the smooth
muscles, activates soluble guanylyl cyclase (GC) and thereby triggers a
c¢GMP-mediated relaxation of the vascular smooth muscle. The NO re-
leased from the endothelium also maintains an antiatherogenic intravas-
cular surface and inhibits the adhesion and activation of neutrophils,
monocytes, and platelets. In diabetes, transiently of persistently elevated
high-circulating glucose in diabetes interrupts the normal homeostatic
functions of the vascular endothelium. First, hyperglycemia triggers the
release of oxidant mediators from the mitochondrial electron transport
chain, from NADH/NADPH oxidase from advanced glycation end prod-
ucts (AGEs), and from other sources. High glucose may also up-regulate
eNOS expression or may trigger the expression of iNOS in the endothe-
lium. NO, in turn, combines with superoxide to yield peroxynitrite. Hy-
droxyl radical (produced from superoxide via the iron-catalyzed Haber-
Weiss reaction) and peroxynitrite or peroxynitrous acid induce the
development of DNA strand breakage, with consequent activation of
PARP. Depletion of the cellular NAD™" leads to the inhibition of cellular
ATP-generating pathways, leading to a global cellular dysfunction. This
energetic failure may culminate in endothelial cell necrosis. The PARP-
triggered depletion of cellular NADPH directly impairs the endothelium-
dependent relaxations. The effects of elevated glucose are also exacer-
bated by increased aldose reductase activity, leading to the depletion of
NADPH and generation of reactive oxidants. NO alone does not induce
DNA single-strand breakage, but it may combine with superoxide (pro-
duced from the mitochondrial chain or from other cellular sources) to
yield peroxynitrite. PARP activation, via a manner that is not yet char-
acterized, promotes the activation of NF-«B, AP-1, MAP kinases, and the
expression of proinflammatory mediators, adhesion molecules such as
ICAM-1, and iNOS. PARP-independent parallel pathways of cellular
metabolic inhibition can be activated by NO, hydroxyl radical, superox-
ide, and peroxynitrite. By promoting neutrophil recruitment and oxidant
generation, positive-feedback cycles are triggered. PARP activation and

tive) was able to improve the endothelium-dependent
relaxant responsiveness (Soriano et al., 2001b). A recent
study extended our knowledge on the role of PARP ac-
tivation in the development of diabetic endothelial dys-
function into the area of human investigations: in fore-
arm skin biopsies from healthy subjects, healthy
individuals with parental history of type 2 diabetes,
subjects with impaired glucose tolerance, and a group of
patients with type 2 diabetes, it was found that the
percentage of PARP-positive endothelial nuclei was
higher in the group with parental history of type 2
diabetes and diabetic patients when compared with the
control patients. Immunoreactivity for nitrotyrosine (a
marker of reactive nitrogen species) was also higher in
the diabetic group when compared with all other groups
(p < 0.01). No differences in the expression of eNOS and
the receptor for advanced glycation end products were
found among all four groups. The polymorphism of the
eNOS gene was also studied and was not found to influ-
ence eNOS expression or microvascular functional mea-
surements. Thus, one can conclude that in humans,
PARP activation is present in healthy subjects at risk of
developing diabetes, as well as in patients with estab-
lished type 2 diabetes, and it is associated with impair-
ments in the vascular reactivity in the skin microcircu-
lation (Komjati et al., 2002).

Although most of the studies on the role of PARP in
the pathogenesis of diabetic endothelial dysfunction, as
discussed above, originated in macrovessels, there is
circumstantial evidence that similar processes are oper-
ative for the pathogenesis of diabetic microvascular in-
jury (retinopathy and nephropathy). For example, our
group has recently provided evidence for PARP activa-
tion in the microvessels of the diabetic retina (Szabo et
al., 2001a). In addition, a study more than a decade ago
demonstrated that the presence of glomerular deposi-
tions (mesangial distribution) of IgG, as evaluated with
immunofluorescence technique, was significantly re-
duced in streptozotocin-diabetic rats treated with nico-
tinamide for 6 months (Wahlberg et al., 1985). Further
studies using potent and specific inhibitors of PARP are
needed to further delineate the role of PARP in the
pathogenesis of diabetic retinopathy, neuropathy, and
nephropathy.

The presence of myocardial dysfunction independent
of coronary artery disease in diabetes mellitus has been
well documented in both humans and animals (Fein,
1990; Illan et al., 1992; Regan et al., 1994; Bell, 1995;

mitochondrial oxidant production form another positive-feed-back cycle.
Ultimately, the reduced NO output from the endothelial cells reduces the
antithrombotic properties of the endothelial surface and triggers the
adhesion and activation of platelets. The reduced endothelial NO output
reduces the basal vasodilatory tone of the vascular smooth muscle, lead-
ing to transient occurrence of chronic vasospasm, end-organ ischemia,
and increased incidence of cardiovascular events such as coronary vaso-
spasm, myocardial infarction, or stroke. Activation and intravascular
migration of mononuclear cells may also promote atherogenesis.
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Joffe et al., 1999). This diabetic cardiomyopathy is char-
acterized by an early diastolic dysfunction and a late
systolic one, with intracellular retention of calcium and
sodium and loss of potassium. The mechanism of dia-
stolic dysfunction remains unknown, but it does not
seem to be caused by changes in blood pressure, micro-
vascular complications, or elevated circulating glycated
hemoglobin levels (Bell, 1995; Gough et al., 1995). Re-
cent data demonstrate that the PARP pathway also
plays a role in the pathogenesis of diabetic cardiomyop-
athy. Cardiac dysfunction was noted both in the strep-
tozotocin-induced and genetic (nonobese diabetic) mod-
els of diabetes mellitus in rats and mice. Development of
diabetes was accompanied by hyperglycemia, PARP ac-
tivation in the diabetic myocardium, a selective loss of
endothelium-dependent vasodilation in the thoracic
aorta, and an early diastolic dysfunction of the heart.
Treatment with the phenanthridinone-based PARP in-
hibitor PJ34 starting 1 week after the onset of diabetes
restored normal vascular responsiveness and signifi-
cantly improved cardiac dysfunction, despite the persis-
tence of severe hyperglycemia. The beneficial effect of
PARP inhibition persisted even after several weeks of
discontinuation of the treatment (Pacher et al., 2002b).
It is possible that the diabetic endothelial PARP path-
way and the diabetic cardiomyopathy are interrelated:
an impairment of the endothelial function may lead to
global or regional myocardial ischemia, which may sec-
ondarily impair cardiac performance. It is noteworthy
that the protective effect of PARP inhibition against
diabetic cardiac dysfunction extended several weeks be-
yond the discontinuation of treatment; this observation
may have important implications for the design of future
clinical trials with PARP inhibitors. The pharmacoki-
netic profile of PJ34 supports the view that the pro-
longed persistence of the effect of PJ34 is not related to
the continued presence of the inhibitor, but it may be
related to the permanent interruption by the PARP in-
hibitor of positive-feedback cycles of cardiac injury. Pre-
vious studies in various pathophysiological conditions
have demonstrated that PARP inhibitors suppress pos-
itive-feedback cycles of adhesion-receptor expression
and mononuclear cell infiltration, as well as intracellu-
lar oxidant generation (see Sections II1.D. and IIL.F.). It
is also conceivable that the degree of PARP activation
may be more pronounced at the onset of the development
of diabetic cardiovascular complications (as compared
with a later stage of the disease), and when PARP is
inhibited at an earlier time, this may result in more
sustained beneficial effects. The beneficial effect of PJ34
on myocardial function is not related to an anabolic
effect because PJ34 treatment did not influence the body
and heart weight loss in diabetic animals, whereas it
dramatically improved cardiac function.

The role of PARP activation in diabetes is not limited
to the primary disease (islet cell death) and the devel-
opment of various forms of cardiovascular dysfunction.

A vast body of evidence supports the role of PARP acti-
vation in the process of islet cell regeneration (Yone-
mura et al., 1984, 1988; Terazono et al., 1988; Sugiyama
et al., 1991; Akiyama et al., 2001; Bernard-Kargar and
Ktorza, 2001). Furthermore, PARP activation seems to
play a pathogenetic role in the rejection of transplanted
islet cells, and PARP inhibitors may prolong the half-life
of pancreatic-protected islets from dysfunction after
transplantation (Nomikos et al., 1986; Sandler and
Andersson, 1988; Kenmochi et al., 1994; Marquet et al.,
1994; Otonkoski et al., 1997, 1999).

There may be a significant role of PARP activation in
the pathogenesis of diabetic neuronap conductance (di-
abetic neuropathy). Structurally diverse PARS inhibi-
tors, 3-aminobenzamide and 1,5-isoquinolinediol, cor-
rect established nerve blood flow and conduction deficit
and energy deficiency in diabetic rats. In addition, when
put onto a galactosamine-containing diet PARS™* mice
slowly developed sciatic motor and hindlimb digital sen-
sory nerve conduction deficits, whereas PARS ™/~ mice
on the same diet preserved normal motor and sensory
nerve conduction. Nerve energy state, assessed from
phosphocreatine concentrations and phosphocreatine/
creatine ratios as well as reduced glutathione concentra-
tion were compromised in the wild-type group, but re-
mained stable in the PARP-deficient mice. The findings
support a role for PARP activation in functional and
metabolic deficits characteristic for, at least, early dia-
betes-like neuropathy (Obrosova et al., 2002). Further
studies are required to determine whether PARP inhib-
itors can also restore neuronal function (as opposed to
preventing its development).

Taken together, multiple lines of evidence support the
view that PARP activation plays a crucial role in multi-
ple interrelated aspects of diabetes and its complication,
and it is justified to expect that potent, bioavailable, and
nontoxic PARP inhibitors, when available, will exert
beneficial effects against the development of both the
primary diabetes and its cardiovascular complications.

O. PARP Inhibitors as Adjuvant Therapeutics for the
Treatment of Various Forms of Cancer

Tumor cells derived from benign or malignant tumors
have been shown to have perturbations in poly(ADP-
ribose) metabolism. For example, Tomoda and col-
leagues (1991) found enhanced expression for the
PARP-1 gene in all five malignant lymphomas tested,
but no increase in the level of the mRNA was observed in
any reactive proliferative cases or normal lymph nodes.
Furthermore, in low-grade malignant non-Hodgkin lym-
phoma cells, a high cellular PARP content (DNase-in-
duced PARP activity), unchanged basal PARP activity,
and low level of protein-bound ADP-ribose were found
compared with normal lymphocytes (Wielckens et al.,
1980). In benign adenomatous colon polyps and colon
cancers, alterations of polymer length have been de-
scribed (Hirai et al., 1983). Recently, increased PARP
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activity has been reported in hepatocellular carcinomas
as compared with healthy liver tissue (Shiobara et al.,
2001). Because tumor cells represent an undifferenti-
ated phenotype and because PARP activity seems to
show an inverse correlation with cell differentiation, it is
not surprising that most tumors have accelerated poly-
(ADP-ribose) metabolism. The question arises as to what
effect PARP inhibition may have on the growth and
viability of tumor cells. Although there are data avail-
able in the literature showing direct toxic effect of PARP
inhibitors on tumor cells (Mendeleyev et al., 1995), most
studies focus on the potentiating effect of PARP inhibi-
tors on alkylating agent- or ionizing radiation-induced
tumor cell death. The exposure of cells to ionizing radi-
ation leads to hydroxyl radical-mediated DNA injury,
whereas alkylating agents directly damage DNA. Other
types of cytotoxic drugs such as topoisomerase inhibitors
may also lead to increased DNA breakage (Li and Liu,
2001). Some topoisomerase poisons such as camptoth-
ecin do not interfere with the DNA nicking function of
the enzyme but do inhibit DNA rejoining, thereby con-
verting topoisomerase I into DNase (Li and Liu, 2001).
Thus ionizing radiation, alkylating agents, and topo-
isomerase inhibitors cause DNA damage and PARP ac-
tivation. According to our current understanding of the
role of PARP in DNA-damage signaling, inhibition of
PARP in irradiated or alkylated cells would delay DNA
repair and would thereby divert cells from route 1 to
route 2 (see Fig. 5) by indirectly facilitating DNA dam-
age-induced apoptotic cell death, a process orchestrated
mainly by the tetrameric anti-oncogene p53. Indeed,
several lines of evidence indicate that tumor cells can be
sensitized by PARP inhibitors to N-methyl-N-nitro-
sourea, bleomycin, campthotecin, and ionizing radia-
tion-induced cytotoxicity (Nduka et al., 1980; Weltin et
al., 1994, 1997; Boulton et al., 1995; Bowman et al.,
1998, 2001; Griffin et al., 1998; Delaney et al., 2000;
Tentori et al., 2001c). This effect of PARP inhibitors is
specific, for identical results were obtained by using
other approaches to inhibit PARP such as dominant-
negative PARP inhibition by overexpression of the DNA-
binding PARP domain or by using PARP-deficient cells
(Kupper et al., 1995; Rudat et al., 1998).

With respect to PARP and radiosensitization, recent
studies from Berger’s laboratory showed that exponen-
tially growing ADPRT54 and ADPRT351 cells (i.e.,
PARP-deficient lines) were hypersensitive to X-radia-
tion compared with the parental V79 cells. Under this
condition of growth, although the parental V79 cells
exhibit G; arrest in response to X-irradiation, the PARP-
deficient cells do not undergo this specific p53-depen-
dent cell-cycle arrest. In contrast, all the cell lines
showed similar sensitivity to X-radiation under growth-
arrested conditions. Furthermore, all the cell lines were
equally proficient in performing potentially lethal dam-
age repair. These findings suggest the following: 1)
PARP is involved in X-ray-induced damage repair in

replicating cells; 2) PARP is not required for X-ray-
induced damage repair in quiescent cells; 3) PARP does
not participate in potentially lethal damage repair; and
4) deficiency of PARP may potentiate the cytotoxicity of
X-irradiation by interfering with the p53-dependent G,
block that occurs after X-irradiation (Chatterjee and
Berger, 2000).

As mentioned above, with the use of PARP-deficient
cell lines, the question of whether the experimental ob-
servations are related to the physical absence of PARP
or to the lack of its catalytic activity cannot be directly
addressed. In the context of tumor radiosensitization,
this question has recently been addressed by Poirier’s
group. Extracts prepared from wild-type cells or cells
lacking PARP-1 were compared in their ability to repair
plasmid DNA damaged by either X-rays (single-strand
DNA breaks) or by N:-methyl-N:'-nitro-N:-nitrosoguani-
dine (methylated bases). The extracts behaved the same
way. Therefore, it was concluded that the hypersensitiv-
ity of PARP-1 null mutant cells to y-irradiation and
alkylating agents is not directly caused by a defect in
DNA repair itself, but rather by results from greatly
reduced poly(ADP-ribose) formation during base-exci-
sion repair in these cells (Vodenicharov et al., 2000).
This finding supports previous work in which pharma-
cological inhibition of PARP reduced DNA repair (Cris-
tovao and Rueff, 1996; Griffin et al., 1998; Boulton et al.,
1999; Schlicker et al., 1999), indicating that the catalytic
activity of the enzyme, rather than the physical presence
or absence of the PARP protein, is the relevant factor in
this respect.

Limited information is also available on the use of
PARP inhibitors for radiation sensitization in vivo. Even
these limited studies must be interpreted with great
caution, because the inhibitor used (nicotinamide) is
extremely weak, and the degree of intratumor PARP
inhibition, in response to the systemic administration of
the vitamin, has not been evaluated and must be a
partial inhibition at best. Nevertheless, when nicotin-
amide (50-500 mg/kg) was injected intraperitoneally
into CDF1 or C3H mice and radiosensitization was mea-
sured in tumors and healthy tissues after local irradia-
tion, irradiating tumors at peak times resulted in en-
hancement ratios of 1.27 (C3H), 1.75 (KHT), and 1.45
(SCCVII) with high nicotinamide doses and 1.27 (C3H),
1.28 (KHT) and 1.36 (SCCVII) with low doses. [Tumor
response was assessed using either growth delay (C3H)
or clonogenic survival (KHT/SCCVII)]. Irradiating
healthy tissues at peak times after injecting 100 to 200
mg/kg nicotinamide gave enhancement ratios of 1.20
(skin), 0.90 (bladder), and 1.02 (lung). [Normal tissue
toxicities evaluated included early-responding skin (de-
velopment of moist desquamation of the foot) and late-
responding bladder (reservoir function estimated by cys-
tometry) and lung (ventilation rate measured by
plethysmography)]. This study confirmed the differen-
tial sensitivity of healthy tissues and tumor cells for the
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radiosensitizing effect of PARP inhibition in vivo and
reached the important conclusion that appropriate doses
of nicotinamide will enhance tumor radiation damage
while having minimal effects in healthy tissues. It also
concluded that, at least for nicotinamide, the best tu-
mor-effect radiation should be given at the time of peak
plasma drug concentrations (Horsman et al., 1997). This
study is not in contrast with the findings of de Murcia
and colleagues, in which the PARP™/~ mice were found
to be more sensitive to radiation toxicity than were the
wild-type counterparts (see above), but rather indicates
that an optimally timed and dosed pharmacological sup-
pression (and possibly not the complete inhibition) is the
direction to pursue for the purpose of introducing PARP
inhibitors into the experimental cancer radiotherapy.

Important for a future stage of drug development may
be the finding that further enhancement of the PARP
inhibition induced radiation sensitization in vivo can be
achieved by the combination of the PARP inhibition and
the radiation therapy with carbogen administration
(Bernier et al., 1999; Bussink et al., 1999). Hyperther-
mia may also enhance the radiosensitizing action of
PARP inhibition (Kjellen et al., 1986).

P. Antiretroviral Effect of PARP Inhibitors

An increasing body of evidence suggests the involve-
ment of PARP in HIV infection. During the life cycle of
the HIV-1 virus within the infected cell, the RNA ge-
nome of the virus is reverse-transcribed into double-
stranded DNA by reverse transcriptase. The proviral
DNA, in turn, enters the nucleus, where the virion-
associated viral enzyme integrase catalyzes the integra-
tion of the viral double-stranded DNA into the host
genome. This process requires nicking of both DNA
strands and may therefore lead to PARP activation.
Indeed, increased PARP activity of HIV-infected cells
has been reported by Furlini and colleagues (1991), in-
dicating that the HIV life cycle may require poly(ADP-
ribosylation). Furthermore, two studies (Cole et al.,
1991; Krasil’nikov et al., 1991) independently showed
that benzopyrone derivatives, trisubstituted benz-
amides, and nicotinamide possessed potent antiviral ef-
fects in HIV-infected cells. Another study that used
three different PARP inhibitory approaches (chemical
inhibition, antisense, and dominant-negative inhibition
by DBD) also reported similar results (Gaken et al.,
1996). A possible role of poly(ADP-ribosylation) in HIV
replication is also supported by findings from Tanaka
and coworkers (1995a), showing that sensitivity of sub-
clones of human promyelocytic cell line U937 inversely
correlated with the PARP content of the cells. Subclones
with high HIV sensitivity contained 4- to 7-fold less
PARP as compared with low-sensitivity clones. The
same group recently demonstrated that phorbol ester-
induced HIV-promoter activity was almost abolished in
mutant L-1210 cells, which express only 8% of PARP of
the wild-type cells (Kameoka et al., 1999). Similar re-

sults were obtained in human Jurkat and J111 cells,
which were cotransfected with the reporter plasmid and
a plasmid expressing a PARP-antisense RNA (Kameoka
et al., 1999). However, in the same system, pharmaco-
logical inhibition did not inhibit HIV-promoter activity
(Kameoka et al., 1999). These data point toward a reg-
ulatory mechanism whereby protein-protein interaction
between PARP and a yet-elusive phorbol 12-myristate
13-acetate-induced transcription factor (possibly NF-«B)
is required for HIV-promoter activity. Another study by
Yamagoe and associates (1991) reported suppression by
PARP inhibitors of ultraviolet light-induced HIV-1 tran-
scriptional activity. Using a construct in which the
chloramphenicol acetyltransferase gene was placed un-
der the control of the HIV-1 long-terminal repeat, they
found that in HelLa cells, 3-aminobenzamide and nico-
tinamide suppressed UV-induced HIV-1 gene expression
but not tat-mediated expression. They also found that
suppression occurred at the posttranscriptional level
(Yamagoe et al., 1991). Recently, in an elegant study,
Snyder’s group demonstrated that PARP-deficient fibro-
blasts cannot be infected with pseudotyped HIV-1,
whereas the virus has efficiently infected PARP-profi-
cient fibroblasts (Ha et al., 2001). Moreover, the same
study showed that the lack of HIV infection in PARP-
deficient fibroblasts is caused by defective viral integra-
tion.

At present, it seems that PARP regulates HIV infec-
tion at two levels: integration and transcription. Al-
though data with pharmacological inhibitors are incon-
clusive, most reports support the hypothesis that PARP
inhibition may be a viable strategy to control HIV infec-
tion. To explain why in some cases pharmacological
PARP inhibitors failed to block HIV infection, it was
proposed that a near-complete PARP inhibition may be
necessary for the antiviral effect, whereas partial inhi-
bition of the enzyme is ineffective (Ha et al., 2001).
Using the recently emerging novel potent PARP inhibi-
tors, this hypothesis can be readily tested. In hepatitis B
virus (HBV) infection, the role of PARP seems to differ
from that reported in HIV infection (Dandri et al., 2002).
Integration of HBV into the genome of HepG2 hepatoma
cells was found to increase upon DNA damage induction
by hydrogen peroxide. The integration-promoting effect
of hydrogen peroxide was likely to be counteracted by
PARP activation because PARP inhibitors further in-
creased HBV integration, indicating that PARP-1 may
function to limit the occurrence of de novo HBV integra-
tion (Dandri et al., 2002). The role of PARP in controlling
other viral infections may also be worth investigating.
There are data available in the literature showing in-
creased PARP activity associated with cytomegalovirus
replication (Furlini et al., 1984). Whether PARP inhibi-
tors can block cytomegalovirus infection remains to be
explored.
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Q. PARP in the Pathogenesis of Other Diseases

It has been suggested that PARP activation contrib-
utes to the pathogenesis of other forms of brain injury
and neurodegenerative disorders. For instance, PARP
activation has been implicated in the pathogenesis of
Parkinson’s disease, a chronic progressive neurologic
disorder related to the degeneration of the neurons of
the substantia nigra which contain melanin; this is an-
other disease in the pathogenesis of which the activation
of NMDA receptors plays a crucial role. The synthetic
heroin analog MPTP can selectively damage neurons in
the nigrostriatal dopaminergic pathway and produce
Parkinsonism in experimental animals (Przedborski
and Jackson-Lewis, 1998; Blum et al., 2001). There is
evidence for both the production of reactive oxygen in-
termediates (Przedborski et al.,; Cassarino et al., 1997;
Hung and Lee, 1998) and NO-derived radicals/oxidants
(Schulz et al., 1995a,b,c; Ara et al., 1998; Beal, 1998;
Ferrante et al., 1999; Liberatore et al., 1999) in the
pathogenesis of MPTP neurotoxicity. In brain injury
induced by MPTP, the neuronal NO synthase is the
source of cytotoxic NO and peroxynitrite. Accordingly,
protection is provided by the neuronal NO synthase
inhibitors 7-nitroindazole or S-methylthiocitrulline
(Schulz et al., 1995¢; Przedborski et al., 1996; Matthews
et al., 1997b; Ferrante et al., 1999). Furthermore, genet-
ically engineered mice that lack the bNOS gene are
resistant to toxicity induced by MPTP as compared with
wild-type littermates (Matthews et al., 1997a). Direct
evidence for the involvement of PARP in the pathogen-
esis of toxicity induced by MPTP comes from a mouse
model of Parkinson’s disease. MPTP treatment reduces
striatal dopamine and cortical norepinephrine levels by
more than 50% in these animals, whereas simultaneous
treatment with each of five different inhibitors of PARP
ameliorates the catecholamine depletion induced by
MPTP (Cosi et al., 1996). The protective potency of ben-
zamide and its derivatives parallels their efficacy as
enzyme inhibitors (Cosi et al., 1996). Furthermore, re-
cent studies have demonstrated that mice lacking func-
tional PARP are also resistant against MPTP neurotox-
icity (Mandir et al., 1999).

As outlined in Table 4, additional diseases with a
PARP-related pathogenetic component include acute re-
spiratory distress syndrome of various etiologies. With
respect to acute respiratory distress syndrome, it is note-
worthy that in in vitro experiments, it has been shown
that inhibition of PARP preserves normal permeability
(Szabé et al., 1997¢) and surfactant synthesis in oxida-
tively damaged pulmonary epithelial cells (Hudak et al.,
1995). Likewise, there seems to be a PARP-related com-
ponent in the homocysteine-induced endothelial cell in-
jury, at least in vitro (Blundell et al., 1996), with poten-
tial implications for a variety of cardiovascular diseases
(Mangoni and Jackson, 2002). PARP seems to play a role
in the endothelial dysfunction associated with aging and

hypertension (Pacher et al., 2002¢,d). Moreover, recent
studies implicated PARP activation in the process of
dexamethasone-induced (i.e., stress-related) immune
suppression (Drazen et al., 2001). Additional PARP-de-
pendent diseases include multiple organ failure of vari-
ous etiologies, acetaminophen-induced and other forms
of toxic liver injury, and sulfur mustard-induced dermal
necrosis (Table 4). Preliminary data also indicate the
beneficial effects of PARP inhibitors in rodent models of
asthma (Virag et al., 2002b), contact hypersensitivity
(Bakondi et al., 2002b), and periodontal inflammation
(Lohinai et al., 2001). Increased poly(ADP-ribosylation)
has also been demonstrated in a variety of other dis-
eases including Alzheimer’s disease (Love et al., 1999),
microwave-induced tissue injury (Singh et al., 1994),
contact dermatitis (Szabé et al., 2001b; Virag et al.,
2002a), and sunburn-related dermal inflammation (Bal-
ard and Giacomoni, 1989; Jacobson et al., 2001; Farkas
et al., 2002), but the causative role of PARP in these
conditions has not yet been addressed in detail. Never-
theless, topical administration of a nicotinamide-deriv-
ative PARP inhibitor BPG-15 has demonstrated signifi-
cant protective effects in a rodent model of sunburn
injury (Farkas et al., 2002). In persons affected with
ataxia telangiectasia (A-T), associated mutations in the
ataxia telangiectasia-mutated gene render cells unable
to cope with the genotoxic stresses from ionizing radia-
tion and oxidative damage, thus resulting in a higher
concentration of unrepaired DNA damage and the acti-
vation of PARP in an uncontrolled manner. From in
vitro studies in fibroblasts, it seems that there is an
improvement of cellular growth and NAD™" levels in A-T
cells with PARP inhibition, suggesting that the cellular
metabolic status of A-T cells is compromised and the
inhibition of PARP may relieve some of the drain on
cellular pyridine nucleotides and ATP. Thus, it is possi-
ble that therapy using PARP inhibitors may provide a
benefit for individuals affected with A-T (Marecki and
McCord, 2002).

IV. Conclusions and Future Directions

Over the last decade, a multitude of studies have
verified the role of PARP activation in a wide range of
pathophysiological conditions. Furthermore, a series
of animal experiments have proved that PARP-inhibi-
tion therapy represents an effective approach to treat-
ing a variety of diseases. The key to this remarkable
effectiveness lies in the fact that PARP inhibition
targets a relatively late event of oxidative cell injury.
Therefore, the therapeutic window of intervention is
quite wide, as indicated by the success of posttreat-
ment regimens in some models. The wide variety of
disease models in which PARP inhibition proved ben-
eficial also indicates that PARP inhibitors block a
common pathway(s) of tissue injury, such as NF-«B
activation or oxidative stress-induced cytotoxicity.
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TABLE 4

Effect of PARP inhibition in selected animal models of disease

Organ

Disease Model

Method of Targeting
PARP

Main Finding

Reference

Vasculature

Endocrine pancreas

Lung

Gastrointestinal tract

Joints and skeletal
muscles

Kidney

Liver

Diabetic endothelial
dysfunction
Diabetic endothelial
dysfunction
Diabetes

Diabetes

Diabetes

Diabetes

Diabetes

Diabetes

Diabetes

Diabetes

Interstitial pulmonary
fibrosis

ARDS

Colitis

Colitis

Mesenteric I/R injury

Arthritis

Arthritis

Reperfusion injury of
skeletal muscle

Acetaminophen toxicity

Acetaminophen toxicity

Acetaminophen toxicity

PJ34
PJ34

Picolinamide

Nicam, 3-AB

3-AB

Knockout (Wang)
Knockout
(Masutani)
Knockout (Wang)
Nicam, 3-AB
INH,BP, knockout

(Wang)

Nicam

Benzamide, PJ34,
5-AIQ

Knockout (Wang)

3-AB

Knockout 3-AB,
nicam, GPI6150,
PJ34

Nicam

Nicam
3-AB

Benzamide, 3-AB

Nicam

Nicam, benzamide

4-AB, nicam

Prevention by PJ34 of diabetic
endothelial dysfunction

Reversal of diabetic endothelial
dysfunction by PARP inhibition

Protection by picolinamide from
streptozotocin-induced depression of
proinsulin synthesis and reduction of
NAD content in pancreatic islets

Pretreatment with poly(ADP-ribose)
synthetase inhibitors was found to
protect against alloxan- or
streptozotocin-induced decrease in
proinsulin synthesis

3-AB prevents the appearance of overt
diabetes in streptozotocin-treated rats

Resistance of PARP-deficient mice to the
development of diabetes induced by
the B-cell toxin streptozocin

Resistance of PARP-deficient mice to the
development of diabetes induced by
the B-cell toxin streptozocin

Partial protection in PARP*/~ animals
and full protection in PARP/~
animals from streptozotocin-induced
diabetes

PARP inhibitors protect insulin-
producing cells from STZ-induced
damage

INH,BP and the PARP /" phenotype
provides protection in a multiple low
dose streptozotocin model

Combined treatment with taurine and
niacin almost completely ameliorated
the bleomycin-induced increases in the
lung collagen accumulation

PARP inhibition suppresses NMDA
receptor mediated lung edema
formation and endotoxin-induced or
zymosan-activated plasma-induced
lung injury

Shortened course of colitis, reduced
neutrophil infiltration, lipid
peroxidation, nitrosative damage, and
ICAM-1 expression in PARP~/~ mice
in a TNBS-induced model of colonic
injury

After 14 days of treatment with the
PARP inhibitor 3-aminobenzamide,
IL.-10 gene-deficient mice
demonstrated normalized colonic
permeability; reduced tumor necrosis
factor-a and interferon-vy secretion,
inducible nitric-oxide synthase
expression, and nitrotyrosine levels;
and significantly attenuated
inflammation.

Protection against histological damage,
neutrophil infiltration, and mucosal
barrier failure in PARP /" mice and
animals treated with PARP inhibitors

Powerful synergistic inhibition of
arthritis by thalidomide + PARP
inhibition

Protection by NA from potassium
peroxochromate-induced arthritis

3-AB reduces I/R-induced injury in
skeletal muscle and in myocardium

PARP inhibitors accelerate the recovery
of normal renal function after /R
injury

PARP inhibition prevents potentiating
effect of thalidomide on
acetaminophen-induced hepatotoxicity

PARP inhibitors suppress AAP-induced
liver damage

PARP inhibitors suppress AAP-induced
liver damage

Soriano et al., 2001c
Soriano et al., 2001b
Yamamoto and

Okamoto, 1980

Uchigata et al., 1983

Masiello et al., 1985

Burkart et al., 1999

Masutani et al., 1999

Pieper et al., 1999

Shima et al., 1987

Mabley et al., 2001b

Giri and Wang, 1992

Said et al., 1996;
Cuzzocrea et al.,
2002; Liaudet et
al., 2002

Zingarelli et al., 1999

Jijon et al., 2000

Cuzzocrea et al.,
1997; Liaudet et
al., 2000b; Jagtap
et al., 2002;
Mazzon et al., 2002

Kroger et al., 1996b

Miesel et al., 1995
Thiemermann et al.,

1997
Martin et al., 2000

Kroger et al., 1995

Kroger et al., 1996a,
1997
Ray et al., 2001
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TABLE 4
(Continued)
Organ Disease Model MethodPOAfl'{I'}grgetlng Main Finding Reference

Eye Uveitis PJ34 Protection by PARP inhibition from Mabley et al., 2001a
leukocyte migration in an LPS-induced
model of experimental uveitis

Retinal I/R 3-AB 3-AB ameliorated the Lam, 1997

ischemic/reperfusion damage to the
retina

Ear Cochlear I/R injury 3-AB 3-AB improved I/R-induced cochlear Tabuchi et al., 2001
dysfunction

Skin Sulfur mustard-induced 3-AB Protection by 3-AB from sulfur mustard-  Gross et al., 1985

vesication induced NAD depletion in the mouse

Sulfur mustard-induced Nicam

vesication

Multiple organs Hemorrhagic shock, septic

shock (polymicrobial)

Hemorrhagic shock 3-AB

Hemorrhagic shock INH,BP

Endotoxin shock 3-AB
Endotoxin shock 3-AB, PJ34

Endotoxin shock 3-AB

MOF 3-AB and knockout

(Wang)

Septic shock (E. coli) PJ34

Knockout (Wang)

skin

Niacinamide inhibited microvesicle
formation after sulfur mustard
application

PARP /" mice were protected from the
rapid decrease in blood pressure after
resuscitation and showed an increased
survival time, decreased gut
hyperpermeability as well as reduced
lung neutrophil sequestration

3-AB improves hemodynamics and
prolongs survival in a porcine model of
hemorrhagic shock

INH,BP improved survival rate in a
severe rat model of hemorrhagic shock

3-AB significantly reduced the
lipopolysaccharide-induced
hyperpermeability in both organs,
without affecting neutrophil deposition

3-AB and PJ34 improved survival in
lethal murine endotoxic shock

PARP inhibition prevented suppression
of endothelium-dependent relaxant
responses in aorta rings obtained from
endotoxemic rats

Inhibition of PARP prevented neutrophil
recruitment, and reduced organ injury
in rodent models of inflammation and
multiple organ failure elicited by
intraperitoneal injection of zymosan

Inhibition of PARP improved survival
and maintained cardiac function in an
LD100 sepsis model in the pig

Yourick et al., 1991

Liaudet et al., 2000a;

Soriano et al., 2002

Szabo et al., 1998a

Szabo, 1998

Szabo et al., 1998b

Szabo et al., 1996b;
Jagtap et al., 2002

Szabo et al., 1997a;
Jagtap et al., 2002

Szabo et al., 1997b

Goldfarb et al., 2002

3-AB, 3-aminobenzamide; STZ, streptozotocin; I/R, ischemia-reperfusion; AAP, acetaminophen; ARDS, acute respiratory distress syndrome; MOF, multiple organ failure;

nicam, nicotinamide; TNBS, 2,4 6-trinitrobenzene sulfonic acid sodium salt.

Further work needs to establish the exact in vivo
mechanism of action of PARP inhibitors. It must be
emphasized that data obtained from knockout studies
cannot always be extrapolated to situations in which
PARP is present but is inhibited by pharmacological
agents. For example, it has been shown that PARP-
deficient cells have disturbed cell-cycle progression
and contain a tetraploid population, a finding that
could not be reproduced in wild-type cells with PARP
inhibition (Simbulan-Rosenthal et al., 2000, 2001a). More-
over, topoisomerase I activity is enhanced by protein-pro-
tein interaction with PARP when NAD™" is not present.
However, in the presence of NAD+, topoisomerase I activ-
ity is down-regulated by poly(ADP-ribosylation), indicating
that the mere presence of PARP may exert biological ef-
fects which may be opposite to the effects of the catalytic
activity of PARP (Bauer et al., 2000).

An exciting development in PARP research has been
the discovery of new poly(ADP-ribosylating) enzymes.
Given their intracellular localization, dependence, or
nondependence for activation on DNA damage, the novel
PARP enzymes may have distinct biological functions. It
is not known at present how PARP-inhibition therapy
affects the function of these minor isoforms and whether
inhibition of PARP-2 to PARP-7 contributes to the well-
established in vivo effects of PARP inhibitors. Bearing in
mind that results from most pharmacological studies
could be reproduced by using PARP-1-deficient animals
and cells, we conclude that PARP-1 is the major target of
PARP inhibitors in inflammation, reperfusion injury, and
HIV infection. The development of isoform-selective PARP
inhibitors and generation of knockout mice deficient in the
novel PARP enzymes will clarify the biological roles of new
PARP homologs.
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The marked beneficial effect of PARP inhibitors in
many animal models of various diseases suggests that
PARP inhibitors can be exploited to treat human dis-
eases. However, before potent PARP inhibitors can be
used in humans, crucial safety issues must be ad-
dressed. Because PARP has been implicated in DNA
repair and maintenance of genomic integrity, one possi-
ble risk associated with long-term PARP inhibition
might be increased mutation rate and cancer forma-
tion. It is encouraging that PARP-deficient mice have
not been reported to have an increased occurrence of
spontaneous tumors. However, an increased number
of chemically induced tumors has been observed in
PARP-deficient mice as compared with wild-type ones
(Tsutsumi et al., 2001). The crossing of the PARP-
deficient mice with the p53-deficient mice was re-
cently conducted by two independent groups and
yielded conflicting results (Conde et al., 2001; Tong et
al., 2001). Carcinogenesis studies have not been pub-
lished in mice that were treated long-term with PARP
inhibitors. It is possible that enhanced environmental
carcinogenesis is caused by the lack of PARP protein
but not by decreased poly(ADP-ribosylation), because
several examples showed a dissociation of these two
functions (see above). If poly(ADP-ribosylation) is re-
quired to prevent carcinogenesis, appropriate dosage
may provide a level of PARP inhibition sufficient to
improve disease signs with residual PARP activity
that is enough to boost DNA repair. When considering
the risk-benefit ratios associated with the develop-
ment of PARP inhibitors for therapeutic purposes,
clear distinctions must be made between short-term
and long-term treatments as well as between consid-
erations for the treatment of life-threatening diseases
versus other disease indications.

There may exist a novel alternative approach to in-
hibiting PARP that may not interfere with DNA repair.
Inhibition of PARG leads to the accumulation of poly-
(ADP-ribosylated) proteins. Because PARP-1 is the ma-
jor acceptor of poly(ADP-ribose), PARG inhibition and
poly(ADP-ribosylation) is inhibitory to PARP, and non-
transient auto-poly(ADP-ribosylation) of PARP results
in the suppression of PARP activity. The viability of this
approach is indicated by recent reports demonstrating
the neuroprotective effect of the PARG inhibitor gallo-
tannin from hydrogen peroxide-induced cytotoxicity
(Ying and Swanson, 2000; Ying et al., 2001). Further
work is required to develop potent and specific PARG
inhibitors and to generate PARG-deficient mice to learn
more about the biological role of PARG and the effects of
PARG inhibition.
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